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INTRODUCTION

The real constructional-technical charac-
teristics of aircraft are scattered to a
great extent in the neighbourhood of the
rated values prescribed in technical
documentation, even at the end of their
maufacturing. With the increase of service

life ,(1) the deviations mentioned above

continue to increase stochastically mostly

in a cumulative way as a function of:
- the phys=ical-technical properties of
the structural material applied;

the peculiarities of their design and
manufacture;

the circumstances and the technical-
-economic conditions of operation
{air traffic, maintenance, repair
and overhaul), and

- the intensity of operation.

The changes in the constructional-techni~
cal characteristics naturally involve also
the deviations in aerodynamics and flight

engineering characteristics {performance
data). Those deviations can be described
by =stochastic processes not controllable

by means of simple methods on a reasonable
cost-level, and influenced by the means of
maintenance and repair, ie. by stochastic
processes controlled only in a limited
way.

The real flight is considered to be the
controlled three-dimensional motion of the
aircraft as a flexible <(non-rigidd body
or system of bodie=s), wich is determined
by the given realization of the stochastic

deviation process of aerodynamic and
flight-engineering characteristics, and
disturbed st.ochastically by the real
environmental conditions <(e.g. by atmos-

pheric turbulenced. The simulation of this

1. THEORETICAL CONSIDERATION

1.1 Objectives of modelling

With respect model-f ormat,ion,(z’s) it is
important. for what purposes the models are
ut.iilised, and what connections between the
model and original, examined system can be
established. Therefore in this case, a
clear distinction should be made between
the cases depending on whether the
multitude of the real flights of a given
aircraft type, or only a separate flight
of a concrete plece of air- craft is to be
simulated.

As for the purpose of utilisation, the
following ob _jectivescs) requiring different
attitudes can be set :

- research, investigation;

- state estimation, diagnosing;

- checking and determination of air-

worthiness;

~ synthesis of control;

- investigation of flight events;

- operation of simulators;

- solution to the problems of air traf-
fic control;

- examination of
lems.

environment.al prob-

1.2. General model

The state of aircraft as a dynamic system
iz usually given by state-vector x. State-
-vector x can include also characteristics
describing the operation and technical
state of the main unit-blocks in addition
to the phase-vector elements describing
the spatial position of the aircraft. In a
general case, the model can be given in

the following form(1’3’4):

dx(t) = fx[ x<(L), x(t,—-rx), P, ,z¢w, ), u*(t,),u,m,b] dt + LH [ XMt ] dwx

yit) = fy[ X(t), X(t-T 3, Pt u*ct), p,w,t] + o, [ ¥,vit ] £t ad

u¥t) = fu[ XCE), XCH=T 3, PGu,E)d,ZCw L), b, w, t.]

motion on an acceptable level is consid-
ered today as a very important theoretical
and practical problem.

In this paper, the possibilities, limita-
tions and objective-orientation of mod~
elling the real flight situations are

dealt. with.

x (t'-t'o) - xo[ t,-t.o, po, mo ]
y (t,-t,o) - yo[ t,-bo, M w, ]

where x € R" is the state-vector, p s Rk
is the parameter-vector characterizing

% Associate Professor at the Institute of Vehicle Enginvering, TU of Budapest

Copyright © 1990 by ICAS and AIAA. All rights reserved.

2046



the state of the aircraft, z e R? is the
environmental vector <(vector of =ervice

conditions), u € R" is the control dnput)
vector, y € Rr iz the output /measurable/

signal vector, W & R°and E e R are the
Wienerian and Gaussian noise-vectors,
respectively, o, cy are the noise

transfer matrices, t 1= the operational
time. Vector p can be resolved into vector
elements p = [ a,b,ch 1" "belonging” to
vectors x, u, =z, y. Vectors of construc-

tional characteristics [ a,b,c 1" and h
as well as vector z of external disturb-
ance in the field o] T = £, QO =
ta,b,el M z
“w’ Qh = Qv are characterized by

density functions fp(')’ fw(')’ fv(.>

and the actual wvalues belonging to their
given realiza- tion are assigned by random
variables p, ©w and wv.

1.3 Deviations in characteristics

In a generalized sense, p is the vector of
constructional characteristics, u, =z are
the vectors of s=service characteristics and
x, y are those of operational character-
istics. In the course of operation, the
constructional characteristics (e.g. the

technical ones, or in this case, the
aerodynamic characteristics) are changing
stochastically because of the reasons
mentioned in the introduction, and they
deviate badly (according to our
examinations“’s’s’é): by 5-10 %,

sometimes even by 25-40 % (from the values
recorded in the service documentation.
Those deviations can be cbserved as early
as at the end of manufacturing process and
at the start of operation, and then, in
the course of operation, they continue to
increase first quickly, then a little more
slowly, and, in most cases, by an
accumulative way. The initial quick change
represents the s0 called "wearing-in"
process of the construction (After some
hours of flight, the constructional
elements enter into smooth engagement., the
geometric shape change by way of micro
displacements and deformation).

In the course of our examinations, the
changes experienced in the construction
and the functional builld-up <C(operational

logicd of the examined aircraft and its
systems <(such changes are: changes in the
geometric shape, in dimensioning-failure,
in failures of system elements), and the

deviations in the characteristics
connhected with those <(eg. deviations in
the coefficients of aerodynamic model)

were considered as deviations in construc-
tional characteristics.

The following changes were considered as
deviations in service conditions Un
environmental data) deviations from the
rated (directive) values (e.g. extreme
atmospheric aonditions, loads exceeding

atmospheric conditions, loads exceeding
the allowed Ilimits, improper maintenance
activity> prescribed in service documen-—
tation for the sake of controlling

directly the aircraft operation, as well
as from those prescribed in engineering

activity for the sake of controlling
service conditions and the operational
process.

The deviations in the constructional,
operational characteristics involve, as a
matter of course, changes in =ervice

characteristics x, y.

With those above taken into consideration,
the control and optimization of aircraft
flight can be carried out according to
Fig.1 provided that instead of model 1
its linearized form can be used:

xX(L) m ACLOx(LD + BLiudt) + CGLrzded +

+
G _ctonctd >

y{td = HWIXRL) + G CLIECLD
Y

where: A is the state-matrix of dimension
<n ny, B is the control-matrix of
dimension <,md, C iz the influence-matrix
of external disturbances of dimension
n,q2, 6x and Gy are noise~transfer

matrices belonging to noise-vectors 7 € R®

and 5§ € R (Gaussian white noise),
respectively, of dimension n,s) or (r,v),
respectively, while H is the measuring-
-matrix of dimenzion {(x,nd.

v

1.4 Structure of the entire model

It can alsc be seen from Fig.1, that. the
entire mathematical model of the aircraft
can be formed only in case all the partial
effect., too, are taken into consideration,
and in case, the change brougth about by
the partial effects can also be simulated.

Accordingly, the entire mathematical model

of the aircraft should have the lf‘orm<3>
of the sgtructure shown in Fig.2. It can be
seen that the relationship between the
models is partly vertical and partly
horizontal. Some of the models fit into
the other ones organically, or are
embedded into them, respectively. Other
models are connected only in a looser way
with the description of other sub-proc-
esses (e.g. macro-economic models). At the

same time, each partial model has its
complicated influence exerted upon the
other partial models individually in a

demonstrable way.

2. PRACTICAL CONSIDERATION

2.1. Partial models to be applied

Some of the part-models shown in Fig2

were investigatedCS) one by one each to a
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depth of statisfactory extent. Especial-
ly, a lot of Iliterature, monographies can
be found concerning the determination of
aerodynamic characteristics, the flight of
aircraft, the mathematical models de-
scribing the aero engines, as well as the
controlling of aircraft and its automatic
and manual control systems. In connection
with the latter, a lot of specialists deal
today with the simulation of pilots’
activity. In separate monographies, the
simulation of the automatic systems on
board and their single elements,
respectively, as well as the simulation of

their effects exerted on the aircraft’s
characteristics are dealt with inde-
pendently. The environmental conditions

can be given, on the one hand, by part-
-models elaborated thoroughly, e.g. with
respect to the description of atmospheric
turbulence, and, on the other hand, by
stochastic models, which can be considered
as primitive ones with respect to failures
and their initial phase of occurance.
Models of damage have been dealt with so
far only to a small extent in relation to

the aspects outlined above. Economic
models can be considered as elaborated
relatively well, however their intercon-

nections with other models are not made
clear sufficiently and uniequivocally.

It is a very difficult and complicated
problem to combine the individual part-
-models and to decompose the general
model, respectively, and it c¢can not be

generally solved but only approximately.
ncLd

The simulation is aggravated by the fact
that. the deviation in the single

characteristics exerts generally its
influence on a number of other
characteristics, or else, the deviations
can not be given by simple statistical

models.

2.2 Description of the characteristic

deviations

The structural, operational and service
characteristics can reach and even exceed
the tolerance limits essentially in three
different ways < Fig.3>. In the first
case, the change takes place under the
influence of abrupt loads differing from
the designed ones and exceeding them. In
the second case, the characteristics are
changing gradually, and are reaching the

limit of the tolerance range in a
predictable way. In the third case, the
mit of the tolerance range in a

predictable way. In this third case, the
tolerance range becomes restricted for
some other reason, e.g. by the effect of
other failures, and the excess of the
tolerance range can occur even under the

influence of otherwise normal designs
loads.
The deviations in the characteristics

illustrated in Fig.3 can be considered
as sudden <or abrupt) degradational <dor

I environmental condition

L
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Fig.1: Block-diagram of the' linearized model reflecting

the operational process
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Fig.2: Structure of the entire model

(failuresd> based upon the analogy taken
from the reliability theory. Consequently,
the probability of the dwelling of the
characteristics within the tolerance range
can be given“’s) with the help of
exponential, normal and two-parameter
exponential laws.
-A bt
Pty = e °© &)
s
t-a >?
-— P
1 t 207
R [e P gt
cF _/ 2n 0
-8 A (t-t D
Pt) = e Y i s>

where P, P, P are the probability of
s P r

the dwelling of the characteristics within
their tolerance range when exceeding the
tolerance values in an abrupt, sudden
degradational and relaxation way; }“s’ 7\r

are the intensity of leaving the tolerance
range with abrupt and relaxation changes;

ap, cp are the average time and variance,
resp., when exceeding the tolerance range
with gradual changes; t'r is the time of
restriction of the tolerance range; 8 is a
constant ¢ 8 = 1 if tztr, 8 = 0 if
t <t 7
b o

In a way known from the reliability
theory, pr o bability P of the dwelling
within the tolerance range - with the

joint occurrance of all the three types of

change - can be calculated the

following relationship:

by

P Ctd) m P (LD & P (L) » P_(L>, (6>
o s P r

or
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Fig.3: Typical cases of the characteristic

parameters exceending the tolerance
*
range {(p-parameter, p ,p_  ~ Upper

and lower wvalues associated with the
tolerance range, t— time of opera-
tion, t,r -time~parameter belonging

to the restriction of tolerance
range, 1~ sudden, 2. - degradation,
3.~relaxation failure: density func-
tions of a. - exponential, b. - nor-
mal, c¢. - two-parameter exponential
distributions).

Pty =cP )+ c P (LD + ¢ P (LY, T
o = B PP r r

where weighting coefficients c¢_, <, C
= P r

express the proportion of the sudden,
degradational and relaxation changes.

When examining the change in the opera-
tional characteristics of a system, then -
using the analogy taken from the reliabil-
ity theory - the calculation principle of

a system’s reliability should be applied,
or, respectively, the stochastic process
describing the change in the character-

istics should be
known relationship.

approximated by some

2.3. Models recommended for evaluation of
the deviation influences
By using the principle of control




engineering, the problem of the describing
the characteristics deviations can be

eilling of the joint occurrrence
of several errors or failures.

solved in another way, too. Let Q, .,
® u In the course of statistical model-exam-
(9]

z’ np’ ny denote the admissible inations, the random variable character-
vectorial field of each characteristics. istics are generated within the confidence
Accordingly the use of the following level associated with the given charac-
expressions is recommended to indicate the teristics and according to a kind of
deviations from the opt.ional charac— type-distributions. However, the problems,
teristics“’S)' ie. the special flight gsituations are

’ encountered mostly with the characteristic
< <

Pl{y(t,)enyAto-t...toﬂ,xenx,uenu,zenz,penp} [¢:5)

< <
Pz{u(t)enu|t,o_t._t.oﬂ,xenx,zeﬁz,penp,yeny} [$:3)

If joint density function:

fz = £ [ xCL), adtd, ZzdL), pdtd, ydtd ]

i= known, then (8> and (9 can be
calculated as follows:

deviations occurring in the neighbourhood
of the confidence~-values assumed con-
vertionally. In addition to the above
said, there can occur a more considerable
deviation between the theoretical and
real functions at the tail of the density
functions.

dx du dz dp dy

Pi{ yitd € le.... } =

fdun
w0

It can be seen easly that the expressions
similar to those in (8> -~ 11> can be
written for vectors x and p too.

According to relationships 8> -
models describing the deviations in the
operational characteristics can be given
only through approximate procedures and
statistical data processing. However,
these procedures can fairly well give the
deviations in the operational characteri-
stics. Therefore, their application can be
recommended because of their information
content.

11>, the

2.4. Additional problems

The realization of modelling real flight
situations is aggravated - 1In addition to
the defectiveness of the part-models and

their complicated Iinterconnections little
known so far, as well as the stochastic
deviat.ions('?) of the constructional and
service characteristics - also by the
following (3’5>:

- the special distributions realized
att the tail of the empirical
density functions of the charac-
teristicsCB), and

-~ the inaccurate calculation and mod-

a0
dx du dz dp
dx du dz dp dy
11>
f): dx dz dp dy

On the other hand, the occurence of the

characteristics beyond their permitted
values is considered as a failure, and is
modelled by the emergence of independent

events taking place with weak probability.
However, according to the evidence of our
examination records, the emergence of the
flight. events, catastrophic crashes are
often brought about by nearly simulta-
neous, joint accurrence of 2-3, or even
4~6 faults and failures. Consequently, the
faults, characteristic deviations and
failures occurring with weak probability
can not be considered as entirely inde-
pendent events. In the course of our
practical examinations, this fact c<an be

taken into consideration in three ways(S):

- by weighting coefficient C(by
increasing proportionally the
values of functions at the tail
of density functions after the
occurrence of the first fault,
or failurel,

- by the distortion of density function
<(by changing consecutively the
density functions after the oc-

currence of the first, second,
third faults or failures, respec-
tively>,

- by the decomposition of density func-
tions into two parts (by decom-
posing the empiric density func-
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tions of the occurrences of er-

rors or fallures into an inde-
pendent. density function repre-
senting the basic distribution,
and a conditional density func-

tion depending on the occurrence
of the given failures or charac-
teristic deviationsD.

3. EXAMINATION RESULTS

3.1. Approximation of the parameter-devi-

{mm)

68T
661
bk

6242

60

58

ations

There was a stady the approximation
methods of structural characteristic devi-
ations by stochastic processes with a view
to the description of the characteristic
deviations as a function of the opera-

tional time flight hours)(i’ 9), appli-
cated to the evalution and prediction of
permanent. deformation in delta wings of
fighters in operation during levelling
{Fig. 4, 5.

If the process describing the permanent
aircraft

and ,

from
it

deformation in is free
after-effects,
independent. of the circumstances preceding

the initial moment of the

consequently is
investigation,
then the survey data are discrete sampling
values of

a monotonous, non-decreasing,

continuous stochastic process, which can
be approximated by the Markov

3(9’10). From a mathamatical aspect,

proc~
es the

non-steady state, continuous, random

process of the permanent .-deformations is
approximated by homogeneocusly continuocus

process having a steady-state increment

and a discreate field of state.

N

Fig.4: The level book of the wing

In Fig. 6,7 and 8 +the some results of
calculated level exceeding probability, of
the influences of the permanent deforma-
tion on the wing =section lift coeffi-
cient,, and, the lift generated on the wing
during the landing examined by the
recomenden way in the part 23.
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the basis of the values measured in
the course of the aircraft repairs.
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Calculated density functions of
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airfoil section of levelling, close
to the fuselage of the single-seat
fighters.
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3.2. Statistical modelling

In our practice s0 far statistical

model-examinations 2,11 approaching the

real flight situations have been dealt
with, with a view to the evaluation of the
state~change processes, the investigation
of the deviation efects for identification
purposes, the prediction of the
sensitivity parrameters of the functions

] horisontal axis - time of operation in flying hours.

of the limitations in
development. of the on
In the course of

the determination
service and the
board advisory system.

our examinat.ions“’ 52 . the density

functions giving the distributions of the
characteristics were provided, on the one

hand, in the form of empirical density
functions determined by the flight.
information recorded during normal flight

operations, and, on the other hand, in the

form of density functions of known
distribution {normal, Welbulli, expo-
nentiald assumed on the basis of

theoretical considerations.

As an example, some of our examination
results associated with the landing of a
medium-size alrcraft are introduced here.
In Fig=. 9, 10, the results measurements

1,52

in operation are represented.

The statistical modelling was realised for

the motion of the aircraft 213,143 in
the vertical plane, only. The enviromental
factors were modelling a=s air turbulence

and wind-shear S ). In Fig. 11, the
characteristic results of statistical

modelling are shown.
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3.3. Modelling of individual flight

situations

When investigating flight events, every
time individual flight situations should
be modelled, or else the simulated reali-
zation of a given flight should be formed
on the basis of the information data
stored by the data-recording =system on

board, an data gained from other =ources
of information very often defective <(eg.
observation). On =uch occasions, the

activity of the staff can be essentially
considered as known, while the changes in

the envirommental conditions, in external
disturbances (e.g. atmospheric turbu-
lence), the actual values of the construc-
tional, service characteristics Ce.g.
aerodynamic coefficients) are unknown.
Consequently the problem can be solved by
the iterative interactive procedure with
honologat,ionGS) of the measurement data
and with the identitification of the
structural parameter deviations outlined
in the block~diagram of Fig. 12.

SUMMARY

When modelling individual flight. situa-
tions, in fact, a non-linear, stochastic
model should be formed, which can be given
by a system of differential equations
having unstable parameters. In the model,
the characteristic parameters  d(e.g. aero-
dynamic coefficients) are changing
stochastically asz a function of time, and
partly in a cumulative way. An additive,
stochastic noise brought about by the
external disturbing effects (e.g. atmos-

pheric turbulence). The formation of the
model can be carried out only with the
knowledge of the empiric density func-
tions, or realizations of the distribution
of characteristic parameters. The gener-
alization of modelling can be promoted by
the use of the models introduced in this
paper, which can be applied to describe
the parameter deviations, or by the use of
the relationships recommended with a view
to the evaluation of the effects of
deviations, respectively.

Modelling of real flight =situations should

be carried out with a view to either
statistical examinations, or to the
simulation of a given flight situation. In
the first case, statistical modelling

should be performed, while in the second

one, the problem can be =solved on. the
basis of a complex iterative interactive
program.
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