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Abstract; Aircraft engine component and sensor fault detection and isolation approach was proposed,

which included fault type detection module and component-sensor simultaneous fault isolation module. The ap-

proach can not only distinguish among sensor fault, component fault and component-sensor simultaneous fault,

but also isolate and locate sensor fault and the type of engine component fault when the engine component fault

and the sensor faults occur simultaneously. The double-threshold mechanism has been proposed, in which the

fault diagnostic threshold changed with the sensor type and the engine condition, and it greatly improved the

accuracy and robustness of sensor fault diagnosis system. Simulation results show that the approach proposed

can diagnose and isolate the sensor and engine component fault with improved accuracy. It effectively improves

the fault diagnosis ability of aircraft engine.

Key words:

isolation; double-threshold mechanism

CLC number: V2337

The requirement of high performance and
the increased complexity of aircraft engine result
in the fault rate increased, with the continuous
development of aircraft engine technology. The
development of fault diagnosis technology is the
key way to improve the reliability and safety and
to reduce maintenance costs of aircraft en-
gines'™! . For the engine working environment is
very severe, engine sensors and components are
likely to fail or even fail simultaneously during
operation. The different types of faults interact
their diagnosis results, resulting in misdiagnosis
or missed diagnosis by fault diagnosis system.
Therefore, it is necessary to research fault diag-
nosis and isolation of aircraft engine component
and sensor. The diagnostic threshold directly af-
fects the performance of diagnostic system. Set-

ting the threshold at a low value increases the
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chance of detecting faults, however, also increa-
ses the chance of generating false alarms. Con-
versely, setting the threshold at a high value de-
creases the chance of generating false alarms but
also decreases the chance of detecting faults. Re-
search on diagnosis threshold has critical engi-
neering meaning.

Currently, Kalman filter approach is widely
used in aircraft engine component and sensor

fault diagnosist'™,

An approach to aircraft en-
gine sensor fault diagnostics was addressed by
Merrill et al. ' through utilization of a bank of
Kalman filters. This work was later extended by
Kobayashi et al. ™! to account for not only sensor
faults but also engine component faults; LU et
al.

sing fusion approach based on Kalman filter ap-

improved the fault diagnosis accuracy u-

proach and other diagnostic approaches. The ap-
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proaches used above in fault diagnosis and dis-
tinction of aircraft engine component and sensor
had achieved good effects, but they cannot solve
simultaneous engine component and sensor
faults diagnosis or the fault positioning. Previ-
ous literatures choose fault diagnostic threshold
choice were using single-threshold method, and
not select threshold according to the engine condi
tion or the sensor actual situation. Few reports a-
bout the threshold choice analysis can been found.

In this paper, the fault diagnosis and isola-
tion approach on aircraft engine component and
sensor using the Kalman filter has realized the
engine component and sensor fault distinguish
and also realized the simultaneous fault isolation
and positioning of engine component fault and
sensor fault. The double-threshold mechanism is
designed on the bases of analyzing the sensor
output weight sum of squared residuals and the
statistic characteristics of each sensor at differ-
ent conditions. It is also to select the thresholds
of the fault diagnosis system according to engine

conditions and sensor types.

1 Fault diagnosis and isolation
principles of engine component
and sensor

The aircraft engine component and sensor
fault diagnosis and isolation approach consists of
fault type detection module and component-sen-
sor simultaneous fault isolation module.

Fault type detection module is to judge the
the

current fault type;: sensor fault or engine

Fault type detection module

component fault or component-sensor simultane-
ous fault. If it is sensor fault or component
fault, then sensor fault location or component
fault type and degree can be diagnosed. If it is
component-sensor simultaneous fault, only the
alarm could be given. In this case, it can not
give the exact fault isolation or diagnostic con-
clusion.

Component-sensor simultaneous fault isola-
tion module is to judge the sensor fault location
and the type of engine component fault when it
is component-sensor simultaneous fault.

Aircraft engine component and sensor fault

diagnosis and isolation approach is shown
in Fig. 1.
1.1 Fault type detection module

The fault type detection module consists of
n -+ 1 Kalman filters for system. n is the number
of sensors, the first n Kalman filters for the n
sensors and the (n + 1) th Kalman filter for the
engine components. Kalman filter output fault
indication signal is denoted as W, ; (weight sum
O R 1 .o

of squared residuals, i= -, n) for the ith

Sensor:
W&sr.z — (Ae,‘)T(diag[o‘g]Z)ﬂ (Ae;)
In Eq. (1). Ae, = Ay, —

of the output vector which remove the ith value,

@D
Ay, Ay; is a sub-set

AY; is the corresponding sub-set of the filtering
output vector, g; is the corresponding standard
deviation of sensor noise. The sensor fault is i
dentified by comparing the signal of W, ; with

the corresponding threshold.

| I —>| No fault |
. Ym | Bank ol Kalman filters W »|  Mechani
I i for sensors o echantsm | —>| Sensor fault |
| of fault
w bpe ]
\. = )
| Y Kalman filter ssp ; —>| Component fault |
t g g » detection I
for component
| | Component—sensor
simult dll(—‘()lh fauli
I________v________l
Sensor | y y % Mechanism I
measurement | +——=#| Fault sensor remove module |—=—| Kalman filter for component ="y of fault Diagnostic
men | ault sensor remove module I
vector | isolation | resulls
Component—sensor simultaneous fault isolation module
-
Fig. 1 Fault diagnosis and isolation approach for the component and sensor of aircraft engine
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Similar to the sensor Kalman filter, the out-
put fault indication signal W of engine compo-
nent Kalman filter is as below:

W = (Ae) " (diag[s *) 7' (Ae) (2)

In order to distinguish engine component
fault form sensor fault, the fault indicator signal
W .. should: 1) remain small in the case of com-
ponent faults and 2) increase in the case of a sen-
sor fault. But in the actual process, it is true in
the first situation, but not in the second one. In
the case of sensor failure, the W, remains small
for some case. For this case, it was found that,
the W, remains small because Kalman fliter ad-
justs the engine health parameters. Therefore,
the value of Wy can not distinguish the sensor
fault from the engine component fault. In order
to settle this shortcoming,another fault indicator
signal is added. This signal, a weighted sum of
squared tuners (W), is defined as follows:

W = w(Ap)T(Ap) (3)
In Eq. (3), w is the weight. Ap is degeneration
of the engine component health parameter vec
tor.

According to the definition, the fault indica-
tion signal W, increases for both sensor fault
and engine component fault. However, W, in-
crease little for component fault but a lot for
sensor fault. Therefore, the fault type detection
mechanism is proposed as follows:

1) If all the W, .; values are below the fault
detection threshold and W, is below the first
layer threshold, it suggests no fault occur;

2) If all the W, .; values are over the fault i-

solation threshold and W, is between the first

ssp
and second layer thresholds, it suggests a engine
component is in faulty;

3) If only one W .; value is below the fault
detecting threshold, the other (n — 1) W, ; val-
ues are over the fault isolation threshold and
W 1s over the second layer threshold, it sug-
gests a sensor is in faulty;

4) If all the W, .; values are over the fault i~
solation threshold, and W, is over the second
layer threshold, it suggest there is a serious en-

gine component fault or component-sensor sim-

ultaneous fault occur. If it is a serious engine
component fault, then the fault can be isolated
by the results of health parameters estimation.
If it is a component-sensor simultaneous faults,
this mechanism can only give an alarm.
threshold and

threshold of the sensor fault indicator signal

The detection isolation
W...; will be given in detail in section 3. The
threshold of component fault indicator signal
W, is determined by the weight w and the fault
definition of a component fault Ap;. If Ap; = p,
is considered to be a component fault, the first
layer threshold of W, is defined as A, = w X pi.
If Ap, = p, is considered to be a serious compo-
nent fault, the second layer threshold of W, is
defined as 1, = w X pj.

1.2 Component-sensor simultaneous fault

isolation module

According to the fault type detection mod-
ule, when engine component fault and sensor
fault occur simultaneously, only alarm can be
given, and the fault location can not be isolated.
The engine component-sensor fault simultane-
ously isolation module is designed to add a fault
sensor remove module before the Kalman filter
for engine components in Fig. 1. In the fault
sensor remove module, the ith sensor value is
removed and W, , is calculated using the rest
n — 1 sensors information. If the fault-free sen-
sor value is removed, the rest n— 1 sensors infor-
mation still contains the fault sensor information
Therefore,

the W, value did not generate significant chan-

and fault component information.

ges comparing to W, value of n sensors. If the
fault sensor value is removed, the rest n—1 sen-
sors information only contains the engine compo-
nent fault information. Therefore, the W, ,; val-
ue will be the smallest comparing to the other
W value (j=1,,n;j74), and lower than
the second layers threshold. Based on this phe-
nomenon, the fault isolation mechanism of com-
ponent-sensor simultaneous fault is:

1) If the W, value is the smallest compa-

ring to the other W, ; value (j=1,,n;;7%41),



6 QIU Xiao-jie,et al;Fault diagnosis and isolation of the component and sensor for aircraft engine 1435

and lower than the second layers threshold, it
suggests the ith Sensor is in faulty;

2) The fault sensor value is removed and
the component health parameters are estimated
using the rest n—1 sets sensor information, then

the engine component fault can be located.

2 To determine the threshold of
sensor fault diagnosis

The sensor fault diagnostic threshold direct-
ly affects the performance of diagnostic system.
Setting the threshold at a low value increases the
chance of detecting faults but also increases the
chance of generating false alarms. Conversely,
setting the threshold at a high value decreases
the chance of generating false alarms but also de-
creases the chance of detecting faults. The ideal
threshold needs to ensure diagnosing at any fault
level and to be of zero misdiagnosis rates, but
these two requirements are contradictory. Be-
cause a single threshold can not meet the de-
mands, double-threshold mechanism is intro-
duced to solve this problem as follows:

1) The threshold of the first layer is used
for sensor fault detection, the system will give
an alarm signal if W, ; values are over the fault
detection threshold. This signal implies a sensor
fault might be occurred.

2) The threshold of the second layer is used
for sensor fault isolation, the system will sug-
gests a sensor is in faulty if W, ; values are over

the fault isolation threshold.
2.1 Determine the fault detection threshold

Fault detection threshold is determined by
the statistical properties of fault indicator signal
W..... when all sensors are fault free. There are n
sensors in all, and then the Kalman filter fault
indicator signal W, ; without the ith sensor in-

formation can be expressed as:

W= > 4 4
j=1.j#i0j
In Eq. (4), y; is the jth element of Ae,y, ~

N(O ’(7]2' ).
Define = = ¥, then the probability density

function of z is:

—z/26°
7

Jei >0
f(2) = Jo; V2rz (5)
10 2 <0

Denote the threshold of ¥7 as A,;» which isa
fractals value of the statistical properties of ¥,

then.

roo —2/26

L (6)

A1 o, 2mz

Piy > Ay, =J

Translate the Eq. (6) into y* (1) distribu-

. . ’
tion. Define ¥ = 572, then:

Py > Au,) :J S NS

A% A 2wz
The constant value C, is obtained from
%’ (1) distribution table according to the value of
a» then the threshold of ¥} isA,; = C,67. The val-

ue of the fault detection threshold is:

= DM OG- (®
j=1.#i OJ

Through the analysis above, the sensor
fault detection threshold only depends on the
number of associated sensors. It is independent
from sensor noise characteristics. That is, if no
fault with the sensor, the sensor noise character-
istics do not have effect on the fault indicator
signal W .
2.2 Determine the threshold of fault isolation

As the sensor is in bad working environ-
ment, inevitably exists noise and slight devia-
tions in the sensor value. According to the docu-

> experimental data"!,

ments and institutes
when the sensor value deviation Ay, is larger
than a constant Ayq., . the sensor is regarded
failures. Fault isolation threshold is determined
by the statistical properties of fault indicator sig-
nal W, which is calculated by the sensors’
value with Aypa bias fault sensor. Define the
fth sensor is in fault. There are n sensors in all,
and then the Kalman filter fault indicator signal
W...; without the ith sensor information can be

expressed as;:

n

W = ( ﬁ)+7—; 9

j:1~j¢1~j¢/0f ]
InEq. (9, 7, ~ N(0.57) 7, ~ N(Ayucso)) » let
Ys ~ N(0.6%) . then:
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In Eq. (10), the threshold of 7} and ¥} is C,s’
and C,¢7%.

Define r = 7}, then the probability density

function of r is:

1 —?
flo) = ———e2
- om

(—oo <o) 1D

Denote the threshold of ¥ as Ao » which is a
fractals value of the statistical properties of ¥/,
then:

o

¢
)
207

1
e

Ao/ 2w

Translate the Eq. (12) into N(0,1) distri-

bution. Define ¢’ = /g, then:

o 1 )
Ple=a,) = |
! Agloy n/2m

The constant value C, is obtained from normal

dr (12)

Ple>a,) = |

distribution table according to the value of a,

then the threshold of ¥, is Ay = C,5,. The value

of the fault isolation threshold is:
Ao = (n—1) X C, +
2C, AYfaule 4 (Ayfgult )’

Oy Oy

14)

In the actual process, Ay, is a fixed value
usually. The standard deviation of sensor noise
changes with the condition of the engine and the
sensor type. Therefore, the larger the standard
deviation of sensor noise fault the smaller

threshold value, and vice versa.

3 Simulation

A nonlinear component level model of tur-
bofan engine is used for simulation in this pa-
per-'®. The engine operates in H=0km, Ma=
0. There are eight engine health parameters: fan
efficiency #, fan flow AW, high pressure com-
pressor efficiency Az, high pressure compressor
flow AW ., low pressure turbine efficiency A s
low pressure turbine flow AW, high pressure

turbine efficiency A » high pressure turbine

flow AW ; and there are nine sensors in the en-
gine model: fan spool speed N; sensor, fan exit
temperature T,, sensor, fan exit pressure py; sen-
sor, high pressure compressor spool speed N,
sensor, high pressure compressor exit tempera-
ture T sensor, high pressure turbine inlet pres-
sure p, sensor, high pressure turbine exit tem-
perature T,; sensor, high pressure turbine exit
pressure p,; sensor and low pressure turbine exit
pressure p; sensor. The standard deviation of
sensor noise in cruise and maximum thrust con-

dition is shown in Table 1.

Table 1 Sensor noise standard deviation

o under cruise ¢ under maximum

condition thrust condition
N; sensor 0.0015 0.002
N, sensor 0.0015 0.002
T,, sensor 0.0011 0.0016
pa2 sensor 0.0009 0.0015
T, sensor 0.0011 0.0016
P4 sensor 0.0009 0.0015
T,; sensor 0.0011 0.0016
Dus sensor 0.0009 0.0015
ps sensor 0.0009 0.0015

3.1 Simulation of sensor fault diagnosis based on

double-threshold mechanism

Sensor bias faults of N. and p,; in cruise
condition and maximum thrust condition are
simulated: no fault from 0 to 2 seconds, 0. 3%
disturbance from 2 to 6 seconds, 0. 6% disturb-
ance from 6 to 10 seconds, 1% bias fault after 10
seconds. The simulation results are shown in
Figs. 2 to 5.

Set the N, sensor bias fault in cruise condi-
tion as an example, (shown in Fig. 2), there are
9 sensors in this system, choose a=1, calculate
the fault detection threshold by the Eq. (8),
Aq = 21.7, all fault indicator signals W, do not
exceed the fault detection threshold during the
primal 2 seconds. It suggests all the sensors are
free from fault; in the next 4 seconds, only the

fault indicator signal without N. sensor informa-
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Fig.2 N. sensor fault at cruise condition Fig.5 p4; sensor fault at maximum thrust condition
N, sensor information does not exceed the fault
M0r o Without T, semsor —— Withoul p, sensor detection threshold, the other fault indicator sig-
100 e Without T, sensor —+— Without N_scnsor . .
- R f
9L —+ Withow 7 sensor + Without  sensor nals increase and exceed the fault detection
goL — Without p,, sensor 1 threshold, then generate alarm. It suggests N,
—— Without p,, sensor . . .
70 2 nsor might be in faulty. Defin =0.00
—¢— Without p, sensor Senso ght be aulty eline Aypu = 0 5,
s f L calculate the fault isolation threshold by Eq.
(14) based on the N, sensor noise standard devi-
ation shown in the table 1, A, = 35. 65; after 10
seconds, only the fault indicator signal without
. ‘ . . . . . . . N. sensor information does not exceed the fault
B 2 4 & %1‘ e/m =LA d6 kA detection threshold, the other fault indicator sig-
me/s
nals exceed the fault isolation threshold. It sug-
Fig. 3  pss sensor fault at cruise condition L.
N gests the N, sensor fault; similarly, the other
sensor fault in the other three modes can also be
70 - . .
wflh‘)“l TSI Withot:p, seasor diagnosed by the double-threshold mechanism.
—o— Without T, sensor ~ —*— Without V, sensor .
Or s Without T, sensor =+ Without N, sensor The fault occurred on different sensors are
sol 7 Withoutp,, sensor shown in Figs. 2 and 3. If fault isolation thresh-
—¢— Withoul p,, sensor , )
ol Without p_ sensar Z J old is singly taken as a diagnostic threshold
% shown in Fig. 2, the mistake of the p,; sensor
disturbance will occur; similarly, If fault isola-
tion threshold is singly taken as a diagnostic
threshold shown in Fig. 3, it will result in

Time/s

Fig. 4 N. sensor fault at maximum thrust condition

tion does not change, the other fault indicator
signals slightly increase but do not exceed the
fault detection threshold. It suggests the N, sen-
sor is disturbed by some signals, but all the sen-
sors are free from fault at this time; from 6 to 10

seconds, only the fault indicator signal without

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

missed diagnosis of N. sensor fault;

The same sensor fault occurred in different
conditions are shown in Figs. 3 and 5. If fault i
solation threshold is singly taken as a diagnostic
threshold shown in Fig. 3, it will result in
missed diagnosis of p,; sensor fault in the maxi-
mum thrust condition; similarly, If fault isola-
tion threshold is singly taken as a diagnostic

threshold shown in Fig. 5, it will result in mista-

king the p,; sensor disturbance for a fault in en-

http://www.cnki.net
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gine cruise condition.

According to the double-threshold mecha-
nism proposed, the fault diagnostic threshold
changes with the sensor type and the engine con-
dition. It greatly improves the accuracy and ro-
bustness of sensor fault diagnosis.

3.2 Simulation of aircraft engine component

and sensor fault diagnosis

Set the T, sensor 2% bias fault, fan effi-
ciency 2% and 6% degradation fault, fan effi-
ciency 2% degradation and T, sensor 2% bias
simultaneous fault. The fan efficiency 6% deg-
radation fault is considered as serious component
fault. To avoid repetition, representative sensor
fault indication signals are selected (the Wi,

The

simulation results are shown in Figs. 6 to 12.

without T, and N; sensor information).

2500 -
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Time/s
Fig. 6 Fault indication variable without T; sensor
information under four kinds of faults
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Time/s

Fig. 7 Fault indication variable without N; sensor

information under four kinds of faults

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.
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Fig. 8 Component fault indication variable under
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Fig. 10 Health parameters estimation under

component and sensor

simultaneous fault

According to the fault type detection mecha-
nism: if the T, sensor is in faulty, the W,
without T, sensor information does not exceed
the fault detection threshold (shown in Fig. 6),

while the others

exceed the fault

isolation

http://www.cnki.net
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Fig. 12 Health parameters estimation without

fault sensor

threshold as the W, ., without N; sensor infor-
mation(shown in Fig. 7), and the engine compo-
nent fault indicators signal W, exceed the sec-
ond layer threshold (shown in Fig. 8); If the fan
is fault, all the sensors fault indicators signals
W....; exceed the isolation threshold, while the
component fault indicator signal W, does not
exceed the second layer threshold ( shown in
Figs. 6 to 8); if the component is seriously fault
or component-sensor simultaneous fault, all the
sensor fault indicator signal W,; exceed the iso-
lation threshold, and the component fault indica-
tor signal W, will also exceed the second layer
threshold(shown in Figs. 6 to 8). We can judge
that it’s the component serious fault happens or

component-sensor simultaneous fault happens

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

through the Figs. 9 and 10; if it is component-
sensor simultaneous fault, the simulation results
are given in Fig. 11. It suggests that the T sen-
sor is fault. The healthy parameters are esti-
mated by the leaving 8 groups’ sensors informa-
tion. The simulation results are given in Fig. 12.
It suggests the fan efficiency degenerate 2%
fault. At last, we judged that the engine faults
include T sensor fault and fan efficiency degen-

erate 2% fault.

4 Conclusions

1) Aircraft engine component and sensor
fault detection and isolation approach is pro-
posed in this paper. It can not only distinguish
among sensor fault, component fault and compo-
nent-sensor simultaneous fault, but also isolate
the fault sensor and locate the type of engine
component fault when the engine component
fault and the sensor faults occur simultaneously.
The approach effectively improves the aircraft
engine fault diagnosis ability.

2) The double-threshold mechanism is pro-
posed in this paper. The fault threshold is deter-
mined by the sensor type and the engine condi-
tion, greatly improves the accuracy and robust-

ness of sensor fault diagnosis system.
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