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Abstract: Robust model predictive control (MPC) is studied for a class of discrete-time singular system subject to persistent
disturbance and input constrains. The notion of input-to-state stability is introduced to the model predictive control of singular
systems. The design method of the singular system dual-mode MPC is proposed under the index of quasi-min-max. On the

basis of the proposed dual-mode MPC approach, it can be proved that the closed-loop discrete-time singular system is input-

to-state stable. Finally, the numerical simulation result shows the feasibility and the effectiveness of the proposed method.
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KRBy, RTALEM k> 0, fH13 R G000 2

lz(k, E2(0), w(k))[| <

BIEz(0) [}, w(k)) +~([lw(k)]),

Sla(2) S5 () S12(x) <

Hrp
1)
2)
3) S1a(2)S55' (2)ST5(2) < 0.

(6)



%12 1 X R4

Fr ATWRANRSEARZHHE LR LM IEH 2139

MFREEHT L RGE G EBTHEAMESEX C RPN
FHNIRESFE ASS) 1. H 2(k, Ex(0), w(k)) /&7E
Pt w(k) 1E T L 2(0) AHIUEZ A4 BR A& m 3
L7hUN

EE1 HRGG)ZEN. FRK, I HAAE—
MNESLRE V() - R* — Ry, PR Ko Kk Eay ()
()~ az() MK KB o (), AT TAERM 2(0) €
R Mlw(k) € W, il &40 B 5644

1) V(0) =
2) ar([[(k )II) < V(x(k)) < az((lz(F)]),
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* * *
PIK(K)T Pl
0 0
« 0 0 | <o, @1)
~R! 0
* —Q!

ghiaa (13) f1(22), X TAER 2(i/k) € {z € R :
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Vi(a(i+1/k)) = Vi(x(i/k)) <
— 2@/ )B — Nu(i/k)l[% + pllw(i/k) | <
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u(k), H.
o(k) < ( ) =
" (k)Qu (k) + u™ (k) Ru(k)+
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(14 e HAK)o(GTG)w?. (25)
BT lu(i/k)| < a, ¢(k+1i) < O(k)
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|| A



2142 % | 5 3 R ¥ 30 %
N — L. JJE I S-procedurel 1A {541 R A% 5 3 —@’BZNET Yy | (29)
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y(k)x(i + 1/k) K (B)" K (k)x(i +1/k) < 0. (26) [ LA P (30)
w5 (k) = r(k)~, 31 EL4 T, REER (26) L =0

M T
—@2ETP(k)E K (k)T
K(k) —¢(k)
Xt 3 (27) 43 ) AL e M A5 e diag{ P~ T}, XL HF (k)
x (k) = 1, Barg )= (17) /1 (18). O

A1 MEHE2ENIEH, &(k) < ¢(k—1) H
®(k) > (N — 1)pw? > 0, XEXHHA RGEHPRSHAE
AZ T NN BELIRLA R Xr. LT RZ IR
AN B K 2R A X B, 8 — AN R IR X
TR 25 DRI AT FR B T LR G MRS FasE

T SRR 2 v 2R AR Ao IR R A I
il g5, g5 i N &

B3 2 Ain (x) NFERE « (R B/NRAAEE. BeA7
7E Amin (@) Amin(P)s Amax(P) > 0, 7 H Ain(Q) <
Amax(P), B h(z(k)) = Kx(k) : R* — R™, h(0) =0
A—A KRB oL &M 1) Xr C Ay, 0 €
intX7; 2) Az(k)+ BKx(k) + Gw(k) € X1, Vo € Xr;
3) L(z,u) = |23 = Auin(Q)l|23, Y2 € X, Yu € U;
4) Amin(P)||Ez|3 < 2TETPEz < Amax(P)|| Ex||3, Va
€ X7; 5) Vi(a(k+1)) = Vi(x(k)) < —L(x(k), h(z(k)))
+ o([Jw(k)|), Vz(k) € X7, Yw(k) € W.

F2 B3R, LRV, REEYT
SRS 1) JR 8 1SS-Lyapunov B8 41, i 2 WAL X N
R HIRAR S, 7ESCHR [7-8,14] R, 44 H T 5 A SR
AR 4.

% [ R AR AR ] 2wt (0/k) = Kyao(k), Hrb &
M e e Vi (BEx (k) = 2T (k)ET Py Ex(k), Va(k) €
X7, w(k) € Wil 2 %A+

Vi(z(k+1)) = Vy(z(k)) <
— 2B — lu®)[I% + pllw(®)|.

EIE3 XTFEE LRG0 MERE M z(k) €
X, Xr = {z(k) € R™ : ||z(k)|| < 1}, WRXT45E
W p >0, ffEy>0,0>0,0< W, € R, S €
R (=) Yy € R™™ i R N 2R A

<0. 27)

[_EZyET 0 [AZy+BYNT VY 7%

* —~vypl GT 0 0

* * —Z}\; 0 0
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WA SR RS R B H 28 w* (0/k) = Kya(k).

SE B 3 (A UE B G B2 AL T B 2. AR T 2 AN
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< jN(k) ﬁilﬁﬁﬁd S (0,7"1), ’fﬁBd = {QE € R™:
lz|| < dY C X7, % (k) € X7, WS FE A 15

Jy (k) = mindy (k) >
lz(B) 13 + lu(k)IF = Amin(Q) (k)]
e # 3R] 40
Ty (k) < max JN (k) =

w(k)
N-—-2

max ( > Uk +a)lI3 + lluli/k) 1 7)+
=0

Vi(o(k+ N = 1)) + (Vy(a(k + N)-

Vi(z(k+ N —1)+ |z(k+ N - 1)[5+

lulk + N = 1)%) < Jx_1 (k) + pw®. (34)

H =X (34) AT 40
Ty (k) < J_1(k) 4+ pw® < In_ok + 2p0* - - <
T} (k) + Npw? = 2 (k) ET PEx(k) + Npw? <
N pw?
(s (BTPE) + =55 ) () (35)
2% AT

Min(Qlle(k) 2 < T (k) <
N pw? . 9
72 )k,

(Amw(ETPE)+

H =0 (35) WA
T (k) = TN (k) < Y (R) + pi® — TR (k) <
= (BB + llu(k) %) + po* <
= Amax (@) |z (k) [|* + pwr®. (36)
Hix(k) & Xp, Ha(k) & By, WA ||z(k)| > d
BBV

50 < Iy < (D) e @

AR

2 o (INR)Y o
nm<m<n|<(ww)u<m-
H 72 B 2 W]

T (k) =
In(k) +Vi(x(k+ N +1)) — Vi(x(k+ N))+
(ke + N)IZ — l2(B) + lulk + N3 — Ju(k)I <
T (k) — [l (k)13 + pa?,
HIES)
TV (k) = T (k) < —Amax (@)l (R)|I” + pw®.

R bR, o B a] g, Ee LA R T (k) 2
PR U LR B —A ISS-Lyapunov & %L, B3R
RGN TH R ssh Em R S e . O

4 fiEEB
EIEEEUTXRG (1), RESHIT:
1000 10 010
1 :
p|0tool 0o 1 00n)
0000 —0.02 002 1 0
(0001 | 0.02 —0.02 0 1
o .
B=| " |, a=|"
0.1 0.1
0 0 |

FFEE LB w(k) = wsin(k). HH: w = 0.5, FIALIR
[u(k)]| <1

BB Q=1c R, R=1,¢=01,c=
0.02, p= 0.5, N = 3, T HAH r; = 0.3808, &
Z)REE X = {x(k) € R™ : ||lz(k)|| < 0.3808}. i&4F4]
BIRAS 2(0) = [1,0.5,—0.7,0]T, KFEIAIFE 0.1's. HE I
URRE PR T 4% i) 595, 32 F LM T 2L A SR gL AL 1)
Eﬁﬁﬁﬁﬁ%E$#MWﬁh%

%%Eﬁ:%@%ﬁmﬂ%%&* L7

ﬁﬁu@ 1 ffo.

5 '?wu““ohsw
v 09051005

(a) x,,x,,x, —4EX 15

X,

(b) xz,xs,x‘,#é”% DX 35
1 ZIRARXE X MHAFRRGARTS BB



2144

* R ¥ 30 %

FH B 1 RT 20, AS SCHE H G SR T P IRIR S i &
HEN L 29 R EE . ZR GRS 28 A0 42 1) S\ Hh 28
K2 fros

-1.0 : . .
0 50 100 150 200
t/s
(a) RGNRE
0.6
0.4t
_ 0.2
0
-0.2¢
-0.4 . . .
0 50 100 150 200
t/s
(b) FHlHA
&2 ARGRSHZFITHIN ML

Kl 2 KA RGHPRES 2 A1), Bk
FEAFE— AN Z #0292 LSRRI,
5 4 ®

ARSI G N NRSFE S, 450 T B
BT X RG M NIRES RS MR 0 %0, el T —3K
BA RN AN LR EEU LR S quasi-min-
max B T2 1) B, Jd I SR AR Y 1 BRI 1) AR
FEBE G T 5, B R GRS IR BN B i £ R 4R, 1
2 £ R AR NS ] e S gl 2, et T DT X
F2 GO0 428 1) 24 P TH 54, FRUERA T PR B L
J7 SR G IE PR PR SR B 8 B S B B R
TR BT AT A R

£E Yk (References)

[1] Dai L. Singular control systems[M]. New York: Springer
Verlag, 1989: 1-332.

[2] Hale J K, Verduyn Lunel S M. Introduction to functional
differential equations[M]. New York: Springer Verlag,
1993: 1-464.

31 HKIRR, MM AHET LRGN 5435 M. L
BH: ARABK S H ik, 2003: 47-147
(Zhang Q L, Yang D M. Analysis and control for uncertain
descriptor systems[M]. Shenyang: Northeastern University
Press, 2003: 47-147.)

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Joe Q S, Badgwell T A. A survey of industrial model
predictive control technology[J]. Control Engineering
Practice, 2003, 11(7): 733-764.

Kothare M V, Balakrishnan V, Morari
constrained model predictive control using linear matrix
inequalities[J]. Automatica, 1996, 32(10): 1361-1379.
Mayne D Q, Seron M M, Rakovic S V. Robust model
predictive control of constrained linear systems with
bounded disturbances[J]. Automatica, 2005, 41(2): 219-
224.
Chen

M. Robust

H, Allgpwer FE. A quasi-infinite horizon
nonlinear model predictive control scheme with guaranteed
stability[J]. Automatica, 1998, 10(34): 1205-1217.

Mayne D Q, Rawlings J B, Rao C V, et al. Constrained
model predictive control: Stability and optimality[J].
Automatica, 2000, 6(36): 789-814.

Zhang L, Huang B. Robust model predictive control of
singular systems[J]. IEEE Trans on Automatic Control,
2004, 49(6): 1000-1006.

Xete, ERA. AHET ARG S AE FE T
P, #2515 P, 2000, 24(9): 1371-1376

(Liu X H, Wang L J. Robust model predictive control for
uncertain singular systems via dynamic output feedback[J].
Control and Decision, 2009, 24(9): 1371-1376.)

Xwete, Wyl fe. Fe T W & AT E T SN RS
BEFII 1], $20 55 3R, 2009, 24(4): 606-611.

(Liu X H, Yang Y H. Robust model predictive control
of singular systems with delayed-state and parameter
uncertainty based on state observer[J]. Control and
Decision, 2009, 24(4): 606-611.)

Limon D, Alamo T, Salas F, et al. Input-to-state stability
of min-max MPC controller for nonlinear systems with
bounded uncertainties[J]. Automatica, 2006, 42(5): 797-
803.

Lazar M, De La Pena D M, Heemels W P M H, et al.
On input-to-state stability of min - max nonlinear model
predictive control[J]. Systems and Control Letters, 2008,
57(1): 39-48.

He D F, Huang H, Chen Q X. Quasi-min-max MPC for
constrained nonlinear systems with guaranteed input-to-
state stability[J]. J of the Franklin Institute, 2014, 351(6):
3405-3423.

Zhang G, Xia Y, Shi P. New bounded real lemma
for discrete-time singular systems[J]. Automatica, 2008,
44(3): 886-890.

poursafar N, Taghirad H D, Haeri M. Model predictive
control of nonlinear discrete-time systems: A linear matrix
inequality approach[J]. IET Control Theory Applications,
2010, 4(10): 1922-1932.

(Gricsmit: H #)



