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Abstract. The research of the last century revealed a wide variety of dynamics of nonlinear systems and led to one
of the most important discoveries of the twentieth century in nonlinear dynamical systems — deterministic chaos and
a strange attractor. An urgent problem in the conditions of uncertainty of the parameters of the control object and
external influences, for the management of unstable and deterministic chaotic processes is the use of adaptation
methods. At the same time, the reference model with the desired dynamics and the main control loop of the adaptive
system are constructed in the class of «Dovetail» catastrophes, and the aperiodic robust stability of the reference
model with the desired dynamics and the main control loop of the adaptive system with an increased potential for ro-
bust stability is investigated by the gradient-velocity method of the Lyapunov vector functions. From the conditions of
aperiodic robust stability of a generalized tunable object, the tunable coefficients are calculated and the control goal is
achieved. The solution of the problem of synthesis of the main contour of the adaptive control system of unstable and
deterministic chaotic processes with m — inputs and n — outputs in the class of «Dovetail» catastrophes is proposed.
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Introduction

Currently, it is generally recognized that real
control objects are nonlinear and deterministic cha-
os with the generation of a «strange attractor» is an
internal property of any nonlinear deterministic dy-
namical system [1]. In linearized dynamical systems,
this manifests itself as a loss of robust stability.

Synthesis of the main contour of the adaptive
control system for unstable and deterministic chaot-
ic processes with known parameters is inextricably
linked with ensuring stability, robustness and qual-
ity of control. In adaptive control systems, external
influences are compensated, i.e. the control system
becomes invariant with respect to external influenc-
es [2], and the choice of a reference model with the
desired dynamics and synthesis of the main control
loop in the class of «swallow tail» disasters provides
robust stability, and the desired dynamics of the ref-
erence model, the study and synthesis of all adaptive

control subsystems, by the gradient-velocity method
of the Lyapunov vector functions [3] guarantees ape-
riodic robust stability of systems of a given control
quality.

The problem of synthesis of the main control loop
with known values of the parameters of the control
object is solved by the gradient-velocity method of
the vector of Lyapunov functions [4].

Methods based on the application of Lyapunov
functions are the main ones in the research and syn-
thesis of adaptive control systems. But at present,
these methods serve only as a tool for theoretical re-
search and cannot provide answers to the basic ques-
tions of research and synthesis of adaptive regulators
in real conditions. The main obstacle in this case is
the lack of a universal approach to the construction
of Lyapunov functions.

In this paper, a dynamic system is represented as

gradient systems, and Lyapunov functions as poten-



374

B Tpyabl yHuBepcuteta N22 (91) - 2023

tial functions [5], this allows us to write:

de' __ 3V
dt ori’

1=1,..,n.

The application of these relations and Morse's
lemma from the theory of catastrophes makes it pos-
sible to construct a set of Lyapunov functions and
solve synthesis problems with known values of the
parameters of the control object.

Feedback gain coefficients are calculated from the
conditions of aperiodic robust stability of the refer-
ence model with the desired dynamics and the main
contour of the adaptive control system for unstable
processes.

Methods and results of the study

1. The problem of synthesis of the main contour
of an adaptive control system for unstable and deter-
ministic chaotic processes in the class of «dovetail»
catastrophe functions for a system with m-inputs and
n-outputs is considered. The problem is solved under
the assumption that the parameters of the control ob-
ject are known and equal to the same parameters of
the reference model.

Let the control system of m inputs and n outputs
be described by the equation of state in standard
form:

9T — pr+ Bu. 1)
where x(t) €R" vector the status of the control sys-
tem, u(t)€R™ vector functions of management, and
A€ R"" matrix of the control object of dimension n *n,
BeR™" the control matrix of dimension m * n.

Let the matrices A and B have the following form:

QA3 ...4, bno 0...0
A2 QA3 . . . A2, 0 b-0...0
A= A3 A3 33 ... A3, ||, B=|00 b350
o oy oy - oy, 000...0,

The control law is given in the form of three-pa-
rameter structurally stable maps (dovetail catastro-
phes) [9, 10, 11]:

1 J_L 1,.3
3I€i$[

w=tal — Sk R, = L (2)

The system (1), taking into account the control
law (2), is written in an expanded form.

(fiazl =—%bnxf—%bllkfzf—%bukfxf—l—

+(buki tan) o+ apm +, ...+ amxu,

B i~ bud — bkl — S bukiai +

+(baoks + an)zy+, ..., + Qo 3)
g T am T et %bmzi -

— bkl = S bkl + (buki+ )z,

The steady states of the system (3) are determined
by [10, 11, 12]:

2.=0,25=0, .., 25 =0, 4)

Tis = 4\/W ki = 6<1\/W>3’ (5)
k= Sk +ai=1,

2. Study of the stability of the stationary state (4).
From the equation of state, we determine the compo-

nents of the gradient vector of the Lyapunov vector
function V(z)=(Vi(x), Va(x), ..., V.(x)) [6, 12, 16]:

Vulz) _ Vi(x) _ oVi(x) _

axm =7 Galy, 8.’132 = Qo 81} -
= Lha+ Shklal + S bkia — (bki+a)z,  (6)
Vilz) _ BW(I)

T, Qi1 Tty oo~ g0 = Quln, 1= 1,.

From (3) we determine the components of the de-
composition of the velocity vector by coordinates [6]:

(42) = 0t (22) = .o (22 =3

bt = Ebiklal — Shkial+ bk )@, (7)
dx; _ drs\ _ .
dt - = Qii+1Ti+1, T 5 = AinTpy 1 — 1,-~-,7L~

We calculate the full time derivative of the Lya-
punov vector function as the scalar product of the
gradient vector (6) by the velocity vector (7) [6, 12]:

dviz) oV.(x) (dx) | _
: _Z< o; (dt >>—
:2—((11’13?1)2_((11‘2%‘2)2—, _<%bﬁzf+ (8)

— (buki+ aﬁ;)mi).

It is obvious from (8) that the total time deriva-
tive of the Lyapunov vector function is guaranteed to
be a sign-negative function, i.e. a sufficient condition
for asymptotic Lyapunov stability for system (3) is
guaranteed to be fulfilled. Using the gradient of the
desired Lyapunov vector function (6), we construct
the vector of the Lyapunov function in scalar form:

V(2) = 55bua! + 1y buklai + g bukizi -

%bul'l %(bn :
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The conditions of positive or negative definite-
ness of function (9) are not obvious, so we will use
Morse's lemma from the theory of catastrophes.

And we can represent it in the form of a quadratic
form:
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It should be noted that when the system of in-
equalities (11) is fulfilled, the stationary state (4) will
exist and is stable. Under the conditions of violation
of these inequalities (11), a new stationary state (5)
appears. The stationary state (4) and (5) do not exist
at the same time. It is proved by the results of the the-
ory of catastrophes that the stationary state (5) exists
and appears with the loss of stability of the stationary
state (4). Such a remarkable property of structurally
stable maps from the theory of catastrophes is used to
expand the field of robust stability of the control sys-
tem under conditions of parametric uncertainty [7].

3. We investigate the stability of the stationary
state (5) by the gradient-velocity method of the vector
of the Lyapunov function. For the study, the system
(3) is represented in deviations relative to the station-
ary state (6):

Uiy Ry
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The stability of system (12) is investigated by the
gradient-velocity method of the Lyapunov vector
function. To do this, we define the components of
the gradient vector from the Lyapunov vector func-
tion V(X)[[=(V_1 (x),V_2 (x),...,V_n (x)) (") from the
equations of state (12):

Vilz) _ Vp(z) _ Vi(x) _

o, =7 Qal, o5 =T Ay ..., o =
- Lb-- sp i

5 i L i 4 X 4 (13)
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From (12) we determine the decomposition of the
components of the velocity vector by the coordinates
of the system:

dr:\ _
dt B = an, dt 5 Qia T2y ey
<d$1> __l ')_b 4 bnk?-‘ran 4
dt ), =7 Ehl by R
3 3
_24 b'iiki4+ Qi 3 6(4 buki4+ Qi ) 2 (14)
bk =) a,

= CL[_HL.THM...,( di ) = AinTn, 1= 1,...,”.
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The total time derivatives of the Lyapunov vector
function are calculated as the scalar product of the
gradient vector (15) by the velocity vector (14):

dV(z) _ (< 9V.(2)
ﬁjzzxz mf<m»

i=1 1

= Z{ 0,711‘1 an.Tz) -
3 3
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3
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It is obvious from (15) that the total time deriv-
ative of the Lyapunov vector function is a sign-neg-
ative function. Using the gradient of the Lyapunov
vector function (13), we construct the Lyapunov vec-
tor function in scalar form:

- 1 1 [ bik? + a: 1
V(z)= ; 30 bzzxzﬁ +§bi7‘ 4 a 325 +§bii X
3 Tkt a, V
X D g (B G Ypi Dox (16)

<k3 Z;’ ) P — %a,ﬂ% - %aigxsz — ey — %amxﬁ.

Function (16) vanishes at the origin, is a contin-
uously differentiable function and has terms in the
form of variables with odd degrees, i.e. the conditions
of positive certainty are not obvious. Therefore, based
on Morse's lemma from the theory of catastrophes,
we represent function (16) in the form of a quadratic
form:

V(.T) = %[(bukf + au) + o — s ey — dnl]l'iz +
5[+ (baki + )= an——anlii+  (17)
+,..., + %[_aln T Qon T A3n Ty ey + (bm:kz + am,)]xi.

From (17) the positive definiteness of the vector
of the Lyapunov function (the conditions for the ex-
istence of the Lyapunov function) are given by the
inequalities:
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3
buki — an— an — ax Ty Qu >0
3
byks — a1y — a2 — A32 ™ 5oy = Ap2 >0
3
basks — i3 — Qo3 — Q33— ey — Qa3 > 0 (18)
3
bk — o — Qo — Q3= 5oy = @ > 0.

Thus, the control system (3) ensures the stabil-
ity of the system under any changes in uncertain
parameters.

When conditions (11) are met, a steady state (4)
exists and will be stable. If the system of inequalities
(11) is violated, a new stationary state (5) appears and
this stationary state exists and is also stable when the
system of inequalities (18) is fulfilled.

4. The study of the reference model of a self-orga-
nizing adaptive control system by the gradient-veloc-
ity method of the Lyapunov vector function allows
us to obtain areas of aperiodic robust stability in the
form of

—(di+an+an+,..,+an)>0
—(di+ab+ap+,..,+an) >0

19)
_(d;?+af;ll+axl+""; +a;n*ln) > 0,
(di—akt—aii—,...,—an)>0
(d—ap—ap—,...,—an) >0

(20)
(d—at—an—,..,—al.,) > 0.

Equating the left parts of equality (11) and (19) or
(18) and (20), we obtain for the adjustable coefficients
of the self-organizing adaptive control system.
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Conclusion

It is now generally accepted that real control ob-
jects are nonlinear and deterministic chaos with the
generation of «strange attractors» is an intrinsic prop-
erty of any nonlinear deterministic dynamical sys-
tem. In linearized dynamical systems, this manifests
itself as a loss of robust stability.

In the conditions of uncertainty of the parameters
of the control object and external influences, the actu-
al problem of managing unstable and deterministic
chaotic processes is the application of the adaptation
method. In adaptive systems, external influences are
compensated, and the construction of a reference
model and the main control loop in the «dovetail»
disaster class allows you to control unstable and de-
terministic chaotic processes.

The boundary conditions of the aperiodic robust
stability of the reference model with the desired dy-
namics and the main control loop of the adaptive sys-
tem allow us to solve the problem of synthesizing the
main circuit of the adaptive system according to a set
of quality indicators, such as stability, robustness, os-
cillation, speed, lack of overshoot, static accuracy, the
desired type of transients in the system, etc.
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«Kapnviraw Kylipbifbl» anam KaadcbIHOAFbI MYPAKCbI3 #aHe 0emepMUHUpsaeH2eH Xa0MUKabIK npoyecmep ywiH
adanmuemi 6acKapy xylieciHiH Hezi32i mizbeziHe wiony 3 aHe cuHme3oey
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AHOamna. ©mkeH FacblipOaFsl 3epmmey Cbi3bIKMmblK eMec Hcylienep OUHAOMUKACbLIHbIH aayaH mypainieiH aHbIKmaodbl
Y3He CbI3bIKMbIK eMec OUHAMUKAbLIK Hcylienepoeai XX FacoipObiH MAaHbI30bl HAHAAIKMApPbIHbIH 6ipi — demepMuHU-
CMIK Xa0C rneH ofaw mapmkKbIWKa aKen0i. backapy obvekmiciHiH napamempsepi MeH CbipmKbl acepsepoiH besneicizoi-
2i #earoalibiHOa MypaKcobi3 ¥aHe demepMUHUCMIK XaoMuUKanelK rnpouecmepdi 6ackapy ywiH 6eliimoeny adicmepiH
KondaHy e3zekmi macese 60sabin maboianadsl. COHbIMEH Kamap, Kaxemmi OUHAMUKACbl 6ap aHbIKMAMarsblK Mooeslb
MWaHe adanmuemi ucylieHiH Heaizei backapy mizbeai anammap KaacbiHOa Kypbinadsl, aa Kaxemmi OUHAMUKAckl 6ap
QHLIKMAMarnblK MoOensliH anepuodmel POOACMUKA/LIK MYPAKMbIAbIFEl HIHE POOACMUKAALIK MYypPaKMblablKMblH
YOFapbl nomeHyuanel bap adanmusemi xcylieHiH Hezizei 6acKapy mizbeai epadueHm-xcblA10amobIK JIanyHo8 hyHKUU-
ANApPbIHbIH 8EKMOpPbI 30icimeH 3epmmenedi. KannelnaHFaH pemmenemiH 06beKmiHiH anepuodmelk pobacmMuKanelk
MypaKkmelabiK WapmmapblHaH pemmesnemiH KoagguyueHmmep ecenmesnedi ¥aHe 6acKapy MaKCamelHa Ko xem-
Kizinedi. «Kapaeraw KylipbiFel» anam KAacblHOGFel m-Kipicmepi MeH n-wblFbicmapel 6ap mypakcel3 #aHe demepmu-
HupneHz2eH xaomuKanelk npoyecmepdi adanmuemi 6ackapy #cylieciHin Hezizei mizbeziH cuHme3oey maceneciHe weuwy
YCbIHbINAObI.

Kinm ce3dep: adanmusmi, demepMuHUCMIK XA0C, KapabiFaw KyUpbifsl, CUHMe3 KOHMypbl, pobacmelK mypakmeissik,
uHBapuaHMmMeI, 2padueHm xcylieci, CKaaap HyMbicC, anam meopuanapsl, CMamuKasiK 0310iK, meHciz0ikmep xcylieci,
OUHAMUKanbIK xcylienep.

063op U CUHMe3 OCHOBHO20 KOHMypa adanmueHoli cucmembl ynpaesneHua HeyCI'nOﬁHUSbIMU
u aemepMUHUPOBGHHbIMU Xxaomu4yeckumu npoyeccamu 8 Ksnacce Kamacmpoch «/lacmo4KuH xeocm»
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AHHOMayus. ViccnedosaHua nocsnedHe20 cmosaemus 8ola8unau 6onswoe pazHoobpaszue OUHAMUKU HesnuHelHbIX cu-
cmem u ripusenu K 00HOMYy U3 8axcHeliwux omkpoimuli XX eexka 8 HenuHeliHbIx OUHAMUYeCKUX cucmemax — demepmu-
HUPOBAHHOMY XAQ0CY U CMPAHHOMY ammpakmopy. AKmyaneHol npobaemol 8 ycaosusax HeonpedeneHHOCMU napame-
mpos o6vekma ynpasaeHusa u sHewHux go3delicmeull 048 ynpasneHUs HeycmolyussiMu U 0emepMUHUPOBAHHbIMU
XaomuyecKuMU Npoyeccamu Asaaemcs npumeHeHue memooos adanmayuu. 1pu 3mom 3manoHHAs Modesb ¢ Henae-
moli OuHamukol u 0CHOBHOU KOHMYp yrnpassaeHUs adanmueHol cucmembl CMmpoumcs 8 Kaacce Kamacmpod «/lacmoy-
KUH x8ocm», a anepuoouveckas pobacmHas ycmoliyusocmes smasnoHHol modenu ¢ yenaemoli OUHaMUKol U 0OCHOBHOU
KOHMyp ynpaesneHuUa adanmueHol cucmems! C Mo8blWeHHbIM nomeHyuaaom pobacmHol ycmoliyusocmu uccnedy-
emca 2padueHMHO-CKOPOCMHbIM MemoOom 8ekmopa yHKyul JlanyHosa. U3 ycaosuli anepuodu4veckoli pobacmHol
ycmoliyusocmu 060bweHHo20 Hacmpausaemo2o 06vekma 8bI4UCAAMCA Hacmpausaemble KoagguyueHms! U 0o-
cmuzaemcs yene ynpasneHus. [pedanazaemca peweHue 3a004u CUHMe3a OCHOBHO20 KOHMYpPA cucmemMsl d0aIMuUBHo-
20 ynpasneHuUs HeycmoUlyusbiMu U 0emepMUHUPOBAHHbIM XA0MUYECKUMU MPOYeccamu ¢ m-exo0amu U N-8b6IX00aMU 8
Knacce kKamacmpog «/1acmoYKuH xeocm».

Kntouesvble cno0ea: adanmuegHsili, 0emepmuHUpo8aHHbIl Xaoc, 1aCMOYKUH X80CM, CUHMe3 KOHmMyp, pobacmHas ycmoli-
4YuBOCMSb, UHBAPUAHMHDIU, 2pAdUeHMHAA cuCmemMa, CKanAapHoe npoussedeHue, Meopus Kamacmpogp, cmamu4eckas
MOoYHOCMb, cUCMemMa HepaseHcms, OUHAMUYECKUE CUCMeMbl.
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