%18 & 5 I H z & ZF Vol. 18, No. 5

1992 & 9 H ACTA AUTOMATICA SINICA Sep., 1992

A . s S . il P i i, el e sl il el — T .
S ——" S — e S S A O ey Sl L . el i - - " T -
- . z - . - - -

— (AR EEHHEREN RS ERSS
o E R

(RIETEBEB sz R, L 110006)

1% =2

A — RS RRERENERERARS, REEREIERE RHFHEIETT —
FRERESEIR. XAEHEERGRENBIERE, HELBIEY L EE 0 Agr, SRR
E'(J j{jﬁ 1 LjTﬁﬁﬁlT‘.

xiiE: SHEH, BB RAL, FREE ERERE, R R,

— . 51E ERdn ik

A, AMIXN T EEAHESNERGBHERIBPR R B TRSHE; BESE
BRI E AR BH 7 m TSR #EEENEE. FrEEENEAHEARERETEE
EN MR —RRE, HRPHHoRET S RETE®HESE. Bal—RRHRH
ﬁ(%%?ﬁl_ﬁﬂ'fﬁﬂk‘ ., —HMEAMBEITHNEE; 3—MELAEARAHEENTLTE
., A HAR—F5E.
E21T, Corless R1 Manela*™, Magana F1 Zak' X BT EIARE RZE FHITH 37,
ZRT RGEEERAT jﬁ‘fﬁufﬂﬁ’l\ﬁﬁ:l:ﬁlﬁﬁﬁﬁﬁfﬁibTEE. MM Yang A Tomizuka' R
EET L RABE W2 ETAABE P RBERE, B — A Sk, XA
RHl R AN ELY, A EN S SR AERE T AR,

ﬁj{ﬁﬁ%%%ﬁﬁ*ﬂ%)\h%ﬁ% AMEE, HEFEMNSTHO—REHE]
ANHEBBMARSG, U T —METERESEXRE #ﬁ%mﬁﬁﬁﬁ&$ﬁme§éﬂ 7Y .
TRL%JZ%‘@%?JEE/J*Tﬁﬁ3% (nominal part) LMK R faE®y, AT EH R ILE
00, rERNBAEERSHEAEREHF B EELY, BEEERHE BT KX
N, EREL SRR EN EIRERR/N, MEKQ —HATE, BEEE2ZEREGAHE
BEHNENLGEE, ITEBHBETPASAEAREENGER, XBERERANEELRAHEERN
= B oIA I mEEAR,

ZE-REEERINSARLE

x(k + 1) = (4 + AA(rg))x(k) + (B + AB(S))u(k) + Ew(k),  (1.1)

XHB x(k)e R, u(k)€ R, w(k) € R” FHIARZHRE., BMAFINT T4, 4, B 1
EE

B A EYERMAERE, AA():R? > R*** ] AB(+):R?— R**' ERZ TR
EE, LHRNITREESERE, #F—FPEOTHIE:
AT 199 £ 12 A 22 gUcE.




5 A GIAESE: —ELBATHE SBNE RSN &L S EBE 543
Bi% 1. SRR A S (nominal part)
x(k+1) = Ax(k) -+ Bu(k) (1.2)

T 2R M B AR AE A ] RRE G
Rix 2. A EEA] uﬁﬁﬁlﬁﬂ;ﬂé{t, r(+):N—>6CR?, S(+):N—>QCR* N
w(*):N—> $R",
XH 0,0 Mo E2EAEISEHMTHENETRE, N 2 EEINRA.
Bi% 3. EE—TREERE a(+):R*— R*, wEEH 6(+):R?— R, Fi—/ #HH
KU
AA(ry) = Ba®™(ry), NFTEE r, €0, (1.3)
AB(S,) = B&(S;), WTIEE Sie 0, (1.4)
E = BUT, (1.5)
Bl AA4(C+), AB(+) FIE i eULEi5RH.
BRi%4 a,b F1 d(k) BHRB.
(S <B*, 0<b*< 1, WNTHEE S, € 2, (1.6)
la(rll < a*, XTHEE ry€6, (1.7)
1d(k)| < d¥, (1.8)
XH, d(k) = vTw(k), (1.9)
|- |38 7% Euclidean #&,
— . Bt e hlas ik il ke s
RE—BEEHIREMRRAL (1.2) BFHEREN. AN THMASAENNIRIEERE
% O, BEFEE—TNIRUEEHEE P, HE
ATPA— P+ Q0 =0, (2.1)
X TFRFR ARG , BUZETE 3 1 R PR BOA
V(&) = x"(k)Px(k), (2.2)
TE 1. ZENTH (D) AFHROEBEREIZSE RS, RBEE 1—4 BHEHE, I
A
" BTP Ax
u*(k) = — BTP;D (2.3)
REBRLIELEY FERWG, FHEH Q2) REXNHNERYGIERBENEMLEHEAN F
3\
V(k+ 1) —V(k) < —allx(DI* -+ al[ xR + as, (2.4)
Hr
= min(Q) — (23)
a, == 2 ¢”d” (2.6)

1 — 3%’



044 5 & it FE ik 18 #

as == il f*z. (27)
I
X B x= BTPRB, (2.8 )
HERH, B (1.3), (1.4) F1 (1.5) RACA (1.1) K, B3]
x(k + 1) = Ax(k) + Blu(k) + e(k)], (2.9)
Hod e(R) = aTx(k) + bu(k) + d(k). (2.10)

AFEAT BN, s U V(A + 1) —V(k) &RRA
V(k+1)—V(QR) = xT(k+ 1)Px(k+ 1) — xT(k)Px(k)
= 1A4x(k) + Blu(k) + e(k)1}TP{Ax(k) + Blu(k) F e(k)]1}

— x* (k) Px(k)
= —x"(k)Qx(k) + [u(k) + e(k)] alu(k) + e(k)]
+ 2BTP Ax(k)}, (2.11)
% g(k) = BTP Ax(k), (2.12)

h(k) = u(k) + e(k), (2.13)
) (2. 11) X AE 24
Vk+ 1) —V(k) = —xT(k)Qx(k) + (k) [ah(k) + 28(k)]
= —xT(R)Qx(k) + y(k), (2.14)
o y(k) = h(k)[ah(k) + 28(k)]. (2.15)
2 N AE MR THE.
1) 8(k) = 0,
H (2.15) SENM y-2 BHELE—EHYEK, il 1 FiR, AR, N TFEED f-
RRIE(HED f<g), R f<r<g, P4

y(h) < max{y(f),y(e)}. (2.16)
H,._E (2*10)9 (2-13) ﬁmfﬁlﬁ 4,
h (k) << h(k) < h(R), X u(k) <0, (2.17)
A
=0
— b/ O —pgle [ —opia
| £ <0
1*3?&

H 1 y-A 4k

hs(k) < h(k) < hy(R), 2 u(k) >0, (2.18)

- )



5 Y A E 3. wﬁfﬁﬁ*%ﬁﬁ’ﬂ%ﬁé’]ﬁ{fﬁ@ 2gH 545

h(k) = h(u(k))
= u(k) — a*|lx(R + 6*u(k) — d*

= (1 4+ 8™)u(k) — (@*x(&)| + 4%), (2.19)
hy(R) = hy(u(R)) = u(k) + a*||x(R)|| — &*u(k) + d*

= (1 — 6®)u(k) + a*|lx(R)|| + d*, (2.20)
hs(k) = hs(u(k)) = u(k) — a*||x(R)|| — 6*u(k) — d*

= (1 — ®)u(k) — (@*|x(RD|| + a*), (2.21)
hi(k) = h(u(k)) = u(k) + a*[|x(k)| + 2*u(k) + 4*

= (1 4+ 6®)u(k) + a*|lx(k) + d*, (2.22)

R 3 FAE SRy al A k), HE
max{y k() T, yIG(A)1}, 4 w(k) <0,

— y <
y(k) = yIhCu(k))] {max{y[zh(u(k))], VLAY, % u(k) > 0.,

(2.23)

max{y[A(u(k))], y[h,(u(k))]1}, & #(k) <0,
P (0 (R)) = max{y[As(u(k))], y[A(u(k))]1}, = u(k) >0, (224)
Bt aBBRlREIFR—"1T »"(k) HT Yna(u(k)) EEER/N,
B’ (2.19), (2.20) s HIRCA (2.15) Xf%
y[h(u(k))1 — yh(u(k))] = bi(R)Lah (k) + 28] — h(k)[ah(R) + 28]

— [h(k) — k(K1 Lalh (k) + h(R)) + 251
— 44["u(D) =@ 1O + a1 [u(k) + £, (2.25)

% (2.21), (2.22) RABCA (2.15) RKiE
y LA (u(R))T — ylhs(u(k))]

— 4alBuCk) + GO + @) [u(d) + £, (2.26)

AL 24 w(k) < —£, YOI > yIA WG], (2.27)
4 (k) = —£, 3BT = RG], (2.28)

s — £ < uk) <0, ylhu(R))] > yUm(O)], (2.29)

5 w(k) >0, yIAG(R)] > ylAs(u(h))]. (2.30)

R, MR TR (2.24) Yax (#(R)) HUE X5
LB Ge(ENDT, 4 w(k) < — £,

y [hl (— %)1 =¥ [hz(-——ﬂ)il, 2 u(k) = — %: (2.31)

Ymax(#(R)) =

y[hz(”(k))] ’ Y — “E‘ < H(}{) < 0,
y[h(u(k))], = u(k) >0,




546 ' 5] e o fiz 18 &
1|85 u*(k) < i, (2.32)
iy (2.31) &

Yo (#*(R)) = LA (u* (BT, (2.33)

b (2.32), (2.19) K15

hl[u*(k>]<k1( i)< - £, (2.34)
M < ----ij— N, (2.15) R y(R) SHEIER, Bl
e (R = A G DT >y [ (= E)| =y (= £). @39)
TR W (k) ESFE, I o (k) AR -—ff-’-
R ERERG T 1, BEIT ] w*(k) thoRiE R
i < u*(k) <0, (2.36)
(R % u*(k) >0, (2.37)
5 (2.31) st
Yo (R)) = YR (* (B, (2.38)
g (2.37), (2.20), (2.22) ;15
< §)<h4<u*<&>>, (2.39)
HAGM b > —%\ﬁ, y(h) MR, L
s (D) = YU >y [ (=) =y (=), 20
FRBE # (k) HE LA,
A 8(k) =0 W, B S E 4
u*(k) = —‘9((5), (2.41)
¥ (2.41) FAA (2.31) 7
e W0 = = & (@l + a% 4+ 50 LY, (242)

o #4

(2.23), (2.24) F1 (2.14) K78

V41D =V < =00k — &+ (zs*ux(m + ax 4 RN

2) k) < 0, KBEE FRMBENTE, BB TR

(2.43)



5 B AR RS —RARHE BRI TR R 500 5 0 & R 547

| ]mmr

u*(k) = - gi’(k)’ (2.44)

V(k+ 1) —Vk) < —xT(R)0x(k) —

+ &(E*”x(/{)u 4 g — %&?f, (2.45)
LA NFARE W T EI g R T
(k) = — B (2.46)

Vk+ 1) = V() = =T (0Qx(k) — £

F a (E*l]x(k)l] + d* 4 B ‘—E-'-f, (2.47)

5 (gl > a. CIHRLE I
— }i’z +- a(E*Hx(f()H + d* + b* 'Tii)z < 0, (2.48)

(2.47) 15

V(k+ 1) —V(k) < —x"(k)Qx(k), (2.49)

Lp < a- _*Hxl(‘?l;" " 1t

“1‘2 : ( (ROl + d* + Lﬂ)
(ﬁaﬂngf))(\ll: c;**); — (1 — B*) {l_g__ 1 f_? : E*”"’f’?‘gi d*r

(a*llxl(i)lgi ar) (2.50)

j“:JL‘tp | (2-47):’ (2-50) Z—L‘ET:E

V(k+ 1) = V) < = (0Qx(k) + o Iz EL

2 @D+ o - IR+ 2T

= —a||x(R)|* + a,)| (k)| + as, (2.51)
= Gy, 4 %D as %%U (2 5) (2 6) ﬂ: (2 7)—'@ = XKoo
Wi 1. W EE 1 —4 5k, R FTEAERE AL

Amin(Q) > BTPB % (2.52)

!

PWARE (1.1) EEERE 1 B HEIEER T, & A,




248 H 3 #&£ % & 18 %

WERHE R 53 7 198y 5 & HEE.

it 2, WRAFELEINTTIN, HFEARAER (2.52) BWFHLE, FATEER 1 s avE
HEER T, AT RS (1.1) 2#HLiEaER.
IEBRE RS 7 1Ry H: 48,

M (2.4)—(2.7) K, FTLUE R, B4 (2.52) B ER, RAPVREEET HFNY. |
SN T IUE LR, REFIRESH R R SRR S, m2EE AN TR KA, ANEE:
MR e, AT ILAFR, REKRESWRSBIE A, R TARAHERARRX
SRTiER L 7 1.

I

[T
E'h.-I
13

=. 1 E # F

AT B AR GE AT 05 BT
D1 (sl ) L1 (o) o [ 0
aa=| |, o = (4, @, (3.2)
AB — [‘;]@ (3.3)
5 o={, ] (34>

ke TR (2.1) 157

1.131 0.1447
P—|

0.144 2.28 1 (3-5)
a = BTPB = 2.28, (3.6)
BTP A
u( k) = BTP’”B(’D (0.2442,(k) + 0.236x,(k), (3.7)

ATRIERZGHREME B @ = 0.606, 6% = 0.4, {#{5

G

o e 1_5*1-(15 (3.8)-
Be d% = 0.15,
: 0 0 -
IX5E m‘-’=[ 3.9
0.429 0.4291° (3.9)
AB [ 0" (
— | 3.10
0.41 )

IR A (2.(0),2.(0)) = (1.5,1.5), FMBFE AT REMmN L0 2 Bk, XN (3.9) Ry

ad FE 4+ a4 REaE, RO —AVEEEY 119, AE 2 h iR BEBIAR A N A sl x4
%%ﬁﬂﬁﬂi.

1% AA—-—[ 0 0
1 0.4290(}5(0.15&3‘) 0.429c{}s(0_3kﬂ>]? (3.11)

a8 = [0.401:1320.2&:17)]’ (3-12)



5 1 AIMIIESF: —RAFEF BT ARG e {h & = 25 549

x(K.) x(K)
1 -
0.3 0.3
x1(K) x1(R)
/ v
0 oL ﬁbmn, —
x2(K) xz (K}
— (.3 —0.3—
r e 4 e L |
¢ 25 80 K 0 25 50 K
B2 YENB T RESHIATEL HEE K3 HEAETHREABHENAHEKR N
I B 4R 45 B o A5 9 4R ST
SN T AT FFEEIREN (1.5,1.5) K RSB A 3 iRk, XGRS ERED.

MMAYNT T £ d(k) = 0.15cos (0.1kx) + 0.15sin (0.15kx), (3.13)
RS LEME 4+ rox. MNARSRESZEEGRN. ATEEIME TH, RERERERSIIEZEA.

x(K)

0.3F

%1 (K)

. N A \/\’/\\ m

— 0.3 '\

1 | I ,J
4 25 50 15 100K

A 4 HELEIMNE T, RESEA A THEYE AR 2B 19 KA RE R

25 |1

~1

el

ASCHR T IERE 1—4 RZUEIE T, SEN ARG EHEHREE, S 7l
B, XABEEREARRSHEERE, EESEATRERENELUEN, ZREEER
SRR (L 2 PR BIR /N, BRERHEAFRIE VA SRIEIR.

£ * X ®&

[ 1] Barmish, B. R., Corless, M and Leitmann, G.. A rew Class of Stabtlizing Controllers for Uncertain Dyna-
mical Systems, SIAM J Contrl Opum:z, 21, 1983, 246—255,

[2] Corless, M. and Leitmann, G., Conttnuous State Feedback Goaranteeing Uniform Ultimate Boundness for
Uncertain Dynamic Systems, IEEE Trans  Automat, Contrl, AC-26(1981), 1139—1144.

f 3] Gutman, S. Uncertain Dynamic System-Lyapunov Min-max Approach, IEEE Trans Awutomat. Contrl., AC-
24(1979), 437—443.

{ 4] Ogata, K, Discrete-Time Control Systems. Englewood Cliffs, NJ: Prentice-Hall, 1987.



550 E & K F W 18 %5

anilieli e e R

| 5] Corless, M. and Manela, J., Control of Uncertain Discrete Time System, Amer. Contrl. Coni., 1(1986).
515-—520 |

[ 6] Magana, M. E. and Zak, S. H., Robust State Feedback of Discrete-time Uncertain Dynamic System, /EEE
Trans. Automar. Contrl., AC-33(1988). 887—891,

[71 Wei Chi Yang and Tomizuka, M. Discrete Time Robust Control Via State Feedback for Single Input
Systems, [EEE Trans, Automar. Contrl, AC-35(1990_), 590—598

OPTIMAL ROBUST CONTROL FOR A CLASS OF UNCERTAIN
DISCRETE-TIME SYSTEMS

Yu XIANGGANG Gu XINGYUAN

(Depr. of Awuromaric Conrroel Northeast Umiversity of Technology, Shenyvang 110006)

A BSTRACT

In this paper, a linear robust state feedback controller is proposed for discrete-time single
Input systems containing uncertain elements. The controller is constructed via the second method
of Lyapunov subject to four assumptions. It 1s proved to be optimal and its output is continuous.

It guarantees that the state is bounded if matrix A 1s properly chosen. At last, the simulation

examples are demonstrated.

Key words : Robust control; discrete-time system; Lyapunov function; state feedback.
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