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Robust predictive control via output feedback for Markov jump systems

LIU Xiao-hua!, LU Na
(College of Mathematics and Information, Ludong University, Yantai Shandong 264025, China)

Abstract: For the discrete-time Markov jump system, when the states are not all measurable, we develop a robust model-
predictive control with output feedback for the system with polytopic uncertainty as well as bounded disturbance. The
quasi-linear time-varying parameters of this system are known in values at the current time, but unknown in the future time.
By using the linear matrix inequalities and the variable transformation, we convert the min-max robust predictive control
problem for infinite horizon performance cost into the optimization problem with linear matrix inequality constraints. By
solving this problem, we obtain the output feedback law for closed-loop system. Under the conditions for the input and
output, the closed-loop system is stochastically stable in the sense of quadratic boundedness as we defined. Finally, a
numerical example is provided to illustrate the effectiveness of the controller.
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ERVE XGete
BEILE.
ARSI X —JEHAT 2 MO AN 5 PRI S 75 (v
AAMESHIN A Markov A R e, 45 Pkt I

TSR TN I 2R 5 T R LMV Mo /N
BB TN AL v SR, K4 TG 55 Ik B 4E b 1A
A ) A A e PR B AN S R A . T Ik
FHUSURE S, BT PR SR 48 (1 B AR A 1. 1 SCAIE B
Er I OE I RPN SR i)
2 o] IR (Problem formulation)
7 8 B U AL AN 2 Markov kAR R 48
x(k+1) = A(ry)z(k) + B(ry)u(k)+
D(ry)w(k), (1)
y(k) = C(rr)z(k) + E(r)w(k),
Hrp:z € R, u € R™, y € R™ Jw € R™ )il &
R MPIRES N B FAME T, w(k) €ep,, ep,
= {€: ET P, < 1R T IEEHIFE P, IR
RGN HrH 2y
—a<ulk)<u, - <Pyk+1)<p, Q)
b B R B, 10 It & 4> ”Ihajjus > 0,1, >0,
W € R IE YR AERE, s € {1, ,n, 1t €
{1,--,q}.
i & & & = HA,
E(m))%'?%ﬂ@é%’éﬁ(m):
$2(ri) =Co{[Ai(re) | By (ri)|Co(ric) [ Do (ri) | By (ry.)] }-
3)

B(ry), C(ry), D(r4),

B AE IR (k). 4
[A(ri)|B(ri)|C (i) | D(ry) | E(r)] =

l_il)\l(k) [Ai(r) | Bi(re) [Ci(ri) | Di(ri) [ Ei(ri)]

B () 2 0, SN (k) = 1 % B (K) 25 4 b

=1
Z kA, T — I ZUR S04 S0l S 24 1 2, (k)
ﬂ%m Tf‘a%mﬁ%“‘”). le{l,---,L}, LNZH

mmﬁlﬁ?ﬁ]‘ﬁﬁ%&ﬁ%M ={1,2,--- ,m}ME
B (0] Markov 4, SL— D3 M2 n] %EEP(T;CH =
blry = a) = Tap, ey > 0, Va,b € ME_ZWab = 1.

B e A MR 58 4 AN, jJTTVEﬁ{EEi_JLJ HA(a),
B(a), C(a), D(a), E(a)7r M &R Hr, =a,a € M
NHIA(ry), B(ry), C(ry), D(ry,), E(ry).

Z LG R G()-GYIRA AT, K F T st
AN BB TS

{xc(z’+1\k)— (1) (ilk) + Be(ri)y(ilk),

( “)
(16) = ClriJeclk) + D(ri)yGlk),

bz € R B PR, oo (i) k) Ron e 211
I 2R X ARKE 4 z’Hﬂ‘Z'J (. FOFRINAE. 256 2 S 80E
Xﬂj’%ﬁﬁiﬁﬁﬁﬁﬁﬂ? JQ

(

Ac(a) = ZZIZ)\z(k‘+Z) j(k+1)Ad (a),
c(a) = S N(k +i)Bl(a),
Be(a) 121 (k +i)B.(a) )

Ce(a) = ; ik +14)Cl(a),

( De(a) = De(a).
X (S)HAY (a), Bl(a), Ci(a), Do(a) Rl £ 3K i Hi B
O H )y (k) RAK @), 71
zc(i + 1k) = B(a)C(a)z(ilk) + Ac(a)z.(ilk) +

B.(a)E(a)w(k +1).
BT u(i| k)N (D), AT LIS
xz(i+ 1|k) = [A(a) + B(a)D.(a)C(a)] z(i|k) +
B(a)Cec(a)z.(ilk) +
[B(a)D.(a)E(a) + D(a)]
IRPRATT LA R i ) s
i+ k)
| ze(i + 1]k)

| A(a)+B(a)D.(a)C(a) B<a>cc<a>] _

w(k +1).

| B(a)C(a) Ac(a)
[ 2(ilk) . | Ba)De(a)E(a)+D(a)
(i) B.(a)E(a)
HE—2B, G L2,

oG+ k) |
azc(i+1\k)

A( ) + B(a)De(a)C(a)
S M(k +0)B(a)C(a)

L =1

w(k+1).

w(k +1). 6)

3T A(a), B(a ) C(a) 2 Hufiiidk:
Afa) = Z)\l(k +i)Ai(a) =

=1

1- XLJ)\ (k+1)A(a) =
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Aj(k +14)C;(a).

EVOLY ?éﬁ%ﬁf‘iﬁ’]n? A A T REVE AR AL B, f5] -
A(a) + B(a)D.(a)C(a) =

L L

SS N+ 0N (k+14)A(a) +

I=1j=1
L L

Yo Nk +1)

I=1j=1

zz Nl + )

Bi(a)Dc(a)C;(a)].

1, A SIS 2P R ¢
D(1, k,a)(ilk) + I'(i, k,a)x

(i + 1]k)
{ w(k +1), (7)
#(0[k) = &(k), ¥i > 0,

Aj(k +14)Bi(a)De(a)Cj(a) =

Aj(k + 1) x [Ai(a) +

(o) = | Bila)De(a)Ej(a) + Difa)
ol BL(a),(0)
EX A WFEMIN; (k+1), w(k +1) (ZA
+i)=1lwk+i)€ep,k>0,i=0), ﬁu%‘EEE
Z'(ik)Q™ (a)Z(ilk) = 1,
A )
i+ 1k)Q 7 (b)2(i + 1]k) <

' (ilk)Q™ (a)Z(i|k)
JST, R A BR 22 4E(7) 0% T 24 2L 1 B AL LyapunoviE
FEQ™ AT A Q71 (D) T /R rppy = I R BE ML
Lyapunov&if, BIQ(b) 2 Y 7,Q(b).

beM
FE X2 W R T A MR & E(0) € R
MIER ST € M,

o §O|raz<k>\|2|@<o>,m} < oc.

HOL, FRARGN(TEw = ORI T 2 BaH AR ).

SIER 110 RGN Ew = 0N ZBENLARE I, 4
HACHAAAEIEE X FRAFFQ ™ (a), a € M, A3 AR
AR

DT (i, k,a)Q 1 (b)®(i, k,a) — Q' (a) < 0.
3 OB B TR 4% il (Output feedback

based robust predictive control)
TR GU(T), IR FIAT R G T5 I 3 1k
TAVERESER:
{ . minmax Too (),
AY (a),BL(0).C (a).De(a) w(k+i)eer, ®)

st 20R(2), [[2(ilk) Q-1 (a) = 1,

HoJo (k) = E{Zy (i k) R (a)y(ilk) + u™ (ilk) -

Ry(a)u(i |k)}7JIJﬂI@ER1( ), Ro(a) M T BEA %
PRI e AR, el B H TR] B M Ly apunov PR X

V(z(k),me) =27 (k)P(ry)z(k)=2" (k) P(a)z(k).
AP =~Q . K&
IR 0y — 26+ LRI ) =
I+ i) ) ©)

e (@) rrfi i 2K(9), Bl

[Z(@F) Q-1 = 1 =

IR G100y = G+ LRy >

1 . .

;[Hy(”k)”?%l(a) + ([l 17, ) (10)
K 30(9) Pk MO F oo b AT S ISRAN T HUYTER, W] LAAS
B Joo (k) B — A B 5, X FEmin J (k)7 LU AL Oy
min V(z(k),ry). T2, F

r%l(%)%

s.t. 2T (k)P(a)z(k) <

#—4, HP(a) =vQ *(a) > 0, %‘%UﬂﬂSchur%l\%l
O MV (2 (K ) r) FTEE A
LB
1 #k)
wt [aé(k) Ql(a)] =0
Al
P(k) € egr. (11)

gf b, ur sl S EE AR, fERE I 2k,
DAL S R i Mk

. min max Y,
~.Q(a),AY (a),BL(a).C4 (a), De(a) w(k+i)€ep,, (12)

s.t. 3£(2)(8)(11).
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AL H R T4 ) 8 (12), 3K Ac(a),
B.(a), Cc(a), De(a), Q, 13 I RG(T) KT A3k
HIREHLLyapunoviifFEQ— kA 5t

SIEE 218 AN, (K + 1), (k—i—z)(Z)\ (k

=1

+i)=1wk+i)€ep,k>0,1>0), Tﬁ A
i
1) (7)FKTF A LyapunoviiFEQ — —IKH S
2) fifebriEa € (0, 1) FRIFRAFEQ 1, i

T(i, k) = iiAl(k: + i)\ (k+19)1;> 0, (13)
I=1l=1
(1-)Q7'a) =+ .
1 = 0 aP, * .
Q7 (b)Py; QMBI QHY)

TR 7 RAKIRRAE ORI A A

31 — X B A 4 ¥ (Quadratic boundedness
analysis)

HTw(k +1) € ep,, N(®)5H

IIw(kH)H?w < IIa?(i!k)Héfl(a)
ZER SN, M T
(7 + 1Ik)llf@fl<b) - Hi"(ilk)lléfl(a) <
1 ) )
—;[Ily(zlk)lﬁm) + [[u(i[k) 7, o))
(14)
gt @5 &K (7), a4 XEMT

#(ilk) T[]L(i,k,a) 3G k,a)]
w(k +1) I (i, k,a) II5(i, k,a)
a(ilk
w(lE: |—|—)2) >0,
Horp:

II, (i, k,a)

—Ju(a) = (P);(a)Q” ()%(a)— “(a)),

11, (i, k,a) = —Jia(a) = v2};(a)Q™ (b)3;(a),

(i, kya) = —Jas(a) =I5 (a)Q7' (D) 13;(a),

Jir(a) = CT(a)Ri(a)C(a) + CT(a)D{ (a) x Ra(a)De(a)C(a) *
CJ(a)Rz(a) x De(a)C(a) Cl(a)Ry(a)Cela) |
Tip(a) = CT(a)Ri(a)E(a) + CT(a) DS (a) Ra(a) x De(a)E(a)
C(a)Rz(a)De(a)E(a) ’
Jas(a) = ET(a)Ri(a)E(a) + E"(a) D} (a)Ry(a) De(a) E(a).
He 5 A1 Cla)R (@) CF(@DE ()RS (a)
2k ko, mIEna(10) 2o s T Hod A = 0 Ci%(a )Ré (a) ,
ik | [Ql(a) 0 ][ &k |, ET(a)R}(a) EF(a)DT(a)R} (a)
w(k + 1) 0 —F| |wlk+i) I B A éué’ﬁiﬁzﬁﬁiu%ﬁﬁiﬁ(iﬁ(lsm’ﬁﬁﬂkKﬁ
AT T K2).
Filk) Ik, @) 17 (G, b a) DALk, AR 51 HE2, sRASYPRE T MR R (DI
wlhi+)| | MDG,ka) ok, a) U »
., EEL WA A o, B A (a),
Hilk) |5 B(a). €3 (a). Dela) RAFREE M (), Q1 (a). 1673
Wl +4) T, k —LL)\k:')\k: NYE >0 (16
SR 13101, 2 (L0)RHAE AT 2 (i k) B (k + 4) B 37 ik, a)= 2, 2 Ak A (R 0)X5 > 0 (16)
(R ARLEA AT EL S > 0, 1145 T, W (10) 53X (16) 2550 ). Hor
Hl(iakva) H;F(Zakaa) > /B Qil(a) 0 Tl]
(i, k,a) IIs(i k,a) |~ 0 -P| I (1 — )M (a) *
fSchurkh | BE, 45004 (1-a)I (1-a)Q1(a)
L L 0 0
2 Nk DXk +0) {7y — AyTHAT} > 0, £ £
i . -
& Mi(b)Ai(a) + Bi(@)Cy(a)  AY(a)
L oo y o s R (a)Ci(a) R} (a)C;(a)Qu(b)
[;];1 l( +l) ( +Z) AT I = U, ( ) I RQE(CI)ZA)C(CL)C](G) Rg(a) Ag(a)
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< * ok k] Fediag{Ty(a), I, Q(b)To(b), I, I} 45 A #(19), 51 5K
* * * %k ok (16) %37
al, * * ok K At AR A6), THQ: (a) — My a)
£3 Qi1(b) x  x % 7 > 0. 7£ (18, Ma(a) Fl Qo (a) #B A& W Fk 1. 7
Bl(a)Ej(a)+Mi(b)Dy(a) I Mi(b) * = W, Q1 (a) — My (a) = —Q3 (a) Ma(a) My (a) H1,
R? (a)E;(a) 0 0 I+ Qi(a) — My (@) Rl Bk, X 5Qu (a) — M (a) >
Ré (a)De(a)E; (a) 0 0 0+1] 07 Ji . %3 (16) 735 2 3Fe
diag{T " (a), 1, Q™" (5) T3 T (v), I, T},
= Ay(a) + Bi(a) Dc(a)Cj(a), y—
= 4(a)Q1(a) + Bi()Cé(a). diag{T; (o), I, Ty ()@ (b), I, T},
- Bi(@)De(@)By(@) + Difa). Gk, BRASMEL
e iﬁ(16)—fﬁ N UEE(S)_IU\%T#:J 3.2 AR %4k (Constraint conversion)
AY(a) =M, (b)[AY (a) — My (b) Ay(a) Qu (b)— R AR

Ml(b)Bz( )De(a)C;(a)Q1(b)—
My (b) Bi(a)Cj(a)Q1(b)—
M (b)Bi(a)Cl(a)Q2(b))Q3 " (b )7

(a) = My (b)[B’() () (

(7)

Qs (a)Ma(a) =1 — Q1(a)Mi(a),  (18)
X Qa(a), Ma(a) kit /20 (18) AT R

> A0-1(q) = Ml(a) Mg(a) a) =
e [M2<a> M3<a>]’Q”

[Ql(a) Qrzr(a)]' AR (18) 1T

Q2(a) Q3(a)
WA, AR Q2(a), Ma(a)¥) R IR AR B,

KANDELE, 713

A (a) = M2 3 (0)AY (a)Q2(b)+
M (b) Ai(a)Q1(b)+
M (b) Bi(a)Do(a)Cj(a)Qu(b)+
My (b) Bi(a)Cj(a)Qu (b)+
M (b) By(a)Cl(a)Q2(D),
B(a) = M (b)Bi(a)De(a) + My (b) Be(a),
Cl(a) = De(a)Cj(a)Q1(b) + CZ(a)Q2(b),
Dc(a) = D¢(a)
(19)
-y ] me s e] s
(5)% 3 72 Fediag{T (a), I, T (b)Q(b), I, I}, 47

M (a) * * *
I Q1(a) * *
0 0 P, « | =0
1
De(a)Cj(a) Ce(a) De(a)Ej(a) S F(a),
FssgﬁgaSG{L -,nu},j€{1,~--,L},
(20)
L L
(i k,a) = >0 5 Mk + i) (k+ )17} >0,
I=1j=1
Gtt(a) <&t23 te {13 aQ}v h e {13 aL}a
(2D
Horp:
M;(a) *
I Ql CL)
T = 0 0
0 0
| VC(rktiv1) €1 YO(rpyir1) L2
* * *
* * *
P, * * ’
0 P, *
1
VO (riyir1)£s VE(reriv1) 5G(a)

Fioo(Gy) TR MM F(G) Ex 8 15 s A 0 £,
a2 (7)) REN G R I B R 2R s TR

E 2 RN Zk, WRAAEN B, vy,
B AY (a), BL(a), C(a), De(a) B %) FR fi FEM, (a),
Q1(a), F(a), G(a), #5.(16)(20)—2 D). M=,
Q@ Hu(k), y(k + 1) 2 20)—21).

UE 5 L&A gB B B 1A S5 eAT . DR A =X
(AT, f1
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. 2
max|& Py (i + 1[k)|" =
max|&PO(i, k, a)x
[2(ik)T wk+0)T wk+i+1)")T)? <

_1 _1
3max||& PO, k, a)diag{Q? (a), Pu *, PL ),

Forp
8(i7k7a> = C(Tk—f—i-i-l)[l O]F(iak> a)
E(ritit1)

AWFREEIEG (), G < 2, t € {1,

Clriyisn)T 010G, k, a>] '

RS A
o g MEAR
G(a) — 3¥6O(i, k,a)diag {Q(a), P wl} X
Ot (i,k,a)w? >o, (22)

I
max [EWy(i + 1|k 2<max(}' a) < max 727
i20 €y (i + 1R)] i20 (@) >0 vi

1=

BI|@y(i + 1]k)| < 1, Vi > 0. K FSchurkh 5] 2 &

Z fik, Q22) T E A
L L
> 2 ik 4+ 0)Ai(k + )7 > 0. (23)
I=15=1
X
Q !(a) *
0 P
1Y = w
b 0 0
VO (rryiv1)1 YO (rrpiv1)ve
* *
* ES
P, * ’
1
!pE(Tk+i+1) gG(Cl)

vi = [Ai(a)+By(a) De(a)Cy(a) Bi(a)Ci(a)],

vy = Bi(a)De(a)Ej(a) + Di(a).

xF 3 (23) 7 JE%dlag{TT( LI T}, A e
diag{T1(a),I,I,1}, 454 30(19), %Diﬁ(Zl)E}Zi %
L ERUER, T (20) AT IS

L5 LR oM, PR R (12) 13— B Ak
W R B AA A T SR A
{ oomin o ot

@7,Q1(a), M (a),A¢ (a),BL(a),CY (a),De(a), F(a),G(a)

s.t. 2U(11)(16)(20)—(21).

(24)

X EA 2 AN e RN S 7R (12 1 S 40T
AFMarkovigh A R4, EEMPCIHSEIEM T :

1 B PERREFINT, V1R 2(0),
WIGERE Ao, fERF— I ZIE > 0, KE(16)(21). B
AR

Step 1 IEHMs(a) = — My (a), KGAL T 8
(24), 71 A (a), Bl(a), C(a), De(a) 2 hE;

Step2 i 3 5 (17)-(18), fi# 1 AY (a), Bl(a),
Cl(a), De(a);

Step3 4Pk AY (a), BL(a), Ci(a), De(a) 1%
A (5), HiEEHI4E (4) R BGERE Ac(a), Be(a),
Ce(a), De(a), I35 (4)(7), 3K 42 6 5 Au(k)
= u(0[k);

Step4 ¥ Ac(a), Be(a), Ce(a), De(a) RN X

&), WHAFBIE LI 2B TR (D E + 1 ZI )%
H R B EIR S e (k + 1);

Step5 fEk + 1%, F5 Step 1-4.
4 E#faE M (Robust stability)

EE3 W TRGW1)-Q), BB E24) 1)
fi# R A (a), Bl(a), C(a), De(a), HiXQ@4TEE =0
I ZII17, Ac(a), Be(a), Ce(a), De(a) 3 HIHIL1R
PR I (4) I R BB, WA R G () frw = 0
(L AR LR S ).

UE AR e B, IR R G(T) R T A SL R L
LyapunoviiFEQ—1 — VA 5. Mk, 5

TG+ 1k)Q Y (b)z (z+1|k7)
2" (ilk)Q ™ (a)F(ilk) <
BN L, 15
ET (k) [@T (i, k, a)Q™
Q' (a)] x &(i[k) <0,
w2

&Y (i, k,a)Q L (b)D(i, k,a) — Q™ (a) <O0.
RS BEURTRN, PHERZRGE(T) 2 REAAS E 1.

UEEE,

5 H{EH B (Numerical example)

HREHATI N RGP A2 2 Markov Bk
RGP, P, = 1,2, Hrh:

()P, k, a)

05 0.0539
A (1) = Ay(2) =
1(1) = A1 2) [—0.1078 0.5 ]
1.5  0.0539
Ag(1) = Ay(2) =
2(1) = 42(2) [—0.1078 15 ]

Bi(1) =

0.0005 0.0005
5 By (2) = )
0.0539 0.1078
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0.0045 0.0045 0.04 ' ' '

2(1) =1 o539 | * P2 [O.1078] ’ 0.02} 1
C1(1) = C1(2) = C2(1) = C2(2) = [0 1], . 0.00 - .
Di(1) = D1(2) = Do(1) = Dy(2) = [0.05 1], ~0.02 1
El(l) = E1(2) = Ez(l) = E2(2) =0. -0.04 - B

0.65 0.35 -0.06 = ' ' !

AL 4 P = 3 0 5 10 15 20
Bk AL e 7 B 0.95 0_75] 36 BN AR B "
50 20 3 A

Rl(l) - [() 5 ’R1(2) - 02 ’RQ(l) =3 Fig. 3 Control input
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