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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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IMocTanoBKa mpodJjeMn

AHamni3 craJmx NepiOAWYHUX TIPOLECIB HENHIHHUX IUHAMIYHMX CHUCTEM € BAXKJIMBUM 3aBIaHHIM
ONTHMANBHOTO TPOEKTYBaHHA 4epe3 IIUPOKE 3aCTOCYBAHHSA B TEXHIill NMPHUCTPOIB MEPIOAWYHOTO MPHUHIUMY Iii.
BHacninok 3HayHOro 4Yacy mepeximHol peakuii Takux 00'€KTiB Oe3rmocepesHe IHTETrpyBaHHs IHU(pEepeHLIATbHUX
PIBHSIHB, IO iX OIKCYIOTh, IIOB's3aHE 31 3HAYHUMHM 3aTpataMH 4acy i BTparor ToyHocTi. Tomy Haifuacriie
BHKOPHCTOBYIOTh AUCKPETHI METOJH, IO 0a3YIOThCA HA CITKOBUX BiOOpaXeHHAX a00 po3KIamaHHI GYHKIIN B psi
®yp'e. i Ta iHIII AUCKPETHI METOIU TPOMI3JIKI B YHCIIOBIH peaizaii Ta mo30aBieHi KpUuTepiiB TOUHOCTI, TOMY IO
BHMAararTh iHTYITHBHOTO BHOOPY YHCIIa BY3JIiB CITKH, KUTBKOCTI WICHIB PSIy TOIIO.

AHaJi3 0CcTaHHIX IzKepeJt

Ornsp miTepaTypHHX IDKEpes, HMPUCBIYCHHI METOJaM pO3paxyHKY yCTAICHHX IEPIOJHIHUX IPOIECIB,
MIOKa3ye, 10 OUTBIIICTh 3 ICHYFOUMX METOJIB IPUIATHI Vs aHANII3y TaKuX MPOLECIB Y JUCKPETHOMY 4Yaci i )KOJIeH 3
HUX HEMPHUIATHUHN JUTsl IPOBENIEHHS PO3PAXyHKIB MPOIECIB, y SAKUX, KPIM €JIEKTPOMArHiTHUX 3MIHHUX, J0 YHCIa
HEBIZJOMUX HAJCKUTHh KyTOBAa IIBHJIKICTH MEPEMIIICHHS KOHTYpPIB. YCi TpaaWIiiiHI MeToAn M030aBJIeHI KPUTEPIiB
TOYHOCTI, 00 Ha TOMY YM IHIIOMY €Tarli po3paxyHKy BKJIIOYalOTh B cebe cy0’ekTHBHUH (akTop — BHOIp uucia TOYOK
Ha mepioai (TOYKOBHH MeTon), BUOip umcia rapMoHik B psgax Dyp'e (meTox rapMowiiHOro 6amancy), Tomo. Lli
METO/H CKJIaJHi B aJITOPUTMIYHOMY BUKOPUCTaHHI.

MeTo10 poGOTH €: METOIO IOCTIKEHHS € OOTPYHTYBaHHS AOIIFHOCTI BUKOPHCTAHHSI METOIY MOJENi
YyTIUBOCTI JI0 TOYaTKOBUX YMOB JUIsl aHAJTi3y NEPIOANYHNX MPOLECIB EICKTPOMEXaHIYHUX ITPUCTPOIB.

BukJiag ocHOBHOT0 MaTepiajy

BypxnmBuii mporpec 00YNCIIOBATEHOI TEXHIKH 1 Bce OLTBIN IMHPOKE BUKOPUCTAHHS TCOPETUYHUX ITIAXOIIB
B IIPUPOJTHUYHX HAYKaX CHPUSIOTH IPUCKOPEHOMY PO3BUTKY MaTeMaTH4HOI'O MOJICIIIOBaHHs. MaremMaTuiHa MoJIelb
IUHAMIYHOI CHCTEMH 3a3BHYaii € CYKyIHICTIO AudepeHIialbHUX pIiBHSAHb, 3BUYaWHUX a00 3 YaCTHHHUMH
noxizHuMu. [Ipy nboMy onmc JTIHIHHAX CUCTEM BHTIKA€ 3 MPAKTUYHO 3aBEPIICHUX TEOPETHYHHX IEPETyMOB, B TOH
Yac AK TeOopis HEeNiHIMHMX TUHAMIYHUX CHCTEM IIOKH IO 3HAXOAWTHCS Ha CTamil (OpMYIIOBaHHS 1 MOCIITOBHOI
TIEpEBIPKN OKPEMHX THITIB HEJIIHIHHUX Mojened. Lle MOosICHIOEThCS neplll 3a BCe HU3KOIO HOBUX SIBHUIN, 3 SIKUMH MU
TyT 3ycTpidvaeMocs. TakuM 9YMHOM, HENiHIHHI MO/IeNi YacTO MalOTh HE OJINH, a KiJIbKa PO3B’SI3KiB, IS HUX MOXKIINBE
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iCHyBaHHS KOJIMBAJIbHUX PIilIeHb. XapaKTEpPHOIO O3HAKOI0 HENIHIMHWX 3a7ad € HEeOOXiJHICTh 3aCTOCYBaHHA
YHCENBHUX METO/IB /U 3HAXO/DKEHHS PIICHHS.

I xo4a chorofHi iCHye WiMA PsAA METOIB aHANI3y JMHAMIYHOI MOBEMIHKK HENIHIMHWUX MOeNed, OCHOBHUM
IHCTPYMEHTOM BUPIIICHHS 0araTboX MPaKTUYHHUX 3aBIAHb 3aTHIIAETHCS TEOPis 3BHYANHNX NU(EpeHIIaTbHIX PiBHSHB.
e MosICHIOETHCsI, MO-NepIIIe, HASBHICTIO I00Ope PO3BUHEHOTO aHATITHYHOIO anapary i YMCeJIbHUX METOAIB PO3B'S3aHHs
3BAYANHNX Ir()epeHIiaTbHUX PIBHSAHD; MO-IPYTe, HASBHICTIO KUTBKICHMX METOMIB JOCTIDKSHHS pIllleHb 3BHYAHIX
Ju(epeHLIHHUX PIBHSIHb, 30KpeMa METOJIB OLIHKU CTIHKOCTI, aHai3y MOBENIHKH pIlIeHb JOBKOJA OCOOJMBHX TOYOK
TOIIO; TIO-TPETE, MPO30PICTIO 1 MPUPOIHICTIO 3BUYAWHOIO JU(EPEHINIATBHOIO PIBHSHHS K MaTeMaTUYIHOI MOJEII Jis
OITUCY TIPOILIECIB MEPEXO/Ty PEATEHIX 00 €KTIB 3 OJHOTO CTaHY B 1HIIMIA TiJ] AI€F0 30BHINIHIX 1 BHYTPIMIHIX MPHYXH.

Mu 0OMEXUMOCS PO3MIISZIOM TakuX (Pi3MYHMX IPOLECIB, SIKI MOXKHA a/IEKBATHO OMKMCATH 33 JIOMOMOTOIO
KIiHIIEBOTO YHCJIa B3a€MOIIOB'S3aHUX AU(EpeHIliabHIX pPiBHSHB. OYEeBHIHO, IO A0 IIi€i Kareropii 00'eKTiB
HaJIeKaTh €JIEKTPOTEXHIYHI MPUCTPOI, SIKI MOXKHA MPEACTAaBUTH y BHUIJISAL €IEKTPUUYHUX CXEM i3 30CEepemKeHUMHU
napaMeTpamMy Ta MexaHiuHi cucteMd. B boMy BHIaJKy JUIs OMUCY NMOBEAIHKH CHCTEMH B OY/Ab-SIKHH MOMEHT 4acy
MIPUPOTHO BUKOPUCTOBYBATH €JIMHY MaTeMaTHYHY XapaKTEPUCTUKY — 3MiHHY CTaHy.

OnTrMarbHe MPOSKTYBaHHS 1 MPaBMIIbHA €KCIUTyaTallisi eJIeKTPOTEXHIYHNX MPHUCTPOIB BUMAraloTh PO3PaxyHKy
MepexiHIX 1 CTaJMX MPOLECiB, BU3HAUCHHS CTATUYHOI CTIMKOCTI 1 MapaMeTpuyYHOl Yy TJIMBOCTI, MM KO PO3YMIIOTh
YyTIMBICTh BUXIMHUX MMAapaMeTpiB CHCTEMH IO 3MiH MapaMeTpiB il eleMeHTIiB. I3 mepepaxoBaHMX 3aB/IaHb JIHIIIE
PO3paxyHOK IepeXiIHUX MPOLIECIB 3/IHCHIOETHCS B HETTEpepBHOMY 4aci. [HIII 3aBjaHb BUPILIYIOTHCS B IMCKPETHOMY Yaci
3 3AITy9YEeHHSIM y KO)KHOMY BHIIAJIKY PI3HOTO MAaTEMaTHIHOTO alapaTy i pi3sHUX METOIB SKICHOTO aHai3y.

CpOroJiHI JJIsl PO3paxyHKY CTAIMX IEPIOMYHUX MPOIECIB 3aCTOCOBYIOTHCSI METO/IN TMOLIYKY MOYaTKOBUX
YMOB, III0 JTO3BOJISIOTh BU3HAYUTH TaKi 3HAUYEHHS 3MIHHHMX Ha MOYaTKy MEpioy, sIKi MPU YHCETbHOMY iHTETpyBaHHI
HAa OIHOMY Tepiofi TNPH3BOIATH 1O mepiogumgHoro pimenHs. Croad HalekaTh KBa3iHBIOTOHIBCBKUU [1],
excTpanossiuiiHuii [2] 1 rpagienTHni [3] Mmeronu. BoHu opieHTOBaHI Ha BU3HAUEHHS BEKTOPa MOYAaTKOBUX 3HAYECHb
x(0), o BiATIOBiTa€ CTATIOMY PEXUMY POOOTH, AJISI IKOTO

F(x(O)):x(O)—x(T):O, (1)
ne T — nepion npouecy; x(O), x(T ) — 3HaueHHs BEKTOpa 3MiHHMX X y mMomentu vacy t =0, t=17".
IIpu 1LOMY MaTEMATH4Hy MOJENb 00'€KTa MPEACTABIECHO CUCTEMOIO PiBHSHE:

dx
E:A(X)-f(x,t), 2)

e A (x) — MaTpuLs KoeillieHTiB.

Excrpamomnsimiiiauii Meron 0a3yeTbcs Ha g-aJiTOPUTMI, INPU3HAYCHOMY JUISI 3HAXOJDKEHHS YHCIOBOL
MOCIIZIOBHOCTI 3 €KCIIOHEHTHUMH wieHamu. CyTh METOJy TOJISITae B IHTErpyBaHHI (2) Ha IEIKOMY ITPOMIKKY 4Yacy

T= (c +d ) T ,ne ¢ n d — xpuTHYHI MapaMeTPU EKCTPATIOJIALLI.

B pesysbrarti iHTErpyBaHHS OTPUMAEMO MOCIIOBHICTh 3HAYCHB

x(k):x(k,T),k=1,2,...,c+d. )
Jliist cykynHoCTi 3Ha4ueHs (3), MOYMHAI0uH 3 ¢, OyIyeEMO eKCTparnoisuiiHy GopMyiy
x(0) = EXTR(x),x, . x)). (4)

®ynukuig EXTER e g-anroputmom [4]
xf’i)zo, r=c,c+1,...,c+d;

(r)

X(()l) =X s r:C_la Ca c+17""C+d; (5)

) -l
x(’):x(’“)+(x‘(’”)—x‘f_’)) s=c—1lc, ..,c+d—1;

s+1 s—1 s
r=c—lLc,c+1,..,c+d—1-s.

Pesynbrat ekcrpamnonsiii, mo ianosinae EXTER B [4], nopiBHIOE x(O) = xc(,g)d .

Jns cuctemu (2) nopsiaky A 3Hauenns d &~ 271 . 3HaueHHs ¢ BUOMpAKOTh B Mexax Bij 1 10 5.

VY niHIHHUX cHUCTeMaxX pilIeHHS 3a JOTOMOroo (5) OTpUMYIOTH 3a OIHY iTepamiro, B HENiHIHHUX — 3a
KUTBKA.

KBa3iHBIOTOHIBCHKUH MeTOA. Y JIeSKMX BHIAAKaxX JOBOMUTHCS BHPINIYBaTH CHCTEMY 3BHYaWHHX
Iu(epeHIIiaTbHIX PiBHIHB 32 HASBHOCTI YMOB Ha 3HAUEHHS 3aJICKHHUX 3MIHHHX, IO 337af0Th JUIA Pi3HUX 3HAYCHB 1.

YMoBa nepioguyHocTi (1) MICTHTB /1Ba TAaKUX 3HAYEHHS Ha OYATKy X (0) i B KiHIII X (T ) nepiony. 3agaydi (1)1 (2)

HA3WBAIOTHCS KpallOBUMU 3a/1auaMi, METOJH PO3B'SI3aHHA SKUX BiIPi3HAIOTHCS BiJ METOIB BUpimIeHH: 3anad Kori.
VY pasi HenmiHifiHEX nudepeHIiaTbHUX piBHAHB (2) cuctema piBHAHB (1) TakoX € HenmiHIMHOMIO. YBech

PO3B’A30K MOMKHA PO3OMTH HAa TPH €TaNM: 3HAXOKEHHS e(EKTMBHOIO METORy oOuucieHHs F (x (0)), BUOIp
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BIJIOBITHOTO iTepaIiifHOro MeTOAy s BHpimeHHs piBHAHHS (1) Ta mixbip XOpomoro moYaTkoBOTO HAOMIMKEHHS
s X (0)
Ilpu oGuucnenni F (x (0)) OTPUMYIOTh LIJIKOM 3aJI0BUIBHI pe3yJjbTaTH, BHKOPUCTOBYIOUH HPOCTHH

METOJ iHTerpyBaHHs, Hanpukaag Meton Pynre-Kyrra.
Jnst BupimeHHs cucteMHu piBHSHB (1) 3a3BMuail BUKOpHCTOBYIOTH MeToa HbroTOHA:!

©(0)" =x(0) ~[ F'(x(0)) | -F/(x(0)"). ©

ne F' (x(O)) — matpuis SIkobi, siky ogep:kumo audepenmitoBansm (1) 3a X (O) .
F'(x(0))=E-®(x(0).T). )
Tyt
ox(T)
() 0),T)=——+=, 8
(x (0) ) ax(0) ®)
e (0] (x(O),T ) — MaTpHIl TIePeXoay CTaHIiB ab0 MATPHIlI IyTIMBOCTI 3MIiHHOI MOJIEINi O CBOIX

IIOYaTKOBUX 3HAYCHDb, E - OAWHUYHA MaTpUIIs.

CknamHICTP BH3HAYCHHS MATPHIl YyTJIIMBOCTI € OCHOBHOIO NEpEIIKOAOK 10 BHKOPHUCTAHHS
KBa31HBIOTOHIBCKOTO METOLY ISl BUPILLIEHHS 33/1a4 eJICKTPOMEXaHiKH.

Bupimenns 1iei mnpobiemMu ToNsATaE B HACTYNMMHOMY. B €NEeKTPOTEXHIYHHUX TIPUCTPOSX ICHYE
(YHKI[IOHATIBHAHN 3B'SI30K MK EIEKTPUYHUMH KOMITOHEHTaMH (TTO3HAYMMO 4Yepe3 X ) 1 MarHiTHUMHU (IIO3HAYMMO
yepe3 ) ), 0 Ma€ BULIIAL!

X=X ( y) . )
Cucrema qudepeHIiiHnX piBHAHB 1714 3MiHHOI ) OyJe TaKoro:
dy
—= ,1). 10
=) 10)
Hudepenuirooun (9) 3a x(O), otpumaemo ripu £ =T
®(x(0),7)=A(x)-S(x(0).7), (11)
ae
ox oy
A(x)=22; 8(x(0),7)=—2. 12a,6
(x) oy (x( ) ) ax(0) (122,0)

Tyr A(x) — MaTtpuus KoedilieHTiB; S(x (O),T ) — JIOHOMI’KHA MATpUL YyTIHBOCTI O HOYAaTKOBHUX

yMoB. i eneMenTy Bu3HAUAIOTH i3 MH(epeHIiiHIX PiBHAHD MEPIIOi Bapiarlii, oTpuManux audepentitoanasaM (10)

3a x(O).

ds of (xg)
— =="""2.A(x)-S(x(0),T). (13)
dt Ox

Bupasu (11) Ta (13) cBiguaTh npo Te, M0 MPH BUPIIICHHI eIEKTPOMEXaHIYHUX 33]1a9 MATPHUITIO Yy TIMBOCTI
MOYKHA MPEACTaBUTH JOOYTKOM MaTpHLi KoedillieHTiB MOJIeNl Ta JONOMDKHOI MaTpHIli Yy TIUBOCTI, €IEMEHTH SKOI
JIETKO BU3HAYAIOTHCS 3 U(epeHIiHHUX PIBHSHB MepIoi Bapiallil.

Ha k-tiit iTepamii popmymnu HetoToHa (6) nmiHiitHe Bapianitine piBasHHSA (13) iHTErpyeThes cimbHO 3 (2) Ha
nepioai. B pe3ynprari BUusHaunMo 1uiboBy ¢yHKI0 (1), Marpuito Sko6i (7), pOro JOCTaTHLO JUIS BH3HAYCHHS
MIpaBOi YaCTHHH iTepamiiHoi Gpopmyu (6).

BucHoBknu

1. AHaui3 ycTaneHnX IepioJuYHUX MPOIECiB AOMITFHO 3MIHCHIOBATH B YacOBii 007acTi, BHKOPHUCTOBYIOUH
JUTS ITbOT'O KBa3iHBIOTOHIBCHKUHN, €KCTPATTOISAIIITHAN 1 TpalieHTHUI METOIH.

2. Haii0inpll TpOCTMM Ta YHIBepCaJbHUM € KBa3IHBIOTOHIBCHKMH MeToz. BupimeHHs npobnemu
OOYHCIICHHS MAaTPHUI YYTIMBOCTI IO TMMOYATKOBHX YMOB BIIKPWIJIO IIMPOKI MOXIIMBOCTI IUIS PO3B’sI3yBaHHS 3amad
€JIEKTPOMEXaHIK! — HaHOIIBII CKIIAIHUX 3a/1a4 TEOPETUIHOI €JICKTPOTEXHIKH.

3. ExcrpanonsuiiiHuii anroputM BUMarae BEJIMKUX BUTPAT MAIIMHHOTO 4acy i OOMEXEHHWH y BHpILIEHHI
3a1a4 3 6araTo3Ha4HUMH PO3B’A3KaMH.

4. CkiagHiCTh anrOpUTMIYHOI peanizamii poOMTH TpajieHTHHH METOJA HalMEHII NpUBaOIMBUM Cepen
METO/IIB YaCOBOT'O PO3B’S3KY.
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