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| MPEJMCJIOBHUE

Kudra npegnasHayeHa IJIs CTYHEHTOB BY30B B KAUECTBe y4yeGHOro
1oco0us Mo cnelHaJbHLIM KypcaM 3JMEKTPHUECKHX MAIIHH H MOKeT GbiTh
HCIO0/Ib30BaHa NP BBITOTHEHHH KYPCOBOTO M AHIVIOMHOTO pPOEKTA.
YuebHoe mocoGue npejcraBiafeT cofoil KpaTkoe PYKOBOJICTBO, B KOTO-
POM MpHBEJEHB HEOOXOAUMBIE CBEICHHST O HPHHIHIE paGoThl u ycTpoii-
CTBE AHAJIOrOBBIX BLIYHCIHTENbHBIX MawHH (ABM), a rakke ocoGeH-
HOCTH H Pa3JIH4Hble METO/Ibl MOJCNHPOBAHHA WIHPOKOrO KPYFa HaydHO-
TeXHHYECKHX 3ajay, BCTPEUAIOWIHXCS NPH HCCIeOBAHHSIX 3JeKTpHuUe-
CKHX MALIHH DAa3JIHYHBIX THIOB H MHOTHX CJOXHLIX DEXHMOB HX pa-
O0ThI.

[IpHMeHeHHIO aHa/JIOrOBOH BBIYHCIHTENILHON TEXHHKH IpH MOZeJHpO-
BaHNH 3JIeKTPHUECKHX MalluH MOCBAUICHO GonblIoe KOJMHYECTBO pabor,
O/IHAKO elle OLLyLIAeTCs OCTPBIH HEIOCTATOK B JIHTEpPAType MO BOMPO-
caM METOAHMKH MOJEIHPOBAHHA Pa3JIHUHBLIX THIOB 3JEKTPHUECKHX Ma-
IIMH M MallHHHO-BEHTHJILHBIX CHCTEM, & TaKKe CHEHAJbHBIX PeKHMOB
ux pabotel. dtor npobeJ B 3HAYHTEIbHOH CTemeHH 6Ll BOCIOJHEH
nocse uaganus xkaur npod. M. Il. Konwaosa, gocratouno mosHO
OTPa’KaloUIHX COBPEMEHHbIC TEHJEHIHH B MOAGNHPOBAHMH aCHHXDOH-
HBIX MAIIHH.

. [peasiaraemas KHATA SABJISIETCA MEPBOH MONMBITKOM CHCTEMATHUECKO-
TO H3/103KEeHHs BONMPOCOB TEOPHH H MPAKTHKH MAaTeMaTHYECKOrO MOJe-
JIHPOBAHHS PA3/IHYHLIX THIIOB JIEKTPHYECKHX Malmd. OpurHHaibHAas
yacTh KHUTH HanucaHa Ha 0ase pabor aBTopoB. B kHure wmamiu oTpa-
JKeHie NporpaMMbl H MPHMEpHl pellenus 3agay na ABM, BelmoJHEHHbIC
HHZKeHepaMu U acmHpadTaMi, paGoTaBIUNMU MOX PYKOBOJACTBOM aBTO-
pos Ha Kadezpe 3JMEKTPHYCCKHX MalIHH TOMCKOrO MOJHTeXHHUECKOro

HHCTHTYTA.

[TpUHIHUIL MOCTPOCHHS ABM 1 ux pemaromux 3JIEMEHTOB, MOPSLOK
COCTaBJIGHHS CTPYKTYPHBIX CXeM COEIHHEHHS pellaluiix 3JeMEeHTOB,
KOHCTPYKTHBHOE HCIIOTHEHHE H TeXHHUECKHE XapaKTePUCTHKH COBPEMeH-
#pix ABM 1 o6uiue BONPOChI MATEMAaTHYECKOIO MOAGAUPOBAHUS LIHPO-
KO ocBelleHbl B MHOTOYHC/IEHHOI yueOHOI U HayuHOil suTepaType. Me-
TOJbl MATEMATHYECKOrO MOJEIHPOBAHHA KaK OOBIKHOBeHHBIX audde-
PeHIHAJbLHEIX ypPaBHEHHIl, TaK H YPaBHEHHH B YaCTHBIX NMPOH3BOIHbIX,
MOJroTOBKA 3afay K PEHIeHHIO M BONPOCHL MpaKTHUecKoil paGoThl Ha
ABM mn3yuatorcst B Kypcax IO BBIYHCAUTENbHON Texuuke. [Tosromy Ma-
TepuaJs B JaHHOM YueGHOM IOCOGHH H3JI0XKeH KPaTKO, NPHBELeHb! JHILL
OCHOBHBIE MOJOXKEHHS TeOpHH MoAeanposanus na ABM. OcHoBHYIO
YacTh KHHUCH COCTABJSAET MaTEP[[aﬂ Ino MOHEHHPOBaHHIO aCHHXpOHHb[x
El CHHXPOHHBIX MAUIHH, MAIUUH MOCTOSIHHONO TOKA H TPaHC(hOPMAaTOPOB.




Knyura nanucaHa B COOTBETCTBHH C TPOTPaMMOH, yTBepIKIeHHOM
MHHHCTQPCTBOM BBICIIEro H CPEAHEro crieqHaJJbHOTr O oﬁpaaoBamm
'CCCP, B TO# MOCI€I0BATENbHOCTH, B KAKOH UHTAIOTCS JIEKIHH CTYy/eH-
TaM CHNEeNHaJbHOCTH «DJIeKTPHUECKHE MAIIHHBIY H cayllaTesasaM (axyiib-
TeTa MOBBILIEHHS KBaJdH(GHKAUHH AUIJOMHPOBAHHBIX HHXKEHEPOB-3JEKT-
poMexaHHKOB TOMCKOro mOJIMTEXHHUECKOTO HHCTUTYTA.

B knure paccMorpeHnl Kak BONPOCH MOJeJHpPOBaHHs, TaK H HCCie-
JIOBAaHHSI JIEKTPHYECKHX MALIHH, IOITOMY OHA MOXKeT OBITh I10JIE3HO¥
HHIKEeHEepHO-TeXHHYeCKHM paGOoTHHKAM, 3aHHMAaIOIHMCs pa3paboTkoil ¥
HCCIe0BAHHEM 2JIEKTPHUECKHX MalllHH, HO He HMEIOIIHM ClelHaabHoro
00pa30BaHus MO aHAJOroBOM BBIUMCJHTEJLHOH TEXHHKE HJH A0CTaTOo4q-
HOTO OMEBITa MO €€ IPHMEHEHHIO.

'Hpn HNOATOTOEKE KHHIM K H3J4AaHHIO YYTeHbl HeHHble 3aMedaHnsd n
COBETHI PelEeH3eHTOB — Kadedphl 3JeKTPHUYECKHX MaIUHH MOCKOBCKOTO
aBHAIHOHHOrO WHCTHTYTA (3aB. Kadenpoit mpod. A. U. BepruHOB)
H 3aB. KaepoH 3JeKTPHYECKHX MallHH MOCKOBCKOIO 3HEpPTreTHYeCKOro
HHCTHTYTa npod. M. T1. KonbinoBa, a TakKe COTPYAHHKOB STHX Ka-
tenp mpogp. C. P. Musopunua, H0L. B. 5. BecnanoBa H Joi.
A. M. CuuuuuHa, KOTOPEIM aBTOPbl BEIpAXaloT ray6okylo GJaro-
ﬂapHOCTb. Bce zaMedyatHuda #u ‘I‘IO}KEJ‘Ia_HHF[ 1o ynqueumo KHHUTH TIIPOCHM
HanpasnaTh B 2APEC M3AATENBCTBA «Bpicmias WIKOJIA»: Mocksa, K-51,

Hezaunnas ya., 29/14.
AgTopet



BBELEHHE

[Tpu paspaGorke W HCCJAEJOBAHHH COBPEMEHHBIX 3JIEKTPOMeXaHHue-
CKHX CHCTEM, S'JIEKTPI-]LIECKI'IXU MalluH H annapaTtoB, MalIHHHO-BEHTH/b-
HLIX CHCTEM H JIPYrHX YCTPOMCTB 3JIEKTPOMAarHHTHOH TEXHHKH BO3HHUKA-
10T 3ajJlau, pelleHie KOTOPHIX, KaK NMPaBHJO, CBA3aHO ¢ aHAJH30M He-
JHUHEHHbIX JubdepeHnualbbX yPaBHeHHIT BLICOKHX NOpsiaAKoB. Henob-
30BaHHE aHAJHTHIECKHX METONOB HCC/EJOBAHHS IJIsl PEIIeHHs TaKHX
3aJa4 upe3BbLIUAHO TPYAOEMKO, a B Psjie CJyuaeB H HEBO3MOXKHO, I0-
5TOMY NpPHMEHEHHE COBPEMEHHBIX GbICTPOAEHCTBYIOUINX BbIYHCAHTE ] b-
HbIX MAILIHI CTAHOBHTCS HEOOXOAHMBIM.

CoBeplleHcTBOBAHNHE BBIYHCIAHTENbHBIX MAIIHH H MPHEMOB MPOTpaM-
MHPOBAHHSA cjesajy B MOCIEAHHE FOJABl BHIUHCIHTENbHYIO TeXHHKY 0-
CTOAHHEM HH}KEHEPHO TEXHHUECKHX H HAYUYHBIX paﬁOTHHKOB NpaxKkTHYyEe-
CKH BCE€X OTpaCJIE}‘I HayKH H TEXHHKH. S.TIEKTPOHHHE‘. BBIUHCJIHTE/bHBIE
MAallHHBl He TOJbKO YCKOPSIOT pacueTHsle paGoThl, HO ¥ OTKPHIBAIOT CO-
BEpLIEHHO HOBbIe BO3MOXCHOCTH B 006J1aCTH HCCJIE€LOBAHHI.

HenpepsiBHO pacTyllee HCNOJb30BAHHE AHAJOTOBBIX BHIUHC/IHTENb-

peix Mawnd (ABM) B anekTpoMexaHHKe CBI3aHO C NPHUMEHEHHEM METO-

Ja MaTeMaTHuecKoro MOAEJHPOBaHHA AJAA 3NEKTPHUYECKHX MAallWH pas-
JIMUHBIX THIIOB, MCCJIELOBaHHEeM CHCTEM MalllHH, YYETOM pa3/JHYHbLIX HeE-
mmeﬁmc*reﬁ, YCJIO}KHEHHGM'DEHIaEMbIX 3ajiay Hu3-3a OTKasa OT paHee
NpHHUMABIWIHUXCS AONYyUIECHHH, pELIeHHeM 3ajay ONTHMH3AUHH NPOEKT-
HbBIX pacyeToB 3JIEKTPHYCCKHX MAIUHH H T. 1. \

TpynoeMkocTh aHAIHTHYECKHX PacyeToB IPHBOAHT K HEOBXOIMO-
CTH pasajelieHusi HCCIeJ0BAaHUs Ha JiBa 3Tama: H3yueHHe MeXaHHUECKHX
NEPEeXOAHBIX NPOILECCOB H M3YUeHHe SJEKTPOMATHHTHEIX IIePEeXOAHLIX
MPOILECCOB TPH MOCTOSIHHOH UacTOTE BpalleHHs POTOpa HJH 3aJaHHOM
3aKOHEe ee M3MEeHEeHH!s.

B HacTosiliee BPEMsI BHIUHCJMTENbHAS TEXHHKA, MPHMEHSeMas AJs
pelIeHHs] HENMHEHHBIX YPaBHEHHH 3/eKTPHYECKHX MalllHH, cTaja rjaB-
HBIM CPEACTBOM HCCAEJ0BAaHMA NepeXoAHBIX mnpoueccoB. Opnaxo aus
MAaTeMaTHUeCKOro MOJENHPOBAHMS SJACKTPHUECKHX MAIIMH HET eJHHOK
(opMBI 3anucH YPaBHEHHH, HCMONL3YIOTCS pasjHuHble YacTOTHI M Ha-
npaBJIeHHsT BpallleHHs OCeH KOOpAHHAT, MPUHHMAIOTCS pasJHUHbBIE 10-
nylienns. Bece 370 MPHBOAUT K MHOroo6pasHio CTPYKTYPHBIX CXeM MO-
Jeqel 3MeKTpHYeCKHX MaLIiH.

CoBpeMeHHBIe TEHJEHIIHN PA3BUTHS MOAEGNIHPOBAHHS 3JIEKTPHYECKHX
malmuH Ha ABM cBsA3anbl ¢ 6osee riyOOKHM y4eroM HachIlEHHs] Mar-
HUTHOI LeNH, aHaJHM30M HECHMMETPHUHBIX PEXKHMOB PaboThl, CJ0MKHbIX
MALIHHHO-BEHTHJIBHBIX CXEM H HCCAeJoBaHHeM paboThl 3JeKTPHYECKOH
MAallNHbL B cucreMe, npaveHeHneM ABM 1yisi MpOeKTHHIX ONTHMH3AILH-
OHHBIX pPacueTos.



FNABA I
ABM H HX PEWWAIOWHE 3JEMEHTHI

§ 1-1. MopeaupoBauue Ha ABM

CylIHOCTD MOIEJHPOBAHHS 3dKJAIOYAETCH B 3aMeHE peasibHOIl cHcTe-
Mbl, MAUIHHBEI HJH HX OTAEJbLHBIX 3JeMeHTOB MOJJeJblo, KOTOpas Haxo-
JINTCA ¢ HHMH B HEKOTOPOM COOTBETCTBHH H cnoco0Ha B TOH HJIH HHONH
Mepe BOCHPOH3BOAHTL CBOMCTBA HAHM XapaKTEPHCTHKH PeasbHOil cHeTe-
Mbl. [Tpoueccel, NPOHCXOAALLHE B MOAEAH, MOKHO JIErKO perucrpupo-
BaThb, MPOBEPATE HX COOTBETCTBHE PE3yJIbTAaTaAM TEOPETHUYECKOTO aHAaJII-
3d, 3aMeHATb AHAJHTHUCCKHE PACUEThl PONECCOB HX HEHOCPEACTBEHHBIM
HabmogenueM, T. €. 3G(EKTHBHO pellaTh Bce OCHOBHBIE 33144l SKCIe-
PHMEHTAAbLHOro HCCieloBaHus. «B obuiereopernueckom cmbicie MOJIe-
JHPOBAHHE O3HAYAET OCYLLECTBICHHE KakuM-Jau00 crocobom ortobpae-
HHSA HJIHU BOCII]'JOHBBG;IEIIHY[ JCHCTBHTEJBHOCTH AJIA H3YUYEHHS MUMEIO-
LIHXcs B Hell OOBEKTHBHEIX 3aKOHOMEPHOCTeMH» *, 3

B nacrosauiee BpeMsl pas/HvyaloT ABa OCHOBHBLIX METO/1a MOLIG.TI[I[)()-
BaHKA: (PH3HYECKOE H MaTeMaTHUECKOe. y.

OpH3HUeCKOEe MOAENHPOBAHHE NPEACTABIACT coboil MO/e-
JUpoBaHie, IPH KOTOPOM  HCC/Ie/10BaHie OPHUIHHANA 3aMEHseTCs pe-
Cc/Iel0BAHHEM MOJe]H TOH xe-usnueckoit mpupoasl. Pusnueckoe MO-
J€MHPOBaHHE 3aMeHsieT IKCIEPHMEHT, UTO OCOGEHHO WEHHO AJSI C/ojk-
HBLIX CHCTEM H MAIUHH, H ZAeT BO3MOXKHOCTL HCCJICLAOBATL SIBJICHug
KOTOPBIe MPOUCXOAAT B MAIIHHE-OPHTHHAJIE, IIPH COXPAHCHHH UX (higy.
yeckoit mpupoAbl. ITpHMEHHTeNbHO K 3JeKTPHUECKHM MallHHam Merog
(hu3HUECKOro MOAENHPCBANHS Hallea HanOoJbliee PasBHTHE B paGorgy
M. II. Koctenko, B. A Benukora, A B.HeBaHoBa-Cy o
JEeHCKOTO. )

EqnHCTBO MaTepHasbHOrO MHpa NPHBOAHT K MOPA3HTRIBbHOH Hpep.
THYHOCTH YPaBHEHHH, ONHCHIBAIOUHX MPOLECCHl B CAMBIX DasHypypy
obnactax ¢usnku. Harpumep, csoGoanbie ynpyrie KOJOAHHS mpyiy-
HbI, Kosie0aHusi MEXaHHYECKOro MasiTHHKa M 3JeKTPHYeCKHe KonmeGanyg
B KOHType R-L-C ONHCHIBAIOTCS aHAJOPHUHBIMH MO GOPME ypaBHemys.
MH. DTO MO3BOJSIET H3yuyaTh siBJEHHs, IPOHCXOJASILIIE B OPHIHHANe, 11a
MOjle/H, (DH3HUecKas npupoja KOTOPOH OTIHYHA OT (PH3HUECKOI NpUpo-
abl opurunana. Takoe wmopennposanue, Koria MOJIENb H  OPHTHHA
pasJidHbl 0 cBOEH (hH3HYeCKOi npupoje, HO MOryT ObITh OTIHCAHBI Oy~
HAKOBLIMH MO (pOpMe YPaBHEHHSIMH, HA3BIBAIOT MATEMATUYECKUM mo-
deauposanue. :

* Beruxog B. A. Teopust n0J0GHS i MOAEdNpOBAIHE (MpUMEHNUTEIbHO K 3amayan
snekTposnepretuxu), M., Broicmas wkona, 1966, ¢. 13.

A



Martemarnyeckoe MOLEJHDPOBAaHHE DPa3sBHBAeTCs B ABYX
OCHOBHBIX HanpaBJIEHHSIX: IIOCTPOEHHe MOJesell TNpAMON aHaJoruu Ha
OCHOBE M3BECTHBIX CHCTEM aHaJOrHif H IOCTPOEHHE BBIUHCAHTEIbHBIX
MawuH (uuQpPOBLIX, aHAJOTOBLIX H aHAJOrO-IH(POBLIX).

K mojensaM mpaMoii aHAaJOrHH OTHOCSATCS CETOUHbIE SMEKTPHUECKHE
MOJIeJIH JJIsl HHTErPHPOBaHHs Au(pdepeHuHaNbHBIX VPpaBHEHHl B uact-
HBIX MPOH3BOJAHBIX, 3JIEKTPOJIHTHYECKHE BAHHBI, MOJeNH Ha Oymare ¢
TOKOTIPOBOASILINM CJIOEM M T. JI.

MaremaTHueckoe MOJENHPOBAHHE C HCIOJbL30BAHHEM BBIUHC/IHTEb-
AbIX MalllHH OTJHYaeTcsl OT MOLENHPOBAHHS HA OCHOBE NPSIMOH anaJo-
HH OTCYTCTBHEM NpAMOH (DH3HYeCKOil aHaJOTHH MEXKAY BeJH4YHHaMH,
XapaKTepH3YIOIHMH H3yuaeMoe sIBJIEHHEe, H BeJHYHHAMH, [0JyuaeMbIMH
B pe3yJibTaTe BLINOJHEHHS OTAEAbHBIX MaTeMaTHYeCKHX omepamuii.
HM3yuenne mpoliecca CBOAHTCS, TAKHM 00Pa3oM, K aHaJH2Y €ro MareMa-
THYECKOr0 ONHCAHHS C MOMOLLLIO BHIUHCTHTENILHON MaLIHHbL.

CoBpenmenHble BbIUHCAHTEILHLIE MALIHHBL JeJISTCS Ha JBa KJaacca:
BLIUHCJIHTE/NbHbIe MallilHbl AHCKPETHOTrO  AeHCTBHS, HJH yudposete
(LIBM), u BblupcJIHTE/bHbIE M&UIMHB HENPEPBIBHOTO AEHCTBHS,. MM
ananrozoesote (ABM).

B IIBM martemaTHuecKHe NMepeMeHHbIe MPEJACTABASIOT B BuAe -
POBBHIX (AHMCKPeTHbIX) 3HaueHHH (uanuecknx BeauuuH. JlioGoe uicio
peasinsyercd KOMOHHAUHEH COCTOSHHH OTAEJbHBIX 3IJIEMEHTOB, KaxK-
JABIH H3 KOTOPbIX 00J1aJlaeT HEeCKOJbKHMH COCTOSIHHSIMH YCTOHUHBOTO
paBHOBecHs. DTH MalIHHBE 00671a1aI0T YHHBEPCAJbHOCTbIO, HMEIOT BhICO-
KYI0 TOUHOCTb BBIMOJHEHHS OTAEJbHBIX ONepaluil, No3BOJSIOT pellaTb
NPaKTHUYECKH J100ble MaTeMaTHUYeCKHe 3aJaul M JIOTHUYEeCKHE Omepalyi.
Onnaxo Hecmorpst Ha GoJsblune ckopoctH paGorsl, LIBM umelor orpa-
HHYEHHOe ObICTPOJAEHCTBHE, TAK KaKk BpPeMs pelleHHst 3ajaud oO0BLIYHO
CKJIaJblBAETCA H3 3aTPAT BPEMEHH Ha BHINOJHEHHE OTJeJbHHIX omepa-
uuil, B ToM umcae n onepauuit ynpasaenus.. K LIBM ornocsTcs Ha-
CTOJIbHBIE CUETHBLIE, CUCTHO-MepOopalHOHHbIE, 3JMEKTPOHHO-LH(POBLIE
GLICTPOCHCTBYIOIIHE MaUIHHBIL.

ABM onepupyior ¢ MareMaTHYECKHMH NE€PEMEHHBIMH, MpeACTaBIeH?
HLIMH B BHJE HENPEephIBHO H3MeHSAoWUXes GU3HUeCKHX BeJHUHH.

ABM yno06HEl B 3KCIUIyaTALHH, OTJHUYAIOTCS HE TOJBKO MPOCTOTOM
H HarJsAHOCTbIO PElleHHsi 3aJaud, HO W MIHOBEHHOCTLIO pelIeHHS.
Oz1HaKo OHH HMEIOT CPABHUTENLHO HEBBICOKYIO TOUHOCTb U MAJIyIO YHIl-
BepcasnpHocth. K ABM oTHOCATCS 3/eKTPOHHBIE MALIHHLL VIS PEIIeH s
00BIKHOBEHHBIX AHD(EpeHIHANTbHBIX ypaBHeHNil, MallHHbl s pelleHus
ajsrebpanvyeckuX H TPAHCUEHAECHTHbIX YpaBHEHHI, crennaJn3ipoBaHHble
2HaJIOTOBBIC MalUHHBL.

OrpgaBaTb NpeANoOUTEHHE TOMY MJH HHOMY THIY MallUHH CJIeLYyeT
JIHIb TIOCJIe TILATEJABHOrO H3yueHHsI HX BO3MOMKHOCTEH NpPH pelleHHH
MOCTABJICHHOH 3afaud. B mocnenHne roasl co3naiTcss H HAXOAAT BCe
6oJiblllee pacnpocTpaHeHne KOMOHHHPOBAHHbIE BLIYHC/AUTE/NbHbIE MalliH-
HBI, NpeacTaB/sioliie co00l COBOKYNHOCThL aHAJo0roBoil W mu@poBOi
CHCTEeM, B KOTOPHEIX HCMOJb3YIOTCA OCHOBHbIE JOCTOMHCTBA aHAaJOTOBLIX
U IM(PPOBBIX MALIHH.




[lpn HccneJoBaHHAX JAEKTPHYECKHX MAalIHH, KJdK MPaBHJO, MPHXO-
IuTCs pellath AHMdepeHUHaNbHbIE ypaBHEHHs], [PH 3TOM BO MHOIHX
cayuasx pesaecoobpasHo ucnosbzosBat ABM. Oxno w3 mepBbIX npuMe-
Henuft ABM 6Gwpuio ocyulectsiaeHo JIx. ToMmcoHoM H XeJLBHHOM B
1876 r. OHu nokasaJsd, 4TO C NMOMOUIbI0O MEXaHHUECKHX HHTErpaTopos
MOKHO pewaTb AH(depeHinaabHbie ypaBHeHHs 6e3 MpHMeHEeHHs] MeTo-
JLOB MOC/Ie0BaTeNbHbIX NpHbanKennii. CylHOCTb 3TOH HJEH, TMOJOMKEH-

HOIl B ocHOBY coBpeMeHHBIX ABM,

Ug, Ug.,,'—"k,;u dt. COCTOHT B TOM, UTO, COCHHAA MEK-
e i = T oy co0oii BbIYHCJHTE/bHbBIE 3JIe-
E— MEHTEI, MOYKHO iLOC'I‘aTO‘I(IlIa) ObLICTPO

emaTh pasauuible AH(epeHiH-

Uy Ui 5; Yo == (Y ty* Uyg) g.fleI:IC IypaBH(—:l-nm. I—lec;co.nbxo
Uy nosgnee akaa. A. H. Kpouios
Us B 1904—1911 rr. u a-p B. byu u3

MaccauyceTcKkoro TeXHOJIOIHUeCKO-
L N Sl T ro uae uTyTa B 1931 r. cKOHCTpYH-
pOBa..il H MOCTPOHJIH NepBble Mexa-
puueckre auddepeHnnalbHble aHa-
JH3aTOpBl AJIST pelleHHsl ypaBHe-
HHH.

PaccMOTPHM OHH H3 BO3MOYKHBIX METOLOB pellentsi OOBIKHOBEHHBIX
InddepeHHa bHBIX YpaBHEHHH C MOCTOSIHHBIMH KUOE)q}C])_HILHEI-ITaMI-[, KO-
TOPbIfi OCYILECTBJISIETCSi HAa yCTAHOBKE, COCTOSIIIEH H3 OTIACJIbLHBIX pe-
WAOWHX 3JeMeHToB. [IycTh Takas yCTaHOBKA COLEPIKHT YCTPOHCTBA,
KOTOpble MOTYT HEImpepbiBHO MPOH3BOAHUTL ONepailHio I-Hn'el‘])upona”mm
MAIWHHON IePEeMEHHON N0 BPEMEHH, T. €. TIPU MoJaye Ha BXO YCTPOHCT-
Ba uemc{mpna HYHKIUMY Upx HA €T0 BBIXOJE 0Opasyercsl QYHKIHS Unpix =

Puc. 1-1

=—k5 Unxdt. Kpome HHTErpHPYIOUIHX YCTI)OF{CTB JUIs pelleHust aug-
At = L

(epeHIHANILHBIX YDABHEHHA Heo6XOMHM bl yCTpOHCTBA, BBIMOJIHSIONIHE
Dnepaumj CYMMHPOBAHHSI HECKOJbKHUX (GyHKIHHA, YMHOXKEHHS Ha I10-
CTOAHHBIH KOSDhUIHEHT, u3MeHenns 3naka (yHKUHH H T. 4. THIOBbIE
peLIAIOIIHE 3JEMEHTEl PACCMATPHBAEMON yCTAHOBKH, YCJIOBHO o6o3Ha-
YeHHbIE NPAMOYTOILHHKAMH, TOKa3aHel Ha puc. 1-1.

Has mpuMepa pewny, auddepennasbioe ypaBHeHHe
d2x[dt? 4~ Adx/d¢ - BO () =0. (1-1)

34ech x —HCKoMaa 3aBucHMasi nepemennas; A, B, 0(f) —3anauubie
(OYHKIHH.
Ypasuenne (1-1) npusenem k suay

d’x/df = — Ad x|dt— Bb (2). (1-2)
Kak cienyer us ypasuenus (1-2), nis MOJIyyeHHs 1ICKOMOH MepeMeHHOM
¥ HeOOXOJHMO NPOCYMMHPOBAThL CJaraeMble IPaBoH 4ACTH, @ 3aTEM MO-

JIyUCHHYIO CyMMY MpPOHHTErpupoBaTh ABa pasza. CxeMa COeIHHEHHS pe-
IIAMOMHX SJIEMEHTOB, COOTBETCTBYIONIAs 3TOH MporpaMMme, INpHBeAeHa
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Ha puc. 1-2. Oua COCTOHT M3 JABYX HHTErpaTopoB, OIHOro cymMmmartopa
H OJIHOTO HHBepTopa.

Flenonbsysi paceMOTpeitblif NPHHIHI NOCTPOEHHS CXEMBI pPEeLIeHHS,
MOZ{HO OCYIUeCTBHTb MaTeMaTHUeCKOe MOJeJIHPOBAHHE GoJgee CJIOZKHDBIX
A depeHunanbHbIX YPaBHEHHH MJH CHCTEM ypaBHeHHH. UTo6bl mosay-
UHTL ONTHMAJbLHYVIO NPOrpaMMy pElIeHHs, YPaBHEHHS 4acTo INoJABepra-
10T npeoOpa3oBaHuaM, BCJAEACTBHE Yero IpaMas aHaJdorusg Mexay Q-
S3HUECKHMH TapaseTpaMy OpHrHHaja H Ko3(guuHeHTaMH npeobpaso-
BaHHOr0 YypaBHeHHS, BOC-

NPOH3BOJUMOrO MOJIEJbIO, -86(t) _d%x dx
yTpauHBaeTcs. o— ] dt2 dié X

OcHOBHBIE  TOJIOKEHHS % z S s
MeToja MaTeMaTHUYeCKOro

MOJeJHPOBAHHS, OCYILECTB-

Jsiemple Ha ABM, MO:KHO (e
CBECTH K CJEAYIOUIEMY: TS
1) BuoiGupaior ¢usuue- A T

CKYIO BeJHYHHY, KOTOpas-
OyzeT TpeaCcTaBJAAThH 3HA-
YeHHsl NepeMeHHBIX pellae- Puc. 1-2

MOIl 3ajaun. DTy BeJHYH- _

HY Ha3blBAIOT MAUUUKHOL 8eAUMUHOL UIH MAWUHHOU nepemernod. He-
06x0/111M0, 4TOGbl OHA Y/OBJETBOPSIA COOTHOIIEHHIO

y=f (%), (1-3)

rI€ ¥ -—He3aBuUCcUMasi TepeMeHHas, H3MEHSoUascs Ha OTpe3Ke
as<x<<b; [(x) — 3aBucHMAsi mepeMeHHas, INpeACTaBJIONIAs COBO
AeHCTBHTENbHYI0 (YHKIHIO Ha oTpeske <[ (x) <<d;

2) BbluncauTenbnbie 60k ABM KOHCTPYyHPYIOT TakuM 06pasoM,
uTOOBl 3aBHCHMOCTH MEXKy MAIUHHHBIMH BeJHUYHHAMH Ha HX BX0OAaX H
BBIXO/laX COOTBETCTBOBAJIA ONpENeJEeHHBIM MaTeMaTHUYeCKHM Olepali-

' SIM — CYMMHDPOBAHHIO, YMHOXKEHHIO, HHTErpHPOBAHHIO H T. 1.;

3) BEIUHCIHTENbHbIE GJIOKH COEIMHSIIOT MeXAy co0ofl Tak, uToObI
pabora moayueHHoj cXeMbl OmHChIBaJAach anre6panyeckuMu Hai aHd-
(epenunasbHLIME YPABHEHHSIMH, KOTOPbIE HYIKHO PEIlKTh;

4) B mONYYEHHYIO CXeMY COEIHHEHHSI BBIYHC/IHTENbHBIX OJOKOB BBO-
JAT HauaJibHble YCJIOBHSI H BHelIHHe Bo3xelicTBus. M3menenme coor-
BETCTBYIOLLEH MalMHHOH MepeMeHHOH OT BpeMeHH CHHMaeTCs ¢ BhIX0Ja
Qema:omux ANMEMEHTOB H pEI‘HCTPHDYETCH 3allHCEBIBAIOIHM ')’CT]I)OI‘:{CTBOM
HIH ocunJsiorpadoM. 3HaueHHs MallHHHON MepeMeHHON COOTBETCTBYIOT
C YyY4eTOM HeKOTOPOro Macumraba MCKOMBIM IEepeMEHHBLIM HCXOAHOMH CH-
CTEMBI YpaBHEHHH.

BosmoxkuocTi npuMenennss ABM B anekTpoMexaHHKe MpH pelleHHH
MHOTHX 3a/1a4 upe3BbluaiiHo pa3zHooGpasHbl. K 0cHOBHBEIM 3agauaM MOK-
HO OTHECTH CJIeJYIOlIHeE:

1) ananus mepeXOAHBIX NPOIECCOB, T. e. JHHAMHKH CHCTEM YIIpaB-
JIEHHsI ¥ PEryJipoBaHHus, CJIOXKHBEIX cXeM H T. A. [1pi MaTemartnueckom
MOJ€THPOBAHNH /IEKTPHUECKHX MallWH HanGosmee 3(hekTHBHO pera-
JOTCS 3a/1auH, ONPENeNsAIONIHe BIHHHE H3MEHEHHSs NapaMeTpoB MalliHy

4



\

Ha NpPOIECCHl, 8 TaKzKe BJIHAHHE Pa3JIHYHBIX BHIOB PEryJupoBanus Ha
YCTOHUHBOCTh, KayeCcTBeHHOe BblICHEHHE XapaKTepa IPOLEeCcCOB B 3JeK-
TPUUECKHX MaIUHHAX H T. 1.;

2) pelleHHe 3371au CUHTE3a Pa3JHYHBIX CHCTEM, T. €. MoA00p Mo
3a/laHHBIM TeXHHYECKHM XapaKTePHCTHKAM CTPYKTYPbl HX H3MEHseMbIX
yacTed MJAH napaMerpoB, oO0ecHeunHBalOIIMX HoJydeHHe TpebdyeMblX
(YHKUHOHAJIBHLIX 3aBHCHMOCTel. 3ajaul 3TOro THNA OYEHb YacTO MO-
ryT ObITh CBe/leHbl K OTBICKAHHIO 9KCTpeMyMa HEeKOTOPOro yHKIHOHAaJa.

§ 1-2. NpHHUHKNLI NOCTPOCHHS JIHHEHHBIX PelaloUHX 3JIEeMEeHTOB

Pemajouiue 3eMenTsl ABM MOMKHO BBIIOJTHHTb H3 3JIEMEHTOB pas3-
JINYHOI (hu3HUMecKOH NMPHPOAbl — MeXaHHUeCKHX, 3JeKTPOMEeXaHHUeCKHX,
[HeBMaTHYECKHX, IEKTPOHHBIX M T. 4. B cuay psla npeumyuUlecTB
npeobmafaroliee pacnpocTpaHeHHe MOJyUH/IH BBIYHCAHTENLHLIC MallH-
Hbl, MOCTPOEHHBIE H3 DelIaloUNX 3/JeMeHTOB 3J1eKTpouHoro Tuna. [Tpu

21 Z2

Puc. 1-3

CO3JaHHH DeIlaolluX 3JEeMEeHTOB HCIOMb3VIOT NMPHHIHILL, MOJ0XKEeHHbIE
B OCHOBY 3aMKHYTBIX CHCTEM aBTOMAaTHUECKOro pery/JTHpOBaHH. [Tpu
onpeieNeHHbIX COOTHOLIEHHAX MeMay mapaMerpaMH pPeLIdlolLero sJgue-
MeHTa TOYHOCTb PAGOTHl He 3aBHCHT OT W3MEHEHHs I1apaMeTPOB OCHOB-
HOro KaHaza, npeo0pasyIollero ciriaJ, a onpenensercs: TOJNbKO BeJIH-
yHHOH H CTaOKHILHOCTLIO napaMeTpoB Iend oOpaTHOH CBSA3H M BXOJHOH
e,

PaccMOTPHM IOCTPOEHHE VKAa3aHHBIX PeIlajoliuX 3JeMeHTOB.

Pemaouuit yeunanreas (puc. 1-3) moxkuo paccMaTpHBaTbh Kak cie-
JSIILYIO CHCTEMY, Pearupyouyio Ha n BXxoaHblx curxasoB *. Pojb 06b-
eKTa peryJupOBaHMsi NPH 3TOM BBIMOJHSIeT COOCTBEHHO YCHJIHMTENb IO-
CTOSIHHOrO TOK&, POJIb PEryJNsiTopa — cBoeoOpasHblil HHANKATOP pacco-
rJacoBaHus, MPEACTABIIIONIHN co00H MHOMOMOJMIOCHHK, COCTABJEHHLII
3 BXOAHBIX pesucropos ZI1, Z12, 713, ..., Z1,, pe3nuctopoB 006paTHOI
cBsi3H Z2 u cOGCTBEHHO BXOJAa YCHJAHTeNs mocrosingoro Toka Z3. Tak

* Koean b. fI. DuekTpoHHBIE MOJIeJIMPYIOLIHe ycTpoficTBA H HX NPHMEHeHHe 1.5
HCCJe0BAHHS  CHCTEM aBTOMATHYECKOro peryauposanusi. M., Pusamarrnz, 1963,
c. 60—63.



KaK oﬁpa'rnaﬂ CBfA3b B pacCMaTpHBaeMOM YCHJHTEJI€ OTpHLIaTeaLHan,
TO BBIXOJHOE HanpsizKeHHe MHOTONOJIIOCHHKA U MOIKHO paccMaTpHBaTh
KaK OWHOKY, HJH PaccorjaacoBaHne, CeisIledl CHCTeMBI. Beanunny
ounoKu (ch,acmne JIMHEHHOCTH 3/J1eMEHTOB, 06pa3yIoulNxX MHOromo-
JIOCHHK uummaropa paccomacosa}mﬂ) MOZKHO NpeACTaBHTbL C‘v\rl'\lOH
B KOTOPOIl Ka)/l0e CJlaraemoe onpeje/sercs 3HaUCHHEM HaNpsKeHus,
NMPHJIOKEHHOTr0 K JaHHOMY BXOJAHOMY TOJIOCY,

lazf“ (p)111+f19(p) l£2+ siiais +f1n(p)lzn+f2(p)zlnux' (1-4)

B ypasuenun (1-4) nepemaTounbie (yHKLUH, BEIPasKeEHbBIE yepe3 Mpo-
BOAHMOCTH COOTBETCTBYIOLLUX IlieNel, HMeloT BHA

FuP)=Yu (P XY u(P)+Y2(p)+Ys(p)];

flﬂ(ﬂ}:ylz(P)/[ Yie(p)+Y, (P)—I‘Va(]?)];

-1 =

fia(P)=Y 1, (o) [2 }/11'(10)_1'_),2(10)_1_}/3(10]];
1

FoP)=Y 2 DUV (D) Y2 ()4 ()]

1

rue
Yu=1Zy; Yool Zsy “ua gl ¥au=1Z;;
}'32’1123; Y?_=1.Zg; p=d;"df.

IIpn Gonblmx 3HaueHHSX KoIQUINEHTA YCHIEHHS YCHJINTES
(10°—10%) 1 compoTuBJenns Ha BXoje ycusmuteas Zs, a TakiKe Ipil
OTPaHHUCHHOM MaKCHMaJIbHOM 3HAYeHHH BBIXOAHOIO HANPAMKEHHS YCH-
JIUTE/S BeuliHa HanpsxeHHsi omnOKy us ovyeHb Masa (6am3Ka K HY-
Ji0). Beneacrsue 3TOro CYMMHPYIOLLYIO TOYKY OGBIYHO HA3BLIBAIOT 10-

TeHYuarbHo 3asemrennol Touxod. Ecan B Boipaxkenun (1-4) npeue6-

peyb BEJIHUUHOI s, TO MOXKHO HafiTH CBH3b MEXIY BLIXOAHLIM H BXOJI-
HBIM HalpsizKeHHeM peIlalollero YCHUIUTEe s :

Uppx = \ fl: IL j[f)- (JD)] \ (1'6)
ITocsie npeoGpasosanns (1-6) ¢ yuerom (1-5)

ulsux:_?:ylifp) u,-;'lIYQ (p)] (1-7)

W3 Buipaxenus (1-7) caeayer, yto TOYHOCTb MaTeMAaTHYECKHX OMe-
palHil, BLINOJHAEMbIX PEIUAIOIIM 3/1eMEHTOM, He 3aBHCHT OT mapamer-
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POB YCHJIMTENS, €CH ero KOI(D(PHIHEHT yCHJICHHsS JOCTATOUHO BEJIK,
a onpejessieTcsi TOUHOCTbIO Habopa M CTaOHIbHOCTBIO 3HAYEHHI TPOBO
JMMOCTeH BXOZHBIX Lemed H 1lend obpaTHoii cBaA3H. Bblpaxenue
Y\:(p)/Y2(p) naswieaoT nepedarounol pynkyued pewiaroujeeo 3AemeH-
7a 1O i-MYy BXOJIY.

PaccMoTpHM HEKOTOpBIE YaCTHbIE PeKHMBl pafoThl pelaloliero ycH-
JIMTENS. - .

IlycTh uMcno BXOA0B =1, IPOBOAHMOCTL BXoAHOH menu Y ;=1/Ry,
MPOBOJAUMOCTL Henu o6paTHOH cBsisu Yo=1/R,. Torga B COOTBETCTBHH
¢ (1-7) nomyuaem

Uy =— — (RQ”RI) Uy ( 1-8)

Takum oGpa3soM, OMepalHOHHLI YCHAMTENL H3MEHSIeT BEeJHYHHY
BXOZHOrO HanpsiKeHHst B k=R»/R, pa3s u ero 3Hak. [Ipu Rs=R, OH
MOXKET HCIOJIb30BAThCS B KauecTse (hasomHBepropa, NpH Ro7=R; —B
pexKHMe MacIUTAaO0HOrO YCHJHTENS, T. €. JJs BHIMOJHEHHS oOlepalni
YMHOKEHHS Ha MOCTOSTHHYIO BEJHUHHY.

" Ecayn yennntess HMeeT HeCKOMbKO BXOJO0B, TOTAa

Upux=— — '"'8'2_ u;. (1-9)

Tako# ycHaIMTEe b MOXKHO HCIOJb30BaTh A5 ajrebpaHyeckoro CyMMH-
POBaHHsA 71 BXOJAHBIX CHTHAJIOB C OJHOBPEMEHHBIM YMHOXKEHHEM Kamnao-
ro CJ1araeMoro Ha 3aflaiHylo MOCTOSHHYIO BEJHUHHY.

Eciin B nenp oGpatHoli cBA3H BKJIIOUHTH KOHIEHCATOpP, a HA BXOA —
pesucrop, To npu n=1

1 -
g = — PRC Uy (1 10)
[lepeiizem B (1-10) or n3obpaxKenuit K OpUrHHATAM:
t /
1 : -11
o= = |ttt 0

0

Taxum o6pasom, B coorBercreny ¢ Bhpaxennem (1-11) pacemarpH-
BAEMBIH YCHINTENb BBINOMHSET ONMEpPANHIO HHTErpHpOBAHHs MO BpeMeHH
BXOJIHOH BeMHuWHBL. Eciu uymcelo BXOJAHBEIX CHrHaJi0oB 11 H HA BXoJAe

BKJIIOUEHB! pesuctopel R11, R12, ..., Rl,, To mpu TOM BbIIOJIHSCTCHA
OmepauHsi HHTerpPHPOBAHHA CYyMMBI BXOJZHBIX CHIHAJIOB:
- n
L 1 2
Upyxy= —— iy (1 12)
P 2} - RiuC
H/IH BO BPEMEHHOH (hopMe
Eo.n ;
' ' S‘ 1 (1-13)
Uy = — u;dt. { }
BBIX . SA CRI{' i
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Ecii BKIIOYHTL HA BXOJ KOHZEHCATOP, a B ileNlb 06pPaTHOH CBA3H —
pesucTop, To npu n=1

Upe = — RoCpit,, (1-14)
#JIH BO BpeMeHHOi dopme /
U= — RoCdlu /dt. (1-15)
Tadauya 71-;
Haz8arue Dynxyuonanswas Mamemamuvwec - Yenobuoe
anemesma cxema KaA orepayus odosnovenue
Maocwmadwsid Ug, i =-0U
anemMeHm gex P s
__2- O O
R, Ugx Ygeix
HuBepmop Uge=~Usx
Ugx Uppix
| Cymmamop
J Hrmeepamaop
] u
L Bx Ugsix
i Rl
. : c
gy (|
Wemezpo- R2
cymmamap | 2 >0
gxe! Ywix
Rn II
Ygxn




flpodonxernue maon 7-7

Haabarue Byurquoranssas | Mamemamuyec- Yenobroe i
anemenma cxema Kaa onepayus | oooarayeruz
R
Auppeper - 0 el 2 d “ax
qupyrouul °—i . > Gaix d4
378MeHM d Hgre k=RC
Ugx
NMomeryuo- g =
Memf-lUﬁ —0 Boix Ygeix™ " Ygx
0
24 ES- 41 "
_L ‘ UBX Beix
L I

c2
HHepyuorroe R2
BeHo
; = R =- R_Z _f u
> - Uﬂbfx R: lngzp*] 5
Ugx YBuix
L
Dopeupyrouee LY
38eno R1. > Beix R,V 1F )uﬁx
v U 1
8x Boix

[Tpu n BXOAHBIX CHrHaJ/Jax

n
Upux= —0 (E Rﬁclfunx)/dt- (1-16) .
: )

B coorBercTuH ¢ Bhpaxmenuamu (1-15) u (1-16) pemraomuii ycu-
Juteqab paboraer B pexume AudGePEHIHPOBaHIs OAHOr0 CHIHANA HIH

CYMMbl BXOAHBIX CHIHAJIOB.
B ta6n. 1-1 nmpuBeAeHbl NPUHUHIHAJIBHBIE CXeMbl BKJ/AIOUEHUS 3Jie-

MEHTOB BXOAHOH LenH H ueny 06paTHOH CBA3H pelIaloHlero YCHJIHTEJ sy
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NIPII MPOBEJEHHH OCHOBHBIX MaTeMaTHUeCKHX omnepaunii. Bxiiouas Ha
BXOA 1 B Lenb oOpaTHOH CBfI3H HETBHIPEXMOJIOCHHKH PasjiHYHOro THIA,
MOXCHO MOJYYHTh ¢ NOMOLIBIO OLHOTO YCHAHTE15 KOMOHHHPOBaHHbIE JIH-
Helinble oneparui.

I3 paccmorpennbiXx JHHEHHBIX pelIalouliX 3JeMeHTOB HauboJibliee
TIPHMEHEHHE NIPH COCTaBJeHHH cXeM pelleHHs 3ajxad Ha ABM naxozar
MaclWTalOHbll, CYMMHPYIOLWHH, HHBEPTHPYIOWHI H HHTErpHPYIOLLIHI
saeMedThl. JudhdepeHHpYIOMHH 3/IeMeHT NPHMeHseTcs pelko, Tak Kak
OH YXYAUIAET COOTHOLIGHHE MeXKJy MOJIe3HBIM CHTHA/10M H LIYMOM, CO-
IIPOBOXK/AAIOUIHM NepelaBaeMblii CHIHA.

aj f(x)
UL u
_L_.U —_— | % Sl
= X lll——o
© gy
J) 8)
' . gy
o—_ o —
o gy " ATS2 | g, U SINX -
i
F = k 7]
R ==l [ =18
é___m_ g v
Puc. 1-4

Huasi BeIMOJIHEHHST ONMepalHy YMHOMEHHs MepeMeHHLIX BeJAHYHH Ha
TIOCTOSIHHBI KO3 (HHLUHEHT, MEHBIIHH eHHHILL, CAYXKHT NOTEHIIHOMETP.

B OTJIHYHEe OT PellarliHX 2JIeMeHTOB OH He MEeHSICT SHAaK HanpsaXKeHH:A.
Tlpn 0<<a<<l '

. Uppix = Ol px.

Caena 3Haka HANPANCEHUS 80 BCex pellaiouwjuy 3iemedtax (Kpome
IIOTEHIHOMETPA) ABAACTCA BECOLMA BANCHOIM OOCTOATEALCTEOM, KOTOpOE
caedyer geeeda NPUHUMATS 80 BHUMaKUe npu pabore Ha ABM.

ITpu pewenin AHHeHNbIX AuddepeHUHANBHBIX ypaBHEHHIT ¢ mepe-
MEHHBIMH KO3((HIHEHTAMH HeOoOXOIHMO HMETb BapHaTophl KO3DQH-
I[HEHTOB, T. €. yIpaBaseMble NOTeHUHOMETPLl. B oTiiune oT 0OBUHOIO
B yIOpapJ/seMOoM IOTEHIHOMETpe B Ipollecce pelleHHs NMPOHCXOAHT H3-
MeHeHHe HAacTPOHKH IO 3aJlaHHoll BpeMeHHOH 3aBucHMocTH. Pasnnuaior
Junefinpie 1 (QyHKIIOHA/NbHLIE yrpaB/sieMble noTeHiHoMeTpsl. DyHK-
111HOHaJblble MOTEHIHOMETPHl MO3BOJAIOT BOCHPOH3BOAHTL KaK MOHO-
TOHHBEIE, TaK H HEMOHOTOHHBIE (QYHKIMH BpEMEHH, OJHAKO MNpPH 3TOM

o
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HeOOXOJAHMBI ClenHaJbHble KOHCTPYKTHBHBIE pemienust (puc. 1-4). IBH-
XKOK NOTEHIHOMETpAa MEPEMENLAaeTCsd C IIOMOUIbIO ynpaBasgeMoro aJjekK-
TPOABHrAaTENsl HJAH LiaroBoro Hckareas. Ha puc. 1-4, a, 6, 8 narasauo
HJJIIOCTPHPYETCA B3aHMOCBfI3b BOCIPOH3BOAMMOH (YHKIUHH ¢ KPHBOIL
‘npoduns notenuHomerpa. Bocnpoussenenue TpeGyeMoil pyHKIMH MO-
XKeT OHITh KaK HempepbiBHBIM, TaK H JHHEHHO-KYCOUHBIM.

IIpu orcyTeTBuM celHAaJbHBIX BADHATOPOB IepeMenHble Ko3(pHILH-
€HTBl MOTYT OLIThL BBeJEHBl HHTErpaTopoM, Ha BXOJ KOTOPOTO MO/JaHO
NOCTOSIHHOE HanpsizKeHHe, QYHKIHOHAIbHBIM Npeodpa3oBaTeeM H MHO-

JKUTEJILHEIM yCTPOHCTBOM.
§ 1-3. lpHHUMOBI NOCTPOEHHS! HEJHHEHHBIX PEellAloIHX 3JeMeHTOB

B Heqnne#HEIX AH((pEpeHLHANIbHEIX YpaBHEHHAX KO3 (hHIHeHTH
ABJAIOTCA QYHKUHAMH HCKOMOH NMepPeMeHHOi HaM ee npoussoAHbX. Ha
ABM nennneiinpie qnd@epennnanbble ypaBHeHns NpHHIHINAJIBLHO pe-
1mamTes Tak ke, kak u JauHeiinble, IlosgBaserca aump HEO6XOAHMOCTD

B BOCIPOH3BedeHHH (hYHKIIHO-

a g 5) — ‘HaJbHBIX - 3aBHCHMOCTEH MO

o ; : 3alaHHOMY 34aKOHY H B Ie-
2, dix

o Vi /  DEMHOXNEHHH M JeJeHHH Ile-

- PeMeHHBIX. OTH ONepauHH

U =Ugyn 7 BLIMTOJIHAIOTCA  HeJHHeHHBIMH

I¢ P 2 pelarnuHMHy  3JeMeHTaMH —

W (yHKIHOHAJALHBIME Tpeobpa-

Ug,  30BaTesaMu, OJOKaAMH yM-

HOZKEHHSI H JeJIeHHUSsI. :
(DyHKIHOHAJBHBIE IPe06-
pa3soBaTeJiu npeaiHasHa4eHbl
JIJIS TIOJTYYEeHHsI BBIXOAHOIO HAIPS:KEHHS, CBI3aHHOIO C BXOJHBIM Ha-
HNpsiZKeHHEeM 3apaHee 3a4aHHOH (PYyHKUHOHAJLHOH 3aBHUCHMOCTBIO. DTO
JAOCTHraeTCsi HCHOJIb30BaHHEM (H3HUeCKHX 3((eKkToB, XapaKTepusye-
MBEIX TpeOyeMoii 3aBHCHMOCTBIO HJIH KOCBEHHBIM BOCIPGH3BELCHIEM
(GYHKUHH ¢ IOMOMIBIO PA3/IHUHBIX allPOKCHMAIIH.

[Tpamepom npeo6pasoBaTesieiil ¢ HCNOIb3OBAHAEM (usnuecknx ag-
(heKTOB MOTYT CAYXKHTb (DYHKLHOHAJIbHLIE npeo6pasoparesn Ha IIOJaY-
NPOBOIAHHKOBEIX 3J€MEHTaX ¢ HeJMHEHHOH XapaKTepHCTHKOH — BapH-
CTOPBL  HJIH  HEJHHEHHBle KOHAeHcaTophl (BapuKoHjbl). OmHako.
HanGoJpliee npuMeHenHe B ABM Hauum pelaionipe 3JeMeHTLI, HC-
NOJB3YIOLIHEe NPHHIHI ANNPOKCHMAIIHH C MOMOUIBIO AHOAHBIX (DYHKIHO-
HaJIbHBIX npeo6pasoBaTeell. OHH BEINONHSAIOTCSI KaK ClIeLHATH3HPOBAH-
HBIMH, T. €. IPEJHa3HAYCHHLIMH IJIA BOCNPOHU3BEJAEHHS TOJAbKO OIHOH
(pyHKUHH, TaK H YHHBEPCANLHLIMH, T. €. HACTPAaHBAeMBIMH Ha 3a1aHHYIO
(yHKIHOHAIbHYIO 3aBHCHMOCTE. Ilpn stoM neo6xoanmas dhyHKUHA BOC-

- IIPOH3BOAHTCA NPHOJIHMKEHHO MYTeM JIHHEefiHO-KYCOYHOH AaMTPOKCH-
MAalHH.

Ias BOCTpoi3BeieHHS] OTAGNLHBIX YUACTKOB JIOMAHOMH JHHHH, npesm-
crapasiouled co6oi rpapuk 3ajaHuol  GyHKIHH, CyXKaT 3JIeMeHTap-
Hble puofHble fuerikH. [Ipy nmocrpoenuu 3/1eMEHTaPHBIX AHOAHBIX SUeeK:
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HCNOJIL3VETCS CBOIICTBO AHO0MIA nponyckaTb TOK TOJbLKO B OAHOM Ha-

npaBJeHnH. DeKTpuyeckas uensb ¢ guoaom J (puc. 1-5, a) mosBoaser

IIOJIYy4aTb J]]l}l(’.'!“-lilYIO 3aBHCHMOCTbL BBIXOOHOro HanpAXeHHA Uppx OT
BXOJHOTO tpx. IIpH 3TOM yros HakjJoHa XapaKTEPHCTHKH «BXOJ — BhI-
XO[» MOXKeT H3MEHSTbCs B 3aBHCHMOCTH OT CONPOTHBJeHHs R B Lenn
KaTtona. B cayyae orpuuaTenbHbX 3HaueHHIT BXOAHOrO HANPSIXKEHHS Unx
JAHOJ| 3alepT, YTO YKa3blBaeT HAa OTCYTCTBHE BBIXUAHOTO HATPIKEHHS
Upx (puc. 1-5, 6).

Ecau cxemy (puc. 1-5,a) u3MeHuTs, T. e. MoJaBaTh BXOAHOE Ha-
OpsiZKeHHe uyx Ha aHoX 4epe3 pesucrop R2 (puc. 1-6, a), a uepes mpy-
roii pesncrop R/ mojaBaTh OTPHIATe/]bHOE HaNpPAMeHHE iy, Ha3biBae-

a g2 Ri 5)
Uﬁafx

N ‘
\ : Ugrn uﬂx

Puc. 1-6

MO€ ONOPHBLIM, TO AHOJ O6YJAeT 3amepT NpH Bcex 3HAYEHHSX BXOAHBIX Hd-
MPSAZKEeHHH Upx, MEHLIIHX HEKOTOPOro KPHTHYEeCKOIO I-IaHpH?KEHHﬂ OTIIH-
paHHs Ugrn. 3anupalollee HaNpsAXEHHe HA aHOMAE SIBJISIETCS pe3yJabTa-
TOM CJIOZKEHHMSI BXOAHOTO Upx M ONODHOTO Uop HANPSIKEHUH, MO3TOMY
IIPH BO3pacTaHHH Upx A0 HEKOTOPOTO YPOBHSA HaNpfAXeHHEe Ha aHOde
Anona OyleT yMeHbUIATbCs A0 HYJs, H B MOMEHT Nepexoja ero uepes
HYJb Auox otkpoercs. Ha pesucrope R mOsSIBHTCS BBIXOAHOE HampsizKe-
HHE Ugpux. Bo3pacTanue BXOAHOIO HanmpsizKeHHs MPHBEACT K MPONOPIIHO-
HaJIbHOMY BO3PaCTaHHIO BEIXOJHOTO HAaMpPSIXKeHHS.

Mensia BenHuHHY HANPSIKEHHS! Wog MM COOTHOLIEHHE CONpPOTHBJIE-
HUH Ry u Ry, MOXHO H3MEHHTb HampAXeHHe Uorm, IPH KOTOPOM IHOJL
OTKpbIBaeTcs, T. €. MOXKHO NPpOHU3BOJBHO pery/jiHpoBaTth nopor cpaGaTbl—
Bauus cxemnl (puc. 1-6, 6). O6weanuss pesucropst RI w R2 u npume-
HsSl BMECTO pe3HcTopa R MOTEHUHOMETP, MOXKHO NMOJYUHTb PEeryJupye-
MYI0 JnoaHylo sueiiky (pue. 1-7, a), xapakrepHcTHKa KOTOPOI NMoOKasa-
Ha Ha puc. 1-7, 0. Coenunss HECKONBKO siueeK, MJMKHO BOCIPOH3BECTH
JI00YIO JINHEHO-KYCOUHYIO MOHOTOHHYIO (hyHKIIHIO.

[Tyers y=f(x)— onHo3nauHasi HempepeiBHasA GYHKLIS HA paccMaT-
puBaeMoM muTepBaJie. Toraa 3ty (GpYHKUHIO MOMKHO NMpeACTaBHTh BbIpa-
JKEeHHEeM

y:y0+agx+2b;(—‘5-—xmq;), (1'17}
: =1
rpe 1
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Xpawi — 3HAUEHHSA X B HayaJje KasK10ro OTpe3ka pa3OHeHHs apry-
MEHTa.

McxonHuble mepeMeHHble B 3JeKTPOHHOII MOAeNH [PeACTaB/ISAIOTCS
B BH/le HaNps:KeHHi, NO3TOMY Ioc/e npeobpa3oBaHHs MNepeMeHHBIX
Y=tsux/My, Yyo=uo/My, x=unx/Mx, ¥nani=Uuxi/Mx u 1pH paBeHCTBe
MacluTaboB

n
wins ) N
e =10+ Qollay + 21 b (tyy— L,y ;). (1-18)
1

CyMMHDpOBaHHe HAMPsiZKeHHH B AaHHOM CJyyYae HpOIle BCEro BHIOJHHTh
Ha JIHHEHHOM pellamolleM 3JeMeHTe — cymMmatope. Kaxjgoe u3 caarae-

' Mpix  Boipaxenus (1-18)
) MOKHO MOJYYHTL, HCIOJb-
' 3yd OOBIYHbIC LIEMH HJH pe-

. ryJHpyeMble JHOIHDIE
VR TuefiKH.

/a0 BxJiouas aAHoJ siYeHKH
r’ (puc. 1-7,a) B nHampa,Je-
Hupn oGpartHoil MOJIsIPHOCTH
4 (. M NOABOAS HAMNpsIZKEHHA C
o0paTHLIM 3HAKOM, HOJY-
x UM Ha BBIXOJE cymMMaTopa
Puc. 1-7 Hanpsi:KeHne TakKKe C 00-
paTHbiM 3HakoM. McroJb-
3ysl ONHOBpeMeHHO mpsiMoe H OOpaTHoe BKJIIOUEHHE IHOJMOB H NpHME-
H5is OOLIMH CyMMaTOp, MOMKHO B COOTBETCTBHH C BblpazkeHHEM (1-18)
BOCIIPOH3BO/HTL HEMOHOTOHHbIE H 3HAKOMepeMeHHbple (DYHKUHH OLHOH
HE3aBACHMOIl mepeMeHHON. UTOOE NOJyuYuTL BLIXOAHOE HAlpsXKEeHHe
00paTHOro 3HakKa, cjeayer NPHMEHHTb HHBEPTOP. ]
yUPOUlEHHaﬂ CxXeMa yHHBEpPCaJbHOIO JHOAHOIO npeoﬁpaBOBaTeJIH
II0KasaHa Ha pHc. 1-8. 3nauente up ycranapansaercsl MOTEHUHOMETPOM
I114. Tleppulii nuneitnblii Y4acTOK JOMaHOIli JuHHH, rae colJiofaercs
IIPAMO NpONOPUHOHA/IbHAST 3aBHCHMOCTD @plpx, BOCIIPOH3BOJAHTCS PE3H-
CTOPOM R/ u noreHunomerpom I713. IMorenunomerpet [1/—I16, ¢ moMo-
IIbIO KOTOPBIX peryJHpyercs HOPOr cpabGaThiBamus KaxK/A0d H3 JHOA-
HBEIX fiUeeK (yCTa_HOBKa Uorn), OCYUIECTBJSIOT orpaHHyeHue Io X, a MO-
TeHIHOMeTpol [17—[112, peryanpymomue KPYTH3HY XapaKTepHCTHK JH-
OJHBLIX A4eeK, HAGHpaloT Gpynkuuio F(x). Iepexatouartens 1/ npeanas-
Hauen /Ui H3MeHeHus 3HaKa CllaraemMoro Qollsy, 2 T2 — /ISl CMEHBI CO-
NPOTHBJIEHHS OOPATHON CBA3H CYMMHDYIOLLETro yCHJIMTEJISI, YTO H3MEeHS-
eT MacwTab HadHpaeMol (YHKILIH,

TounocTs annmpoxcuMaunu 3aZaHHON (GyHKuHHK onpejeasieTcs 4HC-
JIOM OTPE3KOB anfipOKCHMUPYIOULEH JIOMAHONH JIHHIN. [Ipu moAroToBKe
(DYHKLIHOHAJNbHOI 3aBHCHMOCTH CJ/lelyer NOMHHTL, YTO AJS KaYKA0ro
oTpe3ka (Kpome meproro, rie cobJiofaercs npsiMasi IpPONOPLHOHAJ b~
Hasi 3aBHCHMOCTL) notpebyercsi OAMH AHOA. OxHako umc/j0 JHOLOB B
npeoﬁpaaoaaTeJle OrpaHH4yeno, H A4 YBeJHYEHHS TOUHOCTH annpoKCcH-

Uﬂbfx
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Malluyd IMPHMEHAIOT mapaJijleIbHOe coelHHeHHe HeCKOAbKHX (GyHKLHO-
Ha/lbHBEIX npeodpasoBaTteneil.

B HexoTopbIX MOJeIHPYIOWHX YCTPOiicTBaX B KauecTBe HeqHHeiiHo-
ro GyHKUHOHAJLHOrO 3/1€MEHTA HCIOJb3YIOT 3JieKTpOMeXaHHYecKHe
osoki. B oTuinuie ot anexTpoHHEIX npeo6pasoBaTedeil aJeKTpoMexa-
HHYeckne OJI0OKH 00/1a71a10T 3HAYHTENLHON HHEPUHOHHOCTLIO, YTO 06yC-
JIOBJIHBAET MeHblllee NPHMeHeHHe, yeM 3J1eKTponHsiX. Mx npuuuun neii-
CTBHS NMOLO06EH NPHHUHNY AeHCTBHS 3JeKTPOMEXaHIUeCKHX BaPHATOPOR
Ko3(duunentos. OTaHYHe COCTONT JIHIUL B 10M, YTO HCMOJHHTEILHBIM

=1t n7-1r2
JEPaRUYEHLE 110 X Hadop F(x)
“Upp

i

HE:
Ugy t el L Ugurx

Puc. 1-8

9JIEKTPOABHTraTe/1eM, NepeMellalomiM ABHKOK MOTEHIHOMETpa, yIpas-
JISIEeT ClenHa bHbIH YCHJIHTE/b. ¥T0J MOBOPOTA Bajia 3JEKTPOABHIATe s
| H, CJCN0oBaTebHO, BEJHYHHA NMEpPeMelleHHsT JABHIKKA MNOTEHIHOMETpa
| IPOTIOPLHOHAJIbHBI BEJIHYHHE HANPSAXKEHHs, N101aBAeMOro Ha BX0J YCH-
| IATEJST. DTO JOCTHrAeTCsl NPHMeHeHHeM B YCTPONCTBE  CHEMHaIbHOM
cJeAsIed CHCTeMBI. .

Ecin norenmnomerp anuelinslfi, To yron moBopcTa ABHrATEAS MPO-
 MOpPLUHOHAJIeH BXOJHOMY HANpPSKEHHIO: an=Rigx, TAe R — KO3(QbHIH-
| €HT NPONOPUHOHAJbHOCTH. C OChI0 JBMrartessi MOXeT OBITb CBSI3aHO 1

I[I)YHKILHOHH.H[)HHX [IOTEHUHOMETPOB, LJifl KaXKI0T0 H3 KOTOpLIX cripaBen-

|JIHBO BbIpazkenue
' gy =01 f (), (1_19)
TAe U — HanpsiKeHue Ha BXOJE NOTeHIHOMETpa.
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Ecan an=~kusx, TO Usux=1uif (Ruyx). Tlpu k=1 u wy=1 snexkrpome-
XaHHYeCKHH (QyHKUHOHAJIBHEI Npeo6pa3oBaTesb OY/AET BLINOJIHSATL He-

JHHEHHYIO Olepalnio
um.:x:f(uux)- (1'20)
* Eciin BMecTo (yHKIHOHAJILHOTO NMOTEHIHOMETPA HCIIOJb30BAThH JIHs
HelHbIH noTeHuoMeTp, To (1-19) npuuuMaer BHA
Upx = RULLL . : (1-21)

Takum oGpa3om, B COOTBeTCTBHH ¢ BhlpamenueM (1-21) ocyuiecTs-
JISIETCS YMHOKeHHe HaNpsiZKeHHH u) H Upx, T. €. paccMaTpHBaeMoe YCT-
POMCTBO MOZKHO HCIIOJIb30BATh H KaK GJIOK YMHOMKEHHSI.

R/2
R
>
X, R
i 0,5(X,X,)
X ‘——-——i:' :

Puc. 1-9

Kpome 6J10KOB yMHOXKeHHsI LIIHPOKO pacmpocipaHeHbl MHOKHTEIb-
HBIE YCTPOHCTBA, OCHOBAaHHBIE HAa MPHHIIHIE aBTOMATHYECKOIO DeryJIH-
poBaHHs KO3((hHUMeHTa nmepefaul, NPHHLIKTE NPHMEHEHHs KBaJpaTHY-
HBEIX (yHKIHOHAJIBLHBIX IPeoOpasoBaresieil i 31eKTPOMeXaHHIECKHX YCT-
POHMCTB, a Takie Ha COUYETAHHH HA3BAHHBIX IIPHHIKIOB H T. M. TexHH-
YECKH pea/H30BATh ONEPAlHIO YMHOXKEHHSA JOBOJIbHO TPYAHO, MO3TOMY
OJIOKH YMHOKEHHS SBJAIOTCS OTHOCHTEJIbHO CJOKHBIMHU yCTpoﬁCTBaMH.

B cxemMax MHOMKHTEJbHBLIX YCTPOKHCTB, HCNONB3YIOUHX —YCHIHTENH
TMOCTOSIHHOTO TOKA ¢ AHOAHBIMH (DYHKUHOHAJLHLIMH NpPeobpas3oBaTels:
MH, DeaJIH3yeTCcs COOTHOLIEHE

Z=Xx1X3=[0,5 (X1 x,)]2—[0,5 (xx; — x3)]>. (1-22

Hs (1-22) Buauo, 410 A/ TMOJYYEHHS NPOH3BeLeHHS ABYX MEPeMeHHEL
X; H X HeOOXOIHMO BBLINOJHHTE ONEpaluu anred6paHyecKoro CJI0XKeHH§
U BO3BeJleHHs B KBaapar. YToObl BO3BECTH B KBaJpaT MOJNYyCyMMY H IO.
JYPa3HOCTh HE3aBHCHMBIX NEPEMEHHBIX, NPUMEHSIOT CrelHaJH3HPOBaH-
Hble (QyHKUHOHAJbHBIE NpeobpasoBarenn — kpaapaTopsl. Ha pue. 1-§
NIpUBEJIeHa CXeMa MHOXKHTEJIbHOTO YCTPOHCTBA ¢ KB4 APATHUHBIMH (DYHK-
HHOHA/JLHLIMH NpeoGpasoBaTelsMH. B Heil cymmupoBaHHE BXOJIHbIX
CHIHAJIOB OCYIIECTBJISIETCH ABYMSI pellajoIluMu ycHauTeasiMu I u -2,
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TIPHYEM NOJIYPA3HOCTb X| I Xg MOJYUaeTCsl NyTeM J100aBJeHHSI K OJHOMY
U3 COMHOMKHTeJell (X)) MONYCYMMBl X; H Xo C OOPATHBLIM 3HAKOM.

DyuxuuoHaabHble npeobpasoBatenn P13 u D14 ocyulecTBAAIOT
BO3Be/JCHHEe B KBaJApaT IOJYCYMMEl H MOJYPA3HOCTH X| H Xz, ¥ CHIHTE/b
9 CAYHHT A5t 06Pa30BaHUs OTPHUATENBHOrO 3HAYCHHS KBajgpaTa Mo-
JIYCYMMBL X H X, @ Ha BBIXOJle YCHJAHTENS 6 NOJyyaloT Npou3BeleHHe
X1Xp. Ynpoulenne cxeMbl puc. 1-9 MoKer GBITb OCYLIECTBJEHO 3a CUET
BBIJEJNEHHST MOAYJ/Is NMOJAYCYMMEl AHOAHBIMH BEHTHJLHLIMH LeMOYKaMH
M YMEHDLIIECHHSI YHCJA pellalouiux
3JIEMEHTOB A/ 00pa3oBaHHs MOJY-
CYMMBIL.

Bce MHOMKHTENBHBIE YCTPOIICT-
Ba OOLIYHO BBHIMOJHSIOT YMHOMKEHHE
B COOTBETCTBHH C QOPMYJOH Uppx=
= 0,01 wyuy, T. e. mpousBeneHHE
Uy YMHOXKAETCSI Ha IOCTOSHHBLI
ko3 unuent 0,01. Bnokam nepe-
MHOXKEHHSl, KBaJApaTOPEl KOTOPHIX
MOCTPOEHHI C HCMOJb30BAHHEM MIH- L
OIHBIX CXeM, NMPHCYULH Te ¥Ke Heuo-

CTaTKH M MOTPEIIHOCTH, YTO H AHOAHBLIM HeJHHEHHBIM OJIOKaM. :

Onepauusi nenenuss B ABM BrinosHsieTcss 06bIYHO BKJIIOUCHHEM CXe-
MBI YMHOYKGHHSI B leNb O0O0paTHOH CBSI3M pellalollero yCHIHTEJs

(puc. 1-10). Tok i, Ha BBIXO4E CXeMBl YMHOXEHHS paBeH TOKY
f1=f€11£nx22

— ku,,x 1Ugux = klflﬂxg, { 1-23)
OTKyJ1a cJjenyer, uTo
Uy = — {kl '[k) (uml 2/’uux 1)- (1'24)

O6biuno  MmacwTaGublil Ko duuneHT ki/k npu BOCHPOH3BEAEHHH
onepauun aeneHus Bhl6Hpaercs: paBubiM 10:

Ugyxy=— — louux 2/unx 1¢ ( 1'25)

Cxema, npusesesHas Ha puc. 1-10, paGoTaeT TOAbKO TPH Upx;<0.
TIpu 455 >0 oBpaTHas CBA3bL YCHAHTENS CTAHOBHTCS MOJIOKHTEIBHOI,
49TO MPHBOAMUT K €ro Heycroiuusoil paGore. [i1sa ofecneueHns BO3MOK- -
HOCTH JeJieHHs] NPH JI0ObIX 3HAKaX Upx; OOBUHO MPEeAyCMATPHBAIOT

BO3MOXKHOCTL aBTOMATHYECKOTrO MepekJIOYeHHst KBAaJApPaHTOB MHOMKH-
TEJIbHOI'O yCTPOHCTBA.

Brinonuenue OnmepaunHi U3BJIEUEHHSI KBaAPaTHOrO KOPHA IJIA peaJtH-

sanun pynkuun y=J," x cBOAAT K peumeHHio quddepeHIHasLHOTO ypaB-
HeHHst

y'=—Fk(y2—x), rae y(0)=0.
Iloctpoenite CTPYKTYPHO! CXeMBI JJIsl DEIIeHHS 3TOTO  ypaBHEHHS
HETPYIHO OCYIUECTBHTD, HCNOAb3Ys GJNOKH YMHOMKEHHS M HHTErpHpO-
BaHIIsl.
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O6biunio B ABM npuMeHsiioT yHHBepcasbHble GJI0KH, BbITOJHSIOLLHE
Omnepanuy YMHOXKeHHs, JeJeHHs] H H3BJeUeHHsl KBajpaTHOro kopus. He-
OOXOMMMBIH peXuM paboThl B GJOKAX YCTAHABAHBAIOT IIPH [OMOLLH
TyMOJ€epoB. ;

§ 1-4. MpuHUUNBI MOCTPOCHHA JICKTPOHHBIX MOJEJIHPYIOLIHX YCTAHOBOK
Ha NOCTOSIHHOM TOKe

Kounuectso pemaromnx snementos ABM i ux KauecTBeHHBIT COCTAB
ONPENCJIAIOTCS Ha3HaueHHeM ycTaHOBKH. Paziuualor yHHBepcaJsbHbIe
H CII€Ha/H3HpOBaHHble YCTAHOBKH. YHHBepcaJibHble YCTAHOBKH TNpe-
HA3HAUCHBL JUIs1 PELUEeHHs JIHHEHHBIX H HeJTHHEeHHBIX AH(p(epeHIHaIbHBIX
YPaBHEHHH, a TaKiKe ypaBHEHHH B YacTHBIX NPOH3BOAHEIX, T. €. AJ5 HC-
CJAE0BalHs NTHHAMHKH Pa3HYHbIX TeXHHUECKHX ycTpoiicTe. CheunaJin-
SHPOBAHHbIE YCTaHOBKH MNpeAHasHauyeHbl [/ HCCJAeJ0BAHUS NAHHAMHKH
TEXHHYECKHX YCTPOHCTB TOJLKO OZHOrO ompeneNeHHoro kjaacca n obec-
NEUHBAIOT pelleHHe TH((epeHLHaNbHBIX ypaBHeHHIi (HKCHPOBaHHOII
CTPYKTYPHI. :

Ipyn neenegoBannsax snekTpoMexanHueCKHX ycTpoiicTB HauboJbLIee
- IIpHMEHeHHe HaxoasiT VHHBepcaJibHbIe YCTAaHOBKII. B Hux Heyib3s MMpHH-
LHNHAJIbHO OTPAHHYHTL COCTaB pellaloHX 3JeMCHTOB, TaK KaK 3apa-
Hee HeH3BECTHbl YPaBHEHHS, ONHCHIBAIOUINE TOT MJAH HHOI MpoIlecc.

Pacemorpennsle ninHelinbe 1 HelHHelHble pelaioliie 3JeMeHThE
COCTABJAIOT OCHOBY KaK YHHBEPCAJbHBIX, TAK H CHelHaJH3HPOBaHHBLIX
YCTaHOBOK. B jnomonsenne x 9TuM pelramomum sjgeMenTaM, BIIOJHSIIO-
WM onepaund CyMMHPOBaHHsA, MHTerpHpoBanus, auddepenuuposa-
HHfA, YMHOYKEHHA, NeJeHHs, BOCIPOH3BeLCHHS 3a0aHHbIX (pYHKIHOHAJb-
HBIX 3aBHCHMOcTell, B ABM noGasasiiores yeTpoiicTBa [Jisi BOCHpPO-
H3BEIEHHST  THIHYHBIX HeJHHelHbIX 3aBHCHMOCTeI, BBeJleHHS
TIOCTOSIHHOrO 3aN1a31LIBAHHS H NlepeMeHHBIX K03( (U HEHTOB CJay4aliHbIX
BOSMYIIEHHH, a Takxe npeo6pasyioliye yeTpoiicTBa AJs CBA3H C HCIIBI-
TYEeMOil annaparypoii.

ITo cnoco6y KoMnoHOBKH OTACJIBHBEIX pellalolliXx JeMEeHTOB pa3JH-
YaloT MAaTPHYHBIE H CTPYKTYPHBIEC MOJIEH.

B MaTpHuHHX Momeuasx OTJAeJIbHbIE pellaloline YCHANTEE
34paNEE COCANHEHb MeXK Ny cO00fi B rPYNNHl, KajKadsl H3 KOTOPHIX Npe-
HasHadeHa /s pelieHns augpdepenunannHoro ypaBHeHHs IEePBOTO I0-
psAAKa. :

CTPYKTYypHBE MOZeaHu OTIHIAIOTCS TeM, UYTO B HHX BCE pe-
IIaloliie 3/IEMEHTBl CBOGOAHEI M COeAMHAIOTCA TpH HaGOpe 3anauil
B COOTBETCTBHH C 3aJaHHBIM HI'ECDCDE])E]-!HI'laJ]bI-II:IM ypaBHeHHEM HJIH CH-
cremoil ypaBuennii. CoennHenue PellaIHX 3JIeMEHTOB MOKeT OBIThb-
OCYILLECTBJICHO Ha paboueM Tojie, 06Pa30BaHHOM JIHIIEBLIMH MaHeasIMIT
pewapmux 6J0KOB, WIH HaA CHELHATBLHOM HaSopHoM mnoJie, Ha KOTOpoe:
BBIBEICHDI BXOJBI H BBIXOABI pellaiomux sneMenToB. s pelieHHs Tex-
HHYECKHX 3aJay HaHGOJbIIee pacnpocTpanende HMeIOT CTPYKTYpHEIE
mozenn THnos MH-7, MH-14, 9MV-10 u sp.

Jlsist BHIOJIHEHHST ONMepalun HHTETPHPOBaHHSI HeoOXOAHMO YCTaHO-
BHTL Haua/ILHLIE YCJIOBHS IO 3aBHCHMBIM IepeMEHHBLIM. DTO MOXKHO?
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OCYLIeCTBHTbL ABYMA crnocobaMu: 1) 3apsaaKoil- HHTErPHPYIOUIEr0 KOH-

JeHcaTopa; 2) NOAKJIOUEHHEM K KaXKAOMY HHTErpHpPYIOIeMYy YCHJII-
| TeJI0 AONOJIHHT&JILHOTO CyMMaTopa, Ha OJMH H3 BXOAO0B. KOTOPOIrO IO-
| JlaeTcsl  [OCTOsINHOE HaNpsiKeHHe, COOTBETCTBYIOLLEE HAYaIbLHOMY
yeaosuio (mocrodHuoil  uHTerpupoBanus). HanbGosblliee npumenenue
HaLule/ nepsbiil cnocod. '

Yeranoska zcoa(b(hnuuemos nepefayl OCYLUECTBJISIETCSI B 00Jb-
LWIHHCTBE C/AyuaeB Ha JHHEHHbIX pellalouinx YCHJIHTRJSAX, Kosddunnen-

ThbI neperavun HeJTHHeilHbIX pellamouinx }’CHJIHI‘LJIEH 0OBIYHO HMEIOT CIJHK-
CHpOBaHHbIE 3HAYCHHSI. Mx Bedan-

4YHHa onpejessieTcss H3 YCJAOBHIT Gy MK
IIOJIYUEHHsI Ha BbLIXOAEC IMMOJIHOro 11
HalnpszKenus IKaJbl MOIEJAH 10010 7 x0,1
(100 B) mnpu nogaue Ha BXOI

wanpsizkenuii aprymenta 100 B. ._D’_BX:’:
[pu pewenun gudpdepeni- 2

| AJbHLIX ypaBHeHHH HeoOX0IHMO
MeHSITh KO3(HuLieHTs nepena-

| 4l JAHHeliHbIX pellaloliuX YCHJIH- o—g > 2

| Teseil B WIHPOKHX npeaeaax (ot Yax 2 “auix
. 100 mo 0,001). Koadpopuunentnt : _l_

| mepejaus, GOJIbIINE eIHHHII, = O U, o

yCTaHaBAUBAIOT HJAH HeNpephIB-

HO NYTeM H3MEHEHHsI CONpPOTHB- e
| JICHHS, MOAKJ/IOYEHHOI0 Ha BXO-
| Ile, HJIM CTYINEeHYaTo 3a CueT M3-
| MEHeHHSl NHTaHHs Lenu oOpar-
| HOIl CBA3H AeJuTe/]eM, NOAKMIOUeHHBIM Ha BhIXoJe. Koadduuuenrsr me-
peaaul, MeHbIIHe eJAHHHILbI, YCcTaHnaBJ/HBalOT HJM HENPepblBHO 3a cueT
NOAKJ/IIOUEHHST JeJIHTeJdsl Ha BBhIXOOae, HJAH CTyneHuaTo nyrtem mnepexojia
Ha JPYrylo BeJIHYHHY CONpOTHBJAeHHs oOpaTHoil cBa3u. Ha pue. 1-11
| TpHBeJeHa cxeMa, MJUIIOCTpHpyIomas ofa cnocoba H3MEHEHHS Ko3g-

(HUHEHTOB nepesjay pellaloUIHX YCHAHTeIei.

IIpu orcyrcrsiu BXOZHOrO CHTHAJa HAa BHIXOAS PELIAOIIEr0 YCHJIH-
TeJIst MOKeT ObITh KaKoe-To Hanpsizkenne. OHO MOSIBJISETCS H3-3a HETOU-
HOH YCTAHOBKH HanpsiKeHHH HCTOUHHKOB NMHTAHHs, HAJIIUHS CETOUHOTO
|  TOKA M H3MEHEHHS 3MHCCHH JIAMI, yTeUeK Ha CYMMHPYIOULYIO TOYKY
. U T. A B ceasu ¢ aTuM nepen HauajsoM paboThl HA MalllHe NPOBEPSIOT
HYJIH pemanmux ycuautesaeidl. Ilpn npuMeHeHMH YCHJHTeNel ¢ aBTO-
MaTHYecKoll crabniaH3alnHell HyJeBOro YpOBHS HeoOXOAHMOCTb B uac-
| TOM KOHTPOJIe HYJIEBOTO YPOBHS OTNajaer.

Tounocts paGoThl HHTErPHPYIOIIHX PeINAIOIHX YCHIHTE/NeH 3aBUCHT

KaK OT cTeneHy CTaOHJIHM3allHH HYJEBOrO YPOBHS, TaK H OT CaMONpO-

H3BOJILHOIO pa3psiia HHTCTPUPYIOLLEro KOHJAEHcaTopa BCJEICTBHE yTe-
| UK uepes JuINCKTPHK H BHEUIHIQI H30JISILHIO. [TerpemrsocTn, BHI3BaH-
‘ Hble YKasaHHBIMHI NPHYHHaAMI, CneAyer yYHTLIBATL B GoJiplliell cTeneHd
| OpPH MOJENHPOBAUNI MEIJEHHO NMPOTeKaloUHX NPOIECCOB.
|
|

Puc. I-11

Eule oxuuM neTOUHHKOM norpemnocrn peweniss ia ABM spasercs
BO3MOYKHBIH BBIXOJ] PELIAIOLIero YCHJIHTE/Isi 3@ MPeAe]bl JHHeHHOCTH.

23

R s T e it e e A e e T e R L R L



Hns o6HapyKeHHs HeHCHPABHOCTH HA BBIXOJE pelialollero yCHJIHTEJSE
BKJIIOUAeTCcsT HEOHOBAs CHIHaJIbHAsl JlaMIOuKa, KOTUpasi 3aropaercs npi
JocTHXKeHHH Hampsixkenus =100 B. Ecau ycuaurtean BHINOJTHEHBI ¢ CH-
CTeMOJi aBTOMAaTHYeCKOH cTaOHAH3alHH HYJEBOro YPOBHS, TO AJIS HHIH-
KalHH Harpyskd I0Jb3yIOTCA BEJHYHHOH cHrHaga OWHOKH s [Ipir
NpPEeBBIIEHHH 10MyCTHMOH BeIHYHHE 2 MB konraxTsl pese, KOHTpos-
PYIOLLEro 3TOT ypOBEHb, MOJAAIOT CHTHAJM HA lipeKpalleHHe padoTol. Ta-
KOH €rmoco6 cHrHa/JH3alHH TO3BOJISIET HCIOJb30BATH TNPH OTCYTCTBHH
HAarpy3Ku Ha BBIXOJE PCLUAIOLIEro YCHJIHTENs MOMHbIH AHAfIa30H JHHE-
HOrO H3MEeHeHHST Hampsi-

_ JKeHHsl, TpeBBIIAIOILHIE

- o —{ 3 -HamHoro =100 B. Kpo-

1008 +1008 Meé TOro, OH yKa3blBaeT

Ha HelnoJdaikH B CcXeMe

H Torja, Korga Hanps-

JKeHHe OCTaeTcs B IIpe-

43 JAejax IIKaJbl MOJEJH
Uyiy =100 B, HO [eiiCTBH-
- TeJbHBIC TIpeAeJbl JiH-

HY g2

gy HellHOCTH CY’KEHBI, Ha-
) iMep, BCJIe/ICTBHE
\. 1 B1 & npuMep

f: CJIHILUKOM OOJILIIOrO YHC—

Puc. 1-12 Ja [NOTEHLHOMETPOB,.
' NOAKJIOUEHHBIX MapaJli-
: JeJIbHO BBIXOJY.

Cuncrema ynpasaenns ABM no/Kna BHnoaHsTh caeaylollie onepas
IHH: BKJIOUEHHE mpoliecca pemleHus — «Ilyck», npekpalleHHe npoiec-
ca peU.iEHIIS{—\‘(OCTaHOB» H BO3BPAT B HCXOJAHOe TIIOJIOXZKEHHE TIepelr
BKJIIOUeHHeM npouecca pemenns — «Mcxognoe ncaoxkenue». Kpome
3TOTO, cHCTeMa YNPaBJeHHs] A0JKHa o6ecneyuTs HeoOX0AHMblE KOMMY -
TalHOHHblE OTepauyn NPH YCTAHOBKe Haya/JLHLIX yCJ0BHH, KO3 huiL-
€HTOB Tlepelayvl OTAeJbHBIX pellarowux G6J0KOB M Nojaue BHEUIHHX
BoamymieHHii. [l BO3MOXKHOCTH BH3ya/bHOrO HAGJIONEHHS PeUIeHHs
Ha SKpaHe 3JeKTPOHHOJYYEROro oclHaI0orpada cucreMa YIPaBJIEHHS
AOJIIKHA obecrnevylBaTh NEpPHOAM3ALHIO Npolecca peuwennss. Hapsany ¢
aTHM B ABM npefycMaTpHBAETCS aBTOMATHUECKOE npekpalleHie Inpo-
II€CCa peIIeHHsT H BKJIIOYEHHEe MJIH OTKJIOUEeHHe BXOJAHONQ CHrHajxa B
‘3apamHee 3alaHHEl] MOMEHT BpeMeHH.

Pexum. pa6oTsl BEIGHpaeTcst HaKaTieM KHONRH HA nyJabTe YIpaB-
Jgenus. Heob6xoaumble mepekmiouennst B cxeme ocyulecTBJSIIOTCS 3JeK-
TPOMAardUTHBIMA peJie BO BCeX PeIlaiolIHX 3JeMeHTaX OJHOBPEMEeHHO.
Ha puc. 1-12 nokasana cxema ynpaenaenusi uurerpatopoM. C nomoiubio
nepekJiiouatenss Bl mamuna nepeBoAuTCst B pexum «OcranoB». Bxom-
Has lenb B MOJOXKeHHH 0 OTKJAIOYaercs, u 1polecC HHTErPHPOBAHHA
npekpawaercs. ITpy nepesone nepexmiouareng Bl p nonokenune | HH-
TerpupoBaHHe BO30GHOBISIETCS, BEINOMHSAeTC KomaHAa «IIycK». ITpu
nepeBojle nepexuaiouarens B2 B nonoxenue HY 3a1a10TCA HauaJbHBIEe:
yCJIOBHS TITEM 3aPAAKH HHTETPHPYIOLIET0 KOHAeHCaTOPa, UTO COOTBET-
cTByeT pexkumy «Mcxonnoe mosoxennes, ¢,
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IIpn ycranoBKe Haua/bHBIX YCJOBHE HAMpSKEHHE HA BEIXOLE YCH-
JITEJIsl yCTaHaB/IMBAETCsl He cpasy. UTo6bl YCKOPUTh MPOLECT YCTaHOB-
Kii HaYaJbHBIX YCJOBHH, AOMOJHHTENLHO MapaJiiesibHO CONPOTHBJCHHIO
NOAKTIOYaIOT KoHJeHcaTop. [losoxennio nepekmaiouartens B2 B no-
311K 2 cooTBeTCTBYET pexum «Ilyck».

B cxeme ympasnennss ABM npenycMoTpeHa BO3MOMKHOCTD napaJg-
JIeJIbHOI pabOTLl HECKOJLKHX MOJENHPYIOUIHX YCTAHOBOK NpPH YIpaB-
JICHIH NPOLECCOM pelients ¢ Ji06oil yeranosku. IIpn 3ToM Kaxaas yc-
TaHOBKa CHAGXKaercs cpeACTBaMH JJisi HAG/IOAEHHA H 3alHCH Ipolecca
pewenus. Ilpunmnnuansio pemenne MOXKHO (HKCHPOBATL ABYMSA CIIO-
cooamit:

I) 3anucplBaTL 3HAUEHHS] KOOPAMHAT, MEPeBOAsS MaIUHHY B PEXKHM
«Ocranos». [Ipn ToM mpolecc pelleHHs MPepHIBAETCS aBTOMATHUECKH
I/ BPYUHYIO B 3aJaHHblii MOMeHT BpéMeHH. st uaMepenuii MoKHO
HCII0/Ib30BATE (P POBBIE BOJALTMETPH! HIH UH(POBbIE MedaTaoline yeT-
poiicTRa;

2) 3anmHCHIBATL HEMPEPBIBHO B MpoOIeECcce Pelleniist ¢ MOMOLILIO pas-
JIHYHBIX 3amuchIBalONX npudopoB man ocuuagorpada. B wactnocrn,
00JIblIOe pacnpocTpaHeHHe MOJYYHJIH ABYXKOODAHHATHBIE pPerHCTPH-
pymoulie npuGopsl, B KOTOPBIX NMEpo IepeMellaeTcs He3aBHCHMO BIOJIb
00enX KOODJAMHATHBIX OCeii MoJ HelicTBHEM WaTpPsKeHHI, CHHMAeMbIX
C BLIXOZOB pemiaiouux ajeMmeHToB. Ilosmyuennass pguarpaMma mpej-
CTABJSET COOOH 3aBHCHMOCTE MEPEMEHHOI, MOJABEACHHON K BePTHKAMb-
HOMY BXONY, OT NMepPeMEeHHOH, MOJABeIeHHOl K rOp{M20HTaJbHOMY BXOZY.
JIBYyXKOOpAHHATHBI PeTHCTPHPYIOWHII NPHGOP MO3BOJSIET MOJYYaTh
3aBHCHMOCTH He TOJILKO OT BPEMEHH, HO OT J1l000H 3aBHCHMOI nepeMeH-
HOIl MJIH HX NPOM3BOAHBIX. [IpH pemleHHH”ypaBHeHHil B YaCTHEIX MpO-
H3BOAHBIX NpPHMEHEHHe 3TOoro npubopa ocoGeHHO LesecoobpasHo.

Hist KauecTBeHHOI OLEHKH pEIeHHs HCIOMb3YIOT S1eKTPOHHOJYYe-
BhLIe l-lH,II.I[KaTOpr pas3yiHuHbBIX THIIOB, HallpuMEp MHOTOJIyueBble HHIHKA-
TOPBI, HHAHKATOPLI ¢ JJHTENBHBIM NOCJECBEdEeHHEM IS 3anOMHHAHHS
peLUGHHH.

Omicanne TeXHHYECKHX XaPAKTEPHCTHK H BO3MGIKHOCTH Pa3HUYHEIX
TurnoB ABM MokHo HaiiTu B crensasbHON JHTEpATYpe.

Hanbueiiiee coBepmencTBoBanie ABM maer Kak 1o NyTH paspa-
OOTKH YHHBEPCAJbHEIX CXEM DEIUalolIHX 3JeMEeHTOB, BHIIOJIHSIOLIHX
pasyiHyHble omepauHH, TaK H IO NYyTH HOCTPOEHHS KOMOHHHPOBAHHBIX
aHa/0TO-UH(POBLIX YCTAHOBOK. B KOMOHHHPOBAHHBLIX YCTAHOBKAX JJIS
MOBLILICHHS TOUHOCTH PElUleHHs YacTh ONMepalHii, rJIaBHbBIM 06pasoM He-
JIMHEHHBIX, 10/KHA OBITh BO3JIOXKEeHa Ha UH(POBHE YCTPOICTBA MM
aHaJIoroBble YCTPOICTBA JOJXKHBI pelllaTh 3a/a4l CAHOBPEMEHHO ¢ LHp-
POBLIMH, NIPHYEM Ha AaHaJIOTOBBIE YCTPOHCTBA BO3jaraercs pelleHHe
B NPHPALLEHANX, a Ha UH(PPOBBIE — OTBICKAHMWE pELIEHHSI, COOTBETCT-
ByloLlero HeposMylleHHOMY aBHKeHHIO. IIpn 3Tom morpemsocts aua-
JIOTOBOII yacTi GyAeT BTOPOTO MOPSIAKA MaJOCTH 110 CPaBHEHHIO C IIO-
rPEeLHOCTLIO LHPPOBOIH YacTH.



FTNABA Il :
OBUIHE BONMPOCHI MATEMATHYECKOIO MOJLEJTMPOBAHH A

§ 2-1. MoneaupoBraHue 00bIKHOBEHHbIX IH(pdepeHUHANbHBIX YpaBHEHHH

K pelennio o0bIKHOBEHHEIX AH(QepPeHIHATbHEIX ypaBHeHHII NpH-
BOAHT GOJBIIHHCTBO PeasibHBIX HAYUHO-TeXHHUECKHX 3ajau. Pelienie
ypaBHEHHH B YaCTHBIX NIPOH3BOJHBIX, ajredpanyecKkux ypaBHeEnil H HX
CHCTCM TIpH HCH0Ib30BaHHH ABM Takike nenaer #eo6X0ANMBIM pelie-
HAE OOBIKHOBEHNMIX Indepenimanbibx ypasHeniil. [109ToMy ecTect-
BEHHOH ABJIAETCSA 0TPAOOTKA MeTOAHKH pelleHHst ITHX ypaBHEHHII.

Kan NIOKA32H0 BHIIE, METOAHKA COCTaBJeNHs JJIeKTPHUYECKHX MOJe-
A€ 105t peleryA AQQepeHiHaIbHbIX ypaBHeH i, TN METO/NKA Ha-

Gopa 3anau, ocroBana ma CTPYKTYPHOM RPUHYUne, KOTOPbII COCTOHT
B TOM, UTO MaTeMaTHUeCcKas CTPYKTypa ypaBieHHsd, T. €. COCTaBJIsIonan
9TO ypaBHEHHe MOC/Ie0BaTe1bHOCTh ONepaliii, BOCIPOH3BOAHTCSl B BH-
A€ PeanbHOH CTPYKTYPHI M3 pellalolinX 6J0X0B, BLIMOJNHSIONINX Te Ke
MaTeMaTHYeCKHe omepauud. DTOT NPHHINN HA3bIEAIOT TaKkKe onepa-
YUORHbIM, TIOCKOJbKY ypaBHeHHe WJIH cHCTeMa YpaBHeHHH MOJIesqnpy-
I0TCSl [0 onepauusmM. B npuHuUND mocTpoeHHs CTPYKTYPHBIX CXeM penle-
HHA IHDEpeHIHAIbHEIX ypaBHeHuil MOryT OBITb TNOJOMKEHB JBa
BO3MO2KHBIX METOJAa: HOBBLIM eHH ST H MOHHKEHHS MopsaiKka npos
H3BOAHOIH. O6a 5T MeToa PaBHO3HAUHEI MO KOJIHYECTBY HEOGXOAHMOIL
annaparypel. Onnako ma mpaxTHKe NpenMyLlecTBEHHOe NpHMeHeHHe
NOIYYHIT METOA NOHHIKEHHS nopsinka nponsaomtofi BCJIEACTBHC MEHb-
II€H 4yBCTBHTEILHOCTH HHTErpaTOpoOB K BJUSHHIO NOMeX, UTO oDecre-
4HBaeT GOMbINYIO TOUHOCTH pelrenust. JLuddepennapyioline peluaone
2JIEMEHTHI BBOAATCH B CXeMy pellleHHs OueHL PeAKOo, a CHrHaJbl, codep-
JKalllHE NPOH3BOAHYI0, (POPMHUPYIOTCS crielHaabHLIMH cXeMaMn Oe3 BBe-
Aenus 6J10K0B nHphepenuposanusl.

Pewerine onnoponnoii cucrempr ypasuenuit. OnyopoaHas crucrema
ypaBHeHuii uMeer Buj

pyf:Ea‘ijy{; y;(tg)‘-;yzg; i:l, 2, ape e 2y ol by (2_1)
j=1

L ]
rae p=d/dt — cumpou Auddepenpoanns; yi=Yyi({)— 3aBUCHMbIE
NepEMEHHLIE CHCTEMDI; @ij — NOCTOSIHHBIE KO3((MUIHEHTDI.

Iepemeniyio £ (Bpemst), BXogsmyio B ypapuenue (2-1), Ha3bIBalOT
Hesasucumot nepemerrol. Hesasucnmoit nepemennoii andpepeninadnb-
HBIX ypaBHeHHH MOZKeT GbIThb He TOJILKO BpeMms, HO ¥ Ji06as Apyras Be-

JIHYHHA, OT KOTOPOIi 3aBHCAT APYTHE mepeMeHHble YPaBHEHHS H O KO-
TOpo# GepyTcs NPOH3BOAHLIE.
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Paccmorpum crcremy u3 asyx anddepeHnnanbELIX ypaBHEeHHH BHIA
{(2-1)

PYr=ayYy +aoYs; PYo=0o 1l 1~ As3Y> : (2-2)

TIpH HavaJbHBIX YCIA0BHAX Y (fo) =Y10, Yo (o) =Yoo Cxema nabopa cn-
cTeMbl ypaBHenuii (2-2) mpuBeaeHa Ha puc. 2-1, H3 KOTOpPOro BHJIHO,
4TO HEOOXOAMMOe YHCJIO HHTErpHPYIOLIHX 3/J1EMEHTOB ONpeleisieTcs
YHCJIOM ypaBHeHHII CHCTeMbI
(2-2). B oBoznaueHHax koad-
AHUHEHTOB mepeaay BLIUHC-

JIUTEIbHBIX  GJI0KOB  neppas () » ] 2

uudpa HHAeKca  O3HaAYaeT
HoMmep OJI0Ka, a BTOpas — HO-
mep  Bxoza. [lpu Goaniem
uncse ypaBHenuil naGop cxe- R

MBI pELIeHHs e BCTpedaer @ b Py, -5

KaKknx-aubo TpyaHocTeil,
Pemwenue OJIHOPOHBIX
YPaBHEHHIT BLICOKOTO NOPSJI-
. o ; Puc. 2-1
Ka. OOWHil BHA OJHOPOLHOTO
AnpdepeHuHanbHOro ypaBHe-
HHS /1-TO TNOPsi/iKa 3alHCchIBAaeTCs KaK

(p"+a,_, pr! + L. __|_aip—'—a0] y, =0. (2-3) z

Has pewenus na ABM ypasuenns (2-3) HeoExoaumo npeoGpaso-
BaTb €ro B cucTeMy ypaBHeHHIl mepsoro mopsiaka suaa (2-1). Tak kak
TIOTPEUIHOCTH peILIeHHs 3ajayl 3apaHee paccyliTaTh TPYIHO, TO NpH
npeobpaszoBanun ypasHenus (2-3) cTpeMaATCsi MOJAYYHTh AOMYCTHMYIO,
C TOYKI 3PEHHs BO3MOXKHOCTeH MaUTHHBI (HanpHMep, no HanboJbLIEeMy
YHCAY BXOAOB CYMMHPYIOLIEro YCHJNTeNs), cxeMy HaGopa npH MHHH-
MaJibHBIX BCIIOMOTaTEJbLHBLIX BbIUHCJIEHHAX. lel 3TOM BO3MOXKHBI ABa
crnocoba npeoGpaszoBaHus:

l. Henocpencreennoe npeo6pasopanue HCXOAHOTO VPARHEHHS B CH-
CTeMy ypaBHeHHil nmepsoro nopsinka. Ot ypaBHeknsi (2-3) nepexoanm
K ClICTeMe 12 ypasHeHHil NepBOoro nopsiika:

PY1=1Ys;
Pl =135 . ' (2-4)
PY,y= _dﬁyl —Qfo—aslfs— ... —QAy_1Yy,.

Havanpusie ycaoBust cucremsr (2-4):

I\ N
Yi(l) =ty Y2(b)=Yso=VY105 - -+ 3 Yn (f0)=y,l0=y(1’{§ i

CocTaBHM CTPYKTYPHYIO cXeMy Il OJHOPOLHOrO YPABHEHHS MSTO-
ro NOpsAJKa:

(PP +asp*+asp*++asp*+a,p+-a,) y, =0. (2-9)
2.




Hauanbusie ycaosusa: yy(fo) =y, pyi(to) =pyio, p2y: (te) = p2yios
PPy1 (to) = pyro, Pty (to) = piyio.

IIpeobpa3yem ypaBHeHHe (2-5) B cHcTeMy ypaBHeHHIl IEpBOTO IIO-
paaKa:

PY1=VYa; Pla=13;

PYs=Ys PYs=Ys (2-6)
PYs== — QoY1 — QY2 — Qolf3— A3l s

Cxema HaGopa ypaBHeHH#H (2-6) moxasaHa Ha puc. 2-2. Ilpu cocras-
JIEHHH CXeMbl MPHHATO BO BHHMaHHE CBOHCTBO pelUAlOLIHX 3JeMEeHTOBR
H3MEHATH 3HAK BXOAHOrO CHTHaJa.

-sfz[D .f/[> -HJID Hz‘>‘5’z
2 .
-9, y3—53 - Y5 | yﬂ ~Y,

;i;;g -pYs Ib % | o Yy
= oA

Puc. 2-2

Kak BHAHO H3 NPHBeNEHHOrO pHC. 2-2, YCHJHTEJH MOJyYeHHOIT
CXeMbl DelleHHS MUMelT HeoAHHaKOBOe UHC/JA0 CYMMHPYIOUIHX BXOHOB,
MPUYEM YHCJIO BXOAOB HA OLHOM H3 YCHJAHTeseil 6oablie 7/2. DTO ABIs-
eTCsi HeJOCTATKOM crnocofa HemocpeACTBEHHOro mpeobpas3oBaHusl AH-
(epeHIHANbHOr0 YpaBHEHHs] BEICOKOrO MOPsIAKA, TaK KaK IPH BLICOKOM
NopsAKe MOIEJNHPYeMOro ypaBHeHHS Heo6XOZHMOE 4HCJO BXOJOB MO-
3KeT NPEeBHICHTh YHCJO BXOAOB, AONYCTHMHEIX KoHCTpykumeil ABM.

2. HcekycerBennoe npeo6pasoBaniie HCXOAHOrO ypaBHEHHs B CHCTE-
My ypaBHEHHH IePBOro MopsaKa. ¥ Ka3aHHBII HeJI0CTaTOK METOJla Hemno-
CPEICTBEHHOTO TpPeo6pa30oBaHHs MOXKHO YCTPaHHTb, €c/JH ypaBHeHHe
(2-3) npeo6pa3oBaTh B CHCTEMY YpaBHEHHII IePBQro mopsaka *:

PYr1= —Qu Y1+ Y25 PYo= —apy oY} Ys;
(2-7)

! . . . . B 8 s s s s @l s s @®

Pln1=—al1+ Yz  PlYp= —aol;.

* MopmenupoBaHHe Ha aHaJlOrOBBIX BHIYHCJAHTeAbHBIX  MamuHax/Apxaneeas-
cxui E. A., Snanenckuii A. A., Jyxomckuid 10. A., Yepusiwes 3. I1. JI., Dueprud,
1972, c. 72—76,
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Hudpdepennripys n—1 pas nepsoe ypasHeune cicTeMbl (2-7) u
TOJCTABJIsAsI B HErO OCTa/bHble, HETPY/AHO YOEIHTLCSI B 3KBIBAJEHTHOCTH
cHcreMbl (2-7) nexoanomy ypassennio (2-3). HauanbHble ycjaoBHS 104
NIePEMEHHBIX CHCTeMBl ypaBHeHHIl (2-7) onpeaensioTcsi HENOCpeACTBEH-

HO U3 ypaBHeHuit (2-7):
Yo=Y Yo=0p_1Y10+ Y10
Y =0Qn_oY10-+Y20=2a,_slf10+@y_1Y10+Y10 U T. 1.

Kax Bnano n3 ypasseuuii (2-7), npaBasi 4acTb KaxKJIOro u3 vpas-

i‘ HEHHIT COAEPKHT He Gosee ABYX cJaraeMblx.

Peuwenne cucrembl HeogHOpoOAHBIX AuddepeHUHaIbHBIX YPaBHEHHI.
Paccmorpum Hanbosee pacnpocTpaHeHHbIE METOAB! NPHBEAEHUS CHCTe-
MBI HEOJHOPOAHLIX AH(pdepeHnHaNbHbIX YPaBHeHHI K BHLY, YA0GHOMY
AJA MOJAe/npoBanus na ABM. -

. B xanonnyeckoM Bijie cucTeMa HEOAHOPOAHBIX AH((EpeHIHaIb
HBIX YpaBHEHHI HMEET BH]

n m ?
' py':—:a”y"—l_ ; bijXj, (2-8)
1= 1=

rae aij, bij— nocrosiunble . K03(h(GHUHEHTH, Xj— H3BECTHbIE BXOIHEIE
nepeMeHnHbIe.

Mopennposaune ypasuennii (2-8) He mpeacTaBiseT TPyIHOCTEIl.
[TosTomy 3ajgauya MOJAeJHDPOBaHHs HEOAHOPOIHEIX LH(depeHInatbHbIX
ypaBHEHHI BHIA

(pR—I_an.-l P"_l—i- alie)rn —|—a1p-}-a0] Y=
= (0™t b5 pm1f L - 0p - B) (2-9)

rjae Yy, H X — BBIXOJHasg H BXO,—B.HaH BeJIHYHHbBI, CBOJHTCS K IMNpHBEAEeHHIO
HX K CHCTeMe ypaBHeHHH B kaHoHHuecKol ¢opme. Ecan nmopsaiok npa-

- BOH M J1eBOIl uacTeli ypaBHeHHs (2-9) 0AHHAKOB, TO MOc]e JeNeHHS Ha

p" H pelleHHs] OTHOCHTEeJIbHO /1 IONYYHM

T y
Y=tk | (— 1t 510+ — (=Bt 809t ...

e ‘}“‘;7 [(_alyi—l_blx)—}_%(_a0y1+b0‘t)]' }] (2-10)

Pemenne na ABM ypasuenns (2-10) 3KBHBaJEHTHO MOJeNHPOBa-

HHIO /1 YDABHEHHH B KaHOHHYECKOIl (opMe 1 JONOJHHTENLHOTO ypaB-
HEHHS CBf3H:

PYni1=—agy1+ bex; ] ;
PlYn="—a 11+ 01X+ Yp 15 ! : (211)
PYe= —a, 1l +by_1 X+ Ys; i
yl:bnx_i"’y% J
29



Hauanbuble yciaosus B npeodpasoBanuoii cicreme (2-11) onpenens
TOTCS HEMOCPEACTBEHHO H3 YpPaBHEHHIH 3TOil CHCTEMbr:

Yoo =(Y10— b, %0);
Yao r-yéo—l— (@p—1Y10— bp_1X0) = (9;0 o bnx;)] (a1 Y10 — bp1X0);
940:(9"’1’0_ bnx’l;] +(aa—1y;0 e bn—l "\:E]) + (an—zylo_ bn—? xl)); } {2_ 12

QO DR LG GRG0 O hO PR T R ey T P . .

(n—1) (n—1) (n—2 iai)
y(n—:~110=(y10 e bn’\'ﬂ )—I_{an—lylg ) ”_bn—lx(()n ))_%— shics

- T (@1Y10— b1 Xo). ]

IIpu sToM B (2-12) HEOBXOANMO HCNOIB3OBATD npeanaya/jbHble 3HA
YeHHA BXOAHOI U BLIXOAHOH MepeMeHHbIX, 3anannbic aas £=0.
Paccemotpennslii Mmeton npeoGpasopauns ypaeuenuii Buaa (2-9) i
CHCTEMe ypaBHentii B KaHoHnyeckoM opme (2-11) naswipaioT merodox
KanoHuyeckod opmol. On obaagaer 60b0il 3 (PEKTHBHOCTHIO MY
peuicinn Ha ABM neoanopoaneix anddepenunantiblx  ypaBHEHHH ¢
NPON3BOAHBIMH B IIPABOMH YaCTH, TaK KaK YHCJ0 BXOJHBIX Leneil Kazk.
JI0r0 ONEpPAaLHOHHOIO YCHJHTE/sl He NMpeBHIIaeT Tpex, a obllee YHCJC
yecusauTe/ned He mpesBblliaer n+3 (HeoGX0AUMO n HHTErPATOPOB H TP}
HHBEpTOpa AJs 00pa3oBaHus —X U Z=y).
2. Ilpusenenne ypasuennii (2-9) k BHAY, yA0OHOMY JJIsl MOJEJTHPO;
Banug Ha ABM, moxno ocymecrsnts i o tax masniBaeMoOMYy MeTOOY
(BCROMO2ATEALHOI nepemennod. Ypasuenne (2-9) nvMeer nocTosHIbie KO
3 uuuenTs], NO3TOMY, YUHTbIBAS NnepeMecTHTEe/JbHOCTD onepaluii 1Hd.
(hepeHuHpoBanHs i HHTErPHPOBAHHS, M0 MOMKHO MPEACTABHTHL CHCTEMO]
13 IBYX YpPaBHEHHII:

(Pt ap g p ... tfaptay) zy=x; (28
Y1=(bnp™+bp 1 pm 4. .. by p+ o) 21, (%8

T/le 2| — BCIIOMOraTe/lbHas [epeMeHHas.
[Ipnmensis nenocpencrsennoe npeoGpasopanie ypasuenns (2-13)
TIPHBEEM €ro K CHCTEMe KaHOHMYECKHX ypaBHeHHuii:

PR1=2R29, pzy=2zjy;

..... 5 s Al e U SRR % .
PRr1=2y PZ,=—Q2 —1Z— ... — Qy_1Z, T X.
C yyerom (2-15) ypasuenune (2-14) NPUHHMAET BIIL W
Gr=hei b bt R i s (2-16

CTpyKTypHasi cxemMa peLIeHHsI 3aJauu COCTABJSIETCS [0 CHCTEMe
ypasuenuit (2-15), (2-16). Henocratkom merona sipasiercs HepaBHOMED.
HOE pacnpenejeHHe YHC/Aa BXOOHBIX Lemeil MeKAy OnepaluHOHHLIMH YCH-
autensmu. Hauanpuble yeqoBust s mepemMeHHBIX IpeoGpa3oBaHHOIN
cHereMsl (2-15), (2-16) onpegenasiiorcest, kaxk u Ipu MeTode KaHOHHYE-
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CKOH (OPMBEI, OIHAKO 3Ta CHCTEMA He paspellieHa OTHOCHTENLHO Hauallb-
HBIX YC/IOBHII, UTO YCJIOKHSAET MOJeJHPOBAHHE H OTPAaHHYHBAET NpPHMe-
HHMOCTL MeTo/1a. I/]CHO.HBSOBEIHHE MeToa1a MOXKeT ObITh onpaBaaHO NpH
HaJIHYIH HYJIeBLIX HauyaJbHBIX YCJIOBHII. ¥

3. MopnenupoBanne ypasHenns (2-9) MOMKHO OCYIIECTBHTH TaKiKe
nerodoi nonudcenus nopsdka. PaspemuM ypabuenne (2-9) oTHOCH-
Te/IbHO cTapuleil npou3BOLHON:

Plih= —aoth —aphh—... —Qu_1 p* 11+ bex+ by px+- ...
cenbppmix, (2-17)

Ecnu nonycrtuts, uto 3nauenue crapuieil mpon3BoaHoil phy; H3BECTHO,
TO IJIs1 NOJYYeHHsI HCKOMOH (yHKIHH HeoOXOAMMO BHIMOJHHTL IOCIe-
- AOBATEJbHO CTOJILKO ONlepanuil HHTerpHPOBAHHS, KAKOB INOPHAI0K CTap-
1ueif TIPOH3BO/IHOI, a 3aTeM MPOCYMMHPOBATh BCE KOMIOHEHTHI, COCTAB-
JSIOLLe NpaBylo 4acTh ypaBHenus (2-17). Opna rpynma 3THX ciarae-
MBIX — HCKOMasi (DyHKUHS M ee MJAAIIHEe IPOH3BOAHBIE — 10JyUaeTcs
NyTeM HaJloXKeHust 06paTHLIX CBsA3ell ¢ BHIXOAA HHTEIPHPYIOLIHX YCHIIH-
TeJIeH 'Ha BXOJ CyMMarTopa, a Apyrasf — 3a CYeT MOJayH H3BHE BHEUIHHX
BO3MYIUeHHI. JIOCTOMHCTBO MeToxa — ero mMpocToTa H OTCYTCTBHE He-
0OXOIHMOCTH NepecueTa HauaJbHHIX ycaoBuil. HemocTaTok — Gosbluoe
YHCJIO BXOJIHBIX LEMeH Yy yCHJIHTENs, peajH3yIollero mnpaByi0 dYacThb
ypaBHenHs1 (2-17). Meroa MOHHXKEHHs MOPSIAKA MO CYLLECTBY aHaJOTH-
YeH METONY HeMmoCpPeACTBEeHHOro npeobpa3oBaHHA ypPaBHEHHS BHICOKOTO
NMOPsIIKa K CHCTeME YpaBHEHHIH B KAHOHHUecKoH (opme.

HcnonboBanne Merona HenmocpeicTBEHHOTO NpeoGpa3oBaHms He
BBI3bIBACT 3aTpyAHEHHH, ecyiH mpaBas uacTb ypaBHenus (2-17) me co-
JAEPHT NPOH3BOJHBIX U HMEET TOJBKO CBOOOMHBI uieH box (T. €. b=
=bs=..=b,,=0). Tpyasocreii TaKKe He BO3HHKAET, eCJH npaeas
4acTh COINCPIKHT NPOH3BOAHLIC OT X, HO 3TH MPOH3BOHEIE MOKHO MOJAY-
4HTb HemocpeacTBeHHO B ABM npu pemennn tex xe anddepeHnnaab-
HBIX YPaBHEHHH, KOTOpHIE ONHCHIBAIOT 3aKOH H3MCHEHHs X.

Takum o6pazom, cocraBieHne cTPYKTYpPHBIX CXeM peuleHHs 3a1ad
C HCIOJb30BaHHEM PAacCMOTPEHHBEIX METOAO0B NpeoOpasoBanns Andde-
peHUHAJNbHBIX YpaBHEHHH K BHAY, YAOGHOMY AJsi MOJEJHpPOBaHHsd, He
BCTPEUACT NPHHUHNHAJIbHBIX TpyaHocTeil. Pewenne aunefinnix 1ndde-
peHLUHAJbHLIX YDABHEHHH ¢ NepeMeHHBIMH KO3(UIHeHTaMI NPOH3BO-
JAUTCS TEMH K€ METOAaMH, uTO M JuHelHBIX. BeTpeuatommecss mnpu
pelleHN MHOTHX 3ajau HeJHHeHHble AuddepeHLHaNblble YpaBHEHHS
MOArOTABJHBAIOTCA K pelwleHHo Ha ABM 1o Toil e mporpaMme, uto H
nuHeiinsie. OQHAKO B 3TOM cJydae HMEIOT MECTO JIOTMOJHHTEbHBIE 3Ta-
IBl, CBSI3aHHBIE C HEOOXOJHMOCTBIO HCNOJNb30BAHHS OJOKOB IJsl BOC-
NPOH3BENeHHs HeJHHEeHHHX (GyHKuuii. Bocnpousseaenne HeanHe{iHbIX
(GYHKIUA ¥ mepeMeHHEIX KO3(/(HLUHEHTOB MOMKeT GBITh OCYIeCTBIEHO
pasHUHBIMI CMOCOOAMH: peLIeHHeM BCMOMOTATENbHBIX AH(depenin-
aJIbHBIX YpaBHeHUI, HCII0/b30BaHHeM GJI0KOB YHHBEPCAJBHBIX (DVHKIIHO-
HaJAbHLIX npeobpasoBarenedl, OJOKOB INepeMEHHBIX KO3(M(MUILHEHTOB
T, O
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§ 2-2. Mogeanpoeauue quddepeHUHANbHBIX YPaBHEHUH
B YACTHBIX NPOH3BOAHBIX

[Tpn uccnenoBaHHsAX MEPexXOAHbIX H YCTAHOBHBIUHXCH PEXKHMOB pa-
©OTHl 3JIEKTPOTEXHHYECKHX YCTPOICTB YacTO NPHXOAHTCS HCIOJb30BATH
YpaBHEHHS! B YACTHBIX NPOH3BOAHEIX. K HHM oOTHOCATCS, HalpHMep,
yPaBHEHHs 3JEKTPHUYECKHX W MarHHTHBIX [0JiIell; ypaBHeHHs, ONIChIBa-
IOLIHE TIPOLeCCHl TelJonepeaaus, H T. 1.

Pewenne na ABM 3aznau, cBogsmuxcs K pelieHuio Juddepennnalb-
HbBIX ypaBHeHni’[ B YAaCTHBIX NPOH3BOJHBIX, 'rpe6yeT ocoBoro BHUMAaHHS.
OrH ypaBHeHHS 'codeprKaT, KaK NpaBHJO, ABe HaH 60Jee He3aBHCHMbIE
mepeMeHHble, B TO BpeMsl KaK IPOLEeCcChH NpeACTaBJAsIOTCS JHIIb OJHOH
HE3aBHCHMOH IepeMEeHHOH — BpeMeHeM. BoJbIIHHCTBO 3ajad TEOPHH
110JIsi CBOAMTCS K PelleHHI0 AH((pepeHIHaNbHEIX YpaBHeHHII B 4aCTHBIX
TIPOU3BOJHBIX BTOPOI0 MOPSAKA:

(4)] (x, TR P ou , ou ’ _{J_i’ 02 02u o2u ’ 02u '

0x 0y 0z’ ox2’ oy2' odz2’ o2
olu o2 02 02u 02 921 ) 0 (2-18)
dxdy = 0zoy ' odzox ' otox ' otoy ' dtoz

Peiennem ypaBuenust (2-18) sBisiercst HekoTopasi (QyHKILHS BpeMe-
HH M NPOCTPAHCTBEHHHIX KOOpPAHHAT u(x, y, 2, t), onmpejensiollas 3a-
Jannyio 061acTb N0/ B COOTBETCTBHH C IDAHHUHBIMH U HAua/lbHLIME
YCJIOBHAMH.

B snexrpuuecknx mammnax pacnpocTpaHeHs! MOoJisi, B KOTOPBIX pa-
0012, HeoGXoMHMasn 115 mepemelienia Teqa B TOUKY (%, Y, Z), OMHO-
SHatio onpenensiercss ynumeit norenunana u(x, y, z), a caMmo noine
Xapakrepusyercs BeKTOpoM Hamnpsikensoctn A=grad i. Ec/n; Bila ko
fIOJIC OTCYTCTBYIOT MCTOUHMKH ¥ CTOKM 9Hepruu, TO divA=0 n noxe
OIHCBIBAaeTCH YpaBHEHHeM Jamnaca: ;

azuldv‘C?—l—02u,f6y2—|—62u/(329:0. (2-19)

noanH HAJHIHN HCTOUHHKOB wam crokop ¢ miIoTHOCTBIO F (%, Y, 2)

azufax2+02:zi6y2~{—d?u/az2:F (x, Y, 2)- (2-20)

OyHKUHS © i 2
{2_203( Thlag (JF’ Y, 2), aBasiomascs penlesueM ypaBHEHHH (2-19),
Ot/0n) PH S/2HHLIX KpaesLx yenopusix ma rpaumuue 06aacTd (i,
Te}rim?aﬁar}ie #! —HOPMAIL K rpahune, onpesensier pacnpeieleHue mo-

M HATPAKEHHOCTH cTany MepHOM TpO-
OH B TpexMmep
cTpancTse. IHOHAPHOTO IOJIS P

Hsyuenne npoueccos tennonepenauy NMPOXOAHT HA OCHOBAHHH pelle-

HusL ypasHenus Pypbe, omnckBaoniero pacnpeaeseHne TeMIepaTyp

H JBHKCHHE MAcC B CIVIOWHBIX cpexax. B mpocreiiureM cJjydae OHO
HMEET BHJ, :

0% [0x? 4 °1/0y? - 0211)022 — a.du /oLt 7 (2-21)
[Ipu pemenmu ypasuenns @
ca u Ilyaccona) neo6xoxumo
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TOJLKO KpaeBble YCJIOBHS Ha DpaHule o6aactu (ur, dur/dn) mpm ¢=0,
HO H HavaJbHbIE ycaoBust u(x, y, z, 0) 1Jsg BCeX TOUEK BHYTPH MCClie-
ayemoit obsactH npu {=0. Pemenns ypasHenuit Jlannaca u ®ypse
[(cm. 2-19), (2-21)] yAOBAETBOPAIOT MPHHIUIY MaKCHMyMa, COIVIACHO
KOTOPOMY 3KCTpeMaJibHOe 3HaueHHe JOCTHraeTcs B HAuaJbHBEIH MOMEHT
‘Ha rpaHuue o0JjacTH. DTO CBOHCTBO OKa3bIBAETCS IMOJIE3HBIM TIPH Mac-
wTabHPOBaHNH NMepPeMeHHLIX B ypaBHEHHsSX, pelraeMblx Ha ABM.

Ocob6ennocTnio pemanmux saeMedtos ABM sBisieTcss CIoCOGHOCTD
ONepHpPOBATH TOJLKO ¢ (YHKIHSIMH H pelmaTh oOLIKHOBeHHBle A de-
PEHUHAJbHLIE YDaBHeHHs, MMEIOIIHEe TOJbKO OJHY He3aBHCHMYIO Ilepe-
MeHHYIO — BpeMsi. [ToaTtoMy Bce cyliecTByiomne METOAB peLIeHHs
audhepeHHaNLHBIX YPABHEHHII B YaCTHBIX NPOH3BOIHBIX CTPOSATCS HA
MpEeACTaBJIeHHH HCKOMOIO pelleHHsl KaK pe3yJabTaTa BLITOJHEHHA He-
NPEPBIBHLIX OMepauuil HaJ (YHKUHAMH 0JHOII nepemenHoii. ITpu sTOM

' CPABHHTEJIFHO TPOCTO TOAAAI0OTCS PEelIeHHI0 ypaBHEHHs € ABYMS He3a-

 BHCHMBIMH IepEeMEHHLIMH. 3HAUHTEJbHO CJI0XKHee pellleHHe ypaBHeHHIT
C TpeMsl He3aBHCHMBIMH NepeMeHHBIMH. [Ipu GoablieM HX UHCJE IMOJY-
YHTHb pelleHHe CTAHOBHTCH MPaKTHUECKH HEBO3MOXKHO.

Bce paccMoTpenHble MeTOAbl HHTEIPHPOBAHHS YpaBHEHHi B 4YacT-
HBIX TIPOH3BOZAHBIX OCHOBAHBI Ha TMPEJCTABJEHHH HX B BHAE CHCTEMBI
OOBIKHOBEHHBIX JHbbepeHIHaNbHEIX YpaBHeHHH, pelleHHs KOTOPBIX

GyAyT XapaKTepH30BaTh pelleHHEe HCXOJHONO ypaBHeHHs. PaccMOTpHM
0AHH H3 HauboJiee PACHPOCTPAHEHHBIX H YHHBepPCaJbHBIX METOLOB pe-

LIeHHS] YPABHEHHI B YACTHBIX NPOU3BOJHEIX — METO0 KOHEYHbIX PA3HO-
cred. CorlacHO 3TOMY MeETOJLY HENpephIBHbIE HHTEPBAJEl H3MEHEHHS
- NIepEMEeHHBIX, HAaNpHUMep X, y HJH [, 3aMEeHSI0TCH MHOMKeCcTBaMH JHC-
| KPETHO pAacIoJoKeHHBIX Touek. CHauaJia onpelelsloTcs pelleHHs LJId
3THX TOYEK, a 3aTeM NPH MOMOILIH HHTEPHOJALHH CTPOSATCS HENPEpPhIB-
~ Hbl€ 9KBHUIMOTEHIHA/bHbLIE JIJHHHH HJH JUHHH ToKa. [IpH aTom ypaBHEHHE
B JACTHBIX TPOH3BOAHBIX MOXKHO NPEJCTaBHTh B BHAE CHCTEMBI OOBIKHO-
BEeHHBIX nu(GdepeHuHaJLHEIX ypaBHEHHH, KOTOpHEe CJelyeT pemarb
COBMECTHO.

I Takum o6Gpasom, TepBBIM 3TAlNOM pelleHHs SBJSETCH pasieseHHe

| OCH, XapaKTepH3yIollel HenpepuBHOe H3MeHeHHe OAHOH H3 He3aBHCH-
MbIX TIEPEMEHHBIX, Ha P OTPE3KOB KOHEWHOIl BeamduHbl. [IpHuem 3TO
H3MEeHeHHe CyHTaeTcs He AudQepeHIHaNtbHO MaJjbiM, 8 KOHEYHbIM, OT-
penesisieMblM JJHHON oTpeska. Pasnenenye ocH BEIGPaHHOH KOOPAHHATHL
PEKOMEH/IyeTCsl MPOH3BOAUTD, MOJL3YsACh psaaoM Telopa.

| ITpeanosioxuM, 4TO B TOuKe X, y H3BecTHA (DYyHKUHS #(X, Y), TOTAA
3HAUCHHE B TOUKE X, i+ / MOMKHO TPEJCTABHTL B BHIE Psaa

du(x, y) h? 02u (x, )
n(x, h)=— S S o | e s T P e e R
(x, y+h)=u(x, y)+hn 53 - 5 o5 -
_ (2-22)
a B TOUKe X, y—h — B BHIe paja

u(x, y—h)=u(x, y)—-i;_a”_(a’:;_"ﬁ__}_%_ DU, ) Ly
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IepBOIo INOpAAKa, TIOJAYyIaEM

HJIH

Ecau BenuuHHa [uara A maja, TO, npeHeGperass uJeHaMy BBIIIE
ou(x, y)oy=lu(x, y+h)—u(x, y)llh, (2-24)
du(x, y)loy~=[u(x, y)—u(x, y—h)k. (2-25)

~ Tlpassle yactn Berpaxennii (2-24) u (2-25) HasBHIBAIOT KOHEUHLIMW
pasHocTamu nepsozo nopadka «snepeds u «Hasad». LlenTparbryto pas-

HOCTH nepsozo nopsdka ompenessieM, Beiuutas (2-23) us (2-22) u orT-
GpachiBas IPH 3TOM UJeHBI BhIIE TPEThero MopsaKa:
Ou(x, y)loy =[u(x, y-+h)—u(x, y—h)/(2h). (2-26)

CrknapeiBas (2-22) u (2-23), onpeiensieM yEHTPANLHYIO PA3HOCTH

870p020 nopadxa, annpPOKCHMHPYIOILYIO BTOPYIO NPOH3BOJHYIO:

Pu(x, Yoy ~[u(x, y+h)—2u(x, y)+u(x, y—n))h. (2-27)

Bblpa)KeHHﬂ JJIs1 CTaPIOHX TIPOU3BOJHBIX MOZKHO HaliTH aHaJOrHYHO,

" T(ot)
G

paccMaTpHBas GOJbIIee THCI0 TOYEK.

MeTo/ KOHEUHBIX pa3HOCTelH SBJSIETCst
npubanzKendpiM. IlorpelliHOCTh BBIUHCIE~
HHUIT 00ycaoBieHa olu6GKoO# MeToaa, KOTO-
pas TeM MeHblle, ueM OoJIblIe YHCIO
B3ATBEIX OTPE3KOB JJisi Bcero JHalasoHa
H3MEHEHHA ONHOH H3 He3aBHCHMBIX Ilepe-
MEHHBIX. YUHTHIBag OrpaHHYeHHYIO TOY-

7(L,t) moctb AeficTBHS pemaoUHX SJIEMEHTOB,
MOJKHO IIOKa3aTh, YTo HaHOOJbIIAS TOU-
HOCTb pellenust 0OBIYHO JOCTHTaeTCs IIPH
6—10 Toukax cuera.

Aunanornuno (2-25) u (2-26) MOXKHOQ

Puc. 9.3 NOJYYHTDL CleAyIoluHe COOTHOLIEHHS:
'du(x, y) s(x+L, g)—ux—=1.p __

0x ¥ 21 [
~ Bl Ny, o a(x g)—ux—1 Y) .

1 & 1 ’

0%u (x, ) _ a4l 9)—2u(x, y)tux—1L, ¥). (2-28)

0x2 AP it
Qu(x, y)  wx+l, y+h)—u(x+1I, y—h)— L

oxdy 4hl
L —ux—l, gyt te(x—1I, y—h)
4hl £

rae Am [— mand anmpoKCHMAal|y MO KOOpAHHATAM X U Y.
JList muIIOCTpALHHE TIPHMEHEHHsT MeTO/la KOHEUHbIX PasHOCTell pac-
CMOTPHM IIPOIIECC PACHPOCTPAHEHHS Tel/a Yepe3 KOPNYCHYIO H30JAIHIO
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KATYIIKH 3JEKTPOTeXHHUECKOr0 yCTpoiicTBA NMPH HECTAUHOHAPHEIX Tell-
JIOBBIX YCIOBHSIX Ha rpaHuuax (puc. 2-3). Msoasimus OIHOPOAHA H
nmeet rosuuny L. Onpenemum remnepatypy T Kak QYHKIHIO paccTos-
HUST X M BpeMenH ?, T. e, maitgem T (x, £). IIpH 5TOM H3BECTHH I'paHHU-
upre yenosust T(0, ¢), T(L, t) u navanpnele yeaosus T (x, 0).

I[Ipouece pacnpocTpanenus temna B o6ImeM clydae ONHCHIBAETCS
ypasHennem Pyprse :

T 2T . 0T oL or
ot ox2 . oy2 ' az2
TA€ ¢—yaeJbHas 00beMHas TeMmJOeMKOCTb; A — TEIIONPOBOJHOCTD
H30JILHH, { — BpeMs.

. Ilpunumas, uro TeMIepatypa H3MEHSETCS TOJBKO 10 OCH X, ITOJIy-
qaem i

ILE BATEMOIGE (2-30)

D

(2-29)

c
A

ot ¢ 0x2°

3aMeHssi BTOPYI0 NPOH3BOAHYI0 To X B (2-30) B COOTBETCTBHM ¢
BEIpazKeHHeM (2-28), nonyuaem 05 i-if TOYKH OGLIKHOBEHHOE agde-
peHIHaIbHOe yDaBHEeHHe ;

2 Vs (Ax)?

AT A Ti—1—2T; +Ti 14 (2_31)

QUKCHPYS TEPEMEHHYIO x B /i TOUKAX, 3aMHCHBAEM CHCTEeMYy H3
(n—2) mnddepenunanbubix 'YPABHEHHI IPH H3BECTHHIX T'DaHHUYHEIX
3HaueHusx To i Ty:

ar - A
dtl :'(TO_QTI-[’TQ) T (Ax)? 5
arly Jo2n A . ]
dt _(T1—2T2+T3)m’ (2-32)
dTp—y A A

dt ‘_'(Tn-—«E 2Tr:—1+Tn) -.G (L\x)2 .

Tlonnas crpykrypuas cxema pemenns cucreMsr ypapmernii (2-32)
TNOKasaHa Ha 'puc. 2-4, rie MaurMHHBIE TIepeMeHHbIe [Jis TIPOCTOTH 060-
SHAYCHB CHMBOJIAMH HCXOAHBIX BEJIHUHH. [[aHHYIO CXEMy MOMKHO YII-
POCTHTDb, 3dAMEHUB HHTETPATOPEl H CyMMAaTOPHl HHTEIDOCYMMAaTOPaMI.
[IpuBenentas cxema peulenus mosBoJseT YIHTHBATL H3MEHEHHE TEILIO-
MPOBONIHOCTH M TeMNepaTypsl Ha O0eHX IDAHHLAX H30JSIHH BCJELCT-
BHE BAHMOJEHCTBHSA C NpHJIeralomieil cpefod H HCCAeT0BATD MEPEeXOIHbIE

JIPOLIECCEI B cHCTeMe IpH ‘CK&‘{'KOOﬁpElBHOM CTYII€HYaTOM BO3MYVIIICHHH.

Pacemompennsiii Metox petrenus AH(QeEpeHIHaNbHEIX YPaBHEHHH B
UaCTHBIX NPOH3BOAHLIX HE OrPaHHYHBAET BO3MOIKHOCTEH TIPHMEHEHHS
ABM pus pemenns npusenmenurx 3agau. Copepurencrsosate ABM
IIPHBOIHT K IIOSIBJIEHHIO HOBEIX METO/IOB pemieHns. Tak, mampumep, mc-
no/L30Bamue OblcTpoieiictByomux ABM nosBossier OTKazaThes OT
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KBAHTOBAHHS HE3aBHCHMBIX NMepeMeHHBIX (MeTox MonTte-KapJso). Cy-
HIEeCTBYIOLIHE TeHIEGHIIHH B PAasBHTHH AHAJOT0BOIl  BBIUHCJHTEILHOMH
TeXHHKH HECOMHEHHO OYAYT paciHpsATb 00/1acTh NPHMEHEHH ABM B

{HKEHEPHbIX HCCJe0BanHIX.

To

o f @Ig -7y

K] 4 Dalp 7 >J‘——T2
‘ |

- T
T I

2

Puc. 2-4

§ 2-3. BriGop macumitaGoB npeacrasieHus nepemeHHbIX
H onpepeneHne K03QUUHeHTOB nepelauH
pelmiawiuX 3JJeMEeHTOB

Hapsiny ¢ npeopasoBanuenm nexoanoit cucreMbl pnddepenunaib-
HBIX YDaBHEHHH K BHIY, YAIOOHOMY AJisi ee peiieHHs Ha ABM, cocras-
JIEHHEM CTPYKTYDHBIX CXEM pellleHHs 3afaun 1 BLIOOPOM ONTHMAJBLHOrO
BapHaHTa CXEMBI, OHHM H3 BaxKHEHIUHX 3TanoB MojeaHpoBaHus ABJI-
ercsl BEIOOP MacmTaOHBIX KO3 duuuenTor u ko3 GuUHEeHTOB Neperad
BLIUHC/IHTE/IbHBIX OGJIOKOB, (PACYET MALIHHHBIX Haga bHBIX YC/OBHI.

[Ipu pewmieHHu 3ajay NPHXOAMTCH CTAJKHBATHCS C HIMEHEHHIMH
pasJiHuHbIX Q)-PIBHLIECKHX MepeMeHHBIX B LIHPOKOM ﬂ].[3ﬂ33'Q'He. Peanb-
Has (pH3HUECKas BEJMUHHA CONOCTAaBJsIeTcs ¢ MAlIMHHON TePEeMeHHOH
C TIOMOILIBbIO MacTadoR.

Maczumﬁoy HJIH Macwzaﬁnbm K03ghpuyuenrom Ha3pIBAIOT OTHOIIE-
HHE MaUIMHHOI NEPEeMEHHO, NpeicTaBasiomeli HeXOAHYIO mepeMeHnyio,
&K BeJlyiHe 3TOiH MepeMeHHOMH:

m-x T ux/x! (2‘33)

rae U, —MallHHHas NEePEMEHHAaNA; X -—ycxoguas He-peMe'HHaH BeJH-

YHHA.

B mmureparype MOKHO BETPETHTL BLipaienne macimta6a B Bujae 00-

PaTHO# BeJHIHHBI, OHAKO 3TO OTJIHYME He MpHHIHIHAIBHO.
KonkpeTHbX pekoMeHAalHH 10 Bh60opy macimiTaGoB, K COXKAJICHHIO,

He CYIIeCTBYeT, 105TOMY OOLIHM NPHHIHNOM 1x BEIGOPA ABJSETCS OLEH-
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Ka MaKCHMaJIbHBIX 3HAUEHHH NepeMeHHOll 1 BceX ee NPOH3BOAHEBIX, OXKH-
AAaeMBIX B npouecce pemenns. M3 coobpakeHnil TOUHOCTH KelaTeJBHO
BLIOHPATh MaciiTal BO3MOKHO GoJbliuM. Tak kak paGoumil AHATa30H
BLIXOJHBIX HAMPsiKeHHH OO0JIbIIMHCTBA pemanmux 6JokoB ABM me
npesninaer 100 B, To macmTab nmepeMeHHOH BHIOHPAIOT H3 YCIOBHS

m,=100/%,1c-

MaxcuManbHYyIo BeIHUHHY TIePEeMEeHHOH Xyaxe HE BCErd MOKHO Olie-
HHTb 3apaHee, MO3TOMY YacTO NPHXOJHTCS MOAOHPAThH 3HAUEHHe Mac-
1Tada HHTYHTHBHO HJIH Ha OCHOBAHHIH OMNBITA.

Hurterpuposanne 8 ABM B03MOXKHO TOJIBKO 1O BPEMEHH, a CJIeao-

BaTeJIbHO, He3aBHCHMAas nepeMeHHas pemraeMOro ypaBHeHHs, HMEIOIIAA *

B 001leM Cc/yyae TPOH3BOJBHEI XapaKTep, Bhpaxaercs yepe3 MalliH-
HO€ BPeM# ¢ MOMOLIbI0 MaciTaba BpeMeHH:

my==ty/t, (2-34)

rae Iy m {—MallHHHAS ¥ peasibHas He3aBHCHMble NepeMeHHbIE.

ITpn MoxenupoBaHun CTPeMsATCS K TOMY, uTOOHI TIPH pelleHuH 3ajia-
YH CKOPOCTH H3MEHEHHS MANUIMHHLIX NTepeMeHHBIX COOTBETCTBOBAJH Hac-
totaM 0,05—3 T'u. [TosroMy npu OTKJIOHEHHH YaCTOT H3MEHEeHHs mepe-
MEHHBIX PeaJsIbHONO MPOLecca OT YKa3aHHOTO Npejesa BBOAAT MacmTab
BPEMEHH, OTJIHYHLII OT eIHHHILHL.

ITpu mcese1oBaHEN TEPEXOMHBIX MPOLECCOB 3JEKTPHUECKHX MAallHH
[IepeMeHHOro ‘TOKa, B YPaBHEHHSAX KOTOPHIX BPeMs H3MepsaeTcsl B CeKyH-
JAax, Macmrabé BpeMeHH BbIOHpaeTcs NOPsAKA HECKOJbKHX JIEeCSTKOB.
[Tpu HccsenoBaHUAX AHHAMHYECKOI YCTOIYHBOCTH CHHXPOHHBIX MAaLIHH
MacCIITa6 BpeMeHH MOMKET ObThb BeIGpaH mopsaika 1—10, mockoJabKy
YaCTOTLI KOJeOaHHIf POTOPOB CHHXPOHHBIX MallHH B TOcJeaBapHHHBIX
pexuMax cocrasasiorT 0,5—2 I'i. BuGop Maciitata BpeMeHH 00YCI0B-
JIEH HE€ TOJbKO XapaKTepoM HCCJHeIYyeMBIX IMPOIeccoB, HO H IIOHYCTH_;
MBIM BpeMeHeM HHTEeIPHPOBaHHs NpHMeHsieMoil MalriHbl. [IpaBHABHBIH
BBEIOOP MacuiTaba BPEeMeHH MpejcTapaseT cob0il JOBOJLHO CJIOXKHYIO
3aJlavy, Tak Kak ero BeJHYHHA BJWSET Ha TOYHOCTL PElleHHs 3aladH,
AHATA30H H3MeHeHHs! TPOH3BOAHEIX OT MAalIHHHBIX He3aBHCHMBIX, K03(-
IPHIHEHTE MAIIMHHBIX YPABHEHHH © T. 1.

CooTBercrpie mepexOAHBIX NPOIECCOB, MOJAYYaeMBIX TPH PelleHHH
Ha ABM, mojesupyeMEIM TponeccaM, 0GecneyHBaioT BEIGOPOM K09~
(huLHeHTOB mepenay PelIAlONX 3IEMEHTOB H3 COOTHOLIeHHH, CBS3LIBA-
I0IIHX MacuTadbl, KO3(p)HIHEHTH! Nepenaun JHHEHHBIX H HeJHHEHHBIX
3JIEMEHTOB M KO3 (HUHEHTH B HCXOIHEIX YpaBHEHHSX.

Mpumep 2-1. IloaroroBka Aas peweninss Ha ABM anueiinoro auddgepeHnuanbHo-
r0 ypaBlienus

agd3x[dtd + a1d2x/dt? + asd x[dt + agx — ¢ = 0, (2-35)
IPH HavaJbHBIX, YCJAO0BHAX
(d2x]di2)g= (dxjdt)y=0; xq=1. (2-36)
Paspewnm ypasuenue (2-35) oTHOCHTeaBLHO crapileil MPOH3BOAHOM
_ﬁ_x___:_ﬂ,dg’r_ﬂ,ﬂ_a_f*x_*_ it (2-37)
dt3 ay  di? ay dt ag ag
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CTPYKT}"[JHaSI CXeMa pellleHHA I[OJYYEHHOro ypaBHeHHHA, COCTABJeHHAdA IO MEeTo-
Oy TOHHIKEHHSI [OpsAJAKa IPOH3BOIAHOH, npHBefena na puc. 2-5. Ilpouecch B jlaHHOI
cXeMe OINHCBLIBAKOTCS YpPpaBHEHHeM, aHaJIOrHYHBIM (2-37), HO nepeMeHHble B HeM Ipeia-
craBJieHbl B BHJe Hanpsixennif. Takoe ypasHeHHe HazhIBaloT Mauiunnots, Yrtobol mo-
JIYYHTb €ro, AJisi KaxKAO0ro BbIMHCJHTCIBHOIO 0JIOKa COCTaBHM ypaBHenHe, BbIpazialo-

Puc. 2-5

mee COOTHOLIGHHE MeXAY BXOJHBIMH M BEIXOAHEIMH MaUIHHHBIMH BeJIHuHHaMu. B pe-
3yJbTaTe SamHIIEM CHCTEMY YpaBHeHHil:

uy = — [kr1us + krous + kizuz + Ryaug);
1 . 1 1
Uy = — —— koylis; uz= — — kyug; U= — kaug; (2-38)
Pu M Pu
us = —ksiug;  uy= —kguy,

TNie Uy—ug— 3HAYeHHsi HANDSKEHHil Ha BHIXOJAX BLIYHCAHTENbHBIX OJOKOB; Rip, Rio,
kig, Ris, ko, ka1, Ray, ks, ke — ko3 dHIMenTH mepeauH  BHIYHCIHTENbHBIX 0JIOKOB,
T. €. OTHOIICHHSI BRIXOAHLIX H BXOJHbIX HaNpsiKeHHH; pu=d/df, — 3HAK auddepen-
IHPOBAHHA 10 MAUIHHHOMY BpPeMeHH.

Uncso ypaBHeHHii B cHCTeMe (2-38) cootBeTcTBYyeT UHCJAY BLIYHCJIHTEJBHBIX 6J10-
KoB cxeMel. CHcTeMy ypaBHeHuit (2-38) Momuo nped0pa3oBaTh K OLHOMY yPaBHEHHIO
TPETLEro MOPSIKA, PaspelICHHOMY OTHOCHTEJBHO HCKOMOI MAaliHHHOH IepPeMEHHOM Ui,

COOTBETCTBYIOWIEH . Jlisi 5TOro BHIpasuM MaluHHHBlE MepeMEHHBle 4 — U, Us Us
uepes uy: 4 :

p)
AR A Pult3 Py 4
Hgr=m—"rrrmers Ug = — e H }
k4 ot kag k31ks
3
e A Ll (2-39)
ka1 Ro1kaikay
bl
Usg= — S TR Ug —= — R =
2 katkay ’ £ kot

IMoncrasum (2-39) B nepeoe ypaphenke cacreMbl (2-38):

3 2
Py U4 Py U4 Pulld
== i R — ki3 ——— kykeita + ki |
Ro1k3iRg) k3iha kayy

(2-40)
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anuceiaem ypasnenue (2-40) B opHrHHajax:
d3uy

3

dt;,

2

i d3u g
= — kyoksihoy ——5— — kiakorksy =
;1 df)i

— kyykotky1karkgitts -+ Riakorkarkayity. (2-41)

Cp#A3, MallNHHEIX HEPeMEHHBEIX ¢ HCXOAHBIMH IIepPeMEHHBIMH YCTAHABJIHBAETCS C
MOMOILLLIO MacITa0HBIX KO3(hhHUHEHTOB My, My, Me:

Uy= myx; ‘ty= myt; iy = mgC. (2-42)

IMoxcrasasiem coothowenus (2-42) B ypastenne (2-41):

d3x a2x o G
T A mykyoko ks iy kiakorks; AT
Mmemy
— mj} kyikorksykarkgx + T kiakyikz1karc. (2-43)
X

Yparuenne (2-43) Gymer ToMecTBeHHO ypasHemio (2-37) npH YCJOBHH paBeH-
ctBa koa(pduuuentos. [lpupasuupas Ko3(HUHEHTH NPH COOTBETCTBYIOHIIX NPOH3-
BOAHBIN B ypaBHenusix (2-37) u (2-43), moayuaem

mkiokotks) = ayfag;  mj kiskarks: = aslag; (2-44)

my kytkorkgikarker = a3 'ag;  (memglmy)kiskorkarkss = 1/ao-

B coornomenusix (2-44) UHCAO HEH3BECTHHIX IEPEIAaTOYHEIX KO3)(HUHEHTOB
GoJsibllle uHcjla ypapHENHil, NO3TOMY YacTh M3 HHX BHIOHPAeTcH OTHOCHTEJBLHO MPOH3-
BOJIBHO, HCXOASl W3 IPYruX coolpakeHHii, TOrjga Kak OCTa/bHble ONpPEeAe/sioTes H3
cooTHowmenni (2-44). Ilpunss, Hanpumep, boy=kgy=ky=Fks;=Fke1=1, 3amHCEIBaeM

1 a 1 as
iz =g -;L; AL TR g \
t 0 t 0 (2-45)
1 as m, 1
ki=—g+— e ot
my ag mel ¢ ap

Mauinnble HavaJbHble YCJAOBHS H BHENIHHE BO3MYIUGHHS DPAacCUHTHIBAIOTCS HA
OCHOBE COOTHONIGHHI] 7

uy (0)= myxy;  uy= mee. : (2-46)

Takum oGpasom, mojaroroska sagaun k pemenuio na ABM sasepuiena.

ITpoueccr, onuchiBaemele ypaBHeHHeM (2-37), MOMKHO HCCJEAOBATH IPH JIOGHIX
SHAYEHHAX IAPaMETPOB, HAUYaJbHBIX YCJIOBHI W BHEUIHHX BO3MYLIGHHH, H3MEHAT HX
B COOTBETCTBUH C BhIpazkeHusaMmu (2-45) u (2-46).

Ipumep 2-2. Tloxrorosxa Henuueiinoro and(epennuajbHOro ypaBHEHHS I pe-
wenus Ha ABM. A

IMepexonusniii mpouece npu, BRIOUEHHH KOHTypa R-L-C Ha MOCTOSIHHOE HAMps-
JKeHHe ONMCLIBAGTCS ypaBHeHHeM

daw

— tug R, (2-47)

U=

rie W — notoxocuenaeHne KaTYIIKH, CBfi3aHHOe ¢ Tokom i coornoutenueM W=/ (i)

i 1
wm i=F(W); uc=-E S idt — Hanpsxenue Ha xkonpeHcarope C.




Paspeiunm ypasHenue (2-47) OTHOCHTEJbHO MPOH3BOAHOH MOTOKOCUEMJIEHHS:
aw

? =u—u-— Ri. (2-48)

CTpykTypHasi cxema pellenusi ypasHeHus (2-48) mnpusesena ua puc. 2-6. Mac-
1Ta0bBl MepeMeHHBIX PelaeMOoro YpaBHeHHs ONpeAeJsioTCs COOTHOLISHHAMH

my = tylt; m; = uyli; my = uplu = uzluc; my = uy['l, (2-49)

TAE 4, Up,' Uz — HampfAXKEeHHA Ha BBIXoAe OJ0KoB [, 2, 3; up— mMOCTOsSIHHOE BXOAHOE
HanpsxKeHHe Gaoka 1.

OH[>

Puc. 2-6

B coorsetcTBHH ¢ (2-49) sanuwem ans 6j0ka ! MaluMHHoe ypaBHEHHE
t

M
dl="— s (— knug 4 Ryourg - kyauez) diy

HJIH

Uy = my ‘ (Rrimytt — kyomyu o — kyam;i) dt. (2-30)

M3 cpaBHeHHst HCXOLHOTO ypaBHeHHsi (2-48) u Mawmmioro ypasHenus (2-50)
TOMYIHM

my; ; 5 Iy R my;
’ 12= i k=
My mg mym;’ mimg

(2-51)

Urob6el ompefennts kosddhHuHeHT nepeaayd Mo BXOAY HHTerpatropa 3, COCTaBHM
MalIHHHOEe YpPaBHEHHe, CBA3LIBalOlllee ero BBIXOAHYIO H BXOAHYIO BEJHYHHBI:
¥ 7

t

domy= kalmimf S' idt. (2'52)
A 0
VpasHennio (2-52) cootsetcTByeT HCxoAHOE BLHpaZKEHHE
Y
1
s S dt. (2-53)

0
U3 cpaprenns (2-52) u (2-53) onpegennm

AL L (2-54)

cC  mmy’
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Henuneiinast sasucumocts i=f (W), naGupaeMas Ha 670Kke 2, NOKHA GHTH IO-
cTpoeHa ¢ y4eToM Macimita0oB TOKA M IHOTOKOCHENJEHHS, T. €. B KOOpPAHHATAX /110
H myg\W. i

Mpumep 2-3. HMccaenonanne nepexofHoro mponecca B 3JeKTPOTEXHHYECKOH cxeMe
IPH BHE3aNHOM BKJIOUCHHH ee Ha cuHyconpaJabHyio 3IC.

Hcenenyemas cxema mnpexcrasjena Ha pHe, 2-7, rae e=FEp, sin of — cHHYyCO-
npaipias IJC, RI, R2 — pesucrops, L1, L2 — KaTyKH HEAYKTHBHOCTH, C — KOH-
Aencarop, KI — xoMMyTHpYIOlee yCTpOIiCTBO.

B momenT Bpemenn ?=0 ocyuiecTniasercs Ki
saMmbikanne KI. Tlponcxoasimue mpH  3TOM
IpOLECCH OMHCHLIBAIOTCS JAH(p(epeHHaIbHEIMH

MH: .
ypaBHECHHSIMH - L1 i i3
dl] = 1 5 -

+ Riiy 'i-? j. iedt;

dt
(2-55)

B e

Ep sinwt = L, _
Ri T
. R

e=£,Stnwt 4

di ]
Bt Lgd—? +R2i2—?5 icdt.  (2-56)

Ilpu BhIGpauHBIX ®a pHc. 2-7 HamnpasJe- Puc. 2-7
HHAX TOKA CBf3b MEXAY TOKAMH YCTaHaBJIH-
BAETCsl COOTHOLUEHHEM

iC—il -{—1'2=0. (2—57)

Yro6el cocTaBuTh CTPYKTYPHYIO CXeMY MATEMATHYECKOH MOJENH, YpaBHeHHS
(2-55) u (2-56) npeacraBuM B BHIE:

diy Ry 1 1 ;

— = — —i——— | i.dt +—— E sin vf;

at ipieTe S’C U e (2-58)
dis Ry i N
_— = — 9 e L~at.

dt Lg & TIsCiss

Coorsetersyiomas ypasHenusim (2-57) n (2-58) CTPYKTypHas cxema MaTeMaTH-
YeCKOIl MOJlesIn NpHBejeHa Ha pHc. 2-8. '

Iast onpenenenust Koa((HIHEHTOR Nepeay OTAENbHHX pPeIIAOUIHX 3JeMEeHTOB
COCTABHM YpDaBHEHHs, XapaKTepH3YIOUIHe CBSi3b MEXAY BXOAHBIMH H BBIXOIHBIMH Ha-
NPAMKEHHAMH 1JIs KaX<[0ro pellalouiero sjaemedTa. IIpH 3TOM HCNOJAb3yeM Bbipaike-
HHA 1 nepefaTounbix GyHKUM ycuauTenel suaa (2-38):

1
U= — (R11uq + kyoug + kiatg);
Dy -
ug= — koiity;
i .
3 = — (k3113 =+ k3ous);
M
2-59
ug = — (kattg + kyouz); @)
5 — = ks1idy;
M
ug = — kglts;
uy= — ki1s. )
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B ypasuenusx (2-59) #; H u43 BLIPa:KAOT B HEKOTOPOM Macumitade TOKH Iy g fn.
Paszpemas ypapHerus (2-59) OTHOCHTEJBHO ) H i3, OJAYIHM

kiskg1ks1katkarity - kiokg1ks1kanits - Rystta;

M M

Putti= — Ryt —

kojkaoksikaiu; — kaaks1kaatts.

M M

Pultz = — k313 +
(2-60)

CpA3b HANpPsi:KeHHIl HA BEIX0AaX OJOKOB U, U3, Ug € PeasbHBIMH TOKaMH YcTa-
HABJHBAETCHA COOTHOLIEHHAMH:

uy=iymg; ug = iom;; ug = eny, (2-61)

TAae mji H My, — Macitalbl TOKa H HanpsazKeHnHs.

7 \ @
=@
@@Ib

I
o~
[N
L

Sigdt

Puc. 2-8

Macurad BpeMeHH MOXHO ONpeneJnTh H3 COOTHOLIGHHS
ly=tmy. X (2-62)
Ms (2-62) moKHO MOJNYYHTL BEIpaKeHHs AJs onepatopos Ax((pepeHLHpOBaHHA
H HHTECPHPOBAHHA MO MALUHHHOMY BPeMeHH:
s U
e it E= mg Sdt. (2-63)

Bnoﬂf ypaBHennsi npeobpasopanusi nepeMennbix (2-61) u (2-62) B cucremy
ypasuennii (2-60) m mensi Bce UJEHE! NOJNYUEHHHIX YpaBHEHHI HA Mifni, MoJayYaeMm
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YPABHCHHST MATEMATHUYECKOH MOJe/H, 3anHcaduble uyepes Ko3(Q(HUHEHTH mepegad
010K0B, MaciTaGuble KOAGQHUHENTE H HCXONHEE MepeMeHHBIe DEeNIaeMoll 3alaun:

diy
dt

)|
= mkyiy— mj Riokgiksikarkoy S idt + m] kiaksiksika S iodt 4

Rysmm
b 13700 ¢ e; (2-64)

m;

diy n $
2t T Mikaila o+ m? koykaoksikyy 5 iydt — m? kasksikan S iqdt.

J

ITpupasuisast Ko3QPUUHEHTE NpPH COOTBETCTBYIOWHX NEPeMEHHEIX B YPaBHEHHSX
(2-58) u (2-64), sanucuBaem:

Rl 9
Mykery = 'Ei mksy = L—:; m? kiokgiks1karkor = Ic’

m‘f kiakgiksikan = (2-65)

1
m} katksihsohs = T

ey
T

Rigmymm; he 1

LG m; Ly

Jas pacuera K03 puuHenTos cucremel (2-65) BHIGHpaeM Macwtal BpeMeHH, Ha-
NpszKeHHs1 H ToKa. I’ch-rb Tpeﬁye'rcﬁ paccuHTaTh CXeMy TNpH CJEAYIOLUIHX OCHOBHEIX
napamerpax: En,=22000 B, L,=0,001 I'n, ®=314 1/c, Ri/Li=Ro/L2=0,05 1/c.

| Macwitad Bpemenn BEIGHpaem H3 ycuoBHil YAOOCTBA OCHUHIUIOTPAOHPOBAHHS H
Habmosiehust pemennsi. [Ipn stom npminmaem wacrory DJIC reweparopa cmHyco-
HAAMbHOH wyx=5. Torna

my = tyt = ooy = 314/5 = 62,8 c/c.

m? k32f(’5 1.’842 ——

Macmra6 nanpsizkennst BoiGupaen us yeaopns dom =20 B. Torza
My = gy E = 20/22 000 = 0,00091B/B.

Ouennpast npuGamxenno MakcHMalbHO BOSMOKHOE SHAUCHHE TOKA B aJeMeHTax
paccMaTpPHBaeMOil cxXeMBbl, BhOHpaeM Macmral TOKa

m; = 100//yaxe = 0,002 B/A.

IZNGHPaEM KO3(QUIHENTE Nepesaun CyMMaTOpOB H HHBEPTOPOB: Koy=Fkyp =k =
=1, ks51=10.

. Ioncrapnsig B pupawmenns (2-65) saueHns MaclITab0B H TPHHATHE 3HAYeHHS
K03 QHLUHeNTOR nepenaun A CyMMaTOpPOR H HHBEPTOPOB H BEIpaasd Koan@HuHeH-
Thl [Iepefaun GJI0OKOB Yepe3 mapaMeTphl cxeMBbl, IOJyJaeMm: -

Rl \ Rl
Ry = = 0,016 —;
*11 miL, T
Ry R
k3 =——— =0,016 —;
31 T 016 7
by o et Lus G WA o 256-10~4—-1—' } (2-66)
T m?ksl LC G L,C
k L L 0,256+ 10— e Lo,
(4 e TR TR =\, 00+ ?
32 mﬁ k51 LoC LyC
1 .
kg == T _ 3 59
Ly myimng
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UToGHl ONpeASIHTL HAMNpsizKeHHe, NPONOPHHOHANbHOE HAMNPSAMKEeHHIO HAa EeMKOCTH

> —ES [ dt peanpHOil cXeMBI, HCMIOJB3YIOT ycHaHTeab [0 (cM. pue. 2-8), MamHHHOE
ypaBHeHHe KOTOPOro HMeeT BHJ

uyg= — kioits = kio1k5114/ Py - (2-67)

YpaBHeHHs peatbHBIX NepPeMeHHLIX MOMKHO MOJY4HTb, Noactasias B (2-67) coot-
BeTCTBYIONIHe BEIpaxkenus u3 (2-61) u (2-63):

meln;
IIC = k101k51 —e S fcflf, (2-68)
my

1
CpaBumpas (2-68) c BbipameinneM te= ?Sfcfu' nosrytaeM

Cy
o
<

ry
:Z

kiotksimemi/my = 1/C. (2-69)
g, U, i ; £ &
| VA LA AR b VY 2= TN
/8.9 SuN oy
il 1 P

)

” f%%\ N

7 A RSN

U

Puc. 2-9

C yueToM NpHHATOrO paHee 3HaueHud kg =10 HAXOAHM
my, 1

e, 2-70
mym; 10C ( )

Rio1 =
Ecan B 'peanpnoil cxeme KomjeHcaTopHasi GaTapess HMeeT HaualbHBll 3apsii, To

Ha GioKe 5 yCTaHaB/IHBAEeTCH HauaJbHOEe YCJIOBHE, ONpenesseMoe BLIpayKeHHeM
sy = UegMylkip1. (2-71).

CHHyCOHﬂH.’IbHOe HaHpH}KBHHE_, Hponopuno].{aﬂb[.me Em sin (l)t, 00OBIUHO MoJIYuUaoT
B pesyJbTaTe pelleHHs ypaBHeHHSA KoJeOaTeJqbHOro 3peHa:

d2y/dt2 + w2y — 0, \ (2-72)

CrpykrypHasi cxeMa DELUGHHS YpaBHeHust (2-72) npeacrasieHa - Oaokamn 7—9
(cM. puc. 2-8), MALUHHHEIE YPABHEHNS KOTOPOIl HMEIOT BHJ

Uy = — k7129 Pag SRR — kSI“?/pm; ug = — kg1g. (2-73)

Pagpemas cucremy (2-73) OTHOCHTENBHO e u mojcrap/ss B TNOJYYEHHOR ypaB-
HEHHE COOTBETCTBYIOULHE COOTHOMICHHA H3 (2-61) (2-63), aanmHchizaeM

d2y[dt? 4 kg ikgikgym? g = 0, (2-74)
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M3 cpasuenns (2-72) u (2-74) naxomum, 4TO
kyrkgrkoyms = o2, (2-75)

[puunmas kg =1, onpenensiem ky=ks=0/m:=314/62,8=5.
Yro6bl MOAYUHTL CHHYCOHAAJbHOE rapMoOHHYecKoe KosebaHHe, HaiJeM HauaJjbible
yCA0BHS HHTErPHPYIOMWHX yCHJIHTeeil:

g = Epmg— 22 000-0,00091 = 20 B, ugy=0.

Takum 0Gpa3oM, NOArOTOBKA 3ajaun K pemennio Ha ABM sakonuena. Brraucans
aHauenua Ry, kyy, Rie, kse AAA PA3NHYHBIX COOTHOLIEHHT NapaMeTPOB CXEMBl, MOZKHO
NPHCTYIHTD K €¢ HCCJAe0BalHIO.

IpescTasiennas mMaTeMaTHueckasi MOJesb (CM. pHe. 2-8) MO3BOJAET HCC/CNOBATH
npolecc B PACCMaTPHBAEMOIl cXeMe NpH JIOGBIX COOTHOLIEHHAX ee NapaMeTposB.

Ha puc. 2-9 npuseieHa OCLH/JIOrpaMMa pellieHHsi Aas TOKOB iy, iz, ic, DIC e
H HaNpsizKellsl KoljencaTtopa ue NpH 3aJaHHbBIX NapameTpax.

.

§ 2-4. HekoTopble BcnomoraTe/bHble TPHEMbl MOJEJIHPOBAHHNS

Mozaennpyemelii pusHuecknii 06LEKT Bcerja HaxoAHTCsA BO B3aHMO-
NeilcTBHH C BHelIHel cpenoii, mo3ToMy (yHKIHS BHEIIHETO BO31eHCTBUSA
JOJKHA YUHTHIBATHCS B YPABHEHHSX IPH MaTeMaTHUECKOM ONHCAHMI
npolleccoB. Brelunne Bo3amMyiaonie B03AeiiCTBHS IPH OTCYTCTBHH CII€~
HaJIbHEIX TEHEPATOPOB MOXKHO IOJYYHTH C MOMOIIBIO PEIIAIOMHX 3J1e-
menToB ABM. Enle oanoii B03MOKHOCTbIO MOJydYeHHs BHEMIHETo BO3-
nelCTBUS SIBJIsIeTCSl ero (pu3HYecKoe MOJeJHpOBaHHe H TOCJIEAyIOUIEE
UCIOJL30OBAHIE B aHAJIOTOBOI Mojean oobekra. CBA3b MeXK1y (usmnye-
CKOIf H aHAJONOBOH YaCTSIMH MOJEJH OCYIIeCTBJSIETCs CrelHaabHbIMI
yIpaBJIsSeMbIMH YCTPOHCTBAMH, Ha3BIBAEMBIMH UCTOUHUKAMIL TOKA. Pac-
CMOTPHM HanGojsee pacmpocTpaHeHHbe BcnOMoraTe/bHble ITPHEMBEL
MOJEJNIPOBAHNS 3JeKTPHUSCKHX MallHH.

MeTop, pelienus BCnoMoraTenbHbx AH(depeHIHaabHbIX yPABHEHHH.
Bocmnpoussenenne GyHKUHH MOMKeT GHITh OCYIIECTBJIGHO € TIOMOLIDIO
TUNOBBIX 610k0B ABM  (cymMmaropoB, HHTErpaTopoB, HHBEPTOPOB
M T. 1.) METOJOM MHTENDHPOBAHUA ONPELENTIONIHX A DepeHLHaTbHbIX
y-pa'B‘HeHHlul. ITocnenoBarenbHo aupepeHUHpys 3aaaHHYIO (YHKILHIO,
HAXOOSIT Takoe ,un(b(pepeHuHaJIbHoe ypaBHeHHE, penIeHHe KOToporo aa-
eT MCXOAHYIO (PYHKUMIO, H AJS peasjH3alHH ero pelleHHs He Tpebyercs
crennaJbHOTO 060pyaoBanusa. Takoe ypaBHEHHE HA3BIBAIOT 8CNOMOSA-
TeAbHOIM, WITH ONPEAENAIONHM. 3aTeM pellaloT MoJyYeHHoe YPaBHEHHE
#a ABM. Meroa no3soJisieT TOJYUHTh Pa3IHUHble (YHKIHH.

Mpumep 2-4. Tlosyueine Bienniero Bo3jeiicTBHSA B BHAE rapMonnueckoil pyHk-
uun y=sin (wf-41g). I[Ipoauddepenunpyem sagaunyio GpyHKIHIO!

dyjdt = wcos (of +Uy). (2-76)

Vpasuenue (2-76) He siBJAeTcs ONpelesAIOLIHM, TaK KaK s oGpasoBaHua (QyHK-
1 cos (of+1y) neo6xoaumMo (YHKIHOHAALHOE YCTPOMCTBO. IMponnddepenunpyem
ypasuenue (2-76):

d2y[di2 = — w2 sin (of + ) = — oy (2-77)

HJIK
d2y[dt? + w2y = 0. (2-78)
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¥pasuenne (2-78) — ompezensiiontee, TaKk KaKk TPH HAaYaJAbHHEX YCJIOBHAX —
t=0, yo=sinp,, (dy/df)o=w cosPp— ero peurenHeM SBJIACTCH 3ajaHHad QYHKIHS.
TPYKTYpHag cXema pellenus ypapHenus (2-78) npusesena Ha puc. 2-10. Ona
LIIHPOKO HCHOJB3YeTCS TPH MOJEJHPOBAHHH 3JEKTPOTeXHHYeCKHX 8alay, HampHmep,

Puc. 2-10

IPH H3MeHsIOmeMcs MO CHHYCOHAAJbHOMY 3aKOHY HANpsKeHHH HCTOUHHKA [HTaHHS
A751 peasH3alHH 3aKOHA H3MEHEHHS B3aHMHOH HHAYKTHBHOCTH MEXKIAY KOHTYpaMi
cTaTopa H POTOpa 2JeKTPHYECKOH MAalIHHBI H T. 1.

Hns ypoGersa no/b30BaHHS CXEMOI pekoMeniyercss Ko3((QHUHEHTH Tnepejaun
GJI0KOB NDHHHMATH PABHEIMH .

kyy=kog=ofmy;  ky=1. (2-79)

' Havasnbipie ycnopHs, ycTaHapJHBEaeMEle Ha HHTETPHPYIOIHX ycHanteanx I u 2
(cm. puc. 2-10), HaxoaATCA H3 COOTHOUIEHHI -

19 = omy cos Yp/(mkark31);  uag = — sin domylks;. (2-80)
ITpu 3TOM IOJKHBI BHIIOJHATLCS HEPAaBEHCTBA ]
me/(m‘sz]_kgl) < 100; my[k31 < 100. (2-81)

B psije cayuaer HeoGXOAHMO NOJYYHTH 3aBHCHMOCTH y=sin (f+1po) NpH Hame-
HsllomeHcs yrioBoii Yactote koseGanuii w=var. [Ipu stom nenecoo6pasno N0OJL30-
BAThCSl HECKOJILKO BHJIOH3MEHEHHOH (IO CPaBHEHHIO ¢ mpeAblaylleii) cxeMOH, TpHse-
JeHHOH Ha pHc, 2-11. Baok [ 3peck BHmosHseT omepauuio AnddepeHlHPOBaHHSA,

,(ii)
- |7 (q%),
— Ha Ky 1 HE

‘_{i-casmhtp
X _cos(wigy)

.-yu
3 K3 2 K21
. 5 =L/
y=sin@t+¥)
(s e =1
| |
wt+¢ ! ]
Ly - || _dwird)
| >5 i) EPSEIR
Pl Srrey e B !
Puc. 2-11




[pu @=const seanunna d(wf+o)/di=e u #a Buxoge Gioxa 8 obpasyercs rap-
MOHHYECKOe KoJefauue ¢ nOCTOAHHOI YrvioBoil uacroroil. Jlannasa cXeMa LIHPOKO
HCIIOJABL3YETCS IIPH MOJEJHPOBAHHH 3JCKTPHUECKHX MAalIHH C YYeTOM H3MEeHeHHs Hac-
TOTBl Bpalilenns portopa. B 3tom ciayuae 6Guok [ orcyTcTByer, a BeJHYHHA d(of+
+1pp) /df=w® moayuaeTcs NIpH pelleHHH YPaBHEHH#A JBHIKeHHsSI pOTOpa 3JeKTPHYECKOIT
Mall i HEbL.

Mpumep 2-5. IToayuemie (yHKIUH, TPeACTABJICHHOH TOJHHOMOM TpeTheil cTe-

MeHH:
. W= ap + art + axt? + astd. (2-82)
IMpoanddepeHHposas ABaXK AL 62.82), noJayuaem
d2y[dt? = 2ay + Gast. (2-83)

Pewentie (2-83)  npH HauaJbHBIX YyeaoBuax — f=0, yo=dao, dyo/di=a — sBJIACTCA

“0-"“30-“0“ (2-82). CrpykTypHas cXema pelleHs ypashenns (2-83) npHseleHa Ha
pue. 2-12.

Meton HesiBHBIX (yHK-

uHit. DTOT METOM OCYIIECTB- -—(%)
Jsier BOCHpousBenexne  d°y o dy
(DYHKIIHOHAJBHEIX 3aBHCH- dt? ~di kv

MocTell HJIH onepaiuii, Ko-
Topble APYTHMH crioco6amu
MOJYYHTb 3aTPYIHHTEILHO
HIAH  IPAKTHYECKH HEeBO3-
MozKHO *. OH OCHOBaH Ha
BBINOJHCHHH onepauuu
Unrx=T (11, Up) B BHIE
F(ul,- Uz, Upnx) =0. C nomo-
IILI0 PeHIaloNIHX ‘3JIeMeH- -

rob ABM  cooTHOlIEHHE Puc. 2-12
F (w1, t2, Upux) =0 MOKHO

NpeJCTaBUHTL KaK

F (st tho) = Ui ALy (2-84)

rae A —xosdduiuent ycunenns youanTeas, BXOAAMEro B cxeMy yo-
paBJICHHS. .

[TorpelIHoCTs TaKONo MPEACTAB/IEH S TeM MeHblIe, YeM GOoJbIIe Be-
juunHa A. Cxema ycTpoiicTBa, peasH3yIolero BhpaxKeHHe (2-84), mo-
Ka3aHa Ha puc. 2-13. B Heil HCNOJB30BAH yCHIHTED MOCTOSHHOTO TOKa
¢ GOJBIINM KO3 PHUIMEHTOM yCHIeHHs. Bocmpon3BOANMAs (OYHKITHST
NpeCTaBIsIeT coGoil 0GpaTHYIO (PYHKIHIO LeMH 06paTHou CBASH YCHITH-
reast. JpyruMu cjoBamu, IIpH HaJHYHH (hyHKIHOHAJIBHOTIO ﬂ'p60-6pa30‘
BaTessl, HACTPOECHHOr0 Ha (HYHKIMIO f(i), MOXKHO C IOMOLILIO paccMar-
puBacMOil cXeMbl 06pa3oBaTh 0GpaTHYIO €l (YHKIHIO foliae) Hp-HMej
paMu OOPATHBIX (DYHKIHI MOTLYT CJYyKHTB: yMHOKeHHe — /1e/ICHHE;
Jsorapu(pMHPOBaHHe — MOTEHIHPOBAHHE; BO3BeAeHHE B 11-10 CTeneHb —
H3BJIeUEHHE KOopusl n-II CTemeHH; NOoJydeHHe sin o — HAXOXKAEHHE
arcsin o 4 T. 1.

# [llunsetico A. B. OcHoBbl aHAJOTOBOMH Bb['-[HC.JIHTEJIbHOﬁ.. rexauku. M., DHeprus,
1971, c. 104—107. .
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BoJblioii npakTHYeckHii MHTepec TPEACTABJSET OCYLIECTBJEHHE
onepauyus gudbepeHHpoBaHtsl MeTOL0M HesaBHBIX (pyHKuuil. IIpu atom
B llenb 06PAaTHOI CBS3H YCHIHTES HEOOXOAHMO BKJIIOYHTL HHTErPHPYIO-
liee yCTpoicTBO (puc. 2-14).

HesBHYI0 (YHKIHIO, COOTBETCTBYIOILYIO ONEPAIHH ilpyyx=—dlpx/dl,
NpeACTaBHM B BHIE .

t
F Ugpux @t~ 1y =0, (2-85)
4

+
A> o
Ygsix

F{¥gyxr Uy Uz ) [=—0Uy
f<=—ou,

Puc. 2-13 Puc. 2-14

CocraBuM A5 ToukH N ypaBHeHHe TOKOB Ha OCHOBaHHH 3aKOHa
Kupxroda: y
: t

Uypix 1 u 1 |
—_— e & SEBRT Y d _..;-=-O, 2
(o= )b (3 [t (2:86)

rae A — kosdumment yennenus yeuanres.
[Tpu A—-co moayuum

i i
AES BX s t 2_
R. R SuBNxd ( 87)
1] -
HJIH
t

qu o _5 uBblxdt1 (2-88)
OTKy/a

Wyx= —d . /dt. (2~$9)

Jl1s1 MOBHIIIEHHS CTaOGUAbHOCTH paGoTe CcXeMBl B LENb 00paTHO
CBsA3H YCHJIHTE/A HHOTLa BK/IOYaloT KoHAeHcaTop (cM. Ha puc. 2-14
IITPHXOBYIO JIHHHIO) . ]

[pnOiHKeHHOE BbIMONHEHHe onepauun AuddepenuupoBanns. Uac-
TO B YCTPOHCTBAX YNPABJ€HHs MM u3MepeHHS TPebyeTcs BHITOJHHTbL
HENocpe/CTBeHHOe TH(depenuuposanne. M peaabHblii onepaTop Aud-

48




(pepeHUNPOBAHNSI p NMPaKTHIECKH TPYAHO peasiH3yeM, Tak Kak AJs 3TO-
ro Tpebyercss HeorpaHHYeHHOE yBesHdyeHHe KO3(GHIHNeHTa YCHJIEHUS
t poctom vactoThl. OgHako Ha ABM Jsierko moryTt OBITH BOCIPOH3Bele-
Hpl onepatopu tHna ap/(Top+1) umu ap/[(Tip+1) (Tep+1)], ¢ momo-
LBI0 KOTOPBIX onepanus Au(depeHHPOBAHHA BHIIOJIHAETCS IPHOIH-

9 =

A ] f
y
Y & > = {a -

Puc. 2-15

sKeHHo. TOUHOCTh ee BEIMOJIHEHHS B paboueM Auana3oHe 4acTOT, JOCTa-
TOUHO MaJIBIX MO cpaBHeHHI0 co 3Hauenmusmu 1/To, 1/Ty, 1/T2, BHOIHE
npuemiaema. Jlocrouncrsom pac-
CMATPHBAEMBIX NPHOJHKEHHBIX R2
MeTOHOB  Hu(depeHUHpOBaAHHS — L
SIBJSIETCS HX CIIOCOGHOCTB «CrJia-
JKUBATh» NapPa3HTHbIE BHICOKOUA- Ri
CTOTHBIE HMIYJbCHBIC TOMEXH,  y, ~~ Ir>
KOTOpbI€ TIpH HCIIOJIb3OBAHHH
HAEaJbHOTO  nuddepeHHaTopa Ra
ycusniich 6ul. Ha puc. 2-15, a RS
1 O NPHBEJEHLI ABe NpaKTHYECKH
HCIoJib3yeMble  cxembl  gubde- -
peHUHPOBAHHS, TpHYEM CBs3b -u, <2 g,_J
MeXKy BXOIHBIMH H BBIXOJHBIMH
HaNpSXKEHHAMH yCTaHaBJIHBAET-

csl COOTBETCTBEHHO COOTHOINIEHH- Puc. 2-16
AMH
P pla
Yyo= ——1 H YYo= Y-
0 2 0 Yo pla + 1

«CTOYHMK TOKa» M ero npumenenue. [Ins pemends psAna 3anad
TpeOyIOTCsl yCTPOicTBA ¢ YINPAaBJAEMbBIMH BHIXOAHBIMH CONPOTHB/ICHHA-
mi. OCHOBOIT HX ABJAETCS «HCTOUHHK TOKa», paspaGoTaHHbI MPIMEHH-
TeJIBHO K MOJEJHPOBAHHIO CHHXPOHHBIX MauldH. McTOYHHK TOKA TIpei-
CTaBJIsIeT COOOH CJaeAsillyl0 CHCTEMY, TMOAJEpKHBAIOLLYI0 TOCTOAHIBIM
NajeHle HanpsKeHHsT HAa CONPOTHBJEHHH, BK/IIOUEHHOM IOCIEL0BA-
eqbHO B HATPY30YHYIO IEMb (pHC 2-16). PaccMOTpHM YCJIOBHS Ha-
CTPOHKH HCTOWHHKA TOKa. Eciu B cxeme (puc. 2- 16) mpHHATO, YTO
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Rs=Rg, To Ha ocHOBaHHH 3akoHa Kupxroda A1 cyMMUDPYIOUIeH TOUKH
yeuauTess: / MOXKHO HalHcaTb ypaBHEHHE

usx/R1+UA/'R2_ U,[!R4“;O, (2'90)

rae Uy —mHanpsizKeHue HarpysKH.
B conpotusaennn Rz TOK

: i3==(Upr—UYIR;. (2-91)
Tox Harpy3ku
iy=is—U IR, (2-92)
Peuwrnm ypasnenus (2-90)—(2-92) oTHOCHTeJIBHO TOKA HArpy3KH
: Ry 1 1 Ry
Ipu
Rgf(Raf\):;)—“ 1/R3 i I/R(;:O (2'94')
MOJIydaem
ly= — U Ro/(R1R3), (2-95)

T. €. IDH BRINOJHEHHH yCJOBHsA (2-94) TOK HArpy3kd He 3aBHCHT OT Ha-
IPSIZKEHHs B MECTe [OJKJIIOUeHHsT BhIX0/Ja cxeMmbl. TakuM o06pasoM, Kak
BHIHO M3 ypaBHeHHs (2-95), mosiyued HCTOYHHK TOKA, €r0 TOK 3aBHCHT
TOMTBKO OT yNPABJAIOILET0 HANPAXKEHHSA Upx H HE 3aBHCHT OT CONPOTHB-
JICHHs BHelIHeH cXembl. Ha Beixogme yeumuTtenst 2 obpasyercs Hamps-
JKEHIE y3J/1a, K KOTOPOMY NMOJKJII0YeH HCTOUHHK TOKa.

Perynuposky HCTOUHHKA TOKa MOMKHO NPOH3BOLHTH COMPOTHBIICHUSA-

MH Ry HaH R3, onpesensieMBIMII H3 COOTHOICHHIL: .
' Ry=RyR/(R3-}-Ry); (2-96)
Ry=Ry (Rof/Ry—1). (2-97)

H‘pPIMEHBHLIeoHCTOLIHlil(a TOKa 4ypeashuaifHo pasHooOpasHo: m3Mepe-
HHE HANPAZKEHHH, KOTZa CONPOTHBJIEHHE CXEMLI H3MEPEHHS JOJIZKHO
OBITH OYeHb OOJIBIINM; HCHOJNB30BAHHE B KaueCTBE ynpaBJ/IsiEMBIX OMH-
HECKHX H PEAKTHBHBIX CONDOTHBJEHHI, B KauecTBe IOJOXKHTEILHOrO
HJIH OTPHIATEIBHOTO CONPOTHBJIEHHSA; MOAEJHPOBAHHE HHAYKTHBHOCTH,
SHC u T. 1.

IIpn mojenHpOBaHHH QICKTPHUSCKHX MAIIHH HJAH 3JIEKTPOTEeXHHUe-
CKHX CXE€M HCTOYHHK TOKa JaeT BO3MOKHOCTL COUETaTh MaTeMaTHuecKoe
MO/eJHPOBaHHEe C (H3HUECKHM MOJEJHPOBAHHEM OTAC/ABHBEIX 3JICMEH-
TOB cHcTeMBbl. Tak, Hanpumep, NIPH HCCJEJI0BAHHH CHCTEMBI «CHHXPOH-
HBIl TeHepaTop — BBHIIPAMHTEb — Harpyska», IHNPHMEHAS HCTOYHHK
TOKAa, MOXKHO OCYLIECTBHTb NpeobGpasosanus HaNpsIKEHHI MOJEJIH CHH-
XPOHHOTO IeHepaTopa, NPOMOPIHOHAJLHEIX peaJbHBIM TOKAM, B TOKH
Ha BXOJe BBIMPSMHTEJs, a Takke oOparHele npeoOpasoBaHus. Takoii
METOX MOAEJNHPOBAHHA B PsALe ClyuaeB 3HAUHTEJBHO YIPOLLACT 3ajauy
HCCJJAeI0BaHHA. -
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§ 2-5. ¥cToHUMBOCTE MAaTEMATHYECKOH MOaeH
H NOrpemHoCcThL ]JEI.IIEHHH

[Tpu pemennn 3agau na ABM mens6e:xHo BOZHHKAET BONPOC O TOU-
HOCTH II0JIYYEHHOr0 pelreHHs. HeTouHOCTb peleHHs ypaBHEHHH omnpe-
JeqsieTcsl TpeMsl BHAAMH NOTPeIIHOCTel: pellalolux 3/1eMeHTOB, MaTe-
MaTHUECKOTO ONHCaHHA 00beKTa U BLIBOAA WH(OpPMaIHH.

ITorpeurHoCTH pelralouInx 3JIEMEHTOB CKJIaJAbIBAlOTCS H3 MHOIHX
COCTaBJISIIOILNX, H3 KOTOPBIX MOKHO YKa3aTh OCHOBHbLIE: :

1. IlorpemnocTs, BHOCHMAsI KOHEUHBLIM 3HaueHueM Ko3dduuuenra
yCHJICHHs] yCHIHuTe s . Brie GbJI0 MOKa3aHo, 4TO ONepalHOHHbIH Y CH-
JHTENb MOCTOSTHHOTO TOKA 3a CueT OeCKOHEUHO OOJIbIIOro YCHJICHHS H
OTPHIATEJIbHONH 00PaTHOIT CBSI3H MOZKET BHIMOJHATL ONepaliil CyMMHPO-
BaHusl, MHTENPHPOBAHHS M T. A. B JeficTBHTEJIBHOCTH KO3((pHIIHEHT
YCHJIEHHiSI PCAJIbHOTO YCHIHTENS] HMEeeT KOHeUHYI0O BEJHUHHY H, CJIeI0-
BATEJIBHO, BLITIOJHSIET ONEepaliy ¢ HeKOTOPOH NONPelIHOCThI0, KOTOpas
TeM GoJsblie, ueM MeHblue k03(uuuent ycuaenus ycuinreas. C 3Toi
TOUKH 3PEHHS, HATIpHMeEp, yeunuTenb moneau MHDB-1 6osiee ToueH, yeM
yCHIHTENb Moaesn MH-7.

2. IlorpemiHoCTb MPOBOAHMOCTENl BXOAHON 1IEMH YCHIHTEJS M IIeNH
0GpaTHOIl CBsI3H. DTa NMOTPEINHOCTh ONpeAessieTcss HeTOYHOCTHIO HOMH-
HaJbHEIX 3HAYEHHH CONPOTHBJEHHII PEe3UCTOPOB M eMKOCTeil KOHIeHca-
TOPOB, YT€UKaMH KOHAEGHCATOPOB M T. A. [Ipuuem oHa TeM OoJiblie, YeM
6OJIbIIIE YHCJIO CJlanaeMBblX, II0JaBaeMbiX Ha ONEPAIHOHHBIH YCHIHTEND,
H ueM OOJbIIe mepefaToyHsle KO3 (HIHEHTH, yCTAHOBJICHHbIE HA €ro
pxonax. C 3Toll TOUKH 3peHHs! NIPH COCTABJEHHH CTPYKTYPHBIX CXeM pe-
HIeHHS HYJXHO CTPEMHThCS K MHHHMAJbLHBIM TIepeJaTOUHBIM KO3 (dHIIH-
eHTaM Ha BXOJaX OMepPaUHOHHOIO yCHJIHTEJs H OPpaHHUYCHHOMY WHCIY
cJ/laraeMbIX Ha KaXKJ0M H3 yCHJHTeJel.

3. Tlorpemnocts, 06ycAOBIEeHHAS . HECTAOMJIBHOCTHIO  HYJIEBOTO
ypoBHs ycunurenei, peid Hyselt pemaipomux ycHanTe el Onpeaess-
eTcs HaJHUYHEM CETOYHBIX TOKOB, H3MeHeHHEeM.3MHCCHH KaTOAOB 3JICK-
TPOHHBIX JIAMIM, HECTaGHJLHOCTHIO HaNpsSKeHUs THTAHHS YCHIHTES,
H3MEHCHHEM TIapaMeTpPOB 2JIEMEHTOB BO BpEeMEHH, HanmpHMep OT Harpe-
pa. UTOOBI yMEHLIINTL BJAHSHHE jApeiia HyJei, mocje MPOTPeBa
WAIIHHB! TI€pei HauaaoM paGoTHl yCcTaHABIHBAIOT HYJIH € ITIOMOIIbLIO
yyBCTBHTEABHOIO MHJIJIHBOJILTMETPA, NOAKJIIOYEHHOTO K BBIXOLY YCH-
JIUTEJST TIPH  KOPOTKO3aMKHYTOM BXxome. I[lorpemHoCTH, BbI3BaHHBIE
ycTEﬂH‘O(BI’{OfI H npeiidhom HYJs, HauboJiee CHJABHO CKa3bIBAIOTCA B PEXH-
Me WHTETPHDPOBaHHsA. /g yMeHbIIEHHs] BJAHsSHHS Apeilda Hyasd OUEHb
BaiKHO MAacIITAalbl MMEPEeMEeHHHX BhIGHpPaTh TaK, YTOOBI BLIXOMAHBIE Ha-
NpSAKEHHS PEIIAIOIIHX YCHIHTe el M3MeHsANHCh B Npelenax BCEH IUKa-
Jbl. JIpeid Hy/ast cXeMBbl pelleHHsT JOCTATOUHO POCTO npoBepseTcs A4
JHHEHHON CHCTeMBI. tuddepeHnnanbHbpIX ypaBHeHHil yCTAHOBKOH HyJIe-
BBEIX HaYaJbHBIX yCJIOB‘Hl?I Ha WHTErparopax, OTKJIHYeHHEM HCTOUHHUKOB
BHEUTHAX BO3MYILIEHHH © momxadyed xomauan «ITyck». Pemrenne Ha BHI-
X0/laX PEIIAIOIHX YCHIHTeNeH NOJNKHO OHITh HyJeBbIM. [IpakTHUECKH
HIeaJbHBIX HYJIEBEIX PEIIeHHH MOJYYHTh He yjgaeTcsd, 0AHAKO OTKIOHE-
HHE PeIleHHi OT HyJs He NOJKHO NpEeBLIIATh A0JMeH BOJbTA.
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4. TIorpelHoCTH HeJTHHEHHBIX (DYHKIIHOHAMbHBIX npeoGpasoBartesnei.
B macrosiiee BpeMsl HanOojiee DAcnpoCTPaHEHbl AHOAHbIE (DYHKIHO-
HalbHBIEe ycTpoiicTBa. Jljst yeTpoiicTB 3TOro THMA IMOrPEIIHOCTH o0yc-
JIOBJIEHLI B OCHOBHOM AallllPOKCHMAalHed HeJHHEHHOH 3aBHCHMOCTH H
TOYHOCTBIO ee BOCHPOHU3BeJdeHHs, OIIHOKaMH BO BXOJHOM CHrHaJe, TO-
NaBaeMOM Ha (DYHKIHOHAJbLHBIH GJIOK.

Uro6bl YMEHbIUHTb MNOTPEIIHOCTH JHOAHBIX (PYHKUHOHAJIBHBIX IIpe-
o6pasoBareseii, CJEIyeT YBEJHYHBATb CTYNEHH aNNpOKCHMALMH Ha
yuyacTKax HeJHHEiHOfi XapaKTepHCTHKH, HMelollell 60/bUIYI0 KPHBH3HY.
Heo6x01uM0 TaKiKe YUHTHIBATb, YTO TIOPPEUIHOCTH, OOYyCJOBJIEHHbIE
olIHOKAMH BO BXOJZHOM CHTHaJjle W OLIHOKAMH BOCIDOH3BELCHHS HeH-
HellHOil 3aBHCHMOCTH, Hanbo/Mee CHIBLHO TPOSBISIOTCS y TEX HeJHHeli-
HBEIX 3aBHCHMOCTEH, KOTOPhIe HMEIOT OOJbLIYI0O KPHBH3HY.

ITonpenHOCT MHOKHTEJIBHEIX | JeIHTeNbHEX yCTPOHCTB, padoraio-
IHX HA TNPHHIHIE HeNpsAMOro JeficTBHS, BO3pacTaeT C yMEHbIIEHHeM
BeJIHYMH COMHOXKHTENeH MIH BeJHUHH AeqaumMoro u aenutens. Hauboub-
lIee BAUAHHE Ha TOTPEIIHOCTh PEelIeHHs 3aj]ayd 3TH YCTPOiicTBA OKa-
3BIBAIOT B TOM CJIyYae, KOI/la MallHHHLIe 3HAueHHs COMHOMKHTENEH sB-
JSIIOTCS MaJjbIMH BeMHYHHaMH, a pe3yJbTaT NpPOH3BeJeHHs C BbhIXOJa
MHOJKHTEJBHOTO YCTPOHCTBA TIOAAETCs Ha YCHJHTENH C OOJILIIHMH KO-
abhduLHeHTaMu nepeiayu.

[TorpemrHoCcTh B pellleHHe BHOCAT He TOJILKO ONepalHOHHBIE yCHIIH-
TeJIH M (DYHKIHOHAJBHBIE MpeoOpa3oBaresy, HO W APyrHe pelaonme
3/eMeHTbl — MOTeHIIHOMETPhI, JeJHTeJH H T. JA. 1aK, peuraiouniue 3Jje-
menThl GosbunHcTBa ABM nator norpemmocty He GoJee: HHTETpHPYIO-
llHe i CYMMHpYIOUHe yCHIHTe A — 0,1%, 6/0KH MepeMHOKCHHT 0 Ie-
aenus —0,2—0,3%, dynkunonansusie  npeoGpasosatenn — 0,5%.
YMeHbIlIeHHE MOrPEIIHOCTell MeHblue yem ma 0,1% Ha MOJYLIKaTy Hpi-
BOXHUT K PE3KOMY YIAOPOKAHHIO MAIIMH M NpaKkTHUECKH FABJIACTCH HELE-
JiecooOpasHbIM.

ToyHOCTL pelieHHs 3a4au Ha ABM, k coikanenulo, He paBHa TOUHO-
CTH OTAEJBHBIX G-HOKOB, TaK Kaxk CyMM-ap.Haﬂ Howppem;ﬂoc'}"b 3aBUCHT
1 OT KOH(HTYPALHH UX COeNHHEHHS B CTPYKTYpHO#H cxeMe, i OT thopMEL
3aMHCH HCXOAHBIX RHGGEDPeHIHATLHbX ypasHenuii. MIcXoHbe ypaBHe-
HHST JOJXKHBEI TIPHBOIUTLCH K TaKoii ho CTPYKTYpHAasA cxXema
colepixaJja MHHHMAaJlbHOe KD-HH‘IECTI?O p}'l;{:ﬁ]:;roo]g};:}\ ggogg, ocoOeHHD
TEX, KOTOPEIE NAIOT SHAYHTENbHbe morpemrHocTd (6J10KH YMHOMKEHH,
HHTErpOCYMMATOPEl H T. 1.). M3Becto, yro 3amuch CHCTEMB Xudde-
PeHUHAIBHEIX YPABHEHHH NDH coXpamenyy B Ka)KAOM YPaBHCHHH TOJb-
KO OJIHOTO C/IAraeMoro B BHIe NepBoii npou3BoAHOM 1o BpeMenu (ypas-
HEeHHsI KOH.I‘I-I) 'CHOCOﬁCTByeT NOJIVUeHHI0 cXeMBbl MoJeJsH € MHHHMAJb-
HBIM KOJIHYECTBOM ONEPAUHOHHBIX yeuanTeell.

[TIpu pemenuy 3anad #Ha ABM pcerga goqxma OBITb OGecreueHa
CTPYKTypHast YCTOUYHBOCTb MOemy, OJIHHKO npu pEH.IE‘H-H‘H KOHKPETHBIX
3ajay 370 He BCerJa MOJyYaercs, Tak kax p caMoM OPHDHHAJE IpoIec-
CHl TOCJie BO3MYILIEHHS MOTYT He 3aryxar, po BpeMeHu (Hampumep,
caMOBO30YKACHHE /ICKTPHUCCKON Manrimp) .

‘-Iacrou BO3HMKAIOT H TAKHE CHTYalluu, mpy KOTOPHIX PEANbHBIH 00b-
eKT yCTOHUMB, @ CTPYKTYpPHas CXeMa momenn neycroiuusa. Ilpu aToM
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CHJIbHO 'BO3pPacTaloT MOTPEUIHOCTH pelleHHsl, a B OOJBIIHHCTBE CJyya-
eB TIOJYYHTh PeLIeHHe HEBO3MOMKHO, UTO OO DBICHAETCS HEeHACaILHOCTLIO
BLINIOJIHEHHS onepauuii pemanmuMu sjaementamy. [Tonob6Hoe sBieHHe
HA3BIBAIOT CTPYKTYPHOL HEYCTOHHUBOCTHIO MOOeALL. r

151 oro yToGB MOAENDb Oblj1a CTPYKTYPHO YCTOHYHBA, NPAaKTHIECKH
HEOOX0AHMO BBLINOJIHEHHE CJAeAYIOUIHX YCAOBHI:

a) B MOJEJIH He HOJIZKHBI COAEPIKATLCS KOHTYPHl «ajre6panueckoro
THIA», T. €. 3aMKHYTble KOHTYPHI, COCTaBJEHHLIE U3 HEYeTHOro yHC/Ia
CYMMUPYIOUHX YCHIHTENE ¢ 6OAbIIIM KO3(Q(OHIHEHTOM YeHAeHHsA. DTO
yCJIOBHE JIETKO BBINOJHSCTCS TPH NMPHBEAEHHH HCXOIHOM JIMHEiHOi Cil-
cTeMbl YpaBHeHMII K TakoMy BHAY, uTOGEl OHA COCTOSJIA TOJIBKO U3
uHTErpo-AnddepeHiHalbHBX YpaBHeHHI, Kaxaoe H3 KOTOPLIX paspe-
mIeHO OTHOCHTEJBHO BHICIUEH MPOHU3BOAHOH OXHOH M3 HEH3BECTHBIX.
[IpaBble 4acTH THX YPABHEHHIl JOJIKHBE GBITh COCTABJEHBI TaK, YTOODI
BBICIIHC TPOH3BOJHEIE MOXKHO OBLJI0 OMpeaeNsiTh MeTOL0M [OCJen0Ba-
'"TeJILHOTO HCKJIIOUCHHS; .

6) YNCJI0 KOHTYPOB MOJIOMKHTEJbHOH OOpaTHOI CBSA3H, COCTOSIIIHX
13 UeTHOTO YHCJa YCHJIHTeJelH, B MOJeJH JOJIKHO ObITb MHHHMAJJIbHBIM,
a cyMMapHblii Ko3(d¢HuuUHEeHT nepegaun a/jreGpaHueckoro KOHTYypa ¢
JIOJ0KHTEJILHOH 06paTHOIl CBsI3bI0 [JOJKEeH OBITb MeHbUIe eJIHHHIBL.
{IpaKTHYECKH CXeMa OKa3blBaeTCs YCTOHUMBOH npu KO3 GHIHEHTe Te-
pexaun £<<0,95--0,8;

B) XapaKTepHCTHYECKHE YaCTOTH HHEPIHOHHBIX 6J0K0B wo=1/(RC)
JOJIZKHBI OBIThb Ha TPH-UeTHIPEe MOPsiJKa MEHbIIEe 4YacTOT, Ha KOTOPBIX
Be/EACTBHE (hAa30BBIX HCKAKEHHil OTpHIaTe/bHBIe 0GpaTHbIe CBA3H 00-
pallaloTCs B TOJIOXKHTEJNBHEIE, T. €. MeHble BO3MOMKHLIX 4acTOT CaMo-
BO30YKIBHHSI.

BoinoJinente 9mHX MpaBHJI B OCHOBHOM JOCTHraercss npeoGpasoBa-
HHEM HCXOLHONH cHcTeMBl ypaBHeHHil. Ecin B cXeMe MOZeJH He y1aeTcs
y36eKaTb anrebpanvyecKHx KOHPYPOB, TO B HHX YMBIIIJIEHHO BHOCAT He-
KOTOPYIO HHEPIHOHHOCTb, NPEBpallas TeM CambiM OTJAeJbHble OJOKH B
(HIALTPBI HHXKHHX YaCTOT.

ITpn necnenosannsax Ha ABM Goabuioii wHTepec H MPakTHYECKYIO
LEeHHOCTh IIPEACTABJISCT ONpeJesieHHe MOrpelHocTH Mno/Jay1aeMoro pe-
wemns. CyllecTByioT pasauuibie cnoco6e OUEHKH H KOHTPOJIS MPaBU/Ib-
HOCTH PEUIeHHd 3a1au. '

AHaZUTHYCCKHIT pacueT MOPPEUIHOGTH PEIleHNs MOXKeT GBITb TPOH3-
pejleH MyTeM aHajn3a ypaBHeHHil norpemnocteii. CymecTByioT M KOC-
BeHHbIE MCTOJBI OIEHKH: MOBTOPHOE pelleHHe 3aJadyl ¢ Moc/elyIolHM
cpaBHCHHEM DE3yJbTAaTOB pelleHHil, CpaBHEHHEe MAallHHHOTO PelleHHs ¢
TeopeTHYECKHM, pellleHHe Ha MalliHe clelHa/JbHBIX TeCTOBBIX 3aaad.

Ilpu npaktuyeckoii pa6ore Ha ABM wmoXeT OHTb PEKOMEHIOBAH
cJelyIOINIT croco6 KOHTPOJST MpaBHIbHOCTH peueHus. [lycrb 3ajnaHa
auHeiiHas cucrema audQepeHuHaNbHBIX YpaBHEHHIT

goyldi=F [, Xa, wStsitL)s
AXoldt= fo(X1, Xoy... s X,); (2-98)

dx,,l'dtzf,t (xl, at‘.], “ e xn)



IPH HAYAJBHEIX YCJAOBHIX
X1 (O) =X X2 (O) =Xgp5 « .03 Xy (0) =Xn0-

JIa5 npoBepKH Ha TOYHOCTh pellaloT He 3afanuyio (2-98), a Bcmo-
MOTaTeJNLHYIO CHCTEMY

dxifdt= f1(x1, X3 ..+ Xp)— f1(X100 Xogs 2= Xpo)i

dxofdt= fo (%1, X35 -5 X,)— fa(X100 X205 » - - Xp0); l (2-99)

. B

AxXyldt= fp (X1, %oy - .oy %) — fr (X100 X205 -+ - Xpo)-

Pewenus cucremsr (2-99), Kak M3BeCTHO, PaBHBl X|=Xjq; Xg=
=X20; ...} Xn=2no. OTKJIOHEHHUS MAIINHHOTO PElIEHHs OT ITUX 3HAUEHHIT
OYLYT XapaKTepH30BATb, CTENEeHb TIOTPELUIHOCTH. L A

PaccMoTpennbie OCHOBHbBIE MOMOMEHHS, KACAIOUHECST CTPYKTYPHOIL
YCTOHUHMBOCTH MOZeJIell H TOuHOCTH pemenus 3ajgau ma ABM, crenyer
YUHTHIBATD KaK TPH pa3pabOTKe CTPYKTYPHOH CXeMbl HCCJIEAyeMOoro

00BEKTa, TaK U TPH NPAaKTHYECKOi paGoTe Ha MOAEJHPYIOUIei ycra-
HOBKE,




FJTABA Il
MATEMATHYECKOE MOJEJIHPOBAHUE ACHHXPOHHBIX MALUKWH

§ 3-1. CocraBaenue guddepeHIHATbHBIX ypaBHeHﬁﬁ

Tlpu cocTaBJeHHH ypaBHeHHII H paccMOTpeHHH IepeXOIHHIX IpOo-
[IeCCOB ACHHXPOHHBIX MAIUMH HCNOJb3yeM OOIIeNpHHAThHIE JOMYLIEHHS
H OTpaHHYeHHS, CBSI3aHHbIe C IIOHATHEM «HICa/JH3HPOBAHHAS MaIIHHA»:
MalllHHa HeHachlllleHa, NoTeph B CTaaH HeT, ¢a3Hble 0OMOTKH CHMMET-
pHYHBI M CABHHYTHI Ha
yroa 90 3J1. rpaja avist 1ByX-
¢asupix mMawue 4 Ha 120°
qas  tpexdasunix; MIC
(MArHATOABHIKYIIHE CHJIBI)
0OMOTOK H MAarHHTHBLIE IO-
Js pacnpeiesieHbl CHHYCO-
HJAJbHO BIOJb OKPYXKHO-
CTH BO3ILYWHOTO 3a30pa;
RO3AYIUHBIA 32a30p paBHO-
MepeH; pPOTOP CHMMETpH-
yed. Peanbnasi pacnpeje-
JeHHas oOMOTKa 3aMmenena
cOCpEJOTOUEHHO, a ee
MJIC  npHHATA paBHOIl
MJIC peasbHOIl 0OMOTKH.

B cayuae neo6xoaumo-
CTH MOTYT OBITh YUTEHBI Ha-
cplllleHHe MarHuTHO IIen,
[I0TEPH B CTAJH, HECHMMET-
pHsl POTOPA‘H T. [, OJAHAKO
3TO 3HAUHTENbHO YCJIOHKHA-
eT BUJ YPaBHEHHII H UX pe-
HIeHHe.

MaremaTnueckoe OIH-

canne IIPOLeCCOB 3JIeKTPO- Puc. 3-1
MexaHnyeckoro npeobpaso-
BaHMHs HEPTUH B aCHHXPOHHBIX MalIHHAX OTJHYAETCs H3BECTHOI CJIOZK-
HOCThIO. B cBsI3M ¢ 3THM cocTaBieHne AH((depeHHaIbHbIX YPaBHEHHH
ACHHXPOHHBIX MaUIHH ABJSETCS OAHHM M3 BajKHeHIIMX 3Tanos IOAro-
TOBKH 3ajJauu K pemreHnio Ha ABM. AcuuxpoHHble MalIHHBL SBJAIOTCA
CaMBIM PACHPOCTPAHEHHBIM THIIOM 3JIEKTPHUECKHX MAIIHH, MHNO3TOMY
co3MaHHe HX MATEMATHYECKHX MOJeJsel SBJseTcs 0COOEHHO nejiecooB-
pasHBIM, TaK Kak IPH 3TOM CTAHOBHTCH BO3MOXKHBIM pelleHHe IIHPOKO-
ro Kpyra sajav, o60beAHHeHHBIX OOIIHOCTBIO aJropHTMa.
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He ocranaBiuBasich Ha 0oGIIHX BONpocax MaTeMaTHYeCKOH TeopHH
9JICKTPHYECKHX MallHH, Ha3biBaeMol HHOTAa 0606w eHHoil Teopueil, pac-
CMOTPHM ypaBHEHHsA Jist Haubosiee PacnpoCTPAHEHHBIX HA NPaKTHKE
‘CIIYUaeB.

Tpexdasnas mawuua. [lns onucanus nepexomHbix MPOILeCCOB ACHH-
XPOHHOII MALUHHEL, ‘paboTaouiei B pexuMe ABHraTeNs HJIH DeHepaTopa,
HEOOXOLHMO COCTABUTH yPaBHEHHS 3JIEKTPHUYECKOr0 pAaBHOBECHS JJ4
HaNpsi:KeHHH KOHTYPOB H ypaBHeHHe PaBHOBECHS MOMEHTOB, ZeiicTBYI0-
IHX HA POTOP.

ACHHXPOHHYIO MaIUHHY O0GBIUHO NPeACcTaBJAAIOT KaK CHCTEMY MarHHT-
HO-CBA3AHHBIX OGMOTOK, Pacro/IOJKEHHBIX Ha cTaTope M PpoTope. Pac-
CMaTpHBAsi B3aHMOJEHCTBHEe 06MOTKH (hasw A craTopa M 0GMOTKH (ha-
8Bl @ pOTOpA, CJAEAYET OTMETHTb. YTO B3aUMHOE IIOJOXKEHHE 3THX
O0GMOTOK B TIPOCTPaHCTBE NPH BPaLleHHH POTOPA HEeNpPepbIBHO H3MEeHs-
ercst (puc. 3-1). C yderoM NpHHATHIX AONYLIEHHI B3aHMHAS HHLyKTHB-
HOCTb MeXK1y 06MOTKamMu A u a

Mpa=M cosy, (3-1)
rjie M —makcHManbHas BEeNTHYHHA B3aHMHON WHJIYKTHBHOCTH, KOTOpas

HMEET MECTO NPH COBNANEHHH OcCeil 06MOTOK A u a, Y= S w df—+Yo—

1

JTOT MEKJy 0CIMH OGMOTOK (has A u a (w,=2mpn — yIOBast 4acTOTa
poTOpa; n-—1yacToTa BpalueHus poTopa, p — 4HCJI0 Iap TOoJIIOCOB; Yo —
YroJl, OnpeAensomuii HauaabHoe NOMOKeH e POTOpa).

Has Tpex das CTaTOpa M POTOPa ypaBHEHHS HATPSIKEHHH COOTBET-
CTBEHHO HMEIOT BHJ ] A
d‘FA/'dt—{—rsiAzu,-,;
AW pldt~+rip—up; (3-2)
dlpcjldlf—l—rsic:uc;
a¥ Jdt4-ri =0;
dW,ldt +r,i,—0; 120} (3-3)
a"I"c/dt—]—r,i,_.=0.

B ypasuenusx (3-2) wu (3-3) W4 (¥,) — mosHOE TOTOKOCLEMIeH e
}asel; i4(ia) —TOK B asze; rs(r;) — akTHBHOE CONPOTHB/IEHHE (haskl
cratopa (potopa). :

IToTokocuenaenue a060i n-i (asel craTopa ONpPedeNIseTCs BeJaHuH-
HOil COOCTBEHHOH HHIYKTHEHOCTH $hasbr L, 1 B3aHMHOH HHIYKTHBHOCTH
ee My; co BceMH APYMHMH 06MOTKa My MalUHHBL.

YUHTBIBAas COOTHOIIEHHe (3-1), mMoxkHO 3amucaThb BBIDAXKEOHHS A5

MOTOKOCLeIeHHH (Pas 06MoToK cratopa u poropa. as ¢as A m a stu
BBIDaZKeHHsT HMEIOT BHJ

Wa=Laia+ M apip+ M ycic+ M cos vi,+
M 08 ($4-21013) i, M cos (y—27/3) . (3-4)
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Wo=L,io~Mayiy+ M. +M cos via+
—+ M cos (y4+2x/3) ig+ M cos (y — 27/3) ic, (3-9)

rae La=Lp=Lc=L;— MHIYKTHBHOCTb (passl cratopa; Lo=Lpy=L.=
=L, — HHAYKTHBHOCTb (a3l poropa; Map=Maic=Mpc=M;— B3a-
HMHAsl HHAYKTHBHOCTb MeXAy oOMoTKaMu cratopa; Maep=Mae=Mp.=
= M, — B3auMHasi HHIAYKTHBHOCTL MeXJAy O0OMOTKaMH pOTOpa.

Bripaenns noroxocueniennii ans ¢as B, C cratopa u das b, ¢
poTopa aHaJIONHYHBL: }

Wp=Lsip+ Mda+ Mdc—+M cos(y—2m/3) i, +

+ M ces viy-+ M cos (y+27/3) i, (3-6)
Ve=Mga+Mip+Lic+ M cos(y+2x/3)i,+

+ M cos (y—2x/3) i, -+ M cos vi,; (3-7)
W= M, i, -+ Li,+Mi M cos{y—2m/3)is+

+ M cos yig-+M cos ('v—|—2:m.-’3) ic; (3-8)
W =M, +Mi,+Li.-+Mcos(y+2a/3)ia+

-+ M cos (y—2x/3) ig+ M cos vic. (3-9)

D/IeKTPOMANHHTHEII MOMEHT aCHHXPOHHOH MalIMHBEI MOXKeT GHITb
olpejesied Kak yacTHas NPOH3BOJAHASA MO yIrJay IOBOpOTa POTOpa OT
“o0l1Lero 3anaca 3/J1eKTPOMArHHTHOH SHeprHH MAallUHHBEL. DJEKTDOMAarHHT-
HAasl SHEPTHsS aCHHXPOHHOI MaLIHHEI

Wou=0,5(Waia4Vpig+Peic+ ¥ is+Vyiy+¥,i.). (3-10)
DJAEeKTPOMarHHTHBIH MOMEHT

M-.i’ihiz(dwsm/a\f) p. (3'1 1)
YipaBHeHHe ABHKEHHs poTopa
M;.\r_ /w;tex:_l—-] L , (3'12)
P dt

rae J — MOMEHT HHEpPIHH POTOPA U TIPHBEJEHHbI MOMEHT HHEPIHU Pa-
Gouero Mexanuama; M ex— MeXaHHUECKHII MOMEHT Ha BaJy poTopa. .

Bripaxenus (3-2)—(3-12) o6pasyior cHcTeMy ypaBHeHHH Tpexdas-
HOM ACHHXPOHHOH MAaLIHHBI, KOTOpas COJNEPKHT 14 ypaBHeHuil, 3aBH-
CHMBIMH NI€PEMEHHBIMH B Heil SBJSAIOTCS l1ecTb TOKOB, LIECTb IOTOKO-
cleInJIeHHH, 5JIEKTPOMATHHTHEIH MOMEHT H YaCTOTa BPAILCHHS. Cucrema
yparBHEHHP[ 4CHHXDOHHOH MalIMHBI B ofuleM caydae HeJHHEHHa, Tak
KaK B Hell HMEITCS YpaBHEHHS, B KOTOPHIX KoacpqmuHeHTm SIBJISIIOTCS
(YHKIHAMH 3aBHCHMBIX MEPEMEHHEIX paccMaTpHBAEMOI CHCTEMEL. ITpu
MOCTOSIHHOH 9acToTe BPalleHHs CHCTeMa ypaBHeHHH ACHHXPOHHOH Ma-
IIHHBl CTAHOBHTCS JHHEHHOI, 0OJHAKO B HeH cojepxuTrcs 00Jblioe KO-
JIHIECTBO MEPHOLHUECKHX KO3(PDHIHEHTOB, SBAAOMHXCA GYHKIHAMH
BpeMEeHH.

57



[IpuHIMNIHATBEHO BO3MOXKHO H HENOCPEACTBEHHOE PelleHHe TI0JYIeH-
HOil CHCTeMHBl ypaBHeHu# Ha ABM, ofHaKo IpPH 3TOM IMOJYYaeTcss J0-
BOJIBHO CJIOZKHadA CTPYKTypHas cxeMa MOMAeJaHM, a CJegoBaTe/lbHO, H
GoJIblIasT IONPellHOCTD PeLIeHHS. i

HT06B yIPOCTHTE MOEIHPOBAHKE, CHCTEMY YpaBHEHUi Tpexdasnoil
ACHHXPGHHON MaLIMHEBI, 3aTHCAHHBIX B peasbHLIX (PA3HBIX KOOPAHHATAX,
NpPeACTaBUM, KaK 3TO NMPHHATO B TEOPHH IEKTPHUECKHX MAIUHH, B CH-
CTeMe OPTOTrOHAJbHLIX KGOPAHHAT X, Y, BPallaloHXCs B MPOCTPaHCTEE
C HEKOTOPOH TPOH3BOJLHOI YIJIOBOH CKOPOCTBIO yx. IIpeo6pasoBaHHbBIe

YpaBHEHHs HANPAMKEHHH COOTBETCTBEHHO AJIS CTATOPa M POTOPA MMeIoT
CHAeNYIOIHNA BHI:

AV ofdt — 0Tyt rd o=t cg; ] (3-13)
dlpb’s/ df + Wy llr.\'s + r-‘i'iy-i‘ = lys

A Jdt (0, —0,) Uy i =0; | (3-14)

d ‘I'.yr/dt N (LOK L mr) w.rr _i_ i‘riyr =0. J

[Torokocuennenns: sxBuBaseHTHEIX cTaTOPHBIX Was, Wys H POTOPHBIX
War, Wyr KOHTYPOB PaBHEL:

Vo= Lsi.rs + Lmi.rr; } (3_ 15)
wys: Lsiys —I" Lm.iyr;

Ver=Ligy+Luies | (3-16)
qur == Lriyr + Lmi_-'js’ J ;

rae Li=Lgs+ (3/2)M u L, = Ly, + (3/2) M — MHAYKTHBHOCTH 006MOTOK
CTaTopa | pOTOpa, YUHTHIBAIOLIHE MATHHTHYIO CBSI3b C ABYMSI ADPYrHMMH
¢dasHLIMH 0OMOTKAMH CTaTopa W poOTOPAQ; Ln= (3/2)M—333HMHBH
HHIYKTHBHOCTD, YUHTLIBAIOLIAsT MATHHTHYIO CBS3bL OAHOH (asnl craTopa

C TpeMs 0GMOTKaMH ‘POTOPA H COOTBETCTBEHHO OJHOI OGMOTKH Poropa
¢ Tpemst OOMOTKaMH cTaTopa.

Toxn sKBHBAJIEHTHBIX KOHTYPOB cTaTopa H POTOPA CBSI3AHEI C (paa-
HBIMH TOKaMH COOTHOIICHHSIMH: i

iyo=— _% |:i,4 sin o --ip sin (‘“ul‘ & -23—‘1)—]—& sin (w.cf - %‘)],
(3-17)
L= _g_ [ia cos (wZ —vy)-+i, cos (wh.t —y— —232) i, cos (w.{zf — Y+?§E)],
e _%_[ia sin (0 —Y) 4-i,sin (uxﬂt —y— %JE—)‘{-L- sin (whi—v—l—g—;)].

: (3-18)
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CooTHouenus, aHajormunsie (3-17), (3-18), ompenensior CBs3b
MEXKY MOTOKOCUEIJIEHHSIMH H HaNpPSKEHHAMH 3KBHBAJEHTHBIX KOHTY-
POB cTaTropa M POTOPA 'C COOTBETCTBYIOIMHMH (DAa3HLIMH NepeMeHHBIMI.

Cucrema ypaBHeHHil (3-13)—(3-16) onuceiBaeT 3J€KTPOMAaTrHUTHEIE
HepexoiHble NPOIeCCH, HAeaTH3HPOBAHHON ABYX(a3HOil aCHHXPOHHOH
MAIIHHE B CHCTeMe KOOPAMHAT, BPALLAOMNXCsA C NPOHSBOJBHON YIilo-
BOI CKOPOCTBIO (. ECJAH B pesysbTare peuleHds 3THX yPaBHEHHIl ITO-
JIydeHbl TOKH ‘U IIOTOKOCIHEINJIeHHs, TO TIO HHM MOXHO DaCcCYHTaThb TOKH
U TIOTOKOCIEIJICHHS PeasibHOil Tpexda3zHoil MaIIHHBI COTJIACHO (GopMy-
JaM o0paTHHIX NPeoOpa3oBaHHil, KOTOPLIe COOTBETCTBEHHO [JIs CTaTOp-
HBIX U POTOPHBIX BEIHIHH HMEIOT CJEAYIOMWHIT BHA:

ig=1i,; cOB WL —1,; sin ud,
ip= 1l CO8 (0 — 273) — i, sin (ot — 27/3); (3-19)
ic=1i,s cos (ot~ 2m/3)— i, sin (o -} 27/3); '

ig==Ly COS (0 —v)— iyr sinl (o f —V);
i, =i CO8 (0f —Y—25/3)—i,, sin (ot —y— 27/3); (3-20)
ic =5 ixr Cos {wl\'t = —Il_ 2"1/3) o iyr sin (wi{ﬁ =\t 'JF 2‘_[,"3)'

QopMyiiEl 00paTHEIX MpeobpasoBaHuil Ajsl (asHBIX NOTOKOCLEIJIe-
guii H HanpssKeHHd Tpex(asHOH aCHHXPOHHOH MAaUIHMHBI AHAJOTHYHBL

DNIeKTPOMANHHTHLI MOMEHT B (DYHKIUHH MPe06PA30BAHHEIX TOKOB I
[IOTOKOCLEIJIEHHH

My = _‘;_ [Wysi.rs F ‘If.rsiy.;] : - (3-21)

s/ '
Ecau peaJbHbIE CpaSHbIe HanpsKeHHsa OnpenesasiloTcad COOTHOIIe-
HUAMH :

zp=U,, cos (vg+d); ]
up=U,, cos (o 44— 2x/3); (3-22)
uC:Um cos (mst +¢0+23‘E/3), J

10, TIOACTABJIAS MX 3HAUEHHS B (popmyanl npeobpasosanus suaa (3-17),
[OJIyUHM BBIpAXKEHHs] HANPsXKEeHHH B ABYX(}a3Hoil cHCTeMe KOOpAHHAT:

U Um cos [(ms o ml\') t_l_ (PUI; 1
uys==U,, sin [(v,—o)t+¢]. |

B TEOpPHH 3/IEKTPOMATHHTHBIX IEePEeXOAHLIX NPOIECCOB 3JeKTpHYe-
CKHX MAIIHH PaCCMATPHBAIOT B OCHOBHOM TPH KOOPAHHATHLIE CHCTEMEL,
KOTOpLIe ABJAIOTCS YACTHBIM CJIy4aeM DPAcCMOTPEHHOH CHCTEMBI, Bpa-
maroueiics ¢ IPOU3BOJILHON YIVIOBOH CKOPOCTBIO W-

[lepBasg cucreMa OCel HemoABHKHA OTHOCHTEJBHO POTOPA
# Bpallaercss OTHOCHTEJNbHO CTATOPa CO CKOPOCTHIO BpPaIlEHHA POTOPA
(cucreMa d, g, 0), T. e. ox=@,. DTa cHcTeMa Halujia HauOoJbllee TPH-
MEHeHHEe TIPH aHaJIH3e NEePeXOJHBIX NMPOLECCOB B CHHXPOHHBIX M ACHH-
XPOHHBIX MallHHAX B C/ydae HECHMMETPHH POTOPA i CHMMETPUH Lemnei
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cratopa. Ilpu stom mpeoGpa3oBaHHbIe ypAaBHEHHSI He COAEP:KAT Iepe-
MEHHBIX KO3()(HUHEHTOB, TaK KaK NPeo0Pa30BaHHSIM MOABEPraioTcs
JIHIIIb MepeMeHHble CTATOPHEBIX IIerneii.

Bropoii aBnsiercs cucrema oceili, Bpaumalouuxcs OTHO-
CHTEJIFHO CTaTOpa ¢ CHHXPOHHOH CKOPOCTBIO, T. €. HENOABHKHAH OTHO-
CHTEJIbHO II0JIs CTaTOPa aCHHXPOHHOH MAallHHBI B YCTAHOBHBIIEMCS pe-
KHME, T. €. B 3TOM CJIyUde wyx=0s. DTy CHCTEMY 0003HA4aAIOT HHCKCa-
MH u, v, 0 [16, 37]. Ona npennouturenbna NpH aHAAH3E IEPEXOAHBIX
NIPOIECCOB B CHMMETPHUHEIX MalunHax. B stom ciayuae manpsxenns
Ups U Uys COTTACHO (3-23) OYAYT MOCTOSTHHBIMH BeJIHUHHAMH.

TPeTheH CHCTEME KOOPAHHAT, HEMOABHIKHLIX OTHOCH-
TeJbHO cratopa (cucrema a, B, 0), wx=0. B coorBerctBin c (3-23)
IICPEMEHHBIE Uas H Ups H3MEHSIIOTCS BO BPEMEHH IO CHHYCOHIAJLHOMY
dakony. Cucrema a, p, 0 o6ragaer TeM NPEHMYLIECTBOM, UTO NpH BHI-
Gope 10/103KenNs OJIHOI U3 ee ocell, HAMPUMeEp «, COBIAAAIONIEI ¢ 0ChIO
OJIHOIT 3 (ha3 peasibHOH MAaIUMHEL, TOK i, Gyier paBeH peanbHOMY (as-
HOMY TgKy. DTa cHCTeMa y/00Ha NPH aHaIH3e MALIHH ¢ CHMMETPHYHBIM
pPOTOPOM H HECHMMETPHYHBIMH O6MOTKAMH CTATOPA, ‘AHAJH3E MallHH C
BKJIIOYEHHBIMH B IIE€MNb CTaTopa aJieMeHTaMH, IIpH pacyere PEKHMOB LH-
HaMHYECKOrO HJIH KOH/eHCATOPHOTO TOPMOIKEHHS, KOPOTKOTO 3aMblKa-
HHSI B CTATOPHBIX LEMIX H T. I.

B o6wem cryuae BHIGOP KOODAHHATHON CHCTEMBI AJISI AHANH3a Te-
PEXOJIHBIX NPOLECCOB B aCHHXPOHHBIX MAIUMHAX 3aBHCHT OT YCJOBHII
KOHKpeTHO 3aiaun (0T cXeM coefnHeHHH 06MOTOK cTaTopa 1 poTopa —
FHMMCTPHUHBIC HIIH HECHMMETPHYHBIE, HEOOXOAUMOCTH TONyYeHHs (as-
HBIX TOKOB, IPOCTOTH CXE€MBI MOLEJH H T. 1.).

B nmpaxTike kaK aHaTHTHYECKHX, TaK H MAIIHHHBIX pacyeToB mc-
NOJb3YIOT PASMHUHBIE CHCTEMBI OTHOCHTEIBHEIX eANHHL,. BriGopy cucre-
MBI OTHOCHTEJIBHBIX €IHHHIL [OCBSILLEH psill paboT, rie Aansl noApoGHbLIe
060CHOBaHHA Ga3HCHBIX €IHHHI[ H NPHBEIEHL YPaBHEHHS ACHHXPOHHBIX
MallHH NMPpH 3aITHCH HX B Pa3HbIX CHCTEMAX.

[Ipu MareMarHyeckoM MOJCTHPOBAHHH MALIHH IEpPEeMEHHOr0 TOKA
YAOCHO HCMOJNb30BATh CHCTEMY OTHOCHTE/LHBIX EIHHHI C DPaBHBLIMH
B3aHMHBIMH HHAYKTHBHOCTSIMH, B KOTODPOH CONPOTHBJICHHS B3aUMHOI
HHAYKTHBHOCTH MEXKAY CTATOPHLIMH H POTOPHBIMH OOMOTKAMM, a Tak-
ZKe MezK1y PasHbIMH POTOPHEIMH OOMOTKaMu paBHBL Ilpu stom ypasne-
HHA NOJYyYaloTCsa TOTO e BHAA, 4TO U NPH (GH3HUECKOH cHCTeme eIUHHIL,
ITosromy ¢usnueckuii CMLICT OTAENbHBIX UJIEHOB yPaBHeHHIl CoXpaHs-
€TCs, YTO SIBJISETCA NPEeHMYIUECTBOM [JAaHHOH CHCTeMEB. 3a GasucHbe
BeJIHYHHBl TIPHHHMAIOT ciaenyioinue: Ugs= Ugym — 6asucuoe HamnpsKe-
HHe, paBHOE aMINVIHTYJie HOMHHAJBLHOIO (Pa3HOTO HAMPSIKEHHs craropa;
f6=1gm — ©a3uCHbBII TOK cTaTOpa, PaBHHIMH AMIIATY e HOMHHAJLHOTO
(}asHoro ToKa CTaTOPa; we=w;— Ga3UCHAS YIJIOBAas yacToTa, paBHag
CHHXPOHHOH; {5=1/ws — GasucHas eguuuLa BpEeMEeHH,

J1/151 oCTaNbHBIX CTATOPHBIX MEePeMeHHBIX 6A3HCHBIC BeJIHYHHEL olnpe-
ACJIAIOTCS COOTHOWEHUAMHU: Zg= U/l — conpoTuBienue; Lg=Zgs/0g —
HHAYKTHBHOCTB;  Wo=Us/ws=Zs/5/ws — NOTOKOCHENTEHE; Me=
=Sg/m5 — 'MOMEHT, Sﬁ=3UmI¢=‘(3/2) Uq]mf(;)m= (3/2) U515 — MOIl-
HOCTb.
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BasucHpie TOKH POTOPHBIX KOHTYPOB HAaX0JAHM, MpeanoJaras, 4To
OHH CO31aI0T B BO3JYLIHOM 3a30pe TaKyl0 e MepBYI0 TIapMOHHUECKYIO
ImoJIs, KaK ' MpOJ0JbHAs PeakKius cratopa npi 6asncHoM Toke. basuc-
Jible BENHUIHbI BCeX APYTHX MepeMeHHbX MpUPaBHHBAeM (Ga3HCHBIM Be-
JHYHHAM JJ5 CTATOPHBIX KOHTYPOB. 4

3anumeM ypaBHeHHs aCHHXPOHHOI MallHHBI B OTHOCHTEJNBHBIX e1H-
HHLAX B CHCTeMe KOOpAHHAT a, B, 0. YUnTEIBadA, 4T0 B JaHHOM cCjyuae
wx=0, 1 npuHIMas oOlLeNPHHATbIe 0603HAUEHHS NePEMEHHBIX H Mapa-
METpOB, MOAEJNNM ypaBHeHHsi Hanpskenus cratopa (3-13) u poropa
(3-14) na 6asucnoe Hanpskenne Us=Wews=Zslc. IIpn 3TOM MOSYIHM
ypaBHeHHe HanpsiKeHHil MallHHbl B OTHOCHTEJIbHBIX €IHHHIAX:

PVt Rie= — tta; ]
PUs Relg= —ug; |

J7) G—r Wor-t R iey=0; i

pm‘ﬁr _:_ “J:: Wer + Rriﬁ" =0, }

rne p=d/(dtws) =d/dtv — 3nak aupdepeHHpOBaHHa [0 BPeMeHH T=
= wgl = wsf, BHIPAIKEHHOMY B 0. €.;
pVe=dWus/ (dtwsWs), p¥e=dWss/(dt0s¥s); Wor=Tur/Vs, Yer=
=W, /W5 — oTHOCHTE/IbHbIE -3HAaYeHHS MOTOKOCLEeNJeHHH poTopa B
ocsaX o H B;
Rs=rs/Zs, Ry=r;/Z5— OTHOCHTe/IbHbIE 3HAYEHHS] AKTHBHBIX CONPO-
TUBJEHHH CTATOpa U POTOPA;
©,* = w,/ws — OTHOCHTEJIbHAS YIJIOBasi 4aCcTOTa BpallleHHs pOTOPA;
o= las/lo, ip=lps/i6, lar="lar/l6, lpr=1Iipr/ic — OTHOCHTEJIbHbIE 3HAUEHHS
TOKOB CTATOPa H poTopa.
VpaBHeHHS NOTOKOCLENJEHHH B OTHOCHTEJNbHBIX eHHHI[AX TOJYUHM,
noaeaus (3-15), (3-16) na W= Zsisfws:
lI‘“:x“i“_i_xmiﬂf; 11'.ﬁ=xﬁiﬁ+xmi3"; 1 (3-‘)5)
‘Ij'ar:‘xriar"l_xmin; 111'3,:.\Z,i[;r+xmip, J
rie Vo=Wus/Wo; Vo=Tus/Ws; Wor=Car/Vs; Wpr="Tp-/¥s— OTHOCH-
TeJbHbIC 3HAYEHHs] MOTOKOCLeNJIeHHH CcTaTopa H pOTOpa B OCAX o H f;
Xoio=Lsiaswo/ (Z6i5), Xriar=L1inr05/(Zsis) U T. I. — OTHOCHTEJBHBIE 3HA-
yeHHsl COCTABJSIIOUIHX NOTOKOCIEIN/IEHHI.

y.pamre}me JABHXKEeHHUS -pOTopa B OTHOCHTEJBLHBLIX eJHHHIIaX I'[OJIy-
guM, oaeauB (3-12) Ha Ms=Ss/ws:

Jogugdw ®
MaM '_M:\mx:_m;'g";;‘c_:ijmn (3'26)
6“6 ;

(3.24)

rie Moy—Muyex= (M sy — Myex) Mg— OTHOCHTENLHOE 3HAUEHHE MO-
menra; H;=Jw3:/Sc — uHepLHOHHAs NOCTOSIHHAS POTOPA, pan.
- D/IeKTPOMATHHTHLIT MOMEHT ABYX()a3Hoii MalIHHBl ONpe/e/sieTcs U3

cootHomenns (3-21) nenermen ero na Mg=—2=23 . Jels 3w/
Wg 2 wg 2
A/Iam = MBM/Mﬁ: lp‘pia — 1Faiﬁ_ (3-2’7)
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Cuctema ypaenenuit (3-24)—(3-27) omuchHBaeT 3JexTpoOMexaHHYe-
CKiHe mnepexojiHble TMPONEeCcCH aCHHXPOHHOH MalIHHEI B OCAX o, B, O.

Meton npeoOpa3soBalHs KOOPAHHAT IMHPOKO NPHMEHAIOT NpH aHa-
JH3e MallHH IepeMeHHOro Toka. [IpakTHka NoKasklBaer, 4To Takue
npeobpasoBaHusi NPH YAAaYHOM BBIOOPE OPTOrOHAJIbLHOI CHCTEMbl KOOP-
JMHAT, KOTOPBIH 3aBHCHT OT YCJIOBHII pellaeMoii 3azaul, MOMKeT cylie-
CTBEHHO 00JIErYUTh HUCC/AELOBAaHHs i MOJIEJHPOBAHIE MAUIHH TMepeMeH-
HOTro ToKa Ha ABM.

Puc. 3-2

Heyxdasnas mammuna. Juddepenunanpibsle ypaBHeHUS ABYX(as-
HOil CHMMETPHYHON aCHHXPOHHOI MalIMHB, 3AHCAHHEE B HEmpeoopa-
30BAHHOH CHCTeMe KOOPAMHAT, COAepPIKAT MepHOAHYeCcKNe KoIdhHIeH-
TBl. Bosee paunonanpubie GpopMul 3ammcn ee ypaBHeHHH MOMKHO NOJY-
UHTb, BBOJAS HOBBEIE OPTOrOHAJLHBIE OCH. [losiydeHHe YpaBHEHHIH
ABYX(ha3HOI CHMMETPHUHOI MallHHBLI He BCTPeYaeT [PHUHIHMHAILHBIX
TPYAHOCTeH M NPAaKTHYECKH MaJo OTIHYaeTcss OT NpPeoGpasoBamust
ypaBHeHHH Tpex(asHoil MalUIHHEL )

PeanpHas AByX(asnasi acHHXpOHHASI MalIHA HMEET, KaK MPaBHIIO,
KOPOTKO3aMKHYTEIH POTOP M OOMOTKH CTaTOpa, PACIOJOXKEHHBIE IIO[
yraiom 90 as1. rpaj (puc. 3-2). B ofuiem cayuae 4mcyia BUTKOB 0GMOTOK
(a3 He paBHEIL, HAIIDHMED B HCHOJHHTETHHOM aCHHXPOHHOM JBHraTeje.

B pannom cayyae (B orauume ot CHMMETPHUHBIX MAalIHH) TOMHMO
NpHBEAEHHsS 0OMOTOK POTOpPa HEOGXOAMMO TPHBECTH TAPAMETPHI, TOKH
H HaNpsAKeHHs ONHOH (asbi 06MOTKH cratopa K APYDNOi, HCIONL3ys
KO3(puuHeHT TPaHnchopMarmm;

K = [(oﬁwsﬂ/(Koawsn)s

rae Kop, Koo — 0OMOTOUHBIE KO3 GHIMEHTEH 00MOTKH CTaTopa ¢as a
H f; Wsn, Wsp — YHC/TA BUTKOB OOMOTKH cTaTopa (pas a H p. :
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Torpa nuddepeHunanbible YpaBHEHHS HaNPsAMKeHHH 1 KOHTYDOB
MaluHbl, pafoTarmouieil B reHepaTOPHOM PEeXKHME, MOMHO 3amHCcaTb B

BHJE
— ltsa 7= Rsalsu 1+ AWV saldt;

— U :Rsﬁisﬁ + d‘llfﬁ}df; ]

C—u,,=R,i,,+dV,/dt l
_lﬁrb:Rrirb+d\I;‘rb/df’

TAE Usq, Usg U Ura, Urp — HATIPSI2KEHHST OOMOTOK €TATOPa H POTOPA; lsa,

isg U Ira, lrb — TOKH OOMOTOK cTaTopa H poTopa; Rss, Rsy H Ry — aKTHB-

HBI€ COIPOTHBJICHHA 00OMOTOK c¢raTtopa m poTopa.
ITosHkle TOTOKOCHENAEHHS ‘00MOTOK paBHBI:

(3-28)

Wy =L ds:-+ M €05 Yipg+ M sin vi,y; l
W p==Lgip-+M’ cosvyi,,— M’ sin Yi,,;
W, o=L,i,~+ M cosvyi,—M'sin yig;

W, =L, -+ M cosvyig+ M sin yis,

rae Ls, Ly’ n Ly— coGcTBeHHBIE HHAYKTHBHOCTH OOGMOTOK CTaTopa H
poropa; M, M’ — B3auMHble HHAYKTHBHOCTH (a3 ¢ U B OOMOTKH CTaTo-
Pa € COOTBETCTBYIOIIHMH OOMOTKaMH POTOPA NPH COBNAJEHHH HX OCEH.

YpasHeHnus AByX(asHoil HecHMMeTpHUHON Mamuubel (3-28), (3-29)
COAEPIKAT NePHOAHICCKHE KO3((OHITNEHTE], MOITOMY HX HEMOCpEeJCTBEeH-
HOe pellieHHe, jaxke ¢ NpuMeHeHHeM BBIYHCJHTENbHOI TeXHUKH, Bhi3bI-
_BaeT Omnpe/JeJieHHble TPYAHOCTH. YpaBHeHHs HaNpsizKkeHHil B (ha30BhIX
KOOpAHHATAX ABYX()asHOH aCHHXPOHHOH MAaIIHHEI MOXKHO TIpeo6Gpaso-
BaTh, JIHLIb M30aBHBIIHCH OT TapMOHHUECKHX KO3(P( HIHEHTOB, NpPH
9TOM CJIelYeT HCIO0Nb30BaTh cHcTeMy oced a, P, 0. Ilpumensis meton
npeoOpa3sOBaHHs [EPEMEHHEIX, TTOJNYUHM

'“_H.sa:f\)saisa—l—dl:[“sa/dl‘; l

(3-29)

— = Rplsp - dVg/dl; (3-30)
— ltre=Ryira~dV rofdf — 0, Wpg; ‘
— Hpp= Rrifﬁ —[— d‘yrg,'idlf —|— (Urwrm
rae
Woa==Lyfsat Mirs;  Wgg=Lsisg+M'irg; | (3-31)

Wra =L ira+ Mig,; Wg=Lirpg+ M'isa.

Ilpu paccCMOTpEHHH ABHIAaTEJILHOIO pexxuMa paboThl ACHHXPOHHOII
MallHHBl HANPsI2KeHHs1 B ypaBHeHusx (3-28), (3-30) cieayerT NOpHHH-
MaTh [I0JI0XKHTEIbHBIMI.

IIepexox OT TOKOB MO OCAM o H B K (pasHBIM TOKAM POTOPHBIX KOH-
TYpPOB MOXKHO OCYIIECTBHTDL ¢ TIOMOIIbIO BBIDAKeHHIl:

i

fra=lra €08 Y+ irg sin v; } (3-32)
ipp==1lra COSY—1I,, sin y.
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CraTopHEIE TIepeMEHHEIe B peaJII:HOH CHCTeMe KOOPJIHHAT M B 0CSX
a, B, 0 ogHHAKOBEL

YpaBHeHHs CHMMETDHYHOH ABYX(A3HOH MAWIHHBI MOIYT GBHITL MO-
JIyYeHBl KaK YacTHBI ciaydait mpu ycaoBuH, utro M=M’, R.=Rg, L=
=L/, u3 ypaBHenHuii (3-30)—(3-32).

Ypasuenus (3-30), (3-31) MOryT GBITH HCIOML30BAHBI A MOIEJH-
poBaHHs OAHO(A3HOPO aCHHXPOHHOTO KOHIEHCATOPHOTO IBHrATENsI C
mycKkoBoi 0OMOTKOI. ITyckoBO# KoHIeHcaTop BKJIOUAeTcs MpH ITOM
MocJeloBaTeJbHO B Lelb MYyCKOBOH
00OMOTKH, KOTOpasl Iocje 3aBeplie-
HHSI MyCcKa OTKJIoUaercs.

st MoZe/lHPOBaHHS pexXHMa
nycka B ypaBHeHHsX (3-30) wueo6-
XOJHMO NPHHATH

”ﬁa:uCZUm Si.['l U)t;
u =l ispdt;
5B C S SPUL,
tro—=1itr3=0.

YpaBHeHus, OMHCHEIBAIOLIHE
npoiecckl npH paboTe ABHraTesisi B
onHoha3HOM pexXKHMe, MOKHO TIO-
ayuyuth u3 (3-30), (3-31), wuckmo-
YHB ypaBHeHHS JJIsI  CTAaTOPHOrO
KOHTYypa mo ocH f.

Opnnodasnaa mamuna, Cocrta-
BHM ypaBHeHHA OJHO(DA3HON ACHH-

Puc. 3-3 XPOHHO} MalUHHBI B peXXHMe KOH-

JleHCcaTOPHOrO0  caMOBO30YKAeHHS

(puc. 3-3). aa HeHacHIIEHHOH oAHOGMA3HOH ACHHXPOHHOMN MalIHHbI,

uMelolleif B oblleM caydae 7 3aMKHYTBIX KOHTYPOB B NPOJOJIbHOH OCH

d W m 3aMKHYTBIX KOHTYPOB B IlONepe4YHOll OCH ¢, YPaBHeHHA Hanps-
JKEHHi MOTYT OBITb 3alHCAHBI B CJEAYIONIEM BHIE:

av., : i .
di ‘|_531Rsa+ Slsa df=0,

d Hdrk/dt‘i‘ ldrderk—o

d]?q,,/dt—}—z,ml?q” =05 °

(3-33)

( I/P) Jdmrfdt EaaE \[cx il MSM’

rae W, ise — NOTOKOCLENJEeHHe H TOK cratopHoit obmoTku; Warn,
Wori H ldrk, igri — TIOTOKOCIEIJIEHHS M TOKH R-TO TIPOLOJBHOrO M i-ro
TONEePEeYHOr0 KOPOTKO3aMKHYTEIX KOHTYPOB; Rsa, Rark, Rgri — aKTHB-
HBle CONPOTHBJIEHHSA 0OMOTOK cTaTopa k-ro mpoJOJBHOrO H {-ro Iome-
peuyHoro KoHTypoB poropa (k=1, 2,3, .., n;i=1,2,3, .., m); Csu—
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EMKOCTb B OOMOTKE CTaTOPa; p— YHCJIO M[ap IMOJIOCOB; J — MOMEHT
HHEPLHH pPOTOPA; wr— YIVIOBAsl 4acTOTa BPAaLleHHS pPOTOPa; Miyex —
MOMEHT MEXAHHYECKHX CHJI: My — 91CKTPOMATHHTHEIT MOMEHT.

IIpu paccyorpeniy nepexoHbIx NpoIeccos CaMOBO30YIKICHHS MPH-
HHMAEM, 4TO B NPOAOJIBHOH M NONEPEYHOil OCHX MAIIHHBI CYLIECTBYIOT
€AHHLIE NOTOKN B3aUMOHHAYKIHH, NPOHH3HLIBAIOILNE BCe KOHTYDPHI, pac-:
ITOJIOZKEHHBIE 10 COOTBETCTBYIOUINM OCSIM MAIIWHBL. Bce napaMeTpsl
POTOPHLIX KOHTYDOB IPHBEAEHE K cTaTopHofi memi. IIpu 31oM YCJOBHH
BEIpaZKeHHsl [1J1s1 NOTOKOCUENVISHHIT IMeIOT BH/I

m

n
T . " + | Al »
Wiom=Loslsat > Magopi g+ 3 Mg id

agritqris
k=1 i=1

: n
IFI(!r: lerildr+ /wi alsa _IL' S‘ Mi! B
. dr k:‘z dr (3_34)
m

. . % 1 .
lI}Iqr:Llr;rllqr_ll_jwqrﬂI‘Sﬂ + ZML

=2

qri»

S IR DRI T B i o Dy S e i

rae Lsx — HHIYKTHBHOCTb 0GMOTKH cratopa; Meark, Mugri — B3auMHBIC
HHAYKTHBHOCTH CTATODHLIX Hl POTOPHBIX KOHTYPOB; Lpqy, Ligr — unayK-
THBHOCTb OOMOTOK £-ro NpoJ0JabHOrO H i-ro NIONIEPEYHOI0 POTOPHEIX KOH-

TYPOB.
CornacHO MpUHUMNY B3aHMHOCTH

M yrr==My e 0 T8 T

ITpeanonIo:KuM, UTO aCHHXPOHHAS MALIHHA HMEET IO OTHOMY KOPOT-
KO3aMKHYTOMY KOHTYPY B NPOJOJILHOH M IONEPEYHOll OCsX. [Tpumenm,
4TO NIPH BPALICHHH POTOPA B3aHMHBIE HHAYKTHBHOCTH OOMOTOK CTATO-
pa 1 poTopa H3MEHSIOTCSA N0 CHHYCOHAAJIbHOMY 3aKOHY:

Magy =M cosy; = My, =M cos(y-90°), (3-35)

rAe M — B3auMHAst HHIYKTHBHOCTE IPH COBNAJEHHH OCeii O0GMOTOK
CTaTOpa H poTOpa.
IoxcraBnss (3-35) B (3-34), monyunm

Wo="L,i.M (i, cosy —£qp SiN ¥);
W =Lt 4 Mi, com y; (3-36)
Vor="L, L — Mi, sin y.

Takum o6pasdoM, monyuena crcTema I hepennuaibHbEX ypaBHe-
HHA (3-33)—(3-36) ¢ mepemenunMu Koapdunuenramu. IIpn BRexeHHH
OPTOTOHAJIBHOH CHCTEMBl KOODAHHAT a, B, 0 3TH ypaBHeHHs MOKHO
ynpoctHTe. IIpeoGpasyem ypasHenus (3-33), (3-36) k cucreme koOp-
AHHAT, HENOABHKHEIX OTHOCHTENBHO CTaTOpa, IPHHHMAS OCh B omepe-
ZKAI0IeH OCb @ 10 HANPABJIEHHIO' BpalleHHs poropa Ha 90 ax. rpan.
IIpn 3TOM NPEACTaBHM TOKH M NOTOKOCIEMIEHHS pPeasbHBEIX OGMOTOK
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MAallHHBEl B BHAe BEKTOPOB, HamnmpaBJ/ICHHBIX 1O MAarHHTHBLIM 0CAM 00MO-
TOK. HpOEKTI’IDYH 3TH BEKTOPHI Ha OCH KOOPIHHAT, IOJIYUYHM HOBBIE II€-

peMeHHBIe pOoTOpa

for=1L4, COBY—Ig4 sin¥; fgr=21,, sin y-1-i,; cos y; } 3.37)
Wer — M ;. cos y— W sinys W, =", sin y4 ¥, cosy.
VMHOMXKAsl ypaBHeHHe HanpsikeHust poropa (3-33) mo ocH a Ha

COSYy, a ypaBHEHHE IIO OCH ﬁ Ha —Sil’]’y H HCIIOJIb3YS OYeBHIAHDIE COOT-
HOILIEHHS

oy LY d H : ay .
coB = (HICORY) Y SILY =
. dy d : dy
B et E= et
B0 % (y siny)—y cosy Ty
nocje CYMMHDPOBAHHSA MOJYYHM
iR, — a,dy/dt+dV,./dt=0. (3-38)

AHaJOTHYHO MOKHO 3aMHCaTh ‘M BTOPOE ypaBHEHHE PABHOBECHS Ha-
IpsizKEeHHUIt 1151 poTopa

) iBrRrJr‘ llfurd\",ﬂ‘idt—}—dlyg,-/dt:o_ (3_39)
YTo6bl 0OCBOOOAHTLCS OT NEepeMeHHBIX KO9(GHUIHEHTOB B YPaBHEHHSX
MOTOKOCLENAEeH I POTOPHEIX KOHTYpOB, yMHOXHM Wgr Ha cosy, a W,

Ha —siny M npocymMMupyeM 3TH ypaBHeHus. Toraa, yuuteisas (3-37),
HOJYUHM

lFar = Lriur + Min.- (3-40)
[Togo6ueiM 06pa3om
W, =L, igr. (3-41)

paCCMOTpBHHbIE II[JQOGP&?:OB&HI’IH BO3MOIKHBI JHHIIL IPH YCJIOBHH,
qTo

J['a‘r::'[‘q‘r:[’r; Rcﬂ':Rﬁ'r:Rr'
YuureiBas, uto dy/dt=w,— yraopas CKOPOCTb BpalleHHs POTOpa,
npoAH(depeHuupyer ypaBHeHHe HaNpsIKeHH CTATOpa.
d?W,/df? -+ R,di./dt +i./C.=0;
farRy — Ygr0, - dWor/dt =05 (3-42)
LprRy Warw, +-d Wer/dt =0.

Pa3nenHB ypaBHeHHe HampsKeHHsi cTaropa2 Ha CHHXPOHHYIO YIVIO-
BYIO CKOPOCTb BPAIEHHA ws=wg U Kaxj0e H3 YPaBHEHHIl CHCTEMBI Ha
6asucnoe Hanpskenune Us=wsW¥s=Zsls, 3aNHllIeM YPaBHCHHA Hamps-
JKeHIIsl MALIHHBI B OTHOCHTEJIbHBIX €IHHHIIaX:

PP R, pia -t Xcaia =05 )
P — 08 War R for="0; (3-43)
PYor o Uy - Ryipr =0,
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TZe p— CHMBOJ QH((EepeHIupoBaHns 10 BpeMerH, 0. e.: p=d/ (dtws) =
=d[dt; w,*=0,/w; — OTHOCHTEeNbHAS YIVIOBAS CKOPOCTb BpAaLLEHHS Po-
TOpa.

YpaBHeH!s NOTOKOCUEIICHHIT B OTHOCHTEJLHBIX eIHHHIAX TOJY-
YUM, TOJETNB BeIpakenne (3-36) Ha We=Zgls/os ¢ yuetom (3-37) u
(3-40):

Vo=ala+Xpiar; Wor=Xpio~+ X 00 Tor= X igr, (3-44)
rae Xm,m= ('JGM/ZG-

&YPHBHCHIIG ABHIZKEHIIT pOTOpa B CHCTEME OTHOCHTEJbHBIX €IHHHILL
HMMECT BHI

por=(M,,— M ezl ) ; (3-45)
rae Hi=Jos [S¢— HHEPLHOHHAA MOCTOsSIHHASA, Paj.
DNIEeKTPOMATHHTHBIT MOMEHT 0AHO(A3HON MAIIHHET
Mye== 1l Wy Wae Ui el (3-46)

riae Wss — IOoTOKOCLeNJIeHHe B BO3LYLIHOM 3a30pe Mo OCH f.
[Tonyuennas cHCTeMa ypaBHeHHII (3-43)—(3-46) omucbiBaeT mepe-
XOJHbIE MPOLECChl CHCTEMBI «OAHO(GAa3HAasi ACHHXPOHHAs MallHHA —
KOHIE@HCATOp». -
Taknm o6pasoM, Ha mMpuMepax noka3aHAa METOANKA COCTABJEHHS
- AH(depeHnHaNbHBIX YPABHEHHH ACHHXPOHHBIX MAllHH | npeobpaszoBa-
HHA KOOPAHHAT C HEJbIO YNPOUICHHSI HCNOAHOH CHCTEMBLI ypaBHEHHIL.

§ 3-2. MoaenupoBasue ACHHXPOHHBIX ABHTaTeJiel

ACHHXDOHHBIE ABHTaTe/IH MOACNHPYIOT Yallle, UeM ApPYTHE ACHHXPOH-
Hple MallHHBL. MHOroo6pasne npHMeHseMbIX MOZeJell OObACHAETCS
TEM, UTO IIPOLECCHI HCCACAYIOT'C PASHBIMH AOMYLIEHHAMH H YIPOLIeHHS-
MH, 3aBHCSILHMH OT HEOOXOANMOIl CTeleHH MAeTANH3ALHH, OT VCIOBHI
pewaeMoi 3anaun. OGBIYHO NPH HCCTENOBAHHAX MEPEXOTHEIX MPOLEC-
COB aCHHXPOHHOIO IBHIaTeJst MOJAEAHPOBAHHE JOMMKHO GHITH AOCTATOYU-
HO TIOJIHBIM € 00SI3aTEJLHLIM YUETOM CBOGOMHBIX NPOIECCOB B KOHTY-
pax MallHHEBl, HaCBILICHHS MAaTHUTHOH menu ¥ T. A. IIpu paccMoTpeHun
CHCTEeM MallHH, Ha06O0POT, CTAHOBSITCS NPHEMJEMEIMH = 3HAUHTEJIbHEIE
ympouteHHs. Ilocieanne oGeroareqbersBa NPUBOAAT K HCIOJb30BaHHIO
CaMBbIX Pa3JIHYHEIX ()OPM 3aIHCH ypaBHeHHII aCHHXPOHHOTO IBHIATeJsI.

®opmbl 3anucu ypapHenuil. Pexxum paGoTh aCHHXPOHHOTO JBHTATe-
Jisi OTIpeJeJIeH, €CIH 3aAaHbl BEKTOPH], N0 KpaliHell Mepe, IBYX 13 €ro
NEPEMEHHBIX BEJIMYHH IIPH CHMMETDHYHOM PeXKHMe H UeTHIpeX NPH He-
CHMMETPHIHOM pexHMe. ITO INO03BOJSET HAHTH 3JEKTPOMATHHTHHI
NepexXOHbIH MOMEHT H ONPENENHTh YacTOTy BPALIEHHS KAaK HHTerpal
OT pE3YJILTHPYIOLIEr0 MOMEHTA. DJIEKTPOMATHHTHEIH TEPEeXOAHEIH MO-
MEHT IPH CHMMETPHYHOM pexXHMe MOxkKeT GBITh ONpeZeseH KaK Pe3yJb-

TaT B3aHMOAEHCTBHS JI0GOI aPHl BEKTOPOB is, ir, Ws, Wr, im. Hanuto-
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Jee yIOGHBIMH H3 BCeX BO3MOZKHBIX BBIPAZKEHHIT 3JIEKTPOMAarHHTHOTO
NIePEeX0HOr0 MOMEHTA SBJIAIOTCS COYETAHNA H3 NATH BEKTOPOB:

: = = ' S =

a) j"‘ff:‘)\t:%xmhslr]; 0) 1";/]3“:_9_[%1?5];
S 3 Xq e ;

B) fwa.\::?[l‘r\l’r]; : r) st.\sz_g_ 3 G-‘:s;r [ll}slpr]' i (3'47)
3 5 3 o

a) Maz.:szm [lm.is]; e) A435t=_2_xm[‘5r£m]- |

3nech 0= 1—xn?/ (¥sx;) — mOMHBII KO3 PHIHEHT PaCCesTHUSI.
Kaxnaomy u3 ypaBHeHHIT 3/eKTPOMArHUTHOTO MOMeHTa (3-47) coot-
BETCTBYIOT ypaBHEHHS HaNps:KeHHi, BEHIPar<CHHbIE: a) uepe3 CTaTop-
HBIE i3 ¥ POTOPHBIE i TOKH; 6) uepes CTATOPHBIE TOKH is H MOTOKOCIEII-
nennst We; B) uepes poTopHble TOKH i, M TOTOKOCUEmIeHus Wy r) ue-
pes morokocuenyieHuss cratopuoil W u poropHoit W, meneii; 1) uepes

HaMarHHYHBaIOUHe i, U CTATOPHLIE I; TOKH; €) uepe3 pOTOpHBIE i, H
HaMarsu4MuBaloilue i,, TOKH,

3annce cHcTeMbl AHG(epeHIHalbHEIX YPaBHEHHH B J1I060i hopme
DpH COXPaHEHHH B KaXKIOM YPaBHEHHH OAHOI0 CJaraeMoro B BHJE Iep-
BOH MPOH3BOJHOI TIO BpeMeHH CNoCo6CTBYeT NOMYYCHHIO CXEMbl MOIETH
C MHHHMAJ/IbHBIM KOJIHUECTBOM peIlalolIHX 3JEMEeHTOB.

B COOTBETCTBHHU € 3THM yC/IOBHEM NPHBEAEM HEKOTOphie GOpMBI 3a-
IHCH YPaBHEHHH aCHHXPOHHO§O ABHIATEIS.

1. ¥YpaBHeHHs B KoOpAHHaTax «, P, 0, BoIpaiKeHHBIE uepe3 TOKH H
NOTOKOCHUETVIEHHS] CTATOPHLIX H POTOPHLIX KOHTYPOB:

AV ldt=u, — Ri.; )
dVsldt =us— Rgig;
AYor/dt = — Rior 40, Ypr;
; ' AWer/di= — R,igr— 0, Wer;
1

0 X ‘
Sl Viphiare, e LB

X aXrXg
. 1 e -
1.3 = e A ML T Brs y

9X : s g (3-48)
. 1 X "
lor— l_[fqr._—""_ \]_Ju;

X, (53
. 1 5, X 2
E.ar — lpﬁf'_"_r_”_wﬂ;

ax, OXrXs

dojdi =M, — M, )I/;

3 A Sz
My ST (darfp —Eaipr).
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Ypasuenus (3-48) HalIn HPOKOe PAacHpOCTPaHEHHE H SIBISIOTCA
ganbosee OOLHMH, TaK KaK NO3BOJIAIOT ONPEALNATh XapaKTep H3MeHe-
dH5 KaK TOKOB, TAK H IOTOKOCUENJEeHHH aCHHXPOHHOTO ABHIATeJs.
Bripaxenne 1Jisi 91€KTPOMATHHTHONO MOMeHTa Moy MOXKeT GHITh IpH
STOM OIpeJe/IeHO B COOTBETCTBHH ¢ (3-47).

2. YpaBHeHHS B OCSX a, B, 0, BEIpaKeHHbIe Yepe3 MOTOKOCUEIICHHS
KOHTYPOB JBHIaTeNs:

dW¥ R xR

-3 =, — s \Ij-u_l_ mits ‘Irra;
dt X SXrXg
aw, Rs

XmR
=g — L' TS W
dt ; axXg 5_}— aXgXr 78

dw J
ra = mer ‘Ira_“—‘ Rr IF,E—-wr‘If,-ﬂ;

dt CXgXr ax, (3'49)
av g xRy Rr
= U — Wras

dt X gXp 8 cXp llTrp _I_ rait

dwr/dt =(jwsz\t 5 M.\:ex)/‘j;

; 3
MSM_—'_? . _i (‘Ifﬁll"m—- rﬁ‘yg).
. oXgXr

B sroii cicTeme ypaBHeHHiI OTCYTCTBYIOT B SIBHOM BHAe TOKH. CH-
CTeMa OTHOCHTeJbHO NpocTa, ee Ieaecoo6pasHO MCI0Jb30BATh IPH
HCCIeOBAHHH MEXaHHYeCKHX XapaKTepPUCTHK aCHHXDOHHOrO JBHrate-
Jisl. B ciryuae onpelieneHust TOKOB IO OCSIM @, f CJI€AYEeT BOCIOIb30BATh-
Csl BEIpAXKEHHAMH AJS TOKOB M3 cHCTEMEI (3-48).

3. YpaBHenns B cucTeMe KOOpPAHHAT 4, U, 0, BEIDAXKEHHEIE dYepe3
fIOTOKOCIICIIVIeHHSI KOHTYPOB JABHTATEJIS:

AWy Rs 11z T XmRs -
st PR e [0) )
a gy, e Su+ U e )
AWy Rs T e\ XmRs Vi
dt G e oxg 5T s~ su + ax s, ra?
wr X R 5
AWy S mRr 1]?.5-;1 it r ]yru p2 (USSIIJ i
dt GXgXr oX,
dWw R R [ (3-50)
X s A
ot ST . lIrr:u —w;S \Fm!
dt TXgXr axr
d“"r/dt =(M,, —M Mex.]/‘];
3 &5 . s
M= == 0 N )3
2 XgXr

§ = (05 —w,)/ .

Cucrema ypasHenunii (3-50) yaoOHa IJ1s1 HAXOXKAEHHS TEpPeXOIHOTO
9JIEKTPOMATHHTHOTO MOMEHTa M YaCTOThl BPAIEHHsI NPH HCCJIEL0BAaHUI
flepeX0JHHX TIPOLECCOB aCHHXPOHHOTO JABHraTess, paboTaloliero B He-
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KoTOpOii cucteme. TOKH KOHTYPOB MALIMHEL He BXOAAT B cucteMy (3-50),
TIO3TOMY [JIsI HX ONpeaeJeHNs HeoOX0AHMO HCII0Ib30BATb AONOJHHTE/ b=
Hble COOTHOIICHHUS. '

BriGop ¢opMbl 3anucH ypaBHEHHUI aCHHXPOHHOrO JABUratess s
COCTABJICHHA €ro MaTeMaTHUYeCKOoil Moaean Olpeesaercs, C 0/IHOII CTO-
POHBI, IIepEMEHHBIMH, IPEACTABASIOIHMY TIPH aHaJjiu3e HHTepec, H BHI-
parKeHHEeM 2JEeKTPOMATPHHTHOTO NEepPexoiHOr0o MOMEeHTa, € JApyrod —
KPUTEPHSIMH ONTHMAaJbHOCTH MaTeMmaThieckoil momenn. B kauecTse
KpHTEepHEB ONTHMAaJbHOCTH TIPHHATO I-[C.HOJIIJSOBEITb ©ocaenyilmmue:
1) oGecneueHne yCTOHYMBOCTH PAGOTH MOJENHN; 2) HajHuue MHHH-
MaJILHOTO KOJIHYECTBA ONEpPalHOHHBIX yCHiuTeseil n HennHeliHbx 6J0-
KOB; 3) moJydYeHHe HaHMeHblleidl KPaTHOCTH 3aJaBaeMbiX YHCJIEHHBIX
3HayeHiil Ko3(pHuHenToB; 4) yno0CTBO 3ajaHlf BHELIHHX BO3MYyLIE-
HUIl ¥ BBLIBOAA TEKYLIHX 3HAueHHi HcCAelyeMbIX MapaMeTposB.

B nurtepatype paccmartpuBaercsi BHIOOP CXeMBbl 3JIEKTPOHHOIl MOJe-
JH ACHHXPOHHOTO IBHraTeJs NpPH MepeMeHHOH dYacTore BpalleHHA C
yueroMm yKasaHHbix Kpurepues. [lpejcrapiennbie Bhiule (opMBI 3allHCH
YPaBHEHHH NO3BOJAIOT MOJYYHTb YCTOHUHBYIO MOJeJdb acHHXPOHHOTO
ABHraTe s, ¥Y/106CTBO 3alaHisl BHEIIHEro BO3MYIUEHHS CBA3aHO.C BBIGO-
poM T-IaCTO'!.'bI BpauieHus KOOpﬂ\l‘!HaTHOﬁ CHCTEeMBI. I—Ianpumep, JAJIsT HC-
C/ICJOBAHHI PEXKHMOB TycKa, IIOBTOPHOrO BKJ/IIOUEHHS, TOPMOYKEHHs
KOPOTKHM 3aMBIKaHHeM 0OMOTOK CTaTOpa, pesepca iKeJlaTeJIbHO NPHHH-
MaTh CHCTEMY KOOpPAHHAT «, B, 0. C TOUKH 3peHHs BbINOJHEHHS KPHTe-
pHEB ONTHMAaJbHOCTH MaTeMaTH4yecKOil MOJeJH liesecoobpasHbiM ABJS-
€TCs HCIO0JIb30BaHHe CHCTeMbl ypaBHeHHil (3-49), Koropas, HECMOTDS
Ha OTCYTCTBHE B yDaBHEHHAX TOKOB KOHTYPOB MAalIMHDI, [O3BOJIAET
pemaTh GOJBIINHCTBO 3aJad ACHHXPOHHOTO 3jekTponpupoja. B rex
cayvasix, Korza Tpedyercs onpeaeNHTb H3MEHEHHE TOKOB B KOHTypax
Malll HH bl (Hapfmy C nepexogHbIMH MOMEHTaMH H CKOPOCTLIO Bpalle-
HHS), 1lesleco00pasHo HCNoJabp30BaHKe cHeTeMbl (3-48).

Oobuwue Bonpocsl Mmogenuposanust. Ilociie TOro, KaK BuIOpana HCXO1-
Has CHCTeMa YpaBHEHHil, OMHCHIBAIOIIAs DEKHMBI PabOTBI aCHHXPOH-
HOT'O IBHTATEJIsl, COCTABJISIETCSl CTPYKTypHas CXemMa MOJEJII.

Paccmotpum mogennposanne Ha ABM  acHHXPOHHOTO JABHraTess,
KOTODPBIil ONHChIBaeTcs cucremoil ypasuenuil (3-49). DT ypaBHEeHHs
NpeACTaBJIEHbl B BH/E, YIOGHOM JIsl COCTABJIEHHS CTPYKTYPHOH CXEMBbI
MOJE/IH METOJOM TIOHHIKEHHS] MOpPsiAKa NMPOH3BOAHOI, TaK Kak Kaxuoe
An¢depeHHalbHOE YpaBHEHHE CHCTEMBI DAa3peIlCHO  OTHOCHTEJLHO
crapuiei npoussoiHoil. Cucrema ypaBHeHHit (3-49) oTBedaeT KpHTe-
PHAM ONTHMAaJILHOCTH MaTeMaTHUCCKOH MOJEJH H HaXOAHT IIHPpOKOe
IpHMEHEHHE.

CTpyKTypHas cXxeMa MOJeJH CHCTeMbl ypaBHenuii (3-49) mpuselena
Ha puc. 3-4, OHA COAEPKHUT omepanuonusie ycuaurean 1—9, 12 u 6io-
K nepeMHoxkenus 10, [1—14.

[Tepoe n BTOpOE ypaBHeHHs cucTeMbl (3-49) cojepikar B IpaBhIX
yacTsAxX HanpsKeHHEe, KOTOPOe NpH CHHYCOHAAJbHOM MHTAHUH MOMKET
GBITH NOJYYEHO OT CIENHaJbHOTO FeHepaTopa rapMOHHYECKHX KoJeba-
nuit (cM. c. 45). Jast o6pasoBanusi CHHYCOHIANbHBIX HaNpSKeHHI Ha
ABM norpe6yercs elie IBa HHTerpaTopa 1 ofHH cymmaTop. Ha puc. 3-4
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TeHepaTop rapMOHHYECKHX KoJjeOaHUil He NMOoKa3aH, GYIeM CUHTATDH, ITO
HaIlpsizKeHHd Uy, 1 Uy H3BCCTHHI.

BriGepem MacurtaGel mepeMeHHbLIX BeJHIHH, IIpu sToM u3 pesyabTa-
TOB SI(CHeleMeIITOB HJIH HpHﬁJIHH(EHHO H3 061.1.1111\ @IISHT{ECKHX IIpens-
CTaBJICHHH OLEHHM MAaKCHMaJIbHO BO3MOJKHBIE IJISi HCCJAELYeMBIX pe-
#KHMOB 3Ha4YeHHs mepeMeHHbiX. Hanpumep, 4715 Hec/leI0BaHus MePexo-

Puc. 34

HBIX TIPOIIECCOB TIPH MyCKe B XOX H peBepce aCHHXDOHHOTO JBHlaTEeJs
70 yPABHECHHAM, 3aIHCAHHLIM B OTHOCHTEJbHBEIX €JIHHHIIAX, MOXKHO TPH-

HATbL CJAeLyIoUIHne MacuTabh IMOTOKOCHLENJIeHH T, YFJIDBOIUI CKOPOCTH H
MOMEHTa:

My = 100/2 =80 B/e,l;
m,=100/1=100 B/ex.;
mpy=100/4=25 B/en.
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IMpuuem maciiTa® BpeMeHH BbIOHPAIOT TakHM 00pa3oM, YyToOH Bpe-
Msl IPOTEKaHHsl IEPEeXOHOr0 Ipouecca B MOJAENH 3aMeLIsai0cs B 50—
-100 pa3 no cpaBHEHHIO ¢ peajbHbIM. IIpH 3anuCcH ypaBHEeHHIl MalIHHBI
‘B OTHOCHTEJILHBIX €IHHHIIAX H H3MEDPeHHH BPEMeHH B paanaHax INPHHH-
-MaeM MacliTa®G BpeMeHH #1;=ty/tpeansn=1 C/3J1. pajx, macmTab Hanps-
KeHui m,=100/1=100 B/exn.
Paccuntaem MacmTadbl NpoH3BeAeHHI], YUHTLIBAS, UTO YMHOXKEHHE
ocyuiectBasercsa no popmyse z=0,01xy:
My — 0,0 lﬂll[.'m“r — 25,

Wy, =— 0, 0 lmq.—m(,, = 50 5

ITo crpykTypHOil cXeMe peuleHusi ypaBHeHuil (3-49) mas OJIOKOB
1,3,5,7,9, 12 (cm. puc. 3-4) cocTaBHM MallHHHbIE YPaBHEHHS:

my  dW
B Sy = :kumuﬂa — fﬁmfnq.' ‘Ifa + kl 3y \]_J'm;
my dt .
my aw =
my ﬂd_tﬂ' = kaymm, 1y — kagtmowe W - kagmow Weg;
; 1 (3-51)
my, aw
_;:}— = sy Wy — keggton Wra — ksatow, o, Wrg;
t 3
iy, aw r
—_— i = k?lm‘l’lpﬁ — k72m1[.' llfrB -—:— fBTSITIu.-,,‘UJr \p ras
my B
mul dw %
—f;t_ : . :kglmﬁi‘/l’fs.\r."“kg'lm-‘l"‘w Mexd (3’52)
”LAEMa M— kmlm\lfll«' m' llrra Frrd klryaﬂlll-"lf ‘]-l-r'i llra- (3'53)‘

Pasnenus npaBylo u JeBylo uactd ypasHenuil (3-51) ma mw/my,
(3-52) Ha my/my, (3-53) Ha My, TOMYUHM:

4w Tty )
a ief .
2 ki1 = Ua— ight VoA Feyammt, Wras
- =k —— 1ty — kg Wy~ legym, W
dt my
av Mg ML
dtra =k N ksEm't i g k53 2! wrﬁmr;
¥ L (3-54)
4%, My, m :
B w Mt i
=kt Wp— Ry, Wrg - kqa = Wra,;
dt oy
dw m yin mg
dtr = ko1 = A’T‘V il e e Mn{ex;
My gy
My =rFyy 7 lellfm—_ F1g - ; Wrp W
M M
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CpaBuuBas KO3GGHHIHEHTH NMPH OJHOMMEHHEIX IIepeMEeHHBIX B YpaB-
Hennsax (3-54) mu (3-49), sanmHceiBaeM BhIpaXKeHHs A/l KO3(PPHIHEHTOB
rnepejad pemaoliiX YCHIHTeCH:

My Ry
ky="Fky =———; ksg=FRpp=—7"—;
My OX I
R my
Rpp=kypy =———; ky=kp—=——;
QX gy m,[,-mmf
(3-55)
XmRs . 1 mey :
BT =y e Bittigs——at = oo
aXgXrMmy J m yemg
KaRr L 3 x m pr
kg =ky =——""——; ko =kp=— —"—. :
axXgXrmy J 2 OX Xy My

PaccuntriBass x03(p(HIHEHTH Mepefay pellalolHX YCHJIHTeNeH 110
BEIpaKeHHAM (3-55), MOKHO HCCIEAOBATh MepeXoiHEIe MPOLECCH TPH
JIIOGEIX 3HagyeHHSX IlapaMeTpoB acHHXpoHHoro npuratesas. Ha pue. .
3-5, @, 6 COOTBETCTBEHHO INPHBENEHH OCIHJIJIOIPaMMbl PeIIeHHs IJs

a)
M;;H Wp
o.e | oe

2F 10

Mam i
j / w,,
f '0.5 —by
al g # 2R ——
V 47 sn \| .~ |e7 ¢

3)
M,:w Wp (
0.8 |o.e

2ap —l
' ” Maw /_

gt o e —
4T 87¢ 127% 167% t
z 3
-05 /
Bt
1,0
Puc. §-5
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3JIEKTPOMATHHTHOTO MOMeHTa M,y M YIJOBOI YACTOTH BPALIEHHS @r

IPH TIYCKe ¥ peBepce acHHXPOHHOro msurarens tuma AQ02-41-2 u Ha-
TPy3Ke Ha Bajay

M Mex — 0, 25P"0_“[UJ

r HOM*

IIpencrasiennas Mojiesb NO3BOJAET HCCACAO0BATHL MYCK JABHrATENS
OPH Pa3JHYHLIX HATPY3KaxX Ha BaJy H NMUTAIOLWIHX HANPSKEHHsAX, NMpH-
YeM HCCJICJOBaHHSA MOXKHO NPOBOAHTL, H3MEHSS BHEIIHHE B031eiicTBUA
User, Usp, Myex. BKITIOUEHNE ABHraTeNst B ceTh NPH BPAUIAIONIEMCSI POTO-
P€ JIETKO OCYILLEeCTBHTb 3aJaHHeM HauaJbHOIro YCJOBHS JUJISI YaCTOTHI
BpaumeHus o, Ha HHTerpatope 9.

B Tex cnyyasx, xoraa tpeGyercst mccae0BaTh BKJIOUEHHE IBHTATE-
Jf [IpH BpalawlleMcs pPOTOpe H He3aTyXIIeM MarHHTHOM MoJe, He-
OOXOMHMO JONOJHHTENLHO YCTAHOBHTh HAUAJbHEIE YCIOBHS A1 TOTO-
KOCILCNIEHNH Ha uHTerparopax I, 3, 5, 7 (puc. 3-4). Harpysky na Banay
ABHTATEJIST MOXKHO H3MEHHTL BO3MYLIAIONIHM BO3MIEHCTBHEM Ha BXOAE
HHTErpartopa 9, KoTopoe B HEKOTOPOM MacliTabe COOTBETCTBYET MOMEH-
Ty CONpPOTHBIEHHST Myex. UTOGH PeIlHTh YPABHEHHs IepeXojHbIX Npo-
LCCCOB aCHHXPOHHOrO ABHraTessi IPH MOCTOSTHHOH wacToTe BpallleHHS
POTOpPA, HEOGXOAHMO OT CXEMBI pellleHHs] OTKJIIOUHTL HHTerparop 9, Mo-
AC/IHPYIOIIHH yPaBHEeHHe IBHIKeHHS.

X HMccenenosanne npoueccos IIPH 3aJlaHHOM 3aKOHEe H3MEHEHIIsi 4acTo-
Thl BpalleHHs], HAMPHMED JHHEIHOM, MOKHO TIPOBOAHTL C TIOMOILBIO
HHTErPHPYIONIEero ycunuteas 9, ¢ 8xoaa KOTOPOr'o OTKJIOUAIOTCsT BEJIH-
YHHBL Myex 1 Moy W momaercs HEKOTOPHIH TOCTOSHHBIII CHIHAJ TaKOH
BEIMYHHEL, UTOOH yepe3 onpejeleHHOE 3aJaHHOE BPEMs MOJYYHTL HA
BEIXOJ€ yCHINTENST 9 CHHXPOHHYIO 4acTOTY BPallleHHsl.

s umuranny H3MEHEHHs] MOMEHTa Ha BaJy JBHTaTesnsl OOBIYHO
NPHMEHSIOT ClelHaJbHble J0NOJHATE/bHBIe CXeMbl, KOTOPBIE TO3BOJISA-
IOT MOJENHPOBATE AJEKTPOMeXaHHyecKne CHCTEeMBI C PasJiHuHBIMH BH-
Aamu Harpysok. Ilepexonunie IpoLLeCcCHl IIPH OTpeleJeHHoil nocae10Ba-
TEJILHOCTH TIOBTOPHEIX BKJIIOUEHHI] MOJIEJIHPYIOTCSI YTEM BKJIOUEHHST H
OTKJIOUCHHS HATIPSIAKEHHI Us, U ilg HA BXOLE YCHJHTeNell 1, 3.

Ilepeancaennsie 3agaun ne oxaTHBAIOT BCE 3ajauil, KOTOpble MOK-

HO PEIINTL HA JaHHOI MOJETH, 0OJHAKO AOCTATOUHO HATVISAHO HJLTIOCT-

PHPYIOT BO3MOXKHOCTH MeTOa MaTeMaTHUECKOTO MOJENUPOBAHIIS MPH
HCCJIEIOBAHHH aCHHXPOHHBIX MAallllH.
HecummMmer

5 PUYHBIE pexxHMbl padoTel. HecuMMeTPHUHBIE PesKUMBI pa-
OTBHI

XapaKTepHsyloTes HECHMMETPHYHBIM BKJIIOUEHHEM HX B OIHO-
HIN TPeX(asHyio ceTh, Haubosee LWHPOKO HCIOJbL3YIOTCA ‘HeCHMMeT-
PHUYHLIE DEXKHMEL IIPH BKJIOYCHHH Tpexcpasnoro ACHHXPOHHOTO JABHrarTe-
Js B olmc“)cpasnylo CeThb C MPHMEHEHHEM AKTHBHBIX CONPOTHBJIEHIH,
ApOcCCe/IeH, KOHIeHCATOPOB, B KauecTBe (Pa30C/ABHIAIOLINX 3/JeMEHTOB;
npu nmycxe mpexdasnoro ACHHXDOHHOI'0 ABHIATE/S C HECHMMETDHUHBIM
POTOPOM L/IST yMEHbBIICHHS YHCIa CTYTeHeH NyCKOBBIX PEOCTaTOB M Myc-
KOBEIX TOKOB. YacTto HECHMMETPHs BO3HHKAeT TaK K€ KaK Pe3yabTaT
aBapHH ACHHXPOHHON MAIINHBL.

IIpu oxHOBpEMeHHOH HecUMMeTpHH O0OMOTOK CTaTopa H poTOopa
ACHHXPOHHOIO ABHTATENsI MeTOAbl npeofpasoBaHHs KOOPAHHAT HE II0-
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3BOJISIIOT OCBOOGOJAHTECA OT TEPHOIHUECKHX KO3 (HUIHEHTOB B ypaBHe-
HHfAX NEPeX0JHbIX MpoueccoB. IIpnH aTom peuleHue ueaecoobpasHo Nnpo-
BOJAHTL B Helnpeo0OpasoBaHHOH cHcTeMe KOOpPAHHAT, TaK Kak, C OIHOH
CTOPOHDI, B YPABHEHHSAX B KauecTBe [ePeMEHHBIX (DUTYPHPYIOT peatib-
HBbIE BEeJHYIHBL, &, C APYroii CTOpOoHbl, npeofpa3oBaHHe ypaBHEHHI He
NPUBOANT, KaK IPABHJIO, K YMEHbIUGHHIO YHCJAa NEPHOLHYECKHX K03(-
¢unnentos. MojennpoBanue B JaHHOM Cjyyae IIpeiCTaBJseT cooit
CJIOXKHYIO 3a/auy H HMEET MHOro o0LIero ¢ MOAEJHPOBAHHEM HECHM-
METPHYHLIX PEKHMOB CHHXPOHHBIX MalIHH, KOTOpOe GyAeT paccMOTPEeHO
Jarnee. ;

[Ipu HeCHMMETPHH CTaTOPHBIX OOMOTOK H CHMMETDHH POTOPHBIX
HJIH, HA000POT, NPH HECHMMETPHH DPOTOPHBIX OOMOTOK H CHMMETPHH
CTATOPHBIX YPABHEHHS NEPeXOAHBIX NPOLECCOB HE COAEPIKAT MEepHOIH-
YeCKHX KOI(Q(HUHEHTOB, €CIH BHOPATL CHCTEMY KOOPAHHAT, KECTKO
CBSI3AHHYIO C HECHMMETPHYHOH 4acThio MalmuHbl. MoJeaupOBaHHe HX B
JAHHOM cJ/yyae He MpeJCTaBJsieT NPHHIHMNHAJLHEIX TPYAHOCTEH MO
CPaBHEHHIO ¢ MOJIe/INpOBaHHeM Tpex¢asnoii Mamnnsl. Hanpumep, ypas-
HeHHs ABYX(pa3HOH aCHHXPOHHOI MaUIHHEI, 3amicaHHbe B OCSX B, a, 0,
npH HECHMMETDHH CTATOPHBIX OOMOTOK HE COAEpIKAT TNEePHOAHYECKHX
K03 HHIITEHTOB. :

bBoJsblroe npakTHyeckoe 3HaueHHe HMEET MOJEJHPOBAHHE CHMMET-
PHUHOrO aCHHXPOHHOT'O ABHrATE/Is TIPH HECHMMETPHUHOM HaIpsKeHHH
nutanHs. IlycTb, Hampumep, Tpexdasubiii ACHHXPOHHBIH JBHTATEJdb
BKJ/IIOUAETC B CHCTEMY TPeX(DasHbIX HECHMMETDHUHBIX HaNpsKeHHI,
3aKOH H3MEHEHHS KOTOPBIX BO BPEMEHH M3BeCTeH: uUq(f), uy(t),
uc(t)-

IIpn nceneoBaHHH HEOGXOAMMO H3YUHTh HE TOJLKO XapaKTep H3Me-
HEHHS YacTOTHl BpPAallleHHs M BPallalOllero MOMEHTA, HO H H3MEHEeHHe
TOKOB B KOHTypax MawnHbl. OUeBHAHO, YTO B JaHHOM cayuyae AJIs MO-
JeJIHPOBAHHS 1[e/1ecO000Pa3HO HCNOIb30BATh CHETeMY ypaBHennii (3-48),
JIOTIOJIHEHHYIO YPaBHEHHSIMHU CBSI3H HANPSXKEHHIT U, (1), us (f) ¢ 3aman-
HOH HECHMMETPHYHON cHCTeMOil TpexcdasHBIX HanpsuKeHHd U (1),

up (1), uc(t):

i () = [ 0= 5 (04 0 l
' (3-56)
R = F [z, (£)—u, (1)].

Ilpu 3TOM IOJIOKHTEJbLHOE HallpaBJeHne KOOPAHHATHON OCH o COBNAa-
er ¢ oceio (as3el A gBHraTelNs], och [ onepexaer och « Ha 90 341. Ppaj.

MaremarHyecKasi MOAeNb CHCTeME! ypaBHenuii (3-48), (3-56) mpu-
Bejena Ha puc. 3-6. Ha 6mokax /—16 ocyujectsisiercss MOAeIHPOBaHHE
YPaBHEHHH 3JIEKTDOMATHHTHBIX MEPeXOJHLIX IPOLECCOB ABHraTeas, a
Ha Os0Kax /7—20 — ypaBHeHHHI MOMEHTOB. HampsuKeHHS Usy, Usy 06-
pasytorcst Ha Gsokax /5, 16. Ilpuuem Moxesnb mMo3BoJisieT MPOH3BOIHTD
pelleHne NpH MPOH3BOJILHONH CTENEHH HECHMMETPIHH, B TOM UHCJIE H H3-
MeHsIoLlelics ¢ TedeHneM BpemenH. MaMmeHsst xapakrep BXOJAHBIX Ha-
TNpSKEHHIT ug (1), up(t), te(f), MOKHO HCCJIELOBATL BJIHAHHE HECHM-

75



METPHH NHTAIOIIHX HaNpsKeHHil Ha mepexojHbe MPOUECCH aCHHXPOH-
HOTO JABHraTelsl. 3ajaHHe 3HAYEHHH Usy, Usp, COOTBETCTBYIOUIHX
CHMMETDHYHOH CHCTeMe TpeX(asHBIX HanpsizKeHHIl, N03BOJISET HCCae-
JOBATh CHMMETDHUHEIE PeKHVKI paGoTHl ABHTATE.

ETU
L!JS o

2 —w

Trec o
857

WF'OC

Puc. 3-6
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Yyer usmMeHeHus nmapamerpoB. Bce mapameTphl aCHHXPOHHOTO JBH-
rareqis B oOLIEM ciayyae MOTYT ObITh NepeMeHHBIMH. Tak, Hampumep,
AKTHBHOE CONPOTHBJEHHEe OOMOTOK MOZKET H3MeHSAThCS H3-3a Hanpesa,
aKTHBHOE CONPOTHBJEHHE POTOPa— 3a CUeT BLHITECHEHHS TOKa, HHAYK-
THBHOE CONPOTHBJIEHHE 3aBUCHT OT HACHIULEHHSI MATHHTHOH LEMNH.

PaccmoTpensbie ypaBHEHHSI 3/1€KTPOMEXaHHUECKOTO Npeobpas3oBa-
HIIST SHEPTHH ACHHXPOHHLIX MAamlliH OBIIH 3alHCAHBLI IJISI TaK Ha3biBae-
MO «H/ea/II3HPOBAHHON MAaIIHHEI», BCS SHEPTHS 3JE€KTPOMATHHTHOTO
MoJist KOTOPOK cocpeJoTOYeHa B BO3JAYIIHOM 3asope. [IpakTHka nccie-
JIOBAHHST aCcHHXPOHHBIX MalmlHH Ha ABM u IIBM ¢ yuetoM wH3MEHEHHS
HX [1apaMeTPOB NoKa3aja, YTO yPaBHEHHS H/eaJH3HPOBAHHOH MaIIHHEL
CIIPABCJJIMBEL I JJIS PeajbHOH HAacbileHHOH ACHHXPOHHOH MAIIHHEL,
IList aHa/u3a poueccoB peasbHON MallHHL HeOGXOAHMO B ypaBHEHH-
AX HIeaJN3NPOBAHHON MallHHBI BCE NapaMeTphl NPENCTABHTH B BHIE
(YHKIHI] TOKOB, MarHHTHBIX TIOTOKOB IJIH 4acTOTHl Bpaulenns. Takoe
npejcTaBJleHie NPOIeCCOoB B AEHCTBHTENLHOCTH SIBJSIETCS TPUOIHIKEH-
HbIM, OHaKO OHO NO3BOJISIET MOJYYHTh PE3yJbTaThl, XOPOIIO COBIAAAI0-
LIHE C SKCIEPHMEHTalbHEIMH.

HomyuienHe o MOCTOSTHCTBE NapaMeTPOB, HCIOJb3YeMOe 4acToO NpH
MO/JE/HPOBAHHH ACHHXPOHHBIX MAallHH, 3HAYHTEIBHO YMPOIIAeT HCce-
Jl0BaHHe, OJIHAKO B HEKOTOPHIX CJyuYassX MOKET NPHBECTH K HEBEepPHBIM
pesyabTataM. B mociennee BpeMs BIHSHHIO H3MEHEHHSI NMapaMeTpPOB
Ha JHHaAMHUECKHE XapaKTePHCTHKH yaeasercs GoJbIIoe BHHMAaHHe.

M3 psana ¢dakropos, 0KasbBAOUHEX HAHGObLIEe BAHSHIE HA H3Me-
HEHHE NapaMeTpoB aCHHXPOHHOH MallNHBI B NEPEXOAHBIX PeXKUMAX,
CJIEAYET OTMCTHTb HACBILIEHHE MAarHHTHOH IlenH MamiHel. [lpn 3ToM
pasaH4aioT HachbllUleHHe 110 MYTH OCHOBHOIO MATHHTHOIO IIOTOKA M TIO
~ IIyTH NMOTOKOB paccestHusl. B 3aBHCHMOCTH OT BeJIHUHHBI OCHOBHOIO MAar-
HHTHOIO NOTOKA, a CJIe0BATENbHO, H HHAYKIHH H3MEHSeTCsl MAarHUTHASN
TPOBOAHMOCTb MO NMyTH OCHOBHOTO MAarHHTHOTO IOTOKA. DTO NpPOSBJISA-
€TCAd B OCHOBHOM KaK H3MEHEHHE COIPOTHBJEHHS B3aHMOUHIYKIIHH
0OMOTOK CTaTopa H POTOPA Xm. BUIHsiHHE BeJHYHHBI OCHOBHOTO MAaTHHT-
HOTO TIOTOKa Ha, IPOBOAUMOCTb PACCESHHS He3HAYHTEJbHO H HM MpeHe-
OperaloT. BesnunHa OCHOBHOrO MAarHHTHOTO HMOTOKa cBsizana c¢ SJC
BO3AYLIHOIO 3a30pa, T. €. 3aBHCHT OT HANPSXKEHHS] TTHTAHHS aCHHXPOH-
HOTO JBHTATeJs.

Haceiuienne MarHuTHOI IENH M0 IYTH NOTOKOB PACCEeSHHS 3aBHCHT
OT BE/MYHH TOKOB B 0OMOTKaX, C YyBEJHYEHHEM KOTOPLIX, HATPHMED
NpH IYCKEe aCHHXPOHHOTO ABHIATeJsl, CONPOTHBJIEHNE paCCessHus 3HATH-
TEJIbHO yMEHBIIAeTCs], YTO 00YC/AOBJIEHO YBEJIHUEHHEM NMOTOKOB Pacces-
HHS1 BOKPYT 11a30B.

Yuer u3sMeHeHHS] CONPOTHBJIEHHS B3aHMOHHAYKIHH Xp NPOBOAAT B
(yHKIHI pe3yAbTHPYIOUIEr0 NMOTOKA B BO3AYLIHOM 3a3ope W's, HCIOJb-
3ysl IIPH TOM XapaKTepHCTHKY XOJOCTOTO X04a MAIlHHBL. Y4eT H3MeHe-
HHSl HHAYKTHBHBIX CONPOTHBJEHHH DPACCeAHHS Xg NPOBOJAT B DYHKIHH
TOK4 [ B JaHHOIl o6MoTKe. OJIHAKO ONpeleneHne 3aBUCHMOCTH Xo=f (f)
3aTPYAHHTENBHO H3-3a OTCYTCTBHS METOJNOB pacuera H 3KCIepPHMeH-
TaJLHBIX TaHHBIX.
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B HeKoTOpHIX CJyuasix, HAMpHMep, NMPH HCIOJb3OBAHMN ACHHXPOH-
HBIX JBHTaTeJ]ei ¢ ray00KHM Ma30M POTOpA, C ABOHHON KJIETKOI M T. I.
H3MCHEHHs HMEHHO aKTHBHBIX M HHAYKTHBHBIX CONPOTHBJEHHI pacces-
~HHs POTODPHBIX KOHTYpOB, 06yCJ]OB.'1€]-lele BBITECHCHHEM TOKa, NPHUBOISAT
K yJIyUIIEHHI0 UX MYCKOBLIX XapakTepHCcTHK. [103TOMY yuHTLIBATL siBJe-
HHS1 BLITCCHEHHSA TOKA Yy PAaCCMOTPEHHBIX MallHH, Oe3yc/joBHO, HeoOXo-
JHMO.

Tpynnoctb yuera uaMeHeHHs! MapaMeTPOB OOYCIOBJIEHA OTCYTCTBH-
€M peaJIbHLIX 3aBHCHMOCTEH uX B (DYHKIUHH TOKOB, MOTOKOB MJH YaCTO-
TBl BpalleHHs. Mamenenne napaMerpoB, Kak NPaBHJIO, INPOHCXOIHT
ONHOBPEMEHHO MOJ AEHCTBHEM HeCKOJbLKHX (axkTopoB. Tak, TpyaHO
Pas3geJibHO OLIeHHUTL B MalllHHe H3MEeHeHHe COHpOTHBJ’IEHI[ﬁ pacceaHHs
OT HACBILIEHHA MAarHHTHOH IeNH M BBITeCHeHHA Toka. [TosTomy Ha
IPAKTHKE H3MEHEHHe TapamMeTpa, BLI3BAHHOE HECKOJNLKHMI (DaKkTopami,
IIPEACTARJAIOT B (DYHKUHMH BEJHUMHLI, OKAa3LBAIOLICH HanGoJbliee
BiaugHHe. OObIUHO TaKHe 3aBHCHMOCTH yAaeTcs TOJYUHTL JHIOb /s
KOHKPETHOrO THNa MaimHbel. Hanpumep, BBIMOJIHEHHBIH aHa u3 mapa-
METDPOB pOJILTAaHrOBEIX ABHraTtencil cepuu AP mokasas, uTo MX aKTHB-
HbIE COTIDOTHBJICHHST He 3aBHCSAT OT BLITECHEHHS TOKAa, & CONPOTHBJEHHE
B3AHMOHHAYKUHH Xm MaJO 3aBHCHT OT H3MEHEHHS! HACBIILEHHS 110 MyTH
OCHOBHOTO MarHHTHOIO MOTOKa, NpoHcxoAsilero npu padore *. [Ipu o06-
PaboTKe NaHHBIX ONBITOB KODOTKOTO 3aMBIKAHHS OBLIO 3aMeueHo, YTO
HHIYKTHBHBIE CONPOTHBJIEHHS PACCESIHHSI B 3HAUHTEJLHOI CTENeHH Of-
PEACTAIOTCA npoleccaMy B 3y0II0BOH 30He H MOTYT OBITh NIPEICTABJICHD
B (YHKLHE TOKOB. B.npegenax uaMenenns Toka cTaTopa, Hanpumep, oT
TOKa XOJIOCTOrO X0Ja 10 TOKa KOPOTKOrO 3aMbIKAHHS CONPOTHBJIEHHS
H3MEHAIOTCSA IO JIHHEHHOMY 3aKOHY:

Xi=Xos+Xer—a—bi, (3-57)
TAC. Xz — HHAYKTHBHOE CONPOTHBJEHHe KOPOTKOTO 3aMBIKAHHSA; Xgg—
HHAYKTHBHOE CONPOTUBJIEHHE PACCESIHHSI CTATOPa; Xor — HHAYKTHBHOE
CONMPOTHBJIEHHE PACCesIHUA POTOPA, NPHBEIEHHOE K CTaTOpYy.

Has mateMmaTuueckoro MOJENIHPOBAHHSI ACHHXPOHHLIX ABHraTeJei
cepun AP Bocnonnsyemes ypasHemusivu (3-48), B KOTODEIX nepeMeH-
HbIE BBIPAZKEHBI Yepe3 TOKH W MOTOKOCUENJIeHHs] CTATOPHBIX H DPOTOp-
HBEIX KOHTYDOB. YuTeM H3MeHeHHsl CONpOTHBJIECHHII PACCESHNS, BReAS B

ypaBHeHust (3-48) Henmueiinwie byHKIHH pe3yJbTHPYIOUIET0 TOKa cTa-
Topa: - :

1 1 L
y = :
Ys - X S1(is)
1 1 A
Yr= =——= f5 (i); (3-58)
aXr £l
LY X P kr u ke i i :
Ym = XX Xsa X;G fa(és),

* Kononenrxo E. B., Hanuunos 5. A. Uceneposanne 37eKTPOMEXaHHUECKHX Nepe-
XOJHBIX [POLECCOB POJILFAHrOBLIX JABHraTeneii Ha ABM ¢ yyeToM HachllleHHsT cTaJH
notokamu paccesnusa. — Mspecrus TIIH, 1971, 1. 212, c. 102—108.
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rjie x;:xs—x:“’,, X, H x,:x,—x?,,/xs— nepexoaHble HHAYKTHBHEIE CO-
IPOTHBJ/IEHHST CTATOPA M POTOPA; Rr=2Xm[%r H ks=Xm/¥s— K03 HILH-
GHTLI CBA3H POTOpPA H CTATOPA.

C yuerom coortHouwenuil (3-58) cucrema ypasHeHuii (3-48) mpHHH-
MaeT BHJ

dllrn/dt:usa—'Rsisa; dllrsﬁldt-:usﬁ_}?sisﬁ; }
AW, )dt= — Ripe—o Y5 d¥.p/dt= —Rirg 40, Tra;
is; =YW — ym‘Fra; isg=Ys¥sp— YmLrp; (3-59)

irz:yrllrra"_ymlpsqz; irﬁzyrllrrﬁ_ymlysﬁ;
dmr/(‘hf = (Ma:\: T M:.[ex)/j;
jwa.\: — (31/2)!)';7; (q}.sﬁ‘pfa — 1lj-r{ilF.im)-

Usccg [ ) w ¥

T So TS y y

-65“ % 2 S S

" WS_“ Ys Yo YsFhg |

S8 -y w il .

=l 3 8 Ty ) ,’j"ﬁ
-(“.V'OC .~
—( W,

- BUP"DC 5 wf"& 5 ro w

(1)

i

&

| o=
75
14
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Ypasuenus (3-59) He0GXOAMMO AOMOJNHHTL BBIPAKEHHEM IS MO-
AyJIs1 BeKTOpa Pe3yabTHPYIOUIErO TOKA CTATOPa

eV S (3-60)

Peanbubie 3HAYeHHS Ys, Yr, Ym NMOJYUEHBl B (PYHKIHH JNeHCTBYOILUX
3HaueHHl (hasHoro Toxa cratopa. ITpeacrasiensie ux B (3-58) B (yHK-
OHH MOAYJSl BEKTOPa Pe3yJbTHPYIOLLEr0 CTATOPHOTO TOKAa sIBJsAETCA

ClipaBeIJIUBBLIM, TAK KaK B OT-
Mm(wp HOCHTEJILHBIX eIHHHIAX —aM-
NJANTYAHBIE H JeiCTBYIOLIHE
3HayeHus (PasHLIX TOKOB paB-
61 15 HEI Mexay cofoii, a amIiu-
TyAHOEe 3HauYeHHe (PasHBIX TO-
/ KOB DaBHO Pe3YJIbTHPYIOLLEMY
410 TOKY.
Ha puc. 3-7 npexcrasae-
Ha MaTeMaTHuecrxKass MOIellb
ACHHXPOHHOIO JBHraTes, co-
CTaBJeHHas 10 YpPaBHEHHSAM
i (3-59) u (3-60). Ona mnosso-
S JISIET HCCJEN0BAaTh, pa3JHYHLIE
€XKHMbl aCHHXPOHHBIX JBHra-
GO0 o [ OO geneﬁ C YUETOM H3MeHEeHHd
¢ HHIYKTHBHOCTEH  paccesHus
20 ). OOMOTOK B 33aBHCHMOCTH OT
¥ u BEMHYHHBI CTATOPHOroO TOKa:
. MyCcK, PEBEpPC € 3aTYXIUIHM H
He3aTyXIIHM TII0JIeM pOTopa,
IIOBTOPHOE BKJIIOUEHHE C JIO-
Puc. 3-8 601 HavaJbHOH  4YaCTOTOMH
BpallleHHsI POTOpa, TOPMOZKe-
HHE NPOTHBOBKJIOYEHHEM H KOPOTKHM 3aMHBIKaHHEM CTAaTOPHOH 06MOT-
KH I0cJIe OTKJIOUEHHsS ee OT ceTH H T. 4. Jlnd HcclIeOBaHHsA JABHrare-
Jisi Oe3 yuyeTa H3MEHEHHS ero napaMerpoB HeOOXOAHMO HCKJIOYHTbL W3
cXeMbl pelleHHs] HeHHeHHble OJioku 1, H2, H3, a QYHKUHH Ys, Yr, Ym
NPHHATH NOCTOSHHBIMH, ONpEAeNseMEIMH HEH3MEHHBIMH 3HAYeHHSIMH
apaMeTpoB. :

Ha puc. 3-8 mpuBenens pacuerHble OCIHJJIOIPAMMEL TOPMOKEHHS
KODOTKHM 3aMBIKAHHEM OOMOTKH CTaTOpa AaCHHXPOHHOTO JBHrare/s
Tuna AP-53-6, uMeromero CleayloLtHe BeJHYHHB TMapamMeTpoB (OTH.
'eﬂ.-): rs=0,0545; rr=0,206; Xm=2,05; J=61,5; Myex=0.

IpnBefeHHBI NPHMED SIBJISETCS JHIIb OAHHM H3 BCEX BO3MOIKHBIX
METOI0B ydYeTa HeJHHEHHOCTeH aCHHXPOHHOrO ABHIATENS NIPH MO -
poBanun Ha ABM. JIpyrue meromm yueTa HeJHHEHHOCTEH GyayT pac-
CMOTpPEHBI maJjee. ‘

S}
s
o
3 >
/'S
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§ 3-3. MonenupoBaHue Tpexta3sHOro aCHHXPOHHOrO reHepaTopa
C KOHIEHCATOPHBIM CaMOBO30YKAeHHEM

B aBTOHOMHBEIX cHCTeMax MHTAHHS IIHPOKO PAacHpOCTPaHEHBl aCHH-
XPOHHBIE CAMOBO30YIKIaI0LIHeCs TeHePaTOPHL. _

Passurie W NepcrneKTHBH NMPHMeHeHHS aCHHXPOHHBIX TeHepaTopoB
TECHO CBfI3aHLI C BCECTOPOHHHM H3yueHHEeM PAasJIHYHBIX DEXHMOB pa-
6otbl aTuX MawnH. OfHON H3 BaXKHBIX 3aJay SBJASETCS HCCAEJOBaHHE
NMepexoJHBIX MPOIECCoB,

MpOTEKaloWuX KaK MpH

2 2 :

caMoBo30yxaeHud, Taxk Omamop 2. 4 iq Vi)
H npi pabore Ha Ha- :
rPV3KY. e : “H

,_i;_. A A

OnHa 13 BO3MOMKHBIX 0 A SN Zy []1 Un

CXeM BKJIOYEHHS aCHH- |
XPOHHOTO  reHepartopa L i5

Ha Harpysky TmpeacTas-
Jena Ha puc. 3-9. Ilpu
paGoTe reHeparopa BO3- w;/
MOZKHBI cJjeylolige oc-
HOBHBI€ perKHMHI: Tpex-
¢asHoe KOHJeHCcaTopHoOe
€caMoBO30yzK/JeHHe IIpH
XO0JIOCTOM XoJe, BKJIoYe-
HHe i pafoTa Ha HArpys- Puc. 3-9

Ky,  CcaMoBO30yxKIeHHE

IO Harpy3KoH.

AHanu3 3THX PeXKHMOB BO3MOKEH IO MOJHON CHCTEME . ypaBHeHHA
ACHHXPOHHOI MalWHHEL. Pab0oTa acHHXDOHHOTrO remeparopa Ha Harpys-
Ky XapaKTepysyercs HECHMMETDHEIl Lieneil cTaTopa, HO3TOMY He/1eco06-
PasHO BOCHOJIL30BATLCSl CHCTEMOH YpaBHEHHi, 3amMCaHHBIX B OCHX
a, B, 0 [em. (3-24)—(3-25)]. Hdnsg awanuza pPaGoTH cXeMbl ypaBHEHHS
(3-24) — (3-25) HeoGXOUMO JIONONHHTL YPABHEHHSMH PABHOBECHS Ha-
NpsiZKeHHii 1 TOKOB KOHTYPOB BHEIIHEl 1eny reHeparopa:

A A
:lug "'_lug ;:TU‘

Pamop 0’

U=ty —tup;
iatCadusldt—i, —0;
ip— Cpdup/dt i —0;
ic=Ccduc/dt,

(3-61)

rae ia, ip, ic, iy— TOKH (a3 FeHeparopa u HATPy3KH; #a, U, Uc, Ua—
HaHpH}KEHHS B036y}Kﬂal‘0mHX ‘EMKOCTel‘,’I H Harpy3KH‘
Hanps:xenue na Harpyske

Uy==1, H“I“L“d(’:ﬂfdf. (3_62)

[Tonib3ysicy ypaBHEHHAMH npeo6pa3oBanus (3-19), HaligeM CBs3b
ME]ly MTHOBEHHBIMH 3HAYCHHSIMH JIHHEHHBIX TOKOB IeHepaTopa M mpo-
€KLUHAMH H306paalollero BeKTopa TOKa CTaTopa Ha OCH @, f:

81



iA: [
= —(1/2)ia - (V/3/2) iy (3-63)

ic=—(1/2)ia— (V'3/2) is.

B ypasuenuax (3-63) oTcyTcTByeT HyJaeBas COCTaBJfIOLIas, TO-
CKOJIbKY JJISl pacCMaTpUBAEMOil exeMbl (4 +ip+ic=0.

Dopmyarsl npeo6pa3oBaHHsl MTHOBEHHBIX 3HaueHHH BBIXOIHOTO Ha-
NpsizKeHHsT Tpex($asHOro reHeparopa K HanpsiKEHHsIM B CHCTeMe Ocei
o, B, 0 moayuum u3 ypaBHenuil Buaa (3-17) npu wx=0:

uu:% (u.»t — .I:!.E_._.é‘:_lfg.),
: (3-64)

Ug=— i_ (II.B = uc). 4
V3

[Tonnyto cucremy auddepeHunanbublx ypaBHeHHil, KOTOPBIE OMHCH -
BalOT IepeXOJHbIH npouecc Tpex(aszHoro acHHXPOHHOTO TI'eHepaTopa,
padoTalollero Ha oAHO(a3HYI0 HATPY3Ky, MpHBEAEM K BHAY, YIOGHOMY
Ans MojennpoBanus Ha ABM. M3 ypasuenuit (3-24) omnpenenum Ipo-
H3BO/IHbIE TIOTOKOCHENIEH I KOHTYPOB:

Vo= —tls— Rula; Vo= —ug— Rpip;
P : = R . ‘p B ] RB'ﬁ } (3-65)
PYar=0Ws, — R i,.; pV¥ ar=— 0, W, —R,ig.

s (3-25) naiizem BHIpaXKEHHS [JIsl TOKOB KOHTYPOB MAIIHHEI IO
ocaM @, § ¥ npeodpasyeM HX K BHAY
w, I

oo

B

i, = — Lar; ig= —lprs
Xm Xm (3_66)
; 1 . ; 1 :
) Lor=— (llrar—' llja-z}; lgr= ('qfﬁr_ llraﬁ);
ar "r:rr
rae
W =0, — Keashat llfaig — \IJ'B — ;‘Casig (3-67)

— MOTOKOCHENJIEHHSI B BO3AYLUIHOM 3a30pe MO OCAM « H B; Xgr, Xgs—
MHAYKTHBHBIE CONPOTHBJIEHHS paccesHusi 0GMOTOK pPOTOPA M cTaTopa.

[lo nonyuenHsiM 13 (3-66) 3HauenusiM COOTBETCTBYIOUIMX TOKOB,
cTaTopa iy M ip omperesnu [cMm. (3-63)] anneiinsie TOKH (a3 renepaTo-
pa. Ma (3-61) sanuiuem MrHoBeHHBle 3aueHus (a3HBIX HANPHAKEHHI Ha
'KOH/I€HCaTopax:

Pla—Xca(Fa—iy); pus=xcp(ip-+i,); pic=Xccic, (3-68)

TAe Xca, XcB, Xcc — PEAKTHBHLIE CONPOTHBRJEHHS BO30OYKAAIOUIHX KOH-
JnencatopoB B ¢aszax A, B, C.
SanuuieM BHIpa)Ke€HHs JJsi HAaNPsIKeHHsi HAarpy3KH H TOKa, npore-
KAaloLero B Heii: :
H,=la—Up: l,=u,/R.. (3-69)
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CocTaBJasioliine HampsiKeHHil cTaTopa U, U Ha#JeM [0 H3BECTHHIM
3HAYEHUSAM Uy, Up U Ue [cM. (3-64)].

TNosiyuennyio CHCTeMY ypaBHEHHII, OMHCHIBAIOLLYIO 3JEKTPOMATHHT-
Fble TIepexoHble IPOLeCcChl AaCHHXPOHHOrO reHeparopa, JIOTIOJIHEM yPaB-
HeHileM JBHXKEHHS POTOpd, MPUBELEHHBIM K HOPMaJabHOMY BHAY:

pwr:(Ma.\t_MMexVHﬁ (3'70)

I‘,ﬂe A’Ia)[ = nga_qu_ fﬂ.

-ty

Puc. 3-10

Taxnv o6pasom, noJiHaA cHCTeMa ypaBHEHHI 3/1eKTPOMEXaHHIECKHX
NepexoAHBIX MPOLECCOB TPEX(A3HOr0 ACHHXPOHHOTO TeHepaTopa OIH-
cbiBaetcs BuipaxeHusaMu (3-63)—(3-70). Crpykrypnas cxema MOJAENH
ypaBHeHuii (3-63)—(3-69) npusenena Ha puc. 3-10. Bioku 1—I2 pe-
waloT ypasHenus (3-65), (3-66) u sBasiorca mozaenbio TpexdasHOM
acHHXPOHHOH MmawuHbl. Bioxun [3—2/ pewalor ypaBHeHus (3-63),
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(3-64), (3-67), (3-68), yunTeBaoue HECHMMETPHIO LENnH HATPY3KH.
B aroit Mojenn He yuuTHIBAeTCA HACHIIEHHEe MATHHTHOIN memn. OnHaKko
npHMEHeHHast (opMa 3amHCH BEIpasKEHHH AJsl TOKOB IMO3BOJISIET OCY-
LIECTBHTb KaK OJJHOBPEMEHHDIH, TaK H Pa3Ae/bHLIl VUET HAChILICHHS O
TyTH OCHOBHOrO MarHHTHOTO NOTOKA H IIYTH IOTOKOB PACCESHHS CTATO- |
Pa uiH poTOPA.

(I/xm)H
H7 ] -Ug
1y e
Wgﬁ Xmly OB
Puc. 3-11

Jls yuera HachIleHHs] N0 MYTH OCHOBHOTO MATHHTHOTO TIOTOKA He-
00XO/IHMO B BEIpaKeHHAX (3-66) 1151 TOKOB iy, fp HCIONL30BATH 3aBHCS-
uiee OT HACBIIEHHS 3HAUEHHE CONPOTHBJIEHHSI B3AUMOHHAYKIHH Xy, KO-
TOPOE MOZKET OBIThb OmpejesieHO N0 KPHBOil HAMAarHHYMBAHHS MAallHHBL
B 3aBHCHMOCTH OT Pe3yJbTHPYIOUIEr0 NOTOKOCIIENVIEHHSI B BO3IYILIHOM
3a30pe MallHHbI: | '

Xn=f (Ws):
O,[LHEIKO, YTOOBl HCKJIIOUHTDL onepamuilo ACJAE€HHSI Ha BEIHYHHY Xm
OpH HAXOXKJIEHHH TOKOB iy, ig, LleNeco06pa3HO YUecTh HachilleHne. s
STOro CJeAyeT ONPENeNHTh BeIHYHHY, 0OPaTHYIO HACHIIEHHOMY 3Haue-

HHIO COIIDOTHBJIEHHS B3aHUMOHHAYKIHH, B (DYHKIHUH Pe3yJIbTHPYIOIIEro
NOTOKOCIENJIEHHs B BO3AYUIHOM 3a30pe ;

(1, )s= f (T5).: (3-71)
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PesyabTHpyioliee MOTOKOCIENIeHe B BO3AYLIHOM 3a30pe

A (3-72)

CTpykTypHas cxeMa MOAE/IH /sl ONpeJeseHlisl TOKOB ig, f C YIETOM
HACLIIICHIS MATHHTHON IEMH OCHOBHLIM MarHHTHLIM IOTOKOM IDHBEILE-
Ha Ha puc. 3-11. Ee BBefenne B cTpyKTypHylo cxeMy (cm. puc. 3-10)
TO3BOJIAET OCYIINEeCTBHTh MOJAEIHPOBaHHE ACHHXPOHHOTO reHepartopa ¢
Y4eTOM HACBILIEHHs MArHHTHOH IleMH MO NMyTH OCHOBHOTO MAarHuTHOTO
MOTOKA. |

YTo6k! yuecTh HACHILIEHHE MATHHTHOI 1INy 10 MyTH MOTOKA pacces-
HHS, HAIDHMEp CTaTopa, HeoOX0AHMO Bbipaykenus (3-67) mpeacTaBHTb
B BHJE

waa:wu_'xmia; IFBBZ\FS"‘-xouiBy (3‘/3)
rhe Xop={ (i) — HACHIIEHHOEe 3HAYEHHE HHAYKTHBHOIO CONPOTHBJIEHHS

a ] -2 .2
paccesHHs oGMOTKH cTaropa (z = i/ i;—i3 — MOAyJb BeKTOpa TOKa
craTopa).

129

'f:,x ‘5“

B [T [N

_w“
! “lan .
ig | Xau bg o DL
2B INAuT 3 il :/» B
e T A O_L/,/ ; -.L.'Jsg_§ 5
Xéﬂ i
Puc. 3-12

CTpykTypHas cxema, MOJeJupyouas ypasuenus (3-73), npeicras-
JieHa Ha puc. 3-12. BBejenue ee B cTPYKTYpHYIO cxeMy (cM. puc. 3-10)
II03BOJISIET HCC/AEN0BATh NEPeXOJHble NPOLECCH ACHHXPOHHOIO reHepa-
TOPA C YYETOM HACHILIEHHs 1O MyTH TOTOKOB paccesanus cratopa. Oco-
60e 3HAUEHHE HMEET yueT HACHIIEeHHS IO NyTH IOTOKOB pacCesHHs
CTaTOPa MpH ONpPEeIeJeHNH YAapHEIX TOKOB BHE3aMHOTO KOPOTKOrO 3a-
MBIKaHHST aCHHXPOHHOTO I'eHeparopa.
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OxHOBpeMeHHbIil yd9eT HACHIIeHHS MAarHHTHON LENnH Kak 1o NMyTH
OCHOBHOTO II0TOKA, TaK U 110 NYTH IIOTOKOB PACCETHHS OCYILECTBJAETCS
BBEIeHHEM CTPYKTYPHBIX cXeM (puc. 3-11 u 3-12) B cxemy mMaTemaTHuUe-
CKOH MOJie/li aCHHXPOHHOrO reHepatopa (cm. piuc. 3-10).

PaccMOTpeHHbI METOX yuera HaCHIMEHHs MAaCHHTHON IMH, OCHO-
BAHHBIH Ha pasjie/eHHH MOTOKOCHENJIeHH{l OOMOTOK Ha MOTOKOCIEle-
HH5 OCHOBHOTO MarHHTHOTO MOTOKAa # NOTOKA pPacCesHHs, 3HAYHTEabHO
YIOPOILAET 3a1a4y HCCJIeA0BaHHA, TaK Kak TpeOyeT MeHbLUEro KoJiiue-
CTBA HENHHEHHBIX OJIOKOB, YeM PaCCMOTPEHHBIH METOJI yueTa Hacbille-
HHs1 NYTH NOTOKOB PaCCEsIHHA aCHHXPOHHOTO ABHIATEJIs.

Al ,"
i
! U L

|
i
|

u

Ha puc. 3-13 npusegena OCHH/IJIOTpaMMa CaMOBO3OYK/IEHHSI Tpex-
($a3HOrO aCHHXPOHHOTO TEHEpATOpa MpH OTKIIOYEHHOI Harpyake. [Ipu
MOICIHPOBAHHA YYHTHIBAJIOCH HACHILIEHHE MArHHTHOH ILeMH 10 NyTH
OCHOBHOTO MAarHHTHOIO NOTOKA H NYTH NOTOKA paccesuus. OrpaHHyeHue
HapacCTanHs HANPAMKEHHS 00yCJOBJIEHO HMEHHO HACHLIIEHHeM MAaTHHT-
HOM EMNH TI0 MYTH OCHOBHOIO MACHHTHOILO IOTOKA.

HMccnenyemptit renepaTop, BeImonnenHsil Ha Gaze ACHHXPOHHOIO ABH-
rarens tina AO2-42-2, umeer cienyiouye napamMeTps: Xus=Xps=1,07;
rs=0:05; Xm= 130; xu.r=xﬂr= 1,08; RT=0106; Xe=— 0,5.

—

Puc. 3-13

§ 3-4. MonenupoBanue CaMOB0O30YK/1eHHsI ACHHXPOHHOrO TreHepaTopa
C HECHMMETPHUYHBIM POTOPOM

CamoBo30y:KaeHHe npu CHMMETPHYHOM BKJ/IIOUEHHH KOHJeHCATOPOB
sIBJISIETCS] HaHG0JIee PACIPOCTpaHEeHHBIM Ha NpakTHKe, HAPHMED PEeKH-
MBI CAMOBO30OYHKAEHHS aCHHXDPOHHBIX reHepaTopoB, PeXHUMBl KOHAeHCa-
TOPHOTO TOPDMOXKEHHS aCHHXPOHHLIX ABHraTtesei H T. 1.

YpaBHeHHs] aCHHXPOHHOI MamMHBI NPH HANHYUH KOHJIEeHcaTopa B
UCMH cTaTopa U HECHMMETPHH poTopa. M3BecTHO, UTO ¢ SHEPreTHUECKOI
TOYKH 3DEHHS CXEMbI MOIK/IIOUEHHS KOHIeHCATOPOB CaMOBO30Y K IeHHS
K o6MOTKaM cratopa Tpexdasnoi ACHHXDOHHO/ MaUIHHLI B «3Be3/ly» H
#TPEYTOJIbHHK» SKBHBAJICHTHEI. Tak, cxema COeIHHEHHS BO3GyKalo-
LIHX KOHJEHCATOPOB B TPEYrOJILHHK» MOMKET OBITh IpeoGpa3oBaHa B
«3Be31y» H 00paTHO.
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CocraBHM ypaBHEHHsI JUJIs CXeMbl TpexdasHoi ACHHXPOHHOH MallH-
HH [IPH HaJHYHH KOHAEHCATOPOB B IleNH CTAaTOPa H HECHMMETPHH PO-

topa (pHc. 3-14). ;

Puc. 3-14

Ilpn ycnosun pasenctBa emkocTell (Ca=Cp=Cc¢=C) mexay
Toukamu O u O’ nanpsixenue up=0. B 3T0M cayuae Hanps:KeHus das
MAaIlTHHBl IPHHHMAIOT BH/

2 t \
dv, L 1 i
0=~ raiat o [ iaat
0
d‘I-‘B 1 J 3
— rpi g _— [ 2 -74
0=—2 | rais+— S‘B‘“’ (3-74)

0

3 dve | __}_1 t.d
— rcl —\ Icdt,
dt i CC_' C S 2

0

rae Wu, Wy, We— NOTOKOCUEIVIEHHS (a3 aCHHXPOHHOTO reHepaTopa;
. t 4
ia, iB, ic — TOKH (pa3 reieparopa; % Yif‘cit:u,i, —é—-\ ipdt=ug,
1]
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t
it 0
o S icdt=uc— Hanpsixenus (as reiepatopa (HaNpsIKEHHS HA KOH-
0

JeHcaTopax). ;
HroGbl HCK/TIOUHT HHTErPabl B ypaBHEHHAX (3-74), npoanddepen-

LHPYeM HX:

d d‘b}.l g
(e
4 /du ; i
z—c?e_( dt _I_rBlB)—I—_E{L; 1 (B2)
Lid a¥ |
et ( dt +rdc)_'_c_

3aMeHHB B YPaBHEHHSX (3-75) hasuble mepeMeHHbBIE HOBBIMH nepe-
MEHHBIMH B 0CsiX d, g, obuiyio CHCTeMYy ypaBHEHHH paccMaTpHBaeMOil
CXEMBl B.OTHOCHTEJIbHBIX CAHHHIAX 3aMHIIEM B BIHIe

0=p(PYst 20, +ri,)—o; O +ori, - xciy;
L T : 9t : : 76
O=p(p¥ e Qﬂ),qfd—[—rzq) + oy ‘qu—[—w,rtd— Xcigs (3 Tb)_
— I | L5 %, £
O_p‘l}nd_rrﬂdld' Ozpwxq_l_rnql.w’
TIe MOTOKOCIENIeHHS
w‘d:xmia‘f‘ Wy llfqzxaqiq—{— Wi
P M:xaml.m "i— upﬁd; 1Ir;tq — 'Yﬂﬂqinq _I_ lFBq;

Xc — EMKOCTHO€ CONPOTHBJIEHHE,

B ypaBuennax (3-77) NOTOKOCHEN/IeH ST B BO3JAYIIHOM 3a3ope [0
0CcAM d U g paBHEI

Waa =X, (Egi,,); Wsy =X (gt irg)- (3-78)

Takas cpopjvra 3aNHCH ypaBHEHHH Heo6X0LHMA IIDH y4yeTe HachIIle-
HUs MarHUTHOH uenn. Mcnonbays ypapmenns (3-78), comporupaenne
B3aUMONHAYKIHH Xin MOXKHO NIPEACTABHTDL B 3aBHCHMOCTH OT pPe3yJbTH-
PYIOIIEr0 NOTOKOCUCIICHHS B BO3AYUIHOM 3a30pe€: l

X, =F (¥), (3-79)

(3-77)

rie U;— V_‘Irgd +3,.

llp" “ep 3 l' IIEIU OTOBKa A5 DEH.IEHI[F[ Ha ABM y])aBHeHHH aCHpr()}[HOH Ma-
JIHHBI. HpHBellEM ypaB“eu“ﬂ (3';6)——(3'19) K MamHHHOMY BHﬂy.

p(pYa+ Qm,‘I’q +rig)= .wf Wy — orrig— Xelg;

AL e ST : . ; ;
P PYg=2orVabrig) = — w2 Wg— wprig + xciy; (3-80)
PYa= — Iyging; ;
v 1g = — I'ging-
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YpaBHeHHd AJs ONpeje/eHHs] TOKOB:

] 1 { ’
ig= (Vg — 075,05 ig= (Wg— Wy, )i
‘\/"cd ' 3q
(3-81)
id = 1 LY Ll "x;; = Veg— g- }
Xm Xm
YpapHenns: NOTOKOCHENJEHHT B BO3AYLIHOM 3a30pe:
Vig= Waa — X 48 ad;
) e g8l
I iqg — U iq ‘ra;[q"' g (3-82)
. /2 2
e V_“ad“*“l 5q°
Jlas ynpoulenus 3amicH BBegeM 0003HAUEHHS: ;
¥ 1= pVy + 20, Wy + rig; > 2= pV;—20,Wy +ri;. (3-83)

Cxema wmaTeMaTHueckoii Momenn ypaeneunit (3-80)—(3-83) mnpuseseHa Ha
puc. 3-15.

Paccunrtaem kos()puineHTsl Nepefaun OTAENLHLIX peluaiomux ycuantesed. s
unrerparopa f

mzd }1 l,‘m,dt = mmku‘l"d == ﬂ'liklgiq— miki3ig, ! (3-84)

rae my, Ny, My, m; — MaclTalhl CYMMEI, BpeMeHH, IIOTOKOCLEeNJeHHS, TOKa;

kyy, ks, Bi3 — K03 OHIHEHTE Tepegaum.
IlpuBoaum ypabHenne (3-84) K HOpMAaJbHOMY BHAY:

a¥1 iy m;m mem; y
Sl rVy — —— kypig— ——— ky3ig. (3-85)
dt my, my my

CpapHuBasi K03((uUHeHTH TPH INepPeMeHHBIX B ypaBHeHHH (3-85) H nepeoMm
ypasuenun cucrembr (3-80), noayuaem

o7 my SN Qriiny My
Riti= s R 12— e I 2 s s T (3-86)
Iy mimg mimmg
AHanornuHo HAXOAHM K03 HIHEenTEl Mepexayn pewalouiero 6JoKa 6:
mf my Wrrmy my
kGl e k62 = —— kG3= —_— xc. (3-87)
mgmy mim; ’ mimy
Jas pewatoniero 6JoKa 2 3amHCHIBAEM ypaBHeHHE
myy a¥, y / z
i s — = — mghky 31 — mykooWy — mikosia (3-88)
my dt
B HOPMAJIbHOM BHJIE
a¥y ny i
7 == (myko1 X1 + mokaoWy + mikesig). (3-89)
My

CpapuuBas koa(uuuents! ypasHeHus (3-89) ¢ kos¢@uilHeHTaMH IepBOrO ypas-
HeHHs cHcreMbl (3-83), mosyuyaeM

Ty § 20, My

ko1 = ; kog = > Rag== =, (3-90)
msmy m mgm;

&
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Ananornuto, AJas pewatomero 6joxa 7:

my 20 Ty
b= ————; k= ky=r———. (3-91)
Mty Iy mem;
Jas Gaokoe 8 u 8 mpuHHMaeM
k3y = k3o = kgo = kg1 = 1. (3-92)
Has Gaoka 4 3amHcbiBaeM ypapHeHne
milg = Ryymyy (W — 11‘64) = f\’41mq,l1"sd (3-93)
niu
Ry kyymyy
ig= —(Vy—V, )= ——VT (3-94)
d Py (Wa o) 7 ods
Cpasunpasn xoadpunnents ypasuenns (3-94) H nepsoro ypaBHeHHS CHCTEMEI
(3-81), nonyvaem
k‘u == m[‘j(mll'-xcd)' (3-90)
Auanornyno, aasa 6aoxa 9
kgy = my[(myx,,). (3-96)
Las Gnoka 10 Mamannoe ypaBHeHHE HMEeT BHJ.
m;z’m = m,I,.kmgm,\-ku (lfxm)}{ u“ad — m,'kmlfd , (3-9?)
HJH B HOPMaJbHOM BHAE
My Rippim oky 1 mik
R ( ) W, — —=L . (3-98)
mi Xm /n mi
Cpaghupas (3-98) c TpeTbuM ypaBHeHueM cHcTeMbl (3-81), HaxoZuM
ko =1; k2= mij(mymyky), (3-99)
rae Mx— Macwrab 1/Xm; ko — ko3 duunent nepemuoxenus, papuuii 0,01.
Ananoruuno, aas 6aoka 15
kisi=1;  kis2 = mi/(mymk,). (3-100)
Has Gnoka 11 umeem
(mp[me) (AW g dt) = — mikyyyi g (3-101)
HJH
AVygldt = — (mims/my) ki . (3-102)
M3 cpapnenuns (3-102) ¢ TpeTbHM YpDaBHEHHEM CHCTEMED (3-80) nosygaem
k1= rpgmy/(mm;). (3-103)
Amnanoruuno, aas Gaoxa 16
Rig1 = ragMg/(mem;). (3-104)
s Gaoka 12 umeem
myWay = mykioWVag — mikiaoi g (3-103)
HaH
‘Fad = k191 Vg — (m;,’mw) k1298 14 _(3-106)
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Cpasrupas (3-106) c nepsrimM ypasnenmem cucrembl (3-82), samuceiaem

Piop=1, ko= (mylm:) %, (3-107)
[Ipu 3tom gaa Gaoxa I7
=1,  kigg= (my/mi)¥e,. (3-108)

Ilob3ysich HOPMAajbHOH XapakTepHCTHKOI xosocroro xoxa Eo=f(im), MoxHO
daiitn 1/Xm = f (¥;), wwm ljxp,=f (11'%). ITocaeanas 3aBHCHMOCTb TMO3BOJIAET
YIPOCTHTH CXEMY DeUIeHHs, HCKJIOUHB H3 Hee 6ok J' H5, npoHspojslinii omepaluHio

«KOpeHb KBaJpaTHblii». HaspaHHble pacueTHHle 3aBHCHMOCTH, NpHBEIEHHLIE B OTHO-
CHTEJBHBIX eIHH/llaX, IOoKa3aHbl Ha pHc. 3-16.

Ve [_Eo
2 -0
f -0,5 ‘.—O—'_'—'o/
ot g
1 28 s
L 2 I i W§- )
05 10 Y
Puc. 3-16

IIJLFE HACTPOHKH GJ0Ka HeJHHeliHOCTH OblJa HCIOJB30BANA 3aBHCHMOCTH 1/X;m'=
=f(¥ ;). [Ipu 3TOM npHHaTH MacmTaGul My, =50 B/em.,  me= 40 B/en.

I'padux HaGpaHHoOil 3aBuchMocTH npusefen Ha pue. 3-17. Ocransuere macuiraGhr
JlepeMeHHBIX AOMAHE! GbITh BLIOpAHLl ¢ YYeTOM BO3MONKHOTO BPEMEHH npomecca caMo-
BO30YKACHHS H MaKCHMAJbHLIX NPelesoB HX H3MeHenust. B wacTHOcTH, pexoMeH-
Ayercda npHHAMATh Mti=10 Bfen., m;=1, m =50 Blexn.

Vsmensis KO3 GHIHenTH nepenay pemralomux yCHJHTEe(l, CBASb KOTOPHIX ¢ ma-
pamerpaMH MAalIHHB yeraHaBamsaetest cootHolennsmu (3-86), (3-87), (3-90), (3-91),
(3-95), (3-96), (3-99), (3-100), (3-103), (3-104), (3-107), (3-108), Moxuo Hccieno-
BaTh NIPOLECC CAMOBO3OYKAeHMsT,

KonneHcaTopHoe CaMoBO30OYIKIEeHIE ACHHXPOHHOH MamIHHBL OCylie-
CTBJIsIETCSl OOBIYHO NOAKTIOUeHHeM 0OMOTKH CTATOPa K 3a:KHMaM Oara-
pen KoHAeHCaTopoE. Ha CTPYKTYPHOH CxeMe MaTeMaTHUECKOH MOJeNH
(cm. puc. 3-15) ato peannsyercs mogaueit komanusl «IIyck». TIpu co-

" OTBETCTBYIOUINX NaPaMETPaX acHHXPOHHOM MAIIHHE H MaTeMaTHUeCKOH
Moje/H IPOHCXONHT CAMOBO3OykneHue. [TogBaeHHE HAYAMLHOTO TOKA
B IlemH cTaTopa peajbHOH MaluHLl MOIKeT GBITh CJIEACTBHEM OCTATOY-
HOro IIOTOKa B CTAJH, CJlyYaWHoro s3apsijga Ha KOHJAEHcaropax MJH

92



BHELIHHX 3JeKTPOMAarHUTHHIX BoageiicTBHii. Ha skcnmepuMeHTa BHOH ye-
TAHOBKE 3HAYyeHHe BeMHYHHBI HANpsXKEeHHS OT OCTAaTOYHOTO IOTOKa
006b1uno cocrasgser He Gosee 0,05% or HOMHIHAJLHOTO,

CamoB0o30yzieHHe Ha CTPYKTYPHOII CXeMe MOJeJNH MOKHO OCyIecT-
BHTL KaK IPH HYJIEBBIX HAYa/IbHbIX 3HAUEHHAX HaNps:KeHH:A HaA HHTe-
rpaTopax, Tak H IpPH HEHYJeBLIX HAaYdJbHBIX YCJAOBHSIX, COOTBETCTBYIO-
UIHX HA4a/JlbHOMY 3amacy 3JeKTPDOMArHHTHOI 3HEePrHH B MallliHe HIIH
9J1eKTPHYeCKoli sHepruH B KoHAeHcaTopax. C mosBieHHeM II€pBOHA-
YaJbHOI SHEpPrHH B IIeMH MPOHCXOAHT €e HeNpephBHBIH 0OMeH Mexay
MalINHOIl M 3JIGKTPHYECKHM IoJeM KOHJeHcaTopa. I[locremeHHO 3Ta
2HEPTHsSI pacceHBaeTCs Ha MOTEpH.

1/ Xm
P
70 7
60 i )
h 4 /
o 3 /
7
kxS At e T
Ja I

0 20 30 40 50 &0 70 80 90 wi

Puc. 3-17

CoueTaHus akTHBHBLIX, HHAYKTHBHLIX H eMKOCTHBIX napaMerpoB Ko-
JebaTesLHON Iemnn, IIPH KOTOPBIX NOSABJSAIOTCSH MOJOMKHTEJbHBIE COCTaB-
JIIOIIHE B KOMIIJIEKCHBIX KOPHSIX XapaKTeDPHCTHYECKOTO ypPaBHEHH,
MPHBOAAT K 0TGOPY 3HEpPruH ¢ poropa. Ilpu JuHEliHOCTH NapamMerpoB
LECM «MalllHHa — KOHIEHCATOP>» I MOCTOSTHCTBE UacCTOTHl BPAIleHHs PO-
TOpa yBeJIHYCHHE TOKA H HANPSMEHHA TeopeTHuelKH MOKET TPOILOJ-
KAThCA 10 GeckoHeuHoCTH. B neficTBHTe/ILHOCTH pU ¢aMOBO36YK IeHHH
POCT TOKa OrpaHHYHBAETCH HEJTHHEHHOCTHIO ey (HACHIIIeHHeM CTaJH).
ITosiBaIeHHe ycTanoBuBIIErocs pekuMa COOTBETCTBYET PaBEHCTBY 3HEp-
THII, TIOCTYNaloueii ¢ poTopa, 3HEPTHH, pacceHBaeMOii B AKTHBHBEIX
CONPOTHBJIEHUSX IENH MAIIHHEL :

ITpu CONPOTHBJIGHHAX POTOPHBIX KOHTYPOB [Iygq, rnd, PABHBIX HY.JIIO,
CaMoBO30yXK/eHHEe He NPOHCXOAHT. DH3HUECKH 3TO OOBICHIETCH TeM,
UTO NpOLeEcc caMOBO30OYK/JCHHS CBS3aH C NPOHHKHOBEHHEM TNOTOKA
peakiun IKOpsi B KOHTYPHI PoTopa. OQHAKO TPH ryg= =0 MOsABJIEHHE
~ TOKa B IIeNH CcTaTopa CONPOBOXKIACTCS NeMN(pHPOBAHHEM IOTOKA Peak-
[[HH SIKOPA ‘M BEITECHEHHEM €r0 Ha IyTH NOTOKOB paccesHus. ACHHXPOH-
HBIl MOMEHT B JAHHOM CJyYae OTCYTCTBYeT Im CaMOBO30YIK/JEHHE He
npoucxout. Ho B peasbHBIX MamuHAX rp=0. T0 NPUBOAKT K IOCTE-
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NEHHOMY NPOHHKHOBEHHIO TIOTOKA CTAaTOpa B KOHTYPHl POTOpPa, H POTOP
HAaKaNJHBaeT SHEPrHIO NOJIsi B KOHTypax.

PaspaﬁoraHHaH MaTeMaTrTHuecKasi MOJeJb I03BOJSET npoaHaJiH3H-
POBaThH HIjOLLECCbI B CHCTeMe «aCHHXpOHHasA MalllHHa — KOHJeHca-
TOp», ONpPEAETHTD 30HY CaMOBO30YKAeHHs, KAUECTBEHHOE BJIMAHHE Pas-
JIHYHBIX N1apaMETPOB Ha XapaKTep CaMOBO30YIEHHS, BPEMsI CaMOBO3-
OyXKIeHHS U T. 1.

B kauectse mpumepa ua puc. 3-18 NpHBEJEHa OCHHJJOrpaMMa pe-
SYJIbTHPYIOLIEr0 HIOTOKOCLEIVIEHHS B BO3AYLIHOM 3a30pe NpPH CaMOBO3-

Puc. 3-18 ; Puc. 3-19

OyXK/IeHHH aCHHXDOHHOH MAlUMHEL, BEIOJNHEHHOH Ha 6ase ABHraTe/s
thna AK-51-4 ¢ napamerpamm: Xap=Xgm=1,1 o. e, Xndn=Xnqn=
=1,05 0. e, r=0,05 0. e., ryg=0,1 0. e., rng=2,0. Kax BuanO u3 pucys-
Ka 3-18, caMOBO3OY:KIeHHE aCHHXPOHHOH MAUIHHEL C HECHMMETPHYHBLIM
POTOPOM NPOHCXOAHT 3a BpeMsi MeHee 0jgHOro mepuona I C.

Bosbuioit nutepec npepcrasasier ananns xapakTepa H3MeHeHHs Ha-
CBILUEHHST MATHHTHOH LENH NpH caMoB0o30yK/ACHHH aCHHXPOHHOI MAally-
HbI, 4TO IIO3BOJIAT OLEHHTD Le/1ec006Pa3HOCTh MOJEJHPOBAHHS PAcCMaT-
PHBAeMOH 3a/lauH C YUeTOM HaCBIIIeHHS.

Ha puc. 3-19 npusenena sasncumocts 1/xm=[(t), NOJIyueHHAs TPy
CaMOBO30YKICHHH MAlIMHLEI C YKa3aHHbIMH BHILIE napamerpamu. Kak
BHJHO H3 PHCYHKa 3-19, HachluleHue MATHHTHOII LENH HAHGOJIee CHIBHO
H3MEHSIETCS] TIPH HADACTAHHH MOTOKA B 3a30P€ OT HYJEBOr0 3HAUEHHS
X0 MaKCHMalbHOro. M3menennsm moroxocuenaenust B 3asope Ws coot-
BETCTBYIOT H3MEHEHHs] HACBHILIEHHS MarduTHOH LelH, NPOoaBJIsIOILIecs
B KOJIeOaHHH BEJHYHHE 1/x,,.

§ 3-5. Moaenuporanue ogHohasHOro acHHXPOHHOTO reHepartopa

AcHHXPOHHBIH TeHepaTop Moker GLITh HMCIONb30BaH KaK HCTOUHHK
MHTaHHs, HATPDHUMED B aBTOHOMHEIX CHCTeMaxX 3JeKTPOCHAOMKeHus
(puc. 3-20). CamoBO36yxKneHne reHepatopa OCYILECTBJSETCS OIKJIIO-
yeHneM KoHJeHcaTopa C uepes pmixmioyatesns BI. Harpyska moaxiio-
qaercs K CTaTOPHOM 00MOTKe uepes Brik/aiouateau BI u B2.

Jns ananu3a paboTH CXeMbl ypaBHeHHs OAHO(DA3HOH aCHHXPOHHOMN
MalIHHBl [IPH CaMOBO30yxkaeHun (3-43)—(3-45) CJEAyeT OOMOJHHTDH
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ypaBHEHHSMH DABHOBECHS HAMPSIKEHHiI H TOKOB KOHTYPOB BHELIHEH
IEnH reacparopa:
us=uc=ic/(Cp);
et (3-109)
ic=1ls—Iy,
rjae ic, iy, [« — TOKH KOHJEHCATOPa, HAMPY3KH I TeHepaTopa.
YpaBHEHHs PaBHOBECHS HANPsKEHHI KOHTYDOB MAallHHBl H Harpys-

xu (3-43), (3-109) u ypaBHeHHe ABHKeHHs poTopa (3-45) MOKHO npe,ix-
CTaBUTb B BHJE, YA00HOM /I MOJEJIHPOBAHHSA:

PY=—i,R.—uc;
PVar=—lor R, 0, Vg,
PVor= —ipR — o Wor; (3-1 10)
Plc=Xclc; :
=(1/Lg) tc — (RulLg) iy

Por=(Myex —iWsp) H ;. ]

Tok craTopa i, ¥ COCTAB/SIOMIHE TOKA POTOPA iwr, ipr MOYKHO OIpE-
AeJIHTh, 1oJaras, 4To notokocuemieHus ¥y, ey, Wer u3BecTHnl. OqHa~

K0 HeoOXOJHMOCTh Y4eTa Ha-
CHILLEHHSI MArHHTHOI LENH He oo

fI03BOJISIET  BOCIOJL30BAThCS To g

HeloCPe/JCTBeHHO YpaBHEeHHS-

MH (3-44). ; l
Paccmorpum METOAHKY ”,‘,T ¢

yueTa HacCbILIeHHsT 1o NOyTH X

OCHOBHOTO MAarHHTHOTO IOTO-
Ka, uTo sBJasercss Haubousee
CYUIEeCTBEHHBIM MPH HCIIOJb30-
BaHHUH ACHHXPOHHOTO TeHepa-
TOpa B aBTOHOMHOII CHCTeMe.
Ilpu anannse camoBo30yKie-
HHSI Tpex(asHoro AacHHXPOH-
HOT'O reHepaTopa ¢ HeCHMMET-
pAUHLIM pPOTOpOM OBIT pac- Puc. 3-20
CMOTPEH OJHH H3 METOLOB
yueTa HacCbIILeHHs MAarHHTHOH LeMH 10 MyTH OCHOBHOTO IOTOKA, CBS-
3aHHEBLT C ONpE/eJeHHEM HACHIIEHHOr0 MHAYKTHBHOTO CONPOTHBJICHHS
B3aHMOHMHAYKUHH B 3aBHCHMOCTH OT Pe3yJbTHPYIOIIEro MOTOKA B BO3-
NYLIHOM 3a3ope.

3/1ech paccMOTPHM ellle OJHH METOJ yueTa HachILLEeHHSI TI0 NYTH OC-
HOBHOTrO,MarHHTHOro MOTOKA, He CBA3AHHEIH HEMOCPEACTBEHHO ¢ ONpe/e-
JIeHHeM HACHIIeHHOTO 3HAUECHHS HHAYKTHBHOTO CONIPOTHBJICHHS B3aHMO-
HHAYKUHH. DTOT MeTOX MOACIHDOBAHHS MO3BOJIsIET HENOCPEJCTBEHHO B
npouecce pemeHnsd HaX0AUTh H3MEHEHHS TOKOB, BLI3BAHHBIX YUETOM Ha-
CBILIIEHHS].

Fomap
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VIcX0aHBIMH- ypaBHEHHSMH TIPH ONpPELEJCHHH BEJHUHH TOTOKOCIEN-
JIEHHIT SIBJISIETCA CHCTeMa ypaBHeHHil (3-44). [Ipuuem moToKoCLEN/eHs
HACBILLEHHOH MAIIHHLI CaeayeT npeicTaBHTbh B TaKOM BH/E:

Ui Kol J;‘ \I'.F,a; \Fﬁ T IFGE ) ]

e oy + l:[faa; W.’ir = x:rriﬁr _]|_ 11;53 )
Wia = gy (b Lar) — AWy Wap— Xdar — AWp; t

[
. H2 ‘2 I
o Ui g, J

TAC Xg, Xor, Xm — COTNPOTHBJIEHHsI paccesiHuss OOMOTKH CTaTopa H po-
TOpa 0e3 yueTa HACHIUIEHHS W CONPOTHBJEHHE B3aHMHON HHIYKTHBHO-
ety Wea, Wop — nmoTOKOCHENMIEHHST B BO3AYLIHOM 3a30p€ IO 0csiM a, B;
AWsu, AWs, — H3MEHEHNST NOTOKOCHUEIIEHHSI B BO3AYUIHOM 3a30pe 1o
OCsIM @ 1 3, 00YCJIOBJIEHHBIE HACHIIIEHHEM MArHHTHOI Llenu 1o nyTH oc-
HOBHOTO MAarHHTHOTO NMOTOKA, '

Tok cratopa i, u cocTaBasioNLe TOKA POTOPA inr, igr ONPEACTUM H3
ypasHenuit (3-111):

b= Wl X A ] Xy — b
inr = ( lli'ar T \Ifa'z)/’xcr; . (é_ 1 12)
Lor=(Tap 4 AW:3)/ X

rie AWeso/Xm=Aly, AW sp/Xm=Ai, — 3HAUEHHS 100ABOUHBIX TOKOB, BBO-
JUMBIX TI0 OCAM «, § H 00YCJI0BJEHHEIX HACHIIICHHEM.

Haceslienye riaBrofi MarHuTHOI 1eny MALIMHBL IPH PEIeHHH ypas-
HeHHH Ha ABM yunThBaercs caeaylouum o6pasoM. Haxoaarcs noro-
KOCLEIVICHHS B BO3AYINHOM 3a30pe AaCHHXPOHHOH MAUIHHBL 1O OCAM
a, f M3 BEIpaKEHHI]

ULy ey b Wy = War — Xoripr- (3-113)

Tak Kak MarHuTHOe ‘COCTOSTHHE MAIlHHBI ONpenessieTCss He COCTaB- -
JIAIOIINMH TIOTOKOCUENVIEHHs] B BO3AYIIHOM 3a30pe 10 OCAM «, f, a ero

Pe3ynbTHPYIONIEH BeJIHYHHON, TO MOJHOe NMOTOKOCUEIJIEHHE B BO3ayuI-
HOM 3a30pe

(3-111)

v,V e, L, (3-114)

B peasbHOH Mallune Begkoe mameneHHe MOJMHOTO MOTOKA B BO3Iy1l-
HOM 3a30pe NMPHBOIUT K H3MEHEeHHIO CONPOTHBJIEHHS] B3AHMHOH MHIYK-
THBHOCTH, UTO BEISLIBAET M3MeHeHHe TOKA HaMarHHYHBAHHS MAaUIHHEL.
B cxemax 3aMelIEHHS aCHHXPOHHOI MAIIHHBI MO OCSIM u B 3TO coor-
BETCTBYET BKJ/IOUEHHIO B BeTBM HaMarHHuiBaHHf HEJHHEHHOTO compo-
THBJIEHHS Xm. PaccMaTpuBaemuri METOJ OCHOBaH He Ha HEeNoCpeacTBeH-
HOM HaXOKACHHH Xm, & HAa HAXO0XKJeHHH AONOJHHTEIbHBIX COCTaBJISIO-
LHX TOKA HAMATHHYHBAHHS no ocsm. YpasHeHus (3-122) coerapienm
iC YUETOM 3TOH METOAHKH MOJEIHpOBAHHS HACHIIEHHS H OTPAXKAIOT Kak
OBl Ha/MYHe B BETBH HAMATHHYHBAHHS CXeM 3aMENIEHHS aCHHXPOHHOMN
MAIIHHBEl JOIOJHHTEJbHON IIPOBOIMMOCTH, OOYCJOBJIEHHOH Hachllle-
HHEM.
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IToJsiyuenie JOTOJHHTEJNLHBIX COCTABJAIOMINX TOKA HaMarHHYHBa-
HHsl TIO OCSIM @ W P OCYLLeCTBJISIETCS 110 XapaKTEePHCTHKE XOJOCTOr0 XO-
Jla acHHXpoHHOTO reHeparopa (puc. 3-21). XapakTepHCTHKH XOJOCTOTO
xona / 1M HAaMaTHHYHBAHHSI HEHACHILIEHHOH MaliHHBI 2 IOCTPOEHH B
3aBHCHMOCTH OT NPHBELEHHOTO K CTaTOPY PE3YJbTHPYIOILIEr0 TOKAa Ha-
MarsuynBaHusi TeHepaTopa, CONVIaCHO NPHHATOH CHCTeMe OTHOCHTE/b-
upix eanuun. Kpusas 3 nmpeacrapiser co00H pasHOCTb 3THX XapakTe-
PHCTHEK, T. €. 3aBHCHMOCTb J100a-

BOUHOrO TOKa HAMarHH4YHBaHusg, Y[ 2 %
00YCJIOBIEHIIOT0 HACBIIIEHHEM, OT M -
pesyJbTHPYIOLIEro TMOTOKa B BO3- 3 /-——'/
gyuiHoM 3asope Aim=f(Ws). Ecan /

mast Kaxporo snauenus We maifitn 50 / 4

otHouleHHe Aln,/Ws U HaHeCTH Ha /
TOT K€ PHCYHOK, TO NMOJYyYHM 3aBH-
CHMOCTD JIONOJIHHTENbHO NPOBOIH-
MOCTH BeTBH Hamarnuumpanmsa ot 073
fIOTOKOCILENJIeHHs BO3/AYUIHOTO 3a-
sopa (xpuBas 4). ¥YMHOXKAasA COOT-
BETCTBYIOWHE IOTOKOCUEIJIEHHS B

sosayuinom 3aszope We, U Wss Ha a i 2% S AT
Besauunny Ain/WYs, Hailonem anaue- [ 1bm
HHS 100aBOUYHBIX TOKOB A, 1 Afj.

CyMMHpYIOUIME  HHTErpatophl, Puc. 3-21

OI0KN [EePeMHOKEHHA IePeMeHHLIX
H Jpyrie pemaicuine JeMeHTH, HeoOXOoAUMBle IJi pelleHHs YpaBHe-
uuit (3-110), (3-112), (3-113), moxasans Ha puc. 3-22.

Bripaxenns 106aBOUHbIX TOKOB Al, # Ay peasi3yioTcs B CTPYKTYp-
#Hoil cxeMe caenyioutnmM obpasom. C BEIXOZOB cymmaTopos I u 19 Gepyr-
cs1 notoxocnemnenns W, 1 Wes i TPH NOMOLLH HeNuHeliHOTro 6M0Ka HS
MoNy4yaloT noJaHoe noToxocuemnneniie Wy B BosanymHom sasope. Ilpu no-
MOILH BTOpOro HesaHHelinoro Guaoxa H6 obGpasyeTcss 3aBHCHMOCTbL JO-
MOJIHUTENbHOH MPOBOAUMOCTH BETBH HaMarHHYHBaHus, oOyCJIOBJIEHHOH
HacbllllEHHEM.

CrpyxrypHas cxema MoJenn oAHO()A3HOTO acCHHXPOHHOTO TeHepa-
TOpPa MO3BOJISICT HCCJEA0BATh CaMOBO3OYIKACHHE NPH XOJOCTOM XOJE.
JIast 9T0r0 HEOGXOAMMO OTKJIOUHTH OT CXEeMbl pelieHns ycHautean 10
u 10’. AXTHBHAS HAUPy3Ka YCTAHABJIHBAETCS NpH moMoud Koadduumu-
enrta mepenauH R’y 0M0Ka /0, a MHAYKTHBHAS —— IPH MOMOIIH KO3(-
¢uINeHTa nepepaud Ry 6aoxa I0. Mozenb mossoJseT HCCAEN0BATH
TaKKe: caMoBo30yKAeHHEe MAIIHHBL [10J HarPY3KOI; BAHAHHE NapaMer-
POB OTHEJNLHLIX KOHTYPOB, UACTOTHL BpaileHls POTopa HA NPOIECCHI
CcaMOBO30YKIeHHs; PeXIM KOPOTKOTO 3aMBIKAHHA aCHHXPOHHOTO TreHe-
paTopa, BANAHHS €MKOCTH H IPYTHX IIapaMeTpoB reneparopa Ha SHep-
THIO, OTAaBaeMylo B HArPy3Ky H T. I

Mpumep 3-2. TloprotoBka Aast peuenns na ABM ypasuennit onuoasnoro re-
ilepaTopa. :

Ilns pacuera x0a(HUHEHTOB Tlepelaul pelaloliux yCHJnTe el 1o COCTaBJeH-
10it CrpyKTypHoit cxede (puc. 3-22) 3aNHCHIBAETCA MAlIHHHAS CHCTEMAa YPaBHEHHH,
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Pue.. 8-29

B KOTOpOii BCe MepPeMeHHBle ABAFIOTCH HANPAKEHHAMH Ha BHIXOAAX COOTBETCTBYIOLIHX
PellaIOUIHX SJMEMENTOB, 4 KO3((HuHenTE B YPaBHEHHAX 3aBHCAT OT KO3 (HUHEHTOR
nepemavd pellarUmIHX 3JIEMEHTOB:

98

d1= — (kuug + kious)/py;
#2 = — [ko1tty + kap (— uq));
Uz = k,lug;

Ua= — [kaug + kaotug + kyy ( — ug7)];
& T k}f (Hg ky ”-%9 k)i
g = ¢ (uyq);

U9 = — kgiug/py;:




= — ky0129/ Pry 1 (3-115)

”'102 — kygqtty;

up = — [k (— u15) + kroua];
ai3=—I[(—u17) w1skukizs + krsattis)/ s |
U= — [Rukis1¢15t13 + Risounn)/ Py

uy; = — [Rafrn1aating + Ri7aup)/ Pas

uig= — [Rig1 (— £19) + Rygau6:];

uyg = — [k191 (— u13) + k1gaut1g]-

Hanpsizkennst Ha BbIXOJEe pelIAOLIHX 3JeMEHTOB ABJAAIOTCH H300pa:KeHHAMH Cle-
Dylomux QyHKUHIT:

m (=)W w(=)V (=)
2

a(=)ig (=T w(=)y-5 |

) { (3-116)

ug(=)ug  up(=)uw un(=)i;

wa (=)o  wi5(=)T,s  wi7(=)or;

ug(=)ig,; (=)W

3uauenus Ko3pduuuenHTOB NepefayH pellaiOMHX GJIOKOB CTPYKTYPHON CXeMB
MOJKHO ONPEACJHTh H3 YCJOBHH, YTO KOI(Q(HIHEHTH HCXOAHOH CHCTEMB YpaBHEHHI
H MAallHHHBIX YpapHeHWit 10xHbBl GHTL pasHbl, Jas pacuera ko3d¢HUHEHTOB nepe-
Jayn 3ajaeMcs MacwtaGaMH BceX NepeMeHHBIX, YUHTHIBAsi NPH 3TOM MAaKCHMAaJbHBIN
JAHAIA30H H3MEHEHHs [ePEMEHHBIX BeJHYHH B YCTAHOBHBUIEMCH H TEePEXOAHOM PerKH-
Max, a Tarwe crneun(uyeckue ocobeHHoctn npumensiemoil ABM. OGruHo ¥ GOJBIIHH-
ctBa ABM MakcumasibHble 3HaueHHs NepeiaTouHblX KO3((HIHEHTOBR He NOJXKHEI Tpe-
BbLILIATL JECSTH.

Cps3b MeXay MallHHHBIM ONepPaTopoM H ONepaTopoM OpHrHHaJa MOXKeT OLITh
noJgyyeHa H3 COOTHOLICHHSA

Py= pmy, (3-117)

rae my=ty/t — macwtaG BpemenH, PaBHHIl OTHOLIEHHIO MAlIHHHOTO BPEMEHH KO
BpeMeHH OpHrHHAJA.

MacwtaGel apyrux mepeMeHHBIX NPEACTABJSIOT COGOi CAeAYIOUIHe OTHOLICHHS:

my = wy[V;  mi=uwli;  m, =ujor; } (3-118)

my=u,lu wuT. N.,

roe My My, mg ¥ T. I.— MacliTabbl nepeMeHHBIX, H300paXkaloWHuX MOTOKOCLeMNe-
HHSl, TOKH H YIJIOBYIO CKOPOCTh BPalleHHs DOTOpa B MOLeNH B BHJAE HalPsKeHHIl;
iy, Ui, &, H T. I.— MakCHMAaJbHble 3HAYEHHS MALIMHHHIX epeMeHHBIX BEJHYHH B

NMEpeXONHBIX peXXHMaX, KOTOpble He AOJIXKHBI NpPeBHIIATE MaKCHMAaJbHO JONYCTHMOrO
3Ha4YeHHs Ha BHIXOJE pelIalolIHX YCHAHTeNeH.

Ioacrasasta B (3-115) ypasuenns (3-117) u (3-118) u yuurwmBas (3-116), mo-
Jyyaem
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s Ai & M 5o
Pos el G i T
p 8B | ;
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I
3 LA IR i
o= (le81 — i, — kg 1,;);
. my m;j
P mym;
Ple =Kol ip;
¢ my, e
., b mgmy
z — G el
HR 10'1 m; C?
myimy,

Pl = ko1 i T ey

t

: ( Tity- o nyy
o= lileiqy P —if 111
ar m; ar V112 m; T oa [?

m mymk, . i
, mym
\ ARty F CRikae e T, . 2R
sl (f‘ial i, W ar 4 k50 Lar
W oy
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M1, 1714
PG o e Doy : mimy_
Pl = | Fran O W —kigg = Igp J;
My my s

( My my,;
i, = | % W, 4 figy —— Al );
{5, Ly ST R T Alg |3

My 7
W . e iyt L S
Wy == { k191 — Ty —A1gn fg,—),
fiiygy ”2\1: /

/

My inimk n
- el - y i -—'M
pur = — | kRin ) IIJBB i, +kiz2 Miygex | »
m,,

w

cxe & v KO3(PHUHEHT HIBJICYeHHA KBaApPATHOTO KOPHS.
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TIpupapnuBas K03(GdHINEHTE HCXONHOM CHCTEMEI ypasuernii (3-110), (3-111) B
ypapreinit (3-119), HaxX0LHM BHIpAXKEHHT JJis K03 (p(HIUHEHTOB NEpesaud CyMMHPYH)-
LHX H uHTerpHpylomux 0J0KOB:

W gy sy
ki = Ra_-_; kyp = )
mym; Mgty
1 mi . 1 mip
kyp=1; g i T e ST ol
Xm mny: Xm Mg
1 mi . . .
k42= * ’ k43=1; ksg:l, ksg:],
ooy my;
; Wy, ; 1 m; A 1 WM ;
g1 = X 2 Ciar1 = 3 5 101 = ? H
¢ mym;’ L Re my Xm  myMy
1 mi 1 mi
Bil= "1 tomi kg = S
or My ar My
my,
wg v
Rig] == L R3=IRy
mem Ry mem;
wg @My
kil = i b G Rl50 =iy
mem by mym;
1 T 1 m,
1715 T Y ek Ri7e = . :
Hj m yiky 3 H j MgmimeRy
1 mi m;
Rigl = T a i S kigo = ;
Xm My My;
k 1 k L
191 = 15 192 = X,
’ ar n;

Ilo pesyabraTam HAacTpoiikH paspaloTaHHOil MOJeNH aCHHXPOHHOrO reHepaTopa
na ABM tina MH-14 M0XHO peKoMeHIOBAaTb CJleAYIOUIHe BeJHYHHB MacIiTaOHBIX
KO03() (QHIHEHTOB:

" m, = 50B/en.; my = 314;

my =20B/en.;  m;=1B/en; (3-120)
m, = 10Bjen.; m,; =5 Blen.

Ipn BoIOpanubix MacwTadax MHOrie Ko3ddHiHeHTH nepejad YAOBJETBOPSIOT
SHAUEHHAM KO3((HIHENTOB, HMeloluxea Ha nabopom nose mawmusl MH-14. Ko-
s¢p(pHUHEHTE!, TOjJeKallie H3MEHEHIIO NPH PacueTax, MOMKHO NOJY4HTH, NPHMEHFHA
JeJITeJH HanpsKeHHs:

Riy=20R_; ko =10xg ' kg = 1/10xy;
ki = 1/20x,5 ko= 1/20x,;
by =0,5/%m ka1 =20R;;  kiso="20R;
kin=08/Hj;  ki;a=0,8/Hj
kg1 = 0,5/xp; kigy = 20x,.
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Ha paspaGorannoil MaTemaTnueckoii MozieaH GBI BBITOJHEH pacuer caMoB0306y K-
ACHHS ONHO(AZHOrO ACHHXPOHHOrO TeHepaTopa €O CJeLYIOUTHME napaMeTpaMH: Ye¢=
=0,525, R:=0,13; R.=0,023; X, =0,253; x.; =0,107; Us=750 B; /=544 A;:
ws=628 1/c, OnbiTHEe 1 pacueTHble KpHBble H3MEHEHHS HanpsUKeHHst reHepaTopa
IpH CcaMOBO30YKIeHHH Nokasannl Ha pue. 3-23. Mx comocramnenie HOJTBEp1aeT
AAOCTATOYHYI0 TOYHOCTb pemienuii no ypasnenusm (3-110), (3-112) u npasmiabHoCTb
OCHOBHBIX NMPHHIHUIIOB, NPHMEHAEMBIX TPH MO HPOBAHHH.

wa — 751177 7
& V.
—_———— Focyem
075

/

Puc. 3-23

Puc, 3-24

Hamenss ko3QQHUHEHTE mNepefay pemaiowmx ycuautedell B COOTBETCTBHH €
(3-121), MOXHO TMPOBECTH COJBLIYIO MPOrpaMMy HCCAeLO0BAHHIL TIePeXOAHbIX Mpolec-
cos. Ha puc. 3-24 mpexcras/ienst ocumiorpammel Ws () uc(t) mpu camopoaGy:x-
IeHHH 0AHO)A3HOr0 ACHHXPOHHOrO reHepaTopa.



FMABA IV
MATEMATUUECKOE MOJEJMUPOBAHUE CUHXPOHHBIX MAILIHH

§ 4-1. ¥YpaBHeHus AJs CHMMETPHYHBIX PEXHMOB

[Tpu cocrasienuu nHpdepeHnHaTbHEX YPaBHCHHH CHHXPOHHOH Ma-
WIHHBL Oy/eM I0J1b30BaThCSl NMOHSATHEM <«HAeaJH3HpPOBaHHAS» CHHXPOH-
Has MalliHa, XapaKkTepHayeMmas CJeAyIOLHMH OCHOBHBIMH CBOHCTBaMH!:

1) MarHuTHas NMPOHHIAEMOCTL CTA/IH MAUINHBI paBHa OeCKOHEUHO-
CTH;

2) pacnpepe/enne mojiell caMOHMHAYKIHH 0OMOTOK CTaTopa H B3a-
HMHOIT HHAYKUIHH 3THX 00MOTOK ¢ 0OMOTKaMu POTOpPa BIOJb OKPYHHO-
CTH CTATOpPa CHHYCOHAAJbHO;

3) ¢dasnbie 0OMOTKH CHMMETPHUHEL,

4) crep:KHH yCMOKOUTeNbHOH OOMOTKH M MarHMTONpPOBOJ pOTOpa
CHMMETPHYHBl OTHOCHTENBHO Ocell poTopa.

MrHoOBeHHble 3HAUEHHS HANPSMKEHHH Ua, Up, Uc, ..., Um HA 32KH-
Max m-¢pa3Hoil HaeaJH3NPOBAHHON CHHXPOHHON MalUHHbBl OIpPeNe/sioT-
¢Sl YpPaBHEHHSAMH:

Ua=ir+d¥,/dt; up==igr-+dVUpldt; (4-1)
uc=icr+d%eldt;...; u,=i,r+d¥,/dt,
riae fa, is, ic,... Im — MIHOBEHHBIe 3HaueHHs (pa3HBIX TOKOB; I — aK-
THBHOE conpoTHBJaeHHe (aswl cratopa; Wa, We, Y, . .., ¥ — N0TOKO-

cuensienns ¢as craropa.

YpaBHeHHs paBHOBeCHs HaNpsiKeHHH A 0JJHOOCHOH 0OMOTKH BO3-
Oy:xiaennss u jgeMmndepuoii 0OMOTKH, mpeACTaBisieMOll B BHJAE OTAE/]b-
HBIX KOHTYPOB 110 OCIM CHMMETPHH poropa d 1 ¢, HMEIOT BHJ,

n,=iyr,+dV¥, /dt;

BB |
0= iﬂdr:m' = dm‘ﬁ.ziﬁ"’dt; (4"2)
0= i.lqrnq + dm‘,-lt;r.’fdt’

rie iy — HanpsiKenine BO3OYXKACHHSA; Is, ind, ing— TOKH OOMOTKH BO3-
Oy2KaeHHsa H aeMi(pepHblX 0OMOTOK; s, Fnd, 'ng — @KTHBHBEIC COMPOTHB-
JIeHHsT 0OMOTKH BO30YXKAeHus u AeMndepHsx 06MOTOK mo ocaM d u g
Wy, g, W — NOTOKOCLEILIEHNS OGMOTOK.

3amuuieM ypaBHeHus AJs NOTOKOCHEMIenuii npu yneae Gas 00MOTKH
craTopa m=23:
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Wa=Laia~+Mapin-- Macic + M s+ M aat - M anglags

Vp=Mpais~+ Lpig+ Mpcic ~+ Mg, + M ppai -+ M gl 03

lIl'C: ﬂ/fc,,qi;, + Mcgtfg + chc + /WC,,L',, --I- ./ch,jizd—{— /W('.‘qu_w; _ (4_3)
IIFB = MnA['-A + MlgBiB + MHCJC‘ + Lnin "}_ /W“de_m;

W, o= Maanin~+ Muapip -+ Muacic M d L i ,
ly.ﬂ(I:anAiA+/waniB+M.1inC‘{'L : )

J!qtf]"

rae L u M — caMOMHAYKTHBHOCTH u B3anMuLIe HHAYKTHBHOCTH Pa3JIHY-
HBIX OGMOTOK, npuueM Map=Mp,, Mpa=M 4y, Mpaa=Manq u T. 1.,
TIOCKOJIbKY paccMaTpHBaeMas CHCTeMa JHHelina.
HuaykTusHOCTH  dasHBX 06MOTOK SIBIAIOTCH  NMEepHOAHUECKHMH
DyHKUHAME YIIa Yy MeKAy ochlo }aser 1 npogoaLHOIl 0CbI0 MalTHHEL:
La=ly+1, cos 2y;
Lp=Ily-+1, cos (2y+27/3); (4-4)
Le=ly+1, cos (2y-+4m/3).
B3auMHBIE HHAYKTHBHOCTH CTATOPHBIX OOMOTOK HPENCTABHM Clle-
AYIOIUMH COOTHOLIEHHSIMH:
Mag=nmo~my cos (2y — 27/3); -
Mac=my~+-my cos (2y 4 27/3); (4-5)
.MBc:m0+m2 cos 2y,
B ypasuenusx (4-4) u (4-5) 1o, Lo, my, 1My — KO3(GuUHeHTH pasJo-
#eHns B psiit Pypobe BeIpakenuii s L H M.

Bsanmuble HHAYKTHBHOCTH MEK1y OOMOTKOIl BC36YKAeHHs 1 thas-
HBIMH 0OMOTKAaMH cra’ropa 3anuuIeM Kak

Man=M puq cos y;

MBB‘—‘MA;;d cos (Y ——23‘[/3);

Mew =M 4,4 cos (Y+27/3),
rAe Mane — B3aHMOHHAYKTHBHOCTL 06MOTOK IpH COBNAaAeHHH HX Mar-
HHUTHBIX OCeil.

An1A B3AUMHBIX HHAYKTHBHOCTE!] 0GMOTOK cTaTOpa ¢ AeMudepHbiMu
KOHTYpaMH HMeeM

(4-6)

Mara=m sy cos y;
Mppa=m .4 cos (Yy—2m/3); (4-7)
Mera=m 4 cos (v 27/3);
/wAthz — M ang sin Y
Mprg= — Mang sin (y— 27/3); (4-8)
Mesg= —m s, sin (y-L 20/3),

TAe Mapg H Mang — B3AHMHbBIE HHAYKTHBHOCTH (pasHoil 0OMOTKH cTATO-

Pa C POAOBHEIM H NONEPeUHLIM eMnepi by KOHTYPaMH NpH coBma-
JeHHH HX MaTHHTHBIX Oceil.
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B supaxennsx (4-4) u (4-5)
=g =L oM s N la=—ms. (4-9)

Yron nosopoTa poTopa
!

V= g o,dt -+ Yo, (4-10)
0 ..

rfe ©r— yIJIoBas YacToTa BpallleHHsl POTOpPA; Yo — 3HAUCHHE yI/id HpH
t=0.
Eca poTop Bpallaercsi ¢ MOCTOSIHHOI YIJIOBOIl CKOPOCTBIO, TO

TEPREN : (4-11)

Pewenne cucremsl ypasHernii (4-1)—(4-11) 3aTpynnHTenbHO, TaK
KaK BHIPAMKEHHs [Jisl CAMOMHAYKTHBHOCTH M B3aHMHOH HHAYKTHBHOCTH
coep:KaT nepuoaHueckie GYHKIHH YIJIOBOTO NOJIOKEHHA pOTOpa. ITo-
STOMY IIPH aHAJH3e CHMMETPHUHBIX PEKHMOB CHIXPOHHOH MalIHHbI OTIe-
PHPYIOT, KaK [PABH/IO, HE PeajbHEIMH (QH3HUECKHMH BeIHIHHAMH, a BE-
JHUMHAMH, 3aNHCAHHLIMHE B ONpENeNeHHOl cicTeMe KOOpAHHAT (ToKa-
MH, HANIPpSZKEHHSIMH, HOTOI{OCLLGHJIEHHF{MH).

JI1s1 HaeaM3HPOBAHHOI SABHOMOJIOCHOH CHHXPOHHOI MalllHHBL, HMe-
jolleil Ha poTrope 06MOTKY BO30OyzKAeHUsl H 10 OAHOMY KOPOTKOSAMKHY-
TOMY KOHTYPY B NMpPOJOJBHOIl I NMONEpeYHoii OcAX, ypaBHeHus paBHOBE-
cHg HaNpsKeHuil 1 MOMeHTa 3anHlleM B KOOPJAHHATHOH CcHCTeMeE d, q:

ud_——idr—i—d\lrd/dl‘—ws(l—.?) ‘Irq:
uqziqr—}—d‘lfq/dt—[—ms(l—s) 1
u,=i,r,+d%¥,/dt; (4-12)
Ozlndrnd_{_dwndfdt;
O=i,,ryq+aY,,/dE;
Jodsldt—4(3/2) (Yyiy — Vgig) = Myexs )

rae J — MOMEHT MHEpPIHH POTOPa, S= (0s—0y) /s — CKOMBKEHHE.
BrlpazkeHus JJs NOTOKOCLEIVIeHHIT-CTaTOPHBIX 1 POTOPHBIX KOHTY-
POB IPEJCTABHM B TAKOM BHJE!

\Ird: Ldid + M pa (£, + i;’ld);
— i A i
llfq i Latq B MAQ"‘:LQ:
lIf[,:Lin+ ﬂ'IAa‘Lnd—{-—(S;Q) MAdid; (4'13)
llr.nd Y Lndind + fwﬂdiu_%" (3j2) MAdid;
W o= Lagingt(3/2) Magiy
rae Lq, Ly — nnaykTuBHOCTH OOMOTOK €TaTOpa B NpOJOJbHOIl B mome-
peunoil ocax; Lp, Lyg, Lyg— HHAYKTUBHOCTH OOMOTOK BO30YKAEHHS H
geMrnQepHblX 0GMOTOK MO NPOJOJBHOH 1 nonepeurioii ocsim; Maq 1

M 44 — B3auMHbIE HHAYKTHBHOCTH JIIOGOH napbl KONTYPOB B TIPOAOJIBHOII
M OINepeyHoil ocsx MalliHbL. _
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B NPaKTHKe MaTeMaTHUeCKOro MOJIeJHPO3aHNtsI CHHXPOHHBIX MalllHH
HCHOII[:BYIOT, Kakx ﬂ]’)aBII.HO,_CIICTEMbI OTHOCHTEJ/ILHBIX e/IHHHIIL.

CocraBum ypaBHeHisi CHHXPOHHOI MAIIIBL B CHOTEME OTHOCHT@/b-~
HBIX eIHHIUIL, C PaBHBIMH B3aHMHBIMH HHAYKTHBHOCTAMH, TaK KakK ola
Halllla MpeHMyllecTBEHHOE NPHMeHeHHe MpH HcelenoBanuax Ha ABM.
ALis aToro npusegem o6MoTKH poTopa K 00MOTKaM cTaTopa M3 yCJ0BHS
COXpaHEHHST SHEPreTHYECKHX COOTHOLICHHH H COGLIOAEHHS HIeHTHUHO-
CTH SMEKTPOMAriHTHBIX NPOLECCOB H 3alHUICM YPaBHEHHS B CHCTeMe
OTHOCHTEJBHBIX €HHHII.

B KauecTBe 0a30BbIX BeJHNYHH IJ1s CHHXPOHHBIX MallHH NnNpHuMeM Te
K€ BEJHYHHB, YTO H [JIs1 aCHHXPOHHBIX (cm. § 3-1).

[Ipusenenne 06MOTKI BO3GYKACHHS MOKHO paccMarpHBaTL Kak 3a-
MeHy ee 0OMOTKOH, HAeHTHYHOIl 06MOTKe cratopa. O6MOTKa BO30yK Ie-
HIs CHHXPOHHBIX MallHH sIBJAAETCS, KaK NMPasijio, oaHohasHoil, a npu-
BefeHnas o6MoTKa — mHorodasnoil. Tokn $has npuBefeHHoll 06MOTKH
BO30YKIEHHS [IPEACTABASIOT cOBOIl CHMMETPHUHYIC M-(pasnyio cucremy
TOKOB, CO3/J1aIOILYI0 MarHHTHBIH NOTOK MO NPOAOJLIOI ocn. B ycTaHo-
BHBLIEMCS peXKiMe pabOTHl 3TH TOKH IOCTOSIHHBI, a OCb OJHOIl H3 thaz
IIPHBEJEHHOH OOMOTKH BO30yIKAEHHs] COBNALACT C MPOAOJDLIONH OCBIO
MalIHHBI.

Peanbnas 06MoTKa BO36ymKIEHHST C TOKOM iy 1 NpHBEJCHHAs 0OMOT-
Ka € TOKOM iy" JOJIKHBI CO31aBaTh OAHHAKOBOE IOJE OCHOBHOII rapMo-
HHKH B BO31YyIIHOM 3a3sope. Mcxoas 113 3TOro ycaoBmus

ol o AR S R L N TR
kykyyd  2p ky g B rt P Ve

BB

rae ks — Kos(ppuunent BO3JYIIHOTO 3a30pa; Rua — KO3 HItHenT nach-
LIEHHs MarHHTHON LEenH mo ocu HOJI0COB; O — BeJIHYHHA BO3AYLIHOTO
3430pa; Wy — YHCJIO BHTKOB 06MOTKH BO36YK/AeHHSs; Ry — KO3 PHIlHeHT
(opMEL KPHBOII TMOJIST BO3GYIKAEHHA; M1 — THCIO0 ¢az 06MOTKH cTaTopa;
W — 4HCJIO BHTKOB (haswl craTopa; Ros — 0OMOTOMHEL Kfiarbcpnm-re}rr;
k4da — KosdpuLneHT GOpPMEI oA cTaTOpa MO MPGAOJABHON OCH,

H3 (4-18) monyuum

in==ilk,, (4-15)

e kin= (2m/n) (Wkoska/wy) — kosdduument npUBeLHHS TOKa BO3-
OyXKaeHus, npuueM Ra=rq/k,.

Kosdduunent npusenenns nanpsxenns o6MOTKH BO3GymeHIs
HajijleM H3 YCJOBHS PaBeHCTBa MONLHOCTEH peanbloil H NPHBELEHHOH
0OOMOTOK BO30YIKICHS:

. wby=m (u,)V 2) (in/V D),
OTKyaa :
ty = (2/m) (iyfiv) tty == (2Im) kit — ko i1,

rae  kup=(2/m)kis= (4/n) (Wkos/w,) by — K03(hGUUHEHT npHUBeLeHs
HanpsizKeHns BO30yKaeHud.
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Koadduunent npuseeHns CONPOTHBIEHHIT H HHAIYKTHBHOCTEH

v i = = K = (8] (Pl K

TI03BOJIIET ONPEAeJHTh NPHBEJeHHbIE CONPOTHBICHUS H HHAYKTHBHOCTH:
Fra=Fkars Le=k.la

ITosayuenusle Ko3(@HUNEHTH NPHBEACHNS CNPaBeIJHBBI KaK s
SIBHONOJIIOCHBIX, TAK H /151 HeSIBHOTIOJIOCHBIX MallMH.

AHaJOTHYHO MOXKHO NOJYUHTh KO3(D@HIHEHTH! NPHBELEHHSA TOKOB
9KBHBAJEHTHOH JeMrdepHoil 06MOTKI 1O MPOAOJBHON M MOMepeuHON
0CAM:

Big 2m  Whkos ,i; kg e dm Wee kﬁ., (4-16)
T W g Rag T Wiy kg

T€ Wyd, Waq — UHCJO BHTKOB 5KBHBAJEHTHHIX JeMIpepHBIX 00OMOTOK;

Rua, Rig— K03 (uuHeHTH (OPMBL TOJIS IKBHBAJEGHTHHIX AeMII(EepHBIX

00OMOTOK 10 ocsiM d U §; Rad, kRaqg— Koaduuuentsl GOpPMBI MoJsA cTa-

Topa 1o ocam d u g.

KoadduunenTs npuBe/leHHs HanpazKeHuii:

2 4 WRop R pa ,
ag=— i = o

mn 7 W id 9] (4-17)
b e g lak yiml kaq
(T L ¢ e e e S e

m T Wig Rzq

Koaddnuumentsl npuBeaeHnst conpoTHBIeHii:

2 1
8m?2 Whos [ kag\2, |
kzd:kidkud: 5 3 ( ) ) I
T (I kg (4 18)
2k2 R N2
PR T ( ""‘)
g Migthug T Z ) <
G i Wag kg ]

B ypaBuennsix (4-13) p3auMubiec HHAYKTHBHOCTH MeXK1y 0OMOTKAMH
craTopa u poropa apjsiioress Heobpatnmbimil. MenonbsoBanue BbhIpazxe-
unit (4-17), (4-18) nas xo3dhduUHeHTOB NpHBeAeHEHs POTOPHBIX BEJH-
YHH K CTATCPHBIM MO3BOJSET MOJYUHTh YPaBHEHHS CHHXPOHHOH MalllH-
HBI, B KOTODLIX B3aHMHBIE HHAYKTHBHOCTH CTAHOBSITCS OOPaTHMBIMH
1 B npeo0pasoBannoii cucteMe Koopaunat. Il sToro HeoOXOJHMO B
ypasnennsix (4-12) u (4-13) BMeCTo TOKOB POTOPHBIX OOMOTOK TOA-
CTaBUTDL HX NpHBeAeHHble 3HAUEHNs, a ypaBHEHHs paBHOBECHS Halp:-
JKeHU POTOPHBIX Leneli JONOJIHHTEILHO YMHOXKHTL COOTBETCTBEHHO Ha
Rus, ®ua, Rug. Torga ypaBHEHHS PaBHOBECHs HampsKeHmil POTOPHBIX
KOHTYPOB (4-12) c yueToM ypaBHEHHH M MOTOKOCLEN/IEHHH (4-13)
NPUHHMAIOT CJeAYIOWHH BHA
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AW L 4 3 d
kuauazkunkfﬂ (rn+ Ln _';T) In '}_ k,m —d(_t— (? M.ddt!d) ‘l"

d .t
+krmkid —E‘ (MAdiild);

O=tuskia(raat Lua g )it hua o (- Mad )+ | @19)

+ kud kia -Q% (MAdl';JJ!

0=tk (rm L —;‘j—) brg g (% MM;',,.)
HJI .
e —}—d‘ll':,jdz.‘;
0=r2q ing+dWra/dt; (4-20)
O=r, A T,
rje BeJHYHHBI CO 3HAKOM «l.I.ETpHX» SIBJISIFOTCA NIPDHBEAEHHBIMU:
1L B R
Wyt =L L+ Ma (ig+ia); (4-21)
Wag="Lag ing~Mugi,.
3,ELEECIJ BBEIEHEI CGQBHHLIGHHHI
M pa=F;,M pa=(3/2) k.M aa
Maa=rhiyuMya=(3/2) by M aa
Misq=FyqMag=(3/2) lryy M a3
Li=Rufily; ro==Pikrs (4225
Laa=# Rl ;m' =R T
Lus—kighl 2 re: =t Pt o0

M“m AT MAdkt'dkul;: MAdk i "‘Zu(.-"

iB

3anuimem YPABHCHHS norokocuenenuii 0OMOTOK cTaropa npu
NIpHBEAEeHHDIX OOMOTKax poTopa:

‘FazLdid*J‘M-"ld (i;—f— i:w); ‘I"qZLqiq'l_M;‘f i;“f‘ (4'23)

Paspenum B cucreMe (4-12) ypapuennst paBHOBECH HATPsAKCHHI

xontypoB Ha W5, a ypaBHenne pannopecis MOMEHTOB Ha Mg. YuurHiBas

paBeHCTBO B OTHOCHTEJIBHBIX eimuupax COOTBETCTBYIOLIHX HHIYKTHB-
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HBIX COMPOTHBJCHHIT HHAYKTHBHOCTSIM H B3aWMHBIM  HHAYKTHBHOCTAM
1 ocyllecTB/ss Anddepenuposaniie no v=wsf, HoAyIuM

tty=Lar+ T y—(1—9) T,

iy ="1,r + p¥ (=8 ¥

O=i,47 10+ P¥aas

Y
i
ty =iy PV { (4-24)
I
O=i, . ru+2% 45 ‘
Hjj)S—}—lFaiq— "Fqidszcx' J

rie
V=4 g~ ¥aa (ty+-1:4);
W, =X, X gk
W g G R (4-25)
W, g ==X 1gi a1 Xad ({47 En)

lIJ';lq =Xqtag _Ii_ xﬂf}iq;
H; — mieplionyas nocTosHHas poTopa.

Ypaeuenus (4-24), (4-25) cocrasjieHnl AJf caydyasl, KOTZa Ha po-
Tope HMeloTess 0OMOTKAa BO36YXKACHHES M ABa AeMIdepHBIX KOHTypa Mo
NpoA0ALU0I 11 nonepeunoil ocsim. Ipi 3KBHBAJCHTHPOBAHHH AeMIep-
HOil CHICTEMEI POTOpPa HECKOJBKHMH KOPOTKO3aMKHYTHIMH. KOHTYPaMH
B IPOMOJLHON I TONepeuHoii ocsX cOCTaBJeHHE YpPaBHEHHH Nepexo-
HBIX MPOIECCOB He BCTPEUaeT AONOJHHTEIbHbIX TPYAHOCTEH. '

[Tpu Tpexa3noM KOPOTKOM 3aMbIKaHH{ CHHXPOHHOH MAaIIMHEL
B ypaBHeHHAX (4-24) npuuuMalor da=ty=0.

§ 4-2, YpaBHeHHs NJ18 HECHMMETPHYHbBIX PeXXHMOB

B’r CHHXPOHHBIX MAaIUIHH POTOP ABJACTCH HeCcHMMETPHYHBIM aubo
B 2JCKTPHUCCKOM OTHOIIEHHH (HEABHOMOJIOCHAS MaHiNHa), JH00 OXHO-
BPEMEHHO B 3/JeKTPHYECKOM I MArHUTHOM OTHOUIEHHSX (sIBHOIOJIOC-
Hag Mamuna). [Ipn CHMMETPHH CTATOPHBIX Lemnell, KaK 3TO NOKa3aHo
BLIIIE, YPABHEHHS NEPeXOAHbIX MPOLUECCOB CHHXPOHHOH MAIIHHBI MOTYT
GBITb TpeoGpasoBalbl K YPaBHEHHSM ¢ HOCTOSIHHBLIMY Ko3(duunenTa-
MH IIPH 3aIHCH HX B 0CAX d, ¢.

HecummMeTpruHble pexHMbl paGoThl CHHXPOHHEIX MalllHH XapaKTepu-
3YIOTCA HeCHMMeTpHeli 0OMOTOK CTaTOPa MJIH HECHMMETPHUHEIM pacipe-
JleJIeHIeM Harpysku mo (pazaM MallHHEL OPH CHMMETPHYHBIX 0GMOTKAX
craTopa, a TaKxkKe YCJOBHAMH HecummeTpud. Hanpumep, mnpH ABYX-
(a3HOM KOPOTKOM 3aMblKaHuu Mexny (asamu B u C yciioBHS HECHM-
MeTPHH HMEIOT BHA

Uup—tc=4; ig= —ic=i, (4-26)
1M TIPH 3amucH yeaosuil (4-26) B ocsx d, ¢
1, sin y+-u, cos y=0; iysin y—i, cos y=0. (4-27)

109



Peannzanusa ycaosui Hecummerpun (4-26), (4-27) c ucnoab3oBaHH-
€M, HanpHMep, ypasHeHHil 115 NpoeKiiii BeKTOpPoB Ha ocu d 1 q (xaxk
570 GBUIO CAENaHO /I CHMMETPHYHON MallHHEI) SBIsETCS OUCHL I'pO-
MO3IKOII 11 [ie BCerja mo3BoJisger noJIyyaTh YpaBHeilisl B KOHCUHOM BHIe.

B nniteparype * npeasosxken crnoco6 peaJsiHsauun yCJI0OBHII HecHMMer-
PHII Il ypaBHEHUH B BEKTOPHOI (opMe, sBIAIOMMACH OTHOCHTENBLLO
npocTbiv. OCHOBHBIE NOMOMKEHHSI CcnocoGa CBOAATCS K CJIeAYIOLLEeMy:

1) sanucsiBaem ypaBHenus [Tapka — TFopesa B ocsax d, g nwin a, p
AJIST MALIHHEL, 1MEIOLIEH TO JKe UHCJI0 CHMMETPHYIbIX 0BMOTOK Ha ora-
TOpE 1 pOTOpe, UTO H y HcclielyeMolt MaluHbl. [IpH 5TOM yunThIBaeTest
HaJHUHe HJH OTCYTCTBHE MATHHTHONH CHMMeETPHIL

Haa xaByxdasnoro Kopotkoro 3aMblKaHusa Tpex(asHoil cHHXPOHHOIT
MallHALl ¢ CHMMETPHMHBIMI 0OMOTKOI BO30OYIKAGHHS M AeMudepHoii
o6moTKOli ypaBuenus Ilapka — ['opesa (4-24) npeacrasum B Bige

Ly=i,r+-dW,/df — w,W,;
g e=ior 4 AV Jdf 0,0 ;
Up=1yry+dV Jdt; . (4-28)
0=i, rog+d¥, Jdt;
O=iyr.q+dW, Idt.

IToToKOCUEN/IEHHST 0GMOTKY cratopa Wa, Wy 1 geMndepHoii o6mor-
Ki Wna, Wng ONPeNeiuM  u3 cucremiy (4-25). TIlctoxocuemnyienis Yo,

Wrq AN Maluy c NPOAOJBLHO-NIONEpeuHbIM BO3OYIKACHHEM npeacrapum
KakK '

L1 [p— : - TR
L 5= Xply _jl— Kagly _l_ xadlnd’ } (4—29)
ng?

L ==Xpglsq —}—xaqiq vy d

2) YCJIOBHs HECHMMETDHH JJIsl ToKoR 1 HanpsiKCHUi cTaTopa (4-27),
OTpasKaIoTUIE HECHMMETPHIO pacemaTpuBaemoro pe:xnmMa, 3anmiuemM B

BEKTOpHOI (opMe. Henoabays dopmyss diijlepa M NPeACTaBMss Ha-
NpAXKEHHs H TOKH CTATOPA B BEKTOPHO (hopme:

W=yt juy;
d— g ; Wys=tp.— fit.:
b TRl (4-30)
3 . . *
ld:td_[—-”q; id:fd—fiq,
npeoGpasyem (4-27) K Bupy

y *

HETTUETI=0; ey ige-i=0; (4-31)

3) cocTaBHM YCJIOBHS HecHMm

METpuH, yuureBaiouiie OIHOOCHOCTDL
o6MoTOoK poropa. B pacemarpus

4EMOM cayyae ofEOOCHON ABJsETCS 06-

* Tpewes H. H. Metonrr uccae
Ka. JI., Dueprusa, 1969, c. 63.
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MOTKAa B036}7}I(21("‘.H]]H, MNO3TOMY moJiaraeM COCTaBJ/iAICUIHE TOKa, Hamps-
ZKEHHSI Il TOTOKOCLECIJICHHS €€ 10 OCH ¢ paBHBIMH HYJIIO:

Uyy=0; ip=0; W ,=0;

4) nepesenem ypasnenns (4-28) B BektopHyio (opmy. UToGH co-
CTABITL YPaBHEilsl PaBHOBECHs HaNpsiXKeHHH B BEKTOPHOI ¢dopme, yM-
HOXKHM YpaBHCHIISI PABHOBECHSI HaMNpsXKeHHil AJ5 KOHTYPOB IO IOIe-
peunoii ocu [em. (4-28)] Ha [ H CJIOKHM HX C COOTBETCTBYIOLINMH ypaB-
HEHHAMH 0O mnpoxoJbHoil ocu. Ilpnm 3ToM ¢ yueToM OJHOOCHOCTH
0OMOTKH 8036)’}1\'.’.181'11-15[ IIOJIYUHM

uy=i,r+a¥,jdt— jo ¥,
u, =i, +dW,jdt; (4-32)
O=i,r,+d¥ /df,

rie
- = . . vE
\Fd:xl(!—i_yid+xad1n+x113—]_YIIJ; 1
W, =yl 0,500, (i 1) 4 0,5 15+ 1) ‘ (4-33)
IP‘JL :xllin "'I_ yllin_l_ xlid—l_ ylhid _[_xz':a'in-
31ech

x=0,5(x,+ x,); y=0,5(x;— x,);
xl:o’5(xad+xa(]); yIZO!S{xadhxaq);
x11:0,5(xM—|—x_m); Y11 =0,9 (x5 — X;,)-

CocraBum ypaBsHenue, cONpsKeHHOe YPaBHEHHIO PABHOBECHS HATIPS-
JKEeHHsI CTaTopa: '

Uy =i, +d¥ dt — jo ¥, (4-34)
rme
v =it yid+xaai..+xﬁﬂ+yli3. (4-35)

Ob6beannnm (4-34) u (4-35) c mepBHIMH ypaBHEHHSIMH CHCTEM
(4-32) u (4-33), ucnonbsys mepBoe ycjiosue HecumMmerpuu (4-31). Has
3TOT0 YMHOXKHM HMX COOTBETCTBEHHO Ha e~V i ei¥ j y3 BTOPOro BHUTEM
nepsoe. B pesysbrarte npeoGpasosanuii ¢ yueToM BTOPOr0 yC/IOBUS He-
cummerpun (4-31) noayuum

i+ d¥ oldi— jo, ¥, (4-36)
roe
Wo=1,(x—y cos 2y)40,5x,,i, (1 —e—721)}
40,5, (i, — 1, e=721) 40,50, (i, — i, e—727). (4-37)
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W3 ypasneuunit (4-36) n (4-37) naiizem ypaBHEHHS /151 NPOCKIHN
H300paxaloluuX BEKTOPOB Ha ocH d H §:

b+ A ] — 0,0 1y =0; | (4-38)
Lgr +d ¥ pldi+4-o, W =0,
rmue
V=i, (x—y cos 2y) 40,5 (X,40p 1 Xgafaa) (1 —c0s 2y) 4
+0,5.%44i,, sin 2v; (4-39)
Wpo=1,(x— Yy cos 2Y)+- 0,5 (X ,4lp+ Xgabna) SIN 2V 4
0555, .00, (1-1- cos 2y).

g nemndepHbX oOMOTOK H 0OMOTKII BO20YXKJICHHS ypaBHEHHs
DaBHOBECHs KOHTYDOB H BhIpaKeHusl JJisl HOTOKOCLEMJEHUS B HeCcHM-
METPHYHOM pexKHMe oCTaloTcs 6e3 H3MEeHEeHHH, T. €. TAKHMH XKe, KaK H
B CHMMETPHUYHOM peiKHMe paboThl.

Taxum o6pasoM, mosayueHw audepeHlUHaNblbie YpPaBHEHHS CHH-
XPOHHOH MaIUHHBI IPH ABYX()a3HOM KOPOTKOM 3aMBIKAIHH.

Ananuns ypaBHEHHl"i AJist HECHMMETPHYHBIX PeXKHMOB IIPpH HX 3alllicH
B pasJgHYHbIX CHCTEMAaxX KOOpJAHHAT IoKal3hBaeT, uTo npeot’)pasoﬁamxe
KOODAHHAT HE N03BOJIeT OCBOOOAHTHLCS OT NMEPHOAHYECKHX Ko3(du-
UHEHTOB. - ‘

Heo6xoxuMOCTs npeobpasoBaniis KOOPAHHAT TNPH PacCMOTPEHHH
HeCHMMETPHYHEIX PEXKHMOB BO3HHKAeT JIHUIb TPH aHaJli3e CHCTEeM
MalliH. B aHHOM cilyyae BBIOOP CHCTEMbI KOOP/AHHAT 3aBHCHT OT KOH-
KpeTHOil CXeMBbl IIelH. )

Ilpy mMaTeMaTHYeCKOM MOJAEJHPOBAHHH HECHMMETPHUHBIX PEIKIMOB
paboTel CHMMETPHUHOH 3JeKTpHuecKoH MallHHBI MOMKHO H HE Npeos-
pasoBREIBATH YPABHEHHS C yYRTOM YCJAOBHH HECHMMETPHH, a JOCTATOUHO
JHUIL B JACNOJHEHHE K yPaBHEHHSIM CHMMETPHYHOH MalINHBE HAnicaThb
VpaBHEHHH], XapaKTepPUu3yrulHe coOOTHOILUEHM MEX Ay TOKamMH H Hanps-
KeHHAMH B MecTe HecHmMerpuu. ITonyueunsle ypaBHeHHs HYIKHO pe-
WHTh COBMECTHO. IIpH 3TOM H3 ypapHeHHH, COCTABIEHHEIX s peaJu-
3allMyl YCJOBHH HECHMMETPHH, nepeMcHHble KOS(M(HUHEHTE He HCKJ/IIO-

qawTci.

§ 4-3. MonenupoBanue no nojupiM ypaprenusam flapka — lopesa

3anuch yPABHEHHH CHMMeTpHUHOH cHHXPOHHON MalluHu B ocsix d, g,
JKEeCTKO CBSi3aHHBIX C POTOPOM, sIBJsieTcS HAHOO0JCC PACIPOCTPAHEHHOM
npH HCC/Ae/0BAHUIL KaK ONHOI MaluHHpl, TaK H CHCTeMBl MamuH. Crpe-
MsiChb K MaKCHMAJIbHOMY yNpouleHiio ypaBHEHHI KaiKN0H H3 CHHXPOH-
HBIX MaligH, paboTaloiliuX B 0IHOH 9J1eKTPHUECKOli cHcTeMe, 3amucH-
BaloT, KaX NpaBHj0, YPaBHEHHs KaxJOH K3 3THX MAlilHH B 0CHX, XKECTKO
CBA3aHHBIX C €8 POTOpoM. B stom cayuae nepHopuLeckue xosdpuunen-
THI HCUE3aI0T 13 YPaBHEHUH Becex CHHXPOHHBIX MalllHI.
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Monennporanne Ges yueta nachllleHHst MarHuTHOi uenu. [Toanyio
CHCTEMY ypaBHEHMIl CHHXPOHHOIT MalluHbl (4-24) mpuBELeM K HOPMaJib-
HOMY BHIY: :

PV =1, (1—35) ¥, —ri,;

p‘Ifq=th—(l—s) W, —ri,;

q‘,
p‘lr,,=u[,— "‘BEB; } (4-40)
pllrnd= — Tk ags I
p\}_f‘w T _ruqilq;

PS=(1/0,H ) (Wi y— Wi g+ Myyey).

ITpn sToM norokocuemnenuss Wy, W, We, Wnd, Yng B ypaBHEHHAX
ONpE/EJSIOTCS COOTHOMIEHHAMH (4-25).

OnHuM 13 BO3MOXKHBIX METOLOB pewlendss ypaBHeHHH (4-40) u
.(4-25) siBasieTcst  ompesenienne NOTOKOCHENJEHHI H CKONbLIKEHHS H3
(4-40) B NpeanONOMKEHHH, UTO TOKU id, iq, ip, ind, ing ONpENEJEHBl H3
ypaBHeHHit (4-25).

CymMupyiome HHTETPaTophbl, (YHKUHOHANBHBiE NpeoGpasoBaTesi
H OJIOKH MepeMHOKeHUS! IepeMeHHBIX, peatHayIioHe onepaiuu, He0G6-
XOAHMMBIE JIJIA ONpeae/eHHs YKa3aHHBIX NOTOKOCLeIJeHHil, H3oGpake-
HEI Ha pHC. 4-1, q.

Cocrasusiioniue Toka CTaTopa ig H iy, a TaK¥kKe TOKH POTOPHBIX KOH-

TYPOB In, ing, iy, Ompenenum, npeanosarasi, 4ro noTokn Wa, Wy, Ws,
Whia, Wng H3BeCTHDL:

c 1 X s
Fo— o _tad o=l 3
d x4 d v ( B T .1d)7
. 1 X - ¥ 1 X, ' A 3
Al W o ae o ST N W —=2d —+iy); (4-41)
q q % g ad xd d B/
*q Xq Xxd Xnd
. 1 X, s : ; 1 o s ¢
A IIJ. —_ ad L L 3 PR — lll — 44 [
B x, B Xy (d+ Jd)! aq i aq T q

Pewaroutue saementsi, Pea/nusyloliie onepanuu, HeoOXOAHMble 114
pemieHus ypaBuenuit (4-40), npuBenens na puc. 4-1, 6. Mozenuposa-
HHE YDaBHEHHS ABHIKEHHS poTopa, npeacTaBJeHHOIO TMOCJAedHHM YpasB-
HenneM cucremsl (4-40), moxasano Ha puc. 4-1, g.

Hejxocrarkom npusegennoii CTPYKTYPHOH CXeMBI MOAEJHPOBAHHS
ABJIETCSL TO, UTO B Hell CONEPKATCSH KOHTYPHI, UHC/O CYMMHPYIOIIHX
yCHINTeNeil KOTOPLIX UeTHO, a 06l Ko3(ppunnenT neperaun GIH30K
K epnnnLe. Tax, Hanpumep, cymmartopel 9 u 12 o6pasyioT KOHTYP ¢ mo-
JOXKHTEJIBHOI 06paTHOlT CBA3BIO, KOI((PHUHEHT Nepenaun 1o KOHTYPY

TO BBISBIBAET CTPYKTYPHYIO HEYCTOHUYHBOCTL CXeMBl H He MO03BOJSIET
TMOMYUNTL DELICHHe TPH MalbX PACCESHHAX KOHTYPOB Malluubl, JLis
CHHXPOHHBIX MalIHH OGULeNPOMBIUIIEHHOTO TIPHMEHEeNHs, B KOTOPBIX He
NPHHHMAIOT CHeNHANBHBIX Mep MO CHHIKEHHIO HHIYKTHBHOCTEI paccest-
HHST, PACCMOTpPEHHLI METOA MOAEJIHPOBAHUS TPHMEHHM.
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HTo6b! nONYUHTh YCTORUHBYIO MOAENb CHHXPOHHOI MaIIHHEI npH Hc-
NOJIb30BaHNN YpaBHEeHHUIT, 3aNHCaHHbIX 0e3 yueTa HAachIUIeHHsA IEMH,
HanGo/ce 1esecoo6pasHo HAXOAHTh COCTAB/IAIOUIHE TOKOB cTAaTopa ig,
iq u poTopa us (4-24):

9
XuXud — xad

Xoyg— X - Xag (Xp— x,
II"_d—xad( ad ad)]I,B_ ad (X5 ad) T - I

e
/2] & R i adr
P _%nd Xad .
Lq ir A’ I (i A’ FH(I’

9
S XdXnd — X4 NG Xad (X1d — ¥ad) (17, o Xod (Xg — Xag) woo-
T m s — A S R A

o
Xdg¥n— Xog Xad (Xp— Xaq) Xad (Xd — Xaa)
s “ad \**n ad P ad \*d ad P .
. i dig ¥, — , v

A
. X, N X, ¥
— 1\ — aq
lnq ; A’ I.'lf[ A Iq’ '
(4-42)
roe
Sits 2 !
- A =243 % 14~ 2Xaa — Xaa (X4 X5+ X,54);

2
!
A 1-_—.‘:(} 1q = xaq.

M3 cpasnenns ypasuenmii Il TOKOB B cHCTeMax (4-41) u (4-42)
BHJIHO, UTO B (4-42) TOKH ONpEIEJSIOTCS Yepe3 MOTOKOCLENIeHHs, B TO
BpeMsl Kak B (4-41) B mpaByio yacTh KaXkA0ro ypaBHeHHS] BXOAAT TOKH
APYTHX KOHTYPOB MalllMHBEL.

CrpykTypHas cxema mogjenH, peasu3ylollel onepauHH, He0OX0au-
MBI€ AJ151 pelmlennsi cucteMbl (4-42), nmokasana Ha puc. 4-2. Beenenne
€€ B CTPYKTYPHYIO CXeMy MOJE/JIH CHHXPOHHOI MalliHHBI BMECTO CXeMBbI,
NPHBEAEHHOI Ha puc. 4-1, 6, N03BOASET NOJYIHTD yCTOHYMBYIO MaTeMa-
THUECKYIO MOZe/b, ¢ MOMOUIBIO KOTOPOII MOXHO NPOBOAHTL HCCJELO0-
BaHHS NPH JIOOBIX COOTHOIIEHHSIX apaMeTpoB. v

Monennposanne ¢ yuerom HachilleHHs MATHHTHON Lemy Mo nyTsiM
paccestnus. Kax nokasblBaeT OMNBIT, GOJIBIIOS BHHMAaHHE HA IMPOLECCHI
IIPH BHE3ANMHbIX KOPOTKHX 34MBIKAHHSIX CHHXPOHHBIX MalIHH OKasbl-
Ba€T TIepEMEHHOe HaChlIeHHe MarHuTHOI LeNH. Yuer nepeMeHHOro Ha-
CBILICHHST MATHATHOH LeMH, Ja¥e HPH NOCTOAHCTBE YaCTOTH BPalleHHs
POTOpa MallHibl, TPEGyeT BHIXOAA 34 PAMKH TEOPHH JHHEHHBIX AHb-
(hepeHUHaNBHBIX ypaBHeHHIT.

B cucreme ypapuennii cHHXpOHHOH MalmMHBI (4-40) u (4-41) Bce
IapaMeTphbl TPeAToNaraloTcst He3aBHCAIIHMHA OT HaChIUeHHs. a5 yue-
Ta HacCbllleHnst HeOOXOANMO 3HATh 3aBHCHMOCThL MapaMeTPOB OT TOKOB
B 0OMOTKAaX. ‘

ITepeMennoe macobilienne yUacTKOB MACHUTHON MENH BH3HBAET MH3-
MEHEHIEe HHIYKTHBHBLIX CONPOTHB/EHHH MAUIHHbl, KOTOPOE IPOHCXOLNT
BCJIEJICTBHE HACBIIIECHHS: '

1) MareuTHOI 1eny OCHOBHEIM MArHHTHBIM HOTOKOM;

2) y4acTKOB MArHHTHOH LENH NOTOKAMH PacCesiHHus.
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B cHHXpOHHBIX MallHHAaX MepBas 3aBHCHMOCTL ONpejelisieTcs Ha-
npsizKeHHeM Ha BBIXOAAX M NPHBOAHT B OCHOBHOM K YMeHbIUEHHIO B3a-
HMHOI HHIYKTUBIHOCTH H CHHYKEHHIO MPOBOAHMOCTEH IyTeil NOTOKOB
paccesinusa. [Ipy ycjaoBHH cOXpaHEHHS OCHOBHOIO MarHUTHOrO [OTOKa
NpaKTHUECKH TOCTOSTHHBIM B IMEepBble MOMEHTBl KOPOTKOTO 3aMBIKAHHSA
3Ta 3aBHCHMOCTL MOXKeT OBITb yuTeHa AJis 3a/aHHOr0 HanpsizKeHHsA Bbl-
DopoM HacCbILLeHHBIX 3HAYEHHIT MapaMeTpoB.

DoJee cyllecTBeHHO! npu BHE3aNHBIX KOPOTKIX 3aMblKallisiX CHH-

XPOHHBIX MAalUHH sIBJsIeTCS  He-

K, 00XOAUMOCTb y4yeTa HaCbIILeHH

K YUacTKOB MarHHTHOMH leMi NMOoTo-

\ KaMi paccesiHusi. Bo Bpemsl Ko-

0,8 PR POTKOrO 3aMblKaHHsl 3HAUHTEJb-

K ";E Hasi yacTb MOTOKA reHepatopa

06 H : YCTpPeMJseTcs Mo NyTaM NOTOKOB

4 8 10 12 i,0.e. paccesHHsI M BBLI3LIBAeT JOMOJ-

HHITeJbHOE HachlllleHHe HX, YTO

Puc. 4-3 00YCJOBIHBAET  COOTBETCTBYIO-

liee yMeHbIIEHHEe MepexXOopHBIX H

CBepXMePeXOAHLIX MapaMeTpOB MAIIHHEI H JOMNOJHHTE/NbHOE YyBeJHde-
HHE TOKa KOPOTKOIO 3aMBEIKAHHS. 5

OcHoBHOe BAHAHHE HA HHAYKTHBHOCTH PaCcCEAHIIsl OKa3biBaeT BeJl-
uyliHa TOKa KOPOTKOro 3aMbIKaHusl, OHO MOXKET ObiThb ONpe[e/icHO 0
pacnpele/ieHHi0 MarHuTHLIX TIOJell paccesHus AJs Kaxaoi KOHCTPYK-
nnn Mamuael, O1HaKo 3Ta 3ajaya HACTOJBKO TPyJOoeMKa (Tak Kak Xa-
PAKTEPHCTHKH HAMarHHYHBAHUS OT/JEJbHBIX YacTeil MallHHbl pas/anu-
HbI), UTO BPS/L JIH HMEET CMBIC/ CTPEMHTLCS K TOUHOMY YUeTy KOHKPET-
HbIX XapaKTEePHCTHK HacbllleHHs KaxKIod MalunHel. Ilenecoobpasuo
HCIOJIb30BATE /AJIS PACYETOR 3KCHEGPHMEHTAJILHO IOJYUeHHbIe XapaKTe-
PIHCTHKH. ,Koa(bcbnuuem HACHIIEHHs] JJf CBEPXIEPEXONHOM ky, TeEpe-
X0/HOH Ry H MHIYKTHBHOCTH 0GpaTHOrO CJei0OBanus (a3 B2 onpeje-
JISIETCSl OTHOIICHHEM HAaCLIUIEHHOro 3HAYeHHsI COOTBETCTBYIOLLEro Ia-

pameTrpa IIpH AaHHOM TOKe cTaTtopa K 3HaueHHIO, OllpeleJeHHOMY Oes
yueTa HaCbIILECHHS:

" " P ¥
— 5 { 5 ’ (2) '
kﬂ—-\:dﬂ/x,j, kli —"‘_xd"/x[[, n —= KXo,/ Xo.

H’a puc. 4-3 npUBeJieHE 3aBHCHMOCTH KO3((MHIHEHTOB HACHILIEHHS
Py Fous 2T B (GYHKUHH TOKa cTaTopa, NOJyYeHHbIE SKCIePUMEHTAIbHO
JJisi KpYnHBeIX TypOorenepatopos. [lo mnpHBEAEHHBIM 3aBHCHMOCTSIM
MOIKHO HAlTH 3aBHCHMOCTG 1/x,=f(i), nan 1/x.=F (¥, xotopyio
HEoOXOIHMO BBECTH B CXeMy MOJEJHPOBAHHS CHHXDOHHO!H MAallHHEL
Yxazanuas 3aBHCHMOCTb HaOupaercst Ha 6JI0KE HEJHHEHHOCTH METOAOM
KYCOUHO-JHHEHHOH aNlPOKCHMALUH.

AHaau3upys NPOLECCH NPH KOPOTKHX 3aMBIKAHHSIX, OObIYHO CUHTA-
10T, 4YTO H3MEHSIOTCA TOJBKO CONpOTHBJEHHs paccesiHus cratopa. Tak,
y CHHXPOHHBIX MalUMH 3KBHBaJleHTHOe HHIYKTHBHOE CONPOTHBJECHHE
cTaTopa B CBepXIepeXoJHOM pexuMme ¢ yYeTOM SKPaHHPYIOLIEro BJIHA-
His AeMndepHoil cHcTeMbl M 0OMOTKH BO30OYXKAEHHS onpejessiercs B
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OCHOBHOM HHIAYKTHBHBIM COINMPOTHBJEHHEM paccessHus CTaTopa Xg=—
=1,15x0‘

Has yno6ersa yuera HACEBILIEHHS 10 YTAM IIOTOKOB paccesHHs lie-
J1ec000PAa3HO IPEACTABHTD NOTOKOCLEMIEHHS CTaTOPHOH 0O0MOTKH Wy
1 W, B BHIE CyMMBI TOTOKOCHEMICH ] 110 OyTSM OCHOBHOI'O MATHHTHOLO
IIOTOKA M [I0TOKOB pacCeHHs:

Yy ="oa+ Wor =%, (i, THexa) tial S (£);
¥ =W+ Wog =0 (B, - £,0) £/ 7 (£): }
M3 (4-43) mowxuo maiitn Toku g H ig:

L= (0 (%, —Tsa)s SV =R ATt (4-44)
Hoauwtit Tox craropa

(4-43)

A : . (4-45)

s YueTa HacbILIeHHS MOXHO TaKMXe BOCMNOJIb30BAThLCS COOTHOILIE-
HHAMH: -

La=F () (= Taa)i {g=F (W) (¥, —Wy,),  (446)
rae W, 42

Taxum o6pasom, moauas cucTeMa AH((epeHIHaNbHBIX VPaBHEHHIT
CHHXPOHHOI MalLIHHLI, COCTABJICHHAS C Y4ETOM HACBIIIEHHS MarHHTHOMH
LI 10 NyTsiM NMOTOKOB paccesHus CTaTtopa, XapakTepH3yeTcs CHCTe-
MOH ypaBHEeHHI] (4-40), rme Toxu c YY€TOM COOTHOLIEHH (4-43) —
(4-46) onpenensiiores YPaBHEHHAMHU:

3 ) . . . 20 : )
La=F (Vo) (Vy— Waa); - iy="F (L3 (T, — Wy, );
- l -~ Xad Xad - 3
LB = lLu =5 (f by ——— l,-zds
Xy Xy X (4 47)
| W Xad Xad : 4
I’flr[ == ‘p.'l(f_ bot—= Ea‘!
Xnd X ua Xug
. 1 X :
O —— IJ aq L
'q g q°
Xag g

Cocrasiiennas mo ypaBHeHHAM cHcTeM (4-40) u (4-47) cTpyKTyp-
flas cXema pelueHHs npejcraBieHa Ha puc. 4-4. ITorokocuenaeHus ‘Pr{-
Vo, Wa, Wia u Wy NOJIy4alOTCA HA BBIXOJE OIEpalHOHHBIX YCHIHTEIEN!
ih2. 3, 5,7 HHTErpHpOBAHHEM TNPaBOii yacTH ypapuennii (4-40). Toku
HKOHTYDOB DOTOpA Iy, igd, ing ONDENLJIAIOTCS Ha BEIXOHE COOTBETCTBYIO-
LHHX CYMMHPYIOUHX yeuauTeaei /2, 13, 9. YpaBuenne ABHIKeHHS] MOJe-
JIHPYETCS mpu nomowu ABYX 6/0KOB yMHOXeHust H8 1 HI u HHTEerpu-
pytouiero ycunurens 17, Ha BEIXOHE KOToporo ofpasyercsi BeJHYHHA
CKOMIbKenus s. [Moroxkocuennennss Woy g W IOJIyYaloTCsl HA BHIXOME

CYMMHDPYIOWNX yeuautesei 14, 16:
Wog=U,— W;y; lIraq = Wq =% il;aq- (4-48)
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ITo uaBecTHEIM noTorocuenaeHusM Wqg u W, HaxoAuTcs KBaiparT
2 2 22
nosHoro notokocuemnyienus Yo=W,;-+U;, (6aok 15). Ha 6a0xe He-
" )
auHeiinocty H6 nHabupaercs 3aBHcHMOCTh 1/xs=F(W;). IlonyuenHoe

3HaueHHe 1/x; yMHOKaeTcsl Ha ABYX GJokax ymMHOXkKeHHs HAa Waa H
Woq. Ha BEIXOZax 6/0KOB yMHO:KeHHsi H4 u H7 o0pasyioTcs TOKH ia

Lgd

L
HeN—1

b /X,

H7

Puc. 4-4

b5 iq; KOTOpkbie HCIOJIB3YIOTCA 3aTeM B CXeMe pelleHHS COrJIaCHO HCXOJA-

HBIM ypaBHEHHﬂM. /
Pa3paboTanHasi CTPYKTypHas cXeMa NO3BOJISIET PeIlaTh HCXOXHYIO

cicreMy ypaBHennii H Ge3 yuera machimendsi. Jlisi 5TOro Hy:KHO OT-
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KIIOYHTL OT CXeMbl peuienns OJ0K HeJHHEHHOCTH, a IoJly4eHHble Ha
‘BBIXOJZe CYMMHDYIOU(HX ycHIHTeNel moTokocuemnenus Wog 1 Wo, Ge--
Pe3 Ko uUHeHT nepexaur, NPONOPUHOHAIbHE 1/xs (uto Gyper
COOTEETCTBOBATL 3HAYEHHAM ig H ig), NOJATH Ha Gaoxu 1, 2, 9, 10, 11,
1213, H8, H9, :

Jlas penlenus HCXOLHON CHCTEME ypaBHeHHi#i Oe3 yueTa H3MEHEHHH
TACTOTR BPALLCHUS pOTOPA HEOGXOAUMO OTKJIIOUHT OT CXeMbl PelIeHHs
OJIOKH, MOAGMNDYIOLIHE YPaBHEHAE ABHIKEHHS.

[To paspaGoraunoii CTPYKTYPHO!i cXeMe GblIH DPOBeJEHH HCCIeno-
BAHHA BJIHIHHS HaCBILEHHS MAaTHHTHON Lemnn [0 OyTSIM NMOTOKOB pac-
CCAHUA 1T NSMCHEHUS JaCTOTHI BPALIGHHs! HA TOK NPH BHE3AlHOM KO-
POTKOM 3aMBIKaHHH CHHXDOHHO!H MamHHEL. Ha puc. 4-5 NpHBENEHA OC-

Puc. 4-5

LHJAJOoTpaMMa pelienusa c YUETOM HACBHIIIEHHS H H3MEHEHHS YaCTOTEHL
BpalieHusda npn KOPOTKOM 3aMBEIKAHHH Ha 3azKHMax CHHXPOHHOI'O reHe-
paTopa, HMEIOIIEro cie/yiolne 3HaYeH s TapaMeTpos (0. e):

Xad=Xaq=1,0; x5=0,05; Ina=Xne=1,03; xz=1,1; r=0,001; r;=0,02;
Tna=rxg=0,001; H;=6 c.

B pesynbrare pemenns momyuens: NPOEKIHH TOKa cTaTopa Ha OCH
dug—ig ¥ iy a TakKe CKOIbMKEHHe poropa s. Mcnoap3yst GopMyJibl
JIHHEIHEIX NIpeoGpasoBammii, HETPYNHO IO H3BECTHBIM [g H ig HAHTH
TOKH B (asax remeparopa. Kak mokaseBaior HCCJIeZIOBAHMS, HACHIIIE-
HHE MariHTHOIl IenH N0 NYTSM IOTOKOB PACCESIHHSI CTATOPA CHJBHO
BAMSIET Ha Npouecchl NpH BHE3ANHBIX KOPOTKHX 3aMBIKAHHSX, H €r0
YHUET HEOOXOIHM. '

Mopenuposanue ¢ yuerom HACBILIEHHS] MATHHTHOH 1end M0 MyTH
OCHOBHOTI'O MArHUTHOTQ NnoToKa. I‘IEOﬁXOILHMOCTb Y4yeTa HacbIIIeHHS Mar-
HHUTHOII IIeIIH mo OYTH OCHOBHOI'O MAarHHTHOTO INOTOKAa BO3HHKAET IIPH
HCCIEJIOBAHUH PsJia PEKHUMOB PaGOTHI CHHXPOHHBIX MamuH: (opcH-
POBKe BO3OYXKAeHHSI MaUIHHBI, PEryJHPOBaHHH HANpPSKEeHHS Ha 3aXKH-
MdX 10 ONnpejie/IeHHOMY 3aKOHY, NOAAEPIKAHHH HEH3MEHHBIM Hamnpsize-
HHs Ha 3a’KuMaX MalIMHB IPH NePeMeHHOf yacToTe BpAIeHHS BaJja
5

JLJisl CHHXDOHHOH MAIIHHBL CTemeHs HACHIIIEHHS] MarHOTHOH LeNnH
OpeAC/IACTCS BeJIHYHHOH pesyabrHpylomeit MJIC B BOSAYITHOM 3a30-
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pe Fs Wiu, IPH 3amHCH ypaBHeHHH B OTHOCHTEJBHBIX eIHHHIIAX, BEJH-
YHHOIl Pe3yJbTHPYIOLIEro TOKa B BO3AYIIHOM 3a30pe is. Pe3yJabTHPYIO-
ueit MIC Fs H TOKY is COOTBETCTBYET Pe3yJbTHPYIOIlee [MOTOKOCLeN-
JeHHe B BO3AyliHom 3asope We MJIH paBHas eMy NPH HOMHHAJbHOH
ckopocTH B oTHocuTesnbHbIX exunnnax DI C es;. Takum obpasom, ecin
3ajlaHa XapaKTepHCTHKA XOJIOCTOTO X0Ja MallMHbI, TO IPH H3BECTHOH
peanunne DI C es nau notokocuenygeHuss Ws MOXKHO OIHO3HAUHO OMNpe-
JeauThb pesyabTupyiouyio MIC Fs uiu TOK is.

XapakTepHCTHKH XOJIOCTOTO X0Ja CHHXDOHHBIX MalllHH, KaK NpaBH-
J0, ¥306paxkaioTcsi B HMEHOBAaHHBIX €JHHHIAX HJH B OTHOCHTEJBHBIX,
onpenesasieMbIX H3 COOTHOILIEeHH

E:E::E.“I‘EHDM; ‘iu:.?::im/'fm“o-“’
TZle igmom — TOK BO30yzKaeHusi, coorpercTBylomwHuit JC XoJsocToro xo-
Jla, paBHOH HOMHHAJIbHOMY HallPSIXKEeHHIO:
EO:UHO!\['

Ilpu pacyerax pasiHYHBIX PEKHMOB PaGOTH 3HEPreTHYecKHX CH-
. CTEM, B KOTOPBIX HMeeTCcd MHO-

2 —_— ro reHepaTopoB, IJis YIpOUleHHS
1442 L NpHHHMaeTrcs, 9TO XapaKTepH-
e /i CTHKH X0JIOCTOrO XOAa BCeX CHH-
12 N XPOHHBIX MallHH OJHOrO THIIA,
AR Hanpumep TypboreHepaTopor
10 / W THAPOreHepaTopoB, BHIpa-
8 »KEHHBIE B OTHOCHTEJIbHBIX eJ1H-

05 HHIaX, ONMHAKOBBI H COOTBETCT- -
06 / BYIOT HEKOTODBIM CPEIHHM HaH-
1 HBLIM pEaJIbHBIX XapaKTepHCTHK
0,4 retepatopoB (puc. 4-6). Takue
: / _ : XapaKTepHCTHKH XO0JIOCTOrO X012
021~ Ha3BIBAIOT HopmasbHoismu. OTHO-
0 4 CHTENIbHBEIIT  TOK  BO30OVIKIEHHs

05 40 L8 2,0 25 30ig,.o0.e. ine H TOK BO30OYXKAEHHS, TPHHH-
MaeMBlli TPH 3aMHCH ypaBHEHHI

Puc. 4-6 CHHXPOHHOIH MAalIHHBI BO B3aHM-

HOIl ~ CHCTEME OTHOCHTEJbHBIX

eIMHHI, PA3JHUHBl, TAK KaK Da3/HUYHBl COOTBETCTBYIOIIHe GasuCHbLIE
TOKM, MpHHATHIE 3a eiuuuiy. Hapsay ¢ peasbHOH KPHBOJNHHENHOI Xa-
pPaKTEPHCTHKOI XOJIOCTOTO X0ja B pacyeTaX MOJB3YIOTCA TaKKe CrpaM-
JIEHHBIMH HeHachIleHHBIMH (npsMas ) n HacblLIEHHBIMH (npsimas 2).,
Ilpu mcciel0BaHHAX cuHXpoHHEIX MawHH Ha ABM no moawoit cn-
creMe ypaBHEHHH, 3aNHCAHHON BO B3aHMHOWH CHCTEME OTHOCHTENBHBIX
€JHIHI, XapaKTePHCTHKY X0JIOCTOrO Xojia HEOOXOJAHMO CTPOHTh B OT-
HOCHTE/bHBIX €IHHHIIAX, COOTBeTCTBYIOIHX €IMHHIAM, MPHHHMAEMBLIM
TpH 3a0HCH YPaBHEeHHi cHHXpouHoii mamwuubl. MHBIME cioBamu, Heo6-
XOJHMO YCTAHOBHTbL CBfI3b MeXKJAY BeJMYHHAMH TOKa XOJOCTOrO XOZAa
ipson H TOKA Iy, PABHOrO 6aspMcHOMY 3HAYEHHIO HENPHBENEHHOrO TOKa
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BO30yKAEHHsI BO B3aHMHOH CHCTeMe OTHOCHTENbHLIX eJHHHII H mepe-
CTPOHTL COOTBETCTBYIOIIHM 06pa3oM XapaKTepHCTHKY XOJIOCTOTO XOA4d.

[Ipn onpejenennn Toka BO3GYKAEHHS B OTHOCHTEJIBHBIX €JHHHIAX
HAOCTATOYHO pa3ieJIiTb €ro 3HadeHue, NPpHBEAEHHOE K 00MOTKe SIKOpH,
Ha COOTBETCTBYIOIIHIT 6a3HCHBIN TOK SIKOPS:

in (0' €. ) :t;/( l/rg—[s{o.\l) = ‘fn (A)'U rgfim.\lkl)' (4'49)

I3 mocsienero cooTHOLIEHHSI MOXKHO HaHTH Ga3HCHOEe 3HAUEHHE He-
TPHBEJEHHOrO0 TOKa BO30OYIKIEHHS, e€CIH NPHHATH iz (0. e.)=1 u 3a-
MeHHTB iz (A) Ha ips (A): !

i5.6(A) =12 Lioutins : (4-50)

_ 2m wkog

rae fg ky— Koa(h(HUHEHT NpHBeJEHHS TOKa BO30OYXK-

a Wy
JAeHus. »

B paccmartpusaemoii BsanMHoil crHcTeMe OTHOCHTENBHHIX —€IHHHIL
Ga3HCHBIT TOK BO3OYIKAEHHS ing CO3LAET TaKylo JKe [0 BeJHYHHEe OC-
HOBHYIO rapMOHHKY I10JIs1 B 3a30pe, KaK H HOMHHAJbHBIH TOK cTaTopa
IO MPOMOJIbHON OCH NIPH CHMMETPHYHO{I Harpyske. DTY CHCTEMY eIHHHIL
B JINTepaType HashIBAIOT TaKXKe <«CHCTEMON Xgg», TAK KakK TIpH
s (0.e)=1 BDNC cratopa or ToKa Bo36yxmenus E (0.e.)=
=i (0. €.) Xga (0. €.) =%xag (0. €.), T. e. paBHa HeHAaCHILIEHHOMY 3Hage-
HHIO CONMPOTHBJIEHHS B3aHMHOH HMHAYKTHBHOCTH Xgg, BBIPA:K@HHOMY B
OTHOCHTEJIbHLIX eJIHHHLIAX.

Ipu onpenencuun Gasuchoro Toka B030Y#AeHHS OBIIH HCIOJIb30-.
BaHLl 00MOTOYHBIE JaHHBEIE cTaTopa H poTtopa. OJHAKO YacTO B NPaKTH-
K€ MOJesiHpOBaHHSI CHHXPOHHBIX MamuH Ha ABM o6MoTOUHEIE JaHHEIE
MalUIHBl OLIBAIOT Hen3BecTHH. [TosToMy GoJbINYIO MPAKTHYECKYIO IEH-
HOCTL HMeeT crnocod NoJaydeHHs Ga3HCHOTO TOKA BO30YXKIeHHS, OCHO-
BaHUbIH Ha HCIOJIb30BAHHH NMACMHOPTHHIX IapAMETPOB MAUIHHEL

Bo Bsaumuoii cucreme orHocHTenbHEIX enuuui chExponmas IJC
reHepaTopa

E (0. e.)=i,(0. e.) x,,(0. €.). (4-51)

Ita xe JC MoKeT GHTH BEPaXKeHa Uepe3 TOK BO3OYKIECHHS MO-
cpencteom JIHHEapH30BAHHOH XapakTepHCTHKH XOJOCTOrO X0Ha, MOCT-
POEHHOIT B OTHOCHTENbHEIX efHHHIaX. [Ipu cnpsMienun XapaKTepHCTH-
KH XoJlocToro Xoja no-HavaJbHON HeHacHleHHOH dacTH (mpamas I,
puc. 4-6) nmosayuum

V5 e e (4-52)
vie kuyy=AC/BC — ko3 HUHEHT HACHIEHHS MATHHTHOIl UENH TpH
XoJaccrom xone (npu ip.=1).

[lpupasuusas Buipamenns (4-51) u (4-52), HafizeM CBSI3b MEXKLY

TOKOM BOSGY?KJI@HHH BO B3aHMHOH CHCTEME& OTHOCHTEJBHBIX €IHHHI[ H
JAE€HCTBUTEJNbHBIM TOKOM BO36Y)KI[EHH${:

[,(0. €.)%,,(0: &) =PRuuig,. (4-53)
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Ecan yuecTb, 4T0 i5(0.e) =ip/ing M ins=1Ip/ip.mon, TO MOKHO HalTH
BbIpazKeHHEe, H3 KOTOPOro omnpejensercsd Gas3uCHbIE TOK BO30YKISHHS
BO B3aHMHOI CHCTEME eIHHHIL:

£5.6==Ln.nox xad(OA e-)/k;m- (4'54)
3 (4-54) caenyer, uto Gas3HCHBII TOK BO30YKAEHHSI BO B3aHMHOM

- ) = 7=
CHCTeME OTHOCHTEJILHBEIX €IHHHIL ing H OA3HCHBIH TOK BO30Y:KICHHSI
inmoy, MPHHHUMAEMBIH 3a eJHHHIY NPH MOCTPOEHHH XapaKTepPHCTHKH

XOJIoCcTOoro xXona CHHX]JOHHOI?I MaUIHHBI, OTJHYAIOTCsI Ha BEIHYHHY

xad(O. e.)/kp,n.

Taxum 06pa30M, TIOJIYUYeHbl OCHOBHBIE COOTHOIIEHHS, ITO3BOJIAIOLIHE
nepecTponuThb HOp.\-IaJIbHYIO XapaKTepHCTHKY XOJIOCTOrO XoJ4a CHHXPOH-
HOH MAIUHHBI B XapPaKTEepHCTHKY BO B3aUMHOM cHCTeMe OTHOCHTEJbHBIX
€JIHHHIL.

Mpumep 4-1. IMoctpoenne xapakTepuCTHKH XOJNQCTOFO XOAa BO B3aHMHOII cucTe-
M€ OTHOCHTEJIbHBIX €/IHHHIL

Hapectnn kos(uimnent nacumenns MaruutHoll wenu kyy =1,06, nenacoiuennoe
SHauenHe CONPOTHBJEHHS B3aHMHOII HHAYKTHBHOCTH Xod=2,0 H HOpMaJjbHas XapakTe-
PHCTHKA X0JI0CTOrO Xoia TypGorenepartopa:

fay 120,50 100~ 11,5 4200y »2.5 3,00 ,.8,5

E, 0,58 1,00 1,21 1,33 1,40 1,46 1,51

W3 Buipaikenna (4-53) caenyer, uto in(0. e.)=isuR,y [Xae. DT0 MO3BONKET mO-

JIYYHTH XaPaKTEePHCTHKY XO0JOCTOro Xoga MAUIHHBEL BO B3aHMHOIT cucTeMe OTHOCHT@JI b~
HBIX eJIHHHIL:

i (0.e.) 0,27 0,53 0,80 1,06 1,33 1,59 1,86
E, 0,58 1,00 1,21 1,33 1,40 1,46 1,50

M3 noayuennuix manmprx BHAHO, YTO JJf 11eABHONOJIIOCHON MallHHBI HHAYKTHB-
1I0e CONPOTHBJCHHE B3AHMOHH/YKIMH Xen MEHSETCA OJHO3HAYHO B (YHKINH pe3yJip-
THPYIOULEro TOKa B BO3AyWIHOM sasope {5 u mnoroxocuemsendss Wy . Ilpu stom B
NPAKTHKE MOAGJHpOBanHs Ha ABM ppmusTo npeAcTaBafTh OOGBIMHO HHAVKTHBHGE
COHPOTHBJICHHE B3AHMOHHAYKUHH B (YHKIHH OT Pe3yJbTHPYIOUIEro MOTOKOCLEIIeHHS
B BO3JYLIHOM 3a3ope: J;an=f(\lfa ), UTo oObsicHAGTCS MEHLUIHM JHANa30HOM H3MeHe-
g W 5 no cpasHennio ¢ Tokon ig.

3aBHCHMOCTD Xan=[(i, ) Momu0 MOJYUHTh H3 XapakTePHCTHKH XOJOCTOrO TOKa,

[IepecTpoeHHOl TaKUM 00pasom, yTo6n ejHHHLe TOKa BO30YIKIEHHs] COOTBETCTBOBAJA
[0 CHPSIMJCHHOH B Hayale Koopammar xapaktepuctike 2J1C, uucnenno pasmasm B
OTHOCHTC/ILHBIX. €HHHLAX Yqq remepatopa (puc. 4-7, a). Menoassys puc. 4-7, a, ne-
TPYAHO MOCTPOUTL TAKKE KPHBYIO Xan=[ (V5 ) (pHC. 4-7, 6).

B COOTBETCTBHH C H3JI0JKEHHBLIM BhIparKeHHs AJISI MOTOKOCLENIeH N
HACDIIIEHHOH CHHXPOHHOH MalIMHBE MPHHUMAIOT BUL
W= Kol - Wy : W, =X, Pogs
WB :vtg'nin—}- l]:rad; i :
Via=Horalsgt Bog; W, = Songlng+ Yoa3 (4-55)
lIfad:xm; (£d+iﬂ+iﬂd); lan:xaH (iq +iilq);

Y= (T G Wk, 10,
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Takum o6pasowm, ypasuenus (4-40) m (4-55) sBAAIOTCA ypaBHEHHS-
MH IepexoAHLIX IpoLeccOB HACHILUEHHOH HEeSBHOMOJIOCHOH MallHHEL.
ITpn MojesipoBaHuH ABHOMOMIOCHBIX CHHXDOHHEIX MAalIHH HAaCHI-
[eHHEe MAarHHTHOI len#H OGHMYHO YYHTEIBAIOT TOJBKO IIO ‘MPOXOJBHOI
ocu. lnst aToro B BEIpayKeHuAX VISl MOTOKOCUENJIEHHIH MPeICTaBJASIOT
HHAYKTHBHOE CONpOTHBJeHHe PCAKUMH AKOPS IO NPONOJBHOH OCH B

@ g L
Xag, Kuy Ex A l
a.e.|oejoet——] __1"_,._.———*‘
/
153002 f——T7 P ——
M ey R
. 1y —""} \ /u
L N
Lateolo8 >
Zw_- s
06— R
0510104 /’ R Rt
6,2 Kp=rel | |
5151 % e
. 0,25 0,50 0,75 40 125 1,50 ig(ig).0..
g 7 2 3 53*.0.6.
a) )
Ko 0-€ —
15 | ‘ \-“
0 AN
0,5
n

02 04 06 08 L0 12 W 0¢

Pue. 4-7

QyHKIHN NPOJAOJIbHOH COCTABJSIOLIEH NMOTOKOCHEIJeHHsSI B BO3ALYLIHOM
3azope Wsy. B 3ToM cayuae BEIpazKeHHsl IJisl MOTOKOCUENJIEHHH KOHTY-
POB CHHXDOHHOH MaIlUHHBI [0 NPOXOJBHOH OCH 3alMCHIBAIOT KaK

: IIJ“! == x"id —l— lp‘ad; ‘Ira = x::rniu + lpﬂd;
.lpild: xﬁﬂd‘ind _{" Weg; Wea= Xan (zd _l— Ly _1L iﬂd); (4-56)
Xan=— f {qfaa‘}-

Bripaxenus (4-56) ¢ (4-40) o6pasyior moanyio cicremy nuddepen-
UHAJIbHBIX ypaBHeHHH HACLIUIEHHOH SIBHOINOJIOCHOH CHHXPOHHOH Ma-
UIHHBIL,

CocraB/ieine CTPYKTYPHHEIX cXeM peureHusi Mo ypaBHeHHaM (4-55) u
(4-56) He BBHIBIBaeT NMPHHUMNHAMLHBEIX TPyLHOCTeil. TakK, ypaBHEHHs
(4-55) nocse npeoGpasoBaHuii NPHHHMAIOT TAaKOl BHA:
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; 1 = . : 1 3 e
ldz‘__(l‘pd_‘]}f?d); 34:(_(1111{_1]35“},

o gl 7 0 )
Ly= ( B 55)’

Lo

. S A pG A (4-57)
Lig=— Vsg—1 —Ll, 1 ,=— Wi —1,;

ad . oa 11 oq q?

! Xaw = - . Xau .

. : ]/ 2 il

Vo= f (Ts); W=V Wea+ Wig;
Vaa=W g —iyXora; Wag=W, g —11g%onq- j

MaremaTnyeckasi MOZAe/Jb CHHXDPOHHOH MaliHHbl, IIOCTPOEHHAs MO
ypaBuenusm (4-40) u (4-57), npuBefena ua puc. 4-8. Mojneab conep-

w
4 = . u W (o
(1-5) 734 | s d i ( de
e Wl 2 —°
-(1-8) r

(1-38) - "*’ﬁq_

S Sk -




AT 21 nupedineli pewaomuil 6ok u 10 6;10K0B HenMHHeHHOCTell. Pas-
paGoTannasi MaTeMaTHuecKasi MOJeJb MO3BOJAET pellaTh 3aAayd H 6e3
yueTa HachllleHHsi MarHHTHO# uenu. Has storo B cxeme (puc. 4-8)
CllelyeT OTKJIOYHTH BXOA O6soka HeanHeHHOCTH H8 — 1/xgr=[(¥s),
HayaJjlbHBIl yuacTOK anmpoOKCHMHPYOLleldl KPHBOH KOTOPOTO H 3ajaer
HeHAaCHILleHHOe 3HAYeHHEe Xq. :

[IpuBenennasi MaremMaTHuecKass MOJIeNb CHHXPOHHOIO TreHeparopa
II03BOJISIET pellaTh WIHPOKH{ Kpyr 3ajai HCCIEJ0BAHHS MEpPeXOJHBIX
NPOLECCOB CHMMETPHUHBIX CHHXPOHHEIX MamuH. Huke Oyner moxasa-
HO ee NpaKTHUYeCKOe HCIO0Jb30BaHHE.

§ 4-4. MopeauporaHue ¢ HCMOJb30BaAHHEM CXEM 3aMelleHHUs]

CHcrema NHHEHHBIX anre6panuecknx ypaBHEHHH I NOTOKOCUEIe-
HH KOHTYPOB CHHXPOHHOH MamuHH (4-24) MOXKeT OBITH TpefcTaBJie-
Ha JIByMsl CXeMaMH 3aMelleHHs: ISl IPOJONbHOH H TONepedHoil ocei
Mawunel (puc. 4-9, @, 6). B cxemax 3amellleHHs NOTOKOCHEIVIEHHS 3a-
MEHSIOT HanpsKeHHs, OMHYeCKHe CONPOTHBJEHHA — HHAYKTHBHOCTH

Puc. 4-9

HJIH paBHLIe UM B OTHOCHTEJBHHIX eJHHHUIAX HHAYKTHBHBIE COINPOTHB-
Jiennst. Ecau K BXOAHBIM 3a)KHMaM 3THX CXeM NOJBECTH HaNpAKCHH,
MPONOpPIHOHAJbHbIE MOTOKOCHEIIEHHsIM, TO B HX BeTBSIX GYAYT mpoTe-
KaTb TOKH ig, ig, I, igg H T. I.

ITomgBopuMBle K cXeMaM 3aMelleHHsl HalpsizKeHHs, TPONOPLUHOHAIb-
Hble IIOTOKOCLENJIEHHSIM KOHTYpPOB, MOXKHO NOJYYHTb Ha BBHIXOAAX HH-
TEPHPYIOUIHX YCHJAHTENel, BHIIOMHAOIHNX HHTErpIpoBaHHe B COOTBET-
CTBHH C ypaBHEHHSMH:

Uy= |l (1—5) Ty —rildv; C,=[u,—(1—9)¥,=rildT; ]
e =5’ [ A

‘Fnd:g [_r,-'zdind] d'f; lp‘.sq.zj [_r:lqi.'lq] dT"'

[Mosyuennble HA BHIXOJAAX HHTErPHPYIOWIHX YCHJHTENEl HampszKe-
HHS TIOABOASITCS K 3arumam cxem samentennus: (puc. 4-10). Takum 06-
Pa3oM, OCyllecTBASETCS MOLEMPOBAHKE  IOJMHEIX ypaBHeHuil ITapka —
Fopesa (4-24), (4-58) c ucmo/b30BaHHEM CXeM 3aMelleHHs HJs NMOTO-
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KOCUEIIEHHI. YDaBHeHHe IBHIKEHHs POTOpa MOJEJIHPYETCS HeJdHHel-
HBIMH OJloKamu A3, H4 u unterpupyiomwum G6aoxkom 11.
Paccmorpennblii MeToL MOJENHPOBAHHA NPHMEHAETCS ISl COKpa-
LIEHHsT pellaolix 3JeMEHTOB, peasH3YIOUIHX OMepalHH B COOTBETCT-
BHH C IOJHBIMH ypaBHenusiMH Ilapka — I'opesa. OcoGenno 3¢ (eKxTus-
HO €ro npHMeHEHHe B TOM cJyd4ae, Korja gemndgepHas cucreMa potopa
CHHXPOHHOI MaIIHHBl SKBHBAJIEHTHPYETCS GOJBUIMM YHCIOM KOHTYDOB

Puc. 4-10

M0 TPOJOJBLHOH H TONEPEYHOH OCsM. [Ipu sTOM TOYHOCTH M HArJIsin-
HOCTH PELIEHHA B CDABHEHHH ¢ OOBIYHBIM METOLOM PelleHHS IO MOJHOK
CHCTEMe ypaBHEHHﬁ He TepsdaloTesd, a MOJeJHpOBAHHE OCYLIECTBJISAETCS
HEe TOJBKO IIO OIIBITHBIM HJH PacyeTHbBIM InmapamMeTpaM MAallWHBEIL, a He-
[IOCPEACTBEHHO IO SKCNEPHMEHTaNbHLIM UYaCTOTHHIM XapaKTepHCTH-
KaM. ; :

ﬂOHOJIHHTEJ]bHOB COKpallleHHe yucaa pe[l]a}.OI.ILHX 2JEMEHTOB IIpH
MOJeJIHPDOBAHHH C HCIOJIb30BaAHHEM cXeMm 3aMelleHHa IJISA IMOTOKOCILemn-
JIEHHH MOZKHO NOJYYHTB B TOM Cayyae, Korga He TPeOYeTcs OCIUIIIO-
rpaupoBaHne NEpPEXOAHLIX Npoueccos B geMnpepHbX KOHTypax. Ipu
3TOM Ha BXOJAHBIE 3aKHMBI CXeMBl 3aMellleHHs, HA KOTOPHIE IOJIKHBI
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noJaaBaTLCsd HaNpsAazKeHHs, MPOIOPIHOHAJbHBIE TIOTOKOCIEIJIEHHAM pO-
TOPHBIX KOHTYPOB, CJeAYEeT BKJIIOUHTE HE HHTErpHpPYIOIIHE YCHJAHTEIH,
a KOHICHCATOPEHI:

C.‘Idz Win s qu: 1/’)"1,?.

OueBHaHO, UTO NPH NPOTEKAHHH Yepe3 3TH KOHIEHCATOPHI TOKOB
ing M [y NAJEHHs HANpPSAKEHHS HA HUX ONPEeAeasIoTCs COOTHOLICHHSIMH:

1 . 1 :
!lC,*Ld:E;‘ Sl_w(l"'l:'; !Lc;lq——‘—&Tq'j llqd’f,

T. €. paBHBl NIOTOKOCLeIJIEHHAM paCCManI[BaeMbIX ﬂeMH(i)eprI_\’ KOH-
TYDOB.

[To/yueHHble MHOTOMOJIOCHHKH /sl TOTOKOCUENJIeHIH POAOILHOM
H MorepeuHoil oceii MallHHbl ¢ KOHAEHCATOPAMH B LEMAX YCIOKOUTEJb-
HBIX KOHTYPOB aHaJIOTHYHBI CXeMaM 3aMelleHHs CHHXPOHHOII MalIHHHI,
npennoxeunsm . A. TopoacKuM.

CrpykTypHasi cXema peIleHHST TTOJHBIX ypasHennit ITapka — T'ope-
Ba C NpHMCHEHHeM cXeM 3aMelleHHs H MOZeTHPOBaHHEM JeMIpepHBIX
KOHTYPOB, HCHOJb3YIOUHX KOHJAeHCATOphl, TpPHBEIAEHA Ha pHC. 4-11.
B cxeme pemenus Guoxamu [, 4, § peannsylorcs IHepBbie TPH ypaBHe-
HUsL cucTembl (4-58). Ilas onpejeneHdsl TOKOB B BETBAX CXEM 3aMellle-
HHSI IpUMEHEHB! CyMMHpyIolne ycuantean 2, 6, 8, peanHsylollHe co-
OTHOLIEHHHA

iﬂ.:(l}’d = lyﬁd}/xs;
iqﬂ(wq = ‘Fﬁq)/xc; ) (4'09)
= (W, — Wya)| Xan.

M3 coornomennit (4-59) BHAHO, YTO TOKH B KOHTypax ONPENEJIAIOT-
¢l Kak najedusl HanpsA:KeHHil Ha COOTBETCTBYIOMIHX HHIAYKTHBHOCTSX
paccesnusi. BXOAHBIMH CONPOTHBJEHHSMH CYMMAaTOpOB, HMEIOIIHX CO-
crapasionie noroxocuemielns Wea # Weq 1O NpOAOJLHOH H TOmeped-
HOIl OcsIM, SIBJISIIOTCS OMHYeCKHe CONPOTHBIEHHS CXeM 3aMEUICHHS Xag
H Xyg. MopennpoBaHHe ABHMKEHHS DOTOpa OCYLIECTBJISETCSA TaK ZKE,
KaK I B paHee ONHCAHHOM CIoco0e, 6J10KaMH H3, H4n 9.

Jl7151 yeTpaHeHHs H3 CXEMBI 3aMelleHHs PellaloliiX 5AeMeHTOB, oCy-
LIECTRIAIONINX HHBEPTHPOBAHHE TOKOB id, lq, {s, HA BXOJABl HHTETPHPYIO-
UHX yeuantesaeil I, 4, 5, o6pasylolnX MOTOKOCUENICHHA Y We Wi,
11e/1eco006pas3Ho nojAaBaTh HE TOKH, & HX COCTABJISIOIIHE, BBIPAKEHHDIE
Yepes noroxocuensennsd. Tag, Aaf CTaTOPHOrO KOHTypa BMECTO tar
Jyulle NojaTh HA BXOJ HHTErPHPYIOULETO YCHJIHTENA BeJIHYHHDL Warlxs
H —Wsar/xs, KOTOpble OKaxKyT CyMMapHOe JeiicTBHe, paBHOe [gf.

PaccmoTpenubli MeTo[ MOJeIHPOBaHHSI OTpaxKaer, HECMOTPS Ha
3HAUUTEJBHO MeHbllee UHCAO0 HCIOJbB3YEMBIX pElIalolmlHX 3JIEMEHTOB,
3JIeKTpoMeXaHHYecKHe NePeX0JHbe MPOoIecchl, ONHCEIBAEMbe MOJIHOH
cucremoil ypasuenuit [lapka — I'opesa.

YueT HacHLleHHs IPH MCAEJHPOBAHHH C HCIOJb30BAHHEM CXEM 3a-
MellleHHS UMeeT HeKoTopble 0coOeHHOCTH. Tak, M3MeHeHHe HHAYKTHB-
HBEIX CONPOTHBJEHHH KOHTYDOB MAIUHMHBI OT HACHILIEHHS MOXKHO YYECTb,
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BBO/SI B CXEMBI 3aMellleHHs] HeJHHEeHHEIe CONMPOTHBJIEHHS, BeJHUHHBI
KOTOPBIX 3aBHCAT OT TeX HJH HHBIX- 3aBHCHMBIX IeDeMEeHHEIX.

YyeT HachILEeHHs MO MYTH OCHOBHOrO MarHHTHOTO MOTOKa HauGoJee
IPOCTO OCYILIECTBJSETCs /51 SBHONOJIOCHLIX MallHH, BJIHSHHEM IMOIe-
PEUHOro IMOTOKA KOTOPLIX MOXKHO mpeHeGpeub. JIJIsl 3TOr0 B BeTBb Ha-

-5

Puc. 4-11

MariHyHBaHHsA CXEMLI 3aMelleHHUda H806XO)IHMO BKJIOUHThE HEJIHHEHHOe
CONPOTHBJIEHHE Xadn, 3ABHCAILCE OT BeJHYMHBI NOTOKA B BO3AYIIHOM
3azope 1o npo,l;wﬂbﬂoﬂ ocH Wea. 3aBHCHMOCTD Xadn=][(Wsa) ompemesns-
ercst H3 KPHBOH HAMAarHHYHBAHUS MalUMHBI H PeaH3yeTCs C MOMOILbIO
() VHKIIHOHAJBHOTO Ipeo6pasoBaTes.

Cxema yyeTa HACLHILIEHHSI IIPH MOAeNHPOBAHHH M TpauUecKoe MO-
crpoeHHe (YHKIHOHAJIBHON 3aBHCHMOCTH mnpHBEfeHbl Ha puc. 4-12.
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Ha puc. 4-12, a ycunurenb / HCHOJb3yeTCs IJisi H3MePeHHs] BeJHYHHEI
Wsa, IPH 3TOM, KaK I B cXxeMe pHC. 4-11, ero BXOAHBEIM CONPOTHBJIEHHEM
SIBJISIeTCS HEHACHIILEHHOE COINPOTHBIEHHE Xqq. C mMoMOMmBIO  (yHKIHO-
HaJBHOTrO NpeoBpasoBaTelisi ONPeAe/]seTcs PasHOCTb TOKOB IO JIHHEN-
HOH M HeJHHe{HOi XapaKTepHCTHKaM MamuHb. Ecam mnpuuaTs, 4TO
HanpsizKeHHe Ha BBIXoJe (YHKIHOHAJbHOrO IpeoOpasoBaTelsi paBHO

a ; : 5)
L. o8
—q —}— Ysq, 4 3 _{Z [
X Xes X 0.8 == i) |
(4] ; —} ad_ )<’ /r 2 /_w
Lad = | ihd = \ =
7 / }///
X . 0.8
ad i /
= 05 /
d‘:ﬂd | 04 / :
Xﬂ‘d 0.2 //
0 0,5 70 66 Gy o
Puc. 4-12

f(Wsq), To MpH BHIXOAHOM CONPOTHBIECHHH Xod MONOJHHTENDBHBIN TOK
BETBH HaMarHu4yuBaHHa
Aiad:[wﬁd“f(‘p.ﬁd)ln[xaa‘- (4-60)

U3 (4-60) onpepensercs Heo6X0AUMAs 3aBHCHMOCTD MEZLY BLIXOA-
HbIM Hanpsikenunem | (Weq) H HanpsKeHHEM Ha BXOJle TpeobpasoBare-
Jist, mponopuuonabubiM Wea:

 (Wag) = Waa — Mgy (4.61)

3aBucHMOCTb, OnHCbIBaeMasl ypaBHEHHEM (4-61), omnpenensieTcst
rpaduyecky B COOTBETCTBHM C TNOCTPOCHHSIMH, BBbIIOJHEHHBIMH = Ha
puc. 4-12, 6. Ha stom pHCyHKe KpHBasi 3 HAaXOJHTCs KaK PasHOCTb pe-
ambHON 2 u cnpsiM/eHHOlN / XapaKTEPHCTHK XOJOCTOro XoAa M IPel-
cTapisier coBoii  sapucumoctb Aigg=[(Wsa). Pasnemus ypaBHCHHE
(4-61) Ha Xqg, MOSYIHM
f{qrad),“xad:"Fﬁd/xad_'ﬁiad:iad_A"’ad! (4-62)
T/E iqq — HeHACHIIEHHOe 3HAYeHHe TOKAa BeTBH HaMarHH4HBaHHsl.
3asucumocTh (4-62) m3obpaxeHa Ha pHC. 4-12; 6 xpuBoil 4; nocJe
YMHOKEHHS] Ha Xqq OHA JOJHA HaOHpaTbed Ha (YHKLHOHAJBLHOM IIpe-

o6pasoparene 5 (ynxunn oT Yea. 5
J1JI51 HeSIBHOIOJIOCHBIX MALIMH HMeeT MeCTO HACHIIeHHe MArHHTHOH

2 a2
LelH QCHOBHLIM MArHHTHBEIM IIOTOKOM ‘Fazl/‘l"ad—l—‘l'aq, [I03TOMY Ha-
CHILlCHHbIE 3HAYEHHS COMPOTHBJIECHHH B3aHMOMHIYKIHH Xadm H Xagm 32-

129

( =
]



BucsaT ot Ws. Pesyabrupyromuii notox B 3azope mawuusl Ws onpeje-
JSIETCS 0 HMEIOIIHMCs B cXeMmax 3amemlenust notokam Wse 1 We, mpu
NOMOILH (PYHKUHOHAABHOrO npeobpaszoBateiis, OCYLIECTBISIONEro omne-
pPauHIO «KOpeHb KBalApaTHBIH H3 CYMMbl KBaJpATOB ABYX BeJIHUHHS.
YT0Ob! NOJYYHTb AOMOJHHTEJNbHELIE COCTABJSIONIHE TOKA HaMarHHYHBa-
HHS 11O OCAM, MPH MOMOULH (YHKIHOHAJbHOTO npeoGpasoBareisi o6pa-
3yeTcs 3aBHCHMOCTb JOMOJHHTEJNLHOH NPOBOAHMOCTH BETBH HaMarHH-
uHBaHus, 00yc/oBiaeHHOll HacheHnneM (puc. 4-13, a, kpusas 4).

i
Pl

Puc. 4-13 - )

s moJlydyeHns: TOKOB, KOTOphble HeoGXOLMMO BBECTH B BETBH Ha-
MarHy4nBaHHusl CXeM 3aMELUEHHA 0 ocsgM, HEOOXOAMMO COCTABJAIOLLHE
noroxocuenienuit o ocaMm Wsg 1 Ws, yMHOKHTL Ha BeJMHUHHY Aiq/Ws.
Ilpy BBeleHHH HX B Y3JIOBHIE TOUKH cXeM 3aMEIIeHHS HeoOXOIHMO HC-
N0JIb30BaTh «HCTOYHHKH TOKa». CXeMa MOJe/IHPOBAHHS, VUHTBIBAIOLIAS
HachelllleHHe N0 pacCMOTPEHHOH Meropuke, moKasaHa Ha puc. 4-13, 6.
Ona cocTrouT U3 HCTOYHHKOB ToKa HTI, HT2 u HelHuelHBIX G/JI0KOB
Hi—H4. | '

Jlauueli MeToA yuera HACHILEHHS HCHONb3YIOT H IpH paccMoTpe-
HHH HaCBILIEHHA, 10, MyTAM PaCCEeSIHHA MALIHHHI. ! _

MopennpoBanne CHHXPOHHBIX Maliug ¢ NpHMEHEHHEM CXeM 3aMellle-
HHSI 3HAYHTEJbHO cOKpaliaeT KOMHYecTBO pelIaloliuX 3JeMeHTOB, He-
06XOHMBIX [1Jid mocTpoeHus CTPYKTypHoji cxeMbl. OnHako mpH yuere
HACBILIEHHST MarHATHOH LielH BO3HHKAOT HOMOJHHTEJIbHEIE TPYAHOCTH,
CBI3aHHLIE ¢ obOecneyenneM YCTOHUMBOCTH H HACTPOHKOH HMCTOYHHKOB
TOKa, YTO OTpaHHYUBAET BO3MOXKHOCTH MeToa.
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§ 4-5. MojenxpoBaHne 0JHO(A3HOr0 CHHXPOHHOTO reHepaTropa

PaccMOTpHM s TpHMePa MOAENHPOBAHHE PeKHMOB PaboTHl OJHO-
da3Horo CHHXpPOHHOrO reHepaTOpa Kak OOWIWi ciaydail HeCHMMETpHH
CHHXPOHHBEIX MAIUHH H IOKazKeM XapaKTep BO3HHKAIOIIHX TPYAHOCTEH
H BO3MOYKHOCTH CO3JlaHHsS YCTOHYHBOIl 3JIeKTPOHHOH MOJENH.

Mogenuposaune Ge3 ydeTa HachlllleHHs MarHuTHOH uenn. Jupoe-
penunasnbHeie ypasHenus pasHosecusi DI C onnodha3HOro CHHXPOHHOTO
reHepaTopa MOKHO 3alHcaTb B BHIE

O=(ra-try)iat+ad¥aldt; UB=rBin+d\y5/d;‘;}
Ozi.ndind—l_dlyﬂd/dt; OzrlfliﬂqlelF.w/df-
IMotokocuenyenusl 3aBUCAT OT B3aHMHOIO pacmoJozKeHHd 0OMOTOK:

Wy==iy (Ka+ %) EaXe COBYing, cOBYAiy 2, S0 Y

(4-63)

W, =i4 X, €08 Y +iXy T Lraas 1(4-64)
Wty 008V i |

o . . : |
L3S =LaX, Sl Y ~+L1g%aa- J

B wpasnennsix (4-63) u (4-64) ra+ru rs, ryg, rpg *¥a+X%w Xn, Xads
Xy — AKTHBHble 1 HHLYKTHBHBIE CONDOTHBIEHHS COOTBETCTBEHHO OO-
MOTOK cTatopa, BO3GYKAEHUS, AEMIDEPHEIX 0GMOTOK N0 MPOAOJILHOU
H NoTepeunoii ocsiM M HAarpySKH; X — HHIYKTHBHOE CONPOTHBJCHHE
B3AHUMOHHAYKIIHE TPH COBHa.ﬂ?HHH'OCEﬁ 06MOTOK; Uy — HANPSAKEHHE

6 : |
OOMOTKH BO30yxaeHHs; Y= g‘w,dtT\qu_ Yo/ MezIy OChIo 06MOTKH
0
CTATOpPa M NpPOJOJLHOI OChIO POTOpPA.
JBHsKenne poropa OMHCHIBACTCS YDaBHEeHHeM

Myee=H jdo,Jdt - M (4-65)

aM

rie Myex — MOMEHT MeXaHHYECKHX cui; H; — pHepUHOHHAS MOCTOSH-
Has poropa; Myy — MOMEHT 3JIEKTPOMArHUTHBIX CHJL

DyeKTpoMarnuTHEI MOMEHT HAXONuTCs kak dacTHAS IPOU3BOLHASA
OT 3JIeKTpOMaruuTHOH SHEPTHH IO YTu1y nopopora poTOpa Y-

Moy =la%alirg COBY— (i, i) sin V]: (4-66)

YpaBuenue apuzKeHHs: POTOPA B daznoii cucTeMe KOOPAHHAT C yHE
TOM (4-65) u (4-66) samuIIeM B Biine

Moo H o Jdt+iaxa[i,, cosy—(iytisg) sin vl (467)

Hcnonb3opanne METOXOB INPEOOpazopaHisl KOOPHHHAT, Kak OBLIO
MI0KA3aHO BHillle, He MPHBOAHT K COKpalleHHIO KOJHYECTBA MEPHOTHHIE-
CKHUX K03((puruenToB B YPABHEHHSX pepeXOAHEIX MPOLECCOB ojaHO(pas-
HOTO CHHXPOHHOro reHeparopa. [Tostomy HamGouee neecoo6pasHbIM
SIBJISIETCST MOJEe/HPOBAHHE onHO(ha3yoro CHHXPOHHOIO reHepaTropa IpH
3aIHCH ero ypapHeHHil B (a30BOil cycreMe KOOpAHHAT.

131



Moie/INPOBAHHE 3JIEKTPOMATHHTHEIX MPOLECCOB OAHO(A3HOTO CHH-
XPOHHOrO IeHepaTopa MOXKHO GbuIO GBI OCYLUECTBHTH TO ypaBHEHHIM
(4-63) u (4-67), onpeneinsia u3 (4-63) noroxocueminenus W, Wy, Wy,
Yo, H3 (4-64) — TOKH, B NpeaNOJIOMKEHHH, YTO NMOTOKOCLENJEHHS H3-
pecTHbl. ONHAKO NPH HAaXO0XKAeHHH ToKoB H3 (4-64) nonyuaem cooTHo-
preHnsi, y KOTOPbIX KO3((HIHEHTH NPH MOTOKOCUENJICHHSX NPelCTaB-
asioT co00il APO6H, B YHCJHTENb H 3HAMeHaTelb KOTOPHIX BXOAAT TPH-
rogoMeTpHUECKHEe (QYHKUHH. MojeqnpoBaHHe MX IIpeAcCTaBJisieT 3HAYH-
TesbHbIE TPYAHOCTH, MOTOMY TaKOil MyTh PELIEHHS] HENpHeMJICM.

OpnH H3 BO3MOJKHBIX METOAOB MOJEJHPOBAHHS CHCTEM ypaBHEHHII
(4-63) u (4-64) — mpuBeJieHHe HX K BHAY, IPH KOTOPOM H3 ypaBHeHHil
HCKJAI0UAIoTCA MOoTOKocuenienust. Iloncrasnsas ypaBHenns (4-64) B
(4-63) u NPHBOAA HX K BHAY, yNOOHOMY MJISl COCTABJIEHHs CTPYKTYPHOI
cxeMbl, OJIyuaeM CHCTeMY YPaBHEHHil 3JeKTPOMATHHTHHIX MepeXOIHBIX
NPOLLECCOB 0HO(A3HOr0 CHHXPOHHOTO reHepaTopa:

di L I X, o dT WX, . g
dt X4 Xy X4+ Xy dt X4 Xy
% S, wx el x : di,
— ¢ _cosy—2 + £ — sin i, ———%— sin y 224
X4+ Xu dt X4+ Xy X4 Xy
WX, SR A
vk £— co5 Vi,
.IA -+ Xu
di L O X di
CEah w8 g 1 Uy, ——% cosy 224 [
dt A Xp Xy dt
X . X di
+ wXg sin yiq— a_ __,w‘_;
X Xn dt
di,g fnd ; Xg diy X, di WX, . ¢
G g . ——%-cosy “+—2 sin yiga;
dt X Xa dt Xad dt Xg
di, Fag = i 5 di .
2 g, ——L siny—A _ _Ya osviy:
dt Xag Xnq dt  xy

: (4-68)
Pemwierine CHCTEMbl YpaBHEHHI (4-68) mpoM3BOAHJIOCH HA AHAJIOrO-
BOil BbIYHCIAHTENbHON Mainue MIIT-5. CrpykTypHas cxema pelleHHs
npejcrasieHa Ha puc. 4-14. Cxema MOJeJIHPOBAHHSA KaxKIoro U3 AHb-
(pepeHunaJ bHEIX YDAaBHEHHH CHCTeMpr (4-68) omHHaKoBa. s HHTe-
rpupoBanis AH(PepeHunaNbHbIX ypaBHeHHH ¢ NepPeMeHHbIMA K03 du-
puenramu B MIIT-5 npumensiiores 3/eKTPOMEXaHHYeCKHe G/10KH mepe-
MEHHEIX K09()(HIHEHTOB, MPOH3BOASIIHE YMHOKEHHE 3aBHCHMOII mepe-
MEeHHOH WJII €€ MPOH3BOLHOI HA NepeMeHHBI KO3 DHILHENT,

[ipumep 4-2, PEIC‘«IC}" KO3() (HIHEHTOB Nepegau pemlaloux  sjementos. Ilo co-
CTaBJICHHOH CTPYKTYDHOH CXeMe MOXHO HamhcaTb sl KaiOTO PelIAlOUIero YCHJH-
TeJid BbhIpaxKeHHe AJs BBIXOIHOro IIBH[)?[JKEHI!H:
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ig |Sinwi

di'd Lag Sinwt

glcie]

coswt

6,

C0Swt

v o]

|
d‘_ﬂ_ sinwt
dt o—

+

2

Ly | stnwt

<%
e

sinwt

o,
ok

o
o=
n

co0swt

|

9959 §9 799 3

PYVY

565666100

coswt

lngl cost
s
—
Eng
Puc. 4-14
uy = — (kuts + kious + kiaug + kugug + Risttyg + kigtny + Riris);
u = — (1/p) kouy;
u3 = — (kareq - ksouy + kaguy + kague + kasig);
ug= — (1/p) kauy; us= — ksyug; u7 = — kyug;
ug = — (kgit13 + Roguzz + kogiy - koatta);
= — (1/p) ki01;
un = — (kite1s + kot + kuigia);
up = —(1/p) ity 43 = — ko 415 = — kisiae,

VY

\

-

(4-69)
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U5 — HANPAKEHHSA HA BLIXOAE YCHIHTEJS; ku, kg, iz — xoadrma-
eHTHl Iepefayt yeuumreeil, B KOTOPBIX mepsast uHdpa HHAEKCa COOTBETCTBYET HOME-

py Gaoxa, BTopas — HOMEPY BXO/.
Paspeluasi CHCTeMY YPaBHEHHI (4-69) OTHOCHTENBHO Uy, Uy, Uyp, Uiz, TIOACTABJISS
apHeHHS BMECTO ‘4, Uy, Ujg, U1z HX BbIPazKeHHST Yepe3 3apHCHMbIE

cirrabel H NMpeodpasys moJjyueHHBIE YPAaBHEHHSt K BHAY CHCTEMBI

rie uy, Uz, .-

B HO.-'I)”[QHHb[e yp
ﬂepe;\iei-mbre H Ma
(4-68), moay4daem:

di kytkukst Rerkip  dig i ks )
GER T ANy dt my e
Al k21k14 { dl.m" i kQIkls f;gd— kEIkIG ) dixq il 13211371}(151 i
k101 dt my k121 dt my ;

diy kyrkarki (o miky1k3o U ! kyrk33 - di 4 '

LR [ 3 mgmy " L Kat dt

: feq1k34 ; k4R35 : di g i ;

R A ko1 at’ '

-d[..‘.ti kio1kg1#131 o 1o1kan di, k101k93 ] di 4 +k101]{94 y
Lk (R i L gy _ £ ‘

dt my Ry dt ko dt my A
disg kokiukist " ke di, e

aa my 1g e = 5 4>

(4-70)

riae m; — maciitab BpEMEeHH; I?Ii=£'Aft12=fn/H»s:!'nd/Uw:f.lql'ﬂlz — Macurald ToKa:
iy = Us/ilg— MaciiTab HanpsizKeHHs. /
TMpupapnusast KOIQOHUHEHTH NPH HeH3BeCTHHX B cHcTeMaX (4-68) u (4-70)
u npunnMasi kp=Rsi=kei=ka=kn=kg =k =kiz1=Fkiy=Rkisi=1, samuchipaem pu-
pazieHHs A KOIQOHIHEHTOB Mepeaun cyMMHPYIOWHX OJIOKOR: "

i ra+r= 1 $ Xa mywxy
kyp = my ; ; (O e k= ——;
X4 T Xu X4+ X X4+ X
Xa Mmywx, L
iy = N W IG5 e et D s -—!—“;
IA+ H { J(.'A—f—x}{ xA+xfl
miwlg s myim
) TR P ) iy =
X4 T AR Xg miXxy
(4-71)
Xa miwxg X r
e i Ry el a b
k33 = 3 kyg = ; Rggr————* kg = m; = :
Xn Xp X X
Xa | Xa mwx |
k92 = — k93 =T kg‘i = —_t—a.: |
Xad Xud -
T'nq *a mpwx,
Firtos e i i = SRR - L o
1q Xug Xng )

- Havenas xos((HUHEHTE B COOTBETCTBHH C HEOGXOAHMBIM BApbLHPOBAaHHEM [apa-
METPOB, MOXKHO NPOBOAHTH HCC/E/AOBAHHE DEXKHMOB PaGOTHl OAHOPAZHOTO CHHXPOH-
HOro remeparopa Ha aBTOHOMHYIO HArPY3Ky, a Tak:Ke IPH BHE3aNHOM KOPOTKOM 3a-
fhu{gﬂmi. % noclefHeM  clydae B ypabHeHusix (4-63)—(4-71) caegyer npHHATH
a=U, Xg=0U.
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Ilpusenennas na puc. 4-14 cxema peuleHHsi MO3BOJAET HCC/EI0BATL TaKiKe pabo-
Ty oanodaslioro CHHXpoOHHOro reneparopa Ges AeMi(epHHIX OOMOTOK HJAH ¢ JeMi-
depioii 06MoTKOIT TONBKO 110 OJLHOIH ocH. [lasg 3TOro oT cxXeMbl peuleHis HEOOXOIANMO
OTKJIOUHTDL OJ0KH, Mojedupyoliue Auddepennnaibibie ypaBHeHHs MNPOLECCOB COOT-
BeTCTBYIOUEeH 00OMOTKH, $

Ha pic. 4-15 npupefena OCUIJJIOTPaMMa TOKOB IIPH BHE3ANHOM KOPOTKOM SaMbl-
KaHHH Ha 3ajKHMaX reHeparopa,
HMEIOLLero CcJeLyIouHe napamer-
pel (0.e): xu=1,0; xa=1,05;
xu=1,1'. .\';l.-!=.\.';1q=1,05; Ta=—
=ry=ry=0,005.

Cxema pemeHusi, NpHBeJeH-
Hasi Ha puc. 4-14, nMeer OrpaHH-
YCHHBIE BO3MOXKHOCTH, TaK Kak B
Heil conmepikartcsi KOHTYPHL <«all-
reGpanyeckoro  THOa»,  HMeIo-
LIHe YeTHOe YHCJI0 CYMMHPYIOMHX
yenaureaeii. Tak, vanpumep, 6710~
KH 3 1t 9 06pa3yior KoHTyp, Ko3p-
GbHIHCHT nepegaun mo KOTOPOMY

k= kaskgy =
= (Xa/Xy) (Xal/Xaq) < 1. (4-72)

ITpu masabix paccessnsx o6-
MOTOK 3HaueHHe Ko3((uiHeHTa . Puc. 4-15
Hepesaun no KOHTYpYy CTpeMHTCH
K elnHuue, n B MOJe]H BO3HHKA- ;
€T CTPyKTypHAs HEyCTONYHBOCTb. DTO He NO3BOJISIET HCNOJMB30BATH €e MHpH HCCIEA0-
BAHHH nepexoiHblX MPOLECcCOB MalIHH, HMEIOIHX OTHOCHTEJLHO MaJjhie SHAUEHH: HH-
AYKTHBHLIX CONPOTHBJ/EHHIT paccesHus.

Korna siexrponnast Mojejb HMeeT MallHHHYIO HEYCTOMUHBOCTD, a
caMa duanyeckasi CHCTeMa YCTOYHBaA, B TEOPHH MaTeMaTHUECKOro Mo-
ACNHPOBAHMS NMPHMEHSIOT METOJ NpeobpasoBaHus HCXOIHOH CHCTEMEL
YPaBHenuii K TaKOMy BHIY, IPH KOTOPOM B CXeMe DelleHHs OTCYTCTBY-
I0T HeyCcTOlYHBbIE JIEMEHTHI.

[IpeoGpasyem ypapmenus (4-63), (4-64) u (4-67) Taxuu oGpasom,
YTOGBI CTPYKTYypHAs cXeMa, COCTaBJeHHasl 10 STHM YPABHEHHAM, HME/1a
HalMeHblllee KOJHYECTBO ONEPAlHOHHEIX GJOKOB, HaHMEHbUIYIO Kpat-
HOCTb 3ajaBaeMbplX 3HaueHHH Ko3(QHIHEHTOB H HE COAeprKasna SaMK-
HYTEIX KOHTYPOB C NOJIOXKHTE/IBHOI 06paTHOM CBA3BIO 6e3 HHTErpHpYIO-
KX OJI0KOB. )

OnpetennM 13 COBMECTHOIO PelleHHs BTOPOrO H TPETHETO ypaBHE-
HHiT cucteMpl (4-64) TOKH iy H ind! :

i :_—_I—q_'_ [x.'ldlp.a_xaqr:id*xa (x.!z!_‘xa) ir"l cos \’]' (4'73)
KXpXad — Xy 1

s 1
lzm‘_

[ g — X0 Wy — X (X3 — Xg) £a COS v], (4-74)

XX qd — xz

a u3 gerpeproro ypasuenns (4-69) TOK ixq:
i:tq=(anq — Xl Si0 V)/x,.u;- (4-75)
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IMoncrasasis (4-73) —(4-75) B ypaBHEHHE MOTOKOCIEMJIEHHSI OGMOT-
xu cratopa (4-64) mu nmpeoGpasys nosyuennoe BhIpaiKeHme, 3amMHITEM

x” Il x" x" N " s
5 e R T S b R
o R Tl ] el o
XnXag — X,
| _%a(xys— Xq) s Xp wE
-+ B : cos x;l:[l fld+ a_\p g SO, (4'76)
FnXng — X, Xuq
I3 ypaBuenus (4-76) onpenejnM TOK
j 4 L
. 2 : L i ; ol o B
il Wa— 5 cos Wa—“—"“—:‘—)cosvllf,,—
2 H:—xfi XpXng — x;
Xq (X3 —"Xg) . N X, . .
e gl SiRd | (4-77)
XpXud — Xq 1q

Takum oGpasoM, nojiyyeHa CHCTeMa ypaBHEHHIl 3JeKTpoMexaHHUe-
CKHX TNepexo/[HBIX MPOLECccOoB OAHO(A3HOrO CHHXPOHHOrO reHepaTopa
[(cm. (4-63), (4-73)—(4-75), (4-77)] B dopme, ya06HOIl 1151 MOZENH-
poBaHus, Tak Kaxk AH(pdepenunanbusle ypapuenus (4-63) u (4-65) co-
Jep#aT TOJMBKO IO OJHOMY CJaraeMoMy B BHIE NepBOil IPOoH3BOLHOIN
IO BPEMEHH, a TOKH B ypaBHEHHSIX (4-73) —(4-75) paspeuieHB OTHOCH-
TeJbHO NOTOKOCLEMJIeHHI.

CrpykTypHas cxema MoZelu ypaBHenuii (4-63), (4-65), (4-73) —
(4-75) u (4-77) npusesnena Ha puc. 4-16. Moxgeanb cojlepKHUT 23 onepa-
LUHOHHBIX ycusuTens u 10 6/10koB nepemuoskenus. TpuronomeTprueckue
(yHKLHH SINy H COSY peasH3ylOTCsd CTPYKTYPHOH CXeMOii, coCTOsIIIel
13 0JIOKOB NMEpPEeMHOKeHHs 7, 8§ M HHTerpupylomux ycuanteaei 19, 21.

DKcrnepHMeHTaJbHOe HCCeN0BAHHEe MOJEJH Ha aHaJOrOBO} BHIUHC-
aurenbHoii Maimnae MH-14 nokasano, uro momesnb IpocTa B Halagke
u paboTaeT yCTOHYHBO.

Ha puc. 4-17 u 4-18 npuBeneHb 3aBHCHMOCTH TOKOB 10TOKOCIETIIE-
HHIL 1 YIJIOBOI CKOPOCTH BPAlleHHsI POTOPA TeHepaTopa NPH BHE3AMHOM
KOPOTKOM 3aMBIKAHHH, IIOJYYCHHBIC B Pe3yJbTATE PEIleHHS Ha MallHHe
MH-14 nmo pa3paboTaHHOj MaTeMaTHYeCKOH MOJENH NIPH CJAeAYIOIHX
nmapamerpax (0. e.): xa=1,05; x;=19; Xpa=Xzq=1,01; ra=ry=rma=
:r:lrl:0’005; Xo=1; H.J‘:l c; MMCX=0- i

KopoTkoe 3aMblKaHHE NPOH3BOAHIOCH MOCJE OTKJIOUEHHS IPHBOJ-
Horo Apuraresisi B MOMEHT nepexona dJIC uepes uyab. KoneGanus yr-
n10Boii_cxopocti (puc. 4-18) oGyciopsens npeo6pasoBaHneM KuHETH-
HeCKON SHEprHil POTOPA B SJICKTPOMATHHTHYIO SHEPTHIO TIOJel reHepa-
Topa (yMeHbIIEHHE YIJIOBOH cKopocTH) u 06paTHBIM NpeoGpasoBaHHeM
(yBesnueHue yrJoBOH CKOPOCTH).

Peay/bTaThl pelleHus, NMNOJYYEHHBIE Ha ABM runa MH-14, CpaBHH-
Baslich ¢ pelleHHeM HCXOAHBIX ypaBHenuii na I[BM Ttuma BICM-4.
MaxcumalsibHash NOTPELIHOCTh TIPH 3TOM COCTaBHJIA He GoJee 2—39%.
IlpnBe/ieHHLI MPHMeEP IOKA3HIBAET BO3MOMKHOCTH HCCJEZOBAHHS HA
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ABM nepexoAHBIX TPOLECCOB B 00LIeM cJlydae HeCHMMETPHH CHHXPOH-
HbIX MAaUIHH.

Paccmorpennsiit MeTon npeo6pa30BaHHS HCXOJHOH CHCTEMEl ypas-
HeHHI K BHAY, YA0OHOMY IJjs IporpaMMmuposanus Ha ABM, moxer

cas2y
Y cosy vl
¥as |_ ) Yy (0) -
. siny Nl 3 7
Yaq r '

[N v ona Al

Puc. 4-16

GLITL TakikKe NPHUMEHEH Ui HCCJEeLOBaHHS PabOTH Tpex(asHOi CHH-
XDOHHOH MaluHHBI Yepe3 BHIIPAMHTENL Ha Harpysky, qTO ABJAETCHA

OOHUM K3 OOHIHX CcJHydaeB HECHMMeTpHH HEeSIBHOMOJIOCHOII CHH\pOHHOH
MalIHHBL
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[Ipupenennas ¢opMa sanucH ypaBHeHHH INO3BOJIsIeT yUHTEIBATh
BJIHSIHHE HACHIIEHHs MATHHTHOH LleNH Ha CBEpPXMepexoiHble napamer-
pbl MAIIHHBL, YTO CJEAYeT H3 aHaJH3a ypaBHeHHs (4-77) mjs ToKa cra-
TOpA.
MO,H,BJ'IHPOB&HHC C YUYETOM HACBIIIEHHS MO NYTH OCHOBHOTO MAarHUT-

HOro NOTOKAa. YueT Hachlue-

HHSl, KAK H3BECTHO, IIPHBO-

L
ot //'-\\iﬂ IHT K HEeOOXOAHMOCTH pe-
; 20 HIEHHS CHCTEeMBI HC.’II!HGﬁ‘

// Lgd \ HBEIX  JAH(depenunanbubix
/ ypaBHeHHIl ngaxke NpH H3-

10 3 BECTHOM 3aKOHEC H3MECHEHHSHA
ig YACTOTH BPallleHHs poTopa.
' A - PaccMorpennas Moaennb oi-
J . HoasHoro  CHHXPOHHOIO
tag reLepaTopa He I103BOJISCT

IIPOM3BECTH YyUeT Hachllle-

: =10
\ HHsT 1O MNYyTH OCHOBHOIO
MArHHTHOTO IIOTOKA.

BoamoxcHoCTh yuera Ha-
CBIIIEHHSI IO TIYTH OCHOBHO-
Puc. 4-17 IO MarHuTHOTO TIOTOKA NpPH
HCCIeIOBAlNH CHMMETpPHY-
HBIX  Pe:XKHMOB paboThl

aa 180 270 7, sn.epad

¥ 4

2 Y, CHHXPOHHOTO  reHepaTopa
10 L Oblia moxasaHa Bbille. Bo-
: \ =2 Jlee TOUHBIM SIBJISIETCS CIO-
\ x/ co0 yuera HACBILEHUS, IPH
0,3 ' e KOTOPOM  CONPOTHBJIEHHS
\ Y BETBH HaMarHUYMBaHHS OI-
penensioTcs B 3aBHCHMOCTH
0,6 ¥ ‘0T pPe3y/IbTHPYIONIEero Mar-
¥ HHTHOrO  COCTOSIHHSI — Ma-

ILIHHEL

04

: ‘ Bocnoansyemest  3THM
! croco6oM MpH MOJIeTHpOBa-
0,2 : HHH OJIHO()a3HOr0 CHHXPOH-
/-_\"\4 U HOro reseparopa. Mouenau-
L ~i poBanue GyJeM BeCTH II0
& ag 180 270 7, an 2pad HmpcpepeHuHaﬂbeIM ypas-

Puc. 4-18 HeHHAM (4-63) (4-64),

3alHCAHHBIM B Henpeoﬁpa-
soBaHHOll cucreMe Koopiaunar. IIpu 3ToM mHOTOKOCIENIeHHS OGMOTOK
craTopa H poTopa HeoOXOAHMO HpPeACTaBHTb B BHJE MOTOKOCIENICHHI
paccessHHs COOTBETCTBYIOIEH 0OMOTKH H INPOEKIHH MOTOKOCHENJIeHHS B
BO3YLIIHOM 3430pe Ha IPOAOJILHYIO Il IOMepeyHyio ocH poropa. Takast
3amHuch HCXOJIHOH CHCTEMbl ypaBHEHHII I03B0/ISET YYeCTh HacChIeHHe
MarHHTHOH LENH 110 MyTH OCHOBHOIO MAarHHTHOTO IOTOKA MAUIHHBL H IO
nyTAM IOTOKOB paccCesHHs, H3MEHEHHEe YacTOTH BpalleHHs pPoTopa, a
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TaKyKe H30eaTh BKJIOUEHHS B CXeMy-MaTeMaTHYEeCKOH MOJenH He-
YCTOHUYHMBBIX 3JEMEHTOB.
BrinosiHuB cooTBeTCcTBYyIOUIHe npeo6pa3oBaHus, 3aNHIIEM CHCTEMY

(4-64) B BHIE :
W g =X, i g+ Wsa cos v+ Tyq sin V3

llfnzxsﬂin—}— .‘Fsd;' (4,78)
¥ g=Xandizg+ Vsa;
llr;u;r = xuqu + 111'5(;’

-4 ypaBHeHHe 3JIeKTPOMArHuTHOro MmomenTa (4-66) B BHIE
M, =i (¥sq siny — ¥aq cOSY). (4-79)
[Tpoexunu nomitocnemeﬂuﬁ B 3a3ope Ha ocH d H ¢:
Wea=Xp, (i, F .04 cOSY); } (4-80)
Wsg == Xay ({24 sin V),

Tle Xen=F(Ws) — HacBIIEHHOE 3HAUYEHHE CONPOTHBJIEHHS B3aHMOHH-
AYKUHH.

Iorokocuennenne B 3asope

v,/ v, L, ' (4-81)

' YpaBuenus paBHOBecHs Hanpsukenmii (4-63) ocraiorcst 6es mame--

Henui, Iy mosyyeHHsl ycTOHUHBOH MOJAENH W HEOOJBIIHX 3HAUEHHH
lIepenaToynEX KO3()(DHIHEHTOB TOKH is H iy HaHOOJNEE Leneco00pasHo
OLpPeNlesinTh u3 NepBLIX ABYX ypaBHeHHil cucTeMbl (4-78), a TOKH ixd H

tng — 3 ypasuenuji (4-80). B pesyabraTe ypaBHeHHs [ TOKOB 3aMH-
HiyTes kak

iAz[lIrA — ll’-.;d CoOsY— IIFW sin IY)I’.-'CO‘A;

Ly—=(T, — W) Xers (4-82)
Lp0— VsalXn—i,— I COBY; . .
L Wio/Xgu—1La SN y.

uHom:{ocuenﬂeHHﬁ Wsqa 1 Wsy HaliieM H3 IBYX NOC/JeIHHX ypaBHe-
HHI cucTempr (4-78):

llj.ad e IIrnd R x:ndiM; l.[J.aq = llrﬂq' — 'ta'lqi.ilq' g ' (4"83)

Ha puc. 4-19 npusesena crpykrypHas cxema MaTeMaTHUeCKOH MO--

AelH, cocrapjenHas no ypaBHeHusm (4-63), (4-79), (4-81)—(4-83).
3aBucumocts 1/xqn=F (¥s), Habupaemast Ha PYHKIHOHAIBHOM Npe-
o6pasoBatesie 10, onpeje/sieTcss o XapaKTePHCTHKE XOJOCTOTO Xoja
MalWHHL Eq=f(i).
YeT HACHINEHHSI MO MyTAM IOTOKOB PACCESHHS B CXeMe peLleHHs
(puc. 4-19) ne ocywecrsied. OnHaKo B cayuae HeOOXOIUMOCTH, MPH-
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penenHas (opMa 3aMHCH ypaBHeHHI NO3BOJISIET JOCTATOYHO JeErko
yuecTh H3MEHEHHE CONDOTHBIICHHI pacCesiHHs OT HACHIEHHs, TaK Kak
5 cxeme MOJENH OHH HE CBSI3aHbl ¢ APYTHMH IapaMeTpaMi MAallHHHL.

—1>®

I
59

1/Xau < ‘[lwg’ Vs

w‘a\d Sin T

“Ysqcosy

12

- siny %ﬁinr
/

CoSTq

pr B el 3\-805 ¥

Puc. 4-19

§ 4-6. Moneanposanue cunxponnoro renepatopa
IPU BuINpsiMUTENLHOIN HATPY3Ke

CHHXPOHHLII TeHepaTop, paGoratommii Ha BLIIPAMHTENBHYIO Ha-
Ipy3Ky, HaxOIHT BCe GOJ'Ib]_[Iee NpUMeHeHHe JUIST TOJIyUYeHHSI TMOCTOSIH-
HBIX TOKOB B CXEMAX 3aPANKH eMKOCTHBIX HaKkomuTeselt-snepruy, rexe-
pUpPOBAHHS MOUIHBIX OHOTIONAPHBIX HMIIYJILCOB 3JICKTPOSHEPTHH My~
TeM BHE3aMHOI'0 BKJIYeHKsg Harpy3ku Ha BpeMfA HECKOJBKHX nepuo‘-
noB DJ1C renepartopa. '
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B nacrosiuiee BpeMsi 15 HCCJIeI0BAaHHE PeKHMOB pabOThl CHHXPOH-
HOTO reHepaTopa MpH BLINPSMHTEJbHOI HATpy3Ke IIHPOKO IIPHMEHSIOT-
Csl mpHOJIHZKEeHHble METOJbI, HCIOJb30BAHHE KOTOPBIX IpeAnoJaraer
npeHeOperKkeHHe BBICIIHMME rapMOHHKAMH TOKOB H Hampsi?KeHHIl Ha CTO-
pPOHe MepeMeHHOro TOKa, YYeT Ha CTOPOHEe BBIINPSIMJIEHHOrO TOKAa TOJb-
KO CpeJHHX 3HaueHHil 3a mepuop moBropsieMocTH. He yuHTHIBAaOTCH
TaKiKe IepexoJHble H CBepXIe-
pexoaHple COCTABJSIOLIHE TO-

KOB CHHXPOHHOI'O reHepaTopa.

Tounoe omnpenenenue au- BINES L3 Ba
HaMHYeCKHX CBOMICTB CHCTEMBI 2 iy Nz Aig ’i,{
«CHHXPOHHLII TeHepaTop—Bbl- Lail,
IpsMHTE/Nb — HAarpyska» Tpe- 4 . 3 []R,q
Oyer peuwrenusi moJamoii cucre- & Ug
MBl  HeJiMHeliHBIX JIH((pepeH- 7
UHAaILHBIX ~ ypaBHeHHH ¢ S i i 24
nepeMenubIMH KO3 (HIHEH-  Cmamap 2 e A
Tamu, ¥ 82ZNB4ZNBE

MaTeMaTHlIeCKOE MOOeJIH-

£o)
POBaHHe CHHXPOHHOTO reHepa- / +
Topa, paGoralolero Ha BEINPS- ig U
MHTe/ILHYIO HATPy3Ky, MO3BO- : e

JIsier YMEHbUIHTD UHCJIO

I(l)pHHHMaEMblx JONyLIeHH . g [:jg

AHaKo wuccaenoBaHHEe Inepe-
PEeXOIHLIX mpoleccoB H B JaH- Lag
HOM cayyae mpencraBsJsieT OIl-
Perenennsie Tpyanoctu. Oc-

HOBHBIE p3 HHX CBfI3aHB C Pamap
PaspabGorkoii MozenH Tpex- '

d3HOTO -JBYXMOJYNEPHOLHO- Puc. 4-20

TO BhIMpsMuTeJs, TAK KaK H3-
BECTHBIe MeTO/Ibl MOJEIHPOBAHAS AHOAA NPUBOAAT K MOABJEHHIO SAMK- -
HYTHIX KOHTYPOB, COCTAB/JIECHHBIX M3 HEUETHOro WYHCJIa CYyMMHPYIOLULHX
YCHIUTe el ¢ GOJLIIIM KoadduunenToM yenaennsa. Hannuue e B cxe-
Me pelienus moJo0HBIX KOHTYPOB ajare6paHdyecKoro THIA BLISHIBAET
Apeiid 1 nmomexn npH peLIeHHH. : )
BeslencTBie yKa3aHHBIX IPHUHH IIHPOKO PacHpPOCTPAHEHO YyIIPO-
HeHHOe MO/eJHPOBAHNE MePeXOJHBIX MPOLeCcCOB B CHHXPOHHOM TEHE-
paTtope npm BEIPAMHTEJIbHOH Harpyske, 3akjaiodaiouieecs B 3aMCHE
yPaBHenuil peasbHOrO BbIIPSMHTEN ypaBHEHHEM ero BHEIHEH Xapak-
TePHCTHKH. TaKoe MpeJcTaBjeHHe BeleT K MpeHeOpexeHHio BBICUIMH
rapMoOHHKaMH TOKOB 1 HampsKeHHH, 00yCAOBJEHHBIX HaIHIHEM BbI-
NPSAMUTENS, U SABJSIETCS HENpHeMJeMbIM NpH pellleHHH MHOTHX 3aJad.
Huzke npu MopeqHpPOBaHHH CHHXPOHHOTO reneparopa, paboTalolle-
0 Ha BLINPSAMHTEJbHYIO HArpysky, y4HTBHIBAIOTCA neeexomible npo-
necchl B BhinpamuTesne. [IpH cocTaB/eHHH YPaBHEHHH BBITPAMHTEA
BeHTHJIN NMpHHATH HAealbHbIMH. CxemMa paGoTel CHHXPOHHOTO reHepa-
TOPa Ha Harpy3Ky uyepes3 BBRIIPIMHTE/b MPeACTaBIeHa Ha PHC. 4-20.
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[Toanas cucremMa ypaBHEHHIH paccMaTpHBaeMOH CXEMBI COCTOHT H3
ypaBHEHHi renepaTopa, BLIIPSMHTEJNs H LENH HArpy3KH. ¥paBHEHHS
CHHXPOHHOrO regeparopa HanboJiee NpocTO INPEACTABHTDL B CHCTEME KO-
opauHat d, g, 0. [Ipu 2anucH HX MOXKHO y4yeCTb HachllleHHe MaTHHT-
HOHl IlenH Mo NyTSIM OCHOBHOIO MACHHTHOTO IOTOKA H MOTOKOB pacces-
HHsl, lI3MeHeHHe 4acTOThl BpalleHHs poTopa H T. A., PH MOAEJHPOBA-
HHH CHHXPOHHOTO TreHepaTopa MOXHO BOCIOJb30BaTbCs METOAAMH,
npueegeHusiMu B § 4-3. [TocKoabKYy 0COOEHHOCTH MOJEJHPOBAHHST CHH-
XPOHHOro renepartopa, paboTaOIEro Ha BHIMPAMHTEJbHYIO Harpysky,
He CBsisaHBI ¢ BBHIOOPOM MOJEIH CHHXPOHHOTQ reHeparopa, HCMOJb3y-
€M ypasnenusi (4-40) u (4-42), sanucanHble Ge3 yueTa HaChIIICHHA
MAarHuTHoON uenu. .

B pesyabrare pemenns ypasuennii (4-40) u (4-42) BO3MOXKHO MO-
JyueHlie TOKOB ig i, CHHXpOHHOTO remepatopa (yserx /, puc. 4-21).

NOMOILIO ypaBHEHHIT JHHEHHBIX NpeoOpasoBaHuil :

ia=i,cosy—i,siny; ! 1 e
iy =iy cos (v— 2/3) — i sin (y—27/3); (o2
lc= —ia—ip '

Haiilem dasuble TOKH reneparopa i, is, ic (ysel II, puc. 4-21).

3aznaua MOJEJHPOBAHUS BEIIPAMUTEN CBOAHTCA K onpegle.HEHHIO no
(asubiv Toxawm reHepaTopa ia, ip, ic TOKOB H HANPSKeHHI B Pasiid-
HBIX 3j1eMeHTaX BBLINPSMHUTENS] H B HATPy3Ke. ¥ UHTHBAs HeBO3MOKHOCTH
paboTw Tpex(asHoii ABYXNOJyNepHOIHON CcXeMbl B geThl peXBeHTHIb-
HBIX pexkpMaX mpH aKTHBHOI Harpyske, T. €. HEBO3MOXKHOCTb  OZLHO-
BDeMeHHOl paBoThl ABYX BEHTHJIel OAHON (asbl, cleTyer 3aAaThes 05
THKOIi paGoThl BHIMpAMHTEJs C MOMOIILI0 0J0KOB omeparoHHBIX PEJe
ABM 1w nonsipusosanubix pene. HefictButennio, TOK (asel, HaNpH-
MEp {,, B 3aBHCHMOCTH OT MOJISIPHOCTH BCerja paBeH TOKY B OJIHOM H3
BeHTH it — | pan 2. Ilpn pa6oTe 3Ke BEHTHJIA 2 MaJleHHe HANPAKEHI
Ha BeHTHj e [

(4-85)

lL, = —Uy— o
ECJIH }:apaKTepI-ICTIIKH HuaeaJbHBIX JHOJ0B l'Ipe,[lCTaBIITb B BHJIE

. _ [0 mpu iy >0; (4-86)
i co nmpu i,<0,
rie k=1, 2, 3, 4, 5, 6, To BLpaxenue (4-85) sanumercs Kak

= — Uy (4-87)

AHAJOrHYHBIE COOTHOMIEHHS MOMKHO NMOJYYHTH H /s OCTAJBHEIX
TOKOB M HAaNps:KEHHH BBHIPSIMHTEI.
ITanenne HanpsKeHHs Ha Harpyske

ILHZ(i1+i3+i5) RuzinRH' (4'-_88)
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Puc. 4-22

[To M3BECTHEIM TNaJeHUAM HATPAKEHHH HAa BEHTHJAAX U, Us, Us MO-
SKHO HAfITH HaTNpSKeHHe Ha 3a’KUMaxX BBIIPAMHTENIS:

g = (21, — 13— u5)/3;
g = (25— 1ty — tts)/3; , (4-891
U= —(uaup)
Mogens BHINPSMHTeNs NMpejacTaBjeHa Ha puc. 4-21, ysmom V.
144



Hro0bl onpenesuTh HaNPAXKEHHS Ug H U, MO H3BECTHHIM I, Ug,
Uc, BOCNOJIL3YeMCSsl YpaBHEHHSAMH JHHEHAHHIX NpeobpasoBaHmii:

;) y \ -
L= —;— LIL,\ COS Y ip CO'S(Y ?’: ) e (V | 231 )]’
(4-90)

2 : i ! 2 e 1 30 TR
lg= =~ I Lasin Y- g sin (v —T)—I—uc sin ('\rT T)J

Cxema pemenus ypaBHeuuii (4-90) npexcrasiena ysaom [I[ na
puc. 4-21. , :
Heobxoanmble pas pelleHHs] rapMOHHYecKHe (YHKIUMH yria y Io-
JyuawTcs ot reHepatopa CHHYCOHAAJbHBIX Kosebanuii (ysem [V,
pHc. 4-21),
B paspa6orannoit mozenu CHHXPOHHOrO reHepartopa, paforalomie-
FO Ha Harpysky, orcyTcTBYIOT HeycToiiunBHle 3JeMeHTH. Martemarnde-
CKas Monenb (puc. 4-21) Moxer OHTh peajH30BaHa Ha MallHHe
MH-14,

Ha puc. 4-22 npusenena OCI[HJIJIOrpaMMa peLIeHHsl [PH BHE3alHOM
PRJIIOUCHII Tpex(asHOoro CHHXPOHHOrO reHepaTopa Yepe3 Heympas-
JSICMBIT  BIMpAMITENb Ha AKTHBHYIO Harpy3ky OpH Xa=Xq=1,05,
Kud=xp,=1,05, =12\ | r=f==rna—Tne—U00:5 Xaa=%ag=1,0,
rm=0,29,

Paspacorannmii MeTOJ MOIeJHPOBAHHA CHHXPOHHOrO TeHepaTopa,
Paboraionuiero ma BbmpAMHTENbHYIO HATpY3KY, MOMKET OBITb YCOBEp-
WIEHCTBOBA Y BBeJleHHEeM yueTa HaCHILIeHHS MArAUTHOH LIENH TE€HepaTo-
PA M uaMenenusi yacrorw BpallleHHsl pPOTOpa, 4YTO 3HAUHTENBHO pac-
WHPUT Bo3MOMKHOCTH NpeacTaBJeHHOH MOJAEGIH.

§ 4-7. Mogenupobanue cxem OpCHPOBKH BO3GYKAEHHS
CHHXPOHHbIX reHepaTopoB

Hos noanep;Kauus IMOCTOSTHCTBA HaINpsXKeHHsT NPH KOPOTKHX 3a-
MBIKAHUSIX B JIMHHE 3JIEKTpONepeay OCyIIeCTBIsI0T (POPCHPOBKY BO3-
Oyxnenus CHHXPOHHBIX reHepaTopoB. [Ipn 3TOM MOAKJIIOYAIOT KPATKO-
Bpemenno O0OMOTKY BO30Y:KAEHHS K MOILHOMY HCTOUHHKY SHEPLHH HJIH
K cTaropupim o6MorkaM camoro CHHXPOHHOTO reHepaTopa Yepe3 Bhl-
IpsiMuTens. B nocaegnem caydae 3ajgaya HCCJAeJ0BAHHS MEPEXOLHBIX
Iponeccos umeer onpejejeHHble TPYAHOCTH, OIHAKO TPEACTABJSAET
SHAYRTeNLHBI nHTepec, TAK KaK K Hefi MOTYT OBITh CBeAEHBI 33a1aYH
aB'I‘OMaT]ilIECKOI"O peryjqHpoBaHHsA HalpsaXKeHHA CHHXPOHHBIX TreHepa-
TOpoB nyTtem KOMTNIayHJAHpPOBAaHHSA MO TOKY cTatopa H T. I.

PH cocraByieHHH ypaBHeHHH NepeXOAHHIX IPOIECCOB paccMaTpi-
BaEMLIX cucTem c/elyer yYHTHIBATH JBa 0GCTOSITENLCTBA:

1) ypasuenus MepexoAHLEIX IPOLECCOB BO BCEX 3BEHLSIX CHCTEMEI
PEryupoBanyusi u B BHIIpSIMHTENE HEOGXOMHMO 3aMHCHIBATH B HEMNO-
ABHIKHOM cHCTeMe KOOpAHHAT;

2) B Toukax NMPHMBIKAHHST CHCTEMBI PEryJIHPOBAHUS H BBHINIPSIMHUTE-
JI K CHHXDOHHOMY TIeHepaTOpy HeoGXOLHMO COCTaBJSTh yPaBHEHIT
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CBSI3H, T. €. YPaBHEHHH, CBs3LIBAIOIIHC MIHOBEHHEIE apaueHisl TOKOB H
HanpsizKeHHH Hernpeo6pasoBaHHON CHCTEMbl KOOPAHHAT ¢ X NPOEKIH-
gMH Ha -OCH CHCTeMbLl KOOpPAHHAT, B KOTOpOIi1 3amicanbl ypaBHenis re-
neparopa. CocrapieHne ypaBHeHHI CBf3H HE Tpedyercs, ecill ypaBHe-
HH$I CHHXPOHHOTO reHepaTopa 3amHCaHbl B HenpeOGpasoBanuoﬁ cHcTe-
Me KOOpJAHHAT.

Ma-3a CJA0XKHOCTH 3JeKTpoMeXxaHHUeCKHX nepexopHbIX MpOLeCcCcos,
NPOHCXOAAIINX B CXeMe (popcHpOBKH BO30YKAEHHA CHHXPOHHOTO re-
HepaTopa OT €ro CTaTOPHBIX 06MOTOK, AHAJHTHUECKOE HCCICLOBAHNE

sTOro pexuma 3aTpyiHu-
Teablo. [1oTOMY TCOPETH-
yeckie pa0boThl, MOCBSIUICH-
Hble aHaJu3y TpolleccoB
npn (opcHpoBKe OCHOBHOTO
MACHHTHOTO TOTOKE,  BbI-
nodiielpl ¢ OOJBILIHMIL 110-
aylieHuaME, a UIeao  ux
Kpaiine orpaniucto. Mare-
mMaTHuecKoe ~MoJelHpoBa-
Hie € HCINOJAb30BaHHeM
ABM no3spodfieT YCHElUHo
peliaTh 3TH 3anadn.
Jlois yBeJHUCHHS OCHOB-
HOr0 MAariiTHOTO TOTOKA
. BO3MOIKIIO TIPHMEHEHHe cXe-
Mbl  (OpCHPOBKH  BO30YK-
JeHHs CHHXPOHHOTO TreHe-
Ve pa{n’opa (_n; TPEX OCHOBHBIX
(paz ucpes NOHHIKAIOULHY
: . tpaticpopmMaTop M Heyn-
papJasieMblil Tpexdasublil ABYXMOJyTIepHOAHLIH  BBHIIPSMITEC/ID (puc.
4-23) uau oOr BCIOMOraTteJbHoil TpexgasHoi 0OMOTKH, KOTOpas MoJ-
K/II0UAETCs HEeMOCPEACTBEHHO K BLIIPSMUTENIO (/WIS YTIPOULCHIIST MPHH-
LHIAJdBHOI CXeMbl ToHHKalouHil TpancopmMaTop Ha pIICVHKE He TOo-
KasaH). ’

Jlag cocTaBJeHHsT MOJAEJH CHCTeMBbI «rpex(asublil CHHXPOHNDIIT re-
HeparTop — BBIIPAMHTE/b — 00MOTKa BO30YZKACHHI» OAHHM 13 Hanbo-
Jgee yA0OHBIX METOJOB 3amHCH ypaBHeHHil CHHXPOHHOTO TreHepaTopa
qpisieTcss MX 3amnuch B ocax d, g, 0, Tak KaK M03BOJfAET OCBOOOANTHLCS
OT mepeMeHHBIX KO03((HUHEeHTOB.

JluddepeHiuaibible ypaBHeHns TpeX(asHoro reHeparopa, saiiu-
caHHble C YYETOM HACBHILEHHs] MarHHTHOMN LEMH H H3MeHeH!sa YACTOTH
BpallleHHsi POTOPd, MOTYT ObITh NpeicTaBJ/eHbl cHCTeMOH ypaBHeHHI
(4-40) u (4-57), B KOTOpPHIX ypaBHeHne paBHOBECII HaTPSACHIT 06-
MOTOK BO30YIKAEHHSI HMEeT BI:

AV AT =ty — Tebw (4-91)

rie Umn — BBIXOJHOE HaNpsizKeHue BBINPIMHTENLHOrO MOCTA.
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ypaBHEHlIe ABHXKEHHS pOoTOpa C YyYETOM IIOTEPL B CTAJH ~
. = . ) o
dojdt==H7 [M o+ (¥ alg—"Eoly)— P /(Wigw)], (4-92)

rae Po—norepu B craan npun Ws=Ws.

Crpykrypuasi cxema MojeH CHHXPOHHOTO reHepaTopa, COCTABJeH-
Has mo ypasuennsim (4-40), (4-57), (4-91) n (4-92), nokasaHa Ha
PHC. 4-24. Jlns cBsi3n MaTeMaTHUYECKO{ MOJEJH reHepaTopa ¢ MOZEBIO

L‘Jf:’ -y

"od b Yd e ¥ (0)
Wlm
w
. d

WY

“¥s Lo Yg
20 <D
W g

Puc. 4-24

BBIIIPAMHTENbHOIO MOCTAa HEOOXOAHMO MepeHTH OT TOKOB ig, iy K (has-
HEIM TOKaMm i,, ip, ic, 4 TaKiKe OT (Da3HLIX HANPSIKEHHH Ua, Up, Uc K
HX MPONOJBLHON H MONEPEUuHOH COCTABJSIOMHM Ug, Ug. ITH JIHHEIHBIE
npeobpaszoBaHusi OCYMIECTBJISIOTCS MPH MOMOIIH COOTHOIIEHHIT (4-84)
u (4-90), npeo6pazoBaHHbIX K TAKOMY BHAY:
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4 e e

iA—i,cO5 Y —iqSinY; ]
(4-93)

PN TET S il o 115 V'3 e
zB-—( i, _—2‘54) cos Y (Tt'f —IH«T .zd) bl!l_\',l

2
te—= —is—ip;

1 /3 i
g =5 (200 —up— uc) ccH Y ———-12 (e — ttc) sin y; \
5 L (4-94)
L (up—uc) cos \’—%(2!@—!{3—!!6) sin y.

2

n,==

MaTemaTHuecKass Mojenb ypaBHeHuit (4-93) u (4-94) npusenena
na puc. 4-25.

Puc. 4-25

MareMaTHUECKOe MOJEeJHpPOBaHHe BBINPSIMHTE/S CBOAHMTCA K Ha-

xo}KﬂeHHlO TOKQB H Haﬂpﬂ}KEHHﬁ B pasyJHYHBIX 3JIeMEHTax MoCTa H Ha-

sKe 10 TOJYYEHHBIM (asHEIM TOKaM ia, im lc- Urobul n3bexkarhb

rpy
onepalHH nH(depeHHpoBaHHs, BBIMPSAMJEHHOE HaNpsi?KeHHe MOCTa
Umn, TPHKIAJBIBAEMOE K o6MoTKe Bo36yxaenust (cm. puc. 4-23), ompe-
jeanM Kak TajeHHe HaNpsDKeHHs Ha nemnupyomem auone /7,
BKJIIOUEHHOM B 06paTHOM HalpaBJEHHH:

U =T7b7 (4-95)
Fe TOK AII()}IH

II"’ ';I‘.m e l':u' (4‘98)

148



Tok, nporexaomuii no o6morke BOSﬁy)KlIEHI'I'H, MOKHO Ompe/je-
JIITD, pelllast ypasHeHle paBHOBecHs HaNpsKeHHA KOHTYPOB reHepa-
TOpa.

Beinpsamaennsiii TOK iy 15 J1060r0 MOMeHTa BPEMEHH MNpencTaB-
JF€T coboii cyMMy TOKOB ONHOH M3 TPyNI BeHTHJEH MocTa:

im :il +i3+£5' (4-97)

3anaBasich JOrHKOM pa6orer BempsimuTeass (cM. § 4-6) u yuyHTHI-
Basl, UTO NPH OTPHUATENbHLIX MOJYBOJHAX TOKOB B BEHTHJSIX HATPSIKe-
HHS Ha BbIXogax Mocra

Woin=— — = — ryi;; U,,== —Ug= —Trals; Upp,— —U;=— —T5ls

(4-98)

MOXKHO MTOCTPOHTL MOJEJb BHIMPSAMHTEIBHOTO MOCTA.

O H3BECTHBIM 3HAYEHHSIM HAMPSKeHHil Ha BEHTHJAX uj, Us, Us OI-
PEILessoTCs (hasHble HANPSAKEHHs HA 3a)KHMAxX BHIMPAMHTENS U, Up,
Yc 1o (4-89), a ¢ momomwbio ypasuennuit (4-94) — HX COCTABMISIOLLHE MO
ocaM d y q— ua, u,.

Hcnonbzopanme YpaBHeHUH Tpexca3HOro CHHXPOHHOTO reHeparopa
B Ociax d, g, 0 obycnoBnuBaer Heo6XOANMOCTh NpPHMEHEHHS OJOKOB
YMHOXKenns: pos peanH3aluly MepHOAHYECKHX KO3()(HIHEHTOB, COAEp-
HKAUKXCsl B ypaBHeHHsX npeoBpasoBaHus.

Mpy MOIEJNIHPOBAHHH CHHXPOHHOrO TreHepaTopa MOXKHO BOC[IOJII::
30BaThesl § ypaBHeHHSAMH ¢ nepHoAHYEeCKHMH KO3((pHIHEHTaMH, 3ae
THCAHHBIMY B HenpeoGpasoBaHHoil crcTeMe KOOpAHHAT. B sTOM CJ‘Y‘{?I-
CIOMKHOCTE Momesan He BO3pacraer H, KpoMme TOro, TOSBJSETCS A0II0
HHTC/IbHOE ee AOCTOHHCTBO, 0o0ycJoBJeHHOE TeM, UTO B KauecTBE Ie-
PEMeHHBIX urypupyior ne mekoropsle (DMKTHBHbIE BeJHYHHBI B Blll(If
TIPOGKLMIT peasbHBIX TepeMeHHbIX Ha OcH d H ¢, a caMi peaJbHEE I
PEMenHpe,

Y06k NMOJIYUHTh YCTOHUHBYIO VHHBEpCaJbHYIO MaTEM'aTH'-!eCKYI(‘)
MOLesb TpexdasHoro CHHXPOHHOTO reHepatopa B ()asoBBIX OCHAX, mc)-
SBOJIFIONYI0 OCTATOYHO MPOCTO YUYHTHIBATH HACHIUIEHHE CT&HHIK%OO_
HOBHOMY MariMTHOMY OYTH H MO NyTSM MOTOKOB paccesHHus, Heocia-
AHMO motokocuensennst pasHex 0GMOTOK CTaTOpa H poropa HI%GJI
BHTb B Buje morokocuenennii paccesiHnsi COOTBeTCTBYIOMIeH 0GMOTKH
M TPOCKIMiI MOTOKOCHENJeHHsT B BO3AYWIHOM 3a30pe Ha NPOXOJBHYIO
 IONmepeynyio ocu potopa.

ypaBHEH};[FI pamll)osecﬂm HanpsiXKeHHil reHeparopa B (pa3oBBIX OCAX
HMEIOT B

¥ sldr=— —1)—ris d¥pldv= — g —rpis;

dWeldt= —uc—rcic; d . (4-99)
AVY,jdv=uy,—ri,;  d¥, ldv=—Tr i

74 ‘V,l,,/(l’r == —f'wi"',w:

TAE NMOTOKOCIUEN/CHIA JanuuyTcst ypapHeHHAMN:




U, = xoala+ VeacOSY— U5 sin V3
. 21
J. N . 2 5
ch:x;cic—!l— ., cos ('v—'i— _231)__ ll)r}q sin (Y"!F __?’_)’

. . . s . S LIy : .
\I‘HngnlB—%"lpgd; \I';ldzxcxdt:d‘%—méd} il !q_"xa-'lflinq_}_ ij"iﬂ'

(4-100)

TloTOKOCIeNIeHHs] B BO3AYLIHOM 3a30pe IO NpOAOJBHON M ToTe-
peunoit ocaM Wea H Waq TPeACTaBATCA KakK

g . : ; 2n g | 25\,
\Irad:xaﬂ{”n'{_"ad—l'h\ cosy-+-ip cc-;(v-— -—3—) Ficcos (Y- < I

. . B | r o 25 ) & 2
lpaqr:xau[lnq—%—ll,\ sin y-—igsin (y-— ._.E_)-I-f,c sin \;_‘_ - :
(4-101)
Ilnst MOJyYeHHs yCToHuBOH MOLETH reHepaTopa HeoOXOAHMO B Cit-

cremy (4-99) mOACTaBHTB TOKH, ompejeseHHble Uepe3 MOTOKOCUENIe-
Husa u3 cucrem (4-100) u (4-101):

in=[¥s— Wsgcos v+ Wy sin v]/Xaas

ip=[¥p— Vg ccs (y— 2m/3) 4 Waq sin (v — 2a0/3)]/%s53
ie=[Tc— Wy com (Y 2m/3) -+ Wsq sin (v 27/3))/x:c: | (4-102)
L,=[Y,— Ysa]lXos:
g =1Y ra— Yea]/Xonas
Lir =Ty — Yag)/ osg.

\

S

W3 aByx nocjeiHux ypasHenuii cucreMbl (4-102) naiinem

Wig = \lrsld Ay "crildin(f; Vea= IF,M; Yl '\:ﬂl(ii nq* (4' 103)'

Hacbiuennoe 3navenue 1/xqn OnpeieauM H3 XapakTepHCTHKI X010
CTOrO X0/la B COOTBETCTBHH C BHIparKeHHEM

= 7 (0= £ (1 Vot Wia). (4-104)
YpaBHeHHe IBHXKEHHS poropa B (pasoBBIX KOOpAHHATaX:
o2 :_‘1—, | Mo+ Taa [iA sin y+ip sin (v— E‘-)+
dt Hj | i 3
Ticsin (\’ i _2;’_1)]_{‘ Wiq [t’,\ cow Y-ipcos (\r = -?35)—}—
tic co‘s(\H— 331)]} (4-105)
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YpaBuenns (4-99) — (4-105) siBastioTes ypasnerym;;n ;‘p:;{g::;;g
CHMMETPHUYHON CHHXPOHHOH MAaLIHHBI, paﬁorawme:(l)m cerXpOHHOI‘O
CHUMMETpHUHYIO Harpy3ky. Ilpu pabore Tpex(as b
TEHEpaTopa ¢ CHMMETPHUHBIMH O6MOTKAMH HA HE(; S
TPY3KY (B maHiom CJyuae — BBINPSIMHTEIbHAS Haq}[{);f K8) (2 ORNANeD
C€ANHeHHs (a3 oOMOTKIL CTaTOPa H LEHTpaJibHas 1;30'0 e
3BE3JIbl Harpysku HEIKBHUIOTEHIHAJIBHEI, 4TO HeodXx g e P
3alicH  ypaBuennii PaBHOBeCHSI HaNpSMKEHHH CTATOPHLD

! JKeHHH cra-
YUETOM 3TOl ocoBeHHOCTH YPaBHeHHS PABHOBECHS HamNps
TOpa MOKHO 3anucaTh B BU e

d\Upc/dt= —rpip-reic—ug--uc; } (4-106)

: . b
dWealdt= —reic-rpia—ucua,
rme

. . . oy LA ~__';'[3—
lFBc=llJB'—lL‘c=-\'sbs’n"ﬁa\aCfc+ Wia cos (y — 2a/3)

< | 3 i ’-L:':'T.‘o};
— Waq sin (v — 271/3) — Wy cos (y-F201/3) + Wy sin (y+-27/3
A= . Wa=Xocic — X,4ia + Wig cos {y+2a/3) —

— Wag sin (v4-20/3) — Wy cos Y+ Weq sin y. (4-107)

Brojg obosnauenng

ipc=ip—ic; Ica=ic—ia,
MPHHHMas X, —

-107), mo-
Xop=X;c=x; 1 noicrasasia (4-100) B (4-107)
~oB=—Ag(C 4
Clle HE‘I\'OTO])!:.IX I

peobpasoBauuii nosyuaem

= . r oAl f-_'
fpc==[Wpc— 18 (Wsq sin v+ Wsq cos V)]s

5

' e BNt N l
U, + sy ( TS Cosy —:——2— sSin ) il (4-]09)
J

Sl B e AT s
—_ q‘éq k‘T S1T1 Y"f— 5 CCH Y )J‘

{ Me
Y 5 . JIb3vVeMcs I\pO-\
Has naxownenus (ha3HLIX TOKOB i, ip, ic BOCHOJIL3Y
YPaBueunns (4-100) Bblpazeniem

4-110)
iatintic=0. ‘

.. ¢ OTOPHBIX
Ypasueuus mng HATPSIZKEeH i, nm“.OI\'ocuen.ﬂe[mqi;Ill(;Tl(;zi\UT:mp c[?cre:\'i
KOHTYPOB ocraiorcsi Ges mamenenmii 1t onpeje.
4-99) g 4-102). : - JH ocTa-
: ’fzaBH(emm 1)3b1n[)ﬂMuTeﬂbuoro Mocra o CXCMF‘I er;\:a;g?gﬂmecKﬁﬂ
I0TCs1 Ges uamenenns. Ha prc. 4-26 nPeﬂCTaB:eHaCOCTaBJ[eHHaF{ 1o
MOZCNL Tpexdasnoro CHHXPOHHOTO ~ remepaTop (;uuma'r. Us cpasHe-
yPaBleinaM B nenpeoGpasosannoii cicreMe Kooj IXPOHHOTO TeHepa-
on © €O CXeMoii MonesupoBanis Tpequ,azﬂOmnfil;i-tlop 4TO 006 CXeMbl
TOPA 1O ypapnenusM, samncanubiM B 0CAX s s aIO,ImI\’ e
paBI-Iouel'n—;m IO HCNONB3OBAHHOMY KOJHYECTBY pelll k
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Puc. 4-26

ITpu mMpoBeJeHHH HCCIENOBaHMi caMOBO30yXKaeHHS H (hopCHpPOBKH
Bo36yKaeHHs1 o0e paccMaTpHBaeMble MOJENH TeHepaTopa paGoranu
nagexuo. Ha puc. 4-27, a, 6, 8 mpuBegeHs OCILHJI0rpaMMBI (hasHbBIX
TOKOB ia, ip, ic, TOKa B 00MOTKe BO3OYMKACHHA iy 1 noToKOCclenJaeH!s
B BozayiiHoM 3asope Wy mpu dopcuposke moroxa. [TapameTpsl CHH-
xpoHHO# MaunHbl (0. e.): Xxa=1,05; xp=1,2; Fng —ong— 13028 =
=rng’c=0,005; rnd=rnq=r3=0,002; H3=00
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&7 pad

L0

4,5 -

a I Ll gy ] SRy (R | ) | S| SO |

T, pad

Puc. 4-27

Paccmarpupaemblie Mojenu MOSBOJSIOT MPOBOMUTH HCCJEAOBAHMHSA
CHHXPOHHOro reHeparopa npuH pabore ero Ha Harpysky uepes Hey-
PaBJAEMBIHl BHINPSMUTENb. s 3TOro B CXeMy pelleHHs HeoOXOAHMO
BBECTH [ONOJIHHTEJbHBIE pelIalolHe 3JeMEHTH, MOAeJHpPYIOLHEe
YPaBHEHHe HarpysKH:

e sdigand

g s . di 1 :
U ot S0 %-}-? S i dt, (4-111)

a4 HanpsKeHHe HA OOMOTKe Uy NPHHATH H3BeCTHHIM. Ilpu TagoM cro-
cole MoumefimpoBaHusi, KOrZla HampsiKeHHe HAa Harpyske Ompeessiercs
uepe3 MajeHHe HAMpAXKEHHS Ha HEKOTOPOM OECKOHEUHO GOJIBIIOM CO-
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NPOTHBJEHHH r7, B cXeMe pelleHHs MPH MoBOM XapaKTepe Harpysku

OTCYTCTBYIOT HEYCTOHUHBLIE 3JI€MEHTDI. _ :
Ha puc. 4-28 npejcraB/jed xapakTep H3MEHCHHS thasHoro Toka iy,

TOKa HAarpysku iy M ToKa poropa iz NPH BHE3AMHOM BKJIOUCHHH CHH-
XPOHHOrO reHepaTopa yepes Bb]npﬂMHTe.ﬂbe]H MOCT Ha AKTHBHYIO Ha-
TpY3Ky ISl ABYX cayuaes: a) ry=0,16; 6) ra=0,48.

Ly

Puc. 4-28

Hecwmotpst na oaunakoryio caomuocrs o6enx cxem MOJIeIHPOBAHHS
CHHXPOHHOTO T€HEpaTopa, MOAeNHPOBaHHE MO YpPABHEHHSIM B Hempe-
00pasoBaHHOl cHCTEMEe KoopiaunaT NpeanouTHTeNbHee, TaK KaK I03BO-
JSeT y4ecTb, B C/yyae HEOOXOAHMOCTH, H HecummeTpuio (aa craropa.
ITpu MogennpoBaHHH mo YpaBHeHHsAM B HelpeoOpas3oBaHHOIl cHeTeMe
KOODIAHHAT ABHOTIOMIOCHEIX CHHXPOHHBIX reHepaTopoE BO3HHKAIOT MO-
NOJHHTEJNbHBIE TPYIHOCTH, 00ycJ/ioBJIeHHBle HAJHUYHEM MEePHOIHYECKHX
KO3(D(PHIIHEHTOB B3aHMHOI HHAYKTHBHOCTH MeXKAy (hasHBIMH 0OMOTKa-
Mi cratopa. B stom cayuae npexmouturesnmo MOJIeJHpPOBAHHE CHH-
XPOHHLIX T€HEPATOPOB MO ypaBHEHHAM B ocsX d, q, 0.

154



§ 4-8. MopennpoBaHie CHHXPOHHOTO reHeparTopa,
i padoTaloulero Ha BLINPAMHUTENbHYIO HATPY3KY,
f npejacTaBieHHeM BeHTHJeH UX (PU3HYECKHMH aHaJjoraMu

[Ips MOAeJHPOBAHMH CJIOKHBHIX MAIIHHHO-BEHTHJbHBIX CHCTEM, Ha-
TpUMep CHHXPOHHOrO reHeparopa, paboTaioulero COBMECTHO C HEMNO-
CPEACTBEHHLIM Npeofpa3oBaTeseM 4acTOThl, CHHXPOHHOTO reneparopa,
paGoraioulero Ha Harpysky uepes Tpex(asHyio HYJEBYIO CXEMY BBI-
IPSAMJEHHS ¢ 00beIHHeHHBIMI 00MOTKAMH TMHTaHUSA H T. A., BOSHHKAIOT
3HAUHTE/bIBIC TPYAHOCTH H3-3a CJIOMKHOCTH PacueTHOIl CXeMEI (oTcyT-
CTBHSI HYJEBOH TOUKH HMCTOYHHKA THTAHHS, HaJHUHs GOJIBIIOrO KOJIH-
YeCTBA YNpPaBJAsCMbBIX H HEYNpaB/seMbIX BEeHTHJICH H T. A.)-

MojenupoBatiie BeHTHJIeH ¢ MpHMeHeHHeM ONepalHOHHbIX - PEJE
IV 3aIaHUST JIOFHKH PAaGOTHl CXeMbl BBITPSMJICHHS MPHBOLUT K 1eo00-
XOZAHMOCTH HCMOJIB30BAHHS GOJBIIOr0 KOJHUECTBA PEIIAIOLIIX SJIEMEH-
TOB M 3/IGKTPOHHBLIX CJEASLIMX CHCTEM JUJIsi OMpejeseHHd noTeHIHd-
JOB B Y3JIOBBIX TOYKaX cxeMbl. Kpome TOro, BOSHHKAIOT TPYAHOCTH
obecrneuens yeTOUMBOCTH I TOUHOCTH pemienns. Tak, HAMPHMED, AJIs
MOJENHPOBAHHST TOMbKO Tpex(asnoil HyJeBoil CXeMbl BbIMPAMJCHI
C OGBeANHEeHHLIMII OGMOTKAMH MHTains TpeOyercs okoao 75 pemra-
OWHX yenaureseil © 9 3J1eKTPOHHBIX CJAEASUHX CHCTEM.

CyulecTBennoe ympoliedne MOJENHPOBAHHS MOKET GBITH IOCTHI-
HYTO [IPH mpeiCcTABIIEHIH BeRTHIe HX (H3HIeCKHMA aHasoramy. bac-
CMaTpHBaeMas MeTOANKA, COBMEIIAomAs TPHHIHI MaTEMATHIECKo-
ro H (u3HUECKOro MOJLEJHPOBAHHS, obecrmeuHBaeT XOpOIUIYIo HaJIeXK-
HOCTb 1 MaJyio MOrpemHocTh pelieHus.

HPH (huznueckoM MOJeJIHPOBaHHH BEHTHJBLHOTO npeoﬁpaSOBaTe-ﬂﬂ
MOIRJILHLIN BeHTUJ/Ib IOJXEH OTpaxaTh pa6ory peaJbHOro BEHTHJIS,
uTto oGecneymBaercst BeIGopoM MaciuTaba HampsiAKEHH. [TapaMeTphl
busiuecknx auasoros senTHseil ZOJIKHBI GBITb COTJaCOBAHDI ¢ mapa-
MeTpaMu pewatomux ycuanteneii ABM: nampszkeHHs JOJIAHBl H3ME-
HATbCA B mipepesiaXx —=100 B, ToKH He MOJIKHEI MPEBHILUIATD 10 MA.
Hpu Mopennposannn HeynpapisieMoro BEHTHIbHOTO npeo6pasoBaTes
B KauecTBe aHaJiOrOB MOJMKHO HCMOJB30BATh, HATPHMEp, HAKAJIBHBIC I
TONYNPOBO AHHKOBbie BenTHJ. [1pH MOJEJHPOBAHHH YMPaBJAEMOro
BEHTHJIbHOrO mpeoOpasoBaTedisi JOTHKY €ro paboTEl MOMKHO obecneduThb
C TOMOIIBI0 peseHHbIX HJIH IeKTPOHHBIX KJII0UeBBIX cXeM, a TaKike
MaJOMOIIHLIX THPHCTOPOB. IIpH 5TOM MpHMBIKAIOIHE K BeHTHJIBHOMY
npeodpasoBarenio HHIYKTHBHOCTH, eMKOCTH, aKTHBHDBIE COMPOTHBJIEHNS
1l CHHXPOHHBLII reHepaTop MOAEMHPYIOT M0 OOBIYHbIM TPaBHIAM.

[Ipn MOCTPOEHHH CTPYKTYPHBIX CXeM pelleHHd paccMaTpHBaeMOro
KOMOHHHPOBAHHOI'O MOAEGJIHPOBAHHA HCMOJb3YIOT ABA cnocoba:

1) mpeoGpasoanue HanpsKeHuil MaTeMaTHuecKoil MOJEJH, Mpo-
TIOPUHOHA/ILHBIX PeasibHBIM TOKaM, B COOTBETCTBYIONIHE TOKH (hH3HYe-
CKOll MOJesIH BeHTHJBbHOTO MPeobpasoBaTelNs; OCYUIECTB/ACTCA C TO-
MOILBIO 3eMenToB THna «ucrounnk toka» (MT), a nx o6GpaTHOE Mpe-
o0pa3oBanue — ¢ MOMOIILIO 3JAeMeHTOB «peobpaszoBarTelb Toka» Aui)s

2) CBsI3b MKy aHAJOroBoil H (PH3HUECKON UACTAMH MOAEJIL; IPO-
H3BOJUTCH ¢ MCMOAb30BaHHeM ToabKo daementos HT.
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OcoGennoctH TpHMeHseMbX (opm 3amuch  Anddepeniniannpubx
}’paBHEHI-HUI CHHXPOHHBIX MAIlllHH, a TaAK}Ke MeTOJO0B HX MaTeMaTHueCcKOo-
rO MoAeJHpOoBaHHA A€JaaloT Hanbogee L[EJICCOOﬁp.‘:'IBIIblM Henoab3oBa-
HHe BTOporo cnocoba.

Heobxoanmoe uncao MT onpenpensercs UHCJAOM BbIBOLOB BeHTHJIb-
Horo npeoOpasoBatess. Hanpumep, npu MOAEJNHPOBAHHH  MOCTOBOLO
Tpex(asHoro Heymnpas/isieMoro puinpsmurtenas Heobxoanmo nars HT

(puc. 4-29). Toxku BBIBOLOB NpeoGpasoBatens i, i, ic, fa. —I; B BuIe
. HanpszxKenuii, nponopuHo-

mw& HaJbHLIX PEAaNbHBIM TOKAM
Ly, H 00pa3oBanlbIX B apajo-
i & F Ug roBOil YacTH Mojedll, nojia-

iotess na HTI—HT5. Ha
puixoftax HMT oGpasyiores
MOTEHIHAJBL Ua, Ug, Uc, Un,
Uag, KOTOpPBIe MOTYT OBHITh
H3Mepenbl Ha Bbixogax (a-
sounseptopoB HT wu 1uc-
M0J1b30BaHbl JJISI MOJE/H-
poBaHms COOTBETCTBYIO-
wnx  aHdpQepeHlaabHBIX
ypaBHeHHIl 1erneil renepa-
Topa M Harpyskn., Hanps-
JKeHHsl (pa3 M Harpysku NMPH 3TOM MOMKHO H3MEPHTb Ha BbIXOJAX YCH-
JIHTENEel, a TOKH BEHTHJ/IeH — myTeM HX HeNOCPeACTBEHHOro OCIHJIIO-
rpagupoBanus C LIYHTOB, BK/IOUEHHBIX MOCJELOBATENLHO C MOJCJIBIO
BCHTHJIS.

PaccmaTpuBaeMble cnoco6bl MO3BOJSIOT OCYILIECTBHTL (DH3HYECKOS
MOZENIHPOBAHHE IPHMBIKAIOIMMX K BEHTHJAAM nNpeoOpasoBartesss CO-
NPOTHBJIEHHII yTEUeK, MapasuTHLIX eMKocTell, Harpy3ku u r. ja. Ilpn
(pusnueckom MozpeanpoBanuu narpysku (puc. 4-30) Heo6xXomimMoe uHC-
a0 UT cokpaiaercs.

[Ipumenenne ynpasisieMbix BeHTHJ/eiH-aHAJOTOB, KaK yxKe oTMmeud-
JI0Cb, 3aTPyAHHTENbHO H3-3a OTCYTCTBHSI NMOJYNPOBOAHHKOBBLIX npHOO-
POB, Xopouo-coueraiomuxcs ¢ ABM. ITocrpoenne Monesu ynpas/sieMOil
CXEMDI BRIMPAMJICHHS € peJsiefiHbIMH 3JeMeHTaMH Tpebyer mpuMmeHeHns
GoJbliX MaciTaGos Bpemenn (n,>>100) Bo H30eKAHHe 3HAYHTENLHBIX
NOTPEILHOCTEN DELIeHHS, YTO B psige CJAydyaeB OTCPAHHYHBAET BO3MONK-
HOCTH HCIMOJIb30BaHHS METo/a.

Pacemorpum uenonbzopanue MeToja JAJIs MOJEJNHPOBAHHS Tpex-
(hasnHoro CHHXpPOHHOrO reHepaTopa, paGoTalollero Ha aKTHBHYIO Ha-
FPYSKy 4epes ympaBiisieMblii MOCTOBOfi BBIIPSIMHTENb. B peayabTare
MOIEJTHPOBAHHS CHHXPOHHOTO reHepatopa MO MOJHON crHcTeMe aH-
(DepeHIHANLHLIX  YPAaBHEHHH, OMHCLIBAIOUIHX 3JIEKTPOMeXaHHUeCKHH
HMEPEXOMHBIH NPOLECE, NOKHL GbiTh MOJYYEHbl TOKH (a3 CHHXPOHHO-
FO reHeparopa B BHAE Hanpskenmili Ha BBHIXOAAX COOTBETCTBYIOILHX
PELIAIOIIHX 3JIEMEHTOB MaTeMaTHyecKoll Mopesau. [Las MOJIe/IHpOBaHHST
CIHXPOHHOTO TeHepaTopa Moryr Guith HCHOAL3OBAHDI pasiuuupie (pop-
MBL 3AIHCH €ro ypaBHenui, nanGosee pauHoHaNbHYIO H3 KOTOpBLIX CcJle-
AyeT BBIGHPATH HCXOJS M3 NPHBeIeHHLIX PEeKOMEeH {allHii.
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[Tpu nenosnb3oBanun ypaBHEHHH - A

CHHXDOHHOro TreHepatopa B OCfX e S‘i STZ

d, g, 0 cTpykTtypHasi cxemMa Mare- ig TTE| A

MaTHYECKOIl MOJe/H paccMaTpHBA-

eMoil cHcTeMbl NpHBeJEHA Ha PHC. sl Ly 1,

4-31. I1ns npeoGpa3oBaHus Hamps- Hidiimntn 2y
MEHHH MaTeMaTHUeCKOH MoaeaH . Uos o

CHHXPOHHOTO TeHepaTopa, TpOonop- E,IZI@,J

LHOHAJBHLIX  pealibliblM  TOKaM, i
NpHMeHeHbl HCeTOUHHKHE Toka MT[1— g
HUT3. Tlpu 3TOM HCHOJNB3YeTCsl Me- 8

TOJA (H3NUECKOr0 MOJeNHPOBAHHS Puc. 4-30

Harpysku Ry, uto No3BOJISIET YMeHb- "
WHTL HeoOxomMoe uneao MT. s BoieieHns B cxeMe HaNpsDKEHHH,
MPOMOPUHOHAJILIBIX TOKY HATPY3KH iy M NMajeHHIO HampsKeHHs Ha Ha-
rpysxe u,, HpHMeHeHa clelHajabHas cXeMma, COCTaBJEHHAA H3 ABYyX
CYMMHUPYIOULHX YCHJHTeel, MOAeJHPYIOUIX YpaBHEHN

by=i1+}istis; #y—=Re (4-112)

HMcnonnsosanne oceil d, g, 0 ans 3anucH ypPaBHEHHH CHHXPOHHOTO
reHepatopa BbI3LIBAeT HeOGXOJHMOCTb NPHMEHEHHs]  CTPYKTYPHBIX
cXeM npeoGpasoBanusi Koopausar d, g, 04, B, C u A, B,C—d, ¢, 0.

AHanornuHbIM METOMOM MOJENHPOBAHHS HCCJeNyIoTCs —IPOLECCH
3aPSIKH €MKOCTHOTO HAKOIHTEJs SHEePTHH OT TPex(asHoro CHHXPOH-
HOTO reHepartopa uepes HEYNpaBJsieMblii MOCTOBOH BLINPSIMHTED. Onwit
SKCIJIyaTalliil paccMaTpPHBA€MBIX MOJe]eH MOATBEpIKAAeT 1es1eco00-

Pa3HOCTL MX NMPHMEHEHHS NPH aHajJu3e CJI0XKHBIX MalTHHHO-BEHTHIb-
HBIX cHeTeM.

i s i =10
| Iy
| F i
. LA' !
’PK Ld c L__.——-_MIL ————— J‘
Mlamertamu- mpykKmypHan | ; ; R
Ys _\ veckan mo- | cxema npead- ‘8 [ e s f
Jeas O 6 | L g pasebamens ; L= i
ocax dyg, 0 > d)q, o=A,8,0 EU yr3 ()
e
UA ug
7 CmpykmypHaa
d| cxema npead-| _
k u paaoBamena
q
A,B,0~d.g,0
Puc. 4-31
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rmABA V

MATEMATHYECKOE MOJIEJTHPOBAHHE TPAHC®OPMATOPOB

H MAIUHH MOCTOSIHHOTIO TOKA

§ 5-1. MogeaupoBaHHe MAarHHTHO-CBSI3aHHBIX KOHTYPOB

MarHuTHO-CBA3aHHBL KOHTYP sIBJAETCA OJAHHM H3 OCHOBHBLIX 3J1e-
MEHTOB MHOTHX 3JIEKTPHYECKHX MAallHH H anmnaparos. I’ICCJ’[C,[[OB&HHB
TI)EiHC(I)OpMaTOpOB SJIEKTPOMATHHTHBIX MEXaHH3MOB, uernei B036y)l(-

JeHHA JEeKTPHYECKHX MAallHH, a TakkKe pe-
HIeHHE 3aJauy yuyeTa BHXPEBBIX TOKOB, BO3-
HHUKAIOUIHX B MAarHUTONPOBOJAAX Pa3qHUHBIX
annapartos, B psJe cJyyaeB CBOAHTCS K H3Y-
UEHHIO IIPOLECCOB B MATHHTHO-CBA3aHHBIX
KOHTypax.

U, Paccmorpum nanGosee obuinii cayuaii,

LN P KOrZla Ha OJHOM cepjieYHHKe PacroJioyKeHbl
! —T——=—o0 n Koutypos (puc. 5-1). Kaxaoiii u3 KoH-

Gty G u; TYPOB cBs3aH obuiuM notokoM (O 1 cober-

4 BEHHbIM NOTOKOM paccesinusg Mg, Dgo, ...

» Dgn. K menu xazxiaoro u3 KOHTYPOB NpH-
; JOJKEeHO BHEIIHee HaNpsiKeHHEe i, Ug, ...,

J—L_—F_l—':—o wwy Un. HacTHble cayuan, Koriaa, Hanpumep,
e LS "M y, HacTb KOHTYPOB KOPOTKO3aMKHYTa, MOTYT
tl 5 OBITb MOJIYUYeHBl NPH tn=0.

Hudbepennnanpibie ypaBHEeHHs mepe-

Puc. 5-1 XOIHBIX MpOIECCOB /51 paccMaTpuBaeMoi

3ajlaud HMEIOT BHJ

w=ir+ pW; ‘ v

uz——¢2r2+ﬁq’ (5-1)
lt z.ﬂrﬂ +l) IIf
rie
IF =L1151J-M12i9+M1353+ +lef.n’
‘F2‘*M2ILI+L22%+A42313+ .+ Mapiy; (5-2)
‘l‘ Mrz[‘l TMn"EQ‘!‘Mlea‘I“ "IL['mz n
3neck Ly, Loy, ..., Lpn— coberBennne HHIYKTHBHOCTH  KOHTYPOB;

AJI[;], Mg'n, .y
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; : HTKOB, MOJV-
IIpuBonsi napamerpnl Beex 06MOTOK K OJHOMY YHCAY B ’ D

yaem A’I[g:f‘t’l[;;:...:‘I‘VI]”‘:IW. Toiteif M
VYunrwisas, uto L =Lgs+M, Loo=0L: +M, ..., Lan on M,
ypaBHeHnns (5-2) MoOxKHO 3anHucaTh HHAUE:
Uy == Loy 4+~ M (iy tiatiat-- - 7 i)
. . o . . | 7 \- 3
Bl 2 'é—"L:QI-‘B ““:“ A"I (ll —]rtg—ri"l:g—l' “e e Tl-n)a (5_3‘)
W, == Lopiy -+ M (4t ig i+ - - - -
Cuctembl ypasuenuii (5-1) m (5-3) MoryT ObITH PelICHBl Ha ABM
HECKOJLKHMH CrnocofaMu. I ,
1. Paspeutenne ypaBHeHHil OTHOCHTEJIBHO MpPOH3BOAHBIX. L1pH 3TOM
B paBHOIl cTeneHH MOXHO HCHOJbh30BaTb Kak auddepeHnnanbHble
ypaBHenust (5-1), Tak u npeoGpa3oBanubie ypaBHEHHS, [IOJIy4YEHHbBIE
nyteM noacranosku (5-3) B (5-1).
Pacemorpum npuMenenne paHHOTO crnocoba AJs MOACJIHPOBaAHHSA

JABYX MAaruiTHO-CBSI3AHHBIX KOHTYDOB, Iepexo/iHble MPOIECCH B KOTO-
pblx ONMHUCKLIBAIOTCS ypaBIIEI-II'IﬂMI-IZ

raoe : :
W, = (Lo - M) iy Miy; To=(Laa+ M)iz+ Miy. (5-5)
CrpykTypnas cxema pemenns ypaBHeHuit (5-4)  (5-5) mpuBese-

Ha Ha puc. 5-2. [IpHHIHNHANBHLIX TPYAHOCTEH TAKOM CNOCO0 Mozxenu-
POBaHHA He Bni3biBaeT. OxHaKo, KaK BHAHO H3 PHCYHKA, B CXeMe pere-

HHSI HMeloTcsd KOHTYPbLI, COCTOSIIHEe H3 YeTHOro 4HCJa CYMMHupyo
ycuaurteneii. Kosd@duuuent mnepegaun mo KOHTYPY «S’Climi"reng lém
YCHJIUTENL 63 .
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Onnaxo nmpu MAaJblX 3HAYeHHAX HHAYKTHBHOCTEH Paccesuyg
BO3HHKHYTL HEYCTOHUHBOCTL MOJENH, UTO SBJSETCH HelocTarpans oL

5 Ko &
TOAA. Yyer yachbllIeHHS MarHUTHON IeMH TaKKe 3aTPyAHHTE N0y M Me
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2. HMcnoab3oBanue cXeMbl 3aMEIIeHHs AJS MOTOKOCIENJeHnii. 3a-
Jauy MOXKHO pewnTb (husuueckKH 0Oojiee HATJSLHO, €CJAH  BOCHOJb30-
BAaTbhCA CXEMOH 3aMelleHHs AJs MOTOKOCUENJEHHII, COCTABJCIHHOI CO-
rJ1acHO cHcTeMe ypaBHeHHit (5-3) (puc. 5-3). B aroil cxeme aktupuble
COMPOTHBJIEHHSI COOTBETCTBYIOT HHIAYKTHBHOCTSIM H B3aHMHLIM HHIYK-
THBHOCTSM peaJibHOIl 1emnH,

i L
Rer U ! Res 3 a NpPHJOKEHHBIE K cxeMme
(‘ g S | S— °

HamnpsiyKeHisi — [O0TOKO-
cuengenuam. Ilorokocuen-
JIEHHSI, TOJYUEHHbIe B pe-
3yJabTaTte PeHICHHS ypauHe-
Huit (5-1), noaBoasrtesn K
cxeMe 3aMelleHns, Kotopas
CJAYIKHT HArpy3Koii ycHiu-
teqaeil. Ilpn aTtoMm B perBsx
2 CXeMbl POXOISAT TOKH, [IPO-

Puc. 5-3 MOPIHOHAJBHEIE PCAbHBIM.
OHH MOryT H3MepsThCs H ociuiorpagupoathes. OAHAKO HCMOIbL3O-
BaTh X /L5l BBOJA B JPYTHE 3JeMEHTBl CXeMbl MOJE/H HelocpelcTBeH-
HO Heab3sl. ITosTomy HXx wH3MepsilOT KakK MNaJeHHs HampsKeHus Ha
AKTHBHBIX  CONPOTHBJIGHHSX, 3aMeIaoUHX HHAYKTHBHOCTH  pac-
cestHHs.
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Puc. 5-4

LlenecoobpasHo conpornBienne BeTBH HAMATHHYHBAHUS (puc. 5-4)
PACCMATPHBATh KaK BXONHOe CONMPOTHBJEHHE YCHINTENs 3, HMelolle-
FO paBHOE IO BeJIHYHHE CONMPOTHBJIeHHe o6paTHOil cBssu. Torga TOK
Jat000it BeTBH Gyrer NPONOPUHOHAJIEH CyMMe HaNpPsKEeHHI Ha BHIXOHe
YCHJIHTRJIST H HaNpPSKeHHIO COOTBETCTBYIOUEr0 HHTerpatopa. YroGwl
BBECTH TOK Ha BXOJ KaXJOr0 HHTErpaTtopa C OJAHHAKOBBIMH K03 pu-
UHEHTAME yCHJIGHHS HYXKHO IOJATh HANPSIKEHHS C BLIXOAAa COOTBET-
CTBYIOLIErO HHTErpaToOpa M C YCHJHTEJs BETBH HAMATHIUHBAHHS, Ko-
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3(¢duuEenT ycuienus B JaHHOM ciaydyae GyJeT 3aBHCETb OT BeJHUHHBI
AKTHBHOT'O CONPOTHBJEHHST 0OMOTKH. I1pH HCTIONB3OBAHHH /ISl MOJIJH-
POBaHHST MOTOKOCUENJEHHH CXeM, COCTOSIIIHX H3 aKTHBHBIX CONPOTHB-
JIGHHH, JIETKO y4YeCTh HACHIIIeHHe MO MyTH NJIaBHOTO NOTOKa, HEHP(I)”‘*EP:
NPHMEHSsI HeJHHeHHOe CONpPOTHBJIEHHe BeTBH HaMarHHunBanus. Oxna-
KO B JAHHOM Cilyuae BOIHHK/I Obl 3aTPYAHEHHS B H3MepeHHH TOK(]’?B-
IIpoute Bcero yuecTh machiuienue, eci OCHOBHOE CONPOTHBIEHHE Ry
BRIOpAThL Ha TPSAMOJHHCIHOM
YYaCTKe XapakTepHCTHKH Ha-
MarinunBanus TpaHchopma-
TOpa, a CONpOTHBJCHHS R, A /
Rs, Ry u coorBerersyioutie
OINOPHBIE HAMPSMKCHHST B3ATh
TAKHMH, uTOOLl alpOKCHMHPO-
BaTh HeNHHENNyI0 YacTb Xa-
PakTepuctuku (puc. 5-5).

ATOT cnocob, ocHoBaHHDI
Ha Gdusnueckom Moesiposa-
HIH TIOTOKOCHenIennii, Tpedy-
€T  KOoJHuecTBa ycuJHTLJEl,
TOJIBKO Ha eAHHHIlY GOJbIIEro
JHCIa oOMOTOK, MO3TOMY ero
‘Lesnecoobpaso HCNoJAb30BAThL ) Puc. 5-5
NPH GOJILIIOM wMHC/Ie MATHHT- :
HO-CBfI3aHHBIX KOHTYpPOB.

3. Hpeoﬁpasosaﬁ:e HCXOMHBIX YpaBHEHHH TaKHM oﬁpasigl\ﬁ!; :;Ug:;
B KayecTpe MapaMeTpoB B HHX HCIOJIE30BAJHCh “OCTOHHH:aTO‘{pHO i
H Ipyrue ¢usmueckue BeJHUHHLI, KOTOpble OblIH GBI 10C s
TVSIIHBIMH M NOCTYNHBIMH JIJISi HENOCPeACTBEHHBIX HS}Tepe‘gn MOedTH-

S0 DOCTHXKEeHHS 3TOro MPHUMEHSIOT CTPYKTYPHBIH Me:oullf;x camo-

POBaus, npu KoTopom Mojesb CTPOHTCS H3 S3BEHBEB, HMiauﬁonee ne-
CTOATENLHLIH (u3nuecKHit cMBICA. DTOT METOH ABJSETCS eI
JIECO00pa3HBLIM, OH MO3BOJSET yuyecTh Hacbll[eHHE KaK i,
HOBHOTO MaruMTHOro mMoTOKa, TAK H MO IyTAM HOTOKOBHI;IE}{ H y4eT He-

4. Paspemenmne ypaBHEHH OTHOCHTEJLHO I‘lpOHSB%ﬂ el
JHHEHHOCTH KpuMBOii HaMarHWuMBaHUs Marepuana. Yp
MOZKHO NmpencTaBuTh B BHIE

Uy = Laiiy 4 o 6
Wy = Laip+ Ty (5-6)
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Taknm oOpasom, npusegennbie ypaBHeHus (5-6) COBMECTHO ¢ ypaB-
HeHHsAMH (D-1) Moryr pacemarpuBaThcsi KaK ypaBHEHHSI MEPeXOaHbIX
MPpOLEeCCOB MArHHUTHO-CBA3aHHBIX KOHTYpPOB INpH YYeTe HacCbILIEHHSA T10
NyTH OCHOBHOIO MarHHTHOrO MOTOKAa. AHaJIOTHYHO MOXHO Y4ecTh Ha-
ChILEHHE H 10 NyTAM NOTOKOB paccedHns. CxeMa MOJeJiH, COCTABJIeHHA A
A7l cucteMbl ypaBHenuii (5-1) u (5-6), mpusejgena Ha puc. 5-6. 3aBH-

Puc. 5-6

CHMOCTD Xmp=[(Wyy), ompenessiiomas HachllleHHEe, HAXOMHTCH IO
KPUBOH HAMarHHYUBAaHHS U Habupaerca Ha 0JOKe HeJHHEHHOCTH.

Pemnutns paccMaTpHBaemMylo 3ajauy MOKHO M JAPYTHMH MOJH(pHIH-
poBaHHbBIMH cnocobamu. Ilpusenennbie e 3aech CHOCOBH MOAENHPO-
BaHHs MOTYT OBIThb HCIOJIB30BaHbl AJs aHAJH3a TEPEXOJHBLIX Npollec-
coB MHOro(asHbIX TpaHCchOPMaTOPOB.

§ 5-2. MopenupoBauue TpexgasHoro cuJ0BOro TpaHchopmartopa

HeobxoaumocTs MaTeMaTHueckoro MOJIeJHPOBAHUs  TpeX(asHbIX
CHJIOBBIX TpaHC(hOpPMaTopos BO3HHKAaeT, KaK [paBHJIO, NMPH HCCJIeNO-
BaHHH HX paﬁDTbl B 3HepF€TH'—I€CKHX CHCTEMAaX.
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Kak ciaenyer M3 aHajiM3a BO3HHKAIOUIHX Ha MpaKTHKe 3ajady, Ie-
PexonaHble MpolecCh, MPOHCXOAsALIHe B TpaHchopMaTopax, 4acTo pac-
CMAaTpPHBAIOTCS KaK B HATypaJbHOH Tpex(as3HOH cHcTeMe KOOpPIHHAT,
TaKk #H B npeobpasoBaHHOll. YueT He/lHHeHHOCTH BETBH HaMarHHYH-

BaHHA SIBJSETCH MPH 3TOM 00s-
3aTeJbHBEIM, TaK KaK psI Mpo- =
.x_

1[eCCOB, HampHMep BO3HHKHOBE-
HHE BHYTPEHHHX mNepeHanpsiie- A
HHH B Tpanchopmaropax, cBs3an

HMCHHO C HacHIlleHHeM MarHuro
npoBoja.

PaccMoTpum monenuposaune B
TPpex{asHoro rpynnoBoro Tpawuc- Bo '
¢opmaTopa no HenpeoOHpazoBaH-
HEIM ypasHeHusam *. Cxema coe-
JuHeHusi oOMoToK TpaHchopma-
TOpa mpuBeleHa Ha puc. 5-7.

YpaBHeHHS JUIA [epBHUHO{I
OOMOTKH MOXKHO 3amiCaTh B BUHJE
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Puc. 5-7

up—tc=wdVpldt-+ Ladip/dt-+riip; s
uB—MA:‘I(’Jldq)c{dt—l- Lﬂdic,ﬂf—‘“ﬁic; (5- )
tc—up=wd L /dt-- Ladialdt+riia,

TJe ©;— YHCJIO BHTKOB mNepBnuHoii o6MoTKH; M4,dPp, ®c— MIHOBEH-
Hble 3Hauenusi paGounx moToKoB B (asax A, B, C Tpanchopmaropa;

ri, Ls — akTHBHOE CONMPOTHBJICHHE W HHAYKTHBHOCTH PacCesHUdA IEP-
BHYHOIT 0OMOTKH TpaHchopmaTopa.

[Ipusenem mepBHYHYIO 0OMOTKY TpaHchopmaTopa KO BTOPIHH(;?
T. e. K uenu Harpyski. Kosdoumment npusepenus mjas (pasHbX
JIHYHE
ky=w,/w,

T/€ Wy — YHUCJIO BUTKOB BTOPHUHONi o6MOTKH TpaHchopMaropa. Kosg-
duLHeHT npuBeAeHUs L/ JIHHEHEIX BeJHUHH

ky=V 8 ki,

Cucrema ypasuenuii (5-7), npupejennasi K Lenu HArpysKi MyTem
YMHOXeHHsI MPaBOil U JIeBoit yacreil na kg, NPeACTABUTCSA KAK

(a— uc)' [V 3=wod ©pldt -+ Ly dipldi-+ri is;
(ttp— wa)']V 3= wod D ldt—t- L'y dicldt-+ri ics (5-8)
(ttc— up)' |V 3 =w,d® ajdt + Loy dia)dt 11 ia.

* HPHMEHEHHE AHAJIOTOBLIX BbLIYHCJIHTEJBHBIX MAallHH B 3l[epFETHL{ecKﬂx CHCTe-
max/[pysdes H. A. w ap. M., Dueprus, 1970, c. 215.
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B ypaBHenusix (5-8) 3HaK «IUTPHX» OTHECEH K BEJHYHHAM, MpHBE-
JIEHHBIM 110 KO3((pULHEHTY Ky, @ «ABA WITPHXa» — M0 KO3(Dduunenty
ka; (ua—uc)”=hka(tta—uc) ¥ T. I.— NPHBEJCHHbIE KO BTOPHNO{l 06-
MOTKE JIHHEHHbIe HaNpsi?KeHHs Ha 3axKuMax nepBHUYHOH OOMOTKH; 5=
==l i =iplkp, i:.:zfc/k(,,_qpp:B%ﬂel-n-:m,e Kons'ropnlmoﬁ obMOTKe
TOKH B (pasaX NepBHUHOII; ri=kyry, La=kyLa — npusenennvie
aKTHBHOE COMPOTHBJEHHE M HHIYKTHBHOCTb paccesiHis MEpBHYHOH 00-
MOTKH TpaHchopmartopa.

Jluneiinbie TOKH TpaHchopmaTopa H TOKH B (hasaX NepBHUHOf 06-
MOTKH TpaHchopmaTopa, NpHBedeHHble KO BTOPHYHOH 00MOTKe, cBfi-
3aHbl COOTHOUIEHHSIMH:

_— r ' A .t Ly g S o .
V' 8ism=ip—ic; V3ip=ic—ias V3ica=ia—ip.  (5-9)

YpaBHeHHSI BTOPHYHOH 0OMOTKH TpaHcpopmaTopa 3anmuimyrcs B
BHIE

— Wod ® p)dt + Lopdipldt -+ roig—+16,==0;
_WQd(I)B_"df+Lsgjib/dt+r2ib._[_[,;b:_(); (5-10)
— wod Deldt + Loadi Jdt+rof 41, =0,

Tie Uq, Up, Uc— (Da3Hble HAaMpsKeHHs HA 3aXKHMaX BTOPHYHOH o6MoT-
KH TpaHchopmaropa.

MJIC B azax A, B, C, neobxonumbie AJs51 CO3J1aHHS B CEPHLUHHKAX
¢das Tpancdopmaropa norokos M4, Op, D¢, MPEACTABATCA KaK

F;J-A:w1i,1“—w2ia; Fuﬂzw]i[g—wifb; -F;lc:’wﬁc—wgic. (5'11)

Hast npusesensoro tpancdopmaropa ypasuenns (5-11)  npumyr
BHJ

i[u\:‘i,;l—‘ia; i“_B:iB—ib; i;LC:iC'_—ic- (5-12)

Hamarsnunpaiomme Tokn iya, fup, inc ONPENEJSIOTCS H3 XapaKTe-
PHCTHKH XOJIOCTOTrO X0ja TpaHchopMaTopa Mo CAEAYIOIIHM 3aBHCHMO-
CTAM:

bea=f(Pp); iuwp=f(Pg); inc=1S(Pc). (5-13)

Taxnm o6pasom, nosyyena cucreMa ypaBHEHHH, ONHCHIBaoOMmAas Ie-
PEXOAHbIE TIporecchl B Tpexdasnom TpaHcOpMaTOPE MPH COCAHHEHHH
OGMOTOK 1O CXeMe «TPeyrosibHHK — 3Be3jla C 333eMJICHHOR  Hy.ieBoil
TOUKOI1». ;

IIpn nceneroBanusx necuMMerpuunbIX PeXKHMOB HIH aHATH3e npo-
LeCCoB B TpaHchopmarope, paGoraiomeM COBMECTHO € APYTHMH 3Je-
MEHTaMH SHEPreTHYECKOH cHCTeMBl, 1eaeco00pas3Ho 3aliChIBATL ypaB-
HeHust B ocsx a, fi, 0. Onnako mpu sToM ciefyeT YUHTHIBATB, 4TO ypaBs-
HEHHS CBASH MEHy TIOTOKOCLENJIeHHIMH H TOKaMH HAMarHHYMBaHHs Ha-
A0 3aMHCBIBATL B 0caX A, B, C. AHaJOrHUHO MOMKHO COCTaBHTDH ypas-
HEHHA H MPH APYTHX CXeMax coeinHeHHs 06MOTOK TpaHcdopmartopa.
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[Tpu MomennpoBaHuu Tpex(asHLIX CHJIOBBIX TpaHCHOPMATOPOB,
($aspl KOTOPBIX BBINOJHEHB HA OJHOM MarHHTOMNPOBOME, K MOJYYEHHOH
chucreMe ypasHeHnuil cieayer 106aBHTh YpaBHEHHs JJIsi MarHHTHOI Iie-
nH Tpancdopmaropa. Pelllenne 3ajayd B 3TOM cJyyae HECKOJIBKO ycC-
JIOXHHTCSI.

Ypapueunst (5-8) — (5-13) Henb3s HeNOCPeACTBEHHO HCMOJB30-
BaTh JJsl COCTaBJEHHsI CTPYKTYPHOIl CXeMBl pellleHHs, TaK KaK B Hel
MOSIBJISIIOTCST HEYCTONYHBLIE KOHTYpPH H BO3HHKAaeT HEOOXOAHMOCTb B
onepaunn audQepeHnpoBanus.

Bonee saddexrusuo B nanHom ciayuyae HCMOJb30BaHHE METOIHKH
npeo6pazoBanis HCXOAHBIX YpaBHeHHII K BHAY, yA0oOHOMY I/ MOZe-
JHpoBaHusA, MOAOOHO TOMY, KaK 3TO OLLIO CAEJAHO AJSI MATHHTHO-CBS-
3aHHBIX KOHTYPOB. B 3TOM ciaiyyae ypaBHeHHs IPYNNoOBOr0 TpexdasHo-
rO CHJIOBOro TpaHc(popmMaTopa MOMKHO NMPENCTABHTh B CJAEAYIOLIEM BH-
Ze (s COKpalleHHsl 3alHCH B YPABHEHHAX ONYIIEHbl INTPHXH, 060-
3HayaouHe NpHBeJEHHbIE BeJHYHHBI):

JUIst TIEPBHYHON CTOPOHDI

(ta—uc'lV 3=d¥g'dt+riip;
(.ug—u,\]fl»- 3=dV¢/dt-+riic; (5-14)
(e — up)|V 3=d W s/dt -} riia
rne
Wa=Tsn+Vas; Wp=Wgu+Tp; Yo=Tem+ Yo
JUJIsS BTOPHUHOI CTOPOHLI
—dW, /dt=rqi, -} 1,;

—ad¥ ldt=roi, |1y
—d¥ ldi=rsi +u,,

(5-15)

rae 1]‘;(1:11;/1::1*1.“11“0’; q"b:qrﬂma:‘ll"‘b:; ll"f:q"Cm_:_q"cn L!:‘B-’ﬂ:f[]'“ﬁ]'
Wan= f (ina) 1 Wem==f (ixc) -— OCHOBHbIE TIOTOKOCIEMIIEHHA (a3 J_B,

Amn C; Wl — Lici: Vg, = Lisin: WC,:L]JC; lJLrn:-:‘[‘w?t.cn-

Wy, = Lyi,; Weo=Laoi, — noTOKOCUENIEHHS PacCesHns MepBHIHBIX It

BTOPHUHBLIX OOMOTOK.

Toxu nepBUYHOH U BTOpHuHOiI oOMOTOK (pas cBfA3aHbl C TOKaMH
HaMarHHuMBaHHs COOTHOeHHsAMH (5-12). MaremaTHUECKas MOJelb
Tpex(a3HOro CHJIOBOIC TpaHcopmaTopa, cocTaBleHHasi M0 YPaBHEHI-
sim (5-12) — (5-15), npusenena Ha puc. 5-8. )

IIpHHUHNHAJIBHBIX TPYAHOCTEeHl Mpu COCTABJEHHH H HACTPOMKE Ma-
TeMaTHUeCKOH MOJeNH TpaHchopmaTopa B JaHHOM ciyuae He BOSHH-
Kaer. [Ipyn HeoOXOAMMOCTH HETPYJHO yyecTb U HACHIIIEHHE MarHHTHOH
Ienu no nyTsiM IOTOKOB paccesHus. Jas 3TOro B CXEMY (pucﬂ. 578)
ClleflyeT BBeCTH HeJHHEfiHble GJIOKH, Ha KOTOPBHIX OblIH 6n1  HaOpaHb
3aBucHMocTH BUAA in=](¥no), L€ in— TOK n-il 0OOMOTKH TPaHCHOP-
Martopa; Wy, — NMOTOKOCHUEMIeHHe paccessHus n-if Gasbl.
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§ 5-3. MopeaupoBanue reHepaTOPOB M JBHraTeJeil MOCTOSHHOTO TOKA

[Tpy MaTemaTHYeCKOM MOAENMPOBAHHH MalliH [OCTOSHHOIO TOKA
HCIIOJb3YIOT ABa MOAXOMAA:

1) menmocpencTsennoe npumenenue audQepeHUHaNbHBIX VPaBHEHHIL
SJEKTPOMEXAHHYCCKHX II€PEXOJIHbIX MPOIeCCOB MAIIHHLI MOCTOSIHHOIO
TOKA;

e

Puc, 5-8

2) CTPYKTypHOe MOJEJIHPOBAHHE, TIPH KOTOPOM CXEMBI JJIsi MaTe-
MATHYECKOTO MOIEJHPOBAHNSA CTPOATCA M3 THIOBHIX 3BEHbEB, napa-
MeTpaMH KOTOPHEIX SABJSIOTCS KO3((ULUHEHTLl YCHJIEHHS, I[OCTOSIHHbIE
BPEeMEeHH H T. 1. '

[MepBrit nonxon seasercs mamGomee oGmmm. B YPaBHeHUSIX
TpH 3TOM (HIYPHPYIOT KOHKpEeTHble napaMeTpbl MallHHBI: AKTHBHBIE
COMPOTHBJICHHSA, HHIYKTHBHOCTH, CONMPOTHBJEHHS LIETOYHBIX KOHTAKTOB
u 1. a. [lostomy npu ucemenoBanusix Jierko IIPOaHAaJNHBUPOBATL BJIHS-
HHE OTACJBHLIX MAPAaMETPOB MalIHHEL, y4ecTb Psif GaKTOpPOB: Hackllle-
HIe MAaTHHTHOH LIeNH, peakuuio SAKOpS M T. I. Metopn HCIMOJIb3yeTcs NpH
HCCJICIOBAHHAX OTAG/bHBIX MallHH HJAH HX Pa0OThl B HECJOMKHOH CH-
cTeMme,

Bropoft moaxop HCMOJIb3yeTest MpH aHaJH3e 3JeKTpoMexaHH-
HECKHX CHCTEM B 3JCKTponpuBoze. [TapamerpaMi CTPYKTYPHBEIX cXeM B
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3TOM CJlyude SBJAIOTCS BeJHYHHBI, IMOJyuaeMble IKCNEpHMEHTAJIHLHO:
MOCTOSIHHbIE BPEMEHH, NepejaTounble GpyHKuuy u T. A. Jlanuslii MeTox
MOJEJIPOBAHNS NO3BOJACT YYHTLIBATL KaK pA3/HUHble BapHAMTLI
BKJIIOUeHIsT OGMOTOK MallMHbl, TAK H BJHSHHE HeJHHEHOCTH KDHBOH
HaMarinynBaHus, peakiii sKops, NOTOKOB paccesHus 00OMOTOK.

[TpuHLHTHAABHBLIX OTJIHYHIl B MOAEJHPOBAHHH ABHraresedl H reHe-
pPaTopoB IOCTOSTHHOrO TOKAa He cyliecTByeT. Pexxum paGOTbr MallHHEI
MOCTOSIHIOrO TOKA OTPAKAETCsl COOTBETCBYIOLIIM u
o6paszoM npu 3anicH HCXOAHOIl CHCTEMBI ypaB- 0
HeHuii. PaccMOTPHM HCIOJNb30BaHHE NEPBOTO
NoAX0Ja NPH MOAEJHPOBAHHH JBHTATENS TOCTO-
SIHHOTrO TOKa.

HeoOxoaiMOCTh HCCJAEI0BAHHS IEePeXOAHBIX
NpoleccoB 3JeKTPOABHTaTe/IeH MOCTOAHHOIO TO-
Ka 4aCcTo BO3HHKACT NPH IPOEKTHPOBAHHH 3JEKT-
ponpuBooB. TpyAHOCTH MPAKTHYECKOTO pelIe-
HHUS1 TTOL0OHBIX 3a1au 00yCJ/0BJEHE TeM, 4T0o LHD-
¢depenuuaibible ypaBHEHHH, OMHCHIBAONINE Tle-
pexo/iHble NpoLecchl, HANPHMEDP NPH H3MEeHeHHH
MArHHTHOTO I0OJIST MalllMHbL, SABJASIOTCA HeJuHell-
HBIMH. [IpuMeHeHHe AJs HCCJeLoBaHnil nepexos-
HBIX IpPOIECCOB B JABHrartesie MOCTOSAHHOTO TOoKa
ABM mno3BoJiSieT yuecTh JAeHCTBHE peaklUHH SKO-
PSl M BHXPCBBIX TOKOB, HaJIHUHE JOTOJHHTEbHbIX
CTaOMIH3HPYIOLWNX OOMOTOK, HAcChIEHHe U T. 1. Puce. 5-9

CJI03KHOCTb MaTeMaTHYEeCKOr0 MOJEJHPOBAHHS MALIHHbLI MOCTOSH-
HOrO TOKa COCTOHT He B TPYAHOCTH MaTeMaTHUECKOTro pelleHus 3aiayH,
a B yMeHHIH M0JIHO H TOYHO BBISIBUTL Bce ()aKTOPHl H 3aBUCHMOCTH, BJIH -
louine Ha [)HGOTY MAallHHBI, & TaKKe B NMPaBHJbLHOCTH HX BbipaxKeHHS B
MaTeMaTHuecKoil ¢opMe AJs BBOJA B BHIYHCJAHTEJNbHYIO MAaLIHHY.

PaccmoTpuM MoJenHpoBaHHe ABHratens tuna ITH-68, peryaunposa-
HHe yacTOTLI BPAILEHHs] KOTOPOro OCyLIeCTB/IsAeTCs ocaabaeHueM H YCH-
JIeHHeM MACHHTHOTO IMOTOKAa NMyTeM BBeJCHHS M IIYHTHPOBAHHS AOMOJI-
HUTEJBLHOIO CONPOTHBJIEHHS! B lenH oOMOTKH Bo30OyxkaeHus (puc. 5-9).
JlBurarennr HMeeT CMellaHHoe BO30OyxKnaenue. [lpu MoJeanpoBaHuu
yuTeM HacbllleHHe MArHiuTHOH IenH, NefiCTBHE pPeakluH SKOPs H BHX-
PEeBLIX TOKOB B IMOJIIOCAX MallHHbl *

PasmarununBaiomee JIeHCTBHE MONepeyHoH peaKUHH $KOPS 3aBH-
CHT OT BeJIMUHHBI KaK TOKa SIKOpSl, TaK H MOTOKa, CO31aBaemMoro 06-
MOTKOfi Bo3Oy:kaeHusa. Ee nefictBue MoxerT GuITh YUT€HO BBeJEHHEM
ponoguuteabHoit MIC Fpy MMM JOMOJHHTEJILHOTO MOTOKA peakKiliHH
AKopsi My [aa pacuetros Ha ABM ynoGHO moJb30BATLCS  3aBHCH-
MOCTbio (Dp =/ (ia), TAK KaK BeJHUYHHA MOTOKA peakUHH SKOPs TpH
HaMenenun Toka fAkopa B npegenax (0—3)/yon MaJ0 3aBHCHT OT TOKA
BO30y K AeHHs (p. 3aBHCHMOCTb IIOTOKA peaKUHH SKOPSl OT TOKa- AKOPA
nokaszaHa Ha puc. 5-10.

* Bopucoe B. A. Vccaenoanue Ha 3J1eKTPOHHOR MOJeJH NEPeX0AHBIX IPOLECCOB
B 3JIeKTpojBHIaTes]e IOCTOSHHOTO Toka. — Masectus BY3o0B, ODaeKTpoMeXaHHKA,
1961, Ne 5, c. 30.
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Hacpllenrne MarduTHOH HenH MallHHbl MOXKHO yY4eCTh MO OCHOBHOMN
KpUBOIl HaMarHH4YHBaHUsA (puc. 5-11). 3aBucHMOCTH, NpHBeAeHHble Ha
puc. 5-10 u 5-11, JaHbl B KOOpAHHATAX KAK peasibHbIX BeJHUYHH, TAK H
MaluHHHBIX. :

Biausnne BUXPEBLIX TOKOB OOBIYHO yUMThIBAeTCsl AEHCTBHEM KOPOT-
KO3aMKHYTOH OOMOTKH, PacloJIOXEHHOH Ha moJiocax Maluabl. Jlag
ya00CcTBa BBIYHCJICHHIH €e YHCJI0 BHTKOB NPHHHUMAIOT PaBHBIM UHCAY
BHTKOB OOMOTKH BO30y:aeHHs. COmpoTHB/eHHE e ee HAXOLST MyTem
o6paborku ocuuaorpammel I C mauuue e=/(f), Bpauiaemoii no-
CTOPOHHHM ABHraTejieM MNpH OTKJIOYEeHHOII 06MOTKe BO30YIKACHIIS.

@ 85|a 5 1 l [ /L
I 0.4} 40 | |
85| 8 | | ( / |
0,230 - 0,330 E ‘
ety A
20 {/ 0,2t 20 i | T
01} 2
10 o1}k 10 ‘ =
’ |
oL g = - - oL 0{/ - \l I i
; /g alﬂ JIB 4'0 og,lﬁ 20 40 50 80 ig8B

0. G2 G& 06 D08pgs

Puc. 5-10 Puc. 5-11

B cooTBeTcTBHH C IIPHHATBIMH YCJIOBHSIM I rnepexoaHble IPpOLECCHI
[)E]CCl\TaT])HBaeMO]':I CXEeMBbl ABHTATeJas GY.IIYT OMHCBLIBATHCS YPABHEHHAMH:

Uy=iry+2pw,sdPdt; ‘.
O —OD e (1))

(DP- —— (iu);

L.!J" : iﬂ HIL- ii'-'l' —I_ inwﬂ/wul 3
Ipe=-—2pw,3 (dPQ/dt)(1/r,.); (5-16)
Dy =1 (£4)5

U=Cn®+ir +L.dildt 4 2pw o3d ©/dt;
M:-m = ‘/w.\lex = {GD2/375} (dillldt);
Mau.:C'M‘Di“,

pasta

rae Uy, U— nanpsizKenus LeNH BOSOymaeHus u SIKOpA; (s, Wg; — TOK
H UHcJO BHTKOB INapaJsileslbHOH o0Morky BO30YyKIEHHS; ry — aKTHB-
HOe conmporuBJeHHe LUEMH NMapaeNbuoii o6Morky Bo36yxaeHus OB/
p — uncJo map IOJIOCOB; ¢ — KO3 HIuenT paccesiHusl NMOTOKA BO3-
6y nenust; Op, @ —TNOTOK peakiuu AKOPS H pesyNLTHPYIOWHH  I10-
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ToK; (M, — NOTOK AKOPS, 0OyCIOBACHHBII AeficTBHeM 0OMOTOK B0O30Y 2K~
nennsi 1 MJIC BHXpEBLIX TOKOB; inr, [ — BHXPEBOH M pPEe3yJbTHPY-
JOULHil TOKII, NpHBeJeHHble K NapaJjljleJbHOH 0O6MOTKe BO30OYKAEHHS;
Wge — UNCI0 BHTKOB nocJael0BaTeNbHONH 0O6MOTKH Bo3OyxKueHus OB2;
Fnx — COTPOTHBJEHHE (QUKTHBHON KOPOTKO3aMKHYTOH OOGMOTKH, SKBH-
BaJleHTHpYIOLell JeficTBHe BHXPEBBIX TOKOB; C., Cy— KOHCTPYKTHB-
Hble TOCTOSIHIBIE 3JeKTPOABHraTeNs; 'y, Ly — akKTHBHOE CONPOTHBJIEHHE
H HMHAYKTHBHOCTb LeNH sKOP#; GD? — MaxoBbli  MOMEHT I[IPHBOAA;
Moy, Myex — MOMEHT JIBHFaTeNisi H MOMEHT HarpysKH Ha BaJy.

CTpyKTypHasl cxeMa MOJEJH, NOCTPOEHHOH T0 ypaBHEHHAM (5-16}),
npuBejeHa Ha pHC. 5-12. :

[lo pa3paGoTaHHOHl CTPYKTYDHOH CXeMe pelleHis MOXHO BEITION-
HHTL GOJIbIION 06beM HCCIEeJOBAHHII IO BJIHAHHIO PEAKLHH SKOPS It
cTaGuan3Hpyioueil 0OMOTKH, HHAYKTHBHOCTH SIKODHON UeMNH, BHXPE-
BBIX TOKOB H T. I

B GoJiee NPOCTHIX Caydasx (6es yuera cBsI3H 06MOTOK BO30yKIe-
His ¢ IeMbIo SIKOPHOTO TOKA, MPH MPEeHeOpeXKeHHH HaCHILICHHEM, Ges
yuera H3MEHEHHs] YacTOTHl BPALLEHHs MAIIHHbL 1 T.I.) CXEMBl PeLICHHS
ypaBHeHHil MAIIHHLI OCTOAHHOTO TOKA MOLYT ObITH MOJYUeHBl H3 TPH-
BeqeHHON KaK 4acTHLI cayuail.

Mopeanposatne MY Mpoa0JBHOTO MOJS, SBISIOUIXCS HACTHLIM

cnydyaem reHepaTopoB MOCTOSHHOTO TOKa C HEe3aBHCHMbBIM 3036}’}1(:16-
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HHEM, He BBLI3BIBaeT MAOMOJLITEeNBHLIX TPyAHOCTell, a, HaoGOpoT, SIB-
Jsgercsa GoJiee MPOCThIM, TaK KaK MarHuTHas clicreMa DOMY BLIMOJIHS-
ercsi OOBIYHO HEHACHIEHHOH H HeOGXOAHMOCTh YYyeTa HaCHIIEHHS OT-

nmagaer.

§ 5-4. MoneMpoBatue 31eKTPOMA I HHHBIX yeHIuTe el
nonepeyHoro. noJs

SMY nornepeyHoro moJs WHPOKO NPHMEHSIOT B aBTOMAaTH3HPOBAH-
HbIX 3JIEKTPONPHBOLAX H CHCTeMax perysaupoBaHus. Teopus IMY no-
NEPEUHOro MOJISt PACCMOTPEHA BO MHOTHX Pab0oTax OTeUeCTBEHHBIX H 3a-
pybexHbiXx aBTOpoB. Kak mpaBuio, npm mecjenosamun MepeXOHbIX
npoueccos B IMY cuHTalOT, YTO MarHuTHas cucTema Mo MpPOJOJILHON
H MOMEepevyHOH OCSM HeHAaCBIEeHa, CONPOTHBJEHHE IEeTOUHONO KOHTaK-
Ta MONepPevHON OCH — BeJHYIHA NOCTOsIHHAS, MJIC KoMMyTalHOHHBIX
H BHXDEBbIX TOKOB H3MEHSIOTCH 10 JinHeiHOMY 3akony. OfHaKo Takoe
npeAcrapienie MY u BEIBOLB, MoJMyueHHBle HA ero OCHOBE, MOTYT
0Ka3aThCsl OWHOOUYHBIMH, 0COGEHHO lIpH paccMOTpeHHH cHcTeM, pabo-
TalolWUX BOJH3H TPAHHLL YCTOHYHBO padorol. OIHOOUHBIM SIBJISETCS
Takze LIMPOKO pacnpocTpaHeHHoe npexcrasienne IMY B prje IBYX
MOC/EI0BATENLHO COCTHHEHHBIX HHEPUHOHHLIX 3BeHbeR Ge3 yuera BHYT-
PEeHHHX 00paTHLIX CBA3eil.

[TosiBnenue n coBepiIeHCTBOBA HIE COBpPEMEHHBIX HeJinHeHHbix ABM
TNOSBOHJIO OTKA34TLCS OT YKA3AHHBIX  NONYIUEHHII, CleJloBaTesbHO,
foJiee TOUHO OLEHHTD KO/IHYCCTBEHHOE H KayecTBeHHOoe BJIHSIHHE OCHOB-
HBIX OGPATHLIX CBASEH H HeauHefinocTeli na XapakTep M BpeMsl mpoTe-
KaHus NepexoJHbIX Mpolleceos.

ITpn MartemaTHueckom Moleanposaunn OMY nonepeunoro modas
MOJKHO HCIOJIL30BATL 1BA PA3JNHYHEIX MOXXOLA:

1) cocrasienne snexrponnofi moneny Ha OCHOBE CTPYKTYpHOIl cxe-
Mel MY, cocrosuieit us OTIACJLHBIX 3BeHbEB; X

2) HEMOCPEICTBEHHOE MPHMeHemne AHphepenuanbueX ypasHeniil
HEPEXONHELX TIpoLleccor IMY, cocrasnennbix mus peanbHoil MallmHbl.

Hepsoit noaxon MOLeNHpoBaHHIO DMY ROCTATOMHO [OJHO CH-
CTEMATH3NPOBAlN, ero Haubojee lesecoobpasno  HCHOJNL3OBATL npi
ananuze OMY kax snemenra HEKOTOPOIl CI0IKHOM 3seKTpOMexaHTye-
CKOH cHcreMbl. Corgacho ITOMY MeTtopy, nHa OCHOBAHIN YpaBHeHHTl Me-
PEXOZIHOrO npouecca IMY g PaccMarprsaeMoM pesuMe cocrapssiercs
CTPYKTYpHAsi cXeMa. 3BeHbs ee OTPAKAIOT IIPH ITOM MEPeaTOUHYIO
(DYHKLTIO OTACMLHLIX Kackanos AMY. Yier HeJHHE N HOCTel 0T e bHbIX
ayeMeHTOB IMY, HaMenenye 14CTOTEl Bpamenns saxkopst u T, 1. ocyiue-
SBlAOTCH BRAINCHHEM R CTPYKTYDHYIO CXeMY 3BEHBEB JOMONHHTENh-
e AT e THIEHHORTC.  BY erpyiryh iy oxemax, MY HCTOJIL3YIOT TMO-

CTOSTHHbIC BPEMEHH OTAenbHpX Kackanos, XapakTepHCTHKH X0J0CTOTO

X(?ﬂ% H BHQUIH:-IE XapﬂI(TEI)HCTm(H_, T. €. Bce Te BeJIHYHHDI, KOTOpLIe MO-
I'VT OBITb MOJYYEHBI SI(CHQPHMEHTE]J”)HO. paCCMaT])I'[BaeMbIﬁ MeTog MO-

Aennposanns IMY Moxker Gy, PCKOMeHnOBaH AJS1 4HAJH3A CHCTEM
4BTOMATHYECKOTO PEryJHpoRa s,
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Jlas cneuuaJiucTOB, 3aHHMAIOLWHXCSl pa3paboTKOH H NMPOEKTHPOBA-
HHeM 2DMY, npeAnouyTHTeNeH BTOPOH TOAXOA K MOIEJHPOBAHHIO.
B aud¢epeHunanbHEIX ypaBHEHHAX, OMHCHIBAIOUIHX IePeXOJHble NMpo-
neccel B DOMY, B KauecTBe nmapamMeTpoB (PHIYPHPYIOT aKTHBHBIE H HH-
OYKTHBHbLIE CONPOTHBJEHUS OOMOTOK, CONPOTHBJIEHHS LIETOYHBLIX KOH-
TAaKTOB, YroJ CJBHMIA IIETOK, CTeNneHb KOMIIEHCALHH peakUHH SIKOpS
 T. J. Maremartuuyeckass MOJeJNb, COCTaBJEHHAsl HA OCHOBE 3THX ypaB-
HEeHHil, OoTparkaeT peajbHble (u3HYE-
ckHe npoieccel IMY u, cieroBaTesb-
HO, MO3BOJISIET JIErKO TpOaHaJH3HpO-
BaTh BJMfAHNIE OT/EJbHLIX NapaMeTPOB
Ha ero BBIXOJHHLIE XapaKTepHCTHKH. B
CpaBHEHHIH C MEPBLIM NMOAXOJAOM K MO-
IeJHpOBAaHHIO BTOPOH MOAXOJA IO3BO-
JsieT NPOBOAHTL MOJAPoOHBIE HCCIeL0-
BaHHus (hH3HYECKOH KapTHHHl NpoLec-
co B OMY.

PaccmoTpum Mozenuposanue MY
nonepeuHoro TMoJs, TPOBOAHMOE TO
NoJIHOI clcTeMe AHMdepeHIHANBHBIX
ypasuenuii *. Ilpu cocrtaBieHun aud-
tdepenunanbHblX ypaBHenuii MY no-
nepeyHoro MNoJjsl oOBYHO He HCHOJb-
3YIOT B3aMMHbIE HHIYKTHBHOCTH MEX-
Ly o6MmoTkamu. boJsee uarasgHoe pe-
IIeHHe MOJIYuaeTcs, ecjli ONepupoBaTh
C pe3yJIbTHPYIOIIMMH NOTOKaMH, Jeil-
CTBYIOLIMMH IO TNPOJOJBHOH H TOIE- "
peunoil ocaM. [IpunnunuanspHas cxemMa Puc. 5-13
paborer MY nonepeuHoro noJs NpH
paGore Ha AKTHBHO-HHAYKTHBHYIO Harpysky MnokKasaHa Ha pue. 5-13.

IOMY cylleCTBEHHO OTNHYAIOTCS OT OOLIYHBIX F€HepaToPOB MOCTOSH-
HOro Toka MaJabM 3HauenneM MJIIC ynpasasiouieii 06MOTKH H MaJbIM
CONpoTHBJIEHHEM KOPOTKO3aMKHYTOIl momepeuHoii nend. Ilostomy Ha
pexkumpl paboTel IMY Gosblioe BIHAHNE OKAa3bIBAIOT (AaKTOPbl, KOTO-
Phie 0OLIYHO HEe YUYHTLIBAIOTCS B FeHeparopax MOCTOSIHHOTO TOKa:

1) pasmarmiumnBalollee AeicTBHe BHXPEBBIX TOKOB B CTAJH AKOPH;

2) zamejJieHHAss KOMMYTAlHs TOKA MONEPEUHOH LEeMnH;

3) cABHUI TONEpPeyHBIX HIeTOK, CO3]al0MHH MO MPOAOJILHONH OCH Ha-
MarHHyMBAaIOUWHIl HJH pa3MardHHYHBAIOUIHIT ITOTOK B 3aBUCHMOCTH OT
HampaBJieHHst CIBHTa;

4) paJanyue NMOTOKA B HEJOKOMIEHCHPOBAHHOW MallHHE NPH Hepa-

BeHcTBe TNMOTOKOB ﬂpOI_LOJ]bHO!“! peakKuin axkops H KOMIEHCAlHOHHOIT 06-
MOTKH.

* Koncrantunos I'. T., Cropocnewsun A. H., Joeynos B. I1. Matematuueckoe

Monemposanie MY nonepedroro noas ¢ raaakum skopem na ABM MH-14. — Ha-
Bectus TITH, 1968, 1. 190, c. 656—69.
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[lpu HeHachlleHHOH MarHuTHOH cucreme MY MIIC 3a cuer mno-
Tepb B craJid, AeiictByoulas npotus MJIC oOMOTKH ynpasJeHHs, npo-
nopuHoHaJ bHa TOKY nonepeunoii umend. Takoe pomyuieHune crpaBei-
JIHBO JHIIDb INpH COXpaHeHHH nponopuuonanbﬂoﬁ 3aBHCHMOCTH MeKI1y
TOKOM TIOTIEPEYHOH OCH M MOoNepeuHLIM MOTOKOM. [IpH HachllleHHn mar-
HHTHOH CHCTEMBI BTOPOl CTYNEHH YCHJIEHHSI H CMEILEHHH IeTOK C reo-
MeTPHYECKOH HEeHTpaJ/in 3To noJioxKeHHe HecnpaBeaiuBo. [Ipn  3tom
cuntaior, uto MJIC F¢r 3a cyer moreph B CTaJH MNPONOPLHOHAJNLHA
NOTOKY MONEepeyHoil ocH:

i— ]g;.r Dy== ]e,c'rgé, (5-17)

rae ker H Rer — KOshdHUHeHTH MPOMOPUHOHAJILHOCTH MeXay MIL’C
Fcr 1 NOTOKOM monepeuHoii ocn My u AAC Ha NPOJ0JBHBEIX LIeTKaX 3.

PasmaruununBaioliee aeficTBHe TOKOB 3aMeleHHOI KOMMYyTalHH B
CEKLHX, KOMMYTHPYEMbIX KOPOTKO3aMKHYTHIMH ILETKAMH YCHJIHTEJs,
u coorserctByiomas um MJIIC Fy sBasiores wesuueitnoit  (ynkumeit
TOKa MONEepPeyHOH OCH i3. ITa HeJHHEIHOCTb BHOCHTCH B OCHOBHOM 34
CUeT HEeJHHEHHOH 3aBHCHMOCTH MepexomHoro CONMPOTHBJIEHHS IETOYHO-
'O KOHTA4KTa OT BEJHYHHBI TOKa NOMNEepevyHoil LenH; oHa ocoBeHHO
PESKO BbhipazkeHa MPH MajblX 3HAYEHHsX NMOMEPEYHOTO TOKA.

Takum o6pasom, nortok no MPONOJNBLHOH OCH MOXKeT GbIThb 3amucaH
YpaBHeHHEM

(DI =M [iywy +fﬁwh’ it stliﬂ R kc; (Dz ) f2 (52) = (wil = w-mn) 53]’ (5- 18)

rae @y, A — MarHATHHIH MOTOK IIPOBOAHMOCTE II0 MPOJAOJBHOI OCH;
Wy, Wy, Wa, Wyon — YHCIO BHTKOB 06MOTOK yIpaBJeHHs, KOMIIeHCcaIlH-
OHHOH, AKOPs M NONONHHTENBHOrO MoMioca; x— 2pB/nt — OTHOCHTENb-
HOE CMELICHHE C HEHTPAJH WEeTOK momepeuHoil memn (p —uncao nmap
TIOJIOCOB; B — yros cMellenns); k., @y — MJIC aa cuer noTeph B CTa-
a1 AKOPST; fa(iz) —MIIC sa cuer peakumuu KOMMYTAIHOHHBIX TOKOB B
TIoNepeyHoH IemnH.

Paccmotpum cocrasmnenne YPaBHeHHsI Asf MOTOKA MO MonepeuHoil
ocu. Ecu mMarautHas uenp MAIIHHbl HeHACKIEHd, a IMETKH pPacroJio-
;KGHM Ha TECOMETPHUECKOH HeATpasu, MarHHTHBI NOTOK npsiMmo  Tpo-
Ogll;uém:{'f:;_rm;;:;el)eqHOMY TOKy. IIpn cMemleHHH IIETOK MOMepeyHOil

P OrO MOJOKeHHs 3uayenne [IONEPEYHOr0 MarHHTHOTO
Egz‘{ogaag’rﬁgbmaﬂw Ha Be/IHYHHY, NponopuHoHanbHyw x. B DMV,
2 co%oﬁ nésl;g:'[?fo?}[;:qble H nonepeynble WETKH TECHO CBSI3aHbl MeEXK-
el Oﬂ,OJI,bHI:Ie e CMCIICHHH MOnepeyHbIX HIETOK — CMEI[aioTCs

p ) JACTCS ToMepeunas cocTapsgomAs NPOIOJBHOrO
TOKa, MPOMOPUHOHAJILHAS Besuyy e OTHOCHTEJILHOTO CMEIeHHS HIeTOK
H TOKy I3. IIpn Hacwlmenuy MaruuTHOM Ienu MO MOMEPEUHOR OCH HA-

pYWIaeTcss MpOMOPUHOHAMbIOCTY, 3 10
e TOKaMH 1 g H !
IOLLHM NOTOKOM MO MOepeutof ooy i 2, ta H PESYILTHPY

Takum 06pasoM, Bblpakenye
TpejICTaBUTL B BHIE

(I)QZSRQ [(1—-—){,’) wnEZ $ xwui3]’ (5-19)

s IonepeyHoro IMOTOKa MOXKHO
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riue ‘?—-—(i]\ HKILHS, O'Ip’l}l\aIOLU,Elﬂ HEeJIHHEHHOCTh XﬂpaKTEPHCTHK[! X0~
JIOCTOro xXojad Bl()[')()ii CTYINEeHH YCHJIEHHS, JJIs JIHHEHHOH YacTH xapaK—
TEPHCTIHKH s=1; Jo— MarsurHas NpOBOAHNMOCTDL ITO nonepequn OCH
JUJIS HeHAaCLIEeHHON MAarHiTHOH CHCTEMbI.

Ypasueuns pasnobecus I]JC ﬂpIIHII'\la}OT CJEAYIOUMHI BHI:
s 0OMOTKH yipaBJenns

U,=ri .+ pP:; (5-20)

IS [IOTIePEU Ol eni yeuanTens
ey =CDy=r,is+ f1(i2) i2-}-3,0,pPo; (5-21)

JLAs IPOJOJIBHON HEeNH YCHIHTes

("':5 = Cq')‘l: f‘af:s— (:uwl}_ 3}&"&)“) p(DI +rh!h+ L;:Pfs; (5-22)

oJ1g KOHTYypa <«KOMIeHCallHOHHAS 06).10TKa—mymupymmee CO-
TIpOTHBJICHHE>

sl\'wl\’pq)l =€ uiu'—' rmi3:0- (5'23)

B ypasuenusax (5-20) — (5-23) oy, on, Ok — Koatbcinmnembr pacces-
HHS OOMOTOK YIpaBJieHHsI, IKOPSI H KoMneHcauHoHHoii; C — koaddu-
UHEHT NpPONOPUHOHANbHOCTH Mexay notokaMu H QJC mias  sikopHoii
obmotku; fi(iz) f2— MajeHHe HanpsiKeHHs TOJA UIETKAMH IOMEPEUHOI
wenu; e’s — JJC, HaBeaeHHash Ha MPOAOJBHBLIX ILIETKAX 3a CYET pe-
3ynprupyloulero noroka @y; ra=rag+roon-+rx+rms — CyMMapHoe ak-
THBHOE COIPOTHBJIEHHE SIKOP#, AONOJHHTENLHOr0 MNOJIoca, KoMIeHca-
IHOHHOTI OOMOTKH M MEPEeX0AHOr0 CONPOTHBJEHHS IIETOYHOTO KOHTaKTa
10 MpPOJAOJILHOH OCH; Ry=rx+rm— obliee CONMPOTHBJIEHHE KOHTypa
«KOoMIieHcallHoHHas oOMOTKa — LUYHTHPYIOUIEE CONPOTHBJEHHEY.

HM3medeHHe CONPOTHBJEHHUS IIETOYHOTO KOHTAKTAa C H3MEHEHHeM
ToKa [, (i) CYLIeCTBEHHO BJHSET HAa paboOTy YCHJHTEJs, MO3TOMY yyer
HeJIHHeHHOCTH 3TOrO CONPOTHBJIEHHA OUEHbL BaXEH.

Cucrema ypaBHeHuil (5-18) — (5-23) HeauHeilHa, BCJAENCTBHE yero
HeesleOBAHIE €e MeTOA0M MAaTeMaTHUYECKOro MONENHPOBAHHS € MpH-
MeHenneM ABM siBasieTcsl MpaKTHYECKH €IHHCTBEHHO BO3MOMKHBIM Me-
TOLOM HCCJEIOBaHHS.

Ilnsi cocTaBJeHHS] 3JeKTPOHHOH Monean DMY npuseneM ypashe-
Hus (5-18) — (5-23) k Buay, yHOOHOMY AJIsi MOJEJNHPOBAHHS:

PO = Uy i (5-24
pPy= Gufﬂs. L= G::;“ Iy— Gﬂ;ﬁ Ju(da) éa; (5-25)
il\.:%‘: iy — —i}:’T’ pOGES (5-27)
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e 1 QNERPEAT o : (5-28)

i)’ = l O — = Iy + ~ =~ @ A
hwy wy Wy Wy
+ i fg (52)+wsl — @Won £3 (5_29)
Ay Wy

Ilo ypaBnennsm (5-24) — (5-29) cocraBjiena SJEKTPOHHAST MOAENb
OMY 1npu paboTe Ha aKTHBHO-MHAYKTHBHYIO HArpysKy (pHC. 5- 14).

y pe -, &,

0 % % YsAy) L2
au, s 5 H1 i 527z
— 2
(1-x)wyiztx 1w, 53 s
tp ) Watg=X Wy
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Puc. 5-14
Paspa6orannas moxens: OMY nossonster HCClleloBaTh KaK Ha-
TPYSOUHBIH PEXKHM, TaK M PeKHM X0J0CTOr0 X0xa. Bo BTOPOM cJiyuae
He06XO0IUMO B YpaBHEHHH (5-26) npunsith Ly=oc0, uro nHa 3JeKTPOH-
HOIl Mopjesn GYAeT CoOTBETCTBOBATH pPaBeHCTBY HYJIO KO3((pHUHEHTOB
nepenaun 6J0Ka 6, Momemmpyiomero ypaBHeHne (5-26). HameHenue
[I0JIO}KEHHA TNepeKaodaTeneii Pl y P9 COOTBETCTBYET H3MEHEHHIO HA-
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npaBJeHHsT CABHra I[I€TOK OTHOCHTEJIbHO HampaBJeHHS BpaIlCHHS
AKOPSI.

Hennuneiinoerb XapaKTePHCTHKH XOJOCTONO XoJa BTOPOIl CTYNEeHH
VCHJEHHST H COOTBETCTBYIOIlEe H3MEHEHHEe NOCTOSHHOW BpeMeHH IO-
nepeunoil weny DMY no Mepe HACHIEHHsT MarHUTHOH IEeMH yYHTHIBA-
eTest 6J0KoM HesuueiiHocTH M1, rie HabpaHa 3aBUCHMOCTb

1/(sh0)= f [(1 — x) i, F xw,is]-

MJIC peakmui KOMMYTalHOHHEIX TOKOB B MOMepedHOH ocH f2(is)
omnpejiesisiercss Ha BHIXoAe OJioKa HeanuefiHocTH 4, Ha BX0J KOTOPOTO
ToJlaeTcsl TOK Is. ?

HesnunefinocTs, COMPOTHBJIEHHS IIETOYHONO KOHTAKTa YUHTBIBACTCH
¢ nomoubio 6soxka HJ3, Ha KoTopoM HabGpaHa 3aBHCHMOCTb IMaJeHH:
HAINPSIIKEHHST B IETOYHOM KOHTaKTe f1(is) iz B hyHKIHH TOKa MOMNepeu-
HOH LiertH.

He paccmarpuas 3jech ONpeje/eHHe MacuiTaGHBIX K03 uIHEeH-
TOB u Ko3(¢uumeHToB Mepenad pelaronnx ycuanTegeid MOJeNH, OT-
METHM, uTo paspabGoTaHHAs MOJENb MO3BOJSET aHAJHSHPOBATH BJIs-
HHe HeJsiuHeliHocTell XapaKTepHCTHKH HAMarHHUHBaHHS MallHHBL H CO-
NPOTHBJIEHHS] 111ETOUHOrO KOHTAKTa, peakKlUHH KOMMYTAIHOHHBIX I BHX-
PEBRIX TOKOB, CABHrCA IIETOK C FeOMeTpPHUYECKOH HeHTpasH, CTENeHH
KoMnencauuu peakuun sKopst 0 T. A. Takum oGpasoM, MHpHMEHEHHE
HesquHelinbix ABM no3BoJisieT J0CTATOYHO MOJHO H (PH3HYECKH Mmpa-
BHILHO OTpasuTh M HCCJAEN0BATh BCE MPOIECCH AMY. :
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