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WA 785y, BERS TR 5 TARSCERI A Z8E. — AN EE R H RS B TAERIRT#e & AR
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Weshe (FT AR BB B B ) RURTHR A3 21, il — g R ZOR S8 T, 2 Raefk
UERGEHIAR 2 PEAE MR, 1A RE TRALE R G RIUSC ST

BEoxs AR R INHAL A E PER P B, SCHR (8, 9] 3 51 B DnisUah {5 S e B 1 A s iC B AR ISR
RIS E P el ANSINBINEUaNE 5, T i i il TR R A2 I, A e 2 AT PPk, i mT BAfS
BB ARG B B R E RS H) AR E PR SE DO STk [11,12) A ORBRIEROR 5138 S i TR s B A
ERIREE N L WSt S0 R R M AL REA L R B, SCRR [13,14) SR T BN “EERBUE 5 #175
2, RORAEREN U S e B A I P A AR E PR A S, T SCHR [15,16]) W28 Y 1 AR 2NN E 5,
11172 K Y B SRR A /s — 3R 2 K T SRE R ARAIE REATLA 5 e B AR I 2 1 RO R PR AL, SC
Wk [17~20] S0 1 38 AR % ) 2R G Re e MERTUSC SO, STk [21] J5F 2573 1 % B 2 (Lyapunov
function) 7347 1 #TXF F NMHALXT GBS AR f /N AL R S /N7 72 B R IE A2 ) A 78 1 AT
Sk, MRBCRIEAR L, MELL—— 2128, IRk, AR F8 e VEAC S i TAR R D, IR R IR 2 B iE
JS2428 1) 77 58 EOR VA FIAR 0 8 R, (ELE SR S Hh 8 AR A O 28R 122,

AR R0, 25 2 B T SR AN B R 5 1 SR T DR R A 5 7 AR A B A B 3 MR 56, T HE
SAET EAWT I, P, RAEZ— B AR drde—Fh B G N ) R SR e RS S E. e, A
11— B R RER B4 — IAe e P . MBI o #r 0 vk B3~27) R, RS — L8R R 45 B B 128~31
HR MR G — o i T EM BRI ARG FFRER. BN RS (virtual equivalent system, VES)
FRUABE 2 AR S £ 73 A7 75 V5 IE S AR RE R 55 R 7 A Y 132361 2R S0 ol B AR Rp o) 2 SR [35) B9
gy, sEEAY e, FN g TSR BB 07 FUIGE, A H B2 ISR R g B SN E
TIRERH], st pd b BRUBORA RS E 1 WSk U0 BT R 26 A, 32 R U X 32 4250 R M5 B
AR ELHARAI S TR S HUE THRZE IR, DU HH A s e B 1 I 42 1 SRS o 2 B il T+ WAL Sl .

REAEARR, MBSO RGPS M R A AF AL AT B AR P H SRS S HU T 505, TR 2
AT SRR R T LA Wiy (A LE % 1] R G AR E AL S, DR AT SO BT Sk K TR S ede
PEHATIR . FUHARIR, ZPBUONEL SN R 50K BRI H RS R 21 (AR ARZe ) Fe oy
FMELE T B M (AR AR ZedE), ATk 1 20 b REA.

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

HA Al =14+ a1 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) 2ARNREHISHRNGS . #6155/
ST, HEE C(k) PTRARARATE 2 3 ] SRS BEAT 00, S8 T BE T IR e, R 280
JE— 8 SRR AT (A7 LSS T A E B ). H T A B R AR E M WS g — oA, RS T B3
T FIE ) 3 BT ) HARGE Y

B0, (GBS EAC A O(k), WNREREA P, (k), B P (k) BIBY R LUK T30 % P i
B, WAL R 2K, BB XN S HG TR ER E R . SR EIL A

e(k) = y(k) — o™ (k — d)d(k), (2)
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e(k)
¥y, (k) + u(k) y(k)
— @l (7] y(k) + u(k) +£+ y(k)
- C(k) P (k) |—- —
B 1 BREEHZRS B2 MEMEMFNRSG I
Figure 1 Self-tuning control system Figure 2 Deterministic VES I

Hort, ¢ (k — d) AEVARE, H—BERA
ot (k—d)=[yk—1),...,ulk —d),...]. (3)
PRI EL— et e
u(k) = ¢ (k)0 (k), (4)

Ht, 0c(k) = f(0(k))  C(k) BZHER R oT (k) SRl 28 0 Bl i £ () 2 el SEns vese i
0. ot (k) K—fok0h

¢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) NERSHERN, oL (k) B I F B AR5 28 30 i

ARAEE H, B 1 Rl R y(k) AT P, (k) BI%HEAT e(k) REUS, BT y(k) = e(k) +
o (k — d)f(k) . HUk, AT LAHIE AN R 2 s,

LSBT L A |0(k)|| < M < oo, |0(k) — 0(k —1)|| — 0, Ferbr, 1 A BRAE, Ww] LLgE—
Mg g o SN RE (K 3 BiR), B,

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

0c(tx) = f(O(tp)) NEEHIEE O(t)) MISEINESRSEGERE. Kb 4, Nk T, 6 KRBV N TTE
B BV RS TR, BARIEEUT R 2 WOCHR [32).

ST 3 By 803 IEN RS, TS 2R 9.

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

(1) 100k < M < o0; |(k) — Gk — 1)]| — 0, 1 A IRAH;

(2) e(k) = o(a+ [lo(k — d)])),0 < a < o0;
(3) B IG5 ) A 42 e PRSI TR U se v, LI 2 RS e MR RN PR B 1 R
(4) METFS BRI H 2SS EIMU, BI £(0(k)), A 6(k) I— B SR %,
T 1 A TR A ) 2 4 7 A A S

F1 KM () HFABRESHAN ISR, AR EWE S UG T FAE R AR,

A2 FF (2) 2 WEEHE M B AR IR S KRGS EE THRIEE R R VR, AR BRI
Jih S A, (B B RT IS B T TR SR U, 3 R 7R B AITE g R 1S R
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Au (k) e (k)

(k) + u (k) »,(k)
(k) + (k) = () > P (1) >
sy o s b, e
3 ERFENRS 1L 4 DBFRE 1
Figure 3 Deterministic VES 11 Figure 4 Subsystem 1 of deterministic VES II
e (k) Au'(k)

0 fT ey L ey —téf—y—(k») f_.m_> _ k.

5 DRTRG 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, FII “URES" k, IXFEAF RN E W R G0 Fa € M
AESRERVEER, 56 AT (3) IEW R BT R i ), A S MR NG, il SEREE . &
1E%E.

4 TESKAE (1) ZF, &M (4) B F(O(k)) 9B L AT LA Ay SELR, H LA B s A ) 5
W FE A TSR T 2 R AL X — R, 419 2 ST [26] F9 11.4 /N5, JEVE R B R R R 1 iE8:
RS .

WERR o0, K 3 FURKIEM S REHAT R, 752 3 DT RS 2HIILE 4~6. ERARK
RGEFGAF T AT DAL 7 Al BT 5 AR Sui N et (0S8 1k RSk A 512 A1), B

y(k) = yr (k) + ya(k) +ya(k),  u(k) = ui (k) + ua (k) + us(k). (8)
1M (1) A (3) FRIEE 4 FTR RS0 —AMER BYIH B RGBT
lur (k)] = O(1),  [lya (k)| = O1). (9)
S0k, BT 1 IARLE (2) R (4) LU (6) B (7) PR, AT UG BIASAME S B PR
ei(k) = o(a+[lp(k — d)]), 0<a<oo; AU(k)=o(B+]s(k)]), 0<B<oo. (10)
NETFUEW, & X—NHIER o(k), HOTHER ok — d) Fl o.(k) FIFFEE, AP
o(k) =[yk),yk—1),...,ulk—=1),...,y-(k),...] (11)
KA, 75 3 ST RGEF DB L di(k), da(k), FT dy(k):

¢1(k) - [yl(k)v . aul(k - 1)7 ayr(k) ]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)| = OI(K)), ok — )| = OUISK)]), d(k) = d1(k) + do(k) + da(k). M (10) ZFTLL
BB RIRN

ei(k) = ofa + [@(k)I), Au'(k) = o(B+ [lo(k)]). (15)
T T &% 2 Ml 3 ¥ FaE &%, prilsg 89

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

y(k) = 1 () + 12 (k) + s () = 1 (k) + ol + 6 + (R, (18)

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

L

620l = olar+ B + -+ 16k — )], (20)

1639l = o8 + B + -+ (K — )] (21)

s NEBRIEEE. H (9) R0 ||61(k)|| < oo, B do(k), da(k) BR—ANAE, BT A2 FIIE ||ok)||
WA T, B (| o(k — )| A T FE ERIE.

VUL, IR, ok, AR TR 1 K (3), HZ AR KA (multiple Lyapunov func-
tion) AT LIERA B 4 FTs 7 RGER B B2 B oy (k) — e (k), BE—F 1 (18) XK ||ok)| B
Gt 53] y(k) — yi(k) — ye(k).

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

IR EEXEEMREEN R P B IEEH RS, A

(1) 10(k) | < M < o0; |0(k) — Ok — )| = 0, 1 9 BRAK;

(2) e(k) < M’ < o0;

(3) 3 S 4 i 28 4 i 1 S S0 e v, L R A E PR PR R PR K
(4) MRS EEHEHIRSHIWST, BY £(O(K)), F (k) 10— BOELLmR L,
N E R IEFE I R GRS E /Y.

WERR AR [EE B 1 AR BHRARL, 40T A B

AR o /R R G, W] LAz — B ET (M = T BELIE 0 T /N7 22) SRS B THAH R
HE IR H RS Y, XMRRERIEOLT, AR A E SR RSN R, Wl 7 PR, K ¢ Rt
e PESEA IR I, PRTS BE ) — B AT i 2, AT DARR O BB SRS, Au(k) B RIEESIE C(k)
SRS O ZEMHHIRZE, B Au(k) = u(k) —uo(k). BAFKAIAHIE Pl ¢ MAKSE, H
Je T DA R, FATREE R Au(k) MISEUGTHRE e(k) ZMMPIRR, W (22) X, H115
FRATTRT LAT7 A 4 737 — 5 T 15 AR LE 4% 1) 3R e A e AT S5k

FHRHE, 4058,

2 E R /MEALN BRI — BT AR IERE S R G, AL an R A

(1) bo # 0, by # 0;
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Au(k) (k)
yk + = +Y+ 51 (k) vk + u(k) ,i| (k)
' C > P - C(k) P
f I3 s el —— b | 7]
7 —HiBATEREEFINEMFN 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 T4 A1) 2 5 R A RIAC ).

5 bo £ 0 N T HE— B AT R IE BB A AETERE, ATRAXT b MG TS S IE, LA 2
WA, AT 2 I CHR [4,5]. HATRE, BORIESEAGTHRZH KM (2), M T RITEREXT R K4S
ALERSS

IERARRRE G, TATAHTE 7 Au(k) BITERT, SO0 RESME BARKTE LTI Au(k) 55
SRS B ORI DL IR B —RE Y, D7 BESCHR [32] MHES I3, AT LS 21

1

Au(k) = %[y(k) — ¢"(k — d)(k)] = O(l|e(k)]). (22)
ik [32) 75 E R P FIERESE T M, BIEAR SIS, D ER e 2 &M (2) 153
Au(k) = o(a+ [|p(k — d)])), 0 < a < oo. (23)

PRk, NG T BRI RGHAT MR, A FIRAEEAS B R A 4510, A5 28U FE 1 I B A
B GAFHE TP AR LR R B R R B S BUR R 2 3T 2 Pt (2), (HRREfR
EBHE TR EE R, WA TR GEWEFERAUETE 2, 417 &%),
HEIB2  EXTER/INBALN G AT RS IE S R GG, R S
(1) bo # 0, by # 0;
(2) e(k) < M’ < 0,
U S TE 4 ) 2R G R R E 1.

3 FENBREEFIREHEMNFNRGRE R
B RE A M A N S R A LR R P, W] DU /ML B AR i MEAL R S
P A(g Yy(k) = ¢ BlgMulk) +w(k), (24)

b A(g) =1+ a1g7 4+ anag ™, Blg™) =bo+b1g7 ' + -+ bupg ™, d > 1,na > 1,nb > 1.
N T AURFNEE R, AR SCAE R BB 4 T RS B O, AL B ESE I RS 8 i,
Hodr O (k) A7 LLAATATE 2 42 ] SRS 3T 0 vh, S8 THEIE R T DT BOE S, w(k) N EmgES, HAhb
LR SFMEERRE 1. M4, TEUARE, AR EE MR 1 ME ST TR
e VERE LA, 1 eI RENL AR IR H R 5 (B 8) RIS R4, Wil 9 Fros, H

e(k) = y(k) = ¢ (k — d)f(k) — w(k). (25)
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ok) ek Aul' (k) ok)  e(k)

k * k k
48 }_ Ty Iy SRR —»iib*—“)

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

KA P (k) BIBRT DME TR 8 P EIE IR, SRR U A B B SR B & 7E X S8l iR 22 i B
sk

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

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

Horr, 0.(k) AR Ck) MSEINE, 0.(t,) AEHIE C(t) MSEUR&E. ¢, KRR E S,
WARFEN T TR “Ig DI 1) 75 2

BT 10 Fos BNl B0 RAGEN RS, 133000 HI9E.

EIE3  EHR BRBENLEROIEES RS, A

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

(2) Zpoale(®)]? = o(a + 3y ll¢(k — d)[[*),0 < o < o0;
(3) 3 4 i AR % A o 1 S S0 e v, L R AR E PR R PR K
(4) MG SEEI R 2SS, B £(O(k)), N G(k) —BOESLR S,
T 15 A2 T4 ) 2 0 2 A AL 3.

A6 KM (2) REMMBENL H R IS RES AL T B ESREWE R IR, AN 5 E SR

A, R H TS BUS TH AT FORSCR, 7R B AE R R S5 E R

ET KM (3) BMWRETEE 9, & e(k) =0, AN 9545k, IXFES R E T RS R E
JEFRERIEEER. 54t (3) ILW R EMb THE A B T4 o) @, L S MR RN, i S8 &
1B

WERR 22, KB 10 P SN REFAT R, 53] 3 DT RS, 7 WA 11~13. fE%
R ARG FWILAFAF T, o LAIEB 2 AR T RGN i S 1 (48755 DL 51 31 A3), P

y(k) = y1(k) +ya(k) +ys(k), w(k)=ui(k) +uz(k) + us(k). (28)

SERL 3 ZAF (1) Al (3) PRIER 11 s RGURE—MaEr) “BUIH BN R, Fikf 40~

S P + )P <oor Y Iy (k) — y (B < oo (29)
k=1

k=1

=, G EBEE, B X o(k), HITER ¢(k — d) F1 (k) HIFLE, /I

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



TR YEAF L

P 4 PR R S5 2R e R S 7 LR IE

y(k) +

(k)
(k)

C(t)

¥
u, (k) {:|Pm(tk)

11 FEHUEREN RGBT RS 1
Figure 11 Subsystem 1 of stochastic VES II

e,(k)

+ £+ Yy(k)
> Pm(tk) — —>

0 '+T_ i

12 BEHLERNEFNRENABTRE 2

Figure 12 Subsystem 2 of stochastic VES II

Hflsth, 7E 3 AT RGP HE L ha(k), d2(k), Fl ¢ (k):

3100 = fa (F). . (= 1), ), (31)
Ba(k) = lpa (R), - ua(k = 1), 0], (32)
Q~53(k):[y3(k)7 7“3(k_1)7 50, ] (33)
F A
[oc®ll = USRI, 60k~ Dl = UGB, 3K = ba(k) +Ga(k) + 3(k).  (34)
BEULAERY . HIES 3 4 (2) A (4) B (26) 1 (27) FTDLEBIB ML S0P
iz@mﬁwQ§JWWﬁ,iZMu <§]éw) (3)
k=1 k=1 k=1

BRIV AW REFFIAT Stolz EHE, IHEBE Sr_, |o(k)|1> — oo, B S°7_ l6(k)|? < oo BBk
E [|o(k)||2 = 0,y(k) — 0,u(k) = 0,y.(k) = 0, REIFaENE . ISt HARIFAE.
T TR 2 Al 3 BoNFaeE RS, G

Z ( Z| 2) ZWMW) (36)
k: —
oQQJWMﬁ,iZMWPm(;
k=1 k=1 k

1 n
52
A, AERRREYE, B (36) A1 (37) 3, TLAEH

LS ot - MQOCZJWMﬂ,;wamP
k;: — —

1 (20) &1 250 (161 (R)||2 < oo, FEMLIERE EHE (34) A1 (38) P
: %Zﬁzl Ip(k)||? < oo, HETTH + L3 1 ok — d)|I? < oo. FaE PEAFILE.
%ﬂlﬁ, ERUSCSIE, H (36) A1 (37) BR300, [161(k)|1? < oo, 135

||é3(/f)2> : (37)

o;Z@wf) (35)

IR AE S HE A4 5 H

SRR =o(1), Sl = o(1) (3)
k=1 k=1
4K R 512 A5 AT LA
2 D000 000 = 5 ) =) ) 0 = 1 Sl e B (40
k=1 k=1 k=1

954



FEB FERE B A8E BT

Au'(k) Au(k) (k)
0o+ +Y+ y3(k) vk + +y+ ! y(k)
—-Q— C(t ® P (1) |—T— - (] - 7] -
a B f [
E 13 FEHLUEMFNREN 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

AN GAFAE IR 7S 2 AT PR AR 2R 1 R R BCR PRI B, W) B2 3 B Bk i S 2 fliih 4%
A DL 2, XA E LR, BEAL R IR R G AU DURAIE, (R I N AR E P4 1.

HIL3  EX LARBENL AR IEER RS, &

(1) [|0(k)|| < M < oc; |0(k) — 6(k — 1)]] — 0, 1 NFFRAH;

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

(3) FE T A% ) 2 e s MR AN S DU U 1, L e e R PR e R
(4) MG SEE e H 28 S 50m, B1 £(A(k)), N G(k) 11— BOELER 3L,
W BEAIL 52 IEF5E ) R G A2 AR 1.

MERR I FRE e 3 MIERA A, dHTT A K.

AR GO B/ MEBLR G, MR DA% /N J7 72 S VTR L 1) B RS IR 1) R 4, X PRk 1
N, AR A F NSRBI RS, W 14 Fos, b O e N RN, P RTE R 5 /
J7 RS, AT DR VBRI Au(k) A ERIEEGIE O (k) SEEEEIE ¢ Z AR HRE,
B Au(k) = u(k) — uo(k). BIRFKAIAFIE P A C HRASE, B2 BT/ Z R, 3247
REEAR B Au(k) MSEETHRAZE e(k) ZIEMIRR, W (41) X, MEEREATRT LA 587 e/ 7 % H
REIEAE ) FR G2 (e AT S

FHSIHE, G 40N 2518

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

(1) b # 0, by # 0;

(2) YXhoale(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 RV, TR by RIMGTHEOE MIBIE, DLl 2 %4 1F,
ST 2 WOSCHR [4,5], HAT, BEARIESEUS THRZE R % AF (2), 0T AE s R g 1E R

WERRRRER e, TATAHTE 14 F Au(k) BITER, FESEX REEME ARG T I Au(k) 5X
FEENE R CIIEO T PSR — R0, 07 IESCHR (32) IHES ik, AT DS 3

1

Bu(k) = 5 [y(k) = 67 (k = DB(E) — (k)] = OB (1)
—BHEREM 4 41 (2) A
S AR = o (fl otk - d>||2) - (i (k)P (42
k=1 k=1 =1
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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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