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KR BEMES, REE, ke, ENEN RS

il

1 35l

i@ MR RS2 R E MR R RS, BAAARZ P FBIR, (HRXX 6 RS
WA 785y, BERS TR 5 TARSCERI A Z8E. — A EE R H RS Re B TR RT#e & iR
YA, (H 70 b AR AR Ol S A2 ) R S8 RO AR E AN S IR AR B i, R R BT d ME LGS
G T N AR R G 0 B JC L R AR R . B B A ) T LA R AR NS Y 22 | i N A
i, Iorh, B IE R AR R T 25 A ) 3 Kalman W, 1 g 0 LS FAGE) TAEE T Astrom A1
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ek (T AR BB B BAE) RIRTHR T/ 210, i — g R 2R S8 THIs, B2 Raefk
ER G AR 2 PEAE MR, 1A RE TRALE R G RIUSC ST

BEoxs AR di  INHAL A E PER P B, SCHR (8, 9] 3 51 B DisUah {5 e B 1 M s iC B AR ISR
RIS E P et ANSINBINEUaNE 5, T2 8 i il TR R B2 I, A e 2 AT # ok A, i mT BAfS
BB ARG B B R E RS H AR E PR O STk [11,12) ) ORBRIEROR 513 S i TR s B A
ERIRSE N L WSt S0 A R M AL REN U R B, SCRR [13,14) SR 7 BTN “E2IRBUE 5 #175
2, RORAEREA U 5 8 B A IE P A AR E PR A S, T SCHiR [15,16]) W28 H 1 AR ZAMINEUI G 5,
11172 K Y B SRR I /s — 3R 2 K T SR R ARAIE BEAT LA s e B AR A 42 1 RO A MR AL, S
Wk [17~20] S0 1 38 AR % ) R Ge i Re e MERTUSC SO, STk [21] J5F 2573 1 % B 2L (Lyapunov
function) 7347 1 #TX F NMHALXT GRS AR F /N AL R S /N7 72 B RS IE AR ) A 7€ 1 A
Sk, MRBCRIEAR L, MELL—— 2128, IRk, A R F8 e VEAC S i TAR R D, IR R R 2 B iE
JS2428 1) 77 58 EOR VA FIAR 0 W 5 R, (ELE SRR S Hh 8 AR A O 28R 122,

AP R0, 25 2 B T SR AN B R 5 1 SR T DU R A S 7 AR A B A B 3 BT 56, T HAE
SAET EAWT I, P, RAMEZ— B AR trde—Fh B G N ) R SR e RS S E. e, A
11— BB REHR B4 — IAe e P . MBI o 0 vk (B3~27) R, RS — L8R R 45 QL B 128~31
HR MNVARF G — i T EMBE R RE R R, BN RS (virtual equivalent system, VES)
FRUABE 2 AR S £ 73 A7 75 V5 IE S AR RE R 55 7 A Y 132361 2R S0 ol B AR Rp o0 2 SRR [35) B9
a4y, sEEAY e, FN g T RESE REEEE A0 B AE, A H BRI AR R g B SN E
TIRERLH], st pa b BRUBOA RS e WSk U BT R 26, 32 R U X 32 450 R M5 B
AR ELHAMRA . TR ZHUE THRZE IR, DU HH A s e B 1 I 42 1 SRS o 2 B Al T WAL Sl .

REAEARR, MBI RGPS MR A I AL AT E B AR P H SIS S HU T 50%, TR 2
EATTA SRR R T LA Wiy (A LE 4% 1] R S AR E AL S, R AT SO BT Bk K TR St s
PEHATTR . FUHARIR, 2 PRONEL SN R G0R BRI 6 RGN R 21 (AR ARZe ) #e oy
FMELE T B M (AR AR ZeAE), ATk 1 20 #r b BRI

2 MEMEKREEFRZNEMSENRSE RS
R8N — M B e O\ B A e R B P, AT DU S/ MR BCE AR BN R AR
P:A(q Y y(k) = ¢ *Blqg Mu(k), (1)

HA Al =14+a1g7 4+ + anaqg™™, Blg7) =bo +b1g + - +bupg ™, d > 1;na > 1;nb > 1.
N R IEEH RGWE 1 R, Hd, y.(k), u(k),y(k) 2HRNREHISHRNGS . #6155/
ST, HESE C(k) PTRARARATE 2 3 i SRS #E AT 500, S8 T BE T U E e, N 2800
JE— 8 FAFRI AT (A7 LSS T A E B ). H T A B R AR E M WS S — oA, RS T B3
R ) d BT B HAR SR Y

B35, (G SEAC A 6(k), SN REREA P, (k), B P (k) BIBY XA LUK T30 % P i
B, WAL R 2K, BB XN S HAG TR ER E R . SR EIC A

e(k) = y(k) — o™ (k — d)d(k), (2)
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elk)

(k) + - (k) - wk)
; & Ctk) a yik) + : u(k) AT ~l+ (k)
I ®- | Clk) (k) |-
B 1 BREEHRS B 2 WEMENFNRE I
Figure 1 Self-tuning control system Figure 2 Deterministic VES I

Hort, ¢ (k — d) AEVARE, H—BEA
ot (k—d)=[ylk—1),...,ulk —d),...]. (3)
PR EL— et dac
u(k) = ¢ (k)0 (k), (4)

Ht, 0c(k) = f(0(k))  C(k) BIZHER R oT (k) bl 28 0 B i £ () 2 el SERs vese i
85 ol (k) M—RoEh

¢cT(k) = [yr(k)ayr(k - 1)’ o 7y(k)>y(k —1),... au(k - 1)’u(k - 2)7 .. ']7 (5)

Hrl g (k) NERSHZRN, oL (k) WEAMAA BT B AR5 28 50 5.

ARAEFH, B 1 R S y(k) AT P, (k) ISR e(k) REUS, BT y(k) = e(k) +
o (k — d)f(k) . HUk, AT LAH)IE AN RGAE 2 s,

LSBT LA |0(k)|| < M < oo, |0(k) — 0(k —1)|| — 0, Ferbr, 1 A FRAE, Ww] LLgE—
g g o SN RS (WK 3 BiR), B,

ei(k) = y(k) — 6"k — YO(k) + 6T (k — D[OGk) — 0(ta)] = e(k) + 6" (k — d)[b(k) — O(tr)],  (6)
A (k) = 6T (k)0 (k) — 6T (k)6u(tx). (7)

0c(tx) = f(O(t)) NEEHIZE O(t)) MISHINERSEGERE. Kb, . Nk T, 4 FEEBUEN T TE
B BV RGN TR, BRI R 2 WOCHR [32).

ST 3 B 803 IEN RS, LA 2R .

EIB1 X E MR R R B R IE R R S, A

(1) |6(k)|| < M < o00: |0(k) — 00k — 1)|| — 0, 1 FATBRAA;

(2) e(k) = o(a+ [|o(k — d)])),0 < a < o0;
(3) B IE B ) A 42 e PRSI TR U se v, LI 2 RS e MR RN PR R 1 R
(4) METFS BB H 2SS EMU, BI £(0(k)), A 0(k) I—BoE s R %,
T A TE A28 ) 2 4 7 A A S

F1 KM () FABRESHAN IS, AR EWE S UG T FAE R AR

A2 KM (2) 2 WEHE M B AR IR S KRGS EE T EIEE R R MR, AR ERFEE
Jih S A, AE R B AT IS B T FU R SR U, 3 R 7R B AITE g R 1S R
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Au'(k) e(k)

vik) +_ : u (k) Msnvl », (k)
740 o ) —tr Pt) _:l" k) il . LPal
- e
3 EMFNFRSE IO 4 DBFRE 1
Figure 3 Deterministic VES 11 Figure 4 Subsystem 1 of deterministic VES II
e (k) Au'(k)
I wk) ——— 1+ ¥ 0+ + Y+ y,(k)
& i) P (1) |—E— —( ai) (—= P1) |——
5 DWBTRG 2 6 DWRTHRLE 3
Figure 5 Subsystem 2 of deterministic VES II Figure 6 Subsystem 3 of deterministic VES II

E3 KA (3) BWETER 2 Hh, 4 e(k) =0, FIIT “URES" k, IXFEAF RN E H R G0 Fa e M
AEEREFIEEDR. S5 0F (3) B8 LB THRR R T sk i B, DA SR D, il S8 &

1R

4 TEKAE (1) ZF, &M (4) B F(O(k)) 9B L AT LA Ay SE L, H LA AR s A ) 5
W FE A TSRS T 2 N R AL X — R, G192 ST [26] F9 11.4 /NTS, JFVE R B PR R R 1 iE e
RS .

WERR b, K 3 FORKIEM S REHAT R, 752 3 DT RS, 2HIILE 4~6. ERARK
RGEFAGFAE T AT DAL 7 A BT 5 AR Sui N et (0S8 1k RS A 512 A1), B

y(k) = y1(k) + (k) + ys(k),  u(k) = ui(k) +uz(k) + us (k). (8)
SER 1A (1) A (3) PRIEE] 4 IR R R —AMEER B U 3 R4 BT 38 Rk
lus (k)] = O(1), [l (k)| = O(1). (9)
F00, B 1 MM (2) A (4) UK (6) A1 (7) X, WTRATS RIS HMEAS S R M
ei(k) = ola+ otk = d)). 0<a<oo; AU(k)=o0(B+¢c(k)]), 0<B< o0 (10)
AEFAE, & L —AHE R o(k), HITER ¢(k — d) B ¢ (k) MIIFEE, B
d(k) = [y(k), y(k — 1), ... ulk —1),...,yp(k), ... (11)

KA, 7E 3 AT RGN BE L 1 (k), do(k), F1 s (k):

¢1(k) - [yl(k)a wul(k* 1)7 ;yr(k)v' ]a (12)
¢~)2(k) = [yQ(k)’ 'auQ(k - 1)7 0, ]’ (13)
(53(]6) = lys(k),...,us(k — 1), ;0,0 ] (14)
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TRA lloc(k)| = IR, ok — )| = OUISK)]), d(k) = d1(k) + do(k) + da(k). M (10) ZFTLL
BB RIRN

ei(k) = o(a + [ @(k)I), Au'(k) = o(B+ [lo(k)]). (15)
HT T &% 2 Ml 3 ¥ FaE &%, prilg B9

pa(k) = ola+ ), ua(k) = ofa+ (K1), (16)
yo(k) = o8+ (), us(k) = o(5 + B, (17)
B =0b, IR,

y(k) = 1 () + va(k) + s () = 1 () + ol + 6 + (R, (18)

(k) = wa () + wa (k) + us(k) = wa (k) + o+ 8+ |6(R) ), (19)

EEEE

62l = ofa + B + -+ (K — )], (20)

1650l = o8 + B + -+ (K — )] (21)

s NEBRIEEE. H (9) 350 ||¢1(k)|| < oo, K do(k), pa(k) BR—ADAE, BT A2 FIIE ||ok)||
WA G BT ok — d)|| LH R FEtEEHE.

FEVUE, IR, ok, TR 1 K (3), HEZ AR KA (multiple Lyapunov func-
tion) J5i% AT LAIEBIFE 4 FR 7RG M ER B B2 B 4y (k) — y.(k), 25 (18) R ||o(k)| A
Ft, 1533 y(k) = (k) = yo (k).

AN RAFAE TR BN R R BOR AP AY, WE B 1 Fr 2R IS8l 26 1R HE LU A2,
XAMEGL T, 8 1t B R IR R S8 AU A DLORAIE, (B I F A8 E PE4E 18,

HEIRL EPNEEERAZ N R P KR IEE R RS, 4

(1) 10Ck)| < M < o0; |0(k) = (k = 1)[| = 0, 1 A FRAE;

(2) e(k) < M’ < o0;

(3) FEL A% M) 2 4210 MR SN SR U Ve, L R AR I A ER A K
(4) MRS E BRI SEAIWST, BT £(O(K)), F (k) I—BOELLmR L,
I E R IEFE S R GRS E /Y.

MERR  REFE[EDE B 1 E B SEARL, 4H A .

A GOt B/ MR R GE, AT DA — AT (2 T RENLIE 00T B /N7 22) SRS BT AH L Y
B IESE S R 40 U IXFPRp RGOS, FRATR A S 9 S i LSS R 4E, il 7 Fow, Horh © vtk
WiE LS BRI, PR B () — A AT A, AT AR OV BRARIE RS, Au(k) B RIEFEHIE C(k)
HHAEESEE ¢ Z i iRZE, B Au(k) = uw(k) —uo(k). BRBAIARE P I C MAKSE, H
Je T DA REE, FRATREE R Au(k) MISEUGTHRZE e(k) ZMMPIRR, W (22) X, H115
FRATTRT LAT7 A 4 73 A7 — 5 T 15 AR IE 4% 1) 3R e A R I RS S5

FHRLHL, A 40 4518,

2 FER/MEALN BRI — BT AR IESE S RS, R AR A

(1) bo # 0, by # 0;
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Aulk) M(K)

v(k) + +L vik) v (k) ulk) * v(k)
&—{C] et & a® g < g
T u (k) u(k)
7 —HiBATEREESINEMFN RS 8 MEHBRIERFIRS
Figure 7 VES for one-step-ahead STC (self-tuning con- Figure 8 Stochastic self-tuning control system

trol)

(2) e(k) = o(a + [[¢(k = d)[]),0 < o < o0,
YU 15 2 T2 ) 2 o A A RIAC ).

5 bo £ 0 N T HE— B AT R IEBE B AETERE, ATRAXT b MG TS S IE, LA 2
WARAE, AT Z I CHR [4,5]. HATRE, BORIESEAGTHRZH L KM (2), M T RIEREXT R4S
fE S

IERARRRE o, TATAHTE 7 Au(k) BITERT, SO0 REGME BARFTE DL T Au(k) 55
RSB ORI O T IR B —RE Y, D7 BESCHR [32] MHES I3, AT LS 21

1

Au(k) = %[y(k) — ¢"(k — d)(k)] = O(||e(k)]). (22)
ik [32) 75 BRI FIE RS E T A, BIRAR SIS, D EE R 2 &1 (2) 153
Au(k) = o(a+ [|p(k — d)])), 0 < a < oo. (23)

PRk, S T BRI RGHAT MR, A FIRAEEAS B R A 4510, A5 25U FE 1 I B A
B GAFHE T PR LR R B R R B S BUR R 2 20 2 Pt (2), 1HRREfR
SRR EE R, WA N FRENLE S GEEFERAUETE 2, 417 & 1R).
HEB2 BRI SRR B RS IE S R GG, R S
(1) bo # 0, by # 0;
(2) e(k) < M’ < 0,
U S TE 42 ) 2R G R R E 1.

3 M BREESIRENEMNFNRGERER
R A R A B LR R P, W LG B LB AR e DAL R S
P Al y(k) = ¢ BlgHulk) +w(k), (24)

b A(g ) =1+ a1g7 4+ anag ™, Blg™') =bo+b1g7 ' + -+ bupg ™, d = 1,na > 1,nb > 1.
N T AURANEE R, AR SCAE R BB 2 e RS B O, AL B ESE R RS 8 i,
Hodr O(k) A7 DLAATAE 2 42 i SRS 3T 0 0h, S8 THEE T DUE BOE S, w(k) NS, HAb
RS FEERRE 1. M4, TEUHRE, ATHRIRZE EE MR 1 ME U TR
e VERE OUA, 1 eI RN AR IR H R 5 (B 8) FIEILAEN R4, Wil 9 Fros, H

e(k) = y(k) = ¢ (k — d)f(k) — w(k). (25)
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wlk) elk) Au'(k) k) e (k)

b {f\] _. + l'-* (k) vi(ky 4 t l: JY t l{ (k)
) P [h —_—) — f— (1) | == P (1) | —=——
T i | o) |—e

9 PFEHLEMFNRSG I 10 FEHLEBIZEFNRS 1T
Figure 9 Stochastic VES I Figure 10 Stochastic VES II

AL P (k) BIBRT DMET AR 8 P EIE IR, SRR U A B B SR B & 7E X S8l R 22 i B
sk

LA R R A |0(k)|| < M < oo, ||0(k) — O(k —1)|| — 0, Ferb 1 A BRAE, AT LgE—
HRiE eI BN RG (WK 10 FoR), B9,

ci(k) = y(k) = ¢" (k — d)(k) — w(k) + ¢ (k = d)[0(k) — (tx)] = e(k) + ¢" (k — )[O(k) — 6(t)], (26)
A (k) = pg (k)0 (k) — dg (k)Oe(tr). (27)

Horr, 0.(k) A¥EHIE Ck) MSEINE, 0.(4,) AEHIE C(t) MSEUR&E. ¢, KRR E MRS,
WARFEN T TR “Ig DI 1) 75 2

BT 10 Fos BNl B3 AGEN RS, 133000 HIE.

EIE3  EPR RN EROIEES RS, A

(1) 0(k)|| < M < o0;[|0(k) — 0(k —1)|| — 0, 1 A PRAE;

(2) Zpoale(®)]? = o(a + 3oy llé(k — d)[[*),0 < o < o0;
(3) 3 A i AR % A 2 1 S S0 BT, L R AR E PR R P K
(4) MG SEE R 2SS, B £(O(k)), N G(k) —BOESLR L,
T 15 A2 T4 ) 2 0 A I AT 3.

A6 KM (2) REMMBENL H R RS RES AL T BIRESREW R IR, A 5 E SR

A, R H TS EUS THAT FORSCR, 7R B AE AR R S5 E R

ET KM (3) BMWRETEE 9, & e(k) =0, AN 9545k, IXFES R E T RS R E
JEFRERTEEER. 254t (3) ILWS R EBMb THE A B T4 o) @, LG S MR RN, i S8 &
1B

WERR 2B, KB 10 PR SN REFAT R, 53] 3 DT RS, 7 WA 11~13. fE%
R RGFEWILAFAF T, o LAIEB 2 AR T S RGN S 1 (48755 D51 3 A3), B

y(k) = y1(k) +y2(k) +ys(k), u(k) =ui(k) + ua(k) + usz(k). (28)

SERL 3 ZAF (1) Al (3) PRIER 11 P RGtRE—MaEr) “BUIH BN RS, Hikf 40~

S P + B <o, Y lyn(k) — (W) < oo (29)
k=1

k=1

=, G EEE, B X o(k), HITER ¢(k — d) 1 (k) HIFLE, B

o(k) =Tyk),yk—=1),...,u(k=1),...,y-(k),...] (30)



SRAEAFSE: F GNP I I R AU S R GUEE A H IR

(k) e(k)

v (k) 4 u (k) ¥,(K) 0 + 1, (k) l+ y(k)
% T few’ (P J— T aw P |+~
11 BENENENRENABTRE 1 12 FEHEBEFEN RGN BT RS 2
Figure 11 Subsystem 1 of stochastic VES II Figure 12 Subsystem 2 of stochastic VES II

Hfldth, 7E 3 AT RGP HE XL ha(k), d2(k), Fl ¢s(k):

G1(k) = [y (k), ... ,ur(k = 1), yp(k),.. ], (31)
(252(]‘7) = [yQ(k)’ . ’UQ(k - 1)7 707 ]a (32)
QES('Z{:) = [y3(k)7 . 7“3(k - 1)7 ,0, ] (33)
TRA
l¢e(B) | = OCIg(R)), ok —d)|l = OlG(k)II);  b(k) = dr(k) + da(k) + Ps(k). (34)

FEMLFER b, g B 3 26 (2) A (4) JeaX (26) A1 (27) W] RIS RIS HMEAS 5 HO1E

LY e =0 (i > ||¢3<k>|2> LSy ( Z 16k ||2) . (3)
k=1 k=1 k=1
AR PR RIA T Stolz w3, JEEBE Sp_, 6(k)]12 — oo, T S0, lo(k)[? < co BBk
B G(R) 2 — 0,y(k) = 0,u(k) — 0,4, (k) — 0, RAMIFELE UeHChE EARMHE,
T T R4 2 B 3 BORE RAL, HITTH

=3 <Z| ) iz[w(kmo(;Dé(@n?), (36)

L k=1 k=1
%Z =0 <n > ||<£<k>||2) Y sk = o (i ||¢3<k>2> . (37
k=1 k=1 k=1 k=1

A, AERRREYE, B (36) A1 (37) X, ATLAEH

Z||¢2k d|20<12||¢3<k>||2>, %ansg(k—d)n?:o ;Zw»ﬁ). (38)
k;: — _

H(29) AL 2570 161()|1? < oo, fERLEERN 1258 (34) A1 (38) WA, JFARHE 51 L A4 f51H
- %Zﬁzl l6(k)I[> < oo, HEMIHT 3 324y [l6(k — d)* < oo. RETEMEAHE.
%ﬂlﬁ, UEBHSCSRE, i (36) A1 (37) UL L3570, [ldu (k)% < oo, 133

S B = o1), Y IR = o(0) (39)
k=1 k=1
kit 51 B A5 AT LA
2 D000 000 = 5 ) =) a0 0 = 1 Sl e B (40
k=1 k=1 k=1
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Au'(k) Aulk) (k)
0 + +l—. s yi(k) kY 4 ; 1 ; J' (k)
—( ('{,r ) |——x P ( 1) fo— JAK) o, E ) T‘ -
= u,(k) - T u (k) u(k)
E 13 FEHLEMFNREN TR T RS 3 B 14 ®|NHFEBREEHNENFNRS
Figure 13 Subsystem 3 of stochastic VES II Figure 14 VES for minimum variance self-tuning control

S PEAHIE

EAAE N GAFAE R 7S 2 A TP AR 2R 1 R R BRI, W) B2 3 Fr Bk i S 8 fliih %
A DL 2, XA E LR, BEAL E R RS R G AU DURAIE, (R I N AR E P4 18

HIL3  EX LARBENL AR IEER RS, &

(1) [|0(k)|| < M < oo; |0(k) — 0(k — 1)]| — 0, 1 ~NFFRAH;

(2) + 2k lle(R)|> < M < oo;

(3) FE T A% ) 2 e s MR A S DU U 1, L e e R PR R
(4) MG SEE R 28 S50, B1 £(A(k)), N G(k) —BOELLR 3L,
W BEATL [ 52 TE 4 1) R G A 1.

MERR W FRE e 3 BUERA A, AT K.

AR GO B/ MEDL RS, MR DA% /N J7 7 SRS BT A L 1) B RS IR i) R 4, X PRk 1
N, AR A F NSRBI RS, W 14 Fos, Hob O i N RN, P RTSE R 5 /
J7 RS, AT DR VBRI Au(k) A ERIEEGIE O (k) SEEEEIR ¢ Z AR HRE,
B Au(k) = u(k) — uo(k). BARFKAIAFIE P A C WRASE, B2 BT/ Z R, 3247
REEAR B Au(k) MSEETHRAZE e(k) ZIHMIRR, W (41) 32X, MEREATRT LT 587 BN 7 % H
REIEAE ] FR G (e AT S

FHSIHE, U0 2518

EE4 N RIMEAIN R RN T 7E BB RS, E L 0T A

(1) b # 0, by # 0;

(2) Yhoile(R)]? = o1+ 22, [lo(k — d)[1?),

WU 9 A T 42 1) 2R G e (R RTISC Sk

SE8 by # 0 N T BMIER/N T RN, TR by AU THEOE MIB1E, DLl L %4 1F,
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Virtual equivalent system theory for adaptive control and simu-
lation verification
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China,
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Abstract A general and unified analysis of a self-tuning control (STC) system composed of any possible control

strategy, any possible parameter estimation algorithm, and any linear plant is presented. Based on virtual equiv-

alent system (VES) theory, several stability and convergence criteria were developed without the convergence

requirement of parameter estimation. These criteria could be used to guide control engineering practice. Consid-

ering that model reference adaptive control (MRAC) can be regarded as a special case of STC, VES theory is also

suitable for the stability and convergence analysis of MRAC. Finally, simulation results verified the effectiveness

of VES theory.
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