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PABOTA CUCTEMBI «TSAIOBBIN ITPUBO/I - HAKOIIUTEJIb» B
PEXKUME TOPMOKEHHUSA 3JIEKTPOIIOJIBUKHOI'O COCTABA

HUccrenyercst pabora GOPTOBOrO 3IIEKTPOMEXAHHYECKOTO HAKOIUTENS SHEPIMH B COCTaBE TSATOBOTO
IPHBOJIA IPUTOPOAHOTO dIeKTponoesa. Co3laHa MaTeMaTHYECKas MOJIENb, ONKCHIBAIOMAS IIPOTEKa-
HHE MPOLEeccOB OOMEHa SHEprHeil B CHCTEME «TATOBBIH TIPUBOJ — HAKOTIUTENB» B PEKNME TOPMOKECHUS
3/1E€KTPONOJABHIKHOIO COCTaBa 0€3 yueTa BIMAHMU IIPOLECCOB B KOHTAKTHOH ceTu. MaTemaTuueckas Mo-
ZIeJTb [03BOJISIET YCTAHOBUTH CBA3B Hpolecca 0OMeHa SHEpryei ¢ mapaMeTpaMu HAKOIUTEISI U TSTOBOTO
3IEKTPOBHUIATENs, a TAKKE JaeT BO3MOXKHOCTH OIEHHUTh YHEPreTHUeCKyIo I((EeKTUBHOCTH HUCCIeTye-
Moit cuctemsl. IIpeutaraeTcst OeHNBATE TOJE3HbIH YPHEKT OT MPUMEHEHHsT GOPTOBOTO HAKOIHTEIS B
CUCTEME € IOMOLIbI0 K03 duLeHTa peKynepaLuy.

Ki1roueBble ¢JI0Ba: 3JEKTPONOABUKHOM COCTaB, MEKTPOMEXAHUYECKUIT MHEPLMOHHbIN HAKOIU-
TeJb SHEPTUH, TATOBBIH MPHUBO/I, 0OMEH SHepruei, sHeprerudeckas 3pHeKTHBHOCTS.

Beejenne. B nactosmiee BpeMs ¢ IENBIO TOBBIICHUS SHEPTETUICCKON 3-
(eKTHBHOCTH 3JIEKTPOIIOE3/10B B COCTABE MX TSArOBOIO NPUBO/IA BCE yallle Npume-
HAIOT OOpTOBBIE HaKoNuTeIM SHepruu. Cpelny M3BECTHBIX THUIIOB HAKONWTEJCH
(2I1EKTPOXUMHUYIECKUE, EMKOCTHBIE, 2JIEKTPOMEXAHUYECKHE WHEPLMOHHBIE, CBEPX-
MIPOBOSNIME) Haubojee 1eIecoo0pasHo, Ha Halll B3MJIAM, IPUMEHATH SIICKTPOMe-
XaHUYCCKNE MHEPUHUOHHBIC HAKOIMUTE/IN, KOTOPLIC OTBEYAKOT ONPEACICHHbBIM TPE-
OOBaHUAM 10 MACCO-Ta0apUTHBIM IIOKA3aTeIsIM, CPOKY CIIy:KOBI M YCIOBHAM IKC-
IUTyaTallMy Ha ITOBMKHOM COCTaBE.

ONeKTpOMEXaHNUECKUH WHEPIIMOHHBI HAKOIMMUTEIh SHEPTHU IPECTaBIsSCT
co0oli coueTaHne MaxOBUKa 1 OOPALICHHON MalllMHbI MOCTOSIHHOIO TOKA C BO30Y-
KIECHUEM OT IIOCTOSIHHBIX MarHUTOB W IIOJYIPOBOJHUKOBBIM KOMMYyTaTopoM [1].
CoBMeILEHHYI0O KOHCTPYKIMIO MaxOBUKa M JIEKTPUUECKON MaIluHbI OyJIeM uMme-
HOBAaTh CUCTEMOH AIIEKTpOMEXaHUIECKOro peodpazoBanus sueprun (COMIID).

[Tpu Topmorkennu anexrponoasrxuoro cocrasa (3I1C) sneprus 3ameienus
ero Maccel npeodpa3yercs HaKONMTEJIEM B KMHETHYECKYIO DHEPIHMIO BpAICHUS
MaxoBHKa, a TIPH Pa3roHE KWHETHYECKasl YHEPTHs MaxOBHKa HAaKOIIUTEN Iepena-
€TCsl B CUCTEMY TATOBOTO NMPHBO/IA, HArPY3KOi KOTOPOro Oy/AeT Macca TO/IBHKHO-
ro cocrasa. Korga COMIID paGoraer B pexuMe JBUraTelisi, HAaKOMUTe b 3arnacaer
SHEPTHIO, M 4aCTOTa BPAIICHWs pOoTOpa yBennunBaercs. Hakonurens oTiaet sHep-
ruro, korga COMIID nepexoauT B pekUM IeHEepaTopa U 4acTOTa BPAIICHUS POTO-
pa CHIKaeTcs. YPOBCHD 3alaceHHON HaKOIUTENEM SHEPTUH 3aBHCUT OT MOMEHTA
HHEpUUH MAaXOBUKA U YACTOThI €0 BPpALLICHU. A YPOBEHb MOUIHOCTHU ONPEACIACT-
cst mapamerpamMn COMIID, a Takxke CHCTEMOW yNpaBiIeHNS] — KaKk KOMMYTaTOpOM
COMIID, tak u obmielt cuCTEeMO YIIpaBICHUS HAKOITATEIEM.

Pabora 60pTOBOrO HAaKOMUTENSE SHEPTHH BO3MOKHA KaK COBMECTHO C KOHTAKT-
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KC HO#1 ceTbio (puc. 1, kimou K7 — 3aMKHYT), Tak 4 aBTo-

? v K2 HOMHO (puc. 1, xmou K7 — pa3oMkHyT). Ilockompky
aHanu3 paboThl HAKONIUTEIS] PHEPIHU COBMECTHO C

e KOHTaKTHOM CEThI0 Ha Ha4YaJIbHBLIX 3Tamax ucenesio-

BaHUs MPEACTABIIACTCSA HAM JIOBOJIBHO I'POMO3/IKOU 1

TPYNOEMKO 3a7auei, B JaHHON CTaTbe OrPaHUYNMCS
Q P ) paccMOTpeHHeM Ipolecca 0OMeHa 3Hepruei B TiAro-
BOM TIPHBOJIC MEXJY TATOBBIMH 3JICKTPOJBUIATEIISA-

Puc. 1 — Ctpykrypnas cxema  mu (T3D]]) ¥ HAKONUTENEM DHEPIMU B PEKUME TOP-

TATOBOrO MPHUBOAA C moxkeHus DIIC 6e3 yueTa BIUAHUI IPOLIECCOB, MIPO-
HakormreneM: KC — TEKAIOIIUX B KOHTAKTHOM CETH.
KOHTAaKTHAas CeTh; P —
peinsc; K1, {{2 — KIIFO1H; IocTtanoBka 3agaun. Pa3zpaborath MaTematu-
/I — TATOBBIN IBUTATENb]  yeckyio MOJAE/b JUIS MCCIENOBAHMS NPOLECCOB 00-
H — naxornurens. MEHA YHEpPIHeil B TATOBOM IIPUBOJIC C HAKOIIUTEIIEM B

pexxnme Topmoskenust IIC npu 0TCYyTCTBUM NUTAHUS OT KOHTAKTHOH CETH.

YCcTaHOBUTH CBSI3b Mpoliecca 0OMEHa SHEpTUell ¢ mapaMeTpaMy HAaKOIUTEIS
U TACOBOTO IEKTPOABUIraTessi, UTO, B KOHEUHOM UTOre, JacT BO3MOXHOCTb OLE-
HHUTb YPOBEHb 3HEPreTHUecKor 3(Q(HEKTUBHOCTH IPEIIaraéMoro HaKONUTEs 1Ipu
ero (GYHKIMOHUPOBAHUH B CHCTEME «TSTOBBIN IIPHBOJ — HAKOIIUTEIBY.

Jls vccnemoBaHus MPOIIECCOB OOMEHa AHEPrHeH BHIOMpPAEM 3IEKTPOIOE3]T
MOCTOSIHHOTO TOKa NPUTrOPOJIHOr0 co001IeHNs, 6a30Basi CEKLIMSI KOTOPOrO COCTOMUT
U3 TOJI0BHOTO ¥ MOTOPHOT'O BaroHOB. TEXHMYECKUE XapAKTEPUCTUKH I10€37a IIPH-
HATHI Ha ypoBHe napameTpos DP2T [2]. DnekrTpornoes] ocHalIeH TATOBBIMH [[BH-
rateasamu 1JIT-003 ¢ momHocThIO 235 KBT, HOMHHAILHBIM HanpskenueM 750 B u
TokOM 345 A.

Bennyuna sHeprum, KoTopasi BBICBOOOKIACTCS TP OCTAHOBOYHOM DJIEKTPO-
IVHAaMUYECKOM TOPMOKECHUM 0a30BoH cekuuu atekrponoesna OP2T or ckopoctu
45 xm/u 1o 0 KM/4 Ha TOPU3OHTAILHOM Y4YacTKE IYTH, COOTBETCTBYET 3HEPIHH
oOmena Hakonurens. B pacu€re Ha ;Ba TArOBbIX JBMUraresss OHa COCTABJIET
5,2 MJlx. TTpu stom COMIID HakommTens 1omkHa 00eCTIeunBaTh BO3BPAT M TIPH-
€M JIEeKTpUIecKor sHeprun npu HanpspkeHnu 700 B u HomuramsHOM Toke 400 A.

MaremaTuieckas Mopeab. Ha oOCHOBaHMM ypaeHenull 371eKmpuyeckoz0
PAeHoseCUsl U YPAGHEHUU 0BUICEHUS MATEMATUYECKOE ONMCAHUE HPOLIECCOB, IPO-
TEKaloIINX B TATOBOM IPUBOJE C JABYyMS TsiroBbIMU aurarensimu 1/[T-003 n na-
KomuTeneM B pexiMe Topmoxernns DI1C, umeet Bux:

di - €€, ~l, (Ra +R”); d"ps =-K, - i —Jws d{i =K, iy (M
dt La +Ln dt Vps dt

rae K, =C, ey, | Coq30m,s, K, =C,,Bn,/J — 3MEKTpOYU3MICCKUC KO-
s¢duuuenTsl; i; —T0K; e, — nexrpoasmwxymas cuna (3J1C) TOM; e, — DC na-
Konutensd; R,, L, — akTHBHOE CONPOTHUBICHUE M HHAYKTUBHOCTE TO/; R, , L, —

aKTHBHOE COTPOTHBIIEHWE W MWHIYKTUBHOCTb HAKOMHTENS; Vv, — ckopocTh JIIC;

ps
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f,» — YAcnbHAs CUla COMPOTUBICHHUS JBHKEHHUIO; (), — YacTOTa BPAINICHUS POTO-
pa makonurens; C,, , C,, — mammHHble NocTogunse 10/, C,,, C,, — reoMer-

en mn

puyiceckas MallvMHHas MOCTOAHHAsA HAKOIMUTEIA;, m, . — MacCa CEKLUHH JJICKTPOIIO-

r
€314, IPUXOJSIIASCS Ha JBA TATOBBIX NBUTATENs; By — CpelHEe 3HAUYCHHE MHIYK-
umu; J — MOMEHT MHEPLMU MaXOBUKA; ;. » 7, , 1], — KO3QhUIMEHTH noNe3HOTO

nerictBust TO/l, TSTOBOTO IPUBOJIA, HAKOIIUTEISI, COOTBETCTBEHHO.
B cBs3u ¢ Tem, 4TO 3JIEeKTpHYECKasi MalllMHA HAaKOIHUTES UMEET IIOCTOSHHOE
B030ysxaenus (B, =const), o ee 3/1C nponopuuoHaibHa 4acTOTE BpPALLEHHs

POTOpPa HAKOIMTCIAA U ONPCACILICTCA KaK €, = CBnBS,.a)

n?

rae C,, — dIeKTpHUe-

CKasl MALIMHHAS TIOCTOSAHHASI HAKOMUTENS.
UYro xacaercsa ¢pynkuun DJC TATOBOro IBUTATEN, padOTAIOIIEro B T'eHepa-
TOPHOM PEXUME C HE3aBUCUMBIM BO30YKICHUEM,

€ = fe (pr,l".) s (2)

TO OHA 33Ja€TCSI B COOTBETCTBUU C IKCIIEPUMEHTAIBHBIMHU TaHHBIMU (pHC. 2) B BH-

Iie OZHOMEPHBIX MacCHBOB 4ducen Vps u Iv pasmepa 1x24, a Takke IByMEPHOTO
maccuBa Ed pasmepom 24x24.

Jlst BblUMCIIEHMsT NPOM3BOJbHOrO 3HaueHus OJIC nsurarens e, B NPOU3-

BOJIBHOW TOouke (Vv

ps»by) TPHUMCHUM HMHTCPHOILNI0 (QYHKIMM HA OCHOBAHHMH

Opobro-dpaxmoprozo cnepumenma 2>~ [3] 10 yeThpeM TOuKaM Vps;, Iv;),
(Vpsia- 1v;), Vpsi Iv,), (Vpsiyy, 1v;,,) Ha wiockocta VpsOlv , B3STHIX U3 3a-
JAHHBIX MACCHBOB M OKPYIKAIOLIMX IPOU3BOIBHYIO TOUKY (V,, 1) :

Vps; <v,, <Vps

i1 IV S0, <Ay

ITo MacCCUBY Edg OMpCACIUM COOTBCTCTBYIOIINUC 3HAYCHUA (l)yHK[II/II/IZ

71 =¢, (Vps[,lvj) =FEd;, 2, =eg(Vpsl.+1,Ivj):Ed

i+l,j»

z3=¢, (Vps,-,]vﬁl) =Ed; 1, 24 =¢, (VPS[H»IV]H) =Ed;.) ;.-
BorunicnuM ko3 GUIHEHTH YpaBHEHUS PETPECCHU
Y =ay +ax; +a,x, +azxx,
JUISL KOZIMPOBaHHBIX (haKTOPOB:

—_ 1 - —_ 1 — —
ay=—(zy+z,+z3+2,), ay=—(-z+z,-23+3,),
4 4
1 1
a, :Z(_Zl —5,+5+2,), a :Z(Zl —z,—z+27,).
IToscTaBmsst B ypaBHEHWE PETPECCHN 3HAYCHNS KOANPOBAHHEIX (hakTOPOB
= Vps = Vp Sep . l'v -1 Vep
A = ., 2 Y
Vps,, —Vps; v, —1v,

rae Vps,, =(Vps; +Vpsi)/2, v, =(Iv;—1v;,)/ 2, nony4aum 3HadeHme byHK-
uuu DJ1C aBurarens B reneparopHom pexume (2).
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Puc. 2 —3asucumocts /IC TIJT ¢, or ckopocru IIIC v,

s

1 TOKa BO30YKACHUS i, .

HavanpHble yCcIOBHS M TMOCTOSHHBIC BETHUMHBI U ITH(PPOBOTO MOIEITHPO-
BaHMsl IPOLECCOB OOMEHA IHEPruel B CUCTEME TSTOBbII MPUBOJ — HAKOMHUTEJIb
B pexkxnme Topmoxkerust DIIC npuBeneHs! B Ta0m. 1.

Ta0umna | — HaganpHble yClI0BHA U MOCTOSHHBIC BenauHb! 1 CIY (1)

HauaiipHblE ycl10BHS IMocTosHHBIE BEITUYUHBI INocTosAHHbBIE BEIHYMHbL
iy, A 875 R,,OM 0,14 C,, 0,182
Vs s M/C 12,5 L,,Tu 1,52-107 Con 1,75
®,, l/c 52,4 Cond 102 J , xr- M2 3,5
i,, A 25 C,y 10,7 B, ,Tn 3,5
e;.B 1473 n, 0,9 1, 0,95
e,,B 17,9 R,,Om 0,005 Nied 0,905
Sy H/xr 0,0129 L,,Tu 3,05-107 e, T 117

PesyabTarsl mugpororoe moaenauposanus. [lonyuennas cucrema audde-
peHIMANBHBIX ypaBHeHuH (1) Obuta pernieHa BCTPOSHHBIMUA METOIaMH WHTETPUPO-
BaHus cucteMsl MATLAB ¢ momommsio pemarens ode23t, B 0CHOBY KOTOPOTO IO-
JIOXKEH HeAGHbII Memoo mpaneyuil.

Pesynbrarsl nuQpoBbIX PACUETOB OCHOBHBIX IOKa3aTesed, XapakTepusylo-
KX pabOTy CHCTEMBI (TSTOBBIN MMPUBOJI — HAKOIMTEBY B PEXKUME TOPMOXKCHWS
SIIEKTPOIIOE3/1a, IPUBEICHBI Ha PUC. 3.

[NomydeHHBIE 3aBUCHMOCTH HOCST BIIOJIHE OOBSICHUMBIA XapaKTep ¢ MO3HUIIH
(hU31UECKOIl CYIIHOCTH NPOTEKAHMS IPOLIECCOB B PACCMATPUBAEMON CUCTEME.

YcTaHOBIIEHO, YTO IPHU JBM)KEHUM II0€3/1a B PEKHMME TOPMOIKEHHSI €r0 CKO-
pocTs cHmKaercs 3a 12 ¢ or 3Havenus 12,5 m/c mo 7,5 m/c, a 9acToTa BpaIieHUT
HAKOIIUTEJIA BO3pacTaeT oT 52 ¢ 10 1240 ¢!, u ganee otu noxasarenn MeHsOT-
cst He cyniecTBeHHO. [Ipr 9 ToM TOK 110 rcTedeHnu 12 ¢ pe3Ko CHUKAETCSI.

Yro xacaeTcsi JHEPreTHYECKUX COCTABISIONIMX OOMEHHBIX TTPOIECCOB, TO B
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HauaJIbHBIA MOMEHT TopMokenust II1C obnanan sneprueit 5,46 M/Ix, a B KoHEu-
ueii — 1, 85 M/[x. Ilpn sTOM HaKOMUTETs HAYad 3alacaTh SHEPTUIO CO 3HAYCHUS
4,8 x/Ik, 9TO COOTBETCTBYET PHEPIUU «MEPTBOrO 00BeMay, i Ha 20 ¢ ero 3Heprus
JocTuria 3HaueHus 2,5 MJIx.
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Puc. 3 — [Ipoueccrl oOMeHa sHeprueii B CUCTEME «TATOBbIN MPUBOJ — HAKOIIUTEIIbY B
PEXNME TOPMOKEHHA IIEKTPOMOE31a:

a —yckopenne OIIC; W ., W, —xuneTnueckue sHeprun asrkenns DI1C u Bpamenus

s>
pOTOpa HAKOMUTEN A, COOTBETCTBEHHO.

O deKkTuBHOCTL HMCCIETYEeMOro Mpoliecca oOMEHa SHeprueil MOXKeT OBITh
OueHeHa C nOMOWBIO kod(duuuenra pexynepauuun Ky =W, /W,q, rne

W,/ Wpsl — OTHOILIEHUE DHEPIuH, 3alaCeHHOW HAKOMNMUTENIEM, K DHEpPruu, Bbljie-

JIUBIIASCS TIPY TOPMOKCHHH TT0E3/1a.
B narnowm ciydae ko3 dumment pexyneparnun coctasmt 0,46.

IlepcnexkTnBa AajdbHelimmx uccaegoBanmii. Kax BuiHo u3 puc. 3, npouec-
cel oOMeHa 3aMe[IsIFoTCst mocyie 12 CeKyHHBI, 9TO CBA3aHO CO BCTPEYHO H3Me-
HSIOIIUMCS 3HaYeHUeM 4acToT BpaueHus: TO/] 1 poTopa HaKONUTENS, a TAKKE UX
2J1C. Ha 20 cexynne mporieccsl oOMEHa SHEPTHEH NMPEKpalaloTcs, MOCKONbKY
Hanpsoxenus TOJ] U HakonuTens ypaBHSUIMCh, U TOK B LMY PABEH HYJIIO.

I[JTH moAACPKaHUA HOMHUHAJIBHOI'O 3HAYCHUA TOKA B IECIMW U ITPOJOJHKCHUS
MpoIeccoB 0OMeHa YHepruell HeoOXOIIMO YCTPOUCTBO, KOTOPOE MOTIIO OBI obec-
MICYUTh TEPETOK MOITHOCTH B TNPEXKHEM HAMpaBiICHUM TPH TEKYNIUX 3HAUYCHUA
ckopocty OIIC u yacToThl BpaleHuss Hakonutes. [l 3Toro B JajibHEHUIINX UC-
clieoBaHMAX B cucreme TsiroBoro npusopa OIIC ¢ HakonwmteneMm mpeiyiaraercs
MIPUMEHUTh IOJTYIPOBOJHUKOBHINM MOBbImarome-noxnmkatonmii DC-DC npeobpa-
3oBartens [4], obecrneunBaromuii HEOOXOIUMYIO Pa3HOCTh HANPSHKEHUH Ha 3aKH-
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max T3/l u nakonurens. [lpeanonaraercs CyecTBEHHOE MOBbIIcHUE KO3 uLm-
€HTa peKylepaLuu.

BruiBoabl. TakuMm o0pazoM, B JAaHHOI cTaThe pa3paboTaHa MaTeMaTHuccKas
MOJCIIb pa6OT])I CUCTEMBI «TSITOBBIM NOpUBOA — HAKOIMUTEIb» B PEIKUME TOPMOIKE-
Hust DIIC. D1a Mozelb MO3BOJISIET ONPEAETUTh 3aKOHOMEPHOCTH MPOTEKAHUS TIPO-
LIeCCOB OOMEHa PHEpPruel, a Takke YCTaHOBUTD CBA3b 3THX IPOLECCOB ¢ IlapaMeT-
paMu HaKOTIUTETSI U TATOBOTO JIBUTATEIS.

S¢dexTuBHOCTb KCnoab30BaHMs HakonuTens Ha 6opry DI1C ouenuBaercs ¢
HOMOIIBI0 KOd((PUIMEHTAa peKylepanuy, KOTOPhI B JAHHOM CIIydae COCTaBHII
0,46. DTOT mOKa3aTeNb MOKET OBITH CYIIECTBEHHO IIOBBILICHBI 32 CUYET IpUMEHe-
HUSI B CHCTEME «TSATOBLIM MPHBOJ] — HAKOIMTEb» ITOJNYNPOBOJHUKOBOTO IOBEI-
watoie-nonmxkatouero DC-DC npeoGpaszosaresst.
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BUKOPUCTAHHSA MOJEJII BAI'OHA 31 SMIHHUM KYTOM
HAXWJIY ITPU BUPIINEHHI 3AJAYI OITUMAJIBHOI'O
KEPYBAHHS EJIEKTPOPYXOMMUM CKJIAJIOM

Ha moTouHmii MOMEHT ITpH po3poOlli HOBUX eIEKTPOPYXOMHX CKJIQJIiB Ta IPH MOJCIIOBAHHI 1X PyXy
BMHMKAE MUTAHHS W00 30iNbLICHHs CePeaHbOI WBHAKOCTI PyXy Ta JOUIAbHOCTI BUKOPUCTAHHS Baro-
HIB 31 3MIHHUM KyTOM Haxuiy. B po6oTi po3risjaeTbesi 3aCTOCYBAaHHS HAXWIAEMUX BaroHiB U1 3MEH-
IICHHS TTOINEPEYHOr0 MPUCKOPEHHS, IO 3a3Hae Ky30B BaroHa IPHU IIPOXOKEHHI KpHBOi. BeraHoBeHO,
IO 3aCTOCYBAaHHS MOMIOHUX MEXaHi3MiB J03BOJISIE 3HAUHO MiABHILATH TOMYCTUMY IIBHAKICTH NMPOXO-
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