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Abstract. The method of functions of Lyapunov is the main universal tool for studying stability of linear and nonlinear
systems. At the same time, there remains the problem of the absence of a universal approach to structuring functions
of Lyapunov. Purpose of work: Carrying out and researching a deterministic chaotic regime of an electrical system with
one generating source by gradient-velocity method of vector functions of A.M. Lyapunov. Research methodology: This
article presents an approach based on the gradient-velocity method of vector functions of A.M. Lyapunov. A dynamic
system is considered as gradient systems, while the function of Lyapunov is considered as potential functions from
catastrophe theories. Results: A mathematical description of the robust stability condition for the existing stationary

state in the form of a system of inequalities for the undefined parameters of an electrical system with one generating
source (ETS GS) has been carried out. The results obtained show that while the uncertain parameters go beyond
the boundaries of robust stability in the system, a regime of deterministic chaos is generated with the formation
of a «strange attractor», which leads to a decrease in the efficiency of power transmissions. This study is of great
importance for ensuring the stability of the functioning of electrical systems.

Keywords: nonlinear system, control systems, stability of an electrical system, robust stability, method of vector

functions of A.M. Lyapunov.

Introduction

Chaos is a complex phenomenon for a
deterministic nonlinear dynamic system. As a rule,
there are two additional attributes for defining chaos
in both temporal and spatial aspects: exponentially
sensitive dependence on initial conditions and the
structure of strange attractor patterns [1]. Because of
its theoretical significance and technical applicability,
chaos control has received great attention in
various fields, such as laser physics, mechanics,
communication systems, radio physics, as well as
in energy, electrical, biological, mechanical, socio-
economic and medical systems.

Studies of recent decades show the rapid
development of theories of nonlinear dynamical
systems, which led to one of the significant discoveries
in nonlinear dynamical systems, deterministic chaos
with the generation of a «strange attractor» [1,2,3]. It

EFX] follows from this that the modes of deterministic chaos

are a specific form of behavior of a nonlinear system,
and for an electrical system, the study of chaoticmodes
is an urgent task. The study of chaotic phenomena is
an important part of research on the stability of an
electrical system. Namely, while fluctuations in the
system become chaotic, the system loses its stability,
thereby forming an emergency mode of operation in
socio-economic, biological, medical, etc. systems in
the form of a «crisis». In the modes of deterministic
chaos of an electrical system with a generating
source, the Umov-Poynting vector degenerates as a
carrier of useful power from the generator to the load
[4,5] and leads to a decrease in the efficiency of power
transmissions. This is due to the fact that with a large
amplitude and frequency of chaotic oscillations, all
the energy transferred from the generator to the load
under certain conditions is converted into chaotic
thermal energy. When deterministic chaos occurs,
the trajectories of the system are globally limited by



the «strange attractor» and are locally unstable inside
the «strange attractor». It is important that when the
uncertain parameters of the system go beyond the
boundaries of robust stability, deterministic chaos is
generated in nonlinear systems [6,7].

When deterministic chaos occurs, the trajectories
of the system are globally limited by the «strange
attractor» and are locally unstable inside the «strange
attractor». It is important that when the uncertain pa-
rameters of the system go beyond the boundaries of
robust stability, deterministic chaos is generated in
nonlinear systems [6,7].

Most real nonlinear dynamic systems are created
and operate under conditions of uncertainty. In most
cases, uncertainty can be caused by ignorance of
the true values of the system parameters and their
unpredictable changes during the operation of the
system. The ability of a dynamic system to maintain
stability under uncertainty is understood as the
robust stability of the system. In the general setting,
the study of the system for robust stability consists in
indicating the constraints on the change of uncertain
parameters, where the dynamical system remains
stable [8,9].

The main universal tool for studying the stability
of linear and nonlinear systems is the method of
functions of Lyapunov [14]. At the same time, the
basic problem is the lack of a universal approach
to the construction of Lyapunov functions [14,15].
Currently, this method is mainly a tool for theoretical
research and cannot provide answers to all questions
regarding sustainability in real conditions.

Therefore, the gradient-velocity method of the
vector function of Lyapunov [16,17,18] is proposed
for the study of a nonlinear electrical system with
one generating source (ETS GS), where the dynamic
system is considered as gradient systems, and
the Lyapunov function is considered as potential
functions from catastrophe theories [19] and the
gradient condition of the dynamical system allows to
construct the Lyapunov functions analytically. Thus,
a universal approach to the construction of Lyapunov
functions is proposed. It should be noted that the
necessary condition for the existence of Lyapunov
functions corresponds to the asymptotic, robust
stability of the dynamic system of the ETS GS.

Research method

Nonlinear differential equations of state of ETS
GS, necessary for the analysis of chaotic modes,
voltage parameters and voltage deviations U,(¢) have
the form:
§=w,
@ =Bsin(6,— 6 +a)U,—Dw +K,
8.=CU:~Fcos (8.~ 6 —a) U, -
—HU,—Ncos(6,— B8)U,+JQu+ L,
U,==MU:i+Ycos(8,— 8 —7)Us+
+2U,+ Vecos(8,— 1) Uy — sQu— A,

@™

where

Paspen «ABTOMaTuKa. DHepretuka. IKT>» W

0(t) — fluctuations in the phase angle on the

generator buses,

0.(t) — fluctuations in the phase angle in the

power line,

@(t) — deviation of the angular frequency from the

nominal value,

U,(t)—voltage at the end of the power transmission

line (on the load buses),

@1, — variable value of reactive power,

B,a,D,K,C,F,H,N,B,J,L,M,Y, 7,2, V,7,s,A—a

set of parameters of the ES GI,

r=(8, w, 8,, U,) — is the vector of state variables

(1). We introduce the notation: 7,=9, m,=w,

23=0,, 1,=U,.

Then the equations of state of the ES GI can be
represented in the form:

Ti = X,

2, = Bsin (s — 2+ @) 2, — D1, + K,
2=Cxi—Fcos(zs—m—a)z,—
—Hz,—Ncos(zs—B)zi+JQu+ L,
& =—Mzi+Ycos(zs—xz— )z +
+2zi+ Veos (2 — ) 2 — sQu — A.

We define stationary states of system (2) as a
solution to a system of algebraic equations:

)

2,=0,Bsin(zs—x+a)z,— D, +K=0,
Cri—Fcos(zs—m— )z — Hri—
—Ncos(z;—B)zi+JQu+L =0, 3)
—Mzi+Ycos(z—zi—y)xi+zo +
+Veos(s—1)zi—sQu—A=0.

From (3) we obtain stationary states:

Tis = cos(—%) +a+ ;5 =0;
Fcos(—2a) —H @
Tis = cos(— cos Na >+ B zis = 0.
Another stationary state of the system:
MN _ ., MF
L, <V+Y— c —27C )a—
Tis = MN
- C
v MN P o =05
C
(V+Y—Aﬂv—2MFyr—MNﬁ+
2 C c C
Tss = MN (5)
V="o
+Yy+Vr+ % - _
C

i = %[(Fcos(— 2a)+H)+ Ncos(zks—a—B)].

Let us study the stability of the stationary state
(4) of system (2). The equation of state of system (2)
is expanded in a Taylor’s series expansion around the
stationary state (4) and is represented in deviations
from the stationary state (4) in the form:
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Ty = To,
Ty =— B, + Br; — D,
% =—Fcos(—2a)z,— Hx,—

—Ncos(——FCOS(_A%a) —H +ph - T):m +

+F'sin (— 2(1/).1'3.7)4 -

—NSin(—Fcos(_#)xg:@ + 201,
Z=Ycos(—a—7y)x +zz,+ (6)
+Vcos<—%+ L - z‘)m +

+Ycos(—a—y)mxi+Ycos(—a—7) sz —
_VSiII(—W +8- T>x31‘4 +
+Ycos(—a—y)x+zz +
_ Fcos(—2e)—H
N
System (6) can be represented as:

+Vcos( +,6’—z‘)x4—2fo.

T = T,

T, = Br,—Dx, + BZ':;,

25 = G, — Gz + Gozs s + O,
Ty = Rxy+ Rivizs + Rozsxy — Milfj,

@)

where

G =—Fcos(—2a) —H—Ncos(—%),

G, = Fsin(—20) —Nsin(—W),

R=Ycos(—a—7y)+z+

+Vcos<——FCOS (—]\?a) —H +h— r),
R =Ycos(—a—7), R,=Ysin(—a—y)—
—Vsin(——FCOS (—]\?a/) —H +5— z’).

A deterministic chaotic regime is generated in
system (7) when robust stability is lost. Therefore,
we investigate the stability of system (7) using
the gradient-velocity method of Lyapunov vector
functions. From the gradient of system (7) and the
equivalence of the Lyapunov vector functions and
the potential function from catastrophe theory [19],
we determine the gradient vectors of the Lyapunov
vector functions V(z)=Vi(z), Va(z), Vi), Vi(z)
according to equation (7):

WVilz) _ ilz) _  Vilz) _, aVilz) ~0
or, 0 o P 9w ' dm
Wilz) _ , Wilx) Wilz) _
a—xl—Bxl, oz, = Du, oz = B,
Vi(z)
81,‘4 a 0’
WVilz) _  Vilx) _ . aVi(x) _
azl — 07 a{rz — 0, afL';} - G21‘3.T4, (8)
Vi
gx(f) =— Gz, + Czi,
Wila) __p o Vila) _ Vila) __
T - 121 T4, o1, =V, oTs - 2 L3 L1,
vV, .
—84:5(?) = Ra,+ M},

From (7) we determine the expansion in the
coordinates of the components of the velocity vector:

(45, -0 (4), - 1), -0(%), -0
() -0
() s

According to the theorem of A.M. Lyapunov's
total time derivative of the Lyapunov vector-function
is defined as the scalar product of the velocity vector
(9) by the gradient vector (8)

or;
—ng - ng - G-.zz (%M) i— (Gﬂl‘4 - fo) i—
_Rf (1‘11‘4) 2 — Rzz (1'31‘4) P (R.TA + M.’L‘.f) ’ .

dV(z) NS oVi) (de .
RN (%) ==st-Brai-

(10)

It follows from (10) that the total time derivative
of the Lyapunov vector function is a sign-negative
function.

Using the components of the gradient vector (8)
of the Lyapunov vector function, we determine the
Lyapunov vector functions in scalar form:

V(z) = V() + Vila) + Vo) = 5 Bri+

+5 (D Dai— T2t + Bri -G+ Rwi— (1)
—%Rlem —(G:+Ry)zix, + %(CJrM)a;;’.

Function (11), according to the Morse lemma
from catastrophe theory [19], can be represented in
the form of a quadratic form:

V(z) = Bri+ (D —1)zi — (G+R)zi. (12)

The conditions for the positive definiteness of
Lyapunov vector functions (11) are written:

(D—1)>0,—Fcos(—2a)—H—
—Ncos(—%)-# Ycos(—a—y)+ (13)

_Fcos( ]\?a) H +,6’—r)>0.

The stability of the stationary state (5) of the
system (2) is investigated by the gradient-rate method
of Lyapunov vector functions and we determine that
the stationary state (5) is unstable and we make sure
that when the stationary state (4) becomes unstable,
a deterministic chaotic regime is generated in the
system.

+z+ Vcos(



Conclusion

Real unregulated electrical systems of generating
sources operate under conditions of uncertainty.
The functioning of the ES GI as a nonlinear dynamic
system in the regime of deterministic chaos with
the formation of «strange attractors» is considered a
basic property.

In the regime of deterministic chaos of an
electrical system with one generating source, the
Umov-Poynting vector degenerates as a carrier of
useful power from the generator to the load, which,
as a result, leads to a decrease in the efficiency of
power lines.

This article proposes an approach to the study of
the deterministic chaotic regime of an uncontrolled
ETS GS by the gradient-velocity method of Lyapunov
vector functions. In this case, the equations of state
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of an uncontrolled ES GI are presented in the form of
gradient systems, and the Lyapunov function — in the
form of potential functions from catastrophe theories.

As a result of the study, the condition for the
robust stability of the existing stationary state of
the ETS GS is presented in the form of a system of
inequalities for uncertain parameters. Thus, we
have confirmation that when the parameters go
beyond the boundaries of robust stability, a regime
of deterministic chaos is generated in the system
with the formation of a «strange attractor», therefore,
the energy passing from the generator to the load
under certain conditions is converted into chaotic
energy and, as a consequence, leads to a decrease
in the efficiency of power lines. Thus, this study is
of great importance for ensuring the stability of the
functioning of electrical systems.
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AHOamna. /1anyHo8 yHKUUANAPbIHLIH 30iCi — CbI3bIKMBbIK HIHE Cbi3biIKMbl eMec xcylienepdiH mypaKkmelablrslH 3epm-
melimiH Hezizei ambeban Kypan. CoHbiMmeH Kamap, /IAnyHoe ¢hyHKUUAAAPbIH KypyFa ambeban Ke3KkapacmeolH ¥ OKMbIFbl
npobaemace! Kanaosl. ymeicmelH, makcamel: A.M. JIanyHO8MbIH 8€KMOPbiK hYHKUUANAPbLIHbIH 2pA0UEHM-H#(bl10aM-
ObIK adicimeH 6ip 2eHepamop Kesi bap anekmp HyleciHiH 0emepMUHUCMUKA/IbIK XAOMUKA/bIK PEXCUMIH 3epmmey.
3epmmey adicmemeci: bya makanada A.M. J/lanyHo8mMbIH 8eKMOpPbIK hYyHKUUAAAPObIH 2pA0UEHM-}#(blA0aMObIK 30ici-
He Heeziz0enzeH Macin YCobIHbIAFAH. JUHAMUKANLIK Hylie epadueHm xylienepi pemiHOe Kapacmelpelnadsl, an Jlany-
HO8 (hyHKUUACLI anammap meopusACbIHbIH MOMeHYuan0bl PyHKUUAAAPLl pemiHOe Kapacmelpblaadel. Homuxcenep: 6ip
2eHepamop Kesi bap anekmpsik ucylieHiH aHbIKmanmaraH napamempsepi ywiH meHcizdikmep xcylieci mypiHoe 6ap
cmayuoHapnsiK KyUdiH bepik mypakmeolnbiK #aFdalibiHbIH MAMeMamuKasablK cUnammamacel 1ypeidindi. AnbiHFaH
Hamuxenep kepcemreHOel, beneiciz napamempnep 6epik Mypakmelnelk weaiHeH Welifbln Kemce Oe, #cyliede «oraw
mapmkKbiw» natida 6o01ameiH 0emepMUHUCMUKAbLIK XAaoc pexcumi nalioa 60aadsi, 6yna sanekmp 6epy muimoinieiHiH
memeHdeyiHe akenedi. bysn 3epmmeydiH 3neKmp xcylienepiHin HymMbICoIHbIH MYPAKMbIAbIF6IH KAMMAMAcei3 emyode
MQHbI3bl 30p.

Kinm ce30ep: cbi3biIKkmobl emec xcylie, backapy xcylienepi, anekmp xcylieciHiH mypaKmoinbifbl, pobacmel mypakmeissik,
A.J1. J/lanyHo8mMbiH 8eKMOpPbIK hyHKUUACLIHbIH, 0iCi.

UccnedoeaHue demepmMuHUPOBAHHO20 XAOMUYECKO20 PEXCUMA 31eKmpomexHuU4ecKoli cucmemol ¢ 0OHUM
2eHepupylouUM UCMOYHUKOM 2padueHmHO-CKOPOCMHbIM Memodom eekmop-gpyHkyuli A.M. JlanyHoea
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AHHOmMayusa. Memod ¢yHKyul JlanyHosa A87a5emcsa OCHOBHbIM YHUBEPCAsnbHbIM Cpedcmseom uccnedosaHus ycmoli-
yugocmu auHeliHbIX U HesauHelHbIx cucmemM. B mo xe spemsa ocmaemca npobsema omcymcmeaus yHU8epcasasHo20
nooxoda K nocmpoeHuro pyHkyuli JlanyHosa. Liens uccnedosaHus: [posedeHue ucciedo8aHUs 0emepMUuHUpPOB8AHHO20
XAOMUYECKO20 PEeXUMa 371eKmpomexHuU4eckoli cucmemsl ¢ OOHUM 2eHepupyroujuM UCMOYHUKOM 2padueHmHO-CKo-
pocmHbeIM memodom sekmop-pyHKuul A.M. J/lanyHosa. Memodosnozus uccnedosaHus: B daHHol cmamee npedcmas-
/1eH M00X00, OCHOBAHHLIU HO 2padueHMHO-CKOPOCMHOM Mmemode sekmop-pyHKyuli A.M. JlanyHosa. B kayecmee 2pa-
dueHMHbIX cucmem paccmampusaemcs OUHAMUYECKAs cUCmemMa, 8 Mo 8peMs KaK yHKYusA JlanyHosa — 8 Kauecmeae
MomMeHYyuanbHeIx yHKYUl uz meopuli Kamacmpog. Pe3ynsmamei: BelnosnHeHO MamemMamu4ecKoe ornucaHue ycio8us
pobacmHol ycmolivusocmu cyuwecmsyrouwe2o CmayuoHapHO20 COCMOAHUSA 8 8ude cucmembl HepageHcms 0715 Heorpe-
0eseHHbIX Mapamempos 31eKmpomexHu4eckoli cucmembl ¢ 0OHUM 2eHepupyrouum ucmoyvyHukom (3TC ). lNonyyeH-
Hble pe3ys1emamel MOKA3bI8AKOM, YMO 8 MO 8PEMS, KOK HeornpedeseHHble Napamempbl 8biIX00Am 3a 2paHUYbl pobacm-
Hol ycmoliyusocmu, 8 cucmeme nopoxoaemcsa pexcum demepmMuHUPOBAHHO20 Xaoca ¢ 06pa3o8aHUEM «CMPAHHO20
ammpaKkmopa», Ymo rnpusooum K cHuxeHuro K4 anekmponepeday. [JaHHoe uccnedosaHue umeem 6onbuioe 3Haye-
Hue 0151 obecne4eHUs ycmolivusocmu hyHKYUOHUPOBAHUA 31€KMPOMexXHUYECKUX CUCMEM.

Kniouesble cnoea: HesnuHelHas cucmema, cucmemsl yrnpasaeHus, ycmolyueocmes 3neKmpomexHudeckoli cucmemel,
pobacmHas ycmol4yusocms, Memoo eekmop-gyHKyuli A.M. JlanyHoea.
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