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CROSS- REFERENCE TO RELATED APPLI CATI ONS The present
application is related to the 5 following U S. Patent Applications, al
filed concurrently with or prior to the present application:

1. "Arcuate Scan Read/Wite Assenbly", 1 inventors Gary Nel son and

St ephen J. Cronpton, Serial No. 08/ 337,255 filed Novenber 10, 1994. 10
2. "Arcuate Scan Tape Drive", inventors John M Rot henberg, Joseph
Lin, Robert H Peirce, Richard MIlo and M chael Andrews, Serial No.

08/ 113,996, filed August .30, 1993. ' 3. "Met hod And

Appar atus To Maxim ze The Top 15 Speed O Brushl ess DC Mbtors", inventor
Martyn A. Lew s, Serial No. 08/336,981 filed Novenber [err] 1994 _
4. "System and Method For Accurate ; -Arcuate Scan Head Positioning,"

I nventors Martyn A Lewi s and Paul Stavish, Serial No. 08/337,093 filed
Novenber 10, 20 1994. The above applications are all assigned
to the assignee of the present invention and are all expressly -

The present i nvent i on SEONEEeAT: orrfs A, Soked ToNTHOE SP0rm, o gyt em
and, in particular, to a notor speed control system capabl e of precise
speed control over achee. ¢ RPERERERSPECRELATED APPILICATIONS
The present application is related to the
5 following U.S. Patent Applications, all filed
concurrently with or prior to the present application:
1. "Arcuate Scan Read/Write Assembly",
inventors Gary Nelson and Stephen J. Crompton, Serial No.
08/337,255 filed November 10, 1994. . |
10 2. "Arcuate Scan Tape Drive", inventors John
M. Rothenberg, Joseph Lin, Robert H. Peirce, Richard Milo
and Michael Andrews, Serial No. 08/113,996, filed August
30, 1993.
3. "Method And Apparatus'Ts Max:imiz- Tne Top
15 Speed Of Brushless DC Motors", inventcr Martyn S, lLewis,
Serial No. 08/336,981 filed November 1, 1%%i.
4. "System and-Method For Accu
Scan Head Positioﬁing," inventors Martyn h. Lew.s and
Paul Stavish, Serial No. 08/337,093 filed November 10,
20 1994, ' |

irat-s Arcuate

The above applications are all assigned to the
assignee of the present invention and are all expressly
incorporated herein by reference.

25 Field of the Invention: |
The present invention generally relates to a

motor speed control system and, in particular, to a motor
speed control system capable of precise speed control
over a wide range of speeds.

30
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speed control systens have been developed for use in a nunber R
di sparate applications. An exanpl e of such a systemis the Band Scan
FPL Control 5 System by Sequential Electronic Systems, Inc.

("Jitterless Photorecon Systens”, Electrpmechanical Desi-gn, Decenber
1965) . . Anot her exanpl e can be seen in the article by Lamar Cowger,

"The Solution to ExtrenelygacggmaummIﬂﬁlgﬂgf%ﬂﬁgnwzbn[rlvers & Controls
Int'"l., Jan. 10 198%N Furt her, the_.system BEI ttI Rock,

Arkansas, U.S. PatentWi@e Z9R98 ﬁEgePs BRIy FYELETS N o Hafl e,

di scl oses ade,\m:empecﬂ)rlfonlusgsinnamhumber otffs @4 spa rajrtei egipldmm:dems .0
generate t o8 Of S a syfSteR T8 thed Akl Uad AR RIDCr - The

encoder is ructed an ar anged uce a phasevarl
out put §|gﬁms¢ﬁthE SeueRELDdh EléﬁﬁEﬁ@}C 5N§t§m§eelﬂc t he out put

si gnal bei ng'iﬁﬁé’iﬁébéOPlQoEGféééﬁCS?@tGﬁQ'" ElecBadhiécPArikairhase and
frequency of the above two he s eed of the drive mptor for .

the rot ary%?’r%‘be‘? ?%“‘?%r%%@giﬂ AB@E%‘@ES@ le can be seeg,dn of (he
af or ement | aftesl saytsi s oy eLamar euoegerye"a‘né sonutlioncaoe ESdt riefe 15E|

system usqonigalion cGRERGPTS ¥RP5E.S gnal oubbUl s aust ba gareful ly

shaped to produce” | ow rtron ‘The 25 ATAR
t ape ré@onﬁﬁ8231tFutIhﬂ%aa@heE$Y$GEmn0§fBE5daE dittle Rogkgs high quality

opti cal enmé&ﬁsaﬁy EY ngpa?té&helﬁal 3, 974d5§§r%§uhaﬁﬁ.u§aw&'o system tge

eIectronlcs oSt and ze can be reducé an optical _éncoder that
produces 19%& eF?u%ﬁF%ﬁmﬂ¢¥§C%?%%saﬁd588§¢n€°§F§H&I§Yﬁ§e§twpﬁc§0
required. uses an opticdDbvenmeodespeedgensiatk &h&tpoaluibn991 nals

i nexpensi ve net,o-re ive e der re us eo tape
recorders. ﬁ%%g\}'é‘?t r%é%f%ys?’éwrﬂ%‘é?%ﬁﬁﬁtm eﬁbl e%?f FBF&fi?r ifot or at
speedsl1bf Im&sttﬁmtecbomd Atampad R prgdabe ar phaskevamtibplanal og i n
nature and,q, Sth L Q n a
st ort on USRS S0REL o he hOUaPhPRbn ELLLREREY I TLAABhBR B
the output signal being compared to a reference signal.
' Based on the phase and frequency of the above two

signals, the speed of the drive motor for the rotaryh

ge

20 member is increased or decreased.
Both of the aforementioned systems are
' expensi?e and, in the case of the BEI‘system, use optical

encoders whose signal outputs must be carefully shaped to
produce low distortion sine and cosine waveforms. The

25 ATAR tape recorder by the Datatape Division of Kodak also
uses hlgh quality opt1oa1 encoders. By using a dlgltal
dlscrete time control system, the electronics cost and
size can be reduced, but an optlcal ‘encoder that produces
the high quality 51ne and cosine 51gnals is still

30 required. '

Low cost speed control systems using
1nexpen51ve magneto-resistive (MR) encoders are used in
video tape recorders. However, these systems are not
able to rotate a motor at speeds of less than about 5

35 RPM. MR signals are'inherently'analog'in'nature.and,
- although quaei-sinusoidal, suffer from considerable
distortion, amplitude modulation and DC level drift as
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PCT/ US95/ 14e4196/15581 3 conpared with
signal s generated by optical encoders. The DC level drift is of

particul ar si gni ficance si nce the DC  level uncertainty may range over a
few tens of mllivolts. "However, MR encoders produce signals of a 5 few
tens of mllivolts peak to peak i ndependent of speed. Thi s neans t hat
the peak MR signals may be substantially masked by the uncertainty in

t he concurrent la@:dpa\z@d withusdemalen\gererated dqmer@tngaboemlcoﬁens, The

Fur t her nor e, e e I e&%g d L PO
1500 sine and c@& \ﬁg'\/éﬁg&é gl%e%?pra!e@o:] utron Hﬁﬂffi%ga% gg?a;s'ﬂg glgout
1.5 inches (1. 5'1)eVIe|1 dinmegtadinty may range over rdtEe¥ orlrsS{®Equenci es up

to the encoder flﬁ%‘i‘%sl .00 RARAM divk Qé}féts@ér@rpf@am@é #ighayenetakl y be
mani fested as shaft position di st ur.bances.. Encoder gnoﬁrrﬁ | es

frequenci es hearfeph&ang Qfemidddyolhf Begk to peak fat; ﬂhge?edbe
har moni cal | 'y exmréoa{e%s that the peak Am&igmﬂslrmappbecambsnanbaally

requires precise eed cor iV S a trieval
of dat a fromaélﬁq t?’fgé‘ﬂ?@dﬁ r%%l ca%%gacé&%éd{.%@gﬁ;%t %Y%gd not or
is used to dri venmeaapxmanenhmﬂ pperat:inm@n@l%mﬂ chBRgFRETHEERani sm
that is mechani ealliene cddvitfid dridill MR (iEoadPsiSaré Oiuﬁ.‘{éé&”EoV\hbbuﬂon-

| ongi t udi nal dat & T ac orlentatlonlnawrlte node rm
capstan not1@n d&adfesing antiEasias é"%‘&Lﬂ’X%le%@?%)r?Y%Hitb?Pcﬁn .
variations; and ddukaRfess td@faioudﬁ\al & ixches (1r9m tiw deameedrlocus of the

head across thetape.” In e read et itch | at duce
t he avail abl e of f-trad¥ rFé’r gﬁ(ﬂ%@%}; % ,;éj Fél‘g#sfg %ﬂ@édé? _
degree they are gevd decqy\mhncmmth eahmmienffammmklss) whiyi ggnerally be

SUMARY CF THE | n%.w;s 4 a8 haft positiénPdfSERinaA¥Es! | Ofints@sra .
correspondi ng s&@ hal processi ng techniques to allow an ot heivvl se

35 inadequabe mmaﬂa/eﬂ)ﬁmef@ml%ﬁ]dl%aﬁ?eﬂ&?l%@F?dﬁ?-'gﬁer‘m nggpyd
ripple brushless r‘%néf} W1eC! S Ve£@] '6¢ HREAbnicallPpekatedbased.
arbitrarily | ow spet oelmnateth
A particular appl:.catlon that requlres precise
motor speed control involves the storage and retrieval of
data from a linear tape media. Typically a speed
20 controlled motor is used to drive a capstan directly
through a speed changing mechanism that is mechanically
linked to the tape. Thus, for systems with non-
longitudinal data track orientation in a write mode, non-
uniform capstan motion causes two undesirable results:
.25 (a) track pitch variatioms; and (b) positional deviations
from the desired locus of the head across the tape. In
the read mode, track pitch variations reduce the
available off-track margin. Track locus variations, to
.the degree they are not followed, also reduce off-track

30 margins.

. SUMMARY OF THE T ION

The present invention uses a corresponding set
.of signal process:.ng techniques to allow an otherwise
- 35 1nadequate MR sine/cosine encoder and a relatively high
torque r:Lpple brushless motor to precisely control motor
operation at arbitrarily low speeds. To eliminate the
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4 R &/188hty in the DC I evel fromdifferent sanples 6 .
encoders, the average DC | evel of the MR signals of the particular .
encoder sanple is established during an initialization phase of
operation. The remaining DC 5 |level uncertainty is known to be |ess than
t he peak val ue of the position deperdent signal fromthe MR encoder;
therefore, the MR signal nmay be DC coupled into a squaring circuit

whose out putncemt@incynpet thel PCr deved  Lromuddd fieoregity eanmpl gxil s Mper si ne
encoder Cycéz‘?coé’é‘fist‘“@h%oavgi:%éés Ee'ie%i' BE SRCONR AYHaAg [dPPLr 0 to

very high speeds trains are used, 1°n conbi natl on
with a courﬁ%’i’tl‘?‘él%Feﬁ?@oﬁeEyéﬁ“ElFl1EeP5FéPéFL§Pﬁ§n)dur1nger?ébder shaf t

addr eSf \éa:ci&@ltiﬁlﬂﬂa&?ﬂ%ﬂﬁsggbfeoparatlohhr emh%%axas.m tlntal Si ?Ral i's
gener a e_shaf addre van e
presentg ?ﬁ?% HpEetRainty b?o%?gwgntSfbﬁ ﬁﬁ?&rtgﬁgeﬁ%ﬁbﬁFF@? §§§F%n1that
I's capabl e of thé positienydependenti ajgnhz Ffobat the MR @numder;at

arbi trari| v On SHEE dsche! 18 81gha REpsbEephRBIBILY' 1; m%% A

Anot her advantage of resen I nven
correspomﬁﬁﬁP%%&n%fc%¥§H%$ %F@%@s@?ﬁgut CaﬂebﬁnF@@@?tﬁﬁ&iXuﬂﬁhmginn|nally

i npl ement edypoh & SGdYe two r%ﬁlééé opegsginbagadoBeR! 918 SEA two
Still gnother advant age of vention is that

nt
cor r espSndifH; ﬁmﬁﬁﬁl?ﬁﬁiﬁetﬂ%g?gﬁF cycgﬁcog€9m05F58ttﬁr&ﬁﬁ@é§¥§qlItered
si gnal suf fspeeds. t cThe twd|pulsehtgaihsrgne uspdl einmntombimatdodr i ven at‘

arbltrarllxﬂl Qﬁﬁgéﬁae to creataI%AtQH;&BeQ1 gé?nEQQ%lﬁkloﬁg present

i nventi on |s cOorrespon of "Signal “processi
t echni ques QﬁﬁﬂQﬁieﬂh&ﬁﬁ|4@¢§e$ﬂpV%h%ﬁtedUShthé dpgkupl tabledomain and

t her eby, "tk?ré&fj;bﬂ@ée "8 Lhed6 DELE SPighasells geneea&ée' £2%8 e shaft
Yet still o%hqshadvant age of the present 3 I nvention only a np est

erfor?’rﬁncé’1 ereby low cost -~ mcroprocessor is required to
|rrpl ement the notor speestivantagetodl thyspeesehtt haveneiont isnepeat i on.

provision of a motor speed control system that is capable
of precisely controlling the rotation of a motor at
arbitrarily low speeds'ﬁsing an inexpensive MR encoder.

20 Another advantage of the present invention is
the use of a corresponding set of 51gnal processing
techniques that can be optimally 1mplemented in a small
microprocessor based control system; ' o |

Still another advantage of the present -

25 invention is that the corresponding processing of the raw .
encoder butput produces a filtered signal sufficient to
allow a high torque ripple-motor'toﬁbe driven at.
arbitrarily low speeds.

A further advantage of the present invention is

30 that the correspondlng set of signal processlng
techniques can be effectively implemented in the digital
domain and thereby, in a minimal microprocessor based
control system. |

Yet still another advantage of the present

35 invention only a modest performance and thereby low cost
‘microprocessor is required to implement the motor speed
control system of the present invention.
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BRI EF DESCRMOM6SS8% THE DRAW NGS Addi ti onal advant ages and
features’of the present invention will beconme nore clearly understood
from the foll owi ng description of the enbodi ments when 5 taken in

: conjunction with the acconpanyi ng draw ngs - wherein |like reference

' nuneral s denote |ike elenents, and wher egn: Figure 1 is a

. bl ock di agram of the tape dr|ve system used in conjunction with the
present invention. 10 EFFD RIPTIONAOFOTHEADRANWINGS di agr am of

t he speed control sys otrﬁ‘?l. %ﬁf&ﬁﬂf p#élé/egﬁao atur?% of t{‘%e Fi gure

3 is a block diagram of t carrler essi on
present inventi present invention mMiguy éoelccme ambt@chl%laélg}'am@@rsmod

harmonic 15 SUEQ%&?%%@Pf@ﬂ%EN‘Hﬁ“é@séfﬁb&!éﬁeﬁﬁ tﬂéeéﬁbéﬂlments when

Figure 5 is schematic outl, ne VISCOSIt en ation al gorithm
of the preseht ta ephgghﬁqgaunction with th & AN ?%1 bPERYLBIRgr am of

the ripple 20 sHepedssildkellx@Tdridioe nunkeryl e sdaiot@Vviikeoglements, and
Figure 7 |IIustr%Fes the drive waveformnms of the notor during the
start-up routin& DETAI LED DESCRI PTI ON OF THE EMBCDI MENTS 25
A representative tape dr|@agnpﬁeinxsxhlh&nbkrdlangMHpﬁntheohanﬁt@r¥ﬁ%

speed control  sysiem 30} ER5H i £ S04 Qb St Orlivbacfour e 1.

The tape drive system 1 |nc es a mcrocontro that receives
conmands fr¥® a host (notEﬂﬁHﬁ% ankfI%Qm?%ﬁﬂ?llrP¥¢E33@13%¥€$e?Feﬁhe

enbodi ment the @P@{ l@adtqldlersy%%@m Soﬂrtl?é)(ii:.g@sent ThesREDBA[ Ol | er
e

manuf act ured by The_ .host nds 0 crocontroller
200 thereby causing AR r+§(?tﬁ}9égngkﬁs¥?Wa.Eabgé 1925 +%%usi ng
information to bappmsédmumnaﬂgnnxnhm:bﬁ the Xesentrimeentodbher 200 is

coupled to a capstan nnto&.ﬁ%&e 4 i m§ﬁ¥ﬁr&4§Q%$§ SPeEHe 3ha Mbat he

tape 11 propagates. tan no IS CO o an 1 nexpensive M
WD 96/ 1558115 suppression algorithm of the pres¢mp7;gggmgngn9

Figure 5 is a schematic outline of the
viscosity compensation algorithm of the present
invention.

Figure 6 is a block diagram of the ripple

20 suppression algorithm of the present invention.
. Figure 7 illustrates the drive waveforms of the
motor during the start-up routine.

DETAILED DESC TION OF THE EMBODIMENT

25 | A representative tape drive system 100 used in
conjunction with the speed control system 300 of the
present invention is shown in Figure 1. The tape drive
system 100 includes a microcontroller 200 that receives
commands from a host (not shown) via line 301. 1In the

30 preférred embodiment the microcontroller 200 is an 80C196
microcontroller manufactured by Intel. The host sends
commands to the microcontroller 200 thereby causing
information to be written to a tapé 11 or causing
information to be read from the tape 11. The

35 microcontroller 200 is coupled to a capstan motor 210

| which controls the speed at which the tape 11 propagates.
A capstan motor 210 is coupled to an inexpensive MR



6 sensor within an MR encoder 212 produci ng 1542 sine_and cosi ne
wave cyWes6/ps8lrevol ution on lines 213 and 214, resp EFW&’V“% hat
contain the rotational information of the notor shaft of the capstan,
notor 210. The output 5 sine and cosine waveforns of the MR encoder 212
are transmtted to the mcrocontroller 200 where a series of

digital filters wwthin the mcrocontrollgr 200 are used to renove the
noi se and ot her distortions present within t he encoder sine and cosine

wavef or ms Ogehsaeswa?eﬁlenanlﬂm ehtoidt BN PRdddCind C1 58P SE fHe "RAQT 210 a
hi ghly filtered signal _.to eff|C|entIL?/ comut at e The_w ndi ngs_ of t he

capst an not 6PS31E. VAV C¥THESr Pdes VPGP o7 pines 213 RRE #1%d in the
present i nvee"spentmenyesemed coftain theonmtaweivnal fidesrhhSionadent

applicati on | r S d/ ntors Gry
Nel son - g%)g%%e%iffé E)l)"wt?’on%%%erl % uﬁé&gﬁﬂ%fo?#
Novenbers 1oslm994ndmoennaesway§|fgm@ of tthe dﬂi;le;mmiem 212 are present

appl i cati Onceaﬁsmatheaelca meome&@c%t%ner R fe dSefflsStan Mot or
210 used in the erred i nent of tf}gﬁ{)resent I nvention, IS

descri bed i ﬁlgltgl S&FLFSHFI Vlﬁm ﬁ&%“@cﬁ%ﬁ AT 0 Areriseded
"Arcuate Sces Famever the' nofisecand stheiin dilsdiaitivine resent JeseRinLi n,

Robert H. P rce, Ri.chard_M | o.and_M _chael Andr e Ser
bl 115, 066, EF| EacRIER.ping aRg0sbest Ave forid G inef 444 A4,
assi gnae of znheapdege'ansmlt tovehe capstan :mqtrmomd} & el'th.gtelysl n by

ref erence. he .S _
i nvention is Sﬁered s:.gnaI fo gg?ﬂg&%%tete? cont ro; %%@m&%%conm sts‘
of an encod‘éhes6?‘P§t§€c%“P5ﬁr1@1°actP@e%@ FFIRSSIHmERR ioh thewitten

to the tapeehdoasd wBed in thef premen®n inSreradd rHENglusdmited 1in and a
t racki ng servo _se t|ve onl y Wmi atformatlon I s . read

f romthe taﬁ@nf’frrﬁﬁtgﬁegbf"@aepr d BRESHEERP P&t invention,
a pl antisconthAptuaitgn8kcah geaderédeb}ssénﬂlg"spammﬁlGay;stmaﬁﬂ i's

passed to aaﬁgngugg},gh I, cRoR ?Eo \Q.Q‘i%.‘i pllgoe[/s'%%eﬁl%\?fg ,&'n%|f|er ( NDA)

digital -to-ana verte
50 V\g)ggy er 10 1994 wh:.ch 1s a551gned to the assigmaesor 14649

the present application and is herein 1ncorporated by
reference. The capstan motor 210 used in the preferred
20 embodiment of'the-present invention, is described in a
currently pending U.S. patent application entitled
"Arcuate Scan Tape Drive", inventors John M. Rothenburg,
Joseph Lin, Robert H. Peirce, Richard Milo and Michael
Andrews, Serial No. 08/113,996, filed August 30, 1993,
25 which is also assigned to the assignee of the present
invention and is incorporated herein by reference.
The speed-controlisystem 300 of the present
invention is shown in Figure:2. Tﬁe'epeed control system
300 consists of an encoder servo sectlon 10, active both
30 when information is written to the tape 11 and when
information is read from the tape 11, and a tracking
servo section 20, active only when information is read
from the tape 11. In the preferred embodlment of the
present invention,- a plant control signal U generated by
35 the speed control system 300 is passed to a commutator
block 150 whose output is'passed-to-digital%to-analcg
converters (DAC’s) and a Motor Drive Amplifier (MDA) 50



7 via line 12 to comutate a brushless DC notor (i.e. t rusesfiagast an
not or 210) . WOres/1888tmut at i on of the capstan notor 210 of the present
inventioh is described in detail and in a copending application that is
assigned to the 5 assignee=of the present invention entitled "Method and

- Apparatus To Maxim ze The Top Speed O Brushl ess DC Mot or s™, inventor

- Martyn A Lew s, Serial No. 08/336,981 fgl ed Novenber 10, 1995, and
is herein incorporated by reference. 10 The capstan notor 210

within the plani34i1a% a2 to %am‘:rtutacﬁe & Wumwlmcrm@m (btativhal ly
posltfon Lerr] 3PSEER MO tRORN a e GHCrySen cof | e caBbfgn HBtbr
adj ust the absokutpe gfoshe @ras‘ertme.nvemsrbmexs Jﬁesmeﬂdsdlgnodethéltapé
Chrough an Asain o Gonghdt diideatiol Whattis Heighas toTthe B passed
denodul at or 38 wismilgnee 355 the nuesent oxnvwm@&ntltlﬂémmwaheﬁi and; s
transmitted to ggé A RIL %Ry n@ﬁﬂé@lfh@%ﬁr@p@a&r@s%@m%sm vi a

line 37. The s position err] is also pused to control the relative
| ongi t udi nal sp@@&°rs"«ﬁ1QWﬁ?QQﬁ) Wah- te¥H8ad heads 13 of the tape
drive Syste@elz%l The Ifizgest ihilédrNdvembet sDOprb¥88ed to a

;%gﬁssﬁg??degg %re%?rrei/ rgrod%cllé%&éa%f%egéﬁ%ﬁggresent ation of the

. p th |

213 and 21410respect|ve|yThe capﬁtanumwt¢n FQuwithin qh%egfagglgz F%gg;t
& p

on line 19 G LA btk %x;aasjh :ﬁé:ﬁ‘ses%@itwﬁamyreseméal ter

~ 200 that is operd |ve to nmu l'ex elt

sin/ 30 t
The shait pos, I GRRS ARDESaY. (HRSSS BRAAHHEROFS (Be bIHE: MAGIALASY 38
| Flnnlal 28 IC%Z to t;pl%ggf&on 8 3§soﬁsébe]§61 95:@0@.6’@ @ keackifg E\}Er&llgmﬂi 4 jore
: asse a ress, counte ose ut ,
the shaft addres® & BFiYst £he zfﬂ%%ﬁ’r%%l PEhGEPR L PE ’g%é E’éﬁﬁﬁ?‘gg%g bl ock
150 and a fiktemdsme A3 \BA tlieecdpe drive system 100he Horvehigspunposeshe

present i nventi gn, . o, ASUIBS: { it AR8OpULE A hrolEH LPAgi, avai | abl e

from WO 96/ US95/ 14649
8 preamplifier 204 whose output is passed to a burst

‘demodulator 38 via line 35. The output of the burst
demodulator 38 is transmitted to a multiplexer 234 within

20 the microcontroller 200 via line 37. The shaft position
8, is also used to control the relative longitudinal speed
of the tape 11 past the read heads 13 of the tape drive
system 100. The shaft position 6, is also provided to a
sin/cos encoder 212 thereby producing a sin/cos

25 representation of the actual shaft position 8, on line 19
(line 19 is the same as lines 213 and 214, respectively,

" as shown in Figure 1). The signals present on line 19

are passed to the multiplexer 234 of the microcontroller
200 that is operative to mnltiplex either the sin/cos

30 representation of the shaft position on line 19 or the
output of the burst demodulator 38 on line 37 to the ADC
36 of the microcontroller 200. The signals on line 19 is
also passed to a shaft address counter 56, whose dutput,
the shaft address of 6,, is transmitted to both the

35 commutator block 150 and a filter box 72 via line 57.

The drive system of the present invention

assumes that absolute shaft position is available from



t he encoder; however, at power on the absolute position e known
i mredi atﬂ%‘ﬂﬁﬁﬁie the encoder is an i ncrenent al devi cgcﬁﬂ%gé%pe some
means of initializing the rel ati onshi p between the desired sinusoidal.
phasing 5 and the encoder nust be provided. As previously ment i oned,
the notor shaft position can be defined in - comut ati on degrees; for a 3
phase, 12 pole notor, there are 6 el gctrical degrees per nechani cal
degree. The mot or shaf t posi tion which produces peak cl ockw se torque
10 on appl i Ieafbd&exzerﬁb‘fwé;entat Opbherooﬁoanet abseuute péRaaencoi |,
positive full_ sc 3) Hpient 10 t$ gY EEE tion degree coil, and
negative ful9® QHék TSR 1TMeqiAt| Zﬁbn88 BaPPERIEEG S 30i | i s
defined as &ncremnntamedevtcdegﬂﬁbsreﬂore sbme9ﬂeansnbfaundm1dégmaeg t he
o oA colln@ XAl GO bEEIe2s’ Enl B Erea b1l sa1CRREMIAY ©
n pro Kk

degrees, the sane excitatl ces rque
Fig. 7 dBpi @ng tthe mnagader mﬁﬁ#cﬁﬁe%ﬁ°&?$ﬁﬁet|6ﬁ Erevéﬁ#§ﬂ3t|on degr ee

shaft angl e mentffcifed htafe aRitbst i Smset r?ééiti?én“ﬂaﬁhbéhaeﬁghhdc':ihr ents 20
are maintai ned i ndependent of shaft ngl e I scal e

current in t9ER SHPRAr d%l? ﬁ ' 12hBP¥es@8F9reuFP§ﬁF in the
ot her two c@des,6 (é:l)eqmidail/eiegreésjlpezscméehanicamt degrebe 12fecommut ati on

degree coil d44 I I t r.t |Is 25
(c) positive S tﬂl%M sca e%echr rtg'"n ";hf%ﬁ éﬁ‘g SQ %%k Efogkaggﬁr ggrgg W th
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i nspection Qfeg@éb c?nlforpciﬁltas!wﬁé tfary seaid cuerﬁE' EbOEhee!Léber To, le‘i'
or T240 ex0|tat|on t he greatest torgue. Furt hernore,

roduce 30
there is no SSTEME atl°ﬂxi§qq?ﬁquﬁ vWﬁQ#n??ﬁ%t%ﬁ?qﬁ%lissFéég FHuRent
Tnmin: =1.5 déplthd 240 commutation dedte® dyilnipegefonefihgaseoare two nulls

i1 a s potenerii) o Al o 1 (0 cORMEEE o qegRged chi®

nulls is pot
PCT/ US9%% 14G4gne coil excitation produces zero torg@e. At 180

commutation degrees, the same excitation produces peak
counter clockwise torque. Fig..7 depicts'the motor
torque as a function of commutation degree shaft angle
for three conditions in all of which the coiljcufrents
'20 are maintained independent of shaft angle: (a) positive
full scale curreﬁt in the 0 commutation degree coil with
half scale current in the other two coils, (b) positive
full scale current in the 120 commutation degree coil

with negative half scale current in the other two coils,
25  (c) positive full scale current in the 240 commutation
degree coil with negative half scale current in the other
two coils. _ _ . .
. By inspection of Fig. 7, for an arbitrary shaft
position, either T,, Ty, Or Ty, excitation will produce
30 the greatest torque. Furthermoré,-;here is nb'shaft
position for which this torgue is less than:

Tpint =1.5°K, I, | (1)

Also by inspection there are two nulls
associated with each of the three excitations; however,
35 one of the nulls is potentially unstable, while the other



I's stable. For gg{pl e, with T[err] excitation, the shaft pENBsIsiagyoof O
connutatLon ﬂf I's unstable since, in t he absence of friction, the

sl i ghtest discrepancy from the ideal excitation will drive the shaft
away fromthe 5 null; on the'other hand, if the shaft is at 180

comut ation degrees, this is a stable null with T[err] excitation,
because a di sturbance away fromthe null w9 be countered by a
restoring torque. Cbviously, the stable nulls are associated with a
negative slope & €hable. t BPguexampiget WAt To. exitathonst thgsshadtt ri dge

friction and othggitovnseeed EBﬁ\ﬁtﬁ%aéio%Pa‘é , i Unstartd Lh?s.né@Stln
position for a errL'eXC|tat|on Song range of %E%NFh
e

from 180 comut BREoAPEERFEESE fﬁ?§t1°n'réﬁﬁes|1§%5é'ssdé§ql??ﬂaé?%
steady state cuthenidédl emcibeatfonowillatirdrredegiee shady away from the |[f

comut at i on egl as es t on is QW comut ati on
degree nuIISb %g}teggpkﬂg E?ﬁér g?g éF &PFp% t[éf%] ni cation

degress, then themmutagibacdegeessnothnsrqseacemahﬁa nvebl baiﬂeduced by up
to a 20 faCtoreﬂéléaEQSnEeﬁéEause di turba E? d%*“ffdﬁsﬂﬁg M Qs of or

| ow speed operation, but nust be reduce speed operation.
The power on al §8rFeWRFe¥ed by a restoring toﬂﬂﬁﬁy SPvVHiaus 1 Itheal e

current (2 Arm8s25b1ef nﬁmef aﬂéwﬁés@&ﬂhtbaefrulth @ %e@ﬂtiw)@'s?)o;{éﬁ dﬂ”ltecg%
(o) e ot her

tat | I t
coil's. Thi 30 o FEFRES FHAFEEBetoNriEar; BAtR WoRsl SESRIGATAS ch a
stabl e null existictionnand othert Lowabpekdf loasgisc asl s iddmed)t atheon
degr ees. 30n0m1e|F%al rést. REEFEEthQOQn '&§ %ﬁﬁf&é%l@ﬁs%iifnbetafth'

mot or wil | r enai rest or nov®
nmot or torque i sSemEarerdaeh9ffangipofirom 188r ggamutation degrees3 mhms

about 4seconds pphé i@eeﬁeireéséa 8h 88rmbest. cnifigRelisy Stacd &

known to be at a sitron such that the notor torqu ve ope (|f any)

i s aI&écedl%ythﬁtBrCPWWEFFBH°“F¢S&F?ﬁeC9&FcuIatlon above,

96/ 15581 If commutation beglnsPSEEUﬁﬂibiéﬁé& the rest
10 t he rest POSItlon mﬁigobe IesEaEh err e nugqenlcatlon d%%rees

tion 1is eg in'.s
the potential error of 6, commutation degrees, then the
effective motor torque constant may be reduced by up to a
20 factor of 1-cos(8,).

. This error is not serious for low speed

operation, but must be reduced for high speed operation.
The power on algorithm is:
1. Apply positive full scale current (2 Amps

25 if G, of power amplifier is 0.8 Amps/Volt) to the 0
commutation degree coil and negative half scale current
to the other coils. This is termed the 180 commutation
degree null, for which é stable null exists at an

- electrical shaft angle of 180 commutation degrees.

30. - 2. Depending on its initial position, the
motor will now either remain at rest or move towards a -
position where motor torque is balanced by friction
torque.

3. Wait about 4 -seconds until the motor is at

35 1rest. When at rest, the motor is known to be at a
position such that the motor torque developed (if any) is
balanced by motor friction. From the calculation above,



froma stable null position. An algorithmwhich adjusts the three zero
setti ngWo\B/ESs8or t he ‘encoder sine, . cosi ne, and i ndeRCEHEIAHEPY i s used
during this period of 5 notion. Since the algorithm depends on at | east -
sone notor notion, if none takes place, a different coil sequence
IS energized to ensure notion. 4. Assign zero to the value
of the commut ati on counter, acceptipg the potential [err] 10
comut ati on degrees of error, and allow the systemto - accept notion

commands Wﬁﬁetiﬂesﬁomiaioﬁnwﬁmmnber less lt@ﬁ!iﬁ@%@dn@ta@lﬂsﬁeasgféés

Cycre, rosctiohet stabhE huth ppsibiry s 30 2 criteh MR AdIEHT L ne

sine 15 waiee dehreeszeévotfetnbngr DASés floe zheoenmmdenﬂsxnawme around

fiduciary, Cé!\?é{kﬁ Ougxtédzfﬁ@eﬁoégéﬁﬂgﬁlg' ig h%eﬁBQunlngcg:@Télt: rbdjec?%ees or

30 nmechani aft |na Y,
i mpr ove 5t héne&Et PRmt eSI#C? hEhQOaJ-EB##EFH‘t Agpendgcon @ife Lagssr same ot ated for

a short tinkotor. méu\nmhse ﬂflﬂbﬂé threda aaeert@ ¢ reren®nidodli N pl ace), at
a speed suff|C|entIy ani_n back e.mf. to be generated

(conpared WIHTHE® I¥§d&%ﬁfglﬁﬁ?nFBMFE%BEShmot OBi-nat the inductive
reactance is small. Wile AsayghllgrEStatthbl&aipeedf the phase

rel ati onshi gg@{b t Q. pk t he notor and

t he currentd:bnt}%'rl ﬂhggﬁﬁééé ﬁceﬁggﬂb Eﬂe gg%?% a %d t he phase of the
connutéplan¢¥¥E§6M§H@%dd%ﬁr$%$a@ﬁeérﬁﬁruIanﬁeaéﬂayethe sysitem &oship of |
motor and Glidept métf&ﬁocorﬁhaﬁasSwitﬁthéocohﬁetagabﬁumw ‘conmut atloi

angle for s]ow’'s eration has been | earne The operating speed

fo thi o Laqraierteqeny At ansnred, accoralng tronctsad, direchdon

situation wiemotiensi4/counts £6rgewesyoentbaerleyaie, mrekielkangd i nto the

systen1100 efs The sinl/; 0S . nal s o I|ne 19 are

f| rst passe}et hc;%"&b%% %& éxé'%%’%n coﬁﬂ%’ Sut Skf% %Eg‘l"lf‘%l SIS tion
si gnal 16n |wawe ZBernseqwtsrsethe hn@tlgtl ases th&*@zéﬁblﬁﬁﬁﬁt as a once

PCT/ US95/ 14643, d(ﬁ%?ucié¥¥‘sﬁﬁ@%aé ?8§6t ér g@g%n&ihbeE08§eb° negate

the dc leve he si sur e~encoder count
integrity. cﬂﬂ?&ﬁﬁﬁiﬂncﬁegﬁﬁﬁﬁIx9¥l$9em393335°a1 shaft angle

degrees.

5. Finally, to imprc'we-the estimate of the
20 commutation index, the motor is rotated'fdr a short time
(while driving the data cartridge currently in place), at
a speed sufficiently high for a meaningful back e.m.f. to
be generated (compared with the IR drop), but low enocugh
that the inductive reactance is small. While traveling
25 at this speed, the phase relationship between the voltage
‘applied to phase A of the motor and the current into
phase A of the motor is measured, and the phase of the
commutation is'advancédfor'retarded-until thelphase-
relationship of motor and current is zero. At this time,
'30 the optimum motor commutation angle for slow speed '
operation has been learned. The operating speed for this
test is derived below. o
| Now consider the situation where the sin/cos
signals on line 19 are multiplexed into the system 100
35 via multiplexer.234.' The sin/cos signals on line 19 are
- first passed through the ADC 36. The ADC output, the
digital position sigmal on line 23, is passed through a



passed through the DACs 50 and added to the output of the 5 pgiTn/soss4649

encoder 21 WQP6A38Lr 74. The .digitized position signals on line 23 is
then passed as a first input-to a guadricorrel ator 24 through a Hi gher
Har nmoni ¢ Suppr essi on/ Bi as. Learni ng Al gorithm (HHS/ BLA) notch filter
bl ock 86. The second input -to the 10 quadricorrelator 24 is a reference
signal generated by a | ook-up table | ab¥tl ed "sin/cos nodel" 30. The
table 30 stores the nodel of an ideal_series ues whic

of
represent shaf tCQuEse iBFAS TARARIARPA K?B?hefééﬁﬁrwé§ to nFﬁQ‘ttet 8135 cos
_?_Ecoder 3? r eprleél gt Z%fm agh L%Hle r@%@ﬁa%S?nemﬁﬁé_eMShaf engagiet leumgl:x:vdert
~ The signals on Tine are lse digita n i.ng to
~every bias Ievéymﬁ?Bs%??ﬁﬁfﬁt¥heafh @?EB“Snafcgé gbélggg%§§f§quOV|de
shaf t address passedrensoudnc@rDas r soeandngiideduse baei oy tEUss ofokdes

20 pre rev Uté Sposg%@¥é’pe£1£]£t'§daé§694on i"hEhEﬁ@lt:.zeﬁhi‘i&ﬁ@Jthﬁ

sensor mhlc acent magneti zed drum havi |
tracks cf nagneﬂiml%rpn 111})%1t:€%rh% then,Bageeenasdr &cﬁlé'&ﬁsﬁé‘ﬁ“%gt& Yerr]
cycl 93 of k%ﬂé‘éﬁf&éﬂﬂef@iéﬁ i\brtﬂr@ﬂghsauamgﬁaut Hatridndicst i ons, and 25
an index track consistip a solitar

transitions. Tﬁsuaag¢%${$hf§%&%‘$§a§%h€83£%9°£lﬁgﬁ (ﬁﬂg/gpAauggtqghsor
groups arrangedt Slieér tihbdck hes t woTlge osesond ippudute &hel og si nusoi dal

si gnal s nog]‘gnalﬁ%&fgé%rﬁel tgfgﬁfefsagaﬁéfeggﬂcleng?énﬁ&aﬁ%ﬂefa%erdew Ry a

dual - nso roduces a si

negatlve voItagbo@bfupeWthslkﬁbeﬁh%daﬁﬁln{eéé @Pdﬁﬁé 30. sﬂ@ﬁa%§b&ﬁé
virtual ly indepgndead QIflefrﬁé‘élé'ﬁnéf Qﬂeidéaﬁ serleaeb@f lvag.uélée%ﬂcaﬂge of

the capstan notor, as requjred by Lhe seryo arch ; g%ﬁh
Unfortunatel y, ¥ﬁ@r%%e%¥f§§§f%590%%ﬁ 151 éPnﬁEps§§n§FQ & Y& peak

output signal. that THhé s£8fcos oenos@erabberdprestnas thet betmalsaotor t he
" counter which neasu es sﬁa%t BOSIE 95: and substanti al WO 96/ 15581

PCT/U895/1&§49_enC° er sha Lon- 12 quadri correl at or
24 distortion at |ow speetise sighatéd aneline 23pare ysSedhasDACFiF®L 50).

Three DAC s (th&%?ﬂéfsp@é%ﬁes%oﬂal%getgoévéégehhﬁg @é@§15gkd§§¥h§“d§ the

capabl-e of I'ng c volTage Into"the In ut of. the three 5
preanplifiers ustie f andt pesing c81ignalenser PEPYALLs S EFt address

incrementing (or decrementing) count having 6168 counts
20 pre revolution. The encoder 212 is based on a

channel MR sensor which is disposed adjacent

magnetized drum having two tracks cf magnet.tilich

w J

patterns: a position track consisting <cf ltsl ~vz.es of
alternating North-North and South-Soutk *

25 an index track consisting of a solitary pair ¢f N-N and
S-S transitions. The position track is sensed by a pair
of quad-sensor groups arranged such that the two groups
produde analog sinusoidal_signals nominally ninety
degrees apart. The index channel is read by a dual -

30 sensor group which produces a single positive and single
negative voltage per revolution. The amplitude of the
signals are virtually independent of frequency over. the
operating speed range of Ehe capstan motor, as required
by the servo architecture. Unfortunately, the dc offset

35 can be almost as great as the zero to peak output signal.
This leads to unreliable detection of the pulses by the

counter which measures shaft position, and substantial



start up, during the algorithmwhich |earns the conmmut atlon seguence of

- the capwo=s¢/15881or 210 is i nduced to nove at least 1/1
revolution. During this time the three DAC s are adjusted mnth t he
following 10 procedure perfornmed by the CBC filter 84:
First, acquire sanples of the three channels by ~ clocking the ADC 36 at
a high rate, e.g. f[err] sanples/sec. 2 Second, determ ne the
peak to peak val ues of the sine and cosine channel s, and t he aver age

val ue of 1@%&&&{@@&@&”@@% dﬂb@reyeﬁage yahugpetedbhe '(Wﬁ)é:hb atrﬁch?ntnﬁl
may or nmy not_ inc nD as one or both o e
i ndex pul sé& PafH §¢ch%e &g &5 nEPFeEoﬁgnp ZFP‘%E &S R8T4ver agi ng

process ofsitize hdre .‘Eam:gyed_mAm 50deghatl see cap&h&bl ofonpared 20 with

t he total %{@%ﬂ&gl%ta@ @thé’%"f%@oogﬁet?ﬁéﬁ Pgutpglg%%gcoder

cycl es) of from nent val ues,
the . 5of mampiﬂrﬁmmme@,dafcmntheohh@eetm 8pESey @bgnals. Atknown.

The sine and3aSijle, ARy Sciee %I@&%Qtfuﬁe&h%ﬁhlgémgp*@héo wor ds
- corresponding to the mch.éelnt befween their “respective positive and

negative p R © tli‘?nd%%’%ﬁ%ﬂn@?"—?é' giPsde Bpdugedpac 50
wor d corre&mﬁmbvtg at- ldast {3/ 10¢ls UoLda avevelat ¥6hue. During this Fourth,

since the t Ly, r hat £ h nd.casi ne

channel s rrg:y etglaﬁ :l}g{ %ﬁi%gaég gfﬂgg%%%oﬂﬁ;ét g‘ﬁ ag% ow &ngurther

one-t wef f t prsfcegure p&;&ﬁﬂm&'d)rbmh@ncla@ finl;itleedaby energi zing the

appropriate. notor phasgst ar‘g}:@ f éfr af:ﬁgee chaRgw; Wi S} t he
s fo

signals out _of saturation._ Thi owed 35 repeating step 3, above‘
Fifth, thed4ackdng gha UG Gif tHe %rk%rr%ﬁ%e e. gno s%#‘f‘P%?%ﬁ?F‘i vel |

centered that duri Ng s¥dord®s ddd&rmine M&gﬁé%@é peak values of
PCT/ US/ 146 pst an

activity, t I%ﬁn{% Rsing hampets: am?)u'l"%% %‘6%5?‘%? V?ﬁEFuB ng an
i ndex IEsetttm/an;de:e\a.ﬁamuein The | average evchlue of the 1ndeEncoder 212

anomal i es \Mﬁ%t%%bef Wl’&l %ﬁ:&?}t Slrw_.ilmél gr%ﬁgﬁé d{g?‘ygﬂgn#he servo

bandw dt h nus umqg very ow danping ratio)
not.ch EnocapassSing @ae F Rkh sﬁ%lifzﬁwg PwbsedcodBhiseido

only a very small contamination to.the averaging process
since the energy in the index pﬁlses is small compared
20 with the total energy during the approximate'one twelfth
(128 encoder cycles) of motion. |
Third, from the circuit-cbmpOnent-vaiues, the
offset introduced as a function of the DAC 50 word is
known. The sine and cosine channels are now offset with
25 DAC 50 words corresponding to the mid point between their
respective positive and'negative peak values, while the
index channel is ofEset by the DAC 50 word corresponding
to its measured average value. | S
_ Fourth, 51nce the offset is suff1c1ently large
30 that ‘the sine and cosine channels may be saturated during
the second step above, a further one- twelfth of a
revolution motion is induced by ener9121ng the
appropriate motor phases, and step 2 above is repeated,
now with the signals out of saturation. This is followed
35 by repeatlng ‘step 3, above. '
' Fifth, the three signals from the encoder are
now sufficiently well centered that during all possible



section 10. The closer a notch is to the critical servo | QRR SO P4y e
frequency, (W@A¥BLr nust its Qbe in 10 order to avoid introducing phase
del ays at the crossover frequency. By the sanme token, the further the
not ch frequency is fromthe servo | oop crossover-frequency, t he

| ower the Q needs to be to avoid phase |ags at the crossover frequency.
Since the capstan speed may vary 15 plus orismnus a few percent in the
read node, resulting a correspondi ng change in the frequency of the
encoder anonfityurd raa;\sbdfmgra@imity ftheelategridybefi nbkf encoder

since the offen [ uk % e
of the highly sg+"[<e’é§érivée(S no? &ﬁ% wh%ggggr gesgﬁe% %F%?'grtg%?rlust
be adapti ve. Eki&naﬁsureddrfferent types of notch filters are used.

At frequencies up to one fohkdderl2iPCaRBRAUCEs whoaS/ Yﬁ?eh%ﬁc%%%&-@g
frequency, (Ln the preferred enbodi nent, one fourth of
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based on theniaaaisi@w&wa&ﬁﬁglﬁLQ/Bllaégowwhamnﬁing‘e&etubednbncn

Wdrow & Stearns,, Adaptive Sign roc

Prentice-Hall, %ﬁé? ﬁ%mﬁ%ﬁ%ﬁ% gtﬁ% %V$ C§%§F§$9121n51§5e68§%ﬁ9f ﬁ&rvo
carrier frequencgeqmsml—h)'l‘m cHbosenrai naschr ésdtal thei ciritdcad seevoMs
t ype notch. r u o} h a n

rate, the notch % ?% crOSSJ$F£stangar%é§ec€%% ne ﬁebahhsg gF?a %gtgﬁ
filter, sampPed @K qmet%r%mﬂsd P Ue bRg phasedeelgﬁedasytbeaﬁaasaover

pre-war pi ng and ﬂ'éc{ﬁ@ﬁ! trasysfaréné’&nete@iaengueﬁe £ﬁ9tﬁé§n\§hbnnoEQWe||
and Wor kman, Cbnt%vmn of Eynanrccf%s ens, Second _Editio

publ i shed by Iﬁiﬂ’r*’s‘b?yvk%l 2R SR¥C ‘PPsﬁEﬂs§°K8Fcﬁr88Heﬁ8§’ the
WO 96/ 15581 lower the Q needs to be to avoid phds&SYaga4649the -
14 usual l'y L e o]

not so necessar yé%gﬁsﬁee h&'t%fgf #%qugﬁﬁé{é gh% E§§s§|gg\rll\§¥§réﬁc%‘a¥h ng
significantl§ raisied rmnusrea few (pexcentrinr theecnegd mnéesee‘eﬁultmg a
ordernotch i's magertdbpind 1xaf kehd¥iy@Peh 4ha0r $8gaenby B£SLRG! EnbBRAEC! of

control . her e are. encoder djstorfions: at_even g
frequenci es thar?rr%efl}f'hef’s’é?ﬂ)llelg%t% nefeh ot ihbReEs| WQuld bg, dn ggPFt\M’Fh
usi ng doubl e sargpireske (tHardfifernding edi $turbing W eeqhbacgnweded meveo | oop

sanpling rate) fédééi&% the range of the highly selective notch filter.
20 Therefore, the notch filters must be adaptive. Several
different types of notch filters are used.

At frequencies up to one fourth of the encoder
servo loop sampling frequency, (in the preferred
embodiment, one fourth of 2083 Hz, or 520.833 Hz, the

25 Dbest type of adaptive high Q tracking notch is one based
on the_Least Mean Square (LMS) algorithm, as described in
Widrow & Stearns, Adaptive Signal Processing, . published
by Prentice-Hall, 1985. Therefore, the half carrier
(189.665 Hz) and carrier frequency (379.33 Hz)

30 distortions are dealt with using the LMS type notch.

At frequencies up to one half the sampling
rate, the notch filter may be standard second order
digitai notch filter, sampled at the encoder sample rate,
designed by standard pre-warping and bilinear transform

35 . techniques, see Franklin, Powell, and Workman, Digital
Control of Dynamic Systems, Second Edition, published by
Addison Wesley, 1990. The Q of such a notch can not



10 operating on the digitized sine/cosine signals on I| These
filtersWEs/ igned in the sane way as the singl e sanpﬂggsﬁa??ers of
t he previous paragraph; however, due to bei ng doubl e sanpl ed, they can
deal with frequencies up to the encoder servo sanpling frequency. 15
They are al so madeadapti ve. The hi gher harnonics can not be
dealt with by use of an LMS al goritiyn since the LMsS requires the
generation of quadrature signals and the servo sanple rate i s not

suf fi ci ent lysudldly tmaderes diigh heset RO Ly¥Sadasedr noscg@ah&wfe@rezf requenci es

hi gher thaq__ﬁlhse csh ﬁlcggqegéééﬁ% éaérgqgﬁggﬁ§gggﬁhggg %Fandard second-

order notchés ea avi n aher frequency
encoder ancitaxtiong ssince eyl ame%llgmfmsanglnrhgemewedd feoetheot ch

filters fouyngddhydie ﬂﬁ@ﬁ%@ﬁ ﬂéteécaﬂa §§d€9 heecﬁog gel geal

operating at_the _~ 'servo sanp <€ for even arnoni cs by
sanpl i ng t K&k ddhs Qsﬁ?%’s"‘%tsﬁ%ﬁ eth% §H‘96353ﬂf515@e er' FERETR
appl yi ng two notchesTMErﬁu&reﬁenémddDumistort16ﬁ§phedeﬁeﬁnhh§hbefOre

feeding to o perates_at the servo
sanpl e rat reﬁ%§§é&eéfg§é§) éﬁ;gﬁé@%¥é rﬂg?Ch fﬁngraP?ma 1es
Z2+[err]+lare dealt w1th:p51ng double sampled (meafing(Eampled|actr]+[err]

B 15opy | itd WEHISELD ervo 1osbddmu el FIEEPIRARGGRE 50 VO

15 10 operating on the d191q¥geq5§5ge%e951ne signals on lipsg)
4 +[err] 23. These ¥ilters are designed in thel8amé waypay 2hné- [err] ‘

(4)_ : single sampled filters of the previous paragraph;
however, due to being double sampled, they can deal with
-frequencies up to the encoder servo sampling frequency.

15 They are also made adaptive. . _ .

The hlgher harmonics can not be dealt w1th by
use'of an LMS algorithm since the LMS requires the
generatioh of gquadrature signals and the servo sample
rate is-ﬁot sufficiently high to generate these '

20 - quadrature signals for freguencies higher than the
encoder carrier frequency. Therefore standard second
order notches each having a Q of 10 are used fof the
higher frequency encoder anomalies. This is accomplished

~using the second order notch filters found in the HHS/BLS

25 filter box 86 on the control signal operating at the
servo sample rate, and for even higher harmonics by
sampling the encoder signals at twice the servo sample
rate and applying two notches to each of the double
sampled signals before feeding to the servo control

30 algorithm which operates at the servo sample rate. The
transfer function for a notch filter is: '

Z24B-2+41 | @

Fusl@= 5500 76

- where B is represented by-

whére 6 is represented by:
35 o



4 +([err] where [err] is represented by
S4 CPntd +(ORGISSE} | (5) [erFT’"f%Sr”rmg

The coefficients are a function of the rate at whi ch the recursion is
performed and the desired notch 5 frequency and danping factor. The hi gher
frequency not ches are executed at twi ce the servo sanple rate, the

| ower ones at the servo sanple rate. There e a total of six second
order notches; two of the notches operate- on the control signal, the.
other two pairs on the sine 10 and cosine ignalszon line 23. Al the

not ches have a Q of 10, corresponangniﬁlafﬁﬁnplng factor of 0.05¢3)he
tabl e bel ow summarizes the situation: ° 4wp»9@F15581

PCT/ US95/ 14649 16 Not ch

Not ch Sanpl i ng Location .k eguency Frequency at noni na
at all speeds 3, ;= (@F) *4’ speed 5 conggpl
1.5. f[err]=5.5665.10[err] f[err]:1.9157 1Q[ PD 0. 28495

1. 0494931 0. 950507 authority control 2. f '
=7.422.10[ err] [k 8 10 1.309140 0. 962200
authority “Megnecgd sgjt%%ge%r?%ecfr .422.10[ err]
2.f[err]=3.8314. 10[ err] -0.83118 . 478 0.954522 15 sin &

cos - encoder 3.f[err]=1.¢1 _ ¥, +ﬁ err]=3.8314. 10[ er (§)
4 HwPp)*

The coefficients are a function of the rate at
which the recursion is performed and the desired notch
5 frequency and damping factor. The higher frequency
notches are executed at twice the servo sample rate, the
lower ones at the servo sample rate. There are a total
of six second order notches; two of the notches operate
on the control signal, the other two pairs on the sine
10 and cosine signals on line 23. All the notches have a Q
of 10, corresponding to a damping factor of 0.05. The
table below summarizes the situation:



0. 28405 1. 049493 0. 950507 sin & cos 20 PeiBsdsNdteed and

[err] avO BB e at i vel y insensitive to the notch frequency and
sanpling rate. Therefore, snall changes in commanded speed ar ,
accommodat ed by changing [err] 25 in a |inear nmanner. The
process described above, although adequate to ensure encoder count
integrity, may not result in a - suffildently accurate centering of the
si ne and cosi ne channel s for the purpose of avoiding contam nation of

the 30 quadate®r rel ator oMNqhfh q on |ine $@PIENG i s becBuse the 0¢
center val ugxafrd i ns of g ﬁﬁtp%@ngﬁ d8YnBAinal COrgespefnd to
the center val ue and gain of the ADC 36. herefore, an additional
refinenment SPSEYE determination of the bias values of the sine and
cosine channels is 35 desirable. This is g¢xaédrned by the Bias Learning

Al gorithm (BLA) .86 and i Sgg-%'_-rf',gg.%%s@ioﬂb-o”t 1i psf,‘:é’{.sls?p{'c?’

revol ution. 96/ 15

PCT/ US95/ 146488495 - 1.0494931 0.950507 17 . Thi s
speed of thﬁu@h’é:@.@gi s chosen because it reduces the tine taken for

this algorithmto about 2.5 seconds instead of the 4.5 seconds which
woul d be taken to rotate a revolution at the | owest system speed of 5

0.5734 ips. coheraran val ue-g=1hg23i 062 ance cOSigIEs7-10Thanng| g1 oger one
revol utjon, i rtai ned b i ng the average of all the sanples (at
480 i@icroie??%ﬁ?ﬁsanplngé%gﬂqnmerevolution. The two nean val ues
are then subuthotddyfromall future sanples of 10 sine and cosine channeI‘,

before feeding into the guadricorrel ator 24. After the
power - on adj ustnment descri bed above, ) further sIOM/cQanges in the bias
are account 88CPEeThy Bafst he?2e18i gnd - Lm0 @4 M°gh pass filter
. whose cut- $5g38hk frequency yasises W Idsazeed. The high pass filter is

i npl enented ysing a Delta transforminstead of a Z - t ransf orm because
the Del¥x tBaRsfoFRPhas superior . nunerical conditioning:

encoder -3 -lf,'=_l.1133 -10% 2-f,,=3 .8314-10°

0.28405 1.049493 0.950507

sin & cos
20

Note that é and ¢'aré both relatiVely insensitive to the
notch frequency and sampling rate. Therefore, small
changes in commanded speed ar accommodated by changing B

25 in a linear manner.

The process described above, although adequate

to ensure encoder count integrity, may not result in a
sufficiently accurate centering of the sine and cosine
channels for the_purpose of avoiding contamination of the

30 quadricorrelator outpﬁt g on line 25. This is because the
center values and gains of the offset DAC’s 50 may not
correspond to the center value and gain of the ADC 36.
Therefore; an additional refinement of the determination
of the bias values of the sine and cosine channels is

35 desirable. This is performed by the Bias Learning
Algorithm'(BLA) 86 and is carried out at about 1 ips for
one revolution. ' '



X(k+1) =X(k)+T ( -2.[err].f.[err] X(K)- U(k)) (6)

Y( k+1)  [wordef1ssst + +U(K+1) PCT/USISINS?

20 | ) Where input to high pass filter is U(k); output to high
pass filter is Y(k); internmediate states in HPF is X(k); encoder
frequency is f[err]; and encoder servo sanple interval is t[err].

The resulting high pass filter has a cut of f725 frequency related to the
encoder frequency: [err] =f[err]

(7)d rhe out put of trhesHEpebd b the BLA @Bk tahdden because it

quadri correl at or uadr.i_cqr. t he
angul ar 30 di ffEFéHE@SbEPﬁeéﬁmﬁhéaheﬁ glp(} S 1'[Sa%‘l naﬁ{m %o %3 6%5 .
PCT/ US95/ 14649 seconds instead of the 4.5 seconds wnm;h would &g ¢ng

actual notor shaft n f Jatd t 86 and
t he theoreti cal @B rg?'%h% d rte%'i gﬁat?@pc}sﬁvﬁs?nesm gnarIBsL,é%ij{ﬁder%it'= ed from

asin/cos 5 ﬁB&éB4SGP$|a mmﬁemsfn & at or
q on line 25, C@.h&ﬁﬁ@%dl weIrOohleeI@vfdleitqr&ﬁ ti@ wefmned mptwkmgmaft

position [err] on line 23 an del__shaft tion signal [err] on
line 31, is trakbRi BVEF3EE R ﬁﬂi the 3ﬁ§jﬂﬂﬁn4§§128 and a

t.hr]e]e- el enent CQQE&-beleelmhds/san@a.teOr dver2®ns advalmt2ion TheThait pwe mgan he
coefficient 10 ve a qﬂﬁﬁg Seg dggl,p igeline
27. The encodgF S%V &%FBB% f%&q%§1 %ﬁ' dghﬂ@ e 5%6@5
control syst®em Sdoet And, coaiae mhamel@pmh%‘-@re fqaﬁms intehecbBRes a nodel

shaft position aa&c%&&@hdyﬁg ione 90. The nodel - shaft p05|t|on si gna
[err] on line 9 addr esses the | ook-up t§%ie 30 V|ad£|ne The podel

~shaft position signal [erPEt&F IH0% RPFSS R 88 fbea dbSVL,

further slow changes in the bias are accounted for by
passing the signal through~a'high pass filter whose cut-

15 . off frequency varies with speed. The high pass filter is
implemented using a Delta transform instead of a 2
transform because the Delta transform has superior
numerical conditioning:

_ —2m £ X(K) )

X(k+1) =X(k) +Ts,{ 106 U(k) (€)
¥(k+1) = 'ZW'fl":f)(Kﬂ) +U(k+1)

20 Where input to high'pass filter is U(k); output

to high pass filter is Y(k); intermediate states in HPF
is X(k); encoder frequency is f,; and encoder servo sample
1nterva1 is t,
The resultlng hlgh pass filter has a cut off
25 frequehcy related to the encoder frequency:

£ Le

T )

The output of the HHS filter 86 is passed to the

' quadrlcorrelator 24,
The quadricorrelator 24 calculates the angular

30 difference between the filter digital signals



summ ng the junction 28 and added to the quadricorrel ator { q on
line 25 WO/H8581 pr oduci ng a sawm ooth signal [err] FFH(ES%#‘ i's
proportional to the actual shaft 20 position [err] of the capst an m)tor .
210. The sawt ooth waveform[err] is .also passed as an input to ther
filter box 72 via line 33. Besi des the nodel position
signal [err] line 91, the encoder sergo nodel 32 generates three

out puts based 25 on the coefficient vector 26 inputs via line 27. First,
is a vel oci repredenttingiaptalal vedtoesshadt poeisyshetransmibteld Egom

B nee Dotk 368 A it ol 0 dnd! O, EREGELERLL orflofafl AT tted

to junction via llne representing the
anount of dieRC@AsFERALY Mesidpion @%%rﬂ@ﬂ%ﬁhﬁdtéﬁomnalSne/dost est.

The di sterana® Sh&”@.'lrié .’QLe”er'ﬁi@do@&'pt%idéf‘gtﬁéegﬁﬂéfi'éérfélatorga' n

bl ocks Klerr] (3 36a rr ( 34 on |lines 35 respectfully
at junct ‘)Sg’n) sréprgyrrf,g to. phe Gifferene @eggegﬂdthe
Klerr](4) 3é.cc:cmm1 fshamtt Ipmsalmmiere nmordelLifb zszmdtheemlé&n%@ftupon t he

syst em node Lu nc estl te_is e on line
dist. est. k’°gi%q°n yl‘[’glngr} éag 9 ai?ﬁﬁegé Pf?nf"ﬁﬁl% %’ Ot st i mat e
PCT/ US95/ 14smgmmm6/31mnon 28 and a three element coeff1c1enﬁ9 : of
osition er e ] o es S

b %EtBFEi %60@1_41 I'E%Q §%’F1 &.haePuEgﬁt EQEFhe "@’?52‘5 romaghanl cal

position signal [erf | ne
system¥hd VEEt§En@faiisopagEed ta, A ERqlar IR dedel pi2i vianlines.

fﬁt ), veloemt, nyTn(ev@ncoa%tr e e3ffb l(ilrlcﬁiétélr @md%éé&bﬁshﬁta Im&é1 & es ﬁf
e system from.a no are applicatiqn depen e
bosi ti on o1 FBF BRRRCREEgIa s YRREm 00 rhat Haaet gin (the APRYHT ed
E[err]) genénpued, bgembeaﬁmsodemdﬂﬂelshaft Qﬂ:s:stmfots':egﬁaeﬂ dr om Lige -
t I b ducing the
position regsren&.ﬁesh,%atgl I;E,1 vvavé:f orftgqi |né §§ &ﬁfreggéhpro uci ng e

phase diffefeénce or Ire ase
di fferdifce addr&sseSe@htehéowsm cml@er &0 srlganalllr{ear?rlj. orTHe meodsl i s

mul tiplied QﬁaﬁthSBE.'tQ@mf %@%@qk ﬁérbf.' 157§153hﬁassedv§b°0' ty
estimte vel est as_am sca er value 1 In al n bl ock
Klerr](2) 48umming the d%ﬁ@&né@ &ng pddedito the yuadrheorrmlakey . est .

are subtracbadphitog bhelanel b etherebyd @rdduti Ry raorsaﬁ»:g:r&ﬂh [eiddaorg | i ne
75 at JunCtlonlggé 33 that is proportional to the actual shaft
20 position 6, of the capstan motor 210. The saw°ooch- |
waveform 8, is also passed as an input o trns £:.ter box
72 via line 33. _
' Besides thé model positicn s:ianal - .2 Line 91,
the encoder servo model 32 generates tnree Ttuifuts based
25 on the coeffn.c1ent vector 26 inputs via line Z27. First,
is a veloc:.ty est:Lmate signal (vel. est) of the system
‘which is ampl:.f:.ed by a scalar value in ga:.n block K. (2)
40 and transm:.tted to junctz.on 68 via line 41. Second,
is a signal represent:l.ng the amount of d:l.sturbance w:Lth:Ln
.30 the system transmitted on line dist. est. The _
disturbance signal :L_s generated by adding the outputs of
gain blocks K.(3) 36 and K,(4) 34 on lines 35 and 37,
respectfully at junction 38. The inputs to the gain
blocks K. (3) 36 and K.(4) 34 come from the encoder model
35 32 and are dependent upon the system model used. The
disturbance estimate is transmitted on line dist. est. to

junction 68 via line 39. The third output, an estimate



t her eby producing the velocity error signal e, on line 79. 0598 1464o0CI Ly
error signWNO9615581 on |[ine 79 is passed to the 20 filter box 2 whose

out put, the nodel control signal Uerr] on line 73 drives the velocity
- conpensat or al gorithm (VCA) 78 whose output is, the plant control signal
U on line 12 used to conmutate the capstan notor 210. The nodel
control signal Umon line 23 is also transaptted as 25 the second input to
t he encoder servo nodel 32. The encoder servo section 10
receives as a of postthon enmpor prpsenti om ldher @b gfhalisErthe samR 65
which is generate S Weqo ol [ in

a frequency ofgéogag @ééé?ogg%&gggﬁnﬁ tor g&‘%gn?l %sgﬁoutgﬁe ?g&klﬁﬁg °
transmitted toofnandedecsrzompghppicadssystemrgadothe JORRRAEIPR Rfder 62

grle adC?ESt antvé{i‘{lég Egﬂ@at:omparéoﬁhéep@@llctfi@ﬁ APIh. té}{t G)d,dafelﬁi’cii/d}a line
an e speed adj ust nen on I emanat | r,om

tracki ng sé& vo Eéét'l SﬁtZQ) ag% HH gr%anceT é#d’npesﬁ"gg r%mtress f%hft%?
subtracted frogystem EbemSaV\tnodéhJ afrec hpphicagian [cmpe]ndgnu.u ne 33 at -

J’tggction gg o) 1;53?ebyTﬂsnsas&;L.@gnaar%f Ol ¥ a%e ﬂgﬁ%ﬁm s

20 dynam ténef 90hdakepolabrifedpssi tyenetated hyiechhenhEngageratjodel
mUor i oper abpngsakypecaARERANErsCRtie Hosl ipnUrdiiide sigHEY B se be
used as a nmeasliie 0 t ransf ér functi on. Th

e
tracki ng §é¥vos§b§Fﬁ6ﬁ°£0gzoE§P£?P¥ PS°du°¥ﬂﬁlﬂﬂﬁquﬂﬁﬁiq*EQQF?ﬁF%u t he

track centerlipgc@behh€he wat@Eorihd. o’ﬁhqltrfeatslg .ng 'mﬁrs/cpm | E P drsce
enabl ed during

ad. operations by clos fir ch gS- The
output of the BGP@FegeﬁBﬁ P&F&#1§§ 8% rh@%ﬁ%éilép Pep é??m%éng the degree
of misalignmenimudtiphéeleby a3pbsition feadimdk gaiterd.ihe @8.t hFheape 11,
is transmtted to_ . _.the_tr I- C I §§§5 |ne
23. The si §ﬁ§f’°&ﬁl’| eﬁglﬁgfﬁs%%()lu s\eé(cjl t%gs ?‘“gﬂb rac‘i1 k%3}1%]4 eP ‘yé'ﬁlé
the outputimf thegadackilogks; () Hﬂhel m@donheu@esqgrhgnC¢hQS§éma§enﬁée| 48
contains a md@hgogygﬁsglcbﬂsﬁist estO0R 1Y St @HE G iom e ied

section discus the encoder position feed back | sabl ed.
The outputP@Slth@nséﬁﬁpécﬁéHn§4 €epPRsbHRE ?ﬁeaﬁlﬁPEFEﬁEE 8. bet ween

the degree of ghasbbynpeBludidgt REeREloSNtSt &Fror signal €, on line 79.
The velocity error signal e, on line 79 is passed to the
20 filter box 72 whose output, the model control signal U,
on line 73 drives the velocity compensator algorithm
(VCA) 78 whose output is the plant control signal U on
line 12 used to commutate the capstan motor 210. The
model control signal Um on line 23 is also transmitted as
25 the second input to the encoder servo model 32. |
The encoder servo section 10 receives as a
command input a position reference signal E, on line 65
which is generated by transmitting a sawtooth ramp signal
Oump having a frequency of 20.2248 Hz to an accumulator 64
30 whose output is transmitted to an adder 62 via line 67.
The other inputs to adder 62 are a constant value signal
source 60 coupled to the adder 62 via line 61 and the
speed adjustment signal on line 71 emanating from the
tracking servo section 20.
35 ~ The ramp signal 6, is further subtracted from
the sawtooth waveform signal 6, on 1ine'33 at junction 66,
thereby generating an error signal 6, which contains the



20 value and is transmtted to tracking coefficient vect Fl4ﬁ946 Vi a
SO

line 45WAMES&Blout put is passed to one of the two i npu

tracki ng nodel 48 via line 47. The second i nput to the tracki ng nodel.
48 is the nodified tracking error signal U which will be discussed
further below. 25 The output of the tracking nodel 48 is an estinmate of

t he position error of the head 13 wRth respect to track centerline
and is labelled the PES Estimte on |ine 51. An exenpl ary di scussi on of

posi ti oni ngdyhambeadofi the motorspbaftt poslicionadk whemetheneapétant ape i s
descri bed i o appl Lc | gngd. s gnee of
t he presentxﬂ?t:’(\g/’entelsoﬁﬁgggtﬂﬁgdgesas?g’%ﬂggngﬁwég) %?for éroft%%e "Ar cuat e
Scan Head FBRY t 2 bBP e, usﬁéeamasmeasurﬁapﬁ §he plagts lAndranafest avi sh,
Seri al £ @8é88dn 093 f| | ed Novenber 10 1994 35 : The PES
Estimatelstransmtts Ee ? via line 51. The output
of the Befect Handl erThe t'ﬁﬁc tRE 9?‘“’9 ?ﬁé’ﬁlﬁ’ﬁl Ppl FBEHRFSE FB n factor K
52 whose ma:.ﬂ&ﬁﬁ/ Héadlposition at the track centerline of the

PCT/ US95/ 1464 sents
t he tracki ng rror ofT}tlﬁetrgc{nﬁ‘?as rlvg seCtrlg;r)lrggealitse nbab éﬁﬁdﬁq I ne
54. The Def¥eadpperatienscbyonlosingsakfdwmwazet lsmcbkls | e@hien the art

o and will noéu@%ut ofdtﬁéusﬁfstfaéﬁbamaea@ e Ehelma@ fslved tracking error 5
signal Ut whichis ap in ut to the trackin generated by

addi ng1Phe FRRYEFIRCLRY oD ﬂﬁSFeFePﬁ] mg,ﬁagp.ggment 9§ ttéleglhcﬁﬁﬁid ¥ tder
54. The spegite ofrddie cepsérbinet of the £aPei 3130Vaneednemiteddced in ordel
S

1 10 speed ¥ crefaitng pedyocse8hidnraby chEGubhAE 28 Yigdind' Gae ™"
acconpl i shetheysigrabndntlinespdelisconupibedd to aheubtractooddd sdomigon 10
through the 458 Ohe (HScHRE bF SEn tr&&ﬁ?hﬁngfﬁbofnoﬁbgnila U 1ine

The carri er requency 1's the_fundanenta requency conponent of the
si n/ cod5si dH s FRFER. ‘B?de 48ngopkadner aomodgh PEn&heg cA@Pesk esent in

the vel oci tJyoop sﬁétﬁém @rméd[ﬁf'ri:hénehbaﬁei‘gsewiiant Ag seilggleashaf t noves

—at a.co ant

preferred Eﬁtﬁ%edggggér%?é8§1§g§ggg¥sggﬁsﬁ tanb&?ﬁng P%E?nge 11
during mmitdugpuumbfeamengubtraopera&&onepseéeﬁﬁ§4thpsdefbrenuerrespondlng
ot or between the degree of misalignment and the model system

20 value and is transmitted to tracking coefficient vectbr_L‘
46 via line 45, whose output-is passed to one of the two
inputs of the tradking model 48 via line 47. The second
input to the tracking model 48 is. the modified tracking
error signal U, which will be discussed further below.

25 The output of the tracking model 48 is an estimate of the
position error of the head 13 with respect to track
centerline and is labelled the PES Estimate on line 51.

An exemplary discussioﬁ'of_positionihg the head with
respect to the track;ceﬁtefline'of a tape is described in

36 a copending application, also assigned to the assignee of
the present invention entitled "System and Method for
Accurate Arcuate Scan HeadfPositioning",,inventOrs,

Martyn A. Lewis and Paul Stavish, Serial No.: 08/337,093
filed November 10, 1994. |

35 The PES Estlmate is transmitted to a Defect
Handler 50 via line 51. The output of the Defect Handler
on line 53 is then.multiﬁlied by a gain factor K, 52 whose



shaft/encoder 212 speed of approximately 0.246 revol uti on nd.
The encoderwdlds/18881t he present inve%tion has 1542 encodepﬁgeg#gégggr
revol ution, 25 corresponding to a carrier frequency of approxinmately

379. 33HzZ. _ The DC | evel drift produced by the encoder 212

and present in the velocity error signal [err] on line 79 is negat ed by
the Carrier Suppression Al gorithm (CSA) 72a330 within the filter box 72
shown in Figure 3. The velocity error signal [err] on line 79 is passed
to the CSA 72a yia®ue repréééﬁﬁéatné ttackihg error of tie sysyem @mi €0

IS passed to a hi filt 102 t 1
fromthe vel oci ’E?PE??g?tga ﬁ&l |€[ (ﬂ%: e | %@"e&\éﬁ%%é oF e%;?‘ansm ﬁﬁgﬁfon
to a | east rreanlngﬁbﬁﬁ tbMBhose skhma.ledltm ihee lainte akB willle nphdrel

principles of 4;58348baPENSeRek HeRbdal! t HHe" HoAE et it

VO 96/ 15581 9&i5°/rk11 i, eddk

22 Pove! | signal vy idich Bisgiaralingsih i t1e BFAGFEngBedak, 48 is

Second Edition, bad
S dapt.ggﬂgﬁ 8a B?Yaéé@hgovah\éé £ iE99Qrant i k idig er}]atll Ce;{\deﬂ;Fle\m?g%

ocessi_n I shed
The equation us®8 FA Sﬁ@uEﬁBatSad9%6b§ 104|h?tﬁR?%ﬂeﬁ%kﬁqFlﬁﬁ??ﬁﬁﬁu@ﬁ%ﬁf
whi ch produces g10 is a@vahckdl ber reduced Haclkrdere tomaistiaim ahe dosde

signals fromthe aeignﬁ%éu%%gngggEt % aﬁgmkggﬂlﬁgn) Adjustme%&%w§h

equat i ons executdd? K™+ 1) =W
(k) -[err] 10 espeél) £xom( kber hofinpl speed occurring during read mode

Werr] (k+1) =Weg L(ggz éﬁé&hékb&r ?}r( IE)J:F%%?\(:L[':@:.HQ( l%?eed cornan}f'dé3 ddhewanpl e

nunmber index is eno fromthe
reconstructed renePEREeSEERAONs 19 hrouQWJRQQ]u%ﬁqqf(ﬁP § iMRAEed (s ne

signal, at |nde§rgckgﬁgnéyggr 51gn§gcqpstructed reference ranp is cos
([err],(k)) on line 95C |ng val ue, |n%%$nt K for S|ne si gna

is werr](k+1) ~ wei gh™R§ 9§F &6, £ Tequeng is 15
werr] (k+l)is hlgbeﬁﬁ&ﬁc§Ibbmpeﬁentebil eohmnﬁudsﬂsrgqgkd generaﬁedﬂhyn k

I's uerr(k) on l{;ﬁg %%% FSC?E%O% ?.é.?ﬁehlllgsan%%resenﬂ S ¥Hd VerdSity

transmtted to
error signal ¢, on line 79. When the motor shaft moves at

a constant speed, the carrier frequency is constant. 1In
the preferred embodiment, the desired tape speed for
20 propagating the tape 11 during writing and reading
operation is 0.5734 ips with a corresponding motor
shaft/encoder 212 speed of approximately 0.246
revolutions per second. The encoder 212 of the present
invention has 1542 encoder cycles per revolution,
25 corresponding to a carrier frequency of_approximately
379.33HZ. '
The DC level drift produced by the encoder 212
and present in the velocity error signal €, on line 79 is
_ negated by the Carrier Suppression Algorithm (CSA) 72a |
30 within the filter box 72 shown in Figure 3. The velocity
| error signal €, on line 79 is passed to the CSA 72a via a
comparator 110. The output of the comparator 110 is
passed to a high pass filter 102 that removes the DC
offsets from the veloc1ty error signal ¢, on line 79
35 before transmitting it to a least mean squares (LMS)
block 104 via line 118. The general principles of
. developing a LMS algorithm_can be found in Franklin,



and cosine conponents of [err] on |ines 95s and 95c, Lxely. 20
[%ﬁs‘ﬁﬁ&’%ﬁ

The out WA %/1588L he LMS bl ock [err] on line 114 and Ine 116
are multiplexed to th e sin ([err]) signal on | ine 95s and the cos
[err]signal on line 95c, that are al so inputs to the LMS bl ock 104, at
‘mul'tiplexers 106 and 108, respectively. The nultipl exed outputs are
added 25 together at adder 112 whose oggput is subtracted fromthe
velocity error signal [err] on line 79 at .conparator 110. The result

(fzot hi s subpéﬁéll pnanamof]eﬁaﬂst.oﬂghedlca’@hrtﬁ‘ol of D;alzmaﬂc éiféulsSSB | Ig,(r)]e
is t ra Ko)

The di stort ‘é‘id%‘éh“g? SI n c%g 8 g;gg‘;%% %eﬂ% S%BQEO( r%ﬁt Hht with
shaft posi twmr@@ am@n%eearme Adaptiye- Sigaaﬂli’e‘dam.lng‘,g(puhlhmhﬂﬁn d

cancel 2 '14 S PEent ice SOPEE! 51065 2NCRHR" eduatabh’ Aded i% CHe fff Uses 2

tracki n§ ndtkeckileerisither§randard) kM8t spcursion,whdch prodqusasm@ ensures
tEat a not Crfb@éfhtflﬂlﬁélﬁ;)ﬁﬂeicﬁaﬁﬁﬂenﬁwhe iﬁgﬁhcblhgz ahwtclo%’i%agrleater thﬁn
t he crossover_ frequenc es_pot pntroduce a t api ng lag at the
crossover 5-97% eﬁ’&?ﬁ.{-t%erﬂ??ﬁigrﬁﬁgFabEaﬁ‘ t?&gﬂajr %I?"r J[%(# because,

the read node canseaeqtsammhsaedecﬂmedsbyctheeMnmwk 104 farequency may
be up to 8% different fromthe wite node capstan speed, and associ at ed
encoder frequency, due R 6k+1) %Wﬁ(k)d%ah@,@(bh sie(@dAk)ni)dge drivd8iatio.

10 Har moni ¢ distortion effects are renoved from t he
reconstructed signal Uerr] on line 120 by the Harnonic . SuppreSS| on

Al gorithm (HSA) 72b wi thfk*Lhe W&Q’i)eT#boku»?Qk) cos hnik)idd Fi gure 49)The {
reconstructed control signal Uerr] on line 120 is transmtted to the
HSA 72b vi avivexreatlad cn;azﬂ;Sle Xfimbe 1 hfn@akpms dénbhedcripaiaiosighali,s

trans te hi f C har n| C
di stor Pongat% ronrﬁier}ég?)hs c%%‘tt' 8%&8%%{1 gfgggjgylg% F f‘fb bef ore
passing it t&{khe Qwslbnecﬂssmcwsanleu sdgned., at indexeduatfxomuskel in the
LMS bl ock 20ddrts { Acodd iRt érdiice L CEMT b8 (wmngmf : Oms?shéwt ch

filter which tracks® . _ the input sine and cosine si
reconst r uct#@ighing orakus, SAymRSERRE 1, ofOF| ﬁéngzg:.gnal is w,(k+l);

weighing value, at instant k, for cosine signal is
15 w,(k+l); high pass filtered version of control signal, at
~instant k is ug (k) on line 118; and the gain of LMS loop
is pc. Also transmitted to the LMS block 104 are the sine .
and cosine components of 8, on lines 95s and 95c,
respectively. ' ' _

20 . The outputs of the LMS block W, on line 114 and
W, on line 116 are multiplexed to the sine (6,) signal on
line 958 and the cos (8,) signal on line 95c, that are |

- also inputs to the LMS block 104, at multiplexers 106 and
108, respectively. The multiplexed outputs are added |

25 together at adder 112 whose output is subtracted from the
velocity error signal ¢, on line 79 at comparator 110.

The result of this subtraction, the reconstructed control
signal, U, on line 120 is transmitted to a Harmonic
Suppression Algorithm (HSA) 50b.

.30 The distortion caused by the sin/cos encoder
212 is not constant with shaft position 60, temperature,
or time. The ideal algorithm would cancel all three
aspects of encoder distortion. The CSA 72a uses a



There is one additional conplication, the ref erence sin L43€
wavef or ms, wingd/issess 222s and 25 222c, respectfully, must bgpgpﬁ?%ﬂm
appropriate harmonic or fractional harnmonic. This means the ranp
signals with proportional ly higher slopes nust be derived fromthe
reconstructed control signal::Uerr] on line 120. The algorithmto
generate these ranp signals is: 30 The recopstructed encoder ranp signal
be signal [err] with range [0, 655355]; the harnmonic ratio be a range

[1.5,2,2.5, 3, 4lcrpikd dd rctes red duw rmmneefprmgne defag¢tor. whkeehigh Q

et o i Gl = At sncode £LiGul o7

PCT/ US95/ 14649 (whlch is about 23% greater than the 2drossover hfnequency)

W (k 1) =
V\[eﬁr] (%(+1§ ew ]q(roﬁ) g&r‘-H co %\Ic?é r% )aes ailé%ﬁ.zlngv\%ag at the %‘?ssov%'er
i ndex is k;5si feegupngy . atTh ter Wsﬁr rig®n <'|le%6?h§lﬁ%tGﬁlFﬁFePSHEHSFarrp

2 oonm {Ler] (e obaa é“n‘*c%é"?’a%np o Wa*hea“?“ﬁ‘é‘é‘é o
- is co n_li ¢
val ue, at i nstafrﬁe%eq‘?ﬁ M P YO | %\/é%%‘}’%%&%)g n‘ﬁrlte ngg I ng
gpszgzzrgl Lfgdﬁpggghfﬁpﬁédt|anQW&ss¢¢£aﬁed éngbder fpeqsencgtegee 09r3|on
: n and the [ f
LMS | oop is [er éc.t%%%‘sl%%] ?rga%lgemeeré%{?{.éé% ﬁ(% %fl é 204 are t%gl gi (rjle
and cosi ne10 conponent§ﬁvﬂm¢m¢¢]di$¢egtiguse§ﬁGCQ§2%rerEQ@@E@ﬂvEF?m

The out puts OfJ,t &ﬁl‘cﬁa@réigﬁlwneoﬁlilﬁédlzo bW ehle] Hakmonie 216
are mul topl exed to S|n

) sjgnal on T d
“signal on line Szmresr%?scme q’ﬁ Wbm%ﬁ’e‘”ﬁp&ﬁnl FB%tgg'?Bthéo%Ng& D
bl ock 204. Thehown rﬂﬂtpi&@@oh OUlTHE Sréfohsbeactdd eont2db algnadlldug,

together at am%g f?ﬁé lose O lﬂsﬁftéggtégcgﬁg ﬁ§£”§£ﬂ via comparator

15 210. The output of the comparator 210 is transmitted to
a high pass filter 202 which removes the harmonic
distortions from reconstructed control signal U, on line
120 before passing it to the LMS block 204 via line 218.
The equation used in the LMS block 204 is the standard

20 LMS recursion which produces a notch filter which tracks
the input sine and cosine signals from the reconstructed
control signal U, on line 120. _

There is one additional complication, the

reference sine and cosine waveforms, on lines 222s and

25 222c, respectfully, must be at the appropriate harmonic
or fractional harmonic. This means the ramp signals with
proportionally higher slopes must be derived from the
reconstructed control signal U, on line 120. The
algorithm to generate these ramp signals is:

30 The reconstructed encoder ramp ‘signal be 51gnal e, w1th
range [0,655355]; the harmonic ratio be a range
[1.5,2,2.5,3,4]; and the desired harmonic ramp be §,,

where:
0 .
8, =mod (0,, — ) Z 2 range: [0,2047) (10)

The equations executed by the LMS block 204 are



reconstructed control signal Uerr] on line 120 at conpar 0. The
resul t OYOPHI¥8Lubtraction is passed to the 20 Viscosi tyi hrrlggsr{ls“g'ﬁlqn

Al gorithm (VCA) 70 via line 73. In addition to carrier
frequency errors, errors al so occur at harnonics of the carrier
frequency, i ncluding fractional harnonics. These are dealt wth

just as the carrier frequency distortiorgds dealt by 25 wusing a notch
filter with a very high Q factor. The HSA 72b uses a tracking notch
filter of veé&henhigh Q factor in a servo:loop. The filter nust be a
tracking filter because, the read node speed, and the associ ated
encoder frequency niy(kbel up W, kB obuhi-fllugr(dnt sfimol, (ke) Wit e noéizlBO
capst an speed, and associ ated encoder frequency, due to ‘the tol erance
on the cartridge drive ratio. o , Vi scous distortions caused by
the tape cartridge Wdikt bad)Wdke erdvad My cord ByilBtdsity (13D

96/ 15581 : : PCT/ US95/ 14649

25 Conphesat the Abmpliet muniBeé@A)indkss himvk i nsinguebghal Thet indekA 70
ensures a | gop LN [ . 4 5 d g phase
mar gi n of aIQ)(f)utfg%l 5%8?%%? t"le;de -aieg%grel ?‘r%ﬁljé% %%%s(ﬁé{%gt gg‘dard LMVB
recursion i AiBecddpencrrging SigRatoddt rigidacerice fxtaptrecosstoetted

(MRAS) tdat a eran anﬁ@ 0oAV Pk daCoBbUsI faqhinW L h the
estinaté? ngggﬁ?égsergéébtﬁgt%ﬁ%s'thgfégs?ﬁeghﬂe ?Q?Ffi%%%ggﬁg. a reference
phase del ayV&hHea 8&i ARSFant kynifQr, sime Shghflestd tWalkeR) 6 hwedghdls system
phase del ayvaQueandtganBranthg,difidre s & 88 Gel(kRA3Sendgd gain

(as enbodied_in gh? Sésten1senv0'ngfel 2) .and the actual Ioop,$hase
and gai n arB288cf L5CEGALYETPRE @ é:rﬂni%Zﬂ} 81 s ELAPYEAT Rt the

di ff er encesugne)zenolinee21@nt iAnd the lyaigy sife s assopnis g@dé.n Alscat their
t ar get | u : ~ T I e ox..of Fi qure contains al

t he f-ur%\éc?i oﬁga{%ﬁﬁg}:ggi F? ggge y%[l%%gm% uhr% n%lnae a‘f‘ﬁec%splér?%t i on of
t he VCA 70. componania, ofh8, doinrel 2%s andc2224i nsespechivedy. a phase

margin hal f and a gai #pe ouep@ta0We! thadl TmsThA UK Rl of 1 H3A Ghdine 73
Is 20 passed to the VCA 7101 g/)i a transfer block 402. "“ﬁ?]{ald'hqgese mar gi n

target of .tWe €BnpeR8aLef A¥e3BULELPdExXedTHOs 8in (fphnsigRal PRelpR@se of
the Return gpggahna@nthengodlfe,) sigsdl a8 108epPPase, otebpaceivalysi gnal on
line 4%§ibywﬁfgh are also inputs to the LMS block 204. The
multiplexed outputs on lines 215 and. 216 are added
together at adder 212 whose output is subtracted from the
reconstructed control signal Ue. Oon line 120 at comparator
210. The result of this subtraction is passed to the
+ 20 Viscosity Compensation Algorithm (VCA) 70 via line 73.

. In addition to carrier frequency errors, errors
also occur at harmonics of the carrier frequency,
including fractional harmonics. These are dealt with
just ‘as the carrier frequency distortion is dealt by

25 using a notch filter with a very high Q factor. The HSA
72b uses a tracking notch filter of very high Q factor in
‘a servo loop. The filter must be a tracking filter
because, the read mode speed, and the associated encoder
frequency may be up-tole% different from the write mode

30 capstan speed,'and associated encoder frequency, due to
the tolerance on the cartridge drive ratio. '

' ‘Viscous distortions caused by the tape

cartridge'(or load) are removed by the Viscosity



degrees. The phase detector used to neasure the phases 25 is gnﬁggﬁdager
422. A si gmedoéssssprssed t hrough the mul tiplier 422 nust B coupl ed
so that ho DC signal is presented to the nmultiplier 422 input. Two band
pass filters 404 and 406, respectively, performthe aforesaid AC
coupling. Band pass filters 404 and 406 are discreet 30 .tine filters with
a peak at the stimulus frequency of appkexi mately 122.07Hz. present on
line 414 and a Q factor of 10. The output O the transfer block 402,

the Return gpfipahsat ilon&14b%ithm PAEgd 10 v tie Piqdre 5. pashe
filter 404 and an_adder 412. The . output .of the band ﬁéF‘ﬁgss filter 40€ S
passed t hrough N&6fh7OhETRYES)E PO F310 CRAPSIVEL ME %ﬁf¥ﬁﬁ%iﬂb°u |
al gorithm The ager Hige amdt puiphase marngim mfl taboitEer3 02 edsees opdThisnal to
t he anmount by 1 b . .
PCT/ US95/ 14649 algé@?t%ﬁ(%gg% uses the standard L%ﬁsrec?r%¢ﬁ%h1?he phase
of its two ifpureondupicsion whtdo adapdeds referenng SdRRiVe FFERELYES have

the multiplier 42Rad6! itva ¥reatesdderaFRrdiidd/imsddnalt®favoidesohfesion
Return signal on |1ne

416 and the error signal_.on line 418 have_a.phase
5 difference of ikh &bg &8L1mates BPAgL 5H : estrf%q: has; éﬁ‘? o@%%’eﬁeﬁinto
the filtered er agtribytals of la tefdYemie phasieldslady cakd 44 Ogdidh oo f eedi ng
it to the multipli. 422, ' t S}
on 1ine 405 SR | A5% FOTRRLER.d ot SHE HERAF! ey oo e 48Ty
degrees. 10 and gainthe Thef giifferensee betoreaheargat phagse mnd gain
al gorithmis theoef QpcaNw i3e¢Hy it S8 MANESe2) anle! Be OdcthdE

411 and the inherent 90 degree operation of t he nulaéglier 422, | eadi ng
to an aggr egat e LORRs PhaSeaRnes I3 AF ARk £ RIS FRF SYRESBILPOP The
mul tiplier HRAse andhaed 0 wtdlaghe dififerdinred hereleséred phaseuntil

o be used as ¢ HEerEVECsr EhanR A st 224 B iRl Yaraer TRFRE 00 %0
to drive tthesval ue of theThe dangentdasheg:tioxiehtFiguree cmup@ant@&oalln
Sional rebul 1 nyoE SEoRa o ety Bd WY SIALARS qurind T o,
line 411 and t h&hei opgradicn @in the VG740 . ofg ishowne the (dashed 2e%l i ed
by the LM5 25 @xeiasin 93 haAdsks: Thi phatd endigadded £ aidea gain
crossover half. The output of the HSA on line 73 is
20 passed to the VCA 70 via transfer block 402. The phase
| margin target of the compensator is 35 degrees. This
means that the phase of the Return signal on line 416
must lag the phase of the error signal on line 418 by 145
degrees. The phase detector used to measure'the phases
25 is a multiplier 422. A signal is passed through the
multiplier 422 must be AC coupled so that no DC signal is
presented to the multiplier 422 input. Two band pass
filters 404 and 406, respectively, perform the aforesaid
AC coupling. Band pass filters 404 and 406 are discreet
30 time filters with a peak at the stimulus frequency of
approximately 122.07Hz. present on line 414 and a Q
factor of 10. The output of the transfer block 402, the
Return signal on line 416, is passed to both the band
 pass filter 404 and an adder 412. The output of the band
35 pass filter 404 is passed through both the multiplier 422
and the LMS phase margin algorithm. The average output
of the multipiier 422 is proportional to the amount by



I ntegrator 426. The output of the integrator 426, the Péiﬁ?&%ﬁg%égnal on

line 41W09%6453®%1ded to a stinulus of 122.07Hz at adder out put,
the error signal on line.418 is then passed to both the band pass
filter 406 30 before being processed by the VCA 70 and also to the gain

bl ock 420 whose output is passed to the conmutator 150 via line 12. An
exenpl ary description of the coomutator 26 150 which generates the signals
to drive the capstan notor 210 is present in a copending application
ent |S tl ec81835th/EﬁHWeA§EaABPAIRAIlﬂS E@dqu)ﬂ;MrZsE d&ffé'ﬂ%fd&EEib (Greg 0157%% 5 o8
BRUSHLE Y% r r 1
filed hbveﬁ%éggng§f99&B %Q?%& ¥% %%Qﬁg 1p11efi4fg é*ﬁlver an’

PCT/ US95/ 148%grage output ‘signal of 0 when the Return signabigmeline t he
- assignee OfﬁEeaaae%ﬁat e&'E‘\S%ms'l%al Uafrlme\ﬁ% H{Jaxrée%ﬂtgﬁai%é; the return

si gnal phase, |l aggi ng hadse of the error nal degr ees.
The rec® si QEfSQE&FFanEoFAﬁhQ?@rﬁEPgl SHAN & iHeqirRes i ¥Fvare as
descri bed ahaveodnéed intepthecwidtdredicticr Bidrial on line 407 at

K[err](k+1) err K R(K)-E wher he i ndex
for recursi %& %gxéagapggcg% EeéaéﬁgfﬁQ:Qﬁntqé;W&%ﬁ*ﬁ%%ﬁﬁ)fb%resent
val ue of co'éhiscplaaSel dag0mepasr thiak: thee Retursargppignaldf oretludne AQMhal is
R(k); prese appLe a t he gain of
LMS recur srg%l'}sl g E}%E d@fl.a%h S ‘ﬁ%gn?é?nwcrlo%s%\%ir*?&( ?squrent )
algorlﬂﬁhrnégﬂrees -use i n-phase or out-of-phase versions of the Return 15

signal on line 416 anghgheegeirencsl @iddelotdy rteléllgﬁuase ma'z‘fgﬂicr? thf ﬂgse ‘
0} .

mar gi n adj ust ment, go m descri ove nsures. a

degr ees bet?&i@ﬂ E‘ﬁngé?u% ererots gﬁ’&F“pJ&Sﬁadgé’iZ GRI%5S FAhagYnal on

i ne 418, adelay ontlmhephaSeandndhE|dmherenﬂﬂQﬂuﬂégneekﬁpamaundﬂmbf@turn
20 signal o 3 eg In 8 r s. This
delay is pe{r'] %rﬁgéélﬁl%r 52%085'%$§1n%] \éof gInt ea%isé: g rt(])er % Si gnal i ne 407
i s addd® t oofhd4hodegyees lnthSh5§ée§@m§¥edmﬁ§ﬂurnﬂhﬁymulﬁﬂpﬂmeﬁa407 at

adder 430, 422 r:!mrﬁauét ooav%agé otitbi®N whéd itHd %éé%}féd“?r@éé‘yed 25
Return error na at naﬁ Eller 432. “The multiplier acts as a

phase sensﬂf‘?ﬁg §yﬂ€h?5 88 1P BrTAAGSS . Thif fAREUKR RLA%E Afto (0)
when t he anphtéggasonf 42Beto be used as the multiplier output and

the integrator output is used to drive the value of the

20 numerator coefficient of the compensator in the
appropriate direction to achieve a desired phase margin.
The signal resulting-from,the multiplication of the
delayed error signal on line 411 andlthe filtered return
signal on line 416 is then multiplied by the LMS

25 excursion gain 424. This value is added to the
integrator 426. The output of the integrator 426, the
Return signal on iine'416, is added to a stimulus of
122.07Hz at adder 412 whose output, the error signal on

_ line 418 is then passed to both the band pass filter 406

30 before being processed by the VCA 70 and also to the gain
block 420 whose output is passed to the commutator 150
via line 12. An exemplary description of the commutator
150 which generates the signals to drive the capstan

_ motor 210 is present in a copendlng application entitled

35 "METHOD AND APPARATUS TO MAXIMIZE THE TOP SPEED OF
BRUSHLESS DC MOTORS*, inwventor Martyn A. Lewis,
Serial No. 08/336, 981 filed November 10, 1994 that is



filtered error signal on |line 407 and the del ayed Return l'ine
409 are equWoO.96A5§581n t he phase nargin 30 adj us%/ment di scusse(} abovg’lﬁ!ta%e
out put of the integrator 436 is used to change the gain constant of the
| oop. The VCA 70 due to the presence of the integrator 436, drives

gain of the loop to unity at the stinulus frequency of approxi mately
122.07Hz. 35 The recursive equatzpn for gain crossover

performed by the firmware as. described above and .represented in Figure
S is: WO Q6{dianfdd to the assignee of the present inventB6H.USFBL14649

(2?4) wher e Y%q[ﬁ %lab Q rlé%uégel glkﬁg?%r{}%%-#ﬁg é{‘é\%( Eégg}g.ﬁﬁk);he

coefficient is gjase|qgkthe @mmlmhebﬁflééeﬁﬁglé?@ﬁt is K(K) ;

present sanple of del ayedrﬂétfgéhﬁéwél ed;ﬁaB_%K) for5pﬁégéeﬁihr§aﬁp| e of
error signal is E(k); and the gal I S [er

The gain of 5t h P& EORMEA R LIS fa’o'GWaEeSaﬂbNgﬁgcrl{’eg fBR¥EI BR%+ shaft
position [err] ldétﬁrésbﬁﬁcﬂuﬁurﬂ‘mlﬁe 5 isJhis variation is quite consistent

frommotor to notor 10 and sat ed by nging the |
gain “adj ustnent factor a?fe"a]? Jﬂctlggpg{s shdfr’ f“gg‘& g%? o addl(??gn
to the val ue | edttewssl tie timdebofier atgourshon is kThnexprUeéyg o€ carried
out sinul taneou &{%ﬂé{er}é‘%&*\%ﬁcu) ; @f&éélnédbﬂﬁﬁaeai caaﬂfﬁe&lanieoméerge

w t hi n about 50 I Seco ter nate enmbodi nent of
the present0 Kj{lentpxeseniulsamele @%s%eﬁﬁéneﬁéﬁﬁé% #B8dR((k32 pregent

ref erence nodel ﬁﬁﬂl@S&ft&@ﬁwgréffafegﬁgﬁalouapns(m, and@nihé tewien abil e

a651stt|mﬁu5|sa s the 20 “criterion for setting the
| ocat i on of th@%r@%%% 1S Wy-gop gain. In this case, the

quadricorrel atcr out put OThe ga'ﬁnsdﬁﬁggweﬁshujﬁsﬁinehtedlbpr&nhm pugitng at

ry the 65.1 | us, |t S h

drive the zero H‘%%a%’? R IPF c?‘éﬁtoggﬂf‘%ﬁSSY%Eléggﬁ%&%SEw e%g?lc%lhten':mt E)O

val ues whi ab res:ugmal non hkime e4 hgcandt phe errouf sigsadyeechldneudlBectifier

to zero, al whigh,pol fhe!ffag mAngngéa{'fugémaﬂtt d1g8RdchitcdRBRT IR OI N |5
5 Rbout d% %

synt hesi zed her alternate
enbodi nent of t#aoyecergres a phase of 145 degrees between the Return

signal on line 416 and the error signal on line 418, an
out of phase condition is achieved by delaying the Return

20 signal on line 416 by 35 degrees, giving a net of 180 '
degrees. This delay is performed in block 408. The
filtered error signal on line 407 is added to the now out
of phase delayed Return signal on line 407 at adder 430,
the result of which is then multiplied by the deiayed

25 Return error signal at multiplier 432. The multiplier
432 acts as a phase sensitive synchronous rectifier whose
average output is zero (0) when the amplitudes of the '
filtered error signal on line 407 and the delayed Return
signal on line 409 are equal. As in the phase margin

30 adjustment discussed above, the output of the integrator
436 is used to change the gain constant of the loop. The
VCA 70 due to the presence of the integrator 436, drives
gaiﬁ of the loop to unity at the stimulus frequency of
approximately 122.07Hz.

35 ~ The recursive equation for gain crossover
performed by the firmware as described above and

represented in Figure 5 is:



30 invention would be to use the sane architecture as shp msssmk& Fi-gure
2, but SYRAPVISSBL R ppl e Suppression Al gorithm (RSA) as shown in Figure 6

bet ween the HSA 72b within the filter box 72 and the VCA 70 for

renovi ng the torque ripple distortions at the output of the HSA 72b
caused by 35 the capstan notor 210. The Ri ppl e Suppression
Al gorithm (RSA) 72¢c wi i | now be des@g bed with reference to the Figure
6. In WD 96/ 15581 -

PCT/ US95/ 14649 Ki;lkﬂ) = K (k) - pg-Ry(k) - (R.,(k29- E(k)Oontras'(lax\ljth
the CSA 72a 7 [ I . n I n

t racki ng notw%;]éq'fel_% %' dﬁ\%@ é:& ‘f&y%l uﬁ%ﬁ?bn{,]{% ggﬂ? ﬁ%&ﬁéagg for notor-

torque ri ppIC@effl%EnIs@-S)ngékﬂ-ﬁ-éakPN‘QSBMdedy@ fofl cgefficient is The
out put of t A L ge hg £RS lfer 302.
This fil terlcz,% Efgn%l eB?ﬁ gaﬁ@lbpgsfseélgged ret:‘I\l}gi’lb@:l' }% ﬁ‘l (k§ (Euat I ons
execut edd by Presenie ﬁ_mltﬁ Rk exyprypignal is E(k); and ghergaipke

' \_/\[M er]r] Egl)ﬂvsv\;ﬂ(éguﬂsardd fi(d)usi n([err] (k)%) | f()15 . .
err = r err n ich.
the sanpl e nunber mdé‘EP 5433'1"( ﬁ%et(}g gfﬁ'aﬁné ﬁ%é ﬁ)’gﬁ ilg?u%f?'oﬁn g'*’néswave
generator a& Ionatiesy oy shasftsmos:.t:.or( [Q;r dhekrp toriguee r3izpae.cosine
I t ,
?I[gP?] (k?) onq'l‘g?(‘}é‘r artq'r%’zf's q(/;\‘/{éi { ue afé nstflé\ &Sé&e%?té?ngozl gnal
ard( ieeld s g}qnmnﬁnﬁéi r |hnstc:mng<1ngotheoh¢np gagmal 15 is -
Werr] (k"")ad i@ RS ffadtt&r a\éerélﬂihéﬂldi%fngmu ﬁésnmhnzfﬁant kK is "

Uhf (k) on Iine 318; and R

As with theagg& tisn é"t?d‘:b"ﬁe Cj@rﬁﬁnq"{'u ab°‘%%1 FeFiERm302 i s used
to rﬁrmve DEhaf petorelsiso st h::.ﬂ:lﬁkc?@:umlﬁ:mﬁlm%a?l}?ﬁvbﬁﬁoﬂgepplli(&éég it
to the LMS e te the .L 304 are
t he st aﬁ’%&%ﬁ-ﬁ%&%‘g&ﬂ‘}%’}dn A (Hljgé pr o £ bih Jp%\s%b?wsll-' %&8 -whi ch

tracks 1he mipdtissicoadsi.gnal on |ine 322s and t he cosine on line 322c
signals fromthe recons itihats MsBfimedtS ot'he tdifesent er frequency

wll track the
invention would be to use the encoder model 32 as a .

reference model and use the quadricorrelator output g
amplitude, while a 65.1 Hz stimulus. is applied, as the
20 criterion for setting the location of the zers and the
loop gain. In this case, the quadricorrelatcr ou:put q
is synchronously rectified by multiply:ing it ry tne 65.1
Hz stimulus, and using two simultaneous LMS a.3crithms to
drive the zero locating coefficient and the lcop gain
25 coefficient to values which result in the average output
. of the synchronous rectifier to zero, at w?ich point the
loop gain is unity, and the phase margin is synthesized
to about 45 degrees.: |
' Another alternate embodiment of the present
30 invention would be to use the same architecture as shown
in Figure 2, but couple a Ripple Suppression Algorithm
(RSA) as shown in Figure 6 between the HSA 72b within the
filter box 72 and the VCA 70 for removing the torque
ripple dlstortlons at the output of the HSA 72b caused by
35 the capstan motor 210. :
The Rlpple Suppression Algorlthm (RSA) 72c will
now be described w1th reference to the Figure 6. In



actual instantaneous encoder frequency. _ ' The oup@tiysesfiaédoe

LMS bl ock WHR1588 | i ne 314 and the Werr] on line 316 are multipl exed
wi th the sine and cosi ne conmponents of the reconstructed signal on
lines 30 318s and 318c, respectively, at nultiplexers 306 and 308. The
result of this multiplexing is conbined at adder 312. The result of
this addition is subtracted fromthe HSA 2%ut put on line 73 at

conpar at or 310. The output of .the WO 96/ 15581

PCT/ US95/ 14649 contrast with the CSA 72a and HSA 78pb, whichreme¥er 310,

i s then passed he VCA ; ; i
The RSA 72c mayggf:ts)ggge%Pé\%égggs,bge#gtlg?wﬁglﬁﬁﬁﬁvﬁg?%ﬁ%i%s Ez%&[ %
e

frequency conpoREAt I2Fr SRRCREOTS 18n &G ECMASRFAL S F T MPEAF HyPEBHT Vi

right armugt _O'Ixﬁytﬁséicggla t&a&mngybamm@ﬁsst Eilhwerapstan notor 210. This
I s conpared w e f2a and HSA 7 [ r.emye enc, r I es
fromthe comrol si gnal b &8%‘?:8?‘% r?&zl%'he j%}t Jt%é’aﬁsg?ﬂ S % %%a&celi%%)der

_gnonalﬁ si gnal fianhibk pessefiddter 3@2put Thid thidnpgredcignmt iIFiniss
escri bed, S.Qn 0 ri faraque q&ggggggﬂ'( '

t he once aroundbgrggégeﬁgﬁ;t?ﬁeag'gﬁt Pgirel;ac% rsic%gl eqfq?éequ ncy ® %E)errpag\ée%tri”rmy

be rempved by ctbea&MBgbhpskl 804upFiesssi on . al gorithms tuned to ripple

frequency conponents which 15 nmust be ppressed \ It sh d
be understood-that althougHstHel) =Wpré’?5efl"'e'd”err%)d’?ﬂf§‘r{9m(fk)t)ﬂe pr-ese&tué)

iEvent}on have been Il lustrated and descri bed, various nodifications
t hereo wi || becone appar to thase_skilled,in t affvyyhus, 20 -\t he
di scl osure and descripti on&'ﬂglé‘i)n' Kex uréﬂkyauhfgki Irélous Fa{"llb\)e) and ar@'sn)ot

i ntended to be in any nmanner limting.

, in which the sample number index is k; sine signal, at
10 index k, from sine wave generator at 36 times/rev, is sin
(6,(k)) on line 322s; cosine signal, at index k, from

cosine generator at 36 times/rev, is cos (6,(k)) on line
322c; weighing value, at instant k, for sine signal is.
w, (k+1) ; weighing value, at instant k, for cosine signal

15 is w,(k+1l); high pass filter version of HSA outpu:, at
instant k is Ug(k) on line 318; and the gain cf LMS loop
is pp. _ : ' _

As with the CSA 72a and the HSA 72:. ne high

. ro~ Tne HSA

pass filter 302 is used to remove DI cfifse:ls
: K 304.

20 output on line 73 before passing it tC the LMS blo
" The equations executed by the LMS block 304 are the

‘'standard IMS recursion which produces a band pass filter

which tracks the input sine signal on line 322s and the

[§]

cosine on line 322c signals from the reconstructed
25 signal; as such, the center frequency will track the
actual instantaneous encoder frequency.
The output of the LMS block W, on line 314 and
the W, on line 316 are muitiplexed with the sine and
cosine components of the reconstructed signal on lines
30 318s and 318c, respectively, at multiplexers 306 and 308.
The result of this multiplexing is combined at adder 312.

The result of this addition is subtracted from the HSA

| output on line 73 at comparator 310. The output of the



31 What is clained is: 1. A speed control syste | 1,5].NQ:
a signaW@®eitss8l f or produci ng a nodul ati on frequency si g%ﬁ:ﬁ%@;uﬁb an

encoder having a noveabl e nenber operatively connected to a device whose .
speed is to be controll ed, said encoder coupled to said signal source, said
encoder including neans for converting said nodul ati on frequency signal
into a phase variable signal having a phRase which is varied as a function
of the position of said noveabl e nenber: - a reference frequency

si gnal gene&ahgéreebal 8d ot 0Oisathemd alsdidd td rafpierca Fo Gxed clealrce for
generating a ﬁrlable refergiﬁg frequency signal which may differ in
frequency o?yﬁ e ngﬁlgg 8ulat|on frequency signal; a
conparator, coupled bFheeBSAsIR¢ gaynalssole oriewed @al ae:lca!zetmce frequency

si gnal gene t C é%ﬂgﬁa; déﬁh al and
sai d refere%ggeéfegﬁggg Eéﬁo&eF qugg conpar at or generating an er53%95|gnal
as a fuﬁbtl@ﬁcgﬂeﬁnﬁlﬁﬁééeoﬁlFﬁéﬁeﬁéebﬂePHR%Y¥ﬂﬂ(ﬁhﬁxﬁHQHQcﬁNQ#QE

signal and sapglecteeqiefcy eanersyl toditde capstan motor 54, fithEs

operative to_remve disto rr frequency .of said error

si gnal ; 1s compage gegbhb ?gFt g%A Bg m?{s@ 7?3% %‘?rétliﬁ’?‘?‘fﬁs at the
third frequencgdbaranamelaad ﬁrgmether@@nt&mﬂqwmgnaluhynsuhtraﬂtrngd error
si gnal ; the réghﬁdafng{lhﬁr o%p%h%to'd\é‘} Ta%(’ %{nopera Iveyee?o

produced by sald enco
renove M scengodert eBERubH séﬁﬂhéﬂgbrt§ﬁgﬁé9°rlthm aSZdeSCNkaQEten1of

claim1l, whgembles only one ripplel Erdulncyeicdmpddiit | (! Wes findd gh paqs

filter and a neural network,

REPLACEVENTERRERRCE around frequency) , additional ripple frequency
components may be removed by cascadlng ripple suppression
algorithms tuned to rlpple frequency components which

15 must be suppressed.
It should be understood that although the

preferred embodiment of the present invention have been

=
-

illustrated and described, various modifications thereof
will become apparent to those skilled in the art. Thus,

20 the disclosure and descriptions herein are purely
illustrative and are not intended to be in'any manner
limiting.



32 3. The system of claim 1, wherein: ' sai d Sﬁéﬁﬂggshw?ﬁ;

further i ncWQUASSBIni gh pass filter and a neural network.

systemof claim1, wherein: - ' sai d thlrd filter further includes a
band pass filter and a neural network. : The systen1or ctarnri;
wher ei n: said fourth filter further |ncludes a

pass filter and at |east one neural network.aj; ‘Wﬂ mﬂiﬂl m
4, wherein said third filter. i.s cascaded. spee

system conpriswWhgt is claiméd imdul ation si gnal source for prodUC|ng a
nodul ati on frequency signal; a brushless dc notor having a shaft,
said notor being coupled to said nodul ati on signal source; a

magnet o resistive encoder lcouplRedpeed dahtmbrsystan, erempeisiggerating a
phase vari abl e signal hawanglg a%meptk JY?CH\%’H?& é‘rﬂ({ﬁ\%ﬁéﬁ’{‘oﬂf mot or

shaft position; erence signal dgenerator  coupled to said
nmodul ati on S|gn§FQ§ﬁﬁqﬁ¥ sdgn@lief er ence signal generator operative to

prodﬁce afvarlablg refe[eaﬁeehgaaeﬁunavﬂnyuﬁ m&VéHbIEﬂméhﬁéﬁrop@ritﬁﬁéﬁﬁcy
or phase fromsaid modulation fre nc

coupl ed to said€ F?EHI?IC% % Py eV ‘1§ %’Qsﬁgf%éa?qj 1559 é?ﬁec%’?"gﬁgifeg'
generat or, sai dsaadpembdlerge.mlandqu ameans cﬁozsmgjm}'eztm@ sm:.dmy

difference bet V‘ﬁ%ﬁuﬁ%‘tq.oﬁo%geg\%g%f %&?aﬁa%‘;@

afirst filter operative tor | ons at éﬁe carrler£¢requé%cy of
said error s,gnapv1ng a phase which is varied as a function of the

position of said moveable member;
means for supplying said modulation frequency
signal to said encoder;
reference frequency signal generating meaﬁs
coupled to said modulation frequency signal source for
generating a variable reference frequency signal;
comparison means for comparing said modulation
frequency signal and said reference freqﬁency signal for
generating an error signal; and
' filtering means, said filtering means including
a plurality of neural networks for removing dlstortlons
present in said error signal.

2. The system of claim 1, wherein:

said filtering means further includes a neural
network for removing viscous distortions from said error
signal.

3. ‘The system of claim 1, wherein:
said filtering means further includes either a
high pass filter or a band pass filter.

_ 4. The system of claim 1, wherein said
modulation frequency signal and said variable reference
frequency signal are different.

ﬁ\\\\\\\\\\\\\\\\\\\i\\\ R ,.A =}




33 a second filter operative to renove distort nDnlcs
of sai d%??‘?ﬂ‘ssg gnal frequency; a thliMMo
renove dc distortions produced by said encoder; a fourth
~filter operative to renove viscous distortions fr gnal.
8. A speed control system conprising: ﬂﬁ! for
produci ng a nodul ati on frequency signal ;32 ) encodersth|ng
noveabl e nenber operatlvely connected to a device whose speed is to be
control |l ed, said encodersigngl esourceafdr spyadicingr gemodulatdosoder

i ncl udi ng m%yghdgﬂb (g@gﬁglng sald modul ation frequency signal into a
phase vari abl e S|gnal haV|ng ? e, which is varied. as a functign of the

position of said noveddt & av1ng a moyeap{ig, BREDSK, OPREALY VELYnal
gener at or c@itpiresbted 0 G rdeid ed | witodé egpeadyisi goabesavhetolidedgener ati ng

a variable r%f eace?qicceoé{%re%he& q% ans . f%ﬁl cgﬁv'ggg? rgsé_a(ra operatively

connect ed t &% atlon ency si g nce frequency
signal for @mdnkanmqyeﬁrequencxneﬁemalahUto ‘a phase uapnebae|sygnalf||ters

i n comuni ca{av%h i hsald Wcael o w‘?@fi‘e&faéaédfﬁgHFi‘Bht Beoknki l ters

i ncluding a not fllter operative to renpve requency based
di st orti ons FAsdth rsr%dé‘?‘ﬁfﬁﬁb eBeEial ity of filters providing a

control signal used t nezatd YT SUPbIPInG esaid| awaapeedén frequendy  The

systen1of claim including a digital filter operative to remve .
vi scous di stsd‘rgﬁag‘n &9 F&ﬁiaﬁ%%‘%‘%‘r si gnal . "~ 10. The systemof claim

8, wherein said filtereffaranwe fredquekrcei shgnal egaraningf meass or a ba‘F
pass coupled to said modulation frequency signal source for ' '
generating a variable reference frequeney signal which
may differ in frequency or phase from said modulation
frequency signal; _ ' |
comparlson means for comparing said modulatlon
frequency signal and said reference frequency signal for
generating an error signal as a function of any phase
difference between said modulation frequency signal and
said reference frequency signal; '
a first filter operative to remove distortions
at the carrier frequency of said error signal;
a second filter operative to remove distprtions
at the third frequency harmonic and higher order.
frequency harmonics of said error signal; |
- a third filter operative to remove distortions
caused by said encoder; and
a fourth filter operative to remove viscous
effects of said error signal.

6. . The system of claim 5, wherein:
_ said first filter further includes a high pass
filter and a neural network.

7. The system of claim 5, wherein:
' said second filter further includes a high pass
filter and a neural network. . '
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34 filter.

11. The systemof claim8, wherein said nogetpiisAdeds

frequency sWne/15881d said variable reference frequency signal are

different.

12. The system of claim8, wherein each of said plurality

of filters is a digital filter. 13. The system ' , in
sai d high pass filter or said band pass filter is coupﬂwmmmm"mﬂmr
filter. - 14. A speed control system @8nmprising: * ¢ Lt Mgs =
nmodul ati on signal source for producing a nodul ation frequency signal;

a notor having a shaft, s&i.d"nTher syeten ofugledm & ,sahergidui ati on si gnal

source;

an encodan sceunb-ad ¢4 1331 ¢yt _i%?él%cf‘é‘é:oéi%a:&?rﬁ%’éi ng

a phase variabl e signal having a phase which is varied as a function o
sai d notor shafﬁlébgFtﬁgﬁ;a neural negwoxierence signal generator coupl ed
to said nodul ati on signal source, said reference signal generator operative

to produce a variable reference frequenc | gnal, ch,may differ in
frequency or phase from sdid Hﬁlﬁgﬁgﬁ“¥f§a \%gxyﬁﬁﬁegln: a
conpar at or coupl ed to sai gadjxdfloarithn filgesd fSmbheyr dntlowdes raf cieaste

si gnal generator
di fference betu&

Sl e AR L R S

a series of digital filters, coupled to said conparator, each respective

one of said series of filtegrs irhel uystent JreW1dlimef Waikeddin r£4DY | tigird
-frequency distortions present in said error signal and providing a central

signal operati vE1LlESEoREPORSs SAFAGES at | ow

11. A speed control system, comprising:
a modulation signal source for producing a

modulation frequency signal;

a motor having a shaft, said motor being

coupled to said modulation signal source;

an encoder coupled to said motor, said encoder

generating a phase variable signal having a phase which
is varied as a function of said motor shaft position;

a reference signal generator coupled to said

modulation signal source, said reference signal generator
operative to produce a variable reference frequency
signal which may differ in frequency or phase from said
modula;ion frequency signal; | '

a comparator coupled to said modulation signal

source and said reference signal generator, said

comparator generating an error signal based on any
' difference between said modulation signal and said

reference signal; and

a filter coupled to6 said comparator, said

filter including a plurality of neural networks for
removing distortions present in said error signal.

12. The system of claim 11, wherein:
said filter includes at least one high pass

filter or at least one band pass filter.
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35 speeds. — 157 The system of claim 14, wherein s
di gi taIW‘PN/!-'éﬂt in prims f‘{ééﬁ? one band

ot e A " e e e

34

13. A speed control system, comprising:

a modulation signal source for produc1ng a
modulation frequency signal; '

a brushless motor having a shaft, said motor
being coupled to said modulation signal source;

a magneto resistive encoder coupled to said
motor, said encoder generating a phase variable signal
having a phase which is varied as a function of said
motor shaft position;

a reference signal generator coupled to said
modulation signal source, said reference signal generator !
operative to produce a variable reference frequency
signal which may differ in frequency or phase from sald
modulation frequency s1gnal

a comparator coupled to said modulation signal
source and said reference signal generator, said
comparator generating an error signal based on any
difference between said modulation signal and said

reference signal; . _
~a first filter operative to remove distortions
at the carrier frequency of said error signal;

a second filter operative to remove distortions
at harmonics of said error signal frequency;

a third filter operative to remove distortions
caused by said encoder; and
| a fourth filter operative to .remove viscous
distortions from said error signal.
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