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Nonlinear adaptive failure compensation control for flying wing aircraft
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Abstract: An adaptive backstepping failure compensation tracking scheme is proposed for a flying wing aircraft non-
linear longitudinal dynamics in this paper, with considering the actuator stuckness or loss of effectiveness, saturation non-
linearity of the actuators and prescribed performance bound (PPB) of the closed loop system. The prescribed performance
bound is designed to guarantee that the tracking errors are constrained within prespecified envelope, second-order low-pass
command filters are introduced to avoid saturation of the actuators, control allocation is designed to reduce the effect on
the lateral motion of the aircraft. The proposed adaptive backstepping failure compensation tracking law can guarantee the
asymptotical tracking of the reference signals. Simulation results show the effectiveness of the proposed control scheme.
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KT /AT AR, RGP IR TS TR A &
FIVDER R PR BRI, a0 R B AT AR i AR, TR
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AR BAEA. X714 T —Fh A e shas P se
[ I8 A3 ) 53, 12051 PR R BR R T e 14
REFE AR, SR 91 N — AN 2 SR 0 3 48t o 5, 4 i
R ZEAFAEVE BB L0 IR (1) BRIER 1) A N T 20 R ()
], B o iR A AR, A R S B T I 3)
AMERE. SC18-19D0Z kAT T w7, 3 T
RATEE, #E T RATARIE A TR

AT R E AT A AT 2T 2 R ) o)
FEH T —Fh B IS RAMERE T R BB RATARE
B3 B8 e VLR PR ) ) T R TR AT 4 7 B A T B R
ERIEH RA MBS TERE, Wi B e 208Uk s, 5 RE
RGN RELETIE B A1 B (prescribed performan-
ce bound, PPB)Z% ¥ ) S it b 8¢ 11 H 38 B [ D A MR
R 7V, FEE G VAT SR G AT R R, W
AT 42 ] 2 PO A, J8F G AT A e s 5 RS (R [ A
M m 8 E f5F RGAE R A R A T W s s T e OR R AR E
FEBTT RS M SRS
2 [\ (Problem formulation)

ASCHE B R AT E R E TRl AR
T, P B R B U A R 2 B A Rl AR P R RN,
WAHERER. BT REENRN/KFRERMNEERER, it
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P W e, &R AT 2R BRI 3 i i
N —25° ~ +25°, BH 1 77 5] f1E 1) A % 95 1 9 0° ~
+90°.
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LIz N

V = fi + Giuy,

& = fo + Gouy,

6=q, (1)
q = fi+ Gue,

h =Vsin(f — a),

Horb: VOVATHEE, oyl A, O A, ¢ AT
HIE, WA AT R, f1, fo, fa Go, G, Gl 8 (A

SN [20].
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Ti0-

(1) = 0;mi(t), W
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2 4 [F)PPBAE # (Prescribed performance bou-
nd transform of the system)
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v;——+o00
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Fig. 1 Diagram of fault-tolerant control system based on PPB
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REN

Z11 = 211 — S1X11- (15)
XF(15)R 545
Euzmﬁ+&m—ﬂ—iﬁH
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g |
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T ue = e, AHEVIL < 0, BEHIRR IR 5N

0o _ i _ tuzu o 617f1
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ikl

Xo1 = —Ca1Xa1 + (¢ — q7), (20)
K cgr > OAFFIE E 2 2 3 28 A4 = (8) AT 4n,
HIH qcfﬁ%‘quﬂLVz E/‘J%ﬁ”@y\jQXm, UM A ER R
221 = Z21 — S2X21- (21)

xR @21 R FHE

- ; €27y
Zo1 = Go(q — b — T) + C2152X21—
2

2(qe — ). (22)

CRFR T ER AR B I, BT HE 28
AT B SEBRE I N e, I ueARE ul XS ERER
PR ZE BRI FH 0o RN, IZEREFAMEAS S AR Y T =08
i

Xoz2 = —CaX22 + Ga(Uee — uly), (26)

K cpr > ORI E I A8 . UAM2 R ER ER
REN

Z22 = Z22 — X22- 27
R Q27)R G5
Zog = fa+ Gaue — 6, — gc + CaaX22—
Gi(tee — ul)). (28)

s vr s 1_ 1_ .
B U R BN Vo = 5Z§1 + §z§2, B
Vas = 0. NEV,y < 0, SRR HIE S
o _ L
ec G4

u (—Caz222 — 92201 — fa + de + ;).

(29)

bk, 5] TR RO, ¢0 ul]TAR317)

(23)1(29).

3.3 f¢ 1 % # 4 BE (Control allocation of the con-
trol surfaces)

CERATHENER R R A RSN RERE, &
T T 2 o 7 P U B ) R DL A 2 P 2R SR T
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TR R B RAT 3R, DU ETH A R A R — FF,
AT B SR DY v 6 T 4D A 2 0 5 T A R 1 T P9 A
Aul.;

b) VU e I A SR IR I AN E. A
SCRAT R 2 N v F T O A - RH S5 TA f
P
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OAEAT 43 B, AR S RAT #8 =0T PR I 3 ) e K AT S
I F A ), AT [R)O0 P A8 Pl £~ 480 7 e B T

FEPRINTH S PRI, 75 A28 b3 fe T 23 le J5 0 1
BB N HEAT SRR 22, R G I AU = [uger



ERE ]

FRAAANGE: "R AT AR 5 & M ] 1211

Ugez Ueel Ueca Uecs Ueca] » XTI 1) AR 45 il & 4
[Upey Uy Uy Uy Uy udy]” FHIEBITHRE AL
T Q)RR B, wl B () T A I 2
[l uly uly ul, " NI EE I & AN T A 1SN
LK, = diag{A, Ao, A3, e}, HKy = A, 1= 1,2,
3,4 Ky = e = [tie1 Ty Tes Ues)”, Ny € RV =
1,2,3,4) 2 FINJCFE NTH R ICE Y R0 51 H) &
ARG PRI

1) fR4EH R W), P15

24: Kllu(e)cl + N1TK2

4
= Z )\lugcl + ael - Ugc.
=1 =1
(30)
2) WA R Nb), A5
MUy + Uet + AUz + Uz =
At o 4 Teg + Mgl + Uey. (1)
FaiAa2), A

1
Kll/u’(c)cl + Kl?)u(c)cg + (Nl + N3)TK2 = §u0

ec’

ec*

1
K12u(e)c2 + K14ugc4 + (N2 + N4)TK2 = iuo

(32)
3) AR EC R o) ASFE T Bl N
ugcl -
0, K,=0,1=1,23,4;
1 1 N
w0 —(Ny 4+ N3)TKy), 1= 1,3,
i e (N M)
1 1
— (V- NI)TK,), 1 =2.4
2K1z[2uec (N2 + Ny) ' Kol 4,
Kll 7& Oa
(33)
1
ugcl = USCQ = §u(t)c (34)

RG34 Ky MK HE R,
3.4 HIEMNSEOEBE BT (Design of adaptive
parameter update laws)
F T 28 A % % R B B Vi 1 8 T 250 Glae A1
_222G4U/ec, Xue # Uec, %Iﬁﬁmﬁﬁ*&?ﬁ, E.
4
Ue = Z Kijtea + (Nl + Ny + N3 + N4)TK2,
=1
4 A A
Uec = Z Klluccl + (Nl + N2 + N3 + N4)TK2-
=1
(35)
~ K, K, = fQ -

/%‘\RH :K1 KQ,)I_IJH%

4
Ue = Z Klluecl+(N1 + N2+
=1

N3 + N4)TK2- (36)

Uec —

A A TEP N
1 ~ ~ 1~ ~
VL(t) = §§T2 + §tr[K;F Fl Kl] + §K’2TF2K2,

(37)

Horp: 2=[211 Zo1 Zoo)", [i=diag{I1, I'a, I3, T4}
€ RY > 0, Iy € R > 0 IFFILE I IE X f fE
B

EVL () < 0, Btk EHE R A
Ky = 2y Clrtteas, 1 = 1,2,3,4,
Iy,

IA(Q :F2_1222G4(N1+N2+N3+N4). (38)

3.5 FaxEtESHr(Stability analysis)

EE1 S TRFO), Wit RSFMEEESIHAT)
(23)(29)FIZ 40 H & BB (38), LA BT 45 1) 43 ic
H(33)F(34), I RAFTAIRES A T, BREFAME R Z
i 0.

R AR A 5 A BT A R AT, A A A
(17)(23)(29) 12 % H & MR B G8)ME T T, BRER Kb

Z;H = *011211,
221 = —021221 + §22227
4
2’22 = — C92%22 — $2Z21 — G4 [Z luecl+
(N1 + No + Ny + Ny K,
(39)

W36 72 A= U R BR VL (6) B S8R
41 [f( (—Z20GaUea + Fuf(u)]—

Z Cij z]

=1

Vi(t) =

(IL{ZTFQ_

HMQ F

222G4(N1 + Ny + N3 + N4)T)K2 =

- E Z Clj z] \ 7 (40)

1=1j=

R, RGERE. ASCBIEV, 0, KI5 B 3306 7,
Wz, Ky, KA 5, Vi () g 7, il

0 i=1j5=1
1 (oo 1
- jo Vi(t)dt < —(Vi(o0) = VA(0)) < oo,
41)
Hrfe = min{c;;(i=1,--- ,q;5=1,--+,p;)}. HX

(38) Al JiIzZ;,; A-E HA 5, thiBarbalat5| ¥ %0
7q;j:17"'7pia (42)
BT AR GE(9) & Wit e (1, HLRERAMA R ZE W
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0. X HEIRAE, TEER I AL SRR B, 2, sk
Tz BRYNTH AN B, S BRI BRI 1R 22 2, 4 16 K,
R ERERAME R Z IR ST HAR Z Al v R Ak a8 2
R It HETm, R4 253171 R MPPBAR # vl &, R
() I SRR A BE S HT ERER AR B M B 5 F T,
I HEREF R ZEAE T PR RE I SE R Y IEEE,

4 ESEE (Simulation results)

AR ) R AT AR KR BN 11000 m
KAEE N Ma = 0.6RA T HATECF, BP0 £
4°, A A°, T T BE 2 F0H0.3041, F B S f
AN —T.1742° . Fup Flun BT TIT A
B, M u = g + uge + 0.3041. K478 FhiAEE Rk
ATHCT, FCF I B A AR, Blue = e + Uen
+ Ueg + Ues-

SHERE(ET AV, = 130 + 20 cos(0.1t); ZF4if
A5 5 N0, = 18 + 10sin(0.1¢t). HREKITHE AT
R PERR 1] PAT 2% BRI ST 2RI RN 20 SRS R 3,
JE IR 25 IPPBS #U % 1T AT (t) = 48.7e 70 + 1.3,
8, = 0.5,8, = 1; {40 1 BR B2 IPPBZ HU N, () =
7.7e 92 10.3,0,=0.8, 0,=1. KAT#E M= B NTIE
=80 sitf 7 M P T+ B fitue, R AEAE—13°, #Et=120 s
IS A 00 P T B e 2 2E.60 %0 FA) 2R R

MRIE1Z G AT BRI 1) B S YERE, 18208
T A LR bR B 2 B R L B, 35 5 S Hk L
HanF2F7w. i B a5 R uE2-6 .

& 1 AR B ot A S
Table 1 Parameters of command filter saturation

function
A MR PR 2 PR
Utels Utc2 [0,1] [0,0.4]/s
e +35(°)/s -
Uecls Uec2s Uecd, Uecd :t25(o)/s :|:60(o)/s

K2 EREHK

Table 2 Parameters of controller

Z WA
28t 1
P A 2t e 2
P25 2R con 25
u PRI A UER A 5 rad/s
ug AT RSP JE EL 0.8
qHIaE A TR AR 5 rad/s
g 2 UERHJE 0.8
ue PR AT PRI 35 rad/s
ue FI AT UER B EE 0.8

SRR
SHORBASE R

diag{[200, 200, 200, 200] }
diag{[500, 500, 500, 500] }

HT 27T A, RS A R AF R EAVE BE, AR
VIR S 225 TR Z B ROR, (AR GTN9.5 sTHIn T
REPRERS A5 S . d B3 RIS, IR A E QTSR B
A RN, (H— BRI MR ER S H N M (5 5.
17 HAR W R GAE BN A M B B L R AR S IR B b BUAT
ALH) T R R

180 T T T T T T T
o e v,
—
T 160f .
g 150p, .
i 140 b
B 130 .
120 b
110 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160
t/s
2 IR M2
Fig. 2 Speed tracking curve
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Fig. 3 Pitch angle tracking curve
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Fig. 4 Comparison of pitch angle tracking error
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o o o

1 1 1 1
60 80 100 120 140 160
t/s

=}
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0 1 1 1 1
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t/s
Bl 5 I AR b 2k

Fig. 5 Throttles response curve
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Fig. 6 Elevators response curve
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