.;e3e{ =x8894:j6; <6<T =Q: 17'" July 2003 1 Specification *166166* 2 3
APPARATUS FOR RELA PLE PO NT PROCESS FREQUENCY 4_RESPONSE

ESTI MATI ON AND Wm‘m&m 6 BACKGROUND OF THE | NVENTI &K' 8uleiZd03¢ of
the I nvention 9 The pr Q&S@* invention relates to closed | oop systens having
a regulator for control "of a 10 process, and nore particularly to an
apparatus for estimating the process frequency response 11 and using the
estimated frequency response to design the regulator. 12 Brief Description
of the Prior Art 13 for tuning the response of a systemor a
process have been tmmmmwm\mf 14 attention in the prior art. A typical

bl ock dijagram of su ntroll er angpgvifiadish |s shown in 15 Fig. 1
wherein the output y of*1%'$tocess 10 is fed back through a feedback network
12, the 216 output y' of which is subtracted froma reference signal r by a

conparitor 1 i i i | S
desi gned3 to égg%%g)dr %%ﬁﬁ%ﬁé‘%‘%‘gf‘@ﬂgﬂﬁ? p())um“z;dﬁ%&gf}gglggﬁév
control signal a for JRESPONRE ERTIMAXION AND CONTROUITUNING ected y such
that the error a 19 is zero. 2 0 Achieving automatic tuning invol ves
identifiation of the process 10, and the design of 21 the controller 16.
The contgol output a as a f ey SGUND 6% THEIRVENFAIGR the process 10 to
2 2 assure the desired out pm—y@—rs_gvn'e'r@%rmnmﬁ'ent in anal ysis of
such proresses and control 2 3 circuitry to mathematically transformthe
par anmeters g,r@mtEe time domain to a frequency 2 4 domain. This process is
done in &l } LB\ anal ysis by neans of the well known Fourier 2 5
Tr ansf or Mani i [ ' : '

achi ved i n a2 BereRl Blo AR e R ARRLTLR o R R Lo FDL B ora
such appd i gaoéess) sand snars paiticylafly donaa eppar&u farestimatinpethp rppaess frequieheyc edsponse

firequency [err].i.e. the frequency at which.t hase of a process 2 8

f requer?ci// raé’gﬁ%’r?géhec‘?si}g‘??g ﬁ;e%g@cyﬁgns&t? fcl‘?stgﬂqg?F ey and the process
frequency rpSeON&eription 8f tHePrford@knt are useful for control analysis and
design. For traditiona requency response 4406-04 1 17'" July 2003 C_ ~
1 ident13i cati onGConttedlefsrfortiming the responseef axyysteinngy apgeess have beat thesubjedtef
process{system.10. shoul.d be car | ] y. sel ect ed based .on the process .
bandu dth aHdtoro i brith ot £ oiielblock s Sntoh S b SR G adel ProBES T Hhendne
stabl e g ocEgs] ek tHeditpit LEIE PoxesdT 0S4 GEY Ba iaSfeddABIR AEtwWORE 1D Nthe

U S. Pat. No. 4,549,123 by Hagglund and Astrom Furthernore, traditional 5
frequenty radpsnsel whichis fubtragtédbfiomsureferance pigndl vy asgommaritor| 14 ophickegutputsian| e

the use of relay 6 feedbhack i.nvolves. a.closed-|o ontroller,. .

cl osed-1bop" TR Si/gnfﬂse'pgecf)gtﬁl’(]ecgc?‘g léhs %eﬁgﬂg(?g’orﬁsqoé‘glt?o g‘ei Hrog Sl by outputting a
appl i cat g ongrocesh Bérftrol bigh&lepfr dineting €egiscesd IB© dugput B Gos&iteddPiuth tis thidbiéor khe
process 8 operates in a linear reglion where the frequency response is of

i nterestd 9SROay based process identification and control tuning have

recei veg,a great | P i S
usef ul ?(r)] many p’?‘%@ggugg [é%tg]n?x? (ﬁ‘;# {“g‘g% lﬁ‘r/(;bzh’e;gg%esn %&éllf%guot?fﬂ?{ﬁg%eggh ?’%@ 8 S'Eﬁz? %%ﬂor
probl ens1l Fhe sbntrallee 160 THeecontel @itput wBsa finbiisrgof timetis applicd ta iy processtlioon,

tthe estimation of the critical point is not accurate enough for sone kinds
of 13 p?dceassws thegissispdioutpyty- dhisigsaeraliy oonvenient amanalysiptisueh propessesand sontsel

single it [ | ;'319915 VG, rySetil

obt ai ne 5baéstgﬁhf)yﬁl)wt ﬁagéé}a\r%q" pol ﬁ)?}ntkg tpg%%keg&ggoﬂla\k}% %@grﬁfo na etofgr}‘rségﬁsrg:y
t hi s pr2bl edomainc Thidipaoresseig @oad inrabattridabeirduitanilysis bpireans ofithé1oel kuswn Folifer
rel ay- based feetgbac cont rql s§stems in order to identifé nor thﬁln one

poi nt oAt hirapsigees sMenipplatien, oh dosigl DRBASETS [Ty Rore FOQUREREY | achicye] dn a
addi ti opal ki n Lh@; histic uban

connect o | e, SGIRET The TetRinok Sl 09 int ool o) SFASHRICHIGHTE BRNY RIR Do
perforned. Uhésthenpbbesdsritical fraguenoyons ure tie feqhendie atr whicht thephasst dfna prosess
are still 2_0 approxinmate in n since ey rely op repeated use of the
21 andar A8l PR SRaTEF (opees M0 Sk iirebeeiiAng i PERSSIaEy nEpert o
clear that & (KR! Pk A \%@ﬁf’%} é@ﬂﬁf)?%l%%’ &dp&‘s%tn.s Pt {rdiftidtfaP $RGSeney Jesponse
frequency response can be accurately identified froma single relay test.
24 1 2 5 SUWARY OF THE INVENTION 2 6 It is therefore an object of the
present invention to provide an inproved apparatus for 2 7 process
frequency r&4p6n8& estinmation and controller tuning. 2 8 It is a further
obj ect of the present invention to provide an apparatus for process 2 9
frequency response estimation and controll®r tuning for accurately
identifying nultiple points 4406-04 2 17'" July 2003 1 on the process
frequency response with a single relay test. 2 It is a still further object
of the present invention to provide an apparatus for process 3 frequency

o - o, . I .




14 converted to analog formand inputted to control the process. 15 An
advant age of the auto-tuner of the present invention is that_jt ¢

estimate multiple 16 points on a process frequency response1giHﬂV?§ﬁ55usly
with one single relay test, resulting in 17 time savings. 18 A further
advant age of the present invention is that it gives accurate results since
no 19 approxi mations are made, and the conputations involved are sinple so
that it can be easily 2 0 inplenmented on microprocessors. 21 A stil

further advantage of the present invention is that the nethod is
insensitive to 2 2 noise and step-like |oad di sturbances, and non-zero

i ni tial 1contdntificition, the Feduentieesf el onirdegls 4 fod infd @RGitbccsPIWR R 0Mshculd hat
the controller tuning nmethods 2 4 enployed work well for the general class

of |inedr pHeidlyssadecizd hasds par biat Progesanbandwidihs Jhgi usei 9f relaysfesdback san
satisfagto : ' AR = PR ri 4

ot ocess coteARBHNEESie on fnindi sitfe PRARSMung it dhaudycd W St pBhg 8
eLrbodi nﬁnt dedcribbde ixgrUaSg_B?t_. Nweu;ﬁl4i9a|23 BHBIag%léncB arﬁd Wstrom) uIP)afrtB&ﬁiB)ré, tkdditiondA
shows the digitized nodified relay oytput for the process frequency
response 2%@8‘9‘?%trﬁi’ﬁn§ee‘ldﬁ'§»‘ﬂ-tcé§?n, g%“’ﬂ}’ dovobyss §Hcﬂ9§nﬁ?@ fﬁ‘ﬁ'@c?\él%@clgﬁt“&‘u?f &I#Y ng
the rel gy ; ' i bl e, Wi | o

reduct i %n ?@%@@%ﬁ?ﬁggﬁ%@g 1(1)@?"; AGéIIBZ%ég%%nseﬂéagl%g&%gg%%g? r S § Ff’g“ an
| MC syst7emin comtfal gipplitations, sied i7kdepg the7 pmhesascldsh do rths sdttpinifsoRth@y thi proddss
regul atQr desi gns. E‘“g DESCRI lIl:’TI OF THE PREFERRED EMBODI MENT 10 Referring
now to Fi gPPZa5F 1 hedf EE NG @&g?%&“’éﬁ%ﬂﬂﬁ@ﬁ“%‘fﬁ't he systemof the
11 present inverkelfnbaktd ipfocttsOMEntifRalitlt hif Gorfdl dtiliRy hiVteecdVedVi sbatl deal of

responsive to a digitized 12 reference signal r at Tnput 22 and a digitized
r oces$ Ooutapention @%atme;hodaaf Astrpontand Hagglupd denisdfl irBmanyopratess gontrol applicptions26.

4 The digitjzed, signals u’ t | i gnal by. digital t
anal 0g “donvi 0A1sS:A5 Bl milpe pleblirs, Tt cu . U G2l S gBsctfive, fingfion | °
at 34 af2 th p&ﬁﬁmlﬁei&tiﬁBWoﬂﬁe%ﬁiﬁ@ﬂ%gﬁ&§§ ¥t ic‘guiafhcéwﬁgh ifesoniTkialls bhe

out put at 36 of process 32, and noises n and 17 . disturbances w, the

addi ti 33 s®reaesses.c §e¢ond; the umethost oA stromy aeth Hagglued dengndd ey thecsingle ketical going

and 40., ,The o Yol rted. by anal ag. t igital .converter 42 to

ot ovi d& 4 h@ut Py b SRR Sty BB SBighi bafy & pi BB Rinc, P e
aut o- t ureer hate béeh mRieadBilve tid problemy ficludingGeldrall Medifibdbidedtifvation néthpds aﬁn%
block. 2 2 The objective of the auto-tuner 20 is to automatically identify

i e., dfinelexrbased foedback eontiohsystamssipondas to identifyi mereghan pee peigter thegmroceshd
t hen t u ' Si Lqure.. 4 | at .

out put Yy o HRRieS etrbonk SIEE R b S KGRI Ricek BoRBOMY (drViying
A nor e ket diybterbsidogidth) tiav® bedf cdnhectédiingd kiensyseear fequiting additionsl relayedtsigebe 20
will now 2 GQbe given in reference to the circuitry illustrated.in Fig. 2

i nsi de ke PstfeBugdynethese) metheds aentime capswaingt ¢hd dhen Fesplfant restimationse geey still
respon of : : : A ] e t
16 6f " SR ORLfHE S Riysince ey o el P R (G SGAIRE Clotlos el Y
28. | n 21hi Astroth amuiddagglind. si gnal out put at 46, provided by the relays 50

d 52, trol h 32. The 4406-04 4 ~ o" ~U
& 22Con ro SIt tis &err)erfgr%eglesar t%at a n?ethod 16s needed where%y morleypo%l(l)tg Son the process

23 frequency response can be accurately identified from a single relay test.

24
25 SUMMARY OF THE INVENTION
26 It is therefore an object of the present invention to provide an improved apparatus for

27 process frequency response estimation and controller tuning.
28 It is a further object of the present invention to provide an apparatus for process

29 frequency response estimation and controller tuning for accurately identifying multiple points
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.1 digitized process input u' at 26 and digitized process output y' at 24
are then recorded by 2 conventional circuitry (not shown) UE%LLIS5§ Lonary
oscillations are reached i.e., until there are-3 no variatiohs ' h%litude
or period of oscillations in the output y. The output at 46 includes 4
process excitation frequencies including 0.5w, [err] and 1.5 [err] and in
response, the output y of 5 the process also contains these frequencies.
When the stationary oscillation condition is 6 reached, the recorded/ saved
u and y' are then used to conpute the process 32 frequency 7 response data
at the frequencies .5w, [err] and 1.5 [err] using equations 2 and 3, which
W 1 now bgn thedRscehd Rafhehdy 8ionkd witl BSingidlery Wagr 20 circuitry then uses

t he cal cul ated process frequency 9 response data to design the regul ator

54. WefR the rebubatstitl ferth¢roobiet of therpresent invergiontto Iprevdd an hppasatus fartproceso
connect _the requl at or out put.56 to t input 26 of the digital tq.analo
conver (3 FREHY Rispined STHRR wHopBinr Mibe & Py dedls B s ladEibatts

| nput agat oféhe FrobRS ReqidhBy MshhiRk SRACa JidglR QI adt, WHerébydhé 8dntfollelegifaforlis
and digitized process output y' by applyrng a signal u”, which 13 Converted
by di gi bal tuned avith vagpesd e e ai)énm@d points i adethe trinecess frquengy trespohss, phereby she
to drive the 1®.Erogess £ 1o out Utdaﬁﬂ?t 34 corresponding to the reference
r. 15 THe 5?’850 GUPE TSV OE Y SFHSPORE: £ ol | owi ng text as
performed by th@riafly0d Gréferiéd emBodiriRn®6f thEPPresERN ifdniidh fhchIeP dh Glpparafi8 for
inputs being the digital reference r and the 17 digitized process out put

y', and8t h&uning pue i & Bvocels gontplleso rthe sligitizegnentput' from 4 dandard whayt andt de
18 speciyfi . ik hi I s.the

i gr (ol *apuraB £l B3 rbilt BRRH o aloB cBfertel pftyRlnd REAER B 5T B and
frequenoy N&spowSte padtdss, WhefabC isl the ipAgteishiticalfiequeficy? The appdrathd kecords the
paraneters and setting the regulator as required. Such operations performed
21 accddidi Aigitizediralay oytmt Hoard thedigitizedprapess optputi 30 aptk setipneyy eseillationkate| ed
in the,art i nEl | S1cAft

for autlgmattr ?a%gﬁ?q ﬁ}éésj%) ?@E@f‘gg‘@%&g tB%:I{C)gseeg é ofcr§1(=§"c uéﬁ%‘§$?‘g§%%ﬁ§%‘ﬁa%ﬁpe§§‘é‘?s%# ng
a procass rikeuwataad .1.55§e Tk alatasis Qherl Gd b alesigh the fegulatst @RCyutpsit ofhichds
apparatus will now be described in detail. 2 5 Assunme that initially,

pr ocesd432 cpuyssted o ylag forn gnd inputtedtocpntrrl dhepreessay 50 and the 2 6 novel

par asi tjic rel ay t i I; i t : . Jhi s
resultgjfn i nput d%%ggﬂ?gﬁggﬁ?ﬁggfg% %%ggéﬁﬁﬁﬁgkgﬁgmylf§{%@ﬁ%§6§§ggﬁg2.
u(t) ang y(pbintsorea pacpsscilequinay ©epupke simuBaiopsy iviath afe singleeklay est; essaltilg dn
until stationary limt cycles of u(t) and y(t) have been reached. 2 9 The
key of lthe "CEEESi nvention is the nodified relay which consists of the
standang 4406- 04 e%%&&mﬂdg%f%?@éeéen& flvRMtioPisahst iPBIVRS abdufaté $esiMs Sifice 85
shown in Fig. 1. The standard relay operates as usuall with 2 the anplitude
of the lsanpppuxindtions ate-kde, med nlge tomputatioas invokvedi aze simeplé s¢ that angrncbeoéasily

ul (t). 1t i.s wel I, known that the standard relay can excite process 32

mai nl y &8 FV‘B&H&’HW RAMICTPROYTHEY to 4 provide excitation of the process 32
at freguyencies of B iRl aBPantage Ut tHS Prelséht GARNTIGH isMhal fhe ImEROY iPinSmfive RS
process output oscillation under such an arr@qgﬁnenp“ a parasitic relay 52
W t h 6 22ut poiseangkteplikte load distutbances; @nd hen-pero indtlal ebnditioffsk) i s i ntroduced and

superi nposed on y~ . £ This i.nplies that the output, u-~ of .t he

par asi '?‘%D % relay Ig@(tﬁr i JivARtaes ot Eﬁee pé‘i?%‘?tymﬁg}qo{}dlso#'g%hﬁs‘éé'\iaogﬂ Sping, methadg,
The parasi tenfpléRdawor? vt Ri#t the Zgdhbral I8 SITT iRQe padcebdes With | difkreat dynamics,
equations, uz (0) = ah; uz (k) = ah . sign(uz -1)), if m(k -1) >0
and ui (39 <chieviggcrpsistenyand patisfactonprespanggsse; 9 (1) 1 o where a is a
constaq% coeffcient. a shoul.d be I§§Eﬁﬂig@gg&gh§§have suf ficient
stiml &% on on 11 the process 32 a so be small enough such

t hat thez parasi tFig. I so@¥ aptionat broeeds charéikgstan; t he period of oscillation
generated by the main relay 50 too nuch. 'The preferred range 13 of val ues

for a i28from D Hig-dis aplockithagsam efi theprefamedymbqdimens of thequesert inyentigpar at us
is thus given 14 by u(k) = u2 (k) + uz(k), and is sent as the input to
process 32. 15 In this way, the process is stinulated by two different
excitations whose periods are T 16 and 2T~ respectively. The digital input
u at 28 resulting fromthe nodified relay apparatus is 17 shown in Fig.
3A. The outytaeyosmat 34 fromthe process 32 will appear as shown in Fig. 3B
and 18 will reach a stationary oscillation with the period being 2T~. Due
to two excitations in u, y 19 consists of ¥requency conponents at 2 0 2~
~c T~ ' ,T~ 21 and their odd harnonics 6~ ~10c ~. . ~d 3 ~5?r ~ . ,
respectively. T~ T~ T~ z~ 22 23 24 4406-04 6 17'" July 2003 1 For a

| i near process 32, the process frequency response can be obtained by '2T J

Y 2P 1 ~ N a ~ -




.3 where (2) 4 are the basis frequency and its odd harnonic frequencies in
us and y$. uS and y, have a period ( 5 (2T~) related to the1§x%hL2665y
oscillations of u(k) and y(k) respectively. jw ) in (2) can be conput ed
using the FFT algorithmas _ FFT(Ys) ~ FFT(us) 7 8 (3) 9 The spectrum

anal ysis method used by the auto-tuner 20 in estimating the process
frequency 10 response gives a nore accurate result than nethods relying on
t he describing function. The 11 nethod of the present invention enploys the
FFT only once and the required conputation 12 burden is nodest. It can
identify nmultiple points on the process frequency response froma 13 single
test usiqng the {4 : f: 1 I .

mothod can be " T Cagiry Uil WoRRGE iy R TH! MR prORRER Hleppy, Reponse
frequeny restipatsaelaptest,can flip-flop the 15 parasitic relay every 3'~ or

4" ~ period of t in oscillations geperated the standard relay 16 and

get ot her frequ&ﬁ%’%p&owg'%‘e%%esﬁawpgq “Eélé"rﬁgyéesf’han one parasitic relay

in arelay test fid pmdstddt Tixe) f Cy response in one
@ % iy 1Y SvithHySfefesR Fod Atfise rEARHEA S

relay test. To esfinmate the static gain of 18 a process, either a snall
set - poi i changdigts iseMNsquistplottay be i ntroduced or a bias may be 19 added

to the difiedg.elay. 2 o ln a realistic environpent, the.mjor concerns
for anyn%)denti fi%%‘tqa%‘ﬁwﬁ&r t%&‘@%“ﬁ%@%&?ﬁc@“gﬁ‘&aﬂ?ﬂ@&@ It should be
noted that the iFlgnt iHowaakd REuIRRY PHY ahSIMORES BRbEIsips.t he 2 2 step-like

| oad di sturbance wreferred to in Fig. 1, which is a conmon case in
practice This can 4406-04 7 17t" July 2003 1 easily be shown from (2) as

JOTc 'ys(t~e J~'| ditnredars B = L= (t)e ~~~t dt
+ W~2T~§/a ~~.t dt z%@%@m REF D E_ﬁT_~~~‘ dt ~
2T~ a (19 e , ~, r Réferting mow2ib-Fig. 2 ofte drhwing, # peféired dnbbdament 68 (o System of the O
{y.zT=G¢.1 ~t )~1=1, 2 ... ,ous(t)e-"""t dt 3 (4) 4 where t~; has
the sarfel demessnt inyentipn 18nisshpwn tp dnchysiei ani agp-usps30 adichnis respansiym bor & digitized
the f ut I o | i i n S t .

ot se. 2 pricieistBEsiefd Rl i £ GRER AR Lo Sl D7D HE1d Brovide
y(t) is1dy sigiatsadacoumputehysteresis in the standard relay 7 50. This is
illustrated in Fig. 4. The width of hysteresis shoul d be bigger than the
noi se behd 8 andlhedigitiged signals g aes canyeried to appleg signals gy Cil&léai q praleggayerter

band. Eidt o . SEn ¢ .
urt herl® oot B gt f-lo RORR Mpbost %o, “THP ol f 8 sh3ehe Brefl 1’ G
esti matbs usheamativallpvter inglrdefthé Beml af the? edtppte ai 36 sofoprooassi 32, adndonoises bk hand

stationary gscillation 11 period, depending on the npise level, Wth these
anti - not e s,  Hie additinpcrchematically éﬂ'a%t%‘é nifirqugh dis¢ Pb srEmNg Rtwerks 3

noi se VEEY &laf KL THELY, £ RnOtedeh Pt otibitd AURUrYr BEP PRIV digitized
esti matlfon at frequenctPLeugﬁof 8 Sw~, }améﬁarggﬁl .léc~~. It 1éhou(f)g be %‘ﬁgolgﬁé?ed
that a hon-inputg/ atid4.i al 14 condition of the process at the start of a relay
test has_no erect, op the estjmat|on because oply 15 statign osGi.l l.ati.ons
U and 39 af ter  Thfhurdths erlonel &Y e s timet Pivdrs Bhemasraly Tibsedied ipudeing
16 i ndependgid-nikr 3Blokki tial condition. 17 Exanple. In order to test the
rethod in a realistic environnent, extensive real-tinme 18 relay testing was
per f or n22 usi ng The objeativePob dbe sudHumra2bris Ko augondtically Hdentify dge dstimate the
St S fecionets R Gise a8 U proces 33, RUTSS iRl S5 aRRIAS

Si mul at
24 regulator to control the output y of the process 32 according to the applied reference signal r.

25 A more detailed description of the functions performed by the auto-tuner 20 will now
26 Dbe given in reference to the circuitry illustrated in Fig. 2 inside the auto-tuner 20 block. In
27 order to identify the frequency response of the process 32, the switch 44 is set to connect the
28 output 46 of summing network 48 to the input 26 of the digital to analog converter 28. In this
29 mode, the signal output at 46, provided by the relays 50 and 52, controls the process 32. The

4406-04



.21 In the test, the standard relay anplitude was chosen as 0.5 and the
parasitic relay height 2 2 was set to 20%0.5. Wt hout addi?ﬂpj]ql 585%’

t he noi se-to-signal ratio of the inherent noise in 4406-04 Li‘?? uly
2003 1 the test environnent was neasured at N, =0.025% where N, is defined
as 2 N = nean power spectrumdensity of noise nean power spectrum density
of signal 3 4 or as N2 = 4% where the noise-to-signal ratio N2 is nean (
abs ( noise )) nmean ( abs ( signal )) 5 6 The identification error ERR is
2.5% where ERR = max ~ ¢(~~") -Qj~~) Ix100% i =1, 2, 3 ¢ jw) 8 in
which G jw,) and jc~~ are the actual and the estimated process frequency

e I 1 |, H . f ’ . . d
W hOThaS | GRS GLAE idour 1P 236 M Giffod Highes ditihi 3 3023 Sl Bien) REGGAL B¢
i R af rel2ay cbmﬁnti?m? %irc?itry tf(ﬁ%stxgi_zn)%ﬂntﬂ’c)sAtaaﬁbﬂaéy g)guilt‘l?th(l)ns iaibzgébgﬁad it&HAm&iP_the?: dde
The I rst art .o e e I N 1 gS an =V~ Wwas e " I,stenin
12 peri &d" ',%OiVﬁnmrEHntaﬂ’@ e o5 p oseillptiqns in the Qutpyt Yot Theeutpyteat 4¢ ingl J

wer e measur, - L - 0.Q] : t [ / 1ch
aver ag g s QGRAidT i utntichhcldink D3y SAET T8 EIENRG fuebudbut for )
responsé pdhapmcessdaso comtgingdhese fregquericierr eWhanwhe statibnagy ofcillation] Scdddition is
conpl eti on of . the, process freguenc esponse estimation,. the autg-tuner
Hoen the 1 asbid i aEroRrar ST ] MEhRS Sl I, MRS ot ot 55 Hedacy
process M rbsphl dia HIRCAIRRAIE 5b/ oUEKPL S o bing BRHDACT o583 WRLR HiPRLY b2

of frequency i esponse are used for ttning th gulator 54 1n
The t hr e plesaribsd dn alefaily sThec auto-durtee 20i oitcvitry thewr eses the delculatadsprdesss fteiquency

o C17"S ) agponissipa el U Splair S Gwinen i refliions € dsaieditne i b,
fol I owsy ¢ haktifdtéd #6-domnéct thér 'g';'xl‘atorioﬁtpl?t 26 16 the(ihi:s\(;t)26adlf] t'léé gfgiltagt(( ia@)_allc% %egmr

magni t ude of both sides of ( Is taken as [tea ~z

G(j~) 11 28. At this point the regulator 54 responds to the regulator input e at 56, e being the difference
12 between the digital reference » and digitized process output y' by applying a signal #', which
13 converted by digital to analog converter 28, provides the signal u to the processor to drive the
14 processor to output a y at 34 corresponding to the reference r.

15 The procedure described above and with the following text as performed by the auto-
16 tuner 20 can be implemented in a computer, the inputs being the digital reference r and the
17 digitized process output y’, and the output being the digital control signal «'. In addition to the
18 specific blocks noted within block 20, block 20 also represents the digital apparatus responsive
19 to r and y' for calculating the process frequency response, and for calculating the required
20 regulator parameters and setting the regulator as required. Such operations performed
21 according to the equations disclosed will be understood by those skilled in the art.

22 As discussed above, Fig. 2 is an arrangement of apparatus for automatically estimating
23 a process frequency response and designing a process regulator. The details of the process
24  frequency estimating apparatus will now be described in detail.

25 Assume that initially, process 32 runs in open loop. Then a standard relay 50 and the
26 novel parasitic relay 52 of the present invention are applied to process 32. This results in input
27 and output time responses u(t) and y(t) of process 32. u(t) and y(t) are sampled at a sampling
28 period of T and are recorded until stationary limit cycles of u(t) and y(t) have been reached.

29 The key of the present invention is the modified relay which consists of the standard
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4 5‘(~ 6 where B =[a2 b2 - zZaC CZ]T . "7 Then, [a b c]=~ B, ez+2 B, B3 93
] 8 9 1In addition, the phase relation in (6) gives (?)
~~l=-~'g~&.1~)l-tan''( b~ z), i=l, 2, 3. ¢ - acv, 10 (8)"M19YPORi I be
clear to those skilled in the art that L can be obtained with the | east
squares 13 nmethod. 14 Wth the nodel in (5) for the process available, a
controller can be designed. A PID 15 controller can be witten in the form

K(s) = K( "4sz + B+ C s 16 4406-04 (9) 10 ~ ~th ~~iy 200s 1 where A-
kD~ B= kr~ C= ki 2 3 The controller zeros are chosen to cancel the nodel
poles, i.e. A=a, B=b, C—c where a, b and c 4 are the nodel paranmeters

determnedfro Then_ t he r sul t ant n-1 oop transfer 5
functi ont GIElRY gb%u)ilp élréﬂ' Aatas Fhoyym fek ‘SLIG(TE‘? I@taé‘ ard ril%o?efi@ ay usuabwith g

cl osed- 'é)ORhé)&}hﬁﬁtuH@Gfth@ saeggle&aﬁguﬁﬁ,@g'bmg H QRbrel0AY S RE %(Itﬁga:hﬂggfg}’((. Jti s

assigning a 8 proper val ue f he trans er function in
real or Tompileknovoothst nhaytabéard: ¢l ay qzedexrcm: ptdeessA20saidlyldt ftequgneylw) . t Ineordextthod

f th t. h t . h t
2 the Hbadtoviet SKpRA the Frerraid ol rukiict PSS et e 161 b SRITGH SYSs
can be of afMn@Ikey m&%m@esg &tﬁd@esmﬁ,h un8erQbl arPArrARE MBS, Qbategmc Fay 512 Qzlfthy

oscillatory processes, possi bl e that the 14 uncancel ed dynam™cs w ||

drive tHe sgugwé mnpbtude@\iyandstwqel the ipenind offvey (kisdatroduced and:supsrimipbsedmast 4, (8. t o
create onal at d b cl ose-1 oo ol,e
Real clo ed I"BBlbeSp b’ H‘g@i%% %‘/rﬁ% g&ﬁ?i@?’?ﬁ?ﬁ 0"%1 Y‘H&pﬁ‘ﬂér i
hand, fos naBiRGE in @(J?lrvh@;sarésimblay 53 Bu@p&t:uzl(k) 34 QUstritidByARS ﬁﬁlovﬁﬁgeequauons

W

uncancel ed dynami cs not bring the systemto severe oscillation, 18
and hence it is advisable to introduce sone overshoot by selecting conplex
cl osed-l1oop p 9)&ah50 as to speed up the response 2 0 For ease of

resentation, d iy be used in the 21
?OHOWI ng des t?l |on (L qug)q?f“&fng M@W%g of a process is
inversely pro ewe?l(kt-é)@ﬂzemsg,speed of response. For nonotonic
processes, the speed of response is reflected by the 2 3 locations of the()
dom nant poles. For oscillatory ones, it is related to the real part of the

2 4 conpf exWb‘UP esisaopstartcoefficient sotsheuld pe dasge enaugh aehawﬁﬁ@ernenwlﬁlen\mS

g?i ﬁ cirrg s, f%c%gs%g d i otRCalsd ge s, l(:e(I:lgllig nlg:httﬁatetﬂclaJ Ip\ér%gl ic relay B will not
12 change the period of oscillation generated by the main relay 50 too much. The preferred range
13 of values for a is from 0.1~0.3. The output at 46 of the modified relay apparatus is thus given
14 by u(k) = uz (k) + u(k), and is sent as the input to process 32.
15 In this way, the process is stimulated by two different excitations whose periods are T,
16 and 2T, respectively. The digital input u’ at 28 resulting from the modified relay apparatus is
17 shownin Fig. 3A. The output y at 34 from the process 32 will appear as shown in Fig. 3B, and

. 18 will reach a stationary oscillation with the period being 27,. Due to two excitations in #, y

19 consists of frequency components at

20 w =
) ) T T

21 and their odd harmonics R
6rx 107 3 Sz )
-, , ...and =—, —, ...respectively.
T, T, T, =,

22

23

24
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.26 4406-04 11 17°" July 2003 C 1 b~ -4ac20, b2 -2aa' b b2-4o0c<0 2a 2 (11)
3 where a, b and c are nodel paraneters that can be obtaineﬁ7 n16§§

Anot her variable of 4 interest to the design nethod is the H& tio 50
of the open-loop plant which is defined as b b2-4ac<0, 2 ac~ so =
62-4acz0 5 (12) 6 7 with a, b and c being the nodel paraneters. The
solution [to the regulator design?] will now 8 be presented by separating
it into three cases. Case |I. So > 0.7071 or L < 0.15 0or L >1. z a zo 9 10
Compl ex cl osed-1 oop poles on the root |ocus are chosen based on the
reasoning given 11 earlier. In order for a pair of the desired poles S +

-rv"s" s the closed-| po da ng ratio, to be
on'the ool O} Bt pEFeiia B bfosk pdnsy EoRi= tan BRBRaREERA  on - rv 1-
Sn L - (~ - cos-"Sn) -~ 15 (13) 16 17 4406- 04 12 17t" July 2003 1 has
to be satisfied, glVlng cos ~ ~ Q—vm' ,cn 2 3 The magni t ude
condition then assigns thg yaju ofv to k = ,r=pn23 S G5
I u (e sout gy
2 0))
= M, 1=0,1,
2T,
3  where
4 are the basis frequency and its odd harmonic frequencies in u, and y,. %, and y, have a period
( 5 (2T, related to the stationary oscillations of u(k) and y(k) respectively. G(jo;) in (2) can be
6 computed using the FFT algorithm as
. FFT
Gany = )
FFT(u,)
7 3
8
9 The spectrum analysis method used by the auto-tuner 20 in estimating the process frequency
10 response gives a more accurate result than methods relying on the describing function. The
11 method of the present invention employs the FFT only once and the required computation
12 burden is modest. It can identify multiple points on the process frequency response from a
13 single test using the modified relay of the present invention. Moreover, the method can be
' 14 easily extended to find additional points on the frequency response. One can flip-flop the

15 parasitic relay every 3™ or 4* period of the main oscillations generated by the standard relay
16 and get other frequency points. One can also use more than one parasitic relay in a relay test
17 and find more points on the frequency response in one relay test. To estimate the static gain of
18 a process, either a small set-point change at reference may be introduced or a bias may be
19 added to the modified relay.

20 In a realistic environment, the major concerns for any identification method are
21 disturbance and noise. It should be noted that the identification method is unaffected by the

22 step-like load disturbance w referred to in Fig. 1, which is a common case in practice. This can
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( 14) 4 (15) 5 6 Sinulation results show that the feedback systen1gives
sati sfactory responses |f cl osedl oop pol es of danping rat|o1§p %ﬁ@971 are
chosen. Substituting S~ = 0.7071 into eq. ( 14) and 8 (15) resu

0.5064 L 9 ( 16) . Case II So <-0. 7071 or 0. I5<- L < 1. To 1 olnthis
case, we choose the cl osed-loop poles as real double poles on the
root-locus. Its 11 location is selected to have a simlar response speed to

that of the open-loop one if it is 12 achievable, i.e. it is before the
breakaway point. O herw se the breakaway point will be used. 13 In order
for I sl.z --~ 0 14 to be on the root locus, k=1 ar. za 15 (17) 16 17 To
find the bre wa oi.nt IS noted from eq. (14) that 18 19 4406-04 13
17°" Jully 6%‘%% ﬁ%@"fw%@ as | Iimrm Iim2 L L 1-Sn Sn ~I s-~| 2 (18) 3 4
Hence, the bre kawa p0| nt kg ~Nn ~n 1,a, = oL i 5 6 and
t he correspondf A i st, ys(f)IHRGﬁ}]eé'l’(ﬁ’f sg 'J’e(l)es (dtligv}’ _Ls @’ dt
Theref ore, ?\?g'kﬂ—be—t—akeﬂ—as Et—rat+—= myr—a——z0 '
eL 10 (20) Cas& T@)e V™ e 2. |To @Xt)+@)e™ ™ dt ]‘ﬂ u (e’™dt +u I e’ dt
0 0 0 0
2

o, _
jo ys(t)e ™ dt

T opeaT, _
IO us(t)e ™ dt

=G(jw,), i=1, 2, ..

@
where ®; has the same definition as in (2). The modified relay estimating apparatus of the
auto-tuner 20 of the present invention is also insensitive to noise. A preferred method of
reducing the noise in the process output y(?) is by introducing a hysteresis in the standard relay
50. This is illustrated in Fig. 4. The width of hysteresis should be bigger than the noise band

and is usually chosen to be 2 times larger than the noise band. Filtering is another possibility.

v O J 6 U e W

To reduce the effect of noise further, especially in the case of large noise-to-signal ratios, the
10 estimator uses the average of the last 2-4 periods of oscillation as the stationary oscillation
11 period, depending on the noise level. With these anti-noise measures, the method of the
12 present invention can reject noise very effectively, and provide accurate frequency response
13 estimation at frequencies of 0.5w,, ®, and 1.5w,. It should be also noted that a non-zero initial
14 condition of the process at the start of a relay test has no effect on the estimation because only
15 stationary oscillations u, and y, after transient are used in the estimation, where u, and y, are
16 independent of the initial condition.

17 Example. In order to test the method in a realistic environment, extensive real-time
18 relay testing was performed using the Dual Process Simulator KI 100 from KentRidge

19 Instruments, Singapore. For illustration, a process was configured on the Simulator as

1 s
G(s) = e
() 55+1
20
21 In the test, the standard relay amplitude was chosen as 0.5 and the parasitic relay height

22  was set to 20%x0.5. Without additional noise, the noise-to-signal ratio of the inherent noise in

4406-04



12 Processes with long dead tinme tend to produce very slow responses. In
fact, the single-loop 13 structure is inadequate in handling,such
processes. One possible solution is to apply the 14 Interna?37 n/g‘@éﬁo&:%ntrm
(IMC) strategy to conpensate for the long dad tine. The controller 15
structure is shown in Fig. 6. The nodel of the process is denoted as G (s)
in the figure, and 4406-04 14 17"" July 2003 1 e-s~ §s) = asz +bs +c 2 3
where the paraneters a, b, ¢ and L are givenin (7)-(8). The controller is
now nodified to K(s) = asz + bs +c¢c 1s zo+1)za4 (21 ) 56 whereiois
the equivalent tine constant defined in ( 11 ) and a is a design paraneter
to adjust 7 the speed of response, The Iaro/ger the value of a, the faster
the respondle 5ekegiisenmeny was measured g Nzt 0> %where N, 15 defined 25 51 1§ the nodel
is exact, the systemw || have an equivalent transfer 9 function of Hy.(s)
=11 esc -szo +1 a 10 (22) 11 12 The dead tine is therefore brought out

of the | oop, and the speed zgn bemedPsstr sPecanAfensid dfanliseds desired by
selecting a |large a val ue. ﬂ(;e%—hi’;e—i—ﬁew—(—}&bl-y—'r—ﬂe—ré?aees—the size of the
14 control effort, the limt is SEPRIERPETITALTEY 88 Fhe control signal

and the Jaccuracy of the 15 nodel. 16 Wien the regulator 54 in Fig. 2 is
desi gned, t Rt | 1©C L -1je .l ower 17 node 56, and the

aut o-tu%ﬁ ngd??g éorfg}lg’evtéfé%(ﬁé%&8%8?§%E§%H§f0%1154 15 17t" July 2003 1 Exanple
Consi der the following |long dead time process given by the transfer
function 1 -zs Gs) _ (sx + ijzS)(smearBXabs en@serhe nodel of the process
if found to be s) - 1 e-x za9s<427924 51 s 9. 031 | 45 The PID
controller is designed to be K(s) :1@e@g@sg@§g8ﬁ+ D. 646s. s 6 7 Since
the process is dead time doninated, the | MC approach can be enployed to
speed up: 8 the reskAbsE: &33*)9&’ 'Z%Rt'ts‘ svalye of a =2 ineq. (21 ), the
control ler is conmpute ;[cg e (s ! g~§§1s~re+6.5365+9.031 ~~x0. 894s+1 9 10

he control performance of the IMC and PID controllers is also shown in
Fig. 7. 11 The perfornmance of t)lg( A_eR phol ler is an inmprovenent over the

PID control l er. The 12ERReemai$ . slgt0%anid=the, 3dtt1ing tinme and
overshoot are significantly red cedG(:if?,')Although a preferred enbodi nent of
t he present invention has been described above, it 14 will be appreciated
that certain alterations and nodifications thereof wll parent to

those 158 skif| WRighi Gilepengdr@(io) arg ghe pelvalragd ghe r?ﬁ@ﬁ@é‘él_PE‘PP??gs Sgaue&ﬁpéﬁwases

B e L T

cl ai med10 s: Simulator. Time sequences of y(#) and u(#) in a relay test under N;=10% (N,=31%) are shown
11 in Figs. 3A and 3B. The first part of the test in Figs. 3A and 3B (t=0~12) was the “listening
12 period”, in which the noise bands of y(¥) and u(?) at the steady state were measured. Under this
13 noise, the hysteresis was chosen as 0.3. With averaging 4 periods of stationary oscillations, the
14 estimated frequency response points under this noise level are shown in Fig. 4.

¢ 15 Upon completion of the process frequency response estimation, the auto-tuner uses the
16 estimated data to automatically design the regulator 54. This process will now be described in
17 detail.
18 The three estimated points of frequency response are used for tuning the regulator 54 in

19 Fig. 2. The three points are first converted into a second order plus dead time model with the

20 following structure

R e-—sL
G(s)=—5—>
as‘ +bs+c

21 (5)
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18 19 20 21 4406-04 16 i ~t" ~~iy 200a 1 CLAIMS 2 1. An apparatus for
estimating the frequency response of a linear stable process-,£qry Qoggng: 3
a. signal excitation neans for providing a process control signal “including
a process 4 critical frequency and a plurality of signals of different
frequencies; and 5 b. identification means based on the fast fourier
transformfor estimating a plurality of 6 points on said frequency response
of said process frominput and output stationary 7 oscillations of said
process. 1 2. An apparatus as recited in claim1l wherein said signal
excitation nmeans includes 2 a. a standard relay for providing said process
critical frequency; and 3 b. a parasitic relay for providing said plurality
of si gnal s.whergga, ine and daarenknonss toed detagminedclt llovwa thdter ei n sai d parasitic
relay is set to flip-flop every k th 2 period of said standard relay, where
k is selected fromthe group including .5 and positive 3 integers. 1 4. An
apparatus as recited in E(&Pdr2— i eut put =df 2shi d standard rel ay
and said 2 parasitic relay can @I IJEY T6 out put a signal indicative of
an estimate of a static gain of 3 said process. 1 5. An apparatus fof6)

tuni ng a;regul atﬁrleq' gﬁrgmﬁggggghlsﬁgsg(ggﬁswﬁggs conprising: 2 a. means for

estimating the frequ y response o process including 3 i. signal
excitation nmeans for providing a process gontrol signal including a 4
process critical frequency, apga’plasa -9f i silg2aBs of different
frequencies; and 5 ii. identification @M®|based on the fast fourier

transformfor estimating a 6 plurality'of points on said frequency response
of said process frominput and output 7 stationary oscillations of sal’d
process;gand 8 b. regul ator design nmeans for cal cul ating paranmeters of a
regul ator, said design neans 9 using said plurality of points on said

f requenc§ rwberense of said process. 1 6. An apparatus as recited in claim5
%herein said regulator is a PIDregulator. 1 7. An apparatus as recited in
claim1l wherein said regulator is an | Y>[edghfl aar .c*Jf. 8. An apparatus as
recited yn g¢ha@i,m 5 wherein said regulator design neans includes 2 a. neans
for canceling nodel poles with controller zeros; and 4406-04 17 17" July
2003 3 b. neans for conputation_of a a i f id controller;
wherein said means for 4 cancel % %]n‘&ogé;ngezf’o?rléénp/ﬁ ion are used to
gener at egcl osed-1 oop poles for a 5 controller feedback system 1 9. An
apparatus as recited in claim5 wherein said signal excitation neans

i ncl ude 2 aln addition, hembaseaelation i {(6heives di ng sai d process critical

frequency; and 3 b. a parasitic relay for providing said plurality of
signals. 1 10. An apparatus as recited in clainl%)herein said parasitic
relay is set to flip-flop eve,;,yd@drg[(aj@ﬁ;)]i_qgh-t(Lsf&i_g),stiaﬂnax g. relay, where
k is selected fromthe group including 0.5 and gosi®)ve 3 integers. 1 11.
An appangtus is recited in claim9 wherein an output of said standard8yel ay
and said 2 parasitic relay can be biased to output a signal indicative of
an estikate of a static gain of

12 It will be clear to those skilled in the art that L can be obtained with the least squares
. 13 method.
14 With the model in (5) for the process available, a controller can be designed. A PID

15 controller can be written in the form:

~

2
K(s) = K(i’s——*;'ﬁ),

16 )]

4406-04
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.3 said process. 1 12. An apparatus as recited in claim1l wherein said
signal excitation neans includes 2 a. first progranmed conpiern | ng@gg
responsive to a digitized reference input signal r and 3 a d|g|

process output signal to provide a digital excitation neans output signal;
4 b. digital to anal og converter neans for converting said digitized
process output signal to 5 a process excitation signal; and 6 c. analog to
digital converter nmeans for converting a process output signal to said 7
digitized process output signal. 1 13. An apparatus as recited in claimb5
wherein said signal excitation neans includes 2 a. first programed
conputer neans responsive to a digitized reference input signal and a 3
digitized priegess output signal to provide a digital excitation nmeans
output signal; 4 b. digital to anal og converter neans for converting said
digitized process output signal toK5 a prdéess exkjtation signal; and 6 c.
analog to digital converter s'T_r Jgnvgrtl g g process output signal to
said 7 djgitized processed output S|gnal 1 14. An apparatus as recited in
claim 13 wherein said identification neans includes second 2 progranmned
conput er3 nekhesontrolies zeras ar@;vpaseatttm sangel thembde goles, icl AFp B4b, Wivey wheresmband ¢

regul at oy desi es 4406z 04 rJu 20 3.2 a. ., third

pr ogr amved &% JP&%?%@J 8 @rffﬁrﬂé%saé\do&Za éﬂ% T ta%?é’F%ll?‘Pps%‘?néfeé
regul at o |f§nét@,§m(@)sx(g?lsta? prorirthtél By ti zed reference input signal and said
digitized process 4 o si gnal to provide a digitized regul ator nmeans

output signal. 1 16. An apparatus as recited,in claim15 further conprising

digital to anal og converter neans g § YR(s) ting said digitized regul ator
means out put signal to a process control signal . i 4406-04 19
Aaf A A A N AN AhL. Ar. A, _. AUL. AS; % Aa. A. AL A; . AN. Aue. AY(. AyS A (10)

1 0o o P bBaREBneaeth etent el el ek ohankes galealan
{uni d*"YSY] Cgk ﬁ@%ﬁ,@ k&34, ca U cha] cha

Ul c”a] ca] ca] ca] ca] ca] ca] ca] ca] ca] c”a] ca] ca] ca] ca] caV] ca] caV]ca] caV]ca] caV]c
aljcajca ? A

"' B2l Z*’\**++ 001%$1ztoj e calcalca cal c a‘]
caV] cal E:);1\/1 calc %‘]SE%WQPE é‘\/‘lqg?a]rﬁ";i E‘Ei‘@ﬁ%ﬂ%ﬂ\%ﬁxl}’ﬁ 8}’@‘&%& g%rctg%’ ng\%g
aJca] cagq lo§>}:)L In the method of the gresent invention, the controller zeros have been chosen to cancel
$1*1-1319101V1222223K3S3032333334P5] 55586: 627 _777{upj e_ZTje [ UW] ca] caV] Ca]

caV] ca] taV] thajmai¢l pelps a?];%];sn;g!éatw] is apa vkperladasificsthe pidcess] can \Weoxf | avst \dirdex
21 oabob boBnlak SRERC HAG S AH0R arler. Barnishiy isilatory peaceses AU passibls %@a

V] c*aV] ta] cadcafice]edalyand]cs atill ‘dave e sitedta heavy oscillation, and hence it is reasonable not
15 to create additional oscillatory dynamics by having complex close-loop poles. Real closed-
16 loop poles are chosen for the system instead. On the other hand, for non-oscillatory or lightly
17 oscillatory processes, the uncanceled dynamics will not bring the system to severe oscillation,

{_ 18 and hence it is advisable to introduce some overshoot by selecting complex closed-loop poles
19 so as to speed up the response.
20 For ease of presentation, some terms will now be defined that will be used in the
21 following description. The equivalent time con;tant 1, of a process is inversely proportional to
22 its speed of response. For monotonic processes, the speed of response is reflected by the
23 locations of the dominant poles. For oscillatory ones, it is related to the real part of the
24 complex poles which determines the system attenuation and hence serves as a measure of the
25 process speed. According to equivalent time principles, we have

26

4406-04
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.WV] ca] ca] ca] ca] ca] ca] ca] caV] ca] ca] c*a] ca] cav9z9999999999y<<>>>>77?27?1 ?2&?7?7?D?
G?1 ?M?P?U?[ ?~xqkf " YSj e _ZTje [UWV] ca W] cal ca] cal ca UWV] caV] £ m%gg&ca

UV] ca V]c™a]c”a] c2™a] ca] ca] ca] ca] ca] ca] ca] ca] ca] caV]ca

V] cMaV] ca] ca] caV] ca] ca[ ?7"?" ?2g?07?r 2w????2?2??2??2??27????????2( @ @A} xr | f a\ WKT " YS
j e_ZTje V]ca]ca] ca] caV] ca] cfaV]ca] ca] ca] cal] ca]ca W] caV]ca WV]caV]ca

W] caV]ca W]caV]ca]ca UW]caV]caV]ca W]caV]ca UV caV]ca

UV] caA9CDDs EEEEEEEEFFFFFFF;

G=EBCCEHA GEEEEE#H H vgl falVvj e V] caV] cal ca] caV] ca] ca] caV]ca V] c™aV] ca

V] cMaV] ca] ca] ca] ca] ca] ca] ca] ca] ca] c”a] ca] caV] ca] caV] ca] caV] ca] caV] ca] ca] ca/
H>HQHYHL1 61 : 1 21 1 JJIJKLLLLLLLLLLLLLLMVWEM M xrmg™ ZUj e V] c] caV] ca

V] c*aV] ga] caV] ca] caV] ca] ca] ca] ca] ca] ca] caV] ca] ca] c*a] ca] ca] caV] ca] caV] ca] ca
V] ca] caV] ca] caV] ca] ca

V] cMat N3 N8 NONXNCOHOMORO ) ghJ.0r O-xgkfa\ WRng™ ZUj e” V] ca] ¢
a] ca] ca] caV] ca V]c”a]c”a] caV]ca]cal ca & ¥ c”aV] ca] ca] caV] ca] caV] ca

UV] caV] ca UV]caV]ca WV]ca]ca]caV]ta ¥ g/aV] car OOOO0O00OPPPPPt QQT TUVWWWVWVVVWN
WANWY uoj e_ZS] V] c™a] caV] ca] ca] ca@]oca cabf-¢e<

aJ ca] c*a] ca] ca] ca] ca] ca] ca] ca] ca] ca] calca] ca] caV]ca (11)

V] cMa] C?V] ca] ca] caV]ca] ca] ca

Y b A 27 a6.€ S b3 Hp drdiNé s Mhat/ dafl b bbtaindd €rodS{7)V Another variable of

VINNAINKOSOOREY
V] cal oo cavesat oot disopib BN ARITEG 08 VBRI AT g  dfind as

- ;E’ b2 -4ac<0,
( S0 = 1,  b2-4ac20
5 (12)
6
7 with g, b and ¢ being the model parameters. The solution [to the regulator design?] will now
8 be presented by separating it into three cases.

Casel. ¢,>0.7071 or L <0.15 or —Ii>1.

To 7,

10 Complex closed-loop poles on the root locus are chosen based on the reasoning given

11 earlier. In order for a pair of the desired poles

b S"““f"ngnijwn\l]_gj

12

13 where ¢, is the closed-loop damping ratio, to be on the root locus for the system in (10), the

~

14 phase condition

~@,yI~¢:L—(m—cos’'g,) =7

15 (13)
16
17
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1*151CT]111111]1111] zuojd_YT]
V] caV] ca] caV]ca] caV]ca] ca] ca] ca] ca] ca] ca] ca] caV]ca]caV]ca] C.ﬁ-}tpgjﬂgzﬁgbga] caV]
cal ca]ca]ca V] c™aV]ca] ca] ca] caV] ca
] ANNANNNENT NP QANNNANNNANANANZ T B h w y  ~ " " " {vqgl ga[ VQ d_] ca] caV] ca] c*a] ca] ca
] ca] ca] cal caV]ca WV]caV]ca]caV]ca]caV]ca V]c”aV]ca]ca]caV]ca] ca]caV]ca
W] caV]jca W]caUca]caljca aaaPb[ b] bj bwb( d4d<dBdQdddddddde
e%' ePe_e{vpke [U d_]caV]ca] ca] caV]ca]ca] c”a] ca] ca]caV]ca]ca]c”a]ca]ca]ca]c
aJ ca] ca] caV] ca V]c”aV]ca] ca]caV]ca
V] c*aV] ca] caV] ca] caV] ca_egereve*f 1f & Sf Uf hhiii"i $i +i j doppuq}gqqtttbvvfxx=yz
ijpk}‘ a\ }N:a}/] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c*a] ca] ca] ca] ca
cal cal ¢a .cal ca] caV]ca V]cha
=yyyyy! (zi{ { I{i%l\{ll)%?gla@ﬁég’ l%ﬁl }gqqtttbvvf xx=yzupkf al\ WaV] ] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] c*a] ca] ca] ica] ca] ca] ca]] ca] ca] ca] ca] ca] ca] ca]
ca] ca+dB! YOLOYMVE' () -y! YULOUKKE ()®y& C() - m&y#10%V& () - mM@¥10%VE' () - Lf
109%VE' () - GAYNC! 10M 10M 10MYl =s10%vE (DhE—:
10%v&' (p-,) Z%40%VE () - YOLOWNVE ()-yYYdOo%vE ()-y$' *{aBYNC, nPd0% (14)
U& ()-!'!, nmPd0% U U& ()-!3 $10% U& () - OF+ 10% U& ()-F10% U& ()-3@10%
u& () - | BexBhearagnitedelgandition i @9signs tie valuenefi#aes US () - !, nPd0%
& ()-'10,md0% " & ()-!, nPd0% " & ()-!nbA (10%& ()-"| $10% U& ()-nm $10%
V& () - m#10% U& ()- 10 k =aw,e .

4 (15)

5

6 Simulation results show that the feedback system gives satisfactory responses if closed-

7  loop poles of damping ratio ¢, = 0.7071 are chosen. Substituting ¢, = 0.7071 into eq. (14) and

( 8 (15)resultsin
k= 0.5064
L
9 (16)
CaseIl. ¢,<0.707] or 0.15< L <l
TD

10 In this case, we choose the closed-loop poles as real double poles on the root-locus. Its

11 location is selected to have a similar response speed to that of the open-loop one if it is
12 achievable, i.e. it is before the breakaway point. Otherwise the breakaway point will be used.

13 Inorder for

g §p,=— L
TD
14 to be on the root locus,
L
k= -—I—e o,
TO
15 an
16
17 To find the breakaway point, it is noted from eq. (14) that
18
19

4406-04

13



.U 10 U 10 U3F=s10% U& () - AQ xV4bA! ) 10%JU& ()-!) 10%JU& ()-!) 10%JU& () -

) 1098& () -1 (10%JU& ()- ! (109U () - *W aBbAl ); 10% U& () - 0YU980& (Jyps0Yoa0%
& ()-x 0Y%d0% & () -x/ @A0% U8 ()-1)10%JU& ()- _abcdshCl )&

109& ()-r &RLOY& ()- & $109& ()-#109%& ()- 10 U 10 U 10 U3=s10% U& ()-| (A
A2bC YFOLOUR' ()- !, y(109%ZZ& ()-3!, y( 10%PP&" ()-39s10%&' ()-& 10%&' ()-r&

109% & ()-TA ]

"2 HYEEDC! ' mPA 0% () - @ mPAOYE () - @ mPAOYE () - @ mPAO%E () - @YA0%E () - YYAO0
08 () - 9RRRRRAM) *hCl | %0% & ()- | %0% & ()-#10% & ()- 10 10 10Y=109%& ()-;
109 ()-* +-.!0{00dEbC! ;

10% & ()-94.0% & () - 294.0% & () - Z94.0% & () - Z94.0% & () - 294.0% { & () - Z00000033
4721 1 %109 ()- *10% & ()-9 $10% & ()-s#10% & ()- 10" 10" 10 1=t 10% & () -
A5TTTTTXVS 2?1 7

-1

cos g, | J
IM1wn=IM1 'Z?t;{— L
Sn1 S51 "
2 (18)
3
4 Hence, the breakaway point is
%J=_,:Fﬂ%J;;E=‘%
( 5

6 and the corresponding gain is

P 1
kbreak= —5€ L s=——f = e—L-
7 (19
8
9 Therefore, the value of k should be taken as
_L
k= min{ie %o , —1— }
T, el
10 (20)
Caselll. £ > 2.
TO ~
11

12 Processes with long dead time tend to produce very slow responses. In fact, the single-loop
13 structure is inadequate in handling such processes. One possible solution is to apply the
14 Internal Model Control (IMC) strategy to compensate for the long dad time. The controller
15 structure is shown in Fig. 6. The model of the process is denoted as (¢ (s) in the figure, and
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10% & ()- 0*109%H& ()-!Y*109%@@& ()- " *109%& ()-!*10% (& ()-!0*10% /& ()-788
888 88i 8bCl 109B& ()-#109B& ()- 10/ 10/ 10/=s10% & ()-, <10%f ()15 8903

10% & () -i 8888888} ~<bCl | 6@ 109BB& () - Ss109B& () -

P10%eJ& () - 1098B& () -! PLOYKIKE () -

109 () - 88899997?bCl ! 99! s109B& () - ! s3109%BBE& () - @s109B& ()-! s(109%BB& () - *
109B& () - 109B& () - 999; y<<=}~?bCl | 00Y409BE& ()-/*9409B& ()-!z, $(109BB& () -
1, $(1098B& ()- *! 109B& ()-9"s109B& ()-=>>>>>>>?bCl! 109%& ()-, #109%& () -
10B 10B 10B3=1098& ()-; 109B& () - OYIL09BE& () - ?r 22?2?22 >bCl ! AS109& ()-) 109%T
T& ()-&s10%&' ()- s10%& ()-!sl0%r& ()- s10%&' ()-?(@ @@ BICD} [ <bC! Y%A 0%&' (
)-s!,, (10%d& ()- !, (10%& ()- &$10%&' ()-&YA0%&' ()-! 10%&' () - DEFFFFFFaB7C
10st10%«&' ()-; 10%& ()-37Q40%& ()-5 10%&' ()-!L3 109& () - Y94 0% () - SFFFF;
G=GGG KC! 109s1098& ()-!, S109BB& ()-- &s109B& ()- & 109B& ()-, #109B& ()- 10
10GGGGHHYHI } [ 9KC! I T A e

) 1098BNB&' () - ! YSS10%8S&' () - 9F109B&! (G(so&%g&;()- 1> 109BB& () - &sf 109B& ()
“1 JKLLLLZ[ 9KC! ! 6109BB& ()-, 610% & () - ,48*+@E0YRR2RE () -, 0A0YB&' () - Y! 1

) 109BB&2()-! ) 109BB& ()- LLLLLLLLLXmbC! !, #10% ()- 10B 10B 10Bl =" 10%B& () -

+8109B&' () -, <109B& ()-8 .. ) )
1008&' (- LR et thad BuskL pae.givanga (op(8%: The.conirallapis pow madifiedoig: ()- 1L
10%
2
K(s)= a;‘ +bs+c
(—sro +1 )2
a
4 21)
5
‘ 6 where T, is the equivalent time constant defined in (11) and « is a design parameter to adjust
7  the speed of response. The larger the value of o, the faster the response becomes. The typical
8 range of a is ae[0.5,5]. If the model is exact, the system will have an equivalent transfer
9 function of
_ 1 —~sl,
H)’r(s)_ [_l—sz_ +1 )Ze
a [+
10 (22)
11
12 The dead time is therefore brought out of the loop, and the speed can be chosen to be as

13 fast as desired by selecting a large o value. Since this inevitably increases the size of the
14 control effort, the limit is set by the saturation of the control signal and the accuracy of the
15 model.

16 When the regulator 54 in Fig. 2 is designed, the switch 44 is connected to the lower
17 node 56, and the auto-tuning is completed.

18

19

20

21
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& ()-19L 10% ()- MVMMVNNAENDC! ! SIF( 10%&' () -s! 109%& () - y0

109& ()-s109%& ()-Of 109& ()- S109%& () - NONXNNCO O OMUmbCl S5 Jly 2003

1098 ()-102' 10%& () --1f YO L0UKK& () -1 1Y% 100FF& () -1 0f voi 100n8"Y PP z0f vog
109%°P& () - ChO CoOpQOyOr OOOhC! S59, 10% & () - #10% & ()- 10 10

10Y>10%&' () - (, 5109%&' () - S&<109%& () - OOPPPPQzX6bC! ! A( 10% / (/ & () -! <( 10%#& () -
I (109& ()-1c(109% ()-9 $10% & ()-! 9 $10%

& ()- QX QQTTTU AbC! I A. QA0% & ()-. A0Y& ()-"(10% & ()- !"(10% /& ()- !

0d0% & ()- (10%"& ()- UMMWAYNC ! A 10/ 10/ 10/ S>10% & ()-, <10% & ()-9
10% & () - 9649%4.0% & () - 449%4.0% & () - VWWWWW W 2YNC! | A09  $109& ()-D 9

$10%& () - D' 09 $10%3 G & () - D&y10% & () - 10% & () - 3#10% & () -

51050 & 1) - KX BTTd hd TollS i oo G0 Ging Dravkssdiycn) e anete fintion

Z°/<10%& ()-0@10% & () - &MVAOY | & () -1

0$10% / & () - @Z2ZZ7Z82DZbC! | Ay 109@) é}—ﬁ%@%é—(i}z——}@f’ 10/
10/ FF >10% & () -, <10% & () - 34&109%+&" (YSDE&y+3¥32A)[ 9bCl ! | (10%+8& () - m FLO%&
()-1Pl 10%&: ()-2ZI 109%: ()-Z' 6F 1096X& ()-!yOF 109%& ()-Z[[[[[[}*=bC !!

?11:)?)/«%‘02? fﬁ_&éfg’ﬁaﬁgﬂ{f}& gé‘i’ﬂg‘)‘%‘ 10W&0§5)16:V£&1?)0/& (2)6{$100/&' () -

G(S) ; 1 e—Z 289s
2.921s° +6.536s + 9.031

5 The PID controller is designed to be

1.998

K(s)=1446 + +0.646s.

7  Since the process is dead time dominated, the IMC approach can be employed to speed up

8 the response. Choosing the value of o =2 in eq. (21), the controller is computed to be

2
K(s) = 2.921; +6.5365+9.031
(Exo. 894s+1 |
9
10 The control performance of the IMC and PID controllers is also shown in Fig. 7.

11 The performance of the IMC controller is an improvement over the PID controller. The

12 speed is much increased, and the settling time and overshoot are significantly reduced.
13 Although a preferred embodiment of the present invention has been described above, it
14 will be appreciated that certain alterations and modifications thereof will be apparent to those
15 skilled in the art. It is therefore intended that the appended claims be interpreted as covering

16 all such alterations and modifications as fall within the true spirit and scope of the invention.

17 What is claimed is:
18
19
20
21
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10%10% & ()- !3"f)10%H& ()-!$"f)10%& ()-]1111]
9s10%&' ()-, #10%& ()- 10 10 10y>109%&' ()-<10%&' ()
& ()-y!09#10%#) #) & ()-Z'9#10% T )T
& ()-Z9#109%&' ()-Z9#109%&' ()-Z!'x9, " 10%&' () -
A arnAMMN M WIBb@ N sl (109 () - sl (10%~&' () -!'sl (10% i
& ()-!'nsl (10%& ()-!'0sl (10900& ()-!.,10%& ()-y*Z b e f g h ww aB!'" sl (1#10
%E ()- 10 10 103>109%&' ()-, <109%& ()-.nmA0%& () -
0. A 0% ()-wy " ~aaPb}”~?l aB!' " sS$10%vE () - 0S$10%VE' ()-!0S$10% i & () - |
"10%E& ()-@N
"10%VVE' () - @O%VE () - Pbj bwbc(d4d<d}”?l aB! N s<10%WK' () - y#%d0%VE' () - Zy#%d 0%V
() - Zy#94 0%VE! ()-2Z!' y#9%d 09K () - Z! Oy#%@bz<d?d@md8dqjddd~\ =" "10%
U ()-!'""10% & ()-! "10%JU& ()-#10% = M 10M 10M
>109%VE' @) - d/e'AeRgpearatdsifarestimating the ¥FbQléncy re8pénse of'd (heAr8tableprodéddémprising;
-& ()-t10% " & ()-gl 10%. - L :

3 a. signal excitation means for providing a process control signal including a process

11111b@!11s09, ' 10%& ()-
ST 2R 288%

critical frequency and a plurality of signals of different frequencies; and

b. identification means based on the fast fourier transform for estimating a plurality of
points on said frequency response of said process from input and output stationary
oscillations of said process.

2. An apparatus as recited in claim 1 wherein said signal excitation means includes
a. astandard relay for providing said process critical frequency; and
b. a parasitic relay for providing said plurality of signals.

3. An apparatus as recited in claim 2 wherein said parasitic relay is set to flip-flop every -th
period of said standard relay, where % is selected from the group including .5 and positive
integers.

4. An apparatus as recited in claim 2 wherein an output of said standard relay and said

parasitic relay can be biased to output a signal indicative of an estimate of a static gain of

said process.

4

5

6

7

1

2

3

1

2

3

1

2

3

1 5. Anapparatus for tuning a regulator in a controller of a process comprising:
2 a. means for estimating the frequency response of said process including

3 1. signal excitation means for providing a process control signal including a
4 process critical frequency, and a plurality of signals of different frequencies; and

5 ii. identification means based on the fast fourier transform for estimating a
6 plurality of points on said frequency response of said process from input and output
7 stationary oscillations of said process; and

8 b. regulator design means for calculating parameters of a regulator, said design means
9 using said plurality of points on said frequency response of said process.

1 6. Anapparatus as recited in claim 5 wherein said regulator is a PID regulator.

1 7. Anapparatus as recited in claim 1 wherein said regulator is an IMD regulator.

1 8. An apparatus as recited in claim 5 wherein said regulator design means includes

2

a. means for canceling model poles with controller zeros; and
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10 10F> 109%&' ()-,<109%& ()-& 7 109%& ()-\rr:sttt, uaBbC
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3 b. means for computation of a constant gain of said controller; wherein said means for

canceling and means for computation are used to generate closed-loop poles for a
controller feedback system.

9. An apparatus as recited in claim 5 wherein said signal excitation means include
a. a standard relay for providing said process critical frequency; and
b. a parasitic relay for providing said plurality of signals.

10. An apparatus as recited in claim 9 herein said parasitic relay is set to flip-flop every k-th
period of said standard relay, where £ is selected from the group including 0.5 and positive
integers.

11. An apparatus is recited in claim 9 wherein an output of said standard relay and said
parasitic relay can be biased to output a signal indicative of an estimate of a static gain of
said process.

12. An apparatus as recited in claim 1 wherein said signal excitation means includes
a. first programmed computer means responsive to a digitized reference input signal » and

a digitized process output signal to provide a digital excitation means output signal;

4

5

1

2

3

1

2

3

1

2

3

1

2

3

4 b. digital to analog converter means for converting said digitized process output signal to
5 a process excitation signal; and

6 c. analog to digital converter means for converting a process output signal to said
7 digitized process output signal.

1 13. An apparatus as recited in claim 5 wherein said signal excitation means includes

2 a. first programmed computer means responsive to a digitized reference input signal and a
3 digitized process output signal to provide a digital excitation means output signal;

4 b. digital to analog converter means for converting said digitized process output signal to
5 a process excitation signal; and k

6 c. analog to digital converter means for converting a process output signal to said
7 digitized processed output signal.

1 14. An apparatus as recited in claim 13 wherein said identification means includes second
2 programmed computer means.

1

15. An apparatus as recited in claim 14 wherein said regulator design means includes
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" #$9& ()3 +, - . | 01EBYBBT@Oresponsive to said digitized reference input signal and said digitized process
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1  16. An apparatus as recited in claim 15 further comprising digital to analog converter means

2 for converting said digitized regulator means output signal to a process control signal.
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