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Abstract: In order to ensure the fast execution of the air—start strategy or the emergency operations taken
by the pilot, a real-time monitoring logic with high fault tolerance is designed for aero—engine in—flight shut-
down. The logic combines fault characteristics of fan speed, compressor speed, temperature after turbine and cor-
rected fuel flow rate, along with some fault—tolerant strategies, such as threshold setting, parameters range limit-
ing and negative penalty processing, and it can adapt to engine individual differences, performance degradation,
nonstandard atmosphere environment, normal noise of sensors and faults of single sensor. Both mission profiles
test and random acceleration and deceleration test in the full envelope are used to verify the robustness and fault
tolerance of the logic. Results of false—alarm test and fault detection performance verification show that there is no
false alarm in the monitoring process when the engine works normally or one sensor fails. In the meanwhile, the
monitoring logic proposed in this paper has better fault detection performance compared with the logic of the AJI-

31® engine in—flight shutdown, and the detection performance of the monitoring process does not degrade when
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one sensor fails.
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(a) Simulation of aero-engine envelope
Fig. 4 Random simulation test of full envelope
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Table 1 Characterization parameters of engine individual

differences
Coefficients Engine-S Engine-A Engine-B
tyy 1.0 0.9993 0.9957
oy 1.0 0.9981 0.9982
ay, 1.0 0.9966 1.0003
o 1.0 0.9968 1.0015
oy 1.0 0.9992 0.9991
Ly 1.0 0.9959 1.0032
e 1.0 1.0010 1.0022
o 1.0 0.9997 1.0047
Lo 1.0 1.0020 1.0003
wp 1.0 1.0020 0.9983
o 1.0 1.0014 0.9961
y 1.0 0.9953 1.0011

Table 2 Characterization parameters of engine

performance degradation

Parameter Type-1 Type-2 Type-3
7y 1.0 0.9949 0.9906
e 1.0 0.9947 0.9905
Mr 1.0 0.9945 0.9900
Mx 1.0 0.9946 0.9903
wy 1.0 0.9942 0.9902
we 1.0 0.9945 0.9908
Wy 1.0 0.9950 0.9903
wyy 1.0 0.9945 0.9905
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Table 3 Results of false alarm test

Performanc
Test mode Engine AT eriormance Ry
degradation

Type-1 0.0

Rand
Engine-S ?TO(;HI Type-2 0.0
Type-3 0.0
Mission profile 1 Type-1 0.0

. . . Random

Mission profile 2 Engine-A (10) Type-2 0.0
Mission profile 3 Type-3 0.0
Type-1 0.0

Rand
Engine-B ?rllo(;m Type-2 0.0
Type-3 0.0
Type-1 0.0

Rand
Engine-S ¢(1r110<;m Type-2 0.0
Type-3 0.0
Type-1 0.0

. . . Random

Simulation test Engine-A (10) Type-2 0.0
Type-3 0.0
Type-1 0.0

Rand
Engine-B E”l‘ 0‘;m Type-2 0.0
Type-3 0.0
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& AR I 3 A6 15 B SE F L 1,<0.6s B9 5 B 0.09% 1 E
99.9% , An,<10% % 7 tL HH 0.9% 3 % 99.8% .
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Table 4 Results for different logics (engine-S, type-1, AT=0)

Mission profile Logic Lfs an 1,<0.65  An,<10%
Max Min Mean Max Min Mean

Existing logic 3.3600 0.6200 2.1897 0.3325 0.0510 0.2702 0.0 0.9%

: Compound logic 1.1400 0.0800 0.1846 0.1244 0.0209 0.0609 99.9% 99.8%

5 Existing logic 3.4000 0.6600 2.0000 0.3305 0.0520 0.2620 0.0 1.0%
Compound logic 0.9400 0.0800 0.1813 0.1007 0.0185 0.0622 99.5% 99.8%

Existing logic 4.5800 0.4400 2.1802 0.3306 0.0338 0.2422 1.4% 3.4%

’ Compound logic 1.5800 0.1000 0.1970 0.1259 0.0136 0.0533 99.4% 99.8%
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Fig. 9 Speed comparison based on mission profile 1

® Location 1: £=1.14s, An,=12.44%

12 = Location 2: £,=0.22s, An,=10.01%
= 1.0 5 F LI "
8 I': \Wll..,\lh ﬁf' v Jl.' ""J“' Byt P
2 ML e
= 0.8 lé; P "
2 095 ——— 1.00 “
o 0.6 ! - - .
£ | o8 099| !
£ 04 . 085 - d '
© 1 0.80 J :
1 0.98 \ 1
02 075 ' .- L
1070 =l 0.97 :
0.0 k== 3330 3335 ™ 47104712 ,
"0 2x10° 4x10° 6x10° 8x10°
Time/s
Fig. 10 Compressor speed and some fault locations of

mission profile 1

PEARZS B9 AN TR] , A EE T B 8 1, i B 37 8 2 Ak ) o
AP T B R BOR, IE I R B HLAE T s R RIS
B B P e T o 2 5 B R U T e R
BN S I DR o R i o L P AP i o 4
PLE T, /IR B B T R e S SSCH AR ) s )
T

gi L ik A 2 5 AR DI R BE AL 2 s
PR R T RSB A M A2 R 2K

AL AL B TARRZS A R i
oS o G R R A S, — 5 T, 2 Sl B PR
VAT 1005 20 H A e o I, ok T B0 P e i 5 H

1.0 - = =Real speed
e [dle speed
=5 s === Aim speed
g 09 M = Fault location
£ 08 e,
E ~
3 S
@] e
0.7 fom R

0.0 0.5 1.0 1.5 2.0 2.5
Time/s

(a) Speed comparison of fault location 1

o P 1) i 25 18 K, B i 2 E A e B 5T A W U
R i 20 T ORI IS ) ) E R A T B A
(R 38 R, 0 X T K B2 WSO T R 0 A N v e
R 0 T Ry WY Wk 5 53— 5 T, B D B T B 1 A [
BRI AT L1 BRI AT B A L T
R it A K, B RRUAG U A o D) M AR e s i AE 7
), 5 R 00 B ] A T R R BRI AR s R
v LD i T R e 0N DU 00 B[R] A i i T
R L3 /DN S5 00 A I 44 B s 52 T
4.1.2.2  #5 BIERFL0 T /A g 56 iE

B MR IR T R SR 22 7 vk RE R AR
PR R 2, 3 W F = F i B35

Yrge— X TR 2RI R BE RN KA
PR RE BB | 78 b i KA UCEE X 3 e & AL & Sh L A
FUAR BB BEAT R0 BE 40 .

st X TrERe R &R, DU ME R Sl ok kit
GRS E RAR KB X AR 2 BRSO/ 1B RS AR
IR CRAS HE AT A6 I P R 54

Yo = X T ARARHE R LR, LRk & sh Lk XF
G BE KB KA PERE = IR, RIRAE 4 R A&
TR B0 #EAT RS DU R 5T

TS ERTHMG W T AT E I 50 k46 bx

1.0 [rovmmrmemraememrmens -
- - -Real speed —-T\--

o | Idle speed y
$ 09 — Ain speed \
o = Fault location
E
9]
8 038
£
o
@]

0.7

0.0 0.5 1.0 15 2.0 2.5
Time/s

(b) Speed comparison of fault location 2

Fig. 11 Speed comparison of different fault locations



B4k B ST I AR 23 R BhHIL s v 45 2 S I A T 22 RO T 1745
o e FuitTogation | 0.5% ,,<0.6s Fll An,<10% (1 5 L L35 5 F 99% .
3 aililoaion 2 (3)H E T o R, 786 2 A o o K ) 0
g™ Bl 7, A T b 0 0 R R 2 . T
B oo A5 VIR A b e K, B L FE 67160 465 TE k54 0, 45 46 0
én 0.004 6 bR 09 1 34 (B HG A RS D B R] RN K B R B AR A
< 0.002 o7 LG 22 o S YR DN R R] A% AR K S i i N
i 0.025s, 7 ¥ e R R 09 B R n & A B i
000 02 04 06 08 10 12 2.0%,1,<0.6s 1 (5 LE AR T 99% , An,<10% 1Y i LA
Fig. 12 Changes of single spe:imjfop before fault detection BT 90%.

GErhas AL, T O 45 3 S AR I RE 25 S 2R AT 40 AT

(U T 360 & BB, & shbl A A B A B (ARG T
PERETC W 1 25 5 o S S8 A0 B 1] 22 S AN B 5 +0.01 s,
S M R R B 25 % OB 0T +£0.5% , 1,<0.6s A1 An,<
10% 19 (5 L34 F 99%

(2) B & T Al o I8 2 B 0, R D 48 b 4t 1 45 2R
BN o AT AZRRE SR ERRET
P14 G W00 P B A o ST ARG DN B ] ) e A o /D
AN 0.01s, - 24 e T B o 1 e K /b e AN

B — et RS A 25 S PR BE AR AR AR v R
WR, LBt Z a2 B RNvEeE. LI
— AR 55w ), R 8 45 th T R Sl B A AR I E
B RS5O R TP BB 5 B A AR AR v K N R X
G I BE B 52 0 AL

i LTk AN R PR SR ST 2 S
32 BTS2 LAY RS I M BE A < 1,<0.68 B An,<12% Y5 HE
BJAAR T 99% 5 fie KA B [0] AN 5 1.6 5 H5c R Je 1
TR 16%. %252 B4 EEE,
A& N TR AL R 25 S RE T AR A AR AR K A
o HARERIN A F K s LA R A9 A I 1 fiE 22 5

Table 5 Results for different engines (type-1, AT=0)

Mission profile Engine Ls An, 1,<0.6s An,<10%
Max Min Mean Max Min Mean

Engine-S 1.1400 0.0800 0.1846 0.1244 0.0209 0.0609 99.9% 99.8%

1 Engine-A 0.4800 0.0800 0.1795 0.1328 0.0223 0.0607 100.0% 99.7%
Engine-B 0.7200 0.1200 0.1848 0.1251 0.0190 0.0608 100.0% 99.5%

Engine-S 0.9400 0.0800 0.1813 0.1007 0.0185 0.0622 99.5% 99.8%

2 Engine-A 0.9400 0.0800 0.1820 0.1202 0.0242 0.0613 99.0% 99.9%
Engine-B 1.1400 0.0800 0.1855 0.1028 0.0211 0.0613 99.0% 99.7%

Engine-S 1.5800 0.1000 0.1970 0.1259 0.0136 0.0533 99.4% 99.8%

3 Engine-A 1.3000 0.0800 0.1930 0.1059 0.0139 0.0531 99.6% 99.8%
Engine-B 1.5000 0.0800 0.1938 0.0994 0.0148 0.0525 99.6% 100.0%

Table 6 Results for different performance degradations (engine-S, A7=0)
feal Ny anc ty/s An
l\iizbf:f: [:f:i:;?jtr:; Max h/;in Mean Max Mi:] Mean HeO6s  AngslO%

Type-1 1.1400 0.0800 0.1846 0.1244 0.0209 0.0609 99.9% 99.8%

1 Type-2 0.4800 0.0600 0.1775 0.1052 0.0211 0.0600 100.0% 99.9%
Type-3 0.5600 0.0600 0.1752 0.0986 0.0198 0.0587 100.0% 100.0%

Type-1 0.9400 0.0800 0.1813 0.1007 0.0185 0.0622 99.5% 99.8%

2 Type-2 0.9000 0.0600 0.1766 0.1008 0.0160 0.0610 99.6% 99.9%
Type-3 0.8200 0.0600 0.1751 0.0894 0.0155 0.0602 99.6% 100.0%

Type-1 1.5800 0.1000 0.1970 0.1259 0.0136 0.0533 99.4% 99.8%

3 Type-2 1.5000 0.0600 0.1909 0.1287 0.0156 0.0523 99.7% 99.8%
Type-3 1.3600 0.0800 0.1926 0.1261 0.0198 0.0513 99.7% 99.6%
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Table 7 Results for different temperature corrections (engine-S, type-1)

Mission profile  AT/K Le e 1,<0.65 An,<10%(12%)
Max Min Mean Max Min Mean
+25 1.1600  0.0800 0.1805 01313  0.0175 0.0540 99.9% 99.9% (99.9%)
0 1.1400  0.0800 0.1846 0.1244  0.0209 0.0609 99.9% 99.8% (99.9%)
: -30 04600  0.0800 0.1959 0.1589  0.0260 0.0728 100.0% 97.3% (99.6%)
-55 0.4800  0.1400 0.2016 0.1509  0.0263 0.0773 100.0% 93.29% (99.3%)
+25 1.1600  0.0800 0.1807 0.0954  0.0214 0.0549 99.2% 100.0%(100.0%)
0 0.9400  0.0800 0.1813 0.1007  0.0185 0.0622 99.5% 99.8% (100.0%)
? -30  0.9600  0.0800 0.1968 0.1193  0.0174 0.0748 99.6% 98.0% (100.0%)
-55 1.1600  0.0800 0.2060 01172  0.0238 0.0815 99.6% 90.6% (100.0%)
+25 07200 0.0800 0.1919 0.0933  0.0137 0.0476 99.8% 100.0%(100.0%)
0 1.5800  0.1000 0.1970 01259  0.0136 0.0533 99.4% 99.8% (99.9%)
: -30 1.0400  0.1000 0.2042 0.1027  0.0223 0.0637 99.4% 99.2% (100.0%)
-55 1.3800  0.0800 0.2159 0.1443  0.0214 0.0689 99.4% 98.7% (99.8%)
Table 8 Results for engine-B (mission profile 1)
Performance AT/K bfs i 1,<0.6s An,<10%(12%)
degradation Max Min Mean Max Min Mean
+25 0.4600 0.0800 0.1708 0.0891 0.0225 0.0509 100.0% 100.0%(100.0%)
0 0.7400 0.0800 0.1802 0.1160 0.0155 0.0595 99.9% 99.9% (100.0%)
fype:2 =30 1.0600 0.0800 0.1837 0.1159 0.0234 0.0672 99.9% 99.6% (100.0%)
-55 0.7200 0.0800 0.1958 0.1315 0.0249 0.0736 99.9% 95.7% (99.9%)
+25 0.4600 0.0800 0.1669 0.1130 0.0189 0.0501 100.0% 99.8% (100.0%)
0 0.6600 0.0600 0.1753 0.1599 0.0214 0.0593 99.9% 99.8% (99.9%)
fype? -30 0.7000 0.1000 0.1797 0.1419 0.0232 0.0668 99.9% 98.3% (99.9%)
-55 0.4600 0.0800 0.1828 0.1316 0.0256 0.0712 100.0% 96.7% (99.8%)
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Fig. 13 Comparison of different drifts
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Table 9 Results for different sensor drifts (mission profile 1, engine-A, type-1, AT=0)

Parameters Drift fals an 1,<0.6s  An,<10%
Max Min Mean Max Min Mean

- Normal 0.4800 0.0800 0.1795 0.1328 0.0223 0.0607 100.0% 99.7%

, 50% 0.4800 0.0600 0.1795 0.1070 0.0191 0.0610 100.0% 99.7%

¢ 100% 0.6400 0.0800 0.1810 0.1174 0.0237 0.0610 99.9% 99.8%

, 50% 0.4600 0.0800 0.1795 0.1298 0.0198 0.0611 100.0% 99.6%

© 100% 0.4600 0.0800 0.1780 0.1180 0.0172 0.0607 100.0% 99.7%
50% 0.4600 0.0800 0.1773 0.1454 0.0172 0.0612 100.0% 99.8%

Pe 100% 0.7600 0.0600 0.1793 0.1454 0.0234 0.0604 99.9% 99.8%
50% 0.6200 0.0800 0.1800 0.1514 0.0228 0.0610 99.9% 99.9%

Vi 100% 0.5000 0.0800 0.1802 0.1767 0.0172 0.0605 100.0% 99.6%
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