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Robust H.. delay control for glide vehicles via LMI
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Abstract: The glide vehicle is a kind of typical nonlinear system which has parametric uncertainty and heavy
external disturbance, and the robust H.. control problem of this object is researched. A partial linearization
method is applied to the original system and the state space form of glide vehicles is gotten. Under the circum-
stance of nonlinear part of the system to satisfy Lipschitz conditions and considering the delay caused by actuator
characteristics etc, a sufficient condition of H.. controller is derived using Lyapunov stability theory. The
parameter expression of H.. controller is obtained by solving the feasible solution problem of linear matrix ine-
quality (LMD. Simulation results show that the system can maintain strong stability and robustness when there exist
uncertainties and external disturbances, besides, the designed controller has better anti-jamming capability.

Keywords: nonlinear system; glide vehicle; robust H.. delay control; linear matrix inequality; Lyapunov function

—_

=]

£ Matlab FPEH i 51N 6 45 75 78 16 3K 52 J5 (. — 28
FHMNIE — A HORMIT SN G Ho BRI AT 8 i

BT T WABIIE

51

T TSR G R — D Z AR SRR A PRI AR ) 2 A

XM RG M ATES BN E RSN T HAS SR dn e
B CATE R R R G S HE B AT Ho f&H #E
W RPN A R GG R ) B — A RO RN e
REAHEE B RBBER SRR, EEERS
FoE R RTEE T . B A N Ho S ECES bR s B NME . B
52 NEJE B R 28 R (linear matrix inequality, LMI) T. H 44

Wi BEH:2010-12-03; fEE HHF:2011-04 - 26,

SR X T RAT A X R A F R E R G A R
FH /M 22 2 VE A0 T 125 X A8 R 52 A R PR AL AR R HEAT 4
BrFIE o T AR R 0 T7 A R 2R 5 1 1 428 o e A 1 7 S B Y
RN RGN AR A K B, 75 %2 52 &2 9 I RE AR IE
ZORMEERIIEbR . A 102 5 B BE X Ak S v B B0 o 17 3¢
PR E T A AN E T AR AL AT A SO

2z

E&£TH HK A AR5 4 (60975058, 61075095) 5 8 52 & £ AR WF 58 & J& 11 % (863 31 41> (2008 AA04Z207) 5 i1 It 44 B 48 Bl 2% 3k 4
(2010CDB01904) 5 2010 fift K 3L #EH AR He 4 5 Wl 8 B E T B ARBF 3 3 4 (2011A590001) 5 A BF B R 2= [ B B 8 QT i 5% 5 4
% Wi

B BB (1976 - B YHIE A E O A MG 0y CAT AR S S0 . E-mail : 1ef_999@163. com

&



59 1

A LT LMI B MR AT & & H I 42 ol

« 2061 -

FER S AL 7 1515 51 R G B AL, X HE 48 1 5 1 4 559 1Y R
AT AL R BB AR R R R R S 4y . TR T A
LR E AT E RERVIRS B E B Ho 5l ] i3,

B 2 AR 5E K AT S I W T A A A e AT
i FAEAHLAS B 1 51 S B A 45 o i R A AT R R &
WRAFAER . N T IREEH R G MERE, A SCHIE T i A
QAT AR A B A ) BT, A R I 4R R B 2 Lips-
chitz AWM AT AR SCHES T RGORES KB Ho. 45 6 &
FEAEM TR 2 R LMI SR ff 8. &g 8 i 45 )y
FLIOE . 22 B T T4 19 B O 8 43 4R M b B e A R g 4 o) 4
PR A A .
1 BAXKITSRIESIEE

WG HIE Sy 2 Flis s 2p B, @7 AT R A IE L
PR L SR FF 30 3 2 b 1) 3k XoF Al 4 AR R R A7 R Ak Ak
AR RATRR I AL R, X RATHE B2 A
FRAE A TT 5T 22 Go A 20 2 M 38 4 1 B8, T 3 2 00 2 Y (B
FE PR R GEAE S5 B 2 505 hr B 3R B 25 (HAE S S50
(T e S 7% 1 N0 1 o d o N WO 1= Tl NI N 7
FEARLRME ATH R ik R
Jx’(f) = (A, + A x(D) + (By, + ABu(t — h(0)) +
» B,w(0) + f(x(1) S
ly(z) = C x(t) +D,w(t)
K .x() ER NRGEHPIRE ;A ERHI B,y €R™ BRI
Hp e 28 R S 0 R AR S A R LR S R N A
SR sh (0 2 G FE B AR S I3 0<Sh (0 <<h 0<Sh (D <<
d<l;uCt—h(0) €ER" RE R HIEA w(D) ER? B R
BAMBIL BN E S R w() €L, [0 +c0); f(x(1) ER
oAb L L SEBR R G AR R, R 2R
Lipschitz 645,80 || f(x(0)) | < || Gx () || ;04 5 AB, K
B — a5 S H B M, RR T R A 1 S8
A e B T R S O M e A, H
HAUTIEL:

[AA AB,] = DF()[E, E,] (2)
FHL.DER™ E, €R" E, € R Jyifi 2 4E 50 1) © H01 3 %k
RiFF; F(O € R R B M B IR JB T8 A

Q= {(F) | FF(OF() <I,Y1t}
AR SC A R A ) I, IR AR w (e —h () =Kx(t—
h(o)) 759 2

|y @yde< 7| wiowode
By iR BB/ M Tn) At R R e H s o 1)
2 XITHREBRGHERE H 124
R XS FRAEFE SER K 43R R N
S j— [Sll slﬁ_’}
Sy Sy
;E\:EP S ER™ S ERF 7 Sy €R" ")X",ng E R
DWIRLF S538 BT -

3132 11

(1) $<0;

(2) $,<<0,85,,—S.,8.,'S,,<0;

(3) $,,<<0.8,—S,,5,'S, <0,

I 2 Xa =y Qy=0.REMFEYyER" I
8 6(y)=>0, M LT W S5 SN

(D Wi o (D=0 MITFEEFyER .y Qy>0;

(2 'T'?EE@Z T}Odﬁﬁﬁ’ Q<>_TQ1>00

51337 AEEMAERMNERY.DME. LhY &
XFFR ) )

Y-+ DFE +E'F'D" < 0
XA 2 FT (O FO<T WHFEF L 2 B ALY A7 —
AR >0, fdi15
Y+eDD"'+¢ 'E'E<< 0 (3)

EX 1 MNFATEELE VITHAZ D . HARRE

wH=0.wH)=0)K
¥(1) = (A+ A x() + f(x()

HA LM — Az B iE R GRS T x(O B — 2R R
BV (x()=x"()Px(t) (P=P">0) 3 & Lyapunov & &
By &A1, B V(0) =0, B X B A 9 R 248 48 1 i 2 DL A
A

(1) V(x())>0;

(2) V(x())<0,
MR R GG R ERN.,

ETE—AN RS SRS A u(—h(D) =Kx(t—h(),
AR N AT E AT RS X (0D =(A, + A0 x() + (B, +
ABOKx(t—h(O) + f(x() RaBEREN MK RE RS
T Y

FE1 FREAMEERE ITHERD . Y w=
0 I EAFTEH R 10 >0.>0 M K LU T FREEE Q>0
X>0,#% 2

11 B, K 1 XE! 1, XG"'

x —(—d)Q 0 K'El 0

. * —l 0 0 |<0 W
* * x  —el 0

* * * * — 1

MR E IR LE RATR B G (DTE R AR Hl H u(c—h()) =
KxG—hWOERT . AR RS HREN, Kb I=A X+
XAl +eDD",
IERR JEH Lyapunov i%Hh
Vix(1)) = x"(0)Px (1) +J

K, P.Q h 158 IE E A .
Vx(D)) = 2x" (OPE() + x"(DOx (1) —

(1 —h)(xT(t—h(D)OQx (t — h())) <
2xT(OPL(A, + A x(1) + (B, + AB)Kx (t — h() +
Fx) T+ x" (D0 () — (A —d)x" (¢t — h(£))Ox (t — h(1))

Lot (D=[x"(t) x"G—h)) [ x@))]. N

x"(H0x(s)ds

t
t—h(

. 0, Q,, P
Vx()) =67 | & —(1—dQ 0 s(0)
* * 0



« 2062 -

AL TRSHETHA

433 %

S
Q. = P(A, + 2A) + (A, + 2P
Q,, = P(B,, + AB,)K
14 )7 Lipschitz £&4:15

BV (x()<<0,
FHES AT ARG R EEREN.
SRR (6) AT e AT T diag (P L1, D, 34 X=

P
—G'G 0 0
S| g g pls<o0 (5) P S !
«  —A—adg 0 |=0 D
0 0 I |
* * )
AR T B 2 TR AEAE o 0.3 2 ‘ i
A
T - .
2 Q P —GG 0 0 Q1 = (A, + AMX + X(A, + AT +7,G'G
* 7(17d)Q 0 o * 0 0 < 0 (6) Qolz - (Bzu +AB;)K
; 0 o0 S 1 A 3,2 (D 5RO % iF
| > puu
& T2 TR RE (D 70 IR AE e At
—G'G 0 0 RAME X>0,0>>0, 45 c>>0,e>0 FIM MY, 15 (8)
Vix() <6 (| 0 0 0|fD<0 s wCe—h(D))=Kx(—hOG)DRRG (DI y - &
0 01 He il
(o, B,,Y I B, +XC'D, XG' XE' XC!]
x —(A—dQ 0 0 0 Y'El 0
* * — ' 0 0 0 0
* * * DD, — 1 0 0 0 <0 €))
* * * * — I 0 0
* * * * * —el 0
_* * * * * * —I_
o AR SR F I X B AR B A R D, = A X+ W >0, 715
XA! +eDD";K=YX ',
;eﬁﬂ P, —_— @, P(B,+AB)K P PB,+C'D,
! _yapunov B y,
i __— x  —(—dQ 0 0 <0 ®
Vix(t)) = x" () Px (D) +J x"()Ox(s)ds % % oI 0
t—h(t)
RPLP.Q W U FS R IE A * = DD =7

B ut—h(O)=KxG—h) ARG (D
Vix()) +y Dy — ¥ w (Ow) = 25" (OPx (1) +

XD () — (1 —h()x"(t —h())Ox (1 — h(1) <
2x" (O P[(A, + A x(1) + (B, + AB)Kx (1 — h(1)) +
Fx() +BwD]+x"(0D0x () — (1 —dx" (1 —h(1) »
Ox (1 — h() +x"(DC'C x(1) + 2x" (DCT D, w() +
w (ODID,w(t) — V¥ w (Dw(t) = E"(DHZE)

A

E) =[x"() xX"G—h) ffx) w]
@, P(B, +AB,)K P PB,+C'D
s | * —(1—dQ 0 0
% * 0 0
% % x  DID — Y1

@, = P(A, + M) + (A, +2A)"P+CIC
FH T 3FE 2R 1 ok B0 i 42 )Ry Lipschitz 254, Br L f1 (x(0)
S —x"(OG Gx(H<<0, H5IH 2 Af AL WMBRFE—

K

@, = P(A, +AA) + (A, + AP+ CIC + GG
BROLELADFIFRY diag (P L' I, D, 34 X=
)

@, (B, +AB))Y 'l B,+XC/D,

* —(1—d0 0 0 ~0
% * — ' 0

* * * DD, — 1

Krp
D, = A X+ AAX +XA] + X"AA+ XCC, X+ :XG"GX
Al B 1 R A] 5 ad A AR B (D) .

BT V) +Hy Oy — 7w (Dw() <0, 591k

J[yT(r)y(r)dr<V(x(z‘))+J Y (O y(dr <

V(x(0)) +72J w (Dw(o)de = },zj w' (Dw()de



+ 2063 -

%9 ) A B LT LM AT B8 6 4 L 08 R
st [ 57 Coycorde < 7 [ W (owcorde. e TBRAERSCAET DAL S 00 B 095 T o M
o : M — 5 PR S T e B

T A SCHIF 5 I 2 78 B o S 6 R 48, T IRIIE R S AE
¥ S Z G O R R PERE . A4l Lyapunov F20€ PEHES L 7E
A9 LMI LR B3 L A&,

A X+ B,)Y + (A X+ B, )Y)" + 26X < 0 (10)

IEERRRETRGEEE HoOWRILK. FHiTiERE
(&) &k Ho f i,
EE3I MTREMAZDOMAEN y=>0, MEMKk

[ et

min y
_®1 B,)Y 'l B, + XC|D, XG" XE! XC}"_
x —0—=dQ 0 0 0 Y'E;, 0
* * —'1 0 0 0 0
st « x  DID,—7I 0 o o |=0
* * * * —z'1 0 0
* * * * * —el 0
* * * * * * —1

B (26,0, X,Y) M alt—h())=YX "x(t—h(D))HE
G(OMREHE H o &HE. fa i 2 inAIE.

3 MERIERERDH
b 5T A AT A R LR A

(6, o &1 .RGHbAyoO=[a g vI'. Ha.p.
Y OB RAT BB T A R 0w, o, 2 BN
00 AR AL TR B AR BE 5 0, 0, 0, S ARE AW L AR M TR B A
i 1 -

SR FHR 73 A& A AR B T 32 68 A5 80 v A 2 Ak A A A it 1) 5
TR . REA RS EN

x(D=la w. B w, ¥ wlHZREHEHEAN =
[—0.9509  0.023 3 0 0 0 o |
—0.8217 —0.9726 —0.7328 0 0 0
A = 0 0 —0.9553  0.109 0 0 0.691 5
0 0 —0.4493 —0.580 6 0 0
0 0 0 0 —0.5185 0.6035
—0.967 3 0 0 0 0 —0.788 7
B,—[0.1 0.1 0.1 0.1 0.1 0.1] " 0,04 0 0 0 o .
[—0.000 4 0 o | 0.042 3 0.02 0 0 0
31786 0 0 E, = 0 0 0.01 0.02 0 0.14
5 0 0 0.000 1 0 0 0.0213 0.01 0 0
: 0 —0.2684 1.4159 0 0 0 o o0 0
0 0 0 | 0.01 0 0.9128 0 0 0.01]
o 0.457 1 —18.955 | o 0 0 |
0.1014 0.01 0
1 00000
G=1o0 100 oD=0 E=| 0 ool ’
0 0.41  0.434
00 0 0 1 0 0 0 0
[0.01 o0 0 0.02 0.1 0 | L 0 0.155 0.590 5 |
F RBEdL M, oo 2 455/ T 1. REmMIEL M

0.02 0.02 0.1 0.01 0.2 0.01
0 0 0.01 0.01 0.1 0.001
0 0 0.01 0.02 0.1 0.001

0.1 0 0 0.01 0 0

0. 04 0 0.01 0 0 0. 04

P K
Fx() = % sin x(0) Jr%sin [Zx(z) +%} *%sin %}

R G=0.51, REMWELIFH AR N5 ms, W d=



« 2064 -

AL TRSHETHA

433 %

0.01,y=0.5, R 2, 3B M 10 (=1.5 ., Ff H

Yalmip T H A SR A # 2R 25 S B 2 il &

16.758 9 0.4678 —0.746 7 0.0786 8.515 9 —1.426 8
K= 136065 —0.0092 30.2724 6.1254 —73.4425 —17.2590
—0.0751 —0.0026 0.7227 0.1454 —1.4272 —0.157 2
A 0 R 25 R 55 0 5 W £ 1 o
4 I T

N e Ho e Buy 23RN TRAT AR RO BOUM VDN R B AR
AGHIIMRT PN we) = sin zcos ¢ W T el e an | 2
s

/()

FL AR UG RS AR SR 25 W B 2%

1.5

w(?)
=)

(oY R - ey T
|

Ny

(=)
[y R
Nob----

B2 FHE L

EFAEAT R Ly L mE 3 R, K4

S A AR Ak g £ L PSR R R R
7 () = J ¥ (o) y(z')dr/fu W' (Dw(D)dr

SR T ZR G0 5T P 306 VR L BRO(E )N L 3% B e i
il 58 MR

ME 3 FIE 4 o] LLE 8 RGN sh ik, BT ik
TSR Ho 048 B A B00m 0 T e 3 i 68 77 .

FBE/ ()

B3 T R G i 2

B4 ARG T Y0 h 2%

4 LERIE

XA AT AR X — R AR ARG TS
PR R 8 O ECSE Y R S8 R T R MR i T ik . T
L R K 2 42 )R Lipschitz & PFIREOL T S T A
SE ARG H 4 R3S BB W AT AR 1 TS o A A OF
M LMUEA S T 28003878 iR IE T 9 40 4l 19 L
FLo B AT SRR B IE 2 A 7E S E R R DA S
WP P L R G RE S DR 7 B0 Y 5 MR AT E 1 L [ I X A
— 5 B AR



59 1

A LT LMI B MR AT & & H I 42 ol

« 2065 -

S E k-

[1] Snell A. Decoupling control design with applications to flight[ J].
Jowrnal of Guidance . Control and Dynamics +1998,21(4) :647 —
655.

[2] Huang R, Liu Y, Zhu J J. Guidance, navigation and control system
design for tripropeller vertical-take off-and-landing unmanned air
vehicle[ J]. Journal of Aricraft,2009,46(6) ;1837 — 1856.

[3] Chowdhary G V., Johnson E N. Theory and flight-test validation
of a concurrent-learning adaptive controller [J 1. Journal of
Guidance , Control and Dynamics,2011,34(2) :592 - 607.

[4] Doyle J C, Glover K, Khargonekar P P, et al. State-space solu-
tion to standard H; and H.. control problem[]J]. IEEE Trans.
on Automatic Control ,1989,34(8) :831 — 847.

(5] EHG B2, 8145 SR E Bl RE ek He
B AR, 2007,33(12):1300 - 1305. (Wang H J,
Xue A K, Lu R Q, et al. Robust H.. control for discrete singu-
lar systems with parameter uncertainties[ J]. Acta Automatica
Sinica ,2007,33(12) :1300 - 1305.)

[6] Adil A, Mohamed D, Mohamed B. Design of robust H reduced-order
unknown-input filter for a class of uncertain linear neutral systems[]].
IEEE Trans. on Automatic Control ,2010,55(1) ;6 — 19.

[7] Arun K W C, Sen S, Ray G, et al. Dynamic control allocation
for tracking time-varying control demand[J]. Journal of Guid-
ance s Control and Dynamics,2008,31(4) ;1150 —1157.

(8] Mok, FokME, e o . 5. BT Ho B g B30 WAT8 8Lk
BREE DT LT). RO TR S BT HA . 2010,32(6):1309 - 1313,

(Zheng Z 7, Wang Y J, Xie F Q, et al. Trajectory tracking law for
hypersonic vehicles based on H.. robust dynamic inversion[J]. Sys-
tems Engineering and Electronics ,2010,32(6) :1309 - 1313.)

[97] Trottemant E J, Scherer C W, Weiss M, et al. Robust missile
feedback control strategies[J]. Jowrnal of Guidance, Control
and Dynamics,2010,33(6) :1837 — 1846.

[10] Lee K H, Lee ] H, Kwon W H. Sufficient LMI conditions for H..
output feedback stabilization of linear discrete-time systems[]].
IEEE Trans. on Automatic Control ,2006,51(4) ;675 - 680.

[11] Kang S, Kim H J, Lee J, et al. Roll - pitch-yaw integrated robust
autopilot design for a high angle-of-attack missile[ J]. Jowrnal of
Guidance , Control and Dynamics ,2009,32(5) ;1622 - 1628.

[12] Zheng Q, Wu F. Nonlinear H_infinity control designs with axi-
symmetric spacecraft control[ J]. Journal of Guidance, Con-
trol and Dynamics,2009,32(3):850 — 859.

[13] Chakraborty A, Seiler P, Balas G J. Susceptibility of F/A-18 flight
controllers to the falling-leaf mode: nonlinear analysis[ J]. Jouwrnal
of Guidance , Control and Dynamics,2010,34(1) .73 - 85.

[14] miEHe, IMEYT, P RE, 4. 5T Backstepping 19 & # A 3 AT
BRI A IS BT, 45 e 5 R, 2008, 25 (5) £ 805 ~
810. (Gao D X, Sun Z Q. Luo X, et al. Fuzzy adaptive control
for hypersonic vehicle via backstepping method [ J]. Control
Theory and Applications ,2008,25(5) :805 —810. )

[15] Aoz, EpefEd]— LA A S R My M. et iR
S EL, 2002:1 - 90. (Yu L. Robust control-linear matrix
inequality method [ M]. Beijing: Tsinghua University Press,
2002:1-90.)





