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Abstract. At the current stage of development of the rural economy of our country,
its products are not fully competitive. One of the reasons for this is the high cost of
production. Automation of agricultural production increases the reliability and extends
the service life of equipment, facilitates and improves working conditions, improves labor
safety, reduces the use of labor and economic costs, and increases the quantity and quality
of products.

Therefore, the improvement of the existing methods of obtaining information for the
purposes of management by substantiationdetermination of sampling intervalstime series
of technological process parameter measurements is an important and urgent task.

The goal of the work. The purpose of this work is to increase the efficiency of
automation systems by technological processes based on the use of modern computer
technologies.

General characteristics of work. A comparative evaluation of the effectiveness of
using known techniques for determining the discretization interval of a time series of
technological process parameter measurements in automation systems was performed.A
new method for determining the sampling interval for automation systems is proposed,
which is based on the use of the discrete Fourier transform for a smoothed digital signal
and filtered noise and the Kotelnikov calculation theorem. Obtained calculation formulas.

Key words: measurement channel, Kotelnikov's theorem, Fourier transform,
sampling interval, numerical filtering.

[. INTRODUCTION

Any reasonable type of human activity is based on information about the properties
of the state and behavior of that part of the real world with which this activity is connected.

Information in the technical system arises in the process of production and
management. In management, information plays a decisive role, developing and changing
under the influence of economic factors, scientific and technological progress, the external
environment, production needs, and the organization of the management process.

When using information, a very important characteristic is its adequacy, which
means the degree of correspondence of the image created with the help of the received
information to a real object, process, phenomenon. In technical systems, the correctness
of decision-making depends on the degree of adequacy of information.
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In the production process, unacceptable deviations of technological parameters
from the specified (normal) values may occur, caused by various reasons. Manufacturing
facilities that provide the technological process cannot always eliminate these deviations
on their own. Therefore, they are equipped with appropriate control automation systems,
which ensure the normal flow of the technological process.

Automation of various types of production is an important direction of scientific
and technical development of society. It ensures an increase in labor productivity, the
release of a person from the production process, and an increase in the quality of products
[1].

Therefore, the improvement of the existing methods of obtaining information
through justificationdetermination of sampling intervalstime series of measurements of
technological process parameters in ASK TP is an important and urgent task.

II. THEORETICAL BASICS
2.1. Measurementtechnological parameters in ASK TP

The measurement of technological parameters in the ASK TP is implemented with
the help of measuring channels.

The measuring channel is a structurally or functionally separated part of the
information system, which performs a sequence of operations from the perception of the
measured quantity to obtaining the result of its measurements, which is displayed by a
number or a code corresponding to it.

A typical structure of the measuring channel is presented in fig. 1 [2, 3].
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Fig. 1. Typical structure of the measuring channel

Here x(7) - measured parameter a y(#)- measurement information signal.

Primary transducers (sensors) are measuring devices that perceive the controlled
parameter and convert it into a signal (usually electrical) suitable for transmission over
communication channels, further conversion, processing and storage, which is not directly
perceptible by the observer.

If the sensor signal parameters do not agree with the analog-to-digital converter
(ADC) input parameters or do not meet the standard (for example, the ADC input is a
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voltage in the range 0+ 10B, and the sensor (thermocouple) has an output voltage in the
range from O to 100 mV), then a normalizing converter is used, which provides
normalization of the sensor signal (bringing it to unified change ranges), galvanic isolation
of the output circuits of the primary converters and the input circuits of the input module
the controller.

A unified signal is a signal of remote transmission of information with unified
parameters that provides an interface between units, devices and installations.

Unified values of the measuring signal at the ADC input z(¢) with the linear static
characteristic of the normalizing converter are determined by the ratio [4]:

y(t)(YyH,maX - YyH,min) + YyH,min Ymax ~ YyH,max Ymin
Yyu (1) = :

Ymax ~ Ymin

where: y(f)- current value of the measuring signal; Yy, min» Yy max-

the minimum and maximum value of

the minimum and

maximum value of the unified signal; y,,;,» Yimax -

the measuring signal.

The structure of the measuring channel is determined by the measuring task it
implements and the general methodology of building the system. In general, the
measuring and informational parts can be distinguished in the channel. The measuring
part includes: primary measuring transducer, normalizing transducers, switches. All
elements of the measuring part have standardized metrological characteristics, and
directly affect the total error of the channel. The information part includes ADCs,
databases, software components, etc. Measurement information in the information part of
the channel is presented in digital form [2, 3, 4].

The components of the measuring part are included in the signal y(f)a certain
fallibility (7).

Signals of measurement channels of technological parameters are functions of time
z=f(t). Polling period of sensors of analog variables A depends on the dynamic

characteristics of the signal and the measuring channel. This problem is solved taking into
account two contradictory considerations. Magnification Az, on the one hand, reduces the
load on the processor, and on the other hand, the error of determining the values increases
X; (iAt) .

2.2. Existing methods of determining the survey period of analog variables

Time discretization stepArcan be determined by the Kotelnikov calculation
theorem (in the English-language literature - the Nyquist-Shannon theorem) [5],
whichsays that the analog signal z(f) ,whathas a limited frequency spectrum, can be
unambiguously and losslessly restored in its own waycalculations, taken with the
sampling frequency f,,;, which should be at least twice the maximum frequency of the

spectrum f.. .
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122 finax -

Then the value Afit is necessary to choose no more than half a period of the
maximum frequency of the spectrum f,,,,

INESVICT

Implementation length T at the same time is

T=(N-D/f,,
and the frequency of the first harmonic is in hertz
ﬁ = f bi / (N '1) .

However, the subtraction theorem is applicable to the case where the signal started
infinitely long ago and never ends, and has no breakpoints. Real signals do not meet these
conditions because they are finite in time and usually have discontinuities in time
realization. Accordingly, the width of their spectrum is infinite. In this case, full recovery
of the signal is impossible [6, 7].

Therefore, in each specific case, it is necessary to find a compromise solution based
on the nature of the signal, the required accuracy of its restoration, the characteristics of
the applied smoothing filter, and other factors. All this leads to the fact that in real
automation systems, the sampling frequency is empirically selected ink times higher than
the frequency 2 f.

max °

f i k- 2f max/

Values are usually used k in the range of 2-5, but clear criteria for determining the
value k currently does not exist for a specific time series in literary sources.Given that the
time series of real technological parameters have the maximum frequency of the spectrum
S < 0,5Hz,value At with this approach varies within 0.04-0.5 s, and the number of

counts per period of maximum frequency within 2-250 [2, 6].

Determination of the acceptable value of the sensor polling interval is also based on
the following considerations.

Sinceelements of the information and measurement channel have inertia, which is
characterizedconstant time 7, theyislow-frequency signal filters.going outfrom this,
inmeasuring - channelsthe element with the maximum value is selectedconstant
timeand,reducingher at 5+ 10time,determinethe assumed value of the polling period of
the sensors from the ratioAr <7, .. /(5+10)[2, 3].

Determination of the value of the acceptable period of survey of the sensors is also
carried out on the basis of the autocorrelation function R;(7) [7] (Fig. 2).
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Fig. 2. Normalized autocorrelation function of the measurement signal

For a number series X;,X,,...,x, with known mathematical expectations M and
dispersion D; the autocorrelation function is defined by the formula

1 N—k
R.(ky=— X —M-)(X.,, —M-
‘0= N0, Zl( i~ M), — M)
To define At in this case, the ratio is used
At<4r.,D-_ /D,

where 7., 1s the decay time of the autocorrelation function, that 1s, the time it takes for the
autocorrelation function to reach its values R¢(z,,,) < 0,05R: (0); D+_ - dispersion of
measurement error; D, - dispersion of the measured signal.

Minimum value 7, is determined by the implementation of a random process (Fig.
3) according to the formula:
Ten,min = z-p/]vnep
where N mep— the number of crossings by the signal of the line of mathematical
expectation in the time interval 7, ; 7, is the duration of the implementation of the random

process, which is chosen so that Ny, 210012, 4].
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Fig. 3. Implementation of the measuring signal

433



INFORMATION TECHNOLOGIES, AUTOMATION AND ROBOTICS

III. JUSTIFICATION OF THE DETERMINATION OF DISCRETIZATION
INTERVALS OF THE TIME SERIES OF THE MEASUREMENTS OF THE
TECHNOLOGICAL PROCESS PARAMETERS

3.1. Definition of a mathematical apparatus

All of the above approaches to determining the sensor polling interval are not
unambiguous. Therefore, the development of a more comprehensive approach is an urgent
task.

Signali-th dimensionz;(#) is comingin the corresponding controller modules,

where it is converted into digital form. However, the information obtained in this way is
not suitable for use in control tasks due to the presence of interference, and therefore it is
necessary to perform its preliminary processing, which is called primary.

The list of stages of this processing is determined by the sequence of
transformations that the measurement information signal undergoes in the ADC, a typical
algorithm of which is presented in Fig. 4 (see appendix) [3, 9].

Most signals in automation systems are analog in nature. They change continuously
over time and can take any values within a certain range. It is impossible to enter such a
signal into a computer and process it, because it has an infinite number of values at any
time interval. Therefore, in digital processing systems, the signal is presented in discrete
digital form.

A digital signal can be obtained from an analog signal by time sampling, level
quantization, and encoding. The values of a digital signal are called counts.

In practice, the method of representing a signal by a sequence in which readings are
located at equal time intervals has become widespread Az .

In this case, the signal is determined by the sequence of its values
2(0), z(An), z(2Ar),.... This sequence is called a discrete sequence z; (iAf).

Interval At called the sampling period, or the sampling interval. The inverse of the
sampling period is called the sampling frequency, or the sampling frequency f; .

The conversion of an analog signal into a discrete sequence of values is called time
sampling.

It is.obvious that the representation of the signal by a discrete sequence of readings
leads to the loss of information about the behavior of the signal in the intervals between
readings. To minimize these losses, the sampling period Af must be reduced. However,
reducing the discreteness period leads to an increase in the number of deductions and, as
a result, to an increase in the volume of calculations. Therefore, when choosing a
discretization period, you have to look for a compromise solution.

Operations of time discretization and level quantization are performed in ADC
analog-to-digital converters. Elements of a digital sequence z; (i) can take only a number
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of discrete values z, 1.2, 5.. .., 2 y_1» the number of which depends on the number of digits

used.

Thus, signal quantization is associated with the occurrence of an additional error.

To determine the sampling intervals of the measurement signal, we will use its
frequency representation.

The frequency representation can be obtained by using the methods of harmonic
analysis - a section of mathematical analysis in which the properties of periodic non-
sinusoidal functions are studied using their representation in the form of Fourier series or
integrals [7, 8].

In practical applications, we deal with finite samples of values. For the purposes of
spectral analysis of a discrete signal, the continuous Fourier transform cannot be used,
since it is intended for continuous signals. In this case, the discrete Fourier transform of
the DFT is used.

The DFT is performed on the finite sequence N of calculations or over a periodic
sequence in which the period consists of N calculations Assume that the signal is sampled

at equal time intervals A7, and as a result, a finite discrete sequence is obtained:
z; = z(iAt) = 2(0),z(A1),z(2At),.. ., z[(N =DAt] ,i=0,1,...,N —1.
DFT sequence z(iAt) is defined as a discrete sequence Z, from N calculations in the
frequency domain:
Z, =Z(kf))=2(0),Z(f)).Z22f)),....Z[(N =1) f;] ,k=0,1,.. ,N -1,
where f, - the frequency of the first harmonic, which is calculated from the expression
fi = VI(N=DA7].

Sequence Z; in trigonometric form is determined by the ratio:

NoL o 27 N-1 . .
Z, AR z2.€ = ZZiI: k2ri _ isin k2m]
N-1'5 -15 N-1 N-1

According to the last relation, the meaning of the DPF i1s that the original non-
periodic function of an arbitrary shape is represented as a set of sines or cosines with
different frequency and amplitude. In other words, a complex function will turn into many
simpler ones.

Each sinusoid (or cosine) with a certain frequency and amplitude obtained as a
result of the DFT is called a spectral component or harmonic. The spectral components
form the Fourier spectrum.

Visually, the Fourier spectrum is presented in the form of a graph on which the
frequency is plotted along the horizontal axis f , and vertically — the amplitude of the

spectral components (Fig. 5).
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Fig. 5. Frequency spectrum of the signal

Then each spectral component can be represented as a reference, the horizontal
position of which corresponds to its frequency, and the height to its amplitude. A'harmonic
with zero frequency is called a constant component (in time representation it is a straight
line).

The spectrum of the DFT signal in practice is determined only for positive
frequencies in the range from O to f; .

Frequency fy = fy/2received the name Nyquist frequency. Nyquist's higher
frequency components are a mirror image of the lower frequencies.

Therefore, when analyzing signals, it is advisable to analyze the spectrum only in
the range from O to fy , by increasing the modules of the DPF bins by 2 times.

For the correct use of DPF, the following two important features should always be
remembered:
- to expand the band of spectral analysis, you need to increase fy, i.e. take time-

based bills more often;

- in order to improve the frequency resolution without changing the bandwidth of
the spectral analysis, it is necessary to increase N , that is, to analyze a longer sample of
the signal.

There 1s no single correct spectrum of any signal. The DFT decomposes the signal
not into the harmonics of the signal, but into its own harmonics.

Strictly speaking, the decomposition result cannot be interpreted as a signal
spectrum. Decomposition is simply data, applied to which the inverse transformation can
be applied to obtain an output signal. However, with a sufficiently small value of the
frequency spectrum discretization step, the spectrum graph displays the frequencies of the
output signal adequately.

To ensure functioning on a real-time scale, the full calculation of the DFT must be
performed in the time interval corresponding to the accumulation of one data packet. It is
assumed that while the DFT calculation of the current data packet is being performed, the
PLC processor is accumulating data for the next packet.
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3.2. Definition of the filtering operation algorithm

When defining the time step of discretization At the filtering operation that is should
also be taken into accountis the most complex of the operations of primary signal
processing of measurement information, and its efficiency is determined by the value At .

In general, filtering can be performed in hardware using RC or LC filters before
feeding the signal to the controller, or in software using various filtering algorithms.
Exponential smoothing algorithms have become the most widely used in ASK TP (about
90% of filtering tasks are solved with the help of these algorithms) [2, 9].

Algorithms of exponential smoothing belong to the class of adaptive smoothing
methods, the main characteristic of which is the ability to continuously take into account
the evolution of the dynamic characteristics of the measured parameter, adjust to this
dynamic, giving, in particular, the greater weight and the higher the information value to
the measurements that are closer to the current moment in time. They allow you to update
the smoothing results with minimal delay and with the help of relatively simple
mathematical procedures. The advantages of exponential filtering algorithms include the
low complexity of calculations and the small amount of controller memory required for
data storage.

Two such algorithms are usually used in PLCs - the algorithm of simple exponential
smoothing, which is used in the absence of a certain tendency of changes in indicators
(the so-called trend) in the time series of measurements, i.e. for stationary or quasi-
stationary time series, and the Holt algorithm in the presence of a trend (non-stationary
time rows).

The simple exponential smoothing algorithm (Brown's method) is defined by the
recurrence relation of the following form

/\.:A. + . _/\.
Zl Zl—l a(Zl—l Zl—l)’

where éi and 21._1— current and previous value of the smoothed signal; % previous value

of the measured signal; « is the smoothing coefficient, which is chosen a priori (0<a <1
).

Thus, the current value of the smoothed signal is determined as the sum of the
previous smoothed value and corrections for the error of the previous value of the signal
measurement. The weight of the correction determines how "sharply" the algorithm will
react to changes.

The closer the value o to 1, the more the influence of the last measurement values
is taken into account. If & closer to 0, the weights by which the measurement values are
weighted decrease slowly, that is, a larger number of previous measurements are taken
into account.

Of course the value &z is within0,05+0,3. A value of 0.5 is almost never exceeded.

It is recommended to set a value for a slowly changing time series & in the range
0,05+0,2, and for rapidly changing - in the range0,3+0,5.
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Simple exponential smoothing of time series containing a trend leads to a systematic
error associated with the lag of the smoothed values from the actual levels of the time
series.

To take into account the linear trend in non-stationary series, a special two-
parameter exponential smoothing using the Holt method is used). If there is an upward or
downward trend in the time series, then along with the assessment of the current level, an
assessment of the slope is also necessary. In the Holt method, both the time series and the
trend are simultaneously smoothed using two different parameters.

The two-parameter smoothing method includes two equations. The first is intended
for smoothing a series of measured values, and the second - for smoothing the trend

G=ay+(-a)G_ +T;_)
=0, -4 p+1-a,)T;
where él. and 21'—1 - current and previous value of the smoothed signal; g;- current value of

the measured signal; Tz and Tl._1 - current and previous value of the trend; o and a,— time

series and trend smoothing coefficients, the values of which are selected a priori in the
range(0 1.

The adequacy of the smoothed time series can be most easily determined by
calculating the average relative error of approximation [8, 9]:

< 100- N
Aan =
2
where N - the number of measurement points stored in the PLC memory.

Approximation error within5+7 % indicates a good fit of the model to the original
data. Permissible limit of values A, - not more8+10% (sometimes up to 15 %).

3.3. The essence of the developed methodology

The technique is based on the simultaneous use of DFT for a smoothed digital signal
and filtered noise.
To determine the time step of the discretization Az is suggested by comparing the

harmonic amplitudesmaximum spectrum frequency fmax choose the optimal value in

different components of the signaldiscretization step Af for a specific measured parameter.
Considering the standard accuracy of automatic control systems, it can be assumed

that the share of this amplitude in the filtered noise Amax,myM should be no more than 5%

of the amplitude of the smoothed signal Ay 30 » i-€ 100 Amax mym / Amax s <5 % .
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IV. PRACTICAL IMPLEMENTATION OF THE METHODOLOGY

To test the proposed approach and compare it with known approaches, a simulation
model of the measuring channel and ADC was developed using the Matlab program
(appendix).

Temporal number accurate measurementsparameterwas formed from 3
harmonicsonformula

y(t) = yo +a,sin (27 fit )+ a, sin (27 fot )+ aysin (27 f5t)
wherea,,a,,as, pad/cand f, f5, f5, Hz - amplitudes and frequencies of harmonics that

are randomare determined from acceptable lists of values 0,8 +1,9 and 0.05+0.5 Hz.

The measurement information signal at the input of the ADC was formed according
to the formulaz(z)= Yo (1) +&(t)wheree(t)- the error of the measuring channel,

distributed according to the normal law of probability distribution. Noise filtering was
performed using a simple exponential smoothing method.

The frequency representation of the signals of the measuring channel is shown in
Fig. 6 (see appendix).

Dependencies of the fate of amplitudes of signal harmonics in noise
fromvaluesdiscretization step At for different harmonics are shown in fig. 7.

The processing of the obtained results made it possible to obtain a formula for an
unambiguous and reasonable determination of the step size At by known value f,,,, (Fig.

8, and see the appendix)

At =0,0045+0,138- €714 max |
or the formula for determining the coefficientk for Kotelnikov's theorem in the form of
notation f, =k-2f . (Fig. 8, b, see the appendix)

7 208,3(1 4+ 0.33-€ 125 max _1,33. 3125 /max )

which corresponds to the specified error of 5% (with other values of the specified error,
similar dependencies can be obtained)
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Fig. 7. Dependencies of the fate of amplitudes of signal harmonics in noisefroma step At

The analysis of the obtained results shows that the value Ar at f,,,x =0,05+0,5
Hzvaries depending on f,,,, within 0.005-0.063 s, and the number of counts per period of
maximum frequency - within 300-406.

The obtained results can be used to measure any real parameter and differ
significantly from the recommendations of known approaches.

Therefore, to compare the accuracy of restoration of the discretized signal, it was
established that at the maximum value Af =0,1c, which is determined by Kotelnikov's

theorem, harmonics with frequencies of 0.1, 0.2, 0.3, 0.4, and 0.5 Hz are distinguished
with errors of 20.6, 41, 63, 83, and 100%, respectively. At the minimum value At = 0,04

¢, which 1s determined by Kotelnikov's theorem, these same harmonics are distinguished
with errors of 8.3, 16.7, 25, 33.4, and 41.8%, respectively, which is unacceptable.
To evaluate the effectiveness of the filtering operation, a dependency was also

determinedaverage relative error of approximation A, = f(Ar), whereAfwere
calculated according to formula (1) (Fig. 9).
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Fig. 9. Dependencyaverage relative filtering error fromdiscretization step At

In the case of using the autocorrelation function of the signal, a significant
ambiguity in the selection of the value was found At with this approach (Fig. 10) and a
significant overestimation of its values.

cnonk3aoBaHue HopMupoBaHHOR AKD

09 | | | | I
D— : : : :__'____——'-'-‘-—-'-__4
< 08-----meee- y J_ --------- ---------------------- —
= : . ! : :
5 i ! ! !
2 07 pmmrmmm s EEE  COE et e e LR E L L L e E L L L CEELEELEELEEREEELEREEEEEED: —
o : : ! :
O ' ' ' '
] : : : :
o 06 ----memmmeeees Rk AOLEEEEEEE R RALELEEEEEEEE R ERELELELECELE e SRRRELELELELELY -
= : : : :
= ! ! ! !
= : : : :
g O R oo o e i
5 | | | |
o .
2 : : : :
= ! ! ! !
| boooooonnii bononooiei domonoone S -
[ : : : :
3 | | | |
= 02K - e .
4 e \MHUMATNEHBIE 3HAYEHMA A L C 5 5
o 014 Makcumanshble swavema At c| b e
2 v ! : —f— v
o ' —— | |
O | | |
0 0.005 0.01 0.015 0.02 0.025

llar anckpeTUsaLmi No BpemMeHn A f ¢

Fig.10. Definition of the sampling step Az by the autocorrelation function
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V. CONCLUSIONS

A new technique for determining the discretization interval of a time series of
parameter measurements for automation systems has been developed, which is based on
the use of discrete Fourier transformation for a smoothed digital signal and filtered noise
and the Kotelnikov calculation theorem.

The use of the proposed method allows you to ensure the necessary accuracy of
obtaining measurement information for any real parameter of the technological process
and reasonably formulate the requirements for the used controller and measurement tools.

In addition, the proposed technique can be used to select the parameters of
smoothing digital filters, as well as for a comparative analysis of their effectiveness.
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ADDITION

The program of the simulation model of conducting experiments

close all;clear all;clc

% 3AJJAHUE UCXOAHBIX [TAPAMETPOB PACUHETA

Tanaliz=600;% JlnmuTenpsHOCTh MHTEPBAJIa aHAJIN3a CUTHAJA, C

dt=0.04;% Illar quckperu3anuu Mo BpeMeHH, C

N_d=1200;% IlocTrosiHHas cocTaBIsIONIas U3MEPIEMOT0 TapaMeTpa

skoSUM=1.5;% Cp. KB. OTKJIOHEHHE IIIyMa
£=[0.3,0.4,0.5];a=(N_d*pi/30)*[0.025,0.03,0.015]; % ITapameTpsl 3aBucumMoctu W(t)

k br=0.08;% Koaddunuent nepenauu taxoreneparopa (IEpBUUHBIN IPEoOpPa30oBaTEIh)
yUmin=4;yUmax=20;% Jluamna3oH u3aMeHeHus yHu(pUIUPOBAaHHOTO CUTHAMa y_YH(t), MA
n=10;% KonuuectBo nBonunbix paszpsanoB AL

% PACUYET

t=0:dt: Tanaliz;N=length(t);% Bektop oTcueToB BpeMeHU

p=(3,1.2];

%p=randperm(3) % BekTop cirydaiiHoil BEIOOpKH TTapaMeTpoB w(t)

Y%p=input('Beeaure BexTop Bubopku mapameTpoB w(t) B popmare [pl,p2,p3] -)

% 3ananue 3aBucuMocTd W=f(t)

Ag=[a(p(1)), a(p(2)), a(p(3))];

Us_d=N_d*pi/30;% HomuHanbpHas yrioBas CKOpOCTh Bparmenus /]
x=Us_d+Ag(1).#*sin(2*pi*f(1)*t)+Ag(2).*sin(2*pi*f(2)*t)+ Ag(3).*sin(2*pi*f(3)*1);

y=k br*x;% BekTop usmepurenbHoro curaana y(t)

% HOPMAJIM3ALIA CUT'HAJIA

% BekTtop 3HaueHui yHU(ULIHMPOBAHHOTO CUTHaNa y_YH(t)

y_max=max(y); y_min=min(y);Dy=0.5*(y_max-y_min);y_max=y_max+Dy; y_min=y_min-Dyj;
yUn=(y*(yUmax-yUmin)+yUmin*y_max-yUmax*y_min)/(y_max-y_min);

% JOBABJIEHUE LHLITYMA

% Bekrtop 3HaueHuil uryma Ha Bxojae ALIIT
SUM=skoSUM*((y_max-y_min-2%*Dy)/2)*randn(1,N);% HopmanbHslii 3aKOH pacnpeaencHus
9%k=1;SUM=k*(-skoSUM+2*skoSUM.*rand(1,N));% PaBHOMEepHBIii 3aKOH pacIpeaeICHIs
z=yUn+SUM;% Bextop curnana na sxone AL z(t)

% KBAHTOBAHMUE I10 YPOBHIO

Nkv=2"n;% KonndecTBo ypoBHEl KBaHTOBaHUS

Skv=(yUmax-yUmin)/Nkv;% [llar kBanTOBaHUs

Ukv=[yUmin:Skv:yUmax];% BekTop 3HaueHHi1 ypoBHEW KBaHTOBAHUS

for i=1:N

if z(1)<Ukv(1);z(1)=Ukv(1);end

if z(1)>Ukv(length(Ukv));z(i)=Ukv(length(Ukv));end

j=1;while z(1)>Ukv(j);j=j+1;end;Zkv(1))=Ukv(j);

if (Ukv(j)-z(1))>0.5*Skv;Zkv(i)=Ukv(j-1);end

end

% OUJIbTPALIMA ITYMA

% Crnaxusanue merogamu bpayna 1, 2 nopsaka u meronoM XosbTa
alfaB1=0.3;alfaB2=0.3;alfaH1=0.3;alfaH2=0.2; % 3Hauenus ko>pHUINEHTOB CrIIaXKUBAHUS
% WNuannmanuzanus GuibTpoB
sBr(1)=mean([Zkv(1),Zkv(2),Zkv(3),Zkv(4),Zkv(5)]);sBr2(1)=sBr(1);sH(1)=sBr(1); TH(1)=0;
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% Peanuzarus anropuTMoB (QUIBTPOB

for i=2:N

sBr(i)=sBr(i-1)+alfaB1*(Zkv(i-1)-sBr(i-1));
sBr2(i)=sBr2(i-1)+alfaB2*(sBr(i-1)-sBr2(i-1));
sH(®i)=alfaH1*Zkv(i)+(1-alfaH1)*(sH(i-1)+TH(i-1));
TH(i)=alfaH2*(sH(i)-sH(i-1))+(1-alfaH2)*TH(-1);

end

% CriaxuBaHUE METOJ0M CKOJIB3SIIIETO CPEIHErO
sSS(1)=Zkv(1);sSS(2)=mean([Zkv(1),Zkv(2)]); sSS(3)=mean([Zkv(1),Zkv(2),Zkv(3)]);
sSS(4)=mean([Zkv(1),Zkv(2),Zkv(3),Zkv(4)]);

for i=5:N;sSS(i)=mean([Zkv(i),Zkv(i-1),Zkv(i-2),Zkv(i-3),Zkv(i-4)]);end
Zsgl=sBr;% Bpi0op MeTona ¢punbTpanuu

% OIIPEJIEJIEHUE ABTOKOPPEJIIIIMOHHOM ®YHKIMH CUTHAJIA
vs=mean(Zsgl); % OmnpeneneHue BBIOOPOUYHOTO CPEAHETO

vd=cov(Zsgl);% Onpenencare BEIOOPOIHON JUCTICPCUU

for k=0:round(1/dt)

su=0;for ik=1:N-k;su=su+(Zsgl(ik)-vs)*(Zsgl(ik+k)-vs);end

tau(1+k)=k*dt; AKF(1+k)=su/((N-1-k)*vd);end

ik=1;while AKF(ik)>0.05* AKF(1);ik=ik+1;end;

% CAPMOHUYECKUI AHAJIU3

fd=1/dt;% Yactora muckperusamnuu, 't

fnaikv=fd/2;% Yacrora HaiikBucTa, I'l1

df=fd/(N-1);% Illar guckperusamnuu no yactore, ['1
Sign=[yUn;Zkv;Zsgl;Zsgl-Zkv];% Matpuua aHaau3upyeMbIX CUTHAJIOB

for i=1:4

DPF(i,:)=abs(fft(Sign(i,:),N));% Ammiurtynsl npeodpa3zoBanus Oypbe cUTHAIOB
DPF(1,:)=2*DPF(i,:)./N; % HopmupoBka criekTpa 1o aMmIinTye

end

DPF(1:4,1)= DPF(1:4,1)./2; % HopMupoBka nOCTOSIHHON COCTaBJISIOLIEH B CIIEKTpe
f1=0:df:1*fnaikv;dv=Ilength(fl);% Bektop yacToT oToOpakeHUs CHeKTpa
vs_A=mean(DPF(3,:));vsko_A= std(DPF(3,:));

j=1;for i=1:dv;if DPE(3,1)>(vs_A+1#*vsko_A);Ng_F(j)=1;j=j+1;end;end

% PE3YJIbTATBI PACUETA

format short g;

Rrasc(1)=Tanaliz;Rrasc(2)=dt;Rrasc(3)=N;Rrasc(4)=fd;Rrasc(5)=df;
Tanaliz_dt_ N fd df=Rrasc

% Bpewmst criaja aBTOKOPPEISIUOHHON (QYHKIIH

sc=0;Z1=z- mean(z);for i=1:N-1;if sign(Z1(1)*Z1(1+1))<1;sc=sc+1;end;end
Tau_sp_min=Tanaliz/ sc

Tau_sp_max=tau(ik)

Cg F=f1(Ng_F)% YacToTbl TapMOHUK CIIEKTpPA MOJIE3HON COCTABJISIFOIICH
Ag_0=(Us_d*k_br*(yUmax-yUmin)+yUmin*y_max-yUmax*y_min)/(y_max-y_min);
Ag=((Us_d+Ag)*k_br*(yUmax-yUmin)+yUmin*y_max-yUmax*y_min)/(y_max-y_min)-Ag_0;
TAg=[Ag 0,Ag] % TouHble 3HaYEHNSI AaMILJIUTYJ CIIEKTPA MOJIE3HOM COCTABIIAIOIIEH
AGDPF=sprintf(' AMIuTy 161 TApMOHUK CIIEKTpa moJie3Hoi coctasisitomieit mo JI1D curnanos [yUn;
Zkv; Zsgl; Zsgl-Zkv]")

Ag_F=[DPF(1:4,Ng_F)]

% OINPEAEJIEHME AAEKBATHOCTHU AIIITPOKCUMAILINU

% Ornpenenenne cpeHel OTHOCUTEIFHON MOTPENTHOCTH allMIPOKCUMAIIUN
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SOPA=100*(sqrt((sum((Zkv-Zsgl).A2))/N))/mean(Zkv)

% Ilo BpemeHU crajia aBTOKOPPEIAUUOHHON HYyHKIIUN
dt_min=4*Tau_sp_min*cov(Zsgl-Zkv)/cov(z)
dt_max=4*Tau_sp_max*cov(Zsgl-Zkv)/cov(z)

SGSP=100*Ag F (4,1:4)./Ag F (3,1:4) % Conep>xanue rapmMoHUK B mmryme B % 1o 1D
%Sss=(SGSR(2)+SGSR(3)+SGSR(4))/3

% BbIBO/] TPA®UKOB

% I'paduk HOPpMUPOBAHHOHN aBTOKOPPEISIUOHHON QyHKINU ZKV (YepHBIH 1IBET)
plot(tau,AKF,'Color','’k','LineWidth',2);hold all;grid on
stem(tau(ik),AKF(ik),'Color','r','LineWidth',2)

title("HopmupoBannast AK® kBaHTOBaHHOTO CUTHAIA');

xlabel('Bennunnaa BpemenHoro capura \it\tau, ¢'); ylabel("Hopmupoannas AK® \it K_{z}');
[t=700;% KonmuecTBO TOUEK BBIBO/IA TPpa(hUKOB

figure(2)

% I'pahvk KBAHTOBAaHHOTO BPEMEHHOTO Psijia, H3MEPEHHOTO TATYNKOM (3€JICHBIC TOUKN)
plot(t(1:1t),Zkv(1:1t),'0','Color','g','LineWidth',2);hold all;grid on

% I'pacduk TOUHOTO M3MEHEHUS U3MEPSEMOTO TapameTpa (YepHbIC TOUKH)
plot(t(1:1t),yUn(1:It),'0",'Color’,'’k', LineWidth',2)

% I'pacduk crimaxeHHOro BpeMEHHOTO psija (KpacHbIH 1IBET)
plot(t(1:1t),Zsgl(1:1t),'Color','r','LineWidth',2.5)

title(' AHanusupyembie BpeMEHHBIE PSIIIbL);

xlabel('Bpewms \it t (c)'); ylabel('3mepsiemsbrit mapametp \it z');

legend('Peansusbiii psa', Tounstit psa', OTouIbTpoBaHHBIH PsA')

figure(3)

% I'pacduk criekTpa TOYHOTO BPEMEHHOTO psijia (USpHBIiA I[BET)
subplot(2,2,1),plot(f1(1:dv),DPF(1,1:dv),'Color','’k', LineWidth',2);grid on;

title('Cniextp TouHoro BpemeHHoro psna');xlabel('Hacrora \it f, I'i'); ylabel('Ammuryna');
% I'paduk criekTpa U3MEPEHHOTO BPEMEHHOTO psijia (3eJeHBIH 1[BET)
subplot(2,2,2),plot(f1(1:dv),DPF(2,1:dv),'Color','g','LineWidth',2);grid on;

title('CnexTp u3MepeHHoro BpeMeHHoro psga');xlabel(Hacrora \it f, I't'); ylabel('AmMmuryna');
% I'paduk criekTpa OTOMIHBTPOBAHHOTO BPEMEHHOTO Psijia (CHHUIM IIBET)
subplot(2,2,3),plot(f1(1:dv),DPF(3,1:dv),'Color','b', LineWidth',2);grid on;

title('CniexTp oT@uIIbTpoBaHHOTO BpeMEHHOTO0 paja’);xlabel(Hacrora \it f, I'n'); ylabel('AmmiuTyna');
% I'paduk criekTpa nryma(KpacHbIi 1[BET)
subplot(2,2,4),plot(f1(1:dv),DPF(4,1:dv),'Color','r",'LineWidth',2);grid on;

title('Cnextp orunbsTpoBanHoro myma');xlabel('HYacrora \it f, ['n'); ylabel(' Ammuntyna');
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