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K BOITIPOCY NITPOTEKAHMS ITPOIIECCA MATHUTHO-ABPA3UBHOM
OBPABOTKHA

Hukonaenko E.FO., lleanx A.B. (ka¢. TM, /JonHTY, 2. loneyx, Yrpauna)

[IpoGnema obGecneueHus mapaMeTpoB KauecTBa MOBEPXHOCTEH JAeTaied MallMH U
MEXaHU3MOB YCIEUIHO PEIIAETCS CO3IaHMEM HOBBIX CXEM TEXHOJIOTHYECKOTO BO3ACHCTBUS U
YCOBEPIICHCTBOBAHHEM IAPAMETPOB B YK€ CYHIECTBYIOMIMX TEXHOJIOTHMYECKHX MpOIeccax.
COBOKYITHOCTh BCEX JTalOB Ka4eCTBEHHOTO M KOJWYECTBEHHOTO W3MEHEHHS CBIPhS
obecrieynBaeT M3JENME €r0 KOHKYPEHTHO-CIIOCOOHBIMHM XapaKTepUCTHKaMHU. (DUHHIIHAS
00paboTka o0ecnieurBaeT BHICOKUE ITapaMeTphl IPOCTPAHCTBEHHON TOYHOCTH, KaK (paCOHHBIX
MOBEPXHOCTEH JIeTalleH, TaKk M JAeTanell CO CI0KHBIMU MPOCTPAHCTBEHHBIMHU MTOBEPXHOCTIMH.
J151st BEICOKOTOYHOH 00pabOTKHU AeTaneit CI0KHOM MPOCTPAHCTBEHHOH (POPMBI UCTIONB3YIOTCS
numdoBaIbHBIC, JTEHTO-IUTA(OBABHBIE CTAHKH, OJJHAKO JaHHOE 000pyJoBaHUE HE 00iagaet
JIOCTaTOYHOM THOKOCTBIO MIPOU3BOJICTBA, M HE TPEIOCTABIISIET BO3MOYKHOCTH HA TPEOyEeMOM H
JIOCTaTOYHOM YpPOBHE aBTOMAaTHU3UPOBATh TeXHOJOTHYeckuil mpouecc [4, 5]. K HemocTaTkam
CYIIECTBYIOUINX TEXHOJOTHYECKUX MPOIECCOB (UHUITHON 0OpaOOTKH MOKHO OTHECTH
HI3KYIO IPOU3BOAUTEIHFHOCTH 00pabOTKH TPYyIHOOOpabaThIBaEMBIX MaTepPHaOB H CIUIABOB,
Uil obecriedeHns TpeOyeMoro KadecTBa TOBEPXHOCTHOTO ciosg. OTHHUM H3 METOO0B
00pabOTKM THUTAHOBBIX CIUIABOB, TO3BOJIIIOIIMX HCKIIOYUTH MOSBICHHE MOBEPXHOCTHBIX
nedexToB (mpurapoB), IBISIETCSI MarHUTHO-a0pa3uBHasi 00padoTka [5].

[Ipu pa3paboTke TEXHOJIOTHUECKOTO IMpoIlecca MarHUTHO-aOpa3uBHOW 00pabOTKH
(MAO) Baxueiimmmu napameTpamu, 1o MHenuto [lomumyk B.C. [1], mo Mepe yMeHbIIeHUs
UX 3HAYHMOCTH, SBIISTIOTCS

® BEeJMYMHA HABEJICHHOW MarHUTHOW MHAYKIIUM B paboueM 3a30pe;

® QU3NKO-MEXaHUUECKHE CBOWCTBA MAarHUTHO-a0pa3sUBHOTO MOPOIIIKA;

¢ (hU3HKO-MEXaHUYECKHE CBOMCTBA MaTeprasia 00pabaThIBaeMOM JeTanm;
® CKOPOCTh OTHOCHUTEITBHBIX JABWKEHUH TIOPOIITKA U ICTAIIH;

® HaJM4¥e BCIIOMOTATEIFHOTO OCIMIUTUPYIOIIETO JBUKEHHS,

® TOYHOCTH 3arOTOBKHU;
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e Haymurie COTC u ee cocras;
® BEJIMYMHA 3€PEH NOPOIIIKA.

OpHako Ha JaHHOM »3Tale pa3BUTUS HAy4YHOIO 3HAHMUA HET MaTeMaTHYeCcKOIo
omucaHusi M OOOCHOBAaHUSI B3aMMOCBSI3M BCEX BBILICTIPUBEICHHBIX MAapaMeTpPoOB, HET
TEOPETHYECKUX OOOCHOBaHM TMPENEIOB ONTUMAJbHBIX 3HAYCHHUH, YTO XapaKTepHu3yer
HEJIOCTaTOYHBI ypoBeHb pa3paboTku TexHoiormd MAOQO u mpemocTaBisieT HMIMPOKYIO
00JacTh U1 MPOBEICHUS HCCIIE0BATEIBCKUX PaldoT.

ILlenvio pabomwvl aenaemcsa TOBBILIEHUE TEXHUKO-2KOHOMUYECKUX IapaMETpOB
M3TOTOBJICHM W3JEIMM M II0Ka3aTesed KadecTBa MW3JAEJMM, IPHU YCOBEPIICHCTBOBAHUU
napaMeTpoB TEXHOJIOTUIECKOTO Mpoliecca (PMHUITHON Mar HUTHO-aOpa3uBHOM 00pabOTKH.

Jnist perenust moCcTaBIeHHOM eI HEOOXO0JUMO PELIHTh CIETY IOIINE 3a0auu:

® CCJIEN0BaTh HABEICHHYIO0 MAarHUTHYI0 HHIYKIHUIO B pabouell 30He;

e BBISIBUTH B3aUMOCBS3b [TAPAMETPOB TEXHOJIOTHYECKOTO Mpouecca MAO;

® BBISIBUTH TEXHOJOTHYECKHE PEXUMBI paboThl OJOKa TEXHOJOTUYECKOTO
BO3/ICHCTBUS ISl HWIIMHAPHYECKON (POPMBI CEpICUHUKA.

[Ipu co3maHuM TEXHOJOTHMYECKOW CHUCTEMBI HEOOXOAMMO TIPEIyCMOTPETh THOKYIO
CHCTEMY pEryJIMpOBAaHUS MAarHUTHOM WHAYKIMH B paboueil 30He. Tak Kak IWHAMHUKA W
KMHEMAaTHKa TpoIecca B3aWMOJEHCTBHUA (EeppOMAarHUTHOTO aOpa3MBHOTO TOPOIIKA WU
cycrieH3nn (heppoMarHUTHOTO W aOpa3sMBHOIO MOPOIIKOB 3aBUCHT OT CTPYKTYpPhI CaMOTO
MarHUTHOTO TOJsI B pabodeM mpoctpaHcTBe. OCHOBBIBAasSCh HAa METOJUKE IOCTPOCHUS
MOTEHIMAJIbHOM MarHuTHOM ceTku [2, 3, 4] Ha aOpa3uBHYIO YAaCTHUIy BO3IEHCTBYET
HEPAaBHOMEPHO - paclpeziesieHHass MarHuTHas MHaykuus. Kak ciencTsue, MarHuTHas cuia,
HarpaBJICHHasl B CTOPOHY HAauOOJBIIET0 MAarHUTHOTO MOTOKA M BO3EHCTBYIOIIAs HA YACTHUILY
[PUHUMAET BUI:

F = L yBas ,
Hy
rae AB - rpajiueHT MarHUTHOM MHAYKIHH, 3aBUCSILUNA OT pABHOMEPHOCTH MAarHUTHOTO
HOTOKa;
B — BEKTOP MAarHUTHOH MHTYKITHH;

U, =4 107~ MarHUTHAS OCTOSHHAS, PABHAS BO3LYIIHON NPOHUIAEMOCTH BO3LYIIHOM
Cpelsl;
V- 00beM JacTHIBI MarHUTHO-a0pa3HUBHOTO 3€PHA.

Cuna, neiicTByronas Ha MarHUTHO-aOpasHBHYIO 4YACTHUIy 3aBUCUT HE TOJBKO OT
BEJIMYMHBI MAarHUTHOTO IOTOKa M OO0beMa  MAarHUTHO-aOpa3sMBHOW 4YaCTHIBl, HO M OT
PaBHOMEPHOCTH pAaCIpENETICHNUsT MarHUTHOro mnotoka. [Ipu paBHOMEpPHOM paclpeeleHuu

MarHuTHoro moroka AB =0, F’m =0, F‘m # (. BennunHa MarHUTHOW CHIIBI OyJET TeM

OoJblle, B JAHHOW TOUYKE MPOCTPAHCTBA, YeM 00JIbllIe HEPaBHOMEPHOCTh MarHUTHOT'O MOTOKA,
u OylIer HampaBieHa [0 KacaTelbHOM K CHJIOBOW JMHUH, U TNEpPHEHIUKYJSPHO
SKBUIOTEHIMAJILHBIM JIMHUSAM MAarHUTHOTO IOJIA, W KaK CJIEJACTBHE BEKTOP MArHUTHOM CHIIBI
Fm HafpasJieH B CTOPOHY Ha HauOOJbLIEH MIOTHOCTH MATHUTHOTO MOTOKA.

B ommmuumum oT cymiecTByIOmUX METOAWK [4], paccMaTpHBAIONMIMX 3aMKHYTBIN
MarHuTHBIA KOHTYp, BO3/EHCTBYIONIMI Ha Bpallaronlytocs oOpabaTbiBaeMyl0 MOBEPXHOCTh
JIBYMSI HEIMOJIBM)KHBIMM TIOJIFOCAMH, PAaCCMOTPHUM CHJIOBBIE (paKTOpbI, BO3ACHCTBYIOLIME Ha
MarHuTHO-aOpa3uBHYIO  YacTUIly HpHU  BpalIEHUHM  DBJIEKTPOMArHuTa  OTHOCHUTEIBHO
00pabaTbIBaeMOIl KPUBOJMHENHOW IOBEPXHOCTH, IPECTABIEHHOM Ha puc. 1.
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OnexkTpoMarHut 1 BpamaeTcsi ¢ MOCTOSHHOM yIJIOBOM CKOpOCTbI0 W OTHOCHUTENILHO
HETOIBIKHOHN fetamu 3. PaGounii 3a30p J, 00pa3oBaHHBIN JeTalbio 3 U 3JIEKTPOMarHuToM 1
3aM0JIHEH MarHUTHO-a0pa3MBHBIM MaTEpUANIOM C BEIMYMHOHN 3epHa p.Ha kaxxmyro vactuiry
MarHUTHO-a0pa3MBHOTO MaTepHaja JEHCTBYET MarHUTHAasl CUJIa, BEKTOP KOTOPOW HampaBiieH
KacaTeJIbHO K CWIOBBIM JIMHMSAM 2 HaBEJEHHOI'O MarHuTHoro mnoJisi. deppoMarHuTHbie
YaCTUIIbI, TI0J] IEHCTBUEM MAarHUTHOTO IOJIi OYAYT MPUTATHBATHCS K TOPILY JICKTPOMArHUTa
U COBEpILIaTh COBMECTHO C HHMM BpAIATEIbHBIC JBHKEHUS OTHOCHUTEIBHO HEIOABUKHOU
3arOTOBKM C YIIoBOil ckopocteio W,. Ilpu BpameHun nopomka OyAyT BO3HHUKATh

HEHTPOOESKHBIE CUJIBI, CTAPAIOIINECS BBITOJIKHYTh YACTHIIBI MTOPOIIKA U3 paboyero 3a3opa, uM
OyJeT NpOTHUBOAEUCTBOBATh TAHI'€HIIMAIbHASL COCTABIISIONIAs MAarHUTHOM CHJIbI, KOTOpask pH

~ T
pacCTOSIHUM OT OcHu BpamieHus X, Oyner paBHa F ~ F .

AOpa3uBHas yactuia ¢ OOJILIION OOJei BEpOSITHOCTH OyaeT HaxoAuTcs B pabodem
3a30pe NpH yCIOBUH, UTO:

w, <[]

B-Ri3 -sin*(a) > (1)
IuO pm

W, =

rae W,- yriaosasi CKOPOCTb BPALICHHsS YaCTHIIBI;

R, - paccTosiHME OT MarHUTHO-aOpa3uBHOM YaCTHIIBI 10 OCH BPAILEHHs dJIEKTPOMArHuUTa;
a <=90- yroa Mex/y BEKTOPOM MarHUTHOI HHIYKIMH B JaHHOH TOYKE X, U OCBIO
BpAILEHNs CEpJICUHUKA IJIEKTPOMArHnTa;

p,, = const - yjienpHas INIOTHOCTh MArHUTHO-a0pa3MBHOIO MaTepHaa.

[IpunsB HaBeneHHyI0 MarHuTHyro uHAykuuto B = 1 Tn [4], u noacraBusB B yp.l
IOJTyYMM 3aBUCHMOCTb YIJIOBOM CKOPOCTH BpallleHWs 4YacTULBl W, OT paccTosHHE OT
rpajiieHTa MarHUTHOM WHAYKUMHM (pUC. 2) W MarHUTHO-aOpa3WBHOW YAaCTHIBI /0 OCH
Bpamenus syekTpomMaraura X, < X (puc. 3).

|
yBernm4yeHo
Xmox

Xi

Puc.1. Cxema MarHuTHOTO NOJISL B pabodeM 3a30pe, 3all0JIHEHHOM MarHUTHO-a0pa3uBHBIM
MOPOIIKOM. 1- TOJIFOC STIEKTPOMArHuTa; 2- CWIOBBIE JIMHIUU MarHUTHOTO TOJIsT; 3 —
oOpabaTbiBaeMasi HOBEPXHOCTH JI€TaIN
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300 T T T T

ooz
0.08

100

6].02
0 x 0 Puc. 2. 3aBHCHMOCTH MaKCHUMAaJIbHO

N
Puc.3. IIpocTpaHCTBEHHBIH TIpaQMK  JOMyCTMMOM 4acTOTHI BPAIEHUs CEPACYHUKA
3aBUCMMOCTM  4YaCTOTBI  BpameHua W (Xia) oT rpajgneHTta MarHUTHON MHAYKIUH
cepneunmnka W(Xi,a) 0°<a<90°

a0

I'padukm, mnpencraBieHHble HAa pUC. 2 OTOOpaXalOT 3aBHCUMOCTh HM3MEHEHHS
MaKCHUMaJbHO JIOCTYITHOW YacTOTHl BpalIeHHS CepleYHHKa OJOKa TEXHOJOTHYECKOTO
BO3JICHCTBUS OT HAINpaBJICHUS BEKTOpa MarHUTHOM wuHAykuuu. Puc. 3 oToOpaxkaroT
M3MEHEHHE MaKCUMaJIbHO-BO3MOXHOM 4acTOThI BPAIIEHUS CEpAEUHHKA C TNIOCKUM TOPLIOM OT
F€OMETPUUECKUX Pa3MEPOB CEPJICUHNUKA U HAMPABJICHUSI BEKTOPAa MarHUTHOW MHAYKIMH.

OnHUM W3 TapaMeTpoB, BIMSIONINX HA MPOU3BOJUTEIBHOCTh Mpolecca 00pabOTKH s
ABJIAETCA CKOPOCTb pPE3aHUsl, KOTOpas B CBOIO OYepeb NPONOPLUOHAIbHA YACTOTE BPALLICHHS
CepJIeYHMKA OTHOCUTENBbHO oOpabaTeiBaeMoii moBepxHocTu (puc.l). B nmanHoi pabote
BBISIBJICHBI [PAHUYHBIE YCIIOBUS IO ONPEICICHUIO YaCTOThI BPAILEHHsI CEPJIEUHUKA C IIIOCKUM
TOPILIOM B TeXHoJIoTH4yeckoro npouecce MAQO.

B  nmanpHeiimeM HEOOXOAMMO  BBIBECTH MaTeMaTH4YEeCKOE OIMCAHUS  BCEX
BBIIICIIPUBEICHHBIX IapaMEeTpPOB TEXHOJOrMueckoro mpomecca [l], U Teoperndyecku
000CHOBAaTh TpEAEIbl ONTUMAIBHBIX 3HAYCHUU JJIST PA3IMYHBIX TOPLOB CEPACUYHUKOB OJIOKa
TEXHOJIOTHIECCKOT'O BO3ICHCTBHS.

Cnucok gutepartypsl: 1. [lomuyk B. C. MHTeHcHUKaLMs MpOLECCOB MOTyUEHUS
KapOWIOB, HHUTPUIOB M KOMIIO3WIIMOHHBIX MAaTEpHAIOB Ha MX OCHOBEe.- (CeBacTOIOJIb:
«Bebep», 2003. - 327 c. 2. Topaon A. B., CnuBsinckast A. I'. D1eKTpOMarHuThl MOCTOSTHHOTO
toka. - M. — JI.: 'ocaneprousnar, 1960. — 447 c. 3. becconoB C. A. TeopeTnuecknue OCHOBBI
DIIEKTPOTEXHUKHU. DIEKTPOMArHUTHOE Tojie: Y4eOHuk. — 9-e m3n., mepepad. U mom. — M.:
Iappapuku, 2001. — 317c.: un. 4. bapon 0. M. Texnonorus abGpa3uBHOIl 00pabOTKH B
MarHutHoMm tone. - JI., «Mammunoctpoenue», 1975 — 128 c. 5. IOnyco @.C.
®opmMo0oOpa3zoBaHUE  CIOKHO TNPOQPWIBHBIX TMOBEpXHOCTEH mnumdoBanuem. - M.:
MammHoctpoenue, 1987. — 248 c. 6. Martoxa [1.I'. Teopis pizanna. HaBuaneHuil nociOHUK.-
Honenpk: JorHTY, 2005.-258 c.
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CTEH ®U3BUYECKOI'O MOJAEJIUPOBAHUSA PABOYUX ITPOLECCOB
3EMJIEPOMHO-TPAHCIIOPTHBIX MAIIIUH

Tpetbsk A.B. (kagh. [ITCIAMO, [JonHACA, 2. Maxeeska, Yxpauna)

OCHOBHOW TEHIEHUMEN pa3BUTHS 3E€MJIEPOMHON TEXHHUKH SBISETCS IOBBILIEHUE
IPOU3BOJIUTEIBHOCTY W CHWKEHHE HHEPrOEMKOCTH IIpoliecca KOMAHUSA TIpyHTa. ITO
CHOCOOCTBYET HAxXOXKIEHHIO aKTyaJbHBIX METOJIOB M CIOCOOOB CO3JaHHMS HOBBIX
TEXHUYECKUX PEUIEHNH IPU OTHOCUTEJIBHO MAJIBIX MaTEepHaIbHbIX 3aTpaTax.

Jns co3manus HOBOrO pabodero oprana 3TM HE0OXOAMMO MPOaHATM3HPOBATH H
OTpeieanTh, KaKOMy MOMEHTY pa3pabOTKu TpyHTa HauOoyiee XapaKTEpHO BIIMSHHE
KOHKpeTHOoro kommnoHeHTa PO. IIpoBoauTe wuccienoBaHus TaKOro poJa Ha pPeasbHbIX
MalllMHax Joporo ¥ HeyaoOHo. JIns TakuxX HCClIeOBaHUN NpuUMeHseTcs (uszniyeckoe
MojenupoBaHue Ha cteHnax. Co3gaHMeM Takoro poja CTEHIOB MJIsl MPOBEIEHUS Ha HUX
uccnenoBanuii eme B CCCP 3anmmanuce npod. 3enennn, @enopoB u 1p. AHaJIOTHYHBIE
creHabl co3nanbl B BY3ax wm3ydaommx 3eMIiIepodHYI0 TEXHUKY: B JIHETpONETpPOBCKE,
Kpamaropcke, PoBHo, Mockse.

[Ipennaraemerit creng (puc. 1) COpOEKTUPOBAH C YYETOM TMOCIEAHHX Pa3pabOTOK
YIPABJISIIOMIETO M U3MEPUTEILHOTO 000PYI0BaHUS.

Puc. 1. O0wmii Bua creHna

Cocrout CTeHJ U3 IPYHTOBOTO KaHaja 1, TEH30METPUYECKOMN TENEXKHU 2, IUIAHUPO-
BOYHOTO OTBasa 3, 3JIEKTPONPHUBOIa 4, OCHOBHOM paMbl 5, YIJIOTHSIONIETO Bajuka 6. J{nuHa
rpyHTOBOTO KaHana 10 MeTpoB, 3TO HEOOXOUMO /JIsl TIOJYUYEHUsS] YCTAaHOBUBILETOCs pPeKUMa
konanusd. Pama cBapHas w3 miBensiepoB, JuyivHa 11 MeTpoB. YIIOTHAIOMMK BaduK U IJIaHU-
POBOYHBIM OTBaj CIy>KaT [Js NOJTOTOBKM MOJENU IpyHTa K omnbiTy. llepen mposeaeHueM
OTIBITOB BAJIMK MPUCOEIUHSIETCS K TEH30TENEKKE U MPOKATHIBAETCS MO TPYHTY 10 HOJYYEHHS
HEOOXOIUMOM IUIOTHOCTH, KOTOPYIO KOHTPOJHUPYIOT YMEHBIIEHHON MOJENBI0 yJIapHHUKa
JopHUMU [1]. TTocne nosyueHuss HEOOXOAUMOM MIIOTHOCTU TPYHTA B KaHaJle, YIUIOTHSIOMINI
BaJMK OTCOENUHSAIOT. [IMaHMpOBOYHBIN OTBajd CIyXUT Uil pa3paBHHUBAHUS TOBEPXHOCTHU
IpyHTa Hepel U Iocie MNpoBeAeHHs ombIToB. McnblTanus npoBojsaTcs Ha mojensax PO,
MaKCHUMaJbHO JOMyCTHMAas ImupuHa Mojend 350MM, 3TO OOYCIIOBICHO BIMSTHHEM IHA H
OOKOBBIX CTEHOK KaHaja Ha IUIOTHOCTh rpyHTa. CBOICTBa ASKBHBAJIEHTHOW cpenbl (IpyHTa)
yCTaHABIMBAIOT Ha 0a3e aHaan3a KpUTEpHUEB MoAo0us mporiecca [2]. DKBUBAJIEHTHBIE MOIEIH
HEKOTOPBIX TPYHTOB IIPUBEIEHBI B Ta0uIe 1.

OCHOBOM M3MEpUTEILHON CHUCTEMBI CTEHNA ABISETCS TeH30MeTpuueckas ['-oOpa3Has
noaBecka [l] ¢ HakJIeeHHBIMM Ha HEHW JaTYUKaMH OMMUYECKOTO COTPOTHBIICHUS.
VYcraHoBiIeHA OHAa Ha MOJBEMHOM Y3J€ TEH30METPHUYECKOW Tenekku. [IpuHnmn nencreus
CIeNyIoUMiA: ycuwive P, BO3HHKAlOIIee NMpU PEe3aHuH, CO3JaeT AePopMaluio B MaTepuaie
TEH30MOABECKU (Ccmanb ¢ GbICOKUMU NPOYHOCMHBIMU U YRAPY2UMU CEOUCMBAMU, HANPUMED
CTAJIb 50X®A), cnenoBarenbHO, 1eQOPMUPYIOTCS M JATUMKH, U3MEHSS INPU 3TOM CBOE
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CONPOTHUBJIEHUE, 3TO U3MEHEHUE YCWIAETCA TEH30CTAHIIUEN U B BUJE IHAarpaMMbl BbIBOJIUTCS
Ha nepcoHaibHbIi koMmbrotep (I1K).

Tabmuua 1. XapakrepucTuka HEKOTOPBIX MOAEIUPYIOIINX IPYHTOB HA MAacsHOM OCHOBE

Monenupyrouuii rpyHT(MOEINb)
Monempyembii cocTaB (U3UKO-MEXaHNYECKUE CB-Ba
TpyHT o yIoJI TPEHMS,
(opuruHa) KOMIIOHEHT % - - rpaj
= s | =2
S @) 0 = o )
= -l s > =B
5 2|18 |£E | g3
= =i =
S 22 | 2¢
o =R [,
LIEMEHT 40
CYTJIMHOK MOJIOTas TJIMHA 10 20 | 19-1] 0,02 | 22-24 | 20-21
IIECOK 40 2,1
Macjio BEPETEHHOE 10
MECOK 90 1,6 -
JIeTKas Cynech | MOJIOTas TJIMHA 34 6 1,7 10,002 | 35-37 | 30-32
Macjio BEPETEHHOE 6-7

CocTouT TeH30MeTpHYeCcKast TeIeKKa U3 paMbl U IOJbEMHOTO y371a. Ha mogpemMHoM
y31e (puc.2) Haxoastcs: I — oOpa3Has TeHzonoaBecka — 1; Moenb ucnsirbiBaemMoro PO — 2;
BUHT PEryJUPOBKU INTyOUHBI KOTIaHUA - 3.

J

Puc. 2 ITobeMHBIH y3€1 TEH30METPUUECKOH TENEKKH

TapupoBka U3MEPUTEINBHON CUCTEMBI CTEH/a IPOU3BOIUTCS ITyTEM HaBEIIMBAaHUS
TapUPOBOYHBIX TPY30B (puC. 3). [yt 3TOTr0 UCTIONB3YIOT MPUCOSAMHEHHBIA OTHUM KOHIIOM K
HIDKHEMY Kparo Hoka | ruGkoro kaHaTa 2, IpOBEIEHHOTO yepe3 OJI0K 3, a APYruM KOHILIOM K
KPIOKOBOM NOJBECKE 4, KOTOpasi Harpy>Kaercsi TApUPOBOYHBIMU Ipy3amu 5.
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TapupoBKy HEOOXOAMMO BBITIONHATH TEPEa 3alyCKOM CTEHAa M IOocie KaXKIoro
HU3MCHCHUA F.IIy6I/IHBI KOIIaHH.

B xadecTBe HABMXKMUTEN TEH30TENCKKH IIPUMEHEH OJJIEKTPOIPHUBOJ HA OCHOBE
INPOMBIIUIEHHOTO ACMHXPOHHOI'O 3JIEKTPOJBUIATENs, MOILIHOCTBIO 2 KBT. Perymmposka
YaCTOTbI BpallCHUA ABUIaTC/iA, a CJICAOBATCIBHO MW CKOPOCTH HNCPCABMIKCHUA TCIICIKKU
OCYIIECTBIIIETCS ¢ TOMOIIBIO TIpeoOpa3oBatelist yacTtoThl, yrpasisemoro [1K. Iepensuraercs
TCJICKKA IIpHU IOMOIIH KaHaTHOM TITH MO crieyaJIbHbIM peﬁKaM, YCTAaHOBJICHHBIM Ha paM¢C
creHaa. Bes mHbopMaius o mporecce KOMaHUs, TaKKe CKOPOCTh MEPEIBMKEHHS TEJEKKHU
BBIBOJIUTCS Ha KoMIbloTep. [Ipu HE0OXOIMMOCTH CTEHJ MOXKET OBITh NMepeoO0OpyI0BaH IO

npyrue tunsl PO.
J

Puc. 3 Cxema TapupOBKU U3MEPUTETHLHON CHCTEMBI

JlaHHBIN CTEHJ] MOXET OBITh UCTIOJB30BaH KaK B YUEOHBIX, TaK M B HAYUYHBIX IIETIX,
HarnpuMmep Ul UcliblTanusg Mojenel HoBoro PO.

OO0mass cToMMOCTh CTEHAA C YHPABISIOLUM M H3MEPUTEIbHBIM 000pYyAOBaHUEM
npuban3uTesisHO 20 ThIC. TPH.

Cnucoxk Jautepatypbl: 1. 3enenun A.H., Kapaces ['.H., Kpacunbuukos JI.B.
JlaGopatopHblii PaKTUKyM 1O pe3aHuto rpyHToB. M.: Beicmias mkoma, 1979. — 320c. 2.

Betpos 10.A. Pe3zanue rpyHTOB 3eMiiepoiiHbIMHM MamuHamMu. M.: Mamunoctpoenue, 1971. —
359c.

INPUMEHEHHE YACTOTHBIX METOJIOB AHAJIM3A TIOBEJEHUSI SMC HA
BA3E OBOBHIEHHOU IBYXMACCOBOU CUCTEMbI
Xomenko B.H., bopucenxko B.®. (/[onHTY, 2. /loneyk, Yxpauna)

PaccmarpuBaemast MaremaTmueckass Mojenb aAByxmaccoBoi OMC omnuceiBaeTcs
clenyroniei cucreMoit tud pepeHITaTbHBIX YPaBHEHHIN:

dw
1T;=M1_M12
dw,
Sy =M~ Me (1)
dlo. —
((Pl %):0)1_0)2
dt
M12:C12’(¢71_(/’2)
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Bce BenmuuHBI, BXOASIIME B CUCTEMY YPAaBHEHWMH SIBJISIIOTCS HOPMUPOBAHHBIMH, B
KauecTBe 0a30BBIX BEIMUMH IPUHATHL: @Wg =@y, Mz =M, , J, =J,, .

wl M, M, My, M wg

I J2

Puc. 1. PacueTHas nByxMaccoBasi HEpa3BETBIIEHHAsI CXeMa

3a/1aBIIMCh COOCTBEHHOM YacTOTON KoJeOanuit (217, MOMEHTaMU UHEPITUN CUCTEMEI J |
u J,, onpenenum Tpedyemyro kecTKoCTh Cia:

QL -J - J
Clzz# (2)
J +J,

C 1eTbI0 YIIPOIIICHUSI aHaJIM3a MPUMEM CJICAYONUE 3HAUCHUSI BEJTUUHH:
Q=1 pan/c; J1=1 H-m%; J,=2 H-m%; C1,=0,6667 H-m/pan

My12

>

> Mo

1 w2
-»[ >~—~>C Y — »(3
J2.s

» =

@D>E)»|— >

M1

Puc. 2. Simulink Moens paccMaTpuBaeMoOi JBYXMAaCCOBOM CUCTEMBI

Hwxe npencrasnenst JIAUX u JIOUX, nomyuennsie 1 11D M2 (p)/Mi(p).
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Puc. 3 . JIUX nByxmaccoBoit cuctemsl (0T Bxosa M; 10 Bbixoaa My;)

Ha rpagukax Ha gactore Q, umeercs muk JIAUX, dasza mensiercs Ha 180° (1 pan). o
aTOH yacToThl HakJIoH JIAUX pagen 0, mocie yBennuuBaercs Ha -40 n1b/okTaBy (-2). 910 *Xe
MOHO Ha0moaaTh U no [1D:

M12(p)= J, . 1
M (p) J +J, T1§I72+1

)

Takum 00pa3oM, 3TO ecTh KoJiebaTeIbHOE 3BEHO ¢ KOIPPUIMEHTOM IeMII(UPOBAHUS,
paBHBIM HYJIIO.

B kauecTBe ympaBisIIONIMX BO3AECUCTBUM JUII TaKOM CHCTEMBI MOTYT BBICTYINATh
CUTHAJBI pa3aumdHoi (Gopmbl. OrpaHUYHMCS PACCMOTPEHHEM HamOoJiee paclpoCTPaHEHHBIX
BHUJIOB YIPABISIIOMIMX BO3ACUCTBUM — CHUTHAJIBI THINA «CKAYOK», «IMHEHHO BO3PAaCTAKOLIMN
CHUTHA» M «IKCIOHECHIMAJIbHO BO3pacTarouuil curHam». UM coOTBETCTBYIOT 3BeHbs C [ID
Buaa (k=1):

M, (p) —k
1(p)
M k
1(p) _r @)
I(p) »p
M,(p) _ k
1(p) Tp +1

rae 1(p) - m3obpakeHne CUrHaia eUHUIHBIA CKAYOK.
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JIUX 3BeHbeB (HOPMHUPOBAHUS CUTHAJIOB U COOTBETCTBYIOIINE MM I'pa)UKU CUT'HAJIOB
IIPUBECHBI HIXKE.

CKa4oK NMHeNHO HapacTalLWun curHan 3KCNOHEeHUWanbHo HapacTalowWwnin curHan
1 : 40 § 0

-20

Magnitude (dB)
[=]
Magnitude (dB)
(%]

[=]
Magnitude (dB)

;&
1

@
0o

o
'

w

(=]

Phase (deg)
Phase (deg)

Phase (deg)

10 10 10 10° 10° 10
Frequency (rad/sec) Frequency (rad/sec) Frequency (rad/sec)

i
-
'
w

- =

o,

Step Response Step Response Step Response

1.5

Amplitude
Amplitude
Amplitude

0 5 10 0 5 10 0 5 10
Time (sec) Time (sec) Time (sec)

Pucynox 4 — JIUX 3BeHbEB (OPMHUPOBAHHS CUTHAJIOB M COOTBETCTBYIOIIHE UM TPapUKH
CUTHAJIOB

C upenpto anamuza peakuun OMC Ha pas3iIuyHbIE YIPABISAIOLIUE BO3JIEHCTBUS
paccCMOTpHM KOMOMHHPOBAaHHYIO CHCTEMY, COCTOSIIIYIO M3 JABYyX dYacTed — OJoka
(dbopMupOBaHUS YIPABISIONIET0 BO3AeHCTBUA U Moaeu DMC.

M2
- Z )
': i } =| 1 1| din "
crauor _'
> w2
1 > I Hwi w1 %»@» 1w
AMHMKA =
1
=

AKCAOHEHTA

Puc. 5. Simulink moens KOMOMHHUPOBAaHHON CHCTEMBI
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Jns curnana ckadox:

M J
12(17):1_ 2 1 J, _ 1 )

1(p) J1+J2-Tép2+1_J]+J2.T12p2+1

M, (p) _ M, (p)

VI curHajiia M THIIa CKayoK.
1(p) M,(p)

Jlst curnana TuHus

M12 Jz 1 J2 1
(») _ ©)

1
(p) p Jo+J, Tip*+1 J +J, Tip*+p

Takum 06pa3om, MOSBISETCS COMHOXKHTENb — , 4TO cKa3biBaeTcs Ha JIAUX,
p

yBennuuBas ee HakJoH Ha -1. JIOUX cmemraercs Ha -90° (—n/2 pan).
JlJ1st curnana 3KCIOHEeHTa !

Mlz(p): 1 ) Jy ) 1 _ I ) 1 )
1(p) Tp+1 Ji+J, Tap*+1 Jy+J, T3Ip> +T5p° +Tp+1

Ha uvacrore cpesa naxiion JIAUX ysennuuBaercs Ha -1. [IpereprieBaeT m3meHeHuUe
JI®UX (—n/8 pan Ha wacTtoTe cpe3a, 0 pax Ha OKTaBY HWKE M —7/4 paj] Ha OKTaBY BBIIIE).

[IpuBeneHHbIe 3aBUCUMOCTH NPOMIUTIOCTPUpPYEM MocTpoeHueM rpadukoB JIUX
KOMOHMHUPOBAHHBIX CHCTEM.

200

150

100

50

Magnitude (dB)

0

-50
-180
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360 S S S S U N U S OSSO SO OO 00 U0 W O
-1 0 1
10 10 10
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Puc. 6. JTYX moaenn KOMOMHHUPOBAHHOW CUCTEMBI JIJISI CUTHAJIA CKAYOK
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Magnitude (dB)
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Puc.7. JTUX Moneny KOMOMHUPOBAHHOM CUCTEMBI JIJIsl CUTHAJIA JIMHUS
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Puc. 8. JIYX monenn koMOMHUPOBAHHOM CUCTEMBI JJIsl CUTHAJIA SKCIIOHEHTa

[TomyuenHsle pe3ysbTaThl MOTYT OBITH UCTIOJIB30BaHBI IIPH 000CHOBAaHUU BHIOOpa BUIA
BXOJHOTO YNPaBJISIOIIEro Bo3ielcTBUS M|, ucXoas u3 TpeOOoBaHU K JMHAMHMKE CUCTEMBI.

Pa3zpaGoranHas mMomenb Ui TPEX XapaKTepHbIX HamOoJiee 4YacTO BCTPEUAIONIMXCS
BUJIOB BXOJHBIX YNPABISIONIMX BO3JEHCTBHUI MO3BOJISIET MOJYyUYUTh KOMOMHUpOBaHHbIe AUX
NpU TIEPEKITIOYEHUH THUTIOBBIX 3BEHBEB (OPMHUPOBAHUS BXOTHOTO BO3AeWcTBHs. [loxoxkas
cuTyauusi HaOIOJaeTcsl MpU HEKOTOphIX BHax mycka OMC M COOTBETCTBYET M3MEHEHHIO
BH/JIa XapaKTEPUCTUIECKOTO nosinHoMa [1dD cucremsl.

Cnucoxk Jmrtepatypbl: 1. "BuOpoakycTuueckas IMAarHOCTHKA 3apOXKIAOIIUXCS
nedexror"/®. 4. bammukuit, M.A. MBanoBa, A.I'. Cokonosa, E.M. XomskoB. M.: Hayka,
1984. 2. A.b. Jloros, P.IO. 3amapaeB. MaTemaTudeckue MOJEIN TUATHOCTUKHA YHHUKAIBHBIX
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o6wekToB. HoBocubupck: M3n-8o CO PAH, 1999. — 228c¢. 3. becekepckuii B.A., [Tonos E.II.
Teopust cucTeM aBTOMAaTUYECKOTO perynupoBanus. - M., Hayka, 1966, 992 c.

JAUHAMMUKA POTOPHbBIX MAIINUH: HEKOTOPBIE BOITPOCBI
Yepusimen E.A., boponaii K.B. (kag. TM, /lonHTY, 2. [loneyk, Yxpauna)

B nmanHO#l crarhe M3II0KEHBI HE OoJiee YeM COOOpaKeHHS aBTOPOB IO HEKOTOPHIM
BOIIPOCAaM JAMHAMUKU pPOTOpa, KOTOPHIE B CHIIy KPaTKOCTHU HE NMPETEHIYIOT Ha BCECTOPOHHUM
aHamu3. Peub waeT mpexe BCero 0 TEXHOJOTHYECKUX POTOPHBIX MAalluHAX Ui 00paboTKu
JIaBJICHUEM.

PotopubiM mammHaMm mocsimieHsl MHoTHe paboTsl JI.H. Komkuna, M.A. Kiycosa,
B.®. IIpeiica, B.B. Ilpeiica 1 MHOTUX ApyTHUX aBTOpOB. TeM Ooiee yAMBUTEIHHBIM SBIISETCS
TO OOCTOSITENILCTBO, YTO JUHAMHUKA POTOPHBIX MAIlIMH HE PACCMaTPHUBAETCS BOBCE, KaK OyATO
3TO COBEPIIEHHO HE BaKHO MPU MPOEKTUPOBAHUHN POTOPOB. 3€CHh aBTOPHI CIIEIIAT MOSICHUTD,
4YTO MOJ JIWHAMHMKOM IOAPa3yMEBAIOTCS HEKOTOPbIE KOHKPETHBIE BOIIPOCHI JIMHAMMKH,
U3JI0’KEHHBIE HUXKE.

KoneuHo, ecnum cpaBHMBaTb pOTOPHbIE MAIIMHBI C  XOJIOJHOBBICAJ0YHBIMU
aBTOMAaTaMH, TO C TOUYKH 3pEHHs JUHAMHKH 3TO CPAaBHEHHUE SIBHO B TOJIb3Yy MEPBBIX: paboyurne
CKOPOCTH B HUX Ha NOPSAJIOK MEHbLIE NPU TOH k€ UM 00Jiee BEICOKOHW MPOU3BOAUTEIBHOCTH.
OpHako eciaM TOCMOTPETh CO CTOPOHBI TEOPUM, TO B HACTOsIIEe BpeMs 3ajaya
NPOEKTUPOBAHUSI POTOPHBIX MAalIMH pPELIEHa B CaMbIX pPa3HbIX aCHEKTaX, CPeAu KOTOPBIX,
OJIHAKO, AWHAMHUKa (urypupyer iumb B o0mux ueprax. llpm sTomM oOTMETHM, YTO
MaTeMaTHYeCKH 3ajJada JAMHAMHKH pOTOpa OyAeT MMETh CBOM YHHUKAJIbHBIE YEpPThI, HE
IpUCylIMe JIpPYTUM MalIMHAM, HAlpUMep THUIPAaBIMYECKUM WM POTOpPaM XHUMHUYECKOIO
pou3BOICcTBA. TeM UHTepecHee MpeICTaBIsAeTCs JaHHas 3aJa4a.

[loguepkHeM, YTO TMHAMUKA POTOPHBIX MAILUH YK€ MHOTO JIET SIBJSIETCS PEIMETOM
uccnenoBanus aBTopoB 3 Tynl'Y. B aTom cMbIciie Hanbosiee BayKHBI, HA HAI B3TJISI, PAOOTHI
N.®. Koputoxuna [1, 2], B.B. Ilpeiica, B.A. Kprokosa [3]. IlepeueHp cChUIOK MO>KHO
HPOJOJIKUTH — B HUX PACCMOTPEHBI Ba)KHBIE BOIIPOCHI IMHAMUKHU poTOpa. OJJHAKO HEKOTOpHIE
HE MEHEE Ba)XKHbIE BONPOCHl [0 CHUX IOp OCTalTCS OTKPHITBIMHU. Bbipasumcs Oonee
OCTOPOHO: aBTOpaM HE YJaJIOCh HAUTHU OTBETOB Ha HUX B paboTax TYJIbCKOM MIKOJBL. YUTO
3TO 3a BOIIPOCHI U IOYEMY OHU Ba)KHBI?

Jlis aBTOpOB IJIaBHBIM SIBJSIETCSI CIEAYIOLIEE: KaK BIUAIOT MapaMETPbl POTOPHBIX
MallMH Ha aMIUIMTYAbl U Xapakrep kojeOanuit? (Ilo-Buaumomy, Hambojiee MHTEPECHBIMU
3/1eCh SIBIISIIOTCS KPYTWIbHbIE KoJieOaHUs poTopa.) Beab MOXHO CHpOEKTUpOBATH MAalIMHY,
KoTopas mpu padbote OyIeT MmoaBeprarbCcs CHIbHBIM BHOpamsaM. SICHO, 4TO TOJITOBEYHOCTH
TaKOW MalluHbI Oy1€T HAMHOTO MEHbIIIE, YEM B CIyyae KoJICOaHNU! ¢ MaJIbIMU aMILJIUTY JaMU.

Konebanus Bcerna Hem30€XHO NMPUCYTCTBYIOT, a 3ajjaya KOHCTPYHUPOBAHUS C TOUKH
3pEHUs] JMHAMHUKU CBOJUTCS K TOMY, YTOOBI CBECTM HMX K MHUHMMyMy. YTo Kacaercs
BapbUpPOBaHUs (Ha30BBIMU yIJIaMHu [ 1], TO 3TO OJIMH U3 YAaCTHBIX CIIy4aeB CHUKEHHS aMIUIUTY T
KoJieOaHWii poTOpa 3a CYET YMEHBIICHUS AaMIUIMTYJ OTACNIBHBIX (MM BCEX) TapMOHUK
MOMEHTa COIPOTUBJICHUS BpAILEHHIO, T.€. NMPaBOM yYacTU ypaBHeHUs auHamuku. Ho sta
BO3MOKHOCTb B portopax g OMJ] mnpakThyecku HCKIOYEHa, T.K. IpaBas 4YacTh
NpeJICTaBIsIeT CO0OW MEpPHOJAMYECKYI0 HENMHEHHYI0 pas3pbiBHYI0 O¢yHKIMIO (puc. 1) ¢
OTHOCHUTEJIbHBIM [TOCTOSIHCTBOM aMIUIUTY I TApMOHUK MOMEHTA.
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M

| |

I =

2

Puc. 1. Xapakrep (pyHKIIMM MOMEHTa COTIPOTUBIICHHUS BPALLICHUIO POTOPa

Xapakrep (YyHKIMM MOMEHTa COINpPOTHUBICHHS TaKXe HE JaeT BO3MOXKHOCTH
YMEHBUIUTh KOA(PPHUIHUEHT HEPABHOMEPHOCTH MOMEHTa [3] mHyTeM yBEIMYCHHS YHCIA
no3uimid. [loaToMy aBTOpaM mMpeAcTaBiIsI€TCS COMHUTENBHBIM, YTO B POTOPHBIX MalllMHAaX C
MOMEHTOM COIPOTHUBJICHHS THUMA M300pak€HHOTO Ha pUC. | yBeJMYEHHE 4YHCIa TO3MLUI
CHIDKAET aMIUTHTYAbl KoeOaHwmid [3].

Kpatkuii mepeueHp BOMPOCOB, KOTOpBIC, HAa HAII B3TJBL, TPEOYIOT TEOPETHUYECKH
000CHOBaHHBIX OTBETOB!

1. EcTh 11 cpenu mapamMeTpoB pOTOpa TaKOBBIE, KOTOPHIE HANOOJEE CHUIBHO BIHSIOT
Ha aMILIUTY bl KoJieOaHuil (paguyc poTopa, YUCI0 NO3UIMM UM YTO-TO JIpyroe)?

2. HackoJibKO CHMITBHO MPOSIBISIOTCS HEJTMHEWHBIE CBOMCTBA JUHAMUYECKON CHCTEMBbI?
Jlpyrumu cioBaMu, HaCKOJBKO OTpaBJaHa (€ciad OHa BOOOIIE MpaBOMEPHA) JMHEapU3aLus
ypaBHEHUI TUHAMUKU?

3. IlposiBAsAIOTCS JIM APYTUE PE30HAHCHI, KPOME OCHOBHOT'O, U HACKOJIbKO OHHU OTIACHBI?

4. BO3MOXHBI JIU B POTOPHBIX MalIMHAaX (YTO BIIOJIHE BEPOSITHO OXHUJIAaTh B
HEJIMHENHBIX CUCTEMAaX) XaoTUYECKUE KoieOaHus U MOSBJIEHUE CTPAHHBIX aTTpakTopoB? Mmu
IpeJIeIbHbIX HUKIOB?

5. MOXHO 7 OTpEAETUTh ONTUMAJbHOE 3HAYeHHE KO3(PQUIIMEHTa MEePEeKPHITUS IO
KpUTEPUI0O MUHUMYMa aMILUTUTY ] KOJieOaHi?

6. Eciin xosiebaHuii He TapMOHUYECKUE, TO YTO MPHUHATH B KAYECTBE «aMILIUTY b7

7. Kak 3aBUCHT NOTEHIMAJbHAs SHEPrHs yHpyrod nedhopManmum KpydeHHS OT
napaMmeTpoB poTopa?

OTBeThl Ha 3TU JI0BOJIBHO MHTEPECHBIE BOIPOCHI MOT'YT OKAa3aThCsl BOBCE HE TAKUMU,
KaK MOXET [0Ka3aTbCs Ha NEepBbIN B3rJsiA. [IprueM Bce 3TH BONPOCH! caMu 1O ce0e SBISIOTCS
MHTEPECHBIMU TEOPETUUECKUMU 3a7a4aMHU.

B 3akmouenne yrnomsiHeM, 4TO B MOCIeHEE BpeMsi MHOTHE, €CIIH HE OOJIBIIMHCTBO,
TEOPETUYECKUE MCCIECJOBAHUS JAMHAMUYECKMX CHUCTEM TaK WIM HHAYe YOHMpalTCi B
«MMUTALIMOHHOE MOJEIMPOBAHKE)» B PA3IMUHBIX KOMIIBIOTEPHBIX NporpamMmax. ITo Hamemy
MHEHHMIO, TAKOM MOJIXO0/ HE MOYKET CUUTAThCS TEOPETUUECKUM 00O0CHOBAHUEM.

Cnucok sutepatypsbl: 1. Kopatoxun U.@., Kprokos B.A., [Tamun A.A. CHuxxenue
YPOBHS KOJICOAHUI MEXaHUIECKOH CHCTEMBI C OJTHOTHITHBIMH BO3MYIIeHUsIMU// MI3BecTHs BY-
30B, ManmHoctpoenue. - 1986. - Ne6. - C. 30 — 34. 2. Kopuroxun 1.®d. MHoroiBUratenbHbl it
NPHUBOJT ABTOMATUYECKON POTOPHOM JIMHUM C KWHEMAaTHMYECKOM CHHXpOHHU3alued pabouyux
MallMH ¥ BBIPaBHUBAaHWEM Harpy3kd MeXIy NpHUBOAHBIMH jaBurarensimu// KysHeuHo-
ITAaMIIOBOYHOE MPOU3BOJCTBO. - 1979. - No2. - C. 25 — 27. 3. KptokoB B.A., I1peiic B.B. Tlo-
CTpOCHHE TIPUBO/Ia UCTIOJIHUTEIIFHBIX OPTaHOB POTOPHOM TEXHOJIOTHYECKON MAIIMHBI C yde-
TOM YpaBHOBEIIMBaHUs MOIIHOCTH// MammHocTpoenue u Texnochepa XXI Beka: Co. Tpy10B
MeXJI. Hayu.-TeX. KoH}. B I. CeBactonosne 13 — 18 centsi6pst 2004 r. B 4-x 1.— Jlonenx: [oH-
HTY, 2004. T.2. - C. 121 — 124.



