vy e3e?2\?2t Xdn6T\gF - 1 *iCOCO* - 1 TITLE OF THE | NVENTI ON REFERENCE MODEL
TRACKI NG CONTRCL SYSTEM AND METHOD BACKGROUND OF THE | NVENTI ON The- pr esent
invention relates to a reference 5 nodel tracking control d net hod
suitable for causing the internal state variable of a contﬂ@ﬂﬁﬁﬂ“@mwmmm to
track a reference state variable as the internal state vari

reference nodel, the relationship between tthe-control input and'®bzerved 10
out put of the controlled object being nodeled by a state equation. As a

gui deline for designing a control system designing a control system
(control system of a socalled hiGhTEoboEt S SINVENEX@Rpl i fied, which

provi des 15 excel |l ent performance regardl ess of changes in envi ronnent or
unpr edi ct abl e eFEHEREN{Eh MEPED STRAGEING . CINTROInsT EHIEEM AR METHONet i c

di sk drives have cone to be used not only as additional storage for

personal conputers, but al so BAGRENS pditdt JSOENTI@h as 20 hone

el ectroni c equi pnent, car navi gatjon systens,_and npbil e audi o apparat uses.

In accordance with t HEYiRETHINt RED IoONaERbetes dFeke dFeiesetftre is an

i i d d hi.ghl t t.rol t f i.n.the dri

Speci 1 call y. wisess et SR SR AL AT B e s S
tio hend 1t ! 4 ;i ! . | . q

I oh speed. reguraey (fe ML XEA LA 8 SK 4 ot ndi 11 ons

of Luse. EnVirongeiieofe Sty ol id Al olstiele | L1 IS T 0L gxampl e, the

exi stence of disturbance, and changes in various paraneters (for instance,

el ectrical resi sifnan MO, Ofa 19514 s S A0l AOREL AMKE), DAL cause

errors in nodeling a voice coil notor To satisfy I'S requirenent,
various seeki ng regictti s g1k e BENEt dSn th K tHpYESah@VEr HELd
contrived, as will now be described. Firstly, 10 magnetic disk drives are
known as 16l ect r aeghenical tisy stensrd hisdd sty et ried thdg viebde Badiby aodel ed.
This is because, in magnetic disk drives, disturbance and nodeling errors
are col |l ectivel ypledisiadaratdicars. di st ur bance, thereby allowing a robust servo
15 system based on the estimation of disturbance to be constructed. Use of
a di sturbance observé¥s F Fuksdahpre, for dediwinirg a2 neehbrol osyesennat i ng

di sturbance. The di sturbance observer estinates the state variable of a
control | ed obj e@eSLIERY B RELRbaEEE D Fernfeel $¥sBe®odfral Senput to

nf or Mt on of (V- MEh (s GPOEy GRS LT HEFSDRL | L1 oriGhl FbRFORUARR| ve
nonlinea&SContr(gxég¥fg%¥(5%5%5£§2Aé§1{éﬁ§¥§f§§éng eéhggggéi¥§ envi-
ronment or unpredictable events such as disturbance.
For instance, recent magnetic disk drives have come to
be used not only as additional storage for personal
computers, but also in various apparatuses, such as
20 . home electronic equipment, car navigation systems,
and mobile audio apparatuses. In accordance with the
divergent uses of magnetic disk drives, there is an
increasing demand for a highly robust control system
for use in the drives. Specifically, what is required
25 is a seeking technique for moving a magnetic head to
a desired position on a magnetic disk with low noise

and high speed, regardless of disturbances, under

AUV
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;25 sliding node control nethod) is also known. In the reference nodel
adaptive sliding node control nethod, the state of a controlled object is
made to track - 3 the state trajectory of a mathenmatical nodel of the
controll ed object in a systemfree of disturbance, thereby suppressing the
i nfluence of disturbance. Jpn. Pat. Appln. KOKAI Publication No.
2002-287804 5 (prior art docunent) has proposed a technique, for use in a
refrigerating or air-conditioning system in which the disturbance observer
met hod and reference nodel adaptive sliding node control nethod are

conbi ned. 10 | n déterptinny condidotament wde. cdbvitnmentod ¢éhestisetr bance
observer nethod and reference nodel adaptive sliding node control nethod
enabl es the anpldandie iging hef rnoge | eakudapufonfetdmplbei dilng exietennérol to
be kept |ow, thereby reducing the degree 15 of chattering. However, this is
realized on the s Yende ad ehandr dahe evobbeds dparame tersr ofety
estimate the state variable and di sturbance. Actually, however, in a system
in which the noi'd¥ @ipmehteotr Bra boses Ietrrre putoneriaset ettt bt ) 20
(i.e., observation,noise) is high, or a |arge nodeljng error occurs, or

par anet er gsevar y asr?dgn'eflﬁl%ga'fﬂt}’%e)t &t st SR (F et e a%‘f&ig’B‘?‘i‘thﬂ'IB%n%eV%%?? nat e
do not al ways canver r ctive correct values. In other words, in
many cases, the S l:jt gr?ovtgé’sf ag\féema’nd di stur 25 bance are not accurately

estimated by the di St%l(? b%plgfsg sgﬁygrreﬁ\?%g%g&qglyYa'kfog%teggé]ﬁ?xaterrs, t he

nonl i near input gain ding node co canho ow and

chattering may nalcie sudd icdantdy fesuced. &Ps]?lt%lgixpcg pdge coaLyol, the

node used is roughly divided into two nodes, one (reaching node or 5

reachi ng phase) dditchiv&d assdimpdl UI'kd Bdedsidt B8, 2 soRLE Py ed obj ect
reaches a switching plane on which the state shows an ideal state

traj ectoryy, and mdynetiherdigidedssidsli age NOERIn W Cél keepsSmébigasi@he on the
switching plane. It is known that robustness in the 10 face of disturbance

is secured when syetatattthaf d¢de sy stetsvdkey ngpcohy rmbdiededn sthilsng

mode. |If the initial estimate of the disturbance observer greatly differs

froman actual Vi Recalseniin agnspbnsdivccdrsvés, tdbsttubanesti mati on of

the observer. In 15 this case, the state variable or disturbance cannot

accurately be estidaieideling £17Q%s fakarkolipeitvely scendvbdereds applied to
tness may not_ be secured because of the

t he controlled object, rqbus ,
i nfluence of thé rffjtsi%ﬁrq?aé%%nsgge-‘b?bif Hel FRWIRG ant@Pybsef96YC 20 and the
reaChinQJEPase(gy§%éﬁ“ﬂ§%£QQ%l%%%régtimation of disturbance to
be constructed. Use of a disturbance observer,
for example, is known as a method for estimating
disturbance. The disturbance observer estimates
the state variable of a controlled object, and a
20 disturbance to be added to a control input to be
supplied to the object, using the output information
and control input information of the controlled
object. Further, a reference model adaptive nonlinear
control method (a so-called reference model adaptive
25 sliding mode control method) is also known. In the

reference model adaptive sliding mode control method,

the state of a controlled object is made to track



BRI EF SUMVARY OF THE | NVENTI ON I n accordance with an enbodi ment of the
invention, there is provided a reference nodel tracking control systemfor
determ ning a control input 25 supplied to a controlled object based on an
observed out put of the controlled object and a reference value. The

rel ati onship between the control input and the Il i - 5 observed output
of the controlled object is nodel ed usimg & state equation. The reference
value is a desired value of the observed output. The reference nodel
tracking control system conprises a disturbance 5 observer, reference
model , error caltd\f @t;te Itrekactony rof | ®rnatitemat beahceodetied £t theki ng
controller. The disturbance observer is configured to estinmate a

di sturbance addéPRtFrahetaiient ikpur, sevterntree cphadlisturleanaei abl e of
the controll ed ﬁﬁlect at 10 a predeterm ned sanpling cycle, based on the
control input ard'$HPHrEHR DD UL IR hkieRpe r of | @bsbeFleeRce The

di sturbance and fhe internal stat i ahl e estjmted by the disturbance
observer are out‘{ﬁﬂ' ags}j‘% %‘%ﬁﬁ?béﬁ@ﬁsﬁf %a%h?lnaN%ta%(%O%é???ﬂ%Pé 15
estimate, sespectively. The reference nodel is a.sinplified ideal nodel of
th? contrgllfd ?jﬁiﬁ%laﬁﬁa?%ﬁ%ﬁ%ﬁ&fi?ﬁigﬁr?%iﬁ%%f?gﬁ?%ﬁniﬁu%aug%rall |
ref erence out pu ra olglet observec 0 e controlle
object to trackl% ejfgﬁgrenégg¥%ﬁﬂ%. The f%lge?§$%g€%o%%%%ls%ﬁ?ﬁﬂts}nas a

reference state yardiahlhe &i%dfﬁﬂé@'oé%@ﬁ@ei’%égﬁ%g QEf%tPsféféﬁégnce

nodel acquired during tracking of the reference v e error cal cul ator

i's configured tondehdICUHRS B ST iy hdde SEGheryBrhaPhsqestbmte and the
observed 25 out put of the controlled object with respect to the reference

state vari abl e. chbwbirawar controller is configured to generate a |linear
control input for - 6 converging the error calculated by the error

cal cul at 80. The ref erbencehampuel ot racki dgceoent pl tke tesmbOnbigunedft o
generate another control input supplied to the controlled object at a next
sanpl i ng cycl e, Herabiatwibarire |dbaervenmeidiod npud , re ferdise unbdate
estimate and a nonlinear control input. The nonlinear control input is an
error in the di§¥Hﬁ5&ﬁﬁa%%ﬂd%ﬁﬁeﬂqggtFQQ%ﬁﬁ%ﬂmchQdd@@@hl@éntéeactuaIIy
added to the contral, input at a present sanpling cycle. 10 BRI EF

DESCRI PTI ON OF PH® 105 THRe e e BRANG. T9E Hee ofbidiRagredawi ngs,

11 st rat e enbodi ORI > e KaRfortdbn. CErRER b RRAGTL0F | FFHEoGERRT al

descriptﬁ%n giv%ﬁf%9&&%é¥¥%é}“3ﬁg%é%éf¥ithis is realized on the
assumption that the disturbance observer can accu-
rately estimate the state variable and disturbance.
Actually, however, in a system in which the noise
component of an observed output (measured output)

20' (i.e., observation noise) is high, or a large modeling
error occurs, or parameters vary significantly, the
state estimate and disturbance estimate do not always
converge on respective correct values. In other
words, 1in many cases, the state variable and distur-

25 bance are not accurately estimated by the disturbance
observer. Accordingly, in actual systems, the

nonlinear input gain of sliding mode control cannot



»15 description of the enbodi nents given below, serve to explain the

principles of the invention. FIG 1 is a block diagramillustrating the
configuration of a reference nodel tracking control system according to an
enbodi nent of the invention; 20 FIG 2 is a graph illustrating a

rel ati onshi p exanple between error em and desired velocity xr held in the
vel ocity table 122 appearing in FIG 1; “FI @S. —=3A and 3B are Bode di agrans
of the controlled object 2 appearing in FIG 1; 25 FIGS. 4A and 4B are Bode
di agrams of the reference nodel 121 appearing in FIG 1; FIG 5 is a graph
illustrating chdfgeéenti tlow iand chattering hepowit ilom (uhf)cidnthe
reference nodel 121; FIG 6 is a graph illustrating changes with tinme in
the velocity (xB®dtstedhe reference nodel 121; FIG 7 is a graph
illustrating changes with tipme 5 in the position (xl) of the controlled
object 2; FIG 8 is ayrIpHing jRedatForRtembngee ire®e tisedi st he vel ocity
(x2) of the controlled opjec . FIG_9 1is raph il lustrating changes
with tinme in thé9 Ydﬂ"&#ﬂ‘fdn%dmodﬁlﬁ 1927 HPIFRIAD Feder@hce

T T ST NN

of control” i nput a sup

illustrating chq:rgg.p&dlfj{]ela Jo%jtg%{!eo%g%ﬂ@s gV i@éh{}@é‘%ﬂ%ﬁ%ﬁl@fﬁﬁjﬁg

acquired by filtering the outpu e sli1dng no

mpaeening, 0 T it dediedcl o libiar R opee| 101
of disturbance &tiact ydldey @Nerdi@fty mode) which keeps the state on the
switching plane. It is known that robustness in the
10 face of disturbance is secured when the state of the
system is being controlled in sliding mode.‘ If the
initial estimate of the disturbance observer greatly
differs from an actual value, an initial response
occurs in the state estimation of the observer. 1In
15 this case, the state variable or disturbance cannot
accurately be estimated. If a significant initial
disturbance is applied to the controlled object,
robustness may not be secured because of the influence
of the initial responses of the disturbance observer
20 and the reaching phase of sliding mode control.
BRIEF SUMMARY OF THE INVENTION
In accordance with an embodiment of the inven-
tion, there is provided a reference model tracking
control system for determining a control input
25 supplied to a controlled object based on an observed
output of the controlled object and a reference value.

The relationship between the control input and the



ron the controlled object 2, and changes with tine in disturbance estimate
d" acquired by the disturbance observer 11 appearing in FIG 1; and FIG 13

is a graph illustrating changes with 25 tine in the |evel of disturbance d'
exerted on the controll ed object 2, and changes with tinme in the sum
(actual disturbance estimate d' + ud') of disturbance g _estimte d

acquired by the disturbance observer 11-and di-sturbance estinmate ud'
acquired by the reference nodel tracking controller 15 appearing in FIG 1.
DETAI LED DESCRI PTI ON OF THE I NVENTI ON 5 An enbodi ment of the invention wll
be described i n dpsegivediaut e arferides tepnte Boadbmpaisdhgl rmevdeigsd FIG 1
is a block diagramillustrating the configuration of a reference nodel
tracki ng cont r olUSSyt émstad& F@afgi A a siegncofvahee i fwenti on. The
10 control system 1 is supposed tQ be used in a nmagnetic disk drive using a
di sk (magnetic SSSdress v plrueecd}%i%e RRA ]I PYHI hagiets creff SRS ve,

seek control is _perforned.in which a head (nmagnetic, head) for reading/
witing data is“ﬁ’é?édttrc?cdﬂdbgsi‘? 159 i T TP IR EE S 3 (SEKFURRRFR di sk.

The head i.s radi gll]y moved aver the di by driving a ctuator that

supports it. The fc%t}faetrdr riesfled:re?r{/ce% I‘b%ffe;’vg‘?rc‘%o%oﬁglﬂ&%?oiydvﬁe%

control] ed obj eclorg LOMAOL R Qe dlen LLTRIENCS: [Bdelnd ALK gy £ont T o
2 udi ng i in

system 1l is the actuator I nc e voice co tor g hagneti c

di sk drive. |n s aseridied ehaldanshi f helieen.the Condzelyipput ‘a of

the controlled object 2 and the observed out put controll ed object

2 i s nodel ed usian@lias tairdzt RIURIdN- tTNEh OSSR ME oAU, 2Dn X1k S position
information indicating the position on the disk of the head supported by

the actuator, i.imtertedd giosid iviriNlexderired st s e eonh st appl i ed

_ g _tothe input terminal of the controlled object and added to the
control ilAput u.a Eurededrerre mateddmygl vt oryee S tisafsd aoli Shalrdaneeoi n t he
controll ed object 2. The external disturbance d and nodeling error 5 wll
her ei nafter col lia@uityend fdea efsramied eowputt hef dilst wdanoel ted' on t he
controlled object 2. The control system 1l conprises a disturbance observer
11, reference mS¥diectont A9 elisturkanes and dihatiortaal isieatte control | er
14 and reference 1Q del tracking controller 15. The di sturbance observer

11 acquires the "G3HERe iSffiimat &hP oo e BIRRARCK I ORTEETRE it r ol | ed
o o R F A B A d 7 S papS L o
15 estimate, respectively. The reference model is a

simplified ideal model of the confrolled object. The
reference model is configured to cause a reference
output corresponding to the observed output of the
controlled object to track the reference value. The
20 reference model outputs, as a reference state
variable, the internal state variable of the reference
model acquired during tracking of the reference value.
The error calculator is configured to calculate an
error in the state variable estimate and the observed
25 output of the controlled object with respect to the
reference state variable. The linear controller is

configured to generate a linear control input for



15 (state variable) of the object 2, based on the control input a and
observed output xl. The state variable x2 is the state variable of the
controll ed object 2 other than the observer output xl. For exanple, the
state variable x2 is the novenent velocity of the head (head 20 velocity).
The estimates of the disturbance d° and state variable x2 are represented
by d' and X2, respectively. Further, the olfserved output x1 of the object 2
and state variable estinate X2 will collectively be referred to as "state
vari able x". 25 The reference nodel tracking controller 12 includes a

ref erence nodel cwWexrgimssithd idrimd farialle tretidy ofhé¢ hercontealded obj ect
2. Unlike the - 10 controlled object 2, the reference nodel 121 is an

i deal nodel witRat®H st'ﬁh%d?ﬁ:f@r%m%rm@l varacitingn erntopsklemtisn noi se.
In this enbodi nent,_ a si I|f| ed nodel, in which a prinmary conponent (head
5 position) and %@ QSRS (ARaldhaiel s EY0] AP deiRRl ied used
as the referenc eI é !h [eference nodel controller 12 is
constructed to ?W’éé}eéﬁ%es%ﬂﬁlp]tﬁ‘; SYAlef the

ref erence cnodel 121 o tr ck .a_tar reference value 1 reference input)
r wi t hout ~er r or £25%fd Fo & aus]elrﬁfggsﬁ AUt Vhari Hittes Lh fcg]r% L3RGt e

vari abl es) xmil %%ctlifr[%e()far{[ ref 8rignee. g etrolfllr'ﬁéingzg?le I‘% hrgg J;I?g%la

transi ent character I CS he rl}erence va ue r

posi tion of the deato Theysiale 16 vaniabl g5 X A ibiadisal sulfe head

position and head veI00|ty, respective e state variables X and xnR

are col | ecti vel yiinaprasenicad thy 4 his st ahsayas @b 1y ddudfecsnbodi ment

to realize the reference nodel controller 12, a velocity table and 20

sliding node comiondrodr &yl epted plinaid YSatn%}bl asgcpdten used for seek
control in magnetic disk drives. Sliding node control enabl es a desired

vel oci tyl0even | BRAE#eBESCHIPEION DY THA! SENERAS, MIEMNS OFt T oRAwrNchange
is given fromthe velocity 25 table, to be quickly tracked wi thout errors.
In light of this, thdhefareammnwidef domtindserwilcltoapesi sesorpsraeed as
the reference nDdeI 121, - 11 a velocity table 122, sliding node
control ler 123 &fd 3@ sionsdliduita o Pants ehd e Spethicf eratororal tlilesor 124
calculates the error emin the state variable xm with respect to the
reference val ue 72t SHPAX&NdIHAT PRIl oy R REs Fher Vel B ty

correspondi ng t ach preset,  errar .i.n head position. The vel 00|ty table 122

is used to dete RiendersERy SlepsEndd ARl BTGy 380t orand gl dRFa blede error

| ted b t G 2 sh 10 | at hi
el o Bat ween SESREA BT %ré‘na% S SRR ity LI PPN SETSck Sy bl e
122. In this ex%@%‘l%’lnt h!:%e p‘ieejhsocdﬁ %erd i &§tid,0 @ val ue

proportlonal to e error e error enlreaéhes a preset val ue.

When the error em excaesls 1ligfmwr@@1@tdy§¢yﬁn iheadesdtedyvehgcity xr i
e

kept at a certain value regardless of the error em Int exanple of FIG
2, the desired veh@diguyatiions dfepr asendachdy M&lqt@fmml@fc&w@@?nt (head

novenment quantity, e.g., the nunber of cylinders) of the
system accordlng to an embodiment of the invention;
20 FIG. 2 is a graph illustrating a relationship
example between error ey and desired velocity x,
held in the velocity table 122 appearing in FIG. 1;
FIGS. 3A and 3B are Bode diagrams of the
controlled object 2 appearing in FIG. 1;
25 FIGS. 4A and 4B are Bode diagrams of the

reference model 121 appearing in FIG. 1;

FIG. 5 is a graph illustrating changes with time



20 reference nodel |21 per unit time (e. g., per second). On the other
hand, the error emis represented by the quantity of novenent (e. g., the
nunber of cylinders) of the reference nodel 121 fromthe present position
(head position) indicated by the state variable xm to 25 a desired
position indicated by the reference value r. The error cal cul ator 124
calculates the error 6min the state variable-xn2 with respect to the -
12 desired velocity xr determned fromthe velocity table 122. The sliding
node controller |23 generates (cal culates), using the error smas a

swi t chi ng functiion,the moditiesr Ccunt)r o f itiputrafesupp ietidlo 21 he
reference nodel 121, which nakes the error am zero. As described above, the
ref erence nodel 121 iBlG@n $ dexala nverph f 1 bbud tomt et chages, wbblset imei on
noi se, etc., therefore sliding node control by the sliding node controller
123 is easy to applira Fekocify Fuiherof ehis Heferanes matladl ity that
causes an abrupt velocity _;:h,ange is given fromthe velocity table 122,

slidi ng node contr ol bl est¥ e greéﬂg? ehte dbtrtirdrEhanges Wdbhtbineal i ze

a higher trackin rformance with |es hattering,. c ared to the case 15
of using }5| near l%lon%reolposllheloéf r{ﬁl)caﬂitﬁﬁﬁ o?oﬁ%r(g‘tﬂﬁér %e %t ate
variable xm (xm, x utput_fro e reference. nodel 121 in, the reference
nodel controller 12?2%\%(??1 Eﬂljles s a(‘ﬁg'legé}érjl‘ a{)lllseq(a?lxri? %n%?st%%t}&om?%l | ed
object 2, 20 tharelphLalOWatinoihs sdeviyal i ' ry,e. As
stated above, the state var(%a%#]eg}!é)l,&f(zgﬁa%hpé%avllai% {}%ejeéscg‘gtée’ vari abl e x
of the controlled objeai. 2 are a?tcj’fﬁal?SilI@é’@ﬁa@ﬁg%'%ﬂi&éQb%fEﬁ e?rﬁw?g
ance observer : e

out put of the controlled object 2 and the distur

error a includesr heerreardldess aidrivo el gt hﬁi%@ﬁi@;{i@e@'&ém wi th
respect to the observed output x1, and the - 13 ‘error(deviation) e2 in
the statéOvari ablefeourhod tvodedspexdt; to the state variable estinmate X2. The
control system 1 is constructed to cause the state variable x (x1, X2) of
the controll ed objectFIG5 1 is ackgtdh sthtesveat aby echamdesiwitihi?) of the
reference nodel 121 without errors, i.e., to make zero the error e. To this
end, the |inear &% a8l Ithe deval tde coriinol ysttem suppldesi gnedthe secure
t he conver 10 gence of the error a in an ideal state in which no

di sturbance exi SRR OB 1%d obj ect 2. Specifically, the linear
controller 14 is desi d .t.o .out put (Ftcl'?nlc at e])ébta, | i near control_ input ul
in accordance with t ontr otS ihpliHe FIAE AR 1 HRANGCS Sfkklnce nodel

121 and the erraqr_ e. . he ot her nd, the reference npdel trackin
control | t:eLIrg 15 i ;.Cléu(;%ns}t%]&tchteec}etvoe%aéadmainroéﬂtlﬁbea}]? nedt T dtd r(ﬁcq‘ﬁp‘iﬁgﬂgand
di sturbance esti ' th e- ioned sanpling cycle. The

rlef elrJence nodel Ifﬁ?&%ﬁﬂﬁf%&%%ﬁ%\ﬁ é{?%{? sSe'LaJlelé1 énlsol 0] ed)rftorog]ej;%? ate a
control input taqshe g |rii% i, tm.cqntgﬁplgkpéj rﬁjt}jl%]%eazdﬁ gj%nﬁ"ggnig%asﬁ e

sanpling cycle, based on the linear control 1nput u

d' and nonli nearfigaRi als2 rpHedtdnglhiey, nord i near control input ud is the
error 25 in the disturbance estimate d° with respect to the disturbance d

actual |y added to the&Ihntrdlid rpwraptofilhes oot i | @shropéectien The
reference nodel tracking
20 time in the level of disturbance d' actually exerted
on the controlled object 2, and changes with time in
disturbance estimate 4 acquired by the disturbance
observer 11 appearing in FIG. 1; and
FIG. 13 is a graph illustrating changes with
25 time in the level of disturbance d' exerted on the

controlled object 2, and changes with time in the sum

(actual disturbance estimate 4’ + ug') of disturbance



v- 14. controller 15 conprises a |lowass filter 152, integral dynam cs 153
and adders 154 and 155, as well as a sliding node controller 151 as
described in the previously nentioned prior art docunent. The adder 154 5
calculates the suma of the error a and a variable z acquired fromthe
integral dynam cs 153. The adder 155 cal cul ates, as the control input a of
the controlled object 2, the sumof the=-ouBput (liner control input) ul of
the linear controller 14, the 10 output (nonlinear control input) ud of
the | owpass filter 152, and the di sturbance estimate d' acquired

(cal cul at ed) by estrémgitst 3 bager iglesk oyerthil diRimdiagreeofoldrrtdmerl cont r ol
input ul is opposite to that of the nonlinear control input ud and

di sturbance 15 &&d fdsduFbanne estdande it aetuirediioditrenteferenemd d'
are beforehand subtracted fromthe caontrol_ input. As described above, in
the embodi nent , "ORE L 1o SRt EPpiged ¥ FRRAAEH gt I BG obf ect 2 20 at

th t i le | [ t ly the |i trol
nput Ul bat al 56 ¢ he ai DEARBLRReDESERIBraSN A Re TENT Sput for
ffsetti di sturb d t.h | A trol i d th timat
Cdi sturbance esti mat &b arc Bty of B SRR Coriporbrie (RCESRRRL b
of fset by the disgt lare%%]qﬁe vﬁ_scthi rpetfee.re%scea troestgllét, gven if the controlled

6 © 15 AR 2V o

obj ect 2 contains no I'ng "1 naccuracy,

CONELPY GPorfor e 3he MR ARl A MSARIPI A S pance.

The sliding node controller 151 uses,” as a swtc uncti on, € sum 6 of

the error a andt3onhefvar irdifled chRCaHdAd fromithe ddiemal s gynan cs 153,
t hereby generating (cal culating) a nonlinear input (nonlinear control

input) ud that ekegorid ngumcb azeeibotigndroveas Hd | trefenkbidore] | i@t es a

hi gh-frequency conponent fromthe nonlinear input ud. 10 The nonli near

i nput ud1Pr om wiioalt ra Lhisyts-teme qu ersc ys upgrgree o ik eldad niat ed nsgriepiesent ed
by ud'. In sliding node control by the sliding node controller 151, it is
general | y necesSapy & ivies arsviaga bl dsitsdt elsna(tedties \dHrdlables)a afeddwsding
controll ed object 2. 15 Actually, however, it is inpossible to do so
because of probRERE UBoncémnithg, Megnedianmslisk shrist,s.scierafrorml ass
described in the @rior art docunent, the sliding node controller 151 is
conbi ned with t RETEPSMEC oaRc¥hddery drafl WRMMgTigdaad diat urartierg 20

estimate d' and_stat.e variabl.e estimate X2 acquired fromthe disturbance
observer 11. I—b\v/‘\'/eiégrlflgi agasﬁ&g‘fﬁvieﬁa\ﬂ‘ﬁ@h Hed Aot Tt s 1ok

o e B M SRt B 6T T LR O d Mo
the disk by driving an actuator that supports it. The
actuator is driven by a voice coil motor (VCM).

A controlled object 2 controlled by the refer-
ence model tracking control system 1 is the actuator
20 including the voice coil motor in the magnetic disk
drive. In this case, the relationship between the
control input u of the controlled object 2 and the
observed output x; of the controlled object 2 is
modeled using a state equation. The observed output
25 X1 1s position information indicating the position on

the disk of the head supported by the actuator, i.e.,

head position. An external disturbance d is applied



25 accurately estimte a di sturbance conponent or state variable. In the
enbodi nent, to realize nore accurate estimation of a disturbance conponent
than in the case - 16 of using the disturbance observer 11, the
reference nodel tracking controller 15 perforns integral sliding node
control on a switching plane. The integral sliding node control includes
the integral dynamics 5 153, In other word§, the reference nodel tracking
controller 15 is an integral sliding node controller. Further, in the
enbodi ment, a conbi nation of the estimate ud (ud') acquired by integral
slidi ng node cortor dthearddpitie teirstimadarnde tdet iamtterall leat g yeart lynd 0 t he
di sturbance observer_ 11 is used. This conbinati on enables the reference
nodel tracking @6¥t&%Itcethes aoptrade 1apstly uet urknthwer cengiatalsitonl y t he
error in the disturbance estimate acquired by the disturbance observer 11

with respect toSHf &cttFHStH S5urb urbangaien s cantiralired i atippr ess
the anplitude of, a nl i near in, conpared tp the case of using only the
di st urbance obsé&rve 1_ex%§ﬁn%§T S ,u%ncq‘?e r‘?&ﬁﬁir‘fﬂéjrsﬁl,l%leflf% nonl i near
i nput ud, cinclu i trol . inputs supplied to the control|ed object
2 20 in the pri g’rqqalr ?letaljr%gngag%grratcé) r]‘x?fttlhvee o r‘Fgef(r)ﬁﬁfeedco Sl eehel_Sl, is
input to the copti@hled ol eate 2, vig the | 858, fddter 152, As a result,

S
chattering can be suppressed w thout signifi carﬁq yObrjee uci‘ng the robustness

of the sliding node ifhd ReMholie SysisMm QCSOH{;%]:%%esr i%iﬂsg,%{%agé' di ng node

control by the reference nodel tracking cont en es robust

control even inogerfietd all,r eSFRIER d MMHLN d¥htro1 1%k 12acdying. phase
exi sts. A description will now be given of details of the reference nodel

tracki ng controkadysilatozhasn ilinka@ cbntbdlldrs,14 hed eferanga-dodel
controller 12, 5 disturbance observer 11 and reference nodel tracking
control | @@ 15 wimoldele tmaicklipgdesartidodd eim 1t5hi s TiredetistfiRefor@nce Model
Controller 12] Assune here that the controlled object 2 is expressed by the
fol | owi ng equat P&Feryerxld: AcquiBes+ the Rozitnol- i@puther endl db sl
represent coefficient matri xes (1? concerning "state", "input" and

"out put”, respelHitP¥ltyX1j of, the spataoddiad wbianiut? mdt A wrasetout put 15
matri x, respectivel iﬁ Furth and y represent a control input and

sa a6t W&ﬁrﬁ} g“ﬂe&ﬁéﬁé@&ﬂt&%ﬁ%@mrhﬁr&%%ﬁm appl i ed

observed out put 7“1 TH S _
ange as the coRtPorOPAGaNLER. 0)e8 SdARH (% e A SR An , and x
oSt ton) > X (1 \5e=tR R ReB Ll BB Rl ohtats A nE AN GRbraI SR of x
(in this enbodi gl LNanRERARKELRG LWhkpd ¥4 d HAVEQRROY LS S ADS,,
is the state variable of the controlled object 2 other
than the observer output xi. For example, the state
variable xp is the movement velocity of the head (head
20 velocity). The estimates of the disturbance d' and
state variable x5 are represented by d'and X5, respec-
tively. Further, the observed output X1 of the object
2 and state variable estimate X5 will collectively be
referred to as "state variable x".
25 The reference model tracking controller 12
includes a reference model 121 as a simplified

formula model of the controlled object 2. TUnlike the



25 The reference nodel 121 is expressed by the follow ng equation: Pn(z)
Xm - Anxm + Bum ( 2 ) - 18 As described above, the reference nodel 221
is a nodel obtained by sinplifying the controlled object 2. Assune that a
nodel ing error exists between the coefficient matrixes A and Am In this
case, it is 5 considered that the controlled object 2 corresponding to the
reference nodel 121 has both the extermal M0 sturbance d and nodeling error
(Am A)x. If the nodeling error (AmMA)X is input with the same neas uring
range as the input matrix B, the external 10 disturbance d and nodeli ng
error (Am A) x caoniecddlddecthiesdty &eddved etk fsrdrimee dictalr Haticei d'aron t he
control l ed object 2. Accordingly, equation 1 can be replaced with the

fol | owi ng equat iigiead: medelamdi th B diBtugBdice; Brhraneter Ara)idtikm P(z)

( 3) y=GC The reference nodel controller 12 including the reference
nodel 121 expr eSFePHSPIIFIECroM A Sfas d e dritrolemrodigrentonta ot inmiglt he

ref erence nodel §1i21 to cause the state variable xml of the reference nodel
20 121 to track H& F‘W@ﬁenc@ VG @ Semdce Somanent wikeashit errors. To

desi gn thi.s contral.ler, ul d be advisable to consider a transient

It
response Such a$ SverSidod™eh.2 I$EIMA thisoiaifnt 1 Greahoreiast of)
desi gning and e n t. of .performance.of tracking 25 e reference val ue
r, the sliding %%%e?ﬂ%%qre(ﬂgl er’ %C{l%ﬁ i zl}engr%jﬁeer%‘?%ﬂqciﬁrﬁt an%e]e I 3@"‘? s
enpl oyed. Assu t e e i locity). A -. 19 ocity
table 122 corr g?ﬁf%%feﬁ%}ét én t ééi e#??%%%%i%%geséeonr{%dé@%dr .toAscasl%/% ed

above, the errorneMobsdiREF@pdth ther st @bl e )é“eadjf pgsd tion) xm

fevcﬂlﬂ' )
of the reference nodel 121 with respect to the referenc val ue (desired

position) r. Frenfiersd alodD hetmaen pradand the fdate vavdadd &, head
velocity) xm2 of the reference nodel 121, the switching function of the

sliding ddde contriedldremck?3 riptitgi vemwihdim -eptfors Xghd b )cahsdwnder, the
nonl i near i nput um based on the existing conditions of the sliding node is
used as the conttelte veuti abfl etshe( reefeareeniee stoded iiMiadIed)hixg, erdradi ment ,
the sliding node controller 123 is constructed so that the nonlinear input
um given by Xm2 of the reference model 121 to exhibit desired
transient characteristics. The reference value r
indicates the desired position of the head. The state
15 variables xp1 and xpo indicate the head position and
head velocity, respectively. The state variables
Xm1 and Xpo are collectively represented by the state
variable xX;,. In the embodiment, to realize the
reference model controller 12, a velocity table and
20 sliding mode control are employed. Velocity tables
are often used for seek control in magnetic disk
drives. Sliding mode control enables a desired
velocity, even if a desired velocity that causes an
abrupt velocity change is given from the velocity
25 table, to be quickly tracked without errors.

In light of this, the reference model controller

12 comprises, as well as the reference model 121,



15 the follow ng equation 5, is generated in accordance with the error 6m
aum- qgqa~+a (5 mwhere g represents a nonlinear input gain, and a a
20 snmoothing ratio. If a is high, the nonlinear input umis nore snoothed
to reduce the degree of chattering. However, if a is high, the robustness
of the sliding node is lost. Accordingly, a is determned froma tradeoff
bet ween the required snoot hness and 25 Toblist ress. As is evident from
equation 5, in the enbodi nent, a snoothing function is used, instead of a
relay function, as a function for determning the - 20 nonlinear input
um by the slidi agvedde iconttrdllleerl 2P23,s ltilkdmeb ynqutee venttineg. ltdre r2f er ence
state variable xmof the reference nodel 121 fromchattering. [Di sturbance
Observer 11] 5 AldeS&ropt icerd cmillatomisend Ade agidv i of  tTee dirstar ksnloslobser ver
11. As describeg above, it is necessary to observe the whole state of the
control | ed obj edBtorddidnFadicidiak§ snddie &Hatolem Adt J&19 tat@wever, it is
difficult to do_so.. Therefore, .an 10 observer for estimating the state is
used. In the er‘rﬁ@ﬁilﬁ@ﬁ'te, *e Wi CESR ST (e s vt s eteditfed 1t o

ti mat di st f .th trall ' 2. cifjcally, th
G st ur bange. obsBPder I VERSLe S0 T ihd At GRRS AP RIS o1
timati 15 di f. t troll.ed qbject t he st at
Vari abl e of t heCohy SEPOBALRE” e SHAORRB: Sh BugTA G LT
d i [ 5 .l '« LS.t { { t at
Var i ablos of {hanconEroried Chras 22 ASsURST MEbER e A st ur bance

d' satisfies theg f:l@'s'i@‘éidngre@_%‘@;ttiyo&rG3qocfx:es%o(r@irléj‘ tt&i@ecf%%eﬁoé!be equation
e (6]

of state used in the augnmented systémis expressed in t ow My manner:
- 21 X AmB x Baichlat@dObd theX eprorCAidulHiestiate estidmid aghdwcti on

of the disturbance

10 a relationship example between error ep and desired
velocity xy held in the velocity table 122. 1In this
example, the desired velocity x, is set to a value
proportional to the error ey until the error ep
reaches a preset value. When the error ep exceeds

15 the preset value, the desired velocity x, is kept
at a certain value regardless of the error eyp. 1In
the example of FIG. 2, the desired velocity Xy 1is
represented by the quantity of movement (head movement
quantity, e.g., the number of cylinders) of the

20 reference model 121 per unit time (e.g., per second).
On the other hand, the error ep is represented by the
quantity of movement (e.g., the number of cylinders)
of the reference model 121 from the present position
(head position) indicated by the state variable Xm1 to

25 a desired position indicated by the reference value r.

The error calculator 124 calculates the error

oy in the state variable xpo with respect to the



.observer 11 that nmatches the augnented systemis given 5 by x AmMB x B 11 -
+a+(y-y)yoo0od~012 (8 Xy =CO0 a where 11 and 12 represent the
gai ns (observer gains) of the disturbance observer 11. Appropriate observer
10 gains 11 and 12 should be selected in consideration of the observation
noi se, nodeling error, etc., so that the error in the state estimte
acquired (cal cul ated) by the di sturbance observer 11 with respect to an
actual value will be stabilized. However, the state 15 estimate acquired by
t he di sturbance observer 11 does not pronptly converge to the actual val ue
sinply by sel ectdasg raghrepddttey olys elaterngaiats fibranthel 2ze Tkacisof ve thi s
problem the reference nodel tracking controller 15 described below in
detail is enpl oyéd®le2d J2Ref direncd Ivbide mirckee kdamg: modriteo| 128 deSle e s
reference nodel tracking controller 15 is constructed to cause the state
variabl e x of tH&alaulpresgontysdinedhshjeador do as & lovifecksingt e vari abl e

xm of the reference nodel 121 without errors. In this enbodi nent, the sum
of the linear i %B’L’i'tCtd'lo,n't Fe WO INFEH SOdC lud PRIHd Ynh e Wkt dic e

estimate @' 5 acquired by the disturhance observer 11 is used as the
control igfput accg]fe trhecca%ec%’ T lol}]tﬁ t BLG q%/,]tl'}?o\fﬁ'eﬁfé%r, Ghe
nonl i near 1 nput Loacquir Vi filterd the nonl i near i nput y. t he

| owpass filter fgé%ols gxge(?%%r%lebaeéi oaﬁbot‘%g Noni | neeaerrelnncpeutmog l%‘rdﬁg 1% to 10

el i m nate chatt ek ngdye n{oqiﬁtlggﬁf%%nlt%%q@rd -is;%&tl?a#l%ue{,r g%c#et}f{ﬁlr@éhl oop of

the control system 1. Accor e con e controlled

object 2 is givepilk actdl, tridterbid (1NailRy -H?fd% Léb?ﬂfércjnlg% il s used

to control the overall behavior of the system while near i nput
ud' is used to eliiiimt encedicintRANGs a2 Eligndiaie dagiaay, fom

nodeling error. The linear input ul is generated by the Iiner 20 controller
14 in acd6rdancé@umthert, heverr drf & ealstrddatved dai theclertr tad £ Wt or 13,
and the control input umsupplied to the reference nodel 121. The error a
is the error inabiraipdt ated ogdrtivalhengeofi st kel veontfimain etheobjeslatciXyni t h
respect to the state variable
table 122, sliding mode control enables the reference:
model controller 123 to realize a higher tracking
performance with less chattering, compared to the case
15 of using linear control.
The error calculator 13 compares the state
variable Xxp (Xp1, Xp2) output from the reference model
121 in the reference model controller 12, with the
state variable x (%7, Xp) of the controlled object 2,
20 thereby calculating its deviation (tracking error)
e. As stated above, the state variables x1, %, that
provide the state variable x of the controlled object
2 are state estimates acquired from the observed
output of the controlled object 2 and the distur-
25 bance observer 11. The error e includes the

error (deviation) ej in the state variable xp3

with respect to the observed output X1, and the



.25 xm of the reference nodel 121. The generation of the linear input ul by
the linear controller 14 is performed using |inear-state feedback control,

t he - 23 feedforward input of the reference nodel 121, and the foll ow ng
equation 10: ul - BT(Xm- Anx + Ke) = BT( (Am+ K)e + Bum) (10) 5 where K
represents a proportional gain that secures the convergence of the error e.
The nonlinear input ud is generated by thel3liding node controller 151. The
sliding node controller 151 perforns sliding node control to reduce 10 the
i nfluence of a disturbance. The sliding node controller 151 is used as a

di st urbance est iematoar (deArisatiitaathi rep fiundthieorstee tus eda thiyalt he 35} 4 diintgh node
controller 151 is given by the follow ng equation that uses the error a and
i ntegral dynam &espects ® Lthe stafjel Marrshlerestimatonk) neafhenput ud
generated by the sliding node controller 151 is given by ud - Ms ign(a) (
12 ) where M refoadeiftls Sy ilndes qpaistrugtedito camese Zthe tstatsuffici ent
if the integral dynam.cs z satisfies the follomﬁn? equation 13. However, it
i s presupposed tREA0th % hetiswi #2hi 8F EbRceErBRreland phaeats eren ti al

val ue of %he swi .t chi ng .f ceﬁi n .a shoul I n_ot her words,

b t t .
the integral dyf&m¢é ﬁfas“aﬁcii/]aﬁedgr?mﬁ&gblzg’ggﬁl e W ue is
identical to th‘}tef%fre%te?:eie %Logferli géﬁtsﬁvgléhnquq:g%art%%]seérl% ebgy;ﬂ%%nﬂp@@{ signis

opposite to the error % makes the
swi tching pl ane ,z8I0+he error e.

To this end, the linear controller 14 in the
control system 1 is designed to secure the conver-
10 gence of the error e in an ideal state in which
no disturbance exists in the controlled object 2.
Specifically, the linear controller 14 is designed
to output (calculate) a linear control input uj in
accordance with the control input u, supplied to the
15 reference model 121 and the error e. On the other
hand, the reference model tracking controller 15 is
constructed to acquire the linear control input uj
and disturbance estimate d' at the above-mentioned
sampling cycle. The reference model tracking
20 controller 15 is also designed to generate a control
input to be supplied to the controlled object 2 at the
next sampling cycle, based on the linear control input
u1, disturbance estimate d’ and nonlinear control
input ugq. The nonlinear control input ugq is the error
25 in the disturbance estimate d’ with respect to the
disturbance d actually added to the control input u of

the controlled object 2. The reference model tracking



Z = +Xm+ Anx + Bu - ud + Bd" - -Ame - Bum+ Bu - BMsign(a) + Bd' (13)
Furthernore, as can be understood fromthe 5 equation 13, the integral
dynam cs z includes the dynam cs (coefficient matrix) Am of the reference
nodel 121. Fromthis, it can be understood that the integral dynamcs z
serves as a kind of nodel tracking control. Fromthe above, the
differential value of 10 the switching funktdion a is given by a = a + z =
-Bd' -BMsign(6) + Bd" <Bd -d Il - BMsign(6) (14) As is evident from
equation 14, it is necessary 15 to determ ne the nonlinear gain Mused to
generate the nomsioni@arl ligput> udmginieresye dquatdson flidtdm Idohsideregian of
the error (estimated error) in the disturbance estimte d acquired by the
di sturbance obs&MPERIEE Wit anekpeidenso ke andtifbarise well 25 The | evel of
t he i nput (nonline [ nputd}é used in the sliding node controller 151 to
actual |y conver g“‘él%rjrélgst% sontre ldék ol & djﬁﬁ%rtlk}eq o-} H &R EHI Mg

pl ane is ach|red To this end, V.= 62 /2 |s use Ly noyg% nction
candi date. If t K& 6@W§@92§qﬂﬂﬁﬁq t4QQQQ%P he'¥ ation 15,

the contr syst ot| ally bilized: V = 6 <

equati on %4 IS co%clhnlea e%s equa |°lon fiéz%et heerror 925"’1n Oé}|vﬁ'lﬁ]h%g]§%uatl on 16
is acquired: V 3 I rﬁ@g to realize
the sliding m)deZ qéltr?gr# Fénrce!)énr c%lael) n }%l (dayt]riaasrgl es g]IL oW ng
equation 5 17 i %d%f‘elreqtf%d ‘ezt ed’ as( e %%rﬁﬁrblbelrﬁg%r $1oPd L om

equation 17, the anplitude of the ndnlinear gain Mcan suppr essed
conpared to the ea%edAf1dpioty i 2, Rvdiirdanage Gurdhd by iher use of the

di sturbance estinmate d' acquired by t he di sturbance observer 11, nore
specifically, bydtedlsdmfut()du- of )theAsl ihd@swWdnt©diatd:ering et he main
10 output (nonlinear control input) ug' of the lowpass
filter 152, and the disturbance estimate 4’ acquired
(calculated) by the disturbance observer 11. The
sign of the liner control input uj is opposite to that
of the nonlinear control input ugq' and disturbance
15 estimate d'. This means that, in the embodiment, ug'
and d' are beforehand subtracted from the control
input.
As described above, in the embodiment, the
control input supplied to the controlled object 2
20 at the next sampling cycle is generated, using
not only the linear control input uj but also the
disturbance estimate (input) 4’ as an input for
offsetting disturbance, and the nonlinear control
input ug' as the estimate (disturbance estimate error)
25 of a disturbance component that cannot be offset by
the disturbance estimate. As a result, even if the

controlled object 2 contains modeling inaccuracy,



.l oop.of the control system 1l can be prevented. Furthernore, in the equation
13, the initial 15 value of the integral dynamcs z is set as given by z(0)
_ -¢e(0) ( 18 ) The above-descri bed control enables the conbination of the
sliding node controller 151 and integral dynami cs 153 to be used as a
sliding node 20 controller with no reaching phase. As a result, control of
hi gh robustness can be realized. In the enbddiment, to determine the
nonl i near input ud used to estinate a disturbance, the sliding node
controller 151 is conbined with the |owass 25 filter 152 for preventing
chattering. To dHtsiibenade etond i receed iggnitrald, pehEoredmye femetheon as
given by equation_12 is not use, but the acceleration - 26 reaching rule
as given by the ¥@HSRh@Peguatad oivsiten streseffon prebi@rhamee chatteri ng.
Alternatively, to prevent chattering, the previously nentioned snoot hing
function (see equati oft%)SHedihe TS | st reklen %%}e’ BS8F | d2Pigd node
controller 123. ud =.Ma~~ s i, gn(ay 0 < ~3 <1 (.19 ) If the control input
ud acquired fromEdiEHHh TG e dRs MY &F RF tHRor SRR et @ee of the
state varizabl e i.ncreased when the_state of,the 10 controll ed object
2 is at a-long &?’s%t Sﬁacrel rloem%haec%%]fec{i%o%lihee.l%‘?q}ﬁ%]r,O?%Fllmjec? he

vel ocity of con\iq:;:ger}qleeljesoj %ﬁ%}f%{g%ﬂg‘i%‘%ﬁf éhr?orijgﬁl%m ng pl ane,

the degree of chattering I romthni oi nt". € advant age

of the seek contiiluSySicl ik BMEL sk drdyendeatdged Oy the

reference nodel tracking control system 1, escri bed using

sinul ations. Thenser rdded oieclowy fefesencs nopghi d2deysgd in the
simul ati ons are expressed by the 20 followi ng equations 20 and 21,

rggpegt |1 vgly: O hli gh-(Erequency &onsbi¥) froW3d nosDEn&HP0HRO0Y, ul <3500
(20) 10 The nonlinear input ugq from which a high-frequency
component is eliminated is represented by ug'. In
sliding mode control by the sliding mode controller
151, it is generally necessary to observe all states
(state variables) of the controlled object 2.
15 Actually, however, it is impossible to do so because
of problems concerning, for example, sensors.
Therefore, as described in the prior art document,
the sliding mode controller 151 is combined with the
disturbance observer 11 to utilize the disturbance
20 estimate d' and state variable estimate Xy acquired
from the disturbance observer 11.

However, in a system in which the level of noise
of the observed output is high and/or a large modeling
error occurs, the disturbance observer 11 often .cannot

25 accurately estimate a disturbance component or state

variable. In the embodiment, to realize more accurate

estimation of a disturbance component than in the case



Pm(z) xmO O xm+ 50000 um (21) um <3500 25 The controlled object 2
expressed by equation - 27 20 is an actuator (head actuator) driven by a
voi ce coil nmotor enployed in the magnetic disk drive. The controll ed object
2 is basically defined as the basic second-order |ag nodel shown in the
Bode diagranms 5 of FIGS. 3A and 3B. In addition, the object 2 is defined to
have the external disturbance d and to havk6restricted range of inputs. On
the other hand, the reference nodel 121 given by equation 20 is a nodel
formed of sinple integrators that conprise a 10 solid node having the
characteristics cdhowing the Bofuthanransoodér®iGSl 1 AARadrdBrdnis node

is enployed to facilitate designing of the reference nodel controller 12

i ncl udi ng the r&Qsteinder a1y [eontmpel ¢efk? dreel oime| inbagnat alidinger
function 15 for limting the range of inputs supplied to the controlled
object 2. Thus, e % W RO tRLake: r Foe eheeddRbl tracki ng

cont ol | ot ob] ect! B AR G drehcl nhiAs 1916 grYERs 2ol t9VRgR  on 21-
is included. In_thjs se,, ,the cutoff frequepcy of the. djsturbance observer
11 is set %to, folrgye'xa%? Sthio "f—%rc%?f ctb}h%?ﬁ%f%%/?%ﬂe oAb LERGRHIE, act ual
observation noi t , e sl|.|di ntroller 151 and e_| owpass
filter 152 are %nu{ﬁlll}gj_lf%rasde%ﬂe?i_n%]%%éjfh%ﬂsﬁﬁ}%?n%o%d%o%%ﬁ?%ﬂ%ﬁr i nput
ud. The accel er g ahdBacii Nghd W S METhEY L9448k £0a £ 851 So HSEHe 1 O SUppr ess

t he occurrence of - 78 chattering. Concerning a case where a di sturbance
d with a frequengtiofatldQ, At dd PhtdPPal SsPRih ek
control in which the head<¥z“ﬁgggd by 1000qg§Iind%$§ at a saﬁ%ﬁ?%ﬁg
frequency of 10 ddwtmngls insithd aleshuf e SesBindt@nd’ Sashow-s@ssits of
the sinmulation, i.e., changes with tinme in the head position (Xm ) of the
ref erencé Onpndel thl distutimimadhvedoct y1{ XnR)uoédt heThef ecenisenabteh 121,
in the actual head 10 position (X1) of the controlled object 2, and in the
actual head vel cgiablgXDheofrafareoore muded ohieking, corspetievel §.

Further, FIGS. 9, 10 and 11 show changes with tinme in the |evel of the
control input (9 Mefve He stefurtaice thrdelcarpaidens torly ebed e@froheins

actual control input, (u f the controlled object 2, and in the | evel of
nonl i near inputFﬁﬁmﬂ%ﬁﬁ?%ﬁ%ﬂQﬁn%ﬁ?&ﬂawﬁ'%@&P%@?@HQ@ HodledtpreFornee 151

i.e., the nonlinpear input. ud' .acquired through the |owass filter 152),
ﬁespecti vely. 26’%&3‘1&){?%1{ YE- eT‘?tnetod s%"??‘aajri‘\fﬁgs‘?‘hﬂﬁ@e 12 :

i ndi cat e ,ghange ith tidge in e level of the disturbance d. d -
ext er nal “di st ur E’g\#élee "Bd IrJrHBlrrén e‘%glhﬁzgt%lfer St A5G S Act bl ?Vﬁbﬁ&%d"?o t he

o Pauy The b ) Sslnfled 1 0pd, Sy hancer o g
broken line and 3@l it dtu¥dritd|dBsdidrdndi cat epehangese Wt hihi PR
embodiment, only the nonlinear input ug, included in
the control inputs supplied to the controlled object 2
20 in the prior art and generated by the sliding mode
controller 151, is input to the controlled object 2
via the lowpass filter 152. As a result, chattering
can be suppressed without significantly reducing the
robustness of the sliding mode in the whole system.
25 Further, integral sliding mode control by the refer-

ence model tracking controller 15 enables robust

control even in an initial response in which no



- 29, in the level of the disturbance d' actually applied to the controlled
object 2, and in the level of the sum (actual disturbance estimate d +
ud') of the disturbance estimate d' acquired by the disturbance 5 observer
11 and the disturbance estimte ud' acquired by the reference nodel
tracking controller 15, respectively. As is evident fromthe characteristic
shown in FIG 12, the disturbance observerlll esti mates 10 di sturbance
values in slight retard of the actual disturbance val ues, because of the

i nfluence of the cutoff frequency of the observer 11. In other words, the
di st urbance obsemaahihly ¢gdessenatximarsf.or m accur ate di sturbance estination.

I f the disturbance estinmate 15 acquired by the disturbance observer 11 is
fed back as the cont doldadspuitptioon el comawlbediohgreot 2letth stsirdfince
cannot conpletely be elimnated, with the result that the state of the

ref erence nodel t%‘?l rE4RTen G dple | B asek inda cdaad r oflo saadiadn ttiawn tie 20
slidi ng node cog&roller 1§ég§stinates, as showmn in FIG 11, the errors
occurring in thé&-stur bah@E dbserihs TRLFHANGR MAdRlurdsaHe 8ty ki on, and

corrects t5he di st.urbance estinmates as .indicated by the solid line of FIG

13. 25 In“the above EORNK iCRFeTiRE il @iy GRode Mg HERCking i zes

the accel eration,r i r e.i.nstead aof .a relay fungtion, to determ ne

the - 30 nonl%lorrllgt?rglll%utl u&”Tlg‘r oF ﬁadrtblé’ncogesecystﬁ ih. ChRR Ui e the

robust ness near the sw i I i ightdy r ced. Specifically,

over shooti ng occurs aqﬁéa%c}lu%&&@feslezcﬁ#%el%rls bance estimte 5

(indicated by the solAdbirditle s tndesaretcafioe aftdplodi of ubance val ues
at, [

(indicated by the broken line). After t owever, can be under st ood

that the referersprméeld L1 tre tfAQkRA Y tdnaldmst, no delay, conpared to
the caseigf FIG 12 where 10 only the disturbance observer 11 is used.

Further, chattering due tq_the sh%q%ng1 de control system can be
sufficiently preventqg)by fhe EOnbiTHhL of the sliding node contr?gger
151 utilizing the acc et 4t i on rriyal rule, and the lawpass filter 2.
That is, 15 no chattering ‘occurs evén in changes in the control input shown

in FIG 10 (cha iR the current supplied to t.he vaqice coil notor). As
af or enent i oned, u’?%zree%ar%cea(r}rled;ltcegfeqrﬁpégo%lfﬁ% ]aeﬁﬁ: ORF TRttt i on of
chattering are i-gpacihadeoff,relati enshifn | he iqrul ation, the
sliding node cont rnolel er I51 S\}/gg,tedési nglreyéﬂdt oW C%I iozl“lgt%‘#e ’acrgeeﬁpeerdati on

eaching rul e RNEIRG QTRNGSS AR YO 00 B hALLAL i FRYENEL - 1

the sliding node confroller 151 utilizes a rela ion,

al | owabl g5t 0 t aketlkiig 2%sprddiakar, forrdasiani ng 40 J omassdid ter 152
and to slightly increase chattering, overshooting in disturbance estimte
can be inprovedcontroll infruamarie ctlaeneratesartiging nespdd ofe sy mulat i on,
represents an external disturbance applied to the
| input terminal of the controlled object 2 with the
same measurement range as the control input (i.e.,

20 added to the control input u), and x represents an
internal state variable (in this embodiment, the head
position). % (i.e., x with mark ":") represents the
differential value of x (in this embodiment, the head
velocity). u and d have opposite signs.

25 The reference model 121 is expressed by the

following equation:

Pn(z) ¢+ Xy = Apxp + Bup (2)



it can be understood that as a result of accurate disturbance estimation,
the position and velocity of the controlled object 2 shown in FIGS. 7 and 8
can 5 very accurately track the position and velocity of the reference
nodel 121 shown in FIGS. 5 and 6, regardl ess of the existence of

di sturbance. Thus, in the enbodi nent, a robust control systemfree from

hi gh-frequency chattering capabl e of nore I&curate 10 di sturbance
estimation can be realized by conbining the conventional disturbance
observer with integral sliding node control. In the above enbodi nent, a
reference nodel tracl@lsngesmtited sisiven Uded faferersee knadal rigl system 15
in a magnetic disk drive has been described. However, the present invention
is not linmted modeli ohtmined vy sipinlddling dre comtiroll ldtameddiat
contai ns unpredi ctabl e events such as disturbance. Additional advantages
and nodi ficati ods whSISURG tdadi lay meskadring atisse exididteddtivadre Hre
Therefore, the invention in its broader aspects is not limted to the

speci fic det ai | §°83d Lcdsids 8Rtatings dnise@ dent s Whdki b tosdrli et her ei n.
Accordi nglLy, various nodifications may be nmade w t hout departing fromthe
25 spirit or sc&PESIAeTRE &i‘ﬁ’égﬂhq (RPETEA e bRt tas? RATTRRP B e
appended cl ai ns _.and,t hei r. equi val enf s. -.,32 WHAT IS CLAIMED1S: 1. A
ref erence nodeltprg iﬁ&%ﬁﬁ%ﬂ%ﬁ mﬂiélﬂﬁ%%nh%ﬁHQﬂﬁhrﬁqﬁ;%f?ﬁﬁﬂ%%ﬂ i nput
supplied to a ¢ [0l bj . ; erVel tp f, the
controlled 5 ob?g%s%gﬁﬁgggﬁéﬁgéﬁkggﬁggfﬁg{Q%”?e a@?%ggﬁgb g% 3%5% t he

control input ofcidaa ie@ntr@ldred 0hjact iagﬂqr%tﬁg& Qpsigy thget en%’én%éej%si he

control |l ed object being nodel ed ﬁblng a stat'e equation, ence val ue

being a desiredurahye rahglch@ OhsR Ve AULRI n 1 L HIPIH K Nekt by £ di sturbance
observer configured to estinmate a di sturbance added to the control i nput,

and an i noer nal ddtsa@batidedl eref rdir1GonY ratded Qhj-gotx ata@ By edet er mi ned
sanpling cycle, based on the control input and the observed output of the

control l ed 15 obkjoddecttive 1¢i stadrdhakee aandHaelisthemmlcstat eorvatiabl e
estimated by the disturbance observer being output as a disturbance
estimate and a svatgotdeidalolg esdt i2vat dcacesientliwelaquat i®f e exere nodel as
a sinplified ideal nodel 20 of the controlled object, the reference nodel
bei ng confi gur e®et &<Pdas€a Widihe thee £dutpuitnt rFuasperdidhy to t he observed

out put of the controlled object to track the reference value, and the

reference nodel outpukt&ng, 89 Burefmrence giatepwaki@blen an internal 25
state valbabl e ®z)t:he reference nodel acquired during tracﬁing of the)

reference value; an grror calculator configured toycalgul ate an - 33
error in the state variable estinmate and the observed out put of the

control | ed object w tihe esfRaterdde itidefesenNes) Sdat B2 vahié Bl Bag aché near
controller configured to generate 5 a linear control input for converging
the error cal cukratfedehyet mederlr dr2lc axpdeatsard landequation 2 has a
controller for controlling the reference model 121 to
cause the state variable xp1 of the reference model
20 121 to track the reference value (reference input) r
without errors. To design this controller, it would
be advisable to consider a transient response such as
overshooting. In this embodiment, for facility of
designing and enhancement of performance of tracking
25 the reference value r, the sliding mode controller

123 utilizing the velocity table 122 is employed.

Assume that the value (desired velocity) in the



.a reference nodel tracking controller configured to generate another
control input supplied to the controlled object at a next sanpling cycle,
based on 10 the linear control input, the disturbance estimte and a

nonl i near control input, the nonlinear control input being an error in the
di sturbance estimate with respect to a disturbance actually added to the
control input at a present sanpling cycte.l35 2. The reference nodel
tracking control systemaccording to claim1l, wherein the reference nodel
tracking controller includes a calculator configured to subtract the

di stur bance est ivedtoesignd tabel endrfld nearreqrdrtdiing nputte csmtde & near

control input, and to 20 generate the subtraction result as the control

i nput of the comarsldsantsy ot xat. t e mbatshpiddry diiod eeror The T=f erence
model tracking control system according to claim1, wherein the reference
nodel tracking ¢ AU imdhsiedatsivadiimp bdeesshtpas dekors gy of
reference nodel tracking, the sljding node controller being configured to
estimte the err i%ﬁ%@%%%ﬂé&%éﬂ%t@?ﬁ?ﬂﬁ the Ehe oretarifat ed by

- 34 the.error _calculator, the cantrol input_of the controlled object at
the preseit sanﬁﬁq‘r‘l’ge c%s TEhPITHE ATt Frbarc® e st et B O i tRE R at e

the estinmated eryor__as .the nonlinear, ntrgl inpput. 5 4. The reference
nodel tracking é{?ntarno & stsrekrﬁ aecérc?rrdiaﬁj etoabqaa[{]rﬁ%’l,o%@)ei’ﬁﬂ%h sHi%i ng
nmode controller f f | thacking utillzgs, ot ggr pam cs for
a switching pl angffrege%fﬂéé%%e él?ngz?_é rFrD erg‘{l?ca%kllrlr% con‘%)éraoergs(sést%}rlﬁ 10
according to cl aimdngheIs %oﬂﬁ%lrfé‘xerlez@el,@e&eﬁ nagking control | er

nat e

includes a | owpass filter configured to elim a high frequency
conponent from the nogl i Bea, c.o;afn&ol i nput generated by the slidinggpde
controller for reference 15 nodel tracking; and the reference nodel

tracki ngléontrol | er Besthemnonthiaemnicomanlinpputu.ganesad esh byhéhe | owpass

filter to generate the control input supplied to the controlled object at
t he next sanpli egicydng 0d.tithes roef ertencel inbided Modckihqusadtaol system
according to claim1, further conprising:
the control input of the reference model 121. 1In
this embodiment, the sliding mode controller 123 is
constructed so that the nonlinear input up, given by
15 the following equation 5, is generated in accordance

with the error op:

_ Om

Uy = q7—F/— (5)
lom| + o

where g represents a nonlinear input gain, and o a

20 smoothing ratio. If a is high, the nonlinear input
Uy 1s more smoothed to reduce the degree of chat-
tering. However, if o is high, the robustness of the
sliding mode is lost. Accordingly, o is determined
from a tradeoff between the required smoothness and

25 robustness. As is evident from equation 5, in the
embodiment, a smoothing function is used, instead of

a relay function, as a function for determining the



.a desired value determ nation unit configured to determ ne a desired val ue
corresponding to an error in the reference output with respect to the

ref erence 25 val ue and al so corresponding to the reference state vari abl e;
and a sliding node controller for reference nodel - 35 tracking
configured to generate a nonlinear control input to be supplied to the
reference nodel, using, as a switchingfundtion, an error in the reference
state variable with respect to the desired value determined 5 by the
desired value determ nation unit, the nonlinear control input meking zero
the error in theondfiercencenpiat ey iy ablee.sddithe moefeercenteraiddal 1233cki ng
control system according to claim®6, wherein: 10 the reference output, the
ref erence val uethelrebiyebeeymend istoattd ey arefaremcand ttate desiiradd evafuef
indicate a position, a desired position, a velocity and a desired velocity
of the referencéhfodeifereasseaded] 2 lafdors qhed teaginged val ue

determ nation unit includes a velocity table which holds desired velocity
val ues correspondi ng {9 STREREAGE OBTESET Heldld position errors, the desired

val ue determ nation ynit deterni ning sired val ue indicating the desired
velocity 20 of the rgfée%éﬂﬁfé,&ﬂ%%c@wqw R&ror in the
position of the (. I e, model . i ndi.cated, by the reference output, with
respect to the é‘%iftr%é:g)g%&e’l tol%ésneréffert ﬁ@ r egésredﬁe ecrrﬁ%aéf aiebr?dfedatjetg J‘o%/ t he

ref erence val ue : t c in i nal te variable of a
control | ed obj egf%?gétaécg%a%%% gveen?glsest a Ogl%vas{gag%i g),f ?h%elcﬁr} ornozl‘ngepd

between a contrgbyect 36 qudiRYt <afi dibgy q@;eg%ereg:ldrﬁg:oqb‘j eql.+and an observed

out put of the confrolled object being no using a state equation, the

reference statenvakivall, e ikeiiRg AFfittAMHo HAlR varmablerHe a 4ref erence
nodel as a 5 sinplified ideal nodel of the controlled object, the nethod

conpri si bg: est obBkirvgra fdirstagdiance mddet ta:dthe ieontded . | nputshand t he
internal state variable of the controlled object at a predeterm ned
sanpl i ng cycl e, eibobiasedton thire faonttrian iafputhearbddrerahsier wed-endquit  of
the controlled object, the estimating the internal state variable including
outputting the &otesgtiodtd ot Wisdwodaame tdfe tdet iqmattecblilvdkrataectt at e
variabl e as a disturbance estinmate and a state variable 15 estimte,
respectively; 2. Specifically, the disturbance observer 11 employed
in the embodiment has a function for estimating a
15 disturbance of the controlled object 2 and the state
variable of the object 2. In the embodiment, an
augmented system is presupposed in which the distur-
bance d' is treated as one of the state variables of
the controlled object 2. Assume first that the
20 disturbance d' satisfies the following equation 6:
d'= 0 (6)

In this case, the equation of state used in the

augmented system is expressed in the following manner:



.causing a reference output of the reference nodel to track a reference

val ue, the reference output corresponding to the observed output of the
controll ed object, the reference value being a desired value of 20 the
observed out put of the controlled object outputting the reference state
vari able of the reference nodel used to nmake the reference output to track
the reference value; calculating an error 34In the state variable 25 estimte
and the observed output of the controlled object with respect to the
reference state variable generating a Iinear control input for converging

- 37 the error calcu ated % E ulator; estimating an error in
t he di sturbance esti " sp % dlsturbance actually added to
the control input of B oIIe gde t a 5 present sanpling cycle,
based on the error in s ate var+ s i mte and the observed out put

of the controlled objlect with fespect to the reference state variabl® the
control input at the |present nblfi ng cycle and the disturbance estimte,
the estimating the 10%¥r¥ iﬁ <§ di st urbance estimate including
outputting the estineted error a nonlinear control input; and generating
anot her control input supplied to the controlled object at a next sanpling
cycle, based on the [Theestadontesdlinatpian Turctdiot wbarive @bifutanend 15
the nonlinear control input. 9. The method according to claim@8, wherein

t he generating Pﬁée68ﬁFréﬂ ithg Tadahede d heumuaman Ryl 1516 M tis incen
estimate and the nonlinear control input fromthe linear control input. 20
10. The thod &cording to claim8, wherein the sliding node control is
execut ed for estlnatlng the error in the disturbance estinmate, and integral

dynam cs is used for Rlnglyla % B 1
. NEIRE (y = 9
ar 0 o|lqa 0 1

where 11 and 1, represent the gains (observer gains)
of the disturbance observer 11. Appropriate observer
10 gains 17 and 1, should be selected in consideration of
the observation noise, modeling error, etc., so that
the error in the state estimate acquired (calculated)
by the disturbance observer 11 with respect to an
actual value will be stabilized. However, the state
15 estimate acquired by the disturbance observer 11 does
not promptly converge to the actual value simply by
selecting appropriate observer gains 11 and lp. To
solve this problem, the reference model tracking
controller 15 described below in detail is employed.
20 [Reference Model Tracking Controller 15]
The reference model tracking controller 15 is

constructed to cause the state variable x of the



.11. The method according to claim8, further 25 conprising elimnating,
using a lowpass filter, a high-frequency conponent fromthe nonli near
control input, the high-frequency conponent bei ng output when - 38 the
error in the disturbance estimate is estimted, and wherein the generating
the control input uses, for generation of the control input, the nonlinear
control input whose high-frequency conpo 22Zent has been .elimnated by the
| owpass filter. 12. The nethod according to claim@8, further conpri sing:
determ ning a desired val ue corresponding to the error in the reference
output with respecttrod ' tdie) dcef e enc e neatkiecheanct sl es oraparatEispaggdi ng to
the reference state variable; and generating a nonlinear control Tnput to
be supplied to tdfe thef ersdleeenmadelqdalsilyy, vbstmEwiddureg f uircttilog an
error in the reference state variable 15 with respect to the determ ned
desired val ue, tHPogEREedIfofiUhed; Wontirigleampuputaking tAe o the error
in the reference stgte variable. 13. The nmethod according to claim 12,
wherein: the refOREIACIFuiRRUL tthie rasid g diaiWdange 9fd ieFtes efice state
vari able and the desire vaIL}Lte ic[;i?sitfa e a position, a desired position, a

velocity and a GEHHEEYA0ERY Gt YRjdell 1s used as the
control input u of the controlled object 2. Actually,

however, the nonlinear input uq' acquired by filtering
the nonlinear input ugq by the lowpass filter 152 is
used instead of the nonlinear input ug. This is to
10 eliminate chattering due to the nonlinear input ug
from the main loop of the control system 1. Accord-
ingly, the control input u of the controlled object
2 is given by
u=u] +uy+ d (9)
15 The linear input u; is used to control the
overall behavior of the system, while the nonlinear
input ug' is used to eliminate a disturbance or
eliminate inaccuracy from modeling error.
The linear input u; is generated by the liner
20 controller 14 in accordance with the error e calcu-
lated by the error calculator 13, and the control
input up supplied to the reference model 121. The
error e is the error in the state variable x of the
controlled object 2 with respect to the state variable
25 Xm of the reference model 121. The generation of
the linear input uj; by the linear controller 14 is

performed using linear-state feedback control, the



.respectively; and the desired value is determned, referring to 25 a

vel ocity table, in accordance with an error in the position of the

ref erence nodel, indicated by the reference output, with respect to the
desired 39 position of the reference nodel indicated by the reference

val ue.
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uq = Msign(o) (12)
where M represents a nonlinear gain. In this case,

20 it is sufficient if the integral dynamics z satisfies
the following equation 13. However, it is presupposed
that both the switching function ¢ and the differen-
tial value of the switching function o should be set
to zero. 1In other words, the integral dynamics =z

25 represents a value whose absolute value is identical

to that of the error e used in equation 11, but whose

sign is opposite to the error e. That is, the



.10 10 10 <10%& ()-! ."10%"& ()-& " ."10%& ()-&Jj. b z[9{\=!s 1109BB& () -]
D10%& ()-sS 109%& ()-s!sS 10%& ()-s!s!10% ()-F !'s!'109%&' ()-F ' }[M?1 10
10 10! . "109& ()-9! . "10% ()-9 3%10% ()-y! 3%U10%& ()-ys !10%& ()-]
"aBwPl 10 1l 109 ()- @109 ()-! @10% (& ()-
109 ()-109%&' ()- Y10%&' ()-MBi 7] 4n}[ <w?1l
10L3% 109%&' ()-y!'L3%W 109 ()-y s!10%B& (9 -4 s!-10%' () -y X'10%& ()-n! X"'10%
"& ()-nn=rS1!'| ! 10%##& ()-f10%& ()-Y10% ()-M 10

integral dynamics z makes the switching plane zero.

Z = Xy + Apx + Bu — ug + Bd'
(13)

-~

= —-Ape — Buy + Bu — BMsign(o} + Bd'
Furthermore, as can be understood from the
5 equation 13, the integral dynamics z includes the
dynamics (coefficient matrix) Ay of the reference
model 121. From this, it can be understood that the
integral dynamics z serves as a kind of model tracking
control. From the above, the differential value of

10 the switching function ¢ is given by

6 = &+ 2 = -Bd-BMsign(o) + Bd'<B

&—dﬂ—-BMsigMo)
(14)

As is evident from equation 14, it is necessary

15 to determine the nonlinear gain M used to generate
the nonlinear input ug given by equation 12, in
consideration of the error (estimated error) in the
disturbance estimate 4’ acquired by the disturbance
observer 11 with respect to the disturbance d'.

20 The level of the input (nonlinear input}) used in
the sliding mode controller 151 to actually converge
the state of the controlled object 2 to the switching
plane is acquired. To this end, V = 62/2 is used as
a Lyapunov function candidate. If the Lyapunov

25 function satisfies the following equation 15, the
control system 1 is asymtotically stabilized:

V =06 <0 (15)

If equation 14 is combined with equation 15, the
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Accordingly, to realize the sliding mode, the
nonlinear gain M that satisfies the following equation

5 17 is selected:

M > |d-q (17)

As can be understood from egquation 17, the
amplitude of the nonlinear gain M can be suppressed,
compared to the case of using only the disturbance 4',

10 by the use of the disturbance estimate d' acquired by
the disturbance observer 11, more specifically, by the
use of (d’ - d'). As a result, chattering in the main
loop of the control system 1 can be prevented.

Furthermore, in the equation 13, the initial

15 value of the integral dynamics z is set as given by

Z(0) = —e(0) (18)

The above-described control enables the
combination of the sliding mode controller 151 and
integral dynamics 153 to be used as a sliding mode

20 controller with no reaching phase. As a result,
control of high robustness can be realized.

In the embodiment, to determine the nonlinear
input ug used to estimate a disturbance, the sliding
mode controller 151 is combined with the lowpass

25 filter 152 for preventing chattering. To determine

the nonlinear input ugq, the relay function as given

by equation 12 is not use, but the acceleration
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reaching rule as given by the following equation 19
is use for preventing chattering. Alternatively, to
prevent chattering, the previously mentioned smoothing
function (see egquation 5) may be utilized, as in the
5 sliding mode controller 123.
ug = MoPsign(o) 0<p <1 (19)
If the control input ug acquired from equation
19 is used, the velocity of convergence of the state
variable can be increased when the state of the
10 ~controlled object 2 is at a long distance from
the switching plane. Further, since the velocity
of convergence is reduced in the vicinity of the
switching plane, the degree of chattering is reduced
also from this point.
15 The advantage of the seek control system in a
magnetic disk drive, realized by the reference model
tracking control system 1, will now be described using

simulations. The controlled object 2 and reference

model 121 used in the simulations are expressed by the

20 following equations 20 and 21, respectively:
0 1 0 0
X = X + u + d
P(z) 1 - 63165 — 302 50000 50000
| 9| <3500
(20)
0 1 0
Xy = Xm + a
Pp(z : 4™ o ol ™ |s0000| ™ (21)
| T | <3500

25 The controlled object 2 expressed by equation



210" 10" 10" &(3"10% " & ()-!&(3"10%PP& () -! &(3"10YKKE& ()-19"10% "& ()-F
] -k-g->..3/ 10} <M=
101 &" 109 ()-1) & 109& ()-1!. & 10%H& ()-1!8&" 10%& ()-110% ()- Y10% () - MLO
C1?222222}oP= 10!'! & 10%ML 0% ()- 10'' 10
10" 1&"10% ' & ()-11 & 109K ()-1!&" 109 ()- 12334455} [ <P=
10! ""109& ()-y! "109%&R' ()-y s!109& ()-f!-s!20% ()-f 10%&k ()-!n
10% " & ()-566677DBE8z[9+= 10'Y 7' 10%& ()-L.!'10% & ()-f!L.!'109%& ()-fL3%
"109% & ()-f!1L3%"109%& ()-f!L3% "109XX& ()-f EBF8GBNBILI9S: a?=
10! " s 109 () - YO §!s1 @R a@tua thY& head iactRtA0& )( )dnimdd | Ja i ck0S: : ; Q
<V<, =}A<?= 10119, "109%&' ()-y9 % 109K ()-y!9
9% 109%&' ()-yLt! 10%Y potor HovBRYed -im the magnetic disk drive. The
k10%&' () -.=h======>>uS40M 109%2& ()-!| M 10990& ()-m 0% ()- 10 10 10!3
7109%& () - 9. " 109l rrgRRIearSA0 1izvsorie () Ly 1degdineshe g Jtife bagwy () -f°
N!lO%&f()-!‘N!lO@@f@?-{ s10%&' () - ABCCCC$CWCCr S10!n 10%"& ()- N
310%&-()_ynn0%&sepp ﬁgorder lag model shown in the Bode diagrams
5 of FIGS. 3A and 3B. 1In addition, the object 2 is
defined to have the external disturbance d and to
have restricted range of inputs. On the other hand,
the reference model 121 given by equation 20 is a
model formed of simple integrators that comprise a
10 solid mode having the characteristics shown in the
Bode diagrams of FIGS. 4A and 4B. This model is
employed to facilitate designing of the reference
model controller 12 including the reference model
121. The reference model 121 has a limiter function
15 for limiting the range of inputs supplied to the
controlled object 2. Thus, the embodiment is directed
to the reference model tracking control system 1 in
which the model given by equation 20 is used as the
controlled object 2, and the reference model 121 given
20 by equation 21 is included. In this case, the cutoff
frequency of the disturbance observer 11 is set to,
for example, 600 Hz in consideration of, for example,
actual observation noise. Further, the sliding
mode controller 151 and the lowpass filter 152 are
25 utilized for determining the sliding mode nonlinear

input ug. The acceleration reaching rule given by

equation 19 is used to suppress the occurrence of
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5 simulated.
FIGS. 5, 6, 7 and 8 show results of the simula-
tion, i.e., changes with time in the head position
(Xp1) of the reference model 121, in the head velocity
(Xm2) of the reference model 121, in the actual head
10 position (Xj) of the controlled object 2, and in the
actual head velocity (Xp) of the controlled object
2, respectively. Further, FIGS. 9, 10 and 11 show
changes with time in the level of the control input
(up) of the reference model 121, in the level of the
15 actual control input (u) of the controlled object
. 2, and in the level of nonlinear input acquired
(calculated) by the sliding mode controller 151 (i.e.,
the nonlinear input ugq' acquired through the lowpass
filter 152), respectively.
20 Further, the broken line and solid line in
FIG. 12 indicate changes with time in the level
of the disturbance d'.(Bd' = external disturbance
Bd + modeling error [Ap-Alx) actually applied to
the controlled object 2, and in the level of the
25 disturbance estimate d’ acquired by the disturbance

observer 11, respectively. Similarly, the broken line

and solid line in FIG. 13 indicate changes with time



101 $9D "10%& ()-5!')9D "10%& ()-5'310%& ()-T L10%& ()-!'Y @O0%bb& ()-!+Y
@0%&' ()-[\5]S]TIUV]]]}oP1!l 10!$9D "109% & L0%&' ()- 10 10 10! 9D
"109% ()-5!)9D "109W\&' ()-5'9D "109%& ()-5]] (" ~"~& a?Pl! 10'$'L@10%&k ()-F
&10%&' ()-3 f1098& ()-F 109 ()-s!10%&k ()-!3 109%&k ()-__ " * Z " z[<Pl! 10'F
+109%&' ()-F "109%8& ()-!'9!"109%& ()-!'p9! "10%7& ()-! T "10%& ()-3
10%' () - .abaaabbbb”PB4! 1 10 10 10! 93 ¥ 1M@& ()-k!93 "10%&' ()-k<
110%&' ()-3 @10% ()-9 -!10%& ()-bbvc>ddCeezX6PB4! 1
FL"10%=& ()-!L"10%& ()-!
L"109& ()-!L"10%& (Dhd I'sh@IR of) -l (b aefe giyg g&dthoPll f applied
&MLOY&' () - y&l0o%&' ()- 10 10 _ o
10! 9' "109%& () - 3'8 "thE& QNI ed @) Ot I-h@rith5in ititeBoRIvEL of the
sum (actual disturbance estimate d' + ugq') of the
disturbance estimate d' acquired by the disturbance
5 observer 11 and the disturbance estimate uyq' acquired
by the reference model tracking controller 15,
respectively.
As 1s evident from the characteristic shown
in FIG. 12, the disturbance observer 11 estimates
10 disturbance values in slight retard of the actual
disturbance values, because of the influence of the
cutoff frequency of the observer 11. In other words,
the disturbance observer 11 does not perform accurate
disturbance estimation. If the disturbance estimate
15 acquired by the disturbance observer 11 is fed back
as the control input to the controlled object 2,
disturbance cannot completely be eliminated, with
the result that the state of the reference model 121
cannot accurately be tracked. To avoid this, the
20 sliding mode controller 151 estimates, as shown in
FIG. 11, the errors occurring in the disturbance
observer 11 during disturbance estimation, and
corrects the disturbance estimates as indicated by
the solid line of FIG. 13.
25 In the above simulation, the sliding mode

controller 151 utilizes the acceleration reaching

rule instead of a relay function, to determine the
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nonlinear input uyq for disturbance estimation. There-

fore, the robustness near the switching plane is

slightly reduced. Specifically, overshooting occurs

at about 0.002 sec in the disturbance estimate

5 (indicated by the solid line) with respect to the

actual disturbance values (indicated by the broken

line). After that, however, it can be understood

that the reference model 121 is tracked with almost

no delay, compared to the case of FIG. 12 where

10 only the disturbance observer 11 is used. Further,
chattering due to the sliding mode control system can
be sufficiently prevented by the combination of the
sliding mode controller 151 utilizing the acceleration
arrival rule, and the lowpass filter 152. That is,

15 no chattering occurs even in changes in the control
input shown in FIG. 10 (changes in the current |
supplied to the voice coil motor). As aforementioned,
the enhancement of the robustness and the reduction
of chattering are in a tradeoff relationship. In the

20 simulation, the sliding mode controller 151 was
designed to utilize the acceleration reaching rule,
putting emphasis on a reduction of chattering.
However, if the sliding mode controller 151 utilizes
a relay function, and it is allowable to take time

25 and labor for designing the lowpass filter 152 and

to slightly increase chattering, overshooting in

disturbance estimate can be improved.
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it can be understood that as a result of accurate
diéturbance estimation, the position and velocity of
the controlled object 2 shown in FIGS. 7 and 8 can
very accurately track the position and velocity of
the reference model 121 shown in FIGS. 5 and 6,
regardless of the existence of disturbance. Thus,
in the embodiment, a robust control system free from
high-frequency chattering capable of more accurate
disturbance estimation can be realized by combining
the conventional disturbance observer with integral
sliding mode control.

" In the above embodiment, a reference model
tracking control system used for a seek control system
in a magnetic disk drive has been described. However,
the present invention is not limited to this, but also
applicable to a control system that contains unpre-
dictable events such as disturbance.

Additional advantages and modifications will,
readily occur to those skilled in the art. Therefore,
the invention in its broader aspects is not limited to
the specific details and representative embodiments
shown and described herein. Accordingly, various
modifications may be made without departing from the
spirit or scope of the general inventive concept as

defined by the appended claims and their equivalents.

10
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WHAT IS CLAIMED IS:

1. A reference model tracking control system for
determining a control input supplied to a controlled
object, based on an observed output of the controlled

5 object and a reference value, a relationship between
the control input of the controlled object and the
observed output of the controlled object being modeled
using a state equation, the reference value being a
desired value of the observed output, comprising:

10 a disturbance observer configured to estimate
a disturbance added to the control input, and an
internal state variable of the controlled object at
a predetermined sampling cycle, based on the control
input and the observed output of the controlled

15 object, the disturbance and the internal state
variable estimated by the disturbance observer being
output as a disturbance estimate and a state variable
estimate, respectively;

a reference model as a simplified ideal model

20 of the controlled object, the reference model being
configured to cause a reference output corresponding
to the observed output of the controlled object to
track the reference value, and the reference model
outputting, as a reference state variable, an internal

25 state variable of the reference model acquired during

tracking of the reference value;

an error calculator configured to calculate an
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error in the state variable estimate and the observed
output of the controlled object with respect to the
reference state variable;

a linear controller configured to generate
a linear control input for converging the error
calculated by the error calculator; and

a reference model tracking controller configured
to generate another control input supplied to the

controlled object at a next sampling cycle, based on

~the linear control input, the disturbance estimate

and a nonlinear control input, the nonlinear control
input being an error in the disturbance estimate with
respect to a disturbance actually added to the control
input at a present sampling cycle.

2. The reference model tracking control system
according to claim 1, wherein the reference model
tracking controller includes a calculator configured
to subtract the disturbance estimate and the nonlinear
control input from the linear control input, and to
generate the subtraction result as the control input
of the controlled object at the next sampling cycle.

3. The reference model tracking control system
according to claim 1, wherein the reference model
tracking controller includes a sliding mode controller
for reference model tracking, the sliding mode
controller being configured to estimate the error in

the disturbance estimate from the error calculated by

10 10
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estimated error ‘as the nonlinear control input.

5 4. The reference model tracking control system
according to claim 3, wherein the sliding mode
controller for reference model tracking utilizes
integral dynamics for a switching plane.

5. The reference model tracking control system

10 according to claim 3, wherein:

the reference model tracking controller includes
a lowpass filter configured to eliminate a high-
frequency component from the nonlinear control input
generated by the sliding mode controller for reference

15 model tracking; and

the reference model tracking controller uses a
nonlinear control input generated by the lowpass
filter to generate the control input supplied to the
controlled object at the next sampling cycle.

20 6. The reference model tracking control system
according to claim 1, further comprising:

a desired value determination unit configured to
determine a desired value corresponding to an error
in the reference output with respect to the reference

25 value and also corresponding to the reference state

variable; and

a sliding mode controller for reference model
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tracking configured to generate a nonlinear control
input to be supplied to the reference model, using, as
a switching function, an error in the reference state
variable with respect to the desired value determined
5 by the desired value determination unit, the nonlinear
control input making zero the error in the reference
state variable.
7. The reference model tracking control system
according to claim 6, wherein:
10 the reference output, the reference value,
the reference state variable and the desired value
indicate a position, a desired position, a velocity
and a desired velocity of the reference model,
respectively; and
15 the desired value determination unit includes
a velocity table which holds desired velocity values
corresponding to respective preset head position
errors, the desired value determination unit deter-
mining a desired value indicating the desired velocity
20 of the reference model, in accordance with an error in
the position of the reference model, indicated by the
reference output, with respect to the desired positiocon
of the reference model indicated by the reference
value.
25 8. A method of causing an internal state

variable of a controlled object to track a reference

state variable, a relationship between a control
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109 ()-Y output of the controlled object being modeled using a
state equation, the reference state variable being an
internal state variable of a reference model as a
5 simplified ideal model of the controlled object, the
method comprising:
estimating a disturbance added to the control
input, and the internal state variable of the
controlled object at a predetermined sampling cycle,
10 based on the control input and the observed output
of the controlled object, the estimating the internal
state variable including outputting the estimated
disturbance and the estimated internal state variable
as a disturbance estimate and a state variable
15 estimate, respectively;
causing a reference output of the reference model
to track a reference value, the reference output
corresponding to the observed output of the controlled
object, the reference value being a desired value of
20 the observed output of the controlled object;
outputting the reference state variable of the
reference model used to make the reference output to
track the reference value;
calculating an error in the state variable
25 estimate and the observed output of the controlled

object with respect to the reference state variable;

generating a linear control input for converging
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the error calculated by the error calculator;
estimating an error in the disturbance esti-

mate with respect to a disturbance actually added
to the control input of the controlled object at a

5 present sampling cycle, based on the error in the
state variable estimate and the observed output of the
controlled object with respect to the reference state
variable, the control input at the present sampling
cycle and the disturbance estimate, the estimating the

10 error in the disturbance estimate including outputting
the estimated error as a nonlinear control input; and

generating another control input supplied to the
controlled object at a next sampling cycle, based on
the linear control input, the disturbance estimate and

15 the nonlinear control input.

9. The method according to claim 8, wherein the
generating the control input includes subtracting the
disturbance estimate and the nonlinear control input
from the linear control input.

20 10. The method according to claim 8, wherein
the sliding mode control is executed for estimating
the error in the disturbance estimate, and integral
dynamics is used for a switching plane.

11. The method according to claim 8, further

25 comprising eliminating, using a lowpass filter, a
high-frequency component from the nonlinear control

input, the high-frequency component being output when



. 10%F . 10%&' ()-3 F10%&' ()-F S10%& ()-3 mlO%&' ()-10%& ()-3 10%& () - 4kdEbC
1099SH109& ()-F s!Z109& ()-F 109 ()-3 109 ()-F mLlO% ()-9S 109 ()-, [ dEbC
109 . 109& ()-9,g 109& ()-3 *109%& ()-3 (yl0% ()-F ' 109%& ()-F

FOL0%&' ()-1 dE:/ 10 10F 9109& ()-F 7109 ()-96Z10%& ()-3 3410%& ()-F
S210%&' ()-F s010%&' ()-.?dE:/ 10 10F 9100/«%8()-F

the error in the disturbance estimate is estimated,

and wherein the generating the control input
uses, for generation of the control input, the
nonlinear control input whose high-frequency compo-

5 nent has been eliminated by the lowpass filter.

12. The method according to claim 8, further
comprising:

determining a desired value corresponding to
the error in the reference output with respect to

10 the reference value, and also corresponding to the
reference state variable; and

generating a nonlinear control input to be
supplied to the reference model, using, as a switching
function, an error in the reference state variable

15 with respect to the determined desired value, the
generated nonlinear control input making zero the
error in the reference state variable.

13. The method according to claim 12, wherein:
the reference output, the reference value,

20 the reference state variable and the desired value
indicate a position, a desired position, a velocity
and a desired velocity of the reference model,
respectively; and

the desired value is determined, referring to

25 a velocity table, in accordance with an error in

the position of the reference model, indicated by

the reference output, with respect to the desired
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