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MOPIBHSLJIbHUM AHAJII3 METOAIB PO3PAXYHKY NEPIOAUYHUX
IMPOLECIB HEJITHIMHUX EJIEKTPOMEXAHIYHUX CUCTEM

B po6omi o6rpyHmoeaHo doyinbHicmb 8UKOPUCMAHHS Memody Modyai yymaugocmi do no4amkosux ymog 0.s
aHa.izy nepioduMHUX NPoYecie HeAIHITHUX es1eKMpPOMEXaHIYHUX npucmpoie.
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COMPARATIVE ANALYSIS OF CALCULATION METHODS
OF PERIODIC PROCESSES OF NONLINEAR ELECTROMECHANICAL SYSTEMS

The analysis of processes of the basic methods of calculation of periodic (stationary) processes (stationary) processes of nonlinear
electromechanical systems is carried out. Modeling of steady-state electromechanical processes of electrical devices, covering both power
energy converters (electric machines, transformers, electromagnetic devices) and automation devices (actuators, selsyn, position sensors,
tachogenerators, rotary transformers, etc.) is one of the most difficult problems due to reproduction of physical processes of different nature
that take place in them. Nominal operating modes of most of them are fixed or periodic, that is, their coordinates (currents, voltages, angular
displacements, etc.) are periodic functions of time. The problem of finding periodic solutions of nonlinear differential equations is more
difficult than the Cauchy problem of integrating these equations from the initial conditions to the establishment, because it imposes another
condition on the solution - the periodicity condition. The main methods of analysis of periodic processes in continuous time are the method of
models of sensitivity to initial conditions, extrapolation and gradient methods. This article is devoted to the comparison of these methods,
which is based on their suitability for algorithmization of the computational process and the possibility of using them to solve other
problems, such as determining the static stability of the periodic process.

Modern methods of studying static stability, in particular determining the limits of stability of periodic processes, are based on the
algebraic criteria of Nyquist, Hurwitz and others. These methods are not subject to the ideology of building a single mathematical apparatus
and creating on its basis a single algorithm for calculating periodic processes.

The practical use of the method, which is based on the model of sensitivity of system variables to their initial
conditions, was hampered by the difficulty of determining the elements of the sensitivity matrix. In this paper, this problem is
solved by representing the specified matrix by the product of two other matrices obtained on the basis of the functional
relationship between electrical and magnetic parameters.
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MocranoBka npoGeMu

AHaii3 cTalux NepioONUYHUX TMPOIECiB HETHIMHUX NOUHAMIYHAX CHCTEM € Ba)KJIUBUM 3aBJaHHIM
ONTUMAJILHOIO MPOEKTYBAHHS yepe3 LIMPOKe 3aCTOCYBaHHS B TEXHilli NPUCTPOIB MEPiOAMYHOrO MPUHLUIY Oil.
BHacninok 3HauHOro uyacy mepeximHol peakuii Takux 00'€KTiB Oe3mocepenHe iHTerpyBaHHS AU(epeHLiaTbHUX
PiBHSIHB, IO iX OMHUCYIOTH, TOB'A3aHE 3i 3HAYHUMM 3aTpaTamy dvacy i BTparoiro To4yHocTi. Tomy Haifwacrime
BUKOPUCTOBYIOTb TUCKPETHi METOAH, IO 0a3yl0Thesl Ha CITKOBUX BinoOpaskeHHAX abo po3kiagaHHi QyHKUiH B paa
®yp'e. Li Ta iHOI IUCKPETHI METOAM TPOMI3JKI B HUCIOBIH peanizawii Ta mo30aBieHi KPUTEPIiiB TOYHOCTI, TOMY HIO
BUMAraroThb iHTYITUBHOIO BUOOpPY UYKcNa BY3JIiB CiTKH, KiJIbKOCTI UIEHIB pAAY TOLIO.

AHaJli3 OCTaHHIX JKepeJt

Ornan niTepaTypHUX Kepen, NPUCBAYEHUII MeTogaM po3paxyHKY YCTaJeHMX MepiOJMYHMX HPOLECIB,
MoKazye, 0 OLIBIIICTh 3 ICHYFOUMX METOIB NPUIATHI IJIsl aHANli3y TaKuX MPOLECiB Y IUCKPETHOMY Yaci i )KolleH 3
HUX HETPUIATHUH U MPOBENEeHHS PO3paxyHKIiB MPOLECiB, y SKUX, KPIM €IEeKTPOMArHITHUX 3MIHHHX, IO YWcla
HEBIIOMUX HaJIEXWTh KyTOBa MIBUAKICTb MepeMillleHHs KOHTYpiB. Yci TpaauLiiiHi MeToau mo30aBieHi KputepiiB
TOYHOCTI, 00 Ha TOMY UM iHIIOMY €Tarli pO3paxyHKy BKJIIOYAIOTh B cebe Cy0’ eKTHBHUIT (hakTop — BUOip YKCiIa TOU0K
Ha nepioai (TOUYKOBUIT MeTox), BUOip umcna rapMoHik B psanax ®yp'e (Meron rapMmoHiiiHoro 6anmancy), Tomo. Lli
METOMM CKJIaJHi B alTOPUTMIYHOMY BUKOPUCTAHHI.

MeToro poGoTH €: METOIO JOCITIIKEHHs € OOIPYHTYBaHHS NOLIJIBHOCTI BUKOPUCTaHHA METOLY MoJedi
YyTIAMBOCTI O MOYAaTKOBUX YMOB JUISl aHAJI3y NMepioANYHHX MPOLECiB eNeKTpOMeXaHiYHUX MPHUCTPOTB.

Bukiiaag ocHoBHOro martepiany

BypxsuBuii nporpec 064nCIIOBAILHOT TEXHIKM i Bce GBI IIMPOKE BUKOPUCTAHHS TEOPETHYHHX MiAXOiB
B MIPUPOTHUYMX HAYKaX CHOPUSIOTH IPUCKOPEHOMY PO3BUTKY MaTeMaTH4HOTO MOJIENIOBaHHA. MaremaTruuHa MOJIelb
JIMHAMIYHOT CUCTeMH 3a3BU4all € CyKYyMHIiCTIO IuepeHLianbHUX PpiBHAHb, 3BUYaHUX ab0 3 YaCTMHHUMM
noxigHuMu. [Tpu 1jboMy omuc JiHITHUX CHCTeM BUTIKa€ 3 MPAKTHUYHO 3aBEPIISHUX TEOPETUYHUX TepeTyMOB, B TOM
qac SK Teopis HeNiHIHHWX AWHAMIYHWX CHCTEM IMOKM IO 3HAXOAWTHCA Ha cTamii (OpMYJFOBaHHS i TOCIiIOBHOT
MepeBipkyu OKPEMUX THITIB HeMiHiMHUX Monenel. Lle mosicHIoeTbes mepil 3a BCe HU3KOH HOBHX SIBUIL, 3 SKUMU MU
TYT 3ycTpivaemocs. TakuM YMHOM, HEJNiHiiHI MO 9acTo MAlOTh HEe O/INH, @ KiJIbKa pO3B’SI3KiB, U HUX MOXJIUBE
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iCHyBaHHS KOJNMBAJIbHUX DpillleHb. XapaKTEepHOI O3HAKOK HEeNiHIHWMX 3amad € HeoOXiAHICTh 3acTOCyBaHHA
YHCEJIbHUX METOMIB ISl 3HAXOUKEHHS PillleHHs..

I xo4a cborozHi iCHye UUIMIT psin METONIB aHaNi3y AMHAMi4HO! TOBEIiHKM HENiHiHHUX MoJeneil, OCHOBHUM
[HCTpyMEHTOM BUPpIIIEHHs 6araTboX MPAaKTUYHUX 3aBJaHb 3AIMILIAETHCS TEOPIis 3BUYAWHMX MU(EepeHLliaIbHUX PiBHSHbD.
Lle mosicHIO€THCSA, MO-Neplle, HAsBHICTIO A00Ope PO3BUHEHOTO aHAIITUYHOIrO anapary i YMceabHUX METOMIB PO3B'A3aHHA
3BMYAiHUX AudepeHLianbHUX PiBHSHb; MO-IpYyre, HAsABHICTIO KiIbKICHUX METOMIB MOCIIMKEHHS pillleHb 3BMYAMHMX
Ir(epeHIliiHIX PiBHAHb, 30KpeMa METOMIB OLHKHM CTIHKOCTI, aHaJli3y MOBEOiHKH pillleHb TOBKOJA OCOOIMBUX TOYOK
TOILO; TIO-TPETE, MPO30PICTIO i MPUPOIHICTIO 3BUYAWHOrO AU(EpeHIiaIbHOr0 PIBHAHHS SIK MaTeMaTH4HOI MOJeNi Ui
OIUCY TIPOLIECIB MEPEXO/Iy peaTbHIX 00’ €KTIB 3 OHOTO CTaHY B iHIIWIA i/ i€t0 30BHIMIHIX | BHYTPIITHIX TPHYHH.

Mu obMexuMocs po3rIffoM TakuX (i3MYHUX HPOLECIB, AKI MOXKHA aeKBAaTHO ONUCATU 3a AOMNOMOIOI0
KIiHIIEBOTO YHWCJIa B3a€MOIOB'S3aHMX AudepeHuiansHuX piBHAHb. OYEBHOHO, MO M0 i€l Kareropii 00'eKTiB
HaJle)kaTh €JIeKTPOTEXHIYHI MPUCTPOI, SIKi MOXKHA TPEICTABUTH y BUTIISAI €IEKTPUIHMX CXEM i3 30CepemKeHnMH
napameTpamMM Ta MexaHiuHi cucteMu. B iboMy BUMaaKy Ui OMUCY MOBEAIHKH CUCTEMH B OyAb-IKHH MOMEHT 4acy
NPUPOAHO BUKOPUCTOBYBATH €IMHY MaTeMaTHYHy XapaKTepUCTHKY — 3MiHHY CTaHy.

OnTuManbHe NPOEKTYBaHHS 1 MpaBWIbHA SKCILTYaTallisl eJIeKTPOTEXHIYHNX MPUCTPOIB BUMAraloTh PO3PaxyHKy
MepexiHUX i CTaJMX MPOLECiB, BU3HAYCHHsI CTATUYHOI CTIMIKOCTi i MapaMeTpUyHOl 4y TJIMBOCTI, Ml KO PO3YMilOTh
YyTJIMBICTh BHXiZHUX MapaMeTpiB CUCTEMM A0 3MiH MapaMeTpiB il eneMeHTiB. I3 mepepaxoBaHMX 3aBIaHb JIWLIE
PO3paxyHOK MepexiH1X NPOLIECIB 3iHCHIOETHCS B HellepepBHOMY 4aci. [HIlI 3aBJjaHb BUPILIYIOTHCS B IUCKPETHOMY 4aci
3 3AIyYeHHAM Yy KOPKHOMY BUIIAZIKy Pi3HOr0 MaTeMaTUYHOT'O anaparty i pisHUX METOAIB SKiCHOTO aHali3y.

ChOroIHi 11 PO3paxyHKy CTaIUX MEPiOANYHHUX TPOLECiB 3aCTOCOBYIOTHCS METOIM TTOLIYKY TMOYaTKOBUX
YMOB, 1110 JO3BOJIAIOTh BU3HAUYUTHU TaKi 3HAYEHHs 3MIHHUX Ha [0YATKy Nepiony, sKi MpU YUCELHOMY iHTErpyBaHHi
Ha OIHOMY Tepiofi MpW3BONATH MO mepiogwdHOro pimenHa. Croad HajekKaTh KBa3iHBIOTOHIBCHKUil [1],
eKCTpanosIiitanii [2] i rpagienTHwmif [3] MmeToau. BoHM opieHTOBaHI Ha BU3HAYEHHS BEKTOpA MOYATKOBUX 3HAYCHD
x(0), 110 BiAMOBITA€ CTAIOMY PEXUMY POOOTH, AT AKOTO

F(x(0))=x(0)-x(T)=0, (1)
ne T — nepion npouecy; X(O), X(T ) — 3Ha4yeHHs BeKTopa 3MiHHMX X y Momentu wacy 1 =0, =T .
[Tpn upoMy MaTeMaTUuHy MOJENb 00'€KTa MPEACTABIEHO CHCTEMOIO PIBHSAHb!
dx
- = AXSxD), by

e A (x) — MaTpuLs KoeQilicHTiB.

Exctpamonsiuilinuii Meton 0a3yeThbcs Ha €-aliTOPUTMi, MPU3HAYEHOMY JUIS 3HAXOIDKEHHS HYMCIOBOT
TTOCTiTIOBHOCTi 3 €KCTIOHEHTHUMH WieHaMu. CyTh METO/Y TOJISITAaE B iHTETpyBaHHI (2) Ha JIESKOMY MPOMIKKY Hacy

T= (C +d )T , e ¢ v d — KpUTMYHI IapamMeTpy eKCTPanoJsLii.

B pesynbrarti iHTErpyBaHHS OTPUMAEMO TIOCIiTOBHICTh 3HAYCHD

X =x(k,T), k=1,2,..,c+d. 3)
Jnst cykynHOCTi 3Ha4eHs (3), MOYMHAIOUH 3 ¢, OyLyeEMO eKCTpaIosLiiHy hopMyiy
x(0) = EXTR (x5, (). (4)

Oyukuist EXTER e g-anroputmom [4]
xfrl)=0, r=c,c+1,...,c+d;

x(()r) =x", r=c—1, ¢, c+1,... ,c+d; %)

. -1
X = +(x§r+l) —xﬁ’)) s=c—Lec,...,c+d—1;
r=c—lc,c+l,..,c+d—1-s.

Pesynbtat ekcrpanonsii, o Bianosinae EXTER B [4], nopiBHI0€ X (0) = xf,g)d.

Jns cuctemu (2) mopsaaxy 7 3HauenHs d ~ 271. 3HaueHHs ¢ BUOUPAIOTh B MeXaxX Bia 1 110 5.

V nmiHifHUX cucTeMax pillleHHS 3a JOTOMOroio (5) OTpUMYIOTh 3a OIHY iTepailito, B HENiHIHHUX — 3a
KiJIbKa.

KpazinptoTOHIBCHKMIT MeTon. Y IeSKWX BWITQAKAaX JOBOIAWTHCS BHUPIINIYBaTH CHCTEMY 3BUYAHUX
audepeHLianbHUX PiBHSHD 32 HASBHOCTI YMOB Ha 3HAUSHHS 3aJIE)KHUX 3MIHHUX, IO 33/IaI0Th JUIsl Pi3HUX 3HAYEHb 1.

VYmoBa niepionuuHocTi (1) MiCTUTB Ba TaKWX 3HAYECHHS HA 1OYATKy X (0) i B KiHII X (T ) nepiomy. 3anmaui (1)1 (2)

Ha3MBAIOTHCS KPaOBUMHU 3a1auaMi, METOIH PO3B'SI3aHHS SIKMX BiApPI3ZHAIOTHCS Bill METOMIB BUpieHHs 3ana4d Komri.
V pasi HeniHiliHMX AndepeHUianbHUX piBHSIHB (2) cucTeMa piBHsAHB (1) Takok € HexdiHiliHOM. YBech

PO3B’A30K MOXKHA PO30MTH HA TPH €TaNM: 3HAXOMKEHHs e(EKTMBHOrO METOMy oOuucieHHs F (x(O)), BuOIp
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BiJMOBIIHOTO iTepalliiiHoro MeTomy sl BUpimeHHs piBHAHHS (1) Ta migdip XOpOIIOro MoyaTkoBOTO HAOIMKEHHS
s X (0)
[pu o6uncnenni F (x(O)) OTPUMYIOTh LIJIKOM 3aI0BUTbHI pe3yJbTaTH, BHKOPHUCTOBYIOUM MPOCTHH

MEeTO/l iHTerpyBaHHs, Hanpukian Meton Pynre-Kyrra.
Jnst BupimeHHs cuctemMu piBHAHB (1) 3a3BMyail BUKOPUCTOBYIOTH MeTo HbloToHA:

x(0)"" =x(0)' = F'(x(0)' )} F'(x(0)'). ©)

ae F’ (x (0)) — Marpuns Sko0i, aKy onepxumo audeperuiroBantsam (1) 3a x (0) .
F'(x(0))=E-®(x(0).T). ©)
Tyt
ox(T)
) 0),T)=—-—=, 8
O-7)=5 0 ®
ae q)(x(O),T ) — MaTpHLs Tepexoy CTaHiB abo MaTpHLd YyTJIMBOCTI 3MiHHOT Mozelni 0 CBOIX

MOYaTKOBUX 3HAa4€Hb; E — ofMHNYHA MaTpHII.

CknagHicTh BU3HAUEHHS MAaTpHLi YYTJIMBOCTI € OCHOBHOI MEPEIIKOJOI O BHMKOPHUCTaHHS
KBa3iHBIOTOHIBCKOTO METOMY ISl BUPILIEHHS 3a/1a4 eJIeKTPOMEXaHiKH.

Bupienns uiel npoGiemu MojArae B HACTyHOMY. B eleKTpOTeXHiYHMX MHPUCTPOSAX ICHYe
(GYHKUIOHATBHUM 3B'SI30K MK €NEeKTPUYHUMU KOMIOHEHTaMu (MO3HAuYMMO uepe3 X ) i MarHiTHUMH (TI0O3HAYMMO
4epes ) ), 110 MA€ BUTIIALL

x=x(y). €
Cuctema mupepeHUiHNX PIBHAHB 11 3MiHHOT ) OyJle TaKoo:
‘Z = f(x,1). (10)
Hudepenmitoroun (9) 3a x(O), orpumaemoripu £ =1
®(x(0),7)=A(x)-S(x(0).7), (11)
ae
A(x)=@ ; S(x(O),T)=a—y (12a,6)

oy 8x(0) '
Tyt A(x) — MaTpuus KoeQilicHTiB; S(x( 0),T ) — JOMOMDKHA MATPHIIA YyTIMBOCTI IO MOYATKOBUX

yMoB. [i eneMenTH BU3HAUAKOTH i3 NU(epenLiiHuX piBHAHL MepIIoi Bapiawii, oTpuManux audepenuirosanusam (10)

3a x(O).

95 _F5) 5 (x)-5(x(0).7). a3
dt ox

Bupasznu (11) ta (13) cBiguats npo Te, 10 MPH BUPIIIEHHI €JIEKTPOMEXaHIYHIX 3a/1ad MaTPULIFO Yy TIUBOCTI
MOYKHA MPEICTaBUTH H0OYTKOM MaTpHii KoedillieHTiB MoJeli Ta JONOMiXKHOT MaTpHIli 9y TIMBOCTI, €IeMEHTH SKOT
JIErKO BU3HAYAIOTHCS 3 MU(hepeHuiiHNX piBHAHB Mepiuoi Bapiarlil.

Ha £-Tiii itepauii ¢opmynu HetoToHa (6) niniline Bapiauiitne piBasHHs (13) iHTerpyerbes cniibHO 3 (2) Ha
mepiomi. B pe3ynprari BusHaunMo 1iboBy ¢yHKUit0 (1), Marpuiro Skobi (7), HpOro JOCTaTHRO [UI BH3HAYCHHS
MpaBoi YacTHHU iTepauiiiHoi Gpopmyiu (6).

BucHoBku

1. AHani3 ycTajeHux nepioM4HUX NpOLECiB NOUIIBLHO 3iliCHIOBATH B 4acOBiil 00J1acTi, BAKOPUCTOBYIOUM
JUIA IbOT'O KBa3iHBIOTOHIBCHKUM, €KCTPAMONALiHNMN i rpafieHTHUI METOAM.

2. Haii6impr mpocTMM Ta YHIBepCaJbHUM € KBa3iHBIOTOHIBCHKMI MeTon. BwupimeHHs mpobiemu
O0YMCIEHHA MaTpUlli YyTIMBOCTI A0 MOYAaTKOBMX YMOB BiIKPHUJIO LUMPOKI MOXIMBOCTI AN PO3B’A3yBaHHSA 3agad
€JIEKTPOMEXaHIKW — HalOLTBII CKITAIHUX 33/1a4 TEOPETUIHOT eNeKTPOTEXHIKH.

3. ExcTpanonsuiiiHuil aropuT™ BHUMArae BEJIMKMX BUTPAT MAIIWHHOTO yacy i 0OMeXeHHil y BUpillleHHi
3a1aq 3 0araToO3HaAYHUMHM PO3B’A3KAMHU.

4. CxnagHiCTh alrOpUTMIuHOT peanizaiii poOWTb rpadieHTHMH MeTo] HaiMeHIl MpuBabIMBUM cepen
METO/IiB 4aCOBOTO PO3B’A3KY.
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