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‘J’]lis [Ja[)cr  cicscriiws the rcsuits ofex])cri  I1)crlta]  i~ll[)]c!l lcllt:iticlrlc~fa IICW clistll  rt):lllcc-  rtjcctill~,  cc)ri-

ttc,llcr. ‘J’hc col[trc)]lcr  i s  b a w d  C)] I a d i s c r e t e  Lirllc ilil)ut.-out])ut  tIIodc]  w]licil  is cstilli:i(cd froril
rx[)(ril[)cl)tal  data  Ilsillp. al) a(la[)tivc order lattict f i l t e r . ‘J’}loll~,ll i)ll[)l(rllcrlted ofl-lillc ill t)lc  cxl, cr-
irllcilt rc[)ortcd irl Lllis l)al)cr, tllc Iatticc filtc-r i s  dcsi~, rled f o r  rc[il-tir[)c il[ll)lcl[lcllt.zit,ic)rl  ir! :l(lit[)t.  iVf.

idc Ilt. ificatioll alIcl  control. ‘1’hc cxl)critllcr!tal tcslllts dcll]ollstratc tllal tllc (iisl.tl tt):il]cc-  rfj{(ti[lp,  cot I

trc)llcr  crrrl rcclucc  cr[)tical  J).3t}l]Crl  F,t]l rcsi)c)~isv  lIy arl  order o f  IIlkp,llit ltclc, a<cc)l[li)a[(cl  totllc rcstwrlsc

l)roduced l,y tllc rlol[litlal stal)ili7.  ing cc)rltrollcr  zilo[lc.
‘1’tlc cc)tltrc)llcd  c)tltl)ut it! ttlc cx[wlilllcrtt is tllc laser ~latll lcl)gtli ttlrougll arl c)l)tical  trai]l c)rl

tile JI’14  l’}Irrsc }{ ‘J’cstt,ecl (] ’igure 1 . 1 ) .  “1’lIc ‘J’cstlIccl, dcvclo},ccl  to ctc)llor)stratc sut~ IIlicroti cc,lrtrol
tccllrlolc,~,  ics f o r  future space r]iissic)tls,  c-c)tlsists of a ?.5 r[l l)igl) t r u s s  structllre cc)l)struclccl  fro[l]
alul[litlutll tul)itig rig,iclly tmltcd to Klutrlirlulll  nodw. AII o[)t. ica]  co~ll[w[lstrtic)tl  systcrll is u s e d  tc)
I)rovidd  ~)recise,  IIigll l)at)dw,idtl) col)trol  tc) ttlc c)l}tical  li~,llt l)att) l(r[gtl,, wllicll  is tllca<urcd using a

laser itltcrfcrol)lctcr. ltclll[ll{)ys a~,Iirll;tryaIl(l ascc(ltidary lllirrc)rcc)tlfif,~lrtcl  a~a rctrc)rcficctor, alicl
i s  isol::tcd a< a unit frorll  tllc urldcrlyillf, truss s t r u c t u r e  I)y f]cxulc [)ivots. l’atll lcltF,th  cc,tltro]  f o r
tlliscx[)crilllcllt is achieved with tmtll a vc)icc-coil  actuntor wtlicli  reacts t]ctwcctl lIIC t russ  s t ructure
al!d  tllc c)l)tical  cc)llll)crlsa(ic)ll  systcrll ,  arid  a ~)icmclectric  clcrllcllt w]lic}l rllc)vcs the sccolld;iry  r:lirrc)r

with lli~,h barldwictth. A G8030-  bawd real-tiltlc c[)lrll)~)tcr  provides  llIC cc)rll~luttitio~i  requi red  fc)r tllc
c{>])t.rc]] ]; IR!s. \V]li]c  t]]c ]]1 IaqC ]1 ‘I’cst. t)c(l tlaq ])rol,isic)tls for using a variety c) fscriwrs arid  actu[itc)rs
itlclu(li[)~,  active strltts al(d  1).sssivc dalll[)crs, otlly ttlc v<)icc c{)il actuator is used for tt]is cxllcritilc]lt.
l)isturtmr]cc  itll,(tts:trt]trc)viclc(l I,y a Illoc{alstlakci  attactlcd tottlc trllwstructurc alorl~,tt)v v e r t i c a l

tower. Aclclitioiial~l ct:iilscarl lJC fc)urldil) [],1)].



2.1 Models  o f  l’laIIt. aIId IIist.url)at]cc

ldclltificatioli is }mw(l c,li tllc follmvi:lr, S1S0 {liscrctotilllc illllut/outi~~rt  lllodel  of tllc s t r u c t u r e :

[1,)(9-  ‘)?/(t)  ‘ ~’p(q-  1)7~(f)  -~ ‘~(f)l (2,1)

wllcrc u(f), ~(t), aIId  c((t) are tltc c o n t r o l ,  c>uti)ut,  altd dist. rlrt)arlcc scqucr]ccs, rcsi)cctiwly, slid

Cl,,(q- ‘) = 1 -! rr, q- ] -1 c[:)q- ~-[ . ..-+ a,,,q-’”,

hl, (q-l): Llq-’ -1 b:)q” ~-l . ..-1 fir, pq-’”. (9,2)

[lJq” I) C/(i): ((f) (?.3)

‘1’tlc idetltificatior)  cxl~crir[iellt rc~~ortcd  IIer(, c o n s i s t e d  c,f foIciIl~, tlIe iIla  IIt >vittl a krlow]l  ralldoll]
c(,llt,ro]  SCqlICIICC u(t) aTid record itl~, illi,llt/c]\lt~)~l(,  data at  100/11.  ‘J’}]c collt, ro] u(t) was  a Ycrc> order

lIc~ld. II I  t h i s  cxI)criIIicrlt, t}ie distrlrt)allce d(f) was  wro. A I I utlwitldovmi adailtiw I;ittice filter
dcvcioi)cd  ill [ 3 ]  wits  used to i(lelltify tllc [Ilallt J}cjiy]l(lrtllrl[t ~ (1}, q“1 ( -1 ,  arid LJ, (q- 1), for a  s e r i e s  of
[Jr(lcrs  II, frol]l tlIc cxl,crirl]e!ltal iIl~)llt/out~)ut d a t a .

‘J’IIc lattice filtxr usd hcm lIaQ t)cetl  used  ],reviously  tc) ideritify a larp,e  fiexil)]c  t r u s s ,  :1< rci, ortcd
irl [ 3 ,  4]. 14ikc rl]ost lattice filters, t}le latt.icc  irl [3]  gcrleratw recursive  I e a < t - s q u a r e s  m,lilllat?s of

II Iodt.ls c~f ail CIrdcrs ui) tc) SOIIIe lllaxi!l]ulll orcicr. A lc ; ls t -squares  la t t ice  filt{. r is a fast, IIurl]crically
rol)us( algoritltllll  for  i)crfc)rlllilig a ClrarlL-Sct)l[lidt  clrttlc~~,(lll ttli7. atic)ll  of the rcgrcssic)ll  v e c t o r s  ill a
lil, car auto rcgr<w+ive II Iodcl. l,atticc filters arc r!ilrllcrica]ly stat)]e, cflicicllt, ar)d order-rccllrsivc.
l\Jtiile c l a s s i c a l  lca<t-squarw :,l~,c)rit}ttflsreclllirc  0(7/:’)  oiwraliorls at eac}I  tir;lestcl), wl]crc ~~ i s  tl]c
Or(ler  c]f tllc ]IIOdCl  Ijci[ig  idclltificd, a ]atticc filter requires ~~()~) oi)crati(, rls a t  c a c t i  tirrle stc~), Also,

a  ]atticc filler gctlcrates ] c a < t - s q u a r e . g  cstirr]ates c)f IIIodfls of all or(lers ui,  to a lrlaxirll~lrll  o r d e r
N, tl)crct)y f;kcilitatir)g,c,rclcr-c  lctcrrl lirl?tti c,]). Most  la t t ice  f i l ters  irl ttlc Iitcraturc arc i)rflvill(lolvecl,
wllicil  Illearis that, t h e y  msurrle that all itlitial data  is  zcrc). Arl urlwirldowcci,  c)r covari; r(lcc l a t t i c e
filter, l,rc,vidcs Lt,ecxact irlit.i(ili?atir,l)fc,r  llo~,mrc~ d a t a .  Asillustratcd  irl [b], a i,rcwil,(lowcd ]attice
ofterj takes riltlcll  ]or]gcr  ttra]l ari ullwitldowed  lattice to co~lvcrge  ttiat a c c u r a t e  i~ararllcter  cstirllrttes
wtlcr[ the iriitial data is ttc}t zero, a~ irr t}le irlji)lllw rcsl)c)rlse  c>f a flexil)le  structl)rc. ‘J’}Ie rtlt}lticl]arlr)el
~tllwilldowd lattice filter dcvclc~}wd  ill [3] clillli]latcs rl~lrlleric. al itistal, ilit. ic.sttlat CaII arise ill st. arldard
lattices arid  irl tt,c l a t t i c e  irl [5] fc,r large l,~lrl,t,crsc}fcl;it:,  clI.sf, I,cls.

k’c)r Lllccxl)crilrrcllt, IIlc,clelsc)fc)rclcrs  b e t . w w l l  7J1,  : ? aIId tty  : 2L  were idclltificd arid  coljll,arcd,

‘1’lIc frcquct]cy respc)lwm  c,f all iclcrltificd Illc)dcls for 20< II ~ < ?Erv;cre iriclistir)~,~]is}lal)lc.  Figurcl.1
slIovJs  tlIc t)c)dc atrr~]lit,lldc  r~]ots f o r  the Irlodcls of  orders 15, 7 ( d a s h - d o t  ctlrve), ? (da<lIcd  curw).
‘.l’lIc rr]odclsof c>rdcrs 2 aIId 7 both cal)tllrc tllc first rtlodt.  of tllc ~]larlt (i. e., tl]c t r o l l e y  II Iodc)  wry
WCII. ‘I’l Ie Irlodel c)f o r d e r  7 a lso  cc~rltairls  ;tl)l]rc)xir[latic)rls  to the secorld and tllirci rllodes,
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3.1 St:~t,C-s]J:tCe MOcl Cl of l’lal~t :(lId l)istlur-ballce

‘1’he  co]lttc)ller design clescrihecl hue is frcllli [6). J1’e let the variat~le  t take illk~cr valllrx, ar id,  fc]r
:iny f(lrlcticni T(i),  wc use s t a n d a r d  ricJtaticlIl fc~r tlIC fc~tward  sl]ift o~leratOr:  (qr)(f) = T(t -1 1 ) .  W c
cotlsider a lillcar systct!) c]f the  fc)rlrl

w’it}i

(3.1)

(3.2)

(3.3)

(3.4)

., r
‘1’IIc cc)ntrollcr dcsigrlcd i n  t}lis sectiorl feds t)ack y} ,  tlic IJIc~<urcd

cc)lltrollcd out~~ut, mro.  III al]plication~  l ike  that iIl tlIc follcnvirlg,  scctic)ll,
tllc’ saIllc.

IIy]xdllmis 3.1

mltpuL,  tc) [Ilakc y:), t[le

tticw two outputs will he

Conclitiolw  i) a]lct ii), it is Sllflicicllt that (<~, , A) t~c c~kcrvalllc,  that (AI,, IIp) !IC cc,lltrollat,le.
Cc)llditic~ll  iii) says that IIC) d is turbance  poles arc tratlsl,lissic)~l 7.cros of the ~,larlt.

3 . 2  l)ist.llrballce-rejec~illg  Colltrcll Gzrili

~’]Icor@III  ~.~  Lfndct ihr hypofhcses siated, fhete c?isfs a  unique pair of 7r~af7-icfs }{d(?ll  x ~l,j) and
],(?tf, x Tld) thai satis~y the  frrlo rr~atrtr equafio?is

~Pi!  - i’.+~d = ]!J, J<d - .<\J,d (3.6)

and
C21i> -{ (,’~:, :  0. (3.7)



If

ihrn

(3.9)

(3.10)

l’mof  ‘J’}lat t h e r e  is  at  rrIc>st  OIIC Kd such t}lat X; is aII uflokrvat]le  suhs])acc  of (Cl, A - }~J<)

fOlkWS frOrll thC faCt t h a t  110 CjfJC’IIV~]UCS  Of .4d ~M killSIIljs~kJIl zeros of ~~?l ( 2  -  Ap)- ] ~;p. ‘J’llc

UlliqUC!rlC?M  O f  thC s~]~l~iorl pair ](d and ~J f~r (3.6) a]ld  (3.7) t]l~~l follc)~s frO1ll L}IC faCt t}lat (3.6)
h a s  a  u n i q u e  so]ution  L for each Kd, sillcc ~p Wd Ad  haVC rlc~ ccjrllrrml cig,erlval~lm.

W C  adol~t the follc)w’ing  rlc)tatic)l,  for a Illatrix A4: Af,ij  detlc]tcs  tlIC i,j ele~j,c~lt of M, arid M,:j
clerlc~tcs the jth cc)lunm of M.

‘]b p r o v e  e x i s t e n c e  o f  Kd ancl ~,, we awurlic W’ittlc)ut ]CH C,f ge!lera]ity  t}lat Ad is irl Scll[lr fClrlll

artd that  the eigellva]ues  of Ad arc  /Jj(~  = ], . . . . ?Id).  III  this  ca~~, t}lc colilI1lrlS  c)f  Kd ~rld ~, are givC]l

recursivc]y  by

j- 1

j- 1

Api, - j,Ad z ])(:12 -  .4Pd, (3.13)

arlcl wc dcfirlc

[ 1j=~~. (3.14)

‘J’lle!l

j-1(,4 - [HGM= b’ ‘d] (3.15)

[1SirIce (C l, A) is  detectable,  (Clj, j- l[A - ~;’ (;l]j) atlcl (L’ll~j-t C12, i’id) arc  detectal)lc.  lleIIcc

thCrf2  exif+ts arl ?ld  x r IIlatrix  I’d  .!iUdl  that

is a<yrll]~t.  otically stal)lc.
Nextj  we dciilie

(3.17)



‘1’llcrl

~- 1(A -  Fc,)j :
[

..i ~, o
1- )>~,1 id ‘

so that

()ipQ id z (A -

is arl asyr)l~>totically convergent crkrver  fcn

3,4 Coljtrollcr  and  C losed -1oop

WC dcfille the controller for tl,c systm[l (3.1)- (3,3) t,y

(3 . 18 )

(3.19)

(3.20)

(3.21)

A~,~: = A - }’C:]  - BI{. (3.9?)

Wc wit]  demote  this cor,~roller  hy (A’, ff~,~+,  1“).
‘Jo illulllirlatc  the structure of this cc)ntrollcr slid the clcmd- loop system that it produces, wc

dcfi  IIe t h e  additio~lal  coIltrollcr  state Inatrix

and the c.losed-lc)op  ~Ilatriccw

“ [

.4 - lJKA(wtw’) . 1~,,~;l ~(pd) ~ (3.24)
cr8tr

/j(F’JI)  ,
[

Ap - II*, Kp

IJp  c, 1 1/j(f/tr “
(3.25)

(3.26)

WC refer to the controller (Kp,  A(r)),nir, Jk) ~~ tile basic stabilizing colLtr-oiler jov the plant, and we }Iave
t}Ic cc)lillf]oh  result

u(A(p;~’)) : o(,&) U 0(/’&). (3.27)

W C refer to the closed-loop syste]ll  that cc,~ltai~m all c,f tl]c states irpj Zd, ~pj ar)d  ~d as t h e  corllpiet~
closed-loop system. ~’hc  systenl rllatrix for the co~[ll)letc closed-loop systerrl is .4@diJ’d). l’he systmrl

ttlatrix fcm the closed-loop systmll  that contairls  tllc states t
Next we defi~le

p, ~p, and id is A@J)d).

A(Wf)~(J,J,d)  , j(P>J,d)
[

.iJ, - IJJ, K

10 (A - PC*) ‘

(3.28)

(3.30)



~l(pd,pd)~(pd;pd)  > J(pd;pd)
[

( A  -  )11{) -  lJK
o 1( A  -  I“C,) (3.31)

It fc,llc~ws from (3.10), (3.18), (3.31), FLTICi (3.30) ttiat

O(A@;~dJ):  o(~p)L)O(A1,)Ljo(~d), (3.32)

~(,xl(pdpd)): o(/i(P;pd)) ~) O(Ad). (3.33)

ltfollow’s  frorl~’l’llcorc~ll  3.’2arld  (3.31 )that., for.all  irlitial  corlclitiolls, the2(!1P +rtd)-dirllcrlsic}rla]
state vector  of thccor[lplete closed-loop  syst.erll cotlvcrgcs exIjorlcmtially to tllc~l]lot)scrvat)le  s~lk)sl)acc
of ([C2 [0 O]], A@dIPd)). For all states itl this suhspac.  c, ~P = *P, id : zd, and  Y2 : 0.

An illu~rlinating  equivalcrlt  realization of the c.ontroiler ill (3.20)

(Kj,j-lA~,~~~,~- lF)=

( [
[}<P (KP~,  -t Kd)], -fljjj~ll ‘}]’’(}~j-i

(3.22) is

II) this form, the cent.roller that stal)ilizcs  tl,c })latlt  a[,d rejects t],e disturbance consists c,f the
tm.~ics  tabilizillgco l~trollerfor the plant, coupled wittl thcstatc esti~llatcw for the distur})ancc  allcl a
disturt,allcc-rejecting cc>ntro] law.

If thcmmsured output  and corltrolled  c~utl)ut  arc t}lcsarne, tllcn Cl = C’2 a n d

(3 .35)

111 tt, iS ca.w therl, thf2 CigfHIVal UeS O f  Ad  arc C’igc’llva]ucw Of tl,e CC)llttOl)Cr, allcl fc)r sirlgle-irll)ut  and
sillg]c’-outl)ut,  the eige!]values  of Ad arc zeros of the closcct-]oop systc]jl collsisti~ig of the ~j]arlt arlcl
tile mrltrc)llcr.

3.5 Null~eriml  L3esigxI o f  tile CoIltroller

IIerc  wc discuss the corrlputatiorls  required  tc, comtruct the controller  that stabilizes the ~,la!lt  arid
re j ec t s  t he  disturbarrcc.  We assur[le that tllc nlatrices in (3.1)-  (3 .4)  are  given.  “1’hc followirlg
algcnith~rl yields the controller in (3.8), (3.17), arid (3.22). Whether this realization or sc,rllc other
(e.g.,  that in (3.34)) is used, the rr,atrices  that ],,ust  be corIiputed  are }), Kr,, i, Kd, ~,, and ~’d.

Algoritlill  13.3 (Colttrollcr IlcsigIl)

i )  I)cicr-r\~i74e nlatrices )> and KP such that Condit ion ii) of Ilypothesis 9,1 holds.

ii) Solve (9.6) and (9.?) for  ihe rnair-ices  Kd and ~. (by, for ezanlple, the recurs ive  olgo-
rithvr~ in (9.11) and (9.1,!?)).

iii) Solve (9.19) for the 7nairir  It, a n d  de fertliinc a rliatrtl J’d such that  the  nlatri~  Ad
given by (3.16) is asynipioiicaliy stable.

iv) j ’ o r - i n  the nlatr.ices K, !’, a n d  A ~,~~ in (3.8), (3.17), and (3 .22) .

lrlthis algorithrrl,  Step  i)istodesig~l thctjasic stat)  ilizirlg ccJrltrc)ller forthc I]latlt.  ‘1’hiscarlbear)y
stat~i]izing  corltrollcr  t h a t  irlcludes  al] unbiascrf estiritatcrr fc)r t h e  plant state  vector ~p. ‘1’h dcsigll
o f  the ba~ic. stahilizirlg co~ltroiler for the ~)larlt is indcpcrlclerlt of the disturha~lcc rnc~del, except that



the c.loscct-looIJ poles produced by the b-sic  cc)~ltroiler  sllc)ulcl riot t)e neat ahy I)ossihle clisturharlce
cigerivalues.  “J’his is not restrictive in a~>~)licatiorlswrlicrc the disturhmce is aliliear corlihinatiorl  of
perhaps lig]ltly dar[lped  sine waves .

Ma~,ycl~sses  ofcol,trollers can beuscxl  forttle tJasicstat)ilizirlg  corltroller  fort} \cpla:It, i~lcl~ldi~lg
I,QG and 1,1X. For the experirllcnlt  described in the next  section, we use a corrlt)illatic)r] of IJQG
design and pole placcr]lent  to dctcr~]line the control and estifnator gairls KP arid lb. We note that
IIm  controllers do not fit directly into the design develc)])ed  here for a disturballce-rejecting c.controller
bccausc  they involve a biased estill,  ator. ‘I’}lcco~ltrollcr  clcsigllirl  this paper can t,ccxtcmded  to allow
the ksicsta bilizingcon troller for t,}lc plant to be an Hw, controller by using au unbiased auxillary
state cst,ilrlator  along with the llm- ccmtrollcr.

Steps  it)—iv)  of Algorith1i13.3  construct the disturbance-rejecting part of the controller. It
appears  t}lat orle of the rrlost, if ~lot the rllost,  efliclerlt approach  tcj solvi~lg (3.6) arid (3.7) is tc) w
the recursion in (3.11) and (3.12), especially with AP a~ WC1l as Ad ill Schur (or quasi-Sc}lur)  form.

Orlcofthe rllostirrlportarlt features  oft}lecorltroller desigI1  here isthat, once tlleb~~icstat,ili?,illg
controller for the plant is dctermimd, only Steps ii)–-iu) of Algorithm 3.3 need k repeated if the
disturbance changes. “1’hc resulting corllputational cfliciellcy is especially itilportatlt irl adaI~tivc
disturbance rejection. Akso, it follows from (3,32) that an crronecms disturbance nlodel,  ~q long aq it
has on cigenvalucs  in conlrllon  with the basic closed-loop rllatrix A@if’1, will  nc,t cause the c]cmd-loc,p
systcrll  to trc unstable.

3.6 State-sr)ace  Moclel for tlIe  }l;xperi~nent

III the experiment, wc have yl = y2 and Cl = C2; i.e., the rlleaqured  output and controlled output
arc ttlc sarlle.  For the matrices AP, IIP} atld C1 l, we use the olmcrvcr forlll corrcs~)olldirlg  to crP(q - 1,
and .JP(g  - 1):

AP =

- al 1 0  . . . 0
- az 01””.0

. . “... . . .

[
-a,,,-] O . . . 0 1

- ar,, o . . . . . . 0 J

Cjl= [loo.,.]
‘1’hC rld X lld lllatriX  Ad iS constructed ill the fC)tlll

61
tq

1

. ,

b“1, ,

(3.36)

(3.37)

h “ . . . J .. .
where each Aj is a real 2 x 2 rllatrix wit}] eigenva]ues  equal to a cor!:plex-conjr  rgate pair of dist, urhatlce
po]es (i.e., roots to /In’ad(~l-  1) =.. ()). Also,

A},d(nP  X W) z [!l’]O]O]’l!!!!l ‘338’



4  c o n t r o l  Ik!sll]ts

‘1’lIc following tal,lc lists colltrc~llers used irl tile cxl]crirrlent. III each cam, the notllinal  controller
i s  ttlc collt,rc)ller  that stal)ilims the pla~lt. “J’llc seco~ld-orcler  slid scverltll-order  norllinal  cc~ritrollcrs
wcm based, respectively, on the second-order and seventh-order lrlc)dels  for whit}) the frec[uency
responses arc ploted in Figure  2.2. ‘1’he  order of each clisturbance-rcj  cc.ting controller is the order of
tbc ~lol[lillal controller plus two orclcrs  for each disturhaIlce  frequency rejected.

‘1’able 4.1: Controllers

~ “. ~ ‘-- ““”[ . . . . . . ------ -- . . .

‘1’ypc Orclcr  of
Control of C)rder of Nonlirlal F’requcIlcie.~

Rate Controller Controller Controller ]tejected

‘]00 IIz Statiilizing 2
1

2-’ ““” “- ““
100 lIZ DIL 6 ‘2 ‘-5 117! & 10 lIZ

1.-
J

100117, Stabilizi]lg 7 7“ ““-
‘ioo  lIZ ‘“- 1)11 11 -i 5 IIZ & 10 IIz

50 }Iz ‘“ Ij}t 6 2 5 }Iz lk 10 112?
-50 lIZ 1)1{ 11 i’ 5 IIi & lb IIZ

IJIL: I)isturlJaIlce-  rejecti[lg  Colltrollcr

Figures 4.1- 4.8 compare tir[le response of the laser path-  le~lgth  errc)r produced by disturbance-
rcjecting  cotltrollers  to either o~)en-]oop response or closed-loop rcspollsc  pmduccd  by controllers that
only stabilize the plant. In these experimerlts,  the disturt)auce  consisted of various con~binatic~[ls of
5 lIz and 10 lIz sine waves, as noted in the figures.

in rrlost cams, the disturbance-  rejcct,i~lg, co[ltrc)llcrs  ba-~ed on tile seventh-order [ltodel (i.e., the
controllers of order  11) perforlll  c)n]y nlargillally  hctter than tllosc based on the second-order Illodel.
As tllc figures illclicate,  the 100 117,  disturballce-rejec. ting controllers achieve an order-of-lllagnitude
irllprover[lent  in closed-loop response over open-loop arid the stabilizing controllers only. IIowcvcr,
tllc disturbance-rejecting controller does not elirllirl~ite the path-lellgtb error e~ltirely, = tlie tbecjry
predicts. Figures 4.9 4.11 show typical power s[)cctral  densities of the closed-loop resl)onscs.  ‘1’he
dashed vert,ical lines lie at 5 IIz and 10 117,. ‘] ’bese figures show that the disturbance-rejectirlg
coritrollcr  does zero the output at the frequencies that the corltrollcr  WM designed to reject, but
t,llcre exits residual closed-loop respouse  at frequencies not pre.serlt ill the disturbance or the open-
loop response..

‘1’here al~pear to be two possible ex])lanations  of the residual closed-loop response, both involving
the discontinuous control conln]and  (i.e., tlic zer~c~rcler  hold) .  orle powihility is that the bigh-
frequency content of the control excites ligl,tly  darll[wd high frecluer)cy r[lodes ir) the structure and
the frequencies at which the power spectrum appears to be uonzero  are aliases  of the excited higbcr
frequcrlcies. ‘l’he other possible source of t}le residual response is the the discontinuous ccmtrol
c.c,lllrlland causes  the voice-coil actuator to be}]avc  nonliricar]y.  I’crllaps,  futhcr experiments should
bc conducted to deternline the source of the residual response; however, whatever the exp]anatiorl,
tile scdution  appears to be a srrloother  cc)rltrol  rwquerlcc, produced either by a faster corltrol  rate or
a ]ow-paw  filter  on the control sequence. ‘1’he  arllplitude of the residual response with the 100IIz
control rate is about one third of that with tile 5011Z  control rate, a[ld the 50}IZ corltrollers  prc)ducc
sirililar  irllproverllerlts  over 12511Z cc)l)trollers. Wtlcrl Lllc cont ro l  rate irlcreaws from 50 1[7, to 100 Ilz,
arid  silllilar inlproverllellt  resul ted  WFICII  corlt, ro] rate iucrcasect fro]ll 25 IIz to 50 117,.  ‘l’husl snlootbcr
co~ltrol ccJ1]lrllands  reduce the residual rcsporlse.
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5 conclusions

.

‘1’he  cxpcritnmtal  results rcportecl  iu this paper illustrate the ability of the disturbalice-rejecting
controller to suppress the effect of harmonic disturbances otl a nleasured  output. The  experiulerltal
results suggest that faster sample-and-hold rates than those used for this paper will yield cverl better
perforillance,  approaching the theoretical perfc)rrnancc where controlled output is zero. Indeed, the
power spectra shown here for the 100 Hz controller show that the frequency conte~lt of t}lc controlled
output is very near zero at the frequencies that the controller is dcsigltrxl  to reject.

‘1’o nlake  the disturbance-rcjectirlg controller adapt on-]irle  to varying disturbances and/or plant
dyl,arnics,  both the lattice filter and the control design wiust be run in real time on a laboratory
computer, M simulated in [6]. ‘1’he  control design proposed iri [6] and used for this paper can bc
used for eflicient  redesign of the disturbance-rejecting part of the co~ltrollcr when the disturbance
c}langes.
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