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Abstract: In his paper a basis of new approach to evaluate the condition of turbojet
engine has been presented. The model in the form of the four transmittances has
been reduced to one comprehensive model with such a desirable property that the
operating quality of the engine determined during the ground tests also provides
sufficient information about its performance during flight. A model involves a input

of the engine (signals p, and m,) with the output of the engine (n and t,) has
been given. It can be set the theoretical model | G,y (J) |* and its parameters

then compare the parameters of the experimental model (ground test) within the
parameters of the standard model.
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Streszczenie: W tym artykule zostato przedstawione nowe podejscie do oceny stanu
dziatania turbinowego silnika odrzutowego. Model w postaci czterech
transmitancji zostal zredukowany do jednego kompleksowego modelu z takq
pozgdang wiasciwosciq ze ocena stanu dziatania silnika podczas jego prob
naziemnych daje takze mozliwos¢ oceny jego wartosci uzytkowej w locie. Zostat

przedstawiony model wigzqcy sygnaly wejsciowe silnika (P, i M) z sygnatami
wyjsciowymi (N i t: ). Zostal wyznaczony teoretyczny model silnika
|Gk0mp|ek5(ja)) P jego parametry ktore nastepnie mozina porownywac z

parametrami uzyskanymi podczas proby naziemnej.

Stowa kluczowe: badania eksploatacyjne, ocena zdatnosci, regulacja silnika
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1. INTRODUCTION

The proper adjustment of aircraft engines (technical systems, machinery,
equipment, hydraulic and pneumatic installation, etc.) is essential to allow the
engine or any object to use, which must be secure and reliable (e.g. maximum
rotation speed of turbine jet engine must gain 100 + 0.2%, and the excess of 0.5%
for example, leads to a rapid engine wear, and the situation that the use of this
engine is becoming dangerous and unreliable). Currently in the process of
assessing the state of aircraft engine, signals waveforms and the assumed values of
the quality indicators of these waveforms in very specific moments determined by
engine ground test program are investigated. This way of assessing the quality of
the engine is very time and material consuming, and often unreliable because of the
ability to make a mistake resulting from a different environment (temperature,
pressure) acting on the engine while trying to land in relation to the environment
acting on the fly easily. But it is mainly due to the fact that the mechanic
performing the engine test is only able to enter to the controller using the DSS
(lever engine control) of different preset values for the main usable signal (n and
T4), and there is no possibility of introducing different and unknown disturbances
acting on the engine in flight. For this reason, engine tests during the ground test
are incomplete and unreliable because it can be properly aligned on the basis of
ground tests engine but it can have insufficient utility value in flight. [3, 4] Hence
the need for researching a new methods for defining the condition of the engine.
One of these methods is comprehensive (simultaneous analysis of four main
signals arising from the working of the engine), parametric (condition of engine is
expressed by parameters of engine model based on his four signals) a method of
assessing the condition of the engine during ground testing also gives the
opportunity to assess its value in flight.

2. THEORETICAL BASIS FOR PARAMETRIC EVALUATION OF THE
CONDITION OF TURBOJET ENGINE

Currently, assessment of aircraft engine control is carried out on the basis of the
quality of automation engine waveform signals identifying during ground tests.
Method is not universal. It turns out that the indicators set during ground tests do
not always coincide with the quality indicators that may arise during the flight.
Hence the need to amend designated quality waveform signals witch the additional
parameter — potential regulator set of equations of state that binds the state of the
quality to its technical conditions. [1, 3, 4, 5]

It was notice that these difficulties may be resolved by automation processing
signals (input and output) on the system parameters (coefficients of reinforcement
and time constants of the mathematical model of the engine). Designated
parameters have the peculiarity which are determined during ground testing and
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allow to assess the value of other parameters which occur during the flight of the
aircraft.
Figure 1. represents simplified scheme system of control engine speed.
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Figure 1. Simplified diagram of aircraft engine regulation; k — object gain;
T, Tl — engine time-constant, PI regulator time-constant, w — setting value,
u — signal of regulator impact on object, z — disturbance, y — operational signal,
X — excitation signal, e — error, s — complex variable

Assessment of the quality of the engine is determined by the transmittance [5, 10,
13]:
» open system Ho:

u k
Ho= 7= Tys(Ts+1) (1)

 closed system from the set point (on ground tests) Hw:
.
_¥y__ T
Hy = 3=+’;%3+TTL; 2)

+ closed system from the interference (work during the flight) Hz:

_r__ T
Hz =7 5 +*}:3+TTLI )

Parameter T occurring in transmittance Hz describing the engine during the flight

can be easily determined from the transmittance Hw in which parameters are
determined during ground tests. It is sufficient to multiplied the coefficient of the
sample ground by current regulation sample T, control setting:

k k
?_ET*’ 4)
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This possibility gives the advantage to the state of parametric methods assessment
beyond the existing methods of regulation on the quality based on waveform
signals. [4, 5]

3. THEORETICAL BASIS FOR COMPREHENSIVE EVALUATION OF
THE REGULATION CONDITION OF TURBOJET ENGINE

In the evaluation of the condition of the engine regulation (see Figure 2) in which
4 basic signals are considered: n — rotational speed; p2 — pressure behind the

compressor; mp — mass concentration of the fuel flow; t: — temperature behind
the turbine. [1, 4, 10, 12, 13]
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Figure 2. Diagram of engine regulation (W — inlet; S — compressor;
KS — combustion chamber; T — turbine;
D — nozzle, exhaust; 1,2,3,4,5 — specific cross sections)

In order to evaluate the operating quality of the engine, all interactions between the
basic signals are analyzed. The signals relationships are defined by the following
transmittances [1, 5, 13]:

An
G, =— 5
jI_mp Amp ( )

An

- 6
1p, Apz ( )
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*

At]

G, = 7
2m, . . ( )
= —t: (8)

2P Apz

The model in the form of the four transmittances has been reduced to one
comprehensive model with such a desirable property that the operating quality of
the engine determined during the ground tests also provides sufficient information
about its performance during flight.

The delivery volume of output signals An and At; is made in the first step and
then equations 5+8 are replaced by the following:

_Ap,

Imgp, — AM (9)
p
Ap
s = e (10)
p

The delivery volume of input signals Am, and Ap, is the second step and then

also the equations 5+8 are replaced by the following:

An
=20 11
Int, At4 ( )
An
=20 12
2nt, At4 ( )

Finally the model is created as a quotient of transforms the output signals relative
to the ratio transforms input signals:

int, _ 2ny

Gkompleks (S) = (13)

lmp P2 Zmppz

Depending account (10) and (12) is obtained:
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An
At AnAm
G S =—-=4=—F 14
kompleks( ) Apz At4Ap2 ( )
Am,
When applying the inverse Laplace transformation is determined: [6, 11]
gkompleks (t) * At: * Apz =An=* Amp (15)

The dependence (14, 15) shows that there is a comprehensive (one) model of the
engine corresponding to 4 classic models used so far in the assessment process of
engine state regulation. This model is the relation between convolution of signals

t,, p,, with impulse respond Jrompleks (1) @nd convolution of signals n and m .

Analyzing complex models Gy, (S) and g0 (1) it is concluded that the

complex variable "s" and a time variable "t" are not sufficiently sensitive to deal
with relations between four signals. Therefore, in accordance with the principles of
automation from the complex variable "s" goes to the frequency variable "®" to
produce a signal analysis and the possibility of a single signal on the basis of cross-
power density and self-signals recorded during engine tests.

From relation (14) is obtained:

S

An(jw) nt
. At (jo See
Gkompleks(Jw) = Apz((Jja))) = S:: (16)
amy(jo) s,

where: Sm* - mutual spectral power density of signals n and t: :
4

St*t* - own spectral power density of signal t: :

4ls

szmp - mutual spectral power density of signals p, and m ,

Smpmp - own spectral power density of signal m,, .

Then designate the square of module and argument of the transmittance
Gkompleks ( Ja)) :
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Snn
_ S..  AnAm A (o)
| Gkompleks ( J(O) |2: SIM'[4 = * £ = 2 ne (17)
P2 P2 At4Ap2 Apz pomp, (a))
Smpmp
nt,
ArgGkompleks ( JCO) = Aq)nthzmp = A¢ntz - A(ppzmp = Arg S& (18)
pZmp
S

where: S -own spectral power density of signal n,
S,,p, - OWN spectral power density of signal p,,

A’ . () - square amplitude gain of output signals n and t;

nnty,t,

Aszpzmpmp () — square amplitude gain of input signals p, and m .
Spectral power density functions S signals determined on the basis of the
correlation function to which the Fourier transformation is used. When the signals
n(t), t,(t), p,(t) and M, (t) are known, auto and cross correlation together with
own and mutual spectral power density can be estimate. Subsequently square
amplitude gain of input signals A2 i (w) and square amplitude gain of output

Pzpzmpm

signals Arfnt*t*(a)) can be computed. Quotient of this functions is the
4t44

comprehensive model of engine what was looked for. Amplitude gain

| Grompieis (J®) I° and related to it phase shift A can be estimate from this

model. [6, 11]

¢nt2 P2 m p

4. A COMPREHENSIVE PARAMETRIC ANALYSIS OF THE STATE OF
REGULATION THE ENGINE ON THE BASIS OF OPERATIONAL
ENGINE K-15 TEST

Recorded signals automation of turbojet engine (K-15) is shown in Figure 3 and
Figure 4. [7]
Additionally it is assumed that the course D P, corresponds to the conduct of the

signal m, the signal T- to the signal tZ , NV signal n and P2 to the signal p, .
Waveforms recorded n(t), t,(t), p,(t) and m,(t) have been multiplied by the

Hanning’s window then the autocorrelation was calculated. Obtained
autocorrelation graphs of polynomial approximation is the general form:
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Figure 3. Waveforms of motor signals (time of observation signals 350 - 550 [s])
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Figure 4. Waveforms of engine signals (time of observation signals 502 — 514 [s])

With the approximately an accuracy of R2> 0.997 coefficient of determination was
obtained in the following for a functions of autocorrelation and cross correlation:

R, (r) =-0,032817" +0,88367° — 6, 744¢> +1,5727 +103,7 (20)
Rt*t* (r) =-0,063577* +1,7047° —12,927° + 2,727 +198 (21)

R,.,, (7)=-0, 0041357* +0,11517° —0,89047% —0,18747 +17,21 (22)
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R, (r) =0,00036977* —0,0073647° +0,088447° —1,1287 +6,037 (23)

R (r) =-0,04947* +1,3827° —11,35¢% +10, 747 +140,8 (24)

Ry, (7) =—0,00307" +0,065547° —0,11897" —4,9247 + 26,37  (25)
Fourier transform was used for estimate a power density of function:

F(R,}= jz R, (r)e " dz (26)

Fourier's transform of the polynomial (19) after moving from "jo" in the variable
"s" is as follows:

24 6 2 1 1
FIR,i=a, —+a,—c+a,—+a,—+a,— (27)
{W} a135 ZS4 aSSs 482 aSS
After substituting the parameters from formula (20 + 25) and (27) formula to (16)

and (17) we obtain a comprehensive model of the engine:

| Gkompleks (S) |2 = (28)
-1,928-10%s" +9,052-107s" -1,899-10°°s* + 2,642-10*s* - 2,818-10*s* +1,967-10s* - 5,321.10°%s* - 0,17165 +1

0’1837 8.8 67 546 405 34 203 202
7,70710°5° ~4,215.10°°5" +8,084-10 5" ~8,814-10°s° +2,812-10°°s" +1,529-10 75" ~1,171.10° 75" ~0,06075 +1

ArgGkompleks (S) = Arg[
-2,138-10°s" +1,026-10°°s" - 2,202-10°s° +3,123-10"*s° - 3,397 105" + 2, 47710 *s* - 8,021-10°s* - 0,11055 + 1.
3,737.10°s" ~1,799-10°°s" +3,043-10°s° ~1,426-10°*s° -1, 716-10°°s* +2,321-107s° -7, 23210 - 0,1729s +1

(29)

0,1628

]

This model involves a input of the engine (signals p, and m ) with the output of

the engine (n and t; ). It can be set the theoretical model | Gyomples (1) I and its

parameters then compare the parameters of the model within the parameters of the
experimental standard model (ground test).

5. CONCLUSION

There is one comprehensive model for evaluation of the condition of turbojet
engine regulation. This model allows for compute amplitude gain | G, (J@) I

and phase shift Ag@ .  which can be physically interpreted. Parameters of the

Nty o,
theoretical model |G, (J@) |> can be compared with parameters of the
experimental standard model (obtained from ground test).



46

Pawel Lindstedt, Pawel Golak

REFERENCES:

[1] Balicki W., Szczecinski S.: Diagnozowanie lotniczych silnikéw odrzutowych.
Wyd. Nauk Instytutu Lotnictwa, Warszawa 2001.

[2] Bendat J. S., Piersol A. G.: Metody analizy i pomiaru sygnalow losowych.
PWN, Warszawa 1976.

[3] Gosiewski Z., Paszkowski M.: Globalny wskaznik diagnostyczny
turbinowego silnika odrzutowego. Il Krajowa Konferencja Diagnostyka
techniczna urzadzen i systemow nr 328/95, Wyd. ITWL, Warszawa 1995.

[4] Lindstedt P.: Possibilities of assessment of the potential of Aircraft Engines.
Solid State Phenomena Vols 147-149/2009, Trans Tech Publications,
Switzerland 20009.

[5] Lindstedt P.: Praktyczna diagnostyka maszyn i jej teoretyczne podstawy.
Wyd. Nauk. ASKON, Warszawa 2002.

[6] Osiowski J.: Zarys rachunku operatorowego. WNT, Warszawa 1981.

[71 Pawlak W. I, Wiklik K., Morawski J. M.: Synteza i badanie ukiadow
sterowania  lotniczych  silnikow  turbinowych  metodami  symulacji
komputerowej. Biblioteka Naukowa Instytutu Lotnictwa, Warszawa 1996.

[8] Petczewski W.: Teoria sterowania. WNT, Warszawa 1980.

[9] Piety K. R.: Method for determining rotational speed from machine
vibration data. United States Patent no. 5,744,723, US 1998.

[10] Staniszewski R.: Sterowanie zespotow napedowych. WKL, Warszawa 1998.

[11] Szabatin J.: Podstawy teorii sygnatow. WKL, Warszawa 2000.

[12] Szczecinski S.: Lotnicze silniki turbinowe. MON, Warszawa 1965.

[13] Szevjakow: Awtomatika awiacionnych i rakietnych silowych ustanowok.

Maszinostrojenije, Moskwa 1970.

Prof. Pawel Lindstedt, DSc., Eng. professor of the Technical
University in Bialystok, associate professor of Air Force
Institute of Technology. Research subjects: Design and
application of machinery, applied automatics, diagnostics and
reliability of equipment. His works concern diagnostics of
aircraft engines, hydraulic and bearing systems with application
of functional, vibro-acoustic and wear methods.

Karol Golak, PhD student of the Department of Mechanical
Engineering at the Bialystok Technical University. Research
subject: technical diagnostics of turbojet engine.



