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Objectives:

Development of the Inverse Engine Model for
1. Evaluation of the engine maps when not all the

effective (realistic) map components are known
2. Transducer or/and engine component map fault

detection

3. Real time simulations and control




Single Spool Engine Stations

NN
B "AVAVAVAVAVAVAVAY A H
TSTSINNININININININININININININN) e Y
AVAVAVAVAVAVAVAVAVA'
VVVVVVVVVV“

lils

7

hal

Drawing refers to the AMT Netherlands B.V. Olympus Design.




Typical Closed Loop Engine Control System

Command: Measured values

N cor,ref (t)

Typical measured values : M, N AP

05 H’ M 2 (TOB’ POB)

Conventional Dynamic Engine Model

N(b), m, (1
H,M,m (t) | conventional Engine Model T, (t)...T,,(t)
(Using Compressor + Turbine |~ P_(1)...P (1)

Initial Condition: + Nozzle Maps) 0., 7]

Ni=o SM (1), o(t) *



Inverse Engine Model

Input Values. Output Values.

VAL, =

input value number Inverse Engine Model. VAL, =

output value number

|

> Thermodynamic equations

(THERM - thermodynamic equation

Input Engine Output Engine ;
number).
Component Maps. Component Maps.
MAP, = MAP, . =
input map Eqs. number iInput map Eqs. number

To become an inverse engine model the following Complete Inverse Model
Conditions must be fulfilled:

MAP, + MAR,,, = MAPtotaI,conv. (1)
VALin r VALout 3 VALtotaI,conv. (2)
MAP, +THERM =VAL _, (3)
VAL, <VAL ChRee

i meas



Full Inverse Engine Model

Command:

N, (t)

cor

Measured val ues
H (t)1 M (t)1 I\/I'A\Out vy O

m, (t), N(t), THERM =57

T (D) Eqstotal,conv. =062
Output values:
Full Inverse Model LT () VAL i conv. =05
Maps: P,(0)..P, (1) VAL e =9
Compressor+Turbine+Nozzle e 1]

SM (1), o(t)

MAP, + THERM = VAL, =5+57 =62



Full Inverse Engine Model

Comma nd:

N, (t)

Mea sured valu es:
H (1), M (1),

>mf (), N(V),
T, (1)

Outp ut v alu es:

R
>

—

Maps:

Full Inverse
Model

'S m, (t), m, (t)

Tnz (t) . 'T07 (t)

P,(t)...P, (1)

Compressor+Turbine+Nozzle

MAP, + THERM = VAL

out

770’ 771
SM (1), o(t)

—5+57=562

Turbine/Nozzle Map Engine Model
(without Compressor Map)

H(t), M(t), .

Command:
N, (t) Closed Loop >m,(t),N(t),
Engine T
Output values:
H,M,m

Maps:

Turbine / Nozzle

Turbine+Nozzle

MAP, + THERM = VAL

Map Engine  [# 0.7
T, (1)..T, (),
Model P, (1)..P, (1)
SM (1), o(t).
—3+5/=60

out

Compressor/Nozzle Map Engine
Model (without Turbine Map)

Turbine Map Engine Model
(without Compressor/Nozzle Maps)

Measured values:
Command: H(t), M(b),
N.() _|Closed Loop m, (0, (),
Engine %0
H,M,m
Comp. / Nozzle
- Map Engine

—_— Model T (1)..T, (t),
Maps: P_(t)...P, (t),
Compressor+Nozzle SM (1), ().
MAP, + THERM =VAL_, =3+57=60

out

Command:

N, (t)

Closed Loop

Measured values .
H(), M(1),
N(t), m, (t),

Engine

|

T N, T

03! ' 05

Turbine Engine

Model

Turbine Map

MAP, + THERM = VAL,

T, (1), T, (1)
Output values :

- O.m,. (1),

02

N, (), 7.(t),
m, (t), m,
T, ()
Pe

1)..T., (1),
(t)..R, (1),
SM (1), (t). 7

—=2+57=59

T04 (
P (




USAGE OF INVERSE ENGINE MODEL

a) Evaluation of effective engine component maps
b) Diagnosis of jet engine component and transducer faults
c) Real-time simulations and control

a) Evaluation of Compressor and Nozzle Maps Using Turbine Map Model
(Model without Compressor/Nozzle Maps)

"MICROJET" OPEN-LOOP TRANSIENT. H= 0m; M= 0.

4_
Je| 112233 445566778899 Nozzle map:
(KRPM] |
ol : IV
S Oper%ating Lineé Yaed m?,corr VS. F
] | ESSN SRES SRS S S ) - 1
£ ;Transienté : -2
R T
_________ 5 ! ! i i 3 b 9 07
e : /;/) i m7,corr - P —
== SN N ;
] e Tonttpr. Efficiency e
0 005 01 015 02 025 03 035 04 |m_ =
Corrected Air Mass Flow ‘ P
P,
I T m ’T ] P ] P’
N’ma,c’T02’T031 Poz’ R)3’ya,c( 2,3) g- re “ore g




Evaluation of Compressor and Nozzle Maps Using Turbine
Map Engine Model (without Compressor/Nozzle Maps)

Command: Measured Output .
Closed L Engi 1
Ncor(t) osed Loop Engine H (1), M (t), (t),
N(t), Ty, (1), T (1)

———————————————— Turbine Map Engine Model
(t) N (t)’ 05 (t) (without Compressor/Nozzle Maps) a) HeZig izl |

T (0,m,,, 0

} Compr. [ ;
b) Compressor map |

}Nozzle 03 (t) acorr()
Nm(t) 7.(t),

c) Other parameters

v

Turbine map




Evaluation of Compressor and Nozzle Maps Using Turbine
Map Model (without Compressor/Nozzle Maps) (Continued)

Input of "MWicrojet" Model-T (Turbine Dnlyj for CompressorMNozzle Map Estimations at H=1524m; M=05
150 T

koS rPM

=
[
=
N

Fuel Flow




Evaluation of Compressor and Nozzle Maps Using Turbine
Map Model (without Compressor/Nozzle Maps) (Continued)

"Microjet" Real-Time Simulations at H= 1224m, KM= 05 (Dot Conv. Model-CTH, Solid: Model-T)
4 | | | | | | |
' ' ' ' v INeor=110000 [REM] -

7 ISR NSNS SR S SN S B
: : . Surge Line : :

: Steady-State Operating Ling
o ‘Transient Operating Lines. | 5500
L | | | |
5 25 R it
- ; | ; |
O : : : : .

7

15 ke 20 0z . -
44000 /I :
PP | | 5 5 E
S Clompr. {Efficienci: 0.54 0.5 0.63 0.66 0.68 069 0.7 0.71 0.72

1
0 005 0.1 015 02 025 0.3 035 04 045
Corrected Alr Mass Flow [kafs]
-------------- Conventional engine model 1

Inverse T-Model (without compressor and nozzle maps)



Evaluation of Compressor and Nozzle Maps Using Turbine
Map Model (without Compressor/Nozzle Maps) (Continued)

Compressor Map Data vs. Time. Sampling Time is 0.01s. (Dot Cony. Model-CTH; Solid: Model-T)

4 110
o
o _. 100
> 2
i 5 80}
5 =
= 70t
i
-

60

0
T 045 08 ;
2 = i
= 04 5 075 ;
L 0.35 = |
£ m 07 ;
S 03 5 '
L £ 065 :
S 025} S E
) ! ! ;
O - - 0.6 -
5 10 15 5 10 15
t[s] t[s]
-------------- Conventional engine model 12

Inverse T-Model (without compressor and nozzle maps)




EV aI u a.tl O n Of CO m p reS S O r Fragment of! “Microj&?t” Com[:?ressor I\Idap Estill”nated Ulsing Mor:liel-T (Tulrbine) inIFIight atIH:1524lm, h=05

27°) N AR RS RN RO SN O M— AR R R,

Map Frag ment | N2coré 7780 &7 85 88 91 95 96 99 102,105 kRiPM]
34 ' ! ! -

3.2

Compressor Map
Data Matrix (1500X4).

=0, m,.,0 =

3

28

28

24

Compressor Pressure Ratio

22

2

2L L2

024 026 028 03 032 034 036 038 04 042 044
Corrected Air Mass Flow [lafs]

“Microjet” Real-Time Simulations atH= 1524m, W= 0.5 (Dot Conyv. Model-CTN, Solid: WModel-T) Comparison of the Compressor Maps (Dotted-Data, Solid-Estimation)
4 T T T T T T 4
| ‘ | { Neor=11 Corrected Rot. Speed: 77000 88000 99000
7 SN SR S SN WU SO s\
:  Surge Line ' ‘ 44
{Steady-State Operhting Lind S
g SteadyStale Opering Ling..._ 7™ g o0
™
: ! : : o}
a ETransien:t Operatin;g Line '_JO'_
% F ] P - ® 25—
= : : : L 14
o o
5
@
F R s B . e . g 2
o
L R L’ 15— -
BT T R AR
==~ Cothpr. Efficiency: 0.54 0.5 0.63 0.66 0.68 069 0.7 0.7 0.72 ! Compr. Efficiency: .66 .68 .69 .7
0 005 0.1 015 02 0.25 03 035 04 045 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Corrected Air Mass Flow [kgis] Corrected Mass Flow: mdota2*sqrt(T02/Tref)/(P02/Pref)




7,corr

Evaluation of Nozzle Map Fragment

Mozzle Pressure Ratio

VS.

07

o

07

"Microjet”" Real-Time Simulations at H= 1524m, k= 0.5 Using Model-T

Cor. Gas Flow [kg/s sqri(kK)/Pa]

. 10
Time, s
Comparison of Nozzle Maps (Dot -Real Map, Solid-Estimation Using Model-T at H=1524m, M=0.5)
14

Corr. Nozzle Gas Flow [kofs*sqri(k)/Pa]™10-4

S O S —— T— . —

1 15 Z2 25 3 35 4 45 5
Mozzle Pressure Ratio




Measurement Error

Results depend on:

accuracy of the engine model

algorithm of computer solution

measurement error.

The thermodynamic model is considered as precise.
A measurement error has two components: random and bias.
Random errors do not significantly affect the map evaluation result

(can be filtered during interpolation process).

Known biases can be eliminated or corrected, however
unknown biases are not correctable.

15




Compr. Press. Ratio

Corr. Air Flow

Measurement Bias

Measured bias (constant):

Maximal error of Turbine Map Model AY

—

t [s] t [s] t[s]

AX o output due to the measured bias: v
= A0
X Compressor map Nozzle map
No
: P
AH AM A, AN AT, Atk A(P—Zj) Ama,corr AN, An, A(%) Amg,corr
il Sl 035 0.5 1 0.3 0.6 0.6 0.5 0.5 0.3 0.5 -0.5 0.75
2|1-05|-05| -1 [-03]|-06]|-06]| -05 0.5 -0.3 | 25 0.5 -0.75
3|1 05| 05 1 |-03|-06]|-06]| 25 3.5 -0.3 | 10 4 -1
41-05|-05| -1 |03]| 06| 06| -25 -3.5 0.3 -7 3.5 -1
; ; ; ; .
Biased Error ofo'_[pe Simulations v§.4t|me, Y0 test No.1-
Bo.2 g > Positive input biases
s a— | go = - — - test No.2:
go2 k2 Negative input biases
=z
0 s 10 15 %% 5 10 15 o 5 10 15 sressssssen test No.3
Combined sign of
15 =2 . n
10 £ input biases
. 0l
05 & |~ :
— 5 ——————— 20 - =+ test No.4:
e 0 N . |
S S C— Combined sign of
10 3., input biases 44
0 5 10 15 0 5 10 15 0 5 10 15



b) Diagnosis of jet engine component and transducer faults

The Problem Formulation:
Consider a single spool jet engine. Assume that seven values X to X are

P

available for diagnostic purposes ( for example, H : M : mf : N : T 03?

031

Tos )
A single transducer fault or/and single engine component (compressor or turbine) fault
could be present in the engine at any instance.
The following 3 cases are possible:

1) One transducer fault (7 combinations).

2) One engine component fault (2 combinations: compressor or turbine).

3) Combined single engine component and single transducer fault

(14 combinations).
In all: 23 fault combinations.

OBJECTIVE: to isolate the degraded transducer and/or to evaluate the relevant
17

engine component map.




Algorithm of Transducer or/and Engine Component Fault Detection:
Step 1 Using Turbine/Nozzle Map Engine Model (Without Compr. Map)

Original Compr. Map

Original Turbine Map

Original Nozzle Map

ToAl

1,meas !

X X

3,meas !

5,meas

2,meas !

4 meas !

Simulation 1 X

Claim: All tr-s and turbine
are healthy.

Yes

e

Compr. Map evaluation
and fault diagnosis.

STOP

A%, |

Turbine/Nozzle
Map Engine Model

(Without Compr. Map) | X jeas

| AX, | <Tol(x,) &|AXx, | > Tol(x,

or
>Tol(x,) &| AX, |

max max

|AX, |, <Tol(x,) & Ax, |, <Tol(x)

Not l

Go to Simulation 2

fiois B CIaTm: L)
AX6 Tr-r 7 (or 6) is
faulty. Turbine is
AX7 healthy. )
LA
Compr. Map

evaluation and

A 4

fault diagnosis.
STOP
Three cases are \
available:
1.Turbine is faulty, all
tr-s are healthy.
2.Turbine and tr-r are
faulty.
3.0neoftr-slto5is

and 7 and turdide
are healthy

faulty while tr-s 6




Algorithm of Transducer or/and Engine Component Fault Detection:
Step 1 Using Turbine/Nozzle Map Engine Model (Continued)

Original Compr. Map Original Turbine Map Original Nozzle Map

ToA l : : Claim:
Xl,meas’ X2,meas’ Simulation 2 ;n;eas AX |
X Turbine/Nozzle |4 O . e el L
3,meas’ “'6,meas’ __, Map Engine Xs sim o X fault?/].e';lljtrhb;ne IS
X, ens Model Xl N [ ol

A)(4 ) AXE, Compr. Map

evaluation and
fault diagnosis.

| AX, | <Tol(x,) &|Ax, | > Tol(x,

max

or 4 STOP
AX, | > Tol(x,) &|Ax, | < Tol S Nt E are\
available:

1.Turbine is faulty, all

[Claim: All tr-s and turbine}
transducers are healthy.

are healthy.

A |AX, | <Tol(x,) &|Ax, | <Tol(x.) 2.Turbine and one
It 2 transducer are faulty.
Compr. Map evaluation Not A 2R On_e of transd_ucers il
and fault diagnosis. | to 3 is faulty while tr-s 4

Go to Simulation 3 to 7 and turbine e
Sl healthy /




Algorithm of Transducer or/and Engine Component Fault Detection:
Step 1 Using Turbine/Nozzle Map Engine Model (Continued)

Original Compr. Map_~"_“Oyriginal Turbine Map

Original Nozzle Map

l

To A

X1 meas ? X4 meas ? Simulation 3 X2 meas  PANE Claim:
| | i - Jg 2 Tr-r 3 (or 2) is
X X Turbine/Nozzle S > IR
5meas? “V6,meas ! __,| : X3 im AX faulty. Turbine is
X Map Engine Model UL ¥ 3 el
7,meas \{X&meas 3 A
AX AXB Compr. Map

are healthy.

[Claim: All tr-s and turbine}

A

e

| AX

Compr. Map evaluation
and fault diagnosis.

STOP

AX

| AX, |

| <Tol(X,) &|AX, |,
or
>Tol(x,) &| AXx, | . <Tol(x

2

max

<Tol(x,) &| A, | <Tol(x,)

2 |max

evaluation and
Yes fault diagnosis.
STOP

/ Three cases are \

available:
1.Turbine is faulty, all
tr-s are healthy.
2.Turbine and tr-r are
faulty.

A 4

Not l

Go to Simulation 4

\ 4

3. Tr-r 1 is faulty while

tr-s 2 to 7 andg
turbine are healthy




Algorithm of Transducer or/and Engine Component Fault Detection:
Step 1 Using Turbine/Nozzle Map Engine Model (Continued)

Original Compr. Map_~"_“Oyriginal Turbine Map

Original Nozzle Map

l

To A

3,meas !

5,meas !

7,meas

Claim:

X4,mea5 y SlmU|at|0n 4 X . ,meas Axl
; S Tr-r 2 (or 1) is
X6,meas ] Turbine/Nozzle i faulty. Turbine is

Map Engine Model

in: healthy.

[

Claim: All tr-s an

d
turbine are healthy. }

AX | <Tol(x) &|AX, |
or

>Tol(x,) & | AX, |

1

| AX, |

max max

1 2. Turbine and tr-r are
' . CONCLUSION:
Compr. Map evaluation Not | > Turbine is faulty while
and fault diagnosis.

STOP

A

Compr. Map
evaluation and
Yes fault diagnosis.
STOP

A 4

ﬁ/vo cases are availabﬁ

1.Turbine is faulty, while
all tr-s are healthy.

Go to Step 2, Simulation 5

COMpPressor isy1

healthy n/




Algorithm of Transducer or/and Engine Component Fault Detection.
Step 2: Using Compr./Nozzle Map Engine Model (Without Turbine Map)

Original Map Turbine Original Compr. Map Original Nozzle Map

ekt T e
Xl,meas’ X2,meas’ [MILETe X6 o 6,meas AX6 Claim:
X3 meas ’ X4 meas ! iﬂoarrapéisg?r? ;/T/I%Zdzéle Tr-r 7 (or 6) is
| o faulty.
X5 meas (Without Turbine Map) |%7.sim¥x AX,

7,meas " 1 B

Turbine Map
evaluation and

AX; |, <TOI(X,) & | AX |, fault diagnosis.

or 5 STOP
| AX, | . >Tol(x,) &|Ax, | < Tol(X
[ Claim: }
All tr-s are healthy.
A O A
aim:
B |AX6 |max<TOI(X6) &lAX7 |max<TOI(X7) Oneoftr-s1to5is
| 4 : faulty while
Turbine. Map evaluation Not *»tr-s 6 and 7 are healthy
and fault diagnosis. l

Go to Simulation 6 N 02t

STOP




Algorithm of Transducer or/and Engine Component Fault Detection:
Step 2 Using Compr./Nozzle Map Engine Model (Continued)

Original Turbine Map Original Compr. Map Original Nozzle Map

| T £
Top | umeas Kameas: Simulation 6 Xy smimeas AX, Claim:
X, X ’ Compr./Nozzle | Tr-r 5 (or 4) is
,meas 6,meas 1,

Map Engine Model [735,sim ~ > faulty.
X s X5,meas\f AX5 %1 B
AX4 y AX5 Fault Turbine
Map
AX, | <Tol(x,) &|AX | > Tol(X Yes ANy N
or 5 STOP
| AX, | > Tol(x,) &|AX, | < Tol(X
Claim:
All tr-s are healthy.
B | AX, | <Tol(X,) &| AX; |, <Tol(x) &) Claim: »
! v Yes One oftr-s 1to 3 is
Fault Turbine Map Not > faulty while
evaluation. l tr-s 4 and 7 aa%
' ' healthy.
STOP Go to Simulation 7 & ealthy. -




Algorithm of Transducer or/and Engine Component Fault Detection:
Step 2 Using Compr./Nozzle Map Engine Model (Continued)

Original Turbine Map Original Compr. Map

Original Nozzle Map

l

To B

1,meas !
5,meas !

7,meas

4 meas !

Simulation 7 X 2,meas AX

Compr./Nozzle »o

6,meas '—,)

| X, .
Map Engine Model .Q—@g—“’ Sim
X3,meas AXS

v

|

A 4

Fault Turbine Map
evaluation.

STOP

AX, | <Tol(x,) &|AX, |,
or

| AX, | >Tol(x,) &|AX, | < Tol(X

max

2

Yes

Claim:

Tr-r 3 (or 2) is
faulty.
A ¢ B
Fault Turbine
Map

evaluation.
STOP

A 4

Not

\ 4

Claim:
All tr-s are healthy.
B lez |max<T0I(X2) &les |max<TOI(X
| Yes

Fault Turbine Map evaluation.

STOP FAULT DETECTION

Claim:
Transducer 1
Is faulty.

A
L4



Conclusions:

1. Advantages of the inverse engine models:
a) Inverse engine model may be built even when not all the engine
component maps are known
b) CPU time decreases significantly in comparison with the
conventional model.
2. The inverse engine models may be used for:
a) Evaluation of effective jet engine component maps using data
acquisition during transient engine operation
b) Transducer and/or engine component fault diagnosis
c) Real-time simulations and engine control.
3. An universal computer program can be developed for inverse engine

model solutions (as Gasturb-9, Dyngen etc.).
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