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Abstract: In this resea rch, a GPA ( Gas Path A nalysis) diagnostic system enhanced with G PA Index is de�

scribed for gas path sensor and component fault diag nosis. A metho d of measur ement co rr ect ion is used in or der

that the measurement data obtained at un�standa rd ambient and operating co nditions can be used for diag no stic

analysis. T he developed diag nostic sy stem has been implemented into a Cr anf ield U niversit y gas turbine per�

fo rmance and diag nostic analy sis so ftwa re PY T H IA for gas turbine per for mance deg radatio n analysis. T he de�

v eloped metho d and so ftwar e hav e been applied to a model aero gas tur bine eng ine to test the effectiveness o f

the system. T he analysis sho ws that the develo ped diagnostic system can diagnose deg raded senso r and compo�

nent s effectiv ely using perfo rmance dev iation measured at un�standar d ambient and operational conditions. T he�

o retically , the idea of the diagnostic approach can be applied to different gas tur bine engines.

Key words: aero eng ine; gas turbine; diag notics, GP A ( gas pat h analysis) ; sesor

CLC number: V233� 7 � � � Document code: A

Received date: 2006�10�16; revision received date: 2007�05�22

Nomenclature

CF C � co mpo nent fault case

FCM fault coefficient matr ix

GP A gas path analysis

H, H� influence coefficient matr ix

H OT higher o rder ter ms

ICM influence coefficient matr ix

K maximum number o f possible failed senso rs

K f number of assumed failed senso rs in a SFC

L total number of senso r fault cases

M number of measur able per formance par amet er s

mf fuel flo w r ate ( kg/ s)

N shaft ro tatio nal speed relative to its desig n v al�

ue

N h number of eng ine component health parame�

ters in a fault case

N a number of ambient and operat ing co ndit ion pa�

r ameters

P number of measurement samples

p total pr essure ( atm)

RMS roo t mean squar e

S total number of co mpo nent fault cases

S f total number of mo st likely fault cases

SFC sensor fault case; specific fuel consumption

T total temper ature

w weig hting facto r

x eng ine ( independent ) component health pa�

r ameter v ecto r

x pr edicted eng ine ( independent ) component

health par ameter vector

y ambient and engine operating conditio n param�

eter vector

z eng ine measurable perfo rmance parameter vec�

to r

� flow capacity

� thresho ld for sensor fault detection

 GP A Index

! GP A conver gence thresho ld

∀ differ ence between r eal and pr edicted fault sig�

natures

# co mpo nent isentro pic efficiency

Subscr ipts

amb� ambient

b burner ( burner 1)

c1 fan ( co mpr esso r 1)

c2 H P co mpr esso r ( co mpr esso r 2)

HP hig h pr essure

LP low pressur e
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m measured value

t1 tur bine 1

t2 tur bine 2

∃ deviat ion ( % )

0 nominal operating po int

3 L P co mpr esso r ex it

5 H P co mpr esso r ex it

11 L P t ur bine ex it

# pseudo�inv erse

Introduction

Gas path diag no st ics techniques have show n

great potent ial to im pr ove the av ailability o f g as

turbines and cut do w n the maintenance co st of

gas turbine engines. Li[ 1] and Sing h[ 2] have pro�
v ided com prehensiv e r eview s o n gas turbine g as

path diagnost ic techniques. The m ost impo rtant

ones am ong these diagnost ic techniques are g as

path analy sis ( GPA) and its derivat ives [ 3�6] , t ra�
ditional o pt imizat ion based non�linear meth�
o ds[ 7] , ar tif icial neur al netw or ks [ 8�10] , g enet ic al�
g orithms

[ 11�13]
, fuzzy ex pert sy stem

[ 14�15]
and diag�

nost ics w ith t ransient measur em ent [ 16] .

Gas path analy sis ( GPA) and its derivat iv es

ar e pow erful diagnost ic appro aches, but have the

disadvantages such as smearing effect alw ay s ap�
pear ing in the diagnostic results, requir ing the a

prior i informat ion of degraded com ponent ( s) and

measurem ent noise and bias f ree sensors. These

pro blems have been discussed by m any research�
ers, such as M athioudakis[ 17] . One of the GPA

methods to reduce the sm earing ef fect was a

 co ncentrator! concept int ro duced by Provost[ 18]

in his Kalm an Filter diagnostic appro ach. The re�
duct ion of the im pact of measurement noise w as

also discussed by previous resear cher s[ 19�20] .

All the g as turbine diag no st ic metho ds use

the inform ation of the deviat ion of g as path

measurem ents to ident ify degraded eng ine com�
ponents and this info rmat io n co mes fr om sen�
sors. Sensors ar e prone to deg rade and fail during

ho st ile engine gas path env ironment . When this

happens the diag nost ic r esults o btained by using

incorrect m easurement infor matio n w ill be

w rong and m isleading . Dif ferent gas path senso r

fault diag nost ic approaches have been developed

in the past . Ex am ple o f the engine performance

based senso r diag no st ic methods ar e those using

Gas Path Analy sis[ 18, 21] , Pat tern M atching[ 22] , ar�
tif icial neural netw or ks

[ 9, 23]
, genet ic algo�

rithms [ 11] , Fuzzy Logic[ 24] , etc.

In this paper, an ambient and operat ing con�
ditio n corr ectio n m ethod is used to corr ect the

measurem ent data to a standard ambient condi�
tion and a no minal operat ing condit ion. A GPA

Index com bined w ith a GPA diagnost ic m ethod is

used to assess the accuracy of diagnostic predic�
tion and is applied to sensor and eng ine co mpo�
nent fault diagnosis. An integr ated g as turbine

diagnost ic sy stem including m easurement corr ec�
tion, sensor fault detection and engine co mpo�
nent fault diag no sis is int roduced and tested with

the applicat ion o f the sy stem to a mo del aero g as

turbine eng ine implanted w ith a typical senso r

and co mponent deg radat io n. T he sy stem is dem�
o nst rated w ith the use of Cr anf ield g as turbine

performance and diag no st ic sof tw ar e PYT H IA.

Analy sis and conclusions are made accor dingly.

1 � GPA for gas turbine diagnostics

1. 1 � Gas path analysis (GPA) and GPA index
A linear and non�linear GPA appr oach de�

v elo ped at Cranf ield [ 6] is an ef fect iv e gas turbine

diagnost ic m ethod used to assess g as turbine

faults. T he idea of the metho d is as follow s.

The therm ody namic r elat ionship betw een

engine gas path measurable par am eters and com�
ponent health and ambient and operat ing condi�
tion parameters can be repr esented w ith Equa�
tion ( 1) .

z = h( x, y ) (1)

� � w here z ∀ R
M

is m easurable perform ance pa�
ram eter vector and M the number o f the per�
for mance par am eters, x ∀ R

N
h is the component

health parameter vector and N h the number of

com po nent health parameters, y ∀ R
N

a is the am�
bient and oper at ing condit ion param eter vecto r

and N a the num ber of these parameters, and is a

vector valued funct ion. A t a given operat ing

point w hich is denoted by subscript  0!, Eq. ( 1)

can be expanded in a T aylor series
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z = z 0 +
%h(x, y )
%x 0

( x - x0) +

%h (x, y)
%y ( y - y0 ) + HOT (2)

� � w here H OT are hig her order ter ms of the

ex pansion and can be neg lected. Therefo re, a lin�
earized g as tur bine per for mance m odel can be ex�
pressed w ith Equation ( 3) .

∃z = H # ∃x+ H∃# ∃y ( 3)

� � When there is no deviation f rom standard

am bient condit ion and nom inal o perat ing condi�
t ion, ∃y= 0. So Eq. ( 3) becomes

∃z = H # ∃x ( 4)

� � Therefor e, the deg radation of com po nents

ex pressed by the deviat ion of co mponent health

parameter s can be predicted by inv ert ing the in�
f luence coeff icient matrix ( ICM ) , H to a fault co�
ef ficient matrix ( FCM ) , H

- 1
leading to Equat ion

( 5) .

∃x = H
- 1 # ∃z ( 5)

� � The non�linearity of the engine behaviour is

taken into account by using an iter at ive

pro cess[ 6 ] w here the linear GPA is applied itera�
t ively unt il a co nv erg ed solution is obtained, Fig�
ure 1.

Fig� 1 � N on�L inear GP A[ 6]

To ensure that the ICM is inver tible and the

solut ion is unique, it is required that the mini�
m um number of the m easurement parameter s is

the number o f health param eters inv olved and

the measurem ent par am eters ar e un�correlated

( independent fr om each other ) . Redundant

measurem ent ( N h < M) is benef icial for accuracy

impr ovement but the Equat io n ( 4) is ov er�deter�
m ined. A n est im ation o f the solut io n, x= H

#
z of

Eq. ( 4) in a least�squar e sense can be obtained

w ith the pseudo�inverse of ICM defined as

H
#

= ( H
T
H)

- 1
H

T ( 6)

The co nv erg ence of the no n�linear GPA show n

in Fig. 1 is declared w hen the predicted measura�
ble performance is ver y close to the real m eas�
ured perform ance. T his cr iterion is show n in E�
quat ion ( 7) w her e the RMS of the difference be�
tw een the predicted and r eal perform ance m eas�
urement is sm aller than ! w hen convergence is

declared

RMS =
%
M

i= 1

z i - z m, i

z 0, i

M
< ! (7)

� � where z i is predicted m easurement, z m, i

measured data, z 0, i nom inal value at specif ied di�
ag no st ic condit ion, and !is a very small number.

This diagnostic method is sim ple and fast in

predict io n altho ug h it has certain requirements

that are diff icult to meet such as:

# the inf luence coeff icient m atrix ( ICM ) is

an accurate m athem atical descr ipt ion o f g as tur�
bine performance around a specif ied operat ing

point

# m easurement bias and noise free senso rs

# un�co rrelated ( independent ) measure�
m ents being sensit ive to eng ine deg radat ion.

Ano ther disadv antage of the GPA is the de�
pendency o n the a priori info rmat ion of degr aded

com po nents � conf lict ing answ ers may be provid�
ed if dif ferent degraded components are assum ed

due to lack of such info rmat io n. Therefore, fur�
ther inter pretation o f the pr edict ion fr om the

GPA m ay be very important in order to avoid be�
ing misled by the GPA . This job can only be

done by ex perienced g as turbine diagnost ics en�
g ineers.

In order to solve such a problem, the con�
cept o f a GPA Index w hich is the measur e of the

gas turbine diag no st ic accuracy is int roduced and

is defined in Equation ( 8)

 = 1
1+ ∀

(8)

w here  is the GPA Index, and ∀a measure of the

dif ference betw een the m easured deviat ion and

predicted deviat ion of engine gas path measure�
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m ents ( fault sig nature) expressed w ith Equat ion

( 9) .

∀= %
N

i = 1
w i

∃z i

z 0, i
-
∃z m, i

z 0, i
(9)

� � w i are w eight ing factors taking into acco unt

the relat iv e im po rtance of the measurem ents. In

this study , all o f the measur em ents are assum ed

to hav e equal impo rtance so they all take the v al�
ue of 1. 0.

The meaning of the GPA Index is show n in

Figure 2 and ex plained as follow s. F irst , the

faulty engine co mponents need to be assumed.

Then, at specif ied ambient and operat ing condi�
t ion, the GPA predicts the deg radat ion of the as�
sum ed faulty engine co mponents and such infor�
m ation is sent to the model engine to pro duce a

predicted fault sig nature. The compar ison be�
tw een the real fault signature and the pr edicted

fault sig nature produces the differ ent ∀ and

therefo re the GPA Index. If the assumed faulty

com po nents are corr ect, the predicted fault sig�
nature w ill be very close to the actual fault sig�
nature so ∀w ill be very small and therefor e the

GPA Index w ill be very clo se to 1. In other

w ords, a GPA Index approaching 1 indicates a

very accurate degr adat ion predict io n w hile a

GPA Index close to 0 m eans a w ro ng predict ion.

Fig� 2� G PA Index Ca lculatio n

Theoretically, the GPA approach described

in Figure 3 should prov ide a go od degradat ion

predict io n w hen there is enough num ber of

measurem ents ( M & N h ) . Unfortunately , the

smearing ef fect m ay be so st rong that the de�
g raded eng ine com ponents are dif ficult to recog�
nize. T herefore, the co ncept o f eng ine fault cases

int roduced by Zedda and Sing h[ 11] is used in this

study.

To apply the GPA Index effect ively to g as

turbine component fault diagnosis, the max im um

number of sim ultaneously degr aded eng ine com�
ponents and the com po nent fault cases ( CFC)

that cover all the combinat ion of po tent ial de�
g raded components sho uld be assumed. Fo r ex�
am ple, com pressor deg radat io n can be one fault

case and a com bined com pressor and tur bine deg�
radation can be another. A diagnost ic appr oach

to co ver all pre�assumed eng ine fault cases is

show n in Fig. 3 where hig hest values o f the GPA

Indices o btained among all fault cases w ould in�
dicate the m ost likely eng ine deg radat ion cases.

F ig� 3 � GP A D iagnostic sy st em using G PA Index

It is recom mended to use redundant m eas�
urements to pr edict engine degradat ion as the

predict io n accur acy can nor mally be improved.

By using the concept of fault cases, the number

of co mpo nent health parameters, N h , in each

com po nent fault case can easily become less than

the number o f available m easur em ent parame�
ters, M , and ther efore the measurem ent redun�
dancy can be obtained in all fault cases.

In a situat ion w her e mor e than one CFC ca�
ses are likely, w eighted engine degr adation is

sugg ested and calculated as fo llow s

x i = %
S

f

j = 1

x ij # j / %
S

f

j= 1

 j (10)

Where x i is a w eighted health parameter, x ij the

ith health parameter predicted in CFC case j ,  j

the GPA Index in CFC case j and S f the total

number o f the m ost likely fault cases.

1. 2 � Sensor fault detection with GPA index

Gas path sensors may degrade o r fail and

then produce significant bias during g as turbine

operat ions. U sing corr ect measurem ent infor ma�
tion is crucial in obtaining co rrect fault signa�
ture, producing accurate eng ine diagnostic results
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and avoiding misleading messages to gas turbine

maintenance engineers.

Sim ilar to the concept of engine component

fault cases, dif ferent sensor failure are classif ied

into sensor fault cases ( SFC) , each o f w hich ex�
cludes assumed failed sensor ( s) . Fig ure 4 show s

a sensor fault detect ion approach using the con�
cept o f sensor fault cases. A ssuming that amo ng

to tal M sensor s, total number of K senso rs m ay

fail. Due to the nature of GPA appro ach that the

GPA is not able to detect eng ine degradat ion

w ithout corr ect fault signature, the GPA sho uld

use un�failed sensors for diagnosis. T herefo re,

the num ber o f sensor fault cases, i. e. the number

of sub sets of sensor s ex cluding assum ed failed

sensors is

L =
M!

K f # (M - K f )
, K f ∋ K (11)

� � w here K f is the number o f senso rs exclu�
ded. In o ther w ords, each of the sensor fault ca�
ses refers to a sub senso r set excluding K f sen�
sors and there are L sensor fault cases in total.

By select ing o ne of the eng ine com ponent fault

cases, all of the sensor fault cases are searched

by the GPA to pro duce a to tal number o f L diag�
nost ic r esul ts w ith L GPA Indices. If the failed

sensors are ex cluded in the sensor fault case, the

GPA appro ach w ill predict co rrect engine deg ra�
dation and the GPA Index w ill be very close to

1. Otherw ise, the predicted fault sig nature w ill

be w r ong and the GPA Index w ill be closer to 0.

By compar ing the v alues of the GPA Indices a�
m ong all senso r fault cases, the sensor fault cases

that have the largest GPA Indices w ould indicate

the m ost likely senso r fault cases w her e failed

sensors are ex cluded.

The applicat ion of such a sensor fault detec�
t ion approach is based on the co ndit ion that there

ar e redundant sensors. In o ther w ords, the num�
ber of sensors in any of the sensor fault cases

must be no less than the number of eng ine com�
ponent health param eters in the selected eng ine

com po nent fault case and such condit io n is ex�
pressed in Equat io n ( 12) .

M - K f & N h (12)

� � w here N h is the num ber of eng ine health pa�
ram eters in an eng ine com ponent fault case

( CFC) .

Sensor bias m ay have differ ent quantit ies. If

sensor bias is too large, the GPA searching

pro cess in Fig. 4 m ay diverge and no result w ill

be provided. To av oid such a situat ion to hap�
pen, a thr esho ld is int roduced where all the

measurem ent deviat ions are compared w ith the

thresho ld and the deviat io ns larger than the

thresho ld indicate failed sensors. T herefo re, com�
plete sensor fault detect io n approach w ill g o

thro ug h the fo llow ing tw o steps:

If m easurement deviat ions ar e larger than

the thr esho ld �, the co rrespo nding sensors are

declared faulty and are excluded fro m the diag�
nost ic process.

If measurement deviat ions are sm aller than

or equal to the thr esho ld, the sensor fault detec�
tion system, F ig ure 4, is applied to check senso r

health before the measurements are used for en�
g ine com ponent diag nosis.

F ig� 4 � Sensor fault detection wit h G PA index

1. 3 � Measurement correction
Gas turbine g as path measurements are

rarely do ne at a specif ied co ndit ion, such as at

standard ISO ambient condit ion and at nominal

engine operat ing condit ion, that is used as the

no minal operat ing condit ion fo r diagnostics. The

diagnost ic analy sis can be car ried out at different

am bient and operating condit ions w here m eas�
urement data are available. H ow ever, to m ake

use of m ult iple measurem ent samples that might

be taken at different am bient and o perat ing con�
ditio ns, it w il l be m ore conv enient to corr ect all
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measurem ent sam ples to a specified nom inal am�
bient and operat ing condit io n. The idea of such a

model�based measurement cor rect io n is illust ra�
ted in Fig ure 5.

Assum e that condit ion a is the nom inal op�
erat ing co ndit ion where the diag no sis is carried

out. Such a co ndit ion is no rmally taken as sea

lev el standard ambient condit io n to gether w ith

the eng ine pr oviding nom inal po w er o utput . Con�
dit ion b is a condit ion slight ly dif ferent f rom con�
dit ion a where degr aded eng ine perform ance is

measured. For diagnost ic purpose, m easurements

at b sho uld be co rrected to tho se at co ndition a in

order to obtain perfo rmance dev iat ion due to

degradat ion and get corr ect fault signature. As�
sum e that the perform ance deviat io n is ∃z i, a at

condit ion a and ∃z i, b at condit ion b. The m eas�
urement corr ectio n against am bient and operat�
ing co ndit ions fr om b to a is ∃z i, AB for clean en�
g ine and ∃z i, A1B1 fo r degraded engine. In Fig . 5 it

can be seen that

∃z i, a + ∃z i, A1B1 = ∃z i, b + ∃z i, AB (13)

F ig� 5� M easurement cor rectio ns ag ainst ambient

and operating condit ions

� � Therefore, the perfo rmance deviat ion at con�
dition a can be calculated as

∃z i, a = ∃z i, b + ( ∃z i, AB - ∃z i, A1B1) (14)

� � w here

∃z i, AB = z i, B - z i, A (15)

∃z i, A1B1 = z i, B1 - z i, A1 (16)

� � The clean eng ine performance may no t v ary

parallel to the deg raded engine per for mance f rom

condit ion b to a but such dif ference is not taken

into acco unt in this study. So

∃z i, AB = ∃z i, A1B1 (17)

and therefore

∃z i, a = ∃z i, b (18)

� � Due to the fact that point A repr esents a�
v ailable baseline perfor mance, point B1 r epre�
sents available deg raded performance and line

AB can be easily obtained by using engine test

data or eng ine perform ance mo del, the fault sig�
nature at condit ion a can be o btained with Equa�
tion ( 19)

∃z i, a = ∃z i, B1 + ∃z i, AB (19)

� � Due to the non�linearity of engine thermo�
dynamic bahaviour, it is very likely that ∃z i, AB

may be no ticeably dif ferent to ∃zi, A1B1 w hen sig�
nificant engine deg radat ion happens, w hich is not

taken into account in this study . M ore detailed

discussio n of this topic w as g iven by Li and

Singh
[ 25]

.

To reduce the impact of measurement noise

on g as path diag no st ics, a ro lling av er ag e, Equa�
tion ( 20) , is applied to the corrected mult iple

samples and an averag ed m easur em ent is ob�
tained and used for further diagnostic analy sis.

z i =
1
P %

P

i= 1
z i (20)

� � w here P is the number of measurem ent

samples.

1. 4 � Integrated GPA diagnostic system

Taking into acco unt the inf luence of ambi�
ent and operating co nditions, sensor failure and

engine co mpo nent degradat ion, an integrated

GPA diagnost ic system is proposed. In such a

sy stem , the diagnostic pr ocess experiences three

steps and they are il lustr ated in Figures 6.

# Measurement correction � the eng ine g as

path m easurement samples taken at different

am bient and oper at ing co ndit ions are first corr ec�
ted to the standard ISO ambient condit ion and a

no minal operat ing conditions w ith clean eng ine

( w ithout deg radat ion) model using the infor ma�
tion of ∃y to obtain the corrected measurem ent

deviations ( ∃z - ∃zy ) . An averaged deviat ion

( fault signature) is obtained by using Eq. ( 20)

to reduce the im pact of measurement noise.

# Sensor fault detection with GPA � T he ob�
tained m easurement dev iat ion ( fault signature)

is input into a sensor fault detectio n sy stem
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Fig� 6 � Integr ated G PA diagnostic sy stem

w here faulty sensor s are detected and ex cluded.

# Engine component fault diagnosis � the

fault signature ex cluding the measurem ents f rom

failed sensors is passed to an eng ine component

GPA diag no st ic system to f ind out the m ost like�
ly deg raded eng ine co mpo nents. A threshold of

GPA Index is specif ied to assess if a CFC case is

likely ( the value of the threshold used in this re�
search is 0� 85) . If more than one CFCs are de�
tected, w eighted engine deg radation w ill be ob�
tained w ith Eq. ( 10) .

The outputs of the diag no st ic system are de�
tected faulty senso rs and isolated faulty eng ine

com po nents tog ether with an est imat ion of the

com po nent degradat ion ∃x.

Such an integrated GPA diagnostic sy stem

( Fig . 6) has been im plemented into Cranf ield g as

turbine perfo rmance analy sis so ftw are P YTH IA

developed from T URBOMAT CH
[ 26] , the v alidity

of w hich has been tested over many y ears.

2 � Application and analysis

A representat ive tw o�shaf t m odel aero tur�

bofan gas turbine eng ine similar to EJ200 is cho�
sen for the analysis. It has a fan ( compressor 1) ,

a H P com pressor ( com pressor 2 ) , a burner

( burner 1) and tw o turbines ( turbine 1 and tur�
bine 2) . When the engine w orks at different am�
bient operating condit io ns and at deg raded condi�
tions, the H P shaf t speed is used as control pa�
ram eter and kept constant . T he config urat ion of

the mo del engine is illustr ated in Figure 7 and

the basic perfo rmance parameters of the mo del

engine are as fo llow s:

to tal exhaust f low rate � � 76 kg/ s

to tal pr essure rat io 26

turbine entry temperature 1760 K

thrust 60 kN

specific fuel consumpt io n 22 mg / N # s

F ig� 7� M odel gas turbine config ur atio n

To test the diagnost ic sy stem , it is assum ed

that the H P compressor of the model eng ine is

degraded and a deg radat io n of 3% reduct ion in

flo w capacity and 1% reduct ion in isent ro pic ef�
ficiency is implanted into the H P com pressor. It

is also assumed that the tw o compressors, the

burner and the tw o turbines of the engine are po�
tential degraded com ponents and the max im um

number of sim ultaneously deg raded co mpo nents

can be up to tw o.

The selected inst rumentatio n set fo r diag�
nost ic purpose o f the model engine is listed in

Table 1 and the m ax imum num ber of potent ial

failed sensors is 1.

The sim ulated m easurements fo r the clean

and degraded engine are pro vided by PYT H IA

w here tw o different ambient and oper at ing con�
ditio ns are g iv en in T able 2. Due to the fact that

measurem ent noise is inevitable and is the m ajo r

no n�repeatable uncertainty that can not be easily
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cor rected and has a negat iv e im pact on diagnostic

results they are included in the analysis.

Table 1 � Engine gas path instrumentation set

N o. Symbols Parameter s

1 T amb / K A mbient temper atur e

2 p amb / atm A mbient pressure

3 N HP / % HP shaft rotat ional speed

4 T 3 / K F an discharg e t otal temper atur e

5 p 3 / atm Fan dischar ge to tal pressure

6 T 5 / K HP Co mpr esso r ex it to tal temperature

7 p 5 / atm H P Com pr essor ex it tota l pressur e

8 T 11 / K L P t ur bine ex it to tal temperatur e

9 p 11 / atm L P tur bine ex it to tal pressur e

10 m f / ( kg / s) Fuel flow rate

11 N LP / % LP shaft rotat ional speed

Table 2� Two measurement conditions

P arameters

Condition a

( Standard ISO

ambient

condition w ith

nominal HP

shaft speed)

Condit ion b

( U n�standard

ambient co ndit ion

w ith lo wer HP

shaft speed)

�

T amb / K 288. 15 298. 38

p amb/ atm 1. 0 0. 997

N HP / % 100 98

To simulate the noisy measur em ents f rom

the m odel g as turbine eng ine, the perfo rmance of

the m odel eng ine is first simulated and then the

simulated measurable performance parameters

ar e superimposed on by measurement noise. It is

assumed that the m easurement no ise has Gaussi�
an dist ribut ion and that the noise levels for the

measurable param eters fall w ithin the rang es

pro vided by Dy son and Doel
[ 27]

. The detailed ap�
plicat ion of the proposed diag no st ic sy stem to

the m odel engine is show n as fo llow s.

2. 1 � Correction of measurement data

The correct ion of gas path measurements a�
g ainst ambient and operat ing co nditions is done

w ithout the considerat io n of engine degradat ion

(∃x= 0) , Fig. 5 and 6.

To show the ef fectiveness of the measure�
m ent correct ion and the correction erro rs o f the

fault sig natur e, simulated measur em ent samples

at Conditio n b ( T able 2) for the engine im plan�
ted w ith the H P co mpr essor degradat ion w ithout

no ise and bias are used and thr ee measurem ent

deviations are compared in Figure 8. T he f ir st

one marked as (Real � is obtained at standard

am bient co ndition w ith no minal H P shaf t speed

regarded as tr ue fault signature, the second o ne

marked as (Cor rected� is o btained by co rrect ing

the data fro m Condit ion a to Condit ion b ( T able

2) , and the third one m ar ked as (No cor rect io n�
is the m easurement deviat ion w itho ut measure�
m ent correction. It can be seen that the fault sig�
nature w ith measur em ent co rrect ion ( m ar ked as

(Corrected� ) is very similar to the (Real� fault

signature but slight ly different in m ag nitude

w hile the measurement deviat ion w itho ut m eas�
urement co rrect ion ( m arked as (No corr ection� )

is completely different . It can be seen that the

measurem ent co rrect ion is very ef fect ive al�
though mino r correct ion erro rs ex ist .

Fig� 8 � Compariso n o f measur ement deviations

The sim ulated m easurement sam ples with

measurem ent noise for the clean engine w orking

at Condit ion a and the measurement samples

w ith m easurement no ise and bias for the degrad�
ed eng ine at Condit ion b are pre�processed with

the m easurement co rrect ion method ( F ig . 5) and

data averaging using Eq. ( 20) ( P = 10) before

they ar e passed to the sensor fault detect io n sys�
tem show n in Fig . 6.

2. 2 � Sensor fault detection with GPA index

It is assumed that o ne o f the sensors p 5 is

degraded and therefore has a significant level of

bias ( - 5% ) in the measurements w hen the en�
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g ine is deg raded at Co ndition b.

To detect a po tent ial failed sensor, 8 senso r

fault cases ( SFC) are pre�assumed and show n in

Table 3. To test the ef fect iv eness of the senso r

fault detect ion sy stem described in Fig. 6, one of

the component fault cases is selected and 8 sen�
sor fault cases are searched w ith the GPA. T o

see the difference of the results w hen different

com po nent fault cases are selected, al l of the f ive

single component fault cases ( first tw o com po�
nent fault cases in T able 4) ar e selected in the a�
nalysis. A com pariso n o f GPA Indices obtained is

show n in Figure 9. For ex ample, the first gro up

of f iv e GPA Indices corresponding to SFC1 is the

results o f the f irst senso r fault case searched

w ith the f iv e co mpo nent fault cases.

Table 3 � Sensor fault cases

Sensor Fault Cases P re�assumed faulty senso r

SF C1 T 3

SF C2 p 3

SF C3 T 5

SF C4 p 5

SF C5 T 11

SF C6 p 11

SF C7 m f

SF C8 N LP

Fig� 9� Senso r fault detection w ith GP A Index

It can be seen in Fig. 9 that although the se�
lected co mponent fault cases are dif ferent the

GPA Indices in SFC4 alway s sho w relat ively lar�
g er values co mpar ed to the values in other senso r

fault cases. Among the f iv e GPA Indices in

SFC4, one of them has significant hig her v alue

than o thers. T his is due to the reason that the

cor rect component fault case ( CFC2) and the

cor rect senso r fault case ( SFC4) are selected in

the sensor fault detect io n pr ocess. T herefo re, the

results str ong ly indicate that the sensor p 5 is

very likely to have problem. It also sho w s that

w hichever the engine com po nent fault cases is

chosen for the sensor fault detect io n the indica�
tion o f the result is the same. H ow ever, the re�
sults f rom the select ion of som e fault cases such

as CFC2 is m ore o bv io us than the results f rom

other fault cases such as CFC3. In addit io n, the

detect io n of the failed sensor is not affected sig�
nificant ly by the measurement cor rect io n errors

ex ist ing in the fault signature.

Table 4 � Engine component fault cases

Co mpo nent fault case Pr e�defined faulty co mpo nents

CF C1 compr essor 1

CF C2 compr essor 2

CF C3 bur ner

CF C4 turbine 1

CF C5 turbine 2

CF C6 compresso r 1+ compressor 2

CF C7 com pr esso r 1+ burner

CF C8 co mpr esso r 1+ turbine 1

CF C9 co mpr esso r 1+ turbine 2

CFC10 com pr esso r 2+ burner

CFC11 co mpr esso r 2+ turbine 1

CFC12 co mpr esso r 2+ turbine 2

CFC13 burner+ turbine 1

CFC14 burner+ turbine 2

CFC15 tur bine 1+ turbine 2

2. 3 � Engine component fault diagnosis
Based on the abo ve results and analysis, the

measurem ent f rom senso r p 5 sho uld be ex cluded

and the rest of the m easurements are used fo r

further co mponent diagnosis.

Based on the assumpt ion that the max im um

number of sim ultaneously degr aded eng ine com�
ponents can be up to tw o, al l the com ponent fault

cases ( CFC ) ar e listed in T able 4. U sing the

GPA diag no st ic system described in Figure 6, all

the possible fault cases are searched w ith the

GPA and the GPA Indices obtained from the di�
ag no st ic analysis are show n in Fig ure 10. It can

be seen that fault cases CFC2, CFC6, CFC10 and

CFC12 have the GPA Indices larg er than the

specified threshold 0. 85 indicat ing that they are

the m ost likely fault cases w hile the Indices fo r
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other cases are relat iv ely lo wer.

F ig� 10 � Compariso n o f GP A I ndices for all fault cases

The pr edicted com ponent degradat ions of

the four most likely fault cases are compared and

show n in Fig ur e 11. It show s that although the

tr end of the prediction is similar but the solu�
t ions are slight ly differ ent . To take the advan�
tage of all the so lut ions f rom these fo ur cases, a

w eighted solut ion of the predicted engine deg ra�
dation w ith the GPA Indices, Eq. ( 10 ) , is ob�
tained and show n in Fig ure 12, w hich show s that

the compressor has the largest deg radat ion while

the deg radat ion of other components are so lit t le

that they can be neg lected. T herefo re, it can be

concluded that only com pressor is the mo st like�
ly deg raded co mpo nent.

F ig� 11 � Pr edicted eng ine deg radatio n ( Implemented

fault: Co mpr esso r 2 ∃#c2= - 1. 0, ∃�c2 = - 3. 0)

Once the deg raded com ponent is isolated,

the GPA is no w applied only to the H P com pres�
sor ( CFC2) to quant ify the deg radat ion and the

result is show n in Fig. 12. By comparing the pre�
dicted component deg radatio n ( CFC2) w ith the

implanted compressor deg radat io n ( Fig. 12) , it

can be seen that the pr edict ion er ror for com�
pressor ef ficiency dr op is about 0. 33% and the

predict io n err or fo r com pressor f low capacity

dro p is about 0. 14%. Such er rors m ay be due to

the im pact of measurement corr ection err ors and

the r em aining m easurement noise after noise re�
duct ion.

F ig� 12 � Compariso n between implanted fault and

w eighted eng ine deg radation predictio n

3 � Conclusions

In this study, a g as turbine gas path diag�
nost ic system is int roduced, w hich includes thr ee

steps in the diagnostic pr ocess. The f irst step is

the data pro cessing w here measurement data are

cor rected to those at a specif ied ambient and

no minal diagnost ic o perat ing condit ion tog ether

w ith data averaging to reduce the im pact of

measurem ent no ise, the second step is senso r

fault detection and the third step is the eng ine

com po nent degradat ion analy sis. A GPA Index is

int roduced in the GPA diagnost ic system and is

ef fectiv ely used in the detect io n of g as path sen�
sor failure and the diagnosis of g as turbine com�
ponent degr adation. T he diagnost ic sy stem im�
plemented into Cranf ield gas turbine perform�
ance and diag nost ics sof tw are, Pythia, has been

applied to a mo del aero g as turbine eng ine im�
planted w ith a biased sensor and a degraded com�
ponent . The applicat ion and the analysis show

that the diagnost ic system has a g reat potent ial

to accurately detect g as tur bine com ponent deg�
radation w ith the presence of a biased senso r and
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the intro duct ion of the GPA Index of fers en�
hanced confidence in accurate g as path diagnostic

analysis.
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