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Summary

TIll' prim <Il1l1li'.\" of n tOllt'r eopkr dq)('lIIb on I!ll' !)(lI'it it)llill~ IllTUrll('.'- of I Ill' Illllt'r n'\;ll in' II) I!I('
IMpl'r. All iUlporltill1 I~lrl ill thi.. j>tlt'itioniul'; 1)f{)(~'S.-o i., tilt' 'illlill~ of Iht' 100Il'r I~lrtkl{':o; .1f'1)(~il.

Thi.. b. tlt'It'nuilll'd I~- a hnlau('(' 1)l't\\ffllllL..'\~lIdit !\mll'1pnrk rorn~. whkll b inft\l('lIt't'l1 b.\"tll('
di.."llIllt't' h.. 'IWt'('1I t hf' .JI f l'f' of Iht, DIP-I.:1IIfl and t hf' DIP-tlnml. r-.llIkill~ Ilib 1Ii."II1I1('(' IIdjIL""ahk·.
,mlilll' eOll1rol In Tl'Sptllltlll) prr:wlll dbturlll\II('I'S will illlpw\'p ,Ill" prim qlllllil~·.

A It'l-l fnun.., i.. pm_t'lll in wilkll ,hi' 1Ii.""11111('(' ht'lw('('U ,hI.' DIP.I.,,,/, I\IUI thl' DIP-llr1H1I {'"lUI

hI' ndjIL... II'(! h.v Ul(~m.'" of (,1;\,.. , if- hinf!;~. T\\l) inll"I)('IIII1'1II h' ("UIII mlLlhlt' \1lkl'('tlil ill! UlIIOn-. ",Ilkli
Art' IlIOlllllt'l!lo tht· hill~l':<. ('()IIlml ,hi:< dbtlUl(·C'. TIll' /U'IIIHlllf1i afC' C'ulllmlkd h.\" Il D~P IL,;illA Il

PC IL'" illlefflln' aud for d/lla slomAC',

Fil"1i1 I hI' \1IriOlL'; parts of t h(' I~t fmllK' Ill"(' ('<Ilibmll,(!1Il1tl if lIt'("t':'>..'>III"\· lirwafill'(l: t hl' IJoIl!<il inn

:-il'IL";(ITh, Ihl' \"UK-('('oil/let UllIllI'S, I hI' C'1<1....1il' hillAt':-. t h(' ('(1111 wi of I 1\1' lleIU<\lI)fl'i h.... I ht' Dl;P /lnd t hI'

lowll'i.n,!t'IlI, Nt'XI thl' illput 1ii~IUlb an' idt·llIifi('(1. )'iIllI !bl of (~lIIlrollt'f t1t·lllltlul... eau hl'lIlll<!t',

\\'llh ,ht'1il' tlala. It whilt·bt).'C al'i w('11 IL'; II blarkhox lIlotkl i.. Ih':"iJtmxl whkh Kin':'> It A"()ocl
UVt'n'll'\\' of lilt' C'hunu·l(·ri... tic1i of thl' l'i~~lt'liI. 0.... u1iiUA !l1I':-\' Illml\'b. lilt' 1O.\"l'iIt'Ul i... tll'nlUlllt'll.

whidl l'iillllllifit':" fill' t1t'l'i'iA"1l of II N.mtrullt'f flllfillillA IIII' l'il/tlt'll tl('llIalltl:-;. A :-iUllIllllioll 11l()t!I·1 b;

llIadt· tL...ill~ Iht' whill,hux Illoth'!. )'iI) t'()lllfolll'r:; nUl ht' It,:-wd lIud t'm!lmlt'(lltutl tht' e1t~'(I-lo(lp

1i.\'l'ilt·lll b 1i1J1l111nlt't!llI'forl' Iht' ('{llllroUl'Th IIr(' illlpl('lll('llIt'(l 111 IhI' 1If'llllll 1O.\·.... lt'lll.

lll'iillA lfIl"J/JsIIfl/JII/9-lt'('hlliqul>:o; II ('olllrollt'r is dt>:o;i~llt'(l. DllrillK lilt' t!t>:o;iAll PfI)('t':'>..'l nf lilt' (',)JJ

I rnl!t'I'1i. 1111 illlPO!"I/lllt lJltrl of I hi' I illU' i"l 101){'1I1 011 I ht, implplIll'lll ill hm of I II,' ('t)lll ilillutL"l ('0111 roUp!";;

dr':-iil!;lIl'll with l\llIllllb, 1'IlforI1lIlilt('l.v IIII' finll! t'OUlrtlJlI'n; rlt) 1101 fllllilllhl' .';11111'11 t!('lIl!lllds. hUl
]"{X'OIllIllI'llrllllilllL"l 10 illlprn\'l' ....lllll· p<\rts of lIlt' 1'.\'l;lt'lll lift· 1Otllll~l.



Samenvatting

Dt' prilllkwlllilt'il \1U1 I~'n 100lI'r l"OpWr L'i nflltlllb·lijk \,.11 III' IIl1uwk!:'uril1,hdtl wallnu('t· ll>IWr 01'
lid JlflJlirr wurdl S!;I'IXlf<il iUll('t·nl. &'11 I)t.~~lllr;rijk ondt'nlwl ill dl""/.I' Iltt<il itJlll'l"ill.l; b 11('1 IIklllll'llt
\\<UI!l)P \\'01"111 hq)l\llkl wdkC' Iml('nlwltj~ wd ('II w(,lkt' lIid \\l)rtll'll l!;C'prilll Oil \\llf(h h('I)fl[lld
lI(lt)r l"11 knl('hll'IL"'IW;oIIIl~I'll lIIagllt'lL-;chl' ('II (,II·ktrL-.;dl(' kmdU('lI. \\l·lb' hl'ill\-IUt'(! wonh tllwlr dl'

a("'tlilulllL......... '1I dl' hub (.'Ilul'r) mil hf'l DIP-rm, I'll til' DIP-llnJIII, Dtlt)r tlI'/A' u(",Illlltl i!L'ilt'lbll,M It'

lIlab'n. kiln Hllliut· HI' \"t'n.lllrilll!;l'll wortll'lI g(·ft'lII?;I... ·nl t'lI dt· prilltkwlIlill'il \\"rllt'li p,1~;lralldl'('f(1.

Er b ('t'll prll(ofolt<ll'lliUl?; \"oorlmll(kll waarhij dl' a(:illlllli mil hl'l DIP'FIlI, luI til' DIP·drum
lIIilll!t-l", ('1"."'1 bdlt' l'dlaruil'n'lI ill II' slC'lIt'1l i". Dt· wlIL"1 urillA \\111'111 tluur IWI'(' ullaflJIIllkdijk wm II'
:illll"('l1 duik.... I)(M.'llll'! IIl1lors \\l,lb, 111('1 dt' l,blSI i",dlt' :-;('harnil'f('11 7ijll Wrlk)lll!t-li. \"I'("mrgtl. &'11 DSP
rl1;t'l1 cll' mill";' Ilrill~ mil III' nt'l uatol'l'; \\l13rhij 11(' PC lib illlt'rfUI't' ('II VIM)r tlillll OIt<L\J; (UIIAn-'rI,

Alwrl...'t'St lijll til' \"I'l'S('hilwlltlt' olltll'nlt,lt'lI \1U1 elt' 1)1~It'lIillA ~1'(';\lihr('t'l'tI ('U 1;0 lllM.IiA I'll in

dit'll lIlul1,dijk A('lill('ari........ ·rd. Iit'l ,l(l\H1 hil'fbij 011I tit' Jllt<iliP :-;(·IL.... lrl·ll. lil' IlC"llllllot'S. lit, dll....'i"'

diC' :idlllrnit'I'I'II. til' 1\(\lL"'lUrill~ <!I)()r til' OSP I'll ht" :iY:iI('t'1U nL'i j.\dll't·l. Vl'n'olp,I·ll."; I;ijn IMIk d('
:-.1 uorsiv.lU1k'1l p,1,'ilil'lll itin,'rtl ann (Ii' IU\l1l1 \\1\l\r'1lll ('('II ('bl'lIllakkf'l Vlltlr III' 1(' tllllwl'rJlt'1i l'11II1 roll('r
b IIJ)j..\l":;lt'lli.

!'.It·l tlt'/I' p,1'l1,I'Vt'IL"i i.o; zowt'l ('It'll whilt'bnx lIlollt'lnb ('t'll bllll·kh".'t lIIotlt'llllllwnrpt'll \\11.11flllf'l..'

('('11 AOI'l1 1)('(,111 \11l1 tlt'S,\-:-Il... ·lIl kantklerbt it'kl'u b n'rkr~t'll. Anll Ill' hand \1U\ dl~I.I' HUlt1t'l11'1l i'i ('('II
OIl1k'lppdillA \'nOI' llt'l SySIt'l'lli bC'n'kt'lid wdkl' hl'l nlllwNJ)t'U \'1111 1'l'U rl~o'I"ar llit' \'oldll('l ll.llll tit'

AI'SI t'ldl' l'b"l1 \"t'I'I'('lInlUtli~11. Ann dt' halld nUl ht'l whit I'hox Illndd i", ''('II siUllIlHI i"lllOdd gl'Il11laki

Wl\llfIllt'l' tit' (llllworpl'lI t'olllmll('fS kllllUt'1\ wonll'u gl'It-:<1 "11 It('l ,\\":ilt't'1ll lew WOl'lh'lI p;lo:<illlult'l.'1"f1
nIVOI"t'II.'" tlt'71' ill dl' plUt'(nJ)sldlillg It' illlJllt'llll'llIt'l't'lI,

Gl'lll'llik IIWkl'lUI \1U1 lou1J.',/HIJJHly-l('(·lIniC'kl'u is I'('U C'nllll"olll'f HllIwofpl'li. Dij 11('\ 01l1\\'('1'J) \1\11
Ill, ron' 1"I1l1l'1' 11I,t'ft I""U Ill'lnligrijk W'(lw!rt' nlll li(' aHJlfhll'h1 Adl'g"11 (lj) dl' gllt'lil' iJllpll'UlI'llt HI il' \1111

III' c'lmtillllP 1'lllllmlll'rS Ilil' in !'.IHllnb lijll onlwol"J!I·J1 in III' C-f"nt!t· \11l1 Ill' D.'>P. DI' ui1t'indl'lijkl'
('OIIIl"fllll'l'S vIII,h)t'1i nil'l UlIlI til' \"numf !!:losl ddt, loi,O;I'll. IIll1ll1' 1\I11I1)\'\·I·1i IIgt'n III II ('('11 IUlIlI HI 1.1Ikt'll t l'
\'('JIll'1I'n'lI I'll ,"NIII'l" ui1 It' I.llt·kl·ll. zijll Kt'llllllll.
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Preface

Thl.-; l\."I-i~IlIIWlll \\"11." .':ott'HIll ...1 ill (ki',--TI"dllJl)lu~il~ R\' ill \'1'1110 within lht, fnllll{,~l)rk of all
IlpJlrt'lllki':'>hill AI ,llt' dt'll<lrtUl('1l1 of 1II('('!IiIIlWI\! f'n~ill(""rillA of Ilw l'ni\"i'n-il.\- of TI'('huollll{" ill
Eilldho\"l'u. Tilt' a.,... i:.:IUIWllt rl,:,;ultt'fl frolll ,lit' ClIT-wuup (CroUjl nl':'(~If('h TmllL"" of ()c-(. that
l'xmnillt'S uptitni/..aliull of ,11(" I)rim (Ilmlily of tht' DIP-h...·hll\)lt~.Y ;111.1 tlll'rl'Cun' WiL'" Ix,norml...1 ill
IhL" p;mllllll..... wdl.

Thl' ori:.:illill a ........ il-\IlIiWIlI C'l,llL,bll'tl of [\\11 main 1)<lrt,,; IIII' id('nlilifillioll nl II ";'""H'lll and till'

111'Sil?,ll of II lnlXll'llilld n {'olllmllt'r tel solH' II ~IIMO'I}lll<iliollill~ pmhll'lIl: .-\ thill :-k.'\1' rolalt':'i
Itmllud II 1Ililltllt'!ic {'on' 0llj)tll'-ill' 10 II rot;l{ill~ drum. Tlu~' l\\llt,-,"lilldt,p.; han' III hI.' IXlI'itiou('(!

l)umlll"l 10 ('ltl'lI utlll'r .....ith Ihl' 11<'1" of 1"'0 Illtlt'!X'ndc'llI el)lltmlLlhlt, lII'IU>\t<lDi pL:wI'(lclll "itlwr
~idl- of lh.. ('.\·lilltll'I~. TIl(' m.;uhill~ work \\1..-; di\"idl'tl inll) thh'i' uiHin 1)<lrl:-: (1llihrntloll, s.'1iIl'1ll
i!ll'ulllklliioll lIllIl ('i)Jltrt>U('r d1':-ll;:lI,

In lilt' firsl dmj)II'r lilt' probll'lU b ('XpLlilll'il and IIt,lillt'd l\lId lhl' :-\'1'tl'UI b tl~Tiht'il. TIl('
1'i1lihnll i,m l\Iul Iiut'liri/.lliioll of thi." s.'·:<t('lIl i.-; db(·IL',.;t....1 ill dlfllllt'r 2. ",hi('1i b, fHlltl\\'NI h.'" lilt'
illt'lll ifi('ul iou alld lIl()dt'lIill~ In dlllplt'r:l. In t'hllpl('r -I :-ullN'<llU'llt h· IhI' .1'':-i~1I of n ('OUI mll('r f,)1'
,ht' pmhlt'lll i:- di,-:rIL''-;\'t1 ufll'r ",hkh a ('ollclusitlllllnt! rt't'olllUlt'lltllltltUL-; for (urlht,!" .lptilllizlIlioll
lIrt' ,-;IIIINI.

Ot,:-ith'S Iht, ~tult,<llI-"si~IlIIWIll" Ill(' p;OHI \\11." 10 ht'('ollw IIlOrl' familiar wilh \\l)rkin~ 111 O('t\' .-\
pl"IL>;l\l\I fOOIWl"llIiOli witll lIlt' othl'r llll'llll)('l":'; of t h(' ~rollp lllltlt!lt, (hlih \\"orkill~ in I hi." p;rollj) werr
ltL-;trtll'!ivC'!.'· fuulliin'. FUrlh,'f1ll1)rl' \"i."lils 10 mriOtL-; projrt'lli III lhl' n&:D.tlt'llllrllllt'ut autl St)lJll'

Hlh ....r (kt~ t!t']llll'lllll'nl." likt' lIlt' IOIl('r plant and a .."wlllhi\- dt'parlllll'lll." IVI\"t' H /!,otlll ltllpn'S."ioll of
I h.' fl)lI\llilll~' IIll.1 it,-; tlilllt'IlSioll,



Chapter 1

Introduction

1.1 Direct Imaging Process

For 1'1.11,,( prilllill~. O('(~ ,!l-wloJ)t'(! " IN'lmi(lllt' ('"lire Dirt'(:1 11l1<1~ill~ Pm("('!'<...... (DIP). s.......t'ml
-;0--('11111'(1 Iillllj!;t' Dt'wlHlJill~ llllil~ (DUlrk ht't'ld\'orllwntl(' lIui! (BVU)) prinl 1UI)llIM"hrolll(' ('olm
iUUII?,I';'i Ollll.ll inll'rII11'{lillt('-llnulI. Th~ illlt'ru\('dia!l'-<!null trmL"ff'r.i I h(' iUlnl?,(' h~' hil!;h ll'lIl!K'fHllIf(,

llllt! pn'S1'un' tllllO Ihi' !>lll>l'f (St'f' FiRufC' 1.1). Eadt O\'ll ('(l/L~bls lIf n Dirl'C"l 11Imj!;iuj!; Pmn~ drum
(DIP-druml. II £1'('(lt'( drum ami" DIP-knifC'. Thl' (.,,<!t'r drulll dl'\l'IOI)lo; 1\ lIIo11l)-ll\\'('f of 1011('( 011

IhI' rl"iltiujt DIP-druJII whidl i:; rt'l1lo\l't1 ag-aill hy til(' DIP-kIMt', Ifiln illll\~1' is prinlt'(I. tnwk., in
Ill/' DI P-drlllll mil l'I('(', riolll,'" rha~I' or d('('llHr~t' in<!l'I)('llIlt'1I1 h-. dlAliAill~ I ht' 1II111;"1lt'l if' !t'II'C"1 ronif'
forl'l' hlllull('l' In kt't'lllhl' lmll'r Oil tIll' dnllll or 1.1 11'1 il 1)(· rt'llIon'(l h\' IIII' DIP-knifl'. Thb \\<1.\'

lill iUIlIJ;1' L'i dl'wlopr'tl on IhfO DII'-(lrullI (:O;I'£' Fi~lm' 1.2). Finnll\" iiI(' 1II01llM,hroull' I'olor illllll;t':oi
lIrl'l'OIlI'('fl'(l on 1111' illlt'rulf'dhlh'-dnllil. whi/oh IfllIL.. fl'l"S Ihl'lII OHIo I hI' 1»11)\'1.

h,/un' I.'. rh., 1)1I'-""'1UII wllh 7 I>lP-ulIlt>.. t'ad, d'·\I·I"plll~;\ llllllll...hnllllt' n'~>1 lItM~" oUl" Ih.. illll'r.
1Il,~llah" b"fon' it ~... Irall~f,'rrt"tll" lilt" 1><1!1I·r.

1.2 Print quality

Tilt' DIP-knif(' (·0l1... i...1:-; of II :-;Iron~ IlIIIWJ('I 111I\! L.. fixIII('(! illlo II rolHliill!; :o<M'£'n'. ThL.. :-;I('('w
rolatt':> ill 0IJIII.-.il(' t!ir('('liuli ('ollll){\r('(llo Ih(' DIP-drum nnd n'llIO\1's III(' :-;ulK'rHuOlI.'i tml('r. Th('



2 ('IIA PTER L ISTRODl'CTlOS

,lblllllC'f'. (I. hel .....('('1l Ill(' DIP-knife Hud the 01 P-tlrlllll illHUl'lln~ ,hI' hl.\luIII'(' hl.'II,n't'u Ihe' dt'(" rie
lind lIlHAIU'1 it" Corn'S nlr,,(·, ill~ the tOlll'l", ObI 1Ir1~UII'('l" 1Illti 1Il1'l"!IlI11it"1l1 ,'rnm•.~ufh ll.'i lltlil-rulludul'S:-;

of ,II(' dnlllL" ("lUI lIlHkt' flIP lIi"I;UI<'('. d. fiUelUlIlt'. SiullJlnlio!L'; !Iud 1t'S!:< :<h"..... 111111 di'itllrhall~

~TI'lllt'r Ilmll Ijllll hn\"{- II vi:<ibll' dfwi 011 lilt' prilll 1IIlHlil.v. Tilt-reCur(" 1\ \\1t~ 10 t'olllrol Ihis
di"llllll't' i,." PWIIlJl-,'t1 h.\" mlliall.,' mO\'ill~ Iht' DIP-kllif(·. All (':<tm lldnllltl.lAI' b; dUll <!blurII<Ult1'S
of Iht· prim tl"lllit," n\ll~1 b.\" nlh('1" disturll.l\Jl{·(':'- thnn IIll' dblnrlt'll nr fiUl'tllllliull; dblllllC'<' d Iikl·
t1U('fUilli()II.~ ill ,ht, lilmlilv of rht' 101\('r. ('Hll ht' eOllljll'IL"nh...11L" wdl. Til 1111Ikt- wlli,t) lIlt)\'('lIlt'1ll

of thl' DII~·kllif(' llUi....ibl('. if i... 1J")llIIll'Il olilo till' drum wilh two da.... fk hil\~~. Thl'S(' hil1~f~

"lInw illdl'I>l'ucklll nuliaIIll0\'1'1U1'1I1 nf hoi h :-illf':; of 11ll' knifl'. whit-h I IlI'rl,forl' v,<lill... Iwo lh~n'(':< of
frl'l'llmll: "foilltitlllllllllllll' i)('fllrl'lIwlltiulit'll flldillIIUU\"'lIWIlI. Two II(·tUHIIll"!'i whkh an' plac'l"ll
IlIIln Ilw hill~I'" 1)('1\\1'1'11 fill' kllif(' (\11(1111(' drum. (1)1\11'01 tlll':-~.. lIlon·ult'l\l:-. If til(' 1lItJ\1'lIlt'1I1 1)(1
hulh .. idc,:,; i.-; ('CIUlrolkd \\1"11. thl' prilll qualil" ,)wr till' \\"hok willth uf thl' drulU ('illl h" itl!jll,"'If'(1

ul\lilll'.

-
1-'/'/llrf f:!' Ill\" 1)l1'-l.;rrlf,- (I..rl nJirrdl·r). Ilrl' f,,, ..kr drum frr~ht ,·\lllllh·r) ami parI (If til\" ()11'~,lnllll OIiIU

whwh tilt' III"rr,,,.I""1I1(' llll,l~" I.... prilll'''!.

1.3 Problem definition

A ('uulrolll'l' i.... lll'l'(I(,d In l'Olllml hOlh Ill(' l('f! (uul riAlll 1II'IUlLIOI' ]I()l'o;iti,m. Thi.-; ('olllmll('l' IUl"; 10

JIll'\'! SOlIII' ,!I'llLUIL,[,.., OLl 1\('(·IU·l1.'·..... sjl('l.'(lllllllllOi....l' n'j('C·lioll. Til,' IIC(·tltW·.\, hll"; In III' 1IIILl :<ill("('
11\1'J.;J'1' di:<Itlr!JlIlll'I'S lum' a \'i...;ihll' dfl'l'I on IIll' prill! "\Llllil.\'. 'I'll(' di."Illll('I' shoulcllw I'lllllrollnblc'
III :J Ill, hl'l·llH,...1' IIII' J'OllttiOlllll fl't'lIIlI'UC.... of IIII' :<1,'('\"1' 1'1\]\ j,\1l ll]llo :llil !lll(1 IIII' "oulrnlt,,!" :<houltl
III' IIbll' 10 ""rrl't"l fill' ll(lll-(·l'lltridl~' of I hi' dnlltl or :-Il'l'\'l'. Till' ("JlIlml1l'l" 1m,... 10 Iw .... , iff l'lllJ1lg1r III

l't~I'(·t c1i."'w"b;uu·c'S likt' ,·ihratilllls <llld SlLlTOUlldillA Iloi:<l'. A !ir:<1 I~Iitl\lI!1' fol' 1111' nr1uI':- of thl~l'

11i.~llll'hlltlC·I'S is 1 N U]J 10 100111.. TIll' c!i.-;llII'hatlc'(' siAIWb willlw dbnls,"'....1 in M't'lioll ;1.2. Ihl'

rt'SUltillA dl'lllllll(b 10 I hi' f"\llIIrol1N an' Ibtl'(l iu :<I'('liot\ 1.1.2.
Fill hi 'I II'f UlIIl,'l'sllIllll iUA" IIf t 1lC' I'~":<l 1'111 illll! fOf lilt' III,:"il-;II Ilf 1I ('I)IlI n ,111'1', 1\ tlIllI11'1 of I II(' S".\':-I 1'1lI

is IL'wftll. TIlC'l'l'fol"\'. IIII' :<~·SIt'1il i.... fin<I idplllilil....lllftl·r whkh II lUoe!t'l i" dl",iA"llt'tll\ud tUIII'I1 fur
furl hl'r W'P in I hC' (It,:,i~1l of I Ill' tolll rnlWf. lJ~idl'S. 1I :-ilUUlul iOIl lIIod,'1 of IhI' :<~"lo;I(>IIl. whit-h ("(lll Iw
11."('11 I,) :-illlUllU P \llfillllS 1"0111 rolll'!"s llne! ''\JliJiV;ll ntl iOlL'" IlI'f"rl' illl pll'll\t ·tli inp; I IlI·nl. will hi' tlt'Sil!;n<'l1
u:-illj,\ Sillllliink. BI'fOl'(' Illoddlinp; til(' S~":-I(,IU. ilIl ic!l'utili"nliuu 111111 culibl'lllioll of 1111' :<PIL..::c.)!":< aue!
lIfluat"rs i... d"I\C'. For I"olllrollf'f e!~i~lI. il i" e!f':"imbll' 10 hllH' II Iill('l\l" :<.\"SlI"lIl. !>ft'iUN' plellty
Iilll';tl' 1I'('hniqllt':< an' lI\Clilable. TlwfC'for\·. if lllll":'iblt,. :<1111111 1I0U·1i1l1·lIrilil':' ill 1111' :-('IL",IP> llnd

IIl'ltllllors /11'(' ('C)lIli)('II....aINllo ~I'l mtlrl' c1~irnhk 11I'luU"ioul'. Thb l'I':<llh:< ill I Ill' fnllo\\'ill~ probll"lIl
Iidillil icm, I'tlll... i:-1 ill~ nf Ihn'l' part:;:

• ClIlihmtf' filiI! if IIC'(·IO:"'......lry·. liul·/tl'iJ;1' :-I'Il",)!"S lIllIl tll'ltllll\ll"!'i uf Ihe' s~·sh'lll. Tht~, ('alihnllicnl"
will 114' i1IIIlh'1I\l'IU NI ill I h,' ...\1'11'111 ~i\"iu~ IIU' 1'.\"..1 ('111 II Iilll'ttf t>Ullnll •
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• ~i!{11 a m...dl'l \If I hI' ~'1011'1lI wil h Iht, 11('11' ...f 1I J;.ood ide'llI ifkal ion of Iht' :<.n.II'lII alld
1IIt'il.~Un'III('III~ltlltlllllilllil ~illllll;llit)llIllOtl('l, Thl' 11l11l.11·IliUl?; clf IhC' !''i1011'lll will ht, dolll' in 1\

whilt·hox II.~ wl'llll.~ 1\ hlal'khox 1I111.111ll'f,

• De'Si~1I fl (P-J1MO.)t'OUlrolll'f th.lIl (>olllroL'i ,hI' flblllllC(' Ii h,\' lI("lllillill~ Ill(' IWo inllq)('IIlII'1ll
ltCIUlIlOTh Oil lilt' hingl'S. TIll' I'XlIcl lit'lIlltIlCL» to thi... l'tmlroUc'f IU"(' li.'il(>c:) ill S("('lioli 1 1.2.
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The system setup

Chapter 2

.-\ ..",1 fmllll' i... pr('~wllt of \\-hkh II\(' tlbt,tlI("l' uf I hl' 01 P-knifl' 10 1hI' OIP-dnllll i... \1lri,lhlt, b~- lIM'iIl~

Ilf 2 (,Lt."'Ii.-' lIinl!;('1> UII ('11('11 .... i<lt' uf thl' knifl', T\\,) iut!c'IH'nd(,lllh' ('olllruILlhl(' "tlkl't:oil lI("I\IlIWrs.
whit-h "n' liXl'd hI Iht' hilll!;t':'>. takp nUt' of tilt' Nllllmi (... t"t' fil!;urt' 2,1). A DSP ft'J;!;ULIII':'> thl'
('0111 rut of t I\(' lI(-llUllors an<l a PC mUllill/!; ~Iallab b u,..;('(1 1I.... inl ('rfill,t, nntl for lilt' :<lomJtI' of dilla.
lll'foft, Iht' 1('1>1 fnull(' wn.'" huill. tlifft,ft'ul 1I1!"rJl<\liws WNI' prnl"-lM'ilun<l judp,I'(lall<l durin/!; Ihb
II,~j~IIlIlI'1l1 SOIllI' altt'rnnliws \\1'1'1' db('ll.~1 1\.... wdJ. Pnrl:< uf til(' 11"'1 frnult' art' t"illihmlt'tlltml if
Ilf'('(~'illr~'. Iim'mi...,1 10 p,1'l dt~irnblt., IiIJ('"M l)('hiwiour.

TIll' D1P~kllifl' 1m." IWI) di'gft'('S of frt'<'ilolU. il nltl IllO\'(' filtlinll\ (ill X-t!irt'i'tilln) IIllII 1"-'('<111:<1' uf
Ill/' iutll'lli'lllll'lIl nt'IWllnr... IIll hllih :,;itll'S rc>tl'lll' (nnHllld Ih" v-lIxi")' Thl' :<h'l'\'I' miMi'S lirolllld
,!I" DIP~kllift' (1Il"Clllud IIU' I.-axi,,,j, To pI)"ilioll Ihl' DIP-kllifl', II/'Illlllon- lin' ,,11\('1'11 HI bolh l'uds
of Ihi' DIP~kllifl'. TIll' IL"I'(1 \'oiC'('('oil t\C'Illalors l'OIL"i."1 of II hOll....ill~ '"WHlt'-'Il'tl 10 Ih" fmll\(' aud
II I'oil nlllll(,('I1"11 10 Iht' IWO hillgps. \\'ilh lh,' hillf.\i'S IllI' <,oil" un' i'IIllIlC'C'll'd III Ih\' Olr~kllif\'

with II trflllSllli~ioll of I : rl, Th(' di"ph\C'('lIll'lll of I Ill' llC'IIll\Ior,~ i." llli'I\."Uri'(J h~' two fOlfl"lli()d~,

TI\(' dint!!,;>; 111'(' ]Jartl,\' sllii'lch'tl fmlll tht' LED':< by Ill" lJIOdlll); 1lt'llIlllot's, :<II IlII' P()I~iriOll of 11ll'
IIl'llUllllrs illfl\l('II('<'S I Ill' itll('llsit.\' Ilf lht, liV;hl !"j'('\,h'c'l] 11,\' 111(' clio,I(,:, Illlil llwil' di."l'la(,f'IIU'tll !'I1l1

Iw 1ll1'IL~lln'll.

To C'OIll]ll'IL"III" for sll'ud,\' ",tal(' I-\nwily fot'('('s wlIl'kiul-( 011 ,Ill' IIl'IlllllOt'S lIud IIJ(' DIP~kuik
1I1111 for Ihl' :<lifftll'''''-'; ill Ill\' hillAi':'. a Ut'g:lltiW ",tift'IU'So" i" (")!l"lt'llC'kd, This slift'llt~ ih'<'rpa."I"" Ihl'
l'f'lI"iJ'{'(1 for('i' of Ih" (l1'lllatOI':> Illlll Iherefon' it d('(TI'i~~ thpir ,,,i,,, Ulltl hl'HI produC'Iion. Thl'
IWj.\1l1 in' :<1 iffHI'S,,, i..... providl'll b.\' I\\~l mag:llt'l ... plll("'11 ill a U-fOl"llli'il fmlllt' Ilt I hI' oUler sides of
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bUlh l'ln.... lie hill~(':". If a hillgt, 1Il0Y0.<. ,ht' lIIll!{IIt'l W'ls dOI'I-!" 10 tht, ll-frnlllt' lIud it.~ Ull\~llf'tk

flllntrlioll kllds 1011 1I1'j!;f1liw' HiH'lll'X-;. Both ,hI' /lI'llIalor" lIud thl' lIlotors !ln' confrollt'll by a
Dsr. whkh b ('()llpk·d to II PC'. \,"ilh II !'nlAflllH I"adt"'! 10 thl' DSr lIud usiul!, hhllinh a." Interface.
Ilw s\:-lt"UI (';1111)(, ('Ollirollt'<.!.

2.1.2 Voicccoil actuators

Tht' ("!JIlin' In IL..;(· Wllc:('(:oi111rlmllors i" h<\.'.;('(1 on II Ii", of dt'lIlaUII:-: TIll' tWI 1I111ors :-11011111 lx' <-hl'llp
IlUt! (',1...\- Ie) iml'll'IIM·ut. F\lrl!lt'rmnrf' lh('.\' lII'l"(IIO hi' ."Irull~ \'lllmil,h 10 f(',jt'("l Ihl' t1blllrl~\ll(,('

[urn,:". hUl jlL'1 IL.;iuJ!; ilion' e!(1Hk !){)\\1'r bill)! t 11(' solUI inll "illt'(' filii! IWali' til(' S'~!('1lI WIlIUlWh.

Thl' /trill/lion. 111,.,110 follow a rdlttivl'h- "I'JI\' Sl'lpoilll with II maximulIl Imutlwi(hil of;\ I-It, hUI
111l'\" !'>holll.IIJ.t, "I iff l'IlUU~i1 1'1 n'jl"f"l IhI' dblUfhilllH"" whkh IJrI' of hi~h fn'(IIII'lln. SOIll(' OPI)lI1L"i
1Ir1'

Positioning using a spindle A ~rt".lt ,ldnlllIHl!,I' nf n "pilUlk' i"i it" ~n"ill "tilfll(",-" 11('1\\'('('11 til('
twn lin/tlL"i lIlul n,:<L-,llIll("f' aglli!L"'1 <Ii"ilurhatll't"". A tli.",ulnulIllAl' b ill' ''t}IIII,k'xiIV lllilkiu~ il
100 I·XIJ.t'IL... in'. hl""id~ Ilu' fH1'1 il C·OIL...i... I" uf manv lJllJ\-ill~ ))/111" 111111 C'all flli!

Positioll the knife by makillg the sleeve roll o ...er the DIP-drum Tili... "1)1J.t'i'rs It. 1>4' illl
1)I.,.."ihl"l'illft' 11)1) lUll('h ImWf i"i pn,:,('lI1 ilr1>l1ud IIII' .lfIlIlL.... :;() I!II' mU Im"il willnto( .... liIV elpan
l'nollgh, Furtlll'flll\)fl' Ihl' pOI,ilioli C'iUl 1101 1)(' ('01111'0111'(1. il b 0111\ hl'lf('r IldillC'(l rd,\Ii\'l'lv
10 lilt' DIP-tlflllulhall il j,. 1I0W, AUlIllmlllllll.(' ill!,uin i"i 1110' high "lift'IIl'''.... IW:I\\'I'('lIlht· c1nllll.....

Positioning using voicecoil actuators All il(h1\llla~c' nf Ih.' vnj(-I'('tlil iII'!IlHIt)rs i,"i Illl' utC'k of
lIl')\'illA )><1111' lIud Ihl' ~)W e.k'I prkl'. Two diNUh'llltllgl'l; 11ft' til(' low pfm'ilh'(l UUl.'C:iUUIlIl
r,m'" uud IIII' filC'l Ihat ,he "Iiffll(~ is IIU1inh Ildilll'i:l h\- I Ill' ('tllllrtlll,'r. 0111 Iht·Ir;IlL... iliou ill
Ilw hiuAI"" 1~'1\\1'('n I Ill' i\f'llIilIOf and Iht' DIP-kHifc' iI1l'n'IL....• :.lillH~ l\llllllll'f"foft, hll'fI'HSI'S
I Ill' ('UIlIl'oll.'r I'>tiH'lII':'S !>I'fn'i\T'I! by 1Ill' DIP-kllif.,.

Sill('t· thl' diNllhlHlla~I'l; of the \'Oic'I'('tli!lwtlllllul':> ('lIll l)(,l'ol\"t'd, Ih,,,.,' 11ft' dlOM'lL tt)J!;t'IIlt'f
willi l'h~...lk hillL\t'S. C"lJIlluiniul{ II II'H'f willi a Il"lUL"iJlli..;.>;ioll of I ; :,. 10 ('olltl'ol 1111' DIP-kuif.',
StlllIC' a.h11111ll).\1'S uf till' \llk.'(·,)il (I"luntof art'; lill('ul' .1,'!x'IlII"lw.\' of Ih.' f(,:,ultillg: fon'I"" 011 Ih('
illl'lll l·uITI'nl. II low 1l100'ill~ lIIiL....';. hil{h motof 1',)Il"IIlIlII'> I)f Ih(' lI('lIlHIIIl'l' ('1111 1)(' al'llic'H'(1 lIllll
lUI llLl'dulllklll I·oullu·t hl'lw('('n 11l,l\'ilig J)/II"I:;. pn'\'I'lIlill~ frktioll /\lui lI.m-lillt'lIl' Iwhu\"i.llIf. Bill
1111'1'.' un' .<;tHIII' tlisml\1llllag;':'i. whkh hit\'(, In Il,' 11Ikl'1I illlo i1C'('cllllll; 0111,\' l'JIlall :<1 rok('s lin' lIllow,'(1.
ot hl'l'wil'l' I Ill' It'Slllt ilip, fllrel' wi II Ih'('n';L~" Hlid I Ilf' :-it ilfllt's.~ a 1111 (I i.~lllrhlllJ.'I' l'rjc'('1 il m flilly 11(,"1'11' Is
1111 Illl' c'.IllIl"Clt1('!".

2.1.3 COlltrol by the DSP

'·11\' S.\"l'll'lIl b ("1111 l'lllll'(l IlsillV, u DSP (Tr-.IS:t2tlLF21i [2 T.'XIL-; IIL'>1 I'Ullll'1I1 .~), A PC' .·lllllllllillirlllt':'
Ihmu/!,h II llSD- !llld/or nS2:~2 iIllPffnf"" wilh III(' DSP. which p.·fftlrl1L~ lilt' l"I'HI-liull' I'oulrnl of I Ill'
l'~'"It'ILll\lld :;('lllb llata 1'1 I Ill' PC', TIl\' dlltl' i,"i huff"rt'd hili FIF<)-huft'I'f hl'(·all....(· tIll' "1)\'('(1 IIBla i,..;
~t'llI·nt\('(llIli\~· 1)(' hij.\llI'f IhllUlht, llSB-hul' ('1\n h1\ll.II.'. TIll' PC i.... olliv u:;('(1 fo.. tl<ltl\ HUf<ll!,(' iUlll
Ill'> It''('f 111\('1 fat'I' for Iht' 1'.'·....1t'lli IL... illA r-.lat UI])..G lll. Till' DSP IIlL'" num\' buill-ill hnrdwHff''''Hlll i')lb
lik.· A D-I·ollwl"sjc)ll..... div;itall -'(). rOLllll('!'I'. l·aplurillA. ('11-. Till' "olllml oUlput (If IIll' DSP. PWM
(PllL~ Width ~lodLllillt'(l) I'i~llnk i,-; hoosll'(l (\1111 Ll:;('(lll"i hl))Ut for th.' \·oK'('('oill\f·twltO!'l', Th(,
~'llStll' n·"dilll!,."i art' dif('(tlv {'uuph'(l to Iht' AD-('tlll\"t'rtt·rs uf 1111' DSP

Th.' DSP l"Imll\hL~ II FI; .....h-lll(·11I0f~' uf 2:,(i kB~'lt' ill whidl 1\ lihfllr.v wilh l'IlIIul;1I"(1 ('(llllrol
pfllc·.'(llIn"", i,"i upl.)(ul.'tl. Whl'lI IIIl' 1<".\',,1f'1lI i-; 1'lnflt'(l. 1\ DSP-pf'lJ.:mw b uplulld('(1 "iil RS2:~2,

whkh l·uIL... i.... ls tlf II ))lln Ihlll C0l111llll11kllt~ wilh Ih., PC nud l'ulltaILL"i illf"nulIlioJl uhom Ih(' IL"-l"t1
I'ful'l"tlllfl':< Hlltl Ihdf illll'fC'IIIlIlf'('1 iOIL"i. allli a l'tllllfnll.'r. whidl l'OlllllI1l1lif'1I11':' wit h IIJ(' :;\.,,1t'1JI anel
1'ltl,'IlL,II':; I\('W ",'Ipuim "iJ;;llaL"i, Tilt' proj:!;HIlII b wrill"ll in C++ 111111 ul)ltltllcll'll lL...illJ;, II C-hlllljJilt'r,

En'l)' l'llllt rol ,,1I'p 1111' /'it'IL'it)r i PlIt'CMlt'f I>lt-il itlIL'>. tlU' ",'ll>llim I)lt-it iUIL'" nul! Ihi' I'olll fol "il?;lIitL...
whidl lIf(' ....1lI lolht' Hl-llIiIIOf:< HI'(" ~'1II III tlw DSP-FIFO hlltfl'r_ 1\ daln How of;\2 kO~1(' 1'. Thl'
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Position Sensor

I-"I'lun 2.2: ('coulr"lI.-r ,1.l"l1\1l1' 11,111111'.

11('1 WllOl"S Illld Ihl' Ilh)lnr,"; Iln' ('oul roll('(] ll,,,illp' :W kill, P\\"~l-sig"llllls; IIU' Dsr n'lI(]S t hI' AD~
l'OIl\'('l't('l'S, t"u!t'ullltl'S 1I IU'W ('oulm] OlltpUt. 1'I'lliis this si~m,llo Ih" P\\"~I-OllIJlllIS !Lilt! \\Tile'S 11

IOl-\ t,1 thl' PC' lISillJ( thl' llSO plll'l. A lIl'W :-iI'lpllilll ftll' tIlt' lJl'xt liulI' salilpl... L-.; mkulllll't.I1111l11lwII
il .'Iarls \qlilill~ f,ll' 11 lIl'W iUtI'lTUpl.

TIlt' ('olllmlll'l' nllL~ at 2 kll" so ('\1'r~' SIUIlI'!" tillll' 1'lllltttiIL" 10 P\\"~l-I,..riolk Thl' 11'1IK1h
of Ihl' pul'><':'i L" l·ulllmlkd hv Ihl' ('Olllru! output To pri'w'nt ,h(' swit<'hillp' of Ihl' PW~I~sil!;lIalo;

dL'"ll'bill~ till' lIIl'llSlIrf'IlWllts IIlld AD-<'flllwrsiuIL'. till' PW~I-pi'riods kllJtth L, lilllilNI to .~'y..

Thl' AD-n.lIl\1'rsilllL' MI' I)f.'rfurllll'li ill Ill(' ullll'r 20';{ of thl' thill', ill whkh IIIl swildlillj:t of Ihl'
P\\·~I+si~:naL-.; 1)l"(·Ul'S. Till' l'Ull'·i'l'SiolL.. llrl' Ilf'rforllu'(l ~ liml':- Ulitl an'ra~I'(1 to 1'I1IIpr(':'." UOl'i('.

Th(' Iml'i(":; of lhl' i"Il('I)(krs of IIIl' lil(llOl'S Mi' .'\MIIlIl'flllllt.l till' falliul!; anti ",billA f'fl~(~ nf lilt' :"l

IIltll't ft'('f'lIt pul'«':- MI' ('I\pluft'll b~' hnrtlw~rt, ill th" Dsr. Tll<'rt'fol't' l.\('t"umll' sj)('f'fl 1'1'1 ilWU ion bv
iutl'l'j)lll.ltiOll 1)I·t\\'\'1·1I ('11(1)(11"1' j)IIL'>II':1' ('(\ll 1)(' IlU!.fIf'.

Tht' P\\"~I-si~lllll.. an' i1111t r"lkd h.,' 1I 12-hit intt'lo\t'r Im\illj:t I't nuW' of -2fl.17 to 20-1'>, TIl(, nUI~l'

b limil<'t.1 from -lr,OlllO VJ()(). AfH'r Iht' .-\D-('llIl,"'~if)lL'. Ih(' t"nlllmllf'r 1'1'tI<-I1I<)1t>:>; II c"lIll1ml sigllal
llnd upclm('S 11ll' P\\"M TilL" rt'Suhs ill Il. Iimc' tlt'L,.,' 1)('1\\1'f'1I IIIf'1l.,"Urill~ IIl1tl ('lIluml outpul I)f
!t';~st lit 11Ilt' P\\"~I-pt'rifMI (1 '(20 kHl) =--- 0.000·') s) (~'f' I\l"" FiJ;urt' 2.2). TIll' Will rolll'r mlc-ulat{':
it...; I)UlPUI 1Il'in~ inl"W'r,o," Thi... ('fill ~ivl' probkllL" I'lll'h I\''' IlatA Iclr'>."'; or illll'W'r o\"l'rHllw it Ihp

('llIllrol1<iglial.. ~1'I lOll low I)r Illo lIi~lI. A solUtkJJl wllllld Iw lI-"in~ fioaring JIIlilll oJ)I'mliorl'. A
t]b"dnllllal!;l'is thlll this L, 1\ slowI'r a!tt'l'na!ivl' I)I'I'IIIN' it lakl'S lllor(' I'HkulHlioll Hul('.

2.2 Calibration

, ,

Fmru ft cOlllrol 1)I)illl of dl'w. lilwar dynalili(' bdlllviour of tht' s~'sll'lIl is dt'sirablf'. Furtlll'rllllll'l'.
....~"llIlJlI"lrit: 1)I,IIlWillul' ('lilliif' IIsc'ful sill(,\' tIlt' I...flllllli l'ilo\h, nmtl'ullt'r ("1111 Iw 111(' 1'111111'. Thl'l'C'forP
Ihl' s.';..II'm L, ('l\lihmh'll IIlId liuI1I.ri,,('d if 1ll'l1':'<..'>lU)" lllId if jlfll'iSihlt', A rl'Sult illJt (J\'C"r..-it'w of inpllI
lind OUI JlIII Sil!;lllll" b 111<1111' ill whi("h hl'CHIIII'S ('Imr how Ih(' l>i.e;nal, t'Wll ...1' ill t hI' s.\'1'1 I'lli (M'I' FiKun'
2.7),

TIll' j)tll-itioll 1'("ll'"'or nIIL"i.'ls of It LED and II folO-diodl'" Thl' l1c-1ualor 1II0\('S ill ht'lw"-'l'1I tll('lII
It'iwill.e; motl' Ill' ks." lED-liJ.:hl t'xl)ll't'l1 III tile' t1iotlt'S. TIll' ,·"lIliJ.:t' IhWlI~h Iht' t1indl'S i'> Il>;l'll
In Ilt'If'I"lllilll' lilt, I)(t-ilioll of Iht· lI("llIaturs. TIll' lIl1'lll~ l'i~nnl, fWIII Iht, dil)ll~ 11ft' C1111"t'rlNI til

II 12-bil l'i~1Il1 with It fltlI~t' of 0 to IO!).-,. Till" pl~itioli st'll"'-lr L, !lOI IIlIl'lIl': thl' rl'lIl ptll-ilion
Wt'SIL" Ih... Illlllllli siKnal of IIU' :-<l'IL',Of 1m"" II S-l'llJIpt', Fllrtlll·f1110rt'. tltl' IlIIljllIl -"iAlIlIl drift ... ill
lilll('. Tllt'rl'forl' 1lIl'1'('IIStlr hl~' tIl ht' ralihmtl'fllllllill ('llllll"-'!l:-;<IIIOli fill' 111(' 1I1l1l-lilll'lll'il.\' Ill\'''' to
Ill' illlpll'IUt'llIl'fl.

2.2.1
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Lill(!arizalioll

Calibr"tiOIl

(2.2)

(2.1)("(J'

etJ',,, + Cl.r~" + C:IJ';~, + e l,I"!.. + ("-,J';"

(('(."", )

look /Ip( J' '" )

J' "~,,I

Look-lip table and sellSOI' drift

\\'illl J' ill publ'S !Illd J.". til(' 0111 pill of Ihl' .~I'll.~(l" lwfort, lilll'>lril.lliioll.

'I'll ('illihl'llll' Ihl' 1)lI..~ill,)11 SI'IL"(ITh, IIII' kll,jwU ,li'llUll'l' hl'I\\'I'('n ,llc' ph\"ii'al hil1lllilHril~ I)f 'Ill'
lid 11111 tlI'S l-; IN'll wllkh i' l.rl· 10 :1 111. Thl' tllll pill uf I hI' ,\D-('Oll\"l·nl·Th \'arii':'- from n III .JO'Hi hil
whidl I"I'Sul", in 1\ rt'NlllIliulI of I\hnUl 2.7;( Ill' hil U1. 'I'll I'il.."!' wnrkill~ with I hI' siJ;uab. IIIl'
n"'tlllIliull afll'r I'i\lihrlllhlll b,;('t til -1.0.101, hil Ill. whic'h fl'Sllh" in n n-U1~" of liOIW) hil ')H'r Ih,'
10lill t1i"pllln'lIWUI {If l.r, 1tI ;1 111• Till' IWlllfl.lon- 111'1' lIInn'll frlllll ,lUI' "11l1' IlIlhl' olhl'r. Th('
miuillllllll ~·tL"'lr f1'ltdillJl; i" IL"t'(I1\," oriAili IIl1d ."!·I III n, IhI' 1I1ilXillllllll "C'IL"Ilr ft,<UlillA i":«'1 10

(ilMMI hil

A !t1'lk'1I11 luhlp i" llsl't1 til illlpll'lllcnl Ihl' Iilll'uril.llliOiI. bl'('lI1ISI'lllis takl's 11':'-" oulilll' I'llkwltion
lillll'llmll IlSillA 1~lllatilllL 2.1 for 11111111' Illllplil dlllll, TIll' IOllk.lljl IlIblt' wilh II runAI' of 0 lo-lO!)(i
i.~ lillf'il willi I hi' r('S\llts Ilf I Ill' lillt'lULdll/!; PIII~·IlO.lltI, so fill' 1'\"1'1)' :-('nSIII' 0111 pilI 1\ lilll~ll .. izC"lI oUlpul
siAlllll wilh a nUIAI' of 0 to HOOO plll,,(':; b rt'lurllt...1. TIll' n'Slihill~ t)uIPUI II0W bl...·')IIII'S;

with .r"" Ill(' rt'Sllltiul!; liUl'IIril.l'd OIlIPUI ilia nUI~I' uf lJ II) Ii(M){) pul"!,:,.

TIU" rlfl'-lmkr fil i" Iwrfnruu'll 011('1' Il('('fllL"I' il n'Cluin'" Ihl' l'I'III1l\'alof IhI' N)lIIPI·IL"(.lillll; 1Il1l~

U11s. $I, ,11(' ('11(,llil'il'l1ls C, IIf Ill(' l'0b'II(11)]1l llfl' c·i\kHlall... IIIIll"t' lIud SlIW'l1 DI...·alL"!' I hI' IIIUplll
IIf I Ill' .'1 'IL.... II':< drifls ill I illll', Ihi' IImxillllllll IUld luiuilllUllI IIllt I1111 1111\'1' I\) hI' c·lIlihrall...1 fn"'jlll'lII!v.
Fic,l!l"l' 2. I sh"ws IhI' fil':<l I WII NII·fidt·lIls of Ih(' II',L'I .>;clllnH'" fil Tht' I'XpOlli'lll illl dml'lltlt'r of IIJ('
pl"l ilUl'lic", Ihal liI(' ('lll'!ikil'lI1:< ("'Ill"('ry;(' III u lillal mlill'. whidl i" Iih·h 10 hi' lh" rl'!-iuh of :<0111('
Silfl of hmlinA. TIlt' fjn<1 1\\11 1'I)('fIidC'lII", whit-h imlihlll' Ihl' Illmudill'il'S 111111 "\11111' IIf I hI' til rail
III' updah'(l fft'(IIit'llIl~' h~- a ('alibrnlitm tlf 111(' lIl<lXililUlU ;uld millimum "'·IL.... 'r 1Il11llUt. Thl'ft·fl)f(°
11 l'iIlihntliml f\lll("liOIl i" illllll(,!Il('IiIC"l! in 111(' C...·ot!C'. whic'li ('lUl III' run t'lL~ilv ill 111'1\\'('('11 2 prinl
jnll". Till' HUlp1l1 mllJ!,1' i" dl·!t·ruulll...1 and IL",ill~ Ihl' "I\"l ... l (1wflidl'llls Iht' lonk-up wbk b n·liUI'lI,
Fil!,llf(° 2.;\ :<hll\l~ lll] l'x,ulljlll' IIf IhI' 1lII r<\."1ll'('(1 tllIlR 1''1-\1'' hl'r wil h Ihi' ;UT"IIlIJallit~1 liumril.C"I1 dHla.

Tn itl'·lIlif.\" i1ll1l l'IIUlII(·IL...alt' lill' $-:<1181>(' a di<tAnUli b plllllc'Il wilh lIlt' n'"l IIUC.;ili<l1l "I'r"'1L'" Ihl'
11111 pili "il!;llill, TIll' fl)lIl)will~ a....... lll11ptilllL... nft' madl'; flU' I·LL"'lil· hill~I'" hiln' Iilll'ar "tiffuf':'." ami
Iht' \"oK·( ...·uil, hiln' Iilll'l\r inplll-ollljllll '"Il'hll\'inur. TIWrt.fnfl'. if IIU' l'IIIlIJII'IL"illinA 1I1i1~IICb till
IIU' 01111'1" "it!(' uf IhI' hill~I"" an' 1'('11111\'1'(1. 11lC' rl'ill l>Ol"ilitm b lilli'ar wilh 1111' "iAIliII "l'1I1 III lilt'
\"uil't'("tlil Illillal '.Th. So 1I111\illl?; Ilw IU'1 \lill"rs wil h II Nlwll>o,1 h ..... ·tl>l,iul , nud "lOll illg lilt' at'l \liunr
r\\"r..l-.~igllal 1\~l\iIL"1 Ih(' 1>Ol-iliOIl r('i,dill~. ill! lloll-lilll·;llili.", IIrI' c·lIlL....'(1 1I?t, llll' I)(ll"ilinll "t·IL">.)r.
Thll-I' a......... lllllpi it)IL'" an' 11I11 Illtill!:v' 1'I)rr('('"l, TIl(" p\rr..I-"iglllll II>L'" il t11';1I1-/11ll1' lIfl)llllll /1'fU. ",hic'h
J!;i\'l's II ,,!lop iUlllt' 1I111t:< what i'.; mit rHlL<;('(1 h,' 'lIP J>Ol"ilitlll I'('IL""I":<', FlIrllll'rlllort' !<\11II(" h.,-slprt~i"

b Ilrt"""'lI!
\\'jlh II II'lL"'1 SljIliHl'" 1U;.'lhotl a rl1h---tlrdlor 1)(llvllomial i... iii on I hi' f1"'llhill~ S-Slli\P('t! OUfpUt.

(Thl' MI"p nl"nlliltl II'Ttl ;tllil thl' h.'"l-It'rt",i" ;lrl' 11111 luklOIi ililtl m'('oHm sinCl' Ih,'S(' 1Irt' llilt rmL>;('(1
hy lIlt' :<t'IL"",r). ;\ jjlh..mtll'r fit did no! ha\'!' si!!,uihc'1I1l1 illlllnl\1'1I11'UI 1111."11I111'1' IIl11l IllI'n'forp 11

r,"'-ordl'" Iii i:< IN'll D~' 1II11hiplicitiioll of IIII' Sl:·IL.... '1" outpUI wilh Ihi.' pohnoolll, tilt' ('ol"rI'('INI

pll"ilioll r('lLllillA 11I... ·lIIUt':' 1i1lt'1Ir wilh 11\1' w,ll Pll-ilion.



0.\' illlmt.llldllK ('x'm ('untmU('r stif[1l1'SS l\t 011(' "ill(', lUi 1111('1111" bo, iliad., In ~llIi\IiM' ,lit, ",if[lI(N<;
liml fiAhl da."Ik bill~(':o, 1o IIl.l1kl' ,ht' DIP-:<.n.f('lIl mnrt' .";\·lIIl1lt"lfk, Tht' "lif£lIt~ C"all 1)(' t'(lunli'«'(1
hUl m'('mll rt'l<ult:- aft' nol w'~· prl>lIIi"itl~ sitll'(' diHi'll'1lt lU"ltUtlnr UJa."i.'<t'S ('II' lIbu illfhwu('(' III('
"~'lmllt'lrk dnmlllK-1I1 h,-'!mvioul'. FUllwrJuol"(' illdlltlill~ \lln'inK fl't'(lhlll"k nUl rt'Sult ill :-I;tbilil\
jllnhh'm" :-<II IhL" idt~t L... lIul illlplt'lIK'ul('(! ill I ht' linal ('ullt mlkr.

04'fOl'(' I Ill' l'Olllpl'lL',al ill/!; IIUI/!;Ilt'I:' IIrt' ill,"1 alll'(l. il 1'lIlihnli iOIl 1m,,, 10 Ill' "I'ffurtlll'tl 1.1 t'Olll!lI'IL'iiIII'
fOf Ill(' S-Sllll)ll,(! inpUI -HilI pili Iwh,,\'i\lllr of I11(' :,(,IL~or:- fmlll wllll-h ;j ('udlidt'llls fllllow. Aflf'r Ihal
I ILl' l'lIlibml illlL 111I," III hI' rt'pl'1I1 ('.-1 fr('(11II'IlII,\' III n....lllibml(' 1lit' 11]I]WI 111111 ItIWI'1' !>'-l\Il11larif'l< of rILt'
01llPilI SiI!;IUlI]WI'llH:'t' Ill(' Sl'IL";<lr (l1I1PIlIs drift:; ill liull', E\'l'rv lilLl\' Ihl' ('llllhrnlioll b p('rfonlL('t!
11U' IlJllk-llp luull' i.~ r('lll1('11.

"
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F1!lIHl 2.:1.- 11I1\";lrl»<.,..,'"

Hysteresis and dead zone

Elastic hinges

COln'llision

•

2.2. c.\Uan.\TlOX

2.2.2

2.2.3

Ot't'UlISI' of llUI/!;Ut'Ii<' dllll"!.!,illl1; of the irou, h.\':>lt'J'('Sb L..; pn':-;('lll umlll\(' S-."hll]l(' !J'-'l'ulLII'S il loop,
This dllll'J!,illA is iuil hill'll b,v I ht' IIlOVl'llI('nt of I Ill' ,oil", whit'h illdllC'l'S 1\ 1I11I/!;Ut'I k lit'ld nlld bt'('lIIlSl'
I IU' WilY tIll' l'oiL" 1110\'1' \lu'il':'i alii hI' t im(', tl\(' pn':'iI'1l1 hVSII'l"('l<i,'i \llril's 100, Om 11.\'S1('l"l'Si" is SOlllt'
:-orl of I'II('I'/{V dbsipill illll, wlLkll is posit in' f01' I IL(' dl\ll1]liu/!; llf I hI' S.\'l<II'lIlll1111 IIl':-;I1il.-' Ill(' 11.\1'1 l'f('Si."
Ihl' ('Ol'rt'('IIll':;.~ of III(' OUljllll will 11111 1)(' affl'(,!t'(1. Tln'n-[ol"l' :;O!lll' hvslt'H'1<b i" nol hilI! IIIllI it L-.
unl Illkl'll iulu *'1'011111 f1ll111\'flnoH'.

TILl' inllLll r\rf\l-sij:;ual I'~ll 1~' Uti Of .)f[: I. 0 or 1. If il Swildll'l< frolll I lu I IJf \'il-t' \·('rsa.
il 1i!."1 :<Wildu'l< III II. Stillmuud 0 a dmd ZOIl(' b pr("S{'1I1 ill lilt' oUIJllll "iAlla!. whit-h is inilial('tl
h\ ,II(' PWf\1 illPll1 siAJlIl1. Thl' ,,,;<)IUliUII tel thL... prohkm b III dIOt'S\' 1111 .-'llllilihriullI Of 'mrkill/!;
])(lilll fill' I hi' l\("\lIulnrs Ihal ]j1'S far (,lIull~h abo\"(' or h('lIf'ulh Ihis d(';llllUII(',
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2,2.4

,nIh F, Ihl' ~nl\-il.\" f(lrN' a{"fill~ on III(' lItlulttnrs, III"., Ihl' lIl'llIUltll' Illl\,". til/III' tilt' Orp-IllII.";:;.
It I hI' an~k' nf I Ill' 11':'1 frallw, ~ Ill.' all~l(' bl'lWIX'1l lIlt' ~rn\"il\" \"I~'lm:< Hf 11ll' DIP-kllif., lUld tlw
m'IUlllnn-

I-"'lun .!_~. 11.,- iiI"" ,md .'>l'f~'IlII ....dli(I(·1It /Jftl",I...n all,j ri):hl iiI>- rtNlltUljl; rr"lu tahhr'ltlll.l;. till' IJlO/'oltk>ll

"'-'n"'·1

TIll' \,.lj('('-"oil lid Imltll"1< fHl' iI!J!lH).,dumtdy lilll'ilL Til.'\ lin' 11ft 1l1l't~1 h.v II 12 hi' r\\·t.I-~il{lIi\l.

TIl{' P\\'~I-:-iIl;IlHJ 11lI.~ II pllL'-l .... rrNlllt'lll'.\" of20kH/II1l,[ II mll~t· of 20h In Z().l'jlJil. ,1"J"'IUlill,l;
till th., rillU' it i.... 1 Ill" -1. \\'!Lkh is lilllilt~1 I,) Ir,on 10 1~.OOhi,. Thb lilllil:; lilt' O\lllllll to KO'A' of
its IIUIXillltlllL Stlt'WI"\' P\\'t.I-cy("!,' 20',{ of2tJ kill, I· 10 " s. i.~ Crt'!' (,f P\\'f\I.siJVllll". III thb lim!'
AD-I'"II\'I'l"si,IlL'l fol' tin' Pt\"ilioll Ill(,'l.."I!n'IIll'llls lin' pt'rfnrtlLf'll.

Th,' ll('l\mhl! fon-I':> lin' ('i\libmtl'(llIlLIl tIll' ('Olllrotll'1' Olllpll1 i.~ l'Olrl'(,ltxll)t'flll"t' 111(':,-" an' :wnl
\0 tlLl' P\\'~I-J.(I'lJf'rnl"r. ('alihmtioll sho\\"l'tlllllLl 1\ P\\"~I.slv,II111 of UhOlll I!J() bil n'slllt,~ iUli fol'(,(,
Ilf I N, TIll' l'lllllmlh'r lIllII'll! is llI11ltilllil'tl by a ('I)I'I'I'f'lil)lJ flU'lor \\'lllrll llUlkl'S r,uu llit l"i':<uhs ill

J N (Sf'lIsili\"it.\" of 2, HI ;\ NIbil), To Ilf'Il'l"Juilll' tIll' Ie'£! 111111 dv,hl l'ot"1'('dioll flll'lors SOIIlI' It':'ils
UI'I' pl'rfol"llH'(1. \\"ith a fOl'(,(, Sl.'USOI' a knowll fon'l' is ll['I'III'(1 til ,hI' DIP-kuif(' Ilud th" siv,lml
Ill(' l'olllml1l'll1l't'tI.~ til k(,l'I) IlIl' DIP~kllik ill JI'l1iilillll is 1I1('11.~lln'(l. FiAlln' 2.!", :<how~ 1111' rdatiUll
hl,t \\"(','!J I hI' I'lllll mlll'l" al'l idty alld I Ill' Illlplil'tl fnn'l',

[kfnl"!' Ihl' fOl'('I' :<t'II."';OI" Wl\,"'; a\..\illlhk. SOil II' ll':'>IS \\'('1"1' IH'rfonlll'll IL~illA Ihl' 1Il11.~ of tIll' DIP
kllifl'. Ih IIll'lIillA Ihl' Il':<l fmulP, Ill(' Anwil.\" fUl"('l'S 011 IIii' OIP·kllifl' llml till' !\('IUa!111' lJl'I."'~

dl1lllgl', ll:<ing f,mJllllll 2.:\ I hI' <>1[('('1 of IluN' I"hallj!;I'S 1m I hi' 111'1 lUll III' lin' ('llkulatl'(l. Stl IIll' fon'"
nn tIll' 11("1 llill lJI' 1'1l1lSl.'(1 h\" til(' lilt of Ill(' If'SI fmu\l' i... kIlOWIIlIllt! i... l'olllpan~llo Ihl' ('HlllroUl'I'

1It'li\"il.\" to kPI'p ,hI' OIP~kllifl' illln piaN'. Tlli~ n':<llll.~ ill IUII)'l1 11m! 1),0022 N P\\"~I-hjl for
r(':<IH'('1 in'lv I hi' kfl IUld right ael Ulilur, FrullI I !If':<t' mhll':'> It (111'1'1'(" ion fnd or i~ (·"It-"IIIII.. 1 ll"I\'ill~

1).IMrl N 'P\\'~I·hjl for IHllh :<it!I'S. Fill' thp Ilofl Stud ri~hl l\("llllllnl" Ihl':'I' flle'lurs H':<j>I'('liw'I.\- /In':
11.% 1lI11! 0.112.
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2.:J. L1SE.-\nln·(JFTlIE~}'STE.\l

2.2.5 Selfinductivity

DlIrill~ tIl(' s.,"sl\'lll itll'lllilifiltioll (Clmpll'r ;~) it b :-huwll tlml arollnd :\(M) HI thl' »lIAk of lilt'
1Il",.."llrt't! frt'lIIll'IIl'.\ n"'p'oIN' drops 10 -271) ,It'!!;. A !ll......... ihll, NI\I:'(' 11111" 1)(' III(' ,,('Uiud\l(·li,il.'" of
Iht· t'oil" whil'h ('l\IL';(':; a ''tllilllt'r-E~!K illfllll'll('in~ Iht· linmr bdm\"1l.JlIr of 1111' \"okt'(·oil... Thl'
sdfindll{'lh'it" of IhI' ('oil.. L" tlU'lL"urt'(I, Thi, i,,, dollt, hv plHdtl~ Ih,' {'oil ill II R('-ll1'lwork 10' A
sillt'-slmlK'lI \"oha/l,t' L<.; npplil'(l al thl' llI'I'\1lrk lllld lhl' \'IIII,I/1,t> 1I1'rtlS..>l lilt' ('oiL.. i,,, lll"I"~lIrt'tl. Thl'
,~dfilldtll'th·it.yal'Pl'ilrt'tl to hI' IIItI SJl\III1I') iulhl('l!c't· rill' s.n.tt'lIl that lllll{'h,

2.4 SYSteJll paralnctel'S

Thl' lill{'l1fit~·of t ht' s.,"st(·11l is e!1('t,kt'tl a.' wl'll IL' it IwillA ('Ollst !llIt ill I inu'. As I'X!)lllillt't! ill ellllpt,,!"
;1. tilt' fn'(IUt'IIC'," r(':'i!)(IIL';t' ,If t lu' syslPlll i,'i lllt'lL';llrt'tI, TILi~ i:-; ITPI'llIl'tl :-('\'{'ral t ilJlt':'i wit h (liffpl'c'lIl
ilUpll'IlI{'1lI 1'1.1 ('tlllt rnlle'I'S, Ir I Ill' s~·sl e'1II is Iint'n r, t'\,('I".\· I iulI' IhI' Sllllle' I'C'SJ)t)J L"l' b IIll'lL"lll\'( l. Tll\'st'
IIlPIL"lll't'llI('lIIs an' IIbu I"q)('lIlt'(l wilh Iht' D1P+kllif(· ill difl(,rt'1I1 pU<itiUIl.:-, Fi.L,'1lH' 2,li shows th\'
c1iffNt'lIl fr{'(llIl'lIc"-," !"l':<p01L"t'K

Ck-<ul.v 1I11z;1 fl'S!ll.IIL"('" ,1](' {'(IWII whnt illlplil":'i lhllt tlU's".\"sTt'1Il i" lilwaf. TIlt' 0111.\' n"'IHlIL>;('
tlml i" difft'f('U1 fWlIl till' ft~l i.; II ~PtllL'i("' tllnl \l\lL" IIlt',L'iuft"Cl wllclllhl' il('Hmlors WI'U' j'L~1 Illrtl(....1
011. Thi'i illlplil'S 1I1l11 Iht' ,.)·~It'lli dlHlI~Cl': wlwn iiiit'll'" tlJl. Thi~ i.. flt"l) tllP ('(llldLL~ic)]J from til('
1<'l\H S(IUi\f('S lit 011 thc' I}<l/<itiull S('IL"l)!'S (s('(' "'N'liuli 2.2.1) wlwrro Ill(' c.)(·fiit·ic·llts uf til(' IiI tlrift ill
I iml'.

O('fon' Ill(Hldlitl~ Ih(, :-,'~tl'llI. 1'0)[111' 1I11"'-~ ;tilt! sl ifm'SS('S 11ft' dt'II'flUilll'tl, TIll' lwluall)r sf iffllt~" i'i
dl'lt'rminrtllirsl. Sinn' lIlt' Iwllllilur forI'\' l\lItlllt... ifi'l\I sill;lIllL'i art' (·nlibnl\I't1. fon'{' IIILd Jl<....ilioll
1IIt',l""'lrI'UII'IlI:- lit clilkn'1I1 1lt"lllll!t)r 1}<z;iliOlL'i prO\-itl,' infurtlll\lioll abulil thl' Hflllalnr :-lifful':;.".
TilL' ]I'i.ltls III 1I ,"fiffUt'S." of 2,;\, WI N/tII,
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'Ill(' dl,:"ij.(llI'tl .\\'1""'Ill. ('ll!i!lnth'llaud lilll'f1ri,'>I'(!. This l"t'silils ill H wt'll dl'fillf't] lilll'Uf :-("!'ilPlIl. To
lllllkl' tht' .\\'1'11'111 lilll'ar mlll tn ('alihrntf' ,lu' ........Mt'lll dillt'rt'ILI S'('l~" l\I'l' lak"ll wllkll an' dt,:"niht'd
Iwf"n'. All IlH'I"\'it'W I)f '[Wi'''' ...h'l~ is gin'lI ill Fij.!,llri' 2.7. TIlt' 1IH'1~~lln'd p(~itinll of the l'Wl'll'll.l

i.~ lilll'urL...('d lim! M'Illt-d Il.... ill).\" II I(Hlkup-llIbll' (Sl'<.' M'{"fion 2.1.1). This fI>slllt ..... ill a position .... ip;llill
Intl~... fl'l'l·('<.111J I Ill' nllltn,III'I'. To till' {"IlIllnll (llltllll! 1111 (';.:11'11 llUII)11! 1'1111 hI' 1I1111,"'!I(l ('Orl','t'l for
Iliff('JI'1l1 Hflunlor .... tilfuI's....- (..;('(> M'('lion 2.2.;~). ThL-. IIlllplll is 1l"lIlL"fl'I"I'I'I! to u P\\"r,!-siAllllllllII!

sl'1I11 II' 111(' 1Il"IIIllIIll'S (N.'<.' Sl~'l j,m 2.2 ..1).

TIl(' ma."'" IIf I Ill' D1P-kllift, aul! at'WHlml' i:'i aln'mlv kllllWU hUI fIIll 1)1' dlt~'kt'(l wilh thf' Ii~t

n~l)llllrl("(' fn'llllI'IW\". TilL... b 1111' rI-:;OllarH'(' llf ,ht, DIP-knik 1I1l1.'~ lI11tlllflllatllr Ilia.......';'; ,)II til('
ad llalor 1'1 iffllt':'-";. TilL.. rt':<llllltll('(' lit':; (II ....' Jk.",,1( //l1l1l,,';"1 . ~ - III". t 1 100 mil /,'i. \\"il Ii I.',,, I

(nn lUll or 1'1 ilI'w':-...;) lind i (I raIL'ilJli~i()1I of tlU' t'l1I....1it- hing,,) known. ,Ill' I'lltll of t II(' 01 P-knifl' lllt\.'iS
aud IU'lllItltlf 111I\."-"'\':' I'flll hi' dlt'('kt'll.
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3.1 Introduction to SystClll identification

Chapter 3
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To ~;)ill mof(' kllllwlt'(I~(' lIhOlll ,h" hl'imdollr of I hI.' S~·SIl·IlI. whidl nUl 1)(' 11.,,('(1 ill ,he (J(o:<il!,ll \If II
fulll rullt'r. I !If' S.\'l-! ('Ill i.. idl 'm ilk'll lIIld II IIIIMIt'i of ,III' I'»'sl {'III i.... lIl,U II'. TIll' lIl()th'b; ('lUI 1)(' II i\' itkd
illl\) two main W"0UI»<: whi!l'hox lIItxlcl.. and hlil('khox 1I}()(lds. Of tht' 11':<1 (mul(' hOlh 1\ hlilfkhnx
lIud (\ whitt·bn... 1ll1)(ll'I is mad(·. TIl(' whil<'hn.'t lIlodd i... 1l~'(llu ~t'l It 1)('11I"r IlUd"rstllllllinJ:; of I Ill'
sysll'lll. TIll' 11I,>11(,1 :-hows I Ill' iliff II('UN' of !>lIntllll-, t'rs 1111I1 IIb,o ('xb, ill Ill(' Ill't lInl :,ysl ('Ill Sll it ("lUI

Iw IL~'(1 10 ~1till kllllwll'd~(' aholll how 10 illlprnw Ih(' ".\"sll'lll. Tilt, hla('kbl.lX mudd b IL'>('(! ill ,hI'
tlt':"iJ!;1I of ,11(' ('ollt mllt'f sinN' if i.... It mUf(' lIn'lImlt' T('prt'N'nll1l iOIl of 1]1(' :<.\"S1('1Il hili il:< 1~\OUUt'f('1":<

!1It\.(' 110 Jlh~~klll lIIt"lIlill~.

Tilt' llIt)tkb; an' !Uainh' 111I1('11011 lIIt'a:'mrt'lIlt'lll dahl ill Ih(' fn'llll<'lIc·.\" dOl1lain. Afh'r Illllill~.

lilt' lilodd:< I1l1d Iht' tllt"i\.>;lIn'll tl,lIIian' ('OIllIl<Ut'(lltljlhl~t'lh('llItMI('k T,) rt'lri(,\1'lht' frt'lllll'lIt'y
rt':'-pmL.....' tbull. of I hI.' :<\':'h'IIl. tilt' om jlUI-:<I'IL"il i\-il\" i." !Ut',L'i"urt'tl (&'I- Fi~lm' ;t I). :;ill('t' I ht' -"\"slt'lll

hll.>; 2 illIJlIl:< and 2 oulpUI:<, Iht, :<t.'l~ili\·ily L... 11 2)(2 IIrm~·. l'.... ill/!; f'(llIltlion ;t2 Iht, 2:<2 frt'tIIl('IW\'
r(':<poIL>;(' of I hI.' :<.\"sH'1I\ L... f"1I!rulaINI fWUl till' Sl'IL"ili\'il\

System Identification

TIll' whilt'bn.x 111ll(ld L.... (l(':<i~llI'(l ill :<llIlt':<Il"('(' IlllllllhlllllSitlg: III(' mria!lll"" Iblt'tl iUlIII])t'lltlix

A "utilIII' hl<wkbox lIIotkl i..... (It'si~Jl('t1 onJ~' IL..iu~ 111(' Inlllsft'l" fUUe-liotL'" Dolh lJlOlI('l.... pn)t!ut'('

fn'tllll'lIt".\· rt':'])ouSt:' (Inlll llsillll; Iht' Sfilllt' fn'tllu'udt'S l~"" \lSf't1 for Ih{' Ult'11."Urt'Ull'1I1 t!1I111. Th('
{l('t'Ul"IW.\· of I Ill' 1Il0tlf'b t1t'lwuds pnnl.\' Oil lilt' :<il-t' of I ht, frt'(IIU'lIe-.\' rallAt' I ht,,\, dl'St:'l"iht'. ThL....
rauAt' b t!Mt'nniIlN! b.\' Iht' Ilt't'tlt'tl halltlwitllh of Iht, t'Olllmll..r llIltl I>t'(',\lL"I' Illis tl"lk'lltl!'> Oil Iht'
prt'S<'ll1 illpUI Si/{lIl1b, fin-I flll itlt'lllilirliliOIl of Iht':"t'l'>'i/!;uab b Jlt'rf~lrnl('d .
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3.2.2 ClUllulative error
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TIll' hamlwitll h uf t hI' ('()Il! TOliN 1!1'IW!ltb un tilt' pn':<I'1l1 db! Url)lUI1"t':' lIud input :<i).\lIi1b. 1J<'l'll!L"'P
IllI' fl"l'lIUl'llt"V or ,lit, "'l''1)Oilll "i~lllll.; i.; "il-\lliheHllllv :<lIllllkr Ihim ,ht' IIIHXillllll1l frt'(llIt'II('~' of 1111'

tli."lurhallt'(':' lht' mahl l-\tJt<t1 ur til(" nJlllwlkr i.. l\J rl'jt'rl tlb,turl,llt!lt,,'S. Till' llliliu ",ilL,,' of ,II('
,Ii... lurhillln,:, b ,-ihmtitllL" rt~uhill~ from lhe mlilllull tlf tht, ,,11"I'w of I}II' DIP-kllift', so lht' slN'n'
i.... lUlUI'd 011 with 11 :<IK'('(1 of IOOOllllllll:lIlin. ,I [n'(I\I1'IJ('\" of I\holll 1.:\ III. TIll' nmtmlll'r b, IUflll'!:l

otf lUIII I ht· dist UThalll'!' of Iht· 01 P-knifl' i... lIlt'lt...un,,1 l'siuJ{ I hI' rrl"'IIlI'IIt"~· II':<I)(IIL<;(' of Ihi' .s'~I('1Il

lilt· [or('('S illililllilll-\ tht- 1I11'lt.';lIn:'t1 di.~lIlTIl;llIt·t':i Mt' ,0;ikuIMt'tl_ III tht· lowt'T pMt of Fi~lIn' ;t2
Iht~t· Ilbl llTIl;UWt' fOTn~ lin' ,,,htM·1I <Uul a., nlll ht' ~'O'll tli.'1 11ThHlln' forn~ tlf llhtlll1 2 N o"h(11lkl 1)01'
lakl'lI illlollt"t'OIIIII with Ihi... WHHi,m fn'tI\lt'lIt°ov" If tht' WIllliulI fn'tlllt'Ul o

o'- i." douhlt'tl. Iht' si/t' of

I ht'Sl' fl}n·t~ Tt'lIIi1itl." ,ihoUI 2 N.

Hi ('lI.\f'TER :1, ,.,TSTE.HlDESTIFICATlOS

- .....

3.2 Identification of the disturbance signals

Th(' ("l111111I,lliw ('rmr b Ih(' lowl ('HOr up tU11 fIWItl('IK\" 111HI b illilialt'tl h~' Ih('I>It'N'nt db·lUr

1»\Ilt,"" Iikt' IIU' (Irin' of IIIf' ,,It'l'\"I'. Thl':"t, Ilbturh.l\II(°t~ i1rt' itlt·tlli!it'llutld Ihl'nfurc' llt.'r fn'lI\ll'IW~

III(' lIddititlll 10 Ihl' lu1111 ('rror mil ht' l'/lkuLtlt'tl. whit-h tiff (~Iur~' will rt'Sl,'lllhll' Iht' prt""imL,,hO

tOIllt-lIlah'll t'rmr IM'r fn'tlllt'lI(oy, TIll' ffl'tIIIt'Il("'- ntug(' wll('l"(' ,Iuo hi~('St pwhll'l!L" ntll 1)(" I'XI)('('1I't1

ill"1' 1!t1t'nllitll'tl aud it b inlbb ritlll!,t:' Ihl' laO!,t':<! (,(lIllrulll'r ~I\in williI(' Ilt'l'tlt'tl.

3.2.1 Distllrballces

F"/lIft :/. ')0 Iliput ,hslurhalilol' ~1l;mIL.. rl'l-ullml; rl'1I1l tIll' ,In", tor till" ~lt~On' III tlU' rn''ltWIIl"\ alld ttUl,'
,I""laili. HI(' ruli\tl<,u "I,,~~I "r thl' "lo~o,t' I" 10000111111/111111_

Tht, dala j" t l"lIlISfllrJ1U't1 io Ill(' fn'tllU'IU"oY tlOlllllitl" ,\s nltl Ill'St'O·u ill 1111' UIIIll'l" pari of Fi~t1f('

;\.2. p.·uk.>.: ltlJlJI'1I1 lit th.' rotUtioll fn'tlllt'Ut·o\' of Ill(' :-11,('\"1' uUII higllt'T hunulluit,s of I hi.' fn'llllt'tIC°.\"o

LlIr~t'l' ]ll'ak." MIdi IL'i I hI' (lilt' jll."l aboYt, '10 III 1IU10'- rl'Sult fnUIL Illl' ~t·l.r tlf IILI' "clt'l'Yt' lIrh-t'.

To dt'It'l'llIi1u' III(' ('(llllrihllliIJl1 {If 1111' lt1t'IL.;UI'I·IlI(·1l1 thli:"t' ill Iht'S(, tlbturhllllt°t'S. th.' [II('IL'Un'

tlLt'nl" ilTt' rl'lW'lIcl'll wilh liXI'l1 lWCUllIorso Si[lf"C' iu Ihuc 10IL"(' lilt' llt"Ilil1ltlt'S (OIJlllltll IIltIYt'" Ihl'

11lt'!L"lln'tl ]lo"cil ion t'ITOI1< fl":"Ult ("olllpll'l!'l.," frotll ILlt'I\."UTt·lIIt·t11 1It1i.'it'0 Tht' n':'illh i'i 1111 ('ITOI' t)f
... 10:lplll. 0"1) ! h., origiuill dl'lli/lll(l of flU II(O(·llnlt°o,· ,If ± 10011111 (O,IIIIlOI Ill' llrhit'H'tI.
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3,3 Whitcbox model

f'lqun :I, :,.- ("uiliulall\\' torror rI-:'llltlug fflllll I lit' mllUl .I... lurb.-mr\· ,..lglla1.. hk., til., drht· uf, Ill" ,..1"'\"1" rill'
r"I.IIII111 "'1",,1 uf tilt" ,..I ...·\<· .... Il)OtlO 11111I ... 11111<,

In thl' pklf 'If thi:o; l'llIlmlalin' t'rror. Filrlln' :t;t 011(' rlln :0;1'(' lhnt ill lIlt' fn'(lll('!L('.\' ntH!!;P of
20 III 10 110 III tl\l' IlIrA(-:.t IlIldilioll Il) thl' 101,\1 t'lllUlllllli\'!' I'rrnr hi llll'.-l:o;lIfl'd. This l'rrnr i:o;
lII11itll~' illililllt'li h.\' tht' dri\'!' of llil'~II"\"I'. Iu tht'S!' It':'its <ll.;l\ill it fn'lllI'llI',\' of I,;J III b IIst'!l. Thi...
frNllIt'uI") nut! 1"'11111' of ill" hiAILt'r hMml)Jlif"s ,Irl' IIAi\ill iudie-all'!l with thl' AlI'I'1I drdl's ill til\' ImH'r
paJ1 of FiJ,(lln' :I.:t III thl' 1I1'1)('r pmt of til(' tiAllrl' al'>o I hi' {'ullJUllIliw PITor tlf Iht, N)JIlillllO\lsh'
pH':'iI'llt III)i...., likl' M'lL'ior lIlId llll'i\\;Urt'llIt'llt llllb(' b :o;h(I\\'1I wilh till' Art'('1L lIlId .,,!'Ilow Iilll'. Tlll'SI'
IlblurhHlll'f>:; lin' l·oll.-;llUII IIml h,-wl' Iht' :'iillll(' lllllAlJitlltll' O\'I'r III(' wholl' frt'(llIt'IU·.v l"IIllA<'. w!lic'h
n'l"lllt.'> ill lUI I'Xl)()JII'ILtial Amwtll of tIll' ('Ullllilatiw' t'nor (Ill Il !oAuritlllllil' 1"1'1'11('. III IlLI' lowl'!' 1'1\rI
of 11Jl' JiAILH'. Ihi' Iltl.lilhlll 10 tht' t'ITOI' b.v thl' lI)"i\'!' i.-; ('OIlL]WIL';Illl'd fOl' Ihb eOll:;1l1ll1 Hoi.,>I'. TIl('
:;Illll(' I't)lU'III.,>ioILs II.'> ill Ill(' pn'\·i.lll:; sf'('lioll (,1ll1 ])(' dnl\\'Il, llull Ill(' (li,~lur1JHll(·('.'; ill Iht, l'l\tl/-(, of
20 11110 lin 1-1/.1\1\\'1' Ill(' llln,>t Jl('/-(ILliw illflllt'IlC'l' OJL thl' tolllll'l"l"Ol'. TIlt' IIblllrhuJLI't':' .,,!loultl b('
rt~I't:lI'(1 h~' tlU' C'tlJllrolll'l", whidJ Ihl'I"I'fOJ'(' .'>IUIIIIII hn\"!' II IllilliJIU11llll[ll!Withll Ilf IIbllUI 70 III 10
IlM) III IIl1tl fot· :;'11111' frt'(llll'lIc'il'S ('xlm gain i:; dt':iimhl('.

For IIII' whitC'lmx modI'! n :ID-llIoe!c,1 with dl'lllll>l'rI". ,..prill~ nnd JUH.""(':" i.~ dl':'iip,lIl'll whic'li rl'pH'M'1l1
f h(' towl .;\·,..t(·IlI. III Fip,ure:t I Ihi' :JD-lllofll'l of ,ht' S~':o;I('lIl, IL...ill~ dllllll>C'f:', :O;jlrillv;.,> lIlul 1ll1\.'N:'I" i"
l'htlwn.

Tltt, llIlL'N'l' lind lIltllllt'lIl uf hlC,rt ia of thl' DIP-knife'. hoi It 1tl"llllll til'S lUld lilt' fnlllw lin' Ial«'n
ilitOII('C'lIll1l1 Thl' l'I iffllC'S.... llIul daUlpill!; ht'I\\"('('U Iht':<t, 11I;1....."''1'' art' llIutlf'lII'!!. The' fnunt' b HI t lldll'CJ
101 ht' n"'l uf Ilw lI11ll'hillt' hy I"prinJ.\.... alltl c1mlll)(·f."> ill Ill(' (kgn'('l' of fn'l'llutu of illll'f(-:.I, Th(' DIP
knifc' hi\.'> IWII dl1/;n'('I" uf frt'('(lom: 11 di.'>lllill"t'llll·ut ill x-dirc't:,tintl, ¥1. ltlltl 11 rolillillll MClune! tht'
y-axi'>. J'J. BOlh IIll' IKltllltof."> han'lI dC'j!;rt'(' of fn'('I!olll in ,hi' .\"-dil"('('litlU, Jl alltl J'-. Tht· fmlllt'
i.'> a.",>,lltllt'(!lo hll\l'IWO illlllilrtltlll t1l'f!:r('('Jo; of fr('I'!lolll wilh n"'I)('('1 III llll' n.,..t Ilf till' Il\<tdlitw. 11ll'
dblllnl"tnl'nh in x- !tnd ~·-tlirl'(·litlu. r, (l,ml J't>, Th., inllllh ,tlltl uuljml .... of IllI' n111l'~'l"h'lU ltr('
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F'll I hI' jllInuHl'tl'l' opl illlislI1hm illiliall,\' 111'0 ILLIHkl" \\·t'!"l' 1I,~I'tI: II ,";'>'1111111'1 fit' !IIt)(11'1 wit It I Ill' saille
11lIPltllt'tl'l" nthtt':-i 011 holh ,"itlt';'; Hud l\ !llltl-S~'lllll1t'tl'k llhltlt'lwith dilll'rell! pal"llIIH'h'l' nllIH's. SOOIl

aln'atlv I Ill' :-i.VltUIlI't rk mlltl..l HJlIWHn'(l 1I0t to 1111\'1' f'II11Il14h tll'Art't'S of fn't,<lolll 10 III l\ gotltl llltXll'!
llf 1111' :;;,>":<It'III, Sll I III' 111'111<11 panllllt'l('r Ill'! illlL"'1I1 illn b lll'rft U'lllt'ti ll:<in,L( till' JItIll-:-i'.\'lJlllll'lrit, tllllll"',
T h(' 11I11i II oPI imiNII iou i" pl'rfnruJ('t I in Ihi' fn '(jut'lIt'\" tlllllllli II. All IIpl illlisllt iotl ill 11\1' I itllt' tlollmi II
WH.-; It'SIt'tII~'' wdL hu! till' rl'Suhs \\1'1"1' lltll thilt Kond, Thi,~ tlplilllislltioll pm!mh!.\" will :;11('(,('('(1
if lJIort' lillt'lltioUlltlllliuH' b, g:iH'1l to, hUI ill thb t'II."'I' Iht' o]lliulbatioll ill tIlt' frf'tjlll'nt'.\" dmllail\
\\'l~~ )4ood t'llllll~h 1I1n'1I{1v, :'<1 111(' oplilllisalum ill Ihl' tillle' dOlJ\lliu, Illl.~'tl till :<It'p f(':<I)<,lll.'iI'S, WII."
1101 paitl t'uou~h 1IIIl'wintllo.

For thl' uplilllba!ioll of I!lf' 1l<\ramf"t('I'S in Ihl' fn'tIIIl'lIt'.\ dUlllllill, illitiallv tht, \111\J('S of Iht'
s~'sl1'JIl pnraUW\('I':< 11ft' f'Slillllllt,<1 by tht' \1lluf'S fllllJlll ill lil('n\lllfl' lllld 1II1'11."lIn:'t1 dllfill~ Ihi' ('}\Ii
hrntilllllUll1 idl'lIIjfit'H1ion of III(' ~.\"sl(,1ll (S('(' aJlI){'t1tlix A). Tht':'>t' inilial nllu(';'; an' \1ukd and!)\'
l'xl\lnitl ill~ IhI' fn'tllll'lIn' I"l':'pOlL"'<' of Ih(' lIltXlt'! III(' illfllli 'IIt·t' of \llr:-' illJ1, t lit' diflt'n'm jllll'lllllt'lf'I'S L-;
I n11't't1 Cst't' FiKun' :tr,}. lll"inK Ihi,-; infonUlit ion lUll! hlJlIlIltlll klluwlt'tIll,I' of Iht' influf"Il('t' of lIlfl.~.

sJlfin~'i lludlllllllpt'ni Oil i\ fft'tlllt'll('~' n':'1)<,)JL~I', 1ht' l);ll'llllll'!t'r:< lIrt' lullt'tllOlUl.Ildl Iht' IIltKld till
liw JlWil.""f('t! fft'tlllt'lll'~' ft':'illtllL"(' dMn. Sl,'(' Fi~llf(' :Ui, A fl'1I.~IlIl\bl~' glltMI lIltltll'l b oblaillt'tl of
whit-h Iht' jmnUIII'tl'f \1.IIUt~ ar(' li"lt'tl ill lahl«' B.l of apllt'lIdix D.

St't'omllv, Iht' lIIodl'l is !ullt'l1 IL"in~ 11 minillli"''llioll lllKuril hili {III(' l\1l\lllIh buill-in ItMl! [millS I
Itllllillillli..;{' I he' ('l'rol' bt.'lwI't'Ulhl' mudd alltl lht' 11lt'1I.~urt'l1 data. Fir.-I Ill1lli1mlllt'l('I'S of tilt' lIUII-

Ih,' input forn~ F1 lIlul F2 allli Ihl' tli.-.pllUTlIll'lll J't lIud ,r., uf ft,:<pt~'lin'l.y Iht' Ilor. 1II1t1,!lt' ri~hl

1ll'IUlIttlr. :\ ('ollililt,lt, Hwn-jt'W of ,hi' u:-;o'(1 \1\l"ii\hll~ t'llll 1)(' fOllnd ill luhk- 13.1 ill HP]Wlltlix Il. III

,ht, 1'>11I11(' apP""lldix IIi(' r'~llhill~ t'(IUlltiOlL<.;. whit-II 11(~niIH' thl' 11I0111'1111"1' illdut!('(l.
TIlt' :-'~":-"\'Ill i" lIu"II'III'(II\:< ~o()d n•.; po/;,<.;ihlt' till 1')(1 Ill. 11l'("lllIM' tht' llI'f'lkd haudwi.lth f.if ,h....

('om mllt'f i~ /llx)lJ1 (it) III I(J 100 III (:"tX' :-;('('1 ion :t2). Afl('f Iht' mlihml iolL'; lIlul jllt'lll ifi"lll iOB of Iht,
.\\":-;1 ('Ill (:<c't' dml'll'r 2) Ill{' dt...·ll"lllli(~ UJHI1't'lL-;;Il':; an' a....... Il11u'll III IX' lilll'lIl". So IIii' l'oHll! t'l'-EI\ Ih:
ill Ihl' nlkl~'l)il /I1·tllllllll"l; for I'xmnpl(' i:-i Hoi tllkl'U illl" lIl'l'Olml iUl\) Illl' Illlltlt'1. Al"'ll inlt'rnal

tll'gn~,;,; of fn,<'tlolll, II'hkh un' lI....sllllll'11 III Iw llf llllldl higlu'I' frt'<lllt'I\('.\" Ilmll IhI' lwfon' ILH'lItiollt'tl
100 III like bt'lltJiIl~ of the' DIP-knift, art'II'1 tllkl'u iato nf'l'olltll,

3.3.2
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S~·lJlJlh'Irif' IlIlMII,1 Wt'W f'l'IillUllt'(l b.,· IIU' nll!;orit hill. TIl(' rf'l'I)t)IL'it':' of till' fI'Suh illl!; 1lIIMh'! n':\f'lIlbll'
thl' rl'SpOlL"I'S of IIII' IIl{'1L"lIr('ILlI'lit tlnla ,.(,1). w('U 1\." nUl 1)(' SI"1l in Fi~un' :Ui. hilI I hI' t'Stillilltl,1
IlMlIlIU'It'rs Uft' ph.,-skllll.v illljlt .........iblC' (set' lIPI)(-'llIlix 13). Smut' JlHl"IIllI('II'I"l< with H'r~· d(',·hllillll;
\1111ll'S IIPIlI'lIr 10 hllv!' lill II' ..lfl'("l Oil t IJ(' 101»11 nlIL"f('r. likl' /..'1.. alit! I IlI'n'forl' Iht'y 1Il1t." hI' tIOllhl('(!
Oil. 13111 olllt'r IlllnlIUI'fl'l"N wilh dl'vialin.2; vallll'S Ihw(' si~llilkl\111 iuHIII'II('t' HIl Iht, ht'lllWiollr ()f
Ihf' S~'Slt'lllltlltllll\' llIlMI!'I_ likt, 111(' I('ll~th L of Iht' DIP·llfJUIl allil IhI' dlllll]JillV,/i•• 1 ',. Tht'rtofOf('
Ilsinv, Ihl'SI' pllflUUI'II'rl<. Iht' IIlml!'1 call .Illly 1)(' \1»1,1 fOllt)tII~-;llltPlllg IIll(1111)1 fllr furlll"r tlt':'lgllof
IIII)(h'l·hIL~'l1 (·ollIJ"tIIl('rs.

A hhlt"kl'tlX In'Mlt'l t'1.ll alwa....s 1)(' fil , 1'\"I'll if llOlll' of I Ill' dUII"lIrII'ri.,,1 ks of III(' s'·stt'Ullln' Illldl'I'SttIOI!
Silll't' lilt' pllnlmt'l PI"!! of t hi' rt'Sult ill~ lHotll,1 ll[f'll·' 1/lIM,1 ,)ll phvsklll Itlll'l'jll"l'llll ion of t ht' s.\":';It'Ill·S
h"luwiour. ll,-;iuJ.; II tIIillllllbllt iOll 1Ilgorillun. I hI' fnllr pmts of Ihi' 2x2 frl'IIlI'l\('.'· l'(':'pOII.o;(' data 111"('

Illlt'! M'Pllnllt'lv..h II lIIiulmlslllioll algorilhm. 111(' frill-liM'] frollllhl' Dil'l·loolhox of 1\llIllllb [6]
is U:o<NI.

Tht' ort!l'l" of Ihl' iiI L-; tit'! t'fJUilll,1 b.\" t lIP lIullIl)('r of (Ullt j)rt':'l)lIl1l1l'(':'> IhUI i.-; IlIkt'li inln Il('nlllllt_
If II Jilodt'l·I)l\,';t.,! ('ollll"ollt'r i." dl~igllt'(l II ~o.,)(l fit / p;oot! 1Il.Mlt'l IlVl'r II mllJ.;I' lip III Ilhow Ihf'
hitlu!widlh i., !U''lI"I, hlll lhl' I)(,ltt'r IIll' lllIXld. II\{"' hi.e;lll'r IhI' nrl!,'r of tlu' 1IllKIt'lllud lilt' hi~ll<'r

til(' onh'r of tilt, llkKld_ thl' mort' (,olilpl('x th(' (C'SuhiIiK <'1J11lmlll'r will h,,_ A .'111I"1 b tIlitdl' fl)(
l'XIIIIlIlII' wit h IIll' dl""iJ.;1l of 1\ II"", -('UHI roll.'r. Tlu' md,'r l)f 1]1(' rt'l'lIh inA '-Ollt rolll'r will 1)(' ('(lulll t n
I Ill' md,'r of thl' lIS('(!IIlU.II,1 phL" Ih,' onkr of Ihl' wdAhl illJ.; 1I11t! ShIlIK' hltl'I':';. For thi.-; Imqllll't' fil"l<1
II nml mlkr of rl'lL,,(U1ilbl.,' low orth·r W1\.-; fil. hilI ("-f'JI Iht'll 1Ill' n)llt 1"11111'1' bl'-llll1t' Inll l'OIUp]('X (SI"
tIPI}('lItlix ('), DI'·IIIN' fllrlllt'r 1)11 Ilw lUlt'utioll of till' nmtmllt'r t11':'i~1I _'"1n,1 wilh IIM)I)Io;hIlJlill~

Iht, mll('r IIf 111(' modd i-; not Wt)' illllMlrtlllll :-illl't' 1111' onll'r of Iht' t'tlllimllt·r dl)('=' 11m t11'lwnd
t1il't'l-llv IIf llw onlt·r nf lhl' lilt Kid. So 1I ~.ltKI ull)(ld uf Hi/II lIrdt'r WI\'-; lit Tilt· rt':'lIll b a 1111)(11-1.
whit-II b )!;1)()tIUII 10 ;~I)() H/_, "l'l' FiKtIrl' :\.7.

III Ill(' tinal S~"looIt·U1 II dt'·IJ1IlllinJ; i:s illllllf'lllt'IlII'1. so Illl' rt'='lloIL..;(':'; of lilt' s_"Slt'lIl art' t"i11l1l~t"(1
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(J;t't' 1'f'('!iolL :1""1). 3,'('1111:<1' !hi...; ,h'('l)lIplill~ ,"mil',] dmill~ 'hi' dlosi)l;lI I'nl("('S.'1. lit) bh\("kbo.x llIodd of

th(' Iilllli d\'t'OllplN! s.\'sll'JIl i."i dl'Si.l,'lINJ. Till' ll<lIHlt'('oupll'(IIlUI(Il'l ('/111 hI' tll'C'Ollpk'd ill the :>1I1l11'

WII.\' th" ....\'sll'!11 i.". hut IIlOdl'l-('ITOl"S 1111\\' b(' h().~I('(J Hull tIlt, l'Eosult willllo! hI' 1111 o(lliullIllJIodt'1
of tht' Ilt'l·IIIlI'I('t11'o~·SII'1II.

r ..,lJrf .1.1i. \\'1111,.1".)( 11)1>(1..1 \" IIlt';'\:-lln·Jrl.'lIltlilla. \\ 11lIdJ"~ Ul".ld "1111 IMnl1ll"!<'!1- "1'111111:-('(1 h\ 11<\/111.

IL~1UJ; Iii,' pl1\-"I(-,,1 111I1".<1 lOr th., pan'IIl("It-n.. fU1I1 IL~m); lilt' mllllllll>',l\ I< !II ,\IJ.;"rit Ilin fmm .•

13('(·ull.....' of Ill,' 2 iJl]J1HS lIlIIl 2 Ollljllll.'1 of Illl' S~'Stl'lJI, il (>nl ..~bt.~ ofl Cfllll.>;fl'I'-fllll("lioIL~ (SI~' ftlr
I'Xlllllpll' FigUfl' :Uj), Th(' 2 diap;olli\1 I ('I"lmi MI' 111(' tlirt'(·c CnllL>;ft'l",'i of tilt' illj)lll 1l11lllU' ~itll' of c!I('

,\\'~lt'lIL 10 till' OlllP1l1 (lUlhal :'HlIl(, ~idl', TIl\' Illhl'r 2 l(,l"IlL". chi' t·l'tllo.'i lI'nll.~. ('all l.w illll'rpr('l('(1

11." rt~POlL'it'S thllt IIrt' fdt Oil Olll' l'itll' of thl' SV~lt'lII if tIlt' nclwl" ~idl' of 111(' ~.\·,"If'lll b (wlu<llC"l1.

Tlli~ illll'l"Ul'lioll i.>; fl'!ali\"f'I.... lar~v' ill thb ('a~t' ll." I'!HI II(' Sl'('ll in Fi~lll"l' :I.H: I hi' <tlIlJllillldr:-; of
I ht, l'l"Ill'.'; II'nIL" 111'(' of I h(' salllf' orflcr a,>; I Ill)/«' nf I hp dia~llllill I t'flIL". C.mll"Ol (WI il)IL" bOIJl'iC IIIl'SI'
n~I)()ll.~'S. whkh ('1111 ('11l11'(' iIL-;IIIUililil'S if Ih.,~· 1)('t'OIIlt' loti high. Tlwrl'foc('. II dl,(,Ollplill~ chal

IIt't'n';l.~'S I hi." illl l'r~('1 inll w,mltl ~illlplif.... I hI' ('ClIIt 1'01 prohlt·!Il. If" ~')I)(I dt't'(lUI,lillA b f(luud, I hI'

C'IIIlI rol !>mhll'lli fo(,tL-;('S OlJ I hI' cJia~cmlll t'lt'lIl1'llls autl iIL'ih'lhl of n 1l.lI~IO-t·(JlIl rol l,mbll'lIl. a kiwi
Ilf 2·S1S( )'("l.ml 1"01 !>mhk-lll r('uUliu:>.

Til w·rif.\' if 11 ~;'·"lt'lII i~ dlX'OlIpk-d \\"dlll de... iAJI('t1 diall,OIlUI f"(lllll'Olkr ('1111 hI' illlpl('lI11'utcxl. 11]('
\11 ~IO-H·IL...ili\'il it'S ('Hlt-IIII1Ct't1 allIl t hI' dillP;lllllll :-('Il,.'iil i\il iI'S c'tll1lpart'tl wil II II\(' 1'('n,.. ic h'ic i<:-. of a

:'\·"Ic'lll in whkh Iht' 1W.\1lIt' l'C)Jllrol1t'r b illll)It'I!K"IlII'(1 bill Il lt Hulill!1 11ft' (·OlL..itl('rt'tl to 1)(' O. If
till' ,1i1llo:lllll\1 Sl'IL.. ili\'iIK>:; tit) Ullt tliffl'r ~111):;calltilll1.\·. Iht' t'UUdIL...itmlllm· lw ,Imwu Iht' ("nll'j1o; It'rllL'';

,In lI11t haw "il!;uifkHIlI illfillt'lI{'(> 011 till' dl't'lllll)It't1 tlilllo:llulil II'fIlL>;,
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:3.5.1

At lir~1 l'i~ht. II dl'('nllplinp, Ilf Ih,' rolHliOIl allli thl' milia I 11i~1)la(,I'llll'llt of IIU' DIP-kuife.
1'1':'>1'1'1'1 i\1,11' IhI' ~I all':< .1"'1 lIlLIl )'1 of til(' whil,'hnx lIludd, SI't'lIIl'(llt W)od I'iOlllll ion III t hi' c1l'('ullpling

pfuhll'lll. This Ill'('Ullplill~ I'HII onl.... 1)(' ohlaiul'(l if Ihl' 1'.\'~11'1l1 i.-; :-;....II11Hl'lril'. H Ihl' s.vl>h'lIl i"
1'lllll])I,'!('I,\ s,V11Iml'tlk, II IIllfl' dL"plal1:']lII'lll ill )'1-(lin'oioll is (11)lailll'(l if IJlI' illl'llt :-;iglllll." of
hoI h \'I)k" I'oil 1I('Illalors lIfe I JI(' ,"Hnw ami a !JIm' l"OllItillll (in )'I-din'd iOll) i<: nhlllin('d if IhI'
illjllll :-;igllIlL<: 'lf hoi II voi('I' ('oil I\('I IIillOrs UI'I' ('(IHull.... ImA" hll! of upp'lI'ill' :-.igll, III Ilib WU,\' 1'\'I'r;.·
pll:'ithlJI ('nil hI' J'f'lIl'iIl'llllIUI 1111' JIll',t.<:Url' 'If illll'f/w!iIHI i,<: liJllifl'd I') Ilu' lJlI'lL<:llrl' of ,".Ylllllll'lr.'·

(111UI ('(l!lulil,\' of till' ill!Jll! SiJ:iIlHb). U:;ill/!, 1I11' SII!III' ddiuitiollS 11,<: iU,'it'('titm :\.:\ this ,11'('Ollll!iul{ L<:

('nll'IlI<l!I'(1 ll," follows:

in whkli L i." III(' II'n~,h nf ,lit, DlP-knifl' I\lId , Ihl' IfIIlt.'.itiul.l ."i,,' ill ,Ill' hill!!;I':>,

T,) 1\I>('l)u])11' IIII' s.\"1>h'lIl. F I /lud F;l art' l'all-lIlm('f1 IL" fllll('lion nf F lind .\1 111lt1 )'1 111111 )';J an'
('llklilalt'(I,t." fIllU'!)OIl uf J', aut! .1"',:

:$.,;. DEem 'PLlSC
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III Fip,un' ;th this fn'lIl1t'tl(· ....-t!(,!lI'lId,,1I1 (1lt'fIidl'1I1 L....,,110\\"11 ('olJl\l<lrt'(l to Cllt, {"ol'fhdl'lIl of III("'
orip,iual IlOIl-d('I'OUp[('(1 hhwkbox luodl'l alltl t hI' lllI'IL"'Urt'lIH'1lI tlllt n. A~ ('!l1I 1)1' :<(,('11. l"" SO,)II lL'" I hI'
,kllillll irs of Ill(' :<.\"S1t'1I1 Ill,( 'Ollll' 1U00r :<igllifj(-m II I hilll I hI' SI l,lItl.v :<t HII' lilt '(,1 IIllli,,:<. I hI' ([('{'oupli ng
lUI.... n !)(...ilh',' t'fl'l'('1 111ltl cJlPn{ol't' Ihb tkt'oupHlIg Sl't'lll." 1"(·!Lo;olln],l.\" I-\,)()tl, I]ut if loukl'(l ill 1ll('1
l!t't'ollph'( I n>SI'0ll,"I'Ii of I hi' s.\"l-I<"1ll ('(lIIlllart'(l wi I Ii I lIosl.' of I ht· llrip,iJLlIl llOll-l.h'(·oupll'd .....\·sl ('Ill (:"('('
Fip,lll"l' :t!)), I ht' lImplil 1I1.1,~ I.lf I hI.' j'f(h'. 1,'nlL" 1If(' sl ill r<'lll! i\"l'l\' ImW' wil II ft~PI.>l"l ttl I Ill' trall.... fer

of foret' ll." input to til,' j·rdL...plaN'lIIl'llI ,.." olliput.

Thl.' Irnu:<fl'r uf Iht' II\{)UlI.'lllllll1 1l.... inl'lll It) Ihl.' rolat1clll ill j'rtlir{'('lioll (Ill 1Ill' other hand.
i" IlIrAI'. whidl I'xpulill." IIII' la!"Kt' ('ol'ffi{"it'nl. All ndditiulIlll jlwhlt'lli ill thL" I.·a.';t' L.. Ihlll Ih('
'UupliIlUI,>:; of I hI.' for('I.' amI lllOlIll'lltnUi willl rt~pt'('1 w l'tu-h olhl.·r l'lUl'1 :-illlph 1)(' t'ompml'(l UIll'

on tllII.', ht'('lIIN' Iht,?>' hlln' tliffl.'fI.'1I1 lll1iUUili!>:;, A :-('alitl~ willi [l~:: i.-< k~kal: thb< dl~lI't
1I£ft.'('1 1111' <lUlplil udl' c'()dlid('llI illII! IIU' 1IIIII!,uilm1t.' of H!I wil II rr:;j){'(-I III H 11 dOt~II'1 ('"hall~t'

l"illlt'r,

TIlt.' qUt.'l-lilm lIri......~ wlll.>ther Ihi" b" lilt.' IUI""I Oplilllill tlt'('(llll)lill~. 1~'('mL""" I hi' !\."'>ilUllplilm IIII'
s.\,:-h·llI b .....\·lIlllll.'lrk lIIa~' 1I0t b(' ("omplt·ll·h k'~lIl. To dl('('k IhL... tiThl n rolalil.)ll lIullrix of lilt'

Thf'l,)f('1 kall~', I hi' S.V~1l·1II IItlW Sll,lllid ht' lll'('OUp!l-tl rl'l""Illmhlv w"II. T'I dwd Ihb. IhI' 1I111!,li
11I11;~ of til(' 11i<,,,,)IIal Il'nn," wil h I hOM> of Ilw ('r,l"." It'W.." ill"(> l'I)UIIJi!r('(1; (H II • H"J III H 11. . H!I)'
Th(' lar~I'1" Ihb ('upHidt'lll tllP 1)('111'1" Ih(' c1('("tllllJlill~; if htllh t1ia"un'I!ll'WI." art' Iwk,' a." hi~ (ill
1lI111llitudp) a." lilt' nus." I'·fIlL". thb ('()I'f(i.-it'llt ('(Iuab l~) iI ('(ldlidl'llI Inn.!,('1" IIIHII -l j,,, (,(Jll."id,·r,'(!

~'''ltI_
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wllkh lll~'; to mlnl(' !Iw fo]"('c' mul 1l)\llJU'lItUlll illPUIS in Sill'll II WII.\" U Iwll('f Ih~'OlljJlillA b found

lIud till' 1Illlplilllllt' J"('SJ"lllS('S tlf the l'IWiS !('nlls lin' IlliJlilllill~l. III Jlflu·tkc' JII)\\"('\'c'l'..,illllllaliCllls
wilh IlI'tllllll'l'SPClllst' ,lUla sh.)W\'(j tll(' O]lliJlllIl l"I'Sllit f••I· fi O. Thi... WClllltlllH'1I11 Illc' (h'('clilplillA

pmpIN'(1 ill ('(IUlllioli :\.9 is optiJllal. TIll' sllIlltlimllllt'lho(1 III tlt~'nul'lc' II syslt'llI. whil'll will Iw
db/'ll.""t'(l ill !Ill' lll'xl ."1'('1 i,m. i." abt) Ic':'II'(1 lI11tl ('\'I'ut llllll.\" 1l"'1~ I ht'('I1I1:<\' ,If it ..; ul,ilit.\· tl) spl'('ifY fl

fn'(jIU'lll'.\"-l"llllgt' wht'n' th(' s.\"SIt'1lI ... IlUllld 111' tlt~'llllph'(l thl' hi':;!. [ksitJI':;, Iht, lI111pJillldl':; of thl'
I'mss t('I'IlL'; with no:;pt'('1 to IhllM' of Ill(' diup;OllflllNlIlS al'(, ill holh 1'1~"C':' .'llIldll'l' iU."I('nd of 011('

dillp.;<llllll t'll'lIlt'lIl wilh 1III'p;(, Itlllplitlld('.

3.5.2 The 'ideal' aluplitude-bascd dccoupliug

IlIlhl'()I';.· Ill(' idt'al t1t'('(l1Iplill~ llIi\lrix K wilh whit-II onl~' rll(' diJlI!,Olll\1 t,II'll1l'llh IIf Ihl' dl'('(mplt'(l

....\·.'1t·Jl\ influI'llft, Ih(' 1)IIlpu .... ('Iill C'l.l.SiI.,' IX' ('l\!l-lIlnlt'(l h.\ .'latiIlR H,,,,, "', H I. whie-It l(·.-tl,..;
III '" H I III thL.. Wil.'" (I frt'(IUt·ll('"~'..;:k"t·lIdl'lII:\O-tlt.'(·Ollplilll!, malrix j,.. t·llku!<t.I,,1. In powlit"I'

hl.l\n',('r I hi." ('llll't 1)(' illlJl,,"Ult'lllt'tl Hlid t1lt'rtofort' I hI' (h~"tlllillinl!, ullllric'I'" OWl' It "pt'('ilil' [n'(IIlI'IiCT
nUW,t' Ilrl' lin 'nt!!,t~ lallli I hl'n 11."('(1 f; II' ('\1'1',\' frt.'(llli 'n(·.\". Tilt, dl'('( 1111 ,lill~ 1II111 rix IUiI.'· tJll h· ('ullI !lin r('"ltl

1lII1IlIwn-, wllifh 1II1~1II1' I hal Iml\" 111(' amplil UtiI' uf I ht' l'l"'I~U1L"" Jl" i" Iltkt'll illltl j\('t'()lll1l Tllt'rtofm('
fI frNltlt'lIt·\· l'lIlI~t' ill whkh Iht, plm.w:> of 111(' I l'l'l'jltIIL"t':; fin' Iht.' S1UIIt' or II lllllhil,II' ,,[ l"'Ou
with rt'l'I>t.'(·t In I,tdl olllt'r. IIlL" 10 1)(' tHkt'n ttlt'llklilatl' lilt' lI/·t·llll1IM!I\"illl!, frt.'tjllt'III·.\·..;:h'pt·nd('lIl

(1t't'o\lJllilll!; lIlatrM'N-. A phll..>;(' rotation of 1:-,(1" c'lllIl)/' Ink"11 iliin ,It't'OIIlII h~ II lllllhiplit-u!inn of
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,hI' ,llIIplitudl' wilh I for lillil Il';SpmL~('. AllUllwf ClJllillll i.~ 10 Illilk., II.... • of Ihl' 1001 lilly" 171.
This hlol ('lllelllalt'S II dl'('(llll)lill~ lIIlItrix 011 rlu' ,,(Hill' priudpl(', hUI 11<)(':0; lakl' iulu aN"(lIilll 'Ut'
di/fl'n'un'S 111" ....,'1.'11 t ht, pIIlL"(~ of Ih(' r('SI)(IIN'S lIut! tlll'rt'fml' llw 1'1l1t'1I1al ion i.-.;ll' t ft':'l rklPd In IhI'
IIrt·\'itlll" lIlf'lIlitllll'd rH'lIl1\'IW~' ffillJ.\f'S.

III Fi~Ill"(' :1.1'<t ,IW ....llJH(· ('odli("i{,111 a,.. IJll'llIiulI('(l ill tht· Pl"I·\iltll."i .... '(., itlll b l<hOWll (llf 11 (1('t'Ollplill~

bll.'I'(1 Ull it (l"('(III<'I1('.\" mll~(' of 20 Hl 10 UM) HI. &>:-idt"S Ih(' fjU"1 lilt' dl't'ouJlIiIl~ ill III(' Spt"f"ifi('(1

(11'(1\1('11("'- TUllAl' lo,; AIl\KI. \)Il(' ('au J'Il't' thaI Illl' rl'Suh of ,hb dl'('uupliuA rl'N'lIlhlrs Iht' n~ult of

lht' (tift"t'-llIl)l!l\'utUIlI tll"lllplillA of tIll' l>rt'\'iOlL'i N'r1)(lJ1 fur II ~r('al 1I\'al 111 Ihl' mll!!;(' of abuUl
1;1I) II/f1) :StlO H/llw fUr(1'-1II0IlWIlIUllllh'C'UllpLiIl.l; i;-; ('\'t'IlI)l'lkr fr"m whkh 11Jil\' Iw l"lmdllllC'lllhC"

"-,":-11'11I b ."\'lIl111('lrk l'IIUlIl1;h III l!N:'OllpM' III(' rnlnlioll ,lIId rmlial t1bplllf'('lIU'llt wilh III\' forn' allli

1Illllllt'IIllll11 Ito" injlll1", B.)!h Ihl' fOr(1'-mOIlM'1II1111l 1II'("IlIlllill~ 111111 Ih\' IUllplilllllt ... I)lL........1 lIn'm~l'd

11t'C'tlllpliIU; lIIillrix IL.. iul!; III(' i.lli~II-II)ul MI' imph·IIlI'IlIt...1 hut fur funlll'r It..... · ill IIll' 111':'-i~1l of IIw
l'l'lIlrnIM'r. lhl' lillll'r 1.111' L" IL.....'(I a." 1II1'IIIM,!U'(llwfult,

OdOr(' Ilw drt'('I" Ilf lilt' nlrilllL" di'(11l1pliu\? l1lillrkt':'- wt'n' nlllll'iln'(IIL..ill~ Ihl' iIIuplilUdl' ('IKof~

lil'il'nl.". Ihi-, \\11... lIullt, h\' 1,)\,kiuJ.': ill Ihl' lill,(1111pk'd rt~IH)lI."""'. ,\llIllH.'nllL....' Ilf 1111' abilil\' Hf I Ill'

Itlh:II-IIH,1 1<, opl iIl1L"l' I 1\1' ik('(lllplill~ in It ,"I)('(-ilif fU'lIIlI'I1f\' nlll~t' I hb ~""IlK'l1 I lit' hi"'l dl,(·'llllllin1l.
10 IN' fur 1111' t11':-i~11 of 11ll' 11,lltn,lh'r. If Ihl' l'uutrlJlII'r b UplilllL..,,1 fuuill rlUo,,· in hllun', II

fmlhl'r "tlllh- III ):.lilllwlll'r Ulldl'rl;lll11diul!; in I ill' IL"I' of till' flJrn"llIUII1I'nllllll dl,("llllplin!!; mil.\' IH'

Ik'rfmult'd n." \..,.IJ.
Ot'C'I\\N' Ilw 1I1'1'llIlplill!!; IL"iIlK Ihl' IUlgn-lOol b 1..1...,'(1011 II "I)('('ilk fn'(jlll'uI'y ralll\l\ it~ df('('1

will hi' hl"'l in lilal l'lllll\('. To Iklt'rtllilll' ill whidl ffl'Cjlll'lll'.\' mll~1' 1111' 111'I'llllplillJ: hu_..; till' IIItll-l

Pili-iii\"(' inHlU'IWt' fllr IIII' N)Ulrollt'r In!w 111~i.~Ilf'tI. lilt' t"llllI1lLllin' t'frnr uf ~'1'litJll ;t2 b U.si'll.

OI'('1tlL"1' of II\(' ~trp,I' J:l"tm-1 It t)f I hI' ('tllUlI!.,,1 in' I'rrnr in I ht' fn'tlllt'lln rIlllJ:I' of 10 II..: 10 110 I b
UlIIlllw peak III tlO III. IIll' 11t't'ollplilll?; b OplilllL"'l'(1 fur Ihill 1)1Ir1 of I Ill' 10,,11 frl'llllt'lU'Y rall.l;t'. "'1'1'

"
Tl I I I ' [J.1I OX, I Ii.l:llu· ;\.10. II' l'I"'ll lillJ: (1'('lllIP iliA malrix b 1\ "' Iii'll b illlpll'llII'1JlNI iUI U'

O,:~t, lUi"
('-lli'1ll', ()I ht'r 1IIi11 rkl';'i 1'>11\ 1)(' ('{lkulall'(l Hlul 1'\11I1uIII'(I t'I~'iil,\' (;-;I'l' aplH.'lltIL'I D).



4.1.1 Design strategies

4.1 Control setup
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Chapter 4

Controller Design

S im',' :-il!,uifif'ltlll illll'rIIrl ion "Xbls ht.,! \\,\'('11 lef, allli ri~hl IKIUillUC (.st..........'(·1 iOll ;t r,). liP.-t 1\11 lIll l'lI\llt
b IJl1ldl' tv ,11'<'1)11pl" I h" S\'H "111, t C('al a." 2 SISO-s:'>1't l'Ul" ,",1ll1 (!l'sip,1l II ('0111 mlkc IL<;iIlR InojX"hilpillp,
1I'('hllilJ"t'S (sC't' Sf,(·tioll :S. ...l). Thl' t'lllllmllt'n- lIrt' IUlIt... 1 usiliR II 11I1)(1('1 of III(' :-)',<;ll'lIl lind wilh

1Il1"l~Un'1I1l.'111 Ihllll, TIll' nllllroll\'n; art' Irlll1.<;ftlnJlhl Itl I Ill' Ili<;"CI'11' dOlllHilllllul l\lillll'(] iUllllh"
pml{rlllll ill Ihl' DSP, A :<]Wti,l] lt'St algocilillu (Sl'(' ltPIWllllix D) 1JII"1."1IT('S Ilw 1tt'llllIll!"lIll"fn of
lhl' uplom]l'tl I'olllrolll'r lIud ('OIJl]lH1"I'S it 10 Ihl' dl'si~llNI l'OlltrolJl'C, If thl' "ontmIlI'C is lllilikd, it
is II'sI1'11 ill pnwtit-t' h,\" H'l'ir.\'ilJ~ Ih(' dl.lSNI-llltlJl Iw]uwiuur,

If lIlt' t1('('lllJplillJ{ is lIol sulikil'llL H r-.lIl\IO-I·olllmlll'l ('1m ht, 111111'11 by !Jl\'/lUS of S('(jlll'lltilli
loopdlll'illp,-: 0111' input-oulplll InllL~kr i~ ('oll,<;idl'l"l'd, for I'XIIIJlpll' fill lItulll \,PUlroJlI'l", C ll , b
dl'Si/{IU'l] fm it. Tlli' ('olllrolll'c Cl1 alld ell arl' ('OIL"id\'l'I'(llo Il\, !.('ro. N('XI ,ll(' l'olllmlJ\,c ('11

b tUlIl... 1 for lht' lU'xt inpUl-tlUlPlll ImIL~fl'l" in whidl lltl' ('ll1ltrollt'r Cll L" i'OlL<;i(krt't] to 1)(' l)i\rl
of I!If' S\'Sll'lJI fllid ,hpl"\'fo1'f' 111....) illtiuf'lIf'ing Ihi<; IIPXI InUL<;fl'r. So fill hl:'l'l)JIll'.<; Jli1' whkh iii II
('I)II11>inHl iOll of H 21 lIlIIl III(' 1"1,),<;('(1-1,101> Iwha\"iollr of ! hI' tin-t ("lilt wi 1110P:

Ttl d{':o;i~1I Ii <'Olllrollt,l' for till' dL"ellss('(1 2)(2 l\Ul\IO-S.v:-;H'1I1. \'aCiUIIS slflllt'p,if'1' un' p<ls,"ih](' tr,,!)].
If hoth input," lIud <llllpur." huvl' nil'" litllt' illlt'nlt·liull. 1Ill' S.\l'\('1l1 ('l\ll 1)(' In·,l\('t] 11." II Imil' of
intl,'p(,lIIknl SISO-s.\'l'>It'II1.<;. If intl'raclion {!lx'S I'xbt:-. llil 1I111'llIpl ('IU1 1)(' lilll(Il' In 1I1,('Ollpll' Ihl'
S~'Stl'lIl to a sySf('1II wilh ilion' Ill' it'ss i11111'1K:'lldI'Jlt :-lnl\'S, If till' sy,<;ti'1II i'mlllut hI' d1,(,Ollpl,'(1
1\ eolltmll,'r shlluld 1)(" (\(':'oip,IIt'(1 IIsill~ l\Ul\IO-h'('hniqlll'S sud. l\.<; S('(lll('llliall\)(llx'I,X"inp, or lUvr('
(·Ollllllt·x rolllrol IN'hlliqlll'S slIrh 8.<; robIL<;' ,'Ulllrni (II,,-), N'aruillp, eOlllml ur mod,·1 prl'(lklh"f'
('01110)1 (~lrC). S!lllll' "f ,ht':'<l' 1t'('lmillU(':o, <&r(' 11':'o1l'(1 alld Ili"l"IL~\:d 1)('low.

Thl"')f('1kalh, thi:-; ('1111 lx' I'XII'l1tll'(IIO lIlt:' 1"f1t'S lI'cm<; uf I Ill' S\1'If'IIl.
Pantlld 10 Ih(' hl<.llX"hl\pill~ IN:hlli(I\l~ IIIl' IX....<;ihilil:'>· of robll<;l ('ulll rol {H,,-l h!"\." 1)('('lll'Xlunill('(l

sin("(' Ihis IN'llllillllt' i'i 1':<111'('inlh- j!,ood willi ~1It.10"('1111Iflll pl"Ohll'lIl" lIlid 1I11.II.kl 1I11('('rtl\inlil":". III
Ihl<; 1",1.<;1' a t'lllllroIJI'C llil.., In hi' IIl'SiV;III...1 f()f;t It'S! fnlllw. whkh hll,'i hi II(' ililpll'lIl1'lIlt'(l in 1I1<UW
otllt'r s:,-·:-;II:'II1." lind Illl'rt-flln'I'>:,>":'tt'lil ntrillliUll<; ftnd lllln'rtnilllil'S will ht, Iln"'l'lll Till' OfIII'C of iiii'
rt':"llltillp, H"X-I'olltmlll'r dl'llf.,lltb on 11ll' onkr of til(' IIIlMIl,1 nml IIII' 1L'o('(1 wl'iKhlinR nud shHIl('
hlll'p.-. III Ihb ("!"\.<;I'lht, IlIiMII,I b of cI'1I."'Imtthh· hil!,h l,nll'c~) II 1"l'(llI("I'tIIllIX]i'I,lf I Ill' s~'sl"llI ha.<; t"
1)(' u:<('(] 11.<; a rt'Sult ()f whi('\1 dlarlll'li'cblk !"t':<illilllll'I'S 11lI\"(' \illX' ill,1I0CNllIlld till' ('lIlitrolll'c lIIa~'

HoI hi' thl:' oplilJlill, so thi." :<Imll'f{\' i" IIl1t illlpll'UII'lllhl. AppI'udix C dl':"I'ri1l1's 1111' sllln of Ihl'
dt'"i~1l of tlJ(' II "X. -{'Ollt rolll'r,



• \\'itlJill In Ill,'. 1111' dft'('I!< of II SIC']) di.'Iurbnul't' has Itl hi' 1'lllIlllt'IL"HII'(1 fOf !Ill'/,.

4.1.2 Control demands

• Thf' llIa.xiUlIllll fn'tIU('n('~- ,If IhI' :-I'II)()illl "il!,11i11 y,. I will hi' ;111/,

CII.\PTER I. COST/WLLER D£SIG~"21;

4.2 ConLl"Oller design

• Tilt' llIHxiulUlIl l'ITOr pf'fIUrlwt:! b,'- di.,turl><lIIf"l' !<i~llnk whil'h lIff' lthoul :1 N lila, If'lltl 10 nil
IllllxilllllJlll'frOf of 1/1111. Thb i, !<Iatl'll fOI' II fn'tlllt'lIn' nl/I~I' lip 10 lOll 11/ hl"l',ill:-l'lhl' 1I1Hin
dblllrl><\lIC"t':< aft' inilialC't1 ill Ihi:- ntllgt'.

4.2.1 Controller design llsing loopshaping tCchlliqllcs

FIll" Iht, dl':<iAllt,f II I't)lltl'llll.'!" ll.~jllg 11)l1!J."hllj,iug 11'('lJllilllll':< Iht, 111l'llllll! III'pktl'(l ill !<dlt'tIIt' -1.1
b IISl'd. A c'oulwllt,!" i,., Ilt'1<igllt'll in tIl(' fn't.lllI'lu'y tlClllllliu 1I...ill~ 1'00JljlOIl('lIls likl' PII)-('lliltrollf'l":>.
lhltdl lilt!'l":" 1I1l1! lowplls" lilt!'l":". For Ihi:" jlllq"lSc' IhI' 1001 MC/J (,"I~' apPI'ndix D) i,,, 1......11 ill ,vhich
lilt' ('Olll fIllll'r ('11ll hI' dl':-igll('(lllllil t Ill' l'lrt~'ls Ilf \llrillll... c'oillroll('r t!(,;;iAIJ,'l f'!l1I 1'1L'lil.\- Ill' 1'\1lll1all'(l
hv llllJltiplic-lllioll nf Ill\' f'IlJlll"ot!C'fS with thl' 1\1l~!()-trall!<fl'l"fllllrliOlL",Two SISO-coillrollc'r,'l are'
tll'!<iAllI'(l ill Ilw fn~llII'Ill'." t!llllllLln, 'l"'''lIlUill~ III(' dl'l·tlllplillll; b wt'll 1'lIll11gh. If d(~irt'(l !<1'(IIll'Ulial
IIlO!'f'llll';illA 1'!l1I In' liM'll ill tlib dl,:,>iA'1l Pl"ll('I>S..,. Aft.'r II WJolll1 l'Olllrolll'r 1.., dl",ip;nI11 it i., InIlL"pIN'(1
10 lh., /-dOlJUlill 111111 wilh Ilw SilJllf' IfJol11,hl' t'H('CI:; nf Ill(' n",lIltillJ!. rOllll'olll'1' \'iIH 1)(' \"l'rifi("d wilh
IhI' Iwlp of ('llkulatl'tl 'ljll'll-!llll!l ft'S!)OIlSC'S, :-I'IL"il ivil ic,:< alltl N,\'(jlll'l plol:; Ilf lile' ~1I~IO-."Y,"Il'llI,

Thl' kfl IUIII riJ!.hl dirt'f'l IrltIL.,fl'rfuuclioIL" H'SI'lIlhll' a 101 alld !lwnofof(' illitiall.\' Ihl' dl",iAli of
Ihi' ('Iml mllt'f!< i., tIlt' :;aJllI' fOf hot h. Inil iall,'- Iwo PD-I'ollll'l,lIl'l':; lin' tll':<ill;IlI'(1 wilh t'nlllH?,h phil'\{"
JlMrAin lImuml IIII' hllUllwillth and a ~ain II,' hi~h 1l," llotl:'o... ihlt'. Thl' fI'StlllllJlt'l'" al l\hlllll 200 HI
lIjlllot'lIl"\'tIIt) hI' II prohklll ill iU('f('il... iul1; Ih(' Allin flll"lll('flllUl"('.

Ttl :;lljlpn""''' Ihl':-I' n":-tmallC(':< II lIole-h i,... 111':o<iAllt'(l. A IMir of IWo illl'lIlintlnotdl('" ill Ihi' l"alllW
of !7r, HI 1111 I" I!)() H/ Ai\"(' 111(' 1)(,:,,1 f~1l1t 11lI11 thf' /!,llin e-1I11 1)(' illnt'll,'I"I1 fllnlit'l' Al"ll anl-IIl'liOIl
i... udelt,,1 ill I Ill' mIlAI' of 0,1 H/ lip til I') H/ 10 ilu'n"l,<o;(' III(' Anin in t Iw low fn'tI\l('l1l'~- rlln!!.I':<, Thl"
b dl':o<inthlt· ht'('iIlL"(' of IhI' Itl\\" rollli iOll f!"I'lllll'lId(':o< 'If til(' :-1('1"1' lind Ihi' 01 P-t1rulll llIlll t ht' ('Iml fill
dl'IIIHlIt! "f It ~'II)(,illl wil h 1I IlIl1xillllllll ff('lllli 'lll'~' Ilf :S H/, Thl' phll,<o;(' 111'('fl';l't':o< h, Ihb 11('1 kill, Thl'
dillllJlillA i., innl',~<O;("11 (/I'fll from (ilJ III III 70 11/.) 1I11t! III(' J!.lIill.. nf Ihi' tWII ('Iml n,III'I"S <HI' ill('n~rlN'(1

Il." lillII'll IL.. I)( .....,ihlC'. lt~lIilll;lkilll!, illlo IW('uUllI till' 1'11<1,"1' llIitrltiu, Thf' ft'SUIt b ;1 ("Olllrull('f wilh it
Il<Ulflwitlt 11 I,f lj,() IV 1"(,:<1)('('t in-l,\' 70 H/ Ull tIll' Il'fl fUld Iht' ri~hl ",i1Il' IUlII 1\ ... tmd.\' :-1 nil' OPl'lll'lIlp

Th!' Illuin mill rot nilll i... In !<1I])pn':'>." lIi.,t lIrhHlIC'(,;,; (St~· ~'l'Ii(lll I 1,2). TIll' mlfllillA DIP-drum
1U1l1 ~1t~'VI' nf IIIl' DIP-knife ("ll\L'\{" 1Il1J!<1 of IIIl' lIoi'i('. If Ih(' lIui.'I' IH~" /I I"q)l'lilin' dmfilclt·r. il
lilli,\' Ix' pl","ihlt, 10 !<t1l'l'rt':'>... !<OIllC' of il wilh H fl't'(lfon\llrd II'rlll. Thi., fl'('(lfm'''llrd lI'rln :"hould
Iw 11I1I1'tlm,illll; a It'ilrninA AIAorilhm. llC'f'IIU~' Ihl' nl(lilll ('Imllll'n; uf I Ill' !<11't,\,1' nllli DIP-tlflllll 110
11111 lIwa.'lIf(' tlll'il" alll'lilutl' rol"lioll .Illt! Ihl'rt'fon' till' tilll(' th(' illllUt dl'lllfblUll'I':< lin' inilialt'tl io;

1I0t kIlUWII. (hlll'fwl'it' 1Ilt' (('('(!fI)l"\\11f11 InUL' ('IlllltI lx' tUllf't! Illll'l' Illlrill~ 1Il1 illilia! cHlihmliolL
01'1'1111;;(' vf thi, ImruiliA 1IIA(lrithlll. it willlw IUu ~Iow ill Ihi,<; l'Il,'I'. Abo 1l'('hIlK1U('S like ~IPC 1If('
hill :-Iow IX'('alL<o;(' nf thl' n"lillin'ti ('lIklllalion tiult'.

III ~'(-Iioll L{ i.. alrt'mh' t'Xpl"ilJ('(llllI" ('ontrolll'r :-llIlIIld 1)(J!<ilioll lilt' DIP-kllifl' wilh 111I ,1l·I'Unlt."
of I/HlI IIi' 10 :\ 11/ lIlId fmm J;('(·tioll :\.2 ('all 1)1' nJlldlldl'(l thl' uri~illltl tlt'lIli\nd of dblUrl)<UII'I'
l'Ijl't'lkm up 10 lUO H/ rl'II1"i1L', hUI wilh ('xln\ IU It'nl ion 10 III(' flt'tlllt'lU-.'- hand arollllli ,~) H/ and
Ihi' hhtlll'f Imfmtlllil":- of Iht' nit (II inll fn'tlul'lldl":- 11( Ihi' ,,11"1" I' alllil hI' DIP'llmlll, l3t,:<itlt,:" IhI' lIlf'Hll
dblurl>itllC't' fort·t, 1... 2 N iIL'tt~ltI of till' mi~illit! 1 N To 1)(' "hll' 10 illlplt'lIIl'lll ('II(J1I~h t1alllpill~ It)

nl~III' pha.w lUar~ill II» to 10011/, Ihl' .....llIIJllilll!; fn'lIIlI·IIl'.\' IIf lilt' l'lIulltJlIl·r. 2 kll/, b dlll-I'1l 20
tillll':" hi~bl'r thall Ihl' h(llulwidlh. Fllf tli,tllrl><lllf't' rtjl'('linll Ihl' 1"llllrt,llt'r Kilill :-Illlllitl 1)(' hi~h
1'lInUl~h til k('t'll IhI' ('rrur 1)('low 11'111 ",il h i\ tli.,t lIfl><lIlt·t, fl>[('I' of 2 N. ThL-; rt':<lll", ill il ('Olll roll('r
_'I iff'lIt""" IIf 2000 ~ 11I11I. TIlt' f'tlUdlldilll!; dl'lIllUlll, III III(' C'tllll mlll'f nfl'
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1.2. (,O.\'TROLL£n DES/GX

"-"Ilm 4.2: I'lll" 1Ir1J;mal t rall~ft'r fill (bltw). llw ImJlklllt'lIh~1n,nlrulln {~n~ II) allll,l,,- n.,.."IlI1'~ '.' ....nl, .. 'I)
n""HIII ...• (r"I).

~nill of l\h..1Il1 10 dD Oil hOI h ~idt-,.;. LII Fi~lIn' 4.2 IIIl' mil.\ilUll If1UL.;(t'f JJ 11. IhI' tll~ih'1It'l1 ('Hili mlll'r
111111 ,1If' n~\lhin!1, Hlwuloop ff'S!'Oll.<;(' arC' pllllh'(l.

Sill("(' I Ill' il!l-lltilif'lliioll of thl' t1blur!);IIl(1.':'o :;huw("lill IX"i,k nmulltl :1l') HI 1111 lllll'lIll" i.... IImll('
hI dl':.iio!;l1 II 111>(dl Iiht'f ill tlib: frN.!II('Il("V nUl~t· II) innt"l..;(' IIw ~aill 10(";llh' Wilt'll fl'!'i,in~ 11ll'

1111(1"11 in till' lIc-lual .Wl'\('lll h.)w(,,"('[_ 1h(' :.1"<ldv-:.III!;' l"Hlllrulkr ~nill :'\"'1lI('(1 til il,,\"(' dN'fI'il.'«'(1

t1mlUlilkalh', Tilt' n·,\..... 111 for Ihi.'< dffn',N' i." unknowlI. hUI liillu kh'" .hll' III Ihl' IL'i(' of inh'j!,l'l':';
in."Il'a.1 tlf fit/HI illJ;-puilll uI'''[1I1 lOlL" i" 1\ pth,ibilil\' (Sf'(' s('c-! iun I.-I),
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4.2.2 Simulation model

4.3 Implementation of the controller

To dJ('(·k .....h('l/wr fI l!('!'ig1lf't.l ('(Jlllrollt'r 1)I"rfnrtIL'i II." dl",irt"l. 1\ _~illl\lli\lioll Jlk)(ld i." dt,:,i~llt'(l in
whkh 'ht, c'olllmlk'I'S ("lUI hi' dU'flt'lllw{urt, IlJlIOri\(JiIl~ il to tht, D~r. TIl/' _'illlU\;ltiull mudd i"
I)iN'l1 011 ,hi' whilt·hux lIltl<kl of S('ditlll :t:t lht· n~lihrnlilllt lUlIl Iillmri/illl": !'ll'j]l!; tlf rhapt{'r 2
/tud Ihl' t1(':'i~lll'(l ,'olllroU{'r. .....1Ik-1I i'i IIplol\tlr·d dirn't1\ nUl \If IIIl' ('olllrnllt'f ,h,:,il!;ll-IO..)! .lICD.
11Ilpl"IIlt'llllltiollll£ 'ht' hLwkl)tI.X lIIudd ('IIIL"(',.; iIL"tllhilitit.". whit-h nn' inilialfd h~- a wrnl1lt pllil."'f'
ill Ih,'low.fn'llllt'lll nUl~('. Plin nf,Ilt'l'iullllmiolllllUtl,·! i......h"wll ill FiJ;url' Lt Th"UUMkl is lIoT
11:-;('(1 II In! bl.'nHN' IIII' luo1:; 10 dir('{"t I.\" 1~1 and 1I1>lond ,Ill' d~igll('(1 "0111 rollt'rJ; aft' Wf\" dfitH:'U!,

Tlu' dl~Il!;Il"t1 l'Olllrollt'f i.>; Ilplc~ukd 10 Iht' DSP, ~'fOI"l' lilt' mlllwllt'r i.>; II':'I{'I:! wilh Iht' :'-)'l'!t'llI, il
hi l'lh'(·I«'d h.\" 1lil'1\.>;urilll!; Ill(' Irnnsfl'r c)f Ill(' in])\11 10 IhI' 0111 pul of I III' 1'0111 mlll'r IL>;IIll!; a lloi.>;I'-a\ilU'
:,-i~nall\,-: iupul TIll' 1'1':'1111 ing f{'SIX)IL>;\.' i.>; ('OllljlHfI'(! 10 I hI' Ilpll~ldl'(l dbl'fl'll' ('UIlI rolkr ami ill I hi.>;
wm il i.-: dlt'l·kl'(! if thl' I'ollirolkr b llpll~\IIf'd wl'\l, If Ilu' 11mlrolll'f b ll[Jloll<!t'l:l wdl. il b tt':'lt'l:l
wilh thl' :-;.\':-;11'111, F:-;in~ 1\ rol;uill~ :-;1(,(,\1~ aud l\ I'ollslnnl M'!I)(Jilll :-;iglll\II~>; illlllll lilt' IXlI'iliml of
!lU' llflllalUP; i,>; tIll';~>;lIrl'tl rt,:,ultillg inllu iutlinllioll Hf I Ill' l'rfOr.

Thl' M'II.-:il h-il \" b 111'11'l'lllilll'(l 1l,>;illg )I knowll lloi:-I ....Hlikl, ,>;ig;llill fI,>; inplll. TIll' opl'nllJojl rt';';[JOll.>;I'
'If I Ill' :-i.\":-It'lil i.>; I·!lleuilltl'!!. whit-h i:- l'olU[~tl'c'l:l 1'1 lIlt' pn'\-i'lll,>;I~' 111,:,igll('(l t!'SJlntlS('. T!ll'liult'
n'SpOII.>;I' ('lIH lIL>;ol)(, 11>;1'1.110 {'olUjlart'llll' n,>;ultillg n':-iI'0IL-;(' willI till' dl,>;iglll'ti ['('>;POllM' u:,;ill~ l\

siJLIulation IUllC!t,1 of Ihl' :-i)'Stl'tIl. Till' Allin of IIII' :-Vi'>Il'llI nlll lit' iJl('l'I'IL"t't1 '\lJliul' u:-;iug !owl'r or
hight'r \'Ohllgl~ foJ' Ihl' \\li«t'('oil llcllllllor:-;, In Ihis WlLY ulld with till' hdl' of Ihl' difl'l'fI'llC'l':' Ihl'
l'ollll'ollt'I'I'Uli [)(' tlplillIL>;I'(1.

D1Il'ill~ illlpll'lIl1'llllIlioll of tht' ronlrolll'rs, SOil II' 1l1l1'X]W('ft'(l ,~lllhilil~' pl'Ohh'IIIS apPI"Il'('{I. A
possib]p I'xp]aILIlH,llIof IhL~ !ll'O!lII'llllllll,V hi' III(' fat't t1wl ,Il(' ('olllrol uigmitlllil IIS('S fixt'!l poinl
illl('gPI'S jl~>;tl'l\d IJf ll'llllillp, !J,linl o]X'I';Hiolls 10 ('llklllllll' Ilu' ('IUilroJlc'l' Si).\llHl. Tllt'Sl' illll'/-('J'S ('ull
(}\,t'I'II'I\\' if till' l'OUII'tIIII']' !J;lralJlI'lt'l~ art' Ino hig, ,)1' 1'1111 sulk!' fmlll linIn hll',>; if ,Il(' !»ImllU'II'I',>; lin'
100 slim I!. A sllllllioH lLHl.\' bl' 10 uSC' f1I»1lillg poilll 1l!Jl'l'lIlioliS ill:-II'HCI of iUf('v,I'l'S, To r11('('k Ibis,
difl'('l'I'lll Pllrts of I hi' I'onl roUI'1' an' 11'S!I't,1 sqIHflIl d,\', Thl' fl't'!llI(,Ilt'~' n'Splll~>;I'of II\(' illlplt'IIII'llt('l.1
I'clllll'lllll'r.>; i,>; IIU'lt>;uH'(lulId ('OIIl[laH'l:IIIJ IIII' <It,:,igllt'cl (',IIIIl'lll)('I', II UPIII'Il]':'i Illltt II PD-l'lllllru)l1'1"
111I11 II uOll'll-liltl'l' ('/Ill hi' illlplt'IIll'lItt'll \"I'r~' wl'1l 10 1\ ('('!'tllill poilU. 1-IIl'lillll b IIL~o possibll' Ie)

11 l'('l'llIlll poiut: 100 hlj,,(h low-fl't't,llll'lIt Wlill I'lilL>;(':>; 1111 iUIc'w'r o\'t'rtlow, whil'h 1I1llk(~ thl' l'nulI'lll
Itlgnl'ithm Im>;labll'. ,111:<1 likl' a lOll lns,,~ IhulJ]lI,(! high-f],('1IUI'1l1 noll'll-filll'l'. whidl 1'1llL..;{'S illtf'A'l'r
I/\'I'rllow II.>; wl'1I, Thl' l"l'Sult (If UII iuIC"Al'r m'I,till)W L-; I hI' ('ollll'lll '1lI1]ml :-iwildlinJ.\ from maximum
!c) lllinilllUm if I hi' olilpul arb!':' abo\"(' it:- mllxiulIllll, Fi~un' I. I :-;!JI)\\':-; I hn't"' l'Olil m[]('rs: an llllalllg'
l'c)lllrolll'I', ils dL"tTc'II' \"t'rsion 11ud tht' 1111"11.>;111'1'11 illlpll'IIII'llll'(l l'cmlrolll'l. A.>; 1·;tIl 1)t' :-;1'1:'11, if Iht'
I'olllmll('r hl'(1)1JI1's 100 (,olllplwat('(l. l\l1(1 llu'n'forl' Ihl' illtl'~I'I~ Ic)\) hh{ll, Ilw implt'Il)(,lllalioli of
Iht, nmlmllt'f fuik

Thl'n'fon' I hI' lillHII~' illlpk'lJlt'uII't1 ('0111 rol!l'l':-; tlu Jlol indudl' I ht, :-ill~I'SI('11 Utlldll':', OUI' of I Ill'
fiual ("oul mlkrs b :-hown ill Fi!!;IIrt' ~,r),

:\1101 her diftit'u It \- in incwa>;iul!; I he ("out wlll'l" I{liill llI'l' hil.(h fWIIlI1 'Ill nUIl-lilll~\rit ii'S, which han'
1101 ht'l'1I IlIkt'll inlll m~~mlll, ""hl'J} 1111' l'mJlrulll"r guiu flud dalJlping, 111'(' ill('n~L>;{'(1 fUl1hl'I" SUUlI'
j)lIrt:-; nf I hi' :-i~-:-!('II\. :-iudl H.>; p!ilft'\\l>rk ('I(' :-ifart H'NlIIlll illl!:. TIll' firM pari I hlll sII1l11't! rC'NlIlalill~
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4.4 Control algorithm

\\"11,<; 011(' of lilt' t'ollllt'(,tioIL<; of Iht, II,n t'L.l,..tk hillgt' 10 Iht, fmllll', whkh IIppt'i\rt'(l III ha\'!' 1\ bit

("["llllltll't'. Aftt'r n'II\\J\-illg IIU' ('IJIlIl('('Iioll, Ihl' U,:;\llliIIll'l' Ilbllp]It'IU"t~I_ IIIHl'll,.. illg lilt' gaill ai!;Hill
rt~uht~1 illlULorlwr parI of III(' S.\~lt'lU 10 :-.fllrt f(>;>;ollatlllg, This rt':'<IIllIJL(·t' dill>;>; lUll :-olllr! llllt" :-olop
II.\" Hsl'lf, hUI il :-oral"l:-o if 11U' dlN'(1 IfMlll s:'-~I(']II fl'f't'j\t'l'i lUI i11l1111ls lUlll 11111.\' :-0101' if IhI' s.\'sh'lII
is dllllJl't~1 c'IIiI"i('lltl,," for SlUllt' lillI(', FiglJl'(, ,1.1; :-ohO\\~ lilt' slnr! (']1 :-0101' of I hi.: rt':<tlWtlll·t', Tht'
frt'flllt'IW.\' 1'101 of lilt' fn'(llll'll('.\' nillA" IIll' l"l'l'iOW\ll{'(' i-: pn':«'lIl shows l\ dt'ur ]It'Hk aroulld 2.'"10 I'lt,
I'll I lib 1111ll-lhlC'lIril,\' will Ill' of Ihat fl'l'(!lIt'lIC".\,.

11//1/1, + 111/1111': I -I- 1111111:1' Z 1

(11111+(/(111': '+11111,1': 1

(Illlllli Ik+III11111'(,k ,+"'/1111 Irk 11",

(Ihlll' !Ilk I + (/Ol:j , !I,l 1')

Wilh Uk and Uk lilt' "U1llml (Hlflllll r~Il'('('li\'(,']r Ih(' ('1)llIrnl inpul ill :"olllllpW' 1.-,

Tht, ('olltrolnl,l!,tlt'ilhlll b wrilH'1I ill ('-C'tltlt', Tht' pro)-\1l11lL rllll.<;ists of thl't'(, pml.<;; Iht, lirst pMI
illilinlbt'S Ih(' pnW('SSIIt" aud Ill(' OSf> llllil indut!(,s till' I'ulihnllioll fUII('Iioll (Sl,(' M'('tioll 2,2), Tht'
Sl'l'om] pMI hlllltllt'S lht, illl~'nl("lioli lI'ilh IIII' PC, whi{'h is \lM'Illl,<; illlc'rfm'c' lllltllh(' thinl pan
is Ihl' I\t'llllli (·tmlml fUmlillll. \l'hit'll is ('aliI'll t'\'I'n' O,nWIS, This fllllf'li'lll sIlinS l't'udillg lht' AD
("Oll\'('I1{'n; :.. I iUIIO:; alld (lsto:; Ill(' 111('1\1\ iIL<;lt'llll of II siug!(' n'llllillg III n~lllt't, 1Il1'11,'OIll't'lIlt'lIt lIois('. 11
rale-lIllth'S rh(' jJo/'oiliolllllll] t'rrllr of ll<llh lWlmllnn; wilh lilt' look'lIlllflh!c'1< with ,\ PI~ilioll fHlIl;.t'
of 010 fi()fM) !)lIL",,~. ll.~inl;. Iht' ('rOll". lhc' {'OUIrtl! si~1l1l1 b ('lIklllitlt'll lL~ill~ illll'p,I'l" UIlI'ntliOllS
III n~lu('(' ('f1kllll\liull liult'. To ha\'(' (']\uup,h pill'illlt'It'r l'(>;>;lllulitlll, Iht' ('ulllnli !~trilllll'lt'n- lin'
lLlultil,lil,(] h~' J02·11tlltlllU' H':<uhiuR t'olilrol :"oj~lml i~ dh'itkd h\' 1lJ2~ IIgllin_ ThL.. H'1<uhs ill tilt'
ftlll{lwill~ eonlro[ll'r. whirh follows rrolll Fi~ur(' 1.7 -11:
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with III., allllllll, l!Il' l"I':>llltiul{ ('01111'01 ill]Jllts /Ill(] h",.• the' ('IlIllPOll{'lll:; of the dl'('llilplillg Illatrix
K.

Aft('\' tlll'S(' ('all-Illation,,,, tltl' ('OI'l'('('ll,<1 :-;igUHls arl' ,"{'lit til two P\\'r\l-~(,llt'nltorslind ,Il(' fill\{"
tilll! 1'ilarlS II ('\llllrnlloo]) for HI(' sp(,('1.1 ('outrolllf Iht' dl"\1m~. This is a PO-('oulrolll'l' 1I,,,ill~ til('

with

F

'"

The c1.I1culutioli of th(' ,~('('ll1ld !)url, tbl' filte!"t\'l"ltl. i:; onl.\' hll.~('(1 on Infol'luatiOll of l'IIrlkr
:;<Ullpl(,:;. Th('r('foi"t' in pl"ll("li(·('. Ihi~ part i" aln'ady {'al('1l1al('(1 III\' pn'\'iolls tilJl\' the l'ol1tl"Ol
fUllction l>; ('(llbl to n'(hlf'l' ('ulculUlion till\(' IwtW('('1l !Jl('II.'iUJ"('lllt'llt ami U('tllillinll, This rl':;ttlts in
I Ill' filll<lwillp. ilJlpkuU'llt al iou of IIII' ("Ollt n .llpr:

("i\l("ulatl'(l in thl' ]HI'Yioll:; I'all.
To till' I'I,:;uhin/.\ ,'ii/.\Iml. 11 lIohw-a1ih' illl'llt Sigllfll ('all 1w m](]('d to 1)(' l.hlt' to ('akulatl' Illl'

:;l'II,,,itidty, This distllrl){'(1 input l'iAIli11 i:; saH'<I. Nl'xt till' fUII('lion ('ll\(-lIl"tl''S a kw (·OI"!"I'('tiollS:
fir:;t hOlll liig-lmls a]'(' 11111Itiplil'(II •.\' til(' (!l'(',Hlplilll!. llintrix, 1\., al1l1 :;('('nll(ll~' thl'.\" HI'I' ('OI"1"I'(·t('(1 for
tlll'dilli'l"I'llt nJin'('oi! iWllUltor !'OlL';tants with fI, iL" (1i"'('1l~'i('(1 ill s('('lipu 2.2.·1 (lml fol' tl\(' lIiHi'n'tlt
sprill,l( stifI"UI'1'.'i<'S with 0, and ,j, as di,<;('uJ>,';l'd ill s('('tioll 2.2.:t

:m
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TIll' tl.osill.ll of tht' t'Olllrolll'l~ IUL~ 1m! f(':>II!tI'l1 in n ('ourl'olll'r rl\llr lll('('ts rll(' slarl'll dt'lIlau(b. A
l"l'lL"IJIllllll,\' /-IoI)!1 f\lIllr"III'I', which l"l"";l'lllbll'S I h(' ("(1II1 mlll'l' of Fi~\lIT I}l f01'1I Jl:fI'lll d('al is foulld.

Bill bl'l'l\IISI' if dOl'S Illll llH'I'1 Illl' dl'UI,lll(k Ihl' 11l1l'lllioll Ill~~ fOI'IIM'I1 Oil Ihl' (11'IlULlld 10 till'
bHlulwillr II IIC, III' II)WlllollP ["(-SPOll•..;{'S Ilud IIll H ~o,l(1 illlpll'llll'llllll i'lll tl I Ill' (',UII !'llllt'rs.

Till' miAillltl l'oJllrolll'l' 1"t':'lIh('(1 ill stmdy ,..;lllI(' (,I'I"OI'S of 1111111 alit! 1H111Il 1111I1 IlvIIlIlIlil' I'ITors

of ± l.~l/illi lIllII ±J;l,il'/lll fill" 1'('S!wl'ti\"l'I.\" Ihl' I"n lind ril-\Ill ltl't lUll 01 1',/SiliuIL";. TIJI'I'':'llltillA
I'oillrolll'l's lL"; d'':<oaib,,,1 ill this dmpll'l" r(':mh('tl iUl'o\('IIlI.\' l'olllll' I'l'ml'l'o of i,ill/Ill 1111t! 1.f1/1Il1 !lull

dnulink l'!TOr:-; \If ±,1. ...'/11I1 autl ±li,lI/llII for t'(':<.jJ\'(·1 i\"l'lv thI' I('fl lIIul ril-\h! IWI \llIto! lXlI-;il lOlL", Th('!'t'
an' J'('\"I'ntl Jloints thaI 1I!'l' Ihi' ('/111M" of oul.\' I hI' I'IiAhl illlpm\'l'III"llt nf I Ill' (·,ml mll('r.

• AI II ('('r!,iill !)!liut if (I\lilt' AOlltl 1l1lIr!iC'S 1\[(' illlpk-1Ul'nH't!, 1111' 1)/111I1II,'!t'1':> uf tl... 10lal

('1 lilt rolkl' ht't"'Il1(, l'ltl ~\l'g(' fur I h(' fix('(1 I-"Iim illll'klllt'1II111 Mm. TIII'I"I'fo[(' III(' hautiwilllil "f

f-J'Iur. ,{fl. I'm)/" n"'pull,...· ..r lh.' ..\·~lt"lll 1I.... lUg a ,'un"talU lIllml "il;lI,11 anti th,· "I...·,,· nolalm!; Inlh

ItItIlJO 11I11I 1111I" 11 ... · (n"l,II,'lln Il.':'-I)I)I~""· b fir tht' l>art hdv,.'t'll 1~1" ami :l~)" of till" lUll.: rt"""OIL"" ill ..-hid,
a lIull-IIII.';\nl\ ur tllO' ".\ .. It"1II "Iarl" \ ihrallll)\ (th.· ",pm :-i/o\Il.,J "ta,,, '''.'L''I.UlI).

• Fil'!'l I". IIII' prt':<I'Jlt IIM'l\."UH'llM'1ll U01.-;(', lIU1illb' 1'1111...;('(1 h.\" tht' P(lI-ilion :-I'IL"-t)!"S. nUL"!' lUI
,'rrol' of ±LSllllllllfl,;\t1~·.so a lil1l.'{iulIIlII t'rmr I\fll'r ('tJl\lmlof t II/Ill is 11\)1 IIl'h«'\llhlt'.

• Thl' lllt~tll db'UII~lIl("l' (1)1"'(':> 1\1liOUllI lu ~ N, whi,·h b rt'lI),;t)Unhl\' IlIrl-\l', In I)/\rlindlll' Oil til('

rildll sid(', Whl'l't' lilt' driw' of Ihl' DIP--drulll ;\11,1 ~1''t'\1' I\fI' plll-iliolll"l. IIIl' ('1'1'01' b bi~ a...;

('IUI 1)(' -"t,('11 ill Filo:urt' :t:s.

"p,'('(1 of the' DIP-drum 111111 L<; lIot furth('r di'o("IL."-"'I'(1 !If'n'. Afh'r fllIl'olltml out pUIs llfl' ,<;I'lld 10

IIw P\\-fo,l-At'III'rH'HlX thl' hhl'r If'fill. F. fur ,h... IlI'XI ....ullpl., Hllll' is fulflllillt,l, Fillllll.\'r!l" 1l11'H
SlIlT.1 p't-iliIUL"i. tIll' ."t'I!}\)ilIIS a!llllllf'" cOlllrollJllII'll!S lin' :<(lVI'([ ill II ttSD-hllff.'r lhal St'lld" till'
illforumlioll to tIl\' PC.
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IhI' t(~llllin~ ('tlILlmll"rs L'ijIL'i1 lUll low' till tht' \'I'r~I' 'If 1,0 Ill. whilt, for II f1,.tJod ,1i..;IUd>Hllrt'
rl'jt'll ilJll H halltlwillth Ilf ilt It..l.;! 70 In lUO III j;... rl'tillirt'tl_

Anullll"r WI1.'- III illl rl',l'it' ! h":-1 ilfll(~"" IIf Iht' I'oul mill-r IINt""Plt'tl h~ Iht, OJ P-knifl' i" 1o illt'l"l>;"""
IIU" ! nuL.;IIlL...."illll ill lilt' ,'L""I k hillgl~, .-\ dL.;;\t!nintn\.\I' L" 11ll' il\('l"t'll"iJl~ :-,1 rnkt' of I Ill' ,Wlm\Il)n;,
Ot~illl~" lIlorl' ,Imllpill~ ill Ilw hill~l':> r('Sult ill :-.h;lIi1ki\lli illlprnn'IlLl'lll ill ,Iblllrb<llll'l' Wil'l'!illll.
Thb Inl.; II"'INI h\" 1Il,ldlL~ Sll1l11' IHI}!' m'l'r tlll' hill!;''''_ TIll' ,Ibllllnllllal:,l' of il L'i II W'I':\- rt~Iri{"t,'t1

sl ruk" I l\('rl.f.Wt' :<tllll" "I Ilt'r w<tv of dlUllpillg lila., 111' I h.Jl11;hl of
llt"'llIN' thl' t1t'Sit!;n "f lIlt, ('Olll mlll'r :-:talkd al a Ri't'n ptlilll 1I1i illLllllrllUlI jl<lrl uf t ht' Hllt'lltiOll

w/\...; ftl('Lhl'tl CHIli J;IJotItI ilupll'LIlt'1ll at ion 'If Iht, l'OIlI roll('rs, Thb n~lllll'tJ iUlll'll".'- 1.1 handlc' IIlL,1 W)tltl
illLl'lt'lll("lLIIIlioll llf I'c!lllinllOll:-. Ill'SiA"IlNI ('I)1\lrllll,'r:-.: lbt", IIfl' lnlll"f,'rn'tll'j I Ill' ,Ib"rl'l" ,I'''!lain.
I'IIll 1)(' llpllllldl'tt 10 I Ill' ('-{"l}tl,' of th" OS)) .1i'W-II, or ,'mIUlIlt'tJ U:-.illj.; Ih., ,,,illllllHlitllL 1ll1)!1,'1 mit!
t'l1II lit' H'lootl'tl if lll,l'l<ltkd II) dlt'('k if tht' illlpl"lIlt'ututioll Wt'lit l'OlT''''I (:-.1'(' :-,wlicm D).



Chapter 5

Conclusions and recommendations

5.1 Conclusions

TIlt' aim IIf fhb "lud.\' wa... 10 milk" It lIlodd uf 1\ 1t~1 fmlU(' lind tll~il!,ll a (~)lllrIlUt'r for if. In
lItldiliull In llib. c'lIlihmliulL'< and UUf'fiTi/..llliull.s w('n' 1)t·rftlrtl~1. whkh Wl'n' lI('(·t~""lr.\· In idt'lllify
1Ill' "n,Ii'llI,

Calibration

fit'furt, t hi' ~\-:<1l"1II b idl'llI ilkt!. Iht' ini'IIIS lind OUlplll:-. of I hi' srl'I"IIlIll't' ('/llihmlt,llIud if lU'('t~llrY

and 1'1....."ihll'. Iillt'llril.t... l. Thl' 1-t'IL"tlr \Cl.l11l':'i lUI' Jiumri:ll'(! alld sfn!('(llIl'iuJ; n luuk-uj) lablt'. Tht'
tlHllml IIUIIIIII" nn' M'a]I,.!lI11tl tll<'lIj\ ('U1Tt,<,lioll ('1111 III' i\tldNI ltlillakl' Ill\' It'f! IUld ril!;ht ilf'llIlllor

"Iimlt'~ 1'1111111. Thil" hlflt'r uption L" 1101 IL"('(1 "iucI' it Udlb :<tum' IIJlkllllWllC"Ulllrolli'r AllilL'i llllht'
1".\'1'1 {'Ul. whit-h ('Ill! l'lIlL"" ilL'" alli!il it':'. TIl(' illj)ms tllltl OUI puts lIl"t' sl'nl('(1 10 mnkl' II I fltll..;il ion from
hilS 10 8,1.·1111ils t'll"'\" Tht' sysll'lIl':; Iilll'lIrilY i" l'Ill'('k,'t1 h,\" 1I11'1l"'\Jrill~ Ih,' fTl'lIIll'llf,\' rf'SI'0ll-ll' of
Ih,' '''',\"sl(,llI Il,-lill~ lJim'TI'lIt ('olltroll{'I's IUld input sil!;llab" TIl(' n'SlIh is n lilll'lIl' 1'i\"SI('11l with illJlUI1'i
nile! olllplllS ill ti,l.·lluits, AfI{'r thi-l calihralioll S,)II\I' IIln.""I'S null l'IHt'UI'SS llrl' (!l-lt'rminl'(l 10 ,l!;1'1
lHI illt'll uf IhI' 1'i,\"1'iII'lJI llMIIlIlI'h'i'I'i ht..fort' ";1 'In ill~ IIII' 1'i~'1'i1 ,'Ill idl'lLI iBnt! ion,

To J.:llill iuf,u'llllllilHl Itb,ml Ill(' dblurb,aUl'I'S Illl' I'()lllmllt,l' ShtH11l1 I"'.i,'n. Il1l'sl' Ili..;llIl'hullf('S
urI' illt'ntifit~1. TIll' Ili",llIrI"llln'S lUI' hi~h('r IhaH I'XI)l'I'!l'l1 (aholll 2 N up 10 H10 III), whit'h n'M11t
frolll fl'i,'lion ill 1hI' (Iriws 'If th(' drulJl."'. O"sidl'S I Ill' !Jll'll";Ul'I'!JU'J\l lI'li,";I' inil ilill'S Ull ,'ITt)1' It! 1I1111111
1,;\/IIlJ, 801111' uil,lil iOJlul IlallLpiJl~ ill IhI' hiuA"I'S H'Sllh1'i in SiAlli!klllll illlpron'Il\I'1l1 in dbIUrhllU('I'
n'jl'(,tioll UIICI]),\' iIICTI'll..,illA IIII' Inlll";llli",..;ioll ill Ihi' hillA"I'S, lilt' 1'it ilt'ul':;'-l of 1hi' j"llllmll('1' P('lTl'J}It'tl
b,\,tlll' DIP·kulf" hl('l't'IL"I'S,

System identification

A bllwkhox lIud 1I whitd)()x lIludl'l of till' liuf'Hfi/l'll lIml (';llihmtl'll S.\'."H'1ll IIrt' lJUIIIl'. Firsl lhl'
~lI~IO-rrl'llllt'lll",V I't':"I)(lll"l' i.., 1l\1'fI....lIn'll il<;illjt 1111 o!K'Il-loOIl SI'll.."ilh-itv IllI'lL"lIrt'UII'IlI. TIl(" lIlodd
pill'llllll'l,'rs 11l'l' IlllU'(! ill 11ll' frNllll'lIl',\' IlllllWiu w,iu~ th~' IIl1'a."lIrt'(l !'t':"!)(Jll"I'S. TIlt' whitl'hox
sllll''-''pll\'(' llI,wld \lSI'S thl' ph,·.... iflll 1Ila...."'('S, sprillp,s aud dlllll!WrS ttl JIlI)(ld Ihl' s,"1'ih'IlI, Thi...;
n':"l1l .... in II l)('t1\'r iiI. hut tlllt'!'; 1101 A"in' 1I1111'h im,iAIII in IIII' iuHlI('IlI'i' nf dUf,,!'t'1lI plln .... of (1)('
,,,~,,,It'lll,m Ihl' OUlpUt. Till' whih'hnx mlldd i" m'('lll'llll' Ill' III I~IIIII/. Iht, hla"kl)(lx lIIodd i1'i ilL",)

l\(TIIfIU1' 1l!1 It) hi.Ldlt'r fn'lIU('lldl'S, To illl'f('l\',,(, til(' l'll'('IIfII\('II('S." tlf Illl' wl!ill'l)ox lI\lIdl'l ,'Ot)IlII' II,:,;Is
lIrt' 1>I'rfllfllll'II with II lilll(' dOlll<lill OPlillli/..lItintl IIIl.\oritlulI Tili" nUl lx' ('xlI'lId,,1 ill fUlllrl' for
ht1IC'l' r~lIhs, Till' bl;lfkh,~'l: 1II1)(ll'l Hub' has II IlI.ltllnw-frl'lIIIt'UI pha,-.(' for thl' IInll-(lill~OIIltIIl'rnl""

llsitlf.!; t ht, whitl'l)(,I'( IUl>lll'l l\ ....illlllialiull 1Il1)(!l'1 i" 1I1l1t!(', Wil h Ihb III,wlt'! Iilll('-sillllliat M)ll" nf til("
"'."sll'lII 1'1111 1)(' jwrforult'tl wilh t1iffl'n'llI 1"OIIIrolkrs 10 l'!lf'(·k Ihp nllltr"II(,rs !)t'ftlrl' illlpk'lIK'lIIillR
IIII'Ill,
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Ftlr lLlon' ('xlt'IL..in· ('onlfnlll'r df'Sil!;lI, IlJ(' II."!' of f1111llill~ Illlinl 0IM·fnlilllL.. ill.. lt·iUl of Iht' t'urn'1l1

11.'>1'(1 fixI't1 I"-)illf illh'gt'f:< b rt"'luifct!o Ollwrwi'it' tilt' l);mIlU\'lI'I'~of Ill\' ('tlllI rnlll'I'l< ..... ill ht't·tllllf' Ino
lllf~t'lo hI' illlpklllt·lltt'll,

A ]lillallH'II'1 opt illlbHt ilm tlf 1111' whil I'\IIIX I'Hl"lllllt'l t·['~ Il... illg 1iUlI' t IIHUllill ... iglllll:-c (lLl(1 iuflll"!lulI illli
11111." [,('S1l1t iUli hl'lll'l Itpprolll'h of 1hI' t'XII('1 pll['lII11I'It'f nl!lu't'. TILt, :-itllllhllilllllllOl]l'l is nol IIM't1

II lill bl't·ll\I."C' Ill(' 111l,b 1\lllll]OHtllllLtl 11'l';1 l!lt' 111':'1il1,tll'tllolll11I"'llll'l"s .lin't·I].v lin' \·t'f." l'lI."Y ill liSP.

I3Ul fOf furl lU'I' ~llltl.\" I Ill' 1llOdd (O;tIl bt' of ~O\lt! hl'lp ill I ht, l"tHll 1"011(,1' d('!'i~1l prO(·t'S.".
TIlt' d('('(l\I]lliug Ilf lilt' fo['('1' HIltI IIUlllll'111111l1 10 tht, nltlinl tli'''l'lal't'lllt'lll lIlItl rolathlll of Ill('

DIP+kllift· i:-c 110' list'll ill lh(' tOlmll"lllll'r dt't'i~lI. It i" hoWI'\'('1" il1lpklL1l'lIl1'l] ill I Ill' ('---('llll\' ;lUt!
,"01111' III1'lL"lll"t'llI('llb Wilh lhi.. Ilt'('ollpJillj:!; hH\"f' ht... ·11 pl'rf()['llll't.l Pmllllbl.\' 1\ A!)I)(1 ('(Jlllf(lJlC'r I'HlI

ht' tlt':'iil1,Il('(lu:"illl; ,hi... dt'('(JuJllill~ lL" \\"1'11. whidl ~h\lllld ht' 1t'!'1t'l1.

System ident.ificat.ioll

502 ReCOlnluendations

To illlplon'lht' ,ltTUrut·\" of r!lt' :-cy:-ctl'lIl. tIll' dbllll'lliHln", :-lulIIlII ht't1t,("ft'IL'iNI. Thl' 1Il1'll.o,;lIft·IlIf'lIt

ILl)bt, llt'l'tls III h(' tll't.,ft'aN'l1 1)I,low ± Illlll llt'flln' I ht' I)lt-il ilJII NrOf t'l\1L hI' 111't'f('ilM,1 III I hi.. 1)(111110

Tin> lI!"i\"(' of lIlt' tll"llllL'i nUl aL"'1 ht, 11Ilpm\'t't.J. dl'l'['('ll... ilLl1, lIlt' Ilblllfhal1l"t':'1 Iht> ('"lllmHt'!" Il\'t'tb
10 n'jt'('t. A I.I... t n'f'OlllllLt'lu]mioli b 10 nltllrll I Ill' DIP-dflllllio thl' 1t':.1 fmllll' :-ill('1' Ihlll \'1mld

lunkl' ,hi> II':.f fmUlt' Ililln' l't'albl it' lllUI :<tILL1\' ILl'\\" sy~1 {'III dml'll("INbl il':-; will Ill' mlclt't.l lllltl 10 :-CI't'
If 1I1lliit iOllHl t]IIUIllilll1, III IIH' l'hlsl Ie- ]LIllgI':-; 1'1l11 ht' llt]t]I'(I.

Thl' filllli "mlmllt-r IIOt'!' 1101 lIlt'('1 il:-c dt'IIliUUb. Ollt' \If Ihl' 1I1°IlIJUltL-. WI\." In dt't·ft,a......> Ihf' d~'+

nalllka! po:-iliull t·rrof 10 ±l'llll. \rilll Iht> liu.lIlt,\mlrllUN Ihi... (Olwr i........ Iill ±.I.:IJJlll and ±li/JlII
for n"'pl't·!in·l\" Ilu> It·ft 1111(1 fi~hl (·ulllrllllt·r. S<llll<' illlprll\l'mt'nl~ hit\l' III hI' 1I1Hlk IIJ I Ill' ,"~"1"1t'1Il

hdon' Ihl> t·()lltml~'r ran Ill' IIpliini/('(1 furtillor. T!w I)lt-it)on ~'IL"11"!' .. liII han' 11I1 1I("(OUf/W'- of

±1.;\JlIll. whil h l\I'('(lo.; impro\"l·tut·1lt Iwfon' fill' I)lt-il Mlli ('rmf nlll II(' dl'tn~I."'I't1. Fun hC'f1nurt·. :-ctJl1lt'

lloll-Iillt'ar hi~h-fft'(llll'lIl f('!<tJIl;UII'l'!< lnlhl' ,,~·,.lt-lIl11t'('(110 III' ~IIPJlr;o:..... '\1 hd"ft, Ihl> I'oilimllt'r ~aill

l"!1II 1)(' illt"ft~L...... I.

0\ I tlolh".'( i.-. IIlhd(' fur I ht· tll~i~1I uf a ~II ~I< )..l'(llll follt'f fnr I hi.. :-·...:-;11·11I. InUL..ftor I hb 1'0111 mllt'r

lUll t1i,,·n·tl' (·olltfoillor. luatllh.. f'tJlllrtllll'r 1111111' lIt·tua! :;\,:-;ll'l1l ;llllllt~1 III(' Ilpluatlt'll t'(llllrolll'f,

Thb ..impliJi(,:-; Ilt""l~lIln~ ,Iud tl~lill~ IIl'W l·tllllrulll·r~, :\/1 Llllpru\1'1Il1'1lI ",hii'll hnw 10 hI' IIlHtk
in 11ll' ('---('t.Jllt·, i... dlHlI~illl:: Ih(' fixt'tI-I)llillt upt'rllliOlL" llf IIIl' tlulillt· I·tmlw!lt-f 10 f1onlill~ 1)lllnl

lllliorul iOIL'" TIlt' llilf;Ullt'lt'l"!' of Iht, tUrfell! I"JlII ft,llt'f IIn-rilll\\ if !tolL"lllitlll.\' j'llIllplit-alt...1 (°0111 rullt'n<
nft' ilUpklllt'llI('t1.

Til 'Ollllhl(, ''\lllltlIUillJ:; lL.. illp; I ....') SIS()..nmlmllt'I'l<o I Ill' :-.,·:;It·llI i.. t!t''t'lmplt'tl Dilft'ft'lll .....It.\":; III

t1t'('llllplt' Ilw :;\':-Cll'lll lin' It':'-1ed ami lillalh' II 1I11'llul(1 1hll' lIM':'-' hI' imlol'l<t' I HUL..ft'f fum" ion of I hf'

:;.\":-It'll\ ill U ITflllill fn'(lllf'Ill"~' ntllAf' io,; dull'( '11. In I IIi... \\1\," I II{' I)('~I dl'(·tl1lplill/.: b !Khil'w'll 1)('1 "'"('('11

10111 alii I lOCI 11'0 IIU' hHlUlwitllh of till' :;,·... 't'lII.

;11



Chapter 6

References

I: A .~I. T\l~-,,'Lll'rs, 1inN Cud AI-tmllur for th{ rlmlmi of 1}f)~lluJII. ItrHdulIt l.m rl'I>t,rt (><-1',
T.'('hlllll''Ki~ I). \" Il'':<('ftrdl..\: ~·n'J()pll}f'llI. ,Ii'lIllllr.\" 21)(12. \"I'nl",

2. ,. W.C ~J. \"all Li\'rtll'. J/l'churl/nd 1/f',~,gll of lUI f1dm n.mlrolilllili DIP-mill. Kt1ldll;llioll
n'porl On;'·T.'(·hllolt~i~ax., Rf':"t'ardl .\: ~'H"I<)P\lM'1I1 April 20112. "I'uk, {d'''''h:n nf
l"111.~lk hiul;I':'. "IM'dfinuitllL" \11K-''n,il (l(·llIlllors).

,;r Il.\\' tolkkf'rs. Ptl~'tlO" control fm· II DIP-will. RrmllllUioll rf'()CJrt. (kt.'-T\'(·hllolol~i.,:,

D.'., R''''''/lrd, k ~'\"('I\lpull'lIl. .Il1llt· 2002. '·I'nltl (d~i~lI "r all tll)linll."I'IL"t,r alld I)a
nllIIl'I.'r mlllt':> uf IhI' lI':'t fnullf'j.

I' C.F, Fmllidin. ,I, D, Powt'il aud A. Emami. Ft. I (/fHl("~ Nl1Itmillf (1/flIWIIU' -'U,~II II/.~_ Ad,Ii....m-
W.'t'-k.\" Puhli."hill~ C'olllpall\'.llI('.. thirtl.'t'liliulJ 199-1.

Ir,] S. -Sk'II!,.':'llId. I. Por,tklhwaitl\ .\IulIU'/H·mb/{ fll/lbm},. {'Imlml- 1111U1!J~"~ uml III,"!/1/.. l!)!)fi
iOj DIET-I.MlIIMlX. frfi/./II, f\ tlMJI ttl fit hhtf"khu.x uuxl('b

:71 "llll"_"" II I,Mlllo t1t'('ollpl,' ~1Ir..[O-I",''SlI'IJL~. I"{'f' abo 11

il'il A. DUllll'u. S. WPiland, RO/HIM (·Olltro/. I-I-... ('olllmlh'r llt'sij:(ll. llni\'\'rsil.\' of Tl'('hllllh>Jt\,
Eiudho\1'II, July 17.2002

I!I] .1..1, I,ok, Wlr~trll!J~IIIU"Yf' R(9({tf("HlI(~ /I. "'I'tll[(' UOIl':' of rill' 1''('IlIrl' C'olltrol.'iYl>
tI'lIl.'i of thi' l!t'parllll.'tll of 1I11'dlJlnkal t'llgilll'l'l"illg. llllh','rsil -" or T''I·llIlolllj('· Eilltlhu\"('u,
1!Jl'\~I/ ....h

[10] A. '·1\I1I1('IIJ)1I1. £1/l..fI111/1"("/I'I/I/I"/. h'(·tul'/' nOll'S of lIlt' 1,'('IIlI"I' EI'~'ll"tJlIll'l'ballks of 111,'
lkpmt lllt'111 of "ll','1 ril'al t'lll-!:iu('I'rillg. Uni\"t'l"sil.\" Ilf Tl'('hiUllllAY EiIIlIIIUW1I. .IUllllll1)' l!J!Jn

[II] F.P. \rijllht'ijllwr, G,.J,L. NallS, CD-mill 'COI/Im! of" DIP-klllf, " C'D-row illC'luding
rllllllnlltuuL... for tilt' l'ulibrulil)JI, it!"lllifiealhlll nud (·,mllol of It 11':>1 frUIII,' of 111\' DIP
kuif,'. Sl'(' IIIJjlE-1Ullx D, F.'hrUlII)' 2001

[12] T,A,C:, 111'1'1"('11. (F.P. Wijullt'ijill/'r. G..J.L. NlIW_.) L'M"',~ l/l,wrJlJ/, II.'WI'S 1I1llllUai fill' till'
iIlH'rflll'f' l'uulrnlliu~ lIlt' h':'t frallll' ·posililllling of th/' DIP-kllifp'. n·r.... iull 2. F('hl'lll11":\'
:!OOt



Valu..

1.1

'"

lln±~

11.11' II!
:1,11
11.".1
11n

1'1 Ilf'
Il.~ 11)'

'!1 11)'

"
, 11I1

I.'l Ino,

~.h W··

Ili lU'

"
t.:V,
I,J! III
-$.ll
O( 1.111
b,' III 1
1:t1MI

(11 \ "".111><'"" (..", " ...

1........1 "II 1/ u."l'!I"

U,:I/, .. moo. , ,,' ••••'n_ •

"11.\1 I",,,,,.! t"-. ...,.,, I.or I 11 \ ", .. I IIJI

\I .. k.... I.~I ""II 1/ u,n.I'1" t.",,, .. ""." I.'

In"- "f' ...·HIP·kn.'"
,,,.. ,,( Ibt- 1111'...-1"""

.t,n",,,. "I II~· ltA"""'....."'.lI,p ... ",n" IIII~ I'~'I ;\".111,.. 1"\0"'
~"nll'_ "f ,h. "~l'A "Illl'" '" ,h.· "'''.I ...·"h .'""..",,,,,,.,, .. f ,h. """I.I'·l"
10",,,.
'"II'I .."ff".·.. A' ,h.· "'I'"' "I ,h.' I""",·
""'II .. ',rf"...... .lll!..h lh.· ""tnl"'" """II "'"1<'''''
.l,II"",~ I'NP'·"d"·,,IA' ,,, " .",,,1., I,,,,,,.· , '"~ ,A.. "f, h.· ."",h, ,. I, .•m

,', '" ,... ! hl1'I'l' 'h;, 'l,n,,,·,,,, "" ,.,,,... ,, lOn, n",·.)
,'iff",·•• """i"" 1',,1111'11
,,;If,... _ "f 'hp h,,,/(',
'''''' ,,,,.-,.,,, 1"'·1'",L,.",
.1""'1""11 '" 11,,·1""11"

" ..........1 tl,,· ",,,·•..,.,,1 ...-tuM",~ ""tb ,J

u",.. ~,... ' M "'I"" ... to .. " ._ "k
""",I..·, ..f .. ""l",lt~ .., d,,· ""t.
,t"",o<-"-' "f ... ". " ...1 f", ,h· ... ",,111I1.'
"."",,,1,,,',,.,1,,, to." ,.....

....".·1. 'lKI h ..Ill.... ,,,.. 11 I.EU·I'l"h'
,,,,,,,.' ..f ,I~, ""'I"" ".h",:, ",h" h, •.,.".. 101.· t.,· //, ",.
'''I'''' ".,1""1<'
''''n.. l.~, "",,\.<., ,·f ,I... 1.1·:1)
,,,,.,,,, •."...., ,,,,,,l,,,,'
"~,,,,, ""'I,hf"·M".,,

'. I' "'I

" 1·\/"'1
'.. 1.\'/"'1, II
t,,, I·V -/"'1

~:I.....t" h",l\'""
l .. , IS ''''J

llpl""l ..." ... " nn.ll.l·I)
)" • ,. 1"",1

\'~ WI
\', II

11'1" \/111C... :\'1"",,1
"... 1\ I "'I

Var. Unit

~.......,. ]k'll

"''''~-
]l'll

\, ....~ ••ol ... , "M' .....
!lql

'. I
,I.• I'"'. r' 'I, I'll "I
/r .. lUI

1",,",,..1""'I.U' /'11 1/ I',
I"",...!I......... " I·~.I ,... I·~~''I"', I ..".lll.J!~~"" , .."Id

Appendix A

Variables

Tllhll' A I ~i\'t':' lUI own'jew of Ih(' \llriabl(~ <lllfljlllrAUll:ll'n; uf Iht, S.\~Il·IIl. Part!," ,II(' \ft!lll':'\ 8rf'

InJu'1I frulllliH'mllm' ,I 2 IInd;L hut IlItll-l IIf th('1lI af(' t"!1I'l"kt'(lnlld 1Ill.';t,,,ur('1I11~aill durill~ lilt'
('nlihml ion find illt'lll i!iC'/\Iiull of I hp :<\1<1('111.
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Appendix B

Whitebox model

IlIli~llH' 13,1 II\(' ;\D·whill'hox llUlI!t'1 of I ht' syslt'lll dl",i~lL('(1 ill SI'('I jOll ;t:s is ,~hllWIl. All o\"l'nit'w of

I lit' lL"t'(l pllfllUlI'lt'rs ltlltillu' ]"(':';lIh of t h('ir opt illli"lll itlll is ~iH'lI ill IlIhl(' D. I (SI"" Ill"" :-1'('1 iOIl :S.:S.2).
Thl' illlllll:- anti .1ll1 Jllll:- (If IlJ(' s\'sl(,lJI 11.l·1' tlJ(' fOll'l':'; F l lIlid F'J n",pt'C'l i\'l'b' I ht· tlislll!l('('JIll'llIS r I
It]\(1 .r-, of Ih(' Il'fl aud riv;hl \'okl'f"oil ;I(·tul\lor.

Thl' n':<lIh illl!; ('(IIIlII MilL... 11ft':
III x-dir('('liou:
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IUI.1
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n.ll:l
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10'11)
1111)
I HI'
1.1 w l

0,U1

c,

7.11 I 1.1,> 1.6:>
n.U:l 11.1111
li.(I;( 11.1'11
,l,U1 !l.n"

, IU' ; , 1'", IU' _!l.:, W'·

>. In' L' w'

, In' 1.1 lU", '" w' '1.11 Ill"

, , In' l!.l; w"

v"luD

(OJi)

+ "'",-/c,»)' .1':1 - L1 /4. «h, ,I + It,,;,)···

(I.·(ldl· .1'1 k",r,' .t.,)",

. ~'''d I . J' I - i . ~'",y, ../'.', - i . 1,,,,-, I . ,1'1

,I,ll,,,, '" '" ,h.· ""1"'1) i••" ,,[ ,I,,· h"",i,,~. ill •. 01""1,,,,,
,1 iIT",·,. In I h.· ""I"'"'''''' ..[ I I,,· h"'''''''K in v-;J"'~'I i""
'''''''' ."10 I " ,If,,,·,, "f I I... l..f, .·1"., ". j, ""' (, I,,· Oil' tI, "'" ••, h, >I, "'11
"n' I"'" "",,,I,,, I,,· ""~, ..",,l "ill 10,,,1 ''',' ,,[ 'IIlp"""""" [.., ,hi,
,i'",,'''''')
, ..,-.;,..",,1 ,tifl",,,," ..1 ,h,· ,il\l,I ,·1",1" j .. il\'
",ff".·." .,[ ,I,,· I,·f, "t'! ""to,,· ",,01 ,h.· "'1\1'."'1\ ••[ ,1,,- j"i"t (n. ,.,."
f".", ,I", ,id,· ,,' ,I,,· ,,,., ""'"r'
st,fh,.... "f ,.". ,,>:h, ""'""""

"·"1,,,,, '" ,h.· j",,,,
n,"''! 1,·""t1, "f ,1,,- Illl' kllif,·
"IT,,·, I,..,,,·,,,,, II", 1lII'·I:II,I,·A"tI 11..- III I' d.",,, "wA.•",••1 n' ,10,·
n.-tlln"" ,,01,·, "f ,k 111'1&'"
<.,,,I,,,Il,·, f••".,,,,

j",", I.,,,·,·, "' ~. ",,,I "-d'H"'''''''

,."",pi"l1 '" (h., ""'I""""'" ,,[,I,,· I,,,,e.i,,i'; ," x·,I""·l",,,
,1"",1';"~ ," 'h.' ""'p,·",i•• " •• [ ,h.· .,."",i"l! ill )'.,Iir.·.... i.,"
,,,,",.. ,,,,1 dh,"pi"K "f ,10,·1"/1 .·IM'i.· j",,,,
, ", " .."" I oI.""pi"l\ ,,( ,I,,· ,illl,' "1" Ii, j"i,,(
<lh"'f""1'\ ,,[ 'h.· I,·ft .~.-t .. ", ••, " ... J 'h.·j..",! ~'" " •." [" ..., ,h.' ,iol.
,." h.· ,,,! ..", .., I
,j"",pi,,1'\ .,[ ,I .. · ,il\l" ".-I,,,,,.,, "lid ,h,· j"""

"',,"" "f,b,· 1)11' ,h"", "",[ ,1..- "''''~'''l;
,,,,,........ [ II,,· IIJI' I:"if,'
!II'''''' ,,[ ,h,· kf! """',,<,,,11 "•. ,,,,,, ..,
"'''''' "f ,hi- "Kh, '-""',·,,,,1,,,,,,,.,,,,
IIW"'" "r ,I... IIII' k,,,f,

oJ"pl,,,.·,, .. ·,,, .. r,I... lllt'-,h,,", ",,0I1h,' 1""e."'1\ ," ,·oIi, •• ("."
01"1'1","'"'''''' "~I ,I,.· DIP k"i[..
''''10''..'' ,,[ ,h.· 1111'-1:,"["
di,pl", ,.,,,,.,,, ,.f 1h,' 1,,/1 ""i,',· ",,,1 "d"h""
di,pl"... ·,,"·"l ,,[ ,I,,· .i"hl ""i<" ... ,il'I<"""'."
di'pl""·" ... ,,, 'J[ II, .. 011'-,10,,,,, ,,,,.11h.· 1,.""",/1, '" ,·,1 .. "·, .. ,,,

.\PP£NDlX D. \\'HfTEDOX MODEL

-J'b,,'J"! +-1J,,~ ";'1 + F,,,,,,rf/- FI - F1 -i· (1.:'''11 +k",r,) 'J':.!"

i . (h", I I + b"d~) • j"t + k",., 1 • .1'1 + 1.:,,,_1, .•r-, + li,wll • ,I" 1 + h",.,c, ..1'.',

-(~'I'" + ~', _( + ~'. ",) ..r!; + (libr + h, _( + Ii, ,d· hJ + (1.:, _I + k,.~···

+;2. (k",'l + k",,~))· .r:,! + {h, _( + 11,." + it. (/I,,, 1\ + 11"'1::'))' j't·
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"'''''J.
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v.....

'If,bl, IJ./: ['anum'h'r,; Il",~l ill 1IIl' w!lilt,h"x "",dd wilh tlu'ir valm':'i rn'lIl1mj; frolll "ptillll>,alioll ill tl'l'
rn'qlll'''I'1 ,l""lai" hy hand. u"i"g 1101' plly"intl illl\li\('l"fthl' paril"'l'I,·r". (\'al!w I) <lnd IhI' buill·", \lalhllJ
'''lIIlIlIi:l.<lI',,'' algoritlJl" /mm., (\'<lltH' 2).

In .\,-diIW'fillll:

[n 6-(]ir('('tioll wilh .I"l 2/(i L)· (.1'1 .1'-,):

.h".}, . i: j _£"1/4 . ((k"l + I.', ,c,) +;1 (k",-rl

+i1 . (II,,, II + Ii,,,,,,)) . ,i"l + L/2 .

+L/2·;·{h",I1· j 'l 11,,,,c,·.h-.)

·10



l'1'Iur'f' (' J. SI" Ill' or I Ill" 11-,;. -nlnl I'll] prohJo.llI.

,
- ....1--,-.(,,

H" - Augmented plant

Weighting and shape filters

Appendix C

Thl' IM~ibililil':'o elf ruhm.! {,(lIllml. II x "J. 1m", l)('t'n (,XlUllitu~1 ... illl'!' fhi... l{'("!llliqllt, b (':<I)('fiilll~'

~UlHI wilh t\J1MO--('tllllrnl prnblrllL" l\ud modl'IUIlN,'rtailllit':<, IUfhb ('1'-""/1 Nmtmllt'f !la... Itll~'

(1('... i~IlI'(1 for II lI':'l (flUlK', which lia.... 10 lX' impk'IIlI'utl'd ill lJUIll.'- 01 ht·r S\1-It'IlL'i !tnl.! Ihen-forI' "'_\~I I'lll
mrialiolL" lIud ullI'('nailllk':< wiU bc> pr~'IIt. ()l!JI'f l"'olllmlll'dllliqUt':' SlIdll'-" ~Ir(' l\fl' 100 slow
fur I hi." :-<Ill'dlk pmllk'lII ami ,llf'rpforr in Ihi, l\PIW'ndix ,lit' :-Ilar! of 1Ill' t1('I<i~1I of a IL" ......)111 rollt'f
i.. tll'!-lTilH'lI.

C.l

Roo-control

To :-1 art wit h rohlL'" {'OIiT roll('f d(':'i~lI. t hI' problelll ha... 10 hI' dl'lilU'd 1'-" /\11 111l~1II('lItNI plulI! wit h
!'Xt!J.\l't101ls IUlIl !'Illll!"ol illlllll:- and IIIf'l.L"UfNI Ollllllllsflll(l O1I1J111ls In 'Jol'!'IHllrolll'(l. TIl\'lullf'f ill

lind oUlI'IlI.~ 11ft' ("(11I11I"'11,,1 10 till' ("(lilt rollt'r. whkh b 11l1' 11Ilh' block ht'l'i(h-s Ihi' III1~lI11'ntl'(l phllll
(M~' fif.\Ufl' GI),

L'"inj!, Ihl' "\l~lIlt'lIlt'tl plHlIl IUld a....~ulllillg Iht' Si.l!IJI' ('unditioIL" hulel for lilt' \toft iUl<l rig,11I sidl' of
lilt' s.\~II'lIl ('tl1l('t'rJlill~ till' <l1'lOall(l:-; It) IIIf' inpuI:" find UIlIpUll'i. I hill>""" ha\"\' Il) he.' dt':'iig,lIt'tl: I", >

C.2

In ,hL~ f'IIM' I III' l'Xul!,('IlOU:- inpul Sflrt' I ht' :-!lHIM'I::! sN poitll S~l lind ';J lIud til(' ~h!lJlt'll db! Ul'lmJl('('

flJl"("t~ til 111111//1 _ Thl' ('Ollt nIl inpUI:> fIr(' l!l(' OUlIllll ,s of IIU' ('Iml rollt" 1\'( ."j III lllltl IIJ. Thl' I)UI IJlll:

1(1)(' cUlllrolll'(IIll"I' lht' wt'ij!,hlt'(l ('rror:. '~I .III alld~J .II"J 1l/lIllht' wdl!,hll'(II'()lJlroll'ffllrt.~iiI
!Iud (i1_ As IlIt-it."\lI't'l::l Olllpllll'i I lIP t-rror»; an' 11M"!. TIl :>hillM' Iht' in pills l\1ll1 wt'hdn I Ill' outplltS.
:"hI\IM'lIl1(l wl'iRl1I ill!!, hlll'IOS 111'(' u,'il.'(L



11"11. \".~ 1\11\1 \'(1. I"I'I;pl,<,tivdy all out 1)111 \\'dghlillg liltt'l" for til(' t'ITor il!1(111H' ('outrol I·ffort Hud

all illput ShHpe-filtC'1" for III(' st'l!miut HUtlll1(' tli.~IUI'lmJl('t· siguals, Pel" filte!". Ilu' dt':>igll of ii will
hI' exp!;liut,t1 bril'tl.\". FOI" ,hI' Origill of IhI' eOll! rollC'1" delllllll(k St"l' ,~f'('1 inu 1,1.2. ft)f ,~illlplkil,\' i IJ('
haJldwith i,~ IHk('t1 100 Hz.

Vs sl'ljluinl shapt' liltt'l" => H !tm·pll.'i." filll'l" i,; IWIIlIrC'd h('('[llIsl' t he' SI'I ptlints willllil\"t, II fl"t'(llIt'I\(',\'
up to;\ I-Iz. A lIlaXillllUlIlIl1lplillldl' of 1.01·10 :! III gi\"I'S ,I lowpll.'" I!;ain of 20· 101-\ l.Ci . 10 1 11I =

rjli tiD. Abl)\'1' Illb :\ II/. tlwl'(' will1w no s('lpoillt sigllal :i(l a ZI']"O HI 100·:\ liz = :\00 Hi'
('olllplt,It'S this liltl'l".

Vd di,~lllrhallC<'Sshalll' lih('t" => 11 IIIWII1L"i.'; liltt'J' is 1"I'l\llil"l'(l bt"t'iIUSt' lip 10 I(){) Hz <listurlmll('(':'; al"('
1)I·(':';t'lIl. Dt'SIIII';'l, no'/, of th" t'fi"c<·ts of a stC']I in tht' input lUL'i 10 hI' COlllp('JlSHIC<! witlti1t
10 11\.~. So H IOWPtL'i." gllill 01" 1I11l]llilllllt, of 20· IOI!;!IO'X . l.Ci . 10-:1 III !i7 (ID i'i W<lJlt('(1. A
1:('1\) iiI 100· Imlldwit h ('Olll]lld ('S thI' fill ('1".

APPENDIX C. /Ix-CONTROL

Results

12

We \\'dp;ht il!1-\ lilll'l" for IIII' pnor. t hI' 11illi'l"el\('I' lWI W('('11 the st'l[)oiltl sigllHI alltl lIlt' fl'al oul pILI
of Iht' 1i,\'sll'lJl :::} this has 10 1)1' a lowp;L-;'~ filt"I" bl"t'(llIlit' I'ITO!":> UlJ 10 100 I-II lin\'\' to Ill'
(·OIllIWllli<l!I'(1. A 1IIHXiUlUIH l'!"mr of2· 10 t> 111 ha..; II) 1)(' ('OtllPI'll,~lIt('f1 hl'iw('('1l 0 HI. lind tilt'
blliulwith llf I{){) HI:, AI till' H("\llalor i\ gaill elf 20· ltlA 1/(:1·2· 10~fj) til _ xo dO is tll'('(!t'(l.

Tlllllllke th(' Ii II 1'1" propl'r lIud limit Ihl' high-fJ'('(IIH'1l1 gHill. a l.t'l"O i" p!;l('I',1 i\I 100· hml(lwilh.

\Vu \\"{'ighlilll-\ lilll'r for Ill(> ('olltl"Ol dl'ml. ill(' illllilt of tIl(' piaUI / 1I1Itl'1l1 of Ihl' ('oll!mlll'l'
=) to u\,oi(1 Slllurulioli. a highpIL'i.~ liltl'!' i,~ 1It'('d('tl, Thl' lllaXillllllJl illPllt of IIU' plaut is
O,02S N/P\H,llX ·1'\0 r\\'~1'X = 2.2 N. Up to 100 HI this hil." 10 1)(' tIll' lIH1xillllllll II\{' ('1)1\~

I rollt,!, HHI.\' ;\.~k of Ihl' al"! mllors 10 1I\'oill s<tlilrat ion. So 1I gniu of 20 . lUI!; 1/2,2 = 7 liB i:i
Ilt'('(I('(I. OC';';idC';'; II polt, al 100 ,llHIHhdlh L.; p!;u'('(l 10 Illilkt' lh(' liltl'l' pm!'t'r.

C.3

A highpa.-;." :illllpI,-filtl'r to d(,;,wrilw lilt' IItI'll."UI"('III('ut llOIs!' ('Illi Il(' llddl,t! Ii,,'; wd!. bUI Ihi" \\',L'i
1101 illlpl<'IIl('II!(xl,\"I'I. Iflllt' IJlt'i\.'i\ll"l'lJU'llI lIoist' i.; :il<lll"li to b(' a' 1Il11xiu\l11l1 r,y, of ,Ill' iUPll1 ,~igllf\l.

;I Wlilll)f 20· ltlg:~I'X" I ..'i· 1(J~:1 III ~2 dO ilho\"(' 100 HI: WOIII,1 III' <I po''i,..,ihll' :ilml)(,-filt('I".
lJ:..;ill~ tht' !'Ilat/ah built-ill tool Z]J28y....(U'm~,]Jo/r- ....,yulll) 11)(' firs, t1t'1'i).(u o! lilt' fillers i.; 11II1(lt'.

TIl(' l"I':'iult:-. arC' shown ill ligllrt' C.2.

lbillg till' dl'Sigll('<.lfihl'l"li <Iud 1\ good modd of tht' s,\·slI'lII. hlH("kbox or whitt'hnx. 1I11(1 with IhI' help
of I Ill' /1,)/- lind Ml/tools-r ()olboXI~ II rohust ('nJ1! 1"0111'1" nlll 1)4' dl'l;iglll,(1. Thl' onkl" of Iht' J'(':';1I1t iug
Hx ~t't)llt roller Ilt'[J\'mls tIll t ht, I>!"II!'I" tlf lilt' IIHK.lel <llId , h(' IISCll weigllt iUA Hud :<hapt'-fi 1t1'I"S. III I hi,;
Ci.L';(' the IlIodt'! is of IWI.-«)tl'lhl~' lligh Ol"lh'l' M) a l"I'(!llt'I"lultl<ld of thl' S,\'stl'lIl 11<1." io hI' 11:<C'd iL"
,I 1'('Sllli of whkh ('hHl'm'll'I"i:-.tit" !"t':';Oll(IIl('('S han' tu he i,e;llOI"IXI <lnd Illl' ('olllroll('1" IWI.\' lIt)i 1)(> tIll'
oplillHl1.

III ,lIP d(osi,L!;1I PI"O("('SS of Ihe ('ott! rolln. Ill\' l'aml1lNt'l" ,IJ is opl ill1il:l"Il. Thi,~ pllnlu}('It'1' ludic-af(,:,;
if IIII' (It'IlHLlI(ls 10 tll(' l'olltl'oll('I', iuitialt'l.l b,\' thl' d('Sig-ll of thl' filtt'I"S, Ilbolll III'l"fol"lll<lIl('(' alltl
1'Ilhusi Jl('S." ('all be llllile<! in I cotlll'OlIl'I". Tht, 0[11 il1liza' inll algol"it hm seHl'dlt's fpl' It sl,lhl,' ('(1II1 roller
(\lItlll('Xt dl'lC'rJlIillC'S t'H'r.\' slall!t, ('(mlnlll(,!' ill tlu' Ill'ig-llblll"h'J(HI Ilf this lil':'l (,'lillrolk't". Via 1111
nplilLlil:lltltll1 HlgOl"illl1l1 lilt, soltllioll 1'1)11H'l"g('S 10 I!II' oplillliil <,olllrolkr for th(' slall'(l pnlhll'lIl.
If fJ is jU:-;1 il lilll(' slJlillier ilUIII I. iI gond ('olli rollt'1" i~ fOHlld. If this \"IIlllC' is lIot 1"<'IW!LI"1. lilt'
tll'lI1uJllls ('olw!'nLing tht' jJl'rftll'Ulal1('(' IIlltl rl)bustul',,,-,, of thl' I'olilroll('l" have io hI' 1"I'\"i('\\l'1l.

Tn d('II'l"Illillt' I hI' hot IIt'lI{'('k of I hC' prohlC'lll, I h(' dU"('(I-loop n~poll:«'S ('all 1)(' l'OlJlpi1l"('(1 mill Illl'
llIixI'(1 s('n:<il i\"lly t'iikulnl I'd. \\ 'il h 11t1'S(' n'Slllt:<. ,h(' righl lilt (,I'S ('11ll b<' :'0[( C'IINI or :<t I"l'ug-1 ht'Il('(1.
oplilLlL';('f1 Hilt! n 1\('\\" ('(llllrolt('1" ('all 1)(' ('lIkllIHII"l. Dy J'P[)l'iltillg thi" PI'OI'('S.~ st'\"('nlllilJl(';'l. illl
oplilmll y for Iht' :<I,lH'(1 pl'ohkm i" fOlllld.

In Ihis Cl\.~C' H Iwlu('('t.! 1I1o(ld of lltl' ,'i,\'slt'lll ha(1 I,) bl' Ilsl'(l IJI'(','U:<t' t hI' hl;wkbt)x awl whitt'l)()x
mudd WI'I"I' of too hip;h order. A (,tllllroll"l" wilh Ii fl of aboUI 20 WIL'" f\l11lld. bUI HIt' ('akulall'(l
('olllmlll'l"s ('ollllll1llH, 1)1' oplilJlizl'<.l furt!lt'I"lIIOl"t' h('(',III,>;(' tht' ('olllmllC'1" still Wl\.~ of 10(l hiA"h Ill"lll'l"
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lIlld thl' IlIixl'(I .... 'IL~ili\-it.\" for I'XillIlpll' \'oul<l 1101 ht, ("akllllll\'l,I. RI'lllldlll!, tIlt' 'lrdt'r ,)f 111\' IllodC'1
fUl"lIU'ruIIJrl' wl)llltl han' n"uhl'll ill Ii balleIHllmlll'!' IUIIU,V (·Il...... ' lIlul']wft'fon' rill' tl('!<iAll of II\('
fI ..... *C"lllllrlIIIN WH.>; ....toPlJf·l!lIl tllb l:Hlilll.



disturbance identifiC;:Ition

In Ihb 1I111)(,lIllb: nub' Iht' llltll'l 1!;I'llt'rnll0ol.. II, an' lblt'(l,hal ('<Ill hi' uf tL",' ill fllrtht'r ,"llldil~ uf
III(' 'i\·...u·llI lIlltl il~ ('Ulllmlllmhk'lIl. StlllW uf tlll'lU will hnn' DUll'll t"lltllllt'tlIs_

Appendix D

ilklllilklll ion ~lf I III' Ilb.1 Ilr])IlIlC'\'.~ 11~illA IIH' ('lllIlIllllli\'(' I'nor (Illlikl~ liSt'

I If 11I1'1iI/1m II (I(}(}(}. 11/111. 11I1' I"'1111 IJlJfJlJO, //I til Hill] ::011I11' n II1m1,/I111t )

id\'lllifi{'IHi~ll1 of Ihl' tlblllrlmlLl't'S (uUlkl':' U~' Ilf II'hllll!<J.r_IIIOdf/,

/l"NI(,"_I1Jl-~.mflt nnd WIU/t'I'lU1Jllt\

1101l-dc'('Ollpkd fn'tlul'IW\' IIIHlliliullll'IL"IIH'llll'l1I thtlll

11('("1)111'1("(1 fn'(llIC'ur,' dUIIIUill lHt'lblln'lIIt'lll dllill

whitl'box mudd ill dilth"lUinl /luI! :-"lll'I"-~IHI("(' fllrJll. illdudiliA dlf'
opt ilJlL-;('(1 'Hlra 1111'1 I'r "1111\~ (1Ilak(,:< tL....' of 11/1 fL,,11 n lilt "t.~_lIll.lIIllt IIml
:L/IIllI.~.lIl1lt)

lIoll-d('{,\l1Il)M'l1 blucklKlx Int)(lt'l
n»nIH.rL"'IlIJ oow('{'n Ihl' whitl'boll:'\: aud hUI('khtl:'\: 1lI1)(lt,L" aliI! IIII' 11I1'11

:<11(('1111'111 datH (1I11lkl':'i IL"t' of mIIL~II"'1ll/It,_wl. "wt. u·/"If I.IIII_IIII.11/( t.m

IUIII IJ/fl(-J.-OOf-1/lf.ll1r I. 1/wt l
DE!\IO ill whkh 1Ill' l'i~t'IUIUKI1':'i ff,:,uh ill~ frum lilt' whilt'i)(l."( lIIodt·1 art'
shown. S('(' S('('t iOIl D.;' (mak,,:, lL'it' of DE.\/()j, J., II, DE.\I()_'m,,_~,~tlltf'_

l.11IH_lfIl.1/(f'L"'''Y'II,m)

System Identification

Calibration

DE.\/('_"/f,,ll _'.11I

//Iillll,d,m

11I1}111I1tfl/m.~IIIII,III

b/(lfI.-I.III.1'_FIl(l(/I I. 'mit
11/1.1//11"./11

fIIf I/,~II'"11/1 ut.~_/l(/, "/III

11/1 (I" 1/71 II/( nt.~_d.lllllt

!l·llItt bl)f-I///.I/{II.",

D.l

nlodelling

D.2

Supporting Matlab-tools

(1fIWll::t'_"11rIllIJ't.1II 1'(lllnli/.<\1 iOIl Hf lilt' ~I iffllc'sM~of IhI' hinRI':'. IUIIOIIIlIl il·III1.\" UpklUdil1,l; dIP
("(lrr('('1 ilm fal'llln' (makl'S 11.'>1' tlf", 1'_11 utl-ftftu s,/II)

{,n."hl/llfIll",/11 1\ Int.~l 1'i(IUar~ iii of dC'i<in'(l Ilrd,'r i.~ c-nklllall'(l III '''IIIlI)(,IL~;tl(' ft,r tilt'
S-~hal)t' ill tllf' ptll'iliull ~I'IL..m OUlput (tin<t rIlll "I I"_'Hul.ji/IJ,m lL"'inR IIIl'
SlIWli)olh ~ig-IIIII as input)

SHUif' olllt'r lilt,:, and fi~lIrt'S arl' indlld('(l. which han' IK'('l1 IL~l'tl tIIl'ltlihrnll' IIl1d "nll"lliall' Ihf'
mrioll:< pHrl~ IIIl1I \"lIrillhlt':< of Iht, 1')'SH'1t1. Thf'~' arf' ull ha,";nl 1111 Ilr('\-illll:<h- pt'rforllll,(] II1I'1L~lIn"'-

lliellts 111i\1 Illl'u-f\lft' ('111I jU1't bl' llS\-o lu s:t'\' t hi' WH.\' I Ill' ('lIl1-lIlal ilIIL~ lin' ]ll'rforJIlf'd. ~,:,jllt':' IhI'

rl':iult ill~ mlllt'S lin' 0111.\' ndndntl'o:l Olll·t' for furt Il('r 11:<1' ill t ht' ielt'lll i1inH ioll of I hI' :<.\",~t ('III,



• To ('H.",\' WOl"kill/!; wit h 1Il0H' response':' al 11 t il!l(', ;\D-1Il1l1 ri("l's an' tls('fl1l. Tlll'n>fllrt· ~)IJl(' tools t () work
qllickJ,v with ;~D-Illatrir\o:< alld ('ell" al"l' lllo:<igut'd: dut,/D.1/1. ryr,.ID.m. nmlD.m, IIIllkr,/D.m, M(lI'.ID./II,
/IIf1I1l./D.III. Ul1YlyL("rIf,JD.IIl. frllJurmy.ID.III.
• Tn df'Sign lllllltipir SISO-mnirol1rrs for 11 ~l1~[()-pmbl\'IJl, a dl('l-lllikl' 1001 is dr:-;ip;ul'd fOI" ~II~I()

problellL";; /LlCD.1II (,"1'(' ,";I'I'tioll D.;t
• T'l ('akillair (lIlll siJl1lllatl' Sillll,l!' diSt'n'lI' ('\mlrol1{'I"S, sOllie fUllclions Ihal COII\'t'r,";I' ('Olllill11
ullS eonlroll(,l"s ill l\ ('iL".\' \l"lI,Y Itl tliserdi' ('Olllrnl1rrs art' dC'SiglH'(l; [-fllm·tiulI.lII. LW.jWIf'IUJ/I. III.
LII 'Lj1ml'ful/l. Ill. 1I/JlI'lI-f1/1ldlUlI. Ill. I'D-fWlf/U!I/.III.

• SIIllII' olher toob; It I t'i\s,\' HIltI qllit'kl'll \\"orkill/!; with ~lotbh an' IIf':'iglli'<:.l: (','r"II./II. yip/vi. III. IIp/ot.III,
"lJ/vI4;r4('dil.III, sysJH,lII,

Controller and test fraIne control

APPENDIX D. SUPPOHTING ,\lATLAD-T()OLS

nll"lllati'llI of Ih,' -I l't'Sp.I!L".'S of tilt' S.\"~tl'lll nfit'!" 11 l('St willi (I IHlisc'
Hlikl' ,~ip;lll\1 1m" hi'!'ll pt'l"lill"1llt'd (Wilkes Il.~f' or till' IIploadl,1 ('onl]'olll'['
'1lriahll's Ill/III. drll)

inithl1i,..;aiillll of lIlt' CO~12 ,!!;1l11' i\flt'l" IIII' C~('otk lUIS hl'C'll llplomll'tl To

I'lL".\" Ih(' 1'01111"01 of Ihl' s,\"SIl'1l1 IIsillg ~lllllah; ('('./11 111111 drfll'flll.m
,~lalllll1l"\1 il1!H1ts fo]' tIll' SySil'1Il illltl pro{','S...;ill~ of I Ill' \)U1Pll1 sigllak a
SH\\'llloth, uoi":t,-,,lik.', :-;ll1irnL"t', ('It' (s('(' the lI:,;('n; 111(111\1111[12])
OE~IO illlt'rfat'(', 10 prrfllrTll ,~Ollll' Silllpli' I"Olltrol al'lillllS (Illilkt's
Il,~(> of DEAJ()~~r/'I'fIHlfifl).lII. DBMO_II'J.:I'II. DEM()_tml/.~, .~Illrf',~

Jxlt'l'-lIlOrlf'L1I.~ym. 111)
DE~IO ill wbit'll Ihl' d~I'lIlJlod\'S n'SlI1till~ fWIlI tIl(' whitt'!)ox
llllull'l 111't' S"lhlWIl (lIl1lklos lIsr tlf DEMO_llJ.:f'lI. DEAl(LfmIM. ,~Iutr.~

11MI'_modrLn~ym./Il)

n>al aliglllllPllI
10 111'('oupll' il 2x2 system: OW'I" i\ fl"l'llllI'lll·.'· ral1~I' Ilsil1~ IIli911.", 01"
fmlll F 111l1111! 1o J'I Illlll J'~ (makes liSt' of III1'fl"~IIWfllf'''/.~_II,[,'''I/I./JIflt{·

IHJL7IIIHll'l./IIul, ~ICD-ll)olhox HlIII ali.IJI/.IiI)

tool for ~Jl~I()-Colllrollpl' Oesigu. St~' ."I'f,tioll 0.-1
louplo;Hlor HOSe! llll' t!('("Ollplillg- (for(,f'-JIl111Jlf'ntulll 10 )'1 lind J'~, Ill" user
Ilt'lillNI) ;11lt1 I.) upload \)r 1'1':-wl a ('olllrnllrl" (llser ddillt'fl llI" fmill Illl'
MeD-loolhox) (makes liSt' of S(,I"<!-1I111)

1o I{'sl .....11I'lhpr all IIpl\lH{lt'il l'OIlirollt'l' is IIpltliltkd ok. bf'('lUISl' 1'1"

rlll"S l1la~' Ot'ellr ihroup;h tIll' ust' of fixc'(l poiut illll'gl'['S (umkc's ll,~t' of
,w"_l"cIIlLfifu_('olllr alll! ';('I'L_llliI)

tlt'S"i/!,ll of IlJl' 1-1"",-t'Olli I\llkl' (lIlukf'S lI,~I' of HUlIS/IF,III)
Illo:<i,!!;ll of thl' wt'i,!!;hlillP; mit! shapI' Iilt,,['S of Ilit, 11"" -1'0111 ml1l'l'
l'lIl('ulat i,m of I III' Illix('(l St'IISit jyil.\· ,)f Ihi' llM'd II "'-~l'rohkm

Toolbox

,~fl"-/,(,I/ILfifu,'1I

d..q)_II'IIU,~.1II

DEMO.",

HIW~(IK,1II

HlIl)·~IIF.f11

III u'i'dsl' II,~. til

MeD
/IHuLrmltm/lrl'.1II

tut-l"ulI/m/II'r./11

Sfri!-illil,1II

COlltrollCl'

D.3

D.4

decoupling

allyn. III
df'('OU11Ir,1II

TeSl [nullc control
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