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peryiboBaHi €IeKTPOIPUBO/IH.

B poboTi mnpomoHyroThCS METOAM, IO JI03BOJAKTH E€JIEKTPOIPUBOY
MOJI0JIATH TPOBAJI HANPYTd 13 30€PEKEHHSIM PEKUMY IPUBOJHOTO MEXaHIZMYy
BJIACHUMM CWJIaMH, O€3 BHUKOPHCTAHHS JIOAATKOBMX HAKOMHUYYBayiB Ta
nepeTBoproBaviB. Pe3ynbTar JOCSraeThCsl LUISIXOM 3MIHU CTpaTerii yrnpaBJiiHHS
NEPETBOPIOBAYaMH Y CKJIAJll EJIEKTPOTEXHIYHOI'O KOMIUIEKCY EJIEKTPOIPUBO/LY.
3anexHo BiJ ITMOUHU MPOBATY HANPYTH, MOXKHA MPOJOBKUTUH POOOTY 3 MOTOYHOIO
MOTY)KHICTIO B PEXKHUMI OCJIa0JICHOTO MOJIsl, 3SHU3UTH CIIOKUBAHY €JIEKTPOIIPUBOJIOM
MOTYXKHICTh, a00, 0€3 MOKIMBOCTI IPOJIOBKYBAaTH PoOOTY, ONTUMI3YBAaTH YMOBHU
ABTOMATHYHOTO ITOBTOPHOTO ITYCKY MPUCTPOIO.

ABSTRACT
of the bachelor's qualification work
"Modernization of a frequency-controlled electric drive to ensure uninterrupted
operation in the distribution network of the enterprise”

The work contains 57 pages, 22 references and 10-sheet appendixes.

Keywords: electric drive, frequency converter, frequency-controlled electric
drives.

The work proposes methods that allow the electric drive to overcome a voltage
drop while maintaining the drive mechanism mode on its own, without using
additional storage devices and converters. The result is achieved by changing the
strategy for controlling the converters in the electrical complex of the electric drive.
Depending on the depth of the voltage drop, it is possible to continue operation with
the current power in the weakened field mode, reduce the power consumed by the
electric drive, or, without the possibility of continuing operation, optimize the
conditions for automatic restart of the device.
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BCTYII

[TpoBast HanpyTH — 11€ KOPOTKOYACHE 3HIKCHHSI YNHHOTO 3HAUYCHHS HATIPYTH
MEpPEXI1 KUBJICHHS HE HUKYE 5% BiJl HOMIHAJIBHOTO 3HAUYEHHS, TPUBAIICTIO JI0 JIBOX
CeKyHJI. 3a JIaHUMU CBITOBOI CTaTUCTHKH B PO3MOAUILYUX MEPEKaX IMIANPUEMCTB
MepeBaKaroTh MPOBAJIM HANPyru riubuHoro He meHue 20% BeIUYMHM HANpPyru
’KMBJICHHSI 1 TPUBAIICTIO TOPSJIKY COTEHb MUIICEKYH], IO CTAHOBUTH KIJIbKa
NEePIOIB HANPYTX KUBJICHHS.

HeBijg'eMHOIO 4aCTHHON  CyYaCHMX  IIPOMMCIOBHX  MIANPUEMCTB 13
Oe3nepepBHUM BHUPOOHUYUM MIPOLIECOM, Y TOMY YHMCII MIANPUEMCTB TIPHUUOL
IPOMHUCIIOBOCTI, € TEXHOJIOTIYHI YCTaHOBKM 3  YaCTOTHO-PEryJIbOBAHUM
enexkTponpuBoioM (YPIT). KopoTkodacH1 3HMKEHHS HAMIPYTH 4acTO MPU3BOIATH 10
nepepuBaHHs iX poOOTH Ta MPOCTOX O0JIaJHAHHSA, IO TATHE 3a coboro Opak Ta
HEJOBUITYCK MPOJYKIii. Y JESKUX BUNAKaX aBapiiiHa 3yIMHKA MOYKE IIPU3BECTH J10
MOIIKO/IKEHHS YCTAaHOBKHU.

Jlns BupinieHHs npoOIeMH IPONOHY€ThCS:

- ONTHUMI3yBaTH TOMOJIOTIKO PO3MOALILY0I MEpPEkKl 3HWKEHHS BILUIMBY
SIBUL, 10 3HUXKYIOTh SIKICTh €JIEKTPOEHEeprii, Ha KOMIUIEKC TEXHOJIOIT4YHOTO
yCTaTKyBaHHS;

- NEPEeBOAUTH BIINOBIAAIBHUX CIIOKMBAYIB JKUBJIEHHS Bl BJIACHUX
reHepaTopiB;

- BCTAHOBJIIOBATH Y PO3MOLIBYY MEPEXKY MIANPUEMCTBA TMPUCTPOI, 110
3a0€e3MeuyoTh JUHAMIYHY KOMITEHCAI[II0 MPOBAIIB HAMIPYTH;

- MIAKII0YATH HAKOIIMYYyBayl eJIeKTPOeHEPrii 10 BIANOBIaIbHUX BY3JIiB
eJIEKTPOMEPEKI MIANPUEMCTBA;

- BKJIIOYATH HAKOIIMYYBaul €JIEKTPOEHeprii 0e3mocepeHb0 A0 CKIIaay
BpazinuBux YPII.

Takox IpOMOHYIOTHCS METOM, 110 J03BOJIIIOTH €IEKTPOIIPUBOY MO0JIATH
MpoBajl HAMpPYTrH i3 30€pEKCHHAM PEKUMY TMPUBOAHOTO MEXaHI3My BIACHUMH
cwiaMM, 0e3 BHKOPUCTAHHS J0JAATKOBMX HAKONUYyBayiB Ta IE€PETBOPIOBAYIB.

Pesynbrar nocsiraeThesi NUIIXOM 3MIHU CTpATEril yIpaBiHHS NEePEeTBOPIOBAYAMH Y
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CKJIa/ll €JIEKTPOTEXHIYHOTO KOMIUIEKCY EJICKTPONPHUBOAY. 3aJIeKHO BiJl IMIMOUMHH
IPOBaJly HAMPYTH, MOYKHA MIPOAOBKUTH POOOTY 3 MOTOYHOIO MOTYKHICTIO B PEXKHIMI
0CJ1abJIEHOTO TMOJIsl, 3HU3UTHU CIIOKHUBAHY €JIEKTPONPUBOAOM MOTYXKHICTh, a00, 0e3
MOJKJIMBOCTI MPOJOBXKYBaTH poOOTYy, ONTUMIZYyBaTH YMOBH aBTOMATHYHOI'O
MOBTOPHOT'O ITyCKY MPUCTPOIO.

Jlnsg ycmimHOT peanizauli cTparerii  ynmpapiliHHs, $IKI 3a0e3leuyroTh
Oe3nepebiitHy poOOTy eJEeKTPONPHBOJY 1111 Yac MpOBaJliB HANpyru, chopmyBaTH
HOBE 3aB/IaHHs HEOOX1HO /10 3HMXKEHHS HaNpyTru JJaHKu rnoctiiHoro crpymy (JIIIC)
10 KpUTHYHOTO piBHA. Bi1oMo, 110 9ac cnpaiibOByBaHHS pejie 3aXUCTy MiHIMAIbHOI
Hanpyru ctaHoBUTh Bij 20 10 40 MUTICEKYH/T MICII OYATKY MPOBALYy HAIPYTH.

Sk 3ac10 1o10aHHS MPOBAJIIB HAMPYTH TaKOXK PO3TIISAAETHCS BKIIOUCHHS 10
CKJIally €JNEeKTPOTEXHIYHOTO KOMIUIEKCY €JIEKTPONPUBOAY aKTHBHOTO BUIIPSAMIISIYA
(AB), 3BaxkarouM Ha 3JATHICTh MPHUCTPOIO MIATPUMYBATH HANpPYyry JIaHKH
MOCTIMHOTO CTPYMYy Ha piBHI 3aBaaHHa. OHaK, NMPU HECUMETPUUHHMX ITpOBaJIax
Hanpyru (y 80% BunagkiB MpoBajM HANpyrd HECUMETPHUYHI), A JOCATHEHHS
3aJlaHUX BX1JHUX CTPYMIB IMOTPIOHO BHOCUTH KOPUI'YBaHHS B CUCTEMY YIIpaBJIIHHS
NEPETBOPIOBAYEM, 1110 BPAXOBYE HECUMETPIIO HANPYTH KUBIICHHS.

Y 3B'i3ky 3 muM s 3a0e3neueHHs OesrnepeOiiinoi podotu YUPII mpwu
IpoBajiaX HAMPYrd aKTyaJlbHOIO € 3aBJIaHHS MaKCUMaJIbHO IIBHIKOTO BH3HAYEHHS
BEJIMYMHU HANPYIH KUBJICHHS 1 nepeadadenHs auHaMiku 3minu Hanpyru JIIIC y
pa3i HEKepOBaHOro BUMIPSMIIAYA, a00 KOPUTYBAaHHS CHUCTEMHU YIPABIIHHS 3
ypaxyBaHHSM OTPUMaHHX TPO HANpPYTy J>KUBJICHHS JAaHUX Yy pa3i aKTUBHOTO
BUTIPSAMJISYA.

Meta poboTn

IligBumeHHs eQEeKTUBHOCTI POOOTH  EIEKTPOTEXHIYHOIO  KOMILIEKCY
YaCTOTHO-PEryJbOBAHOIO E€JICKTPONPHBOLY ULUIIXOM OOIPYHTOBAHOTO BHOODPY
AJITOPUTMIB KepyBaHHs [IPUBOJOM Y PEKUMI IIPOBALY HAIIPYTH.

OcCHOBHI 3aBIaHHA A0CJIi/IZKEHHS

1.  Anami3 NpakTHKM Ta Yy3araJlbHEHHsS NEpeloBOr0 JOCBIAY 100

BU3HAUYEHHS MapaMeTpiB HANpyrd Mepexi MpU MpoBajax HANpyru, NOpiBHIbHA
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OIIIHKa BIJJOMHX CIOCOOIB BHpIIICHHS 3a4adl IIBUAKOAII, HEOOXIIHOT KUIHKOCTI
BUXI/IHMX JJAHUX 1 TOYHOCT1 BUZHAYEHUX MapaMETPIB.

2. Po3poOka anropurmy BuzHaueHHs napamerpiB Hanpyru JITIC YPII 3
[TAaCUBHUM BHIIPSMIISIYEM HA OCHOBI HAMMEHILOI1 KUIBKOCTI BUMIPIOBAHb HAIPYTH
JKUBJICHHSI.

3. Komn'torepue MonemoBanHs pobotu UYPII 3  HekepoBaHUM
BUIIPSMIISIYEM BU3HAYEHHS AUMHaMIKK 3MiHK Hanpyru JITIC npu npoBanax Hanpyru
PI3HHMX THITIB 1 OLIHKK TOYHOCTI pOOOTH 3aIPONIOHOBAHOIO AJITOPUTMY.

4. JlocnipxenHs poO0TH e1eKTPOIIPUBOAY, 110 BKIIIOYAE A0 CBOTO CKIaay
AB Hanpyru BU3HAY€HHS BIUIMBY 3 HOro po0OTy HECUMETPHUYHHUX IIPOBAJIB
HAMpyry pi13HOIro THUITY.

S. Po3poOka cucremu ynpasninas AB, 1110 BpaxoBye napameTpu Hapyru
MEpeXKl Ta TOpIBHAHHS BIUIMBY IIEPETBOpPIOBaYa Ha MEPEXKY NpH podoTi 3

KJIACUYHOIO CUCTEMOIO YIIPABIIHHS Ta 13 3alpONOHOBAHOI0 B YMOBAaX MpPOBAIY

HAIMpPYTH.



1 METOJIU ITEHTU®IKALII TPOBAJIIB HAIIPYI'U 1
BOPOTBBH 3 HUMMU
EnexTponpuBoj 371aTHUN MATPUMYBATH MPale31aTHICTh B YMOBAX MPOBay
HaNpyrd pi3HUMHU criocodamu (HarpHKiIajl, MEPexolOM B PEXKUM 0CIabiIeHOro
10Jist), OJIHAK IS 1[bOTO CHUCTEMI YIIpaBJiHHS HEOOXIJHO 3a3[dajerijib OTpUMATH
JlaHl MPO JMHAMIKY 3MIHM HampyTH y JaHIl MOCTIHHOIO CTPyMy, IO MOKIIHBO,

SIKILLO B1JIOMI ITapaMeTpy NPOBAJLy HAIIPYTH.

1.1 IlpoBanu HAmpyru B eJNEeKTPHYHHUX Mepekax 3 TOYKH 30py
NOKA3HUKIB TAa HOPM AKOCTI eJICKTPUYHOI eHeprii

Y HOpMaJILHOMY peXKUMI1 pOOOTH /1104l 3HaUYCHHS HANpyT Tpuda3zHOi MEpexK]
3HaXOaAThCsA B Mekax 10% Bim HominaneHoi Hanpyru U,,, Mepexi. BiamosigHo,
MaKCHUMaJIbHUM 3HA4eHHSAM HOpPMaJIbHOI Hampyru € BenuuuHa piBHa 1,1 U,y , a
MiHiMaibHUM 0,9 U,,,. Hanpyru [3]. [HTeHCHUBHICTH mNpoBajdy HANpyru

BU3HAYAETHCS 3AIMIIKOBOI) HAMPYTO0 MEPEXKI Ta il TPUBANICTIO |

AU:MIOO%. (1.1)

HOM

[Tpu 1ipbOMYy SIKIIO 3aMINKOBA HANIPYTra CTAHOBUTH MeHIe 5% BiJl OMOPHOTO,
BBAXKAIOTh, 1110 B1A0YJIOCS NIepepUBaHHS HAIIPYTH.

TpuBanicTs npoBaly HaIpPyru f, BU3HAYAETHCS MPOMDIKKOM 4acy 3 MOYaTKy
MpOBaJly HANpPyru f,,, 10 BIAHOBJICHHS HAampyru B ycix ¢azax Mepexl 10
MOPOTOBOTO 3HAYEHHS f,, |pPUBANICTh TMPOBAIIB HAMPYrd HE MEpeBHILyE |
XBUJIHHY.

OCHOBHUMHU TPUYUHAMU BUHUKHEHHS MPOBAIIB HAMIPYTH B PO3TOIIIHLYHX
MEpeKax HHU3BKOI Ta CEpellHbOI HANpyrm € KOpPOTKI 3aMMKaHHS [5] Ta
HEPEryJIbOBaHUN ITyCK IOTY)KHOTO HaBaHTaxkeHHs [6]. CTpyM KOpPOTKOro
3amukanfs (K3) BUKInKae 101aTKOBE MaAIHHS HATIPYTH JIIHIT eJIeKTponepeaadi, o
MPU3BOAUTE /10 3HWKEHHS HAIpPYrd B TOYLI MiAKIIOYEHHS HaBaHTaxeHHS. [lyck

MOTYXHOI'O HABAHTAXKCHHA, TaKUH SIK ElCHHXpOHHi Ta CHHXpOHHi CIICKTPOABHUI'YHH,
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TaKOX BUKJIUKA€E CTPYMH, IO MEPEBULIYIOTh HOMIHAJIbHI B 5-7 pa3iB, 110 TaKOX

MPU3BOIUTH 10 BUHUKHEHHS JOAATKOBOTO MMa/1iHHS HAMIPYTH B JiHI1 [4].

1.2 YacTroTa BUHMKHEHHSI POBAJIB HANPYI'H B €JIEKTPUUYHHUX MepeKax

[TpoBasiu Hanpyru — sBUILE HEPiAKe. 3riHO 31 CTATUCTUKOI, HABEJICHOIO B
[4], Hali0O1IBIIOTO MOIIMPEHHS B KaOENbHUX Mepexax HaOysld NMpoBaM Hapyru
rimouHo 10 30% 1 tpuBanictio a0 100 mc (5 nepioiiB HaNpyru KUBJICHHS),
JPYTUM 32 MOIIMPEHICTIO € MPOBAIN HANPyru rinduHoo J10 30% 1 TpUBaIICTIO J10
500 mc. Cepen BUNAAKIB, L0 3AJMILMINCS, YACTIIE 32 IHIIMX 3YCTPIYarOTHCA
MPOBAJIM HANMPYTH TIMOMHOIO OJu3bko 40% 1 TpUBAIICTIO 10 25 NepiojiiB HANPYTH
JKUBJICHHSI.

Jlns  3MmimaHux  Mepek  CTaTUCTUKA  aHaloriyHa, TMPOTE€  YacTile
3yCTpIYAKOThCS MPOBAIM HAPYTry IIUOMHOI0 10 40% 1 TpUBAJIICTIO 10 5 MepioiB
HANPYTH )KUBJICHHS. TaKOX y TAKUX MEpeKax MIMPOKO MOUIUPEHI TPOBAIX HATIPYTH
rinbunoio 10 100% (dakTHuHO epepuBaHHS HATIPYTH), TPUBAMICTIO 10 1 CEKyHAH
(50 nepioiB HaNPyTH KUBJICHHS).

HaBeneHna crarucTtuka MiATBEPKYEThCS JaHMMM, 10 310paHi B 1HIIMX
KpaiHax. AHaII3 JaHUX PO MPOBAIM HAMPYTH, 310paHux B ABcTpaitii [5] mpoTsirom
JEB'ATH POKIB, ITOKa3ye, 110 76% Bij 3arajibHO1 KIJIBKOCTI MPOBAJIIB HANPYTH TPUBAE
menuie 800 muticekyH (10 40 nepiojiiB HAIPYTH KUBJICHHS ), IPH 1IboMy 25% Bij
3arajibHO1 KUIBKOCTI ITPOBAJIIB HAIIPYTH CTAHOBJISATH MPOBAJIM HAMPYTH TPUBAIICTIO
5-6 mepioiB KHUBISIUOT HANIPYTH HAIPYTH. 3a3HAYEHO TaKoXK, 1o y 70% BUMaaKiB

riimOuHa npoBaliiB He nepesuiye 30%.

1.3 Knacudikauis nposaJjiiB Hanpyru

Jlunamika rpoBajy Halpyr'y onMcaHa B JiTeparypi 6araro pasiB i HaBEJICHO
0arato MPUKIIAAIB 3MIH Hampyrd, 3adiKCOBAaHUX IIJ 4Yac IPOBAJIIB HANPYTH B
eHeprocucreMax. [IpoBasl Hapyrm MOXHAa PO3IUIMTH HA TPU TMEPIOAM, TEPioj
3HUKEHHS HAlIPYTH Bl IOYaTKOBOI'O (HOPMaJIbHOI0) J10 3aJIMIIKOBOIO 7', ; TIEPIOL,

IPOTATrOM SIKOTO MiITPUMYEThCS 3HM)KEeHA Harnpyra 1 ,,> 1 1epiojl BiJHOBICHHS
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Hanpyru a0 HopmaibHoro 71 ,,3 . Ilepiog T ,,> 3a3BH4ail 3Ha4yHO OlIbBIIE JBOX
IHIIINX, TOMY TIPU KJacuQiKallii MpoBaliB HAIPYTH OMUCYEThCs came BiH [9]. Ha puc.

1.1 cxeMaTH4HO 300paX€HO €Tany MPOBaTy HANPYTH.

I
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Pucynox 1.1 — JluHaMmika 3MIHM YMHHOTO 3HA4YEHHSI HANPYru B OHIN 13 (a3

TpU(ha3zHOI MepexkKi NPH MPOBaji HAIPYTH

[IpoBasin Hampyru MNOAUISIOTE HA CHMETPUYHI Ta HECUMETPUYHI.
CHUMeTpHYHUM HA3UBAIOTh MPOBAJ HATIPYTH, TIPOTITOM SIKOTO HAmpyra BCIX TPhOX
(a3 Mepexi 3HUKYEThCS OJHAKOBO. [IpUYMHOIO TAKOro THIly MPOBAJIIB HANPYIH
Moxke Oytu Tpudazne K3 abo npsmuii 3amyck mnoTy:xkHOro jasuryHa. Jlo
HECUMETPHUYHMX BIJHOCATS 1HILI TUIIU MIPOBAJIIB HANIPYTH, BOHK OyBalOTh BUKJIMKAHI
0J1HO(a3HUMU 1 JBOPa3HUMU KOPOTKMMH 3aMUKaHHsAMH. Ha Tun nposaiy Hanpyryu,
KpIM IIPUYMH BUHUKHEHHS, BIUTUBAE PEKUM HEUTpaJl, CIocoOu 3'€ JHaHHS 0OMOTOK
TpaHchOpMaTOpiB B MEPEXKI, A€ BIIOYIOCT KOPOTKE 3aMUKaHHS, 3'€IHAHHS OOMOTOK
B HABaHTa)KCHHI.

Tpaguuiitno s omMCcy HECUMETPUYHUX PEXKHUMIB  pOOOTH Mepexi
3aCTOCOBYETHCSI METOJI CUMETPUYHUX CKIAJOBUX [5] HaMOLIbII MOBHO OIHUCYE

pexuM poOOTH MEpeki, Ha OCHOBI HassBHUX AaHHUX 1po (a3ny Hanpyry. OTpumani
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BEJIMYMHU CUMETPUYHHX KOMITOHEHTIB MOKHA BUKOPHUCTOBYBATH Uil PO3PAXYHKY
pexuMy poOOTH MEPEXI.

Takox ans knacugikaiis mpoBasliB HaNpyru 3py4yHo 3actocoByBath ABC
MeToj [4, 6], 3acHOBaHMI Ha IpyIyBaHHI PI3HUX MPOBAJIB HANPYIH MO aMILTIITY 1
Hanpyr Tpudaznoi mepeski Ta 3cyBy (a3 mix Humu. [IpoBan Hanpyru BIAHOCATH 10
OJIHIET 3 CEMHU TIpyN, KOXXKHAa 3 SKMX Ma€ IMEBHI BJACTHBOCTI NPHU MOIIMPEHHI

€JICKTPUYHOI MEPEeKI, 1110 3HAYHO CIPOIIYE aHaJI3 aBapIHOIO PEKUMY.
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Pucynok 1.2 — Tunu nposauiB Hanpyru B ABC knacugikanii

Po3riissHeMo JesiKi BJIaCTUBOCTI Ta O3HAKH IIPOBAJIIB HAMPYTH PI3HOIO THITY.
[IpoBan Hanpyru tuny A (pucyHok 1.2) € CUMETpUYHUM MPOBAJIOM HAIPyIru MpU
tpudazHomy K3, xapakTepHuii 17isi MEpeXK PI3HUX peKUMax poOoTu HeuTpaml. Tum
B i E onucyrors ogHo¢a3Hi Ta AB0¢a3HI TPOBAIU, IPUUUHOIO BUHUKHEHHS SKUX €
KOPOTKI 3aMHUKaHHSI Ha 3eMJII0 B MEpEXi 3 IVIyXO 3a3¢MJICHOK HEHUTpaJulio, IO
3ycTpiuaroThes vactime iHmux [9]. Tunu C ta D TpamisiioTbest B €IEKTPUUHUX
Mepexax npHu ABo(azHOMy KOPOTKOMY 3aMuKaHHi. IIpoBanm mampyrm tuny F 1 G
XapaKTepH1 JUII MEpEkK 13 130JIbOBAHOK HEHTPall0, OCHOBHOIO INPUYMHOIO iX
BUHUKHEHHS € KOPOTKI MibkdasHi 3aMUKaHHS [5].

VY po6oTi mig yac onucy nposaiiB Hanpyru Oyjae BukopucroByBatucs ABC

KJacuikalis, OCKIJIbKM BOHA JIy»Ke 1H(pOpMaTHBHA.
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1.4 BmiauB npoBajiiB HANpPyru HAa eJeKTPONPHBOA HAK eJIeMeHT

0e3nepepBHOro BUPOOHHYOIO Npouecy

KopoTkoydacHi npoBajii Hanmpyru, IO XapakTepu3yrTbcs TpuBaiicTio 50-
200 mc 1 riubunow 10-40% (HaWNOIIMpPEHIilll B MPOMUCIOBHUX EJICKTPUYHHMX
Mepexax), MOXKYTb MPH3BOJAUTH JO TOPYIUIEHHS TEXHOJOTIYHOTO IIPOIIECy,
NPOCTOK BUPOOHUITBA Ta Opaky NMpOAYKLIi BHACHIJOK BIJIKJIKOYEHHS 4aCTOTHO-
peryiboBaHoro npuBoay Bijg Mepexi [8]. BinOyBaeTbcs 1ie BHACIIIOK 3HUKEHHS
Hanpyru y nanmi noctiHoro crpymy (JIIIC) mpuBoay Ta crnpanboBYBaHHI pele
3axXucTy MiHiMaiabHOT Hanpyru (3MH).

Onnodasni mpoBaid HaNPYTy, 0 BUHUKAIOTH Y Mepexi Harpyroio 380 kB
Ha 3aBoal «MMK Metalurji», wuyepe3 TpanchopmaTop NEPEXOAWIH Y
BHYTPILIHBO3aBOJCBKY Mepeky 34,5 kB, 1110 )KUBUTb €IEKTPONPUBO,] CHUHXPOHHHUX
IBUTYHIB CTaHy Trapsyoro TMpPOKAuyyBaHHS 3 YACTOTHUM PEryJIOBaHHSM,
noTykHicTIO Big 6,5 mo 9,5 kBt. Hecumerpiss Hanpyr Ha BBEIEHHI YaCTOTHUX
NIEPETBOPIOBAYIB, 110 YIPABISAIOTH €JIEKTPOIPUBOIOM, IPU3BOJUTD 10 3HUIKCHHS
HAIIPyry MOCTIMHOrO CTPyMy Ta BIIAKJIIOYEHHS IEpeTBOpIOBaYa BiJl MEpexi dyepes
CIIPAIFOBAHHS  3aXMCTy  MIHIMQJAbHOI  HAmpyru.  3yOHHKAa  TOJOBHHUX
€JICKTPOIPUBO/IIB TEXHOJIOTYHOI YCTAHOBKH 13 3aCTPATaHHAM CMYI'H B IPOKATHUX
KJITAX JIKBIAYETHCS MPOTArOM 2 TOJMH, MPOTIArOM ILLOI0 4Yacy HiJINPUEMCTBO
MpunuHie poOOTy, a 3aroToBKa, 10 3ynuUHWIAcA, momagae B Opak. [IpobOrnema
[IPOBAJIIB HANpPyr'W B I[bOMY BHUNAAKY Oyja BUpINIEHA BKJIIOUEHHAM B MEPEXY
HIANPUEMCTBA AKTUBHOI'O CTATUYHOIO KOMIIEHCATopa, 1o jaemiidye mpoBasu
HAINPYTru OpH X BUHUKHEHHI.

Ha nadronepepodnomy nignpuemctsi TOB «KIHE®» 3 2011 no 2014 pik
Oyno 3adikcoBaHO B cepeHbOMY 24 rnpoBaiu Hanpyru Ha pik. Y 80% Bumajkis
(dikcyBanucs nposanu 3aBriubiiku 20-40% 1 tpusanictio 100 mc [7]. B xoai aBapii
CIpallbOBYBaJIM pejie 3axucTy MiHIManbHOI Hampyru (pene 3MH) y nanmi
HOCTIHHOTO CTPYMY II€PETBOPIOBAYIB YaCTOTH ACHHXPOHHUX Ta CHUHXPOHHHUX

€JICKTPOINPHUBOIIB Ta BiAKIIOUanu iX Bia Mepexi. [licis BiIHOBIEHHS HaIpyru
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CUCTEeMa  aBTOMAaTHMYHOTO  [OBTOPHOTO  IIYCKYy  BIJIHOBIIOBaja  poOoTy
TEXHOJNOTIYHOTO Koja. OnpHak Oya0 BCTAHOBJEHO, IO pele aBTOMATHYHOTO
MIOBTOPHOTO MYCKY HE CMpalboOBYBajo Nnpu mnpoBaii Hanpyru meHuie 100 mc (5
NepioJliB HANPYTH JKMBJIEHHSA), B TOW 4ac sK yac crpaiboByBaHHs peie 3MH B
cepeiHboMy cTaHoBUII0 20-40 mc (1-2 nepioy HANIPyTH KUBJICHHS ). TaKuM YHHOM,
€JIEKTPOABUTYHH, 3YIIHHEHI IiJ] Yac MPOBaJy HANPYTH, HE 3aIyCKaJHCs MOBTOPHO
aBTOMAaTUYHO 1 BUMarajld Py4HOro nepesarycky.

[TignpuemcTBa  ripuu4og00yBHOI  rajmy3i  4acTo  BILAJaleHi  Bij
LIEHTPaJII30BaHOI €HEPrOCUCTEMH, a BUPOOHNYI 00'€KTH 4aCTO PO30CEPEKEHI, 0
poOuTh X EHEeproCUCTEMH BpaA3JIMBUMHU JIO IPOBAJB HANpPyru. YCTaHOBKU
€JIEKTPOBIALICHTPOBUX HACOCIB HA POIOBHIII )KUBISATHCS BIJI JIiHIT eIeKTponepeaayi
6 xB, MarictpanbHa yacTHHA IPOMUCIOBOI Mepeki nepesuiye 10kM, TpUBaIIiCTh
BIJraJIy’K€Hb JJOXOJIUTH 10 S5 KM. Y poboTax [5-6] mokazaHo, 110 MPOBAJIX HANPyTH
rimbunorw 20% 1 TpuBamicTio Onu3bko 180 MC mpuU3BOAMAM 10 3YINUHKHU
3aHYPIOBAJIbBHUX HACOCIB, II0 BeIO A0 30010 TEXHOJIOTIYHUX IPOIIECIB,
TIOMUJIKOBOTO CHPAlbOBYBAHHS CHCTEM MEpPEXKEBOI aBTOMATHUKM 1, SIK HACIiJOK,
MiJBULLIEHHS BTpaT HATOBUIOOYTKY.

3 omucyBaHOIO MTPOOJIEMOIO0 CTUKAIOTLCA TAKOK MPH MIA3€MHOMY BUI00YTKY
KOPHMCHHUX KOIAJIMH, HAIIPUKJIa/1, ISl IPOBAJIiB HAIIPYTH BPa3JIUBUI €JIEKTPOIIPUBO/L
IaxTHOI MigdoMHOT ycTaHOBKM [8]. Jlis migBUILEHHS CTIMKOCTI €JIEKTPONPHUBOLY
noTyxHIcTiO 315 kBT 10 mpoBasiiB HANIPYTH ABTOPH MPOINIOHYIOTH BUKOPUCTOBYBATH
Oatapero CynepKOHAEHCATOPIB JJIsi KOPOTKOCTPOKOBOI MIATPUMKH HAMPYTH JTAHKH
MOCTIMHOTO CTPyMY Ha HOpMaJibHOMY piBHI mipotsarom 100 mc.

3 mnpobneMoI TMpOBaNIB HAMPYrd CTUKAIOTBCA W Yy MeEpekax TArOBOTO
TPAHCIIOPTY. 30LIbIIEHHS TSATOBUX HABAHTA)KEHb NIPU3BOAUTH 10 MIJKIIOYEHHS Ha
napajesbHy poOOTy pe3epBHUX BUIIPSIMIISIIBHUX arperaTiB Ha TATOBUX IIACTAHLIAX,
[0 CYMPOBOKYETHCS KUIKOM CTpyMiB. [IpoBanu Hanmpyru, 1m0 BUHHKAIOTH MPU
IIbOMY, INPHU3BOAATH 1O IOMMJIIKOBOIO CIIPAallbOBYBAaHHS KOMILUIEKCY TEXHIUHHUX
3ac001B MOJEpHI3allil Ta MPUCTPOIO KOHTPOJIIO CXOAY PYXOMOI'O CKJIaay, a TaKOox

BIJIKJIFOUYEHHS! (iZIepiB HETATOBHUX CIIOXKKUBaYiB [2].



15

31 CX0KO0I0 TPOOIEeMOI0 3ITKHYJIMCS Ha ra3onepexayyBajbHIA CTaHIi B
Hopsgerii [4]. Ctaniis npu3HaueHa 1ist eKCOPTY a3y, BUJA00OYTOTO B MIBHIYHOMY
Mopi cnioxxuBadaM y benbrii, ®@panuii, Himeuunni, BenukoOpuranii Ta o0nanHaHa
KOMIIPECOpaMM, IO HaBOJIATBCA B PyX IUNICTbMa CHHXPOHHUMHU JBUTYHAMHU
notryxHictio 41,2 MBT 3 4acTOTHO-peryjibOBaHUM  €JICKTPOIPHUBOJIOM.
Hecumerpuuni npoaiu Hanpyru, Tpusaiictio i 50 no 150 minicekynn (2,5 - 7,5
NEPIOIB HANPYTH KUBJICHHS), BUKIMKAIM aBapiiiHy 3YNUHKY KOMIIPECOpIB IO
CTBOpIOBAJIO HeOe3rneky i TpyOOnpoBOJY BHACIHIJOK KOJMBAaHb IIBHJIKOCTI
MOTOKY ra3y, 10 3yMOBIIOIOTH JOJATKOBHUI HAarpiBaHHs TpyO. ABapiiiHa 3yNHUHKA
KOMIIPECOPIB BHMarajga py4YHOrOo Nepe3amycKy, L€ CBOE 4Yepry 30UIbLIyBalio
npoctuii  cranmii. Onucany npobieMy Oy/0 BHPIIIEHO IUIIXOM BHECEHHS
KOPUTYBaHb JI0 aJITOPUTMY VIPaBIiHHA TMepeTBoproBaueM. HoBwuii anroputm
YIpaBJIiHHS 3HMKYBaB LIBUAKICT OOEpTaHHS ABUIYHA IPHU PI3KOMY 3MEHIICHHI
MOMEHTY CHJIM, 1[0 BUMIPIOEThCS 3 HMOro Baly, IO € XapaKTePHOK O3HAKOI0
pOBajy HAMPYTH.

Kpim Oesnocepennbo 3HmxkeHHs Hanpyru JIIIC, enekrpornpuBoa Moxe
BIJIKJIFOYUTUCS B1JI MEPEXI BHACIIJIOK 3HMIKEHHS HANPYXKEHOCTI MAarHiTHOTO IOJIs,
1[0 YTPUMY€ KOHTAKTOP Y BKJIIOUEHOMY TOJOkKeHH1 [9]. Buknukano me tum, 1o
CuJIa, 110 YTPUMY€E KOHTAKTOP Y BKJIIOUEHOMY IOJIOXKEHH1, TPOIOpIiiHA KBaapaTy
HAIpPYTH, 1110 )KUBUTb €JICKTPOMATrHIT.

[cHye MeTOon OIIHKM €KOHOMIYHOI IIKOAW BIJ TPOBAIB HAMNpyrd Ta
pPO3paxyHKH, OTPUMAaHI B pe3yJbTaTl CIOCTEPEKEHb 32 pOOOTOK €HEPrOCUCTEMHU
Hingepnanais [10], miaTBepKYIOTh NPUITYIIEHHS PO T€, 110 30MTKU Bijl IIPOBAJIIB
HAMpPYTry IpsMO TIPOMOPIIMHI KUIBKOCTI CIIOKUBAYIB, SIKI 3yMUHUIN pOOOTYy y pasi
3HWKEHHS  Hanpyrd. ToMy  NiABMILEHHS  CTIMKOCTI  KOJKHOI  OKpeMoil
€JICKTPOYCTAHOBKHM BEJIE J0 3HMKEHHS 30MTKIB BiJl IIPOBAJIIB HAIIPYTH.

HaBezneni npuxinaamn nokasyoTh, HI0 3 MPOOJIEMOI0 CTIMKOCTI IPU MpoBaliax
HAIPyTH CTUKAKOTBCS E€JIEKTPONPUBOAM B HIMPOKOMY [Jlama3oHl MOTYXKHOCTI BijJ

JECATKIB 1 COTEHb KUIOBAT J0 JecATKiB Merapar. HeOe3meka uisi HOpMalbHOT
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poOOTH  YacCTOTHO-PETyJIbOBAHOTO  EJIEKTPOIPUBOJY € TPOBAJIOM  HaNpyr#

TpuBamicTiO B 50 Mc 1 rmubunoro Big 20%.

1.5 Metoau 60poTs0H4 3 MPOBaJaMu HANPYIH Y MepexKax NPOMHCI0OBUX
MiANPHEMCTB

Hageneni y nonepelHbOMY pO3Iiil MPUKIAIM UIIOCTPYIOTh aKTYyalbHICTh
po0JieMy BUHUKHEHHS IPOBAJIIB HANIPYTH Y PO3MOAUIBUUX MEPEkKax MiAIPUEMCTB.
Onucana npobiiema HE € HOBOIO Ta Ui 3HWKEHHS BIUIMBY IPOBaiB HANpPyru Ha
poOOTY KPUTHYHO BAKIIMBUX BUPOOHUYHMX YCTAaHOBOK pO3pO0OJIEHO Pi3HI CTpaTerii.
IcHye nBa pi3HHMX KJacu poO3B's3aHHsA 1bOro 3aBiaHHs. Ilepumii kiac Bkirovae
pilIEHHS MOB'SI3aHI 3 ONTUMI3ALIEI0 SISKTPUUHOT MEPekKi Ut MiHIMI3Zalii o0xacTi
PO3IMOBCIO/KEHHS, TTTHOMHU Ta YaCTOTH BHHUKHEHHS TIPOBaNiB Hampyru. Jpyra
rpyna pilieHb copsiMoBaHa Oe€3rocepelHbO Ha IO0J0JIaHHS TPOBaly HANpyrH
3ac00aMH €JIEKTPOIIPUBOAY. Y PO3ALI1 PO3IIITHEMO eIy TPYIY CIIOCOOIB.

KapannansHO BIUTMB KOPOTKHX 3aMHUKaHb Ha (OPMYBAHHS MPOBATIB HATIPYTH
B TOYLl  MIJKJIIOYEHHS  HaBaHTAXEHHS  3MEHLIye  CHocid  mojiny
BHYTPIIIHBO3aBOJICHKOT MEpEXi MiANPUEMCTBA BHUCOKOI HANPYrd Ha HE3aJIEKHI
KOHTYpH, 3B'S30K MIDK SKHUMH 30€piractbCcst depe3 30BHIIIHIO  MEPEKY
€JIEKTPONOCTa4aHHs BUCOKOT Hanpyr [ 13] anapariB Ha MiICTaHLISAX Ta B IIUTOBHX,
110 BeJie J0 301IbIIEHHS BUTPAT Ha €JIEKTPOYCTATKyBaHHSI.

B sikocTi 60poThOHM 3 TpoBaiaMu HANIPYTH MPOMOHYETHCS BUKOPHUCTOBYBATH
ICHYIOUy Ha NIJIPUEMCTBI CUCTEMY PEIEHHOIO 3aXUCTy 1 aBTOMATHKH, HAIIPUKIIA]
3JIIMCHIOBATH aBTOMATHYHE BKJIIOUeHHs pe3epBy (ABP) nipu nposani nanpyru [9].

JIng miATpUMKH HAampyrd B TOYIl MPUEIHAHHA HABAHTAXKEHHS MOXe OyTH
BUKOPUCTaHMH BoabTOAOAaTKoBUM TpaHcpopmatop (B/T). IlepBunna obmotka
B/IT BritouaeThes 110 JIiHIT eJIeKTporepeaayl napajieibHo, a BTOpUHHA ITOCII10BHO,
TaK, 110 Hampyra Ha BTOPUHHIA OOMOTII JOJAE€THCSA 10 HANPYrd B TOUIIl
HiAKII0YEHH TpaHcopmaTopa. Y HOpMaIbHOMY pPeXuUMI poOOTH TpaHCHOpMaTOp
KOMIICHCY€E TaIiHHSA Hanpyru JiHii enekrponepenaui. Ilpu mpoaii jgoaaTtkoBa

Hanpyra 3ade3neuye HopMaJbHUN peXuM poOOTH 00JIaHAHHS, MIAKIIYEHOr0 10
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Mmepexi. Binomi keposani BJIT 31aTHI nepeMUKaTH 4YUCIO BUTKIB Y TEPBHHHIN
00OMOTII, TUM CaMUM peryJiioi koedimieHT Tpanchopmaiii Ta HekepoBani B/IT 3
nocTiitHuM KoediuienTom Tpanchopmanii. Jns 60opoTsbu 3 mpoBasiaMu Harpyru
3aCTOCOBYIOTHCsI 00MIBa BHM [5].

[TocTiitHe »KUBICHHS BIAMOBIIAJbHUX CIOKUBAYIB BiJl BIACHUX T€HEPYIOUUX
CTaHIIN MaJIoi MOTYKHOCTI TAKOXK PO3IJIAIA€ThCSA K 3aXUCT €JIEKTPOYCTAHOBOK BiJl
poBajiB Ta nepepuBanb Hanpyru [20], mepeBaru Ta HEJOJIKM TAKOTrO PILLICHHS
OueBHIHI. YTBOpeHAa Yy Takuil crnocid JokajgbHa EHEProCMCTEMAa ITOBHICTIO
130J1p0BaHa BiJl BIUIMBIB 30BHINIHBOT MEPEXI 1 1I€ MOBHICTIO 3HIMAE MIpodiIeMy
npoBajiiB Hanpyru. Lle pimeHHs, nmpoTe, BUMarae Ceprho3HOro OOIPYHTYBAaHHS,
OCKLJIbKHM MOTpeOy€e BCTAHOBJCHHS OIS MIAMPUEMCTBA KOMIUIEKCY YCTATKYBAHHS,
noTpedye kBani(hikoBaHOTO 0OCITyroByBaHHs [4].

Jlxepena 6e3nepebiiinoro xkupnenns ([1bX), taki sk akymynsaTopHi 6atapei
(AB) ta pesepsH1 ausenb-reHepatopHi npuctpoi (I'T] sBisioTs codoto 3'eHaHHA
CHHXPOHHOTO TE€HEepaTropa Ta AW3EIbHOTO IBUTYHA), TAKOXK PO3IIIAJAIOTHCH SIK
3acobu OopoTeOM 3 TpuBamuMH (Ouible 1C) mpoBajslaMu Harpyru. Y CTaHOBKa
IPUCTPOIB JI03BOJISIE MIPH 3HWXKEHHI HAIIPYTH 10 TPAHMYHOIO 3HAYEHHS NEPEeHTH Ha
pe3epBHE KUBJICHHS 3 HACTYMHUM IMIJIKIIOUYEHHAM JI0 MEPEXI MPHU BIIHOBJICHHI
Hanpyru. Ilpu mnepepuBaHHSX HaNpyrd MNIATPUMYIOTH EJIEKTPOIIOCTaYaHHSI
CIIO’KMBAYiB MPOTSAIOM KUIBKOX TOJAMH, JOKM HE BHUTPATATh NAJIMBO 4HU 3apsil.
AKyMyJISATOpHI Oatapei sk MpaBUJIO 3aCTOCOBYIOTBHCS JJII PE3EPBHOTO JKUBIICHHS
MEHII MOTYKHOIO HaBaHTAXKEHHS (HANpHUKIaJ LEHTPIB 00poOku aaHux) abo s
BCTAHOBJICHHSI B THX MICLISIX, ZIe poOoTa au3enbHoro jasuryHa nebdesmneuna. /1Y
3a0e31euyIoTh eNEeKTPONOCTaAYaHH CIOKHBAYIB MOTYKHUX CIOKUBAYIB YU TPYyI
cnoxuBauiB [8]. Hemomikom Buxopucranus /JIb)X € HeoOXIgHICTH MOCTIHHOI
HIATPUMKH 1X y PEXKHMI TOTOBHOCTI JO 3allyCKy, Ha IO BHUTPAYaETHCS
eNeKTpOoeHepria (HAmpuKiIad, Ha MATPUMKY TEMIEPATYpHOTO  PEKUMY
€IeKTPOYyCTaHOBKH). HeMoXnmBe TakoK MHUTTEBE IEPEMHKAHHS Ha pe3epBHE

Xap4yBaHHSI.
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[cHye TakoX psiJl HAKONMUYyBadiB €IIEKTPOCHEPrii, 3/JaTHUX LIBUIKO
3BIILHUTHU 3aMIACEHY €HEPrito, JJIsl MIATPUMKHU HANIPYTHU Ha HOPMAIBHOMY PiBHI MPU
npoBajiaXx HAMpPyrd, OO0 HUX BIJHOCATH: CYMEPKOHACHCATOPH, IO 3aracarwThb
€HEPrif0 B EJEKTPUYHOMY I10JI1; HAIIIPOBIJIHI KOTYIIKM IHIYKTHBHOCTI, IO
3aracaroTh €HEpril0 B MArHiTHOMY I0Jii; MaXxOBHMKH, IO 3aracaloTh MEXaHIYHY
e”epriro obepranus [8]. [lepepaxoBaHi THIM HAKOMMYYBAYiB MMiIKIFOYAIOTECS 10
30IpHUX IIMH PO3NOALILYOI MEPEXi Ta BUBUILHSIOTH 3al1aCeHY B HUX €HEPTIiI0 MpH
MpoOBaJiax HaNpyr.

V pasi nepepuBaHHs Hapyru ado TpuBaaoro (mopsAaky | cexkynau) nposany
HaANpyry, Npu rnepemMuKanHi Ha >xussieHHs Big JBX (uacTo cynepkonaencaropu ta
HAJMNPOBIAHI 1HAYKTUBHOCTI po3risigaloTbes B Tanjaemi 3 Ab [12]), Taki
HAaKOMUYyBa4yl B KOMIUIEKTI 3 MEPETBOPIOBAYAMH MOXKYTh MIATPUMYBATH
€JIEKTPONOCTAa4aHHs CIIO)KUBAYIB I1J] 4aC NEePEMUKaHb.

Cnig TakoX 3a3HAYUTH 1HINY (YHKIIO TakuX ycTaHoBOK. Haamposiai
KOTYIIKW 1HAYKTHBHOCTI Ta CYNEPKOHACHCATOPH, II0 MiAKIIOYAIOTHCS 10 MEPEexKi
3MIHHOI'O CTPYMY Y€pe3 CHUJIOBI NIEPETBOPIOBaYl (YCTPOIO CHUIIOBOI €JIEKTPOHIKM) Ta
TpaHcGopMaToOpH, YTBOPIOKOTh JUHAMIYHI KOMIIEHCATOPU CIIOTBOPEHb HANpPyru
(AKCH). Ilpu peecrpamii nposany Hanpyru JIKCH dopmye ctpymu nepBuHHOT
0OMOTKHM TpaHc(hopMaropa TaKMM YMHOM, 1100 Harpyra Ha BTOPHHHIA OOMOTII
MOBHICTIO KOMIIEHCYBaJja Moro .

[Tpuctpoi JIKCH npairoroTs 3a OnucyBaHUM MPUHIIMIIOM MOYKYTh 30BCIM HE
MICTUTH HAaKOMUYYyBayua €JIEKTPOCHEPrii, a BUKOPUCTOBYBATH €HEPIil0 MEPExi IS
n00aBKM HANpPyrd B TOYKY 3arajbHOro MIJK/IIOYEHHS, B LIbOMY BHIIaJIKy BOHHU
npaioTh 3a npuHimnoMm BT 3 koedimienToM perynboBanum TpaHcdopmariii, a
MOJKJTBICTh KOMIICHCALlii BU3HAYAETHCS 3AIHIIKOBUM HATPYTOI MEPEKI.

Sk npuctpiii IKCH Moxe BUCTynaTH CTaTUYHUN KOMIIEHCATOP PEaKTHBHOI
MOTYKHOCTI, 32 HASBHOCTI TAKOTO B TOYII1 3arajJIbHOTO MIAKIIOYEHHS HAaBAaHTAXKEHHS.
[Ipy 3HWKEHHI Hampyrd BIH 3a HAsSBHOCTI 3amacy CTPyMy I1HBEPTOpa MOXKeE
HIATPUMATH HANpPYry Ha HaBaHTAKEHHI, MEPEHILIOBIIN B PEKUM IEPEKOMIIEH ALl

pEaKkTUBHOI TMOTYXHOCTI. JluHamlka MOpPUCTPOIO HAa OCHOBI CTAaTUYHOIO
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KOMIIEHCaTopa BKpail BeJIMKa, 110 J03BOJIsIE KOMIIEHCYBATH IPOBAJI HAIIPYTH 3a yac
OmM3pKO0 5 MC, OAHAK TaKUM PekUM POOOTH BUMAra€ OCOOTMBOTO YIPABIIHHS
MPHUCTPOEM Ta HASIBHOCTI 3aracy 1o cTpymy nepeTBoproBada [8-9].

MaxoBUKH, 110 € CHHXPOHHUM EJIEKTPOABUIYHOM 3 IHEPLIHHOI Macoro,
3aKpIIJIEHOI Ha Bajly, HE BHUMAaraloThb JOJIATKOBUX IEPETBOPHOBAYIB 1
HIAKITIOYAI0TECS 10 MEpexki 0e3M0CepeIHbO, MPALIOYM IPU MPOBaJll HANpyru B
pexxumi pekynepariiii. Yacto 3acrocoByeTbes 3B'si3ka — MaxoBuk-JI'Y, y skii
MAaXOBHK 3IJIaJDKY€E MPOBAJIM HANPyru TpuBaiicTh moHaimMenuie 10 mc [10]. [Ipu
peecTpalii mpoBaly HalpyTH BiANOBIIaIbHA TPYIa CIIOKUBAYIB BIIKIIOUAETHCS BIJ
MepeKi 1 MIKII0YAETHCS 0 CHHXPOHHOTO FeHepaTopa Ha Bajly SIKOrO pO3KpyUYEHU
MaxOBHK, OJHOYACHO TMOJAETHCS CHTHAJI HA IMYCK ABUTYHA. SIKIIO MPOTIrom
CEKYH/IM )KMBJICHHS HE BITHOBITIOETHCS, CHHXPOHHHI T€HEPATOP MiAKITIOYAETHCS /10
JAU3EIILHOTO ABUTYHA. HemomkoM MaxOBHKIB € BEJIHMKI BTPaTH, OCKUIBKH 99,9%
poOOYOro 4vacy, yCTaHOBKa CIIOKMBAE €JICKTPOCHEPTiI0 Ha KOMIICHCALII TepTH 1
HIATPUMKY IIBHAKOCTI 00€pTaHHS IHEPTHOIT MacH.

AHani3 BIAOMHX CrocobiB 0OpoTbOM 3 MpoBajaMu HaINpyrd B MeEpe)kax
MPOMUCIIOBUX IANPUEMCTB I10Ka3aB, II0 ICHYE BeJIMKa KUILKICTh CHocoOiB
3HUKEHHS BIUIMBY MPOBAJIB HANPYry Ha poOOTY €NeKTPOOOIaIHAHHS eIeKTPUIYHOT
mepexi. Po3risiHyTi criocoOu BIAPI3HAIOTHCA Bl BUOOPY TOIMOJIOTIT MEPEXki, TAKOTO,
00 MiHIMI3yBaTH BIUIMB IPOBAJIIB HANPYrd Ha YyTJMBHUX JIO HUX CIOKHBayiB
€JIEKTPOEHEPTii, /10 BCTAHOBJICHHS CIEMIAIBHUX MPUCTPOIB, MO0 MIATPUMYIOTH
HAIpyry B TOYLl MIAKIOYEHHSI HABAaHTAKEHHS Ha 3a/JaHOMY PiBHI. 3arajabHOI0 JUIs
PO3IJIIHYTUX METOMIB € HEOOXIJHICTh BUTPAT HAa BCTAHOBJICHHS J0JATKOBOIO
oOnagHaHHS, 110 MOXEe OYyTH BaroMow TMPUYUHOIO BIAMOBUTHCA BiJ iX

BUKOPHCTAHHH.

1.6 MeToamn nmoaoJ1aHHs NPOBAJIIB HANPYIH 32C00aMH €JIEKTPOIIPUBOLY
VY oMy po3aiii pO3rIISTHEMO TPYIYy METO/IB TOI0JIAHHS IPOBAJIiB HAIIPYTH
BJIACHUMH 3acobamu esieKTporpuBoay. Ha BiaMminy BiJ crocoOiB, pO3IJISHYTHX Y

MOMEPEIHbOMY  PO3JIJI, METOAM, W10 PO3IJISAAI0OTBCS TYT, CHPSMOBAHI Ha
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I10JI0JIaHHS ITPOBAJTy HANPYTH IPHUBOJIOM €JIEKTPOYCTaHOBKH, IEPEPBHU B pOOOTI AKOI
HeOe3neuHi s JiioAed ado MOKYTh COPUYMHUTU 3HAYHI €KOHOMIUHI 30UTKH, 3a
JOTOMOIOK0 CUCTEMH AaBTOMATHUYHOI'O YIpaBliHHA ab0 NPUCTPOIB pelIeiHHOro
3aXUCTYy Ta aBTOMATHKH.

HaiiGinbiie po3noBCIOMKEHHS MPU MpoBajaxX HANpyrd OTpuMaia HacTyIHa
CTparTerisi yIpaBJIiHHS €JIEKTPOIPUBOAOM. 10 HOro 3ynuHku. Ciijl 3BepHYTH yBary
Ha Te, 0 po00Ta aBTOMATHKU MOKE MPU3BECTH JI0 Cepii KOPOTKOYACHUX IPOBAIIIB
Hanpyru, oOyMOBJICHUX MYCKOBUMH CTPyMaMmH JBUTYHIB [9], npu LbOMY YHCIIO
NOCJIIIOBHUX MPOBaiB Oyzie JOPIBHIOE KUIBKOCTI CIPAllbOBYBAaHb peElle.

Sk BupimeHHst mpobiaemu 3a0e3reueHHs Mpaue3IaTHOCTI eJIEKTPOINPUBOLY
MiJ] Yac MPOBAJIB HANIPYTH MPOTOHYETHCS BBOAUTH 10 CKIIaay NPUBOAY aKTUBHHMA
Bunpsmiasd (AB), mo miarpumye Hanpyry JIIIC nHa piBHI 3aBgaHHs. 30Kpema,
PO3IUISIA€THCA 3aCTOCYBAaHHSA aKTMBHOTO BUNPSMIISYA HANPYTH, Ul HOPMaJIbHOI
poboTH sikoro HeoOxiaHo miaTpumyBatd Hanpyry JIIIC Buie ammmiTyau JiHIHHOT
Hanpyru [3]. KpiM 1poro, akTMBHI BHOPSAMIISYI MIATPUMYIOTH BXIJHI CTPYyMH
CHUHYCOITAJIbHUMH, 10 3HA4YHO 3HWXKYE BIUIMB €JIEKTPONPUBOJY Ha SKICTh
€JICKTPOEHEePrii.

Jns migrpumku ctanocti Hanpyru B JITIC mijg yac mpoBany Hanmpyru Moxe
OyTH BUKOpHUCTAaHUI MPUCTPIA CIMEHCTBA MIJIBUILYIOTH INepeTBoproBauiB (boost
converters) [5-7]. IlepeTBoproBau BKJIIOYAETHCS Y PO3PUB MK BHUIPSAMIISUEM Ta
inBepTopom. CuctemMa aBTOMATHYHOIO YIPABIIHHSA MPH JOCTAaTHIH MOTYXKHOCTI
JUKepena MiATPUMYE BUXIJHY HaAIpyry IEepeTBOpOBaua Ha pIiBHI 3aB/IaHHS Ta
HIBEJIIOE BIUIMB HA HbOT'O KOJMBAHb BXIJHOI Hampyrd. 3acTOCyBaHHS MOXe OyTH
eexTuBHUM y pasl, SKIIO 30UIbIIEHE CHOKUBAHHS CTPYMy HE MPHU3BEAE [0
301IBIICHHS NTAIHHS HAIIPYTHU B MEPE:XKI 1 3HMKEHHS HAIPYTH HAa BXO/1 BUIIPAMIIAYA.
ITocTiitna po6oTa nepeTBOPIOBaYIB TAKOTO THITY 3HHKYE KOC(ILIEHT KOPUCHOI il
JIAaHKHU TIOCTIMHOTO CTPyMy 4epe3 JI0JIaTKOBI BTpaTH B JAPOCENIX 1 KIOYax, IO
BXOJSITb JO CKJIaQy [epeTBOproBava. Y 3B'A3Ky 3 UMM IPONOHYETHCA
BUKOPHCTOBYBATH IIEPETBOPIOBAY JIMLIE T yac nposajiB Hanpyru [10]. 1o usoro

K KJ1acy croco0iB Mo10JIaHHs MPOBAJIIB HANPYTH CUJIAMU €JIEKTPOIIPUBO/IY MOYKHA
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BIJIHECTH BHUKOPHUCTAHHS 1HBEPTOPIB 3 OCOOIMBOIO OYAOBOIO JIAHKH TMOCTIHHOTO
cTpymy (Hanpuknan, Z-iaseptop) [7].

KpiM [ONOBHEHHS JIaHKH IOCTIMHOTO CTPyMy, II€pPETBOPIHOBAYaMH
IIPOIOHYETHCSI BUKOPUCTOBYBATH J10JIATKOBI HakonuuyBayi enexkrpoeHeprii [12],
[0 BCTAHOBIIOIOTHCSA mapaneabHo kouuencaropy JIIIC. Sk HakonuvyBaui
po3risaaTbes AB, CynepkoHAeHCaTOPH 1 HAAMPOBIIHI KOTYIIKH 1HYKTHBHOCTI, 1
HIITPUMYIOTE pOOOTY €JIEKTPOINIPUBOJLY ITi]] Yac MPOBaiiB 1 IEpeprUBaHb HAIIPYTH.

Y poboTti [7] po3riasgHyTO poOOTY 4aCTOTHO-PEryabOBAHOTO ACUHXPOHHOTO
€IIEKTPOIIPUBOAY SIK 0cTabiaeHoro mosist. BctaHOBIGHO, 110 TPU 3HUKEHHI HATIPYTH
y JIaHLl TOCTIHHOTO CTPYMY 3BYXKY€ETbCs 00J1acTh PEryJlOBaHHS €JIEKTPONPUBOY,
oOMEeKeHa MAKCHUMAaJbHO [OMYCTUMUM CTPYMOM IHBEpPTOpa Ta €JINCOM, IO
BH3HAUAE MEXI PEryJIloBaHHA CTpyMy cTtatopa 3a BenumumHor Hampyru JIIIC.
OCKIJIBKM BEJIMKa MIBBICH €IIINca, 30pi€HTOBaHa y OIK OCl ¢ -KOMIIOHEHTU CTPyMY
CcTaTtopa, a KpuBa MOCTIMHOTO MOMEHTY € TinepOoiy, TO NpU 3HUKEHHI HaNpyru
JTAHKH TOCTIMHOTO CTPYMY MOMEHT HAa HAaBaHTAXKE€HHI MOXKE€ TIATPUMYBATHUCS Ha
HOMIHAQJIbHOMY PIBHI IPY 3MEHIICHHI BEJIMYMHM d -CKJIAZIOBOI CTPyMy CTaropa.
BianosijiHo, 1 nocaadiiior04u MOTOKO3YEIIEHHS POTOpa 1 30UIbLIYIOYH BEIMYUHY ¢
-CKJIQJIOBO1 CTPYMY CTaTOpa MOYKHA MIATPUMYBATH HEOOX1THUN €IeKTPOMArHiTHUN
MoMeHT npu 3HWkeHHI Hanpyru JIIIC. Takuii pexum Ha3uBa€eTbCA PEKUMOM
0cJ1a0JICHOTO OIS,

Y Bunankax, konu 3HmwkeHHS Hanpyru JIIIC yHeMOXIMBIIOE MIATPUMKY
pexxuMy poOOTH MPUBOJHOTO MEXaHI3MYy, CIiJ, SKIIO 1€ MOXKJIHBO 32 YMOBaMH
poOOTH YCTAaHOBKH, 3HU3UTHU MOTY)KHICTh Ha BaJly JIBUTYHA, &, OT)KE, 1 IOTY>KHICTb,
10 CTHIOKUBAETHCS SICKTPOIIPUBOIOM. Peani3yeTnhes 11e HUIsIXoM 3HHKEHHS 33aHO1
HIBHIKOCTI 0OepTaHHs. Y TOMY BHIIAJIKY, SIKIIIO PyX HAaBOJUTHCS HACOC, KOMIIPECOD,
BEHTHJIATOP a00 1HIIMI MeXaHi3M, MOMEHT OIOpPY SIKOI'0 MPOINMOPLIHHUI KBaApaTy
4acTOTH OOEpTaHHs, HABITh HE3HAYHE 3HIKEHHS MIBUIKOCTI BEJAE A0 3HAYHOTO
3MEHILIEHHS MOTY)KHOCTI Ha Baiy ABUryHa. [lpu npoMy BIATIK €HEprii 3 JIAHKH
MOCTIHOTO CTPYMY 3HMIKYETHCS 1 HOro Hampyra ctaOiTi3yeThes, LIO J03BOJISE

YCIIIIHO BCTAHOBUTH IO0JATH MPOBAJI HANPyru [4].
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ko 3amkerHs Hanpyru JITIC He 103BoIsg€ IEPEHTH B PEXXHUM 0CIabJIeHOTO
1oJis,, a yMOBUM pPOOOTHM NPUBOJHOIO MEXaHI3My HE JI03BOJSIIOTH 3HU3UTH
MOTY)XHICTh TMIPUBOJTY, 110 CIIOXKHUBAETHCS, MATPUMKA MPAIIe3/1aTHOCTI MPUBOTHOTO
MeXxaHi3My HeMoxiuBa. OJIHaK y 1IbOMY BHIIQJIKy MOKHA 3HU3UTH 4ac 3arycKy
€JICKTPONPUBO/LY [PH BIIHOBJICHHI )KMBJICHHS, & TAKOXK 3MEHILIUTH ITyCKOBI CTPYMHU.
JIns 1bOro peKOMEHAYEThCS MIATPUMYBATH BUOITaHHS JBUTYHA 31 30€peKEHHIM
fioro keposaHocti [9]. B oOmoTKax craropa nmpu 1HbOMY MOBHHEH (POpMYBaTHCS
MIHIMQJIBHUM CTPYM, a BTpaTH €HEprii, Mo MOXJIMBOCTI 3a0e3neuyBaTucs
pexkynepauisi KIHETMYHOI €Heprii, 3alaceHoi 4YacTHHAMHM MEXaHi3My, IO
obepratorbes. L1 3axoam 3abe3nevyaTh MIHIMIZALIIO CIIOKMBAHHS €JIEKTPOSHEPrii Ta
30epexyTh 3apsaa y JINIC nist noBTOpHOTO 3amycKy.

3 yciX ONMUCAaHMX CIMOCO0IB TIOMOJIAHHS TPOBATIB HANMPYTH HAUOUIBIINI
IHT€peC BHUKJIMKAIOTh Ti, II0 HE BHUMAaralThb BCTAHOBJIEHHS JIOAATKOBOTO
oOnagHaHHS HA PIBHI €JIEKTPUYHOI Mepexki Hi HA PIBHI OKPEMOTO €IEKTPOIIPUBOY.
VY rpyny c¢noco6iB, 103BOJIAIOTE TOBHICTIO 200 YaCTKOBO 30€perT npaue3aaTHiCTh
IPUBOJHOIO MEXaHIi3My B YMOBax MpOBajly Halpyrd BJIACHUMU CHUJIAMH
€JICKTPOIPUBO/LY, BXOJATh 3HWKEHHS TIOTYKHOCT] IPUBO/IHOT YCTAaHOBKH, MEPEXiJl
B PEXXUM peKyIiepallii, mepeBeIcHHs JBUTYHA B PeKUM ociadieHoro nosis. OnHak,
JUIs TOTO, 1100 NEPEBECTH EIEKTPONPUBOA Y OY/b-SIKUI 3 IEpEPaxOBaAHUX PEKUMIB
poOOTH HEOOX1IHO 3HATH JMHAMIKY 3MIHW HAIIPYTH JIAHKU MOCTIHHOIO CTPyMY IpH
MPOBAJIl HANIPYTH, 1[0 BUMArae JaHuX PO THUII 1 TTUOUHY HATIPYTH.

Takosx akTyanbHUM € BUpileHHs npoOsiemu niarpumanssa Hanpyru JIIIC 3a
J0IIOMOT0I0 aKTHBHOIO BUnpsivisua. Cucrema ynpasiinis AB, npore, Bumarae
BHECEHHsI KOpPUTYBaHb Yy HECUMETPUUHHUX pexKuUMax, skux BigHocuthes 80%
nposaiiB Hanpyru [8]. KopuryBanns 3aBnanns ABH npoBoautses 3 ypaxyBaHHSIM
BIJIOMUX JaHUX IPO HAIPyry Mepexi, TOMY PO3IJIIHEMO Jalll BIIOMI CIIOCOOM

BU3HAYCHHSI IApAMETPIB MIPOBAJIIB HANIPYTH.
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1.7 MeToau peecTpauii npoBaJiiB HANPYTH
Sk Oyno moka3aHo B MOMEPETHBLOMY PO3/ILII, EICKTPONPUBIJI 3AaTHHIA 10J1aTH
KOPOTKOYACHI MPOBAJIM HAMPYTH BIACHUMH CHJIAMH, MPOTE I IbOTO HEOOXiIHO
cBoevacHo (1o 3HmxkeHHs Hanpyru JIIIC vmxkue 3a ycrasky PITH, mio 3a3uuaii
CTAHOBUTH BiJ 1 710 2 nepioiiB HANPYTry KUBJICHHS [ 7]) BU3HAYUTH HOTO 1MOYATOK 1
rinbuny. Tomy nuTaHHs BUOOPY coco0y BU3HAYEHHS MTOYATKY MPOBAy HAIIPYTH,
a TaKOXK HOro rnapamerpiB € BaXKJIMBUM.
3BHYAMHUM PIIIEHHAM I[bOTO 3aBJIaHHS € peecTpallis IMPOBaJliB HAIPYIru
3HWKEHHS J10490r0 3HAYEHHs HAmpyru B OAHIM 3 (a3. YunHe 3HaueHHs abo

CepeIHbOKBAPATUYHE 3HAUYEHHS HAIPYTH 32 NepioJ] BU3HAYAEThCs (DOpMYII0K0:

(1.2)

ne u(t) — QyHKIIs, 10 OMUCY€E 3MIHY MHUTTEBOIO 3HAYCHHSI HAIIPYTH.

[Ipu anami3l peanbHUX AAHUX, OTPUMAHUX B UUPPOBUX BUMIPIOBAYIB,
nepexoasaTh BiJ iHTerpana a0 cymu [9]. [lpu npomy ycepenHeHHs BUKOHYIOTh Ha
MacHBIl JIaHMX, 1110 BiJIOBijae TpuBasocti nepioay Hanpyru. MEK y cranmapri
No61000-4-30 pexkomeHye OHOBIIOBATH TI€BHE HA TMOBHOMY MEPIOAl JIitoue
3HAUEHHS HANpyrd 3a JaHUMU NP0 TMOJOBUHY NEPIOJYy HANpyru, TOMY JUIs
BU3HA4YCHHS MPOBAJly HAIIPyTH OMUCYBAHNUM criocoOoM notpiOHo Bix 10 mc.

Jlns mporHo3y Ta BU3HAYEHHS TJIMOMHU TMPOBAIIB HANPYTW MPOMOHYBABCSA
METOJ/l, 3aCHOBAHMM Ha aHaJi31 TOMOJOTIi PO3MOAUILHOI MEpexi Ta BU3HAUCHHS
IJIMOMHU TIPOBAJIy HANPYTH 3a JJAHUMHU PO MPOTSIKHICTH JIHIT eJeKTponepeaayi i
PO3paxoBaHUX CTPyMax KOPOTKOrO 3aMHUKaHHS Bylb-siKuil po3moiiibuoi Mepexi
MIpY LIbOMY BIJITTOBIJA€ TaOJHULIS B SIKIM MO3HAYEHO 3HMKYETHCA a00 HEMa€e HaNpyru
B JICSIKIH TOYILII MEPEXI1 PU BUHUKHEHHI HAIIPYT'O0 B I[bOMY BUIIAJKY Ha3UBAETHCS
TaKe Ail04Ye 3HAYEHHS HAINPYrd, Mpu 30€pekeHH] SKOro B JICSIKIM TOYI Mepexi
eJIEKTPOYCTAaTKYBaHHS, TMPUEIHAHE A0 II€] TOYKH, 30epirae mpare3JaTHICThb
METOAY € HEOOXIIHICTh OHOBJEHHS TAaOJIMYHUX NAHUX NPU 3MiHI KOH(Iryparmii

MEpexKi, HANPHUKIAA, Y BHUIAJKYy aBTOMAaTHYHOI'O BBEJCHHS PE3EPBY, PO3PAXyHKH
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MOXYTb MICTUTH MTOMHIJIKY SIKILIO TTapaMEeTpPH JIHIN eJIeKTporepeaadyl BU3HaAYeH] He
TOYHO.

IleperBopenHs @yp'e BUKOPUCTOBYETHCS ISl IPEACTABIEHHS (PYHKIIT Yacy
(YHKIIIEIO YaCTOTH, HA YOMY 3aCHOBaHMH 4acToTHMM aHam3. L{udpoBumu, tak i
aHaJIOrOBUMHU [5], mpoTe y HBOI'O € ACSKI HEIOIIKH.

JIs TOoAONaHHSA IbOTO OOMEKEHHS BHUKOPHCTOBYETHCS YJIOCKOHAJICHUI
METO/JI, 110 0a3y€eThCsl Ha KIACUYHOMY IEPETBOPEHHI 1 HA3UBAETHCS I1EPETBOPEHHSI
®dyp'e mist kopotkux Biapi3kiB 4vacy (short time Fourier transformation). s
BUKOHAHHS IIbOTO TMEPETBOPEHHS aHAII30BaHUI MacHB JAHUX DPO30OMBAETHCS Ha
okpemi ¢parMeHTH. CHUrHaN BBaXA€TbCS TaKWUM, IO BCTAHOBHMBCS IPOTATOM
KOJKHOTO 3 OTPUMAaHHUX BIJIPI3KIB Yacy, 1€ JO3BOJISIE€ 3aCTOCYBATH /10 KOKHOTO 3 HUX
mBuAKe neperBopeHHs Dyp'e. g HOCATHEHHS TrapHOl PO3AUIBHOI 34aTHOCTI
CIIEKTp CUTHAJIy aHAII3yE€ThCS 3 BUKOPUCTAHHSAM PI13HUX BIKOHHUX (PYHKIIH [6].

Jns igentudikaiii mpoBagiB HANPYrd 3aCTOCOBYETHCS TaKOXK (DUILTP
Kanpmana [4]. JluckpeTHuil aaropuTM BHUKOPHUCTOBYE MAaTE€MaTU4YHy MOJEIb
CUTHaJTy, 10 0a3yeThCs Ha MPHUIYIIECHHI Mpo Te, 0 ¢$a3Ha Hanpyra B KOXKHHIMA
MOMEHT Yacy BHW3HAYA€TbCsA K JiIHIMHA KOMOIHALsl BEKTOpa TrapMOHIMHHMX

CKJIaJIOBUX Ta BEKTOPA MOMUJIKHA BUMIPIOBAHHS HAMPYTH.

" sin(wnAt) T Uy,
cos(wnAt) Us,
Zi[n]=H ([n)U,[n]+err[n] = o |Terilnl, (1.3}

sin(mwnAt) | | Uy,

| cos(mwnAt) | |U,,, |

ne z y— Matpuus Kanemana, / ,— MaTpuis rapMOHIMHUX CKJIaI0BUX,

U y— MaTpHulLs aMIUTITY TaPMOHIK, €7 y— MaTPULL TOMUJIKH,

n — HOMeEp iTepallii, m — MopsAA0K FrapMOHIKH.

Cytp po0OTH anroputTMy IMOJATa€ B TOMY, MIO0 ITEpalliiHUM MUIIXOM
3MIHIOBATH aMILUTITY/IM TapMOHIMHUX CKJIaJJOBHUX, JIOKK BEKTOP IIOMHUJIKH HE Ha0y/e

HYJIbOBHUX 3HAYCHD.
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Bapro 3a3HauuTH, 1m0 Ui OOYMCIIEHHS [apaMeTpiB HANpyrd IpH
Bukopuctanui ¢inbtpa Kanbmana notpibHa HeBenuka KUIBKICTh TOYaTKOBHX
JdaHUX, 10 poOUTH HOro e(EeKTUBHHUM Uil BU3HAUEHHS MPOBAIIB HAIpPYTH.
[TokazaHo, 0 MBHUKICTh BUBHAYCHHS YAHHOI'O 3HAYESHHSI HAIIPYT'H POIIOHOBAHUM
METOJ/IOM CTAaHOBHUTH MEHIIE 5 Mc [5].

Jlns qy»e mBuAKOro (10 2 MC) BU3HAUYEHHSI HAsSIBHOCTI Ta IITMOMHM TPOBAy
HaIIpyTry B KOJKHIN 13 (pa3 3aCTOCOBYETHCSA METO/1, 3aCHOBAHUM Ha IOJI1JI1 CUTHAJTY Ha
OKpeMi 4YacTOTHI jlana3oHd (HM3bKOYACTOTHI CKJIQJ0BI Ta BHMCOKOYACTOTHI
ckimanoBl). Jlocsraetecs 1€ 3ropTkol0 3a Aesko 0Oa3ucHoio (yHKLiEO ado
maTtepuHcbkoro BeliBier (Wavelet) dyukuii w (#) [6, 7]. Hexail € geska QpyHkuis

yacy x(t) Tojl BeiBner-nepetrBopenus W1(a,t) i€l PyHKIT BU3HAYAETHCA BUPA3OM:
Wiaby=— | (r)/[ b)a’r (1.4)
; \/7 Y P .

JIe @ - mapameTp 3CyBY, a00 KpPOK 3CYBY He JOPIBHIOE HYJIIO, b - MOCTIHHA,

BHOMPAETHCSA TaK, MI00 a Ta b npeacTaBiaan OPTOHOPMOBaHHH Oa3ucC.

BcraHoBiI€HO TakoX, 110 KOPiHb KBaApaTHUN 3 €HEprii CrieKTpa CUTHaly B
YaCTOTHOMY BIKHI Ha SIKOMY BiJIOYBAa€ThCsl BEUBJIET-IIEPETBOPEHHS &  HOPMOBAHU
0 JesKii eHeprii £ ., BIANOBIAHOI JEAKOMY 1H04OMY 3HaueHHS HANPYTU U ,opy
Ma€ TPAKTUYHO CTOBIJCOTKOBY KOPEJSAIII0 3 JiI0OYWM 3Ha4eHHSAM Hanpyru U

HOPMOBAHUM 10 Tiii k€ BeTUUUH1 U 0y -

, (1.5)

10 J03BOJISIE BU3HAYUTH J1H0Y€ 3HAUEHHS HANpyrd 3a BIJOMOI LIUIBHOCTI
€Heprii CreKTpa, OTPUMAHOIO MPH NIEPETBOPEHHI BeHBIIET [5].

J1o HeIoMIKIB pO3IJIIHYTOrO CIOCO0Y MOKHA BIJTHECTH T€, 110 O0YHMCIICHHS
MOBUHHE TPOBOAMUTHCS 11 KOXKHOI (ha3u OKpemo, IO 3HHXKYE IIBUIKICTH
o0uuciieHb, abo Beie 10 30UIbIIEHHS 00YMCIIIOBAJIbHUX MMOTYKHOCTEH.

Bijomi uucesnbHI METOAM BHU3HAUEHHS THUILYy IPOBAlly HAIPYrd, a TaKOX

napaMeTpiB MpsAMOi Ta 3BOPOTHOI MOCIIIOBHOCTI HAnpyru TpudazHoi Mepexi Ha
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OCHOBI aHali3y rojorpada y3arajJbHEHOro BEKTOpa Hampyru Mepexi [3, 5, 8].
Metoau 103BONISAIOTH 3a TphOMa 1 Oibllie 3HAYEHHSMH HAMNpyr TPhOX (¢a3s,
BHU3HAUUTH TMapamMeTpu roaorpada yszarajJpHEHOTO BEKTOpa, sKi Oe3mocepeaHbo
NOB'SI3aH1 3 BEJIMYMHAMHM NPSIMOI Ta 3BOPOTHOT MOCIIJIOBHOCTI HANIPYTrH Mepexi. Y
TOMY YHCJI, CIiI BWIUIMTH METOJ BHU3HAYEHHS mapameTpiB rogorpada
y3arajJlbHEHOTO0 BEKTOpPAa HANPYT'H, OCKUIBKH IIBHJKOMIE€0 BiH TOCTYIAETHCS
BEHBJIET QJIrOPUTMaM, 1 BUKOHYE OOYHMCIIEHHS TPHOX HAIPYr MEpPEeki OJHOYACHO.
Henonik Meroay mojisirae B HOro HE34aTHOCTI BU3HAYATH KOMIIOHEHTY HYJIbOBOI
MOCJIIIOBHOCTI, TOMY METO/1 31aTHUN BU3HAYUTH TUILKH JIIHIHHI HATIPYTH.

AHaJli3 ICHYIOYMX MeTOAIB iaeHTH(IKallll MpoBaliB HANpPyIr'H MOKa3as, IO
3alpONOHOBAHI B JIiITEpaTypl METOAU JO03BOJISIOTH TOYHO BU3HAYATH 3HUIKCHHSI
HAIpyTy 3a MUIICEKYH/HU, 1110 A03BOJISE 3aCTOCOBYBATH iX Ul peecTpalli mpoBalry
Halpyru Ta BHU3HAUEHHS HOro IIMOMHM A0 pPO3psAdy HaKoNudyBaya y JaHIll
MOCTIHHOTO cTpyMy, 1100 BUOpaTH CTpPATEriio YIPaBIiHHS €JIECKTPONPUBOIOM, IO
J03BOJISE TOAONATH TPOBAJT HANPYTH 13 30€peKEHHSAM PEKUMY MPUBOIHOTO
IPHUBOLY.

[Tpu BuOOpPI crnocoOy BHU3HAYEHHS MPOBAJIIB HANPYId BPaXOBYBAJIMCS
TOYHICTh BU3HAUEHHS MOTO MapaMeTpiB 1 MIBUJAKOAISA CIIOCO0Y, HalO1IbI BaKIUBI
napaMeTpu B KOHTEKCTI 3ajadi. 3 pO3MIIHYTHX Y pO3JUll Croco0iB, L SKOCTI
MOEJIHYIOTh Y €001 MOEIHYIOTh B €001 BeWBJIET aHali3 Ta Crocid BU3HAYEHHS
KOMITOHEHTIB MPsIMOi Ta 3BOPOTHOI IOCJIIOBHOCTEH HAINPYyrH 3a TapaMeTpamu

rojgorpaga y3araJlbHEHOTO BEKTOpA HAIPYTH MEpEexKi.

BucHoBkH 32 po3aiiiom 1

1.  IlpobGrema mpoBaiiB HAPYTH 3aJHIIAETHCS aKTYaTbHOI0, HE3BAKAIOUH
Ha BEJIMKY KUIbKICTh poOIT, MPUCBAYCHUX i1 BUPILICHHIO. 3 HABEJACHHUX IPUKIIAIIB
BIUIMBY I[bOT0O SIBHUINA HA TEXHOJIOTIYHE OOJaJHAHHSA 1 HABEICHOI CTAaTUCTUKU
3pO3yMLJIO0, IO TPOBAIA HATIPYTH MOXKYTh BUKJIMKATH aBapiiiHy 3yIUHKY 9aCTOTHO-
PEeryJb0BaHOIO EJICKTPONPHBOAY MOTYKHICTIO BiJ JECATKIB 1 COTEHb KLIOBAT J10

JECATKIB MeraBat, SKIIO iX TpUBaMICTh mepeBuinye 50 MiTicekyHI, a riMOuHa
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nepeBuiye 0%. 3riiHO 3 NMPEACTABICHOI0 B PO3/LIl CTATUCTUKOIO IIJ Il YMOBH
notparuisge 80% mpoBasiB HAMPYTH, 10 TPATJISIOTHECS B IFOYUX €HEPrOCUCTEMAX.

2. Amnani3 3aco0iB 1 cnoco0iB 0OpoTEOM 3 NPOBaTaMU HANPYTH MOKAa3aB,
110 ICHYE psJ cHnocoOiB IOJ0JIAHHS IIPOBaJiB HANpyrd BJIACHUMHU 3aco0amu
€JIEKTPONPUBOAY 31 30€peKeHHSIM pPeKUMY pPOOOTH IPUBOJHONO MEXaHI3MY
(BUKOpPUCTaHHS AKTMBHOIO BHUIPAMISYA B CKJIaJl €IEKTPONpHUBOaY, pobora
IPUBOJY B PEXKHUMI OCJIA0JIEHOTO 1M0JIsA), 3 NIATPUMKOI pOOOTH €IEKTPOIIPUBOLY 1
3HUKEHUM CIIOKUBAHHSAM MOTY>KHOCTI 1 IEPEBEJICHHS JBUTYHA B PEKUM.

3. Crocobu TmoJoNaHHS TMPOBAJiB HANpYrHW BJIIACHUMH 3acodamu
€JICKTPONPUBOAY € JOLUUIBHUMH, OCKUIBKM HE BHUMAaraimTh 3acTOCYBaHHS
JOAATKOBOTO OOJIaJIHAHHS HI B CHUCTEMI EJIEKTPONOCTAa4aHHs, HI B CHUCTEMI
€JEKTPONPUBOAY (BHKJIIOUEHHSM € 3aMiHa B CTPYKTypl HAaCHMBHOTO MACHUBHOTO
BUIIPSAMIISIYA AKTUBHUM ).

4. 3acToCyBaHHS OIMUCAHUX CMOCOOIB BMMarae MakKCHUMalbHO INBHAKOI
peecTparii mpoBajly Hampyru Ta BU3HAYEHHS MOTrO mapameTpiB. AHali3 BIAOMHX
croco0iB peecTpalii MpoBaliB HaNpyrd I0Ka3aB, 110 ClOCiO, 3aCHOBaHWI Ha
BU3HAYEHHI MapaMeTpiB rojorpada yzarajibHEHOr0 BEKTOpa HANpyrd Mepexi,
HAWOUTbIII 3pYYHUM [IJIS BU3HAYEHHS BEJIMYMH HANPYTd SKUBJICHHA TMPH 11X

MHUTTEBOMY 3MiHI.
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2 HECUMETPUYHI PEXKUMU MEPEXI ) KUBJIEHHS 1

BU3HAYEHHS IX TAPAMETPIB

2.1 ¥Y3araabHeHi BekTopu Tpu(da3HOI Mepexi

Jlns nopanblioro aHainizy po6otu TpudazHoi Mepexi B ymMoOBaxX IpoBally
HANPYru MepeieMo 10 IPEJICTaBIEHHS EJIEKTPUYHUX BEJIIMYMH Y BUIJISIIL
y3arajJbHEHHMX BEKTOPIB y pi3HUX cuctemax koopauHat (CK). Takuii nepexin yacto
3aCTOCOBYETHCSI B CHCTEMax YIIPAaBIIHHS €JIEKTPONPUBOAOM [5-8], mpucrposmu
KOMITIEH ALl peakTuBHOI mnoryxHocTi [9-14] 1 Bummx rapmonik [15] 3
CUHXpOHI3ai€o [16].

bazoBuM y TakoMy MiX0/ll 10 ONKCY pOOOTH €IEKTPOTEXHIYHUX CUCTEM Ta
KOMIUICKCIB € YSIBJICHHS MHMTTEBUX 3HAYCHb EJIICKTPUYHUX BEIUYUH Yy BUIJISIII
y3araabHEHUX BEKTOpiB [7]. Y BuNAnKy TPUOPOBIAHUX TPHUCTPOIB (10 SIKUX
BITHOCUTBCS ACUHXPOHHHI €JIEKTPONPHUBOJA) aAeKBaTHI rpadiuHi IHTEepHperauii
y3arajlbHEeHUX BEKTOPIB MOKHA 300pa3uTH B IUIOIIMHI JAEKapTOBOI, CTalllOHAPHOT
CK, mo no3nauaetscs abe , Tpu 0Ocl K01 po3TamoBani mija kyroM 120° oaun 10
ostHOrO. [0 ocsix miei CK BigkIa1at0Thcsi MUTTEB] 3HAYEHHS €IIEKTPUYHUX BEJTMYHH.
Tak sk CK abc € miockorw, TO i CIPOIIEHHS olepalii 3 BEKTOpaMH MOXHa
3podutu mepexig o asomipHoi CK, mo mno3Hadaerscs off 3a J0MOMOTOIO

neperBopenHs Kiapka [3] (piBHsiHHS 2.1).

A "/ A

|

4.
Pucynok 2.1 — Tpudazna ta aBodazHa CUCTEMH KOOPMHAT y3arajJbHEHOI'0

BEKTOpa TPUIIPOBIIHOT MEPEKI
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Ha puc. 2.1 y TpuBUMIipHI# Ta JIBOBUMIPHIH CHCTEMax KOOPAMHAT 300pakeHO
nesikuit yzaranbHeHuit Bektop V. Koopaunatu Bektopa B CK abc no3naueni v 4, v

1V .BIANOBIAHO, KoopauHaTH BekTopa CK off mo3HadeHi v ,1 v 3 BiIMOBIIHO.

117,

1 GO = T a

Vo | _2 7 2
=— : 24
w73, B _B" N
ot NV
2 2 8

Kpim neperBopeHHs, MPEeACTaBICHOI0 BUIIE, YaCTO 3aCTOCOBYETHCS MEpeXij
710 TIOBEPHEHOI Ha ACSIKUM KYT, 010 Ocl ¢ a0 BeCh 4ac 00epTaeThCs 1€KapTOBOI
cucteMi koopauHat. lleperBopeHHs 1€ BigoMe Yy BITUM3HSHINA JITEeparypl I
Ha3BOIO NEPETBOPEHHA ['0pboBa, a B 1HO3eMHIH JiTepatypi — neperBopenHs [lapky
[7]. Koopmunat Bektopa B CK, 1o oGepTaerbcs, MO3HAYMMO, SK 1€ TPHUHHATO B

TEXHIYHIH JITepaTypl, vV 41V 4.

Vd | cos(9) sin(@)] vg

= ! 2.2
g| |-sin(@) cos(9)] vp e

v

Kyt 6 y piBHsHHI 2.2 MOX€ 3aJuIIaTHCS HE3MIHHUM a00 3MIHIOBATHUCS Y
BIIMOBIIHICTh 70 Jesdkoi (yHKIil 4acy, Ha ¢GOpMiI TEpETBOPEHHS 1€ He
Bi0OpaxaeTecsa. 3 (OpMYIM NPSAMOIO NEPETBOPEHHS HECKIAAHO MEPEHTH 10
3BOPOTHOTO IEPETBOPEHHS, IOBEPTAIOYM CUCTEMY KOOPJAMHAT, /10 SIKOT HABOJUTHCS
AHAIII30BaHUN BEKTOP Y 3BOPOTHOMY HAIPSAMKY Ha KyT -6 , 1110 IPU3BEIE A0 3MIHU
3HAKIB HenmapHUuX QyHKIN y Gopmyni 2.2.

Vci nepeniyeHi nepeTBOpeHHs OyAyTh y IOJAJbLIOMY BHMKOPHUCTaHI Ha
BUPILICHHS 3aBJaHb JOCIIKCHHS. Y KOHTEKCTI MpOBaJiB HAIPyrd OCOOJIMBHI
IHTEpEC CTAHOBIIATH BIACTUBOCTI Yy3arajJlbHEHUX BEKTOPIB y HECHUMETPUYHHUX

PEXHUMax.

2.2 BuaacTHBOCTI y3arajbHEHHX BeKTOpiB Tpuda3HOoI Mepexi B
CHMETPHYHOMY Ta HECUMETPUYHOMY pPeRUMAaxX
VY cuMmerpuuyHuX pekumax pobotu TpudazHoi Mepexi amruiityau ¢dazHoi i

JHIMHOT HAmpyru piBHI, a pi3HUI (a3 OCHOBHUX TAPMOHIMHUX CKIIQJI0BHX
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BIJINOBIJIHUX Hanpyr aopiBHioe 120°. HecumeTpuyHUM Ha3MBa€ThCS OYAb-SKUN
pexuM, 110 HE BiAMOBiAa€ UM BuUMoraM. OCKITBKU TPEAMETOM IOCITIKEHHS €
HECUMETPUYHA HaIlpyra JKUBJICHHS, TIEpEHeMO BiJl y3araJbHEHOTO BEKTOpa JIEAKOl
CJICKTPUYHOI BEJMYMHM V' J10 y3arajbHEHOMY BekTopy Hanpyru U 1 Hagail
PO3IJISIIATUMEMO MOT'0 BIACTUBOCTI.

BizoMo, 10 B CHMETPUYHOMY PEKHMI rojorpad y3arajibHEHOTO BEKTOpa
Hanpyru € koso [3], iHTepec NpeacTaBiisie ONUC TPAEKTOpii pyXy BeKTOpa B
HECUMETPUYHMX peKUMax. BiH KUIbKICHO BH3HA4Ya€ HECUMETPIO HAIpyru
Tpuda3zHOl CUCTEMM 3a JBOMa IapaMeTpamH: KOe(ILIeHT HEeCHMETpll Hampyr 3a
3BOPOTHOIO MOCTIAOBHICTIO K (7 1 KOedilIEHT HECUMETpPIi HAIPYr 3a HYJIbOBOIO
nocnioBHicTIO K o [11]. L1 koedimieHTH BU3HAYAIOTHCS BUXOISIYM 3 METOLY
CUMETPUYHUX CKJIA0BHX [5].

VY CHHYCOIaJbHOMY pEXHMI METOJ CHMETPHUYHUX CKJIAJIOBUX IPOCTO
3aCTOCYBATH 10 y3arajbHEHOTo BekTopa TpuazHoi mepexi. Ciig 3a3Ha4uTH, 110 B
HECHUHYCOIIaJIbHOMY pEXUMI IpsMe MepeTBOpeHHs HeMoxkiause [7, 8]. Skmo
CIIOTBOPEHHSI BIJICYTHI Yy3arajJlbHEHWH BEKTOpP Ma€ JBi CKJIAJOBI B TUIONIWHI
KOOPJIMHAT ¢ff , 0 ONUCYIOTh MPSAMY 1 3BOPOTHY IMOCIIAOBHICTD BIANOBIAHO. Jliis
MPEJICTABJICHHS HYJbOBOI IOCIIIOBHOCTI B TIPOCTIP y3arajJbHEHOTO BEKTOpa
JA0JaeThCs TpeTi BuMip 0, 1o LI OCl BIAKIAMAETHCS TIILKH HYJIBOBA CKJIAJI0Ba
y3arajibHeHoro BekTtopa [3]. KoMIOHeHTH HyJIbOBOI IOCIIJOBHOCTI IpH
MEPETBOPEHHI KOMIICHCYIOTh OJMH OJIHOTO B IUIOIIMHI KOOPJIMHAT ¢ , HYJIbOBA
CKJIQJIOBA y3araJbHEHOTO BEKTOpa B Hiil MpeacTaBlieHa OyTH HE MOXKE, UM
HOSICHIOETbCSI HEOOXIJHICTh BBEJICHHS J0JATKOBOIO BHUMIipIOBaHHS. PosrisHeMo
y3arajlbHEeHU BEKTOP HECUMETPUYHOI CHHYCOIIaIbHOT HAIIPYTH TpUda3zHOT MEpPEexKI
3 KOOpAMHATAMM U ,, U p TA U .. KOMIIOHEHTH MpPsAMOI, 3BOPOTHOI Ta HYJILOBOI
IIOCJIIJIOBHOCTI HaNpyru no3xadeni 4 ;, A > ta A ¢ BIATIOBIAHO.

u A sin(wt)+ A, sin(wt) + A, sin(wrt)
u, |=| A sin(wt —27/3)+ A, sin(wr + 27/3) + A, sin(wr) (2.3)

[

u, A sin(wt +27/3) + A, sin(wt — 27/3) + A, sin(wt)

C
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[Tpy mnpuBeeHHI KOMIIOHEHTIB TPSAMOI Ta 3BOPOTHOI IMOCJIJIOBHOCTI J10
CTAl[lOHAPHOI CHUCTEMH KOOpPAMHAT OKpeMO (piBHSHHSA 2.3) YTBOPIOIOTHCA [JBa
BEKTOpH, 3 amIulTyJaMud piBHUMH A ;1 A > OIMH 3 sKUX oOepTaeTbcs 3a
TOJJMHHUKOBOIO CTPUIKOIO, @ THIIMHA MPOTHU FOJMHHUKOBOI CTPIJIKU 3 YaCTOTOK Wi .
OtpumaHuii pe3y/abTaTi CKJIaJaHHs IUX KOMIIOHEHT y3arajbHEeHUH BEKTOp KIHLIEM
cBoiM onmcye eninc [4]. KoMnoHeHTH HyJIbOBOI MOCIIIJOBHOCTI HE BPaXOBYIOThCS,
OCKUIBKH €JIEKTPOIIPUBO/L € TPUIIPOBIIHUM HABAHTAXKEHHSIM 1 TOMY HE MOXe OyTH
HI JDKEpeoM, Hi CIOXKHBAa4eM CTPYMIB HYJIbOBOI MOCHIAOBHOCTI. TpaexTopis
y3arajlbHEHOT0 BEKTOpa HANpyru y HeCUMETpUuuHOMY pekumi Ha mnomunil CK aff

npejcTaBieHa Ha puc. 2.2.

A o
: b dil f --‘.? /|
A:"h’f . . ) - .l.1
v | .1|
’ i V o
_,i : R === W, h.
| b A ‘? (

.. Ipama necaidosHicms

Jsopomua noc1ido6HICHIb

Pucynok 2.2 — KoMInoHeHTH psiMoi Ta 3BOPOTHOI MOCHIIOBHOCTI rogorpada

y3arajJbHEHOro BeKTOpa Tpu(azHoi Mepexi

Ha puc. 2.2 nmitepamu a Ta b 10o3Ha4YeH1 BeIWKa Ta Malia IMBOCI elirnca
BIAIIOBIIHO. BenmuuHaM 1miBoceil elrirca IOB'sA3aHl 3 BEJIMYHMHAMUA KOMIIOHEHTIB

3BOPOTHOI Ta HYJILOBOI ITOCIIIOBHOCTI PIBHSAHHSAM 2.4:
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a=A4+A4,;
(2.4)

b=A4—-A4,.

[Tpu po3risgal THMIB MPOBaiB HANPYrd y MONEPEAHbOMY po3iiial Oyiio
BCTAQHOBJICHO, WIO TMPOBAJIM HANPYTH € B OCHOBHOMY HECHUMETPUYHUMHU.
CuMeTpuYHUN PeXHUM poOOTH MEPEki MOKHA PO3TJIAAATH SK OKPEMHH BHIIAI0K
HECMMETPHUYHOIO (Tak caMo sIK KOJIO, € OKPEMHUM BUITaJIKOM €JIilica) TOMY Haziasi
BBAXATHUMEMO, M0 rojorpad ys3arajibHEHOro BeKTOpa TpH(}pa3HOI Mepexi B

3araJJbHOMY BHITAJIKY SIBJISIE COOOFO eirc.

2.3 KaHOHIYHI CHCTeMH KOOPAHUHAT Ta iX BJIACTHBOCTI

VY po3aini po3risgaloThesl BIACTUBOCTI €IIIIca SIK T€OMETPUYHOI (irypu, a
TaKO’X 3aCTOCYBaHHS iX NPU BU3HAYEHHI pexumy Mepexi. s Oyab-skoro emninca
MOXKHA 3HAWTH JE€KapTOBY CHCTEMY KOOPAMHAT a'ff' (Ha3BaHy KAHOHIYHOIO), B SIKIN

eJIIIC OMUCYBATUMETHCS PIBHSHHIM (Ha3BaHUM KaHOHIUHUM):

o' B 2_
BEGE 25)

HaiiBaxiuBilia BJIACTUBICTh KAHOHIYHHUX CHUCTEM KOOPAMHAT, MOXKHA
c(OpMyJIIOBATH HACTYITHUM YHHOM: B CHHYCOI1aJIbHOMY PEXHUMI, IIPOEKIIIT BEKTOpa
Hanpyru Ha oclt CK, sfka 30pi€HTOBaHa MO BEJIMKIM 1 Majiid MIBOCSX €Iinca,

PYXaroThbCs 3a 3aKOHOM CHHYCA Ta KOCHHYCA:

Uy {acos(wt -H;/)}

= 2.6
Ug bsin(wt + ) @)

[Toka3atu crpaBeUIMBICTE LILOTO TBEP/KCHHS MOYKHA, BUKOPHUCTOBYHOYH
BUCHOBKH, OTpHUMaH1 y rorepeaabomy po3ain (puc. 2.2). IIpoekuii KOMIIOHEHTIB
HPsAMOI Ta 3BOPOTHOI MOCIIIOBHOCTEH Ha OCI KAHOHIYHOT CUCTEMH KOOpJuHaT a'f’

(mam KCK) onucyroTbest piBHIHHSIM 2.7:

2.7)

i A sin(wt)+ A sin(—wr) |

U, [Al cos(wt )+ A, cos(— wt)
u

B
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Toni, 3 piBHsAHB 2.4 Ta 2.7 BUBOAUTHCA piBHAHHA 2.6. BuaHo, mo KCK 3apxan
OpIEHTOBAHA TaK, 100 BEKTOPU KOMIIOHEHT MPSIMOi Ta 3BOPOTHOI MOCIIAOBHOCTI
nepeTuHau ii oci oxHouacHo. Hajani Oyaemo BBakaTu BicClO ¢ Ty BiCh, Ha SIKY
IIPOEKTYIOTBCS CKJIAZ0Ba Y3arajbHEHOI'0 BEKTOpa, IO OMHUCYETHCS (YHKLIE
cos(wt ), a Biccio ' Ty BiCh, Ha IKY MPOEKTYETHCS CKJIAJI0BA y3arajJbHEHOTO BEKTOPA,
110 onucyeTbes QyHKITiero sin( wt ).

3Har4u KOOpIAMHATH Gy.ﬂb—ﬂKI/IX ABOX ITOJIOXKEHb y3araJlbHCHOI'O BEKTOpa B

KCK, MoHa BU3HAUMUTH JOBKHHHM MMIBOCEH Horo rogorpada:
ul () (1) =l (1) (1)

] e - , 2.8)
S22 () —u (1 1)

\/”i-(fl )—u;.(rz)

ne u (1t ), U qp(t>)— Napu KOOPAMHAT BEKTOPIB 3a(ikcoBaHI B Pi3HI

a=

MOMEHTH Yacy £; 11,

Takum uyMHOM, y pa3i KOJM BIJJOMO IIOJIOKEHHS KAaHOHIYHOI CHUCTEMH
KOOPMHAT 11010 CTAllIOHAPHOI CUCTEMH KOOPAMHAT 0f MOYKHA JIJ1si OJIHO3HAYHOIO
BU3HAUEHHS TPAEKTOPIT 00EpTaHHS BEKTOpA HAMPYTH JIOCTATHLO 3HATH KOOPIMHATH
JIBOX TOYOK po3TamoBaHux B ojgHomy kBajapanti KCK (ymoBa BBeneHa st
BUKJIFOYEHHS TOYOK €KCTpeMymy B o0iacTi BM3HA4YeHHS (YHKIIH, 3aaaHMX

pIBHSIHHSM 2.8).

2.4 BaacTuBiCTh CTAJIOCTI IUIOLI CEKTOPIB, MPOHAEHUX y3arajibHEHUM
BEKTOPOM 32 PiBHi NPOMIKKH 4acy, B BCTAHOBJICHHX PeKHMaXx

OnwucaHi B MomepenHiX po3jijgax BJIACTHUBOCTI roporpada ysaraabHEHOTO
BEKTOPA CIPABEJIMBI TIILKK B TOMY BUIAJKY, SKIIO TpU(a3Ha CUCTEMa NPAIIOE B
peXuMi, 1110 BCTAHOBUBCS.

Kinens y3aransHeHoro Bekropa, npoekuii skoro Ha oci KCK 3miHIOMOTBCA
BIITIOBI/IHO JI0 3aKOHIB CHHYCa 1 KOCHHYCA, 33 OJJHAKOBHI1 4ac MPOXOJAUTH BIJICTaHb

TakKa, 1o I1Jiomia CGKTOpiB, YTBOPCHHX ABOMA CYCiﬂ,[—[iMI/I TOYKaMH, 110 IIO03HaA4YaTh
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HOro TOJIOKEHHS B PI3HI MOMEHTH 4acy, 1 LIEHTPOM TPAEeKTOPIi 3ajUIIaeThCs

HE3MIHHOIO.

X

T Uagine)

“Uagin]

Pucynok 2.3 — KoopanHaTH y3araabHEHOTO BEKTOpa HANpyr, BU3HAYCHI

yepes piBHI MPOMDKKH Yacy

Ha eninci, po3ramoanomy B CK af , BigMiueHO psjx To4ok. Touku
BIJIKJIQJICHI Yepe3 piBHI MPOMIKKH 4acy, po3TallloBaHl OTXKE ILIOII CEKTOPIB MK
CYCIJIHIMU TOYKaMHU OJTHAKOBI1, TOOTO. SIKIIO BEKTOP HAMPYTU BUABISETHCS B TOUKAX
uap1], u op[2], u 4p[3] 4epe3 piBHI IPOMIKKH Hacy, TO S ;1S > TOBUHHI OyTH PiBHI.
JloBeemMo 11e TBepKEHHS i Majoro (y MeXi HECKIHYEHHO Majioro) MpoMIKKY

yacy. [1noma cexropa s Majioro mpoMIiKKY 4acy JOPIBHIOE

_acos(wt,)bsin(wt, + wAr) —acos(wt, + wA)bsin(wt,)

1 2 (2.9)
= Eabsin( wAt),

As

ne As — 1oL CeKTOpa, ¢ o— JIeSKHU Yac, ¢; paja/c; wt g— KyT, 10 BU3HAYAE
MOJIOKEHHSI BEKTOPa HaIpyr 110710 oceit kaHoH14HOI CK, A7 — mpoMizKOK yacy Mix
BHUMIPIOBAHHSMH.

TakuM 4yMHOM, IUIOIIA CEKTOPIB BIAMIPSAHHUX 3a PIBHI 1HTEpBAJIM 4acy B
pEXKUMI, 1110 BCTAHOBUIIACS, OJTHAKOBA 1 HE 3aJIEXKUTH B1Jl YaCy BUMIPIOBAHHS, JUIs 11

00YMCIIEHHs1 MOTPIOHO TIIBKM [Ba BHUMIPIOBAHHS MMTTEBUX 3HA4YE€Hb HAIpYT.
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CrpaBe/yiuBe Tak0X 3BOPOTHE TBEP/UKCHHS: SKIIO IUIONIA CYCIJHIX CEKTOPIB
OJIHAKOBa CHCTEMa IPAIIOE B PEXKHMI, 1110 BCTAHOBUBCSI.

OcCkinbKM TUIOIA BUMIPSAHUX YE€pe3 pIBHI MPOMIKKH Yacy CEKTOpIB
3QJIMIIAETHCS NMOCTIHHOIO, CyMa IUION] CEKTOPIB Y Mepiojl JOPIBHIOE IUIONII eJIica.
I{e n03BOJISIE BUBHAYUTH KIJIbKICTh CEKTOPIB, PO3ALIMBIIH IUIOILY €JIiIca Ha IOy
OJIHOTO CEKTOpa. SIKI0 BIJOMHI MPOMIKOK 4acy 4epe3 IKUil  3aMIpSIOThCS
HAlpyru  , BUSHAYUTH [1E€PI0J MOKHA [IOMHOKUBILIHU TPUBAIIICTD LIBOT'O IPOMIKKY
Ha 00YMCIICHE YMCIIO CEKTOPIB, & 3HAKOYH 11eP10/i BA3HAYUTH YACTOTY, TAKUM YUHOM:

w=2 i . (2.10)
abAt

PosrisinemMo onucany 3a1€KHICTh 3 MPUKIIATY KOMITIOTEPHOTO MOACTIOBAHHS
07HO(a3HOTrO MpOBady HANPYTHU, BUKIMKAHOTO KOPOTKHM 3aMUKAHHSIM, CEpen

Simulink MATLAB (pucynok 2.4).
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Pucynox 2.4 — Opnodasuuii npoBan Hamnpyru (a), rogorpad y3zaraJbHEHOIO

BeKTOpa Hanpyru (0), 3MiHA 10111 CEKTOPIB y3aralbHEHOT0 BEKTOpa HAIPYIH (B)
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KopoTke 3aMuMKaHHS B pPO3MNOJUIBHIM MEpEXi YacTO CYIPOBOKYETHCS
BUHUKHEHHSAM KOJINBAJIbHUX CKJIAI0BUX, 00YMOBJICHHUX BJIACHOIO IHAYKTHUBHICTIO Ta
€MHICTIO JIIHIH eJIeKTponepeaaydl Ta rnapameTpaMu OOJaJHaHHS, 110 JKUBUTHCH.
Pucynok 2.4 (6) nokasye BIUIMB KOJMBaHb, 1110 BUHUKAIOTh, Ha (hopmy rojorpada
y3arajbHeHOro BEKTOpa. TpaekTopisi y3araJbHEHOI0 BEKTOpa Iij 4ac MpoBally
Hanpyru HaOyBae hopMu erinica, NMOTIM, TICHIS BiJTHOBJICHHS HENPYKEHUs, Ghopmy
koua. Tlepexin Bij ojHi€el GopmMu 10 1HIIOT CYIIPOBOJIKYETHCS KOJIMBAaHHSAMH, 110, Y
CBOIO Yepry, BUKJIMKAE 3HAYH1 KOJMBAHHS B L1011 CEKTOPIB (pucyHok 2.4 (B)). Ciij
3a3HAYUTH, 110 B1I'€MHI 3HAYEHHS LI0J0 IUIOLI CEKTOpiB OOYMOBIEHI THM, IO 3
po3paxyHkax y poOOTi IUIOIIa CEeKTOPIB BU3HAYAETHCS SK MOJIOBUHA BEKTOPHOIO
NO0OYTKY Mapu KOOPAUHAT, BUMIPSHUX MOCI1I0BHO. OIHAK, MOYKHA 3BEPHYTH yBary
Ha Te, 10 KpiM KOJWBAJIbHOI CKIAZOBOI PE3yabTaTH BHUMIPIOBAaHb BKIIIOYAIOTH
nocTiiiHy ckimanoBy. Lle noOpe BUAHO TpH yCepeAHEHHI TUIONII CEKTOpPIB Ha
TUMYaCOBOMY IHTEpBaJIl, IO JAOPIBHIOE TOJOBUHI TIEPIOAY KUBJICHHS HAINPYyTU

(pucynok 2.5).

I
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Pucynok 2.5 — Ilnoma cekTopiB y3arajJbHEHOTO BEKTOpa HaIpyry,

ycepeiHeHa Ha 1HTepBajll Y MOJOBUHY NEPIoy OCHOBHOT YaCTOTH

3 MOYaTKOM MPOBATy HAMPYTH CEPEIHSI TUIONIA CEKTOPIB 3MEHITYEThCS, TOTIM
cTabULT3yeThcsl HA PIBHI, 1[0 BIANOBIZAE€ TMPOBAJy HANPyrd, I[OTIM 3HOBY
30UIBIIYETBCS 10 HOPMAJIbHUX 3HA4YC€Hb. TakuM YHHOM Y PO3/IUIlI HAaBEICHO
TEOpeTUYHE OOIPYHTYBAHHS 3aCTOCYBaHHS BJIACTUBOCTI CTAJIOCTI CEPEAHBOT TUIOIII

CGKTOpiB y3araJJbHCHOI'O BCKTOpa IJIA BHU3HAYCHHS pe)KHMiB, 10 BCTaAHOBHIIHCH.
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KpiM 1nporo mnoka3zaHo, MmO Il BJIACTHBICTH MOK€ OyTH BHUKOpHUCTaHA JUIs
OOUYMCIIEHHS] YaCTOTH HAMPYTU MEpexki, 10 Oy/le BUKOPUCTAHO Al Jis OILIHKHU

TOYHOCTI BU3HAYEHHS NTaPAMETPIB HANIPYTH KUBIICHHS.

2.5 MojaepHi3zoBaHuii aJropuT™M BH3HAYEHHsI mapameTpiB rogorpada
y3arajibHeHOTr0 BEKTOpPa HANIPYTH

VYV pexumi 3'SBISETHCS MOXKJIUBICTH BHU3HAYMTH TapaMeTpu ropporpada
y3arajlbHeHOro BEKTOpa HaIpyTru, a, OT)KE, 1 mapamMeTpu Hanpyru uieHHs. Ha
MOYATKY PO3AUTY JAHO OMKUC ITEPaliMHOrO aIrOPUTMY, BIIEPIIIE 3aIPOIIOHOBAHOTO B
[8] 11 BU3HAYEHHS KOMITOHEHTIB MPSAMOI Ta 3BOPOTHOI TOCIIIOBHOCTI HAIIPYTH, a
TaKO)X THUIIB MPOBaJIIB Hanpyru. Hanpukinil po3auly BUKIAAEHO CIIOCIO OIIHKH
MOMWIKM BH3HAYEHHS MapaMeTpiB HANpPyru KUBJICHHS 1 MOJAEPHI3OBAHUM IS
BUPIIIEHHS LbOT0 3aBJaHHS aJITOPUTM.

BukopucToByrour KaHOHIYHE pIBHAHHA eninca (piBHAHHA 2.5), MOXKHA
BU3HAYHUTH BEJIMYMHY TIBOCEH €irca, 3Hal0YN KOOPIUHATH OyIb-SIKUX TBOX TOUOK
BEKTOpa Hanpyru ( piBHAHH:A 2.8 ). BianosigHO, JUIsl MAaCHBY 3 N KOOPJMUHAT TOYOK
y IPOCTOP1 KOOPJIMHAT BEKTOPA HAIIPYT'H MOKHA BUPILIMTH N — | CUCTEM PIBHSIHb Ta
OTpUMATH N — | MOXKJIMBHX BEJIMYUH MIBOCEH ejinca. BipHi Benu4yuHU miBOCEi
OyayTh OTpHMMaHI TUIBKM B TOMY BHIMAJKY, SIKIIO KOOPJAMHATH Yy3arajibHEHOIro
BekTopa Hanpyru HaBejaeHo KCK.

[Tepauiitauii anroput™ npusHadeHni Bu3HaueHHs KyTa 3¢cyBy KCK mo/10 oci
o 1 BU3HAYEHHS BEMYMH MiBOCeH eninca a 1 b . [{ns pboro notpiOHO nepeBecTH aff
KOOpJIMHATH y3arajibHeHoro Bektopa Hanpyru B KCK (mosnaueny a'f')
«TIOBEpHYBIIN» iX HAa KyT ¥, 3acTocyBaBiu piBHAHHS 2.2. Tak sk kyt ¥ 3a3manerijibp
HEBIJOMHH OOYMCIICHHS MPOBOAATHCS AJs AeIKO1 KiUTbKocTi m KyTiB 3cyBy KCK
mono CK af . CxeMarnyHo NpHHLMII POOOTH AJITOPUTMY IPOJEMOHCTPOBAHO
puc.2.6 (a). [Iaporo 1HAEKCIB # 1 m MO3HAYCH] MMOTOYHI KOOPAHUHATH y3arajJbHEHOTO
BeKTOpa, HaseneHl 0 nependauyBanoi KCK. Edext moctynoBoro 3minu kyra ¥
BiJ100paxkeHo puc. 2.6 (0), 3po3ymiso, 10 3 AEAKOMY 3HA4€HHI LIbOI0 KyTa JaHi

BUABJIAIOTHCA HaBeaeHuMu 110 KCK.
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Pucynok 2.6 — IlepenOauyBaHa TpaeKkTOpis Y3arajJbHEHOI'O BEKTOpA

TprdazHOi Mepexi

SIKIIO 3/11iICHEHO M YMOBHHX ITOBOPOTIB OCEH KOOpAMHAT, BiioMOo mX(n — 1)
MOJKJIMBUX JIOBXKHH ITiBOCEH emirca. J[js mMomaibIIoro aHajily BH3HAYAIOTHCS

cepe/iH1 KOXKHOI 3 repe10avyBaHuX MPOEKIIM BETUYUHH MIBOCEH eJlnca:

a,[m]= 1 2 Za[z] b, [m]=
n—1i=

‘
p—n

z bli], (2.11)

neacq|m),b[ m]- cepenHpoapudMeTHIHI BEITUINHH BEIUKOI Ta Mol
niBOCeH eJinca, o BiANOBIAAIOTE M -MY KYTY «IIOBOPOTY» CUCTEMHU KOOP/MHAT.

JIisi KOXKHOTO 3 m «IIOBOPOTIB» BH3HAYAETLCS CEPEAHBOKBAAPATUUHA
nomwika E/m] oOuumcieHa mpu MiJICTAaHOBLI OTPUMAHUX 3HAUYEHb KaHOHIYHE
piBHSHHA. BuOMpaeThcs KyT Ta AOBXKHMHM ITIBOCEH, SIKMM BIATIOBIA€ HaWMEHINA

MOMUJIKA OOYHUCIICHHS

_ (L[ uatim) uy [i,m]
Elml= 3| o1 (2.12)

op cp

Sk Oyjno mnoka3aHO B IONEPEJAHbOMY PpO3JUIL  HapameTpu rogorpada

y3arajabHEHOT0 BEKTOpa HANpyru (a , b), MOKHA BUKOPUCTOBYBATH 17151 BUSHAYCHHS
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4acTOTH Hanpyru skuBieHHA. Tak gk y dopmynai 2.10 BuU3HAYEHHS YaCTOTH
BUKOPHCTOBYIOTBCSI JIOBKMHHM MMIBOCEH HANPYrd, TO TOMUIKA iX BU3HAUCHHS
IIPU3BEJIE 10 IOMWIKMA BW3HAUEHHS YacTOTH Halpyru. Tak fK Ipu IpoBayax
HaAIpPyrd 4acTOTa HAIpPYrd HE 3MIHIOETHCS MOXKHA OOYMCIUTH BIJIHOCHY MOMUIIKY

BHU3HA4YCHHA 4aCTOTH HAIIPYT'H:

w. —Ww
Aw=128___ 20 (2.13)
w

3q0

ae Aw — [OMWIIKAa BU3HAYEHHS YAaCTOTH HANPYTH OKUBJICHHS, W gu —
o0uucieHa 4acToTa HalpyTy JKUBJICHHS, W ;59— BIJIOMa 4YaCTOTa HATIPYTH KUBJICHHS
B pO3paxyHKax npuiimainacs pisHoro 314,16 pan/c.

HopMu SKOCTI e€NeKTpUYHOI eHeprii B CUCTEeMaxX eJeKTPOIOCTaYyaHHSI
3arajibHOro Tmnpu3HaueHHs [11] BCTaHOBIIOE BUMOTM [0 BIAXWIEHHA 4YacCTOTH
HaNpyTH KUBJICHHSA B CHHXPOHI30BaHUX eHeprocucremax +0,2 I'n mporarom 95%
IHTEepBaJy 4acy B oJuH THxaeHb 1 0,411 mpotsirom 100% iHTepBanty yacy B OJUH
TWXKIEHb. B 130IbOBaHMX €HEPrOCUCTEMAX BUMOTU HUXKYE, BIIXUICHHS YaCTOTH
MOXKYTh gocsratu 5 =1 'y mporarom 95% iaTepBany yacy 3a oJuH THXKIeHb 1 =511
npotsarom 100% iHTepBaily yacy 3a OJIMH THXJ1eHb. EHeprocucTeMu nmpoeKkTyoThCs
1 KEPYIOThCS TaK, 1100 3a0e3ne4yBaTH i HOPMHU, TOMY CIIPaBEIJIMBO OUIKYBaTH, L0
4acTOTa HAMPYTH, 1110 JKUBUTH €JIEKTPONPUBO/, Oy e nepedyBaTu B Mexkax 49-51 I'u
95% poboTH €1eKTPOYyCTaHOBKH.

Ha mnigcraBi BMKJIAJEHOrO BHILE, I[OMUJIKA OOYMCICHHS YacTOTH 3
BUKOPHUCTAHHSAM MapaMmeTpiB rojporpada y3araabHEHOTO BEKTOpa HAMpPYTH MOXKE
OyTH BMKOpPHUCTaHa IS OLIHKM TOYHOCTI poOOTH 1TepauiiftHoro aaropurmy. s
PI3HOr0 YHKCjIa BUMIPIOBAHb HANPYr¥ A IOMWIIKA Oyje pi3HOIO, 31 30UIbILICHHSIM
YyHClia aHAII30BAHUX JIAHUX TMOMHJIKA 3MEHIITYBAaTUMETHCS, MPAKTUYHUN 1HTEpeC
NPEACTaBIsAE€ BU3HAYECHHA MIHIMAJIBHOI KUIBKOCTI BHXIJHUX JAHUX, NPU SKOMY
BEJIMYMHA TOMUJIKA BU3HAYCHHS MapamerpiB Hanpyru Aa 1 Ab He nepeBullye
MaKCHUMaJbHO JOMYyCTUME 3Ha4YeHHs. J[J1 [bOro MPOMOHYETHCS OI[IHIOBATH
MOMWIKY BU3HAYEHHS YaCTOTH Aw , TIOPIBHIOIOUH 11 3 IEAKOI0 3a3/1aJIeT1/1b 3a/JaHOI0

BEJIMYMHOKO Aw ()0,3i BBaXXaTHu MapaMETpH HalIlpyru OO0YHCICHUMH 3 JOCTAaTHHOKO
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TOYHICTIO NPH 3HWKEHHI BEJIMYMHU TMOMMJIKM HMXKYE [bOro 3HauyeHHs. Takum
YUHOM, BUPIIIYEThCS MOCTABIEHE Y POOOTI 3aBIaHHs OIIHKH TOYHOCTI OOYHMCIIEHB
NPEAUKTUBHOTO anroputMmy. IlodaTrkoBa KUIBKICTh BUMIPIOBaHb JOpPIBHIOE 4,
OCKUIBKH II€ MIHIMaJIbHA KIJBKICTh JIAaHUX, HEOOX1H1 OJIHO3HAYHOI'0 BHU3HAYECHHS
rapameTpiB Harpyr.

[Ticnst BU3HAUYEHHS NOMMIKHA OOYMCIIEHHS 4aCTOTH HANpyrW JKUBJICHHS 3
BUKOpUCTaHHsAM piBHSHL 2.10 1 2.13, BOHA NOpPIBHIOETHCS 3 TPHUITYCTHMOIO
MTOMUJIKOIO AW 05 . SIKIIO OOUMCIIEHA TTOMUJIKA MEPEBHUIIYE AOMYCTUMY, MOTPIOHO
3017IBIIYBAaTH KUIBKICTB IaHUX, 10 Y po3paxyHKy. Llei mpouec moBTOPIOETLCS 10TH,
JOKH yMOBa He Oyne BHUKOHaHO. [Ipu 3HM)KEHHI MOMMIIKA HUXKYE 32 JOIYCTHMY,
pO3paxoBaHi napameTpu rogorpada BeKTopa Hanpyru BUBOAATLCS IS 1101AJTbILIOTO

aHams3y.

2.6 OTpuMaHHA MUTTEBHMX 3Ha4YeHb HANpPYIW 3a JaHUMHU NpPo rogorpad
y3arajibHEHOIr0 BEKTOpa HANIPYTH

3Hauu napaMeTpu rojorpagda y3arajibHEHOIO0 BEKTOpa Ta KOPUCTYHOUHCH
BJIACTUBICTIO cHUHYycoigaibHOCTI npoekuin y KCK HeBaKkO BU3HAYUTH MHTTEBI
3HAQYEHHS MPSIMOI Ta 3BOPOTHOI TOCHIIOBHOCTEN (a3zHoi Hampyru (abo 1HIION
€JICKTPUYHOI BEJIMYMHHM) 3a 11epioJl. 3HAUYEHHS NPSIMOI Ta 3BOPOTHOI MOCJI1IOBHOCTI

(ha3HMX HANPyr MOKHA BU3HAYUTH 32 (POPMYJIOHO:

u, A sin(wAm — W)+ A, sin(wAtn — V)

u, |=| A sin(wAtn—¥ +27/3)+ A, sin(wAtn — ¥ — 27/3) |. (2.14)
u | | Asin(wAtn—¥ —27/3)+ A, sin(wAtn —¥ + 27/3)

(&

ADo po3paxyBaTu MacuB 3HaueHb npoekuiil Ha oci KCK 1 nepetBoputH iX Ha
MacuB abc KOOpIMHAT, BIANOBIAHMX MHMTTEBMM 3HAUCHHSIM Hapyr TpHQasHOi

Mepexi [27].
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ugln]] |1 O | .
1 /3 [cos(¥) —sin(¥)] acos(wt[n]-¥)
gl |=l—-= 22 |2 : (2.15)
2 2 |[sin(¥) cos(W) | bsin(wt[n]—¥)
u.[nj 1 J3
L 2 2

Hapmami 3 oTpumaHMX MacHUBIB MUTTEBUX HAMPYyr MOPSMOi Ta 3BOPOTHOI

MOCJIIJIOBHOCTI OOUYUCITIOIOTHCSI MACUBH JIIHIMHUX HAIPYT.

BucHoBKkH 32 po3aiyiom 2

I; [TokazaHo, 10 U1 BM3HAUEHHS IApaMETPiB HaNpyru >KUBJICHHS B
HECUMETPUYHHMX PEKUMax JOLIHLHO BUKOPUCTOBYBATH IIPEJCTABICHHS HANpPyTrd
MEpEeK1 y BUTIISIAI y3arajJbHEHOIO0 BEKTOpa, TaK SIK rojorpad BEKTOpa OMUCYETHCA
€JIIIICOM, BEJIMUMHU IIBOCEH SKOT0 NMOB'SI3aH1 3 KOMIIOHEHTaMH IPSMOI 1 3BOPOTHOT
TIOCJT1JIOBHOCTI.

2. JloBeneHo  cTamicTh  CEpeAHLOrO0  3HAYEHHS  CEKTOpIB,  WIO
BIJIKJIQJAalOThCSl y3araJlbHEHMM BEKTOPOM HANpyrd 3a PIBHI NPOMDKKH 4acy B
PEKUMI, 1110 BCTAHOBUBCS.

3. 3anmponoHOBAHO CHOCIO BU3HAYEHHS YAaCTOTH HAIPYTH JKUBJICHHS 3
BUKOPHCTAHHSAM TMapaMeTpiB rojorpada y3aralbHEHOTO BEKTOpa HampyrH,
3aCHOBAHMI Ha ITOPIBHIHHI IUIOLII roforpada y3arajibHEHOI0 BEKTOpa 3 CEPEIHBOIO
TJIONICI0 CEKTOPIB, 10 BIKIAAI0THCS HUM 32 PIBHI MPOMIKKH Hacy.

4. AHani3 pe3ynbTariB poOOTH MOAEPHI30BAHOTO aJTOPUTMY MTOKA3aB, 10
IpH JONYCTUMIM MOMIJILI BU3HAYEHHS 4acTOTH B 5%, MakCMMaJlbHa TIOMMUJIKA

BH3HAYECHHS BEJIMYMHH ITIBOCEH eJ]iIlCEl, d 3Ha4YCHb BCIIMYMHH HAIIPYKCHHs CKJIIaJIa

6%.
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3 NIPEJUKTUBHE BU3HAYEHHS IMAPAMETPIB HAIIPYI'U JIAHKHU

MOCTIMHOTO CTPYMY ACHUHXPOHHOI'O EJIEKTPOIIPUBOJY 3
ITACUBHUM BUITPAMIAYEM I1PU ITPOBAJIAX HAIIPYT'H

3.1 HexepoBaHuii BUIIPAMJISIY Y CTPYKTYPi CYYACHOTO €JIEKTPONPHUBOAY

PO3BUTOK cHCTEM BEKTOPHOTO KEPYBAHHS BH3HAYUB CTPYKTYPY CYYaCHOTO
€JICKTPONPUBOLY. ACHHXPOHHI Ta CHHXPOHHI €JIEKTPOJABUTYHH B CYy4aCHUX YMOBax
KEePYIOThCS 3a JIONIOMOI'0OI0 YACTOTHOT'O MEPETBOPIOBAYA, 1110 NEPETBOPIOE MOCTIHHY
HANpyTy Ha HANpyTy 3aaaHoi "actoTd, (asu Ta ammumityad. [loctiitHa Hampyra
BUXOJUTh HUIAXOM BHIpsMIICHHS TpudasHoi Hanpyru wmepexi. CraHaapTHUM
pILLICHHSM MPU NPOEKTYBAHHI €JIEKTPOIPUBOAY MaJOi Ta CEPeHbOI MOTYKHOCTI Ha
BUCOKY Ta CEpEeIHI0 Hampyry € IIEeCTUIYJbCHUN BUIOPSAMIAY HA OCHOBI
HaIlBMPOBIIHUKOBHUX Ji011iB [14].

CtpykTypa neperBoproBaya 4acToTH 300paxeHo puc. 3.1.
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Pucynok 3.1 — Crpykrypa mepeTBOproBadya YacTOTH 3 IaCUBHUM
HIECTHUITYJIbCHUM BUIPSAMIISIYEM Ta IHBEPTOPOM HAIPYTU
BxinHi cTpymMu neperBoproBada puc. 3.1 mosHadeHi i ., i 511 .. CTpym

IPOTIKA€E Ye€pe3 KOHJACHCATOP MO3HAYECHUH i 4,, @ CTPYM HaBaHTAXCHHS 103HAYCHUI
[ load - Y KOKEH MOMEHT 4acy BHUSB/ISIOTHCS BIAKPUTI TUIBKH ABa JI10JU, 10 AKUX
NPHUKJIAJICHO HAWOLIbIly JHIAHY Hamnpyry u , 3 HalOUIBILIOK aMIUIITYJ00, ale

TUJIBKHM B TOMY BHITaJIKY, SKIIO BOHA O1JIbIlIa 32 HAIIPYTY Y JIaHIIl TIOCTIHHOTO CTPyMY,
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11e 00YMOBIIIOE€ HEJIHIHHICTH BXIJIHUX CTPYMIB TaKOro NepeTBOproBaya i Mmysbcarlii
MOCTIWHOI HAMPYTH.

Takox 10 cknany naHku noctiiHoro crpymy ITY BkiaroueHuit pospsaaHuii
PEe3UCTOp Ha SIKOMY BiIOYyBa€EThCSI pO3CIFOBAHHS €HEPril y BUIIAJIKaxX, KOJIM Hanpyra
JJAHKU TIOCTIMHOTO CTPyMYy IMEPEBHIILYE IPHUITYCTUME, HAMPUKIAL MHpU PoOOTI
JABUT'YHA B PEXKUMI peKynepatii.

[TocriiiHa ckJaj0Ba Hanpyrd Ha BUXOJII HEKEPOBAHOI'O IIECTUITYJILCHOTO

BUIIPSAMIIAYA Y CHMETPUUYHOMY PEKUMI BU3HAUAETHCS BUpa3om [15]:

Uy zéu_,zmax, 3.1)
T
[TinTpyMKa TIOCTIHHOrO PIBHS HANpyrd Ha KOHJEHCATOpi HeoOXiaHa
KEpyBaHHS JABUTYHOM 3a jaomomoroto iHBepropa. Ilpu cramocti manpyru B JIIIC
MOAYJIb CHJIOBUX KITIOYIB Ipaltoe sk iHBepTop Hanpyru. Ha puc. 3.2 cxemaTtudHo
300paxKeHO MOTIK MOTYKHOCTI Yepe3 JIaHKy nocTiitHoro crpymy. Konaencarop, sik
MPaBUJIO, MAa€ HE3HAYHUN TAHTEHC [IIeJIEKTPUYHUX BTPAT, TOMY MPAKTUYHO HE
CIIO’KMBAE AKTUBHOI MOTYXHOCTI [16], 1110 3yMOBIIIO€ CIIpaBEUIMBICTh PIBHOCTI:
Pox =P aux (3.2)
ne P sx. — AKTUBHA MOTYXKHICTh HA BXO/I1 JJAHKH MMOCTIHHOTO CTPyMY,

P « pux. — @KTHBHA MOTYKHICTh HA BUXO/Il JJAHKU MMOCTIHHOTO CTPyMYy.

Pucynok 3.2 — I1OTiK MOTY>KHOCTI y JIaHIII TOCTIHOTO CTPyMY
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3po3yMIJIO, IO TNPHU 3HWKEHHI HANpyrd y JaHil MOCTIHHOIO CTpyMmy,
3HWKYETHCS 31aTHICT TPUBOTY OpMYyBaTH HEOOX1/IHI CTPYMH B 0OMOTKaX CTaTOpa
1 MaKCUMaJIbHUH MOMEHT CHJIM Ha Bally JBUryHa. [Ipu mpoBaji Hanpyru rnocriiHa
CKJIa/IOBa HANIPYI'H JIAHKH MOCTIHHOTO CTPYMY 3HUIKYETHCS, @ BEJIMYMHA ITyJIbCallii
30UIBIIYETHCS, 110 MOKE MPU3BECTH J0 3YNMUHKU MPUBOJY MpPHU CIPALlbOBYBAHHI

pene 3MH, 1o Oys10 JOKJIaAHO ONUCAHO B MEPIIOMY PO3LII.

3.2 Po3paxyHok nmapamMeTpiB HANPYTH JJAHKH MOCTIHOTO CTPYMY Hij 4yac
NPOBAJiB HANIPYTH

Posrnsinemo crnoci® BuzHaueHnHs napamerpiB Hanpyru JIIIC 3a Bigomumu
JTHIMHAMM Hampyramu 1 MOTYKHICTIO, 110 CIOXKHBA€TLCS ABUTYHOM. Bupas 3.1
BUBOJUTHCS MPHU MPUMYLIEHHI PO T€, 110 AMIUTITYAH JIHIHHOI HAPYTH OJIHAKOBI 1
3cyB (pa3 MK HUMM 3aJIMIIA€THCS HE3MIHHUM, BOHO HE 3aCTOCOBYETHCSI IIPH
BU3HAYEHH] HAMpPyrd JAHKU MOCTIMHOTO CTpyMy IMpU MpoBaigax Hanpyru. s
aJIeKBATHOI OIIIHKM TIapaMeTpiB HAMNPYTH JAaHKU MOCTIMHOTO CTpyMmy (i#oro

TOCTIMHOI CKJIaJI0BO1, @ TAKOXK i1 MIHIMAJILHOTO Ta

” di,
w, —u,=2-i R, +2-L—2+2-uy;
dt
. du,
t!{ —; C K ; .
J dt g (3.3)
=1, +i;
I P
i, =—%,
uk
J€ U ; - MATTEBE 3HAYEHHS JIHINHOI HAnmpyru, R , - aKTUBHUU OMIp JiHIT

eJIeKTpoIiepeayi, Mo po3rssaaeThes, L , - IHAYKTUBHICTD JIIHIT eJIEKTpornepeaayl,
110 pO3IJISiAA€ThCsl, | , — BXIJHUH CTpyM I1HBepTOpa Hampyru, P , — aKTUBHA
MOTYXKHICTh HaBaHTaxeHHs, C — emHicTh KoHAeHcaropa JIIIC, i , — cTpyMm uepes
KOHJ/ICHCATOP, U ,¢— NIPSIME MaIHHS HAIPyTy Ha J10Jax BUIIPSMIIIYA.

[ToTyXHICTb, CIIOKUBAHA JIBUTYHOM P , BA3HAYAETHCSI CYMOIO IMOTY)KHOCTI Ha
Bajy IBUTyHA P 4, , BU3HAYAETHCS K JOOYTOK 4acTOTH OOEpTaHHsS poTopa w i

MOMEHTY CHJIM M , MOTYKHOCTI aKTUBHHX BTpaT B 0OMOTKax cTaropa i potopa P i
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MOTY)KHOCT1 BTpaT Ha nepemarniuyBanus P, [14]. [Ipu upomy npu BUXO/1i ABUTYHA
Ha poOOYy TOUKY MIBUIKICTh 1 MOMEHT JABUTYHA MOCTIHHI, SIK 1 CTPYMHU B 0OMOTKax
cTaTtopa i poTopa, 10 J03BOJISIE MPOBOANTH 00UmMCIIeHHs mapameTpiB Hanpyru JITIC,

3 NpUNIYLIECHHS, 10 ITOTOYHE CIIOXKHUBAHHA l'lOTy}KHOCTi € TIOCTIHHHUM:

Rf = Pr)e + PR * Pu = wrM ¥ PR + F.'u = const (34)

Cnin 3a3Ha4UTH, 110 11€ TPUITYLIEHHS HE € 0OMEKEHHSIM, TOMY 1110 Y BUMAJIKY,
SKIO BIJOMA JMHaMIKa 3MIHM CIOXHMBAHHS IOTYXKHOCTI, TaKOX MOJKHA
BUKOPHCTOBYBATH 3aIllpOIOHOBAHUNA CIIOCIO pO3paxyHKY MIJACTaBUBILM B CUCTEMY
piBHsAHb 3.4 neaxky ¢yukuito P, (1) . Jami B poOOTi, AK HaMOLIBLI 3araJbHUAN
BUIAJI0K, PO3TJISAA€THCS TUIBKU poOOTa IBUTYHA B PEKHMI, 110 BCTAHOBUBCS.

OOuucreHHs napamMeTpiB HAPYIH JAHKU MOCTIHHOTO CTPYMY HPOBAIUTHCS
METOJIOM IOC/II0BHUX HaOmkeHb [S]. 1 1boro HE0OX11HO 3HATH CIOKHUBAHY
HOTY)XHICTh, €EMHICTh KOHJIEHCATOpa Y JIaHIl MOCTIHHOro CTpyMy Ta HapameTpH
JIHIT eJeKkTponepeaayi.

OOuuncieHHs TpUBae, T0KU MOCTIMHA CKIaJ0Ba CTPYMY KOHJIEHCATOpA I 4, 32

nepion He nopiHIOBaTHME (), 110 BiOBiIa€ BCTAHOBICHOMY PEXKHMY:
L,
— Ji.dt=0, (3.5)
To

ne T — nepioj Harpyry KUBJIEHHS, [ 9, — CTPYM KOHJIEHCATOpA.

CtpyM KOHIEHCATOpa PO3PaXOBYETHCS 3a KOKHOT 1Teparlli. [Ipu po3paxyHky
HANPyTH, [0 TPUKIAAAETHCA 0 AIOJIB 3a TEpPIIUM pPIBHAHHAM CHCTEMHU 3.3,
BpPaxoOBY€EThCS MaJliHHA Halpyryd B JIiHIT )KUBICHHS , NIPsIME NMaJiHHSA Halpyrd Ha
alofax 1 BIUIMB TEPEHANpPYr, 110 BUHHUKAIOThL 4Yepe3 IHAYKTUBHICTb JiHII Mpu

3HWKEHHI CTPYMY 10 HYJIS:

om.rq) ‘.'[k]'_u [k] 2Ri [k]+2L (36)

i [k]
A

JI€ U gioxp . »— HATIPYTA, 1110 IPUKIAAAETHCS 10 A10A1B, A { — IPUNHATUN KPOK 4acy.

Kpox gacy At moorcna pUAHATA PIBHUM IPOMIXKKY Yacy MikK BUMipaMu, abo

30UIBIIATH JUISI TIPUCKOPEHHSI pPO3paxyHKy. Y BHUNAAKY, SKIIO Hampyra Ha



46
KOHJIEHCATOpl u, Oliblla 3a HAWOUIBIY HANpyry NPHUKIATAETHCS 10 JI0AIB, TO
KOHJICHCATOP PO3PSDKAETHCS HA HABAHTAKEHHS 1 PO3PSAAHUH omip.

Jlaii 3a TOMOMOTOK0 YETBEPTOT'O PIBHSHHS B CUCTEMI 3.3 BU3HAYAETHCS CTPYM
HaBaHTaXeHHA. Tak fK IIBUJAKICTh 3MIHM HANpyru MpoHopIiiHa CTpyMy
KOH/ICHCATOPa, 3p03yMLIIO0, 11O MiBUILEHHS CIIOKUBAHOT MOTY>KHOCTI NPU3BOIUTD
N0 30UIBLIEHHS aMIUNTYAM KOJIMBAaHb HANpPyrH 1 1HAKIIE, BIH 3apsIKAEThCS
CTPYMOM, 1[0 BU3HAYAETHCS 3a JJOIOMOI00 TPETHOT'O PIBHSL.

[Tpupict ctpymy ninii Ha Ai, [ k | KOKHOMY KpOIll BU3HAYAETHCS 32 POPMYJIIOIO

ulk]~2-R;-i,[k] —u,lk] s
2L '

A

Ai[k] = 3.7)

BigoMuil 3apsaHUN CTPyM JO3BOJISIE PO3paxyBaTH HACTYIHE 3HAYCHHS

HAIIPYTH JIAHKU TIOCTIMHOTO CTpyMY u . [k+1] 3 Apyroro piBHSHHSA B cucTemi 3.3:

ulk+1]= I"‘g(]m+u.rk.[k]. (3.8)

3 OTpUMaHOro B XOJI PO3PaxyHKIB MacHUBY BHOMpPA€TbCS MaKCUMaJIbHE,

MIHIMAJIbHE 3HAYEHHS Ta BU3HAYAETHCS MOCTIMHA ckiagoBa Hanpyru JIIIC.

3.3 Moje/ii0BaHHSl BILUIMBY NPOBAJIIB HANIPYIHM Pi3HOI0 THILY HA HANIPYTH
JIAHKHU MOCTii{HOT0 CTPYyMY €JIEKTPONPHBOY 3 BEKTOPHHM KepyBaHHSAM

Jlns niaTBEp)KEHHS 11€BOCTI 3alIPONIOHOBAHOr0 METOY B yMOBAX YCIX TUIIIB
HECUMETpli, 110 BHMHUKAKOTh IIJl Yac IMPOBaJIIB HANpyru, OyJO IPOBEIEHO
KoMIT'toTepHe mojaemoBanHsa. Y cepeposuili Simulink MATLAB 6yno 3i0pano
MO/JIeJIb aCHHXPOHHOTO ABHTYHA 3 BeKTOpHUM ympaBiiHHsAM [15]. Ctpykrypa

MO/IeJli TIPEe/ICTaBiIeHa puc. 3.3.
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Pucynok 3.3 — CtpykTypa MOA€Il ACMHXPOHHOTO E€JIEKTPONPUBOLY 3

BEKTOPHUM KEPYBAHHAM

Ak moaens auryHa (610k Nel Ha puc. 3.3) OyB BUKOPUCTAHUN CTaHAAPTHUN
o0mok Asynchronous Machine 06i06niorexkn SimPowerSystems, mo obuucimioe
AMHAMIKY 3MIHH CTPyMIB poTOpa 1 CTaropa, MOTOKO3YEIUICHHS, IIBHUIKOCTI Ta
MOMEHTY Ha Bajly JIBUTYHa 3a BIJOMHUMH TMapameTrpamMu T-cxemu 3aMillieHHS
JIBUTYHA Ta JAaHUMH MPO BXiHI HANPYTH ABUTYHA. SIK MPHUKIIA PO3TIISIHYTO JABUTYH,
SIKMI BUKOPUCTOBYETBCS JUJIsl MPUBOY 3aHyproBasibHOro Hacoca ITE/[-10-103-M3.
[TapameTrpu Moaeni npeacrasieHi y tTadmuii 3.1.

Tabnuus 3.1 — nmapameTpu ABUTYyHA, 1[0 MOJAEIIOETHCS

HowminanbHa notyxHIicTh ABUTYHA ( P 0, ), KBT 14
Hanpyra xusnenns ( U .. ), B 0,4
Yacrora Hanpyru ( f), ' 50
Hucno nap nontocis ( z ) 2
[HIYKTUBHICTL pO3CIIOBaHHS CTaTopa Ta HaBeJCHa
; ; . . 0,35/5,5
IHAYKTUBHICT po3citoBaHHs potopa ( L sta L ), M['H
AKTUBHMIA oOmip craTtopa Ta HaBEJACHUNA AKTUBHMM oIl

P p & P10,59/0.62

potopa (R 1R ,), Q

B3aemua iHayKTHBHICTB cTaropa ta poropa ( L , ), MI'H 35,4

MowmenT inepuii asuryna (J ), krxm 2 0,05

Koediuient teprs asuryna ( K ,,;, ), Hxmxc/pan 6x10

ITepeTBOproBay yacTOTH TakoXk OyB 310paHUil HA OCHOBI CTaHJAPTHUX OJIOKIB

Unersal Brige, mo MoaemoTh poOOTYy I1HBEpTOpa HANpPyrd Ta BHIPSAMIIAYA
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BIINOBIIHO (Ha puc. 3.3 mo3HaueHi HoMmepamu 2 Ta 4 BianmoBigHO). YacTora
KoMmyTallii kiatouiB iHBepTopa mnpuitHara 40 xkl'm. Mixk HUMU OpUEIHAHO NAHKY
NOCTIHHOTO cTpyMy (uudpa 3) 10 CKIAJAETBCSI 3 €MHOCTI Ta KEPOBAHOIO
PO3PSIIHOTO PE3UCTOPA, a TAKOXK OJOKH BUMIPIOBAHHS Ta KOHTPOJIIO.

Touka npueaHaHHg 10 eleKTpoMepeki (mo3HavyeHa Hudpor 5) IMITYETHCS
JUKEpellaMy Halpyrd, OMip CUCTEMM €JIEKTPONOCTa4yaHHs OOpaHO TaKUM YHHOM,
o0 CTpyM KOPOTKOrO 3aMHKaHHS B TOYL IIAKIOYEHHS 10 MPUBOAY MeEpexi
JOpIBHIOBAB 4 KA.

[ludpporo micTe No3HauyeHMl OJIOK YNpPABIIHHA, HI0 BHUKOHYE HACTYIIHI
(GyHKUII: MepeTBOPEHHS MUTTEBUX CTPYMIB CTaTOpa B CHUCTEMY KOOpPJAMHAT, IO
obepraerbcsi, dg ; OOYMCICHHS BEJIMYHMHA 1 KyTa IIOBOPOTY BEKTOpa
IOTOKOCLEIUIEHUsI POTOpa ¥ , MOMEHTY Ha Bally JBUIYHA 1 3aBJaHHA 1uid d 1 g
CKJIQJIOBUX CTPyMy cTaropa . (popMyBaHHS MOAYNIOKOYMX cUrHamiB misa LIIM;
KepyBaHHs pO3psAHUM pe3ucTopoM. KoHTypu perynioBaHHS MIBUIKOCTI Ta CTPYMY

npeAcTaBieHi puc. 3.4.

i ind_rel 3
Froemd
| s >
— Froend

—- .’.::)_
| r D Controliar
w rafh (. PYz) —-—.<T__rd ———J“:\

Constantt PID Controller2 Gotw

From4

Gokr

Product

oot

P10 Controlier

(@)

(6)

Pucynok 3.4 — KoHTypu peryiaoBaHHS HIBUAKOCTI (a) Ta cTpymy (0)

PerynioBanHsi MIBUAKICTIO NPHUBOJY 3IIHCHIOETHCS HACTYIHUM YHUHOM:
3aBJIaHHS MIBUAKOCTI (IIpy MojieioBaHH1 125,6 pan/c, 1o BIAMOBIIa€ HOMIHAIBHIN

IIBUJKOCTI OOEpTaHHSA JBUTYHA) TIOPIBHIOETHCS 3 BUMIPSHUM JATYMKOM IIBHUIKOCTI
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3HAYEHHSM, MICIsl YOro HEey3roJukKeHicTh nojaerscs Ha BXin I perymsitopa, mo
dopMye 3aBHaHHS O MOMEHTY Ha Bajy JaBuUryHa M ,,, . I3 3a7aHOrO MOMEHTY

(hopMyeThCS 3aB/IaHHS IS CKIJIAJ0BOI CTPYMY CTaTopa:

. 31 M,,(, L
=2 a0l yy S| 3.9
quad 3 7 W L ( )

p r m

OpHak g 1BOrO0 HEOOXIJHO MONEPEIHBO OOYMCIUTH KYT IOBOPOTY
IIOTOKO3YEIUIEHHSI pOTOpa 7 B CUCTEM1 KOOPJIMHAT ¢ , NMOB'S3aHOI 31 CTATOpOM, 1
BEJIMUMHY MOTOKY portopa. [loTik poropa BHU3HAYAETHCS 3 MOTOYHOI BEJIMYUHH

CKJIaZIOBO1 CTPYMY cTaTopa:

¥ =i, . (3.10)

m

KyT mnoToko3uenseHHs poTOpa BHM3HAYA€ThCS IHTETPYBAHHAM IIBUAKOCTI
0o0epTaHHA MAarHITHOTO TOJIA JBHMIYHA 3a 4acoM, sKa OOYMCIIOETBCA 3 BI1IOMOI
IIBUAKOCTI 00EpTaHHs pOTOPA W 3 ypaxyBaHHSAM KOB3aHHA Aw , Tak sK CHCTeMa,
mo olepraeThcss dg cuUcTeMa  KOOPAMHAT  OPIEHTYETbCA IO  BEKTOpY

IMOTOKO3YEIUICHHS pOTOpA :
0, =[(w, + Aw)dr . (3.11)

IIpp 1npoMy KOB3aHHS NPOMOPLINHO MOTOYHOMY MOMEHTYy M Ha Baly

ABUI'YHA!

o A6 M (3.12)

Aw=— M .
3%, ¥,

[TorouHMii MOMEHT, Yy CBOKO 4Yepry, BH3HAYa€TbCs 13 CKJIAZAOBOI CTPYMY

cTaropa i g :

M :gz 7{?@\& ;
3 }J (1+L!"/L}H)

(3.13)
JIBUTYH KepyeThCs Tak, W00 MIATPUMYBATH TOTOKO3YCIUICHHS pPOTOpa

MOCTIMHUM. 3aBAaHHSA 110 TOTOKY ¥, ;49 BU3HAYEHE 32 KPUTEPIEM MIHIMYMY CTPYMY

cTaTopa Iij yac poOOTH ABUT'YHA B HOMIHAJIbHIN po00Yiil TOYIL BU3HAYAE 3aBJAHHS

CKJIAJIOBOI CTPYMY CTATOPA I 54 300 (PIBHSHHS 3.10).
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; (3.14)

Po3y3ropkeHHs BUMIPSHUX CTPYMIB 3 (POPMOBAHHMM 3aBIaHHSM I10JIA€THCS Ha
[Tl-perynsropu  cTpymiB, HajamToBaHi oaHakoBo. [loTiM  mpoBOAUTHCS
KOMIICHCAlllsl BIUIMBY KOHTYpIB pETyJIOBaHHS OJWH HA OJHOrO, AIsl LbOTO
OpPTOTOHaJIbHI KOMIIOHEHTH CTPyMY MHOXKaTbCsl Ha BIJINOBIAHI KOE(ILIEHTH Ta
mwBuAKicTh obOepranHs CK cymicHOT 3 BEKTOPOM HOTOKO3YEILIEHHS pOTOpa
(pucynok 3.4 (0)). KoedimieHTn perynsTopiB KOHTYpIiB CTPyMy Ta Hampyrd
IpejcTaBiieHi B Tadui 3.2.

Tabnuus 3.2 — [lapameTpu peryisTopiB CTpyMy Ta IIBHAKOCTI

KoeimieHT nocuneHHs nmponopuiiHoi CKIaz0Bo1 perysropa WBUAKOCTI | 0,3

KoedimieHT nocuieHHs IHTErpajIbHOI CKJIa0BOI PETyIsITOpa IBUAKOCTL | 5()

KoediienT nmocuneHHs mponopiiiHoi CKJIaI0BOI PEryasaTopiB CTPyMy 13

KoedimienT nocuaeHHs 1HTErpajibHOl CKJIAI0BOI PEryJIsiTOPIB CTPyMY 104

Jiarpama puc. 3.5 nokasye AuHaAMIKy 3MIHM IIBHJIKOCTI 0OepTaHHS JBUI'YHA
1 MOMEHTY Ha Bally JBUTYHA 31 301JbIICHHSAM HABAHTAXKEHHS, 3 11 3HM)KCHHSIM.
Bunno, mo cucrema ymnpaBiiHHS BiANpanboBy€ 30ypeHHs 3a JECATI YacTKU

CEKYH/IH, IPUUYOMY TEPEPETYIIIOBaHHS HE nepeBuiLye 5% BiJl 3aB/IaHHS.

so
%o
130 |
120 |
1o |

o0
!
60

a0
20|
o

! 15 2 25 J 15

Pucynok 3.5 — 3MiHa MexaHIYHUX [TapaMeTPiB IPUBOLY
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[Tpy HOpManbHIM Hampy3i B TOYI 3arajbHOro IiJAKIOYEHHS TOCTIHHA
CKJIaI0Ba HANPYTH y JIAHLI NOCTIMHOTIO CTPyMy HIATPUMYETHCS Ha HOPMAJIBHOMY

PiBHI, 10 BU3HAYAETHCA PIBHAHHAM 3.8 (pUCYHOK 3.6).

40 \- ol psink " - e . sainl - - y—— l
o 2002 2004 2006 2008 201 2012 200 2016 2018 202

580 T T . I I T T :

570 ff N /\ l /-\ ! f'ﬂ'.\_' Fi '\ ! 4

/ \\\‘ I{ \-\ ‘f \'\_ [ \ /{ _/

560 - / N / / / \_\,/

Il \x/ A Sef o |

550 I

540 : | | | | | | ! | |
2 2007 2004 2006 2008 20 2012 200 2.016 2018 202

Bpens. ¢
Pucynok 3.6 — Ctpym ta nanpyra JIIIC npuBoay mij HaBaHTaXKEHHIM TPH

HOpMaJbHIH Hampys3i
KpiM moctiiiHO1 CKJIaIoBOT NMOMITHI IyJibCallll 3 4acTOTOK B INICTh pasiB

NEPEBUILYE YacTOTy HaIpyru >KUBIEHHS TpugazHoi Mmepexi. BximHuit ctpym

IHBEPTOpa HANpyru Mae TaKOoX SCKPaBO BUPAXKEHY IOCTIMHY CKJaJ0BY, IO
MIATBEPKYE MpUITyIeHHS 3.4.

il W” o ]| ot

20|
L L] ! 1 . | ] !
2 2002 2004 006 2008 20 202 201 2016 2018 202

580 -~ | Vi S | /
560 |- el / | [ Sl /A
540 . ;
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Pucynok 3.7 — Ctpym 1 Hanipyra JIIIC npuBoay mijg HaBaHTaXEHHAM TI1/1 4ac

poBaJly HAPyTru
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[Tpu monemoBanH1 ogHO(a3HOTO poBaTy Hanpyru rMouHoio 20% Hanpyra
Ha KOHJIEHcaTopi 30epirae nocTiiHy CKIaJ0By, MPOTE MyJibcallii 3MiHIOITECA. [Ipu
olHO(a3HOMY TMpOBaJli HANpPyru Yy JIaHLl [OCTIHHOIO CTPYMy 4YacTOTHO-
PEryJibOBaHOI'O MPUBOJY CIIOCTEpIraeTbCs HE WIICTh IyJbCAllli 3 HEBEJIMKOIO
aMILTITYJI00 3a Tepiojl, a Bl 3 aMIUIITYI010, 1[0 3HAYHO IepeBeplIye HeOOXiqHY
11 HOpMasbHOI pobotu enekTponpusody. Ilpu nbomy 30epiraerbcs nocriiiHa
SICKpaBO BUPAXKEHA CKJIa/I0Ba BX1JJHOIO CTPYMY 1HBEPTOPA, 110 J103BOJISIE TOBOPUTH
PO CIPaBEIMBICTL PIBHSAHHSA 3.4 npu mpoBajiax HaMpyry.

Po3pobiiena komn'rorepHa MOAENb 103BOIMIAa BU3Ha4uTH mapaMerpu JITIC
IIPH MIPOBAJIaX HAMPYTH PI3HOrO THITY 1 MOPIBHATH OTPUMaHI JaHi 3 pe3ysibTaTaMu
poOOTH 1TEpalItHOTO AITOPUTMY. MOIeNIIOBaHH1 1opiBHIOBAB 30 HxMm.

Y Tabnumi 3.3 gaHo TOPIBHSAHHS TapaMeTPiB HANPYTHW, BU3HAYCHUX IPU
PI3HHMX THIIaX MPOBAJIB HANIPYTH B TPHOX (ha3, 31 3MIHOIO KyTa 3CyBY (a3, Tumy D —
IPOBaJl HANPYTH B OJHINM (a3l 31 3MiHOW KyTa 3cyBy (a3, tuny E — nBodazuuii
npoBai Hanpyry, Ty F 1 G — HecuMeTpuuHNN TIpOBaj HANIPYTH B TPHOX (ha3ax.

Homepu psizikiB Tabauil BiANOBIIal0Th 1 — MakcuMalibHa 3a Nepiojl Harpyra
y JIaHI[l IOCTIHHOTO CTPYMY Y BOJIbTaX, BU3HAUEHA 32 JJOTIOMOI'OK0 MOJICITFOBAHHS B
cepenoBuil Simulink MATLAB, 2 — makcumanbHa 3a meploj Hampyra y JiaHiil
IOCTIHHOTO CTPyMY Yy BOJbTaX, BHU3HAU€Ha 32 JOMNOMOIOI 3alpONOHOBAHOIO
QIropuTMy,3 — BIJHOCHA IMOMMUJIKA aJIFOPUTMY Y BU3HAUYEHHI MaKCHMAaJbHOIO 3a
NepioJl HAIPYTH Y JaHIl MOCTIHHOTO CTPYMY Y BIICOTKAX; 4 — MOCTIHA CKJIaJI0Ba
HAMpyrd JIaHKK TOCTIHHOTO CTPYMYy VY BOJbTaxX, BH3HA4YEHAa 3a JOMOMOTOIO
moemoBanns B cepenoBuil Simulink MATLAB; 5 — nocTiitna ckjiajoBa Halpyru
JIAHKHU TOCTIHHOTO CTPYMY Y BOJIBTAX, BU3HAYECHA 3a JOIIOMOTOI0 3alPONOHOBAHOTO
IrOpUTMy, 6 — BIJTHOCHA ITIOMHWJIKA QJIFCOPUTMY Y BU3HAUEHHI ITOCTIMHOI CKJIaA0BO1
HaAIlpyry y JIaHLl NOCTIMHOrO CTPyMYy Y BIACOTKaxX, 7 — MiHIMaJbHa 3a IEpioj
HAnpyra y JaHIl MOCTIHHOTO CTPYMYy Y BOJIbTaX, BM3HA4YCHA 3a JOMOMOTOIO
MozentoBanHs B cepenoBuili Simulink MATLAB; 8 — miHimanbHa 3a mepion

Hanpyra y JaHIil [OCTIHHOrO CTPyMy Yy BOJbTaxX, BHU3HAYEHO 3a JOMOMOIOIO
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3alpONIOHOBAHOIO AITOPUTMY, 9 - BIAHOCHA NMOMMUJIKA AITOPUTMY Y BHU3HAUYEHHI

MIHIMQJIBHOTO 3a MEP10/1 HATIPYTH Y JIAHI( TTIOCTIMHOTO CTPYMY Y BICOTKAX.

Tabmuus 3.3 — TlopiBHSHHS pe3yJIbTaTiB MOJICIIOBAHHS 31 3HAYEHHSIMH,

OTPUMAHUMH M1J] 4ac poOOTH alNTrOPUTMY

Nen/m | A B C D E F G

1 5221 | 5941 |556,5 | 501,7 | 5334 | 622,6 | 556,7
2 511,5 | 594,89 | 557,6 | 503,1 | 534,8 | 626,76 | 5525
3 2,03 0,13 | 0,20 028 | 026 | 067 0,75
4 501,2 | 554,1 | 5263 | 4834 | 502,6 | 584,5 | 512

5 501,2 | 553 5279 | 4835 | 500 | 588,26 | 510,7
6 0 020 | 030 002 |052 |064 0,25
7 476 5145 | 496,6 | 4643 | 4708 | 547,9 | 469.6
8 4912 | 5072 | 494,6 | 458,6 | 4654 | 547,65 | 464.9
9 3,19 142 | 0,40 123 | 1,15 | 005 1,00

MakcumanbHa moMuiaka poOOTH AJITOPUTMY MOPIBHSIHO 3 MOJICJIIOBAHHSAM Y

cepenosuut Simulink MATLAB cknana 3,19% nns MmiHIManbHOI HanpyTH y JIaHII

MOCTIHHOTO CTPyMy MNpHU CHUMETPUYHOMY IIpOBajl HANpyrd y TphoxX Qa3zax.

[Tapamerpu nanpyru JIIIC 3a 1HmMMX TUNAaxX HOPOBaJIIB HANPyrd BHU3HAYEHI 3

TOYHICTIO 1OoHalMeHIe 1,5%, 1m0 CBiTYUTH PO aeKBATHICTh OOPAHOTO CIOCOOY

PO3paxyHKY.
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BucHoBku 3a po3aiyiom 3

l. Onwucanuii criocid po3paxyHKy napaMeTpiB HallPyT'y JIJAHKH IOCTIHHOTO
CTpyMy, LIO JI03BOJIsIE, HA MIACTaBl JaHUX PO INMOTOYHE CIOXKHBAHHS €Heprii
CJIEKTPOJABUIYHOM 1 MPO HAMpyry, 1o *)uBuTh YPII, BUSHAYUTH AUHAMIKY 3MIHU
Hanpyru koHzaeHcaropa JIIIC, #ioro mnocTiiiHy CKJIaJ0BYy, MaKCHUMallbHE 1
MiHIMaJIbHE 3HAYEHHSI.

2. Po3pobiieHOo KOMI'IOTEpHY MOJIeJIb Ta TMPOBEACHO KOMITHOTEPHE
MOJICTTIOBaHHSA  pOOOTH  AaCHHXPOHHOTO  EIEKTPOTNPUBOAY 3  YAaCTOTHHUM
peryJoBaHHAM IPU MIPOBaliaX HAPYTH Pi3HOT IITMOMHU Ta TUITY.

3 AHani3 pe3yabTaTIB KOMITIOTEPHOTO MOJCIIOBAHHS [OKa3as, IO
MaKCHMajbHa NMOMWJIKA PpOOOTH 3alpONOHOBAHOTIO AJITOPUTMY IIOAO MapaMeTpiB
Hanpyru JIIIC cranoBwia 3,19%, 1o roBOopuTh NpO aJ€KBATHICTH MPUITYILIECHb

3aMpPONOHOBAHUX JI0 PO3PAXYHKY.
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BUCHOBKHU

Y X0l BUpIIIEHHS aKTyaJlbHOTO 3aBJIaHHS — 3abe3neueHHs Oe3nepeOiiiHol
po6otu YPII npu npoBasiax Hanpyru BUPILLIEH] Takl 3a7adi:

1. BuxoHaHo aHaji3 4YacTOTH Ta HACJIJIKIB BUHMKHEHHS IIPOBAJIIB
HAIpyru, sAKuWd r1okaszaB, 1o g0 3ynuHkd YPIT TexHOoJIOriYHMX YCTaHOBOK
ITPOMMCIIOBOCTI HAWYacTilIe HAaBOASTH IPOBAJIM HANPYTH TpuBajicTio Bix S0 mMc Ta
rimouHow moHax 20%, Mo BU3HA4Ya€ BMMOIM JIO IIBMJKOCTI Ta TOYHOCTI
BU3HAUYEHHS [MapaMeTpiB [POBaJly HANPYrd Uil BXKMUTTA 3aXO0JiB IIOJO0 iX
MO/I0TaHHS.

2. Po3poGieHo iTepamiiHuii anropuT™, IO JO03BOJIAE 3a JdaHUMH,
3a(hIKCOBAaHUM 3a Mally YacTHUHY MEPIOAYy HAMpyrd, OTpUMaTd 1HQOpMaIIO PO
BEIIMUMHY TIPSAMOI 1 3BOPOTHOI TOCHIAOBHOCTI HAMpPyrH 1 OLIHUTH TOYHICTh
IPOBEACHUX O0YHCIIEHb.

3. JIns OLIHKM TOYHOCTI pOOOTH 3ampONOHOBAHOTO aAJrOPUTMY OYII0
IIPOBEAEHO KOMM'IOTEpHE MoaentoBanHs podotu UPII 3 giognum BUnpsamisdeM 3a
YMOB IIPOBaJIiB HANpyru pi3Horo tuiy. [IOpiBHSAHHS pe3yibTaTiB MOZICIIOBaHHS 3
pesyibrataMud  O0YMCIEHb aJrOPUTMY II0Ka3ajo, M0 aJrOpUTM BU3HAYae
napamerpu Hanpyru JIIIC kopexktHo. MakcumanbHa TMOMHJIKA OOYHMCIEHD
craHoBuaa 3,2%, TOJI K y IHIIMX BHUIMAAKaxX MOMUJIKA He nepesuuia 1,5%.

4. BcraHoBII€HO, 1110 OPIEHTYBAHHS BEKTOpPA CTPYMY BEKTOpPa HAIIPYTH 1MiJ1
Yac HECUMETPUYHHUX MPOBAJIIB HAMPYTH MPU3BOAMTH 10 CIIOTBOPEHHS BXIJIHHUX
ctpymiB  AB 3 BekTopHuM KepyBaHHsM. Jlis 3a0e3nedeHHsT TMOCTIHHOI
€JICKTPOMArHiTHOI ~ CYMICHOCTI ~ NEpEeTBOpIOBA4a 3  MEPEKEI0  HKUBIICHHS,

3anpONOHOBAHO MOIU(IKYBATH CTPYKTYPY CUCTEMH YIPABIIHHS IPUCTPOIO.
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1 METHODS FOR IDENTIFYING VOLTAGE FALLS AND COMBATING

THEM

The electric drive is able to maintain operability in conditions of voltage dips
in various ways (for example, by switching to a weakened field mode), however, for
this the control system must obtain data in advance on the dynamics of voltage
changes in the DC link, which is possible if the voltage dip parameters are known .

1.1 Voltage dips in electrical networks from the point of view of
indicators and standards of electrical energy quality

In normal operation, the effective voltage values of the three-phase network
are within 10% of the nominal voltage U ,,m network. Accordingly, the maximum
value of the normal voltage is equal to 1.1 U ,», and the minimum 1s 0.9 U ,.ominal
voltage [3]. The intensity of the voltage dip is determined by the residual voltage of

the network and its duration

AU=MIOO%. (1.1)

HOM

At the same time, if the residual voltage is less than 5% of the reference, it is
considered that a voltage interruption has occurred.

The duration of the voltage dip 7 , is determined by the time interval from the
beginning of the voltage dip ¢ ,,, until the voltage in all phases of the network is
restored to the threshold value ¢ ;. The duration of voltage dips does not exceed 1
minute.

The main causes of voltage dips in low and medium voltage distribution
networks are short circuits [5] and uncontrolled starting of heavy loads [6]. Short
circuit current (SC) causes an additional voltage drop in the transmission line, which
leads to a decrease in the voltage at the load connection point. Starting of heavy
loads, such as induction and synchronous electric motors, also causes currents
exceeding the nominal by 5-7 times, which also leads to an additional voltage drop

in the line [4].
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1.2 Frequency of voltage dips in electrical networks

Voltage dips are a common occurrence. According to statistics given in [4],
voltage dips with a depth of up to 30% and a duration of up to 100 ms (5 periods of
the supply voltage) are the most common in cable networks, the second most
common are voltage dips with a depth of up to 30% and a duration of up to 500 ms.
Among the remaining cases, voltage dips with a depth of about 40% and a duration
of up to 25 periods of the supply voltage are most common.

For mixed networks, the statistics are similar, but voltage dips with a depth of
up to 40% and a duration of up to 5 supply voltage periods are more common. Also,
voltage dips with a depth of up to 100% (actually voltage interruptions) and a
duration of up to 1 second (50 supply voltage periods) are widespread in such
networks. These statistics are supported by data collected in other countries.
Analysis of voltage dip data collected in Australia [5] over a period of nine years
shows that 76% of the total number of voltage dips lasts less than 800 milliseconds
(up to 40 power cycles), with 25% of the total number of voltage dips lasting 5-6
power cycles. voltage . It is also noted that in 70% of cases the depth of the dips does
not exceed 30%.

1.3 Classification of voltage dips

The dynamics of voltage sags have been described in the literature many times
and many examples of voltage changes recorded during voltage sags in power
systems have been given. A voltage sag can be divided into three periods, the period
of voltage reduction from the initial (normal) to the residual 7', ,, ;, the period during
which the reduced voltage T, , > 1s maintained and the period of voltage recovery to
normal 7' ,, 3. The period T ,,1s usually much longer than the other two, so it is
described in the classification of voltage dips [9]. Fig. 1.1 schematically depicts the
stages of a voltage dip.

Voltage dips are divided into symmetrical and asymmetrical. A symmetrical
voltage dip i1s a voltage dip during which the voltage of all three phases of the
network decreases equally. The cause of this type of voltage dip can be a three-phase

short circuit or direct start of a powerful motor. Other types of voltage dips are



62
asymmetrical, they are caused by single-phase and two-phase short circuits. The type
of voltage dip, in addition to the causes of its occurrence, is affected by the neutral
mode, the methods of connecting the transformer windings in the network where the

short circuit occurred, and the connection of the windings in the load.
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Figure 1.1 — Dynamics of changes in the actual voltage value in one of the

phases of a three-phase network during a voltage failure

Traditionally, the symmetrical components method [5] is used to describe the
asymmetric network operation modes. It most fully describes the network operation
mode based on the available data on the phase voltage. The obtained values of the
symmetrical components can be used to calculate the network operation mode.

Also for the classification of voltage dips it is convenient to use the ABC
method [4, 6], based on the grouping of different voltage dips by the amplitude of
the voltages of the three-phase network and the phase shift between them. Voltage
dips are assigned to one of seven groups, each of which has certain properties when
spreading through the electrical network, which greatly simplifies the analysis of the
emergency mode.

Let us consider some properties and signs of voltage dips of different types.
Voltage dip type A (Figure 1.2) is a symmetrical voltage dip with a three-phase short

circuit, typical for networks with different neutral operating modes. Types B and E
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describe single-phase and two-phase dips, the cause of which is short circuits to

ground in a network with a dead-grounded neutral, which are more common than

others [9].
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Figure 1.2 — Types of voltage dips in the ABC classification

Types C and D occur in electrical networks with a two-phase short circuit.
Voltage dips of types F and G are typical for networks with an isolated neutral, the
main cause of their occurrence is short interphase circuits [5].

In this paper, the ABC classification will be used when describing voltage
dips, as it 1s very informative.

1.4 The effect of voltage dips on the electric drive as an element
continuous production process

Short-term voltage dips, characterized by a duration of 50-200 ms and a depth
of 10-40% (the most common in industrial electrical networks), can lead to
disruption of the technological process, production downtime and product shortages
due to disconnection of the frequency - controlled drive from the network [8]. This
occurs due to a decrease in voltage in the DC link (DCS) of the drive and the
operation of the undervoltage protection relay (UPR).

Single-phase voltage dips occurring in the 380 kV network at the MMK
Metalurji plant were transferred through a transformer to the 34.5 kV intra-plant

network, which supplies the electric drive of the synchronous motors of the hot-
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drawing mill with frequency regulation, with a capacity of 6.5 to 9.5 kW.

Asymmetry voltages at the input of frequency converters controlling the electric
drive leads to a decrease in the DC voltage and disconnection of the converter from
the network due to the operation of the minimum voltage protection. The stoppage
of the main electric drives of the technological installation with the jamming of the
strip in the rolling stands is eliminated within 2 hours, during this time the enterprise
stops working, and the stopped workpiece is rejected . The problem of voltage dips
in this case was solved by including an active static compensator in the enterprise
network, which damps voltage dips when they occur.

At the oil refinery LLC “KINEF” from 2011 to 2014, an average of 24 voltage
dips per year were recorded. In 80% of cases, dips with a depth of 20-40% and a
duration of 100 ms were recorded [7]. During the accident, the minimum voltage
protection relays (MVR relays) in the DC link of the frequency converters of
asynchronous and synchronous electric drives were triggered and disconnected them
from the network. After voltage restoration, the automatic restart system resumed
the operation of the technological circuit. However, it was found that the automatic
restart relay did not trigger when the voltage drop was less than 100 ms (5 periods
of the supply voltage), while the MVR relay response time was on average 20-40
ms (1-2 periods of the supply voltage). Thus, the electric motors stopped during the
voltage drop did not restart automatically and required manual restart.

Mining enterprises are often remote from the centralized power system, and
production facilities are often dispersed, which makes their power systems
vulnerable to voltage dips. The electric centrifugal pump installations at the field are
powered by a 6 kV power line, the main part of the industrial network exceeds 10
km, the length of the branches reaches 5 km. In works [5 - 6] it is shown that voltage
dips with a depth of 20% and a duration of about 180 ms led to the shutdown of
submersible pumps, which led to a failure of technological processes, false
triggering of network automation systems and, as a result, increased oil production

losses.
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The described problem is also encountered in underground mining, for
example, the electric drive of a mine hoist is vulnerable to voltage dips [8]. To
increase the resistance of the 315 kW electric drive to voltage dips, the authors
propose using a battery of supercapacitors for short-term maintenance of the DC link
voltage at a normal level for 100 ms.

The problem of voltage dips is also encountered in traction transport networks.
An increase in traction loads leads to the connection of reserve rectifier units at
traction substations for parallel operation, which is accompanied by a surge of
currents. The voltage dips that arise in this case lead to false triggering of the
complex of technical means of modernization and the rolling stock departure control
device, as well as disconnection of feeders of non-traction consumers [2].

A similar problem was encountered at a gas pumping station in Norway [4].
The station is designed to export gas produced in the North Sea to consumers in
Belgium, France, Germany, and the United Kingdom and 1s equipped with
compressors driven by six synchronous motors with a capacity of 41.2 MW with a
frequency- controlled electric drive. Asymmetric voltage dips, lasting from 50 to
150 milliseconds (2.5 to 7.5 periods of the supply voltage), caused an emergency
stop of the compressors, which created a danger for the pipeline due to fluctuations
in the gas flow rate, which caused additional heating of the pipes. The emergency
stop of the compressors required a manual restart, which in turn increased the
station's complexity. The described problem was solved by making adjustments to
the converter control algorithm. The new control algorithm reduced the motor's
rotation speed when the torque measured from its shaft dropped sharply, which is a
characteristic sign of a voltage drop.

In addition to directly reducing the LPS voltage, the electric drive can
disconnect from the network due to a decrease in the magnetic field strength that
holds the contactor in the on position [9]. This is caused by the fact that the force
that holds the contactor in the on position is proportional to the square of the voltage

that powers the electromagnet.
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There is a method for estimating the economic damage from voltage dips, and
calculations obtained from observations of the operation of the Dutch power system
[10] confirm the assumption that losses from voltage dips are directly proportional
to the number of consumers who stop working in the event of a voltage drop.
Therefore, increasing the resilience of each individual electrical installation leads to
a reduction in losses from voltage dips.

The examples given show that the problem of stability during voltage dips is
faced by electric drives in a wide power range from tens and hundreds of kilowatts
to tens of megawatts. The danger for the normal operation of a frequency- controlled
electric drive is a voltage dip with a duration of 50 ms and a depth of 20%.

1.5 Methods of combating voltage dips in industrial enterprise
networks

The examples given in the previous section illustrate the relevance of the
problem of voltage dips in distribution networks of enterprises. The described
problem is not new and various strategies have been developed to reduce the impact
of voltage dips on the operation of critical production facilities. There are two
different classes of solutions to this problem. The first class includes solutions
related to the optimization of the electrical network to minimize the area of
distribution, depth and frequency of voltage dips. The second group of solutions is
aimed directly at overcoming voltage dips by means of electric drives. In this
section, we will consider the first group of methods.

The cardinal effect of short circuits on the formation of voltage dips at the
load connection point is reduced by the method of dividing the intra-factory network
of a high-voltage enterprise into independent circuits, the connection between which
is maintained through an external high-voltage power supply network [ 1 3] devices
at substations and in switchboards, which leads to an increase in costs for electrical
equipment.

As a way to combat voltage dips, it is proposed to use the existing relay
protection and automation system at the enterprise, for example, to automatically

switch on the reserve (ATS) in the event of a voltage drop [9].
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a step-up transformer (SVT) can be used . The primary winding of the SVT is

connected to the power transmission line in parallel, and the secondary winding in
series, so that the voltage on the secondary winding is added to the voltage at the
transformer connection point. In normal operation, the transformer compensates for
the voltage drop of the power transmission line. In the event of a failure, the
additional voltage ensures the normal operation of the equipment connected to the
network. Known controlled SVTs are able to switch the number of turns in the
primary winding, thereby regulating the transformation ratio, and uncontrolled SVTs
with a constant ratio transformations. Both types are used to combat voltage dips
[5].

Constant power supply of responsible consumers from their own low-power
generating stations is also considered as a protection of electrical installations from
voltage dips and interruptions [20], the advantages and disadvantages of such a
solution are obvious. The local power system formed in this way is completely
isolated from the effects of the external network and this completely eliminates the
problem of voltage dips. This solution, however, requires serious justification, since
it requires the installation of a complex of equipment near the enterprise, requires
qualified maintenance [4].

Uninterruptible power supplies (UPS), such as batteries (AB) and backup
diesel-generator devices (DGPs are a combination of a synchronous generator and a
diesel engine), are also considered as means of combating long (more than 1 s)
voltage dips. The installation of devices allows, when the voltage drops to the limit
value, to switch to backup power with subsequent connection to the network when
the voltage is restored. During voltage interruptions, they support the power supply
of consumers for several hours until they run out of fuel or charge. Battery packs are
usually used for backup power supply of less powerful loads (for example, data
centers) or for installation in places where the operation of a diesel engine is
dangerous. UPSs provide power supply to consumers of powerful consumers or
groups of consumers [8]. The disadvantage of using UPSs is the need to constantly

maintain them in the ready-to-start mode, which consumes electricity (for example,
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to maintain the temperature regime of the electrical installation). Instant switching
to backup power is also impossible.

There are also a number of electricity storage devices capable of quickly
releasing stored energy to maintain voltage at a normal level during voltage dips,
including: supercapacitors , which store energy in an electric field; superconducting
inductors, which store energy in a magnetic field; and flywheels, which store
mechanical rotational energy [8]. These types of storage devices are connected to
the distribution network busbars and release the energy stored in them during voltage
dips.

In the event of a voltage interruption or a long (about 1 second) voltage drop,
when switching to power from a UPS (often supercapacitors and superconducting
inductors are considered in tandem with an AB [12]), such storage devices, complete
with converters, can maintain power supply to consumers during switching.

It is also worth noting another function of such installations. Superconducting
inductors and supercapacitors , connected to the AC network through power
converters (power electronics devices) and transformers, form dynamic voltage
distortion compensators (DVCs). When registering a voltage drop, the DVCs form
the currents of the primary winding of the transformer in such a way that the voltage
on the secondary winding fully compensates for it.

DCSN devices operating according to the described principle may not contain
an electricity storage device at all, but use network energy to add voltage to the
common connection point; in this case, they operate according to the VDT principle
with an adjustable transformation coefficient, and the possibility of compensation is
determined by the residual network voltage.

A static reactive power compensator can act as a DCS device, if such a device
is available at the common load connection point. When the voltage drops, it can
maintain the voltage on the load if the inverter has a current reserve, switching to
the reactive power compensation mode. The dynamics of the device based on a static

compensator are extremely high, which allows it to compensate for a voltage drop
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in about 5 ms, but this mode of operation requires special device control and
availability of converter current reserve [8-9].

Flywheels, which are synchronous electric motors with an inertial mass fixed
on the shaft, do not require additional converters and are connected to the network
directly, operating in the recovery mode during a voltage drop. A flywheel-DGU
connection is often used, in which the flywheel smooths out voltage drops lasting at
least 10 ms [10]. When a voltage drop is registered, the responsible group of
consumers is disconnected from the network and connected to a synchronous
generator on the shaft of which the flywheel is unwound, and a signal is
simultaneously given to start the engine. If the power supply is not restored within a
second, the synchronous generator is connected to a diesel engine. The disadvantage
of flywheels is high losses, since 99.9% of the operating time, the installation
consumes electricity to compensate for friction and maintain the speed of rotation of
the inertial mass.

Analysis of known methods of combating voltage dips in industrial networks
has shown that there are a large number of ways to reduce the impact of voltage dips
on the operation of electrical equipment in the electrical network. The considered
methods vary from choosing a network topology that minimizes the impact of
voltage dips on sensitive consumers of electricity to installing special devices that
maintain the voltage at the load connection point at a given level. Common to the
considered methods is the need for costs for installing additional equipment, which
can be a good reason to abandon their use.

1.6 Methods of overcoming voltage dips using electric drives

In this section, we will consider a group of methods for overcoming voltage
dips by the electric drive's own means. Unlike the methods considered in the
previous section, the methods considered here are aimed at overcoming voltage dips
by the drive of an electrical installation, interruptions in the operation of which are
dangerous for people or can cause significant economic losses, using an automatic

control system or relay protection and automation devices.
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The most widespread strategy for controlling the electric drive during voltage
dips is the following. until it stops. It should be noted that the operation of the
automation can lead to a series of short-term voltage dips caused by the starting
currents of the motors [9], while the number of consecutive dips will be equal to the
number of relay operations.

As a solution to the problem of ensuring the operability of the electric drive
during voltage dips, it is proposed to introduce an active rectifier (AR) into the drive,
which maintains the LPS voltage at the task level. In particular, the use of an active
voltage rectifier is considered, for normal operation of which it is necessary to
maintain the LPS voltage above the amplitude of the line voltage [3]. In addition,
active rectifiers maintain the input currents sinusoidal, which significantly reduces
the impact of the electric drive on the quality of electricity.

To maintain voltage stability in the LPS during a voltage drop, a device from
the boost converter family can be used . converters ) [5-7]. The converter 1s included
in the gap between the rectifier and the inverter. The automatic control system, with
sufficient source power, maintains the output voltage of the converter at the target
level and eliminates the influence of input voltage fluctuations on it. The application
can be effective if the increased current consumption does not lead to an increase in
the voltage drop in the network and a decrease in the voltage at the rectifier input.
The constant operation of converters of this type reduces the efficiency of the DC
link due to additional losses in the chokes and switches that are part of the converter.
In this regard, it is proposed to use converter only during voltage dips [10]. The same
class of methods for overcoming voltage dips by means of an electric drive includes
the use of inverters with a special structure of the DC link. (e.g. Z-inverter) [7].

In addition to supplementing the DC link, it is proposed to use additional
electricity storage devices [12] installed in parallel with the LPS capacitor. ABs,
supercapacitors , and superconducting inductors are considered as storage devices,
and they support the operation of the electric drive during voltage dips and

interruptions.
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In [7], the operation of a frequency- controlled asynchronous electric drive as
a weakened field is considered. It was established that when the voltage in the DC
link decreases, the control area of the electric drive narrows, limited by the
maximum permissible inverter current and the ellipse, which determines the limits
of stator current regulation by the magnitude of the LPS voltage. Since the major
semi-axis of the ellipse is oriented towards the axis of the g -component of the stator
current, and the constant torque curve is a hyperbola, when the voltage of the DC
link decreases, the torque on the load can be maintained at the nominal level while
reducing the value of the d -component of the stator current. Accordingly, both by
weakening the rotor flux linkage and by increasing the value of the ¢ -component of
the stator current, it is possible to maintain the required electromagnetic torque while
reducing the LPS voltage. This mode is called the weakened field mode.

In cases where the reduction of the LPS voltage makes it impossible to
maintain the operating mode of the drive mechanism, it is necessary, if possible
under the operating conditions of the installation, to reduce the power on the motor
shaft, and, consequently, the power consumed by the electric drive. This is done by
reducing the set speed of rotation. In the event that the movement is driven by a
pump, compressor, fan or other mechanism, the resistance moment of which is
proportional to the square of the rotation frequency, even a slight reduction in speed
leads to a significant reduction in the power on the motor shaft. In this case, the
energy outflow from the DC link is reduced and its voltage is stabilized, which
allows you to successfully establish overcome voltage drop [4].

If the reduction of the LPS voltage does not allow switching to the weakened
field mode, and the operating conditions of the drive mechanism do not allow
reducing the power consumed by the drive, maintaining the operability of the drive
mechanism is impossible. However, in this case, it is possible to reduce the start-up
time of the electric drive when power is restored, as well as reduce the starting
currents. For this, it is recommended to support the engine coasting while
maintaining its controllability [9]. In this case, a minimum current should be formed

in the stator windings, and energy losses should be reduced, and if possible, the
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recovery of kinetic energy stored in the rotating parts of the mechanism should be
ensured. These measures will minimize electricity consumption and preserve the
charge in the LPS for re-starting.

Of all the described methods of overcoming voltage dips, those that do not
require the installation of additional equipment at the level of the electrical network
or at the level of a separate electric drive are of greatest interest. The group of
methods that allow fully or partially to preserve the operability of the drive
mechanism in conditions of voltage dips by the electric drive's own forces includes
reducing the power of the drive unit, switching to recuperation mode, and switching
the engine to a weakened field mode. However, in order to transfer the electric drive
to any of the listed operating modes, it is necessary to know the dynamics of the
change in the voltage of the DC link during a voltage dip, which requires data on the
type and depth of the voltage.

Also relevant is the solution of the problem of maintaining the LPS voltage
using an active rectifier. The AV control system, however, requires adjustments in
asymmetric modes, which account for 80% of voltage dips [8]. The adjustment of
the AVN task is carried out taking into account known data on the network voltage,
so we will consider further known methods for determining the parameters of
voltage dips.

1.7 Methods for recording voltage dips

As shown in the previous section, the electric drive is able to overcome short-
term voltage dips on its own, but for this it is necessary to determine its beginning
and depth in a timely manner (before the LPS voltage drops below the tap-changer
setting, which is usually from 1 to 2 supply voltage periods [7]). Therefore, the
question of choosing a method for determining the beginning of a voltage dip, as
well as its parameters, is important.

The usual solution to this problem is to register voltage dips or a decrease in
the effective voltage value in one of the phases. The effective value or root mean

square value of the voltage over a period is determined by the formula:
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17 3
U=_|—[u@)?dt, (1.2)
To

where u(?) is a function describing the change in the instantaneous value
voltage.

When analyzing real data obtained from digital meters, one moves from the
integral to the sum [9]. In this case, averaging is performed on a data array
corresponding to the duration of the voltage period. IEC in standard No. 61000-4-
30 recommends updating a certain effective voltage value over a full period based
on data for half of the voltage period, so it takes from 10 ms to determine the voltage
dip in the described way.

To predict and determine the depth of voltage dips, a method was proposed
based on the analysis of the topology of the distribution network and determining
the depth of the voltage dip based on data on the length of the power transmission
line and the calculated short-circuit currents. Any distribution network has a
corresponding table in which it is indicated whether the voltage decreases or does
not exist at some point in the network when voltage occurs. In this case, the effective
voltage value 1s called, if maintained at some point in the network, the electrical
equipment connected to this point maintains its operability. The method requires
updating the tabular data when changing the network configuration, for example, in
the case of automatic input of the reserve, the calculations may contain an error if
the parameters of the power transmission lines are not determined accurately.

The Fourier transform is used to represent a function of time as a function of
frequency, which is what frequency analysis is based on. Both digital and analog [5],
but it has some disadvantages.

To overcome this limitation, an improved method based on the classical
transform is used, called the short-time Fourier transform ( short-time Fourier
transform) . time Fourier transformation ). To perform this transformation, the
analyzed data array is divided into separate fragments. The signal is considered to

be stable during each of the obtained time segments, which allows applying a fast
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Fourier transform to each of them. To achieve good resolution, the signal spectrum
1s analyzed using various window functions [6].

Kalman filter is also used to identify voltage dips [4]. The discrete algorithm
uses a mathematical signal model based on the assumption that the phase voltage at
each time point is defined as a linear combination of the harmonic component vector
and the voltage measurement error vector .

[ sin(wnAr) 1 [U,, ]
cos(wnAt) Uy,

Zelnl=H [n]U,[n]+err|n] = we | ermln], (1.3)

sin(mwnAt) | | Uy,

| cos(mwnAt) | _U e |

where z ;is the Kalman matrix , A ,— matrix of harmonic components,

U ,— matrix of harmonic amplitudes , err ;is the error matrix,

n — iteration number, m —harmonic order.

The essence of the algorithm is to iteratively change the amplitudes of the
harmonic components until the error vector reaches zero values.

It is worth noting that the calculation of voltage parameters using the Kalman
filter requires a small amount of initial data, which makes it effective for determining
voltage dips. It is shown that the speed of determining the actual voltage value
proposed method is less than 5 ms [5].

For very fast (up to 2 ms) determination of the presence and depth of voltage
dip in each phase, a method based on dividing the signal into separate frequency
ranges (low-frequency components and high-frequency components) is used. This
is achieved by convolution over some basis function or mother wavelet ( Wavelet )
of the function y (¢#) [6, 7]. Let there be some time function x(z) then the wavelet
transform WT( a,t ) of this function is determined by the expression:

WT (a,b) = % i x(t)w{%}dr, (1.4)

—o0

where a is the shift parameter, or the shift step is not zero, b is a constant, is

chosen so that a and b represent an orthonormal basis.
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It has also been established that the square root of the energy of the signal

spectrum in the frequency window on which the wavelet transform ¢ takes place |
normalized by some energy E ,,ms corresponding to some effective voltage value
U norms, has almost one hundred percent correlation with the effective voltage value

U normalized by the same value U ,orms :

U E;
~ y 1.5
= = (1.5)

HOPM HOpM

which allows you to determine the effective value of the voltage at a known
energy density of the spectrum obtained by wavelet transformation [5].

The disadvantages of the considered method include the fact that the
calculation must be performed for each phase separately, which reduces the speed
of calculations or leads to an increase in computing power .

There are known numerical methods for determining the type of voltage dip,
as well as the parameters of the forward and reverse sequence voltage of a three-
phase network based on the analysis of the hodograph of the generalized network
voltage vector [3, 5, 8]. The methods allow, based on three or more values of the
voltages of three phases, to determine the parameters of the hodograph of the
generalized vector , which are directly related to the values of the forward and
reverse sequence of the network voltage. Among them, it is necessary to highlight
the method for determining the parameters of the hodograph of the generalized
voltage vector, since it is inferior in speed to wavelet algorithms and calculates three
network voltages simultaneously. The disadvantage of the method is its inability to
determine the zero sequence component, therefore the method is able to determine
only linear voltages.

Analysis of existing methods for identifying voltage dips showed that the
methods proposed in the literature allow for accurate determination of voltage drops
in milliseconds , which allows them to be used to register a voltage dip and determine
its depth to the discharge of the storage device in the DC link in order to select an
electric drive control strategy that allows overcoming the voltage dip while

maintaining the drive mode.
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When choosing a method for determining voltage dips, the accuracy of
determining its parameters and the speed of the method were taken into account, the
most important parameters in the context of the problem. Of the methods considered
in the section, these qualities combine wavelet analysis and a method for
determining the components of the forward and reverse voltage sequences by the
parameters of the hodograph of the generalized network voltage vector .

Conclusions for Chapter 1

1. The problem of voltage dips remains relevant, despite the large number of
works devoted to its solution. From the given examples of the impact of this
phenomenon on technological equipment and the given statistics, it is clear that
voltage dips can cause an emergency stop of a frequency -controlled electric drive
with a capacity of tens and hundreds of kilowatts to tens of megawatts, if their
duration exceeds 50 milliseconds , and the depth exceeds 0%. According to the
statistics presented in the section, 80% of voltage dips that occur in operating power
systems fall under these conditions.

2. Analysis of means and methods of combating voltage dips showed that there
are a number of ways to overcome voltage dips using the electric drive's own means
while maintaining the operating mode of the drive mechanism (using an active
rectifier as part of the electric drive, operating the drive in a weakened field mode),
while supporting the operation of the electric drive and reducing power consumption
and switching the engine to the mode.

3. Methods of overcoming voltage dips using the electric drive's own means are
appropriate because they do not require the use of additional equipment in either the
power supply system or the electric drive system.

4, The application of the described methods requires the fastest possible
registration of voltage dips and determination of its parameters. Analysis of known
methods of registering voltage dips showed that the method based on determining
the parameters of the hodograph of the generalized network voltage vector is the
most convenient for determining the values of the supply voltage during their

instantaneous change.
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