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BCTYII

AKTyaJIbHICTH 3aJa4i JocjifkeHb. CHCTEMU 3pONIECHHS IIHPOKO
3aCTOCOBYIOTh Y CLIBCBKOMY TOCIOJAPCTBI MO0 OAEpKATH BHUCOKOT'O BUXITHOTO
BaJIOBOTO TPOAYKTY. [l MPUBOAY HACOCHUX YCTAaHOBOK Y IHX CHCTEMax
MepeBaXKHO BUKOPUCTOBYIOThCS acHHXpoHHI1 1BUTYHHU (A/Jl). IlepeBarkHa O11bIITICTh
iX 3aCTOCOBYIOTBHCSI B HEPETYJIHOBAaHOMY IMPHUBOJI, IO MOSCHIOETHCS CKJIATHUMHU
HEJTIHIMHUMU eNleKTpoMardiTHUMU rpoiiecamu B AJl. Taki enekTponpuBoid MatOTh
HU3BKI  €KCIUlyaTauliiiHi  moka3Huku. Ilpm  3acTocyBaHHI ~ KEpPOBAHOTO
CJICKTPONPUBOAY MOKHA JIOCATTU eHepro30epexeHHs 10 60%, 3HAYHO 3HUZUTH
MyCKOBUHU Ta pobouunit ctpym AJl, THM caMuM 3MEHIIUTH BTPATH €IEKTPOCHEPTIi,
YCYHYTH TajiHHS HANpyTrd, KOJWUBaHHSA MBHAKOCTI AJ[ 1 OOMEXHUTH MOMIJIHMBI
riipoyJapu, a TaKOX 3MEHIIWTH HENPOIYKTUBHI BTPAaTH BOAM 32 PaXyHOK
3MEHIIIEHOT'0 TUCKY B TiPOCUCTEMI, 1 TOMY MOAI0HE.

Jlns perymoBaHHs napamerpamu A/l MMPOKO 3aCTOCOBYIOTH BEKTOPHE Ta
CKaJisipHE KepyBaHHS. Y TMPHUBOAAX HACOCIB CHUCTEM 3pOIIEHHS HAIIOr0 Yacy
BUKOPHUCTOBYIOThH NiepeTBoproBadl yactoTu (ITH) nuie 3 ckaasipHUM yIpaBiIiHHSIM.
[le 06ymoBieHO MeHIIO0 BapTicTio 1070 [TY 3 BekTopHuMm ympasiinasm (BY) ta
HEJIOCTaTHhOIO OOTPYHTOBAHICTIO X 3aCTOCYBaHHS MJisi BUPIMICHHS MpoOIeM
riaipoyaapis. BcraHoBieHo, 1m0 ynpaBiaiHHA MoMeHTOM A/l 1o 3ynmuHKH Hacoca
JTO3BOJISIE TPAKTUYHO TOBHICTIO YHHMKHYTH TipoyaapiB. Y Hacocax CHUCTEM
3pOIIEHHS MOKHa peai3yBaTH TUIBKHM 3a J0moMoror 3actocyBaHHs BY. Kpim
TOTO, B CHCTEMax KpaleJbHOTO 3pOLIEHHS, fAKI HaOyBalOThb BCE OUIBIIOTO
nommpenHs, 3actocopytoun [ 3 BY wmoxHa BiIMOBHUTHCS BiJl YCTaHOBKH
JIOPOTOTO PEIyKTOpa PETyIITOpa THUCKY, OTPUMATH SIKICHE KEpyBaHHS THCKOM 3
mBUAKOAIEI (TpuTamMaHHOO TuUTbkM Tipu BY), ske 3amobirae po3puBam
KPAIUTMHHUX CTPIYOK MPU PI3KUX 3MIHAX TUCKY Y T1APOCUCTEMI.

[TopiBHSHO 31 CKAISPHUM, IOCSATAETHCS 3HAUHO OLIbIIIa TOUYHICTh YIIPABIIIHHS
Ta €(pEKTUBHICTH BUKOPUCTAHHS €JIEKTPUYHOI €HEPT1i Ta eHEPTOEMHUX MEXaH13MiB.

Kpim Toro, BY po3Bossie oriHIOBaTH IIBUJKICTH Ta ITOTOKO3YEIUICHHS 0€3
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BIAMOBIAHUX JAaTYUKIB, M0 3a0e3rneuye BHUKOPUCTaHHS 3BHYaiHUX AJ|
3arajJbHOMPOMHUCIIOBUX CEpid, B SIKUX HE Mepea0adyeHO KOMIOHYBAHHS ITUMHU
natyrkaM. [Ipy bOMy Ha TOYHICTH OIIHKM KYTOBOiI HIBUAKOCTI POTOpA 1CTOTHO
BITMBAE aKTUBHHM OTIIP JIAHITIOTa POTOPaA 3 HOTO TEMIEPaTypPHOIO0 HECTA0TBHICTIO.

Buxopucranss kepoBaHOTro acHHXpOoHHOTOo enektponpuBoay (AEIT) Ha 6a3i
BY y cucremax 3pomienss arponpomucioBoro komruiekcy (AIIK) migBuiuth
e(eKTUBHICTh €HEPro30epeKeHHs Ta eKCIUTyaTalliiiHi MOKa3HUKH MTPH MOKPAIEHH1
SIKOCT1 3pOIIICHHS IMOPIBHSIHO 31 CKAJISPHUM.

Meta Ta 3aBIAHHA  JOCTIAKeHHA. MeTO  JOCHIUKECHHS €
CHEPro30epeKCHHSI B aCHHXPOHHUX €JICKTPOIPUBOAAX HACOCIB CHCTEM 3POIICHHS
3a paXyHOK BUKOPHUCTAHHSI BEKTOPHOT'O YIIPABJIIHHS aCHHXPOHHUM JIBUTYHOM, TIPU
3actocyBaHHl cuioBoro LC-(dinbTpa Ha BUXO/A1 MEpPETBOpPIOBAYa YaCTOTH Ta
THKEKIT 7151 11eHTUdiKaIlli akTHBHOTO OIOPY KOJia poTopa.

J171st TOCSATHEHHS TOCTABJICHOI METH HEOOX1/THO BUPIIIUTH TaKl 3aBJIaHHS:

- MIPOAHAJII3yBaTH CY4YaCHUW CTaH Teopii Ta MPAKTHUKA BHUKOPUCTAHHS
KEpOBaHOTO MpUBOY Ta MeTo/iB ynpaBiinHs AEIl cuctem 3pomieHHs 3 METOO
BU3HAUYCHHS IUISAXIB YIOCKOHAJIIEHHS cuctemMu BY;

- oOrpyHTyBaTh KpuTepii BukopuctanHs BY y mnoemnnanni 3
JUHAMIYHUMH Ta CTaTUYHUMH PEKHMaMH POOOTH KEPOBAHOTO MPHUBOAY Ta
XapaKTEPHUMHU OCOOIMBOCTSIMH CHCTEM 3POIICHHS;

- pO3pOOUTH  alNrOpUTMIYHI  OJOKH-CKIaAOBl cuctemu BY, sxi
3a0e3neydars OUTblI epeKTUBHE BUKOpUCTaHHS BY B cuctemi 3poleHHs;

- po3pobutu komm'torepHy mojnenb BY AEIl cucremu 3porneHHs 3
MPUIHHATAMU PIIIEHHSIMU Ta BU3HAYHUTH 1i CTATUYHI Ta JUHAMIYHI XapaKTEPUCTHUKHU.

06'exm Oocnioxcennss — CTAaTUYHI Ta TUHAMIYHI IPOLIECH B ACUHXPOHHOMY
SJICKTPOIIPUBO/II 13 BEKTOPHUM YTPABIIIHHSIM CUCTEM 3POIIEHHS.

Ilpeomem Oocnioxcenns — CTaTUYHI Ta TUHAMIYHI XapaKTEPUCTUKU CHUCTEM
BEKTOPHOTO  YMpAaBIIHHS  aCHHXPOHHUM  CJICKTPOIPHUBOJIOM  IiABUIICHHS

e(EeKTHUBHOCTI CUCTEM 3POIIEHHS.
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Metoau nocaigxenHs. Y T0CTiKeHHI BUKOPUCTOBYBAJIACS CydacHa TeOPis
aBTOMATUYHOTO KepyBaHHS O€3MEepepBHUMHU Ta ITUCKPETHUMHU CHUCTEMaMU Ta
aJanTABHOTO KepyBaHHSA 3 i1AeHTU(IKAIIE0 TMMapaMeTpiB JUIsl CHHTE3y Ta
mMonu(ikarlii cnocrepiraya MBUAKOCTI Ta MOTOKOCUETIIICHHS, MOAU(IKaIlli OI0KY
OLIIHIOBaHHS CHHXPOHHOT MIBHJKOCTI, CHHTE3Y BHIIEPEIKYIOYOr0 KOMIIEHCATOPA,
CHUHTE3y OJIOKIB BUAUICHHS MOCTIMHMX CKJIAI0BHUX 3 ABO(MA3HUX Ta OJHO(DA3ZHUX
CUTHATIB. 3a TOMOMOTOI0 MPsIMOTo MeToay JIsSmyHoOBa IOCHIIIKYBajlach CTIMKICTh
PYXy alanTUBHUX CIIOCTEpiradyiB MOTOKO3YETUICHHSI POTOpa Ta CTaTopa, a TaKOX
IIBUJIKOCTI pOTOpa Ta IMOCTIMHOrO 4Yacy JaHLmpra poTtopa. Mertoau Teopii
CJICKTPOIIPUBOAY Ta MPOCTOPY CTAaHy BHKOPHUCTOBYBAIHUCS I MaTEMaTHIHOTO
OMKCY €JEKTPOMArHITHUX TMPOLIECIB, a METOJM YHCEIbHOrO0 Ta (PI3UYHOrO

MOJICJTFOBAHHS JUISl TOCHIJI)KEHHS XapaKTEPUCTUK PO3POOJICHUX PIlICHb.
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1 METOJIN ABTOMATHU30BAHOI'O YIIPABJIIHHA CKJIAJTHUMH

OB'€EKTAMU I POPMYJIIOBAHHA 3ABJJAHHA JOCIIIKEHDb

TexnonoriuHi JiHIT ipUTallifHAX CHUCTEM arpolPOMHUCIOBOTO KOMILIEKCY €
CKJIQJHUMU €JIEKTPOMEXAHIUHUMHU 00'€KTaMH, YIPABIIHHSA SIKUMH 3/I1HCHIOETHCS 3
ypaxyBaHHSIM B3a€MO3B'A3KIB Oe3fiul mapameTpiB pi3Hoi (izuunoi mpupoau. Lle
MIPU3BOUTH JI0 CYTTEBOTO BIUIMBY HA BUKOPUCTAHHS BIJOMHX METO/IIB Ta CIIOCOOIB.
Tomy s po3poOKM IpUTalifHUX CHUCTEM arpornpOMHUCIOBOIO KOMILIEKCY
HEOOXITHOIO YMOBOIO € aHaJII3 ICHYIOUMX METO/IB Ta Ha 1X OCHOBI ()OpMYBAHHS
CTPYKTYPHO-JIOTIYHUX  CXEM  ONTHUMAJIBHOTO  YMPABIIHHA  BUKOHABYHMH
MEXaHI3MaMH Ta TEXHOJOTIYHUM TIPOLECOM TMOJUBY 3arajioM. llpu 1npomy
HEOOXITHO BpaxoByBaTH cHEHU(IKY pPEKHUMIB BUKOHABUMX MEXaHI3MIB Ta
MIKpPOIPOILIECOPHUX CUCTEM, IO YIPABISAIOTh. SIK OCHOBHI BUKOHaBUl MEXaHI3MU
IpUTallifHUX  CHUCTEM  BHUKOPHUCTOBYIOTHCS  ACHUHXPOHHI  €JIEKTPONPUBO/IH,
TEXHOJIOT1YHI 3aCyBKM Ta CHUCTEeMHU ympaBimiHHSI. HeoOxigHicTh 3abe3nedeHHs
Y3rOJIPKEHOCTI Mk 1H(GOpMAIITHUMU KaHAJIlaMU YIPABIIHHS Ta CTAaHY BUKOHABYHMX
MEXaHi3MIB TPU3BOJUTH JO YCKIAIHCHHS BUPIIMICHHS TWUTaHb I1JBUILCHHS
e¢(EeKTHUBHOCTI Ta TOKPAIIEHHS TEXHIKO-€KOHOMIUYHUX TOKA3HHKIB 1pUTAIIAHUAX
CHCTEM.

Jl71s1 po3po0OKu eHepro30epirarounx TEXHIYHUX PillleHb HEOOX1THO 3A1HCHUTH
BIIMOBIAHI HAayKOB1 JOCHIDKCHHSA. HaBenemo KOpPOTKMM aHaN3 HAWBIIOMIIIHAX
METO/IB YIPaBJIIHHS CKJIAQJHUMHU O0'€KTaMH Ta OCOOJMBOCTEH iX MPAKTUYHOTO

BUKOpPHUCTAHHA.

1.1 EHeprernyHa Ta TEXHOJIOTiYHA e(peKTUBHICTH pPeryJIl0BaHHS

ACHHXPOHHUX €JIEKTPONPHUBO/IB ipurauiiiHux HacociB

3pomieHHss B YkpaiHi HaOyno HaWOULIBIIOrO MOIIMPEHHS Yy ii MIBIEHHUX
MOCYIUIMBUX PErioHax, Jie 0e3 3pOIICHHS 3eMJIEPOOCTBO MPAKTUYHO HEMOKIIUBE.

VY cucremMax 3poOIICHHS Y MPUBOAAX HACOCIB BUKOPUCTOBYIOTh ACHHXPOHHI
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JIBUTYHH 3 KOPOTKO3aMKHEHHM poTopoMm (AJ]). A/l MaroTh MPOCTOTY KOHCTPYKIIIi,
JICIIeBU3HY, MAlOTh BHCOKY HaJiHHICTh. BIMbIIICTh 13 HUX HEperyjabOBaHi, II0
MOSICHIOETBCS  CKJIQJHICTIO YTMPABIIHHS €JIEKTPOMATHITHUMH TIPOLIECaMM, 1110
npotikatoTh y AJl [1]. [Ipu 3MiHI IPOAYKTUBHOCTI ipHTAIiTHOTO HAcOCa, MUITXOM
YaCTOTHOTO  peryjiioBaHHS BUAKOCTI AJl, MOXHa JOCSATTH E€KOHOMIl
enekTpoeHeprii 10 60% mopiBHIHO 3 HeperynboBaHuM A/l [2-4]. BpaxoByrouu, 1o
3pOCTaHHSI BAapTOCTI EJIEKTPOCHEPrii Mae BHUIEPEIKAIbHUNA XapakTep II0A0
BapTOCTI 1HIIUX BUTPAT, IIpobJieMa eHepro30epekeHHs Mpu poOOTI IpUraIiiHux
HacoCIB HaO0yBa€ MEPIIOPSTHOTO XapaKTepy.

ExoHOMIsl eleKTpoeHeprii Ipu YacTOTHOMY pEryJIIOBaHHI MOSCHIOETHCS
KyOI4HOIO 3aJICXKHICTIO Mk MOTY>KHICTIO A/l 1 BUTpaTOIO BOJIH, sIKa MPOTOPITiiiHA
kyToBoi mBHaKocTi potopa AJl (KKl Hacoca npu oMy BBaXKA€ThCSI IOCTIHHUM).

L{i criBBigHOIIECHHS 1HO/I HA3UBAIOTh 3aKOHAMHM MOAI0HOCTI [5]:

0. = 2 =0, (1.1)
0. o,

II:L:( @ ] (1.2)
H_. ..,

P ; .
P =i =[ =t J : (1.4)

e Q«, Q, Q ,on— BIIHOCHI, paKTHYHI Ta HOMIHAJLHUM BUTPATH BIJIIIOBIIHO,
@, © yon— PaKTUYHA Ta HOMIHAJIBHA KYTOBI IIBUAKOCTI 00epTaHHs potopa All,

H~, H H ,,,— BigHOCHUH, (aKTUYHUI Ta HOMIHAJIHLHUN HATIOPH BIATIOBITHO,

M+, M M ,,, — BiTHOCHUH, (PaKTHUYHHA Ta HOMIHAJIBLHUNA MOMEHTH A]]
BIJIIIOBIHO,

P siex¢, P yiex, P 1oy — BITHOCHA, (paKTUYHA Ta HOMIHAJbHA AKTUBHI TOTY>KHOCTI

A/l BigmoBigHo. [Ipryomy mOTyKHICTh, crioskuBaHa AJl 3 Mepexi TOpiBHIOE
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ne n 1- KK/I nBuryHa.
Pucynox 1.1 HaouyHO UIIOCTPYE MOMKIMBOCTI CYTTEBOTO 3HIDKCHHS
CHEProCIOKMUBAHHS MiJ Yac BIPOBAIKEHHS PEryJIbOBAaHUX EIEKTPONPUBO/IIB
ipuramiiHux HacociB [5].

B.O. P | 2
| Ruu

0 01 02 03 04 0s 06 0 0x 09 | B O
. .

Pucynok 1.1 - 3anexHICTh CIOKMBAHOI MOTYKHOCTI A/l B1J BUTpaTH, pu

JPOCEIIOBaHHI Ta YaCTOTHOMY PETyJIIOBaHHI

1 — HanopHa 3acJIOHKa 3aKpUTa IpU APOCENIIOBaHHI; 2 — HallOpHa 3aCJIOHKa
BIJIKPUTA MPU JAPOCENIOBAHHI; 3 — MOTYKHICTb, IO CIIOXKUBAETHCS MTPU
JPOCEIOBaHHI; 4 — MOTYKHICTb, 1110 CIIOKUBAETHCS IPU YACTOTHOMY

pEryJtoBaHHI; 5 — EKOHOMIS €JIeKTPOCHEPril

[Tpu BKIIIOUEHH] apTepiadbHOIO MNPUBOAY HAcoca «IPSIMO» B MEPEXKY
BiIOYBAETHCS 5-7 KPaTHHUM KUIOK HOMIHAJILHOTO CTPYMY [ 6], 1110 BUKJIMKAE TIAiHHS
Hanpyru B Mepexi. OCKUIBKM ClIbChKI MEpPEXi 3a3BUYail MaroTh BEJHKI
MPOTSDKHOCTI, Il TMAJIHHS HAmpyrd MTPU3BOJATH JO ICTOTHOTO 3MEHIIEHHS
€JIEKTPOMArHiTHOTO MOMEHTY MpPallOI0UYHMX €JIEKTPOABUTYHIB, 30KpEMa MPUBO/IIB
HacociB. [lpu 1mpomy B rizpocuctemi BiiOyBalOThCs XBWUJII THCKY, T1APOYyIapH.
BukopucTaHHs 4aCTOTHOTO PEryjilOBaHHS HAcOCIB OOMEXYye IMyCKOBUN CTpyM Ha
pIBHI HE BHUIIE HOMIHAJIBHOIO, 3MEHIIYE MPOCIAAHHS HAMNPYTU EIEKTPUYHOI
MEpexi, 3MEHIIIy€E TUCK y TIAPOCUCTEMI Ta MIHIMI3y€ MMOBIPHICTh BUHUKHEHHS

XBUJIb THCKY Ta TiApOyJAapiB, a TaKOXX CKOPOTUTH COOIBApTICTh KaHamizarlii
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CJIEKTpOeHEepTii. Y AESIKUX BHITaJKaX 3aCTOCYBAHHS YAaCTOTHOTO PETYIOBAHHS
HACOCIB JJ03BOJISIE HE BUKOPUCTOBYBATH OyCTEpHI HACOCH.

Heo0xi1HO0 3BepHYTH OCOOJIUBY yBary, 1o IpH JAPOCEIbHOMY PETYIIOBaHHI
BUTpaTH (110/1a41) BOJM 3pOCTAE TUCK Y CHCTEMI Ta MPAKTHYHO HE BAAETHCS 3HU3UTH
€HEprocrokuBaHHs. Takuil HaJJIMIIKOBUN THCK BUKIHMKAE JOJATKOBO OJM3BKO
2,7% BTpar BOAM 3a paxyHOK BUTOKIB [5]. [Ipum "yacTOTHOMY peryiroBaHHI MpHU
3HIKEHHI BUTPATH BOAM 3MEHIIYETHCA 1 TUCK y CHUCTEMI, IO MPHU3BOJAUTH JI0
3MEHIIIEHHSI BTPAT BOJIU.

BukopucTaHHS 4acCTOTHOrO PEryJIIOBaHHS IpUralliHUX HACOCIB JO3BOJISE
3HAYHO 3HU3UTHU CKCITyaTamiiHi BuTpatu. Hampukiman, 3HWKEHHS Mepenaay TUCKY
MDK BCMOKTYIOUMM Ta HaIlIpHUM MaTpyOKaMu HACOCHOTO arperatry 301IbIIye
TEPMIH CIy’)KOM CaJbHUKOBHX YLIUIBHIOBAdiB, MPAKTUYHO BHKIIOYAIOYU
riipoyapu ta 3abe3neuye cTaOlIbHICTh TUCKY B TPYOOIPOBOIAX MEPEXK, a TAKOXK
MIHIMI3y€ BUTpATH Ha 00CIyroByBaHHA. YacTOTHHMI MPUBIJ HACOCIB 3a0e3meuye
MJJAaBHE PETYJIIOBAaHHA Ta 30UIbIIY€E HAAIWHICTh CUCTEMH BHACHiJOK JyOJIFOBaHHS
MaJIOHAIIMHOTO (0COOIMBO 3a 3HMKEHUX TEMIIepaTyp) JaTYNKaA HASIBHOCTI BOJM.

HasiBHICTH perynsaropa TEXHOJOTIYHOTO MapaMeTpa B MEepeTBOpPIOBavax
gactotu (ITH), mo peanizyroTh 4acTOTHE pEryJiOBaHHS, TO3BOJISIE OpPTaHi3yBaTH
aBTOMATUYHE YIPABIIHHSI 3 BUKOPUCTAHHSIM JAaTYUKIB THCKY, TEMIIEpaTypu Ta
THIIMX JATYMKIB 3BOPOTHOTO 3B'SI3KY.

[IpakTuka BuKOpHUCTaHHS meperBoptoBaudiB yactotu ([IY) mnsa gacToTHOTO
KepyBaHHSI IpUTaliiHUMKM HAcOCaMHU JOBOJAMTH JOIIIBHICTH HE TUIBKH 1X
3aCTOCYBaHHS JJIsi KEpyBaHHS HACOCHHUM arperartoM, a © CTBOpPEHHS
CIEIiaTi30BaHUX CHUCTEM KEepyBaHHSI TEXHOJIOTTYHUM TporiecoM. Lle mocsraerbes
3a paxyHOK MOXIJIMBOCTI BHKOpHCTaHHS BOymoBaHoro B IIU perymsaTopa
TEXHOJIOTIYHOTO TapaMeTpa, 1o JO03BOJISE OPTraHi3yBaTH aBTOMATUYHE YIIPABIIHHS
aHAJOTOBMM a00 HHU(PPOBUM CHTHAJIAMH, SKI MPHUXOAUTH 3 BIJOMHX JaTYUKIB
3BOPOTHOTO 3B's13Ky. Llel miaxia 103BoJIsi€ OTpUMATH €KOHOMIYHUM €(hEeKT HE JIUIIe

BiJl 3HUKEHHS CIOXHUTOI EJIEKTPUYHOI TMOTY)XHOCTI, a ¥ JOCSITTH CYTTEBOTO
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3HIDKEHHS eKCIUTyaTaliiHUX BUTpAT, MOKPAUICHHS yMOB Mpalll Ta 30UIbLICHHS

TEpMiHY CiIy>kOu 00JaiHaHHs O6€3 BIUIMBY Ha JTOBKLULISL.

1.2 Metoau ynpaBJ/iiHHSl aCHHXPOHHHM €JIEKTPONPUBOAOM TEXHOJIOTiYHUX

JIiHIH arponmpoMHCJI0BOTr0 KOMILJIEKCY

IMIOpTHI BUPOOHUKU HACOCHOTO 00JIaIHAHHS JIJIsl CUCTEM 3POLICHHS, 30KpeMa
dipma Grundfos, nmpononyioTs ioro numie 13 BOynoBanum [1Y. Ilpore HuHIIIHS
BHCOKA BaPTICTh SIK HacOCHUX cTaHlid, 1 [IY okpeMo, ae neperyMOBU pO3BUTKY
BiTun3HsaHux [1Y.

AJl wmae cKiIaJHy HENiHIMHY MeXaHI4Hy Xapaktepuctuky [5]. s
pEryJIIOBaHHS IIBUAKOCTI Ta MOMeHTy AJ[ y cydacHOMY €eIeKTpOIpHBOII
3aCTOCOBYIOTH JIBa OCHOBHI METOJM YaCTOTHOTO KEPYBAaHHS: CKAJIIpHE KEPyBaHHS;
BekTopHe KepyBaHHs

[lepeBaxkna OunbIIICTh iIMIOPTHUX [TY Mar0Th 0OMIBa METOAM YIPaBIiHHS

Ta HAJAI0Th KOPUCTYBAYE€Bl MOXKIIMBICTH BUOOPY OJHOTO 3 HUX.

1.2.1 ACHHXPOHHHUI1 eJIEKTPONPHUBO/ i3 CKAJIAPHUM KePYBAHHAM

CkansipHe  KEepyBaHHS  J1a€  MOXJIMBICTH  3a0€3MEUYUTH  CTAIICTh
NEPEBAHTAXYBAJILHOT 3JaTHOCTI EJIEKTPONPUBOAY HE3aJEKHO BiJ] YacCTOTH Ta
Hanpyru. [Ipu upboMy criocrepiraerbesi 3HMKEHHsT A /] mpu HU3BKKUX YacToTax (Mpu
f <0,1 f,on). MakcumansHUI iania30H PEryJIrOBaHHS KyTOBOI MIBUAKOCTI pOTOpa
MIPU MOCTIHHOMY MOMEHTI OTIOPY ISl €IEKTPOTPUBO/IIB 31 CKATSIPHUM KEPYBaHHSIM
nocsirae 10:1.

MeToa CKaJsIpHOTO yIPAaBIIiHHS Ma€ JIB1 OCHOBHI HEOJIKH:

- BIJICYTHICTh JaT4YMKa MIBUAKOCTI Ha Bamy AJl He lae MOXIJIHBICTDH
PETYIIOBAaTH KYTOBY IIBHIKICTH Bally, TaK SK BOHA 3aJICKUThH BiJ] BEJIMYHUHU Ta
XapakTepy HaBaHTAXEHHs, a MOXMOKA PEryJlOBaHHSA MIBUAKOCTI BH3HAYA€THCS

koB3aHHIM AJl, axe nna AJl no 1000 kBA moxe pocsiratu 6%, npu 1UbOMY
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3HKyeThes BuTpara 1 KKJI Hacoca , BCTaHOBIIGHHS JaTYMKa MIBUAKOCTI YaCTKOBO
BUPIIIYE 110 MPOoOsIeMy, ajie MpH [bOMY HE MOXKHA PETyJIOBaTH MOMEHT Ha Bally
JIBUTYHA, IPOTE BapPTO 3ayBAXKUTH, 110 OUTBIIICTE A/l ipuraIiiiHuX HacocCiB He OyJn
NpU3HAuYeHl [UIsl PEryJIIOBaHHA IIBUAKOCTI 1 HE MAalOTh KOHCTPYKTHUBHOI
MO’KJIMBOCTI JUIl BCTAHOBJIEHHS JaTYMKa IIBUAKOCTI;

- CKJIaIHO OJJHOYACHO PETYJIIOBATH 1Bl KOOPAUHATU (MOMEHT Ta KyTOBY
MIBUJKICTh), TOMY BHHHUKAIOTh TPYAHOIII TpuU BHOOpI TapaMeTrpa, SIKUH €

HalBaKJIUBIIINM JJI JaHOTI'O TEXHOJIOTTYHOT'O nmponecy.

1.2.2 ACHHXPOHHHUI1 €JICKTPONIPUBO/ i3 BEKTOPHUM KEPYBAHHAM

e 1971 p. Himeubkuii iwxenep @. bnamike 3anponoHyBaB po3IIIAIaTU
pobotry AJl Ham craTopHOi CHUCTeMi KOOpPJIMWHAT, JI€ BCl 3MIHHI OIHCYIOThCS
rapMOHIMHUMH  (QYHKIISIMH, a CHUCTEMI KOOpJAMHAT, 1[0 3 BEKTOPOM
NOTOKOCLIETUIEHHEM poTopa. Tomy Iell MeTox YyHpaBiiHHSA OTpUMaB Ha3BYy
BEKTOPHOTO yIpaBaiHHA [5, 6]. V 11iif cucTeMi KOOPJIMHAT BC1 3MiHHI 3MIHIOIOTHCS
aHAJIOTTYHO BIJMOBIIHUM 3MIHHUM JIBUTYHAM MOCTIMHOTO CTPYMY 3 HE3aJICKHHUM
30ymkennsm (AT HB). Ile no3Bommno OyayBaTh CUCTEMY YIPaBIIHHS
aHanoriydo go cucreM ynpasiinas T HB. Mexaniuni xapakrepuctuku All,
Hacoca Ta BII HaBeneH1 Ha MamtoHKy 1.2.

Ha cporoanimmHiii geHb copMyBajocs JBa OCHOBHMX THIH CHCTEM
BEKTOPHOTO YIpaBJiHHSA — Oe34aT4vKoBI cuctemu (0€3 maTdyMka KyTOBOIi
HIBUKOCTI Ha BaJly IBUT'YHA) Ta CUCTEMH 13 3BOPOTHUM 3B'SI3KOM 3a IIBUJKICTIO.
3acTocyBaHHS Ti€l YW 1HIIOI THUIMY BEKTOPHOTO VYIPABIIHHS BU3HAYAETHCH,
Hacamrepes, XapaKTepUCTHKOK BHKOHABYOTO MeEXaHi3My. 3a moTpeOu B
HEBEJIMKHUX Jianma3oHax 3MiHM MmBUAKOCTI (He Oumpmie 100:1) Ta BUMOTrH 10
TOYHOCTI 11 MIATPUMKH He O1nblIe + 0,5% 3acTOCOBYIOTh O€3aTUNKOBE BEKTOPHE
YIPABIIHHS, a PYU HEOOX1THOCTI 3MIHHU IIBUJIKOCTI Bajly B IIUPOKUX Mexax (TOHA[T
10000:1), BUHUKAIOTh BUMOTH JIO TOYHOCTI MIATPUMAHHS KYTOBOT MIBUIKOCTI (10 £

0,02% mpu yactorax meniie 1 I'n). [Ipn He0OX1AHOCTI ITO3UIIIOHYBAHHS Bally IPUA
p p y y op
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peFYJ'IIOBaHHi MOMCHTY Ha BaJly IBUT'YHA Ha 1YK€ HU3bKHUX 9aCTOTaX 3aCTOCOBYIOTH

METO/IM BEKTOPHOTO YIIPABIIHHA 31 3BOPOTHHUM 3B'SI3KOM 3a IIBUAKICTIO.

®

- Xapakrepuctuka AJ{

lepzll('l'epl CTHKa HacocCa

Xapakrepuctuka BY

>

0 M

Pucynok 1.2 - Mexaniuni xapakrepuctuku AJl, Hacoca ta BY

Bingomo, 1110 1pu BUKOPUCTaHHI BEKTOPHOTO YMPABIIHHS JOCITAIOTHCS TaKl
nepeBaru:

- BHUCOKA TOYHICTh PETYJIOBAaHHS IIBUIKOCTI HaBiTh 3a BIJCYTHOCTI
JIaTYMKA IIBUJIKOCTI;

- 1iaBHe, 0€3 pUBKIB, 00OEpTaHHs IBUTyHA Y c(hepl MaJuX 4acToT;

- MOXJIMBICTh 3a0€3MeueHHs] HOMIHAJIBPHOTO MOMEHTY Ha Bally 3a
HYJILOBOT IIBUJKOCTI (32 HAABHOCTI JaTYMKaA IIBUIKOCTI);

- IIBUJIKA PEaKilis Ha 3MiHY HABaHTAXXEHHS - MPU PI3KUX CTpHOKaxX
HABAHTAKEHHA NMPAKTUYHO HE B1JOYBAETHCS CTPUOKIB IIBUAKOCTI.

3a 3a0e3neueHHs Takoro pexxumy poOotu A/l, 3HMKYIOTbCA BTpaTH Ha
HarpiBaHHS Ta HAMarHiYyBaHHS, a, oTxke, miaBuiyetbes KK/ auryHa.

[Topsim 3 OYECBHMAHUMHU TIEpEeBaramM, METOAY BEKTOPHOTO YIIpaBJIiHHS
IMpUTaMaHH1 JCsAKl HEIONIKHM, TaKi, SK BEJIMKa OOYMCIIOBAJIbHA CKJIAIHICTH 1

HEOOX1THICTh 3HAHHS JTOCUThH BEITMKOI KUIBKOCTI MapaMeTpiB JBUTYHA.
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1.3 XapakrepHi 0c001MBOCTi NPAKTUYHOI0 32CTOCYBAHHA BEKTOPHOI0

ynpasiinasa AEIl y cucremax 3pomieHHst

Komnaniss ABB y cmiBnpani 3 xomnaniero ITT Flygt BctanoBumu, 1o
yHOpaBiIiHHSA MOMEHTOM AJ[ 10 3ynmMHKUA Hacoca J03BOJIAE€ MPAKTUYHO MOBHICTIO
YHUKHYTH TiIpoyaapiB [6]. Y Hacocax cHUCTeM 3pOILICHHS MOKHa peani3yBaTh
TIJTBKH 32 JIOMTIOMOTOI0 3acToCcyBaHHS BY.

3actocyBanHs BY y cucreMax 3polilieHHs Jla€ Taki epeBaru:

- JIOCUTb IIBUJIKE KEPYBaHHA P BUHUKHEHHI HETepeq0aueHuX Pi3KUX
CTpHUOKIB TUCKY B CUCTEMI 3pOLIEHHS, 1110 3a1100irae po3puBy KpaIIMHHOI JiHI;

- dbopMyBaHHS TPAEKTOPIi NIBUIKOCTI MPHU TaIbMyBaHHI Xk 710 HYJIbOBO1
3 MIATPUMKOIO BiIMOBITHOTO MOMEHTY, III0 BUKIIFOYAE PI3Ky 3MIHY BUTPATH BOJH,
[0 MOPOJIKYE MOXKJIMBICTh BUHMKHEHHS XBHJII THCKY Ta TIIPaBIIYHUX YIapiB y
TpyOax Ta 3acyBKax [6];

- MOXJIMBICTh 3a0€3MEUEHHS] HOMIHAJIBHOIO MOMEHTY Ha Baly,
MOYMHAIYM 3 HYJIOBOI IIBHAKOCTI, 3a0e3ledyye JOBrOBIUHICTh 3BOPOTHHUX
KJIAMlaHIB Ta 3aMipHOi apMaTypy BHACIIIOK PETryIOBaHHS MOMEHTY A/l mpwu ioro
poOOTI Ha 3araJIbHUM KOJIEKTOD;

- TJIaBHE, TPAKTUYHO Oe3 pUBKIB, OOEpTaHHS Bally JABUTYHA B 00JacTi
MajJuX 4acToT (MpU MYCKy Ta rajibMyBaHH1) MO 3aJaHii TPAEKTOPIi BUKIIOYAE
PE30HAHCH Y TIAPABIIUHIA CUCTEMI,

- IIBUIKA pPEaKIis Ha 3MIHY HaBaHTaXXEHHsS (IpU PI3KUX CTpHOKax
HABAHTAKEHHA NMPAKTUYHO HE B1AOYBAE€ThCS CTPUOKIB IIBUAKOCTI), IO 3a0e31euye
3aJjaHy BUTpATy MpHU 3MiHAX THCKY B Marictpaii;

- BHCOKa TOYHICTh PETyJIFOBaHHS IIBUJIKOCTI 3a BIJCYTHOCTI JaTYUKa
IIBUIKOCTI, 1110 JI03BOJISE MIATPUMYBATH ONTUMaIbHY BUTparty 1 Bunuit KKJI;

- nigtpumka Bucokoro KKJI naBuryHa, 3a paxyHOK pO3AUIBHOTO
YIOPAaBJIIHHSA HAMAarHiuyBaJlbHOK Ta MOMEHTHOIO CKJIaJJOBUMHU CTPYMY CTaTOpa, 1 sIK
HACJIZOK, 3HWKEHHS BTPAT Ha HaMarHiYyBaHHS Ta HAarpiBaHHSA, OCKLUIbKU

BEKTOPHUN METOJ] A03BOJISIE MIHIMI3YyBaTH PEAKTUBHY CKJIAJOBY CTpPyMy cTaTtopa
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Py 3MCHINCHHI HABAaHTAKEHHS IIISTXOM aJCKBATHOTO 3HWKCHHS HAMpyTH Ha
JBUTYHI, a TpW 30UTBIIIEHHI HABAHTAKCHHS aJICKBATHO 30UTBIIYETHCS HAIpyra
YKUBJICHHS JIBUTYHA,

- MOpsiT 3 CKOHOMIEI EJIEKTPOCHeprii, 3abe3nedye MOKIUBICTh
pEryJoBaHHs TUCKY B CUCTEMI KPAIUIMHHOTO 3pOIIEHHS 3a BIICYTHOCTI PEryJsiTopa
TUCKY;

- MOJKJIMBICTh BIZIMOBH Y BHKOPHCTaHHI JaTYMKa BUTPATH, BHACIIIOK
BHCOKOTOYHOI'O KEpyBaHHS MBUJIKICTIO A/l, sika mponopiiiiiHa BUTpaTi;

- MOXJMBICTh ~ HE3QJIEXKHOTO Ta  MNPAKTUYHO  Oe31HEPIIAHOrO
PETYIIOBaHHS IBOX KOOPAWHAT OJJHOYACHO - MOMEHTY Ta IMBHUJIKOCTI, IO JT03BOJISE
CYTT€BO 3HIKYBATH T1APOYIapH.

[IIupoko BHUKOPUCTOBYBaHI y PpI3HUX Taly3dax rocnojgapcta AJl
3arajJbHOMPOMHUCIIOBUX CEpii Mano Oyiu MpHU3HAYEHI PETYNIOBAHHS HIBUIKOCTI.
Tomy B HUX He mnependadeHi HE TIIbKM BJacHE JaTYMKU IIBUJKOCTI, a M
MOXKJIUBICTh IXHBOTO KOHCTPYKTHBHOTO KOMITIOHYBaHHsA. Kpim ToOro, 1o
BCTAHOBJICHHSI JAaTYMKIB IIBUAKOCTI BHUMarae joomnpaimtoBaHHs AJl, HasBHICTb
JATYUKIB IIBUAKOCTI 3HWKYE HAIIAHICTh E€JIEKTPONPHUBOIY 1 MIABUILYE HOTO
BapTicTh . Kpim iH(DopMmarii npo MBHUAKICTE pOTOpa JJIS MPSIMOTO BEKTOPHOTO
yOpaBIiHHSA HEOOXITHO MaTh i1H(POpPMAII0 TPO MOTOKOCIEIUICHHE poTopa ado
cratopa. JlaTynkwm  BU3HAYEHHS  IOTOKOCICTUICHWA  TaKOX  BHMAararTh
KOHCTPYKTUBHO1 IopoOKku AJl. ToMy B OCTaHHI POKM MPUJITSETHCS BEJIMKA yBara
pO3p0o0IIi AITOPUTMIB KEpyBaHHs 0€3 JaTYMKIB IIBUIKOCTI Ta MOTOKO3YEIIJICHHS, a
BUKJIFOYHO JIMILE 32 KIEMHHUMH BUMIpamMH CTpyMYy, fKi B 3apyOiLKHIN JiTepaTypi
npuitHATO OyJio Ha3uBaTH Oe3MaTdyuKoBUMH (sensorless). Jliama3on peryiatoBaHHS
Cy4aCHHUX €JICKTPOIPUBO/IIB O€3 JaTuyrKa MBUIAKOCTI CTaHOBUTH 150:1 3 matunkom
mBuakocti — 20000:1. Cuctremy BY 06e3 BuKOpucCTaHHS JaTdyvdKa HIBUIKOCTI
IPUHHATO Ha3uBaTH O0e31aTYMKOBOIO (sensorless vector control).

BekTopHe kepyBaHHS J03BOJISIE PO3TIIAAATH MoJIeiab AJl Ik MOJIeIh IBUTYHA
nocTiitHoro cTpymy. lle gocsraeTbecs MIISXOM — TEPETBOPEHHS  3MIHHUX

ACMHXPOHHOI MAaIlIMHU 31 CTAI[IOHAPHOT CUCTEMH KOOPJIMHAT B 00EPTOBY, MOB'sI3aHy
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3 BEKTOPOM MOTOKO3YeIIeHHS. TOMY OlliHKa BEKTOpa MOTOKO3UEIIJICHHS — I1€ O/IHE
3 OCHOBHHUX 3aBJIaHb Y MPOEKTYBaHHI BUCOKOJAMHAMIYHOTO €IEKTpOonpuBody. s
SKICHOTO BEKTOPHOTO YIMpAaBIiHHSA HE0OXiJgHa TouyHa iH(opMalis Mpo KyTOBY
MIBUJKICTh 11€1 CHUCTEeMH KOOpPJAWHAT, TOOTO KYyTOBY IIBUIKICTH BEKTOpa
MoTOKO34UeIIeHHs. KpiM Toro, octaHHs OOJIIKOBYEThCS MPU OOYUCIECHHI KyTOBOT
HIBUIKOCTI poTOpa Mpu 0e31aTYMKOBOMY YIMpaBiliHHI. Tako, AJii BEKTOPHOTO
ynpaninasa AJl, HeoOxinHe 3HaHHs napameTpiB. OcHoBHUMHU mapameTpamu A/l €
IHIYKTUBHOCTI CTaTOpa Ta pOTOpa, B3aEMHA 1HIYKTUBHICTh, aKTHBHI OIIOPH CTaTOpa
Ta pOTOpa Ta HAaBEJEHUH MOMEHT 1HepLli potopa. Ha3BaHi onopy B 3aJI€KHOCTI BIJ
TEeMIepaTyp cTaTopa 1 poTopa MOXKYTh 3MIHIOBAaTUCS B JIBa Pa3H Bropy 1 BHU3 IO
BIJIHOIICHHIO JI0 HOMIHAJIbHUX 3HAUY€Hb, IO ICTOTHO BIUIMBAE€ HE TUIBKKA Ha
XapaKTepUCTUKU CUCTEMHU YIPaBIIHHS, ajie 1, B3araji, Ha il mpane3laTHICTh. Y
3B'SI3KY 3 IIUM HEOOXiJHa 171eHTU(IKAIls 3a3HAYCHUX IMapaMeTpiB Ta KOMIICHCAIIis
BIUTUBY IXHHO1 HEBU3HAYEHOCTI.

Jns imentudikaiii akKTUBHOTO ONOpPY JAHIIOra poropa 3a BIICYTHOCTI
JATYHMKA IMIBUIKOCTI POTOpa HEOOX1HA 3MiHA TOTOKOBOT'O MOJTYJIsI 3UuerieHHs. J{is
[ILOTO HAMarHidye CKJIaJ0BY CTaTOPHOTO CTPYMY IHJKEKTYIOTh HHU3bKOUACTOTHY
CKJIQZIOBY Majoi amIuntTyau. BianmoBigHO, y MOJyJI BEKTOpa MOTOKO3IIEIIIICHHS
YTBOPIOETHCS 3MiHHA TapMOHIWHA ckiianoBa. lle Hakmamae 701aTKOBI BUMOTH /10
OJIOKIB OIIIHKM BEKTOpa MOTOKO3YEIJIEHHS Ta MHOro KyTOBOi IIBUAKOCTI
(CMHXPOHHOI MIBUIKOCTI), a caMe, TOYHE BIATBOPEHHS 1HXKEKTOBAHOI CKJIAJOBOI
OLIIHKHY MOTOKO3UIeIieHHs. Ha 1el yac 3anpornoHOBaHO BEJNHMKY KUIBKICTh PIIEHb
II0JI0 OI[IHKY MOTOKO3MIeIuIeHHs. OHaK, JIWIIe MaJla YaCTHHA 3 HUX Mpalle3/1aTHa
Ha OKOJIUIIl HYJLOBOT MIBUIKOCTI poTopa. HeBimoma indopMmaliist mpo JOCTIKEHHS
Ta MOPIBHSHHS LUX PIIIEHb 3 YPAXyBaHHSAM BIUIMBY 1HXKEKIII.

[Timxomu y oOunciaeHH! KyTOBOT IMIBUIKOCTI POTOpa B OIBIIIOCTI BUTIAKIB
3acHOBaHI Ha BukopuctaHHi mpoTuEPC, pinme Ha 00poOIi Moka3aHb NaTYMKIB
CTpyMy 3 METOI0 OTpPUMaHHS 4YacTOTH TMAa30BUX MYyJbCAlliil, 1HXEKTyBaHHSI

NEepIOANYHUX CUTHAIIB y Hanpyry abo crpyM [1Y. Bigomi To4Hi pimeHHs, Takl K
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MRAS, cnocrepiraui, posmupeni ¢punsTpu Kanmmana, HeHpoHHI Mepexi, MalOTh
BEJIMKUI 00CSAT OOYUCIICHb.

Buxignai nanpyru IT4 matots dopmy LM, 110 HE 103BOJISE 3 TOMYCTUMOIO
TOUYHICTIO OOYMCIUTH HEOOX1IHI JJi KePYBaHHA iX TOJOBHI TapMOHIKU. ToMmy, K
OCHOBHI TapMOHIKH BUKOPUCTOBYIOTH Kepytoui curnanu [1IIM. Oxnak, 3a paxyHOK
HemiHiiHOCTI O6oky IIIM, oOyMoOBIIeHOI MaJiHHSAM HAIpPyrd Ha TPaH3UCTOpaXx,
3alli3HEHHSIM TPU BIAKPUTTI 1 3aKpuTTi TpaH3uctopiB Onoky LM, HasBHICTIO
"MepTBOro" yacy, a TaKo>X 3MiHa HapPyTH KUBJICHHS MEPEeXi MPU3BOASATH 10 TOTO,
110 peajbHl TOJOBHI TapMOHIKH ICTOTHO BIJIPI3HSIOTBCS BiJ CBOIX MPOrPAMHHUX
3HaueHb. L{e MOTUBYE pIIEHHS TOYHINIOT OLIHKA OCHOBHMX FapMOHIK HAPyTH.

VY kaHanax BUMIPIOBaHHS 32 PaXyHOK HE1/l1€aJbHOCTEN aHaJI0roOBOi YaCTHHU
Ta AaHAJIOrOUU(PPOBUX MEPETBOPIOBAYIB MOKYTh BAHUKHYTH MOCTIHHI CKJIAJOBI, SIK1
BUKJIMKAIOTh TAPMOHINHI KOJIMBaHHS MOMEHTY Ta IIBUAKOCTI poTtopa AJl, a Takox
IPU3BOJATH 10 HENPUIYCTUMO BEJIMKHUX MOMWJIOK B OIHII NOTOKO3YEIICHHS.
IcHytoul O0KM pO3paxyHKy MOTOKO3UYEIUICHHSI (haKTUYHO 3BOJATHCS 10 3aMiHHU
IHTErpyroUoi JJaHKU 1HepIiiHow0. [ToxnbKka OIIHKK BEKTOpa MOTOKO3MICTUICHHS Y
pa3l MPU3BOAUTH JO TMOSIBU MOMWIOK B OIIHKAX Ta 1HMUX 3MiHHUX. OTXe
3MEHIIICHHS] TIOMUJIKA TPU OOYMCICHHI BEKTOpa MOTOKO3MICIUICHHS HEOOX1THO
yCyBaTH TIOCTIMHI CKJIAJOBI y BHUMIPSHUX CTpyMax 1 Hampyrax, SKUMHU
OOYHUCITIOETHCS TOTOKOCLIETUIEHHUE.

Kpyti ¢pontn Buximnoi Hanpyru [ 13 MM BukimkamTh cTapiHHA
1307141111 IBUTYHA, JKUBJISYUX KaOeNiB Ta TOTIPIICHHS 1X JICJICKTPUUYHUX
BJIACTMBOCTEH, IPU3BOATH 10 JOJATKOBOTO HAarpiBaHHS 0OMOTOK ABUTYHa. Tomy
Ha BHUXOJII TEPETBOPIOBAYa YAaCTOTH (OCOOJMBO BENUKOI MOTYXKHOCTI) ISt
3rJIa/)KyBaHHST BUXIJIHOT HANpyrd BCTaHOBIIOIOTH cuioBl macuBHl LC-(inbTpu
(IICD). [ICD noxpaiilytoTh TApMOHIMHMIA CKJIaJ CTPYMY Ta HAIPYTH, 3MEHIIYIOTh
aKyCTUYHUH mIyM. AJie, OpyY 13 mepepaxoBaHUMU MO3UTUBHUMHU edekramu, [ICD
3MIHIOIOTh BEJIMYMHU aMIUTITY 1 a3 ToJoBHUX rapMoHik. Bee 11e mpu3BoauTh 10

3MEHIIEHHS TOYHOCTI YHPAaBIIIHHSA, MOTIPIIEHHS IWHAMIKH CHUCTEMH, 3BYXCHHS
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nianmazony perymoBaHHs mBuakocTi AEIl 1 HeoOXimHOCTI KoMmeHcarli
CTIIOTBOPEHbD, 10 BHOCITHCS (PLIBTPOM.
B nanwuit vac HaOynu mommpeHHs 2 miaxoau 10 cuaTesy BY:

- JUTsl TIOBHOI CHCTEMH PIBHSHB, IO omHCy€e poboty AJl, aHAmITUYHO
CHUHTE3YIOTh aJITOPUTMHU yIPABIIHHSA, K1 3a0€3MeUYI0Th ACUMIITOTUYHY CTIHKICTh
MOJIO’KEHHS 200 MIBUAKOCTI a00 3a7aH01 X TPAEKTOPIT;

- MOBHA CHCTEMa PIBHSIHB, IO ONMUCYE podoTy AJl, IEeKOMITO3Y€eThCS HA
PAI MACUCTEM, JIJISI KOYKHOT M1JICHCTEMH CUHTE3YIOThCS (3aJI€)KHO BiJI IT1/13aBIaHHS )
QITOPUTMH YIPABIIHHS, 1IeHTU(]IKaALIl, COOCTepeX)eHHs, (QUIbTpalii Ta IHIUE,
TICTISL YOTO aJITOPUTMHU TIOETHYIOTHCS B OJMH JITOPUTM.

[Tepruii miaxia qae CyBOpHi JOKa3 aCUMIITOTUYHOI CTIMKOCTI, ajie BUMarae
CIPOIIEHHS TIOCTAaHOBKM 3a/adl Ta NPHU3BOAUTH JO CKIATHUX aJTOPUTMIB
ynpaBiiHHs. Jpyruii - 1a€ mpocCTilIi adropuTMH B OUTBII MOBHINA MOCTAHOBIII, ajie
MITBEPKEHHSI MPale31aTHOCTI 00'€THAHOT CUCTEMU JOCATAETHCS YHCEIbHUM 1
(a00) HaTypHUM MOAeIIOBaHHAM. [1o/11 3aBIaHHs yIpaBIiHHA Ha OJIOKHU 103BOJISIE
OyayBaTH BCIO CHUCTEMY 3 PI3HHUX OJIOKIB Y KOXHOMY KOHKPETHOMY BUTMAIKY,
BUXOJSSYA 3 BUMOT TOYHOCTI, MPOCTOTH QJITOPUTMIB, EIICKTPOCIOKHBAHHS,
Jlana3oHy peryjioBaHHSA TOIIO. blokoBa CTpyKTypa TMOJErmye CHHTE3 Ta
HAJAro/PKCHHS aJTOPUTMIB YIPAaBIIHHS, a TaKOX JO03BOJIAE 3MEHIIUTH OO0CST
OOYHCIICHh 32 PaXyHOK MOXKJIMBOCTI TPU3HAYEHHS BJIACHOTO TaKTy PaxyHKY B
KOXXHOMY OJjioifi. ABTOp HajJae mepeBary APYroMy MiAXOAy JO CHHTE3Yy, YUM 1
oOyMoBJieHa crierudika po3poOKH 00UHCITIOBAIBHUX OJIOKIB.

He3Baxatoun Ha 3Ha4yH1 JOCSTHEHHS B rajy3i BEKTOPHOTO YIPABIIHHS B
OCTaHHI JIECATUIIITTS, Yepe3 CKJIa/IHI eIeKTPOMAarHiTHI nporecu B A/l 1 ckimagHicTh
OTPUMAaHHS HEOOX1THOT JIJIs1 yIpaBIiHHS 1H(POpMAIlii, HA ChOTOIHIIIHINA AEHB 1€ He

JOCSITHYTO Oa)KaHWX MOKA3HUKIB SKOCTI PETYyIIOBaHHS.
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1.4 Bigomi pileHHs 1JIs OHIHKU BEKTOPAa MOTOKO34YeIJIEHHS

[cHYIOTH /1Ba MiAXOAM JUTS OLIHKK MOTOKO3YEIUIEHHS POTOpa B CTATOPHIN cHUCTEMI
KOOpAMHAT: mepiuuid, piBHsAHHS (1.6), 3acHOBaHMI Ha BHMIpPIOBaHHI CTPYMIB

cratopa ABUI'yHa Oe3 BHUKOPHCTAaHHS Hampyru, a Apyruid, piBasaas (1.7), — 3

BHUKOPHUCTAHHAM HAIIPpYyIru

v, =|noJ —i y +£’ii (1.6)
PV, 7T WV, T :
py,=@Ww—Ri—oLpi)l,,, (1.7)

ne p - Oneparop audepeHiiitoBaHHs,

Vra Ug . |l

W, = , .
"W Up ig

— BIJIMIOBIIHO BEKTOPHU MOTOKO3YECTICHHS

poTopa, CTaATOPHUX HAIIPYTU Ta CTPyMY B CTATOPHOMY Oazuci (a.f),
® — KyTOBa IBUAKICTb poTopa A/l,

N — KUIBKICTH Map MOJIIOCIB,

J 0 -1
11 ¢
— KOCOCUMETPUYHA MaTPHLIA,
1 0
= 10 i
— OAMHWYHA MaTPHULIA,
L L . . . . .
sy ry, m-1HIYKTHBHOCT]I CTaTOpPa, pOTOpa Ta 1X B3a€MHA 1HAYKTUBHICTD
BIJIIIOBIHO,
L
T,=—r
R .y
” - mocTIMHA Yacy poTopa,
R

R :
s, r— aKTHUBHI OIIOPH CTaTOpa Ta poTopa,
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J -
Lr m = L—’ .
m
2
o=l Ly,
L1,

— KoediIieHT po3ciroBaHHS. L

BignoBigHo 10 ckazaHoro Buine, piBHsAHHA (1.6) mpuiiHATO Ha3WBaTU
CTpyMOBUM, a piBHSAHHSA (1.7) — BOTBTOBUM.

VY nepiioMy BUNAAKy MOTOKOCIEIUICHHE BU3HAYAETHCS PIIIEHHSM CHCTEMU
PIBHSIHB, Ha SIKY HEOOX1JIHO 3HAHHS CTPYMIB CTaTOpa 1 KyTOBO1 MIBUAKOCTI pOTOpa
AJl. HemonikoM 1IbOro MiJIX0AY ¢ HEOOX1AHICTh 3HaHHS KYTOBOI IIBUJIKOCTI pOTOpa
I 1 akTuBHOTO O1opy potopa. Illo6 ycyHyTH apyruii HEJOJIK, BUKOPUCTOBYIOTh
0s10kHU 11eHTU(IKAIllT 3MIHHUX IMTapaMeTpiB y peajbHOMY Yaci.

Jpyruii miaxia BU3HAY€HHs TOTOKO3YEIUICHHS pOoTOopa abo craTtopa
3acHOBaHUM Ha iHTerpyBanHi npotu-EPC portopa (1.8) e rabo cratopa (1.9) e
BIJIITOBIJTHO

e.=u—Ri—-olLpi, (1.8)
e, =u—R.i. (1.9)

VY oMy migxo/i Oepe ydacTh JUIIe OJUH 3MIHHUM MMapaMeTp — aKTUBHUN
OMp JAHIIOTa CTAaTOpa, SKUH MOXKE€ BU3HAUATHUCA 3a JOTMOMOIOK CIOCO0IB
1aeHTudiKalll y peaqsbHOMy 4aci. BpaxoBytouu, 1o JIpyruii cnocoou He BUMarae
3HAHHS KyTOBOI MIBUJKOCTI POTOPA, LIEH CIOCIO € O1IBIT KpaIyM.

OpHuM 13 croco0iB YCYHEHHS] YUCTOTO IHTETPYBAHHS € 3aMiHa 1HTerpaTopa
y Bupasi (1.7) iHepIiitHOO JIAHKOO MEPIIOro MOPSAKY 3 MOCTIHHUM YacoM T ¢ [46].

O1iHKa TOTOKO3YEIUICHHS 3I1HCHIOETHCA 3a 3aJIE€KHICTIO
T, +v, =(w—Ryi—o Lpi)L,, =L,.e,. (1.10)

A I103HayeHl OIIHKHU BIIMOBIIHUX

VY Bupazi (1.10) 1 mam gepe3 CUMBOI
3MiHHUX. [Ipu Takiil OLIHII BUHMKAIOTH 1 HeOa)kaHi 3MIHM aMILNITYIu Ta (asu,
O0COOJIMBO KOJM JIBUTYH MpALIO€ HAa YacTOTI HUXKYE YacTOTH 3pi3y 1HEPIHiiHOI
nanku. IlpuBoam, y cucTemMax KepyBaHHS SIKHX BHUKOPUCTOBYIOTHCSI 1HEpIIiiiHI

JAaHKU, MalOTh OOMEXEHUH Jlana3oH perytoBaHHs, 3a3Buyai 10:1.
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TakuM yuHOM, MpU OOYMCIEHHI BEKTOpPa MOTOKO3YEIJICHHS ICHYIOTH MBI
npoOsieMu:
- YHCTE IHTETPYBaHHS, 3 IKUM IOB's13aH1 HEBU3HAUYEHICTh IOYaTKOBUX YMOB Ta
HAKOIMYEHHS MOMUJIKU 32 paXyHOK IMOCTIHUX 3CYBIB;
- TIOMWJIKU 3 JOIOMOIOI0 HEBIJOMOIO 3MiHM aKTMBHOT'O ONOpPY CTaTopa Iif
BIUITMBOM 3MIHHM TEMIIEPATYPH.
Poskun mapamerpiB Ja€ MOMHIKH Yy OOYHCIEHHI MOTOKO3YEIUICHHS, IO
YCKJIQJIHIOE YIIPABIiHHS HA HU3bKUX HIBUAKOCTSX.
Ha 1meit vac 3ampomoHOBaHO BEJIHMKY KUIBKICTh OJIOKIB  OLIHKH
noTokocuerieHuit [8]. biapmiicTe iX He mpare3aTHi NpyU MajuxX MBUIKOCTIX

poTOopa. BUHSTOK CTaHOBIISTH piHlCHHH:

- Hu, Wu [7]

) e ~0S 7

l{a :# i +L‘//cmp L. i s Yy =arcig '(/‘/Tg“ > (L.11)
Vp| p+o.|leg| p+o, sin y W,

7ie J cmp — HeoOX1JHa BEJIMYMHA MOAYJISl TOTOKO3YETUICHHS,
K k .
o, i- Koegiuientu [1l-perynstopa,
® ¢ — YacToTa 3pi3y QUIBTPIB,
A 1{ %
PV, =es+ —(y/s Wil (1.12)
I

TIe € s - BU3HavaeTbes Bupazom (1.9),

L 71 - Koe(iLieHTOM MOCHIIEHHS, * — IPOTrPAMHE 3HAYEHHS

MOJYJI ITOTOKO3YCIJICHHA CTAaTOpAa,

pys —u—Ri+id,,, (1:13)
ﬁq[f(l Zkl(l//:COS};—I/;Sa) > ﬁ()jfﬂ :kl('//s Sm};_'/;s[}) s (1.14)
W
g= arctg[@j. (1.15)
W

=

L
me Vs - IIPOTPaMHE 3HAYEHHs MOYJIsl TOTOKO3YEIICHHS CTaTOpa,
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A

Y — KyT HOBOPOTY BEKTOpaA MOTOKO3IIEIUICHHS MO0 CTATOPHOI CHCTEMH
koopauHat (o, 3), ki = 0.4 - 0.8 — koedirienT, BUOpaHU TaKUM YHHOM, 100
KOMIICHCYBAaTH 3MiHHI 30ypeHHS, IO BHOCSTHCS MOCTIMHUMH 3MIIICHHSIMHU Ta

posbanancoM koedili€HTIB IMiICUJICHHS B KaHaJIaX BUMIPIOBAHHS CTPYMY CTaTopa.

- Kubota, Matsuse [2]

$=A%+Bu+G(i—i), (1.16)

R = L E
. i s +] g Eg m —g—(l) JQ
i aol. b, | ™ Lk, | L, ) E,
ne x= A= ' : B=
!

Llll
r e -

Y. '

G — Koe(ili€HT MOCUJICHHS CIIoCcTepiraya.

[IBMAKICTH POTOpA MPONOHYETHCS OOUMCITIOBATH 32 (POPMYIIOIO

BukopuctanHsi 1HXEKIli [Ji1 OLIHKA AaKTUBHOTO OIOpPY I[iHU poTOpa
BUKJINKA€ HEOOXITHICTh BCTAHOBJICHHS JIOJJaTKOBUX BUMOT 10 OJIOKIB OIlIHKHM [ , a
caMe, JOCUTh TOYHE BIJATBOPEHHS I1HXKEKTOBAHO! CKJIAJ0BOI B OLIHII MO
BEKTOpa MOTOKO3MIEIUIeHHS. sl BUpIIEHHST MX MpoOsieM HEOOXiTHO MEsKi 3
OMMMCAHMX BUIIE pillleHb MOAU(BIKYBaTH 3 ypaxXyBaHHAM CHUTHaly, IO

1HXKEKTY€EThCS, 1X 0COOIMBOCTEN 1 pO3pOOUTH HOBI.

1.4.1 Oninka KyTOBOI IIBUIKOCTi BEKTOPA MOTOKO34eNJIeHHs

3a3BuYail CHUHXPOHHY CHCTEMY KOOpPJIMHAT TIOB'SI3yIOTh 13 BEKTOPOM
MOTOKO34YEIIEHHS poTOpa abo cTatopa, IpH 4acToTi ooepTanHs wo. Kpim Toro, e
napameTp BpaxOBY€ETbCS PU 0OUUCIEHH] IIBUIKOCTI pOTOpa sl 0€31aTYMKOBOTO

KEPYBaHHS

Dy — @
=20 (1.18)
n

Jie N — KUIBKICTh Tap MOJIFOCIB, a KOB3aHHS



24

Lm I q

Lya

Dy = (1.19)

KYTOBy IHBI/II[KiCTB BCKTOpPA NOTOKO3YCIIJICHHA MOKHA BUSHAYHUTH BUPA3OM:

@D og=—7. (1.20)

[Tpu miactanosii (1.20) moTOKO3MIEIIEHHS! pOTOpa a00 cTaTopa, BiAMOBITHO
PO3PaxOBYIOTHCS MIBUAKOCTI TOTO UM 1HIIIOTO BEKTOPA. Y JITEpaTypi MPEACTABICHO
PS1 BUCJIOBIB Ha BUPIIICHHS IIbOTO 3aBJaHHs, 3acHoBaHuX Ha (1.18). Y pobori [3]

HaBeJIeHO Bupas, HactynHuii 3 (1.20) 1 (1.9)

(“5,8 - Rsisﬂ )7 sa~ (usa - Rsisa )7 sp

LA (1.21)
VsatV¥ sp

@ 5=

VY po6oTi [83] po3riisiHyTO HU3KY BUpa3iB

€sa ésﬂ —€p e’sa

a)s() = B 3 " (122)
€q T €S/,v
@y = l//.sa‘/7.v/] = ‘//5/31/75(1 2 er((//saesﬁ ~Vsplsa ) . (1.23)

2 2 2 2
Vsa t Vsp Vsa t Vsp
Y po0oTi [85] onucano Tpu pimenns st BuzHauenHs [0 . [lepire 3acHoBaHe
Ha BUPAXEHH1 PEAKTUBHOI MOTY>KHOCTI ABUT'YHA MIPU MOCTIMHOMY HaMarH14yBaHH1
Ta MPEJCTABICHE Y BUTIISII

. iallﬂ - i/}lla = O'le_dpllqp

-2 -2
L, (Idp + 0'1(”,)

ay 3 (1.24)

P : . : . .
€ dp, qp— HMPOrpaMHI HAMATHIYYHO4l TAa MOMEHTHI CKJIaJJ0OBl CTATOPHOTO CTPYMY,

BIJIIOBIHO.
3a JomoMorow cmocrepiraua Ta (GOpMyNH OOYMCIEHHS pPEaKTUBHOI

HOTY>KHOCTI IBUTryHa QQ CHHTE30BaHO APYTrUii OJIOK
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@y =z+1o Ligi,,,

2=U(Lg(igy + Tigy)z +10 Lgigyigy) — 0). (1.25)

CuHrte3 TpeThoro OJIOKY 3aCHOBAaHUN Ha OOYHMCIICHHI (Do Yepe3 CTATOPHY
Halpyry

U g —Upgll
TR i Ml (1.26)

Bupas (1.26) ngae kyToBy IIBHUIKICTb BEKTOpa Hampyru ctatopa. [lpu

BEJIMKUX MIBUAKOCTAX uepe3 npotuEPC Hampyra 3pocrae, a CTpyM 3MEHITY€ETHCS.
VY upoMy Bumajnky, Ha mifactasi (1.8) mMokHa mokmactu, 1mo € &~ U =~ es. Toml

BiamosinHo (1.22), (1.26) MoxkHa moknacty, mo “0s ¥ @ou ¥ @0,

Mpr boMy, ockimbkn Y0~ Pou ¥ iy pepexiguux pexumax i X0~ @ou = i
BCTaHOBWJINCS, TO BUpa3 ( 1.26) MOXHA OTOTOXKHIOBATHU 3 KyTOBOIO IIBHAKICTIO
BekTopa. Bupas (1.26) nobpe BiIOMHI, BiAPI3HAETHCS BUCOKOK TOYHICTIO
Bu3HaueHHss 0 B JIiama3oHi BHCOKHMX 1 CEpPeIHIX KYTOBUX IIBHAKOCTECH pOTOpa
neuryHa. Ha HM3bKMX KyTOBHX MIBUAKOCTSIX NpoTu-EPC Mana, Tomy TOYHIIIE
MPaIlOBATUMYTh OJIOKH, 110 0a3yIOTHCSl HA KCTPYMOBOMY» PIBHSTHHI.

Bupaszu (1.24) - (1.26), iHBapiaHTHI 10 3MiHM aKTUBHUX OIOPIB poTOpa 1
cTaTopa.

Y poGoti [9] 3ampomonoBano mnoniOHui (1.24) Omoxk oOuYMCIEHHS

CUHXPOHHOI IIBUKOCTI

i upg—Iipl
(UO:M, (1.27)

:2 .2
Li(ig + Olg )

10 HE BPaXxOBY€ 3MIHU MOMEHTHOT CKJIaJIOBOT CTATOPHOTO CTPYMY.
VY poGoTi [5] 3anporoHOBaHO OOYMCIIOBATH KYTOBY IIBUAKICTH BEKTOpa

MOTOKO3UYEIUICHHS] pOTOpa BUpa3aMu

. . T
Wy =N+ L Yralp ~Vipla =nw+ Lo Vel
g 0 — . -_ —_—

T, Yia+vip T .|

(1.28)
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Ie ~abCOIIOTHE KOB3aHHS.

VY onokax (1.22) i (1.23) meoOximue 3HauHHs TpoTH-EPC potopa, mis
3HaXOJ[KEHHsI IKOi OepeThcst moxigHa ctpyMoM. biok (1.28) Bumarae indopmarrii
PO KyTOBY IIBHJIKICTh POTOpPA JBUTYHA, OTXKE, JUIsl YIPABIIIHHSA O€34aTUUKOM IIeH
0ok He miAXoauTh. Po3risiHyTi OJOKM OIIIHKM CHHXPOHHOI HIBHAKOCTI HE
BpPaxoBYIOTh BIUIMBY i1HXeKuii. lle Moxe mpusBecTH A0 KOJNMBaHb LIBUIKOCTI
poropa Ta enekTpomarHitHoro Mmomenty AJl. Ilpu po3risai ocHOBH MOOYI0BU
omoxky (1.24) BuaHo, moO MOXxHa MOAU(IKyBaTH OJOK 3 ypaxXyBaHHAM
1HKEKTOBAaHOI'O CUTHAITY.

Takum uymHOM, HeoOxigHO MoaudikyBatu Onok (1.24) 3 ypaxyBaHHSIM

IH)KEKTOBAHOTO CHUTHaIy, JIOCHiauTh #oro 1 Omokm (1.20), (1.26) muissxom

MaTEeMaTUYHOTO MO/JICTIOBAHHS.
1.4.2 Ouinka KyTOBOI IIBUKOCTI Ta MOCTiHOI yacy poropa AJ]

SAx Bunno 3 BupasiB (1.18), (1.19), Ha TOuYHICTH OOYMCIIEHHS KyTOBOIi
MIBUKOCTI POTOpa BEJIUKUIA BIUIMB HAJA€ TIOCTIHA Yacy poTopa T 3aJekuTh BiJl
aKTUBHOTO OTIOPY JIAHITIOTa POTOpa. T r MOKE 3MIHIOBATHCS B HTUPOKUX MEXax 3a
3MIHU TeMIIEpaTypH JIBUTYHA B TIPOLIECi HOTO POOOTH.

Ile motpebye 3acTrocyBaHHs iAeHTU]IKALI JaHOTO Mapamerpa. s 1boro
3alpONOHOBAHO HU3KY pimeHb [12-15] inentudikauii mapamerpis A/l mpu
KepyBaHHI 0€3 JaTdyuKa IIBHAKOCTI poTOpa. 3amporoHOBaHI B TEpepaxoBaHUX
poOoTax pilieHHs, 0COOIUBO Ti, K1 OJHOYACHO OIIHIOITh ® , R s, R yTa v, ckmamgni
y obuuncaoBaIbHOMY BimHOIIEHHI. biiok [4] ormiHioe ® 1 BeTUYHHY, 0OCPHEHO
nponopuiiny T (. brnok modyaoBanuii 3a ctpykrypoto MRAS 6-ro mopsaaky Tta

ONUCYETHCS BUpa3aMu

W, =—Qy, +®J 7, + L, ai, (1.29)
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t
D=k, [ (€W 5 — €W g ) dl +X0), (1.30)
0

t
G=—ko (60O e = Limia)+ €505 — Luig)Ht +@(0),  (1.31)
0

ne a=T."
" ? — mocTiiHI KoedimieHTH,

~

Ea =Vra —Vras EB=Vrg —Wrp-

Etanonnoro momemmo ciyxath Bupasu (1.7), 10 SKUX BXOAWTH 3MIHHHMA
aKTUBHHI orip ctaTtopa. Hactporoerbest — Bupas (1.29).

Henomikamu OJIOKIB € 1X 00UHMCIIOBaIbHA CKIIAIHICTD 1 3aJI€KHICTh B1I R
10 BUKJIUKAE HOTO 1IeHTU(IKAIT 1, IK HACTIAOK, I1IBUIICHHS TMOPSIKY CUCTEMH.

Jist orpumManHs 1H(MOpMaNii Npo TeMIepaTypy poTopa Ta KOHTPOJIb
TEII0BOro ctany AJl BUKOPUCTOBYIOTh AOCUTH IpoMi3aki oOumncienss [9]. Touna
OIlIHKAa aKTHBHOIO OMNOpY JAHIOra pOTOpa KpIM KOPEKIlii KyTOBOI MIBHIKOCTI
poTopa J03BOJUTH OTpPUMATH IHPOpPMALIID MPO TeMIlepaTypy poropa. Takum
YUHOM, HEOOXIJTHO PO3POOUTH MPOCTHUH Yy OOYHMCIIIOBAILHOMY BIJHOIICHHI OJOK
OIIIHKK KYTOBO1 IIBUIKOCTI POTOpa 3 ypaxyBaHHSM IOCTIHHOI 4acy poTopa, IpH

IIbOMY 3a IPOTOTHIT ipuiiMeMo 0ok (1.29) - (1.31).
1.4.3 OuiHka NOCTiHHUX CKJIA0BUX Y BUMiPIOBAHMX CUTHAJIAX

Ctpymu crartopa 3a3BU4Yail BHMIPIOIOTBCS JIBOMA JaTYMKaMU XOJUIa.
OTpuMaHUil aHAJIOTOBUW CUTHAJ TEPEKIAJAEThCs 3a JOMOMOIOK aHaJIOro-
upposux neperBoproBauiB (ALIl) y mudposuii. Ha npaktuili gatuuku ctpymy
MOXKYTh MaTH TOCTIHHI YCYHEHHS, BHACHIJOK YOTO Yy BHUMIPIOBAHOTO CHUTHAITY
3'SIBJISIETHCS MOCTIMHA CKJ1a0Ba. [Ipu iHTEerpyBaHH1 TAKOrO CUTHAITY, 1110 Ma€ MICIIe
Py OOYMCIICHHI TTOTOKO3YCIIJICHHS, BUHUKAE TTOMUJIKA, IO JIHIMHO 3pPOCTaE, II0
MO>Ke BUKJIMKATH HECTIMKICTh BCi€l cucTeMu ynpasmiHHs. [IpakTtuka nokazana [15],
o Mpu 9acToTi curHairy 2 [’ Ta HassBHOCTI 5% TOCTIMHOI CKJIaI0BOi B OHOMY

KaHaJl BUKJIHUKae 6% Mmynbcalii MOMEHTY I0J0 HOro HOMIHAJIBHOTO 3HAYEHHS Ta
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BIJIMOBI/IHI KOJIMBAHHSI KYTOBOI MIBUAKOCTI poTopa. [linTpuMka mpaie3aatHocTi Ha
HU3BKUX TIBUAKOCTSIX CTAa€ My)KE€ CKIATHUM, OCKUTBKA B MOMEHTI 1 HIBHIKOCTI
pOTOpa BUHUKAIOTh MyJIbCAIlll, 10 1HOII MTPU3BOAATH 0 HECTIHKOCTI CUCTEMHU.

He3Bakatoum Ha BaXKJIMBICTh YCYHEHHSI PEATbHOTO Yacy BIUTUBY MOCTIHHUX
3CyBIB y OaraToa3HHMX CUTHANaxX, MyOJiKaliid Ha 10 TeMy Majio. Y poborti [8]
po3po0sIeHO (PiIBTP 3 METO OLIIHKA OCHOBHMX TapMOHIK 1 MTOCTIMHHMX MTOMMJIOK.
Opnak mei GUIBTp Ui MOKpAlleHHs JAUHAMIYHUX BIIACTUBOCTEH MOTpedye
30BHIIIHBOT 1H(POPMAIIIi PO YaCTOTY TOJIOBHUX rapMOHIK. Y myOumikarisx [4, 9]
OIIHIOIOTHCSI 3MIIIEHHS Yy MPOILIECl OIIHKK MOTOKO3ueruieHHs. OJHaK OmucaHi
pIlIEHHS HE MOJUISAIOTh YCYHEHHS B CTpyMax 1 Halpyrax, 10 NoTpioHO B 0araTbox
iHQopMaIIHHUX Ta YMOPaBIIHCHKUX 3aBAaHHAX. OTke, HEOOXIMHO pPO3POOUTH
(GLIBTp, IO OLIHIOE B PEANbHOMY Yacl MOCTIHI CKJIQJOB1 Ta TOJOBHI TApMOHIKH
nBO(a3HUX CUTHATIB, IO MICTATh BHUCOKOYACTOTHI IIYMH, IO HE BHMarae
30BHIIIHBOI 1HPOPMAITIT PO YACTOTY TOJOBHUX TAPMOHIK.

[Ipy BUKOpUCTaHHI 1HXKEKIII1 AesKl 3MIHHI (HAlIpUKJIad, KyTOBI CHHXPOHHA
MIBUKICTh 1 HMIBUAKICTH POTOPA) MOXKYTh MICTUTH Tapa3uTHY 3MIHHY CKIIaJIOBY
YaCTOTH 1HKEKTOBAHOTO curHaiy. [[ns ii ycyHeHHs, HEOOX1IHO po3poOUTH OJI0KHK

BHUJIJICHHS KOMITOHEHTIB, 1110 IMOBUIHHO 3MIHIOIOTHCS, 3 OJJHO(A3HUX CUTHAIIB.

1.5 PineHHs, 110 BPaXOBYKOTh 0CO0JIMBOCTi NACUBHOTO QijIbTpa HA

BHUXO/i MePeTBOPIOBAYA YaCTOTH

s sxuBnenHst AJl B 1aHui yac BUKOPHUCTOBYIOTHCSI IHBEPTOPH HAINPYTH 3
M. Buxiani Hanpyru 114 3 [IIM € nocnigoBHICTIO PSAMOKYTHUX 1IMITYJIbCIB
manoi TpuBanocti (puc. 1.3). Ha puc. 1.3 npuiiHATO Taki NO3HA4Y€HHS: Up—
porpamMHe 3Ha4eHHS HANPYTH, U ;y— HampyTa 3 BUXO/y MEPEeTBOPIOBaYa YaCTOTH.

KpyTi ¢pontu Hanpyru 3 LM (nopsaky 10 kB/Mkc) BUKIMKAIOTh CTapiHHS
1307141111 ABUTyHA, KaOeiB >KUBJIEHHS Ta TOTIPIICHHS 1X JICJICKTPUYHUX
BracTuBoCcTed. lle TakoX TPHU3BOAUTH IO JOJATKOBOTO HAarpiBaHHS OOMOTOK

ABHUI'YHA Ta IMOABU BUCOKOYACTOTHOI'O AKYCTUYHOTI'O ITYMY.
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Pucynox 1.3 - [loganHst CHHYCOiIaNbHOTO CUTHAITY SIK €KBIBAJICHTHOTO

HIIM-curaama

VYcyHeHHs BUIIE3raJlaHuX HEAOIIKIB OCOOJMBO aKTyalbHO JJISl MOTYKHUX
npuBoaiB [8, 20]. Tomy Ha BUXOJl MEPETBOPIOBaYa YACTOTH JUIS 3IJIAJKyBaHHS
BUXIJHOT Harnpyrud BcTaHOBIIOIOTH LC-dinbrpu cunosi [7]. [lacuBHi QinbTpu
NOKpAIlyl0Th TapMOHIMHHMI CKJIaJl CTpyMy Ta Hanpyrd (IIBHAKICTE (POHTY
iMiysibey crae MeHie 500 B/MKc), 3MEHIIYI0Th aKyCTUYHHI 1IIyM, MalOTh IPOCTY
KOHCTPYKITit0. OOMEXEeHHs IMIBUIKOCTI 3MIHM HAMPYTU Ta 3HWKEHHS MepeHanpyr
JT03BOJISIE BIIMOBUTUCS BiJl 30UIbIIEHHS HOMIHAJIIB HAPYT 1HBEPTOPIB 32 PaXyHOK
0OJIIKy SIBUIIIA 3BOPOTHOI XBUJI1 B KaOETIsX.

be3 ¢inbrpa, mo oOMexye MOXiTHY HAMpPyTy, TEPMIH CIYKOU JBUTYHA
3MeHIyeThesl Ha 10% mo BIAHOLIEHHIO JO WOTO JAEKIApOBAHOIO TEPMIHY POOOTH
[10]. B ocHoBHOMY macuBHi (iIbTPH BHUKOPUCTOBYIOTHCS B CIOXKHBadax
noTyXHOCTI Ounbiie 1 wmeraBosbramiiepa. llacuBHi (iabTpu HE BUMAararoTh
TEXHIYHOTO0 0OCIIyTOBYBAaHHSI, €KOHOMIYHI, 32 YMOBH, 110 onip (PinbTpa Mae OyTH
MEHIITUM, HIK omip cucteMu [8]. Ase, mopsij 3 mepepaxoBaHUMH MMO3UTUBHUMH
edeKkTamMu, TaCUBHI (PUIBTPU 3MIHIOIOTh AMILUTITYAU Ta a3y roJIOBHUX TapMOHIK
BUXITHUX HAmpyr Ta CTPyMIB, IO MPHU3BOJUTH 0 TMOTIPIICHHS TWHAMIKU
SJIIEKTPOIIpUBOAY. Y po0oTi [7] mpobiiema BUPINIYETHCS 3a JOMIOMOTOK) CUCTEMU
nudepeHiadbHUX PIBHSAHD 5-TO TOPSJKY 3 PEryjisTopaMud CTpyMy 1 Halpyru
cTaTopa, SIKIi BJacTHBAa BeJIWKAa OOYHCIIOBaJIbHA CKIQAHICTH. IS BiHOBIICHHS

JUHAMIKM TIPUBOJY MOKHA MOOYyBaTH AITOPUTMIYHO MPOCTHM KOMIIEHCATOP
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BBEJICHHSIM MIEPEXPECHUX 3B'3K1B, 10 Oy/1€ YeprOBUM 3aBIaHHAM JIOCIHIKEHHS. 3a

3pa3oK NMpHIHATA cucTema [7].

1.6 baoku ouinku ocHoBHUX rapmonik HHIIM-curnaJis

AJTOPUTMH OIIIHKM BEKTOpa CTaHy, iAcHTU(IKalii mapaMeTpiB Ta
yIOpaBIiHHSA JIBUTYHaMH 3MIHHOTO CTpyMy TiependadaroTb 3HAHHS MEPIIol
rapmoHiku. Buxinna nanpyra T4, mo mae Burmisag [LIM, He mo3Bosie MIIIXOM
YUCIIOBOT OOPOOKH JOCUTH TOYHO BUIIIUTHU iX TOJIOBHI TapMOHIKHU. J[Jig OIIHKHK
TFOJIOBHMX TapMOHIK ICHY€ HHU3Ka METOMIB, TakKMX SK PEKYPEHTHHH METO]
HallMEHIIMX KBaJpaTiB, po3mupenuid Ginbtp Kanmana, auckperHe nepeTBOpeHHs
®yp'e, merox Ilpoyni Ta iH1m. OAHAK LI METOJM MOB'S3aHI 3 BEJIIUKUM 00'eMOM
oOuMcieHb 1 s uux MeroniB y Bunaaky 3 LIIM 3anaaro Benuke BIAHOIIEHHS
myMm/kopucHuii  curdHasl. CMykH1 (QUIBTpU, NPU3HAYEHI BUIIJICHHS TOJIOBHUX
TapMOHIK y pas3l, 3aHaJATO CKJIJIHI. Y CTaHOBKa MpocTux aHajnoroBux RC-pinbTpis
Ha Buxo/i [TY npuzBoAUTH 10 3MIHU aMILTITY T Ta ()a3 TOJIOBHUX TAPMOHIK.

Ockisibku 0e3nocepeiHbO BUMIPSATH TOJIOBHI rapMoOHikK Hanpyru 13 IIM
CKJIa/IHO, TO 3aMICTh HMX YacTO BHKOPHMCTOBYIOTH iX MporpamHi 3HadeHHs. Lleit
croci0 Jae 3a710BUTHHI pe3ybTaTH, aJie Ma€ TOMWIKY Ha HU3bKUX IMIBUAKOCTSIX, 1€
MPOSIBIISIETHCSL HEJNIHINHA 3aJ€XHICTh MDK 3aJaHUM 1 (aKTUUHUM 3HAYCHHSIMU
HaIpyTu, BUKIMKAaHA XapaKTePUCTUKAMH MEePEeMHUKaHb 1HBEpTOpa. Takuil miaxif
MPU3BOJUTH 10 MOXUOOK 32 PaXyHOK 3MIHM HANpPYTU KUBJICHHS MEPEXKl, MaJiHHS
HaIpYryd Ha TPAH3UCTOPAX, 3alI3HIOBaHb MPU BIAKPUTTI 1 3aKPUTTI TPAH3UCTOPIB

"

omoky IIIIM, a takox 3a paxyHok " mepTtBoro" uacy. lle cTBoproe mpoOiemu
VIOPABIIHHSA MPUBOJAOM Ha HU3BKUX HIBUIKOCTAX 1, OTKEe, OOMEXye aiana3oH
pEryJItOBaHHS.

JIy1st ABUINIEHHS SIKOCTI YIIpaBJiHHA B poboTax [7-8] Oynu cuHTE30BaHi Ta
JOCHIDKEHI IUIIXOM MOJICJIFOBAaHHS aHaJOTO-UM(POBI aJanTUBHI OJHO- Ta

OararokackaaHi (UIBTPU, IO BKIIOYAIOTH AHAJIOTOBI (iIBTpU TEpHIOTO abdo

JPYroro NopsakiB. I'pyHTYIOUHCH Ha pe3ysibTaTax IUX poOiIT, MPU BUKOPUCTAHHI
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aHanoro-uu@poBux QuILTPIB MOKHA OTPUMATH HE3MIHEHI MO aMILTITYyAl Ta ¢asi
TOJIOBHI TapMOHIKH cTpyMmy Ta Hampyru AJl. Ilpu mpomy (imeTpu aBTOMaTUYHO
BpPaxoBYIOTh I1li TMOMWIKH. BpaxyBaHHS mepepaxoBaHUX MOXHOOK JO3BOJHTH
PO3IIMPHUTH Jiana30H PEryjIlOBaHHS MPHUBOJY 32 PaxyHOK 3MEHILIEHHS HI)KHbBOI
Mexi. Tomy HeOOXiHO TPOBECTH EKCIEpUMEHTATIbHE IOCIHIIKEHHS aHaJloro-
1udpoBuX GiALTPIB MIOA0 BUAIICHHS MEPIIOi TApMOHIKM BUXigHOI Hanpyru 114,

mo Mae suririg HIIM.

BucHoBku o posainy 1

[IpoBeneno mokiaAHM aHai3 ICHYIOYHMX pIlIEHh 1O TeMmi, IO
pPO3TIIAAETHCA, 1 TMO3HAYEHO TMHUTaHHSA, [0 IMJITAlOTh  MOJAIBIIOMY
JIOCHIJDKEHHIO, a cCaMe:

- I BHPIIMICHHS IOCTaBJICHOI 3aJa4l HEOOXITHO IPOJOBXKHMTH JOCIIIKCHHS
BekTOpHOro ympabimiHHs AEIl B wacThHI KOMIIEHcCaIlll BHUCOKOYACTOTHUX
30ypeHsb, 1m0 reHepyroThes [11IM, a Takok HaIBHOCTI 1HKEKTOBAHOT CKJIaI0BO1
CTPYM cTaTopa, HeOOX1AHOT AJIs OILIHKK OTIOPY JIAHI[IOTa POTOpPa;

- HEOOXITHO PO3POOUTH OJOK OIIHKM BEKTOPIB MOTOKO3YEIUICHb Ta KYyTOBHUX
MIBUJKOCTEN 3 ypaxyBaHHSIM 1HXEKTOBAHOI CKJIAIOBOI i 3a0e3leueHHs
criiikoi mpaunesnatHocti AEIl y miama3oHi Manux MIBUAKOCTEH poTopa Ta
I1IBUIIICHHS TBUJIKO/I1 PETYIIOBaHHS,

- IS TIOLIYKY ONTUMAJIbHUX YMOB ekcruryartaiii AJl, CToCOBHO 0COOMMBOCTEM
TEXHOJIOT1i POCIMHHHUX CHCTEM, JOILJIBHO pO3pOOUTH MaTeMaTU4yHl Ta

KOMIT'FOTepHI Mojieni Baockonanenoro AEIL.
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2 OHIHKA BEKTOPA CTAHY ACUHXPOHHOI'O EJIEKTPOIIPUBOY

2.1 MaremaTtuuna wmoaeab AJl. Onuc MeTOAUK JOCTIIKEHHS TAa

OOIPYHTYBAHHS NPUHHATHUX NPUILYIIEHb

3a3Buyail ISl COPOIIEHHS PO3MIISNY, PIBHAHHSA pyxXy TpudasHoro
apTeplaJbHOTO TUCKY MPHUBOASTHCS /10 PIBHSHB €KBIBAJIEHTHOT'O 33 MOTYXHICTIO

nBodasnoro aprepianbHoro tHcky [10]. Lli piBHSHHS MOXKHAa NPEIACTABUTH Y

CTaTOPHIl crcTeMi KoopauHar (d. , )

w=|nwl, - Ee W+ L i (2.1)
£ T T 3
= u- (R +R I )i -L _|nwJ,6 - - W (2.2)
- Lx s r~mr mr g I, ’ i
w=J ) (m-m,), (2.3)
m=n L ('//aiﬂ — Y gig ) (2.4)
12 )

-
Ta CHHXPOHHIH cuctemi koopauHat (d, (), mOB'3aHOI 3 BEKTOPOM
MOTOKO3YETIIEHHS pOTOpa

yicas PE ,
W= = (L i=y)=(wy —no)l v, (2.5)

!

1
ol

S

u-— ((Rs + R,.Lfm_ )‘;s‘ —oLwyJ, )i - L,,,{n(z)./g - %J://:|. (2.6)

r

=

a=Jy(m-m,),

L .
m=n L’" Walg (2.7)

"
ae  , 1, U— BeKTOPH MOTOKO3UYETUICHHS POTOPA, CTPYMY Ta HAIIPYTH CTaTopa

BIJMOBIIHO,
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10 J_’o l
e PR e )

N — KUIBKICTBH Map MOJIOCIB; @ — KyTOBa IIBUIKICTb POTOPA;

L " - ITocriifHa eeKTpOMarHiTHa 4acy poTopa;

Lm,%s,r— B3aeMHa iHAyKTUBHICTE Ta BJACHI iHAYKTHBHOCTI CTaToOpa Ta
poTopa BiAMOBIAHO;

— KOe(]iIIEHT PO3CIFOBAHHS;

R s, Ry — akTHBHI OMOpH JAHITIOTIB CTATOpPa Ta POTOPA BiAMOBIIHO;

J 47— HaBeJaeHUI MOMEHT iHepiii AJ[; m , ™. — elNeKTpOMarHiTHUI MOMEHT

JIBUTYHA Ta MOMEHT OIIOPY BiJIMOBIIHO.

JocipkeHHs: po3po0aroBaHuX OJI0KIB Oy1€eMO MPOBOIUTH, IPUHHABILH TaKl
MPUITYIIEHHS.

2.1.1 PiBHOMIpHICTh MardHiTHOTO MTOTOKY MOBITPSHOMY 3a30Di.

2.1.2 Mopenp AJl omnucyeThcsi KIACUYHUMHU DPIBHSAHHSIMH, HaBEICHUMU
Buie. [IpoBeneni y pobotax [3], [7] ekcriepuMeHTaIbH1 JOCTIIKEHHS Jiama3oH1
MBUAKOCTEH poTopa Big 0 10 HOMIHAIBHOI MIATBEPIKYIOTh aJIEKBATHICTh
KkjacuyHoi mojeni AJl Ha BHpILIEHHA MEpEeNiueHUX 3aBJaHb Yy 3a3HAYEHOMY
Jianas3oHl.

[Ipu mocnimxeHHi po3po0IrOBaHUX OJIOKIB SIK O0'€KT yIpaBiiHHS OyaemMo
posrimsanatu AJl A2-81-4 motyxkuictio 40 kBT 3 HOMIHAIBHOIO YacTOTOXO

obepranHs poropa 1460 06/xB.

2.1.3 bnox IIIM ¢opmye BUXiIHY HANpyry 3 TOJOBHUMH TapMOHIKaMU
CUHYCOiaTbHOI (OpMH, SKI 1 BPAXOBYIOTHCS IMPHU PO3TIISAAI MAKPOIPOIECIB Y
npusoi. [10].

3a3HadeHuil miaxig y Iid poOoTi me OuUThIl OOTPYHTOBAHHM, OCKIIBKU
PO3pOOICHUI MPUBIT MICTUTH CICTiaIbHI (BiIBTPU BUALICHHS OCHOBHUX TAPMOHIK
HaIpyr 1 CTPYMIB.

OTxe, Ans CHHTE3Y Ta JOCIIHKEHHS alIrOPUTMIB 3aMiCTh CIPaBXKHIX

curHaiiB, «3amymiienux» I[IIM, caig po3risgaTd TOJIOBHI TapMOHIKH ITHX
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curraiiB. [Ipu MojenmrOBaHHI €JIEKTPONPHBOIY Ha TOJOBHI TapMOHIKM HANpPyTH
3aMicTh IIyMiB, Bukiukanux IIIM, cmig Hakimagatu CUHYCOIHATBHUN IIyM
gactoToro 4 kl'1 (BianmoBigHoi yactotu IIIIM) 1 ammmitynoro 60% Biax 3HaUYCHHS
HaIPYTH JJAHKW MOCTIHHOTO CTpyMy. Lle mo3BomuTh yCcyHYTH MpoOIeMu, TOB'a3aH1
3 IU(PPOBUM MOJICIIOBAHHSAM CHCTEM 31 3MIHHUMH 3MIHHUMH, IO CXI1J4acTO

3MIHIOIOTKCS, 1 ICTOTHO CKOPOTHUTH Yac MOJEIIIOBAHHS.

2.1.4 BuxopucCTaHHS JHIIE€ BHAUICHUX TOJIOBHMX TapMOHIK IPH OLIHII
BEKTOpa CTaHy Ta IapaMeTpiB J03BOJSE CYTTEBO 30UIBIIUTUA TAKT PAXYHKY
cucremr. CHHYCOiTaIbHUM CHUTHAJN 13 4yacToTol HaBiTh 50 I'p myxke moOpe
alpOKCUMYEThCS CTyMmiHYacTor (yHKI€e 3 kpokoM 200 mkc. Y OLIBIIOCTI
JTITEpPaTYypHUX JHKEpeNl BUKOPUCTOBYIOTh TaKT paxyHKy B Mexkax 100-250 mkc. Y
IOMY po00TI 00paHo TakT paxyHKu T s=200 MKc.

2.1.5 YV cydacHMX TpHBOJAX €JIEKTPUYHE TallbMyBaHHS 3I1HMCHIOETHCSA
BUKOPUCTAHHSAM CXEM 3 PEKyIepalli€ro eHeprii y Mepexy. Bimomi nBa mpoctux
METO/M TajdbMyBaHHS 0€3 BUKOPUCTAHHS TaJIbMIBHOTO Pe3UCTOpa: - 3aBIaHHSIM
HYJIb-BEKTOpA HAIPYTH; - 3aBJAAHHIM IIBUIKOCTI, 110 JIOPIBHIOE HYIIIO.

VY nepioMy BUNIAAKY IBUTYH TaIbMYETHCSI HA BUOITY, a B IPyTOMY - IBUTYH
MEPEXOAUTh Y TEHEPATOPHUHN PEKUM 1 TATBMYETHCS MOMEHTOM, KU 3aJICKUTD Bif
BTpaT y ABUTYHI Ta iHBepTOpl. OJHAK, ICHY€E psAll poOIT, B SIKUX PO3IJIAIAIOTHCS
CKJIAJIHIIII METOJ1, BAKOPHUCTAHHS SIKUX JIO3BOJISIE TOCSATTH Yacy rajbMyBaHHs (6€3
BUKOPHCTAHHS JI0JIATKOBUX PE3UCTOPIB), MOPIBHIHHOTO 3 YaCOM T'aJIbMyBaHHSI IIPU
BHUKOPHCTaHHI PE3UCTOPIB a00 peKyrnepaTUBHOI cxemHu [4].

BukopucraHHs mHMX METOAIB HE BHKJIMKA€E TICPCHANPYTH B JIAHIIO31
NOCTIHHOTO CTPyMy Ta KoiuBaHb MOMeHTY AJl. B ocHOBYy MeTOAiIB MOKJIAIEHO
HACTYMHI NPUHLIMIH :

- (dopmyBaHHS BUXIJHOI HANpPyTW, [0 BUKIWKAE IMIJBUIICHI BTPATU
JIBUTYHA,
- HaKJIaJaHHS JIBOX PI3HMX YacTOT; - Mepe30yMKEHHS MOTOKO3YETUICHHS

craropa,
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- CTBOPEHHS BEJIMKUX HETaTUBHUX KOB3aHb.

BuxopucrtanHs CKJIagHMX METOMIB TaJbMyBaHHS PEKOMEHIIOBAHO IS
HEpEeKyINEepaTUBHUX CXeM 0€3 rajibMiBHUX PE3UCTOPIB 3 IEBHUMH BUMOTaMH Ha 4ac
ranpbMyBaHHS. J[7 HOCATHEHHS METH AUCEPTAIMHOI POOOTH TOCTAaTHHO MPHU
MOJICITIOBAHH1 3/IICHIOBATH TAIbMYBaHHSI IIJITXOM 3aBJaHHS HYJIBOBOI MTBUIKOCTI
poTopa y cxemi 0e3 BUKOPHUCTAHHS TaJIbMIBHUX PE3UCTOPIB.

2.1.6 ns BupimieHHS TOCTaBICHUX Yy poOOTI 3aBaaHb HEOOXiTHO
BUKOPUCTOBYBAaTH METOJ MaTEMaTUYHOIO MOJEIIOBAHHS I JOCIIHKEHHS
Mpare3 aTHOCTI MPHUBOIY HAa HU3BKHUX IIBUIKOCTSAX, aX JO HYIhOBOI. Pexum
rIIMOOKOTO PEeryItoBaHHs MIBUAKOCTI BHU3 (MeHIe 50:1) 3a3Buy4ail nmepeBipseThes
€KCIIEPUMEHTAJIBHO, OCKIJIbKH IIPOSIBIIIFOTHCS edekru, CIIPUYMHEHI
HEPIBHOMIPHICTIO MOBITPSHOTO 3a30py MAaIIMHH, HECHUHYCOIAHICTIO CTPYMIB Ta
HaIpyr cTaTopa, MNPYKHICTIO KiHEMaTWYHUX 3B'A3KiB Ta 1H., [IY 3 ananoro-
U(QPOBUMHU aJIallITUBHUMHU (DUIBTpAMHU Jla€ CHHYCOIaJIbHI TOJOBHI TapMOHIKH
BUXI1JIHMX HAMpPYT MPHU BCiX, HABITH Ty>K€ HU3bKUX YacToTaX. OJJHaK MOJICIIOBAHHS
BU3HAYa€ HEOOXITHY YMOBY IpaIe3/laTHOCTI CHCTEMH B Jlala3oHi HU3BKUX
MIBUIKOCTEH, 110 € 00OB'SI3KOBOI0 YMOBOIO TOCTAHOBKH €KCIIEPUMEHTY. ToMy B
pamMKax JaHoi poOOTH CIIiJ] BU3HAUYUTH HEOOX1THY YMOBY Mpale31aTHOCTI CUCTEMU
BII i3 po3po6sieHnME METOJaMU IIUIIXOM MaTEMaTHYHOTO MOJICITFOBAHHS.

BianoBigHo 10 BHINIECKA3aHOTO, METOJIOM MAaTE€MAaTUYHOI'O MOJICIIFOBAHHS
JIOCITIJIKYBABCS €IEKTPOTEXHIYHUN KOMITJIEKC, JIO0 IKOTO BXOJISTh:
- po3po0OJieH] B AMCEpTaIliiiHIi poOOTI METO/IH, IO BUKOPHUCTOBYIOTHCS SIK
ckianoBi cuctemu BY AJl;
- AJl Tuny A2-81-4 sx 00'exT ynpaBIiHHS, IO OMUCYETHCA KIACHUHUMU
PIBHSHHSMU;
- II4, npencraBienut Osi0koMm, 10 (opMye TrapMOHIMHUN CUTHANI
MPOTPaMHOI HAIMPYyTH 3 HaKJIaJCHUM Ha HHOTO IIYMOM 3 YacTOTOR), IO
BiAnoBigae Hecydiit [TY, mo gopiBHioe 4 k111, 1 ammutiTy 1010 piBHOHO 60%

BiJl 3HAUEHHS HANPYTHU JJAHKU MOCTIHHOTO CTPyMY;
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- HaBaHTAXEHHS Ha Bally, IMITYETbCS MOJATKOM 30BHIIIHHOIO MOMEHTY
(HaBaHTAXYBAJIBHOTO Ta TEHEPATOPHOIO), TMPU I[LOMY HauepK
HaBaHTaXXEHHS OyJie PO3IIISIATHCS SIK CTyMmiHYacTa Jisl, yCBIJIOMJIEHO
NpUAHATA IJIs OIIHKK JUHAMIYHHMX BiacTUBOCcTel BY.

Posrnsaemo pexxumu  poGotm, xapaktepHi s AEIl:  mowaTkoBe

HaMarHigyyBaHHs, PO3TiH J0 33JaHOi IIBUAKOCTI, peBEPC, TATbMyBaHHS.

2.2 ®yukuionaabHa cxema BII AEII 3 BUKOPUCTAHHSAM IHKEKIIIT 1151

ineHTHiKaLIl aAKTUBHOI0 OIIOPY pOTOpa

OCKUTBbKY aKTUBHUH OTIp POTOpa BU3HAYAETHCS BUPA3OM [7]
I dr'

TO Ui MOro OILIHKKM B pealbHOMY Yaci HeoOXigHa 3MiHa MOJYJSl BEKTOpa
MOTOKO3YEIVICHHS pOTOpa. 3 II€I0 METOI B HAaMAarHIYyK4y CKIIAJIOBY CTPyMY
cTaTopa IHXXEKTYIOTh HHU3bKOYACTOTHY CHHYCOIMAJIbHY CKJIaIOBY 3 Moo

aMILTITY010

iqg =ligo +igg, (2.9)

ig0>0, i . . )
ne 40 d9 _ mocrTiiiHa Ta IHKEKTOBAHA CKJIAJ0BI CTATOPHOTO CTPYMY
. : ljg >>1yg.
BIZIMOBITHO, pudomMy 40 d$

BianoBigHo, y MOTOKOCUEIICHH] 3'ABJISIETHCS 3MIHHA TApMOHIMHA CKJIaI0Ba,

ska O6epe ydacTp y ineHtudikaiii

Wi=Waq0+Vdig> (2.10)

=il g . ) )
ne Vdo = Fmtdos  Vd8 _ o riina ta svinma CKJIAJIOB1 IIOTOKO3YEIUIEHHS

|'//do\ 2 |'//d.9

poTOpa BIANOBITHO, TPUIOMY
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IHmxexToBaHa CKJIaaoBa CTpyMy, IO HaMaFHi‘IYE, 3a1a€TbCsI BUPA30OM

iqg9 =iy s(@ 1), (2.11)
Im H @y, 1 1
e Y/ J — aMIUTITyAa Ta 4YacToTa 1HXEKTOBaHOro curHainy (y
= 0.02i 49, @,; =(3+5) pan/c [12]).

po3paxyHkax mpuiimanocs Y

BpaxoByroun kpuBy HaMmarHigyyBaHHs [BuryHa A2-81-4, moxkHa mijpaxyBartH, 1110

1H)KEKTOBAHUW CHUTHalI 3 5 inj =0.03i40 BUKJIMKA€E TapMOHINHI KOJIMBaHHS

noToko3uerieHHsa +0,82% BiJ1 HOMIHAJIBHOTO, OTXKE, BTPATH HAa IEpeMarHiayBaHHsI
OyAyTh HE3HAYHUMH.
OCKUIbKM €JIEKTPOMAarHiTHUI MOMEHT JIBUTyHa Mpu CONSt mponopuiiHuii

m =14l q, TO, 100 YHUKHYTH KOJIMBaHb, HCOOX1THO BUKOHAHHS CITiBBIIHOIICHHS
(lao +1ia9)g0 +ig9) =lao “ig0; (2.12)

i i o . . NP
ne 49> "¢8 — rapmoniiini cknagoBi cTpyMiB i g, i

Iepersopupmm (2.12) 'd9'¢9> gk BenmumHOIO APYroro MOpSAKY, 3HAiIEMO

CHIBBIIHOIIICHHS

; _ q0 .
g9 =—7—l4g- (2.13)

Takum 4MHOM, 171 BUKIIIOYEHHS KOJIMBAaHb €JIEKTPOMArHiTHOIO MOMEHTY
IBUTYHA TapMOHIlHA CKIIAI0Ba CTPYyMY | ¢ IOBUHHA 3HAXOJIUTHUCS B MPOTU(a3i 3
TapMOHIHHOIO CKJIaJI0OBOI0 CTpyMy | ¢ . Buxomsum 3 Bupasy (2.12) mig dgac
BUKOHAHHS yMOBHU (2.13) BuUmIMBae€, M0 BUKOPUCTAHHS 1HXKEKINI HE 3MEHIIIYE
BEJIMYMHY €JIEKTPOMAarHiTHOro MoMeHty AJl.

Ha mincTaBi cka3zaHoro, I CIIPOIIEHHS po3po0KH cructemMu BY 3anmexHicTh
MOTOKO3YEIJICHHS BiJl CTPyMY HaMarHi4yyBaHHSI BBAXKATUMEMO JIIHIHHOIO.

[Tin npssmum BektopHuM yrpaiiHHAM (IIBY) po3ymitoTe ynpaBiiHHS 3
Oe3nocepelHIM BUKOPHUCTAHHSM BEKTOPIB MOTOKO3YEIUIEHHS, OTPUMAaHUX 3a

JIOTIOMOTOI0 CTIIOCTEPIraviB.
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Jl51s fOCATHEHHS MPOCTOTH Ta 3py4HOCTI cuHTe3y cucteMu BK mepeBakHo

3aCTOCOBYBATH OJIOKOBUI MeTOJ CUHTe3y. PO3/ii 3aBaHHs yrpaBiaiHHS Ha OJIOKU

103BOJIsIE OyAyBaTH BCIO CUCTEMY B KOKHOMY KOHKPETHOMY BHUNAAKY 3 PI3HUX

OJIOKIB, BUXOJASIYM 3 BHUMOT TOYHOCTi, MPOCTOTH pIIICHb, €IEKTPOCIIONKHBAHHS,

Jlana3oHy peryjioBaHHsA ToOIIO. biiokoBa CTpyKTypa TOJIETIIyE CHHTE3 Ta

HaJIaroJaKCHHsI aHFOpI/ITMiB yr[paBJIiHHSI, a TaKOX HOO3BOJII€ 3MCHIIHUTHU oocsr

OOYHCIIEHh 32 PaxyHOK MOXJIMBOCTI TMPHU3HAYEHHS CBOTO TaKTy paxyHKy B

KO>KHOMY OJIOII1.

Ha puc. 2.1 mpexacraBieHO (QyHKUIOHANIbHY cxemy BY acuHXpoHHUM

JBUTYHOM 3 BUKOPUCTAHHSM 1HXKEKIIT 151 i1eHTudikarii mapamerpis [14].

Ha cxemi npuifHsITO Taki mo3Ha4eHHsI OJIOKIB:

1
2

12

ananorosl RC-¢pinbTpu,

0JIOK OLIIHKH MOCTIMHUX CKJIAJIOBHUX,

KOMIIEHCATOPU CIIOTBOPEHb, 1110 BHOCAThCA aHanmoroBumu RC-
d1apTpaMu,

0JIOK OIIIHKH KyTOBOI IIBUKOCTI BEKTOpA MOTOKO3UCTIJICHHSI POTOPA,
CIoCcTepirad MmoTOKO34YEIICHHS pOTOPa,

0JIOK OIIIHKHM aKTUBHOTO OTOPY CTaTOpa,

0JIOK OIIIHKH KyTOBOI IIBUJKOCTI (® Ta MOCTIHHOTO Yacy poTopa,
010K OOUMCICHHS BEIUUYMHN a0COIIOTHOIO KOB3aHHS,

0JI0K 00UMCIIEHHS KYTOBOT IIBUAKOCTI pOTOpAa,

(opMyBay eIEKTPOMATrHITHOIO MOMEHTY Ta POTPAMHUX CTPYMIB,
Perynaropu ctpymis,

Kommencarop macuBHOTO CHIIOBOTO (DiJIBTpA.

CipuM KOIBOPOM BUAUIEHO OJIOKH, sIKI MOTPIOHO pO3pOOUTH, 11100 TOCATTH

301IBbIIEHHST Jllama30Hy pEryjiIioBaHHSA IIBUIKOCTI Ta TOKPAUIEHHS TOYHOCTI

yIpaBIIiHHS.
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2.3 OuiHka BeKTOPA MOTOKO34YeIIeHHS

2.3.1 TlobdynoBa cmocrepiraya 3 MeTOKW OLIHKH MOTOKO3IIENJIeHHs

poTopa, mpane3IaTHOro0 Aiana3oHi IBUHAKOCTeH poTopa Bix 0 10 HOMiIHAJILHOL

Sk BI/IXiI[HI/Iﬁ JJIs1 OOYHMCIICHHS ITOTOKO3YCIICHHS poTopa BI3bMEMO

crioctepirad [8], 3anucanuii y MaTpuuHiid GopMi, B IKOMY ® o 3aMIHUMO Ha HOTO

ominky ‘0 .

v, =l +® ' Lind e, )+ Lime, (2.14)

rm

Ax BugHO 3 (2.14), criocTepiray Mae HaCTYIHY 0coOIUBICTh TP ® 0 = 0. J{71s1

3a0€3MeueHHs] TMpane3gaTHOCTI B paloHl OJM3BKUX A0 HYJS IIBUJIKOCTEH

MOCTaBUMO KOe(DIIIEHT crocTepiraya piBHUMN ‘r'm”|'Toz[i piBusHHS  (2.14)

MNEPECIMUIICTLCA Y BI/IFJ'ISII[i

v, =10/, + @5 Lot e, )+ Lime, - (2.15)

TyT s BHKIIOUCHHS HeBU3HA4eHoOCTi (mominy Ha Hymb) mpu @0 = Us

BUHECEMO @ y AyKku Bupasy (2.15), orpumacmo

~

v, =17, || + sign(@o) Lot e, )+ Lme,. (2.16)

[Ilo6 otpumaTu croocTepirad, mpare3laTHU Yy BCbOMY Jiara3oHi
IIBUIKOCTEH, BKIIIOYAIOYM HYJILOBY, 00'eqHaemMo croctepiradi (2.14) ta (2.15),
BBIBIIM 3MIHHUI KO€(IIIEHT NOCUIIEHHS CIIOCTepiraya

- * i *
1/(00, (00’Sa)0,

=1 ) ) . (2.17)
1/’0)0 w0‘>w0.

ne ! <0 _ nocriitanii koedimienT crocrepiraua,

b

*
wn=(0.05+0.2)w .. .
0=( ) po _ TOYKa CIIOJYyUYCeHHS KOe(]III€HTIB.
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Croctepirad 31 3MiHHUM Koe(illieHTOM Ha0y/ie BUTIISIY

(;)O‘ = Sig'7(030)L1'111Jgei‘)+ erer' (218)

v, =10,
[TincraBuBmu Bupa3 npotu EPC potopa asuryna (1.3) (2.18), orpumaemo

@o| + Sign(@ )Ly g (4~ Ryi — & Lyi)|+ L,y (4~ Ryi o Lyi).  (2.19)

v, =l l.l//,.
Jlis BukitoueHHS TU(EpEeHIIOBaHHS CTPYyMY, MEPEHECeMO JIOJAaHKH, II0 HOro

MICTATb, y JIIBY YaCTUHY, OTPUMAEMO

W, +1-sign(dy)L ol i=

S

mOLJ i+ L

W, +sign(@)L,,J (u — Rsi)]+ L,,(u—R.i)

rm

(2.20)

Ha mBuakocTsax Huxye W 0, 3riAHO 3 BUpazoM (2.17),

BBenemo no3zHaueHHs

z=y, +1-sign(wy)L,,,0 L J i+ L,,0 L

rm

, 291
o Ly(E+1-sign(é)J, )i Bl

=y, +L

rm

3BIJIKHA
W, =z—L,,0L(E, +1-sign(@y)J, )i. (2.22)
Bupas (2.20) 3 ypaxyBanusm (2.21), (2.22) naGyne BUTTSAY

Z= luélo (‘: - ero- Ls (Eg o Sig”(fbo )Jg )i)+ Sign(d)o )L"’"Jg (u N RSi)J+
+L,,(u— Ri).

(2.23)

e, =u—R.i, lay|=ogsien(@yg),
BpaxoBytoun, mo ¥ oi o || = dgsign(dy),

BUTJISLIL

nepenuiemMo piBHsAHHA (2.23) y

z=1-sign(do)|do(z - Lo Ly (Eg +1-sign(@9)J )i)+ Lomd ges |+ (2.24)
L .e |

rm-s

-+

sign(g)

Bnecemo 10 obuwncienns | , Bupas (2.17) nepeTBOPIOETHCS Ha BH/T
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l_-sign(aBO)/a)B, é)O‘SwB,
=1 * (2.25)
[/dg, |@o|> wp.

SAxicHa 3anexHICTh KoedillieHTa MOCHJICHHS CIlocTepirada BijJ KyTOBOI

IIBUIKOCTI BEKTOPA MOTOKO3IIEIUICHHS MTOKa3aHo Ha puc. 2.2.
Bupasu (2.22), (2.24) 3 ypaxyBaHHsM (2.25) HaOy1yTh BUTTISATY
W, =2=Lo L (E, +1-J,)i, (2.26)
=LY dolelp —o Ly (Eg +1-J)i)+J e |+e, |. (2.27)

J71st 3MeHIIeHHs 00CsITy 004MCIIeHb PiBHAHHA (2.27) MOKHA IEpenucaTH y BUTIISAI1

=L {|®e, L + J e, |+eg . (2.28)
A/
¥
| 0
: <0
|
|
|
|
|
| —~
| o*
!* 0] (;Dn (Do >
‘a)u :
|
|
|
|
|
|
|
i |
o |

Pucynok 2.2 - 3anexHicTs I=f(@g).

Takum dYwHOM, 711 OOYMCIICHHS BEKTOpa TOTOKO3UYCIUICHHS pPOTOpa
HEOOX1THO BUPIMIUTH CUCTEMY PiBHSHB (2.26) (2.28) 3 xoeditienTom (2.25).
OTtxe, B iporieci Mmoaudikariii 610Ky (2.14) OyB moOymnoBaHuit criocrepirad,

3IaTHUM MpaLIOBaTU MpHU BCiX mBHUAKOCTIX. [Ipyn yomy koedillieHTH MOCUICHHS
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BUXIJTHUX CIIOCTEPIrayiB € MOCTIMHUMH. BBeneHHSIM 3MIHHOTO KOe]iIli€HTa, 10
) o

3aJIeKUTh Bil 0’ BHayocs 3'€qHATH JBa CIOCTepiradi, THM CaMUM 3a0€3MeUUTH

Jiana3oH mpare3gaTHocTi 070Ky Bia 0 10 HOMiHaNIBHOT MBUAKOCTI potopa A/l. Ha

BIIMIHY BiJ MPOTOTHILY, CIIOCTEpirad HE MICTUTH omepaiii JudepeHIiroBaHHS

CTpyMYy, THM CaMUM MiJBUIICHA MIEPEIIKOAA ISl 3aXUCTY CUCTEMH.
2.3.2 Moaugikaunis pimnennss Ohtani

Oco6nuBictio pimieHHss Ohtani [32] € migjamToByBaHHS OIIHKKA MOJYJIS
NOTOKO3YEIJIEHHS IT1]] HOT0 porpaMHe 3HaueHHs. L{e mpu3BoaAUTh 10 TOTO, 110 pU
NOTP1OHIA MBUIAKOAIT OLIIHKY (TP TOCUTH BEIUKOMY KOE(ILIEHTI ITepeaadl).

Mertorw moaudikaiii € po3poOka CXeMu 3MIHM MPOrPAMHOTO 3HAYCHHS
NOTOKO3YEIJICHHS 3 ypaXyBaHHSM [IapaMETPiB CUTHANY, 1110 1HXKEKTYEThCSL.

HporpaMHe ITOTOKO3YCINNICHHA 3a1aBATUMEMO BUPA30M

» L +

W =yo+¥g, (2.29)

Jlnst oOuucieHHs: HeOOX1THOT 1HXKEKIIT MOTOKO3YETUICHHSI CKOPUCTAEMOCH
PIBHSHHSAM

pas e * : .

I -y g+ g=Lyi,g. (2.30)

Takum uyumHOM, cuctema piBHSAHB (2.29), (2.30), nmae Onox (opmyBaHHS
IPOrpaMHOTO TMOTOKO3YEIJICHHSI 3 YypaxyBaHHSM IapaMeTpiB CHUTHANly, IO

1HKEKTYEThCS, 1110 1 TOKa3aHO Ha puc. 2.3.
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i
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Pucynok 2.3 — CTpyKTypHa cxema 0O4HCIIEHHS MOYJIsl IPOrPaMHOTO

MOTOKO3YETUICHHS 3 YpaXyBaHHSM 1HXXEKIIIi.

JI71s1 moKpanieHHs BIATBOPEHHS 1HXKEKI[lT HA HU3BKUX YacTOTaX, KOC(IIEHT
crioctepirada (1.12) moBuHeH OyTu 3MeHIIEHUM. AJie 31 3HW)KCHHSM BEIUYUHU
kKoedirieHTa, OJOK cTae OJMXKYE JO YUCTOTO IHTErpaTopa 3 BHIIE3TalaHUMHU
Henoikamu. ToMy kKoedilieHT criocTepiraya Moxke OyTH 0OMEeXEHUMN 3HU3Y.

BpaxoByroun BuilezazHadeHi pekomeHzanii, MoaudikoBanuii 60k Ohtani
omucyetbesi Bupazamu (1.12), (2.29), (2.30), nme ™oaudikails moysrae y
3aCTOCYBaHHI OJIOKY 00UYMCIEHHS! MOYJIsl MPOTPAMHOTI0 3YETNIEHHS 3 ypaXyBaHHIM

napameTpiB CUTHAIY, IO 1HXKEKTY€EThCS.

2.3.3 CuHTe3 aJaNTUBHUX CIOCTEPirayiB BEeKTOPIB MOTOKO34YeIJICHHS

poTopa Ta craTopa npsiMuM MeToaom JisanyHoBa

Bektop moTtoko3uerieHHsT (poTopa abo cTaTopa) OMUCYETHCS BEKTOPHO-

MATPUYHUMH PIBHIHHIMH [24]

W=00J¥, (2.31)

W =ae, (2.32)
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1€ Wo— KyTOBA IIBHUJIKICTh BEKTOPA MOTOKO3YETIIICHHS,
e —npotu EPC nBuryHa,
g— KOCOCHMETpHUYHA MATPULI.
[lpue=e,a =1, opue =e,, a =L . Ha macrasi (2.31), (2.32) 3

Jo Jg=—E,,rne E,

YpaxXyBaHHsAM TOI'o, IO £ — OOUHHNYHA MaTpuIsa, MOXHa

3aIlIuCaTu

woy =—al e. (2.33)

&g
BBenemo no3zHaueHHs

y=0oyW, (2.34)

y=-al,e. (2.35)

s cuctemu (2.31), (2.34) 30yayeMo crioctepiray

A

W =0 g + Loy - v), (2.36)
ne L — marpuiisg koedimieHTiB iepenayi cnocrepiraya.
[TincranoBka y 3 (2.34) no (2.36) nae
W= o W + Lo (7 — ). (2.37)
Hexan

Y—w=W, &y-wy=0d (2.38)
MOMWIKH crioctepirava. Tomai piBHsSHHS (2.31) MOXKHA MepenucaTy K

)= (@ @, . (7 - 7). (2.39)

Binnimanns 3 piBHsHHS (2.37) piBHsHHSA (2.39) nae

~

i =B0Jy + (g — @ 7 + Lévgl . (2.40)
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JInis OTpUMaHHA OLIHKM IIBUIKOCTI Ta BUOOpYy marpuii L ckopuctaemocs
npsMuM MeTojoM JlsmyHoBa mocmipkeHHs cTiiikocti. i 1bOTO HOCTaBUMO

¢ynkiito JlsmyHoBa st piBHsSHHS (2.40) y BUTIISAI

Wy— O
V=¢/7T¢/7+(—0/1—°)2, 2>0. (2.41)

[Ipumyctumo, mo [ 0 3MIHIOETHCSI HACTIIIBKY MOBUIBHO, 110 BBAKATUMYThCS
wo= 0. Toni 3 (2.41)

; T 2., 2
V= 2:/7/ W+ ;mo(uo. (2.42)

[TincranoBka 3 (2.40) mo (2.42) nae
- A A oy p=7 1 a2 l.\
V:Z(aN)OI/“/’TJgt//+a)Oc//TLl//+za)0w0). (2.43)
VY (2.43) niist mepiioro i TpeThOro JA0JAHKIB MOKJIAJAEMO CYMY, IO IOPIBHIOE

HYJII0, 3BIJIKH CITITy€E

D, == T, (2.44)

TOJI1 MOYKHA 3aIUCATU
Do =—AF Iy =—2(p - z//)Tng/} =—Ap" Ty
3 ypaxyBaHHsIM (2.33) oTpuMaeMo
Dy =Aay TJgem(',' ; (2.45)

Baaxaroun, mo “0~ 0, ocTaTo4HO 3aIHUIIIEMO

d -2 AT ;
d{ @y =22ay" Jge. (2.46)

3 ypaxyBaHHsiM (2.44) Bupa3 (2.43) HaOyBae BUTIISALY

V=2bg L. (2.47)
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BignoBimHo 10 Teopemu JlsmyHoBa, i aCUMIITOTHYHOI CTIMKOCTI

HYJIOBOTO pirieHHs piBHAHHSA (2.40) 10OCTaTHHO BUKOHAHHS YMOBH

ol <0. (2.48)

3ynuHUMOCS Ha BapiaHTi

L= Lsigna,, L <0. (2.49)

VY ubomMy Bunajaxy Bupas (2.47) nabyBae BUTIIALY

V=20 Ly, L<0. (2.50)

JIns moJlnIieHHsT JUHAMIYHMX BIJIACTUBOCTEH CIIOCTEpiradya 3a paxyHOK

YCYHEHHS YHUCTOI0 1HTErpyBaHHs 3aMicTh (2.46) OyemMo BBakaTu

. ’ -
(?)f, :u[k,,y’/’JL,eJrk,Jr/77Jge(IIJ. (2.51)

0

ne xoedimieHTn K p, ki>0 .

Bupazu (2.35), (2.36), (2.49) naroTh MOXIIUBICTh YSBUTH PIBHSIHHS

criocTepirava sik CUCTEMH PiBHSHD (2.51), (2.52)

c/7:cZ)Ongﬂ+Z(Jd)0‘l/7+anesigi1aA)0). (2.52)

-

: @y -
PiBusinHs (2.51) 103B0JIsI€ BUSHAYMTH JIAIIE  ©

Toni na mincrasi (2.50), (2.51) MmoxxHa 3anmucatu

ae=a,J . (2.53)

—yty

[TomHuoxxumo piBHsHHS (2.53) Ha 2° Tofl

TS, P
—-ay J_‘L’i

@ = (2.54)

-

(7

3BIIKA
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sign@, =—sign(y TJge) = sign(er.lgcﬁ) . (2.55)

CXCMy CHHTC30BaHOIo aAallTUBHOI'O CHOCTCpiFa‘Ia IMOTOKO3YCIIJICHHA

MOoKa3aHo Ha puc. 2.4.

Y
-
o)
wn
N
p—

y
o~
A J

<>

Y

b
N
b»

+

Pucynok 2.4 — CTpyKTypHa cXxeMa aIallTUBHOTO CIIOCTEpiraya BeKTopa

ITIOTOKO3YCIIJICHHA

JIns MOTOKO34YEIUICHHST cTaTopa Ha miacTaBi piBHSIHB (2.51), (2.52), (2.55)

3aMUIIEMO
2 T [T
@os =k, W Jge; +k It//_, Joedt,
0
Ws =W Jg Vs + L Q(o()s !Ws + Jg € Sigﬂ @ )'
. ~ S T -
signa , =sign(eg J v/ ). (2.56)
V pasi I0TOKO34EIIEHHS POTOpa

pe ! g
3, = Lm,(kpcﬁr’ Jge, +k; Ic//r’ Jge,dtJ,
0

W, +L,,J e.signo,, )

l/,r = (U(Jr‘lg'//r +L (l(’)()r

Signa , :sign(e,.Tch/?,). (2.57)
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[TopiasiHo 3 mpototuriom (1.16), (1.17) pospobiennii aganTUBHUN

criocTepirad BiAPI3HIETHCA MEHIITUM 00CSITOM O0YHCIIEHb (IPOTOTUI — CUCTEMA S-

7 B

32
k=
5%}

100% = 64%.

ro) MOPSIZIKY) HA
3a3BuYaif  BEKTOPHOTO  YyMpaBIiHHSA HEOOXigHAa  iH(oOpMaIis Mpo

MOTOKO3IIEIUICHH] pOTOpa, /I MOJISTIOBaHHS BUOEpeMo cuctemy (2.57).

2.4 MoaeaoBaHHA 0JIOKIB OIHKHM MOTOKO34YeILICHHSA

[Ipy MopjemoBaHHI BUKOPHUCTOBYBABCS ACHHXPOHHUH  JBUTYH 13
KOpOTKO3aMKHEHUM poTopoM A2-81-4. V Onoku Oyino BBeAeHO OOMEKCHHS
ctpymy 1a epextu LHIM. Kepyroui aii BumaBanucs 3 Taktom paxyHky 200 mxc. Ha
pucyHkax 2.5, 2.6 moka3zaHl TpoOLECM KEpyBaHHS JIMIIE 3a KIEMHUMU
BUMIPIOBaHHAMH (0€3 BUKOPUCTAHHS TATYMKIB IIBUAKOCTI Ta MOTOKO3YEIIIICHHS ).

MopemntroBanucs Taki peKUMHU POOOTH.

VY nepioa 10 Apyroi CEKyHIU MPOBOIUIIOCS HAMArHIUyBaHHS ABUTYHA, ITICIIsS
YOTO 3/IIMCHIOBaBCS PO3TiH J0 3aJaHOoi MBUAKOCTI. 3 4-1 Mo 8-10 CeKyHIu A0
NBUTYHA OyB MPUKIAJECHUA HOMIHAJIBHUI MOMEHT HaBaHTaKeHHA. Ha npecsatiit
CEeKyH/1 TO/IaBaJii 3aBJIaHHA Ha peBepc mBHAKOCTI. 3 14-1 mo 18-t0 cexyHau 10
NBUTYHA OyB MPUKIAICHUNA MOMEHT, OJHOCHPSIMOBAHHI 3 KYyTOBOIO IIBUIKICTIO
potopa aBuryHa, 1o gopiBHioe 100 H M, 0610 0,38 M 410y (TEHEPATOPHUT PEXKIM).
3aBIaHHs Ha KyTOBY MIBHJKICTH cTtaHoBUiu 150, 50, 1 pan/c, siki BiANMOBIIAIOTH
100%, 33,3%, 0,67% Bix HOMiIHAJILHOT KYTOBOI IIBHJIKOCTI Ta XapaKTEPU3YIOTh
BHUCOKI, CepeIH1 Ta HU3bK1 KyTOBI IBUAKOCTI POTOpa ABUTYHA.

Ha pucynkax HwKue BOHHM BiANOBimalOTh (pparmentam a), 0) i B). Jlus
JTOCIIDKEHHST Mpale3/]aTHOCTI OJIOKIB MpH HYJIBOBIM MIBHUIAKOCTI poTopa OyJio
BCTAHOBJICHO HACTYITHUM PEXUM. Y TIepiof 10 2 ¢ 31HCHIOBAJIOCS HAMarHiuyBaHHS

JIBUTYHA, TIOTIM 3 6 mo 14 cexyHa OyB JOJaHWA HOMIHATBHUN MOMEHT. Pexum
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ctalimi3alii HyJb0BOI MIBUAKOCTI HA MaJIOHKAX MOKa3aHuil (hparMeHTi T). bykBoro
M MapKOBaHi KPHUBI CIIPaBKHIX 3HaY€Hb, OTPUMaHI 3 MOJIEI1 IBUTYHA, a uppamMu

1X OLIIHKH.

ll//,Bé

a, 0, B— it o, = (150, 50, 1) pag/c BimmoBigHo; T — Wit ®, = 0 paz/c.

Pucynok 2.5 — Pe3ynbrat MOJEIIOBaHHS OJIOKIB OLIHKH MOJYJISI BEKTOpa

ITIOTOKO3YCIIJICHHA

Ha puc. 2.5 6yioku nepioi rpynu nosuadeni mudppamu 1 — Kubota, Matsuse,
2 — Hu, Wu, 3 — moaudikoBanuit 610k Ohtani. biaokx Holtz He naB mo3utuBHUX
PE3YNBTATIB Y )KOJHOMY 3 HABEJICHUX PEKUMIB, TOMY HOr0 poOOTa Ha PUCYHKaX HE

HaABOJIUTHCA.



o1

Ha puc. 2.6 npencrasieHi criocTepirad Ta aJanTUBHHUIA criocTepiray apyroi
rpynu, mo3HaueHi umudpamu 4, S5 BignosimHo. IIBuakicTe  BekTOpa
MOTOKO3YCTICHHS JUIs criocTepirada Opanacs 3 Bupasy (2.67). biok 2 Mae nocriitHe
YCYHEHHSI 100 (DAaKTHYHOTO 3HAUEHHS MPOTATOM YCIX peXHuMiB polOoTH (3a

BUHATKOM I1€p10/ly HaMarHiyyBaHHS).

VB6

0.4
0 i, €
0 5 10 15 20
0)
Y Bo
1.6 m,y Lo 3
L2t \n 4 4 m,4 1
08
5
2
04 1 04
0 ] ) | ) L, C 0 ) ! ] I, €
0 5 10 15 20 0 5 10 15 20

B) r)
a, 0, B— 11 o, = (150, 50, 1) pan/c BiamoBigHo; T — 11 @, = 0 paz/c.
Pucynok 2.6 — Pe3ynpTaTl MOZeNItOBaHHsI OJI0KIB OLIHKH MOAYJISI BEKTOpa

ITOTOKO3YCIIJICHHA

MopentoBaHHsT TIOKa3ajlo, MO pe3yJbTaTd oOTpuMaHi Omokamum 1, 3
MPaKTUYHO 30iratloThCsi 1 B JOCHIDKEHOMY Jiama3oHl MIBUAKOCTEH poTopa

HaNO1IbIIIe HAOIMKEH] 10 (AaKTUYHOTO 3HAYCHHS MMOTOKO3YEIIIICHHS.
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VY nmepion HamarHidyBaHHS JBUTYHAa Ta Ha XOJOCTOMY XOJAl Yy BCbOMY
Jiama3oHi MBHIKOCTEH OJOK 4 1IyXe TOYHO TMOBTOPIOE (DaKTHYHE 3HAYCHHS
MOTOKO3YCIUICHHS. Y Jiama3oHi HU3BKUX MIBUAKOCTEH (puc. 2.6) Omoxu 4, 5
MOKa3yl0Th 3aJ0BLIBHY OIIHKY IOTOKO3YeIUIeHHs. Y Oomi 4 1ie moB'sa3aHo 31
3HIDKCHHSIM TIBHAKOJIT cIiocTepirada 3a paxyHok oomexeHHs (2.25). biok 5 y

nepioj] HaMarHiuyyBaHHsI HE J1a€ OLIHKU IMOTOKO3YETUICHHS, 110 € HOro HEJIO0IIKOM.

MopentoBanHs OJIOKIB Y Jlalma30Hl CepeaHIX Ta BHCOKHUX YacTOT
NIATBEPAMIIO CTIMKY pOOOTY Ta BIATBOPEHHS IHKEKTOBAHOI CKJ1a10B0i. Ha HU3bKHX
MIBUAKOCTAX IXHIO poOOTY MOXXHA BH3HATH 3aJ0BUIBHOI0. 3aJ0BUTEHUM
BIJITBOPEHHSIM 1HKEKTOBAHO!1 CKJIaJI0BOi HA HYJIHOBIA MIBUIKOCTI BIAPI3HSIOTHCS
omoku 1 - 3. Ha HynboBii MBUAKOCTI 010K 4 moKa3aB HaWKpalluid pe3ysbTaT 3
MOPIBHIOBAHUX OJIOKIB.

Buxozasuu 3 pe3yabpTaTiB MOAEIIOBaHHSA, MOKHA IPOBECTU aHaNI3 Ta BUOIp
OJIOKIB, SIKI TOYHO BIATBOPIOIOTH IHXKEKTOBAaHY CKIIAJIOBY y BChOMY JlIalla30Hi
IIBUJIKOCTEH, BKIIOUAIOYM HYJIHOBY. biioku 2, 5 y nmepiol HaMarHiyyBaHHs JJal0Th
HEMPaBWIBHY OILIHKY MMOTOKO3YETIJICHHS], 1110 3aTITy€E Yac MiATOTOBKA CHCTEMH JI0
pobGotu. broku 1 1 3 gar0Th MpakTUYHO OAHAKOBUU pe3yibTaT, mpore OJok 1
BIJIPI3HAETHCS OOUHCITIOBAIBLHOIO CKIAAHICTIO (CHCTEMA 5-TO MOPSAIKY).

TakuM YHMHOM, MOXKHA BHUIUIMTH JBa OJIOKM, NPUOJIU3HO OJHAKOBOI
OOYHMCITIOBANILHOT CKJIATHOCTI, 11e 00ku 3 (MoaudikoBanuii 610k Ohtani (1.12),
(2.29), (2.30)) Ta 4 (cioctepiraua (2.26), (2.28), (2.25)). Caix 3a3Ha4uTH, 1110 OJIOK
4  BIAPI3HAETHCA YK€ XOPOIIMM BIATBOPECHHSAM (PAKTUYHOTO 3HAYEHHS

MOTOKO3YETUICHHS B MEPi0j] HaMarHiuyBaHHS.

2.5 MoaenoBaHHs 0JI0KIB OI[IHKM CHHXPOHHOI IBUAKOCTI

ITpu MonemtoBanH1 quHaMivHKEX TporieciB Ha IIEOM posrnsganucsa AJl ta

PEXKUMHU, 1ICHTUYHI, OIMCAHUM Y TApo3aiIi 2.4,
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Ha puc. 2.7 npeacTaBineHo OIIHKY CHHXPOHHOI HIBUAKOCTI 3a OJI0KaMu

Bo=f() (1.26), &g =f(0) (2.68), &y =f(w) (1.23),

no3HaueHi nudpamu 1, 2, 3 BiANOBIAHO.

w,, pao/c
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150 : g
75t m,1,3
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1 W, pao/c

' m, 1,3
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.75
-15 A A A t) Cl
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a, 0, B— s o, = (150, 50, 1) pan/c BiamoBigHo; T — Wi ®, = 0 paz/c.

Pucynok 2.7 — Pe3ynbTat MoJietOBaHHsI OJIOKIB OI[IHKM CUHXPOHHO1

KYTOBOi IIBHJIKOCTI1

JIJist ocTaHHBOTO OJIOKY TOTOKO3YEIUICHHS OYJI0 B3STO 3 MOAM(PIKOBAHOTO

omoky Ohtani ((1.12), (2.29), (2.30)). Sk oueBumHO 3 PHUCYHKIB, 010K 1 Mae

0COOJIMBICTh y paiiOHI HYJIHOBOI HIBUJIKOCTI, a Jiama3oHi CEepPeIHIX 1 BUCOKHUX

IIBUIKOCTEN BIIMIHHO BIATBOPIOE (PAKTUUYHY BEJIMYMHY MIBHAKOCTI. biok 2 y

Jlara3oHi BUCOKMX MIBUIKOCTEH TTPY HABAaHTAKCHH]1 Ma€ TIOMUJIIKY.

Ha cepenHiX JacToTax O IIOMHUJIIKAa MaJlo nomiTHa. Ha HU3BKHX 1 HYJIBbOBHUX

IIBUJIKOCTSX OJIOK 2, Ha BIAMIHY Bij OJ0KiB 1, 3, Mae MEeHIII B KiJIbKa pa3iB KUIKH,
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o BUJHO 3 puc. 2.7, B, . biaoku 1 1 3 Ha cepenHiX 1 BUCOKHUX IIBHAKOCTSIX
MOKAa3yIOTh MPAaKTUYHO OJIHAKOBI pe3yiabTaTH. biok 1 omepye roioBHUMHU
rapMOHIKaMU HaIPYTH, BETMYUHAMH, 110 BITHOCSATHCS J0 PO3PsIAYy BUMipIOBAHHX,
a 0JIOK 3 - MOTOKO3YEIUICHHS, BEJIMYMHAMHU, SIKI HEOOX1THO oOuunciroBaTu. biok 1
BUMAara€ MEHIIOro o0csary oOuuciaeHb. TakuM 4MHOM, JJIS 00JacTel BUCOKHX 1
CEpelHIX IMBHUIKOCTEH XOpOII pe3ynbTaTH TMOKa3aB OJOK 1, a I HU3BKHX,
BKJTFOYAI0YH HYJIHOBY, OJI0K 2.

O06'ennanns nepeBar OJIOKIB 1 1 2 MOXKIIMBE HUISIXOM CIIOJTYYEHHSI OCTaHHIX
3a JIONOMOTO0I0 BaroBoro koedirienta. MojentoBaHHs MOKa3ye, 10 Mepexii MK
OsiokamMu TTOBMHEH nepeOyBaTu B aianas3oni 10-20 pan/c, mo Bianosigae 15-25%

B1J1 HOMIHQJIbHOT KyTOBO1 IITBUJIKOCT1 TTOTOKO3YEIIJICHHS.

w,, paod/c w,, pao/c
400 p T 0 p T
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e — "“—-\
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-200f R -75 4
\ SN

-400 . ;€ %0 L, C
400 5 10 15 20 150y 5 10 15 20

a) 0)
7g),,, pa()/'c ' ' : @, pa()/'c

/

m

-10 - : [, ¢ -6 ~ [, ¢
0 5 10 15 20 0 5 10 15 20

B) r)

a, 0, B— w1 o, = (150, 50, 1) pan/c BiamoBiaHO; T — st ®, = 0 pazm/c.

Pucynok 2.8 — Pe3ynbpTaTt MOi€TIOBaHHSI KOMOIHOBAHOTO OJIOKY OILIHKHM KYTOBO{

IHBI/II[KOCTi BCKTOpa IMOTOKO3YCIIJICHHA
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Ha puc. 2.8 mokasani pe3ynbTaTd OLIHKKA CHHXPOHHOI MIBHUAKOCTI OJIOKOM
(1.26), (2.68), (2.73), (2.74).

Sk BUJIHO 3 PUCYHKIB, IIel OJIOK Ja€ HalKpally OI[iHKY KyTOBOi IIIBUIKOCTI
BEKTOpa MOTOKO3UeIieHHs. [loMuiika OIIHKM CHHXPOHHOI MIBUIKOCTI Jiama3oHi
mBUAKOCTEH poTopa Bix 0 10 HOMIHAIBHOI MPAKTUYHO BiacyTHs. Ha xyTtoBux
MBUAKOCTAX potopa 1 1 0 pax/c mnpu [O0AATKy HOMIHAJIBHOTO MOMEHTY
MPOSIBISETHCS MEPIOUYHA CKIIaI0Ba, 00YMOBJIEHA 1HKEKII€I0. AMILTITY/a 3SMIHHOT
ckinagoBoi He mnepeBumrye 10%. L0 noxmbKy MOXKHa YCYHYTH IUIIXOM
MPOIMYCKaHHS O04YMCIIeHOT IMBUAKOCTI uepe3 uibtp (3.60), (3.61), sxuit

MpU3HAYCHUHN BUIIJICHHS TIOCTIMHOI CKJIaIOBO1 3 0JIHO(Aa3HOTO CUTHAITY.

BucHoBkH 10 po3ainy 2

1. MonudikoBaHo crocTepiraya MOTOKO3YEIUIEHHS pPOTOpa MUISXOM
BBEJICHHS 3MIHHOTO Koe(ilieHTa, [0 3a0e3Nneunsio WOoro mpare3aTHICTh Yy
Jlana3oHl 3MIHM IIBUJIKOCTEH poOTOpa, Bl HOMIHAJIBHOI 1O HYJIbOBOI.
MonudikoBanuii crioctepirad JTOCUTh TOYHO BIJITBOPIOE 1HXKEKTOBAHY CKJIAJIOBY
MOAYJl BEKTOpa MoToKo3mermaeHHss. Ha BiAMIHy Bii BHUXIZHOTO, criocTepiray He
MICTUTh JU(EPEHIIFOBAaHHS CTPYMY, 1110 MIABUILYE CXUOJIEHICTh CUCTEMHU.

2. MonudikoBano pimennss Ohtani [32], 3a paxyHOK BBeIEHHS
dbopMyBada mporpaMHOTO MOAYJIS MOTOKO3IICIUICHHS 3 YpaxXyBaHHIM MapaMeTpiB
CUTHAITy, MI0 1HXKEKTYEThCA, IO 3a0€3Medmyio BIATBOPECHHS 1HKEKTOBAHOI
CKJIa/I0BOi B MOAYJI1 OL[IHKH BEKTOpa MOTOKO3IIETIIICHHS.

3. Po3pobiieHo HOBI ajanTWBHI cHocTepiradyi Jjsi OI[IHKA BEKTOPIB
MOTOKO3YEIJIEHb POTOpa Ta CTaTOpa Ta iX KyTOBUX IIBUJIKOCTEH MPSIMUM METOIOM
JIsnynoBa. Croctepiradi MaroTh 3MeHIIeHUH Ha 64%, MOPIBHAHO 3 MPOTOTUIIOM
(IpOTOTHII - CUCTEMa 5-TO TOPSIIKY), 00csAroM oOuunciieHb. biiok npane3natHuii y
Jiana3oHi KyTOBHX IIBHAKOCTEH pOTOpa BIiJ HYJBOBOI JI0 HOMIHAJbHOI Ta

BIJITBOPIOE 1HKEKTOBAHY CKJIaJI0BY B MOAYJIl BEKTOpPA MOTOKO3YETIICHHS.
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3 PO3POBKA BJIOKIB ®LJIbTPALIL OJHO®A3ZHUX I

BATATO®A3ZHUX HEBU3HAYEHUX CUT'HAJIIB

st sxuBnennst AJl B TaHUi 94ac BUKOPUCTOBYIOTHCSI IHBEPTOPHU HAIIPYTH

M. Buxiani vanpyru 14 3 IIIIM € mociiIoBHICTIO MPSIMOKYTHUX 1IMITYJILCIB
Majioi TpuBayiocTi (nuB. puc. 1.3). [ BUAIICHHS TOJOBHUX TapMOHIK BUX1THOT
HANpyTH, 110 BUKOPUCTOBYIOTHCS B YIPaBIiHHI, MOTPiOHE 3aCTOCYBaHHS OJIOKIB
dbinpTpartiii. Y nboMy po3aui 0yayTh pO3TIsiHYTI OJIOKU, CIIPSIMOBAHI Ha YCYHEHHSI
MOCTIAHOI CKJIQJIOBOI 3 BUMIPIOBAHMX CHUTHAJIB, 1 MPOrPAMHY KOPEKIIIO st

KOMIIEHCAllli CIOTBOPEHB, 1110 BHOCATHCA (piibTpaMu cuioBoi yactuHu AEIL

3.1 Po3poOka ynepeakyBajJbHOT0 KOMIIEHCATOPA CMIOTBOPEHb CTATOPHOL

Hanpyru AJl, 110 BHOCATBHCH CWJIOBUMH (PiibTPaMu

Ha Buxoxi 14 13 HIUM B nesxux Bumagkax BcTaHOBIOIOTH [ICD, mpu
bOMY TOKpAIIY€eThCS TapMOHIMHUN CKJIaJ CTPyMy Ta Hampyrd, 3MEHUIYEThCS
aKyCTHYHMI 1IyM, 3amoOirae e(eKkTy cTapiHHS 130ismii. Aje, mnopsan 3
nepepaxoBaHUMU TIO3UTUBHUMH e(eKTamMu, MacuBHI (PUIBTPU CHOTBOPIOIOTH
TOJIOBHI TAPMOHIKHM BUX1JIHUX HAIPYT Ta CTPYMIB, 1[0 TPU3BOJAUTH JI0 TOT1PIIEHHS
JUHAMIKK  eJeKTponpuBoAy. Jljis BINHOBJICHHS [OWHAMIKM TPUBOAY MOXKHA
noOyAyBaTH alrOpUTMIYHO MPOCTHHl ynepemxkyBanbHuil komrieHcarop (KK)
BBEJICHHSIM NIEPEXPECHUX 3B'SA3KIB.

Ha puc. 3.1 npencraBieHo QyHKIIOHAIbHY CXeMY aBTOHOMHOI'O 1HBEPTOpa
3 cuiioBUM (punbTpom, e CY — cuctema ynpaBiliHHS aBTOHOMHUM 1HBEPTOPOM 3
M (AIH 3 LIIM); [IC® — nacuHuii cunoBuii LC-dpinbTp; AJl — ABUryH
3MIHHOTO CTpyMy; U p, U p — Kepyroui (IporpaMHi) CUTHAJIN CUCTEMHU YIPABIIHHS
AIH, Uk, U k— mporpaMHi CUTHQJIA 3 ypaXyBaHHSIM KomIieHcarlii, U ak, U sk, U ck—

$ha30B1 KEpyroUl CUTHAIIH.
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CY [ICD
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Pucynok 3.1 — ®yHKI1I0HaIbHA cXeMa JIaHITFora KOMIIEHCallli CIIOTBOPEHb,

1m0 BHocAThes [ICD
Ha puc. 3.2 nokazana ¢QyHkiioHasbHa cxema miakiaodeHHs [ICD B
CJIEKTPOIIPUBOMAI, 1€ R - akTuBHuUiI omip Apocens, abo Mpu HEOOXITHOCTI
CreH1aJbHO BBEICHHI A0 CKiIaay QuibTpa Al OTpUMaHHS HEOOXiIHOI (iabTparii
Buxignoi Hanpyru [TY, L , C - iHAyKTHBHICTH 1 €eMHICTh (ibTpa BiamoBigHo. Taka

cama cxema y po0oTi [17] 3 ypaxyBaHHSIM BIUIMBY MACUBHOTO (LIbTpA.

_,_/YY\_::_ S
M4 LYYy

Pucynok 3.2 — ®dyHkIlioHabHA cXeMa MaCUBHOTO CUJIOBOTO (PuIbTpa
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[Tapamerpu IIC® BuOuparoThCsi 3 YMOBH YCYHEHHS 3 IX BHUXOMIB
BHCOKOYACTOTHHUX Tepenikoji, ooymoniaeHux [IIIM. Tomy BoHU € BigomMuMu, 1 3
ypaxyBaHHSM MapaMeTpiB HABAHTAXKEHHS MOKHA BBAXKATH B1JIOMUMHU CIIOTBOPEHHS
Hanpyru Ha Buxojaax [IC®. 3apnanHs nossrae y 3anoOiKHIN 3MiHI POTPAMHUX
CUTHQJIB MO aMmIulTyal Ta (a3l TakdM YHMHOM, II00 BOHHM KOMIICHCYBAJIH
cnorBopeHHs [IC®. Omxe, koediumient mnepemaur cucremu KK — TICO
nopiBHioBatuMe 1. Taka MOXIHUBICTD € 32 paXyHOK BBEJICHHS MIEPEXPECHUX 3B'SI3KIB
MDK ¢azamu Oaratodasznux curHaiiB. lle 3pyunime poOutu 13 aBOGA3HUMHU
CUTHAJIAMU.

CuHre3 nonepeKyrodoro komrnencaropa ¢inbrpa. [Iporpamuuit nBodazuuit

CHUI'HAJI Ma€ BUTJIAL

Ug p :’u|cosa)t, ug p :’u’sina)t . u‘:\/uép +leﬂ[, ; (3.1)

Je ® - KyTOBa IIBUAKICTh BEKTOpa Hampyru U , sSKka 3a3BHYal
BUKOPHUCTOBYETHCSI B METOJAX VIPABIIHHSA JBUTYHAMH 3MIHHOTO CTpyMy i
BBAKA€THCA BIIIOMOIO.

[Ticns mpomyckanHst qBodazHoro curHany (3.1) abo exkBiBaJeHTHOTO oMYy
TpuGa3HOro curHaidy yepe3 QuIbTp, €KBIBAJIEHTHUN ABOGA3HMUI curHaia HalOyze

BUIIALY.
Uy ;= Aw)|u|cos(wt +y(w)), ugr=Ao)|u|sn(or+y(w)), (3.2)

ne A(w) 1y(o) — AUX ta DUX dinsTpa BIAMTOBIIHO.
Bunepemxansauii  komnencatop ¢uibtpa (YK®) npusznauenuid s
YCYHEHHsI CIIOTBOpPEHb (3.2), moB's3anux 3 HasBHICTIO A(w) 1 y(®). Jns uporo

YK® noBuHEH MaTH Taki YaCTOTHI XapaKTEPUCTUKHU:

A (@)=4" (), yi(0)=-y(o), (3.3)

a loro BUX1/IHI CUTHAJIM 3 YpaxyBaHH:AM (3.1) MOBUHHI MaTH BUTJIS:
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Uy = A "l((u)| ulcos(wt —y(w))=A '((u)l u|(cosmi cosy/(w)+sin wtsny(w))=

= A "'(w)(u cosy(w) tug, sin a//((o)).

ap

Upk = .4"((0)] ulsin(wt—y(w) )= A"(w)(u/,l, cosy/(@)— g , smy/(w) ) (3.4)

Posrnsnaroun AJl 3a I'-noi6H010 cxeMotro 3amimieHHs [16] (puc.3.3), 3rigHo
3 TEOPETUYHUMH OCHOBaMH EJIEKTPOTEXHIKH HOTO MOKHA MPEJACTABUTH SIK 3MIHHY
RL-naBaHTa)xeHHsI, mapameTpu sikoi (R », L ) 3anexaTs Big mapamMeTpiB pesKuMy

pO6OTH ABHUI'YHA, KOB3aHHAI.

T Ry Iy

® <«—

Pucynok 3.3 - ®ynknionanbHa cxema AJl 3 HenmiHiiiHUM RL-HaBaHTa)KEHHSM.

Jnst orpumanHs niepenaBanbHOi (yHKUii [ICD posrisHemo oany ¢asy
cuctemu [TY-IICD-A]J], sika mokazana Ha puc. 3.4.
[lepenaTHa QyHKIlISE CHCTEMU MA€ BUTIISIT

UA,ZI _ an + Rn
Uy LL,Cp> +(RL, + LR,)Cp* +(L+L, +RR,C)p+(R+R,)’

W(p)= 3.5)

Ie U 4r- Qa3Ha Hanpyra A/Jl,

v - $ha3Ha Hanpyra Ha Buxoi [14.
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Pucynok 3.4 — ®ynkiionanbHa cxema ojiHi€el ¢azu cuctemu [TU-IICD-A]

[TepenaBanbHiit pynkii (3.5) 6yne BianoBigatu AOYX Buny

— [Rn ]+ j[CULn] _
W(jw)= 5 . 3 =
[R+ Ry = C(RL + LR+ l0(L+ Ly + RR,O) = 0PLL,C) 1
_[M]+JIN,] .
[Dy]+ j[D;]

ne W — KyToBa MBUAKICTh Hanpyru U 7y,

Ni,D 1, N2, D,— niiicHi Ta ysIBHI YaCTUHU Y YUCEILHUKY Ta 3HAMEHHUKY
BIJIMOBIIHO, BBEJICHI JIJIsl CIIPOIIIEHHS PO3PaXyHKY.

AUX Ta ®UYX mnepenmaBanbHOi QyHKINT (3.1) 3 ypaxyBaHHSM BBEICHUX

IIO3HAa4YCHb MAIOTh BUTJISA

- 3.7)
0) = —T—=, .
VDi + D3

D

_ el O] —2)
t//(a))—arctg(Nl] atctg(D1 . (3.8)



_ Iga—igp
tg(a_ﬂ)_lﬂga-tgﬂ .
CkopHCTaBIINCH BUPA30OM st (3.8), 3HaiiIeMo
(@) N2Dy - Ny Dy
)= ;
SN ND N D

BukopuctoBytoun TpUroHOMETPUYHI IEPETBOPEHHS

1gy ()

1

siny(w) = { \ cosy(w) =
yv1+ tgzc//(a)) \/l - tgzl//(a))
Ta BUPa3
N,2 + N3
DE +D3 = <
R A(w)

otpumasne 3 (3.7),

il )Nle - N,D,
sm y(w)= A(w .
v N{ + N3

NlD] + N>D,
cosy(w)= A(w) S T
i +Ny

61

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

[TincraBupmm 3HaueHHst N 1, D 1, N 2, D 2(3.12), (3.13) i cnpocTuBiy,

OTPUMAEMO

e dih [L,,R—R,,L
sin ()= A(w)w
R,?+((:)L,,)2

R,R

]

cos () = A((o)[l —@2LC+

[TincraBnsroun  (3.14), (3.15) (3.3),

MOTIEPEIKYBAIBHOTO KOMIIEHCaTopa BiabTpa.

+ @ 2L,,LJ

R,% +((¢)L,,)2

(1 — R,,R+w2L,,LJ+ ( L,R-R,L y
Uy =U - ug ,0 - '
ak ="ap R,% +(a)L,,)2 Ar R,? +((1)L")2 )
2 ( p

5 R,R+w~"L,L L,R—R,L
ugp=tgpll-@"LC+—5— 5 |~ Ue p®| 3 —=—RC)
R, +(wL,)" \R; +(@L,)" J

(3.14)

(3.15)

OTPUMAEMO PIBHSIHHA POOOTH

(3.16)
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BpaxoBytoun cmiBBiaHomenns napametpiB AJl 1 [IC®, nomankamwu, 110

BKIItOUaroTh napamerpu AJl, moxkna 3uextyBatu. Toxi piBHsHHSI KK otpumaemo y

BUTIA1

Ugk =Ug p(l —LCw? )— Upg [)(RC(U).

Upgj :u/,p(l—LC(02)+ual,(RCw). (3.17)

MopentoBanacst cuctemMa (puc. 3.5), MO CKIAJA€ThCS 3 HACTYIMHUX
MOCIOBHO 3'€IHAHUX JIAHOK: JIKEPEJIO CUTHATY 31 3MIHHOIO 4acToToro, YKD,
nepetrBoproBad koopauHat (a, )/(A,B,C), 610k hopmysanus [1IIM-curnanis, LC-
¢upTpiB Ta HaBaHTaxxkeHHs - AJl. Hampyru Uq, Up - € GakaHMMU CUTHallaMu, 3

SKAMH MOPIBHIOBATUMEMO BUX1AHI CUTHAIN (UIbTpA.

Uy U ok >(X B'/_;( H,(\;:
v/

i |
" | LF s — 4 Y
:blsepm-o ; ug VKO Uk 7 |UBi T@ LC- GiALTP |yt Hananramenns
carsaay | || @ pr_ / Uck | 'S R il
| /ABC! , LH
Ue IHymu, vy
e mo IMITYIOTE |t ’
U TRy X5 |ABC/
My |
o, B

Pucynok 3.5 — CTpykTypHa cxema MOJEIIOBaHHS pOOOTH BUIIEPEIKYIOUOTO

KoMIieHcaTopa QiabTpa

Jl>xepeno reHepyBajio nepioguyHuil ABodazuuii curnan amrmiityaow 100 B
Ta 3MIHHOIO YaCTOTOI0, BKa3aHOIO Ha puc. 3.6, a.

MopentoBaHHs MPOBOAUIIOCS 3 HACTYITHUMU NlapaMmeTrpamu ¢iabTpa: R=0.01
Om; C=40 mx®; L=0.01 I'n. Ilepen LC-pinbrpamu B 6o ¢popmysanns [IM-
CUTHAJIIB HA CUTHAJI HAKJIJAIUCs IIIyMH, 1110 iMiTyr0Th LIIIM, amrutity 010 B 2 pasu
OUTBIIOI aMIUNITYAM KOPHCHOTO CHUrHaimy Ta 4actoToro 4 kl'm. JluckpeTHICTb
anroputmy KK cranosuna 100 mxc. Ha puc. 3.6 6, B, T, BIiIOBITHUX BHUCOKHUM,

CepeaHIM 1 HU3bKUM 4acTOTaM, MOKa3aHo OaxxaHuil curHai ¢asu A.
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Pucynok 3.6 — Pesynbratu monentoBanns Y KO
a — 4acToTa 3MiHU CUTHAJy JKepena; O, B, T — Oaxkanuii (1), CKOpUroBaHuid CUrHas
Ha Buxoa1 LC-dinbTpa (2) Ta BiadiuisTpoBanuii 6e3 kopekuli (3) curnanu gazu A

Ha PI3HUX YaCcTOTaX

Ax BuaHO 3 puC. 3.6, KOMIIEHCALIMHUIA (QIIBTP Mpale3naTHUl Y BChbOMY
nianaszoni yactoT £50 I, mpu oMy Mae MOMUJIKY aMmrutityau 3%, o0yMOBIIeHY
ryMamu, 1o iMiTytoTs HIIM. KoMmnencaiitnuii GiibTp 3HMKYE aMILTITY 1y IIyMiB,
Opy [OMY TPAKTUYHO BIJACYTHI CIIOTBOPEHHS TOJIOBHOI TapMOHIKH II0JI0
amunitynu  T1a  ¢asu. llopiBHsHO 3 mporotumom [17], mo wMae cucremy
nudepeHiaIbHUX PIBHAHB 5-TO MOPSAKY Ta JBa PEryIsTOPU, po3po0aeHui 00K

BIJIPI3HSIETHCS AIITOPUTMIYHOIO TPOCTOTOIO.
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MonentoBaHHS TTOKA3aJ1o, MO BiJICYTHICTh BUMEPEKYIOYOT0 KOMIIEHCATOpa
y cxemi 3 LC-pinbTpoM Mpu3BOIUTH 10 HECTIMKOCTI cucTemMu 3arajiom. Lle moxkHa
MOSICHUTHU OLTBIIMMU (DA30BUMU 3pYILICHHSIMH HANIPYTH, SIK1 IPUBHOCUTDH CUJIOBUH
binbTp. [Ipy HU3BKUX MIBUAKOCTIX (pa30BUH 3CYB HANPYTH MEHIIUN (PUCYHOK 3.6
r), CUCTEMa CTiiiKa, ajle Ma€ Halripi MOKa3HUKH PEryJioBaHHsS. 3aCTOCYBaHHS
KOMIIEHCATOpa Ja€ 3MOTy BIIHOBUTH IOKAa3HUKHU SIKOCTI y BChOMY Jliala3oH1
peryItoBaHHS.

TakuM YMHOM, CUHTE30BaHUN BUIEPEIKATBLHUNA KOMIIEHCATOp (PiabTpa AJis
KOopekii B peagpHOMY 4aci curdainy LIIIM. 3a mronomoror KoMmrneHcatopa MOXHa
oTpuMatu Ha BUXoAl nacuBHoro LC-¢inbTpa OaxkaHuii curHan BiaQUIbTPYBaHHS
0e3 CIOTBOPEHb TOJIOBHOI TrapMoHIKM 1o a3l 1 ammuityai. [lpu cuHTesi
KOMIIEHCATOpa HE BPAaxOBYBAJM EJIEKTPUUYHUU JaHIOr A/l, mpore, sk mokazanu
pe3yJIbTaTH MOJEIIIOBaHHs, KOMIIEHCATOP YCYBA€ CIIOTBOPEHHS Jlana3oHy YacToT
curHany Bij 0 1o 50 I'u. CrocoBHO npototuity [17] Biapi3HAETHCA aATOPUTMIYHOIO
npoctoToro. Cucrema KOMIIEHCAIlli BXOJUTh 1O CKJIaAy OCHOBHOI Iporpamu
ynpasmiaHsa [TY ta He moTpeOye MOJATKOBUX BUTpAT. 3anpONOHOBAHMMA OJIOK
KOMIIEHCAllli CHOTBOPEHb, 00YMOBJIEHUX TACUBHUM (LIILTPOM, 3aCTOCOBYETHCS JJIsI

yIpaBJIiHHS BCIMa THUIIAaMU JIBUTYHIB, 1110 KUBIATHCS Big AITH 3 M.

3.2 Po3po0Oka 0,10KIB OLIiIHKM OCHOBHUX FAPMOHIK Ta MOCTIiHHUX

CKJIAIOBHUX ABO(A3ZHUX CUTHAJIB Y peaJibHOMY 4Yaci

Hexaii tpudazni Buxigni curnanu [1Y 13 [IIIM, HaBeaeH1 10 €KBiBaJ€HTHUX

nBoX (ha3, MaroTh BUIIIA [ 14]

X1m :x1+'91’ X2m :x2+'929 (3.18)

19] =X01 + "> 193 =X02 +72- (319)
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(3.18)1(3.19) X 1, X 2 - rapMOHIi¥HI CKJIaJ0B1 BXITHUX CUTHAJIB X 1m, X 2m ,

xy=AXcoswt, x;=Xsinwt

TOOTO, (o - KyTOBa YacTOTa BUXIJHOTO CUTHAIY); I 1 Ta

9 2 — MOXUOKH CHUTHAJIB, IO CKJIAJalOThCA 3 MOCTIMHUX CKJIAZOBUX X o1, X g2 Ta

BHCOKOYACTOTHHX IITYMiB, TOJ[I MOKHA 3aITUCATH

\l =—WXx>, .\.'2 =X, (320)

x1=0 " %, x;=-07 . (3.21)

OueBuHO, 110 Gopmyinu (3.21) € bopmynamu IHTErpyBaHHS.

3aBaaHHs MOJISITa€ B YCYHEHH] BIUIMBY IIYMIB Y 1 , Y 2 IUIIXOM (isibTparii,
. X X . .
OLIHKH ~ 01 02 3 MOAAJBIIO KOMIICHCAIIEIO IX BIUIUBY 3 METOI0 OTPHUMAaHHS
. X X
OIIIHOK 1 2.
Jlist pinbTpaliii BACOKOYACTOTHUX MEPEIIKO MPOMYCTUMO CUTHAIIU X 1M,
X 2 m yepe3 1IeHTUYH1 (DUIBTPU HU3bKUX YACTOT 13 TIEPEIaTHOIO (DYHKITIEIO

ky

(]
)
o

W, (P)=——

’ l\'/.T>0. (
T“p+2dIp+1 -

ne p - Oneparop Jlannaca.

BpaxoByroun Te, 110 3MIIIEHHS X o1, X 02 3MIHIOIOTBCS Jy>K€ MOBUIBHO, Y
METOJHMII PO3paxyHKy Tpeba mependaunT 30€pe’KeHHS paHille, P BUCOKUX
IIBUKOCTSX POTOPA OIIHOK /10 POOOTH HA OKOJHII HYJIHOBOT IIBUIKOCTI.

Ha puc.3.8 npencrabnena GyHkIioHaIbHA cxeéMa OJI0KY OIIHKH MOCTIMHHIX

3CYBIB, III0 MICTSATHCS B CUTHAJaxX X 1mX am.
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? -
B3 k'

> X1

X1

|

; ' Tk

X1m u/l(p) ALIIT z > Wi(z) YI[ ]
= x; k]

r“l/; (z) ‘< »[x] = ":[k]
|(3‘.'11) ol =
7@ b
% x5k
Xom W (p) AL 31A] » Walz) 7
X5 [£]
> B3 /\’,'I E—
%3k
g ] L3 I 5
Pucynox 3.8 — dyHkIrioHampHa cXeMa METOTY OIIHKH MOCTIMHUX 3CYBiB
? X7 (K]
jF 3T —

.- .J A’

i 3% (o) —{ AL L ) l
» / A
.[“ ) " (1)”\']
X om W, (p) AL o o W,(z) %l L W(z) @—‘

B3t k'’ X0
é X3k

Pucynok 3.9 — dyHkIioHanpHa cxeMa OJIOKY OI[IHKM MOCTIHHUX 3CYBiB

Ha puc. 3.9 xpim BBeieHuX Bullle npuitHsaTo no3HaueHHs: AL — ananoro-

udpouii nmepetBoproBad; W 4 (z) — mepenarHa (QyHKINS JaHKH IUCKPETHOTO

nudepentiroBanns; W ¢ (z2) — nuckperna peamizamist ganku W ¢ (p); B3 — 0670k

3amamM’iTOBYBaHHsI, TPU3HAUYECHUH 17151 30epeeHHs 3HAU€Hb OLIIHOK 3CYBIB Ha 4ac

pob6otu B okomuili mBuakocti 0. @parment cxemu misime ALl aHamoroswid,

Mpagile - TUCKPETHUH, IO PeaTi3yeThCs B IIUGPOBOMY MPOIIECOPI.
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Pesynbratu mogentoBanus. s MomenioBaHHA BHOEpEMO cHCTEMY, cXeMa
K01 300pakeHa puc. 3.8. AMIUNITYIM TOJOBHUX FAPMOHIK Ta ITYMiB MpUAMaIUCS
piauMu 100 Tta 1000 BimmosimHo. Ha puc. 3.10 mpencrapieni rpadiku OIiHOK
IIBUIKOCTI (4aCTOTH IOJIOBHMX TAapMOHIK) , 1o popisHioe 1¢ 1 ( pucynox 3.10, a)
Ta 3MimeHs + 20 (pucynok 3.10, B). Ha puc. 3.10 6, r 1aHO MOPiBHSAHHS ICTUHHUX

3HAYEHb MIBUIKOCTI Ta 3MimeHb (+ 20) 3a iX omiHKaMHU.

, paj/c
200¢

6L 0, pa/c

0)

B il

| | 50l— r\r Xy
XU: (

t,c

(§)
S
—
(§S)
(o8

B) r)
Pucynok 3.10 — Pe3ynbraTt MogentoBaHHs
a — OIIHKa KyTOBO1 IMIBUAKOCTI TOJIOBHOI TAPMOHIKH; O - OI[iIHKAa KYTOBO1
HIBUKOCTI TOJIOBHOI TAPMOHIKH Ta 11 CIIpaBXHE 3HAUECHHS;

B, T — OLIIHKA MOCTIIHUX 3CYBiB, piBHUX 20 B.

Takum 4yMHOM, po3po0JeHi OJOKM OI[IHKM B pEaIbHOMY 4aci TOJOBHHX

rapMOHIK 1 TOCTIMHUX CKJIAJ0BUX JBO(a3HMX CHUTHAIIB, I1X 4YacTOTH, IO
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3alIyMJICHUM HECTAI[lOHapHUM CHTHAajaM 3 PI3HUMH MOCTIHHUMH CKJIAJOBUMHU B
KOXHIH (a3il. OIIHKYA FOJIOBHUX TAPMOHIK BXIJHUX CUTHaIB (Buxonu 1, 2) ta ix
KYTOBOi 4yacToTH (Buxiz 3) po3podaenux ¢uibTpiB (puc. 3.8, 3.9) MmoxxHa nogaBaTu
Ha BIIMOBIAHI TOYKHU aHAJIOro-1M(PpoBuX ananTuBHUX GiasTpiB micis AL, To6to
Ha OJIOK IPOrpaMHOi KOPEKITii.

YucenpHe MOACTIOBAHHS MIATBEPIUIIO Mpare3AaTHICTh pO3pO0ICHUX OIOKIB
OIIHKY B Aiama3oHi yacToT curHany Bimg 50 I'm 1 Hmkde, kpim wactotu 0 ', 3a
HAsSIBHOCTI MOCTIMHMUX CKJIaJ0BUX. BBegeHHs 00Ky 3amamM'sTOBYBaHHS JJO3BOJISIE

po3mupuTH aiama3zoH yactot 0 I'1 BKIIFOYHO.

BucHoBku mo posainy 3

1.  3ampomoHoBaHO BuNepeKanbHUN kKommneHcaTop LC-dinbrpa s
Kopekuii B peanpHoMy daci curHany IIIM. Kommnencarop Biapi3HS€ThCS
QJITOPUTMIYHOIO TPOCTOTOI0 TOPIBHAHO 3 NPOTOTUIIOM, IO Ma€ CHCTEMY
nudepeHiaIbHUuX PIBHIHB 5-TO MOPAAKY, BKItoyatoun 2 [l-perynaropu. 3B'a3ka
MOTEePeKYyBATbHUI KOMIIEHCATOP - MMACUBHHUM (QIIBTP 3HIKYE aMILTITYly IITyMiB,
IIPU bOMY TOMUJIKA FOJIOBHOT TAPMOHIKM aMIUTITYA He nepeBuIye 3% 1 BIACYTHS
croTBOpeHHs 1Mo (a3i. Po3pobnenuii 010K mpame3gaTHUM B Jiama3oHI 4acTOT
curHany Big O mo 50 I'm. 3ampomoHoBaHuii OJIOK KOMIIEHCAIlli CIOTBOPEHD,
0OYMOBJICHUX MTACUBHUM (P1IBTPOM, 3aCTOCOBYETHCSA K JJI CKAISIPHOTO, TaK 1 JJIs
BEKTOPHOTO METO/IIB YIIPABIIHHS.

2. Po3po0ieHo HOBI OJIOKH OILIIHKK B peaIbHOMY Yacl TOJIOBHUX FTAPMOHIK
Ta MOCTIMHUX CKJIQJIOBUX JBO(A3HUX CHUTHAIIB, iX YacTOTH 3a 3allyMJICHUMU
HECTal[lOHAPHUMU CUTHAJIAMU 3 PI3HUMH MOCTIMHUMHM CKJIAJIOBUMH B KOXKHIN (asi.
biioku BiAPIZHSAIOTHCA QJITOPUTMIYHOIO MPOCTOTOIO, Mpale3gaTHI B Jiara3oHi
gacToT curHaiy Bif 0 1o 50 ', 1110 € 1ocTaTHIM IS MPAKTUKH A1alla30HOM 3aB/IaHb

YIOPABIIHHS TPUBOJIOM.
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BUCHOBKHA

Ha mizgcrasi anamizy iHGpoOpMaIliiHUX HKEPENl Ta Pe3yabTaTiB TEOPETUUHUX
TOCIIKEHb ~ YJAOCKOHAJIEHHS  BEKTOPHOTO  YIPaBJIIHHA  ACHHXPOHHOTO
CJICKTPONIPUBOAY HACOCHUMH arperaTHUMHU CHCTEMaMHU ClIbChbKOTOCIIOIAPCHKOTO
3pOIIEHHS OTPUMAHO TaKi HAyKOB1 pe3yJIbTaTH:

1. BcranoBneno, mo st 3a0e3mnedeHHs] €EeKTUBHOTO BHKOPHUCTAHHS
HACOCHHUX arperariB CHUCTEMH ClIbChKOTOCIIOAAPCHKOTO 3POIICHHS JOIIJIBHO
3acTocoByBaTd BY, 3aBmaHHSM SKOTO € BUCOKOJMHAMIYHE PETYJIIOBAHHS THCKY
MOJIMBHOI BOJIY, OJTHOYACHE YIIPaBJIIHHS MBUIAKICTIO Bil HYJILOBOI J10 HOMIHAJIBHOI
Ta KpyTHUM MomeHTOM AJl. YmpaBiiHHS Ha3BaHUMH IapaMeTpaMH JT03BOJISE
3HAYHO 3MEHIIWTH YacToTy rimpoyaapis, 30utemmT KKJI enexTponBuryna 3a
PaxyHOK PO3IUILHOTO YIPABIIHHS HaMarHidylO4or Ta MOMEHTHOIO CKJIaJOBUMU
CTpyMy cTaTopa 1, SIK HACIIJIOK, 3HU3UTH BTpAaTH HAa HaMarHidyyBaHHS Ta
HarpiBaHHS.

2. Po3pobnena xomn'torepna mogens BY AEIl cucremu 3poiieHHs 3
HOBHUMM TE€XHIYHUMH PIIICHHSMH J03BOJIMIAa BU3HAUUTU Ta JOCIIAUTH ii CTATUYHI1
Ta JAWHAMIYHI XapaKTepUCTHKU. AHami3 cucremu BY mokaszaB mocraTtHio s
CUCTEM 3POIICHHS MBUAKO/II0, a TAKOX M1ATBEPUB, 1110 MBUAKOAIS cuctemMu BY
MPAKTUYHO HE 3aJICKUTh B1Jl MIBUAKOCTI pOTOpA MPHU 3aCTOCYBAHHI MOMEHTY OTIOpPY
pi3HOI BeNMMYMHHU. TpPUBATICTh MepexiHOro mnporecy craHoButh 0,46-1,0 3
Jlana3oHl KyTOBHX IIBUIKOCTEH poTOpa BIJ HYJIbOBOI O HOMIHAJIBHOI MpU
J0JIaTKy HOMIHAJIPHOTO MOMEHTY OTIopy. BenmnyuHa nmpoBaity MIBUAKOCTI 32 TUX KeE
yMOB cTaHOBUTH 6,0-6,3 paj/c (HOMiHaIbHA KyTOBa MBUAKICTH poTtopa 152 pam/c).
[Ipu nonmatky mMomeHTy omopy 38% Big HOMIHAJIBHOTO B Jiama3oHl KyTOBUX
IMIBUIKOCTEH poropa Big 1 paa/c A0 HOMIHAIBHOI OTPUMAHO TPHUBATICTh
nepexigHoro nporecy - 0,350,6 c. Po3mip mpoBaity MIBUIAKOCTI Y CBOIN CTAaHOBUTH
2,4-3,0 pan/c. Ynockonanena cucrema BY mae menmy na 0,5-0,7% mnoxulOky
OIIIHKY IIBUJIKOCTI MOPIBHSIHO 3 BIIOMUMHU CUCTEMaMH y BJIACTUBOMY ISl CUCTEM

3pornieHHs Jaiana3oHi meuakocted 50-100%.
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3. Po3po0neHO eNeKTpOTEXHIYHUNA KOMIUIEKC, OCHOBOIO SIKOTO €
BlockoHaieHa cxema BY AEIl nHacocHOro arperaTy CUCTEMHM 3pOIIECHHS, sIKa
BIJIPI3HSIETHCS BiJl BIJOMHX CYKYIHICTIO acuBHOro LC-dunbTpa Ha Buxoxi T4 Ta
HAsSBHICTIO 1H)KEKTOBAHOI CKJIaJI0BOi B HAMArHiuylo4dy CKJIaJIOBy CTPyMy CTaTopa.
MopnentoBaHHsI CTATUYHUX Ta AMHaMiYHUX MpotieciB BK no3Bonumu:

- pO3pOOHMTH QJITOPUTMIYHO TPOCTUH MOMEPEKYBAIBHUI KOMIIEHCATOP
CIIOTBOPEHb CTATOPHOI HAIPYyTH, $IKI BHOCUTh BCTAHOBJIECHUN Ha BHUXO/II
nacuBHull LC-(is1bTp, 3acTOCYBaHHS SIKOTO 103BOJISIE BITHOBUTH cuctemy BII
JI0 CTAJIOro CTaHy Ta 30epiraTi MOKa3HUKHU SIKOCTI pEeTyJIFOBaHHS MPU NOXUOI,
110 He nepeBulrye 3%;

- pO3pOOMTH aJanTHBHUI crocTepiray KyTOBOi IIBHJIKOCTI pOTOpa, LIO
BpaxoBy€ 3MiHY TOCTIMHOI yacy poropa mpu 3MiHi Temrepatypu A/l 3
TpuBaJicTIO iAeHTU(iIKalli y 60 pas3iB MEHIIOI0, HIX ICHYIOYHH METOJI.
[ToxuOka perymtoBaHHS HIBUAKOCTI Hacoca BOWpaeTbcs y 1,2%, ouiHku
MOCTIAHOI yacy potopa BOupaetses y 5%;

- po3poOuUTH OJOKM BHUJAUICHHS B pEAJbHOMY 4Yacl TOJIOBHMX TapMOHIK Ta
MOCTIMHUX CKJIQJOBUX Y KOXHIM (a3l 3 moxubOkoro He Oumbine 0,5%, 1o
3a0e3nedyye  3MEHIIEHHS  MOXMOKM  Npu  OOYMCIEHHI  BEKTOpa
MOTOKO3YETJICHUS, @ TaKOXX TapMOHIMHI KOJWBaHHS MOMEHTY Ta KYyTOBOI
mBUAKOCTI poTopa A/l

4, Hoseneno, mo BrnockoHanena cucrema BIT AEIT nHacocHuM arperatom
CHCTEMH 3POIICHHS J03BOJISIE OTPUMATH SIKICHE KepyBaHHs KYyTOBOIO IIIBHIKICTIO
aX J0 HYJIbOBOI, 1 3a0e3neuye Buxigny Hanpyry [IU 6mu3bKy 10 cuHycOiganbHOI
dbopmu 3 KOoe(DIIEHTOM HENIHIWHUX CHOTBOpPEHb He Oubine 8%, 10 CYTTEBO
3MeHIye BTpatu B JiHii [TY-A/Jl 1 He moripirye NOKa3HUKH 130JIS1I11 MOPIBHSAHO 13

3nyaiiHuM IIM-curnanom Ha suxomi [1T4.
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Honmatox A

1 METHODS OF AUTOMATED MANAGEMENT OF COMPLEX
OBJECTS AND FORMULATION TASK RESEARCH

Technological lines of irrigation systems of the agro-industrial complex are
complex electromechanical objects, which are managed taking into account the
interrelationships of many parameters of different physical nature. This leads to a
significant impact on the use of known methods and methods. Therefore, for the
development of irrigation systems of the agro-industrial complex, a necessary
condition is the analysis of existing methods and, based on them, the formation of
structural and logical schemes for optimal management of executive mechanisms
and the technological process of irrigation in general. At the same time, it is
necessary to take into account the specifics of the modes of the executive
mechanisms and the controlling microprocessor systems. Asynchronous electric
drives, technological valves and control systems are used as the main executive
mechanisms of irrigation systems. The need to ensure consistency between
management information channels and the state of executive mechanisms leads to
the complication of solving issues of increasing efficiency and improving technical
and economic indicators of irrigation systems.

In order to develop energy-saving technical solutions, it is necessary to carry
out relevant scientific research. We will provide a brief analysis of the most famous

methods of managing complex objects and the features of their practical use.

1.1 Energy and technological efficiency of regulation asynchronous

electric drives of irrigation pumps

Irrigation in Ukraine has become most widespread in its southern arid
regions, where agriculture is practically impossible without irrigation. In irrigation
systems, pump drives use asynchronous motors with a short-circuited rotor (AD).

ADs have a simple design, low cost, high reliability. Most of them are unregulated,
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which is explained by the complexity of controlling the electromagnetic processes

occurring in AD [ 1 ]. When changing the productivity of the irrigation pump, by
means of frequency regulation of the AD speed, it is possible to achieve electricity
savings of up to 60% compared to unregulated AD [2-4]. Taking into account that
the growth of the cost of electricity has an anticipatory nature in relation to the cost
of other costs, the problem of energy saving during the operation of irrigation pumps
takes on a primary nature.

Energy saving with frequency control is explained by the cubic relationship
between the pump power and water consumption, which is proportional to the
angular speed of the pump rotor (the efficiency of the pump is considered constant).

These relations are sometimes called laws of similarity [5]:

Q. = £ =0 (1.1)
0. o

H :L:[ @ ] (1.2)
H, 6k \o,

11].: M :( (0] ): (l})
"”,,.. : (1),', "

p_.=tu =[ i } : (1.4)
Py N0

where Q », Q . Q nom— relative , actual and nominal costs in accordance,
®,  nom - aCtual and nominal angular speeds of rotor rotation HELL,
H«, H H nom— relative, actual and nominal pressure, respectively,
M+, M M nom— relative, actual and nominal AD moments, respectively,
R mech *, R mech, R nom — relative, actual and nominal active capacities of AD,

respectively. Moreover, the power consumed by AD from the network is equal

P, = (1.5)

no

where 7 1 is the engine efficiency.
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Figure 1.1 clearly illustrates the possibility of significantly reducing energy

consumption during the introduction of adjustable electric drives of irrigation
pumps [5].

B.O. P 1 2
| R...u

Figure 1.1 - Dependence of the consumed power of AD on the

consumption, with throttling and frequency regulation

1 - pushy the valve is closed during throttling; 2 - pushy the valve is open
when throttling; 3 — power consumed during throttling; 4 — power consumed

during frequency regulation; 5 - saving electricity

When the arterial drive of the pump is turned on "directly" into the network,
there is a 5-7 times drop in the nominal current [6], which causes a voltage drop in
the network. Since rural networks usually have long stretches, these voltage drops
lead to a significant reduction in the electromagnetic moment of working electric
motors, in particular pump drives. At the same time, pressure waves and hydraulic
shocks occur in the hydraulic system. The use of frequency regulation of pumps
limits the starting current to a level not higher than the nominal one, reduces the
voltage sag of the electrical network, reduces the pressure in the hydraulic system
and minimizes the probability of pressure waves and hydraulic shocks, as well as
reduces the cost of electricity . In some cases, the use of frequency regulation of

pumps allows not to use booster pumps.
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It is necessary to pay special attention to the fact that with throttle regulation

of the flow (supply) of water, the pressure in the system increases and it is
practically impossible to reduce energy consumption. Such excess pressure causes
an additional 2.7% of water loss due to leaks [5]. With frequency regulation, when
water flow is reduced, the pressure in the system also decreases, which leads to a
decrease in water losses.

The use of frequency regulation of irrigation pumps allows to significantly
reduce operating costs. For example, reducing the pressure difference between the
suction and discharge nozzles of the pump unit increases the service life of packing
seals, practically eliminating water hammers and ensures pressure stability in
pipeline networks, as well as minimizes maintenance costs. The frequency drive of
the pumps provides smooth regulation and increases the reliability of the system
due to the duplication of the unreliable (especially at low temperatures) water
presence Sensor.

The presence of a technological parameter regulator in frequency converters
(IFs) that implement frequency regulation allows you to organize automatic control
using pressure, temperature and other feedback sensors.

The practice of using frequency converters (IF) for frequency control of
irrigation pumps proves the expediency of not only their use for controlling the
pumping unit, but also the creation of specialized technological process control
systems. This is achieved due to the possibility of using a technological parameter
regulator built into the IF, which allows you to organize automatic control of analog
or digital signals that come from known feedback sensors. This approach makes it
possible to obtain an economic effect not only from the reduction of consumed
electric power, but also to achieve a significant reduction in operating costs,
improvement of working conditions and increase in the service life of equipment

without impacting the environment.
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1.2 Methods of controlling an asynchronous electric drive technological lines

of the agro-industrial complex

Imported manufacturers of pumping equipment for irrigation systems, in
particular Grundfos , offer it only with a built-in inverter. However, the current high
cost of both pumping stations and inverters separately provides prerequisites for the
development of domestic inverters.

AD has a complex non-linear mechanical characteristic [5]. Two main
methods of frequency control are used to control the speed and torque of AD in a
modern electric drive: scalar control; Vector control

The vast majority of imported inverters have both control methods and allow

the user to choose one of them.

1.2.1 Asynchronous electric drive with scalar control

Scalar control makes it possible to ensure the constancy of the overload
capacity of the electric drive regardless of frequency and voltage. At the same time,
there is a decrease in blood pressure at low frequencies (at f <0.1 f nom ). The
maximum range of adjustment of the angular speed of the rotor at a constant
moment of resistance for electric drives with scalar control reaches 10:1.

The scalar control method has two main disadvantages:

- the absence of a speed sensor on the AD shaft does not provide an
opportunity to adjust the angular speed of the shaft, as it depends on the magnitude
and nature of the load, and the speed adjustment error is determined by AD slip,
which for AD up to 1000 kVA can reach 6%, while the consumption and pump
efficiency decrease , the installation of a speed sensor partially solves this problem,
but at the same time it is not possible to adjust the torque on the motor shaft,
however, it is worth noting that most AD irrigation pumps were not designed for

speed regulation and do not have a design possibility to install a speed sensor;
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- it is difficult to simultaneously adjust two coordinates (moment and

angular velocity), so there are difficulties in choosing the parameter that is most

important for a given technological process.

1.2.2 Asynchronous electric drive with vector control

Back in 1971, the German engineer F. Blaschke suggested considering the
work of AD on the stator coordinate system, where all variables are described by
harmonic functions, and the coordinate system with the rotor flux linkage vector .
Therefore, this control method was called vector control [5, 6]. In this coordinate
system, all variables change in a similar manner to the corresponding DC motors
with independent excitation (DC motors). This made it possible to build a control
system similar to the control systems of DPT NV. Mechanical characteristics of
AD, pump and VP are shown in Figure 1.2.

To date, two main types of vector control systems have been formed -
sensorless systems (without an angular velocity sensor on the motor shaft) and
systems with speed feedback. The application of one or another type of vector
control is determined, first of all, by the characteristics of the executive mechanism.
If necessary in small ranges of speed change (not more than 100:1) and
requirements for the accuracy of its maintenance not more than + 0.5%, sensorless
vector control is used, and if it is necessary to change the speed of the shaft in wide
ranges (more than 10000:1), requirements arise to the accuracy of maintaining the
angular velocity (up to + 0.02% at frequencies less than 1 Hz ). If it is necessary to
position the shaft when adjusting the torque on the motor shaft at very low

frequencies, vector control methods with speed feedback are used.
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Figure 1.2 - Mechanical characteristics of AD, pump and VU

It is known that the following advantages are achieved when using vector
control:

- high accuracy of speed regulation even in the absence of a speed
sensor;

- smooth, jerk-free, low-frequency engine rotation;

- the possibility of ensuring the nominal moment on the shaft at zero
speed (if there is a speed sensor);

- quick response to load changes - with sudden load jumps, there are
practically no speed jumps.

By ensuring such a mode of operation of AD, heating and magnetization
losses are reduced, and, therefore, the efficiency of the motor increases.

Along with the obvious advantages, the vector control method has some
disadvantages, such as high computational complexity and the need to know a fairly

large number of engine parameters.
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1.3 Characteristic features of practical application of vector AEP

management in irrigation systems

Flygt company established that controlling the AD torque before stopping the
pump allows almost complete avoidance of water hammer [6]. In pumps, irrigation
systems can be implemented only with the use of VU.

The use of VU in irrigation systems gives the following advantages:

- fast enough control in the event of unexpected sharp pressure jumps in
the irrigation system, which prevents the drip line from breaking;

- formation of the trajectory of the speed during braking up to zero with
the support of the corresponding moment, which excludes a sharp change in the
flow of water, which gives rise to the possibility of a pressure wave and hydraulic
shocks in pipes and valves [6];

- the possibility of ensuring the nominal torque on the shaft, starting
from zero speed, ensures the durability of non-return valves and shut-off fittings
due to the adjustment of the AD torque when it works on the common collector;

- smooth, almost jerk-free rotation of the engine shaft in the area of low
frequencies (during start-up and braking) along a given trajectory eliminates
resonances in the hydraulic system;

- quick response to load changes (there are practically no speed jumps in
the case of sharp load jumps), which ensures the specified flow rate during pressure
changes in the pipeline;

- high accuracy of speed regulation in the absence of a speed sensor,
which allows you to maintain optimal consumption and higher efficiency;

- maintenance of high engine efficiency due to separate control of the
magnetizing and torque components of the stator current, and as a result, reduction
of magnetization and heating losses, since the vector method allows minimizing the
reactive component of the stator current when the load is reduced by adequately
reducing the voltage on the motor, and when the load is increased the engine power

supply voltage increases adequately;
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- along with saving electricity, provides the ability to adjust the pressure

in the drip irrigation system in the absence of a pressure regulator;

- the possibility of refusing to use the flow sensor, due to high-precision
control of the AD speed, which is proportional to the flow;

- the possibility of independent and practically inertialess adjustment of
two coordinates at the same time - moment and speed, which allows to significantly
reduce hydraulic shocks.

ADs of general industrial series, widely used in various sectors of the
economy, were not designed for speed regulation. Therefore, they do not provide
not only actual speed sensors, but also the possibility of their constructive
arrangement. In addition to the fact that the installation of speed sensors requires
modification of AD, the presence of speed sensors reduces the reliability of the
electric drive and increases its cost. In addition to information about the speed of
the rotor, for direct vector control it is necessary to have information about the flux
coupling of the rotor or stator. Flow-coupled detection sensors also require a
constructive modification of AD. Therefore , in recent years , much attention has
been paid to the development of control algorithms without speed sensors and flux
linkage, but only based on terminal current measurements, which in foreign
literature were called sensorless . The adjustment range of modern electric drives
without a speed sensor is 150:1 with a speed sensor - 20000:1. A VU system without
the use of a speed sensor is called sensorless vector control ).

Vector control allows you to consider the AD model as a model of a direct
current motor. This is achieved by converting the variables of the asynchronous
machine from a stationary coordinate system to a rotating one associated with the
flux coupling vector. Therefore, the evaluation of the flux coupling vector is one of
the main tasks in the design of a highly dynamic electric drive. For high-quality
vector control, accurate information about the angular velocity of this coordinate
system, that is, the angular velocity of the flow coupling vector , is required . In
addition, the latter is taken into account when calculating the angular velocity of the

rotor during sensorless control. Also, for vector AD control, knowledge of
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parameters is necessary. The main parameters of AD are stator and rotor

inductances, mutual inductance, active resistances of the stator and rotor and
induced moment of inertia of the rotor. The rated resistance depending on the stator
and rotor temperatures can change twice up and down in relation to the nominal
values, which significantly affects not only the characteristics of the control system,
but also, in general, its performance. In this regard, it is necessary to identify the
specified parameters and compensate for the impact of their uncertainty.

To identify the active resistance of the rotor circuit in the absence of a rotor
speed sensor, a change in the coupling flux module is required. For this, a low-
frequency component of small amplitude is injected into the magnetizing
component of the stator current . Accordingly, in the modulus of the vector a
variable harmonic component is formed during flux splitting . This imposes
additional requirements on the units of estimation of the flow coupling vector and
its angular velocity (synchronous speed), namely, the exact reproduction of the
injected component of the flow splitting estimation . At this time, a large number of
solutions for the evaluation of stream splitting have been proposed . However, only
a small part of them is operational at the edge of zero rotor speed. No information
is known about the study and comparison of these solutions, taking into account the
impact of the injection.

Approaches to calculating the angular speed of the rotor in most cases are
based on the use of counter EMF , less often on the processing of readings of current
sensors in order to obtain the frequency of groove pulsations, injection of periodic
signals into the voltage or current of the IF. Well-known exact solutions, such as
MRAS, observers, extended Kalman filters , neural networks, are computationally
intensive.

The output voltages of the IF have a PWM form, which does not allow to
calculate the main harmonics necessary for their control with acceptable accuracy.
Therefore, PWM control signals are used as the main harmonics. However, due to
the nonlinearity of the PWM block caused by the voltage drop on the transistors,

the delay in opening and closing the transistors of the PWM block, the presence of
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"dead" time, as well as the change in the mains supply voltage lead to the fact that

the real main harmonics differ significantly from their programmed values. This
motivates the decision to more accurately estimate the main voltage harmonics .

Due to the imperfections of the analog part and analog-to-digital converters,
constant components may appear in the measurement channels, which cause
harmonic fluctuations of the torque and speed of the AD rotor, and also lead to
unacceptably large errors in the estimation of flux coupling. The existing units for
the calculation of flow coupling actually boil down to replacing the integrating link
with an inertial one. Vector estimation error stream splitting in the case leads to the
appearance of errors in estimates and other variables. Therefore, reducing the error
when calculating the vector flow separation, it is necessary to eliminate constant
components in the measured currents and voltages, which are used to calculate flow
coupling .

The sharp fronts of the output voltage of the IF with PWM cause aging of the
motor insulation, power cables and deterioration of their dielectric properties, lead
to additional heating of the motor windings. Therefore, power passive LC filters
(PSF) are installed at the output of the frequency converter (especially of high
power) to smooth the output voltage. PSFs improve the harmonic composition of
current and voltage, reduce acoustic noise. But, along with the listed positive
effects, PSFs change the magnitudes of the amplitudes and phases of the main
harmonics . All this leads to a decrease in control accuracy, a deterioration of system
dynamics, a narrowing of the AEP speed control range, and the need to compensate
for the distortions introduced by the filter.

Currently, 2 approaches to the synthesis of VU have become widespread:

- for the complete system of equations describing the operation of AD,
control algorithms are analytically synthesized, which ensure the asymptotic
stability of the position or speed or their given trajectory;

- the complete system of equations describing the operation of AD is

decomposed into a number of subsystems, for each subsystem algorithms of control,
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identification, monitoring, filtering, etc. are synthesized (depending on the subtask

), after which the algorithms are combined into one algorithm.

The first approach provides a rigorous proof of asymptotic stability, but
requires a simplification of the problem formulation and leads to complex control
algorithms. The second - gives simpler algorithms in a more complete formulation,
but confirmation of the functionality of the combined system is achieved by
numerical and (or) real-time modeling. Dividing the control task into blocks allows
you to build the entire system from different blocks in each specific case, based on
the requirements for accuracy, simplicity of algorithms, power consumption,
control range, etc. The block structure facilitates the synthesis and debugging of
control algorithms, and also allows to reduce the volume of calculations due to the
possibility of assigning its own account cycle in each block. The author prefers the
second approach to synthesis, which is the reason for the specifics of the
development of computing blocks.

Despite the significant achievements in the field of vector control in recent
decades, due to the complex electromagnetic processes in AD and the difficulty of
obtaining the information necessary for control, to date the desired indicators of the

quality of regulation have not yet been achieved.

1.4 Known solutions for estimating the flux coupling vector

There are two approaches to estimate the rotor flux coupling in the stator coordinate
system: the first, equation (1.6), is based on the measurement of motor stator
currents without the use of voltage, and the second, equation (1.7), is based on the
use of voltage
E L
v,=|noJ,—--£ v, +22i, 1.6

py, =@W—Rji—oLpi)L (1.7)

rm?

where p is the differentiation operator,
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W, = , U= ,i=|
l//,.ﬂ Ll’[)) I[))

the flow coupling vectors, respectively

rotor, stator voltage and current in the stator base (@ /);
® — angular speed of the AD rotor,

n is the number of pairs of poles,

L. @ Is a skew-symmetric matrix,

1 0
Eg = ,
0 IS a unit matrix,

L s L . L m - Stator and rotor inductances and their mutual inductance,

respectively,
T,=—r
r - rotor time constant,

R s R r— active stator and rotor supports,

o=l= T
Ly Ly is the scattering coefficient. L

According to the above, equation (1.6) is called current, and equation (1.7) is
called volt .

In the first case, flux coupling is determined by the solution of the system of
equations, which requires knowledge of the stator currents and the angular velocity
of the AD rotor. The disadvantage of this approach is the need to know the angular
velocity of the rotor r and the active resistance of the rotor. To eliminate the second

drawback, real-time variable parameter identification blocks are used.
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The second approach to determining the flux coupling of the rotor or stator

is based on the integration against the EMF of the rotor (1.8) e (or the stator (1.9)
e srespectively
e, =u—Ri—olLpi, (1.8)
e, =u—Rii. (1.9)
In this approach, only one variable is involved, the active resistance of the
stator circuit, which can be determined using real-time identification methods.
Given that the second method does not require knowledge of the angular speed of
the rotor, this method is more preferable.
One way to eliminate pure integration is to replace the integrator in
expression (1.7) with a first-order inertial link with constant time T 4 [46].

Estimation of flow coupling is carried out by dependence

T, +, =(u—Rji—-ocLpi)l,, =L e,. (1.10)

rm

In the expression (1.10) and further, the symbol » indicates the values of the
corresponding variables. With such an assessment, undesirable amplitude and phase
changes occur, especially when the engine operates at a frequency below the cutoff
frequency of the inertial link. Actuators that use inertial links in their control
systems have a limited control range, typically 10:1.

Thus, there are two problems when calculating the flux coupling vector :

- pure integration, which involves the uncertainty of the initial conditions and
the accumulation of error due to constant shifts;

- errors using the unknown change in active resistance of the stator under the
influence of temperature changes.

Scattering of parameters gives errors in the calculation of flow coupling,
which complicates control at low speeds.

At this time, a large number of flow-coupled evaluation blocks have been
proposed [8]. Most of them are not operational at low rotor speeds. Exceptions are

solutions:
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where y cmp is the required value of the flux coupling module,

Kp, K i- P1 controller coefficients,

o c is the filter cutoff frequency,

Py =e5+ TLL(!//: —¥s )

where e ¢ is determined by expression (1.9),

T L " tis the amplification factor, * is the program value of the

stator flux coupling module,

Py, —u—Ri+d,y,
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where ¥ is the program value of the stator flux coupling module,

(1.12)

(1.13)

(1.14)

(1.15)

¥ is the rotation angle of the vector flow splitting relative to the stator

coordinate system ( o, B), k1= 0.4 - 0.8 is a coefficient chosen in such a way as to

compensate for variable disturbances introduced by constant displacements and

unbalance of gain coefficients in the stator current measurement channels .

- Kubota , Matsuse [2]
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G is the gain of the observer.

(1.16)
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It is proposed to calculate the rotor speed using the formula

The use of injection to estimate the active resistance of the rotor price makes
it necessary to establish additional requirements for the evaluation blocks [J ,
namely, a fairly accurate reproduction of the injected component in the evaluation
of the vector module flow splitting . To solve these problems, it is necessary to
modify some of the solutions described above, taking into account the injected

signal , their features, and develop new ones.
1. 4.1 Estimation of the angular velocity of the flux coupling vector

Usually, the synchronous coordinate system is associated with the flux
coupling vector of the rotor or stator, at the rotation frequency o o. In addition, this
parameter is taken into account when calculating the rotor speed for sensorless
management

) — o
n

@ (1.18)

where n is the number of pairs of poles, and slip

_ Ly, iq

(1.19)

The angular velocity of the flux coupling vector can be determined by the

expression:

o
v J,
(1)0:/ f/ : (1.20)
vl

When substituting (1.20) for the flux splitting of the rotor or stator, the
velocities of one or another vector are calculated accordingly . The literature
presents a number of expressions for solving this problem, based on (1.18). The

expression following from (1.20) and (1.9) is given in [3]
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(“sﬂ - Rsis/i )'// sa (us(z - Rsisa )'// sp

@ = 5 5 (121)
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A number of expressions are considered in [83].
e..e.p—e.pe
® 0 = sa ;/3 .;/)’ sa : (1.22)
€sa +esﬂ
Ve Wep =Wl L..(w..e.s—W.p5€.,)
W= VsaVsp —Vsp¥sa _rm Vsa sp Y spCsa . (1.23)

2 2 2 2
Vsa +¥sp Vsa +Vsp

Three solutions for determining 10 are described in [85] . The first is based

on the expression of the reactive power of the motor with permanent magnetization
and is presented in the form

. ia“ﬂ - iﬂ“a - O-Lsidpiqp

2 2
L, (’dp + 0'1[”))

y A (1.24)

where ' dp » ' qo— program magnetizing and instantaneous components of the stator

current, respectively.

With the help of the observer and the formula for calculating the reactive

power of the engine Q , the second unit was synthesized

ay=z+lo Ligoiaps
2=U(Ly(igy + Tigy)z +10 Lgigyigy) — 0). (1.25)
The synthesis of the third block is based on the calculation of ® ( due to the

stator voltage

llall/)) - llﬂl-la

Doy =

(1.26)

Expression (1.26) gives the angular velocity of the stator voltage vector . At

high speeds, due to the back EMF , the voltage increases and the current decreases.
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In this case, on the basis of (1.8), we can assume thate ; ~# u~ e s . Then, according

to (1.22), (1.26), we can assume that®0s = @ou ¥ @0r

@o = Dou = @i i the transition regimes and “0 = “ou = @i

At the same time, since
were established , the expression (1.26) can be identified with the angular velocity
of the vector . The expression (1.26) is well known, it is characterized by high
accuracy of determination of O in the range of high and medium angular velocities
of the motor rotor. At low angular velocities, the counter EMF is small, so blocks
based on the "current” equation will work more accurately.

Expressions (1.24) - (1.26) are invariant to changes in the active resistances
of the rotor and stator.

A similar block (1.24) for calculating synchronous speed is proposed in [9].
lgUp —iglg

.9
q)

Wy = (1.27)

L.(i5 +oi
which does not take into account changes in the instantaneous component of
the stator current.

In work [ 5] it is proposed to calculate the angular velocity of the vector flux

coupling of the rotor by expressions

. . T
L V,,ig —WV,5i L., iV
@y =nw+—+ ”f '7'/ “ :na)+—ﬂ‘4gj, (1.28)
T,y +wp L v,
ad:
L,i Jg¥,
e 5 =y

2
where vl

Blocks (1.22) and (1.23) require knowledge of the v - EMF of the rotor, to

is the absolute slip.

find which the current derivative is taken. Block (1.28) requires information about
the angular speed of the motor rotor, therefore, this block is not suitable for
sensorless control . The considered synchronous speed evaluation blocks do not
take into account the influence of injection. This can lead to fluctuations in rotor

speed and AD electromagnetic torque. When considering the basis of the
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construction of the block (1.24), it can be seen that it is possible to modify the block

taking into account the injected signal.
Thus, it is necessary to modify block (1.24) taking into account the injected
signal, to investigate it and blocks (1.20), (1.26) by means of mathematical

modeling.
1. 4.2 Estimation of angular velocity and time constant of AD rotor

As can be seen from the expressions (1.18), (1.19), the accuracy of the
calculation of the angular speed of the rotor is greatly influenced by the time
constant of the rotor T depends on the active resistance of the rotor circuit. T ,can
vary widely due to changes in the temperature of the engine during its operation.

This requires the application of the identification of this parameter. For this
purpose, a number of solutions [12 - 15] have been proposed for the identification
of A D parameters when driving without a rotor speed sensor. The solutions
proposed in the listed works, especially those that simultaneously estimate ® , R s,
R rand y are computationally complex. Block [4] estimates w and a value inversely
proportional to T . The block is built according to the 6th-order MRAS structure

and is described by expressions

W, =-ay, +®J 7, +L, &i, (1.29)

t
o= —ka’(gat/},./} - 5/}1/7,.(1 )dt + @(0), (1.30)
0

t
6=k (60 (o = Limia)+ €505 — Lnip) Mt +@(0),  (1.31)
0

A m—l
rea=T,", _ constant coefficients,

Eq :'/II'CI —l//,.a, 8/} :'//I'ﬂ —l//,./}.

Expressions (1.7), which include the variable active resistance of the stator,

serve as a reference model. The expression (1.29) is adjusted.
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The disadvantages of the blocks are their computational complexity and

dependence on R s, which causes its identification and, as a result, increasing the
order of the system.

To obtain information about the temperature of the rotor and control the
thermal state of AD, rather cumbersome calculations are used [9]. An accurate
assessment of the active resistance of the rotor circuit, in addition to the correction
of the angular speed of the rotor, will allow obtaining information about the
temperature of the rotor. Thus, it is necessary to develop a computationally simple
block for estimating the angular speed of the rotor taking into account the rotor time

constant, and we will take the block (1.29) - (1.31) as the prototype.

1. 4.3 Estimation of constant components in measured signals

Stator currents are usually measured by two Hall sensors . The received
analog signal is translated into a digital one using analog-to-digital converters
(ADCs). In practice, current sensors can have constant eliminations, as a result of
which a constant component appears in the measured signal. When integrating such
a signal, which occurs when calculating the flow coupling, an error occurs that
grows linearly, which can cause instability of the entire control system. Practice has
shown [15] that with a signal frequency of 2 Hz and the presence of 5% of the
constant component in one channel, it causes 6% pulsation of the moment relative
to its nominal value and the corresponding fluctuations in the angular velocity of
the rotor. Maintaining performance at low speeds becomes very difficult, as
pulsations occur in the moment and speed of the rotor, which sometimes lead to
system instability.

Despite the importance of real-time elimination of the effects of permanent
offsets in multiphase signals, there are few publications on this topic. In [8], a filter
was developed for the purpose of estimating fundamental harmonics and constant
errors. However, this filter needs external information about the frequency of the

main harmonics to improve dynamic properties . In the publications [4, 9], the
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displacements in the process of evaluating the flow coupling are estimated.

However, the described solutions do not share the elimination of currents and
voltages, which is required in many information and management tasks. Therefore,
it is necessary to develop a filter that estimates in real time the constant components
and main harmonics of two-phase signals containing high-frequency noise, which
does not require external information about the frequency of the main harmonics .
When using injection, some variables (for example, angular synchronous
speed and rotor speed) may contain a parasitic variable component of the frequency
of the injected signal. To eliminate it, it is necessary to develop blocks for extracting

slowly changing components from single-phase signals.

1. 5 Solutions that take into account the features of the passive filter at

the output frequency converter

with PWM are currently used to power AD . Output voltages of IF with PWM
are a sequence of rectangular pulses of short duration (Fig. 1.3). In fig. 1.3 the
following designations are adopted: u ,— program voltage value, u ¢ is the voltage
from the output of the frequency converter.

Steep voltage fronts with PWM (about 10 kV/ pus ) cause aging of motor
insulation, power cables and deterioration of their dielectric properties. This also
leads to additional heating of the motor windings and the appearance of high-
frequency acoustic noise.

u, B
600

MJ\I\IIIIWIMMMHHMNIIHWMWII%’MIH "y

-600 ; : :
0.08 0.085 0.09 0.095

,cC

Figure 1.3 - Presentation of a sinusoidal signal as an equivalent ILIM signal
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The elimination of the aforementioned shortcomings is especially relevant

for powerful drives [8, 20]. Therefore, power LC filters are installed at the output
of the frequency converter to smooth the output voltage [7]. Passive filters improve
the harmonic composition of current and voltage (the speed of the pulse front
becomes less than 500 V/ ps ), reduce acoustic noise, and have a simple design.
Limiting the rate of voltage change and reducing overvoltages allows you to refuse
to increase the rated voltages of inverters due to accounting for the reverse wave
phenomenon in the cables.

Without a filter that limits the output voltage, the engine's service life is
reduced by 10% in relation to its declared service life [10]. Basically, passive filters
are used in power consumers of more than 1 megavolt . Passive filters do not require
maintenance, are economical, provided that the resistance of the filter should be less
than the resistance of the system [8]. But, along with the listed positive effects,
passive filters change the amplitudes and phases of the main harmonics of the output
voltages and currents, which leads to deterioration of the dynamics of the electric
drive. In work [7], the problem is solved using a system of differential equations of
the 5th order with regulators of stator current and voltage, which is characterized
by high computational complexity. To restore the dynamics of the drive, it is
possible to build an algorithmically simple compensator by introducing cross
connections , which will be the next research task. The system [7] is taken as a

sample.

1. 6 Blocks for estimating the main harmonics of III and M-signals

Algorithms for state vector estimation , parameter identification, and AC
motor control require knowledge of the first harmonic. The output voltage of the
IF, which has the form of PWM, does not allow to distinguish their main harmonics
quite accurately by means of numerical processing. To estimate the main
harmonics, there are a number of methods, such as the recurrent least squares

method, the extended Kalman filter, the discrete Fourier transform, the Prouni
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method, and others. However, these methods are associated with a large volume of

calculations, and for these methods, in the case of PWM, the noise/useful signal
ratio is too large. Band-pass filters designed to extract the main harmonics are too
complex. Installation of simple analog RC-filters at the IF output leads to changes
in the amplitudes and phases of the main harmonics .

Since it is difficult to directly measure the main voltage harmonics with
PWM, their program values are often used instead. This method gives satisfactory
results, but has an error at low speeds, where the non-linear dependence between
the set and actual voltage values, caused by the switching characteristics of the
inverter, is manifested. This approach leads to errors due to changes in the mains
supply voltage, voltage drop on the transistors, delays when opening and closing
the transistors of the PWM block, as well as due to "dead" time. This creates control
problems for the actuator at low speeds and therefore limits the adjustment range.

In order to improve the quality of control, analog-digital adaptive single- and
multi-cascade filters, including analog filters of the first or second order, were
synthesized and studied by modeling in works [7-8]. Based on the results of these
works, when using analog-digital filters, it is possible to obtain the main harmonics
of the current and voltage of the AD, unchanged in terms of amplitude and phase.
At the same time, the filters automatically take these errors into account. Taking
into account the listed errors will allow to expand the range of adjustment of the
drive by reducing the lower limit. Therefore, it is necessary to conduct an
experimental study of analog-digital filters with regard to the selection of the first

harmonic of the output voltage of the IF, which has the form of PWM.
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Conclusions on section 1

A detailed analysis of the existing decisions on the subject under

consideration was carried out, and the issues subject to further research were

identified, namely:

to solve the problem, it is necessary to continue the study of vector control of
AEP in terms of compensation of high-frequency disturbances generated by
PWM, as well as the presence of an injected component of the stator current,
necessary for evaluating the resistance of the rotor circuit;

it is necessary to develop a block of evaluation of flow coupling vectors and
angular velocities taking into account the injected component to ensure stable
operation of the AEP in the range of low rotor speeds and increase the speed of
regulation;

in order to find the optimal operating conditions of A D , in relation to the
features of the technology of plant systems, it is advisable to develop

mathematical and computer models of the improved AEP.
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