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AHHOTALUA

Beenenue. PaccMoTpeH mupoKui Kiracce IagKUX HEMPEPhIBHBIX JUHAMUYECKUX HEITHHEHHBIX cucTeM (0OBEKTOB
YIIPaBICHUs) ¢ U3MEPsIeMbIM BEKTOpPOM cocTosiHuA. [locTaBiieHa 3agaga moucka crenuaibHol GyHkun (QyHKIuH
JlsamyHoBa), KOTOpast B paMKax BTOpOro merona JIsSmyHoBa rapaHTHPYET aCHMIOTOTHYECKYIO YCTOWYHBOCTD JUIS
IIPE/ICTAaBICHHOTO KJIacca HeNTMHEeHHBIX cucteM. M3BecTHO, uTo nmouck ¢yHkuuu JIsmmyHoBa sBisieTcst KpaitHe CI0KHOM
3ajaueii, He HMEIOIIEeH YHUBEPCAIBHOIO PELICHHsI B TEOPHH yCTOHYMBOCTH. MeToas! mogdopa Wi noucka GpyHKIUN
JlamyHoBa 1J1s aHaIM3a YCTOMUMBOCTY 3aMKHYTBIX JIMHEWHBIX CTAIIMOHAPHBIX CHCTEM M AT HETMHEWHBIX 0OBEKTOB C
SIBHO BBIPa)KEHHBIMH JIMHEWHOW AMHAMUYECKONW U HETMHENHON CTaTUUECKON YacTsIMU XOpOLIOo U3ydeHbl. BMecte ¢ Tem
YHUBEpPCAIbHBIX MOIX00B K MOUCKY (yHKuu JIsmyHoBa 1u1st 6os1ee 00IIero kiaacca HeTMHEHHBIX CHCTEM HE BBISBIICHO.
B pabote npensyoskeH HOBBIH IMOAXOA K HOUCKY (yHKIHK JIAmyHOBa IJIst aHAM3a yCTOWIMBOCTH IIIAJKUX HEMPEPBIBHBIX
JUHAMHUYECKUX HEJIMHEHHBIX CHCTEM C M3MEepsIeMbIM BEKTOpoM cocTosHus. Metoa. CymIHOCTh NpeaIaraeMoro
MOJX0/Ia COCTOUT B IPEACTABICHUH HEKOTOPOH (PYyHKIHMH Yepe3 CyMMYy HEIHHEHHBIX CIaraeMbIX, SBISTFOIIUXCS
BO3BEJICHHBIMU B IIOJIOKUTEIILHBIC CTEIICHH DJIEMEHTAaMU BEKTOPA COCTOSHUS 00BEKTa, YMHO)KEHHBIMU Ha HEH3BECTHBIC
ko3¢ ¢unuentsl. [lorck 3TX K03PPUIMEHTOB OCYIIECTBICH C UCIOIB30BaHUEM KJIACCHYECKOTO T'€HETHYECKOrO
AJITOPUTMA, BKJIFOYAOLIETO ONEPALMi MyTalli1, CelIeKIUH U KpoccoBepa. HaiineHusie ko3dduuneHTs! odecneunBaoT
Bce HeoOXoauMmble ycinoBusa s ¢yHkuuu JlamyHoBa (B pamkax Broporo metoaa JlsmyHosa). Ilogxox Ha ocHOBe
TEHETHYECKOTO aITOPUTMa He TpebyeT oOydaromieii BEIOOPKH, KOTOpast HaKJIabIBACT OTPAHUYCHUS B BUJE CTPYKTYPHI
OOBEKTOB YIIPABICHMsI, BKIIOYCHHBIX B Hee. OCHOBHBIE pPe3yJabTaThbl. [IpeanokeH HOBBII METOA MOoHuCcKa (QYHKINH
JlamyHoBa, IpeCTaBICHHOM B BU/IC HEIMHEHHOTO psijia ¢ N3BECTHBIMU (DYHKIHSIMH, YMHOXXEHHBIMHI Ha HEH3BECTHBIC
k03¢ ¢punuenTs. DP(HEeKTHBHOCTH METO/A IIPOIEMOHCTPUPOBAHA C MCIIOIb30BAHUEM KOMITBIOTEPHBIX CHUMYJISIIHN
¢ (PMKCHPOBaHHBIM KOJMYECTBOM HTEPAMi M U3MEHSIOIMMCS pa3MepoM IOIYJSIHY. YCTaHOBJIEHA 3aBUCHMOCTh
KOJIMYECTBA YCICITHO HAWACHHBIX QYHKIMI JIAmyHOBa OT KOJIMYECTBA UTEPALIMIA TCHETUIECKOTO ajropuT™Ma. BhInomHeH
aHaJIN3 CXOJMMOCTH IF€HETUYECKOTO allfOPUTMa C UCIOIb30BaHHEM cxeM Xoiutania. [lokazaHo, 4To 3HaUEHUS
HCKOMBIX KO3((HUIMEHTOB MOTEHIMANbHOH GyHKIuH JIsmyHoBa Ha KaXI0H UTEpalyuyu alropuTMa MPUOIIKAIOTCS K
ko3¢ ¢unrentam ¢pyHkmu JlamyHoBa, mpeacTaBieHHol B Buae psga Teitmopa. O6cy:xaenue. [IpennoxeHHBI MeTO
MIPEBOCXOANT M3BECTHBIC AHAJIOTH MO OBICTPOJCHCTBUIO, pacCCMaTPUBAET PA3IOKEHUE MOTEHIHATbHON (QyHKIHN
JlsmynoBa B psixt Telinopa ¢ HeU3BECTHBIME KOd((HIIEHTaMH, BMECTO UCIIONIb30BAHUSI KOHTPIIPHMEPOB HIIN MIA0JIOHHBIX
(byHKIHUH.
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Abstract

A wide class of smooth continuous dynamic nonlinear systems (control objects) with a measurable state vector is
considered. The problem of finding a special function (Lyapunov function), which guarantees asymptotic stability for
the presented class of nonlinear systems in the framework of the second Lyapunov method, is posed. It is known that
the search for the Lyapunov function is an extremely difficult problem that has no universal solution in stability theory.
The methods of selection or search of the Lyapunov function for stability analysis of closed linear stationary systems and
for nonlinear objects with explicitly expressed linear dynamical and nonlinear static parts are well studied. At the same
time, no universal approaches to finding the Lyapunov function for a more general class of nonlinear systems have been
identified. In this paper, we propose a new approach to the search of the Lyapunov function for analyzing the stability
of smooth continuous dynamic nonlinear systems with a measurable state vector. The essence of the proposed approach
consists in the representation of some function through the sum of nonlinear summands representing the elements
of the object state vector multiplied by unknown coefficients. The search for these coefficients is performed using a
classical genetic algorithm including mutation, selection, and crossover operations. The found coefficients provide all
the necessary conditions for the Lyapunov function (within the framework of the second Lyapunov method). The genetic
algorithm approach does not require a training sample which imposes restrictions in the form of the structure of control
objects included in it. A new method for finding the Lyapunov function represented as a nonlinear series with known
functions multiplied by unknown coefficients is proposed. The effectiveness of the proposed method is demonstrated
using computer simulations with a fixed number of iterations and varying population size. The dependence of the number
of successfully found Lyapunov functions on the number of iterations of the genetic algorithm has been established.
The convergence of the genetic algorithm using Holland’s schemes is analyzed. It is shown that the values of the sought
coefficients of the potential Lyapunov function, at each algorithm iteration, approach the coefficients of the Lyapunov
function which was also represented as a Taylor series. The method proposed in this paper outperforms known analogs
in terms of speed, considers the decomposition of the potential Lyapunov function into a Taylor series with unknown

coefficients, instead of using counterexamples or template functions.
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BBenenune

AHanu3 yCTOWYMBOCTH HEJIMHEHHBIX JMHAMHYECKHUX
CHCTEM, ONMCHIBAEMbIX AU PepeHaIbHbIMI YPAaBHEHH-
SIMH, ABJIsieTCs (QyHIaMEHTaJIbHOM Ipo0iieMol B TEOpHH
ynpasieHus. s aHann3a ycTOWYMBOCTH 4acTO MCIOJb-
3yeTcst BTopoid Metox JIsmyHoBa, KOTOPBIN 3aKJIIOYAeTCs B
TIOMCKE TIOJIOKHUTEIBHOM (yHKIMH, YOBIBAIOIIEH B0 Tpa-
exTopuii AuHAMIYeckoi cuctemsl [ 1-3]. Tlonck GpyHKIHMN
JlsmyHOBa B 00IIeM BHIE — TpyAHAs M HETPUBUAJIbHAS
3aja4a, akTUBHO HCCIIEAyeMasi HayJHbIM COOOIECTBOM B
Te4eHHe MHOTHUX JeT. CyIecTBYIOT aHaTUTHIECKUE Me-
TOABI oucka GpyHKIMK JIsmyHOBA /IJIsl HENIMHEHHBIX CHU-
cteM [4—6], HO OHH MMEIOT BBICOKYIO BBIYHUCIUTEIBHYIO
CJIOKHOCTB U HE BCET/a MO3BOJISIOT O00parh (QYHKIHIO
JlsamyHoBa [7]. B psane ciy4aeB IpUMEHSIOTCS YUCIEHHBIE
METO/bl oMCKa [8], KOTOphIE TaKiKe TOCTATOYHO CIIOXK-
HBI ¥ 9aCTO HE UMEIOT aHAINTHYECKOH 000CHOBaHHOCTH
[9]. OmHako ans HEMMHEHHBIX CHCTEM HE CYIIECTBYET 00-
miero MeTona noucka Gysknuu Jlsmyrosa [10]. B pa6o-
tax [11, 12] paccMOTpeHBI TOAXOABI C UCTIOIB30BAHUEM
TEXHOJIOTHH MAIIMHHOTO OOY4eHUs, B KOTOPBIX BPYIHYIO

nopbuparorcest mabnonsl GpyHKuui JIamyHoBa, HA OCHOBE
KOTOPBIX BBIOJHSETCS 00y4YeHNE aJITOPUTMA U JallbHEH-
mui nouck pemenus. Hapsany ¢ 3apyOexHBIMU Hcciemno-
BaTEJISIMH aHAJIOTHYHOW TEMATHKOIM aKTUBHO 3aHUMAIOTCS
OTe4YecTBeHHBIE yueHble. Tak, B pabote [13] ommcan Me-
TOJ TI0 BOCCTAHOBICHUIO (PyHKIIMOHAIBHBIX 3aBHCHMO-
CTeH, ¢ UCTIONB30BAHUEM CTAaTUCTUIECKUX JaHHBIX. B [14]
npeaokeH Meton GopmupoBanus ¢pyHkimu JisimyHosa ¢
HCIIONb30BAHUEM HEMPOHHBIX CETEH U LEIOUYUCIEHHOIO
JIMHEIHOTO MPOTrPaMMHUPOBaHUSI.

OnHaKo YHHBEPCAIBHBIX MOAXOI0B K TIOMCKY (DYHKIUH
JlsimyHoBa Jutst Gosiee 001Iero Kiiacca HEJTMHEHHBIX CUCTEM
TaK U He BBIABICHO. CyIecTByeT OONBIIOe pasHooOpasue
METO/IOB IONCKa QyHKIMH JIAyHOBA JUIsl HETMHEHHBIX CH-
CTEM, HO BCE OHH PaboTalOT B paMKax 33JaHHBIX Ha CTPYK-
Typy 00beKTa yIIpaBIeHHs OrpaHndeHni. B HacTosmIel pa-
60Te TpeCTaBICHO PA3BUTHE MEPEUNCICHHBIX MOAXO0B.
B nmpeanoxeHHOM HOIXOAE UCTIOIB30BaHA BMECTO HOIOH-
paeMbIX Bpy4YHYIO MIA0IOHOB (DYHKIHS, TIPEICTABICHHAs
B BHJE psifa Telinopa ¢ HeM3BEeCTHBIMU Kod(duipeHTamu/
napaMmeTpamMH, IOMCK KOTOPBIX OCYIIECTBIIECH C IIOMOLIBIO
MalMHHOTO 00yueHus. B pabore pacmmpeHs! pesynbTa-
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MeTopg noncka pyHkummn JIanyHoBa Aist aHanmsa yCTOMYNMBOCTU HEJIMHENHBLIX CUCTEM...

THI, TOJIy4eHHBIE B padote [15], B yacTu yaydmieHus psiia
KaueCTBEHHBIX XapaKTEPUCTHK, CBA3aHHBIX C CHHTE30M
¢ynkmn JlsmyHoBa.

Iens paboTsl — co31aHME HOBOTO METOJa CHHTE3a
(mowncka) ¢ynkin JIsmyHoBa JuIs IIMPOKOTO KI1acca Iiaj-
KHMX HETIPEPBIBHBIX JUHAMHYECKUX HEIMHEHHBIX CHCTEM
C U3MEPSIEMBIM BEKTOPOM COCTOSIHUS. MeTOJ OCHOBaH Ha
pa3iokeHNH NOTeHNHaIbHOH (yHKunu JlsmyHoBa B Gec-
KOHEYHYIO CyMMY CTETICHHBIX (PYHKIUH U 3((EKTUBHBIN
QITOPUTM MAIIMTHHOTO 00yUYESHHUS, OCYIIECTBISIONINN POJIh
noucka koddduimeHTos psjga. B kauectse anroputma ma-
LIMHHOTO 00y4YEHUsI IPUMEHEH FeHETUUECKHI aITOPUTM U3
ceMeiCTBa METadBPUCTUYECKUX AJITOPUTMOB.

D¢ HeKTUBHOCTD NPEIOKEHHOTO METO/Ia OLlCHEeHa Ha
npumepe. [lomyueHHbIE pe3ynbTaThl MOKa3ajH, YT0 METO
JOCTHUT OoJiee MIMPOKUX 00NacTel BHITIONIHEHUS YCIOBUI
TeopeMsl JIAImyHOBa, YeM MOJX0, IIPECTABICHHBIH B pa-
6ote [15], 3a Gomee kopoTKoe BpeMsi. OTMETHM, 9TO pa3pa-
00TaHHBII METOl 00ECTIeUNBACT 3HAYNTEIHHBIC TAPAHTHH
B paMKax aJIbTEPHATUB (ACHMITOTHYECKAS YCTOMIMBOCTB)
1 HE TI0JIaTaeTcs Ha 3apaHee MOATOTOBIECHHBIC BPYUHYIO
rabnousl GyHkuii JIsmyHosa.

IMocTanoBka 3aga4u

PaccMoTprM HeMMHEHHYIO aBTOHOMHYIO CHCTEMY:
X(0) = (), (1)

rae x(¢) € R” — cocTossHUSI B MOMEHT BpPEMEHHU f;
f:D — R" — nunmumneBo oToOpaskeHne U3 MPOM3BOJILHOM
obmactu D € R”. [Ipeamonoxmm, 9to B obmactu D umeercst
TOYKA/TIOJIOXKEHIE PABHOBECHSL, T. €. TaKasi ToUka X € D, st
KOTOpPO#t BBITIONHEHO f{(X) = 0.

3ameuanue 1. Cirexyetr OTMETHTD, YTO aHAJIH3 YCTOH-
YUBOCTH TOJIOKEHUS paBHOBECHS X chcTeMBI (1) sBisieTcst
CIIEACTBHEM PEIICHUS 3a/1a41 CHHTE3a CTaOMITH3UPYIOLIETrO
perymsitopa. THpIME cioBamMH, MaTeMaTudeckast Mmoaenb (1)
MOXET pacCMaTpPUBATHCS B KAUE€CTBE 3aMKHYTOM CUCTEMBI,
TIOJTyYEHHOM C MCIIOJIb30BaHHEM OOPATHOM CBSI3U JUISl HEKO-
TOPOr0 HOMHHAJILHOTO HEJTMHEHHOT0 00BbEeKTa BHIa

X(0) = fo(x(9)) + g(x(2), u(?)), 2)

rre fy: R"— R u g: R? x R” — R” — u3BecTHbIE QyHK-
i u(f) € R” — curnai ynpasieHHs, 00€CIeUNBAIOIINIA
3aMKHYTOM cucTeme (2) aCHMITOTHYECKYI0 YCTOMYHBOCTh
U BBIOMpaeMbIil TaKUM 00pa3oM, uto0sl 11st (1) cyrmecTBo-
Baja ¢yHkius JlsmyHoBa V(x) ¢ 3aJaHHBIMH CBOHCTBaMHU
(1. e. V(x) > 0 u V(x) <0 BO BCex TOUKAX, KPOME TOUKH
paBHOBeECHS).

Jomymenue 1. CymecTByeT Takas aCUMITOTHYE-
CKH yCTOWYMBAs TOYKa paBHOBecHs X cucTeMsl (1), uro
Jo(x) =0, a Taxxe Taxas QpyHkuus Jlsnynosa V(x), 4to
V(x)=0, V(x)>0,V(x) <0 mpu x #X.

HJonymenue 2. yaxmus V(x) qomyckaeT pa3ioKeHne
B psan Teiisopa B OKPECTHOCTH IIOJIOKEHHST PABHOBECHS X,
CXOAAIINNICS K HEW BO BCEX TOYKax x € D.

CornacHo lonymenusm 1-2 mist cuctemsr (1) cyte-
cTByeT QyHkuus JlsnyHoBa, npencraBuMasi B BUAE psiaa
Teitnopa

Vxg, .. x,) =
N n(x,—X)% oV o _ _
=2 > I (X150 X))+ (3)
m=0 ky+...+k,=mi=1 k! Ox;...0x, : 2
+ Rpylxq, --5 X,),

rie Ry — ocTaTrouHbli wieH paga Teinopa.
Hazosem nomenyuanvuou gynkyueni Jlsanynosa Gynk-
LU0 BUJA

L(xy, ..., x,) =
N

=Y Y G- @)

m=0 ki +...+k,=m i=1

1€ Py, , € R — 4HCIOBBIC MAapaMeTPhl, MOMIEKALIHE
omnpezenenuto. Eciu 3Ty napamMeTpsl HaliieHbI TOUHO, T. €.
€CJIU BBITNOTHEHO

1 oV

Pklan»akn =

—()—C H 7} )9
Klox, .. ox, =777

TO MOTEHIUANbHAs GyHKIUA (4) coBnamaeT ¢ GyHKIHEH
JIsmyHOBa (3) ¢ TOYHOCTHIO IO OCTATOYHOTO WieHa. M3

Homymenus 2 cnexyer, uto lim Rp(xy, ..., x,,) = 0 npu Bcex
N—wx
(xg, ..., x,) =x € D, cnegoBarenbHO B obnactu D QyHK-

st V" MOXET OBITh CKOJIBKO YTOZHO XOPOIIO MPUOIHKEHA
(ysakueit L 3a cdet mpaBHIBHOTO BEIOOpa mapaMeTpoB
pk],.“,k,,'

Takum obpasom, ¢ yuerom Jlomymenuit 1-2 u hopmy-
7161 (4), ChOpMyYITUpPYEM JOTIONHUTELHYIO 1IE)Tb HACTOSIIICH
paboTbl — pa3paboTka HOBOI'O METOAA IOMCKA MapaMe-
TPOB Py, k., OOecneunBaromux (4) csoicrsa GyHKuun
JIsmyHoBa.

[lonck mapamMeTpos py, ;. OCYILIECTBICH Ha ba3e re-
HETHYECKOTO aJropuTMa, paboTa KOTOPOro MOCTPOCHA Ha
NPEAIONOKCHHIH, YTO €CIIU [APaMeTpPsl py, . BBIOPaHbI
MIPABHJIBHO, TO IS DYHKIUH L OYIyT BHIIOIHEHBI yCIOBUS
TeopeMsl JIsmyHoBa:

L(xy, x5, ... x,) >0, 5)
. n oL
L(X1, X5, o0y X)) =Y, —X; =
i=0 OX;
Six)
oL oL oL || /ox)
=l——...— S <0. (6)
ox; Ox,  Ox, :
Ju(x)

Io ompenenennto L(x) = 0, mo3TOMy JAaHHOE YCIO-
BUE He OyleT mpoBepATHCS B MPOIIecce MONCKa (PyHKITHH.
O1eHKy BEHIIOTHEHHS YCIOBHH (5) 1 (6) BOZMOXHO MTPOM3-
BECTH C TTOMOIIBIO (PYHKINH LEHHOCTH ((YHKIINH 3aTpar)
CIELUATIBHOTO BUJA.

®opmupoBanue PyHKIUH HEHHOCTH
JUISl TEHETHYECKOr0 aJIrOpuTMa

l'enerndeckunii anroput™ [16, 17] oTHOCHTCS K MeTas-
BPHCTHYECKHUM aJTOPUTMaM, B OCHOBE KOTOPBIX JIEKHT
OmonornyecKkuii MPUHIUII €CTECTBEHHOTO 0TOOpa, OCHO-
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BaHHBIN HA COPEBHOBAaHMH MEXy MOMYJSIUsIMU. OLEHKOH
3¢ GEKTUBHOCTH MOIYJISIIUN CIYXKHT LiejeBas GyHKIUS,
KOTOpast IIOKa3bIBaET, HACKOJIEKO XOPOIIO AaHHBIH 3aKOH
ee ONTUMH3HPYET, TaKkKe ee Ha3bIBAIOT (DYHKIHMEH 3aTpar.
KomOnHanmu nmapaMeTpoB, KOTOpble HanOoJee yCIEeIHO
CTIPAaBUIIICH CO CBOEH 3amaueil, OPOXKJat0T HOBOE MOKOJIe-
HHUE, KOTOPOE OJDKHO OBITh APPEeKTHBHEE MPEIBITYIIETO.
OcHoBHas 3ajada — BBIIBUTH HanbOoiee 3P PeKTUBHEBIE
Ha0OpBI KOMOMHAIMH U3 TEKYIETO TOKOIEHHS 1 IepeaaTh
UX B CIIYIOIIEE C UCTIONB30BaHUEM T'eHETHYECKUX Orepa-
Ui 11t nopoxkaeHus 6osee 3G heKTHBHBIX KOMOMHAIHIA.
O6o03HaunM (HYyHKIHIO IEHHOCTH Kak J(p), rme p —
Ha0Op KOOPULUNCHTOB BUJA Dy , KOTOPBIC MOIJICKAT
onTHUMHU3alKK (B JaHHOH paboTe OHU SBISIIOTCS KO3((hu-
LIMEHTaMH IIepes KaKIbIM WieHoM psifa Teinopa). lannas
(YHKIMS TPUHUMAET 3HadeHHs B auarazoHe oT 0 mo 1
BKIIIOUMTEINIBHO, rie 0 — Hamtydiee pemenue, | — Hau-
xyauree pemrenue. I1ycTs nMeercst HenmMHEHAsS aBTOHOM-
Hag cuctema (1) u morennuanpHas Gpyakuusa JIsmyHOBa
(4). PaccmoTpuM orpaHHYeHHYIO 007IacTh €2, B KaXKIOH
TOYKH KOTOPOH IIPOBEPUM YCJIOBUS TeopeMbl JIsmyHoBa.
O003HaUUM TOYKH, KOTOPBIC YOBIETBOPSIOT YCIOBHIM
TEOpEeMBI Kak X, HE YIOBIETBOPSIIOT — Y.
n 0L
%=
i=0 OX;
A0, 0 x,)

Solxps Xg, -5 X,)

VL(X1, X5y «eny X WX, X9y o0y X,) =

oLoL oL
ox, 0x,  Ox,

Sy, X0, .0, x,)
X={x € RYVL(xy, x, ..

<0 /\L(xl,X2, ..

S XXy, X, ., ) <
5 X,) >0}, ®)

Y= {x € RYVL(xy, xp, ..., X, X1, X9, o0y Xpp) =
>0V L(xy, Xy, ..., x,) > 0}. ©)

Torna ¢ ¢pexTuBHOCTH MapaMeTpoB, MOAOOPAHHBIX
ajgroputMoM [18], ompenenum Kak OTHOLIEHHE YHCTIA TO-
YeK, KOTOpble He ynoBieTBopsioT (9) Teopeme JlamyHosa,
K obmiemy guciy Touek (7)—(9):

rae 0 <J < 1. Takum obpazom, ripu J = 0 OyIyT BBIIOJIHEHBI
BCE ycJIOBUsI TeopeMbl JIsmyHoBa.

AnropuTM, TpencTaBieHHbI B pabote [18], paboraer
cienyronmM odpasom. Cozaercst Ha4aabHAS MOIYIISIHS
MOTeHIMAIBHBIX (QyHKIMH JIsmyHoBa (pa3Mep mormyssium
BBIOMpAETCs Ha CTaANH NIPHIMEHEHHS aJrOpUTMa UCXO/S U3
MMETOIUXCS BBIYUCINTENBHBIX pecypcoB). [lomyueHnas
MOMyNAnus GYHKIMH OLCHWBAETCS HA OCHOBE 33JaHHBIX
KpHUTEpHEB, ¥ JyqIre GyHKIINH COXPAHSIOTCS. 3aTeM IIpo-
HCXOIUT CKpEIMBaHue U MyTalus GyHKIUH U1 CO3MaHuUs
HOBBIX «IIOTOMKOBY, KOTOPbIE TaK)Ke OLEHUBAIOTCS U CO-
XPaHSIOTCS, €CIIM OHH JIy4IlIe MPEABIAYIIIX. DTOT MPOLECcC
MIOBTOPSIETCS 10 TEX 10D, IT0Ka He OyJeT HalieHa HanTyd-
mast pynknus JismyHoBa. B kadecTBe 00paTHO#t CBsI3M 11
AITOPUTMA CIIYXKHT TpeUIoXKEeHHast GYHKIHSI 3aTpar HilH
KaK ee ellle HA3bIBAIOT «(YHKIUS MPHUCIOCOOICHHOCTI
(10), B ocHOBE KOTOPOW JIEKUT NMPOBEPKA BHITIOTHEHUS
ycnoBuit Teopemsl JIsmyHoBa. ['paduaeckas Buzyanu3anmst
MPEIUIOKEHHOTO aITOPUTMa ISl CHCTEMBI C IBYMS COCTOSI-
HUSIMU TIpEZICTaBICHA Ha puc. 1.

Ha puc. 1 obmacts Q, pa3nenenHas Ha MaJlble KBaIpar-
HbIe 001aCTH CO CTOPOHOH /. B 11eHTpe Kaxmoit Takoit 00-
JacTtH ObliIa HoCUUTaHa Mpou3BoaHas GpyHkiwu JIsmyHosa.
LOTp — TOYKa B o0nacTu Q,_ rJe MPOu3BOaHAS (YHKITHSI
JlamyHoBa oTpunarenbHa, L, — Touka B obmactu €,
rie npousBoAHas QyHKuus JISmyHOBa MOJIOKUTENbHA.

IIpumep peanmsanuu aJiropuT™ma

BrimonauM npoBepky paboToCmOCOOHOCTH MPEao-
KEHHOTO METOJIa C TIOMOIIBIO €0 CPAaBHEHHS C METOAOM
cuHTe3a QyHKIMK JIsSmyHOBa, OCHOBaHHBIM Ha KOHTpap-
TYMEHTax U HeWpoHHOH cetu [15]. B xauecTBe cpaBHEHUs
BO3bMEM IUTaHAPHYIO TUHAMHYECKYIO CHCTEMY, OIIMCAHHYIO
CleAyoLel MOAETbIO:

(11)

{xl =X H XX,
.)&2 =7x2,

rae x;(?), x,(¢) € R.

[IpencraBuM nmoTeHIHANBHYIO QYHKIHIO JIsmyHOBa
cucremsl (11) o opmyse (4), paznoKeHHYIO 10 TpEeThei
crenenu (n =2, N=3) B BUze:

L(xy, x3) = p1.o¥1 + PoaXa + PaoXi? + Py ax g +

11 (12)
Jp)=———, 10
®) X+ Y] (10) + Po2Xy? + 3,013 + Poax 2 + Py X X2 F posxa’.
h 2
i
h [ ] - B a o

= Loy Q
& - [ ™ -(-'-"-.--.— O

— —_—

X1

Puc. 1. Buzyanuzanust anroputma paboTsl QyHKIUH EHHOCTH IS JBYX COCTOSIHUH CHCTEMBI

Fig. 1. Visualization of the value function algorithm
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B kauecTBe Ha4aJIbHBIX YCIOBHH JJISI TEHETHYECKOTO
QITOpUTMa BBHIOEPEM CIEIYIONINE MTapaMeTphl: TUana3oH
ko3 durmentos [-2; 2]; obmacte Q 1,0 x 1,0 pax; pasmep
nonynauuu 1000; BepostHOCT MyTanuu 20 %; BepodT-
HOCTH KpoccuHrosepa 40 %; mpoueHT Jyqmux Habopos
MapaMeTpoB, NEPEXOAIINX B CIEAYIONUIYIO HOMYISIINIO
1 %. Bemonaum cpaBHeHHE o0nacTy {2 ¥ BpEMEHHBIX 3a-
Tpar Ha nouck ¢yHkwn Jismyrnosa (12), mpeacraBieHHON
B BuJIe psina Telnopa (Tabnua).

Kak BUAHO U3 TaONHUIIbI, MPEATOKEHHBIH METO] Ha
ocHoBe anroputma [18] obecneunBaer Oosnee 3¢ heKTHR-
HBIH croco6 noucka GpyHkuuu JlsmyHoBa ¢ ToukH 3pe-
HUSl BpEMEHHBIX 3aTpar. TakKe MOXHO CJIeNaTh BBIBOJ,
YTO IMPEUIOKEHHBIH alrOPUTM CHHTE3UPOBAI (YHKIUIO
JIsmyHoBa ObicTpee mist obmacreit 20, 100, 200 u 500.
JloTIOITHUTEIFHO OTMETHM, YTO B HAcTOsIIEH paboTe pac-
CMOTpEHa KBaJlpaTHas 00JacTh, a B [15] — OKpy>KHOCTE.
Takum 0OpazoM ocyIecTBICHA TPOBEPKA YCIOBHUS Teope-
™Mbl JIstryHOBA 1111 GosbIeit obmacTu.

O¢ddexTrBHOCTS METOJIOB IPOBEPEHA MYTEM BapbH-
poBaHus pa3MepoB nomyssnuu ot 10 go 70 ¢ marom 10 ¢
(hMKCHpPOBAHHBIM KOJMMYECTBOM HTepauuii pasaoit 1000.
ITo pe3ynpraraM KOMOBIOTEPHBIX CUMYJISLUN MOCTPOE-
HBI 3aBHCHMOCTb 3HaYeHUH (YHKIHUH IIEHHOCTH OT II0-
KOJICHHH, a TaK)Ke 3aBHCHMOCTH KOJIMYECTBA YCHEIIHBIX
HalJICHHBIX IapaMeTPOB OT JHUANa30HOB MOKOJIEHUH Dy,
D2, D5, Dy u Ds Takumuy, uto: Dy = {x € R: 0 <x < 200};

= {x € R: 200 <x <400}; D3 = {x € R: 400 <x < 600};

={x ER: 600 <x<800}; Ds= {x € R: 800 <x < 1000}.

Ha pHC. 2 BUIHO, YTO C POCTOM pa3Mepa MOMYJISIIHN
YBEIMYUBAETCS KOJIMYECTBO YCIICIIHBIX peuleHuil. BaxxHo
OTMETHTB, YTO POPMHUPYIOTCS JIOKAJIbHBIE MUHUMYMBI,
KOTOpBIE JOCTAaTOYHO CJIOXKHO IMOKUHYThH 33 CUET HEBO3-
MOYKHOCTH KpaTKOCPOYHO NpeHeOpeub QpyHKUHEH IeH-
HOCTH, 4TOOBI B OyAyIleM MOJIY4HTh Oojiee ONTHMaJIEHO
peuenrie. MHOTOKpaTHOE yBeJIMUYEHHE pa3Mepa HadyalbHON
MOMYJISIIMN HE MPUBOAUT K COOTBETCTBYIOIIEMY ITPUPOCTY
3¢ deKTHBHOCTH MTorcka QyHKIUH JIsmyHOBa.

— [Tomymsiuus = 10
— [Homymstuus = 20
400 | — IMomymsus = 30
— [omymsuus = 40
—— INomynsmus = 50
— [omymstiuus = 60
| — Homynsitust = 70

KonnuectBo yCOneurHo HaﬁﬂeHHHX mapamMeTpoB

200 A |
|
1
01— v . : .
0-200 200400 400-600 600-800 800—-1000
JnarnaszoH MOKOJICHHI
: « [Tonymsinus = 10
« [Homymsiuus = 20
0 0,6 1 « Homymsinus = 30
&) 4 « Homymsims = 40
= - . Homymsinus = 50
° i « Homymsmus = 60
§ e - [onynsiuus = 70
£ 041 i
1%} !, "
= ¥
2 ’11"
2 Ig'!!'m LT
o 02 IthaIll! i Elt.h 1'] H'-! ‘:i'“”a“ﬂ;"l"'t!i
Q e
g
= - T T . . i
& b i ot - LR R R L L - PRI U S S, O U
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Yucto moKoJIEHHH

Puc. 2. 3aBUCHMOCTH: KOJIMYECTBA YCIEIIHO HAMJICHHBIX IIapaMeTPOB aJrOPUTMOM OT YHCIIa MOKOJIEHHUIT (a) M 3Ha4eHUs! QYHKIMH
3aTpaT OT YMCIIa MOKOJICHUH aJIrOpUTMa JJIs Pa3IndHBIX Pa3MepoB oMy siuuu (b)

Fig. 2. Dependence of cost function value on number vs. generations for different population values (a); Dependence of number of
successfully found parameters vs. generation ranges (b)

890

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MexaHuKn 1 ontukn, 2023, Tom 23, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 5



A.M. BeHkunH, A.A. MNeperyamH, A.A. bo6LoB

Tabnuya. Pesynsratsl cpaBHeHUs anroput™a [ 18] ¢ npeanokeHHbIM B padote [15], BeIpakeHHBIE BpeMeHeM (7, ¢),
B 3aBUCHMOCTH OT obnacTtu

Table. Results of comparison of our method with the one proposed in [15], expressed in time (¢, s), depending on the area of Q

O6nacthb
Merton (anropurm)
10 20 50 100 200 500
Merton [15] 0,06 0,14 0,11 1,90 23,10 12,01
Aunroputm [18] 0,18 0,12 0,21 0,91 2,19 7,92

000 \O
S
S O

[ 850

N
S
S

-

o

PacueTHoe 3HaueHuE LENEBOM
¢byukuun o popmyre (13)

O

200 400

fﬁ-wﬁfwhw-Wﬂwﬁfﬁﬂﬂmmm )

125

600 800 1000

Yucito mOKOJEHHH

Puc. 3. Unmoctpanuus Teopemsl o cxemax (13) amst mpeamaraeMoro pereHus

Fig. 3. Illustration of the circuit theorem for the proposed solution

OueHKa CX0AMMOCTH FreHETHYECKOT0 ajaropurma

i TeOpeTHYECKOro aHaIN3a FeHETUYECKOro alro-
puTMa ucnons3oBaHa [19] Teopema o cxemax XoJutaHaa
[20]. CyTb TeopeMbl 3aKTFOYaETCS B TOM, UTO ITPUTOTHOCTH
1eJeBoil (DYHKIMY TapaHTUPOBAHHO YIy4IIaeTcs M0 Mepe
YBEJIMYCHUA YUCTIa HTepaHHﬁ, JApYTuMH CJIoOBaMH, T€CHCTU-
YECKUI aJrOPUTM Ha KaXKJOM Ilare NpuoOImKaeTcs K uc-
TUHHOMY MHUHUMYMY LieJIeBOH QyHKIMH. MaTeMaTuuecku
9TO MOYKHO BBIPAa3HTh CIEAYIONIMM 00pa3oM:

13
T (13)

N, t+1)=N(h, t) S 9 1- ih)pc —o(h)p,, |,
A0

rae N(h, {) — Konn4ecTBO MPUMEPOB CXEMEI /1 Ha miare f;
N(h, t + 1) — KonM4YecTBO MPUMEPOB CXEMBI /i Ha IIare
t+ 1; flh, ) — QyHKUHMS TPUTOAHOCTH CXEMbI Ha IlIAre
t; f(f) — cpeanee 3HaueHue GYHKIUU MPUTOJHOCTH IO
BCEH OMyJISAIUK Ha 11are ¢, 6(h) — Oompeaessiorias inHa
cxeMsl /1; o(h) — HOPAROK CXEMBI /1; p. — BEPOATHOCTD
CKpeIUBaHUs; p,, — BEPOATHOCTh MyTaluu; / — JUIUHA
I0CJIE0BATEILHOCTH.

Ha puc. 3 mokazana muroctpanus HepaBeHcTBa (13)
JUIA TpeasiaraeMoro B pabote pemieHus. Bunno, uro Ha
ygacTke AB OTCYyTCTBYIOT KO3 PUIINEHTHI, BHOCSIINE
HanOONbIINH BKIaX B (DYHKIIUIO IPUTOTHOCTH, TIOITOMY
HaOIroaeTcs Craf, KOTOPBIi B TO JKE BPEMsI HE IIepeceKaeT
OTMETKY Hynd. Jlanee uaeT SKCIOHEHIUANbHBIH POCT U
MoTaIaHre B HHTEpBaJ co 3HaueHusMu ot 807,5 (3eneHast
nuHus Ha puc. 3) 10 950. MutepBan 00yCIOBICH BEPOSIT-
HOCTBIO ()YHKIIMHM MYTallU¥ [€HETHYECKOTO ajJropuTMma,
KoTopas coctaBngeT 15 %. DkcnepuMeHTanbHO HUKHAA
IpaHulla HEe OIyCKaJlach HIDKE 3HaueHUs 823 (kpacHas
TuHUS Ha puc. 3). Bunnsl HeOonbIme KoiebaHus B TOUKAaX
1-5, KOTOpBIE CBA3aHBI C MONAaHUEM aJITOPUTMA B JIOKAITh-

HbI€ MUHUMYMBI, I7le OOJIBIIYI0 COCTABISIONIYIO UTPAET
(yHKIMS MyTanuu. B TaHHBIX TOYKaX TaKKe OTCYTCTBYIOT
koneGanus 6osbie 15 %. Takum 0Opa3om, TaHHBIN rpaduk
WUTIOCTPHUPYET BBITIONTHEHHE OLeHKH (13) 1 moxTBepxkIaer,
YTO M3BECTHBIC AaHATUTHIECKUE PE3YIbTaThl O XapakTepe
CXOOMMOCTH I'¢HETHYECKHUX aJITOPUTMOB BBIIOJIHEHBI IS
NPEUIOKEHHOTO B paboTe anropuTMa.

BoiBoa

[Mpennoxken moaxon A cuHTe3a QyHKUMH JIsmyHoBa
JUISl HENTMHEWHBIX TMHAMUYECKIX CUCTEM ITyTEM pa3JioxkKe-
HUS [TOTEHIMAIBbHOH GyHKIMY B psi Telnopa, MOCTOsIHHBIE
KO3()(HUIIEHTHI KOTOPOTO MPEAIIONaraIuch HEM3BECTHBIMU.
[Monck k03(h(HUITEHTOB OCYIIECTBICH C MCIIOIB30BAHUEM
TeHEeTHIeCKoro anroputma. IIpemioxeH MeTon onpeneie-
HUA QYHKIMH 3aTpar Ui OLeHKU 3P EKTHBHOCTH HOHC-
Ka nmapaMe€TpoB Ir¢CHECTUYCCKHUM aJITOPUTMOM. HpOBelleH
CpaBHMTENBHBIN aHANNU3 MpeIokeHHoro noaxona [18] ¢
aJbTEpHATUBHBIM perieHueM [15], HCIOoab3yIONuM JIIs
cuHTe3a (QyHKUMHU JIamyHOBa TEXHOJIOTHH MAIIMHHOTO
o0yuenus. HoBbIlf MeTO IPOAEMOHCTPHPOBAI OOJIBIITYIO
3¢ PEKTUBHOCTD C TOUKU 3pEHHS BPEMEHHBIX 3aTpar.

3akiaouenue

[Mpennoxen Meron noucka ¢pyHkumu JlsnyHoBa, B oc-
HOBE KOTOPOTO JIEKUT TEXHOJIOTUSI MAILIMHHOTO O0yUYeHHSI.
JlaHHBIN MTOAX0OM XapakTepusyercs: Oojee OOLUIMM MoIX0-
JIOM, TIOCKOJIBKY PacCMOTPEHO Pa3jIoK€HHE MOTEHINATb-
Hol (yHkumu B psx Teiinopa ¢ HenzBecTHBIMU K03 DHu-
IIUEHTaMH, BMECTO MCIIOJIb30BaHHUS KOHTPIPUMEPOB HIIH
rabnoHHBIX GyHKIHH JIsmyHOBa. BO3MOXKHO IprMeHEeHNE
METOZIa JUIsl CHHTE3a CUT'HAJA yIPABICHHUSI HEITMHEHHBIMU
CHCTEMaMH, B OCHOBE KOTOPOTO MCIIOIb30BaHa (YHKIUS
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JIsmyHOBa, MOMCK KOTOPOI MPOUCXOIUT Yepe3 Mpejio-
KeHHbIH MeTon. Hapsiny ¢ aTum, ¢yHKuus 3aTpar Tpedyer
y4eT JIONOIHUTEINIFHBIX [TapaMeTPOB CUCTEMBI, a TeHEeTHYe-
CKHUH aJlTOPUTM MMEET TEHACHIIMIO TOTAaHMs B JIOKallb-

10.

11.

12.

13.

14.

15.

16.

17.

18.

Jluteparypa

Li X., Yang X. Lyapunov stability analysis for nonlinear systems with
state-dependent state delay // Automatica. 2020. V. 112. P. 108674—
108680. https://doi.org/10.1016/j.automatica.2019.108674
JIanynoB A.M. O0mas 3agadya 00 yCTOHYMBOCTH IBHMKCHHS.
Strelbytskyy Multimedia Publishing, 2018. 545 c.

Mupomnuk U.B., Hukudopos B.O., ®pankos A.Jl. Henuneiinoe
a/IANITHBHOE YIPABJICHUE CIOKHBIMH HHAMHUYECKIMH CHCTEMAMHU.
CII6.: Hayka, 2000. 549 c.

Wu Y., Xie X. A new analysis approach to the output constraint and
its application in high-order nonlinear systems // Science China
Information Sciences. 2023. V. 66. N 5. P. 159206. https://doi.
org/10.1007/s11432-022-3572-7

NBanos C.E., Tenenoit A.Jl. UucineHHO-aHATUTUYCCKUN METOM
peoOpa3oBaHuil JUIs aHAJIN3a HEJIMHEHHBIX MaTeMaTHYECKUX MOJIe-
Jiell MONMHOMHAITBHON CTPYKTYpBI / BecTHHK AcTpaxaHCKOro rocy-
JIapCTBEHHOTO TeXHU4YecKoro yHusepcutera. Cepusi: YupasieHue,
BEIYHCIIMTENbHAs TeXHHKa U nHpopMmatuka. 2022. Ne 2. C. 97-109.
https://doi.org/10.24143/2072-9502-2022-2-97-109

Srivastava Y., Srivastava S., Chaudhary D., Blanco Valencia X.P.
Performance improvement and Lyapunov stability analysis of
nonlinear systems using hybrid optimization techniques // Expert
Systems. 2022. P. e13140. in press. https://doi.org/10.1111/exsy.13140
Giesl P., Hafstein S. Computational methods for Lyapunov functions
// Discrete and Continuous Dynamical Systems — Series B. 2015.
V. 20. N 8. P. i-ii. https://doi.org/10.3934/dcdsb.2015.20.81
Papachristodoulou A., Anderson J., Valmorbida G., Prajna S.,
Seiler P, Parrilo P., Peet M.M., Jagt D. SOSTOOLS Version 4.00 Sum
of Squares Optimization Toolbox for MATLAB // arXiv. 2013.
arXiv:1310.4716. https://doi.org/10.48550/arXiv.1310.4716
Hernandez-Solano Y., Atencia M. Numerical methods that preserve a
Lyapunov function for ordinary differential equations // Mathematics.
2022. V. 11. N 1. P. 71. https://doi.org/10.3390/math11010071
Hafstein S., Giesl P. Review on computational methods for Lyapunov
functions // Discrete and Continuous Dynamical Systems — Series B.
2015. V.20. N 8. P. 2291-2331. https://doi.org/10.3934/
dedsb.2015.20.2291

Verdier C.F., Mazo M. Formal synthesis of analytic controllers for
sampled-data systems via genetic programming // Proc. of the 2018
IEEE Conference on Decision and Control (CDC). 2018. P. 4896—
4901. https://doi.org/10.1109/CDC.2018.8619121

Ben Sassi M.A., Sankaranarayanan S., Chen X., Abraham E. Linear
relaxations of polynomial positivity for polynomial Lyapunov
function synthesis // IMA Journal of Mathematical Control and
Information. 2016. V. 33. N 3. P. 723-756. https://doi.org/10.1093/
imamci/dnv003

Boponun 1./1. Meton cratuctuueckoro cuHresa GpyHkimu JIsmyHoBa
JUISL ICCIIE/IOBAHS YCTOMYMBOCTH MCKYCCTBEHHOTO CITYTHUKA 3eMIIH
// BectHUK Y YUMCKOTO TOCYAapPCTBEHHOTO aBHALIMOHHOTO TEXHUYEC-
ckoro yHuBepcureta. 2022. T. 26. Ne 3(97). C. 14-23. https://doi.org
/10.54708/19926502_2022 2639714

Deodunos C.B., Kozsips A.B., Xankun /1.JI. Cunres rapaHTHpOBaH-
HO YCTOHYHBBIX HEHPOCETEBBIX PErY/IATOPOB C ONTHMHU3ALNEH Kade-
CTBa HepexoqHoro nporecca // U3sectust Tyabckoro rocyaapcTeH-
HOTo yHHBepcuTera. Texuuyeckue Hayku. 2022. Ne 12. C. 128-133.
https://doi.org/10.24412/2071-6168-2022-12-128-134

Abate A., Ahmed D., Giacobbe M., Peruffo A. Formal synthesis of
Lyapunov neural networks // IEEE Control Systems Letters. 2021.
V. 5.N 3. P. 773-778. https://doi.org/10.1109/LCSYS.2020.3005328
Lambora A., Gupta K., Chopra K. Genetic algorithm- a literature
review // Proc. of the 2019 International Conference on Machine
Learning, Big Data, Cloud and Parallel Computing (COMITCon).
2019. P. 380-384. https://doi.org/10.1109/COMITCon.2019.8862255
Katoch S., Chauhan S.S., Kumar V. A review on genetic algorithm: past,
present, and future // Multimedia Tools and Applications. 2021. V. 80.
N 5. P. 8091-8126. https://doi.org/10.1007/s11042-020-10139-6
Zenkin A.M., Peregudin A.A., Bobtsov A.A. Lyapunov function
search method for analysis of nonlinear systems stability using

HBIA MEHUMYM. OTMEUYCH POCT BPEMEHH MOUCKA (YHKIIUU
JIsimyHOBa ¢ yBeNTMUEHUEM CTENIEHU Pa3IOKEHUs psiia, UTo
SIBIISICTCS OOOCHOBAHHBIM, TaK KaK 3aTpadyuBacTCs OOJIbIIe
BBIYHMCITUTENBHBIX PECYPCOB.

References

Li X., Yang X. Lyapunov stability analysis for nonlinear systems with
state-dependent state delay. Automatica, 2020, vol. 112, pp. 108674—
108680. https://doi.org/10.1016/j.automatica.2019.108674
Lyapunov A.M. The General Problem of the Stability of Motion.
Taylor & Francis, 1992, 270 p.

Miroshnik 1.V., Nikiforov V.O., Fradkov A.L. Nonlinear Adaptive
Control of Complex Dynamic Systems. St. Petersburg, Nauka Publ.,
2000, 549 p. (in Russian)

Wu Y., Xie X. A new analysis approach to the output constraint and
its application in high-order nonlinear systems. Science China
Information Sciences, 2023, vol. 66, no. 5, pp. 159206. https://doi.
org/10.1007/s11432-022-3572-7

Ivanov S.E., Televnoy A.D. Numerical-analytical transformation
method of analyzing nonlinear mathematical models with polynomial
structure. Vestnik of Astrakhan State Technical University. Series:
Management, Computer Science and Informatics, 2022, no. 2, pp. 97—
109. (in Russian). https://doi.org/10.24143/2072-9502-2022-2-97-109
Srivastava Y., Srivastava S., Chaudhary D., Blanco Valencia X.P.
Performance improvement and Lyapunov stability analysis of
nonlinear systems using hybrid optimization techniques. Expert
Systems, 2022, pp. e13140. in press. https://doi.org/10.1111/
exsy.13140

Giesl P., Hafstein S. Computational methods for Lyapunov functions.
Discrete and Continuous Dynamical Systems — Series B, 2015,
vol. 20, no. 8, pp. i-ii. https://doi.org/10.3934/dcdsb.2015.20.8i
Papachristodoulou A., Anderson J., Valmorbida G., Prajna S.,
Seiler P., Parrilo P., Peet M.M., Jagt D. SOSTOOLS Version 4.00 Sum
of Squares Optimization Toolbox for MATLAB. arXiv, 2013,
arXiv:1310.4716. https://doi.org/10.48550/arXiv.1310.4716
Hernandez-Solano Y., Atencia M. Numerical methods that preserve a
Lyapunov function for ordinary differential equations. Mathematics,
2022, vol. 11, no. 1, pp. 71. https://doi.org/10.3390/math11010071

. Hafstein S., Giesl P. Review on computational methods for Lyapunov

functions. Discrete and Continuous Dynamical Systems — Series B,
2015, vol. 20, no. 8, pp. 2291-2331. https://doi.org/10.3934/
dedsb.2015.20.2291

. Verdier C.F., Mazo M. Formal synthesis of analytic controllers for

sampled-data systems via genetic programming. Proc. of the 2018
IEEE Conference on Decision and Control (CDC), 2018, pp. 4896—
4901. https://doi.org/10.1109/CDC.2018.8619121

. Ben Sassi M.A., Sankaranarayanan S., Chen X., Abraham E. Linear

relaxations of polynomial positivity for polynomial Lyapunov
function synthesis. IMA Journal of Mathematical Control and
Information, 2016, vol. 33, no. 3, pp. 723-756. https://doi.
org/10.1093/imamci/dnv003

. Borodin I.D. The method of statistical synthesis of the Lyapunov

function for the study of the stability of an artificial Earth satellite.
Vestnik UGATU, 2022, vol. 26, no. 3(97), pp. 14-23. (in Russian).
https://doi.org/10.54708/19926502_2022 2639714

. Feofilov S.V., Kozyr A.V., Khapkin D.L. Synthesis of guaranteed stable

neural network controllers with transient quality optimization.
Proceedings of the TSU. Technical Sciences,2022,no. 12, pp. 128-133.
(in Russian). https://doi.org/10.24412/2071-6168-2022-12-128-134

. Abate A., Ahmed D., Giacobbe M., Peruffo A. Formal synthesis of

Lyapunov neural networks. /EEE Control Systems Letters, 2021,
vol. 5, no. 3, pp. 773-778. https://doi.org/10.1109/
LCSYS.2020.3005328

. Lambora A., Gupta K., Chopra K. Genetic algorithm- a literature

review. Proc. of the 2019 International Conference on Machine
Learning, Big Data, Cloud and Parallel Computing (COMITCon),
2019, pp. 380-384. https://doi.org/10.1109/COMITCon.2019.8862255

. Katoch S., Chauhan S.S., Kumar V. A review on genetic algorithm:

past, present, and future. Multimedia Tools and Applications, 2021,
vol. 80, no. 5, pp. 8091-8126. https://doi.org/10.1007/s11042-020-
10139-6

. Zenkin A.M., Peregudin A.A., Bobtsov A.A. Lyapunov function

search method for analysis of nonlinear systems stability using

892

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MexaHuKn 1 ontukn, 2023, Tom 23, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 5


https://doi.org/10.1016/j.automatica.2019.108674
https://doi.org/10.1007/s11432-022-3572-7
https://doi.org/10.1007/s11432-022-3572-7
https://doi.org/10.24143/2072-9502-2022-2-97-109
https://doi.org/10.1111/exsy.13140
https://doi.org/10.3934/dcdsb.2015.20.8i
https://doi.org/10.48550/arXiv.1310.4716
https://doi.org/10.3390/math11010071
https://doi.org/10.3934/dcdsb.2015.20.2291
https://doi.org/10.3934/dcdsb.2015.20.2291
https://doi.org/10.1109/CDC.2018.8619121
https://doi.org/10.1093/imamci/dnv003
https://doi.org/10.1093/imamci/dnv003
https://doi.org/10.54708/19926502_2022_2639714
https://doi.org/10.54708/19926502_2022_2639714
https://doi.org/10.24412/2071-6168-2022-12-128-134
https://doi.org/10.1109/LCSYS.2020.3005328
https://doi.org/10.1109/COMITCon.2019.8862255
https://doi.org/10.1007/s11042-020-10139-6
https://doi.org/10.1016/j.automatica.2019.108674
https://doi.org/10.1007/s11432-022-3572-7
https://doi.org/10.1007/s11432-022-3572-7
https://doi.org/10.24143/2072-9502-2022-2-97-109
https://doi.org/10.1111/exsy.13140
https://doi.org/10.1111/exsy.13140
https://doi.org/10.3934/dcdsb.2015.20.8i
https://doi.org/10.48550/arXiv.1310.4716
https://doi.org/10.3390/math11010071
https://doi.org/10.3934/dcdsb.2015.20.2291
https://doi.org/10.3934/dcdsb.2015.20.2291
https://doi.org/10.1109/CDC.2018.8619121
https://doi.org/10.1093/imamci/dnv003
https://doi.org/10.1093/imamci/dnv003
https://doi.org/10.54708/19926502_2022_2639714
https://doi.org/10.24412/2071-6168-2022-12-128-134
https://doi.org/10.1109/LCSYS.2020.3005328
https://doi.org/10.1109/LCSYS.2020.3005328
https://doi.org/10.1109/COMITCon.2019.8862255
https://doi.org/10.1007/s11042-020-10139-6
https://doi.org/10.1007/s11042-020-10139-6

A.M. BeHkunH, A.A. MNeperyamH, A.A. bo6LoB

genetic algorithm // arXiv. 2023. arXiv:2307.03030. https://doi.
org/10.48550/arXiv.2307.03030

19. Wright A. The exact schema theorem // arXiv. 2011. arXiv:1105.3538.
https://doi.org/10.48550/arXiv.1105.3538

20. Holland J.H. Adaptation in Natural and Artificial Systems: An
Introductory Analysis with Applications to Biology, Control, and
Artificial Intelligence. MIT Press, 1992. 232 p.

ABTOpBI

3enxun Apremuii MuxaiinoBuy — accuctent, Yausepcuter UTMO,
Canxr-IlerepOypr, 197101, Poccuiickas denepauns, sc 57215585919,
https://orcid.org/0000-0002-8871-3835, a.zenkin@itmo.ru

Ileperynun Aiekceii AnexceeBHY — KaHIUAAT TEXHUICCKUX HAYK,
nouent, Yausepcurer UTMO, Cankr-IlerepOypr, 197101, Poccuiickas
Deneparns, s¢ 57205219288, https://orcid.org/0000-0002-9092-5482,
peregudin@itmo.ru

BobuoB Asekceii AjlekceeBUY — JJOKTOP TEXHMUYECKUX HayK, Ipo-
(beccop, qupekrop Meradakyinbrera, npodeccop Gakyiprera CHCTEM
yIpaBIeHUS ¥ POOOTOTEXHUKH, PYKOBOAUTEIs MEKIyHApOJHOTO Ha-
y4HOTO IleHTpa «HenuHelHble W afaNTHBHBIE CHCTEMBI yIpaBie-
Hus», Yausepcurer UTMO, Caunkr-IletepOypr, 197101, Poccuiickas
Denepanus, s¢ 8046819200, https://orcid.org/0000-0003-1854-6717,
bobtsov@mail.ru

Cmamws nocmynuna 6 pedakyuio 28.04.2023
Ooobpena nocne peyenzuposanus 13.07.2023
Ipunama x newamu 15.09.2023

@O

genetic algorithm. arXiv, 2023, arXiv:2307.03030. https://doi.
org/10.48550/arXiv.2307.03030

19. Wright A. The exact schema theorem. arXiv, 2011, arXiv:1105.3538.
https://doi.org/10.48550/arXiv.1105.3538

20. Holland J.H. Adaptation in Natural and Artificial Systems: An
Introductory Analysis with Applications to Biology, Control, and
Artificial Intelligence. MIT Press, 1992, 232 p.

Authors

Artemii M. Zenkin — Assistant, ITMO University, Saint Petersburg,
197101, Russian Federation, s¢ 57215585919, https://orcid.org/0000-
0002-8871-3835, a.zenkin@itmo.ru

Alexey A. Peregudin — PhD, Associate Professor, ITMO University,
Saint Petersburg, 197101, Russian Federation, s¢ 57205219288, https://
orcid.org/0000-0002-9092-5482, peregudin@itmo.ru

Alexey A. Bobtsov — D.Sc., Professor, Head of the School of Computer
Technologies and Control, Professor at the Faculty of Control Systems
and Robotics, Head of the Adaptive and Nonlinear Control Systems
Lab, ITMO University, Saint Petersburg, 197101, Russian Federation,
sc 8046819200, https://orcid.org/0000-0003-1854-6717, bobtsov(@mail.ru

Received 28.04.2023
Approved after reviewing 13.07.2023
Accepted 15.09.2023

Pa6oTta gocTynHa no nuueHsnm
Creative Commons
«Attribution-NonCommercial»

Hay4HOo-TexHN4ecKkunin BECTHUK MHDOPMALIMOHHbLIX TEXHONOM NI, MeXaHUku n ontukun, 2023, Tom 23, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 5

893


https://doi.org/10.48550/arXiv.2307.03030
https://doi.org/10.48550/arXiv.2307.03030
https://doi.org/10.48550/arXiv.1105.3538
https://orcid.org/0000-0002-8871-3835
mailto:a.zenkin@itmo.ru
https://orcid.org/0000-0002-9092-5482
mailto:peregudin@itmo.ru
https://orcid.org/0000-0003-1854-6717
mailto:bobtsov@mail.ru
https://doi.org/10.48550/arXiv.2307.03030
https://doi.org/10.48550/arXiv.2307.03030
https://doi.org/10.48550/arXiv.1105.3538
https://orcid.org/0000-0002-8871-3835
https://orcid.org/0000-0002-8871-3835
mailto:a.zenkin@itmo.ru
https://orcid.org/0000-0002-9092-5482
https://orcid.org/0000-0002-9092-5482
mailto:peregudin@itmo.ru
http://D.Sc
https://orcid.org/0000-0003-1854-6717
mailto:bobtsov@mail.ru

