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and Its Application to Flight Control

DAI Shi-Lu FU Jun ZHAO Jun

(Institute of Control Theory and Navigation Technology, School of Information Science and Engineering,
Northeastern University, Shenyang 110004)

(E-mail: dsl6666@Qtom.com)

Abstract The problem of robust reliable tracking controller design against actuator faults
for systems with polytopic type uncertainty is addressed based on the parameter-dependent
Lyapunov function approach. A descriptor system approach is taken to derive a sufficient
condition for the existence of a reliable tracking controller. A state feedback reliable tracking
controller is designed by solving a set of linear matrix inequalities (LMIs). A flight control

example is given to illustrate the effectiveness of the proposed method.
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SROEMZ RIS, PR RS A HEIU Y T 2 T A 2 R BT A TR, 3RA% T A
RGN E SR RKE Lyapunov BREL, PR s R EA B/ R T

TEMZEMREEH REF, RAMZ LIS T REN RAKRPELTE". LEKE,
VP2 2 3 Eh X FT SR P 0 B9 LB EAT T R RBF RS T RS ™™ . B—F W, ®&it—
AR A ZERRN R NI RER EWSHF S, B MAHEREOUEERE
SR PRI, RGBSR E H e, (R RBREER TR AR
SCHR (7] 2T LQ/Hoo BREFVEREEIR, MM LMI BOARZ T Stk AR GUHY v 5E B 5 92 4l 4%
W BTt Irik, FHORZIIEN AT F-16 FRarfUEA T, BUS T BUFa PERIECR . SOk (8] &
N —REFEMATEENRERS, BT KB EOMAM T, FIA LML AR
Xt AT AR BR R P AR B B ERER T S AR E R GRS R B, SR R
Lyapunov B #7714k #E47 7T SEFE ] 2% B TH B AR SR 21470 5 .

ACETSCRR [3] B9 BAE, BFTE T ZHARAHE KGR B4 T SRR R . SO
JE— R LPR, B MR, HXT SRR E RE, RASHAR Lyapunov
PBRECHI T, MU LMIBOAR, 45T BEEAN A 5 28 S0 i Al 52 3R R P2 3 2% A7 TE B FE 2 251,
FHREAT W SR ER R PR AR A Bt ad F-18 SR AL I AT A ORFAVD A AR R A A S 451
D E IR T SCH R B B 7 ik B AT AT . I B o R % 2 ) 2% S0 1 ] 5 BB 7 1) R
G, HE—B UL R G AT ] HE R R P B 0 A

w5 NS, SCRBrE AL A T Rm, AFALER 1ORRR AN F R
PLAERE; FEXTARALRE AT " AUFRXT RISk Y 4% AL R

2 [ R AT HE A AR
IR IF R R E SRS RS

&(t) = A(@)x(t) + B(O)u(t), y(t)=C(0)x(t) (1)

Hrp, z(t) € B* RRARHCRE, y(t) € P BRGHM, u(t) € R™ ZEHEBA. BERL
SR A0), B(9), C(0) P ARBIEEMEE, (HALIRE BREE MR A, B
(A(0), B(6),C(8)) € {2,
N N
2 £{(A(6), B(9),C(0))|(A(6), B(6),C(0))=>_0i(Ai, Bi,Ci);0; 20, 6;=1;i=1,---,N}
=1 =1 (2)
(Ai, Bi, Ci) RN TURAE I (vertices). TR (2) BIAHIE RS (1) RN ZHIEATE RLL.
fBE I ESHE 0 = [01,---,0n]" € RV R EAERRZ 0, (2B L"

Horf, v HERIFRL

% R BT 2% 4 S
u! (t) = Ful(t) (4)

Her, FOAPATIRESRIEERE, F = dag{fi,fo.--+ fm}, 0 < fi < f5 < fujs fus 2 1,

j=1,---,m.
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1PN/ a
Fy = diag{ fo1, fo2," - -, fom}, W = diag{wi, wa, - -, wp }
L = diag{l1,lo, - I}, | L] = diag{|], lla], - -, [ln]} (5)
1 ‘ 7 il (T el (VI
il:'j fO] - 2( uj +fl])7 w; fuJ‘FflJ’ l] fOJ y J 1727 , M
Bz (5), 1%
F=F(+L), |L|<W<I (6)

E 1Y f =00, RRPATHRE | JEEGE TG 2 = 1, RRPITHSE
FEEIER TAE; M 0< fi; <[fi < fujr fuj =1 H f; #1 8, FRE j FKEEID R,
TR RBCEAR, TR AN T S i TR £ T R A L

FIEW R (2) M (3) MBHAAHERL (1) MHELEHFEHA (4), BRI 5
BEHIAS, N T LRI T AR M

1) AR R G BEHL TR E

2) Kty Sy(t) REBEILIREESE S r(t), Bl

lim e(t) =0, e(t) = r(t) — Sy(t) (7)

t—oo

Horfr, S e RPP S —A BAIH H ROE .

e 2 YL ) B v o i 2 R R ) EARL, A A A BT PP S ION R BB R 22 O AR T R A A
HEr SRR HIEU TR REMHRE S, GE T RERZERBS I

TEH B PATAE LSRR (4) WIFL T, MRS (1) M (7) Mg R4

e(t)] [0 =SCO)\ [ [ye(t)dt 0 I
{waﬂ"<o A(0) )[ (1) ]*[zxw]ﬁm“)+[o]“” ®)
SESCIRE TR C(0) = [ e(0an)T, 2 (0]T, WAL (8) THER Y
£y = AO)C(1) + BO)Fu(t) + Cr(t) )

i*%%ﬁﬁﬁ@A@z(ﬁ_jg?>é@=[;g}ézu}
B PR S 2

/ t)dt + Ky (t (10)

A, K = [K., K] € R RS (9) BIFAR RS H
$(t) = Aa(0)C(t) + Cr(t) (11)
Hrf, A4(0)=A0)+BOFK. A, &

N ~
= 0iAa; (12)
i=1

- ~ N ~ 0 —SC; - 0
Agi = A; BiFK,AiZ , B; = .
o s se i () ) a- 2]
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FEX 1. XTFHETRYE (9), WRFEER A (10) ERGEM L Sy(t) REMHTITIRER S
Ffa's r(t), BE lim (r() — Sy(t)) = 0 WL, WFRRSG (9) KT REBREREH RS, #ildr
(10) B TREBER B 5, B F = 1R, R (9) B W

¢(t) = A(B)¢(t) + B(O)u(t) + Cr(t) (13)

PRARGE (13) RIrAER R H R Se, HXT AP HI4S w(t) FROAAR R ER 7 ] 45

7 2. RS R TE BT R AR IR R, WA & RS A RE R A k.

5138 1™, ¥ Ry, Ry NIE4EWEAE, U RHIEEX A, S HEHASE4Ex /1, 2] <
U, M RiXRy + RIYSTRT < aRURT + o 'RIUR,. HA, o > 0, ¥ = diag{o1, 09, -, 04},
%] = diag{|o1], [o2], -+ |og[}

5128 2. X FRY (9), MIRAFELRIE (10), MR RS (11) WEEE, NGRS
WRLRE GRS (1) WL e HLA i Sy(t) REBHILIRE 2S5 (H5 r(1), Bl lim e(t) = 0.

3 L

ARFE I TERG (9) B9 G H F] SRR ER P AR AP TR FEN 2R A, SRR o0 4 A R
BRI ARG (13) A AT SEER BRI R GE (9) X RLA #2448 By B3 J71%.

FEHAMFES (1) = C(¢), e XA (1) = [T n™]", MRS (9) ATLASE MLl
W H R RS

{ () =m(t) (14)
0= —n(t) + AB)¢(t) + B(O)Fu(t) + Cr(t)
E¢(t) = A(0)¢(t) + B(0)Fu(t) + Cr(t) (15)
) I 0] - 0o I - 0 _ o
o, meswen = oL ao= | ] B0 |50 [o=[2]

THEHA T RE (9) B8 IR B H SR A 18— 780 & F.
EIE 1. ZBAL 9), WRTFEFBHERE X, Y MIEEMEM X >0,i=1,2,---,N,
Xt BT A SRV F, (815 T i — % LMIs

[XEA? + A Xo + BiFY + YTFBF + v, Xy, *

~ . <0 16
A Xy + BiFY + Xy; — X§ — X, — XQT} (16)

O, MIAFTERAS RS ERI A (10), 8RS (9) WibfE. HPWMEEN K =YX,
iEBA. i (3) MR (16), 1%

~ 2 <0 17
A;Xo+ BiFY + Xy; — XJ —X, — X;f} (a7

A Py= Xy Py= X5 XXyt >0, MARERX (17) L4 B AR M diag{X; ", X5 "},
HRHE diag{ X5 1, X5 1}, RER (17) FHh T
™

cli

Py + PJ Agi + Pribi /9;
b + Py Acii + P1i0;/ * ]<O (18)

PFAu;+ Py — Py ~P,— Pf
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AL(0)Py + P A4(6) + dp;fe) _
PLA,(0) + Pi(0) — Ps —P,—Pf
DM o
MTHRRGE (11) AEEBINFEA, WSEAHK Lyapunov B %L
V(¢,0) = EPO)C = (" Pi(8)¢ (20)

I 0 Pi(6) 0} al {Pu o] al
, B = ,POZ = 0; ,POZ GiPl->O,PZ—:
R I RS Il B SO P IO RS ST N

PL>0.

MRPE (14) A=K (15), W Lyapunov p&EL (20) XFAHTE] ¢ )%

V(c.0) =26 PF0) + ¢ e — aie i o) m Fe e
1 | AL(0)P, + PFA4(0) + dP(;EO) ~ o
P A,(0) + Pi(0) — P —py— Pf
FHIH V(¢,0) <0, V¢ #0, HHE Lyapunov B2 @ MRS, R4 (9) NRHaE. 0

3. fEEH 1, ZEERNENTUE « AFEARBIESHEM X, WEAER (16).
2 TR £ T XTI R R R IE B4R X B R EEERM T AT SRR TF
TE—ME—IEEEN X, BAA THRE KB EEESHH TRA—1%—WIEEE
W T 5 28 B R ST

A4 T RS (9), YAFZBPATA L B A% R EEE S SR, MRS (9) 5B
R 3CHR (3] B AR SE (7), ASCryE 2 1 =X (16) JRAH Y BB AL R 3Cik [3] 2 2E 2 iYL (16).
MR SCR SR B 1 JESCHR (3] B 2 RS

T AR AR R R R R B AR AR T A AT LM it vk, ARIES I 2
FEHE 1, Y4 F =18, "J8mTaH#R.

WIS 1. W TIREREEH RS (13), MRGEER EHE S X, Yo MIEZEHERE X1 > 0,
i=1,2,---, N, {8 F i —% LMIs

X;;A;r + AiX2s + BZY; + YSTBF + v; X1 *
AiXos + BiYs + X145 — X3 —Xos — X

S

<0 (22)

AL, WIAFLEARAS R PEHIAR u(t) = K.Q(1), RS (13) piliase, BIEEJRREA (1) #iik
e B Sy() RESHHERESHES r(0). HAPRERM K = Y. X,
5 R PAT AR MO AL (4), T T 4 HH T 2 SR R ) 2 IR 5 S A P A B B T 0
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EIE 2. FEAREREERH RS 9), MEFEFE a1 >0, ao > 0, WEHEE X, Y,
MIEEEEME X1, >0,i=1,2,---, N, B RER

AiXop+BiF)Y, + Xg AT+ YTy BT 40, X 1,4 * * * *
A X9 + BiF)Y, — Xob 4 X1 —Xo,— X3, * * *
wl/%y, 0 —(oq+a2)™T x |<0
W'/2FyBF 0 0 —aql %
0 W2y B 0 0 —aol
(23)

JROL, TIFFTE AT SRS SO w(t) = K, (), RS (9) Wik, MIERRS (1) #
URRE HLA I Sy(t) REMWHLIREES B S »(1). HPWEEY K, = VX,
iEBA. B (6) MK (16) F

[Xgﬁf + A Xor + BiFY, + Y,'FBY + v; X1, * _
AiXor + BiFY, + X1 — X3, —Xor — X2 |
|:X;I;pjl;-r+/~1iX2r+BiF0}/T+}/TTF()BZT+UZ'X1M' * :| |:BZF0L}/T + (BzFOL}/T)T >k:|
Ai X+ BiFyYy+ X1 — X3, —Xo,— X3, BiFRyLY, 0
(24)
MRAETIE 1, 2 (24) By &S5 — I
[BiFOLYT—F(BiFOLYT)T 1< [al1EiF0W(EiFO)T+(al—i—ag)YTTWYT 0 }
BlFoLY; 0 = 0 a;léiF()W(BiFo)T
(25)
= (23)~(25) J& Schur #p5|H 15
[XQTT/I;F + A; Xy, + BiFY, + YTTFBZ-T + Ui X1ri * <0 (26)
AiXor + BiFY, + X1, — X3, —Xa — X3
RPEGIFE 2 e 1, W40 e B 2 JRIE. O
4 A{FE A
% 18 F-18 FF ALY K AT B AL A2 Bh A
& o 1)
|: :| = Along |: :| + Blong |: g :| (27)
q q dprv

HP RGNS o, ¢ AR AR AER; FEHBA o8, oprv 73 HIGERTTFEM
HUHT AT B % A1 RGBS RO R

Am7h14_{_1'175 0.9871], m7,114_[—0.194 —0.03593} m85h5_[—2.328 0.9831]

long ~8.458 —0.8776] " tong ~19.29 —3.803 | ~lomg —30.44 —1.493
Bm85h5_[—0.3012 —0.05866] mghlo_{—2.452 0.9856] mghw_[4)2757 —0.05226}
long 3843 —7.815 |l —38.61 —1.34 |l 3736 —7.247

B - ISEREEZAH LIEA, EHER LIER, RESBHEHAIRE, 41T
e, RGN SR GRS R, MG A7 FRRIER R 14km, T
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BECH 0.7 WIROLT, TURHEE A BUE. ARG 7R3 F-18 5 i LRI A 128 A R 52 s ol 2
1?'&?" B;X ’l"(t) = 1TCLd/S, S = 1, N = 3, Ol = 02 = Cg = [0 1], V1 = VU2 = V3 = 1.

ARG (27), MIEMEL 1 Bt T AR ERH AR g AR K BUSRAEE F =
diag{f1, o}, 0< 1 <12, fo=1, a1 =ag = 1, #EMH 2 X REG (27) Wit TRy ] IR

RS HI AR M K
_ [—10.8704 —4.2619  6.4305
| 52,7429  17.1573 —31.2326

TV TR R R U 1 AR A T R R R AR S AT HO A
Y PAT A AN T A SO, b BRI ] 2R SR T A R R A o) AR T AR I HY e 1R

T AR RE B FXS B P PR R S R 2, B Sy(t) REB N RESHE 5 r(t), WA 1
I 2 PR,

} { 0 0 0.0001
T | —2.5210  —4.4346  1.5976

1.6 1.6 =
F— —_ TR
VS S
ot N L A LA 1.2 :' \“ """ A LER
g 08 g 08§
0.4 0.4
0 8 12 16 4 8 12 16
Time (s) Time (s)
Bl 1 AR MEBR BR A% ] R G A AR i e B 2 W] REERBRAR ] R G R A
ARFAD £ 3 A R B il 2% ARPATD £ 3 2 B ot 4%

Fig. 1 The pitch rate tracking curve of standard Fig. 2 The pitch rate tracking curve of reliable

control with no fault control with no fault

PR PAT AR B F = diag{0, 1}, A8 i B9 8O O $AAT 25 5 — 2% 0 18 B 7 B Al
BIPATHL SE 2 R, AT AR 55 2% 018 BT T AT B9 D 5% A AT LA R 5 AR AR ATl kit U

I, phy b M A R PRI B R GOR R TR (TR 3); L ol v 2 R BB 2 1 5 A0 G T DA 36 R
gL, Hini Sy(t) BBANERESE(ES r), WE 4 PR,

4x107 Lo — % & fin
) —_ 4: j\ LA lf“ === A TR
=== AN TAER if N\ e FE-ATIER
o eeene 35 A T AR L2l N
[ \ -
o~ vy = 1 - \;\yf/
52 11 < os s T
& 1 3 LE
£ 4 1i = 3
5} i o
1
-6 i 0.4
8 i
-10 :
0.05 0.1 0.5 0.2 025 4 8 12 16
Time (s) Time (s)
3 ARUEIR BRI R G K A R Bl 4 VSRR R R SR A R
AT 77 24 R Bl 28

ARFACD 7 328 3 R T 2
Fig. 3 The pitch rate tracking curve of standard
control with fault

Fig. 4 The pitch rate tracking curve of reliable

control with fault
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b ZEHiE

FEX TR E RS, @ B AR RST7E, SIAMBIR RS T IEXE 89 Lyapunov
M R G SRR MR I B YRR P SRR AR AP AR FEON AR AR FFR4R i T AR e R R A
A A1) SRR R AR B B Ok AT R R AR L 05 HRAE T SO 4 Y B 7
RHAATHE. I R IR BRI R A AT R R R R G, 2P U X R R AT T
PR 2 Gy 0 A
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