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HENE-TOJEBASI MATEMATHYECKAA MOJEJIb TEHEPATOPA C HIOCTOSHHBIMH
MATHUTAMUA ABTOHOMHOU S9HEPTOYCTAHOBKHA

ITpousBesneH aHAMH3 CYLIECTBYIONIMX MAaTEMAaTHUECKUX MOZENCH CHHXPOHHBIX FEHEepPaTOpPOB Ui MOJCIMPOBAHUS UX PEKUMOB PabOTHI H HArpPY3KH.
Pa3paboTaHO JBYXMEpHYIO IIEIe-IIONEBYI0 MAaTeMAaTHYEeCKyI0 MOJENIb CHHXPOHHOTO TeHepaTropa C MOCTOSHHBIMH MarHATaMd aBTOHOMHOMN
9HEpProycTaHoBku. Ha ocHoBaHMH MojenH NPOHU3BENEH PacyeT BHEUIHEH XapaKTePUCTHKU U Pa3IMYHBIX PEKUMOB PabOTHI reHepaTopa W ULl
Pa3IMYHBIX XapaKTepOB HArpy3KH. YKHCTO aKTHBHOTO, aKTHBHO-MHIYKTHBHOIO M aKTHBHO-EMKOCTHOro (COSp=0.95)mokaszaHa uenecooOpa3HOCTh
JTaNbHENIIHX MCCIeN0BaHMI 0 pa3paboTke Mep A1 CTaOMIN3aIiU BHEIIHEH XapaKTepHCTUKH.

KiroueBble cjoBa: MaTeMaTHYeCKoe MOJEIMPOBAHUE, IleMe-NoJieBas MaTeMaTHYecKas MOjelb, CHHXPOHHBIM IeHepaTop, IIOCTOSHHbIE

MarHuTsl, HHAyIuposanHas /1C, xapakTep Harpy3Ku.

BBeneHue. ABTOHOMHAsI HEPrOyCTAHOBKA COCTOMT
W3 [EPBUYHON NPUBOAHOM cHCTEMBI (KaK IIPaBHIIO,
nBuratenb BHyTpeHuHero cropanus (JIBC)) u reneparopa,
Kak [paBWJIO, CHHXPOHHOIO, C JIJIEKTPOMArHUTHBIM
BO30yXIeHHEM. XapaKTepHOUW OCOOCHHOCThIO PaOOTHI
cucrtembl Ha ocHoBe JIBC sBiseTcs auamna3oH paboTh
Harpy3ok ot 0,5 mo 1,2 oT HOMHHAJIBHOH MOIIHOCTH.
OCOOEHHOCTBIO ~ BHENIHEH  XapaKTEePUCTUKH  TaKOro
reHepaTopa SBIISICTCS PACUETHOE HAMPSHKEHUE XOJOCTOTO
X0J/1a, 3HaYEHUE KOTOPOro OJIM3KOE K HAMPSHKEHUIO MPH
pabote ¢ Harpy3koit 6muskoit k 50 %.B Takom ciydgae,
JMana3oH M3MEHEHWs BHEINHEH XapakTepHCTHKH C
y4eTOM HOPMATHUBHBIX TpeOOBaHMH K aBTOHOMHBIM
JHEprokomIviekcam (momaepskka Hampsokenus £ 10 %)
noiokeH coctaBisiTh oT 20010 240B npu Harpyske ot 0,5
10 1,2 HOMUHAJIBHOM MOIITHOCTH.

B mocnenHee BpeMsi HAIUTKA ITHPOKOE MPUMEHEHUE
CHHXPOHHBIE TE€HEpPaTOphl C IOCTOSHHBIMH MarHUTaMU
(CTTIM). OGnacth HMX CYIICCTBOBAHHUS PACIIUPSIETCS C

IIOABJICHUCM HOBBIX obOacreit ux OPUMCHCHUSA
(aBTOHOMHI)IC OHECPrOKOMIUICKCHI, BO300HOBIISIEMEIE U
HETPAAUIIMOHHBIC HUCTOYHHUKH OHEpPruu, BOCHHAas

CyXOITyTHasi M MOpPCKas TEXHHWKA, HEKOTOpPHIC OBITOBBIE
npubopsl W Ap.), a TaKKe C pa3padOTKOM HOBBIX
MarHuTOB, KOTOpPBIE obnamaior YITy4dIIeHHBIMA
XapaKTepUCTHUKAMHU. K TIpEeUMYIIIECTBaM CT'TIM
OTHOCHUTCSI OTHOCHUTENIbHO BBbICOKOe 3Hauenme KIIJI,
BBICOKAsT ~ HAJEeKHOCTh M HENPUXOTIMBOCTH B
oOcmyxuBanuy. K HemocTaTkaM Takux CUCTEM OTHOCHTCS
TO, YTO OHU SIBIISIIOTCS MPAKTHYECKH HE PEryINPYyEeMBbIMHU
W V3TOTaBJIMBAIOTCS HAa  OTHOCHTENBHO  HH3KHE
MakcuManbHbie MolnHocTH (10 100 kBeA). Omuum u3
BapUaHTOB CTAOMIM3AaLMK BHEITHEH XapaKTepPUCTUKH €CTh
HCTIOJIb30BaHUE MAarHUTHBIX [ITYHTOB.

ebi0 cTaTBH SBISIETCS pa3paboTKa IeTie-0JIeBOI
IByXMepHOW Martematudeckord wmomemm CITIM. B
KauecTBe OOBEKTa WCCIEAOBAHUS BBIOPAH CHUHXPOHHBIN
reneparop (CI') ¢ MarHMTHBIM LIYHTOM HA POTOPE,
BBITIOJTHEH Ha 0a3e CepUifHOTO aCMHXPOHHOTO JIBUTaTes
(AZl) AUP100L4. [IpeaMeT MCCIeOBaHUS: TApaMeTPhl U
xapaktepuctuku CI'TIM.

Bribop A/l B xadecTBe 06a30BOro 0OyciaBIMBacTCs
HECKOJIbKUMH IIPUYMHAMU. BO-TIEPBBIX, AJl — SBISIOTCS
CepHIHBIMM, YTO B CBOIO OYepeIb O3HAYaeT, 4TO OHHU
ONITUMH3HPOBAHBI; BO-BTOPHIX, MCIIOJE30BAaHUE CTATOPOB

Al mns CI' o3HadaeT YHUQPUKAHWIO TEHEPaTOpOB.
Hcrmonp3yercss JaHHBIA TEeHEpaTop M BBICOKOA(-
(heKTUBHBIX aBTOHOMHBIX YHEPTOYCTAHOBOK MIEPEMEHHOTO
toka. [Ipomonsaeiii acku3 CI' npusenen Ha puc. 1 [1].
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Puc. 1 —Dcku3 CI'TIM ¢ MarHuTHBIM HIYHTOM
Ha puc. 1: 1 — marnurompoBox cratopa, 2 —
00MOTKa sIKOps; 3 — MOJAMAarHU4MBaroias oOMoTka; 4 —
MOCTOSIHHBIC MAarHuthl; 5 — Banm; 6 — BTynka, 7 —
MOJIFOCHBIC HAKOHCYHUKHY.
HUccnenyemsrit CI'TIM XapaKTepu3yeTcs
CIEQYIOUIMIMA HOMUHAJIBHBIMH JaHHBIMH. MOIIHOCTE!

P.=4,0 kBt, HoMuHagpHOC (hazHoe Hampspkenue U, =220
B, gucno map momocoB p=4, yacrora BpameHus N=1500
06/MuH, wactora BbIXOAHOrO Hampsbkenus =50 I,
Marepua moctosHHex Mmaruuto NdFeBr-H-38.
MartemaTnueckass Moaesb. Ha cerogusHuii 1eHb

CYIIECTBYET MHOKECTBO MAaTeMAaTHYSCKUX  MOAENeit
CITIM  [2-5]. Ounm  knaccupuUUpyrOTCS  Kak
AQHAITUTUYECKUE U 4YHCIeHHble [6]. AHanmuTHdYecKue

Mozenu OasuMpYIOTCS HA PEIICHHH CHCTEM YpPaBHCHHI,
pacdyere CXeM 3aMelleHUusl, IMOCTPOCHUH BEKTOPHBIX
JUarpaMM WM OCHOBaHBI Ha pe3ysibTaTax MpaKTHYECKOMH
NESATSIBHOCTH WU PE3yJbTaTOB OKCIEPUMEHTAIbHBIX
HCCIICIOBaHUH. YucaeHHbBIC METOJIBI HaIIIN
pacnpocTpaHeHHEe B TOCIEAHHE IECATHUIETHS C POCTOM
BBIYMCIINTEIBLHBIX BO3MOXKHOCTEH OBM. Takne MeTombl
OCHOBaHBI Ha peleHrnd TudepeHIrnanbHbpIX YPaBHECHHUH B
YACTUYHBIX MPOM3BOJHBIX M OOCCICYUBAIOT BBICOKYIO
TOYHOCTb W aJEKBATHOCTb IMOJYUYEHHBIX PE3YJIbTATOB.
IIpeumyiiecTBOM YHCIECHHBIX METOAOB SIBJISIETCS TO, YTO
OHM TIO3BOJIAIOT TPOBOTUTH pPa3pabOTKy W pacyer
JJEKTPOMEXaHUUCCKUX  TpeoOpas3oBaTeNcii  dHEpPruu
10001 KOH(PUTYPALIMH U CII0KHOCTH.

CymectBytonue maremarmdeckue mogmenmu CITIM

© B. B. Uymak, M. A. Koanenko, A. U. [Tonomapes, 2015
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TO3BOJIAKOT IPOU3BOAUTH PACUECT OJICKTPOMArHUTHOTO

oI, 3JIEKTPOMATHUTHBIX cHII, BEJIMYMHBL
naaymmpoBanHo OJIC B obmotkax CI'. Hcmomesys
pe3yJIbTaThl ~ PACYETOB  OINPEACISIOTCS  BEJIHYHHBI

MarHuTHBIX MOTOKOB B CI', a Takke 3HaYCHHE OCHOBHBIX
mapametpoB  CI:  HWHOYKTHBHBIE  CONIPOTUBJICHUS
pacceuBanuss u  peakumu  skops.  CylIiecTBYOT
JUHAMUYECKHAE MOJICIH, TO3BOJIIONINE PACCUUTHIBATH
BHECIITHIOIO XapaKTEPUCTHKY U MEPEXOIHBIC MPOIICCCHI.
Pagora CI' cBs3aHa HE TOJNBKO C TIOCTOSHHOMN
CMEHOM BEIMYMHBl HArpy3sku, HO M ee xapakrtepa. Ha
JTame TPOCKTHPOBAHHS IEIeco00pa3HO  HCCIEI0BATh
BHENIHIOIO xapaktepuctuky reHepatopa U,=f(ly) mpwu
pa3IMYHOM XapakTepe Harpy3KH: YHCTO AaKTHBHOM R,
aKTHUBHO-UHIYKTUBHOM R-L, aktuBHO-eMkocTHOM R-C.
CyIecTBYIONINE IIOJIEBBIE MaTEeMAaTHYEeCKAE MOJIENH He
YUUTHIBAIOT XapakTep HArpy3kd, MOTOMY B JaHHOW
CTaThe MpeNjIaracTcs Iene-mojieBas MaTeMaTHYeCKas
Mozens CI'TIM, koTopasi yuuThIBaeT XapaKTep Harpy3KH.
OCHOBOI /151 pa3pabOTKU TaHHON MOJICIH SBJISCTCS
cpena g umcieHHoro MojenupoBanus COMSOL
Multiphysics. Llene-moneBas Momenb OTIMYAETCS OT
KJIACCUYECKOW TEM, 4TO B HEW CYLIECTBYET B3aUMOCBS3b
SIIEKTPUYECKOM TeTH TeHepaTopa (B TOM YHCIIE W IEIH
HAarpy3Kd) C pacdeToM DIICKTPOMATHUTHOTO  TIOJISL.
OO6uyacTh TeHepaTtopa UIsl pacdera dJIEKTPOMArHUTHOTO
mojisi TMoKazaHa Ha puc. 2. Pesymprar pacyera moJs
HCTOJIB3YETCS I ONPEACICHUS IJICKTPUUCCKUX BEINIHH
TeHepaTopa: TOKa Harpy3KH |, HampsOKEHHS Ha 32)KUMax
rereparopa U;, Bemuuunsl uaaynuposannoi 9JC B ¢dasze
0oOMoTKH cTaTopa E¢, nHaykTHBHOCTEH (a3l 0OMOTKH X,q.

2

Puc. 2 —PacuerHast 061acTh HCCIEAYEMOr0 reHepaTopa

Ha puc. 2: 1 —marauTonpoBoa sikopsi; 2 —oOMOTKa
sikopst; 3 —Ball; 4 —IOCTOSTHHBIC MarHUTHI; 5 — MOJIFOCHBIC
HAKOHCYHHMKH. [lONMSPHOCTH IOCTOSIHHBIX  MAarHUTOB
0003HaUCHA COOTBETCTBYIOIUMH CHMBOJIAMH.

OOGunacTh, NMOKa3aHHas Ha pPUC. 2 HCIONB3YeTCs Il
pacuera  SJEKTPOMATHUTHOTO MO W OCHOBHBIX
SIIEKTPOMATHUTHBIX BEIMYMH. PacrpemerneHne 3IeKTpo-
MarHWTHOTO TIOJSI B TIOIIEPEYHOM CEYEHHH pacYeTHOU
00JIaCTH OIIUCHIBACTCS CIICAYIONIMMH YPAaBHCHHSMH:

0%+DXH =J ,B=0xA0B=0 Q)
ot €
rie Jo — IUIOTHOCTH TOKOB B OOMOTKE CTaTopa,
XapaKTePU3YIOIIas PEeXKUM pabOThI TEHEPATOPA;
G — DIICKTPOIPOBOAHOCTh MaTEPHAIOB 00JIACTH;
A — BEKTOPHBII MATHUTHBIN TOTEHIUAL.

s oGmacTy, KOTopas BKIIOYAeT B ce0s BO3IYIIHBIN
3a30p, MarHUTOIPOBO, Baj, MOJIOCHBIC HAKOHCYHHKH U
00OMOTKY SIKOpsI ypaBHEHHE HMEET BHI!

06—A+D><H—ov><B:J 2
ot e
Iosie HOCTOSIHHBIX ~MArHHTOB  PaCCUYUTHIBAETCS
CIIEAYIONMM 00pa3oM:
B-B
oa—A+D><—r—0v><B:J (3)
ot HoHy ©

rne By — ocrarouHass MHIYKIUS TOCTOSIHHBIX MarHUTOB;
V — IMHEeHasg CKOPOCTh BPAIIEHUS pOTOpPA.

Hdus  oOmactu, KoTopas BKJIHOYaeT B cels
IIOCTOSIHHEIE MArHUTHI.
OCOOEHHOCTBIO  IEIE-TIOJIEBON  MaTeMaTHIECKON

MOJICIIH SIBJIIETCSL TO, YTO TOKM B OOMOTKaxX M Harpyske
PaCCUUTHIBAIOTCS MUCXOJSl M3 BEIMYMHBI HHAYLHPYEMOW
OJC B obmorkax CI' E;, mnapamerpoB 0OMOTOK:
aktuBHOTO R, W wmHAykTHBHOTO L, COmpoTHMBIEHHS, a
TAaKXKE BEIUYMHBI W Xapakrepa Harpy3km. Toku B
00MOTKaX pPaCCYUTHIBAIOTCS CIIEIYIONIINM 00pa3oM:
Py (4)
A Sk k

rae W) — KOJMYeCTBO BUTKOB B (hase;

|; —pacueTHbIi TOK B (hase;

S — DKBHUBAJICHTHAs IUIONIAJb CCUYCHHUS KATYIIKH
¢assl B masy.

OKBHBAJICHTHAs TUIOIIAb CCYCHUS KATYIIKU B a3y
PACCUUTHIBACTCS UCXOIS M3 BHIPAXKCHU:
U
S [a

n
roe U, — KOJMYECTBO 3JICMEHTapHBIX MPOBOJHUKOB B
nasy;

g — IUIOIIA b TOTIEPEYHOTO CCUCHHS BUTKA (as3bl;

S, — mwioniane masa, OTBEJCHHAS IO MPOBOJHHUKH B
mopenu CIT;

a — KOJHWYECTBO MapajlIcIbHBIX BETBEH OOMOTKH
SIKOPSL.

Tox B ¢ase oomoTkn CI” paccUnUTHIBACTCS UCXOIS U3
OaaHca HAMPSHKCHUH 10 CICIYIOIEMY BhIPAKEHHIO!

B -Yy

L) 6
'a ™ Xoa ©

O/C E;, uanyuupoBannas B obmotke crartopa CT,
pacCUMTBHIBAaeTCSI HMCXOIs U3 CKOPOCTH  HU3MEHEHUS
MarHUTHOTO TOTOKa @, W KOJMYECTBA BUTKOB B OOMOTKE
cratopa W;:

do

e 0

ITockoneKy Monenb paboTaeT B IUHAMHYECKOM
PEKHMeE, TO BCE MICKOMBIE BEJIMYMHBI SIBIISIOTCS (DYHKIMEH
BpPEMEHM Ha 3aJaHHOM BPEMEHHOM HHTEpBaJlc KOTOPBIHA
cocraBmsier 27 (7=0,04 c), mIOTHOCTh TOKOB B Ka)IOi
(dase B oOmpeneNCHHBIH MOMEHT BPEMEHHM 3aBUCHT OT
CKOPOCTH BpAIllEHHsI pOTOpa:

J =0?+DX B

a t HoHy

E

-o¥xB (8)
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e G — DIEKTPONPOBOAHOCTH MaTephaia OOMOTKH
craropa (Mezp).

[I7oTHOCTH TOKOB B OOMOTKE SKOpS SBIISIOTCS
HMCKOMBIMH BEIMYMHAMH W 3alUCHIBAIOTCS KakK (YHKIUS
BpeMenH t:

3, =3, [eoslw, )35 = 3, Ceoslw, [+ 2m/3) o
Jo =3, [eos\w, +4T[/3)

CrpykTypHast dJIEKTpHUYEcKas cXema HCCIEeIyeMOTro
reHeparopa Jyist OJHOU (a3bl MoKa3aHo Ha puc. 3.

Iy

jw\_‘fli

A%

I(Ey)

Puc. 3 —CrpykrypHast anekrpudeckas cxema CI'

Ha puc. 3: r,, X, — akTUBHOE W WHIYKTHBHOE
CONPOTUBJICHUE HArpy3KH; [, X;, — AaKTUBHOC W
HHAYKTHBHOE compoTuBieHne oOMoTku skops; |(E) —
SJIEMEHT IIeNe-TI0JIeBOH MOJIeNM, KOTOPBIA OTBEYaeT 3a
B3aUMOCBSI3b JICKTPOMATHUTHOTO TIOJIS U AJICKTPUUCCKON
neru (06MoTkH (hassl CI'), B KOTOPOM PACCUMTHIBAETCS TOK
B 0OMOTKe McX0As 13 BemmanHb! nHAynupoBanHoi DJIC E;.

Bpamenne B mnporpammHoM makere COMSOL
Multiphysics peamusyercst ¢ TIOMOMIBIO (DHIMIECKOTO
uHTepdeiica Uil  BpamaromMxcs MamwH. PoTop ¢
MarHUTaMM M YacTh BO3AYLIHOTO 3a30pa Bpailaercs I0
OTHOILICHUIO K CHUCTEME KOOpIUHAT cratopa. PoTop u

cTaTop BBITIOJIHAKOTCA B BUAC  ABYX  OTACJIBHBIX
TEOMETPHUUCCKUX 00BEKTOB , Ha TIpaHUIE KOTOPBIX
3a1acTCA yciaoBue HEMPECPBLIBHOCTU BEKTOPHOI'O

MAarHMTHOTO TOTeHIHMana. J[js peanu3anuu BpalieHUs B
MOJICJTH UCTIONIB3YETCSI aBTOMATUYECKUN TEeHEPATOP CETKH,
KOTOPBIH IepecTpanBaeT CETKY KOHEYHBIX JIEMEHTOB IS
KaXkJI0ro BpeMeHHOro uatepBajia At [7]. s peanusanuu
JTAHHOTO aJTOPUTMa BBOJUTCS JOTIOJTHUTEIbHAS CHCTEMA
KOOpIWHAT: MUIUHApUIecKas. [Ipu 3TOM BBIpOKEHUS IS
Omnpe/ieNieHns aKCUaJIbHOW M paJiMalibHOM COCTaBIISIOIINX
WHAYKIIUN TOCTOSHHBIX MarHUTOB B BO3AYIIIHOM 3a30p€ B
UIMHIPUYECKON CHCTEME KOOPIMHAT MMOKA3aHbI HIDKE!

B, = § . Br(n)(r )os(p(ne-y)) (10

= 5 M)
B,= ¥ By"(r)zsin(p(ne-v))
n=1
Jlist ompesiesieHus] BEIMYUHBI 3JIEKTPOMATHHUTHOTO
MOMEHTA HCIHOJB3YETCS METOJ TEH30pa MAarHHTHOIO
HATSDKCHUSE [7], KOTOpPBIH HCIONB3YeT pe3ysbTaT pacdyera
SIIEKTPOMATHUTHBIX YCHIINIA

(11)

nT, = —%nl(E D)+ (”1 EE)EDT (12)
T, = =2y (H B)+ bE)ET a3

riae E —BEKTOp HaNpPsDKEHHOCTH AJIEKTPUIECKOTO TTOJIS;
D —BekTop IUAIEKTPUIECKOTO CMEIICHHS;
H — HanpspKeHHOCTh MAarHUTHOTO TIOJIS,
B —BexTOp MarHUTHOM MHIYKIMH;
N; — HOpMaJb K IIOBEPXHOCTH.
Hcxons w3 pacdera 3JIEKTPOMArHUTHBIX YCHIIUN

pacCUMTHIBAETCS yCpEaHEHHOE 3HAUCHUE
SJICKTPOMArHuTHOI'O MOMCECHTa METOOOM TCH30pa
MAarHUTHBIX HATSKCHHUN MPUHUMAET cleayronuii Bua [8]:
-Zn(Em)+ [ E)T -
nT =1gra 2 ! (14)
lav 2

—%nl(H IZB)+ (nl IZE)IIBT

rae T, — YCpenHEHHOe 3HAa4eHHE TeH30pa MarHUTHOTO
HATSKECHHS.

Pemenue snextpomarautHoro moisst, JIJAC wu
JJIEKTPOMArHUTHOIO MOMEHTA MPOWU3BOJHUTCS HA KAXKIOM
BpeMeHHOM WHHTepBaje At. OObeqUHEHHE MOTyYeHHBIX
peurenuit Ha uatepsaie [0...T] maet HCKOMbIE BpEMEHHbIC
3aBucUMOCTH E(t) u M,,(1).

Jdns  monydeHWs OAHO3HAYHOIO — pEIICHHs HA
IpaHUIaX pacyeTHOW OoONacTH 3aJaloTCcsi TpaHUYHbIC
ycIoBus epBoro poxna [6]:

Axy,z)|ei=0 (15)
YucneHHoe  pelleHHe  TOCTaBJIEHHOW  3a1a4yu
MPOU3BOAMIOCH B mporpammuoM makere COMSOL

Multiphysics. CeTka KOHEYHBIX 3JEMEHTOB MOJENH
cocroutr u3 31147 tpeyroabHbix 3iemeHTOB. Cpeanee
BpeMsI PEIICHUsS TOCTABICHHOM 3amadu cocraBisier 127
MHH ¥ OIpEAEIACTCS BEJMYMHON TOKAa HATPY3KH H €€
xapakTepoM (Hambojiee JOJTO PAacCUUTHIBAETCS 3a1ada
NPy aKTHMBHO-WHIYKTHBHOM Harpyske M HOMHHAIHLHOM
ToKe ~193MHH.).

Ha puc. 4 moKazaHO paclpeielieHre 3IICKTPO-
MarauTHOro Tons ((oHOBas 3aKpacka) M BEKTOPHOIO
MarHUTHOTO IOTEHIMaNa (M30JIMHUH) TIPH aKTUBHOM
Harpyske (C0Sp;=1) m TOokKe Harpyskum |1=4,25 A. 3a
OCHOBY, IIPH MOJICIUPOBAHUN B3STO ONTHMH3UPOBAHHYIO
koucTpykuuio CI'TIM nmeransHO omicanuyro B [1].

Puc. 4 —Pacnipenenenne 3J1eKTpOMarHUTHOTO MOJIS TIPH
Harpyske
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Pacuer cpenHero 3HaueHHsT MarHMUTHOM MHIYKLUHU
Ha y9acTKaXx MarHWTONPOBOJAA MaéT  CIEeAyIOIINe
pe3yJIbTaTH: CpeAHee 3HaYCHHe MArHUTHOW WHIYKINH B
mosrocHoM Oammake B=0,74 T, cpeaHee 3HavYeHHE
MarHUTHOM MHAYKLUUHM B chnuHke portopa B;=1,39 Tx;
CcpenHee 3HaUCHHE MarHUTHOW MHIYKIIMK B 3yOlle poTopa
cocrapisier B,=1,63 Tx; cpenHee 3Ha4eHHE MAarHUTHOM
UHAYKIUH B sipMe cratopa B,=1,2 Ti; cpennee 3HaucHUE
MarHUTHOHM MHJYKIIMU B BO3MyIIHOM 3a30pe B;=0,46Tm.

Pacnpenenenue HOpMaIbHON COCTABISIONIEH HHAYK-
IIUH BJIOJIb CPEIHEH TMHUK B BO3AYITHOM 3a30p€ IPH TOKE
Harpy3ku |,~4,25A nokazaHo Ha puc. 5.

Ha puc. 5 BumHo wuckaxenne (GOpMBI KpHUBOH
MarHUTHOTO TTIOTOKa B BO3IYITHOM 3a30pe, BO3HUKAIOIIEe
BCIICJICTBHE pPa3MarHWYMBAIONIETO JCHCTBUSI PEAKITUH
SIKOPS.

Ua, Ub, Uc, B

B, Tn
08
075
07
0.65
06
055
0s
0.45
04
035
03
025
0.2
015
01
0.05

Puc. 5 —pacnpezneneHue HHAYKIMK B BO3/LYIITHOM 3a30p€ IIpU
aKkTUBHOM Harpy3ke CI’

Ha puc. 6 npuBeneHo pesyiabraT —pacyera
MTHOBEHHBIX 3Ha4yeHWIl TpEx]a3HOW CHCTEMBI HampsbKe-
HUH Ha BBIXOJIE TeHEPaTOpa IPH aKTHBHOW HarpysKe.
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Puc. 6 —Pe3ynbrar pacuera Tpéxda3HOi CHCTEMBI BRIXOAHOTO HAMPSDKEHHUs TeHepaTopa

AHanu3 pacnpeseneHus HarpspKeHUsI BO BpEMEHH U
MOJNyYeHHOro crhekTpa (puc. 7), a TakKe CpaBHCHHE
pesynbrata ¢ [1], B kotopom DJIC paccuuThiBajgach 3a
(opMaNbHBIM BBIPRKEHHEM ITOKA3bIBAET, YTO MpHU Iiere-
IOJIEBOM IIOJXOIE B CHEKTPE PACUETHOTO BBIXOITHOTO
HaTIPSOKCHUS OTCYTCTBYIOT BBICOKOYACTOTHBIE
COCTaBIIAIIONINE, OOYCIOBIICHHBIE BIIMSHUEM 3y0UaTOCTH
pacTouku craTopa.

U,B
200k

180+

Puc. 7 —CrnexTpanpHblii cocTaB HaPSKEHUS

B monydeHHOM CHEKTpe Ha PHUC. 7 MPHUCYTCTBYIOT
OAC 54, 741 u 941 rapmonuk. OTHOCUTEIBHO
aMIUTUTYBI IEPBON TAPMOHUKHA OHHU COCTaBISIOT: 3,2%;
0,75%; 1,25% coorBercTBeHHO I 5-4, 741 u 7-i

rapMoHuK.  Ilockoiabky ~ OOMOTKM  HCCIIEAyEeMOTo
reHepaTopa COEAMHEHBI B 3BE3ly, TO 3-1 T'apMOHHKAa B
cnekrpe orcyrcTByer. Ha puc. 8 mpuBeneHo pesynbrar
pacyera BHEIIHEH XapaKTEPUCTUKU TIeHeparopa Ui
AKTHUBHOM, aKTHBHO-MHIYKTUBHOM U aKTUBHO-EMKOCTHOM
Harpy3ku. [Ipu 3ToM NpUHATO O0OOCHOBaHHAs BEIMYHHA
ko3¢ durenta MorHocTH C0Sp=0,95 [9], mpu KoTOpPOI
paboraer  OompmmHCTBO  aBTOHOMHBIX CI. U3
MOJTyYeHHBIX BPEMEHHBIX 3aBUCUMOCTECH HAIPsDKCHHS Ha
Harpyske W Toka (puc. 3) OmpenenseTcss WX CperHee
3Hayenue (puc. 9).
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Puc. 8 —Pe3ynbrar pacuera BHEIIHEH XapaKTePUCTHKI
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Xapakrep NOJIY4YEHHBIX 3aBHCHUMOCTEM COOTBETCT-
ByeT KJIACCHYECKOMY BHIY BHEIIHEH XapaKTepHUCTUKH
|=f(Ug). PesympTaT pacuera BHEIIHEH XapaKTePUCTHKH
IOpY aKTUBHONH HArpy3ke IPaKTHYECKH IIOJHOCTHIO
COBIIAJIaCT C XapaKTEPUCTHKOHM MOJYyYEeHHOW paHee Ha
OCHOBaHMM pacyeTa mojeBod 3amaun [1]. DOro
CBUJICTENIBCTBYET O aJE€KBaTHOCTH pa3paboTaHHOW nere-
MI0JIEBOM MaTeMaTHYeCKOH MOJIENM U O JIOCTOBEPHOCTH
TIOJTYYEHHBIX PE3YJIbTATOB.

da3zHoe HampsHKEHHE XOJIOCTOrO XOAa BO BCEX
crydasx coctasimsier Up=258 B, uro cocrasmser 1,17 ot
HOMHHAIIFHOTO (ha3HOTO HampspKeHus reaeparopa U,=220
B. Pacuersl noka3blBarOT, 4YTO MPU AKTUBHOW Harpyske U
Toke skops 1,=4,5 A HampsbkeHWE Ha  3a)KHMax
rereparopa cocrapiuster U;=225 B, mnpu panbHeieMm
HOBBIIICHUH TOKa HArpy3KH 10 HOMHHAJIBEHOTO 3HAuCHHUE
HarnpspKeHue Ha 0OMoTke sikops nagaer 1o U;=201B, uro
coctapiusier 9% or HoMmMuHanbHOrO. IlpM axTuBHO-
WHIYKTUBHOM Harpy3ke u CO0S8p=0,95 HampspkeHue mpu
HOMHHAJIBHON Harpyske cocrasiser U;=182 B, uto Hike
HOMHUHANBHOTO 3HaueHus Ha 18%. I[lpum axruBHO-
€MKOCTHOW Harpyske HanpshyKeHHe YBEIHYHUBAETCS 3a CUET
JNEUCTBUSL TIPOJIOJIBHOM TMOJMarHMYMBaIOIIE peakuu
stkopst Ha 21%wm cocraBisier U;=268B.

EcrectBeHHass ~ XapaKTepHCTHKa  HCCIIEIYyEeMOTo
reHepaTopa SBISETCS IOCTATOYHO J>KECTKOH, OIHAKO C
pOCTOM HAarpy3KH CHIDKCHHE HANpsDKCHUS OOJIbIle
NpEeAeNbHO  JONMYCTHMBIX  3HA4YCHHWH, 4YTO TpedyeT
pa3paboTKN JOMOJHHUTEIBHBIX MEp MO CcTaOuiIu3anuu
BHEITHEH XapaKTEPUCTHKU 3JICKTPOMATHUTHBIM ITyTEM.
OnuH U3 Takux crnoco0oB Oy/ET JeTallbHO PacCMOTpPEH B
MOCTICTYIONUX PaboTaX, MOCBANICHHON JaHHOW TeMAaTHKE.

Puc. 9 —MrHoBeHHbIC 3HAUCHHSI TOKA U Hanpsi>KCHUs Ha
Harpyske 1npu aKTPIBHO-PIHZ[yKTHBHOﬁ Harpyske

ITonmyyeHHBIE BpPEMEHHBIC 3aBUCUMOCTH TOKAa U
HAMPSDKEHUS] Ha HArpy3Ke T[OJyYeHbl TPU aKTUBHO-
WHIyKTUBHO# Harpyske u Toke sikops 1,=4,5 A. Tlo puc. 9
BHJIHO, YTO BPEMEHHOW CIBHI MEXAYy TOKOM H
HaMPSKCHUEM COCTaBJISAET At=0,0022 ¢, 4To
cootBercTByeT yriy casura a3z 0=18 u coorsercrByer
k03 dunmenty morrnocta co8p=0,95.

st OLEHKM  aJeKBaTHOCTM  MaTEeMaTHUYECKOH
MOJICIA  TPOW3BEJCH pPAacyeT BEIUYUHBI  BJICKTPO-
MarHMUTHOrO MOMEHTA U €ro MyJabCAIMi Ul Pa3InUHBIX
PSKUMOB  HAarpy3KH HCCJIEyeMOro reHeparopa. B
pe3yiapTate  MOJYYCHO  BPEMCHHBIC  3aBUCHMOCTHU
3NIEKTPOMATHUTHOTO MOMeHTa M, (1).

Ha puc. 10 mnpuBemeHo pe3yibTaThl pacdera
BPEMEHHOW 3aBUCHMOCTH JJIEKTPOMArHMTHOI'O MOMEHTa
M,,(t) npu cosp=1, Toke sikops 1,=4,5A u 1,=0 A.

) M, H'M 1 ol 1
3l 1 oaf 4
sl | oa2f 4
ok l

st ]
0.2 &

s} i
0.4 &
T 7 o6l i
8| s el /|
9t - 5 7' |
0f T 12k 5
11f 1 1.4 A
1zt 4 16}k |
13 1 1.8F =
14H 1 2f A
15 - 4 225 H
16 4 24r A
17} 4 26f i
18~ s J 2.8F ; E:
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 ® 7[‘) D.(I)OS 0.‘0]. 0.0‘15 0.62 0.(::25 0‘I03 0.635 0“044

a 0
Pnc.10 —Onexrpomarautasiii Moment CI'TIM
Ha  puc. 10, a mokazaHO  3aBHCHMOCTh TEM, HYTO  IO3BOJSIET  PACCUHUTHIBATh  BHENTHIOIO
AJIEKTPOMArHUTHOIO MOMEHTA HCCIIelyeMOro reHeparopa  XapakTepUCTHKYy TIeHeparopa ¢ y4eToM —Xapakrepa

mpu Harpy3ke, a Ha puc. 10, 6 Ha XomocToM XOmy.
CpenHee 3HAaYCHHE MOMEHTA B 9TOM PEXKHUME COCTaBIISAET
M,=14,5H-M. Ha XOJOCTOM XOAY MOMEHT MPAKTHICCKH
paBeH Hymo. Ilynbcammu MoOMeEHTa  OOBSICHSIOTCS
HAJIMYMEM  3y0acTOCTH  Ha  cratope, a  TaKKe
JIMCKPETHOCTBIO POTOpA.

BriBoabl. Pa3zpaborano 1ByXMepHYIO IIeTIe-I10JIEBYIO
mareMatuueckyto mojaenb CITIM, koropas oTinyaeTcs

Harpy3ku. Mojenb yHHBEpcajdbHa M PEKOMEHIYeTCsS K
MPUMEHEHUI0 UII TeHepaTopoB 000 MOIIHOCTH U
KOHHUrypanuu. Pe3ynapTaTel pacdera KOPpPEIHPYIOTCS ¢
IpeabLIYIIUMU UCCIIeI0BaHUAMU aBTOPOB u
MOJITBEPHKAAIOTCS pe3yapTaTaMu SKCHEPUMEHTOB,
MIPOBEAEHHBIX paHee.

Pacuer BHemHell XapakTEepUCTHKH IOKa3aj, dYTO
HEOOXOAMMO pa3padaThiBaTh KOMIUIEKCHBIE MEpHI 110
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cTabmnm3anuy BHEUTHEW XapaKTEPUCTHKH HCCIEAYeMOTO
reHepaTopa ¢ IMOMOIILI0 pa3paOdOTaHHOW IIeTe-TIoJIEBOM
Mozenu. K TakuMm mMepam OTHOCHTCA: pa3padoTKa cXeMo-
TEXHUYECKUX PpEeMIeHHH H 3JIEKTPOMArHUTHBIX CHCTEM
[OAMarHUYUBAHUS (twyHTHpOBaAHYS) OCHOBHOTO
MAarHUTHOTO NOTOKaA.
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