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Reliability analysis of flight control system based on AADL2SPN

LUO Wenbin, LU Zhong, CHENG Dawei, MIAO Weirun
(College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)

Abstract: Flight control system is typical safety critical system, and the reliability of flight control system plays an

important role in ensuring the safe operation of aircraft. Traditional reliability analysis methods have a heavy reli-

ance on the experience of analysts, which makes it easy for inconsistencies between reliability models and design

models. The fault propagation behavior of the system is thoroughly described by the Architecture Analysis Design

Language (AADL) and stochastic Petri nets (SPN) , and a method for model-based reliability analysis is pro-

posed. The nominal model and error model of a lateral fly-by—wire flight control system were constructed using

AADL. A method for extracting error propagation information from the AADL model was proposed, and the SPN

model described the fault propagation behavior of the system was automatically generated by extracting the informa-

tion of AADL model. Based on the SPN model, Monte Carlo simulation was used to evaluate the reliability of the

lateral fly-by-wire flight control system, compared with the fault tree analysis method, the error is less than

0.018%, which can be neglected in practice. Through the method of this study, the reliability model is automatical-

ly generated by the AADL model, which ensures the consistency between the reliability model and the design mod-

el and avoids reliance on the experience of designers.
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Table 2 Corresponding relationship between flight control
system components and AADL components
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system implementation PFCL.impl

Subcomponents

MEM: memory MEM;

CPU: processor CPU.impl;

Monitorl: process monitorl;

Command1: process commandl;

Set_signal: process ;

properties

Actual_Processor_Binding => (reference(CPU.part1)) applies to Commandl;
Actual_Processor_Binding => (reference(CPU.part2)) applies to Monitor1;
Actual_memory_Binding => (reference(MEM)) applies to Command;
Actual_memory_Binding => (reference(MEM)) applies to Monitor;

end PFCL.impl;
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error behavior command
events
E_Omission: error event;
E_Delayed: error event;
E_Random: error event;
E_Stuck: error event;
states
Working: initial state;
Omission : state;
Random : state;
Delayed: state;
Stuck:state;
transitions
t1:working-[E_Omission]->Omission;
t2:working-[E_delayed]->delayed;
t3:working-[E_stuck]->stuck;
t4:working-[E_random]->random;
end behavior;
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error propagations

Delay_Fault};
PFC1_L_angle: in propagation {No_Response};

Delay_Fault};
PFC1_R_angle: in propagation {No_Response};

PFC1_Ru_angle: in propagation {No_Response};
end propagations;

propagations

end component;

states

end composite;**};

PFC1_signal_out: out propagation {No_Response, Gain_change, Random_Output,

PFC1_imu_in: in propagation {No_Response, Gain_change, Random_Output,

pl: computer_Omission -[]-> PFC1_signal_out {No_Response};
p2: computer_Stuck -[]-> PFC1_signal_out {Gain_change};

p3: computer_Random -[]-> PFC1_signal_out {Random_Output};
p4: computer_Delayed -[]-> PFC1_signal_out {Delay_Fault};

[command1.Stuck and monitorl.Stuck]-> computer_Stuck;
[command1.Random and monitorl.Random]-> computer_Random; N
[command1.Delayed and monitorl.Delayed]-> computer_Delayed;

[command1.Omission and monitorl.Omission]-> computer_Omission;
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et e R 5O

EEHPAT N

component error behavior
transitions

t4:working-

end component;
properties

Exponential;] applies to E_Omission;

Exponential;] applies to C_PFC1_L _angle;

tl:working-[1 ormore(C_PFC1_imu_in{No_response},E_Omission)]->Omission;
t2:working-[1 ormore(C_PFC1_imu_in{Delay_Fault} E_Delayed)]->delayed;
t3:working-[1 ormore(C_PFC1_imu_in{Random_Output} E_Random)]->random;

[Lormore(C_PFC1_L_angle{No_response},C_PFC1_R_angle{No_response},C_PFC1_R
u_angle{No_response},C_PFC1_imu_in{Gain_Change},E_Stuck)]->stuck;

EMV2::OccurrenceDistribution => [ProbabilityValue => 2.0e-7; Distribution =>

EMV2::OccurrenceDistribution => [ProbabilityValue => 1.0e-6; Distribution =>

HIE AT T
R IR )

FaF R B R
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Fig. 6 The error model of the flight control system
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abstract Left_aileron

error propagations

subl_left_in: in propagation {Stuck_Fault, No_Response};
sub2_left_in: in propagation {Stuck_Fault, No_Response};

end propagations;

component error behavior

transitio

t1] working -[1 ormore (sybi=left=ip {Stuck_Fault},sub2_left_in
{Stuck] Fault},E_Stuck)]-bStuck;

t2: worlking -[1 ormore(subl, left_i
{No_Rpsponse},E_trailing)] >trai|i@
end component;

Response},sub2_left_in

S~

EEFR: Left aileron FEFR: Left_aileron/Trailing BEBR: Left_aileron/Stuck
WMiEFRIR: 1 MEEFRIR: 0 BRIl 0
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Fig. 7 Information of places related to the left aileron
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Table 4 The places extracted from the flight control system

Fes JE i 44 55 JE B 4 Fes JEE i 44 Fri VI BT 44 ¥y JE i 44
1 IMU _Roll_Angle 2 IMU _Roll_Rate 3 IMU _Yaw _Rate 4 Isensor_3 5 Isensor_2
6 Isensor_1 7 rsensor_3 8 rsensor_2 9 rsensor_1 10 rusensor_3
11 rusensor_2 12 rusensor_ 1 13 LAPS/Omission 14  RAPS/Omission 15 RPS/Omission
16 IMU/Omission 17 IMU/Gain_Change 18 IMU/Rao_yg 19 IMU/Rao_rg 20 monitorl
21 monitorl/Omission 22 monitorl/delayed 23 monitorl/random 24 monitorl/stuck 25 command1
26  commandl/Omission 27  commandl/delayed 28  commandl/random 29 commandl/stuck 30 monitor2
31 monitor2/Omission 32 monitor2/delayed 33 monitor2/random 34 monitor2/stuck 35 command2
36 command2/Omission 37  command2/delayed 38  command2/random 39 command2/stuck 40 RA1
41 RA1/Omission 42 RA1/Stuck 43 RAA1 44 RAA1/Omission 45 RAA1/Stuck
46 LAA1L 47 LAA1/Omission 48 LAAT/Stuck 49 RA2 50 RA2/Omission
51 RA2/Stuck 52 RAA?2 53 RAA2/Omission 54 RAAZ2/Stuck 55 LAA2
56 LAA2/Omission 57 LAA2/Stuck 58 rudder 59 rudder/Stuck 60 rudder/trailing
61 Right _aileron 62  Right_aileron/Stuck 63  Right_aileron/trailing 64 Left_aileron 65  Left_aileron/Stuck

66  Left_aileron/trailing
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FRGE AR/ R A R X TR, — A33E: Left_drive_subsystem1_Stuck*Left aileron/p
R . A 1.0e-4
A A% 3 25 — A K 1 R0 585 T — A2 T _ e
abstract Left_aileron ) 2
4 0 AL R R A MR DR A AL IR 2 A AL 1 ROQEHS eWak bekguias L3
ransitions 53
K0 /p” o A2 I Y fiph 38 8 WA 1 B R A Y v o |t1: working -[1 ormore {sUbT_Tefl_in {Sfuck_Fault}, &'z
N . Isub2_left ini&l&LEalﬂIEj}u,ck ]->Stuck; é‘
R S A% 106 15 1) T PR L 2 4 end compopent;properties > 5
U . N . e EMV2::OceurrenceDistribution => [ProbabilityValue => 3
s EIJ i ﬂiﬁ Saif] fl:iEEEX o ﬁu Fl 8 s, 2 @J L 1.0e-8; Distribution => Exponential;] applies to E_Stuck; %
S - § - . EMV2::OceurrenceDistribution => [ProbabilityValue => !
RESHTF— 4\% e =R F AR A 8 TH 3K 30 L 1.0e-4; Distribution => Exponential;] applies to subl_left_in; %

Ay 114 A A A% 8 0 DR AR BOR A, oh 0 B IR S AR 4
RHER A, PR R I = AN AR X R A R 3 A

A 1 85 R 2R R A A AR 1 R 45 AR AT Y fik
RN A B LA RS . R R G AR A gL
PER) 1158, iR 5 R o

Fig. 8

5 RERGREIRB|LIT

A\
ARiE: Left drive_subsystem2_Stuck*Left aileron/p
JE%Z 1.0e-4

8 el I £ B R H

Information of transitions related to the left aileron

Table 5 The transitions extracted from the flight control system
=2 T4 =2 A8 IT 4 5 AT 75 T4 5 AT
1 IMU _Roll_Angle/ 5 IMU _Roll_Angle/ 3 IMU Roll_Rate/ 4 IMU Roll Rate/ 5 IMU _Yaw_Rate/
E_Omission E_Gain_Change - E_Omission E_Gain_Change E_Omission
6 IMU _Yaw _Rate/ 7 Isensor_3/E_Omis- 8 Isensor_2/E_Omis- 9 Isensor_1/E_ 10 rsensor_3/E_Omis-
E_Gain_Change sion sion Omission sion
1 rsensor_2/E _ 12 rsensor_1/E_Omis- 13 rusensor_3/E_Omis- 1 rusensor_2/E 15 rusensor_1/E_Omis-
Omission sion sion Omission ° sion
IMU _Omis- itorl/E_Omis- IMU _Ra * -
16 IMU/Rao_ygand 17  IMU/Rao_rg*and 18 s 1o monitorl/E_Omis= -hao-rermon
sion*monitorl/p sion torl/p
monitorl/E_De- IMU _Rao_yg*moni- monitorl/E_Ran- LAPS_Omis- RAPS Omis-
21 22 23 24 . . 25 . .
layed torl/p dom sion*monitorl/p sion*monitorl/p
S is- yain_C * . i~ Omis-
26 ‘RPSf()'mls 97 IMUf(ra%nf(,hangc 23 monitorl/E_Stuck 29 ' IMU _Omis 30 command'l/Ef mis
sion*monitorl/p monitorl/p sion*command1/p sion
IMU _Rao_rg*com commandl/E_De- IMU _Rao_yg*com- command1/E _ _ LAPS_Omis-
31 32 33 34 35 .
mand1/p layed mand1/p Random sion*command1/p
RAPS Omis- RPS Omis- IMU _Gain_Change* command1/E _ IMU _Omis-
36 . 37 . 38 39 40 . .
sion*command1/p sion*command1/p commandl1/p Stuck sion*monitor2/p
. . . . . - N . B
1 momlorZ‘/EiOmls 12 IMU _Rao_rg*moni 13 monitor2/E _De m IMUf‘Raofyg mon 45 monitor2/E _Ran
sion tor2/p layed itor2/p dom
16 4LAPSf(l)m15’ 47 'RAPSfA)mls* 48 A RPSi()Amls’ 19 IMUf(xa%nfthang 50 monitor2/E_Stuck
sion*monitor2/p sion*monitor2/p sion*monitor2/p e*monitor2/p
IMU Omis- command2/E _ IMU _Rao_rg*com- command2/E_De- _ IMU _Rao_yg*com-
51 . 52 . 53 54 55
sion*command2/p Omission mand2/p layed mand2/p
command2/E _ LAPS_Omis- RAPS_Omis- RPS_Omis- IMU _Gain_Change*
56 57 . 58 . 59 . 60
Random sion*command2/p sion*command2/p sion*command2/p command2/p
command2/E PFC1_computer L PFC1_computer PFC1_computer
61 B 62 L - 63 RA1/E_Omiss 64 - - 65 N -
Stuck Omission*RA1/p /E_Omission Random*RA1/p v Stuck*RA1/p
PFC1 PFC1 RAA1/E_Omis- PFC1
66 C1_computer_ 67 RA1/E stuck 68 C1_computer_ 69 /E_Omis 70 C1_computer_

Delayed*RA1/p

Omission*RAA1/p

sion

Random*RAA1/p




55 XX B AE T AADL2SPN By ®AT #2816l 28 48 T 5 143 #r 9
5 I 75 AT 4 5 AT 4 haes BT 5 LA
PFC1 _computer
PFC1_computer_ PFC1_computer_ o ) - .
71 Stuck*RAAL/p 72 Delayed*RAAT/p 73 RAA1/E stuck 74 Ommsml; LAA1/ 75 LAA1/E_Omission
PFC1_computer_ PFC1_computer_ PFC1_computer _ . PFC2_computer _
7 Random*LLAA1/p i Stuck*LAA1/p s Delayed*LLAA1/p 7 LAAL/E stuck 80 Omission*RA2/p
. PFC2_computer_ PFC2_computer _ PFC2_computer_ -
81 RA2/E_Omission 82 Random*RA2/p 83 Stuck*RA2/p 84 Delayed*RA2/p 85 RA2/E stuck
PFC2_computer
. - . PFC2_computer _ PFC2_computer_ PFC2_computer _
Omission*
86 )ml%%lor; RAA2/ 87 RAA2/E_Omission 88 Random*RAA2/p 89 Stuck*RAA2/p 90 Delayed*RAA2/p
) PFC2_computer_ , - PFC2_computer_ - PFC2_computer_
Ol RAAZ/E.stuck 92 () hcGoniLAAz/p 0 PAAZ/EOmission 9k omiLAAZ/p 0 Stuck*LAA2/p
PFC2_computer RA1_Stuck*rudder/ RA2_Stuck*rud-
- - LAAZ2/E _stuck - - 1 E _Stuck
96 Delayed*LAA2/p 97 /E _stuc 98 b 99 der/p 00 rudder/E _Stuc
RA1_Omis- RA2 ission*rud- . RAAT1_Stuck*Ri RAA2_Stuck*Righ
jo1 enoms 102 -Omission®rud™ ) o0 dder/E_trailing 104 StuckRig ) o5 -StuckRight
sion*rudder/p der/p ht_aileron/p _aileron/p
. . . . . . . y
106 Right_aileron/E _ 07 RAlAlf()‘mls 108 RA}AZfO}mls 109 nghtial‘llcron/Ef 110 LAAljbtuck Left_a
Stuck sion*Right_aileron/p sion*Right_aileron/p trailing ileron/p
. . LAA2_Omis- . .
. " B B ~
11 L/\/\Z'_Stuck Left 112 Lefr_a‘lleron/E_ 113 ' L/\/\l_(,.)mls 114 sion*Left aileron/ 115 Left_alle'ron/E_tra]l
_aileron/p Stuck sion*Left_aileron/p b ing
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10 fias TRk

Ji % XX &

IR AR FR G R TR i I 3R R T B AR S Y
BEAEBE W, AR 0 e R W 9 B /R, 4R 28 1T 5
I 0 3% B2 50 B W, b 3R 0 o6 40 & 10 B i, i
%Mwaﬁmﬁw:k¢uﬁ%%%$%ﬁ

T T R RN Z AT AUE . me?fﬂﬁ
ﬁlm%mﬁvﬁMME%%E@ﬁ@%&M
e 2 )75 R 112 028 58 (42 @) 3R A 0 ), )
w“MJBhJCMWﬁEﬂﬁﬁlﬁﬂm?%
g 112 W78 5 (42 R 3 R S 10 27 5 R 65
F4) 122 e (22 R 3 R IPIR ) I w ,, (65, 112)= 1,

1) = Lwg(1,2) = 1, wy(1,16) = 1, wpe(1,17) = 1, (2,3) = 1,
,4) = wpt(Z 17) = L, ww(3,5) = L, wp(3,6) = 1,wu(3,16) =1,
\7) = 1,wp(5,8) = 1,wp(6,9) = 1,wy(7,10) = L, wpe(8,11) = 1,
wpe(9,12) = 1,wy(10,13) = 1, wpe(11,14) = 1, wye(12,15) = 1, wpe(13,24) = 2,
wp(13,35) = 2, wy(13,46) = 2, wy (13, 57) = 2, wy (14, 25) = 2, wy (14, 36) = 2,
wye(14,47) = 2, wyp(14,58) = 2, wy(15,26) = 2, w,(15,37) = 2,w,(15,48
wy (15,59 (16,18) = 2, wy(16,29) = 2, wy(16,40) = 2, wy (16,51
wy (17,27 (17,38) = 2wy (17,49) = 2, wy (17, 60) = 2, wy (18,22
wpi(18,33) = 1,wy(18,44) = 1,y (18,55) = 1wy (19,20) = 1,y (19,31
1(19,42) = 1,w,4(19,53) = 1, ws(20,18) = 1, wy(20,19) = 1, wy(20, 20
(20, 21) = 1,10,(20, 22) = 1, 1,1(20,23) = 1, wy (20, 24) = 1, (20, 25
21(20,26) = 1,wy(20,27) = 1,w,1(20,28) = 1, w0, (21, 62) = 1, ,(21, 68
pt (21, 74) = 1, wp(22,66) = 1, wp(22,72) = 1, wp (22, 78) = 1, wp(23, 64
0t(23,70) = 1, w,0(23,76) = 1, wye (24, 65) = 1, wy(24, 71) = 1, wy (24, 77
t(25,29) = 1, wp(25,30) = 1, (25, 31) = 1, wye(25,32) = 1, wye (25,33
(25, 34) = 1,w,4(25,35) = 1, wy4(25,36) = 1, wpe(25,37) = 1, wpe(25,38
(25,39) = 1, wy
o (27,72) = 1, wy,

=2, wpt

2,

=2, wp

1,

1,

3

1,

g

1,

g

1,

g

1,

g

1,

e

1,

g

1,

) = (15,26) = (15,37) = )=
) = (16,29) = (16,40) = )=
) = (17,49) = (17,60) = )=
) (18,55) (19,20) )=
) = (20,18) = (20,19) = ) =
)= (20,23) = (20,24) = )=
)= (20,28) = (21,62) = ) =
) (22,72) (22,78) = )=
) (24,65) (24,71) = )=
) (25,31) (25,32) )=
) (25,36) (25,37) )=
26,62) = 1, wy(26,68) = 1, wy (26, 74) = 1,wy(27,66) = 1,
) (28,64) (28,70) )=
) (29,77) (30,40) )=
) = (30,44) (30,45) ) =
) = (30,49) (30,50) = ) =
) (32,84) (32,90) = )=
) = (33,94) (34,83) ) =
) (35,52) (35,53) ) =
) (35,57) (35,58) )=
)= (36,80) = (36,86) )=
) (37,96) (38,82) ) =
) (39,89) (39,95) )=

g

g

27,78) = 1,wy(28,64) = 1, wy(28,70) = 1,wp(28,76) = 1,
wpt(29,65) = 1, wyt
wp(30,42) = 1, wy

(
(
(
(9,
(
(
(
(
(
(
(
(
(
(
(
(
(
(
( 29,71) = 1,wp(29, 77) = 1, 1wy (30,40) = 1,y (30,41
(
wpi(30,47) = 1, wy

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

(
(
(
(
(
(
(
30,43) = 1,wp(30,44) = 1,wp(30,45) = 1, w,(30, 46
(
(
(
(
(
(
(
(

1,
30,48) = 1,1,1(30,49) = 1,1,1(30,50) = 1, (31,80
31,92) = 1,1w,(32,84) = 1,10,(32, 90) = 1, 1,4(32, 96
33,88) = 1,wye(33,94) = 1, 1,¢(34,83) = 1, 0,4(34, 89
35,51) = 1, (35, 52) = 1, 1,(35,53) = 1, (35, 54
35,56) = 1, wp(35,57) = 1, wp(35,58) = 1, wp:(35, 59
35,61) = 1, wy(36,80) = 1, wp:(36,86) = 1, wp:(36,92
1 (37,84) = 1,1,(37,90) = 1, (37, 96) = 1, ,0(38,82) = 1, ,4(38, 88
wpi(38,94) = 1,,,(39,83) = 1,y (39,89) = 1,y (39,95) = 1, wy (40, 62
Wi (40,63) = 1,y (40, 64) = 1,y (40, 65) = 1, wy (40, 66) = 1,y (40,67) = 1,

wp ) = 1, wp(42,98) = 1, 1w,(43,68) = 1, wp(43,69) = 1,1w,(43,70) = 1,
Wy 1, 71) = 1, w(43, 72) = 1, wy(43, 73) = 1, wpy(44,107) = 1w, (45,104) = 1,
wy(46,74) = 1, wy (46, 75) = 1, wy(46,76) = 1, w,(46,77) = 1, w,(46,78) = 1,

wp(33,82) = 1, wy
Wyt (34,95) = 1, wp
Wyt (35,55) = 1, wp
Wyt (35,60) = 1, wp

1,

1,

1,

1,

g

1,

1,

)
)
)
)
) =
) =
)
)
)=
wp(31,86) = 1, wy
) =
) =
) =
) =
)
)
) =
1

(
Wy (46,79) = 1,wy(47,113) = 1, wpe(48,110) = 1,y (49, 80) = 1wy (49,81) =1,
wp(49,82) = 1, wy (49, 83) = 1, wp (49, 84) = 1, wp,(49,85) = 1,w,(50,102) = 1,
(
(
(

wy(51,99) = 1,wy(52,86) = 1, wy(52,87) = 1wy (52,88) = 1,w,(52,89) = 1
pt(52,90) = 1,wy(52,91) = 1,1,,(53,108) = 1, wy (54, 105) = 1, w,(55,92) = 1,
wye(55,93) = 1, wye(55,94) = 1, wy(55,95) = 1, wy(55,96) = 1, wy(55,97) = 1,
57,111) = 1, w,(58,98) = 1, w,(58,99) = 1,1,(58,100) = 1,
58,102) = 1, wy(58,103) = 1,w,(61,104) = 1,w,(61,105) = 1,
61,107) = 1,wy(61,108) = 1,w,(61,109) = 1,w,(64,110) = 1,
64,112) = 1, (64, 113) = 1, w,(64, 114) = 1, w,(64,115) =

PO W, R 078 %

Fig.9 The non zero elements in a matrix W,

g

wye (56,114
wy (58,101
Wy (61,106

Wy (64,111

=1, wp
=1, wp
=1, wy

=1, wp

wip(13,7) = 1, wp(13,8) = 1, wep(13,9) = 1, wep(13,24) = 2,3,y (13,35) = 2,
wip(13,46) = 2, w3y (13, 57) = 2, wip(14,10) = 1, wyp(14,11) = 1,5 (14,12) = 1,
wip(14,25) = 2wy (14, 36) = 2, wiy(14, 47) = 2, wip (14, 58) = 2, w,,(15,13) = 1,
wip(15,14) = 1, w4, (15, 15) = 1, wyp(15,26) = 2, wy, (15, 37) = 2, 3, (15,48) = 2,
wip(15,59) = 2,wy(16,1) = 1,0, (16,3) = 1, wyp(16,5) = 1, wip(16,18) = 2,
wip(16,29) = 2, 1,,(16,40) = 2, wy, (16, 51) = 2, wi(17,2) = 1, (17, 4) = 1,
wip(17,6) = 1,wip (17, 27) = 2, w3 (17, 38) = 2, w4y (17, 49) = 2, wip(17, 60) = 2,
wip(18,16) = 1, w,,(18,22) = 1, wyy(18,33) = 1, wyy(18, 44) = 1, wyy (18, 55) = 1,
wip(19,17) = 1,3, (19,20) = 1, wp(19, 31) = 1, wy,(19,42) = 1,,,(19,53) = 1,
wip(21,18) = 1,wy(21,19) = 1, wyp(21, 62) = 1, wyy(21, 68) = 1,3, (21,74) = 1,
wip(22,20) = 1, wyp(22,21) = 1, wyp(22,66) = 1, wy(22,72) = 1, wy,(22,78) = 1,
wip(23,22) = 1,wy(23,23) = 1, wyp(23,64) = 1, w,y(23,70) = 1,0,,(23,76) = 1,
wip(24,24) = 1,wy(24,25) = 1, wyp(24,26) = 1, wyp(24, 27) = 1, wy(24,28) = 1,
wip(24,65) = 1,wyy (24, 71) = 1, wyy (24, 77) = 1, wyy(26, 29) =1, wi,(26,30) = 1,
wip(26,62) = 1,3, (26,68) = 1, wp(26, 74) = 1, w,y(27, 31) = 1,,,(27,32) = 1,
wip(27,66) = 1,0,(27,72) = 1,wip(27,78) = 1, wyy(28,33) = 1, wey(28, 34) = 1,
wip(28,64) = 1,3y (28,70) = 1, wyp(28, 76) = 1, w,,(29, 35) = 1,0, (29,36) = 1,
wip(29,37) = 1,10,,(29,38) = 1,w;,(29,39) = 1, wyy (29, 65) = 1, wey(29, 71) = 1,
wip(29,77) = 1, wip(31,40) = 1, wep(31,41) = 1, wip(31,80) = 1, wip(31, 86) = 1,
wip(31,92) = 1, w3y (32,42) = 1, wyp(32,43) = 1, wy,(32,84) = 1, ,,(32,90) = 1,
wip(32,96) = 1, 0,,(33,44) = 1,w;,(33,45) = 1, wy(33,82) = 1, wyy(33,88) = 1,
wip(33,94) = 1, w3y (34, 46) = 1, wyp(34,47) = 1, w,,(34, 48) = 1,0, (34,49) = 1,
wip(34,50) = 1, wy,(34,83) = 1, wy(34,89) = 1, wyp(34,95) = 1, wy,y(36,51) =1,
wip(36,52) = 1,wy,(36,80) = 1,wy,(36,86) = 1, wy,(36,92) = 1, wyy(37,53) = 1,
wip(37,54) = 1, w3y (37, 84) = 1, wyp(37,90) = 1, wy,(37, 96) = 1,03, (38,55) = 1,
wip(38,56) = 1,3, (38,82) = 1wy, (38,88) = L, wiy(38,94) = 1, w,y(39,57) = 1,
wi(39,58) = 1,3, (39, 59) = 1, wyp(39,60) = 1, w,,(39, 61) = 1, 0,,(39,83) = 1,
wiy(39,89) = 1, w3y (39,95) = 1, wip(41,62) = 1, wyp(41,63) = 1, wpp(41,101) = 1,
wip(42, 64) = 1,3 (42, 65) = 1, wiy(42, 66) = 1, wip(42, 67) = 1, 0,,(42,98) = 1,
wip(44,68) = 1, w3, (44, 69) = 1, wyp(44,107) = 1,4y(45,70) = 1, wp(45,71) = 1,
wip(45,72) = 1, w,p(45,73) = 1, wyp(45,104) = 1, wip(47, 74) = 1, wep (47, 75) = 1,
Wiy (47,113) = 1, 1w, (48, 76) = 1, (48,77) = 1,4y (48, 78) = 1, w;,,(48,79) = 1,
wip(48,110) = 1,w,,(50,80) = 1,204, (50, 81) = 1, w;p(50,102) = 1, (51,82) = 1,
wip(51,83) = 1, 0,,(51, 84) = 1, wyy(51,85) = 1, wyy(51,99) = 1, wyy (53, 86) = 1,
wiy(53,87) = 1, w3, (53, 108) = 1,0, (54, 88) = 1,4y (54, 89) = 1, wyy(54,90) = 1,
wip(54,91) = 1, w4y (54,105) = 1,0, (56, 92) = 1,4y (56,93) = 1, wyp(56,114) = 1,
Wiy (57,94) = 1,y (57,95) = 1, wyp(57,96) = 1, wyy(57,97) = 1,4 (57,111) = 1,
wip(59,98) = 1,3, (59,99) = 1, (59, 100) = 1,w4p(60, 101) = 1, 2,,(60,102) = 1,
wip(60,103) = 1, wyy (62, 104) = 1,0,(62, 105) = 1, wy, (62, 106) = 1, 0,y (63, 107) = 1,
wip(63,108) = 1,10,,(63,109) = 1, (65, 110) = 1,13 (65, 111) = 1, 23, (65,112) = 1,
wip(66,113) = 1,1,,(66, 114) = 1, w;, (66, 115) = 1
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Fig. 10 The non zero elements in a matrix W,
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Table 6 The meaning of each event in the fault tree

R R
H1E4 P 1/ E i BB #(1/

h) h)

Left_trailing 7 ) AL N/A LAA1/2_In_P LAA & A A 55 0 e 1oy 5 152 N/A

E _trailing 2 )RS A TR R le-5 LAA1/2_Omission LAA JC M R i i N/A
LAA1/2 Out_P LAA AL H3 AL 38 JC i R 4 1% 3e—4 LAA1/2_E_Omission LAA TG 4 15 54 le-6
PFC1/2_In_P KA ML IR L 45 N/A [PFC1/2_computer Omission TP ML TE I 7 i N/A
PFC1/2_Out_P I RHUL AL R SR 2¢—4 Monitorl/2_Omission W 35 3T T T I I e N/A
Command1/2_Omission Fi 4> 3 T G o7 B N/A || Monitorl/2_E_Omission W 3 I e O R A 2e=7
Command1/2_E_Omission 430 JE T I O R R 1 2e~7 IMU _Out_P IMU 1% % JG I N 585 158 le—4
IMU _Omission IMU T 1] J37 ¢ % N/A || IMU _roll_angle_Omission IMU &% M 3T 5 80 TCMW R s de-7
IMU _roll_rate_Omission IMU V&% 255 B0 TC 0 b B % 4e~7 || IMU _yaw _angle_Omission TMU i fit £ 5% 2058 TC 0 17 e i de—7
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4 & ®

1) R AADL #57 R 45 44 B R 5 4 J@ A
R AE B Al AR R F AT SR 4 BT 1Y SPN, 5 4%
G5 n] SR 3 MO R R L BE S LRI T S R R R
BT R () — B0k | If LS T X A R a R
FEE BE A9 4

2) 78 AADL 58 gy JE b E [ 3h A4 iR ] 5
PEZ M SPN, Y 2 G0 75 220 B, U 18 O
1) AADL MR RN 22 52 SPN A gt 4, bk e T
1% G2 % 4V 43 B v b A R R | T R T R R AR A
BB AT R

3) SR RIS LI RE TS,
A 3kE G g ST Th R AT SR AT B T AR DA BOIR S
PR KR ] B, B2 0 R G T SRR RROR .

& % X
[1] International S-18 CommitteeSAE. Guidelines for develop-
ment of civil aircraft and systems: ARP4754A[S]. Warren-
dale: Society of Automotive Engineers, 2010.
[2]  International S-18 CommitteeSAE. Guidelines and methods
for conducting the safety assessment process on civil airborne
system and equipment: ARP4761[S]. Warrendale: Society

of Automotive Engineers, 1996.

[3]

[10]

[11]

[12]

[13]

[14]

JOSHI A, HEIMDAHL M. Model-based safety analysis:
NASA/CR-2006-213953[R]. Washington: NASA, 2006.
MR, e, BT . TR E R R L2 ok
[J]. RETRESHTHA, 2017, 39(6): 1287-1291.
CHEN Lei, JIAO Jian, ZHAO Tingdi. Review for model-
based safety analysis of complex safety—critical system [J].
Systems Engineering and Electronics, 2017, 39(6) : 1287~
1291. (in Chinese)

PECIAK M, SKARKA W. Assessment of the potential of
electric propulsion for general aviation using model-based
system engineering (MBSE) methodology [J]. Aerospace,
2022, 9(2): 74.

AR, WA, A, % —Fh AlaRica 3. 01 5 28 1) °F-
JEATTE LT, IR, 2021, 48(5): 51-59.

QI Jian, HU Jun, GU Qingfan, et al. Class flattening meth-
od for AltaRica 3.0 model[J].
(5): 51-59. (in Chinese)
JEJTHL, W, AEN, L TR R B 24 BT
HLI] LR, 2021, 48(12): 159-169.
ZHAN Wanli, HU Jun, GU Qingfan, et al.

Computer Science, 2021, 48

Model-based
fault tree automatic generation method [J]. Computer Sci-
ence, 2021, 48(12): 159-169. (in Chinese)

SANNES P S, APVRILLE L, VINGERHOEDS R.
Checking SysML models against safety and security proper-
ties [J].
18(12): 906-918.

FEILER P H, LEWIS B A, VESTAL S. The SAE archi-

Journal of Aerospace Information Systems, 2021,

tecture analysis &. design language (AADL) a standard for
engineering performance critical systems[ C ]/ IEEE Interna-
tional Symposium on Computer Aided Control System De-
sign. NY: IEEE, 2006: 302-307.

SAE. Architecture analysis and design language (AADL) :
AS5506 [S].
neers, 2017.
DELANGE J, FEILER P. Architecture fault modeling with

CJl// 2014 40th Euromicro

Warrendale: Society of Automotive Engi-

the AADL error-model annex [
Conference Series on Software Engineering and Advanced
Application (SEAA 2014). NY: IEEE, 2014: 361-368.
LU Zhong, ZHUANG Lu, DONG Li, et al. Model-based
safety analysis for the fly-by-wire system by using Monte
Carlo simulation[ J]. Processes, 2020, 8(1): 90-101.
AW, BOL, PR, F . T CNN-LSTM i) &%
A G A AR O (7). TE AL TR S 0, 2022, 58
(16): 274-283.

LI Mengdie, ZHAO Guang, LUO Lingkun, et al. Remain-
ing useful life prediction of flight control system based on im-
proved CNN-LSTM[J].
cations, 2022, 58(16): 274-283. (in Chinese)

SONG Jia, ZENG Jia, LU Wentao, et al. A mission reli-

Computer Engineering and Appli-

ability analysis method of flight control system based on Al-

taRica language [C] / International Conference on Guid-



14

XX &

[16]

[19]

ance, Navigation and Control. Berlin, Heidelberg: Spring-
er, 2022: 3405-3414.

Xig , HEAF, AR, 4. T NuSMV I AADL &P
AAEUEEARLT]. Az 240, 2022, 43(3): 451-466.

LIU Chang, JIANG Yongping, MA Chunyan, et al. For-
mal verification technology for AADL models based on
NuSMV [T].
2022, 43(3): 451-466. (in Chinese)

W, XA, Ea D, F L S iE S
AADLBFZELT]. SR AL TSI, 2009, 45(16): 1-4.
WANG Hanbo, ZHOU Xingshe, DONG Yunwei, et al.

Acta Aeronautica et Astronautica Sinica,

Research on architecture analysis and design language [J].
Computer Engineering and Applications, 2009, 45(16) : 1-
4. (in Chinese)

YUAN Cangzhou, WU Kangzhao, CHEN Guotao, et al.
An automatic transformation method from AADL reliability
model to CTMC[C]// 2021 IEEE International Conference
on Information Communication and Software Engineering
(ICICSE). NY: IEEE, 2021: 322-326.

A LT, FUETE, S JETE A S AR RS
AADL 57 0] 8 B PR 96 E (], AR FE K22 4 (B SR Bl 2
Ji2), 2015, 45(6): 1032-1037.

LIJing, SHEN Ningmin, BAT Haiyang, et al. Schedulabili-
ty verification of embedded system AADL model based on
timed automata[J]. Journal of Southeast University (Natu-
ral Science Edition) , 2015, 45(6) : 1032-1037. (in Chi-
nese)

JIANG Zeyong, ZHAO Tingdi, WANG Shihai, et al. New

[20]

[21]

model-based analysis method with multiple constraints for in-
tegrated modular avionics dynamic reconfiguration Process
[J]. Processes, 2020, 5: 10-18.

o, BT, L, S AADL AL AL E SR BT T AL
TR R4, 2011, 22(6): 1252-1266.

DONG Yunwei, WANG Guangren, ZHANG Fan, et al.
Reliability analysis and assessment tool for AADL model
[J]. Journal of Software, 2011, 22(6): 1252-1266. (in Chi-
nese)

AEse , b, 3K T30, 2T REAL Petrd 9 Y HL 28 5 42 2 A5 W1
SEPEARELT]. AL Tl K22, 2020, 38(4) : 846-854.

ZHUANG Lu, LU Zhong, ZHANG Ziwen. Dynamic reli-
ability model for airborne systems based on stochastic Petri
net[J]. Journal of Northwestern Polytechnical University,

2020, 38(4): 846-854. (in Chinese)

fE& @&

B (1998—), 55 BB . % BFIT ) 3R S T

P o

B (1980—) 5 W R . BRI I S AU S 1

Bk, G VAL

BAREE(1999—) B LA . EEIFR D R0l

PEG T -

ZYEI((2000—), I, W LT . AT Dr 1) R Gl 5

P Hr

(445 : 53 FF)



