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ABSTRACT

Study on Fault Diagnostics of a Turboprop Engine Using Inverse

Performance Model and Artificial Intelligent Methods

by Lim, Semyeong
Advisor : Prof. Kong, Changduk, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

Recently, the health monitoring system of major gas path components of gas
turbine uses mostly the model based method like the Gas Path Analysis (GPA). This
method is to find quantity changes of component performance characteristic
parameters such as isentropic efficiency and mass flow parameter by comparing
between measured engine performance parameters such as temperatures, pressures,
rotational speeds, fuel consumption, etc. and clean engine performance parameters
without any engine faults which are calculated by the base engine performance
model.

Recently, the expert engine diagnostic systems using the artificial intelligent
methods such as Neural Networks (NNs), Fuzzy Logic and Genetic Algorithms (GAs)
have been studied to improve the model based method. Among them the NNs are
mostly used to the engine fault diagnostic system due to its good learning
performance, but it has a drawback due to low accuracy and long learning time to
build learning data base if there are large amount of learning data. In addition, it
has a very complex structure for finding effectively single type faults or multiple

type faults of gas path components.

— viii —



This work builds inversely a base performance model of a turboprop engine to be
used for a high altitude operation UAV using measured performance data, and
proposes a fault diagnostic system using the base engine performance model and
the artificial intelligent methods such as Fuzzy logic and Neural Network.

The proposed diagnostic system isolates firstly the faulted components using
Fuzzy Logic, then quantifies faults of the identified components using the NN leaned
by fault learning data base, which are obtained from the developed base
performance model. In leaning the NN, the Feed Forward Back Propagation (FFBP)
method is used.

Finally, it is verified through several test examples that the component faults
implanted arbitrarily in the engine are well isolated and quantified by the proposed

diagnostic system.



Al AL A g A=7)

A}

al

&

A
71 gl B3] Aol

]

il

Al 1A

2~ El o
T

8

A 12 7

o "R H T WM oo
o o o of X oy T s %ok
o T MW e T R T ROA ]
—_ T i = i
R - S - TR T
oF W H_wd To o H o A
o P BT T BT e
Do al TR EE
moR zr mﬁ O N o
N = % 5 N oS = w =
oo B z o H g8 < H e
W E e ®E oD% ow
T o E MR 5 i 5
= N s ~ = zT — :.L mr E
= 0 i ) - ° .A.p.
Tardf TE TITEroO¢
s e S
T T e R mw LIy
— to < 0 = 2 = 9T
»AL 1 — O —_— k) o' fand I~
T L= G
W o a (S
PR B ol ow r o o R
R m A XA
. »AU = ou_o | ,ﬂl X _ .m_./l ,ﬂl
T oo o =T +~ Fom Aow X M
o M o) e G s S Mo 2
~ N 0
ol | — S ) B
° — 3 Moo o 4 o P s
o = LXl ™ of = — — 8 o d| __b
e RN R IO <= X
of 3 ab = N, % oz Ho g A
wEzrTE w2 ITLL L% o
X N ) <~ o x 2 iy ol 0
OT —_— ;01_ ,_ﬂ.ﬂ —_ OT [<}] ZO O/O e
B o OL T s — N\ ) o W_
A e S AR S ol S
ﬁ o bt WO = & R O O 9w
= =0 {ured ~ —
= o = Zo Ay BT - =T M ;
—_— . st —_ 0 Iz
T E o W I TR S
0.._0 ,mﬂ lvmo MM jang 0 ™ — — W: 03
B _® oo o B How
— = W o o < 8B o+ ®om
N o ,ml ‘._mﬂ [=t W.o N
Mo o ™o W OB Joom o W o M
W T ol mk X T HoHo o ®°

UAS Roadmap 2005--2030(H-5)

Fig. 1 Fault cause of America and Israel



22|

Table 1 Fault rate of propulsion parts and Down times
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A& A= o] FA = [-Complete AFe] I-Jet 130 RS A&t} i-Jet 1308

JH

1372N 39 2% HEAE dx oz F2 Radio Control Micro Aircrafte] F37%

A2 ARgE A glom 1dk 94 4=7], 97 AEdd dad, 19 57 HHYles 74
H

Starter Motor 9] accessory’} 12w ECU| 93] 25 o= Alojdct &3 Ale

= Al AlE Aldls 223 7ha7F AR E AL idle o B AE Aldls ARA AR

7} Fw ¥t Table 2+ I-jet 1309119 58 A9 o]oH[22].

Table 2 Specification of 1-130

Type Turbojet

Compressor 1 stage centrifugal

Combustion Chamber Reverse flow annular

Turbine 1 stage axial

Thrust

137.2N(30.86 1bf)
(max.@126000 rpm)

Thrust

) 4.02N(0.9 1bf)
(idle@32000 rpm)

Exhaust Gas Temperature(max.)

853 K

Fuel Consumption

0.139 g/N/h

Fuel

Kerosene, Jet Al

Start Gas

Propane

Lubrication Oil

Mobil Jet2, Exxon 2380

Fuel-oil Mixing Ratio

20:1

Dimensions

115 mm < x 320 mm L
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Cp : specific heat at constant pressure,



n; nozzle efficiency assumed as 0.98,
T, : turbine exit temperature,

P, : turbine exit pressure, F: thrust.

P, : ambient pressure, 7 : specific heat ratio,

WA : air flow rate, f : fuel flow rate,
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Table 3 Performance parameter values of compressor and turbine

—T_PR

RPM 50% 60% 70% 80% 90%
Compressor PR 1.38111  1.59784  1.82956  2.14715  2.51732
MFP 0.28153 043770 055305 0.66590  0.74716
ETA 0.88376  0.87287  0.85212  0.80921  0.78778
Turbine PR 1.23557  1.35727  1.50442  1.66064  1.79238
MFP 0.40982  0.54162 059095 0.62968  0.62410
ETA 0.55344 0.56185 0.59867 0.61593  0.63509
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Table 4 Design point performance of PT6A-67 turboprop

- | S/L, Static Standard
7b2=b 8 7] &% (rpm) 39,000
SYEH EE(rpm) 29,894
Z2Ae 3)dE % (rpm) 1,700
ITT(k) 1,113
=9 (HP) 1,700(12002. 2 Flat-rated)
=% (kg) 230

A 242 A9 "Holg E4

- A% F7 0 7 450001t

- &% Z4d MO T MO05
- ol &8 x7 @ Max Takeoff(RC=1), Max Climb(RC=3), Max Cruise(RC=4),

80% Max Cruise(RC=5), 60% Max Cruise(RC=6), 30% Max Cruise(RC=7), Flight
Idle(RC=8)

- Exhaust Area : 94 sq. inch

- Exhaust Angle : 6 &

- ESHP A4S $13F Propeller &8 : 85%

- PRF(Probe Recovery Factor) : 1.0

- WI Option : Average New Engine with LHV 18400 BTU/lb

— Charge Heating : 3T

- Ram recovery : 0.9

- Accessory reduction gearbox power HP: 12.1 HP(9KWatt)

- Interstage Bleed : 0

- Compressor Del. Bleed : 0.00

- Intake Pressure Loss : 0.0

- Exhaust Pressure Loss : 0.0



- Exhaust Depression : 0.0
- Propeller Shaft Speed : 1700. constant
- Rating Code : 1, 3, 4, 5,6, 7, 8

2. 459 wolH £4

PT6A-67 7ol degtols= 1% &5 97|z, A ZZA(rating code; max
TO, Max Climb, Max Cruise, 80% Max CR, 60% Max CR, 30% Max CR, Flight
idle), &+=7] Egl=37] 2%, HdEE(Power Takeoff), 7]+ W& 2 Ztx Zz3
2] &, Inlet charge heating, ram recovery, propeller shaft speed’} 13 Z#H o =2
+ SHP, Fuel flow, sfc, gasgenerator speed, air flow, P1, P25, P3, P7, P25 bleed, P3
bleed, T1, T2.5, T3, T7, ITTe] lth29].

A FAF Rdgol A s BANE fEdiAE AesdHer 45 F e 9%
How= dolgrt F53d ol A sjdetr] fs E9eH dANY 22 AL #
fazdel gk AL G S o] &ete] FH3 HelHE doWltt. Table 5= PT6A-67
Azle] M200 @ A4 Take-off 2119 F8 A5ty 22 PT6AAIAS PT6A-62
Az A AAA ASZko|t).

Table 5 Design point performance of PT6A-67 and PT6A-62

~

PT6A-67 PT6A-62
F 7] F(kg/s) 4.613 418
A B F(kg/s) 0.087643 0.08178
$57] & 9.26 9.4
457 725K 615.33 616.67
#=7] HEl 972=([K 1288.2 1292.62
3 vl 2 (SHP) 1200 1150
H A8 A% & (kg/kw * hr) 0.35259 0.3432
7 7] S ASF 36308 37468
zz247 3ASF(RPM) 1700 2000
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Fig. 23 Flowchart of base performance simulation program
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Table 6 Supposed performance fallen rate(Single fault)
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Table 7 Supposed performance fallen rate(Multiple faults)

§%7] 576l e E
CASE
% | &% | %% | &8 #% | &f
=7 o 20 -3 -3 +3 -3 0 0
&4 =71 21 -1 -3 +3 -1 0 0
gyl 324 22 -3 -1 +1 -3 0 0
=7 o 23 -3 -3 0 0 +3 -3
&5e HR 24 -1 -3 0 0 +3 -1
2 25 -3 -1 0 0 +1 -3
ol=7] Eul 26 0 0 +3 -3 +3 -3
&F98 gul | 27 0 0 +1 -3 +3 -1
2 28 0 0 +3 -1 +1 -3
29 -3 -3 +3 -3 +3 -3
S 30 -1 -3 +3 -1 +1 -3
&SH=7] 31 -3 -1 +1 -3 +3 -1
E{Rl 2 32 -1 -3 +1 -3 +3 -1
&s9 HEl | 33 -3 -1 +3 -1 +1 -3
=] Al
= 34 -3 -1 +3 -1 +3 -1
35 -1 -3 +1 -3 +1 -3
Table 8 Supposed performance fallen rate
Compressor efficiency -1~-5%
Compressor mass flow -1~-5%
High pressure turbine efficiency -1~-5%
High pressure turbine mass flow +1~+5
Power turbine efficiency -1~-5%
Power turbine mass flow +1~+5
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Table 9 Considered component fault pattern cases

FP 1 | Compressor fouling

FP 2 | Compressor turbine erosion

FP 3 | Power Turbine Erosion

FP 4 | Comp. Fouling & Comp. turbine erosion

FP 5 | Comp. Fouling & & Power Turbine Erosion

FP 6 | Comp. turbine erosion & Power Turbine Erosion

Comp. Fouling & Comp. turbine erosion & power turbine

FP 7 .
erosion
Z7bel &2 Adol uteh AZstetolee] WalE 4WHE Table 107 2 FFS
Zreth

Table 10 Measured parameter change (MPC) trends depending on

component fault patterns

ITT EGT WF Torque
FP 1 + + ++ +
FP 2 + + +++ +
FP 3 - + - -
FP 4 ++ ++ +++ ++
FP 5 ++ ++ ++ +
FP 6 ++ ++ +++ +
FP 7 +++ +++ +++ +
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Fig. 41 Fuzzy-Neural Network Fault Diagnosis Program

3. AFY ABAE A Z2ade A
ARE QEAS Aw w2ade AFas] 98 9o gol oo &4e At

Att. Table 112> ¥ el= 7Fg3 A A5 Ast&olth

Table 11 Implanted fault values (IFV) of engine major components

CO CO GT GT PT PT

MA EF MA EF MA EF
1 -5 -3 0 0 0 0
2 0 0 5 -3 0 0
3 0 0 0 0 5 -3
4 -4 -2 4 -2 0 0
5 -4 -2 0 0 4 -2
6 0 0 4 -2 4 -2
7 -5 -5 5 -5 4 -4




th. Table 12+= 7} -5 ASWa ®spgo|n

Table 12 Measured parameter changes due to implanted faults (%)

ITT EGT MF Torque
1 7.435 8.067 8.571 2.446
2 7.817 7.027 14.367 8.231
3 -3.051 -0.933 -4.408 -6.078
4 14.385 14.072 21.714 10.588
5) 5.196 7.226 5.959 -0.762
6 5.463 6.372 10.531 3.643
7 19.986 21.518 27.755 10.456

4" FAAES e 7] 98l fuzzy inference systemol %83k A3y} Table 133

Table 13 Results of faulted components isolated by Fuzzy Inference System
(IFC: Input fault cases, OFC: Output fault cases)

kr 1 2 3 4 5) 6 7
case
1 0.51 0.091 | 0.089 | 0.087 | 0.431 | 0.263 | 0.092
2 0.47 0.586 | 0.089 | 0.087 | 0.092 | 0.454 | 0.092
3 0.098 | 0.091 | 0.688 | 0.087 | 0.092 | 0.085 | 0.092
4 0.098 | 0.414 | 0.089 | 0.570 | 0.092 | 0.085 | 0.434
5) 0.401 | 0.091 | 0.207 | 0.087 | 0.568 | 0.085 | 0.092
6 0.430 | 0.091 | 0.228 | 0.087 | 0.280 | 0.527 | 0.092
7 0.453 | 0.270 | 0.089 | 0.453 | 0.280 | 0.473 | 0.566
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PT6A-67 Engine Test Data(Test time 33min)

700
600
500 ()
400
300
200
100 o ]
lf |
I —
2 L
—— —
(1] - — o
000000000000 000000000000000000000000000000000000C0
chahohamanahohonohanhahohanhonahahahonahehonahohaan
COHEANNMMTTNNVOONRMRNORAACOHENANMMTTNINVONMRIRANCOHEHNANMM TS
TUNCO TN OTONLOTRNOANOMMANOAMRANOMNHNOMANDOTONDOT O
HEANNANMATT TN OOORMNOOORNOO0ODrWEANNANMNTTTINDOORARNODOG O
el vl vl vl v v vl vl vl v v vl v v v v v v v v v vl v v e
——T1_Avg ——P3(CDP) T5(ITT) —T7_AllAvg Torque Pressure ——NG(%) NP(%0)

(degreeC)  (psia) (degreeC)  (degreeC)  (psid)
Fig. 43 PT6A-67 Test Data(33min)
2k dolEE AFA ofols Az Seo wAd: A4 A dolHZ AL
2 Figure 439] W7F AFZHE Qbe] dlo]E o]t}

o]Z 7 AAl AIE dlol¥ = Figure 449} -t



PT6A-67 Engine Test Data(2min 56sec)
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Table 14 Test Data and Simulation Data

P3(bar) ITT(K) EGTXK) PW(KW)
Test Data 8.521 925.57 790.54 876.3
Simulation
8.6 965.83 805.27 841.42
Data
% 0.92 4.2 1.83 3.98
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Table 16 Relationship between the chapters of the thesis and the published papers

Chapters

The Published papers

Chapter 2

Kong, C.D., Lim, S.M., Kho, S.H., "Inverse Generation of
Gas  Turbine  Component Performance Maps from
Experimental Test Data", Proceeding of the 2009 APISAT

Conference.

Kong, C.D., Lim, S.M. Kim, GW. "A STUDY ON
GENERATION OF GAS TURBINE COMPONENT MAPS
USING PERFORMANCE TEST DATA", Proceeding of the
2010 ICAS Conference.

Kong, C.D., Lim, S.M., Oh, S.H., Kim, J.H., "INVERSE
GENERATION OF GAS TURBINE COMPONENT
PERFORMANCE MAPS FROM EXPERIMENTAL TEST
DATA", Proceeding of the 2010 ASME Turbo Expo

Conference.

Kong, C.D., Lim, S.M., Kim, G.W., "Study on GUI Type Gas
Turbine Performance Simulation Using Inversely Generated
Component Maps and LabVIEW", Proceeding of the 2010
AJCPP Conference.

Kong, C.D., Lim, S.M., “A Study of Inverse Modeling from
Micro Gas Turbine Experimental Test Data”, Proceeding of

the 2009 Journal of the Korean Society Propulsion
Engineers Vol.13 No. 6, pp.1-7.

Chapter 3

Kong, C.D., Lim, S.M., Kim, G.W., Oh, S.H., Kim, J.H., “A
Study of Inverse Modeling from Turboprob Engine
Performance Data”, Proceeding of the 2010 KSAS Spring

Conference.
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qrds AT, 2010 FgHeATL 4053 7]

Kong, C.D., Lim, S.M., Kim, JH., “Study on Inverse
Modeling of a Turboprop in High Altitude Operation using
Engine Performance Data’ Proceeding of the 2010 Journal
of the Korean Society Propulsion Engineers Vol.14 No. 3,
pp.16-22.




Chapters

The Published papers

Chapter 3

Kong, C.D., Lim, S.M., “Inverse Generation of Gas Turbine
Component Performance Maps from Experimental Test
Data”’, Proceeding of the 2010 International Journal of
Turbo and Jet Engines, 27, 135-148

Chapter 4

Kong, C.D., Lim, S.M., Lee, K.S., "Study on Application of
Artificial Intelligent Fault Diagnostics Program to Turboprop

Engine", Proceeding of the 2011 KSAS Spring Conference.
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#include<stdio.h>

#include<math.h>

void main()

{

float COMPI[5][4];

float TUR[5][4];

float temp;

float TT1, T1, TT2, TT3, TT4, TT5;
float PT1, PT2, PT3, PT4, PT5;
float ETA1, MFP1, PR1;

float ETA3, MFP3, PR3;

float Ma;

float Mf;

float RPM;

float TM, TTM, TZM;

float CPA1, CPG3, CPG4;

float gammal, gamma3, gammad;
float WC, WT;

float ETAJ=0.96;

float ETAM=0.98;

float del_P3=0.02;

float R=0.287;

float A[9], B[9];

float per, perl, per2;

float FAR;

float Nz_PR;

float Cj;



float F;

float a, b;

int i, j, k, n, m;

int imax, jmax;

A[0]=0.992313;
A[1]=0.236688;
A[2]=-1.852148;
A[3]=6.083152;
A[4]--8.893933;
A[5]=7.097112;
A[6]=-3.234725;
A[71=0.794571;

A[8]=-0.081873;

B[0]=-0.718874;
B[1]=8.747481;
B[2]=-15.863157;
B[3]=17.254096;
B[4]=-10.233795;
B[5]=3.081778;
B[6]1=-0.36112;
B[7]1=-0.003919;

B[81=0.00;

FILE *fp_in_1;

fp_in_l1=fopen("COMP.txt","t");

FILE *fp_in_2;

fp_in_2=fopen("TUR.txt","r");

FILE =fp_out;

fp_out=fopen("DATA2_OUT.txt","w");

for(i=0;i<5;i++)

{



for(j=0;j<4;j++)

fscanf(fp_in_1, "%1{", &COMPIillD);

fscanf(fp_in_2, "%f", & TURILIGD;

{

}
}
printf("TT1?7\n");

scanf("%f", &T1);

printf("PT1?2\n");

scanf("%f", &PT1);

printf("Mf?\n");

scanf("%f", &Mf);

printf("%RPM?(50790)\n");

scanf("%f{", &RPM);

TT1=T1+273;

// interpolation //

for(i=0;i<5;i++)
{
a=COMPIi1[0]*100;
b=COMPIi+11[0]*100;
if(RPM == a)
{
ETA1=COMPIil[1];
MFP1=COMPIil[2];
PR1=COMPIil[(3];
}
if((a<RPM)&&(b>RPM))

{



ETA1-COMPIi][1]+(COMPI[i+11[1]1-COMPILil[1])*(RPM~-a)/(b-a);
MFP1-COMPIil[2]+(COMPIi+11[2]-COMPI[il[2])*(RPM-a)/(b-a);

PR1=COMPIi][3]+(COMPIi+11[3]-COMPI[il[3])*(RPM-a)/(b-a);

for(i=0;i<5;i++)
{
a=TUR[i][0]*100;
b=TURIi+11[0]*100;
if(RPM == a)
{
ETA3=TURIIII;
MFP3=TURIil[2];
PR3=TURIIl[3];
}
if((a<RPM)&&(b>RPM))
{
ETA3=TURIiI[1]+(TUR[i+11[1]-TURI[I[1])*(RPM-a)/(b-a);
MFP3=TURIil[2]+(TUR[i+11[2]-TUR[I[2D*(RPM-a)/(b-a);

PR3=TURIil[3]+(TURI[i+1][3]-TUR[I[3D*(RPM-a)/(b-a);

//// comp

PT2=PT1*PR1;

TM=TTI1;

per=0;

while(per<0.9995)
{
CPA1=0;
TZM=TM/1000;
for(m=0;m<9;m++)
{

CPA1-CPAl1+A[m]*pow(TZM, m);



}

gammal=CPA1/(CPA1-R);

temp=pow (PR1, ((gammal-1)/gammal));

TT2=TT1/ETAl*(temp-1)+TT1;

TTM=(TT1+TT2)/2;

if(TM<TTM)

per=TM/TTM;

else if(TM>=TTM)

TM=TTM;
}
temp=pow(TT1, 0.5);

Ma=MFP1/temp*PT1;

WC=CPA1*(TT2-TT1)*Ma;

///// comburster

//1// turbine

FAR=Mf{/Ma;

WT=WC/ETAM;

PT3=PT2*(1-del_P3);

temp=MFP3*PT3/(Ma+Mf);

TT3=pow (temp, 2);

PT4=PT3/PR3;

TM=TT3;
perl=0;
while(per1<0.9995)

{

per=TTM/TM,

- 71



CPG3=0;

TZM=TM/1000;

for(m=0;m<9;m++)
{
CPG3=CPG3+A[m]*pow(TZM, m)+(FAR/(1+FAR)*(Blml*pow(TZM, m)));
}

gamma3=CPG3/(CPG3-R);

temp=1/PR3;
temp=pow (temp, ((gamma3-1)/gamma3));
temp=1-temp;

TT4=TT3-ETA3*TT3+*temp;

TTM=(TT3+TT4)/2;
if(TM<TTM)
perl=TM/TTM;
else if(TM>=TTM)
perl=TTM/TM;

TM=TTM;

//// nozzle

Nz_PR=PT4/PT1;

TM=TT4;
per2=0;
while(per2<0.9995)
{
CPG4=0;
TZM=TM/1000;
for(m=0;m<9;m++)
{
CPG4=CPG4+A[m]*pow(TZM, m)+(FAR/(1+FAR)*(B[m]*pow(TZM, m)));
}

gamma4=CPG4/(CPG4-R);



temp=1/Nz_PR;
temp=pow (temp, ((gamma4-1)/gamma4));
temp=1-temp;

TT5=TT4-ETAJ*TT4*temp;

TTM=(TT4+TT5)/2;
if(TM<TTM)
per2=TM/TTM;
else if(TM>=TTM)
per2=TTM/TM;

TM=TTM;

temp=2¥*CPG4*(TT4-TT5);
Cj=pow (temp, 0.5);
temp=(1+M£)*Cj;

F=Ma*temp;

11177
fprintf(fp_out, "%12.5f %612.5f %612.5f %12.5f %12.5f %12.5f %612.5f

TT2, PT2, TT3, PT3, TT4, PT4, Ma, F);

printf(”%10.5f\n", F);

%12.5f\n",
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#include<stdio.h>

#include<math.h>
float CODE_1[5001[500], CODE_3[5001[500], CODE _4[5001[5001;
float CODE_5[5001[500], CODE_6[5001[500], CODE _7[5001[5001;
float CODE[5001(5001;

int CODE_N;

float MFP1[500], ETA1[500], PR1[500];
float MFP4[500], ETA4[500], PR4[500];
float MFP5[500], ETA5[500], PR5[500];
float TO, TZO0, PO, MO;

float TT2, TT3, TT4, TT5, TT6, TT7, T4,
float TM, TTM, TZM,

float TZ2, TZ3, TZ4, TZ5, TZ6, TZT,

float PT2, PT3, PT4, PT5, PT6, PT7, PT55=0;
float theta, delta;

float h, DEL_T, T00, GASG_RPM;

float CW, GTW, PTW;

float MaC;

float FAR, MF, SFC;

float LHV;

float CPA0=0, CPA3=0, CPG4=0, CPG5=0, CPG6=0, CPAM=0, CPGB=0;
float CPA23=0, CPG45=0, CPG56=0;

float A[9], B[9];

float gammal7];

float R;

float temp, del_w;

float a, b, ¢, d, min=1000000;

float ANDEG, ANCAL;



float ETAI, ETAB, DTPT, ETAT, ETAN, ETAM;

float per, per_AN, perl, per2, per3, per4, perll, perlll;

float mv, VO, Torque=0;
float ERR, ERRF, maxi;
inti, j,n m x, v, 2 q W
int aa=0, ab=0, ba=0, bb=0, ca=0, cb=0;
int imax, jmax;

int imax], jmaxl;

int imax2, jmax2;

int imax3, jmax3;

int imax4, jmax4;

int imax5, jmax5;

int imax6, jmax6;

int imax7, jmax7,;

int imax8, jmax8;

int imax9, jmax9;

i

void main()

{

int k, kmx;

FILE #fp_in_1;
fp_in_l1=fopen("CODE_1.txt","r");
FILE #fp_in_2;
fp_in_2=fopen("CODE_3.txt","r");
FILE #fp_in_3;

fp_in_3=fopen("CODE_4.txt","r");

FILE =*fp_in_4;
fp_in_4=fopen("CODE_5.txt","r");
FILE #fp_in_5;
fp_in_5=fopen("CODE_6.txt","r");
FILE #*fp_in_6;

fp_in_6=fopen("CODE_7.txt","r");

FILE *fp_out_7;

fp_out_7=fopen(”performance.txt”,”w");



ITT111111117111177

FILE #fp_in_7;
fp_in_7=fopen(”abab.txt”,"r");
FILE *fp_out_1;
fp_out_l=fopen("itt.txt”,"w");
FILE *fp_out_2;
fp_out_2=fopen("egt.txt”,"w");
FILE *fp_out_3;
fp_out_3=fopen("mf.txt”,"w");
FILE *fp_out_4;

fp_out_4=fopen("torque.txt”,"w");

///////1/// Fixed Input Data////////
A[0]=0.992313;
A[1]=0.236688;
A[2]=-1.852148;
A[3]=6.083152;
A[4]--8.893933;
A[5]=7.097112;
A[6]=-3.234725;
A[71=0.794571;

A[8]=-0.081873;

B[0]=-0.718874;
B[1]=8.747481;
B[2]=-15.863157;
B[3]=17.254096;
B[4]=-10.233795;
B[5]=3.081778;
B[6]1=-0.36112;
B[7]1=-0.003919;

B[81=0.00;

ETAI=0.9;
ETAB=0.925;
DTPT=0.03;

ETAN=0.96;



ETAM-=0.96;
ANDEG=0.06064504;
R=0.28705;

LHV=42769.84;

111111111/ File In //1111/111117

fscanf(fp_in_1, "%d”, &imax1);

fscanf(fp_in_1, "%d”, &jmax1);

fscanf(fp_in_2, "%d”, &imax2);

fscanf(fp_in_2, "%d”, &jmax2);

fscanf(fp_in_3, "%d”, &imax3);

fscanf(fp_in_3, "%d”, &jmax3);

fscanf(fp_in_4, "%d”, &imax4);

fscanf(fp_in_4, "%d”, &jmax4);

fscanf(fp_in_5, "%d”, &imax5);

fscanf(fp_in_5, "%d”, &jmax5);

fscanf(fp_in_6, "%d”, &imax6);

fscanf(fp_in_6, "%d”, &jmax6);

for(i=0;i<imax1;i++)

{
for(j=0;j<jmaxl;j++)
{
fscanf(fp_in_1, "%{", &CODE_1[illiD;
}
}

for(i=0;i<imax2;i++)
{

for(j=0;j<jmax2;j++)



fscanf(fp_in_2, "%1{", &CODE_3[illD;

}

for(i=0;i<imax3;i++)

{
for(j=0;j<jmax3;j++)
{
fscanf(fp_in_3, "%1{", &CODE_4[illiD;
}
}

for(i=0;i<imax4;i++)

{
for(j=0;j<jmax4;j++)
{
fscanf(fp_in_4, "%{", &CODE_5[i1lD;
}
}

for(i=0;i<imax5;i++)

{
for(j=0;j<jmax5;j++)
{
fscanf(fp_in_5, "%1{", &CODE_6[il[D;
}
}

for(i=0;i<imax6;i++)

{
for(j=0;j<jmax6;j++)
{
fscanf(fp_in_6, "%f”, &CODE_7[il[j]);
}
}



i

fscanf(fp_in_7, "%d", &kmx);

for(k=1;k<=kmx;k++)

/*

//
//

//

//
//

//

//
//

//

//
//

//

aa=0;

ab=0;

{
i

// FLIGHT CONDITION //

i
while(1)

{

printf("FLIGHT ALTITUDE(0729999m)\n");

scanf("%f", &h);
if((0<=h)&&(h<30000))
break;

else

printf("WRONG INPUT DATA\n");

y*/

h=0; //alt

printf("MFPC(-575%)\n");

scanf("%d", &aa);

printf("ETAC(-575%)\n");

scanf(”"%d", &ab);

printf("MFPCT(-5"5%)\n");

scanf("%d", &ba);

ba=0;

printf("ETACT(-575%)\n");

scanf(”"%d", &bb);

bb=0;



i

fscanf(fp_in_7, "%d %d”, &aa, &ab);
fscanf(fp_in_7, "%d %d", &ba, &bb);

fscanf(fp_in_7, "%d %d", &ca, &cb);

// printf("MFPPT(-5~5%)\n");

// scanf("%d", &ca);

// ca=0;

// printf("ETAPT(-5~5%)\n");

// scanf("%d", &cb);

// cb=0;

// printf("DELTA T?\n");

// scanf(”"%f"”, &DEL_T);
DEL_T=0;

/* while(1)

{
printf("FLIGHT MACH NUMBER\n");

scanf("%f", &MO0);

if(0<=MO0)
break;
else
printf("WRONG INPUT DATA\n");
}
*/
MO0=0;
/* while(1)

{
printf("FLIGHT CONDITION CODE NUMBER(1,3,4,5,6,7)\n");
scanf(”"%d”, &CODE_N);

if((CODE_N==1)|[(CODE_N==3)|[(CODE_N==4)||(CODE_N==5)||(CODE_N==6)||(CODE_N==7))



break;

else

printf("WRONG INPUT DATA\n");

*/ CODE_N=1;

if(CODE_N==1)

{
for(i=0;i<imax1;i++)
{
for(j=0;j<jmaxl;j++)
{
CODEIi][j1=CODE_1[il[j1;
imax=imax1;
jmax=jmax];
}
}
}

else if(CODE_N==3)

{
for(i=0;i<imax2;i++)
{
for(j=0;j<jmax2;j++)
{
CODEIi1[j1=CODE_3I[il[j1;
imax=imax2;
jmax=jmax2;
}
}
}

else if(CODE_N==4)
{
for(i=0;i<imax3;i++)
{
for(j=0;j<jmax3;j++)
{
CODEIil[j1=CODE_4Lil[j1;



imax=imax3;
jmax=jmax3;

}

}

else if(CODE_N==5)

{
for(i=0;i<imax4;i++)
{
for(j=0;j<jmax4;j++)
{
CODEIi1[j1=CODE_5[il[j1;
imax=imax4;
jmax=jmax4;
}
}
}

else if(CODE_N==6)

{
for(i=0;i<imax5;i++)
{
for(j=0;j<jmax5;j++)
{
CODEIi1[j1=CODE_6[il[j1;
imax=imax5;
jmax=jmaxb;
}
}
}

else if(CODE_N==7)
{
for(i=0;i<imax6;i++)
{

for(j=0;j<jmax6;j++)
{
CODEIil[j1=CODE_7[il[j1;
imax=imax6;

jmax=jmax6;



if(h<=11000)

{

T0=288.15-0.0065*h+DEL_T';
T00=288.15-0.0065%h;
PO=pow(T00/288.15, 5.2561)*1.01325;

}

else if((11000<h)|I(h<24994))

{

T0=216.67+DEL_T;
temp=0.000157689* (h-10998.1);
temp=exp(temp);
P0=0.2263253/temp;

}

else if((24994<h)II(h<30000))

{
T0=216.65+0.0029892*(h-24994)+DEL_T;
T00=216.65+0.0029892* (h—24994);
P0=2.5237*pow (216.65/T00, 11.8);

}

TZ0=T0/1000;

for(m=0;m<9;m++)
{

CPAO0=CPAO+A[m]*pow(TZ0, m);

gammal0]=CPA0/(CPAO-R);

mv=pow ((gamma[0]*R#*1000+T0), 0.5);



V0=mv*MO0;

s
//1/1//1// INLET ////1//1111/
s

TT2=T0+(V0*V0)/(2*CPA0+1000);

temp=1+(ETAI*(V0*V0)/(2*CPA0*1000+T0));

PT2=pow (temp, (gammal0]/(gammal0]-1))) * PO;

temp=(1+((gamma[0]-1)/2)*pow(MO, 2));
theta=(T0/288.15)*temp;

delta=(P0/1.01325)*pow (temp, (gamma[0]/(gammal0]-1)));

i
//1/////// COMPRESSURE ////////////
i

for(i=0;i<imax;i++)

{

TM=TT2;
per=0;
while(per<0.9999995)
{
CPA3=0;
TZM=TM/1000;
for(m=0;m<9;m++)
{
CPA3=CPA3+A[m]*pow(TZM, m);
}

gammal[3]=CPA3/(CPA3-R);

temp=pow(CODE[il[1],((gamma[3]-1)/gammal[3]));

TT3=(TT2*(temp-1)/(CODEI[i1[2]/*+CODEI[il[2]*ab/100%/))+TT2;



//
//
//

TTM=(TT2+TT3)/2;
if(TM<TTM)
per=TM/TTM;
else if(TM>=TTM)
per=TTM/TM,
TM=TTM;
}

PT3=CODEI[iI[1]*PT2;

MaC=(CODEIi][0]/*+(CODEIil[0]*aa/100)*/)*(P0*100)/pow(TO0, 0.5);

CW=MaC+*CPA3*(TT3-TT2)/0.96;

iiiniina
//1/////// COMBUSTOR ////////////
iiiniina

PT4=PT3*(1-DTPT);

i
//1/////// GAS GENERATER TURBINE //////////
i

perll11=0;
while(per111<0.99995)
{
w=1;
MF=0;
perll=0;
T4=0;
FAR=0;
while(per11<0.9999995)
{
temp=(CODEIil[3]/*+CODE[i1[3]*ba/100*/)*PT4*100/(MaC+MF);

TT4=pow(temp, 2);



TM=(TT3+TT4)/2;

CPGB=0;
TZM=TM/1000;
for(m=0;m<9;m++)
{
CPGB=CPGB+A[ml*pow (TZM,
m)+(FAR/(1+FAR)*(B[m]*pow(TZM, m)));

FAR=CPGB*(TT4-TT3)/ETAB/LHV;

MF=FAR*MaC;

if(TT4<T4)
perl1=TT4/T4;
else if(TT4>=T4)

perl1=T4/TT4,

T4=TT4;
}
TM=TT4;
perl=0;
while(per1<0.9999995)
{
CPG4=0;
TZM=TM/1000;

for(m=0;m<9;m++)
{
CPG4=CPG4+A[ml*pow(TZM,
m)+(FAR/(1+FAR)*(B[m]*pow(TZM, m)));
}

gamma[4]=CPG4/(CPG4-R);

temp=pow ((1/CODEIil[4]),((gamma[4]-1)/gammal[4]));



TT5=TT4-(CODEIil[5]/*+CODEI[il[5]*bb/100*/)* T T4*(1-temp);
TTM=(TT4+TT5)/2;
if(TM<TTM)
perl=TM/TTM;
else if(TM>=TTM)
perl=TTM/TM;

TM=TTM;

/ PT5=PT4/CODEL14];
PT5=(MaC+MF)*pow(TT5, 0.5)/(CODEL1[6]/++CODEL1[6]+ca/100+/)/100;
/e if(PT5<PT55)

perl11=PT5/PT55;
else if(PT5>=PT55)

perl11=PT55/PT5;

PT4=PT55*CODEIil[4];

y*/

GTW=CPG4*(TT4-TT5)*(MaC+MF);

s
////////// POWER TURBINE ////////////
s

TM=TT5;

per2=0;

while(per2<0.9999995)

{
CPG5=0;
TZM=TM/1000;
for(m=0;m<9;m++)

{

CPG5=CPG5+A[m]*pow(TZM, m)+(FAR/(1+FAR)*(B[m]*pow(TZM, m)));

}

gamma[5]=CPG5/(CPG5-R);



temp=pow((1/CODE[][7]),((gamma[5]-1)/gamma(5]));
TT6=TT5-(CODEIil[8]/*+CODEI[i1[8]*cb/100%/)* T T5*(1-temp);
TTM=(TT5+TT6)/2;
if(TM<TTM)
per2=TM/TTM;
else if(TM>=TTM)
per2=TTM/TM;

TM=TTM;

PT6=PT5/CODEI[il[7];

PTW=CPG5*(TT5-TT6)*(MaC+MF);

SFC=3600*MF/PTW;

if(CW>=GTW)
{
del_w=CW-GTW;
}
else if(CW<GTW)
{

del_w=GTW-CW;

if(min>del_w)
{
min=del_w;

maxi=i;

s

i



//1/////// COMPRESSURE ////////////

i

i=maxi;
V4 for(i=0;i<imax;i++)

{

TM=TT2;

per=0;

while(per<0.9999995)

{

}

CPA3=0;

TZM=TM/1000;

for(m=0;m<9;m++)
{
CPA3=CPA3+A[m]*pow(TZM, m);
}

gammal[3]=CPA3/(CPA3-R);

temp=pow(CODEIi][1],((gamma[3]-1)/gammal[3]));
TT3=(TT2*(temp-1)/(CODE[il[2]+CODE[il[2]*ab/100))+TT2;
TTM=(TT2+TT3)/2;
if(TM<TTM)
per=TM/TTM;
else if(TM>=TTM)
per=TTM/TM;

TM=TTM;

PT3=CODEI[iI[1]*PT2;

MaC=(CODEI[i][0]+CODEIil[0]*aa/100)*(P0*100)/pow(T0, 0.5);

CW=MaC*CPA3*(TT3-TT2)/0.96;

iiiniina
//1/////// COMBUSTOR ////////////

iiiniina



m)));

PT4=PT3*(1-DTPT);

i

////////// GAS GENERATER TURBINE //////////

i

w=1;
MF=0;
perll=0;
T4=0;

FAR=0;

while(per11<0.9999995)

{

temp=(CODEIi][3]+CODEIil[3]*ba/100)*PT4*100/(MaC+MF);

TT4=pow (temp, 2);

TM=(TT3+TT4)/2;

CPGB=0;

TZM=TM/1000;

for(m=0;m<9;m++)
{

CPGB=CPGB+A[m]*pow(TZM,

FAR=CPGB*(TT4-TT3)/ETAB/LHV;

MF=FAR*MaC;
if(TT4<T4)

perl1=TT4/T4;
else if(TT4>=T4)

perl1=T4/TT4;

T4=TT4;

m)+(FAR/(1+FAR)*(B[m]*pow(TZM,



TM=TT4;
perl=0;
while(per1<0.9999995)
{
CPG4=0;
TZM=TM/1000;
for(m=0;m<9;m++)
{
CPG4=CPG4+A[m]*pow(TZM, m)+(FAR/(1+FAR)*(B[m]*pow(TZM, m)));
}

gamma[4]=CPG4/(CPG4-R);

temp=pow((1/CODEIi1[4]),((gamma[4]-1)/gammal4]));
TT5=TT4-(CODEIil[5]+CODE[il[5]*bb/100)* T T4*(1-temp);
TTM=(TT4+TT5)/2;
if(TM<TTM)
perl=TM/TTM;
else if(TM>=TTM)
perl=TTM/TM;

TM=TTM;

// PT5=PT4/CODEIil[4];

PT5=(MaC+MF)*pow(TT5, 0.5)/(CODEI[il[6]+CODEI[i1[6]*ca/100)/100;

GTW=CPG4*(TT4-TT5)*(MaC+MF);

s

////////// POWER TURBINE ////////////

s

TM=TT5;

per2=0;



while(per2<0.9999995)
{
CPG5=0;
TZM=TM/1000;
for(m=0;m<9;m++)
{
CPG5=CPG5+A[m]*pow(TZM, m)+(FAR/(1+FAR)*(Blml*pow(TZM, m)));
}

gamma[5]=CPG5/(CPG5-R);

temp=pow((1/CODEIi1[7]),((gamma[5]-1)/gammal5]));
TT6=TT5-(CODEIil[8]+CODE[il[8]*cb/100)* TT5*(1-temp);
TTM=(TT5+TT6)/2;
if(TM<TTM)
per2=TM/TTM;
else if(TM>=TTM)
per2=TTM/TM;

TM=TTM;

PT6=PT5/CODEI[l[7];

PTW=CPG5*(TT5-TT6)*(MaC+MF);

i
111111111/ Nozzle ////1//1111/
i

TM=TTS6;

per3=0;

while(per3<0.9999995)

{
CPG6=0;
TZM=TM/1000;
for(m=0;m<9;m++)

{



/*

*/

CPG6=CPG6+A[m]*pow(TZM, m)+(FAR/(1+FAR)*(B[m]*pow(TZM, m)));
}

gammal[6]=CPG6/(CPG6-R);

temp=pow((P0/PT6),((gammal6]-1)/gammal6]));
TT7=TT6-0.96+TT6+(1-temp);
TTM=(TT6+TT7)/2;
if(TM<TTM)
per3=TM/TTM;
else if(TM>=TTM)
per3=TTM/TM;

TM=TTM;

g
//1/1//1// Perfomance ///////1////
g

SFC=3600*MF/PTW;

Torque=9549.3*PTW/1700;

if(CW>=GTW)
{

del_w=CW-GTW;
}
else if(CW<GTW)
{

del_w=GTW-CW;
}
ETAM=CW/GTW;
if(del_w==min)
{

break;



%12.5f

%12.5f

//
//
//
//

s
//1////1// PRINT //////11/11/
s

fprintf(fp_out_7, "%12.5f %12.5f %612.5f %12.5f %12.5f %612.5f %12.5f

%12.5f %12.5f\n",

TT3, PT3, TT4, PT4, TT5, PT5, TT6, PT6, MaC, MF, CW, GTW, PTW, SFC);

printf("%12.5f \n”, TT5);
printf("%612.5f \n", TT7);
printf("%12.5f \n”, MF);

printf("%12.5f \n", Torque);

fprintf(fp_out_1,"%12.5f \n\n\n”, TT5);
fprintf(fp_out_2,”%12.5f \n\n\n"”, TT7);
fprintf(fp_out_3,"%12.5f \n\n\n", MF);
fprintf(fp_out_4,"%12.5f \n\n\n"”, Torque);
printf("%12.5f \n”, (CODEIil[0]+(CODELil[0]*aa/100)));
printf("%612.5f \n”, CODELil[0]);

printf("%12.5f \n”, CPG6);

printf("%12.5f \n”, FAR);

%12.5f

%12.5f

%12.5f
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X

NEURAL NETWORK DESIGN FOR GAS TURBINE FAULT DETECTION

X

PROGRAMMED BY Lim Se Myeong

X
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X

X

6 HIDDEN LAYER : TANSIGMOID

X

6 OUTPUT LAYER : LINEAR

% INITIAL VALUE
function[]-fileload
prompt={'File number?’}
filenum=inputdlg (prompt, 'input window');
filenum=str2double(filenum)
if(filenum==1)
load 'co.txt’;
data=co;
t=data(:,5:10);
x=data(:,1:4);
elseif(filenum==2)
load 'ct.txt’;
data=ct;
t=data(:,5:10);
x=data(:,1:4);
elseif(filenum==3)
load 'pt.txt’;
data=pt;
t=data(:,5:10);
x=data(:,1:4);
elseif(filenum==4)
load 'coct.txt’;
data=coct;
t=data(:,5:10);
x=data(:,1:4);
elseif(filenum==5)

load ’copt.txt’;



data=copt;
t=data(:,5:10);
x=data(:,1:4);
elseif(filenum==6)
load ’ctpt.txt’;
data=ctpt;
t=data(:,5:10);
x=data(:,1:4);
elseif(filenum==7)
load ’coctpt.txt’;
data=coctpt;
t=data(:,5:10);
x=data(:,1:4);
end
t=t’;

x=x';

maxcycles=1000;
RMS_goal=1.5;
1r=0.1;

hidden=1;

a=0.5; % 71&7] parameter

% DATA BASE LOAD

%[x,t] = DB_fault_cof;
%[x,t] = DB_fault_hte;
%[x,t] = DB_fault_pte;
%[x,t] = DB_fault_coht;
%[x,t] = DB_fault_copt;
%[x,t] = DB_fault_htpt;

%[x,t] = DB_fault_cohtpt;



[inputs, patternsl]=size(x);

[outputs, patterns]=size(t);

if patternsl ~= patterns
error('Y¥ HAEH EF o] Zofof })

end

% WEIGHT VALUE INITIALIZE

W1=0.1*randn(hidden, inputs+1) % 283 715 P29 273

W2=0.1*randn(outputs, hidden+1)% 493 75 J@9 %73}

% LEARNING

[hidden, inputsl]=size(W1);

[outputsl, hiddenl]l=size(W2);

if outputsl ~= outputs
error('W1d] &% Xge] 5 Hele A% A=A 25)
end
if inputsl ~= inputs+1
error('W29] & Xde] JH eI} AAFHA FL)
end
if hiddenl~=hidden+1
error('W1s W2el Xgo] 423 &5')

end

terms=outputs*patterns;
RMS=zeros(1,maxcycles);
LR=zeros(1l,maxcycles);
X=[ones(1,patterns);x];
h=tansig(W1*X);
x=size(h);
H=[ones(1,patterns);hl;
output=linearx(W2*H);
e=t-output;

RMS(1)=sqrt(sum(sum(e."2))/terms);



fprintf('Epoch=1, Ir=%fRMS Error=%f\n’,1Ir,RMS(1));

for i=2:maxcycles

delta2=e*10;
del_W2=Ir*delta2+H';
deltal=ax*(h.*(1-h)).*(W2(:,2:hidden+1) '*delta2);
del_W1=Ir*deltal*X';
new_W1=W1l+del_W1;
new_W2=W2+del_W2;
new_h=tansig(new_W1#X);
new_H=[ones(1,patterns);new_hl;
new_output=linearx(new_W2*new_H);
new_e=t-new_output;
RMS (i)=sqrt(sum(sum(new_e."2))/terms);
if RMS(1)<RMS(i-1)

Wl=new_W1;

W2=new_W2;

e=new_e*10;

h=new_h;

H=new_H;

Ir=Ir*1.05;
else Ir=Ir+0.5;

end

LR()=Ir;

if RMS(i)<RMS_goal;

break; end
if rem(i,1)==0

fprintf(' Epoch=%i,lr=%f RMS Error=%f\n’,i,LR(i),RMS(i));
end

end

RMS=nonzeros(RMS);

LR=nonzeros(LR);

%save result_cof W1 W2 RMS LR %checkfunction[]=fileload



if(filenum==1)

save result_co W1 W2 RMS LR
elseif(filenum==2)

save result_ct W1 W2 RMS LR
elseif(filenum==3)

save result_pt W1 W2 RMS LR
elseif(filenum==4)

save result_coct W1 W2 RMS LR
elseif(filenum==5)

save result_copt W1 W2 RMS LR
elseif(filenum==6)

save result_ctpt W1 W2 RMS LR
elseif(filenum==7)

save result_coctpt W1 W2 RMS LR
end
t=t’;

x=x';

% RESULT PLOT

plot(i, RMS);

semilogy (RMS);

title('Back Propergation Training Result’);
xlabel('Number of Iteration’);

ylabel("RMS Error');

% MAX. CYCLE CHECK
cycles=length(RMS);
if cycles == maxcycles
fprintf('\n\n *** BP Training Terminate!’)
fprintf('\n *** RMS = %e  \n\n’,min(RMS))
else
fprintf("\n *** %0.f epoch, Good Training!!! *##',cycles)
fprintf('\n *** RMS = %e  \n\n’,min(RMS))

end
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