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RESUME

The technical state of a system changes randomly
during its operation. It can be determined by so
called internal system parameters. Therefore the
momentary technical state of the system can be
described mathematically as a point of the
multidimensional state space defined by its internal
parameters. The main goals of the technical
diagnostics are the determination of momentary
location of the examined system and to forecast
direction and velocity of its movement in the above-
mentioned state space. Knowing momentary
technical state and its changing, you can decide the
most optimal operational strategy and forecast the
needed service work. This paper will show the
mathematical diagnostic modeling and its possibility
of use of state-estimation based on mathematical
modeling for the operational management by case of
pneumatic brake system of the helicopter MI- 8 HIP.

1. INTRODUCTION

During the operation, system of aircraft wears out by
stochastic effects ™. Therefore its technical state goes
through continuous and cumulative changes. During
the usage, technical state generally changes in a
negative sense, while during the maintenance or
repair, it changes positively. Technical state of the
system is determined by its internal parameters (for
example stiffness of spring, resistance). Therefore
momentary technical state can be characterized as a
point of the multidimensional state space defined by
internal parameters.

7

Main goals of the technical diagnostics are
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determination of momentary location of the
investigated system and to forecast direction and
velocity of its movement in this state space ©

In the practice, these intemmal parameters
cannot be determined directly because of technical
and economic problems. Their values and changing
velocities can be determined using a state-estimation
method based on mathematical modeling. Knowing
momentary technical state and its changing velocity,
the optimal operational strategy and needed service
work can be decided.

2. STATE-ESTIMATION BASED ON
MATHEMATICAL MODELING

A model gives the most concise characterization of
the investigated phenomenon ® The mathematical
model is the mathematical equation or system of
equations which describes the internal principles of

. . . 4
process occurring on the system, and its solution ¢ )

The setting up of a mathematical model
should start from splitting up of the investigated
system into its functional units. These units should be
examined and interdependencies between their input
parameters
mathematically. A mathematical model can be
written by the WHITE BOX method (by analytical
equations on the basis of scientific knowledge) or the
BLACK BOX method (by analyzing of output
parameters responded to known input ones) ),

The equations described above form the
model of the system, which can be written in general
case by the following vector-equation:
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For setting up of the linear diagnostic model
of the investigated system, the mathematical model
should be linearized. For linearization you can use
the LOGARITHMIC LINEARIZATION or the DIRECT
DIFFERENTIATION methods, TAYLOR or LIE-
MAGNUS series expansions of the general (non-
linear) mathematical system of equations. System of
equation got in one of the above-mentioned ways
describes interdependencies between

. d

n=-1 2)
77”()17)

relative changes of internal and external parameters.

This linear model can be written in the following

matrix formula:

A5y = Box 3)

. In the basis of the equation (3) and
knowledge of values of measurable external
parameters and coefficient matrices, the values of
internal parameters, that is technical state of the
system, should be estimated. This task can be solved
using the

B (4)

“classical diagnostic matrix".

Knowing the nominal values of internal
paramieters, that is the matrix

xluom K K O
Y O xZnom M 5
= | M O M ©)

0 K K =x

<" pnom

and their momentary measured parameters (x), vector
of their relative changes is:

Sx=X'x-e¢,

(6)

Then the equation (4) should be modified to

{
x—De,

oy =

II><

12 ()
Using the nominal values matrix of external
parameters and the 4~dimensional summary vector ¢,
the measured values vector of external parameters
can be determined by equation

y=Y5y+Ye,=YDX 'x-YDe,+Ye, (8
It "measured diagnostic matrix"
S=ypx" ©)

and auxiliary vector

u=y+tYe,—-re, (10)

have been introduced, the equation (8) can be
simplitied
U=9x (11)
On the basis of momentary measured values
of external parameters (that is vector y), the measured
values of internal ones should be determined by
above equation. The vector x that satisfies this
equation should be estimated by using any search of
optimum method in case of scalar-vector function:

f(x)=(u-Sx)’ (12)
To estimate vector x you can use the

GRADIENT, the RANDOM or the GAUSS-SEIDLER
methods.

[t is mmportant to mention that the above
described state-identification procedure cannot give
unambiguous results because it uses any estimation
of values method.

3. WEARING-OUT PROCESS OF SYSTEMS ._ ..

During the operation, a technical system wears out by
stochastic effects. Therefore its technical state goes
through continuous, cumulative stochastic changes.
In case of the usage the technical state generally
changes in a negative sense, while during the

maintenance or repair, it changes positively ©),

For demonstration, let general parameter n
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characterize the technical state of the investigated
system (see fig. 1). If the value of parameter n meets
the n, brake value, the system will break-down. Let
t be the parameter which characterizes the
performance of the system. For example, this
parameter can be the effective calendar time,
effective operating hours (in case of the airframe),
number of landings (in case of landing gear systems),
or number of starts (in case of gas-turbine engines)
from installation or the last overhaul.

D

f(n,0

FIGURE 1 - The Wearing-out Process
In this case the wearing-out process of the

system, that is the 7(7) stochastic function can be
characterized by:

X)

f(n.7)

expected vélue function of the

parameter 77;
density function of parameter 7).

Then the probability of good working state
of the system:

I br

Pgw(Z’) = P(nbr > 77(2')) = __[cf(n, 7)dr (13)

. The process of changing of parameter 1 can
be describe by:

()

{52

changing velocity of the parameter
7
density function of the changing

’

velocity.

Then the "failure changing velocity” of parameter 1
is:

0 - .
M, (7,A7) = &K—Z—(T—) if

nbr > ﬂ(f)
(14)

and the probability of good working state of the
system in the interval (77, n+A4n):

0 0 "o 0
Pgw(r,Ar) = P(nb,(f)> n(r)] = j‘ (p(n, r)a’n
- (15)

supposing that the system is ready to service at the
start of the investigated performance interval.

4. OPERATIONAL MANAGEMENT METHOD

For exact and manageable comparison of different
technical states and management of operational
process, the so called leader parameter should be
introduced. The leader parameter is the most
important one for operation and maintenance of the
system. This should be one of parameters estimated
above or a parameter which can be determined
directly from internal ones. For example, the leader
parameter can be thrust or useful power in case of

engines.

Depending on the momentary values of the
leader parameter and its velocity, the needed service
work can be decided. For decision,-permissible value
and velocity of the leader parameter should be
determined on the basis of its breakdown value and
permissible probability of risk M.

Knowing the breakdown value 7, of the
parameter77 and performance interval between

checks Az, the permissible value 7, and permissible
changing velocity to ready for working should be

- determined. Supposing that: -

- the change of the parameter 7 on interval A7
(see figure 2) is a linear one;

- density function of the changing velocity is
independent on working time of the system.

4.1. Determination of Permissible Velocity

In this case, if value of the parameter7
reaches the permissible value 7, at the /-th checking
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and it changes with

o An
>_
7 AT

velocity, the parameter 7 is going to reach
breakdown value 77, before next (i+1-th) check, in
the other words the operated system will break-down.

7.1 7 Tt ]
FIGURE 2 - Determination of the Permissible
Parameter Values

Therefore,  permissible
parameter 77 to ready for working is:

?

velocity  of

[ An
=— 16
M=%, (16)
The probability ot breakdown is:
£, (At,An) = P(77> m,) =1- P(ns m,,) =
Tor o o
=1- [o(mdn (17)

Knowing permissible probability of risk O
(permissible probability of breakdown), it is
substituted into equation (17), equation

o
1p

0= B,(Ar,An) =1~ [p(n)d 7

is got.

4.2. Determination of Permissible Value

If the density function of’velocity 77 cannot
be determined by statistical method, usage of one of

(18) -

known density functions 1s suitable. For example R

- UNIFORM distribution:
o 1 1 . o o o

gp(ﬂ):_o_——o_—‘—z———o— (lfnmax>77>77min)

M max ™~ Tmin A n -

(19)

Then

"y n A
O=1-[—dp=1--"2=1-"T

=An An - A7An

(20)
that 1s
An=(1-Q)ArAn @1
- EXPONENTIAL distribution:
()= Ae™™" (if 7.>0) (22)
Then
—A ;
Q=1-¢"" | 23)
and
Ap=_0d=0) 24)
A
- NORMAL (GAUSS) distribution:
o 1 _(;;—nff

p(n) = e *7 (25)

oN27

In this case simply solution cannot be got~
like to above ones which is deduced easily in
algebraical way. Therefore, on the basis of its
variance and expected value, transforming the normal
distribution to the standard normal one, the
permissible velocity of parameter 7 and parameter
interval 47 can be determined.

The permissible value of the parameter 7 to
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ready tor working;:
M, =M —An . (26)

If momentary values 77 and 77 smaller that

those determined by equation (26) and (16), the
system will not break down till the next check with
probability of least 1 - (.

S. USAGE OF THE METHOD

For demonstrating the possibility of use of above
mentioned method, the setting up and usage of
mathematical model of brake-system of the
helicopter MI-8 will be shown.

The task of pneumatic system of helicopter
MI-8 are the braking of main undercarriage wheels
and to be compressed air-source in case of field-
operation &)

After spliting up of the system into
functional units - using the above-mentioned WHITE
BOX method - the interdependencies between their
input and output parameters are  written
mathematically. The diagnostic model was set up by
LOGARITHMIC LINEARIZATION of these equations.

The internal and external parameters of the
examined system were determined by equations (27)
and (28):

[EN

(28)

The coefficient matrices of the vectors are
described by equations (29) and (30).
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0
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P ab
y=1 (27)
2
:’W
D
L4
127 228¢-2 98%-2 0 0 0 0 0
0 0 -58le-2 2002 0 0 0 0
0 0 -33%-2 0 —127e-3 179 -2 0 0
B=[0 0 33%-2 0 0 0 1273 —179%-2 0
0 0 33%-2 0 0 0 0 0
0 0 33%-2 0 0 0 0 0
0 0 -3 0 "412e-5 0 412-5 0
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The nominal value matrix of internal parameters:

71521
-633%-21
43%-21
4.3%-21
—1%e-2
76%-19
—133%-20

31%-21
-90le-23
40Be-23
491e-13

&5%-11
—145e-12

by the International Council of the Aeronautical Sciences (ICAS)

~142e-5
~153¢-5
—16le—5
-16le-5

6%-19
211e-19
53219
532-19
—16le-5 532-19
—128e-3 172
415%-5 TMe-2

—63e—6
22le—7
—149e-7
1823
183
14665
47053

29le-19
300e-21
4882
59%e-11
5%e-11
2,006
~84%-12

1015 0 0 0 0 0 0
0 314e6 0 0 0 0 0
0 0 4876 0 0 0 0
X=10 0 0 4e-4 0 0 0
o 0 0 0  4e40 0
0 0 0 0 0 4e-4 0
o 0 0o 0 0 0  4e-4]
‘The nominal value matrix ot external parameters:
LI8e6 0 0 0 0 0 0 0 0 0 0 0
0 6le2 0 0 0 0 0 0 0 0 0 0
0 0 Llel 0 0 0 0 0 0 0 0 0
0 0 0 4851 0 0 0 0 0 0 0 0
0 0 0 0 4534 0 0 0 0 0 0 0
0 0 0 0 0 4474 0 0 0 0 0 0
¥=/0 0 0 0 0 0 43534 0 0 0 0 0
o 0 0 0 0 0 0 44%40 0 o o0
0 0 0 0 0 0 0 0 4534 0 0 0
0. 0 0 0 0 0 0 0 0 447¢4 O 0
0 0 0 0 0 0 0 0 0 0 4534 0
0 0 0 0 0 0 0 0 0 0 0 4,474
10 0 0 0 0 0 0 0 0 0 0 0
The "classical diagnostic matrix" of the pneumatic system of the helicopter MI-8:
128 202 98le-2 —Le—4 -l@e—5 Ti%e-21 -ld2e-35 7Tl%-21 —142%-5
138 2M8e-2 A8%e-2 20l-2 -15%-5 63%-21 -15%¢-5 -63%¢-21 -15%-5
145 26e-2  17le-2 2lle-2 —1%e-3 —1Pe-2 —16le-5 43%-21 —L6l-5
D= 145  26e-2 L17le-2 2lle-2 -16le—5 237e-19 ~129-3 —LBe-2 -16le—5
145 262 17le-2 2le-2 -16le-5 23%-19 -16le-5 23%-19 —128—3
45 26e-2 172 2lk-2 -16le-5 76%-19 —L6le-3 76%—19 —L6le—3
| 229e-2 4De-4 17e—4 3Be-4 41%-5 —13%-20 415 13- 41%-5
The "measured diagnostic matrix":
189l —I38e—4 105 S37%-8 -63%e—6 3i%-2A 6346 31%-21 -64e—6
58e—1 48le—6 1Me—7 Blle-7 22le-7 S0e-B 22le-7 90le-B —22le-7
3,516—1 3Xe—6 38%-8 210-7 -1206-7 —He-4 A4%-7 4B~ -14%-7
S= 4279 3974 4602 2563  A0B3 2611 14%e-7 2006 —180%3
4279 3974 42 253 -1R3  26e-11 -LRS3 2611 1465
4275 3974 4602 253 1863 85%-11 -1Re3 85%-11 -1R¢3
677 6282 13kl 3Bl 4TS 112 4M3 1812 473

1)

(32)

1Tl
6041
4051
4RO
4%
4RO
12810 |
(34)
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The decrease of the brake-etfort and brake
asymmetry were chosen as leader parameters. To
determine the permissible value and velocity of this
leader parameters,

0=0025

permissible probability of risk was used.

The quantity of data is not sufficient for
statistical estimation of their distribution. Therefore,
for determination of the permissible value and
velocity of the resultant brake-effort, the density of
its changing velocity is supposed as an uniform one -
see equations (19); (20) and (21).

Working time of the helicopter chosen for
mvestigation was 52 hours 06 minutes (649.10 -
701.16) from 19 June to 20 November. The
tollowing figures show the test results depending on
operating hours and depending on calendar time.
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FIGURE 3 - Decrease of the Brake-Eftfort Depending
on Operating Hours
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Operating Hours
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3. SUMMARY

In this study the management method of
aircraft system operation, as a Markov-process, based
on state-estimation has been formulated in case of
pneumatic system of helicopter MI-8. Technical data -
needed for usage of mathematical diagnostics and
operational management method can be obtained by
using gages of the helicopter and instrument of
technical service team. Operation management
method based on mathematical diagnostics is able to
minimization of technical service work with adequate
safety of operation. The possibility of use of shown
method has been proven by examination of
pneumatic brake-system a regular helicopter

6. NOMENCLATURE

6.1. Scalars

- force;

- mean value;

- probability;

pressure;

- permissible probability of risk;
- stiffness of spring;

- break-clearance;

- general parameter;

- variance;

- general performance parameter;

NQS NN Y

6.2. Vectors

- summary vector;
- auxiliary vector;
vector of internal parameters;
- vector of external parameters;

oo e
]

6.3. Matrices

e

coetticient matrix of external
parameters;,

coefficient matrix of internal
parameters;

- diagnostic matrix;

measured diagnostic matrix;

- nominal value matrix of internal
parameters;

nominal value matrix of external
parameters;

e Iz IR

~1
1
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6.4. Others

ab - after break;
br - break / break-down;
c - control;
qw - good work;
H - ambient;
max - maximun,
min - minimums;
nom - nominal;
P - permissible;
s - spring;
t - tank;
A - difterent;
o - relative difterent;
z - resultant;
a - expected;
° - velocity.
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