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BCTYII

AKTYaJIbHICTL TeMH. BUKOpUCTaHHS CHHXPOHHHUX JBUTYHIB 13
noctitinumu  marnitamu (CIAIIM) € oaHuM 13 NMEpPCHEKTHUBHUX HAIPSAMKIB
PO3BHUTKY €JIEKTPONpUBOAY. [laHi JBUTYHH B)KE 3apa3 BHUITYCKAIOThCS Y JIYKE
BEJMKOMY Jliana3oHi MOTYXHOCTEH, BiJl OAWMHHUIIL BaT 10 JECATKIB MeraBar.
[TepeBaror 1ux JBUTYHIB NE€pej IHIIMMH TUIIAMM JIBUTYHIB €: Majll rabapuTw,
MOYKJIMBICTh TIPALIOBAaTH 3 BUCOKOK KYTOBOKO MIBHIKICTIO, MAaJHil MOMEHT
1HEepIiT poTopa, Maji eJIeKTPOMEXaHIYH] Ta eJIeKTPOMarHiTHI MOCTIHHI Yacy, 110
JO3BOJISIE  peanmidyBaTM Ha iX 0a3l  BUCOKOJAMHAMIYHI  pEryiabOBaHl
esiekTponpuBoan. [lepepaxoBaHi nepeBaru CHHXPOHHUX JBUT'YHIB 3 MOCTIHHUMU
MarHiTaMy poOJIATh iX 3aCTOCYBaHHs PUBAOIMBUMH B PI3HUX 001ACTAX, Y TOMY
4uCHl 1 B poOOTOTEXHIII, /Ie MOTPIOHE MOETHAHHS TAKUX SIKOCTEH, K BUCOKUM
MOMEHT, MaJll MacH Ta rabapuTH, BUCOKA IIBUAKOIIS.

Sxuio macorabapuTHI MOKa3HUKU CMHXPOHHUX JIBUT'YHIB 3 MOCTIHHHUMHU
MarHitTaMu (QoOpMyrOThCS Ha CTajll MPOEKTYBaHHS JBUTYHA, JIWHAMIYHI
XapaKTePUCTUKH BU3HAYAIOTHCS BEJIMKOO MIPOIO CUCTEMOIO YIIPABJIIHHSI.

SIk nokasye aHalli3 HasBHUX poOIT, pH Po3poOIl CUCTEM YHpaBIIHHS
CAIIM BUHMKaEe CyNEepedyHICTb MK IIBHJKOIIEI0 €JIEKTPOIPUBOY Ta PIBHEM
MyJbCalllid eIeKTPOMArHiTHOTO MOMEHTY.

Benukuii obcsar HayKoOBUX Mpailb y I[bOMY HampsiMi 1 TOW ¢akTt, 110
IHTEHCUBHICTb MyOJIIKalLlli 10 IbOr0 Yacy He 3HUKY€EThCS, TOBOPUTH MPO TE, IO
NMUTAaHHS PO3POOKH aNrOpPUTMIB KEpyBaHHS CHHXPOHHHM JIBUTYHOM i3
IOCTIHHMMHU MarHiTaMu JI0Cl OCTATOYHO HE BUPILICHE 1 aKTyalIbHE.

O0'ekTOM IOCJIUKEHHSI IIPOLIECM aBTOMAaTHU30BAHOTO  KEpyBaHH:A
CJICKTPONPUBOZY CHHXPOHHOIO JIBUTYHa 3 IIOCTIHHUMH MarHitTaMu JJis
BUCOKOIMHAMIYHOTO TEXHOJIOTTYHOTO YCTATKYBAHHSI.

[IpeameTom A0CIiIsKEHHS € AITOPUTMHU KEPYBAHHS €JIEKTPOIPUBOIOM 13

CIIM Ta #fioro 1MHAMI4HI XapaKTePUCTHKH.



6

MeTor maricrepcbkoi po0OTHM € TOKpallleHHS JIHHAMIYHHUX

XapaKTEePUCTHK KOHTYPY pEryJIIOBaHHS MOMEHTY €JEKTPOINPHBOAY Ha 0a3i

CUHXPOHHOI'O JIBUT'YHA 3 MOCTIHHMMM MarHitTaMu ISl [iJBULICHHS IIBUIAKOIIT
€JIEKTPOIIPUBO/LY.

JIiis JOCATHEHHSI TOCTaBJICHOT METH HEOOX1/IHO BUPILIMTH TaKi 3aBJaHHSI:

1. Po3pobutu anroputMu KepyBaHHs enektporpuBogom 13 CJHIIM, mo
3a0e3MeuyoTh BHCOKY MIBUAKOAID Ta HHU3bKUU PIBEHb MyJbCallli
€JIEKTPOMAarHiTHOTO MOMEHTY.

2. CrtBOpuTH IMITAIIHY MOJIENIb PETyJIbOBAHOIO €JIEKTPONPUBOAY Ha 0asi
CUHXPOHHOI'O JBUI'YHAa 3 MOCTIHHMMH MAar”iTaM JUisl JIOCIIUKEHHS
€JICKTPOTIPUBO/IY B IMHAMIYHUX PEKUMAX 3 PO3POOICHUMH alrOpUTMaMHU
yIpaBIIiHHS.

3. IlpoBectn aHami3 BIUIMBY 4Yacy JAMCKpETH3allli CUCTEMH KepyBaHHS

€JIEKTPOINPUBOIOM Ha BEIMUKHY MyJIbCALlil €IEKTPOMArHiTHOTO MOMEHTY.



1. AHAJII3 CTAHY TEOPETUYHUX JOCJII>KEHD I
ITPAKTUYHHUX PO3POBOK CYHYACHUX EJIEKTPOITPUBO/IIB HA
BA3I CHHXPOHHMX JIBUT'YHIB 3 IOCTIMHUMHU MATHITAMHU

1.1. Oco0.1MBOCTI BUKOPHCTAHHS €JIEKTPONPHBOAIB HA 0a3i CHHXPOHHHX

€JIEKTPOABUIYHIB i3 NOCTIHHUMM MarHiTaMu

PerynboBanuii €JeKTPONPHUBO/I 3HAXOAUTL BCE OLIbIIE 3aCTOCYBAaHHS B
MPOMUCIIOBOCTI Ta PIi3HMX TEXHOJOTIYHMX MalIMHAX. MOro BHKOPHCTAHHS
J03BOJIUTH 3a0€3MeYUTH aBTOMAaTH3alil0 0araTboX TEXHOJIOTIYHUX IPOLECIB,
OTPUMATH CKIAJHHUI PYX MPOMUCIOBHUX MAIIWH, 3HU3UTH €HEPrOCIOKUBAHHS Y
PI3HUX TaTy3X TISUIBHOCTI JIFOACBKOTO CYCIUIBCTBA.

[Ile HampUKIHII MHUHYJOIO CTOMITTS AOMIHYIOUHUM €JIEKTPOIPHBOIOM Y
TUX YCTAHOBKaX, Ji¢ MOTpIOHO Oy/l10 B MIMPOKOMY [dlara3oHl peryroBaTh
HMIBUJAKICTb, OyB €IEKTPONPUBOJ MOCTIMHHOTO CTpyMy. ['OJOBHMUM HEIOJIKOM
€JIEKTPOINPHUBO/IIB NOCTIHHOIO CTPYMYy 3aBXJIM Oyja HasiBHICTb KOJIEKTOPHO-
IIITKOBOrO amapary eJeKTPUYHOI MallWHU, [0 MoTpedye 0cobJIMBOrO
00CIIyrOBYBaHHs, MPU HEMPaBUJIbHIN EKCIUTyaTallll 3HUKYE eKCIUTyaTalliiHy
HaAIMHICTh MAllIMHUA Ta 0OMEXY€E TMHAMIYHI XapaKTEPUCTHKHU €IEKTPONPUBOIY B
niiomy. Tomy B 90-X pokax MUHYJIOTO CTOJITTSI, 3 PO3BUTKOM MIKPOTIPOIIECOPHOT
Ta CHJIOBOI HAMIBOPOBIJHUKOBOI TEXHIKHA, PEryJbOBaHI €IEKTPOIPUBOIU
MOCTIMHOTO CTPYMY CTaJd BUTICHATHCS OE€3KOJIEKTOPHUMHU PETyJIbOBAHUMHU
CJIEKTPONPUBOIAMU 3MIHHOTO CTpyMYy Ha 0a3i aBTOHOMHOTI'O IHBEPTOpa HAIPYTH.
Hacamrmepen me cucrema (mepeTBOpIOBaY 4aCTOTHU-AaCUHXPOHHUN JBUTYH), IO
3a0e3neuye HeOOXIHI XapaKTEPUCTUKU PyXYy BHUKOHABYOIO OpraHy OUIBLIICTB
TEXHOJIOTTYHUX MallMH. Y TOM JKe€ Yac € psai MexXaHi3MiB, e IIeBHI
XapaKTepUCTUKU TAKO1 CUCTEMH HE3a[OBUILHI, 1 K aJIbTEPHATUBA IM 3HAXOASNTH
3aCTOCYBaHHS  PErylbOBaHI  €IEKTPONPUBOAM Ha  0a3l  CHHXPOHHUX

€JIEKTPOABUTYHIB 13 ocTiiHuMHU MarHiTamu (CATIM).
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ManmHu 3 TOCTINHUMHU MarHiTaMy BUHAUIIUIM 1€ HA MTOYaTKOBOMY eTarl
pPO3BUTKY enekTpoMexaHiku. OIHaK NIMPOKOTO 3aCTOCYBAHHS BOHH OTPUMAIH
NPOTATOM OCTAHHIX JECATUJITH Y 3B'SI3KY 3 pO3pOOKOI0 HOBHUX MarepiaiiB s
NOCTIMHMX MAarHiTIB 3 BEJIMKOK NMUTOMOK MAarHiTHOK €HEprierw (Harpukiai,
CIUIaBIB Ha OCHOBI camapito Ta KoOanbTy). CHUHXpOHHI MAIIMHM 3 TaKUMH
Mar”iTam 3a CBOIMH MacorabapuTHHUMH MOKa3HUKaMHU Ta €KCIUTyaTalliHUMHM
XapakTEepUCTUKAMM y TEBHOMY Jlana3oHi MOTYXKHOCTEH Ta 4acToT oOepTaHHs
IIIJIKOM MOXYTh KOHKYPYBaTH 3 CHHXPOHHUMM MAalIMHAMH, [0 MAalOTh
eJIEKTPOMAarHITHE 30y KSHHS.

Y CAIIM marsiTHe noje potopa GopMy€eThCsS 3a AOMOMOI0I0 MOCTIHHUX
MAarHiTiB. 3aBAsSKH BIACYTHOCTI 00MOTKH 30ymxenHs y CIIIM BiacyTHi BTpaTu
Ha 30y/KEHHS Ta KOHTaKTHI Kibla. Born marTe Bucoknit KK/, iX HamiiHICT
3HAYHO BUIIA, HUK Yy 3BUYAMHUX CHHXPOHHHMX MAallUH 3 OOMOTKOKO 30Y/’KEHHS.
Kpim TOro, BOHM MPaKkTUYHO HE MOTPEOYIOTH 0OCIYTOBYBAHHS MIPOTATOM YCHOTO
TepMiHy ciyxo0u [1-2].

[TocTiiiHI MarHiTH MOXXYTh 3aMIHIOBaTH OOMOTKY 30Yy/KEHHS SK Y
OaraTtoasHMX CUHXPOHHHUX MalllMHAX 3BUYAWHOIO BUKOHAHHS, TaK 1 Yy BCIX
cremianbunx  BukoHaHHsiX. CJIIIM  BigpI3HSAIOTBCS Bl aHAJOrB 3
€JIEKTPOMArHiTHUM  30Y/UKEHHSIM  KOHCTPYKLII€I0 1HJIYKTOPHUX MAarHiTHHUX
cucTeM. AHaJIOrOM poTOpa 3BMYAMHOI CUHXPOHHOI HESIBHOMOJIFOCHOT MAILIMHU €
HATIHAPUYHUN KUTBIENOMIOHUM MarHiT, 10 HAMarHidye€TbCsd B palaibHOMY
Hanpsmi (puc. 1.1, a).

Jliis onucy eJeKTPOMAarHiTHUX IPOLIECIB y CUHXPOHHMX MalluHax 13
MOCTIMHUMHM MAarHiTaMd IUIKOM MpHAATHA TEOpis CHHXPOHHHX MAIIUH 13
€JIEKTPOMArHiTHUM 30y/pKkeHHsM. OfHak, Uisl TOro, 00 CKOPHCTATHUCA L€
TEOPIEIO0 1 3aCTOCYBATH 11 VISl pO3PaXyHKY XapaKTEPUCTUK CUHXPOHHOI MallIMHH
3 TMOCTIMHUMH MAar”HiTaMu B F'€HEPATOPHOMY a00 pPyXOBOMY pPEKHMI, TOTPIOHO
3a3/1aJIeTilb BU3BHAYUTH 110 KPHUBiM po3MarHidyBaHHs noctiiiHoro marHity EPC

xosoctoro xony £y abo koediuient 30ymkeHocti € = Ey /U 1 po3paxyBaTH
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THAYKTHBHI 0MOpH X ¢ Ta X,y 3 ypaxyBaHHSAM BILUIMBY MarHiTHOTO ONOPY MAarHiTy,

AKE MOKe OyTH HACTUIBKHU CYTTEBUM, 10 X 10 < X 44 .

///

Pucynox 1.1. [HayKTOpHI MarHiTHi CUCTEMH 3 LFTIHIAPUIHUM Ta

//ZA

I

Z

| IS
L2

a)

31PKOMOIOHUMHU MarHiTaMu: @ - 31pKOMOAIOHMI MarHiT; 6 - YOTHPUIIOTIOCHUH

LWIIHAPUYHUM MarHiT.

OcHOBHUMHU TiepeBaraMu enexTporpruBoay Ha 6a3t C/AIIM e [6]:

1. Bbe3KOHTakTHICTb  Ta  BIACYTHICTH  BY3JiB, $IKI  HOTPeOYIOThH
obcnyrosyBanHs. BijcytHicTs y CJIIIM KOB3HUX €NE€KTPUYHUX KOHTAKTIB
ICTOTHO MIiJBHILYE 1X pecypc Ta HAAIWHICTh MOPIBHIHO 3 €IEKTPUYHUMHU
JABUTYHAMH IOCTIHOTO CTpyMy ab0 aCMHXPOHHUMM [IBUTYHAaMH 3 SIBHO
BUPaXEHOK 0OMOTKOIO Ha POTOPI.

2. Benuka nepeBaHTaKyBaJlbHa 3JIaTHICTb 110 MOMEHTY (KOpOTKOYacHa
KpPaTHICTh MAKCUMAJIbHOTO MOMEHTY JOPIBHIOE 5 1 OijbIie).

3. Bucoka mBHAKOMAIS, OOYMOBJIEHAa BIJHOCHO MAaJO0  BEIMYUHOIO
€JICKTPOMArHITHOT Ta MEXaHIYHOI 1HEPLIIHHOCTI.

4. Bucoki eneprernuni nokaznuku (KKJ| Tta cos ¢). [loxazuuxu KK]|
BEHTWJIBHHUX JIBUTYHIB MepeBUIIYyIOTh 90% 1 qy»e Mano 3MIHIOIOTECS TIPH
3MiHI HABAHTAXXEHHS JIBUTYHA 32 IMOTYXXHICTIO 1 IIPU KOJIMBAHHSIX HAIPYTu
MEpekKl JKUBJEHHS, Y TOW 4Yac K y ACHUHXPOHHUX EIEKTPOJBUTYHIB
makcumanbHuit KKJ[ cranoBuths He Oinbine 86% 1 3ai1ekuTh BiJ 3MIH

HaBaHTa*KCHHA.
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5. MiHiManapHe 3Ha4YE€HHS CTPYMIB XOJIOCTOTO X0y Ta pOOOUYUX CTPYMIB, IO
J03BOJISIE JIOCUTh TOYHO BHMIPIOBATH HABAHTA)KCHHS JIBUTYHA Ta
ONTUMI3yBaTH PEKUM POOOTH.

6. IlpakTMuHO HEOOMEXKEHMIl Jiana30oH pPEryJrOBaHHS 4YacTOTH OOepTaHH:I
(1:10000 i Ginbline) Ta MOMIMBICTL PEryJilOBaHHS 4acTOTH OOepTaHHs 3a
PI3HUMH 3aKOHaMH.

7. Huszpkuii neperpis CIAIIM 30uibinye TepMiH CIIy)KOH €JIEKTPOIPUBOLY,
OCKUIbKH 30LIBIIYETHCS PECYPC 130JAMIHHUX MaTepiaiiB, 10 MPaALIOIOTh 32
HIDKYMX TeMnepartyp. Lleit paxkTtop n03BoIIsi€ €1EKTPONIPUBOLY IPALIOBATH
B HECTAH/IAPTHUX PEKUMAX 3 MOKIMBUMHU NIEPEBAHTAKEHHIMMU.

8. MiHimManbHI MacoradapuTHI MOKA3HUKH 32 1HIIUX PIBHUX YMOB.

9. 3naunMii TepMiH cayKOU (HampaioBaHHs Ha BIAMOBY cTaHOBUTH 10 000
ro 1 Ouiblue), HaAIMHICTh. Pecypc enekTpoABUIyHa Ta BChOT'O arperary
30UIBIIYETHCA TAKOXK 33 PAaxXyHOK MOMKIMBOCTI ONTHMI3allli pPeKUMIB
po6OTH 31 HIBUAKICTIO Ta HABAHTAKEHHSM.

10. MO*IMBICTh BUCOKOIIBHIKICHOI'O BUKOHAHHSI.

Hageaeni Buie nepesaru ejaexkrponpuBoiiB Ha 6a31 CIIM poGusrts ioro
MEepPCIEKTUBHUM y TaKUX Tamy3sx sk [19, 28]:

—  CepBONPUBOAM poOOTIB Ta MaHIYJISITOPIB;

—  NPUBOAM MOJIa4l Ta FOJIOBHOI'O PyXy METajopi3alibHUX BEpCTaTiB Ta
KOOpJAMHATHUX IPUCTPOIB;

—  aBTOMaTW4Hi JIHII 3 00poOKM pi3HUX MarepiajaiB abo0 30upaHHS
BUPOOIB,;

—  MaKyBaJibH1 MallMHU;

—  JIpyKapcChKi MalllMHU, IPUHTEPH Ta IJIOTEPH;

—  HaMOTYBaJibHI Ta CTPIYKOIMPOTSKHI MEXaHI3MU;

—  Npeuu3iiHI CUCTEMU CTECKEHHS Ta HaBEJCHHS;

—  aslaliiiHa TexHika;

—  MeJUYHa TeXHIKa;

—  TSATOBUH €JIEKTPOIPHUBII €JICKTPUUHOTO TPAHCIIOPTY;
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—  IPUBOJM KEPMOBOTO YIPaBJIIHHS JITAJILHUX Ta ITJIBOJHUX araparis,
aBTOMOOLITIB;
—  TIpHMYI MalllMHU;
—  TypOOMEXaHI3MH;
—  noOyToBa TEXHIKa Ta iH.

EnexrponpuBoau Ha 6asi CAIIM wmaiioi Tta cepelHboi IMOTYKHOCTI €
0Cco0JIMBO TIPUBAOIMBUMU JJIs1 X BUKOPUCTAHHA Yy CKiaal cepBonpuBoaiB. [Ipu
upomy CJIIIM 3a0esneuye BIZHOCHO Maii rabapuTH, XOpPOILIlI €HEepreTHYHI
MOKa3HUKU Ta Mayly IHEpUIAHICTb. Y TOM K€ 4ac, IIBMIKHMA 1 TOYHUN pyx
BUKOHABYOTO OpraHy CepBOMPHUBOJAY HEMOXKIUBUN 0€3 SKICHOI CHCTEMH
ynpasninHa. Ha puc. 1.2. HaBeeHO cripoleHy CTpYKTypy CEpBOIIPUBOAY Ha Oasi

CJITIM.

ICY EMIIE EMK |
e W, LM |
X Yy ; ._g_ o !
1= I \‘r
CY PBO :D MK
K

Pucynok 1.2. Ctpykrypa cepBornpusoay 3 ypaxysanHsam C/IIIM:

CV — cucrema ynpapiinnag; CY EMIIE - cucrema yrnpasiiHHs
esieKkTpoMexaHigyHoro neperBopeHHs exeprii; CY PBO — cuctema ynpaBniHHS
pyXoM BUKOHaBuYOro oprany; EMK — ejlekrpomartiTHi KOOpAHHATH;

MK — mexaniuni koopauHaT; U — BEKTOp HAIpyru Ha CTaTOPHINA 0OMOTIL;
I - Bexrop ctpymy craropa; ¥ — BekTop notoky; M . — eIeKTpoMarHiTHUH
MOMEHT; (® — KyTOBa IIBHJIKICTh Ha Baly; O — KyT IIOJIO)KEHHS pOTOpa;

M — MOMEHT Ha Baly.
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Y uii  CTpyKTypl MOIUIEHO TIpollec, SAKWH TPOTIKAE BCEPEMHI
€NeKTPOJABUTYHA 1, BIIMOBIAHO,  YaCTUHA  CHUCTEMHU  YOPABIIiHHSA
€JICKTPOMEXaHIYHUM TIEPETBOPEHHSAM eHeprii, ToOTo mporec (opMmyBaHHS
MexaHIYHuX KoopauHat. Lled moain 3po0sieHO 3 TUX MIPKYBaHb, 10 MPOLEC
€JIEKTPOMEXAHIYHOTO [ePETBOPEHHS €HEepril BU3HAYAETHCS, HaCaMIIepe 1, TUIIOM
€JIEKTPO/IBUTYHA 1 HE 3aJIeKUTh BIJ MEXaHI3My, 110 IPHBOJUTECS B PYyX.
DopMyBaHHS * MEXaHIYHMX KOOPAMHAT BEJIMKOIO MIPOK BH3HAYAETHCS THIIOM
MexaHi3My, KoHpirypaiiis sKoro Moxe Oytu pizHomaHiTHOWO. [Ipu npomy pyx
BUKOHABYOTO OpraHy €JIEKTPOTPHBOAY 3 OAHOTO OOKy BH3HAYAETHCS
KOHQIrypaliero MexaHi3My, a 3 IHIIOTO — KEpYIOUUM BIUIMBOM, SKHM IUIs
MEXaHIYHOI MIICUCTeMH €JIEKTPONPHUBOY € CICKTPOMArHITHUM MOMEHT.

B pe3ynpTraTi cHUCTeMy VIIpaBIIHHS MOKHA PO3JUTMTH HA CHCTEMY
YIPaBJIiHHSA MPOLECOM €JIEKTPOMEXaHIYHOT O TIEPETBOPEHHS €Heprii, o hopMye
€JIEeKTPOMArHiTHUA  MOMEHT, 1 CHCTeMYy  YIPaBJIIHHS  MEXaHIYHUMU
KOOpAMHATAMH, 110 3a0e3medye pyxX BUKOHABYOTO OPTaHy M0 3aJaHiil TpaeKTopii.
[IIBuj ke Ta TOYHE BIANpPALFOBAHHS MOMEHTY INpH ILbOMY 3a0e3rnedyBaTuMe
SKICHILIE BIJICTEKEHHS CEpPBOINPHUBOJOM HEOOXiaHOT TpaekTopii pyxy. SKuio
YACTOTHUHU CKJIaJ 3MIHHOTO HAaBaHTAKEHHS, CTATUYHOI'O 1 JUHAMIYHOIO, 110 JI€
Ha EeJIEKTPONPUBOA Oye€ MEHILUM 3a CMYTY IPOIYCKAaHHS €JIEKTPOMAarHiTHOIO
MOMEHTY, TO KOHTYp PEryJiOBaHHS €JEKTPOMArHiTHOro MOMEHTY MOKHa
po3TIsIaTH K O€31HEPIIAHE JKEpesio MOMEHTY [14], mo 103BOJIUTH CYTTEBO
CIPOCTUTH CHHTE3 QJITOPUTMIB YIIPABIIHHA MEXAHIYHUMH KOOpPIAMHATAMH
CEPBOIIPUBOLY 31 CKJIATHUMHU KIHEMATUYHUMHU CXEMaMHU.

Takum uMHOM, OKPEMHM 3aBIaHHSAM YOCKOHAJICHHS €JICKTPOIIPUBO/IIB HA
0azt CHIAIIM MoxHa po3rasaatd  po3poOKy  aIrOpUTMIB  YHPABIIIHHSA
esekTpoMardiTHUM MoMeHToM CJIIIM, 1m0 3a0e3neuyroTs BUCOKY TOUYHICTB Ta

IIBUJIKOJIIIO PETYTIOBAHHS.
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1.2. MeToau KepyBaHHS CHHXPOHHUMHU ABUTYHAMH i3 NOCTIHHUMH

MAarHiTaMHu

[HTepec 10 MUTaHHS PEryJOBaHHS KOOPAMHAT CUHXPOHHOIO JIBUT'YHA
MIPOCTEKYETHCS TMPOTATOM OCTAHHIX JIECATKIB POKIB, MPOTATOM SIKMX 0araro
aBTOpIB MPOBOAWJIM PO3pOOKY Ta JOCHIDKEHHS PI3HUX TUIIB CHHXPOHHHMX
JIBUT'YHIB 13 MIOCTIMHUMM MarHiTaMu.

Y [12] noka3zaHo, 1110 BUKOPUCTAHHS MOCTIMHUX MAarHITiB Y CHHXPOHHUX
JIBUTYHAX 3 IBHO BUPAKEHUMH IOJIIOCAMH JJI PETYJIbOBAHUX €IEKTPOIPUBO/IIB
MOKPAILYIOTh iX XapaKTePUCTUKH CTOCOBHO IHIIMX KJIACIB MalIMH 3MIHHOI'O
cTpyMy. BoHu HaaifiHim, 37aTHI 3a0€3MeYUTH OUIbIIY TOTYXHICTH MpPH
BITHOCHO MayIuX rabapuTax, MOKyTh TPAIIOBATH HAa BUCOKHX IIBUAKOCTAX Y
PYXOBOMY Ta I€HEPAaTOPHOMY PEKHUMaX, EHEPreTUYHO €(PEKTUBHI y IIUPOKOMY
J1lara3oHi MBUAKOCTEH.

V [10] Oynu po3riasiHyTi MEPCHIEKTUBU PO3BUTKY €IEKTPONPHUBO/IIB Ha 0a3i
CIAIIM Ta nogaHo €KBiBaJICHTHI MOEI €IEKTPUYHHUX CXEM JIJIs TAaKUX JIBUTYHIB,
a TaKo)X METOJAu BHM3Ha4yeHHs iX mapamerpiB. [lopiBHSHHS pe3yJibTaTiB
MOJICTTIOBaHHSl 3 TMPOBEACHUMHU EKCIEPUMEHTAMH IiITBEPIANIO a/IeKBATHICTh
iXHBOI MOJIEJIL.

VYV [11-12] knacudikoBaHO CMHXPOHHI ABUI'YHH Ha JIBa THUIIM: CHHXPOHHI
nBuryHu 3 nocriiaumu Marditamu (CJIIIM) ta 6e3u1iTKoBI ABUT'YHHU TOCTIHHOTO
crpymy (BAIIC). CAIIM mae cunycoinansHy npotu-EPC 1 11 HpOro notpioHo
(dbopMyBaTH CUHYCOIZQJIbHUN CTPyM cTaTopa Uis OTPUMAaHHS IOCTIHHOIO
MOMeEHTY, 110 KpyTuth, a B/IIIC mae tpaneueigansny npotu-EPC 1 mpaitoe 3
NPSIMOKYTHUMH CTpyMaMH CTaTtopa s OTPUMAHHS TOCTIHHOTO KpPYTHOTO
MOMEHTY.

CHIIM nyke CXOKHMM HAa CUHXPOHHHUM JABUTYH 3 HEABHO BHUPAKECHUMU
IIOJIFOCAMU, Y SIKOTO 3aMiCTh 0OMOTKHU 30y KEHHSI BAKOPUCTOBYETHCS MOCTIMHUN

MarHir.
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Mogens CUAIIM moxe OyTd oTpuMaHa 3 BiJIOMOI MOJEI CHHXPOHHOI
mvamuHu. PiBustnas CJIIIM BuBOASTBCS B dg cUCTEMiI KOOPAMHAT KOPCTKO
noB's3aHo1 3 poTopoM. OOMOTKa 30y UKEHHS 3 MOZENi BUKIIOYAEThCS depe3 ii
BIJICYTHICTb, a IIOTIK POTOpa BBAXKAETHCS HE3MIHHHUM, 4Yepe3 OCOOJMBOCTI
pO3TalllyBaHHS CUCTEMHU KOOPMHAT.

[Tonanns piBasHbs CJITIM y cuctemi KOOpAIMHAT dg € OCHOBHUM CIIOCOOOM
onucy #oro poGoru. Takuii ommc 3abe3rnedyye HAOYHICTH MPOINECIB, IO
pOTiKalOTh B 0OMOTKax craropa. JliicHI CcTpymMH Ta HAmpyrd cTaTopa y
HaBeIeHIN ABO(a3HIN HEPYXOMIN CHCTEMI KOOPAMHAT MOB'A3aHI 3 POTOPHUMH
BEJIMYMHAMU OJIHO3HAYHHUM TepeTBOpeHHAM. LI nepeTBOpeHHsI IPyHTYIOThCS Ha
NPUITYIIEHH] MPO CUMETPUYHICTh €JICKTPUYHUX Ta MArHITHUX JAHIIOTIB YCIX
obmotok. Kpim cucremMu KOOpAMHAT dg 1HOAI 3acCTOCOBYETHhCS CHCTEMA
KOOPAHMHAT ¢-ff TP IbOMY 3HAYCHHS 1HAYKTHUBHOCTI 0OMOTOK cTaTopa ITOB's3aHe
TPUTOHOMETPUYHUMHU 3AJICKHOCTSIMU 3 KYTOBUM IOJIOKEHHSIM POTOPA.

Icuye Takox mpocropoBa mozaens C/IIIM, sxa BpaxoBye BTpaTH €HEprii
[14, 17, 20]. Ha 6a3i wmiei Moxmeni Oy 3amporoOHOBaHI METOIM OLIHKH
napameTpiB JBUI'YHA, 1110 3MIHIOIOTLCS, B IPOLIECT pOOOTH.

Mopeni pi3HUX THUIIB CHHXPOHHMX JIBUTYHIB Yy TIOpDIBHSHHI 3
ACUHXPOHHUMH JIBUT'YHaMU HaBeaeHo B [ 19, 21], ne orpuMaHo MOe1b OCHOBHUX
II0JIFOCIB CHHXPOHHOI'O JIBUT'YHA, a BC1 pIBHSHHS BUBEJEHI B CUCTEM1 KOOpIMHAT
dg 1 mpeacTaBieH1 y BUTIISI1 MaTpulli. EKBIBaieHTHA cXema JBUTYHA MPU [[bOMY
BKJIIOYAJIa AeMnQyrody oOMOTKY 1 Oyia npeacTaBieHa K JHKEPEIo MOCTIHHOTO
CTpyMY.

Po3pobneni y 80-x pokax MUHYJIOT0 CTOMTTS MatematuuHi mojeni CAIIM
3roZloM OyJM peali3oBaHi y BHUIVIAAI KOMIT'IOTEPHHUX IIPOrpaM, y TOMY YHCI Yy
BUIIISAL O10KIB cepepoBuina Matlab Simulink , egexkTuBHICTE Ta aIeKBaTHICTH
SKUX BIJI3HAYA€ThCs B Oarathox podotax [15, 17].

Enexrponpuson Ha 6a31 CIAIIM, sk 00'eKT ynpaBiiHHS, HE Ma€ ICTOTHUX

BIJIMIHHOCTEH BiJI €JIEKTPONPUBOAY Ha 06a31 CHHXPOHHOIO JABUI'YHA 3 0OMOTKOIO
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30yJKEHHS PO3TalllOBAHOT HA 1HAYKTOPI, TOMY METO/IM KEPYBaHHS CHHXPOHHUM
MBUTYHOM nipuiHsITHI 1 st CJITIM.

Po3BUTOK mpuHUMIIB  ympaBiiHHsA — enekrponpusony i3 CJAIIM
OOYMOBIIIOETBCS  PO3BUTKOM TeOpli Ta METOMIB VYIPABIIHHSA, a TaKOoXK
yIOCKOHAJICHHSAM amnapaTHoi 0a3u ejlekTponpuBoay. Peamizaiis ynpapiiHHS
CAIIM 3 ypaxyBaHHSM MapaMmeTpiB CaMmoOro JBHUI'YHA, HasBHICTIO J1aT4YMKIB
KYTOBOI'O IIOJIOKEHHSI pOTOpa, TUIIOM IIEPETBOpPIOBaYa Ta OOYMCIIIOBAIBHOIO
NOTYKHICTIO ~ KOHTpoJiepa  J03BOJISIE  CYOUTH  MpO  e(PEeKTUBHICTHL
BUKOPUCTOBYBAHUX aJITOPUTMIB [22].

OjuH 13 nepimux crnocoOIB ypaBiiHHI CHHXPOHHUMHM JABUTI'YHAMHU Ha 0asi
HaIiBIIPOBIAHUKOBOIO MEPETBOPIOBAYA OTPUMAB Ha3BY BEHTUJILHOTO JIBUTYHA [6,
15], skuit TakOXK HA3WUBAIOTh OE3KOJIEKTOPHUM ABUTYHOM MOCTIHHOTO CTPyMY 3
30y/UKEHHSM BiJ TMOCTIHHUX MardiTiB. BpaxoByroun, 1m0 KOMyTalis KIIIOYiB
BEHTHJILHOTO JBUT'YHA )KOPCTKO MOB'A3aHA 31 CTAHOBMILIEM POTOpA, HATIPYTa, M0
NpuUKIagacTbes 10 (a3 ABUTyHA IpU HOro podoTi, Mae Tpanenoiany Gopmy. Liei
croci0® ympaBIiHHS JOCUTb MMPOCTUH Y peai3allii i Mae XOpOoIury IMIBUIAKO/IIO, ajie
oMy mpuTamMaHH1 BEJIUKI MyJIbcallii MOMEHTY.

Jlns migBuiieHHs skocti ynpasiinas cydacuHi C/IIM, sk mnpaBuio,
JKUBJIATBCS BiJl aBTOHOMHOI'O 1HBEPTOpa HAINpyru, 1o GopMye BIAMOBIAHO 10
[IOTOYHOIO CTaHy JBUI'YHA BEKTOP HAaNpyrd, HEOOXIJHUH HOCATHEHHS METH
yIpaBIIIHHS.

[Ipu popmyBaHHI BEeKTOpa HAIPYTH MOXKHA IOMOTTHCS PO3MOLTY TOTOKY
craTopa OJIM3bKOIro A0 cunycoigaabHoi (Gopmu, Tomy s CHIIM 3uaiim
3aCTOCYBAHHSA Ti JK METOJAM VIIPABIIHHS, Kl BUKOPUCTOBYIOTHCS IS
acuHXpoHHUX aBuryHiB [7, 10, 18, 21]. Jlo Takux MeTOAIB Hacammepen
BIJTHOCATBHCS IOJICOPIEHTOBAHE YIPABJIIHHS Ta IIpsIME yIpaBJIiHHSA MOMEHTOM. B
pe3yabTari NPOBEACHUX HOCIIKEHb BOHU IMOKAa3ajid, L0 PIBEHb MyJlbCallli
€JIEKTPOMAarHiTHOTO MOMEHTY TIpU TOJIOPIEHTOBAaHOMY YIPABIiHHI 1CTOTHO
MEHIIMNA, HDK TNPU BUKOPUCTAHHI aJTOPUTMIB KEPYBAHHS BEHTHWJIBHUMHU

JABUT'YHAMH 3 JaTYHKaAMH Xomna.
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3araJbHUM HEJIOJIIKOM BCIX CHCTEM TIOJIIOPIEHTOBAHOI'O YIIpaBIiHHS

CAIIM, mo po3riisiialoThCsl, € HEBUCOKA MIBUAKOMIS PETyJIFOBAHHS MOMEHTY B

MOPIBHAHHI 3 MPSMUM yrpaBiiHHIM MomeHTOM (ITYM), 1o 3Byxye o0nacts ix
3aCTOCYBaHHS Y BUCOKOTOYHUX JMHAMIYHUX €JICKTPOIPHUBOAX.

B enexrponpuBojax, 10 BUMAraroTh BUCOKOT IIBUIKOIIT pEryIrOBaHHS,
HaOymu mommpenHs C/IIM 3 mpsmMuM kepyBaHHAM MoOMeHTOM. OCHOBHUM
IPUHIIMIIOM TIPAMOTO YIPABJIIHHS MOMEHTOM € BHOIp BIANOBIAHOIO BEKTOpa
HaMpyrd B 3aJ€KHOCTI BIJ MOJIOKEHHS BEKTOpAa MArHiTHOIO MOTOKY pOTOpa,
PI3HMII MK 33JaHUM 1 pealbHUM MOMEHTOM, [30].

[Tpsime yripaBimiHHS MOMEHTOM Ma€ TaKl MepeBart, siK Xopolla MBHIKOIis
110 MOMEHTY, BUCOKHH €JIEKTPOMArHITHUM MOMEHT NMPH HU3bKUX HIBHIIKOCTSIX.
Hanpuknan, y poboti [17] npencraBneni Ttabnuill nepeMUKaHb sl IPSMOTO
VIOpaBIiHHA MOMEHTOM, BHKOPHUCTaHHS SKHX CIpHS€ 3HIKCHHIO PiBHA
nyJibcalliii. Ta MOMEHTY OIOpY Ha Bajy JABUI'YHA.

Kpim mosaeopieHTOBaHOTrO 1 NPSAMOro yNpaBlIiHHA MOMEHTOM, JUIl CHCTEM
KepyBaHHs enektponpuBodiB 3 CJIIIM MOXyTh BHUKOPHCTOBYBAaTHCS IHILI
croco0Ou, 3aCHOBaHI Ha 3acTOCYyBaHHI TeOpil aBTOMATHYHOI'O YIPaBJIiHHS.
Hanpuknan, y po6oti [13] po3risigaeTbesi 3aCTOCYBaHHS METOAY HIBUIAKICHOTO
rpajieHTa, a [32, 34] Teopii cMHEpreTH4HOro yrpasiiHHA. [laHi poOOTH MaroTh
SK HEJIOJIK HEBUCOKY IIBHJIKO1I10. B [33] posrisiiaeTbes 3aCTOCYBaHHs KOB3HUX
pexkumiB s ynpasiiaag CIIIM, BiAMIHHOIO 0COOIMBICTIO SIKUX € MOKJIHUBICTD
BTpaTH CTIMKOCTI poOOTH, a TaKOX BHCOKI IyJlbCalli €JIeKTPOMArHITHOTO
MOMEHTY.

3 MeTor0 3a0e3IeUCHHS MiABUIIECHUX IMIBUIKOCTEH MPU poOOTI 3 MAITUMHU
HaBaHTaXXCHHAMU [ 16] 3anponoHOBaHI anrOPUTMH YIIPABIIHHS IO J03BOJISAIOTH
110CJ1a0IF0BATH IOJIOBHMM MarHiTHHMA MOTIK. JlOCIiHKEHHS, ITPOBEICHI aBTOPaMH,
MOKa3aJiMi POoOACTHICTh CHCTEMH YIIPABIIHHS II0 BIJHOIICHHIO JO0 TapaMeTpiB
JBUTYHAa 1 CTIMKy poOOTy mnpH mepexofax BiJl HOMIHAJBHOTO TOTOKY J0

0cJIabJICHOTO 1 Ha3aJl, 3 BHCOKOKO IIBUIKO/IICIO.
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[Ile oxHier0 poOOTOIO, IO TMPONOHYE HECTAHAAPTHUH PEryssiTop
IIBUJIKOCT1, € METOAUKA, /1€ 3aCTOCOBYETHCS MOJYJIBHUN MIAX1 10 yIPABIIHHS
mBuakictro C/AIIM. Ha ocHOBI (yHKIIOHYBaHHS OKPEMHX pETYJISTOpPIB
MOJIYJIbHUM TJIX1J JIO3BOJMB peali3yBaTH IHTEJEKTyaJlbHUH Ta HaXIHHUMI
pPeryisiTop, SIKUi 103BOJISIE JIETKO 3aMIHUTU Oy Ab-AKWM ICHYIOUHH PEryisTop, 1o
NPALIOE HENOCTATHBO SIKICHO, 30€pIriM 1HIII PEryiasiTopH, sKi €(EeKTHBHI.
Briepie Oyno npoBeneHo aHajiz CTiMKOCTI nponopuidHo-inTerpaibHoro (I11)
perynsTopa mBHAKOCTI Y 3BuUaiiHii cuctemi ynpasiinas CIIIM. Ilorim Oyno
nokaszaHo, 1o 3Bu4aitai perynastopu CHAIIM He MOXYTh BUKITIOUUTH MyJIbCAIlll
€JIEKTPOMArHiTHOr0O MOMEHTY, 5iKi 0yJI1 OCHOBHOIO NEPELIKO/I0I0 BUKOPUCTAHHS
CIAIIM sk BHCOKONPOAYKTUBHOIO CEpPBOMPHUBOAY. Y  3aMpONOHOBAHUX
perynaropax 1e OyJl0 MJOCATHYTO NIISXOM 3ampOBaKCHHS MOAYJS 3
iTepaliiHUM HaBuaHHAM. Lleit Moy b 3/11MCHIOE IMKIIIYHUI 3allMC MOMEHTY Ta
MMOTOYHUX CUTHAJIIB KEPYBAHHS 32 OJIMH MOBHMI UK, @ TOTIM BUKOPUCTOBYE 111
CUTHAJIH JIJIs1 OHOBJICHHS TOTOYHOTO 3aBJaHHS HACTYMHOTO UKIY. SIK HAaCTiI0K,
yJIbCalllii MOMEHTY, 1110 KPYTUTb, MOXKYTb OyTH 3HAa4HO 3HMKEH1. [Lys Toro mob
OLIIHUTHU TTyJIbCAllll MOMEHTY, TaKOX OyJIO 3alpONOHOBAHO MOJ1YJIb OLIHKH, 1O
BUKOPHUCTOBYE KOB3HI pexkumu. Crocrepirad OTpUMaB MOJANBIINNA PO3BUTOK 3
METOIO CIIPUSIHHS 3/1MCHEHHIO peryJitoBaHHs MOMeHTy. [IponoHoBana cucrema
yrnpaBijiHHg Oyjia OLIHEHAa MOJIEIIOBAHHAM Y pEXKUMI peabHOro Yacy Ta
EKCIIEpUMEHTAIIBHUMH PE3yJIbTaTaMu, 10 MIATBEPAUIIH i1 €(heKTUBHICTD.
JIOCTaTHBO MOTYKHUM HAINpPSIMOM y PO3BHUTKY €JIEKTPONPHUBOAIB Ha 0asi
CIAIIM € noOynoBa 6e31aTYMKOBUX CUCTEM, IO JIO3BOJISIOTH BIAMOBUTHCS BiJ
3aCTOCYBaHHS JOJIATKOBUX MEXAHIYHUX MPHUCTPOIB, MI0 BCTAHOBIIOIOTHCS HA
Bamy  gaBuryHa. OCHOBHHMH  OIIHIOBAaHUMH  KOOpPAMHATaMH  TaKUX
CJICKTPONPUBO/AX € IIBUJIKICTh 1 KyTOBE IOJIOKEHHS poropa. s noOynoBu
CIIOCTEpIraviB BUKOPUCTOBYETHCS BEJIMKA PI3HOMAHITHICTh PI3HUX MIIXO/IB.
OnHMM 13 TaKHX MIJXOMIB € 3aCTOCYBaHHs po3uHpeHoro ¢pinbTpa Kanmana
[14, 15], sxuit 103BOJISIE TIPOBOJMTH OLIIHKY IapaMeTpiB Ta 3MIHHUX BEJIUYHH

JIBUTYHA B YMOBaX BHUIIaJIKOBOIO XapaKTepy 30BHIMIHIX BIUiuBiB. Tak, y [17, 18]
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HaBEICHO OLIHKY LIBUIKOCTI, MOJOKEHHS pOTOpa Ta MOMEHTY HaBaHTa)KCHHS
npu npsiMomy ynpasiaiaHi momeHToM CZAIIM nHa ocHOBI po3umpenoro ¢iuisTpa
Kanmana. Po3pobneno mogens CJIIM Ta ¢insTpy Kanmana B Matlab Simulink .
[TporioHoBaHi crocTepiradl MIBUAKOCTI BUSBHWIMCS HEUYTJIMBUMHU O 3MiH
napameTpiB JBUTYHA. Pe3ynbTaTu MOENIOBaHHS TMPOJIEMOHCTPYBAIU XOPOIILY
NPOJYKTUBHICTE Ta HaJiiHICTh. HemomikoMm Takux CHCTEM € HEOOXiJHICTh
BUKOPUCTAHHS ICTOTHUX O0YMCIIIOBAJIbHUX PECYPCIB KOHTpOJIEpa.

[le ogarM BapiaHTOM MOOY10BU O€31aTYMKOBUX €JIEKTPOIIPUBO/IIB Ha Da31
CAIIM € apantuBHi cucremu [17]. Hampuknaa, mwMpoko mnommpeHe
3aCTOCYBaHHs aIalITUBHOI CUCTEMH 3 MOJIEJUTIO, 10 HAJIAIITOBYETHCS, POTE JIJIS
UUX CHUCTeM TaK camMO ICTOTHUM HEJOJIKOM € BeJIuKe OOYUCITIOBAIbHE

HaBaHTA)KEHHS HAa KOHTPOJIEP.

BucHoBk# no po3ainy 1

Pe3ynbraTi NpOBEACHOIO aHalli3y CTaHy TEOPETHUYHHUX JIOCIIDKEHb Ta
NPAaKTUYHUX POOIT MOKa3aJIM, 1IO:

1.  3aBaskd BeJIbMHU CHOPUSATIMBUM  BJIACTUBOCTSAM HA  BHIVIS[
MEXaHIYHUX 1 PEryJroBalbHUX XapaKTEPUCTHUK, BIJCYTHOCTI KOB3aKUYHX
€JIeKTPUYHMUX KOHTAKTIB, BIJICYTHOCTI BTpAT Ha 30YJKEHHS Ta MOMKJIMBOCTIM
eextuBHOrO OoxosokeHHss, CAIIM € ogHuM 3 MEPCHIEKTUBHUX BUKOHABUUX
€JIEMEHTIB Cy4acHOTO €JIEKTPOIIPUBOIY.

2. 3acrocyBaHHs Cy4aCHUX MAarHITOTBEpIAMX MarepialiiB JI03BOJIAJIO
crBoptoBatu  CJ/I[IM, 3paTHI KOHKypyBaTH 3a MacorabapuTHUMH Ta
SHEPreTHYHUMH MMOKa3HUKAMH 3 MAIlIMHAMU 3 €JIEKTPOMAarHiTHAM 30YKSHHAM Y
IIMPOKOMY Jiara3oHi IOTYKHOCTEH Ta 4YacTOT OOEpTaHHs, a 3a IMUTOMUM
MOKA3HUKOM SIK BEJIMYMHA CJICKTPOMArHITHOIO MOMEHTY Ha OJMHHIIO Macu
CAIIM npakTMYHO HEMae€ PiBHUX cepes pi3HOMaHITHUX Tumi. 3. HaitOunbim
NOLIMPEHUMH I NOOYJIOBH CHCTEM KEpPYBAaHHS EJIEKTPONPUBOIIB Ha 0Oa3i

CIIIM € moneopleHTOBaHE KEpyBaHHSA Ta MpsAME KEpyBaHHSI MOMEHTOM. 4.
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Hai6inbmion mBUAKOMIEI KX JABOX CIOCOOIB BOJIOJIE MpsAME YIpPaBIiHHS
MOMEHTOM, IO JI03BOJISIE BAKOPUCTOBYBATH HOTO Y BUCOKOTOYHHUX 1 IMHAMIYHUX
€JIEKTPONPUBOAAX, B AKUX IMOTPIOHA BUCOKA ILIBUJIKOIIS.

5. HaiOuibil I1CTOTHUM HEIOJIKOM CHCTEM 3 MPSAMHM YIPaBIiHHSIM
MOMEHTOM € BHMCOKI IyJbcallii €JeKTPOMArHiTHOr0 MOMEHTY, 110 3HUXKYIOTh
MOKa3HUKH PETYJIFOBAHHS €JICKTPONPHBO/LY.

Buxonsuu 3 1poro, MoxHa cOpMyJIFOBaTH HAaCTYIIHI OCHOBHI 3aBaHHS,
AK1 BUPILIYIOTHCS Y POOOTI:

1. Ha6a3i po3pobaenoi imiTaniitnoi mogeni enekrponpusoay 3 C/AIIM
IPOaHAI3yBaTH IIBHJKOJII0 KOHTYPY peryJjioBaHHS MOMEHTY 1 piBeHb
nynbcamii Momenty CJ/IIM B cucremax, mo 3apekoMeHayBaiu cede 3
10JIEOPIEHTOBAHUM YIIPABJIIHHAM 1 IPSIMUM YIIPABIIHHIM MOMEHTOM.

2. IlpoananizyBaTu BIUIMB 4Yacy JUCKPETH3allil CUCTEMHU KepyBaHHS
enekTponpuBogoM Ta mapamerpis  CHAIIM Ha BenuuuHy mysbcaiii
€JIEKTPOMArHiTHOTO MOMEHTY.

3. Po3poOutu anropurmu ynpasiiHHs enektponpusogom 3 CAITM, mo
3a0€3MeuyoTh IIBHIKOAIK IOPIBHAHHY 13 CHUCTEMaMHU MPSMOI0 YHpPaBIIHHS
MOMEHTOM TIpM PIBHI MyJbCalllii, XapakKTepPHOMY IOJIOPIEHTOBAHOMY
YTIPaBJIHHIO.

4. O1iHuTH aJIEKBAaTHICTh MaTeMaTH4YHOT MOJ1el, 110
BUKOPHUCTOBYETLCS TMPH CHHTE31 Ta aHATII31 CUCTEMH YHOPAaBIIHHSA HUIIXOM
EKCIIEPUMEHTAJIBHUX JIOCHIUKCHh 3 YpaxyBaHHAM OCOOJMBOCTEH TEXHIYHOI

peanizanii cucreMu yrpaniaiHHs enekTpornpuBogom 3 CIATIM.
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2. MATEMATHYHUN ONMUC CUHXPOHHOI'O EJIEKTPOIIPUBOJY

2.1. MeToau MaTeMaTHYHOI0 ONUCY

JInst CHHXPOHHMX MalIWH 3 MOCTIMHMMM MarHiTaMu XapakTepHi 3HAYHMI

NOBITPSIHUI MPOMDKOK 1 HU3bKUI CTYIIHb HACUYEHHS. TOMY IpuU po3rJIsi/l 4acTo

BUKOPUCTOBYIOTHCS MOJIesIl 0€3 ypaxyBaHHs HEJIIHIMHOCTI MarHiTHOIO JIAHLIOra.

Y Moaenb CHHXPOHHOTO €JIEKTPOMEXAaHIYHOIO IepeTBOpioBaya 0e3

YpaxyBaHHA HAaCHU4YE€HHA BBOJUTLCA P MPUITYHIEHb, M0 OO3BOJIAIOTH

3aCTOCYBATU TMPHUHIMII CYNEPIO3UIIl 1O OMMUCY MarHiTHUX MOJIB BiJl PI3HUX

JoKepel Ta 3a0e3MeUYnTH PO3yMIHHS OCHOBHUX 3aKOHOMIPHOCTEH MEpEeTBOPEHHS

€Heprii B 11i MalllnHI:

1.

MarsiTHO-M'SIKui MaTtepial Mar”iTOIpoBOAY Ma€ HECKIHUEHHY
MAarHITHY IIPOHUKHICTB;

BiacyTHICTE HAacHMu€HHS poOOUTH yCl  30CEpeIkKeHl ENeKTPUYHI
napaMeTpH HEe3aJIeKHUMHU BiJl €JIEKTPUYHHUX 3MIHHUX;

PeanbHi OOMOTKM Ta MOCTIHHI MarHiTH 3aMIHIOIOTHCSI €KBIBAJICHTHUMU
CTPYMOBHUMH IIapaMu, 1110 CTBOPIOIOTHL HEOOXI/IHE 3HA4YeHHS Ta GopMy
HaNpy»XeHocTi ab0 MarHiTOPYHIHHMX CHJI MarHiTHOrO T1OJIs B
pPIBHOMIPHOMY HOBITPSIHOMY 3a30pi MallIMHU;

3amaceHa MarHiTHa €HEpris, MO0 BHUKOPUCTOBYETHCS JUIS OIHCY
CIEKTPUYHOI MAIWHHU, PO3TISAAECTHCA JIMIIE SK CTaTHYHA CHEPrisd
MarHiTHOIO MoJs;

EHepris enekTpocTaTUYHOTO MOJISI BBAKAETHCS TyKE MAJIOHO;
EnexTpuuHi 1osisi, o0 BUHUKAIOTh IPU 3MiHI YaCy MarHiTHUX TOJiB a0
B1JIHOCHOMY PyCl B MarHiTHOMY I10JIi, HE BPaxOBYIOThCS IPU 00UHUCICHH1
3amaceHol MarHiTHOI €Heprii; BOHM BHUHHUKAIOTH i 4YaCc BHUBEICHHS
AuQepeHLiaIbHIX PIBHSAHb PyXy MAllMHHU;

KpaiioBi eextn Ha Mexkax 3yOleBUX 30H (SIBHO BHPaXKEHHUX TOJIOCIB)

BIJICYTHI;
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8.  TlocTiHMI MarHiT € 1JIeaJIbHUM JKEPEIOM HaIpyKEHOCTI MarHiTHOro
TOJIS 1 € HECKIHYEHHO TOHKOIO TIACTUHOIO;
9. Brpartu crani BiACYTHI;
10. MarHiTHa IPOHUKHICTB ITOBITPSIHOTO 3a30pY IIPECTABISETHCS Y BUIJISI
100yTKY MarHiTHOI MPOHUKHOCTI cTaTopa Ta potopa [12].

Y upomy BUINAAKY Tmepeadadaerbes, MmO 3yOuacTi CTPYKTYpH € Ha
BHYTPILIHIA CTOPOHI IMJIHAPUYHOIO CTATOpa 1 30BHINIHBOI IOBEPXHI
HWITHAPUYHOTO poTopa. BigHOCHA MarHiTHa MPOHUKHICTH MOBITPSIHOTO 3230pYy
MiX 3y04acTOr0 CTPYKTYPOIO CTaTOpa i MOBEPXHEID POTOPA 1| AIPOKCUMYETHCS B

NPUITYLIEHH, 10 TIOBEPXHs POTOPA TIIA/IKA:
=0 E2, 0, co8kl, (2.1
k=1

Jlnsg 3yOuactoi CTPYKTYpH pOTOpa BIJJHOCHA MAarHiTHa IPOHUKHICTb
HOBITPSHOTO 33a30pYy MIXK 3y04acTO CTPYKTYpPOIO pOTOpa 1 MOBEPXHEI0 cTaTtopa

Ll> BU3HAYAETHCS MPUITYILICHH] TJIaK01 poOoU0T MOBEpXHI cTaTopa:

ML= po,+ Y M, cosk,, (2.2)
I=1

A€ 0 1=2 10 1yex; 0 2= 2 1 0 2yix 3 Z o - YHCTIO MAP IOJIIOCIB;

01,0 1yvexs 02, 0 2yex - CASKTPUYUHI Ta MEXAHIYHI KYyTOBI KOOpAMHATH
cTaTopa Ta poTopa;

0=0 | -0 , — enexTpuUHMII KyT HEY3rO)KEHOCTI MarHiTHUX I0JIIB CcTaTOpa
Ta poropa (ado eJeKTpUuYHa KOOpAHUHATA POTOpPA).

Jns xoxknoi 3yOuacTtoi crpykrtypu MJIC MarHiTHOro moiisi mOCTIHHOTO
MAarHiTy Ta CTPyMOBUX ILIapiB HE 3aJEKUTh Bl CTPYKTYPH MOBITPSIHOTO 3a30pY,
TOOTO. peajbHUM MOBITPSAHUIA 3a30p 3aMIHIOETHCS PIBHOMIPHUM €KBIBAJICHTHUM
3a30poM. 3y04acTi CTPYKTYPH BPaxOBYIOThCS JIMIIIE HIPU OOYMCIICHH] THAYKIIT Yy
poSouomy 3azopi:

B =pu,nH, (2.3)

Je B - MarniTHa iHAYKLisA; H - HanpyKeHICTh MarHiTHOTO TIOJIS;
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Il - MarHiTHa MPOHUKHICTh BaKyyMy.

TakuM uYMHOM, TIPEACTABISIOYM BIJHOCHI MAarHiTHI MPOHUKHOCTI
3yOuyactux cTpyktyp MJIC 0OMOTOK i MOCTIHHHMX MAarHiTiB y BHIJISII PSJIiB
®Dyp'e, MOKHA OTPUMATH HAOJIMIKEHY KapTHUHY PO3IOJLITY MArHiTHOrO MOTOKY
(1Haykiiii) B moBiTpsiHOMY 3a30pi. Llg kapTrHa 103BOJNTH Ha1ajIi 3'ICYBATH BIUIUB
moxepen MJIC Ta 3y0uacToi cTpyKTypu cTaTopa Ta poTopa Ha €JIEKTPOMAarHiTHUM
MOMEHT MallHHH.

Jlis  cHpoUIeHHsT aHANITHYHOTO TPAKTYyBaHHS PIBHSAHb CHHXPOHHOI
MalINHU TaKO’K YaCTO 3aCTOCOBYETHCSI MEPETBOPEHHS 3MIHHUX, 1110 TIOB’A3aH1 3
PYXOMOIO CHUCTEMOI KoopauHar. [Ipy 1pOMYy IIHPOKO BUKOPHUCTOBYETHCS
MPOMIKHE TIepeTBOPEHHS 17ealbHol Oaratoda3zHoi MaluuHu 10 JABO¢a3HOl
Mozdenmi, 1o BigoOpaxkae (QyHIaMeHTanbHI  BJIACTUBOCTI  CHUHXPOHHUX
€JIEKTPOMEXaHIYHHUX NepeTBoproBauis [12, 16].

Bigomi pi3Hi BapiaHTH MepeTBOpPeHHS KoopauHaT. Haituacrime
BUKOPHCTOBYETbCS METOJ, IHBapIaHTHMI MO aMIUNTYJl, TaKk K BIH MOXe
3aCTOCOBYBaTHCsS Oe3mocepeHbo NpHM LU(POBIA peami3auii  ynpaBIiHHA
€JIEKTPOMEXaHIYHUM [EPETBOPIOBAYEM.

[lepeTBOpeHHsT CTpyMiB, HAmpyr 1 TMOTOKO3YEIUIEHb IIUM METO/I0M
IIPOBOJUTHCS 34 TAKUX IPUITYILIEHb!

—  HACHUYEHHsI BIJICYTHE;
—  MamuHa CHMETpHUYHa (BIACYTHA Hampyra abo CTpyMH HYJIbOBOI
IIOCJTITOBHOCTI ).

[TeperBOpeHHs 3MIHHUX Z 45 13 TpU(DA3HOT HEPYXOMOT CUCTEMHU KOOPAMHAT
abc B pyxomy d — ¢ 3a3BUuail MpoOBOIUTECS B ABa ertanu. CrouaTky TpudasHa
CHCTEMa IIEPETBOPIOETHCS 3a JIOMOMOIOK MaTpulll NEpeTBOpeHHs 1 3 Y
HepyxoMy JBoO(da3Hy CHUCTEMY KOOpAWMHAT o-f, HI0 3pYyYHO MPU [OAAJBIIIN

peanizaiiii tuppoBUX AJTOPUTMIB yIIPABIIHHS:
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| -2 = [[Z
Z a
Zuf1= ' =Z 2 2 Zb =2T322ab£’ (2'4)
Z.| 3l. ¥3 &3 3
0 5 22

ne Z 4pc— BEKTOPH CTPYMIB, HAIIPYTH Ta MOTOKO34EIJIEHb.

3BOpPOTHE MEPETBOPECHHSI

Zabc :TBZGB :T';;ZQB' (2'5)

Jani ciigye mepeTBOpPEHHS 3 HEPYXOMOI ABO(a3HOI CUCTEMH KOOPAMHAT

a-f B pyxomMy CUCTEMY KOOpJMHAT dq :

z, cos® sinf || z,
z, = =TZ,=| . (2.6)
i —sin® cos0 || z,
3BOpPOTHE MEPETBOPECHHSA
z , cos —sinb ||z
ga=| " | = = ‘ 2.7
;- {z[,l W Line cosO }|:::q:| (2.7)

[Hoa1 meperBopeHHs TpUda3HOT HEPYXJIMBOI CUCTEMH KOOpPAUHAT abc B

pPYXOMy dq TIpOBOJIUTHCS B OJIMH €Tall:

cos®  cos(0— 2—”) cos(0+ 2—ﬂ:)
“a 2 2 ; ; Ze
) ) T ) T
qun= Zq =§ i m=§ —sin6 —5111(9—7) —5111(9"4-?) Z. L (2.8)
“ 1 1 [
2 2 > |

VY upomy BHUIAAKy MaTpuUL NepeTBOPeHHS 1 4yp; HA3UBAETHCS MATPHIICIO

binonnens -Ilapky [26].
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2.2. MareMaTHYHHA ONTUC CHHXPOHHOTO €JIEKTPOABUIYHA 3 NOCTIHHUMH

MATrHITAMH

®Di3uyHy MOJIeJIb CHHXPOHHOI'O JIBUTYHAa 3 TOCTIHHUMHU MarHitraMu
HaBeJICHO Ha puc. 2.1 e cTaTop Takui ke, K y TpudasHux MalIMHax 3MIHHOTO

CTPyMY, a Ha POTOPI PO3TAILOBYIOTHCS IIOCTIMHI MarHiTH.

‘\‘h“\
< / IB \\\ > g
/ ts\ R \\ \>//<\/
\“_?/ \\ _/// \ \ y
J."I ‘III_# /I/ }{’ L‘.—H ,“I ‘{ m
[ if?' i I'|
Pr ; T Z, 9 | A
| \ e J II:L»_A_Q J |[ >
O\ )

Pucynok 2.1. ®@13uuna moaens CAIIM

3 ypaxyBaHHSIM HaBEIACHUX BHILEC IIPUIYLICHb PiBHAHHS piBHOBaru EPC
Ha OOMOTKax cTaTopa B HEPYXOMiil CHCTeMi KOOpJMHAT, IO 0a3yrThcs Ha
npyromy 3akoHi Kipxroda (porop He Mae 0OMOTOK) 3aIIMIIYThCS Y BUTJISII:

u,=R zq + -t d‘lf
dt

(2.9)
e u; - BeKTop (a3Hoi Hanpyru cratopa; R - pa3HUi aKTUBHUM OIip cTaropa
0OMOTKH; i1 - BEKTOp (pa3HOro CTpyMy cTaropa; Y, — BeKTop (a3zHoro
MOTOKO3YEIICHHS CTATOPA.
BexTopu Hampyru, CTpymMy Ta MOTOKO3YEIUIEHHS MOXKHA 3allMcaTH B

HACTYITHOMY BHUIJISLIL
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u ———z[u (O +au, (t)+a'u (t)]‘
1 3 la b Ic ?

4 g%[xm (O)+ai, () + @i, (O)]; (2.10)

. 2 ,
v, =§[lljla(!)+al|‘,lb(t) ¥ awwlc(r)]’

v

Aac
BEKTOPH, 1110 BPaXOBYIOTh MPOCTOPOBE 3MIILIEHHS OOMOTOK ;

¢ — (pa3Hi MOTOKO3YCIICHHS CTATOPA, K1 (POPMYIOTHCS HACTYITHUM YHHOM

W, =Lkt L, PO AN,

aa la

‘l’[b = L i # Lbbilb + Lbcilt' + w2b; (2 e 1 I )

ab”la
"l"h' = L.m_‘ilu + L.FJ:.' i”] + Lc:.‘ilr_' + ll"h"
ne L ua, L ga, L - BIACHI IHIYKTUBHOCTI (ha3 0OMOTKH CTATOpA;
Lap, L be, L cq— B3aEMHI IHAYKTUBHOCTI MK (pazaMu cTaTopa 0OMOTKH;
V24,V 25, 2 - TOTOKO3YEILICHHS POTOPA LI0JI0 CTaTOpa.
[ToToko3uerieHHs: poTopa MOKHa CPOpMyBaTH B HEPYXOMIM CHUCTEMI
KOOp/IMHAT:
v, =¥, cosb;
v,, =¥, cos(0-120%); (2.12)
v, =¥, cos(0+120°),
ne ¥, — moToKo34YeruieHHs MOCTIMHUX MAarHiTIB POTOpPa;
MoxHa BiJI3HAYUTH, 110 B PIBHAHHIX MOTOKO3YEIJICHHS CTaTOpa BJIacHa
IHAYKTUBHICTh L, 1 B3a€MHI 1HIYKTUBHOCTI L . = L 5, € PYHKIIAMH KyTa
II0JIO’KEHHSI TOTOKO3UYCIJICHHSI POTOpa 1 TOAI MOKHA X 3alMcaTd HACTYITHUM

YUHOM.:

L.=L +L —L_ cos(20);
(2:13)

L,=L,= —an — L cos(20 -E),
2 3

ml
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€ 1 | ¢ - IHIAYKTHBHICTb pO3CIIOBAHHsA cTaTopa OOMOTKH; 1 o — CepeHs

IHITYKTUBHICTh

VY pe3ynbTari OTPUMAEMO MATPULKO IHAYKTUBHOCTI CTaTOpPa HACTYITHOMY

BUIJISAIL:

L,+L,-L cos26 -%Lﬂ -Lm,cos2(9-g) -%Lo -L”I,0032(9+§)

7 = -%L]—LMCOSZ(Q—g) LL_+L0-Lmlc0s2(9-23—n) -%LU-LMCOSZ(Q-T{) (2.14)

-%L{, -Lmlc052(9+g) -%L{, -L cos2(0+m) L, +[1.-me032(9+%)

3HAI04YM MTOTOKO3YEIICHHS, CTATOPHUI CTPYM Ta aKTUBHHUU OIIp cTaTOpa

MH MOXKEMO 3aKcaTy piBHAHHA (2.9) U1s1 CHHXpPOHHOT'O IBUTYHA B MATPUUHOMY

BUTJISAL:

(] =[0 1+ v ) 2.15)

ne: [ u 1] - marpuus Hanpyru;

3l
[ 1] - maTpuus CTpyMmiB ;
[ 7 | - MaTpULA OMIOPY CTATOPA;
[ ¥ 1] - MaTpuls MOTOKO3YEIUIEHHSI CTaTopa.
[ToToko3uernieHHs cTaTopa MOYKHA BU3HAUYUTH 4Yepe3 MOTOKO3YEILICHHS

poTopa 1 CTpyM cTaTopa:
[Wl] =1, [il]+[q"2]3

Enexrpomaruitauii Moment C/IIIM Bu3HaYa€THCA 32 HACTYIHOT
3aJI€KHOCTI

— - *
M3=Ll(‘l‘1‘!‘2). (2.16)
Ha muisixy CrpoIeHHss MaTeMaTHYHOTO OMMCY CHHXPOHHOTO JBUTYHA 3
IOCTIMHMMHM MarHiTaMM 1 B3araji MallMH 3MIHHOTO CTPyMYy €(eKTHBHHM
METOJIOM € METO/] IIPOCTOPOBOI0 BEKTOPA.
CyTh METO/ly Y TOMY, III0 MHTT€BI 3HAYCHHSI CHMETPUUHUX TpUDa3HIX

3MIHHHUX CTaHy (HaprTI/I, CTPYMH, HOTOKOB‘IGHHGHHS{) MOHa MaTeéMaTH4YHO
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NIEPETBOPUTHU T€ 1100 BOHU OYIIM NPEICTaBICHI OJIHUM IIPOCTOPOBUM BEKTOPOM.

Tpudaszni piBHAHHSA CHHXPOHHOTO ABUTYHA HAW4YacCTIIIE 3BOASATH A0 ABO(a3HOT

CUCTEMH, siKa Mae /1Bl (pa3u 3pyuieHi Ha 90 rpaaycis, sk MOKa3aHo Ha puc. 2.2.

Pa

Jrl[‘.‘L

v
R 2
S

B

Pucynok 2.2 IleperBopenns koopauHat Kiapka

BukopucroBytouu nieperBopeHHs koopauHat Kmapka (2.4), ckimagosi

BEKTOpa CTpymMy 6YJIYTT:> BH3HA4YaTHCA TAKUMH 3aJICKHOCTAMH:

- =
he = Sha =5 B e )s
la 3 3( )
; 2o
<£|B=ﬁ(" 541 ) (2.17)
e
t..o=—(1, +1 .+t )
"1 3( la 16 lc)

Toni piBHsHHSA, 110 onucyroTs C/AIIM B cuctemi KoopAMHAT -f3 , MOXKYThb

OyTH IIpe/ICTaBJICH] B HACTYITHOMY BHUTJISIIIL:
U,=R

la

I
- 1 "
s ™ +L,—dt“ =)W

U.=R -i +L d—i'“+
p = 0L 1 @ -y,
B B i Y,

3 ) ) (2.18)
M-,=5:“ '(Wuu 'llﬁ_wlﬁ'lm);
&=i-(M1—MC),

Ldt J

ne:yu=Yacost; yoyp=Yosint;Yi1a=Lii et Yo Wip=Lii- 15TV op;
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Uie,Uipsiita,iip, r1,L 1-o0mip Ta IHAYKTUBHICTH CTATOPHOI OOMOTKHY;
J — MOMEHT 1HepIIii poTOpa; r - KyToBa 4acToTa 00epTaHHs POTOpA . Z - YUCIIO
nap ToJIFOCiB ABUTYHa; M o1 M , - €JeKTpOMarHiTHUM MOMEHT Ta MOMEHT
CTaTUYHOI'O HaBAHTAXKEHHS.
BianoigHo a0 cuctemu piBHsHbL (2.18) Ha puc. 2.3 HaBeIEHO CXeMy

3aMILLEHHS 1BO()a3HOr0 CHHXPOHHOTO JIBUTYHA 3 MOCTIHHUMM MarHiTaMH.

L,

I:]I | I ilﬂ —

(Dr: uw.‘iﬁ Y
+

Pucynok 2.3 — Cxema 3aMilieHHsi ABO(A3HOTO CHUHXPOHHOTO JBUTYHA 3

[MOCTIMHUMH MartdiTaMu

CrpykTypHa cXema, CKJaJieHa BIANOBIAHO J0 piBHSAHL (2.18),

npejcTaBieHa Ha puc. 2.4.

{.-";;._- O ”R'. Ly _l I | 2 Y x M
(+) ¥ 1HL/R)p 'I;I (+)\in (+ _-i: M. ) 1 w,
k }—>! p 3
O B I o
[ le 05 O |4
X |« X Y cos
— a8 B -
iy )
|ﬁi= |§|= sinB g -
1”
lr’r|i;(‘)" URI f.!“_ (+ ). 4 Wi X
O memw "L

Pucynok 2.4 — Crpykrypna cxema CJIIIM y Hepyxomiii cucTeMi KOOpIuHaAT

[Ipotsirom ocTaHHIX KUIbKa JECITKIB poKiB nmoaaHHs piBHsAHL CIIIM y
CUCTEMI KOOP/IMHAT, CTaJI0 OCHOBHUM CIIOCOOOM HOTO Onucy. PIBHSHHS MallUHU
B KOOpJMHATax, 0 00epTaroThCs, 3a0€3MeUy0Th BEIMKY HAOYHICTh MPOLECIB,
10 MPOTiKalOTh B 00OMOTKax craropa. JlilicHI cTpyMu Ta Hampyru craropa y

HaBe/IeHIM J1BO()a3HIi HEPYXOMIii CHCTEM1 KOOPAMHAT IOB'A3aHl 3 POTOPHUMH
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BEJIMYMHAMHU OJTHO3HAYHHUM IepeTBOPEHHAM. LIi mepeTBOpEeHHs IPYHTYIOTECS Ha
NPUITYLIEHH] PO CUMETPUYHICTh €JIEKTPUYHUX Ta MAarHiTHUX JIAHIIOTIB YCIX
obmotok. /Jlis ommcy ABMryHa y CHCTEMi KOOPJMHAT BHUKOPUCTOBYETHCS

nepeTBopeHHs koopauHar [lapky (nuB.puc.2.5).

B B

Pucynoxk 2.5 IleperBopenns koopaunar [lapky

BukopucroByrouu neperBopeHHs1 koopauHat [lapky, cuctemy piBHSIHBb
CHAIIM, 3amucaHy B HEpPyXOMiii cHCTEMI KOOpPJAMHAT MOXCHA IPEJACTABUTH B
OpPTOTOHAJBHIN CHUCTEMI KOOpAMHAT dg , 1O 00epTaecTbcs B IPOCTOPl B
3araJIbHOMY BHUIQAKY 3 JIOBUIbHOIKO mBUAKICTIO. CTpymMu cratopa y

BHIIICHA3BaAHUX CHCTEMAX KOOPAHUHAT MOB'sI3aHI HAaCTYIIHUM Cl'liBBi,H,HOLUCHHHMZ

i, =1, c0s(0) +1, sin(0);
I, ==, sin(0) + i, cos(0).

lg

(2.19)

PiBHSIHHSA eeKTpUYHOI piBHOBArM Hanpyru oomotku craropa C/IIM vy

BEKTOPHIN dhopmMi:

U, =IR +@+w.\7f;. (2.20)
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[TizcTaBisitoun B piBHSAHHS €JIEKTPUYHOI PIBHOBArM HANpyrd 0OMOTKU
cratopa (2.20) Bupasu aiis ctpymis CAIIM (2.19) otpumaemo cuctemy piBHSIHB,

1o onucye CJIIIM B cuctemi KoopiMHAT, 1110 00EePTAETHCA:

rU Id =Rlild +p (le I.-1()‘ +‘P2 )-(Drz n (qu
Ulq =RI£ lg +leql-iq +OJ;Z n (leild +LIJZ );

3 : .
<M3=52n(l|!ldliq-wwlld); (2.21)

&ZL(M:!-MC)'
Ldt J |

-

CrpykTypHa cXema, CKjIaJeHa BIANMOBIAHO J0 piBHAHL (2.21),

npezacTaBiIeHa Ha puc. 2.6.

Ui R, hi ;
e R P

F

N 1R,
.( ) . Y 1 | S "
PR ‘

ol |
]

Pucynox 2.6. Crpykrypua cxema C/IIM y cucremi KOOpAMHAT, IO

o0epTaeThCs

v
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2.3. IcHy0ui cUCTeMH KepYBaHHS eJIEKTPONPUBOIOM HA 0a3i CHHXPOHHOTO

JABMIYHA 3 MOCTIHHUMH MarHiTaMu

2.3.1. llosieopiecHTOBaHE KEPYBAHHS €JIEKTPONPUBOA0OM Ha 0a3i

CHHXPOHHOI'0 ABHI'YHA 3 NOCTIHHUMH MarHiTamMu

OCHOBHI 3acaJid TOJEOPIEHTOBAHOIO YIpaBiiHHA po3podbuim B 70-X
poKax AeB'STHAAUATOro CTomiTTA. ChOoroiHi B pe3yibTari GyHIaMEHTAIHLHUX
TEOPETHUYHUX JOCIIUKEHb Ta YCIIXIB y Taiy3i CHUJIOBOI HamiBIPOBIAHHUKOBOI
€JIEKTPOHIKM Ta MIKPOIIPOLIECOPHUX CHUCTEM PO3POOJICHO €IEKTPONPHBOIU 3
BEKTOPHUM KEPYBaHHSM, SKI CEpIMHO BHUIYCKAIOTHCS EJIEKTPOTEXHIYHUMH
(ipMaMu BCHOTO CBITY.

SIKIO mi CKaJPHUM PETYJIIOBAHHSAM IIBHUAKOCTI PO3YMIETBCS Take
pEeryjiIOBaHHs, y KOMY K 3MIHHUX Y CHUCTEMI BUKOPHUCTOBYIOTHCS €(peKTHUBHI
3HAQYEHHS HAIpYyT, CTPYMIB 1 MOTOKO3YEIJIEHb, a 1[I BEJIMYMHU BBAXKAKOTHCA
BEJIMYMHAMU CKAJISIPHUMM, TO OCHOBI IOJIOPIEHTOBAHOIO YIPABJIIHHS JIEKUTh
YSBJICGHHSI PO III BEJIMYMHHU, SK IPO NPOCTOPOBI BEKTOPHU. MOXHa TaKOX
BIJI3HAYUTH, IO CKAJISPHE KepyBaHHs 0a3y€ThCsl HA 3aJIEKHOCTSIX, IO JIeKATh B
OCHOBI CXEMH 3aMiIlleHHS JBUTYHA, a BEKTOpPHE KEPYBaHHS — Ha CTPYKTYPHHX
cxemax. [35].

Jlnst TOSICHEHHST CEHCY BHUKOPUCTaHHS BEKTOPHOTO  YIPaBIiHHS
3BEPHEMOCS 10 MAaTEMaTUYHOI'O OMHUCY CHHXPOHHOTO ABUTYHA B MPOCTOPOBUX
BEKTOpax IpH Opi€HTALll OCI CHCTEMHU KOOpPJIMHAT dg, 110 00epTaeTbes, IO
Bektopy W ,. Takomy onwmcy BianosizaroTh Gopmyiu (2.21) pazom 3 BUpazoM
JUI €JIEKTPOMAarHiTHOrO MOMEHTY Ta OCHOBHMM PIBHSAHHIM MEXaHIKH. 32 LIUMH
dbopmynamu noOyaoBaHa (ouB. puc. 2.7) , B sAKid BCl 3MiHHI INpEJCTaBJICHI

CHUTHAJIaMU  TOCTIHHOrO cTpymy 1 [, a BUXIJHUMH  BEJIMYUHAMHU
eJICKTPOMArHiTHOI ~YaCTUHM CXEMH — TIOTOKO3YEIUIEHHS  poropa W2 i

€JIEKTPOMArHiTHUH MOMEHT M, . 4acTOTy ®, PO3PaXOBY€EThCS YacTOTa HANPYTH

OOMOTKH CTaTOpa ® o5 .Y CTPYKTYpl JABUI'YHA ICHYIOTh IEPEXPECHI 3B'SI3KH MIXK
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KaHaJIoM (OpMyBaHHS IOTOKO3UYEIUIEHHS poTopa 1 KaHaioM (opmyBaHHs

€IEKTPOMArHITHOTO MOMEHTY.
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Pucynok 2.7. CTpyKkTypHa cxema eJIeKTpONPUBOLY MPHU MOJIIOPIEHTOBAHOMY

yrnpasiinHdi Ha 0a31 C/IIIM

SIKU0 THM 4YM IHIOMM CHOCOOOM KOMIIGHCYBATH BIUIMB IEPEXPECHUX
3B'SI3KIB, TO BHSBUTBLCS, 10 CUTHAJIOM IO OCl d He3aJie)KHO 3aJa€ThCs
MOTOKO3UYETIJICHHS POTOPA, @ CUTHAJIOM I10 OC1 €JIeKTPOMArHiTHUH MOMEHT ¢ TpU
JAHOMY 3HAYEHHI MOTOKO3UeIICHHS poTopa W »

Takum 4yuHOM, CTPYKTypa CHHXPOHHOI'O JIBUT'YHA, OTpPMMaHa Ha OCHOBI
pPO3TIISIIY MPOCTOPOBUX BEKTOPIB, BUSBIAETHCSA MPAKTUYHO TAKOK CaMOIO, SIK
CTPYKTYpa JIBHUT'YHA NOCTIHHOTO CTPYMY HE3aJIE)KHOIO 30YKEHHS.

AHaJI0r1s 3 ABUI'YHOM IIOCTIHHOTO CTPYMY CTA€ I1I€ OUEBHJIHIIION0, SKIIO
B [IEPETBOPIOBaYI, Bijl IKOTO )KUBUTHCS JABUTYH, 3a JJOMOMOTOIO IIBUIKOIIIOUUX
CTPYMOBHX KOHTYPiB (pOPMYIOTHCS O€3110OCEPEIHBO CKIIAa/I0BI CTPYMY CTaTopa i
1 @10 1 4 . IloninumeHHs JUHAMIYHUX BIACTUBOCTEH EJIEKTPONPHBOAY 3

CUHXPOHHUM JIBUTYHOM TIPU BEKTOPHOMY YIIPABIIIHHI € pe3ylbTaTOM TOTO, 110
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B MEpexigHUX  Ipolecax €  MOXKJIMBICTh  HIATPUMYBATH  CTaJiCTh
MOTOKO3YEIJICHHS POTOpPa, HA BIIMIHY BiJl CKAJISIPHOTO PETYJIIOBaHHS, ¢
MIOTOKO3YEIJIEHHS POTOpa B MEPEXIJHUX MpoIEecax 3MIHIOETCS TPH 3MiHI
CTPYMIB CTaropa Ta pOTOpa, LIO MPU3BOJUTH 10 3HHMIKEHHS TEMIy 3MIHH
€JIEKTPOMArHITHOIO MOMEHTY.

Y npuBOAi 3 TMOJIEOPIEHTOBAHUM YIIPABIIHHSAM, € TMOTOKO3YEIIJICHHS
poropa MOXKHAa MIATPUMYBATH TMOCTIHHUM, EJIEKTPOMArHiTHUA MOMEHT
3MIHIOETBCSI TAK IBUIKO, SIK IIBUAKO 3MIHIOETbCS CKJI/I0BA CTPYMY CTaTOPA I 14
(anasoris 31 3MIHOIO MOMEHTY IIPH 3MiHI CTPYMY SIKOPS i 4 B MAIIMHI TOCTIHHOTO
CIPyMY).

[Ipu nepiomy TpaktyBaHHi [31] 10 cucTeM 3 MPSIMOIO OPIEHTALIEIO T1O
MOJII0 BITHOCATH TI CUCTEMH, y SIKUX 3AIHCHIOEThCSA Oe3nocepenHid BUMIP
IIOTOKY 3 JOTIOMOT'OX0 THX YM IHIIMX JAaTYMKIB NOTOKY. [Ipyre TpaktyBanHs [ 10,
17] BITHOCUTHL O CUCTEM 3 TMPAMOIO OPIEHTAIIEIO 1 TI CUCTEMHU, B SAKHUX TMOTIK
PO3paxoBYETHCS 32 MOJEIUTIO IBUTYHA, TaK SK 1€ Ja€ MOXJIHUBICTh, TaK CAMO SIK
npu 6e3nocepelHbOMY BUMIPI MTOTOKY, NOOYAyBaTH 3aMKHYTHH KOHTYp HOTro
perymoBaHHs. o cucteM 3 HENpsIMUM BHUMIPOM Y pa3l BIJIHOCSTH JIMIIE
CUCTEMH, Y SKUX MOTIK HE BUMIPIOETLCSA 1 PO3PAXOBYETHCs, a (HOpMy€eThCs
IIJISIXOM 3aBJIaHHS 1HIIMX 3MIHHUX.

Cucrema 3 HENpsSMOK OPIEHTALIEK TMOJsS HE MICTUTh BY3IiB
BUMIPIOBAHHS YU PO3PaxyHKY MOTOKO3YeIIeHHS poTtopa. HeoOxinHi curnamm
3aBJaHHS CKJIQOBUX CTpPyMy cTaropa (OpMYIOTbCS Ha MIACTaBl 3aJaHUX
3HaYCHb [10TOKO3YEIICHHS W *; €JIeKTPOMArHiTHOrO MOMEHTY.

SIk 3a3HaA4anocs, CTPYKTypHAa CXe€Ma CHUHXPOHHOTO JIBUTYHA B CHCTEMi
KOOp/JMHAT, 110 00EpPTAETHCS, MICTUTh B AKOCTI BXIJHUX 1 BUXIJHUX BEIUYHH
IIPOEKIIT BIAMOBIAHUX IPOCTOPOBUX BEKTOPIB HA OCl CUCTEMHU KOOPIHHAT, 10
obepraerbcs. L1 BenMunHM € BenMUMHAMU MOCTIMHOTO CTPYMY, IO 03BOJISE
OyayBaTH CHCTEMY KEpPyBaHHS €JIEKTPONPHUBOJOM TaK CaMO, SK CHCTEMY
KE€pPYBAaHHS EJICKTPONPUBOJOM IOCTIHHOrO CTpyMmy. THM uacom, y peajbHii

cuctemi 3 TpU(pa3HUM CHHXPOHHUM JBUTI'YHOM HANpPYTH Ta CTPYMH SIBISIOThH
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coboro TpudazHi CHUCTEMH CHHYCOiJaJbHUX BeJWYMH. Tomy mpu 1moOya0Bi
CHCTEMH KEpPYBaHHS €JIEKTPOMPUBOAOM HA OCHOBI (PYHKIIOHAJIBHOI CXEMHU
puc.2.7 noBuHHI OyTH BBEJEHI MEPETBOPOBAaYl KOOPAMHAT, LIO 3IHCHIOIOTH
NEPETBOPEHHS BEJIMYMH IIOCTIHHOIO CTPYMy B CHCTEMI KOOpJAMHAT, IO
obepraeThes, B TpUda3Hy CUCTEMY BEJIMYMH B HEPYXOMiH CHCTEMI KOOpAMHAT 1

Has3aJl.

2.3.2. lIlpsime KepyBaHHSI MOMEHTOM €JIEKTPONIPHBO/0OM Ha 0a3i

CHHXPOHHOI'O IBHI'YHA 3 NOCTIHHMMH MarHiTaMu

Y nocnipkyBaHIM cucTeMl mpsiMoro ympasiiHHsg MomeHTtom CJIIM
JIGKUTHh METOJT YIIPABIIHHS MOMEHTOM Ta IMOTOKOM 3a JOTTOMOTOK) TPAaHUYHHUX
MKJIB LUISIXOM Tojayi 3 BuUxoay iHBepropa Ha Bxig CIIIM ontumanbHOI
HaTpPYTH.

Ilepesacu memoody:

—  BIAMIHHI JUHAMIYHI XapaKTEPUCTHKHU;

—  IPOCTE BUKOHAHHS,

— HeMae HeoOXiJHOCTI BHKOPHUCTaHHS TMPSMOTO  TEpPETBOPIOBAaYA
KOOpAMHAT, @  BHUKOPUCTOBYETbCS  CIHPOLICHHH  3BOPOTHUM
MEPETBOPIOBAY KOOPIUHAT;

—  HeMae€ HeOOXIJHOCTI BUKOPUCTAHHS J1aTYMKA IIBUIKOCTI;

—  BJIACTHBOCTI CHHXPOHHOTO CJIEKTPOIIPUBOLY noaibHi 710
CJICKTPONPUBOAY TOCTIMHOTO CTPYMY 3 JBUTYHOM HE3QJIC)KHOTO
30y 1PKEHHSI.

Heooniku memooy:

—  YacToTa MEePEeMHKAHHS, U0 3MIHIOEThCS;

—  TOYHICTb PEryJIIOBaHHS BHU3HAYAETHCS BUKOPHCTOBYBAHOK MOZEILIIO
JABUTYHA;

—  BeJIMKI MyJbCallii CTPyMiB Ta MOMEHTY;

—  [IpY MaJIMX IIBUIKOCTSX HE 3a0e3MeuyeThes CTadlIbHUI peXuM poOOoTH.
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[Ipsime yrpaBiiHHS MOMEHTOM € IIPOJOBKEHHSM Ta PO3BUTKOM
BEKTOPHOTO MiIX0/Ty 10 TOOYI0BU CUCTEM KEPYBAHHS ACUHXPOHHHUM JIBUTYHOM.
3aB/IaHHsAM NPSIMOrO YIPaB/IiHHSI MOMEHTOM € 3a0€311e4YEeHHs MIBUAKOI peaKiil
€JIEKTPOMArHiTHOIO MOMEHTY JBHMI'YHA Ha Kepyrouy airo. Ha Biaminy Bijg
10JICOPIEHTOBAHOIO YMPABIIHHS, A€ 3MIHA MOMEHTY 3IMCHIOETHCS ILIAXOM
BIUTMBY Ha CTPYM CTaTopa, KW, TAKUM YHHOM, € KEPOBAHOK BEIIMYMHOIO, Y
CUCTEMI 3 TMpPSIMUM KEpPYBaHHSIM MOMEHTOM KEPOBAHOI BEJIMYMHOKI €
MOTOKO3YeIJIeHHs1 cratopa [1, 2]. 3MiHAa MOTOKO3YEIUIEHHS JI0CSTAETHCA
[IIIXOM OINTHUMAJIBLHOTO NMEPEMHUKAHHS KIIIOUIB 1HBEPTOpA HAMPYTH Bif SIKOTO

KUBUTHCS CHHXPOHHUM IBUTYH (JUB. puc. 2.8).
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Pucynok 2.8. ®yHkuioHaigpHa cxema enekrtporpuBoxy Ha 6a3i CUAIIM npu

NpSAMOMY KEpPYBaHHI MOMEHTOM

Jiig po3risay NpUHLMITY IPSMOTO YIIPaBIiHHSI MOMEHTOM [ 17] MOXyTh
OyTH BUKOPHUCTAHI JIBa OTPUMAHI1 paHillie BUPA3H: PIBHAHHS PIBHOBArd HAIIPYTH

CTaTOPHOI'O JIAHLIIOTa B HEPYXOMIH CHCTEMI KOOpAMHAT

_ I .
Uldq :letdq +El}‘!dq' (2.22)
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Ta BUpa3 (2.16) 11s enekTpoMarHiTHOro MOMEHTY ABUTyHa. Lleit Bupas, B skoMy
MOMEHT PO3Pax0OBYETHCS Ye€pe3 MOTOKO3UECTIIEHHS CTaTOpa 1 pOTOpa, 3alMCaHO B
CUCTEMI KOOpJUHAT dq , wo obepmacmpcs , alie OCKIJIbKM 3HAYEHHS MOMEHTY
HE 3aJIeXKUTh B1Jl BUOOPY CUCTEMHU KOOPJAUHAT, B AKIH PO3IJISAAtOTHCSI BEKTOPH
W 1 W,, TO BOHO MOkKe OyTH IPEICTABICHE B HEPYXOMIil CUCTEMI KOOPIUHAT dg

y BUTJISLII

3
My = zuLi(VigVad ~Vid Vg )-

M, :%anI|l¥'l|yl¥12\sine. (2.23)

Ha puc. 2.9 [3, 17] noka3aHa KoopJuHaTHA IJIOIIMHA, HA SIKIH BlA3HAYEHI
0C1 HEPYXOMOI CUCTEMHU KOOPAUHAT dg Ta pO3TALyBaHHS BEKTOPIB HAMpPYTH Ta
IIOTOKO3YEIJICHHS CTaTopA.

[Tnoumua noauieHa Ha mictb cektopi I - VI o 60 en. rpaji KoxeH.

[IpocTopoBuii BEKTOp HAMpyrd Ha BUXOJAl 1HBEPTOpa, BIA SKOTO
’KMUBUTBCSI OOMOTKA CTaTOpa JIBUT'YHA, MOXKE 3aliMaTH OJIHE 3 IIECTH (PIKCOBAHUX

HEHYJIbOBUX MOJIOKEHB Ta JIBA HYJILOBI 1OJ10kKeHH. HenynboBi BekTopu U _ - U
_¢1 HYJIOBI, IO MO3HAYAKOTHCS, K U _71 U _s PO3TJIAJAIOTECS SIK CAMOCTIMHI

0azoBi BekTopu. Ha puc.2.9 mnokazaHo MUTTEBE IOJIOKEHHS BEKTOpa

ITOTOKO34YCIUICHHSA CTaTOpa, SIKUU B ,HaHHﬁ MOMCHT 3HaXOIUTHECA B CCKTOpi L
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Pucynoxk 2.9. Jlo Bu3HaueHnHs HeoOXiaHoro Bekropa Hanpyru ans CIITM
3aJIeKHO B1Jl 3MIHHM IIOTOKO3YEIUICHHS CTATOpa Ta €JIEKTPOMArHiTHOTO

MOMCHTY

Takum uMHOM, [Ji1 Oprasizamli MpsSAMOro KepyBaHHS MOMEHTOM
HEOOX1/IHO 3HATH NOTOYHI 3HAYECHHS IOTOKO3YEIUICHHsS CTaTopa Ta MOMEHTY
JIBUTYHA.

Jlns  po3paxyHKy  3Ha4eHb  IIOTOKO3YEIUIGHHS  cTartopa  Ta
€JICKTPOMArHiTHOIO MOMEHTY HEOOX1/IHO pO3TallIOBYBATH IMPOECKIISIMH BEKTOPIB
CTpyMy Ta HAmpyrd B CUCTEeM1 KOOpAuHAT dg. ToMy B Mojielll BUKOHYEThHCA
IIEPETBOPEHHS CUMETPUYHOT TpU(DA3HOI CUCTEMH CTPYMIB Ta HAMPYT Y MPOEKIIii
BIIMOBIIHMX BEKTOPIB HA OC1 HEPYXOMOT CUCTEMHU KOOPUHAT (IUB. puc. 2.9).

[lopiBHSIIBHUN aHAI3 €IEKTPOIIPUBO/IIB HAa 0231 CHHXPOHHOTO JIBUTYHA 3
MOCTIMHMMU MAarHiTaMd 3 CHUCTEMOKO IIOJIOPIEHTOBAHOTO YIIPABIIHHA Ta
CHCTEMOIO MPSMOTO YIpaBIiHHS MOMEHTOM II0Ka3aB, L0 OOWJBI CUCTEMHU

YIIPaBIIIHHA 3aCTOCOBHI B €JIEKTPONPHUBOJAX 3a PI3HUX BHUMOT J0 MOKa3HHKIB
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pEeryJbOBAaHOTO ENEKTPOTIPUBOAY B PI3HHX pEeXKHMax poboTH 3  OOKy

TEXHOJIOTTYHOTO Tporecy [1].

BucHoBKH 1o po3aiay 2

1. Jlns mMareMaTHuyHOrO OMHUCY CUCTEMM YIPaABJIIHHS €JIEKTPONpPHBOIY Ha
0a3i CJIIM Haiibuiein nommpeHow € asodazna moxens C/AIIM B
CUCTEMI KOOpJMHAT, MLI0 O00epTaeTrbcs, W10 JO03BOJIIE OTPUMATH
CTPYKTYpPHY CXeMy TOAIOHY CTPYKTYpHI  CXeMi  yHpaBIIHHS
€JICKTPONPUBOIOM IOCTIMHOIO CTPYMY.

2. Cucrema 10JICOPIEHTOBAHOTO YIIpaBIIiHHS 3aCTOCOBHA B
€IEeKTPONPUBOAAX IPU MAJIMX 3MIHAX HABAHTAKEHHS Ta OUIbII
CTaOUILHOMY YIIPABJIIHHI 1 MAa€ MEHINl BTPATH B JBUTYHI 3a PaxyHOK
HU3bKOI'O PiBHS TapPMOHIK CTPYMY, BIIMIHHUX BiJl IEPILO] 1 € HOTEHIIHO
eHeproe(eKTUBHIIIOI.

3. EnexktpomnpuBOA i3 CHCTEMOIO MPSAMOTO YMPaBIiHHI MOMEHTOM Kpalle
npu poOOTI B JUHAMIYHUX PEKHUMAX, T. JO. MAE BUCOKY IIBHJIKOIIIO
PaxyHOK BHMKOPHUCTAHHSI PEIEMHOr0 peryiasiTopa MOMEHTY, MpOTe Yy

CTaTMYHUX PEXKUMaX poOOTH Mae BEJIMKI IyJIbCallii MOMEHTY.
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3. PO3POBKA AJI'OPUTMIB YIIPABJIIHHA CUHXPOHHUM

JIBUT'YHOM 3 ITIOCTIMHUMHA MATHITAMHA

3.1. [locTaHoBKa 3axa4i

OCHOBHUMHM BEJIMYMHAMH, [IO0 XaAPAKTEPU3YIOTh CTaH CHHXPOHHOTO
JIBUTYHA 3 TOCTIMHMMM MarHiTamMM € CTpPyMH, NoTOoKo3deruieHHs Ta EPC
0OMOTOK CTaTopa, €JIEeKTPOMArHiTHU MOMEHT, a TaKO KyTOBa IIBUJKICTH
o0OepTaHHA poTopa.

BpaxoByrouu, mo CTpyMH Ta IOTOKO3YEIUIEHHS OOMOTOK JBUTYHa €
oaHo3HauHO ToB'si3anuMK (yHKIIsAMA [30], a EPC 06MOTOK € mOXiqHUMH Bijg
IIOTOKO3YeIIEHb, JOCTATHLO SIK PEryjbOBaHI €JIEKTPOMAarHiTHI KOOPIHWHATH
JIBUTYHA PO3TISAATH MOTOKO3UYEIJIEHHS OOMOTKH cratopa. Brpatm eneprii B
€JIEKTPOTEXHIYHIM CTalll CTaTOpa CHHXPOHHOTO JABUI'YHA 3aJICKHUTh BIJl MOIYJIS
BEKTOpa IMOTOKO3YEIUICHHS CTaTopa Ta KYTOBOI IIBHAKOCTI HOro oOepTaHHs
[16], ne ocTanHs BU3HAYAETHCS OLIBIIOID MIPOKO TEXHOJOTIYHUM IPOIEeCcoM. Y
3B'SI3KY 3 LIUM, MpU poOOTI JIBUI'YHA 3 HABAHTAKEHHSM, L0 3MIHIOETHCS, MOXKE
BUHUKHYTH HEOOXIIHICTh PETYIIOBAaHHS MOMIYJSl BEKTOpa TOTOKO3YEIJICHHS
cTaTropa, JUist ONTUMI3allll eHEePreTUYHUX XapakTepUCTHK ABUIYyHa. Buxoasiuu 3
I[LOTO, 3aMUIIEMO TEpIly METy YIPaBIiHHSA JIsi CHHXPOHHOTO [IBUTYHa 3

MOCTIHHMMHU MarHiTaMu B HACTYITHOMY BUIJISIJII:

led

i -|¥,|—0,

ne W irer- 3a1aHe 3HAYCHHS MIOTOKO3YCIUICHHS CTaTopa.

[Ilo >k A0 MexaHIYHMX KOOPJAMHAT, TO KyTOBa IIBHUIKICTH pOTOpa
(OopMy€eTbCs BHACIIIOK CHJIOBOTO Ha MEXaHIYHY CHUCTEMY, YaCTHHOIO SKOIO €
€JIEKTPOMArHITHUM MOMEHT JIBUTYHA. A €JICKTPOMATrHITHUM MOMEHT (DOPMYEThCS
B PE3yJIbTATI B3a€MOJIi €I€KTPOMArHITHOTO TOJIS, 110 CTBOPIOETHCS 0OMOTKOIO
cTaropa i MOCTIHHMUM MarHiTHUM IOJIEM POTOPA, 110 A€ MOKIUBICT PO3TJIISAATH

MOT0 SIK He3aJIeKHUM BiJl CTAaHY MEXaHIYHOI CUCTEMH.
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Buxonsun 3 1poro, sIK €IMHa ICTUHHA MeXaHIYHA KOOp/MHATA, II0
(dopMy€eTbCS B pE3yJbTaTl €JIEKTPOMEXAHIYHOIO IEPETBOPEHHSI E€HEprii,
BBRKATUMEMO CJICKTPOMArHITHUM MOMEHT. Takum YMHOM, JpPyry MeTy

YIPaBIiHHS PEICTABUMO

\M

rr| =M | =0,

ne M ,.r- 3aJaHe 3HAU€HHS eJIEKTPOMAarHiTHOrO MOMEHTY.

JUis  cuHTEe3y a@IropuTMy KEpyBaHHSI CHHXPOHHHMM JIBUTYHOM 13
NOCTIMHUMH MAarHiTaMM MPOBEAEMO aHall3 IPOLECiB, L0 NPOTIKAKOTh IpPH
yrpaBiiHHI Horo cranoM. [Ipu iboMy BUXOJUTUMEMO 3 TOTO, 1110 3HAK MOX1IHOT
PETyIbOBaHOI BETMUNHU BU3HAYAE, YU MU PYXa€eMOCS 10 METH YIPaBIiHHSA a00
Bia Hel [14, 16]. Hanpuknan, AKIO JeSIKMIT MOMEHT 4acy €JIEKTPOMArHiTHUU
MOMEHT OUIbLIE 3aJaHOT0 3HAY€HHS, TO JOCSITHEHHS METH YIpaBJIiHHSI
HEOOX1IHO 3a0€3MeYnTH HEraTUBHUM 3HAK MOX1IHOI.

Buxoasiuu 3 poro, NoCaiJOBHO PO3MIIHEMO YMOBHU (hOpMYyBaHHS 3HAKa
NOXIHUX €JIEKTPOMArHITHOIO MOMEHTY Ta MOJIyJIsi BEKTOPA MOTOKO3YEIJICHHS
cTaTopa, Ha 0a31 MaTeMaTUYHOI MOJEJIl CHHXPOHHOTO JIBUTYHA B d¢ CUHXPOHHO1
CUCTEMHU KOOPJIMHAT.

[Mpoaudepenuiroemo piBHsaHHS MOMEHTY (2.16) 3a yacom. BpaxoByrouu,
1110 BEKTOP MOTOKO3YEIIJIEHHS pOTOPA B JIaH1M CUCTEM1 KOOPAMHAT € KOHCTAHTOIO,

3alieMo HOXiﬂ,Hy CHCKTPOMaI‘HiTHOI‘O MOMCHTY ¥ BHFJIH,I[i 3aJICYKHOCTI:
M =L|PW%,}.
[TigcTaBumMo Ha Micue MOXIZHOI BEKTOpa IOTOKO3YEILICHHS CTaTopa

NpaBy 4YaCTHHY piBHAHHA (2.21), B pe3ynbTaTi 4Oro OTPUMAEMO BHpas3:

M = (U <L R <o P P (3.1)
bepyun 110 yBaru, 1o NocTiliHa BeIWYMHA L | HE BIUIMBA€E HA MOXI1IHUN
3HAK, 3alUIIEMO JOCTaTHI YMOBHM 3a0e3NedyeHHs 3aJaHoro 3Haka IMOXiJHOL

MOMEHTY Yy BUIJISL:
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sign (E¥,)=signM , (3.2)

ne E ;- Bextop EPC 00MoOTKH cTaTtopa; M ,,— HEOOXiaHE 3HAYCHHS ITOXiTHOT
€JIEKTPOMArHiTHOrO MOMEHTY;

E|=UI—IIRI—(0£‘P1 (33)

[{r0o ymOBY MoO’KHA iHTeprpeTyBaTH B Takui croci0. s toro, mo06

II0X1/IHa MOMEHTY OyJia MO3UTHBHOO (HEraTUBHOIO), AOCTATHHO 1100 CKaISAPHUM

1n06yTok BekTopiB E ¥ *, 6yB M0O3UTHBHUI (HEraTUBHUIA).

AV

¥,

.
'

-1t/2 /2

Pucynok 3.1. Bzaemue nonoxennst EPC craropa 1 moToko3uerieHHs: poTopa,

1110 3a0€e31e4ye MO3UTUBHY MTOX1/IHY MOMEHTY

BpaxoByroun, 1110 ckansipHuil 100yTOK BEKTOPIB BU3HAYAETHCS K I00YTOK
MO/1yJIIB BEKTOPIB Ha KOCUHYC KyTa M1’ HUMH, [10X1/IHa MOMEHTY, BIATIOBIHO /10
ymoBH (3.2) Oyne NMO3UTHUBHOIO B TOMY BHIIAAKY, KOJM BekTtop £ | Oyxe
PO3TAIOBAHUI y CEKTOpPI T/2>¢ | >-1/2 moao HanpsaMKy Bektopa W ™5, sk 1e
nokaszaHo Ha puc. 3.1. BogeBup, 1m0 3 (ikcOBaHUX 3HAUYECHHAX MOAYITIB BEKTOpa
norokoueruieHHs 1 EPC, makcumanbHe 3Ha4eHHS MOX1AHOI Oyae y pasi, SKIIOo

HANPSIMHU BIJIOBIHUX BEKTOPIB 301raTUMYThCH.
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Hapmaku, mo0 cdopmyBaTH HeraTMBHY MOXIAHY MOMEHTY, IMOTpiOHO
3a0€3MeYnTH PO3TAIlyBaHHS BEKTOpa £ | B cekTopi m/2<¢ | <3m/2 1moa0 BeKTOpa
¥,.

TakuM 4MHOM, BUSIBJICHO, 1110 3HAK [TOX1/IHOT €JICKTPOMArHITHOI'O MOMEHTY
3aJIKUTh Bljl posrainyBaHHs Bekropa EPC oOMOTKM cTaropa 111070 BEKTOpa
MOTOKO3YETICHHS POTOPa, SIKUil BU3HAYAETHCS TOJI0KEHHSIM POTOPA.

PosrissHemo ymoBYy (opMyBaHHSI TOXIZAHOI MOJYJIS HMOTOKO3YEIJICHHS
craropa. Mojiyiab JaHOTO BEKTOpa Y CUCTEMI KOOpAMHAT d - g BU3HAYAETHCS

3AIEKHICTIO;

B, | =t -

[IpoaudepenuiroBaBiy ek BUpa3 3a 4aCOM OTPUMAEMO

I - ‘U ld 3 v lg W ld v lg
|‘P1‘=lp“‘ 2 2 +WI@’ 2 2 =€u 2 3 +el‘1’ 2 z
*\f‘l"u"‘w]q \H’m""l’ g \f‘|"|d+‘-|"|q '\'f‘pu""\plq
B dXOBYHOYH, IO BCIHMYHHA 1 2 4T | A 3aBKJIH ITO3UMTHUBHA, 34aIIUIIICMO
¥ ) Vg )
AOCTAaTHHO YMOBY HOSI/ITHBHOCTi l'lOXi,JJ,HO'l. MOIAYJIA IMOTOKO3YCIUIEHHS CTaTopa Yy

BUTJIAIL:

sign(£ W)= signl‘i’lmf

’ (3.4)

ne Y., — HeoOXxigHe 3HA4YCHHS IOXIJHOI MOAYJIS  BEKTOpa

MOTOKO3YEIICHHS CTaTopa.

®akTuuHO, BUpa3 (3.4) nmokasye, M0 MOXIHA MOIYJIS MOTOKO3YETUICHHS
CTaTopa MpOMNOopLIiHA CKATSIPHOMY A00YTKY BEKTOPIB |1 £ | . Takum unHOM, 17151
TOT0, 11100 MOX1IHA MOJ1yJIsl BEKTOpa MIOTOKO3YEIJICHHS cTaTopa OyJjia N03UTHBHA,
HeoOX1aHO, 1100 KyT MIXK BEKTOpaMH MoToko34eruieHHs ctaropa i EPC oOmoTku

CcTaTopa 3HaAXOIUBCS B Ilana3oHl -m/2>@ » >m/2, K 1€ NOKa3aHo Ha puc. 3.2.
b ]
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P,

-7t/2 /2

Puc.3.2. CmBsignomenust EPC Ta motoko34erieHHs cratopa

ko HeoOXIZHO OTPUMATH HETATHBHY TMOXIOHY MOAYJIS BEKTOpA
MOTOKO3YEIJICHHS CTaTOpa, HEOOX1AHO 3a0€3MeUnTH pO3TallyBaHHs BeKTOpa £ |
B CEKTOPi /2<¢ » <37/2 1o BigHOMIEHHIO 10 BekTopa WV ;.

Bume okpemo Oynu omucaHi 3aKOHOMIPHOCTI (POPMYBaHHS MOXIJTHUX
MOMEHTY Ta MOJYJIS BEKTOpa MOTOKO3YEIUICHHS cTaTopa. Y TOW K€ 4ac HaMm
HEOOX1/IHO OJIHOYACHO KepyBaTH €JIEKTPOMArHITHUM MOMEHTOM Ta MarHiTHUM
MIOTOKOM CTaTopa, /i (GOpMYyBaHHS SKUX BUKOPUCTOBYETHCS BEKTOpP HAMPYTH
craropa. Y 3B'SI3Ky 3 LIUM PO3IJITHEMO MOXMJIMBICTH OJIHOYACHOT'O YNPaBJIIHHS
LIMMHU KOOpAUHATAMHU.

Jns 1poro HEOOX1HO Ha IJIOI[MHI BEKTOPHOI JlarpamMy y3arajJibHEHOI
€JIEKTPUYHOI MAalIMHM 3HANTH Takl oO0nacti, posramryBaHHs BekTopiB EPC
00OMOTOK CTaToOpa 1 poTopa B IKUX CIPUSTUME JOCITHEHHIO METH KepyBaHHs. 3.3.
[Ipu ubomy 3HaxokeHHs Bekropa EPC cratopa B 1miii ramysi COpusiTUMe

JOCATHEHHIO 000X I[iIeH yIpaBIiHHS.
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(o]

Pucynoxk 3.3. O6nacti po3ramryBanus BektopiB EPC craTopa ta poropa

Y rtabmumi 3.1. HaBeOeHO [lana3oHUM B3AEMHOIO PO3TALIyBaHHS

BEKTOpIB, M0 3a0e3meuyloThb HEOOXIAHI 3HAKU TMOXIAHMX PEryJbOBAaHUX

BCJIHWYHH, A€ MOMHUJIKH PEIYIIOBAHHA BU3HAYAKTLCA 3aJICKHOCTAMM!

|

AM =M, —M;
A = -2

Tabmuus 3.1 — Jl1ama3oHu B3a€MHOTO pO3TalllyBaHHS BEKTOPIB,

1110 3a0e3ne4yoTh HeOOX1/1H1 3HAKH MOXIIHUX

signAM signAY | Q1 03
+1 +1 -m/2...7/2 -/2...1/2
-1 -1/2...7/2 W2 372

-1 +1 n/2...371/2 -m/2...7/2

-1 02302 w2...3n/2
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3.2. YnpaBJjiiHHS 3 BUKOPUCTAHHAM IIHPOTHO-iMIYJIbCHOT MOAY ST

PosrnsitHeMo  MOXUJIMBICTE  OTPUMAHHS  3a/laHMX  3HAKIB  MOXIJAHHUX
peryJibOBaHUX BEJIMYMH LUISIXOM (OpPMYBaHHS BEKTOpa Halpyru craropa,
IPYHTYIOUMCh Ha MPEACTABICHHI MPOLECIB, 0 HPOTIKAIOTh Yy CHHXPOHHOMY
JIBUT'YH1 3 MOCTIHHMMM MarHiTaMy TpU KepyBaHHI CTAHOM, OIMCAHOMY BHIIE.
J1yist ciponieHHs: BUCHOBKIB BU3HAYMMO CIIOYATKY YMOBU (POPMYBaHHS MOX1THUX
pEerynbOoBaHUX BEIIMYUH OKPEMO.

BucHoBok anroputmy (QopMyBaHHS Hanpyrd craropa, HeoOX1THOTro
3HUKCHHS TIOMUJIKH PEryJIIOBaHHS MOMEHTY 31MCHUMO 3 ypaxyBaHHSIM YMOBH
(3.2). Ipu dikcoBaHux 3HaYeHHSAX MOAYIiB BekTopiB ¥ “5Ta £ | MakcuManbHe
3HAYEHHs iX CKAJIIPHOTO TBOPY 3a0€3MeuyBaTUMETHCS MPU CHIBCIPSIMOBAHOCTI

[IMX BEKTOPIB. 3aIUIIEMO IXHIO YMOBY Yy TAKOMY BHIJISI/II:
E =k Y, sign(M g 3

ne k 1 - KoediuieHT nponopuiiHoCTI.

3anuieMo 110 YMOBY Y€pe3 CKJIa/I0B1 BEKTOPIB Y CUCTEM1 KOOpAUHAT dq :

€q= -k|WEq3fgn (M ref );

_ (3-5)
Cy= kw,,sign(M wof |3

BpaxoByroun, mo y BuOpaniii cucTeMl KOOpAMHAT Y o =0, s
(dopMyBaHHS 3HAKa IMOXiTHOT MOMEHTY HEOOXiZHO 3a0e3MeYNTH BHKOHAHHS
JIMIIE Ipyroi piBHOCTI cucteMH (3.5).

Bupaszumo 3HaK moxigHOi MOMEHTY Yepe3 IOMUIIKY PeryItOBaHHS:

M ref —M

il il (3.6)
|Mn’_f' -M ‘

sign(M )=

[lincraBuBmm y apyre piBHsaHHA (3.5) mpasi wactunu (3.3) ta (3.6)

OTpUMAEMO 3aJIC)KHICTD:
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u, =k, MH’ R +ovy,. 3.7
w =KV M | Vi (3.7)
dopmyBaHHsS BEKTOpa HANpyrd CcraTtopa BIANOBIAHO JIO OTPUMAHOI
3aJIeKHOCTI  Oy/IyTh TapaHTyBaTH pyX CHUCTEMH [0 3a/IaHOr0 3HAYEHHS
€JIEKTPOMArHiTHOTO MOMEHTY, a TEepIIWii YWIEeH MPaBOi YaCTUHU BU3HAYATUME
IIBHUJIKICTH IIBOTO PYXY.
Anroputm (GOpMyBaHHS HANpyrd [Jis pPEryJiloBaHHS MOMAYJS BEKTOpa

MOTOKO3YEIIJIEHHS CTATOPa TaKOK BU3HAYUMO BUXO/SUU 3 YMOBU BEKTOPIB E 1

JKE 3allTHILIEMO B HACTYITHOMY BI’IT‘HHJIiI

E, =k2"%‘]sign(“i’

).

Lref

ne k - KoedimieHt nponopiiiHocTi.

3anuuieMo L0 YMOBY Yepes3 CKJIaJloBl BEKTOPIB Y CUCTEMI KOOpIMHAT dq :
e d = kzwldgfgn (‘ lP]mr );
e, =k, sign {“P,mr |)

(3-8)

Bupaszumo 3Hak nmoxigHOI MOAYJsi BEKTOpa MOTOKO3YEIUIEHHS CTaTtopa
4yepe3 NOMUJIKY PETYJIFOBAHHS:

‘Tlm,|—-“-}’l‘ :
H\P _‘\FIH

Sign(ltler b =

Lref |

£3:9])

[lincraBuBmn (3.3) i (3.9) (3.8) 1 BHCIOBHBIIM HAMpPyTH OTPUMAEMO

3aJICKHICTh:

b 4
u, =k, H_]P{L__T'l'!uR — OV,

mr‘ ‘
¥ I‘PI

= Iref
k 2V, H

+z,qﬁ’L +ovy,.
""“r‘ '” (3.10)
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[1s 3ayexHICTh 03BOJIsIE MOOYAYBaTH alIrOpUuT™M (POPMYBAHHS BEKTOpa

HATIPYTU CTATOPa, HEOOX1AHUIN PETYIIOBAHHS MOIYJIsl BEKTOPA MOTOKO3UYETLIICHHSI

craropa.
BpaxoByrouu, 1mo B CHHXPOHHOMY JIBUI'YHI 3 NOCTIHHMMH MarHitramu

BEKTOpP HAIIPYrd CTaTopa MOBMHEH (pOpMyBaTH SIK €JIEKTPOMArHITHUI MOMEHT,

TaK 1 MOTOKO34EIJIEHHs cTaTopa, 00'eqHaemo Bupasu (3.7) 1 (3.10), cxnaBmm ix

IMOKOOPAHUHATHO , B p63y.IIbTaTi 401r0 OTPHMAEMO 3aJIC)KHICTD:

Eid ‘wnw_r -‘\Pll R — 2
Wi ‘+lld TV, s

HTIMI ‘ “Tl|

ﬁ
- b R e =
1 M"'kﬂplqw Fi it H O,
Lref

(3.11)

—“P,”

u, =E klwzd ‘Mref _Ml

*
]

o
¥,

N
N

Pucynok 3.4. ®opmysanns Bektopa EPC craTopa sk cymy BEKTOpIB

CHpAMOBAaHMX Y3108k BekTopis ¥ jTa ¥ ™

[Tpu peanizanii uiei 3anexxnocti Mu popmyemo Bexktop IPC craTopa sk

CyMy BEKTODIB CHIPSIMOBaHKX B3/10Bk BekTopa W | i Bektopa W ™5 siK 11¢ oKa3aHo

Ha puc. 3.4. Takum 4YMHOM, MU NOTpanmMMO B 00JacTh, IO 3abe3neuye
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JIOCSTHEHHS! JIBOX IIUICH YNPaBIIHHS - PEryJIOBaHHS €JIEKTPOMarHiTHOro
MOMEHTY 1 IOTOKO3UEIUIEHHS CTaTopa.

bepyuu 10 yBaru Te 110, 110 aaroput™ ynpasiinHg (3.11) orpumano 3
ypaxyBaHHsIM (pOpMYBaHHs 3HAKa MOXIJHUX PEryjibOBAHUX BEJIMYMH, Hajal
Ha3MBATUMEMO HOTro Ju(depeHIiaIbHUM aJIFTOPUTMOM YIIPaBIIiHHSI.

Posrnsinemo BapianTu peanizauii anropurMy (3.11) npu dopMyBaHHI
BekTOpa Hampyru 3a pomomororo IIIM. Bapiant peanizaumii npu mpomy
BU3HAYATUMETHCS BUOOPOM KOE(IIIEHTIB
k 11k »sxi OyayTh BU3HAYATH IIBUAKICTH 3MIHU €JI€KTPOMArHITHOTO MOMEHTY 1
IIOTOKO3YEIUIEHHSI cTaTopa. Y HAMNpOCTIIOMY BHIIAJKy MOJYKHA B3SITH IIi
KOC(ILIEHTU Yy BUIJISAAI KOHCTAHT, TOAl IUBUAKICTH 3MIHH PEryjlbOBaHUX
BEIMYMH OyJie He3aslexHa BiJl BEIMYMHU NOMMJIKU peryitoBanns. Llei Bapiant
peasizaiii MaTUMe psii HEAOTIKIB:

1. 3aBmaHHs MaJKMX 3HAY€Hb KOE(MIIIEHTIB CIPUSITUME HU3bKIW HMIBUIKOII
CHCTEMHU.

2. 3aBmaHHs Koe(dilleHTIB 3a0€3MeuyloTh XOpOIly MIBHIAKOAII0, 3a
HasIBHOCTI 3aTPUMKHM y (DOpMyBaHHI BEKTOpa Halpyrd BH3HAYAETHCS
nepiogom  [IIM, cnopuse BUHUKHEHHIO  BEJIUKHX  MYJbCalllid
peryJibOBaHUX BEJIMYMH.

3. Tlpu poboTi Ha BeMKUX IBUAKOCTAX, kojid EPC obepranns 0Jm3bKa 10
IPaHUYHOI HAIpyrd, OOMEKEHOI BEIMYMHOK HANpPyTrd B JAHIIO31
MOCTIMHOTO CTPYMY IHBEPTOPA, MOKIIUBE BIIXWUJICHHS BEKTOpA HANIPYTH
Bl HEOOXIJHOrO HANpsSMKY, LI0 MOXE HEraTMBHO BIUIMHYTH Ha
JTUHAMIKY CUCTEMU B ILJIOMY.

Buxoasun 3 BuUllle3rafjlaHMX HEAOJIKIB, PO3MVITHEMO JIBa BaplaHTH
ynpasiiiHHs 3 BUKopuctanHsM LM, 1o 103B0JISIFOTE MOBHICTIO a00 YaCTKOBO
BUKJIIOYUTH TepepaxoBaHl HEIOJIKH.

1. ®opmyBaHHSI BEJIMYUHU TMOXITHUX MOMEHTY Ta MOTOKO3UEILICHHS

NPONOPLINHO 10 TOMUIIKH PETYJIIOBAHHS.
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Jlnsg toro, mo0 NOXiAHI pPEryjabOBaHMX BEIWYMH OyJIM MPOIMOPLINHI

MOMUJIKAM PETYJIOBAHHS BHU3HAYUMO KOE(DIIIEHTH PEryIATOPIB Y TAaKOMY

BUTJISII:
k =|M —-M|k;
=|M g =Mk, , (3:12)
k=¥, —[¥]|%.-
Koegiuientn k | 'i k 2 i noBuHHI BHOMpaTHCS 3 THMX MipKyBaHb, 100

IIOMMJIKA PETYJIOBAHHS €JIEKTPOMArHiTHOrO MOMEHTY 1 MOTOKO3YEeIJICHHS
CTaTOpa BHOCHJIM OJIHAKOBY Bary, 1 BoOJHO4ac 0akaHo, 1100 BEKTOP HAPYTH HE
BBOAWIM B o00Ojactb oOMexeHHs. /[l BUKOHaHHS LMX YMOB MOJKHA

3alpPOIIOHYBATHU IXHIH MonepeHii po3paxyHokK 3a Gopmynamu:

-

k'__. Ulmax i
i == M >
J H‘p?_ﬁ'
k' - U]mﬂx
o A
L ¥,

1€ U | yax - MAKCUMaJbHA HAIIPYTa, sIKa MOKe C(hOPMyBaTH 1HBEPTOP;

M 11— HOMIHAJIBHUH MOMEHT JIBUT'YHA;

W | - HOMIHAJIbHE 3HAUYEHHS IOTOKO3YEIUICHHS CTaTOpa JIBUTYHA.

2. dopmyBaHHS MAaKCUMAIBHO MOKIIMBUX BEJTMYMH MOXIIHUX MOMEHTY Ta
MOTOKO3YCIIIEHHS, 3 ypaxyBaHHSIM OOMEKEHb 3a HaMpyToko.

MaxkcumanbHOTr0 3HaYEHHS TOX1IHOT PeryjibOBaHOI BEIMYMHU, & 3HAYUTD
1 MaKCUMAJIbHOT MIBHAKO/I11, MOYKHA JOMOTTHCS, SIKIIIO /10 OOMOTOK JBHUIYHA
IPUKIAJaTH MaKCUMallbHy HAlpyry, 110 BU3HAYA€THCS HAINPYrOK B JIAHIIO31
IOCTIHHOrO CTpyMmMy iHBepTopa. [Ipum 1bOMYy i JOCATHEHHS HEOOXI1THUX
MOXITHUX 3HAKIB MOTPIOHO (OpPMyBAaTH KYTOBE IMOJIOKEHHS BEKTOpa HANPYTH

TakuM 9HOM, 1100 chopmyBaTtu BekTop EPC cTaTopa B 3a1aHOMY CEKTOPI.
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U\- U\"I
Pucynok 3.5. @opMyBaHHs BEKTOpa HAMPYTU CTAaTOpA 3 YpaxXyBaHHIM 00OMEKEHb

MaKCHUMAaJIbHOI BEJIMUYUHUA

Hanpsimok BeKTOpa Harpyru cTaTopa MOKHA BUPA3UTHU Yepes3 CKIaI0B1 Ha
oci koopauHat dq . L{i KOMIOHEHTH MOKHA BU3HAYUTH 3 ypaxyBaHHSIM Baru
IOMHJIOK perysroBaHHs 3a1exHo (3.11). ITicas nporo HeoOX1AHO nepepaxyBaTH
11 CKJIaI0BI MAaKCHMAaIbHOI BennunHu Bektopa U | ', 3 ypaxyBaHHIM OOMEKEHb,
SIK 1€ TIOKa3aHo Ha puc. 3.5.

CKJ’I&JIOBi BEKTOpa Ui IBHBH&'—IHMO 3a TAaKMMH 3aJICKHOCTAMM:

Uy =y,

(3.13)

1€ U jyax - MAKCUMAJIBHO MOXUIMBA (pa3Ha Harpyra 0OMOTKH CTaTopa, 10
BU3HAYAETHCA 32 POPMYIIOLO:

-
Lmax ]
max 2

ne U ;- Hampyra nasuora nocTiiHOro CTpyMmy iHBEpTOpa.

dopmyBaHHS TakuM CrnocoOOM BEKTOpa Hamnpyrd Ha3WBaTHMEMO

IpaHUYHUM JU(pEpeHIiaIbHIM YIPABIIHHSAM.
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3.3. YupagJinns 3 6e3nocepeiHiM KepyBAHHAM CTAHOM KJIKOYiB

Posrnsuemo

BHIIAJ0K, KOJIM CHCTCMA ynpaBﬂiHHH 3aJICKHO Bi,[[ ITOMHJIOK

peryioBaHHs 6e3rocepeiHbo (POpMye CTaH KITHOUIB, K LI POOUTHCS B CHCTEMaX

13 MPSAMUM yIIpaBII

IHHIM MOMEHTOM. HpH OHbOMY BHXOJUTHMEMO 3 TOro, IO

(hopMOBaHHI NP ILOMY BEKTOP HAMPYTH CIPUATHME CTBOPEHHIO HEOOXiTHMX

JIOCSITHEHHS IUIEH YIpaBJIiHHS 3HAKIB MOXIIHUX PEryJibOBaHUX BEJIUYUH.

OCKUIBbKM CTaH KJIIOYIB BU3HAYA€ BEKTOP HAMPYTU B HEPYXOMIH I10J0

CTaTopa CUCTEMI KOOPAMHAT, PO3TIIHEMO YMOBH (POPMYBaHHs 3HaKa MOX1IHUX

pEryJibOBaHUX BEJIMYMH Y CUCTEMI KOOPAMHAT 0-f3, HEPYXOMOI 11010 CTaTOpa.

Posrnsinemo piBHSIHHS MOX1HOT €JIEKTPOMArHITHOIO MOMEHTY B CUCTEMI

KOOpAHUHAT (I-B, SAKEC MaTHUME BHUTIIAI:

Bpaxosytoun,

BH3HA4YATHMCTBCA

M =L, [ N0F, £ ).

mio HOXiﬂHa BCKTOpa MOTOKO3YCIUICHHA  pPOTOpa

JMIIE MBUAKICTIO OOEPTaHHsS pOTOpA, sSKa 3aJEKUTh BIJ

BUMOI' TEXHOJIOTTYHOTO IpOLECy, HEOOXiJHOW YMOBOW st (popMyBaHHS

HEOOX1IHOTO MOX1/IHOT 3HaKa Oy/ie BAKOHAHHS YMOBH:

sign(W W.) =sign(E ¥.) = sign(M )

Peanizyemo sIK 1 paHillie yMOBY CIIBCIIPSIMOBAHOCTI BEKTOPIB

E iV ",3an

MCaBIIK HOTO B CUCTEMI KOOPAMHAT 0-[3:

la _kLWQﬂS'ign (M ref X
€, = klwzwﬂgn (M ref ).

e

(3.14)

[TincTaBuBmu piBHAHHA (3.2) Ta (3.6) B (3.14) oTprMaeMO 3aJI€KHICTB:

M _-M
uluz_qu"z[s Mmr M|+£]E1Rl;
ref =
M _ -M
ulB:k1WQa wa _M|+i1[!Rl'
reff

(3.15)



52

AHaJOrIYHUM YMHOM MOXHA OTPUMATH alrOpUTM (POPMYBaHHS HAIpyru

nasi 3a0e3neveHHss  HEOOXIAHOTO  3HAaKa MOXIAHOI  MOAYJs  BEKTOpa

ITOTOKO34YCIUICHHSA CTAaTOpA4, SIKMU y CUCTEMI KOOpAuHaT (I—B MAaTHUMC BUTJIAN.

|LPI fl |T |
=k r R,
ulu llljlr.r lmf| |,‘:l:J ||
¥, , |LP\
=k rg Cal
A T (3.16)

[IpocymyBaBmu (3.15) Tta (3.16) oTpuMaemMo 3arajJibHUKM aJIrOPUTM

(hopMmyBaHHS BEKTOpa HAMpPyry B CUCTEM1 KOOpAUHAT o-P3:

1 M M "Pm -V .
u]uzzk—k]wzﬂ_mf_—m-l-klll’m% +IlﬂRI’
Lref 1
p
um_l k Wi M = +k l|]ﬂ PPUPII_I\P] +ilﬁRl'
2 "M, M| LA (3.17)

3 OTpMMAaHUX CKJIAJOBUX BEKTOpa HANpyrd BHM3HAYMMO HOTO KYyTOBE

TOJIOKEHHS Y CUCTEM1 KOOpAMHAT o.-f3:

U,
y = arctan —
ul
o &
Jlami, BU3HAUMBILIM B SIKOMYCh 13 CEKTOpIB, HaBEJEHMX Ha puc. 3.6
110

3HAXOJIUTLCS OTPHUMAHUM BEKTOpP HAMpPyru, (POPMYeEThCS CTaH KIHOYIB,

3a0e3neuye peasizaiiio HanOUIbII OJIM3BKOTO 3 IIECTH MOXKJIMBHX BEKTOPIB.
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v U011]«e e —> U[100] I

Pucynok 3.6. Po3ranryBaHHs BEKTOPIB HANPYTr'¥ Ha KOOPAMHATHIHN TUIOMIMHI

Hanpuknan, fKIo OTpUMaHWi B pe3ysbTaTli PO3B'A3yBaHHs PIBHAHHS
(3.17) BexTOp Hanpyru posramoBaHuil y cexropi Il, sk nokaszano Ha puc. 3.6 To
IIOBUHEH peajli3yBaTHCs BEKTOP U [11]. TIpu upomy uudpu, posranioBaHi y
KBaJIpaTHUX MYKKax, BU3HAYAIOTh CTaH KIIIOUIB IHBepTopa. Tak 3ammc U [11]
IIOKa3ye, 1110 0OMOTKHM ABUTYHA (a3 A 1 MAKIYEH] J0 IUIoca Kojia MOCTIHHOTO

CTpyMY, a haszu 10 minyca. Jlanuii criocid kepyBaHHs Ha3BeMO JudepeHIiaIbHUM

KepyBaHHAM 3 0e3nocepeHiM (pOpMYyBaHHIM CTaHy KJIIOYiB IHBEPTOPA.
BucHoBKH 10 po3iay 3
1. B pe3ynbraTi BUSBICHUX 3aKOHOMIPHOCTEH IMpOLIECiB, 110 MPOTIKAOTH Y

CUHXPOHHUX €JIEKTPOJBUIYHAX 3 MOCTIMHMMM MarHiTaMu NpH KepyBaHHI

iX CcTaHoM, OTpUMaHi o00JacTl B3a€EMHOIO pO3TAIyBaHHS BEKTOPIB
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MOTOKO3YEIUIEHb CTaTopa 1 poTopa, 1o 3a0e3neuyroTh HEOOX1IHI 3HAKH
MOX1AHUX PEryIbOBAHUX BEJIUYUH.

3HaK MOX1JHOI €NEeKTPOMArHiTHOr0O MOMEHTY 3aJIe)KHTh BIJ MOJIOKECHHS
BekTopa craau EPC 111010 1ojoxeHHs poTopa.

3HaK MOX1AHOT MOJAYJISI BEKTOpPA MOTOKO3YEIICHHS CTaTopa 3aJIeKUTh BIJT
noJjioskeHHs BekTopa crtaga EPC 11010 BekTopa noToKo34eruieHHs cTaTopa.
MakcuMaabHOr0 3HaYEHHS MOXI1IHOT PeryJIbOBaHOI BEJIMYMHHU, a 3HAYUTH 1
MaKCHUMAaJIbHOT IIBUIKOIIT, MOYKHA JIOMOT'THUCS, AKIIIO 10 OOMOTOK JBUIyHA
NPUKIAAaTH MAaKCUMajbHy HAIpyry, [0 BU3HAYAETHCA HANPYrow B
JaHII031 TOCTIMHOTO CcTpyMy iHBepropa. Ilpu ubomy s JOCATHEHHS
HEOOXIIHMX TIOXIJHUX 3HAKIB MOTPIOHO 3a4aTU KYTOBE MOJOMKEHHS
BEKTOpPA HANpPYyr'y TAKUM 4YUHOM, 100 copmysatu BekTop EPC craropa B
3aJ1aHOMY CEKTOpI.

Po3pobnieni anroputmMu  yrmpaBiiHHS, T0OOyAOBaHI 3 ypaxXyBaHHSIM
(opMyBaHHSI 3HAKIB MOXIJHUX PEryJbOBAHUX BEIWYHMH, FAPAHTYIOTh PyX

J0 3a/laHHM 3HAYCHHAM.
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4. JOCJTIIKEHHSA AJITOPUTMIB YIIPABJIIHHA CUHXPOHHUM

JIBUTYHOM 3 MTOCTIMHUMHU MATHITAMHU

Jlnst pociipKeHHsT po3po0JeHUX AJTOPUTMIB KepyBaHHS CUHXPOHHUM
JIBUTYHOM 3 IOCTIHHMMHM MarHitTamu, Ta TMOPIBHAHHS iX 3 TaKUMHU BIJJOMHMH
crocobaMu K MpsSME KEePYBAHHS MOMEHTOM Ta BEKTOpPHE KEpyBaHHs, Oyiu
po3po0iieH] KOMIT'FOTEpHI MOJENI CHUCTEM EJIEKTPOIPUBOJY, peasli3oBaHl B
cepenoBuii Matlab Simulink . ¥V mozeni nqeuryna Oynm BUKOpHUCTaH1 HACTYMHI
napametrpu asuryna: R ;-0.55 Om, L =0.00625Tu, ¥ ,=0.1727 B6, z=3,
J = 0.00017428 kr-m 2. V mozeni iHBepTOpa BpaxOBYBaBCS «MEPTBHH 9acy
T'ws =2 Mkc. s nHaOmukeHHs poOOTH MOJENl A0 pealbHHUX YMOB Yy HIH
BBOJWJINMCS THMYAcCOBl 3aTPUMKH, IO BiJIOMBAIOTH 4Yac JUCKpeTU3alii
NpUTaMaHHUHN peanbHUX MU(PPOBUX CHCTEM YIIPABIIIHHI.

Bcei cucremu ympaBiiHHSA, IO PO3IISOAIOTHCS B IBOMY PO3JUTI MOYKHA
PO3AUIMTH HA 1Ba OCHOBHI BUIU 3 TOUYKU 30pY (DOPMYBaHHS HANPYTU: CUCTEMH 3
IIIIM iHBepTOpOM Ta cHUCTEMH 3 0€3MoCepe/lHIM YIpaBIIHHAM KIHOUaMH

IHBEpTOpA.

4.1. dociizkeHHs aJropuTMiB ynpasJjiHHas 3 ypaxyBanasam LIIM

iHBepTOpa

MaremaTuHa MOJENIb PEryJbOBAaHOTO EIEKTPONpHUBOLY Ha 0asi
CHHXPOHHOI'O JIBUT'YHA 3 MOCTIHHMMU Marditamu npu (opMyBaHHI HAalpyru 3a
nonomoror IIIM inBepropa, peamizoBaHa B cepepoBuuii Matlab Simulink

npezacTaBiieHa Ha puc. 4.1 gx OJI0K-CXeMHu.
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Pucynok 4.1. binok-cxema enexrponpusony 13 CAIIM ta IIIM inBepropom

BiaMiHHICTE AaHOI cXeMM I peajizalii pi3HUX 3aKOHIB YIPaBJIIHHS
II0JIATAE Yy BIJIMIHHOCTSAX aJITOPUTMIB, 110 PEATi3yIOThCS CUCTEMOIO YpaBIIiHHS
(CY).

B pesynbrari J0CHIKEHHS PO3POOJICHHX aJrOpPUTMIB  YIPABIIHHA
aHaJII3yBaJMCsl JMHAMIYHI Ta CTaTM4YHI XapaKTEPUCTUKU EJIEKTPOIPHBOLY,
peaKiis CUCTEMM Ha 3MIHY 3aBJaHHS €IEKTPOMAarHiTHOrO MOMEHTY Ta 3MIHHU
HaBaHTA)KECHHSI.

[Tepuium 13 1OCHIPKYBAHUX AJIFOPUTMIB PO3IJISHEMO BapiaHT yIpaBJIiHHS
3 ypaxyBaHHAM BHCJIOBIOBaHHSA (3.11) 3 ypaxyBanusam (3.12).

MopemoBanas enekrponpusoay 3 CUAIIM Ta paHum  aJropuTMoM
YIPAaBIiHHS TPOBOIMWIMCS Uil PI3HUX YMOB. Pe3ynbTaTél MOJETIOBAaHHS, IO
OLIIHIOKOTh PEaKliio Ha BIUIMB, 1110 YIPaBJsi€, HaBEJACHI Ha puc. 4.2 ta puc. 4.3.
AHati3z HaBeICHUX Ha I[bOMY MaJIFOHKY Pe3yJIbTaTiB MMOKA3ye, 110 eIEKTPOTIPUBO/T
JIOCUTH LIBUKO BIANPAIbOBYE 3MIHU 3aBJIaHHs MOMEHTY. [Ipu 3MiHI MOMEHTY
3HaKa 4Yac IMEPEeXiJHOro TMpolecy CTaHOBUTH Ou3bko 200 MKc. 3MiHH
€JIEKTPOMArHiTHOIO MOMEHTY Y CBOil NPAaKTUYHO BIUIMBAIOTH HA aMIUTITYHY

MarHiTHOTO ITOTOKY CTaTOpAa.
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Pucynok 4.2. Peakuiisi e1€eKTpONPUBOIY HA KEPYIOUUM BIUIUB HA MOMEHT
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PucyHok 4.3 — Peakiist e1eKTponpHBOgYy Ha KEPYIOUy 10 MOTOKY CTaTopa

Ha puc. 44 — puc. 4.7 HaBeaeHO pe3yJbTaTHd MOJEIIOBAHHS
€JICKTPONPUBO/LY Il yac poOOTH 3 PETyJIATOPOM IIBHJIKOCTI 0€3 HaBaHTaXCHHS.
PosrnsgaBcss BapiaHT pO3rOHY JABUTYHA 0 HOMIHQJIBHOI WIBUJAKOCTI Ta
HACTYITHOrO peBepcy. AHali3 rpadikiB Mokasye, 1m0 Yy HEpexiIHUX Mporecax

JBUTYH TpUMae MOMEHT JIMIIE Ha PIiBHI BIATOBIZHOMY OOMEXEHHH,
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(dhopmMoBaHOMY CHCTEMOIO ymnpaiiHHA. [Ipu 1poMmy, 3a paxyHOK cTaOLIbHOI

MIATPUMKM ~ MOMEHTY IIBHJKICTb 3MIHIOETBCS  JIHINHO, 3 IOCTIHHUM

IIPUCKOPEHHSIM.
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Pucynok 4.4 — Yacrora obepraHHs poTOpa IIpH IyCKy Ta peBepci 6e3

HABaHTAXKCHHAA
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Pucynok 4.5 — EnexkrpomaruitTauit Moment CJIIIM npu nycky Ta pesepci 6e3

HaBaHTaXXCHHA
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Pucynok 4.6 — I'onorpad nmorokozueruienns craropa CAIIM npu rycky ta

peBepci Oe3 HaBaHTaKCHHS
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Pucynok 4.7 — I'ogorpad crpymy cratopa CJIIIM npu nycky Ta pesepci 6e3

HaBaHTaXXCHHA
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Pucynok 4.8 — Yactora obepranus poropa CUIIM npu nycky Ta peBepci 3

HaBaHTaXXCHHAM
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Pucynok 4.9 — EnexrpomarnitHuii Mmoment CIIM npu mycky Ta peBepci 3

HABAHTAXCHHAM
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Pucynok 4.10 — I'ogorpad norokosuensienus craropa CAIIM npu nycky Ta
peBepcl 3 HaBaHTaKEHHAM
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Pucynok 4.11 — Peakiis enexrpomarnitnoro Mmomenty CJIIIM Ha 3MiHy
MOMEHTY OTOpY



62

[Tynbcanii MOAyIB BEKTOPIB CTPYMY 1 MOTOKO3YEIUJICHHS CTaTopa MpH
po0OTI 3 MaKCHUMaJIbHUM MOMEHTOM IPAKTUYHO BIJICYTHI, POTE MpHU poOOTI 3
HIBUAKICTIO MyJibCallii, 1110 BCTaHOBHJIACA, 301LIbIYI0ThCs. [le moB'sa3aHo 3 ThM,
110 PETYJSATOP MIBUAKOCTI (POPMYE Ha PETYJIATOP MOMEHTY NYJIbCYIOUE 3aBIaHHS,
K€ BIAMPAILOBYE PETYJISITOP MOMEHTY, 1 sIKe BIAOMBA€TbCS B IyJbCAIllfX
craropa.

Ha puc. 4.8 —puc. 4.10 HaBeieHO pe3y/bTaTH poOOTH €JECKTPOINPUBOLY ITiJ1
HABAHTAKCHHSAM 13 CHCTEMOIO KEPYBAaHHS, II0 MA€ PETyJIATOp MIBHAKOCTI. SIK
BUILJIMBAE 3 MAJIOHKIB, ICTOTHUX BIZIMIHHOCTEH Bif pOOOTH Ha XOJIOCTOMY X0y
HE BUSBJICHO, 32 BUHATKOM 301JIbIIIEHHS CEPEAHBOI0 3HAUEHHSI MOMEHTY 1 CTPyMY
B PEKUMI, 110 BCTAHOBUBCS, 1110 00YMOBJICHO HABAHTAKECHHSIM.

Po0ota enekTponpuBoay MpH 3MiHI CTYIEHEBOTO HABAHTA)KCHHS HaBEICHA
Ha puc. 4.11. Sx MoxHa nOGAYUTH €JICKTPOMATHITHUH MOMEHT JIBUI'YHA
IIPAKTUYHO HE pearye Ha 3MiHY HaBaHTa)KEHHA. Y TOM e 4yac 3 rpadikiB BUIHO,
110 3 3HMKEHHS LIBUIKOCTI 3MEHINYIOThCS IMyJibcallii MoMeHTy. Lle, oueBuHO,
00yMOBJICHO THUM, IO 31 301UIBIIEHHAM IIBUAKOCTI 3011bIIYETHCS BearnunHa EPC
obeptanHs. [Ilpy MO3UTHBHIN TOMMIIII PEryJIOBaHHS O OOMOTKH CTaropa
NPUKIIAJAeTbcsl BLAMOBIAHO J10 crpsimoBanux EPC oOepranHs Ta Hanpyru
JUKepena, 0 3YMOBJIIOE Olnblll 1HTEHCHBHY 3MiHYy CcTpymy crtatopa. [lpu
HeratuBHid nomuini EPC  oGepranns Oyne chnpsMoBaHa 3YCTPIYHO 110
BIJJTHOILEHHIO J10 HAIIPYT'H, 1110 CIIPUSTUME MEHIIIIH IHTEHCUBHOCTI 3MIHHU CTPYMY.
Lle#i ¢akT 00yMOBIIIOE HASIBHICTh CTATUYHOI IOMUJIKU PEryJIOBAaHHS MOMEHTY,
SIKy MOKHa mobaunTH Ha puc. 4.11.

PosrisiHemo BapiaHT ynpaBiiHHA enekrpornpuBogoMm i3 CHUIIM npu
dhopMmyBaHHI yIpaBIiHHSA 3 MAKCUMAJIBHOIO aMIUIITY/IOI0 BEKTOpa HAMpPyTH, M0
BianoBigae Bupaszy (3.13). Pe3yabTaTi JOCIIIKEHb €ICKTPOIPUBOLAY 3 AaHUM
QITOPUTMOM KepyBaHHS 3a yactoth Monyusauii 10 xI'm mpeacrasieHi Ha puc.

4.12 — puc. 4.20.
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Ha puc. 4.12 puc. 4.13 HaBeieHO pe3yJIbTaTH pOOOTH €JEKTPOIPUBOLY MPH
3MiHI CTYIIEHEBOI 3aBJaHHSI MOMEHTY. AHali3 pe3ylbTaTiB TOKa3aB, M0 4Yac
MEepPEex1IHOrO MPOLECY TAKUM CaMUid, sIK 1 B ITONEpeAHLOMY BUIIAJAKY. [Ipu ibomy
yepes Te, 1110 MU NPUKJIAAa€EMO MaKCUMAaJIbHY HANpyTy, 3011bIIYOThCS ITyJIbcarli
CTPyMY, 1 SIK HACIIJAOK IMyJIbCaIlli MOMEHTY 1 TMIOTOKO3YEIICHHS, [0 CIPUITAME
301JIbIIIEHHIO BTPAT €HEprii.

AHaniz poOOTH  EJIEKTPONPHUBOJY 3 PEryJsiTOpOM IIBUIKOCTI Ha
HeoApyxkeHoMy xonxy (puc. 4.14 — puc. 4.17), a TakoX TiJl HABAHTAXKECHHSIM
(puc. 4.18 — puc. 4.20) nokazanu XOpOIlll SKICHI MOKA3HUKUA PEryJTiOBaHHS
IIBU/IKOCTI, III0 TOBOPHUTH PO T€, LII0 CEPEJAHE 3HAUEHHS MOMEHTY BIJIOBIIA€
3a1aHOMY 3HAYEHHIO, ajie MPH I[[bOMY IIPUCYTHI CYTTEBI MyJbCaIlli CTPYMY 1 SIK

HACJIIJTOK MOMEHTY 1 MOTOKO3YEIICHHS.

0 0.01 0.02 0.03 0.04 0.05

Pucynok 4.12 — Yacrora obepranns poropa CAIIM rpu nmycky ta peBepci

0€3 HAaBAaHTAKECHHS
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Pucynok 4.15 — Enexrpomaruitauit Moment CJIIIM npu mycky Ta peBepci

0€3 HABAHTAKECHHSA
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Pucynok 4.16 — I'ogorpad norokosuerieHas cratopa CAIIM npu mycky Ta

peBepci 0e3 HaBaHTAKECHHS
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Pucynok 4.17 — I'ogorpad crpymy craropa CJIIIM npu nmycky Ta peepci

0€3 HABAHTAXKEHHSA
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Pucynok 4.18 — Yactora o6epranus poropa CJIIIM mipu mycky Ta pesepci 3

HaBaHTa*XCHHAM
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Pucynok 4.19 — Enexrpomaruitauit moment C/{IIM mnipu mycky Ta pesepci 3

HaBaHTAXXCHHAM
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Pucynox 4.20 — I'ogorpad crpymy craropa CAIIM mpu mycky Ta pesepci 3

HaBaHTaXCHHAM
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Pucynok 4.21 — Peakuis enekrpomarditHoro momenty CJIIIM Ha

3MiHa MOMEHTY OIOpY

Pobora enekTponpuBOoy MpHU 3MiHI CTYIIEHEBOT HABAaHTA)KEHHSI HaBeJIeHa

Ha puc. 4.21. Sk moxnHa nobauuTtu enexkrpoMardHiTHu momeHt CJIIIM

ITPAKTHYHO HE p€arye Ha 3MiHy HaBaHTaXCHHA.

4.2, locaizkeHHsl AJITOPUTMY YNIPAaBJIiHHA 3 ypaxXyBaHHAM iHBepTOpa 3

Oe3mocepeHiM yIpaBJIiHHAM KJINYaMHU

Mojienb e1eKTPONPUBOLY 3 aIrOPUTMOM YIPaBJiHHS, U0 (GOpMye CTaH
KJIIOYIB 1HBEPTOpa, HEOOXIQHE JUISI OTPUMAHHS OJHOrO 3 IIECTH MOMKJIMBHX
BEKTOpIB Hampyru, Oyina peanizoBaHa B cepemosuill Matlab Simulink. biox-

cXeMa IMTaliiHOI MOJIEJIl IILOTO EJIEKTPOIIPUBOY HaBEECHO Ha puc. 4.22.
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Pucynok 4.22. biok-cxema imitaniiinoi moaeni exaexrponpusoay 3 CIAIIM 3

yIIpaBJIiHHAM, 110 GOpMYe CTaH KJIHOYiB iHBEpTOpa

VY cucremi ympapiiHHSA €ICKTPONPHUBOAOM M€l IMITALIMHOI Mol
BUKOPHCTOBYBABCSl QJITOPUTM, NOOYJOBaHUM 3 ypaxyBaHHAM 3aJIeKHOCTEN
(3.17).

Pesynbraru  MOJEIIOBAHHS  JIaHOTO  €JIEKTPOIIPHBOJY 3  4acoM
nepepaxyHKy Kepyroudoro BmiuBy 10 MKc, 110 BIANOBIIa€ YaCTOTI AUCKpETU3AIIl]
100 xI'u, HaBeeHo Ha puc. 4.23 — puc. 4.33.

AHamni3 pe3yabTaTiB IOKa3zye, IO Yac TMEPeXiJIHuX TMpOLECiB TNpH
CTYMIHYACTIN 3MiHI 3aBIaHHsI MOMEHTY (puc. 4.23) cranoButh 611u3bk0 200 MKC,
K 1 B pO3IJIIHYTUX esiekTporpuBojax 3 LIIIM iuBepTopom.

Pobora enexTponpuBoy 3 perysiTOpoM MIBHIKOCTI SIK Ha XOJOCTOMY
xoxy (puc. 4.24), taxk i1 3 HaBaHTaXeHHAM (puc. 4.29) 3abe3nedye MiATPUMKY
IIBUJIKOCTI Ha 3aJaHOMY PIiBHI, 1110 TOBOPUTH IPO Mpale3qaTHICTb PeryJisitopa
MomeHTy. Ilynbcaliii MOMEHTY NpH JaHOMY aJIFCOPUTMI YIPaBJIIHHS Ta MOCTIHHIN
BEIMYMHI 3aBJaHHA MOMEHTY MAalOTh Y CEpPEHbOMY TaKy K BEIUYHUHY SIK IPU
pobdori 3 IIIIM iuBepropoM mnpu (opMyBaHHI BEKTOpIB Hampyrd Ha

MaKCUMaJIbHOMY D1BHI.



70

0 0.01 0.02 0.03 0.04 0.05

Pucynok 4.23 — Peakiiisi €1eKTpONPUBOAY MO MOMEHTY Ha YIIPaBISAIOYUMA

BITJINB
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Pucynok 4.24. Peakiisi eJeKTpONPHUBOJY IO CTAaTOPHOMY IOTOKY Ha

KEPYIOUUH BILIUB
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Pucynok 4.25 — Yacrtora obepranns poropa C/IIM mpu mycky Ta pesepci 6e3

0.02

0.04

HaBaHTAXXCHHA

0.1
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Pucynok 4.26 — Enexrpomaruitauii MomeHT CIIM mipu mycky Ta peBepci 0e3

HaBaHTa*XCHHs
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Pucynox 4.27. T'oporpad norokozueruienus cratopa CAIIM npu nycky ta

15
Iy

peBepci 6e3 HaBaHTAKEHHS

Pucynok 4.28. I'ogorpad crpymy craropa CIAIIM npu nmycky Ta peepci 6e3

HaBaHTAXKCHHS
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Pucynok 4.29. Yacrora obepranns poropa CIIM npu mycky ta pesepci 3

HABaAHTAXXCHHAM
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Pucynok 4.30. Enexrpomaruituii Moment CJIIIM npu mycky Ta peBepci 3

HaBaHTaXCHHAM
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Pucynok 4.31. I'onorpa¢ norokozuemnnenns craropa CAIIM npu nmycky Ta

peBepci 3 HABAHTAKEHHIM
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Pucynox 4.32. I'ogorpad crpymy craropa CAIIM mpu mycky Ta peBepci 3

HaBaHTaXXCHHAM
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Pucynok 4.33. Peakuis enextpomarHiTHoro MomeHnty CHIIM 3miny

MOMEHTY ONOpyY

Po0ota enexTponpuBoy Npu 3MiHI CTYIICHEBOI HABaHTA)XCHHS HaBe/IeHA
Ha puc. 4.33. Sk 0ayumo, €JIEKTPOMATHITHUM MOMEHT JBUTYHA Majlo pearye
3MIHY HaBaHTaXEHHS. Y TOH € 4Yac, B EJIEKTPONPUBOAI IPHUCYTHI BEJIHKI

nmyJbcanii moroko3versieHHs (puc. 4.24, puc. 4.27) ta Benuki mynbcaiii cTpymy.

4.3. llopiBHAJILHMH aHAJI3 PiI3HUX CIIOCO0IB YNIPaBJIiHHS

Jns  gKICHOI  OMIHKKH  pO3pOOJIEHMX — aJITOPUTMIB  yIPaBIIHHS
enekTponpuBoaoM Ha 6a31 C/IIIM Oyio 3po0ieHo MOpiBHAHHS CTAaTUYHUX Ta
TUHAMIYHUX XapaKTEPUCTHUK CHHXPOHHOTO ABWUTYHA 3 MOCTIHHUMH MarHiTaMH
KEPOBAHOTI'0 3a J0MOMOI0I0 PO3POOJICHUX AJITOPUTMIB YIIPABIIIHHS 3 KIACUYHUMU
ITOPUTMaMH  YTIPABIIIHHS — TIOJMIOPIEHTOBAHOTO YIPABIIHHS Ta MPSIMOTO
yrpasiiHHd MoMeHTOoM. Hanpuxnan, Ha puc. 4.34 HaBeaeHO pe3yJbTaTu

MOJCIHOBAHHA CIICKTPOIIPUBOAY 3 HOHeOpiGHTOBaHHM ynpaBJ]iHHHM 13 YaCTOTOFO
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IIM 10 xI'u, a Ha puc. 4.35 3 nIpIMUM KepyBaHHSIM MOMEHTOM 13 4aCTOTOIO
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Pucynok 4.34 Peaxiisi 10 MOMEHTY €JIEKTPOIIPUBO/LY 13 CUCTEMOIO BEKTOPHOI'O
YIIPAB/IIHHA HAa KePYIO4y /110
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Pucynok 4.35. Peakuis Mo MOMEHTY €JEKTPONPHUBOIY 13 CHCTEMOIO MPSIMOIO

KEpYBaHHS MOMEHTOM Ha KEPYIOUy 110
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AITrOpHuTMH

VOpPaBJIiHHSA MarOTh OJHAKOBY ILIBHMJKOJII0, MOPIBHAHHY 31 IIBHUIKOIIED

KJIACHYHOTO TPSIMOT0 YIPABIIHHSA MOMEHTOM, 1 nepeBuirye rnpudiusto 10 pasis

[0 BIJHOLIEHHIO /IO [OJIOPIEHTOBAHOrO yIrpaBiiHHA. OCHOBHI IOKa3HUKH

ENEKTPONPUBOAY IJISl PI3HUX AJITOPUTMIB KEPYBaHHS HaBeAeHO y Tabmui 4.1.

Tabnuus. 4.1. OCHOBHI ITOKA3HUKHU €JIEKTPOIPUBOAY IS PI3HUX AJITOPUTMIB

KEepyBaHHS
f1m Cratana f1m PiBeHb nymy MOMEHTY
MOMEHTY MOMHUIIKA | MOMEHTY

Ipu peBepci IPH ITYCKY
R £16.8% | +283% | 450 %
i 200 mkc 3.45% 100 mkc npu npu npu
[MOMeHTOM 100 k' | 50T | 20 kT'n
JIndepenuianbHe
YTIpaBIIIHHS 3
peaneepEAI 200 e 32% | 100 mke +25.43 % 3a 100 kT’
GopMyBaHHIM CTaHy
[KJTFOYiB IHBEpTOpA
'HH(bepf.:HmaﬂbHe 200 mkc 2.6% 100 mMrc +5%3a 10 x['1
yIpaBIiHHSA
Jlndepenuiiine 3
0OMEKCHHSM 200 mMKc 3.2% 100 mMxc +20 % 3a 10 kI’
HAIpyru
Kiacuune BekropHe
KepyBaHHS 2Mc 3.5% 1 mc +6.67 % npu 10 kI’

3 TOYKM 30py MyJbcalid MOMEHTY, AudepeHIliaabHe YIpaBIiHHS IPU

gactori HIIM 10 k't mae npubimmsno B 1.35 pasiB MeHuI myibcauii, HIK Y

OpIEHTOBAHOMY YyIIpaBiiHHi, 1 B 3.35 pa3iB MeHuIl IyJjibcallii B MOPIBHAHHI 3

NPSIMUM YIPABIIHHSAM MOMEHTOM IIpH YacToTi guckperusanii 100 k',

Anroputmu 1udepeHiiagbHoro YIpaBmiHHS, H0 (GOPMYIOTh MaKCUMAaJIbHE

3HAYCHHsSI BEKTOpa Hanpyru (audepeHiiaibHe yrpaBiaiHHS 3 Oe3rnocepeHim
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dbopMyBaHHAM CTaHy KJIOUIB 1HBEpTOpa Ta Ju(depeHiiagbHe YNpaBiiHHA 3
rpaHUYHUM HAMPYTOK0) MAIOTh PIBEHB MyJbCAIlil, TPOXU MEPEBUIILYE, MYIbCALIIT
NPSMOTO YIPaBIiHHSI MOMEHTOM.
3pobuMo aHalli3 NPUYMH BEIMKUX MYJIbCALId MOMEHTY, NPUTaAMaHHUX
AJIFOPUTMAaM YIPaBJIiIHHS, 1110 POPMYIOTh FPAHMYHE 3HAYCHHS BEKTOPA HAIIPYTH.
Jlns  BU3HAYEHHS  MAKCMMaJIbHO  MOXJIMBOI  BEJIMYHMHHU  3MIHHU
€JIEKTPOMArHiTHOr0 MOMEHTY JIBUT'YHa 3a Iepioj JMCKpeTu3alli cucreMu
yIpaBIiHHSA MPUMMEMO HAWHECTPUSATIUBILII YMOBH, KOJIM BEKTOpP HANPYTd MAe
MaKCHUMaJIbHY BEJMYHHY, i CIpsSMOBaHU 3rigHo 3 BekTopoMm EPC oOepranms,
npuiiMatoun, mo U = E ;. Y TakoMmy pasi, IpH J0AATKY MOCTIHHOI HaIPYTH /10
00OMOTOK ABUT'YHA, OTPUMAEMO 3MIHY CTPYMY CTATOpa A0 3HAYCHHS [ | oy AK 1€

nokasaHo Ha puc. 4.39.
I, 4
1

L max pr— — — ——, | —

Aj

l lmax

T, 30 ¢
. :_*T‘*

e
Pucynok 4.36. [lepexignuii npouec crpymy Mnpu iHAyKTUBHOMY
HaBaHTAKCHHI

BpaxoByrouu, 1110 MakCMMaIbHO MOXMJIMBA HAIpyra, o0 MiJABOJUTLCS 10
oJHi€l (a3u ABUTYyHA IIpH 3'€JHAHHI OOMOTOK 31pKOI0, SIK TT0Ka3aHo Ha puc. 4.40
oyne cranosutu U ¢ =2/3 U ; 3Hau€HHS MaKCHUMAaJIbHOTO CTPyMYy, 3a YMOBHU
COHAIpaBJICHOCTI BekTopa Hampyru 3 BekropoM EPC, Oyne Bu3HadaTHCS

3AJIEKHICTIO;
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ne R | - AKTHBHUH omip 0OMOTKHM CTaTOpa JIBUTYHA.

_|_
i i
2
A gUd
U, 1
B 1
C U,
3
i Y

Pucynok 4.40. Cxema po3noaijty Hanpyrv Ha Tpuga3zHiii o0OMOTLI

BpaxoBytoun, mo 3a yac auckperusaiili 7 4 CTPYM 3MIHIOETHCS B
HEBEJIMKOMY J{iana30Hi OO / | max , BA3HAYMMO MAKCUMAJILHO MOKJIMBY 3MIHY
CTPYMy CTaropa 3a 4yac JMCKpEeTH3allii, sKa 3aBICUTUME BiJl €JIE€KTPOMArHiTHOI

IHEpILINHOCTI OOMOTKH JIBUT'YHA, 1 BU3HAYaTUMEThCS 3aJICKHICTHO:

: r. «4U.T,
Aj]max :‘{Lm:lx - :_—dﬂ’ (41)
f 3K T
r oL |
Ie R, _enextpomarniTha mnoctiitHa yacy 06MOTKH CTaTOpA.

[IpunycTmo, 1o BEKTOp CTPyMy CTaTropa CIPSAMOBAHUN Y IUIOLIMHI
MEePNEeHAMKYIAPHO A0 JiHII, IO HPOXOJUTh uepe3 IOoJIIocH poTopa. Toxi

nyJbcalii OyayTh BU3HAYATUCS BIAMOBIAHO /10 3aJI€KHOCTI:

AM = %z e 1)

lmax *
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[TizcraBuBIIM B 11€ piBHsAHHA BUpa3 (4.1), 1 po3nucaBIId MOCTIHHY Yacy
Yyepe3 iHAYKTUBHICTh Ta aKTUBHHM OIip, OTPUMAEMO MAKCHMAJBHO MOJKJINBE

3HAYEHHs IyJIbCAllli MOMEHTY 3a Mepioji AUCKPETU3alliil y BUTJIsAL:

AM, =2z ¥, —U‘LT“"‘ : (4.2)

1
[TigcTaBUBIIM 10 OO PIBHSHHS MapaMeTpu AOCIIPKYBAHOTO JIBUT'YHA,
OTPUMAEMO 3HAYEHHS MaKCHMAJbHO MOXJIMBOI 3MIHM €JIEKTPOMAarHiTHOrO
MOMEHTY [ABUTYHA 3a Teploj Auckperusaili. Pe3yabraTté po3paxyHKIB 100

PI3HHMX BEJIMYHMH Yacy AUCKpeTH3allli HaBeaeHo y Tabmuwuill 4.2.

Tabnuis 4.2. Pe3ynbraTu po3paxyHKIB 1100 PI3HUX BEIUYHUH HaCy

JUCKpeTU3alii
T ais, MC 0.1 0.05 0.02 0.01
AM pax % 276.6 138.1 55.3 27.6

[TopiBHIOIOUM MaKCHMaJIbHE 3HAYEHHS IyJbCAIlld EJIEKTPOMArHITHOTO
MOMEHTY, CIIiJl 3a3HA4uTH, 110 3a NEepioja AMCKpeTusauii Aani tabmumi 4.2
3HAXOJAThCA y CIIBBIAHOLIEHH] 2AM 4« CTOCOBHO HaBeieHUX y Tabuuui 4.1. Le
MOSICHIOETHCS TUM, L0 Y BHUIIAJIKY, KOJIA 32 OJIUH NEPioJ] AUCKPETU3ailii MOMEHT
HE BCTHTa€ JOCATTH 3aJaHOTO 3HAYCHHS, TO MPOTATOM HACTYITHOTO IEPioay
CHCTEMa YIpaBJiHHSA 30epirae HalpsIMOK BEKTOpa HANpyry 1 MOXiJiHA MOMEHTY
MAa€ He3MIHHUHI 3HAK ITPOTATOM JIBOX NEPIOAIB JUCKPETU3ALLiT, 110 PU3BOAUTD 10
JIBOPA30BOT0 301IbIICHHS MyJIbCcaliii MOMeHTY [15].

Amnanizytoun Tabiauiio 4.2. MOXKHA JIMTH HEBTIIIHOTO BUCHOBKY, LIO IPH
BUKOPUCTAHHI aJIrOPUTMIB yHpaBiiHHA, (POPMYIOTh MaKCUMAJIbHHI BEKTOP
HAMpYTH, K HAPHUKIIA]] IPSME YIPABIIHHSI MOMEHTOM, HEMOKIIMBO JIOMOTTHUCS
MaJTUX TyJbCalliii eJeKTPOMarHiTHOro MoMeHTY. [Ipu mpoMy BenmKi mysbcarii
MOMEHTY Ha HU3bKMX YacTOTaxX JUCKpeTH3allii BHKIMKAHI KOHCTPYKTHUBHOIO

0COOJIMBICTIO CHHXPOHHUX JIBUTYHIB, 1110 MAlOTh HU3BKY IHAYKTUBHICTH CTATOPA,
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BEJIMYMHA 5IKOi, K BUAHO 3 (4.2), mpomopuidHa Ha3aJ aMIUNTYAl MyJbcarii
MOMEHTY.

TakuMm 9rHOM, 711 3MEHIICHHS IMYyJIbCalliil €eKTPOMArHiTHOrO MOMEHTY
HeoOX11HO BHKopucToByBatH cucremMu 3 IIIMM iHBepropom, 1m0 H03BOJIsIE
peryjiroBaTH aMIUTITYy BEKTOpa Hamnpyrd, a0o IIJIBUILYBATH YacCTOTYy
JUCKpEeTH3alii NpH BHKOPHCTAHHI CHCTEM YNPaBIiHHA, WO (OPMYIOThH

aMILTITY/1y BEKTOpa HAlIPyI'y Ha TPAaHUYHUX 3HAUYCHHSIX.

BucHoBKH 1o po3ainy 4

1. Bci po3pobneni anroputMu KepyBaHHs enexkTpomnpuBojgoM 3 CIIM
MaroTh OJJHAKOBY HIBUAKOIIIO, TIOPIBHSIHHY 3 IIBUIKO/IEI0 KIACHYHOTO
NpsSIMOTO KepyBaHHS MOMEHTOM, 1 mepeBuliye 10 pasiB MIBUIAKOIIIO
€JIEKTPONPUBO/LY 3 MOJCOPIEHTOBAHUM KEPYBAHHSIM.

2.  BcraHoBieHo, 1110 po3po0iieH] alropuTMU KEpPYBaHHS HEUYTJIMBI 10
3MiH HaBaHTA)KCHHS Ha BAJI IBUTYHA.

3. BusnHaueHOo (yHKIIOHAJIbHY 3aJIKHICTh MK YacoM JHMCKpeTu3arii
CHUCTEMH KEPYBaHHsS €JIEKTPOIPHUBOJIOM i3 CHHXPOHHUM JIBUT'YHOM i3
NOCTIMHUMHU MarHiTaMu, MOro mapaMeTpaMu Ta HEOOXIJHHUM piBHEM
NyJIbCallli €IeKTPOMArHITHOTO MOMEHTY.

4. BusBieHO, 10 €NEKTPONIPUBOJ 3 TOYKH 30Dy MyJIbCALIil MOMEHTY, IIpH
nudepenuiaibHoMy yrpasiaindi npu vacrori HIIM 10 k['m mae
npubmmsno B 1.35 pa3iB  MeHm myabcanii, HDK TpHU
10JIIOPIEHTOBAHOMY yIipaBiiHHi, 1 B 3.35 pasiB MeHuIl Mmyjbcaiii
NOPIBHSHO 3 MpPSAMUM YIPaBIIHHAM MOMEHTOM IIPU 4YacTOTI

nuckperu3anii 100 k[,



BUCHOBKH

Y wmarictepcbkiii  poOOTI  BUPINIEHO  3aBJaHHS  KepyBaHHS

€IEKTPONPUBOAOM Ha 0a31 CUHXPOHHOTO JIBUTYHA 3 MOCTIMHUMH MarHiTaMu,

mo 3&6€3H6‘ly€ TIOJIIIIICHHS Horo )J,I/IHaMiLIHI/IX XapakKTCpUCTHK Ta Mae

BKJIMBE 3HAYEHHS JUIsl MIABUIIEHHS €()EKTUBHOCTI pOOOTH CEPBONPUBO/IIB.

OCHOBHI  pe3ynbTaT BUKOHAHOTO  JOCJIDKEHHS  IOJSATaloTh

HACTYITHOMY:

1,

Po3pobneno maremMaTuuHy MOJEIb €IEKTPONPUBOAY Ha 0a31 CHHXPOHHOTO
€JICKTPOABUTYHA 3 TOCTIHHUMHM MarHiTaMH, III0 BPaXOBYe€ TaKi 0COOTMBOCTI
(yHKIIIOHYBaHHS 1HBEpTOpa fAK YacTOTAa JUCKPETU3allil CHCTEMH
KEepYBaHHSI €JICKTPOIIPHUBOJIOM.

B pe3yibrari BUSABIEHHX 3aKOHOMIPHOCTEH IMPOILECIB, L0 MPOTIKAIOTh Y
CUHXPOHHHX €JIEKTPOJIBUTYHAX 3 IMOCTIHHIMH MarHiTaMu IpH KepyBaHHI
iX CcTaHOM, OTpHMaHl 00JacTl B3a€EMHOIO pO3TAlIyBaHHS BEKTOPIB
IIOTOKO3YEIUIEHb CTaToOpa 1 poTopa, 10 3a0e3nedyroTh HeoOX1/IHI 3HAKU

HOXi,IlHHX PEryjibOBaHUX BECIWYHMH.

82

Po3po0neHo anropuTtMu KepyBaHHS €JIEKTPOMArHITHUM MOMEHTOM Ta

IMOTOKO3YCIUICHHAM CTaTOopa CHHXPOHHOI'O CICKTPOIBHI'YHA 3 MOCTIMHUMMU

MarHiramu. BcraHoBieHo, 1O mNpU BCIX PpO3pOOJIEHUX aNrOpPUTMAax

KEepYBaHHS €JEKTPONPUBOJ Ma€ OJHAKOBY LIBUIKOMAIKD, IMOPIBHAHHY

13

IIBUJIKOJIEIO €JICKTPOIIPHBOY IMPU KIACUYHOMY MPSIMOMY KEpyBaHHI

MOMEHTOM, 1 Oinbiia, npudau3Ho B 10 pasiB, MBUAKOAIS €ICKTPOIPUBOLY 3

10JICOPIEHTOBAHUM YIIPABJIIHHSM.
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1. ANALYSIS OF THE STATE OF THEORETICAL RESEARCH AND
PRACTICAL DEVELOPMENTS OF MODERN ELECTRIC DRIVES
BASED ON SYNCHRONOUS MOTORS WITH PERMANENT
MAGNETS

1.1. Features of using electric drives based on synchronous electric motors

with permanent magnets

The adjustable electric drive is increasingly used in industry and various
technological machines. Its use will allow to ensure the automation of many
technological processes, to obtain complex movement of industrial machines, to
reduce energy consumption in various sectors of human society.

At the end of the last century, the dominant electric drive in those
installations where it was necessary to regulate the speed in a wide range was a
direct current electric drive. The main disadvantage of direct current electric
drives has always been the presence of a collector -brush apparatus of an electric
machine, which requires special maintenance, reduces the operational reliability
of the machine if used incorrectly, and limits the dynamic characteristics of the
electric drive as a whole. Therefore, in the 90s of the last century, with the
development of microprocessor and power semiconductor technology, adjustable
direct current electric drives began to be replaced by brushless adjustable
alternating current electric drives based on an autonomous voltage inverter. First
of all, this is a system (frequency converter-asynchronous motor) that provides
the necessary characteristics of the movement of the executive body of most
technological machines. At the same time, there are a number of mechanisms
where certain characteristics of such a system are unsatisfactory, and as an
alternative to them, adjustable electric drives based on synchronous permanent

magnet electric motors (PMEM).
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Permanent magnet machines were invented at the initial stage of
development of electromechanics. However, they have been widely used in recent
decades due to the development of new materials for permanent magnets with
high specific magnetic energy (for example, alloys based on samarium and
cobalt). Synchronous machines with such magnets, in terms of their mass-
dimensional indicators and operational characteristics in a certain range of powers
and rotation frequencies, can quite compete with synchronous machines with
electromagnetic excitation.

In SDPM, the rotor magnetic field is formed using permanent magnets. Due
to the absence of an excitation winding, SDPMs have no excitation losses and slip
rings. They have high efficiency, their reliability is much higher than that of
conventional synchronous machines with an excitation winding. In addition, they
require virtually no maintenance throughout their entire service life [1 - 2].

Permanent magnets can replace the excitation winding in both conventional
multiphase synchronous machines and all special designs . SDPMs differ from
their counterparts with electromagnetic excitation in the design of inductor
magnetic systems. The rotor of a conventional synchronous implicitly non-polar
machine is a cylindrical ring-shaped magnet magnetized in a radial direction.
direction (Fig. 1.1, a).

The theory of synchronous machines with electromagnetic excitation is
quite suitable for describing electromagnetic processes in permanent magnet
synchronous machines. However, in order to use this theory and apply it to
calculate the characteristics of a permanent magnet synchronous machine in the
generator or motor mode, it is necessary to determine in advance from the
demagnetization curve of the permanent magnet the no-load EMF E ror excitation
coefficient € = E ;/ U and calculate the inductive resistances X ,;and X ,, taking
into account the influence of the magnetoresistance of the magnet, which can be

so significant that X <X .
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a)

Figure 1.1. Inductor magnetic systems with cylindrical and star-shaped magnets:

11.

&

13

14.

13.

16.

a - star-shaped magnet; b - four-pole cylindrical magnet.

The main advantages of an electric drive based on SDPM are [6]:
Contactless and no maintenance-free components. The absence of sliding
electrical contacts in the SDPM significantly increases their service life and
reliability compared to DC electric motors or asynchronous motors with a
clearly defined rotor winding.

High torque overload capacity (short-term maximum torque factor is 5 and
more).

High speed, due to the relatively small value of electromagnetic and
mechanical inertia.

High energy performance (efficiency and CO2) ¢). The efficiency
indicators of valve motors exceed 90% and change very little when the
motor load changes in power and when the supply voltage fluctuates, while
the maximum efficiency of asynchronous electric motors is no more than
86% and depends on load changes.

The minimum value of no-load currents and operating currents, which
allows for fairly accurate measurement of engine load and optimization of
operating mode.

Virtually unlimited adjustment range rotation frequency (1:10000 and
more) and the ability to regulate the rotation frequency according to various

laws.
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17. Low overheating of the SDPM increases the service life of the electric
drive, as the resource of insulating materials operating at lower
temperatures increases. This factor allows the electric drive to operate in
non-standard modes with possible overloads.

18. Minimum weight and dimensions, other things being equal.

19. Significant service life (mean time between failures is 10 000 hours and
more), reliability. The resource of the electric motor and the entire unit is
also increased due to the possibility of optimizing operating modes with
speed and load.

20. High-speed execution capability.

The above advantages of electric drives based on SDPM make it promising
in such industries as [19, 28]:
—  servo drives for robots and manipulators;
—  feed and main motion drives for metal-cutting machines and coordinate
devices;
— automatic lines for processing various materials or assembling
products;
—  packaging machines;
—  printing presses, printers and plotters ;
— winding and tape-pulling mechanisms;
—  precision tracking and guidance systems;
— aviation equipment;
—  medical equipment;
—  traction electric drive of electric transport;
—  steering drives for aircraft, submarines, and automobiles;
—  mining machines;
—  turbomechanisms ;

—  household appliances, etc.
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Electric drives based on SDPM of small and medium power are especially
attractive for their use as part of servo drives . At the same time, SDPM provides
relatively small dimensions, good energy performance and low inertia. At the
same time, fast and accurate movement of the actuator of the servo drive is
impossible without a high-quality control system. Fig. 1.2 shows a simplified

structure of a servo drive based on the SDPM.

cv eMiE —N v |
W, LM, I
—» v | _lg_ :

w.0, M

Figure 1.2. Servo drive structure taking into account SDPM:

SU — control system; SU EMPE — control system for electromechanical energy
conversion; SU RV O — control system for the movement of the executive body;
EMC - electromagnetic coordinates;

MK — mechanical coordinates; U — voltage vector on the stator winding;

I - Stator current vector; ¥ - flux vector; M . - electromagnetic torque; o -
angular velocity on the shaft; 0 - rotor position angle;

M is the moment on the shaft.

This structure divides the process that occurs inside the electric motor and,
accordingly, part of the electromechanical energy conversion control system, that
is, the process of forming mechanical coordinates . This division is made for the
reasons that the process of electromechanical energy conversion is determined,

first of all, by the type of electric motor and does not depend on the mechanism
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that is set in motion. The formation of mechanical coordinates is largely
determined by the type of mechanism, the configuration of which can be diverse.
In this case, the movement of the executive body of the electric drive is
determined on the one hand by the configuration of the mechanism, and on the
other hand by the control influence, which for the mechanical subsystem of the
electric drive is the electromagnetic moment.

As a result, the control system can be divided into a control system for the
process of electromechanical energy conversion, which forms an electromagnetic
moment, and a control system for mechanical coordinates, which ensures the
movement of the executive body along a given trajectory . Fast and accurate
processing of the moment will provide better tracking of the required trajectory
of movement by the servo drive . If the frequency composition of the variable
load, static and dynamic, acting on the electric drive is less than the bandwidth of
the electromagnetic torque, then the electromagnetic torque control circuit can be
considered as an inertialess torque source [14], which will significantly simplify
the synthesis of algorithms for controlling the mechanical coordinates of a servo
drive with complex kinematic schemes.

Thus, a separate task for improving electric drives based on SDPM can be
considered the development of algorithms for controlling the electromagnetic

torque of SDPM, which provide high accuracy and speed of regulation.

1.2. Methods of controlling permanent magnet synchronous motors

Interest in the issue of synchronous motor coordinate control has been
observed over the past decades, during which many authors have developed and
researched various types of permanent magnet synchronous motors.

In [ 1 2] it is shown that the use of permanent magnets in salient pole
synchronous motors for variable speed drives improves their characteristics

compared to other classes of AC machines. They are more reliable, capable of
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providing greater power with relatively small dimensions, can operate at high
speeds in both motor and generator modes, and are energy efficient over a wide
speed range.

IN [10] considered the prospects for the development of electric drives
based on SDPM and presented equivalent models of electrical circuits for such
engines, as well as methods for determining their parameters. Comparison of the
modeling results with the conducted experiments confirmed the adequacy of their
model.

In [ 11-12 ], synchronous motors are classified into two types: permanent
magnet synchronous motors (PMSMs) and brushless DC motors (BDCs ) .
PMSMs have sinusoidal back - EMF and require sinusoidal stator current to
generate constant torque, while DCBs have trapezoidal back-EMF and operate
with rectangular stator currents to generate constant torque.

The SDPM is very similar to a salient pole synchronous motor, which uses
a permanent magnet instead of an excitation winding.

The SDPM model can be derived from the known synchronous machine
model. The SDPM equations are derived in dg in a coordinate system rigidly
connected to the rotor. The excitation winding is excluded from the model due to
its absence, and the rotor flux is considered unchanged due to the peculiarities of
the location of the coordinate system.

Representation of SDPM equations in the dg coordinate system is the main
way to describe its operation. Such a description provides clarity of the processes
occurring in the stator windings. The actual stator currents and voltages in the
given two-phase fixed coordinate system are related to the rotor quantities by a
one-valued transformation. These transformations are based on the assumption of
symmetry of the electric and magnetic circuits of all windings. In addition to the
coordinate system dg Sometimes the a-f coordinate system is used , in which the
value of the inductance of the stator windings is related by trigonometric

dependencies to the angular position of the rotor.
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There is also a spatial model of the SDPM, which takes into account
energy losses [ 1 4, 1 7, 20]. Based on this model, methods for estimating engine
parameters that change during operation have been proposed.

Models of different types of synchronous motors in comparison with
induction motors are given in [ 19, 21 ], where a model of the main poles of a
synchronous motor is obtained, and all equations are derived in the dq coordinate
system. and are presented in the form of a matrix. The equivalent circuit of the
motor in this case included a damping winding and was represented as a DC
source.

Developed in the 1980s, the mathematical models of SDPM were later
implemented in the form of computer programs, including in the form of blocks
of the Matlab environment. Simulink , the efficiency and adequacy of which is
noted in many works [ 1 5, 1 7].

An electric drive based on a synchronous motor, as a control object, does
not have significant differences from an electric drive based on a synchronous
motor with an excitation winding located on an inductor, therefore, synchronous
motor control methods are also acceptable for an synchronous motor.

The development of the principles of control of an electric drive with a DC
motor is determined by the development of the theory and methods of control, as
well as the improvement of the hardware base of the electric drive. The
implementation of DC motor control taking into account the parameters of the
engine itself, the presence of rotor angular position sensors, the type of converter
and the computing power of the controller allows us to judge the effectiveness of
the algorithms used. [22].

One of the first methods of controlling synchronous motors based on a
semiconductor converter was called a valve motor [6, 15], which is also called a
brushless DC motor with excitation from permanent magnets. Given that the
switching of the valve motor keys is rigidly connected with the position of the

rotor, the voltage applied to the motor phases during its operation has a trapezoidal
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shape. This control method is quite simple to implement and has good speed, but
it is characterized by large torque ripples.

To improve the quality of control, modern SDPMs are usually powered by
an autonomous voltage inverter, which generates, in accordance with the current
state of the motor, the voltage vector necessary to achieve the control goal.

When forming the voltage vector , it is possible to achieve a stator flux
distribution close to a sinusoidal shape, therefore, the same control methods used
for induction motors have been used for SDPM [7, 10, 18, 21]. Such methods
primarily include field-oriented control and direct torque control. As a result of
the research, they showed that the level of electromagnetic torque pulsations with
poly-oriented control is significantly lower than when using control algorithms
for valve motors with Hall sensors .

considered SDPM poly-oriented control systems is the low speed of torque
regulation compared to direct torque control (DTC), which narrows the scope of
their application in high-precision dynamic electric drives.

In electric drives that require high-speed regulation, direct torque control
DC motors have become widespread. The basic principle of direct torque control
is the selection of the appropriate voltage vector depending on the position of the
rotor magnetic flux vector , the difference between the set and actual torque, [30].

Direct torque control has such advantages as good torque response, high
electromagnetic torque at low speeds. For example, in [ 1 7] switching tables for
direct torque control are presented, the use of which helps to reduce the level of
ripple. and the resistance moment on the motor shaft.

In addition to field-oriented and direct torque control, other methods based
on the application of the theory of automatic control can be used for control
systems of electric drives with SDPM. For example, in [13] the application of the
speed gradient method is considered, and [32, 34] the theory of synergetic control.
These works have the disadvantage of low speed. In [ 3 3] the application of

sliding modes for control of SDPM is considered, a distinctive feature of which
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is the possibility of loss of stability of operation, as well as high pulsations of the
electromagnetic torque.

In order to ensure increased speeds when working with small loads [16],
control algorithms have been proposed that allow weakening the main magnetic
flux. The studies conducted by the authors have shown the robustness of the
control system with respect to the engine parameters and stable operation during
transitions from the nominal flux to the weakened one and back, with high speed.

Another work that offers a non-standard speed controller is the
methodology , where a modular approach to speed control of the PMSM is used.
Based on the functioning of individual controllers, the modular approach allowed
the implementation of an intelligent and reliable controller that allows you to
easily replace any existing controller that does not work well enough, while
maintaining other controllers that are effective. For the first time, a stability
analysis of a proportional -integral (PI) speed controller in a conventional PMSM
control system was carried out. Then it was shown that conventional PMSM
controllers cannot eliminate electromagnetic torque pulsations, which were the
main obstacle to the use of PMSM as high-performance servo drive . In the
proposed controllers, this was achieved by introducing an iterative learning
module. This module cyclically records the torque and current control signals for
one full cycle and then uses these signals to update the current task of the next
cycle. As a result, the torque ripples can be significantly reduced. In order to
estimate the torque ripples, an estimation module using sliding modes was also
proposed. The observer was further developed to facilitate the implementation of
torque regulation. The proposed control system was evaluated by real-time
simulation and experimental results, which confirmed its effectiveness.

A fairly powerful direction in the development of electric drives based on
SDPM is the construction of sensorless systems, which allow to abandon the use

of additional mechanical devices installed on the motor shaft. The main estimated
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coordinates in such electric drives are the speed and angular position of the rotor.
A wide variety of different approaches are used to construct observers.

One of such approaches is the use of the extended Kalman filter [ 1 4, 15],
which allows estimating the parameters and variables of the engine under
conditions of random external influences. Thus, in [ 1 7, 1 8] an estimate of the
speed, rotor position and load torque with direct torque control of the SDPM
based on the extended Kalman filter is given . A model of the SDPM and the
Kalman filter in Matlab has been developed Simulink . The proposed speed
observers were found to be insensitive to changes in engine parameters. The
simulation results demonstrated good performance and reliability. The
disadvantage of such systems is the need to use significant computing resources
of the controller.

Another option for constructing sensorless electric drives based on SDPM
is adaptive systems [ 1 7]. For example, the widespread use of an adaptive system
with a configurable model, however, for these systems, a significant drawback is

the large computational load on the controller.

Conclusions on section 1

The results of the analysis of the state of theoretical research and practical
work showed that:

3. Due to its very favorable mechanical and control characteristics, the
absence of sliding electrical contacts, the absence of excitation losses, and the
ability to provide effective cooling, the SDPM is one of the promising executive
elements of a modern electric drive.

4. The use of modern hard magnetic materials has made it possible to
create SDPMs capable of competing in terms of mass, dimensions and energy
indicators with machines with electromagnetic excitation in a wide range of

powers and rotation frequencies, and in terms of specific indicator as the value of
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the electromagnetic moment per unit mass, SDPMs have practically no equal
among various types. 3. The most common for building control systems for
electric drives based on SDPM are field-oriented control and direct torque
control. 4. Direct torque control has the highest speed of these two methods,
which allows it to be used in high-precision and dynamic electric drives that
require high speed.

5. The most significant disadvantage of systems with direct torque control
is the high pulsations of the electromagnetic torque, which reduce the control
performance of the electric drive.

Based on this, the following can be formulated: The main tasks that are
solved in the work:

5. Based on the developed simulation model of an electric drive with a
DC motor, analyze the speed of the torque control loop and the level of DC motor
torque pulsations in proven systems with field-oriented control and direct torque
control.

6.  To analyze the influence of the discretization time of the electric
drive control system and the parameters of the SDPM on the magnitude of the
electromagnetic torque pulsations.

7. To develop algorithms for controlling an electric drive with SDPM
that provide speed comparable to direct torque control systems at a level of
pulsations characteristic of poly-oriented control.

8. To assess the adequacy of the mathematical model used in the
synthesis and analysis of the control system through experimental research, taking
into account the features of the technical implementation of the electric drive

control system with SDPM.



99

AxderT reanrdood suHadogradayy

a] o

@ MY = " @ A 2w T

-+

._"m_.m. _ LA A — i Hw_.ﬁ —.-_-....-r...-rh 1

ey o e i

7
HWRLIHIRWN HWHHHILOOII € RHAINEL
OIOHHOAXHID 0I0HER(OGT BHHAMINRE BNAX))




100

dl" |,

4

gl

e A
Iy ElL
o | ,
__ | ous jx " X
2 .ﬁ
“dh s -
o @500 » X X
H - ._.L—_“_M._,...m.w_ _
fa iy i W/l

IeHITdOOM TIWALIID
HinoxAdan £ WD ewaxd eHdAIMAdL)




101

(BN i 1

A

(-1

{3

X _ }H
_“ X ¢
- l
(=)
2612
B2913e1dago

OIT “ITEHHI'dOOM TIWALJID A ITITD BWaX) eHAAINAALD



102

[ 3

-y
- Dd

1L+03/ Dd|

v
5

iy __ux-..__

WD

1+ 1

A1

JNIIID 1€€0 eH IHHIdedIIA AWOHBRHOLHITAOTIIOIT
udi Arogudiodidars ewaxo eHAAINADL)



103

—

ey [ bpedof— > A

k5,
! I |
al Tn

=k A
| 3 L A

o | T T ™ T g

WLITTD

WOLHAWOW THHegAda AWomnsdn ndi WII7D
1£eQ BH Arogndiiodidara »WaX) PHIURHOIIINHAD



104

“m
3 Wi =] -3 - abe
1 ) O W [— s .hﬂﬂ—ul =|—
E 0 . T an hﬁ.u
R i ol 20
; & e l— 8 )
— *E@ o NE w0 L .i.r_.-cl‘l "
| = L | i P pl— = 1 mﬂw
T wy _ . . m
_.._.Hl“.-. l|4 o P pill— v s H —ln_...
e =] Ul
~—— dovrdaany NI [ {0
W | )
160 %
wodoirdagHr

WIIII 8L NIIIZD &I Arogudoodidara eWaxd-Monq




105

i

SR

i

BHHaWELHe8eH 29 1odagad el
AxoAu vdu W UTHD tHewow MKMHLIHIewodLHaWw]

> “2ER

s0°0 L 00 i 10 0

edorely AMOIONI ONT AROIAdSY

m el Arosndnodivara ENTIE2J

3 R
K] {0 ._k.”_-._-_ fa Xl Hﬂ_”_n._ _\..__ru_m.
T
—_————
Pl 1
::-.-- _ | =
N SRLEE LTy

\l {Hosz
| W, |

: 008 &

el o

BHHaWELHeaeH eag 1odasad el AxoAu
mdu edolod sHHELd2GO BLOLIEH

I "OFR
i ] I £l i ] 10 .___.|
l d HI
i I -
_ vl
| |
I
™ W
_ T
e £
¢ E

IHIMOM BH gHITIT HHROIAdSM
eH Arogndonodidsrs EUmIes



106

6

'0 80D W0 W0 D00

=]

B W0 - i =] l.'lli 'T '\q ilf-

LR T

_—
=

WEHHFP1HEIeH & munm.mum BI AMDAL

HAII W7D IH2NOM HHHLTHIENod 130
i
IR TR S B ﬁ:._. £l
ﬁ! +
P LS
n_ﬁ-_r T e o
......\. _ | y
i ._.._ /.... ____ ___ .—.,
Y Y
e .xv 7
AM g/ "
| ,.{..rll - \
e 3 ; ol
; e et ; q_nh_

EHHI¥EIHEIEH £20 12d2g2d el AMoATT
HAII W7D edorerd AmAdio gedioro

10 0 el 0 L0 A.Em-
= £ £ .
i
e i __ ” 05
— 1
— 1
|
1. il
I\_. !
o _.___
| o
1 m W05z _
| i .__. =
L | 2
: 0057

WEHH¥EIHETeH & 12dagad Bl AMDATI

L
th
0§ 1 gD 0 s 1R S1TE TE.
T T T T T T T L

EHH=¥EIHeIeH £20 1odagad

Hdu I edorod EHHELd200 BIOLIRE

o=

BL AMDAILD

HAI W7D edorerd AmAdio gedioro T



107

“m
!
I -
| Wi o ONMIE—O o3l
M .k, : 5 _ o7niMd [—] +o
Du - m N e vl M
e : 1200 19H L U g 8 g fe—] 48 A o b
< pbsA o~ . =
f.nﬂ - ..I._.,_I:. ,.,..._____.__E v i 13 e
E“ T..A.m_ .& ,.EE_Al + (% W I |
doxdaan) |
B A 1491 -
” i

snonuiuod|

edoirdagH! gihoiuAd HeL wruhoiAwdod weHHeaAdaH
€ WL € AToanduodivawa IraTow IOHUITIELIWI BWaXD-HOLY

Ol




108

11

+

v |
mmﬁuﬁ.mummmmmﬁémévumanbéﬂﬁu uuﬁ%&: mmﬁ,_ﬁunuﬁ



