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AHOTALUS

VY nauHiii poOOTI JOCHIKEHO CHEKTpalbHI XapaKTEpUCTUKH BUXITHOI
HaIpyrd aBTOHOMHUX 1HBEPTOPIB HAIIPYTH, MPOAHAIII30BAHO TAPMOHINHUHN CKIIaJ 1
HOro TOKpalleHHs 3a JOMOMOIOI0 BHUKOPUCTaHHS METOAY MPOrpamMoOBaHOIrO
PIBHOMIPHOTO TOIIYKY ONTHUMAaJIbHOTO HA0Opy 3HAauY€Hb KYyTIB KOMYyTauli s
BUKIIIOUEHHS HeOakaHuX TapMoHIK. Po0oTra MICTUTh KOpPOTKI TEOPEeTUYHI
BIJOMOCTI IPO aBTOHOMHI I1HBEPTOPH HAINpPYyrd, METOAW KEpPyBaHHS BHUXIJIHOIO
HAIpyrow, crnocoOu omnTuMizalii rapMoHiWHOTO ckiany. Po3pobiiena cxema
0/1HO(a3HOTO MOCTOBOT'O AaBTOHOMHOI'O I1HBEpPTOpa HAIPYyrd 3 ACHUHXPOHHUM

JIBUTYHOM B HaBaHTAXXEHH1 1 ONITUMI30BaHO IMITYJIbCHUW CUTHAJ.

ABSTRACT

In this paper, the spectral characteristics of the output voltage of the
autonomous voltage inverters are analyzed, the harmonic composition and its
improvement are analyzed using the method of programmable uniform search for
an optimal set of values of switching angles to exclude undesirable harmonics. The
work contains short theoretical information about autonomous voltage inverters,
methods of control of output voltage, methods of optimization of harmonious
composition. The scheme of a single-phase bridge autonomous voltage inverter
with an asynchronous motor in a load is developed and the pulse signal is

optimized.
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BCTYII

IlepeTBOprOBaibHI MPUCTPOi, Taki SK I1HBEPTOPH, BUKOPUCTOBYIOTH IS
3MIHM MapaMeTpiB €JIEKTPUYHOI €HEeprii, HaNpuKIIaJ OTPUMAHHS 3MIHHOI HANpPyTH
3 MOCTIMHOT a00 3MIHY 4YacTOTH Hampyru. B naHuil yac aBTOHOMHI 1HBEPTOpPHU
HANPYTH MIUPOKO BHKOPUCTOBYIOTHCS ISl )KHUBIICHHS PI3HOTO POJY MPUCTPOIB, B
TOMY YHUCII JJIs e€Hepro3abe3NedeHHs] CIOXHBAadiB 3 BHUCOKHMMH BHMOTaMHU [0
AKOCT1 HAIpYTry *KUBJICHHS, TAKUX SIK PaJIOTEeXHIYHI 1 TEJIeMEeXaHIuHl CUCTEMH, a
TaKOX EJIEKTPONPUBOAM PI3HUX MPU3HAYCHD.

KoHKpeTHHM MOKa3HUKOM SIKOCTi €JEeKTPOEHEeprii € YHCTOTa >KUBJICHHS,
BKJTIOYAIOYHM 3MIiHM HAllpyrd Ta CIOTBOPEHHS CHTHay. ['apMOHIKM BHHUKAIOThH
TOJIi, KOJIU B CHJIOBIH CUCTEMI T€HEPYIOThCSI HECHHYCOIaIbHI CTPYMH Ta HaIPYTH,
iX 3a3BWYail HA3MBAIOTh TAPMOHIHHUMU CIIOTBOPEHHSIMU. OCHOBHOIO YMOBOIO, IO
BUKJIMKA€ TPOOJEMH TMOB’S3aHI 3 TapMOHIKAMH B €HEPreTHYHHX CHCTeMax IIe
HasIBHICTh HENIHIMHUX HABAaHTAXXEHb B CUCTEMI €JIEKTPOIIOCTaYaHHS.

Bci cumoBi enekTpoHHI MepeTBOproBadi, 10 BUKOPUCTOBYIOTHCS B PI3HUX
TUTIAX EJICKTPOHHUX CHCTEM, MOXKYTh 30UIBIIYBaTH TapMOHIUHI 3a0pymaHEHHS
IIUISIXOM BBEJICHHS TapMOHIMHHUX CTPYMIB 0€3MOCEPETHBO B MEPEKY.

Tomy HeEoOXiTHO pO3POOWTH ABTOHOMHHH IHBEPTOP 3  HHU3BKHM
Koe(iIi€eHTOM CIIOTBOPEHb TAPMOHIK, B HOTO BUXITHUX XapaKTEPUCTUKAX CTPYMY 1
Hanpyru. I[cHyloTh crmocoOu OGOpOoTHOM 3 BUIIMMHU TapPMOHIYHUMHU CKIIAJOBHUMH,
Taki K GUIBTPU, B TOW Yac SK BUKIIOUEHHS TAPMOHIK HU3bKOTO TIOPSIKY € TOBOJI1
KOMITJIEKCHUM 1 JTOC1 aKTyaJIbHUM 3aBJIaHHSM.

im0  maHoi poOOTH € JOCHIKCHHS CIEKTPAIBHUX XapaKTEPUCTHUK
BUXIJHOI HAmMpyrd aBTOHOMHOTO IHBEpPTOpa HAMpYyTd, aHali3 iX TapMOHIYHOTO
CKJIaAy 1 HOTO MOKPAIICHHS 3a JOTIOMOTOI0 BUKOPUCTAHHS METOy BUKITFOUCHD JIJIS
MOIITYKY HA0Opy KyTiB KOMYTaIlii BEHTHJIBHUX €JIEMEHTIB 3 BUKIIFOUCHHSM 3aJJaHUX

CIICKTPAJIbHUX CKJIaJOBHX.
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1 TUIIOBI CTPYKTYPU ABTOHOMHUX IHBEPTOPIB HAIIPYI'

1.1 3aranbHa CTPYKTYpa aBTOHOMHOI0 iHBepTOpa

[HBEpTOp B HIMPOKOMY PO3YMIHHI — L€ MPUCTPiH, KU MEpEeTBOPIOE OAHY
(dopMy eHeprii B 1HIIY.

ABTOHOMHHUH iHBepTOp, B BiAmoBigHOCTI 3[2], 1ue mnpucTpii mus
NIEPETBOPEHHS MOCTIHOTO CTPyMY B 3MIHHHU, KU MpPAaIIO€ HAa MEPEKy, B SAKii
HEMAa€ IHIIMUX JOKEpeNl €HEeprii 3 MOCTIMHMMU ab0 TaKUMH, IO PETYNIIOITHCA
3HAYEHHSMM BUXIIHOI HalpyTd 1 4acTOTH. B 1bOMY roJIOBHA BIAMIHHICTH TaKOT'O
pOJly IHBEPTOPIB BiJl KEPOBAHUX IHBEPTOPIB, SIKI TAKOXK MEPETBOPIOIOTH MOCTIMHUI
CTpyM B TIOCTIHHMI, aje TpamIITh Ha MEPEeXKy 3MIHHOTO CTPyMY.
HaBaHTa)keHHSAM aBTOHOMHOTO IHBEpTOpa MOXe OYTH OJMHUYHHHA CIOKUBAY
(IBUTYH 3MIHHOTO CTPyMYy, €JEKTpHUYHA YCTAaHOBKA) a00 po3raykeHe Mepeka
CIIO’KMBaYiB (JIeK1TbKa HABAHTAXKEHB, 1110 3a0€3MeUyI0Th TEXHOJIOTTUHHUH TPOIIEC).

ABTOHOMHMI 1HBepTOp (OpPMYy€E B HaBaHTAKEHHI 3MIHHY HAIPyTy MIJISIXOM
NEPIOUYHOrO MIAKIIOUEHHS ii 70 JpKepesia Hanpyrd 3a paxyHOK IOYeproBOro
BKJIFOUCHHSI BEHTWJIIB MPUCTPOIO , SKE MOYKE BHKOHYBATHUCh IO OJHO(A3HUX 1
Tpuda3zHUX cxeMax. B SKOCTI KJTI0UiB B OCHOBHOMY BHKOPHUCTOBYIOTHCS OIMOISAPHI
TpaH3uCTOpU 3 130mpoBaHUM 3aTBopoM |IGBT 1 omHo- abo sgBoomeparriiiHi
tupuctopu GTO 1 ix Bmockonaneni momudikamii GCT, IGCT, SGCT. Ilpu
BUKOPHUCTaHHI OJTHOOTEPAIIHHUX TUPUCTOPIB CXEMH JOTIOBHIOIOTHCS €IEMEHTAMH,
MpU3HAYCHUMU Ui KomyTallii TupuctopiB. OXHHM 3 TOJOBHUX E€JIEMEHTIB €
KOH/JEeHcaTop. BaxnuBo 3a3HauuTH, 110 TNPU3HAYEHHS KOHJEHCATOpIB HE
OOMEXKYEThCSI  JIMIIE  3amupaHHsAIM  TUpucTopiB. KoHaeHcatropu  MOXYTb
BUKOPUCTOBYBATUCH JUIsi (DOPMYBAaHHS KPWUBOi BHXIJHOI HAMpyrd iHBepTOpa 1
BHU3HAYATH XapaKTep MPOIECiB, IO MPOTIKAIOTh B CUCTEMI. B 3B’ 43Ky 3 1IUM cXeMu
ABTOHOMHHUX 1HBEPTOPIB PO3AUISIIOTH Ha aBTOHOMHI 1HBepTopu Hampyru (AIH),
aBTOHOMHI1 1HBepTopu cTpymy (AIC) Ta IMIynbCHI MEpeTBOpPIOBaul HAIMPYyTH

(ITITTH).
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B3araneHoMy cTpykTypa 1iHBepropa (puc. 1.1) Moxke ckimamatucsa 3
HACTYITHUX €JIE€MEHTIB:

o BxiiHUM  QuaibTp (P1), BHUKOPUCTOBYETHCS M 3a0€3MEUECHHS
HEOOXIHOI SIKOCTI BXIAHOTO CTPyMy ab0 Hampyry, 1 JJisl 3MEHILIEHHSI HETaATUBHOTO
BITUBY Ha Jpkepeno. Takok KOHJIEHCAaTop, Ha BXO/(1 IHBEPTOpA HAMPYTH T'Pa€e pojib
HAKOIMHUYyBayua eHeprii 1 OOMIHIOETHCS HEIO 3 HABAHTAXKCHHSIM;

o BeHTWIbHUN KomyTaTop (BK) Mae mpoBigHICTE B JABa HampsiMKH
(Hazmani 1HBEpTOp), LIO JO3BOJISIE PETYIIOBATH MapamMeTpaMH 3MIHHOTO CTPpyMy —
4acTOTOIO 1 aMILTITYAo0. 3a3Bu4ail, Buxinuuii curan mae GopMmy iMIyJbCiB, 3
GpoHTaMH, MO MarOTh 3HAYHY KPYTH3HY 1, BHXOISYM 3 I[OTO, CKJIQTHUM
rapMOHIUHUHN criekTp. Lle BUKIMKae MOAATKOBI BUTpPATH MpH TepeaBaHHI eHEprii
Ha BIJICTaHb , Ta HECIIPABHOCTI B POOOTI CIIOXKUBaya €Heprii;

o BUXiHUI Tpanchopmatop (TV) BUKOHYE pOIb Y3roIKyBada BUXiTHOT
Hampyru Ta HAIpPYrowo CHOoXHBadya. BHUKOPUCTOBYETBCS 3 METOK OTPUMATH
OaraTopiBHEBY KpHBY BUX1IHOI HAIIPYTH;

o BUXiTHUU GUTbTp (D2), M1 3a0€3MeUeHHs IKOCTI BUXITHOI HANPyTH
Ha PiBHI, IPUHUHATHOMY ISl TIEpeIaBaHHS 1 CIIOXKMBaHHI. B iHBepTOpax cTpymy

HEOOXIIH1 JIJIs1 TPAaBUJILHOTO ()YHKITIOHYBaHHS CXEMHU.

Haganmw am euus

B
+E|
r | &1 - Ty # 3
L.
iy —

Puc. 1.1. CtpykTypHa cxema iHBepTOpa

He Bci 3a3Haden1 enemeHTH 000B’I3KOB1 B CXe€M1 KOHKPETHOTO 1HBEpTOpY. B

iHBepTopax Hanpyru o6oB’si3koB1 @1 1 BK, a itnBepTopax crpymy nogaerscsa D2.
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1.2 Pe:xumu po6oTH iHBepTOpiB

Jlns 3arajapbHOTO PO3YMIHHSL PO3TJISIHEMO 171€alli30BaHU  OJHO(a3HUI
IHBEPTOp ,II0 Ma€ BIAMOBIAHI (QUIBTPU HA BUXOJI, IO (POPMYyE CHHYCOINANbHY
Hafpyry Ha BUXOJ1 1 UBHUThCSA 3a JOMOMOTOIO0 JKEpesia MOCTIMHOIO CTPyMY.
3a3Buyail BUXITHUN CTPYM 1HBEpPTOpa BIACTAE HA KYT, IO PIBHUHN @ MpPU aKTUBHO-

IHAYKTUBHOMY HaBaHTaXeHHI(JUB. puc. 1.2a).

HH
Ui :
EHIT{ AMITAY {HEEPTOP
i (t) (¢,
0 . L :
o EH
-9
; ; , IHEERTOP BHIIDAMIAY
] 1 2 f3
- e »+ »+ * (: 35,3 (ty)
a) B)

Puc. 1.2. Buznauenns pexxumiB poOOTH IHBEPTOPIB

Ha iaTepBanax wacy t; i t3 Hampyra i CTpyM OJHOHANPSMIICHI, a MHTTEBA
NOTYXKHICTh piBHa P=U>0, e 3HaYuTh, IO EHEPrii IepelacThcs BiI KoJja
MOCTIHHOTO CTPYMY B KOJIO 3MIiHHOTO, 1I€ BIJIIOBIJIa€ pEXKUMY IHBEPTYBaHHS. A Ha
iHTepBasax t; 1 t; Hampyra i CTpyM MPOTHIICKHO HAMPSMIICHI, 1€ 3HAYHUTH, IO
€HEpris 3 KoJIa 3MIHHOTO CTPYMY IOBEPTAETHCA B KOJIO TMOCTIMHOTO CTPyMYy, Iie
BIJIMTOBIZIA€ PEIKUMY BUIIPSMIICHHS.

B igeam cxema iHBepTOpa MYCUTh 3a0e3leuyBaTH MPOBITHICTH B JIBa
HaANPSMKH 3 MOXKJIMBICTIO pOOOTH B KOKHIN 3 4OTUPHOX 30H (uB. puc. 1.2(0)).

Y BIAMOBIAHOCTI 3 PEKUMOM pPOOOTH JDKEpena TMOCTIHHOTO CTPyMy
(reHepaTop HaMpPYTH 4YM CTpyMy) OyBarOTh IHBEPTOPHU HAMIPYTH 200 CTPyMY.

Ha paHmii MOMEHT HaiyacTillle 3aCTOCOBYIOTHCSI aBTOHOMHI 1HBEPTOPH

HaMpyru.
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1.3. OnHoda3Huii MOCTOBHI ABTOHOMHUI iHBEpPTOP HANIPYTH

Haiiuacrimie aJist ’KUBJIEHHS HABaHTA)XXEHb MaJIOi Ta CEPEAHBOT MOTYKHOCT1
BUKOPHUCTOBYIOTHCA OAHO(a3HI MOCTOBI IHBEPTOPH.

Ha nHaBaHTa)X€HHI CTBOPIOIOTHCS NPSIMOKYTHI IMIYJbCH HANpyru, a y
BiamoBigHocTi 3 puc. 1.3(0), dopMa cCTpyMy B3ajIeKUTh Bl XapakTepy
HaBaHTaxeHHs. [Ipy 4rcTO aKTUBHOMY HaBaHTa)XeHH1, (OpMa CTPyMy Taka ik, K 1

dbopma HaBaHTaxkeHHS (Ha puc. 1.3(06) myHkTupHa miHis)[3].
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Puc. 1.3. CxemMa aBTOHOMHOTO IHBEpTOpA HANpyTH (a), KPUBI BUXITHUX HAMIPYTH 1 CTPYMY

iHBepTopa (0)

[Ipu akTHBHO-IHAYKTHUBHOMY HaBaHTa)XEHHI 1; 3MIHIOETHCS TI0 €KCTIOHEHTI 3
nocriiHoro  wacy Tt = L,/R, Ilpm 3akpuBaHHI HACTyIHOI  MapH
BeHTwiiB(Hampukiag, VD1 1 VD4) 1 BimkpuBanHi npyroi mapu Hampyra U,
3MIHIOETBCSI CTPUOKOM, a CTPyM SKHICH dac Al He 3MiHIO€ CBiil HampsiMok. Jlis
TOTO, MO0 CTPyM MPOTIKaB BHKOPUCTOBYIOTH 3BOpoTHI miogu VDS, VDG6,VD7,
VDS, a micna ctpym 3amukaerbes uepe3 konueHncarop C. Kowuaencatopu
OJTHOYAaCHO TparTh poib C-(dinmbTpa, HamarOYM TaKOMY IHBEPTOPY BIACTUBICTH
JpKepesia HalpyTH.

Yactota CTpyMy Ha HABaHTOKEHHI 3alIeKUTh BIJ] CXEMH KEpyBaHHSI.
ABTOHOMH1 1HBEPTOPUM HANPYrd MOXYTh MpaloBaTH B HIMPOKOMY Jiana3oHi
HAaBaHTAXEHb — Bl XOJOCTOTO XOJy O 3HAYCHHS TIepPCHAaBaHTAKCHHS

BeHTHITIB[3].
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MOo>kJIMB1 HaCTyIHI BapiaHTH MOOYIOBU CUJIOBOi YACTUHHU IHBEPTOpPA OJIHI€T
MOTYXHOCTI:

e TpudazHUil MOCTOBHI aBTOHOMHHI IHBEPTOP HANPYru (MOCTOBA CXeMa);

e (OararopiBHEBUI 1HBEPTOp (HAMpHKIA, TPHOX-, II'AITUPIBHEBUM 1HBEPTOP
3 (PIKCOBAHOIO TOYKOIO HYJIS, TPbOX-, II'SITAPIBHEBUN IHBEPTOpP 3 HABICHUMU
KOHJIEHCATOpaMu);

® KackaJiHa cxema 0aratopiBHEBOTO IHBEPTOpA.

1.4. Tpuda3zHuii MOCTOBMIA ABTOHOMHM I iHBEPTOP HANIPYTH

Y  BUNAAKy  OJKUBJICHHS  HAaBaHTaXEHb BUCOKOi  TOTYXKHOCTI
BUKOPHUCTOBYIOThHCS TpU(a3Hi MOCTOBI IHBEPTOPHU HAIIPYTH.

Tpudazuuii aBTOHOMHHI 1HBEpTOP HANPyru OYAYIOTh MO MOCTOBIH CXeMi,
npeacTaBieHid Ha puc. 1.4, mo ckianaerbes 3 TupuctopiB V1-V6 1 gioxis VD1-
VD6. [iogu 3’enHaHl 3yCTpiYHO-MApajeIbHO TUPUCTOPaM 1 BTUTIOIOTH MOII0HY

¢yHKIIi0, SIK 1 gioau B ogHOba3Hii cuctemi (qus. puc. 1.3) [3].

9

Puc. 1.4. Cxema TpHr}a3HOro MOCTOBOTO aBTOHOMHOI'O iHBEpTOpa HAIPyru

AKTHBHO-IHIYKTUBHE  HABaHTAXCHHS  MpeJACTaBieHe  3ipkoro  (abo
TPUKYTHUKOM). 3aMICTh BEHTWJIIB MOKHA MIIKJIIOYUTH OJIHO- a00 JBOOMEpaIliifH1

TUpHUCTOPHU a00 TpaH3ucTopH [2].
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1.5. bBaraTopiBHeBi aBTOHOMHI iHBepTOPH HANIPYTH

KoHuenuis BUKOpPUCTaHHS JEKUIBKOX DPIBHIB HANpyru JUisl MEPETBOPEHHS
eHeprii Oyna mnpexacraBiieHa Oulblie JBaaUATA poKiB Tomy. IlepeBaramu
0aratopiBHEBOTO MIJAXOJy €: BIAMIHHA €JIEKTPOMAarHiTHa CYMICHICTb, HHU3bKI
BTPATH MEPEMUKAHHS 1 MOKIIUBICTh pOOOTH 3 BUCOKOIO HAMPYTOIO.

OCHOBHUMHU HEAOJIKAMH JaHOi METOJIUKHU SIBISIOTHCS BEJIHMKA KUIBKICTh
HaNIBIPOBIAHUKOBUX NIEPEMHUKAYIB.

Bynp-sika cxema aBTOHOMHOTO 1HBEpPTOpa HANpyr, HaBITh OararopiBHEBa,
CKJIaJlaeThes 3 0a30BUX MonymiB. HaitmpocTimmii BapiaHT MOAyss — 1€ TUIeue

JBOpiBHEBUN aBTOHOMHMU iHBepTOop Hampyru (2P-AIH). Ha puc. 1.5 npuenena

CTPYKTypa TaKoro iHBepTOpa B y3arajbHeHOMY M-(ha3zHomy BapiaHTi [4].

s + — *
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Puc. 1.5. Y3aranpHeHa cxema M-¢a3HOro JBOPIBHEBOIO aBTOHOMHOTO 1HBEPTOpA HANIPYTH

OCHOBHHMM MOJYJIEM I[1€1 CXeMH BBaXXKA€ThCA YaCTHHA, 10 OYAYETHCS 3 ABOX
MOYEeproBO 3’€JHAHUX TPAH3UCTOPHUX KIIOYIB 3 HEMapajieJIbHUMU JI10JaMHU.
XKupnenHs iHBepTOpa BHUKOHYEThCS Bi mkepena EPC mocTtiiiHOro cTpymy,
3HaueHHs sikoro Ey. Buxigna nampyra ¢asu iHBEpTOpa CTBOPIOETHCA B CepeiHIN

TOYIll INIeYa, TOOTO TaM, A€ 3 €AHYIOTHCS TPAH3UCTOPH, 1 A0 II€l TOYKH
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i’ €AHYEThCS HaBaHTaXeHHs. Jlionu, 110 3’€qHaHI HemapajeiabHO 3 KIYaMu,
BUKOPHUCTOBYIOTHCS JJIsl TIepeJiaul peaKTUBHOI MOTY>KHOCTI AKTUBHO-1HTYKTUBHOTO
HaBaHTA)XXEHHS B JKEPEJIO KUBJICHHSA. TOMy JKEpesio MOBHHHE MaTH JIBOOIUHY
MPOBIIHICTb, a00 JO JaHKU TNOCTIMHOrO CTpyMy i OallaHCy pEeaKTHBHOT
MOTY>KHOCTI MOTPIOHO MiIKIIOYUTH KOHICHCATOP BEJIMKOI eMHOCTI[4].

VY Oynp-skoi criiku 2P-AIH € Bchoro nBa crtanu, a 3arajibHa KUIBKICTh

CTaHiB B M-(pa3HOMY JBOPIBHEBOMY aBTOHOMHOMY 1HBEPTOp1 HANpPYTrH JOPIBHIOE

2m

1.5.1. TonoJorisi 3 pikcyrouuMu gionammn

Ha puc. 1.6. 300paxkeHi omHodaszHi MPEACTaBHUKHA TPbOX OCHOBHHUX
0aratopiBHEBUX TOIOJOTIH, SKI BIAHOCATBHCS JO TPHUPIBHEBOTO aBTOHOMHOTO
iHBepTopa Hanpyru (3P-AIH)

Ha puc. 1.6(a) npencraBieHa cxema TPUPIBHEBOTO Ijieda MO TOMOJIOTIT 3
dikcoBanoro HeWTpanbHO Toukoro NPC, abo 3aranpHa Ha3Ba, 3 (HIKCYHOUMMU
miogamu DC [4-6].

Takox poO3pi3HAIOTH TPUPIBHEBI AaBTOHOMHI IHBEPTOPH HAINPyrd 3
bikcyrounmu koHaeHcaTopamu 1.6(0), KackaaHUN MOCTOBUM cxemy puc. 1.6(B).

BoHu ckimamaroThes 3 KoMOIHAIII IBOX JBOPIBHEBUX IMOCTIIOBHO 3’ €THAHUX
wieueid. O0’€IHYI0YM CEPeNHI0O TOYKY (IKCYIOUMX HIOJIB 3 CEPEIHbOI0 TOYKOIO
JDKepena JKUBJICHHS, OTPUMAEM HEUTpaldbHYy TOYKY, a00 3 CEpelHbOI0 TOUYKOIO
JBOX KOHJICHCATOPIB JIAHKH MOCTiiHOTO cTpymy|[3].

Buxonom copmoBaHOi CTiiiKK € Touka 3’e€qHaHHs IBOpiBHEBHX Tuied (Vo).
Taka moOynoBa ¢a3m 3abe3neyye yTBOPEHHs Ha 1i BUXOJI HAMpyrd 3 TpboMa
piBHsMEu Hanpyrd +Vg /2 , -Vg /2 1 0, ne V4 — TNOBHa Hampyra B JIaHIIi

MOCTIHHOTO CTpyMYy (auB. puc. 1.5).
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Puc. 1.6. Tonosorii 6araTopiBHEBOTO IHBEPTOpA

Sk 1 B JBOpPIBHEBOMY AaBTOHOMHOMY IHBEpPTOpI HANpyru, B KEpPyBaHHI
KJII0YaMUd  TPHUPIBHEBOTO  aBTOHOMHOI'O  IHBEpPTOpa  HANpyru  MPUCYTHS
3aKOHOMIPHICTb, 1110 3a0e3neuye He3aIeKHICTh (OPMHU BUXIAHOI HAMPYTH BIA
XapaKkTepy HaBaHTAKCHHS . IMITYJIbCH KepyBaHHs napamu kiarouiB S11S1°, S2 1 S2°
NOBUHHI OyTH KOMILJIEMEHTApHUMHU. MOXHa MOMITUTH, IO PIBEHb HYIHOBOI
HAIIPYTH JIOCATAETHCS TUIBKU €IMHOIO KoMmoOiHatiero (S1, S2) = (0,1).

Tak sk kokHa ctiiika 3P-AIH Mae Tpu MOXJIMBHX CTaHH, 3arajibHE YHCIIO

craHiB B M-paznomy 3P-AIH 6yne pisaum 3"[3].

1.5.2. Tomouiorisi 3 HABiCHUMM KOHJIeHCATOPaAMH
Hpyra 6a3oBa TOMOJIOTiS TPUPIBHEBOIO aBTOHOMHOTO 1HBEPTOpA HAMPYTH

npencrasiesa Ha puc. 1.4(6). Ii oco6nusicTs B TOMy, IO 3aMicTh (iKCYHOUMX
mioniB  ang  (GOpMyBaHHA  PIBHIB  BHUXIJIHOI HAmpyrd  BUKOPHCTOBYIOTH
KOHJICHCATOpH. B BIAMOBIAHOCTI 3 IIUM JlaHA CTPYKTypa HA3UBAETHCS TOTIOJIOTIEO
3 pikcyrounmu koHaeHcaropamu CC, abo HaBicHUME KoHaeHcaTopamu FC[4]-[6].

Oikcyrounii kouaercatop Cl B cxemi (nuB. puc. 1.4(0)) 3apspkeHuid 10
Hanpyru V. /2, 10 Ja€ MOXIUBICTH (opMyBaTH Ha BUXOH1 (pa3HOrOo mieya
BITHOCHO CEpEeIHBOI TOUKH JHKEperna >KMBJICHHS, a TaK0oX B JIHINHIN Hampysi
TPUPIBHEBOTO aBTOHOMHOTO I1HBEPTOpa HAMNpPyrd Ti * pIBHI HANpPYru, 1O 1 B

TPUPIBHEBOMY aBTOHOMHOMY 1HBepTOpi1 Hanpyru no DC-TomnoJiorii.
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IlepeBara pOro TPUPIBHEBOTO aBTOHOMHOI'O IHBEPTOpPa HANPYTH B TOMY,
[0 oMy HENoOTpiOH1 10AATKOBI (piKCyroUl Al0au , sIK B 1HBEpTOpl Ha puc. 1.4(a).
Henonikom FC- Tomonorii € MpUCYTHICTb BEIMKOi KUIBKOCTI KOHJEHCATOPIB
BEJIMKOI €MHOCTI, TUM OLIblIE€ MpU BeaukoMmy uucii piBHIB 1 ¢a3 3P-AIH. Ilpu
YKCIl PIBHIB OUIbIIE TPhOX BUHMKAE MpobiieMa aAucOaTaHCy HAmpyr, aje BXKe Ha
HaBICHUX KoHJeHcartopax. OpHak y BigMiHHICTH Bi DC-tomosorii B mgaHoMy
BUMAJKY JUcOalaHC HANpyr BUHUKAE 4Yepe3 PEaKTHUBHY CKJIAJOBY IMOTYKHOCTI
HaBaHTa)KeHHs. [Ipy 4ncTO aKTHBHOMY HaBaHTaKEHHI HAIIPYTH OTHAKOBI.

Jlucbananc Hampyr Ha KOHJIEHCATOpax B 0araropiBHEBUX aBTOHOMHHUX
iHBepTOpiB Hanpyru no FC- Tomosnorii 3ano0iratloTh BBEIEHHAM JOJIaTKOBUX K1 B
cxemy ab0 po3poOKOI0 aIropuTMa KEPyBaHHS.

Jnst mpukiany Ha puc. 1.7 HaBeneHa cxema 0AHO(DA3HOTO I’ STUPIBHEBOTO
aBTOHOMHOTO iHBepTOpa Harpyru no FC- tomosorii[4]. B naHiii cxemi BennumnHa
KO’KHOTO PIBHS Hampyru ckianae Vgc/4, BCl €1EeMEHTH CXEMH pO3paxoBaHl ISl
JTAHOTO PiBHS.

Tomy mociiIoBHO 3’€IHaH1 KOHJIGHCATOPY MPUCYTHI, SIK B JIAHI{I TOCTIHHOTO

CTPYMY, TakK i B TUIKax 3 HABICHUMH KOHECHCATOPaMHU.

Puc. 1.7. OnHoda3zuuit m’ATUpIBHEBUI aBTOHOMHUI 1IHBEPTOP HANPYrH 3 GIKCyroUnMu

3MH.

KOHJICHCATOPaMU
Apk
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1.6 Kackaana MoOCTOBA TOMOJIOTisA

Ha puc. 1.8(B) mpencraBieHa Tomosiorigs 0araTopiBHEBOIO aBTOHOMHOTO
IHBepTOpa HANpyrd, [0 HA3UBAETHCSA KackajHow MoctoBoro CBH [4]-[6].
baraTopiBHeBa (popma Hampyru B TaKMX THUIAX MEPETBOPIOBAYIB OTPUMYETHCS 3a
PaxyHOK MOCIIIOBHOTO 3’ €JHAHHS OJTHO()Aa3HUX MOCTIB.

Jlist  TpupiBHEBOro TmiepeTBoproBavya 0a30BUM MOAYyNIb Ijieya — II€
onHodazuuil mict. BinHocHO ofHOrO 13 oro BUBOJIB, Hanpukiaa N, Ha gpyromy
fioro BuBoAl Vo (nuB. puc. 1.8(B)) MOXKIMBO OTpUMATH TPU PIBHA PI3HOI HANIPYTU
+Vye, 01-Ve.

Koxna mocniioBHO 3’€AHaHa MOCTOBA JlaHKa j00aBisie B (a3y nBa piBHI
Hanpyru. TakuM YMHOM, JlaHa TOMOJIOTIST MoOXke (opmMyBaTH OaratopiBHEBHI
ABTOHOMHMM 1HBEPTOP HANPYTH TUIBKU 3 HEMAPHUM YKCIIOM piBHIB. st mpuknany
Ha puc. 1.8 mpexncraBieHa cxema TpudazHOro M’ SITHPIBHEBOIO aBTOHOMHOI'O

iHBepTopa Hanpyru o CHB-Tomosmorii [4].
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Puc. 1.8. Cxema Tpudasznoro n’atupiBHeBoro iHBepropa Hanpyru no CHB-ronomorii

[lepeBara manoi Tomosorii B TOMy, IO AJi HEl MOTpiOHA Maja KUIbKICTh

KOMIIOHEHTIB: HE MOTPIOHI JOAATKOB1 (PIKCYrOUl KOHAEHCATOPU 4Yd J10AU. Auie
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HEJI0JIIKOM € TOoTpeba B 130JIbOBAHOMY JIKEpPEIIl MOCTIHOT HAPYTH JIJIsl KOXKHOTO

onHOo(a3Horo Mocta (IpH nepeaaydi B HaBaHTaXKEHHS! aKTUBHOI MOTY>KHOCTI).

1.7. MeTonu pery/il0BaHHS BUXiIHOI HAIPYTH

1.7.1. AmniityaHe peryJilOBaHHS

ABTOHOMHI IHBEPTOPH HANpPYTH PIAKO BHKOPUCTOBYIOTH SK HE3aJICKHUN
NIEPETBOPIOBAY, B OCHOBHOMY BOHHU SIBJISIIOTHCS CTPYKTYPHHM KOMITOHEHTOM
AKOICh TEPETBOPIOBAIBHOI CUCTEMH, K MPABUJIO €JIEMEHTOM IepeTBOPIOBaya
4acTOTH. Bumorm 10 XapakTepUCTHUK BUXIJIHOI HANpPYrd JTOCUTH Pi3HI i BOHH
HaAIPSIMY 3aJIe)KaTh BiJl KOHIICIIIIT CHCTEMHU

Konmneniris aMruniTyTHOro cnoco0y peryitoBaHHs 0a3yeTbCsi Ha TOMY, IO
3HAUCHHS HANpPyTH HAa BUXOJI KOXXHOTO AaBTOHOMHOIO IHBEpTOpa HaNpyru
IporopliiiiHa Hampy3i Ha BXOoJl. TakuM YWHOM, 3MIHA CEPEIHbOTO 3HAYCHHS
HAIPYTd Ha BXO[1 MOPOKY€E 3MIHY aMIUTITYAH HANPYTH Ha BUXOJ1 aBTOHOMHOTO
iHBepTOpa Hampyru. Takoro poay crmoci0 peryiroBaHHS YacTOTH Pealli3ye€Tbcs B
CTPYKTypax MepeTBOpIOBaya 4acTOTH 3 JAHKOIO IMOCTIHHOTO CTPyMYy.

Jlns  npuknaxy TOpUBEISHUM YacTOTO-PETYJIbOBAaHUN — €IEKTPOIPHUBII,
npencrapneHuit  Ha puc. 1.9, B AKOMYy BHKOPHUCTOBYETHCS  IIUPOKO
PO3IOBCIO/KEHU BapiaHT IEepeTBOpIOBaYa YacTOTH, OCHOBAaHWN Ha TpudazHil
MOCTOBIi CXeMi aBTOHOMHOTO IHBEpTOpa Hampyru. B Taky cxemy BXOIUTH

KepoBaHuil Bunpsmisidy KB,
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Puc. 1.9. CtpykTypHa cxema 4acTOTO-peryIbOBaHOTO €JIEKTPOIIPUBOIA
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I'-noni6uuit pubtp Ly, Co 1 TpUdasHUii MOCTOBUI aBTOHOMHHMU 1HBEPTOP
Harnpyru 06e3 HyJbOBOI'O BUBOJA.

YactoTta BHUXIHOI Hampyrd IHBEpTOpa OOYMOBIIOETHCA  3aJIal0UUM
reHEepaTOpOM CHCTEMHU KEpyBaHHSA, a aMIUIITyAa 1 Jif04e 3HAYEeHHS BUXIIHOT
HaIpyrd aBTOHOMHOI'O 1HBEPTOpPa HANPYTH — HAMNPYTOI0 Ha EMHOCTI QLIBTPA.

Hanmpyra Ha €MHOCTI perymroeTh KyTamu KepyBaHHs Tupuctopis KB.
PerymoBanbHa XapakTepUCTHKA IEPETBOPIOBAYA OMUCYEThCS PIBHSIHHAM[7]:

U, =k, Y, =k E, COSc, (1.1)

H(1) n(1)
ne U, - airodye 3HAYCHHS BUXITHOI HANpYyrd; N - HOMEP TapMOHIYHOI CKJIaJI0OBOT;
O - BIJHOCHA KYTOBa TPHUBAIICTh MPSMOKYTHOTO IMITYJIbCY Ha 1HTEpBaJl OJHOTO
HiBIIEPIOAY.

[TpucyTHICTh ABOX PO3JUICHUX, CAMOCTIHHUX KaHAJIIB KEPYBaHHS 4aCTOTOIO
BUX1JIHOI HAIPYrd aBTOHOMHOT'O 1HBEPTOpa HAIMPYTH J1a€ MOKJIMUBICTH JOCTATHHO
IIPOCTO BTUTFOBATH MOTPIOHI 3aKOHU KEPYBAHHS JIFOOUM JIBUTYHOM.

s ctpykTypa nyxe e(eKTHBHA, KOJM BHUKOPHUCTOBYIOTHCA IIBUAKICHI
neurynu (Hanpukiaa, Ha 500 I'm un 1000 I'm), Tak sk GopMa BUXITHOT HAPYTH
Mai>ke HE 3aJie)KUTh BiJ TIMOMHU PETyJIOBaHHS, a CHUJIOBI KJIIOUYl 1HBEpTOpa
IPaIOI0Th Ha OCHOBHIM, BIAHOCHO HEBHCOKIM, 4acToTi[7].

['omoBHUM MIHYCOM TaKoi CHCTEMH BBa)KA€ThCS CTPIMKE MaiHHS BX1IHOTO
Koe(dimieHTa MOTYXHOCT1 TP 30UTbIIEHHI KyTiB KEpYBaHHs. 3a II€I0 MPUYHHOIO
TUTBKA B pEXUMax, ONU3bKUX O HOMIHAJIBHOTO , € WMOBIPHICTH, IO OYIyTh
BHUCOKI €HEepreTHyHi MmokasHuku. KpiM 11b0T0, BeJIMYMHA €MHOCTI QPUIHTpa B JaHI
MOCTIMHOTO CTPyMy, SIKa HeoOXimHa i 30epekeHHs Koe(illieHTa MyJbcallii
BXIHOI HAmpyrd TpU 3MEHIICHHI BUXIAHOI YacTOTH, 3pPOCTE MPOMOPIIIHHO
KBaJIpaTy Jiama3oHy peryIroBaHHs BUXIIHOI 9acToTh[7].

[IpencraBieny CTPYKTypy MOXIHUBO JIETKO peaii3oBaHi W B OIHOGMA3HUX
MepeTBOpoBayax, y TOMy YHUCIl ¥ y BUIMAAKax, KOJIM 4ucio (a3 Ha BXonl 1 Ha
BHXO/I1 HE 30Ira€ThCs. 3araJbHUM HEJOJIKOM BCIX OINMHUCAHUX BHUIIE CTPYKTYpP €

HEMOXJIMBICTh pEKylepalii eHeprii B JKUBWIbHY MEpEeXKy, W10 NOTpiOHO,
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HANPUKIIAI, TPY TaIbMYBaHHI €JIEKTPOIPUBO/A, KOJIM KiIHETUYHA €HEPTisl MOBUHHA
Oytu, ab0 NOBEpHyTa B JKHMBWIbHY MEpEXY, ab0 po3CisiHa B HABKOJMILHIM

npoctip[7].

1.7.2. MeToa reoMeTPUYHOI0 MiACYMYBAHHA

CtpykTypHa cXema I[epeTBopioBaya, 300paxkeHa Ha puc. 1.10, mo
CKJaJaeThes 3 1BOX NMoai0HuX 1HBepTOpiB Hanpyru AIH1 ta AIH2, mo xuBnstecs
BiJl OJHAKOBMX JDKEpENl HANpyrd, BeluumHa skux Eg (ame MoxkiauBe i
BUKOPUCTaHHS OJHOTO JIKEpena), a iX BUXIJHI HAaNpyTrH CKIAJAIOTHCS 3aBISKH
JBOM TpaHc(opmaropaM, BTOPUHHI OOMOTKH SIKHX 1 OIIp HAaBAaHTAKCHHS BBEJCHI
nociifgoBHo, 1 I'-moniounit puibtp Ly, Cop. MOMEHTH KOMyTalli B IHBEPTOpaX 1

KPUBI BUXITHUX HAMPYT 3ABUTAIOTHCS MO (a3i Ha TOM Ke KYT V.
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Puc. 1.10. CtpykTypHa cxeMa aBTOHOMHOT'O iHBEPTOpa HAIIPYTH 3 TEOMETPUYHHUM IiJICYMYBaHHS

Harfpyr

YacoBi pgiarpamu Hampyr B cxemi 3o00paxenHi Ha puc. 1.11. MoxHa
nobauntu, mo koiu momsipHocti EPC oOMoTok TpanchopmaTopa CXOASITHCS, B
JaHUN MOMEHT 4acy Hampyra Ha HaBaHTaXeHHI — 1e cyma nux EPC. Taxk i
HaBnaku, ko y EPC pi3Hi mOJspHOCTI, TO Hampyra Ha HaBaHTa)KEHH1 piBHA
pizaunl. I skimo EPC onniei ooMoTtku piBHa EPC iH11oi oOMOTKH, TO Hampyra Ha
BIAMOBIIHO, Oyjae HYJIb. KOJIK 3MIHIOETBCA KYyT VY,

HaBaHTAKCHHI, Tomy,
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3MIHIOETBCS HE TUIBKM TPHUBAIICTh IMIYJIbCY, MPUKIAAEHOTO N0 OHOpY

HaBaHTAXXCHHs, a 1 ,ui}oqe 3HAYCHHS IIbOI'O HABAHTAXXCHHS.
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Puc. 1.11. Yacosi niarpamu KpuBUX OpMYBaHHS BUX1HOI HAIPYTH METOJIOM T€OMETPUYHOTO

MiJCyMyBaHHS

Tomy 3MIHIOIOUM KYT 3ABUTY MK HalpyraMu, 3MIHIOEThCS (hopMa HaINpyTH
Ha BUXOJI1 1, BIATIOBIAHO, HOTO CHEKTpadbHUM ckiiaa. CHEKTp BUXITHOI HAIPYTH

1HBEpPTOpa MOKHA OMTUCATH BUPA30OM:

U, :—U Z —cos%sm k9. (1.2)

—135k

Jlitoue 3HAYCHHS IMOBHOT KPUBOI OITUCYETHCS BUPA3OM:

T—y
Hedg :Um T (13)

U

3 BupaziB (1.2) ta (1.3), MokHa 3pOOMTH BHCHOBOK, IIIO TIPH BEJIIMYHUHI KyTa
V> 7t/3 niroue 3HAYCHHS BHXIAHOI HAIPYTH 3MEHIIIYETHCS HE TaK CTPIMKO, 5K JIif0Ue
3HAUEHHs Tmepmoi TapMOHIKK 1i€1 Hampyru. Tomy, 30UTbImIyIOYM TIHOUHY
PETYIIOBaHHS, 3’ SBISIOTHCS CIIOTBOPEHHS KPHUBOI HANPYTH HA BUXOJI. 3arajiom,
PETYITIOBaHHS METOJIOM T€OMETPUYHOTO MiJACYMYBaHHS MOYKHA peaizyBaTH 1 JJis

Tpuda3zHUX CXeM aBTOHOMHHX IHBEPTOPIB Hampyru [7].
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ITnrocoM Takoro crnoco0y peryaroBaHHs BBaXKA€THCS, IO JUISL PETYIIOBAHHS
BUXIJHOI Hampyru HE NOTpiOHA [OJATKOBAa BCTAHOBJEHA IOTYXHICTb, SKa
MPUCYTHS B CXE€MaXx 3 aMILUTITYTHUM PETYITIOBAHHSM.

AJe TONOBHUM HEJOJIKOM OIUCAHOIO CIOoco0y € 3aleXHICTh (popmu
BUXIHOI HAampyrd BiJ KyTa 3ABUTY MDK Hanmpyramu OjokiB. Ha mnpaktui,
npuitHATHA (hopMa KPUBOT BUXITHOT HAPYTH JIMIIAETHCS TUIBKU MPU KYTax 3JBUTY

He outkie 90°.

1.7.3 IIupoTHO-iMIyJIbCHA MOAYJIALIA

MupotHo-immynbeHa Moy (IIIM) ne oaun 3 HaOUTbII eheKTUBHUX
METO/1B MOJIMIIIEHHS SIKOCT1 BUX1THOTO CIIEKTPY HANPYrd aBTOHOMHOT'O 1HBEpTOpa
Hanpyrd. CyTTIO METOAy € Te, IO BHUXIiTHOI Hampyra (OpMYETbCS y BHUTJISAII
BUCOKOYACTOTHUX IMITYJIbCIB, TPUBAIICTh SKUX MOJIYJIIOETHCS IO 3a3Jajleriahb
BU3HAUEHOMY 3aKOHY, HalyacTillle — CUHYCOifaIbHOMY. YacToTa MOIYJSIIT — 11e
4acToTa 3 SKOK 3MIHIOETBCS TPHUBAIICTh IMITYJIBCIB, @ YacTOTa MOBTOPEHHS
IMITYJIBCIB II€ — YacTOTa KOMYTaIlii. 3a JIOMOMOTOI0 BiAMOBIIHUX (PUIBTPIB MOXKHA
JIETKO TOJIaBUTH TapMOHIKH, 110 KpaTHI 9acToTi KoMyTairii. 1le mosiCHIOEThCS THM,
III0 YaCcTOTa KOMYTAIlii 3a3BU4aii HabaraTto BHIIE YaCTOTH MOIYJIALIT [7].

Ha nanwmit MmomeHT € 6arato pizHoMaHiTHUX BUiB [IIIM, y BiAmOBITHOCTI 10
PI3HHUX O3HaK. 3 MOTJISAY Ha BUJ IMITYJIbCIB BUX1IHOI HAarpyru OyBae OHOIOJISIPHA
Ta ABOMOJsIpHA. J[BOTIONSIpHA MIMPOTHO-IMITYJIbCHA MOIYJISAIIS, IO PeaTi30BYETHCS
B oHOGa3HIM MOCTOBIH cxeMi iHBepTOpa 300paxeHa Ha puc. 1.3. Ile moxnuBo 3a
YMOBH, M0 TIEpPIIa Mapa CHWIOBHX KIFOYIB MEPEMUKAIOTHCS 3 YACTOTOI) CUTHATY
noayssiiii B MomenTH 0, , 27 1 T.11., a 1HIIIA Mapa 3 4aCTOTOK KOMYTaIlii.

IMmynecu kepyBaHHS, GOPMYIOTBCS B PE3yJbTaTi 3piBHAHHSI MOMYITIOHYOT
Hanpyru Um 3 oropHoro Uor, 11e 300paxeno Ha puc. 1.12(0).

OcCHOBHMII HEJOJIK JBOMOJISIPHOT MOAYJALII 1€ BeJWKa aMIUTITyJa

BHCOKOYACTOTHOT CKJIAJIOBOI y CKJIaJli BUXIAHOT Hanpyru [7].
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Puc. 1.12 ®opmyBaHHs BUXIAHOT HAIpYTH 1pu AsonosisapHii LM
ITin wac omguomomsipHoi Moaymsmii (auB. puc. 1.13), mporsrom ojHi€d
HAIIBXBUJII MOJYJIIOIOYOTO CHUTHATY, (OPMYIOTHCS IMITYJIBCH, IO MAlOTh OJIHY
NOJIAPHICTh, Ta IHTEPBAJIM 3 HYJIBOBOIO HAIPYror, MO0 CHOPMOBaHI 3aMiCTh
IMITYJIbCIB HANIPyTH MPOTUJICKHOT 3 MOJISPHOCTI. | SKIIO 3MIHIOBATH TPUBATICTH
IMITYJIbCIB  HAIpyTH, OyJe 3MIHIOBATHCS TPUBAIICTh HYJIBOBOI IMOJUYKH, 100

nepion HYaCTOTH KOMYTaHiI JINIITHUBCA CTAJIUM.
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Puc. 1.13 ®opmyBanHs BUXiAHOT HAPYTH pH ABonoisipHinA [IIM

TpuBamicth iMIyNbCiB KepyBaHHA (OPMYETHCS B TaKWH K€ CHOCIO, 10 1 B

MoTepeHhOMY BHUMAAKy. DOOpMyBaHHS IMIYJIbCY TO3UTHUBHOI TOJSPHOCTI,
peai3oBy€EThCS IPHU OJJHOYACHOMY BBIMKHEHHI CHIIOBUX Tpan3uctopiB VT1 1 VT4,
Tak, sk Tpan3zuctop VT4 nepeMukaeTbcsi Ha BUCOKOK YacCTOTOIO, TO MPH LBOMY
tpan3ucTop VT1 3anumuThesi BIAKPUTUM, 11€ TPU3BOJIUTH J0 3aMHUKAHHS CTPYMY

HaBaHTa)XEHH$, 3aMaCeHOT0 B IHAYKTUBHOCTI, yepe3 Tpanzuctop VT 1 gion VD3.
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Ha Buxoni iHBepTopa Hampyra Oyae JOpPIBHIOBATH CyMl NajalHb Hampyr Ha
TPaH3UCTOPI Ta M10/1, TOMY Oyje Oiu3bKka HyIt0. TakuM e YMHOM CTBOPIOETHCS 1
HYJIbOBA IMOJMYKA. AHAJOTITYHUM YUHOM BIIOYBaeThCcs (POPMYyBaHHS HETraTUBHOI
HamiBxBWJi. OCHOBHA TepeBara OJHOIOJSPHOI MOIYJSLIL, SIKIIO MOPIBHIOBATH 3
JBOMOJISIPHOIO, 1I€ 3HAYHE 3MEHUICHHS aMIUIITYJl BUCOKOYACTOTHUX T'apMOHIK B
CTIEKTp1 BUXITHOI HanpyrH [7].

Takox skmo kiacudikyBath 1o crnoco0y QOpMyBaHHS TPUBAJIOCTI
BUCOKOYACTOTHUX 1MmnyibciB OyBatoTh LM mnepmoro 1 apyroro pony. Ilpu
MIUPOTHO-IMITYJIbCHIA Moayssiuii nepmoro poxy (LLIIM-1) tpuBanicts iMIyJbCy
BUXIJIHOI HAamNpyrd MNpOMNoplidHa 3HAYEHHSIM Moayntorouoro curHamy. LIIM-1

npoinocTpoBana Ha puc. 1.14(a).

Puc. 1.14 [lIupoTHO-IMITYIIBCHA MOAYJISIIS TIepioro (a) i xpyroro (6) poay.

IIM-2 nmoka3ana Ha puc. 1.14(0). Tyt TpuBamicTh IMITYTbCYy BH3HAYAETHCS
3HAYCHHSIM MOYJTIOI0OYOTO CUTHAITY Y MOMEHT 3aKiHUEHHS IMITYIbCy[7].

Takox 3a cmocoOoM 3MIHM TPHUBAIOCTI PO3PIZHAIOTH OJHOCTOPOHHIO 1
JIBOCTOpPOHHIO Moayssaiito. Ha puc. 1.12 300pakena oqHOCTOPOHHS MOYJISIIIS.

BignogigHo, Ha puc. 1.13 mokazaHa ABOCTOPOHHS MOTYJISAITI.

Mupuna immynbciB npu [1IIM 3anexuth Bifg CHIBBIIHOIICHHS aMILTITY/]
curanie Um | Uon. Ilapamerp mio xapaktepusye 1€ CHIBBIAHOIICHHS,

Ha3MBAETHCS THAEKCOM aMILTITYAHOT MOTYJISIIII:

U
M a - U : " (1'4)
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Takox BapTO 3a3HAYUTH, IO NpuU PoOOTI 0HOGA3ZHOTO ABTOHOMHOTO
IHBEpTOpa HAMPYTHM HAa aKTUBHO-IHAYKTUBHE HABAaHTA)XCHHS NPU CHHYCOITaNbHIH
[IIM B BuXIOHIA Hampy3l MNPUCYTHI TApMOHIKA HAmpyru N-ro MOPSAKY, IIO

BU3HAYAIOTHCS KoedimieHToM KpaTtHOCTi yactotu MT:

n=IM; k. (1.5)
Tyt npu ognonossipHid moaynsmii: k=1, 3,5,..., npu I=2, 4, 6,...;
npu ABONoOJApHIN Moaymsmii: k=1, 3,5,..., npu I=2, 4, 6,...; k=2, 4,6,...,
npu =1, 3, 5,...

TakuM YMHOM, 4YACTOTHI CHEKTPU BHUXIIHOI Hampyrd oAHO(a3zHUX
IHBEPTOPIB MaIOTh KPiM Mepiroi rapMoHiku yactotoro fl i iHImi rapMOHIKH, KpaTHI
koedimienty Mf, 3 yacTotamu 110 3aexaTh BiJl 3HaYCHb yncia K.

[cHyIOTh pI3HI THUOM 1 CHOCOOM KepyBaHHS ABTOHOMHUMHU I1HBEpPTOpaMHU
Harpyru. [To ¢$a3HOCTI pPO3PI3HSIIOTh OJHO-, TPhOX- 1 OararodasHi, 1Mo KUIBKOCTI
piBHIB JBOpiBHEBI 1 OaratopiBHeBi. KepyBaHHS BUXITHOIO HANpPyrow MOXKHA
3MIIACHIOBATH 32 JIOMOMOTOI0 aMIUTITYAHE PETYIIOBaHHS, ()a30Be PEryIOBaHHA Ta
IIUPOTHO-IMITYJIbCHA MOAYJAMisA. B maniit poOoTi mociikyeTbest omHoda3zHUM

JIBOPIBHEBUH MOCTOBUI 1HBEPTOP HATIPYTH.
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2 POBOTA ABTOHOMHUXIHBEPTOPIB HATIPYT'! 3 HEJITHIMHAM
HABAHTAXEHHAM

2.1 MeToau noKpaleHHs TApMOHIMHOIO CKJIAAy BUXiTHOI HANIPYT'H

3 mpuHUUIY i1 IHBEPTOpa HANpPYrd BUIUIMBAE, 1110 1HBEPTOPU TAKOI'O THUITY
(GopMyIOTh Ha HABaHTAXEHH1 HANPYTy MOPSIMOKYTHOI (opmMHu, 10 B OLIBIIOCTI
BUMAJIKIB HeOaxkaHo. JlificHO, Hampyra HpsSIMOKYTHOi (OpMU Ma€ JyKe BHCOKY
MIBUAKICTh 3MIHU Ha (POHTAX, 110 TPUBOAMUTH 10 (OPMYBAaHHS MOTYKHUX 3aBa/l.
KpiM TOro, HasiBHICTb BHUIIMX TApMOHIK y TakKiii KpUBIM BHUKIMKAE JOJIaTKOBI
BTpaTH B HAaBaHTa)XE€HHI, a TaKOXX MOXKE€ BUKJIWKATH IHII HeOaxaHi edexrTu:
HANPHKIIAJ, y JABUTYHAaX 3MIHHOTO CTPYMY TpETs TapMOHiKa HAIlpyrd CTBOPIOE
o0OepToBe MoJjie MOTPiliHOT yacToTH. IIpM BHKOpHCTaHHI aBTOHOMHOTO iHBEpTOpa
Hampyrd B arperarax Oe3nepeOidiHOTO >KMBJICHHS YU B OOPTOBHX CHCTEMax
3MIHHOTO CTPyMy, Yy OILIBIIIOCTI BHITQJKIB MOTPiOHO, 1100 BHXiJHA Hampyra
okepena mMana GopMy KpUBOi, OJM3bKY J0 CHHYCOinanbHOI. BinmxuiaeHHs KpuBOi
BUXITHOT HANpyrd Bi CHHYCOIMW OIIIHIOETBCSA 3a JIONIOMOTOI KoedirieHTa
TapMOHIK, 1110 HABOJIUBCSI BUIIIE.

Bemnunna xoedirienTa rapMOHIK MOYKEe BUMIPSITUCS Y BIICOTKaX 1 3BUYaliHO
MOBUHHA JIeKaTh B Mexax 5 - 10 %. Takum uyuHOM, TIpH po3poOiii MPUCTPOiB Ha
0a31 aBTOHOMHOTO 1HBEPTOpa HANpPYTH JOCHTHh YAaCTO BCTA€E 3ajJada MOJIMIICHHS
CIEKTpa BUXIJTHOI HAMPYTHU 10 PiBHS, MependadyeHoro TeXHIYHUM 3aBAaHHIM. B
JAHWW 9Yac BiJIOMi HACTYITHI OCHOBHI METOIWKH IOJINIICHHS CHEKTpa BUXITHOI

HaAIMpyrd aBTOHOMHOT'O 1HBEPTOpa HANPYTH:

° CIIOCIO CENICKTUBHOTO BHKIIOUEHHS JICKITBKOX TapMOHIK;
° METO]T TPOTPAaMOBAHOT MO TYJIAIII;

o PEXKUM KOJIOBOTO IIUPOTHO-IMITYJIBCHOTO PETyJIFOBaHHS;
o 3aCTOCYBaHHS CUJIOBUX (DUIBTPIB;

o KOPETyr4i IPUCTPOI.

Hwxde HaBeneHO KiIbKa METOIB MOTIMIICHHS CIIEKTPa BUXIHOI HATIPYTH.

Apk

JAC51.5105.04.001

3MH.

Apk. No nokym. Migmac | Jata

23




2.1.1 MeToa ce1eKTMBHOI0 BUK/IIYECHHS IeKUIbKOX TApMOHIK

JHanuii cnoci® 0a3yeThcsl Ha 3aaBaHH1 (DIKCOBAaHUX KYTIB MEPEMUKAHHS O U
o TupUCTOPiB. IIpH nMeBHUX KyTax o BIACYTHI BIAMOBIAHI TapMOHIKH.

Meton CeNeKTUBHOTO BHKJIIOYEHHS JIEKUIBKOX TapMOHIK Moxe OyTu
BUKOPUCTAaHUU MPHU IBHUX OOMEKEHHSIX YaCTOTH IMITYJILCHOI MOAYJIALIL. 3a3BUyai
B TAaKWX BHUIAJKaX BUKIIOYAIOTHCS HU3BKOYACTOTHI 3, 5 1 7-Ma TrapMOHIKU
YaCTOTHOTO CIEKTPY Hanpyru. Lle ciigye 3 3a/1eKHOCT1 aMILTITY T BUIITUX TAPMOHIK
Bil WWMpUHM iMIynbciB. Hampukian, B cxemax oJHO(Qa3HUX aBTOHOMHHUX
IHBEPTOPIB HAINpPYTH, L0 MPALIOITh 3 KOMYTAalI€l0 KIIOYIB OJMH pa3 3a KOXEH
MiBIEPIO/, IMIYJIbCHM BHUXITHOI HAmpyrd MaroTh MNOpAMOKYTHY ¢opmy. Ilpu
MIUPOTHO-IMITYJIbCHOMY PETyJIIOBaHHI HANMPYTU IMIHMPUHA MPSIMOKYTHHUX IMITYJIbCIB
3MIHIOETBHCS 1 TAPMOHIYHMM CKJIa/ BUXIIHOT HAPYTH Ugy MOKE OyTH BU3HAUYECHUM 3

HACTYITHOT 3aJIEKHOCTI !

[e o]

4, . no _.
Uy, = E sin sin NG, 2.1
° n=1,35 N7 2 1)

ne U, - airoue 3HaYeHHs BUXIHOT HAIPYTH; N - HOMEP TapMOHIYHOI CKJIAJIOBO1; O
- BIIHOCHA KyTOBa TPUBAJICTh MPSIMOKYTHOTO IMITYJIbCY Ha 1HTEPBaJi OJHOTO
iBIIEPiOTY.

3 ¢opmynu (1.5) BunHO, 1o npu 0 = 21 /3 3-TA rapMoOHiKa BUKIIOYEHA 13
CHEKTPAIBHOTO CKJIIAJy BUXIIHOI HAIPYTH 1HBEPTOpPA, TOOTO BUKOHYIOTHCS JIUIIIE
JIBI KOMYTaIlii KJIFOYiB 32 OJIUH ITIBIIEPIO/.

ko yucnao KoMyTariid 30UTBIIMTH 32 OJWH IIBIEPiOA, TO MOKHA
3a0e3MeunT BUKIIOUEHHS OUTBIIIOr0 YHCIIa TAPMOHIK. 3arajJlbHUM TPaBHIIOM IS
onHO(GA3HUX CXEM IHBEPTOPIB € BUKIIOYEHHS YWcia rapMmoHik, mo piBae N-1.
Hampuknag mpu kutbkocTi komytamii N=3, mo BigOyBarOThCS B cXeMi 3
JBOTIOJISIPHOKO MOYJIAIi€0 , Ko Ma = (.3, nmpu BIAMOBITHUX 3HAYCHHSIX 01 U O 7
(puc. 2.1) 3 cnektpa OyayTh BUKJIIOUEHI 3-Ts 1 5-Ta rapMoHiku. BignoBigHo npu

N=4 MoxnrBe BUKIIOYEHHSA 3, 5, 7-1 TapMOHIK.
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[Tpu ogHOMONSAPHIN MOYJISLIT 3HAYEHHS KYTIB 0 OyAYyTh BIIPIZHIATHUCS BIJ

3HA4Y€Hb KYTIB, BA3HAYCHUX JIJISl IBOIMOJISIPHOT MOTYJISIIIT.

Uy B
Uy == = =
0 ] T
a, ay W b 3n 2 8
2 2

Puc. 2.1. JiarpaMu ceneKTUBHOTO BUKIIFOUEHHS 3 CIIEKTPAIIBHOTO CKJIaAy 0JHO(a3HOTO

iHBepTopa Hanpyru 3-i i 5-1 rapMOHIKH.

2.1.2 MeToa nporpaMoBaHOro MOMyKy ONTHMAJIbHUX 3HAYEHDb KYTIB
KOMYTauii

Mertop ineanbHO MiAXOAUTH IS MOIMIYKY IMIYJIBCHOI MOCIITOBHOCTI, sKa
BUKJIIOYa€ BHOpaHi TapMOHIMHI CKJIQJ0BI MO KPUTEPit0 MiHIMI3aIlli koediieHTa
TapMOHIMHUX  CIOTBOPEHb TNPHU  HAABHOCTI MOTYKHUX  OOYHMCIIOBAIBHUX
MOKITUBOCTEN. CyTTIO TAHOTO METOY € TIOIIYK ONTUMANIBHOT (DOPMU IO KPUTEPII0
MiHIMI3amii KoedilieHTa TapMOHIMHMX CIIOTBOPEHb 3 3a/JIaHOK0  KIIBKICTIO
NepeMUKaHb CUJIOBUX KITFOYIB 1 JIFOUMM 3HAUYCHHSIM CHUTHAJY Ha YeTBEPTI Mepioay.

[Ipotiec oburcnenb onTuMizallii 3A1MCHIOETECS B aBTOHOMHOMY PEXHMI Ha
nepcoHansHOMYy KoMil 1oTepi. KyTu nepemukanus 30epirarotrecs B mam’siti PWM-
KoHTpoJepa. OCKUTBKY I1i KyTH 3aBXKI1 CHHXPOHI30BaHi 3 OCHOBHOIO CKJIJIOBOIO,
TrapMOHIYHUI CIIEKTP BUILHUHN BiJl CyOrapMOHIYHUX KOMIIOHEHTIB.

[lepemukaHHs IMITYJTBCIB 3aBXK/IM TMPAIOE B CHHXPOHI3MI, TaK MO KUIBKICTh
IMITyJIbCIB HAa IMKJI TIOBUHHO 3MIHIOBATHCS JUCKPETHO, OCKUIBKHM YacTOTa
3MEHIIYETHCS I TOTO, MO0 MIATPUMYBATH XOPOIIY SIKICTh curHaAITYy. OCKUTBKH
KOMILUIEKCHICTh OOUHCIIEHb 3HAYHO 30UIbIIYETHCA 31 301IBIICHHSM KUIBKOCTI KYTIB
MEePEeMUKAHHS, TIeH METOJ] YaCTO MOEAHYETHCS 3 METOIaMH BUOIPKH, I KPAIoro

pe3yJibTaTy.
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Skio po3riasgaTyH IMIYJIbCHUN CUTHAN , KM CKJIAIa€ThCsl 3 TTOCI1I0BHOCTI
MO3UTUBHUX 1 HETATUBHUX IMIYJIbCIB OJHIET AMIUTITYIU 1 IIUPUHM, aje 3 PI3SHUMHU
BIICTaHSIMU MK HUMH, SIK TIOKa3aHO Ha puc. 2.2.

Taka ¢opma dopma IMIYJTBCHOTO CUTHANY PEaNi30BYETHCS 3a JIONOMOTOIO
0JIHO(a3HIUX MOCTOBHUX 1HBEPTOPIB.

[IpencraBnena Ha puc. 2.2 ¢opma IMIOYJIbCHOIO CHUTHAlIy 3aBISKU
BJIACTHUBOCTSIM CUMETPII:

fM)=Ff(r—t)=—12x —1). (2.2)

OyHKIIS, O[O ONMHUCYE TaKy (opMy CUTHAITYy Moxe OyTH 3ajaHa Habopom
3Ha4YeHb KYTiB KomyTaii 01, 0,, ..., 0, Ha yeTBepTi NepioAy KOJWBAHb CUTHAITY.
[Ipu bOMY 3HAaYEHHS KYTiB KOMYTallii MOBUHHI 3aJJOBUILHITH YMOBY:
7z
>

OCKUTbKM KUTBKICTh €HEprii Ha BUXOJ1 1HBEpPTOpa IMOBUHHA 3aJaBaTHCS 1

0<6,<60,<...<0, ,<6, < (2.3)

OyTH TMOCTIHHOIO, TPH TMOIIYKY ONTUMAJbHUX KYTIB TEpPEMUKaHHS HEOOX1THO

BBCCTH

i :
| l f Z
EL | L -
|

Puc. 2.2. TpupiBHeBa popmMa IMITYJIbCHOTO CUTHAITY

OOMEXKCHHSI 110 JIF0OYOMYy 3HA4YEHHIO TepIioi TrapMoHIKM. Tak SK IIHpHUHA
IMITYJIbCIB TIOCTIHA, HEOOXITHO BBECTH OOMEXKEHHS HEOOXIMHOI PI3HUII MIXK
CyCITHIMHU KyTaMU NepeMUKaHHs. BujaneHHss BUOpaHUX CIIEKTPaJIbHUX CKIIAJOBUX
Oy/e BUKOHYBAaTHCS 3a JOMOMOIOI0 BBEICHHS OOMEXKEHb 3 3alaHOI0 BITHOCHOIO

TouHicTIO € > 0.
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B 3aranpHOMy BHIIISIAI  3a7ada  HAXOHKEHHS ONTUMaNbHOI  (opmu
IMIIYJICHOI'O MOJYJIbOBAaHOI'O CHUTHaly [0 KpPUTEPi0 MiHIMI3alii KoedilieHTa

rapMOHIMHUX CIIOTBOPEHBb MOXE OyTH MpECTaBiIeHa B HACTYITHOMY BUTJISAII:

K,.=r13@,...,6,) —>min; (2.4)
2
2| 6,sin(ot)dt = A; (2.5)
0
A
O,.., — 6, =const = m; (2.6)
oselsezs...seN_lseNs%; 2.7)
E
o <=. (2.8)
01

7€ 1 — HOMep rapMOHiTHOT CKIIa0BO1, sika Ma€e OyTH BUKITIOUCHA.

Bupimennss 3amadi MokHa peali3yBaTH 3a JIOTIOMOT'OK PIBHOMIPHOTO
nepebopy 3HaueHb KyTiB KOMYTaIlii, ki 3aI0BUIbHSITH 3a/1aH1 OOMEKECHHS

[lepeBaramu MeTOMy MPOrPaMHOT MOIYJISIIIT YaCTO HEXTYIOTh 3 PO3PAXyHKY

Ha 3HAYH1 OOYUCITIOBAIBHI BUTPATH, 3yCHILIA.

2.1.3 Pe:xxum K00BOI0 IIMPOTHO-iMITYJIbCHOTO PEeryJJI0BaHHSA

Hampyra pexxumy KOJOBOTO MIMPOTHO-IMIynbcHOTO perymtoBanns (IIIIP-
KJI) — me OaraToimMmyibCHAa Hampyra, IO CKJIAJAa€ThCA 3 IMITYJIBCIB OJHAKOBOT
TPUBAJIOCTI 1 OJHAKOBOI IO aOCOMIOTHIM BEIWMYMHI aMIUTITYId. AMILIITYIa
OCHOBHOI TapMOHIKM TaKOi HANpPYTd PETYIIOETHCS OJIHAKOBOKI PIBHOMIPHOIO
3MIHOIO TPHUBAJOCTI BCIX IMIYJBCIB HA TOJOBHUHHU MEPIOAY YACTOTH OCHOBHOT
rapMoHiku. Taki Hanpyru 3py4HO mo3HavyaTH HacTymHuM dnHOoM: [IIIP-KJT Ny, N/
P, e Nii N, — HOMepH mepiunx, He BUKITIOUEHUX MEPIINX TApMOHIK, a P — YHCIIO0
IMITyJIbCIB HAa YETBEPTI MEPIOAYy YacCTOTH OCHOBHOI TapMOHIKH. YMOBa CHUHTE3Y
Hanpyr pexumy HIP-KJ| ans BukmtouenHss N rapMoHiK Ha BCbOMY Jiana3oHi

pEryJatoBaHHS aMIUIITyIM OCHOBHOI TaPMOHIKU Ma€ BUTJISI;
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r Zslsin(ﬂi) = 0;
isin(sﬂi) — 0;
i=1 . (2.9)

isin(N £.) — 0.

k i=1

ne B; — KoopJauHaTa EHTPY 1-TO IMITYJIbCY.

3aransHuil Bunagok Hanpyru pexumy LHHIP-KJ[ nokazanuit Ha puc. 2.3

A% A3
::"'ma"" -";‘T':lfﬁz '-';t'l__lm'"'I
o B B B. m/z

Puc. 2.3 V3aranbaena gopma Hanpyru pexxumy HITP-K]]

Taka dyHKIIist MOKe OyTH MpeACTaBIeHa HACTYITHUM YUHOM:

0,0t & ex, ]
f t — 1 i ih
(@) {1, ot ela,; e, ] (2.10)
Posknagemo HaBeneHy QpyHkiiiro B psag Dyp’e:
f (o) =a, + E [a, cos(gq at) + b, sin(q ayt)], (2.11)
q=1

I€ ®; — 49acToTa OCHOBHOI I'apMOHIKH;(] — HOMEp TapMOHIKH;ag, ag, Dy —
koedimieaTn Dyp’e (B CHUITy YETBEPTHXBIIHLOBOI CUMETPIi MpuBeaeHOT PYHKITIT ag

= 0,by = 0 gnst Beix mapHUX Q).

2% . 2L
b, = ;g f (cwt)sin(qet)dt = ;izﬂ:[cos(q a,) —

—cos(q ;)] =i§p;[sin[q@j-sin[q@ﬂ,

i=1

(2.12)
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1€ Oj — KOOpAMHATA IOYaTKy 1-TO IMITyJbCY; Oj — KOOpJAMHATA KIHLA 1-TO
IMITyJIbCA; P — YUCJIO IMITYJIbCIB HAa YETBEPTh NEPIOY OCHOBHOI rapMOHIKH; = 1,
3,5,....,2n+1;n=1,2,3, ...

TakuM yMHOM, aMIUTITYAa JIF0001 rapMOHiku Hanpyru pexumy HIIP-K/]

MO>KHA BU3HAYUTH 32 HACTYIHOIO (OPMYIIOIO:

*

8 . 7K AX e | <> . "~
Aq:;z—qsm 9 - > sin —qZ'B' , (2.13)
5 i=1 S
iy — &

e AX . = — IIOJIOBMHA MAaKCUMAaJILHOI HOBXXHHH JIIHOOOro

IMITyJIbCY, TOOTO:

AX __ =min ('81_'81'—1)/2.

max (2.14)
T —p,
AX max — TIOJIOBHHAa MAaKCHUMaJIbHOI BIJHOCHOI TPUBAJIOCTI IMIIYJbCIB

ail + aih . .
T — KOOpAWHATA HCHTpPA 1-TO IMITYJIbCA,

L=

B"i — BimHOCHA KOOpAMHATA i-To iMmyisca (B = 3 1 a,);

ds — YUCIIO AUISTHOK anpoKcUMallii, TOOTo, YMCIIO BIIPI3KiB, HA SIKE PO3/iIcHA
II0JIOBUHA TIEP10Ty OCHOBHOT TApMOHIKH;

Ko =0 ... 1 — KoedilLieHT peryntoBaHHs.

Koedimient perymioBanHs  — 1€ BIIHOMIEHHS BEJIUYUHH OIMOPHOTO
HaBantaxeHHs (U,,) 10 amritynu nuikonoaionoi Hanpyru (U,), He3aIexHO Bijl
dbopMu muTKOnmoAi0HOT HATIPYTH:

k,=U,, /U, (2.15)

Hanpyru pexumy IHIIP-KJI 103BONSIOTH BUKIIOYMTH HUXKYlL 3 BHUIIUX
rapMOHIK NPU MIHIMAJIbHOMY YHCJ1 IMIYJbCIB HA MOJOBUHI YAaCTOTH OCHOBHOT
FapMOHIKA y BCbOMY Jlala3oHi PEryJIlOBaHHS BHUXIJTHOIO CTPyMy IHBEpTOpa.
Bigomo, mio 30uibIlIeHHS 4YHCIa IMMOYJbCIB HAa TOJIOBHHI TMEPIOJy YacTOTH

OCHOBHOI TapMOHIKHM JO3BOJISIE IPH PIBHOMIPHIA MOAYIIIIi iX TPpHBAJIOCTI
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JOJIaTKOBO OCJIa0UTH BHUIII TApMOHIKM Y BCbOMY Jlalma3oHl pPEryIIOBaHHS,
30epirarouu CTPYKTYpPY CHEKTpPajJbHOIro CKjiady Hampyru. Hampyru, oTpumani 3a
paxyHOK 30UIBIIEHHS YHCJA IMIYJbCIB 0€3 3MiHI CTPYKTYPH CIHEKTpPajIbHOrO
CKJay, OyJeMo Ha3MBaTU HAIJIUITKOBUMU.

PesynpraTn cunte3y napametpiB Hanpyru LIHIP-KJI, a Takox ix HaaJIMIIKOBI
BapiaHTH (YUCJIO IMMOYJbCIB MEPEBUIIYE YUCIO TApPMOHIK, 110 BUKIIOYAIOTHCS)

npuBeeHi B Tabu. 2.1,

Ta6mums 2.1.
Pesynbraru cunresy napamerpiB LIIIP-K]I, a Takox HafIMIIKOB1 BapilaHTH
Ne Hasga pexumy Yucio Homepu Nj, N2 Koopaunaru AX*max as
n/m IMITYJIBCIB MEPIINX iMmysbein B
(p) Ha /2 | HEBUKIIOYECHUX
TapMOHIK
1. HIIP-KI 5, 7/1 1 57 2 1 6
2. | WIP-KA5,7/2 2 5,7 3,5 1 12
3. | HIIP-KJ7,11/2 2 7,11 7,13 2 30
4. | IOIP-KMO 7, 11/4 4 7,11 6, 8,12, 14 1 30
5. | MIP-KJ7,11/2 2 7,11 1,11 4 30
6. | LIIP-KJ7,11/4 4 7,11 -1,3,9 13 2 30
7. | WIP-KAO 7,11/5 5 7,11 4,8, 10,12, 14 1 30
8. | IIIP-KJ 11, 13/4 4 11, 13 16,-26, 44, 86 19 210
9. | IP-KJI 11, 13/4 4 11, 13 4,46, 74, 94 11 210
10. | IIP-K 11, 13/4 4 11, 13 -8, 22, 62, 92 13 210
11. | IHIP-KI 11, 13/4 4 11, 13 32, -38, 52, 88 17 210
12. IP-KJT 11, 35 11, 13 4,6, 26,..., 36, 40,..., 1 210
13/35° 68,..., 104
13. IP-KJT 11, 34 11, 13 16,..., 20, 36,..., 48, 1 210
13/34° 56,..., 68, 72,..., 104
3HaK «-» Tepe]l KOOPJIWHATOK IICHTpPA IMIYJIBCY O3HA4Yae, IO JTaHHWH
IMITyJIbC Ma€ TMPOTHIICKHY MOJSApHICTH, Ha iHTepBami 0 ... w/2. 3ipoukamu (*)

no3HavyeHi Bapiantu pexumiB [IIP-K]/[ 3 HagmumkoBuUM dYuMcIOM IMIYJBCIB 3a
MOJIOBUHY TEPiOAy OCHOBHOI TapMOHIKM (HaUIMIIKOBI pexumu). KoopawmHatw
IICHTPIB Bi* 1 TIOJIOBHHM MaKCHUMaJIbHUX TPHBAJIOCTEH IMITYJIbCIB AX max TAKOXK
MIPUBE/ICH] B TAOJIMIII B BITHOCHUX OJUHHUIIAX.

[lopanpiie 30UTBIIEHHST YKMCIA IMIYJbCIB HA TMOJIOBUHI MEPIOy BUXIAHOT

HaIMpyry NpuUBeje A€ CyTTEBOrO 30UIBLIEHHS YaCTOTH KOMYTAIllii CUJIOBUX KJIIOUIB
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MOCTOBOTO KOMYTatopa i, BIAMOBIIHO, 0 30UIbIIEHHS BTpaT B CHJIOBIM YacTHHI

IHBEpTOpA.

IMPOBOJUTLCA 3a JOIIOMOI'OI0 HACTYITHOT'O BiI[HOH_ICHHSII

A (k) =

BukopuctanHs Hanpyr

A, (k)
Ak,)

AHani3 CHEeKTpaJIbHOIO CKJaJy CHUHTe30BaHHMX Hamnpyr pexumy [P-K]I

(2.16)

pexumy [HIP-K/[ 3 HaIIMIIKOBUM YHCIOM

IMIYJIbCIB 32 TMOJIOBUHY TIBIEPIOAY OCHOBHOi TapMOHIKM JO3BOJISE 1CTOTHO

NoCNa0UTH aMIUIITyld HHUIOMX 3 BHIMUX TapMOHIK y BCbOMY Jlana3oHi

PETYIITOBAHHA aMHHiTy}II/I OCHOBHOI1 I‘apMOHiKI/I.

[lepeBaroto Hampyr pexumy IIP-K/[ € mnpocrora iii peamnizamii uudpo-

aHAJIOTOBUMHM METOJaMU 3a JIOMIOMOTOI fK 1 OAHO(A3HOTO Tak 1 TpuUQazHOro

MOCTOBOTO KomyTaTopa. Ha puc. 2.4 — 2.6npeacTtaBieHi GOpMHU HAMPYT PEKUMY

ITP-K /I, a Takok crieKTpajibHi CKIaIu.

. 1

1

/6

:11:;'2 m

Puc. 2.4. ®opma nanpyru (a), cnekrpaibauii ckiaan (6) IIIP-K 5, 7/1

3MH.
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Puc. 2.5. ®opma nanpyru (a), cnexrpanpauii ckian (6) IIIP-KII 5, 7/2

SRR N ISR N I U I U6 OO I O N Y

0 47/30 8m/30 2 a

a)

. 4
/

0.6

n4pl13

-E_...—_-..-.__ﬁ.‘

0.2 11

Puc. 2.6. ®opma Hanpyru (a), cnekrpanbuuit ckian (6) IHIP-KJT 7, 11/5

2.1.4 CunoBi ¢pinbTpu

3a3Buyaii, BCi MepeTBOpIOBadli Ha 0a3i aBTOHOMHOTO IHBEPTOpa HAIMpPyTH
MaroTh BXIIHWHA Ta BuXimHUU (QinbTpu. Lle HEoOXigHO TOMY, 110 BUXITHUN CTPYM
1HBEpTOpa JOBOJ1 CKJIaAHOI (OpMHU 3 PO3PUBAMH B MOMEHTHU KOJU KIIOYI
KOMYTYIOTh. Tako [l yCYHEHHsI IEpEeHanpyru Ha BXO/I1 IHBEPTOpA 1 CIIOTBOPEHD
BUXIJIHOI HAMPYTH, HA BXiJl IHBEPTOpPA BCTAHOBIIOIOTH €EMHICHUHN a00 ['-moai0HuMi

UIBTDP.
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BukopucroBytore [-mopibni ¢GinbTpu 1mo0 YHUKHYTH MOTPAIUISHb
CKJIaJIOBUX BXIJHOTO CTPYMY IHBEPTOPA BHUCOKOI YACTOTH B JIKEPEJIO NEPBUHHOTO
YKUBJICHHS.

Ha puc. 2.7 nokazana ekBiBaJIeHTa cxema Takoro gpuibTpa, e axepeno EPC
€4 MMOKa3ye€ MUTTEBE 3HAUEHHS HANpPYTd BUNPSAMIIAYA HA BUXOAl, JXKEPENO CTPyMY
lx — TOKa3ye MUTTEBE 3HAYCHHs CTPyMy iHBepTopa Ha Buxoji. [lapamerpu
biTpTpa 3a3BUYail BHOMPAIOTH 3 YMOBOK 3a0€3MEeUUTH SIK 1 3TJIaJKyBaHHS
nmyJibcallil HAMpyTy BUIPSAMIIAYA HA BUXO/I, TaK 1 1100 3amo0irTu MOTParuIsTHHS

CKJIIaOBUX BXiI[HOI‘O CTpymy iHBCpTOpa BHUCOKOI 4YaCTOTHU Y AKCPCIIO KUBJICHHA

L
B ™
f i l ;
&l B
- C Y 4
€4 Lmlx Tl . "-H_:I[_:gl -

Puc. 2.7 ExBiBaneHnTHa cxema BXiTHOTO GUIbTpa

[IIo6 po3paxyBaTu €MHICTh (QiIbTpa MOTPIOHO MATH AMILIITYAY 1 4acTOTY
NepIIoi rapMOHIKH MyJIbCalliii CTPyMY Ha BUXO/I.

3a3Buyaii, 94acTOTy MEpIIOi TapMOHIKM TMyJbCallii CTPyMy Ha BHXOII
BHU3HAYAIOTH 32 JJOTIOMOTO0 (popMyIn

fooy=0am- f_, (2.17)

a aMIUTITya PO3PaXOBYETHCS

L2l
ex(l)m (qm)2 _1

J1+ (gm)tge, (2.18)

7e M — myJabCHICTh cxeMu. Jyis omHO(a3HOro MOCTOBOTO iHBEpTOpa M =

1; fy, — gyactoTa MOy TI0I0UOT HANIPYTH; Iy — cepeIHe 3HAYCHHS CTPYMY Ha BHXO/II.
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Buxignuii QuibTp iHBEpTOpa TEX JAYXKE YacTO BUKOPUCTOBYETHCA.
Haityactime 3actocoByeTbess [-momiOHuil (UIBTP, €KBIBAJIEHTHA CX€Ma SKOTrO

MoKa3zaHa Ha puc. 2.8.

N
{ Il_:l' l. T
(D lu_" © i | [] 2
1.

Puc. 2.8. ExBiBaneHnTHa cxeMa BUXiITHOTO (GUIBTpa

2.1.5. Koperyoui npuctpoi

XOpoIow MPaKTHKOK Ui ONTHMi3alii TapMOHIMHOTO CKJIadAy €
BHKOPHMCTaHHS ~ MarHiTHMX  CHHTE3aTOpiB. MarHiTHHi  CHHTE3aTOp, IO
BUIycKaeThess Kommadiero  Liebert Corporation 3abesmedye 3axWcT  Bif

PI3HOMAaHITHUX CIIOTBOPEHb €JIEKTPOKUBICHHS, 30KpeMa, BiJl MPOBAJIiB 1 BUKH/IIB
HAIPyTH, IMITYJbCHUX 1 BUCOKOYACTOTHUX BaJl, HASBHOCTI BUCOKMX TapMOHIK, IO
BUKJIMKAIOTh CIIOTBOPEHHS CHUHYCOiTaibHOI opMu BuXimHOI Hampyru. BuximHa
HaIpyra MarHiTHOI'O CHHTE3aTOpa Ha KOXXKHOMY IIIBIEPiOJi OCHOBHOI YacTOTH
TeHEPYETHCS MUIAXOM 00’ €IHAHHS MIECTH NMPSIMOKYTHUX IMIYJBCIB BiJ 3B’ SI3aHUX
aHAJIOTTYHO

MK C00010 TpaHcHOPMATOPiB 3 HACUIICHHSM, 1HBEpTOpaM 3

CTYMIHYAaTUM TPUHIUIOM KepyBaHHA. OJHaK MAarHITHUW CHHTE3aTOp HE Mae
KOJTHUX CHJIOBHUX HAIIBIPOBIIHUKOBUX C€JIEMCHTI, BHUKOHYIOUH (DYHKIIIFO
cTabimizaTopa HampyTH.

brok-cxema MarHiTHOro CWHTE3aToOpa TpenactaBieHa Ha puc. 2.9. JliHiiiHi
JpOceii MepeTBOPIOIOTh BXIAHE JKEPENIO HAMPYTH B JDKEPENo CTpymy. B mpomy
BUMAJKY CTpyM Ojoka TpaHcOpMaTOpiB HE 3al€XKHUTh BiJ 3HAY€Hb BXITHOT
HafpyTH 10 3MIHIOThCS B mUpokux mexax (£ 40%). Takuit cnocid mepenaui

€Heprii IPaKTUYHO MOBHICTIO BUKJIIOYA€ MOXUOKH 1 MOKIIMBI KOJIUBAHHS HAMPYTH.
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Yepe3 OnOK raapBaHIYHOI PO3B’SI3KM EHEPris MOTparuisie B OJOK IMIYJIbCHUX
TpancopmaropiB 1 Onok konaeHcaTopiB. IlicTh 3’€qHAHUX OAMH 3 OJHUM
IMITYJILCHUX TpaHCHOPMATOPIB 3 HACHUILIECHHSIM CTBOPIOIOTH (HOPMY CHUHTE30BaHOT
Hanpyru. Koxxen TpancdopmaTop reHepye Ha MmiBOEPIoJii OJMH 13 MIECTH IMITYJIbCIB
3 BHU3HAYEHOIO BOJBT-aMIEPHOIO IUIOIICI0, IO 3a0e3MevyeThCs CHElIaTbHOI0
KOHCTpYKIIi€lo TpaHchopmaTopiB 1 OJ0KkoM KoHJeHcaTopiB. HemepepBHuili oOMiH
€HEpri€ro, 10 HAaKoMu4miacs B OJOLl IMIYJIbCHUX TpaHchopmaropiB 1 B 0ol
KOHJeHCAaTOopiB, 3a0e3neuye riiuOOKe HACUUYEHHS CEP/IEYHUKIB TpaHCc(hopMaTopiB i

TOYHE PEryJIOBaHHS IMITYJIbCIB, IO (OPMYIOTHCA MO aMIUTITY/1 1 TPUBAJIOCTI.

+ Enok ranceaHMHOT

Enor niHifHHe pozEAz K4 )
Apocenia i ENDK i mynecH s

TpaHThOpwWETOpiE

i i
] ]
| I
] I
MepEHE : Il
| TTYVL. L ; ~ 4 :
i '
] I
| I
| ]
] I
- ]

HOBIHTEZHEHHA

l ]

TpaHapopuaTmp

Ennok
KOHAEHCETOpIE

drineTp Apymi DineTp TpeTEOT
FEpMOH KK Fapm OHikH

Puc. 2.9 biok-cxema MarHiTHOTO CHHTE3aTOpa

I me onuH cnocid, e BUKOPUCTAHHS aKTUBHOT'O KOHIWIIIOHEpa rapMOHIK.
AKTUBHHMIM KOHIUWIIIOHEp TapMOHIK Ha BIAMIHY BiJl MarHiTHOro CHHTE3aTopa
MIIKJTFOYAE€THCS. HE TIOCIIIIOBHO 3 HEJIHIMHUM HaBaHTaXKCHHSM a TapasiesbHO(pHC.
2.10.).

[Tpunmun nii aktuBHOTO KOHAMIioHepa rapmoHik (AKI') ocHoBanuii Ha
aHai31 CTPYMY HENIHITHOTO HaBAaHTAXEHHS 1 TCHEPYBAHHS B PO3MOAUTHHY MEPEXKY
TaKUX K€ TaAPMOHIK CTpyMY, ajle¢ 3 MPOTHICKHOI (a3oro. Sk pe3ynbrar, BHUIII
TapMOHIKH CTPyMYy HeHTpanmi3ytoThcs B Toumi minkmrodeHHss AKI. Ile o3naugae, mo
BOHM HE€ TMOIIMPIOIOTHECS B HETIHIHHONO HABAaHTAKECHHA B MEPEXKy 1 HE

CIIOTBOPIOIOTH HAMPYTy NEPBUHHOTO JIKEpeJia eHeprii.
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'ps i po ! HeniHinHe
OKepeno e D"“‘—'—'——-‘t}“““j} HaBaHTaKe
i'l L ,.! ".-;

AKI

Puc. 2.10 Cxema BKITIOYEHHS] aKTUBHOTO KOHJUIIOHEPA FapMOHIK

CtpyM HeNiHIMHOTO HaBaHTA)XCHHSI Ma€ OCHOBHY 17 1 BUIII TAPMOHIKH 1,

=i+ D i

n>1

i (2.19)

Crpym AKIT mae npotudaszHi cTpyMy HaBaHTaKEHHS BHUIII TAPMOHIKHU:

oo == in- (2.20)
n>1
B pesynbrari cTpyM, 110 CIIOKUBAETHCS B JUKEPEIIa, MPAKTHIHO
CUHYCOINaJbHHM, TaK K Ma€ JIMIIE TIePITy TAPMOHIKY
s =Ty + e = b (2.21)

Takum ymHOM, Kepeno 3abe3nedye TUIBKM OCHOBHY TapMOHIKY CTPYMY
HaBaHTaxeHHs, a AKI' mokpuBae MpakTUYHO BECh CIIEKTP BUIUX TAPMOHIK Bif 2-i

no 25-i. AI'K moxe OyTH BCTaHOBIEHUW B OyIb-SKid TOYI[l MEpexi 1 3/aTeH

KOMIIGHCYBAaTH BUIIl TApMOHIKM BiI OJHOTO 3 JEKUIBKOX HEeJIIHIHHHUX

HaBaHTaXCHb.

2.2 HaBaHTasKeHHS 3 HeJIiHIITHOK XapaKTepPUCTHKOIO

HeniniiiHe HaBaHTaKEHHS CIOXXHBAa€ Bl MeEpexl MepIOJUYHUN, ale
HECHUHYCOIAaJbHUN CTPYM.
Apk
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[IpukinanamMu HETIHIMHUX HABAHTAXKEHb €. ra30pO3ps/HI 1 JIOMIHECIICHTHI
JIaMIIY, CBITJIOJI0/IHI JIAMIIH, 3BaplOBajbHI YCTAHOBKH, €JIEKTPOAYTOBl NeYi, eqKl
TUIIA TpaHC(HOPMATOPIB 1 JIPOCENIB, IMIYJIbCHI OJOKH >KUBJICHHS, 1HBEPTOPH,
MepeTBopoBadl B CKJIa1 Oyab  SIKOTO oOJiaTHaHHS noOyToBO1
TEXHIKA(KOMIT I0TepH, JKepena 0e3mepeOiitHOro >KUBIICHHS, TEIEBI130pH, ABUTYHU
3MIHHOTO CTPyMYy 3 YaCTOTHUM pETyJIIOBaHHSM, IHBEPTOPHI KOHJIULIOHEPH,
paJibH1 MAIIMHU 3 YaCTOTHUM KE€PYBaHHIM IIBUJIKICTIO OOEpPTaHHS).

CnoxuBaHHSA HECUHYCOiNaIbHOTO CTPYMY HOPOJKYE BHILI TAPMOHIKH, SIKi
pPa3oM 3 OCHOBHOIO TapMOHIKOIO JIIFOTh Ha JpKepelia , kKaOell, CII0KUBayviB Ta 1HIIE
oOJ1aTHaHHS.

B 1iii po6oTi Oyse BUKOpUCTOBYBAaTUCS OAHO(A3HUN aCUHXPOHHUMN JBUTYH
B SKOCTI HaBaHTaXEHHS TOMY ,IIO MpU poOOTI acMHXpoHHOTOo nBuryHa (AJl) B
yMOBaxX HECHMHYCOiNajdbHOI HAMpYyrd HOro Koe(ilieHT MOTYXHOCTI 1 00epTOBUIA
MOMEHT Ha BaJly 3MIHIO€ThCSI.

3 aKTyaJIbHICTIO BUKOPUCTaHHSI ACUHXPOHHUX JIBUT'YHIB 3pOCTa€ M motpeda
3HaXO/DKEHHS aKTyaIbHUX TMiAXoaiB kKepyBaHHs 1 migBumieHHs KKJI camoi
MallllHU.

EnexktpuuHa MOz€llb aCHHXPOHHOI'O JIBUTYHA B CTATUYHOMY PEXHUMI1 poOOTH
0e3 BpaxyBaHHs HEJIIHIHHOT KpUBOI HAMarHidyBaHHS 1 BTPAT B CTaJIl BU3HAYAETHCS

CXEMOI0 3aMIIEHHs JIBUTYHA, 110 TT0OKa3aHa Ha puc. 2.12:

Ry, Lis | [, L RYS

_:_I'Y'Y'\ - - "Y'Y"_E_

Puc. 2.12 Cxema 3aMillleHHsI aCHHXPOHHOTO JIBUT'YHA

[Ipu MojaentoBaHHI BUKOPUCTOBYETHCSI CHUCTEMa PIBHSAHB, 3alUCAHUX IS

CXeMHu 3aMilleHHs1 3a ApyruMm 3akoHoMm Kiproda. Buna piBHSHb BH3HAYa€THCS
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MNPUIHATOI CHCTEMOI0 KoopauHat. [lpum cuctemi KoopauHAT oOepTaHHA X-Y

PIBHSIHHS CTaHIB IPUMMAaIOTh BUTJISIA:
U, = leRl - a)ol/jly , 0= Ille — WY/ (222)
0=1,R, =Sayw,,,0=1, R, =Say,,, (2.23)
€ S — KOB3aHHS:
S =(w, — )| a3, (2.24)
e Mg, Wy — KyTOBa MIBUAKICTH MArHiTHOTO MOJSi CTaTopa 1 IMIBUAKICTh
obepTraHHs iI poTOpa K ABONOJIOCHOI MALIMHHU; iy, Wiy, Wax 1 Yoy — MPOEKIIIT
MOTOKOIIIETUICHHS] CTaTOpa 1 pOTOpa Ha OC1 KOOPIUHAT.

3HaueHHS IMOTOKOHICIINICHb MOKYThH 6yTI/I BH3HA4YEHI 3a BHUpPaA3aMHU:

Wi = L, — Lyl 2x W1y = Llily —Lyyi 2y (2.25)
Yoy = I—.1i|2x T LlM ilx’WZy - LIZi'Zy o LlM ily’ (226)
ne Ly, L’z — IHIYKTHBHICTh (a3 cTaTopa 1 NMpUBEICHA IHIYKTUBHICTH

portopa:

L =Ls+Lu. L, =L + L. (2.27)
[aaykTuBHOCTI Ly, L »s, Ly okasani Ha puc. 2.8.

EnexrpomarsiTHuif MOMEHT B cHCTeM1 0O€pTaHHS KOOPAUHAT X-Y:

3

M = E Z p (l/jlxily - l/llyilx)’ (228)

ne Zy — 4UCIIO Map MOJIIOCIB ABUTYHA.

PosrnsitHemo  BUKOpUCTAaHHS  MOJENI  aCHHXPOHHOTO  JBUTYHA  JUIS
JOCIIHKCHHSI BIACTHBOCTEH IBUTYHA TIPU 3MIHHINA 9acTOTI 00€pTaHHS, HAIPUKIIA,
JUISL aHalizy poOOTH [ABUTYHA IMPU CKaJIPHOMY YaCTOTHOMY KEpyBaHHI 3
peryatoBaHHIM Hanmpyru ctatopa. [Ipum yacToTHOMY KepyBaHHI 3aKOHU KEpYyBaHHS
dbopMyroThest 6e3 BpaxyBaHHS aKTHBHOTO OIOpYy ctaTtopa. lle BHOCHTH MOXHOKY B
BIIHOLIEHHS MIXK YacTOTOIO 1 Hanpyrow craropa. [Ipu 1boMy 3aK0H peryatoBaHHs
BIIPI3HSETBCS  BIJ ONTUMAJBbHOrO, II0 BEAE€ JO 3HUKEHHA [OKAa3HUKIB

peryntoBaHHs. [l MiABUIIEHHS SKOCTI PETyIIOBaHHA BUKOpPUCTOBYeThca |R
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koMmreHcanis 1 1Z xomnencanis. Ha puc. 2.13 nokazani oTpuMaHi 3a J10IMOMOTOI0
MOJIENII MEXaHIYH1 XapaKTepUCTUKU OBUTYHA (Z, = 4), 3HAT1 A1 PI3HUX KyTOBUX
4acTOT Hampyru craropa npu BukopuctanHi IR xomnencauii npu R; = 0, Ha puc.
2.14 — npu BukopuctanHi 1Z kommnencanii (Ry = 0, Lys = 0). I'padiku, HaBeaeH] Ha
puc. 2.13 1 2.14, HarJIsIAHO IEMOHCTPYIOTh, 1110, MO MEpIle, J1ara30H PeryItoBaHHs
IIBUJIKOCT1 OO€pTaHHs JBUTYHOM 3aJICKUTh BiJ] CIOCOOY KOMIIEHCAIlll, 1, IO JpYTe,

npu J1000My croco0i J1iana3oH PeryiatoBaHHS OOMEXKEHUH.

90
80 . : 1
70 i :____;-?
60 - - :
‘0 i -
. 50 o
40
30
20
10 ~
i Fi -
0 1000 2000 3000 4000 5000 6000 7000 8000
M. Hem
Puc. 2.13 Xapakrepuctuka A/l mpu kepyBanHi 3 IR komImeHcari€eo
90
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M. Hwm

Puc. 2.14. Xapakrepuctuka AJl npu kepyBaHHi 3 [Z xommneHcartiero
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ToMy JAOUUIBHO pO3MJSIHYTH YacTOTO-CTPYMOBE KepyBaHHs. B  Bumaaky
CKaJIIpHOTO YaCTOTHOI'O KEPYBaHHS 3 PEryJIOBaHHSAM CTPyMYy cTaropa HOTpiOHO
BpPaxOBYBaTH, 10 MEXaHIYH1 XapaKTEPUCTUKU ABUTYHA MPHU KEPYBAHHI CTPyMOM
BIJIPI3HAIOTBCA NPU KEpPyBaHHI HANpPyrow cratopa. B BUMaaKy BUKOPHUCTAHHA
MOJIeNi, B BIAMOBIAHOCTI 3 cucTemoro piBHAHBL (1) — (7), Aynst aHamizy CTaTUKU
€JIEKTPONPUBOLY NPU CTPYMOBOMY KEpyBaHHI HEOOXIAHO CTaOUII3yBaTU CTPyM
ctatopa. B peanbHuX cucTemMax KepyBaHHs 1€ MOXKY OyTH 3a0e31e4eHo 3BOPOTHIM
3B’SI3KOM 32 CTpYMOM. Takoxk 3aMiCTh 3BOPOTHIX 3B’S3KIB JIJISl aHAJI3Y CTAaTUCTUKH
YacTOTO-CTPYMOBOTO KEpyBaHHSI B CXeMl 3aMILIEHHS JABUTYHA JIOCTaTHBO
BUKOPUCTOBYBATH I'€HEPATOP CTPYMY SIK IMOKa3aHO HA puc. 2.15.

Jlxepeno cTpymy BimoOpaxae 4YacTOTO-CTPYMOBE KEpyBaHHS, SIKe
OIATPUMYE TIOCTIMHE TOTOKOIICIUIEHHS poTOopa B  IMPOIECi YacTOTHOTO

perymntoBaHHs. 3 puc. 2.12 cainyr0Th HACTYITHI PO3PAXyHKOBI CITIBBIHOIICHHS :

Ri Ly | I5 Lh RYS
———

Puc. 2.15. Cxema 3amimenns AJl npu peryioBaHHI CTpyMY cTatopa

EnexTpomartiTHa mOTYXHICTb:

3|é2w:|\ﬂ&_

Pu == (2.29)
2 S Z,
EnexrpomaraiTHuii MOMEHT:
3_ ., R
M==-2Z11, 2, (2.30)
2 "7 Sw,
[IpuBenennit ctpym potopa
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: jo,
=1, —3%bw 2.31)
jo,L, +R, /S
3 MiICTaHOBKM TONEPEHbOi PIBHOCTI B (QOpPMYIly €JIeKTPOMArHITHOTO

MOMCHTY OTPHUMA€EMO:

1
M = KI? : 2.32
"S/Syp +Skp /S (2.32)
Jle KpuTH4YHE CKOB3aHHS:
1
Sup =———, 2.33
< = (o) (2.33)
7z, = L, / R, — nocTiiiHa yacy pOTOPHOT'O KOJIa;
Koedimient K:
3 2
K=—ZpL1—.'V'. (2.34)
2 L,

[Tapamerpu kona crtaTtopa B BHpasi 2.32 il MOMeHTa BUKIOYeHI. [le
O3Hauae, 10 eIEKTPOMATrHITHUH MOMEHT IPU 4acTOTO-CTPYMOBOMY KepyBaHHI 3i
craburi3aiiero cTpymy 1o puc. 2.11 He 3a7IeXuTh Bl MapaMeTpiB 0OMOTKHU cTaTopa
1 He moTpedye KOMIICHcallli BIUIMBY aKTUBHOTO HaBaHTaxeHHS. lle € mpesara
4aCcTOTO-CTPYMOBOTO KEPYBaHHS

Takox 3 MosBOIO MOTPEO peryaroBaHHS IIBUIKOCTI aCHHXPOHHUX JBUTYHIB
3’ IBUJIMCSI CTIOCOOM 110 1€ peasi3yIoTh.

Yactora oOepTaHHs poTOpa piBHA:

n,=n1-s). (2.35)

[Tpu IbOMy CHHXPOHHA YacTOTa OOEPTAaHHS 3aJICKUTH BiJl YACTOTH HAMIPYTH
1 9rcTIa OJIOCIB.

60 f
P

Crnigyroun 3 IbOr0 MOKHA 3pOOUTH BUCHOBOK, I110 PEryJIOBAaTH IIBUIKICTD

(2.36)

n,

oOepranns AJl MokHA 3a JOIOMOTOI0 KOB3aHHSI, YACTOTH 1 YKCIIa Map MOIIOCIB.

OcHOBHI c10COOU peryJatOBaHHS:
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o PETYIIOBaHHS MIBUIKOCTI 3a JIOMOMOTOI0 3MIHM aKTHBHOTO OIOPY
KOJIa poTopa;

o PETYITIOBAaHHS IIBUIKOCTI 3a JOMTOMOTOI0 3MiHU HaNPYTH KUBJICHHS,

o PETYITIOBaHHSI IBUIKOCTI 3a JIONMTOMOTOI0 3MIiHM YaCTOTH JKUBIICHHS,

PerynioBaHHs MIBUIKOCTI 3a JOMOMOTOK 3MIHM aKTHBHOI'O OMOPY KoJja
poTopa BHUKOPUCTOBYETHCS B IBHTYHaX 3 (pazHuM poropom. Ilpu mmpomy B KoJi
O0OMOTKH pOTOpa BKIIOYAETHCS PEOCTAT, SIKUM MOYKHA TUTABHO 30UIBIIYBATH OIIIp.
31 301IBIIICHHSIM OTOPY KOB3aHHS JABUTYHA POCTE, a MBUJIKICTh nagae. Hemomikom
TAKOTro CrocoOy € HEeKOHOMHICTb, TaK SIK MpH 301IbIIEHH] KOB3aHHS, BTPAaTHU B
KoJI1 poTopa 3poctaroTh, 1 KK/ nBuryna nanae.

PerymoBaHHS MIBUAKOCTI ABUTYHA 33 JIOIOMOTOFO 3MIHHM HAIPYTH KUBJICHHS
peai30By€EThCS, SIKIO BKIIOYUTH B KOJIO aBTOTpaHC(HOpMATOp mepes; CTaTOpoM i
IICJIS JKUBIIAYMX MPUBOJAIB. [Ipy IbOMY SKIO 3HWIKYBAaTH HANpPYry Ha BUXOJI
aBToTpancopmaTopa, TO IBUTYH OyJe MpaiioBaTH Ha 3HWKeHIA Hampysi. Lle
npuBeae A0 3HWKEHHS YacTOTH OOEpTaHHs IBUTYHAa NPHU MOCTIHHOMY MOMEHTI
HaBaHTaxeHHs. Crnoci0 peryiroBaHHS 3MIHOIO HANpPYTH MOXJIUBUU TUIBKH BHU3
BiJl MPUPOAHOT XapaKTEPUCTUKH, TAK SIK 30LIbITYBATH HANIPYTy BUIIE HOMIHAIBHOT
HE JI03BOJISETHCA.

[Ipu peryntoBaHHI MIBUIAKOCTI 3a JOTIOMOTO 3MIHM YaCTOTH JKUBJICHHS 10
JIBUTYHA ITIKTIOYAEThCS TMEepeTBOproBadY 4acToTH. Haifyacrimie 1ie TUPpUCTOPHUUI
MepeTBOPIOBAY YacCTOTH. PerymoBaHHs MIBUIKOCTI 3IIMCHIOETHCS 3MIHOIO YaCTOTH
HAMpyru, TaKk SK BOHAa B JJAaHOMY BWIIAQJIKy BIUIMBA€ HA CHUHXPOHHY IIBUIKICTH
obepranHs nBuryHa. /laHmii crioci6 € HaWOUIBIIT €(PEKTHMBHUM, TaK SK B HHOMY

320€3IeUy€eThCSl PETYIIOBAHHS ITBHUJIKOCTI B IIMPOKOMY Jiama3oHi 0e3 3HaYHHUX

BTpaT.
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2.3 Iloxka3HMKHM SIKOCTi eJIEKTpPOeHepril, 10 XapaKTepu3ylThb
HECHHYCOIJAJIBHICTh HAIPYTH

B mpencrasneniii poOOTI po3riasAaeTbesl MOKPALIEHHS MOKA3HUKIB SKOCTI
€JEKTPUYHOI €Heprii, 10 XapaKTepU3yITh HECHHYCOINaJbHICTh HaNpyrH.
HecunycoinanpHICTh HAlpyru — CIOTBOPEHHS CHHYCOiAaJIbHOI (OPMH KPHUBOI
Hanpyru. SKio HaBaHTa)XXE€HHS B CUCTEMI JIiHINHE, TO 1 CTPyM B YyCIX TUIKax
cuHycoiganbHuil. HasBHICTh HENIHIMHOTO HABaHTAXKEHHSI MPUBOJIUTH JO TOSBU
HECUHYCOIJaTbHUX CTPYMIB Y BCIX T'JIKaX €JIEKTPUYHOI MEpEeXIi, 110 MPUBOIUTH 10
BUHUKHEHHS HECHHYCOIAJIbHOI KPUBOI HANpyrW y BCIX TOYKaxX Mepexi, M0
HETaTUBHO BILIMBAE Ha pOOOTY eJIeKTpUYHOT Mepesxi (auB. puc. 2.16).

JlxepenamMu CHOTBOPEHb € CUJIOBI TpaHC(oOpMaTopu, IO MPAIOITh MPU
MiIBUIICHH] 3HAY€Hb MArHITHOI 1HIYKIIT B CEpIACYHHUKY, IEPETBOPIOBAJIbHI
PUCTPOi 3MIHHOTO CTPYMY B MOCTIHHMM 1 enekrponpuiiMadi (EIT) 3 HenmiHITHUMHU

BOJIT-aMIIEPHUMU XapaKTepucTUKaMu (a00 HEMIHITHUM HaBaHTAXEHHSIM).

Puc. 2.16 HecunycoinansHiCTh HAPYTH

AHani3 HECHHYCOITAIBHOCTI HAMPYTHU € HEBIJ €EMHOI YaCTHMHOI CHUCTEMU
eKCIUTyaTalllfHOr0 KOHTPOJIFO SKOCTI enekTpoeHeprii. Jlimsd mporo Ha ImMHAX
VIOPABIIHHS BiAMOBITHUX KOHTPOJBHUX IYHKTIB BCTAaHOBIIOIOTH AaHAII3aTOPH
HECHMHYCOimambHOCTI pa3oM 3 Oydepuumu mpoctposimu. Jlns — aHamizy
HECHMHYCOIIaJbHOCTI PEeKUMIB HAIMpPYyry PO3KIAJAI0Th HA CHEKTPaTbHI CKIATOBI.
TakuM YWHOM, JJI1 MIABUINCHHSA TOYHOCTI BHUMIPIOBAaHHS  ITOKA3HUKIB
HECUHYCOIJJaJIbHOCTI HANpYrd HEOOXIMHO MiABUIIYBAaTH TOYHICTh OI[IHKH

TapMOHIMHUX CKJIQJIOBHUX HaMpPYTH.
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Takox mJig KUIBKICHOI OIIIHKA HECHMHYCOIJalbHOCTI HAampyrd MOXHa
HAaBECTU BHM3HAYEHHS TAKOi BEJIIMYMHU, K KOE(QILUIEHT HEIIHIMHUX CIOTBOPEHb
(KHC). Bin piBHMII cepeaHBOKBAaApaTHUHIM CyMl CHEKTPAJIbHUX KOMIIOHEHTIB
BUXIHOTO CHUTHaNly, SIKI BIICYTHI B CHEKTpl BXIIHOIO CHUTHAlIy [0

CEpeIHbOKBAIPATUYHOI CYMU BCIX CHEKTPAIbHUX KOMIIOHEHTIB BX1THOI'O CUTHAITY.

B \/U22+U§+...+Uf+...
\/U12+U22 +o.+UZ 4.

K (2.37)

H

KHC — 6e3po3mipHa BennuHrHa 1 3a3BUYail BUPAXKA€ThCA B BiicoTKax. Kpim
KHC piBeHb HeniHIMHMX CIOTBOPEHb YACTO BHUPAXAIOTh 4Yepe3 KoePIlieHT
rapMmoHiiiHux cnotBopeHb (KI'C) — BenuuuHy, 110 BUpa)xae CTYIMIHb HETIHIHHUX
CIIOTBOPEHb MPUCTPOIO (TiJACHIOBa4a 1 T.I.) 1 fKa piBHA BIJHOIICHHIO
CEpeIHbOKBAIPATUYHOI HANPYTU CYMHU BHUIMUX TFAPMOHIK CHUTHATY, KpIM MEpIOi,
0 HAOmpyrd TMepmioi TapMOHIKM TIpU  TMOJaBaHHI Ha BXiJA MPHUCTPOIO

CUHYCOIJAJIBHOT'O CUTHAITY.

B \/UZZ +UZ+...+U2+...

K
r U,

(2.38)

KI'C, tak sx 1 KHC BupaxkaeTrbcs B TpoOIEHTaX 1 3B’S3aHUNA 3 HUM

BITHOIIICHHSM
K H

K, =—F——. 2.39
r ,71_@ (2.39)

HecunycoinanpHiCTh HAmpyTrH, M0 BUKIMKAETHCS BUIIMMH TapMOHIKaAMU
(BI'), HeratuBHO BruiMBaEe Ha poOOTY CHIIOBOBIO €JIEKTPOOOIIaTHAHHS, PEICHHOTO
3aXUCTYy 1 aBTOMATUKH B CUCTEMAX CJICKTPOKUBICHHS MPOMHUCIOBHUX MiITPUEMCTB.
[Ipu HEBIAMOBIAHOCTI HOpMaMm KoedillieHTa TapMOHIWHUX CIIOTBOPEHBb (PopMuU
KpUBOi HAMpyTH, 3pOCTAlOTh CyMapHi BTpPaTH EIEKTPOCHEPrii, 3MEHITyEThCS
TEPMIH CHYKOM 1307511 ENEeKTPUYHMX MAaIlWH 1 anapariB, MiABUILYIOYH
aBapiiHICTh B KaOEJIbHUX MEpekaX Ta BHUKIMKAIOUYM HECHPaBHOCTI B POOOTI

CUCTEM PEJICHHOI0 3aXUCTY, aBTOMATUKH, TEJIEMEXAHIKH Ta 3B’ A3KY.
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IIpu poGoti acuuxpoHHoro asuryHa (AJl) B yMoBax HECHHYCOINAJIbHOI
Hampyra Horo KoeQilUieHT MOTY>KHOCTI 1 OOEpTOBMH MOMEHT Ha Bally MOXE
3HWKyBatuca. Hanpuknan, skuoo ammunityga maroi 1 ceomoi BIT Hanmpyru
CKJIaAaroTh BiAMOBIAHO 20 BIACOTKIB 1 15 BiACOTKIB aMILTITYAX NEPILIOT TAPMOHIKH,
KOe(DILIEHT MOTY>KHOCTI ABUT'YHA 3MEHIIY€EThCA Ha 26 MPOLEHTIB B MOPIBHSAHHI 31
3HAYEHHSM MOro MpHU CUHYCOidaNbHIN Hanpy3i.

[croTHO BruMBaroTH Bl Ha i307111i10 €MEKTPUYHUX MAITUH, KOHACHCATOPIB,
a TaKOXK Ha BUMIPIOBaJIbHI MPUIIAAH 1 MPUCTPOi aBTOMAaTHKH. CTIOTBOpEHHS (hopMHu
KPUBO1 HANpPyr aKTUBYE MOSBY 1 MPOTIKAHHS 10HI3ALIMHUX MPOLECIB B 130JIALIT
CJIEKTPUYHUX MaluH 1 TpaHncpopmaropiB. [Ipu 1boMy pO3BHUBAIOTHCA MICIEBI
nedexTd B 130JIA1il, SKI MPUBOIATH JO 3OUIBIIEHHS MJICICKTPUYHUX BTpAT 1
CKOPOYEHHS 4acy CIIyXOH.

Haii6inpmr  BimuytHuit BrumB BT mposiBasie Ha pobory  Oartapeit
KoHAeHcaTopiB. KoHaeHcaTopu, 110 IpaliolTh TPU HECUHYCOiNaabHIA HANpYy3i, B
O0aratb0X BHUNAAKaX IIBUAKO BUXOIATh 3 JaJy B pe3ylbTari BUOYXIB Ta
nedopmarrii dbopmu. [TpuuunHotO pyHHYBaHHS KOHJICHCATOPIB €
nepeHaBaHTaXeHHs ctpymamu BI', 1o BUHUKAE , sIK TpaBUIIO, TPU BUHUKHEHHI B
MepeXi Pe30HAHCHOTO PeKUMY Ha YacTOTI OJHIET 3 TAPMOHIK.

[Ipu HecMHyCOITAIIBHOMY PEXHMI MEpPEKi BUHHMKAE MPUCKOPEHHS CTApIHHS
13011l cuyoBux  kabemiB.  JlochimkeHHs KaOemiB, IO TPAIIOOTh IIPHU
CUHycOiganpbHOMY piBHI Hampyru npu Bl B kpuBiii Hanmpyru B mexax 6,85%
MOKa3ali, Mo 3a 2,5 poKu CTpyM BUTOKY 3pic Ha 36%, a yepe3 3,5 poku Bke Ha
43%.

BI' B Mepexi moripurytoTb poOOTy TEIEMEXaHIYHUX TMPUCTPOIB, SKIIO
CWJIOB1 JIiHII BHUKOPHCTOBYIOTh B SIKOCTI KaHajiB 3B’s3Ky. BI' mpuBomsTh 10
MOTIPIIEHHS! POOOTH BHUCOKOYACTOTHOTO 3B’SI3KYy 1 CHCTEM aBTOMATHKH, a TaKOX
BUKJIMKAIOTh XUOH1 CIIPAllbOBYBaHHS JICSIKUX PEICMHUX 3aXUCTIB.

BI' Hanpyru BIUIMBaIOTh HA MOXUOKY €IEKTPOBUMIPIOBAIBHUX MPUIAJIB.
[HAyKIidHI TIYUIBHUKKA aKTHUBHOI 1 PEaKTUBHOI €HEPrii Mpu HECHHYCOiNalbHIM

HaIpy31 MaloTh IOCUTh BEJIMKY MOXHOKY, sika Moxke nocsaratu 10%.
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[cHylOTh PI3HI CHOCOOM MOKpALIEHHS TapMOHIMHOTO CKJIaay BHUXIJIHOI
Hafpyru aBTOHOMHMX I1HBEPTOPIB, a caMe: CIOCI0O CEJIIEKTUBHOI'O BUKJIIOUCHHS
JIEKUIbKOX TapMOHIK, PEXHUM KOJOBOIO IIMPOTHO-IMIYJIBCHOTO PETYIIOBAHHS |,
3aCTOCYBaHHSl CUJIOBUX (UIBTPIB Ta BUKOPUCTAHHS KOPErylOuUHMX MNPHUCTpPoiB. B
JaHiil poOOTI JOCHIIKYETbCS METOJA IPOrpaMOBAHOIO PIBHOMIPHOIO TMOLIYKY
ONTUMAJIBHOTO HA0Opy 3HA4Y€Hb KYTIB KOMYTalil JJIi BUKIIOUYECHHS HEOaKaHUX
rapMOHIYHUX CKJIaJIOBUX 3 CIEKTPAJIbHOIO CKIIaay BUXIIHOI Hanpyru. Lleit meron
JI03BOJISIE 3HU3UTHU KOE(QILIEHT CIIOTBOPEHb TAPMOHIK 32 PaXyHOK IMPHUPIBHIOBAHHS
70 HyJd HU3bKOYACTOTHUX CKIAMOBUX. TakoX MminiOpaHO HABAHTAXKEHHS 3

HEJTTHIHHOI XapaKTEPUCTUKOIO, ISl TTOJAIBIINUX JOCHIKESHb.
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3 MOJIEJIIOBAHHS MPOIIECIB B OJJHO®A3HII MOCTOBIA CXEMI

3.1 Moaeawsanusa B Matlab-Simulink

BukopucToByoun BKa3zaHi BUILIE MaTepiain Jaidl BUKOHYETHCS JOCIIKEHHS
TPbOX BHIAJKIB BHUKJIIOYEHHS HeOaXaHUX TapMOHIMHUX CKJIQJAOBHX 13
CHEKTPAJIBHOIO CKJIAQy BHUXIJHUX XapaKTepUCTUK aBTOHOMHOTO I1HBEpTOpa
HAMpyru Ha TOPUKIAAl 0JHO(A3HOT MOCTOBOI CXEMHU: TPEThOi, TPEThOi 1 I ATOi,
I’ SITO1 1 ChOMOT.

Pozpaxyemo ¢ikcoBani Kyt nepemukanus |GBT-tpansuctopis 01, 05, 03, ...
Ok, n1e K — KIIbKICTh TapMOHIK [0 BHKIIIOYAIOTHCSA 3 CIEKTPAIBHOIO CKIIaTy
Hanpyrd. Bumagok BHKIIOYEHHS JABOX TapMOHIMHUX CKIAJOBUX CXEMATHYHO

MOKa3aHU Ha KPUBIM BUXIJTHOI HAMPYTH aBTOHOMHOT'O 1HBEPTOpa HAMPYTH Ha PUC.

3.1.

In2

Puc. 3.1. KpuBa BuxinHoi Hanpyru iHBepTOpa AJIs BUMIAAKY BUKIIFOUEHHS ABOX TaPMOHIK

Hampyry na Buxoai Bupazumo uepes psag Oypre:

U (wt) = Z:_L&E)‘__A'U—m(cos(nel) —cos(N@,)+...+

7z (3.1)
+cos(nd,)).
Ha ocHoBi (3.1) MOXHa nepelTH 10 CUCTEMU TPUTOHOMETPUYHUX PIBHSHD,

MOPSIAOK SIKO1 OyJie BU3HAYATUCS KUIBKICTIO 1 HOMEPOM FapMOHIMHHUX CKJIQJIOBHUX,

10 BUKJIIOYAaIOThCA.
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Ha puc. 3.2 npeacrasnena Simulink-moens cucTeMu 10 OCTIIKY€EThHCS.

Confinuous

boolean

ool
T T
S
ey
||
mp»
b |
r

fime

fen Y
H Ten w7
¥2

boolean

L+

—3
— vide1 | »

boolean “
boolean ‘ d .
b
v o i

V1 v ]

[

mpx

Puc. 3.2 Simulink-mMozess mocaimKkyBaHOT CHCTEMHU

Mogens MocToBOro 01HO(a3HOTO iHBEpTOpa MOoOyJ0BaHA HA OCHOBI OJIOKIB
Ideal switch i 3Bopotnix miomiB Diode. Kepysanus mynmymsmu ldeal switch
BiZOyBaeThcst 3a jgomomororo OnokiB OmokiB Data Type Conversion, 1o

NIEPETBOPIOE BXIMHUM CUTHAN Oyap-skoro Tumy naHux Simulink y Bkazanwii THI

nanux Ta 0;oky Matlab function sikuit q03BoJIsIE€ MPOBOAUTH PO3PAXYHOK () YHKITIT

B Imporeci MojaemoBaHHs. [[ns  #ioro iHimiamizarii BHUKOPHUCTOBYETHCS OJIOK
Constant 3i 3Hagennsmu 1/50 nmns 3amanHa mapamerpy TSin. s 3amaHHS
napametpy time BukopucroByeThcs Osok Constant 3 3HawenHsm 1 1 Osok
Integrator, skwif BHUBOAWTH 3HAYEHHS IHTETpajia HOro BXIJHOTO CHUTHANY TIO
yacy.Buximanmu mapamerpamu Onoky Matlab function € xytm xomyrarii
KIIFOUOBUX eneMeHTiB. HaBanTakeHHsSIM € omHo(a3zHWN aCHMHXPOHHHUW JIBUTYH
Single Phase Asynchronous Machine 3 6iomiorekn SimPowerSystems 3
rapamMeTpaMi HaBeJACHHMHU Ha pUC. 3.3, MOMEHT SIKOTO 3aJlaHUi 3a JOIOMOIOIO
onoky Constant 3nauenns saxoro 0.5. BximHa Hampyra >KUBJIEHHSI IHBEpTOpa

cxiazae 200B.

O=—=ap
:
BT
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Block Pararmeters: Single Phase Asynchronous Machine

Single Phase Asynchronous Machine (mask) (link)

Implements a single phase asynchronous machine (split-phase, capacitor-start, capacitor-start-run, main and
auxiliary windings accessible) modeled in the dq stator reference frame. Main and auxiliairy windings are in
quadrature. You can specify initial speed that will make the machine run without the auxilairy winding.

Click the Apply or the OK button after a change to the Units popup to confirm the conversion of parameters.

Configuration Parameters

Advanced

Nominal power, voltage, and frequency [ Pn{VA), Vn(Vrms), f(HZ) ] |[ .25%746 110 60]

Main winding stator [ Rs(ohm), Lis(H) ] |[2.02 7.4e-3]
Main winding retor [ Rr'(ohm), Lir'(H) ] |[4.12 5.6e-3]

Main winding mutual inductance Lms(H) |0.1??2

Auxiliary winding stator [ RS(ohm), LIS(H) ] |[?.14 8.5e-3]

Inertia, friction factor, pole pairs, turn ratio{aux/main) [J(kg.m~2), F(N.m.s), p, NS/Ns] |[{].{J 146 0 2 1.18]

Disconnection speed wc (% synchronous speed) |?5

Initial speed w0 (% synchronous speed) |D

Cancel Help Apply

Puc. 3.3 Tlapamerpu 6510Ky 01HO(Da3HOTO ACHHXPOHHOTO JABUTYHA

3.2 Bunajaok BUKJII0OYEHHS TPEThOi rapMOHIKH

3 Bupasy (3.1) nns BUMAAKy BUKIIOYAHHS TPETHOI TAPMOHIKH OTPUMYEMO

CUCTEMY PIBHSHb.

7e M — KoediieHT MOTYIIAIIII.

COsSf, —Ccosf, =m
cos36, —cos30, =0’

3a nonomMoroo GopMyJu MPUBEACHHS:

cos360 = 4cos®* @ — 3cos .

cuctema (3.2) 3 BpaxyBauHsaM (3.3) Oyae HACTYIMHOTO BUTJTISILY:

COS@, —Ccosf, =m _
4cos’ @, —3cosf, —4cos’ @, +3cosd, =0’

[IpuBenemo cuctemy (3.4) 1o anredpaiuHOro BUAY, BBIBILIU 3aMIHHU:

3.2)

(3.3)

(3.4)

3MH.

Apk. Ne nokym. Iigmc
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X, =C0SH,; X, =€0s6,.0 = X, X, <1. (3.5)
[Tepenumemo cucremy (3.4):

X=X =m
3 3 ; (3.6)
Ax,> —3X —4X;" +3%, =0
Taxk sk, X3=X3+M, To/1 cucrema (3.6) npuitMae BUTTIS;
4m® —12m?x, —12mx,*> —3m =0.
3naiinemo kopeni npu Mm=0,5 1 nepeBipuMo Ha YMOBY (3.5):
x1=0.228, x3=0.728.

3naiiemo 3HaueHHs 01 1 03 1 nepeBeAeMo ix 3 pajaiad B Tpagycu:

6, = arccos(0.228) -180/ = =76.82°;
@, =arccos(0.728) -180/ = = 43.28°.

B nmomatky A Bkaszanmii koj nporpamu B Matlab pospaxynky kytis 0; i 0s.
[TizcraBisemMo 3HAaYeHHS OTpPUMaHMX KyTiB B (yHKIifo harmonics_3, o
npuBeneHa B 1oa. b. Ha puc. 3.4 - 3.7 npeacraBiieH] ocIUIOrpaMy CUTHAJIB KYTiB

KCPYBAaHH:A KIIFOUOBUMHU CIICMCHTAMU iHBepTopa.

0.4 - -

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Puc. 3.4 ®opma nepuoro curHany KepyBaHHS

Apk
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0.02 0.04 0.06 0.08 0.1 0.12 0.14 016 018 0.2
Puc. 3.5 ®opma npyroro curaanay KepyBaHHS
P o . . . o . . . _—
0.8 u
0.6 — *
0.4 — §
0.2 — *
o | i 1 1 I L L L i
o] O.I02 O.IO4 O.IOES O.IOB O.I'I O.1|2 O.I'I4 O.:IS O.I'IB 0.2
Puc. 3.6 ®opma TpeThOro CUrHany KepyBaHHs

. L . - . - - . - - o
0.8 - —
0.6 |- -
0.4 — —
0.2 — —

o | i i i i i i | i

o] O.IOZ O.IO4 O.IOS O.IOB O.I‘I 0.112 O.I‘I4 0.116 O.I‘IB 0.2
Puc. 3.7 ®opma ueTBEpTOTrO CUrHaILYy KEPYBAaHHS
Apk
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Pe3ynpraT pocnipkeHHs 300pakeHl Ha puc. 3.2. AHaII3YIOUM CHEKTp
Halpyrd IHBEPTOpAa BUJHO, IO TPETS TapMOHIKa BUKIIOYEHA, IO O3HAYa€e

MPaBUIBHICTh PO3PAXYHKY KYTIB KEpyBaHHS.

Tagra
Selected signal: 10 cycles. FFT window [in red): 4 cycles
] L — I T I L | LI | L L L
200 - M ) Al Al T A i .
- I\ LR L ] \ LA LR
o] | | |
= 0 [ T I TR S I N |
k=) | ! | | .-'J | |
[ i i i i Ly ¢ la f la i Wi A I I'I'l
200 i 1 i i LIY LAY, N/ LAl LAY} LAF,
5 L ! I ] )
| il 14 L | N1 | W1 1 | ] | ] Ll
il 002 o0 0E 006 o1 oz 0.4 016 .18 0z
Time (5]

FFT arafyms

Fundamental (S0Hz)} =234.3, THD= 24.74%
20 -
Ll -
o L " I L I . |
0 = 0 15 20
Harmanic: medar
Puc. 3.2 T'apmoHiliHMI aHAITI3 BUTIAKY BUKJIFOYEHHS TPEThOi TApMOHIKH

3aJIeKHICT, 3Ha4YeHb KyTiB 6p 1 63 Big koedimieHTa MoOmyJsmii M,

npejcTaBieHa Ha puc. 3.3.

= ! ; ! ) ! ; —

i [ i . R i

........ e Y AL T T P
a0 : ] : ! e ! {
' v ' - . ' '

Puc. 3.3. 3anexHicTh 3HaU€Hb KYTIB Bijl KoedillieHTa MOAYIALIT M
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3.3 Bunaioxk BUKJIKYEHHS TPEThOI i I’TOI TrApMOHIK

3 Bupasy (3.1) s BunajakiB BUKIIOUEHHS 3 1 5 TapMOHIK OTPUMYEMO

CUCTEMY PIBHSHbD:
COS@, —CcOs@, +Ccosf, =m
Ccos 3¢, —cos 30, +cos36, =0; (3.7)
COS5¢, —cos56; + cos5¢, =0
Je M — KoedIIiEHT MOTYJISIIII.
3 nonomoror dopmyi (3.8) 1(3.9):
cos360 = 4cos® & —3cos 6. (3.8)
cos50 =5cos@ —20cos®* @ +16cos’ 6.  (3.9)

cucremMy (3.7) mepeTBOPUMO 10 HACTYITHOT'O BUY:

(cos@, —cos @, +cosf, =m

4cos® @, —cos36, — 4cos® @, +3cos b, + 4cos’® G, —
—3cosd, =0

15cos 0, —20cos® 6, +16cos® @, —5cos O, +
+20cos® @, —16cos® @, +5cos g, — 20cos® g, +

| +16co0s’ 6, =0

' (3.10)

[IpuBenemo cuctemy A0 anredpaidHOro BUIIISIAY, 3a AonoMoroo (3.11):
X, =C0S@,; X, = COS O;; X, = COS b, npuuomy
0=x,X,,% <1. (3.11)
[Tepenumemo cuctemy (3.10):
(X, — X3 + X, =M

4x° —3x, —4x,° +3x, +4x.° — 3%, =0

3 ’
Bx, — 20%° +16x%° — 5x, + 20%.° —16%° + 5x, — 20x2 + 12
|+16x,° =0
3aMIHUMO X1 = X3+ M — Xs, ToA1 cuctema (3.12), Oyae MaTu BUTJIA:
Apk
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—12X,°X; +12%x,X.° = 0;

| +80X,Xs" —60X,%;” = 0.

16m°® +80m*x® —80m*x, +160m°®x,” —320m°>x X, +
+160m°x.> —20m® +160m?x,° — 480m?*x,* X, + 480mM?*X, X, *—

—60m?x, —160m?x,°> + 60m?*x, + 80mx,* —320mx,°x, +

[4m® +12m?x, —12m?x, +12mx,? — 24mx,X, +12mx.> —3m —

+480mx,*x,> —60mx,* —320mx,X.> +120mx,X. +80mx."* —

—60mx,” +5m —80x,* X, +160%,°X.> —160%,°X.°> + 60X,°X, +

(3.13)

JUist BUpIIIEHHST JaHOT CHUCTEMH BUKOPHUCTOBYEMO TEOPII0 BHUKJIIOYEHHS 1

f(xX)=a,x"+ax" " +...+a,ig(x) =b,x" +b,x"" +

ne ag # 0,by # 0.

MOHSTTS pe3yabTanTa. J[Jig 3aranpbHOro0 BUIMAAKY MOJiHOMIB (3.14):

..+b,

, (3.14)

Cxmanemo kBaapatHy Matpuiro CuibBecTpa MOpAIKY M-+N, 3araibHUAN

BUIIAOK BUIJIAAA€ HACTYIITHUM YHMHOM !

JAC51.5105.04.001

3MH.

Apk.
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a, a a, a, O 0 0
0O a & a,, a, 0 0 il
0O O a, a, a, ||
M=|0 O b, b, b., b, |3
0 0 b, b b, 0 ||
0 Db, ... b, 0] 0 n
b, b, O 0]
JIist TOCiIKyBaHOTO BUTIAJKY KOS(DIIIEHTH HACTYITHI:
a, = 12m — 12X;
a,= 4m® — 12m?*x, + 12mx;> — 3m;
b, =80m — 80X;;
b, =160m? — 320mx, + 160x.°;
Apk
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b, =160m® — 480m?®x, + 480mM?*x.> — 60m — 160x.°+ 60X, ;
b, =80m* — 320m®x, + 480m?*x.> — 60mM?* — 320mx.° +

+ 120mx, + 80%.* — 60X.%;

b, =160m°> — 80m*x, + 160m®x.> — 20m°® — 160M?*x.° +

+ 60m®x, + 80mx.* — 60mMx.> +5m.

Cknagemo kBaapatHy Marpuiio M nopsaky 2 +4 = 6.

Pesynbrant R 3HaxoauThes sik BUsHauyHUK MaTpuili M. [{ist toro, mo6 fi g
MaJId CIIUTBHUN KOPiHb, HEOOX1IHO 1 JocTaTHhO BuKOHaHHS ymoBHu R(f, g) = 0.

3a momomororo Matlab 3naiinemo BusHaunuk, mis npukiany npu m = 0.5
oburcmumo KopeHi moiiHoMa (kox mporpamu Matlab 3naxoguts B momatky B),

BigOepemo moTpiOHi BiamoBigHo ymoBi (3.11): cosO; = [0.5927, 0.5927].

a, a a 0 0 O
O a, a a 0 O
M — O 0 a &a a O
O 0 0 &a a&a a,
O bO bl b 2 b3 b4
b, b b, b, b, O

[TizcraBmsiemo 111 3HAYEHHS 1 B APYTHH MOJIHOM, 3HAXOJUMO KOPEHI, TAKOXK
BimOmpaemo 1o ymosi (3.11): coss = [0.8285, 0.2688].

AHAJIOTTYHO MTICTaBISAIOYM 3HAYCHHsS COSOs 1 COSO3, B MEpUIMHA ITOJIHOM
OTPUMAaEMO 3HAYCHHS COSO;, mpoBipsemo mo ymoBi (3.11): cosfs = [0.2688,
0.8285].

Tak sx 3Ha4eHHS qyOJIIOI0TH OJUH OJHOTO, BI3bMEMO I10 OJTHOMY PIillIEHHIO.

O06unCcIMO apKKOCHUHYC KYTIB 1 IEpEeBEIeMO 3 pajiaH B TPAIyCH:

0, = arccos(0.8285) -180/ 7 =34.3788°;
@, =arccos(0.5927) -180/ = =53.8143°;
6, =arccos(0.2688) -180/ = = 74.6282°.
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[TincraBnsemMo 3HaYeHHs HaAmMX KyTiB B (yHKmito harmonics_3 5, o
HaBezieHa B noa. I, 3amyckaemo Simulink-moxens (muB. puc. 3.2), mo Mae 3MiHH
nuiie B BOyAoBaH1N ¢ yHKIIII.

3a gomomoror Oyoka Powergui oTrpuMaeMoO TapMOHIMHHN —aHai3,

npeacTaBlieHu Ha puc. 3.4.

Selected signal: 10 cycles. FFT window (in red): 4 cycles
]

" I T T p 1 I i it I '.. J|‘| I ]
20K |- Illul \ 'y i [ Il L] I"|'I 1Yy I 1
h 1 1 1 [ |
g 100p! } ! N YN K f -
E | | ] [ 1 |
g [ f [ | | | [
= 00 [ L/ | . s |
i 100 - il N n | L 0
20%) i i 1§ 'J.I Lid il T 1iid
1 |I|I Ly il
11 1 i 191 Illlll I|II|I 1 1] I|I'|| 11
0 002 0.04 D6 0.08 01 0.12 014 R ] 018 02
Tirne (%)
FFT arakysi
Fundamental (50Hz) = 234.3 , THD= 18.48%
16}
14|
]
T 121
4
=
Il
o 10 -
3
[T
= 8 2
£
g 5 i
=
; ‘ | " I I . |

Harmaonic order

Puc. 3.4 T'apMoHiitHUI aHami3 I BUMAKY BUKIIOUYEHHS TPETHOI 1 I1’ATOT rapMOHIK

Ha puc. 3.4 BumHO, 0 TpeTs 1 I’siTa TAPMOHIKK BUKJIIOYEHI, BIAMOBIIHO,
pO3paxoBaHi KyTH BIpHI 1 METOJ IO BUKOPHCTOBYETHCSA € €(MEKTUBHUM IS
MIABUIIEHHS SKOCTI CHEKTPAIbHOTO CKJIaAy BHUXIIHOI HANmpyrd aBTOHOMHOTO

1HBEpTOpa HATIPYTH.
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3.4 Bunaioxk BUKJIKOYEHHS II’ATOI i CbOMOI TapMOHiK

3 Bupasy (3.1) nnsg BUKIIOUEHHA 5 1 7 TapMOHIK OTPUMYEMO CHUCTEMY

PIBHSHB:

COs@, —cos@, +cosd, =m
COS5¢, — cos5d; + cos54, =0;
cos/6, —cos/g, +cos76, =0

Je M — KoedIIiEHT MOTYJISIIII.
3 nonomoror dopmyn (3.16) 1 (3.17):
cos560 =5cos@ — 20cos® @ +16cos® 6.

(3.15)

(3.16)

Cos76 = —7cos@ +56cos®*@ —112cos® & + 64cos’ 6. (3.17)

cuctemy (3.15) nepeTBOprMO 10 HACTYITHOT'O BU]TY:

(cos @, — cos, +cosd, =m

5cos 6, —20cos’ @, +16cos® 8, —5cos b, + 20cos® G, —
—16c0s’ g, +5co0s@, —20cos® @, +16¢0s° @, =0

+56c0s® @, +112cos® 9, —64cos’ G, — 7cos O, +
| +56c0s’ 9, —112cos’ 6, + 65cos’ &, =0

—7c0s0, +56¢0s° 0, —112c0s° 6, + 64cos’ O, +7cosb, + (3.18)

[IpuBenemo cuctemy a0 anreOpaidHOro BUTIIIAY, 3 JOIOMOT'OK0 3aMiHU

(3.18):
X, = 00391; X; = COS (95; X, = COS 97,anqOMy
0= X, X, X, <1.

[Tepenumemo cuctemy (3.18):

(3.19)

JAC51.5105.04.001
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~

X, — Xg + X, =M
5x, —20%° +16x° —5%.° —16x%.° + 5%, — 20x,° +

+16%,° =0

) 3 5 7 3 ) (3.20)
— X, +956X%X" —112X> + 64X~ + X, —96X." +

+112x,° — 64x," — 7%, +56x%,> —112x,° +

|+64x," =0

3aMIHUMO X1 = X5+ M — X7, TOAI:
16m®° +80m*x, —80m*x, +160m°®x.> —320m°>x.x, +160m®x.’
—20m® +160m?x.°> — 480m?*x.*X, + 480mM?x.X,” —60m?*x, —
—160m?x,° + 60m?x, +80mx,"* —320mx.°x, + 480mx,°X,* —
—60mx.> —320mx.X,° +120mx.x, +80mx,* —60mx, +5m —
—80X."X, +160X.°X,* —160X.°X,° + 60X.°X, + 80X X,"* —
—60%,X,° =0

64m’ + 448m°x, — 448m°x, +1344m°x.> — 2688mM°XxX,

—560m*x, — 2240m*x.* +560m*x, + 2240m°x.* —8960m°>x°x, +
+13440m°x,°x,? —1120m°®x.> —8960m°>x.x,° + 2240m°>x.X, +
+2240m°®x,* —1120m°x,% +56m° +1344m?®x.> —6720mM?x. "X, +
+13440m?x.°x,* —1120m?x,° —13440m?x.°x,° + 3360M?x,°X, +

+6720mM*x.X,* —3360m?*x. X, +168m?*x, —1244m?*x.° +

—560mx.* —8960mx.°x.* + 2240mx.°x, + 6720mx.*X,* —
—3360mx. X, +168mx.° — 2688mx.X,” + 2240mx.X.> —
—336mx X, + 448mx.° —560mx.* +168mx,* —7m —

—448X%.°X, +1344Xx.°X,? —2240%.*x.°> + 560x%.*X, + 2240x%.°X,* —
—1120x.°X,* —1344%.°X,*® +1120%.°X,°> —168X.°X, + 488X.X.° —

| —560x,%," +168x.X,” =0

+1344m°x,* —112m°® + 2240m*x.° — 6720m*x.*x, + 6720m*x. X,

+1120m?x,° —168m?x, + 448mx.° — 2688mx,°x, + 6720mx.*x,* —
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106 cxnactu MaTpuio CriibBecTpa 3HaiieMo KoedirieHTn a i b:

a, = 80m — 12X,;
a, = 160m* — 320mx, + 160x.,%;
a, = 160m° — 480m?x, + 480mx,° — 60m —160x,° + 60X, ;

a, = 80m* — 320m®x, + 480m?x,> — 60m?* — 320mx,* +
+120mx, +80x,* — 60x,%;

a, = 160m°> — 80m*x, + 160m°x,> — 20m® — 160m?x, +
+80mx,* — 60mx,* +5m ;

b, =448m — 448x,;

b, =1344m? — 2688mx, + 1344x.%;

b, =2240m® — 6720mM?x, + 6720mx,° — 560m — 2240x.,° +
+ 560x, ;%;

b, =2240m* — 8960m°®x, + 13440m?x,”> — 1120m?* —
-8960mx,° + 2240mx, + 2240x,* — 1120x,%;

b, =1344m® — 6720m*x, + 13440m°®x,> — 1120m° —

— 13440m?x.° + 3360m?x, + 6720mx,* — 3360mx,* +168m —
— 1344x.,° + 1120x,° — 168X,;

b, = 448m° — 2688m°x, + 6720m*x,> — 560m* — 8960m°x.°* +
+ 2240m°x, + 6720m?x,* — 3360mM?*x,”* + 168m® — 2688x,° +
+ 2240x%,° — 336mx, + 448x.,° — 560x," — 168x.,%;

b, =64m’ — 448m°x, + 1344m°x,> — 112m° — 2240m*x.°* +
+ 560m*x, + 2240m®x.,* — 1120m®x.?> + 56m°® — 1344m?®x.° +
+ 1120m?*x,° — 168m?®x, — 448mx,° — 560mx,”* +

+ 168mx,> — 7m;

Cknagemo kBaapaTtHy Matpulito M mopsiaky B BIAMOBIIHOCTI 3 HOPSAKOM

OTpUMAaHUX KOE(IIIEHTIB-MIOIIHOMIB, TOOTO JECATOrO:

Apk
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a, & a a a 0 O 0 0 O
O a, a4 a a a 0 O 0 O
O 0 a, a a a a 0 O O
O 0 O a & a a a O0 O
M — O 0 0 O &a &a a a a O
O 0 0O O O &a &a a a a,
O 0 O b, b b, b, b, b b
O O b, b b, b b, by by, O
O b, b b, bb b, b by 0 O
b, b b, b, b, b by 0 0 O

Pesynbrant R 3HaxoauThes sik BUsHauyHUK MaTpuili M. J{ist toro, mo6 fi g
MaJli CIIUTBHUN KOPiHb, HEOOX1IHO 1 JocTaTHhO BUKOHaHHS ymoBHu R(f, g) = 0.

3a momomororo Matlab 3naiinemo BusHaunuk, mis npukinany npu m = 0.5
oburciumo KopeHi momiHoMa (kox mporpamu Matlab 3naxoguts B momatky Jl),
BigOepemo moTpiOHi BiamoBiaHo ymMoBi (3.19): cosOs = [0.4654, 0.4654].

[TincraBmsiemo 111 3HAYEHHS 1 B APYTHH MOJIHOM, 3HaAXOJUMO KOPEHI, TaKOXK
BigOupaemo o ymosi (3.19): cos6; = [0.6419, 0.3234].

AHAJIOTTYHO MICTaBISAIOYM 3HAUCHHsS COSOs 1 COSO3, B MEpHIMHA IMOJIHOM
OTpHMaEeMO 3Ha4YeHHS CO0SO; , mposipsemo mo ymoBi (3.19): cosf; = [0.3234,
0.6419].

Tax sik 3HaYeHHS TYOJIIOI0Th OJMH OJHOTO, BI3bMEMO IO OJTHOMY PIIICHHIO.

O6uHnCcITUMO apKKOCHUHYC KYTIB 1 IEpEeBEIEMO 3 pajiaH B TPAIyCH:

6, =arccos(0.3234) -180/ 7 =50.0562°
g, =arccos(0.4654) -180/ 7 =62.2668°
€, =arccos(0.6419) -180/ 7z =71.1289°;

[TizcraBisieMo 3HaYEHHS HAIIUX KyTiB B PyHKIIit0 harmonics_3_5, mo
naBegeHa B Jlonatky E, 3amyckaemo Simulink-monens (auB. puc. 3.2), 1m0 Mae
3MiHU Julle B BOyA0oBaHIid PyHKIIII.

PesynbpTaT MonmemtoBaHHs 300paskeHUid Ha puc. 3.6:
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Bslocted signml: 10 eycles. FFT wd ndow (in ) 4 el as
¥ A 2 " ¥ L " N W

Furial grvin ikal (S0HE) = 234.3 . THD= 325.33%

olf Furda merlal )

Harmored: ot

Puc. 3.6 T'apMoHiiiHMIt aHa13 AJs BUMTAJKy BUKJIIOUEHHS I SITOT 1 CbOMOT TapMOHIK

Ha puc. 3.6 BumHo, mo m’sita i chOMa TapPMOHIKM BHUKIIOYCHI, 3HAYUTH
po3paxyHKu OyiM BUKOHaH1 MPAaBUIIBHO, CTIEKTPAIIBHUMA CKJIaJ BUXIAHOT HAIIPYTH
MTOKPaICHUH.

PesynpraT MomentoBaHHs B 0JlHO(A3HII MOCTOBIM CXeMi € 10Ka30M TOTO 1110
BUKOPHUCTAHHS METOAY BHKJIIOUCHb [JI TOMIYKYy HaO0Opy KyTiB KOMYyTaIlii
BEHTWJIBHUX €JIEMEHTIB 3 BHUKIIOYEHHSM 3a/laHUX CIEKTPAIbHUX CKJIAI0BUX
J03BOJISIE  BUKIFOYUTH  HeOakaHI TapMOHIKM 31 CKJIaJy  CHEKTPajJbHOI
XapaKTepUCTUKH BUXiAHOT Hanpyru. [Ipu iboMy nanuii MeTo moTpedye CKIaIHUX
O00YUCIICHD, TTOPSJIOK SKUX 30UTBIIYETHCA 31 30UIBIIEHHAM KUTBKOCTI TAPMOHIK 110

BUKIKOYaKOTBHCA.
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BUCHOBKH

JUIst MOCHIIKEHHST MOXJIMBOCTEW IMIJIBUILEHHS SIKOCTI BUXIIHOI HaIpyrH,
BUKOPUCTAaHUW METOJ BHUKIIOYEHb JJs TMOUIYKy Ha0Opy KyTiB KOMYyTallii
BEHTWJIBHUX €JIEMEHTIB 3 BHUKJIIOYCHHSAM 3a/JaHUX CIEKTPAIbHUX CKJIaJoBHX. B
JOCIIAHUIBKIN poOOTI B SIKOCTI 00’€KTa KepyBaHHS BUKOPUCTAHUN OJHO(AZHUIM
MOCTOBHH 1HBEPTOp HATIPYTH.

Po3poOnenuit ANrOpUTM PO3paxyHKY KYTiB NIEpEeMUKaHHS
HAMBIPOBITHIKOBUX MEPEMUKAIOYHNX MPUIAJIIB IS TPHOX BUIAJKIB BUKITIOYCHHS
HeOaKaHUX TapMOHIMHUX CKJIQJOBUX: TPEThOI, TPETHOI 1 M STOI, I’ STOI 1 ChOMOI
rapMoHik. B pe3ynbrari oOpaxyHKiB Oyl OTpUMaHi HACTYIHI KyTH: JJIsl BUAAKY
BUKJIFOUEHHS TPeThoi rapMoHiku 01=43,28°, 03=76,82°; nns BUNajaKky BUKIIOUCHHS
TpeThoi 1 m’sToi 0:=34,3788°, 03=53,8143°, 65=74,6282°;, nynst m’atoi 1 cboMOi
0,=50,0652°, 65=62,2668°, 6,=71,1289°.

Komm’rotepua mozens chopmoBana i mocmmkyetsess B Matlab-Simulink.
Buxoasuu 3 orpumaHux rpadikiB, MOXHa 3pOOUTH BUCHOBOK, IO 31 301IBIIICHHSIM
YHCjia TapMOHIK, 110 BUKIIFOYAETHCS, 30UTBIIYETHCS SKICTh CIIEKTPAIBHOTO CKIIATy
BUXIJHOT HAIPYTH aBTOHOMHOTO 1HBEPTOPA HAIIPYTH, IIPO 110 CBIIYUTH KOSHIIIIEHT
HEJTIHIHHUX CIIOTBOPEHb. AJle JaHUM METOJT Ma€ HEIOJIK, 11e CKIaaHI 00UNCIECHHS.

Pe3ynpTaTi 00uYMCIEHb 1 MOJECNIOBAHHS 3 JICSIKUMU JOMOBHEHHSMU MO>KHA

TaK0X BUKOPHCTOBYBATH JIJIsl OUTBII CKJIQJIHUX CTPYKTYpP aBTOHOMHHUX 1HBEPTOPIB

HaIpyrHu.
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JTOJATOK A

clear, clc
symsn 1in3mT 1T 3

k1 = cos(T_1)-cos(T_3)-m;

k1 =subs(k1,cos(T_1),n_1);

k1 =subs(k1,cos(T_3),n_3);

k3 = cos(3*T_1)-cos(3*T_3);

k3 = expand(k3);

k3 = subs(k3,cos(T_1),n_1);

k3 = subs(k3,cos(T_3),n_3);

k3 = subs(k3,n_1,m+n_3);

k3 = expand(k3);

v=1;

for m1=0.01:0.01:0.9

k3 _newl =subs(k3, m, ml);
k3_new = expand(vpa(k3_newl));
rootsM = solve(k3_new==00);
I=1;

for i=1:length(rootsM)

if (rootsM(i)>=0)&&(rootsM(i)<=1)
cosT_3(l)=rootsM(i);

I=1+1;

end

end

for i=1:length(cosT_3)

k1 new = subs(kl,{n_3,m}{cosT_3(i),m1});
cosT_1=solve(kl new==0);

end

T 3 r=acos(cosT_3);

T 3=vpa(T_3 r*180/pi,5);



T 1 r=acos(cosT_1);
T _1=vpa(T_1_r*180/pi,5);
T 1 all(v)=T_1,

T 3 all(v) =T_3;
m_0(v)=m1,

v=v+1;

end

plot(m_0,T_1 all,”*"
hold on
plot(m_0,T_3 all)
xlabel('m’)
ylabel('T_ETTA)
legend('T_1',T_3)

grid on



JIOJIATOK B

function [x_1,x 2,y 1,y 2] =fcn(T,T_sin)
TET1=43.221;TET2=76.779;
TETO=[TET1 TET2];
TET=[00000000000000];
TETs =0;

1=1;

TET(1) = TETO(L);

TET(2) = TETO(2)-TETO(1);
TET(3) = 180-2*TETO(2);

TET(4) = TETO(2)-TETO(1);
TET(5) = TETO(1);

TET(6) = TETO(L);

TET(7) = TETO(2)-TETO(1);
TET(8) = 180-2*TETO0(2);

TET(9) = TETO(2)-TETO(1);
TET(10) = TETO(1);

for I=1:1:10

TETs = TETs + TET(l);

end

for I=1:1:10

TET(l) = TET(I)/TETS*T_sin;
end

t = mod(T, T_sin);

t_sum=0;

q=1;

whilet_ sum<t

t sum=t sum+ TET(q);
ift_sum>t

break

end



q=q+1;

ifq>10

q=10;

break

end

end

x_ =[0101000000];
y =[0000001010];
x_1=x_(a);

y 1=y (a);

X_2=x_(q);

y_2=y_(9);

if (x_(q)==y_(a))
x1=1;

y 1=1;

end

end



JIOJIATOK B

clear, clc
symsn 1n3nb5mT 1T 3T5
k1 = cos(T_1)-cos(T_3)+cos(T_5)-m;
k1 = expand(k1);

k1 =subs(k1,cos(T_1),n_1);

k1 =subs(k1,cos(T_3),n_3);

k1 =subs(k1,cos(T_5),n_5);

k3 = cos(3*T_1)-cos(3*T_3)+cos(3*T_5);
k3 = expand(k3);

k3 = subs(k3,cos(T_1),n_1);

k3 = subs(k3,cos(T_3),n_3);

k3 = subs(k3,cos(T_5),n_5);

k3 = subs(k3,n_1,m+n_3-n_5);

k3 = expand(k3);

q = coeffs(k3,n_3);

g=q(end:-1:1);

k5 = cos(5*T_1)-cos(5*T_3)+cos(5*T_5);
k5 = expand(k5);

k5 = subs(k5,cos(T_1),n_1);

k5 = subs(k5,cos(T_3),n_3);

k5 = subs(k5,cos(T_5),n_5);

k5 = subs(k5,n_1,m+n_3-n_5);

k5 = expand(k5);

w = coeffs(k5,n_3);

w=w(end:-1:1);

M=[q(1)q(2)q(3) 000

0q9(1) g(2) a3)00
00q(1)a(2a3)0

000q(1) a(2) a(3)

0 w(l1) w(2) w(3) w(4) w(5)

w(1) w(2) w(3) w(4) w(5) O];



m1=0.7;

detMO1 = det(M);

detMO02 = subs(detM01, m, ml);
detM = expand(vpa(detM02));
rootsM = solve(detM==00);

I=1;

for j=1:length(rootsM)

if (rootsM(j)>=0)&&(rootsM(j)<=1)
cosT_5_1(I)=rootsM());

I=1+1;

end

end

V=2;

cosT_5(1)=cosT_5 1(1);
for j=2:length(cosT_5 1)
cosT_5(v)=cosT_5_1(j);
for I=1:length(cosT_5)-1

if cosT_5(v)==cosT_5(l)
cosT_5(V)=[];

v=v-1,

break

end

end

V=v+1 ;

end

cosT_3 2=[];

for j=1:length(cosT_5)

p3_new = subs(k3,{n_5m},{cosT_5(j),m1});
cosT_3_1=solve(p3_new==0);
cosT_3 2=[cosT_3_2;cosT_3 17;

end



cosT_3 2;

v=1;

cosT_3 3=[];

for j=1:size(cosT_3_2,1)

for I=1:size(cosT_3_2,2)

if (cosT_3_2(j,1)>=0) && (cosT_3_2(j,1)<=1)
cosT_3 3(j,1)=cosT_3_2(j,1);
end

end

end

v=1;

for j=1:size(cosT_3_3)

if cosT_3 3(j)==0
cosT_5()=[I;

else

cosT_3(v) = cosT_3_3(j,:);
V=V+1;

end

end

for j=1:length(cosT_3)

T_3 _r(j)=acos(cosT_3(j));
T_3())=vpa(T_3 _r(j)*180/pi,5);
end

T 3;

for j=1:length(cosT_5)

T 5 r(j)=acos(cosT_5(j));

T _5())=vpa(T_5_r(j)*180/pi,5);
end
T_5;

cosT_1 2=[];
for j=1:length(cosT_5)

pl_new = subs(kl,{n_5n 3,m}{cosT_5(j),cosT_3(j),m1});



cosT_1 1=solve(pl_new==0);
cosT_1 2=[cosT_1 2;cosT_1 17;
end

cosT_1 2;

cosT_1=[];

for j=1:size(cosT_1 2,1)

for I=1:size(cosT_1_2,2)

if (cosT_1_2(j,1)>=0) && (cosT_1_2(j,1)<=1)
cosT_1(j,1)=cosT_1_2(j,1);

end

end

end

cosT_1;

for j=1:length(cosT_1)

T_1 r(j)=acos(cosT_1(j));

T _1())=vpa(T_1_r(j)*180/pi,5);
end

T 1,



JOJATOK I

function [x_1,x_2,y_1,y_2] = fen(T,T_sin)
TET1=34.378;

TET2=53.814;

TET3=74.628;

TTO=[TET1TET2 TET3],

T a=[TET1TET2TET300000000000];TETs=0;
T_a(l) =TTO(1);

T_a(2) =TTO0(2)-TTO(1);

T_a(3) =TTO(3)-TTO(2);

T_a(4) = 180-2*TTO(3);

T_a(5) =TTO(3)-TTO(2);

T_a(6) =TTO(2)-TTO(1);

T_a(7) =TTO(1);

T_a(8) = TT0(1);

T_a(9) = TT0(2)-TTO(1);

T_a(10) = TT0(3)-TTO(2);

T_a(11) = 180-2*TTO(3);

T_a(12) = TT0(3)-TTO(2);

T_a(13) = TT0(2)-TTO(1);

T_a(14) = TT0(1);

for I=1:1:14

TETs=TETs + T_a(l);

end

for I=1:1:14

T a(l) =T_a(l)/ TETS*T_sin;
end

t_=mod(T, T_sin);
t_sum=0;

m=1,

while t_sum<t_



t sum=t sum+T_a(m);
ift_sum>t_

break

end

m=m+1,

ifm>14

m = 14,

break

end

end

x_ =[01010100000000];
y =[00000000101010];
X 1=x_(m)y_1=y (m);

X 2=x_(m)y 2=y (m);

if (x_(m)==y_(m))

x1=Ly 1=1,

end

end



JIOJIATOK 11

clear, clc

symsn ins5n/mT1T5T7

k 1 =cos(T_1)-cos(T_5)+cos(T_7)-m;
k_1 =expand(k_1);

k 1 =subs(k_1,cos(T_1),n_1);

k_1 =subs(k_1,cos(T_5),n_5);

k 1 =subs(k_1,cos(T_7),n_7);

k 5 =cos(5*T_1)-cos(5*T_5)+cos(5*T_7);
k 5 =expand(k_5);

k_5 =subs(k_5,cos(T_1),n_1);

k_5 = subs(k_5,cos(T_5),n_5);

k_5 =subs(k_5,cos(T_7),n_7);

k 5 =subs(k_5,n_1,m+n_5-n_7);

k 5 =expand(k_5);

m = coeffs(k_5,n_5);

m=m(end:-1:1);

kK 7 = cos(7*T_1)-cos(7*T_5)+cos(7*T_7);
k 7 =expand(k_7);

k 7 =subs(k_7,cos(T_1),n_1);

k_7 =subs(k_7,cos(T_5),n_5);

k 7 =subs(k_7,cos(T_7),n_7);

k 7 =subs(k_7,n_1,m+n_5-n_7);

k 7 = expand(k_7);

n = coeffs(k_7,n_b);

n=n(end:-1:1);

M =[ m(1) m(2) m(3) m(4) m(5) 00000
0m(1) m(2) m(3) m(4) m(5) 0000
00m(1) m(2) m(3) m(4) m(5) 000
000m(1) m(2) mB) m(4) m(5)00
0000 m(1) m(2) m(3) m(4) m(5) 0



00000 m(1) m(2) m(3) m(4) m(5)
000 n(2) n(2) n(3) n(4) n(5) n(6) n(7)
0 0 n(1) n(2) n(3) n(4) n(5) n(6) n(7) O
0 n(1) n(2) n(3) n(4) n(5) n(6) n(7) 0 0
n(1) n(2) n(3) n(4) n(5) n(6) n(7) 0 0 O;
m1=0.5;

d_MO01_ = det(M);

d_MO02_ =subs(d_MO01_, m, ml);
det_M = expand(vpa(d_MO02_));
rootsM = solve(detM==00);

q=1;

for I=1:length(rootsM)

if (rootsM(1)>=0)&&(rootsM(l)<=1)
cosT_7_1(q)=rootsM(l);

q=g+1;

end

end

cosT 7 1,

p=2;

cosT_7(1)=cosT_7_1(1);

for I=2:length(cosT_7_1)
cosT_7(p)=cosT_7_1(I);

for g=1:length(cosT_7)-1

if cosT_7(p)==cosT_7(q)
cosT_7(p)=0;

p=p-1;

break

end

end

p=p+l;

end

cosT_7(2)=[];



cosT_5 2=[];

for I=1:length(cosT_7)

k5_new = subs(k_5,{n_7,m}{cosT_7(l),m1});
cosT_5 1=solve(k5_new==0);
cosT_5 2=[cosT_5 2;cosT_5 17;
end

cosT_5 2;

cosT_5=[];

for I=1:size(cosT_5_2,1)

p=1;

for g=1:size(cosT_5_2,2)

if (cosT_5_2(l,q)>=0) && (cosT_5_2(l,q)<=1)
cosT_5(l,p)=cosT_5_2(1,9);
p=p+1;

end

end

end

cosT_5(;,3)=[];

cosT_5(2,)=[];

cosT_7(2)=[];

cosT_7=cosT_7;

cosT_1 2=[];

for I=1:length(cosT_7)

for q=1:size(cosT_5,2)

pl new =subs(k_1,{n 5,n 7,m}{cosT_5(l,q),cosT_7(l),m1});
cosT_1 1=solve(pl_new==0);
cosT_1 2(l,g)=cosT_1 1;

end

end

cosT_1 2(3,)=[];

cosT_5(3,)=[];

cosT_7(3)=[];



cosT_1=cosT_1_2;

for I=1:length(cosT_7)

T 7 r()=acos(cosT_7(I));

T __7()=vpa(T__7_r()*180/pi,5);
end

T 7,

for I=1:size(cosT_5,1)

for g=1:size(cosT_5,2)
T_5_r(l,g)=acos(cosT_5(1,q));

T _5(1,9)=vpa(T_5_r(l,q)*180/pi,5);
end

end

T_5;

for I=1:size(cosT_1,1)

for q=1:size(cosT_1,2)

T_1 r(l,g)=acos(cosT_1(l,q));
T_1(l,9)=vpa(T_1_r(l,q)*180/pi,5);
end

end

T 1,
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function [x_1,x 2,y 1,y 2] =fcn(T,T_sin)
TET1=50.0652;

TET2=62.2668;

TET3=71.1289;

TETO=[TET1 TET2 TET3];
TET=[TET1TET2TET300000000000];
TETs =0;

TET(1) = TETO(L);

TET(2) = TETO(2)-TETO(1);
TET(3) = TETO(3)-TETO(2);
TET(4) = 180-2*TETO(3);
TET(5) = TETO(3)-TETO(2);
TET(6) = TETO(2)-TETO(1);
TET(7) = TETO(L);

TET(8) = TETO(L);

TET(9) = TETO(2)-TETO(1);
TET(10) = TETO(3)-TETO(2);
TET(11) = 180-2*TETO(3);
TET(12) = TETO(3)-TETO(2);
TET(13) = TETO(2)-TETO(1);
TET(14) = TETO(L);

for m=1:1:14

TETs =TETs + TET(m);

end

for m=1:1:14

TET(m) = TET(m)/TETS*T_sin;
end

T_=mod(T, T_sin);

T sum = 0;

0=1;



while T_sum< T_

T_sum = T_sum + TET(q);

if T_sum>T_

break

end

q=q+1;

ifg>14

q = 14,

break

end

end
x_=[01010100000000];
y =[00000000101010];
x_1=x_(a)y_1=y_(a);
x_2=x_(a)y_2=y_(a);

if (x_(9)==y_(a))

x1=1y 1=1;

end

end



Abstract

Converters, such as inverters, are used to change electrical energy parameters, for
example, to obtain a voltage constant from a constant or to change the frequency of a
voltage. At present, autonomous voltage inverters are widely used for power supply of
various devices, including for power supply to consumers with high demands on the
quality of supply voltage, such as radio engineering and telemechanical systems, as well as
electric drives of various purposes.

A specific indicator of the quality of electricity is the cleanliness of the power
supply, including voltage changes and distortion of the signal. Harmonies arise when non-
sinusoidal currents and voltages are generated in the power system; they are usually called
harmonic distortions. The main conditions causing problems associated with harmonics in
power systems are the presence of nonlinear loads in the power supply system.

All power electronic converters used in different types of electronic systems can
increase harmonic pollution by introducing harmonic currents directly into the network.

Therefore, it is necessary to develop an autonomous inverter with a low harmonic
distortion factor, in its output characteristics of current and voltage. There are ways to
combat higher harmonic components, such as filters, while the elimination of low
harmonic harmonics is a rather complex and still topical task.

The purpose of this work is to study the spectral characteristics of the output voltage
of the autonomous voltage inverter, the analysis of their harmonic composition and its
improvement by using the method of programmable uniform search of an optimal set of
values of switching angles to exclude undesirable harmonic components.

Inverter in the broad sense is a device that transforms one form of energy into
another.

A stand-alone inverter is a device for converting DC into a variable that operates on
a network that does not have other power sources with constant or regulated output voltage

and frequency values. This is the main difference between this kind of inverters from
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controlled inverters, which also convert DC to a constant but operate on an AC network.
The load of an autonomous inverter can be a single consumer (AC motor, electric
installation) or an extensive customer network (several loads that provide the technological
process).

An autonomous inverter generates an alternating voltage in the load by periodically
connecting it to a voltage source due to the alternating inclusion of the device valves,
which can be performed in single-phase and three-phase circuits. As the keys, IGBT
bipolar transistors with isolated shutter and single-or double-acting GTO thyristors and
their improved modifications GCT, IGCT, SGCT are mainly used. When using single-
circuit thyristors, the circuits are supplemented by elements intended for switching
thyristors. One of the main elements is a capacitor. It is important to note that the purpose
of the capacitors is not limited to locking thyristors. Capacitors can be used to form the
curve of the output voltage of the inverter and to determine the nature of the processes
occurring in the system.

Independent voltage inverters are rarely used as an independent converter, they are
basically a structural component of a transforming system, usually an element of the
frequency converter. The requirements for the output voltage characteristics are quite
different and they are directly dependent on the concept of the system. In some cases,
methods of forming a voltage curve intersect with methods of forming its value, for
example, when using pulse-width modulation (PWM).

Form the voltage at the output of the autonomous voltage inverter in several ways:
amplitude control; phase regulation; pulse-width modulation.

The concept of the amplitude control method is based on the fact that the voltage at
the output of each AIN is proportional to the input voltage. Thus, the change in the average
value of the input voltage generates a change in the voltage amplitude at the output of the
AIN. This type of frequency control is realized in the structures of the IF with a link of

direct current.
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Wide-Pulse Modulation (PWM) is one of the most effective methods for improving
the quality of the output voltage spectrum of the autonomous voltage inverter. The essence
of the method is that the output voltage is formed in the form of high-frequency pulses
whose duration is modulated according to a predetermined law, often sinusoidal. The
frequency of modulation is the frequency with which the pulse duration changes, and the
frequency of repetition of pulses is the switching frequency. Using the appropriate filters,
you can easily suppress the harmonics that multiply the switching frequencies. This is due
to the fact that the switching frequency is usually much higher than the modulation
frequency.

At the moment, there are many different types of PWM, according to various
features.

From the principle of operation of the voltage inverter it follows that inverters of this
type are formed on a stress load of rectangular shape, which in most cases is undesirable.
Indeed, the voltage of the rectangular shape has a very high rate of change on the fronts,
which leads to the formation of powerful interference. In addition, the presence of higher
harmonics in such a curve causes additional losses in the load, and can also cause other
undesirable effects: for example, in the alternating current motors, the third harmonic of
the voltage creates a triple frequency spin field. When using an autonomous voltage
inverter in uninterruptible power supply units or in onboard AC systems, in most cases it is
required that the output voltage of the source has the shape of a curve close to the
sinusoidal. The deviation of the output voltage curve from the sinusoid is estimated using
the harmonic coefficient given above.

The magnitude of the harmonic coefficient can be measured in percentages and
should, of course, lie within 5 - 10%. Thus, when developing devices based on an
autonomous voltage inverter, the task of improving the output voltage spectrum to the level
provided for by the technical task is often raised. The following basic techniques for

Improving the spectrum of the output voltage of the autonomous voltage inverter are now
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known: the method of selective exclusion of several harmonics; programmable modulation
method; mode code pulse width regulation; use of power filters; corrective devices.

The method of selective exclusion is based on the setting of fixed switching angles
oy and oy thyristors. At certain angles o there are no corresponding harmonics.

The method of selective exclusion of several harmonics can be used with explicit
limitations of the frequency of pulse modulation. Usually, in such cases, low-frequency 3,
5 and 7 harmonics of the frequency spectrum of the voltage are excluded. This follows
from the dependence of the amplitudes of higher harmonics on the width of the pulses. For
example, in circuits of single-phase autonomous inverters of voltage working with
switching of keys once for each half-period, output voltage pulses have a rectangular
shape.

The programmable modulation method is ideally suited for searching the pulse
sequence, which eliminates the selected harmonic components by the criterion of
minimizing the harmonic distortion coefficient in the presence of powerful computational
capabilities. The essence of this method is to find the optimal form for the criterion of
minimizing the harmonic distortion coefficient with a given number of switching power
keys and the current value of the signal in the fourth period.

The process of optimization calculations is carried out on a stand-alone computer on
a personal computer. The switching angles are stored in the memory of the PWM
controller. Since these angles are always synchronized with the main component, the
harmonic spectrum is free of subharmonic components.

Pulse switching always works in sync so that the number of impulses per loop
should change discretely, since the frequency decreases in order to maintain a good signal
quality. Since the complexity of the calculations increases significantly with the increase in
the number of angles of switching, this method is often combined with sampling methods
for a better result.

Nonlinear load consumes periodic, but non-sinusoidal current.
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Examples of nonlinear loads are: gas-discharge and fluorescent lamps, LED lamps,
welding plants, electric arc furnaces, some types of transformers and chokes, pulsed power
supplies, inverters, converters in any equipment of home appliances (computers,
uninterruptible power supplies, televisions, AC motors with frequency regulation, inverter
air conditioners, washing machines with frequency controlled rotational speed).

Consumption of a nonsynoid current generates higher harmonics, which, along with
the main harmonic effect on sources, cables, consumers and other equipment.

In this work, a single-phase asynchronous motor will be used as a load because in
the operation of an asynchronous motor under the conditions of a non-sinusoidal voltage,
its power factor and torque on the shaft changes.

The urgency of using asynchronous motors also increases the need to find relevant
management approaches and increase the efficiency of the machine itself.

In this paper, the improvement of the electrical energy quality indicators
characterizing the non-sinusoidal voltage is considered. Non-sinusoidal voltage - distortion
of the sinusoidal shape of the voltage curve. If the load in the system is linear, then the
current in all branches is sinusoidal. The presence of a nonlinear load leads to the
appearance of non-sinusoidal currents in all branches of the electrical network, which leads
to the emergence of a non-sinusoidal voltage curve at all points in the network, which
negatively affects the operation of the electrical network.

The sources of distortion are power transformers, which operate at an increase in the
values of magnetic induction in the core, converters to alternating current and electric
receivers with non-linear volt-ampere characteristics (or nonlinear load).

The analysis of voltage non-sinusoidal is an integral part of the system of
operational quality control of electricity. To do this, on the control tire of the respective
control points, the analyzers of the nonsinusoidality, together with the buffer units, are
installed. To analyze the nonsinusoidality of voltage regimes, no spectral components are

decomposed. Thus, in order to increase the accuracy of measuring the parameters of the
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non-sinusoidal voltage, it is necessary to increase the accuracy of the estimation of the
harmonic components of the voltage.

Also, for quantification of the non-sinusoidal voltage, one can indicate the definition
of such a value as the coefficient of nonlinear distortion THD.

Non-sinusoidal voltage caused by higher harmonics negatively affects the operation
of power equipment, relay protection and automatics in power supply systems of industrial
enterprises. In case of non-compliance with the norms of the harmonic distortion
coefficient of the shape of the voltage curve, total losses of electricity increase, the lifetime
of isolation of electric machines and apparatus decreases, increasing the frequency of
accidents in cable networks and causing failures in the systems of relay protection,
automation, telemechanics and communication.

When working asynchronous motor in a non-sinusoidal voltage, its power factor and
torque on the shaft may decrease. For example, if the amplitude of the fifth and seventh
highest harmonics of voltage is respectively 20 percent and 15 percent of the amplitude of
the first harmonic, the motor's power factor decreases by 26 percent compared to its
sinusoidal voltage.

Significantly influenced by the harmonic visa on the insulation of electric machines,
condensers, as well as measuring instruments and automation devices. Distortion of the
shape of the voltage curve activates the appearance and flow of ionization processes in the
isolation of electric machines and transformers. In this case, local defects in isolation
develop, which lead to increased dielectric losses and reduced service life.

The most noticeable effect of higher harmonics is on the operation of capacitor
batteries. Condensers operating under non-sinusoidal voltage, in many cases, quickly fail
due to explosions and forms of deformation. The reason for the destruction of capacitors is
overload with currents of higher harmonics, which arises, as a rule, when there is a

resonant regime in the network at the frequency of one of the harmonics.
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In the non-sinusoidal mode of the network there is an acceleration of aging isolation
of power cables. Investigation of cables operating at sinusoidal voltage level at higher
harmonics in the voltage curve in the range of 6.85% showed that for 2.5 years the leakage
current increased by 36%, and in 3.5 years it was already 43%.

Higher harmonics in the network worsen the work of telemechanical devices, if
power lines are used as communication channels. Higher harmonics lead to a deterioration
of high frequency communication and automation systems, as well as cause false alarms of
some relay protection.

Higher voltage sharmonics affect the error of electrical measuring devices. Induction
counters of active and reactive energy with a non-sinusoidal voltage have a rather large
error, which can reach 10%.

The model of the bridge single-phase inverter is based on blocks of Ideal switch and
reverse diode diode.

The Ideal switch is controlled by blocks of the Data Type Conversion, which
converts the input signal of any type of Simulink data into the given data type and the
Matlab function block, which allows calculation of the function during the simulation. To
initialize it, the Constant unit with values 1/50 is used to specify the Tsin parameter. To
specify the time parameter, the Constant unit with a value of 1 and the Integrator unit is
used which outputs the integral value of its input signal by time. The output parameters of
the Matlab function block are the corners of the switching of the key elements. The load is
a Single Phase Asynchronous Machine single phase induction motor from the
SimPowerSystems library with the parameters given in Fig. 3.3, the moment of which is
given using the Constant block value of 0.5. Input power supply inverter is 200V.

To study the possibilities of improving the quality of the output voltage, the method
of programmable uniform search of the optimal set of values of the angles of commutation
Is used. In the research work as a control object, a single-phase bridge inverter voltage was

used.
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The algorithm of calculation of switching angles of semiconductor switching devices
for three cases of exclusion of undesirable harmonic components is developed: the third,
third and fifth, fifth and seventh harmonics. As a result of the calculations, the following
angles were obtained: for the case of excluding the third harmonic 6, = 43,28 °, 03 =
76,82°; for the case of the exclusion of the third and fifth 0, = 34,3788 ©, 63 = 53,8143 °, 05
= 74,6282°; for the fifth and seventh 0; = 50,0652 °, 65 = 62,2668 °, 6; = 71,1289 °.

The computer model is formed and investigated in Matlab-Simulink. Based on the
obtained graphs, it can be concluded that with the increase of the number of exclusionary
harmonics, the quality of the spectral composition of the output voltage of the autonomous
voltage inverter increases, as evidenced by the coefficient of nonlinear distortion. But this
method has a drawback, it is a complex calculation.

The results of computations and modeling with some additions can also be used for

more complex structures of autonomous voltage inverters.



