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SYNTHESIS OF SELF-ORGANIZING CONTROL SYSTEMS IN THE CLASS
OF TWO-PARAMETER STRUCTURALLY STABLE MAPPINGS

Abstract

This paper presents a methodology for the synthesis of a self-organizing control system for a single-input
single-output object within the class of two-parameter structurally stable mappings. The proposed approach is
based on a Lyapunov framework using a gradient-type method applied to Lyapunov vector functions.
Conditions defining aperiodic robust stability of stationary states are derived for both the control system and
its corresponding model with prescribed transient characteristics. These conditions are formulated as parameter
inequalities that define admissible regions ensuring non-oscillatory convergence of system trajectories. The
obtained stability conditions are used to compute the controller coefficients, establishing a relationship
between system parameters and admissible stability regions. Simulation results show that the state trajectories
converge to the equilibrium point, while the control signal remains bounded. The transient response is well
damped and does not exhibit oscillatory behavior. The results demonstrate that the proposed approach can be
applied to the design of control systems operating under parametric uncertainty.

Keywords: self-organizing control systems, aperiodic robust stability, gradient-rate method of Lyapunov
vector functions.
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'JLH.I'ymunes ateinnarsl Eypasust yiTThIK yHUBEpCUTETI, AcTana K., Kaszakcran
2 Hoto-Mopk mraThiHbIH BHHreMTOHIaFB MEMICKeTTiK yHUBepcHTeTi, Bectan, Hero-Mopk k., AKIII
EKI HAPAMETPJII KYPBLIBIM/IBIK TYPAKTHI BEMUHEJEYJEP KJIACBIHJIAFbI
O3III'HEH YIBIMJIACTBIPBLUIATBIH BACKAPY KYWUEJEPIHIH CUHTE3I

Anoamna

Byn makananma eki mapameTpii KyphUIBIMABIK TYPakThl OeifHeneynep KIAchlHAArbl Oip KipicTi, Oip
HIBIFBICTHI KOHJIBIPFBI YIIIH ©31H-031 YIBIMIACTHIPAThIH OacKapy JKyiHeciH CHHTe3/Iey d/icTeMeci YCHIHBUIFaH.
¥YcbIHBUIFAaH Tocin JIAMyHOB rpaJueHTTi-KbUIOAMIBIKTHIK BEKTOP-(QYHKIMS 9IiCi apKbUIbl HETi3leJIreH.
CrauuoHapibIK KYHIepAiH aleprHOATHIK poOacTThl TYPAaKThUIBIFBIHBIH IIAPTTaphl Oackapy yiheci yuIiH ae,
OepiireH eTmeni cumaTramanapbl 0ap colikec MOJeNb VINIH Je alblHABL. byl mapTrap xyieHiH
TPaeKTOPHsUIAPBIHBIH TepOeIMelli eMec KOHBEPreHLMSIChIH KAMTaMachl3 €TIETIH PYKcaT eTUIreH aiiMakTapbl
AHBIKTAUTBIH MapaMETPIIiK TEHCI3MIKTEp TYPIHAEC TYKbIpbIMIaNFaH. AJbIHFaH TYPAKThUIBIK IIapTTaphl Kyie
napameTpyiepi MEH pyKcaT eTUITeH TYPaKTBUIBIK aiMaKTapbl apachIHIarbl OaiIaHBICTBI OpHATa OTBHIPHIIM,
KOHTpoJiep KO3 (UIMEHTTepiH ecenTey VINH KOJJAaHbUIaAbl. Mojenbaey  HOTIKeNepl  KyH
TPACKTOPHSUIAPBIHBIH TeTe-TeHIK HYKTECiHe KaKbIHIAWTHIHBIH, al 0acKkapy opeKeTi IIeKTeyJi OOJbII
KaJIlaTBIHBIH KepceTeai. OTmesni Mmpolece COHIN Kajaabl jkKoHe TepOeiMesi cumar KepceTmewsi. AJIbIHFaH
HOTHIKEIIEp YCHIHBUIFAH TOCUIl MapaMeTpiiK OeNrici3 ik KaFIaiblHIa dKYMBIC ICTEUTIH Oackapy Kyienepin
xobanayaa THIMII KolJaHyFa O0JaThIHBIH KepceTe .

Tyiiin ce3nep: O3iH-631 YHBIMAACTHIPBUIATHIH OacKapy >Kyhenepi, anepuoaTsl poOacTTsl TYPaKTBUIBIK,
JISITyHOBTBIH TPaJMEHTTi-)KbULIAMIBIKTHIK BEKTOP-QYHKIIHS 9JIiCi.
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CHUHTE3 CAMOOPI'AHM3YIOIIUXCSA CUCTEM YIIPABJIEHUS B KJIACCE
JIBYXITAPAMETPUYECKUX CTPYKTYPHO YCTOMYHUBBIX OTOBPAKEHUI

Annomayus

B nanHO# cTaThe IpeacTaBieHa METOOJIOTHS CHHTE3a CAMOOPIaHU3YIOLICHCSl CUCTEMBI YIIPABICHUS IS
00BbEKTa C OJHMM BXOIOM M OJHHUM BBIXOZOM B KJIAacC€ IBYXIApPAMETPUUECKUX CTPYKTYPHO YCTOMUMBBIX
oroOpaxenuil. [IpeanoxeHHBIH MOAXOA OCHOBaH Ha TPAJUEHTHO-CKOPOCTHOM METOAE BEKTOp (YHKLUI
JIsmyHoBa. BriBeZieHbI yCIOBUS allepHOAMYECKON POOACTHON yCTOMYMBOCTH CTAIIMOHAPHBIX COCTOSHUN Kak
IUIL CHUCTEMBl YIPAaBJIEHHMs, TaKk W Ui COOTBETCTBYIOLICH MOIEJN C 3aJaHHBIMH HEPEXOIHBIMHU
XapaKTepUCTUKaMH. DTH YCIOBUS CPOPMYITUPOBAHBI B BUIC TApAMETPHUCCKUX HEPABEHCTB, OMPEEIISIONINX
JOMYCTUMBIE 00JacTH, B Mpeaenax KOTOpbIX oOeclieunBaeTcsi HeKoneOaTenbHas CXOAMMOCTh TPaeKTOpUi
cucrembl. IlomydyeHHBIE YCIOBHS YCTOMUMBOCTH HCIONB3YIOTCA JUISL BBIYMCICHUS KO3(QQUIMEHTOB
peryasTopa, ycTaHaBIUBas CBsI3b MEXy IapaMeTpaMH CUCTEMBbI U JOITyCTUMBIMU 00JIaCTSMHU yCTOMYMBOCTH.
Pe3yanaTm MOACIUPOBAHUA IMOKA3BIBAIOT, YTO TPACKTOPUU COCTOSTHUM CXOOATCA K TOYKEC paBHOBECHUA, IIPU
3TOM yTpaBJIsiollee BO3ACHCTBUE OCTaeTCa OrpaHMUeHHBIM. [lepexonHbIif mpolece sBIseTcs 3aTyXaroluM U
HE wuMeeT KonebaTenpHOro xapakrepa. [lomydeHHble pe3ynbTaThl CBUAETEIBCTBYIOT O TOM, 4YTO
MPEUIOKEHHBIN MOIX01 MOXKET OBbITh 3(D(hEKTUBHO MCTIONB30BaH MTPU MPOCKTHPOBAHUK CUCTEM YITPaBJICHUS,
(YHKIMOHUPYIOIINX B YCJIOBHUSAX MMapaMeTPUIECKON HEOTIPEAEIEHHOCTH.

KiroueBble cJjioBa: caMOOpraHM3YIOIIMECS CHCTEMbl YIpaBlICHHS, anepuoguyeckas poOacTHas
YCTOWYHBOCTB, TPATUEHTHO-CKOPOCTHOM MeTO ] BeKTOp PpyHKIHMi JIamyHoBa.

Introduction

Over the past decades, nonlinear dynamical systems have been shown to exhibit a wide range of
behaviors, including instability, bifurcations, and chaotic motion. One of the key developments in
this field is the concept of deterministic chaos and the emergence of so-called strange attractors, which
significantly influence the dynamics of complex systems [1-4].

In engineering applications, such phenomena may manifest as uncontrolled or runaway processes
that can lead to system failures. In other domains, including economic, environmental, and biological
systems, deterministic chaos is often associated with oscillatory and fluctuating behavior that may
trigger critical transitions or crises [3,4].

The presence of chaotic dynamics complicates the design of control systems, since nonlinear
systems are inherently capable of generating unpredictable trajectories. As a result, considerable
research efforts have been devoted to the suppression or mitigation of chaotic behavior and to the
development of methods that ensure stable system operation [1,4].

In practice, control systems typically operate under uncertainty, which may arise from parameter
variations, external disturbances, or modeling inaccuracies. Under such conditions, even linear
systems may lead to instability or complex dynamic behavior when combined with nonlinear control
laws or uncertainties, especially when robust stability of the equilibrium states is not
guaranteed [2,5,6]. Violation of robust stability conditions may lead to instability and, in nonlinear
systems, potentially to chaotic behavior.

To address these challenges, self-organizing control systems have been proposed as an effective
approach for maintaining stability under uncertainty [7,8]. These systems are often constructed using
two-parameter structurally stable mappings, which allow the system behavior to vary depending on
the current state and parameters [10,11].

A characteristic feature of self-organizing control systems is the presence of multiple stationary
states. These states may differ in their stability properties, and transitions between them can occur
through bifurcation mechanisms when system parameters change [7,8,12]. Such transitions represent
the process of self-organization, in which the system may transition between regimes with different
stability properties.
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In this context, ensuring robust stability of the stationary states becomes a key requirement for
reliable system operation. The analysis of these properties provides a basis for the synthesis of control
laws capable of preventing instability and suppressing undesirable dynamic regimes.

The synthesis problem of self-organizing control systems within the class of two-parameter
structurally stable mappings can be decomposed into the following tasks:

- investigation and determination of the robust stability domain of the steady states of the self-
organizing control system;

- selection, analysis, and determination of the robust stability domain of the steady states of the
self-organizing model with specified parameters and desired transient responses;

- computation of the controller coefficients on the basis of the aperiodic robust stability conditions
of both the model and the self-organizing control system.

The analysis of self-organizing control systems and models with prescribed transient
characteristics is performed using the gradient-velocity method based on Lyapunov vector functions
[7,8]. This approach allows the determination of parameter regions ensuring aperiodic robust stability
for both the control system and its corresponding model with desired transient performance.

Consequently, self-organizing control systems and models belong to the class of aperiodically
stable systems. In this class, the norm of the solutions of the state equations decreases monotonically.
This corresponds to an aperiodic transient response that satisfies the required performance
specifications. A self-organizing control system ensures the specified performance characteristics.
Within these regions, the system demonstrates non-oscillatory convergence to the equilibrium state.

The applied method is based on a geometric interpretation of stability analysis associated with
Lyapunov’s second method [13-15]. It relies on representing system behavior in terms of Lyapunov
vector functions, which allows the stability properties to be examined in the state space. In this
framework, the system dynamics can be interpreted as gradient-type dynamics, conceptually related
to ideas from catastrophe theory [11,12].

dx. oV, (x) . .
ax; =————i=l..,nj=1..n
dt ). OX;

J
J

In this formulation, x(t ) € R" - denotes the state vector of the dynamic system, is a Lyapunov

vector function whose components are associated with the state variables.
Using the representation of gradient dynamical systems, the partial derivatives of the Lyapunov
oV.(x
a’—(),i =1..,n;J =l,...,nJ can be used to
X

J

vector function with respect to the state variables

characterize the system behavior. In addition, the components of the velocity vector in the state space
are  obtained  directly from  the system  equations in the form @ [16]
(xl,...,xn);(%j g=1..,nj=1..n
Xj

The novelty of this study is to establish a unified framework for the synthesis and stability analysis
of self-organizing control systems within the class of two-parameter structurally stable mappings.
Unlike existing approaches, the proposed method makes it possible to explicitly determine admissible
parameter regions ensuring aperiodic robust stability of both the control system and the corresponding
model. The obtained conditions are expressed in terms of Lyapunov vector functions and provide a
constructive basis for controller design. Furthermore, the developed method ensures non-oscillatory
behavior within the derived parameter region and improves the robustness of the system with respect
to parameter uncertainties.
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Methodology

The paper examines how stability properties can be evaluated in self-organizing control systems
that are based on structurally stable mappings.

Consider a linear dynamic system with a single input and a single output described by

X = Ax(t) + Bu(t)
. M
y=Cx
Where x(t) € R"is the state vector of the system. The matrices 4 R™", BeR" and CeR'

define the system dynamics and input structure.

0 o .. O 0

X
0 0 1 . 0 0

X,

A=|... ... cee s LB =E X =
0 0 o ... 1 0

X

a, a,, a,, ... q b, "

The control input is constructed using a nonlinear mapping based on two-parameter structurally stable
functions. In this case, the control law is expressed in the form [10,11].

1

u(t)=—x'—k'x’ +kx,i=1,.,n (2)

Substituting the control law (2) into system (1), the closed-loop system can be expressed in
component form as

X =X,
X, =X,
X, =x

=
I

3)
R R e (e e
+yeey b, {—xj —k)x? +(kn +%jxn},

while the last equation includes nonlinear terms determined by the control input.
The equilibrium points x, ,i =1,...,n of the resulting system (3) are obtained by setting the time

derivatives equal to zero. In this case, the stationary solution is given by [7,8]:

xl.lj_ =0,i=1,...,n 4)
In addition to the equilibrium point (4), system (3) admits other stationary solutions defined by

2
N L Y _i/(%] i=l.n (5)

2b, 2b,

The stability of the equilibrium point (4) is investigated using a Lyapunov-based gradient approach
[16,17]. In this framework, the behavior of the system is characterized through Lyapunov vector
functions V' (x), which makes it possible to assess the convergence of trajectories in the state space.
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The corresponding stability conditions are formulated in terms of inequalities imposed on the
system parameters. In particular, the requirement of positive definiteness of the Lyapunov vector
function leads to the following set of constraints [6,18]:

b, >0
—(bk,+a,)=0
—(bk,+a, , +1)20 (6)

—(b,k, +a,+1)=0

These inequalities define the parameter region in which the system exhibits stable behavior
without oscillations.

To analyze the stability of the equilibrium point (5), the system is rewritten in terms of
deviations from this state. This transformation allows the dynamics to be expressed in a form
suitable for further analysis:

X, =X,
Xy = X3
X =X

7
x,=b, [—xf —4x, %) —3klx? —[kl —Z—”Jx1]+ ™

+b, [—x;‘ —4x, x3 = 3k)x; —(kz - al’;" ]x2]+,...,+bn {—x;‘ —4x, x> -3kl x2 —(kn —%anj
The resulting system (7) is then examined within the same analytical framework, and the
corresponding stability conditions can be obtained in an analogous manner [16,19].
The stability of the equilibrium point (5) requires the Lyapunov vector function to be positive
definite. This leads to a set of constraints on the system parameters, which can be written as

b, >0

bk —a, =20

bk,—a,  —120 (8)
bk,—a —-1>0

These constraints (8) define the parameter region in which the considered equilibrium state
remains stable.

The following analysis focuses on the stability behavior of a self-organizing model with predefined
dynamic properties.

A self-organizing model with specified parameters and desired transient characteristics can be
represented by the following system of equations [16]:

X =X,
XZ 3
: )
X =X,
X, = —x14 —dlle +d,x, —x; —al;)cz2 +d2x2—,...,—x3 —d,',x,f +d x,
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The equilibrium solution of system (9) is given by

xk=0,i=1,..,n (10)
Additional stationary solutions can be obtained in the form

(11)

The stability properties of the equilibrium state (10) are evaluated using Lyapunov-based analysis.
In this case, the requirement of positive definiteness of the Lyapunov vector function leads to the
following constraints on the system parameters:

—d, >0,—(d, +1)20,...—(d, +1) >0, (12)

These inequalities (12) define the region of parameter values for which the system remains stable
and exhibits the desired transient behavior.

To examine the behavior of the system near the equilibrium point (11), the model is expressed in
terms of deviations from this state. The resulting system can be written as

X =X,
xz =X
'X.:nfl = xn (13)

. 4 3 1.2 4 3 1.2
x, =b, (—x1 —4x,,x; —3d, x, —d1x1)+b” (=x; —4x,,x; =3d,x; —d,x,)+,...,+

x =3d'x’ —d x,)

ns-—n n-—n n-n

+yeentb (—x) —4x

The stability properties of system (13) are evaluated within a Lyapunov-based framework [7,8].
The requirement of positive definiteness of the Lyapunov vector function J'(x) leads to a set of
parameter constraints of the form

d >20,d -120,d,-1=0,....,d, —1=0, (14)
These inequalities (14) determine the parameter region in which the equilibrium state (11) remains
stable.
Combining the obtained conditions with relations (6) and (12), the coefficients of the controller
can be expressed as

d d d
k > lza",kzz zza"—l,...,k”z "b+a1 (15)

The proposed synthesis procedure leads to a control system that ensures stable operation and
satisfies the required performance characteristics.

Discussion

The obtained results demonstrate that the proposed self-organizing control system, constructed
within the class of two-parameter structurally stable mappings, possesses well-defined regions of
aperiodic robust stability. These regions are determined by the derived parameter inequalities, which
impose constraints on both the system dynamics and the controller coefficients.

The analysis of stationary states shows that the stability properties of the system depend on
admissible combinations of the control parameters. For the equilibrium corresponding to the nominal
operating mode, the positivity conditions of the Lyapunov vector functions define a domain in which
the system trajectories converge to the equilibrium point in a non-oscillatory manner. This implies

38




Abaii amvinoasvr Kaz¥I1Y-niy XABAPIIBICHI, « Qusuka-mamemamura avlivtmoapuly cepusicol, Ne2(94), 2026

that the transient response remains well damped and that stability is preserved under parametric
uncertainty, in accordance with the derived stability conditions.

For additional stationary states, the obtained inequalities make it possible to identify parameter
regions in which these equilibria also remain stable. This result demonstrates that the proposed
framework allows explicit characterization of transitions between stationary states when the initial
equilibrium loses robustness. In this context, the self-organizing effect is manifested through a change
in the stability structure of the system and the emergence of new stable operating regimes.

The controller coefficients are determined directly from the derived stability conditions of both
the control system and the corresponding self-organizing model with prescribed transient
characteristics. As a result, the synthesis procedure ensures not only stability preservation but also
the possibility of assigning desired transient performance within the admissible parameter region.

From an engineering perspective, the proposed method enables the construction of control laws
that suppress oscillatory behavior and ensure convergence of the state trajectories under parametric
uncertainty. This property is particularly important in practical applications, where even small
parameter variations may significantly affect system performance.

To illustrate the theoretical results, a numerical experiment in MATLAB was carried out for a
linear single-input single-output dynamic system under parametric uncertainty. The simulation was
performed using a nonlinear control law belonging to the class of two-parameter structurally stable
mappings.

Figure 1 shows the time responses of the state variables x,(#) and x,(¢). Both trajectories
converge to the trivial equilibrium within approximately 45 seconds. The transient response is well
damped, with a small initial undershoot in x,(¢), and no sustained oscillations are observed. This

behavior confirms the stability of the system and its operation within the region of aperiodic robust
stability.
Time responses of the system near the trivial equilibrium

%,
%0

05

04 r

03r

02r

01

State variebles

0

-01

02r

03 . | . |
0 5 10 15 20 25
Time, s

Figure 1. Time responses of the system near the trivial equilibrium

Figure 2 presents the phase trajectory in the (x,,x,) state space. The trajectory converges smoothly

to the origin without forming closed loops or spiral patterns, which indicates the absence of oscillatory
dynamics and confirms asymptotic stability of the trivial equilibrium.

A key result of the study is illustrated in Figure 3, which shows the bifurcation-induced transition
from the trivial equilibrium to a nontrivial stationary state. Initially, the system operates in a regime
where the trivial equilibrium is stable, and the state variables converge to zero.

At the moment indicated by the vertical dashed line, the system parameters are changed, leading
to a loss of stability of the trivial equilibrium and the emergence of a new stable equilibrium.
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Phase trajectory toward the trivial equilibrium
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Figure 2. Phase trajectory toward the trivial equilibrium

As aresult, the system transitions to a new operating regime, and the state variable x, (#) converges

to a nonzero value corresponding to the nontrivial equilibrium. This behavior clearly demonstrates
the self-organizing nature of the system.

Bifurcation-induced transition to a nontrivial equilibrium
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o
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1
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L I 1 L I I L I
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Time, s
Figure 3. Bifurcation-induced transition to a nontrivial equilibrium

Figure 4 shows the phase trajectory near the nontrivial equilibrium. The system trajectories
converge to a nonzero stationary point, indicating the stability of the new operating regime. The
absence of oscillatory behavior confirms that the transient process remains well damped after the
bifurcation.

Figure 5 illustrates the evolution of the Lyapunov function V(") for both the trivial and nontrivial
equilibria. In both cases, the function decreases after a short initial transient and tends to zero, which
is consistent with the theoretical stability conditions derived using the Lyapunov-based approach. The
absence of oscillatory behavior in V(¢) further confirms that the system operates within the

admissible stability region.
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Phase trajectory of the system toward the nontrivial equilibrium
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Figure 4. Phase trajectory of the system toward the nontrivial equilibrium

Evolution of the Lyapunov function V(t)

V(t) near the trivial equilibrium
V(t) near the nontrivial equilibrium

01r

0.08 -

Lyapunov function V(t)

0.02

Time, s

Figure 5. Evolution of the Lyapunov function V(t)

Thus, the numerical results are in full agreement with the theoretical analysis. The convergence of
trajectories, the absence of oscillatory dynamics, and the observed transitions between stationary
states confirm that the proposed method provides a consistent framework for the synthesis of self-
organizing control systems with guaranteed stability and prescribed transient characteristics.

Conclusion

In this study, the problem of ensuring aperiodic robust stability in self-organizing control systems
under parametric uncertainty is addressed. The analysis has been carried out within the framework of
two-parameter structurally stable mappings for linear single-input single-output systems.

A set of conditions guaranteeing monotonic convergence of system trajectories has been obtained.
These conditions are formulated in terms of inequalities derived from the properties of Lyapunov
vector functions and define the admissible parameter regions ensuring stable operation of both the
control system and its corresponding model.

Based on the obtained results, a procedure for determining the controller parameters has been
developed. This procedure makes it possible to preserve aperiodic robust stability in the presence of
uncertainty and to achieve the desired transient characteristics. The proposed approach provides a
consistent framework for the synthesis and analysis of self-organizing control systems and can be
effectively applied to the design of control strategies with improved robustness and performance.
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The results demonstrate that the use of structurally stable mappings in combination with
Lyapunov-based analysis provides an effective approach to the problem of stability under uncertainty.
The derived conditions and synthesis procedure ensure non-oscillatory behavior within the admissible
parameter region and extend the applicability of self-organizing control methods in engineering
practice.

Cnucox ucnonb306aHHbIX UCHIOYHUKOB

[1] Jlockymos A.FO., Muxatinoe A.C. OcHosblt meopuu crodicHvlx cucmem. M.—Hboicesck: HUncmumym
KomnwvromepHulx ucciredosanuti, 2007.

[2] Bpox V. Teopus xaoca. M.: Hayka, 2011.

[3] Anopuescxuii b.P., ®paokos A.JI. U36pannvie 2nasvl meopuu agmomamuyeckoeo ynpaeienus. 1. 13.
Ynpasnenue nenunetinvimu konebamenvHoiMu u xaomuyeckumu cucmemamu. CI16.: Hayxa, 1999.

[4] Jlockymos A.FO. Xaoc u ynpagnenue OunHamuyeckumu cucmemamu // Henuwneiinas ounamuxa u
ynpasnenue. 1100 peo. C.B. Emenvanosa u op. M.: @usmamnum, 2001. T. 1. C. 163-216.

[5] Nussupbek Zh.T., Bekenov T.N., Sattinova Z.K., Beisenbi M.A., Tassybekov Zh.T. Substantiation of
methods for calculation of traction forces redistribution indicators on modular front and rear wheels of the
vehicle. Transportation Engineering, 2023, Vol. 13, Article 100193.
https://doi.org/10.1016/j.treng.2023.100193

[6] Dorato P., Yedavalli R.K. Recent advances in robust control. New York: IEEE Press, 1990.

[7] beticenou M.A. Hccnedoganue pobacmuol yCmouuugocmu CUCem asmoMamuiecko20 YnpasieHus.
memooom pynxyuu A.M. Jlanynosa. Acmana, 2015.

[8] Beiicenou M.A. ¥Ynpasnsemviil xaoc é pazeumuu 3xoHomuyeckol cucmemwl. Hyp-Cyaman, 2019,

[9] Beisenbi M.A., Basheyeva Zh.O. Solving output control problems using Lyapunov gradient-velocity
vector function. International Journal of Electrical and Computer Engineering, 2019, Vol. 9, No. 4, pp. 2874—
2879. https://doi.org/10.11591/ijece.v9i4.pp2874-2879

[10] T'unmop P. Ilpuxnaonas meopus kamacmpodgh. M.: Mup, 1984.

[11] Hocmown T., Cmioapm U. Teopus kamacmpog u ee npunosicenus. M.: Hayka, 2001.

[12] Hukonuc I'., Ilpueooscun Y. Ilosnanue croscrnoeo. Beedenue. M.: Mup, 1990.

[13] bapbawun E.A. Beeoenue ¢ meoputo ycmounusocmu osuxcenus. M.: Hayka, 1968.

[14] Memoo ¢ynxyuii Jlanynosa 6 ounamuxe HenuneliHvix cucmem. I1o0 peo. B.M. Mampocosa, Y.
Kosnosa. Hosocubupcxk: Hayxa, 1983.

[15] Boponos A.A. Ycmoiuusocms, ynpasisemocms, Habniooaemocmo. M.: Hayxa, 1979.

[16] Beisenbi M., Beisembina S., Satpayeva A. Synthesis of a control system of a deterministic chaotic
process in the class of two-parameter structurally stable mappings. Proceedings, Istanbul, 2021, Vol. 3, pp.
171-175.

[17] Beisenbi M.A., Adilbayev A.A., Akhmetova S.0O., Tulenbayev M.S., Kabanbayev A.B. Synthesizing an
adaptive control single input single output system for unstable and deterministic chaotic processes. ARPN
Journal of Engineering and Applied Sciences, 2023, Vol. 18, No. 5, pp. 522-529.

[18] Honsix B.T., Il]epbaxos I1.C. Pobacmuas ycmotivusocmo u ynpasnenue. M.: Hayxka, 2002.

[19] Beisenbi M., Temirbek A., Ostayeva A., Suleimenova S. Synthesis of a gradient-velocity control system
using the Lyapunov vector-function method for an object with one input and one output. Journal of the Balkan
Tribological Association, 2022, Vol. 28, No. 6, pp. 799-813.

References

[1] Loskutov A.Yu., Mikhailov A.S. Osnovy teorii slozhnykh sistem [Fundamentals of complex systems].
Moscow—Izhevsk: Institut komp 'yuternykh issledovanii, 2007.

[2] Brock W. Teoriya khaosa [Chaos theory]. Moscow: Nauka, 2011.

[3] Andrievskii B.R., Fradkov A.L. Izbrannye glavy teorii avtomaticheskogo upravieniya. Glava 13.
Upravlenie nelineinymi kolebatel'nymi i khaoticheskimi sistemami [Selected chapters of automatic control
theory. Chapter 13. Control of nonlinear oscillatory and chaotic systems]. Saint Petersburg: Nauka, 1999.

[4] Loskutov A.Yu. Khaos i upravienie dinamicheskimi sistemami [Chaos and control of dynamical
systems]. In: Nelineinaya dinamika i upravlenie [Nonlinear dynamics and control]. Ed. by S.V. Emelyanov et
al. Moscow: Fizmatlit, 2001, Vol. 1, pp. 163-216.

[5] Nussupbek Zh.T., Bekenov T.N., Sattinova Z.K., Beisenbi M.A., Tassybekov Zh.T. Substantiation of
methods for calculation of traction forces redistribution indicators on modular front and rear wheels of the

42



https://doi.org/10.1016/j.treng.2023.100193
https://doi.org/10.11591/ijece.v9i4.pp2874-2879

Abaii amvinoasvr Kaz¥I1Y-niy XABAPIIBICHI, « Qusuka-mamemamura avlivtmoapuly cepusicol, Ne2(94), 2026

vehicle. Transportation Engineering, 2023, Vol. 13, Article 100193.
https://doi.org/10.1016/].treng.2023.100193

[6] Dorato P., Yedavalli R.K. Recent advances in robust control. New York: IEEE Press, 1990.

[7] Beisenbi M.A. Issledovanie robastnoi ustoichivosti sistem avtomaticheskogo upravieniya metodom
Sfunktsii A.M. Lyapunova [Study of robust stability of automatic control systems using Lyapunov functions].
Astana, 2015.

[8] Beisenbi M.A. Upravlyaemyi khaos v razvitii ekonomicheskoi sistemy [Controlled chaos in the
development of economic systems]. Nur-Sultan, 2019.

[9] Beisenbi M.A., Basheyeva Zh.O. Solving output control problems using Lyapunov gradient-velocity
vector function. International Journal of Electrical and Computer Engineering, 2019, Vol. 9, No. 4, pp. 2874—
2879. https://doi.org/10.11591/ijece.v9i4.pp2874-2879

[10] Gilmore R. Prikladnaya teoriya katastrof [Applied catastrophe theory]. Moscow: Mir, 1984.

[11] Poston T., Stewart I. Teoriya katastrof i ee prilozheniya [Catastrophe theory and its applications].
Moscow: Nauka, 2001.

[12] Nicolis G., Prigogine I. Poznanie slozhnogo. Vvedenie [Exploring complexity: An introduction].
Moscow: Mir, 1990.

[13] Barbashin E.A. Vvedenie v teoriyu ustoichivosti dvizheniya [Introduction to stability theory of motion].
Moscow: Nauka, 1968.

[14] Metod funktsii Lyapunova v dinamike nelineinykh sistem [Methods of Lyapunov functions in nonlinear
systems dynamics]. Ed. by V.M. Matrosov, I. Kozlov. Novosibirsk: Nauka, 1983.

[15] Voronov A.A. Ustoichivost, upravlyaemost, nablyudaemost [Stability, controllability, observability].
Moscow: Nauka, 1979.

[16] Beisenbi M., Beisembina S., Satpayeva A. Synthesis of a control system of a deterministic chaotic
process in the class of two-parameter structurally stable mappings. Proceedings, Istanbul, 2021, Vol. 3, pp.
171-175.

[17] Beisenbi M.A., Adilbayev A.A., Akhmetova S.0O., Tulenbayev M.S., Kabanbayev A.B. Synthesizing an
adaptive control single input single output system for unstable and deterministic chaotic processes. ARPN
Journal of Engineering and Applied Sciences, 2023, Vol. 18, No. 5, pp. 522—529.

[18] Polyak B.T., Shcherbakov P.S. Robastnaya ustoichivost i upravienie [Robust stability and control].
Moscow: Nauka, 2002.

[19] Beisenbi M., Temirbek A., Ostayeva A., Suleimenova S. Synthesis of a gradient-velocity control system
using the Lyapunov vector-function method for an object with one input and one output. Journal of the Balkan
Tribological Association, 2022, Vol. 28, No. 6, pp. 799-813.

43


https://doi.org/10.1016/j.treng.2023.100193
https://doi.org/10.11591/ijece.v9i4.pp2874-2879

