


Hawionamsmuuii: yiinepenrer «l lonancuin nomitexiivn imen| KOpis Konwapartiowa,
ety Hanuaanno-iay konnii THCTLY CIpopMati i 1exnononii 14
poGoToTexiiky
Kadeapa ABTOMATHKI, CACKTPOIIKH 10 TEACKOMY HiKkaLi
Crynins wimol ocnity bakananp
Cnewiaannicrs 141 «Enekipoenepreka, eaekTporexmixa 1 CHEKTPOMEXAN K s

SATBEPJIAY IO

Jasijysay  kadepipy  astoMaty,
CHEKTPOMMEH T TENCKOMY KA

— A\ | . OB Hledgep
«0ly wniths 2025 p.

3ABIOAHHH
HA KBAJHOIKAIUAHY POBOTY BAKAJABPY CTYJIEHTY

Yaosiuenky JImurpy Ia BAOBUTY
I. Tema poGorn «Moyiepuizauis_enexrponpunosy HadronepekauysaaLuoi cranmii na

Gasi nepeTBoploOBaYiB HACTOTHY =
KepPiBHUK poGoTH Cutbsectpon Anron Muxonaitosuy, Ji.1,H., npodecop

3ATBEPIUKEHA HAKA3OM BHILOTO HABYAILHOTO 3aKaay sij 03.03,2025 poky Ne 306/]-4.a.
2. Crpok nosanus cryaentom npockry (pobor) 10.06.2025 D

3. Buxiaui nauni 1o npoexry (poboru) HaTOnepeKatyBa LA CTanis HOTYAHICTIO

MepeKayuku 8 MIH.T. B PiK, MAKCUMAILHUI poGoumii THeK Hacoca — 2,8 Mlla. iy

4. 3micT poIpaxyHKOBO-NOSCHIOBAILHOT 3anucKn (nepesik nurans, ki norpiGuo
po3pobuti) Beryn. |. Jlociikenns Texnosoriumnmx ocobmnoctei pobOTH NOTY AKX

e i acbronepexay HUX _CcTanii, 2. Ananis cucrem YACTOTHOIO
PErYMOBAHHA NOTY/KHUX eACKTPONPUBOAIB. 3.3a/1aui JOCIIJIKEHHS Ta poipobka cuctem
s iB. 4.A

2ICKTPOINIPUBOJIA  HACOCHUX  aIperatis, HAIY _ CCKTPOMATHITHIX npouecis_ g
: IHBEPTOP CTPYMY — aCHHXPOHHHIA ABUIYH. 5. Martematuuna
OMArHITHUX 1pOLIeCin &

3

HHAMH __ Cxemam Ta

vl

Hall JTHUKOBUN A
5. [epenik rpagiunoro m

pest arepiaiy (3 TOUHAM 3a3HaUCHIIM 00OR KO KpecieHn)
1. @ynxuionassia cxema nepeTBopioBaYa YaCTOTH.
2. Cxemu aBTOHOMHUX IHBEPTOPIB CIPYMY /18 10Ty KX NEPETBOPIOBAYIB HACTOTH.
3. Matematnuna Mozens cuctemu AIC-AJL
4. Cxemu AIC 3 giogum MocToM T4 THPHCTOPHIM 0OMeKy BateM HATpyIH.
5. Ctpykrypua cxema CHCTEMM CICKTPOIPUBOJIA.




6. /lata Buaaui 3aBaanua 01.04.2025 p.

KAJTEHJIAPHUM IIUIAH

[Top. Hassa etanis ksaiidikauiinol pobortu Tepwmin suxonanns [lpumiTea
Ne Oakasnaspa etanip pobotu  (112KaTh)
JlocaiaKeHHA TEXHOIOTIYHUX 0CO0IUBOCTEH
I pobOTH NMOTYKHHX e1eKTPONPHBOIIB 220425 1 20% M. 1

HadronepekauyyvBaibHUX cTaHli# [TocTanoska

3aJ1a4 Ha KBaTidikauliiHy poboTy

AHai3 eeKTPOMarHiTHUX MPOLECIB B

CHCTEMaX aBTOHOMHH# iHBEPTOp CTPYMY — 08.05.25 40% @ Ia.23
AaCHHXPOHHHH IBHIVH

MartemaTH4YHa MOZ€/Ib €1eKTPOMArHiTHUX

npouecis B cuctemi AIC-AJl 3 ypaxysanuam  22.05.25 I 60% [IL1. 4.5
pOOOTH BiACIKaIO4YHX 1i0/1iB

AHai3 npoueciB B aBTOHOMHHX iHBepTOpax

4  cTpyMmy 3 pi3HHMH CXeMaMH Ta 30.05.25 80% 1.6
'HaliBMNPOBIIHHKOBHMH €J1€MEHTAMHU

(]

(%]

‘Odopmienns ksartidikauiiinol po6oTu

3 .631(3_‘133];)3 10.06.25 III 100% Il1. 7.8
wl)
Cryaent ?ﬁﬁ' Yaosigenxo JLIL
{ miamc ) ( T2 s T

KepiBuuk podorn [ CiasBectpos A. M.

( miankc ) (mprmsems T2 simsaw)



PE®EPAT
KkBasidikaliitHoi podoTn Oakanaspa
«MopepHi3allis eJeKTpOnpUBoy HadTornepekauyBaabHOT CTaHIil Ha 0a3i
[IEPETBOPIOBAYIB YACTOTH
PoGoTa micTuTh 78 cTOpIHOK, 34 miTepaTypHUX JpKepen 1 aoaarku Ha 10 apk.

Kiro4oBi ciioBa: HadronepekadyBajibHa CTaHIs, IEPETBOPIOBAY YaCTOTH,
YaCTOTHO-PEryJIbOBaH1 €JIEKTPOIPUBO/IH.

Mertoro pobotu € po3poOka Ta BIPOBAHKCHHS 00'€KTHO-OPIEHTOBAHOIO
4aCTOTHO-PEryJIbOBAHOTO €JIEKTPONPUBOAY BIILICHTPOBUX HACOCHHUX arperaris
Ha(TonepekauyBanbHOi cranuli. [llupoke BIpOBaUKEHHS IMOTYXHUX YacCTOTHO-
PEryJIbOBaHUX €JIEKTPONPHUBOIB B OCTaHHI POKHM MIATBEPAMIO iX YHIKaJIbHI
MOKJIMBOCTI K 3ac00y KOMIUIEKCHOTO 3a0e3MeueHHs 3aBJaHb aBTOMATHU3allli Ta
eHepro3oepexxeHHsd. HaliOuibil e(EeKTUBHO iX BUKOPHUCTAHHS B €IEKTPONPUBOI
[IEHTPOBUX HACOCIB, MOMEHT HaBAaHTAXCHHS SKHX TOB'SI3aHUN 3 YaCTOTOIO
00epTaHHs KBaAPAaTUYHOIO 3a1eKHICTIO. OKpPIM 3HUKEHHS CIIOKUBAHOI OTYKHOCTI
MpU PEryjiOBaHHI MPOJAYKTUBHOCTI LIEHTPOBUX HACOCIB, JOCUTh 3HAYHUU 1
pecypco3oepiraounii eeKT BU3HAYAETHCS 3HIIKEHHSIM BUTOKIB 1 HABaHTAXEHb HA

€JIEMEHTH arperary.

ABSTRACT
of the bachelor's qualification work
"Modernization of the electric drive of an oil pumping station based on frequency
converters"

The work contains 78 pages, 34 references and appendices on 10 sheets.

Keywords: oil pumping station, frequency converter, frequency-controlled
electric drives.

The purpose of the work is to develop and implement an object-oriented
frequency-controlled electric drive of centrifugal pump units of an oil pumping
station. The widespread introduction of powerful frequency-controlled electric
drives in recent years has confirmed their unique capabilities as a means of
comprehensively ensuring automation and energy saving tasks. Their use is most
effective in the electric drive of centrifugal pumps, the load moment of which is
related to the speed of rotation by a quadratic dependence. In addition to reducing
power consumption when regulating the performance of centrifugal pumps, a fairly
significant and resource-saving effect is determined by reducing leaks and loads on
the elements of the unit.
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BCTYII

EdextuBHe Ta paiioHasibHE BUKOPUCTAHHS €JIEKTPUYHOI €Heprii — OCHOBa
PO3BUTKY BCIX Tally3ed MpoMuciaoBOCTl. OAHUM 3 HAWBAXKIMUBIILIMUX 1
MEPCTIIEKTUBHUX HAIMPSMKIB CY4YacHOI EIEKTPOTEXHIKA € 3aCTOCYBaHHS CHUJIOBOI
NEPETBOPIOBAIBHOT TEXHIKH JIJISl KEPYBAHHS €JICKTPONPUBOJAMH 3MIHHOTO CTPYMY.
[IIupoke BIPOBA/PKEHHS TMOTY)KHUX YaCTOTHO-PEryJbOBAaHUX EJIEKTPOIIPUBO/IIB
(YPII) B ocraHHi pOKM MIATBEPAWIO iX YHIKadbHI MOMKIMUBOCTI $IK 3aco0y
KOMIUIEKCHOTO 3a0e3NedeHHs 3aBJaHb aBTOMATH3allii Ta eHepro30epekeHHs.
Haiibinein edexrrBHo Bukopuctanus YPII B enexkrpornpuBoal IEHTPOBUX HACOCIB
(I1H), MoMeHT HaBaHTaXX€HHs SKUX TMOB'SI3aHUM 3 YACTOTOI0 OOepTaHHS
KBAJIpaTUYHOKO 3aJIekKHICTIO. OKpIM 3HW)KEHHS CIOKMBAHOI IOTY)XHOCTI IIpH
perymoBaHHi npoaykTuBHOCTI LIH, mocuTh 3Haunuii 1 pecypco3depiraiounii eexr,
KW BU3HAYAETHCS 3HIDKCHHSAM BUTOKIB 1 HABAaHTA)KEHb HA €JIEMEHTH arperary,
BUHATKOM TIIpaBIIYHUX yJaapiB y cuctemi. He3pakaroun Ha HACTIJIBKY OYEBHJIHI
nocroincta YPII, miarBeppkeHi 10CBIIOM poOOTH B KOMYHAJIbHOMY I'OCITIO1apCTBI
Ta Ha NPOMHUCIOBUX MIJIPUEMCTBAX, [0 HEAABHHOI'O YaCy 3aJIMLIAIUCS
HEBUPIIIEHUMHU [UTAaHHS BIPOBA/DKEHHS PEryJbOBaHUX EJIEKTPONPUBOAIB Ha
HadronepekauyBajibHuX cranuisx (HI1C) maricrpanbHux HaQTONPOBO/IB.

[TpoBenennii ananiz pexumi podotu LIH HIIC i mocBig Ouabin HixK piaHOL
excrutyarauii 1sox YPII noryxnictio 1250 kBT, a Takox 3/11licHIOBAaHE B 1aHUI Yac
BIIPOBA/DKCHHS  CJIGKTPOTIPUBOMIB  MOTYXHicTIO A0 3150 kBt mo3Bosmim
chopMyIIOBaTH OCHOBHI BUMOTH [0 PO3TISIHYTOTO THUIY €JIEKTPONPUBOMY, SKI
TIOJISITAl0Th B HACTYITHOMY:

— Benuka oauHMuyHa notyxHicTe YPII mis HacocHux arperariB (OCHOBHHM
J1ana3oH MOTYKHOCTEH BUKOPUCTOBYBaHUX eneKkTpoABuryHiB 630-8000 kBt
npu Hanpy3i 6 1 10 xkB);

— HacocC 1 JIBUI'YH y BUOYX03aXUIICHOMY BHKOHAHHI 3HaXOJAATbCs Ha 3HAYHIH
BIJICTAHI  BIJ JOKepeJa Hanmpyrd 1  MOXIMBOTO  pO3TallyBaHHS

NIEPETBOPIOBANIBHOIO YCTATKYBaHHS;



— CKJIaJlHa EeHepreTMYHa oOcTaHoBKa Ha (igepi JKUBISAYOI HAMPYTH,
00yMOBJIEHA MOKJIMBUMU aBapisiMM Ha BUCOKOBOJIbTHUX, MOBITPSIHUX JIHISIX
1, SIK HACIIJOK, 3HAYHMMH TEPEHANPYKCHHSIMH Ha BXOJIl MEPETBOPIOBAYA
gactotH (ITH);

— 3araJibHi BHCOKI BHMMOIM 0 O€3BIIMOBHOI pOOOTH IEpEeTBOPIOBAIIBLHOIO
YCTAaTKyBaHHS, SIKi TUKTYIOTHCSI CTPATETIYHUM 3HAYCHHSIM 00'€KTiB.
Po3pobka YPII, mo BpaxoByroTh BkazaHi ocobsmmocTi podbotu LIH HIIC,

HIJBUIIMTE €HEeProedeKTUBHICTD 1 SKICTh MPOILECIB TpaHCIIOPTYBaHHS Ha(TH, 110
Ay)Ke aKTyallbHO B JaHUW 4Yac y 3B'A3KYy 3 MOCTIMHMM 3POCTAHHSM BapTOCTI
eJIeKTpOeHeprii. AHami3 CTaHy Ta MEPCIEKTHB PO3BUTKY enekrporpuBoaiB HIIC
HIITBEPIKYE HEOOXIHICTD IOCIIIKEHb B 00J1aCTI BAOCKOHAJIEHHS Ta MOJEpHI3alii
npusoais HIIC.

Mertoro poGoTu € po3podka Ta BpoBaKeHHs 00'eKTHO-0opieHTOBaHOr0 YPIT
BiaeHTpoBuX HacocHux arperariB HIIC. 3a3Hauena mera BU3HauMsIa Taki OCHOBHI
3aBJIaHHS KBaII(IKAUIIHHOT poOOTH:

1. IlpoBectn nocnikeHHs pexumiB pobotu enextponpusoais HIIC, mpo
IUISITal0Th BJOCKOHAJICHHIO Ta MOZEpHi3allii.

2. IlpoBecTd MOPIBHSUILHUM aHAM3 MOXJIMBHX CHCTEM PETyJIbOBAaHOIO
enexktponpuBonay [IH. OOrpynryBatu pouineHicts YPII, sk Haibinbin
€KOHOMIYHOIO0 croco0y peryJiroBaHHs nogadi 1 Hanopy Ha HIIC.

3. BusHauutu pauioHanbHi cxemu YPIT jqis moOyposu ITH 3 ypaxyBaHHSIM
ICHYIO4OT'O PIBHSI PO3BUTKY CHUJIOBOI €IEMEHTHOI 0a3Hu.

4. CTBOpPUTH METOAMKY 1 JITOPUTMHU PO3PaXyHKY €JIEKTPOMArHiTHUX IIPOLECIB,
IIPOBECTH AOCIIIKCHHS Ta aHalIi3 MPOLIECIB 1 eHepreTuuHuX rnokasHukis YPIT
B CUCTEMI 3 ACHHXPOHHUM eJIeKTpoABUTYHOM (A ]), po3poduTtu pekoMeHaarii
3 pO3paxyHKy MapaMeTpiB €IEMEHTIB CHIIOBOI CXEMH.

5. Po3pobutu cucremy YPII mis Hacocnux arperarie HIIC, BnpoBaautu i1
MPOBECTH EKCIIEPUMEHTANIbHI JOCTIPKEHHS Ha IIPOMUCIOBOMY 00'€KTI.
OOTpyHTOBaHICT 1 JJAOCTOBIPHICTh HAyKOBHX II0JIO)KEHb, BHCHOBKIB 1

pEKOMEHIallli MiATBEP/KY€ETHCS KOPEKTHUM BUKOPUCTAHHSIM TPU TEOPETUYHOMY
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aHaiizi  MeToJiB, M0 0a3yloThcsi Ha (PyHJAMEHTAJBHUX 3aKOHAX Teopii
aBTOMAaTH30BaHOTO  CJIEKTPONPUBOAY  Ta  EICKTPOMEXaHIKH,  METOJIB
MATEMAaTUYHOI'0O MOJEIIOBAHHS Ta OITUMIi3alli, METOAIB aHaJITHYHOIo 1
YHCENbHOTO BHUPILICHHS TOCTABJICHUX 3aBJIaHb, aJICKBATHICTIO PE3yJIbTATIB
MaTeMaTU4YHOTO  MOJCJIOBAHHS Ta EKCHEPUMEHTAJIbHUX  JOCHIUKCHb Ha
MPOMHUCIIOBOMY 00'€KTI.

[lintpuMka cTabUIBHOTO POOOYOr0 TUCKY HA BHUXOAI HACOCHOI CTaHIIl
CIPUYMHMIIO 3a COOOK 1€ OAHY MpoOieMy — 3a0e3Ne4eHHs TePMETUYHOCTI 1
CIIPABHOTO T€XHIYHOTO CTaHy TOPLIEBUX YIIUIbHEHb HACOCIB, TaK K Y BHYTPIIIHIN
MOPOXKHUHI KOPITyCa Hacoca 1 Ha JUISHII HAIIPHOTO TPyOOIpOBOY, MK HACOCHUM
arperaTtoM 1 peryJjsiTopoM THUCKY, MOCTIHHO NPHUCYTHI MakKCHUMaJbHHUI poOouMii
THUCK Hacoca B Mexax 2,8 MIIa.

PoGora HacocHMX arperatiB B TaKWX pPEeXKHMax CYIPOBOKYBaIacs
NiABUIIEHUMH [IyMaMM Ta BIOpaLli€lo, 110 Y CBOK YEPry 3HMXKYBAJIO 3arajbHy
Ha/lIiHICTh POOOTH arperaris, MPU3BOANIO 10 NEPEAYACHOTO IMiBULICHOTO 3HOCY
BY3IIiB, SIK HACOCIB, TaK 1 €JIEKTPOABUIYHIB, CKOPOUYYBAJIO MEPIO MIKPEMOHTHOIO
UKy, Bunukia npoOiiemMa BJOCKOHAJIEHHS Ta MOJIEpHI3allli HACOCHOI CTaHLIl 3
ypaxyBaHHSM CyYaCHMX JIOCSTHEHb B Haylll 1 TEXHII, IO 3aXa/1ajl0 BUKOPUCTAHHS
CHCTEM JI03BOJIIOTH TUIABHO PEryJIOBAaTH YacTOTY OOEpTaHHS €JIeKTPOJIBUTYHIB B

peKuMax MepeKkadyyBaHHs 1 MyCKYy.
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1 JocitiizkeHHsI TEXHOJIOTIYHUX 0C00IMBOCTEH POOOTH MOTYKHMX

eJIEKTPONPHUBOAIB HATONEPeKaAuUyBAIBLHIUX HACOCHUX CTAHILIMH

HadronepekauyBanbHa cTaHIlisi po3paxoBaHa Ha MPOAYKTUBHICTh 8 MIIH. T.
Ha pik. Jug mux uwiieid npoektom Oyiia 3akiiajieHa cXema IepeKadyyBaHHS
Marictpaibiumu arperatamu tuny HM 1250 3 enekrpouBurynamu 4A3MII
notykHicTio 1250 kBt 1 mignipaumu arperaramu 14 HJ/ICH 3 acuHxpoHHUMHU
enekTpoasurynamu BA02-500 noryxnictio 160 kBT.

Poszuimnpenns o0csriB Bugo0yTKy HaQTH Ha POJOBHUIIAX 3 YACOM CIPUYHUHUIIO
3a c000K0 30UIBLIEHHS EHEPrOCHOKMBAHHA B JIaHOMY pETIOHI, 1 BIJNOBIAHO,
ICHyloYa CHCTEMa EHEpronocTayaHHs BXXE HE BUTPUMYyBaja 3pOCTaHHS
€JICKTPUYHMX HABaHTaXEHb. Y 3B'SI3KY 3 LIUM, NEPIOJUYHE BBEICHHS B polOOTY
HAaCOCHUX arperaTtiB CTaBaB MPOOJIEMATHYHUM 4epe3 3aTsKHI 1 BaXKKl IMYyCKOBI
MOMEHTH AaCHHXPOHHHMX EJIEKTPOJABHUIYHIB, IO B CBOK 4Yepry, MPU3BOAWIO J10
BIJIKJIIOYEHHSI 1X MPUCTPOSIMU PEJICHHOr0 3aXUCTy aBToMaTuKU. HacocHi arperatu

npeacrasieHi Ha puc.1.1.

Pucynoxk 1.1 — HacocHni arperatu HacoCHO1 cTaHIIil
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3MiHa pPEXUMIB NEpeKayyBaHHSA HaQTH BHUPOOIIIOCS BKE 3aCTapLIMMH
TPAAULIHHUMH METOJAaMH, a caMe, PEryJIlOBaHHSIM THCKY Ha BHUXOJll HAaCOCHOI
CTaHIIl PeryJsTopoM THCKY 1 3aCTOCYBaHHSM HACOCHHMX arperariB 3 pi3HUMH
miaMmetpamu podounx kosmic. [liarpumka ctabiibHOTO PoOOYOTO TUCKY HA BUXO/II
HACOCHOT CTaHuUli COPUYMHWIO 3a cO0O 1€ OJHY Ipobiemy — 3abe3nedyeHHs
repMETHYHOCTI 1 CIIPABHOI'O TEXHIYHOI'O CTaHy TOPLEBHMX YIIIJIbHEHb HACOCIB, TaK
K y BHYTPINIHIA TMOPOXKHUHI KOpIyca Hacoca 1 Ha JUISHII HAMPHOTO
TpyOOIIPOBOAY, MIK HAaCOCHMM arperatomM 1 peryjsTopoM THUCKY, IOCTIHHO
MIATPUMYETHCS MAaKCUMaIbHUM po0OUYNii TUCK Hacoca B Mexkax 2,8 Mlla.

PoGoTta HacocHMX arperaTiB B TaKuX pEXHMaX CYyMpPOBOIKYBaIacs
NiBUIICHUMH LIyMaMH Ta BIOpalli€ro, 10 y CBOI YEPry 3HHKYBAJIO 3arajbHy
HaIIHHICT, pOOOTH arperaris, MPU3BOAWIO A0 MEPEIYACHOTO MIABUILIEHOTO 3HOCY
BY3iB, K HACOCIB, TaK i €IEKTPOABUTYHIB, CKOPOUYBAJIO MEPi0l MI>KPEMOHTHOTO
UKITy. BuHukia npobinema BIOCKOHAJIEHHS Ta MOJIEPHI3alli HaCOCHOI CTaHLIi 3
ypaxyBaHHSIM Cy4aCHUX JIOCSTHEHb B HAayILl 1 TEXHILl, 10 NOTpeOy€e BUKOPUCTAHHS
CUCTEM, SIKi I03BOJISIIOTH TNIABHO PETyJIIOBATH YaCTOTY 00CpPTaHHS €JICKTPOIBUTYHIB

B peXKHUMax IepeKauyyBaHHs 1 MYCKY.

1.1 ChoocoOu Ta MeToaM BHpPilIEeHHs MPO0JIeM eHepro3depesKeHHs Ha
HACOCHHMX CTAHUISIX TPAHCNIOPTYBaHHSA HAQTH
AHasli3 MOXJIMBHX CIIOCO0IB ynpaBiliHHsA 1oTokoM HadTu Ha HIIC

1. 3a 7OMOMOr010 IPOCETIOBAHHS HA BUXO/I].

JlpocenroBaHHS ~ Hacoca  INMPOKO  BUKOPUCTOBYETBCS B HA(TOBIN
npomMucioBocTi. [Ipu oMy Kepyroua 3acyBKa BCTAHOBJIKOETHCSI Ha BUXO/11 Hacoca,
K MOKa3aHo Ha puc.1.2.

IIpn npoMy MeTOAI ynpaBIiHHA KEpyroUya 3aCyBKa 3MIHIOE MaIHHSA THCKY Ha
3acyBlli 1, TAKMM YHHOM, Toj1a4y. B pe3ynbTaTi Bii0yBa€eThCs 301IbIICHHS KPYTH3HU
XapaKTEePUCTUKU 1, BHACIIJOK LbOro, 3MIIICHHS pPOO0YOi TOYKH 110 KPHUBIH

XapaKTEePUCTUKU HACOCA, K MOKa3aHo Ha puc.1.3.
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Pucynok 1.2 — KepyBanHs1 HacocoM 3a I0lIOMOTO0 IPOCEIFOBAHHS HA BXO/I

BTpatu Ha BKIIOYEHHS B TPyOOTPOBII IIMPOKO BiIKPUTOI 3aCYBKHU 3a3BHUA
ckiIanarTh 01u3pko 10% Big iHIKMX AuHaAMIvyHUX BTpat. Lle BuMarae toro, 1mo6
HaIllpHa XapakTepHUCTHKAa Hacoca Oyja BHIIE pPO3PAaXyHKOBOI TOYKH VIS

KOMIIEHCAllll LIUX BTparT.

NN
NN

| FTTTTS TS, ITTTS L TTTISS

p. i,

NCLLLLAL Ll

1

YHLLLL TIIISS
r
A

4 2

NN

Pucynok1.3 — Brumus gpocentoBaHHs Ha XapaKTEPUCTUKY MEPEXki

€ nesiki paxropu, siKi MOTPIOHO BI3HAYUTH MIPHU LILOMY CIIOCOO1 YIpaBIIiHHS.
301nblIeHe MagiHHSA TUCKY, BUKIMKAHE 3aKPUTTSAM KEPYHUOl 3aCyBKH, € BTPATOIO
eneprii (puc.1.4).

Kopucuuit Harop Hacoca — Hs, npote miiicHuii Harop Hacoca A0piBHIOE Hp.
Tomy pizauns (Hp - Hs) o3Hauae eHepriio, BTpaueHy uepe3 apocentoBanus. Lle
TUIbKHM yacTuHa 3aranbHuX BTpaT KK/, 3pymenus po6ouoi TOUKH TaKOXK 3HUIKYE

KK/l nacoca (puc.1.5). ¥ ubomy Bunaaxky KK/ nacoca 3umxyerses 3 83% 10 73%.
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Pucynok 1.4 — Brpatu eHeprii npu apoceroBaHHi

13

TpyOonpogsiana cucrema Ha puc.l.1 3ananro crpoiena. HeobxiaHi Tpyowu i

BEHTHJII JUTS 130111 Ta PEMOHTY Kepyrouoi 3acyBku. Takoxk HEOOXITHO BIKHTH

3axX0/1B A5 3a0e3MeueHHs] MIHIMAJIBHOTO MOTOKY 4Ye€pe3 Hacoc AJI1 YHUKHEHHs

MapOYTBOPEHHS PIAMHHU 1 MOIIKOKEHHS Hacoca. 3BiICH KOH(Iryparis 1 LbOoro

BUY YNPABIIHHS MOKe OyTH O1IbIII CKIIaAHO0. 3a3BUYail TOBHA CUCTEMa BUMArae

JIBI KEPYIOUl 3aCyBKH 1 IOB's13aH1 3 HUMHU TpyOu Ta iHCTpyMeHTH. Bumoru 10 cuctem

3 BEJIMKUMH MOJa4YaMH 3a3BHYal MOB'sI3aH1 3 EKOHOMIYHO BH6paHHMH HacoCaMH 3

«ropOaTUMH» XapaKTePUCTHKAMH, 1€ CTBOPIOE CXOXKI TPYJHOIII HE3aJIeHKHO BiJl

TOTO0, BHKOPHUCTOBYE€TBLCA HYH HI 9aCTOTHE KCpYBaHHA.

Q.u
—_ F?U'?' o
- T2 K g0y
AW Ep=
P TS
'-'Ff".‘,l 'd_.prd""
=T

Pucynok 1.5 — Brpatu ta KK]{ Hacocy npu BUKOPUCTaHHI IPOCEIIOBAHHS

»

H
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2. YrpaBmiiHHSA MO/IaU€0 Hacoca 3a JOTIOMOTOK0 3MIHM IIBUJIKOCTI.
Ko BUKOpUCTOBYETHCS 3MiHA IIBUAKOCTI JUIS YIIPABIIIHHS 110/1a4€t0 Hacoca,
KpHBa XapaKTEPUCTHKU HACOCA PYyXA€ThCsl Bropy abo BHHU3 IO XapaKTEPUCTHII

Mepexli, K moKa3aHo Ha puc.l.6.

Q

1009 V

— .50 0

H

L

Pucynok 1.6 — BB ynpaBniHHS HIBUIKICTIO HA XapaKTEPUCTUKY Hacoca

Lleit Meron 3abe3nedye AOCTATHE TMIABEACHHS €HEprii JUIsi OTPUMAaHHS
HEOOXITHOT Mmo/1aul.

Ha BigmiHy BiJl ynpaBiiHHS 3a JJOIIOMOIOK JPOCEIIOBaHHS Ha BUXOJI, LEeH
METO/1 yrnpaBiiiHHS HabaraTo Ouiblie eHeproedexTuBHUE. OHAK 1 TYT ICHYE KlIbKa
(hakTOpiB, HA AKI TOTPIOHO 3BEPHYTH yBary Npu BUOOP1 LILOTO CIIOCOOY yIIpaBIiHHS.

EQekTuBHICTD 1BOrO THUIYy YOPABIIHHSA YK€ CHIBHO 3aJIeKUTh BiJl
XapakTepucTHMK Hacoca 1 Mepexi. Jliarpama, nokazaHa Ha puc.l.6, €
«11€aNICTUYHOIO» JIJIS LIIeH JeMOoHCTpallli podo4oi Touku. HeodbxiaHo 3HATH TIPO
e(eKTH XapakTEepPUCTUK 3 PI3HUMH (popmMaMu KpPUBHUX, 1 SIK Kpalle 3acTOCyBaTH
YaCTOTHE PETYJIIOBaAHHS JIJIsl LIMX BUIIAIKIB.

[cHYIOTh KOHCTpPYKLII HAacociB (OCbOBI, 3MIIIAHOTO THILY), W10 HE
anPOKCUMYIOTECS MapaboIiyHUMU BUpa3aMH, 1 IesKi 3 HUX HE MOXKYTh YIPABIATHCS
3a JIONIOMOIOI0 JIpOCEetOBaHHsA. BoHM 3a3BHYail MaroThCsd Ha KOHCTPYKLISIX
TypOIHHHUX HACOCIB B IJIMOOKMX CBEPIJIOBMHAX. YIpaBIiHHS IIBHAKICTIO TaKUX

HACOCIB YacTO € Hee(PEKTUBHUM.
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Moxe icayBatn BTpata KKJI B poOoTi Hacoca, moaiOHUM YHHOM, K L€
B1JIOYBAETHCS TIPH JIPOCEIIIOBAHHI HAcoca, ajieé B MEHIIIOMY CTYIICHI.

PerymioBanHsi pexkumiB poOOTH HACOCHHUX arperatiB 3a paxyHOK 3MiHH
4acTOTH OOEPTaHHS MPHUBOJHUX JBUTYHIB B JIaHWHM Yac, HATIPUKIIAJ, MOKIIMBO 3a
PaxyHOK 3aCTOCYBaHHS HACTYITHUX BUIIB 00J1a/IHAHHS:

— TipaBiiyHl W eneKTpoMarHiTHi My TH, JUIsl 3MIHU 4aCTOTH 0OepTaHHS Baly
Hacoca mpu  30epeeHHi  MocTiiHOI  YacTtoTh  o0epTaHHS  Bajy
CJICKTPOIPUBO/LY;

— EJIGKTPOHHI PEryJsiTOpH YacTOTH OOepTaHHA Bajly e€JIEeKTPONPHUBOIY 1,

BIJINTOBIJIHO, YaCTOTH 0OEpTaHHS Baly Hacoca.

1.2 Amnamis cucTeéM YacTOTHOI0 PeryJIIOBAHHS IMOTYKHUX €JIEKTPONPHBO/IB,

3aBAAHHHA CTBOPCHHA cneniaJbHUX CXeM

[IpoBiBilIM aHasi3 BHUPILICHHS AaHANOTIYHUX MpOOJeM B IHIIUX Taly3sax
IIPOMHUCIIOBOCTI HaMu OyJ10 BiJAaHO MepeBary 4aCTOTHOMY PETYIIOBAHHIO 00EpTIB
Bajla EJEKTPOINPHUBOJY HACOCHUX arperariB, OCKUIbKHM, 3a IONEPEIHIMH
pO3paxyHKaMu, 1€ TIpU TOPIBHSAHO HEBMCOKHUX BHMTpATaX, pe3yJIbTATUBHO
BUPIIIYBAJIO LIJIMH KOMILUIEKC ICHYIOUMX mpoOiem. Bubip Ha KOpUCTH TEXHOJIOTI]
3aCTOCYBaHHS YaCTOTHOPETYJIbOBAaHUX E€JIEKTPONPUBOAIB OyB 3p00JIeHUIT 3 OISy
Ha Te, 1110 JJaHa TEXHOJIOT'isI € HAaOLIbII EKOHOMIYHO €()EKTUBHOIO IIPH EKCILTyaTalii
MaricTpajibHUX HAPTOMPOBOAIB, IO MPALIIOTh B 3MIHHUX TEXHOJIOTIYHHUX
peXUMax nepexkavyyBaHHs HaTH.

[ToTyxHiCTh, CHOKMBaHA BiJi MEpPEXl IpPH YIPaBIIHHI IEpeTBOPIOBavYEM
YaCTOTU, OOUUCITIOETHCS 32 (OPMYIIOIO:

Pes HH:PMC}(/nﬂBHFT]H‘l

1€ Pyex — MeXxaHIYHA MOTYXKHICTh HA Bajy €JICKTPOJBUIYHA, PiBHA KOPUCHIN

MOTYKHOCTI MEXaHI3MY, N — KK/ enexkTpoaBuryna, n,, — KK/ neperBoproBaua

qaCTOTH.
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ITpu BUKOHaHHI POOIT 3 BIPOBAKEHHSI YaCTOTHUX PETYJISATOPIB HEOOX1IHO
MaKCHMaJbHO BHUKOPHCTOBYBAaTH OCHOBHI (DYHKIII 3aCTOCOBYBAHMX YaCTOTHHX
MePETBOPIOBAYIB:

— TJABHUH MYCK 1 TAIbMyBaHHS €JIEKTPOJIBUTYHIB 3 PEryJIbOBAHIM TEMIIOM;

— IUIaBHE peryJiroBaHHs abo MiJATpMMaHHA Ha 3aJaHOMY pIBHI NapameTpiB
€JIEKTPONPUBO/LY;

— pekymnepauis €eHeprii nmpu rajbMyBaHHI (I 3[aTHICTh XapakTepHa s

MEPETBOPIOBAYIB YaCTOTH HA 0a3i ABTOHOMHHUX 1HBEPTOPIB CTPYMY);

— 3HIKEHHSA 3yCWJIb B 0OMOTKAaX JIBUTYHIB,;

— OOMEXEHHs CTpyMy 1 MOMEHTY IpU JUHAMIYHUX PEXKHMax poOOTH;

— aBToMaTtuyHe TmoBTOpHEe BKiIoueHHS (AlIB) micas KopoTKOYacHOro
3HUKHEHHS HaIlpyTH;

— JIIarHOCTUKA HECIPABHOCTEH;

— 3B'S30K uepe3 iHTepdeicu 3 cucTeMaMu yIpaBliHHSA Ta Bl3yai3ailli OuTbII

BHUCOKOT'O PIBHS;

— aBTOMATHYHE pEryJrOBaHHsS TEXHOJOIIYHOIO I[apaMerpa 3a J0INOMOIOK0

BOY/I0BAHOTO MPOMNOPLIHHO - IHTETPAILHOTO PETYIATOPA.

Exonomiss  eHeprii mnpM BHKOPHCTAHHI  YaCTOTHOPEryJbOBAHHMX
€JIeKTPONPHUBO/IiB

OnvH 3 TOJIOBHUX CTHUMYJIB JUII BHKOPHUCTAaHHS YacCTOTHOPETYJIHOBAHUX
CJICKTPOIPUBO/IIB € EKOHOMIsl EJIEKTPOCHeprii, sIKy MOYKHA OTpUMATH IpH IX
BrpoBakenni [1,2]. lLle BigOyBaeTbest 3aBASKA 3aKOHAM MOJIOHOCTI, K1
BHU3HAYAIOTh POOOTY BIALIEHTPOBOI0 Hacoca (abo BeHTu sTopa). Lli 3aKoHN MOKYTh

OyTH y3arajgbHEeH1 HACTYITHUM YUHOM:
(1.1)

H: (W)
—L- 1 1.2
H, |N,)" (12)

ta
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ne Q — nojlaua Hacoca Ha BUXo/1i M>/c, H — Harip Ha BUXOJIi Hacoca M,

P — BXiJiHa MOTY>KHICTh Ha BaJly Hacoca KBT, N - yactora obepraHHs Hacoca 00/XB.

3 uux GopMyJsl OUEBHUIHO, YOMY BHUKOPHCTOBYIOTh CHEPrO30CpEeKECHHS, K
TOJIOBHUIA CTUMYJI IPU BUKOPHUCTAHHI YaCTOTHOPETYJbOBAaHUX EJICKTPOIPUBO/IIB.
Skio, HanpuKiIaa, MoTpiOHO 3HU3UTH noaady Hacoca Ha 50% (i ToMy HMIBUAKICTH
Ha 50%), 3 dopmynu (1.3) BurumBae, mo notpidHa BXigHa noTykHICTh 12,5% Bif
noTy»HocTi, HeoOxigHoi npu 100% mBuakocti. 1le o3Hayae exoHOMIKO eHeprii
87,5%.

OpHak 1e TBEpKEHHS HE 30BCIM KOPEKTHO Tak K, piBHAHHA (1.3)
3aJIMIIAETHCSA CITPaBEIJIMBUM, AKIIO HE TOTPIOHUHA cTaTHUHUK Harip. s Toro, o6
poO3yMiTH, 110 BiAOyBaeTbcs, HeoOXiaHO moOyayBatd 0a3oBy  Mojelb
XapaKkTePUCTUK MEPEXi Ta Hacoca.

[Torpeda B eHeprii nponopuiiHa no0yTKy HQ, ajne B po3paxyHKy Takox Oepe
yuactb KK/l npuBoay (4actorHoperynboBanuit npusij i asuryH) 1 KKJI Hacoca, siki
BCl € (PyHKIIAMU poOOYOl IBUAKOCTI 1 MOTYXKHOCTI. ICHYrOTH myOmikaiii, sKi
OMHUCYIOTh METOJAM JUIsl CKJIQJIaHHS TaOJUIb BUTPAT Ha EJICKTPOCHEPTII0 1 TaKOXK
HOpMY MPUOYTKY ISl 4aCTOTHOPETYJIbOBAHUX €JIEKTPOIPHUBO/IIB.

Ha nopatok no eHeproszdepekeHHs 1 OUIbIIIOT TOYHOCTI B YIIPABIIHHI MPHU
BUKOPUCTAHHI YaCTOTHOPETYJIbOBAHUX CJICKTPOIPUBO/IIB ICHYE IIIE PsiJl TIepeBar B
po0oTIi, Ha Kl HEOOXI1IHO 3BEPHYTH yBary.

3HMKeHHs eeKTy «riApaBIiYHOIO YAApy»

['ixpaBniuHuil yaap — e npodiema, BUKJIMKaHa IBUAKAM 3HHKEHHSIM 1107124l
Hadtu. L1 3MiHM moJa4l CTBOPIOKOTH IIBHAKI CIUIECKM THCKY, IO BHKIIHMKAE
YIIKOJDKEHHs TpyO abo 3cyB omop tpydoripoBoy. [Ipuctpoi, ki 3HAXOASATHCS 110
XOJy MOTOKY, TaKl SIK BEHTHJI1, MOKYTh OyTH TaKOXK MOLIKOIHKEHI.

[Tpsmuii myck HACOCIB MOK€ BUKJIMKATH Il HACHIAKH TiAPaBIIvYHOTO Yaapy,

Tak K He mnepeadavae MOMIMBOCTI JUISl IJIABHOTO IMYCKY Hacoca. € mpucTpoi
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IUIABHOTO IYCKY 13 3HMJKEHOK HANpyrolo, skl 3/1aTHI B3SITH Ha cebe Ll TUIH
npobsieM. ko YPTI posrisigaeTses 1i1s yrpasiiiHHS HACOCOM, L€ MOXKE IPUHECTH
noaatkoBy nepesary. YPII no3BoJisie KopucTyBaueBl IOCTYIOBO 301IbIIYBATH TEMIT
pO3TrOHY Ha Oa)KaHOMY piBHi, TIPU 1ILOMY PO3BHBAIOYHM BCE K MOBHHUI MOMCHT B
JlanazoHi 3MiHM IIBHJKOCTEH, 1 TAKOXK OOMEKYIOUM IyCKOBUM CTPYM Ha pPIBHI HE
outbiie 100% Bij MOBHOTO CTPYMY HaBaHTaXKEHHs a00 MeHIIe. Y 1eIK1X BUMAIKaXx,
KOJIM BHKOPUCTOBYIOTHCS TMOTYXKHI HACOCH B MICHSAX 31 CIAOKUMH JDKEpeaamu
€JICKTPOXKHUBJICHHS, 116 MOXE OYTH €JIMHUM MOMKJIMBHM CHOCOOOM JUISL 3aIyCKY
HACOCHOTO arperary.

3MeHeHHs MpolJjeM 3 KaBiTali€ew

Kapitauis — e sBuIlE, K€ BUHUKA€E, KOJU CTaTUYHHUN THCK Iajae HIDKYE
TUCKY NIapOyTBOPEHHs piauHu. (3riH0 3 Teopemoro bepHyiuii Tam, e piiMHa Teue
4yepe3 omip, AMHAMIYHMHA TUCK 3pOCTa€, a CTaTU4YHMH — manae). Pesynbratom
KaBiTauii € popMyBaHHs OyIb0aIIOK Mapy piAMHM, AKI TIOTIM PYHHYIOTBCS JaJi 3a
TEYI€I BIJI TOYKM 3 HHU3BKUM CTaTUYHUM TUCKOM. bynbpbOamku mnapy, ski
PYHHYIOTBCSI, MAIOTh JIy’K€ BUCOKY 1 KOHIIEHTPOBAHY YAApHY CHIY, SIKi 3 TUIMHOM
4acy YTBOPIOKOTh Ha MOBEPXHI eekT, noaiOHuit 10 /i MiaHoro CrpyMeHsl.

Ko Hacoc mpaioe B TaKOMYy pexUMi, MOXJIMBA, IOsIBA KaBitallii, 110
py¥Hy€, fAKa 3aleKUTh BIi JesIkuX napameTrpiB Hacoca. Hydraulic Institute
(ANSI/HI 9.6.1 - 1988) npornonye MeTo1 17151 BA3HAYEHHS MOXKIMBOCTI BUHUKHEHHS
npobaemMu pyHHYrOUOi KaBiTallii.

Meton po3paxyHKy 3aCHOBAaHHMM Ha BHU3HAUCHHS KPUTHYHOI «CHEpTii
BCMOKTYyBaHH:» (Suction Energy - SE) [3].

Se=D.'n'S's.g. (1.4)

ne D, — piameTp pobouoro koJieca, y Al0HMax; n —yactoTa o0epTaHHs Hacoca,

00/xB; S — cnenudiuna mMBHUIKICTE BCMOKTYBaHHS (Suction Specific Speed); s.g. —
IUTOMa Maca piauHH.

Cranpapt Hydraulic Institute Bu3Hauae, KoM KaBiTallisi MOXKE€ BUKIHUKATH
npobneMu ISl BIIEHTPOBOTO Hacoca. BiH BCTaHOBIIOE OOMEKEHHSI Ha BEIUUUHY

eHeprii BcMokTyBaHHsA, nMpu Sg = 160 x 10 koM Benu4YrHA €HEprii BCMOKTYBaHHS
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J0cArae 3Ha4HMUX 3Ha4YeHHI, 1 npu Sg = 240 x 10 moyaTok HENPUITYCTUMO BEJIUKHX
BEJIMYMH €HEepPrii BCMOKTYBaHHS.

HeoOxiaHo BIA3HAYWTH, 110 B PeXKHMaX poOOTH HACOCHHMX arperarax, KOJu
HACOC MOXE€ TIEPEUTH B TOYKY 3 HEMPUITYCTHMOK) BHCOKOK EHEPTI€I0
BCMOKTYBaHHSI, 3HWKCHHS YaCTOTH 00epTaHHs arperaTy BUKIMYE 3HH)KEHHS eHeprii
BCMOKTYBaHHSI B KBaJpaTHYHOI 3aJIe)KHOCTI, 10 Tpeba BpaxoByBaTH IIpH
MPOEKTYBaHHI CUCTEMH YTPABJIIHHSI.

3HUKEeHHS 3HOCY YIUiJIbHEHb | NiAIMITHUKIB

3HWOKeHHST 4YacTOTH OOepTaHHS Hacoca 3HUKYE 3HOC YIIUIbHEHb 1
NiQMUNHUKIB.  Lle MOXXKHA MpPOCTEXUTH, AOCHKYIOUM 1HAEKC HaIIHHOCTI
(Reliability Index) (Ri) BupoOHuka Hacoca [3]. B oxpemomy Bunaaky Ri
BU3HAYAETHCS K J10OYTOK TPHOX BEJIHYHUH.

RizFRXFDXFQ, (15)

ne 3HadyeHHs Fr — 3anexuts Big poOouoi yacToTH OOEpPTaHHS Hacoca;

3HayeHHs Fp — 3anexurs, BiJ aiamerpa poOo4oro koseca Hacoca; 3HaueHHs Fq —
3aJIe)KUTh, B1Jl BEJIMUYUHU MOJa4l.

3a 1aHuMU 3aBOJly BHpOOHMKa 3HadeHHs Fr = 0,2, Koim Hacoc mparroe Ha
HOMIHAJIBHIN IIBHAKOCTI. SIKIO HACOC MpalLOE HUKYE HOMIHAJIBHOI IIBUIKOCTI,
3HAYEHHS mpuiMaeThes piBHuM Big 0,2 10 1 B nipornopiiii 10 podo40i MBUAKOCTI.
SIKu10, HaPUKIIAJ, HACOC CKOHCTPYHOBAHUM 111 poOOTH HAa HOMIHAJIBHIN 4acTOTI
obepranns 3000 06/x8, 1 ipu BukopucranHi YPII npairoe Ha 50% mBuakocti (1500
00/x8), To Fr = 0,6.

Fp 3anexuTh Biji 4acTOTH 0OEpTaHHS Hacoca i Jgiamerpa poOOYoro Koseca.
Lle#t hakTOp BpaxoBy€e CUJIH, 1110 BILUIMBAIOTH HA IMILUIMITHUKY 1 YIIIBHEHHS Yepe3
HEPIBHOMIPHOIO PO3IIOJILIY TUCKY B KOPIYCI, 1 CHJI, III0 BUHUKAIOTh Yepe3 B3aeMO/Ii1
jomareil pob0Yoro Kojeca 3 BHUXITHOK MPOAYKTUBHICTIO Hacoca. TakuM YHHOM,
SIKIIO HACOC Mae Jiiana3oH mniapizyBanHs Bijg 250 mm g0 150 MM, TO nmpuiMaeTbCs
sHauenns Fp = 1,0, axuio poboue Koseco mijapizatu 10 225 MM, BijJl ONTUMAILHOTO

IlaMeTpy, MOKa3HUK BHaje no KyoiunoMmy 3akony. [Ipu moBHOMY aiaMmeTpi i mOBHIN
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mBuakocti Fp = 0,015, ane npu 3HmKeHHI yacToTH 00epTaHHs 10 50%, BenmudnHa
Fp=0,5.

Fo, € YMHHUKOM JUIsl BpaxyBaHHS BIUIMBY BEJIMUMHU 10/1a4l HA BUXO/1i Hacoca
Ha KKJI nacocuoro arperary. [Ipu 3mini KKJI Big makcumymy no kpusiit KK/,
KOJIM T10/1aYya YIPaBJISIETHCSA JPOCETIOBAHHSAM, B1JIOYBA€ThCS 301IbIIEHHS PIBHSA
BiOpaliii B MiAUIMITHUKAX 1 YIIUJILHEHHSX, 110 3HWKYE HAAIHHICTh pOOOTH BCHOIO
arperaty. Bennuuna ¢axropa 3umxkyerses Big Fo = 0,6 10 Fo = 0,45.

Po3riisiHeMO BIUIMB 3MiHa 1HAEKCY HadiiHOCTI R; y BUmaaky, Kojaum Hacoc
Mpalioe Ha TMOBHIM HOMIHAJBHIM YacTOTI OOEpTaHHS 1 JAPOCENIOETHCA KEePYH4ol
3acyBKOIO Ha piBHI 50% B11 HOMIHAJIBHOI NOAAUl, MiAPI3Ka pododoro koseca 60%
BiJl craHmapTHoro miamerpa. ¥ upomy Bumnaaky KKJI nHacoca 62,5%, Ha BepxHIi
mexi nogaul KK/ - 77%, Fr = 0,2, Fp = 0,8, Fo = 0,905. Oxe, npu ynpapiiHHI
APOCETIOBAHHAM 1HAEKC HaAiitHOCTI R; = 0,144,

[Tpu ux sxe ymoBax, ko BukopuctoByerbest UPIT 1st 3HMKEHHS 1oaudl 10
50% 3a 01OMOTI 010 YIPaBIJIIHHS YaCTOTOK 00epTaHHS HACOCHOTO arperaty (rmojaya
IPOMNOpIiiiHA WIBUAKOCTI, CTATUYHUN Hamip BiacyTHIN). Fr =0,6, Fp = 0,9, Fo=1,0.
I moka3uuk HaJMHOCTI, 3HAa4HO BHIIE R; = 0,54.

ToGro y pa3i peryJtoBaHHs IIBUIKOCTI HAAIHHICTB 301IbIIYETHCS B 3,75 pa3iB
MOPIBHSHO 3 BUMIAJKOM JPOCEITIOBAHHS.

3BMuUaiiHO KOe(]Iill€HTH, BKa3aHi TyT, JEMOHCTPYIOTb JaHI OJHOrO 3
BUPOOHMKIB HAcOCIB, 3aCHOBAaHI Ha E€KCIIEPUMEHTAX, 1 HaBEJIEHI TYT K IPHUKIAJ.
[Ipn BUKOpUCTAHHI PEryJibOBAHOTO EJIEKTPONPUBOAY BIALIEHTPOBUX HACOCIB, B
KOKHOMY KOHKPETHOMY BMIIQJKYy JUISl PO3PaxyHKY 1HIEKCY HaJIHHOCTI HEOOX1IHO
MaTH JaHi 3aBOJIiB BUPOOHHMKIB HACOCHUX arperaris.

3acTocyBaHHsS ~ 4YaCTOTHOPEIYJIbOBAHOI'O  EJICKTPONPUBOLY  J03BOJISIE
BUKOPHUCTAaHHSA IHU(POBOTO 3B'A3KY I KEpyBaHHS €ICKTPOMPHUBOIOM, Iepeaadi
CUTHAJIIB 3aB/IaHHS 1 KOHTPOJIIO [IapaMETPiB CUCTEMU IIPUBOJLY, J1a€ 3HAYHI1 IIEpeBaru
IIPH eKCILTyaTalli cucTeMH B TpaHcriopTyBanHi HadTu. Lle o3Havae He TiAbKK OLIbIL
TOYH1 CUTHAJIM YIIPABIIIHHS, 4 U MOXKJIUBICTh BIJICIIIKOBYBATH B PEXKUMI PEATBLHOTO

yacy Takl JIaHi ABUT'YHA, SIK IBUJIKICTh, TOTYXKHICTh, CTPYM, HaIIpyra, HeCIpaBHOCTI
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B CHCTEMI, TEIUIOBI 3/IaTHOCTI JO TEPEBAHTAXEHHS, BUXOAW PI3HUX JATUYUKIB B
CUCTEMI 1 KUIbKICTh roJiuH poOoTH. J[03BOJIsIE OriepaTopaM pEeTesbHO CTEKUTH 3a
po0OTOI0, MHIYKATH HECIPABHOCTI, 1 BUKOPUCTOBYBATH Il JlaHI B IaKeTax
MPOrpaMHOTO 3a0e3medeHHs 17 OUThIN SIKICHOTO Ta 0€3aBapiiiHOTO TEXHIYHOTO
00CIyroByBaHHsI.

3HUKEHHS BUTOKIB

SIKII10 MOKITMBO YCYHYTH K€pPYIOUl 3aCYBKH 1 TIOB'SI3aH1 3 HUM TPYOH, 11€ MOKE
J03BOJIUTH 3HA4YHE 3HW)KECHHS BHUTOKIB Yy YIIUIBHEHHSX KEPYIOUMX 3aCyBOK 1
(dmanmiB. BukopuctoBytoun aani ¢pipmu SOCME ans nerkux piiuH, OTPUMYIOThH
JaH1 PO BUTIK TUIHKU B YIIUIbHEHHSIX KEPYIOUHX 3aCYBOK 1 (JJIaHIIB - OJIM3BKO MiB
TOHHH Ha pIK.

Ha panuwit moment BukopuctanHs YPII B cucremax ynpaBmiHHS 1Jis
BIJLIEHTPOBUX HACOCIB 31 3BOPOTHUM 3B'SI3KOM MO HABAHTAXKEHHIO, JOCIIIKEHO
HEJ0CTaTHbO MOBHO. 3yCTpIYArOThCS PEKOMEHALlll 110 HaJalITYBaHHIO KOHTYpIB
YIPaBIIiHHS MO BUTPATI 1 TUCKY, 3 BUKOPUCTAHHSIM BEHTHJIIB YIpPaBJiHHS, HEMAE
KOHKPETHHUX PEKOMEHJIallli M0 HalAITyBaHHIO IUX KOHTYPIB NMPH BUKOPHUCTAHHI
YPII, sik KIHIEBOTO €JeMeHTa YIpaBJiHHS.

Opmnum 3 ocHoBHUX repeBar YPIT B mopiBHSHHI 3 KEPYIOUOI 3aCYBKOIO €
YCYHEHHS HEMOCTIMHOCTI, K€ BHOCHUTH Kepylda 3acyBKa B pPOOOTY KOHTYpY
3BOPOTHOTO 3B's3Ky. Ll HEMOCTIHHICTh BUKJIMKAHA 30HOK HEUYYTIMBOCTI, SKa
npUTaMaHHa (QPUKIIHHUM KOMIIOHEHTaM KEpYHUOl 3aCyBKM TaKHUM, SIK IUTOK 1
yiuruibHeHHA. [Ipu mogayl curHangy Ha 3aCyBKY, BOHA MOYHMHAE PYX 13 3aTPUMKOIO
yacy. L4 30Ha He4yTIMBOCTI, 00yMOBIICHA TEPTSIM, MOKE OyTH B Mexkax 2% B HOBUX
3acyBKax 1 30UIBLIYETHCS 3a TEPMIH CIyKOM 3aCyBKH. [HOHI BHKOPHCTOBYIOTHCS
uppoOBl CUCTEMH MO3ULIIOHYBAHHS Uil 3MEHIICHHS e(EeKTy 30HH HEYYTIMBOCTI.
OpHak SKIIO MOXJIMBO BHUKOPMCTOBYBATH KEpyBaHHS WIBHAKICTIO Hacoca s
JAOCATHEHHS TOrO J CaMOro YIpaBiHHSA, BiANAaJalOTh MPOOJIEMH 13 30HOIO
HEYYTJIUBOCTI.

€ nuraHHsA, HA SKI NOTPIOHO 3BepHYTH yBary mpu 3actocyBanHi YPII B

CHUCTEMI YIPABIIHHSA 31 3BOPOTHUM 3B's3KOM. OZHUM 3 HUX € MIBHUIKICTH peaKilii,
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TEMTI, 3 KM HAcOC MOJKE 3MIHHTH MIBHIKICTH MO 3aJaHOMY CHTHATy CHCTEMOIO
yrpasiiiHHs. BU3HavyaeTbCst TEeMIT MOMEHTOM 1HEPIIii KOMIUIEKCY HACOC-TPaHCMICis-
JABUT'YH, ITHEPIIIEIO CTOBIIA PIIMHUA Ta HASBHUM HAJIMIIKOBUM MOMEHTOM (OLIbLINM,
HDK MOTP1OHO ISt MIATPUMKH ITOTOYHOT IIBUAKOCTI M1 HaBaHTakeHHsIM). Lle 3amae
TEMIT PO3TOHY.

PekoMeHIylOTbCS 3aXOAM TPH  HAJANITYBaHHI 3aMKHYTOIO KOHTYPY
ynpaBiaiHHg. HenpulHATHUN BUXIAHUN CUTHAN 3 MEPENIKOJAAMHU 3 PO3MOAIIEHOT
cuctemu ynpasininas (PCY) no YPIIL. Kontyp ynpasniHHS Moke 100pe npairoBaTu
BiJ ekpaHoBaHoi PCY (sika MOBLILHO OHOBJIIOE CBOI JIaHi), IIPH [bOMY HACOC MOXKE
NPUCKOPIOBATUCA (CHOBIIBHIOBATUCS) [ MIATPUMKUA YCEPEIHEHOI mojadi.
KonuBaeTbes kepyroua 3acyBKa NMPU3BOAUTH 10 BUTOKY B CaJIbHUKAX, a KOJUBHUM
MOTY)KHUN HACOC MOXE BUKJIMKATH MOLIKOHKEHHS MAIKAITHUKIB, YIIIJIbHEHD 1 3011
B pO3MOALIRYIN cucTteMi. Taka cuTyaiist cTBOproe HeratuBHHM edexT. Lle Takox €
XOpOIIUM apryMEHTOM TPHU BUKOPHUCTAaHHI LHU(PPOBOT MEPEKEBOI TEXHOJOTII IS
nepeaavl CUrHally 3aBJaHHs MPUBOJY, 3aMICTh BapiaHTa aHAJIOTOBOTO CUTHAIY 3
ITyMaMH, 110 /1a€ HETOYHE 3aBIaHHS MIBUIKOCTI.

Icuye psan npuknazai 3actocyBanHs YPIT B Hadrosiit npomuciosocti. Kpim
HACOCIB JIJIsl TPAHCIIOPTYBaHHs Ha(TH, HACOCH 3aKauyyBaHHS BOIM, JJIsl [IITPUMKH
MJIACTOBOTO TUCKY, BEHTWISITOPHI OXOJIO/KyBayl pedep (Ha Aeriiparopu razy) ta
iH. [4,5,6]. 3anyproBaibH1 €IEKTPOHACOCH XapaKTEPU3YIOThCS BETUKOK) TOBKHUHOIO
CHJIOBOrOo kabenmto, HEOOXIOHOTO I MIJIBEACHHS €Heprii /10 JIBUTYHa,
BUKOPHUCTOBYIOTBCSI SIK HU3bKOBOJIBTHI (3 3HMKYBAJILHHUMHU 1 MIABUIILYBAJIbHUMHU
TpaHchopmaropamu), Tak 1 BHCOKOBONbTHI YPII. € Takox ycTaHOBKH 3
HOPIIHEBUMH HACOCaMU TaKUMH, SIK MYJIbTH(a3H1 HACOCH 1 HACOCH 3 TIOCI1I0BHUMHU
KaHallaMu. Y BHIIAJIKY 3 MyJbTU(da3HuMu Hacocamu Bukopuctanus YPII aiticHo €
HEOOXiTHOI0 BUMOTOO TIPOIIECY, TaK SK I TEXHOJIOTiS MepeKadyBaHHS BHMarae
HAJIHHOTO YNpaBJIIHHS IIBUAKICTIO IS poOOTH B Toull Horo omrumymy. UPII
paHiiie OyJiu BUKOPUCTaHI B TPyOOIIPOBOIaX, 110 HECYTh Pi3HI POIYKTH — IIPOIIaH,
etad 1 eruwieH. ['onoBHumu npuunHamu uis Bukopuctands YPII B uux Bumaakax

OyJM — eKOHOMIsl eHeprii (HaBiTh NPU 3HUKEHHI 000POTIB TIIILKK Ha 5%), 3HHKEHI
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BUTpAaTH Ha CIIO)KUBAHHS, CJIa0Ke JKEPENo KUBJIECHHs (BUKOPHUCTAaHHS 34aTHOCTI
IUIABHOT'O IYCKY).

Cexktop mnepepoOku B Ha(PTOBIH MPOMHUCIOBOCTI, MOMIMBO, MICTUTh
HaWOUTBIINK TIOTEHIIIAJ, Ji1 KepyBaHHs nojaadero 3a gomnomororwo YPII, mporte B
JaHUM Yac KUIbKICTh YCTAHOBOK B JIaHIM Traily3i HeJocTaTtHe. Y JiTeparypi
3a3HAYAETHCS  KUIbKA OJMHMYHMX TMPUKIAAIB, Kojgu HadromepepobHI Ta
HadToxiMiuHI 3aBoau BuUkopucToByBanmu UYPII Ha 3HauHINA KITBKOCTI HACOCIB 1
BEHTWJIATOPIB.

Onuum 3 moOpe BigoMux BuUMAAKIB Bukopuctanus YPII B npanexomy
3apyOikki € ¢ipma Exxon Chemical na cBoemy xkommiekci Fawley vy
BenukoOpuranii. O0rpyHTyBaHHsAM BrpoBakeHHss YPII (y nopsaky npiopuTeTiB)
€ — YCYHEHHsS Kepywouoi 3acyBKH, 30LIbLIEHHS IPOIYKTUBHOCTI arperaris,
MOJIMIIEHHS  SKOCTI  YNpaBIiHHA, MIJBHUILIEHHS  HAAIWHOCTI, E€KOHOMIs
esniekTpoeHeprii. 110Ty)KHOCTI BUKOpPHCTAHUX JBHMIYHIB — B Jiama3oHi Bifg 22 10
300 kBt. YPII nns BiALEHTPOBUX HACOCIB BUKOPUCTaHI B CUCTEMI YIIPaBJIIHHS 31
3BOPOTHHUM 3B'SI3KOM 3 BHYTpitHIM asiroput™mowm [11]] — peryntoBanHs, BOy10BaHUM
B TIpUBIJA. 3a3BUYail JUId BUILEHTPOBUX HACOCIB JIOCTATHIM Jlana3oH 3MiHM

mBuIKocTI Big 30%.

1.3 3aBaaHHsl JOCJIUKEHHS i PO3POOKH CHCTEMH €JEeKTPOIPHBOIY

HACOCHHX arperaTiB

3a3HayeHi BHIE OOCTaBUHU 3yMOBIIIOIOTh BHUKOHAHHS PsNY HAYKOBUX
JHOCHIIKEHb 1 po3poOok Juisi Ouibln  edexkTuBHOro BUKOpucTanHs YPIT B
HadronepekayyBalbHUX CTaHLigX B ymoBax PK.

Bumoru 1o ctpykrypHii cxemi YPII

B siKOCTI MPUBOAHOIO JBUI'YHA HACOCHOI'O arperaTy IpH TPaHCIOPTYBaHHI
Ha(TH 3a3BUYAll BUKOPUCTOBYIOTHCS MOTYKHI BUCOKOBOJILTHI ABUTYHHU (6 1 10 kB)
3 yacToToto obepranus 3000 06/xB B BuOyxo3axuiieHoMy BukoHauHi tumy 4 A3MIT

1 SABMB. VYmoBa eyeKTpOMarHiTHOI CYMICHOCTI I€peTBOpIOBada 4YacTOTH 3
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CEepIiHUMU JBUTYHAMHU € TEPIIOI0 0€3YMOBHOK BUMOIOI0, 110 MPEA'ABISETHCS 10
IT4.

BimoBiiHO 10 npeacTaBieHol cXeMu Ha puc. 1.7, BUXIIHU y3r0pKyBaIbHUH
TpaHchopMaTop, KpiM 3a0e3medyeHHs CHOIY4YeHHS HU3bKOBOJILTHOrO (660 B)
nepeTBoproBaya i BUCOKOBOJILTHOIO (6 1 10 kB) jBUryHa, € JIJIbHUKOM HAaNpyry 1o

BIJIHOIICHHIO [0 1HJYKTHBHOCTI OCTAaHHLOT'0, 3MEHIIYE KOMYTAIlIHHI TepEeHAIPYTH.

TpZ

Pucynok 1.7 — ®yHkiioHaIbHA CXeMa IepeTBOPIOBaYa YacTOTH

BXinHuii moHMKY0UN TpaHc(hOpMaTOp TaK0X MPUHLIMIIOBO HEOOX1THUIN HE
TUIBKH JUIs Y3rojpKeHHs Hanpyru mepexi 1 ITH, ctpymooOMexeHHs B aBapiitHMX
pekuMax, a ¥ Juis 3a0e3nedyeHHs MOTEHIIHHOTO MOALTY 3 MEPEKEI0 32 YMOBAMHU
0OMeXeHHSI TIepeHanpyr HI00 3eMJIi.

PilieHHsT KOMIUIEKCY TEOPETHMYHUX 3aBlaHb, IOB'S3aHUX 3 PO3POOKOIO
YTOYHEHOT'0 METOJy aHalli3y eJIeKTpoMarHiTHuX mpoiieciB y cucremi AIC-AJl, 1
PEeKOMEH/IAIlil 1010 PO3PaXyHKY CHIIOBHX €JIEMEHTIB, IO JIO3BOJISIOTH CTBOPUTH
PeryJibOBaHUN €JIEKTPONPUBOJ Ui HACOCHUX CTAHLIN 3 IMOJIMILEHUMHU TEXHIKO-
€KOHOMIYHMMHU TOKa3HUKaMH CTano metoro pobdotu. Ilpu mpomy mig TexHiko-
€KOHOMIYHUMH TIOKa3HUKAMH PO3YMI€THCS CYKYIHICTh MMOKAa3HUKIB MPU3HAYCHH,
TEXHOJIOTTYHOCTI,  MacorabapMTHHUX  TOKa3HUKIB  HAQMIMHOCTI,  IPOCTOTH
00CcIyroByBaHHs, CHEPreTUYHUX, BAPTICHUX Ta 1H.

JInst AOCSATHEHHSI TIOCTaBIIEHOI METH MOTPIOHO MPOBEAEHHS IOCHIKEHb B
TPbOX HaIPSIMKaX:

1. Busnauenns pauioHaibuux cxem AIC mis nmoOynosu [14 3 ypaxyBaHHsSM

ICHYIOYOTO PIBHS PO3BUTKY CHJIOBOI €JIEMEHTHOI 0a3u.
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2. AHani3 eneKTpOMAarHiTHUX TNPOIECIiB aBTOHOMHOIO iHBEpPTOpa CTpyMy B
CUCTEMI aCHHXPOHHOI'O E€JIEKTPONPHUBOY 1 po3poOKa peKoMeHAaliid 1010
PO3paxyHKY MapaMeTpiB €JIEMEHTIB CHJIOBOT CXEMH.

3. Busnauenns mnuiaxiB BaockoHaneHHs [IY 3 AIC nna mepcnekTHBHHX
€JICKTPONPUBO/IIB 3MIHHOTO CTPYMY.

[Ticns Bu3nayenns parionaibHoi cxemu [T 3 AIC s eiekTponpuBoy i pu
KOHKPETHOMY pPIBHI PO3BUTKY €JIEMEHTHOI 0a3u €IuHUM e(dEeKTUBHUM 3aCO00M
TIOJITILEHHS] TEXHIKO €KOHOMIYHUX IOKAa3HHMKIB € PO3po0Ka YTOUYHEHHX METOJIIB
aHaIi3y eJIeKTPOMArHITHUX IMPOILECIB 1 po3paxyHKy ONTHUMAJIbHHX IapaMeTpiB
CUJIOBUX €JIEMEHTIB Ha X OCHOBI.

BuMoru 10 cHJI0BOI cXeMH NepeTBOPIOBAYA YACTOTH

[leperBoproBayi 4YacTOTH JJIsi TOTYKHUX BHCOKOBOJIBTHHUX JIBUT'YHIB
MaricTpaJbHHUX HAcOCIB JOLIIbHO BUKOHYBAaTH Ha 0a3l aBTOHOMHOIO IHBEPTOpa
ctpyMy. Take moeiHaHHS 31 CIEUIaJbHUMM aJTOPUTMAMHU YIPABIIHHS J103BOJISIE
3a0e3MeYNTH MPAKTUYHO CUHYCO11albHy BUX1IHY HANPYTy [epeTBOpIoBayiB, TOOTO
BHCOKHI PIBEHb €JIIEKTPOMArHiTHOI CYMICHOCTI 3 aBuUryHoM. [lepeTBoproBaui
yactoth Ha ©Oa3l AIC BuIyCKarTbCs NPOBIAHUMH 3apyODKHUMHU (ipMaMu:
«Siemens», Himeuunna (cepii Simovert-A, Simovert-I), «Schorch», Himeuunna,
«BM Elektronic», Himeuunna, «Transrech Antriebssysteme Berliny, HimMeuunna,
«Relience Elektric», Himeuunna,«AsiRobicony, Itanis - CLHIA (cepis Silcovert H),
«Alstom», ®pannis (cepii ALSPA CDL8000 i ALSPA CDMS8000), «Allen
Bradley», CILIA-Kanana (cepis Power Flex), «Hill Graham Control» (CILLIA), HBII
«EOC» (m.XapkiB, Ykpaina) i ESTEL PLUS (m Tanninn, Ectonis). [8,9,10].

3 i”moro ©Ooky, 3acrocyBanHs B YPII marictpanbHMX HacocCiB
IIepPEeTBOPIOBAYIB Ha Oa3i aBTOHOMHMX 1HBEPTOPIB HAIPYIH 3 LIMPOTHO-IMITYJIbCHOIO
monynsmiero (PWM-design), 3ymMOBIIO€E HasgBHICTh I'paTyacToi (OPMH BUXITHOI
HaIIPyTH, 110 HEraTUBHO BIUIMBAa€ Ha 130Jsuit0 aBuryHa (AJl). ¥ upoMy BUNagky
(hipMa-BUPOOHMK IIEPETBOPIOBAYIB 3a3BHYal IPOTIOHYE MOCTABKY "CBOro" JABUIyHA
3 MOCUJIEHOIO 130JIA111€10, KWW 3HAYHO 30Ublnye 1iHy Bchboro kommekty YPII 1

BHUMara€ KOHCTPYKTHBHOI'O CIIOJIYYECHHA 3 HAaCOCOM. Kle Os0ro, Ha BHXOJ_Ii
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MIEPETBOPIOBAYIB 3 TAKOK (POPMOIO HAMPYTU MOBUHEH OyTH BCTAHOBJIEHUHN (PiIbTP,
po3Mmipu sikoro 3ajiexath Bi BitaieHocti [TH Big asuryna (edexkr "moBroi ainii").
[Tpu 3HauHik JOoBXkKUHI KaOemo MK neperBoproBadyem 1 asurynom Ha HIIC
rpoMi3akuil Buxigaui Gpinetp ictotHo 3HMKye KK/ Bciei yctaHOBKH.

Bucoki BUMOIH, NMPONOHOBaHI /10 HAJAIMHOCTI NEpEeTBOPIOBaYa, MPUBEIH 10
HEOOXITHOCT] MOIIYKY HOBHMX IIJIXOJIB 0 CHJIOBOI HAamiBIPOBIIHUKOBOI 0a3u
neperBoproBaya. B pe3ynbTaTi OyB 3alIpONOHOBAHNM 1 peali30BaHUN Y BUPOOHUIITBI
HOBHH TUI CHJIOBUX THpHCTOPiB 3 "M'skum" BinHOBIEeHHSIM — SRT (Soft Recovery
Thyristors) [8]. ¥V ubomy npuiail Ha MIACTaBl TEXHOJOI €JIEKTPOHHOIO Ta
IIPOTOHHOTO OMPOMIHEHHSI PEeaTi30BAHUM MPOLEC «M'SKOT0» BIJTHOBJIECHHS, IO
3a0e3neuye MiHIMI3aLi0 KOMYTALIHUX TEpEHanpyr IpHY BUKJIOYCHHI THPUCTOPA |
HOro BUCOKY HAJIHHICTb.

Bumoru 10 cunoBux Tpancopmaropis

Jlns YPII, BcTaHOBIEHUX Ha HAa)TONEPEKAYyBAJIbHUX CTAHLISAX, IPUHLUIIOBO
BUKOpUCTaHHs cyxux TpaHchopmatopiB [12,13]. Illo crocyeThcss MacisiHUX
TpanchopMaTopiB, TO KPIM 3arajibHUX Mpo0JieM, MOB'SI3aHUX 3 BCTAHOBJICHHSIM Ta
00CJIyroByBaHHSIM, HEOOXIJHO CYTTEBO BUJAIATH I1X 3 MIPKYBaHb IOXKEXHOI
Oe3neKu, 110 30UIbIIYE JIOBKUHY KaOeiB, I1IBULIYE LIHY BCIET YCTAHOBKH 1 3HUKYE
saranbuui KKJI.

€IUHOI TIepeBaror MacisiHUX TpaHC(HOpPMaTopiB B MOPIBHAHHI 3 CyXHMHU
JAoHemaBHa Oylla MOJKJIMBICTH YCTAHOBKM 1X I103a NpHUMIlIeHHAM (a0o mo3a
koHrteitHepa). Opnak dipmowo "ABB Transformatoren GmbH" (Himewyuuna) 3a
texHiyHUM 3aBaaHHaM HIIII "EOC" pospoOnena cepis tpancdopmartopiB y
BUKOHaHH1 "outdoor" (1 BYJIMYHOI YCTaHOBKH) 31 cTyneHem 3axucty IPX4D i
CHElIaIbHOK KOHCTPYKIIEID CHJIOBUX IIMH, KOHCTPYKTMBHO CIOJYYEHUX 3
nepersoproBayamu [ITYTE B konTelinepl. ¥ oMy BUnaaKy BUcoka Hampyra (6 abo
10 kB) B kOHTEliHEp HE 3aBOJMTHCS, IO ICTOTHO CIIPOILYE EKCILTyaTalllo st
oOcayroByroyoro nepconainy. Ilpu upoMy BXiHMNA 1 BUXIIHUH TpaHcPopmaTop
BUKOHYIOTbCSI 3 pi3HUM 3HaueHHsM Hanpyru K3 Uy, 3HauYeHHS SKOTO 3a0a€ThCs

po3poOHUKaMHu repeTBoproBaya [15,16].
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JIs OLIHKM €IEKTPOMAarHiTHOI CYMICHOCTI NEpPETBOpIOBa4Ya 3 CEpiiHUM
JABUT'YHOM BHUKOHA€EMO PO3pPaxyHKH, 110 XapaKTePH3yIOTh SIKICTh BUXIHOI HAIIPYTrH
neperBoproBayiB yactotu [TUTE. Sk npuxnan posrisuemo YPII na 6a3i aBuryHa
SA3MB noty:xHicTio 3150 kBt Hanpyrotwo 10 kB.

BuXIIHUMHU JaHUMU J1J1s1 PO3PAXYHKY € apameTpH aBuryHa: cos ¢ = 0,91 (3a
nacnoptiumu aanumu) 1 X'i = 0,182, ne X'; — nepexiaHui 1HAYKTHUBHUN OIIip,
BUPAXKEHUH B BIJHOCHUX OJUHULAX. 3a 6a3y NPUIHATO HOMIHAJILHHI OMIp ABUTYHA.
ITpu upomy:

Xo

Xi=Xy-5%= X4- X0 (1.6)

2
[Tapamerpu 1BUryHa MOKYTh OyTH pO3paxoBaHi 3a TAKUMH BHPA3aMHU:

N -

0>

1-X,sing
sing , - X, (1.7)

By = T

[ = X -
E, =1+(X,)’ - 2sing,X,, (1.8)

dopma BUXIIHOI HAIIPYry MEpPEeTBOPIOBaYiB Moka3aHa Ha puc.l.8. 3HaueHHs
KOMYyTalllMHUX TIKIB y BUXUIHIH Hanpy3l BU3HAYAETHCSA €JIEKTPOMArHITHUMHU
MpoIleCaMU B CHCTEMI ABTOHOMHHU 1HBEPTOP CTPyMY — ACHHXPOHHHU JIBUTYH.

Jliarpamu ripoiieciB nokasasi Ha puc.1.9.

U

V]

Pucynok 1.8 — dopma BuxiiHOT HapyTH
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Pucynok 1.9 — Jliarpama npouecis B [TUTE

OCKUIBKM KOMYTAIIiHI MPOIECH MPOTIKAIOTh B KOHTYPI, IO CKJIATAETHCA 3
KoHaeHcaTopiB iHBepTopa (C.) 1 iIHIyKTUBHOCTEH ABUryHa (puc.1.10), To nepmmii 1
JPYTruii MK MepeHanpyrd BiAMNOBIIAI0TH OCHOBHUM 1 JOJATKOBUM HANpyram Ha

KOHJI€HCATOpax (B MOMEHT JI0/IaTKOBOTO BIAKPUBAHHS BIACIKAIOUHUX H10/IIB).
1

i
——

i

Pucynok 1.10 — ExBiBasieHTHa cucTemMa nepeTBoproBava

L{i BeIMUMHY ONUCYIOTHCS TAKUMH BUPA3aAMHU:

\||' .&E 1

Ug, = cos(@ + —T)"' o= ros& . (19)

\I KE 1

2 =6 0058 (1.10)

U cooms = €OS(@ + 5}' - —)
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Bupasu (1.9) 1 (1.10) 3anucani y BiIHOCHUX OAMHMIIAX, 32 0a30BE 3HAUEHHS
HPUIHATA aMIUIITY/Aa JIHIHHOT HaNnpyru ABUIyHa, npuBeaeHa po Buxoay IMTY. Ll
BUpa3u J03BOJISIIOTH BU3HAYMTH HANPYrd MPU HOMIHAJIBLHOMY 3aBaHTaXXKEHHI
asuryHa (f= 50 I'u, I = Liom, U = Uyon). LLl00 Bu3HAUMTH 3HAYEHHS HAIPYT B Oy/1b-
SIKIM TOYIll YacCTOTHOrO Jliania3oHy, BI3bMEMO JIO YBarv, HI0 PEryJIIOBaHHS B
neperBoproBayax yactoru [IUTE 3aiiicHioeTbes 3a  CrHeliaibHUM — 3aKOHOM
perymioBaHHS — 3 MIATPUMKOIO CTaJOCTI aOCOMIOTHOTO KOB3aHHS pPOTOpA.
PeryntoBaHHs 3a CHELIAJBHUM 3aKOHOM — 1€ JPYrHid UYHMHHUK pa3oM 3
ONTUMAJILHUMH TIapaMeTpaMH CHJIOBOI CXE€MHU IHBEpTOpa, 110 3a0e3reyuye BHCOKY
SIKICTh BUX1AHOI HAIIPyT¥ NEPETBOPIOBAYA.

Ha puc.1.11 HaBeseHi BiAMOBIIHI 3aJI€KHOCTI y BITHOCHUX OJAMHMIIAX, 3 IKMX
BUIUIMBAE, 110 B OCHOBHOMY Jiara3oHi peryjioBaHHS HACOCHOIO arperary
BU3HAYAILHUM € Harpyra Apyroro miky Ug on.

Amnani3 3anexHocteit Ha puc.l.11 nmokasye:

— a0cCoJIIOTHE TNEpPEeBUIICHHSI 3HAYEHHS IIKa HaJ aMIUITYA0I0 JOMyCTUMOT
niniiiHOT Hanpyru npu 100% 3aBantaxenni YPII mo motyxHOCTI — He Oinbime

5%,;

— 1pu yacrotax Huxk4e 49 'y komyTaliiHi MKA HE MEePEeBUILYIOTh aMILIITY 1y

JIHIMHOT HANIPYTH;

— nepeaHii QpoHT kKoMyTtamiitHOro mniky — "m'skuit" (puc.1.9) TpuBamicTiO

nipubau3Ho 20 °.

an*
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Pucynok 1.11 — 3anexxHicTb Hapyru BiJl 4aCTOTH
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Ha puc.1.12 Hanpyra Ha KOMYTYKOUOMY KOHJEHCATOpi, po3paxoBaHa 3a
Bupazamu (1.11) 1 (1.12). Buznauanbaum € 3Ha4eHHS Ucmpuon, AKE Jl0csTae npu =50
['u, 1200 B 1 Bu3Hauae BHOIp €JI€MEHTIB CHJIOBOI CXEMH 1HBEpTOpa (TUPHUCTOPH,

J101, KOHJEHCATOPH).
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Pucynoxk 1.12 — PiBeHb Hanpyru Ha e€JeMEeHTax CUJIOBOI CXeMU

HaBeneni po3paxyHKH TIOKa3ylOThb BHCOKY SIKICTb BHXIJAHOI Harpyru
neperBopioBaviB [[UTE, mio 3ade3neuye MOXIMBICTE BUKOPUCTAHHS CEPIMHHUX
nsuryHis Juig YPII marictpansHux HaTOBUX HACOCIB.

3acTocyBaHHs [1EPETBOPIOBAaYIB YACTOTHU Ul KEPYBaHHS €IEKTPOABUTIYHAMH
MaricTpajibHUX HACOCHMX arperariB 3Ha4YHO IOKpAIy€e TEXHOJOTIYHHHA PEeHKUM
poboTu Hacoca.

Taxk, npu npssMoMy BKJIFOUEHHI JBUTyHA B Mepexy S0 I'11 1 THCKY Ha BHUXO/I
cTaHuli, nmijarpumyBaHomy peryisropoMm Ttucky (PT), 16 kr/cm, THCK Ha BUXOjI
Hacoca cTaHoBUTH 29-31 kr/cM (B 3aeKHOCTI Bi piBHS HAdTHU B pe3epByapi), T .€.
nafinHs Tucky Ha PT cranoButh 13-15 kr/cwm.

[Tpu poGoTi ABUIYHA Bij IEpeTBOpIOBaYa 4acCTOTH THCK HA BUXOMl CTaHIIi
BU3HAYAETLCS 4aCTOTOK oOepranHsi aABuryHa; PT mpu upomy He mpaioe, T00TO
TUCKY Ha BHUXO/Il HAcoca 1 Ha BUXO/lI CTaHIl piBHI, naaiHHA THCKY B PT BiacyTHE.
TakuM 4YUMHOM, 3HMIKYETbCS MAaKCUMaJbHHMI THCK B CHCTEMI CTaHUii (B JaHOMY
npukiaal 3 31 go 16 xr/cm), 110 3HaYHO 3MEHIIYE 3HOC ycTaTKyBaHHs. KpiM Toro,

IUTaBHUHM PO3TiH Hacoca rpu poooTi Bia [TH nikBijgye rigpaBiidyni yaapu Mpu MycKy
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MaricTpajgbHOTO HAaCOCHOTO arperaTy, IO TAaKOXX TMO3WTHBHO TO3HAYAETHCA Ha
TepMiHi Oe3aBapiiHO1 ekcruTyaTallii o0J1agHaHHS.

[Tpu nycky MarictpaiibHOro HacocHoro arperaty Bija [TU He cniocrepiraerbes
KHUJKH ITyCKOBOTO CTPyMY JIBUTYHA (ITyCKOBHi1 CTpyM ckiagae 50% HOMIHAIBHOTO
CTPYMY JIBUT'YHA, TOJI SIK yCKOBHI CTPyM NIpU npsimomy Iycky Big mepexi 50 I'i
CTAaHOBHUTH 5-7 HOMIHAJIBHUX 3HAYEHb CTPYMY JIBUT'YHA), 1110 3HAYHO 3HUKYE 3HOC
JIBUTYHA 1 IyCKOBOI amapaTypu CTaHIIIi.

[Ipu miniMameHOMY piBHI HapTH B pe3epByapi (MeHme 150 cm) i
HOMIHAJIBLHOMY THCKY Ha BUXO/II CTaHIIi Mpu poOOTI MaricTpaibHOr0 HACOCHOTO
arperaty 0e3 MiAMIPHOTO HACOCHOTO arperaTty, peXuM poOOTH MaricTpalbHOTO
Hacoca HE MMOPYLIYETHCS, MPO IO CBIAYUTH BIACYTHICTH CTOPOHHIX ILIYMIB 1
3HWKeHHs BiOpauii. Takum YWMHOM, 3aCTOCYBaHHS IMEPETBOPIOBAYa YaCTOTH
JO03BOJISIE PO3TISHYTH TMHUTAHHS BHUKIIOYEHHS TIAMIPHOTO HACOCHOTO arperary.
OuikyBaHe 3HW>KEHHS BiOpawiil npu BukopucrtanHi YPII (B 3-5 pasis).

[Tpu poGoti HacocHoro arperaty Bix ITY exoHomis enekTpoeHeprii B
MOPIBHSHHI 3 NPSIMHUM BKIIOYEHHSIM ABUTryHa B Mepexy S50 [ ckiane He meHIe
40%.

[lepcnekTHBHI ¢XeMH aBTOHOMHHUX iHBEPTOPIB CTPyMY /ISl MOTYKHHUX
NepeTBOPIOBAYiB YACTOTH

HesBaxkatrounm Ha IHTEGHCHBHUI PO3BHTOK CHIJIOBOI HamiBIPOBIAHUKOBOI
TEXHIKH BUPOOHMITBO MoTyxHUX (rmoHan 1000 kBT) neperBoproBayiB 4acToTH ISt
ACUHXPOHHUX BHCOKOBOJIbTHUX CJIEKTPOIPHUBO/IIB OCBOEHO JIOCHUTh HEBEIUKUM
YHCJIOM HaWOUIBIIMX CBITOBUX JIIJAEPIB y JaHid o0Omacti. 3HAaYHUN 1HKEHEPHO-
TEXHIYHHUH 33111, OTpUMaHui (pipMaMu IIpH BUITYCKY I€pETBOPIOBAYIB YaCTOTH Ha
0a3i 1HBEPTOPIB HAIPYrd Majoi Ta CepeaHbOl MNOTYXHOCTI, JUIS CTBOPECHHS
HOTY)KHHMX IEPETBOPIOBAaUIB, MOKE OyTH BUKOPUCTaHHUI JOCUTH oOMexeHo [18,19].

Cxemu AIC 3 TpUCTYMIHYATOIO KOMYTAIIEIO € CXEeMaMH 3 BIJICIYCHHUMH BiJ
HABaHTAKCHHS KOMYTYIOYUMH KOHieHcaTopaMu. OaHak, o0 miKpecIuTH ICTOTHE
YCKJIAQHEHHSI CXEMH 1 TMOSIBY HOBUX KOMYTAIllIMHUX €TamiB MpU BBEACHHI

3BOPOTHOTO JI0JIHOIO MOCTa, JAaHi IHBEPTOPH BHJLICHI B OKpeMy KiacudikauiiHy
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rpymy. HasBHICTB TpyImoBOTO By371a KOMYTAaIlii HE T03BOJISIE BiACIKTH KOHIEHCATOPH
BIJl HAaBAaHTA)XCHH, 110 ICTOTHO 3MIHIOE XapakKTep €JEKTPOMArHiTHUX MPOIECIB.
3icTaBjeHHS PI3HUX 1HBEPTOPIB /Ui BHU3HAYEHHs paiioHanbHOI cxemu AIC moxke
OyTu npoBeAeHO Ha 0a3l KOHKPETHUX METO/IB aHali3y. ¥ 3B'I3Ky 3 LIMM BKa3aHe
31CTaBJICHHS JIOUIJIBHO BUKOHATH TTICIISl PO3IJISIAY ICHYIOUMX METO/IIB.

Bigomi mnpo0iieMu eleKTpOMAarHiTHOI CyMICHOCTI MEpeTBOPIOBAYIB I[bOTO
KJIacy, JKUBUJIBHOI MepekKi (BUCOKUI BMICT BUIIIUX TAPMOHIK B MEPEIKEBOMY CTPYMI
yepe3 poOOTy BHUIpsAMIISIYAa HA €MHICHUH (iIbTP) 3 NMPUBOJAHUM ACUHXPOHHHM
aBurynoM (uepes 'rparuacty" dopmy BuxigHoi Hanpyru IIIIM — imBeprtopa,
MOCHITIOE TTPo0JIeMH "10Broi JiHli"), MPUITYCKalOTh 00OB'I3KOBY HASBHICTh BX1AHHUX
1 BuxigHUX LC - pi1bTpiB, 1110 PaKTUUHO NEPETBOPIOE KIACHYHY JBOJIAHKOBY CXEMY
B YOTUPHJIAHKOBY.

Haii0inpm1 nommpeHi BapiaHTU 3 BUKOPUCTAHHAM MapajiebHOTO 3'€IHAHHS
HU3bKOBOJIBTHHX (0,4kB) nmepeTBoproBadiB 1 y3ro/UKyBaJbHUX BXIIHUX 1 BUXITHUX
tpanchopmaTopiB (puc.1.14), OCKUJIbKH MPsiMI BUCOKOBOJILTHI CXEMM HaBITh IIPH
BUKOpPUCTaHHI BHCOKOBONBTHUX [GBT-moaymiB 1 mepexoal 10 TpUPIBHEBHUX
1HBEpPTOPIB JI03BOJISIOTh OTPUMATH BEHTUJIBHY YaCTHHY Ha Halpyry He Ouibiie 3 -

4xB npu 3BuYaiiHii HANPy31 MOTYKHUX ACHHXPOHHHUX JIBUT'YHIB OKB [24].
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Pucynok 1.14 — IleperBoproBay yactotu — AIH

Oco0nMBO ciiil MIAKPECIUTH, IO MParHeHHs A0 IOJINUIEHHS (opmH
MEpPEKEBOI0 CTPYMY MPHU3BOAUTH JIO HEOOXIJHOCTI MOOYZAOBH BHUNpAMIISYA Y
BUTIsA/11 TOBHICTIO KepoBaHoro IGBT-mocTa, 1110 BiINMOBIAHUM YUHOM B1/10MBAETHCS
Ha I1H1 nepeTBoproBaya. OU4EeBUAHO, 1110 B JAHOMY BUIIAAKY MOJA0POKYAHHS BCHOTO
KOMIUIEKTY O0OJlaJiHaHHs B1A0OYBAa€eThCS 3a PaXyHOK BUKOPUCTAHHS MEPEKEBOTO

TpaHcopmaTopa 3 BEJIMKOIO KUIBKICTIO BTOPMHHMX OOMOTOK. 3a3HaueHl BUIIE
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0OCTaBMHH TOSCHIOIOTH TMEPEBaKHE TOIIMPEHHS B 30HI BEJIMKHUX IOTY)KHOCTEH
[IePETBOPIOBAYIB YaCTOTH Ha 0a31 aBTOHOMHHUX IHBEPTOPIB cTpyMy. B sikoCTi BllacHe
IHBEpTOpa, SK [PaBUIIO, NPOMOHYIOTBCS [BI CXEMH: IHBEPTOp CTPyMy Ha
O/IHOOTEPALIIMHUX TUPUCTOPAX 3 BiACIKarouuMHu aiogamu (puc.l.15) 1 napanensuuii

IHBEPTOp CTPYMY Ha JBOOIEepaliiHuX TUupucropax (puc.1.16).
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Pucynoxk 1.15 — T4 — AIC 3 B/{ Pucynok 1.16 — I1Y 3 napaneasuumu AIC

Jlana cxema 3aiimae sk OWM TPOMDKHE TIOJIOKEHHS MDK JIBOMa
BUIIE3I'a/IaHUMH, OJIHAK, HA HALI TOTJIsi/L, POrpae Mepuliil 3 HUX 3a CKJIHICTIO, a
APYTUl — 3a TapMOHIMHUM CKJIaJOM BHXIJHOTO CTpyMmMy. ToMy MOJaIbIIOMY
HOpIBHAHHI OyAyTh mijjani aBi 06a30Bi cxemu — puc.1.15 1 puc.1.16. Ipunuun aii
cxemu Ha puc.1.15 noOpe Bigomuii. [le cxema 3 IBOCTYIIEHEBOKO KOMYTAIIEKO, sIKa
BIIPI3HAETHCS BIJ MapajelbHOr0 1HBEPTOpA HASBHICTIO BIATHHAIOYUX MIOMAIB, IO
NEPELIKO/KAIOTh  ICHYBAaHHIO  IOCTIHHUX  KOJMBAJBHUX  KOHTYPIB  MIK
KOH/ICHCATOPAaMHU 1 1HJYKTHUBHOCTSIMU HABAHTAKECHHS (ACHHXPOHHOTO JBUTYHA).

Cxema Ha puc.l.16 € k1acHYHUM TapaieIbHUX 1HBEPTOPOM, IKUU Y CBOEMY
TpaJllifiHOMY BapiaHTi (Ha 3BIYafHUX TUPUCTOPAX) MOTAHO NPIAATHUNA U1 poOOTH
Ha aCUHXPOHHOMY JBUTYHI.

[Ipaue3natHiCTh CXeMH  JIOCATAETbCSI BUKOPUCTAHHSAM  CIELIAIbHOTO
anroput™my "shoot-through" (Hackpi3He 3akopouyBaHHS ILI€4Ya iHBEPTOpA).

[TpuHLIMIIOBA 31CHEHHICTD JAHOTO aJTOPUTMY B aBTOHOMHOMY 1HBEPTOP1 CTPYMY
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3aBJSIKA HAsIBHOCTI 3IVIAJUKYE JAPOCENS BEIUKUN 1HAYKTHBHOCTI Oyjla O4YeBHHA
naBHO 1 sik BapianT IIIM — anropurmy 3rajtyBaliacs, HalpukJiai, B podoTax BUSHUX
¢dbipmu "Siemens", npore B MOEJHAHHI 3 CHJIOBOIO CXEMOK Ha 3aMHUKAIOTBHCS
TUPUCTOpPAX JAHHUW aAJATOPUTM  BIEpHIE 3aNpONOHOBAHUU  PO3POOHUKAMHU

"Hitachi"[14].
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Pucynox 1.17 — I14 — AIC 3 giBeprepom

Takum yuHOM, 3a OUIBLIICTIO TEXHIYHMX IMOKAa3HUKIB cXema Ha puc.l.16
nporpae cxemi Ha puc.l.15. Tomy B sikocTl ocHOBHO1 niepeBaru iHBepTopa Ha GTO-
tupucropax 3 HIIM-Moayssiiero 3a3Bu4ail HABOJAUTHCA apIYMEHT PO MOJIIIIEHHS
rapMOHIHHOIO CKJIaJy BUX1JIHOI'O CTPYMY 1 HAIIpyTu.

Onnak mjis  TOTYKHUX  TMEPETBOPIOBAYIB, B SKHX MIHIMYM JiBa
NEPETBOPIOBATIBHUX ~ MOAYJS  3'€IHYIOTBCA  TapajelnbHO,  Iepexig 10
JABAHA/ILIATUITYJILCHOT CXEeMH Ha CTOPOHI JABUI'YHA HACTUIbKHM X JOLIILHUH, 5K 1 Ha
CTOPOHI MEPExi.

Jns Ttakoi cxemu (puc.l.18) 3nadyenHs koediumienta K; Oyae ctaHoBuUTH
nopsiaky 0,99, To6to 3icTaBHO 13 3Ha4YeHHsIM K; 11s cxemu Ha puc.1.16.

CrorBopeHHst GopMy BHUXIZAHOI HApPyrd B I1HBEPTOpPI CTPyMy 3BHYANHO
OI[IHIOIOTH 3a BenuuuHoio koedimieHta K, = Ugy I'\@‘Uq,a;ﬂ. , 10 XapaKTepu3ye
aMIUTITYy KOMYTAII{HOI'O TepEHANpyKEHHS [0 BIJIHOIICHHIO /IO aMIUITYIH
JHIMHOT Hanpyru asuryHa. Jlis cxemu pucyHok 1.16 3a3Buyail HaBOJAMTHCS
3HauenHda Ki = 1,15, ans mecTunyiabCHUX CXEM 1HBEPTOPIB CTpyMy 1o puc.l.15,

peanbHe 3HaueHHs Koedimienta K, = 1,15-1,2.
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Pucynok 1.18 — 12-mynscnsiii [14 — AIC 3 B/

1

JIBaHa/IaTUITYJIbCHA CXEMa IHBEpTOpa CTPyMY 3 BIJICIKAOYMMHM JII0/IaMHM, B
SIKMX 3JIACHIOETHCSA ympaBliHHA 31 3pymeHHsM 30°, 103BoJisi€e  10/IaTKOBO
ONTHUMI3YBATH SIK BEIMYMHY €MHOCTI KOH/IEHCATOPIB, TaK 1 BEJIMYMHY KOMYTallIHHUX
nepeHanpyr.

Bigomo, 1o npu ynpasiiHHI ABOMa MOCTamu 31 3pyiueHHsM B 30°, T. €. ripu
HETEPEKPUBAIOUNXCA KOMYTAIlifX, CyMapHa €MHICTh JBOX MOCTIB B TaKiil CXeMi
MOKe OyTH 3MEHUIEHa BJABIYI MOPIBHSIHO 3 OAHMUM MOCTOM TI€T K CyMapHOi
MOTYKHOCTI TIPpH 30€peKEHHI TI€T )K aMIUTITYIM KOMYTAIIHHUX niepeHanpyr. Jlanuii
(dakT cTae OUEBUAHUM, SKILO 3aMUcaTH BUpa3u Asi Hanpyru Uy, Y BUMAKY OJTHOTO
IHBEpTOpa CTPYMY, IO TMpamre 31 ctpymom L4, 1 JBOX, 110 NpauiowTh 0e3
MEePEeKPUTTS KOMYTAIlii 31 cTpyMoM Ly / 2:

2L

U, =3 E, cosb + I, L (1.15)

; T I 2L

Ll.f:,uI = \/E‘EEICOS(H +§)+ ?d Fla (1.16)
T 74 ,21

Uc,u? = \/§E2 'COS(Q - §)+ 761 C_z > (]..]_7)

HexTtytouu pi3HHILICIO B apryMeHTax QyHKIIT «COS», OTPUMYEMO MOKJIMBICTh
3MEHIIICHHA €MHOCTI KOKHOTO MOJyJs B 4 pa3u, a CyMapHOi €MHOCTI B 2 pasu.
Enepretnuynuii ceHc 1uporo (Qaxkty moasArae B TOMy, W10 TMpU JBOX
HENEPEeKPUBAIOUMXCSl KOMYTalisX TUIbKM TIOJIOBUHA EHEPrii CKHJIA€ThCS B
KOHJICHCATOPHU, a JApyra MOJIOBUHA aKKYyMYJIOEThCS JIAHIJIOTOM JIKEpesia APYroro

MOCTY.
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Po3risHeMO  HACKiNBKH  JOLUJIBHO MAaKCHMaJIbHO  BHUKOPHCTOBYBATH
MOJKJIMBICTh 3HM)KEHHSI €MHOCTI B 4 pasu Juisi KokHOro mocra. Jlns mporo
3BEPHEMOCSI JI0 3arajibHUX KpUTepiiB BUOOPY EMHOCTI U1l CXEMHU IHBEPTOPA CTPYMY
3 BIZICIKAIOUUMH J110JITaAMH.

Ha puc.1.19 300pakeHi kpuBi, siKi BIANOBIIAIOTH JIBOM KPUTEPIsIM BHOOPY

€MHOCTI.
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Pucynokl1.19 — Kpusi, siKi BiIIIOBIJalOTh IBOM KPUTEPIIM BUOOPY EMHOCTI

Kpusa 1 BiAmoBijlae MakCUMaJIbHO MOXJIMBOMY 3HAYEHHIO €MHOCTI, IpH

SIKOMY BUKOHYETBCSI YMOBA 3aBEPILICHOCTI KOMYTALlIMHUX POLIECIB.

21
Aty < 1 (1.18)
243E; cost + Iy 2XT- X
i - 5 €Os Id\ I C'Ca'a'myz
d F
? (1.19)
X, > ? -
= H— ,-O 'CO-SL‘Q “f — ’J"' t .L'\'lll—jj.:jj
12 X, No. \."AP
L
). = \;Z 7 M'Z‘}Ll . (120)

Pesynbryrounii Bupas, orpumanuii 3 (1.18), 3a skum noOygoBaHa kpusa I,

mae Burisia (1.21)

ln X2
ol S35 2% e 325 %
e 5 : X, 1+

'\.'III ‘er e 3

o 4 |\

(1 %)- x| . (1.21)

KpuBa 1 mnoOymoBaHa Ui HACTYNHHX TUIOBUX MapaMeTpiB JIBUTYHA,

BUP@XEHHUX Yy BitHOCHUX omnuuIsX: X'1=0,2; X,?/X2=3,25 (1IpHu COS Qi xomr=0,88).
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3a yMOBU ICHYBaHHS OyAb-SIKOTO PEXHUMY — Bl XOJOCTOrO XOAY J0

NEPEBAHTAXKEHHS 110 CTPYMY — 3HAYEHHS IPaHUYHOI €MHOCTI cjij BUOpatu 3a

P

semmanmoie Ve /% = 2,835 (npub ;=0).

[Tpu Takomy BuOOpI €MHOCTI 3a0e3MeuyeThCsi 3BHYANHE 3HAYECHHS
Koe(dilieHTa KOMyTaIIMHUX [IEPEHATIPYT, sIKe BKa3yBaIO0Cs BUIIIE.

Bupa3s s koedinienta Kg Moxxe OyTu 3arucaso y BUIJISIL

U JE AKX, 5 1
K, = —"=cosf + —=- - — . 1.22
" JBE, a X3 6 cosf (1.22)

SAxmo npuiinsatu Kg=0, To oTpumaemo Bupas, no sikomy nodyaoBaHa Kpusa 2.

Jx _ 6X; - (1- cosl )-cosd _ 6X; 11 1 ‘
i 71X, 2X] T X, y2X] Vit B3| 1+ B

(1.23)

Bulip emHocTi 3a kputepieM (1.23) xapakTepusye BiACYTHICTb KOMYyTalllHHUX
nepenanpyr. O4eBUIHO, 110 TPpHU BUOOPI 3a JaHUM KpUTEpieM Tpeba OpieHTyBaATUCS

Ha 3HAYECHHS VX, /a = 2,455 (mpm B ,=1,73).

Takum 4MHOM, B JIBOMOCTOBOMY IEPETBOPIOBAYl 3 HEMEPEKPUBAIOUNMUCS
KOMYTAIlisIMM MOKe€ OYTH JIOCATHYTO MaiKe JIBOPa30BE CKOPOYCHHS 3arajibHOI
KUIBKOCT1 KOHAEHCATOPIB 3 a0COIIOTHO MIHIMI3AIIEH) KOMYTALIHHUX [TepEeHarpyr.

Ha npakrtuiii J01ijasHO BUOMPATH EMHICTD ACIHIO MEHIIOK, HIXK 10 KPUBIH 2.
Buknajeni Buile NpMHUMNT BUOOPY KOHAEHCATOPIB Peali30BaHI IPU NPOEKTYBaHHI
psily NOTY)XHMX reperBoproBauiB yactotu tuny ITYTE Ha OCHOBI aBTOHOMHMX
IHBEPTOPIB CTPYMY 3 BIICIKAIOUUMHU J110/IAMH.

3acTocyBaHHS MEPETBOPIOBAYIB YACTOTH JUIA KEPYBaHHS E€IEKTPOABUTYHAMHU
MaricTpajbHUX HACOCHHUX arperaris J03BOJIMTh 3HAYHO IOJIIIIUTH TEXHOJIOTTYHUH
pexum poboTu Hacoca. Tak, npu nNpsMoOMy BKJIIOYEHHI JBUryHA B Mepexy S50 [ i
TUCKY Ha BUXOJ1 CTaHLIi, AKMH NIATPUMYETbCS PETYJIATOPOM THCKY, 16 Kr/cM, THCK
Ha BUXO/I1 Hacoca CTaHOBUTH 29-31 Kr/cM (3aJie’kHO Bij piBHS HaTH B pe3epByapi),

T00TO naaiHHs TUCKY Ha PT cranoButh 13-15 kr/cm.
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ITpu poOoTi ABUTYHa BiJl NEPETBOPHOBAYAa YAaCTOTH TUCK HAa BUXOl CTaHIi
BU3HAYUTBCS 4acToTor0 obepranHs jaBuryHa; PC npu upomy He mpairoe, To0TO
TUCKM Ha BHUXOJII HAcOCa 1 Ha BUXOJI CTaHLIil OyayTh piBHI, najinus Tucky B PC
BiICyTHE. Takum 4MHOM, 3HUKYETHCS MAKCUMaJbHUM THUCK B CHUCTeMI CTaHIi (Y
HamoMy Bunazaky 3 31 g0 16 kr/cm), 1110 3HaYHO 3MEHIIYE 3HOC yCTaTKyBaHHs. Kpim
TOTr0, IJIAaBHUI pO3riH Hacoca rpu poOoTi Bia [TY nikBiaye rigpaBiiudi yaapu npu
MyCKY MariCTpajbHOr0 HACOCHOTO arperary, 10 TAKOX MO3UTUBHO MO3HAYAETHCS
Ha TepMiH1 Oe3aBapiitHOi eKCIuTyaTarii.

[Ipu mycky MaricTpanbHOro HacocHoro arperaty Bif [IY ve criocrepirarotbes
KHJIKH MyCKOBOTO CTPyMYy JBUTYHA, (ITyCKOBHM CTpyM ckiajae mpubmauszno 50%
HOMIHAJIBHOTO CTPYMY JABUI'YHA, TOA1 SIK IyCKOBHI CTPYM IPH IPSIMOMY ITYCKY BiJ
mepexi S0 I'p ctaHOBUTD 5-7 HOMIHAJIBHUX 3HAYE€Hb CTPYMY JBHUI'YHA), 10 3HAYHO
3HMKYE 3HOC JIBUT'YHA 1 IIyCKOBOI anapaTypHy CTaHLII.

[Ipu MmiHiMambHOMY piBHI HapTH B pe3epByapl (meHme 150 cm) 1
HOMIHAJIBHOMY THCKY Ha BHMXOAI cTaHuli po0oTa MaricTpajibHOr0 HaCOCHOTO
arperaty 0e€3 MiAMIPHOrO0 HACOCHOTO arperary, He MOPYIIUTh 3arajbHUNA PEXKHM
poboTu, 1o 3abe3neuyuTh BIACYTHICTh CTOPOHHIX IIYMIB 1 3HMIKEHHs BiOparii.
TakuM YMHOM, 3aCTOCYBaHHSI NEPETBOPIOBAYa YACTOTHU JIO3BOJIUTH PO3IJISSHYTH
MUTAHHS BUKJIKOYECHHS MiIMIPHOr0 HACOCHOTO arperary.

[Ipu poboti HacocHoro arperaty Bia I1Y4 odikyBaHa eKOHOMIS €1EKTPOEHEPTil
B ITOPIBHAHHI 3 MPSMUM BKJIFOYEHHSM JBHTYHA B Mepexy S0 I'i1 ckiajie He MeHIne
40%.

IIpoBeneHO MOPIBHSIHHS MEPETBOPIOBAUIB YACTOTH PEali30BaHUX HA PI3HHUX
eJIEeMEHTHUX 0a3ax, B TOMY YMCJIl Ha 3aMUKaIOUYUX THpUCTOpax. BUsBIEHO OCHOBHI
nepeBard Ta HEJOJIKM PI3HUX CXEM, MPUHHSATHOI CHCTEMOIO ISl YIpaBJIIHHS
npoayktuBHicTio HacocHux arperartiB HIIC Bussunacs cuctema AIC 3 B/l Ha 6a3i

TUPUCTOPIB 3 «M'SSKMM» BITHOBJICHHSIM.
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2.  AmdaJji3 eJIEeKTPOMATHITHUX NPOLECiB B CHCTEeMAaX aBTOHOMHUI iHBepTOp

CTPYMY - ACHHXPOHHHUI IBUTYH

Y po3aun HaBeAEHO MaTepiaiu JOCHIIKEHb €IEKTPOMArHITHUX MPOLIECIB
AIC 3 B/l 3 BUKOpHCTaHHSIM TOBHOI CHCTEMH JM(epeHliaIbHUX PIBHIHD JIBUT'YHA 1
3 ypaxyBaHHSM KIHIIEBOI BEJIMYMHHU I1HAYKTUBHOCTI BXIJIHOTO 3IJIJKYHOHOIr0
Apocens, po3risaacTbess mMaTemMaTtudHa mogjens cuctemu AIC-AJ] mpum 3HATTI
MPUIYILEHb, MPUHHITHX B aHAIITHUYHUX HAOJIMKEHUX PO3paxyHKax. AHATI3YIOThCS
pe3yJIbTATH YUCEIBHOTO po3paxyHky Ha EOM, oniHioeThest moxudka HabIHKEHOTO
AQHATITUYHOTO METOAY 1 JAalOThCA pPEeKOMEHJAIli HIoJ0 BUOOpY mMapaMeTpiB
OCHOBHMX €JIEMEHTIB CHUJIOBOI CXEMH IHBEPTOpa — KOMYTYIOUYHX KOHIEHCATOPIB 1

BXi,E[HOl"O Apoceis.

2.1 MaremaTu4na mojaeib cucreMu AIC-A/]

Sk mokaszaHo B po3auai I, mogaTkoBe BIAKPUBAHHS BIATHHAKOYHX AIOIIB TYT

HE aHOMaJlisl, @ HOPMAJIbHUH PEXXUM POOOTH IHBEPTOPA Ha I1BUIIIEHUX YaCTOTax, 1,

OTKe, PO3riIsi npoueciB 0e3 ypaxyBaHHS JAHOI'O SIBULIA € OJHUM 3 MPHUITYLICHb

HaOJIMKEHOTO aHATITUHYHOTO MeToAy. Pazom 3 Tum po3podka mozaeni cuctemu AlIC-

AJl 3 ypaxyBaHHSM 3HATTS BCIX MPUIYLIEHb, KPIM JaHOTO, NPEICTaBIIs€e

CaMOCTIMHMI THTEpEC 3 HACTYITHUX NPUYHH:

1. Pexum nomatkoBoro BigkpuBaHHs BJl Moke OyTH BIACYTHIM SK MpH
HEBEJIMKUX 3HAYEHHSAX €MHOCTI KOMYTYIOUMX KOHIEHCATOPIB, (110 MOB'SI3aHO
31 30UIBIIEHHSAM MEPEHAIpyT), TaK 1 IPH HEBUCOKUX YacTOTaX.

2.  Pajp xapakTepuCTHK €JIEKTPOMAarHiTHUX IPOIECIB MOXe OyTH 3 BHUCOKOIO
TOUHICTIO pO3paxoBaHWil 0e3 ypaxyBaHHS jAaHoro ssumia. Lle mo3Bomse, sk
[IOKa3aHO HWXK4Y€, BUAUIMTH JOCTAaTHBO OOMEXKEHY KUIBKICTh MOXKJIMBUX
KoH(pirypamiii cuJIOBOI CXeMH Ha KOMYTAI[IHHUX IHTEpBallax 1 OIMCATH

MPOIECH HEBEJIUMKUM YHCIOM CHCTEM u(epeHIiaTbHUX pIBHSAHB. TaKum
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YUHOM JOCSTAETHCA ICTOTHE CIPOILEHHS MaTEMAaTUYHOI MOJEII 1 3HUKEHHS
4acy MallMHHOIO PAaxyHKY.

3. ana mojzenb € 0e3yMOBHO crpaBesiuBoto 1 i cxemu AIC 3 Biacikaloyumu
TUPUCTOPaMHU.

BapianTu CTPYKTYpH CHJIOBOI CXeMH iHBepTOpa

Ha inTepBaji nmoBTOPIOBAHOCTI KOMYTaLIMHMX IpoLeciB B iHBepTOpi (7/3)
KOH(pIrypaiisi CUIOBOI cXemH, 300paxkeHoi Ha puc.2.] 3MIHIOETbCS TpUUl
BIJIMTOBI/THO /10 TPHOX (hi3MuHUMH eTarnamu [7,8]:

I etanm — eTam KkoMyTailli CTpyMmiB B 1BOX (ha3ax HaBAHTAKEHHSI, BIAMOBIIHUIMA
KOMyTalli II0AIB NaHOoi1 (HAampHKiIajA, KaTOAHOTrO) Tpynu iHBepTOpa. TpHUBamicTh
eTary B KYTOBHX OJMHUIIIX BUXIJHOI YaCTOTH 1HBEPTOPA MTO3HAYAEMO .

I eran — MDKKOMyTaUiMHHI eTar, SKWAW BIUIYYETHCA BIiJ MOMEHTY
3aKIHYEHHSI KOMYTalii A10/iB B OHIN (HanmpuKiIaa, KaTOAHIN) TpyMi, 10 MOMEHTY
MOYaTKy KOMYTAIlii TAPUCTOPIB B IHIIMH (HAIIPHUKIIA/l, aHOIHIH ) TPyTIi iHBEpTOpA.

III eran — niHIHOTO Mepe3apsaa KOHACHCATOPIB aHOJIHOI IPYIU 1HBEPTOPA,
AKHI BIITIYYETHCS BIJl MOMEHTY KOMYTAIlii CTpPyMy B THPHUCTOpAaX aHOAHOI IPyMH
JI0O MOMEHTY IT0YaTKy KOMYTallii {I0/1B B 111 ke rpyni iHnBepTopa. TpuBaiicts eramy

B KYTOBHX OJIMHULISX BUX1HOT 4aCTOTH 1HBEpTOpA - A.
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Pucynok 2.1 — CuiioBa cxema
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Xapakrep 3MiHN Hanpyru Ha ekBiBaJIeHTHUX (Cew, = 1,5C;) KOHEHCATOpax
anogHoi (C4) 1 karogHoro (Ckx) rpyn IHBepTOpa, SIKHMH 1JIFOCTPYE HasBHICTb
PO3IJISIHYTUX BHIIE €TamiB, MOKa3aHuM Ha puc.2.2. SKIo 3a Mmoyarok BIITIKY
MPUUHATH MOMEHT MOYaTKy Komytaiii mioniB VD4 1 VD6 B xaromgHid rpyri
iHBepTopa (puc.2.1), To6To cTpyMiB y ¢azax B 1 C HaBaHTa)KeHHS, TO KOH(Irypauis

CUJIOBOI CXEMHU Ha TPhOX €Tarax Mae BUTJISA/, MOoKa3aHuil Ha puc.2.1.

TUca

)
3

Pucynok 2.2 — Hanpyra Ha KOHZEHCATOpax 1HBEPTOPA

3MiHA HaIpyrd Ha KOHJEHCATOpaX aHO/HOI Ta KaTOAHOI IPyIu [Uisl APYyroro
BapiaHTy cTpykTyp (puc.2.3), BAKOHYETbCS yMOBa A+y>7/3 nmoka3aHno Ha puc.2.4.

JlaHuii peXUM XapaKTepPU3yeThCS HASBHICTIO IHTEPBAJy OJIHOYACHOTO
NPOTIKaHHS TPOIECIB JIIHIKHOrO mepe3apsjly KOHIACHCATOPIB aHOJHOI Ipynu 1
KoMmyTalli CTpymiB y (asax [aBUryHA TIpM KOJHUBAJIBHOMY Tiepe3apsii
KOHJIeHcaTopiB KaToHOro rpyn# (erarn 11 Ha puc.2.4). Kondirypauii cuiioBoi cxemu
Ha TPbOX €Tarax IpH MPUHHATOMY paHille MOYaTKy BiAJIIKY (MOMEHT IOYaTKy
komyTaiiii gioaiB VD4 1 VD6) noka3ani Ha puc.2.5.

Ha puc.2.6 moka3aHo XxapakTep 3MiHM Hallpyrd Ha KOHJCHCATOpax CHIIOBOI
CXEMH 1HBEpPTOpa Ha TPbOX €Tarax s TPEThOTo BapiaHTa npu A>m/3.

B naHomy pexxumi Ha Mepiojl IOBTOPIOBAHOCTI 7/3 ICHY€E SIK 1HTEpBa
0JIHOYACHOTO MPOTIKAaHHS NPOLECIB JIHIMHOIO Nepe3apsaly KOHIECHCATOPIB y OAHIH

Ta KOJIMBAJILHOTO (KOMyTallli ctpymy B (pa3ax) B iHIIIHM rpymi iHBepTopa (eran I Ha
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puc.2.6), Tak 1 iIHTEpBaJI OJJHOYACHOTO JIIHIMHOTO TIepe3apsaay KOHAeHcaTopiB 000X
rpyn (eran III Ha puc.2.6.).
In
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Pucynok 2.4 — 3MiHa Hanpyru Ha KOHAEHcaTopax
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Pucynok 2.5 — Kondirypariisi CuioBoi cxemu
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Pucynok 2.6 — 3MiHa Hanpyru Ha KOHZEHcaTopax
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Ha puc.2.7 nokaszana no0y/1oBaHa 3a HAOIMKEHUMHU aHATITHIHUMH BUpa3aMH
I 3anexHicTb A=f(f5>) A1 1BOX 3HAYEHb EMHOCTI KOMYTYKYOI0 KOHJ/IEHCATOpa.

A pad, 17

| B ]
= |
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Pucynok 2.7 — 3miHa MOKa3HUKa A BiJl BEJIMYNHU KOMYTYIOUOTO KOHIEHCAaTOpa

PiBHSIHHS UISl YMCEJBHOI0 PO3PAXYHKY €J1eKTPOMATHITHUX NPOLeciB y
cucremi AIC

3 puc.2.7 BUaHO, 10 Juist 3HaueHHs: X, = 8,4 nipu S, <1,35 BUHUKAE Ipyrui, a
npu [, < 0,8 — TpeTii BapiaHT cTpyKTyp. Ciil TaKoK 3ayBa)KUTH, 1110 TPAHUYHI
3HAUEHHS [, BIANOBIJAIOTHb MIEPEXO/Y BiJl OJIHOTO BapiaHTy CTPYKTYp JO IHILIOTO,
ICTOTHO 3ajie’kaTh 3HaueHHs X, TOOTO KOH(irypauis CHIOBOI CXEMH IHBEpTOpa
BU3HAYAETHCS SIK PEKUMOM EIEKTPONPUBOIY MO CTPyMYy, Tak 1 BeTUUUHOK Cop
KOMYTYIOYHX KOHJCHCATOPIB.

IloBHa cucrema piBHSHb PO3MVISIHYTHMX NPOLECIB CKJIAJA€ThCS 3 TPHOX
MIJCUCTEM: PIBHSHHS ACHMHXPOHHOI'O JBUIYHA, PIBHSHHS IHBEpTOpa 1 PIBHSIHHS
JIAHKH MOCTIHHOTO cTpyMy. Po3riisHeMo mocniioBHO 3a3HAa4Y€Hi IPYNH PiBHSHb.

PiBHSIHHS JBUT'YHa 3allUCY€EMO 3a JIONIOMOI'OI0 PE3YJIbTYIOUHX BEKTOpIB [7].
PiBusinHs craTopa 1 potopa (2.1) 3anucani B ojiHild Tpuda3Hiii cucTeMi KOOpPAHHAT,

0Cl1 AKOI MO€IHAH] 3 HEPYXOMUMHU OCSIMU CTaTOpa:
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Ur=ivn+ py s
§ 0=iz-nt (p- V)V,
(2.1)
B S TR,

PiBusinuss cucremu (2.1) 3amMcaHi B BIJHOCHMX OAMHMINX B 0asi

HOMIHAJIBHUX JAHUX JIBUTYHA Ta B CHMHXPOHHOMY macmita0l gacy. [leperBopumo

cucTeMy piBHAHB (2.1) 10 BUTIISLY:

= i 1 X, =
Ui=1i-(nt pXy)t XDW 2"
I 2D
=y, (s pe ) .
X, 2 Ry '
Pl H0
ne A2

IHAYKTUBHMM OMIp KOPOTKOrO 3aMHUKaHHS JIBUT'YHA
(mepexiAHuM IHAYKTUBHUN OIIp cTaTtopa).

Ilepenumemo piBHSAHHA IBUTYHAa B PE3yNbTYHOUHMX BEKTOpax (2.2) uepes
IIPOEKIIii Ha OpTOroHaybHI oci d Ta q JekapToBOi cucreMH kKoopauHat. Ilepiie

PIBHSIHHS cucTeMu (2.2) po3KJIaJa€eThCs Ha JiBa JIMCHUX PIBHSHHS:

Uy=I,-(nt P--Yll)+ T_DPW 24

X

: . Mo (23)
U,=1,-(nt pxy)+ T—pw 2"

2

3 Apyroro piBHAHHA cucTeMH (2.2) 3 ypaxyBaHHSAM CITIBBIIHOIIEHb

VW), =Vvy 1 H (Jv W_z)g =VV 5,

OTPUMYEMO:

x r
I = 1=y 5, (>t p)tvy 245
x, '

(2.4

¥,

x r
I,-=tn =¥ 5 (4 P)-V¥ o,
*3

[ToequaBmm U1 3py4dHOCTI AiMCHY Bich d 3 Biccro Ti€i ¢a3u TpudazHoi

CHUCTEMHU KOOPJIMHAT, B sIKIH B aHAII30BAHOMY NEPiojl BIIICYTHS KOMYTaIlis — BICCIO
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A, OTpUMYyeEMO pIBHSHHS 3B'A3Ky MDK MPOEKLISIMH PE3yJbTYyHUYOro BEKTOpa B

TprdazHiil cUCTeMi KOOPAMHAT 1 HOI0 OPTOrOHAJILHUMHM MPOESKLISIMU:
6= U (2.5)

'[JrB = —E[/rd T ?L’Tq:

U, =~ U=,

R (2.6)

3 piBHSIHHSA cTaropa (2.3) Ta piBHAHHS 3B 3Ky (2.5) MOKHA OTpUMATH BUpa3

JUIS JIIHIMHUX HaMpyr Ha 3aTUCKadax JBUTYHA:

T iz 3 . ! \'g i) 3 -Te ’\l'll3 '\‘D :
Uy = EId‘(]l-}‘Prl)_?Ig(n-}‘ P-Y1)+E'EPW 2d "~ 7 'EPW 2q- (27)
i I X
Uge = N3I, (1 + px)+ \EY—OPW B (2_8)
= "
B e AR L BB V3 x,
Uey = - Eja‘ (rt px;)- ?Iq (n+ px))- 5 ZP'# 2w T, zp'#‘f 2q - (2.9)

[To3uTHBHI HANPSAMKK CTPYMIB 1 HAnpyr rnokaszaxi Ha puc.2.1. PosrisHemo
PIBHSIHHS MPOIIECIB B IHBEPTOPI JUIsl IEPIIOTO BapiaHTy CTPYKTYp HA 1-My eTarii.
BianoBiiHO 10 nepioi cXxeMu Ha puc.2.3 MOKHa 3alucaTu:

%] Gyt =T, (2.10)

[Tepexoisuu 10 3a1Ucy CTPYMiB B OPTOrOHAIBHUX IIPOEKLISX, BPAXYEMO, 1110

Ha JaHOMY 1HTEepBasi KomyTalis y (a3i A 1BUryHa BiICyTHS. Bpaxyemo Takox, 110
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peanpHuil HanpsM CTPYMY i, MPOTUJIEKHO MPUHHATOMY Ha pHC.2.2 MO3UTUBHOMY

HanpsaMmky. Toal oTpuMyemo:
%j Iy - B )i = U 2.11)

PiBHSIHHS JJAaHKH TIOCTIHHOTO CTPYMY JIJISl TIEPIIIOTO BapiaHTy CTPYKTYpP Ma€ Ha

I Ta Il eramax HacTynHUI BUTJISI:
Uyt U, = xpply. (2 12)

PiBusinns (2.12) nepenumemo s | etany:

"{_ X, -\,."IE
XpPIp = U, - _I A o) I (it g, Y ” — DV oy - e —PW s~ [2:13)
Ig ..
Ig = NT%(?B = U)
s 11 erany 3 ypaxyBaHHSIM i B BUIUISIL
. . 3 X, \E X,
(2 +2x)pl, =U - 251, - S PV Yy (2.14)

Jlns 111 erany piBHSHHS JJaHKH MTOCTIHHOTO CTPYMY Ma€ BUTJISA:

Uegt Up - Xo| Indt = Xy ply, (2.15)
3 IKOT0 OTPHMYEMO
3 X ~.H X v
(xg + 26)ply = U, - 25- I - E'T_DPW ¢ A : -'ijﬂdr. (2.16)

3arajibHi CUCTEMH PiBHSIHb Ha 3-X eTanax JUisl Mepuioro BapiaHTy CTPYKTYp
3aMULIYTHCS Y BUTJISI/II HACTYITHUX CHCTEM:

Tax sik 3aranpHa cucTeMa piBHAHb po30uTa Ha Tpu miacucTemu (2.17) - (2.19)
BIJIITOBIJIHO JIO TPHOX €TaIliB MPOILECIB HA IHTEPBAJIl MOBTOPIOBAHOCTI, TO PIILICHHS
MIPOBOAUTHCS MPUITACOBYBAHHSIM 3HAYCHb HA KOPIOHAX €TaIliB.

PimieHHs cucTeMHM Ha IHTEpBaJi  IMOBTOPIOBAHOCTI /3  LUKIIYHO
MOBTOPIOETHCS 0 OTPUMAaHHS 301KHOCTI B IOYATKOBUX 3HAYCHHSIX JIBOX HACTYITHUX

[IAKJITIB.
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X . G X
(e 0, = 31y B 1, XY+ A2y | =
X,
Iy 3= (2.17)
;(I r-\
’q‘\—,lf‘fﬂ’;q'(/\,—*’f P)-VY
S x,pl,=U - —I,I(r t pr)— J_I (r + pt)-% ip;s,ud— J; %pvn
X, r,
(‘FH T[ W:d'(i"' PV,
Iﬂ -'¥n
< R f——+ P)-VY o (2.18)
: . 3 x, V3 ox
\(xu + 21‘1)p1u = [f,,_ 2“ ' lr.u - Ex_up?" P Tipw 2y
g
I, Zop =y, T P)EVY
i AYE rlj d (‘;2 p)
Ve ey, s pyvy 219
NE) X, 24 X 20 R PP (2.19)
i 3 x, V3 x X, :
(x4 26)ply = U= 261y - — =2 py o, - o A By X | 1,4t
\. &« X < X

Ha nepiiomy iTepamiiiHoMy UK, B SKOCTI TIOYATKOBUX, BUKOPUCTOBYHOTHCS

3HAUEHH4, K1 OTPUMaHI 110 HAOJMKEHUM aHATITUYHUM BUpaszam (2.20):

Vo, T L

I =t o —

Xy 243 cosf

'

Iy = = r;(mr\rc = 0); (2.20)
)

e T I2X

N e

[ToyaTkoBE 3HAYEHHS ITOTOKO3YEIJICHHS poTOpa:
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- jlarctgf 5+ %?u)
V, =V, e »

2
lIU 2de = COS(GJlCrgﬁ 2 t ;TO):

V 1 = - sin(aretgh , + %rg). 2.21)

[ToyarkoBe 3HAYEHHS HA KOHJIEHCATOP1 Ha NepiioMy etari B piBHsaHHI (2.11):

[+ [ 1 [z X I'J X r
Usco=V3lp 1t ‘#3X1(P‘Iq)u+ _“f3x_0(pr 2q)0 ==Ly r+ X,(pL)y 4 "'3 ( D xD 15 quﬂ @ =4+ 1¥ 200 (2.22)

X r 3 % :
=Lt 2r)=¥, v -=2r)t ¥, ~—'—v+—-'jn
‘e (pfﬂ)o_ wli t )- do( X, 2 ) 'dU(Z % 2 x; 2)

XX

Bupas orpumano 3 (2.13) 3 ypaxyBaHHSIM:

x ¥
(PY¥ 14) = In{]_o n-¥ 240‘_2' & S

X5 X5

I X, i
(PY,,) = - e T e T
q 2 q 2
‘ngz X,

Cuijt 3ayBayKUTH, 1110 Ha BCIX IIMKJIaX PO3PaxXyHKY CUCTEMH PiBHSAHb Ha TPHOX
eTanax 3ajJuINAloThCS He3MIHHUMH, aje PIMICHHS HA KOKHOMY PO3paxyHKOBOMY
UK TpeOa MPOBOAUTH 3 YPaXyBaHHSM HOBUX IMOYATKOBMX 3HAYEHb, TaK K MPU
4Yepro,iil KOMyTallii CUCTEMa KOOpAMHAT CTpUOKOM mnepenaeTscst Ha Kyt m/3 Ilpu
bOMY 3MIHIOIOTBCS 3HAYEHHS TMPOCKII BEKTOpIB IHEPIIMHUX BEJIUYHH
HaBaHTa)keHHA Ha oci d i q [6].

BiamoBigHO 10 1IBOTO MOXKHA 3aIMCATH PIBHSAHHS 3B'SA3KY IS I0YaTKOBUX i

I(iHIJ;eBHX 3HA4YCHb I‘IpOGKLlil:i INOTOKO3YCIICHHA PpOTOpa ABOX HACTYIITHHUX LlHKJIiBI

¥ 280041~ o 2am, - TLF d
1 V‘E
2a0m01 = 7 ¥ 2am, Y 2qm,- (2.23)

[H1111 3HAYEHHS BU3HAYAIOTHCS HACTYITHUM YHHOM:
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L

Moms1 = IIHH,,’

Ucons1 = L'Cm',,‘ (2.24)

Tak sk 3HaYeHHS A 3JIMIIAETHCSI HAOJVM)KEHUM Ha BCIX IIMKJIAX PO3PaXYHKY,
TO MIC/s AOCSATHEHHS 301KHOCTI B MOYATKOBUX 3HAYEHHSX JABOX HACTYIHHUX LIUKJIIB
MIPOBOANTHCS TIEpEeBipKa MPaBWIBHOCTI BHOOpy A. IS IbOTO TOPIBHIOETHCS
BEJIMYMHA HANPYI'H Ha KOHJIEHCATOPI 1 JIIHIMHOT Halpyry JABUI'YHA B KIHII TPETHOIO
eTany OCTaHHBOTO PO3PaxXyHKOBOIo IMKIYy. BiamosigHo 3 puc.2.4 1 2.5 cucremu
pIBHSIHB JUISl APYTOTO BapilaHTy HAa TPhOX €Tanax MarTh BUrsg (2.25) - (2.27):

JInst 3py4HOCTI pO3pi3HEHHS KOHAEHCATOPIB MPU BU3HAYEHHI MOYATKOBHX

yMOB BBeJieHI iHaekcu "a" (anoaHa rpymna) i "k" (kaToaHa rpyma).

/XC

n - 31)de- N3 I(n

X, ¥
I~y = :
oi X, y 2a(‘Y:

+t p)tvy 25

X o
Iqﬁ"::‘]"zq(?+f’)'”w 2d: (2.25)
5 B %

2 3 » /3 L I
\AXppl; = Up- EIH("E t pX))- %’Iq(}i t pX))- E'fopll’ 20 7 pY

N Xy

2~

[ Xe, = = X
- = v"3Iq)n'r— V3 Iq(ii+ pX))+ ﬁpw 2| = 0
X, ¥
< Iﬂ?“"z = Wza(‘i‘f‘* PtV 5 (2.26)
_Y
Ig Y w "g( * p) VW ”d
X.pl. =U —'—I (n+ pX))- \;EI (n+ pX, )———p"r‘ ——?‘ip'[' - Xe jI dr
-n( BT 5 im\iT Py 5 2%, 1d2x3 Ay 2nSa Ltk
/ X I ; :
I, v "=V ( X: tp)tvy 2q° (22?)

<I—X =¥, (=1t p)-v
*'E_Y h=Vq ‘1 P V 2a-

e 3% V3 ox N
\ (X7 + 2X)ply = Uy - 251, - 5_—“})"}’ - ?-Top'{" 2q = XCy4| Ipdt.

3 b}
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VY BianoBigHOCTI 3 puc.2.6 Ta 2.7 cuCTEMH pPIBHSAHb HA TPbOX €Tamax

MaroTh BUrIsi (2.28)-(2.30):

2q

Xc; i ] . ¢
/%| (I - ~31,)dt - \,"E[Iq (n+ pX)+ ?o—pw = 0;

X

I,—2r = ,.L+ tVY,,;
< T 4-‘_r2 L5 w _ﬂ(_lr: P) V 2g°
X,
fqy =V, ( +P)"’

(2.28)
X \I'IIE ¥ 3 X, E X, o T
% X ply = Ug- Iﬂ(fi t k)~ =1t pk)- 5—"}"" e %-T—"pq’ 2 = Xe,| Inat.

. it

( %,
I, =P r =¥ (-t p)HVY ,,
H1 Wa(\ p)tvy

“+2 =2

< 8 ’
Y =y, "q( t P)-VV o (2.29)
2 o X \f‘g x [
\(Xp + 2X))ply = Uy - 251 - “2‘“‘0'“}7"}' 24 " 7 L pY 2¢ ~ ‘YC.-.ll Idt.
X, % ’
"
0. _ Ho, oy .
Iy X, =y 2d(i* D)tV 2,0
L X
£ Lp= — vy,
< N =V, (X P)-VY 34t (2.30)
0 3x 3 x f
(X + 2X)pI; = Uy - 251 - ETOPLP = ‘“7 \_0 pY ,, - Xe,| I dt.

PimeHHs OTpUMaHMX CHCTEM PpIBHSAHb ISl BCIX BaplaHTIB CTPYKTYp
IPOBOMIIOCH YUCEIbHUM IHTErpyBaHHsIM MeTojoM Pynre-Kyrra uerBeproro
nopsaky Ha EOM. BapiiioBaHuMH BeJIMYMHAMH TIPU PO3PaxXyHKY OyJH KOB3aHHS
JIBUTYHA, II0 XapaKTepU3y€e 3MIHY PEXKHUMY NPUBOAY BiJ XOJOCTOTO XOIy M0
NEPEBAHTAXKEHHS 110 CTPyMY, 1 napameTpu cxeMu X 1 Xj, 110 XapaKTepUsyloTh
BIIMIOBIJTHO €MHICTH €KBIBAJICHTHOIO KOMYTYIOYOTO KOHAEHCATOpA 1 IHAYKTUBHICTD

3raapKyrouoro apocens [10].
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2.2 Meroauka BHOOPY Ta PO3paxyHKy €MHOCTI KOMYTYIO4Y0Ir0 KOH/JIEHCATOpa

PesyabTatn po3paxyHKIB JO3BOJMJIM OLIHUTH TMOXHOKY HaOJUKEHOrO
aHamiTnyHoro merony. Ha puc.2.8 nHaBeneHi pe3ynabTaT po3paxyHKy MOXUOKH Y
BU3HAYECHHI BEJIMYMHM Hanpyru Ha kKoHjaeHcaTopi Ugy B KIHII KOMYTaIlli CTpyMiB B
(hazax.

I
ARAT 1.1 T

s

’ cm SR

1-Me=104; 31-Me=94;
3-¥e=84; 4-Fc=174.

S-Me=524,
m=1+4,; @=1

Pucynoxk 2.8 — [ToxubOka y ¢yHKIIT BIJl HAMPYTHU HA KOHJICHCATOP1

VYTOUHEHHMI 4YHCENbHUH PO3paxyHOK I[PU3BOAUTH JO MEHLIMX 3HA4YECHb
Hanpyru Uem, 1IO IOSICHIOETBCS, HAacamrepesa, 3HSATTSAM JOMYIUEHHS I1po
He3MiHHICTh EPC nBUryHa Ha iHTEpBasi KOMyTallii CTpyMiB y (pa3ax 1 yTOUHEHHAM
TPHUBAJIOCTI IHTEPBAJY A.

MakcumalibHa moxu0ka BiJINOBIIA€ PEIKUMY XOJIOCTOIO XOAY 1 3011bIIYETHCS
31 3MEHIICHHSIM X., TOMY 13 3pPOCTaHHSAM €MHOCTI KOMYTYHOYHX KOHJICHCATOPIB
301JIBIIY€ETHCS BEJIMUMHA A 1 TOXHOKa B 11 HAOJIMKEHOT OLIIHKH.

Ha puc.2.9 HaBeneHi pe3yibTaTH PO3paxyHKy ITOXHOKM B BH3HAYCHHI
BEeNIMUUHU (A+Y) - CyMapHOIO TPUBAJIOCTI ABOX €TAIliB mepe3apsia KOMYTYIOUHX

KOH/ICHCATOPIB.
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1.Zec=104; 2-Ie=04;
J-He=54; A4-Ze=i4:
JT.He=334,

In=2-=d, =1

Pucynok 2.9 — Pe3ynbratu po3paxyHKy NOXUOKH

OCHOBHY pOJIb Y 3MEHIIIEHH] BeIUUUHU (A+Y) B MOPIBHSHHI 3 HAOIHIKEHHM
AQHAJIITUYHUM PO3PAXyHKOM MA€ 3MEHILEHHS A, sike BIAOYBA€THCS 3 JBOX IPUYHH!
pO3psiA  MOXOJAWUTH BiJI MEHINOI Hampyrd (BiANOBIHO 3 puc.2.8), po3psa
BIJIOYBA€ThCS OUIBII IIBMAKO 3a PAXyHOK HAsSBHOCTI myJibcaiii B crpymi .
OcranHs npuynHa HaMOLIBII ICTOTHA, TOOTO 3HATTA JONMYIIEHHS PO HECKIHUEHHY
BEJIMUMHY 1HIYKTUBHOCTI 3IJIQJDKYIOUOr0 JIpOCEsl NPUBOAMTH 10 3MEHIICHHS
BeJIUYMHU (A+Yy).

Haiibinbiia moxubka BIAMOBIAAE pexKUMY X010¢Toro xoay (B2 = 0), B skomy
nyJbcanii Iy MakcuManbHl. Y 1bOMY K PeXKUMI HaHOUIBII CYTTEBO MPOSBIAETHCS
BIUTMB Ha (A+y) 3MiHA €MHOCTI KOMYTYIOYMX KOHIEHCATOPIB: 31 3MEHILIEHHIM X
MOXruOKa aHAMITUYHOTO METOAY 30UIBIIYETHCSA 32 PAXYHOK 3POCTAHHS IMYJIbCAIllN.
AHANOTIYHUM YHWHOM BIUIMBAa€ 1 3MiHAa BEIWYHMHU X, TPOTE TPH 3MiHi

IHAYKTUBHOCTI 3TJ1a/PKYIOUOTo JApoces B peabHUX Mexax (X, = 2 - 4) 1e BIUIUB
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HE3HAYHUI 1 HUIM MOYKHA 3HEXTyBaTH. Lle, B cBOIO uepry, 103B0JIsA€ 3pOOUTH OLIIHKY
ONTUMAJILHOIO 3HaYEHHsI X 1 BUOIP KOMYTYIOUOr0 KOHJIEHCATOpa HE3aJIEKHO BiJl
BEJIMYMHU THAYKTUBHOCTI 31JIa/DKYIOHYOTO JIPOCEsIs.

Panimie B SIKOCTI KpUTEPIO BUOOPY €MHOCTI KOMYTYIOUMX KOHAEHCATOPIB
Oys0 OOrpyHTOBAaHO YMOBY 3HMKEHHS KOMYTAI[ITHMX NEpeHanpyr Ha JBUIYHI.

YMmoBy i1t BUOOpy OyJ10 3arMcaHo y BUIJISIII HEPIBHOCTI:

Aty < Z—E
3
HalOUIbII BaKKUM PEXKUMOM JJIsi BUKOHAHHS SIKOTO € PEXHM XOJOCTOrO XOIY
(B2=0). Ilpn upomy, sIK mokKaszajid 4YHCeJbHI po3paxyHku Ha EOM, peanbHa
BelMuMHA (A+y) MEHUIE 3HAYEHHS, BU3HAYCHOTO 3a HAOIMKEHUM aHATITUYHUM
BHpa3aMH, TOOTO ICHYE MOJXKJIUBICT 30UIBIICHHS €MHOCTI KOMYTYIOUHX
KOH/ICHCATOPIB 3 BIAMOBIAHUM 3HIKEHHSAM pIBHS IepeHanpyr. Sk BUILIMBaE 3
puc.2.9, npu o = | rpaHUYHE 3HAYEHHS €EMHOCTI BIANOBIAa€ 3HauYeHHIO X = 7,4, a
3riIHO 3 YTOUYHEHMMM YHMCEIBHUM pO3paxyHKaM{ TpaHWYHA HEPIBHICTH Oyne
nocsaruyra npu X. = 5,24. Ha puc.2.10 nHaBeieno 3anexHocti (A+y) = £ (B2) s X =
7,41 X, = 5,24, po3paxoBaHi 3a HaOJIMIKEHUM aHATITUUHUM BUpa3zaMu Ta Ha EOM.
Puc.2.11 imrocTpye pocsiraeme mpu 3miHI X BiJ 3HaueHHS 7,4 10 5,24 3HWKEHHS
nepeHanpyr. 30uibiIeHHs eMHOCTI Ha 40% J103BOJIsSIE 3HU3UTHU MIEPEHANPYTd MpH

HOMIHAIbHOMY HaBaHTaxceHHI1 (P2 = 3,0) npubimsno Ha 15%, npu niBTOpaKkpaTHOMY

nepeBaHTaxeHHl mo crpymy (B2 = 4.5) — na 18% (6iaussko 100 B). 3anexnocti

Ue, .
L, f6,)

Ha puc.2.11 po3paxoBaHi 3a aHAJITUYHUMHU BUpPa3aMu, OCKIJIbKU B
OLIIHIOBAaHUX PEKUMaX HOMIHAJIbHOTO HAaBAHTAKCHHS 1 [IEPEBAHTAKEHHS 10 CTPYyMY
noxuOka y BusHaueHHi Uy, HeBeJIHKa.

Po3pobsiennii B po3aunl yrouHeHud wmeton aHamizy cuctemu AlC-AJ]
JI03BOJISIE BUBHAYUTH PsiJl XapaKTEPUCTUK €JIEKTPOMArHiTHUX MPOIIECIB 1, 30KpeMa,
3pOoOUTH OLIHKY ONTUMAJIBHOIO 3HAYEHHSI EMHOCTI KOMYTYIOUHMX KOHJ/ICHCATOPIB.

He meHII BaXJIMBO BU3HAYEHHS ONTUMAIbHOI BEIMYMHHU 1HIYKTHBHOCTI

3rJ1aJpKyr04u0ro apocens. OcTaHHs 3a1a4da Moke OyTH BUpIIIEHA HA OCHOBI aHAJII3y
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TAapMOHIMHOIO CTAaTyTy BXIJIHOTO 1 BHUXIJIHOTO CTPYMY IHBEPTOpaA, SIKUIl ITOBUHEH

MNPOBOAUTHCA 3 YPpaXYBaHHAM JOIdTKOBOTO Bi,HKpHBaHHH BilITI/IHaIO‘IHX ,I[iO,H,iB.
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Pucynoxk 2.10 — 3anexxHocTi (+7)= 1G2) nns Xe=7,4 u Xe=5,24.
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Pucynok 2.11 — Ilepenanpyra npu HOMiHaJIbHOMY HaBaHTa)KCHHI

[IpoBenenuid y 1pOMY pO3IUIL YTOYHEHUW aHANI3 €JIEKTPOMArHITHUX
IIPOLIECIB Ha OCHOBI poO3po0sieHnX MaTemaTuuHux mojnenen cucremu AIC-AJL
J103BOJISIE€ 3pOOUTH TaKi OCHOBHI BUCHOBKHU:

1. be3 ypaxyBaHHSI JOJATKOBOTO BIJIKPHMBAHHS BIITHMHAKYUX IOIB ICHYIOTH

TP MOJKJIMBI BapiaHTH CTPYKTYpPH CHJIOBOi CXE€MH, KOXKE€H 3 SKUX Ha

IHTEepBaJl MOBTOPIOBAHOCTI 7/3 MOXe NMpuAMaTH TpU pi3HI KOHPIryparii.



56

IcHyBaHHSI TOrO 4YM I1HIIOIO BapiaHTy CTPYKTYpP 3aJIeKUTh Bil BEIMYUHH
€MHOCTI KOMYTYIOUMX KOHJIEHCATOPIB 1 BIJ PEKHUMY EJIEKTPOIPUBOLY IO
CTpyMY.

2. Jlna BCiX MOMXKIMBUX CTPYKTYP CHJIOBOI CXE€MHU CKJIaJieHl MOBHI CHUCTEMU
audepeHuiaTbHUX PIBHSHB, 110 BKJIOYAKOTh B ¢€0€ PIBHSHHS AaCUHXPOHHOIO
JABUT'YHA, PIBHSHHS IHBEPTOpPA 1 PIBHSIHHS JIAHKH IMOCTIHHOTO CTPyMY. AHali3
IPOIECiB, TMPOBEACHUNW 3 ypaxXyBaHHSAM 3HATTS paHilie MPURHATHX
IPUITYLIEHb PO HECKIHYEHHY BEJIIMUMHY 1HAYKTUBHOCTI BX1JHOTO JpOCEIs 1
HesminHocti EPC nBuryna Ha iHTepBasli KOMYyTallli, J03BOJUB OLIIHUTH
OXUOKY HAOIMIKEHOTO aHATIITUYHOTO METOY.

3. Ilpu anamizi pe3ynbTaTiB YHUCEIBHOTO PO3PAaXyHKY EJIEKTPOMarHiTHUX
npoueciB Ha EOM BcranoBIeHa MOXKIIMBICTD 30UIbLISHHS TIPpUOM3HO Ha 40%
TPaHUYHO JIOMYCTUMOI BEIMYMHU €MHOCTI KOMYTYIOUYMX KOHJIEHCATOpIB, B
pe3yabpTaTi 4oro aocsiraerbes 15% 3HMKEHHsS HalpyKeHb Ha JIBUTYHI B
HOMIHAJIBHOMY PEKHUMI.

4. Anami3 TrapMOHIMHOTO CKJIaJy BHXIJHOTO CTPyMY IHBEpPTOpa MOBUHEH
IPOBOJIUTUCA 3 YpaxyBaHHSM JIOJIaTKOBOT'O BIAKPHBAHHS BIJITHHAKOYUX
aioais. Jlis  3a3HadeHux wiied  po3polsieHa MareMaThyHa  MOJellb
MEPEeTBOPIOBAYA 13 3MIHHOIO CTPYKTYPOIO, IO MPEICTABIISIE COO0I0 CUCTEMY
AuQepeHLiaIbHUX PIBHAHb 31 3MIHHMMM KO€(illicHTaMu, 3HA4E€HHS SKUX
BCTaHOBIIIOKOTHCS 3AJIEKHO BiJI CTAHY BCIX THPUCTOPIB 1 A10/1B IHBEPTOPA.

5. BCTaHOBJIEHO ~ MOMXJIMBICTD  3HMKCHHS ~ BEAMYMHU  1HIYKTHUBHOCTI
3MIIADKYOUOT0 Jipocelis L, y TOpiBHSAHHI 31 3HAYCHHSM 3 PO3PaxyHKY IO
HAOJIM)KEHOMY aHAJIITHYHOMY MeToly B 1,5-2 pa3u 6€3 iICTOTHOIO 3HMKEHHS
koe(ilieHTa CHOTBOPEHb BHXIAHOrO cTpymy. Bubip Benmuuunu L,

B1JI0YBAETHCS 3a PiBHEM IyJbCalllii y BXITHOMY CTPyMi iHBEpTOpa.
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3 OnTuMmizauiss mnapaMeTpiB eJIeMEHTIB aBTOHOMHOI'0 iHBEpPTOpa CTPyMy
i mopiBHAVILHUI aHAJII3 cXeM

3.1 CneniajibHi THPHCTOPH /I MOTY’KHUX iIHBEPTOPIB CTPYMY

[ToTy>XH1 YaCTOTHOPErYJIbOBaHI €JIEKTPONPUBOIN JAOLIJIBHO BUKOHYBAaTH Ha
OCHOBI TEPETBOPIOBAYIB YACTOTH 3 ABTOHOMHUMM 1HBEPTOPAMU CTPYMY, OCKUIbKH
OCTaHHI 3a0€3MeYyl0Th XOPONIY €JIeKTPOMArHiTHY CYMICHICTh 31 3BHYANHUM
CepiitHUM JBUT'YHOM 0€3 BUKOPUCTAHHS CHellaIbHUX BUXIAHUX (PuIbTPiB. OCKUIBKH
70 TOTY)KHUX MEPETBOPIOBAYIB IIPE/I'SBISAIOTHCS IMiABHUIIEHI BUMOTH 10 MiHIMi3aIii
TEMJOBUIJIEHh (BTpPAaT B HAMIBIPOBIJHUKOBUX TPHUIANAX), OTHOOMEpAIliiHi
THUPUCTOPH, SIKI MArOTh 3HAYHO MEHIII B IOPIBHAHHI 3 TOBHICTIO KEPOBAaHUMHU
npwiagamu, Hanpukiaja, GTO 1 IGCT, magiHHS Hanpyrd y BIIKPUTOMY CTaHi,
3aUMIIAIOTECS B LEHTPl yBaru po3poOHMKIB. 3 1HIIOTO OOKY, JOLIJIBHICTH
3aCTOCYBaHHS TIOBHICTIO KE€pOBaHMMH mprmiagamMu B cxeMi AIC, me Ha CTOpOHI
3MIHHOI'O CTPYMY 3aBX A1 OY1yTh IPUCYTHI KOHACHCATOPH, 10 MOEAHYIOTH (PYHKIIIT
KOMIIGHCAllll PEaKTHUBHOI MOTY;KHOCTI HAaBAaHTAXXEHHS 1 KOMYyTallli THUPHUCTOPIB,
BEJIbMH HEOJIHO3HAYHA 1 MOXKE JUKTYBATHCS TUIBKM BUCOKMMH XapaKTEPUCTHKaAMH
MOBHICTIO KEPOBaHHUX MpUiaiiB. TaKuM YMHOM, SIKIIO OJHOOINEPAIiitHI THPHUCTOPH
3 HU3bKUMU MaJAIHHAMU HAIIPYTH MAKOTh XOPOIIl JUHAMIYHI XapaKTePUCTUKH, TO 1X
3actocyBaHHa B nmoTyxHux IIY na ocnoBi AIC, 3amicTh MOBHICTIO KEPOBAHMX
TIPHUJIAIB IPUHOCHTH BITYYTHI Pe3yJIbTaTH.

[IpUHITUIIOBO BaYKJIUBUM ISl TUPUCTOPIB, 10 BUKOPUCTOBYIOTHCA B AlC, €
Te, 110 BOHM IIOBMHHI MaTW Majly IIBUAKICTb 3MEHIIEHHS (OOpHUBY) CTpyMmy
3BOpOTHOTO BijiHOBJIeHH dig/dt. Lle 06ymoBneno tTum, o B AIC npu nepemMuKaHHi
TUPUCTOPIB 3 BKIIFOUEHOIO CTaHy 3BOPOTHHOI HANPYrd, LIBUAKICTHL 3MEHIICHHS
npsaMoro ctpymy (dig/dt) Bemmka 1 ckinagae ~ 20 - 50 A/Mkc. B pe3ynbrati nporo npu
3actrocyBaHHl B AIC ICHYIOUMX THPHUCTOPIB aMIUNTyJa CTPYMY 3BOPOTHOTO
BigHOBJeHH IRM 1 mBuakicTs Horo 3meniieHHs (dig/dt) cTaloTh BEJIMKUMHU, IO

MPU3BOAUTH 1O BUHUKHEHHS HA HUX Henpunyctumux neperanpyr (URM). dopma
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CTPYMYy 1 HAmpyrd Ha THUPHUCTOP1 IPHU HOro NMEpPEeMUKAHHI 3 BIJIKPUTOTO CTaHy
(npsimuit cTpymy jgopiBHIo€ Ity) 380poTHOIO Hanpyroto (Ur) HaBeneHa Ha puc.3.1.
Jlns  onTumizaimii CTPYKTYpU Ta [MOJIMNIIEHHS IOEJIHAHHS IapaMmeTpiB
TUPUCTOPIB 3 «M'SKHM)» BIJIHOBJICHHSIM BHUKOPHUCTOBYETHCSI KBa3ITpUMipHA
MaTeMaTHYHa MOJEJIb TAKOr0 TUPUCTOPA B palalibHO-CUMETPUYHOMY HAOJIMKEHHI,
0 OIKCYE peajbHy HAMIBIPOBIAHUKOBY CTPYKTYPYy Yy BuUIJIsial Oesniui
MOBTOPIOBAHUX €IEMEHTAPHUX CTPYKTYP MUITIHAPUYHOT (DOPMH TIPEICTABICHUX HA
puc.3.2. Ha puc.3.3 npuBefeHO OJHOMIPHHMHA PO3MOALT KOHIIEHTpAIl JEeTyr4oi
JAOMILIKUA 1 + - p - 1 - p CTPYKTYPH, 5IKE BUKOPUCTOBYBAJIOCS MPU MOJIETIOBAHHI

THUPUCTOPA.

]

s
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Pucynok 3.1 — @opma cTpymy 1 Harpyryd Ha TUPUCTOPI NP HOTo

NepeMUKaHHI.

Jlis onucy craunioHapHUX 1 HEePeXiHUX MPOLECIB, 110 MPOTIKAITbH MPU
po0OTI THpUCTOpA, HEOOXIMHO BU3HAYUTH JUHAMIYHUN PO3MOLT KOHIEHTpAIil
HOCI{B 3apsay, €IeKTPOCTaTUYHOTO IMOTEHINaly i TeMIepaTypu B Horo 06a30BHX
obnactsax. [list uporo HEOOXiAHO CHLILHO BUPIIUTH (PEHOMEHOJIOTTYHY CUCTEMY
mudepeHiiianbHuX PiBHAHbL HAMIBIPOBIAHUKA (PIBHSHD 0€3MIEPEPBHOCTI, IIIIIBHOCTI
ctpymiB, Ilyaccona), a TakoXX PpiBHAHb EJIEKTPUYHOTO OalaHCy 30BHINIHBOI

JJaHIIrora.
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PiBHSIHHS JUIsl TYCTHHH CTPYMY €JIEKTPOHIB Ta JIPOK MarOTh BUTIISAL:

";I:n T ”(Lu nv Oy

J,=-pqu v o, (3.2)

ne WUy Ta Mp — PYXJIHMBOCTI €JIEKTPOHIB 1 AIPOK, R-IIBUAKICTH €JIEKTPOHHO-
AipkoBoi pexomOiHarii. @i3uyHI KOHCTAHTH 1 MapaMeTpu MarTepiany:
q - JIEMEHTapHUN 3apsi]l eNEKTPOHA, € - AIeTCKTPUIHA TPOHUKHICTD,

Np 1 N4 - KOHIIEHTpallis 10HI30BaHUX aTOMIB JIOHOPHOT 1 aKLIENTOPHOT JIOMILIKH.
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Pucynok 3.2 — CTpyKTypa eIeMEHTapHOI S[MEHKU MOAEIUPYEMOTO THPHCTOPA

Po3paxyHnok 3BopoTHOI BoJbTamiiepHoi xapaktepuctuku (BAX) 1 BAX B
3akputomy ctaHi SRT mnpoBoguTbess B KBa3iCTAl[IOHAPDHOMY PEKHUMI, KOJHU
IIOCTYIIOBO 30ULJIbILIyBaacsl Harpyra Ha CTPYKTYpl, 1 OOYMCIIIOBaBCS CTPyM, IIO

HPOTIKae yepes Hel.
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Po3paxynok BAX TupucTopa y BIAKPUTOMY CTaH1 1 TIEPEXITHOTO MPOLECY
NEPEeMUKaHHS TUPUCTOPA 3 BIAKPUTOTO CTaHY 3BOPOTHOIO HAIIPYIOO, IPOBOIUTHCS
IUISl CX€MHM, HaBeIEHO1 Ha puc.3.4.

OnHUM 3 METO/IIB, SIKM BUKOPUCTOBYBABCS s 3HIDKEHHS BenuunHu [IRM 1
301beHHss KF THUpUCTOpIB 3 «M'AKMM» BIJIHOBJICHHSIM, OYB METOJI IIPOTOHHOIO
OMPOMIHEHHS.

Posnonin koHueHTpamii pajiamiiHux JaeekTiB mo JOBXKUHI TpoOdiry
IIPOTOHIB B Si HEPIBHOMIPHO: KOHUEHTpALlS pajialiiiHuX AePEeKTiB MOHOTOHHO 1
MOPIBHSHO MOBLJILHO 3POCTAE YN0 KPUCTAIa BiJ OMPOMIHIOBAHOT OBEPXHI 1 Pi3KO
301IbIIyETbC B 00JACTl 3yNMMHKH MNpOTOHIB. [Ipu 1nbomy CrHiBBIIHOIIEHHS
KOHLIEHTpAIii B 1iif o0sacTti 1 B 00JacTi MOBEPXHI MPUIIALY, KA OMPOMIHIOETHCS,

cxkinamae 10 + 15.

upuna obnacti migBuieHoi pekoMmOiHamii ctaHoBUTH 20 + 30 MKM.
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Pucynoxk 3.3 — IIpodins po3noaisy KOHIEHTpaLii JIeryo4oi JOMIIIKH i
peKoMOIHALIHHUX [ICHTPIB B TAPUCTOPHOI CTPYKTYpi. 1,2,3 - 06s1acTi MiABHILEHOT
pexkoMOiHallii, CTBOPEHI B pe3yJibTaTi MPOTOHHOIO ONpoMiHeHHs; 1,2 -

OTIPOMIHEHHS 3 OOKY KaToja, 3 - OMpOMIHEHHS 3 00Ky aHO/a.

3 BUKOPUCTAHHSIM JIAHOT MaTEeMaTUYHOI MOJIEII IIPOBOJAUTHCS MOJICIIIOBAHHS
MIPOTOHHOTO ONMPOMIHEHHS HAMIBIPOBIHUKOBOI CTPYKTYpPU B CepeIMHY n-0a30BOi

raisysi 3 00Ky Karoza 1 B OKOJIMIIFO aHOJHOTO P -N NMEPEX0y, AK 3 00Ky KaTroaa, Tak
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1 3 Ooky anoma. CTBOprOBaHI IpH LBOMY OOIacTi MiJBUIIEHOI peKoMOIHalli

HaBeJIeH1 Ha puc.3.3.

Sl RO

Pucynok 3.4 — ExBiBajieHTHA €JIEKTPUYHA CXEMA YCTAaHOBKH
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Pucynok 3.5 — 3ane)XHOCTi HalPyTH Bil TPOTOHHOTO OMPOMiHEHHS.

a) 3anexuicTs Ut B Kp U1 pI3HUX PEKHUMIB IPOTOHHOTO ONPOMIHEHHS,

0) 3anexuicts Ut Big Irm A7 pi3HUX PEKUMIB IPOTOHHOTO OMPOMIHEHHS
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Pexumu mpoTtoHHOTO (1-3) OMpoMiHEHHS BKa3aHi y BIAMOBIAHOCTI 3 puc.3.3.
Ha puc.3.5 naBeneno 3anexHocti BenuuuH Irm/Irmo, A€ Irmo BenmuumHa Iry Ha
TUPUCTOPI 0 npoToHHOro onpomineHHs, 1 Ky Big Beamuuuu Ur mis SRT npu
PI3HUX pEXKUMAX MPOTOHHOTO ONpOMiHEHHS. OCUMIOTpaMHu CTPYMIB MpPHU IHX

peXMMax ONPOMIHEHHs NpejcTaBieH] Ha puc.3.6.

PucyHoxk 3.6 - OcrpiorpaMu CTpyMiB 3BOPOTHOTO BiTHOBJICHHS JJIS PI3HUX
PEKMMIB IPOTOHHOTO ONPOMIHEHHS (PEKUMH ITPOTOHHOTO (1-3) orpoMiHEHHS

BKa3aHi y BIAMOBIAHICTH 3 puc.3.3).

3 mMX JaHUX BUIUTABAE, 110 Jid 301unbmends Kr 1 3umkenHs Iry HalO1LIbII
ONTUMAJILHUM € ONPOMIHEHHSI 3 00Ky aHO/a.

Ha puc.3.7 npuBeneHa ocuuiorpama nepeHanpyru npu BukiaoueHHi SRT B
mMoaysbHOMY BUKOHaHHI Ty MTB800-24 B nepersoproBaui yactoru [TUTE-3150
(3150 xBrt, 660B) Bupoduuursa HBIT «kEOC» (m.XapkiB).

Crane 3HaueHHs Hanpyru B KOHTypi komytamii - 1100B, nanpyra Ha
Tupuctopi - 1500B, koedinient nepenanpyr - 1,36, npuyoMy 1i XapaKTepUCTUKU
OTpUMaHi IpU BUKOpPUCTaHHI «Jierkux» RC-manmroriB. OxkpemMo 3a3HayaEMo
IJIABHUM XapakTep HApOCTaHHS 3BOPOTHHOI Hampyru, xapaktepHuii s SRT

IpUIAIB.
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B uinmomy mnpoBeneHI po3paxyHKH JO3BOJIMJIM BHUOpaTH ONTHUMAaJIbHUN
pO3MOAT KOHIEHTpalii peKOMOIHALIMHUX LEHTPIB 1 ONTUMaJbHE 3HAYCHHS

PEXUMIB IIPOTOHHOTO OMPOMIHEHHSI.

o I
-
-

Pucynok 3.7 — Ocuunorpama Hanpyru npu BukiatoueHHi SRT y cxemi AIC.

(1 xkmirura = 500 B; 5 mkc.).

MojentoBaHHS THUPUCTOPIB 3 «M'SIKUM» BIJIHOBJICHHSM 3 BHKOPUCTaHHSIM
MaTeMaTHUYHOI MOJeli, J03BOJISIE€ 3HAYHO CKOPOTUTH Yac 1 BUTPATH IpU po3poOiii

MPUJIA/IIB 3 MOTPIOHUM CMOKMBAYEBI MOECIHAHHSIM EJIEKTPUYHHUX MTapameTpiB [16].

3.2 Amnaii3 npoueciB B aBTOHOMHHX iHBEPTOpPax CTPyMy 3 Pi3HHUMH

CXeMaMH i HAaNMiBINPOBIAHUKOBHMMH €JIeMEHTAMH

Posrnsinemo cxemy AIC 3 komyryrounmu tupuctopamu (AIC 3 dazaum
BYy3J0M KomyTalii). Enexrpomarnithi npouecu B cxemax AIC 3 B/ 1 AIC 3 KT npu
OJ/IHAaKOBHX 3HAYEHHSAX €KBIBAJIEHTHOI €EMHOCTI By3J1a KOMyTallll 11€HTUYHI.

OuiHUMO nepeBaru CXeMHu.

1. I[Ipu ojHAKOBMX 3HAYCHHSIX EKBIBAJICHTHOI €MHOCTI By3ja KOMyTallii
CymMapHa BCTaHOBJIeHA NMOTYkHICTh KoHieHcatopis B cxemi AIC 3 KT na 25%
MeHuie, Hixk y cxemi AIC 3 B/I.

2. Ockinbku cxema AIC 3 KT wmae ¢asuuit By3os KomyTalii, TO yMOBY

3aBEPHICHOCT] KOMYTALIMHUX MPOLECIB 3aMUIIEMO Y BUTJISIL:
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Aty<n. (3.3)
[Ticis nepeTBOpeHHs 3 ypaXyBaHHAM PIBHSHb OTPUMYEMO:

24 %

0 cos*
X, . ¥ % (3.4)
o : ’
/(1+ Tye ont s 8% osrg -+ Xy, 22
V2 5 2
Wi 1 T, 48x? 1 T —
I R g Bl R, s -1+ 9 2x |
;o \/( g} Wt g E 1+ )y (3.5)

['pannyHi 3HAYEHHS 110 YMOBAM 3aBEPIICHOCTI KOMYTALIMHUX MPOLECIB IS
cxemu AIC 3 KT ta AIC 3 BJ] nokasani Ha puc.3.8.
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Pucynok 3.8 — ['pannuHi 3HaU€HHS 110 YMOBaM 3aBEPILIEHOCTI KOMYTALIMHUX

npoueciB st cxemu AIC 3 KT (kpusa 1) Ta AIC 3 B/ (kpuBa 2)
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Pucynok 3.9 — 3anexHOCTI 110 yMOBaM 3aBEPIICHOCTI KOMYTALIHHUX IPOLECIB JJIs

cxemu AIC 3 KT (kpusa 1) Ta AIC 3 B/l (kpuBa 2)
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Pucynok 3.10 — Cxema AIT 3 npuckopeHum nepe3aps10M KOHAEHCATOPIB a 1 il

BapiaHTH 0.

Taxkum unHOM, y cxemi AIC 3 KT moxke OyTv OTpUMaHO JesAKe 3HWKEHHS
KOMYTaLIHHUX NIEPEHAIIPYT, IPOTE IOCITAETHCS 1€ IPU ICTOTHUX HEJI0JIIKaX CXEMHU:
1. YckiagHeHHs CUCTEMHU YIIPABJIIHHS B 4acTHHI (JOPMYBAIBHUKIB IMITYJIbCIB.

VYcknagHeHHs B11I0YBA€ETHCS AK 32 paXyHOK 30UIbIIEHHS 3arajlbHOI KUTBKOCTI
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TUPUCTOPIB, TaK 1 3@ paXyHOK HEOOXITHOCTI Mojadl Ha OCHOBHUM THPHUCTOP
[IMPOKOro IMIYJIbCY (OCKUJIBKM 4Yac Iepe3apsyKEHHS KOHJEHcaTopiB X
3MIHIOETBCS 31 3MIHOIO HABAHTAKEHHS ).

. YCKITaJHEHHSI CHCTEMH YIIPABJIIHHSA B YAaCTUHI CXEMH ITYCKY. Y CKIIaTHEHHS
BIJIOYBAEThCS uyepe3 HeoOXIAHICTh (OPMyBaHHS IPH IYCKY aJlOPUTMY
BKJIIOUEHHSI THPUCTOPIB, BIJIMIHHOIO BlJI pOOOYOro ajaropurmy.

. HeoOXigHICTh BUKOPUCTAHHS TUPUCTOPIB BUCOKOTO KJIACy MO Hampy3i (Kiac
ocHoBHMX TupucTopiB AIC 3 KT Binnosinae kinacy aioais y cxemi AIC 3 BJ).
[Tpu upoMy 3a3HaYAEMO, 110 CEPIHHO BUITYCKAIOTHCS MPOMUCIIOBICTIO 10U
3a3BHYAN MaIOTh OUIBIII BUCOKUM KJIac, HI’K THUPUCTOPH.

. Ha Bigminy Bix cxemu AIT 3 B/l B maniii cxemi IPUHIMIIOBO HEMOKIIMBE
dbopmyBanus pexumy I[IIM - crpymy, skuii € e]ekTHBHUM 3acoOoM
PO3LIMPEHHS HUKHBOI MEXK1 4acTOTHOTO aAlana3ony AlC.

PosrissnemMo mie aBi rpynu cxem AlT: 3 ABOCTYNEHEBOIO KOMYTALIEH 1

IPUCKOPEHHM  Tepe3apsjoM  KOMYTYIOUMX  KoHaeHcaTopiB  (puc.3.10) 1

kinacudikaminy rpyny AIC 3 tpuctyneneBoi komytanieto (puc.3.1113.12).

1954
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Pucynok 3.11 - Cxema AIC 3 nopanumu moctom 1 RC — oOMexxyBaueM Harpyru
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Pucynok 3.12 - Cxema AIC 3 110 JHUM MOCTOM 1 THPUCTOPHUM 0OMEXYyBaueM

HAIpPYTHU.

Ilpn pi3koMy pO3XOJUKEHHI CXEMOTEXHIYHHMX pIIIEHb LI JIBI TPYMHU CXEM
NpU3HAYEHI Ui BUKOPUCTAHHS B OJHAKOBUX WUIAX — JUIsi OaraToABUI'YHHHUX
€JIEKTPONPUBOIB 3 3MIHIOIOYMMHUCS B MPoLEeci pOOOTH KUIBKICTIO ABUTYHIB. Jls
AIC 3 TpuCTyneHeBOi KOMYTAIIEIO T[IOCTaBJ€HA METa JOCSTAETbCS 3aBISKU
BUKOPHUCTAHHIO KOMYTYIOUYMX KOHJIEHCATOPIB Majoi €MHOCTI, sIKI He OyIyTh
Ha/IMIDHUMH HAaBITh MPHU BIAKIIOYEHHI YACTMHU HABAHTAXKEHHS. A KOMYyTalliliHI
NEPEHANPYry, BEJIWYMHA SKUX MOXE OyTH BEINUKHUH 4Yepe3 Mally €MHICTb
KOH/IEHCATOPIB, 3aJMILAIOTLCS HaA JONYCTUMOMY pIBHI 3aBISIKH HasBHOCTI
npucTpoiB oomexenns mnepeHanpyr. Jlns AIC 3 npuckopeHum rmnepe3apsioM
€MHICTh KOMYTYIOUHX KOHJIEHCATOPIB BEJIMKA 1 BEJIMKI KOMYTalliliHI IEPEHANIPYTH
HE BUHHUKAIOTh. A HENPHUITYCTUME 3aTATYBaHHS KOMYTAI[ITHMX IIPOLIECIB IIpH
BIJIKJIIOYCHH] YACTUHU HABAHTAKCHHS BUKITIOYAETHCS 3aB/IIKM HASIBHOCTI IIPUCTPOIB
IPUCKOPEHOTO nepes3apsa.

[Ipu oMy mocTaBjieHa METa 1 B TOMY, 1 B IHIIOMY BUIIQJKY JIOCSTA€THCS 3a
pPaxyHOK ICTOTHOTO YCKJIQJHEHHS CWJIOBOI cXeMH. Y 3B'SI3Ky 3 BHKJIAJICHUM,
3actrocyBanHd AIC 3 mnpuckopenuMm nepesapsaoMm 1 AIC 3 TpuUCTyHEeHEBOIO

KOMyTaIIi€}O HE IIPECACTABIAECTBCA MCPCIICKTUBHUM.
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3.3. Ouinka moxkauBocTeil AIT 3 NOBHICTIO KEPOBAHUMH THPUCTOPAMHU

[Tosisa 3amukaemux TUpUCTOpiB B 90-T1 poku 20-r0 CTOMITTS NMPHU3BEIO 10
MOMITHOTO CHPOIICHHS aBBTOHOMHOTO 1HBEPTOPA HANIPYTH 32 PAXYHOK BUKITIOYCHHSI
BY3JIB  NPUMYCOBOI KOMyTalii Ta MPUCTPOIB MiA3apsay KOMYTYHOYHX
KOHJIeHCATOpiB, (hOPMYBaUiB IMIYJILCIB Ui KOMYTYIOUHUX THPUCTOPIB Ta iH. Tomy
T4 3 AIH na 3amuxaemux tupucropax (3T) mepeBepiiyioTh 1mo radbapuTHUMU
NIOKa3HUKAMHM aHaJIoriyHui nepersoproBay 3 AIH Ha 3BH4aiiHMX THpUCTOpax.

JlouinbHICTh 3acTOCyBaHHs 3aMuKaeMuX THUpuUcTOpiB B AIC He HACTUIbKH
0e3ymoBHa, sik B AIH, ockinbku B MHBEPTOP1 CTPYMY HaBiTh pu BUKOpUCTaHH1 3T
3aJIMIIATUMYThCS KOMYTYIOUl KOHJEHCAaTopu abo, B 3arajlbHOMY BHIIAJKY, JIESKI
HMPUCTPOT CKUJIAHHS €HEeprii.

Bei Bapiantu cxem AIC ma 3T, moBijomiieHHS Npo SiKI € B 3apyODKHUX
JUKepenax, Mo)ke OyTu 3BeJeHe 10 JBOX HaiOuiem tunoBuMm. [lepma cxema
(puc.3.13) sBiusie coboro 3BUYAHUI TpuasHUI MapaiebHUI IHBEPTOP CTPYMY.
Onnak Bigomo, mo BJ] B AIC He Tuibku 3a0€3meuyloTh BUCOKY KOMYTAIIUHY
CTIMKICTh, aJleé 1 BUKJIOYAIOTh IMOCTIHHE ICHYBaHHS KOJMBAJIbHUX KOHTYPIB 3
KOH/ICHCATOPIB 1 IHJAYKTUBHOCTI KOPOTKOI'O 3aMHKAHHSI JIBUT'YHA.

Sk mokaszaHo paHillie Ha TPUKIAAl cXeMu meperBoproBaya ¢dipmu «Allen
Bradley», B napasiensHOMy 1HBEpTOp1 Ipu poOOTI HA IBUTYH MOKIIMBE BUHUKHEHHSI
BHUCOKOYACTOTHUX KOJIMBaHb, /ISl O0POTHOM 3 SIKUMHU HEOOX1JHO BUKOPUCTOBYBATH
CrieliaibHl YCKIIaJIHeH1 aJIrOPUTMHU YIPABIIHHS, HANpukiaa, anroputm '"shoot-
through" (Hackpi3He 3akopodyBaHHS IJI€Ya IHBEPTOPA).

binem npaBunbHui miaxig go crBopeHHs AIC na 3T cmocrepiraerbcsi B
cxemi, 300paxkeHoi Ha puc.3.14. [la cxema, KpiM BiiacHe TpuU}a3zHOro MOCTOBOIO
iHBepTOpa Ha 3T, MICTUTB, B 3araJlbHOMY BUMA/IKY, IPUCTPIA CKUIaHHS €HEPrii, 110
CKJIQIa€ThCs 3 JIIOJHOIO MOCTa Ta KOHJIEHCAaTOopa BUKOHYE (DyHKLII oOMexyBaua
KOMYTaIIHHUX TIEPEHANPYT, 1 IPUCTPI MOBEPHEHHS €HEprii B JIAHLIIOT MOCTIHHOIO

CTpyMy, Ha 4-X 3aMHKAa€EMHUX TUPUCTOpPAX 14 -X Ai0/1ax.



69

/%VS}’JS]ZVSJJSIZVSS M

y VSZJ¥VS4‘J¥V56 'é?("%

5

Pucynok 3.13 - Cxema napanensnoro AIC na 3T.
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Pucynok 3.13 - 3.14. Cxema AIC Ha 3T 3 npucTpoeM CKUIaHHS.

BukoHaHuil HWK4Ye aHani3 CTaBUB COO1 3a METy BU3HAYEHHS NOTYXHOCTI
171ea1i30BaHOr0 NMPHUCTPOI0 CKHUJIAHHS 1 BEPXHbOI rpannyHoi yactoru [TY Ha Gasi
nanoro AIC.

OuiHuMO, €Heprio, BUBEJACHY B 1/1€a/1I30BaHUI MPUCTPIN CKUAAHHS 3a OJUH

UK KoMmyTanii. CTpyM Ha 1HTEpBaJll KOMyTallli 3MIHIOETBCS 3a 3aKOHOM:

. U,
()= - 2t (3.6)

1
me U, = U, - 3E, cost
OTpuMy€eMO 11epioj; KOMYTAIlii:

I, - 28

) U, \/5}32 cost G.7)

Tom1 enepris:
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T T 2
. . F , u T ; I
Wiwa = Uy | i0)dt = Uy, T - 2—;,-7% Uy dyy
KoaMymanuu 0 1
R T o A 4 (3.8)
U, - ‘@Ez cosf 1- cosd
KH

Bu3zHaunMo MOTYKHICTh MPUCTPOIO CKUAHHS:

BL . BL g0 3L

cosf 7 | cosf 21 T cosfl (3.9

Kﬂ i KH' R‘H

P

CBP. =

[

[lepeitnemo 10 BIAHOCHUX OJAMHHUIIb, NPUNHSABIIM 3a 0a30BYy BCTAaHOBJIEHY

MOTY)KHICTb IHBEPTOpA:

3 Ji-&,-u
T cosd
Pl = 22 Ky 2 o s 1 (3.10)
CEP. Tty —.
Py . 6 cos"f x, i COFQ Xy
v Ky %

He wMeHm iCTOTHMUM HEMOJIKOM PpO3MJISHYTOIO 1HBEpTOopa € HOro
0araToeNeMeHTHICTh; 3arajbHa KUIBKICTh HAMIBIPOBIIHHUKOBUX mpuiagis — 20
nporu 12-tu y AIC 3 B/, B ToMy uucnii KepoBaHUX NPpUIaAiB (B JAHOMY BUIAJIKY -
3T), mo BumararoTh GopmysauiB iMnynbciB — 10 mpotn 6-tu B AIC 3 BJI. Cnin
TAKOX BpaxyBaTH 3arajibHl CKJIaJHOLII, MoB's3aHi 13 3actocyBanHam 3T, Taki, sk
HEOOX1/IHICTh YCKJIaJHEHHs (hOpMyBadiB IMIYJbCIB, HEOOXIIHICTb 3aCTOCYBAHHS
ycknagHeHux 3axucHux RCJI-nmaHIrorie, CTpyMOOOMEKYHOYHMX pPEakTOpiB B
JIAHLIOTaX [IOBEPHEHHs €Heprii, IIABUIICHI B MOPIBHAHHI 31 3BUYAHHUMHU
TUPUCTOPAMHU T1a/IIHHA HATIpyTH 1 BapTicTh 3T.

[{i HemoJikM OYEBMIHI, TOMY B SKOCTI mepeBar mnpornoHosaHoro AIC
BHUCYBAIOTh HE MOI0 MPOCTOTY 1 BUCOKI Maco-rabapuTHi MOKA3HUKH, & MOXKJIUBICTh
OTPUMAHHS BUCOKOI YaCTOTH.

Ockineku po3risHyTHid AIC MiCTHTH 3aranbHUN UISI BCIX THPHUCTOPIB
IIPUCTPIH CKUJIaHHA €HEprii, r(paHuYHA TPUBAIICTh IHTEPBAIY KOMYTallii ckiaaae 60

°. Toni (3.7) MokHa epenucaTi TaKUM YHHOM:
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1 B |
& o' I - U, - 3E, cost (3.11)
ITepexoas4u 10 BIAHOCHUX OJIMHUIB OTPUMYEMO:
(i, - %o cosh )- cost - x,
. _ (3.12)

nped. \/5 .X;

Po3riissHeMO pexXuM X0JI0CTOro X0y, B IKOMY 3MiHa BEJTMUUHU Koe(illieHTa
KOMyTaliiHUX nepeHanpyr K HaHOUIbII CyTTE€BO BIUIMBAE Ha TPHUBAIICTH
iHTepBaly KoMyTalii 7, a 3HaYUTh, 1 HA BEJIMUYUHY Olpes.

B upomy pexumi:

K

X - %
) nped. \/5‘; = (3. 13)

JlaHa 3anexHicTh HaBeneHa Ha puc.3.15. Bpaxoyroun, mo nanuii AIC ma 3T
Ma€ ICTOTHO HECHPUSTIMBI JUIS JIBUT'YHAa KOMYTAILIHI NepeHanpyru, sK I10
TPUBAIOCTI, Tak 1 3a (opmoro (mpsamokyTHi 3amicte "mikoBux" B AIC 3 BJI),
BenuunHy Ky He ciij npuiimaty Oinbiioro, Hix 1,15-1,2. I'pannyna yactora npu
ubomy He nepepuinye 100+1300u, mo, MaOyTh, HE BUIIPABIAOBYE 3A1HCHEHE s
bOT0 yckiamHeHHs cxemu. Ciij TakoX MaTH Ha yBasi, IO MPU HEOOX1THOCTI
TPUBaJIOl pOOOTH Ha BUCOKIH YaCTOTI MPONOPIIHHO BEJIMYHHI 0L 3pOCTAE NOTYKHICTb
npuctporo ckuganus. Ilpu wyactori =150 T'u, Kp=1,2 1 HOMiIHaIBLHOMY
HABAHTA)KCHHI TOTYXKHICTh TMPUCTPOIO CKUJAHHS MOXE CTAHOBUTH TOJOBHHY
MOTY)KHOCTI 1HBEpPTOpA.

Ha 3akiH4eHHS MIAKPECIMMO CHUIBHICTh ITPOBEJACHOIO aHasi3y, pe3yJbTaTh
SIKOTO HE 3aJie’KaTh H1 Bl CXEMHOIO BUKOHAHHS MPHUCTPOIO CKHAAHHS, HI BIJ

KIHIIEBUX MPUHMaUIB, B K1 IOBEPTAETHCS CHEPTS.
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Pucynok 3.15 -Jlo BusHauenss rpannynoi yactotd AIC na 3T 3 npuctpoem
CKUJIaHHSI.

OTpuMaHi BUCHOBKM MIATBEPUKYIOTh, 110 3acTocyBaHHs 3T B AlT 3amicTs
3BUYAMHUX THPUCTOPIB € CHIPHUM, OCKUIBKM 0€3 SBHOTO IOJIMIICHHS
(YHKIIIOHAIBHUAX BIACTHBOCTEH MepeTBOPIOBaYa, MPU3BOIUTEL 10 MOr0 CYTTEBOTO
YCKJIaTHEHHSI.

1. BigHocHO Benmka pi3HOMaHITHICTE cxeM AIC, nmpornoHoBaHUX B JliTepaTypi
JUIE BUKOPUCTaHHS B CHCTEMax YacCTOTHOPEIYJIbOBAHOI'O €JIEKTPOIPUBO.Y,
BUMArajo MpPOBEJICHHS CIEIIaJbHOr0 TMOPIBHUIBHOIO aHAMI3y 3 METOH0
BU3HAYEHHS HaAWOUIbII pauioHaldbHOI cxemu. B skocti  KpuTepiro
palioOHaIBHOCTI 1HBEPTOPA NMPUNHHATA MaKCMMallbHA CXEMHA IMPOCTOTa, siKa
BHU3HAYA€ BHCOKI IMOKA3HUKH TEXHOJOTIYHOCTI Ha 3aBOJi-BUPOOHHKY 1
3a0e3nedye MiABUILEHY HAAIMHICTh NPU eKCIUTyaTallll.

2. 3icraBneni pi3ui cxemu iHBepTopiB crpymy: AIC 3 BJI, AIT 3 KT, AIC 3
TpuctyrneneBoi komytaniew i AIC 3 npuckopeHuM nepesapsiiom. Buznaueno
YMOBH BUOOPY EMHOCTI KOMYTYIOYHX KOHICHCATOPIB 3a3HAUYCHUX CXEM, NIPU
SIKMX JIOCSITa€ThCSl 3HW)KCHHS HANpPyrd Ha KOHIEHCATOpl 1 KOMYyTalliHUX
NepeHanpyr Ha JBUTYHI. Hait61mpim NEePCIEKTUBHUM TSt

4aCTOTHOPETYJIbOBAHUX EIEKTPOIPHUBOIAIB IpeacTaBisieTbes cxema AlIC 3

B]I.
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3. OuiHeHO NepCHEeKTHBH BHUKOPUCTAaHHA 3aMukaemux tupucropis (GTO,
IGCT) B AIC. Posrusinyto pizHi cxemu AIC Ha 3T, oliHeHa MOXJIMBICTh
30UIbIIEHHS TPaHUYHOI YacToTH B cxeml AIC 3 npUCTpOEM CKUIAHHS.

4. OOrpyHTOBaHO  JIOUUIBHICTh  BUKOPUCTAHHS  CHEIIaIbHUX  THUIIIB
ojHoonepauiiaux npuiaais B AIC. 3anpornoHoBaHO IS BUKOPUCTaHHS B
AIC Tupucropu 3 «M'skum» BlHOBIEHHSIM (SRT-tupucropu), uio
JIO03BOJISIFOTH ICTOTHO MIJABUIIMTH HAAIWHICTH MEPETBOPIOBAYa 32 PaxyHOK
3HW)KEHHSI PIBHS TEpEeHanpyr NpU BUKIIOUYEHHI HAMiBIPOBIAHUKOBOTO
npuIaay.

Takum umHOM, ONTHUMAaNbHE, MO MIHIMYMY BTpaT, 3HAUEHHS Tapamerpa Y
(reomeTpii aCHHXpPOHHOTO JBUI'YHA) IIPH IMPOEKTYBaHHI CHELIAJbHOIO JBUIYHA,
OJIHO3HAYHO BHU3HAYAETHCA CYKYIHICTIO OCHOBHHX TapaMeTpiB  JIBUI'YHA,
3a3HAYEHUX BUIIE. Y 3B'A3KY 3 IUMHU BEIMYMHA 1HAYKTHBHOTO ONOPY KOPOTKOTO
3aMUKaHHS JBUTYHAa CTOCOBHO YaCTOTHOPETYJIBOBAHOTO elekTporpusoay 3 AlC,
Haja€e HEeoOXiJHI BJIACTMBOCTI ACHMHXPOHHMUX JBUIYHIB B PEXKHMI perysrOBaHHS
4acTOTHU 00EpTaHHS, 1 MOBUHHA OYTH BUTPUMaHa B PEKOMEH/I0BAaHUX MEXKax.

JlocnipkenHs crioco0iB oNTHMI3aLlii MapaMeTpiB IEPETBOPIOBAYIB YaCTOTH, 3
METOIO TMOJIIMIIEHHS TeXHIKO-eKoHOMIuHMX mokasHukiB [T AIC, npoBeaeHe B
1IbOMY PO3A1i1, J03BOJISIE 3pOOUTH HACTYITHI BUCHOBKH:

1. EdextuBHUM CcnocoOOM 3HMKEHHSI BJIBIYl BCTAHOBJIEHOI MOTYXKHOCTI
KOMYTYKOUYHMX KOHJIEHCATOPIB 3 OJIHOYACHUM IIOJIIILIEHHSAM rapMOHIHHOIO
CKJIaJy BUXIJIHOTO CTPyMY IHBEpPTOpa € BHUKOPUCTAHHS CKBIBAJCHTHHUX
Oaratodaznux cxem. Hail0inbi mepcrneKTUBHO MPEACTABISETECA CXeMa 3
asoma ITH na 6a31 AIC, 110 npauorTh Ha 3arajibHy 0OMOTKY JBHUI'YHA.

2. Jlid eneKTpOnpHUBOIB 3 IMOCTIHHO TPUBAIMM HABAaHTAKEHHSAM (HacocH,
BEHTUJIATOPU Ta 1H.) 3HMKEHHS KOMYTALIMHUX TEPEeHanpyr 3a paxyHOK
301JIBIIEHHS. €MHOCTI KOHZIEHCATOpiB, ab0 pO3IIMPEHHS BEPXHbOI MEXI
YAaCTOTHOIO Jiana3oHy Moxe OyTH OTPUMaHO Ipd BUKOPHCTaHHI

pEryaioBaHHs 32 3aKOHOM CTaJOCTi aDCOIIOTHOTO KOB3aHHS JIBUTYHA.
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3. IMoninmeHHs rapMOHIMHOTO cKi1axy BUXigHOro ctpymy AlC 1 po3nimpeHHs 3a
paxyHOK 3HW)KEHHS MyJIbCalliil 4acTOTH 00epTaHHs YaCTOTHOIO Jliara3oHy,
Moxe Oytu orpumano npu BukopuctanHi IIIM crpymy 3 nomarkoBumu
NEPEMUKAHHIMU HA IHTEPBaJIl MOBTOPIOBAHOCTI B MOMEHTH 4acy, KpaTHi /3.
Po3paxyHOK KOMyTalliiHMX TIPOLECIB JI03BOJISIE BU3HAYMTH I'PAHUYHI
4acToTH pi3HuX pexumin [LITM.

4. Texniko-exoHomiyH1 noka3zHUku AIC MOxkyTh OyTH 1ICTOTHO MOJIMILIEH] TTPH
LJIbOBOMY TPOEKTYBAaHHI CIELIaJIbHUX JBHUIYHIB i pobdotn 3 AIC, 3i
3HUKEHMMHU 3HA4YEHHAMHU mapamMerpa X'\ — BEJIMUYUHU 1HAYKTUBHOTO OIOPY
KOPOTKOTO 3aMUKaHHS JABUTYHA.

5. HaiObuipm icTOTHUH BIUIMB Ha BUOIp HapaMmeTpiB CHIIOBOI CXEMH HaJae
BEJIMYMHA IHAYKTUBHOTO ONOPY KOPOTKOr0 3aMUKaHHA JBUryHa X'| = X +Xo.
®D13uYHO 11€ MOSICHIOETHLCSA THM, IIT0 HEOOX1aHA 11 KoMmIieHcalii Beanauna C
BU3HAYAETHCS PEAKTUBHOIO NOTY)KHICTIO HABAHTAKEHHS.

6. Y po3aun nmogaHo METOAM PO3paxyHKY 1 peKoMeHAalii 3 MpPOeKTyBaHHS
CIeIIaJIbHOTO ACUMHXPOHHOTO JIBUTYHA Il POOOTH B eKOHOMIUHHX PEKUMAX

3 AIC BJI.
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BUCHOBKH

OCHOBHI BUCHOBKH 1 pe3yJIbTaTH pOOOTH 3BOJISTHCS JI0 HACTYITHOTIO:

1.

Ha ocHOBI npoBeeHHX JOCIIIKEHHD €IEKTPOIPHUBO/IIB HACOCHOI CTAHIIIT 1
MOPIBHSAJBHUX aHAMI3IB ICHYIOYHX CHCTEM 3alpONOHOBAHI HAWOLIBII
HPUIHATHI TUITH YaCTOTHOTO PEryJIIOBaHHS BIILIEHTPOBUX HACOCIB HA OCHOBI
AIC 3 BI-A/IL.

Po3pobneno yrouneni marematuuni mozem cuctemu AIC 3 BJI-AJl 3
BUKOPUCTAHHSAM IOBHOI CUCTEMH Ju(epeHLiaNbHUX PIBHSAHB JIBUTYHA, 11O
BPaxOBYIOTh MyJibCallli BXIJHOTO CTPyMy I1HBEpTOpa 1 J0OJATKOBE

BIJIKpUBAHHS BIATUHAIOUUX I10/1B.

. Ha 0a3i po3po0ieHnx MareMaTHYHUX MOJIENIEH €JIeKTPOMAarHiTHUX MPOLECIB

B AIC 3 B/l 3p00ieHO BHCHOBOK MPO MOMJIMBICTH MOJIMIIEHHS TEXHIKO-
€KOHOMIYHMX noka3HuKIB [IY msxom onrtumizanii mapamMeTpiB OCHOBHHX
€JIEMEHTIB CHJIOBO1 CXeMHU 1HBepTOpa. J{aHO KiIIbKICHI peKOMeH a1l 3 BUOOpy
€MHOCTI KOMYTYIOUMX KOHJEHCATOpIB, W0 3a0e3Me4yroTh 3HUKCHHS
KOMYTAallHUX TE€peHanpyr Ha JABUIYHI, HAOpyrd Ha TUPHUCTOpax, 1
apocesbHux enementax AlC.

Ha mijcraBi aHaiizy rapMOHIMHOTO CKJaiy BHXIJIHOI'O CTPyMy IHBEpTOpa
MOKa3aHa MOJKIIMBICTh 3MEHINECHHS BEIMYMHM I1HAYKTUBHOCTI BXIJHOTO
3IIa/DKYBAJILHOTO JIPOCENsE B TMOPIBHSIHHI 31 3HAYEHHSM, OTPUMAaHUM B

HaOJIMKEHUX aHATITHIHUX PO3paxyHKax.

. Ilokazano, 1110 onTUMalbHI MacorabapuTHI Ta €eHEPreTUUH1 XapaKTePUCTUKU

By3Jla 3aXMCTy JOCATAIOThCSA, NPU CIUIBHOMY BKIJIIOYEHHI JIHIMHOTO Ta
HEJIHIHHOTO JpOCeNiB 3 BHUKOPUCTAHHSAM IIpocTux Yy peamizamii RC -
JIaHLIOT1B. Bu3HaveHo kpallll BapiaHTH po3TallyBaHHs apoceniB y cxemi AIC.
3anpononoBano croci6 mycky [14 3 AIC, mo 3abe3neuye monepeaHii 3apsam
KOMYTYIOUYHMX KOHJEHCATOpiB 0€3 JI0JaTKOBHMX IPUCTPOIB B CHIJIOBIH CXEMI.
3po0JieHO pO3paxXyHOK MapaMeTpiB MPOLECY MYCKY, NPU SAKUX JOCATAETHCS

M1/IBUIIIEHA KOMYTalliiiHa CTIHKICTb 1HBEPTOPA.
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1 Research into the technological features of the operation of powerful electric

drives of oil pumping stations

The o1l pumping station is designed for a capacity of 8 million tons per year.
For these purposes, the project included a pumping scheme using main units of the
NM 1250 type with 4AZMP electric motors with a capacity of 1250 kW and support
units of 14 NDSN with asynchronous electric motors of the VA02-500 type with a
capacity of 160 kW.

The expansion of oil production volumes in the fields over time led to an
increase in energy consumption in this region, and accordingly, the existing power
supply system could no longer withstand the growth of electrical loads. In this
regard, the periodic commissioning of pumping units became problematic due to the
prolonged and difficult starting moments of asynchronous electric motors, which in
turn led to their shutdown by relay protection devices of automation. Pump units are

presented in Fig. 1.1.

Figure 1.1 — Pumping units of the pumping station
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Changing the oil pumping modes was done by outdated traditional methods,
namely, by regulating the pressure at the outlet of the pumping station with a
pressure regulator and using pump units with different impeller diameters.
Maintaining a stable operating pressure at the outlet of the pumping station caused
another problem - ensuring the tightness and proper technical condition of the pump
seals, since in the internal cavity of the pump housing and in the section of the
pressure pipeline, between the pump unit and the pressure regulator, the maximum
operating pressure of the pump is constantly maintained within 2.8 MPa.

The operation of pumping units in such modes was accompanied by increased
noise and vibration, which in turn reduced the overall reliability of the units, led to
premature increased wear of components, both pumps and electric motors, and
shortened the period between overhauls. The problem arose of improving and
modernizing the pumping station taking into account modern achievements in
science and technology, which requires the use of systems that allow smooth

adjustment of the speed of electric motors in pumping and starting modes.

2.2 Ways and methods of solving energy saving problems at oil
transportation pumping stations
Analysis of possible ways to manage oil flow at the NPS
1. With the help of throttling on exit.
Throttling pump widely used in the oil industry. At this manager latch is being
installed on exit pump as shown on Fig. 1.2 .
At this method management managing latch changes pressure drop on
latches and , thus , submission. IN result there is an increase steepness
characteristics and, as a result , the displacement of the working points along the

curve characteristics pump as shown on Fig. 1.3 .
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Figure 1.2 — Pump control using inlet throttling

Losses for inclusion in pipeline widely open latches usually consist of about
10% from others dynamic losses . This requires that, that pressure characteristic

pump was above the estimated points for compensation for these losses .

A e
/ VA
| #r s s s s s s ds o 22 22
—

ST (T TERE TR TR

(—
[ g

I}

p. i,

Hi."‘f

b

—
FITTTS TTTTIS y,’/'//'f/', i)
;
{ 7= '

Figure 1.3 — Effect of throttling on network performance
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THERE ARE some factors that it should be noted at this management method
. Increased pressure drop caused by closing managing latches, is a loss energy (Fig.
1.4).

Useful pressure pump — Hs , however valid the pump head is equal to Hp .
Therefore, the difference ( Hp - Hs ) represents the energy lost due to throttling. This
is only part of the total efficiency loss. Shifting the operating point also reduces the
pump efficiency (Fig. 1.5). In this case, the pump efficiency decreases from 83% to
73%.
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Figure 1.4 — Energy losses during throttling

The piping system in Fig. 1.1 is oversimplified. Pipes and valves are required
to isolate and repair the control valve. Measures must also be taken to ensure a
minimum flow through the pump to avoid vaporization of the liquid and damage to
the pump. Hence the configuration for this type of control can be more complex.
Typically, a complete system requires two control valves and the associated piping
and instrumentation. The requirements for large flow systems are usually associated
with economically selected pumps with “humped” characteristics, this creates

similar difficulties whether or not frequency control is used.
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Figure 1.5 — Pump losses and efficiency when throttling is used

2. Pump flow control by changing the speed.
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When speed variation is used to control pump flow, the pump characteristic

curve moves up or down the network characteristic , as shown in Fig. 1.6.

Q r

¥ H

Figure 1.6 — Effect of speed control on pump performance

This method ensures sufficient energy input to obtain the required feed.

Unlike output throttling control, this control method is much more energy
efficient. However, there are still several factors to consider when choosing this
control method.

The effectiveness of this type of control depends very much on the
characteristics of the pump and the network. The diagram shown in Fig. 1.6 is
“idealistic” for the purpose of demonstrating the operating point. It is necessary to
be aware of the effects of characteristics with different curve shapes, and how best
to apply frequency control to these cases.

There are pump designs (axial, mixed type) that are not approximated by
parabolic expressions, and some of them cannot be controlled by throttling. These
are commonly found in deep well turbine pump designs. Speed control of such
pumps is often inefficient.

May exist loss Efficiency in work pump, in a similar way as it happens when
throttling pump , but in to a lesser extent.

Regulation of the operating modes of pumping units by changing the speed of
the drive motors is currently possible, for example, by using the following types of

equipment:
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— hydraulic and electromagnetic clutches, for changing the pump shaft rotation
frequency while maintaining a constant speed of the electric drive shaft;
— electronic controllers of the speed of the electric drive shaft and, accordingly,

the speed of the pump shaft.

2.3  Analysis of frequency control systems for powerful electric drives, the

task of creating special circuits

Having analyzed the solutions to similar problems in other industries, we gave
preference to frequency regulation of the shaft speed of the electric drive of pumping
units, since, according to preliminary calculations, this effectively solved a whole
range of existing problems at relatively low costs. The choice in favor of the
technology of using frequency-controlled electric drives was made due to the fact
that this technology is the most cost-effective in the operation of main oil pipelines
operating in variable technological modes of oil pumping.

The power consumed from the network when controlling the frequency
converter is calculated by the formula:

R ¢ipc="P mech/ N enpine 1 pe

where P ecn 18 the mechanical power on the shaft of the electric motor, equal
to the useful power of the mechanism, n mex is the efficiency of the electric motor, n
pu 18 the efficiency of the frequency converter.

When performing work on the implementation of frequency regulators, it 1s
necessary to make maximum use of the main functions of the frequency converters
used:

— soft start and braking of electric motors with adjustable speed;

— smooth adjustment or maintenance of electric drive parameters at a given
level;

— energy recovery during braking (this ability is typical for frequency converters
based on autonomous current inverters);

— reduction of forces in motor windings;
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— current and torque limitation in dynamic operating modes;

— automatic restart (ASR) after a short-term power failure;

— fault diagnosis ;

— communication through interfaces with higher-level control and visualization
systems;

— automatic regulation of the technological parameter using a built-in

proportional -integral regulator.

Energy savings when using variable frequency drives

One of the main incentives for the use of variable frequency drives is the
energy savings that can be achieved by their implementation [1,2]. This is due to the
similarity laws that determine the operation of a centrifugal pump (or fan). These

laws can be summarized as follows:

N
%= Tk (1.1)
B _(~) _
?:: [I.-\.rIP ' ke

where Q is the pump output flow m /s, H is the pump output pressure m,

P — input power on the pump shaft kW, N — pump rotation speed rpm.

From these formulas it is clear why energy saving is used as the main incentive
for using variable frequency drives. If, for example, it is necessary to reduce the
pump flow by 50% (and therefore the speed by 50%), it follows from formula (1.3)
that the required input power is 12.5% of the power required at 100% speed. This
means an energy saving of 87.5%.

However, this statement is not entirely correct , since equation (1.3) remains
valid if no static head is required. In order to understand what is happening, it is

necessary to build a basic model of the network and pump characteristics.
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The energy requirement is proportional to the product of H-Q, but the
calculation also includes the drive efficiency ( variable frequency drive and motor)
and the pump efficiency, which are all functions of operating speed and power.
There are publications that describe methods for compiling energy cost tables and
also the rate of return for variable frequency drives.

In addition to energy savings and greater control accuracy when using variable
frequency drives, there are a number of other operational advantages that you should
pay attention to.

Reducing the effect of "water hammer"

Water hammer is a problem caused by a rapid drop in oil flow. These changes
in flow create rapid pressure surges that can damage pipes or dislodge pipeline
supports. Downstream devices, such as valves, can also be damaged.

Direct on line starting of pumps can cause these water hammer effects as it
does not allow for a soft start of the pump. There are soft starters with reduced
voltage that can take care of these types of problems. If a VFD is being considered
for pump control, this can provide an additional advantage. A VFD allows the user
to gradually increase the acceleration rate to the desired level while still developing
full torque over the speed range, and also limits the starting current to no more than
100% of full load current or less. In some cases where large pumps are used in
locations with weak power supplies , this may be the only possible way to start the
pump set.

Reducing cavitation problems

Cavitation is a phenomenon that occurs when the static pressure drops below
the vapor pressure of a liquid. (According to Bernoulli's theorem, where a liquid
flows through resistance, the dynamic pressure increases and the static pressure
decreases.) The result of cavitation is the formation of bubbles of liquid vapor, which
then collapse downstream from the point of low static pressure. The collapsing vapor
bubbles have a very high and concentrated impact force, which over time creates an

effect on the surface similar to the action of a sandblast.
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When the pump operates in this mode, destructive cavitation may occur,
which depends on some pump parameters. Hydraulic Institute (ANSI/HI 9.6.1 -
1988) offers a method for determining the possibility of a destructive cavitation
problem.

The calculation method is based on the definition of the critical "suction
energy" ( Suction Energy - SE) [3].

Sg=D.nSs.g. (1.4)
where D .— impeller diameter, in inches; n — pump speed, rpm; S — specific
suction speed ( Suction Specific Speed ); sg . — specific gravity of the liquid.

Hydraulic standard The Institute defines when cavitation can cause problems
for a centrifugal pump. It sets limits on the amount of suction energy, with S =160
x 10 when the amount of suction energy reaches significant values, and S = 240 x
10 when the amount of suction energy begins to become unacceptably large.

It should be noted that in operating modes of pumping units, when the pump
can reach a point with unacceptably high suction energy, reducing the unit's rotation
speed will cause a decrease in suction energy in a quadratic relationship, which must
be taken into account when designing the control system.

Reduced wear on seals and bearings

Reducing the pump speed reduces wear on seals and bearings. This can be
seen by examining the Reliability Index ( R.LI. Index ) ( Ri ) of the pump
manufacturer [3]. In a particular case, Ri is defined as the product of three quantities.

Ri=FrxFpxFq, (1.5)

where the value of F g depends on the operating speed of the pump; the value

of F pdepends on the diameter of the pump impeller; the value of F o depends on the
flow rate.

According to the manufacturer, the value of F g = 0.2 when the pump is
operating at rated speed. If the pump is operating below rated speed, the value is
taken to be 0.2 to 1 in proportion to the operating speed. For example, if the pump
is designed to operate at a rated speed of 3000 rpm and is operating at 50% speed
(1500 rpm) when using a VFD, then F g = 0.6.



89

F pdepends on the pump speed and impeller diameter. This factor takes into
account the forces acting on the bearings and seals due to uneven pressure
distribution in the casing, and the forces arising from the interaction of the impeller
blades with the pump output. Thus, if the pump has a trim range of 250 mm to 150
mm, then the value of F p= 1.0 is taken, if the impeller is trimmed to 225 mm, from
the optimal diameter, the indicator will fall according to the cubic law. At full
diameter and full speed, F p=0.015, but when the speed is reduced to 50%, the value
of Fp=0.5.

F o, is a factor for taking into account the influence of the flow rate at the
pump outlet on the efficiency of the pumping unit. When the efficiency changes
from the maximum along the efficiency curve, when the flow is controlled by
throttling, there is an increase in the level of vibrations in the bearings and seals,
which reduces the reliability of the entire unit. The value of the factor decreases from
Fo=0.6to F o= 0.45.

Let us consider the effect of changing the reliability index R ;in the case when
the pump operates at full rated speed and is throttled by the control valve at 50% of
the rated flow, the impeller cut is 60% of the standard diameter. In this case, the
pump efficiency is 62.5%, at the upper limit of the flow, the efficiency is 77%, F r
=0.2, F p= 0.8, F o= 0.905. Therefore, when throttled, the reliability index R ;=
0.144.

Under the same conditions, when VFD is used to reduce the flow to 50% by
controlling the speed of the pump unit (flow is proportional to speed, there is no
static pressure). F g=0.6, F p=0.9, F ¢=1.0. And the reliability index is significantly
higher R ;= 0.54.

That is, in the case of speed regulation, reliability increases by 3.75 times
compared to the case of throttling.

Of course, the coefficients given here show the data of one of the pump
manufacturers, based on experiments, and are given here as an example. When using

a regulated electric drive of centrifugal pumps, in each specific case, to calculate the
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reliability index, it is necessary to have data from the factories of the pump unit
manufacturers.

The use of a variable frequency drive allows the use of digital communication
to control the drive, transmit task signals and monitor drive system parameters,
providing significant advantages in the operation of the system in oil transportation.
This means not only more accurate control signals, but also the ability to monitor in
real time such engine data as speed, power, current, voltage, system faults, thermal
overload capabilities, outputs of various sensors in the system and the number of
operating hours. Allows operators to closely monitor operation, look for faults, and
use this data in software packages for better and trouble-free maintenance.

Leakage reduction

Ifit is possible to eliminate the control valves and associated piping, this could
allow a significant reduction in leakage at the control valve seals and flanges. Using
SOCME data for light liquids, leakage data for the control valve seals and flanges
alone is about half a tonne per year.

At present, the use of VFDs in control systems for centrifugal pumps with
load feedback has not been fully investigated. There are recommendations for setting
up flow and pressure control loops using control valves, but there are no specific
recommendations for setting up these loops when using VFDs as the final control
element.

One of the main advantages of a VFD over a control valve is the elimination
of the instability that the control valve introduces into the feedback loop. This
instability is caused by the dead zone inherent in the frictional components of the
control valve, such as the stem and seal. When a signal is applied to the valve, it
begins to move with a time delay. This dead zone, due to friction, can be within 2%
in new valves and increases over the life of the valve. Sometimes digital positioning
systems are used to reduce the effect of the dead zone. However, if it is possible to
use pump speed control to achieve the same control, the dead zone problem is

eliminated.
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There are issues to consider when using VFD in a closed loop control system.
One of these is the response rate, the rate at which the pump can change speed in
response to a given signal from the control system. The rate is determined by the
moment of inertia of the pump-transmission-motor assembly, the inertia of the fluid
column, and the excess torque available (more than is required to maintain the
current speed under load). This sets the acceleration rate.

Recommended actions when setting up a closed loop control. Unacceptable
noisy output signal from the distributed control system (DCS) to the VFD. The
control loop may work well from a shielded DCS (which updates its data slowly),
while the pump may accelerate (decelerate) to maintain the average flow. An
oscillating control valve leads to leakage in the seals, and an oscillating high-power
pump can cause bearing damage, seals and failure in the distribution system. This
situation creates a negative effect. This is also a good argument for using digital
network technology to transmit the drive command signal, instead of the noisy
analog signal option, which gives an inaccurate speed command.

There are a number of examples of VFD applications in the oil industry. In
addition to oil pumps, water injection pumps, reservoir pressure maintenance pumps,
fan-cooled fins (for gas dehydrators), etc. [4,5,6]. Submersible electric pumps are
characterized by a large length of power cable required to supply energy to the
motor, both low-voltage (with step-down and step-up transformers) and high-
voltage VFDs are used. There are also installations with piston pumps such as
multiphase pumps and pumps with serial channels. In the case of multiphase pumps,
the use of VFDs is indeed a necessary process requirement, since this pumping
technology requires reliable speed control to operate at its optimum point. VFDs
have previously been used in pipelines carrying various products - propane, ethane
and ethylene. The main reasons for using VFD in these cases were energy savings
(even when reducing speed by only 5%), reduced consumption costs, weak power
supply (using the soft start capability).

The refining sector of the petroleum industry probably has the greatest

potential for VFD flow control, but the number of installations in this sector is
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currently insufficient. There are a few isolated examples in the literature where
refineries and petrochemical plants have used VFD on a significant number of
pumps and fans.

One of the well-known cases of using VFD in a far-off country is Exxon.
Chemical at its Fawley complex in the UK. The rationale for implementing VFD (in
order of priority) is - elimination of the control valve, increase in unit productivity,
improvement in control quality, increase in reliability, energy savings. The powers
of the engines used - in the range from 22 to 300 kW. VFD for centrifugal pumps
are used in a feedback control system with an internal PID algorithm - regulation
built into the drive. Typically, for centrifugal pumps, a speed change range of 30%

is sufficient.

2.4 Research and development tasks for the electric drive system of

pumping units

The above circumstances necessitate the implementation of a number of
scientific research and development projects for more effective use of VFD in oil
pumping stations in the conditions of the Republic of Kazakhstan.

Requirements for the structural diagram of the VFD

As a drive motor for the pumping unit when transporting oil, powerful high-
voltage motors (6 and 10 kV) with a rotation speed of 3000 rpm in explosion-proof
design of type 4AZMP and 5AZMV are usually used. The condition of
electromagnetic compatibility of the frequency converter with serial motors is the
first unconditional requirement for the frequency converter.

According to the diagram presented in Fig. 1.7, the output matching
transformer, in addition to ensuring the connection of the low-voltage (660 V)
converter and the high-voltage (6 and 10 kV) motor, is a voltage divider with respect

to the inductance of the latter, reducing switching overvoltages.
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Figure 1.7 — Functional diagram of the frequency converter

The input step-down transformer is also fundamentally necessary not only for
matching the voltage of the network and the inverter, current limitation in emergency
modes, but also to ensure potential separation with the network under the conditions
of limiting overvoltages relative to ground.

The aim of the work was to solve a set of theoretical problems related to the
development of a refined method for analyzing electromagnetic processes in the
AIS-AD system and recommendations for calculating power elements that allow
creating a regulated electric drive for pumping stations with improved technical and
economic indicators. At the same time, technical and economic indicators are
understood as a set of indicators of purpose, manufacturability, weight-and-
dimension indicators of reliability, ease of maintenance, energy, cost, etc.

To achieve this goal, research is required in three areas:

4. Determination of rational AIS schemes for constructing a frequency
converter, taking into account the existing level of development of the power
element base.

5. Analysis of electromagnetic processes of an autonomous current inverter in
an asynchronous electric drive system and development of recommendations
for calculating the parameters of power circuit elements.

6. Determining ways to improve inverters with AIS for promising AC electric
drives.

After determining the rational scheme of the inverter with AIS for the electric

drive and at a specific level of development of the element base, the only effective
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means of improving technical and economic indicators is the development of refined
methods for analyzing electromagnetic processes and calculating the optimal
parameters of power elements based on them.

Frequency converter power circuit requirements

Frequency converters for powerful high-voltage motors of main pumps are
expedient to be made on the basis of an autonomous current inverter. Such a
combination with special control algorithms allows to provide practically sinusoidal
output voltage of converters, that is, a high level of electromagnetic compatibility
with the motor. Frequency converters based on AIS are produced by leading foreign
companies: " Siemens ", Germany (series Simovert -A, Simovert -I), " Schorch ",

Germany, "BM Elektronic ", Germany, " Transrech Drive systems Berlin »,
Germany, « Relience Elektric ", Germany, " AsiRobicon ", Italy - USA ( Silcovert
H series), " Alstom ", France (ALSPA CDL8000 and ALSPA CDMS8000 series), "
Allen Bradley ", USA-Canada ( Power series Flex ), « Hill Graham Control ” (USA),
EOS ( Kharkiv , Ukraine) and ESTEL PLUS (Tallinn, Estonia). [8,9,10].

On the other hand, the use of converters based on autonomous voltage
inverters with pulse-width modulation (PWM- design ) in VFD main pumps leads
to the presence of a lattice shape of the output voltage, which negatively affects the
insulation of the motor (AD). In this case, the manufacturer of the converters usually
offers the supply of "their" motor with reinforced insulation, which significantly
increases the price of the entire VFD set and requires constructive coupling with the
pump. In addition, a filter must be installed at the output of converters with such a
voltage shape, the dimensions of which depend on the distance of the inverter from
the motor (the "long line" effect). With a significant cable length between the
converter and the motor on the NPS, a bulky output filter significantly reduces the
efficiency of the entire installation.

High requirements for the reliability of the converter led to the need to find
new approaches to the power semiconductor base of the converter. As a result, a new

type of power thyristors with "soft" recovery - SRT ( Soft Recovery Thyristors ) [8].

In this device, based on electron and proton irradiation technology, a “soft” recovery
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process is implemented, which ensures minimization of switching overvoltages
when the thyristor is turned off and its high reliability.

Requirements for power transformers

For VFDs installed at oil pumping stations, it is essential to use dry
transformers [12,13]. As for oil transformers, in addition to the general problems
associated with installation and maintenance, they must be significantly removed for
fire safety reasons, which increases the length of cables, increases the price of the
entire installation and reduces the overall efficiency.

The only advantage of oil transformers over dry ones until recently was the
possibility of installing them outside the room (or outside the container). However,
the company "ABB Transformatoren" GmbH " (Germany) according to the
technical specifications of NPP "EOS" developed a series of transformers in the "
outdoor " version (for outdoor installation) with a degree of protection IPX4D and a
special design of power buses, structurally connected to the PCTE converters in the
container. In this case, high voltage (6 or 10 kV) is not introduced into the container,
which significantly simplifies operation for service personnel. In this case, the input
and output transformers are made with different values of the short-circuit voltage
U k, the value of which is set by the developers of the converter [15,16].

To assess the electromagnetic compatibility of the converter with a serial
engine, we will perform calculations that characterize the quality of the output
voltage of frequency converters of the PCHTE. As an example, we will consider a
VED based on a SAZMYV engine with a capacity of 3150 kW and a voltage of 10
kV.

The initial data for the calculation are the engine parameters: c 0 s ¢ = 0.91
(according to passport data) and X' ;= 0.182, where X' ;is the transient inductive
resistance, expressed in relative units. The nominal motor resistance is taken as the

basis. In this case:

R = Xl Ry= X (1.6)

Engine parameters can be calculated using the following expressions:
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By = A g
sme , - X] (17)

[ "2 ' '
E,=41+X,) -2sme¢ X, (1.8)

The shape of the output voltage of the converters is shown in Fig. 1.8. The
value of the switching peaks in the output voltage is determined by the
electromagnetic processes in the system of an autonomous current inverter - an

induction motor. The process diagrams are shown in Fig. 1.9.

NN

Figure 1.8 — Output voltage waveform
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Figure 1.9 — Process diagram in PCTE

Because switching processes are taking place in the contour consisting of
from capacitors inverter (C ¢ ) and inductances engine ( Fig. 1.10) , then the first
and second peak overvoltage respond main and additional voltages on capacitors

(at the moment additional opening cutting off diodes ).
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Figure 1.10 — Equivalent converter system

These quantities are described by the following expressions:

[2X .
, = cos(@ + —j!)+ =
6 c’osG (19)

\/TF

Ue,

UC‘mdma = COS(G + _}, - _")

6 cosa (1.10)
Expressions (1.9) and (1.10) are written in relative units, the amplitude of the
motor linear voltage, reduced to the output of the inverter, is taken as the base value.
These expressions allow us to determine the voltages at the rated load of the motor
(f=50Hz,[=11om, U=U yom). To determine the voltage values at any point in the
frequency range, we take into account that the regulation in the frequency converters
of the frequency converter is carried out according to a special regulation law - with
the maintenance of the constancy of the absolute rotor slip. Regulation according to
a special law is the second factor, together with the optimal parameters of the
inverter power circuit, which ensures high quality of the converter output voltage.
Fig. 1.11 shows the corresponding dependencies in relative units, from which
it follows that in the main range of regulation of the pumping unit the voltage of the
second peak U gv.dop is the determining factor -
The analysis of the dependencies in Fig. 1.11 shows:
— absolute excess of the peak value over the amplitude of the permissible line

voltage at 100% VFD power load — no more than 5%;
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— at frequencies below 49 Hz , switching peaks do not exceed the amplitude of
the line voltage;

— the leading edge of the switching peak is “soft” (Fig. 1.9) with a duration of
approximately 20 °.
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Figure 1.11 — Voltage vs. Frequency
In Fig. 1.12 the voltage on the switching capacitor is calculated according to
expressions (1.11) and (1.12). The decisive value is U ¢mgop , Which reaches 1200 V
at =50 Hz and determines the choice of elements of the inverter power circuit
(thyristors, diodes, capacitors).
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Figure 1.12 — Voltage level on the elements of the power circuit

The above calculations show the high quality of the output voltage of the
PCTE converters, which ensures the possibility of using serial motors for VFD of

main oil pumps.
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The use of frequency converters to control electric motors of main pumping
units significantly improves the technological operation mode of the pump.

So, when the engine is directly connected to the 50 Hz network and the
pressure at the station outlet, maintained by the pressure regulator (PR), is 16 kg/cm,
the pressure at the pump outlet is 29-31 kg/cm (depending on the oil level in the
tank), 1.e. the pressure drop at the PR 1s 13-15 kg/cm.

When the engine is operated by a frequency converter, the pressure at the
station outlet is determined by the engine speed; the PT does not work, i.e. the
pressures at the pump outlet and at the station outlet are equal, there is no pressure
drop in the PT. Thus, the maximum pressure in the station system is reduced (in this
example from 31 to 16 kg/cm), which significantly reduces equipment wear. In
addition, the smooth acceleration of the pump when operating from a frequency
converter eliminates hydraulic shocks when starting the main pumping unit, which
also has a positive effect on the period of trouble-free operation of the equipment.

When starting the main pumping unit from the inverter, there is no surge in
the starting current of the motor (the starting current is 50% of the rated motor
current, while the starting current during direct start from a 50 Hz network is 5-7
rated motor current values), which significantly reduces wear on the motor and the
starting equipment of the station.

At a minimum oil level in the tank (less than 150 cm) and nominal pressure at
the station outlet when the main pump unit is operating without a backup pump unit,
the main pump operation mode is not disturbed, as evidenced by the absence of
extraneous noise and reduced vibration. Thus, the use of a frequency converter
allows us to consider the issue of switching off the backup pump unit. Expected
reduction in vibrations when using VFD (3-5 times).

When the pump unit is operated from a frequency converter, the electricity
savings compared to directly connecting the motor to the 50 Hz network will be at
least 40%.

Promising schemes of autonomous current inverters for powerful

frequency converters
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Despite the intensive development of power semiconductor technology, the
production of powerful (over 1000 kW) frequency converters for asynchronous
high-voltage electric drives has been mastered by a fairly small number of the
world's largest leaders in this area. The significant engineering and technical reserve
obtained by companies in the production of frequency converters based on low and
medium-power voltage inverters can be used to create powerful converters to a
rather limited extent [18,19].

AIS circuits with three-stage switching are circuits with switching capacitors
cut off from the load. However, to emphasize the significant complication of the
circuit and the emergence of new switching stages when introducing a reverse diode
bridge, these inverters are allocated to a separate classification group. The presence
of a group switching node does not allow cutting off capacitors from the load, which
significantly changes the nature of electromagnetic processes. Comparison of
different inverters to determine a rational AIS circuit can be carried out on the basis
of specific analysis methods. In this regard, it is advisable to perform this
comparison after considering existing methods.

Known problems of electromagnetic compatibility of converters of this class,
the power supply network (high content of higher harmonics in the network current
due to the operation of the rectifier on the capacitive filter) with the drive induction
motor (due to the " lattice " shape of the output voltage of the PWM inverter, which
exacerbates the problems of the "long line"), imply the mandatory presence of input
and output LC filters, which actually turns the classic two-link circuit into a four-
link one .

Most common options with using parallel connection low-voltage ( 0.4kV)
converters and coordinating incoming and output transformers (Fig. 1.14 ), since
the lines high-voltage schemes even when using high-voltage IGBT modules and

transition to three-level inverters allow get valve part on voltage no more than 3 -

4kV at ordinary voltage powerful asynchronous motors 6kV [24].
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Figure 1.14 — Frequency converter — AIN

It should be especially emphasized that the desire to improve the shape of the
network current leads to the need to build a rectifier in the form of a fully controlled
IGBT bridge, which is accordingly reflected in the price of the converter. It is
obvious that in this case the increase in the price of the entire set of equipment occurs
due to the use of a network transformer with a large number of secondary windings.
The above circumstances explain the predominant distribution in the area of high
power frequency converters based on autonomous current inverters. As an inverter
itself, as a rule, two schemes are offered: a current inverter on single-operation
thyristors with cut-off diodes (Fig. 1.15) and a parallel current inverter on double-

operation thyristors (Fig. 1.16).
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Figure 1.15 — IF — AIS with VD Figure 1.16 — IF with parallel AIS

This scheme occupies an intermediate position between the two above-

mentioned ones, however, in our opinion, it loses to the first of them in complexity,
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and the second in the harmonic composition of the output current. Therefore, two
basic schemes will be subjected to further comparison - Fig. 1.15 and Fig. 1.16. The
principle of operation of the scheme in Fig. 1.15 is well known. This is a scheme
with two-stage switching, which differs from a parallel inverter by the presence of
cut-off diodes that prevent the existence of constant oscillatory circuits between the
capacitors and the load inductances (asynchronous motor).

Scheme in Fig. 1.16 there are classical parallel inverter , I'm in to his/her
traditional variant ( on ordinary thyristors ) bad suitable for works on asynchronous
engine .

The circuit is operational using a special " shoot-through " algorithm (through-
shorting of the inverter arm). The principle feasibility of this algorithm in an
autonomous current inverter due to the presence of a smoothing choke with a large
inductance has been obvious for a long time and was mentioned as a variant of the
PWM algorithm, for example, in the works of scientists from Siemens , but in
combination with a power circuit on lockable thyristors, this algorithm was first

proposed by the developers of Hitachi [14].
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Figure 1.17 — PF — AIS with diverter

Thus, in most technical parameters, the circuit in Fig. 1.16 loses to the circuit
in Fig. 1.15. Therefore, the argument about improving the harmonic composition of
the output current and voltage is usually given as the main advantage of an inverter

based on GTO thyristors with PWM modulation.
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However, for powerful converters, in which at least two converter modules
are connected in parallel, the transition to a twelve-pulse circuit on the motor side is
just as advisable as on the network side.

For such a scheme (Fig. 1.18), the value of the coefficient K ; will be of the
order 0of 0.99, i.e. comparable to the value of K ; for the scheme in Fig. 1.16.

The distortion of the output voltage waveform in a current inverter is usually
estimated by the value of the coefficient K ,= U ¢nI- V3" U phase, which characterizes
the amplitude of the switching overvoltage in relation to the amplitude of the motor
line voltage. For the circuit in Figure 1.16, the value Ki = 1.15 1s usually given, for

six-pulse circuits of current inverters in Figure 1.15, the real value of the coefficient

Kew= L 15-102:
PR e
) = J

Figure 1.18 — 12 -pulse IF — AIS with VD

Twelve-pulse scheme inverter current from cutting off diodes , in which are
managed with a shift 30°, allows additional optimize as size capacitance of the
capacitors , and the value switching overvoltages .

It is known that at management two bridges with a shift at 30°, i.e. at non-
overlapping commutations , total capacitance two bridges in such a scheme can be
reduced twice as much as one by bridge the same total power at maintaining the
same amplitudes switching overvoltage . Present fact it becomes obvious, if
written down expressions for voltage U «n in the case of one inverter current ,
working with current L ¢4, and two that work without overlap commutations with

current L4/ 2:



104

2L

U, =3 E, cosb + I, L (1.15)

; T I 2L

e e (1.16)
T g 21
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Neglecting the difference in the arguments of the " cos " function, we get the
opportunity to reduce the capacitance of each module by a factor of 4, and the total
capacitance by a factor of 2. The energy meaning of this fact is that with two non-
overlapping switchings, only half of the energy is discharged into the capacitors, and
the other half is accumulated by the source circuit of the second bridge.

Let's consider how expedient it is to make the most of the possibility of
reducing the capacitance by a factor of 4 for each bridge. To do this, let's turn to the
general criteria for selecting the capacitance for a current inverter circuit with
clipping diodes.

Figure 1.19 shows curves that correspond to two criteria for selecting

capacity.
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Figure 1.19 — Curves that meet two capacity selection criteria

Curve 1 corresponds to the maximum possible capacitance value at which the

condition of completion of switching processes is met.
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The resulting expression obtained from (1.18), according to which curve 1 is

constructed, has the form (1.21)

X, 1 T, [yt
AT E + 1+ 2) V2X | . (1.21)
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Curve 1 built for the following typical engine parameters expressed in
relative units: X' 1=0.2 ; X 52/X 2=3.25 (at cos ¢ fn.avig=0.88 ).
Provided existence any mode — from idle speed to current overload — value

) . . [X /o =2855¢ ,=0).
marginal containers should be chosen insize ¥ ¢ 2,835 (npup.=0)

At such a choice containers provided ordinary coefficient value switching
overvoltage , which was indicated above.

Expression for coefficient K ¢ maybe recorded in the form of:

X Joxi- X,
K= —[I_‘”’ = cosf + Y= X - #, 3 ‘ (1.22)
V3E, o A, 6 cosf

If we assume K =0, then we obtain the expression by which curve 2 is constructed.

(1.23)
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The selection of capacitance according to criterion (1.23) characterizes the
absence of switching overvoltages . It is obvious that when choosing according to

this criterion, one should be guided by the values ¥ ¢ /@ = 2,455 (mpum f.=1.73).

Thus, in a two-bridge converter with non-overlapping commutations, an
almost twofold reduction in the total number of capacitors can be achieved with

absolute minimization of switching overvoltages .
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In practice, it is advisable to choose a capacitance slightly smaller than that
according to curve 2. The principles of capacitor selection outlined above were
implemented in the design of a number of powerful frequency converters of the
PCTE type based on autonomous current inverters with clipping diodes.

The use of frequency converters to control electric motors of main pumping
units will significantly improve the technological operation mode of the pump. Thus,
when the motor is directly connected to the 50 Hz network and the pressure at the
station outlet, which is maintained by the pressure regulator, is 16 kg/cm, the
pressure at the pump outlet is 29-31 kg/cm (depending on the oil level in the tank),
1.e. the pressure drop at the RT is 13-15 kg/cm.

When the engine is operated by a frequency converter, the pressure at the
station outlet will be determined by the engine speed; the RS does not work, i.e. the
pressures at the pump outlet and at the station outlet will be equal, there is no
pressure drop in the RS. Thus, the maximum pressure in the station system is reduced
(in our case from 31 to 16 kg/cm), which significantly reduces equipment wear. In
addition, the smooth acceleration of the pump when operating from a frequency
converter eliminates hydraulic shocks when starting the main pumping unit, which
also has a positive effect on the term of trouble-free operation.

When starting the main pumping unit from the inverter, there are no surges in
the starting current of the motor (the starting current will be approximately 50% of
the rated motor current, while the starting current during direct start from a 50 Hz
network is 5-7 of the rated motor current), which significantly reduces wear on the
motor and the starting equipment of the station.

At a minimum oil level in the tank (less than 150 cm) and nominal pressure at
the station outlet, the operation of the main pumping unit without a booster pumping
unit will not disrupt the general operating mode, which will ensure the absence of
extraneous noise and reduced vibration. Thus, the use of a frequency converter will

allow us to consider the issue of switching off the booster pumping unit.
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When operating the pump unit from a frequency converter, the expected
electricity savings compared to directly connecting the motor to a 50 Hz network
will be at least 40%.

A comparison of frequency converters implemented on different element
bases, including on locking thyristors, was carried out. The main advantages and
disadvantages of different schemes were identified, and an AIS system with a VD
based on thyristors with "soft" recovery turned out to be an acceptable system for

controlling the performance of NPS pumping units.
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