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1. 1 AU IF1—=Fa2bA—-S5SOFEREENER

1. 1. 1 s

1 8 HHAEHKD Watt 1T & 2 ZSHERIFEMRICHEZREL, 193 0ERCE-T, &5
2 [HEHE] OBRAIMBRIT O N 3518, 2oHii, BECHEMAHAMES
2L LEIBRREINE BB L. I3 TORMIREENS, I8 S o8 HBEm
THBLWIBEET L bDTH o722, EEDT S b Ohizid, B2 ->TE
MRS 2 C LOEEL 0, HDvix, BHIRERM & P EERTIE U TEE T
LI bDIBELFELTYS, LA o T, FIEERCET 25 EAIIITh N
Z2—HT, £E79 Y M~OBACELT, BLOMEIE LS Ehd, BE L EE~D
WHEDFyy 7HRELBEE R-TE. LT, ZOMEBREENSEOET S " A
FEDS 7 L) CLITTHEMREINE LIk o, ZDE I BFHhoRT, FEI 2
WD o 7-RIBRRETS, BBUThRB LIk, #hbix [EhE ] & [axn
Z M KRG SN THIESED bz, fiER, FIENRORHED S 2HLZ4HE
L, ZOEHREFIHRZINCEHY AL, SRICESTWTET L WHIBRSEE 2175 &5
MFEELLTEZDILNTESL, ZOERIBCHEICHE, HEHEZ 2518
Wi BEEEME FEL L TIRABI LD TES, —HBE, MEPZOKRE %5
b o TER L7 ET, THEDP S I LSRR GIBRBRET 21T ) RFHFEEELOND.

BIOHEENCE T AR50, 531 95 0FERMIIICIAZ oot v B, &I, -
ML Ty FADORAPERTH o7, 208, 196 0ERITE - T, FoHE O
PEANATONE I 22 ), [EeFE] & L COBERNLERIMET S nr-D, BISHE
i3, REFFEOERSEVTFa—=vravba—523) (Self-Tuning Controller:
STC) & EF NHEHHEEEIEYS) (Model Reference Adaptive Controller: MRAC)
KRS NS, FigE, SHERHEORMEICED CHERROFIMEHER £ ¥ X 7 AFEH &
RRIE S EIGTAELEZ oS, — 5, MRACR, MERIHLTYTT ) 70K
EmPRRT OBZERERACT, FHROLEWEREEEICED W CHIBRRE 2T
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bhi, MRACE, §ROLEHICEE 2BV TWAL I 2L, HRIFZRIZEAR
Tz dbon, ERLICHVTWEVEWIRBBESERINTVWE, 20OEKT, ST
CitEIRIREIIEDTHH, ERAMISIIR I N FIHRREITHE EEL LN S,

1. 1. 2 ®ATFa1—=2FarhO—-5SOEKER
STCIE, & L THHEMERRAICH L CHERFE TR TWS, STCoO
A%, Fig1.1 IR,

parameter parameter |
/ calculation estimator
u |
w t controller L system -y

/

Fig.1.1  Block diagram of the usual self-tuning control system.

T DEFRBBIL, Astrom HIC Lo THO TEEEN2 BN TH B, Fig1.a1 2 o5
558912, STCI3ODHSDLBRIN TS, TF, /85 2 — S #EH (parameter
estimator) IZBWT, FIHMNROALNT - 2o ARDBRERIET 5. XRIZ, #E
WG RA—=F%HNDINT A—% LR% LT (CEFH : Certainly Equivalence Principle),
VRAFANG A= 6T PO NG A —FITEERIEFTIDD, 8T A -5
#ER (parameter calculation) TH5B. THE, YAFANRTGI A—FLarba—)L8T
A=t wEEoOT - EES (Diophantine equation) WCE ISV TITHIE, 2 ba—
WG A—95EtE I NE L, e AW THIEATI»HIHZE (controller) IZBWTH
B NG, AN, SHEREOR/MEICESWTER IND , HDHVIZET LW
ROBEERET IREEHHEFAIEE LS TS, LD L I %R STCoKEHE, M
#EISTC (Explicit STC) &b, GlEHMRORME (KEE) 2L L - LTokE
RFEHERTE S, —F, BERSTC (Implicit STC) &, 2 hO—5/%5 X —
YEEBHEEL, TNERCTHBANPERINS., Thbb, /3T X -5 A
B, SHEREOEMLERS LS TE S, RBILTIE, MZFOMBECESNS
TCOEFHIODWTHEET S,



1. 1 STCOEESE L EAMERN

1. 1. 3 ®ITFai—=7aLbO-SOESE

ZZTi, STCOEBIZOWTHEIIARS, STCOFERICBWTY, HeDfl
HRIDRE ST E L GHIRALE, BICHBR7: & ) KFHIESE O R/MEic o v CEE
ENBLDE, BMEBEEICESHBEEIE AN SRS, §FEOF Y JF ML, Astrém
bIT & o TRES NRINGHEIERRS) tH 2. chid, XA & S 2B O R/
Lic oW THEREY SN 5.

minimize h@y;m@w+L+n—w@n% (1.1.1)

T, y(k) TN, wk) ZERELRRLTVS, $72, LHENROLZRETH
%, GHHROBE IS 725 TR, y(k+ L+ 1) HET 28 FEMEg(k + L + 1/k) %
FEL, ShPwk) ITELL %D L) REBANRRE S NS, BRI, =
YO RO ELE LT B2 L0, SRS T 240 LTRA
NHRTH D LV IEHFATMENns. LB, GEREOEEIEETHL Z Lrb,
DL, FEFTAHVIERICHLVWELETH S, COMELBRETAE-DIC, £
 DEFFEHRES % &Nz, 2DV EDIT, XROFHEREOR/MUIZED { — LB/
Hie)-8) REaMi RN BRI 5 3.

minimize Jo(k)=E[{y(k+L+1)- w(k)}2 + w - u2(k)] (1.1.2)

u(k) AHBATZEL, wdZDERMBEERL TS, 23 DHIBATICHIREE 72
&, FADOREEVTVSE, BVBRINE, AFECLINwDBRICHETLI L
T, HHHROZEEZRD LN TED L VI EZERLTWA, 35T, tr/P M
FANTHBHAH LT, ROFHEREOR/MEICET { —BALTFRIHI#10-12) p$r %
¥ (A

N M
minimize J3(k) = B[y {y(k+7)—wk+i)}2+ > w){ulk+i—1)—u(k+j~2)}?
=1

Jj=1 J
(1.1.3)

ZDOFEIR, TR AFEEEEIY 0 FESE S, I HiT — AL RN B DR A
TRX2DDTH S, AFEEICLY, MBS OR/MEICES STCHBEICIE, ik
DILEFE OGN REI DR S LA REE & o 72,

—%, RNEEZER 2D > 2HENRT R bLIERMMRET 24 ) —20DT 7
n—F& LT, BREEEIEREIN TS, BEEERE, MV -7TROMFERZES LV
HEEMDE LN LY KRBT 2 L WIFETH 2. BEBECET LML, 7L
HRETLEEEETHOZED)-18) 24ke2s &, FHIEOEEILENTYS, ST
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C TOBBBENRKETTIE, Wellstead 512 & 5 41E19:20) psgbk b oTn3, Zarrop
bk, avbu—-9515 2-%%, HEMCECHETIHELER,OFHETLIDOTE
, HAODGHOB/MEIET W TERETT 2 BEREBE2REL Twa2), Allidina 5 i3,
R & BREFINEOHK—RE HEZR L7222, $72, Mo b3, MEEICH
DK BEREEDOHERND—DTH L HTHIOFEE AV wH L WiRERERE 7 v
Xh%5 2728, 8512, KRB FHEREOR/MEIcES W H@EIC BT 22
FO—FNRF 2—-% %, BREBERESVTHREITZLWVIZELTHLATNS24)-20)

STCRHETAEEHNELER, 197 0FERUEICRoTL )R UTbh, HEE
RIS LT, EFVHERECHEEDOL I YT ) 7R RE 7 DEEERICES»
TERHATE 27, R E L THEERER->TWE I er s, RERDEHLS
fELIT Do T B, Ljung? - ORIE T, BREB/N 2 L icRESNIHEERT
VT XA DA EPCREIRENTWS, ZDT%, Solol, SVF V¥ —VOBE %
AWT, BANT A — 7 [IEEIC L 535 2— 5 OPEEHEOLME % EH L 7-30). Goodwin
bix, FRENT A -y FAEEL AV TRINFEEIBERICES S TCORERZRL
T332 vdstie 51X, TEGEUEEZ b o BRB/N2FIEICL ST CORER
ZRLTWS3), F7#2 Landau i, < NF ‘/’7’—-)1/_0)‘@?%@0 T, BEERISTCOA
HEEERL723Y, 2612, Tsiligiannis b iz — LR/ OREHE 2 HER
ICBRE L TERL T3, |

1. 2 AHXDOBHNEBREDER

SHEHE O R/MEIC DT FIIREET TR, DRIHIERORELE W) 2 L35k
SHRBELL S, oF ), RELFHEEEE CICEAMREOBUHR IR, GIHROTEN
PUHEERECEAT S, B, RETT20IC - TERLE, BEKD 2REITIHIER
DHE 2 WPREETIHENI L THD. LzdoT, BEAMEMEBRET2HED,
HHROWE 2+ ICEB L L TOREIVEL 2T D, SDEHIRELLE, &
R, GHROEE EOMNBICERET AP EVIMBEIIREEINTLE ). LT, &
BEFHRORET L VI DO EELRMEEL 5. #2 T, XFX T, HHRZ2EBEE
I o o R - -

Y, L2ETKR, V7 Fa—= v/ BREFNPROKRENEICOVWTERET S, &
DEE, HHRE CARMA (Controlled Auto-Regressive and Moving Average) &
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FITEER L, FEENEL LHEENBLOMNME Nz EF VTR T3, & TEETLHE
MELE, SNELOTERIZEENTH 245, ZOHEIIRMTHD L T2, T/, HEENELZ, &
T AMARME L LTERTS, Lb T, AR TREENELEBRET L2201, W
HEFVEHICESOWHBEZHAVS. 7, BENEINT -y FAEEELS5 2
BEEZLNDWD, FOPBELRRT B85 A — 7 AEARICOoVTLEET B, X
52, RFHEI L 2EMAROIEMEEICOWTERT 2%, kic, 33T, &b
SEENCE D W2 VT F 2 — =V S BEEGTEROBEEHIOWTEE TS, F2ET
RN LHEENELEEZE R 7208, 22Tk, ATy 7THNELCREL TEET L. 20
&, A7y THEBOEEEIRI L, N2 MEREEZERT L2012, HIERICESEH
FASINDYS, CORGHRDTEAR, —H THEM/ELOSEREBIEEETLE ). £
T, $3ETRFHORE LR, ToRMUCESATHBAIZES, 2hicEdInsd o
VhO—9 N5 A— Y R BERETLILNV T Fa— = VS BRBEHERICOWTEET
%26)38)-41)  Zigiz, £4ETE, P IDFERDICETNESTCoOFEzowTH
8275, LZE7 0 RAREINL T 0L AR TE, 4% 8P I DS O G
BRICEET 5 L2 APAREVOPEIRTH 28, PIDEHERICBWCEELMEL
ENTVEZDN, PIDFA V2 DL ICHAEDLVRBETINEVIZ ETH S,
L7050 T, BABIIBWC, PIDFA V2% T N T7F2—=v 2P IDH
HMRMWZHET 2. T E, RO FERNEZ DL IR I LWV T LK
ERMEE R, FITR, EELT, GFEENOLDICHT 7 LMEScBA LB
P I DHIEZR)) DREHECOVWTER TS, ELKRELETE, {LF7O0LID
—DTH BRI AF UV VEARKICHORENHMECERZ L -FEeEHALY), 20f
S BUEETER R O IREE T 5.
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T TF 1 —Z TBREEEFIHRDERE

2. 1 #&

|

BISHHHFEDO—2ThH BN T7F 2 —=7 2 0 —F (Self-Tuning Controller;
STC) 1%, B—AHNRB L OF/MIARIITL, TOEREEhTE Lz 52,
T, FAVINAE2—FDERIEN, ESS ML TYA 7032 —%
ZrHWAZ LT, HHRDERMPESIATASL L)Xk oTE, LiL, RO
BUCHA L, BERET TORFIILAETHY, EVATANOEHREEZ 2L &,
EBROMELOF vy 7B LI LSRRI N TS, 728 21T, EEEERICER RV
FEMEL CEHRLT 28, ERFRHRAPRMIERTH-Th, +r7 0 YIHERI L
D, EEEEERICAEERAMSHEET2 LV IMENER SN TR BY, 512, ZOH
BICEELT, VAT L20LPEEZ EOLIRRETRIZREVWA LW T L EELRRM
BHO—2EE3NTWE, SRTITI, LB L ) RRET L THE4OFEIREEINT
2729718, CNLRRE(HOUYT, 20DFERICRITAHZ LAITER, —DlF, —
LR/ N BRI -0), BAY & BN EREIIED & 2 v i — R L FRlEEESY) 12
REFEIND LI, FEEHORMEICESW B TH 2, T ns0FEE, SHOHH
WCHEHADESSHARENTE Y, ZOGEAANEIC» P2 BEAMEBABIET L2 LT,
HHRNEEIL*EHTLINTH S, 3 ) —2iF, BEEERESHHHARZRSTH
510)-15) gy, HIMRREPEDIITZ S Lo EFRE b o9, flfRo%EN
PEBROME OV TOMENE, BATEBNICE > TLE I LW IREE LD, —F,
BEIHEHROLZEL L FROBE L TOERE L2 LT, HRTETIMTA 5 Lvot:
Fzbo. LoL, STCORFIIBWTIE, HERNELOA D TME NIz T AT 215
THEENFRETH Y, A7 v TIRNELR BEASLICRE I N ENEL 2 fie T D
VAT AFT L TCOERE, EEOHMBBY 23 NTwi v, £2T, AETIIEE/EL
EHEENELDIICTFAET 2R T, »OUAZEESRMTH S VAT A LT, BEEE
DEE D SHERKE 21TV, ThEBBECESWSTCANLIET 5.

T, 2. 2ECIHBEEHEROFEHIOWTERT L, BREFVE LT, BE
AELB & OFERLEL A IN S 172 — 7% CARMA (Controlled Auto-Regressive and



2B YIVIFa—= v rBEEHER

Moving Average) EFIVEHWS, RIZ, 2. 3H TR, EEL/-BREEFHRICED
WSTCTPNTY XA T 20017, ok &, BENELICL DT A—SRED
B EZOND 1=, TNEERT /37 A —yRAEELRET R0, 2512, =
CTEBRLENS A— I REEEOESIMB L VT F o —= vV BEEBHE 7 VY
X LDEHEERIET 72018, WS OhOEEFIERRERT. 2. 4H TR, EEL
T2 VTFa—o v BREEROBEMEE D IcoVwWTEET 5,

2. 2 HWEEFERONE

2. 2. 1 FRIBEDOGEK

HHRERT 24T 8IS, R E2ED L I EEFEFNTRBT 20 LI T L
RELZHETHS. TR, WEROHFEATRKREZEDZVE I, XAD L%
FHeENEL L HEENEL M ENZCARMAEF VERWTEET 5.

A(z"Dy(k) = Bz~ Hu(k — 1) + C(z" 1)k + d(k) (2.2.1)
2720, AT, B hHYsrvecz"hHig, kRELLTHILNE,

A D =14az  vasz 2+ .. +apz"

Bz =by+ b1z Lt boz 2+ ...+ bpz™ (2.2.2)

Clz=1+cz7l+eaz 2 +.. . +¢z!

T, u(k) BLUy(k) L, BMEEBLUHBEEZRL, dk) B L UE(k) RS
BB L URERNELEZRL TS, 72, 2713, 2~ ly(k) = y(k - 1) 2 ER T 2EMEN
ERZERL TV, 221)RE (222 R LB VAT ABLUEHEBEw(k) KL, L
TOL) REERT B,
(e Al

(A1) XAz, Be"H)BLUCz"l) oXk#in, m BLUOIEEMTH 5.

[A2) 785 A—% a5, B;BE IdRETH 5.

[A.3] d(k) XRHTH 505, AFRuMHENETHY,

D(z"Nd(k) =0 (2.2.3)
¥WMETS. 727U, DY) iR, BESENT

!
Dzl =14diz7 +dpz? -+ dyz" (2.2.4)

-10-



2. 2 WEBHIHADES

THZLNA, T, REABLUNRS A—% di(i = 1~n') BEEME T 5.
TIT, WESEREIL, FOTRTOES BTN B & CEAHECE
ET3 (|z]<1) ZEHRAZVWY, DE ) =03ERZ %200 ET 5,

[A4] ZHERAG-HD(z"1) £B(z7)) DFEEFIE—XKML & T 5. 72750, A=)
BLUBGY ik, #hEn A" & B! oiEEEERL T3,

[A5] BEEME wk) ZAT v 7HEETS2 50 5.

[A.6] C(z~ 1) REIMEREZERT, f(z" 1) :=[{DE"DHC("))1-1/2] RIEERK
([48% Al B8) PBALT 5. #2721, Ce"hikc)) nHftEEzRLT
BY, BERELENL T, TRTCOBEFEMENICEETS (|2 ]< 1)
ZENEV), T/, =RBEENTHLILEERL T3,

A7) AHIEEZ2LBHINERONS PV

up(k —~1),up(k—2), -, up(k —m—1),
np(k—1),ms(k=2),--- sk = T (2.25)

7272 L,
yp(k) := D(z" )y(k)
up(k) = D(z7 yu(k) (2.2.6)
ng(k) := D(z"")n(k)
A LT, RAEMET 2 EETF RAFAET 518, 2T, k) dEafRK
7 AT (k) DHEEEERL T 5.
N-1

lim %;)w(k—nw(k_n - R (2.

N—oo

®
X
=
S

SO {(R)} EREMES Y AHEERFITHY), UTOL ) HMRELXHET S0 ET 5.

(k= B]
B.1]
=l
Ble(k)] = lim = 1;)&/»):0 (2.2.8)
(B.2]
N-1 . )
E[e(k)] = lim — LX:;) (k) = o’ (2.2.9)

~11-



#oE kNI Fa—= VI EREEES
[B.3]

N-1
BleE(k+7)] = Jim = ST ERE(R+7) =0 (r#£0)  (2210)
k=0

2T, B[] BREIFEEZRL TS,

(223) RaWRETE2HEENELE LUTOL I B borELbN5, Bl2E, D1 =
l—z7 1&g, ATy 7 PRNELEER BT EWITES, T2, D(z71) = 1-2cos(wT)z" 1+
22T, BEEVERAT, RIES &L OCRADSREN % ERRER ORI EL 2R D &
ENTES., 2L, TR VT VTHBRERLTWS, 37z, TDBEEWT # 2nr(n =
0,4£1,42,---) EF 5. 512, D1 =1 =" L ¥, B OEEIESEL%
ERBIEDTED,

PED & BIRHOTT, (22) NTHBENL VAT AL, ¥V TFa—-=V
VBEEFIHRERETT 5. 72720, A PLEBITEZV AT AT A5 ITRMTH
B9, T2 TR Az, B ) BLUCE"H) 2o Twa E LT, SRNDETE
JEEZRL, 2. 3EICBWTRFELWEECEINASTCIHET 5.

AN, AREWHET B uk) LV 52603,

R(z"y(k) + D(z"1)S(z"Hu(k) — v - C(z"Hw(k) =0 (2.2.11)
22T, Rz ESE) kowTik, BEBCESHTHESNIZERT, +n e
n, RALELVEZLNE,

R(z_l) =ry+ r12_1 +roz”
2

2, ... —(n+n'-1)
T Tagnio1? } (2.2.12)

Sz =1+s127 459272+ 4 502 ™
(2.211) RSB B R(z~1), Sz~ BrUwE, FHIRORERRLHEROME % K&
(EAT%. 22T, INLOFERZERNB LUNT A =5 D BEEEDBAL bIKE

TEHEE, REICBWTEET S,

2. 2 BTz
9, (2.2.1) R & (2.2.11) ORI B HHR ORI — T{EERFEIC O W TEEET
5. (2.21)30& (2.211) Xr Ak %2 185,

2.

{D(z"HSEHATY + 2 RETHBGEDy(k)
27y OBz Hw(k)
+D(z"H{S(="HC(=hek) + S(=7h}d(k)  (2.2.13)
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2. 2 BEEHHZDERE
Vi, (22.13) ROEDOZERE C(z~DHT(z71) £BL. Lo T,

C(z"HT(z™1) := D(z"1)S(z"1H A=Y + 27 R(z"1)B(="1) (2.2.14)

LEHETDH. CNEE, (2214)RNEAVD L (2.213) kA L LTEIT 5.
-1 -1 -1 -1 -1
o) = =L B e + Fimn =

(22.15)RA 5, T(z") 2BV -—TROBULSER LR TILNTEL, $2bb,
@gﬁ_tT(z—l) DL, FIERBET T LTCEELKREIRRT. £2 T, T(z—l)

REFZER L LT, FIMARRE e T 2 & ) KERETL, (2.2.14) RoBRIESHT
R(z-l) BIUSE) 2ftET 2 BEEFHEREZE LS. 8, (22.15) RN0ALE3
Hiz, 223)RA2oFL%5.

_1) »
w(k) + d(k)  (2.2.15)

2. 2. 3 HZEA0RE
RIS TEEL LI, (22.15) R 5 T(z71) 2%, BEERECHET 28HEERT

BHBBL, TOT(z") 2 A7y TANH L TRIEE L BN LR 2 DDigiE!9)20)
ICESW TR T L 2ELD.

1) b EA%) Fef

2) WEIRERE
INHD2O0IER, BbE, A -1V a-bEROCEERMYRETS LT, B
Er%2ETHE. EBRO200BBIESWTRITT 22 b5, T(2)) kst
SA—FOHBHER, B4 2RTTHOTHEEELZLNDZD, T"H kXL LTE
£75.

T(z_l) =14tz F 9272 (2.2.16)

E51T, WER21) TEBLAEL I Lk, LT L) RERET 3.
t1 = —Qe—g%cos( -1

-5# o) (2.2.17)

ty = hl (2.2.18)
p=T/o (2.2.19)

@ =0.25(1 — §) +0.516 (2.2.20)
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28 LNTFa-= s ERBHES
275U, oI EABMERLTEY, ph BRI R TR TH D, (22.20)

R pdIc L o CHETER I LARLTWS, § =000 X1k, 2HEEKRA TV
WAL T BREREZRL, 6§ =1.0 £T5 &, Butterworth TEREF VICHY T 2L
FoARE D, —HBIITIE, 0<8§<20E LTHRETHIEDFTEET L2, s2kE<TRh
E 3138, INERRINETNICR 5. BEoBEFHEIC L2t T, REEEA T
a5,

2. 2. 4 3bO=FINTX—H2DEEE

T(z~1) S g, (2.2.14) ROBES S, UTO LI R BLU S
BRI T2 &7 TE B,

7, 7D ERZ PV wBIUvE, XD L) IKEET B.

[ bg 1 1)
by b O a 1 O
by . as ai
: . a .
. . . . . 1 n+m+n/
D:=|bm - bo : : ay ; 2.2.21
brn bl Zzn+n/ . &2 ( )
O . an+n, .
| ’ bm &n+n/ 1)
n-:n' m
W= [r0, 71,y Ty 105157 ST (2.2.22)
v i=[vg,09,---,vny, 0,---,0 1% (2.2.23)
1 N’
n+m+n’—n1
I, G =1~n+n) 3K ET 5.
AEDDEY =14 az v age 24 4y, ) (2.2.24)
S 61T, v,
v(z71) = viz ™ pupr i 44 vp 2
=C(z"HT(z"1) - D(z"HA(z"1) (2.2.25)
THEZL6N%E, 22T, ny:i=maz{n+n,1+2} TH5. (2.2.14) I B 24RELE
X, (2.2.21) X~(2225) REAVE LT, KRAOBERICENEZONS,
v=D w (2.2.26)
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2. 3 STCoO%:
TIT, EBCHGB LU IRMTH 200, BTEET BT A— 5B L BHE
RERG;, b EHCTERIEING. COLETFID R, RE[AL BLU[A LV IE
BIfTFIL % 5. L7adtoT, ATHIDEART B85, KR L D R(z") & S(-1) %
BEASTETHZ EDTE S,

w=D"1l.v (2.2.27)

COEBEIBVT, —BRREHBIUSEH2E5A5Nh27:012, #FNEFROXRE
Tn4+n —1&mELTRELR. 72, 2214)RCBVT, I<n+m4+n' -2T%
THRE%R 6%,

RIZ, R A—=F~iF, A7y TROBEEIIHT L HEECE BT, EFRE
PELZWE JITRAE LTEHRET 5.

v:=T(1)/B(1) (2.2.28)

PEicEy, avbbua—535 29358 Eh5,

2. 3 BILTFa—Z>FarrO—->nx%st

INFTOEREZL, VAFLINTA—S BB THEE LT T-oTES. TITiE, ¥
AT BINT A= BRI THEBHEITH LT, TNFTOERBIIEONT, £V TFa2—
—vravro—-IwEitT 5.

2. 3. 1 NS A—2ETEE

AETCER L 2BEREREEICE S THEADS TC &7 5. 7, /87 X —
& FEEICOVWTERT 3. BEOFERR/N 2 FE TR, HENEL/ ST X — s BRIk
ERFEESXAEV) I EDPREIN TV, LdioT, JORELERT A7
DDOIEEEFT.

(2.2.1) i D(z~1) 2 #hY, ML EF IV ELTRNERS,

D(z"HA(z"Ny(k) = D(z"1)B(z"Hu(k — 1) + D(z"H)C(z7Hé(k) + D(z~1)d(k)
(2.3.1)
T, (23.1) R0 D(z")d(k) DIEIE, [A3]D(2.23)REZEETE L, D(z"1)d(k) =0
ELTEABIENTELRYD, DT TRIDHEZEIKRLTELSL. 512, €k)EIE

—10’"



£28 LVI7Fa-—= v BREFHER
FEICIBBT 2 L TELR VDD ,;n%amwﬁmﬁmmk &z, (2.2.6) RDHE
FREHVS L (23.1) RN E% 5.

A(z_l)yf(k) = B(z_l)uf(k -1)+ C(z_l)nf(k) (2.3.2)
(2.3.2) RICETVT, SoloPT & o> TRESNIER/N 2 FELHEHAT 2. Thbb,
FPVRATANT A=Y a5, b BLP G REVIT 2 =5 a5(k), bi(k) B & Ug(k) 1M
L, RO DBREINDIREA/ST A—F X7 P VAE) £ ZNIHBTEF -5~y
Pk —1) #RAE L TERT 2.

B(E) = [a1(k), aa(k), -, &n(k), Bo(E), Bi(R), -, Bk, e1(R), Ea(B), - -, (BT (2.3.3)

Pk —1):=[—yp(k—1),—yp(k = 2),---, ~ys(k ~ n),
up(k —1),up(k —2),---,up(k —m—1),
ng(k = 1),np(k —2),- - ns(k = D" (2.3.4)
THb. IhxfnT, UTOREANT LY T A - S FEZIT.
T'(k — 1)(k — 1)

O(k)=0(k—1)+ ¢Wk—DHk—D¢®—1)w) (2.3.5)
3 T(k — Dk — DypT(k = DIk =1)
I(k)=T(k—1) - T 9Tk~ DI Do =T (2.3.6)
e(k) = ys(k) — {67 (k — 1)p(k — 1) + D'(z"yn(k — 1)} (2.3.7)
n(k) = ys(k) — {87 (K)p(k - 1) + D'(z")n(k — 1)} (2:3.8)
772 L,
D'(z7Y) = {D(z"H -1} (2.3.9)

ThHY, e(k) k)i, TRENFGREBLUVERBREEZRLTWA. T(k) k£
SEATHERLTBY, Z20MPMEIEIT(-1) =a - I727L0<a<o0 &ELTHZ B,
BB, TOEHITERLEZIET, ARRESHTHEENILZHET DI LITTES.

d(k) = y(k) — {87 (k)g(k — 1) + n(k)} (2.3.10)

727,
¢(k - 1) = [_y(k - 1)3 -y(k - 2)’ T _y(k - n)’u(k - 1)7u(k - 2)7 e 1u(k —-—m- lv)»
n(k = 1),n(k = 2),,n(k = D] (2.3.11)
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2. 3 STCDEEE
DEDESZ, dE) DT A-FFERAE IR TH NI L2 L, T 2 -5 FER
ERAE(EBLEY. K7 VTY ZAOEPRICOVWTIE, HEFHEICBVNTRT. %
B, TRy Pk —1) 12, yp(k—1), up(k—1) BEUnp(k —i) PHFENTBY,
Solo I & o TEEIN/TNVTYXLBILER D, LA oT, /87 x— & AL DR
HHICOWTERTELENRHY, ThIZOVWTIERH2., 4FHICBVWTEERT 5.

2. 3. 2 wITFai-—Z JEERBHERNEE

FROBEEBFE T VT XL LT XA -5 FAEEEZRAEDLET, MEECESHY
eV T Fa—= v SBREGHET VT XLIZOVTEET 5.

9, BEMEBICEOWT, REIST A — %o, BLUVvERETS. ThzAWVT
(2.2.16) H~(2.2.20) Ric & v, FULENT(~1) 28EHT 5. KIT, (2.3.3) X~(2.3.9)
KO8T A—FFBERNC L D, KREVST 2—Fa;(k), bi(k) BEUe(k) 2HETS. <D
L&, ITR3DRUTL (k) ZEREL, (235) L ik) BkDE, 251, (2.3.6)
ROT(k) #FH L, (2.3.8) Xon(k) 25HETH LW HFETITI. RIT, (22.14) XD
YRFBINTG A—F RREIT A - REBERLLARICEY, RCHBLUSE ) %
HESES ' |

C"HT(z™Y) := DE"HE("HA"Y + 27 LR B(z7)) (2.3.12)

72721, TOFEIIR (2.2.21) Ri~(2.2.27) ARKESWTIT . 3618, RRUTL yZF
535,

5 =T(1)/B(1) (2.3.13)

BRI, BHELZRGY, SEHBLUS 2AVT, AR L W BIEE u(k) 25HET 5.

R(z"Yy(k) + Dz"H8(z"Yu(k) = 4 - C(z"Hw(k) =0 (2.3.14)

EROFIEEFHICLTICI L0 5.

[tV 7F2—=V/BRERBT VTY XA]
[1] BRI A=F0, SBIUVERET 5.
[2] BEH%T A — 2 IETVT, (2.2.16) R~(2.2.20) < & W FHHLEXT (1)
REEHT 5.
(3] REST X —Fa;(k),bi(k) BLUE(k) %, (2.3.3) X~(2.3.9) RD/¥T 2~
BRI L Y HEET S,
[4] (2.3.12) RB LU (2.221) R~(2227)R& D, R(z71) £5(71) 25HHT 2.
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FL2E IV I7Fa—= T BEERER
[5] (2.3.13)X & h, 3%EHET 5.
[6] (2.3.14) ITEDNWT, BEEu(k) ZENT 5.
[7] B ~R%.

Blhicsy, Y2728 55 g€ Al 8L [RE Bl OF T, ¥A7Fa—=v
FEEFHREZEBRT LI ENTESL, IIT, HBELEEV T F 2 — =V REES
WAROT Oy 7K %, Fig.21 IR T. 72721, estimator iZFRT/D 2 FEIC L BEE
wEERL TS,

estimator | _

Fig.2.1 Block diagram of the proposed self-tuning pole-assignment control system.

2. 3. 3 HEEERER
AR TERELEV T Fa—— VO BERERE 7T VT Y XL DOFWEERIET 5720
2, U2 o0EFTEZFRERT.

(B2, 1]
HEETHVAF AL, RADLI e FEEED 2R ET 5.

y(k) = 0.503y(k — 1) — 0.050y(k — 2) + 0.077u(k — 3) + 0.185u(k — 4) + 0.010u(k — 5)
+ &(k) + 0.26(k — 1) + d(k) (2.3.15)
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2. 3 STCoFH:

7272L, REESMELIRRAD &) R ERERICE XS,
d(k) = sin(0.2k — 10) (2.3.16)

L7225oT, ' =280, d = —2c0s02 BL T dy =1 T 5, T/, FERNNELIZX
E[¢(k)] =0, E[¢3(k)] =0.01 & L7z (23.15) L, GRERMRME L TREET
NVERRD L IIED B,

y(k) = ~a1(k)y(k — 1) — aa(k)y(k — 2) + bo(k)u(k — 1) + bi(F)u(k - 2) + by(k)u(k — 3)
+ bg(kyu(k — 4) + ba(k)u(k — 5) + (k) + &1(k)E(k — 1) + d(k) (2.3.17)

&5, RASHAEUTOL ) KEET 5.
T(z71) =1-1.2262"1 + 0.41622 (2.3.18)

T(z"HikDowTiE, 0 =3.0BLV6=05& LTEEIL. &5 wk)ZRAF vy 7K
W5z 7.

DL EDOFERE, Fig2.2 WRT. 2L, BERSETHOMIMERD(-1) =
100 - I, 3 SIZHREST A —5 OMEMEZ6(-1) = [0,0,0,0,0.1,0,0,0)7 & L THdER!
BxiTo7z. LI, BENSBATFNIGEILROBCEENZRLTEY, Zo0iEL K
SRS, HEICREDEHEAREL I LN TE DY, BEFEFRE(HETEI LN
HB. 72, NS TBEBREIVZLL LY, N A-FFEENTTIAITOR W E
Wo e REEETDH. Lo T, TORERODVWTIEHEITEERENICE->TLE I, &
ROWMEDOIHHEAE LT, I TERBREXTBATHIOMEMERZD(-1) = 100- & LTE
D7z,

%8, (a) KIFHIRRE, (b) KEHBANOMEELZRL TS, 22T, H¥, %
MITHEEZEL TS, /2, T XA - FAEHRT Fig.2.3 IIRT. 2561, (2.3.10)
T & Bd(k) DEMERRE, Fig.2.4 IIRT.

NS DRSNS, BRODEFTINT A—SFRIEDEENRLNE DD, /8T A~
§EEFTIITbA L, BIFLREREMEONTWE I L% h 5. £, NT X—F [
EREREPD, FAEEFINE LTF -85 XA N5 4 X&NT2h(k) B L Uby(k) I2DWT
b, FIRIIRLTH B, FIZBOELE L -TBY, O ehbd, GAEEISRENT
HLRH L TCHATRETH LI TN S, $612, (23.10) RIS L 0, d(k) #WRLFIC
SHEENTBY, SITEBELLNS A— 4 ARAOENIRIES NS,

~19-



2B YIVTFa2—= v EEEEER

201
| AWMJ‘M
€ o100 200
i k [step]
-10f
-20-
(@)

50

u(k)

(b)

Fig.2.2 Simulation results using the proposed self-tuning pole-assignment control
algorithm of (2.3.14) where (a) and (b) show output y(k) and input u(k).

d(k)

—hL

Fig.2.4 The calculated result of a deterministic disturbance Ei(k) using (2.3.10).
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2. 3 STCogkEL

r T O.SF
1 - 3 -
- c 1 J [ c- k B
& 100 200 & 700 200 £ 0 ' :
k [step] i k [step] | . 200
-1} i 5
-2 -1 ~o.5
® ® ©
0.5 -
[ 05 0.5r
X i [
- c I R
< AV 700 20 S0 760 : g 0 - ——
200 £ Il
- k [ste i 100 2
i [step] k [step] | Kk [step] 00
Rt -0.5- -0.5-
@ (e 0
0.5¢ 2r
! 1 | \‘\_
50 100 200 s 0 ) 700 200
- k [step] | k [step]
= _1 3
-0.5- -2k
(o) (h)
Fig.2.3 Identified parameters using the proposed least squares algorithm.
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28 LV7Fa—= I BREEHER

[(#12. 2]
HRETBVAT AR, RAKLN GRS,

y(k) = 0.503y(k — 1)—0.050y(k — 2) + 0.077u(k — 3) + 0.185u(k — 4)
+0.010u(k —5) + £(k) + 0.26(k — 1) +d(k) (2.3.19)

D (2319 NPV T, TWd(k) =2, LTHR, k= 100[step] DEERTd(k) =112
BT B R7 v TR OEH OB EIC OV TEET S, VAT ARELS.

INFET, AF v THRANELEAETARICHLTE, BT L) %85 2 — 5 FEHIH
HAubhTng,
I'(k—1)4'(k-1)

CERCE O (2:3.20)

O'(ky=0'(k-1)+ S

o 1y (k= o' (k = DT (k — DI (k — 1) S
T = 3wl ¢ =) - S T oI )k = Dk = 1) | (2:3.21)
(k) =y(k) - 0T(k =)' (k=1) (2.3.22)
ol (k) = y(k) — BT () (k — 1) (2.3.23)

al(k) = [&l(k)s &Q(k)’ Tty &n(k)a z;O(k)? B]_(k), Tty I;m(k)7 él(k)’ &Q(k)1 Tt &l(k)s Ei(k)]T

(2.3.24)
¢I(k - 1) = [_y(k - 1)’ _y(k - 2)’ T _y(k - n)vu(k - 1)7u(k - 2)’ e vu(k —-m- 1)7
n(k = 1),n(k ~2),--,n(k = 1), 1) (2:3.25)

72720, ME) IEEMREETRLTBY, 0 < Mk) <1 TH5B., TD/37 4 — 5 F%E]
(A(k) = 0.99) 12 & 2HHER%E, 0L EOHEKERY Fig.2.s IIRT. %8, HHERNIZ
(2314 R LB, F7, FAFERTE R, kRXE L

T(z"1)=1-10.921z"1 4+ 0.2682 2 (2.3.26)

ChiE, 0 =20BL06=05 & LTHRELE T/, T(=1) BLUI(-1) DEMER,
G (F2. 1] LRABCEEL:. 22, RPoxilit, X7 v 7 RIELDZEL7:
CEERLTNVES,

Fig.2.5 25, d(k) DEBREOLEIENT WS I XG0, ElRD/3T x— 5 H%
BT, d(k) OEENIIICTER W L% H 5. ThiE, - X7 PV (k-1)
DERIZ, "1 EVHEEENTEIFFAETLIILCRERTLLERONS.



2. 3 STChERE

201 S0r
Al
= 100 5 100 !
i k [step k [ste
) t
-10r
-20- , -50
(@) (b)
Fig.2.5 Simulation results in the case where d(k) changes at 100[step], using
the usual least squares algorithm of (2.3.20)-(2.3.25).
201 50,
10f |

< 100 500 < 700
> | | k [step] > K [step]

L
o
T

|
N
o
I
|
()]
o
[

(@) (b)

Fig.2.6  Simulation results in the case where d(k) changes at 100[step], using
the proposed least squares algorithm of {2.3.3i-{2.3.9).
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£28 V7 Fa1-—= IBEEHHER
CRITHL, RETRELAFEICLDERE, Fig26 KRT. ShHLDEREIS, X
FEOENUIFEZIRENTYS, &8, AFy7WNE2E TR LT, CAR
IMA (Controlled Auto-Regressive and Integrated Moving Average) 7 JL8)22)%
RWRERY R SN TWEA, XHk24) TRLA L IS, Aulk) DBERME L MEES
T, BRIFEu(k) OFFRMEEZRTIENTEL Y., TOFBVTH, KETEEL/S
7 A - REMOFEL RO LHTES.

DRicky, RECEBE LV T F 2 -V S BREBHEH TNV T L L85 X —
5 FER DAEZYEAIRGE & vtz

2. 4 EINTFa21-—Z 7EEREEHFEHRDIFINEE

2. 4. 1 NS A—2RAEEDIERME

CIT, MfiTEELALV 7 Fa—= vV BEE R OSHEHTEEICDOWTE
£75. AFEE, BEEKESVTWE 2D, 37, (2.3.3) F~(2.3.9) X/t5 2 —
5 REANC L BHEBEDOICREICOVWTIRET 5. 2072018, EELE DLV D0D
FEEUTICE 2 5.

[(#E 2. 1]
LT ORI T 5.
i)
1
n(k) = ms(k} (2.4.1)
T,
v(k—1) :=¢T (k= DDk = Dyp(k — 1) (24.2)
i)
6(k) = 6(k — 1) = T(k — 1)p(k — 1)n(k) (2.4.3)
T T,
(k) := 6 — B(k) (2.4.4)



72720, I3V AT LADEDING A—F X7 M VERLTWVAS,

iii)
C(z~H)D(z71)z(k) = b(k) (2.4.5)
T,
z(k) == n(k) — £(k) (2.4.6)
b(k) := 6T (K)p(k — 1) - (2.4.7)

(REBA) 1) (2.3.5) ROES ST (k—1) 23T, (2.4.2) DRREAVEZ T KR53,

wTw_1ww)=¢%k_1ﬁw—1y+r§%%¥ﬂam (2.4.8)
R, yp(k) = D'(z"Un(k - 1) »5 (2.4.8) XEFIC &,
yp(k)—={o" (k = 1)O(k) + D'(z""n(k = 1)} = ys(k) |
— T = DG = 1)+ Dl = D} - o) (249)
2185, 617, 23.7)RE (238)REHAVL LA L% 5.
n(k) = m€(k)

i) 205 (2.3.5) XNx5(%E, (24.1)K, (242) RAB LV (2.4.4) ROHEL S,
B(k) = 8(k — 1) = T(k — 1)b(k — 1)n(k)
igh.
i) (2.4.6) & (2.3.8) A5, KADEKRERS.
2(k) = yg(k) — 6T (k)yp(k — 1) = D'(z"")m(k — 1) — £(k) (2.4.10)
T, yp(k) i,
yp(k) =67 -p(k — 1) + D(z"D)e(k) — {C(z71) = 1}D(z71)=(k) (2.4.11)
bk, 12720, 22T D("Ydk) =0 0EMRE RV, L7zh > T, (2.4.10) Rl
241D ReRATHZET, AN%21ES.
2(k) =0T -p(k — 1)+ D(z" (k) — {C(z71) = 1} D(z1)z(k)
— 6T (kyb(k — 1) — €(k) = D'(z"")m(k — 1)
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={0-8(k)}Ty(k —1) — {C(z"1) = 1} D(z71)z(k)
—D'(z"Dz(k -1) (2.4.12)

L7zhso T, (244)K, 4NXBLUT239)KEHAVEZ L TARAEES.

C(z~HD(z7Y)z(k) = b(k) ]
(% 2. 2]
DT oOEBRYERIT 5.

1)
DYk =Tk =1) + (k= DT (k1) (2.4.13)

ii)

8T (K1 (R)B(k) = 87 (k — )T (k — 1)B(k — 1) + b2(k) — 26(k)n(k) — v(k — 1)n2(k)

(2.4.14)

(REBA) i) (2.3.6) NICHATFI DAL BWHT 22T, BHICERT LI LN TE D,
i) (2.4.13) K& (2.4.3) An b,
BT ()T~ (k)B(k) = 8T (k){T ™1 (k — 1) + (k — L)y T (k — 1)}8(k)
= 07 (k)D™ (k= 1)8(k) + 87 (k)w(k — )97 (k — 1)8(k)
= {B(k —1) = T(k ~ 1)g(k — Dn(k)}TT~L(k — 1){B(k - 1)
= T(k = 1)pp(k — D)n(k)} + 87 (k)p(k — 1)pT (k — 1)8(k)
=0T (k — )0~k - 1Ak — 1) — 26T (k — D)p(k — 1)y(k)
+v(k — 1)n?(k) + b2(k)
=80T (k — I~ Y(k ~ DBk - 1)
— 2{8(k) + T(k — 1)k — Dn(k)}T - 9k - 1)n(k)
+v(k — 1)n®(k) + b(k)
=67 (k= 1)I (k= 1)8(k — 1) — 287 (k)y(k ~ 1)n(k)
— vk — D)n?(k) + b2(k) (2.4.15)

2185, L7205 T, 241 ReHAVDE, XA BLT 5.

6T ()T~ Y (k)B(k) = 8T (k — 1)T~ Y (k — 1)8(k — 1)+ b2(k) — 26(k)n(k) —v(k — 1)p2(k) ®

[(#& 2. 3]
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2. 4 WREeHE

FDERDEILT 5.

E[z2(k)é(k)] =0 (2.4.16)

(GEEA) (2.4.6) RB LU (229)FK & D
E[z(k)é(k)] = E[{n(k) — £(k)}e(R)] = Eln(k)E(k)] — o” (2.4.17)
PEAT S, 2618, (2.3.8) A& hRADEFEEES.
Eln(k)é(k)} = E[E4(k)] = o (2.4.18)
L7z2%o T, (24.17) & (2.4.18) K& ), AAZEHTEHI EHTE 5.
El[=(k)¢§(k)] =0 m
Kic, [ 2. 1] ~ (4@ 2. 3] 25, #EE/89 A — 5 OYURMEICBELC, K
DEHMLE B ZENTES,

(F¥ 2. 1)
[Fe Al 8L MEZE Bl OFT, (2.3.3) X~(2.3.9) /85 X — & R %
WHLEE, UToL ) 2lR25E5.

i)
P. lim G(k)=46 (2.4.19)
k—rco
i)
P. lim D(z"Yz(k)=0 (2.4.20)
k—o0

72720, P-lim 3HERPURZ/RL TWa,
(GGEHH) 1) (2.4.14) ROTBA» 50T (k — DD~k - 1)8(k — 1) 251 T L TRAEH 5.
éT(k‘)r—l(k)é(k) — 8T (k=)™ Yk = 1)8(k - 1)
= b2(k) — 2b(k)n(k) — v(k — 1)n?(k) (2.4.21)
RIZ, (245)XBLV(24.6) REAVSLI LT, ROBERERS.

6T ()T~ Y (k)(k) — 8T (k — DI~k — DBk — 1)
= b2(k) — 2b(k)z(k) — 2C(z~H)D(z~Dz(k)E(k) — v(k — V)n*(k) (2.4.22)
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Wi

o(k) = 2(k) — %b(k) (2.4.23)
THBLEHETEL, |
8T (T (k)(k) — 8T (k — )T~V (k = 1Ok — 1)
= —2b(k)g(k) — 2C (1) D(z"H)z(k)E(k) — v(k = D)n*(k)
< —2b(k)g(k) — 2C(z~ YDz~ 1)z(k)E(k) (2.4.24)

DEREEL. 3612, (2.4.24) ROMAOYHFHEZIY, [#id 2. 3] #Hw3 L,

E[BT ()T~ Y (k)8(k)] — E[BT (k — 1)T ™1k — 1)8(k — 1)]
< —2E[b(k)g(k)] (2.4.25)

2185, KIZ, 242 ROWBIZBNWT, bk =020k = NETOHEELZ LT,
(2.4.25) KA L % 5.

: N
E[BT(N)DH(NB(N)] - BB ()T~ (=1)8(=1)] < =2 Elb(k)g(k)]  (2.4.26)
k=0
TTT, [A6], (245)RBLU(2423) Kb, KXOBEEES (145 B] 1) .
2% " b(k)g(k) >0 (2.4.27)
k=0

L7205 T, (2.427) A5 (2.4.26) LRD & ) ITHFIT 5.

Jim EBT(VNT™Y(VN)B(N)] < EBT (-1 (=1)8(-1)) (2.4.28)
E 51T,
0< EFT(-1IY(-1)8(-1)] < M) < o0 (2.4.29)
ThHhbHDDL,
0< ]\}EnwE[éT(N)F‘l(N)é(N)] < My (2.4.30)

DALY B, KIS, T™Y(k) ORNEHBE A [T (R)] £ T 5L, RAOBHRERS C
EHTE S,

EBT ()T (R)8(K)] > EAmia[D71(R)GT(K)B()] (2.4.31)



2. 4 @HARHE
¥7z, (24.13) ROBENS, D7 (k) £ RRE LTHERRI DI LATES,

k
T=Hk) =Y (i — )T (i —1) + T71(-1) (2.4.32)
1=0

L7:Ato T, (2431 Rk L% 5.

e BT (T RR) 2 BB (R)A(K) (2.4.33)
7272,
k
B(k) = \J Aminlo ()80 = DTG = 1)+ T=1(-1)] (2.4.34)
1=0

THb, T, I'Y(—-l)=a-I72FL0<a<oco THEILEEEL, k—oo &L
7RIS BT, (2.4.34) RDBk) 1E, 227 RNEV KA E% 5,
Jim B(k) = vV AminlR] > 0 (2.4.35)
oo

CDTZ LI, Bk) Dk — co TOMWRIFET BT LEFRL TS, L7295 T, (2.4.33)
RICBTE 50 & LTABREEZ B L, XROBEFREHS.

Jim E[BQ(k‘)éT (k)8(k)] =0 (2.4.36)
LoT, XXDHKILT 5.
P-klim B(k)8(k) =0 (2.4.37)

(2.4.35) X b, klim BEY>0THAZ EhLERNEES.
-0
P. lim 6(k) =46
k—oo

i) (24.7) K& (24.19) Xr oAk %155.

P lim b(k) =0 » (2.4.38)
E512, O ) PERELER TH LI L2 ZET 2L, 245 ROBELS, 55
WRARDOBREEH §5Z L HFTES.

P. lim D(z"1)z(k) =0 ||
k—oo

2. 4. 2 HEREREOENRANEE
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w,o2E YL INTFa—= I REERER

XKz, FIHEZOTHERHEICOWTERT S, Z000EEE L TUTICHES:
52 %.
[(#hsE 2. 4]

UTOMBE»ELT 5.

T(z"De(k) = z7 A (z"Dw(k) = 5E"HD(z"1z(k) — $(z"1H)D(z"1e(k)  (2.4.39)
72720, e(k) EHIEREETARICEI DS X OND.
e(k) = w(k — 1) — y(k) (2.4.40)
¥z, HHUToRcEn 52605,
HzY:=T("1) -5 -B(z"h (2.4.41)

72750, 413 (23.13) RTELLNS,
(GGEBH) (2.2.1) R Dz~ 1) ##01F, 245) RBLU(2.4.6) REMRAT 2 L AKX %155.

A(z"HD(E"Ny(k) = 27 B"HD("u(k) + C(z™H Dz n(k) — b(k)  (2.4.42)

51T, (247, 244)ABLU(233)K, 234)XEEETD L, (24.42) Xk
NELTHEEIHRRIONE.

Az"YH)D("Yy(k) = 271 B"HYDE"Yu(k) + Cz"HD(z"n(k) (2.4.43)

(2.4.43) KISz~ 2#MF, (2.3.14) R 7B~ ##hF, (2.3.12) RoEFEEH
5Z ETRAERS.

T(z"Yy(k) = 2715 - B(z"Hw(k) + Dz~ 5" Yyn(k) (2.4.44)
51T, (2.4.40) AL, (2441 K& (2.4.6) ROBBEERACS L AKX L2155,
T(z"Ve(k) = z7 M H(z"Dw(k) = 8(z"HD(z"Hz(k) = 5"HDG"Ne(k)  w

(48 2. 4] BIU(EHE 2. 1) &0, GHEREES e(k) OHERIAIPCRMAIC
DWW, UTDL ) %EBEIILTS.

(E® 2. 2)
[RE Al BLU [MLE B) @b & T, (2.3.3) R~(2.3.9) RD/$5 X — & FHeA|
L EREE (2.3.14) R 5, L0 & 3 BRI 5.
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Tz~ PHHERESZERNTH 5% 5T,
P. lim &(k)=0 (2.4.45)
k—oo
72750, k) BARRICE D 5L OB,
S(z=HD(="1)

e' (k) := e(k) + )

¢(k) (2.4.46)

GEBE) (2.4.39) Rz T(z~) TEh, (2.4.46) RIRAL7ETE — co DIBBEEEZ S
EXRN%1R5.

o . 2T H(ETYH . 5¢hpiETh
Prlime®=p lim ey W= i =y
- {8GETH - SETOIDETY 5.
- P. kl‘l_}rglo T E(k) (2.4.47)

T(z~1) PERELEH A TH S L FML, (2.4.47) ROELE—HICHEHIEDE M
REAT AL

—1#r, -1 ~1frf.—1 -
.z rH(z7h) . W TH(ETY) K
P. Y =P.] ~z _ 2.4.48
klifgo T(z—1) zl—lr-nl(l ) T(z=1) 1-2-1 ( )
Eb, 7277, TZ12(2.4.41) Rk (2.3.13) KOBEREL» S,
P.mqﬁ@*)zTuyuyBu)=o (2.4.49)

Ll b, 51T, (2447 RNOALE2HEH I, (2.4.19) & (2.4.20) KDORFRD 5,

. 8EThDEY
B LIEI;O T(z1)

2(k) =0 (2.4.50)

{5G"1 - 5(="hH}p="1)

p. kl_i_{gO e E(k)=0 (2.4.51)
Y7 52), (2.4.48) R~ (2.4.51) ROMEBE, LXK 2 BS.
P. lim (k) =0 |

k—oo

DLy (ER 2. 1) BLIU(EHR 2. 2) 25, ABETRELZEVIFa—
= v T R E R R OMERINEICR M AMRE S ND S L3 o2, SO L, BEE
WD CSTCH, 739 A— S HEERBEOEME~OICRE (—EE) MRIES L, 2Ol
FROHFULERIWERETH A L &, FIBHREQICRENRIEIND L) T LEE
BRLTwW5h,
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AETIE, ENELEHERIEIEAZINZCARMAEF VI LT, £V 7 Fa—
=V BEEFERO =R HEROWTER L., AFEOHFEHELTICE LD 5,

[1] WEREF VA2 ZER TS ETHENELEETHARIFLTD, X7 v 7HED
BEEICH L BIEMRAES LD,

D]ﬁ%ﬁ&mﬁdwfmatbﬂﬁ%@ﬁ%ﬂﬁﬂ%f%D,ﬁﬁ%@ﬁE%%
L 7-HIBREE TR 5.

(3] ]]EL 7237 2 — 5 FEHNL, HEENELOEEZZITIT{ WY, Zhitss
IR DG E L v, T 72, HEE/NT A — & OBEAE~DOPCRMEDMRIE &
na.

[4] GHERRZE DORERGHEPUREDRIES 0 5.

%8B, AFERLAROFIMTEEERICHERET 5 £ &, (2.2.14) R T 51E%E
PTHIEIE L 20, TFETEOART ISR EENFER L (k2 Lk EOHE? S, §5
WCHERT A2 & TE LW, ZOMEZIIOWTSEHERL NI 2 LEND S,
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[f44% A] EEHoLH
fFEHYFEEME LW &, fHkBnT
1) z—FHEOBEMFFHIAERE b 2%\,
2) B EOBITHEMRT, £0PFIETH 5.
3) MM EDERZRE, 2 =/ THETRTOw ZXFL T, Re{f(e/¥)} > 04F
BOLT 5. 7250, f(k) OHERRER 7 — Y TEHRE f(I9) £T 5.
4) GRS TFORBEEE.
PRV T B ETH 5.

[fF8% B1 (2.4.27) Roviihy

EEDATIb(k) I LT, RDVRT A

g(k) = f(z"1)b(k) (b.1)
7272 L,

feh =S i (62)
1=0
25, C0LE, (b.1)RE (b.2) R b RADEREES.

2> b(k)g(k) =2 b(k){f(z~1)b(k)}
k=0 k=0
=23 b(k) Y fi-b(k—1)
k=0 =0

00 k
=2 b(k) > fr_rb(r) (6.3)
k=0 =0

RIS, b(k) OEEELERRG 7 — U TAHb(eIY) & F ORI T — ) T E LT O L S
WCEFET 5.

b(ed¥y = i b(k)elw* (b.4)
k=0
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7r . .
b(k) := 51; b(eI@)e ™Ik du (5.5)
-7

:@t%(b&ﬁ@ELK%%ﬁHM7—UI%&t%ﬁ%ﬁ7—Ul%%%ﬁﬁ?5
, RADEREBRDLILHITES.

Zb(w =>Zb<k>{— " (B b(eI) eIk )

—T

:l/ F(e)K er){Z b(k)e 7% }do

T =0

_ % F(e) B3 Y (=9 Yoo

=% i 15(e7) 12 (/) dw | (6.6)

-

& 512, Im{f(e¥)} = —Im{f(e™7¥)} THB2 5, (b.6) kN & LTEIT 5.

2) " b(k)g(k) = ;lr- " 15(e7) I2Re{ f(e/*)} dw (b.7)
k=0 -7
CCC, T Al @3) £ 0, Re{f(e?¥)} 20 THB0H, KA EHTEHI LN TES,
2 b(k)g(k) > 0 n
k=0
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ILD 9: aq— — /7*?&@6%%”1&!]%0)1221:

3. 1 #

I

F2ETIX, MEENEL EFHEENEIMTINSN/ZZCARMAEFT VI LT, & /2R
PRHTHEEVIRREDOT T, tV7Fa—= v/ REEHMERLHET L. 22T
i3, BENELEHEEFT VICE Y EFEWICKREFL, 2HIAT7Ty 7IROBEMICHT 5
BIEMEE R o7z, LA LGS, FE2ETOEELED, WEETF IIVOHEAIIL L ) HEEst
ELOS DT END E VI HEEDPE LB I2H2hb ST, TnICHT 2E58RILITEA
ERENTWRWD=Y, Lidts T, HERAELOSHE TEDFHA D v ) S
Vol-fREES O —HTRELLE, F0LDIE, HELOEBRINTVWEELT
Fa—=vryarbtu—7 (STC) OFstD & 512, FHMBHFEORAMEIZIED RN
MOEMENEDD) D 2 A L nud s b v, SHMERE 0 BAMEIC3ED <RI R RE D

&, TEROZERRPHE IO W TOMRETIIFITSERN TH 5720, T2 TiE, A
Y EHMIRFOB/MUICESWTHEEL, CRIETNRETI  O—F 135 x—% %, B
L&®ﬁ£#%%??%&W7%1—,/7@EEmw%wﬁﬁ%%ié.%Mﬁﬁ@&
IMEICET S TCOESIZOWTHE, TRITRESCEZILTHAEN)-10 20
¢f~ﬁmﬁ$ﬁ%ﬂ@&®'u HER/AMIARR I LT, FHHARKE HHBRAES
TRBEVHIRFIEAL TS,

AETIE, sHMERBEORMEEBEREED 2 DOFEROEN (0%, AiEEIHN
DB EMZZ I ETH Y, HBEL, HEROTE(S L OGRS 2 Z/ L 7-Hi#
RBREATABTE) FHIWD AN LV 7 F 2 — = vV BEEHB RO —FEHEICOW
TEBETD, CITE, B2ETEZLMENILLMEO7-OIZX T v TRAELCRE
L, SOXFy THRIMELEERNELIMTI S N /zCARMAETF IV Citilk &b ¥ AT A
»EEHRET D, T, A7 v THRANELERE T S 72012, HIEADICHOTEL A
L, #0LTHERATUITLT, 200METELRIMR B &) EIRT, HEHZ—
B LR N B EES) DIz S W T T 2. ki, §IBRICEIhaa v o—585
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3. 2 ®NTFa—= v/ BEREHERORE

A—5%, BEEOEEAIOHAETS. chic k), SROTES & UHEROHE
RER L ETHIREE 21T S LATE, S6ICAT v 7 HROVEL L HERALEL & #0
THIENTES., E6IT, FFELHBEERESVW V7 Fa—=VFaviuo—3
IDI2) BB L, E2BETERL VT Fa— o Vv BEERE L ORBICOW T HEE
T5. BRI, EELIHETFEOFMEZRELT 272012, WL orOHERHEER %
Y.

3.2 whTFa1—I U EREHIERORE

3. 2. 1 MEomd
WHRETHVRATF AL, XEAD LI ATy THRIELM s n7zCARMAET IV
THEZLNAHNDET S,

A(z"Dy(k) = B(z~Hu(k — 1) + C(z~ ek + d(k) (3.2.1)

72720, wk) BEyk) X, HRETDBVATFAQHBAS GRER) B LU (Hil
B) Tha. k) BLUdR) i, TRENTTAMAGKES LR T v 7TIRIMELERL T
Wa, 2517, A7, B Y BLUCEH IR, AR LN SLONILZENTHS.

A(Z—l) =1+ alz_l + a22_2 +...+ anz™ "
B(z"Y) = b+ bzt boz "t b 4 bz ™ (3.2.2)
C'(z_l) =1+ clz—1 + CQ;:“2 + ...+ c,z—l

(3.21)R& (322) R LBV A7 ABLUHEE wk) 3L, UTD L) BIEE R
iJ 5.
[fE Al
[A.1] ZHEX AT, B"H)BLUCE™Y) DX¥an, m BLUHIHMTH 5,
[A2] T XA—=Fq;, b;BLU GIIRHTH 5.
[A.3] bo(k) £ 0B & Upg(k) #0. 72721, bo(k) i by DWEEMHEERLTEY, po(k)
REBETERINLLEN P(:~) OWEOHEZELRL TV 5.
[A.4] ZEXAA(zY) LBz OREFIE—RILET 5. 72750, A=1-271
THY, A" BLUB(™Y) &, A(z71) & B(z"1) DHEEEERL T 5.
[A.5] C(z71) BEERESERT, {ACE D} —1/2] REEMITLT S, 7=
2L, CzHY ko) ofEEERL TS,
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[A.6] d(k) X KE SHRAMDORT v THEETHFZ LN, KAEMHET 5.

Ad(k) =0 (3.2.3)

[A.7] BEEwk) 3AF vy 7HERTEXONS.
[A.8] AHDEFTHI LR INDIRONRS bV

Yk —1):= [-Ay(k = 1), —Ay(k = 2), -+, —Ay(k ~n),
Au(k —1),Au(k - 2), -+, Au(k —m — 1),
An(k —1), An(k —2),---, An(k = DT (3.2.4)

LT, RREMET A EEITHI RVIEET . T, nlk) xaaly
 AMEEE(R) DHEEMEERL TV 5.

N-1
Jim N Z Wk — 1)L (k- 1) = (3.2.5)

B, {ER)IIHLT, ROLIBRKENFTRLTEHDET 5.

[{ZE B]
[B.1]
1 N-1
EBlg(k)) = lim = > &(k) =0 (3.2.6)
k=0
[B.2]
1 N-1
E[3(k)] = lim = £4(k) = o2 (3.2.7)
k=0
[B.3]

N-1
Bk +7)] = Jim + 3" EREk+7)=0  (1£0)  (328)
k=0

B2DRBLUB22 RN LV EZLND VAT AITHL, REICB W TRAIGH
RERLI2ENVTFa—= v BEBHEREZRETT 5. 37, KEICBW T AR
S EEEES)T) oBLE A S FIHERI 2 EH T 5.

3. 2. 2 HIHAIOEH T {mEEE
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FER/IMIAMR I LT, KR OSHERRE O B/MEIC D v 7 — L B/ N B
6)7) A8, HERMNELEBFTARIST LA FEE LTHHIcEEITWwE,

minimizeJ(k) = E[{P(z"De(k + 1)} + {Q'(z" ) Au(k)}?] (3.2.9)

72720, e(k) BHEIERERFE S TH RN L 5.

e(k) :=w(k - 1) —y(k) (3.2.10)

26T,
Pz =po+przt +pez 2+ 4 pp2 " (3.2.11)
QY =dy+diz +dhz"2 4+ + ¢y 1z~ mD (3.2.12)

Th5b.

T, HERMNELCHL, FOSBETESZTHZD LV IHIEA,L, (3.2.9)
ROFHERFEORMEICE ST W THIERI % E <.

(3.2.9) ROB/MEEAT DB, B CBT 2 H Pz~ Dy(k + 1) OBEFHlfE
P"Ug(k +1/k) 28HT 5. 2L, FERXFE ) 2R o TEHEL TH L.

F(z71) = 2{P(z")C(7") = AA(=" Mo}
= fo+ frz + far P4 fy 2™ (3.2.13)
77z L,
ny := max{n,n+ [ -1} (3.2.14)

THb. (321) Rz -ppAZHENF, D (3.2.13)EMAALT(3.23)REAVE LXK
2185,

P(z"1)C(z""y(k+1) = F(z"y(k)+po- B(z"")Au(k)+Apo-C(=~E(k+1) (3.2.15)

SHIZED, BB ARETFIME Pz~ Dy(k+1/k) 2RRNELTEHET S
EHNTED.

Pz Yk + 1/k) := [F(z"Vy(k) + po - B(z"HAu(k)]/C(z™1) = po - £(k)  (3.2.16)
ZNDLE, (3215 R (3.2.16) A LROMEFKEEES.

Pz~ Dy(k +1) = P(z"Hg(k + 1/k) + py - £(k + 1) (3.2.17)

—39-



H3% BIAMELNTF 2= EEREESR
RIZ, (3.2.17) 3, (3.2.10) AB LU (3.2.9) Ah s, K %1E 5.

J(k) = E[{P(z")(w(k) = g(k + 1/E)}* + {Q' (=" 1) Au(k)}?]
+ El{po - £(k + 1)} (3.2.18)
S, u(k) BLUPy(k) D€k +1) LEMETH B LW IHIWELZAVE I LITLER
INb.
PLE#effi g, (3.2.18) A% u(k) TRMS T2 &, kKR %2H 5.

7_1 ulk
gﬁg = pp2t au)(‘jk()k + L) {PH(@(k +1/k) — w(k))}

I CACR 0 PR
e lC D)

= 2B[po - bo{ P(=™)(5(k + 1/k) = w(k))} + g - Q'(s~1)du(k)] (3.2.19)

E[2

+2

L7225 T, MG (3.2.9) REF/MIT B u(k) id, (3.219)X2FeEBE, KX ei
RThuk) b LTH5rONE,

FYy(k) + {po- B(="1) + Qz"HC(z" 1)} Au(k)
—pg-C(z"He(k) — Pz HC(z"Hw(k) = 0 (3.2.20)

72720,

1y .o Q6 : Ql(z—l)
Q( | )=

—q+az l+gr 2+ 4 gpo1z (™D (3.2.21)

Thb. TIT, (3.2.20) ROLBE IED—py - C(z~De(k) 1, FIERICESHEEA
L72Z E TR A QBEMETOSHMERNZA L WISIHE LD, TNFETIIEEINT
W3tV T Fa - = v BEREHEE TR, SMEEAOR/IMED SR S E ATV
Wi, COEEFIIFE->TWDE D%, IO, HERGEOR/MEIZE TV TH
A BN /22 LIl o T, WHDTHEALLESDTH S, L72d>T, (3.2.20) RoHfH
ANC &0, A7 v 7HRNELOBRE LHERMNELOTBOBRMEEERTHZ E05TE 5.
Kz, BEEREROEKINIBNC, ERL LMV - THIBROFFHELEN4E L.
(3.2.1) R, (32.13) RB LU (3.2.20) A5, RAD & I AR NG %55,

z_1 z‘l z—1 . z_1 z_l z—1
yy = E ﬁf(z_)ﬁ( k) + 2B Lo
po-Bz"H+ Cz"hHo(="h

C(z=HT(z~1)

§(k)

Ad(k) (3.2.22)

_|_
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72771,
T(z~1) := Pz"HB(z71) + AA"HQE™Y) (3.2.23)

ThH5. (3.222) K25, TN PHN-TROREMZELTHEER, 00N
SHENE %D EIVGDH. 2B, FICHBRRTD, (3.2.22) ROALE 3HIL, [A6] %
ERTLHLERHIELLD., Lo T, (3223) RETVWTET LT 5,
Py BLUQ(z7)) #3HE T 2 BEEBHHR LRI TH I LHTE D,

3. 2. 3 wAVFa—Z I ERBHEROBE
(3.2.1) R & (3.2.20) F HABHL S N FIBMRORMIE, (3.2.23) X T(=~)) 14KHF
THIELE, BIFICBVWTERLL:. S TRBREOMELZ 25720, ZDT(21)
rEILWEERTEAAETALIICHREL, ThICESCarybo—5/35 x— & %5t
B4 AMEICOVWTER B,
DTToRRAZERICT 272010, BEEFEHROREHIBLLEL 25X%, ¥
TUTRFIZELTHL.

Fz"y(k) + {po- B(z"1) + Q(z"H)C (=1} Au(k)

—py - C(z"H)ek) — Pz"HC(z"Hw(k) = 0 (3.2.20)
T(z~1) := P(z"HB(z™1) + AA(z"HQ(z"h) (3.2.23)

=770,
Pz"Yy=py+piz7 4+ 4 ppz” (3.2.11)
Q"N =g +az +ar i+ 4 gpogz (MY (3.2.21)

Th5.
F(z7Y) = z2{P(z"HC(z"!) = AA(z"V)pg} (3.2.13)

Y, (3.2.23) RCBIFABULERT(:"1) %, I THE2ETOEELFERKKR,
KDL L 2RABELTERB.
T(z"Y) =14 t1271 419272 (3.2.24)

OB BL I RICONTE, (2217)K~(2.220) X5, Lb EAT) BE L FER
FL e i e AN - e
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B3E BASBREENTFa—= v BEREHIEA

RIZ, YAFLISNT A= a;, by BL U ¢; BREINT A —Fa,(k), bi(k) B L Ue(k)
EERRZ, OO EINDRENST A—F T MOk LI RIHET 7 —
FRy b p(k—1) %, KNELTEET 5.

B(k) = [a1(k), aa(k), -, an(k), bo(k), b1(k), - -, bm(k), e1(k), Ea(k), - -, ey(k)}T
(3.2.25)
(k= 1) = [-Ay(k ~ 1), -=Ay(k - 2),- -+, —Ay(k —n),
Au(k — 1), Au(k - 2),---,Au(k —m — 1),
An(k — 1), An(k = 2),---, Ap(k — 1)]T (3.2.26)

INLEAVT, UTOT 2 - BRI L DO(k) 2 BREET 5.

Lk — Dyp(k —1)

o) = O = U TG DrG - e - D

e(k) (3.2.27)

Dk = Dyp(k — D)7k — Yk - 1)

I'(k) =T(k—1) T 5T =TT = Dw(h =) (3.2.28)
e(k) = Ay(k) — {87 (k — 1)gp(k — 1) — n(k — 1)} (3.2.29)
n(k) = Ay(k) = {67 (kyp(k — 1) —n(k - 1)} (3.2.30)

72720, e(k) En(k) i3, FREFNEAREEB LOEHEELRLTWA, &I, (3.2.30)
A On(k) 126(k) OHEEMEEL LTHRR BT LD TEL, D(k) FRERSFATFIZRLT
By, TOMEPHEER, T(-1)=a-I727ZL0<a<o0 ELTEZXSE., CDEE, EF
(3.2.29) IT & De(k) ZFHEL, KIZ, (3.2.27)R&E O(k) ZFHET S, 512, (3.2.28)
FICBVTT(k) 2 FEH LA LT, (3.2.30) RiC & (k) 25HET 5.

X515, (3.223) R0V AE"NBLUBED 2#HENT A5 A" £B"H IKE
R RUCEDNT, P Q) #EHET 5.

T(z"Y = P(z"H)B(z"Y) + AA(z"HQ(z™Y) (3.2.31)

CHDEE, P Q") DFtER, 2. 2. 48TO(2.2.21) R~(2.2.27) R L [k
DFENETITS. &8, OFEEBVWT—ECPEHBLUQEH»526n5L)
I, TNFNOREEn Em -1 L LTRELT.

¥/, XEX»SF()) 23tET 5.

PGz = 2{P(z"1)C(z71) — AA(z"V)pg) (3.2.32)



3. 2 BNTFa-= s BEBHMADGEE

72750, poit (3.23) RCBWTEHHEINDP(:~)) OE—HERL TS,
BRIC, LEORBEEREBVT, RAZWEET 5 u(k) LW EBANLZEET 5.

Fz"hy(k) + {po - B(z") + Q(z"HC(z"1)} Au(k)
—po-Cz" k) = P"HC(E"Hw(k) =0 (3.2.33)

0 (3.2.33) Fld, (3.2.20) RSBV TE(k) 45, ERITIEEMEREL L THUGT 52 L2t
TELRVDT, INEk) CEEBRIZDDTHS.
INLDFEE, BHRICLTIRE LD,

(BN EEZBR LNV T Fa—= v 7 BREBHETLVTY 4]
[1] BB T A~ 9o BLUSERET 5.
[2] BET/85 A= 1HTVT, (2.2.17) K~(2.2.20) i & WML ER T(:71)
RERETY 5.
[3] REST X —Fa;(k),bi(k) BLUE(k) %, (3.2.25) F~(3.2.30) XD/¥F * —
I L W HEET 5.
[4] (3.2.31) ST, Pl Q")) 2FET 5.
(5] (3.2.32) R b, F(~1) %5tE T 5.
6] (3.2.33) IHEDTWT, w(k) BEKT 5.
[7] (3] ~NR 5.
PlEicky, v 2570138325 [ Al,[IkRE Bl OFT, RAGTHEERT S LV
7F a2 —= v/ BREMR KT A ENTES,
(3.2.1) & (3.233) ML VBRI N AHBROT Oy 7%, Fig3.1IIRT.

o |
4 1 estimator
N\
po-C
e PRI e y
o Apy - B
N\ N
a0 .¢ [—

Fig.3.1 Block diagram of the proposed pole-assignment control system
with minimum variance property.
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#38% BIGHMENTFa— =y BREER
3. 2. 4 HwLATF - UBEEHEROIEMNEE

BMEHCER LRI EZER L2 VT F o — = VO BEREREROEHIHE I
DNT, 2. AHTHOEBRLFAROFMEICLY, DTOEHYEHT LI L2TE 5,

(€% 3. 1)

iRz A] BLU [EE B] OTFT, (3.2.25) K~(3.2.30) X D/¥5 X — & FH#H|
CHMERY (3.2.33) R b, BT & 5 %ML T 5.

T(z~Y) FWHERELZEN TH D % b,

P. lim 8(k) =46 (3.2.34)
k—co
72750, QI AF AT XA— Y DE[ETH 5.
i)
P. lim z(k)=0 (3.2.35)
k—co
72750, (k) AR E 52605,
z(k) = n(k) — (k) (3.2.36)
iii)
P. lim €(k)=0 (3.2.37)
k—oo
72750, k) iRRIcLh5ion5,

po- B(z"Y) + AC(z"H)Q(z1)
T(z‘l)

GGEBH) i) (EE 2. 1) LA LTEETAZ EHNTE S,
i) D(z"1) = A(=1-271) £ L72(24.20) X2 5, KAOBRERRS.

e'(k) = e(k) + E(k) (3.2.38)

P. klim Az(k)=0 (3.2.39)
EHI, 2(-1)=0%FET2L, AR2ERTLI LD TES,
P. lim 2(k)=0
k—c0
i) 9, (24.43) Ao AkX%755.

A(z"HAy (k) = 27 1Bz~ DAu(k) + C(z~Han(k) (3.2.40)
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3. 2 ¥NT7Fa—=vrEREREADE

RIT, (3.240) R {pg- B(z~1) + Q(z"1)C(z~1)} 2#NF, (3.233) R ~1B(:"1) %
#r, 8512, (8232)RBLU(B.231)ReAVE I LTRAEHRL.

C Tz y(k) = 27 Bz~ P("HC (= Huw(k)
+CzYpg- Bz + AC(zHQ(z"1 (k) (3.2.41)

Z?(3.2.41) A% (3.2.10) IRAL, (3.231) B LU (3.2.36) NEH B Z &L TKRR
DEFREES.

T(z"He(k) = z7LAAETHYQ("w(k) — {po - Bz + AC(z"HQ(=" 1)} = (k)

—{po- B(z"H + AC(="1HQ(="1)}e(k) (3.2.42)
L7225 T, (8.242) s LT (EH 2. 2) EFEMENFIET, (3.2.37) A2 EET 2
CEWNTE S, [ |

PEWCED, REICBWTEBLRINGHREZER LIz VT F 2 — =V 7 RELEH]
BIROMERFITCREAMRIES NS,

3. 2. 5 HE2EMHEENREE
ZIT, F2ETERLBRENETVITY XA L, KETELEL REERE
FINTY X EDEEIZONTEET S,
9, (3.2.31) ROMILIZC (1) 2T, (3.2.32) ROBEFREA VD RN %E155.
C(z"HT(="Y) = ALY po- BGH+0(")8 (")} + 27 E ("B (3.2.43)
RIZ, (23.12)RIBVT, D(z7l):=1-271¢ L, (3.243)NEHBT B &,
S(z7Y) i=po - B(z"H+Q(z"HC(="1) }
R(z—l) = (271
ELTEZBE, | <1054, (3.243) RE (23.12) KB % 5. 72721, p -
Cz"Dp(k) = 0 £ L7 (3.2.33) & (2.3.14) ROGIHAI 2 B L7z & &, w(k) IC#»
BEERD, P10z &5.C") LRE B, DI LiE, FEL2ETOFEIYOD
AL T, AF v 7TEEOBIEEICTT 2 BEMERIET 5 DI L, KETEZL
2FEER, (3.242) RS SHL R &I, A7y TEEOBBEICK L Ta/sR M ERE
MEALTVBEEVI T EEZERLTWS, LAL, EFEHICE(3.231)RED

(3.2.44)

P1)=TQ1)/B(1) (3.2.45)

L7 h), Thix(23.13) N0y LEME %5,
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miﬁln,UNXFﬁﬁﬁtW5ﬁf@§&5%@Qlgl@%ﬁﬁﬁwf,$
BTELZL-FRE, F2ETEZLLFRI L TRDTHRIE OFEE ZR L 72§
HMEFEEELSTWEI EDGNE.

3. 2. 6 HEETEER
RECERB LRI EZER LNV 7 F 2 — oV S BEEFE 7 VT XAk
SMEEMEET B 72012, DT 3 D0MESHERR%RT. '
9, (3.2.33) RCEEND—pg- C(z~ (k) DHEDOFIHIZOWT, koD [H3. 1]
TEET 5.

[($13. 1]
WRET DY T ADRKELTHALNEbDLT B,

y(k) = 0.503y(k — 1) — 0.050y(k — 2) + 0.077u(k — 1) + 0.185u(k — 2) + 0.010u(k — 3)
+ E(k) +0.26(k — 1) (3.2.50)

7272L, E[6(k) =0, E[E3k)=1&T5.

9, BFELA2(8.2.33) AOGIHANC L 2HIEERE, Fig.3.2 [IRT. &8, (2) i
AR E, (b) ICFBATIORBRERT. Koz, (3.2.33) BT, —py-
Clz=Yn(k) DEZERFL-FEAN L 2HMER%E, Figs.3 IR, S2TE, HH0
S HHEEIRE A 5720, BEEL wk) =0 & LFBLERND T(z") =1 £LT
AE L7z, Fig.3.2 & Fig.3.3 2BV T, 101[step] ~200[step] THHIDHFE L HE AT D
SRERRDL L, FNEFN, Fig3.2 Tid1.48 B L1266, Fig.3.3 TiL6.45 BLU54.77
Tholz. TOZERLYD, —pg-Cz"nk) DEIZLY), BAHDDTHEIHZ AT
T EWGRE. £, GBEANOSEF TG LONTYE, BLEICEY, KEED
B IRIES 5.
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Fig.3.2

20

10
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min=-71.01

Fig.3.3

3.

2 kN7 Fa—= v/ BEREHEROEE

50

(@)

(b)

Simulation results using the pole-assignment control algorithm
with the term of —pg- C(z~1)n(k) where (a) and (b) show

output y(k) and input u(k).

50

-50

(a) min=-159.27 (b)

Simulation results using the pole-assignment control algorithm
without the term of —pg-C(z71)9(k) where (a) and (b) show

output y(k) and input u(k).
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%$3%E sIGEAEINVTFa—= v BRERER

KIZ, Wellstead HI2 L WIREENTWE LV TF 2 —= Y EEBED L olEicow
TEET .

[513. 2]
WRETBEVATF AL, RRAWCELWEZLNEHDET S,

y(k) = 0.503y(k — 1) — 0.050y(k — 2) + 0.077u(k — 1) + 0.185u(k — 2) + 0.010u(k — 3)
+E(k)+0.26(k—1)+2 (3.2.51)

ST [HI3. 1] EE%D, YAFARKRATy TIROMNEISTMENRTWS, F7-,
E(R) ICDWTIE, Ele(k)] =0, E[E2(k)=01,F 5. EBOYRF AL, /85 A —
YRIEBOEFNVE L TR EHA NS,

y(k) = —ar(k)y(k — 1) — aa(k)y(k — 2) + bo(k)u(k — 1) + by (k)u(k — 2)
+ by(k)u(k — 3) + E(k) + e1(k)E(k — 1) + d(k) (3.2.52)

50, FFULERE L TCRRNEHAVS.
T(z~1)=1-1.2262"1 +0.416272 (3.2.53)

COT(zHiE, 0=30BL06=05&LTHELALDBDTH S,

DEDBRED LT, FEITEZL RTHEEZER L2V T F 2 — = U 7 iRELEH]
M7IVTY) XL EHMATH. TDLEOFEFERE, Fig3.4 RS, 72, Figs.5 1T,
CDLEDNT A FAEERERT. CNOLOFERD,G, T A—FFEEITHIThIR
&, BEMBIBRET BT LERVELNTVWAI LIGND, &5, D01
XHR1) TEEI N TS Wellstead HIC £ AN T F 2 —= V7 BEEFIEEC L 24
R R%, Fig.3.6 IORT. Figsdd & Figse 2 HBIL- L &, ABTEEL-FEICLS
&, HHHADICIIEEID R {, HOOFEDTFIHALNTEY, ZOFMEIMRZ 5.
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20 50
10-
y Ausnda, [""’"’w
= 04 ' 700 ' 500 00 200
i k [step] k [step]
~10- )
_20t _50-
(a) (b)

Fig.3.4 Simulation results using the proposed self-tuning pole-assignment
control algorithm of (3.2.33) with minimum variance property
where (a) and (b) show output y(k) and input u(k).

50r

< 100 200
- k [step]
~10t I
~20t -50t
(@) (b)

Fig.3.6 Simulation results using the usual self-tuning pole-assignment
control algorithm by Wellstead, et al. where (a) and (b) show
output y(k) and input u(k).
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2r | 4
1...
& O30 200 & O\ 700 200
| 4}” K [step] ! k [step]
Al :
-2l -1t
(@ ()
0.51 0.5-
r A i L i i L N | -— i 1 N i i 1 1 -
& O 100 200 5 0 700 200
_ k [step] L k [step]
-0.5- -0.5-
(©) (d)
051 2-
i |
Pa— - } - W“’I"“Nh 1 . i |
&0 100 200 S Omiry 100 200
k [step] k [step]
~1F
-0.5" -2t
(e )

Fig.3.5 Identified parameters using the least squares algorithm

of (3.2.25)-(3.2.30).
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[#13. 3]

T, BEMES S Y TREE L ATy TREOMAEDLEE L TEX L NBHAI
DVTEET -1, 5 U 7EHOBEE~DOBER LRI 572012, WEEF L
ELT2DBEDEHREBATAILIEZLNDS, BICHELELLLIZ, TN L
LD EDOSREEIREIEZ L WIMEEIE LA, T/, BIZENT v 7T 25
TONBENITERDYZHEVDOT, TITHE, (IREELZ 1OV TF2—=v
JBECERERIC, BEMEBE7 A VY EHATHI LT, COMBELEETLIHELR
£7T5.

HB7S 7 ATNSH LTI, (3.2.45) REZE L7 (3.2.42) RICHAEOZH0) %
HssE, RRAOEFRZE

Ek®®%=A%¥§D (3.2.54)
PELBZEDD, wk) DALY AT EOBEEw (k) ELTARZEATS.
%m%%=wﬂﬂ+é%%¥gﬁdm—w%—lﬂ
= {(1+35) = g2 Jo(k)
= Gz~ w(k) (3.2.55)
1L,
gf = A1)QQ) (3.2.56)

(1)
THD. TZIT, (3.255) ANE—AAULE2EHICH S {wk)—wk-1)} K&, 7~
THEBOHEEIT LTI, TOEEOEREBTLEHFTES. /2, X7 v 7R
DHEMEIZIT LTI, COmEEFELLRD, (3.255) ADFE—NL, wk)DHERDB, D
Z &, (3.2.55) AT v THBE S VT BBROMAELETE L LN L HIEMEICT L
T, BEIWICEID BATRETH L Z LERL TS, &R, fIANERRELTERS
5.

F(z"ly(k) +{B(z"1) + Q(z"HC(z"H)} Au(k)
~Cz"YHnk) = P(z"HC(z"HGr(z"Hw(k) =0 (3.2.57)

CCTEZLLHEFEOERERT 72012, DTICEETE 217 ).
WRETLHIVAT A, KA ET5.

y(k) = 0.503y(k — 1) — 0.050y(k — 2) 4+ 0.077Tu(k — 1) + 0.185u(k — 2) + 0.010u(k — 3)
+€(k) +0.2¢(k ~ 1) + 2 (3.2.58)
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50

-50

100
k [step]

(b)

Simulation results for the reference signal with ramp function
using the self-tuning pole-assignment control algorithm

with minimum variance property of (3.2.33) where

(a) and (b) show output y(k) and input u(k).

100
_ k [step]
_25 L
(@)
Fig.3.7
251
< 0 ' 100 ' 200
t k [step]
-25L
(@)
Fig.3.8

u(k)

-50

(b)

Simulation results for the reference signal with ramp function
using the proposed self-tuning pole-assignment control algorithm

of (3.2.57) where (a) and (b) show output y(k) and input u(k).
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F72, £(k) ICDWTiE, E[¢(k)] =0, E[E2(k) =001 £33, bk 257 AiTifL,
NI XA—FFEEAOETIVELT, (3252)ReHVAE, 51T, BELEA L LTE,
(3.2.53) & v THUERH L 24T ).

DEDEZENLET, 7, 3233) R LB VT Fa—= v/ BEBFHE7 VY
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YTANCH L TEFREPEL T D Z EXGH5.

—7, (3.255) Rk 325N R L BN TF o~V BERERIEA 7 VI X512
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T3 AEARRIBLA TR LA s, 45, BEEKTS LS s BEIECEL
Tit, FROEREIET 52 LT, BRME~OBEMEEYET 52 LA TR,
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][]
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ns,
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RER LR REDITR 5.
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LT EERLTNS,

53—



3T BASEEELT T 2— =y S EREEES

1) P.E.Wellstead, D.Prager and P.Zanker : Pole-Assignment Self-Tuning Regurator,
IEE Proc., Vol.126, No.8, pp.781-787 (1979)

2) P.E.Wellstead and S.P.Sanoff : Extended Self-Tuning Algorithm, Int. J. Control,
Vol.34, No.3, pp.433-455 (1981)

3) M.B.Zarrop and M.Fischer : Reduced-Variance Pole-Assignment Self-Tuning
Regulation, Int. J. Control, Vol.42, No.5, pp.1013-1033 (1985)

4) K.J.Astrém, U.Borisson, L.Ljung and B.Wittenmark : Theory and Applications
of Self-Tuning Regulators, Automatica, Vol.13, No.5, pp.457-476 (1977)

5) K.J Astrédm : Theory and Applications of Adaptive Control -A Survey, Auto-
matica, Vol.19, No.5, pp.471-486 (1983)

6) D.W.Clarke and P.J.Gawthrop : Self-Tuning Controller, IEE Proc., Vol.123,
No.9, pp.929-934 (1975)

7) D.W.Clarke : Self-Tuning Control of Nonminimum-Phase Systems, Automatica,
Vol.20, No.5, pp.501-517 (1984)

8) M.J.Grimble : A Control Weighted Minimum-Variance Controller for Non-
Minimum Phase Systems, Int. J. Control, Vol.33, No.4, pp.71-762 (1981)

9) D.W. Clarke, C.Mohtadi and P.S.Tuffs : Generalized Predictive Control, Auto-
matica, Vol.23, No.2, pp.137-160 (1987)

10) M.A.Lelic and M.B.Zarrop : Generalized Pole-Placement Self-Tuning Controller,
Int. J. Control, Vol.46, No.2, pp.547-568, (1987)

11) WA, AE, KA srEmMESE b O —BRACR/NTREIE d§ 28 0R 0 —jkEt
FHA B B A5, Vol.26, No.6, pp.656-661 (1990)

12) T.Yamamoto, Z.H.Luo, Y.Sakawa and S.Omatu : Self-Tuning Pole-Assignment
Controller with Long-Range Prediction, Preprints of 12th IFAC World Congress,
Sydney, pp.375-380 (1993)

13) AR, s, KA FER/AMUARR IS T 5 2 JARFHI OFIEEEEOTE, Y X
7 A LR, Vol.31, No.8, pp.604-612 (1987)

14) WA, Kia, AF  FEEEEDOEES TCT VI X8I T BRERT, ¥ X
7 & Eilf, Vol.32, No.3, pp.207-208 (1988)

15) T.Yamamoto, S.Omatu and H.Ishihara : Improvement of the Tracking Property
for the Linear Quadratic Adaptive Controller, Proc. of IFAC Symposium on
ACASP, Glasgow, pp.117-122 (1989)

16) E.Mishkin and L.Braun : Adaptive Control Systems, McGraw-Hill, New York
(1961)

—54—



Al 11 =t

54 B

CIWTFa1—=2FP | DEIHRDERE
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2L, EVAT ANOEEEZEZ L E, BHELHBBED 720 ICEELIARWiET
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BT B72010, A —FFa—=v7PIDHERY-1DRtV7F2—-=v4 P I DI
R OEERIEIC T A WED T STz WTROEA DS, FHRECERTHD L
B, BEES TSR E NV E VS -EEAIEI N TV S,

AETHE, HEREZP IDHERICEEL, PIDF A v 2ECHET LV T Fa—
v PIDEEREEETA. £IZ, PIDF A YOBECHEICH2-TiE, FiH%R
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DESENE IR & BB DR TE B £ Y1, BREECESVTTY. ¥, 4. 28
TRBEBEREIV/ VT F2—=v27 P I DEEIROERZEHED 2oV TR
%. 2T, SR ETIVE LTCAR (Controlled Auto-Regressive) £
VEA, HEEERTOLZREIFELZVE L TERET L. $72, BELEL7
Fa—=sP1DHEROENECBMENEICL VIREET 5. %8, CLERHISHFET
BRIHTAEEE, 4. 3HML4. 4ERBATTY. —RIC, bEREIHETS &
BRSNS 72 ), REMABALT B L hHD. 4. 3ETIE, bIERSBEL LT
HESRICHEMEREHAL, ZOLRKRISHLTEVT7F2—=7 P I DFIER
AT A FEIOINICoONnTEET S, RIS, 4. AHTREEES A V2 bDELT
Fa1—=vs P IDEMR BT 51819, LOMBRHEEL L OV T Fa—ny
P ID&7 VT X aid, t7ZRHOKRE SIS0 L TRIEFIEZROREDKE (%o
TLED)., SIS LISTEET VT Fa—=2 P I DRI, t72RMoX
ERWCELT, PIDFAVEFHLIEALLEEMY 4 0L THEBRZHRTL2 &
BTES. KRS, 4. SEHTHERMNHMLET I VI D—D2 L L TEXLNDRY XF
LY ARG OREFMRIES) <, ARCTEELAFEEEAL, BHIERRN S
EDEMEC OV TIRE T 5.

4. 2 ®IWTFa1—Z27TP | DHIFEROENLE

4. 2. 1 MEODR
WMRETBEVRATFLE, XRTELOND L% AT v 7 HRIEL L HERBVEL AN
IR 2ROCAREF VI CERBT 5.

A(z"Dy(k) = by - u(k — 1) + &(k) + d(k) (4.2.1)
7770,
Az =14 a1z71 4 agz? (4.2.2)

THY, ulk) BLWy(k) 12, #NETNFBANB L LI ERT. T/, &(k) L dk) i
HELERL, FhEh, ARETY AT ATy TRIMELE 5. (4.2.1) R, ER
P RETERT LV T Fa—oVvs/PIDavbua—5id, YAFLADXREEPID
HEEGZOREAFE L TRITETR bW, $4bb, 1R L CIP ITHER, 2X
RICH L TEP IDHIBHRERETHHDET B,
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RERICBWT, TZREMNEEL2VY, GBI 2% v 7 ) Y ERE TR T,
FAPENE IR VAT LAER) I ERFERLTWA, T, —RICEBIEZRIE, n RO
R EFNVTRESNGD, 7O AFHRDIZLEALD, 2XKRUTCRAINEZ &
PEVWTERZERLT, TITRME2)ABLPU22) REEBEFNVELTHNS,
Thbb, (4.21) NBLA22) e LTRABTEDRHBERELT, UT0L %Y
AT ADERLNS,

ky
Gl(S) = m@ TLS (423)
Gials) = a2 e T8 (4.2.4)
52 4 2wps + wi

72720, GERMICBWTE, R LICT, =0 THE2T, < TTHA. ¥
72, (4.24)RTBVT, w, ZEFEIE, CREERKT, TITIE(>0.707 EHET
BEIBVATLERD. SO LR, (424)ROVATFAPHESERZ L2V EWVD
LT B, &b, UCLEBHMIFETAHEIIOPVWTOERL, 4. 3HBLU4.
4FIT BV TIT ).
42D RBLUUA22)RTHEIOLNDE Y AF AL, BT L) 2REA BT

H5HDET 5,
(e Al

[A1] /8T XA—% a1, aaBL U hlIKHTH 5.

[A.2] d(k) XRHDRT v TEETEZ N, KESF—ETH I ARNEHET 3.

Ad(k) =0 (4.2.5)

2750, A=1-2"1Th 5.
[A.3] BiEE wk) EAT v 7HETS 26035,
[Ad4] ABTMEFD LR ENBRDNRY bV
bk —1):= [-Ay(k — 1), = Ay(k — 2), Au(k — 1)]T (4.2.6)

LT, RAZMET 2 EEITHI RYELET S, 2T, nk) dEEMES
7 AFEEC(k) OHEEEEZRL TW5,

N-1
.1 o -
Jim < k}_o: Pk -1)pT(k—-1)=R (4.2.7)
E5IT, {ER)}ISHLT, KDL I RIREFH LT LD ET B,

[fkz=E B)
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[B.1]
L V-1
El§(k)] = lim & > Ek)=0 (4.2.8)
k=0
[B.2]
L N=
Ele} (k)] = 1 Z (k) = o2 (4.2.9)
[B.3]

N-1
ElE(k)E(k+ 1)) = ngnoo% Y Ek)E(R+T)=0  (r#£0) (4210)
k=0

(4.2.1) ROV AT A3 L, KXOFIEANC & 28R P I DR EHBET 5.
-1
(k) = SE L (k) - y()} (4.2.11)
72720,

Clz"Y) = Kp(1 —2"H+ K;+ Kp(1 —z71)?

=co+c1z~ ! + 922 (4.2.12)

ThHb. B, 42120 RREIND Kp, K;BLUKp &, #h®h, X4,
TTAYBEUHITT AV 2RLTWS,

(4.2.1) & (4.2.11) RS L W HER SN B P I DHEEROMZ L, HHERIICEE NS P
IDF A YOECKRESEET S, Lzdo T, :n%w?%yéamibtﬁﬁiéﬁ
WS ENBEERMEE L. ZOPIDF A VORI OWTKEUBREEET 5.

4. 2. 2 IBECEEICHED CHED

HEROWEDIZL A LD, ANV —THIHAROBICL o THEINBZ 2D, F2
EXEIETOEBELAKK, BREEOBALOZPIDFAVERET L L2 E
5.

(42.1) & (4.2.11) R SR S5 P I DEIRD w(k) 25 y(k) ~OFHN — 71z
FEEHE WD, kR e ns.

zflbo . C’(z‘l)
(1 -z 1Az + 2718y - C(z71)

Wi(z~h = (4.2.13)
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L7z T, RIRTEENT(z") %2, HFUSEER L AR T LHTE 3.
T(z71) = (1-2"HAGTY) + 271 - (71 (4.2.14)

COT(Y) 2#EEAREEET S £ ) ICKEL, (4.2.14) ROBERICEINT, £P1
DAV EFETS. 22Th, Tz 2RkRA e LTEET .

T(z7Y) =14 t127 4 9272 (4.2.15)

(4.2.15) XD BL U t%k, 2. 2. IETEELLARCLINVRETS. T4hbbH,

- 4p—1
t] = —2e 2%cos( £ ) (4.2.16)
2p
-L
ty=¢ F (4.2.17)
p:=T/o (4.2.18)
= 0.25(1 — §) + 0.516 | (4.2.19)

72720, oMb EXNEEMZERLTEY, u) BERIEE 2 RTHRETH S, &5,
ERAMEZEERLTOS§<2E LTHETA.

(42.14) KB LU (4.2.12) ROEFHEL S, PIDF A YD TosERICL hEtET
&5,

, to +a)+ay )
Kp=_-2T°17%
bo

14+t +1

K= 2t ) (4.2.20)
v by

ay
Kpn=-—=
D= )

ST, BTNy F U RICETCREIDZE A 0N S, UTOMAEICL), 22Tk
RECEIE T ED CHIRRFHIDOWTEE L.
i) HifExS % (42 1) RTHRBELZZ EICLBEFMEEEENE L LN, MELET
Wy FUTIITTARATCE R W,
i) EFNVTyFrokicLBE, avbo—F 8 L TERBOBEERILEL 2
BGENDH 5.
i) IVFO-F0FEIEBVT, fENROFEREACZTEZLT, Gl
B L OBBEERIFESY, VAT AEEICEHWEIER % 5.
iv) flfdROREEICE T 580 (A" WEIIERELER) 25, FLCLEL
oTK 5.
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4. 2. 3 w©ITF2i—=FaLbO—-5NDE%E

INEFTCHOETERLALIC, CSTHEBECES VT Fa—=0rarh
-5 (STC) %%it+5.

$Y, L LVoBLUSEREL, (4.2.15) K—(4.2.19) RIS THIELEAT(- 7))
ERET 5. K, (L2D)RBLVE2Y ROV AT LRT A= ay, ay BEUb%
REVST A =5 ay(k), aa(k) BEUH(E) CEBERZ, ShbPLERSADRL ST
A=FRY b VH(k) ETHIHIET 27— X7 b (k- 1) BRHAE L TEET 2.

B(k) = [a1(k), ag(k), bo(k)]" (4.2.21)

Wk ~1) = [-Ay(k — 1), —Ay(k = 2), Au(k —1)]7 (4.2.22)

IRHLEHAWT, UTOBERB/N2FTEICL D NS A—FRIELXITS.

2L — AL (k- 1)y(k-1) . .
6“)—%k_n+1+¢Uk—UHk—Dwk—Dd” (4.2.23)

(k- Dk — DT (k- D0k~ 1)

D(k)=T(k-1) - T DM Dp(h = D) (4.2.24)
e(k) = Ay(k) = {87 (k — 1)p(k — 1) = n(k — 1)} (4.2.25)
n(k) = Ay(k) — {87 (k)p(k - 1) — n(k — 1)} (4.2.26)

72720, e(k) (k) ix, TNENEHREB L UFEHRBRELRL TS, T(k) I33RE]
SFEATHIZRLTCEBY, ZOMPMERT(-1)=a -1 7272L, 0<a <o ELTHZ 3.
B, NTRA-FEEIIHIo T, F9(4.2.25) Rdbe(k) HEHEL, (4.2.23) R
EOWTHk) 2RODB. 2515, (4.220) RITLWI(k) ZEH L2 LT, (4.2.26) Xb 5
n(k) Z5tET5.
RIC, #ENT A=F1HEDWT, KRR L O 25HET 5.

T(z"h =1 - 27 HAGEY + 27 (k) - E(z7h (4.2.27)

VAYAR DR

Ciz"Y = Kpk)(1 — 2z~ + K (k) + Kp(k)(1 - 2~ 1)?
= eo(k) + e1(k)z7" + &y(k)2 2 (4.2.28)
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4. 2 ST—P I DHMRADEKRES
Thb., 2612, XKRICEYPIDF A Y Kp(k), Ki(k) BEUKpk) 25575,
Kp(k) = —{e1(k) + 2e3(k))
Kp(k) = &1(k) + 29(k) + 22(k) (4.2.29)

| p(k) = (k) |
Bfkic, Kotic X 2HEBOSITP T DRIIENC & 1, BIBAD % AT 2.

u(k) = u(k — 1)+ Kp(k){e(k) — e(k — 1)} + K (k)e(F)
+ Kp(k){e(k) — 2e(k — 1) + e(k — 2)} (4.2.30)

2L,
e(k) ;= w(k) — y(k) (4.2.31)
DEDFExTLDBE, RDLHKCES,

[tV7F2—=v7PIDEETNVTYXA]

(1] RETNT A—FoBLUSERET S.

[2] B&E 8T A =2 IKETVT, (4.2.15) R~ (4.2.19) R & WML EA T (7))

AT 5.
[3] (4.2.21) X~(4.2.26) AD/XF A —F FEANCT LD, KREVIT X —Fay(k), as(k),
bo(k) 2HEET .

4] (4.2270) R 5, C(z7)) 2EHET 5.
5] (4.2.20) AR5, PIDF A YKp(k), Ki(k) BELURp(k) 25187 3.
m(42myﬁbivw49mytk§owf' u(k) ZERT 5.

7738~
Blicsey, vy25702083% [ Al,[MEE€ Bl oTFT, ¥tV7F2-=2/PI
DR R T A LD TEL, S TEBLENTF2 -V P1DEERNT
Oy Z7#R%E Fig.a.1 ISRT. 72721, estimator 1339 A — ¥ [ElERm xR L T 5,

[
[
[
[
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[

Fig.4.1

Block diagram of the proposed self-tuning PID control system
based on pole-assignment method

BCTERL-VT7F2—=v7PIDHEHROEHEHNHEICOWTIE, F2EL
ﬂL?ﬁkaﬁof% 235 ENTES,
4, 2.

4 HESIEER

CTiE, RECEE Lft»7%1—_/7PIDﬂﬁTW:UZA@ﬁﬁﬁ%m
ﬁ?%fbk,uTkﬁﬁﬁﬁkowT% 253,
gl4. 1]

MBEETEIYRTF AL, XRNCD L) BEERETS.
1) k < 100[step)

y(k) = 0.639y(k — 1) + 0.040y(k
ii) k> 100[step]

2) +0.183u(k — 1) + 1 + £(k) (4.2.32)

(k) = 0.798y(k — 1) + 0.043y(k — 2) + 0.458u(k — 1) + 1 + £(k)
727EL, &2 Th E[E(k)] =

(4.2.33)
[€2(k)] =001 & L7z £72, T XA—FDRIEET IV
ELTRAZAVS
y(k) = —ay(k)y(k — 1) — aa(k)y(k — 2) + bo(kJu(k — 1) + £(k) + d(k)  (4.2.34)
S5, FEMEZERIRA L LCRRETT 5.
T(z71)=1-0.7362"1 +0.13522 (4.2.35)
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Y, Kp=2534, K; =2183 BLUKp=0219 & L72REES A ¥ IiTED  Hif
FR%, Figa.2 WRT. %8, LROPIDF A ik, (4.232)XDNXT 2—F DEfE%
BwT, (4.227) & (4.220) X o5tELfETHS. T/, HPOKENIZDRZIIC
BWT, YAFADPEH LI EERLTWA., Figa2 B b, ¥ A75 LOEBEREED
KEENATWBZ EDHD |
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Fig.4.4 Identified PID gains for Fig.4.3.
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Fig.4.2  Simulation results using the PID control with fixed PID gains
where (a) and (b) show output y(k) and input u(k).
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Fig.4.3  Simulation results for the time-varying system using the proposed
self-tuning PID control algorithm where (a) and (b)
show output y(k) and input u(k).
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4. 3. 1 MEOER

BIET Tk, BEREERR BT EREAZRICE R DLED LR VRIIHLT, ¥V 7
F1-=v/PIDEMEREHI L. LaL, SENRORICREGZABEIAZ VLD
bEZON, INbE, D (42.1)Re LTERRTEIE, EFICRELRYF YT Y 7
Rz AWLITEZ O, C0LE, RIS TEERID LRI 25,
Y7 YT ERBATOER (728 21E, VAT AEEZE) B8, BEIED S 2 WITEE
WABELTL S, LEDoT, EBROLI BTV AF AL T, 421)RTili22
CREESAE L, HHENSE [+ CAR] 7 vELTRBL AT RISET 5
T EDTELRV, FITERETE, GEAEROIRVILELRIT T2V T Fa—=
7 P1DHBROEINED—2 L LT, HENRICHERMESRLHEAL AR
LT, ¥V7F2—=V7PIDHHRERITLIAELCOVWTEET S,

WHEETEVAT L%, RATH2005 [C72EM+CAR] EFVTEHERT 3

AG"Yy(k) = 27 Tbg - u(k — 1) + €(k) + d(k) (4.3.1)
7272 L,

.4(2:_1) =14az" 1+ agz"2

THY, uwk)BEPyk) X, FNEFNEEANBLCREIERT. $72, k) &dik) i
MNELEZRL, FRFN, AEMETY AT LTy THRANELE T3, T2, Li>0) 128
BEER TOL P EBZRLTWS

3D ABLUT U3 RNTHEILNE VAT AL, UTOL ) BRESKILT
5b0L$ 5,
(e Al

[A1] /89 X—% a1, aaB LU hgldRETH 5.

[A.2] L7ZFRIIZBEEIT, L>0TH 5.

[A.3] d(k) RERHDRAF vy 7HETSAbN, KEZZ—ETH I RREHLET 3.

(1.3.2)

Ad(k) =0 (1.3.3)

Ad] BEEwE) BRATYy 7HEETEZ LS.
[A.5) ARTMEB LS NBRDNRY F IV

vk —L—1):=[-Ay(k —1),-Ay(k =2, Au(k =L - 1)} i+

'L';:)
i
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T AMEEE(k) DEEEEERLTVS,

N-1
. 1 T _
Nh_r)réo i kgzo YWk—-L-1)y*'(k—L-1)=R (4.3.5)

EHIT, TTTHER)I LT, RDLILREFH LT EDDET 5.

[& B]
[B.1]
1 N-1
Elg(k)] = lim < > &(k)=0 (4.3.6)
k=0
(B.2]
1 N-1
B’ (k)] = lim = > €(F) =0’ (4.3.7)
k=0
[B.3]

N-1
Bk +7)] = Jim + 3 ERER+T) =0 (r£0) (439
k=0

(43.1) ROV AF HIxFL, (4.2.11) RO ZEH LB, wk) »5 y(k) ~D
BV — ZEEEB Wa(z— ) i, kRE% 5. |

| LD (=71
(1 - z"1A(z=1) + 2=+ - C(2~1)
BREBEOBEA,ALP IDFA VAEETEEE, GFEEOEEIZLY, (4.3.9) R
LEBICBEEIMTI RV EVBEZH T 5.

ZFTT, Fch PERGER L L CHENRICHERESR AL, COREME
S DL AEEIICHY T AEROELMEL, RV DOELZP I DHEGZ LV MET
LEMR LT 5.

Wa(z™1) = (4.3.9)

4. 3. 2 HEWEBELOP | DHMROHEIOD
Y, FERICAROMBEMHERH (1) 2 HAT 5.

Hz"Y=1+4h1z" 4+ hgz™t o 4 byl (4.3.10)
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CHLE, HIERLBIBHESIO OB SN BRI, kXL TE2H0S,

A(z"YWH(z"Dy(k) = 2= EHDpgu(k) + £(k) + d(k) (4.3.11)

770,
v(k) = H(z " Du(k) (4.3.12)
D (4.311) RS, kX0 & Hicd7-P I DHAIZEA L, P I DHMHR LB T 5.
o) = S ) - o) (+3.13)

L, C"hH) kR 3.
C(z"Y):=Kp(l-z"H)+ K;+ Kp(1—2z"1)?
=cy+c1z L + cgz2 (4.3.14)
TCT, (4313, (4.3.12) KB LU (4.3.13) A LRI B HWROEHN — T 1E
EREH W3-~ ik, RRELTHEXLNA.

z—(L-f-l)bO ) C(z-l)
(1—2"DAGE"DH(z=1) + z=(L+py . C(2-1)

(4.3.15) R &, KRR T T(:™)) 2 HEROFULSER L AT L25TE 5,

T(x~1) = (1= 27 HAEHHEET) + 27 e - o) (4.3.16)

Ws(z71) =

(4.3.15)

HYDREELRELEZZEICED, EFLWTE) 55 (4.3.16) REMWET S LD
i, B O LHEBBESE (")) 2EE T EATES, LA T, (4.3.10)
ROFBHEREEAL-Z LT, BRECESVTP I DY A Y ORBELTEL %25,
FThbh, Cl- ) IEMESRNE, EPIDF A VIERRICEL W ET LI L TR D,
Kp = —(c +2¢)
Kj=cp+ci+co (4.3.17)

I‘:D =9

4, 3. 3 ®BATIF2—Z72b0-5DEE

ChETLRAER MEBEMERZL L OP IDFERICESNT, MEEOBE,LL BV
JFa—zvravbu-7ERET 5.

T, ELVoBLUSEREL, (4.2.15) A~(4.2.19) RiHE ST T~ 1) 2 5%EtH
T5, 2770, TZTHTEH %2215 XDE 5B 2RkRNICBEELTE LS.
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RIZ, YRAFhI8F X—F a1, agB L P by &KREVST X —Fay(k), ao(k) B & Uhy(k)
WEEHRL, ChOLOBEINIRMIT XA —F X7 b VI(E) £ ZhISHIBTEF —
IR PIVYp(k-L-1) 2XNELTEET 5.

B(k) := [a1(k), ag(k), bo(k)T (4.3.18)

bk —L—1):=[-Ay(k — 1), -Ay(k — 2), Au(k — L — 1)]T (4.3.19)

CNLZHWT, UTOBRB/N2EEICL Y NT A - FEEFT.
I'(k—1)p(k—L-1)
1+ 9T (k—-L—-1)(k-1)(k—L—1)

B(k)=06(k—1) + (k) (4.3.20)

_T(k=1p(k~L-DypT(k—L-DT'(k-1)

PR =Tk -1) 14+ 9T (k—L—-1)I(k—1)(k—L-1) (4.3.21)
e(k) = Ay(k) — {67 (k = D)yp(k — L — 1) —n(k — 1)} (4.3.22)
n(k) = Ay(k) — (BT (kW(k — L — 1) = (k — 1)} (4.3.23)

22720, e(k) En(k) i, ZREPNFWEES L CERBELRL TS, T(k) E3EHk

GEATHIZRLTE Y, 20MPERI(-) =a-T 727L, 0<a<ooc &ELTH X5,

B, NIA-SHEEILHIzoTiE, 7 (4.3.22) Adbe(k) ZEEL, (4.3.20) K

ESVTHE) KOS, 8517, 4.320)RICEYTR) 2FHL-LT, (4.3.23)R25

n(k) Z5tHET 5.

$72, YT A5 ITHETVT, KRITLY () LA 2EET .

T(z"Y = (1 - z"HAGEHAGEY + 2= EFDEk) - E(=~ 1) (4.3.24)

7=72L,

C(z71) = Kp(k)(1 — 27 1) + Ky(k) + Kp(k)(1 — 27 1)?
= &o(k) + e1(k)z L + 2g(k)z~2 (4.3.25)
Thb, 851, XRXICEWPIDF A VEKp(k), Ki(k) BEUKp(k) 25187 5.
Kp(k) = —{e1(k) + 282(k)}
K (k) = &1(k) + &2(k) + &2(k) (4.3.26)
Kp(k) = (k)
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R, KL FEANZERT 3.

v(k) = v(k — 1) + Kp(k){e(k) — e(k — 1)} + K (k)e(k)

+ Kp(k){e(k) — 2e(k —1) + e(k — 2)} (4.3.27)
1 i
u(k) = ﬂ(z_l)v(k) - (4.3.28)
72720,
e(k) := w(k) — y(k) (4.3.29)

DEDFFEzF OB L, RDL Ik 3.
[FIEMHESRZ 2NV T F2a—=v 7 PIDEE T LT X 4]
[1] REST A= BLIUVSEHRETS.
[2] BXEI/ST A -5 ICHEDVWT, (4.2.15) RN~(4.2.19) R & W ML ER T(2- 1)
a5, |
[8] RENVST 2 —Fay(k), aa(k) BEUBy(k) %, (4.3.18) FK~(4.3.23) KDt 5
A—FFEAZEIVHEET 5.
4] (4324) X2 5, C(z~1) LA™Y %EtET 5.
5] (4.3.26) XA 5, PIDF A %5813,
6] (4.3.27) X~(4.3.20) R ESWTC, wu(k) 2ERT 2.
7 2] ~NR5. '
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[
[
[
[

]
estimator
\ N :
-\ . ;|
+ | o v ) 1 uli —(I+1) i L —- Y

v i R A [
i : Vol

: ! system .

1 I 1
ittt ittt '

' extended system ;

Fig.4.5 Block diagram of the proposed self-tunign PID control system
with pre-compensator.
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4. 3. 4 HESHEHER
R TERL -G P EEHEST LoV T Fa -V PIDHB7Z VT Y X2 D
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(B4, 2]
WRETHEVATF AL, XA TEAOLNELDET S,

y(k) =0.811y(k — 1) — 0.148y(k — 2) + 0.274u(k — 3) + 1 + £(k) (4.3.30)

7272L, E[E(k)] =0B LU E[E3(k)] =001 £T 5. (43.30) ROV A7 AlxfL, FE
EFNVELTARREHNS.

(k) = —ay(ky(k — 1) - aa(k)(k — 2) + bo(kJu(k — 3) + €() + d(k)  (4.331)

7z, FHLENRTEY R, (23.18) REFA#KTH 3.
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Fig.4.6  Simulation results using the self-tuning PID control algorithm

with pre-compensator where (a) and (b) show
output y(k) and input u(k).
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Fig.4.7 Identified PID gains and parameters of pre-compensator for Fig.4.6.
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MRETBVAF AR, RRAKDE I LEERTH A,
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il) k > 100[step]
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7272L, ZZTHE[E(R)] =0, E[E2(k)] =001 & L7 F/, NI A-FDEZEE
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Simulation results for the time-varyving system using the self-tuning PID
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Fig.4.8
control algorithm with pre-compensator where (a) and (b)
show output y(k) and input u(k).
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Simulation results for the time-varying system using the self-tuning PID
control algorithm with Smith-type time-lag compensator
where (a) and (b) show output yi k&) and input u(k).
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Fig.4.9 Identified PID gains and parameters of pre-compensator for Fig.4.8
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WRA2ERT 2LV 7F2—=V7 P I DEHERD VO 0REHCOWTEET 2.,
WRETBVAF L%, SITHXRADE )% [LFEM+CAR] =7V ciRek

T 5.

AG"Dy(k) = 27 Loy - u(k = 1) + £(k) + d(k) (4.4.0)
72721,
Az =14a271+ agz~2 (4.4.2)

THY, u(k) BLUy(k) X, TNEFNGEMANB L TEADERT. T/, (k) Ld(k) iR
SNELERL, hth, BEES T AT LTy TRINELE T 5. £72, L(>0) 148
HRERTOL ZRHEZRL TV,
(44)RBLUTU4) R THELONB Y ZF AL, 4. 3&To [k Al B
LU [ B] LT 20D ET 5.
RiZ, (441)RDOVATFHIHL, TTTHRADP I DHEAI4 &AL 7-5lER %
Ex5B.

. ('5 143
u(k) = {w(k) — y(k)) (4.4.3)

72721,
C(z"Y) = Kp(l— 2D+ K; + Kp(1 — 2~ 1)?
=cp+ clz'1 + c23_2 (4.4.4)

ThHb. BB, (444)RCEEITND Kp, K BLUKp 13, #0€h, B/ 4, &
DAY BLUEGT AV ERLTWS, TIT, (44.1)3E 44 RiICL RN
BEAN—TROEMEZER T », AREe %2 L% 3T TIRLT.
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F—EFICEETAIENTELRVD, KHICIBWT, CORE2BRT L -00HIE 7
VTY XA DWTEET S,

4. 4. 2 BIEBEF1>%EDHDP I D%IJ@%%@ £118)
9, RRADEL I LFLWESLEATS.

T(zY) = (1-2"HAETY) + 271y - C* (=) (4.4.6)
72750, C*e ) BRRCENSEXONBPIDFA VoL BEEATHS.
C*(=71) = Kp(1 —z“1)+KI + KhH(1—z71)?

-2

= CO + clz + 622 (447)

ZZT, L=00ktEC*z"H)=Clz"h &k, 4. 2EHITBVWTEZL-HERICE
flizfEE % 5.
KT, (4.4.1) R L1 — 271 28, (44.6)RNEAVD L,

Tz Vy(k+L+1)=by-C*(z"Dy(k + L) + bpAu(k) + A&(k+ L +1)  (4.4.8)
#1585, VWE, yk+ L) OFETFEMEY(E + L/k) 2 RANELTEERT 5.
g(k + L/k) := F(z"Yy(k — 1) + E(z™1) - bou(k — 1) + E(1)d(k) (4.4.9)
CZT, FEREC ) BLUFE ), XRAOESERLMILICLNFEINS,
1=A"DEGC )+ LFEY (4.4.10)
727EL,

Bz =1+eiz ez o ep 7D } (44.11)

F(z"Y=fo+ fiz7!
372, ) =1+ e Thn, coLE, yk+ L) Lyk+L/k) EOMITH, (4.4.1)
R (4.4.10) NOBEFE? S, KD & ) LERIBILYT 5.

y(k+ L) =3k + L/k)+ E(z"Y)e(k + L) (4.4.12)
(4.4.12) X% (4.4.8) RIAUAT 5 LRADERZ1ES
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2~ by . C* (2~ A+z718 - C*(z"HE(ETT)
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___ yk) 1416
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A YBLUBEMES A VB EL RS, L2L, EFRETCRy;k+L)Syk) EERXD
Nohh, v=1ER)—EDEEL LS.
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d(k) = y(k) - (8T (k)é(k — L — 1) + n(k)} (4.4.19)
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=720,
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Thb.

(4.4.20)

RIZT, (4.4.6)XERMNF A-FITBERZ KRN, C* () 23TET 5.

T(z"H =1 - 2"DAEY) + 27 1y(k) - C*(z71)

oI, KX, SEHBES A Y o(k) 25HET 5.

 y(k)
p(k) = g(k+ L/k)

ECREL7CHY) Lo(k) 2HCT, kR HC(:71) 25HEHT 2.
| ¢
o (k)

COCEY) #AVWT, kRSP LEPIDF A V2itET 5.

Kp(k) = —{&1(k) + 2&(k)}
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Kp(k) = 23(k)
BIC, RNERAWTHIEAN € ERT 5.
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Fig.4.11  Block diagram of the proposed self-tuning controller
based on predictive model.
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Fig.4.12 Simulation results using the self-tuning control algorithm
with changable PID gains where (a) and (b)
show output y(k) and input u(k).
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Fig.4.14  Simulation results using the self-tuning PID control algorithm

with pre-compensator where (a) and (b)
show output y(k) and input wu(k).
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Fig.4.15 The schematic figure of the polystyrene reactor.
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PEEZ2EZRTALENDS., LI2doT, 2OV x4y MRERE, [ B+ 72K
FRELTEZDBIENTES.

¥

>
—

a + ch (4.5.2)
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N3F—9HERLTWE, 72, SITHWAEAMNYINF—FiE, EF7S5 VLB

WTH 7Y YT ERE60 (] THIGEL 250 THS. LROE#ERE, Figd.16(a) I
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