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Definition Of The Diagnostic Problem

Objective:
ldentify component faults, when few measured quantities are

available (fewer measurements than unknown “health indices”)

Solution Approach Examined:

Combinatorial approach based on isolating the actual fault
identity from all possible solutions (Heuristic data evaluation).
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The Diagnostic Problem Examined

Types of Faulty Situations:

. Engine Deterioration: all individual engine
components degrades with time

' Il. Engine Component Faults: changes in one or more
components leading to degradation of their
performance

lll.  Individual Engine Identification: determination of
the performance of all individual components of a
particular engine

The present method is dealing with Problem I
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The Basis of the Method

Adaptive Modeling technique

M easurements Component
Parameters
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The Principle Of The Method

The method will be presented through its implementation

on a modern type jet engine: A partially mixed, high by-
pass ratio turbofan

12 13 41 49
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Layout of a turbofan engine and

station numbering for positions of interest.
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Typical Monitoring Sets

M easur ements Component Condition Parameters
Measurements for Monitoring Symbol Component Health Parameter Symbol No
1 | LP Shaft Rpm XNLP Flow Factor SW12 1
Outer Fan
2 | HP Shaft Rpm XNHP Efficiency Factor SE12 2
3 | Fan Outer Pressure Pis Flow Factor SW2 3
Fan Inner
4 | HP Compressor Outlet Pressure P, Efficiency Factor SE?2 4
5 | HP Compressor Outlet Temperature T, PG Flow Factor SW26 5
6 | LP Turbine Outlet Temperature Ts Efficiency Factor SE26 6
7 | Fan Outer Temperature T3 - Flow Factor SW41 7
Operation Point Definition Efficiency Factor SE41 8
1 | Ambient Pressure Pamb LPT Flow Factor Sw49 9
2 | Total Inlet Pressure P, Efficiency Factor SE49 10
3 | Total Inlet Temperature T, Nozzle Exhaust Area A8 11
4 | Fuel Flow Rate WFE
Wi xTi /@ x/[Tj 9 hi
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ThePrinciple Of The Method

Measurement Set
7 Measurements —»

Given Set

Adaptive
Model
Diagnosis

Component Condition
Parameters
—» (7 Parameters out of
11)

v
Unique Solution

for each Observable Set
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Definethe set of possible situations

F Apply procedure for all different parameter combinations.

2B1o

(Present Example: All possible combinations 97 +=330)
el ¢

F Derive Fault Signatures for each parameter combination.

F Combinations may or may not contain the examined fault.
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Example Situations
05
O Actual Fault @ Combination 1
O |
<
=05
©
8 a4
g
A5 (@)
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SWI2 SEI2 SW2 SE2 SW26 SW4l SE4l
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04
<
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©
8 4
]
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15 |
R
SWI12 SE12 SE2 SW4l SE41 SW49 A8
Parameter
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Statistical analysis of all possible solutions

I~ oObtain parameter distribution from calculated values for
different combinations (for every single parameter).

o SE2

) L010L — |

Deviation (%)
o
(¢
Number of Combinations (Frequeng/)

I| B - Mean Value = -------1
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Produce most probable fault signature

hER2R
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Produce most probable fault signature
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Criteriafor Faulty Component | solation (1 Pass)

FA Diagnostic index is derived for each component parameter

_ %
Dl =52
X.

FThe Diagnostic index is derived for each component.

o 2 2
Dlagi—\/DI]j +DI2i

FA faulty component is identified as the one that corresponds to the
diagnostic index of maximum value
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| mprovement of Estimation of Deviations

2nd Pass:

F The procedure is repeated, using only combinations containing the
health parameters of the components found faulty from 1st pass.

Best fit approach:

F The magnitude of deviations of the parameters of the component
found faulty are derived , minimizing a function of the following form.

15
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Block Diagram Of The Method

M easur ements

\ 4
Select 2
Y ”| Combination of

Health parameters

A 4

Adaptive 3
Modeling
4

Combination
finished

A number of possible

| solate Faulty Component:
The one with the Maximum DI
(1% Pass results)

Diagnostic Index (DI)

for each component

1

Diagnostic Index
for each parameter

|

Mean Value and

deviationsfor each

health parameter

Standard Deviation
for each parameter

A\ 4

Repeat procedure (1-6)
using only combinations of
par ameter s of the components
found faulty

A 4

The mean values of the
health parameters
(2" Pass Results)
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Application Test Cases

Percent Deviations of health indices Values for simulating faults
Outer Fan Fan Inner HPC HPT LPT Nozzle

Fault SW12 SE12 SW2 SE2 SW26 SE26 Sw4l SE41 SwW49 SE49 A8

ID

A -1 -0.5 -0.7 -0.4

B -1

C -1 -0.7

D -1

E -1

F 1

G -1 -1

H -1

I -1

J -1 -0.4

K -1

L 1 -0.6

M 1

N -1

O 2
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Application Test Cases

Data sets :

F Two types of data sets were used:
(a) Noise free data in order to examine how the method performs
when an exact solution exist
(b) Datato which noise was added for a more realistic application

Sensor Pamb P1 Tl | WFE | XNLP [ XNHP Pis P T, Te | Tis
3sigma | 100Pa | 100Pa | 2K | 2gr/s | 6rpm | 12rpm [ 300Pa | 5KPa | 2K | 2K | 2K

F A sequence of different flight conditions (50 sets) simulating real
operation was created using the engine model for each examined fault.
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Application Test Cases

Overall Identification Results:

Faut A|B|C|D|E|F|G|H|I[J]|K|]L|IM|[N]O

NoiseFree |12 |1 (0212 )] 212|111 )1]0f2|2f21(1]1
Data

NoisyData [ 1 | 1] 1| 1 i1 )j]1j1f1j1)j0fO0f21f21}|1]1

1: correct detection O: incorrect detection

FThe proposed method allows the identification of a significant
percentage of the examined faults

FFaults C (HPC fault) and J (LPT fault) seems to be non-identifiable
(observability problem)

FThe correct detection of fault C and the failure for fault K for noisy
data sets is due to information counterfeiting because of the

presence of noise
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Application Test Cases

Comparison between 1st Pass and 29 Pass (Fault L, Noise Free Data)

3 T,
O Actual Fault @ Estimated 1st Pass

1o
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Application Test Cases

Fault A, Noisy Data, 2"9 Pass

Fault Signature

Deviation (%)

5
0.8 -
(b)
. 06 -
S 04 | Diagnostic Index
a3 02
RN
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Application Test Cases

Fault G, Noisy Data, 2"9 Pass

Fault Signature

Deviation (%)

)

1.6 1

©

12 Diagnostic Index
0.8

0.4 -

OJlllll | m m -

SW12 SEl12 SW2 SE2 SW26 SE26 SW41 SE41 SW49 SE49 A8
Parameter

Diagnogtic Index
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Application Test Cases

Comparison between 2"d Pass and Best Fit (Fault A, Noisy Data)
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Application Test Cases

Estimation of Deviations (Best Fit approach)

Fault Fault
Act. | SW12:-1 | SE12:-0.5 | SW2:-0.7 | SE2:-04 Act. | SW49: 0 | SE49:-1
A Est. -1 -0.6 -0.7 -0.6 ! Est. 0 -1.1
5 Act. SE12: -1 SW2:0 . Act. | SW49:1 SE49:-%
Est. -1.3 -0.1 Est. 1 -0.7
Act. SW26: 0 SE26: -1 Act. A8:1
? Est. 0.2 -1.1 M Est. 1
Act. | SW26: -1 SE26: 0 Act. A8: -1
= Est. -1 -0.1 N Est. -1
Act. Sw4l: 1 SE41: 0 Act. A8: 2
- Est. 1 0 © Est. 2
Act. | SWA4l: -1 SE41: -1
© Est. -1 -1.1
Act. SW41: 0 SE41: -1
" Est. 0 -1.1
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Application Test Cases

Estimated fault signatures for Fault C and J when additional
Measurements are used (2"Y Pass, Noise Free Data)

@ Adding pressure
S04 | at HPC Inlet
5
8081
O Actual Fault @ Estimated
I ...-EA:k8:RiRicR
0
(b) _
R Also adding
gy pressure at LPT
g inlet
B -0.8 -
O Actual Fault @ Estimated
L2
SW12 SE12 SW2 SE2 SW26 SE26 SW41 SE41 SW49 SE49 A8
Parameter
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Conclusions

UA method for diagnosing faults in the components of a jet engine
was presented, suitable for cases that a limited instrumentation set

is available.

UThe method can both isolate and identify the fault in individual
components.

UThe method was tested on an extensive set of component faults,
with an instrumentation set typical for today's engines.

alt was found that it can detect and identify correctly faults in all
components, with some limitation for some HPC and LPT faults.

alt was shown that this weakness is eliminated with the addition of
inter-spool measurements, while keeping the measurement set
realistic.
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