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Abstract

One of the most promising ways to solve the problem of control in the conditions of uncertainty of the
characteristics of the control object and external influences is the use of adaptation methods. The article proposes to
investigate the asymptotic robust stability of the reference model with the desired dynamics, using the gradient-velocity
method of the Lyapunov vector-function. Considering control systems as gradient systems, and Lyapunov functions as
potential functions allowed us to develop a universal gradient-velocity method of the Lyapunov vector-function, which
allows to investigate the aperiodic robust stability of the reference model by the desired dynamics.
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BIP KIPIC )KOHE BIP IIBIFbICHI BAP OBBEKT YIIIH AJIAITUBTI BACKAPY ) KYWECIHIH
3TAJOHABIK MOJEJIIH TAHIAY

Backapy 0OBeKTiCiHIH cHIaTTamManapbl MEH CHIPTKBI dcepiepaiH OeNTici3iri skarmaimapeiHaa O0ackapy MoceleciH
LICHIYJIH €H NEepPCIEKTHBTI 9iCTepiHiH Oipl — ajanTaius SAICTEpiH KoiJaHy. Makalaja KaXeTTl JMHAMUKachl Oap
STATOHBIK MOJIEIB/IIH ACUMITOTHKAIBIK POOACThl OPHBIKTHUIBIFBIH JISSTYHOBTBIH TPaJUEHTI-KbUIAAMABIKTBIK BEKTOP-
(GYHKIMACHL TOCUTIMEH 3€pTTey YChIHBbUIABL. backapy jKyleciH rpaJMeHTTIK Kyienep periHze, an JIsSmyHOBTBHIH
GYHKIMSATAPHIH MOTEHIMAIABI (YHKIUSUIAD PETIHAE KapacThlpy JSTATOHIBIK MOJACIBIIH alepUOATHIK POOACThI
OPHBIKTBUIBIFBIH ~ KOKETTI JMHAMHKaMEH 3epTTeyre MYMKIiHAIK OepeTiH om0Oeban JISIyHOBTBIH TpajUeHTi-
KBULAAM/IBIKTBIK BEKTOP-(QYHKIHMSICHI TOCUIIMEH Kacayra MYMKIHIIK Oep/i.

Tyiiin ce3nep: aganTuBTi Oackapy, JIIyHOBTBIH IpaHeHTI-KbULAaMABIKTBIK BEKTOP-(YHKIHSCH Tociii, Oip Kipici
XKoHe Oip IIBIFBICH 6ap 0OBEKT.
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OJJHUM BXOJ10M U OJHUM BbIXOJOM

1

OpmHuM n3 Hambonee MEPCHEKTHUBHBIX ITyTeH pemieHus] mpoOJeMbl yIpaBieHHs B YCIOBHAX HEOIPEAETICHHOCTH
XapaKTepUCTUK OOBEKTa YNPABICHHUS M BHEIIHUX BO3JCHCTBUI SBIISCTCS NMPHUMEHEHHE METOJIOB ajanrtanuu. B crarbe
IIpe/sIaraeTcs UCCle0BaTh aCUMIITOTHYECKOI poOacTHOM yCTOMYMBOCTH 3TAJIOHHON MOJENH C JKeJIaeMON AMHAMUKOM,
I'paJIMCHTHO-CKOPOCTHBIM ~ METOZIOM  BeKTop-¢yHKimH JlsnyHoBa. PaccMoTpeHHe CHCTEMBI YIpaBJICHHS Kak
rpajMeHTHbIE CHCTeMBbl, a ¢yHKOuHA JlgnyHoBa, Kak mOTeHUMalbHblE (QYHKIMHM II03BOJMIIO pa3paboTaTh
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YHHUBEPCAJbHBIN TPaIMCHTHO-CKOPOCTHOW METOJ] BeKTOp-QyHKIUH JIAMyHOBa, KOTOPBIA MMO3BOJSIET HCCIIEIOBATh
anepuoaNuecKoi po6acTHON yCTOMYMBOCTH ATATIOHHON MOJIENH YKeNaeMOi THHAMUKOM.

KiroueBble cJI0Ba: aanTHBHOE YIIPaBICHHUE, TPAJUCHTHO-CKOPOCTHOM MeTOo T BeKTOp-pyHKIMH JIsmyHOBa, 00BEKT
C OHUM BXOJIOM U OJTHUM BBIXOJOM.

Introduction

The current fourth industrial revolution involves the widespread creation and use of automatic and
automated control systems. Automatic control systems (ACS) are used in almost all branches of production
and technology: in mechanical engineering, energy, electronics, chemical, biological, metallurgical and
textile industries, transport, robotics, aviation, space systems, high-precision military equipment and
technology, etc. However, to solve a wide range of applied problems, traditional methods of designing and
researching ACS, which require knowledge of an adequate mathematical model of the object, are
unacceptable. The higher the quality of traditional (non-adaptive) control methods, the more a priori
information about the object itself and the conditions of its functioning. In practice, it is quite difficult to
provide an accurate mathematical description of the control object. Moreover, the characteristics of the
object and external influences in the process of functioning can change significantly. Under these conditions,
traditional methods are often not applicable or do not provide the required quality of the automatic control
system.

One of the most promising ways to solve this problem is the use of adaptation methods. In adaptive
control systems, external influences are compensated, i.e. the control system becomes invariant with respect
to external influences, and information about the object is collected during operation, immediately processed
and used to generate control actions. This allows it possible to improve the quality of control under
conditions of uncertainty of the parameters of the object and the operating environment.

We consider self- adjusting systems, where the structure of the control object is known and unchanged,
and the behavior depends on a number of unknown parameters. This problem is solved in the class of self-
adjusting systems (SAS), in which the structure of the regulator is set (pre-selected) and it is only necessary
to determine the algorithm for adjusting its coefficients (the adaptation algorithm).

SAS are divided into with search and without search. We consider SAS without search, where there is an
explicit or implicit model with the desired dynamic characteristics. The task of the adaptation algorithm is to
adjust the coefficients of the regulator in such a way as to reduce the mismatch between the control object
and the model to zero. Such control is called direct adaptive control, and systems are called adaptive systems
with a reference model.

Methods for the synthesis of adaptation algorithms are developing in several directions [4,5]: gradient
methods [4,5,6], methods based on the application of the Lyapunov function [4,5,6,7], methods based on the
theory of hyperstability [12], methods based on the organization of sliding modes [6], methods based on the
introduction of an “infinitely large” gain [8].

The synthesis of adaptation algorithms based on the gradient-velocity method of Lyapunov vector-
functions [1,2,3,9,13] in the framework of the method based on the application of the Lyapunov function is a
new scientific direction. The gradient-velocity method of the Lyapunov vector-function allows us to propose
a universal approach to the construction of the Lyapunov function. In this case, the control system is
considered as gradient systems and the Lyapunov function as potential functions from the theory of
catastrophes [10, 11], and the gradient condition of the control system allows us to uniquely and analytically
construct the required Lyapunov functions. The necessary condition for the existence of Lyapunov functions
corresponds to the asymptotic, robust stability of the ACS with the desired dynamics, and on this basis, the
main goal of adaptive control is always achievable.

This article is devoted to the formulation of the adaptive control problem and the study of the aperiodic
robust stability of the reference model of the system by the gradient-velocity method of the Lyapunov
vector-function.

Material and Methods
Let us consider a linear time-invariant control system [1,3,4]

X = Ax + Bu, (1)
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where x(t) € R™ — state vector of control object (CO); u(t) € R™ — vector of control, A € R™"™ matrix
of the control object, B € R™™ constant matrix of control. It is assumed that the entire state vector of
control object is available for measurement, thus y(t) = x(t).

The problem of CO provision with desired dynamics, which will be set by reference model, is also
considered

where x,,(t) € R™ — state vector of reference model; r(t) € R™- control input.

The reference model selection depends on requirements to closed system (transient response time,
overshoot period, steady-state error, etc.). Moreover, it must be stable i.e. suppose the reference model
should be aperiodic, robust and stable.

We formalize the control goal, by requiring that

tlim e(t)=0 3

where e(t) = x(t) — xp/(t) —system error (1) and (2).

Therefore, the problem of adaptive system construction with explicit reference model is set. We solve the

problem on the basis of direct adaptive approach. In accordance with two-level structure of SAS, the
problem will be solved in two steps: main circuit construction and adaptation circuit synthesis.

Results and discussion

Synthesis of the main circuit. To obtain the structure of the "ideal" regulator, we write down the equations
in deviations

€ =Aye+ (A—Ay)x + Bu— Byr, 4)
The condition for the decidability of equation (4) is
(A —Ay)x + Bu — Byr=0, (5)
With respect to u, € R™ for any x(t) € R™, r(t) € R™. this case, equation (4) will have the form
& = Apye, (6)
The control goal (3) is achieved when the conditions (5) and the aperiodic robust stability of the system
(6) are fulfilled.

The system (6) is investigated on the aperiodic robust stability by the gradient-velocity method of the
Lyapunov vector-functions [1,9,13], where

0 1 0 - 0
0 0 1 - 0
A — cee cen cee e cee
M 0 0 0 . 1
—dy —dpg —dpp —dy
System (6) is presented in an expanded form
(€1=2¢&
& =&
. cese (7)
lsn—l =é&n
én = _dngl - dn_lgz - dn_2€3, sy _dlgn

From equation (7), we determine the components of the gradient vector from the Lyapunov function

V(e) = (Vl(s), V5 (g), ... ,Vn(e)):
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From (7) we determine the components of the decomposition of the velocity vector by the coordinates of
the system (g4, -, &,):
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The total time derivative of the Lyapunov vector functions is defined as the scalar product of the gradient
vector (8) by the velocity vector (9)

av(e)
dts =—& - 53%—; o, —gh = (dng))? — (dpo18)?— (dy_p83)—, -+, —(d1&)?, (10)
It follows from (10) that the total time derivative of the Lyapunov vector-function is guaranteed to be a
negative function, i.e. the sufficient condition for asymptotic stability is guaranteed to be fulfilled.
The Lyapunov function in scalar form by components of the gradient vector (8) can be represented as:

1 1 1 1
V(e) = Ednef +-(dn-1— 1e? + ~(dn—2 — Dez+, ..., +-(dy — ez (11)
From (11) the condition of aperiodic robust stability of the reference model is obtained in the form
d,>0d,.,—-1>0d, ,—-1>0,..,di—1>0. (12)

The system of inequalities (12) is a necessary condition for the positive definiteness of the quadratic form
(12), i.e., the condition for the existence of the Lyapunov vector-function, and is a condition for the aperiodic
robust stability of the reference model by the desired dynamics. The reference model with the desired
dynamics is characterized by a set of quality indicators, such as stability, robustness, oscillation, speed, lack
of overshoot, static accuracy, the desired type of transients, etc.

Conclusion

The adaptive control system becomes invariant with respect to external influences, and information about
the object during operation is processed, and the system generates a control action. All this makes it possible
to improve the quality of management in the conditions of uncertainty of the parameters of the object and the
operating environment. The main methods of synthesis of adaptation algorithms are based on the
construction of the Lyapunov function. But at present, there are no universal approaches to the construction
of Lyapunov functions and, accordingly, methods for the synthesis of adaptation algorithms.
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Considering the control system as gradient systems, and the Lyapunov functions as potential functions,
allowed us to develop a universal gradient-velocity method of the Lyapunov vector function, which allows
us to study the aperiodic robust stability of the reference model with the desired dynamics. The reference
model can be selected based on a set of quality indicators, such as stability, robustness, oscillation, speed,
lack of overshoot, static accuracy, the desired type of transient processes in the system, etc.
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