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ABSTRACT

Context. The studies of the frequency properties of the explicit multistep numerical integrators which use for sampling of con-
tinuous transfer function in the digital control systems, are conducted in this article. Numerical integrators in such systems implement
as an integral parts of the digital regulators.

Objective. The goal of this research is an analysis of the behavior of explicit numerical integrators of different orders, which are
used to discretize continuous systems, in order to study their impact on the properties of the synthesized digital system.

Method. Numerical methods of integration are considered as digital filters, the behavior of which is studied by the frequency
characteristics method. To do this, the z-transform apparatus was used. Integrators’ discrete transfer functions were found for fre-
quency analysis using the Control Systems Toolbox package of the mathematical application MATLAB. For further analysis, two
closed feedback test structures were used: with integrators in the forward channel and in the feedback loop. Both variants of struc-
tures were studied by the frequency characteristics method for sampling using numerical integrators of 1st—6th orders.

Results. The inefficiency of using high-order numerical integrators for continuous systems’ discretization is shown. Given the
behavior of the frequency characteristics of test systems, the most rational is the use of low-order integrators, namely — the first and
second orders. Establishing the cause of this phenomenon requires additional research, in particular, to identify the possible impact of

additional zeros and poles of discrete transfer functions of the numerical integrators.
Conclusions. The use of low-order integrators, namely the first and second orders, is the most rational for sampling of digital
control systems and the inefficiency of using high-order numerical integrators to sample continuous systems is proven.
KEYWORDS: Bode diagram, control theory, digital control system, discrete transfer function, linear system, numeric integra-

tors, structure models, z-transform.

ABBREVIATIONS
PID controller is proportional-integral-derivative con-
trollers.

NOMENCLATURE
X(s) is an input signal of the tested structure;
Y(S) is an output signal of the tested structure;

1 . . . , .
— is an ideal integrator’s continuous transfer func-
S

tion;

ay is a k-th denominator’s coefficient of the continuous
transfer function;

by is a k-th numerator’s coefficient of the continuous
transfer function;
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Yi+1 1S a numeric integrator’s output variable of i+1-th
step (next sample);

y; is a numeric integrator’s output variable of i-th step
(current sample);

Xk is an input variable of k-th step (sample) in the re-
current formula of the numeric integrator;

h is a sampling time (integration step);

J is an imaginary unit;

S is an operator in Laplace domain;

Z is an operator in Z-domain (z-transform);

o is an angular frequency;

@ is an angular sampling frequency;

A(®) is a magnitude of the continuous transfer func-
tion;
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A*(®) is a magnitude of the discrete transfer function;

¢o(m) is a phase of the continuous transfer function;

0*(w) is a phase of the discrete transfer function;

W(s) is a continuous transfer function in Laplace do-
main;

W(2) is a discrete transfer function in Z-domain;

W: (z) is a n-order discrete transfer function of the

numeric integrator.

INTRODUCTION

Modern digital control systems can be meet in almost
all technological systems, from home appliances to com-
plex technological complexes. Any digital system has two
interconnected components: hardware and software,
which cannot function without each other. The capabili-
ties of the hardware usually determined by one of its few
manufacturers and can be slightly corrected by adding
some technical components; otherwise, the software fully
meets the digital system requirements and largely deter-
mines its capabilities. In particular, the same controller
used in home appliances, and industrial controllers, and to
control the hard disk drive. Less noticeable, however, the
defining part of the software is to provide mathematical —
software implementation of numerical methods in control
algorithms.

Means of the process automation of developing algo-
rithmic software for digital systems have been widely
used in engineering practice. The mathematical applica-
tions Mathcad, MATLAB (in particular, together with the
Control System Toolbox library) etc. can be examples,
which simplify the process of synthesizing the mathe-
matical part of control algorithms for following software
implementation in a digital control system. The presence
in mathematical applications of ready-made implementa-
tions of the discretization typical methods for continuous
systems makes it possible to some extent to automate the
entire process of the mathematical component synthesis
for digital system software. On the one hand, this is good
because the developer gets a number of advantages:

— reduction of development time due to the avoidance
of a large number of symbolical transformations in the
discretization process (synthesis of the control algorithm);

— reducing the number of possible human errors in
mathematical expression through the use of mentioned
mathematical applications;

— the developer often no longer needs a deep under-
standing of discretization processes, in particular, in
physical processes relation in the designed system, which
significantly accelerates the actual development process.

On the other hand, these same advantages are to some
extent a “Trojan horse” for the following consideration:

— The developer does not analyze the advantages or
disadvantages of a method, and usually uses the default
method (this option is available in almost all mathemati-
cal applications). This is due to the use of the existing
mentioned means of automating the process of continuous
systems sampling and it is not always suitable;
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— the lack of need to understand the mathematical ba-
sis of discretization processes reduces the professional
level of the developer, limiting its activities only to ready-
made (however proven) standard solutions;

— availability of ready-made automated solutions does
not encourage the digital systems developer to look for
non-standard or optimal (rational) solution and encour-
ages the use of rather limited standard methods (default
methods).

The basic element of the implementation of most con-
trol algorithms is the integration operation. Therefore, the
use of numerical methods of integration is one of the ba-
sic methods of discretization of continuous systems with
the subsequent introduction of the obtained dependencies
in the software of digital systems. It is clear that the
choice of a numerical integrator under such conditions
will affect the behavior of the obtained discretized (sam-
pled-data) system. Thus, it is necessary to investigate such
an action to improve the efficiency of digital systems.

The object of study is the process of the continuous
systems’ sampling.

The subject of study is the properties of the sampling
methods that based on the numerical integrators.

The purpose of the work is the studies of the fre-
quency properties of the numeric integration methods for
sampling to obtain the digital transfer function and in-
crease the efficiency of the synthesized digital systems.

1 PROBLEM STATEMENT
Suppose given the continuous transfer function

bps" +...+bys + by

W(s)= - P that can be described
S +an_S +...+ S+ q
by the structure of observer canonical form using n con-
tinuous integrators. Such structure used as a prototype for
discretization of the digital control systems.

For the continuous transfer function W(s) the problem
of their digital transfer function W'(z) finding can be pre-

sented as the problem of finding n-order digital approxi-
. . . 1.
mation W: (z) of the used continuous integrators — in
S

observer canonical form. Frequency properties of the
transfer functions can be found using substitution S = j-®
for continuous systems and z = exp(j-®-h) for sampled-
data systems by the next expressions:

— for magnitude: A(w)=|W(j-®)| (for continuous
transfer function) and A*(®) = |W*(exp(j-®-h)| (for dis-
crete transfer function);

— for phase: ¢(®) = arg(W(j-®)) (for continuous trans-
fer function) and ¢*(w) = arg(W*(exp(j-®-h)) (for discrete
transfer function).

Thus, the problem of the finding the best discrete ap-

proximation W, (z) of a continuous integrator can be

focused to finding the minimum of the integral standard
deviation between the frequency characteristics of the
continuous system and the sampled by the selected nu-



e-ISSN 1607-3274 PanioenekTpoHika, iHpopmaTuka, ynpasiinus. 2022. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 2

merical integrator .[SJO (A( jo)— A*(jg)h))zdw — min and
L;OO ((P( jo) - (p*(jcoh))zdoa = min.

2 REVIEW OF THE LITERATURE

The most popular developers’ methods of the continu-
ous prototype discretization (for example, an analog regu-
lator) are traditional engineering methods: Tustin’s
method, z-transform etc., that applicable during the syn-
thesis of the control algorithm of digital systems [1, 2, 3,
4]. This is due, firstly, to the well-known and proven
methods of automatic control theory for continuous sys-
tems, which, moreover, are well implemented in mathe-
matical applications (it is enough to mention the MAT-
LAB’s Control System Toolbox library again [5, 6]). Sec-
ondly, simple engineering methods of continuous systems
discretization have already been developed and they do
not require significant symbolical work from the devel-
oper (the same method of Tustin), and are also imple-
mented in the applicable programs. Thus, there are all the
prerequisites for the wide application of known traditional
methods of discretization continuous systems by a wide
range of engineers.

Most mathematical models of control systems can be
reduced to block diagrams in which the basic element is
an integrator [2]. For example, it applies to such well-
known and popular regulators as the PID controller,
which, according to the IEEE, used in more than 90% of
industrial applications [7]. Conversion to the digital sys-
tems in the case of using this method of describing the
model of the controller involves the transformation from
analog (continuous) integrator to its discrete analog — a
numerical integrator, which allows you to leave the con-
troller structure unchanged. Accordingly, in this case, the
main difference in the behavior of the obtained digital
controller and its continuous prototype will be the differ-
ence in the behavior of the numerical integrator compared
to the continuous.

One of the main tools for the analysis of control sys-
tems and their elements in the classical theory of auto-
matic control is the use the frequency characteristics
method, which allows a quite clearly analysis of the sys-
tem behavior by its frequency response. Thus, considering
the numerical integrator as a digital filter, it is possible to
analyze its behavior by the control theory methods.

Analysis of the frequency characteristics of traditional
numerical integrators using the z-transform method pro-
posed in the classic (old but still actual) works by Elijah
Jury [3, 4] and Julius Tou [8], although this method was
used to only a few known numerical methods at the time:
rectangles, trapezoids and Simpson. At the same time, the
use of applied mathematics apparatus of frequency char-
acteristics for the study of numerical methods for integrat-
ing ordinary differential equations (as proposed in the
above-mentioned publications) has not been used before
[9] and is not used in the future [10]. This is due to igno-
rance, misunderstanding or even non-acceptance by
mathematicians the methods of automatic control’s classi-
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cal theory, for which the method of frequency response is
basic. This case is because applied mathematics does not
involve the consideration of numerical integrators as digi-
tal filters, although this method allows to obtain addi-
tional information about their behavior and to determine
the possible impact on the digital control system [3, 4, 8].

The use of numerical integrators for continuous sys-
tems’ discretization is not of interest in the case of mod-
ern methods of discrete systems synthesis too. This is due
to the major use of state space and z-transform methods
for this purpose [1, 2, 11]. The use of the simplest digital
integrators to discretize continuous integrators in com-
puter systems considered only as a partial case and a po-
tential implementation [12].

3 MATERIALS AND METHODS

At the first stage of research, the analysis provided us-
ing two elementary structure (Fig. 1), that allows investi-
gating the numerical integration method impact on for-
ward channel and feedback of closed-loop systems.

This use, at first look, of primitive structures has its
advantages: it allows minimizing the effects of the actual
structure and complexity of the test system on the behav-
ior of a continuous prototype discretized by a numerical
integrator. This helps to abstract from the possible vari-
ants of structural transformations, highlighting only two
basic combinations (Fig. 1), and allows us to focus only
on the influence of the applied methods of discretization.

X(s) ) Y(S)\

w

X(s) Y(SZ

A

1
s

b
Figure 1 — Block diagrams of the tested structure:
a — integrator in forward channel; b — integrator in feedback
channel

The practical implementation of the numerical integra-
tion in the real-time control system or real-time digital
model (for prediction analysis of operating mode for
power and energy systems [13] or electromechanical sys-
tems [14]) is possible for using explicit multi-step formu-
las only, that is due to the following factors:

— It is not possible to obtain information about the
value of a function or controlled coordinate in the interval
between the samples (reason to exclude from review the
single-step methods).
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— It is not possible to obtain information of the next
(future) sample of controlled coordinate (reason to ex-
clude from review the multi-step implicit methods).

At present, Adam’s formulas are still the most effec-
tive among the whole family of the explicit multi-step
formulas [9, 10], so which was their choice for further
analysis.

Obtaining process of the discrete transfer function for
the digital integrator and fixed sampling time (integration
step) h shown by this example of the 3"-order explicit
Adams formula [9, 10]

h
Yis1 = Vi "’E(BXi —16X;_; +5%_5)

using method [3, 4, 15].

YiZ = Yis1s
iz =vis
crete transfer function of this integrator has a form

By the shifting theorem [3, 4, 8] { a dis-

. %(23—16z*1+5z*2) %(2322—16z+5)
W3 (2) = — = i,

and may use for next analysis. Applying mentioned meth-
ods [3, 4, 8, 15], we can find discrete transfer functions
for all of 1°-6" order digital integrators based on con-
tinuous integration by explicit Adams formulas. Obtained
discrete transfer functions summarized in Table 1.

4 EXPERIMENTS

The founded discrete transfer functions (see Table 1)
investigated by means of Control System Toolbox
(MATLAB) [5, 6] for further analysis of frequency re-
sponses using standard function bode. The resulted fre-
quency characteristics (Bode plots) are shown in Fig. 2
for mentioned 1st-6th orders explicit Adams formulas
and sampling time h=0.1s with the continuous ideal

Table 1 — Discrete transfer functions of numerical integration operators

Intc;grr(;:;)r’s Numerical integrator / Integrator’s digital transfer function
Yis1 = Vi thx
1 * h
W; (2) = B
h
Yit1 =i +5(3Xi ~Xi-1)
2
. g(3z -1)
W, (2) =5
- -z
h
Yie1 = Vi +E(23Xi —16X%_+5%_2)
3
1(2322 —16z+5)
W5 (2)=12
3= 32
h
Yirl =i +Z(55Xi —59%;_; +37%i_3 —9%_3)
4
. 22 552 592 +372-9)
Wy (2)=
Z4 - Z3
h
Vie = Vi +%(I901xi —2774%;_1 +2616%_p —1274%_3 +251%;_4)
5
N (10012 277423 + 26162% ~ 12742 + 251)
WS*(Z) _ 720
7 -7*
h
Yie1 = Vi +m(4z77xi —7923X;_1 +9982X;_ — 7298X;_3 + 2877%i_4 —475X;_s)
6
L(4277z5 ~79232% +99822° — 72982° + 28772 - 475)
W (7 = 1440
6(2) 5 5
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integrator to comparing. Note, that ideal continuous inte-
grator has a descending magnitude characteristic with —
20 dB/decade and constant phase —90 deg.

It is worth noting two things:

1. The big difference in the frequency characteristics
(note, both magnitude and phase shift) of high-order digi-
tal integrators compared to the ordinary continuous inte-
grator on highest frequency especial.

2. The form of frequency characteristics is practically
independent of the sampling period (see Fig. 3, Fig. 4).

The conclusions of the second point are quite ex-
pected, but the first point (regarding the behavior of
higher-order methods) came as a surprise, as it is tradi-
tionally believed that the higher order of the integration
formula causes the higher the accuracy of such an opera-
tion. However, the analysis of the obtained frequency
characteristics shows the opposite — the higher order of

Integrators' bode plots

the numerical integrator has the greater the amplitude and
phase errors at high frequencies. Moreover, the nature of
such errors becomes more and more nonlinear, with in-
creasing order of the integration method. This does not
give possibility add correction.

The next stage of the research is to study the behavior
of numerical integrators using the method of frequency
characteristics in the case of their use of their digital
equivalents instead of the continuous integration for two
case of test structural models. They show in Fig. 1 — to
place the integrator in the direct channel of the closed
system and in the case of placing the integrator in the
feedback circuit. In this part of the researches influence of
the feedback control system’s structure and the location of
the integrator on the frequency characteristics of a closed
system with a digital integrator is studied.
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Figure 2 — Bode plots for 1st-6th-order numerical explicit integrators and sample time h = 0.1 s
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5 RESULTS

The obtained discrete transfer functions of integrators
from Table 1 implemented to the digital models of struc-
tures Fig. 1 wusing again Control System Toolbox
(MATLAB) [5, 6] for further analysis of frequency re-
sponses. Bode plots build for frequency workspace of the
digital systems (1/10 of the sampling frequency [4, 16]).

From Fig. 1, a — numerical integrator placed in for-
ward channel. This is correspond to ordinary first-order
inertial circuit with a descending magnitude characteristic
with —20 dB/decade after the cutting frequency and
smooth varying phase from zero to —90 deg.

Form Fig. 1, b — numerical integrator placed in feed-
back loop, that correspond to real differential operation
with an increasing magnitude characteristic +20

Systems' bode plots

dB/decade before the cutting frequency and smooth vary-
ing phase from +90 deg. to zero. Note that in this case, the
negative effect of numerical integrators’ high-order is
unexpectedly reduced.

It is important that in the case of the second structure
(Fig. 1, b) — the inclusion of a digital integrator in the
feedback loop, the amplitude and phase errors in the use
of higher-order formulas are smaller than in the case of
placing a digital integrator in a direct channel. In addition,
as noted earlier, it is possible to note a rather unexpected
fact that given the behavior of both types of frequency
response characteristics of test systems (Fig. 1) it is the
formulas of high-order integration bring in errors in a
closed system.
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5 DISCUSSION

A somewhat unexpected result is that high-order nu-
merical integrators make larger errors at higher frequen-
cies range after discretization of continuous system. To
some point, this opposes our understanding from applied
mathematics about the higher accuracy of the high-order
methods. Moreover, the use of low-order integrators (first
and second orders) surprise turned out to be the most ra-
tional given the frequency errors.

What is the next step of research? The digital transfer
functions of the synthesized digital systems get additional
discrete zeros and poles comparing to the continuous sys-
tems (analog prototype). This is caused as a result of
sampling continuous transfer function by digital integrator
[17, 18]. In this case, additional zeros and poles from dis-
crete transfer functions of numeric integrators add to ob-
tained discrete transfer functions of discretized continuous
system. It is clear, that a system with more zeros and
poles (digital system) will behave differently than a sys-
tem with fewer zeros and poles (continuous system).

CONCLUSIONS

Studies using the frequency response have shown:

— The behavior of the frequency characteristics of test
systems (Fig. 1) showed that the use of low-order integra-
tors, namely the first and second orders, is the most ra-
tional. In this case, the amplitude and phase’s errors by
discretization process will be the smallest, regardless of
the structure of the synthesized digital system and the
location of the numerical integrator.

— The inefficiency of using high-order numerical inte-
grators to sample continuous systems is proven. Estab-
lishing the cause of this phenomenon requires additional
research, in particular, to identify the possible impact of
additional zeros and poles of the transfer functions of dis-
crete integrators.

The scientific novelty of obtained results is the based
on two simple circuits the researches of frequency proper-
ties of the numerical integrators in the digital control sys-
tems was made.

The practical significance of obtained results is the
possibility to improve efficiency of the synthesized digital
control systems.

Prospects for further research are the researches of
the impact of the zeros and poles of the numerical integra-
tors causes to additional zeros and poles of the obtained
discrete transfer function.
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YIK 519.61:517.97:004
YACTOTHI XAPAKTEPUCTHKHA YACJTIOBAX METOIIB JUCKPETHU3AIIT IH®POBUX CUCTEM KEPYBAHHSI

Mopo3 B. I. — 1-p TexH. Hayk, npodecop Kadeapu eleKTPOMEXaTPOHIKH Ta KOMII IOTEPH30BaHUX CJIEKTPOMEXaHIYHUX CHCTEM
HamionansHoro yHiBepcuteTy «JIbBiBChKa mOMiTeXHiKa», JIbBIB, YKpaiHa.

Bakapuyk A. B. — acripanTka kadeapu eneKTpoMexXaTpOHIKH Ta KOMIT IOTEpH30BaHIX CIIEKTPOMEXaHIuHUX cucTteM Harionans-
HOTO yHiBepcuTeTy «JIbBiBChKa mojiTexHikay, JIbBiB, YkpaiHa.

AHOTAIIS

AKTyaJIbHIiCTB. Y CTaTTi NPOBEICHO NOCII/KEHHs] YaCTOTHHUX BJIIACTUBOCTEHl SIBHMX 0araTOKpOKOBHX YHCIIOBUX IHTErpaTopiB,
SIKi BUKOPHCTOBYIOTh ISl TUCKPETH3aLlil HEeNepepBHUX NepeaaBaibHuX (QyHKIIH B H1n(pPOBUX cHCTeMax KepyBaHHs. UMCIIOBI iHTEr-
paTopy B TAKUX CHCTEMAaX BUCTYNAIOTh SK CKJIA/I0OBI YaCTHHH LIU(PPOBHUX PETYIIATOPIB.

MeTo10 10CTiTKEHHS € aHANi3 MMOBEIIHKH SIBHUX YHCIIOBHX IHTETPaTOPiB Pi3HUX MOPSAIKIB, SIKi BAKOPUCTOBYIOTh JUIS JUCKPETH-
3amii HeepepPBHUX CHCTEM, 3 METOIO BUBUCHHS IXHBOTO BIUIMBY Ha BIIACTUBOCTI CHHTE30BaHOI HU(PPOBOI CHCTEMH.

MeTtoa. MeToau 4nCIIOBOTO IHTEIPYBaHHS PO3IIIIHYTO SIK NU(POBI (HUIBTPH, MOBEIIHKY SKUX AOCTIIPKEHO METOIOM YaCTOTHHX
XapaKTepHCTHK. [ IbOTO 3 BUKOPUCTAHHIM arapaTy z-IIepeTBOPEHH 3HAHEHO iXHI AUCKPETHI nepenaBanbHi GyHKIIT U1 9acTo-
THOTO aHaji3y 3 BUKopuctanHsM nakety Control Systems Toolbox matematiuHoro 3acrocynky MATLAB. J{ns nmogansinoro aHai-
3y BUKOPHCTAHO JBi 3aMKHEHI 3BOPOTHUM 3B’3KOM TECTOBI CTPYKTYpPH: 3 IHTErpaTopaMy B NPSMOMY KaHali Ta B KOJIi 3BOPOTHOTO
3B’s13ky. OOMIBa BapiaHTH CTPYKTYD AOCIHIKEHO METOIOM YaCTOTHHUX XapaKTEPUCTHK JUIS IUCKPETH3aLlii 3a JIOMOMOT 00 YHCIOBHX
iHTerpaTopiB 1-6 mopsiaKis.

PesyabTaTn. [lokazana HeeeKTUBHICTH 3aCTOCYBaHHS YHCIOBUX IHTETPaTOPiB BUCOKOTO MOPSIKY Ui TUCKPETH3aLil Hemepe-
PBHEX cHCTeM. 3 OTJISAY Ha MOBEIIHKY YaCTOTHHX XapaKTEPUCTHUK TECTOBHX CHCTEM HaHpalliOHaJbHIIINM € BUKOPHCTaHHS iHTErpa-
TOpPiB HEBHCOKOTO MOPSAKY, a caMe — MEepIIoro i Apyroro. BcTaHOBIEHHS NPUYMHY TAKOTO SBHINA MOTPeOye TOAATKOBUX MOCIHi-
JDKeHb, 30KpeMa, BHSBICHHS MOXKIIMBOTO BIUIMBY JOJATKOBHUX HYJIIB Ta MONIOCIB JUCKPETHUX HEpeaBaIbHUX (YHKIIH YMCIOBUX
iHTerpaTopiB.

BucHoBkHu. BukopucranHs iHTerpaTopiB HU3bKOTO HOPSAKY, @ CaMe — MEpIIOro Ta APYroro MOpsAKiB, € HAMOUIbII paliioHab-
HUM U1 BUOIpKH HHU(POBHUX CUCTEM KepyBaHHs, TAKOX JIOBeJcHA Hee(DEeKTHBHICTh BUKOPHCTAHHS YHUCEIBHUX IHTETPaTopiB BUCOKO-
rO HOPSJIKY VIS AUCKPETU3allil HeNepepBHUX CHCTEM.

KJIFOYOBI CJIOBA: auckpetHi nepenaBaibHi QYHKLI, JiHIHI CHCTEMH, CTPYKTYPHI MOJETi, TEOpis aBTOMaTUYHOTO Kepy-
BaHHSI, TU(POBI CHCTEMHU KepyBaHHsI, YaCTOTHI XapaKTEPUCTUKH, YUCIIOBI IHTETPaToOpH, Z-MEPETBOPEHHSL.
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YACTOTHI XAPAKTEPUCTHAKHA YACJTOBAX METOAIB JNCKPETHU3AIIT IH®POBUX CUCTEM KEPYBAHHSI
Mopo3 B. I. — 1-p TexH. Hayk, npodeccop Kadenpbl NEKTPOMEXATPOHUKH U KOMIIBIOTCPH3UPOBAHHBIX JIEKTPOMEXaHHYECKUX
cucteM HanmonanbHoro ynusepcureta «JIbBOBCKasi NOJUTEXHUKA», JIbBOB, YKpauHa.
Bakapuyk A. B. — aciupanTka kadeaps! 2JIeKTpOMEXaTPOHUKU U KOMITBIOTEPH3HPOBAHHBIX AJIEKTPOMEXaHMUeCcKux cucteM Ha-
LIMOHAJILHOTO YHUBEpcUTeTa «JIbBOBCKAsI MOMUTEXHUKAY, JIbBOB, YKparHa.

AHHOTAIUA

AKTyaJIbHOCTB. B cTaThe npoBeneHo ucciieloBaHue YaCTOTHBIX CBOMCTB SIBHBIX MHOT'OIIATOBBIX YHCICHHBIX HHTETPATOPOB, KO-
TOpPBIE UCTIOIB3YFOTCS ISl TUCKPETH3AI[MU HEIPEPBIBHBIX MIepeaTOYHBIX (QYHKIMI B IU(POBBIX CHCTEMaX ynpaBieHus. YucIeHHbIe
MHTErPaToOpbl B TAKMX CUCTEMAX BBICTYIIAIOT KaK COCTAaBHBIC YaCTH LIU(POBBIX PEryJISTOPOB.

IHenblo ucciiel0BaHMS SBISIETCA aHAIN3 TOBEACHUS SIBHBIX YHUCIEHHBIX HHTEIPATOPOB PAa3HBIX MOPSIKOB, KOTOPBIE UCTIONb3YIOT
JUISL IUCKPETHU3AIMHU HeTIPEPBIBHBIX CUCTEM, C IIETBI0 H3yUCHNUS UX BIIHSHHSA Ha CBOMCTBA CHHTE3HPYEMON U(PPOBOI CHCTEMBI.

MeToa. MeToas! YNCICHHOTO HHTETPHPOBAHUS PACCMOTPEHBI KaK IU(POBEIE (GUIBTPEI, TOBEAECHHE KOTOPBIX HCCIEIOBAHO Me-
TOJZIOM YaCTOTHBIX XapaKTePHCTHK. JIJIs 9TOTO C UCIIOIBb30BAHHIEM amIapara z-Ipeoopa3oBaHus HalIeHb! JUCKPETHBIC IIepeJaTOYHbIe
(YHKIMY JyIst 9aCTOTHOTO aHaNM3a ¢ ucnonb3oBanreM nakera Control Systems Toolbox maTemarmdeckoro npuinokenuss MATLAB.
Jnst nanbHeHIIero aHanu3a UCIOJIb30BaHbI IBE 3aMKHYTBIE OOpPaTHOW CBSI3bI0 TECTOBBIE CTPYKTYPBL: C MHTETrPaToOpaMu B NPSIMOM
KaHaJie ¥ B 1ieny o0paTtHoii cBsa3u. Ob0a BapuaHTa CTPYKTYp UCCIIEA0BAHBI METOJIOM YaCTOTHBIX XapaKTEPUCTHK IS AUCKPETU3ALNH C
MIOMOIIBIO YUCIEHHBIX HHTETPaTOPOB 1—6 MOPAAKOB.

Pesyabtarhl. [Tokaszana He3(h)EKTUBHOCTH UCIIONB30BAHHUS YUCICHHBIX MHTETPATOPOB BBICOKOTO MOPS/KA JUIS AUCKPETH3ALHN
HETIPEPHIBHBIX CHCTEM. YUHMTHIBAs MOBEICHNE YACTOTHBIX XapaKTEPUCTHK TECTOBBIX CHCTEM, HAHOOJee PAIllMOHAIBHBIM SIBISETCS
HCTIONB30BaHNE MHTErPATOPOB HEBBICOKOTO TOPSIKA, @ IMEHHO — IEPBOTO M BTOPOTO. YCTAHOBICHUE NMPUYMHBI TAaKOTO SBICHUS
TpeOyeT NOMOIHHUTEIbHBIX HCCIICIOBAaHNH, B YaCTHOCTH, BBHISBICHHS BO3MOXKHOTO BIIMSHUS JOIOJHHUTEIBHBIX HyJICH M IHOIOCOB
JUCKPETHBIX NEePeIaTOYHBIX (DYHKIUH YUCIEHHBIX HHTETPATOPOB.

BriBoabl. Vcronp30Banie HHTErPATOPOB HU3KOTO MOPSAKA, @ UMEHHO — IIEPBOTO U BTOPOTO MOPSIIKOB, HauboIee panuoHaIbHO
JUIsl BRIOOPKH ITU(POBBIX CHCTEM YIPABJICHHMs, TAKKE JI0Ka3aHa Hed(PPEeKTUBHOCTH MCHOJIb30BAHMS YUCICHHBIX HHTEIPATOPOB BHICO-
KOTO MOpsIAKA IJIsl AUCKPETU3ALNH HEMTPEPBIBHBIX CUCTEM.

KJ/IFOYEBBIE CJIOBA: nuckpeTHble niepefaToyHble (pyHKIMU, THHEHHBIE CUCTEMBI, CTPYKTYPHBIE MOJIEIIH, TEOpUs aBTOMATH-
YECKOTO yNPABIEHHUS, II(POBHIE CHCTEMBI yIIPABICHNS, JACTOTHBIE XapaKTEPUCTUKH, YHCICHHBIE HHTETPATOPHI, Z-1IPeoOpa3oBaHHe.
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