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Improved adaptive fault-tolerant control of intermittent faults in
hypersonic flight vehicle

HU Kai-yu!, CHEN Fu-yang, CHENG Zi-an
(College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)

Abstract: This paper proposes the fault diagnosis and fault-tolerant control (FTC) for reentry hypersonic vehicles with
external disturbance/interior white noise composite interference and intermittent faults. First, the reentry attitude system
model and the intermittent failure model are given. Then, based on the random fixed-amplitude failure mode, the periodic
external disturbance in the angular rate system is pre-processed. Due to the existence of white noise in the system, two
hypothesis tests are proposed based on the noise distribution characteristics and the improved residual signal, and then
two threshold intervals for detecting faults are designed to detect the occurrence and disappearance time of intermittent
faults. Compared with the traditional residual design method, the improved residual detection is more accurate. Based on
the expanded system, an adaptive estimation law is designed to estimate the faults and make the estimation error satisfy
L-gain interference suppression. Finally, an adaptive FTC algorithm is proposed to make the system’s angle output track
a given reference signal. Lyapunov functions prove the stability of the proposed method, and Matlab simulation verifies
its effectiveness.
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HZ’YEI
K'P +PK S P
* Sy PG
* * —'ygl

<0. (53)

Hrh
S, =GP+ KTGTPy 4+ Py (J + AJ) ™!
Sy = (J+ANGTPy+ PG(J + AJ) !
UERH BT R
=P, (54)
Xof IR 3K 3, AT 4%
Ve = (A¢+ BT P¢ + ¢("P(AC + BE) =
CY(ATP + PA)C +2¢"PBE. (55)
H
V=Vt [ FURdt - [ 267t (56)
KB )R, T A7
V=V, + FTF - y2€T¢ =

Ve + (THTHC — 7267 =
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(T(ATP + PA+ HYH)C +2(" PBE — 42¢7¢ =
v o [ATP+PA+HTH PB][¢
(¢ &) 2

* —el 3

Ho H = [03x3, I3x3]. TR Schur ¥ 4E 52 B, G 5 50
(53) AL, MV < 0,3 A

o (37

t .
V= fo Vdt < 0. (58)
A Ve > 0,83 (52) o, BRIt T 43
IF] < eli€]l- (59)

BT LA Al TR 25 3h 25 (51) A8 - HL i 2 T3 /K
7. O

SLE L EE R E I NS G, K P fiiA%E
3 (53) BT, HE T A W B Ak v #5 A2 e . R H Matlab Hr
)R OB A 2 R A T L AT o B4 38035 A2 30(53) B RE
it G K~ P. an A BB A TH 5, ] S 2 5 0 &
. i, e UE G A PR YR 2 (53) SRAEAS I K EL
fEYE L 7E G B A TSN L B S BEATLEUE.
3 HENEHEEETH
3.1 FRERIEHIZR IR

FEATT 1, B0 TIOR3 73 R 40 (1), Wik — A5
PR g i 2, o 2483 A v DABR R 25 7 fH.

EIE3  EFXT MR RS (1), 7E T R BIFR K
PR T
T =
(J + ADN)[Oa + (J + A 2(J+
AJ)w — RV 21 — cy20 — 03 03], (60)
ve = R (—c121 +5a — 07 1), (61)
PAS AR HI S5 T B A
{él = (©2)
Oy = w225

HIME T, AT BAORIE P P8 2 e f e I HLZE A5 BRI
Zey — g B HA R IRE 2 = v — a2 =
w—vg;er > 0,¢0 > 030, K10, 73 73] /2 05 65 K ki
THA.

iEBH 1) B Lyapunov &%

1 —i ~
‘/1 = 521 Z1 + 5‘51"(9?91), (63)
o, = 07 — 0, RSHAGIHREZE. Vi AR 5,13

Vi =28 (Rw 4 v + dy (t) — 4q) =
2L (Rw+ v+ 07 o1 — Aa). (64)
INREFRZE 20 AN (62), 75 2

Vi =

— 4] — te(0Tdy) =

— 1202 + 2L Rag + 20 v + 28107 o1 — tx(076,) <

le [R(z2 +vq) + v+ GTTapl

1
— cllezl + leRZQ + lezl + ZVTV =
1
—(e1 —1)2f21 + 27 Rz + ZHVHQ (65)
2) Lyapunov e U N
1 |
V=V+ §z2T 2z + 5t]r(egez). (66)

XV RS, i
V< —(c1— 12tz + 2 Ry + f||l/H +
23 39 — tr(éQTéz) =
1
—cozy 20 — (e — 1)zf 21 + ZHVHQ"‘
zgﬁ + ZgTé;rsﬁz - tr(égGZ) <
1
—cozy 20 — (¢ — 1)z 21 + ZHVHZ"'
T 1 T
29 22 + Zf 5 =

— (1 — 1)Z1Tz1 — (2 — l)zszz—f—

1
Z(II£H2+IIV||2)—mZ+H1- (67)
Horp
np = min(c; — 1,¢3 — 1), (68)
1
I = 7 (M¢ + My), (69)
Z = |zl + ||z (70)

B Z WSk B X 18] Z : Z < ITy [y, 383 5 5 8 ey 1
e (i3 n > 0, AR M EIRERZE 2o G5 O
3.2 FICHEHIZR%IT

FEATT B0 A MR I 3h A R4 (6), Beit—
ANFEET R A8, 77 AR BT TR AR 0 5 T, A 15 2 2 A
BRERSE E M2

EHE4 FEW A RS EN TN ES RS
(6), TEUN T~ FTC FI 240 [ 1& M4 (62) BI/E A T, AT LA
TRIE I R Gt ka e HRSIRENRZA 7

T=(J+AD)[0g+ (J+AT) QT+ AT)w—

RTz1 — coze — 03 o] — F(1), (71)
vy =R (—c1z1+ 54 — 07 ¢1). (72)
HAuBRERRZ 21 = 7 — ya 22 = w —vgs 1 > 0,00 >
0.
UEHH  HX Lyapunov ER%{
1 1 1 s 1 s
V= 52?21 + EzQTzz + §tr(01T91) + itr(ﬁgﬁg),

(73)



2634 # % 5

xR %36%

VRS

V< —(cq— 1)z1Tzl — (2 — 1)2322—%
LR+ 1P) + 5 (T + A7) F <
— (1 —Dzfz — (ca — )2 2 + EFT(J-F
AT+ AN E + (I + ) <
— (1= Vel — (@ — 9t + 716+

1 + Xgvg ME) =

i Z + 1. (74)
Hrp
72 = min(c; — 1,c0 — 2), (75)
Ay = max{eig[(J + AJ)"T(J + AJ)7Y},  (76)
I, = (Mg + M 4+ Ajye ME) /4. (77)

WIS S E e Moy TTES 0y > 0, Kk, FRER
W2 2 AR, AR 2 480e. O

X2 ) 45 (60) A1 (71) BT, IS AR 25/ HEV 7
NZFS RGUAE T AT RS [ B ATIRES
N RERRE B 4 e A A, SE R I E .
4 fEST

2 FE AU AT FTC P A7 15, 475 1) ] Matlab
Xof B O VR AT O B DABS R SR )R . Ho
MVEAERE J = [554.486,0, —23.002; 0, 1 136.949, 0;
—23.002,0,1376.852] kg - m?, AJ = [50,0, 0;0, 50, 0;
0,0,50] kg - m?2. #IUH AT 5% AF: 99 = 0.3,80 = 0.2,
ap = 1,po = 0.1,q0 = 0.05,79 = 0.05. 27 A1 IR
W8 da = 1,80 = 0,00 = 2. ABEFETHE() Fu(t)
BIE 5 2 70 52 0.01 F10.02. AMEBTHE 5 A=A R
1, do(t) = [do1; daz; dag), doy = dag = dag.
4.1 {HESZLE 1 (FREN)

A BT th FA I B a0 T S

Aty = Aty = Atz = 0.4, py; = 49000,

p2 = 79000, ps = 79000, g;1 = g2 = 0.2,

D = diag(—1, -1, —-1).
R RSN X ] 43 1) A2 -

2, = (—4967.8,4967.8), 2y = (—10177,10177),

25 = (—12327,12327);

01 = (—00,—11678] | J[11678, +0),
O, = (—00, —16 874] |J[16 874, +00),
O3 = (—00, —14937] |J[14 937, +00).

[ B I A
(50000,0), ¢ € [15,20);
(0,80000), ¢ € [20,30);
(F1(t), Fy(t)) =
(80,000, 100 000), ¢ € [40,60);
(

100000, 120 000), ¢ € [80,85);
RGBS AT NVTIEESH 15 s TR N AR
TR B 45 R B 2 B, A SO 7 ik
A 3&E R R A T U (R Fn S 4 TS
BTG 5 G THE. (7 H AR, 2T ik R s
FGUAT AL i R P TR (5 0 WA A T LA

0.2
- estimated value

0.1 hon \ A AN RN

!‘E5\<, N A
0.1t
-0.2 .

0 20 40 60 80 100

t/s
B2 FHEitnmszhsk

AN L 4R H R A I g SR A L R AN 3
P, B 3R LU I, SR 72 (¢, Aty) U2 Fy (t) HIRE
W], 52 g (¢, Ato) AN 3Z Fo(t) FISEIRL. 35 3/ 0] % T i
B, SR ZE g 5 Py AR BTG R, AEBE AR . TR, A
ST I BB 2 T AR SR BV 2 oy o B () B
S F () (i # 5) Foo%, BET AT DA R e A 42 10
(VAR

x10*
10 o
L Y e
Y
...... o,
6f :
ar i
2} pa e
0 i Yy o BN
b : : :
0 20 40 60 80 100
t/s
12X10
— ;fx)m,)
1oy Faaten B eV 8
6f : )
41 - F'
00 SSOoeeores ISR FIOIOIS UNRRROION YO IO LSO
0 v -
B S S

0 20 40 60 80 100
t/s

3 FREMIRIEMZ
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ATF F: @A B R TAT B I BRM TP 5 B 42 ] 2635

XoF LU AN Bk 22 i 2 o () R e (2, AL, T8 I
T BN R A R 3 I SRR TR 2 v (¢, Aty) BT RS
o PR A e A RN S IS R L o () B A G0 B[R]
0 FLA5 RN 1 RIS 2 firow, Forh 72 R o, 3 5
Sl IR ZE s () B B 7y R o, IOME. 4256 s
R gz LRI, B 22 s (8) Al (¢, Aty) JUF R e 4
DU B AEL £2;, NI A DR Rt Fy (¢) PP 55 s A g o i A i
8] 73 o T ARSI 3. (25 s (¢, Aty) L, 7 (2) 7o 22
55 22 I ) o Asr 0 B A ©;, A DN L PR 98 2R I 1] L
ri(t, At;) 18IRZ.

F1 F(t) RS R KR EANLE R

sthifhe 7w Tl 7L wi. ol O,
1 15 15.12 15.12 20 20.10 21.44
2 40 40.08  40.08 60 60.22 6294
3 80 80.06 80.06 85 85.24 88.12

=2 L()WEREMBEEREENER

sthighe 7. 7f, Fooovie vi, B,
1 20 15.12 15.12 30 30.10 32.24
2 40 40.08  40.08 60 60.21 63.04
3 80 80.06  80.06 85 85.20  88.10

4.2 {HESLIS 2(HPEGITFIFTC)

T 2 R AN G 5, R A B T R S U
fEK = [-1,0,0;0,—-1,0;0,0,—1],G = [-20.52,
0,—0.49; 0, —4.23,0; —0.49; 0, —2.82], #k k& £ i+ (1) 45
FLEE AN 4 Pz, 100 B 2 32 B B I R R A T
AT DA 28 DR b i W AR, T B, Ak
REREAE R

x10*
15

==F()
10 == F (0]
|
I
|

3

S W

--F.0
10 | ot |mem (1)

B
L

0 20 20 / 60 80 100
t/s
4 B R 2k
WH e =4,c0 = 3. K5 BoR T 1 [ &l 1 /F
H AR ERIE 61 25 FFTC AR R 225 A 1 e 5 i
2. i R AR, 7R A WO R MEE IR AR R 2 1 2 (B2

L)IE T, B AR R AR KM= 2ZE,
TCVE I 2 PRIER T 5K T AE H 1& B FTC #5138 (k) 1F
R, ZE MM POE R E: S 5184, IRER E R AA
It R FTC B RiFtERe.

¢ /rad

2
005
L
£ 0p W
_
_2 L
0 20 40 60 80 100
t/s
4 o
- 3 | p=ose -
E 199982
3 2 | p————— - mm -y ==
1

0 26 4.0 6.0 8.0 100
t/s
5 WEEEH TARFRIEHIER A FTC ITH S 27 IREREh %%

MBS BT LRt b Bk 4% il 28 7E 15~ 30's 2Z [[]
A BB R B A 40 s 2 JE A R it . TR A
FETE 15 ~30s 2 (8], B AN 8] A — AN J7 [A) 4 e
(Fy (t) B Fo (t)), T 5 e A2 B 1] o g A 75 ) 5] B A il
B, 3% BH 22 BB 25 1R R BT ER Y 1 FTC 4% i) 2% 58 A 1
.

T35 H T AL J7 % (new method, NM) A1 32 R
[9] i) J7 ¥ (traditional method, TM) 43 5 N F T 1] &k
B N HEV 4% il 5 G0 (19 1% G X B o A, Hod e
Fit, 4y ) 22 B A T 1) 3 5 AR AR A 5% 22 A B
I ). S Eb 2 A7 2 BH - NMEE ARG 0 5 s 2 A2 9 2 B

*® 3 ANETE SIS ETERER M REXTLL 534

PEfE " Fi(t) Fa(t)
g

1 2 3 1 2 3

NM 15.12 40.08 80.06 15.12 40.08 80.06

d
T
YT TM 1643 4126 8091 1642 4128 80.93
. NM 20.10 6022 8524 30.10 6021 85.20
Vi,s
0 TM 2152 63.39 8921 31.64 63.69 88.27
NM 121 203 269 232 207 299
ES
T™M 1068 2124 2339 2095 2176 2683
NM 006 006 009 008 011 0.12
tr

™ 113 116 101 112 138 1.29
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[F) b b TMPR 24 1 s, 3 B0 v e B2 s 8] G A0 i i 10
5 NM 3 7 RAA S R 2 2 TM 92 0.1 £, 3t
NM (P4l o8 50K #E, B 58 0 & B e, A2 T
P52 0 NM A ek 19 5% 22 o, () PRS00 s [ A 47 T
TM. X R AT KRR T 3G J73%, H fe i
RIHFV ()5 4 T

5 4 #

AT T HA TRl b AN 1K) A2 25 7 HFV
RARZRGMFD M FTC M #8. BJe I 7 A il
B APt 0 HEV A58 98 i AR s 0 i B AR A0 1 29 A,
XA ERANE G T PREAT 1 AL B, 3 A T ok
()5 225 AR i A v 0 e 7 () R 2245 5 20 A e 1k, 45
AR BT IR AT B 1 MR AT I B AE, 5 R AR SR ZE A L,
RGBT TR 0 ) e e P A A ANV R T
IS & R T R A T T, I A A
FXE A T PR S SR AR Wb A 25 Rt
FTC #5ill 4%, 1242 1 48 Be 0 (015 L S M IR R4S € 275
B4 U7 B4 RIE 1A S #E U7 5 00 Rtk A
FEXS T IUA 75 Ok
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