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Online active fault tolerant control for sensor fault of morphing aircraft

MAO Dingkun', CAI Guangbin', FENG Zhichao', HOU Mingzhe*, BAN Xiaojun®

(1. School of Missile Engineering, Rocket Force University of Engineering, Xi’an 710025, China;
2. School of Astronautics, Harbin Institute of Technology, Harbin 150001, China)

Abstract; To ensure the stable flight performance and good tracking effect of the morphing aircraft in the case of
sensor fault, and improve the accuracy of fault diagnosis and fault-tolerant control capability, an online active fault-
tolerant control method based on belief rule base (BRB-r) expert system considering attribute reliability is proposed
highly specific for the sensor fault diagnosis and fault-tolerant control of the morphing aircraft. Firstly, the
aerodynamic parameter model and longitudinal nonlinear dynamic model of morphing aircraft are presented.
Considering the external disturbance and sensor fault, the switched linear parameter varying ( LPV) fault model of
morphing aircraft is established by using the least fitting method and Jacobian linearization method. Then, based on
BRB-r expert system, a sensor fault diagnosis and fault-tolerant control model of morphing aircraft is constructed.
The reliability of sensor monitoring index is analyzed by statistical method, and evidence reasoning ( ER) algorithm
is introduced to improve the accuracy of fault diagnosis and fault-tolerant control effect. Finally, the projection
operator covariance matrix adaptive optimization strategy ( P-CMA-ES) algorithm is used to optimize the fault
diagnosis and fault tolerant control model, which reduces the complexity of the system and improves the efficiency of
fault diagnosis. The simulation results show that the sensor fault diagnosis accuracy of the morphing aircraft can
reach 98.75% . When the sensor fault degree is less than 50% , the proposed method can effectively overcome the
sensor fault and external disturbance, ensuring the stable flight of the morphing aircraft, and exhibiting strong fault-
tolerant control capability and robust performance.

Keywords : morphing aircraft; fault diagnosis; fault tolerant control; sensor fault; BRB-r expert system
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Fig.1 Structure diagram of variable swept wing aircraft

R AR IR AT AR E RATRIE A =12 500 m LA
Ma =0.55 E{HF &, F]FH DATCOM k4315 A A
JE AR R p TR S8 S BUE G 15
N ESEBHET p EEFE T,

Cm = Cm() + Cmoca + Cm5 6(5 +

C.,(p) =0.583 50p° —2.223 00p> +1. 639 00p —0. 000 35
C..(p) = —0.894 00p +5. 538 00

C,.(p) =6.138 00p —18.070 00

Cy5, (p) = =0.000 53p +0. 006 50

C,5 (p) = =0.006 60p —0. 022 20

C,,(p) =6.138 00p - 18.070 00

(3)
TEH TE R PE A AR FR AR AT AR A AR L
B RE R IR,
mv( o —q) =gm(cos Ocos a +sin fsin a) —
SQC, (A ,h,Ma,s,,q,a) +
(m, x, +m, x,)sin a -
2(m,x, +m,x,)qcos (4)
]y(.] =SQ0cC, (A ,h,Ma,s,,q,a) -

( muxi + mdx(uly> q -

2(mx, x, +m,x, x,)q

XA b Ma 8, .q .o 535 R AT AR 5044
RAT R R Ve AR IR AR RS 0
RATHUE 0 NS, g I E I INEE  m KA AR
ST, S NPT, m, v, 230l D HLER B A

L my, v, 430 AL I R 5T N G O A
B L1 NGy WIS, Q Bk, ¢ RS
[18 N
1.2 Yl LPV #E3!

BN AR AR AT 2R Gh I B ) R W B m, |
m,, WJIUE BT SCRHEI-FHeo 38 o Ak vr L e v Ak
B, IR FH B/ N3 0 AU A 45T s R Bl A5 )
AR AT A NS LA T R

_QsC,, 0SC,
A(X mv Aa - muv A
L= + o
il st ee. | on)*| st P
I 20l 1,
(5)

A, Aa Ag A, 7350 R TCAR AR AD F 3288 32 0 A D
AR

AN S, A B RO T A5 3 S A R
THRIUR Ul LPV B ALy
=xuw4>=Axpnxuo+Bxpwuu»+uxpmdu»
y(k) =C(p,)x(k)

(6)

A ox (k) WARAS W&,y (k) Rk i ml & w (k) 4%
il A i BT S d(k) & L, J880R 5,

- 3 2
Cy,(p) =0.054 37p” —0.208 00p~ +0. 147 600p —0. 103 60 A (p) B.(p,).C.(p,) KD, (p,) HE I (5

B o, 9 k NI AE SR

AR B (A (p,) B, (p,)) T, p, £
FHSTI O = {plp<p,<p|.p.p 55 Iy
S8 p, W ERAT R A SBOLE 5w A
FamE O, K iel , I'={1,2,--,n},n HEKTL
Fras i) ARG E, 2 .

0, = {pkeglgls,igpkgﬁk,i} (7)
U1 0 =0 (8)
ne =9 ©

o0, WA T T R0, oo SN
AT RETI S p, 0 ERAT R,

TR KA AT IR 2, AT A I
o8 WS R A R e TR AT R, 0k
AT BB T 4 Sk AT B 4R A T
AR, T R e B B A R AT
B, AR FR L B SR
BEARA BT A LR S BB s R AT
ST 1 PR 0 T 95 B, I 13 0 M O
B T FE B SO B4 4 M B L)
BATHUR PRI, A% SCEF R A A0 A3 e e



5 8 1]

TEM, A AR RAT AL AR R R T B A R 63+

B3N LPV S ARG .
x(k+1)=A,(p,)x(k) +B,(p,)u(k) +D,(p,)d(k)
y(k) =Ci(p,) (1 =1)x(k)

(10)
XL, 0< A <1 WA R B,
2 TERIATHRKELDN G AEEF

15 A A

SCHR[ 20 ] 42 A AR IR AT 25 A BRI Rl U046 H,
FEHI T BN T4 M S B — e Sk e
UERIEAS IR RAT RS RS E ’ AT, (HBEE T b s
FEEEHETN, h FE S GIRE A IR, BB ITHPIRES
PR B, H RS TR E R AR R RATARI R
frkfe.

Ak, T HE R ERE A IR, 7R A AR AT
LIy (k) SEF TR BRSBTS, B 2 Woks B AN
ABAS BN ORIE , TR AIR A SR IR . BRE, A S0k
F BRB-r TR RS AR AT 8L IRAR i 12
Wi 5 2P HIAE S QiR 2 s

LA AR IR RT3 B2 W 5 2 4t 4 T ATE
U EET BRB-r AY 12 R4S 750 0 2 4 45 ol A 7Y
P AH, B2E, 32T BRB-r &K R Gt il AL %
RIS WA AL | X AR TR A TR RS y (k) 54T
RGN FIZ BT, 1 2 A% AR S BAR S SR i, 1
PP HIRRY AR SRS WAt R | 25 A 15 B
FEMRGURA , T A A LI A P, AR UE AR 1A
RATER I AR I A8 ) R B RE

T L e atE
I LPV g AR A
W
IC%) {a%lym
](F:::::::_::::::::::I 777777777777 :
|
| | teRGEwE |
ol |
I | :
U op [ mmwwes | | | ETBRBr
| CgoCey | | M |
‘\ ﬁ : ﬁﬂ :
1} el : I
| eSSt i
b | |
|
|

B2 TEHETITHRMERRDWIZSH S REEEIESR
Fig.2  Fault diagnosis and fault tolerant control framework of
sensor for morphing aircraft
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Fig.3 Observation output of morphing aircraft in normal state
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Tab.1 Reference level and reference value of output state of

morphing aircraft
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=

A2 0.07 0.15 0.28 0.38 1.00 0.70 1.72

Fz2 YiNEREEHENERSZEERZMNSEE
Tab. 2 Reference level and reference value of observation

matrix reconstruction monitoring index

SHER L M SH H
R 1 0.06 0.32 0.90 1.40
R 2 0.07 0.38 1.00 1.72
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S, 75 3075 (R AT 2% T U i ) 0 A
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Tab. 3 Initial fault diagnosis model of morphing aircraft
observer
e R BTt 2
Y1 Y2

1 L L 1.000 0 {1.000 0,0,0,0}

2 L SSL 1.000 0 10. 800 0,0,0,0.200 0}

3 L SL 1.000 O {0.700 0,0,0,0.300 0}

4 L M 1.000 0 10,0,0,1.000 0}

5 L SH 1.000 O {0.200 0,0,0.800 0,0}

6 L SSH  1.000 0 10,0,0.500 0,0.500 0}

7 L H 1.000 0 10,0,0.300 0,0.700 0}

8 SSL L 1.000 O 10,0,0.200 0,0.800 0}

9 SSL. SSL 1.000 O 10,0,1.000 0,0}

10 SSL SL 1.000 O 10,0,1.000 0,0}

11 SSL M 1.000 O 10,0,0.500 0,0.500 0}

12 SSL SH 1.000 O 10,0,0.500 0,0.500 0}

13 SSI.. SSH 1.000 O 10,0,0.500 0,0.500 0}

14 SSL H 1.000 0 10,0,0.800 0,0.200 0}

15 SL L 1.000 0 10,0,0.600 0,0.400 0}

16 SL SSL 1.000 0 10,0,0.600 0,0.400 0}

17 SL SL 1.000 0 10,0,0.800 0,0.200 0}

18 SL M 1.000 0 10,0,0.600 0,0.400 0}

19 SL SH 1.000 0 10,0,0.800 0,0.200 0}

20 SL SSH 1.000 O 10,0,0,1.000 0}

20 SL H  1.0000 {0,0,0,1.000 0]

22 M L 1.000 O 10,0.200 0,0.200 0,0.600 0}
23 M SSL 1.000 O 10,0,0.500 0,0.500 0}

24 M SL 1.000 O 10,0,1.000 0,0}

25 M M 1.000 O 10,0,1.000 0,0}

26 M SH 1.000 O 10,0,0.500 0,0.500 0}

27 M SSH  1.000 0 10,0.200 0,0.200 0,0.600 0}
28 M H 1.000 0 10,0,0.500 0,0.500 0}

29 SH L 1.000 0 10,0,0.200 0,0.800 0}

30 SH SSL 1.000 0 10,0,0.500 0,0.500 0}

31 SH SL 1.000 0 10,0,1.000 0,0}

32 SH M 1.000 O 10,0,0.500 0,0.500 0}

33 SH SH 1.000 O 10,0.400 0,0.300 0,0.400 0}
34 SH SSH 1.000 O {0,0.500 0,0,0.500 0}

35 SH H 1.000 O {0,0.500 0,0,0.500 0}

36 SSH L 1.000 O 10,0.800 0,0.100 0,0.100 0}
37 SSH  SSL 1.000 O {0,1.000 0,0,0}

38 SSH SL 1.000 O 10,0.500 0,0.500 0,0}

39 SSH M 1.000 0 10,0.400 0,0.300 0,0.400 0}
40 SSH  SH 1.000 0 10,1.000 0,0,0}

41 SSH SSH  1.000 0 {0.300 0,0.700 0,0,0}

42 SSH H 1.000 0 10,0.500 0,0.500 0,0}

43 H L 1.000 0 10,0.600 0,0.200 0,0.200 0}
44 H SSL 1.000 0 10,0.800 0,0.100 0,0.100 O}
45 H SL 1.000 O 10,0.400 0,0.300 0,0.300 0}
46 H M 1.000 O 10,0.600 0,0.200 0,0.200 0}
47 H SH 1.000 O 10,0.400 0,0.300 0,0.300 0}
48 H SSH 1.000 O {0,1.000 0,0,0}

49 H H 1. 000 O {0,0.500 0,0,0.500 0}
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Tab. 4  Initial reconstruction model of observation matrix for Tab.5 Fault diagnosis model for morphing aircraft sensor after
morphing aircraft sensor optimization
s O BRI IWR 1145 R e % PUNECR L Ll
nooon 1 L L 08118 {0.3262,0.118 4,0.300 3,0.250 0}
) L L 1.0000 10.0.0.1.000 0| 2 L SSL 1.0000  {0.1738,0.0956,0.055 5,0.660 1|
3 L SL  0.1129  {0.0454,0.361 2,0.440 0,0.153 5|
2 L M 1.0000 {0,0,0.500 0,0.500 0 4 L M 1.0000  {0.3832,0.175 8,0.120 3,0.200 7!
; LS Lo 10.1.000 0,0.0] 5 L SH 0715 10.439 4,0.334 5,0,0.266 2|
6 L SSH 1.0000 {0.4450,0.1755,0.235 0,0. 144 5|
4 L  H  1.0000 {0.300 0,0.700 0,0,0} 7 L H 04177 10,0,0,1.000 0}
8 SSL L 1.0000 {0.1899,0.170 9,0.299 4,0.339 8|
5 M L 1.0000  {0,0.4000,0.300 0,0.300 0}
9 SSL SSL 0.8191 10.3253,0,0.728 4,0}
6 M M 1.0000 10,1.000 0,0,0} 10 SSL SL 0.1976 10,0.069 4,0.912 3,0.031 4}
’ 11 SSL M 0.6484  {0.0525,0.1880,0.704 0,0.055 5|
! MooSHE 10000 10,0,0.500 0,0.500 0f 2SS SH  1.0000 {0.098 1,0.498 1,0.281 0,0.122 9}
8 M H 1.000 0 10,1.000 0,0,0} 13 SSL. SSH 1.0000  {0.309 4,0.011 9,0.455 0,0.011 9}
14 SSL, H 05143 10,0,0.800 0,0.200 0}
o SHo L 1.0000 11.0000,0,0,0 15 SL L 1.0000 10.671 5,0.1139,0.171 5,0}
10 SH M 1.0000 {0,0,0.300 0,0.700 0/ 16 SL SSL 0.5508 10.9599,0,0,01
17 SL SL  1.0000 10.947 6,0,0,0}
11 SH SH 1.0000 10,1.000 0,0,0} B SL M 03897 10,0.0.978 2.0}
12 SHE H  1.0000 10.0.1.000 0.0 19 SL SH 0.7699 10.023 6,0,0,0.905 6}
20 SL SSH  0.9051 10,0.648 0,0.036 1,0.377 9}
13 H L 1.0000 {0,1.000 0,0,0§ 21 SL H  0.6181 10.789 2,0.189 2,0,0
14 H M 1.0000 {0,0.400 0,0.300 0,0.400 0} 2z ML 05660 10.860.0,0.,0.140 0,01
23 M SSL 0.6382  {0.1554,0.1554,0.378 4,0.155 4]
15 H SH  1.0000 {0.300 0,0.700 0,0,0} 24 M SL 1.0000  {0.168 5,0.158 1,0.158 1,0.211 8}
16 H H 1.0000 }0,0.4000,0.3000,0.300 0} » oM M 0.480 10.2500,0,0.750.0,0 |
26 M SH  1.0000 10,0.330 9,0.604 4,0}
27 M SSH 1.0000  {0.0374,0.037 4,0.059 7,0.628 1
TESCE R R v He R AR 1 200 ARG, FEAL 8 M 0.430 0 10,0,0,0.966 0}
I 600 HEHEVE AU 2R 8dE , X 5T BRB-r 29 SH L 0.879 {0,0,0.913 7,0}
B RRG M2 W 5 AR TR 34T DL Ak I 0 SH O SSL 0830 {0.4583,0.0047,0.4%44,0.004 7}
{ !
S EBBERALE SOn HIRS oo A S D onaesso s
MRAS 90% T BEAR A5 150 4, Tl 4% 600 2 %5 4 3 SH SH  0.808 10,0.960 0,0,0}
VIR LA AR R, R 40 % s s o.4m2 10.0.9590.0.0]
UL B IR ER T (5 0 MR BR Ay B S LR 0079000,
TEEHE TN 8, P D S B xR RLIEA T 2, O 37 SéH SSL 0:4763 ;o,i).;o;,s’,(.).2242‘,M
T 20 M T AR X A AR S BORN 5 4 HE AT H 3E R 38 SSH  SL 1.0000 10,0.834 1,0,0.043 7|
U AR RS E N 200 UK, ARIE AL R ik 3 SSH M 10000 10,0127 8,0,0.803 6|
BESHTRR L 5 IR MO E R AT ARG RRARIL 0 SIL S 0661 [0.0200.0.0.800]
. 41 SSH SSH  1.0000 10,0.195 0,0.524 6,0.322 8}
IR P AR DL 6, 22U AT i Al KR i i 2 4 SSH 1.0000  {0.082 6,0.229 6,0.421 5,0.082 6|
Wrah R an &l 4 Fs 8 H L 0 10.038 5 0.038 5 0.038 5 0.775 8}
AL Y 0 T B AN R Al e fe FJﬂ"Ji% 4 H SSL L0000 10,0.5720,0.397 1,0}
E/Jﬂ‘rﬁg—& %%’f”?@%%ﬁﬁgﬁ Hjﬁ‘*%ﬂilj ﬁ]?X]L /E 45 H SL 0.8355 10,0,0.772 4,0.140 3}
| !
it ARSI T 9150 s © L oresmmeen s
WA I EL A 0 1 A A M R, BB IS I 12 W 1% 5k 48 H SSH  0.3635 10,0,0.7422,0.123 4
TR 49 H H 1.000 0 10.203 0,0.730 5,0,0!
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Tab.6 Reconstruction model of observation matrix for morphing

aircraft sensor after optimization

NI 2R A
| = —— ]V} 5 2 Wi G
Y1 2
1 L 0.0100  {0.3296,0.414 1,0.142 5,0.113 7
2 L M 0.6603 10.539 6,0.455 9,0.004 5,01
3 L SH 0.0100 {0.0258,0.7637,0.159 0,0.051 5!
4 L H 03681  {0.2224,0.208 7,0.039 3,0.529 6}
5 M 0.4540  {0.190 3,0.561 4,0.097 8,0.150 5/
6 M M 0.000 {0.3931,0.1965,0.0899,0.320 5
7 M SH 0.3750  {0.2556,0.742 6,0.000 6,0.001 2|
8 M H  0.000 ]0.4208,0.220 1,0.109 3,0.249 8
9 SH 0.0100  {0.303 4,0.363 1,0.2849,0.048 6
10 SH M 05018 {0.4837,0.281 0,0.161 0,0.074 4
11 SH SH  0.6923  {0.3223,0.265 8,0.155 3,0.256 6
2 SH H 03715 {0.1309,0.097 3,0.239 5,0.532 3|
13 H L 03156 {0.3674,0.230 7,0.126 8,0.275 1
4 H M 03748 {0.2116,0.190,0.199 3,0.399 1}
15 H SH 0.5904 {0.2948,0.096 5,0.019 1,0.589 5/
6 H H 00100 {0.1842,0.062 6,0.576 2,0.177 0}
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Fig.4 Results of fault diagnosis for morphing aircraft sensor
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Fig.5 Fault-tolerant control effect for 10% fault of morphing aircraft sensor
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Fig.6 Fault-tolerant control effect for 20% fault of morphing aircraft sensor
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Fig.7 Fault-tolerant control effect for 30% fault of morphing aircraft sensor
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Fig.8 Fault-tolerant control effect for 40% fault of morphing aircraft sensor
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Fig.9 Fault-tolerant control effect for 50% fault of morphing aircraft sensor
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Fig. 10 Fault-tolerant control effect for 60% fault of morphing aircraft sensor
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