Gas Path Analysis (GPA)
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ISABE short course material by Dr Yiguang Li, Cranfield University, 21-24 September 2022

Changes in Measurable
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Type Faul T SHPm, CPR Vibraion Indication
R ——— ——— |
Turbine (Generator) | RotorDamage T T T T Yes n, Low

NozzleErosion T 1T T L No mVT, P, High
Turbine (Power) RotorDamage 0 J 0 0  Yes 1, Low, EGT High

NozZleErosion 4 J 4 | No mVT /P, High
Compressor F.OD. T Yes 1. Low, m, Low

Dirty 3 No 1, Low
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Simulation

A
measurements Performance biases noises
parameters

Diagnosis
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Direct matrix inverse approach

Engine model: 7 = h(f) 0 — Nominal diagnostic point
. . oh(x) . .
Expansion: z = h(xy) + 8§c ) (x —xy) + HOT
_. 0z . _.

0X Az“
Linear engine A7 = H - Ax /
model: (ICM) /

Solution: Ax =H1-Az /
(FCM)
0 AX
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Linear engine model: A7 = H - Ax

dhq(x)

AZl d0x1
Azy) | o
6x1

dhq(x)

axN Axl
ahM()?) AXN
axN
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Non-dimensional linear engine model.

Azy/zq Azq1/zq
Az /74 Axq/x4 Axn /XN Axq /x4
AZy [ Zy Azy/zm  Azm/Zm Axy /Xy
Axq/%1 Axn/xn
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Gas Path Analysis (GPA)

Inverse of a square matrix:

AZ=H- -AX =) AXx=H1-AZ

ai1 Q412
H =
A1 A2
T 1 . [ az> —a12]
|H| [d21 Q11
Determinant of H = |a{1 * Gy — Qg * Q13| Adjoint of H
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GPA solution for different sensor numbers:

Sensor number > number of health parameters:

AZ = H - Ax

/Azl 3\
Az,

\Az3 )

(a,,
a21

\a31

H' -:Az=H"-H - Ax

(H' -H)1'-HT ‘Az = Ax

Ax = H# - AZ

(Pseudo inverse matrix)

a, )

Ay, |-

a32 )
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GPA solution for different sensor numbers:

Sensor number = number of health parameters:
Ax =H 1-AZ
Sensor number > number of health parameters:
Ax =H*-AZz=(HT-H)"'-HT - Az
Sensor number < number of health parameters:
Ax =H¥*-AZz=HT-(H-H")™1-Az

The result is best in a least-squares sense 10
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AZ = H - Ax
Assumptions for GPA:

¢ Aset of accurate measurement deltas (Az) is available
- repeatable, free of measurement noise & bias

¢ The linear model represents engine performance
accurately around a reference point

¢ The ICM (H) is invertible

11
ISABE short course material by Dr Yiguang Li, Cranfield University, 21-24 September 2022



‘ Cranfield
Aerospace

Gas Path Analysis (GPA)

Potential capabilities of linear GPA:

Simple

Fast

Fault detection

Fault isolation

Fault quantification
Deal with multiple faults

® & & & o o
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Gas Path Analysis (GPA)

Challenges for linear GPA:

Data repeatability
Non-linearity

Selection of measurements
Smearing effect

® & o o
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Solutions to Challenges for linear GPA:

» Measurement noise - noise filter

1)

< Sensor fault - sensor diagnosis to exclude
faulty sensors
2 Data uncertainty due to - data corrections

)
other factors - changing
ambient and operating conditions, etc.

L)

)

14
ISABE short course material by Dr Yiguang Li, Cranfield University, 21-24 September 2022



Cranfield

Aerospace

Solutions to Challenges for linear GPA:

- Non-linearity of engine performance
Non-linear GPA

Deterioated @ et en e e ea e e r e ae e [ UU SRR Convergence Of non_linear GPA:
Delta  Basine / ) . Under-relaxation
Dependent C t .
Parameter ... / AAAAAAAAAAAAAAA v ¢ onvergence criteria.
Performance /0
— _\'M
Azsum_zj' AZmea,sj - Azcalj <o
B erarmance  — .
0 3 2 6 5 8 1

Delta Independent Parameter
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Solutions to Challenges for linear GPA:
- Selection of measurements
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Solutions to Challenges for linear GPA:
- Selection of measurements

‘0

L/

L)

Avalilability

Number of sought faults & health parameters
Sensitivity

Correlation

Redundancy
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17
ISABE short course material by Dr Yiguang Li, Cranfield University, 21-24 September 2022



Cranfield

Aerospace

- Selection of measurements - sensitivity
07,112,

ST = o
o oX X

Measurement |P3 P9 P5 FF P11 PCN1 |T3 PCN2 |T5 T12 P12 /T'11 19
Sensitivity Norm [ 2.2627] 2.0301[ 1.8033 1.3185[ 1.2294| 1.1742] 0.9020] 0.8499] 0.6052] 0.5909] 0.5458{.0.3506{ 0.2908

SENSITIVITY NORMS f /

M1
e . Lowest
Measurement Sensitivity Analysis sensitivity
BCFC1 mCE1 OCFC2 mCE2 mTFC1 mTE1 mTFC2 OTE2 mTFC3 mTE3] norms
15 —— /
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bt
3]
,
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bt
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SENSITIVITY ANALYSIS BAR CHART
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- Selection of measurements - correlation
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Gas Path Analysis (GPA)

- Selection of measurements — sub-set & redundancy

No. Final Measurement Parameter Ind.
1 IP Compressor Exit Pressure P3
2 IP Compressor Exit Temperature T3
3 HP Compressor Exit Pressure P5
4 HP Compressor Exit Temperature T5
5 HP Turbine EXxit Pressure P9
S IP Turbine Exit Pressure P11
7 Power Turbine Exit Temperature T12
8 Fuel Flow FF
O IP Compressor Speed PCN1
10 HP Compressor Speed PCN2

/— SE Tar \
e ™

L 12 ||| [, |

FF

MEASUREMENTSUBSET DIAGRAM
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Solutions to Challenges for linear GPA:

True:

Smeared:

¢

- Smearing effect / fault isolation

Component Pre-defined faulty
Fault Case components
IJ CFC1 Compressor
Compressor combustor turbine CFC2 Burner
I CFC3 Turbine 1
|
.__. CFC4 Turbine 2
Compressor combustor turbine CFCS P B
ompressor + Burner
1 1 1 CFC6 Compressor + Turbine 1
Fault isolation using P urb]
« CFC7 Compressor + Turbine 2
Component Fﬂ“lt CFC8 Burner + Turbine 1
2 :
Cases (CFC) concept CFC9 Burner +Turbine 2
CFC10 Turbine 1 + TURBINE 2
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GPA Index

N _ AZ ..
GPA Index:L g:ZAZ' Yo,

1+¢ i=1 | Zo Zo
l Degradation
Fault signature GPA Index
Engine A .
SN 9 NP,
GPA
Predicted
Degradation l
Ambient & -| Engine Model Predicted Fault
operating signature
condition
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GPA Index and fault isolation

Degradation

l

Engine

Fault
Signature |

[
»

Ambient &
operating
condition

v

v

CFC1 | .
CFC2 |_,
CFCL

v
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GPA Index 1

GPA Index 2

5 GPAIndex L
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Pre-defined faulty
Compon components 1
ent Fault
Case
0.9 —
CFC1 Compressor _ =1 [
CFC2 Burner x 0.8 1
)
CFC3 Turbine 1 ©
=
CFC4 Turbine 2 < '
CFC5 Compressor + Burner % 06 = —
CFC6 Compressor + Turbine 1 ]
CFC7 Compressor + Turbine 2 05 + -
CFC8 Burner + Turbine 1
CFC9 Burner +Turbine 2 0.4 ' b ' ' ' C '
N o A ) Q
CFC10 | Turbine 1 + TURBINE 2 L e <§<@ L L EL &
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Predicted engine degradation (Implemented fault:
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compressor An.=-2.5, AI'.;=-4.5)
CFC1 CFC5 |CFC6 |CFC7
Compressor | An, -2.479 -2.944  |-2.560 |-2.616
AT, -3.577 -3.633 |-3.622 |-3.766
Burner An, 0.375
Turbine 1 ANy 0.222
ATy 0.252
Turbine 2 ANy, 0.296
ATy, 0.089
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Linear GPA Non-linear GPA
Accuracy: Low Higher in general
Computation
time: Short Slightly Longer
Convergence | No problem in general May diverge
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T,

Rotational Speed of Compressor, P,

Monitored Parameters (Where T is total
T,, Fuel Flow, P,,

temperature and P is total pressure):

E= Fault Detected By Non-Linear GPA

1 Implanted Fault
4 Fault Detected By Linear GPA

11}

8
N
8
N

Compressor

L 1 1 | |

A
Turbine 1 Turbine 2

Turbine 2

Turbine 1

© < N (@] Q 4

[96] moyisSEIN U 96URYD

2 A
D

v
Compressor

27

Turbine 2
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10

Change In Massflow [%]
o

Change In Efficiency [%]

Compressor 1 Implanted Fault
400 200 Fault Detected By Linear GPA
ﬁ E= Fault Detected By Non-Linear GPA
7/ ' 2, (Calculation did not converge!)
% -~ -1.18
-2.96
-5.00
Turbine 1 Turbine 2 Monitored Parameters (where T is total
temperature and P is total pressure):
I:)21 T2’ I:)10’ TlO’ PS’ T3
143 Fuel
% = - /*\ Combustor
Z -._l 24 — 3y | ~
' -6.00 -6.00 D j =
% (o) 4 f f
%
mpressor urpine uroine
é Co Turbine 1  Turbine 2
Compressor Turbine 1 Turbine 2
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Example of using GPA

Performance analysis of a simple 1-spool Turbojet

| INTAKE| |COMPRE| |PREMAS| |BURNER| |MIXEES| |TURBIN| |NOZCON|

1 2 3| 4 5 | 6 7 8
{ 1e I 10 Compressor Turbine Nozzle
DP Value
Altitude 0
Mach number 0
Intake pressure recovery 99%
Relative humidity 60%
Compressor design pressure ratio 8.8 Combustion  Shaft
chamber .
Compressor and Turbine efficiency 89% =
Inlet mass flow 77.2 kgls Power setting parameter / Handle: TET
TET 1141K Simulation through Turbomatch — Webengine Ver 3.0 Copyright

. © 2022 Cranfield University, United Kingdom
Power setting parameter / handle PCN
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Example of using GPA

Faulty Component: compressor

Health n. T
parameters:

Compressor Turbing MNozzle

Combustion Shaft
chamber

Measurement P T,
parameters:
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zZ = h(x)
@
H-AX = AX=H *-AZ

Step 1: Calculate ICM - H
Step 2: Calculate FCM — H*
Step 3: Calculate measurement deviation

AZ

YV V YV V

Step 4: Calculate health parameter deviation
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Ax/x .
ISABE short course material by Dr Yiguang Li, Cranfield University, 21-24 September 2022 32



Example of using GPA - Step 1 C

AP, /P
ATLIT

-1%

4 AR, /P,

PYTHIA
Engine
Model

7 = h(x) )

AT, [T,
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Clean
Measurement

Degraded
Measurement:

(-1% Iin AI'c)

AP, /P, (8.57235-8.69212)/8.69212

Clean engine

Compressor

Cranfield

Aerospace

AI'c/T'c
0.0

APRCc/PRc
0.0
T3

Measurement
561.62
\ Compressor
Degraded
_ Ancinc APRCc/PRc
engine
0.0 -0.01

Measurement

) \

=1.377915

AL, IT, 0.01
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Clean Compressor
Measurement: Clean engine | Anc/nc AI'c/T'c APRCc/PRc
P3
Measurement
8.69212 :
Degraded CompressyZI'r/
. Degraded
Measurement: _ Ancine : APRc/PRC
engine
i : o -0.01
(-1%inANCe) [ = |
Measurement
8.57235 559.32
v
AT3/T;  (559.32 — 561.62)/561.14
= = 0.40953
AT, /T, -0.01
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(1377915 -0.7401
~10.40953 -0.70332
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Gas Path Analysis (GPA) - Step 2 C
a b
H =
[c d
1 .
I—I_1 = — adj H
|H|
DeterminantofH: |H| =a-d —c - b

Adjointof H: adj H = [d _b]
—Cc a

ISABE short course material by Dr Yiguang Li, Cranfield University, 21-24 September 2022
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a b
H _ 1.377915 -0.7401
— | 0.40953 -0.70332

C d

Determinantof H: |H| =a-d —c - b

H| = 1.377915*(-0.70332) — 0.40953*(-0.7401)
= -0.666027

ISABE short course material by Dr Yiguang Li, Cranfield University, 21-24 September 2022
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~(a b\ (1377915 -0.7401
H = - gq) = |o040953 -0.70332

Adjoint of H: adj H = [d _b]
—Cc a

1y — [ 070332 0.7401
adj H [-0.40953 1.377915]

(replacing each in H with its cofactor and transposing the result)
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1
Inverse of H: H!=—"-adjH
|H|
1 1 -0.70332  0.7401
H ) 666027 -0.40953  1.377915

-1 — [ 1055996 111121
— | 0.614884 -2.06886
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Linear engine GPA model:

[

ANM. 0.614884 -2.06886

AX=H™" Az

ISABE short course material by Dr Yiguang Li, Cranfield University, 21-24 September 2022
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AT T, ) _ [1.055996 111121 ) . [AP3/P3 }

41



Cranfield

Aerospace

Clean Compressor
Measurement: Clean engine | Anc/nc AI'c/Tc APRCc/PRC
0.0 0.0 0.0 .
P3 T3
Measurement
8.69212 561.62
Compressor
Degraded Degraded P
Measurement: _ Anc/mc AI'c/Tc APRCc/PRC
engine
? ?
T
Measurement o 55: -
A% o3k S |
8.3 6-2.69 12

P, AP,/P -3.52181
<100 ’) [ ; s}l | Teez |y [
AT, ATST, ) 17| 5583656162 | 0 |-0.58046
" .~ 561.62 _

3 ISABE short course material by Dr Yiguang Li, Cranfield University, 21-24 September 2022




Al

FC
A1y,

¢

x100=H -

x100
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AX=H " Az

ATJT,| [ 1.055996 -1.11121 | [ -352181 3074 |,
An/n. | —| 0.614884 -2.06886 | | -0.58046 | ([0-96461
nC nC

RMS = {[(-3+3.074)2 + (-1+0.96461)]/2}°5 = 0.0580039
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