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Robust prediction control for multiple time delay discrete nonlinear system

ZHOU Weidong, ZHENG Lan, LIAO Chengyi, CAI Jianan

(College of Automation, Harbin Engineering University, 150001 Harbin, China)

Abstract ; In this paper, a robust model prediction controller with state-feedback structure is constructed for a class
of uncertain discrete nonlinear systems with multiple states time-delay, inputs time-delay and nonlinear
perturbation. Firstly, an improved quadratic Lyapunov-Krasovskii functional is constructed by making full use of the
upper and lower bounds of the time-delay information, and then the difficulty of solving min-max optimization
problem is transformed into convex optimization problem with linear matrix inequality ( LMI) constraints by utilizing
LMI technique. Simultaneously, the sufficient conditions for the existence of robust predictive controller and the
expression of the controller are given. Theoretically, it is proved that the designed controller can guarantee the
closed-loop system is asymptotically stable. Finally, simulation results demonstrate the feasibility of the proposed
scheme.

Keywords: time-delay; nonlinear perturbation; uncertain; state-feedback; model prediction control; liner matrix
inequalities ( LMIs)
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ARk + Y AWx(h-7,) +
B(hu(k) + B(bu(k - 1) +
fx(k) x(k = 1), x(k = 7),,
x(k=1,)). (1)
Horbtx(k) e R™ WRGRA, u(k) e R WS

x(k+1)=

WA, f(x(k),x(bk-7),x(k-71,),~,x(k-7,))
RARLNEL B,
RFRTE, L f = f(x(k) ,x(k - 1) ,x(k -

7)), x(hk = 1,)), IFHIEE
fif, < ax"(k)x(k) + a2x"(k = m)x(k - 7) +
Bix"(k-1)x(k-7,) +- +82x"(k -
T,)x(k—-7.). (2)
KA. 0<7 <7, < <7, NEGEWEH, x(k) =
o(k), -7, <k <OANREBIWIHFIT. RE(1)H)
RGERFRAR AN, JE H AT AR Bl A8 B
[Ay(k) A(k) - A, (k) By(k) Bi(k)] e 22,
0=Co{[A, A, A, B, B,],
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x(k+j+11k)= Ak +j)x(k +jlk) + ZA(k+

DxCk+j—7[k) +By(k+j)u(k +J\k) +
B,(k+ju(k+j-71lk) +f,. (7)
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kg A R i i A A TG B sl R 2R 4 TR S )
BRERETR bR, 20(7) R GEAAR S TR A A,
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2 1 B AR SR AR B AU 0 T 45 o 8% v 1y 1
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jlE)Ru(k +j|k).
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- V(x(klk)) <-J,(x(klk)). (11)
[ it
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R(x) > 0,0(x) -S(x)R '(x) S"(x) > 0.
I3 2" W W (x) FI W, (x) BEXT x e
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W (x) <0, FFHAFEFE p > 0145 =, W)
HWy(x) <0,H
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U11 * * *
0 U, % %
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-0 * * * *
¢ -0 = * *
1
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- QT * *
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U22 = ! )
aZQT 0 - 7In
o)
-e., ¢
Q 1 - Q‘r') *
M, = N
1
BIQTI 0 - 717:,
p
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BmQT”L - 7In
p

R T (9) Ekrese bRy L5, AT LI
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v(£).0.0;.0- Y.Po.Pr Py o Pr

(1), [AIN2 e (k| k) NRAE kI ZPIRZS x (k) B
. RS y (k) > 0,p > 0 KXFRATIE
EHFEQ,0,, Q. Py,P. P, - P, il 444
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PEREHAR(10) , Hr RSB 45 K = YQ ™.

min ptr(diag{PO PP P 1),

v(£).0.0:.0; .Y Po.Pr Pr o Pr

(15)
k) w'(k)P"
s.t.["( ) wik) j;o, (16)
Pw(k) P
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w(k)= [x"(k) x"(k =7) x"(k —=7)) - x"(k =7,) f; I,
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Pw(k) P '
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WIAREEL(16) B, T EPRHIEIIA S (17) BT
B Lyapunov-Krasovskii PR%EL(9) , >R Z0H
AV(x(E))=V(x(k+ 1|k)) = V(x(k|k) =
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AV (x(k))=w'(K)II[P,II,w(k) —x"(k)Px(k),
(22)

wik)= [x"(k) X'k -7) X'k =7) - x"(k - 7,) 1",
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AV,(x(k))= w'(k)diag{P., - P.0,---0,0} w(k), (23)
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(20)

(21)

AV, ,(x(k)) = w'(k)diag{0,0,0,---, - P, 0} w(k).
(24)
I (22) ~ (24)FCAFIK (21) ,F

AV(x(k))= w'(k) (O, + IPJII)w(k). (25)
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* * * *
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* * * *
: : i | <0 (29)
b, * %
0 -pl, *
A (k) I, -0

Fo 3K (29) 235 22 e Fl 47 AR B diag! Q. 0, ,
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{a“ * % * * * *
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0 0 (Nb“ * * * *
. . . < 0. (30)
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0 0 0 0 -pl, *
Ay(k)Q +By(k)Y B(k)KQ. A/(k)Q, A (O, I, -0
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0 I, * * # * *
0 0 r, " * * *
: : : : : <. (31)
0 0 0 L, * *
0 0 0 0 -pl, %
Ao(k)Q +B()(k)Y Bl(k)KQT A](k)Qq-l Am(k)Qr,,,, In _Q

. r,=v,,I,=U0,,,=M,, ', =M.
MR AR T RGFERE L [A (k) A (k)-
A, (k) By(k) B, (k)] e @, RYEMERIEANE T,
A (31) oz 4 BACY XN AL 2 #9454 THS AR T,
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PR AR S x (k= 1) -, x(k-7) ,x(k -
7)), ,x(k—-71,).

F285 Sx(klk)=x(k),x(k-7,1 k)=x(k
-7, x(k-7,1 k)y=x(k-1,).

F3  EPLEYRFRIEERE Q, 1 R.

Ea45 ERARIE(5) ~ (7) PR
oy (k) > 0,p > 0, IEEXMKRER Q,0.,
Q. .P,,P P, - P FESAERHEE Y .

#5455 F MATLAB H A9 LMI T EA6 R @8
IR (5) ~ (7)), 5 B &A% v (k) ,p,Y,0,0,,
Q..P,,P P, - P .

F 6w TR RS 4 g 15
MK =YQ .

ET1% Bk BN w(k) = Ke(k| k)
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E8L Lhk=k+ 1, EEFE1LEETH
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fEXTT ¢ > k B 2 AT AT

IERA RMER BUEHL | R FERTZ & A B AL i
JERFERTZ k + 1 A TR I i X Rl F 8 =
[x eR" | x'Px <y} JEWMPRE x 1) — DA
BRI TE b+ 12 A R AR — A AT,
[FIERE T AR B2 T Y v B A — A s L A

EIEE2 e 1A B0 AT T AR A P
AR AR A A R G SR i AR

IERA O T UEBH TSRS E 2%, @57 Lyapunov PR
BV(x(k))=w'(k)Pw(k), HF P > 02 kB ZIH
SV, B3 1 AR R AT R7E P 2R N X A R AU
— AN AE I Y Lyapunov PREL. AR 2 HX Lyapunov
FE PEHIE AT DAL P 3R R G B R . TESE.

FEHE 1 RO T 2R GRS Y LR A 4 5K
(16) SR AT LUEAS A RS AR AENG Bk 6 9. PRI,
ARICHRE R u = YO v M HFALE A NEN
RE x(k) e &, NTHHLRESLRT
x'(k+i+D)Px(k+i+1) <x'(k+i)Px(k+i) <1,
i =0.

FE, x(k+i) € d,i=0Hx(k) —0H}.
3 HHREFI

SN E B N TR] R S8 (1) AN S A
Bl B, (k) = 0 BY&5i8 00T,

IS 1 % RIS A B9 AN B R B T ]
R (1) R

x(k+1)=A,(k)x(k) + iAi(k)x(k -T,) +

B,(k)u(k) +f(x(k) ,x(k-7,) -,
x(k-7,)). (32)
H. Lyapunov-Krasovskii PR%L A

V(x(k))= x"(k)Px(k) + ixvr(k ~i)P, x(k~i)

+ S Xk OP, x(k-i). (33)

=Tp-1t]

B2, W RAFAEX FRIEE M F 0,0, ,P, P, ,
o P RS S AERCAERE Y 22K (34) ~ (36) B
MR B AN S X WA — AR R s il
u(k+jl k)=Kx(k+jl k),i=0,
W (10) HERE.

min
y(k) .Q,in.Y.PovPTl,"',PT

tr(diag{P,,P, ,-,P, .1} ),
. "

m

(34)
k "(k)P"
[7() w (k) ]20’ (35)
Pw(k) P
Nm * * * * *
0 N, * ® * #
0 0 -~ N, o+ =<0
0 o - 0 -pI
A0 +B,Y A,Q A0 I, -0
i=1,-- L (36)

Hrp
W(k) = I:xl(k) ’x']‘(k - Tl) ’__.’x'r(k - Tm) ’fvl];‘]']‘y
P:diag%PO’Pn’”"Pa—maln}’

- QTI * - QT *
Nll = 1 ’Nmm = 1 ’
1QT| - 71:1 IBmQT,,, - 7In
p p

- Q * * * *
0 -0, . .
Ny=|@®Q 0 - ;1,1 * 2
0:0 0 0 -y, =
R°Y 0 0 0 - y(b)I,
WE OB EWISSALAEEE 1 AT, B,

MARG (1) A AERR BB, (k)=0, AL
T

WL 2 HIREAT A ER PR E B O ]
R4G(1) 0

x(k+1)=A,(k)x(k) + iAi(k)x(k -T,) +

B, (k)u(k —7) +f(x(k) x(k-7),
x(k-71),x(k-71,)). (37)
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H. Lyapunov-Krasovskii RECH

V(x(k))=x"(k)Pyx(k) + ixT(k )P .x(k -

) + ix"‘(k - OP x(k - i) +

i=7+1

Z x'(k-i)P x(k—-1i). (38)

i=T,_1t1

TB 4, W1RAEAE X R IE 52 S 1 Q, 0, Py, P,
o P, E SRR ¥ 2R (39) ~ (41)

Horfr,
w(k)= [x'(k) x'(k-7) x'(k=7) - x'(k-7,) f; ],
P = diag{P,,P, P, P, I},

-0 * * * *
Q — QT * * *
1
U, = a0 0 - ;In * *
0:0 0 0 -y (k)I, *
RY 0 0 0 — (W,
-0, o+
[ -0, *
Uy, = :
a2£27 0 - Ailn
p
-0, o+
0. -0, *
M, = B
1
lglngl 0 - Ailn
p

- gzm *
Almm = 1 :
lgmgzrm - Ailn
P

TERR R ERS RS 1 AEN s s
4 FEAR

BT BA AR LA ) B[R A RS T 4

I AN E B AR L R G
x(k+ 1) =A,(k)x(k) + A|(b)x(k - 7,) +
By(k)u(k) + B(k)u(k - 1) +

Ull * * *
0 U, #* *
0 0 M, *
0 0 0 - M,
0 0 0
4,0 B,KQ, A,Q,

LM P AN 52 WA — RS R 4
u(k +j\k)=Kx(k +j\k),i =0,
W (10) PERE.
min A, (39)

¥() .0.0;.Q; Y. Po.Pr Py oo Py p

A = tr(diag{PO’PTaPn 3.“’Prm’[n} ) ’

o [ YR w%“Pjao, (40)
Pw(k) P
: <0,i=1, L (41)
-pl, 0
I -0
Sf(x(k) ,x(k-7),x(k-7,)).
(42)
Hrp: [Ag(k) A (k) By(k) B,(k)] e £,

Q2= Co{[A, A, B, B,],[A, A, B, B,l}.
061 0 -0.36 0.33
A, =|007 09 0 J,Bm—[OJ,
0.05 0.2 0.77 0.67
0.71 0 -045 0.27
A,=| 007 09 0 },Bm:{o ]
-0.05 0.2 0.64 0.51

-03 0 0
A,=A,=| 0 -02 02 |,

0 0 -0.3

0.13 0.07
B,=|-02|,B,=| -02],
0.05 - 0.03

f(x(k) x(k-7),x(k-7,))=
0
0.3x,(k —7)0.2x,(k — 1)
0.4x,(k = 7,)sin(x,(k = 7,))

BEIIEIRES N x(-2)=[0.5 0 0]",

x(-1)=[1 0 0]",x(0)=[15 0 0]"

Wi (2) , B a, =0.3, a, =0.2, B, = 0.4,
LN R (2) , TR BT i a5 2 v g4
FR(5). W r, = 4,7 = 1, KGR 50 0,
diag{1,1,1} ,R = 0.3, "W Z ik A, = 0.4,), =
0.6, WA LIFEE] v (k) = 41.706 4. & 1~3 205145 H
TIRES 2, (k) 2, (k) vy (k) BYEfE T2, BT 4 45
Hl s M Ze &, v LI ARGl aS e T, R
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B2 RS x, (k) BYE 8 R i 2k

0.3
0.2
0.1
0
-0.1
-0.2
-0.3
-0.4

xs3(k)

0 2 4 6 8§ 10
t/s

B3 RS x, (k) BB (810G R i 2%

0.2

tls

B4 =HEIEANZ
5 # %

)2 H—FPEETF LMI AY B B w AR etk 2 40
F4) 65 TN 42 1) B9 i T A AR R e B RN st
i A A B B 2R ME R G A i A A ) AL

2) kR FRRZS S s 4 i 45 7, 1 LMIT £
AR TEERI B min-max {4 0] BB A S HAT LMI
LRI ARAR IR, 753 2 1 RS i A A 1 058
8, IF B b 7R SRR T AT IR T R SR
.

3) i 5 B AR W] T I TT I B A R
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