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Summary

The paper shows the activities carried out for
developing Artificial Intelligence tools for the
maintenance of turbofan engines. Two different areas
of Artificial Intelligence have been considered: Expert
Systems and Neural Networks; computer codes have
been developed for both subjects.

Some codes for Expert Systems have been set-up
by an ‘Event Driven’ language for exalting the
interactive characteristics and for allowing the constant
involvement of users. Other programs have been
developed by using a declarative language. Moreover
particular attention has been paid to the construction of
Knowledge Bases.

The Neural Networks have been built by suitable
multi language packages. A high speed language has
been used for evaluating the matrices of influence and
the patterns for training the Networks. Successively
the Neural Networks have been set-up by using again
an ‘Event Driven’ language.

The paper shows both the code construction and
some examples of their applications.

1.-INTRODUCTION

In the past, for a long time, the Artificial
Intelligence has been considered a theoretical subject
with scarce interest for practical applications.

in the last years, thanks to the fast development of
computers and programming languages, the Artificial
Intelligence has become an effective tool for many
works.

Gas turbine engine maintenance is one of these
activities. It is the most outstanding work carried out
during the operating life of engines because the
availability and the working security of engine are
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strictly linked fo correct and effective maintenance
actions. ,

Moreover the maintenance must be fast, effective
and not expensive so there must be a continuous
optimization of the employment of both human and
economical resources.

Expert Systems and Neural Networks may be used
for developing effective tools for supporting
maintenance activity.

This paper deals with the work carried out for
developing suitable Artificial Intelligence tools for
turbofan engine maintenance.

The utilization of either Expert Systems and Neural
Networks has been considered.

The first part of paper concemns with the possibility
of setting-up suitable Expert Systems for turbofan
trouble-shooting.

The second part deals with the study of items and
requirements necessary for developing small Neural
Networks for turbofan diagnostics.

Both parts of paper contain the analysis carried out
for choosing the most effective language used during
the different steps of computer code construction.

2.-THE EXPERT SYSTEMS

The Expert Systems are basically formed by two
different and equally important parts: the Knowledge
Base and the Inference Engine.

The Knowledge Base is the heart of Expert Systems.
The reliability and the accuracy of obtained results are
strictly linked to the quality and quantity of data
contained in the Knowledge Base.

The information useful for developing suitable
Knowledge Bases may be obtained from different
sources. The main ones are the Overhaul manuals of
the engines where trouble-shooting procedures are
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shown.

The second important source is the experience
heaped-up by the personnel involved in the
maintenance activity. This information is very
important mainly for taking in account, facing and
solving the so called troubles out of rules. These faults
are very difficult to consider and only human
experience may be the successful tool for finding the
right solution of problem.

Moreover storing this information in the Knowledge
Bases is the only way for preserving important and
large amount of data that may be lost when the
personnel leave the job.

When the Knowledge Base has been built the
activities for developing the Inference Engine may
start.

An effective Expert System must direct the action of
maintenance. It must isolate and find the probable
engine areas, where the fault is active, by using the
past experiences. For this aim the Expert System may
have a high degree of interactivity and must constantly
use the full archive contained in the Knowledge Base.
This way the maintenance intervention is fast and
effective and time and human resources are saved.

This feature requires the use of suitable and
effective languages for developing the computer
codes. For this aim the analysis for choosing the most
effective ones has been carried out.

2.1-The language selection

For developing Expert Systems codes different
types of languages have been considered. In the past
the different capabilities of both declarative and
procedural languages have been analyzed. The
declarative Prolog and Turboprolog (1), (2), are
conceptually closer to the inherent nature of Expert
Systems. Unfortunately for large Expert Systems the
codes are difficult to write, to manage and they are not
easily legible by many people (3), (4),(5).

On the other side the procedural languages, based
on the ‘Object Oriented’ and the ‘Event Driven’

criteria, like C++, Visual C++ and Visual Basic
professional, are truly suitable for developing fast,
reliable and user-friendly codes. Moreover, even if the
Visual C++ is very powerful, the inherent simpilicity of
Visual Basic professional is particularly useful during
the development of Expert Systems with an high
degree of interaction and the wide participation of user
(6).
In the paper both declarative and procedural
languages have been used for the development of
Expert Systems.

2.2-Examples of developed Expert Systems

Here some examples of Expert Systems developed
for the diagnostics and the trouble-shooting of
turbofans with different configurations are presented.

The first Expert System deals with the diagnostics
of a two spool mixed flow turbofan engine. This
System has been developed in Turboprolog, the
declarative language for Personal computer developed
by Borland.  Two different codes have been set-up.
The first one requires only the trend of some engine
parameters while the second one requires either the
trend or the actual values of some engine parameters.
The choice is left to the user will.

Fig. 1 shows the utilization of the first Expert
System. As it is shown the computer screen is divided
in different zones. One of them contains the input data
that must be continuously delivered. In this example
the user must give the trend of parameters one by one.
When the input finishes, the Expert System consults
the Knowledge Base and looks for the same trends or
for the set of trends closer to the delivered one. Finally
the Expert System shows the cause of fault and the
suggested maintenance action, fig. 2. The information
contained in the Knowledge Base, used by this Expert
System, have been obtained from the maintenance
manual of the engine (7).
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rIn Parameter Uariations—

Expert System Por Gas Turbine Engines Twouble-Shooting

Uariations:
N1

Message

:=> decr
N2 :=> incr
Fuel Flow =2 incr
E.G.T. t~> ince
P.R.-L.P.C. :-> decr
P.R.-H.P.C. :-> decr

Pault Detected

Engine Behaviour

Suggested fAction

Ni =L.P. Spool Rot. Speed
E.G.T.=Exhaust Gas Temp.
L.P.C.=Low Pressure Comp. H

Legend

.P.C.=High Pressure Comp.

N2=H.P. Spool Rot. Speed
P.R.=Pressure Ratio

Fig. 1 Turboprolog code for Expert System using trends of engine parameters

‘Exﬁeff Syétéh

or Gas Turbine Ehgines T

roub

le—Shooting

rIn Parameter Uariations— Message

Case In Database
Uariations:
N1 :—> decr
N2 :=> ince Pault Detected
Fuel Flow :—> ince 13th stage air leak into fan
E.G.T. :=> incr
P.R.~-L.P.C. :-> decr
P.R.-H.P.C. :-> decr

Engine Behaviour

Slow acceleration

Suggested fAction
Inspects for leaks, cracks

Legend
N1 =L.P. 8pool Rot. Speed MZ2=H.P. Spool Rot. Speed
E.G.T.=Exhaust Gas Temp. P_.R.=Pressure Ratio
L.P.C.=Low Pressure Comp. H.P.C.=High Pressure Conp.
R

Fig. 2 Turboprolog code for Expert System using trends of engine parameters

The second Expert System allows to use both
trends or actual values of some performance and
thermodynamic parameters of engine. When the code
starts the picture of fig.3 appears on the computer
screen. The user must select the type of input he wants

to use (window ‘Begin’). This time the option for
delivering the actual values of some parameters has
been fired (the letter ‘V’). The figure 4 shows the
parameters of interest and their values.
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EXPE
——In Parameter Uavriations—

SYSTEM

Message

Fault Detected

Engine Behaviour

Suggested Action

Legend 2 Begin
E.G.T.=Exaust Gas Temperature Values or
—Legend 1 H.P.C.=High Pressure Compressor Trend
P.R.=Pressure Ratio L.P.C.=Low Pressure Compressor L 54 I
H.P.=High Pressure T.1.T.=Turbine Inlet Temperature
L.P ow Pressure §.F.C.=8pecific Fuel Consumption
iid ermad i Ttex =Exit Temperature

Fig. 3 Selection od input data type for Turboprolog Expert System

EXPERT SYSTEM FOR

TICS

DIAGNOS
—-In Parameter Uariations— Message
1-Thrust :-> 24255.48 ]
2-Fuel flow :-> B.317
3-E.G.T. i=> 823.24 Fault Detected
4-H.P.C. P.R.:—> 5.95
5—Fan P.R. i=>1.27
6-L.P.C. P.R.:-> 4.45
7-H.P. RPM :-> 353.81 Engine Behaviour
8-L.P. RPH :-> 264.7
9-Mass flow :—> 187.8
18-By—Pass :—> 5.18
11-T.1.T. :=> 1482.3 Suggested Action
12-H.P.C.Ttex:—> 928.5
13-8.F.C. :-> ¥.131
14-H.P.C.Ptex:~> 31.73_
Legend 2 —More 7
E.G.T.=Exaust Gas Temperature

Legend 1 H.P.C.=High Pressure Compressor
P.R.=Pressure Ratio L.P.C.=Low Pressure Compressor
H.P.=High Pressure T.1.T.=Turbine Inlet Temperature
L.P.=Low Pressure §.F.C.=8pecific Fuel Consumption

¢ Padormatb iy Ttex =Exit Temperature

Fig. 4 Input data for the Turboprolog Expert System

When the input data is complete the Expert System
searches in the Knowledge Base the situation better
fitting the input data and the results are presented on
the computer screen, fig. 5. Beside the cause of fault,
by suitable option, (window ‘Graphics?’), the Expert
System shows the behavior of main engine parameters

(both performance and thermodynamic) for the
variation of 1% of component decay caused by the
detected fault. This time it has caused the decay of low
pressure turbine efficiency (LOSS L.P.T. EFFIC.); the
variation of 1% of this parameter influences the engine
performance as described in the graph of fig. 6.
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EXPERT SYSTEM POR TURBOFAN DIAGNOSTICS
—In Parameter Uariations— Message
1-Thrust ~  :-> 24255.48 |[Case In Database |
2-Fuel flow :-> 8.317
3-E.G.T. :-> 823.24 ault Detected
4-H.P.C. P.R.:-> 5.95 Pault= LOSS L.P. T. EPFIC.
5-Fan P.R. :=>1.27
6-L.P.C. P.R.:-> 4.45
7-H.P. RPM :~> 353.81 ine Behaviour
8-L.P. RPM i~> 264.7 Behaviour= CONSTﬂ T E.P.R.
9-Mass flow :-> 187.8
18-By-Pass :~-> 5.18
11-T.I1.7T. i~> 1482.3 Sugyested fAction
12-H.P.C.Ttex:-> 920.5 fiction= CONTROL L.P.T. BLADE
13-S.F.C. :-> 8,131
14-H.P.C.Ptex:—> 31.73
————Legend 2 —More 7—
E.G.T.=Exaust s Temperature Graphics 7
Legend 1—————— [H.P.C.=High Pressure Compressor ¥/N  :-dy_
P.R.=Pressure Ratio L.P.C.=Low Pressure Compressor
H.P.=High Pressure T.1.T.=Turbine Inlet Temperature
L.P.=Low Pressure §.F.C.=8Specific PFuel Consumption
Tte =Exit Temperature
Fig. 5 Results of Turboprolog Expert System application
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Fig. 6 Behaviour of turbofan due to the variation of decay caused by malfunction

The Knowledge Base used for this Expert System
has been constructed by the massive use of simulation
codes. This way the engine behavior, when there is a
fault in progress causing the decay of the performance
of engine component has been studied. The
construction of matrices of influence for the Neural
Network training will require a similar procedure.

The last type of Expert System has been developed
for carrying out the trouble-shooting of a large two
spool separated flow turbofan engine. The Knowledge
Base has been derived from the complete trouble-

shooting manual furnished by the factory.

This information has allowed the construction of the
so-called fault tree for the different components and
Systems of the engine. The use of this information and
the continuous interaction between the user and the
System allows to detect the right area of the fault as
well as the cause of fault itself and the most suitable
action. Moreover, it is important to underline, that a
large part of the Knowledge Base is formed by
information  obtained from past maintenance
interventions on the same engine or on other similar
engines. This way the past experience is fully used and
it helps to address the maintenance investigation.
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in order to obtain both Expert System with high
interactivity and user-friendly codes, the System have
been developed in Visual Basic professional.

Fig.7-14 show an example of the Expert System
utilization.

When the System starts, the form of fig.7 appears
on the screen. The user must select the activity of
interest. It is possible to carry out either trouble-
shooting or the management of archive containing the
past faults and the maintenance actions suffered by the
engine.

INTERACTIVE FROGRAM FOR THE
TROUBLE-SHOOTING OF TURBOFAN ENGINES
Prof. Giovanni Torella Italian Air Force Academy 1994

Fig.7 Main menu of Expert System {for trouble-
shooting

Now the option ‘TROUBLE-SHOOTING’ has been
fired so the form of fig.8 appears on the computer
screen.

The information exchange between the user and the
System begins because the user must indicate the
operating conditions or the events active when the
trouble appeared.

OPERATING CONDITIONS - SYSTEMS - EVENTS

used also for training purposes.

The user has supposed that the trouble appeared
during starting procedure. By firing the option
‘STARTING’ a menu is displayed on the screen, fig. 9,
and the System requires the trouble symptoms and
helps the user by delivering a list of probable
situations. In our demo the engine has shown

“SLOW/DIFFICULT ACCELERATION ABOVE 40%
N2". N2 is the rotational speed of high pressure group.

Fig. 9 Selection of fault symptoms

When the information has been furnished the
System displays the summary of situation and the
options for continuing the work, fig.10 One of the
available opportunity is linked to the button
‘STATISTICS AND ADVICE'. By firing this button the
System consults the Knowledge Base and search for
the past events caused by the selected trouble. The
result of this research is displayed in the form of fig.11.
This way the System may offer the history of the
trouble and this information may be useful for
addressing the research of causes and for saving
time.

WORKING

FTARTING i
CONDITIONS

LOW/DIFFICULT ACCELERATION
SYMPTOMS ﬁBOVE 40% OF N2 (High Pressure Shsft Speed)

REQUIREMENTS:
PNEUMATICAL POWER

Fig.8 Selection of conditions or system of trouble

This part of paper deals only with the demonstration
of Expert System capabilities, so the choice of a
particular situation is quite arbitrary. This feature is
very interesting because the Expert System may be

APPLICABILITY
ALL

Fig. 10 Summary of situation
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[;HE TROUBLE 1S :NO smm’mé~~
LOW/DIFFICULT ACCELERATION ABOVE 40% N2
LIT HAS HAPPENED j PIS TIMES |
EVITH A PERCENTAGE INCIDENCE OF j 35%
POSSIBLE TROUBLE LOCATION EVENTS/%
t«mcsw——r PNEUMATIC LINE , lzon 7.24 ]
IENGINE PNEUMATIC AIR | [1 2/10.35 ]
jBth STAGE BLEED VALVE } ]35130.1 7 ]
| CD.P.LINE l {1 3naz l
ISPECIFIC GRAVITY INM.EC. ] [917.7? [
tv.s.v. TRIMMING ] [s/ﬁ.s ]
[%H PRESSURE COMPRESSOR 1-7-12 STAGEI ll 5/12.9 }
!BURNER INIECTORS J 1413.45 )

Fig.11 History of the selected fault

By pressing the button ‘SUGGESTIONS’ of fig.11, the
form of fig.12 appears. The System shows the most
probable area of trouble on the base of past
experience. The user may follow the suggestion and
carry out either a simplified trouble-shooting procedure
or may apply the full procedure. The simplified
procedure considers only the most probable area of
malfunction, i.e. the first one shown in the suggestion
list of fig.12.

IN DESCENDING ORDER):

Pﬁi STAGE VALVE

PIHCRAFT PNEUMATIC LINE

[HIGH PRESSURE COMPRESSOR 1-7-12 STAGE

IC.D.P. LINE

FNGINE PNEUMATIC LINE

{\I.S.V TRIMMAGE

)
|
J
|
l
FPECIHC GRAVITY OF M.E.C. J
)
l

Pﬁwzn INJECTOR

lMUCH PROBABLY THE CAUSE OF FAULT IS THE FIRST AREA l

I{HE MOST PROBABLE AREAS OF THE TROUBLE ARE ]

Fig. 12 List of fault area

Now the user has selected the option of partial

analysis and another highly interactive phase of
trouble-shooting procedure starts. The System asks for
some information and, owing to the user replays, it
follows the fault tree up to the detection of right fault.
The various steps of this procedure are shown in fig.13
and 14.

When the fault has been detected, the System asks
for information necessary for improve the archive. This
way the just made experience is not lost and may be
useful for the future activities.

T
SUGGESTED CONTROL:
ICOMTROL THE 8TH STAGE BLEED VALVE

QUESTION ABOUT THE CONTROL RESULT:
S IT BLOCKED DPEN?

SUGGESTED CORRECTING ACTION:

Fig.13 Interactive phase of trouble-shooting

RO RTINS

SUGGESTED CONTROL:
ICONTROL THE 8TH STAGE BLEED VALVE

,,,, AR

ING FHE L AUSE OF TROUBL

QUESTION ABOUT THE CONTROL RESULT:
5 iT BLOCKED DPEN?

SUGGESTED CORRECTING ACTION:
REPLACE THE VALVE AND CONTROL THE RUNNING

Fig.14 Results of trouble-shooting

As it has been shown the System is very powerful,
user friendly and, if correctly used, it allows to save
time and money during engine maintenance. Moreover
it may be profitably used for training the personnel just
involved in maintenance activities.

3.-NEURAL NETWORK

This part of paper deals with the activities carried
out for developing small Neural Networks for turbofan
diagnostics. Owing to their inherent nature and to the
characteristics of used information the Neural Networks
have demonstred their suitability to solve diagnosis
problem (8).

A Neural Network is a computer code composed by
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a large number of processing elements organized and
connected in different ways.

The development of a typical Neural Network is
formed by different steps ranging from the selection of
Network type and structure to the choice of patters for
eventual training, the eventual training, the testing
and, finally, the applications of Neural Network.

There are different types of Neural Networks; here
muitilayers Back Propagation Error Networks are
considered (9). These Networks are formed by a
variable number of units arranged in different layers.
There is one input layer, some hidden layers and one
output layer. The number of units forming each layer
depends upon the problem considered. Moreover the
number of input and output units depends upon the
structure of both input and output data.

Each unit of a layer is fully linked to the units of the
previous and following layers. There are no
connections among the units of the same layer.

The heart of problem is to find the values of the
importance of each connection (the weights). For the
Neural Networks considered here the weight
calculation is performed by the Back Propagation
Error procedure. The weights are important because
each unit of each layer fires when the sum of arriving
inputs, multiplied for the weights, overcomes a fixed
threshold value. For the Networks developed here a
sigmoid law, for unit activation, is considered. The
sigmoid law of each units is trimmed by using a
suitable bias value (9).

The development of Back Propagation Error Neural
Network similar to the ones developed here has
different steps:

-the acquisition of suitable patterns for the training
of Network;

-the training of Network;

-the use of Network for recognizing general patters,

The different steps for constructing the Neural
Networks are described in the following sections. First
of all the language selection problem is considered.

3.1-The language selection

The main characteristic of Neural Network
development is the necessity to carry-out a lot of
calculation in the shortest time possible. For large
Neural Networks the parallel processing is the most
suitable to follow. This way many microprocessors
contemporary work and, even if the units of Networks
are very many, the processing time is reduced (10).
When parallel computers are not available, suitable
languages allow to simulate paraliel working on
sequential machines.

The development of Neural Network for turbofan
diagnostics permits the use of sequential machines

owing to the low number of involving units. Moreover,
the main aim of this study is to evaluate the possibility
to develop Neural Networks of limited size running on
personal computers. These codes might be widely
used and they should be powerful tools during the
maintenance activities.

During this study the use of different languages, for
the phases of Neural Network development, has been
very useful for reducing the computer time.

FORTRAN codes have been used for evaluating
the patters for Neural Network training.

Again FORTRAN programs have been developed
for the training Neural Networks.

Finally, when, the training has been completed, a
high interactive, flexible language has been used: the
Visual Basic. This language, developed by Microsott, is
‘Event Driven’ and allows the construction of ‘User
Friendly’ codes. This way the Neural Networks may be
used by everyone also with scarce experience in
computer usage.

3.2-The construction of training patterns

The patterns for training Neural Networks have
been obtained by the so called "matrices of influence".
These matrices are files where the variation of engine
parameters (power, fuel flow, rotational speed, exhaust
gas temperature, pressure ratio, etc.) versus engine
component performance variations (efficiencies,
capacities, bleed air, etc.) are stored in matrix form.
They are obtained by the massive use of codes for the
turbofan simulation.

The basic idea for using the ‘matrices of influence’
is justified by the following considerations.

Any trouble in a component of engine (compressor,
combustor, turbine, etc.) is responsible of the decay of
one or more performance of component itself
(efficiency, capacity, pressure ratio, etc.). The amount
of decay is not the same for the different performance.
So it is reasonable to think that each trouble is the
cause of the decay of a performance and has poor
influence on the other.

Now each row of a matrix of influence represents
the replay of the engine to the decay of a particular
component performance. In other words the values of
each row may be considered as the symptoms the
engine show when a fault or a trouble is active.

Therefore each row of matrix represents an input
pattern for Neural Network training to which an exact
output pattern corresponds.

The exact output is a vector of 13 components. All
values must be equal 0 except one that must be 1.
The position of the value 1 in the vector indicates the
cause of the malfunction. The complete set of exact
output vectors is presented in table.1

Finally a sigmoid bias controlled law (9) has been
used as activation law of units.
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TABLE 1

STRUCTURE OF EXACT OUTPUT VECTORS

STRUCTURE OF CAUSE OF

OUTPUT VECTOR MALFUNCTION
1000000000000 Anfan
0100000000000 AQfan
0010000000000 AnL.P.C.
0001000000000 AQL.P.C.
0000100000000 ArH.P.C.
0000010000000 AQH.P.C.
0000001000000 Anburner
0000000100000 AnH.P.T.
0000000010000 AQH.P.T.
0000000001000 AnL.P.T.
0000000000100 AQL.P.T.
0000000000010 AA hot exit
0000000000001 AA cold exit

where: 1 is efficiency, Qis capacity,

L.P.C. is Low Pressure Compressor, H.P.C. is High
Pressure Compressor, H.P.T. if High Pressure Turbine
and L.P.T. is Low Pressure Turbine, A is area.

When the training ends the presentation of a
general pattern, formed by the values of the same
parameters contained in the input patters and related
to an engine with a fault in progress, must lead the
Neural Network to detect the fault. Moreover, owing to
its inherent characteristics, the Neural Network must
be able to find the right fault cause even if wrong or
incomplete data is used.

3.3-The training of Neural Network

The patterns developed as shown in the previous
section are used for the training of Network.

During this step, after having defined the structure
of Network, the values of weights of connections
among the units of layers are evaluated.

The training is carried out by the so called Back
Propagation procedure. It works in the following way:
a)- The weights of the connessions among the units,
bias included, are initialized to small, random values;
b)- The first pattern is delivered to the input units.
¢)-The output vector is evaluated;
d)-the errors among each component of actual output
vector and exact vector are computed;
e)-the sum of square of errors is evaluated;

f)-by the values of errors, the weights of connections
arriving and leaving each unit are changed;

g)-the steps b-f are repeated until the value of error
calculated in step ‘e’ is lower than a fixed tolerance:

h)- the second, the third, and all successive patterns
are presented one by one and for each pattern the step
¢-g are repeated;

i)-the iterative process starts again with the first pattern
and the steps b-h are repeated.

The global iterative process stops when a unique
set of weights, minimizing the differences among the
values of real and exact output vectors, is evaluated.

Now the training step may stop and the evaluated
weights are the input data for the Neural Network.

3.4-The developed Neural Network

This study deals with Networks formed by three
layers. The number of input units is equal to 15
because this is the number of turbofan thermodynamic
and performance parameters used for monitoring the
health level of engine plus an input unit used as bias.

Four Neural Networks with different number of the
units of hidden layers, including the bias unit, has been
considered (8, 15, 29, 43). In the following the
Networks will be indicated respectively with capitol
letter A, B, C, D.

The global training iterations for each Neural
Network are shown in the table 2.

TABLE 2
GLOBAL ITERATION CYCLES OF DEVELOPED
NEURAL NETWORKS
NETWORK A 151215 CYCLES
NETWORK B 80264 CYCLES
NETWORK C 59231 CYCLES
NETWORK D 51586 CYCLES

The complete training of Network A has required
about 45 minutes using a 80486 microprocessor with
66 MHz clock.

3.5-Testing and application of Neural Network

The evaluated weights have been stored in suitable
matrices and have been the main input data of Neural
Networks. An example of the typical utilization of code
is presented in fig.15-29

When the code starts the form of fig.15 is shown
and by pressing the button ‘START’ the utilization of
Neural Network begins and the menu of fig.16 appears
on the computer screen.
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INTERACTIVE MULTI LANGUAGE
NEURAL NETWORK FOR TURBOFAN
DIAGNOSTICS

ITALIAN AIR FORCE ACADEMY
PROF. GIOVANNI TORELLA -ICAS 1994

Fig. 15 Main menu of Neural Network code

SELECT YOUR CONFIGURATION BY PRESSING
ONE OF THE FOLLOWING BUTTONS

OUTPUT UNITS

I

HIDDEN LAYERS

I

HIDDEN UNITS

INPUT UNITS

I

ATTENTION: INPUT AND HIDDEN LAYERS
CONTAIN THE BIAS UNITS

Fig. 17 Definition of Neural Network structure

It is possible to correct an eventual error by clicking
the button ‘CORRECT".

If the input data about the Network structure is
exact, by firing the button ‘LOAD FIRST INPUT’, the
code proceeds and the form of fig.18 appears on the
screen.

GENERAL INFORMAT!ONAABOUT THE.NEURAL

NETWORK STRUCTURE
THE INPUT UNITS (BIAS INCLUDED) ARE:——> s 1
THE HIDDEN UNITS (BIAS INCLUDED } ARE:—>
THE HIDDEN LAYERS ARE————————
THE DUTPUT UNITS ARE:—— > s ]
INPUT PARAMETERS OF TURBOFAN
THRUST E.G.T. HP.C. PR P.R. FAN
Fig. 16 Selection of engine configuration [24610.713 | [miasoos | [5.918 | (1278 |
LP.C. PR H.P. SPEED L.P. SPEED EPR
i . [4534 | [357.0520 | [289.9223 | [1.4328 ]
The user must select the turbofan configuration he
wants to study. Now a two spool separated flow MASS FLOW BY-PASS TET H.P.C. Trexit
turbofan with low pressure compressor has been | [108s12s | [s1388 | [1sssse3z | |sess0az |
selected. The considered engine is a turbofan of 20 arc PG, Plexit ]
H H exl!
KN. thrust class with a by-pass ratio about 5. [owmsons ][22
Nevertheless different engines may be considered.

After the selection, the form of fig.17 is shown. It
depicts a draft of Neural Network with different layers
and it is useful for selecting the dimensions and the
structure of Neural Networks. The user must provide
the number of ‘OUTPUT UNITS’, ‘HIDDEN LAYERS’,
‘HIDDEN UNITS’ for each hidden layer and ‘INPUT
UNITS’. This time the input values allow to construct a
Neural Network with one input layer with 15 units, 1
hidden layer with 29 units and one output layer with 13
units.

Fig.18 Input data for diagnostic calculatlons

The first part of form contains the summary of
Network structure while the second part contains the
actual values of some engine parameters. Their
utilization, together with the distributed knowledge, the
already computed weights, allows to detect the
possible fault and its amount.

Again it is possible to correct eventual mistakes,
button ‘CORRECT’, and the Neural Network starts to
operate by firing the ‘EXECUTE’ button.
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Fig. 19 Results of diagnostic calculations

In real time the form of fig.19 is displayed. It
contains the value of engine parameter deviations with
respect to the baseline values of an ‘Healthy’ engine
(% VAR.). Moreover the fault location and its amount
are displayed. The test is successful because the
values, delivered by the form of fig. 18, have been
obtained from the turbofan codes just by simulating a
decay of fan efficiency of about 2%.

It is possible to carry out another analysis for a

different case; by pressing the button ‘OTHER CASE’
the menu of turbofan configuration is shown again.
The code may furnish also information about the
training of Neural Network and the history of weight
calculation. By pressing the button ‘ABOUT
NETWORK TRAINING’ the form of fig.20 appears.
Detailed information about the number of total cycles,
for exactly learning each patter, are displayed.
Moreover a bar graph with the same information is
shown. At last the total cycles (59231), for all training
activity, are shown.

HEgL NEDWORKCHIAGNEST HESRA % 3y
RESULTS OF TURBOFAN DIAGNOSTICS BY NEURAL NETWORK USED PATTERS: [17_—] TOTAL TRAINING CYCLES: [S9231 |
PARAMETER % VAR TOTAL TRAINING CYCLES
FAULT LOCATION AND FOR EACH PATTER TOTAL CYCLES DISTRIBUTION
THRUST E2S0E.01 ] AMOUNT ATTERN 1 [dzme ]
PATTERN 1 ]
EGT ;HS FAULT 15 IN THE: PATTERN 2 ] [%&76 ]
HP.C PR  [30201 ] (A FATTERR 3] [B15 ]
FANP.R. [7824E03 ) [THE CAUSE IS:
[ | EFFICIENCY REDUTION PATTERR 3 ] @]
LP.C.PR. FATTERN § ] [ ]
THE VARIATION I1S= 2.01205347021139
H.P. SPEED PATTERN § ] 2753
LP. SPEED FATTERN 7| [80a0 ]
EPR. [Z715E07 ] FATTERN 8 ) [7e0 ]
MASS FLOW PATTERN 9 7z ]
BY-PASS PATTERN 10 ] B39
TET. PAITERN ] [ ] PATTERN
H.P.C. Ttexit PATTERN 12 ] (134 ]
S.FC. F’AITERN 13 I [3564 l
HP.C.Ptexit  [3606E-01 | e o
' Fig. 20 information about the Network training

With the button ‘MORE INFO’
the history of each pattern training may be seen.

The selection may be performed by a combo box.
The fig.21-25 show the history of the training of pattern
4,7,8,9and 12.

more details about

PRESENTATION OF THE TRAINING EVOLUTION OF EACH

PATTER
SELECT THE PATTERN OF
TRAINING EVOLUTION OF INTEREST
PATTERN 4 T —_— =
N AT
250
Zﬂﬂl\
150 \
100 \
S0
\.. e
nll 1020 30 40 S0 60 70 80

Fig. 21 History of learning of pattern 4
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PRESENTATION OF THE TRAINING EVOLUTION OF EACH
PATTER
TRAINING EVOLUTION OF SELECT THE PATyERN OF
PATTERN 7
300
2504\
200 \
156
N
100
AN
50 \
N
v I~
] 16 20 30 40 S3 0 0 8%

PRESENTATION OF THE TRAINING EVOLUTION OF EACH

PATTER

SELECT THE PATTERN OF
TRAINING EVOLUTION OF INTEREST
PATTERN 9

300

2500

200

100 \

50

1 2 3%

Fig. 22 History of learning of pattern 7

These pattern have been selected because pattern
12 has been learned in the least number of cycles,
pattern 4 is the second one while pattern 7, 8 and 9 are
the patterns requiring the higher number of total
iterations. The detail of each cycle had been previously
shown in the form of fig.20

PRESENTATION OF THE TRAINING EVOLUTION OF EACH
PATTER
TRAINING EVOLUTION OF ST T aaT o OF
PATTERN 8

300
250
Fii] \
150 \
106

50 Py

AN
ﬂﬂ 10 20 3 4 58 60 0 88

Fig. 23 History of learning of pattern 8

As shown in previous figures the first set of
calculations has dealt with the test of Neural Network in
order to evaluate the reliability of results. The input
patterns, different from the ones used during training,
have been obtained by turbofan codes by suitably
simulating the decay of some component performance.
As shown the codes detect both the right cause of fault
and the right amount of decay.

PRESENTATION OF THE TRAINING EVOLUTION OF EACH

PATTER
SELECT THE PATTERN OF
TRAINING EVOLUTION OF INTEREST
PATTERN 12 i
[ 2]

B 1 2 30 4 50 60 W 88

Fig. 25 History learning of pattern 12

The second set of tests has concerned the study of
Neural Network capability to detect the right cause also
when the input data are wrong or not all available.

Fig.26-27 shows an example of code utilization with
wrong data, while fig.29-30 show example with no
information about some parameters.

When the code requires the input data, fig. 26, the
user has given a very wrong value of Low Pressure
compressor  pressure ratio (L.P.C.P.R.=33}).
Nevertheless fig. 27 shows that the Neural Network
detects the right cause.
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GENERAL INFORMATION ABOUT THE NEURAL GENERAL INFORMATION ABOUT THE
NETWORK STRUCTURE NETWORK STRUCTURE

THE INPUT UNITS (BIAS INCLUDED) ARE:—> THE INPUT UNITS (BIAS INCLUDED) ARE:—> i3 ]

THE HIDDEN UNITS (BIAS INCLUDED } ARE:—> THE HIDDEN UNITS (BIAS INCLUDED } ARE:—>

THE HIDDEN LAYERS ARE e 3 (R THE HIDDEN LAYERS ARE:————— [

THE OUTPUT UNITS ARE: o3 ] THE OUTPUT UNITS ARE:—————— 3 s

INPUT PARAMETERS OF TURBOFAN INPUT PARAMETERS OF TURBOFAN
THRUST EGT. HP.C.PR. P.R. FAN THRUST EGT. HP.C.PR. P.R. FAN

{24510713 ] [814.8005 ] [s.918 | [z ] [00 | [s1aso0s | Is.a18 ] 1278 1

LP.C.PR. H.P. SPEED LP. SPEED EPR LP.C.PR. H.P. SPEED LP. SPEED E.PR.
[33 | [3s7.0521 | [2888223 | [1.4325 ] [4534 | [357.0521 | [e6a8223 ] [on |

MASS FLOW BY-PASS TET H.P.C. Ttexit MASS FLOW BY-PASS TET H.P.C. Ttexit
108.5129 | [5.1388 | [1as5.8832 | [szsseer | [o0 ] [5:1388 | [14s58832 ] [0
SFC H.P.C. Prexit S.F.C H.P.C. Prexit

[oesoss | [22im ] 0468088 R

Fig. 26 Input with wrong data

Fig.28 Incomplete data

RS O R NE TR BN o

HESUCEDE NEURAL NEYWORR BIAGNGA T
RESULTS OF TURBOFAN DIAGNOSTICS BY NEURAL NETWORK
PARSMETER % VAR FAULT LOCATION AND
THRUST AMOUNT
EGT THE FADLT 75 IN THE:
H.P.C.PR. AN
E::‘:":;; — 3. E FFICIENCY REDUTION
H.P. SPEED
LP. SPEED
E.PR. [27i5E01 ]
MASS FLOW
BY-PASS
TET.
H.P.C. Ttexit
SFC.
H.P.C. Plexit

RESULTS OF TURBOFAN DIAGNOSTICS BY NEURAL NETWORK
PARAMETER % VAR FAULT LOCATION AND
THRUST i H00E+02 AMOUNT
EGT THE FADLT 15 TN THE:
HP.C.PR. AN
FANPR. EFFICIENCY REDUTION
LP.C.PR.
H.P. SPEED
L.P. SPEED
EPR. [37000E+02 |
MASS FLOW
BY-PASS
TET.
H.P.C. Ttexit
SFC.
H.P.C. Ptexit 0,000E +00

Fig.27 results of diagnostic calculations

Fig.28 shows the very sad situation of loss of four
data corresponding to the values of thrust, engine
pressure ratio (E.P.R.), inlet mass flow rate and high
pressure compressor exit temperature (H.P.C. Ttexit).
The Neural Network is able to detect the right fault
cause, fig.29.

The calculations of both examples have been
carried out by Network D. Anyway the situation is quite
similar and the faults are rightly detected also with the
other Networks. This means that the number of hidden
layers (limitedly to the considered situation) does not
affect the resuits.

Fig. 29 Results of diagnostic calculations

This way it is possible to use Neural Network with
hidden layer formed by units equal to the half of input
units. So it possible to save both computing time and
code memory allocation.

These are only preliminary results. The aim of
authors is to investigate carefully by changing either
the number of hidden layers and the neuron activation
law. Moreover different type of Neural Networks will be
considered.
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4-.CONCLUSIONS

The study has proved that Expert Systems with both
procedural and declarative languages may be
successfully developed for the diagnostics and trouble-
shooting of turbofan engines.

The study has shown that the Knowledge Base is
the heart of Expert System and it's the only way the
save the expertise of personnel.

The developed Expert Systems are fast, reliable
and run on personal computers. Therefore they are
powerful tools for both maintenance activities and the
training of personnel.

At the present works are in progress for developing
improved Expert Systems. These Systems require the
values of performance and thermodynamic parameters
obtained from test bed and, step by step, guide the
user to detection of both right fault and maintenance
action.

Moreover the study has shown that it is possible to
develop small Neural Network for Turbofan
diagnostics. The patterns for the training may be
obtained from matrices of influence or from suitable
codes for turbofan simulation. The Network codes are
reliable, fast and user-friendly and are capable to
detect the right fault even when the input data are not
complete or the values are wrong.

At the present works are in progress for developing
other type of Neural Networks with different structure
and organizations.
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