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Planning of a Group of Dynamic Systems Operation Program Based
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Abstract

The article is devoted to the justification of group of dynamic systems (DS) operation program based on the failure time prediction. The
Jfollowing assumptions are made: the group includes DS operating under the same conditions, but having different service life; the composition
of the DS includes a number of potentially faulty elements with similar values of reliability indicators; for each element a number of parameters
are measured and the failure of the DS occurs when at least one of the controlled parameters leaves the tolerance range. The use of a piecewise
linear regression model of parameter drift corresponding to the life cycle of DS is justified. The rule of correction of the linear model is formed
based on the results of last measurements of the controlled parameters. A unified algorithm for calculating the reliability characteristics in a
group of DS based on the drift of controlled parameters is proposed. At the first step, the probability of failure-free operation for a given time and
a gamma-percent resource is calculated for one controlled parameter. At the second step, the time moment of a DS failure (which is assumed
to happen when at least one controlled parameter leaves the tolerance range) is calculated. At the third step, the reliability characteristics of a
group of DS are predicted using a mixture of distributions. The realization of a random variable corresponding to a random mixture is mod-
eled as follows: first, DS is selected at random, then a random variable is modeled in accordance with its distribution function. The mixture
distribution function is expressed as a weighted sum of the component distribution functions. Model examples allowing to rank the considered
DS according to the predicted failure time with subsequent adjustment of the operation program are considered.
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Ha OCHOBe NMPOrHo3mpoBaHUss BpeMeHUn OTKa3a
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épeMeHU ux omkasa.
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Ilpunumaromes caedyrwwue donyuenus: epynna exarouaem J[C, pynkyuonupyouue 8 00UHAK08bIX YCA0BUAX, HO UMEIOUUe
pasHule cpoku skcnayamayuu; 6 cocmag JC 6xo0um psd nOMeHUUaNbHO OMKA3HbIX IAEMEHMO08 ¢ OAU3KUMU 3HAYEHUAMU
nokazameneii 6e30mKaA3HOCMU; 045 KaAWC0020 I1eMeHmMa NPOo600AMCs usMmepeHus psda napamempos, npuvem omkas JC
Hacmynaem 6 cayuae, Koeda xoms 0bl 00UH U3 KOHMPOAUPYEMBIX NAPAMEMPOE Gbllidem U3 noas 0ONYCKA.

IIpednoxncen edunwviii aneopumm pacuema xapakmepucmuk 6ezomkaznocmu ¢ epynne JC no Jdaunnvim Opelicha
Koumpoaupyemslx napamempos. Ha nepeom waee nposodumcs pacuem eeposmHocmu 6e30mKasHoi pabomel 6 meueHue
3A0AHH020 BPeMEHU U 2AMMA-NPOUEHMHO20 Pecypca NPUMeHUmMeAbHO K 00HOMY KOHmpoaupyemomy napamempy. Ha emopom
waee paccyumoieaemcs omkas J{C npu ycaoeuu evixoda u3 noas 0onycka xoms 6t 00H020 KOHmMPOAUpYemoeo napamempa. Ha
mpemoem waze npogoOUMcs nPoeHo3 xapakmepucmuk 6ezomkasnocmu epynnst JJC ¢ ucnoav3o8anuem cmecu pacnpedeneHuil.
Peanruzayus cay4atiHol 6eauuUunbl, COOMEEMCMEYOUWeEl CAYYAUHOU cMecU, MOOeaupyemcs cAe0yrouum o06pasom: cHa4aLa
Hayead ewvibupaemcsa JC, 3amem 6 coomeemcmeuu c ee (QyrHKyuei pacnpedeseHus MOOeAUPYeMCcsa CAYHAUHASA 6eAUYUHA.
Dyukyus pacnpedeseHus cmecu 8blpa}caemcs 6 6Uoe 636eUeHHOl cCymMmbl QYHKYUL pacnpedenseHuss KOMNOHEHM.

Paccmompenvr modeavHble npumepsl, no3goasowue panicupogames paccmampusaemsie JJC no npoeHo3upyemomy epemeru
omkasa ¢ nocaedyrouell KOppeKmupo8Kol npoepammol IKCHAYAMAYUY.

Karoueenvie caosa: npoerno3 mexnuuecko2o cocmosnus, opeligh napamempos, peepeccuonHas Mooeab, eamma-npoyeHmHboli

pecypce

Introduction

To ensure the safe operation of a group of homo-
geneous dynamic systems (DS), it is necessary to
organize the entire complex of necessary technolo-
gical operations, including planning their logistics.

The complexity of planning the operation pro-
gram of the DS group is due to the following cir-
cumstances [1]:

— the composition of the DS includes a known
set of potentially faulty elements with similar values
of reliability indicators;

— the DS that make up the group have diffe-
rent values of the commissioning time, i.e. different
operating periods.

The existing approach to the planning of the DS
operation program is based on periodic measure-
ments of the controlled parameters of the elements
that can be faulty, and forecasting the drift (degra-
dation) of the parameter to the next control point.
The element must be replaced if the predicted value
of the parameter exceeds the permissible values. The
obvious disadvantage of this approach is the need to
organize an excess stock of spare parts for all ele-
ments; the need to minimize it requires solving the
problem of predicting the moment of failure.

For practical purposes of engineering prediction
of parameters degradation, the following models are
most often used:

— statistical (regression, autoregression, expo-
nential smoothing, etc.);

— structural (neural networks, Markov chains,
classification trees, etc.).

Within the framework of the proposed classifica-
tion, we will consider a number of works related to
the field of operation of technical systems. First of
all, it should be noted that the methodological as-
pects of the problem under consideration, including:

the basic definitions related to forecasting, methods
of modeling failure and the corresponding criteria
for the occurrence of failure, as well as methods
for assessing the residual life of machine compo-
nents are deeply elaborated in regulatory documents
[2, 3]. In particular, the document [3] offers a ma-
thematical description of a technical condition pa-
rameter change process, assuming the monotonous
nature of its deterioration

In a number of works, the structure of time se-
ries describing the operational parameters of in-
dustrial facilities is analyzed, and their stationarity,
predictability and irregularity are considered as cri-
teria for the predictability of time series [4, 5]

Quite interesting results on the comparative
analysis of the features and functionality of several
methods for predicting changes in a vehicle and
estimating the residual life of marine power-me-
chanical equipment (statistical forecasting method,
extrapolation method) when choosing the scope of
their application were obtained in [6].

In [7], when studying the problem of forecasting
the technical condition of radio-electronic equip-
ment in real operating conditions, the choice of an
analytical forecasting method using a set of trend
models that requires less statistical data on changes
in parameter values while ensuring equal reliability
of the forecast is justified.

In [8, 9], a new method for predicting the proba-
bility density of a random process based on a shor-
tened data set is mathematically justified and an al-
gorithm for obtaining an optimal density estimation
by the criterion of forecast accuracy is developed.

In [10], to provide operational solutions for the
management of an object, an algorithm is proposed
for predicting its technical condition, which is de-
scribed by a set of indicators represented as a time
series scheme. An adequate mathematical model
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is constructed using adaptive regression modeling.
The predicted values of the indicators are analyzed
by fuzzy logic methods, and the predicted state of
the object is output in the form of a fuzzy term.

To solve the problem of predicting the time drift
of critical parameters of on-board equipment, which
is characterized by significant uncertainty and in-
completeness of information, a hybrid approach has
been developed in [11]. The integrated use of ar-
tificial intelligence tools and spline approximation
makes it possible to obtain estimates with an accu-
racy acceptable for practical use.

Quite a lot of publications are devoted to the
study of systems [12, 13] including degradation pro-
cesses of constituent elements, which can be func-
tionally interconnected or related to different sub-
systems (executive, measuring, etc.). The results ob-
tained suggest, basically, a significant simplification
of the incoming processes, or the use of complex
modeling complexes.

Without pretending at all to the completeness of
the analysis, we can however conclude that single-
mode processes with variable load intensity were
mainly considered in the literature before. In this
case, in order to increase the accuracy of the results
obtained, the necessity of complicating the applied
mathematical apparatus is justified. At the same
time, much less attention is paid to the practical
application of more complex models to improve the
prediction of the state in a group of homogeneous
technical systems in a complex life cycle (multi-
mode load), where the parameters of their compo-
nents are monitored.

In this paper, methodological issues of planning
the operation program of a group of DS are devel-
oped based on the forecast of the expected failure
time, and the DS of the group are in a complex life
cycle and have different operating times.

Problem statement

We consider a set of DS, which we will denote by S.
Each DS includes # elements. Each element has a set
of measured parameters. The number of measured
parameters of the element number 1 < j < n depends
on j and will be denoted by /. For the k-th measured
parameter of the j-th element, 1 < k < /, there is a
limit value, which we will denote by max;. When
the parameter value exceeds the limit value, the ele-
ment is considered faulty. For each DS a < §, a set
of time points is a set 7, = (¢, ..., ty(,) at which the
parameter values were measured. The value of the

k-th parameter, of j-th element of the DS at a time
t; we will denote by v,(#;, j, k). Based on the values
vt J, k) the function T, ; (), 0 <y < 1, called the
gamma-percent resource, is constructed, the value
of which is equal to such a number ¢ > 0 that the
probability that during the time ¢ the value of the
k-th parameter of the j-th the element of the DS
a < S will not exceed the permissible limit is equal
to y. Denote by &, ; +(#), ¢ > 0, the inverse function,
that is, &, ; (#) is equal to the probability that the
k-th parameter of the j-th element of the DS will not
exceed the permissible limit during the time 7 We
assume that the operating time before going beyond
the permissible limit for this parameter is a random
variable, and for various a, j, k the resulting random
variables are independent. Thus, the number
&= 11 11 &uju(®
1<j<nl<k<l;

is equal to the probability that all elements of the
DS a € § will be serviceable during the time ¢ The
gamma-percent resource of the DS a € S is given
by the function T,(y) that is equal to the inverse to
the function &,(f). With a given probability value vy,
the function T,(y) allows one to rank the DS of
the group by the time of operation to failure. The
gamma-percent resource I,(y) of the entire DS group
is calculated as the function inverse to the function

&) = T1 &, ().

aeS

The law of distribution of the time when controlled
parameter reaches the limit value

Let’s consider the solution of this problem in
the example of the operation of a group of aircrafts
(AC) as typical representatives of the DS. During
the operation of aircraft, the values of the con-
trolled parameters of the elements are measured at
a specified frequency and their compliance with the
requirements is assessed [14]. The initial moment
of time corresponds to the moment of putting the
aircraft into operation, therefore, regardless of the
calendar time, the control time points can be desig-
nated 7, ..., 7,.

Consider the i-th controlled parameter. The va-
lue X;; — the value of the i-th controlled parameter
at a time # — is a random value, its implementation
will be denoted as x;. Thus, according to the n mea-
surement results, there are data x;, j = 1,n.

Assuming a constant wear rate, we will adopt
a piecewise linear model [1] for approximating the
controlled parameters as part of a subset of linear
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sections and transition conditions between them.
Let’s assume that at the initial moment of time for
the linear section of the parameter drift process the
drift value is zero.

Then, to describe the drift of the i-th parameter
of the aircraft under consideration, one can use a
linear regression model

where By; is a parameter of the model; ¢; are random
errors having mathematical expectation M[g;] = 0
and variance Dle;] = 0,2 ; values g, and g; for k= [ are
uncorrelated [14—21]. The direct line B,#; determines
the expected value of the i-th controlled parameter
X; at a time 7, i.e.
MIX;1=Bt). ()
Using the least squares method, we find an ex-
pression for estimate B;; of the parameter pB,;:

()

Since the parameter B,; estimates a function of
random variables X;;, X,, ..., X,, then it is itself a
random variable. Then the estimate f;; obtained by
formula (2) for realizations x; is the realization of
a random variable B,;. Since the parameter f,; esti-
mate is a linear combination of observations x;, it
is easy to find its mathematical expectation. Let us
use the theorems on numerical characteristics [22]

and, taking into account (1), we obtain:

n
;Xijfj i .
M[B;1= M|~ — 1= QM{ZIXUQ}:
x| Xt Y
Jj=1 Jj=1
n n 2 n 2
> MIX,lt X Byt; 2t
_J _jl P =
= P = =B =B
>t} > 1} 17
Jj=1 Jj=1 J=1

that is, the parameter B,; estimate is unbiased

M[By;] =By, (©)
where f;; — is the true, unknown to us value of the
parameter. Similarly, we find the variance of the
parameter B,; estimate:

S 2D[X,]
) 1 & oy = 2/ _ D’EX,/]
n 3 = n 3 12
(Eltj} [Eltj] ’Z::‘ :

But D[X;]= Dle;], where e; = X; —B;¢;. The
variance Dlg;] estimate is determined by the for-
mula

n
D'leyl=——3 (xy Bt @
n-1 Jj=1

In the denominator of expression (4), the num-
ber of degrees of freedom is equal to the difference
between the sample size and the number of param-
eters estimated from the sample (in this case, there
is only one parameter, it is ;;). Then estimate of
the variance B,; of a random variable is defined by
the expression

ﬁ:(xy _Britj)z
D'[B,] =L _
(n-11;

=l

®)

Thus, the estimation B}, of the parameter B,; of
the linear regression model (1) is the realization of
a normally distributed random variable B,; with nu-
merical characteristics m,; = ,; and o; = \/D[B;].

The parameter B;; estimate obtained from the
control results is a random variable B;; with the
distribution density

Fiby) = Zm—exp {—M} ©)
1i

25121'
where my; =B, (true, unknown value to us), but

c; =+ D[B;;]. le. the distribution law of the
estimate B); depends on the unknown parameter p;;
itself. To construct the estimation f;; distribution
law, we use the following approximate technique
[22]: replace in the expression f{(b;;) the unknown
parameters m;; and oj; by their point estimates

my; =B); and o}; =/D'[B,;], calculated by formulas
(2) and (5), respectively.

Now let’s find the law of time distribution 7; —
the time when the i-th controlled parameter reaches
the limit value x;;,,,;. It can be defined as the distribu-

tion law of the function of a random argument [22].
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Fig. 1. Scheme for determining the time #;,; when the parameter
reaches the limit value

Denote xj;,,; = ¢(B};) = Bt (see Fig. 1), then
the inverse function y(#) = B; = x};,,;/t. The prob-
ability density gi(?) is determined by the formula

g0 = fFuO) ' ().

The derivative y'(#;;,,,;) is equal to

The integral distribution function G;(r) has the
form

G(=1-0" [—"“ml‘ - ’"—lj ®)
ol oy

where ®*(+) is the distribution function of a standard
normally distributed random variable:

% Z —1t2
) (z):ﬁj‘e 2 dt.

Expressions (7), (8) can be applied for the case
when the range of practically possible values of a
random variable By, is greater than zero.

The type of distribution density g,(f) and distri-
bution function Gi(f) graphs is shown in Fig. 2. As
it can be seen from the figures, the distribution g;(?)
has a positive coefficient of asymmetry.

dy(?) Xiim i
dar _% The forecast of the time when a separate
and the absolute value of the derivative is parameter reaches its limit value
|\V'(f)| — Mimi The distribution function G«(f) determines the
12 probability that the i-th parameter will leave the
Then tolerance range during the time ¢, i.e.
2
(thi _ml.) P(T'[ <t):Gi(t).
_ 1 ! ") Xiimi
&) = /27501 exp 2012_ 2 @ From (8) it is possible to obtain an expression
' ' for calculating the gamma-percent resource, i.e. the
value of the total operating time during which the
;’ ____________________________________________________________________________________ al
! g(t]im:i) i
| 0.1 |
i 0.075 / i
AV
| a) / \ |
| |
i 0.05 AN i
! 0.025 \ !
| |
| 0 / e |
! 0 5 10 15 20 25 30 35 40 45 limi !
l l
: :
| G(t]imi) ] !
| 0.75 |
: :
' b) 05 |
l l
| 025 |
| |
| / |
| 0 |
! 0 5 10 15 20 25 30 35 40 45 fimi !

Fig. 2. Distribution density g;(r) (a); distribution function G(7) calculated for the following parameter values: m;; = 0,5; o; = 0,1; x};,,; = 10 (b)
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i-th parameter does not reach the limit state with a
probability y expressed as a percentage:

o Xlim
vi ’
my; +arg ®*(1 - y)oy;

where arg®*(+) is the inverse function of the normal
distribution function ®*(*).

So, for example, with the values of the parameters
for which the distribution function Gy(¥) is construc-
ted in Fig. 2, the gamma-percent resource for vari-
ous probability y values is: 7,5 = 17,12; 1,9 = 15,92,
fo.95 = 15,05 units of time.

In the absence of sharp outliers, with an increase
in the number of observations of an individual ob-
ject, the variance of the estimate of the time when
the i-th controlled parameter reaches the limit value
decreases. An illustration of this is the result of cal-
culations of the distribution density g(#;,, carried
out sequentially in 5, 6 and 7 measurements (Fig. 3).

In the conditions of a multimode model of air-
craft operation, there may be an effect of changes in
the intensity of wear on the amount of time for a
separate parameter to reach its limit value. To veri-
fy this assumption, it is necessary to determine the
significance of the difference in the estimate Bj;
when using all n data (X, ..., X;,) measurements
and B; for k last Xinks +++s Xin-

We formulate the main H, and alternative H,
statistical hypotheses Hy: H;: By; = By;. The solu-
tion of the problem of the equality of the mathemati-
cal expectation of two samples is well known [23],
so we will not present it.

The rule of statistical inference will be formu-
lated as follows:

— if the resulting difference between a pair of
implementation numbers does not exceed the sig-

nificance level, then it can be assumed that the hy-
pothesis Hy: Bj; = By;; is considered not to contra-
dict experimental data and is accepted, and the
value of the gamma-percent resource is calculated
based on all n data (X, ..., X;,) measurements.

— otherwise, the hypothesis H; is accepted:
B # By, and the value of the gamma-percent re-
source is calculated based on the k last X, g, --»
X;, measurements.

Forecast of the failure time of the aircraft

When monitoring the aircraft at time points #
measurements of m parameter values are made. The
limit values Xxj;,,; are known. According to the mea-
surement data x;, i = 1,m, j=1,n, for each i-th con-
trolled parameter there are numerical characteristics
m;; and o};, and knowing them distributions G(f) can
be found. The AC will fail when at least one of the
controlled parameters leaves the tolerance range.

Since G,(f) determines the probability that the
i-th parameter will leave the tolerance range during
the time #,;,,, the probability that the AC will fail is
determined by the expression

m
Ge() =1-1101-G,(1)). )
i

Fig. 4 shows an example of calculations of distri-
bution densities and distribution functions G,(#) for
three controlled parameters, as well as the probabi-
lity G,(¢) of aircraft failure at the parameter values
my;, ©1;» Xjim; Shown in the figure.

The calculation of the gamma-percent resource
for the aircraft is associated with the need to solve
the equation G.(f) = 1 — y by an iterative method,
where G,(?) is calculated using the expression (9).

v i
| |
: g(fh'mz') ’ ‘ 3 :
| 1) n=5 m,, =0.402 o, =0.036 /\ |
03 2) n=6 m,, =0415 o, =0.026 i
i 0.25F 3) n=7 m,,=0.415 o,,=0.019 M\ | i
oz |
015 Aﬁ\ |
o /AEAN |
o A a

Fig. 3. Example of a change in the distribution density g(z;;,,;) with an increase in the number of measurements
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Fig. 4. Distribution density g;(Y) (a); distribution functions G;() and G_(7) (b)

Forecast of residual resource characteristics
for a group of similar aircrafts

According to the control data of the parameters
of the same type of K aircrafts, it is possible to build
dependences on the time of the probability of fai-
lure of each aircraft G, (f), where k =1, K.

The number of measured parameters is the same
for all similar aircrafts. But the number of measure-
ments for each aircraft can be different, because the
dates of commissioning of the aircrafts are different.
Assuming that all other things are equal, the vari-
ance of the estimate of the predicted failure time
decreases when the number of checks increases.

To predict the reliability characteristics for a
series of aircrafts according to their control data,

I
X0

I o0sF 1
|

I

I os

|

|

| 0.4

I

I

I

| 0.2

oo 2

| 0 i

: 0 5 (1) ‘2] (3) 15 20 25 t
|

Fig. 5. Scheme for calculating the gamma percentage resource

| |
| = I I !
() 7N i
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I 0.06 f =~ I
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]. / \\
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I e ey O I
I /,/ ’I - |
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! i 2% - |
: ,,/ ,II ”J :
| 025 y i ,.‘ ’,rl |
| P P |
| ) i |
I 0 e I
| 0 10 20 30 40 50 60 70 t
| |

one can use a mixture of distributions. The realiza-
tion of a random variable corresponding to a ran-
dom mixture is modeled as follows: first, a random
variable is selected at random, then a random vari-
able is modeled in accordance with its distribution
function. The distribution function of the mixture
is expressed as a weighted sum of the distribution
functions of the components, then the dependence
on the time of the probability of failure of a ran-
domly taken aircraft from the series has the form:

Gser(t) = %lﬁl Gck (t) (10)

In this case, in order to find the gamma-per-
cent resource, the equations G (f) = 1 — y must be
solved by the iterative method.

Fig. 5 shows an example of
calculating the value of the gam-

ma-percent
similar AC

resource for three
for y = 0,9. The re-

sults obtained allow us to rank
these aircrafts according to the

predicted fa
reliable airc

ilure time — the least
raft is AC No. 1, and

the most reliable is No. 3.
Ultimately, the results ob-
tained make it possible to make

appropriate

adjustments to the

operation program, providing a
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given level of readiness necessary to fulfill the ob-
jectives of the aircraft group. In terms of retrospec-
tive analysis, the developed methods will allow us to
form objective assessments of changes in the quality
of aircraft production in different time periods.

Conclusion

The article develops methodological issues of
planning the operation program of a group of similar
aircrafts based on the calculation of their reliability
characteristics according to the drift of controlled
parameters. It is assumed that the failure of an air-
craft occurs when at least one of the controlled pa-
rameters leaves the tolerance range. The drift of the
parameters is described by a piecewise linear regres-
sion model corresponding to the life cycle of the
aircraft. The rule of correction of the linear model
based on the use of the results of the last measure-
ments is proposed. The methods of calculating the
probability of trouble-free operation for a given time
and calculating the gamma-percent resource in re-
lation to one controlled parameter, to the aircraft
as a whole, as well as to a series of similar aircrafts
commissioned at different times are consistently
considered. The prediction of the reliability char-
acteristics of the aircraft group is carried out using
a mixture of distributions. The mixture distribution
function is expressed as a weighted sum of the com-
ponent distribution functions.

The results obtained can be used in planning the
operation of grouping other dynamic systems.
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