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Feedback stabilization and L,-gain analysis of uncertain systems with

state delay and actuator saturation
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Abstract: The problem of L, control for uncertain time-delay linear systems subject to actuator saturation is investigated
in this paper. Firstly, the state feedback method is proposed and delay-dependent linear matrix inequality is achieved by
Lyapunov function which ensures robust stability and a prescribed Lo performance level for the resulting closed-loop system
in a given ellipsoid. An auxiliary matrix is then introduced that eliminates the effect of actuator saturation which enables
us to obtain a more easily tractable and less conservative condition. Furthermore, sufficient conditions for the existence of
state feedback controller are established in terms of linear matrix inequalities, in which the design of admissible controller
is treated as a convex optimization problem. Finally, numerical example is provided to demonstrate the feasibility of the

proposed method.
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2 [ 834IR (Problem statement)
() = (A+AA)z(t) +(Ag+ AA)z(t—7)+
(B + AB)sat(u(t)) + Ew(t),
z(t) = Cx(t) + Dsat(u(t)),
2(t) = o(t), Vt € [=7 0],

Hrp: 2z e R*,u € R™,w € RP, 2z € R HEIRAS
At R SNSRIV S, OF Hw(t) €
Ly[0 00), 0 <7 <7. brifk [r] S R Esat(-): R™—
R™, & X Msat(u) = [sat(u1) sat(usg) - --sat(u,,)]T,
Hop oy Fsat(u;) = sgn(u;) min{1, Ju;|}. B InAf
SEPERSHEEMAA AA; AB)= MY[AF, AF,
AF,|. M, F,, Fy, F, 2 S50 B, o0 8A R
TUNAE R S AT E B, AIRES R Biu = Faff
JIR, AHR PR RS8N

(1) = (A+ AA)z () + (Ag+ AAL)z(t—7)+

(B + AB)sat(Fz(t)) + Ew(t), (2)
z(t) = Cx(t) + Dsat(Fx(t)).

&)

Hr: A=A+AA A; = A+AA,;, B=B+AB.

PLERAC XS A1 70 3 A LERO R ¥ % A i FE 1) 4
M, HALE o2 A, AR 0 D, ik 2, " hxi
WL 2m] =124 ,---, 2], BRFD, € =, NI
D =I1—D; € 2, #VFeR™", L(F)={zcR" :
|Fi(z)] <1, i=1,2,--- ,m} BRRFE Q)M LML,

18 12 4 RIREEF € R™, WVH €
R™ " KVx € L(H), fisat(Fz) € co{(D;F +
Dy Hzx): i€ [l12™]}, coRmihdlis.

518 218 ffifa e R, B € R™ N € Rmax™,
MIAHT B EX € Rrexne Y € RMeX™ 7 € R X
£l

T
X  Y-N|Ja
22N < |
a Np [ﬁ YT-NT oz |||’
Xy
3L > 0.
EP[YTZ] 0
SI38 3013 & D, By A e HUR S8 U P, 6

R R XY < THFFEL, AT
DYE+EYY"D"<eDD "+ 'ETE, Ve >0.
3 CRERBRGELHE 7 7 Hr(L, gain analy-

sis of state feedback system)

BB BT A RDIR A AR 5w T, 0T 45 52 AR 2 e 1t

u = Fa, KRG8 T Lo 3 55 K A1) b
fff 5. AR Rl 2 56 AN ) R 5 | 3 A Aty T 2 STk vh
W T, e R ER
2P)={zreR": 2" Pz <1}

H P e Rl i 1F € P,

EHE 1 ERERUu = FefERF, Xfi €
[1 27)FIZSET > 0, v > 0, HAFAEREP, > 0,2 >
0,Q >0,H,P,, P;,Y,,Y5,Y5, Ry, Ry, R3, i

[T11; T2 PrAa—Y," PSE Cf
¥ Ta PfA;—YS PFYE 0
* * -Q 0o 01]<0, 3
* * * 2T 0

| * * * * -1
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. R =0 4)

MQ(P) C L(H), BiVe € 2(P,),|H;z| < 1,i €
[1 m], WIHGERQ (P ) 2 A B A w € Ly, &
G w B 2 (Lo M 2/ T A Ty, Horp:
Ty :PQTZi+Z;FP2+TR1+Q+Y1+Y1Ta
f12¢:P1—P2T+ZiTP3+TR2+Y2;
Iyy=—P;— Py +7TR(3) + 772,
Y=Y, A, =A+ B(D,F + D;H),

R= il gj :
W iday =x(t+6), —27 <0 <O
&(t) = y(t). (5)
A Z45(2) ) Lyapunov p& 5k P
V(ze) = Vilze) + Valay) + Va(a). (6)
Hor:

Vaw) = [* [ yM@)Zy(a)dads,

Vaw) = | 2" (@)Qu(a)da,
Vi(w) = ZSP(1), 7(t) = [+ (1) " (1)),

I, 0
§=|"

IR B, WV (x,) = 2™ (¢) Pix(t), PLeibniz-

Newton 2\ 2\,
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x(t—71)=x(t) — L_T y(a)da, @)
EEVO OGO
Vi(z:) = 227 () Pii(t) = 23(t) PT xﬂ .

Horp
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A:

~y(O)+ @A+ Az(t) Ay [ y(a)dat
Bsat(Fz(t)) + Bw(t).
HBIHL, Xt € [1 2],
’ —T T 0 I |_
Vi(z,) < max 2z (t)P A4d, 1 T(t)+
2, w(t) — LiT jd y(a)dav.
H 5 32X ()
-2 t_TET(t) <
ft [yT(a) [z v ae y(a)] do=
t—r | ()| | * R z(t)
-2 tt_ y" () Zy(a)da +
2 (1) (Y — [0 A, |P)F(t) — 227 (t — 7)(V —
0 A, |P)Z(t) + 72(t) RE(t), ®)
V2($t) =
f_T[yT(t)Zy(t) —yT(t+ B)Zy(t + B))dB =
[* W™ 0 2(t) — " (@) Zy(o)]da =
Tyt (1) Zy(t) — Lt_T y' () Zy(a)da, 9)
Va(z) =2T(0)Qz(t) -z (t—7)Qz(t—7).  (10)

S
T = [ ET®)2() = 0 (0w(t) +

V(x,)]dt + V(z)|1=0 — V(24)1=co>

EFEYIGFIT
Vi(x)]i=o = 0, V(24)|t=c0 >0,

QP C L(H), WHERQ(P) & AR5 H X P
H I w € Lo, REQMwH 2L 25 /N T 5 2%
Ty, Hor:

Lk |
Jow < jo (27 (8)2(t) =y wT (O)w(t)+V (z,)]dt.
(11)
HHER(6)(8) (114 N
Jow < max jo €T ()6, zi(t)dt.
Hp EW)=[="t)y () 2" (t — ) w(®t)]".

Xfie[12m],

7; PT0AYT — Vi o] PT[0 ET)T
O,=| —-Q 0 . (12)
* * _721
Horp:
— 0 I 0 I Ry R,
U.=|_ P+PT |
T
Y1 Y, Y1 Y, Crci+Q 0
0 0 0 0 0 Tz|’

C,=C + D(D,F + D; H).

iz JH HFESchurth 52 BN, AG3)< 0554 T0; < 0,
Eﬂjo 2T (H)2(t) < YwT(Ow(t)]dt.  IEE.

E 1 EHURE T fFw) = OB, BV (2) < 0,
Vz € 2(P)\ {0}, XEXRMw(t) = 0, RE(Q)EE e
EASE I, T HLQ(Py) 1WA 50 Py,

£ 2 TEASCHQP) R R M ERAS & R AR
Pk, DA SC I 6 35 AR 78— WS ER P9 20 BT R Gi Lo 38
A AT, R Lo M 35 A A L 38 PR ARSI, AT (T
SINEERQ(P)IEEIRCK, WSE SCHR[14].

S B ) 33 B BIANH 1, Al i i —
SR, B T B

EH 2 (ERERBu=Fx/EHF, %t [1 2]
ML EMT >0, v > 0, HAALEIEP, > 0,72 > 0,
Q>0,H, Py, P, Y,,Y5, Y5, Ry, Ry, Re IS %e > 0
Wi 2 (@)

_Flli Flgi P;Ad7Y1T+EF£Fd P;E P;M 0 PlM €F(;1; C;r
* I Pz;FAd — YQT PP:FE Pz;FM 0 0 0 0
k% -Q 0 0 eFF 0 0 0
* * * —~2T 0 0 0 0 0
* * * * —el 0 0 0 0| <0 (13)
* * * * * —el 0 0 0
* * * * * —el 0 0
* * * * * * —el 0
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(@) A FFediag(Z21, V), £ Fediag(Z71, V),
H
Z7v 0 ez7'AY

x R Ry > 0. (17)
* k Eg
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UEEE.
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191>1(151,Z>07 ’ (13)
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XFO,<0 A e fediag(VT, I, )4 Fediag(VT, I, 1),
i B2 MIERH, Xi e [1 27, &

Zi =ViA] + (DiFVi+ D; G)T = V" +
Vs + TRy + Vi Ay,
Foi = F,Vi + Fy(D;FVi + D; G), G = HV,

f
0 V% Vi WCY 0 £F., MT]
E V3 0 0 0 0 0
0 0 0 0 eFF 0 0
—~2I 0 0 0 0 0 0
* —774 0 0 0 0 0
<0. 16
* * -Q 0 0 0 0 (16)
* * * -1 0 0 0
* * * * —el 0 0
* * * * * —el 0
* * * * * * —1TI]
inf  ~2 19
V1>161,Z>07 ’ (19
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4 i EAF5E(Simulation)
ZIEQ PR R Z, Hrp
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A ARSI 2 SRR ST 2D

1) 4F =[0.5427 — 68.7937], #7v = 0.8, fi#
Ptk 1) B(20), 17 < 1.9357, # RGHIHz(0) =
(1 —2%,0 € [1.9537 0], BEAT 05 5, B0 1145
REWRG AL ER. i = 1.3, iitbin
B(19), iy = 0.5396.

2) #ET = 0.9,y = 0.38, R AL 3] (19)8k
(20), Hu(t) = [-0.09364 — 84.6318]x(t).

e~ T T

X5 X,

1 ARG HPARZS N

Fig. 1 State response of system

5 %58 (Conclusion)
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