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Abstract; TRS is a safety-critical aero-engine system. In response to the inadequacies of conventional
safety analysis techniques in addressing the complexities associated with multilevel coupling and cross-
linking of multiple systems concerning system interaction and closed-loop design specifications, this study
proposes a method that integrates STPA and MBSA. By establishing a whole-process analysis framework
from system requirement capture to verification, an overall system model was constructed through the use of
SysML to reveal the architectural principles. The STPA method was employed to define 4 types of system-

level losses (accidents) and 8 types of system-level hazards, construct a TRS feedback control structure
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model, identify 11 unsafe control actions (UCAs), derive causal scenarios, and assign respective safety
levels. Using the model checking tool new symbolic model verifier (NuSMV ) , fault and nominal models
were constructed to verify critical system safety properties. The results demonstrate that the proposed model

possesses logical integrity and correciness, and indicate that the probability of " Thrust Reverser Non-

H36%:
20264F

Command Open in Air,"

as determined from minimal cut set, is 1.95x107" per flight hour, thereby

meeting the safety requirement of a failure probability of less than 107 per flight hour.

Keywords: aero-engine; systems-theoretic process analysis ( STPA) ;
(MBSA); thrust reverser system ( TRS) ;
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exit: groundStatus = true;
engineRunning = true;

B

tlaPosition =-5.0;
entry: systemStatus = 0;
lockStatus = 1;
outputState = 1;

BRI

3
=
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exit: outputState = 1;
entry outputState = 0;

JEFF i |

do: position = position + 1;

gkt
BiE B

if (position > 2) position = 2;
monitorPosition();

L
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|
ﬁdo position = position -1;
if (position < 0) position = 0;
monitorPosition();
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}
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Fig. 6 SysML STM of TRS
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Table 3 System-level danger of thrust reverser system

75 J[5% RIERIR ()
AL CATI R  E R

A bR AL, A-2, A4
H-2 | CHIWUASEEEZI | A-1, A-2, A-4
H-3 | R T0E AL/ MiiE A-1, A-2
H-4 | “HLSHmGEEg S | A-1, A-2, A-3
H-5 TRS 454805 A-1, A-2, A-4
H-6 N2 5 i fR A-2, A-4
H-7 WERG R 78 A-2, A-4
H-8 | REGEHIGES ERKER A-4

2.3 TRS =H £ HEE

ST A5 R 2 R S s ] ] 4 Y R G
R TR A R A A R s e B A S A
HAESh RS E , IF BT T4 AL ok, i
FEABTTRUE aob W 4w o R R 5 P 1 R AT R AR
o Aizs Ll TRS #EHIZEAg Al 7 s, izds il
G TRT AL T 53T G (T, Sk T A & sh Al TRS
WAV 2 R G U AR e I R4 IBD o Y
34 422 LS Sy 4 i) 5 4 v i 48 2 R 5% 2., BDD
H ) SR LSS A A ) 35 4 v 0 o e AR A e
2.4 UCAs 25l

UCAs & —FP 42 1 1 31, 76 158 P55 RN S A1
TSR LA R 4 Fhool e 171
UCAs I 0L, IR 5 TRS 1) UCAs(F 4)

AR TRS WY DI REFN{H I3 5, BE X Fe e s
JEFRAFTIF” X — UCAs #% SD, anf&l 8 firn, 9k



hoE T e B ¥ % iR H364E:
- 108 - China  Safety Science Journal 20264F
SRR
- R
v R RGBS
BB T S thIEh LR A
IZN R AR i
FEFFR A e
M ooe T T =R i~ T T Hoptadx 61
|| R RS ! |
1 BRI RS : |
I
1 WA T KRR SRR | :
X KRS ¢ EAEE KAES ¢ | . Hoftads
I: I 8 | (T EfE. Bl
¥ RHEHCU :z et RAVE, 29
X PG 5%
M -t ___ | =
T ) - :
| Ik JE A |
: G/ !
|| BRI R RGHURIESIALE [P Wl
| | R
- }
SRR
W [—
E7 M=EIHHTRS EHI%EH
Fig.7 Aero-engine TRS control architecture
F 4 RIHENE UCAs
Table 4 UCAs of thrust reverser
Tk e LT DUE 5 pyit] ik K RFRSEK
e X MEE R YLAEA | H-1,H-3
4] L N iR - ’ ’
PLA BEEIMITFFAE | RAETE | UCA-1 Sl THF LT 12 Je o Hed
SRR | RERREETT | RIERE UCA-2 REEUEE ST £ Bl 1 B B oK ik H-2, H-3,
SG(HET) P Sk ke R HF B SERE A AP iR H-4, H-8
SAEw R | SRR RE | TRS JUARAE UCA-3 =S NE AR 7 H-2, H-7,
il 244 Jifg%s L 4 05 BT R H-8
RIEEHIR | KR EIET | RIERE UCA-4 TR R B iR K ik H-2, H-3,
Gi(HF) VAP ik ke s ol 44 JrIE TR 4 H-5, H-8
SRR R BEHRIEE TRS AL UCA=S PR HITT TEAR SE R FFHAT H-1, H-2,
Gi(HF) R BlE 1EshadL Ja SEMfEK Kk R 484 H-3, H-5
SR & Wk N B S ~ N, e U PR A AR H-2, H-6,
gy | PN R | UCASS B R A8 H-8
SOEESIR | PRI TS | TRS PUARLE UCA—7 TR AR S H-2, H-5,
GL(T) VESh (v EIEERE T RE e 4oty | EPRBITEIEALE L -8
JHE HCU REWMWREEL K | TRS HUHAE UCA—8 FElAT A E A WUR e & H-2, H-3,
‘ SRR BRI | Sk Rip=Sueaeuy /W mUAS R 2 H-5, H-8
AR IR | 2l ann e e | SOUTRER G0 AR H-1, H-3,
SL(HT) £ A7 5 T i il 2 44 i R S H-4, H-8
51 S 4 B LA R sl i
4 — — — _
HLH 8 P ] 25 UCA-10 P SRR H-2, H-6, H-7
729 5729 < E‘ '—jé:‘ ‘Tj‘ 2~ T _ —
plal il 12 R || R Gl H-1, H-3,
W [R] RE HUREA B H-4




4 4]

Y NS JET STPA-MBSA HILZS & SHL M R G0 2 P40 #r - 109 -

AR S 5 UCAs A ST B2 oC, 6
FERALAR G, ©AT 01 (EEC 45 TH i A 7E UCAs &
ATEOLT B RGN EE , 7ERRIA UCAs Jo, R 4tid I

BTRAT ORI [ B, S i ol i 45 A S R B RAT i R
W, B A8 U Tl 52 U 19 52 ARG F AT UCAs 94

fEpUR

[ || | AT B[ 5B R Tk RG] | RIWLE
I !

PRURAR T [ |2 7 B || VB VR 3 R G || Sy ]
RETHEAL ﬂ%uﬁﬁiﬁﬁ#L_T_JL_T_J

I I ! T mEiRCS

| | I | ] ) I

| | I I | |<— __ULRE | I

I | | | EREET10f I

| | I I $%ﬁ/ﬂbﬁl§l%%lkwﬁ |“ - %Hﬁfﬁl]?%ﬂﬁ“é |

| | | I I
REHIERANEE S REES “ RIEMASH | BRAER: Mﬂ; | |

| | I e e e En ettty t T———=——-

| | :‘ - ‘r | | #FA}WM; I :

| [ T I it Sty thiieitey Sl Il

| | I I | |

| | I I | |

| | I I L | |

b : PELTS ! |

| | | I L% ﬁSOV«{k? |

| | I I - |

sov PRzl S

|| Danalen e |

e o :

| | I R RGO | | |

: : AR EASOVEFARE !

: : : ! ! SIS 5 b

| | ik

|

|

W

TS ERM

CHURA b

CYOLEE] e irz B
I

F

H‘,mﬂ%%l .

. ————— ) ———— e - - —————— -

B8 “miE=riEts

L F"SD

Fig.8 SD of “thrust reverser non-command open in air”
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Table 5 Corresponding relationship between UCA and functional requirements
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Table 6 SR validation statements and results
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Table 7 Verifying counterexample paths for SR-1

“thrust reverser non-command open in air”
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State 1. 1(F47) .

TRS. state =stowedLocked

TRS. deploymentStatus = stowed
TRS. outputState = 0

TRS. position = 0

TRS. isUnlocked = false

TRS. faultType = 0

inFlight = true

minAirspeed = low

State 1.2 — State 1. 5 JRAF
State 1. 6:

TRS. state = deploying
FlightCirl. engineRunning = false
EIU. directionValveCmd = false
EIU. eiuFault = false
Mechanical. lockStatus = true
Mechanical. faultDetected = false
Hydraulic. pressure = false
HCU. actuatorControl = extending
HCU. heuFault = false

LGCIU. groundStatus = false
Mechanical. lockStatus = false

Hydraulic. pressure = false
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Table 8 “Thrust reverser non-command open in air” minimum cutsets and probabilities
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