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Objectives
1. Fault detection of engine component and/or
transducers
2. Minimization of the transducer numbers
3. Evaluation of faulty engine component maps

Methodoloqgy:

Replacing the original engine component maps
by evaluated maps using
Combined Shortened Inverse Engine Model.
Two sub-models were incorporated:

1. without compressor map

2. without turbine map
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Single Spool Engine Stations
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The Problem Formulation:

Command;:

N cor,ref (t)

Output:

A 4

Typical measured values H,M,m ,N, T

03!

TOS

A single transducer and/or single faulty engine component (compressor or
turbine) could be present in the engine at a certain time.
It is required to identify the degraded transducer and/or engine

component and to evaluate the degraded engine component map.
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Background

Conventional Dynamic Engine Model

H, M, m,(t)

v VvV

Initial Condition:
Nt:O

Conventional Engine
Model

(Using Compressor +
Turbine + Nozzle Maps)
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Compressor Map:
. P . P
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m4,corr :Fs

Turbine Map:
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We assume the validity of a conventional model
for the jet engine

Input Values. Output Values.
_ VAL, _, = number of output
VAL, =number of input : ; vallle
values Conventional Engine Model
Thermodynamic equations "
Input Engine (THERM - thermodynamic equation
Component Maps. number)
MAWP,, = number of input map Egs.
Complete Conventional Model Conditions :
MAP,, + THERM = VAL, (1)
5t Symposium = Turbo and Jet
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Validity criteria for the

VALInput values Output Values
numbeirnof input values Shortened Inverse Model VAL, = number

of output values

Thermodynamic equations

»
»

Input Engine (THERM - thermodynamic equation Output Engine
Component Maps number) Component Maps
MAP, = number of input map Egs. MAP,, = number of output map Egs.

(some maps are known (MAP,,) and some are recovered (MAP,)

Complete Shortened Inverse Model Conditions :

V'A‘Lin + VALout — (VALln + VALout )conv (2)
MAP,_ +THERM = VAL _, (3)
5t Symposium x4 Turbo and Jet
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Combined TN/CN Shortened Inverse Engine Model

Six
Measured

Quantities

[
»
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1-5 6

Parameters for reconstructing

Output

—_— the compressor map
T X6,meas
TN-SHIEM | (TN | 5o
M@% LI (t)
X1 meas (1), (without —> AXq : P03 a,corr
> C |
2,meas (1) OnI:/Ipa:S)S - X ___p_qr_r__(_t_)___’?Q_(_Q ______
X3 meas (t),» CN SHOEES :
: CN-SHIEM | Xg 5 % Parameters for reconstructing
X4, meas (1) withou ’ —’CN the turbine map
X5 meas (t) Sy AX6 ——————————————————————————
urpine 04
t), m t
Map) :P05 ( ) 4, corr( ) ,
L__fl_fzqr_r_g_t_)___’?t__(_t_)_____
Input ——] TN/ CN-SHIEM |— Output

10. Combined shortened inverse engine model
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Methodology  (nv'wn 7v J'vIa)

1-5 6
T T Xg meas Reference
TN-SHIEM xg'\'sim P .| « Compressor
X1, meas (1), (without ’ =AY 202 (), My o () p- " | Map
> 03
Input X2 meas (1), Con':/lpressor ............. ) VN (), 1. (0)...
— X (t) ap) " X6,meas "+ L___C_Qr_r_______??Q __________ outout
et T en-sHIEM | XS i % Turbine M "
- . ';’ -
X4 meas (t): it 6,sim —»Axg'\,': . urbine Map
,  (without R uantities
X5 meas (t) - Turbine w"‘ '“;)'4“'(2 ------------
| PRILY | ip(t),m4,corr(t) | | | Reference
i) - .| | Turbine
L__fl_f:_qr_r_g_t_)___’?t__(_t_)_____ Map

a) The SHIEM is applied twice, simultaneously, with same input parameters: once to
recover the compressor map and once to recover the turbines map.

b) The recovered maps are compared to the engine’s original (reference) maps.

c) The recovered maps are used to substitute the original maps in the two SHIEMs.

d) We apply again the SHIEM, re-evaluate the component map and compare with
the reference maps.

e) Whenever the differences are large — an additional simulation is applied.

gy
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Algorithm for

Original Compressor,

fault detection Turbine and Nozzle Maps Claim:
_____________ v Engine and
X I ] : : transducers are
7 Claim: \d-5meas® TN/ CN-SHIEM. Simulation la healthy.
Compressor is Axg, AXg"
faulty, all 1
transducers are (AN & AXEY) < Tol (x,) > STOP
healthy
- / Claim: Turbine is
: faulty, all
TN CN
Faulte %gmg;ér;ap IS AxgN <Tol(Xg) & Axg™ >Tol (g) transducers are
sTOP Yes healthy.

Fault turbine map
is evaluated.
Yes STOP

AN > Tol (xg) & AXSY <Tol(xs)

[AxgN > Tol(xg) & AXSY > Tol(X5)]

Compr. and turbine map are evaluated and compared to reference maps. Atturbine map , Acompressor map

Claim:

A, comp. map < Tol(comp. map) &
A, turb. map <Tol(turb. map)

Transducer 6 is
faulty. Engine is
healthy

Go to simulation 1b

<
«

Not
12. Simulation 1la: Algorithm of fault detection Turbo and Jet
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e )

'Cl':llja;lbrinn.e e Algorithm for fault detection Original compressor and
i _.-turbine maps are replaced
transducer (continued) .~~~ by the maps evaluated at
6 are faulty. 7t Simulation la
. _/ %-5measi— TN / CN-SHIEM. Simulation 1b
» STOP l AXg", AXg"

Compr. and turb. map evaluations.= Acompressormap & A2turbine map

/l /" Claim:
CN-SHIEM ves| Compr. and

transducer 6

A\ 4

Axe™ > Tol(x;) & A, turb. map < Tol (turb. map)
are faulty
Yes TN-SHIEM - /
AXg" >Tol(xs) & A, comp. map < Tol (comp. ma » STOP

Claim: One of the input
transducers is faulty, while| Not
transducer 6 is healthy

Go to simulation 2

Sl Symposi_um
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Algorithm of fault detection for one off six transducers
or/and one off two engine components (continued).
Simulations 2to 6

Simulation Numbers of input transducers Transducer
No. (blue large figures correspond to number
healthy transducer) compared to
simulation
1 1,2,3,4,5 6
2 6,1,2,3,4 S
3 5,6,1,2,3 4
4 4,5,6,1,2 3
S 3,4,5,6,1 2
6 2,3,4,5,6 1
(is faulty)
5 Symposium 14. Simulations 1 to 6: Algorithm of fault = | Turbo and Jet
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An example of a single spool jet engine component
and/or transducer fault diagnosis

a) Six measured values: H, |\/|, mf , N ’ TOS’TOS
b) Original compressor, turbine and nozzle maps are known .

c) Asingle engine component (compressor or turbine) and/or single transducer faults

could be present in the engine at any instance.

d) Relative (allowable) tolerance for all transducers and all engine component maps are
1%
The following faults were inserted in the simulation:

. in the compressor map: 3% degradation of m and h

2, corr P
02
.a factor of 0.95 for 77C

. measurement bias of -5% for the fault transducer T
03
5t Symposium x4 Turbo and Jet
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Engine maneuver at H=5000ft, M=0.5
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Corr. Air Flow [kg/s]

I

Press. Ratio
o [95]

06
]

Evaluation of Compressor Map

Compressor map quantities of Simulation 1a:

5 10 15 20
t[s]

________

Normal Errot $TD = 5%

________________________________

120
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0

07

065 f-sn-mo--

06

5 10 15
t[s]

20

Matlab function FILTFILT performs zero-phase digital filtering by processing the
iInput data in both the forward and reverse directions
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17. Noise free (left black solid lines), noised (right)
and filtered (left dashed red lines)
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Evaluated Compressor map fragment
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Dotted Ilnes compressor map quantltles :
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Compressor Pressure Ratio

Legend:

Solid Imes evaluated compressor map fragment

250 ................. ................. ................ :

5L ................. SRR SN At
: 5 N2cor—?? S 4

“0es

Dotted Ilnes orlglnal compreseormap : : 5 §

1 I SR ) S T gz Evaluated efficiency=0.66

delta(etac)=(0.69-0.66)1’0.69=0.D4

.......
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Corrected Air Mass Flow [kg/s]
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Acomp.map=4% > Tolerance(comp. map)
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Original compressor,
turbine and nozzle maps

_____________

f Claim:

TN,/ CN-SHIEM. Simulation la

Compressor is
faulty, all
transducers are

healthy

N )

Fault compr. map
evaluation. STOP
Yes

(AT & ATEY) > Tol(Ty,)

lATO-Ii—%N 1 ATO%N

(AT &ATS') <Tol(Ty,)

ATy <Tol(Tys) & ATy >Tol(Ty,)

AT >Tol(Tys) & AT3" <Tol(Ty,)

Engine and
transducers are

healthy.

STOP

Y

Claim: Turbine is
faulty, all
transducers are

healthy.

Fault turbine map
evaluation. STOP

Yes

Compr. and turbine map are evaluated and compared to reference maps. Atturbine map , Acompressor map

A comp. map > Tol (comp. map)

Go to simulation 1b [

A, comp. map < Tol(comp. map) &
A, turb. map <Tol(turb. map)

N

5th Symposium

on Jet Engine
and Gas Turbines

Nov. 03, 2005

Not

20. Simulation 1a: Algorithm of fault detection
for one off six transducers or/and one off two
engine components.

Yes Claim:

Transducer 6 is
faulty. Engine
is healthy

STOP
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Simulation 1b: Original Compressor Map is Replaced by the Evaluated Map

Comparison of Simulated and Measured Compressor Temperature:
o ! | | | |

Averaige delta(TOf}i‘)=5%

460 f ’ ’

440

'_|420
=)
2
a 400
380
360
340
0
CN o
AT =5% > Tolerance(T,,)
03 03
s symposium | 21, Comparison of compressor exit temperatures E’ Eng‘;rzgonggr;f;ry
Jet Engi c . . .
lee tate . | measured and simulated in Simulation 1b. I
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AM, .., =0.2%,
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Turbine Pressre Ratio

Corr. Gas Flow *1e-5 [kg/s*sqrt(K)/Pa)

- = e
oo b b I m o W

Simulation 1b (Continued)
Turbine map quantities of Simulation 1b:

t[s]

a 5 10 15 20

Nécor [kRPM/(sqrt(K))]

Turbine Efficiency

3400

(%)
[}
o
=

3000
2800
2600
2400
2200

0.81

0805

0.8

An, =0.1%

22. Comparison of turbine map quantities (solid lines)
with data calculated using original turbine and
recovered Compressor maps (dotted lines).

Aveirage delta(;etat)=0. 1%

___________________________________________________

10 15
t[s]

20

< Tol(turb. map)
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e ~ Original compressor and
Claim: : - turbine maps are replaced
vy Algorithm for .fault detection 3 0 T vl e ) o
rerEdlEEr 6 (continued) e Simulation 1a
are faulty. | el
/X 5 meas™] TN/ CN-SHIEM. Simulation 1b
» STOP J ATO-;N , ATOC3N ( Claim: \
I Compr. and turb. map evaluations. =) A2 compr. map, A2 turbine map I Comgggssor
Y Yes transducer
— AT >Tol(Ty,) & A, turb. map < Tol (turb. map) — TO3
Not \_are faulty /
Yes
Axg" >Tol(x;) & A, comp. map < Tol (comp. map) ———— “—| STOP
Claim: One input \ Not
transducer is faulty, while | < »| GO to simulation 2
transducer 6 is healthy
5 Symposium 23. Algorithm of fault detection for one off six = | Turbo and Jet
ol st Efins transducers or/and one off two engine components. ¥ Sdine Banoratony
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Final conclusion:

Compressor and transducer T03 are faulty.
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CONCLUSIONS

1) The method of replacing engine component maps by evaluated ones can
be used for engine component map and transducers fault diagnosis using
data acquisition during transient operation.

2) The present fault diagnosis method refers to a single fault engine
component simultaneously with a single faulty transducer that could be
present in the single spool engine. The minimal required measured
guantities is six for the present fault diagnosis method

3) Only one strategy of fault detection has been described in the present
paper. However, alternative algorithms using this method can be developed
for different combinations of transducers and engine component maps fault

detection.
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