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Design of longitudinal controller for flight in heavy-weight airdrop

based on optimal control and L, adaptive

SUN Xiu-xia, CHANG Yun—gangT, DONG Wen-han, LIU Ri

(College of Aeronautics and Astronautics Engineering, Air Force Engineering University, Xi’an Shaanxi 710038, China)

Abstract: In order to ensure the carrier aircraft attitude and height stability during heavy-weight airdrop, we develop
a novel controller based on optimal and L; adaptive control, Produce liner control signals by the optimal control and

determine the matched reference model. Based on which, we transform the system nonlinearity into the matched and

unmatched uncertainty of L control system. Combing the inner loop control with the outer loop PID control for flight-

altitude, we developed the entire flight control system. Simulation results are presented which show that the controllers

are effective to suppress the undesirable high frequency dynamics from the control signal and have good robustness to the

uncertainty and the nonlinearity.
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2 EIETFRBEAER (Heavy-airdrop mathe-
matical mode)
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(myp, + mc)vb + MeTep Sinag =

Tcosa— D — (my, + m¢)gsiny+

M Fep COS O — MeG>Tep COS O — 2MTepq Sin v,
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3 E BRI H A ) T (Heavy-weight

airdrop pitch flight controller design)
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Fig. 1 The structure diagram with double loop control

EZ NSRS e Al S IR R e oy AR R R D)
T RGN K FHLQR T LB v (IR A S Wit B
PEii g, SEIL ARG AT E, IHE Ly B & N
WIS RGN, N0 T R e AR Ltk i
I Ly B & A S, Lod I R GRS &, o)
AL LA S AR BEA E

B AR HE Tu(t) = um + taa, o un(t) =
— K Fa (6) @ BT (RPIR S RS il 4 7 AR R B T 4%
PEES 73 A HIE 5, waa = ED(s)7(s)7& Ly H &N AR
RN

SIS X TR 2 M A 2 RS
H(s), 5ANAr(t) € R™, Hiihz(t) € RPN

[2(@)lLoe < 1H ()L [l7 () lLoe, VEZ0. (3)
SR 28 T HERRS
H(s) = Ha(s)Hi(s),
Hr Hy (s), Ho(s) A#iiEAEE R4, WA
[H (s)llz, < [[H2(s)]|z, [[H1(s)]|z,- 4)

g1 307 WM > O, fFAED > 0, i3
| f(t,0)]] < b, IFHf(¢t, z) w2047 FRIAF AR, >

4 a ta 8 t’ |
0.du> ot L8 < ap ) 0Dy <

|27 oo < s (18 ]] oo < oo 36 RIS IE 3 5.
WP AEE S LAY BT, 3 FLEC S50 T2 500 (1)
o (1), W TAERE € (0, 7)1

ft,2(1)) = 0@) 2] + o (1) 5

I BAF

16(8)] < dy,, 16(8)] < do, |o(8)] < b, |6(1)] < do,
K dy fd, L FHE.
3.1 BB 2 B R 2 Bk b B (Model

parameterization under optimal control)
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6p). X f(t, 1) = Az + F(t, ), H: AW R
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rank(A) = rank(BK ") < rank(B).
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Arank(Bp) = rank(B). MAn = A — BK, 3 gt Fg:
(@(t) = Avea - 2(t) + f(t,2) = Arear - 2(t) + G(2) - u =
Aveal - x(t) + f(t, ) — Avear - (t) + Bmw - (U + Uaq) =
Aveal - 2(t) + f(t,2) = Arear - #(t) = Biw - Ky - 2(t) + B - taq =
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@(0) = @o,
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I'Proj(01(t), —(Z" () PBm) " l24(1) | ),
01(0) = b1,
&1(t) = I'Proj(61(t), — (T (t)PBm) ™), 1)
51(0) = G410,
a(t) =
I'Proj(fa(t), — (& (t) PBum) " [[24(1)|0);
02(0) = 20,
02(t) = I'Proj(&a(t), —(&" (t) PBum) ).
61(0) = 610,

/\EPJJ—I z, TeRTEHEN I, PT=P>
2L RAT P+ PAL=—Q, Q>0 . Proj(-)
ﬁi%%f PRI RAE T S 80H D |w|| € 2,
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OMA R ITHEEE, K ©; £ Lip, Aj £ B.

o) PEIEBt.
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(s — Awm) ™' Bumfi2(s) + in(s),
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i, ( )751: (t)uaa (8) 1) $7 X A e, 24 () 2 (ST —
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W DLORAIE B 3 28 C'(s) M IE S AEE. 0(s) a2 7(t) =
kgr () — i (t) = fom () — O(t)uaa (¢) IR R AR
.

A3 KIFAGFE uaq(s) = C(s)7(s),

(1) = w ™ kgr(1) GT() () =61 (t) —
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Aw) ™ Bum (03 (1)z(t) + 63 (1)))-
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Fig. 2 L adaptive controller structure

4 L, FEhlastse v XA REa 5t (L, con-
troller stability and performance bounds
analysis)

4.1 TR ZF 5 B (Prediction error bounded

analysis)
Ly fu B 4 A0 % 45
it Uz
[Gm(s)ll 2y + [[Gum(8)] Ly lo <
— | Hxm(s)C () Kg(3)| 1, [I7]] oo — Pin
Ly, pr+ Bo

7€ W po, F-1Ep: > pin,

, (14

Hrr:

Hyw(s) = (sI — Aw) ' B,
G (8) := Hym(s)(I — C(s)),
Gu

m(s) = (I~ Hyn(s)C(8)Hyy' (5)C) Hyum(s),

L B
l() é 2p BO HlaX(Blg ﬂ),
L 1pr lo

Ly, émaX(Llpr’ L2pr)pin = HS(SI_Am)il I, po-

B T PR RS, ik i D)-(13)4
BRI Ly 45 ) 2%, JFIRIUE 1 1983 28 S5k R D (s)
DLl A2 Ly Y E A5 A, AT ERAIE R G e, ik 144l
H 1.

KA DI (10)43 B TR 2R T 2

I(t) = And(t) + Bm(@u(t) + 71(t)) +
Bumfj2(t), £(0) = 0, (15)
Hrp
7i(t) == n(t) —mi(t)mi(t) =
0: ()| (t)[loo + oi(t), i = 1,2.
ER 1 EIEE NG DL

Om(pr)

I'> ——,
Amin(P)'Yg

(16)
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Forbs o AER/NEFAL,

Oun(pr) 5= A(mass(tr(wTw)) + (03, + o, Jm +

(65, + 03,)(n —m)) +
Amax(P)
Amin(Q)
(Opydpy + Obydey )(n —m)), (17)
b 6(e) € 2, [0:(0) o <
i=1,2.
AIMRZE |2+ Loo < Yo-
ik FE10), Hrp
{ 165(t) oo < Obi(pr); 110:(t)[loo < daipr),
i) lloc < owilpx), 10i(t)][oc < doi(pr),
SSPSEER TS 1
Z &L Lyapunov /5 2
V(&(t),o(t), 6:(t),6:(t)) =

FHOP®)E() + I (o (o (t) +
2

> (O (00:(t) + 5 (1)3:(1))). (18)

4 ((961d91 +0b1d01)m+

— (max(tr(wtw))

2 2
wel +(9b1+ab1)m+

(6, + o) —m)) < Pmle)

H3R(18)5k P IARA S I EER TR (1),
Qe

(19)

Vi) <~z (003 +
21 (B 06:(0] + 16 030D 20
s
V()< ~&"()QE) + (B, dorm o1, dprm-+
Obydga(n — m) + opydoa(n —m)).  (21)
AL TARIE T

(t) € 2, 10:()lloo < s 163(¢)lloo < oy
NOEGEE]
max (tr(@T(H)@(t)) +

te(0,7)

5 00 + 51 05(0) <
A(max(tr(w'w)) + (05, + o3, )m +

(65, + 03, (n —m)). (22)

B ARG € (0,7) iV () > O }f) il

H=RA7)-(18)(22) I 15
Y (P(ri(r) >

4 Apax (P
f \ é.l ((Q)) (Hbzdgg(n — m) + 9b1d91m +
O, de1m + op,dya(n —m)). (23)

Rl

F()Qa() > 1ol @ g

T )\maX(P)m (r"YP(z(r') >

%(le dgim + op,de1m + Op,dga(n —m) +
Jb2d02 (TL - m)) (24)
SSHE, MV () > Hm}{’f)aﬁ QI ()
Om
) (P20 3 <

Om (pr)
Amin(P) I

<0, Bl Al 13V (1) <

() P(t) <V (1), WH[|Z(t)] oo <

B2 [ Loo < YoFHIE. UEEE.

4.2  YEHETL 53 HT (Performance bounds analysis)
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AR R M RE SR AL IR A E PR O Y, R4, Eﬂ%%?

S

((Fret(t) = AmTret(t) + B (W (t)urer (t)+
f1(t, Zret (1)) + Bum (f2(t, Trer (1)),

Tret (0) = o,

Uret(8) = w™ C(5)(Kgr(s) — Miret(5) —
Hr:ll(s)Hum(S)UQref(s))a

Yret = CTarer(t),

(25)

e miver (8) AR Snire (1) = fi(t, Tret (1)) (i = 1, 2)
UEVALE R RIE
EIE 2 L L BEGR A S R 58

(25), QR zolco < po, MIRTFFENUT FEER:

1Z]| oo < 70, (26)
[Zret — [/ Loo < 71, (27)
[tret — vl Loo < 2, (28)
[vret — Yl oo < [|Clloc1, (29)
Hor:
~1
| Hxm (s)C(s)Hyy, ()OI, _

TG (), Lt G (9)]], L2y
= (lw™"C(5) 12y (L1p, + Buo) +
lw ™ C(5)H (5)Cl| 2,70 +

lw ™' C(8)Hyy (8) Hum (8) ||, L2p, )71
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T2 oo < 70, 20(t) 1= O(t)uaa(t) + M1(t) +
Tlom (1), () LR RIAR AT, WA A

Uaq = —kD(s)(n(s) +1(s)),
Hor(s) 21 TE 5 1R AT e

n(t) = w(t)uad( )+ m(t) + m2m(t) — rg(t),
oz rg(s) == Kgr(s), nom(s) == Hy'(s) Hum(s) -
n2(s), mi(s) := ()HIL‘()IIooJrUz() i=12
W RGeS BAEE A
z(s)= xm(S)+Gm(5)m(5)+Gum(8)nz -
s (8)C(8)71(8) + Hyan () C(5) Kg ()7 (s).
(30)
[mEES]
Tref(8) = Gm(8)N1ref () + Gum(8)n2ref () +
Hym (5)C(5)Kg(s)r(s) + xin(s). (31)
AEDHA BT
Tret(8) — z(s) =
G (s) (Mret(s) —m(s)) +
Gum(8) (2ret (5) = n2(s)) + Hxm(s)C(s)il(s) =
G (s) (Mret(s) = m1(s)) + Gum(s) (M2ret (s) —
12(5)) + Han(s)C(s) Hy,' (5)C(s)i(s).  (32)
SINSCHR 221 1 Lis, 61052 X, #3- 2) R AN
FaW
[(Zret — ) [l Loo <
1Gm ()| (et — 11) 7| oo +
1Gum (8) 2.4 | (Mavet = 72) 1l Loo +
| Hoem (5)C (8) Heg ' (5)C () |2, |17 | oo <
|G ()21 Lapr [l (2rer — @
1Gum ($)|| Ly Lopr [ (@ret — ) [ Lo +
[ Hen (5)C (8) Hig ' (5)C(5) 2, v0- (33)
TP
[(Zref — @) [ Loo <
[ Hym (s)C(s) Hy, ' (s)Cl .,
I ||Gm(3)||L1L1pr - ||Gum(5)||L1L2pr

)ellzoo +

70-
34)
Hy1 7€ XA 3| (2rer — )] 200 <711 — B < 1,
BN AHIE. 6T A, UERHREFEE] I, n]15
| (trer — 1), llLoo <
lw™C ()|, Lipr +

lw™'C(s) Hyy
lw™'C(s)

w (5)C(5) ]| ,70 +
Hy'(8) Hum (5) ]| 2y Lopr (1 = 8) < 2
(35)

B yret = YllLoo < [Clloem1- UEEE.

HE ] 50 AR G oy (6) Flyper (0) I ER B R 22 5
3 S 1 2 7 R B, W] DAAE R el
FVFIYEE R B R D, D R R R 22 [\
I 7% 18 R SR AR H i P et () IR ER IR ZE.

18 (14) L 0HEAT, i p, — oo, f

1Gm(s)[ILy + [[Gum ()|, lo < I
é\

A= (|Gm(S)lL, + [[Gum(s)|lz,lo) L < 1, (36)
3273
Tref(S) =
(I = Gu(s)th — Gum
((sI — Ap)

(5)021p) ! x
B (—CAZ Bn)7tr(s) + yin(s)).
(37)
ESpS)
(I — Gm(8)01 — Gum

I+§j(

(8)02l0) " =

G ()01 + Gum(s)62l0)’,

it
Tref(s) =
143
Ap) ' B (—CAL'By)™
Tdes T io:(

=1
((sI—Am)~
i
||xdes
ST x
i=1
()] Loo + 17in(t) | Loo) =

A _ _ -1
(1T = Ag) ™ B (—C AL B)

17 ()] Loo + lzin ()] Loo)
il

Hydes Yref HLoo <
AC

T (T = Aw) ' Bu(—C AL Bu) i,
Ol + i) (38)

HIN 52 AT i, 22 38 KAl 98 9% 3 C(s) =
wkD(s)[I + wkD(s)] ™ IR 58 19 26 kIS, AT/

G (8)01 + Gum(8)02lp)'] X

{r(s) + () =
Gm(s)01 + Gum(s)eglo)i X

r(s) + zin(s)),

((sI —

'Bu(—CA'B,) !

- xrefHLoo <

(15T = Aw) ' Bu(~CAL Bu) 'Ly -



604 7

MEL, IR Yrer () Ty ges (1) IR ZEAE. AHAERIEL
BTN T LR G %5 18 A BRI EE A BEPRIE
LUEP A MRS S A RAME R G TR 3 N A
e PE, TRAEREKR, 21195 R G IE B, il s
UL FHLE — coltfC(s) = 1, T ZR Gl AR il [ AR Y
27 Bk A, R 25 TRy G DY 1
AFHRIINHIER . AR E B B

G BT RV AL A I8 22 C (s) 1A 58 K T
ARG 08, MR G ARSI AN E P ) LA
BUAME.

FIFAIIGE, 45 Y R G RO AT A 2 B 3 By
i

10
g o0
-

AHATL 7 (°)

0.1 — 1 : :::::::10
A% / (rad - s7")
Kl 3 RG]
Fig. 3 Bode diagram of system

R H RGN Tiwn K315 rad/s. YEP BC (s) =[]
+ wkD(s)] " wkD(s) 1 58 hwk, i A3 fiw
RN T, Ry TAEC (s) 5 5 KT R Geai 8, LM
PRI R G A A B IS S AME R G E L,
A 2 T2

k > wn. (39)

FESE A B2 0d 2 A, 15 3k € (5,16) 1,
ARG IERTERE LU A B PR AR IR
5 {5E4E X5 Hr(Simulation result and ana-

lysis)

FET AL IR B Ay, DLR S
P, 7EH = 100 ms 7%, K H AR BB K, 5¢
JSATT LS. (B B AE AT 20 % IR 72, 2HL
Bl 23V = 99.992m/s, o = 0 = 0.094rad, 1jj 2T
TR IR RS e B S 2 s B B
RAARPRIAH DG EK.

T PEA SR PR AR G 7 RRAE T4 A /N )
LA AR B, JF 455 LQREEHI 1 77 15 2 2 % 50
(1) 28 G Ay S AN FE B Bry, Bum, 285 45657 La
o N 28 7 AR R GRS S EH T IR R 480

5 mNoH 32 %
000 0
000 0 10 0
1), Hi: Qo= , Ro= e
(D), H e Qo 000 0 0 om]ﬁﬁ
00025
—0.0000 0.0015
\ 0.5208 —0.0049
‘\?(\Q\ b%}L Km: ,
W& BRI _0.2104 0.0036 |*
—1.5648 0.0190
MmFRIRG)
[—0.0123 8.0710 1.9759 4.9259
o —0.0020 —0.7536 0.9853 —0.1093
T 0.0027  —2.3628 —5.4664 —7.8241 |
0 0 1.0000 0
[ 9.4791  5.2500
B _ | 00699 —0.0041
M1 —5.0001 0.0036 |
0 0
—0.0008 0
B — —0.9999 0
0.0125 0
0 1.0000

TR [ NI 25 T = 20000, JEIE AT G525 k
10, MK 1A% H A AT PID S B8 o, H S 4
H: Kp = —0.013, K1 = —0.003, Kp = —0.012.

g R an El4-10k.

0.10 ; .
009k — s J
il S BETAEAE-20% ANl E P
0.08 1
0071\
< 00611
® 005
0041 M7
0.03L “.,'I 1
0.02 ! : !
0 5 10 15 20
t/s
4 AR R R
Fig. 4 Response of attack angle
0.03 . . .
0.02 T
0.01 f 1
W 0.00
E -0.01 i} 1
< 00217/ 1
> 003 b MV — FEHAR AL ]
o R BERIAFLE-20% AN 1k
-0.04 § - = BORAEAE+20% ASHfE M
-0.05 ' : '
0 5 10 15 20
t/s

Bl 5 FAn A e L M 1 i 2k

Fig. 5 Response of pitch angle rate



%50 PN A5 LA Ly FIENAE TR S BN il s v vt b R 605

0.10 T T T 100.005 T T T
0.09 k- — Kty i
Y. e WEIIAFAE-20% ANl Tk R
0.08 - |\ - *ﬁi(fﬁﬂo% et 100.000 .':._
o 007F oA
E 006t 3\ " £ 999950 1
= 005F N
0.04 - — KA
003 999900 HORIAE-20% R tE |
-l == RERLELE+20% ANl 58 1
0925 5 10 15 20 99.9850 P 10 15 20
t/s t/s
Kl 6 i sfmany thzk 10 3 v il
Fig. 6 Response of pitch angle Fig. 10 Response of flight velocity
2 T T T T T T T T T
0 fr— XTCRZEINEARERY, TEYIAEL = 2.65 s B, 17
i — HIERI 2= S et | 7 \
2f o2p T s (E R B LR IR 200,03 AL Y, g7
: A5k .y A itk 3E NS s
B O4) onof, T TUENME=2S 4 HARE, AL aen T WHLEAS A RO IR
~ E N o
SRR o . RSSO B AL, 1 HARA R B, hIE 7T LG
R st 1 E 3 DA 2 AR N AT LASS B3R g8t R e I A\ HI
: 0
-lop I (b Righ), H AR (B b Rkl g). B8 A S it
12072 4 6 8 10 12 14 16 18 20 L Fi28 N NI 25 T = 20000 FRfE R A0 i 3
t/s fh £, TLAMEI T RE M A0 N B s PR ISR, MEpL
Kl 7 TR S HaE Y AN B YR e YyPEA] SRR R
R Z I E NSNS E AT 8 SRR 5 0K,
Fig. 7 Response of rudder angle of different IMRAC gain DLFEALIE B A 151, B SR B T £ i 2R A L &
s | | | RS FLEE AR AN T20, 204 B Gom i fe e
—ﬁiﬁﬁiﬁ%% " AN 30, Hase /N R 2.3°, T A BRI # IR
...... Ej‘: a j:*ZO% A 1 i . . N
0.10 I.\‘ - TEE%;E'QO% N i@ﬁﬁ/@ﬁjﬁéﬁ?g*ﬁg*
2 78\ 6 4518 (Conclusions)
= 0.05 s mrmrm i = B . N
& W T GIE Rt e U LSO B 22 N e
0.00 | ST I E RGE, ARG TR RS
P ANSPEINAIUE Rt e N TE eIk NN S 3o E
oos SR IS (T SR8 AT R A )
t/s SRR AR, AT R GEHAT T B
8 Ly [30% R A4 2 ERIERE S EAEE, BAT RAFH) TR HT AT
Fig. 8 Response of adaptive rudder angle L .
S Z #k(References):
3.5
L ot ' [1] 4N, SCARE BTG S B D AR T R Sl AT 2 6 (D).
30y T-E?Z%?é—m% TRt | FEHITRE, 2010, 17(5): 579 — 583.
25k I L HAT 22 4E420% B TE T (FENG Yanji, SHI Zhongke. Robust dynamic inversion control for
20 ! ' cargo extraction during air drop at super low attitude [J]. Control En-
g 1.5 gineering of China, 2010, 17(5): 579 — 583.)
E 1.0 [2] KARL J. ASTROIVI. Adaptive feedback control [J]. Proceedings of

; the IEEE, 1987, 75(2): 185 - 217.
0.5 H:

[3] MARC STEINBERG. Historical overview of research in reconfig-

0.0 urable [J]. Flight Control Proceedings of the IMechE Part G: J.
—05 0 g 1'0 1'5 20 Aerospace Engineering, 2005, 219(4): 263 — 275.
t/s [4] WISE K A, EUGENE LAVRETSKY, AND NAIRA HOV-
O EEREASAY L 2k AKIMYAN. Adaptive control in flight: Theory, application, and open
Cip54 B 59

problems [C] //American Control Conference. Minneapolis, MN:
Fig. 9 Response of flight altitude variable quantity IEEE, 2006: 5966 — 5971



606 Bom oo s N 5 32

[5] BURKEN J, NGUYEN N T, GRIFFIN B J. Adaptive flight con- (XU Guangzhi. Large-scale transport aircraft heavyweight modeling
trol design with optimal control modification on an F-18 aircraft and vision system analysis [D]. Xi’an: Air Force Engineering Uni-
model [C] //AIAA Infotech at Aerospace. Atlanta, Georgia: AIAA, versity, 2011: 24 —39.)

2010: 1-17. [17] CAO C Y, HOVAKIRNYAN N. L1 adaptive controller for a class of

[6] NGUYEN N T, KRISHNAKUMAR K, BOSKOVIC J. An opti- systems with unknown nonlinearities: Part 1 [C] //American Control
mal control modification to model-reference adaptive control for fast Conference. Seattle, Washington, USA: IEEE, 2008: 4093 — 4098.
adaptation [(.Z]A//AIAA Guidance,uNavigation and Control Confer- [18] ZEKZR, IV, HSrm, 2. 3L T2 VA R B e i As 4 jy a2
enceand Exhibit. Honolulu, Hawaii: ATAA, 2008: 1 —20. PR (0], RIS SR, 2013, 30(1): 54 — 60.

[71 NGUYEN N T. Robust optimal adaptive control method with large (LI Dadong, SUN Xiuxia, DONG Wenhan, ET AL. Pitch control for
adaptive gain [C] //AIAA Infotech at Aerospace Conference. Seattle, flight in heavy-weight airdrop based on feedback linearization the-
Washington: AIAA, 2009: 1 —20. ory and variable-structure control [J]. Control Theory & Applications,

[8] CAO C, HOVAKIMYAN N. Design and analysis of a novel L1 adap- 2013, 30(1): 54 - 60.)
tive control Architecture with Guaranteed transient performance [J]. [19] DURHAM WC, LUTZE F H. Perfect explicit model-following con-
IEEE Transactions on Automatic Control, 2008, 53(2): 586 — 591 trol solution to imperfect model-following control problems [J]. Jour-

[9] WISE K A, LAVRETSKY E, HOVAKIMYAN N. Adaptive control nal oquidance, Control, and Dynamic, 1989, 14(2) 391-397
of flight: theory, applications, and open problems [C] //Proceedings [20] JHZE, R AR, Stk 22 AR s R R RIS 1) R AL (M2 B AL BT (7).
of the 2006 American Control Conference. Minneapolis, Minnesota, RS N, 1997, 14(2): 283 - 286.

USA: IEEE, 2006: 5966 — 5971. (ZHOU Jun, ZHOU Fenggqi. Research on reference model design
[10] JOVAN D. BOSKOVICL, RAMAN K. MEHRA. Performance anal- for linear multivariable model following control systems [J]. Control
ysis of a simple L1-adaptive controller [C] //American Control Con- Theory & Applications, 1997, 14(2): 283 - 286.)
ference. New York: IEEE, 2013: 3370 — 3375 [21] POMET J B, PRALY L. Adaptive nonlinear regulation: estimation
[11] CAO C, HOVAKIMYAN N. Stability margins of L1 adaptive con- from the Lyapunov equation [J]. [EEE Transactions on Automatic
troller [J]. IEEE Transactions on Automatic Control, 2010, 55(2): 480 Control, 1992 31(6): 729 - 740.
—487. [22] CAO C,HOVAKIMYAN N. L1 Adaptive controller for nonlinear sys-
[12] VIVEK NATARAJAN, JOSEPH BENTSMAN. Adaptive projection— tems in the presence of unmodelled dynamics: pan I [C] 112008
based observers and 11adaptive controllers for infinite dimensional American Control Conference. Seattle, Washington, USA: IEEE,
systems with full state measurement [J]. IEEE Transactions on Auto- 2008: 4099 —4104.
matic Control, 2014, 59(3): 585 — 598.
[13] CAO C, HOVAKIMYAN N. L1 adaptive controller for systems with /f/}E % faﬁ 4[\;
unknown time-varying parameters and disturbances in the presence _ . N .
S5 _ D -} l BTHEESY - HEfrz
of non-zero trajectory initialization error [J]. International Journal of WFHE (19620), L, AL WL ST, HATHITTT RS
Control, 2008, 81(7): 1147 — 1161. IR L AR EE H T NI, E-mail: gexysxx@ 126.com;
[14] LEMAN T, XARGAY E, DULLERUD G. L1 adaptive controller for AR (1990-), T, Wi--wsek, B RTHFRIT I b e e
X-48B aircraft [C] //AIAA Guidance, Navigation and Control Confer- ) .
ence. Chicago, IL: IEEE, 2009: 1 — 14. 5T, E-mail: changyungang @sina.com;
[15] KHARISOV E, HOVAKIMYAN N. Application of L1 adaptive con- I (1979-), B3, BBz, HurWtoTs m o se s 1 4 50t
troller to wing rock [C] //AIAA Infotech at Aerospace 2010. Atlanta, #5545, Email: dongwenhan@sina.com;
Georgial: ATAA, 2010: 1 - 14.
. ; - P N e ! 1988-), W, WA, FEHIFR I oA S #1155
[16] BLEL KALE BT R S O SR AT (DI, 78 MR (988, B MEBIUE, EEFRTMASM. BF5

G T REK, 2011: 24 - 39.

$%46l, Email: Ir_taiyang @yeah.net.



