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AHAJIUTUYECKOE PEIIEHHUE YPABHEHHUH
NEPEXOOHBIX NPOUECCOB CHHXPOHHOTIO
UMIIYJbCHOITO FEHEPATOPA

B. f1. IUTBHUHOB, A. B. JIOOC, S 1. COBKO

(IlpeacTaBielia NayunbiM CeMHHApPOM Kadelp 3/ICKTPHUECKHX MallMii H alnaparom
1 o6lieji 3/1€KTPOTEXHHKH) :

IlpuBenenne 06MOTOK OAHO(A3HOTO CHHXPOHHOrO YAAPHOTO TreHeparo-
‘pa K OofHOH KOOpIHHATHON CHCTEMe M Hajjelkauluil BLIGOD CKODOCTH &pa-
LIEHHS1 3TOH CHCTeMbl He YCTPAHSIOT NepHOJAHYECKHX KO3(D(UIHEHTOB B CHC-
teMe AuddepeHUHaNbHBIX YDPaBHEHHH, OIHCBIBAIOMHX 3JE€KTPOMArnuTHbLiC
nepexoanble mpotecchl [1]. Onnako B [2] ToxasaHo, 4To cucTema Juliei-
HbX AuddepeHuraNbHBIX YpaBHeHHH, y KOTOPO# BCe KO3(Q(HUUHEHTBl sABJs-
I0TCS TIepHOJHYECKHMHU C OJHHM H TeM Ke NePHOIOM, MOXKeT ObiTh NpuBeje-
11a K CHCTeMe YpaBHeHHH ¢ IOCTOSHHBIMH Kosdduuuentamu. Kputepuu
MPUBOANMOCTU NOAOGHBIX cHcTeM ypaBHenuii Aanbl B [3]. IHupoxuit xpyr
BOINPOCOB, CBSI3aHHBLIX C AHAJHTHUECKHM HCCJIEMOBaHHEM HECUMMETPHUYHBIX
pexuMOB PaboTH MallHH JePeMeHHOro ToKa Mo Ru(depeHLHa bHHM ypas-
HEHUSIM C NepHOIHYeCKHMH Kos(duimnedTamy, peied B [4}. B stofi patore
f1aeTcst 000CHOBaHHME Ha OCHOBe HMHTErpasbHBIX ypaBHeHHil cnocoly mnpuee-
eHHst ypaBHeHWl C NepnoAnYecKUMH KO3Q@QHUHEHTAMU Ui HECHMMeTpPHY-
HLIX PEKHMOB K TOMY XK€ YHCJY YPaBHEHHH ¢ NOCTOSHHBIMH KO3 duumen-
Tamu. [lorpemHocTb TAKOTO NPHUBEJEHHS He IpPeBHINAeT NOpsiiKa aKTHBHBIX
COTMPOTHBJIEHH} KOHTYPOB MAalIHHBbI.

YpaBHeHHs MePeXOZHBEIX MPOIECCOB OAHO(Aa3HOTO CHHXPOHHOrO yAap-
'HOTO reHepaTopa MOXKHO 3aldcath B caéfymoomeM suge [1]:
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W e=1i.X, COS T+4i;X;+EpaX,,
¥ pa==i X, COS V+isXy+ipaXpa, y (2)
- Wpg=i.x,sin 1-+ipgXpg-

Yroa MexAy OCbl0 OOMOTKH CTaTopa H MpOLO/AbHOH OCbi poTOpa Oli-
pelensieTcsl BblpaxKeHHeM

¢
*{:J'm dt. 3)
0

[Ipn MOCTOSAHHOH CKOPOCTH BpallleHUs y=wl.

B ypaBHeHHsiX (1—3) npHHATHL caeayollHe 0603HAUYCHHS:

isy Iy Ipd, Epg — TOKH COOTBETCTBEHHO OOMOTKAaM CTaToOpa, BO30YyXKAeHHS
U fAeMngepHbIX [0 JIPOAOJBHON H IIONEPEeYHOH OCAM;

(r, +rﬂ) Ty, Ibpa, T'pg-— aKTHBHbIE COMPOTHBJAEHHSI COOTBETCTBEHHO
CTaTopHOH 0OMOTKH ¢ HATPY3KOH, B036yxXIeHH H AeMIdepHBIX MO nNpo-
JIOALHON H TIONlepeqyHOl OCsM;

(xc+x4), Xf Xpd, Xpg ~—— UHIYKTHBHBIC CONPOTHBJIEHHA COOTBETCTBEH-
1O CTAaTOPHOH OOMOTKE C Harpy3koi, BO3OYXKIE€HHA H AeMI(EpPHBIX MO NPO-
JOJbHOH H IONePeYHON OCsIM;

X, — MHJYKTHBHOE CONPOTHBJCHHE B3aHMOMHIYKIHH NPH COBIAaAEHHH
oceil 06MOTOK;

U; — HanpskeHne oOMOTKH BO3OYXKIEHHS.

YpaBHeHHs 3aNHCAHBl B OGIUENDHHATON CHCTEMe OTHOCHTEJbHBIX e/H-
uun [1, 4].

Ypapuenus (1), (2) sABAAIOTCA XapaKTepHLIM IIPHMePOM OOGHIEro CJy-
yasg HECMMMETDHHM MalUHHbl, KOTOpPble HeJb3sl NPHBECTH K YpPaBHEHHAM C
NOCTOAHHBIMHE KO3(ppHIHEHTaMH, a HX pelIeHHe YCJIOXKHAeTCs, YTO CTaHOo-
BHTCSl HelIpHeMJIeMbIM A NPaKTHUeCKOr0 UCIOJb30BaHHSI.

Hajinem mnpubauxeHHOe pellleHHe CHCTeMbl ypaBHenuiy (1), (2), wuc-
110/1b3ysl NPUBEAEHHYIO B [4] MeTOAHKY NpHBeJeHHsS K yPaBHEHHAM C MOCTO-
STHHBIMH KO3 (HLUHEHTaMH:

Pewenne ypapvenuit GyneM HaXOAHTh He OTHOCHTEJBLHO TOKOB, a IO-
TOKOCLeIIeHHsl. 3To 00yCJOBJEHO TeM, Y4TO MOTOKOCHENJeHHss 0OMOTOK H3-
MEHAIOTCA BO BPeMeHH 3HAUYHTEJbHO MeHblle, YeM TOKH. BJaHsiHHE aKTHB-
HbIX CONPOTHUBJIEHHH Ha HX M3MeHeHHe B 3TOM CJyyae Takxke cjalee.

Toku, BbIpakeHHLIE Yepe3 NOTOKOCUEIVIEHHs, OINpejleJsieM H3 pellle-
1us ajare6panyeckux ypaBHeHHH (2):
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— NepuoJuvYeCcKHe prHKILHH, CBA3bBIBAKILIIHE
xDq)chofDdx2

TOKH H TIOTOKOCLeNJeHHS.
X a x?
B opMyJax 5 gp—=1— : Ipg=1 -— sF7s} :]——a—*
q) pMy ( ) f va de, fbd xfde

K03 (QUIMEHTH paccesiHHsE COOTBETCTBEHHO OOMOTOK BO30yXAeHHs, AeMI-
depuoit mo ocu d u obuuit s OGMOTKH BO3OYXIAEHHA M AeMI(EpHOH,

X9 — CONPOTHBJEHHe 0OpPATHON IOC/IeJ0BaTEbHOCTH,

st ynapHoro reHepaTtopa, HMEIOLLEro, KaK TpPaBH/IO0, MOIUHYIO JAeMI-
hbepHyto cHcTeMY 110 OCH d H ¢ H ABJISIOLIErocs HEeSIBHOMOJIIOCHOH MallnHOM,

PABOMEPHO AONYILEHHE X g —x, [1]. Orciona cieiyer, uTo HHAYKTHBHOE
COTMPOTHBJAEHHE paccesnuil OOMOTKH BO30OVIXKIEHHS 3HAUMTENBHO Gofblle,
yeM neMilbepHOH 1Mo ocu d, KpOMe TOro, OHa XOPOILIO YKPAHHPOBaHA AEMIi-
(depHOI OOMOTKOH, MO3TOMY NEepexoJHble MPOLECCh B HEH 3a OLHH HMIIY/AbC
TOKa He3HayHTeJdbHb H MMH MOXKHO TpeHebGpeus {1, 4].

[Mosomxus B (1), (2) Wy ==igx; =const, ry =0u {; =iz ,rHe s
— HayaJbHHIH TOK BO3OVKIEHHs, NOJAYyYaeM CHCTEMY YpDaBHEHHI:

O=r,

. avw
O0=7pgipat dth s (6)

d-Vp,
dt
W, =i, X+ (ig1ipa)x, cOS T-FipgX, sin 7,
Wpa=1I,X, COS {+itX,+ipaXpa, (7)
Wpy=ix,sin {+ipgXpg-

O=7pglpg+

’

B crnendanbHbBIX 3/€KTPOMAIIMHHBIX HMIYJAbCHBIX HCTOYHHKAX € oOp-
CHPOBKO[i MArHHTHOTO MOTOKA 3a CYeT peakUHH SIKOpSA, B LUeJAX JOCTHIKE-
HHUsi MAKCHMAJbHLIX 3HAUEHHH [OTOKa B 3a30pe, Ha HAuYaJpbHOH CTAaiHM HM-
nyJabca AeMI(pepHYI0 06MOTKY 110 0CH ¢ pa3Mbikator [1].

Tokn B 3TOM cayyae onpefeasitoress no ¢gopmynam (4), rae Heob6xoau-
MO MOJIOXKHTD X pg= 00, a

o xd+x

S x” cos2 7. (8)

o
/\/2

[TorokocuenaeHust MOXKHO HaUTH H3 pelleHHsi CUCTeMBbl ypaBHeHHH (6},
(7) npu ipy==0. C yueToM 3TOro ycnOBHS cHCTeMa ypaBHeHH# (6), (7) B
ocsix a, B, 0 3anumieTcs B BHAE:

av
€tir,=0
dt +
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d lIJ.[I'ez

+iparpato¥p=0, (9)
dt
dl}rﬂ? =(),
dt
. 1
rie i,=—21Y,— ¥ pa,
Xy XpaXs
' 2
i X, v, X ,C08°Y v, (10)
XpaXs XpdaXs
X, sin 2
Log = ¥, +xasm 2*{ g, *quc-
Xpd XhaX, 2 XpaXs

Kak Buznuo u3 (9), (10) npeobpaszoBaHmeM KOOpPAHHAT B AAHHOM CJIy-
yae He yJaercss H30aBHTbCS OT NepHOAHUeCKHX KoadduuueHtoB. OnHaxo
ypasHenust (9), (10) moxHO npeo6pasoBaTh, HCHOAL3YS NPHOIHIKEHHBIT
MeToJ npuBefeHud. [lns 5Toro GyHKIHH, CBS3BIBAIOIINE TOKH ¥ NOTOKOCLE-
neHust B ypaBHeHuax (10), pasmnaraem B psn Pypbe u yUUTBIBAEM B J1aJb-
HeiiimeM npu peweHuH ypasHenuil (9), (10) ToabKo noCTosiHHBIE COCTaBJIAI-
e pasJsoxkeHu#. [lpeneGperass nmepuoJuuecKuMH (YHKUHMSAMH pPSAOB, NO-
JyYeHHBIX OT passoxenus Qynkuuir B (10), Mbl gonyckaem OIMHOKY r-To
NMOpPSAKA MaJIOCTH 110 CPABHEHHIO C eJHHHIeH, YyTO He MpeBbILIaeT norpew-
HIOCTH, BBI3BAHHOH AOINYIIEHUSIMH IIPH COCTaBJIEHHH HCXOJIHBIX ypaBHeHHH,
H BAOJIHE NIPHEMJEMO.

ITocne ykasanubix npeo6pa3oBaHuil ypaBHenus (l0) npunumaior BHA:

. 1 X,
L, l/ o IIJ‘c— V k4 Dua,
Xa X, XpaV xux,
. 1 ’ D
lDa:"“'":lP‘Da"‘ ‘”_-_——‘yc, (ll)
V XoaXDd szdxod
. 1
lpg= TDp.
XpDd
Xa Xog f Xpg — .Xf”
COOTHOLIEHHS iD= (1 e Pd 234 ) npn manbix
Xpg 2x, Xsa+Xpat Qand)CDd

paccestHHsiX KOHTYPOB, XapaKTepPHBIX AJS 3/JeKTPOMAUIMHHBIX HMITYJAbCHBIX
MCTOYHHKOB, CTPEMATCH K €HHUIE, MOITOMY B LeasiX YINPOIIeHUs HajbHef-
HIMX PacuyeToB NPHHMMAEM UX PABHLIMH 3TOMY MpEaeay.

IMoncranoska (11) B (9) ¢ yueToM NPUHATHIX AONYLICUHI AaeT CHCTe-
My ﬂmbq)epeﬂunaﬂbﬂ‘blx ypaBHelmﬁl:

r

+ lPFa O
dex V xdx
d IP‘DQ I'pyg Fpd
7 ]'If a—:‘? "‘{“U)\I’r 3‘:0, 12
dat V' XeaXpa ! V XogXpd ‘ . (12)
av
FEDEy ,ﬂ“\pm——wq".ga:o,
dt Xpa
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Vex - G Xpa
=V XdX V XpdXsd —
Ta—————c, Tad:——Ls TDd =
: re I'pa Ypa
W3 peuteHusi cucremn AuddepeHnHaNbHbIX ypaBHeHHd (12) onpenens-
€M MOTOKOCLENJIeHHS:
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For 1 to?l— 1 Toa ¢ * 0
Tﬁ ' TL-,_T;.;d .
: Kmbr le )sin 7——% cosy}}. (15)
a ad

[Iyrem ob6paTHbix npeobpazoBanuil u3 (14) u (15) MOXKHO ONpenc/HTb
32KOH H3MEHEHHS TMOTOKOCLeIJIeHHSI KBHBAJIEHTHOrO AeMI(EPHOTO KOHTY-
pa no ocu d B HHU3NYECKHX KOOPAHHATAX

t

Wpa= Hota [—1——(w sin T———LCOSY )e 7‘a~|—
12 +m2 1” TSd Ta
a Ta Tad

t

"

7‘3_@ pr- b sin2y I
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ad J

Heo6xoaumMo oTMeTHTb, UTO NPH pDelIeHHH CHCTeMbl ypaBHeHHji (12) Ha-
XOXKIeHHe KOpHeH XapaKTepPHCTHYECKOrO ypaBHEHHs, ONpeldeNdIOlHX COC-
TABJAIOLIHE, «CBA3AHHHIE» ¢ POTOPOM, NMPOH3BOLUTCS INPH HAeaJbHOH HPOBO-
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JHMOCTH CTaTOPHOH OOGMOTKH H, HaoOOpOT, AJSl OTHICKMBAHHS KOPHS, OI-
peiessoIIero COCTaBJSIONIHe, <«CBsi3aHHBIE® CO CTAaTOpPOM, IOJAaraercs
fDdIO.

Takoe onpefeseHHe KOpHeR NONYCTHMO, €CJH CKOPOCTb BpalleHHS poO-
TOpa BeJIHKA, a aKTHBHBLIE CONPOTHBJEHHS OOMOTOK 3HAYHTE/JALHO MeHbILE:
NOJHBIX HWHAYKTHBHBIX COIDOTHBJIEGHWM NpH HOMHHAJIbHOH YacToOTe, 4TO
nMeeT MecTo B yxapHom reHepaTope [l1]. Kpome Toro, npeHneGperajock.
PAAOM BEeJHUYHH BTOPOrc NOPsSAKA MaJOCTH, YCJAOMKHAIUIMX pacyeT H Majo
BJAHSIIOIHUX HA TOUHOCTD.

Bruucnus no ¢opmyaam (13) u (16) noroxocuemnenua W, ¥pg no
3aBUCHMOCTAM (4), MOXKHO PACCUMTaTh TOKH i, is, {ps B KOHTYpax yAapHO-
ro reHepartopa.

Kak ormeuasoch pasee, B lensX [AOCTHXKEHHSI MaKCHMaJbHBEIX 3Haue-
HUH IIOTOKa B 3a30pe, Ha HavaJbHOH CTaluH HMIYyJbca AeMIldpepHyw 06-
MOTKY IO OcH ¢ pasMmblkaloT. [Ipu nocTuKeHHWH MaKCHMa/JbHOTO TOTOKOCILEN-
JeHust ¢ JemndepHol 0OOMOTKH 1O OCH § NPOU3BOAAT €€ 3aMBIKaHHE.

[loToxocuensnenne pasoMKHyTOH AeMmndepHoii 0OMOTKH MO TONepedHoi
ocl ¥ py, =i, x,Sin y. Ilpu ee 3aMBIKaHUHM DNPOLECCHl, MPOUCXOMSIINE B HC-
TOUHHKE, OIHCBhIBAIOTCH CHCTeMaMH ypaBHeHuil (1) u (2).

Pemenne (6) n (7) Ha nauHoM 3Tane paGoThl reHepaTopa GyaeM Ipo-
BOANTb ¢ HavaabHbiMu ycaoBuamu Y., Wpa,, Wpgy, KOTOpBIE HBISIOTCS:
KOHEeYHBIMH Pe3yJabTATAMH pelueHHH cHCTeMbl ypaBHeHH# (12).

Ypasuenus (6) n (7), npeobpasoBaHHuble K ocaM a, B, 0 u zanucanusie
OTHOCHTEJbHO NOTOKOCUENIeHUH, UMeoT BHI:

avw 1 1
c | | — ' =0,
a 1, ° T, "
dV¥p. |1 1
7 'l{" a*___"__llrc wl}f 4:0, . 17
7 +Tad D + oW pe o (17)
dTDq 1 ’
. — W — oWy, =0,
dt +TD¢, premee
rie
Xa ” Xag xDq
To=—,Tog=", Tpg=——.
a r(;’ d pa Dq qu
Ilpn npeobpaszopanmnn JemndepHas cucreMa Obl1a NPHHATZ CHMMET-
pHUUYHOM, a Xa ~ 1.
Dq

Kak Buano u3 (17), npu NPHHATHIX AONyLIEHHSIX MallHHa CTAHOBHTCS
CHMMETDHYHOH CO CTOPOHBl POTOPa W He HMeeT NepPHOAHYECKHX KO3PdHUH-
€HTOB B ociX a, B, 0.

M3 pewennsa cucremb auddepennnanbHbix ypasHenudl (17) onpene-
JseM INOTOKOCUeNJeHHSs:

{ 1 t
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1 NI 1 T,
T2 T ,Taa
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@ T, 2T, Tsa . 1 tw? 1
72 T,Toa
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— ] = ad 1 - (18)
: T,|e ‘”+e———[—wcos~(+(%— 577 )siny}
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IP L 1 Ta e ad [0

Y= <0 ) e +——[——cos 1+
1 + 02— Toa|  Ta . @ T

Ta T.Tsa

1 Ter” 1.
' 2 ———— ] sin Yoo e 2 cosy— ———sin ) —
" 2TaTsd) T]}+ pet ( LY

14

I3

—Wpme st (19)

t
t T

: ad
W= 1 Foo T 1 e 4 i [meOSH
Tad [(H

t

Voo ||+ Tome P
—— —— |sin - Wpee 4siny+
+( 01T, tf Il D=0

) t
t 2//!
¥ e 1 a e
-+ e — e

.1
[+

¥ pao= Y paocos TO‘PFquSiﬂ To

1 1Y . .
cos —| w?—_——1 sin , 20
) e ( - ) , “ (20)

(21)
11’:930: ¥ pao sin To—‘FquCOS Tos
Yo —— yIOJi, NpH KOTOPOM IIPOHCXOAMUT 3aMblKaHue nemmdepHoi obmoT-

KH 110 OCH {.

Ilyrem oOpatubix npeo6pasosanuit u3 (19) u (20) MoXKHO onpenesuTh
32KOH HameHenus: notoxocuenyieHuit ¥ps n Yy, 3kBUBaNneHTHRIX JAemndep-
IIBIX KOUTYPOB B ()H3HYECKHUX KOOPAHHATAX.

B ¢dopmynax (21) senmuuna Wpg OeperTcs ¢ y4eTOM HACHIEHHS Mar-
HATHOH IENH TIC OCH (.

MCCJT@JIOBHI'IHG paccMaTpuBaeMoro UMITYJABCHCTO HCTCUYHHKA Ha aHaJjo-
TOBOH MOJEJIH JI0KAa3aJ0, YTo aMIJIHTyAda TOKa CHJABHO 3aBHCHT OT BEJHYH-
11l ToToKa Wrgo -

[Ipa nenacplieHHOH MarHMTHOH Henu Beawuwmna Wy, gocturaer 4—
5-KpaTHoro 3HauyeHHs HavyaJbHOTO TIOTOKA, Yero Helb3sd JOCTHIHYTb B
peatibHblXx Mamnuax. [Ipu HachblllleHMH MarHUTHOH LeNH BeJIHYHHA MOTOKD-
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cuemaents Wpgeo, KaK NMOKa3aau HCCJAELOBaHHS, MOXKeT JOCTHTHYTh [,5--2-
KPaTHOH BeJMUHHBI HayaJbHOro INoTOKa. Bocrnogap3yeMcs s OHpefeseHHs

Wpgo € ydyeToMm HacblLleHHs anpOKCHMAlHell XapaKTepUCTHKH XOJ0CTOrO
xona [5].

3
E,—099Y 1 - (22)
[Tockoabky B OTH. ef. W's = E,, To (22) MOXKHNO 3anucaTh B BHIE

3 0
¥, —0,99Y s,
rjue

:V(ifo—l—ipd+ic-cos 1)*+(i,sin 7)*— pe3y bTHPYIOULKII TOK B BO3AYIIHOM
3a3ope reHepartopa Hpu pa3oMKHYTOH AeMmidepHOR oO6MOTKe IO OCH (.

OTO IO3BOJAAET OPHEHTHPOBOUHO
ONpefeauTh BEeJIUUHHY (HOpCHpOBaH-
HOro OTOKa B 3a30p€ MAIlUWHBL, a Tak-
’Ke BeJHYHHY NMOTOKAa 10 OCH ¢, KOTC-
potii  paBed Wpe = Wi cos ¢, rae 50 —— e
@ — yroa mezxay BektopoMm Wi u ocblo
g. Kak noxassiBaoT ucciaeioBaHus
Yros @ O4eHb MaJ, TOra cos@=l,
\p[)qg%q‘ra.

Ha puc. 1 nokasauws aas cpas-
HeHHUsA peayJbTaThl pacuera TOKa HM-
YJIbCHOTO MCTOYHMKA, NMOJYyUYeHHbie Ha
anaJgorosod mamuHe MH-14 no mnoa-
HOHU cucTeme ypasHeHu# (1), (2) u mo
NOJYUCHHBIM aHAJHTHYeCKHM BbIpa-
KCHHAM MNPH llapaMeTpax MaillMHbl B
OTH. efl. x, = 1,02; P T

.)CDd:LOQ', .)CDQZI,OQ‘, )szl,z; 2 pai

eel !

20

rc:de:qu:rf:0,00E)- Pue. 1. Tok B cratopHoll 0OMOTKe CHH-

XpOHHOrO  HMIYJLCHOTO — TeHepaTopa
Kax BumHO u3 pHc. 1, MakcHMa/abHOE perterite 11a ABM;

PacxoxXIeHHe B pacueTax CCCcTasJisier + avaJHTHUECKHH pacdeT
He Gosiee 7%.

HauGoapinas HeTOYHOCTH NONYCKaeTCsi TPM pacuere TOKOB B MOMEHT
BKoUeHHst 00MOTKH D, . 2T0 00DbACHACTCA TeM, YTO HA NEepBOM 3Tane, KOr-
na o0MoTka D, pa3oMKHYTa, HACHIlEHl e MATHMTHOI IleMd He YYHTHIBAJOCD,
a OBbIO YUYTEHO NpH ONpeldeeHHH HAuajbHBIX YCJAOBHH 1Ha BTOPOM 3Tare.

Takum o6pasom, mnoJyueHO aHAJUTHUECKOE peliesHe yDasHEHH{T CHH-
XPOHIOTO MMIYJbCHOrO reHepaTtopa M I[0Ka3aHa BO3MOMKHOCTb HCIOMb30-
Baliusl MeToJda TPHBeJeHHS ypaBHEHHH ¢ NepUOAMUECKHMH KoddQuuuenTa-
MH K TOMY K€ YUCJy YPaBHCHHH C NOCTOSIHHBIMH Ko3(gduuueHTamMu Npu HC-
CJIeIOBAHNHU CHOXKHBIX HECHMMETPHUYHBIX PEIKHMOB pPabOTHI.
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