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ABSTRACT

Context. Methods for the synthesis of precision electro-hydraulic control systems using the principle of multiplication are
proposed. Use of the principle of multiplication allows to create compact control systems of technological objects, having high rates
of precision and operation speed.

The problem of creating the unified basic software and hardware complex for precision automatic control systems and control of
an optional technological object is considered.

On the basis of effective methods of the modern theory of optimal control, control algorithms have been developed that provide
maximum compensation for all types of statistical and dynamic control errors.

Objective. The urgency of the work is due to the need to improve the precision of control systems of technological objects and
the development of software and hardware complex for these systems.

Method. We have used the methods of optimal control, methods of structural synthesis. To confirm the validity of the developed
models and principles, the method of experimental studies based on the operating equipment of test benches was used. To debug an
experimental model of a basic software and hardware complex for testing the plain bearings of internal combustion engines,
mathematical simulation of an electro-hydraulic drive was used. For the synthesis of a precision controller, the multiplication method
was used.

Results. A number of standard sizes of high-speed precision EHSS based on part-turn hydraulic motors with a torque moment of
up to 40 kNm were developed, providing reproduction in the tracking mode of specified input effects with a bandwidth of up to 20
Hz, positioning accuracy of up to one angular minute and a control range of up to 10*. Based on developed EHSS automated
simulation dynamic stands were created and brought to practical use for testing mobile object guidance systems (Customer-Central
Research Institute of Chemistry and Mechanics, Moscow) and the semi-axes transmission (Customer-JSC “KAMAZ”, Naberezhnye
Chelny). Based on the results of the research, a basic software and hardware complex for testing equipment of agricultural,
automotive and other industries was created. The high-speed precision regulator for controlling the position of steam turbine actuator
valves has been synthesized to compensate for all the main types of static and dynamic errors and more than double the performance
compared to the base variant while maintaining acceptable stability margins (the results are used in promising projects of the State
Energy Company “Centrenergo”, National Nuclear Energy Generating Company “Energoatom”, as well as in the Institute of Control
Problems of the National Academy of Sciences of Ukraine.

Conclusions. The practical engineering methods for the synthesis of effective control laws of precision electro-hydraulic systems
are proposed, as well as a number of effective regulators providing high characteristics of precision and operation speed. The
principle of multiplicative control is proposed which allows to synthesize effective control algorithms for individual, autonomous,
fully controlled and observable electro-hydraulic servo drive circuits based on third-order mathematical models. For selected
autonomous control loops, effective control laws are obtained based on modal control methods and solving inverse problems of
dynamics.

The proposed synthesis techniques are considered using the harmonic linearization method, the real nonlinear characteristics of
the control signal power limitation, which allows determining the real rational ratios of the regulator parameters and real limiting
precision and speed indicators, as well as preventing unwanted auto-oscillatory modes in the systems. In order to reduce the number
of measured parameters used in the formation of the proposed control laws, on the basis of the well-known general principles of the
synthesis of observing identification devices, the universal structures and formulas for calculating the parameters of standard models
of autonomous control circuits of the EHSS were obtained. The method of autonomous testing and debugging of the EHSS control
system using the electronic simulator of electro-hydraulic actuator has been improved which makes it possible to significantly reduce
the time and cost involved in creating and engineering development a complex system.

KEYWORDS: unification, electro-hydraulic drives, automatic control systems, precision, operation speed, control algorithms.

ABBREVIATIONS EHSS is a electro-hydraulic servo system;
BSHC is a basic software and hardware complex; RW is a research work;
EHD is a electro-hydraulic drive; EHA is a electro-hydraulic actuator.

ECM is a electronic computing machine (a computer);
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NOMENCLATURE

X is a displacement (linear or angular) of the hydraulic
motor working member;

1 is a coefficient of inertial load (mass or moment of
inertia of moving parts reduced to the output link of the
hydraulic motor);

D is a coefficient of dissipative load (the coefficient of
speed friction of translational or rotary motion);

P is a factor of the positional load (linear or torsional
rigidity);

q is a characteristic parameter of the hydraulic motor
(effective area of the hydraulic cylinder or specific
volume of the hydraulic motor);

Ap is a differential pressure on the hydraulic motor;

K., K;, K; is a coefficient of compressibility of the
working fluid, flow rate coefficient of the control valve
and leakage coefficient;

Xy is a displacement of the control valve of the servo
valve;

U, is a control voltage;

K, is a transmission ratio of the electromechanical
servo valve converter;

T,, &, T, is a parameters of typical dynamic links
(oscillatory and aperiodic), the serial connection of which
describes  the dynamic  characteristic of the
electromechanical servo valve converter;

V. =X

. o 1s a speed of the control valve;

F. is a effective area of the hydraulic cylinder;

V' is a volume of working cavities and connecting
channels of the hydraulic motor;

% is a adiabatic module of the working fluid bulk
elasticity;

C is a position load factor;

U™ =5B is a maximum control voltage in the input
circuit of the servo valve;

X, is vector of setting effects;
X out 18 vector of output parameters;

X, 1s vector of internal parameters.

INTRODUCTION

Having emerged recently in various industries large
demands in test equipment of various functional purposes
led to the idea of a modular concept for constructing test
complexes of precision automatic controllers, in
particular, for automatic control systems [1] whose main
goal is to minimize and unify technical solutions as well
as the elemental base used to create the test equipment.
One of such elements (modules) in the overall structure of
this concept is the basic software and hardware complex
(BSHC) designed to control the electro-hydraulic drives
of imitation dynamic stands. The development of the
BSHC was carried out with the cooperation of the authors
with  the scientific and production enterprise
“Teploavtomat” under a contract with the Ministry of
Machine-Building Industry of Ukraine within the

framework of the state “Instrument
Engineering”.

The object of study the automatic control system
with an optional technological object of increased
precision.

The subject of study: the processes of providing the
precision and operation speed of regulation systems.

The purpose of the work creating the software and
hardware complex for precision regulation and control
systems, ensuring high precision and operation speed
based on parametric synthesis and using multiplication

methods.

program

1 PROBLEM STATEMENT
According to a vector of input (driving) effects X, set

X))

and power characteristics (Fy,, P, ) it is necessary to

X

including the necessary set of kinematic ( X, set>

et >

determine the law of control actions Uy (t) that ensures

the minimum (permissible) deviation of the corresponding

components of the output parameters vector
5= Xout _Xset (Xout {Xout’XoutﬂXoutvFouHE)ut} ) taking

into account the technological and operational constraints

vectors for input and internal  parameters
- min v y-max 1 min v y- max
Xout S/Yout S‘Xvout ’ Xin S‘Xvin S‘Xvin : The

optimization criterion can be the minimum of the integral
of the product of the absolute error and the time

I =min I|s(t)|tdt which

compromise between static and dynamic accuracy.

provides the optimal

2 REVIEW OF THE LITERATURE

A large number of works of a number of scientific
schools and groups both in Ukraine and in the near and
far abroad are devoted to the developments and research
of the EHSS.

The initial scientific basis for the creation and study of
EHSS should be considered the fundamental, universal
work plan in the field of hydraulic drives, the theory of
automatic control, technical cybernetics. Such works may
include the works by G.I. Kaniuk [1, 2] in which the
principles of creating high-speed precision electro-
hydraulic tracking systems in relation to test benches are
considered. Special attention is paid to the improvement
of electric and electro-hydraulic control systems [3, 4],
their optimization [5, 6] and the improvement of the
energy efficiency of their work [7]. About 90-95% of the
regulators that are currently in operation use PID
algorithms. In this regard, attention is paid to the use and
improvement of PID controllers [8, 9]. The parameters of
the regulators are optimized in order to improve the
quality of regulation [10]. Various modifications of
regulators are being studied [11, 12]. The principle of
robust control is successfully used, which allows
improving the quality of regulation [13]. Studies are being
conducted to improve the efficiency of management
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systems in various areas of economic activity, for
example, in railway transport [14] and in energy [15].

Nevertheless, despite the large number of diverse,
interesting and useful works in this area, currently there is
not a sufficiently systematized and universal theoretical
base for creating and researching precision high-speed
EHSS, which complicates and slows down the processes
of their development and implementation. Existing
methods are either general metatheories that require
filling with specific applied methods, mathematical
models and technical solutions, or are aimed at solving
particular  problems: typical design engineering,
verification calculations, and parametric optimization of
already existing or designed systems. In this regard,
applied theories and methodologies that would encompass
all stages of creating high-speed precision EHSS are
necessary.

3 MATERIALS AND METHODS

The aim of this work is the general presentation of the
results of theoretical and experimental studies dedicated
to the creation of the unified software and hardware
complex for the precise control of electro-hydraulic servo
systems of various functional purposes.

The BSHC includes the following main elements: a
digital programmable set-point device which provides the
formation of the required loading modes and emergency
protection of the stand; a high-speed analog controller
implementing efficient electro-hydraulic drive (EHD)
control algorithms to provide the required dynamic
characteristics of the test equipment; a personal computer
that performs the functions of a top-level management
system (coordination of several digital set-points in

accordance with a specified test program, visual control,
processing and registration of test results).

The general functional diagram of the BSHC is
presented in Fig. 1.

Structurally the BSHC is a stand in which the
following blocks are located: a microcontroller based on a
single-chip microcomputer with an inter-module
communication interface; blocks of analogue regulators;
power unit; power amplifiers; power supplies; a network
unit; a channel power transformer.

In the research plan the main problem in the creation
of the BSHC was the development of an optimal structure
of precision high-speed regulators since they play a major
role in providing the required dynamic characteristics of
the drives.

Taking into consideration quite high requirements to
static and dynamic characteristics of electro-hydraulic
drives, it was decided to use the following control
algorithms in analogue controllers of the BSHC:

— the algorithm of proportional-differential-integral
control by error (a proportional integral differential
controller — PID-controller);

— the algorithm for state parameters of the EHD (a
state controller) using the results of their direct
measurements or the results of calculations based on the
standard model (a state observer);

— the algorithm based on the method of solving the
inverse problem of the dynamics of the EHD.

Comparative performance characteristics of various
control algorithms of a standard size of the EHD of the
simulation dynamic bench are presented in Fig. 2.

The structure of analog regulators provides the
possibility of use, if necessary, other types of control
algorithms.

4 7 8
/ Echannc] Nel EHD Nel | 1 output
_ parameters of EHD
| _,>I " | [[channel Ne3| 6 _l\ channel Ne2| :> EHD No2 4>
| - ¥1||channel Nel V
== L
1 P | =
"> [channel Neo| channel No6 EHD NeG
: 7
9
signals of sensors of adjustable parameters 10
signals of the sensors of the diagnostic system 'F3

Figure 1 — The general functional diagram of the basic software and hardware control complex of electro-hydraulic drive test
stands:

1 — upper-level control computer (personal computer); 2 — inter-module communication interface; 3 — digital programmable set-
point device; 4 — unit for setting the operating modes of the EHD; 5 — block of the control, diagnostics and indication of operating
modes of the EHD; 6 — digital-to-analog converter; 7 — block of analog regulators; 8 — electro-hydraulic drives (EHD); 9 — analog

generator of special signals; 10 — sensor of adjustable parameters and diagnostic systems
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Figure 2 — Influence of various control laws on the dynamic
characteristics of an electro-hydraulic drive:
1 — proportional regulator; 2 — PID controller;
3 — modal controller for three state parameters;
4 — regulator built on the principles of inverse dynamic
problems

The general linearized mathematical model of the
EHD including the executive hydraulic motor and the
control servo valve can be represented as a system of
usual differential equations of the sixth order [2]:

IX + DX + PX = qAp,
K. Ap=2K ; X, —2qX —K;Ap, M

ToXcv +2E,»0T0X3 + X =KU,,
T,U,+U, =U,.

In this case, in order to ensure a set quality control in
the high-frequency region, the control algorithms used in
analog regulators must also have a minimum of sixth
order. At the same time the procedures of theoretical
synthesis and practical adjustment of regulators are
significantly complicated. However, when proportional
servo valves with a high pass-band are used in the EHD
(Fig. 3), the control valve position is equipped with
sensors, it is possible to reduce the order of the regulators
by using the principle of multiplicative control (separate
control of the positions of the control valve and hydraulic
motor [2]). In this case separate circuits can operate from
two autonomously adjusted regulators of the third (or,
depending on the type of load and range of reproduced
frequencies, and lower) of the order of one type or
another.

Lv),dB
0 &=

/ |
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Figure 3 — Amplitude-frequency characteristics of the servo
valve YOI'-CB-100:

— O without correction, experiment; 1 — without correction,
calculation (approximation by the vibrational link 7=1.67-10 s,
£=0,7); 2 — correction with the help of PID-controller (K=300,

74/0.07 ¢, T.=0.3 s)

4 EXPERIMENTS

Development and debugging of the experimental the
BSHC sample were carried out using the mathematical
and electronic model (simulator) of the electro-hydraulic
drive of the test stand for testing the plain bearings of
internal combustion engines of trucks. The EHD of such a
stand is a hydraulic cylinder with a control servo valve
designed to reproduce dynamic loads acting on the
crankshaft main bearings. The range of reproducible loads
is 50 tons, the required drive bandwidth is 100 Hz.

Estimated calculations have shown that the main load
is due to the rigidity of the test objects (thus, the load is
mainly positional). Calculations showed that using the
principle of multiplicative control, it is possible to reduce
the dynamic distortion of the output parameter of the
servo valve (this task was solved by including the PID
controller in the autonomous regulation circuit of the
control valve). Figure 4 presents the amplitude-frequency
characteristics of the servo valve with a contour of
autonomous correction of the control valve position and
without it.

It follows from the graphs that the dynamical
characteristic of the servo valve in the required frequency
range (up to 100 Hz) corrected by the PID-controller can
be satisfactorily described by the oscillating link with the
values of the time constant 7. and the relative damping
factor &, respectively 110 s and 0.7. In this case, taking
into consideration the positional character of the main
load, the general mathematical model of the EHD in
matrix form and taking into account the control voltage
limit in the input circuit of the servo valve takes the form:

LK,
H T, T, H G
X,l=l o o 1 |x, +[0 0 UZX] o |, @
. T
ch 0 _L _2& ch ° Uv
T2 ’
K

U, |<um.
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Figure 4 — Amplitude-frequency characteristic of the electro-
hydraulic drive with the PID-controller:
1 — calculation, 2 — experiment

The load on the rod of the hydraulic cylinder:
H=FAP.
The time constant and the static transmission ratio of

the hydraulic motor:
2F,

%
Th:FC(O,SXT+ )/Kya

c

Ky =2K,F./K,.

Calculations showed that the use of a PID-controller
with gain values, time constants of the differentiating and
integrating link is 10 V/V respectively; 0.1 s and 5-107 s,
it is possible to obtain the required bandwidth (about 100
Hz) for the adopted the EHP model (Fig. 4).

After fabricating and debugging of the experimental
BSHC sample, its functional and dynamic characteristics
were verified by laboratory tests at the research-and-
production enterprise “Teploavtomat” using an electronic
model (simulator) of the EHD, the structure and
parameters of which corresponded to the mathematical
model. The test results confirmed the calculated
bandwidth of the EHD.

5 RESULTS

Conducted studies have allowed us to obtain the
following results:

— a number of standard sizes of the high-speed
precision EHSS based on incomplete rotating hydraulic
motors with a torque range of up to 40 kNm was
developed, ensuring the reproduction in the tracking mode
of specified input effects with a bandwidth of up to 20 Hz,
positioning precision of up to one corner minute and
control range up to 10%;

— on the basis of the developed EHSS, automated
simulated dynamic test stands for testing of guidance
systems for mobile objects (the customer — Central
Research Institute of Chemistry and Mechanics, Moscow)
and for testing semi-axle transmissions (the customer —
Publicly Traded Company “KAMAZ”, Naberezhnye
Chelny) were created and brought to practical use.

6 DISCUSSION
As a result of a series of theoretical and experimental
studies carried out within the framework of state budget

research (the customer — Ministry of Education and
Science of Ukraine) on the basis of solving the inverse
problem of dynamics, the high-speed precision controller
for the control loop of the position of the steam turbine
actuator valves was synthesized, which compensates all
major types of static and dynamic errors and more than a
twofold increase in operation speed compared with the
baseline while maintaining the permissible reserves of
stability (the results of the work are used in long-term
projects of the State energy company “Centrenergo”
NNEGC “Energoatom” and “Institute of Control
Problems of the National Academy of Sciences of
Ukraine”.

All developments and technical solutions have been
tested experimentally (research tests and acceptance tests)
and implemented at customer enterprises, which confirms
the reliability and practical value of the scientific
positions and results as well as determines the possibility
of their further effective use when creating the high-speed
precision EHSS for various fields of technology in order
to increase the productivity and precision of technological
equipment, increase energy — and resource indicators of
production.

Experimental studies and practical engineering
confirmed that the developed scientific positions and the
results of the work generally provide the effective
practical results consisting in a significant reduction of the
time and money spent on the creation and completion of
new facilities due to the systematization and unification of
the most responsible and knowledge-intensive stages of
the design of the EHSS (a technical project and proposal).

The results of the work were used in the
implementation of a number of fundamental and applied
research to create the high-speed precision EHSS of
imitation dynamic stands for enterprises of the defense
and engineering industries.

CONCLUSIONS

Based on the well-known general principles of the
modern theory of optimal control, practical engineering
techniques for synthesizing effective laws of controling the
precision electro-hydraulic systems, as well as a number of
effective regulators that provide high (approaching to the
utmost in energy capabilities) characteristics of precision and
operation speed are proposed.

Scientific novelty:

— the principle of multiplicative control is proposed,
which makes it possible to synthesize effective control
algorithms for the individual, autonomous, fully controllable
and observable EHSS circuits based on third-order
mathematical models;

— for the selected autonomous control loops, effective
control laws are obtained on the basis of modal control
methods and solving inverse dynamic problems (including —
calculation formulas for choosing optimal parameters of
regulator parameters);

— in contrast to the existing methods of the linear theory
of optimal control, the proposed methods of synthesis take
into account, with the help of the method of harmonic
linearization, real nonlinear characteristics of the control
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3anpornoHOBaHO METO/IM CHHTE3Y MPELH3IMHUX eNeKTPOTipaBIivyHIX CUCTEM YIPABIIiHHS 3 BUKOPUCTAHHIM MPUHIUIY MYJIbTHUILTIKALL].
BukopucTaHHS NPUHIMITY MYJIBTHILIKALII JO3BOJISIE CTBOPIOBATH KOMITAKTHI CHCTEMH YIPABIiHHS TEXHOJIOTIYHMMHU 00 €KTaMM, MAlOTh
BHUCOKI IIOKa3HUKHM TOYHOCTI 1 IIBUAKOIIT.

PosrasinyTo 3a1a4y CTBOpeHHS yHi()iKOBaHOTO 0a30BOTO MPOTPAMHO-TEXHIYHOTO KOMIUIEKCY UIS MPELH3IHHUX CUCTEM aBTOMATHYHOTO
peryJIIOBaHHs Ta KEPyBaHH JOBUILHIM TEXHOJOTTYHUM 00’ €KTOM.

Ha ocHOBI eeKTUBHUX METOAIB Cy4acHOI Teopii ONTHMAJIbHOIO YIPAaBIiHHSA PO3POOJIEH] alrOPUTMHU YIpPaBIiHHSA, M0 3a0€3NedyIoTh
MaKCHUMaJIbHy KOMIICHCAIIiI0 BCIX BHIB CTATUCTHYHUX 1 AUHAMIYHUX MOMHJIOK yITPABIIIHHSL.
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O6’€KT KOCTIAZKEHHS: CHCTEMa aBTOMATHYHOTO PETYIIOBAaHHS JOBIIEHUM TEXHOIOTTYHIM 00 €KTOM ITi/[BUIIEHOT TOYHOCTI.

TIpeamer pocitzkeHHs : Tpoliecy 3a0e3MeYeHHS TOYHOCTI 1 MIBUAKO/II CHCTEM PeryIFOBaHHS.

Merta: CTBOpPEHHS NMPOrPaMHO-TEXHIYHOTO KOMIUIEKCY, Ul MPEHM3IHHUX CHCTEM DPEeryJIOBaHHS 1 yNpaBliHHs, 10 3a0e3medye BHCOKI
MOKa3HUKHU TOYHOCTI 1 IIBUKO/IT, HA OCHOBI 1apaMETPUYHOTO CUHTE3Y 1 BUKOPHCTAHHS METOJIiB MyJIbTUILIIKALIii.

AKTyalIbHicTh. AKTyaIbHICTH POOOTH OOYMOBICHa HEOOXiNHICTIO IiIBHINCHHA TOYHOCTI CHCTEM KEPyBaHHS TEXHOJOTIYHUMH
00’ekTamMu 1 pO3pOOKH POrPAMHO-TEXHIYHOTO KOMIUIEKCY [UIS [IUX CHCTEM.

Metoa. B po0OTi BUKOPUCTOBYBAIMCS METOAM ONTHMAIBHOIO YIPABIIHHSA, METOIM CTPYKTYPHOro cHHTe3y. i minTBepIKeHHs
JOCTOBIPHOCTI pO3pOOJICHNX MoJenel 1 INPUHIMIIB, BHKOPHUCTOBYBAaBCS METOJ EKCIIEPUMEHTAJIBHHUX JIOCITI/DKEHb Ha 0asi Jirouoro
o0IagHaHHS BUIPOOYBAIBHUX CTEHIIB. [l Halaro/keHHs eKCIEePHIMEHTAIbHOIO 3pa3ka 0a30BOro IpOrpaMHO-TEXHIYHOTO KOMIUICKCY I
BUNPOOYBaHb MIIIIMIHUAKIB KOB3aHHS JBUTYHIB BHYTPIIIHBOTO 3TOPSHHS BHUKOPHUCTOBYBAJIOCS MaTeMaTHYHE IMiTalliifHE MOJEIIOBAHHS
eIIEKTPOTiIPaBIiYHOr0 NPUBOAY. sl CHHTE3y NPELU3iiHHOro PerysTopa BUKOPUCTOBYBABCS METO/ MYJIBbTHILTIKALL.

PesyabTaTn. Po3pobneno psn tumopo3mipiB mBuakopitounx npenusiiaux EI'CC Ha 0a3i HENOIHOIOBOPOTHHE TiPOABHTYHIB 3
niama3oHoM KpyTHuHX MoMeHTiB 10 40 kHwm, 110 3abe3neuyroTh BiITBOPEHHS B CTEKHUTh PEXUMI 33[aHUX BXIJAHUX BIUIMBIB 3 HPOIYCKHOIO
3patHicTio 10 20 ', TOYHICTIO MO3MIIIOHYBaHHS A0 OJHIE] KyTOBOI XBWJIMHH 1 Jiana3oHoM perymtoBanHs 10 104. Ha 6a3i po3pobienux
ET'CC ctBOpeHi i j0BefieHI [0 MPaKTUYHOrO BHKOPHCTAHHS aBTOMATM30BaHi iMiTallifiHi JAMHAMIi4HI CTEHAM Ul BUIPOOYBaHHS CHUCTEM
HaBeAeHHs MOOLTbHUX 00’ekTiB (3amoBHUK — LIHIIXM, M. Mocksa) i juist BunipoOyBaHHs MiBBich TpaHcMicii (3aMoBHUK — AT «KamMA3», m.
HaGepexni UYennu). Ha ocHOBI pe3ynbTaTiB BHKOHAHHMX JOCTIMKEHb CTBOPEHO O0a30BHil MPOrPAMHO-TEXHIYHHN KOMIUIGKC JUIst
BUIPOOYBAJILHOTO O0JIaJIHAHHS MiANPHEMCTB CiJIbCHKOTOCIOIAPChKOi, aBTOMOOUIBHOT Ta IHIIMX Taly3ed MpoMHciIoBOCTi. CHHTE30BaHUI
LIBUIKONIIOUMH HPELM3ifHUI perynsTop KOHTYpY YIpPAaBIiHHSA CTaHOBMILEM PETYIIOIOYHMX KIalaHiB IMapoBoi TypOiHM, w0 3abesmeuye
KOMIICHCAI[II0 BCIX OCHOBHHUX BH[IB CTATHYHHUX 1 JMHAMIYHUX TTOMHJIOK i OUIBII HDK ABOPA30BE MiJBHIICHHS IIBHIKOIII B IMOPIBHSAHHI 3
0a30BMM BapiaHTOM MPH 30€peKEHHI JOMyCTHMHUX 3alraciB CTIHKOCTI (pe3ysbTaTé pOOIT BUKOPUCTOBYIOTHCS B MEPCHEKTUBHUX MPOSKTAX
JepxaBHoi eneprernuHoi komnanii «Llenrpenepro», HAEK «Eneproarom», a Takoxx B MITI «lHctutyT npobnem ymnpasninas HAH
VYkpainu».

BucHoBKH. 3amporoOHOBAHO MPAKTHYHI I1H)KCHEPHI METOAMKHA CHHTE3y e(eKTHBHHX 3aKOHIB YIPaBIiHHSA MPEeHU3iiiHUME
€JIEKTPOTIPaBIIYHUMHI CHUCTEMaMH, a TaKOXK psl e(eKTHBHHX PEryJATOPiB, W0 3a0e3Me4y0Th BHCOKI XapaKTEePHUCTHKH TOYHOCTI 1
MIBUAKOLII. 3alpoNOHOBAaHO NMPUHIHUI MYJIBTUILUIIKATHBHOIO YIPABIIHHSA, IO JO3BOJIIE CHHTE3yBaTH ¢()EKTHBHI aIrOPUTMH YIPAaBIiHHA
OKpEMUMH, aBTOHOMHHMH, ITOBHICTIO KEPOBaHUMH i crocTepexyBanuMu koHTypamu EI'CIT Ha OCHOBI MaTeMaTH4HHX MOJENCH TPEThOro
mopsiaky. J{isi BUIUIEHMX aBTOHOMHHX KOHTYPIB YNpPaBIiHHS OTpHMaHi e(eKTHBHI 3aKOHU YIPaBIiHHS Ha OCHOBI METO/iB MOMAAIbHOTO
YIpaBIiHHA 1 PO3B’SI3Ky OOEpPHEHMX 3aJad JMHAMIKH.Y 3alporoHOBAaHMX METOAMKAX CHHTE3y BpaxoBaHi, 3a JOMOMOTOK METOIY
rapMOHIMHOI JliHeapu3allii, peanbHi HEiHifHI XapaKTepUCTUKH OOMEXEHHsS MOTY)KHOCTI KEepPyIoUoro CHrHally, LIO JIO3BOJISE BH3HAYaTH
pealbHi panioHanbHI CIiBBiIHONICHHS MapaMeTpiB PEryJATOpIiB i peanbHi TpaHUYHI NOKA3HUKH TOYHOCTI 1 MIBUAKOMIT, a TaKOX 3amodiratu
BUHUKHEHHIO HE0a)XaHMX aBTOKOJHMBAJbHUX PEKHMIB Y CHUCTEMax. 3 METOK 3MEHIICHHS KUJIbKOCTI BHMIPIOBaHHX IapaMeTpiB,
BHKOPUCTOBYBaHUX NpH (OpMyBaHHI 3alpOIIOHOBAHMX 3aKOHIB YIPABIiHHSA, HAa OCHOBI BIiJOMHX 3araJlbHUX IIPUHIMIIB CHHTE3Y
CIIOCTEPIraloTh IPHUCTPOIB iNeHTHU(IKANI] OTPUMaHI YHIBepCalbHI CTPYKTYPH 1 (OPMYIH I PO3paxyHKy IIapaMeTpiB eTANTOHHUX MOJENeH
aBTOHOMHHX KOHTYypiB ympasminas EI'CC. YpockoHaleHO METOIMKY aBTOHOMHHX BHIPOOYBaHb 1 HalTaro/XKCHHS CHUCTEMH YIIPAaBIiHHS
EI'CC 3 BukopucTaHHsM enekTpoHHoro imitatopa EI'IM, mo no3Boiisie iCTOTHO CKOPOTHUTH BHTPAaTH 4Yacy i KOLITIB Ha CTBOPEHHS 1
JIOBE/ICHHS KOMILIEKCHOI CHCTEMH.

KJ/IIOYOBI CJIOBA: yHidikaris, eleKTporiipapiiuHi HPHBOAU, CUCTEMH aBTOMATHYHOTO YIPABIIHHS, TOYHICTh PETYITIOBAHHS,
LIBUKO/IisI, aITOPUTMH YTIPABITiHHSI.

YK 658.5.011.56
YHUO®UILUPOBAHHBIN BA3OBbII TIPOrT'PAMMHO-TEXHUUECKU KOMILIEKC JIJIS1 HPELIU3UOHHbIX
SHEPI'OCBEPEIrAIOIIUX CUCTEM ABTOMATUYECKOI'O PETYJIMPOBAHMUS U YIIPABJIEHUSA

Kaniok I'. M. — n-p TexH. Hayk, npodeccop, 3aBeiyroumuii kadeapoil TEIUIOIHEPreTHKH U SHeprocOeperaroumyx TEeXHOIOIHH
YkpauHCKOH MHKEHEPHO-TIEarorn4eckoil akagemMuu, XapbkoB, YKpanHa.

Me3seps A. FO. — kaHA. TeXH. HayK, [OLICHT, JOLEHT Kadeapbl TEMJIO3HEPIeTHKH U SHEProcOEperarIinX TeXHOIOTHH Y KPanHCKO
HMHXEHEPHO-IIeJarorH4ecKoi akageMun, XapbKoB, YKpauHa.

KusizeBa B. H. — acniupanT kadepsl TEIIIO3HEPTreTHKH U HEProcOeperaronmx TeXHOI0rui YKpauHCKON HHKEHEePHO-TIeJarornuecKoi
akajemMuu, XapbKoB, YKpauHa.

Xopomyn JI. M. — acnupadT Kadeapsl TEIJIO3HEPTeTHKH W HEProcOeperarolux TEXHOIOTHH YKPAWHCKOHW HHXEHEPHO-
MeJaroruueckoi akagemMun, XapbKkoB, YKpauHa.

®ypcoBa T. H. — noueHT kadeapbl TEIUIOIHEPreTUKU U SHEpProcOeperaronmx TeXHOIOrHH YKpauHCKOH MHKEHEPHO-IIeJarornuecKoi
akazeMun, XapbKoB, Y KpanHa.

AHHOTAIUA

[IpetoxkeHbl METOABl CHHTE3a IPELU3HOHHBIX IEKTPOTHIPABIMYECKUX CHCTEM YIPABIEHHUS C HUCIOIb30BaHUEM IPUHLUIA
MyJIbTUIUIMKANWH. Vcronp3oBaHMEe MNpUHOMNA MYJNbTHIUIMKAIIMMA  TIO3BOJSIET  CO3[aBaTh KOMIIAKTHBIE CHCTEMBI  YIPABJICHHS
TEXHOJIOTUYECKUMH 00BEKTaMH1, 00J1aJal0T BEICOKMMH MOKa3aTeIIMH TOUHOCTH M OBICTPOJICHCTBUSL.

PaccmoTpena 3amavya co3gaHus YHUGHULIMPOBAHHOIO 0a30BOTO NPOrpaMMHO-TEXHHMYECKOTO KOMIUIEKCA Ul NMPELU3HOHHBIX CHCTEM
aBTOMATHYECKOI'0 PEryJIMPOBAHMS M YIPABICHHS IPOU3BOJIBLHBIM TEXHOJIIOTHYECKUM OOBEKTOM.

Ha ocHoBe 5((EKTUBHBIX METOIOB COBPEMEHHON TEOPHU ONTHUMAIBHOTO YIPABICHUS pa3pabOTaHbl alrOPUTMBl YIPaBICHUS,
obecreyrBaoIIne MAKCUMAIbHYI0 KOMIICHCAIMIO BCEX BUIOB CTATUCTHYECKHX U TMHAMHYECKHX OLIMOOK YIPaBICHHMS.

O0beKT HCCIe0BAHMSI: CUCTEMa aBTOMATHYECKOTO PpEryJMpPOBAHUS IPOU3BOJIBHBIM TEXHOJOTHYECKHMM OOBEKTOM ITOBBILICHHON
TOYHOCTH.

IIpenMer uccle0BaHUS: TIPOLIECCHI 00ECTICUEHHUS TOYHOCTH M OBICTPOJICHCTBUS CHCTEM PEryJIMPOBaHUSL.

Leab: co3gaHus IPOrPaMMHO-TEXHMYECKOTO KOMIUIGKCA, Ul  INPEHU3HOHHBIX CHUCTEM PEryJHpoBaHUS M  YIPaBJICHUS,
00ecreunBaoIIero BHICOKUE TOKa3aTeld TOYHOCTH M OBICTPOJICHCTBYS, HA OCHOBE N1apaMETPUUECKOr0 CHHTE3a U UCIOJIb30BaHUS METO/0B
MYJIbTUILTIKALIUH.

AKTYalIbHOCTb.  AKTYalbHOCTh  PabOThl  O0yCIOBJICHAa HEOOXOJUMMOCTBIO  IIOBBIMICHHUS TOYHOCTH CHCTEM  YIPaBJICHHUS
TEXHOJIOTHUECKUMH 00BEKTaMU M pa3pabOTKU MPOrpaMMHO-TEXHHUYECKOTO KOMILIEKCA JUIsl 9THX CUCTEM.
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Metoa. B pabore HCHONB30BAIKCH METOABI ONTHMAJIBHOTO YIPABICHHS, METOIbI CTPYKTYpHOrO cuHTe3a. /sl MOATBep)KACHHS
JIOCTOBEPHOCTH Pa3pabOTaHHBIX MOZEJICH M NPHHIIMIIOB, HCIOJIB30BAJICS METOJI SKCIIEPUMEHTATIbHBIX HCCIESI0BaHUN HA Oa3e NeHCTBYIOIETo
000pyI0BaHHs UCTIBITATENBHBIX CTEHAOB. JJIs 0Tia/ika SKCIIEPUMEHTAIBHOr0 00pasia 6a30BOro MPOrpaMMHO-TEXHUYECKOT0 KOMIUIEKCa JUIst
WCHIBITAHUH TOJIIMITHUKOB CKOJBXXCHUS JIBUTATelIeld BHYTPEHHETO CrOpaHMs HCIIOJIb30BAIOCH MAaTeMaTHYECKOe HMMHUTAI[IOHHOE
MOJIETIMPOBAHKE JIEKTPOTHIPABINIECKOr0 MpHUBoJa. {1 CHHTe3a NPEIM3NOHHOTO PETYIATOPA UCIOIb30BAJICS METO My IbTHILTUKAIIAH.

Pesyabrarnl. Pa3spabotan psg TumopasmepoB ObicTpopeicTByrommx mpeiu3uoHHbix JI'CC Ha 0a3e  HEHNOJIHOMOBOPOTHBIX
THAPOJBUraTenell ¢ Juana3oHoM KpyTamux MoMmeHToB 10 40 kHwM, oGecriednBaomux BOCIPOMU3BEICHHE B CIEISIIEM PEXHUME 3aJaHHBIX
BXOJHBIX BO3JEHCTBHI C moiocoil npormyckanus 10 20 ', TOYHOCTBIO MO3MIMOHUPOBAHUS 10 OJHOW YIJIOBOW MHHYTHI M Hara3oHOM
perynupoBaHus 10 10*. Ha 6aze paszpaborannbsix I'CC co3naHbl M JOBEACHBI 0 MPAKTHYECKOTO HCIOJIB30BaHUSI aBTOMAaTH3UPOBAHHbIC
MMHTAIMOHHBIC TUHAMHYECKHE CTEH/IBI ISl UCIBITAHKMS CUCTEM HaBeIeHUs MOOMIbHBIX 00bekTOB (3akasuuk — [IHUWUXM, r. Mocksa) u
JUISl MCTIBITaHUs Noityocei TpaHcMuccuit (3akazuuk — AO «KamA3», r. HabGepexxnsie Yennsl). Ha ocHOBe pe3yinbTaToB BBIIIOJIHEHHBIX
HCCIIeNIOBaHUil  co3maH  0a30BBI  IPOrpaMMHO-TEXHHUYECKUH  KOMIUIEKC Ui HCIBITATENIbHOTO  O0OpYNOBaHHS — MPEANPUSITHH
CeNTbCKOXO035CTBEHHOW, aBTOMOOWIIBHONH M APYTHX OTpacield mpombinuieHHOCTH. CHHTE3MpOBaH OBbICTPOJICHUCTBYIONIMIA MPEIU3HOHHBIN
PEryJsTop KOHTYpa YNpPaBICHHUs IOJOKEHHEM PEryJUPYIONMX KIAalaHOB MapoBOH TypOMHBI, 0OECHedYMBAIOIIMA KOMIICHCAIMIO BCEX
OCHOBHBIX BHJIOB CTAaTHYECKUX U JMHAMHYECKUX OLIIMOOK U Oojiee 4eM JIBYKpaTHOE MOBBIIICHNE OBICTPOAECHCTBHUS 110 CPABHEHHUIO C 0a30BBIM
BapUaHTOM IIPU COXPAHEHHH JOMYCTHUMBIX 3allacOB YCTOWYMBOCTH (pe3ynbTaThl pabOT HCIONB3YIOTCS B IEPCIEKTHBHBIX IMPOSKTaX
T'ocynapcrBenHoit sHepreTudeckont kommnanuu «Llentpanepro», HADK «Dueproatomy, a taxke B MI'Tl «MucTuTyT npobiaeM ynpaBieHus
HAH VYxpauns».

BeiBoabl. IlpemnoxeHpl NpakTHYeCKHE HHXEHEPHBIE METOAMKH CHHTe3a 3((EKTHBHBIX 3aKOHOB YIPABICHUS INPENN3MOHHBIMU
JNIEKTPOTHPABINICCKUMH CHCTEMaMH, a TakkKe Psil 3P(EKTUBHBIX PEryISTOPOB, 00SCHEUNBAIOIINX BBICOKHE XapaKTEPUCTHKU TOYHOCTH U
obicTposeiicTBus. TIpenoxkeH MPUHIUI MYyJBTUILIMKATUBHOTO YIPABJICHHUS, IMO3BOJISIONIMI CHHTE3UpOBaTh 3((GEKTHBHBIC aJTOPUTMBI
YIpaBIICHUS OT/CIBHBIMH, aBTOHOMHBIMH, TIOJIHOCTBIO YIIPaBIsieMbIMH U HaOitogaeMbiMu KoHTYpamu DI'CI1 Ha OCHOBE MaTeMaTHYeCKHX
Mozeneil TpeTbero nopsaka. Jlisi BBIIEJICHHBIX aBTOHOMHBIX KOHTYPOB YIPaBJICHHS IOJIy4eHbI d(P(EeKTHBHbIC 3aKOHBI YIPaBJICHUS Ha
OCHOBE METOJIOB MOJJILHOTO YIPABJICHHs M pelleHHs 0OpaTHBIX 3a1ay AUHAMUKH. B MpemIo)KeHHBIX METOAMKaX CHHTE3a YYTEHBI, TIpU
MOMOIIM METOJa T'apMOHMYECKON JIMHEApU3allui, PEallbHble HEJMHEHHbIC XapaKTCPUCTUKH OTPaHMYCHHUS MOIIHOCTH YINPABISIOLIErO
CHTHaJIa, YTO IO3BOJIIECT ONPENCNSATh pealbHBIC pAIMOHAIBHBIC COOTHOLICHUS ITApaMETPOB DETyJSTOPOB W pPEAIbHBIE IpEleIbHbIC
TIOKa3aTeN TOYHOCTH WM OBICTPOAEHCTBHS, a TAaKXKe IPENOTBPAIlaTh BO3HUKHOBEHHE HEXETATEIBHBIX aBTOKOJIEOATENbHBIX PEXUMOB B
cucremax. C LIeJIbI0 yMEHBILIECHUS KOJIWYECTBA U3MEPSEMBIX MAapaMeTPOB, UCIOJNB3YEMbIX MPU (HOPMHUPOBAHUM TPEITIOKEHHBIX 3aKOHOB
YIpPaBJICHUs], HA OCHOBE W3BECTHBIX OOIIMX NMPHUHIMUIIOB CHHTE3a HAONIOAAIONIMX YCTPOWCTB MACHTH(HUKALMU MOJIydEHbl YHHBEpCaJIbHbIC
CTPYKTYpPBHI ¥ (OPMYJIBI JUI pacdeTa MapaMeTpoB STaJOHHBIX MOEIel aBTOHOMHBIX KOHTYpoB ympaieHus DI'CC. YcoBepiieHCTBOBaHa
METO/AMKA aBTOHOMHBIX HCIBITAHMH M oTiaanku cucteMmbl ynpasineHus OI'CC ¢ mcmonb3oBaHMeM 3J1eKTpoHHOro mmuraropa OI'MM,
MO3BOJISAIONIAs CYLIECTBEHHO COKPATUTh 3aTPaThl BDEMEHH U CPEZCTB HA CO3/1aHHE U JOBOAKY KOMIUIEKCHON CHCTEMBI.

K/IFOYEBBIE CJIOBA: yuu¢ukanus, 31€KTPOrHIpaBIMYecKHe IPHBOJbI, CHCTEMbl aBTOMATHYECKOTO YIIPaBJICHUs, TOYHOCTh
peryanpoBaHus, OBICTPOAEHCTBHUE, AITOPUTMBI YIIPABIICHHS.
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