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AHHoOTanus. B cTatee paccMaTpUBarOTCA CHCTEMBI, B KOHTYpPE YIPaBICHHS KOTOPBIX COIEPIKATCS TUPHU-
CTOpHBIE peoOpa30BaTeIN MM OCOOBIN BUI CHCTEMBI KOCBEHHOTO yrpasieHus. [IpuBesieH npumMep mo-
CTPOCHHMS aBTOKOJIEOaHUH B CHCTEME, ONMCHIBAIONICH MOBEACHHE IICKTPHUECKUX YCTPOHCTB C HCIONB30-
BaHHMEM TaKUX JJIEMEHTOB B KOHType ymnpaBieHus. [IpeanoxkeHsl KpuTepuil OpOUTaIbHON yCTOHYHUBOCTH
M METOJ CHHTE3a CTaOMIM3HPYIOIINX yIpaBieHHH. [IpencTaBieHsl yClIoBHs CYIIECTBOBAHHUS OpONUTAIb-
HOM aCUMITOTHMYECKOW YCTOMYMBOCTH M YCTOMYMBOCTHU IO JISMYHOBY Ul MEPUOANYECKUX PELICHUH C
3alaHHBIM TepuogoM. CHHTE3UpOBaH KOHTYpP YNpaBlICHHs, 00ECIeUMBAIONINNA CYIIECTBOBAHUE TaKUX
pemieHuH. [ CTPYKTYpHO-THHEHHBIX CHCTEM IpHUBEIEHBI IpUMephl aBToKosiebanuil. [locTpoeHs! pe-
IICHUS JJIs aBTOKOJIeOaHUH 3aJaHHOTO IIepUoa.
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Abstract. The article discuses systems whose control circuit contains thyristor converters or a special
type of indirect control system. An example of constructing self-oscillations in a system describing the
behavior of electrical devices using such elements in a control loop is given. The criterion of orbital sta-
bility and the method of synthesis of stabilizing controls are proposed. The conditions for the existence of
orbital asymptotic stability and Lyapunov stability for periodic solutions with a given period are present-
ed. A control loop has been synthesized that ensures the existence of such solutions. Examples of self-
oscillations are given for structurally linear systems. Solutions for self-oscillations of a given period are
constructed.
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BBeaenue

B pabote paccmoTpena 3agaya ctabuim-
3alUU IPOTPAMMHBIX IBIKEHHHA CHUCTEM, B KOH-
TYp YHPaBJIEHHUS KOTOPBIX BKIIIOYEHBI TUPUCTOP-
Hble TpeoOpaszoBatenu. Kimacc cucrteMm, Ha3BaH-
HBIX CHCTeMaMH nepeMeHHo# cTpykTypsl (CIIC),
BKJIIOYAETCS B KJIACC BBI3BIBAIOLINX B HACTOSIIEE
BpeMsl BCE BO3pACTAIOIINI HHTEpeC TaK Ha3bIBa-
eMBIX MPaAHCHOPMUPYIOWUXcs cucmem, KOTOPBIE
MOYKHO TPaKTOBAaTh KaK CHCTEMBbl INE€PEMEHHOU
CTPYKTYPBHI.

Tom4KkOM K TOSBJICHHIO TEOPUU CHUCTEM C
MEPEMEHHON CTPYKTYpPOH HOCITYKHIIO MpeasIo-
JKEHHE HCIIONb30BATh HEJIMHEHHYI0 KOPPEKLHUIO,
B COOTBETCTBHM C KOTOPOHl B 3aBHCHUMOCTH OT
COCTOSIHUSI CHCTEMbl YIPABJICHUS IapaMeTphl
00paTHOM CBSI3M CKauK000pa3HO MeHsTUCh [1-3].
Wnes okazanach KpailHE ILUIOJAOTBOPHOW W CTalla
CHUCTEMAaTUYECKH MPUMEHATHCSA IS YIYyHIICHHS
KadyecTBa PEryJIMPOBaHMS IPHU PEILIEHUH CaMBIX
pa3HooOpa3HbIX 3amay ympasieHus [4-9]. s
cucreM Broporo mopsgka C.B. EmenbsHOBBIM
BBOJATCSI OCHOBHblE pexkumbl pabdotel CIIC:
JBIDKEHHE IO BBIPOXKICHHBIM TPACKTOPUSIM, pe-
JKUM TIEPEKIIIOUEHUl U PEeXUM CKOJBKEHHUS I10
IIPSIMOM NIEPEKIIIOUEHUsT CTPYKTyp. bbumm mpen-
JIOKEHBl KPUTEPUHU OpPOUTAIBHON YCTOHYHMBOCTH
W METOJ CHHTE3a CTAOMJIM3HMPYIOUIMX YIIpaBlie-
Huil. PaccmarpuBaniach 3ajjaya HOCTPOEHHUS pe-
KUMa  aBTOoKoieOaHui. i  CTpyKTypHO-
JMHEHHBIX CHUCTEM OBUIM NPHUBEIEHBI NPUMEPHI
noctpoenus aprokonebanuii [10]

B paborax [9-16] mus  cTpyKTypHO-
JMHEWHOHN CHCTEMBI, OMUCHIBAIOLIEN ¢ 10CTaTOU-
HOW CTETIeHhIO TOYHOCTH IMOBEJIEHUE CHCTEMBI, B
KOHTYpE yHpaBICHHUA KOTOPBIX COIEP)KaTCs
TPaH3UCTOPHBIE KJIIOUM (CBOETO POJa CHCTEMBI
MPSIMOTO PETyJIMPOBaHMUs), paccMaTpuBaiach 3a-
Jla’ya MMOCTPOEHUS peXXIMa aBTOKOJIEOaHNsI.

[lomoOHBIE CHUCTEMBI MOXHO paccMaTpH-
BaThb KaK MpPUMEpHI UCIIOJIb30BaHUS OOIIEH Teo-
pyH, OHU TIpecTaBieHsl B [17-28]. B HacTosiei
CTaTb€ PacCMOTpPEH €Ille OJWH IpPHUMEpP HCIOJIb-
30BaHMsA TEOPHM Ul IOCTPOCHHUS aBTOKOJeOa-
HUH B CHCTEME, ONHCHIBAIOIIEH ITOBEACHNAE JJICK-
TPOTEXHUYECKUX YCTPOMCTB, COAEpXKAIlUX B
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KOHTYpE yNpaBieHUs 0COObIE THPUCTOPHBIE Ipe-
oOpa3oBartenu.

BynyT BbIIMCaHBI YCIOBHUS CYIIECTBOBAHUS
OpOUTANBFHON aCHMITOTHYECKOH YCTOMYMBOCTH H
YCTOMYMBOCTH N0 JISAIMYyHOBY I/l MEPUOANYECKUX
pelleHnit ¢ 3aaHHBIM MIEPHOIOM M OCYIIECTBIIEH
CHHTE3 KOHTYypa YHpPaBJieHMs, 00ECIECUMBAIOIIETO
HaIMYHC TaKuX pereHwmid. OOparieHne K TOH 3a-
Jaye OOBSACHSAETCS TEM, YTO B KAauecTBE JJIEMEHT-
HOMW 0a3bl sl YCTPOWCTB YaCTOTHOTO YIIPABIICHHUS
3NEKTPOJABUIATESMH HUCTIOB3YIOTCSI CHJIOBBIC TH-
PHUCTOPBI U TPAH3UCTOPBI.

Cdepoii npumeHeHuss mpeoOpa3oBaTeiei
Ha TUPHUCTOPAx SIBIISIOTCS] MOIIHBIE 3JIEKTPOIIPHU-
BOJIbI C BRICOKMMH TPEOOBaHUSIMH K TIeperpy304-
HOW criocoOHOocTH. braromapst crmocoOHOCTH BBI-
JepKUBaTh TOK HA MOPANOK BhILE HOMUHAJIBHO-
r0 3HaY€HHs, YCTPOWCTBA IIMPOKO MCIOIb3YIOTCS
B IpUBOAaX MCXAaHU3MOB IIPU BBICOKUX HaIps-
JKCHUAX, HAIIpUMEP, B I'Py30IOABEMHLIX Mallu-
HaX, BBICOKOMHEPLHOHHOM MPOMBIIUICHHOM
00OpyZOBaHUH. DJeMEHTHasi 0a3a THPUCTOPHBIX
npeoOpa3oBaTelieil CTOUT 3HAYUTEIHHO JEIIEBIe
CHJIOBBIX OBICTPOACHCTBYIOIINX TPaH3UCTOPOB.
MormHocTe  mpeoOpa3oBaTeniel ¢ Hemocpen-
CTBEHHOM CBS3bI0 MPAKTUYECKH HE OrpaHUYECHA.
Taxue 371eKTpOnpPUBOIBI MOKHO JIETKO MOJICPHU-
3UPOBATh MyTEM ITOAKIIOYEHUS TOTIOTHUTEIbHBIX
TUPUCTOPHBIX MOAYJIEM.

HccienoBanue ynpasjsieMbIX CHCTEM
NepeMEeHHOM CTPYKTYPbI

PaccMoTpuM  3nekTpoTeXHUYECKOE  YCT-
POMICTBO, B KOHTYpPE YIIpPaBJICHUSI KOTOPOro UMe-
I0TCA JIBa THPUCTOPHBIX TpeoOpazoBarens, a
MMEHHO: MPOaHAIU3UPYEM CHUCTEMY, IIOBEACHUE
KOTOPOM € JIOCTaTOYHOW CTENEHBIO TOYHOCTHU
ONMCBIBAECTCS] COOTHOUIEHUSIMHU

d

=4y + b (L - L), 1)
au — dal;
— =C1 U -hL), o =whi, (2

u; € {0,1},i = 1,2;
¢ = LTYE - U —d*y),
$r = Lz (U+ d*y).
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3mech Y — N-BekTop (Pa30oBBIX MEPEMEHHBIX 00b-
extoB ynpasienus; U, I, , [, (HanpsoKkeHHe, TOKN)
— TNIEpEMEHHBIC, OMMCHIBAIOIINE TOBEACHUE BYX
tupuctopoB; A (A € Z_),b,d — mnocrosHHBIE
MaTpWlla W BEKTOPHI Pa3MEPHOCTHIO COOTBET-
CTBEHHO N Xn u n; L4, L,, C, E (MHAYKTUBHO-
cte, eMKocTh, DJIC ucTouHNKa MUTaHUsA) — CBSI-
3aHHBIE C THPUCTOPAMH TIOJOXHUTEIHHBIE KOH-
CTaHTHI; U; — YIPABICHHS, KOTOPHIE 3aBUCSIT KaK
0T ympasisiiomux curnainoB v; = v;(y, U, 14, 1),
TaK U OT OCOOCHHOCTEHl THUPUCTOPOB, UMEHHO:
ecmu u; =0, To [; 0. ITepexon co 3HayYeHUA
u; = 0 Ha 3HaueHue u; = 1 ocyuiecTBiaseTcs B
MOMEHT, KOTJIa BIIEpBbIE OAHOBPEMEHHO BBIIOJI-
HSIFOTCS JIBA YCIIOBHSL:

>0, ¢; > 0. (3)

Ilepexon co 3HaueHus u; = 1 Ha 3Haye-

HUe U ; = 0 ocymecTBIsSETCS B MOMEHT, KOIJa
HACTYIaeT PaBEHCTBO:

I; = 0. 4)

3amaya MOCTPOEHUS aBTOKOJCOaHUs B CH-
creme (1)—(4): He0OXOIUMO BBIOPATH TTAPAMETPHI
Li,L,,C, E n ynpapisoOIIUE CUTHAIBL V; B BHIE
nuHEHHBIX QyHKIMA nepemennsix y, U, I, I, Ta-
KUM 00pa3zom, 4ToObl y cucteMmsl (1)—(4) cyme-
CTBOBAJIO OPOMTAJIbHO ACUMITOTHYECKU YCTOM-
YMBOE U yCTOHuMBOe 1o JIAmyHOBY mepuonuye-
CKO€ pelIeHHUE C 3aJJaHHBIMU TIEPHUOZOM H aMILTH-
Tynoi. Ilpu pemieHny 3aga4u MOCTPOCHHUST aBTO-
KoJIeOaHUI B CUCTEME MBI OTPaHUYUM ce0sl Kilac-
coM T —MepUOIUYECKUX MPOTPaMMHBIX pellie-
HUH, I KOTOPBIX Ha nepuoze T KaKIblil THPU-
CTOP BKJIFOUAETCS M BBIKIIOYAECTCS TOJBKO OJUH
pa3. Ilpu 3TOM MBI paccMOTpPHUM [1Ba THIA 3THX
pelIeHnH, OTIMYAIOIINXCS IPYT OT Jpyra CTPYK-
Typoll mporpamMmHoro ympasienust wP (t), ume-
JOLIEr0 COOTBETCTBEHHO OMH U3 BUJOB

wP(t) = w'(t),
w3,te[ 0j’ 11)
wio=q" { o g (5)
Wz'te[ 3 31)
wP(t) = w?(t),
(wl,te[toj,tf])
Wz(t) - W4,t6{t;1 ;DJ;' (6)
¢

sz,te 23]
Wy, tE 3 3])

th =t +jT, ta=ty+T,

i=01,..,4 j=012,.. ©)

OOmmM 1y1st STHX YIIPaBIIEHUN SBISIETCS TO,
YTO B HAYAIBHBI MOMEHT t; BKJIFOYAETCS MEPBBII
tupuctop. Kpome TOro, amst mpocToTsl Oyaem
CTPOUTH TIEPHOIMYECKHE PEIIeHNs, 00Jaaaromye
CBOWMCTBOM LICHTPaJIbHOW CHMMETPHH, NIpaBa, s
CMEILIEHHOT0 LIEHTpa HEe A BceX (a3oBBIX Iepe-
MeHHBIX. [l aToro Oymem cumrarh, 4to L =
L, = L, T. e. THpUCTOPHI OJIUHAKOBBI.

VYnpasngemyto  TpaHCc(HOPMHUPYIOLIYIOCS
CHUCTEMY, ONHCHIBAEMYIO OOBIKHOBEHHBIM (-
(hepeHIIMANBHBIM YPaBHEHHEM, MOXKHO 3aIlHCHI-
BaTh B O0IIIEM Cllydae TaK:

dy _
= 9 Gyuw), (8)

r7ie W — MPUHUMAroIee M pa3HbIX 3HAYCHUH W;
KYCOYHO-TIOCTOSIHHOE ~ yIIPaBJIICHWE  BEPXHETO
YPOBHS, KOTOPOE OIpeesieT H3MEHEHHE CTPYK-
TYpbl TpaHCQOPMUpYIOLIEHCS CHUCTEMBL: U —
yMpaBiicHHE HUKHETO YPOBHS, KOTOPOE SIBIISETCSI
WCTUHHBIM YyIPaBICHHEM H BBIOMpAETCs C yde-
TOM JIOTIOJTHUTENHHBIX YCIOBHHA WM OIpPEJEIeH-
HBIX cooOpaxenuit. Ilpm TakoM omucaHuM
TpaHC(HOPMHUPYIOIUXCA CHCTEM 3/IeCh paccMart-
pHUBAIOTCS TIOJOOHBIE CHCTEMBI C YK€ BEIOpaH-
HBIM YIIPaBJICHUEM U .

Pemrate 3amady mocTpoeHus aBTOKoyeOa-
Hus B cucteme (1)—(4) Oynmem 1o Toi ke cxeme, a
WMEHHO CHOPMYIUPYEM aHAJIOTH YTBEPKIACHUI
JUISL YIIPaBJICHUS] B CHCTEME THPUCTOPHBIME TIpe-
oOpa3zoBarensiMi. BeImuiieM CHCTEMBI COOTBET-
CTBYIOIIETO BUA U YCIOBHSA IIEPEX0/Ia OT OJTHOTO
3HaueHwus ynpasienus wP (t) k apyromy mnprume-
HUTENBbHO K ynpasieHwsMm (5)—(7), mpuuem B
MIPUHATON paHee popme, a 3aTeM IOKaKeM aHa-
Jiory TeopeM padotsl [10].

st perieHus 3a71a4i TOCTPOSHHSI aBTOKO-
nebanus B cucteMe (1)—(4) monoxum

he =LY L. =LY
Lz = liu + lye, L =0, )
l,=L71, c, =C1,
E, = l;.1,,I51E,
Yn+1 = U — lz_*lE*:
Yniz =1 — Iy,
Ynes = 2030 C Loy + 1i0).

Torna cucremy (1)—(2) MOXKHO MEPENUcaTh TaK:

= Ay + byni, (10)
dyn
L = CYns2) (11)
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Ei—l1.(d "y+Yyn41), w=wyq,

Ayni2 - Ei—1.(d*Y+Yn+1), w=wy, (12)
dt —l3.(d*Y+yn41),  w=ws,
L (A y+Yni1),  w=wg;

2053 Ea=Ly.(d "y +Yne1)], w=wy,

Dnts ) 20050 (Be—loe(@ "y +Ynia)], w=wa, (13)
dt 2E, w=ws,
—l(d Y +Yne1),  w=wg;

UroObr 3anucate cuctemy (10) B BekTOpHOU
dbopme, BBeeM 0003HAYCHNS, TTOJIaras

A~ (W) = {A7 |w=w}:

A 0, b
A7 = { 01n 0 c*}, i=1,234,
-, d* =1, 0
A~W) = {Arwzw }’
A\:’ _ { AI OTL+2,1}
! 212*13_*1(:‘1;)7&2 o)
I = { A n+2,1}
Pl e 0 )
T= _ 3 n+2,1
A3 B {01,n+2 0 }'
= _ AZ 0n+2,1
A4 B {01,n+2 0 }'
b(w) = {Ei|w=wi}'

El = —52 = (En+2)n+2' 53 = 54 = On+2,1,
b~wW) = {b7 (lw=w}
by = (b7, 2L.151Y, by = {b3", 201150,
b3* = {b3",2}, by ={b;",0},
YV = YnevYna2d VT =7 Vnes),
& =Ely, & =ETY
Toraa JaHHYIO CUCTEMY MOXHO IIEPEIIUCaTh TaK:
dy~ ~ ~
2 = AWy~ +EbZ(w),

a Bexrop-pyHKIMA &~
YpaBHEHUIO

OyIeT yIOBIETBOPSTH

a&~ =
G

Takum 00pa3om, B HaIlIEM ClIydae CUCTeMa
MIPUMET BUJ

9 f(F) = A~ T + b7,

pras (14)
i=1234.

Yurtem teneps ycnoBue (8), B CHIIy KOTO-
poro BemoaHsercs ly, = L, = L.

Torga napametp E,, mocieqHuili 31eMeHT
BekTOp-pyHKIMK b~ (W) W MOCIEIHHE CTPOKH
matpun A~ (w), A~W) 3amumryTcs Tak:

1
E* = EZ*E,
(El)n+3 = (E_g)n+3 =1, (53)n+3 =2,
(54)n+3 =0,

- - 1,
(ADn+21 = (A [n+2) = 5 (A3)[ne2) =
{-Ld",-L,0}, (AZ)[n+2] = 01n+2,

(A3 = A nes) = {(AD) 2, 0},
(A7) n+3) = ADm+3] = O1n4a-

[Mpexxae uem oOpaTUTHCS K COOTHOIICHUSM
(2)—(4) yurem TaxKe TO 0OCTOSITEIILCTBO, YTO MbI
OyneM WCKaTh T-IEpUOJMYECKHE PELICHUS CH-
creM (12)—(13), oOnamatomue MEHTPATBHOMN
CUMMETpHUER JUTSt BEKTOP-(hyHKITHI
P (t), EP(t), T.e. yIOBIETBOPSIOIINE YCIOBHAM

(1) = (12 D)= 210
= E7'9P(b).

Kak moxxHO 3aMCTUTh, I TaKUX IMEPHUOJUYC-
CKHX pelIeHn# cooTHOIIeHuE (7) MpUMeET BU
tl.j =t;+JT, i=0,..4, j=012,..

T
tl = tO + 19, 19 € (0:§>:

T T
tz =t0i_, t3 =t1 i_, t4=t0+T

2 2

HWrak, npeobpasyem cootHomienus (2)—(4),

JUISL 9€r0 BEJIUYUHBI V;, 0;, [; 3amuiieM B ClIery-
romei Gopme:

Vi = Euvis, Vi =S — U,

¢i = B, @i =1+ 800,
Iy = —=E.l, L = $iy g

Ilocne moapoOHOrO W3JIOKEHUS TIpolecca
(hopMUPOBaHUSI COOTBETCTBYIOIIMX YCIOBUH ISt
MOCTPOCHUSI MPOTPAMMHBIX PEIICHUM U TPU HUC-
MOJIb30BAHMM HEOOXOAMMBIX YIOOHBIX 0003HaYe-
HUI MOKHO JIOKa3aTh CIICAYIOITHE YTBEPKICHHSL.

Teopema 1. ITycts Benuuunsl WP (t) ymo-
BIIETBOPSIOT YCIOBUAM (5)—(6) ¥ COOTHOIICHUSM
(7), Trorna Bekrop-pynkuuu x(t) = Ey(t) yno-
BJIETBOPSAIOT cucTeMe (3) C yCIOBUSMH MEPEKITIO-
YEeHUs TUPUCTOPOB HA IJIOCKOCTSX IMEpeKItove-
HUSl yHnpaBlieHWH, a BekTop-QpyHKuusi Oyner T-
MEPUOTUYECKUM PELICHUEM CHCTEMBI C aMIUIU-
TyJIOH, TPOMOPIIMOHATBHON mapameTpy E.

Teopema 2. I[IycTh BBIITOJHEHBI YCIOBHS
Teopembl | u cootHouieHust (3) ompenenstoTcs
mo ¢opmyiaam (3)—(4), Torna BeKTOP-PyHKIIUH
x(t*) Oymer OpOMTaTBHO  ACHMITOTHYECKH
YCTOWYHMBBIM M YCTOHUMBBIM 10 JlsmyHoBy T-
MEPUOTUYECKUM PELICHUEM CUCTEMBI.



I'. I'. Hsanos, I'. B. Anghépos, B. C. Koponés

Teopema 3. [IycTh CyIIECTBYIOT KOHCTaH-
THI A; , YAOBIICTBOPSIOIINE YCIOBHAM

W <1(1=1,2,...,n+2)

u M-mepuogudeckas (M = 2) BeKTOP-(HyHKIHUSL
v(o) pasmepHocThio (N + 3), Takue, 4TO MpH
x(t¥) BbIMOJIHEHBI BCe ycioBus Teopembl. Torma
3a7a4a MOCTPOCHMS aBTOKOJICOAHHS B CHCTEME
paspermma.

JononHuTensHbIe  OTpaHUYEHUs]  ObUIH
HaJOKEHBI Ha TMapameTpsl cuctemsl (1) m orpa-
HudeHus (5), (6) HA MOMEHTBI MEPEKIIOUCHHS
ympasinenust wP(t). B pesynbTaTe mckomoe re-
PHOIMYECKOE PEIICHNE ONPEAesieTCs OHO3HAY-
HO B OTHOIIEHHWHU ero opouthl. Eciam orpanmue-
HUS CHATh, COXPaHUB JHIIb ycioBue (7), cBA3aH-
HOE C MEPHOANYHOCTHIO HCKOMBIX MPOrPaMMHBIX
pELIeHUi, TO OKAXETCs, YTO TaKue Mephuoanye-
CKHe pemeHus: OyIyT ONpeAessThCs MO TEM Ke
¢dopmynam, B KOTOPBIX BEKTOp X o CIEIyeT 3a-
MEHUTH BeKTOpoM X (to) = x(T + t;), KOTOpPBIi
HaXOJINTCS U3 COOTHOIICHHS (4).

3akjarouyeHue

TomykoM K TIPOBEACHUIO H3JIOKEHHBIX
3[ech MCCIIEJOBaHUI SBUJIACh TOTPEOHOCTh B
pa3paboTKe METOJIOB TOCTPOEHHs aBTOKOIeOa-
HUH A1 CUCTEMBI C THPUCTOPHBIMU TPE0Opa3o-
BaTEJSIMH, OMUCHIBAIOIEH MPOIECCHl M3TyUYeHHS
MOII[HOTO paJnorepeiaTunKa.

31ech paccMOTPEHBI JIUIL TaKWe JIBHKE-
HUS, A7 KOTOPBIX MPOTrpaMMHOE YIIpaBlIEHUE
MEHSET CBOe 3HaUeHHe OECKOHEUHOe YHCIIO pas.

Br13BaHO 3TO TeM 0OCTOSTEIBCTBOM, YTO B
MIPOTUBHOM CITy4ae 10 UCTEUYSHUH HEKOTOPOTO KO-
HEYHOro BpeMeHM Bce peleHus cuctemsl (1) cra-
HOBMJIUCH ObI pPElIeHUsIMA CHCTEMBI TIPU HEKOTO-
POM (PHKCHPOBAHHOM 3HAUYEHUH TTapameTpa .

CrnenoBaTenbHO, PACCMOTPEHHBIE 37ECH
3a[a4u CBOAMJIMCH OBl K KOHCTaTaluu (akTa, 4yTo
OpOUTAIIFHO ACHMITOTHYECKH YCTOWYHMBO WIIH
HET TporpaMMHOE JIBHJKEHHE JIaHHOW (puKcupo-
BaHHOU CUCTEMBI.

CnHcoOK HCTOYHHKOB

1. Emenvanose C.B. CuctemMbl aBTOMAaTHYECKOTO
YIIPaBIICHUS] C TIEPEMEHHON CTPYKTypou. M.:
Hayxka, 1967.

2. Emenvanoe C.B. Cucrembl IEpPEeMEHHOM
CTPYKTYPBI — KJTFOY K OTKPBITHIO HOBBIX TUITOB
oOpatHOl cBsi3u // HenuHeiHas AuHAMUKA U
ynpasienue. M.: @uszmatiut, 2013. Ne 8. C.
5-24.

3. Emenvsinos C.B., Tapan B.A. K Bonpocy uc-
10JIb30BAHUSI MHEPLIMOHHBIX 3BEHHEB IS IIO-
CTPOEHMsI OJHOTO Kjacca CUCTEM aBTOMAaTH-
YECKOI'0 PEryjaupoBaHUs C IEPEMEHHOI
CTPYKTypol // ABTOMAaTHKa W TeIeMEXaHHKa,
1963. T. 24, peim. 1. C. 33-46.

4. Emenvsinos C.B., Ymxun B.U. Tlpumenenue
CHCTEM aBTOMAaTHYECKOIO DEryJINpOBaHHA C
NIEPEMEHHON CTPYKTYpOH Al yHpaBiIeHUS
00BEKTaMH, TTapaMeTphl KOTOPBIX M3MEHSIOT-
¢ B muUpokux mpenenax // Kubepuernka m
Teopust Perymuposanusa. [oxm. AH CCCP,
1963. T. 152, Ne 2. C. 299-301.

5. beprxosuu E.HU. TupucTopHble TIpeodOpa3oBa-
TeJIM BbICOKOM yacToThl. JI.: Dueprus, 1973.

6. Cuupnoe EA. O crabummzanuy Hporpamm-
HBbIX JBW)KCHUM CHCTEM IEPEMEHHON CTpPYyK-
Typsl // Bectauk Jleaunnrp. yH-Ta JII'Y. Cep.
Mar., MeX., actp. 1990. Bem. 1. C. 40-43.

7. YVmxun B.M. CucteMbl ¢ TIepeMEHHOW CTPYKTY-
POii, COCTOSTHHE TPOOIIEMBI, TIEPCIIEKTUBBI // AB-
Tomaruka u Tenemexanuka. 1983, 9. C. 5-25.

8. Lwvinkun A.3. Teopusi UMITyJIbCHBIX CHCTEM.
M.: ®usmarrus, 1958.

9. Usanos I'I., Anghépos I'B., E¢pumosa I1.A.
YCTOWYMBOCTh CEJICKTOPHOJIMHEHHBIX TUdde-
peHIMaIbHBIX BKItoueHud // Becthuk Ilepm-
CKOro yHHBepcutera. MaTtemarrka. MexaHuKa.
Nudopmaruka. 2017. Beim. 2(37). C. 25-30.

10.Usanos I'I., Angpepos I'.B., Koponres B.C.
Crabwnmmzanusi MPOrpaMMHBIX JIBIDKEHUH CH-
CTeM TiepeMeHHOH cTpyKTyphI // Bectauk [epm-
CKOTo yHHBepcuTera. MaremaTtuka. MexaHHKa.
Wndopmaruka. 2023. Bem. 2(61). C. 16-28.

11.Heanos I'I., Anghepos I'B., Kopones B.C.
CucteMbl ¢ TpPaH3UCTOPHBIMH KJrO4amMu //
Bectnuk IlepMmckoro ynusepcurera. Marema-
tuka. Mexanuka. Magopmaruka. 2020. Beim.
2 (49). C. 14-18.

12.Alferov G., lvanov G., Efimova P., Sharlay A.
Study on the structure of limit invariant sets of
stationary control systems with nonlinearity of
hysteresis type (2017) AIP Conference Pro-
ceedings, 1863, P. 080003. DOI:
10.1063/1.4992264.

13.Alferov G.V., Ilvanov G.G., Efimova P.A. The
structural study of limited invariant sets of re-
lay stabilized system (Book Chapter) (2017)
Mechanical Systems: Research, Applications
and Technology, pp. 101-164.

14.Alferov. G.V., lvanov G.G., Efimova P.A,,
Sharlay A.S. Stability of linear systems with
multitask righthand member (Book Chapter)
(2018) Stochastic Methods for Estimation and



Cucmembl ynpasnenus ¢ mupucmopHbiMu npeoopazosamenimu

Problem Solving in Engineering, pp.74-112.
DOI: 10.4018/978- 1-5225-5045-7.ch004.
15.lvanov G., Alferov G., Sharlay A., Efimova P.
Conditions of Asymptotic Stability for Linear
Homogeneous Switched System, in Interna-
tional Conference on Numerical Analysis and
Applied Mathematics, 2017, AIP Conference
Proceedings. Vol. 48 1863, p. 080002. DOI:
10.1063/1.4992263.

16.Kadry S., Alferov G., Ivanov G., Sharlay A.
About stability of selector linear differential
inclusions (2018) AIP Conference Proceed-
ings, 2040. P.150013, DOLl:
10.1063/1.5079216.

17.Kadry S., Alferov G., lvanov G., Sharlay A.
Almost Periodic Solutions of First-Order Or-
dinary Differential Equations, Mathematics.
2018. Vol. 6, no. 9, P.171, DOI: 10.3390/math
6090171.

18.Kadry S., Alferov G., Ivanov G., Sharlay A.
Stabilization of the program motion of control
object with elastically connected elements.
(2018) AIP Conference Proceedings, 2040. P.
150014. DOI: 10.1063/1.5079217.

19.Kadry S., Alferov G., Ivanov G., Korolev V.,
Selitskaya E. A new method to study the peri-
odic solutions of the ordinary differential
equations using functional analysis. (2019)
Mathematics, 7(8), 677.

20.Korolev V. Properties of solutions of nonline-
ar equations of mechanics control systems, in
2017 Constructive Nonsmooth Analysis and
Related Topics (Dedicated to the Memory of
V.F. Demyanov), CNSA 2017 - IEEE Confer-
ence Proceedings. P. 7973973.

21.lvanov G., Alferov G., Efimova P. Integrabil-
ity of nonsmooth one-variable functions //
2017 Constructive Nonsmooth Analysis and
Related Topics (Dedicated to the Memory of
V.F. Demyanov), CNSA 2017 — Proceedings,
7973965.

22.lvanov G., Alferov G., Gorovenko P., Sharlay
A. Estimation of periodic solutions number of
first-order differential equations (2018) AIP
Conference Proceedings, 1959. 080006.

23.Kadry S., Alferov G., lvanov G., Sharlay A.
About stability of selector linear differential
inclusions (2018) AIP Conference Proceed-
ings, 2040. P. 150013. DOI: 10.
1063/1.5079216 .

24.Kadry S., Alferov G., Ivanov G., Korolev V.
Investigation of the stability of solutions of
systems of ordinary differential equations.

39

AIP Conference Proceedings, 2020. 2293,
060004.

25.Kadry S., Alferov G., Ivanov G., Korolev V.
About of the asymptotical stability of solu-
tions of systems of ordinary differential equa-
tions AIP Conference Proceedings, 2020.
2293, 060005.

26.Kadry S., Alferov G., Korolev V., Shymanchuk
D. Mathematical models of control processes
and stability in problems of mechanics AIP
Conference Proceedings. 2022, 2425. 080004.

27.Kadry S., Alferov G., lvanov G., Korolev V.
Study of control systems with transistor keys.
AIP Conference Proceedings, 2022. 2425,
080003.

28.Usanoe I'.I., Anghépos I'.B., Koporés B.C.
HccnenoBanue pelieHu JHMHEHHONM OJHO-
ponHo# cuctemsbl nuddepeHnnaIbHBIX ypaB-
Henuil // Bectauk [lepMckoro yHuBepcurera.
Marematuka. Mexanuka. HWupopmaTuka.
2023. Bom. 1(60). C. 47-53. DOI:
10.17072/1993-0550-2023-1-47-53.

References

Emel'yanov, S.V. (1967), Sistemy avto-
maticheskogo upravleniya s peremennoj
strukturoj [Automatic control systems with
variable structure], Nauka, Moscow, Russia.
Emel'yanov, S.V. (2013), "Variable structure
systems are the key to unlocking new types
of feedback", Nelinejnaya dinamika i uprav-
lenie. Vyp. 7. M.: Fizmatlit, no. 8, pp. 5-24.
Emel'yanov, S.V. and Taran, V. A., (1963),
"Toward the use of inertial links for the con-
struction of one class of automatic control
systems with variable structure”, Avtomat. i
telemekh., T. 24, issue 1, pp. 33-46.
Emel'yanov, S.V. and Utkin, V.l., (1963),
"Application of automatic control systems
with variable structure for controlling objects
whose parameters change within wide lim-
its", Kibernetika i Teoriya Regulirovaniya.
Dokl. AN SSSR, T. 152, no. 2, pp. 299-301.
Berkovich, E.I., (1973), High frequency thy-
ristor converters [Tiristornye preobrazovateli
vysokoj chastity], Energiya, Leningrad.
Smirnov, E.Ya. (1990), "On stabilization of
program motions of systems of variable
structure”, Vestn. Leningr. un-ta LGU. Ser.
mat., mekh., astr., issue 1, pp.40-43.

Utkin, V.1, (1983), "Systems with variable
structure, state of the problem, perspectives”,
Avtomatika i Telemekhanika, no. 9, pp. 5-25.



I'. I'. Hsanos, I'. B. Anghépos, B. C. Koponés

10.

11.

12.

13.

14.

15.

16.

17.

Cypkin, Ya. Z. (1958), Theory of impulse
systems [Teoriya impul'snyh system], Fiz-
matgiz, Moscow, Russia.

Ivanov, G. G., Alferov, G. V. and Korolev,
V. S. (2017), "Stability of selector-linear dif-
ferential inclusions”, Bulletin of Perm Uni-
versity. Mathematics. Mechanics. Computer
Science, no. 2(37), pp. 25-30.

Ivanov, G. G., Alferov, G. V. and Korolev,
V. S. (2023), "Program Motions Stabilization
of Variable Structure Systems", Bulletin of
Perm University. Mathematics. Mechanics.
Computer Science, no. 2(61), pp. 16-28.
Ivanov, G. G., Alferov, G. V. and Korolev,
V. S. (2020), "Systems with transistorized
keys", Bulletin of Perm University. Mathe-
matics. Mechanics. Computer Science, no.
2(49), pp. 14-18.

Alferov, G., lvanov, G., Efimova, P. and
Sharlay, A. (2017), "Study on the structure of
limit invariant sets of stationary control sys-
tems with nonlinearity of hysteresis type",
AIP Conference Proceedings, pp. 080003.
DOI: 10.1063/1.4992264.

Alferov, G.V., lvanov, G.G. and Efimova,
P.A. (2017), "The structural study of limited
invariant sets of relay stabilized system
(Book Chapter) ", Mechanical Systems: Re-
search, Applications and Technology, pp.
101-164.

Alferov, G.V., Ivanov, G.G., Efimova, P.A.
and Sharlay, A.S. (2018), "Stability of linear
systems with multitask righthand member
(Book Chapter) ", Stochastic Methods for Es-
timation and Problem Solving in Engineer-
ing, pp. 74-112. DOI: 10.4018/978-1-5225-
5045-7.ch004.

Ivanov, G., Alferov, G., Sharlay, A. and
Efimova, P. (2017), "Conditions of Asymp-
totic Stability for Linear Homogeneous
Switched System”, International Conference
on Numerical Analysis and Applied Mathe-
matics, vol. 48(1863), p. 080002.
DOI:10.1063/1.4992263.

Kadry, S., Alferov, G., lvanov, G. and Shar-
lay, A. (2018), "About stability of selector
linear differential inclusions”, AIP Confer-
ence  Proceedings, 2040. P.150013,
DOI:10.1063/1.5079216.

Kadry, S., Alfero,v G., Ivanov, G. and Shar-
lay, A. (2018), "Almost Periodic Solutions of
First-Order Ordinary Differential Equations",

40

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Mathematics, wvol. 6, no.
DOI:10.3390/math 6090171.
Kadry, S., Alferov, G., Ivanov, G. and Shar-
lay, A. (2018), "Stabilization of the program
motion of control object with elastically con-
nected elements”, AIP Conference Proceed-
ings, 2040, p. 150014.
DOI:10.1063/1.5079217.

Kadry, S., Alferov, G., lvanov, G., Korolev,
V. and Selitskaya E. (2019), "A new method
to study the periodic solutions of the ordinary
differential equations using functional analy-
sis", Mathematics, 7(8), p. 677.

Korolev, V. (2017), "Properties of solutions
of nonlinear equations of mechanics control
systems" Constructive Nonsmooth Analysis
and Related Topics (Dedicated to the
Memory of V.F. Demyanov), CNSA 2017 -
IEEE Conference Proceedings. P. 7973973.
Ivanov, G., Alferov, G. and Efimova, P.
(2017), Integrability of nonsmooth one-
variable functions”, 2017 Constructive Non-
smooth Analysis and Related Topics (Dedi-
cated to the Memory of V.F. Demyanov),
CNSA 2017 - Proceedings, P. 7973965.
Ivanov, G., Alferov, G., Gorovenko, P. and
Sharlay, A. (2018), "Estimation of periodic
solutions number of first-order differential
equations"”, AIP Conference Proceedings,
1959, P. 080006.

Kadry, S., Alferov, G., Ivanov, G. and Shar-
lay, A. (2018), "About stability of selector
linear differential inclusions”, AIP Confer-
ence Proceedings, 2040, P. 150013. DOI:
10.1063/1.5079216.

Kadry, S., Alferov, G., Ivanov, G. and
Korolev, V. (2020), "Investigation of the sta-
bility of solutions of systems of ordinary dif-
ferential equations™, AIP Conference Pro-
ceedings, 2293, P. 060004.

Kadry, S., Alferov, G., Ivanov, G. and
Korolev V. (2020), "About of the asymptoti-
cal stability of solutions of systems of ordi-
nary differential equations”, AIP Confer-
ence Proceedings, 2293, P. 060005.

Kadry, S., Alferov, G., Korolev, V. and
Shymanchuk, D. (2022), "Mathematical
models of control processes and stability in
problems of mechanics”, AIP Conference
Proceedings, 2425, P. 080004.

Kadry, S., Alferov, G., lvanov, G., and
Korolev, V. (2022), "Study of control sys-

9, p.i71,



Cucmembl ynpasnenus ¢ mupucmopHbiMu npeoopazosamenimu

tems with transistor keys", AIP Conference Linear Homogeneous System Solutions In-
Proceedings, 2425, P. 080003. vestigation”, Bulletin of Perm University.

28. lvanov, G. G., Alferov, G. V. and Korolev Mathematics. Mechanics. Computer Science,
V.S. (2023), "The Differential Equations no. 1(60), pp. 47-53.

HNndopmanns o0 apropax:

I I Usanoe — xanaumar QU3NKO-MaTeMaTUICCKUX HAYK, HAYYHBIH COTPYAHHK, Kadenpa MeXaHH-
KH yrpaBisgeMmoro nBwkeHusi, Cankt-IletepOyprckuii rocynapcTBeHnbiit yauBepcuteT (198504,
Poccus, . Cankr-IletepOypr, [leteprod, YauBepcurerckuii np., 1. 35), AuthorID: 116900;

I B. Angpépos — xanaunatr GU3NKO-MaTeMaTHYeCKUX HayK, JOLCHT, TOUEHT Kadeapbl MEXaHUKU
ynpasinsiemoro asmwxkenusi, Cankr-IlerepOyprekuii rocyaapctBeHHbiil yauBepcureT (198504, Poc-
cus, . Canakt-IletepOypr, [lereprod, Yausepcurerckuii mp., 1. 35), AuthorID: 2873;

B. C. Koponés — xaunuaar pu3Mko-MaTeMaTHYeCKUX HayK, JAOICHT, JOLCHT Kadeapbl MEXaHUKU
ynpasinsiemoro asmwxkenusi, Cankr-IlerepOyprekuii rocyaapctBeHHbiii yausepcureT (198504, Poc-
cus, . Caakt-IletepOypr, Ileteprod, YauBepcurerckuii mp., 1. 35), AuthorlD: 7342.

Information about the authors:

Gennadiy G. Ivanov — Candidate of Physical and Mathematical Sciences, Researcher, Department
of Mechanics of Controlled Motion, St. Petersburg State University (35, Universitetsky Pr., Pe-
terhof, St. Petersburg, Russia, 198504), AuthorID: 116900;

Gennadiy V. Alferov — Candidate of Physical and Mathematical Sciences, Docent, Associate Pro-
fessor of the Department of Controlled Motion Mechanics, St. Petersburg State University (35,
Universitetsky Pr., Peterhof, St. Petersburg, Russia, 198504), AuthorID: 2873;

Vladimir S. Korolev — Candidate of Physical and Mathematical Sciences, Docent, Associate Pro-
fessor of the Department of Controlled Motion Mechanics, St. Petersburg State University (35,
Universitetsky Pr., Peterhof, St. Petersburg, Russia, 198504), AuthorID: 7342.

41



