;1 me3e”[ 14| 6T=E$ An adaptive ripple suppression/conpensation apparatus for
per manent nmagnet |inear notors Field of the Invention The invention '
generally rel ammmm\ﬁmmmﬂmml eld of notion control, and nore particularly to
_an adaptive ri si on/ conpensati on desi gn which egﬂznceg@é@g
tracki ng performnaeigef hi gh precision notion control syst anig t hose

sed on permanent magnet |inear notors; (PMLM . Background of the Invention

o Anong the electric notor drives, pernmanent nagnet |inear notors (PM.M
are probably the st naturally sujted to applications involving high speed
and hi gh pPddj si apt@t\f%n cdipple Thsuppressign/eomgpensiationstri al
appl i cat i oapPaArdtlé i i ci sion

pp pp or wrm&mm&gﬁalﬁ&é‘ﬁsiﬁm@f

nmet r-ol ogy and mni ature system assenbly are self evident esti noni es of

the effect pyg 1V NG o addressing the high requirenments associated
wth these‘%ap rcatron alvgg‘? The main benefits of a PMLM i ncl ude the high

1;] ortr:]e density acFheuaentio nlgmerdﬂyrneiadt? ﬁsﬂﬁsﬁﬂlﬂ(?bf xﬁblﬁbnidm@fdl,aﬁﬁ(ﬂ%noﬁehel
i gh precision an ccur ac sociated with the sinplicity in_mechanica
structure. P‘Eﬁ}%“zae‘?% 3? aty m fe¥PPle SUBPrEssiOg/ SOmpRFFiiom Slesign rwhich

coupl i ng 2enkdRathé tacking PefBANaROX of A HreéisionS Aot b E erhgwste%@ S

greatly reduges the effects of contact-type non-linearities a ,

di st ur banc8i¢ Oa%bﬁ%ﬁquraﬁwwmmgn&b%alear oraters (RMpAE).al |y when t hey
are used “’%@gﬁﬁﬁﬁ%fﬁl@in{% 13“’ c bearings. -However, the advantages of
usi ng nmechanrcdal transmsstomr are al so consequently | ost, such as the

i nheremt  abi | i t yAtongethec eldchidc ehdtort drivds, meetantunegntbailitda® Smdbsts
external dj tﬁ@ﬁnces.bTEE’r fore, a redyction of these effects, either
_,,ghr ough pr A& bRyt mgst patrally suided to applisatians irvalyinghighount
2

mpor t ancespdediatil- HRAE hrRBRidH OGR! eb@Polmot irfiR gg&&{lah Iy® WifleBSread
achi eved: A significant ‘and wel | =known non?l near effec Rt NeGynan cs of
the PMLM i ldustrighapphisaidonsf of AMEMS pinl evarious regnfiicondtibior npgoedsses,

structure Al ch i r rjstics that are position d velacity
dependent . 6q}"hclygs%llﬁ;s ngé&ger)lgﬁ néﬁ? ?‘&i‘ﬁg*“rﬁ rﬁytsf% t’ﬁé‘e'ﬂg& oPﬁ%négl?'c?fV‘ V)
Peri odig dtestimdmecefthe effectiventss iof PMLRIsiiataddobssiig te Rig e @iRIth&@dsi ons.
In data storagets stm for exanple, the eccentricity of the track on a
di sk requi #¥8Y ?B%Y"? ESHBDR ngreas. The mambsnefto ot PMIM iaelader i t e

‘head at t hthefHigh ere)denbity Aehietiit | 10% mfe.rﬁlaﬂd%ké&nd,{}n@ggng,gé&&%ﬂgth8 oC

motors and, stepper rnotors, torque pul satlons occur & equenty of
rotation ohiZhhEremtiensand aecumayhassosiaded cyithf thesipetiniyeint megreticalt o

align the a ' t . i N rel uctance..ln swtched

rel uct ancgﬁgll (\F/rtg?%r ?m ?‘Sgﬂé’ﬁfé‘g’r‘?‘ggﬁgg'éﬁe@rﬁ%ﬁJﬁﬂ“ifs Il%B“Eﬁ?%%’PPﬁngf f ect
aﬂd t hao vgme_ahamﬂmfasringaetl bex, mhhiﬁmmmmlewmgmgb.OThisggtlelmw;ieJi?@%eh |
characteristics which result in.the ripples, A great. deal of effort has
been devot 8%%(%?) 0@@8?@’&&%’"? H@nai‘ﬁaﬂ&?ﬁtqﬂ% 3%_%6@%?@&‘1@}1@4; backlaghandear

i ppling ehictiingl (GRRBJedRidly Rhefthby HeORldd Bitl Qerd REHRAGK nhkctie! has

...;;_Been suggested to IE)lrovi de a high dynanfc stiffness to .
“di st ur banckearingsy Hapeeer, dhel advantagesof usivgtmethaficdli tnansmissicor ard also

machi ne to eed drives:  design and inpl ntation of. H- optinal feedback
control A %‘Eﬁﬁ%@ B/S‘rtai’asﬂcgl §§/gtfeé e nggﬁﬁﬁ?‘réﬂtregr‘}ae (tﬂﬁterf?ﬁ%,ts ggpr_m(feig,
pp6q9-£H8; undyflinties aed externaltdistukbdried: Theveork, aaRduelibRof R&seAlmRbeen 15
pr oposed t'Qﬂgﬁerng\(fzﬁe‘ osi tionai Jjnaccuracy due to re{)rodum ble and slowy

ti mevaryi ng er ghygicaldesign or via dhe vpnirel systemnisofiparagmunt

A. M Ranker gp -spdeldf : pnt i : j a,l.ear ni ng

f orward contl?(gt??lg:r%{\flﬁﬂ— §%%ﬁ%g§bgo%%clﬁ§¥l§§%é§4°l \%/%*ong? %31}16‘6?) '79-1 87,
i 997). Yao and TAmsignifieartasmed prelipkissen arordient ieffect dbuke denbiies ofrheoach
and appli T .y ubhseguent | hi gh speed, hi.gh accuracy notion control
o meni neP MR £BY BRERSERoN o Forke Tinle Sxtripd i 156 Bk e FURCBROS] SO
nonl i rgear whichanhibib chais@frissict tedt e Hak oéﬂ% hasnt. “¥9s-is 33(5) .
pp. 893-900, i99. é A radi al -basi s falfn?t@i igirzlﬁ‘héaﬁsH gbélen (ragg%{s]g?jmbyry eslﬁs gt al
as part of Prominggifactor bmiting the pestesmance of IMEMer Rerwdic idistngbaricesm

nonl i near i @ﬁ;@? - Whi- . cpnsidered in the |ipnear
control (K#l%?%l%ﬁ{lﬂsz{ ! Egr?égl"}gghﬁg a@h&@g@g Erll ﬁlapass'to\gggwsﬁ?m tive
Robust Mot ¢xammenthesiceémtricRyextitbe trichjpact disk réqaizks Apefiidit Gaiveatt of '
Mechatronics - submtted, 1999.). Iterative |learning control has al so been
proposed in the past, where it has been targeted at applications involving
repeated i temwﬂ mmmmwl ons (K K Tan, T.H Lee, 30 S Y:Lim and H. F. Dou,
Learni ng enh control of pernmanent nmagnet |inear notor, Proc. of
the third | FAC Iwbeeznat i onal Workshop on Motion Control, G enoble, France,
pp397-402, 1998.). In all these works,




11 January 2005 3 while the efforts were geared towards the conpensation
-of nonlinear uncertainties, there has been no explicit nodelling of the
ripple force phenonenon, and consequently, ao direct approach to attenpt to
suppress these forces which should yield direct irrproverreng in tra (lﬂng
_performance_ Sunrnaryi of the Invention According to a fir 1”%"%‘8@6? he
.)resent invention a control systemfor,controlling a plant having an
Poperating characteristic which describes the translation of a plant input

to a pl aEfl out erein the plant characteristic has a |inear conponent
and a no F.fﬁ%&@&?ﬁaﬁfgﬁf %E@%’Gﬁﬁ}‘@lf tb?ﬁ‘@é&ﬁ%ﬁﬁﬁh%d@( dnfthediodaty

control PO d ch.-that a mand
si gnal |§y‘2éf mul tgrtgtgglsrﬂ gt@g%f WS t&glgteéﬁ!lﬁiet%%@g ’rgf ﬁt‘%geﬂ'é%%‘fya kK and

f eed- f or wataticdoef ths mbttmmt duastoathd tenzdcnmyt ofvtheopémpuaseraf mapgetc aodidigek and
re.sunmed toget her gener at e, t he pl ant

mput 1 AR ER: Bnd URELHBRS THBIDITR reldfagcs: (i sPCoRoRkStanAs ch | <

a funsti enotoks Etomp@@hppfestaﬂ@ dtisedie EOMOARTFatn b8 R h AR/ AInSSE St ¢,
and a second ﬁoggnent |ch IS 311 adaptlve function to cornpensate for t he

non- | i ne&fa wgtapee {aading boyhighy nand 'é!ﬁaﬁtchéfa(&ﬂdsm@iethépmsuh ihunct i on

bei ng ath@ﬁpﬁésel y nodel l'ed on the non--linear conponent of the plant

characteristic and having adaptive | aws which vary paraneters of 20 the .
- adaptive funct ifogredtt deali ofeefforthhas dteehhdevartadttiovevéneoaid tie dApPicaRides t he .

non |inear co enﬁé}cl)f th | ant ¢haracteristic. In a_preferred enbodi ment
of the i ﬁé%?ﬁ' ¢ oAnfinganIDpBRE shiEsts. Among tbleaDﬂOR:MI Heoptimali ¢ i s

of the f@ééaba@kkcontﬁélxaas%@éﬁ s{ugﬁes"teg @Lg tdE'a{'(h Wdyh “f‘ﬁn iffcos{c ac),

25 whereX|sth | ant vari ab ptlv gsthe

i?eSanuZ?@:‘%@%% f NN T (RN T A N
0, xd Iscofitroll@SMENJS GFDYRIMA sy$tems. Measurement and Control, vol. 118,
PP649-658, 1996). A neural-network feed-forward controller has also been
15  proposed to reduce positional inaccuracy due to reproducible and slowly time-
varying disturbances (G. Otten, T.J.A.de Vries, J.van Amerongen, A.M.Rankers

and E.W.Gaal, Linear motor motion control using a learning forward controller,

IEEE/ASME Trans. on Mechatronics, vol.2(3), pp179-187, 1997). Yao and
Tomizuka have proposed an adaptive robust control approach and applied it

20  subsequently to high speed, high accuracy motion control of machine tools (B.
‘Yao and M. Tomizuka, Adaptive robust control of SISO nonlinear systems in a

\ semi-strict feedback form, Automatica, vol. 33(5), pp.893-900, 1997.). A
radial-basis function has been proposed by Tan et al as part of a composite
control scheme to reduce errors arising. from nonlinear uncertain remnants

25  which were not considered in the linear control (K.K. Tan, S. N. Huang, H. F.
Dou, S.Y. Lim, S. J. Chin, Adaptive Robust Motion Control for Precise

' Tfajectory Tracking Applications, Mechatronics - submitted, 1999.). Iterative
‘learning control has also been proposed in the past, where it has been targeted

at applications involving repeated iterative operations (K.K.Tan, T.H.Lee,

30 S.Y.Lim, and H.F.Dou, Learning enhanced motion control of permanent
magnet linear motor, Proc. of the third IFAC International Workshop on

Motion Control, Grenoble, France, PP397-402, 1998.). In all these works,



pl ant variable and wis related to 1/period of the non-linear conponent of
the.plant characteristic, such that the adaptive feed-forward control
function continuously adj usts the paraneters a, & a2 in response to the
error signal a . One exanple of the type of plant to be cmrﬁrolled 5 a

* embodi ment of the invention is a permanent magnet |inear R VAl |n
which the plant variable x represents an instantaneous position of a

transl ator of the linear notor, the desired function of the pl ant wvari abl e
xd represents the desired io traj ectory3of the translator and the PMLM has
a magnetic structure having a pole pitch xP, such that a~ = 2~r | xP . in
enbodi nent swhilet thé é¥qes wée zg@aﬂidattbwauusalthehaﬁ elgdtioh &ff ndnlihéar ange
of o-i, and preferably in the range of o0.z-0.6. Values otamaround 0.z have
been found %C%B’#Rﬂ%l therg ba%&qeee 0oy gKpY lhemtlyl;!}@g of thet swplg Iforaeequire
different v ﬁ[ﬁﬁ" I 0 0 I eferred
enbodi nent ﬁﬁ npu[?gﬁﬁ) c%‘ﬁséb?t H% eﬁ% %Eér"és% ?‘%‘%‘c ﬁggxplﬁsﬂg Mﬁ)r&rs

speci ficati ﬁtesefomh!ewpmbe;hpuld:ﬁe&‘dlmve ippromenent mﬂgtnbm,g penfercase.ed not i on
trajectory ﬁﬂd t he géﬂ ¥E‘QSI’!§I gn neasurenent. These paraneters allow the
constructi i ppl e characteristics in terns of a zo

si nusoi.dal funct Aecordldghto ﬁmchslb&ttthec{ﬂeﬁﬂt&ﬁ%fﬂﬁn chdnllfbltsyﬁaﬁi ggror  of
the PMLM The. function of the preferre

| .
cont i nuousl| $onEpHiRg 2 %'E‘F‘Y‘E‘Gdé“d?l)ef‘l‘fé“%l B ‘Esfgq%octtg’ réﬁ ‘E'Mdtbﬁn t he
tracki ng er{9hs3tibRae eﬂﬂ%nf %Iﬁglt%)@ﬁﬁht lﬁaﬁ“‘éfeﬁ Ilﬁe thittharacteristic

characteristics optina out put the ripple Suppresser iIs a
f eed- f or war Hag @nlinear s:ogqmlnenb and anmﬂ-lmoaz&oﬂt;mMMmﬂtml system

-conpensate the r.ipple.f This ion to other

aomrror i o tphR £ bRt RARGOL . AB0% EBrtoricd fofifdt fun®fon,

conmi ssi oneﬁhdmtha@a depidridsighylss eimultitioasipplied e réqedﬁe@tﬁpuwa t_uel er is
Ivatjve or, 3-termcontroller, herein

a Proportlo tegr f
referred t o 3@( ang éeggﬁf‘?’%‘l gentrol’ funclions And sexpechverQuImItes Ytb@d
embodi ment Sf&ﬁbhél@ahdﬂ Y&?I—fd?ﬁa?ﬂ eIntsl ﬁn&h@ﬂi SrSHRARMRATLRAKEP ﬁ?g&&%ﬂeo”

appar atus whi ch_ can yie i nprovenent in the tracking performarnce of servo

nmechani sns e plantibput, stbécﬁeﬁlrfomﬂ/ mmlcfynaw |h@mgoa first aOlmVQMntBec ause
of its gdapljyg, qgaﬁaﬁltu%ﬁbﬁt bfSy thbddiSo Fﬁgk:o 5|ca &:% Leroefn e kgpens of

PMLM wi thout necessitdating a change in Iments of
the inventi oharfaatadsbk:ataadsammhnqbrmmemwvhnhmm he ad‘u;mwprﬁmenongtoon t he

maxi rnurn force aci vahl e Bri,ef Descripti.,o f the W

Csout mont - Sppasath FoR b nShaBear EampaReucal e o5 st aRucomd the v (1
reference t adﬁ;bteveaﬁmzﬁaﬂ MeliPaspravmaely ix\lad@m(ilbn theé @bhdireat SompBhewk

di agram of a_t p| é'gﬁl or art noijon control structure,

PI D- Pr opor t b 'éﬂd%‘l having pdaptive; s, which vay parametegefe 2 is
a bl ock,gdi ag fs t he
present | nven(tal o%nwgﬁopor I ongl P?‘r‘t?%gr a? af@'.ﬁ%fg dcﬂoﬂ‘é@@t@ %\Nard
#Gpntrol, AF@OAdarﬁarmemfaeadﬁmﬁmheqblmmhmﬂcterﬁt@ure g is a graphical
“Fepresentation of_ cont n sho he trackl ability of
an exanple of a i??t ﬁ'F edifyt"‘i’ggi'ﬂ‘if?( ftﬁﬁllﬁt’ﬁrgﬁ BBPJW‘FGY mpepent esent
i nvention, igf plahit AR rigtidls sfith¥foren:Si gnal 20 representing a desired
trajectory xd , Figure 3(b) represents the error signal ( xd - x ), and

Figure 3(c) represent g,}he Ag)sin(ek +¢) gnk(x)pmben)dot] (ekcos(we),i nput of the
pl ant and derived by summing the outputs of the PID Controller, the Feed
Forwardzeontwhﬂrtmsm&ahtavatm,l ve Feed Forward Controller; and Fi gure 4

is a graphicaly. rye e th tem signal s, shovm' ng 25 the

tracki ng abi Pfit“{)‘%fa éﬁﬂ ?th%h sttﬁ‘gfs'égpti ve feed forward conponent of

the present inventi onul n M@l(;{;))g;nwge@g@))@,g@br epresents a signal
igure 3

representing a desired“rajlectory x represents the error
signal ( xdwhete), and Fi gure g(e) represents the control signal |~

provi ded at the input nd derived by summ ng the outputs of
the PID Controller, th‘gf(tll %gb&g &a

30 a,(t) = —gex, cos(ax),

e is an error signal given by:-

GUBSTITUTE SHEET



11 January 2005 6 Detailed Description of the Preferred Enbodi nents
Referring to Figures 1 and 2, block diagrans are provided of two control
systens for a pernmanent magnet |inear notor. The figure i systemis a prior
art system enpl oying feedback and feed-forward control, as th i gure
.2 5 systemis an illustrative embodi ment of the present m@iﬁf“?‘ﬁwgﬁ
.Tpl oys adaptive feed-forward control (AFC) as well as feed-forward control
FFC), and feedback control (FBC) which in this exanple is a :
Proportional/Integral/Derivation (PID) controller. Traditionally, where
systens required an esuffut X5t ate to be accurately io controlled, adjusted
and nmai ntained at_ a predeterm ned val ue, feedback control systens were
enpl oyed t® igaRadapiation aainand isrgreater shame, sysisdiertasingdduncionlofdhe n

order to ntain he re red. o ch feedback t ens
measur ed ﬁl %Y' ‘E)&PQ ;J’Jérre%é iﬁg\k}w@/ﬁega&gw g[\eﬁaﬁpgm@e@ﬁ%ﬁbm
variabl e iiﬁQntCQHH?afc%é’aéﬁc Wi dh Qhﬁe&hé mmix}éefeé?if gq%&we&*%ﬂ Suh

cal cul ate an error signal 18. IS co in sin oop eedbac@lsystens

to enploy cBnhmouslgmai!]usmtlmgpada/nmmrs/@,t &ve, pRleBponsnta el eztsr $ifnglaé so known
as g- termcontrollers) i/\,h%tph have as their input, the error signal (e) r8
and have as thddme 6’&?&‘}39 thenype ot plapato '?%lpoﬂfpllﬁd@%ﬁnﬂgodlmntlplf

=-k, e+k2 fig tﬂ% p@ﬁ{] 8

particul ar gltlg{rﬁ%l I nci +‘n Eg‘? gr[ﬁ\;vat:o con %?(ﬂbﬁherofagg

char act er iariable oa‘rept‘ﬁsedta/auelnstarﬁenmmt potilied off @ mddlatcﬁdof the liedel may
be used to rediéﬁ%ﬁﬁhe i,nput req redp&é’éobt ai n a desired change in output.

By applyi Aot sired fupgtion 9 ntarkple v depresentssihe desisedput to
.the input ,of. the f cont,r II aco onent i3 is added to the
Bi'p coftr dFiebtSEy of SHE SERIAoF SR BeLPlAT 1 & HEEN srietbe BSEEE-

control | echlechitéthat ,, §ﬁawmg BeIiRLE m@ﬁ'émaadxﬂ@ﬁts%ff%s&p eShpyl d be

caused to change to The desired out put’. Unfortunately, it is

possi bl e tzlapsticicEain mdevalae Bhitsikatange of ee, a%fallmfd edaBf & Rleran ge of

. feed- forvvard contraol cannot replace the trad| t'i ona eedback cont
systens, HUR:0-fer¥akpes @b p’;‘lf@%‘ﬁto 2 thave beeadfonndvier woekwelbin prastice, but

2] ot ng he” BRSY Shoto® Gl LoARAL Wlp RS Vefu G AL AabEYRIPRT 0 SRS,

simi| ars r geptorsmanget h a tradltlonal feedback controller would require high
| oop gains and | d i cre bJ|I I nst I|t W, t
non-1inear systé&ntc B §Ee(€ %@%&}PB sPﬁé“&H@ﬁnt ages

of feed- foru@eldspéuiﬁmlorev)erthgr;ﬁﬁé qmchh@mv@berﬂntanbﬁt Qﬁ&ﬁfét”?ﬁe Resiedl e to

nodel non-linear systens th sufficient accuracy, particularly when the
non- | i nearMPHeRHAISctarKrand dhe @ctyal gpositien naagursmeny. ca‘hﬂifolplae%memra

funct on. AIGRMN Behutthtn OF of AABP (A i ApDlABharatferdiGRls M fdintS

shortcom ngs of conventi onal orwar i'S how posed to

enpl oyoa famuso)dalaﬂmotmnewithemspemtv\w dlecdmplaﬁemmitcof ﬂl@ﬂldllﬁ)ﬂlﬂtﬁﬂ@lf gthehe
=non-| i near eri.stics of Jﬁ}g fant bel controll ed, but includes an
"“Adaptive f on ¢ dpnction of s‘i"si efapd, SRp h@ﬂ&?@@ﬁ@o‘ﬁv@r gopHpuAusiErs. 1 n

Figure 2, ddigststhetffiplitidd ofMheSsih@sbilsl mﬂenaﬂq%sba%x{ BRIy EhebPRBY O | eF

(AFC) 21 as is _the error signal i8 and the AFC 2i processes ese y I nputs

to producehpt $heipplenmode! apgrraches the raatual( dMIRQCFMIOMwmhmaHyadﬂl‘hd to

h h h In. th
of a_ Pt p SitHat Ront HbPe oot @b i} REGryafa Boffip! el Bhiniyrde °°°°
ri ppl esphetherRMbM dédclr ivile dompeniate hy ripple fchee REEHRIAEN. @Tﬂ@%ﬁ@tﬁ% ihhe

force rlppl({adpheno non is viewed an delled as a
ition to other control input which the PMLM may already bé receiving from

the commissioned motion control system.

Preferably, the feedback controller is a
Proportional/Integral/Derivative or, 3-term controller, hereinafter referred to

30 as a PID controller.



20 response to a virtual input to the PMM described in the formof a
periodic sinusoidal signal: cripple = A(x) sin(~c + ~) = A (x) sin() + AZ

(%) cos(~r), (1) where ~ = 2~ and xP is the pole pitch of t he magnet
structure. ~ is the phase xP specification providing a refngnce)pﬁjrgt to
_t he sinusoidal function. A(x), A (x) pand A2(x) are functi «-9
!‘spl acenent x of the translator of the-.linear notor. A dither signal is
us designed correspondingly to eradicate this virtual force as: u,,F~ =
a, (x(t))sin(~) + aZ (x(t%‘i cas(c.~) 11 January 2005 8 Perf ect
cancel | ati on wi (Theprgieired cg m }S *OfX§ e Hweﬂ(lml pazvide( nppl@ (x)

(3) Feed-fg E&Eﬂ’% r I be sensjtiv
nodel |'i ng g?%sgm\?\ﬁn ch”i ﬂ‘%%t??%b resu vall\rétﬁsllxbm frcan ‘?‘PF%YE{BF.W r’Pp§1
adapt i ve amukisg peifermianse a)di(spr\ﬂﬂnmhhhmtmﬁm&ﬂd maret\fsﬂ)éctﬂe thtbwufdbs' y
adapt ed baseii on des rﬁﬁ[ﬁaj ctori e % eva |n% t.r acki,ng errors Let
a, (x) gajjon to a eci‘ﬂiea rts E’i"ec racteristics; pt-ts)applicaple ()
The pl gnt t@tmﬂ’étedtweraeném FMUM%tHd)Meﬁ S¥6sitafl {5)
wher e denotes the plant. _ {5) falls WI'?hI nlthggssdt gﬁa dﬁ}r %&\Kﬁlﬁﬁo
adaptive dssigno| t heory. Possible update | aws for the adaptive par arreters
w il therefore Saia¥éaiel) ) fark

(7) where g > othl?[gban aérrEN torfatrhg/qgggﬁﬁmt?l %aﬁglggé‘téﬁé“%ﬁpaec‘s‘i 'ﬁ@tl?%e&tﬂr acki ng
error - uncompromising on the maximum force achievable

Brief Description of the Drawings

10 An embodiment of the invention will now be described by way of
“) example, with reference to the accompanying drawings, in which:
Figure 1 is a block diagram of a typical prior art motion control structure,
PID-Proportional-Integral-Derivative, FFC-FeedForward Control;
Figure 2 is a block diagram of an embodiment of a control system
15 according to the present invention, PID-Proportional-Integral-Derivative, FFC-
| FeedForward Control, AFC-Adaptive Feedforward Control;
Figure 3 is a graphical representation of control system signals, showing |
the tracking ability of an example of a system, such as that of Figure 2,

according to the present invention, in which Figure 3(a) shows a signal

20 representing a desired trajectory x,, Figure 3(b) represents the error signal

(x,-x), and Figure 3(c) represents the control signal provided at the input of

the plant and derived by summing the outputs of the PID Controller, the Feed
Forward Controller and the Adaptive Feed Forward Controller; and
Figure 4 is a graphical representation of control system signals, showing
25  the tracking ability of a system without the adaptive feed forward component of
the present invention in which Figure 3(a) again represents a signal

- representing a desired trajectory x,, Figure 3(b) represents the error signal
(x, - x), and Figure 3(c) represents the control signal U provided at the input of

the plant and derived by summing the outputs of the PID Controller, the Feed -
30 Forward.



where xd is the desired position trajectory. Differentiating ~ 6 ) and ( 7
) with respect to tine, the followi ng equations are obtained a, (r) ~ -gexd
sin(uo~), (8) Ct~ (t) _ -gex~ COS(CcLr), (g) Tn other words, the adaptive
update laws (8) and {9) can be applied as an adj ust nent rregh ni sm such that
“al(t) and ai (t) in (=) converge to their true val ues. SUBSI/anyREY ET
January 2005 9 Inplenmentation As dgscribed above, the physi cal
= npl ementation of thesripple suppression/ conpensati on apparatus is
pr ef er abl by.lrreas of, a, m cropr oessor/ dilgi tal - comput er using known

t echni queRetatlee rodientslescri bed function.
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m cr opr ocRspartidngy/ IetegealfPatieatiod OPIEXeHt6llerf Or processing the stored
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paramet er set , LkGiRORy; tWhiste systeras meduiged any auipi| séateatoebaeicauratelyhe
Randag Acshitoldaaa li Mol . The.sqf t war e
ysed Tor (A< pit RQustd bAT nIALARER AP A PRk ettt yARETHE R el
i gi t al | ysystemsmpvenes eneloyedht toolcbatinuallyl, adjasoridpay|ty, the dgistirh Ebeing
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effective resolutjon of, 1 Tfn. The dSPACE control environnent and rapid
pr ot ot ypilﬂ nt yapiahie\aud camparads o withy a; desirgl iveluehaaraf. that. variable tdesi r ed

traj g toréﬁ@]yﬁ%éﬁo}gﬂgﬁapl -perinent are given by: xd(r)= 106[ xa +(xo0
-,11)(15z4 -6z5 -10z")), (10) 30 zd(z) =106(xo -_r~)(60r' -30z4 -30z2),
(11) 11 Janudryis20eB8n0®n0 whersinglob lospusteedbackorsysiente the emypiogm units

to fan. . .desir osition and velocity trajectories, xa
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time and final tine of the trajectory.

output a control signal (u,,,) 20 given by:

£
Y

20 , : Upyp =—ke+k, ledt+k, de
dt
O where k;, ke & k3 are constants chosen for the particular plant.

The principle of feed-forward control is that if the characteristics of the
device to be controlled are modelled, the model may be used to predict the
input required to obtain a desired change in output. By applying a demand

25  signal 11, representing the desired system output to the input of the feed-
forward controller 12, a component 13 is added to the PID contr’aller"output 20
to produce signal 14 of the device 15 being controlled such that, assuming
perfect modelling, the output 16 should be caused to change to the desired
output. Unfortunately, it is rarely possible to perfectly model a physical device,

30 and therefore, feed-forward control cannot replace the traditional feedback

control systems, but, merely supplement them. Feed-forward control, can



As with feedback control, the gain ( g ) chosen for the adaptive feed
forward controller will be a trade off between | ower val ues which give
reliable performance and hi gher val ues which give faster tracking. The
optimum value will depend on factors related to the config tloniﬂﬁg use
of the systemand is usually adjusted by trial and error. QBQQyi he
nge of o-1 and preferably inio the der of 0.2 have been found to be
seful with the .particular systemdescribed above. The experinental
results are shown in Fig. g, showing a maxi mumtracking error of around 5
Ttn. To fuhewiever; signiftcently imnrose sestem tasponsebytqckisadjistinglthehplant t he

trol AUt i
be- appr eci Py o3 Fapidl cHangieh dclfhnd s B, P aR BV sBitat espampaaribhe ™
~and/ or nnohrﬁdxtmabrfeedhackbeomdheﬂ, owbhkl ireyeinti mgham@c%ms AindnSvaugci fi c
enbodi nent s W|th epartin t he irit or scope o the i nvention as
broadly déed€tease e?ﬂ%"ps’rl@é@ fnst %&Y m&.ﬁﬁ% ngpdinearsystesns these problemsi der ed
[ | W
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forward controller, |EEE/ ASVME Trans: on Mechatranics, vol ppl T9 187,
1997 . io :With fhesepsharteompgsyof Tepnvenkianal dped-Ferwardu sontre tltollS J10W8| SO
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Pp_a03 B0 PGSR torpRah ki ot oSt Eed Bikter USHIRY GRic Broadlys® |
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control syCHHRRR ¢ 2b PP iif dhe, eprorgisnaly 18 andnthepAFEt 2nprecessescthese st i c
o ch, dleSCestd Aok nsl i B8Rl eBlIBhmidit .0 3 L ARl Bk cuher ei 0

- the plant operati aracteri I“near ?near
conponent , thehhePESHtedl siysdle i, W;bﬁid’&@e the plant input 24.

In the case of a PMLP, the non-linear characteristic is primarily due to
the force ripple phenomenon described previously. In the preferred
embodiment the force ripple phenomenon is viewed and modelled as a

20 response to a virtual input to the PMLM described in the form of a periodic

sinusoidal signal:

U opte = A(X)sin(ax + @) = 4, (x)sin{ax) + 4, (x) cos(ax), (1)

2z . ' - 3
where @ = ~—and x, is the pole pitch of the magnet structure. ¢ is the phase

Xp

specification providing a reference point to the sinusoidal function. A(x), A(x)
25 pand A.(x) are functions of the displacement x of the translator of the linear
motor.

A dither signal is thus designed correspondingly to eradicate this virtual
force as:

e = ay (x(6)) sin(ar) + a, (x(1)) cos(ax). @



a feedback control function, and a feed-forward control function, and the
non: |l i near conponent is a sinusoidal function in respect to a displ acenent
of the plant, and the anplitude of the sinusoidal function is adjusted
based on tracking error such that a demand signal is sinultaneousl pplied
.to respective inputs of the feedback and feed-forward contﬂgﬂmﬁﬁﬁb%ﬂgns and
respective outputs of the feedback and feed-forward control functions are
sumed together to generate the plant input, the feed-forward control
function having a first conponent which8is a function of a nodel of the

| i near conponent of the plant characteristic, and a second conponent which
i's an adapt p¥goftAREMRRJCATIBRRREALE WL t he non-linear conponent of the
pl ant characteristic, and the adaptive function being substantially nodel ed
on the non-linear conpdieht -of(dae*pt)antAdkbr act eri stic and(3avi ng adaptive

| aws whi ch vary paraneters of the adaptive functi with tinme suych that the
adaptive functi oﬁe@p&r&a&a@gmmsm sehemps @Sr’rﬁ;ﬁ witohesensiiye to

characteri st : funct.i i .
Proporti onaHCfdr?}lgyg'}lﬁgsemg??l\?/@l%ﬂ%&%gnﬁ(g)[ fe{qr&?‘ht; r @(Irlﬁgntcgr?P }%SI' énst em of
cl ai m ~, swhadaptivet Appsiachsisi Gais adopted eathat anpork et will beecqitimtously

characteristi,c ig,0f {he.far u~Ppre = X) Sk e~X+=) =

(x) si n(~x) +A%&tf§&gf%i%,de%egté‘a_se('cﬁ%gletsﬁg@ﬁ%ﬁllr{éwg%%%?r@ﬁsd where the

adaptive fupetion has the formunF-c = a, (x(t))sin(~x)+a2 {x(t))cos(~x),

where G $UBSTI TUTE SHEET 13 11 January 2005 (x(t)) _ -ge sin(~x), a2

(x(t)) _.-ge si n{~x),gq{¢6(«‘é} e C S ?r}g_l ghleh byéj a = ((jxelﬂ X), g }s ﬁn

adaptation gain and iSr, 1 - kA Pe desire nction of the
h b BT cq e Gt

plant variable and ~ is iod-o non-1|inear conponent of

~the plant C et duthh CdusSiéCAFE Batheh BReadgpt i ve feed-forward control
function continuously adjusts the paraneters a~ & a2 in response to the

error siygnal e. ... ,, Tie systgr&ﬁ’[deba}’m 2, wherein the p{gnt is a
per mmnent magnet |inear nmotor {PMLM, the plant variable x represents an
i nst ant aneowehere Pidenoresahe plantansl at or of the linear notor, the desired

function of the plant vari 3] t e I i of the
transl ator and thba)Pk?Eﬁ ﬁh@%%?ﬁ@:@%‘??@%ﬁaﬁﬁg@? étggeatcég#gggﬁ ch xp, .
such that cdgssible dpdate 12vs foh ehesyduptive phrarheters will thhrefaierbet he adapt ati on

gain has a value which is greater than zer nd | ess than or_equal to one.
5. The system of claim4, wher et @N&E 2865148 on gain has a@hlue which is

| ess than o.6. 6. The system of .cl aim 5 rein the adaptatipn gain has a
val ue whth is greater than or &C:fd@b'f ogedm\.,\gemﬁhe syst em of J()gi m 6, wherein
the adaptatign. gajin |,sise . : ssystem gs;: | oedyd one of
claims i to —~, Pelbnlst egklggggggéa%%ﬁﬁora%lg’rﬁi ?Taalif%hgéoﬁro geéwgrs

her ei nbef or g fgf Iy & theEedd Pébktion Frketory.

Differentiating (6) and (7) with respect to time, the following equations

& are obtained
20 a,(r) = —gex , sin(ax), (8)
a,(t) = —gex, cos(ax), 9)
In other words, the adaptive update laws (8) and (9) can be applied as an
adjustment mechanism such that g,(f)and a,(f)in (2) converge to their true

values.
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oo e il ool e R AR bR T
t @ 10MAASMERSUREDIGHILY W@gt)xamr{p#umﬁm%gajs EI!;M afelég-to-BgRal@d digital-

I R O TR b sty gmenons
e AR e ey g e e 12 h s
mJg ()-! FeEYEtErs. naisritayly othe fyagtions of Hiouipple suppreswr/comp

are implemented as a software program (stored in a Programmable Read Only

15 Memory of the microprocessor/digital-computer, for example) for processing
the stored data representing the converted input and output signals. The input
parameter set, time functions and other data variables are held in the Random
Access Memory of the microprocessor/ digital computer. The software used for

~ this purpose by the present invention is the same as in other digitally

20 . implemented controllers and, accordingly, a detailed description thereof is
omitted. ‘

Experimental example
~In this experimental example, a Linear Drive tubular linear motor
(LD3810) was employed. The test bed system was equipped with a Renishaw
25 optical encoder with an effective resolution of 17m. The dSPACE control

environment and rapid prototyping system was used, employing the DS1102
board. —

The desired trajectories used in this experiment are given by:
x,(2) = 10°[xy +(x, — x, )(157° ~ 67° ~107°)], (10)

30 : %,(7) =10°(x, - x,)(607° - 307" —30%), (11)
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A Tl ot
LT R A Sl oA
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5 As with feedback control, the gain (g) chosen for the adaptive feed-

forward controller will be a trade off between lower values which give reliable

performance and higher values which give faster tracking. The optimum value

will depend on factors related to the configuration and use of the system and is

usually adjusted by trial and error. Values in the range of 0-1 and preferably in_
Y 10 the order of 0.2 have been found to be useful with the particular system
: | described above.

| The experimental results are shown in Fig. 3, showing a maximum

tracking error of around 57in. To further illustrate the effectiveness of the

adaptive dither, the control results without the dither signal are shown in Fig. 4.

15 It will be appreciated by persons skilled in the art that numerous
variations and/or modifications may be made to the invention as shown in the
specific embodiments without departing from the spirit or scope of the
invention as broadly described. The present embodiments are, therefore, to be
considered in all respects as illustrative and not restrictive.

20
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a feedback control function, and

a feed-forward control function,

and the non-linear component is a sinusoidal function in respect to a
displacement of the plant, and the amplitude of the sinusoidal function is
adjusted based on tracking error such that a demand signal is simultaneously
applied to respective inputs of the feedback and feed-forward control functions
and respective outputs of the feedback and feed-forward control functions are
summed together to generate the plant input, the feed-forward control function
having a first component which is a function of a model of the linear component
of the plant characteristic, and a second component which is an adaptive
function to compensate for the non-linear component of the plant characteristic,
and the adaptive function being substantially modeled on the non-linear
component of the plant characteristic and having adaptive laws which vary
parameters of the adaptive function with time such that the adaptive function
approaches the non-linear component of the plant characteristic, and the

feedback control function is a Proportional/Integral/Derivative (PID)

controller.

2, The control system of claim 1, wherein the sinusoidal non-linear
component of the plant characteristic is of the form:-
Urippte = A(X)sin{ax+ @) = A, (x)sin(wx)+A2(x)cos(wx),
where x is the plant variable,
 and where the adaptive function has the form:-
Uarc = & (x())sin{wx)+a- (x(t))cos(wx),
where
d
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g is an adaptation gain and is greater than o, x4 is the desired function of the
plant variable and  is related to 1/period of the non-linear component of the
plant characteristic, such that the adaptive feed-forward control function

continuously adjusts the parameters a; & a- in response to the error signal e.

3. The system of claim 2, wherein the plant is a permanent magnet linear
motor (PMLM), the plant variable x represents an instantaneous position of a
. translator of the linear motor, the &?sired function of the plant variable x4
‘represents the desired trajectory of the translator and the PMLM has a magnetic

structure having a pole pitch xp, such that @ = 2,1/ xp.

4. The system of claim 3, wherein the adaptation gain has a value which is

greater than zero and less than or equal to one.

5. The system of claim 4, wherein the adaptation gain has a value which is

i less than 0.6.

6. The system of claim 5, wherein the adaptation gain has a value which is

greater than or equal to 0.2.
7. The system of claim 6, wherein the adaptation gain is equal to 0.2.

8. The system as claimed in any one of claims 1 to 7, wherein the feedback

controller is a PID controller as hereinbefore defined.
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