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EnekmpuyHi mawuHu ma anapamu
VK 621.313.8

doi: 10.20998/2074-272X.2021.2.01

B.I'. JTlro6apcekwmit, JI.B. OBep’sinoBa, €.C. Ps6os, J1.1. Skynin, O.0. Octpoepx, F0.B. BopoHin

OIIHKA I'OJIOBHHMX PO3MIPIB TATI'OBOI'O CUHXPOHHO-PEAKTUBHOI'O
EJJEKTPOJABUI'YHA 3 TOCTIMHUMHU MATHITAMHA

Y ecmammi posensanymi numanms npoekmyeanHs msa208020 CUHXPOHHO-PEAKMUBHO20 eNeKMPOOSUSYHA 3 NOCMIUHUMU MASHIMAaMu
nomyoicuicmio 180 kBm 015 npugody koxic mponetidyca. 3anponoHo8ano cnocib GU3HAYEHHS 20I06HUX PO3MIDIE eleKmpOO8USYHd,
AKUIL NOEOHYE AHATTMUYHUL UOID nApamempie Cmamopa ma YuceabHo-noIb08i PO3PAXyHKU 071 8ubOpy napamempie pomopa. Iloka-
3aHa HeOOXIOHICMb NepesipKu MeXaHiyHOl MIYHOCMI pomopd, 6 AKOMY po3mauiosano nocmiuni maewimu NdFeB y nomoxogux
bap ‘epax. Y pezyromami 00cniodicents GUIHAUEHO POIMIPU AKMUGHUX YACMUH, OOMOMKOGI OaHi cmamopa ma KOHCMpPYKMueé pomo-
pa erexkmpoogueyna. bion. 17, tabun. 3, puc. 5.

Kniouogi cnosa: cHHXPOHHO-PeAKTUBHUI JBUIYH 3 MOCTIHHMMH MarHiTaMM, TSrOBUH eJeKTPONPHBOI, NMOCTiHMII MarHir,
eHeproe)eKTUBHICTb.

B cmamve paccmompenvl 80npocul NPOEKMUPOBAHUSA MAL08020 CUHXPOHHO-DEAKMUBHOZ0 NEKMPOOSULAMeNs ¢ NOCMOAHHbIMU
macnumamu mowpocmoio 180 kBm 0na npugeoda xonec mpoanetidyca. Ilpeonosicen cnocob onpedenenus 2i1a6HbIX pa3smMepos dJeK-
mpoosuzamens, KOMOpwlil couemaem aHATUMUYecKull 8olOop napamempos Cmamopa U YUCileHHO-nojegble pacyemvl Oiis 6bl00pa
napamempoe pomopa. Ilokazana HeobXxoouMocms npoGepKU MeXAHUYECKOU NPOUYHOCHU POMOPA, 8 KOMOPOM PACHONIONCEHO NOCMO-
annvie maznumusl NdFeB 6 nomokosvix bapvepax. B pesynbmame uccrnedosanus onpedeienvl pazmepvl aKMUHbIX Yacmell, 006Mo-
MouHble OAHHble CMAmMOopad U KOHCMPYKMuUe pomopa snekmpoosuzamens. buon. 17, tadn. 3, puc. 5.

Kniouesvie cno6a: CHHXpOHHO-PEAKTHBHBII IBUraTe/Ib ¢ NOCTOSSHHBIMH MAarHUTAMM, TATOBBIH 3JIEKTPONPUBO/, MOCTOSTHHBII

MATHHUT, 3HeProd(peKTHBHOCTD.

Beryn. Ha remepinmmiii dWac 3aralbHOCBITOBOIO
MPAKTHKOIO € 3aCTOCYBAaHHS Ha PyXOMOMY CKJIAfi 3aii3-
HHIb, POMHCIOBOTO Ta MIiCBKOTO TPAHCIIOPTY TATOBUX
SNIEKTPONPUBOAIB 3 ACHHXPOHHHMH €JIEKTPOABUTYHAMH
[1-3]. B Ykpaini y mupokux Macmradax TSIroBi acHHX-
POHHI €JEKTPOIPHBOIM 3aCTOCOBYIOTHCS HA PYXOMOMY
CKJIaJli MICHKOTO €JIEKTPOTPAHCIIOPTY Ta MaricTpajibHUX
3aii3Hullb [4]. [0J0BHUMHU mepeBaraMu TATOBOTO aCHHX-
POHHOTO €JIEeKTPOIPUBOAY BBaKAIOTHCSI BUCOKI €HEPreTH-
YHI Ta Maco-rabapuTHI MOKa3HWKH, BUCOKWH piBEHb Ha-
JIMHOCTI, MPOCTOTa KOHCTPYKLIi, BENUKI TEPMIHHM MiX
obciyroByBanHsaM [5]. [IpoTe BUMOTH MIOKO 3MEHIIICHHS
SHEPro- Ta PECYpPCOCHOXHBAHHA PYXOMHM CKJIAIOM
TPAHCIOPTY CTaBJIATH TEpel HaAyKOBO-TEXHIYHOI CITUTB-
HOTOIO 3afayi fK IIOJO HOAAJIBIIOTO yIOCKOHAJIECHHS
TSATOBHX ACMHXPOHHUX €JIEKTPOIPHBO/IIB, TaK i pO3POOKY
Ta AOCIIIHKEHHS HIIUX THIIB SJIEKTPONPUBOIIB [6]. Allb-
TEPHATUBHHUM MiAXOJOM JUISl MiJABUIIEHHS €(QEeKTUBHOCTI
TSITOBOTO €JIEKTPOIIPUBOJLY € BUKOPHCTaHHSI CHHXPOHHUX
JBUTYHIB 31 30y DKEHHSIM Bijl MOCTIHHUX MArHitiB [7], ane
BEJIUKA Maca BHUCOKOKOCPLMTHBHHMX MOCTIIIHUX MAarHiTiB
3HAYHO 301JBLIYyE 3aTPaTH Ha BUPOOHMITBO TaKHX EJIEKT-
POJIBHIYHIB.

AHani3 JiTepaTypHHX [JaHMX Ta TOCTAaHOBKA
npo6aemn. CrnennigHOIO OCOOTUBICTIO TSATOBOTO €JEK-
TPONPUBOAY € IIMPOKHH Hialla30H PETyNIIOBaHHA YacTOTH
o0epTaHHS Ta MOMEHTY, a OTXe, BXJIUBHM € 3abe3re-
YEeHHsS BHCOKMX EHEPreTHYHHX IIOKA3HHKIB TATOBOI'O
NPUBOJY Y PI3HUX PeKUMax poOOTH. 3a OL[IHKAMH Pi3HUX
aBTOPIB, TaKi XapaKTEPUCTHKU 3a0e3NeYylOTh CHHXPO-
HHO-PEaKTUBHI €JIEKTPOABUTYHU 3 MOCTIMHUMH MarHiTta-
mu (CPHIIM) (permanent magnet-assisted synchronous
reluctance motor — PMSynRM, PMA-SynRel) [8-12].
[pu upoMy MacorabapuTHI MOKA3HUKH Ta BAPTICTh IBH-
T'YHa TaKOr'0 THIY € NOPIBHIHUMH 3 aCHHXPOHHUM EJICKT-
POIBUTYHOM, a OT)KE TSATOBHU MPHUBIZ HA OCHOBI CHHXPO-
HHO-PEaKTUBHOTO €JIEKTPOJBHUIYHA 3 ITOCTIHHUMH MarHi-

TaMHU € «IPSIMOIO AJIBTEPHATHBOIO» TATOBOMY ACHHXPOH-
HOMY €JIEKTPOIIPHBOLLY.

CPAIIM — me CHHXPOHHWI pEakTHBHHUN JBHUTYH
(Synchronous Reluctance Motors — SynRM) 3 mocriiiHu-
MU Mariramu ycepeauHi poropa. Kondirypaiiist Tunoso-
ro CPJIIIM naBeznena Ha puc. 1 [8-10].

Nocrifinui
MarHit

MNotokesi

——

Bap'epu \
- Hanpsmok
—=" OBmoTka HAMArHIvyBaHHA
a o

Puc. 1. Kondirypanis CPAIIM (a) i cexuist potopa (6).
Tloznaueno: W,, W,, W,,, H,, — TaHTeHIIATIBHI pedpa, HTOTOKOBI
0ap’epy, IIMPHHA Ta BICOTA MOCTIHHIX MarHiTiB pOTOpa BiAIOBITHO

VY 1pOMy JBUTYHI, SIK IPaBHUJIO, 3aCTOCOBYIOTH PO3-
nojisieny oomotky craropy [10, 11]. Jdusa migBHIeHHS
BUKOPHCTaHHSl PEaKTHBHOTO 00EpTaldoro MOMEHTY B
panianbHOMY HalpsIMKYy pOTOpa pPO3MIllleHi OIHMH 3a Of-
HHUM KaHaJIM TOTOKOBUX Oap’epiB. OcobimBicTIO poTopa €
HasIBHICTh TOCTIHHMX MAarHiTiB (piaKo3eMesnbHI MarHitu
tunry NdFeB, ¢eppur Y30), BcTaBneHi B HOro IMOTOKOBI
6ap’epu [11-13]. TTocTiiiHi MaraiTH PiBHOMIPHO HaAMarHi-
4YeHi 1 yTBOPIOIOTH (-Bich poTopa. OCKUTBKH MOCTiiHI
MarHiTd MaroTh NPUOINU3HO TaKy K MPOHUKHICTh, 1O i
HOBITPs, BOHM CTBOPIOIOTH HIIAX 3 BHCOKHUM OIIOPOM i
MarHiTHOIO aHI30Tpomi€l B HampsMKky Bici q. Cranea
YacTHMHA pOTOpPa YTBOPEHAa HEBEJIMKHMH CErMEHTaMH,
130JIbOBAaHMMH OJIMH BiJI OJIHOTO MMOTOKOBHMH 0ap’epamu.
Ii cerMeHTH 3a0€3MEUYIOTh MUIAX 3 MaJHM OMOPOM IIO-
ToKy 110 Bici d. /Iy 3a06e3nedueHHst MiHOCTI KOHCTPYKIii
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poTopy HEoOximHO, m00 (epoMarHiTHI CErMEHTH OyIH
BHYTPIIIHBO TIOB’S13aH1 OAWH 3 OJHUM, TOMY B KOHCTPYK-
nii poTopa BHKOPUCTOBYIOTBCS TaHIeHLIAIbHI pedpa
no0au3y IMOBITPSHOTO NPOMDKKY ToBHIMHOWO W, [14].
3aBAsAKH BCTAHOBJIEHHIO MOCTIMHMX MAar”iTiB TaHI€HI[ia-
JIBHI pedpa HaCHYYyIOTHCS IPH HOPMAJIBbHIN pOoOOTI ABUTY-
Ha 1 TOMy MarHiTHO i30JIIOIOTH Pi3HI CTajeBi CerMeHTH
[14]. 3 ToukHM 30py CTBOPEHHSI 00EpPTAIOYOTO MOMEHTY,
pO3CifOBaHHA MOTOKY, BUKIMKAHE TAHTCHIIATEHUMH ped-
pamu, TOBUHHO OyTH MiHiMamsHUM [11].

Ornsip myomikariii [ 10-14] mokasye, mo BU3HAYCHHS
PO3MIpiB Ta MapaMeTpiB €IEKTPOABUTYHIB 3AiHICHIOETHCS
LIISIXOM YHCENIBHO-TIOJIOBUX PO3PaXyHKIB Y MOEIHAHHI 3
OaraTOKpHUTEpiaJbHOK onTuMi3alieo. BapifioBaHumu
napaMeTpamy, sIK MPaBuUiIo, € TEOMETPUYHI PO3MIpH eje-
MEHTIB MarHitonpoBony. BonHowac, OCKiNbKHM cTaTtop
CPIIIM noniOHuii 10 CTaToOpy €IeKTPOABUTYHA 3MIHHO-
ro CTpyMYy, TO OYEBHJHO, MOKHAa CHPOCTHTH ONTHMi3a-
LifiHy MoOzeNb, 3aCTOCYBAaBIUM JMJIsI CTaTOpa KIIAcH4Hi
METOAM PO3PAaXyHKY MarHiTHOTO KOJIa EIEeKTPUYHUX Ma-
IIMH, a YUCEIbHI PO3PaxyHKH 3aCTOCOBYBATH TITBKH LIS
BH3HAYCHHS KOHQITypaIlii poTopa erekTpoaBuryHa. Kpim
TOTO, Taka JAEKOMIIO3HWIlIS JO3BOJIIE TPOBECTH OLIHKY
PO3MIpiB AaKTHBHUX YAaCTHH €JIEKTPOABHIYHa Ta HOTO
BIIMCYBaHHS y BiIBEACHWI MOHTaXHHH MpocCTip 0e3 4m-
CEeNIbHUX PO3PaxyHKIB MarHiTHOTO TOJIs, BHACIIIOK YOr0
BU3HAYUTHBCA MHOXHHA JONYCTUMUX T'COMCTPUYHUX
napameTpiB craropa.

MeTor podoTH € po3podKa aNropuT™My BHOOPY To-
JIOBHUX PO3MIpPIB TATOBOIO CHHXPOHHO-PEaKTHBHOTO
€JICKTPOJBUTYHA 3 IOCTIHHIMHU MarHiTaMmu.

3amayero JOCHIIDKEHHS € afanTallisa METOIUK BHOO-
Py TOJIOBHUX PO3MIpiB €IEKTPUYHUX MAIIMH Ui iX 3a-
crocyBanHs moao CP/IIM.

Metoanka Budopy ronosuux posmipis CPAIIM.
TonoBHUME po3MipamMH €JIEKTPUIHOT MAITMHA Ha3UBAIOTh
JiaMeTp sKopsi abo JiaMeTp pO3TOYKM cTaropa Ta IX
OCBOBY JOBXHHY. LIi po3mipu 3aiexath Bill MOTYKHOCTI,
YacTOTH OOEpPTaHHS Ta Psy MOKA3HHKIB, SIKi XapaKTepH-
3yIOTb BUKOPHCTaHHS aKTUBHHMX 4YacTHH EJIEKTPUYHOI
ManmH [5]. OCOONMBOCTAMU TATOBHX CICKTPUYHUX Ma-
LIMH €, MO-TIepIIe, PEryJIIOBAaHHSA YacTOTH OOepTaHHS Y
IIMPOKOMY JTiama3oHi (BiAHOMIEHHSI MaKCHMAIBHOI 9acTo-
TN 00epTaHHA 0 HOMiHAJIBHOI MOXE CKJIAAaTH Bix 3 10 5
pasiB, a BiIHOIIECHHS HAHOITBIIOTO MOMEHTY II0 HOMiHa-
JBHOTO — 70 2 pa3iB), a, mo-Apyre, 0OMeXeHHs rabapuT-
HUX PO3MIpiB, TIOB’S3aHE 3 PO3MIIIEHHSIM EJISKTPUIHOL
MaIlIMHU Ha TPAHCIIOPTHOMY 3ac00i Ta il KOMIIOHYBaHHSIM
y TpaHcMicito. Ile y GimbIocTi BUNaKIB YHEMOKIIUBIIOE
BUKOPUCTAaHHs TOCTIHHOI ApHOJIbAA JUIl BU3HAYEHHS TO-
JIOBHHX PO3MIpIB TATOBUX EIEKTPUYHUX MALINH, TOMY AJIs
HHUX po3poOiieHi cnenianbHi npouenypu [3, 5]. 3 ypaxy-
BaHHSM [BOTO JIOLUIEHUM € 3aCTOCYBAaHHS TaKOTO MiIXo-
Iy 1 1 BuOopy ronoBHEX po3mipis CPATIM.

KinmpkicTh map MONIOCIB BH3HAYAETHCS 3 YMOBH 3a-
Oe3mneueHHs MaKCHMalIbHOI YacTOTH OOCpPTaHHS TIPH Haii-
ORI 9aCTOTI HAIIPYTH KUBJICHHS:

60
p = max (1)
nmaX

J€ fmax — HAMOLIbIIA YACTOTA KUBICHHS; My, — HAWOUTH-
11a 9acToTa 00epTaHHs.

OCKIiNTbKY TATOBUH JBUTYH IOBUHEH MAaTH BHCOKHH
CTYIMiHb 3aXHCTY, SIKHA MPUHHSITO 3 METOI0 YHEMOKIIUBH-
TH TOTPAIUISIHHS OpyAy Y NOBITPSHHHA HPOMIXKOK MiX
CTaToOpoM 1 pOTOPOM, OXOJIOJIKEHHs €JEeKTPOJBUTYHA
MOXJIMBE TUIBKM Yepe3 aKciainbHi BEHTWISLIHHI KaHAH Y
craropi. [Ipu Ge3kopmycHiii KOHCTPYKILIi akcianbHi KaHa-
T BUKOHYIOTbCS Oe3rocepenHbo y JIMCTI cTaTopa, Ha-
NIPUKIIa, METOAOM IuTaMyBaHHs. [Ipn KopmycHil KOHC-
TPYKILIi cTaTopa akcialbHI BEHTWIALIHHI KaHaJIH cTaTopa
YTBOPIOIOTBCS KOPITyCOM  €JIEKTPOABHIYHA, N0 SIKOTO
mpuBapeHi pedpa AN MHUXTYBaHHS OCEpIs CTaTopa, Ta
30BHIIIHBOIO TTOBEPXHEIO Oocepast craTopa. HesanexxHo Bin
CHoco0y YTBOPEHHS aKCiallbHUX BEHTHJISALIHHHUX KaHAIB
ix paxmianeHui po3mip (miameTp abo BHcCOTa) MOXe OyTH
npuitHATHiA piBHUM 12...20 MM (MEHILI 3HaY€HHS — MPH
KOpIycHil KoHCTpykuii). /logaBmm 10 1poro po3mipy
TOBIIMHY Kopmycy 8...10 MM Ta TEXHOJIOTiYHI 3amacy Ha
BUTOTOBJICHHSI OTBOPIB, OTPUMAaeMO 30BHIMIHIA JiameTp
MarHiTonpoBoy craropa (po3paxyHKOBHUH JliaMeTp aKTH-
BHOI wacTuHM). Llg BenmuumMHA miUIATae YTOYHEHHIO 32
pe3ynbTaTaMy po3paxyHKiB Ta KOHCTPYKTOPCHKOTO OTpa-
IIIOBaHHS €JIEKTPOIBUTYHA.

BuyTtpimniii niametp cratopa D; (miameTp «po3Tod-
KI») BU3HAYAETHCS 32 BUPA30M

D,=K-D,, )

ne K — xoedimieHT, SKUA MOPIBHIOE, HANpHUKIA,
0,55...0,65 mpu 2p = 4, p — KiJBKICTh Hap MOJIOCIB, D, —
PO3paxyHKOBHIl JiaMeTp.

JUis  OIIHKHM JIOBKMHU MArHITOIPOBOLY CTaTOpa
pO3paxyeMo BUWIIT JIOOOBUX YaCTUH OOMOTKH CTaTropa 3a
BUPA30M

L, =(0,12+0,15p)-7; +10, (3)

I T — CepenHs MHUPHUHA KOTYIIKH CTaTopa.
OpieHTOBHO cepefHs INUPHUHA KOTYIIKH CTaTopa
MOXxe OyTH BH3HA4Y€Ha 33 BUPa3oM
VA
T =p Lavt > (4)
2p
Iie S — CKOpOYeHHS KPOKY OOMOTKH (Opi€HTOBHO IpHiiMa-
emo piBanM 0,8); Z — KUIBKICTh Ma3iB y CTAaTOPi; 4 —
3yOmeBHii KPOK Ha CepearHI BUCOTH Ta3a.
Haii6inpima KinbKicTh Na3iB BU3HAYAETHCS 3 BUPA3y
0,3...0,4)7D;
7= 03040, 5)
b
ne b, — mmpuHa 3yOus cratopa, sKka NMOBUHHA OyTH He
MeHIe 5...7 Mm;

z

_ H(Dl- +h, )
Lav1 = 7 ’ (6)
ne h, — BHCOTa Ia3y, siIka BU3HAYA€ThCS 33 BUPA30M
h,=(3...4),, (7
ne b, — mupHHa 1azy, sika JOPiBHIOE
bn = Ztzl - bza (8)

Jie t,; — 3yOLeBHI KPOK MO BHYTPIIIHBOMY IiaMeTpy cTa-
TOpa

th= 71 9

Po3mip 0CbhOBOT JOBXHMHH cTaropa NHO JIOOOBUM
4aCTUHAM

L =(0,7...08)L; (10)
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ne L, — moeuHa Kopmycy (BiICTaHP MK IDIONIMHAMHU
T IITAITHAKOBHX IIIHUTIB).

OcpOBa JOBXKMHA MAarHITONPOBOJAY CTaTOopa BU3HA-
Ya€ETHCS 32 BUPA30M

Li=L;-L,. an

@a3Huil CTpyM JABUI'YHA IONEPEAHBO BU3HAYAETHCSA
3a BUPA30M

P-10°

1, =—",
3-Upy-n-cosp

ph (12)
Ae P — HoMiHaNbHA NOTYXHicTh; U,; — HOMiHaNbHa (a3Ha
Hampyra; # — KoegilieHT KopHcHOi aii (Opi€HTOBHO
0,93...0,95 B.0.); cos ¢ — KoediLlieHT NOTYXHOCTI (Opi€H-
toBHO 0,8...0,9).

MarHiTHUH MOTIK €JIeKTPOJIBUTYHA MONEPEAHBO BU-
3HAYAETHCS 32 BUPA30OM

® =oBstl,;, (13)

Je o — Koe(ilieHT MOMOCHOI Ayru (IpuiiMaeMo piBHUM
2/m); Bs — IHIYKIiS y TOBITPSIHOMY HPOMIXKY (TIpuiimae-
Mo He Oinbire 1 Ti); 7 — MONFOCHHH IMTOAIIOK.

[MonrocHMi TOAIIOK BU3HAYAETHCS 38 BUPA30M

r=—1=%, 14
2 (14)
KinmpkicTs BUTKIB y (ha3i 0OMOTKH cTaTopa BH3HAYA-
€THCS 32 BUPA30M
0,95...0,98
W= ﬂ , (15)
4944(Dfnomkwl
ne U,, — dbasna nanpyra; k,; — 0OMOTKOBHIl KoedimieHT
(npuiimaemo piBauM 0,9); f,,, — HOMIHaJIBHA YacToTa
HaIlpyTH

pn
Snom =% >

€ Ty, — HOMIHAJIBHA YACTOTA 00EPTaHHS eNIEKTPOJBUTYHA.
KinbkicTh e(heKTHBHUX NPOBIAHUKIB Y 1Mazy

(16)

2maw
n—- 5 >
VA

e m — KUIBKICTh (ha3 eJIEKTPOABHUIYHA (IOpiBHIOE 3);

a — KUIBKICTh MapajeibHUX TUIOK (CTPYyM MapayiebHOl
TiTkn He moBHHEH nepeBumrysatu 400 A).

JIOIIBHO KiJIbKICTh MapajieIbHuX TUIOK BUOMpATH 3

YMOBH 3a0e3IeueHHs 1IJI0i KUTbKOCTI Ma3iB Ha TONI0C Ta

Pazy

(17

Z

= —_— 18
q 2 pma (18)

INonepenus ominka KoHQirypamii poropa (KiIbKIiCTh
MMOTOKOBUX Oap’epiB, I€OMETPHYHI PO3MIPH IMOCTIHHHUX
MATHITIB) 3MIACHIOETHCS MIISIXOM PO3paxXyHKY MarHiTHOTO
KOJIa eJIEKTPOJBUTYHA 3 BUKOPUCTaHHSIM CXEM 3aMiIlICHHSL.
Kpurepiem BuOOpy BapianTy KoH®iryparii € 3a0e3rnedeH-
HS HOMIHAJIBHOTO 00EpPTal0doro MOMEHTY IIpH HOMiHAIb-
HOoMy (azHOMY cTpymi. [Ipm mpoMy aHami3ylOThCS 3Ha-
YeHHs IHIYKUil y YacTHHAX MarHiTONpoBOAY i, IPH HE0O-
X1JTHOCTI, KOPUTYIOThCSI HOT'0 TEOMETPUYHI PO3MIPH.

ITpn po3paxyHkax mapamMeTpy IMOCTIHHUX MarHiTiB
NPUIMaIOTHCS 3TiHO JaHUX, IO HaBe/eH1 y Tabu. 1.

Tabmus 1
ITapameTpy MOCTIMHUX MarHiTiB

HaiimenyBanns BH?/{?;S::;H;[ 3HaueHHs
Marepiaa Martitis NdFeB
3aMuIIKoBa MarHiTHa IHAYKILis Tn 1,0
Koeprurusna cuna KA/M 850

HacrynHuM eTanom € po3paxyHOK MarHiTHOIO HOJIS
enekTponBuryna y cepemgosumi FEMM, mo yrouHroe
pe3yIbTaTH MONEPEAHBOTO PO3paxyHKy [15-17].

JIONOMDKHUMHU KPUTEPISIMU TIpU BUOOPI KoHGIrypaiii
poropa € 3abe3neueHHs HOro MEXaHIYHOI MIIHOCTI, a
TaKOX 3a/I0BUIbHI PE3YJIbTaTH TEIUIOBOTO PO3PaxXyHKY
€JIEKTPOABUTYHA.

VY SKOCTI NMpUKIIaLy PO3IIISTHEMO HPOLEypYy BHOOPY
rooBauXx po3mipie CPIIIM mis mpuBoy Kodic Tponei0y-
ca 3 TeXHIYHUMH MApaMeTpamMu, HaBeICHHUMH y Tabiu. 2.
TexHiYHI TapaMeTPH BiAIIOBINAIOTh TATOBIM aCHHXPOHHUM
CIIEKTPOABUTYHAM, SIKi 3aCTOCOBYIOTHCS Ha TPOJIeiiOycax.

Tabmums 2
Texniuni mapamerpu CP/IIIM
HaiimenyBanHs BH?/I?;Z:;I:HX 3Ha4yeHHs
HotyxHicTs kBT 180
JliniliHa Hampyra B 400
®dasHuil crpym A 350
Howminanena gactora obepTaHHs 00/xB 1500
MowmenTt Hwm 1110
Haii6inpmma yactora obepraHHs 00/xB 4000
MakcHMalibHa YacTOTa KUBJICHHS I'm 150

Kpurepiem BubGopy € 3a0e3lnedeHHs MOMEHTY
1100 Hm mpu daznomy crpymi 350 A. 3 aHami3zy KoHc-
TPYKLI aHAJNOTIYHUX AaCHHXPOHHHUX NIBUTYHIB (A1903,
ATA-1, 6/ITA.002.1) 3HaX0AMMO, III0 30BHILIHIN TiameTp
eJIeKTPOJBUTYHA HE NOBHHEH mepeBuinyBata 500 MM,
0ChOBA JIOBXKMHA 10 Kopirycy — 700 M.

INpouenypa BU3HAYECHHS TOJIOBHUX PO3MIpPIB TATOBO-
ro CPJIIIM siBnisie co0oto cepito po3paxyHKiB, SKi CKiia-
JAIOTHCSI 3 PO3PAXYHKIB 332 AHATITUYHUMH BHPA3aMHU
(1) = (17), po3paxyHKiB MarHiTHOTO IOJISl Y CepelOBHUII
FEMM (puc. 2) Ta po3paxyHKiB pOTOpa Ha MiLHICTh
(puc. 3). Po3paxyHKH NMpOBOAMIMCS VIS NEKUIBKOX 3Ha-
YeHb KUIBKOCTI Ma3iB cTaTopa, MiCisi 4Oro BU3Hayajacs
KIJIbKICTh €()eKTHBHUX NMPOBIAHUKIB y ma3zy. [licis mporo
BHUKOHYBAJINCS] pO3paxyHKH MarHiTHOTO KoJla cTaropa Juis
OIIHKH 1HAYKIIT y 3yOIsX Ta sipMi (JOITycTUMI 3HAYCHHS
— He Oimpre 1,7 Tn. Y pasi nepeBUIIEHHS] — KOPUTYBaIH-
Cs1 TEOMETPHUYHI po3Mipu masiB). [aii po3poOssiBCs €CKi3
MOINIEPEYHOT0 NMEPETHHY EIEKTPOABUTYHA ATl PO3PAXYHKY
MmarHiTHoro mnousisi y cepenoBuiti FEMM. PospaxyHku
MIPOBOJIMIIMCS JIJIsl BapiaHTiB KOH(QIrypariii poropa 3 JBO-
Ma Ta TppbOMa Mapam NOTOKOBHX Oap’epiB. ToBuiuHa
MOTOKOBOrO Oap’epy mnpuiiManach piBHOIO 10 MM.
Bincranp Mixk MOTOKOBUMH Oap’epaMu B OJHOMY IIapi —
5 MM. Y BciX NIOTOKOBUX 0Oap’epax MICTATbCS MOCTIHHI
MAarHITH 3 TapaMeTpaMu BiamoBinHO 1o Tadn. 1. Po3paxy-
HOK MAarHiTHOTO TIOJISl €JIEKTPOABUTYHA BUKOHYETHCS VIS
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ctpymy cratopa 350 A, BIINOBIAHO 0 SIKOTO 3 ypaxy-
BaHHAM CXeMH OOMOTKH CTaTopa pO3paxOBYEThCS MarHi-
TOpYIIiliHA CcHiia MPOBIAHUKIB 0OMOTKHM craTopa. Po3pa-
XYHKH TPOBOJSTHCS AJIsl JEKUJIBKOX IIOJIOKEHb pPOTOpa.
Jlis  po3paxyHKOBHX BapiaHTIB, /€ €JICKTPOMATrHITHUI
MOMeHT csirae noHag 1100 Hm, BUKOHYIOTBCS pO3paxyH-
KM poTopa Ha MIIHICTh TpH YacToTi oOepTaHHs
4800 06/xB. SIkmo MexaHiuHa MIIHICTH poTOpa 3abe3rie-
gyeThcs (MPUAHATO, MO KOEe]ImieHT 3amacy MIIHOCTI
MMOBUHEH OyTH Oinbmie 2), TO BapiaHT NPHUIAMAETBCA Y
SIKOCTI poOOoYOoTO.

BukoHaBIM y BHIlle3a3HaueHUH Croci0 cepiro po3-
paxyHKiB Oyio BuzHaueHo koHoirypauiro CPAIIM, sikuii
3aJI0BOJIbHSIE TEXHIYHUM [apameTpaM, 3a3HaueHHM Yy
Tadir. 2.

Jani craTtopa HaBeneHO y Tabi. 3, pe3yabTaTh po3-
paxyHKy MarHiTHOT'O HOJISI — Ha pHC. 2, pe3yJbTaTu po3-
paxyHKy poTopa Ha MilHicTh — Ha puc. 3. Ecki3 poropa
IIOKa3aHO Ha pucC. 4, 3aJIeXKHICTh MOMEHTY €JIEKTPOBUTY-
Ha BiJI KyTa IIOBOPOTY poTOpa — Ha puc. 5.

Tabmums 3
JaHi craropa
HaiimenyBanus 3Ha4yeHHs
KinbkicTb nasis 36
KinpkicTb epeKTHBHUX HPOBIAHUKIB y Ha3y 6
KisnbKkicTh mapanesbHuX TiIoK 1
KoeoilieHT cKOpoUeHHST KPOKY 0,778

KisIbKiCTh eIeMeHTapHUX MPOBiTHUKIB

y e(eKTHBHOMY 3 (1o BucoTi)

Kpoxk no nazam 1-8-19
3’equanHs (a3 — «3ipka»
Po3paxyHKoBHif 30BHIIIHIH giaMeTp cratopa, M 0,46
JliameTp po3TOuKH, M 0,3
OcpoBa IOBXKHMHA MarHiTOIIPOBOY, M 0,3
O/HOCTOPOHHI MOBITPSIHUH TPOMIKOK, M 0,001
P03M.ipI/I l'Ip.OBi}:[HI/IKa 0o0MOTKH cTaTopa 1.6x12.5
(06e3 i3oums11ii), MM ’ ’
Bucora nazy, m 0,040
[upuna nazy, m 0,0145

13180001 1 2,6326-001
<4,1560-004 : 1.3150-001
Derity Pict: |8], Tesls

Puc. 2. Pesynpratn po3paxyHKy MartitHoro mois y FEMM

Critenan : Autoratic
Factnr oF snfatty distrbusies M

Puc. 3. Pe3ynpraTi po3paxyHKy poTopa Ha MiIHICTh
y SolidWorks Simulation

Puc. 4. Ecki3 poropy CPAIIM

Q§

Torgue (Nm)

Angle of rotation (electrical degree)
Puc. 5. 3anexHicTh MOMEHTY BiJl KyTa MOBOPOTY POTOpa

Sk 6aunmo 3 puc. 5, HeoOXiqHUI MOMEHT, SIKHH J10-
piBaroe 1100 HM, nocsiraetsest npu po3paxoBaHii KOH}i-
rypamii akTHBHHX YacTHH eJIeKTPOABHMIYHA. Brim ciin
3a3HAYNTH, TI0 Y HABEACHOMY IMpHKIaAi KoHpirypamii
CPJIIM MakcuManbHHIA MOMEHT €JCKTPOJBUTYHA He-
CYTTE€BO NEPEBHIIYE HOMIHAIBHHA MOMEHT, IO MOXE
HETaTUBHO BIUIMHYTH Ha MPALE3JaTHICTh TATOBOTO €JIEK-
TPOIIPHUBOY TPOIEHOYCY.

OO0ropopeHHs1 pe3yJbTaTiB. 3amponOHOBaHA METO-
JIMKa JTO3BOJIMJIA BU3HAUMTH HapameTpu cratopa CPIIIM
aHAJITUYHO, 110 3MEHIIMIO KUIbKICTh BapiaHTIB IS YKCe-
JIHO-TIOJILOBUX PO3PaxyHKiB. MeTOMKy anpoOOBaHO Mpu
pospaxynky CPJIIIM notyxsictio 180 kBTt mis npuBoxy
KOJIiC TpoJjerOyca. 3 METOH IOAANBIIOr0 3MCHIIICHHS
YHCEJIbHO-TIOJbOBUX PO3PaxXyHKIB JOLLUIGHE aHaJITUYHE
BU3HAYCHHS MapaMeTpPiB I OMIHKK POOOYHX XapaKTepHC-
THK eJNeKTPOIBUTyHA. HeoOXimHMM € BH3HAYCHHS Ta 3a-
CTOCYBaHHS y PO3POOJICHI METOMIII KPUTEPIiB, 10 Bpa-
XOBYIOTb YaCTOTHE KE€PYBaHHS €IEKTPOABUTYHOM.

6 ISSN 2074-272X. Enexmpomexnika i Enekmpomexanika, 2021, Ne 2



Bucnoskn.

1. ¥V crarrti 3anpoIrOHOBaHO AITOPUTM BHOOPY TOJIO-
BHHMX PO3MIPIB TATOBOI'O CHHXPOHHO-PEAKTUBHOI'O €JIEKT-
POIBUTYHA 3 TOCTIMHMMHU MarHiTamu, SKHiA TIOEIHYE B
co01 aHaNITHYHI BUpa3u AJsi BUOOPY mapamerpiB craTopa
Ta YUCEIBHO-IIOJIFOBI PO3PAaXyHKH Uil BUOOPY mapamer-
piB portopa. Meroauky anpoOOBaHO IIpM BHM3HAYEHHI
koudirypauii CPAIIM noryxuictio 180 kBr.

2. BuzHaueHo, 1o TOTpeOyIOTH PO3BHUTKY aHATITHYHI
METO/IM PO3PaxXyHKy MArHiTHOTO KOJIa 3 METOK CKOpPOYEH-
HS 9acy Ha BHOIp TOJIOBHUX PO3MIpIB €IEKTPOIBUTYHA.

3. IlotpebyroTh PO3BUTKY METOIH TeIuIo-
BEHTWIALIHHAX  PO3PAaXyHKIB TATOBOIO CHHXPOHHO-
PEaKTHUBHOI'O €JICKTPOJBUIYHA 3 MOCTIHHMMH MarHiTaMu
Ta METOAM PO3PaxyHKY HOro XapaKTEpHCTHK, 32 Pe3yJib-
TaTaMH SKHUX MPUHAMAETHCS PIllIEHHS NPO BiJIOBIAHICTH
€JICKTPOJIBUTYHA TEXHIYHUM BHMOTaM.

Konguiikr inTepeciB. ABTOpH 3asBIAIOTH IPO
BIJICYTHICTb KOH(IIIKTY iHTEpECiB.
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Estimation of the main dimensions of the traction permanent
magnet-assisted synchronous reluctance motor.

Goal. The goal of the research is to develop an algorithm for
selecting the main dimensions of a traction permanent magnet-
assisted synchronous reluctance motor. Methodology. A method
for determining the main dimensions of the motor, which com-
bines the analytical selection of stator parameters and numeri-
cal field calculations for the selection of rotor parameters. The
need to check the mechanical strength of a rotor with permanent
NdFeB magnets in flux barriers is shown. Results. The article
proposes an algorithm for selecting the main dimensions of a
traction permanent magnet-assisted synchronous reluctance
motor, which combines analytical expressions for selecting
stator parameters and numerical field calculations for selecting
rotor parameters. It is determined that analytical methods for
calculating the magnetic circuit need to be developed in order to
reduce the time to select the main dimensions of the motor.
Originality. For the first time the sizes of active parts of the
permanent magnet-assisted synchronous reluctance motor with
power of 180 kW for the drive of wheels of the trolleybus are
defined. Practical significance. As a result of research the sizes
of active parts, stator winding data and a design of a rotor of
the electric motor are defined. The obtained results can be
applied when creating an electric motor for a trolleybus.
References 17, tables 3, figures 5.

Key words: permanent magnet-assisted synchronous reluc-
tance motor, traction electric drive, permanent magnet,
energy efficiency.
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B.C. Mansp, O.€. 'amona, B.C. Magait, 1.1. Bacunpunmmsa

MATEMATHUYHE MOJAEJIIOBAHHS ITYCKOBUX PEXKUMIB ACUHXPOHHUX
ABHUI'YHIB 3 KOPOTKO3AMKHEHUM POTOPOM

Po3pobneno memoou i arcopummu 4ucio8020 aHanizy NyCKOBUX PeNCUMIE ACUHXPOHHO20 eleKMPOnpugooy, AKi 0ams 3mMo2y pospa-
Xogysamu CmMamuyHi Xapakmepucmuku i nepexioni npoyecu 3 ypaxy8anHAM HACUYEHHS MAHIMONposoody i Aeuwja cKin-egpekmy 6
cmepaicHax pomopa. Mamemamuunow 0CHOB0I0 PO3POONIEHUX ANOPUMMIE € NPOEKYIUHUL MemOoO PO36 A3Y8aHHS HENIHIUHUX Kpalio-
8UX 30044, MeMOO NPOO0BICEHHS NO hapamempy, memoo Hviomona po3e’a3yeanns HeaiHiliHuX cucmem PisHAHb, YUCI08020 iHMezpy-
6AHHS HENIHIUHUX cucmem Ougepenyianohux pieHanb. Pospobneni mamemamuuni modeni 0arome 3mo2y 30[ICHIO8AMU 3 BUCOKOIO
00CMOGIPHICIIO PO3PAXYHOK NYCKOBUX PENCUMIE Y MPpUpasHux i 080QasHUX KOOPOUHAMHUX OCAX, WO 0A€ 3MOZY AHANIZY6amu He
MINbKU CUMEMPUYHI, ane il HeCUMEMPUYHI pexrcumMu i RPOSHO3YBAMU 0COOIUBOCHI DYHKYIOHYBAHHA CUCEMU ACUHXDOHHOZO eNeKM-
PONpuUBody 6 3a0anHux mexHoao2iuHux ymosax excnayamayii. biom. 15, puc. 5.

Kniouoei crnosa: acMHXpPOHHMIiI ABHI'YH, MaTeMaTH4Hi MojeJii, NMYCKOBi CTAaTHYHi XapaKTepHCTHKH, NepexigHi mpouecw,
HACHYEHHS MATHITONPOBOAY, BUTICHEHHS CTPYMY, KOMIIEHCALlisl peAKTHBHOI MOTYKHOCTI.

Paspabomanbl memoobvl u aneopummel YUCIEHHO20 AHANU3A NYCKOBLIX PEXHCUMOB ACUHXPOHHO20 DNEKMPONPUBOOA, KOMOpble NO360-
JIAI0OM pACCYUMbLEAMb CIMAMUYECKUEe XapaKmepucmuKy U nepexoonble npoyeccsl ¢ Y4enom HaACblyeHUus MaeHUMonpoeood U A61eHus
cKun-appexma 6 cmeporcnax pomopa. Mamemamuueckoii 0OCHOBOU pa3spadOMAHHbIX AN2OPUMMO8 AETAEMCS NPOEKYUOHHBLI MEMOoO
peutenus HelUHelHbIX Kpaesblx 3a0ad, Memoo npoOoIdiceHls no napamempy, memoo Helomona peuienus Henunetinbix cucmem ypag-
HeHUll, YUCNIeHHO20 UHMEeSPUPOBAHUS HeIUHeUHbIX cucmem Oouggepenyuanvhuix ypasnenuil. Paspabomannvie mamemamuyeckue
MoOenu NO360AI0ON OCYWEeCMEIIAMb Paciem NYCKOGbX PelCUMO8 8 mpex@asnvix u 08yXpazHbIX KOOPOUHAMHBIX OCAX, YMO HO380.I-
em aHanu3uposams He MoabKO CUMMEMPUYHbIE, HO U HECUMMEMPUUHbLE PENCUMbL U NPOSHO3UPOBAMb 0CODEHHOCU YHKYUOHUPO-

8AHUS CUCMEMbl ACUHXPOHHO20 aﬂekmponpueoc)a 6 3a0AHHbIX MEXHON02UYECKUX YCI08USAX IKCnIyamayuu. bub. 15, puc. 5.

Knrouesvle cnosa: acm{xponﬂmﬁ ABUIaTe/lb,

MaTeMaTUH4YeCKue MOIACIu,

MYCKOBbI€ CTATHYE€CKHUE XAPAKTEPUCTUHKH,

MepexXoaHbIe NMPOUECCHI, HACBINICHUE MATHUTONIPOBOAA, BBITCCHCHHE TOKA, KOMIICHCALIUA peaKTPIBHOﬁ MOIITHOCTH.

Beryn. Tpudasni acuaxponsi nsurynu (AJl) 3 ko-
POTKO3aMKHEHUM DPOTOPOM € HaWIMOUIMPEHIIINMU B CY-
YaCHHX €JIEKTPONPHBOJIaX. BOHM € OCHOBHMMH CIO)KHBa-
YaMH eNIeKTPUYHOI eHeprii B3araji i peakKTHBHOI MOTYX-
HOCTI, 30kpema. OHi€r0 3 MPOoOIIeM aCHHXPOHHUX €JIEKT-
POIIPHUBOAIB € 3HAYHI MyCKOBI CTPYMH, SKi BIUTMBAIOTh Ha
SKICTh ENEKTPUYHOI eHeprii Mepexi, [0 HEeraTHBHO
BIUIMBAE Ha iHIII IpuiiMadi. He3Baxkarounm Ha KOpoTKOYa-
CHICTb INPOIIECIB IYCKY, YacTi BMUKaHHS A/ BIUIMBalOTh
Ha HaJilHICTB iX pOOOTH 1 3MEHILYIOTh CTPOK EKCILTyaTa-
uii. I[Ipsme Bmukanas AJ] B Mepexy CyNpOBOIKYETHCS
HE TUIBKM 3HAYHMMH ITyCKOBHMH CTpyMaMH, ajie i 3Had-
HUMH ITyJIbCALlISIMH €JIEKTPOMarHiTHOro MOMEHTY, a yJla-
pHI MOMEHTH BIUIMBAIOTH Ha MIiANIMITHAKOBI BY3JIH 1 1HIII
€IIEMEHTH EJICKTPOIIPUBOAY. 3PEIITO0, MyCKOBI CTPYMH
AJl 3yMOBITIOIOTH €JIEKTPUYIHI BTPATH B JIiHII )KUBJICHHS, a
AKIIO 32 yMOBaMH POOOTH €JIEKTPONPHBOAY YacTOTa IIycC-
KiB 3Ha4YHA, TO BiIMOBIJHO YacTKa €HEPrii, ka BUTpada-
€TbCA Ha IyCKH, cyTTeBa. OCOONHMBO AaKTyaJlIbHOIO Iif
npobJiemMa € Jyisi eNEeKTPONPHUBOIIB 3 BAKKUMHU YMOBaMHU
MYCKY, B TOMY YHCIIi i 4aCTOTHO-PEryJIbOBAaHHX.

AHaJi3 ocTaHHiX mocaimxkenb. Iling uac mycky
cTpyM oOMoTKH ctatopa AJl Moxe csraTu 5—7-KpaTHOTO
3Ha4yeHHs [1, 2], sike He 3aBXKIU € NPUIMHATHUM B KOHKpe-
THUX yMoBax ekcruryatamii [3]. Kpim Toro, mams meskux
€JIEKTPOIPHUBOIB (KyJIbOBI MIIMHH, Pi3HOTO poAy Apoda-
PKH TOIIO), SIKi 3aIyCKAIOTHCS IIiJ] HABAHTAXKCHHAM, He-
00XizHO, 1100 pyUIHKE MOMEHT Yy KiIbKa pa3iB mepe-
BHIYBaB KpUTHYHHU [4, 5], 3a SKOTO IyCKOBHH CTPYM
MOJKE IEepEBHIITYBAaTH HOMIHAIBHUI B KinbKa pasiB. st
TpuBaJIoi poOOTH Take 3HAYEHHS CTPYMY HENPHUIYCTUME,
OJIHaK NpH I[bOMY 3HAYHO 3MEHIIYEThCS yac Mmycky [2], a
3HAYUTh CKOPOYYETHCS 4ac POOOTH 3 TaKHM CTPYMOM.
3aTsOKHUM ITyCK eNIEKTPONPUBOAY 3 BaKKUMH YMOBaMHU
ITyCKy MOX€ TPHU3BECTH 0 NEPEBUILEHHS JIOIYCTHMOTO

HarpiBaHHs OOMOTKHM cTaTropa JBUTYHa, 0COOJIMBO B yMO-
BaX YacTUX ITyCKiB.

Huis hopmyBaHHS HEOOXiTHOTO 3aKOHY 3MIiHH €JIEK-
TPOMAarHiTHOro MOMeHTy A/l B mpolieci mycKy BHKOpPHC-
TOBYIOTH ITyCKO-PETYIIOBaIIbHI IpUCTpoi [6]. 3amaga po3-
poOneHHsT anropuTMy poOOTH IIyCKOBOi amaparypu 3a
yMOB 3a0e3nedeHHs] HEOOXiTHOTO PYUIIfHOTO MOMEHTY
MPU MiHIMAJIBHOMY 3HA4Y€HHI MyCKOBOro cTpymy [2] mo-
TpeOye BU3HAUYECHHS 3aKOHIB 3MiHU ITyCKOBHX CTPYMIB Ta
€JIEKTPOMArHITHOTO MOMEHTY.

[TyckoBi crpymm AJl MalOThb 3HayHy pPEaKTHBHY
CKJIaJIOBY, KOMIICHCYBATH SIKy MOXKHA 32 JIOIIOMOTOIO CTa-
TUYHUX KOHJEHCaTopiB [6-8]. 3okpema, aisl 3MEHIICHHS
TPHUBAJIOCTI IYCKY IBUTYHIB BEIUKOI OTYKHOCTI MOXYTh
BUKOPHUCTOBYBATHCh YBIMKHEHI ITOCIIZOBHO O OOMOTKH
cTaTtopa KOHIIEHCATOPH, AKi HE TITbKA 3yMOBIIOIOTH ITiJ-
BUILEHHS HANpyTd HA ABUTYHI, ajleé i MOXYTb 3yMOBUTH
nosiBy pe3oHancy [9]. Y 3B’si3Ky 31 3a3HaUC€HUMH POOJIe-
MaMH BaXIIMBE 3HAUEHHS Ma€ BHOIP IMyCKOPETyIIOBaJIb-
HOT amapaTypH, sKa MOBHHHA 3a0€3MEUUTH B MPOILIEC] ITy-
CKy HEOOXIi/IHI MeXaHIuHI XapaKTepUCTHKH 3 MIHIMAJIbHO
MOJKJIMBHMH BHTpaTaMH €JIEKTpUYHOi eHeprii [4, 5]. A
OCKIJIbKH pEeTyJIIOBajIbHA anapaTypa i il 00cIyroByBaHHs
notpedye JOJAaTKOBUX MaTepiaJbHUX BHUTpPAT, TO HEOO-
X1THO 3HAXOJHUTH KOMIIPOMIC MK €KOHOMIEIO0 eJIeKTpO-
eHeprii 3a paxyHOK EKOHOMIYHOTO Tmepediry mporeciB
MyCKy 1 BUTpaTaMu Ha perymoBaHHsA. OTisiT METOAIB M-
BHIIIEHHSI €HEProe(eKTUBHOCTI ACHMHXPOHHHUX EJIEKTPO-
MIpUBOIIB HaBeaeHM B [10].

s onrrumizarii mpornecy mycky AJl 3 ypaxyBaHHIM
YMOB eKCILTyaTalil eJeKTPONPUBOAY HEOOX1THO 3iHCHU-
TH WOTO aHali3 METOJJaMH MaTeMaTHYHOTO MOJICIFOBaHHSI.
OTKe po3po0JIeHHsSI METOMIB PO3paxyHKy MYCKOBHX MpO-
LIECIB € aKTYAJILHOIO 3a/1auelo.

© B.C. Masp, O.€. I'amona, B.C. Mapnaii, 1.I. Bacunbunimmx
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AJl € OCHOBHHM €JIEMEHTOM EJICKTPOIPHBOAY, TOMY
JIOCTOBIPHICTH pe3yiIbTaTiB PO3pPaxyHKy 3aJexaThb BiJl piB-
Hs aJIEKBaTHOCTI HOr0 MaTeMaTHYHOI MOJEI, a IIBHIKOIIs
nporpaM po3paxyHKy — BiJl MAaTEMaTHYHOTO METOMY 1 aj-
rOpUTMYy Horo peaiizauii. Biucokoi TouHOCTI po3paxyHKY
pexumiB pobotn AJl HEMOXKIMBO JOCSTHYTH 3 BHKOPHC-
TaHHSM IIPOCTHX IX MaTeMaTUYHHX MOJeJIeH, a BUKOPHC-
TaHHS BUCOKOTO PIBHS CKJIAHOCTI MOJeliell moTpedye 3a-
CTOCYBaHHS CKJIaJIHOTO MaTeMaTH4HOro amapary. PiBeHb
CKJIaJTHOCTI MaTteMaTH4dHOi Mojeni AJl Ta Meromu, siKi He-
00XiTHO 3aCTOCOBYBATH JUISl PO3PAXYHKIB PEXKHUMIB 1 Xapa-
KTEPHUCTUK 3 11 BAKOPUCTAHHSM, B3aEMOTIOB SI3aHi.

BinmpmmicTe METOAIB pO3PaxyHKy ITyCKOBHX PEXKHMIB,
B TOMY YHMCIl ¥ Ti, [0 BUKOPHCTOBYIOTHCS Y BIIIOMHUX
O0YHCITIOBAJILHUX CEPEIOBHUINAX, MAIOTh B CBOIH OCHOBI
KJIaCHYHI 3acTymHi cxeMu AJl, siki He 3aBXXKIH 3a10BOJIb-
HSIIOTH TOTpedaM NMPAaKTUKH. 3 METOI0 MiJBUILEHHS TOY-
HOCTI pO3paxyHKiB B JiesKiX poborax [4, 11] po3ainsroTs
Ipolec IycKy Ha okpeMi yacTUHU. OpHaK JOCTOBIpHY
iH(pOopMaIifo mpo mepedir MPoIIeciB Mg 9ac MyCKy MOXHA
OTPUMATH JIMIIE 33 JOIOMOIOK BHCOKOPO3BHHEHHX Ma-
TeMaTUYHUX Mozenel AJl, B AKUX aJeKBaTHO BPaxoBY-
IOTBCS BC1 OCHOBHI YMHHHKH, 30KpeMa, 3MiHa 1HAYKTHB-
HHUX OIOPIB BHACTIJOK HACHYEHHS Ta aKTUBHHUX BHACIIi-
JOK ckiH-edekTy. Kpim Toro, mareMaTHdHa MOJAEIH CHC-
TEMH EJICKTPOIIPHUBOY MMOBHHHA BPAaXOBYBAaTH 3aKOH 3Mi-
HM MOMEHTY ornopy Ha Baiy A/l min gac mycky [1]. Me-
tomu [2, 12, 13], AKi MarOTh B CBOTi OCHOBI MOEIHAHHS
MOJIbOBUX METOIB 3 KOJOBUMH, JJAIOTh 3MOTY ITi/IBUIIUTH
TOYHICTh BU3HAYCHHS €JIEKTPOMArHiTHOTO MOMEHTY, OJ-
HAK BOHU BHACIIJIOK TPOMI3JIKOCTI HETIPHUIATHI IS Kepy-
BaHHS poOOTOIO ETEKTPOTIPHBOLY B pEATEHOMY Yaci.

Metow cTaTTi € pPO3pOONICHHS MaTeMaTHYHUX
MOJIeNel, METOIB i aJTOPUTMIB PO3PaxyHKY ITyCKOBHX
pexumiB AJl.

Buk/ian ocHoBHOro martepiaay. PiBHAHHS eleKT-
puuHOi piBHOBark KoHTypiB A/Jl, 3amucani mist GpizuyHMX
KOHTYPIB, MalOTh BHIJISIL

—+Ri=u, (1)
dt
3k 3k
e y/:(y/l,...,(//k) ) i:(il,...,ik) — BEKTOPH TIOTOKO3-
YelyieHb Ta CTPYyMIiB k KOHTYpiB (BepxHiil iHmekc (*)
O3Haya€ TPAHCIIOHYBaHHsI); R — [iaroHaJbHA MaTPHI
AKTHBHUX ONOPIB; ¥ — BEKTOP MPHUKJIaICHUX HAIIPYT.

Maremarnuna Monenb AJl morpebye oOunciieHHs
MMOTOKO3YEIUICHb |/ Ta EJIEKTPOMArHITHUX IIapaMeTpiB
L = 0y/0i y BinnoBigHOCTI 3 BUOPAHOIO CHCTEMOIO KOOp-
JquHaT. [loToKO34eruieHHsT KOXKHOI OOMOTKH € CKJIaJHOIO
HelniHiiHOW (yHKUielo ¥ = Wi, 7) CTpyMIB ycixX ioro
KOHTYPIB 1 TOJIOKEHHS POTOpA, SIKE BU3HAYAETHCS KyTO-
BOIO KOOPJIMHATOIO ¥ MOBOPOTY portopa. Tomy audepen-
nianbHi piBHsAHHSA ([IP), 3amucaHi Ui MUTTEBUX 3Ha4Y€Hb
(I3UYHNX KOOpPJHMHAT, MAlOTh MEpioJuyHi KoedilieHTH
0 YCKJIAIHIOE IX pO3B’sa3yBaHHS. [IpoTe OimbIIICTH
MIPAaKTUYHO BaXKJIMBHX 33/1a4 MOXKHA PO3B’S3aTH 3 BHUKO-
PHUCTAaHHSM IIEPETBOPEHUX CHCTEM KOOPIHMHAT, SIKi 3aCHO-
BaHI Ha Teopii 300paXyBalIbHUX BEKTOpIB [6, 14], MeTor0
Nepexoay 10 SKHX € BUIIyYEHHS 3 PIBHSAHD EJICKTPHYHOL
piBHOBaru KoHTYpiB A/l KyTa MOBOPOTY poTopa.

[TutanHs BUOOPY CHCTEMH KOOPAWHAT MAa€ IPUHIM-
IIOBE 3HAUYECHHS A PO3POOJIEHHS MaTeMaTHYHHUX MOJie-

Jiel KOHKPETHUX TUHAMIYHUX PEKHUMIB €JIEKTPOIIPUBO/IIB.
Bin BuOpaHOi crcTeMH KOOpPIAMHAT 3aleKHTh SK 00CST
o04YHnCIIeHb, TaK 1 TOYHICTh pPE3YJbTATIB PO3PaxXyHKY.
B po3po0iieHnx MeToax BUKOPUCTOBYIOTHCS:

a) cucTeMa HepyxoMmux TpudasHuX ocel, ski 30ira-
FOTHCS 3 Pi3UUHUME OCsiMHu (a3 cTaTopa,

0) cucremMa OpTOrOHANBHUX ocel x, y, 0, ski obepra-
I0ThCA 3 IOBUIBHOIO MIBUAKICTIO.

MarsitonpoBoau cyyacHuX AJl MalOTh BUCOKHH pi-
BEHb HACHYCHHSI, & 1€ 3yMOBIIIOE HENMIHIHHICTD 3aJIKHOC-
Tl IMOTOKO3YeIUIeHb KOHTYPIB BiJl CTPYMIB, TOMy MaTe-
MaTU4HI MOjieni, o0y qoBaHi HA OCHOBI JOMYILEHHS IPO
ix JiHIHHICTB, HE 3a0€3MEeYyI0Th MOXKJIMBOCTI PO3paxyH-
KiB JUHAMIYHAX PEXKHUMIB 3 HEOOXITHOIO IUII Cy4acHOI
IH)KEHEePHOI MPaKTHKK TOYHICTIO. JliHeapu3arist enekrpo-
MAarHiTHHX 3B’s3KiB B A/] He Bupinrye mpo0i1eMu, OCKiIb-
KM B peabHIM MallMHI HACHMYECHHS 3MIHIOETHCS B IINPO-
KHX MeXaX 1 BH3HAYA€TbCS MHUTTEBUMHU 3HAUCHHSIMU
CTPYMIB yCiX KOHTYpiB. B po3poOiieHnX MareMaTndHHX
MOJEISX IS O0YMCIIeHHS Matpulli L audepeHiiatbHuX
IHyKTUBHOCTEH KOHTYpiB AJ] BUKOPHCTOBY€ETHCS OCHOB-
Ha XapaKTEpHCTUKA HAMArHiuyBaHHA W, = W,(i,) fK 3a-
JISKHICTH POOOUYOTO MOTOKO3YETUICHHS BiJI CTPYMY Hama-
THIYYBaHHS I, Ta 3aJIeKHOCTEH NMOTOKO3YEIIEHh PO3CitO-
BaHHS KOHTYPiB OOMOTKH CTaTOPa Wy = We(is) Ta poTopa
Vo = Wx(i,) B BIIIOBIAHUX CTPYMIB cTaropa (s) Ta po-
Topa (7), SIKi po3paxoBaHi HA OCHOBI TEOMETPHYHUX PO3-
MipiB MarHiTOIpoOBOAY. Ta OOMOTKOBUX JaHHX.

Kpim nHacwuenHs, Ha npouecu B Al B AMHAMIYHHX
peKruMax 3HAYHO BIUIMBA€ SABHUILIEC BI/ITiCHeHHﬂ CTpyMy B
CTEpXKHSX KOPOTKO3aMKHEHOI0 POTOpa, BPaxyBaHHS SIKOTO
B IYCKOBHX PEKMMAaxX € MPHHIMIOBO HeobXizamm. Moro
BpaxyBaHHS IITYYHUMH METOJaMH Ha OCHOBI IIPOTHO30Ba-
HOT'0 PO3IMOJIiTy IPOHUKHEHHSI B TIIMOWHY I1a3a eJeKTpoMa-
THITHOI XBWJII Ma€ iMOBIpHICHHH XapakTep. Metomu Bpa-
XyBaHHsI CKiH-e(DeKTy Ha MiJCTaBi pO3paxyHKY MarHiTHOTO
moJIst B a3y MammHu [12, 13] HenpuifHATHI 3 IPUIUHU X
IPOMI3AKOCTI. B po3po0iieHHX MaTeMaTHYHHX MOJCISAX
CTepP)KHI pOTOpa i KOPOTKO3aMHKAIOUi KiJIBLS IO BUCOTI
PO30HBAIOTHCS HA 1 IIAPIB, IO Ja€ 3MOTY PO3B’s3aTH 3a-
Jady Ha OCHOBI Teopii ki [9]. V pe3ymbprari Ha potopi
OTPUMAEMO 71 KOPOTKO3aMKHEHHX OOMOTOK, MK SKAMH
ICHy€ B3a€MOIHAYKTHBHHUH 3B’S30K SK 32 PaXyHOK OCHOB-
HOT'0 MarHiTHOT'O ITOTOKY, TaK i IOTOKIB PO3CiIOBaHHSI.

MartemMaTHYHA MOJe/Ib Y HEPYXOMHX TPU(DAZHHX
KoopauHaTax. [Iporecu B AJ] OMUCYIOTBCS CKIIaIEHOIO
3a mepmMM Ta ApyruM 3akoHamu Kipxroda cucremoro
CKIHYCHHUX Ta TudepeHiansHux piBHsIHb. 11 po3paxy-
HKY TIEpEXiHUX IIPOLECIB CKIAJCHI 3a NEepPIIUM 3aKOHOM
Kipxroda ckiHueHHI piBHSHHS OOIIIBHO 3aMiHUTH aude-
peHuianbHUME. B pesynbrari y Hepyxowmid TpudasHii
CHCTEMI KOODJHMHAT EJIEKTPOMATHITHI MPOLECH OIHCY-
10Thcs cucteMoro JIP, sika CKIIafaeThesi 3 TPhOX PiBHSIHB
JUIsl KOHTYPIB cTaTopa

dyy _dyg : -
— L ——==uy p—r i +1gig;
0 0 AB ~T4lq +7Bip
dyg _dyc - '
——=———==upc —rgig +1cic; 2a
i i BC —IBig +1cic (2a)
dig  dip  dic _,
dt dt dt

Ta 37 PiBHSAHB A7 7 €KBIBAJEHTHUX 0OMOTOK poTOpa
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dV/aj dl//bj . .
- = Tajlaj + Thjlpj ~ a(Wbi =2y + '//uj):

dt dt

dyy  dy, . .

— L —L = iy + 15 —a(l//cj =2y, +ij} (2b)
dt dt

di, dip;, di.;

G T LT o (j=1,n)

dt dt dt
e o= (1 - s)/ ﬁ ; § — KOB3aHHSI, @) — 4aCTOTa HaIpy-

T JKUBJIEHHS ABUTYHA; Y, Iy, T, (kK =A, B, C, a;, b, ¢;) —
MMOTOKO3YCIUICHHS, CTPyMH Ta AaKTHBHI omopu a3,
J=1,...,n; uyp, ugc — MUTTEBI 3HAUCHHS JIIHITHUX HATIPYT.

[Tpobnema mMycKy CHCTEMH EJICKTPOIPHUBOAY IOTpe-
Oye mociipkeHHS Tporiecy pymanHsi AJl 3 ypaXyBaHHIM
MEXaHIYHOT XapaKTepUCcTHKU pobodoro mexaHiamy [1, 5]y
BUIJISI/II 3QJIEKHOCTI MUTTEBOTO 3HAYEHHSI MOMEHTY HaBaH-
TaKeHHs Ha Bany M, = M(f) Bin yacy abo KyTa IIOBOPOTY
poTopa, SKUH MOKE IEPEBUIYBaTH MAKCHUMaJbHE WHOI0
MIaclOpTHE 3HAa4YeHHs! B pobouoMmy pexumi [4, 5]. Baxmm-
BOIO IIPOOJIEMOIO € JIOCIIKEHHS Yacy pO3rOHY JBUT'YHA JI0
HOMIHQJILHOT MIBUJIKOCTI [2], 0COOIMBO I €IEKTPOIIPH-
BOJIIB, 3 BAXKIMH YMOBAaMH ITycKy. Hepinko mIBHIOKOIIS €
OCHOBHOIO BUMOTOI0 pOOOTH TEXHOJIOTIYHOTO 00JIa THAHHS.
Hnsa popMyBaHHA HEOOXiTHHX XapaKTEPUCTUK CHUCTEMHU
€JIEKTPOINIPUBOAY BUKOPHCTOBYIOTH CHELIAIBbHO IIPOTpaMo-
BaHi IycKoBi cucteMu [1, 6], 1m0 MOXHA 3/AiHCHUTH 3 BHU-
KOPHCTAaHHSAM BIATIOBIAHMX MaTeMaTHYHUX MOZENEH.

Jlyist po3paxyHKy eJIeKTPOMEXaHIYHOrO Mpolecy Iy-
cky AJl HeoOximHo cucremy /AP (2) HONOBHHUTH piBHSH-
HSIM MEXaHIYHOI piBHOBaru

do _ pg
—=OM,-M 3
= M- M), 3

I @ — KyTOBa YacTOTa O0EpPTaHHS POTOPA; Py — KUTBKICTh
nap nomrociB AJl; J — mpuBeneHui 10 Baly ABUTYHA MO-
MEHT iHepIii CHCTEMH eJIeKTPOTIPHBOY.

EnexrpomarniTanit MomeHT AJl y hasHuX KOOpan-
HATax BU3HAYAETHCS 3a (GOPMYJIIO0

M, = poly alis —ic)+wslic —ia)+wclig—ip)/V3,
e Wy, Wa, We, ig, i, ic — IPOEKIIT 300pakyBalbHUX BEK-
TOPiB NOTOKO3YEIUIEHHS W, T CTPyMY I, HAMArHi4yBaHHs
Ha BIIMOBIIHI OCi (a3.

Cucrema /IP (2) pazom 3 piBHsHHIM (3) mae 3mory
po3paxyBaTu nepexianuii npouec mycky AJl. [lns uporo
HEOoOXi/IHO MPOIHTErpyBaTH 11 YMCIOBUM METOIOM 3a HY-
JIOBUX MOYAaTKOBUX YMOB, OOYMCIIIOIOYM Ha KOXKHOMY
KPOKOBI IHTErpyBaHHSI MaTpHIIIO JudepeHIianbHUX 1HIY-
KTHBHOCTEH Ta BEKTOP IMOTOKO3YeIUICHS [14].

[Ipuknax  po3paxyHKy nmpouecy mycky Al
4A160M6Y3 (Py = 15 kBT, Uy = 380/220 B, sy = 0,026;
kaax = 2,0, le 1,2, ny = 1000 06/XB; k]] = 6,
cospy = 0,875) 3 HOMIHAIBHUM HaBaHTKEHHSAM IS Pi3-
HUX 3Ha4eHb MOMEHTY IHEpLIi CUCTEMH E€JIEKTPOIIPUBOILY
HaBeJIeHO Ha puc. 1.

3 METOI0 BHKJIay NMPOEKIIHHOrO METOy pPO3paxyH-
Ky YCTaJIEHOTO PEXUMY 3aluIIeMO cUcTeMy (2) y BUTIIsiAI
BekTopHoro 1P

0 2(y(i.t) u(®)), 4)

B SIKIH MEpIOJMYHUM 30YPEHHSIM € BEKTOp NPHUKIAJAECHHX
Harpyr u(f) = u(t + 7).

o
I‘
625
3sfl M
075
- 2 I

0 0125 0.23 0.375 035

0 025 0.5 0715 1
b
Puc. 1. Hacosi 3a1exHOCTI BiIHOCHHX 3HAYCHB CTPYMY CTATOpA
(I') i enexTpomaruitHoro MmomeHry (M, ) mig gac mycky A/l 3

HOMiHQJIbHIM MOMEHTOM HaBaHTa)KCHHSI T4 PI3HUX MOMEHTaxX
inepuii: J — (a) i 5J — (b)

B ycranenomy pexumi (pu MOCTIHHOMY 3Ha4€HHI
KOB3aHHS s) po3B’sizkoM cucremu [P (4) e T-nepiognyuHi
94acoBi 3aJCKHOCTI KOMIIOHEHT Bekropa i(f) = i(t + T).
3anaya iX BU3HauCHHs HAHOIIBII e(hEKTHBHO MOXE OyTH
po3B’s3aHa B T03a4acoBiif  00NacTi  IUITXOM
PO3B’s3yBaHHS KpaloBOi 3a7adi po3poOIeHNM Ha OCHOBI
3araipHOi Teopii HEeNHIHHMX KOJNWBAaHb IPOEKIiHHIM
METOZOM, TEOPETUYHOIO OCHOBOIO SIKOTO € alpOKCHMaLis
KOOpJMHAT CTaHy ciulaiiHamu. i 1bOro anpoKCUMy€eMO
KO)KHY KOOPIUHATY BEKTOpa i Ha CiTii N By3JiB Iepioxy
CIUTaifHOM TPETHOTO MOPSAAKY Y BIAMOBIAHOCTI 3 BUKJIAe-
HUM y [15]. B pe3ynbrari oTprMaemMo HeriepepBHY (pyHK-
Iif0, sKa Ha KOXKHiM j-iif yacoBill mimanmi h = t; — ¢,
(j = 1,...,N) onmucy€eThCs PIBHSIHHSIM BUIIISLY

ne a;, b, ¢, d; — xoedilieHTn crutaiiHa, CriBBiJJHOIIEHHS
MIX SIKHM BU3HAYAIOTBCS HOr0 BIACTHBOCTAMH. 30KpeMa,

wli)=v;=a;. ayjdil=-b;.

VY pe3ympTaTi OTPHUMAEMO CHCTEMY JAUCKPETHUX

piBHSIHB

HY -7Z=0, &)
B AKi H — MaTpuIsi Nepexoay BiJ HENmepepBHOI 3MiHH
KOOpAMHAT 70 iX BY3JIOBUX 3HaueHb [15], enemeHtu sikoi
BU3HAYAIOTHCS JIMIIE CITKOIO BY3JB Ha IEpioji;
= (Wi s W5 Z= (@1 e )5 U= (s o ) —
BEKTOPU-CTOBIIIi, KOMIIOHEHTaMH SKHX € BY3JIOBI 3Ha-
YCHHS BIAMOBIHUX BEKTOPIB cCUCTEMHU (4).

Cucrema (5) anreOpu4yHHX PIBHSHB € JUCKPETHUM
ananorom cucremu JIP (4). Ii po3s’a3koM € BeKTOp By3-
JIOBUX 3HA4YeHb KOOPAMHAT, OTPHUMATH 3aIEXKHICTH SKUX
BiJl KOB3aHHS § MOXHa Au(epeHIialbHUM MeToaoM. Jls
BOTO cUcTeMY (5) mudepeHIHIeMO 110 §
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w > = z , (6)
ds ds

ne W — matpurs SAxo0i.
B pesynbrati iHTerpyBanHs HemiHiAHOI cuctemu [P
(6) omHUM i3 YMCIIOBUX METOIB IO § OTPUMAEMO Oararo-
BUMIPHY XapaKTePUCTUKY Yy BHIVIAAI CYKYHHOCTI Tepi-
OJMYHMX YAaCOBHX 3aJIE)KHOCTEH BY3JIOBUX KOOPAWHAT
JUISL KO’KHOTO KOB3aHHS, BUKOPHUCTOBYIOUH SIKI OTPUMYE-
MO 3aJ€KHOCTI TOTOKO3YEIUIeHb, EJIEKTPOMArHiTHOrO
MoMeHTy Toto. [Tpukinaz po3paxyHKiB CTaTHYHUX Xapak-
TepucTHK 11t (uryna 4A160M6Y 3 HaseneHo Ha puc. 2.

cosg 1AM
ro 10

07515

0.5 5

02525

6
i
45
3 F
15
D -
075 05 025 0
b

Puc. 2. ITyckosi xapaxtepucruxu AJl mus crpymy (I'), ernexr-
pomarHiTHOro MoMeHTy (M,") i cos¢ (a), Ta aktiBHOI (P) i
peaktuBHOI (Q ) OTYXHOCTEH (b) Y BIITHOCHHX OJMHULISIX

Oco0simBOCTI  MaTEeMATHYHOrO0 MOJEJIIOBAHHS
MyCKOBHX PeKUMIB €JeKTPONPUBOAY 3 iHIAMBIZya b-
HOI0 KOMIIEHCALli€l0 peaKTUBHOI NMOTyxkHoOCcTi. Tak 3Ba-
Hi KOCHHYCHI KOHJEHCATOPH MOXXYTh BMHKATUCh SIK I1O-
CJIIZIOBHO, TaK 1 mapayiesibHo. /il MaTeMaTHYHOTo MOJe-
JIIOBaHHS ITyCKOBHX PEXHMIB €JIEKTPOIPUBOLY 3 TT03/10B-
JKHBOIO KOMITCHCAIII€}0 HEOOXITHO Y BUXiaHIH cuctemi P
(2) 3amiHnTH TIepIIi 1Ba PiBHAHHS (2a) CHCTEMH Ha TaKi, B
SIKUX BPaxOBAaHO HASsIBHICTH MOCTIIOBHO YBIMKHEHUX KOH-
JICHCATOPIB:

dy4 _dyp , ~

—— = ———=U p Vit plp Uy +Urp;
dt dt AB A'A B'B kA kB
dyg _dyc : .

———————=upgc —rgip trcic —uyg tuic,
dt dt BC —'B'B TICH!C kB kC

1€ Upy, Upp, Ugc — HATIPYTH HA KOHIEHCATOPAX, Ta JOTOB-
HUTH ii piBHSIHHIMHA

dugg iy dwp _ip  dugc _ic
d C° d C’ dt C
VY npomy pasi criaj Hanpyru Ha KoHJeHcaTopax (as
BIUTUBAE HA HAMPYTY JKUBJICHHS IBUI'YHA, a 3HAYHTH elie-
KTPOMAarHiTHUH MOMEHT, CTPYM Ta IIOTY>KHICTb MOXXYTh
HabaraTo IepeBNIyBaTH HOMiHANBHI 3HaueHHs. [Ipuximaz

3aJIe)KHOCTEH IF0Y0T0 3HAYEHHS CTPYMY, aKTHBHOI IO-
TY>XHOCTI 1 €JeKTPOMAarHiTHOrO MOMEHTY BiJl €MHOCTI
MOCIIZIOBHO YBIMKHEHUX KOHEHCATOPIB, BUKOHAHHMX Ha
OCHOBI PO3PaxyHKy CTPYMiB i IIOTOKO3YEIJIeHb KOHTYPIB
neuryHa 4A160M6Y3 npu s = 1, HaBeeHO Ha puc. 3.

BT
15
Pt
J.I.t
75
M,
0 - CF
o J«10 4x10°

. . *. .
Puc. 3. 3anexHocTi BiTHOCHUX 3Ha4eHb cTpyMy (/ ), aKTUBHOI
. LN . *. .
MOTYHOCTI (P) 1 enekTpoMarHiTHoro MoMeHty (M, ) Al Big
€MHOCTI TIOCJTIZIOBHO YBIMKHEHUX KOHICHCATOPIB

SIKIo KOHJEHCATOpH YBIMKHEHI mapanensHo Jo0 A/,
OIMCaHa CHCTEMOIO DPiBHAHB (2) MaTeMaTHyHa MOJENb He
noTpedye 3MiH, OCKUIBKM CTPyMH Y HHMX MOXKHa 3HaWTH
OKpEMO, TaK sIK Hampyra Ha HUX Bigoma. CTpymu B JIiHIi
KUBJCHHS [’ 4, ', I’ c BU3HAYAIOTHCS SIK CyMa CTPYMIB JIBU-
TYHa iy, ip, ic Ta TMAPAJETBHO i €THAHUX KOHJICHCATOPIB
Laks Ik, Ick- TIpUKITAA pe3yNbTATIB PO3PAXYHKY Mepiommd-
HUX 3aJISKHOCTEH MUTTEBHUX 3HA4eHBb CTpyMiB (a3 A Ha-
BeJICHMA Ha puc. 4, a 3aIeKHOCTeH X MIFOYMX 3HAYCHb
(Y BIIHOCHHMX OAWMHHIIIX) Ta COS@ BiX 3HAYCHHS €MHOCTI
KOHJICHCATOPIB — Ha pHC. 5.

i, A

220

140

- 140

~ 280, T gy

Puc. 4. Kpusi ctpymiB dasn A:
i' 4 — TmiHi{ KUBJCHHS; i, — KOHAECHCATOPA; iy — ABUTYHA

cos@ 15 L, p.u. .
ta
n93g| 365
Cos g
06250 3.75
3
0313} L&s
ot c
0 2450 4900, 4 F

Puc. 5. 3anexHocTi Bit €EMHOCTI JiF0UMX 3HAYCHB CTPYMIB (asu A:
i' 4 — miHii KUBJICHHS; i, — IBUTYHA Ta COS(® CUCTEMH €JIEKTPO-
MIPUBOAY 3 HMAPAIEIbHO YBIMKHEHUMHU KOHICHCATOPAMH

Bubpane 3a cTaTH4HOIO XapaKTEPUCTHKOIO 3HAYCHHS
€MHOCTI HEOOXiTHO MEepEeBIipUTH B IUHAMIYHOMY PEXKHIMIi
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LIISIXOM PO3PAXyHKY MEPEeXiJHOTO IPOIECy, TOMY IO
MTOCTI{IOBHO YBIMKHEHI KOHAEHCATOPH MOXYTh IPU3BECTH
JI0 TIOSIBU PE30HAHCHUX SBUIL [6, 9].

MaremMaTH4HAa MOJe/b B OPTOrOHAJIBHHMX KOOP-
auHarax. B cuMmerpuuHux pexxumax podotu AJl 3a Bin-
CYTHOCTI BHMIIHMX TapMOHIK B Halpyrax >XUBJIEHHs CTaTO-
pa IyCKOBi PeKMMHU MOKHA PO3TJISIATH B OPTOTOHAJIBHUX
KoopauHaTax. MaremaTruuyHa MOJENb CUCTEMH €JIEeKTpo-
MIPUBOIY B NEPETBOPEHOMY A0 OPTOTOHAJIBHHUX OCEH KO-
OpAMHATHOMY 0a3mci 3HAYHO MPOCTIIa Bix MoOAenm y
Tpu(da3HUX 0CSIX, OTHAK cepa 3aCTOCYBaHHS ii 3By)KEHa.

Po3rnssHeMO MaTeMaTH4YHY MOJAENb IJISl AOCHIKEH-
HS MyCKOBUX XapakTepucTUK A/l 3 BUKOPHUCTaHHSIM CHC-
TEMH KOOPAWHATHUX Ocel x, y. Jlis uporo Tpudasuy o0-
MOTKY CTaropa i YTBOpEHI CTEpXHSMH pOTOpa n €KBiBa-
JIHTHHUX TpU(azHUX 0OMOTOK IPUBOAUMO JI0 Ocell X, y. Y
pe3ybTaTi MaTHMEMO JIBI OOMOTKHY Ha cTaTopi i 2n 0O6Mo-
ToK Ha poropi. Cucrema /[P enekrpuuHoi piBHOBAaru KOH-
TYpiB Ma€ BUIIIS]

dy s .
= W0, —Flge Tl
dt 07 sy — 'stsx X
dy
_ :_a)O(/lsx_rsisy+usy;
dt
d‘//lx :
=SWW1y —Nity
dt 0¥1y — "'lx
dy,
y .
=—soyW1, —Nily @)
dt 0¥1x — 1"y
Yy .
= SO ) — Folyy 3
dt 0% ny ~ 'n*nx
dy
- :_Sa)Oan_rninys
dt

J€ Yo, Ways Wi, Wips o 5 Wirs Wy — TIOTOKO3YETIIEHHS TA
Isvs gys Ty Flys wov > Inys Iny — CTPYMH TIEPETBOPEHHUX KOHTYPIB;
gy ¥y v » I'y — IX @KTUBHI OMIOPHL.
Cucrema JIP (7) pazom 3 piBHSHHSAM pyXy poTopa
ds po (3 . .
V== _pO(l//sxls —Ys lsx)_Mc
dt Joy\2 oY
Jla€ 3MOTY IOCTIAUTH Tporec mycky A/l 3 HaBaHTaxeH-
HsaM 4u 6e3 Hboro (M, = 0) muisaxom po3B’s3yBaHHS 3a/1a-
4i Kommi B gacogiit obmacri.
3a ymoBHm mocTiifHOTO KOB3aHHsA cuctema /1P (7) me-
PETBOPIOETHCS Y CUCTEMY 3BUYAHHIX HETIHIMHUX PiBHIHD
Oy T Vsige =Up s
O sx + Tslsy = 0;
—sagyy +hipe =03

sy + iy, =0 (®)

—SQOWY py + Tylipy = 0;

SOOY px + Fylyy = 0.
baratoBuMipHy CTaTHYHY XapaKTEPUCTHUKY SIK 3alie-
JKHICTh KOOPAWHAT PEXHMY BiJ KOB3aHHS MOXHa po3pa-
XYBaTH IIIIXOM PO3B’SI3yBaHHS CUCTEMH PiBHSIHB (§) mist
MOCJIIOBHOCTI 3HaueHb KOB3aHHA s. OOHAM 13 LUISAXIB

BHU3HAUCHHS pO3B’A3Ky cucrteMu (8) mpu 3amaHOMY
3HAYCHHI KOB3aHHSA § € MeTOoZ Iu(EepEHI[FOBAaHHS I10
napameTpy. Jls poro 3anuiiemMo i y BeKTOpHii Gopmi
Yp.is)=u, ©)
TIOMHOXKMMO BEKTOp # Ha cKaysipHUid mapametp £(0 < £< 1)
i qudepeHIitoeMO OTPUMAaHy CHUCTEMY II0 IapaMmerpy é&.
B pesynprati otpumaemo /1P

di

A—=u. 10
i (10)

IaTerpytoun Bektopue [P (10) mo ¢ (uo MoxkHa
3aificauTy MetoznoM Efnepa 3a kinbka KpoKiB), OTprMae-
MO 3Ha4eHHsI BEKTOpa CTPYMiB I, SKHH yTOYHIOEMO iTepa-
uiftanm MetooM HetoroHa. [TogaTkoBi yMOBH (3HAYCHHS
BEKTOpa §) — HYJIbOBi, OCKUIbKM mpu & = 0 BEKTOp
NPUKIaEHNX HANpyT aopisHioe Hymo. [pupict Ai® Bek-
TOpa CTpyMiB { Ha k-My KpoIli iTeparii BU3HAYaeThCs 32

hopmymoro
AN = —Z(i(k)), an

ne Z(i®) — BEKTOp HEB’s30K cucteMu (9) mpu 3amaHHX
3HAUEHHAX KOB3aHHs s i Bektopa Harpyr u'®.
VY pa3i HasgBHOCTI MOCTITOBHO YBIMKHEHUX KOHJIEH-

caTopiB MePIIi ABa PiBHIHHS CUCTEMH (8) MarOTh BUTIIS
DY sy ~Tslox + Xelgy =Ugy s
—OyW sx —

AC X, = 1/((00(1 - S))o Uy = Uy Ugy = 0.

3aarouKch psAIoM 3HaYeHb KOB3aHHA s poropa AJl,
MOXHa OTpUMAaTH 0araTOBHUMIpPHY CTaTHYHY XapaKTepHuC-
TUKY Y BUIIISI 3aJI€KHOCTI KOOPAWHAT BiJI KOB3aHHS.

BucHOBKHM Ta HepCHEKTHBH PO3BMTKY HaNpsMy.
OmHUM 3 HAWBaXKITUBIMIAX PEKUMIB aCHHXPOHHOTO €JICK-
TPOIIPHUBOAY € TPOIIEC IyCKYy, TOMY B TEXHIYHIH JiTepa-
Typi pobiiemi Horo aHami3y MpHUIUIIETHCS 3HAYHA yBara.
Jns mpoekTyBaHHS KEPOBaHMX ACHHXPOHHHX EJIEKTPO-
MIPUBO/IB 1 CHCTEM X PEryIIOBaHHS PO3POOIIIIOTHCS Pi3HI
KOMIT FOT€PHI TEXHOJIOTii, OCHOBOIO SIKMX € TaKeTH IpH-
KJIaJHUX TPOrpaM, HEOOXIIHHUX JJIsl aHANli3y eJeKTpoMe-
XaHIYHUX MPOLECIB B eJEKTporpuBoax. Bix ix amexBart-
HOCTI 3aJie)kaTh HE TUIbKM KiJIBKICHI, aje W sSKiCHI MoKa3-
HUKH CHCTEMH EJIEKTPOIIPHUBOJY, sIKa NMOBHHHA 3abe3re-
qyBaTH HEOOXiJHI MEXaHI4HI XapaKTepHCTHKH, IO BH-
3HAYAIOTHCS TEXHOJIOTIYHHM TIPOIIECOM, W BiIMOBimATH
CyJaCHHM BHUMOTaM MI0A0 eHeproedekTuBHOCTI. st BU-
pilIeHHs 3a3HAa4YeHUX MPOOJIEM B CTATTi PO3POOIIEHO Ma-
TeMaTU4IHI MOJIENi, SIKi aIeKBaTHO BilOOpaKarOTh €IEKT-
poMarHiTHI mpouecu B AJl i He MOTPeOyIOTh 3HAYHHUX
00YHCITIOBAIBHUX pecypciB. 30KpeMa, MPOEKTYBaHHS
CHUCTEMH EJICKTPONIPHUBOAY MOTPeOye BUOOpY HoOro ee-
MEHTIB, Y TOMY YHCJI1 i TyCKOPETyJIIOBAIBHOI anaparypH,
10 MOXHa 3JIHCHUTH LUISIXOM PO3PaxyHKY CTaTHYHUX
XapaKTepUCTHK. 3a X JIONOMOTOI0 MOXKHa BH3HAYUTH
TpaHWYHI 3HAYCHHS CTPYyMiB, MOMEHTY, ITOTY>HOCT] TOILIO
3 METOI0 HaJaroJDKeHHs (QYHKIIOHYBAHHS ITyCKOPETYJIIO-
BaJILHOI anaparypH.

Po3pobneni MeToan po3paxyHKy MalOTh B CBOil OC-
HOBI MaTteMaTn4yHy Mozens AJl, B AKili BpPaXxOBYEThCA K
3MiHA BJIACHUX Ta B3a€MHHUX AM(epeHmianbHuX 1HIYKTH-
BHUX OMNOPIB ABUTYHA BHACIIJOK HACHYECHHS MarHiToONpo-
BOJly, TaK 1 aKTUBHHX OIIOPiB KOPOTKO3aMKHEHOI 0OMOTKH
pOTOpa BHACIHIJOK BHUTICHEHHS CTPYMY B CTEPXKHSX.

Fslsy = Xelsy =Ugys
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MaremaTuuHa MOJENb U1 PO3pPaXyHKy CTaTUYHHX Xapa-
KTEPUCTHK B TpU(a3HUX 3aralbMOBAaHHX OCAX MAa€ B CBO-
ii OCHOBI poO3B’si3yBaHHs KpaioBoi 3axaui aist [P nep-
IIOT0 TOPSAKY 3 NMEPiOAUYHMMHU KpailOBUMHU YMOBaMH i
Jlae 3MOTy 3 MiHIMaJIbHUMH 3aTpaTaMd OOYHCIIEHb BHUKO-
HYBaTH ONTHMIi3aliiHi po3paxyHku. OcoOIMBiCTIO MOJIe-
JIi € MOXKJIMBICTD JIOCIIJDKYBAaTH IPOLECH ITPU HECUMETPii
Halpyr JKMBJICHHS, a TaKOX HasBHOCTI KOHJICHCATOPIB
TIpH TIO3IOBXKHIN KOMITEHCAIlli peaKTUBHOI OTY>KHOCTI.

Jnsg cHMETpUYHUX PEXUMIB POOOTH pO3po0IEHO
METOJ] PO3PaXyHKY PEXKHMIB I XapaKTepUCTUK B OPTOro-
HaJIbHUX KOOPAWHATHHX OCSIX X, V, SIKMW Ja€ 3MOTrYy 3Jiic-
HIOBaTH PO3PAaxXyHOK 3 MiHIMaJIbHUM 00CATOM OOYHUCICHb
1 BIAMOBIIHO BUTPATaMK MAIIMHHOTO YacCy, a OTXKE BHUKO-
pHUCTOBYBAaTH pPO3POOJIEHUH alrOpUTM JUIsi KepyBaHHS
CHCTEMOIO EJIEKTPOIIPUBOJY B IUHAMIUYHHX PEXHMax B
peanbHOMY 4aci mporikaHHs npouecy. OnmHak #oro 3a-
CTOCYBaHHSI OOMEXYETbCS CHMETPHUYHUMH DPEXKHMaMU
poOOTH EIEKTPOIIPUBOTY.

HaBeneHo 0cOOMMBOCTI BUKOPHCTAHHS PO3POOICHUX
MaTEeMAaTHYHAX MOJEJCH 1 aNrOpUTMIB AJIS JOCIHIIKEHHS
BIUIMBY KOHJICHCATOPIB Ha IapaMeTpPH eJIEeKTPONPHBOLY
[IPH MO30BXKHIM Ta MOMEPEYHii KOMITEHCaIlii peaKTHBHOT
MOTYXHOCTI.

Konguaikr iHTepeciB. ABTOpH 3asBIAIOTH IPO
BiZICyTHICTh KOH(JIIKTY IHTEpECIB.

CIIMCOK JIITEPATYPU
1. Yepnstit AL, T'mageipe A.U., Ocamuyk O.I'., Kyp6aHnos
N.P., Boryn A.H. ITyckoBble CUCTEMBI HEPET'YJIUPYEMBIX JJICK-
TponpuBoJioB: MoHorpadus. Kpemenuyr: UII lepbarsix A.B.,
2006. — 280 c.
2. Abhishek Garg, Arun Singh Tomar. Starting time calcula-
tion for induction motor. International Journal of Engineering
Research and Applications, May 2015, vol. 5, iss. 5, pp. 56-60.
Available at: http://www.ijera.com/papers/VolS_issue5/Part%20-
%203/1505035660.pdf (accessed 12.10.2020).
3. TammmoB A.M., PaxmanoB P.H. HccrnenoBanue BIHMSHHS
ITyCKa MOLIHBIX ACHHXPOHHBIX JIBUraTeNIeH Tra30KOMIIPECCOPHBIX
YCTaHOBOK HAa PEXUM IMUTAIOLICH 3JIEKTPUUYECKOH ceTH. Duep-
cemuxa. M3eecmus 8blCuux y4eOHbIX 3a6edenuti u dHepeemuye-
cxux obwveounenutt CHI', 2012, Ne 1, C. 17-22.
4. benses B.II.,, Cxkakyn B.B. [lunammka mporeccoB Iycka
ACHHXPOHHOTO 3JeKTponpuBona. Ipyowr BITY, 2015, Ne 9
(182), C. 34-40. Pexxum JIOCTYILY:
https:/elib.belstu.by/bitstream/123456789/17345/1/dinamika-
processov-puska-asinxronnogo-ehlektroprivoda-dynamics-of-
processes-of-start-up-of-the-asynchronous-electric-drive-v.-p.-
belyaev-v.-v.-skakun-v.-p.-belyaev-v.-v.-skakun.pdf (ata
3BepHeHHs: 12.10.2020).
5. Khrebtova O. Forming the induction motor torque when
starting. Technical Electrodynamics, 2020, no. 5, pp. 40-44. doi:
https://doi.org/10.15407/techned2020.05.040.
6. AdnarynoB U.®D. ACHHXPOHHBIN IEKTPONPUBOL C KOHICH-
CaTOPHBIM ITyCKO-PETYJIHPYIOIMM YCTPOHCTBOM: JAUC. KaH[. TEXH.
Hayk: 05.09.03. — VapsHOBcK: Vi I'TY, 2016. — 150 c. Pexum
JOCTYIIy: https://www.dissercat.com/content/asinkhronnyi-
elektroprivod-s-kondensatornym-pusko-kompensiruyushchim-
ustroistvom (/lara 3Beprenns: 12.10.2020).
7. Bummnesckwuii JI.B., Myxa H.U., [laBnenko C.C. Ilyck acun-
XPOHHBIX AJIEKTPOJBUTATENEH C KOMIIEHCAllMe pPEeaKTUBHOMU
momrHocTh: MoHorpadus. Onecca: HY «OMAy, 2016. — 160 c.
8. Topbaueckuii H.U., ApnsarynoB U.d. HccnenoBanue mycka
ACHHXPOHHOT'O JIBUTATEIs C TIOCIIEJ0BATENFHO BKIIFOYCHHBIMHE B IIETIH
cTaTopa KOHJeHcaTtopaMu. Becmmuuk Kazanckoeo mexnonoeuieckoeo

yHusepcumema, 2013, T. 16, Ne 12, C. 112-114. Pexxum pocryry:
https://www.elibrary.ru/download/elibrary 19141286 43355538.pdf
(/lara 3Beprenns: 12.10.2020).

9. Malyar V., Hamola O., Maday V., Vasylchyshyn 1. Mathe-
matical modeling of processes in asynchronous motors with
capacitors connected in series. 2015 16th International Confer-
ence on Computational Problems of Electrical Engineering
(CPEE), Lviv, Ukraine, 2015, pp. 107-109. doi:
https://doi.org/10.1109/cpee.2015.7333350.

10. Diachenko G.G., Aziukovskyi O.0. Review of methods for
energy-efficiency improvement in induction machines. Naukovyi
Visnyk Natsionalnoho Hirnychoho Universytetu, 2020, no. 1, pp.
80-88. doi: https://doi.org/10.33271/nvngu/2020-1/080.

11. Khrisanov V.I. Analysis of starting transients of squirrel-
cage induction motor. The start-off stage. Russian Electrical
Engineering, 2010, vol. 81, no. 3, pp. 109-114. doi:
https://doi.org/10.3103/S1068371210030016.

12. Kocman S., Orsag P., Pecinka P. Simulation of Start-Up Behav-
iour of Induction Motor with Direct Online Connection. Advances
in Electrical and Electronic Engineering, 2018, vol. 15, no. 5, pp.
754-762. doi: https://doi.org/10.15598/acee.v15i5.2342.

13. 3amuankus A. C., TiokoB B. A. UncneHHoe MoenupoBaHne
mpoliecca Mycka acMHXpoHHOTO asurarens. Joxiaoer TYCYP,
2012, Ne 1 (25), 1. 1, C. 171-177.

14. Kynarua J1.0. MarematudHa MOJENb TATOBOTO aCHHXPOH-
HOTO JIBUT'YHA 3 YpaxXyBaHHSAM HACHYCHHsS MarHIiTHUX Kinx. Hay-
xoeutl gichux HI'Y, 2014, Ne 6, C. 103-110. Pexxum mocrymy:
https://nvngu.in.ua/index.php/en/component/jdownloads/finish/50-
06/1538-2014-6-kulagin/0 (Jara 38eprenss: 12.10.2020).

15. Mansp B.C. OcHOBHBIC TOJIOKEHHUS CIIAWH-METOAa pacde-
Ta MNEPUOAMYECKHX PEKHMOB PabOTBI SIEKTPUYECKHX LEHEH.
Onexmponuka u céa3v, 1998, Ne 5, C. 11-14.

REFERENCES
1. Chernyiy, A.P., Gladyir, A.l., Osadchuk, Yu.G., Kurbanov,
LR., Voshun, A.N. Starting systems of unregulated electric
drives. Kremenchug: PF Shcherbatykh A.V., 2006, 280 p. (Rus).
2. Abhishek Garg, Arun Singh Tomar. Starting time calcula-
tion for induction motor. International Journal of Engineering
Research and Applications, May 2015, vol. 5, iss. 5, pp. 56-60.
Available at: http://www.ijera.com/papers/Vol5 issue5/Part%20-
%203/J505035660.pdf (accessed 12.10.2020).
3. Hashimov A.M., Rahmanov R.N. Starting-Up Impact of
Powerful Asynchronous Motors Used at Gas-Compressor Units
on GRID Mode. ENERGETIKA. Proceedings of CIS higher
education institutions and power engineering associations.
2012, no. 1, pp. 17-22. (Rus).
4. Belyaev V.P., Skakun V.V. Dynamics of processes of start-
up of the asynchronous electric drive. Proceedings of BSTU,
2015, mno. 9 (182), pp. 34-40. Available at:
https://elib.belstu.by/bitstream/123456789/17345/1/dinamika-
processov-puska-asinxronnogo-ehlektroprivoda-dynamics-of-
processes-of-start-up-of-the-asynchronous-electric-drive-v.-p.-
belyaev-v.-v.-skakun-v.-p.-belyaev-v.-v.-skakun.pdf  (accessed
12.10.2020). (Rus).
5. Khrebtova O. Forming the induction motor torque when
starting. Technical Electrodynamics, 2020, no. 5, pp. 40-44. doi:
https://doi.org/10.15407/techned2020.05.040.
6. Aflyatunov LF. Asinkhronnyi elektroprivod s kondensatornym
pusko-reguliruiushchim ustroistvom: dis. kand. tekhn. nauk [Asyn-
chronous electric drive with capacitor start up regulator device.
Cand. tech. sci. diss.]. Ulyanovsk, UIGTU Publ., 2016. 150 p.
Available at:  https:/www.dissercat.com/content/asinkhronnyi-
elektroprivod-s-kondensatornym-pusko-kompensiruyushchim-
ustroistvom (accessed 12.10.2020). (Rus).
7. Vishnevskiy L.V., Muha N.I., Pavlenko S.S. Pusk asink-
hronnykh  elektrodvigatelei s  kompensatsiei  reaktivnoi

14 ISSN 2074-272X. Enexmpomexnixa i Enexkmpomexanixa, 2021, Ne 2



moshchnosti: monografiia [Start of asynchronous motors with
reactive power compensation]. Odessa, NU OMA Publ., 2016.
160 p. (Rus).

8. Gorbachevskiy N.I., Aflyatunov L.F. Investigation of starting
an induction motor with capacitors in series in the stator circuit.
Bulletin of the Kazan Technological University, 2013, vol. 16,
no. 12, pp- 112-114. Available at:
https://www.elibrary.ru/download/elibrary 19141286 4335553
8.pdf (accessed 12.10.2020). (Rus).

9. Malyar V., Hamola O., Maday V., Vasylchyshyn 1. Mathe-
matical modeling of processes in asynchronous motors with
capacitors connected in series. 2015 16th International Confer-
ence on Computational Problems of Electrical Engineering
(CPEE), Lviv, Ukraine, 2015, pp. 107-109. doi:
https://doi.org/10.1109/cpee.2015.7333350.

10. Diachenko G.G., Aziukovskyi O.0. Review of methods for
energy-efficiency improvement in induction machines. Naukovyi
Visnyk Natsionalnoho Hirnychoho Universytetu, 2020, no. 1, pp.
80-88. doi: https://doi.org/10.33271/nvngu/2020-1/080.

11. Khrisanov V.I. Analysis of starting transients of squirrel-
cage induction motor. The start-off stage. Russian Electrical
Engineering, 2010, vol. 81, no. 3, pp. 109-114. doi:
https://doi.org/10.3103/S1068371210030016.

12. Kocman S., Orsag P., Pecinka P. Simulation of Start-Up Behav-
iour of Induction Motor with Direct Online Connection. Advances
in Electrical and Electronic Engineering, 2018, vol. 15, no. 5, pp.
754-762. doi: https://doi.org/10.15598/aeee.v15i5.2342.

13. Zamchalkin A.S., Tyukov V.A. Numerical modeling of proc-
ess of start-up of the induction motor. Proceedings of TUSUR
University, 2012, no. 1 (25), part 1, pp. 171-177. Available at:
https://journal.tusur.ru/storage/45503/171.pdf?1466640193
(accessed 12.10.2020). (Rus).

14. Kulagin D.O. The mathematical model of asynchronous
traction motor taking into account the saturation of mag-
netic circuits. Naukovyi Visnyk Natsionalnoho Hirnychoho
Universytetu, 2014, no. 6, pp. 103-110. Available at:
https://nvngu.in.ua/index.php/en/component/jdownloads/finish/50-
06/1538-2014-6-kulagin/0 (accessed 12.10.2020). (Ukr).

15. Malyar V.S. Main provisions of the spline method for calcu-
lating the periodic operation modes of electric circuits. Electronics
and Communications, 1998, no. 5, pp. 11-14. (Rus).

Haoiuwna (Received) 12.11.2020
Tputinama (Accepted) 01.02.2021
Onyénixosana (Published) 05.04.2021

Mansp Bacunv Cagpponosuy’', 0.m.n., npog.,

Tamona Opecm €6eenoguy’, K.m.H., 00Y.,

Maoaii Borooumup CmenaHosuul, K.M.H., O0Y.,
Bacunvuuwun lseanna IﬁaHiGHal, K.M.H., 00Y.,

! Hartionansnuii yaisepcuter «JIbBiBChKa MOTITEXHIKAY,
79013, JIeBiB, ByA. C. Bannepu, 12,

e-mail: vasyl.s.maliar@lpnu.ua, orest.y.hamola@lpnu.ua,
volodymyr.s.madai@lpnu.ua

V.S. Malyar', O.Ye. Hamola', V.S. Maday', 1. Vasylchyshyn'

' Lviv Polytechnic National University,

12, S. Bandera Str., Lviv, 79013, Ukraine.

Mathematical modelling of starting modes of induction
motors with squirrel-cage rotor.

Purpose. Development of methods and algorithms for calcula-
tion of starting modes of the induction motors with the squirrel-
cage rotor. Methodology. Mathematical modelling of starting
modes of asynchronous electric drives in various coordinate
systems with the use of numerical methods for solving boundary
problems for systems of differential equations and nonlinear
systems of final equations and calculation with their use of static
characteristics. Results. Methods and algorithms for numerical
analysis of the starting modes of asynchronous electric drive
have been developed, which make it possible to calculate the
static characteristics and transients in fixed three-phase and
orthogonal two-phase coordinate systems. Academic novelty.
Known in the literature methods of calculation of starting modes
have in their basis classical equivalent circuits with different
approximate methods of calculating the parameters taking into
account the saturation of a magnetic core and current displace-
ment in a rotor winding. This approach requires a special solu-
tion of the adequacy problem for each problem. The methods
described in the article for the saturation accounting use real
magnetization characteristics of the main magnetic flux and
leakage fluxes separately, and the skin effect phenomenon is
taken into account by representing the squirrel-cage rotor wind-
ing as multilayer. Such mathematical model of the motor is uni-
versal and makes it possible to take into account the saturation
and current displacement in any dynamic mode, including the
start-up process. Mathematical models developed on the basis of
the proposed methods provide the adequacy of results with a
minimum amount of calculations and make it possible to per-
form optimization calculations. Practical value. Created on the
basis of developed algorithms calculation programs allow to
carry out with high reliability calculation of starting modes both
in three-phase and two-phase axes of coordinates that gives the
chance to analyze not only symmetric, but also asymmetric
modes and to predict special features of functioning of system of
the electric drive in the set technological conditions of operation
and to form requirements to development and adjustment of
starting systems with the purpose of maintenance of power effec-
tive and reliable operation of system of asynchronous electric
drives. References 15, figures 5.

Key words: induction motor, mathematical models, starting
static characteristics, transients, saturation of the magnetic
core, current displacement, compensation of reactive power.
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EnekmpomexHi4yHi KoMrsiekcu ma cucmemu
VJIK 62.523:621.313.13

doi: 10.20998/2074-272X.2021.2.03

C.I'. Bypskoscekwii, A.C. Macmiii, JI.B. Acmonosa, H.T. T'orgapyk

MATEMATHUYHE MOJAEJIIOBAHHSA INEPEXITHUX ITPOLECIB
B EJIEKTPOIIPUBO/I CTPIVIOYHOI'O IIEPEBOY MOHOIIITAJIBHOI'O THUITY
3 BEHTUJIBHO-IHAYKTOPHUM ABUI'YHOM

Poboma npucesuena po3eumxy QyHKYIOHANGHOCMI 3ANIHUYHO20 CMIPIIOYHO20 NePegooy WIAXOM BNPOBAONCEHHS BEHMUNLHO-
inoykmopnozo enexmponpusooy. Taxe piuienns oac 00IpyHmyeants ONa CHPOWJeHH MeXaHiuHoi YacmuHu cmpiiouHo20 nepegooy
WIAXOM 3aMIHU peOYKmMopa Ha KYIbKOBO-28UHIMOBY NAPY, a MAKOIC POSMICIUMU YCIO KIHeMaAMUyHy JiHil0 CMPINOYHO020 nepesooy Ha
00Hill wnani. Hagedeno mamemamuyHuii onuc YoOmupu@asHo2o eHMUIbHO-IHOYKNMOPHO20 08USYHA, MA CRPOUEHOT MeXAHTYHOT NIHIT
CcmMpinouHo2o nepesody y 6ueisadi 00HOMAcoBOi enekmpomexaniynoi cucmemu. Pospobrena imimayiiina mamemamuuna mooeis
e/IeKMmponpueody CMpINoOUHO20 Nepegody MOHOWNANLHO20 MUNY AK CUCIEMA NiONe21020 KepYBaHHs 3 BeHMUNbHO-IHOYKMOPHUM
06UYHOM, SIKA BPAXOEYE HENIHIHY XapaKmepucmuKky nasanmaoicennus. Haseoeno pesynomamu xomn omepnozo mooenoeanis 3 I11J
ma HeuimKum pe2yiamopom weuoxocmi, Axki noxasaau, wo wewimkuti I1I/] pecynamop 6invu AKicno 8ionpaybosye 3a0aHi eenudunu
ma nepemiwjenns cocmpsaxig. bion. 18, tadm. 2, puc. 14.

Kniouogi cnoéa: BeHTHIbHO-IHAYKTOPHHUI e1eKTPONPHBOJ, eleKTpOMexXaHiuyHa cucTeMa, CHCTeMa KepyBaHHs, HeUiTKUi pe-
ryJATOp IBHIKOCTI.

Paboma nocesawena pazeumuio QyHKYUOHATLHOCMU JICENE3HOOOPOICHOO CMPENOUHO20 Nepedodd NYmem 6HeOpeHUs. GeHMUNbHO-
UHOYKMOpHO20 d1exmponpusooa. Taxoe pewenue daem o60choganue O yRpOujeHust MEXAHUYEeCKoll Yacmu CmpeiloyHo20 nepesood
nymem 3amenvl pedyKmopa Ha Wapuko-6UHMoSY10 napy, a maxice pazmecmums 6Cl0 KUHEMAMU4ecKyio TUHUIO CMPEloYHO20 nepe-
600a Ha oonou wnane. Ilpusedeno mamemamuyeckoe OnUCaHue 4emuvlpex@pasioeo 6eHMUIbHO-UHOYKMOPHO2O0 O8U2AMENs U YNPO-
WEHHOU MeXaHUYeCKol TUHUU CMPEeLOYHO20 Nepesooa 8 8ude 0OHOMACCOB0U INeKmpomexanuieckol cucmemvl. Paspabomannas
UMUMAYUOHHAS, MAMEMAMUYECKAs: MOOeTb INeKMPONpU800d CMpeloyH020 Nepesoda MOHOUNAILHO20 MUNA KaK cucmema nooyu-
HEHHO20 YNPABTIeHUs ¢ GeHMUTbHO-UHOVKIMOPHbIM 08UameneM YUumulédaem HeluHelHyo XapaKkmepucmuxy Haepysxu. Ilpusedennvie
Pe3yIbmampvl KOMRbIOMEPHO20 Mooenuposanus ¢ [IH/] u neuemxum pecynsimopom ckopocmu noxasanu, yumo wevemkuti [1HJ] peey-
JsmMop Ooee KauecmeeHHo ompabamuléaem 3a0antble GelUdUNbL U nepemeweus ocmpskos. buoin. 18 Tadun. 2, puc. 14.

Kniouesvle cno6a: BeHTWILHO-HHIYKTOPHBIN 3J1eKTPONPHBO, YJIeKTPOMEXaHHYECKAsI CHCTEMA, CHCTeMa YNpaBJIeHNsl, HeyeT-

KHii peryJsiTop CKOpoCTH.

Beryn. OnHuM 3 ocHOBHUX HarpsimiB peatizanii Ha-
LIOHAIBHOT TPAHCTIOPTHOI cTparterii YKpaiHu Ha 1mepiof 10
2030 poxky [1] € oHOBIIEHHS TPAaHCIOPTHOT'O CEKTOPY YKpa-
{HM 1 TIOCTYIIOBa rapMOHI3alis OIF0UNX y mii cdepi cran-
JApTiB Ta MONITHKY 3 iCHyIoUUMH B €BporeiicekoMy Coro-
3i. Cepen OCHOBHHX Mijed 1 3aBOaHp OO0 PO3BUTKY
TPAHCIIOPTHOTO CEKTOpYy IMependadeHo PO3BUTOK Tarys3i
3aJI3HUYHOTO TPAHCIIOPTY, TEXHIYHUX IOTY>KHOCTEH 3aIi-
3HUII, OCKUTBKU iCHYE 3arpo3a He3a0e3ledYeHHs B I101aTb-
oMy 1notped eKOHOMIKM YKpaiHM B TEpPEeBE3CHHSIX Ta
HEMOXKJIMBOCTI BUKOHAHHS [TaCA)KUPCHKUX TEPEBE3EHb.

CpOrofiHi TEXHIYHHI pecypc 3ai3HULII TPAKTUYHO BU-
YepHaHo, KaiTaIbHOTO PEMOHTY 1 PEKOHCTPYKLIT oTpedy-
FOTh OJM3bKO 11 THC. KM 3aimi3HHYHUX Ko (6m3bko 30 %
BiJl 3araJIbHOI NPOTSDKHOCTI), CIIOCTEPIracThesi HU3bKa [IBHU-
JIKICTh PyXy HOI3iB, IO MOCIITIOETHCS 3HOMICHICTIO KOJIIH,
SIKI 3HAXOMATHCS B KPUTHYHOMY cTaHi. [TokasHMK BaHTaxo-
HAIPY>KEHOCT] YKPATHCHKHX 3aJi3HUIB (pigHMIT 00CcsT TIepe-
Be3eHb Ha | kM) B 3-5 pa3iB NepeBHIIye BiATIOBITHHIN ITOKA3-
HUK PO3BHHEHHX EBPOTIEHCHKUX KpaiH [2].

CamMe TOMy B Tajy3i 3aJIi3HHYHOTO TPAHCIIOPTY O-
HUM 13 [IPIOPUTETHUX HaIpsMiB GopMyBaHHs Ta peaniza-
il Jep>KaBHOI MOJIITUKU € TIEPEBEICHHS Taly3i Ha €BPO-
NeHChKUI piBEHb, OHOBJICHHS T4 MOJIEPHi3aLlisi OCHOBHUX
(OHIIB; TEXHIKO-TEXHOJIOTIYHA MOCPHI3allisl 3ai3HUY-
HOTO TPaHCIOPTY, IiJBUIICHHS PiBHSA O€3MEKU 3aJTi3HHY-
HUX TIepeBe3eHb, MOJICPHi3allis KOJIIHHOTO TOCIIOAapCTRA.

Peamizamis 3a3HAYCHUX  HANPSAMIB  TEXHIKO-
TEXHOJIOTIYHOT MOJIEpHI3allii 3aJli3HUYHOTO TPAaHCIOPTY
CIIPHUATHME IiJBUIIICHHIO PIBHS O€3MEeKH Ta SKOCTi 3aji3-
HUYHUX TIepeBe3eHb, 3abe3meunth edekTuBHE (yHKIiO-
HYBaHHS Ta PO3BUTOK 3JI3HUYHOTO TPAHCIIOPTY.

OcoOmiBa posib BiABOAUTHCS SIKOCTI (PyHKIIIOHYBaHHSI
CTpUIOYHHX TiepeBoiB. [lomryk 3aco0iB MiABHUIIEHHS EKCILTY-
aTaliiHMX XapaKTepUCTHK IX pOoOOTH CTOCYETHCS MOZIEpHI3a-
Iii abo 3aMiHH eNeKTPOABUIYHA [3], BIPOBAIDKEHHS HOBHX
THITIB IATYMKIB Ta MEXaHI3MIB 3aITUPAHHS TOCTPSKIB [4].

B [5] mominmeHHs mTuHaMIiKH pOOOTH Ta PO3IINpPEH-
HS (QYHKITIOHAIBHUX MOXKJIMBOCTEH 3aJII3HUYHOI aBTOMa-
THUKH PO3IJAJANKCA 3ac00aMU PETYIbOBAHOTO EIEKTPO-
MPUBOAY Ha MpHKIazi crpimounoro mepeoay CII-6m Ha
OCHOBI JIBUTYHA IIOCTIHHOTO CTPyMYy, OCKUIBKM B YKpaiHi
Ha’KaJlb JI0CI BAKOPUCTOBYIOTHCS IIPUBOJIN TAKOTO THUILY.

Po3BUTOK 3a11i3HUYHOTO TPAHCIIOPTY, 30UIBLICHHS Ma-
CH TIOi3/1IB 1 3pOCTaHHS MIBUIKOCTEH iX PyXy HPHBEIH JIO
HEOOXIJHOCTI 3aCTOCYBaHHS IIPUBOJIIB 3 IBUTYHAMH 3MIHHO-
ro CTpyMy [6]. ACHHXPOHHI €JIEKTPOIBHIYHH TPH(Aa3HOTO
3MIHHOTO CTPyMy MAlOTb PSiJI TIepeBar B OPIBHSHHI 3 €JIeK-
TPOIBUTYHAMH TIOCTIHHOTO CTpPyMy 3 IIOCTIZOBHUM 30Y-
JDKEHHSIM, a caMe BiICYTHICTh TaKOTO CKJI4IHOTO 1 MaJlOHa-
JIHHOTO BY371a, SIK KOJIEKTOP, 10 3HAYHO CKOPOUY€E EKCILTya-
TamiiHI BUTPAaTH Ha IOTOYHE OOCITyTOBYBaHHS Ta PeMOHT. B
JTAHUH Yac Ha 3aJII3HUII 3aCTOCOBYIOTHCS €NIEKTPOABHIYHU
3miHHOrO cTpymy ity MCT [7].

VY [8] po3pobiieHa MaTeMaTHYHa MOJIEIb CTPLIOYHOTO
nepeBoxy CII-6M, sikuif TOCUTh NOIIUPEHO EKCILTYaTy€eThCs
B YkpaiHi, Ha 0a3i IBUTyHIB IIOCTIHHOTO 1 3MIHHOT'O CTPYMIB.

[Nopanbiia MonepHi3alis BITYM3HSAHMX —CTPUTIOYHHX
mepeBoIiB MoTpedye 3aMiHy iICHYIOUMX KOHCTPYKIIiH PHUBO-
B, IKi BXKE MOPAIBHO 1 TeXHIYHO 3acTapimy. Lli cucremu B
OaraTopiuHii MPaKTHII POOOTH MOKa3aJIl CBOKO TIpare3iar-
HICTB, aJie Ha CHOTO/HIIIHIN I€Hb BOHM HE MOXKYTh BiZITOBI-
JaTH HOBMM BHMMOTaM, IO CTaBJIATBCA O IIBHUAKICHOTO
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peiikoBoro TpaHcropty. Tomy HeOOXimHICTH MojepHi3aLii
CHCTEM CTPIIOYHHX MPUBOIIB OYCBHIHA 1 TIOBHHHA 3IiiiC-
HIOBATHCS 3aco0amu eiekTporpuBory [9-11].

Iopsim 3 yIOCKOHAJICHHSIM ICHYFOUHX EJICKTPONPH-
BOJIIB CTPUIOYHHUX IMEPEBOAIB ILIAXOM 3aMiHM HCHAIi-
HUX EJICMEHTIB 1 €JIeKTPOJBUIYHA, CBITOBUMHU KOMITaHis-
MU IPOBOUTHCS pOOOTA HA/l CTBOPEHHSM HOBHUX iX THIIIB
[12]. Bce wacrinie cTpiloyHi MEpEeBOIU OCHAIIYIOTHCS
MOH(iKOBAaHOIO CHCTEMOIO IPUBOIY 3 MiKPOKOHTPOJIEp-
HUM YTIPaBIiHHSM.

EnexrponpuBon po3pobku Bombardier Transporta-
tion [13] EBI Switch 2000 — neB3pi3uuii BOysoBaHuil y
hinany cTpitoyHuii npusoj (puc. 1), sikuitl € HalKkpaumm
MIPUKJIJIOM LINAIBLHOTO NEPEBO/Y Ha ChOTOJHILIHIN JICHb.

-

Puc. 1. 3aranbpHuil BUTTISA CTPLIOYHOTO IEPEBOLY
EBI Switch 2000

Oco6musictio EBI Switch 2000 € HasiBHICTH B KOHC-
TPYKUIii IepeTBOpIoBadya 4YacTOTH, IO HPOIPaMyeThCS.
Moro 3acTocyBaHHS J03BOJISE 3iHCHIOBATH PIBHOMIpHHMIA
MyCK 1 rajbMyBaHHS JIBUTYHA, KOHTPOJIIOBAaTH CTPyM i
3YNMHSTH [IBUTYH Y BHIIQJKy HEMOKJIHBOCTI IOBOIY
TOCTpsIKIB 3a NEBHUI 4ac mepeBony. Ha puc. 2 mokaszana
cXxeMa KOMIIOHOBKH cTpiiouHoro nepeBony EBI Switch
2000, xe mpuiAHATI Taki TO3HAYECHHS: | — eJIeKTPOIBUTYH;
2 — TepeTBOPIOBAY YAaCTOTH; 3 — pemyKTop; 4 — Bam 3
nepeiayero rBUHT-raika.

Puc. 2. CxemMa KOMIIOHOBKH CTPUIOYHOTO TIEPEBOIY
EBI Switch 2000

Bynp-sxuii kommnonent cuctemu EBI Switch 2000
3aMiHIOETHCSI MEHII HiX 32 15 XBHIMH O€3 3HATTS IIIAH.
EnexTporpruBoa 1bOro THITy IUIAHOBOT'O TEXHIYHOTO 00-
CIIyTOBYBaHHS I peMoHTy He moTpedye. EBI Switch 2000
BUIPOOYBaHMIt pH excrutyaranii ommsbko 10° mukmis 6e3
BimmoB. CepenHill 4ac HampaIlOBaHHs Ha BiZIMOBY CTaHO-
BuTh 10-15 pokis.

Iopsim 3 po3pOOKOIO 1 BIPOBAMKEHHSM MIKPOIPO-
LIECOPHUX TPHUCTPOIB Ta CTBOPEHHS CY4aCHOTO Maiioo0c-
JIYTOBYBaHOTO OOJIQJIHAHHSI € BaXKJIMBHUM 3aBJaHHIM
CTBOpPEHHSI HOBUX THUIIIB CTPUJIOYHUX MEPEBOIIB, SKi Maln
Ou 3a0e31eynTH MaKCUMaJIbHY Ha/IIHHICTh Ta Oe3neKy siK
3BHYalfHOTO, TaK 1 BUCOKOMIBHMJIKICHOTO PyXy Ta IIPHBO-
JTM O¥ 10 3HWKSHHSI BUTPAT Yacy Ha YKJIAAKY Ta 00Cy-
TOBYBaHHS 33 PaxyHOK BIMOBH BiJ| ITONIEPEAHHOIO MOH-
Ta)ky Ha JONMOMDKHIN TUIaThopMmi.

MeTo10 po0OTH € TOCTIIKCHHS MMOBEIIHKH POOOTH
CTPLIOYHOTO IEPEBOy MOHOIINAIBHOTO TUITY ISl 3a0e3-
MEYCHHSI CY4aCHUX BUMOI' O€3NeKH pyXy Ta MOJIIIIEHHS
MOKa3HUKIB €KCIUTyaTaliifHoT HaJiHHOCTI.

st nocsirHeHHst ToCcTaBiIeHoT MeTH c(OpMyJTbOBaHi
Taki 3aBIaHHS:

® pPO3pOOMTH MaTeMaTW4Hy MOJENb CTPLIOYHOIO Iie-
PEBO/Iy MOHOIINAIBEHOTO TUILY 3 BEHTHILHO-1HIyKTOPHUM
JOBHTYHOM Ta KyJbKOBO-TBHHTOBOIO IAPOKO SIK INEPCIIeK-
THBHOTO €JIEMEHTa CUCTEMH aBTOMATH3aLil JUIsl MIBUJIKIC-
HHX 1 BUCOKOIIBUIKICHUX 3aJIi3HULb €JIeKTPOTPAHCIIOPTY;

® pO3poOUTH IMITaliiiHy MOJEIbh HOBOI KOHCTPYKIIT
CTPLIOYHOTO TEPEeBOAy, sIKa OTPUMaHa IUIIXOM 3aMiHU
CTaporo THUIy PeAyKTOpa Ha KyJIbKOBO-TBUHTOBY Iapy,
IO J03BOJISIE PO3MICTHTH BCIO KOHCTPYKLIIO IPHUBOIY
CTPUIOYHOTO MEPeBOJy B WLINaNi Ta MPUBOAUTH 10 3MEH-
IIEHHS PO3MIpY 1 Yyacy yCTaHOBKH;

e Ha O0a3i cuHTe30BaHOrOo B [14] mnpomopiiiiHO-
inTerpansHo-gudepenuiinoro (IIJ]) perymsaropa msua-
KOCTI, a TAaKOK HEUITKOTO PETYIIATOpa TOCIIAUTH AUHAMI-
YHI TPOLECH B CTPIIIOYHOMY IEPEBOAI MOHOIIIIAIHHOTO
THITY JUISl TTOJIIIICHHS HOro POOOTH SIK B INTATHUX PEXH-
Max, TaK i HeCTalliOHAPHHX.

Marepian gpociimkenHs. [ mopiBHIHHSI 00paHO
€JIEKTPONPHUBOJ CTpiouHOoro mnepeoay Ttury CII-6M
(puc. 3), kiHeMaTH4YHa cXeMa SIKOro HaBeleHa B [5], mo
ckinagaerbes 3 enekrpoasuryna (E/I), peaykropa 3 BMOH-
TOBaHOIO My(dTo0 (puKUiliHOrO THIy Ta MmUOEpy, SKi
3HAXOJATHCS BCEPEANHI KOPITYCY.

Puc. 3. 3oBHimmHIN BUrIsL cTpitoyHoro nepesoay CII-6m

Jns mepeBefeHHS CTPUIKM Ha EIEKTPOIBUTYH
(EJ) momaeThest Hampyra. Moro Ban moumHae obepra-
TUCSl Yepe3 CIONY4YHy My(Ty Bajy-ILIeCTepHi 2 peayk-
TOpa, PO3TAIIOBAHOI'0 B KOpmyci | MexaHiYHOI mepena-
4i (puc. 4). Ban-mectepHs 3 mectepHero 3 yTBOPIOE
nepmuii kackan nepenaui. OGepranHs Bia mecTepHi 3
yepe3 NPOMIKHY HIECTEpPHIO 6 IepeaaeThcsl Ha LiecTe-
pHio 12 (npyruii kackan). Yepe3 ¢pukmioH, po3ramo-
BaHUH B Kopmyci 1, oOepTaHHS mepenaeTbes Ha TPeTii
KackaJ rmepenadi — Baj-mectepHio 11 i 3ybuacre xoire-
co 5 romoBHOTO Bary 10.

[[InGepHa mecTepHs 8, sKa BUKOHAHA OJHUAM ILJIHM
3 TOJIOBHUM BaJIOM, 3/IHCHIOE TepecyBaHHs wmubepy 9
(ueTBeptTuil Kackaj nepenaui). 3ydyacre Koieco 5 BUIbHO
HacaJDKEHO Ha TOJOBHUH Bajl, BUCTYII SIKOTO ITIiCJIS IIOBO-
poty Ha KyT 46° NpuUXOauTh B 3a4EIUICHHS 3 JHCKOM
TOJIOBHOTO Basly. TakuM YHMHOM, XOJOCTHH XijJl MPUBOIY
cTaHoBUTH 46°. Ha 3ybuacTomy KoJjieci 5 € Tpaneneinaib-
HUHA BHUCTYI JUIS OOMEXEHHs IMOBOpOTYy Kojeca. Hass-
HICTH TEXHOJIOTIYHOTO 3a30py BEIMYMHOI0 46° HeoOXin-
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HUIA IS TOJIETIIEHHsT PO3rOHY JBHMI'YHA 1 3amacy iM Jie-
SKOT KiHETHMYHOI eHeprii 3 METOI0 3pHBY TOCTPSKIB Ha
MOYaTKy IPOLECy NePeBOy.

Puc. 4. Mexaniuna nepenaua crpisounoro nepesoxy CII-6m

TakuM 4MHOM, MEXaHIYHa Iiepefaya A03BOJIIE OTPH-
MaTd HEOOXiJHY LIBUAKICTh OOEPTaHHs TOJIOBHOTO Bally i
00epTaIbHUIT MOMEHT HEOOXiJHOI BEJIMUMHH Ta MEpelae
o0epTayibHUI pyX sKopst 10 pobOoyoi peiini (mmbepis),
NIEPETBOPIOIOU] HOro B MOCTYAIBHUMA PyX AJIs IepeBe/ICH-
HS TOCTPSIKIB CTPUIKH. Ajieé HOro KOHCTPYKIUS JIOCTaTHBO
CKJIaJTHA, 1110 3HIKYE 3arajbHy HalilHICTh CHCTEMHU.

JIyist criporieHHsT KOHCTPYKINT CTPUIOYHOTO MEPEBOIY
BUKOHAHO 3aMiHy KiHEMaTHYHOI JJAHKH Nepeiadeio «BUHT-
raiika», 3a JOTIOMOTOIO SKOi TIEPETBOPIOETHCS 00epTATEHHIA
pyX TIBHHTa B IOCTyHalbHy XOXIy Traiku. Taka mepenaya
JIO3BOJISIE ICTOTHO ITIBUILUTH 3YCUIUIS IEPEBOLLY, HE 30111b-
LIYI0YX HOTYXHOCTI enekTpoasuryHa [15]. Ilepenaui uporo
THITy MalOTh JI0JJaTKOBI BUTPATH Ha TEPTs, ajle L npobiema
BUPILIYETBCS 32 PAaXyHOK BHUKOPUCTAHHS  KYJIBKOBO-
IBUHTOBOI TapW «IBHHT-Taiika» (puc. 5), ska Mae Kpauii
TIOKa3HUKN 1 3aCTOCOBYETHCS IUIsl OUTBII TOYHHX IIE€peMi-
ILIEHb FOCTPSIKIB, HIXK 3BHYAifHa TBUHTOBA.

g1/

ISPV IV D ID,
Puc. 5. KynpKOBO-rBUHTOBA Mapa «'BUHT-TalKa»

IlepeBaramu Takoi mapu € Te, 1110 BOHA MPAIIOE 3 Ma-
JUMH BUTpAaTaMH Ha TEpTS (32 paxyHOK KOYEHHS), BHCO-
kuMm KKJ[ mepenadi, OCKUTbKM 0OEpPTAILHHIA MOMEHT Bij
I'BMHTA Ha raiiKy NepeaaeThes yepe3 KyJbku B raiii. Obe-
pTaHHS TBUHTA NPUBOJKUTH 10 NEPECYBaHHS FalKu 3 KyJib-
KaMd B TOPU3OHTaNBHIA TutommHi. [alika TOB’s3aHa 3
KapeTKo0, KOTPa B CBOIO Yepry uepe3 B3pi3HHH MPUCTPIH,
SIKAH TNPYKUHEHNUH KyJIbKOIO, TIepecyBae mmoep.

MogepHizallisi TakoX IIONSTa€ B TOMY, IO aBTOPH
CTaTTi MPOIOHYIOTH EJIEKTPOABUTYH IMOCTIHHOTO abo 3MiH-
HOT'O CTPYMY 3aMiHHTH BEHTHJIBHO-IHIYKTOPHHM JBUTYHOM
(BID) [16, 17]. OcKiibK¥ MOPIBHSIHO 3 aCHHXPOHHHM IBHU-
rynom BIJI mae Oulbll BHCOKHMH IyCKOBHII MOMEHT, a 3
€JICKTPO/IBUTYHOM TIOCTIHHOTO CTPYMY — He MOTpedye mepi-
OJIMYHOrO OOCITyrOBYBaHHS 1 3aMiHM IL[ITOK B KOJEKTOPHO-
IIITKOBOMY By31y, 00 BiH BiacyTHiid. Omxe, BI/l mae koHc-

TPYKTHBHI Ta eKCIUTyaTaliiiHi MepeBar, sKi JO3BOJISIIOTH
POOHTH TIPOTHO3, IO TaKi MAIINHU JONOMOXYTh HE TUIbKH
CIIPOCTUTH MEXaHIYHYy YacTHHY IPUBOJY 1 CUCTEMY KOHTPO-
JIFO TOCTPSIKIB, @ ¥ MiJBUIIUTA HOTO HAIIMHICTH 1 IIBUAKO-
niro. Kpim Toro, BoHM HaiiieneBI Y BUPOOHHUIITBI.
OynkiionanpHa cxema BIJ] HaBenena Ha puc. 6, 1m0
CKJIQMy SIKOI BXOJATH TPH OJIOKU: EIeKTPOMEXaHIYHHI
neperBoproBay eneprii (EMII), enekrpoHHHIT KOMyTaTop
(EK) Ta 6ok xepysanus (BK) y ckmani 610Ky ympaBimiHHS
(BY) i marumk monoxxenHst potopa (AIIP) y ckmani 610Ky
JIOTIOMDKHOTO OOJNafHaHHA, SKUH 3AIHCHIOE KOHTPOIb 3a
HepeMillieHHsIM TOCTpsiKiB. biiok ympaBmiiHHS 3IificHIOE
3aXUCT JIBUTYHA BiJ] EPEBaHTAXKEHb (CTPYMOBHX, TEMIIE-
paTypHHX) Ta YIpaBIIs€ €IeKTPOHHUM KOMYTaTOPOM.

Puc. 6 ®ynkiioHanpHa cxema eneKTpornpuBoay 3 BIJ]

3a ocHOBy Oyno BuOpaHo 4-aszuuit BIJ] 3 reomerpi-
€0 8/6, fioro MaTeMaTHYHA MOJEINb OIHCYEThCS CHCTE-
MO0 TU(EPEHIIIHHUX PIBHIHD:
diy

dt

+ AC(i 4,igsicsip,y)-te + AD(i4,ig,icyip,7) up +
+ KA(i 451g5icip,y ) @+ LAAG 4,ig,icip,7 ) i4R 4+
+ LAB(i 4,ig.icsip,y) igRg + LAC(i 4,ig,ic,ip,y)-icRe +
+LAD(i 4,ig.icyip,7) ipRp;

%:BA(iA,iB,ic,iD,7)'uA +BBliy.ig.ic.ip.7) up +

+BClig,ig.icsip»y)-tc +BD(i4,ipg.icyip,y) up +
+KBi 4,ip.icsip,y) @+ LBA(i y,ig.icyip.y)-igRy +
+LBB(i 4,ig.ic,ip,y) igRg + LBC(i4,ig,ic.ip,y)-icRe +
+LBD(i 4,ig.icyip,7) ipRp;

ddl;f:CA(iA:iBaiCaiDa}/).uA +CB(iA’iB’iC’iD’7/).uB +

= AA(i 4,ip,icip,y )ty + ABli 4,ig.ic,ip,y) ug +

+CCligigicyip,y)-uc +CD(igsig,icip,y)-up +
+KClig,ipyicsip,y) @+ LCA(i gigicyip,y) iR+
+LCBi 4 ig,ic.ip,y) igRg + LCCli 4igicyip,7 ) icRc +
+LCDi 4,ig.icip.7) ipRp;

%ZDA(iA,iB,ic,iD,}/)'MA +DB(iA,iB,ic,iD,}/)'uB +
+DCi gigicsip,y)-uc +DDli4,ig,ic,ip,y ) up +
+KD(iA,iB,ic,iD,}/)'a)+LDA(iA,iB,ic,iD,]/)'iARA +
+LDB(i 4,ip,icsip,7)-igRg + LDC(i g,ig.icyip,y)-icRe +
+LDD(i 4,ip,ic,ip.7) ipRp;
Mem =FM iA,iB,ic,iD,}/ s

do

JE:Mem_Mb
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Ie iy, i, ic, ip, ¥ — cTpymu a3 A, B, C, D BiamoBigHO Ta
KYT TIOBOPOTY POTOPA; Uy, U, Uc, Up — (Ha3HI HANPYTH;
AA, AB, AC, AD, BA, BB, BC, BD, CA, CB, CC, CD, DA,
DB, DC, DD — xoe¢iuientn ¢aszuux Hanpyr; KA, KB,
KC, KD — koedilieHTH KyTOBOI LIBHIKOCTI 0OEpTaHHSI;
LAA, LAB, LAC, LAD, LBA, LBB, LBC, LBD, LCA, LCB,
LCC, LCD, LDA, LDB, LDC, LDD — xoediuientu dasz-
HUX CTpyMiB; Ry, Rp, Rc, Rp — aKTHBHI ONOpPHU BiJIOBI-
HUX (a3 aBuryHa; FM — Koe]illieHT MOMEHTY JIBUTYHa;
J — MOMEHT iHepIii poTopa; @ — KyTOBa IIBUIKICTh JIBH-
ryHa; M,,, M, — eNeKTpOMAarHiTHUA MOMEHT JBHTYHA Ta
CTaTHYHUH MOMEHT HaBaHTAXXCHHS, BIAMOBITHO.

Bci posrisiayTi KoedimieHTH — e CKiIagHi QyHKIIII,
SIKi 3aJIeKaTh Bix cTpyMiB (a3 Ta KyTa oOepTaHHS poTopa
eNeKTPOJIBUTI'YHA.

3acTocyBaHHS HOBOTO THUILy €JIEKTPOJABHMIYHA B IIO-
€JIHAHHI 3 KYJIbKOBO-TBUHTOBOIO IApOI0 J03BOJISIE PO3Mi-
CTHUTH BCIO KOHCTPYKIIIO IPUBOJLY B IOPOXKHUCTIH IImalti,
110 3HWKYE BUTPATH B PEIAYKTOPi, 3MEHILY€E PO3MIp CTpi-
JIOYHOTO TIEPEBOJY 1 CHPOLILYE 3aB/JaHHS HOTO yCTaHOBKH
abo 3aMiHM, a TaKOX IIJBHILYE HATIWHICTh 1 3HUXKYE
eKCIUTyaTaliifHi BuTpaTtd. KOHCTpyKIis Takoro crpijgod-
HOTO IIEpeBOJy HaBeJeHa Ha pUC. 7, A€ BIIOKPEMIIEHO
myaktapoM BIJ (1) 3 emexTpoMexaHiYHEM MEPETBOPIO-
BaueM eHeprii (2), eNeKTpOHHHUM KOMYTaTOPOM, SKHI
BXOJUTh 10 CKJIAAy OJIOKY ympaBiiHHA (3) i JaTIUKOM
TOJIOKEHHS POTOPA, SIKHI PO3TAIIOBAHO B OJIOLI JOIOMI-
JKHOTO 0OsIagHaHHS (4).
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Puc. 7. KoHCTpYKTHBHA cXeMa CTPLIIOYHOTO IEPEBOLY
MOHOIINAJIBHOTO THITY

3aneXHO B CHTHAIY NaTYWKa MOJOXKEHHS POTOpA,
€JIIEKTPOHHUHA KOMyTaTop miakiodae (azy IBUTYHA IO
JoKepena KUBJIeHHs uepe3 kadenb (5). [Ipu npomy enexT-
pOMeEXaHIYHUI TepeTBOproBaY eHeprii (2) 3mificHIOE ITe-
PETBOPEHHS! EJIEKTPUYHOI eHeprii B MeXaHI4Hy, IPUBOJIS-
yn B pyx Ban mammHu (6). KysibpkoBo-rBuHTOBa mapa
«TBUHT-TalKay» MEPETBOPIOE 00epTaabHUN PyX rBUHTA (9)
B NOCTyNaJbHy Xoay raifok (10). I'BUHT 3akpiruieHuii Ha
omopHux minmmmHuKax (11) i 3’€qHaHUH 3 BAJIOM JBUTY-
Ha, uepe3 My(dry (12). Ialiku uepe3 BepTHUKaJIbHI TATH
(13), mapuipu (14) i momomxHio TAry (15) mepenaroTsb
3ycmiust ToctpsikaMm (7), sIKi 3IiHCHIOIOTH CBOE TepeMi-
IICHHS MK paMHOIO peiikoro (8) [18].

Jlnst mocuiikeHHsT IPOLECiB, 110 BiOyBarOThCs y Me-
XaHIYHIl YaCTHHI CTPLUIOYHOrO NEPEBO/y MOHOLIIIAILHOTO
TUITy, 32 KOHCTPYKTHBHOIO CXeMOIO (pHcC. 7) CTBOPEHO
MareMaTu4Hy imitaniiiny Mozens (puc. 8), 3 ypaxyBaHHIM
yCiX eJIEMEHTIB, IapaMeTpiB Ta 3B’S3KIB MK HUMU.

Ha Bigminy Bin [8], ne KiHeMaTH4Ha JIiHisl CTPUIOYHOTO
TIEPEBO/Ty PO3IILAANIAcs JBOMACOBOIO Ta TPHMMACOBOIO CHC-
TeMaMH, MEXaHI4Ha YacTHHA CTPLUIOYHOTO IEPEBOIY MOHO-
INaIBHOTO TUITY PO3MVISIIAETHCS SIK €JMHA eNIEKTPOMEXaH d-
Ha cucrema, To0To omHOMacoBa (puc. 9). Takoro i MoxHa

BB)KaTH 3 OIVIALY HA Te, IO 3yCHUIA IO TO3I0BXKHBOI TATH
BiJl TalfOK TepenaeThes Yepe3 ABi BEPTHKAIBHI TATH (3yCHII-
7 0 TO3IOBXKHBOT TATH NMPUKIANAETHCS B IBOX TOYKax), a
TAaKOX 3HEXTYBATU 3a30paMH B 3’€IHAHHAX, OCKUJIbKH BOHH
3’SIBJISIFOTHCSI TUTBKH B TIPOTIEC IX BUPOOIICHHS.
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Puc. 8. CtpykTypHa cXeMa CTpPiIOYHOTO NEPEBOLY
MOHOIIIAJIBHOIO THITY
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Puc. 9. CtpykTypHa cXemMa MeXaHI4HOI epeiadi CTPIIOYHOTo
MEPEeBOTY MOHOIIAIBHOTO THITY

CrpykTypHa cxema Ha puc. 9 Mae cymMapHHU MpHBeE-
JICHHIT MOMEHT iHepuii 10 eneKTpoaBUTYyHa Jx, SIKHH
CKJIAIA€TBCS 3 MOMEHTIB iHepuilt poropa BI, mepenaui
«TBHHT-TalKa)» Ta Mac TOCTPSIKiB. Y 3BOPOTHOMY 3B’S3KY
CHCTEMH € OJIOK HaBaHTaXeHHA V = f (F)), skuil BigoOpa-
A€ XapaKTePUCTHKY TEPTs, OCKIIBKKA CTPUIOYHI MepeBo-
IO TPamioloTh 3a PI3HUX IOTOAHUX YMOB IIii BIUIMBOM
BUIAAKOBUX (DaKTOpPIiB (Omaje JMCTS, MO, CHIT, PEYOBH-
HH, SIKI BUCHUIIAIOTHCS 3 BaroHie, Toio). Cepe/iHi BeaHyu-
HM KoedilieHTa TepTs N0 NOBEpXHI peiKa-moayIka
(cTranb-cTane) npuBe/eHi B Ta0M. 1.

Tabmuus 1
KoedimieHT TepTs B cTaHi CHOKOO i KOB3aHHS
KoedimieHt teprs
Marepianu, B CTaHi CIIOKOIO B CTaHi KOB3aHHS
IO TPYThCA 0e3 . 0e3 .
31 3Ma3K0I0 31 3Ma3KOI0
3MalleHHsS 3MallEeHHsS
eiiKa —
P 0,8 0,5-0,4 0,15-0,3 0,05-0,18
MOy TITKa

Cucrema yIpaBIiHHS CTPUIOYHOTO MEPEBOIY MO-
HOUIMAILHOTO TUIY PO3TJBIIAETHCS SIK CUCTEMA MiJIeTIIO-
ro perymoBaHHs koopawHaT 3 IIIJ] Ta mewitkum III[]
peryJsTopaMu IBHIKOCTI, sika crijbHO 3 B/ 3BeneHa no
3aranbHOl imiTamidHol Momeni Ha puc. 10, a Ha puc. 11
HABEJICHO CXEMy MEXaHIYHOT YaCTHHHU.
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Puc. 10. Y3aranpHeHa imitartifina moaens BIJ]
3 CHCTEMOIO YIPaBIiHHSI

Mem

=

JHAT)
Puc. 11. ImiTamiiina MO€lIb MEXaHIYHOT YaCTHHHI
CTPUTIOYHOTO TIEPEBOTY MOHOIITIATBHOTO THITY

PoGora cTpisiouHoro nepeBoxy MOHOIINAILHOTO THITY
JIOCITIJDKYBaJIach NPH CTAIOMY HaBaHTaXKEHHI 3 ypaxyBaHHIM
XapaKTEPUCTUKHU TEPTH, 110 HAHOLIBII HEraTHBHO BIUIUBAE HA
TIpOLIeC TIepeBOAY TOCTpsikiB. B pesynbrari imiTamiiiHoro
MOJICTIOBAaHHA KiHEMAaTHYHOI JiHil CTPITOYHOTO TepeBOdy
OTPUMAHO OCLIJIOIPAaMH PO3IONLTY TSATOBOIO 3yCHIUIS Ha
roctpsikax F' = f(f), mBUIKOCTI pyXy ix mepeBeneHus V = f(¢)
Ta nepemitienHs S = f (f), siki HaBezieHi Ha puc. 12.
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Puc. 12. [lepexinni npouecu y MexaHiuHii nepenadi
CTPLIOYHOTO NEPEBOYy MOHOMIITAIBEHOTO THILY

OTtpumaHi pe3ynpTaTd MOKa3yIoTh, 0 Y KiHEMaTH-
YHi JiHIi CTPUIOYHOTO MEPeBOAY MPUCYTHI KONHWBAaHHSI
TATOBOTO 3YCHJULL, aMIUTITyla SKUX y HOPIBHSHHI 3 Tpa-
TUIIAHAM CTPIIOYHUM IE€PEBOJAOM 3HHM3WIAch B 5,5-6
paziB [8]. Taki konuBaHHs y OUIBLIIA MIpi 3anexarTh Bil
XapakTepy MOBOJDKEHHS eJIEKTPOMAarHiTHOIO MOMEHTY.

Ha puc. 13 ta puc. 14 HaBeneHO nepexijHi Npouecu
poOOTH €IEeKTPONPHBO/IA, & CAME EJIEKTPOMArHiTHOIO MO-
MeHTy Ta mBuakocti 3 ITIJ] perynsropom mBuakocTi (puc.
13) ta 3 Hewitkum [1I/] perynsropom mBuakocti (puc. 14)
3 IOJAATKOBHM CTAIUM HaBaHTaKeHH:sM B ¢ = 0,6 c.

M. Nm 4

7, rev/min f,s
400

3000 -
2000 |-

1000

Puc. 13. Iepexigni nporiecH y CTPiJIOUHOMY [IEpEBOII
MoHommaigpHoro THITy 3 [1I/] perynsropoM mBUAKOCTI
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Puc. 14. Ilepexigni nporecy y CTpiIouHOMY IIEpeBOII
MOHOLIIAIBHOTO THITy 3 HewiTkuM [11]] peryisaTopom mBHAKOCTI

3 orpuManux rpadikiB MepexiHUX MpOLECiB BCTAHOB-
JICHO, IO HAMOLTKIII SKICHUH MTEPEXiHUIA TIPOIIEC BiAMOBIIaE
cucreMi 3 HewitkuMm I11J] perynsropom mBuakocti (puc. 14),
OCKUTBKH TIBHAKICTH €JICKTPOABUTYHA BUXOIWUTh HAa CTaJIMi
piBeHBb O3 Tepepery rfoBaHH: Ha BiIMiHY Bil BUKOPHCTaHHS
I perynsropa mBuakocTi (puc. 13). OCHOBHI TOKa3HUKA
SIKOCTI PEryJISITOpIB HAaBe/IeH] B Ta0I. 2.

Ta6muus 2
OCHOBHI MMOKa3HHUKH SIKOCTI MPOLIECIiB PEryJIFOBaHHS
Iloxa3Huk siKOCTI M1 perynstop Heimiuii ITIT
peryJsitop
[epeperymoBaHHs, Gy, Y0 42 0
Yac perymosanns, [ ,c 0,27 0,17
Yucno xomuBanb, N 1 0

Kpim Toro, 3ampOonoHOBaHUN THI CTPIIOYHOTO TIe-
PeBO/Y BIANPAIBOBYE 3a/aHe MEPEMILIEHHS TOCTPSIKIB 32
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yac 10 | ¢, 0 € HaJBaXJIMBUM 32 YMOB HOT0 BUKOpPHC-
TaHHs IS IUBUIKICHOTO PEHKOBOTO TPAHCIIOPTY.
Bucnoskn.

1. 3a po3pO0IIEHOI0 MAaTEMATHYHOK MOICIUIF0 CTPLIOY-
HOTO TIEPEBOLY MOHOIINAIBHOIO THILY 3 BEHTHJIBHO-
IHIYKTOPHMM JIBUTYHOM Ta KyJIbKOBO-TBHHTOBOIO Mapol0
BUKOHAHO JIOCHIKCHHS AUHAMIKH TIEPEMILIICHHS TOCTPSIKIB
B cepenoBuili MATLAB. Pesynbraru nokasanu, 1o nepe-
XiJT BIJI TPAJULIHHOTO CTPLUIOYHOTO MEPEBOTY IO MOHOIIIIA-
JIBHOTO THUITy 0OrpyHTOBaHMH. Ha BinMiHy Bix eneKkTponBH-
T'YHIB, 1110 €KCINTyaTyIOThCst Choro/iHi, BI/ Mae koHCTpYKTH-
BHI ITepeBary Uil CIPOMICHHS MEXaHIYHOI YaCTHHU TPHBO-
Iy, a TAKOXX CHCTEMH KOHTPOJIO roctpskie. Lle mo3Bonmo
TIOJIITIINTH SKICTh JUHAMIKA POOOTH CTPLIOYHOTO MEPEBO-
1y, 110 3a0e3rnedye HaIIMHICTh Ta Oe3neKy SK 3BUYaiiHOTO,
TaK 1 BUCOKOIIBHAKICHOTO PyXy PEHKOBOTO TPAHCIIOPTY.

2. KOHCTpYKTHBHE CIIPOIIEHHS KIHEMaTH4HOT niepenayi
BUKOHAHO LUISIXOM BHUKIIIOYEHHS HNPOMIKHOTO peayKTOpa
y ICHYIOYOro CbhOTOJHI CTpuroyHoro mnepesony EBI
Switch 2000, 1110 TPUBOAUTH IO 3HMKCHHS BHTPAT 4Yacy
Ha YKJIJKy Ta 00CIyroBYBaHHS CTPLIOYHOTO NEPEBOAY, a
TaKOX POOUTH KOHCTPYKIIIO OLIbII Ha/lIHHOIO.

3. Ilepexin 10 CTPIIOYHOMY HEPEBOY MOHOIIIAIBEHO-
TO THITy AO3BOJISIE OLTBII e(heKTUBHO 3aCTOCYBATH MIKpO-
MPOLIECOPHY CHCTEMY YIPaBIIiHHS, CTBOPHTH HEPCHEKTH-
BHI 3acO0M 3aXMCTy €JIEKTPOIBUTYHa Ta 3a0e3NeuuTH
KOHTPOJIb ITOJIOKEHHS TOCTPSKIB.

4. Bukopucrants B cuctemi kepyBanss [11]] Ta newitko-
ro ITI/] peryasropiB MBHUAKOCTI 3 ypaXyBaHHSIM HETiHIHHOT
XapaKTePUCTUKU TEPTS, MOKA3AIH MOJIIIIICHHS TUHAMIKA
pobotu cTpisouHoro mnepeBoay. B cucremi 3 Hewitkum TT1]]
PETyISATOPOM HE TUIBKH 30UIBIIIIACH HIBUKICTD IEPEBOLY,
aJie 1 criocTepiraeThest OUIBII SKICHUH MpOLieC POOOTH CTpi-
JIOYHOTO MEePEBOTy MOHOIINaIsHOro Tumy 3 BIJI,

Konguaikr inTepeciB. ABTOpH 3asBIIIOTH TIPO
BIJICYTHICTh KOH(QIIIKTY iHTEpPECIiB.
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Mathematical modelling of transients in the electric drive of the
turnout of the mono-sleeper type with switched-inductor motor.
Introduction. The study is devoted to the development of the
functionality of a railway track switch by introducing a switched-
inductor electric drive. This solution justifies simplifying the
mechanical part of the switches by changing the gearbox to a
ball-screw and locating the all kinematic line of the switches on
the mono-sleeper type. Goal. A study of the mono-sleeper turnout
type behaviour to meet modern traffic safety requirements and
improve operational reliability factors. Methodology. Based on
electric drive theory, a kinematic line of a mono-switch turnout
type with nonlinear friction characteristic is presented. Using
differential equation theory and Laplace transformation, a math-
ematic description of a four-phase switched-inductor motor with
ball-screw in a mechanical line of a single-mass electromechani-
cal system has been made. A simulation mathematical model of
the electric drive of mono-sleeper turnout type as the control
system with a switched-inductor motor and nonlinear friction
characteristic was built in MATLAB. Results. Simulation model-
ling of a mathematical model of a mono-sleeper turnout type with
a switched-inductor motor and ball-screw gear has been devel-
oped and implemented. Studies of dynamics of turnout point
movement have shown that, in contrast to the motors used today,
the switched-inductor motor makes it possible to simplify the
mechanical part of the drive, which leads to reduced time spent on
laying and maintenance of turnout points, and therefore makes the
design more reliable. The application of PID controller and fuzzy
speed controller has shown improved dynamics of turnout point,
while the fuzzy PID controller provides better performance of the
set values and turnout point movements. Originality. First devel-
oped a mathematical model of the electric drive of the mono-
sleeper turnout type, taking into account nonlinear friction char-
acteristic, as an object of speed control of turnout point move-
ment, is developed. Practical value. The developed mathematical
model of a railway track turnout of the mono-sleeper type with a
switched-inductor motor and ball-screw gear enables more effi-
cient use of a microprocessor control system, creation of promis-
ing electric motor protection means and control of a turnout
point. References 18, table 2, figure 14.

Key words: switched-inductor electric drive, electromechani-
cal system, control system, fuzzy speed controller.
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B.I. Kuznetsov, T.B. Nikitina, I.V. Bovdui, V.V. Kolomiets, B.B. Kobylianskiy

OVERHEAD POWER LINES MAGNETIC FIELD REDUCING IN MULTI-STORY
BUILDING BY ACTIVE SHIELDING MEANS

Aim. Reducing of magnetic flux density of magnetic field in multi-storey building, generated by overhead power lines to the
sanitary standards level by active shielding means. The tasks of the work are the synthesis, Computer simulation and experimental
research of three-circuits system of active shielding, which includes three shielding coils. Methodology. When synthesizing the
system of active shielding of magnetic field, are determined their number, configuration, spatial arrangement and of shielding coils
as well as the shielding coils currents and resulting magnetic flux density value in the shielding space. The synthesis is based on
the multi-criteria game decision, in which the payoff vector is calculated on the basis on quasi-stationary approximation solutions
of the Maxwell equations. The game decision is based on the stochastic particles multiswarm optimization algorithms. Results.
Computer simulation and experimental research of three-circuit system of active shielding of magnetic field, generated by
overhead power lines with phase conductors triangle arrangements in multi-storey building are given. The possibility of initial
magnetic flux density level reducing in multi-storey building to the sanitary standards level is shown. Originality. For the first time
to reducing of magnetic flux density of magnetic field in multi-storey building the synthesis, Computer simulation and experimental
research of three-circuit system of active shielding of magnetic field generated by single-circuit overhead power line with phase
conductors triangular arrangements carried out. Practical value. Practical recommendations from the point of view of the
practical implementation on reasonable choice of the spatial arrangement of three shielding coils of three-circuit system of active
shielding of the magnetic field generated by single-circuit overhead power line with phase conductors triangular arrangements in
multi-storey building are given. References 41, figures 15.

Key words: overhead power lines with phase conductors triangle arrangements, magnetic field, system of active shielding,
computer simulation, experimental research.

Lenw. Cruswcenue ypoeHs uHOYKYUU MASHUTNHO20 NOJIA 8HYMPU MHO20IMANCHO20 00MA, 2eHEPUPYeMO20 OOHOYENHOU 8030VULHOU
JUHUEl 2NeKmponepedayu 00 YPOsHI CAHUMAPHBIX HOPM. 3adauamu pabomul AEIAIOMCS CUHMES, KOMNbIOMEPHOE MOOETUPOBAHUE
U IKCNepUMeHMalbHble UCCAeO08AHUA MPEXKOHMYPHOU CUCHEMbL AKMUBHO20 IKPAHUPOBAHUSL, COOepIHcawyeli mpu dKpaHupyowue
obmomku. Memoodonozua. Ilpu cummese cucmemvl OnpeoeieHbl — KOMUYECMBO, KOHGUeypayus, npOCMpaHCmMeeHHOe
PACRONONHCEHUE IKDAHUPYIOWUX OOMOMOK, d MAKdCe MOKU 8 IKDAHUPYIOWUX 0OMOMKAX U pe3yIbmupyiowue 3HaveHus UHOYKyuu
MASHUMHO20 MO 8 nNpocmpancmee IKpanuposanus. Cunmes mpexKkoOHMYPHOU CUCTeEMbL AKMUBHO20 SKPAHUPOBAHUSA OCHOBAH Hd
PeuleHUY MHO2OKPUMEPUATbHOU CIOXACMUYECKOU USpbl, 8 KONMOPOU BeKMOPHDBIL 6bIUSPbIUL BLIYUCTAENCA HA OCHOBAHUU PeuleHUll
ypaenenuti Makceenna 6 KEAUCMAYUOHAPHOM npubaudcenuu. Pewienue uepvl HAxoOumcsi Ha OCHOGe AN2OPUMMO8
CMOXACIMUYECKOU  MYJIbMUASEHMHOU — OnMuMu3ayuu  myavmupoem yacmuy. Pesynomamer.  [Ipusodsamces  pesyibmamol
KOMIBIOMEPHO20 MOOETUPOBAHUS U IKCNEPUMEHMANLHBIX UCCACO08AHUU MPEXKOHMYPHOU CUCTEMbl AKMUBHO20 IKPAHUPOBAHUS
MACHUMHO20 NOJA  BHYMPU MHOL0IMANCHO20 OOMd, 2EHEPUPYEMO20 6030VUWIHOU JuHuel snekmponepeoauu. Ilokasana
B03MONCHOCHb  CHUJICEHU YPOBHA UHOYKYUU UCXOOHO20 MASHUMHO20 NONS 6HYMPU MHO20IMANCHO20 00MA 00 YPOBHS
canumapuvlx Hopm. Opuzunansnocms. Bnepevie 013 cHudICeHUsl YPOBHA UHOYKYUU MASHUMHO20 NOJIS HYMPU MHO20IMANCHO2O
00Ma 00 YPOBHSL CAHUMAPHBIX HOPM, NPOBEOEHbl CUHNIE3, KOMNbIOMEPHOE MOOEAUPOBAHUE U IKCNEPUMEHMANbHBLE UCCLE00BAHUS
MPEXKOHMYPHOU CUCEMbl AKMUBHO20 SKPAHUPOBAHUS MASHUMHO20 NOJsl, 2eHEePUPYeMo20 OOHOUENHOU 6030YWIHOU JIUHUE
aneKmponepeoayu ¢ mpey2oibHbiM n008ecom nposodos. Ilpakmuueckan yennocms. Ipusooamces npaxmuyeckue peKomeHoayuu
no  00O0CHOBAHHOMY 6bIOOPY, C MOYKU 3PEHUs NPAKMUYECKOU pedru3ayuu, NpPOCMPAHCMEEHHO20 DPACHONIONCEHUS mpex
IKPAHUPYIOWUX OOMOMOK MPEXKOHMYPHOU CUCEMbl AKMUBHO20 IKDAHUPOBAHUS MASHUMHO20 NOJISL, ON 2EHEPUPYEMO20 GHYMPU
MHO209MANCHO20 00MA MASHUMHO20 NOJs OOHOKOHMYPHOU 6030YWHOU JTUHUU NEKMPonepeoauu ¢ mpeyeOibHbIM No08ecom
nposodos. bubi. 41, puc. 15.

Key words: Bo3aynIHble JIMHHH 3JIEKTPONEpeJadd ¢ TPeYroJbHbIM PacmojioxenueM (a3HLIX MPOBOAOB, MATHHTHOE MOJIe,
CHCTEMA AKTHBHOI'0 YKPAHHPOBAHNS, KOMIILIOTEPHOE MOJeIHPOBAHUE, JKCIIEPUMEHTAIbHOE HCCJIeI0BAHHE.

Introduction. Overhead power lines often run near
residential buildings. These lines generate a power
frequency magnetic field (MF) in residential buildings,
the level of which often exceeds sanitary standards [1, 2].
To normalize the level of the magnetic field, it is most
effective and economically feasible to use active
screening methods [3, 4]. In an active shielding system
(SAS), a compensating magnetic field is generated using
shielding coils [5-18].

The number, spatial arrangement of shielding
windings and their ampere turns are determined by the
type of power transmission line and currents in the
conductors of power transmission lines, as well as the
spatial location of the shielding zone and its size, as well
as the level of induction, which must be provided by
means of active shielding. The simplest system is the

single-circuit system, which contains only one — single
shielding coil. With the help of such a system, it is
possible to effectively screen a weakly polarized
magnetic field, in which the space-time characteristic
has the form of a highly elongated ellipse, which
approaches a straight line.

However, the greatest difficulty for active shielding
is a highly polarized magnetic field. The shape of the
space-time characteristic of such a magnetic field
approaches a circle. In particular, such a magnetic field is
generated by a single-circuit power line with a triangle-
shaped arrangement of wires. Active shielding of such a
magnetic field requires at least two shielding coils.

In Ukraine, in the zones of old buildings, there are
mainly five-storey residential buildings. In this case,
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single-circuit 110 kV power lines with wires in the
shape of a triangle pass most often near these residential
buildings.

Most of the research focuses on reducing the
magnetic field in one-story houses or even in a separate
room at home [5-19]. Therefore, an urgent task is to reduce
the magnetic field in the entire multi-storey building.

The aim of the work is reduce the level of magnetic
flux density of the magnetic field in multi-storey building
generated by single-circuit overhead power line by active
shielding means. The tasks of the work are the synthesis,
computer simulation and experimental research of three-
circuits system of active shielding.

Statement of the research problem. Let us
consider the synthesis of system of active shielding of a
magnetic field in a multi-story building. The magnetic
field in a multi-story building is generated by a single-
circuit overhead power transmission line with a spatial
arrangement of wires in the shape of a triangle. In Fig. 1
are shown the layout of an overhead transmission line, a
multi-story building, in which it is necessary to reduce
the level of the initial magnetic field to sanitary
standards of Ukraine.

Arrangement of active elements

Fig. 1. The location of 110 kV overhead power line,
three shielding coils and shielding space in multi-story building

Let us introducing the vector of unknown parameters
the components of which are the number and coordinates
of shielding coils as well as parameters of the regulator
[19-23] and vector of uncertainty parameters [24-28].
Then the calculate of vector of unknown parameters of
system of active shielding and of vector of uncertainty
parameters in the form of a solution of multi-criteria
game. The components vector payoff in this game is
levels of magnetic flux density at points of the shielding
space. These components are nonlinear functions of the
vectors of unknown parameters and uncertainty
parameters and are calculated on basis of Maxwell
equations quasi-stationary approximation solutions [3].
First player is vector of unknown parameters and its
strategy is minimization of vector payoff. Second player
is vector of uncertainty parameters and this strategy is
maximization of the same vector payoff [29].

Therefore, the solution of multi-criteria game is
calculated from the condition of minimum value of vector
payoff for the vector of unknown parameters but the
maximum value of vector payoff for the wvector
uncertainty parameters. This technique corresponds to the

standard worst-case robust systems synthesis approach
[27,28].

To find multi-criterion game solution from Pareto-
optimal set solutions taking into account binary
preference relations [29-32] used particle multiswarm
optimization algorithm [33-41], in which swarms number
equal number of vector payoff components.

Computer simulation results. Consider the result
of synthesis of SAS of MF with circular space-time
characteristic created by three-phase single-circuit
overhead power line 110 kV with phase conductors
triangular arrangements in a multi-story building, as it is
shown in Fig. 1. In order to reduce the level of magnetic
flux density of the initial magnetic field throughout the
entire multi-story building to the level of sanitary
standards of Ukraine, in this case, it is necessary to use
three shielding windings, as it is shown in Fig. 1.

In Fig. 2 are shown lines of equal level of module of
the resultant magnetic flux density with the system of
active shielding is on. As follows from this figure, the
level of magnetic flux density of the resulting magnetic
field in the entire space of a multi-storey building does
not exceed the level of 0.5 uT, which corresponds to the
sanitary standards of Ukraine. Note that in the center of
the multi-storey building under consideration, the level of
magnetic flux density of the resulting magnetic field does
not exceed 0.2 uT. Therefore, in this part of the space,
using an system of active shielding, the induction level of
magnetic flux density of the initial magnetic field can be
reduced by more than 20 times.

Field after optimization |B|, uT

Fig. 2. Isolines of the resultant magnetic flux density
with the system of active shielding is on

In Fig. 3 are shown the space-time characteristics of
the magnetic flux density vector of magnetic field
generated by: 1) overhead power line; 2) all three shielding
coils and 3) the resultant magnetic field with the system of
active shielding.

In Fig. 4 are shown the dependences of the of levels
of the magnetic flux density of the initial magnetic field
and the resultant magnetic field when the system of active
shielding is on as a function of the distance from the
extreme conductor of the power line. As can be seen from
this figure, the system of active shielding is reduced the
level of the magnetic flux density of the initial magnetic
field by more 10 times from 4.25 uT to 0.4 uT and
therefore the shielding factor is more 10.
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Field at point x=16 m, z=7 m

B,, uT

By, uT

Fig. 3. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with all three shielding coils and only all three

shielding coils

Field before (1) and after (2) optimization

Fig. 4. Comparison of magnetic flux density level between with
and without system of active shielding

Now let us consider the shielding efficiency of the
original magnetic field when only one single firs shielding
coil is used at optimal values of the regulator of this coil.

In Fig. 5 are shown the space-time characteristics of
the magnetic flux density vector of magnetic field
generated by: 1) overhead power line; 2) only one single
firs shielding coils and 3) the resultant magnetic field with
the only one single firs shielding coils.

In Fig. 6 are shown the dependences of the of levels
of the magnetic flux density of the initial magnetic field
and the resultant magnetic field when the only single first
shielding coil of system of active shielding is on as a
function of the distance from the extreme conductor of the
power line.

As can be seen from this figure, with only one single
first shielding coil of the active shielding system, the level of
magnetic flux density of the initial magnetic field is
increased in 1.19 times in the considered space from 4.25 pT
to the level of 5 uT due to overcompensation.

Now let us consider the shielding efficiency of the
original magnetic field when only one single second
shielding coil is used at optimal values of the regulator of
this coil. In Fig. 7 are shown the space-time characteristics
of the magnetic flux density vector of magnetic field

generated by: 1) overhead power line; 2) only one single
second shielding coils and 3) the resultant magnetic field
with the only one single second shielding coils.

Field at point x=16 m, z=7 m

B, uT

Fig. 5. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single first shielding coil

Fig. 6. Comparison of magnetic flux density between with and
without system of active shielding with only single first

shielding coil
Field at point x=16 m, z=7 m
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Fig. 7. Comparison between space-time characteristics
of magnetic flux density without and with system of active
shielding with only single second shielding coil and only single
second shielding coil

ISSN 2074-272X. Enexmpomexnika i Enexkmpomexanirka, 2021, Ne 2 25



In Fig. 8 are shown the dependences of the of levels
of the magnetic flux density of the initial magnetic field
and the resultant magnetic field when the only single
second shielding coil of system of active shielding is on
as a function of the distance from the extreme conductor
of the power line. As can be seen from this figure, with
only one single second shielding coil of the active
shielding system, the level of magnetic flux density of the
initial magnetic field is increased in 1.28 times in the
considered space from 4.25 puT to the level of 5.4 uT due
to overcompensation.

Field before (1) and after (2) optimization

5.5

5

4.5

4

3.5

B, uT

3

Fig. 8. Comparison of magnetic flux density between with and
without system of active shielding with only single second
shielding coil

Now let us consider the shielding efficiency of the
original magnetic field when only one single third shielding
coil is used at optimal values of the regulator of this coil.
In Fig. 9 are shown the space-time characteristics of the
magnetic flux density vector of magnetic field generated by:
1) overhead power line; 2) only one single third shielding
coils and 3) the resultant magnetic field with the only one
single third shielding coils.

Field at point x=16 m, z=7 m

Fig. 9. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single third shielding coil and only single
third shielding coil

In Fig. 10 are shown the dependences of the of
levels of the magnetic flux density of the initial magnetic

field and the resultant magnetic field when the only single
third shielding coil of system of active shielding is on as a
function of the distance from the extreme conductor of the
power line.

Field before (1) and after (2) optimization

Fig. 10. Comparison of magnetic flux density between with and
without system of active shielding with only single third
shielding coil

As can be seen from this figure, with only one third of
the winding of the active shielding system, the level of the
magnetic flux density of the initial magnetic field is
reduced in 1.35 times in the considered space from 4.25 pT
to the level of 3.25 puT.

Now let us consider the shielding efficiency of the
original magnetic field when only both first and second
shielding coils are used at optimal values of the regulator of
these coils. In Fig. 11 are shown the space-time characteristics
of the magnetic flux density vector of magnetic field
generated by: 1) overhead power line; 2) only both first and
second shielding coils and 3) the resultant magnetic field
with the only both first and second shielding coils.

Field at point x=16 m, z=7 m

B,, uT

Fig. 11. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only both first and second shielding coils and
only both first and second shielding coils

In Fig. 12 are shown the dependences of the of
levels of the magnetic flux density of the initial magnetic
field and the resultant magnetic field when the only both
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first and second shielding coils of system of active
shielding are on as a function of the distance from the
extreme conductor of the power line.

Field before (1) and after (2) optimization
4.5

4

Fig. 12. Comparison of magnetic flux density between with and
without system of active shielding with only both first and
second shielding coils

As can be seen from this figure, with only both first
and second shielding coils of the active shielding system,
the level of magnetic flux density of the initial magnetic
field is reduced in 1.35 times in the considered space from
4.25 uT to the level of 3.25 uT.

Experimental research. For experimental research,
a laboratory model of a three-coil system of active
shielding of a magnetic field generated by an air power
line in a multi-storey building has been developed.

In Fig. 13 is shown a general view of the layout of
the synthesized laboratory model of a three-coil system of
active shielding.

of system of active shielding laboratory model

To adjust the model of the system of active
shielding, the space-time characteristic of the magnetic
field was experimentally measured using two measuring
windings and oscilloscope [31, 32].

As an example, in Fig. 14 are shown oscillograms of
the output signals of the sensors (a) and experimentally
measured space-time characteristics (b) of the output
magnetic field.

In Fig. 15 are shown comparison of magnetic flux
density between measurements (solid lines) and
simulations (indicated by +) with and without system of
active shielding.

Fig. 14. Oscillograms of the output signals of the both sensors
(a) and experimentally measured space-time characteristics (b)
of the magnetic field

Field before (1) and after (2) optimization

1Bl uT

0.5 & + IR S ... 2 .'. ! T SRR S §
Field after |
0 i : : i i
a7 37 47
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Fig. 15. Comparison of magnetic flux density between
measurements (solid lines) and simulations (+) with and without
system of active shielding

Note that from a comparison of the spatio-temporal
characteristics shown in Fig. 9 and Fig. 11 follows that the
space-time characteristic of the resulting magnetic field
remaining after the operation of the only first and second
shielding coil is a highly elongated ellipse. The major axis
elongated ellipse spatio-temporal characteristics practically
coincides with the space-time characteristics of the
magnetic field generated by only one third shielding coil.

As a result, with the help of the third shielding coil,
the major axis of the space-time characteristic of the
resulting magnetic field, which remains after the
operation of the only first and second shielding coils,
is compensated effectively. Due to such compensation,
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a sufficiently high shielding factor of 10.75 is provided in
the system with the simultaneous operation of all three
shielding coils.

As can be seen from Fig. 15 the experimental value
of the induction level does not exceed 0.5 uT. The
deviation of the experimental value of the induction level
from the calculated one is due, firstly, to the deviation of
the geometric dimensions of the shielding windings from
their calculated values, and, secondly, to the inaccuracy of
adjusting the parameters of the regulators.

Conclusions.

1. For the first time, to reduce the initial magnetic field
in multi-storey building generated by a high-voltage
power line by active shielding means, the three-circuits
system of active shielding which contains three shielding
coils was designed.

2.As a result of computer simulation of the
synthesized system, it is shown that with the help of the
synthesized system, the level of magnetic flux density of
the magnetic field in a multi-storey building generated by
a high-voltage power line is reduced by more than 10
times. At the same time, the level of magnetic flux density
of the resulting magnetic field in multi-storey building
does not exceed the sanitary standards of Ukraine.

3.To set up a laboratory model of a three-circuit
system of active shielding, a computer simulation of the
effectiveness of shielding the initial magnetic field in a
multi-storey building using separate windings was carried
out. It is shown, that when only one coil is in operation,
the level of the magnetic flux density increases by a factor
of 1.2-1.5 due to overcompensation. When only two
windings work, it is not possible to ensure the sanitary
standards of Ukraine in terms of the magnetic flux density
level in the multi-storey building.

4. As the results of experimental studies of a laboratory
model of a three-circuit system of active shielding of a
magnetic field in a multi-storey building generated by a
high-voltage power line are presented, it has been
established that the shielding factor is more than 4 units.
The deviation of the experimental value of the level of
magnetic flux density from the calculated one is due,
firstly, to the deviation of the geometric dimensions of the
shielding windings from their calculated values, and,
secondly, to the inaccuracy of adjusting the parameters of
the regulators.
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IOPPEKTUBHOCTDb PABOTBI AKTUBHOI'O YIIPABJISAEMOI'O BBIITPAMUTEJIA
B PEXKUME UCKAXKEHWS HATIPSI)KEHUS IIMTAIOIEA CETH

Posensanymo pobomy axmuerozo Kepoganozo sunpamaaua-odxcepena Hanpyeu (ABAH) 3 napamempuunoro ma 6eKmopHoio cucmema-
MU YRPABTIHHA, SKI NPAYIO0OMb 3 (IKCOBAHOI0 4ACTNOMOI0 MOOYIAYIL 8 CKAadi enekmponpusody nomyoicHicmio 315 kBm napanenvho
3 THUWUMU HABAHMAICEHHAMU 8 YMOBAX CNOMBOPEHHs Hanpyau 0dicependa dicuients. Bukonano mamemamuune mooenioganns AB/[H
3 PIZHUMU CUCIEMAaMU YNPAGIIHHA. 3anponoHo6ano Kpumepii U3HAYEHHsl AKOCHI CROJMCUBAHOL efleKmpoeHepaii 6 mouyi niOKIoYeH-
Hs cxemu. Po3pobneno pexomendayii wooo euxopucmanns cucmem ynpaeninnus ABJH npu pobomi 3i cnomeopenoio nanpyeoio oice-
pena scugaenns. bion. 8, tabin. 4, puc. 11.

Kniouosi cnoéa: akTUBHUI BUIPAMJIAY, BEKTOPHA CHCTeMa YNPABJiHHSA, MapaMeTPHYHA cHCTeMa YNPABJiHHA, 4acTOTa
IIIIM, cioTBOpeHHS HANIPYT'M Mepeski, CIOTBOPEHHs CTPYMY Mepe:ki, cyMapHuii koedilieHT rapMoHiiiHUX CIOTBOPEHb.

Paccmompena paboma axmugno2o ynpaeniemo2o evinpamumens-ucmoynuxa nanpsxcenus (ABUH) ¢ napamempuueckoii u
B8EKMOPHOU cucmemMamu ynpasieHus, pabomaowux ¢ QuUKCUPOBAHHOL YACMOMOU MOOYAAYUU 8 cocmase 1eKMmponpusood
mownocmoio 315 kBm napannenvno ¢ Opy2umu HAepYy3KAMU 6 YCIOBUAX UCKAICEHHO20 HANPANICEHUS UCTNOYHUKA NUMAHUSA.
Buinoaneno mamemamuueckoe mooenuposanue ABUH ¢ pasauunvimu cucmemamu ynpaegienus. Ilpednoscenvt kpumepuu on-
pedenenus kavecmeda nOmpeoisemMoll dIeKmpoIHepeul 8 mouke nOOKIOUeHus cxemol. Paspabomansr pexomenoayuu no uc-
nonvzoeanuto cucmem ynpaenenus ABUH npu pabome ¢ uckaxcéHuvim HanpsyiceHuem ucmoynuka numanus. buon. 8, tadin. 4,
puc. 11.

Kniouesvie crosa: aKTHBHBIA BBINPSIMHTE/b, BEKTOPHAS CHCTeMa YNpPAaBJeHHs, MapaMeTpHuyecKas cHCTeMa YNpaBJeHH,
yacrora IIUM, uckakeHusl HANpsZKeHHs] CEeTH, MCKAa’KEHUsI CETeBOI0 TOKA, CYMMAapHbIi K03Q(UIHEHT rapMOHHYECKHX

HCKAKEeHU M.

BBenenmne. AKTUBHBIE yIIpaBisieMble BBIIPSMHTEIH
— ucrounuku HanpsbkeHus (ABUH) Bcé wame ucronssy-
IOTCS BO BXOAHBIX IIEMSAX IPOMBIIUICHHBIX IPHBOJIOB
CpenHel MOIIHOCTH Ha OCHOBE aBTOHOMHBIX HHBEPTOPOB
HaTpsDKEeHUsI, obecrieunBasi IBYXCTOPOHHUI OOMEH SHep-
THEN MEXIY JBHUraTejeM U IMUTAIOLIEeH CEThIO MPHU MpaK-
THYECKH CHHYCOMIAJIBbHOH (hopMe TOKa Ha BXOJE CXEMEI ¢
HyJIeBBIM (ha30BbIM CIIBUTOM €r0 OTHOCHUTENILHO (hasHOro
HanpspkeHuss  [1-3].  DddekTHBHOCTH PabOTBHI  CXEMBI
ABUH, o0ecrieunBaercs, Mpexae BCEro, MPaBHIbLHBIM
BBIOOPOM CTPYKTYpHI €ro CUCTeMbl ynpasneHus [4, 5]. B
pabote [6] aBTOpamu HpoBeieH aHAIM3 (PPEKTHBHOCTH
paboTsl 6a30BEIX cxeM cucteM ynpasnenus (CY) ABUH
IIPY peajv3alyd MU OCHOBHBIX (DYHKLMH, BO3JIaraeMbIX
Ha CHJIOBYIO CXEMY IpeoOpa3oBates, a TaKKe MPeaIoKe-
Ha HOBas cTpykTypa CVY Ha OCHOBE TEOpHHM IpeCTaBlie-
HUSI MTHOBEHHBIX TOKOB M HamlpspKeHHH Tpéxda3HoH cetn
B BHJE OOOOMIEHHBIX BEKTOPOB B p-¢-F KOOPIMHATAX.
Ycenoxuaenne cxembl CY ABUH onpaBnaHo npu UCTIONb-
30BaHUM TPeo0pa3oBaTelsl B yCIOBHUAX HPOMBIIIIEHHOTO
nexa, rje OT OOLIero MCTOYHHWKA MOXET OBITh 3alUTaHO
HECKOJIBKO Harpy30K, OKa3bIBAIOIIMX B3aMMHOE BIIUSHHE
JpyT Ha JIpyra, T.e. B yCJIOBHUSX, KOT/Ia B NMUTAIOLIEM Ha-
MIPSDKEHUN BO3MOJKHBI JIOJITOBPEMEHHBIE HCKAKEHHSI.

Ieab podoTsl - mpoBepka d3PPEKTUBHOCTH pabOTHI
ABUWH c pa3nuyHblMM TUDAMHM CHCTEM YIpPAaBIECHHS B
YCIOBUSIX TIyOOKHMX HMCKaXEHHH HampspKeHHs Tpéxdas-
HOH TPEXNPOBOJHON MUTAIOLIEN CETH.

CTpykTypa cXeMbl 3JeKTPONHMTAHUS NPHBOJA.
CrpyKTypHas cxeMa HCCIEeLyeMOro 4aCTOTHOTO JIEKTPO-
MPUBOJIa CPEJAHEN MOIIHOCTH C MCMOJb30BaHUEM TPEX-
(ha3HOTr0 aKTHBHOTO BBIIPSMHTENS-UCTOUHMKA HaIpshKe-
HUS TIpUBEJIeHa Ha puc. 1.

OHa COAEPXHT: UCTOUYHHMK TPEX(a3zHOro mHepeMeH-
HOTO HANpsDKEHHS Ug; TpeoOpazoBaTesbHbIN TpaHchop-
matop T; Bxoxmuele peaxkropel ABUH, kotopsle, mpu

HEOOXOANMOCTH, MOTYT OBITh OOBEAMHEHBI C (DHIBTPOM
BbicokuX uactor ®BY; akTuBHbBIl BbinpsMurens AB,
BBINOJIHEHHBII 110 MOCTOBOM CX€Me Ha KIIF04ax 3HaKoIe-
PEMEHHOTO TOKa; B MPOMEKYTOYHOH IIETIH ITOCTOSHHOTO
TOKa BKJIFOUEHHI 1Ba KoHIeHcaTtopa C; u C, 0IWHAKOBOM
émkocTr; TpEx(azHBIE MOCTOBOW aBTOHOMHBIA HHBEPTOP
HanpspkeHnss AVH, Taxoke BBITOJIHEHHBIH 1O MOCTOBOM
CXeMe Ha KIIF0Yax 3HaKOIEePEeMEHHOTO TOKa M HarpysKeH-
HBIH Ha Tpéxdasnyro acuHxpoHHylo mamuny H. ITpeo6-
pasoBatenbHbIi Tpanchopmarop T, B oOmieM ciyudae,
MO>KET IUTATh U Apyrue Harpysku JIH, noaxirodeHHbIe K
BBIBOJIaM €r0 BEHTHJILHBIX OOMOTOK HapajuleNIbHO HCCIIe-
JlyeMOH cxeMe.

AB |T|AI/IH
Us T ==
QO I wm | Il
%
= 7
Puc. 1. CrpykTypHas cxeMa 4aCTOTHOIO 3JIEKTPOIPUBOJA

¢ ABUH

Ha npaktuke manHast cxema JOJDKHA COEPKaTh eIié
KOMMYTHPYIOIINE W 3al[UTHBIC ammapaThl, a TaKXKe BbI-
XOJHOW (WIBTP MHBepTOpa HampspkeHus. OHU HEe Mpe-
CTaBJIEHBI Ha pHC. |, TaK KaKk HE OKAa3bIBAIOT CYIIECTBEH-
HOro BiMsiHUA Ha padoty ABUH u He sBnstroTcst npenme-
TOM PaCCMOTPEHMS ITOU CTAThHU.

JUIs KOppPEKTHOTO BOCHPHATHS TOITYYCHHBIX pe-
3yJIbTAaTOB B paMKaxX I[OCJICIOBATEIBHO IPOBOIUMBIX
aBTOpaMHM HCCIICIOBAHUI, ITapaMeTPhl OCHOBHBIX 3JIEMEH-
TOB paccMaTPUBAEMOIl CHCTEMBI OBLITH B3ATHI TAKIMH K€,
Kak 1 B [6].

[IpoToTunom Harpy3kd ObUT IPUHAT ACHHXPOHHBIN
meurarennb  Gupmer ABB  tam M3BP 355 SMC4,
MacropTHBIC JAHHBIE KOTOPOTO MPUBEACHBI B Ta0M. 1.

© .C. Kpsuios, O.1. Xonox
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ITapameTtps! Harpy3ku

Tabmuma 1

ITapamerp 3HayeHue
JIuneitHoe HampsbkeHue cratopa, B 400
Homunansnas yactora, 't 50
HomuHnanpHas MOIIHOCTE, KBT 315
HomuHanbHEIH TOK cTaTOpa, A 553

Tak KaK HWCCIeIOBaHHE IWHAMHUKH PaOOTHI acHH-
XPOHHOTO 3JEKTPOIIPUBOAA HE SIBIISETCS LENBI0 JaHHOM
CTaTbu, a OONBIIMHCTBO cucteM ympasieHuss ABUH
JIETKO CHPAaBIAIOTCA C 3aJadeld peKyleparuy, MOIelb
Harpy3kKd TIpeACTaBi€Ha J3KBUBAJIEHTHOW RL-uemnbto,
obecrieunBaoLIell BbIICICHHE Ha Harpy3Ke aHajIoru4HON
MOIITHOCTH.

CY AUH mnocrpoeHa N0 NPUHIMITY CHUHYCOUAAb-
HOW HIMPOTHO-UMITYJIbCHOH MOIYJALUH ¢ (PUKCHpOBaH-
HoH Ha ypoBHe 4 kI'11 yacToTOl M TITyOMHOM peryaupoBa-
HUS, 3a/1aBa€MOM 3aMKHYTOH CUCTEMON aBTOMaTHYECKOIO
VIpaBJIEHUS C 0OPaTHOH CBS3BIO O BXOJHOW MOIIHOCTH
WHBEPTOpa, MOIAEPKHBaeMOH B JIOOOM pEXuUMe Ha
YPOBHE HOMUHAJIBHOM AKTUBHOW MOILHOCTU [IBUraTellsd,
T.€. 315 kBT. PaBHO#1 4 k'l mpuHATa ¥ YacToTa PabOTHI
xommyTtaTopa ABMH Bo Bcex pexmnmax.

CymMapHast €MKOCTh 3BE€Ha IIOCTOSIHHOTO TOKa BbI-
Opana paBHoi 28 M® u3 ycinoBus obecrieueHus Tpedye-
MOTO YpPOBHS IYJIbCAIM BEINPSMIICHHOTO HAINpsDKCHUS,
KaK B HEYIIPABISEMOM, TaK ¥ B aKTUBHOM pexXHUME pado-
Tel AB. BennumHa BXOIHOW WHIYKTUBHOCTH (ha3bl
ABUH npunsta pagaoit 150 MxI'H, 4yTO, B coueTaHuu ¢
AMeIoIIeicss MHIYKTHBHOCTHIO MMUTAOIIEH ceTH, obecre-
YHBAET YCTOWYIHMBYIO pabOTy CXEMBI BO BCEX PEIKUMAX.

MoLIHOCTh KOPOTKOI'O 3aMbIKAHHUS ITUTAIOIIEH CETH B
TOYKE TOAKIIOueHHs peodpazoBatens paBHa 150 MBA.

IIpeoGpa3oBaTenbHBI TpaHCHOPMATOP YCTAHOBIICH-
HOW MornHocThio | MBA oOecrieunBaer mpeoOpa3oBaHue
JIMHEHHOTO HaNpsDKEeHUs NHTAroIeil ceth ypoBHS 6 kB
B JinHeiHOoe 0,4 kB ¢ BO3MOXXHOCTBIO MapayljieIbHOTO
MOJKITIOYEHUs emé JBYX aHAJIOTHYHBIX INpeoOpaszoBare-
JIel WM IPYTO Harpy3Ku COOTBETCTBYIOIIEH MOIIHOCTH.

KpuTepnn ouenkn kavecrna. [Ipu onenke kagect-
Ba MOTPEOIIEMOI SIEKTPOIHEPTHH W YPOBHS BIUSHUS
mpeobpa3oBarens Ha MHUTAOMIYI0 CeTh HEOOXOAWMO 3a-
JIaTbCS OCHOBHBIMH KPUTEPHSMH, MO KOTOPBIM Oyaem
OILICHUBATh CTEIIEHb YCIEIIHOCTH MPUMEHEHHUS TOTO WM
HWHOTO TEXHHYECKOTO PELICHHUS.

Corunacho [7, 8] 10CTaTOYHO TOYHO OMPEEIUTh CTe-
NIeHb B3aUMHOTO BJIMSIHUS ITpeo0pazoBatelisi U MUTaroLen
CeTH MOXKHO, PACCUHTAB CYMMAPHbIL KOIDPuyueHm
eapmonuueckux uckadxcenuti THD (ko3¢d¢dununeHt ncka-
KCHHS CHHYCOMJIAIBHOCTH KPUBOW) HATPSIKCHUS U TOKA
MUTAIOMIEH CEeTH, a TaKkKe KoIPuyuenm Hecummempuu
HanpsaxjceHus N0 00PAMHOU U HY1e8oU NOCAe008AMENbHO-
cmu B TOYKE MOTKIIOUEHHS MpeoOpa3oBaTelsi K IMHTalo-
LIEH CeTH.

CymmapHBI#i K03(p(PHUIIMEHT rapMOHHYECKHX HCKa-
JKeHu# omnpenensercs [7, 8] kak OTHOIIEHUE CPETHEKBAI-
PaTUYHON CYMMBI BBICIIMX TaPMOHHK CHTHAJIA K €ro mep-
BOW rapMoHuUKe U Oepércs, oObYHO, B mpoueHTtax. s
(ha3zHOro TOKA M HAINPSDKEHUS] CETH OH ONpEeJeNIseTcs], Kak

o0
2l

THD; =22 100%, (1)
il
o0
Uk

THDy =452 100%, @)

1

rae I, u U, — pedcTByrone 3HaYCHHUS k- TapMOHHUKHU
(a3sHOTO TOKAa ¥ HANpsDKCHHWS B TOYKE ITOJKIIOYCHUS
npeobpaszoBarens k cetw; /| u U — AeHCTByIOINE 3HAaUYe-
HUA 1-1 TapMOHUKY (ha3HOTO TOKA M HANIPSDKEHUS B TOUKE
HOJKITFOYEHUS.

KoaddunmeHnr HecummeTpun HampspkeHusl 1mo o0-
paTHOIl MOCIENOBATENBHOCTH MOXKHO ONPEAEIUTh U3
BbIpakeHus [7]

Usay

1D
rae Uyqy 1 Uy) — AelcTByIOImpe 3HAYEHUs HAIPSIKECHHSA
COOTBETCTBEHHO TMPSIMOI M 00paTHOI Mociie0BaTeIbHO-
CTH OCHOBHOM 4acTOThI TPEX(PA3HOW CHUCTEMBbI HAIpshKe-
HUI, KOTOpbIE MOKHO OTIPEICNINTh, KaK [7]

KNSZ = 100% 5 (3)

_ —
2
2 2
Uscay —Ycuq
V3 3 T Usa
3U 43y +,|4UBcqy — U 4Bq) +1(4)
1
Uy = o +U4p()
2 2
‘ N Upcay—Ucaq |
U 4pq) i
_ —
2 2 2
Ugcay —Ucaqy
NE 3 T Umn
3U 4pq1) —,|4UBcq) — U +
1
Uy = |13 *Uasq) (5)
2 2
. Uscy —Ucaqy
U 4801y
rae Uupay, Uscay Ucqy — AEHCTBYIOIIUE 3HAYECHUS TIEP-

BBIX TAPMOHUK JIMHEHHBIX HANpPsDKCHUH MHUTAIONMIEH CeTH
B TOYKE TTOAKIIIOUCHNUS MpeoOpazoBaTes.

KoaddummenT HecuMMeTpun HAMIPsDKEHS 10 HyJIe-
BOI1 mocnenoBatenbHOCTH [7] B cxeme puc. 1 He ompene-
JISIETCSI B CBSI3HM C OTCYTCTBHEM B HEH HyJIEBOTO NIPOBOJA.

CtpykTypa cuctemsl ynpasiaeaus ABUH. B [6]
aBTOpaMy OBLIO MOKA3aHO, YTO CPEAU CIEIAMIUX CTPYK-
Typ CY ABUH c dukcupoBaHHOW 4acTOTOH MOIYISIMN
Lenecoo0pa3sHo MPUMEHSATh CXEMy C YIpaBICHHEM IO
HAaIpsDKEHUIO, TPUBEICHHYIO Ha pHC. 2.

5

VT,

—»
VT,

m

A 4

PWM

Puc. 2. CtpykrypHas cxema CVY ¢ ynpaBneHHEM IO HaNPSHKEHHIO

E€ mpuHImnm neiicTBus OCHOBaH Ha (POPMUPOBAHUH
curtana 3aaanus PWM renepatopa B BuAE Pa3HOCTU
HATIPSDKCHUS, TPOIOPIIMOHAIFHOTO HANPSHKEHUIO (ha3bl
MUTAOMICH CeTH, W TaJeHUs HANpSHKCHHS Ha BXOJHOM
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Jpoccene mpeoOpaszoBaTensd. JTO MO3BOJSET yCTPaHUTH
HeOoINpeeNIEHHOCTh 3aaHusl (ha3bl TOKA MUTAIOIICH CeTH,
BO3HUKAIOIIUK MpU (PUKCAIMH YaCTOTHI MOIYJISILIUU CXe-
MBI, U TIOAJEPKUBAaTh €ro HyJEeBOE 3HA4YE€HHE BO BCEX
pexxumax padboTel cxembl [6]. Hemocratkom CTpyKTYpBI,
MIPEACTaBICHHONW Ha pUC. 2, SIBJISETCS 3aBUCHMOCTh CHI-
Hana 3amanuss PWM reneparopa ot ¢opMsl 1 (a3sl M-
TAIOIIETO HANPSDKEHHSA. DTO HEJONMYCTHMO B PEKUME
TyOOKMX HCKaKCHWH HANpsDKEHUS NHUTAIOUICH CEeTH M
MOJKET TPHUBECTH K CYIIECTBEHHOMY CHIDKCHHIO d(dek-
THBHOCTH paboTer ABIH.

Juist 60pbOBI ¢ 3TUM B [6] ObLIA ITPEJIOKEHA CTPYK-
Typa, Gopmupytomas curuan 3ananus PWM reneparopa,
KOTOPBII NOJy4aeTcsi B pe3ysbTaTe NpPeACTaBICHUS ceTe-
BOIO HalpsDKEHHsT M TOKa B BHZAE MPOCTPAHCTBEHHBIX
BEKTOPOB BO BpalIaoIIeiicsl CUCTEeMe KOOPAUHAT p-g-1' U
BBIJICJICHNSI M3 WX MPOCKIWI COCTaBIIIOMINX, IPOIOp-
LMOHAJIBHBIX IPSAMBIM TIOCJEIO0BATEIBHOCTIM TpEXdas-
HOM CHUCTEMBI. JTO MO3BOJIWIO CO3AATh CTPYKTYpPYy CHUC-
Tembl ynpasienuss ABUH, npusenennyro Ha puc. 3, Ma-
JIOYYBCTBUTEIBHYIO K HCKaKCHMSAM HANPSDKEHHS HCTOY-
HUKA ITUTAHWA.

Coordinate
converter

Puc. 3. CtpykrypHas cxema CY ¢ BEeKTOPHBIM YIIPaBJIECHHEM.

MopenupoBanue padoTbl cxeMbl. MoenrpoBaHue
paboTBl aKTUBHOTO BEIIPSMHUTENS C ABYMS CTPYKTYpaMu
CHCTEM YIpaBJeHHS ObUIO MPOBEACHO B IPOTPAMMHOM
nakere Matlab/Simulink npumenuTensHO K eAMHON cH-
JIOBOM CXeMe, COOTBETCTBYIomIeH puc. 1. Buemnuit Bug
Matlab mMozenu cuiloBO# cxeMbl mpeoOpazoBatelis, IpH-
BeZicH Ha puc. 4. OHa COICPIKUT CICIYIOIIUE OJIOKH:

e cuioBas cxema — 6ioku 1, 2, 5, 6, 10-12, 15, 16, 19;
® CHCTEMEI yIpaBiceHus — onoku 4, 13, 17;
® JIaTYMKW TOKOB M HANpsDKCHUH — Onoku 3, 7-9, 14;

® pacu€TYMKH apaMeTpoB — O5oku 25, 27, 29;
e BbIBOAA MH(DopMalu — 010k 20-24, 26, 28, 30.

Ha3naueHne OCHOBHBIX OJIOKOB CHJIOBOH CXEMBI:
1 — cerb Tpéx(azHOro NMEPEMEHHOTO HANpPsDKeHUs; 2 —
CWJIOBOM TpaHchopMaTop; 5 — BXOJHBIE PEAKTOPHI
ABUH; 6 — moct ABUH; 10, 11 — émMkocTH 3BeHa 1OCTO-
ssHHOTO TOKa; 12 — moct AUH; 15 — Harpy3ska; 16 — no-
TIOJTHUTEIbHAS Harpy3ka; 19 — GUIbTp BEICOKUX 9acTOT.

ITapameTpbl CHIIOBBIX ILemed MOJENHM 3aJaHbl B
CTPOTOM COOTBETCTBHH C JAHHBIMH CHJIOBOM CXEMBI 3JIEK-
TpornpuBosa (puc. 1), mpuBeaeHHBIMHU BbIIe. JlOMOIHU-
TENBHOM Harpy3koi cxeMmsl (16) sBISeTCs IIECTHITYNbC-
HbIiI MOCTOBOM YIIpaBJISIEMBIH BBIIPSIMUTENL YCTAHOB-
nenHol MomHocThio 300 kBt, pabotarommii ¢ yriiom
ynpasieHus 60 a11. rpag. OH BHOCUT B HalpsKEHUE BEH-
TUJIBHOM OOMOTKHM TpeoOpa30BaTEILHOIO TpaHCHOpMa-
TOpa KOMMYTAallMOHHbIE HCKaKeHUS. DUIBTP BBICOKHX
gactoT (19) npenna3zHaveH st 00pHOBI C UCKAXCHUSIMU B
MUTAIOIIEM HalpspKeHnH Ha dactote padotst ABUH. On
MOJKET MOIKII0YAThCS K cxeme yepe3 kommyTarop (18) B
MOMEHT BpEeMEHH, 3a/1aBaeMbIii O1tokoM 17. brnoku pacué-
Ta mapameTpoB (25, 27, 29) mo3BONAIOT paccUUTaTh KO-
3 QUIMEHT HECHMMETPUHU HAINpPsDKEHUs] M0 OOpaTHOU
MOCJIE0BATENLHOCTH, KO3(D(UIIMEHThI TapMOHUYECKHX
WCKOKEHUI TOKa W HaNpsDKEHHs KaXIoW (a3bl BEHTHIIb-
HOW OOMOTKHM IpeoOpa3oBaTeNIbHOr0 TpaHchopMaTopa u
BBIBECTH 3TH JaHHBIC B mpoleHTax (0ymoku 26, 28, 30).
bnokn 23 u 24 ortoOpakaroT AEHCTBYIONIME 3HAYCHHMS
TOKa ¥ HaNpsHKCHUS! KXo (ha3bl BEHTHIBLHOW 0OMOTKH
TpaHcdopmaropa ISl OIEHKH NX BO3MOXXHOW HECHMMET-
pun. brnoku ocummiorpados (20-22) TO3BONSIOT HATIISA-
HO OLICHWTh MTHOBEHHBIC 3HAUCHNUS TAPAMETPOB CXEMBIL.

MopenupoBaHue MpPOU3BOAMIOCH U TPEX BapuaH-
TOB paboThl cucteM ynpasienus ABUH (6iok 4): Hepe-
TYJIUPYEMBIH PEXHUM — HMITYJIbChl YIPaBICHUS TPaH3U-
cropamu He Bbiatotcs u ABUH paGoraer B pexume
JIMO/THOTO BBITIPSIMUTENIS; PEXKUM paboThI ¢ HapaMeTpuye-
ckoii CY 1o cTpyKType puc. 2; pexxuM paboThl ¢ BEKTOP-
Hoit CY mo cTpykType puc. 3.

SU_AUV 4
Gale g o SU_Inv 13
As mA 2 aA a a Ala—alp g 4_
% ,';‘T
Bsls—alB—— b e alB bje—e—alb/|{|'Bj=—alB :
3¢ ! I\ d Als a4 al| A a
Cs alcY” Yelp—He-alc clm alc Clealc 8 olB b“B)VWW\b
Us Transformer I Iprn_Upm ‘ L_AIN ALGJV (] G ol C ¢
1 2 2 i InUnts 239
b e ST e
Ts = 2e-06s. Bf—| GateFirr |—a|g.P[® = > | |
e c 17 alc oin alc | E—
uv 16 Breaker18 C_C_K19 RMS '
I e ] 0 e ] SO oo ¥ -
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Puc. 4. Matlab mozaens cunoBoii cxembt ABUH
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B kagecTBe JOJITOBPEMEHHBIX HCKAXKAIOIMX (HaKkTo-
POB OBUTM IPHHATHL: KOMMYTalMOHHBIE NCKAKEHHMS, BHO-
CUMBIE JIOTIOJHUTEIHHOW HArpy3kod mpu e€ mapajuielib-
HOH paboTe C OCHOBHBIM IpeoOpa3oBaTesieM; CHUKEHHE
nuTaroero HanpsbkeHus gassl B Ha 10 % oT HOMUHAJB-
HOTO 3Ha4yeHUs; cIBUr HanpspkeHus ¢aszer C Ha 130 1.
rpaji. OTHOCUTENBHO HamnpspkeHus (asel B. Bee nm3mepe-
HUSI TIPOBOJAWJIMCH C BKJIFOYCHHBIM (DHUIIBTPOM BBICOKHX
4acToT.

Ha puc. 5 npuBeneHbl BpeMEHHBIE AUArPAMMBI CETE-
BOT'0 HAMNPSDKEHHUS M TOKa AJISI HEPETYINPYEMOTO PEKIMa
pabotsl (ABUH paboraer kak IUOAHBIA BBIIPSMHUTEID)
IpU OTCYTCTBHU JONOJHUTENIBHBIX HCKAaXECHUH, BHOCH-
MBIX B HalpsDKEHUE MUTAIOLIEH CeTH B pe3ysbTaTre BO3-
JCWCTBHS BHEIIHUX (akTopoB. M3 auarpamm BHAHO, YTO
(hopMa ceTeBOro TOKa CyIIECTBEHHO OTIIMYAETCs OT CHHY-
COWJIBL, @ €T0 CyMMAapHBIH KOI(PPHUIMEHT TApPMOHUIECKUX
nckaxennt (THD;) B passl NpEBBINAECT MPEACIBEHO
JIOITyCTUMBIE 3HA4YEHUS, 4YTO IOATBEPXKIAIOT JaHHBIE,
MIpUBEICHHEIC B Ta0M. 2.
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Puc. 5. HanpspkeHnue v TOK CETU B HEPETYJINPYEMOM PEKUME
0e3 CKa)XeHUIT TapaMeTpoB CeTH

Ta6uuna 2
[TapameTps! nuTaoLIeii ceTH 1UIs TPEX BAPUAHTOB pabOTHI
cucreM ynpasinerus ABUH B ycnoBusx oTCyTCTBHS BHELIHUX
CETEBBIX HCKAXKCHUH

Tun JluoHbIi IMapamerpuueckas | Bekropnas CY
CXEMBbI BBINPSIMUTEIb CY ABUH ABUH
b2 A | B|C|A|B|C|A|B]|C
|mapamerp
I 499,8(499,0|499,9| 468 |468,1(468,3|467,7|467,8(468,2
U, 228,2|228,2(228,2|229,4|229,4|229,4|229,4(229,4|229,4
THD;, 25,23125,37(25,36| 2,88 | 2,86 | 2,88 | 2,88 | 2,85 | 2,86

THD 2,99 12,99 1299 | 4,44 | 4,43 | 4,44 | 4,43 | 4,42 | 4,43
0,002 0,0007 0,0007

KNS2

W3 Tabn. 2 Takxke BUAHO, YTO HE3aBHCUMO OT THUIIA
CY, ABUH no3Bonser 3(h(heKTHBHO yCTPaHUTh HEXema-
TEJbHYIO TeHEpalMi0 B CETh BBICIIMX I'AaPMOHHUK TOKa U
MOJIYYUTh HOPMaJbHO AONMyCTHMblE 3HaueHuss THD; u
THDy.

Ananmm3upyst JaHHbIE W3 TaOJl. 2 MOXKHO TOBOPHUTH
00 omuHAKOBOW 3(P(EKTUBHOCTH MapaMeTPUIEeCKON
BekropHoit CY ABUH B pexxume cHMMETpHUYHOU HEHC-
KaXE€HHON ceTu. BpeMeHHBIE AuarpamMMbl CETEBOIO Ha-
NpsDKEHUS U TOKa JUI 3TOTO Cilyvasl, IIPUBEICHHBIE Ha
puc. 6, uaeHTHYHBI A1 06oux THnoB CVY.

BHeceHne cMMMETPUYHBIX KOMMYTAllMOHHBIX HCKa-
JKCHHH OT JIOTIOJHUTEIBHON Harpy3kd, paboTaromeit
napajulelIbHO ¢ OCHOBHBIM NpeoOpa3oBaTeieM, 3aMETHO
yCYTyOIISIIOT KapTHHY PadOTHI CXEMBI B HEPETYJINPYyEMOM

peXnMe M, corjacHo Tabn. 3, HaoT He3HaYUTEIhHBIC
IIperMMyLIecTBa BEKTOPHOM cCHCTEME yIpaBileHus. Bpe-
MEHHBIE JJMarpaMMbl pabOTBl CXEMBI B HEPETYJIUPYEMOM
pexume mpuBeaeHbl Ha puc. 7. Ha puc. 8 mpuseneHs
JarpamMMel, Wwntoctpupyoomue padoty ABUH B pexu-
M€ CUMMETPHYHBIX MCKKEHHUH, XapaKTepHBbIE I 00enx

CHUCTCM YIIPABJICHUS.
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Puc. 6. Hampsoxenue u Tok cetu ¢ ABUH B pexxume
CHMMETPHUYHOTO HEMCKAKEHHOTO MCTOYHHUKA [TUTAHHS

Tabmuma 3
ITapameTps! nuraromieit cetn Juist TpEX BapuaHToB pabots CY
ABUVH B ycnoBusX BHEUIHUX CUMMETPUYHBIX UCKAKCHUI

Tun Jnoanbrit
CXEMBI BBIIPSIMUTENb

ITapamerpuueckas
CY ABUH

Bekropnas CY
ABUH

boal Al Bl c|A|B|Cc|A|B]|C

napamerp

Vi 548,0(547,8|549,1|496,9(496,31496,0|496,6 |495,7496,0

U, 215,3|215,3|215,3(217,6|217,6|217,6|217,7(217,7|217,7

THD, 29,75(130,33|30,13 | 4,95 | 4,99 | 5,04 | 4,75 | 4,79 | 4,73

THDy 7,45 | 7,43 | 7,46 | 9,36 |1 9,39 | 9,42 | 9,44 | 9,47 | 9,45

Kys2 0,004 0,0006 0,0005
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Puc. 7. HanpsikeHue ¥ TOK CETU B HEPETYJIUPYEMOM PEKUME
B YCJIOBUSIX BHEIITHUX CUMMETPHYHBIX HCKaKEHUI
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Puc. 8. Hampsxenue u Tok cetd ¢ ABUH B ycnoBusx BHEITHUX
CHUMMETPUYHBIX HCKaXKECHHUIT
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OHGHI/IM Ka4y€CTBO pa6OTLI paccMaTpruBacMbIX CHUC-
TEM YIIPABJICHUS, BHCCA NOMOJIHUTCIbHYIO ACHMMCTPUIO B
HaIPps’)KCHUEC HI/ITaIOHIeﬁ CCTH.
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Ha puc. 9-11 nmpuBeneHs! BpeMEHHBIE TUATPAMMEI
CETEeBOr0 HAIPSDKEHUS M TOKA VIS TPEX PEKUMOB pabOTHI
CY ABUH B ycnoBusix BHEHUIHUX HECHMMETPUYHBIX HC-
Ka2)KEHHH NCTOYHUKA ITUTAHUSL.
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Puc. 9. HampskeHue 1 TOK CETH B HEPETYIIHPYEMOM PEKUME
B YCIIOBUSIX I'TyOOKHX HECHMMETPUYHBIX HCKaKCHUH
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Puc. 10. Hanpsokenue u Tok cetu ¢ napamerpudeckoin CY

B YCJIOBUSIX I'TyOOKHMX HECUMMETPUYHBIX UCKaKEHUH
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Puc. 11. Hanpsokenne u Tok cetu ¢ Bektopaoit CY ABUH

B YCIIOBHUSIX I'TyOOKHX HECHMMETPUYHBIX HCKaXKCHUH

B 1abn. 4 nmpuBeneHb! NOKa3aTeIn OLCHKU KayecTBa
CeTH TNPH TIIyOOKMX HECHUMMETPUYHBIX MCKaXKCHUSIX Ha-
MIPSDKCHUS] UICTOYHMKA MTUTAHUS TSI TPEX PEKUMOB pado-
o1 CY ABUH.

AHanu3 NMOJTyYeHHBIX JaHHBIX ITOKa3bIBAET, YTO HPHU
rTryOOKOM MCKaXCHHUHU TapaMeTpoB ceTu U pabore ABUH
B HEYIPABISIEMOM PEXHUME CETEBOW TOK W HalpsHKEHHE
CYILECTBEHHO OTJIMYAIOTCSA OT CHHYCOMIBI, IPUCYTCTBYET
aCHMMETpPHUS TOKOB U HANpsDKeHWH 1o (as3am, mpeBbliie-
Hbl nokazarenu THD; w THD,. Ilpu padore ABUH B
TaKUX yCIOBHAX BekTopHas CY OKa3bIBaeTCs y)Xe OILIy-
tUMO OoJsiee 3peKTHBHOMN, YeM MapameTpuydecKas — OHa
3HAYUTEIBHO JIy4llle CHUMMETPUPYET MOoTpedisieMble U3
CEeTH TOKH.

3nauenus THD; u THD,, ipu padote nByx tunos CY
MIPaKTHYECKH OJMHAKOBBI M COOTBETCTBYIOT HOpMaM [8].
VYIIydmuTh CHMMETPHIO IUTAIOMIMX HANpsDKeHWH He
MO3BOJISIET HU OJIHA U3 paccMOTpeHHBIX CY.

Ta6muna 4
[MapameTpsl cet npy TPEX BapuaHTax pabOTHI CUCTEM
ynpasinenus ABUH B ycrnoBus riry0oKux ceTeBbIX HCKaKEHUH

Tun bes ABUH ITapamerpuueckas
CXEMBI cy

Bekropnas CY

b A Bl c|lAa|B|lCc|Al|lB]|C

apamerp

L 775,6(579,4(516,6|611,6(517,1(576,9|580,6(559,6|572,5

U, 198,41168,4|193,7(200,6(170,6(194,21200,9|170,8| 194

THD; 17,08139,34| 30,8 | 3,5 | 3,14 | 3,48 | 3,4 | 2,95 | 3,47

THDy 4,151 6,54 | 7,21 | 6,31 | 6,66 | 8,18 | 6,39 | 6,69 | 8,31

Kns» 9,85 9,5 9,51
BbiBOaBI.

1. B ycnoBHSAX CHMMETPUYHBIX MCKAXEHHN MUTAIOLIE-
IO HAaNpspKeHUs TIPeUIO’KeHHasl aBTOPaMH BEKTOpHAs
cucremMa ympaBieHus ABWH wumeer He3HauHWTenbHOE
MPEUMYIIECTBO TIEPE]] MapaMETPUIECCKOH.

2. Ilpn HaIMYMM HECUMMETPUH B HANPSHKEHUN MCTOY-
Huka nutanusi, ABUH ¢ BekTopHOI cuctemoit ympasie-
HUS TOTpeOJIseT W3 MUTAIOMEH CeTH TOK, OTKIOHEHHE
JIEUCTBYIOILET0 3HAYEHHUE KOTOPOTO OT HOMHHAJIBHOTO HE
npessiiaet 2 % B kaxnon (aze. OTKIOHEHHUE e JEeHCT-
BYIOIIIETO 3HAaUEHHMs TOKa (ha3 OT HOMHHAJIA B IIapaMeTpH-
yeckoi cucreme nocruraet 10 % kak B OOJIBLIYIO, TaK U B
MEHBIIYIO CTOPOHY. TO ecTh, B pexXnMme IIyOOKHX HCKa-
JKeHUH HanpspkeHus nuratomeit cetu ABUH ¢ BexktopHOI
CHCTEMOIl yNpaBJIeHHs 3HAYUTENIBHO JIydIle CHMMETpH-
pyer morpebisieMbiii u3 TpExpa3HOW CETH TOK, YeM C
napamMeTpUIECKOM.

3. ABUH mnoxka3zan BbICOKYIO 3((EKTUBHOCTb BO BCEX
pexumax paboOTBl, NPOJEMOHCTPUPOBAB JAOINYCTHUMBIC
HOpMaMH 3Ha4eHHs Uil CyMMapHOro kod(d¢uuumeHra
rapMOHWYECKUX HMCKKCHWH TOKA W HAINPSDKEHUS! CETH B
Touke mojkiIoueHus. [IpoBeneHHBIE WCCIEIOBAHMS I10-
3BOJISIIOT TOBOPUTH, YTO MCIOJIB30BAaHUE BEKTOPHBIX CHC-
TEM YINpaBJICHUs, IO MHEHHIO aBTOPOB, SBIISIETCS Han0o-
Jiee TIEPCTICKTUBHBIM, a UX JalbHEHIIee HCCIeA0BaHuE 1
ONTHUMU3ALMS] — AKTyaJIbHOU 3a1a4ei.

Konpuaukr uHTepecoB. ABTOPHI
OTCYTCTBUH KOH(IIMKTA HHTEPECOB.
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The efficiency of the active controlled rectifier operation in
the mains voltage distortion mode.

Goal. Checking the efficiency of the active rectifier with differ-
ences types of control systems in conditions of deep voltage distor-
tions of a three-phase three-wire supply network. Methodology.
The authors have used the Matlab/Simulink software environment
to create a model of an active rectifier with various types of con-
trol systems as part of a frequency electric drive. We performed a
series of simulations of the operating modes of an active rectifier
with various control systems when the supply voltage is distorted.
Results. When the active rectifier is operating in an unregulated
mode, the distortions of the current and mains voltage exceed the
maximum permissible values. The quality indicators of the mains
current and mains voltage are significantly higher than the nor-
mally permissible values. In the absence of voltage distortions in
the supply network, the operation of the active rectifier can effec-
tively eliminate the distortions of the mains current, regardless of
the type of control system of the active rectifier. In conditions of
deep distortions of the supply network voltage, the operation of an
active rectifier with a vector control system is more efficient than
with a parametric control system. Originality. Criteria for deter-
mining the quality of consumed electricity at the connection point
of the circuit are proposed. Practical significance. Recommenda-
tions have been developed for the use of active rectifier control
systems when working with a distorted power supply voltage.
References 8, tables 4, figures 11.

Key words: active rectifier, vector control system, parametric
control system, PWM frequency, mains voltage distortion,
mains current distortion, total harmonic distortion.
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YK 620.91:621.31
A.A. lllaBénkwm, J. Gerlici, M. A. lIBemunkosa, K. Kravchenko, I'.B. Kpyrmsik

YIPABJIEHUE SHEPTOINOTPEBJIEHUEM MMOJKJIIOYEHHOM K CETH

C MHOI'O30HHOM TAPU®UKAIIAENR ®OTOIJEKTPHUECKON CUCTEMBI
C AKKYMYJATOPOM JJISA OBECIIEYEHUA COBCTBEHHbBIX HYXK/I
JIOKAJIBHOI'O OFBEKTA

Yoockonaneno npunyunu ynpaeninns i nepepo3nodiny emepeii, Aka HAKONUYYEMbCA 8 AKYMYIAMOPHIl bamapei, 6 (pomoenekmpuyHiil
cucmemi I0KaibHO20 06'ekma, RiOKIIOUeH020 00 Mepedici 3 6a2amo30HHO MAaPUDIKAYIEIo NPU BUKTIIOYEHHT 2eHepayii enepeli 6 Mepedicy.
3a paxynox ewnepeii 6amapei 8 HAlIOINbW HABAHMANCEH] NIKOBI 200UHI MA YACMKOB0 8 OEHHUIL Yac cucmema npayroe aemoHOMHO i He
3anedxncums 6i0 MOJICTUBUX CHOMBOPEHb AKOCI elekmpoeHnepzii 8 mepedici. 3anpononosano cyenapii pexomenoosano2o epagika Hasan-
TadceHHs 8i0N0GIOHO 00 8IOHOUEHHS NPOSHO308AH020 3HAUEHHA OeHHOI 2eHepayii eHepeii homoenexkmpuunoi bamapei 00 ii MOHCIUBO2O
MAKCUMATLHO20 3HAYEHHS. 3anponoHO8aAHO MEmoOUKy PO3PAXYHKY PEKOMEHOOBAHO20 HABAHMAICEHHS 3 NOMOYHUM KOPe2Y8aAHHAM 3d
axkmuunoio eenepayiero i cmynenem 3apsdy bamapei, wo 0036015€ PAXyEamu GIOXUIEHHs pakmuunoi eenepayii pomoenexmpuynoi
bamapei 8i0 NPpoeHO3HO20 3HAYEHHS | PAKMUUHO20 HABAHMANCEHHSA 8i0 peKomMendoeano2o. Pospobaeno imimayitiny mooens enepeemuy-
HUX npoyecie 8 cucmemi 3 KOpe2y8aHHAM 3HAUEHHS PEeKOMEHO08aH020 Hasanmadicents. Ilpaye30amuicms 3anponoHosanux piwiens nio-
meepodiceno mooentosannam 6 Matlab i na excnepumenmanvhiti ycmanosyi na 6asi cmanoapmuozo 2iopuonozo ineepmopa. Ompumani
PIiuenHs1 € 0CHOB0I0 OJisl RPOEKMYB8AHHSL HOGUX [ MOOEPHIZAYIT ICHYIOUUX (POMOENEKMPULHUX CUCHEM JOKATbHUX 00'€KMIE 3 GUKOPUCMAH-
HAM NPOSPAMHO-MEXHIYHUX KOMNIIEKCI8 ynpaesninms enekmpocnoxcusannam. bion. 18, puc. 4.

Knrouosi crnosa: dararozonnuii Tapud, nepepo3nojin eneprii, cryninb 3apsaay akymyJastopa, LIIIM, cuenapii pekomeHnaoBaHo-
r0 HABAHTAKEHHsI 3 NOTOYHUM KOPer'yBaHHSIM, MO/IeTIOBAHHS.

doi: 10.20998/2074-272X.2021.2.06

Vcosepuwencmeosanvl npunyuner ynpaenenusi u nepepacnpeoenenus IHepUU, HaKaniueaeMoli 8 akKyMyasmopHou bamapee, 6 gomo-
INEKMPUHECKOU cucmeme JOKAIbHO20 06beKma, NOOKIIOYEHHO20 K Cemu ¢ MHO2030HHOU Mapugukayuel npu UCKIIOYeHuU 2eHepayuy
oHepeuu ¢ cemo. 3a cuem dsHepeuu bamapeu 8 HauboJee HAZPYICeHHble NUKOBbIE YACHl U YACMUYHO 8 OHEGHOEe 8PeMsl cucmemMa paboma-
em A8MOHOMHO U He 3A6UCUNT 0N BO3MOICHBIX HAPYUEHUT Ka4ecmea dekmpodnepeuu 6 cemu. I[Ipeonodiceno cyenapuu pekomeHo08aH-
HO20 2pagura Haspy3KU 8 COOMEEMCMEUU C OMHOUEHUEM NPOCHOZUPYEMO20 3HAUCHUs. OHEGHOU 2eHepayuu IHepeuu Pomosnekmpuye-
cKoll bamapeu K ee 803MONCHOMY MAKCUMATbHOMY 3Hauenuio. TIpednodicena memoouka paciema peKoMeHOOBAHHOU HAZPY3KU C MeK)-
weti KOppeKmuposKoll No hakmuueckol 2enepayuy u cmenexuy 3apsoa bamapeu, Ymo nO360Jsenm y4ecms OMAUYUsL PaKmuieckou ceHe-
payuu omosneKmputeckoi bamapeu om nPoSHO3HO2O 3HAYEHUs U (PAKMUYecKoU Hazpy3Ku om pekomenoosanHou. Paspabomana
UMUMAYUOHHASL MOOETIb IHEPeeMU4eCcKUX NPOYecco8 8 CUcmeme ¢ KOPPEeKMUpPOSKOl 3HAYEHUs PeKOMEHO08anHoU Hazpysku. Pabomo-
CROCOOHOCIb NPEONIONCEHHBIX PeweHUll NoomeepicoeHa mooenuposanuem ¢ Matlab u na sxcnepumenmanvHol ycmanoske Ha Oaze
cmanoapmnozo 2ubpuoHozo uneepmopa. Ilonyuennvie peuienus S6ISIOMCS OCHOBO OJis NPOEKMUPOBANHUsL HOBLIX U MOOEPHU3AYUU C)-
Wecmeyowux homoINeKmpuseckux CUcmem JOKALbHbIX 00BEKMO8 ¢ UCHOIb30BAHUEM NPOSPDAMMHO-MEXHUYECKUX KOMIIEKCO8 Ynpaes-
Jnenus snexmponompebnenuem. buodmn. 18, puc. 4.

Knioueevie crosa: MHOT030HHBIH Tapud, mepepacnpeiejieHue IJHEPrHH, CTeNeHb 3apsiia akkymyasitopa, IIAM, cueHapuu
PEKOMEHI0BAHHOI HATPY3KH ¢ TeKyIllel KOPPeKTHPOBKOIi, MO e/ IMPOBaHNe.

Beenenue. «3eneHas sHepreTUKa H, B IEPBYIO OUe-
penb, ¢oroanexTpuyeckue cucrembl (PIC) nomydaror
Bce Ooubliee pacIpoCTpaHeHHE B COBPEMEHHBIX YCIOBH-
sIX. DTO Kacaercs W «MaJloi» SHEPreTUKH, B YACTHOCTH,
CyOBEKTOB XO3SICTBEHHOH NESTEIHHOCTH — JIOKAJIBHBIX
00wvekToB (JIO) pasnuunoro HasHaueHus. [Ipu 3ToM wHc-
MOJIb30BaHNEe KOMOMHHPOBaHHBIX (ruOpuaHbIX) PIC ¢
akkymyJsiTopaoit 6arapeeit (AKB) m momkiroueHmeMm K
pacnpenenurensHoit cetu (PC) mo3BomnsieT: MOBBICUTH
HAJICXKHOCTh 3JICKTPOCHAOXKEeHUs 3a cueT (pyHKImu Oec-
nepeOOoNHOro NMUTaHUS B YCIOBHUSX OTKIIOUEHMH HaIps-
JKCHUsI TIPM HCIOJIB30BAHUM COJIHEYHOM TeHepaluud Hu
sHeprun AKDB; noBeicuTs norpedasieMyro momHocTs JIO,
0COOEHHO 3TO aKTyaJbHO MPH HAIMYHUU JTUMHUTA Ha MOII-
HOCTH OT JHEPrOCHCTEMBI, Korga ucmoib3oBanne DIC
JICIIEBJIe, YeM CTPOUTEIHCTBO HOBOH JIMHUHU SJIEKTPOIIe-
penaun u o6opymoBanus nogkroueHus Kk PC.

3auHTepecOBAaHHOCTD B MPOAAKE IIEKTPOIHEPTHH TI0
«3eneHoMy» Tapudy Hapsity ¢ odecrieueHueM COOCTBEHHBIX
HY)X] He siBysiercst omnpenesnsironteit it JIO, uto cBsi3aHo ©
3aBbiieHHeM MouHoctH ®O3C M ¢ HeoO0XOJUMOCTHIO
oopmIIeHHST pa3peIIUTENBHBIX JOKYMEHTOB. K ToMy ke
TIO/IXO/IBI K «3EJICHBIM» Tapru(am MEHSIOTCS, a CaMH TapU]bI
ymMmeHbIaroTes [1]. B 3Tom miaHe MHOroOOEaromyM SIBIIsi-
€TCsI IPUHSITHIA B MUPOBOH IPaKTHKE ITOJX0, KOT/Ia oTpe-
OWTENb SBIAETCS IPOCKIOMEPOM [2], M SHEpTHs MOTpeOIIsieT-
ci TaMm, TAe OHAa TCHEPHPYETCS. DTO YaCTHIHO CHHUMAeT

NpoOJIeMBI C YIpaBJIeHHEM TeHepalyel B 3HeprocucTeMe 1
HEO0OXOIMMOCTBIO 0OecTiedeHust OaaHca SHEPrHu.

O¢ddexruBHocts BHeaperns O®OC mis cyOBEKTOB
XO35UCTBEHHOM IESATENILHOCTH ONPEIENSIETCS B COOTBET-
CTBHH C MPHUPOCTOM TPOU3BOACTBA MPOAYKINH U YIyd-
IIEHHEM YCIIOBUH paboTel. Bmecte ¢ TeM BHexpeHme Ta-
KHX CHCTEM JIOJDKHO O0ecIieurBaTh CHIDKCHHE 3aTpaT Ha
omaty morpebieHus anekrpornepruu u3 PC ocobenHo ¢
YYETOM MOCTOSIHHOTO pocta TapugoB. [lepcriekTHBHBIM
siBisierca ucnonb3oBanne GOC ¢ AKb mpu moakioye-
HuM Kk PC ¢ MHOTro30HHO# Tapudukaiuei ¢ nepepacpe-
JIeTICHNEeM SHEPTHH MeX 1y Tapu(HBIMH 30HamHu [3-5].

O peanpHO# MoTpeOHOCTH B Takux ®IC cBumeTenb-
CTBYET TO, YTO HA AIEKTPOTEXHUYECKOM PBHIHKE IITHPOKO
MPeCTaBICHBl TOTOBBIE pemeHus [6-8] u pazpaboTku
«TUOPUIHBIX» WHBEPTOPOB. DTH PEIICHUS MPEACTABISIOT
COBPEMEHHBIE MPOTPAMMHO-TEXHHUECKHE KOMILUIEKCHI: C
nutaaueM JIO OT aBTOHOMHOTO MHBEPTOpPA HANPSDKEHHS
(AH) n nmepexmogennem Harpysku JIO x PC (6Gaiimac)
NpU  HEJIOCTaTOYHOW TeHepauuu (OTOIIEKTpUIeCKOn
barapeun (®B) u snepruu AKDB; ¢ cereBbIM MHBEPTOPOM
(CH), xorna narpyska u CU paboratoT mapaiienbHO ¢
PC. JlanHble pemieHus npeaHa3sHA4YeHBI JJIsl UCHOJIb30Ba-
HUSI B OZJTHOCTaBOYHOM Tapu(e, UMEIOT Pa3BUTHIA MHTEp-
(heiic ¢ BO3MOXKHOCTBIO JUCTAHIIMOHHOTO KOHTPOJIS Ma-
paMeTpoB, HaIpuUMep, C BBIBOJAOM Ha cMapTdoH. MMeroT
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BO3MOXKHOCTh TI€PEHACTPOWKH IMapaMeTpoB, OJHAKO BCE
OCYILIECTBIIIET OMEepaTop, W dPPEKTUBHOE MX MPHUMEHe-
HUe TpeOyeT ombITa M HaBBIKOB. OTCYTCTBYIOT (PYHKITUH
(hopMHUpOBaHMS PEKOMEHIANMH W aBTOMATHYECKOH Ha-
CTPOMKH COTJIACHO MPOTHO3Y MOTOJIBI.

[ukst paboThl THOPUIHBIX WHBEPTOPOB IpEIyCcMaT-
puBaer nurtaHue Harpy3ku JIO or @b ¢ moazapsaom
AKDB, npu HenocratouHoil »Hepruum Pb ucnonb3yercs
sHeprusi AKB. Tlpu cumxenun crenenu 3apsiza AKBb no
IIOPOTOBOTO 3HAYEHUsI OCYILECTBISIETCS MEpeXo] B pe-
xuM Oaiinac, u Harpyska JIO noakmouaercst k PC ¢ 3a-
psanom AKB (ot ©b u PC); mpu moCTaTOYHOCTH SHEPTUH
AKBD nuranue JIO BHOBB ocymectBisieTcs oT AKB. Co-
BepmeHcTBoBaHHe @DOC B yCcIOBUAX MHOTO30HHOH Tapu-
(UKaIUK CBA3aHO C TPUBA3KON MEPEKIIOYCHUN PEIKUMOB
paboThl K yacaM TapH(HBIX 30H, YIPABICHHEM IOCTYII-
nenueM sHeprun oT ®b u 3apsmom AKB. Ilpu sToM mo-
SIBJIIETCS. BO3MOXKHOCTh MCKITIOUEHUS! OTPeOIeHHs SHEP-
THM BO BpeMs IHMKOBBIX Harpy3ok [4, 5], uckirodaeTcs
pa3psia 3apsokenHol ¢ Houn AKDB (1o HouHOMY Tapudy) B
YTPEHHHE Yachl 0 YTPEHHEro IHKa, a Takke oOecreuu-
Baercs 3apsag AKDB no BeuepHero nuka.

B peanbHBIX yCIOBHSIX NP MCIIOIb30BaHUH M3HOIICH-
HBIX U IeperpyxeHasix PC npenMyInecTBo uMeeT BapuaHT
¢ AVH, xotopelii B ciydae WCKIIOYECHHS HOTPEOICHUS
sreprun 13 PC BO BpeMmsl MUKOBBIX HArpy30K W B TEUCHHUE
CBETOBOTO BPEMEHHM OOECIeYrBaeT aBTOHOMHOE (YHKIIHO-
naupoBanue JIO. [Ipu 3tom kadectBo HanpspkeHus JIO om-
penemsiercss AVH, uto Oyner cnocoOCTBOBaTh HOPMAIBLHO-
My (yHkuronupoBanuio JIO B cirydae yXy/IeHHs KauecTBa
HanpspkeHust PC. Tlpu ucnons3oBanuu CU, paGoraroriero
napawtenbHo ¢ PC, mepexiodeHne B aBTOHOMHBIM PEXUM
MO>KHO OCYILECTBUTH OTKJIF0oYeHneM ot PC.

B pemenmsix @IC ¢ THOpHIHBIME WHBEPTOPaMH pac-
cmarpuaercs uctnonb3oBanue AKb, sneproemkocts Wy koTO-
Ppoii I3MeHsieTes B MIMPOKKX mpenenax — Wy = 1-4.8 kBryac
st OB ¢ momuocTeio P=1 kBt. OueBuaHO, YTO 3HAYEHHE
Wy onpenensercs alropuTMoM (YHKIMOHUPOBAHHS CHCTE-
MeL. B Toxe Bpems croumocts AKD 3HaunTenpHa 1 TpebyeT
000CHOBaHMS U3 YCIIOBHS JOCTATOYHOCTH.

HepCHeKTl/IBHblM BBITJIAAUT HMCIIOJIB30BAHUE CYTOY-
HOTO METEOINpPOrHo3a ¢ (hOPMHUPOBAHUEM PEKOMEHIAINH
no rpaduky Harpy3ku JIO P;(f), 4TO MO3BOJUT IUIAHHUPO-
BaTh PEXHUMBI (DYHKIIMOHHPOBAHUS M 00ECIeUNBATh CHU-
xKeHue noTpebnenus sHepruu u3 PC B Oosee moporue
tapudsl. [losiBIsieTcss BO3MOXKHOCTH aBTOMAaTH4eCKOH
HacCTPOMKH COOTBETCTBEHHO CE30HY U MPOrHo3y. Mcmonb-
3YIOTCSl pa3lINuHbIE TIOAXOABI C UCIIOIb30BAaHUEM JaHHBIX
MeTeocaiiToB [9]. IHTepecHBIM 1 COBPEMEHHBIM pPEIICHH-
€M SBJISIETCSl MPOTHO3UPOBAHHE C HCIIOJIb30BAHUE HEH-
ponnbix ceteir [10, 11]. Bmecte ¢ Tem Hanmdue camoro
TOYHOIO MPOTHO3a HE pemiaer Bompoca 3PPEKTHBHOTO
ucnonb3oBanus sHeprun ®b u AKbB 6e3 npuBs3ku Kk He-
My P;(¢). U 31ech yMECTHBIM BBIVIAUT HCIIOJIB30BaHUE
cHCTeMBI ¢ (POPMUPOBAHUEM PEKOMEH/IOBAHHOTO B COOT-
BETCTBUHM C TPOTHO30M rpaduka Prp(f) Harpysku mnpu
pa3NnyuHBIX cueHapusx padoTsl. Ilockonbky obecriednTsb
TOYHOE COOTBETCTBHE Harpy3ku Ppr(f) HEBO3MOXKHO, Iie-
J€cO0Opa3HBIM SIBJISIETCSA HWCIIOJIB30BAHUE TEKYIIEH KOp-
pextupoBku P x(f). KoppekTupoBka MOXKET OCYIIeCTB-
naThes 1o paxkrudecknm napamerpam OIC. DToT Bompoc
TpeOyeT IONMOIHUTENbHOrO M3ydeHus. IIpu sTom mocra-
TOYHOU 151 dPPEKTHBHON KOPPEKIIUH MOXKET OBITH TOY-

HOCTB TIporHO3a reHeparu Ob Ppy(f) Ha ypoBHE TaHHBIX
Meteocaiira [12].

O dEeKTHBHRIM HHCTPYMEHTOM UL HUCCIICIOBAHUS
BO3MOKHOCTEH YNPABJICHHSI SHEPIETUUECKMMHU MPOLECCAMU
B ®OC smBisieTcss UMUTAIMOHHOE MozenmpoBanue [13-15].
ITpu 5TOM BBEZIEHNE IOTIOIHUTENBHBIX JJIEMEHTOB MO3BOJISIET
OLICHUTh BO3MOYKHOCTH M 3(P()EKTHBHOCTD KOPPEKIMH Ipa-
(uika Harpy3ku P;(f) Ipy pa3nM4HBIX OTKIOHEHUSIX (aKTH-
4ecKoi Ppy(f) 1 mporHosupyemoit Ppyp(f) reneparmu Ob.

Heabo paGoThl SBISETCS COBEPIICHCTBOBAHHE
NPUHLIUIIOB YIpaBieHHs (OTOAIEKTPUUECKOI CUCTEMOIT ¢
AKKyMYyJISITOpHOW Oarapeeld 1 aBTOHOMHBIM (DyHKIMOHH-
pOBaHMEM B JHEBHBIC Yachl JUIs JIOKaJbHOTO OOBEKTa,
MOJKJIFOYEHHOTO K CeTH C MHOTO30HHOH Tapudukanuen
TIPY MCKJTIOYEHUH T'eHEepaliy SHEPTUH B CETh.

Heo6xoauMo pemmnTs Cireayronye 3a1a4u:

® M3YyYUTHh BO3MOKHOCTH HCIOJIB30BaHUSI OTPaHUYCH-
HOTO KOJIMYECTBA CIICHApHEB pabOThl C PEKOMEHIOBaH-
HBIM rpaMKOM Harpy3Ku Ha OCHOBE IIPOTrHO3a TCHEPALH
OB ¢ Tekylei KOppeKTUPOBKO# MO (HaKTHIECKUM 3HaUe-
HUSM TeHepanuu u creneHu 3apsna AKB;

® pa3paboTaTh UMHUTAIMOHHYIO MOJIEIb CHCTEMBI ISl HC-
CJIEZIOBAHMS SHEPIETHYECKUX TIPOLIECCOB B CYTOYHOM IIMKJIE C
MCIOJIb30BaHNEM KOPPEKIIMH PEKOMEH/IOBAHHOM Harpy3Ky;

® BBIIIOJIHUTH SKCIEPUMEHTAIBHYIO ITPOBEPKY Ha Oaze
CTaHAAPTHOTO THOPUAHOTO MHBEPTOPA.

Crpykrypa cmiaoBbix mnemeii ®IC. Crpykrypa
®3C ¢ AKbB (Ha mpumepe oJHO(A3HOTO BapHaHTA PeaT-
3amm OOC, puc. 1) 6a3upyeTcs Ha CTaHIAPTHOM MOIXOJE
W COAEPKUT: aBTOHOMHBIH wHBEpPTOp (VSI) ¢ BBIXOTHBIM
LC ¢unsrpom, @b (PV), AKb (SB), narpysky Load, PC
(G) u xommyTaroHHbIe anmaparel. Ob moaKITFoYaeTcst Ko
Bxony AUMH depe3 noswlmaronmii npeoOpa3oBarelib 10-
crostuHoro Hanpsokenust DC/DCI ¢ peanuzanueii GpyHKIun
MOUCKA TOYKM MaKCHUManbHOW MolnHocTH (Maximum
Power Point Tracking — MPPT), AKb gepes — DC/DC2
(KOHTpOJUIEp 3apsi/ia) ¢ IBYXCTOPOHHEH IPOBOANMOCTBIO.
B kauecTBe MCXOIHOTO PacCMOTPEH BapHaHT C HCIIOJIB30-
BaHWEM THOpUIHOTO WHBepTopa THma Axioma Energy
ISMPPT 3000 (3 kBA). Harpyska JIO moaxiodeHa K BbI-
xony AUH u wepe3 xonTakTop K1 ¢ cummcropom VS — k
PC. AVH c IIM wu BBIXOIHBIM (DHIIBTPOM HCIIOJIB3YETCS
B Ka4eCTBE MCTOYHUKA CHHYCOHWAAIBHOTO HAMPSDKECHUS, a
IpU TOAKITIOYEHUH HAarpy3KH K CETH — B PEXHME 3apsiaa
AKB. K1 nyxen mis otximouenust @I3C ot PC npu ucues-
HOBEHHM B HeH HampshkeHus (aBapuilHeli pexum). VS
HCTIOJIB3YETCA U1 UCKITIOUCHUSA May3bl IIPU NOAKIIFOYCHHUNU
k PC npu BoccTaHOBIEHMH B HEll HanpspkeHUs (CHavana
3ambikaercss K1, W mocne CHMHXpOHM3ALUM HaNpsHKEHHs
AWH uc ¢ HanpsKEHUEM CETH Uy BKIIFOYAETCS CUMUICTOD).
Hna orkmouenuss @b ucnonesyercs pene K2. Jlatumku
HaIpsDKEHMS U TOKa Ha pUC. | HEe MOKa3aHBI.

PaccmoTpiM paboty @IC B CyTOYHOM IWIKIIE C aBTO-
HOMHBIM (DYHKIJMOHMPOBAHHEM IPH JIOCTATOYHOCTH SHEp-
ruu Ob u AKB st motpebienns Harpysku JIO u nepexito-
4yeHreM Ha Oaiinac, koraa sHeprun ®b u AKb Hemoctarou-
HO. Bapuanr rpaduka narpysku P;(f) mokaszaH Ha puc. 2
(30oHBI Oaiinaca BbleneHbl HBeTOM). [IpHHATHI ciemyrolme
YCJIOBHBIE 30HBI U OTHOCUTENIbHBIE Tapubl: nHeBHOU 7,~1
(%=11.00 — #:=20.00), nounoii 7,=0.4 (#:=22.00 — #=7.00),
nKoBbIi yrpennnit 7,=1.5 (£=7.00 — ,=11.00) n BeuepHuii
T~=1.5 (£=20.00 — £=22.00). B nanHOM CiTygae pacCMOTpEH
HEONAronpyuATHBI BapHaHT, KOTZJa NHKOBBIE HArpy3Kd
CMELLEHBI Ha Yachl MUHUMAaJIbHOW reHepauuu Ob.
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Puc. 2. 3aBucumocts P;(f)

ITpn 3TOM HY)XHO YYHMTBHIBATh OCOOCHHOCTH 3apsl-
HbIX xapaktepucTuk AKB. B cTranmapTHOM pemieHu# uc-
noJsib3yercs 3apsia B Tpu craguu [16, 17]. Ilpu 3Tom «ak-
TUBHOW» SBIIICTCS TepBas CTagus IpPH CTEIIEHH 3apsaa
SOC (SOC — state of charge) AKb O0*=100-Q/Q,<80 %
(O u O, — COOTBETCTBEHHO, TEKyIlee W HOMUHAIEHOE
3Ha4YeHHe), Korjaa TOK 3apsiia g AN pa3iIMyHBIX THUIIOB
AKB moxer wm3MeHATBCS OT 0 10 Ipmax = (2+3)=
= (0.2+0.3)Cp (Cp — emxocth AKB, I5=0.1Cz — HOMHU-
HanbHOE 3HadeHne). [Ipu manpHemem 3apsae TOK 3HaYH-
TCJIbHO YMEHbLIIACTCA M, COOTBETCTBEHHO, CHHXKACTCA
cnocobHOCTh AKD MprHUMATE SHEPTHIO.

I'ny6una paspsaa DOD (DOD — depth of discharge)
¥ KOJMYECTBO IUKIIOB pa3psaa 7, IPH 3TOM ONPEHEISIIOT
cpok ciryx0b1 AKB. O6b1uHO npuemsiemas DOD He mpe-
Bermaer 30-50 %. Takum ob6paszom, DOD HeobOxomammo
KOHTpPOJIMPOBaTh, OrpaHn4MBarh (He Hmwxe 50 %) u noa-
nepxxuBate SOC B akTUBHOH 30HE, Hampumep, 75-80 %.
3T0 BO3MOXKHO C MCIOJIB30BAHUEM PEIEHHOTIO PErysTo-
pa, Bo3zeiicTBytomero Ha pene K2 (puc. 1) ¢ oTknmoyeHu-
eM ®@b. D10 KacaeTcs HHTEpBaJla BpeMeHu, Koraa Ppy>P;
u Bo3MoxkeH 3apaa AKDB ¢ ucnons3oBanuem sneprun Ob.
B npexaseuepuee Bpemsi, koraa Ppy < P;, IpU CHUXEHUU
Q* no 3amanHOro 3HaueHus (*,; Harpyska U MHBEPTOP
noakmodarotes k PC ¢ 3apsimom AKB ot @b u cetn.

AsroHoMHas pabora @IC npu OrpaHMYEHHOH E€MKO-
ctu AKDB Takke HaKIampIBaeT IOTOJHUTEILHOE OTrpaHHIe-
HHE — HeoOXOAMMOCTh cHIbKeHus renepaimu Cb, korna ee
SHEPIHs ABJIAETCS N30BITOYHOM U ee HeKy/Ia 1eBaTh.

Ucxomum u3 nanHbIX 1o rerepaiu Ob Ppi(f) 1 kBt
B ycinoBusax Kuesa mmo apxuBHBIM aHHBIM [18]. B kauecTBe
mokazatens 3ddexTuBHOCTH DOC UCTONB3yeM YIPOIICH-
HbIi okazarens kg = C; / C, (C; u C; — CTOMMOCTD JIEK-
TposHepruu, notpednsemoit JIO, U CTOMMOCTB 3JIEKTPO-
sHepruwn, notpedisemoit m3 PC). PaccmoTpum pasmiaHbie
BapHraHThl rpadukoB Harpy3ku JIO mmpu NOCTOSIHHOW reHe-
patmu Ppy(f) n npu m3meHeHun emxoctu AKB. Dueprus

Wiy, otnasaemas AKD ¢ yuerom KIIJ 15 AKB n KIIJ #¢
npeoopasosarens — Wy = Wynpnie (Wp = UpCp, Up — Ha-
npskenue AKDB). Ilpunumaem 3Hauenus Wpye ot 1kBr-uac
J0 4.8 kBr-uac. PaccmaTpuBaeM BapuaHT HMCHOJB30BAHUS
cBuHIOBO-KHCIOTHRIX AKB Tmma OPzV12-100 (12 V,
100 Ah), xoropste pu DOD no 50 % npenycmarpuBator
He MeHee 2500 mukioB paspsina. [Ipu aByxdacoBom paspsi-
ne npu Up=1.85 B, I5=29.5 A mMomHOCTh paspsiaa 57.6 B,
U, COOTBETCTBeHHO, 75=0.947 [17]. Ilpm stom AKb wc-
TMOJIB3YeTCs B aKTUBHOM 30HE 3apsina 10 O* = 80 % u Toib-
KO B 9acChl, IPEANICCTBYIOIINE ITHKOBBIM YacaM, BO3MOXKEH
3apsia AKD ot cetu cBbite 80 %.

Pe:xxum paGoThl ¢ MOCTOSAHHONH Harpy3koi c¢ 7.00
a0 20.00. B BeuepHee BpeMs NPU CHUKEHUU T'€HEPALUU
®b Hem3bexHo monkmrodeHue Kk PC B MmomeHT #,. [IpuHu-
MaeM KOHTPOJIbHbIE 3HaueHus Q* = 95 %, O*; = 85 %,
0% = 62 %, O*,;,=>50 %. B coorBerctBru ¢ [17] mmremns-
Hocth 3apsina AKB ¢ 0%, = 62 % no O*s = 83-85 % cocras-
JSIeT TIpUMepHO At = 2.5 gaca, COOTBETCTBEHHO, ¢y = 17.30.

B wace1 BeuepHero mvka (fs, t5) npu AQ%ss = O*s — Q%
3HAYCHHE MOITHOCTH Psq HAarpy3Kd MOXKHO TIPHHATH W3
ycIoBusi o0ecrieueH s AByX4acoBOro paspsaa (fss =2 4)

_AQ%s6 Wpyr )
(tg —15)100
Hns warepsana (4, ty) AQ*,=Q*—0%, Wpyig —
sHeprus, reaepupyemas ®b Ha unTepnaie (¢, £4) B COOT-
BETCTBHH C Pp)(t), © MOIITHOCTH HATPY3KH P;=P4=P;5

Psg

AQ*14 Wp
B14 - =y (2
(t3— 1100
Wpia +W,
Py= Y14+ Wpridlic 3)
th—1

YtoOs1 uckmounts riryookuit paspsax AKB (0*>62 %)
B Yachl YTPEHHEro IHKa (7, t,) aHAIOTUYHBIA PacUeT BHI-
nonHsierca s Pi,. B kauectBe P, mpuHUMAaeTCs MEHb-
1iee 3Hau€HHUEe MOLHOCTH.
ITpu 3apsme AKD ot cetn moTpebsieTcst SHEPTrus:
o Ha uHTepBane (t, 1) — Wae = 0.0140% Wiy
® Ha MHTEpBaNe (14, t5) — Wacss = 0.0140*4s Wiy
Yacte sHeprun AKDB komneHcupyeTcs 3Heprueut
w! pras, TeHepupyemon @®b B 310  Bpems  —
W]pV45:WpV45;1317C (x t;, AKB mpakTU4ecku 3apspKeH, W
sHeprus Ob He ucnonpiyercs).
[purumaem Hounyto Harpy3ky JIO Ppy=P 4/3. Torna

e = OMls ~0)F N +1.3F (1 —1) + Pt —15) 1+ 1 (t5 1)
0'4(t6 _ZI)I)LNJ'_ 0'4VVBC+1'OWBC45 +1)L(t5 —14) — WIPV45
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3nauenus nokaszarens kg npu Wpyc = const (Wpyc —
obas sHeprusi, reHepupyemas Ob) ¢ yBenuuenuem Wy
camkatotcs. Tak, mpu Wp=1828 Bruac — kz=3.45, npu
yBeIM4YeHUH eMkoctH B 1.5 paza (Wp=2742 Br-uac) —
kg=3.4, pu yBenmdueHHH eMKOCTH B 2 pasza (Wz=3656
Bruac) — kg=3.17. Ilpu Wjy=2742 Br-yac 3HaueHHs
0*=0%,, T.e. UMeeT MeCTO OaJlaHC YHEPTHUH, TeHEPHpYe-
Mot ®b u notpednsiemoit Harpy3koil. [Ipu MeHbIel em-
koctu AKD 3nauenus O0*,<Q*, u umeeT MecTo N30OBITOK
sHeprun @b mocne 11.00, uro nmpuBoaut k 3apsany AKbB
Q0*>80 % m HEOOXOAMMOCTH PETYIMPOBAHMS IOCTYILIE-
Hus sHepruu ot @b, T.e. sHeprus Ob Henoucnonb3yercs.
I[Ipn Oonpmeii emxoctn AKB curyanust oOpaTtHas u
0*<Q%*,. llpu Onu3kux 3Ha4YeHUAX kp st Wp=1828
Bryac u Wz=2742 Br-yac cnefyeT y4uThIBaTh, YTO NPHU
Wp=1828 Bryac 3HaueHHE MOIIHOCTH HArpy3Kd
P,=P,yp (P4yp — cpeHee 3a JICHb 3HAYCHHE MOIIHOCTH
reHepanun ®Pb), a B BeuepHHMid MUK Psq TMPaKTHYECKU
BrBoe HIke. [Ipu W=2742 Br-4yac 3HaueHue Psq OMu3K0€E
K Pyyp, a Py, ipeBblimiaetr Pyyp, T.€. 3TO 3HAUEHUE E€MKO-
ctu AKDB npennoururensHee.

Bpewmst coHeuHOH akKTUBHOCTH IS JIETHETO Meprojia
orpanndeHo =16.30 u 3HaUeHHE kz MOKHO YBEIUYUT (110
kg=(4.1-4.6)) ipu cHmwKeHUN P, Ha uHTEpBaNe (4, t5). [lpn
sToM yBenuuuBaercs Pj;. Onnako BosmoxkHoctn AKbB He-
JIOUCTIONB3YIOTCS B YTPEHHUE MTUKOBBIC YacCHI.

Paccmotpum Bapuant Pi(f) (puc. 2) npu obecreue-
HUHM MaKCHIMABHOTO 3HA4YCHUS P;, M CHIKEHHS HArpy3Kd
P35. OT0 MO3BONUT COKpaTHTh BpeMsl Oaiiraca 10 1.5 yacos
(2,=18.30), uto mocratouno mia 3apsna AKB wa 10 %.
[onaraem, uro Q* =95 %, 0*,=55 %, 0*=78 % (MeHb-
mre 80 %), O*=75 %, O*s=85 %.

3nauenuss Wpgip, Wgos, Wpss OnpesienaoTcs B COOT-
BeTcTBHH C (2), P2, Py3, P33=P45 — B COOTBETCTBHUH C (3),
Pss — B cootBetctBuu ¢ (1). Tornma
o 04t )N +1LIR oAty ~1) +Blle ~ts) 1+ Bt 1) + Blts —13)

04t —1) BN +0M g+ W cas+ Bislts —1s)—W pras

ITo pesymbraTam pacdyera MMeEeM TaKyH ke CHUTya-
LU0 OTHOCUTEIBHO kz TPU Pa3HBIX 3HAYEHUSIX EMKOCTH
AKB: Wz=1828, 2742, 3656 kBtuac, xorma kz=5.47,
5.15, 4.73. Hcxonas U3 BO3MOXKHOCTH oOecredeHus OJIm3-
KuX K Pyyp 3HaueHuil P,; u Psg npu yBenuueHuu P,
npeanouturenbHee AKB ¢ Wp=2742 xBruac. Takxke
AKDB nomxHa ObITH crocoOHa mpuHATH SHepruro OB.
OO6praHO momycTHMBIA TOK 3apsana [3<(0.2+0.3)Cpz. Mak-
cUMalibHOe 3HadyeHrWe MoinHoctH DB s sicHoro aHA
utoHs [18] Ppyaax=0.76Ppy. AKB ¢ W=2742 Bt-4ac cmo-
coOHa mpuHATH 30bITOK dHepruu @b npu P;>0.42Ppy,p
u toke [5=0.2Cp, a mpu [5=0.277Cp — naxe npu P;=0.
Takum 00pa3oM, puHATO Ppy: Wp=1:2.74.

ConmHeyHasi TeHepanys 3aBUCHT OT CE30Ha Tojia | I10-
TOJHBIX YCIIOBHH, U PEKOMEHIYEMYFO HArpy3Ky TOXKE HYXK-
HO MeHITh. Ha mepBoii ctaguu pa3pabOTKH pacCMOTPEHO
TpH creHapusi Prg(f), KOTOpbIE ONPEIEeNsIoTcsl 0 COOTHO-
mweHut0 W=Wpyp/Wpymax (Wpyp — dHEprus, reHepupyeMast
@b Ha TeKyuuil 1eHb 10 NPOTHO3Y, Wppma — MaKCUMallb-
HOe 3HaueHne reHepanu Ob Mo CTaTHCTHYECKUM JaHHBIM
B sACHbIN neTHU nens). [Ipu moutnoctu @b 1 kBt B ycno-
Brsix Kuena [18] cormacHO Wpymax CpemHee 3a CyTKH 3Ha-
YeHHE MOIIMHOCTU cocTaBisgeT Ppy~250 Brt, 3a nessn
P4yp=500 Bt. Ecrm w>0.7 m30upaetcs crieHapuii Harpy3Kku
CS1, eciu 0.7>w>0.4 — CS2, ecimu 0.4>w — CS3.

Cuenapuit CS1 opueHTHpOBaH Ha MaKCHMAaJIbHOE
ucmosibzoBanue dHeprun ®b u AKDB B mukoBbIe Yackl U B

IHEBHOE BpeMs (puc. 2), pacdyeT 3HAUYEHUH MOIIHOCTH
PaccMOTpEH BBILIIE.

Henp cuenapus CS2 yBEeNWYUTHh CPEOHIOK MOII-
HOCTb HArpy3ku B IHEBHOC BpEMA IIpU ONPEACIICHHOM
YBEIMYCHUU TPOTOIDKUTEIBHOCTH Oaiillaca B BedepHEe
Bpems ¢ 17.30 (#y) mo 20.00. ITpu s5TOM MMeeM TpH CTyTie-
HU U3MEHEHHUs Harpysku: (t, £=16.30), (#;, ts), (#5, ts).
[Mpunumaem 3uavenue P3s=0.7P13, Q*=62 %, 0*=95 %.
OHeprusi, moTpediisiemMast Ha HHTepBaJie (¢, {4) HATPY3KOH,
Wi1a=Pi3(ts-11)+0.7P13(t4~13)=Pu3[ (t3-1)) +0.7(t4-13)]. 3na-
yeHue Wpia=ncWpepatWpis. Taxoke onpenensercs 3Ha-
geHne P, u3 ycnoBus 40*,<40 %. COOTBETCTBEHHO,
JIOJDKHO BBITIOJIHATECS yciioBue Pi3<P;,. 3HaueHue Psq
onpenessiercs mo (1). Takum ob6pazom, 10 17.30 ucmoss-
syercst 1/3 sneprun AKB (40*,=33 %), xotopas nobas-
nsiercst K sHeprun @b, uto npu w=0.7 mo3BoiseT obdecne-
YUTh CpeJHee 3HAUCHHE MOIIHOCTH Harpy3KH Ha YPOBHE
0.8P4yp, mpu w= 0.4 — Ha ypoBHE 0.5P4yp.

B cuenapun CS3 mpeobnamaeT Oaifriac, U peabHO
HCKItoueHne moTtpebienus sHeprun w3 PC B mHKOBBIS
yacel 3a cuer sHepruu AKB. I'paduk Harpysku anano-
rugabiii CS2. IlpuanMats Prg O pacdeTy HET CMBICTA,
MIOCKOJIbKY 3TO 3HaueHHe sBisieTcs ManbiM. [losTomy
3HaueHue P, npuHuMaercs Ha ypoBHe P1,=0.5P,yp npu
OCO3HAHHOM YBEJIMYEHHH PAaCXOJIOB Ha OILIATY 3JIEKTPO-
sHepruu. Takke B JHEBHOE BpPEMsI BBOAWTCS OTpaHHUeE-
Hue Q*>60 %, MOCKOJIbKY B CIy4ae aBapUHHOIO OTKJIFO-
gerans PC npu manoit reHeparmm @b MoxHO B HOYHOE
BpeMsi ocTaTbesi 0e3 3JeKTpodHepruu. 3HaueHue Psg om-
penemnsiercst o (1). B sicHBIi 3umHMIA neHp pu w~0.3 B
MOJYJIEHHbIE 4achkl Ppy NpeBbIlIaeT 3HaueHue P, yp, Mo-
sToMy B 3T0 BpeMst ®OC paboTaeT aBTOHOMHO.

OcHoBoi 11 (DOPMHUPOBAHUS PEKOMEHOBAHHOTO
rpaguka HArpy3KH SIBISIETCS METEONPOTHO3, KOTOPHIA B
TCUCHUEC THA MOXKET MECHATLCA, IPOTHO3UPYEMbBIC 3HAUCHUA
Ppyp oTimaarotes oT ¢axkTuueckor renepanun Ppyp. 3Hade-
HHS, KOTOpbIE MOXKET NpPUHUMATh (DaKTHYecKass Harpyska
JIO, nmeroT onpeneneHHyr0 AUCKPETHOCTh U HE MOTYT TOY-
HO COOTBETCTBOBATh PEKOMEHIAIMAM, TAkKe CICAyeT ydH-
TBIBaTh M ocoOeHHoCTH (yHKumonupoBanus JIO. Takum
00pa3oM, BO3HHMKAET HEOOXOAMMOCTH TEKYILEH KOPPEKTH-
POBKM pEKOMEHIAlLMi, YTO BO3MOXKHO Ha 0aze 3HA4YeHWH
Ppypu Ppyr, a Takke pakTHIECKOH crenenu 3apsiaa O * .

Hcnonesyercst ycpenHeHHoe 3HaueHHe Ppyy; Ha WH-
TepBajie 5-10 MUH, IPEIIIECTBYIONIEM MOMEHTY BPEMEHHU
t;, Koraa BHOcUTCS Koppekuus. Onpenensiercsi 3HaUeHHe
P=Ppyr/Ppyp; (Ppyp; — 3HAYCHHE HA MOMEHT f;). 3HAUCHHE
sueprun OB Ha cooTBeTcTBYIOWIEH cTYneHu Prg(f), Hauu-
Has ¢ t;, TpuHUMAaeTcs paBHBIM Wpy=p;Weyp: (Wpyp —
NIPOTHO3HOE 3HaueHue). 3HaueHue Prg(f) mepecunThIBaeT-
Ci TIO COOTBETCTBYIOIIMM TEKyIIell CTymeHu rpaduka
BelpakeHusiM (1) — (3). B cienyromeit Touke KoppekTH-
POBKH #;,| IPOIEIypa aHATOTUIHAS.

Just mpoBepku 3¢ (heKTUBHOCTH JJAHHOTO METOAA pas-
paboTaHa WMUTAIIMOHHAS MOZIETh JHEPreTHUYECKUX IIPO-
neccoB B @OC ¢ ucnoiabp30BaHueM OJI0Ka KOPPEKTUPOBKH
pexomernnoBanHor Harpy3ku (Correction Load Unit —
CLU). IIpu sToM mpeaycMOTpeHa BO3MOXKHOCTh KOPPEK-
TUPOBKH Harpy3ku JIO B mMomaroBoM pesxume ¢ UCIIONB30-
BaHHWEM MPOrPaMMHPYEMOH May3bl U IOCIEAYIOUINM IIPO-
nowkerreM MopenupoBanus. [lar koppekiwm 0.5 4. CLU
BKJIIOYAeT B ce0s HAOOp YCTPOMCTB BBIOOPKH — XpaHEHUsI C
maroMm 0.5 9 mis m3Mepenus 3HadeHudt Ppyp, Ppyp, Q*f.
Pacuer Pjr(f) mpou3BOIUTCS MO BBIPAKEHUSM, COOTBETCT-
BYIOIIIIIM BEIOPAaHHOMY CIICHAPHIO.
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3uauerust Wpyp 111 COOTBETCTBYIOIINX TOYKAM KOP-
pexuuu 7.00, 7.30, ...20.00 uHTEepBamam BpeMeHH (Ha-
npumep, st Touku 7.30 B cueHapun CS1 3T0 mHTEpBaN
(7.30 — 11.00)), ATUTEIHHOCTH HHTEPBAJIOB (B JaHHOM
ciydae t,—1;=3.5 1), a Takke KOHTPOJIbHbIC 3HaueHus O *¢
no wuHTepBajgaM (B nmaHHOM ciydae Q*—=0*=55 %)
3amaroTcst B TaOmmyHOM (opme. Takke B TaOMUIHOM
(dopme 3amaroTcsi 3aBUCUMOCTH Ppyp(f) (110 apXMBHBIM
nmanebM [18] mis r. KueBa npu Ppp,=1 xBT), PpyAt) u
Prri(f) — pexoMeH10BaHHBIN TpaduK HArpy3KH MO IPo-
rHo3y Ha MoMmeHT #,=7.00. Koppekuus P, ocymecTBuser-
Csl HEMOCPEICTBCHHO B Tabimie Pz, (f). Takke paccuu-
TBIBACTCS 3HAYCHHE kg 3 CYTKH.

Mopens AKDB BEIONHEHA 110 KATAIOKHBIM JaHHBIM.
3apsig AKB c y4eToM NOTEPh SHEPruu

0=0g +Jllg~dt, rie (s — HadalbHOE 3HAuYEHHUE,

I'y = Iynz — nipn 3apsine u I'y = Iy/nz — npu paspage AKB.
3HaueHue [z GOPMHUPYETCS B COOTBETCTBHU C 3apPSTHHIMHU
xapakrepuctukamu AKB [17] B Buzme I3(0%*). B pexnme
paspsiia BBEICHO OTpaHHYCHHE JOMYCTHMOTO 3HAYCHUS
Igremax 2014 30 MUH. DTO peain30BaHO MPHU UCTIOIH30BAHUH
PEeTyJIMPYeMOro OTpaHWUYCHUs, KOTJAa BEPXHHU Mperel
samaercs [p(0%), a HWKHUNA [g,.ma. Hampsokenne AKB
Takxke 3amaercs B Buae 3aBucumoctu Up(Q*). 3HaueHue
Iz B aBTOHOMHOM peXUME

Iy = Ky Ppy -nc = Fy ,
Up
rae K, — cocrostane pene (K>=1, Korna pesne BKIIOYEHO, U
K,=0, xorna pene BBIKJIIOUEHO).
800

[TockosIbKYy B aBTOHOMHOM PEKHUME IOJICPKUBACT-
cs1 Q*<80 %, orpaHn4eHHE TOKa /p OTCYTCTBYET.

Ipu nonxsroueHuu K cetu (Oaimnac)

Ppy -nc + Poq - 1ic
1 B = N
Up
rae Py, — MOLIHOCTB, NOTpebiIsieMas U3 CeTH, Koraa Ppy
HeIOoCTaTouHO it obecriedenus 3apsaa AKB ¢ 3anman-
HBIM 3HAYEHHEM TOKa C YYETOM OTPAaHWYCHUS, 3a/1aBac-
Moro Kak /5(Q%).

3Hauenne K, 3aaeTcs peleiHbIM 3JIEMEHTOM, KOTO-
phiit nepekitoyaetcst B cocrosinue: Kr=0 nipu Ppync>Pp u
yemosuu O*>80 %; Ko,=1 mpu Ppync<P, u yCIOBUU
0*<75 %. Harpy3ka MoAKIIO4aeTCs K CETH MPH YCIOBHH,
gt0 20.00>£>12.00, Ppyyc<P;, Q*<0*,, a Takke HE3aBU-
CUMO OT ApYyrux GakTopoB mpu Q*<50 %.

Pe3yabTatel moneaupoanust B Matlab. Paccmor-
PEHO KCIOJIBb30BaHUE KOPPEKIMU Ha HHTepBaie (7, f3).
B wupgeanmpHBIX  YCIOBHSIX UL SICHOTO JHS — HIOHA
(Ppy()=Ppyp(f)) m Harpyske Ppg,(f) 3HaueHnue k;=5.63.
[Ipu He3HAUHUTENEHOM PACcXOXKACHUU 3HAUYeHUH Ppy(f) u
Ppyp(f) Ha OTHENBHBIX MHTEpBANaxX BpeMeHHW (puc. 3) u
P (f) 3Hauenne k;=4.91. B cnyyae KOppEeKIMH MOIIIHO-
cTH Harpy3k (puc. 3) kz=5.302.

Ipu 3nauenuu Ppy(£)=0.9Ppyp(t) u Prpi(f) kg=4.01.
[Ipu ucnonws3zoBanuu kKoppekiuu (puc. 4) kz=5.098. B

ciyuyae, Korja  (pakTHYeCKas ~ T[EeHepalus  BBIIIe
Ppy(£)>Ppyp(f), 0c000ii HEOOXOAMMOCTH B KOPPEKIIHU
HET, MOCKOJIBKY kg YBEITHYHBACTCS, pu

PpyAt)=1.15Ppyp(f) 3nauenne kz=5.735. [Ipu ucnons3o-
BaHHMHU KOppeKunu kz=6.200.
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B HacTosimee Bpems H3roTOBIIEHA YKCIIEPUMEHTAITb-
Hasl YCTaHOBKa Ha 0a3e ruOpuaHOro MHBEpTOopa Axioma
Energy ISMPPT 3000 (co BctpoennsiM MPPT konTpoI-
jgepoM s noaxmoueHus @b u koHTpoiuiepoM 3apsaa
AKBD) ¢ pa3paboTaHHBIM ITPOrPaMMHBIM MOJYJIEM YIpaB-
neHus sHepromnorpediieHreM. [IpoBeneHb! IepBble HCIIbI-
tanusi ¢ @b B ycnoBusax CS3 (10 MOTOIHBIM YCIOBHSAM
Hayaya JiekalOps), KOTOpbIE IUIAHUPYETCS HPOJIOIDKUTH
(HE oxxumas jgera) Ha HKCIEPUMEHTAIEHOW YCTAaHOBKE MPH
HCIIOJIB30BAHUU AJIEKTPOHHOTO 3MmyJsitopa Ob.

BeiBoasl. KimroueBsiM 111 obecniedueHus 3P PeKTHB-
Hoct @OC sBisieTcs WCMOJB30BAaHUE TPOTPAMMHO-
TEXHUYECKUX KOMIUICKCOB, KOTOpble 00ECHeYHBaIOT
yIpaBJIeHUE DHEPronoTpeOIeHreM, a TaKKe pPeKOMeH Ia-
TeNbHbIe (PYHKIMH C UX Koppekuuel. [Ipu aTom cyObekTy
— MOTPEOUTEIO MpeNocTaBiIseTcs nHdopManus, KoTopas
MI03BOJISIET OPraHW30BaTh AHEPrONOTpeOIeHHe Ha [EHb
BIIEpe/l TIPH CHIKEHUH 3aTpaT Ha OIUIATy JIEKTPOIHEp-
run. [Ipn oTCyTCTBHM peakuuy Ha peKOMEHJAHU CHCTe-
Ma COXpaHsSeT pPabOTOCIIOCOOHOCTh, WCKIIOUAs pa3psi
AKDB HuXe yCTaHOBIEHHOTO ypOBHA. PaccMoTpeHHBIE B
CTaTh€ IMOJXOJBl MOXKHO HCIIONB30BaTh W TPH IPYroM
rpaduke TapudHBIX 30H B 4aChl MTUKOBBIX HArPY30K.

[penno)xeHHbIE PEIeHUs MOTYT OBITh MCIOJIb30BAHbI
IpH pa3pabOTKe HOBBIX M MOACPHH3ALMHU CYLIECTBYIOIIHUX
®OC ¢ rubpuIHBIME MHBEPTOPaMH NPH HOKIIIOUEHHN UX K
CeTH C MHOro30HHOW Tapudukarmeld. PaccmorpeHHoe pe-
IICHUE HE IMperoiaracT napauieJbHy0 paboTy HHBEPTOpa
¢ PC. Oro orpannuMBaeT BO3MOXKHOCTH €ro IPHMEHEHHS,
TIOCKOJIBKY MOIIHOCTh HArpy3KH 3aBHCHT OT COJIHEYHOH
reHepauynd. [losToMy nanpHeHMM pa3BuTHEM paOOTHI SIB-
JSIeTCSl COBEPIICHCTBOBAHUE MPHUHIMUIIOB peanmm3anun OOC
C WCIIOJIB30BaHMEM CETEBOTO WHBEPTOpA, KOTna ITHTaHHe
Harpy3ku ocymectsisiercss ot AVTH u PC.

KoHndukT HHTEpecoB. ABTOPHI
OTCYTCTBUH KOH()IMKTa HHTEPECOB.
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Management of power consumption in a photovoltaic system
with a storage battery connected to the network with multi-
zone electricity pricing to supply the local facility own needs.
Purpose. Improving the principles of management of photo-
voltaic system with storage battery and with autonomous func-
tioning during daylight hours for a local object, connected to
the grid with multi-zone payment when excluding the genera-
tion of energy into the grid. Methodology. Modeling and
analysis of energy processes in the photovoltaic system was
performed using the Matlab software package. The simulation
model of energy processes is based on calculated expressions
taking into account the characteristics of the battery. Oper-
ability of the proposed solutions are confirmed on an experi-
mental setup based on a standard hybrid inverter. Results. It’s
shown, that due to the battery energy during the most loaded
peak hours and part of the daytime the system operates
autonomously and does not depend on possible violations of
the quality of electricity in the grid. Scenarios of the recom-
mended load schedule are proposed in accordance with the
ratio of the predicted value of the daily energy generation of
the photovoltaic battery to its possible maximum value. A
simulation model of energy processes in the system with the
correction of the recommended load value was developed.
Originality. A method of the recommended load calculation
with current correction for the actual generation and degree
of battery charge is proposed, which allows taking into ac-
count differences the actual generation of the photovoltaic
battery from its predicted value and the actual load from the
recommended one. Practical value. The obtained solutions are
the basis for the design of new and modernization of existing
photovoltaic systems of local objects using software and hard-
ware complexes for power consumption management.
References 18, figures 4.

Key words: multi-zone electricity pricing, energy redistribu-
tion, storage battery state of charge, PWM, recommended
load scenarios with current correction, simulation.
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TeopemuyHa effeKmpomexHika
UDC 621.3.011

doi: 10.20998/2074-272X.2021.2.07

Yu.M. Vasetsky

PENETRATION OF NON-UNIFORM ELECTROMAGNETIC FIELD
INTO CONDUCTING BODY

The study is based on the exact analytical solution for the general conjugation problem of three-dimensional quasi-stationary field at
a flat interface between dielectric and conducting media. It is determined that non-uniform electromagnetic field always decreases in
depth faster than uniform field. The theoretical conclusion is confirmed by comparing the results of analytical and numerical
calculations. The concept of strong skin effect is extended to the case when penetration depth is small not only compare to the
characteristic body size, but also when the ratio of the penetration depth to the distance from the surface of body to the sources of the
external field is small parameter. For strong skin effect in its extended interpretation, the influence of external field non-uniformity to
electromagnetic field formation both at the interface between dielectric and conducting media and to the law of decrease field in
conducting half-space is analyzed. It is shown, at the interface the expressions for the electric and magnetic intensities in the form of
asymptotic series in addition to local field values of external sources contain their derivatives with respect to the coordinate
perpendicular to the interface. The found expressions made it possible to generalize the approximate Leontovich impedance
boundary condition for diffusion of non-uniform field into conducting half-space. The difference between the penetration law for the
non-uniform field and the uniform one takes place in the terms of the asymptotic series proportional to the small parameter to the
second power and to the second derivative with respect to the vertical coordinate from the external magnetic field intensity at the
interface. References 25, figures 8.

Key words: three-dimensional electromagnetic field, electromagnetic field formation, exact analytical solution, skin effect.

Hocnidoicenns 3acnosane nHa mouHOMY AHANIMUYHOMY PO36 A3KY 3A2ANbHOI 3a0aUl CNPAICEHHS MPUBUMIDHO20 KBAZICMAYIOHAPHO20
NOJSL HA MedHCi pO30iny JieleKMmpUyHO20 i e1eKmponposionoeo cepedosuwy. Bemarnosneno, wo neoonopione enexmpomachimue nosne
3a62COU 3MEHULYEMBCA 8 2AUOUHI weuoule, Hixe 00Hopione. Teopemuunuil 6UCHOBOK NIOMBEPOANCYEMBCA 3ICMABTIEHHAM Pe3yTbMamis
AHATTMUYHUX | YUCEeNbHUX pO3paxynkie. Ilonammsa cunbHo2o CKin-eghekmy ROWUPIOEMbCS HA BUNAOOK, KOU 2MUOUHA NPOHUKHEHHS
Mana nopisHAHO He MINbKU 3 XAPAKMeEPHUMU PO3MIPAMU MINd, ale MAKONC KOAU GIOHOWEHHs 2AUOUHU NPOHUKHEHHS 00 8i0CMAaHI i0
NOBEPXHI MiA 00 0Jcepel 306HIUHLO20 NOJISL € MATUM NAPAMempPOM. [l CUTbHO20 CKIH-egheKmy 6 1020 po3uiupeHoi inmepnpemayii
NPOAHANI308AHO GNIUE HEOOHOPIOHOCMI 308HIUHLO20 NONL HA (POPMYSAHHS €eKMPOMASHIMHO20 NOASA HA MeJXCi [ HA 3aKOH
3MeHWeHHsA NoasA 8 NPosioHomy nienpocmopi. Ilokazano, wo na medci supasu y @uensadi acuMnmMomudHux paoie Kpim JOKANbHUX
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Kniouesvie cnosa: TpexmepHoOe 3JIEKTPOMATHHTHOE MoJie, (opMupoBaHMe 3JIEKTPOMATHHTHOTO MOJS, TOYHOE pelIeHHe
3ajga4M, CKHH-3QPeKT.

Introduction. The interaction of electromagnetic
field with conducting medium is the subject of study in
many technical and electrophysical applications.
Examples include equipment for high frequency induction
heat treatment of metals [1-3], installations for processing
of metals under the action of high intensity
electromagnetic field and high density currents [4-6],
devices for electromagnetic forming or high-speed
forming technology using pulse magnetic field [7-9]. A
strong skin effect occurs in conducting elements of this

equipment, in which the current and electromagnetic field
are concentrated in a thin skin layer. The features of the
electromagnetic field penetration into a conducting body,
including its decrease in depth, depend not only on the
electrical conductivity, the relative magnetic permeability
of the medium and the field frequency, but also on the
geometric properties of boundary surfaces and the
character of the field distribution at the surface. Also, in
the mentioned devices the wavelength of the
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electromagnetic field is usually much larger than any
characteristic dimensions of the system and the processes
can be considered quasi-stationary, in which wave
phenomena can be neglected.

These two circumstances determine the main
limitations — it is considered the formation of a quasi-
stationary electromagnetic field in systems with strong
skin effect. Under the indicated limitations as it note in
[10], the use of simplified approaches to the calculation of
specific problems, and their use in the development of a
number of numerical methods are of methodological and
practical importance. Despite the long history of
development, the study of the formation of
electromagnetic field with strong skin effect remains an
actual task.

Approximate calculation methods are often used to
determine the electromagnetic field with strong skin
effect. For body of infinite conductivity the penetration
depth is equal to zero 6—0, and it is sufficient to use a
mathematical model in which the tangential component of
the electric field intensity and the normal component of
the magnetic field intensity are equal to zero at the
surface of the conducting body [11, 12]. The finite
penetration depth is taken into account in approximate
mathematical models using the concept of the impedance
boundary condition formulated by M. Leontovich [13]. It
is assumed that locally the electromagnetic field
penetrates into a metal body in the same way as a uniform
field penetrates into a conducting half-space. The local
values of the electromagnetic field at the interface
correspond to the model body with perfect conductivity.

Based on the perturbation method, it became
possible to calculate the fields inside and outside of
conductors with a curved surface [14]. Using integral
equations for curved surfaces, the solution of the problem
in the second-order approximation was obtained in [15].
The expansion in a power series in a small parameter
proportional to the depth of field penetration includes the
Leontovich condition as a first-order approximation. The
field penetration depth for such conductors dependents on
the average surface curvature [16]. For curved
conductors, first- and second-order corrections to the field
distribution corresponding to the diffusion of uniform
field into conducting half-space are found in [17].

The concept of surface impedance makes it possible
to use it in modeling problems of electrodynamics, taking
into account the geometric and physical properties of real
boundary surfaces. Detailed results of research in this
direction are given in a number of reviews. For example,
in [18] the experience of many years of research on the
application of the impedance approach in mathematical
modeling is systematized. The article describes the types
of structures for which methods of theoretical
determination of the values of surface impedances are
known. The generalized boundary conditions for the
analytical determination of the electromagnetic field
characteristics at the interface between media with two-
dimensional inhomogeneities are analyzed in [19]. A
comprehensive analysis of studies of the skin effect in
problems of electrodynamics is presented in the book [10]
where, among other things, the systematic method for
constructing boundary conditions of any order based on a

perturbation approach is considered, general approaches
to the numerical methods application are formulated such
as the boundary integral equations method, the finite
element method, and the finite difference method, and
also specific examples of calculations are presented.

In most of the cited papers, mathematical models of
the diffusion of non-uniform electromagnetic field are
limited of a small penetration depth value or insignificant
field non-uniformity at the body surface. The exact
solution of the problem of the diffusion of non-uniform
field into conducting half-space is presented in [17] for
the specific case of a field created by a thin rectilinear
conductor with a current directed parallel to the interface
between the media. The exact solution made it possible to
justify the limitations under which the impedance
boundary condition is valid for the considered non-
uniform field.

In [20], we obtained a complete analytical solution
to the problem of the penetration of a three-dimensional
quasi-stationary electromagnetic field created by external
sources in the form of current contours of arbitrary
configuration located near conducting half-space. There
are no restrictions on field non-uniformity in the obtained
solution. For the same mathematical model, an analytical
solution is found for the electromagnetic field also in the
dielectric half-space [21]. The exact solution made it
possible to obtain some justified results of the
electromagnetic field formation. In particular, the main
property is that in a conducting half-space the current
density and electric field intensity do not contain
components perpendicular to the boundary surface for any
system of initial currents and arbitrary dependence of
currents on time. In addition, in a short report, it is noted
as a general property that a non-uniform electromagnetic
field is decreased in a conducting medium faster than a
uniform field [22]. Analytical expressions are also
obtained for the field intensities at the interface between
the media, consequence of which is the generalization of
the Leontovich approximate impedance boundary
condition to the case of penetration of a non-uniform
electromagnetic field into conducting medium [23]. The
cited works contain separate parts of the problem of non-
uniform field penetration into a conducting medium and
do not sufficiently represent the solution of the problem
for an arbitrary three-dimensional quasi-stationary
electromagnetic field and for any properties of the media.

The purpose of this work is to generalize the results
of studying the penetration of a three-dimensional non-
uniform electromagnetic field into conducting half-space,
which unlike many well-known studies, is based on exact
analytical solution of the problem for an external field
created by sources in the form of an arbitrary system of
contours with alternating currents without restrictions on
the properties of the media and the field frequency. The
following objectives are to achieve the aim: substantiation
of the consequence that a non-uniform electromagnetic
field decreases in depth always faster than an uniform
field; investigation of the distribution of a non-uniform
electromagnetic field at the interface between dielectric
and conductive media; estimation of the influence of field
non-uniformity on its distribution in the skin layer in the
case of strong skin effect.
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Mathematical model and analytical solution of
the three-dimensional problem. The present work
differs from most of the previous studies in that it is based
on a complete analytical solution of the three-dimensional
problem of the electromagnetic field in an enough general
formulation [20, 21] and this allows to obtain a number of
substantiated general consequences. Note that numerical
methods, which also make it possible not to limit the
penetration depth, presuppose a specific formulation of
problems, and conclusions usually do not go beyond the
performed calculations.

Mathematical model for a single contour with
current. The analytical solution is obtained for the linear
problem of conjugation at a plane interface between
dielectric and conducting media of the three-dimensional
quasi-stationary field. The solution satisfies Maxwell's
equations and boundary conditions including the equality
of the normal components of the conduction current
density in a conducting medium and the displacement
current density in a dielectric medium. It is based on the
well-known analytical solution of the problem for an
emitting current dipole near the interface. A closed
contour / located in a nonconducting nonmagnetic
medium with a relative dielectric permittivity &,, without
loss of generality, was represented by a serial system of

dipoles with a constant initial current [, along the

contour. A conducting body is modeled as a half-space
with electrical conductivity » and relative magnetic
permeability g, in which eddy currents are induced.

The element of the external current contour is shown
in Fig. 1 as a segment of curve in the upper half-space
z> 0. The position of the field source point on the contour
M relative to the observation point Q is determined by
vector r. The axis z is oriented perpendicular to the
interface surface in the direction of the single vector e..
For an arbitrary spatial contour, the unit tangent vector to
the contour ¢ = ¢, + ¢, has nonzero projections onto the
vertical direction ¢, = (f-,)e; and onto the interface
between the media ¢, = ¢ — (t-e.)e..

1

M

] )
Ee, (Ye =0, 1o =1) My ¢

Y. M
Fig. 1. Element of arbitrary spatial contour / with current jo
located near conducting half-space

For the system wunder consideration all
characteristics of the electromagnetic field in conducting
and dielectric media are found in the form of expressions
for the complex-value amplitudes of the vector and scalar
potentials, the intensities of the electric and magnetic
fields. (Complex-value amplitudes we will mark with a
dot over the corresponding symbols). Since the linear

problem is considered, it can easily be extended to the
general case of an arbitrary external field created by the
corresponding system of current contours and to an
arbitrary dependence of currents on time /o(f) using the
Fourier transform.

Electromagnetic field in conducting half-space. The
expression for electric intensity in conducting half-space
at point O(p,6,z) is the following [20]

Holy .
ol 21wf[t|7“1(p,9,z)+(t-ez)epTz(p,Q,z)]dl, (1)

Ei:_

where o is cyclic frequency, i is imaginary unit, g4 is
permeability of vacuum. Here the local cylindrical
coordinates (p,6,z) with its unit basis vectors (e,, e4 e.)
are used (Fig. 2). The center of the coordinate system is
located at point M, intersection of the vertical axis with
the interface. The angle 6 is defined relative to the axis
directed along the unit vector ¢, = #/|#|. The values of
local coordinates depend on the position of the source
point M during integration along the contour.

The functions 7(p,6z) and Tx(p,6z) in (1) are as
follows

\exp I Mo(9p) g,
w9)

,0,9 z)= Texp
0

2

7 \exp 9231 M1 (9p)
p,6’z Iexp W(S) 99,

0
where ¢ = \132 + p2 , P =.iouuyy is propagation

constant, w(:9) = & + q/u, Jo(-) and Ji(-) are Bessel
functions of the first kind of zero and first orders. Since
the decrease of the field with respect to depth is
considered, the functions that depend on the coordinate z
are distinguished by a separate factor in (2).

)
Z

M
tdl

h

j‘l{{(]

1)
: Olp,0,2)
Fig. 2. Geometric parameters for determining the values of the

electromagnetic field intensities at the point Q(p,6,z) in
conducting half-space z <0

The expression for the magnetic field intensity H i
in conducting half-space follows from the Maxwell
—iwppgH

{tl[ezsmegﬁ e )0 }( )eg}dz 3)

As follows from (1), the projection of the electric
field intensity to the direction perpendicular to the plane
interface between the media is always equal to zero

E;-e,=0. On the other hand,

equation V x E =

: i
H, _Holo
4mu !

in this medium all
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components of the magnetic field intensity in the general
case can have nonzero values.

To study other general features of the electromagnetic
field formation associated with the penetration of non-
uniform field into conducting half-space, it is advisable to
introduce dimensionless parameters, whose values are due
to the form of expressions (2). In this case, we use

dimensionless integration variable y =9 y/ N ouuyy
pz= x/Z % ,  Where

5 =1/Re(p)=/2/(@uuyy) is the penetration depth of a

uniform field into conducting half-space [24]. As a result,

the functions N(p,0,z) =— fl( ﬂ] and

and take into account that

T (p,0,z) = —fz( ,Bj will be expressed in terms of

dimensionless parameters where

exp| — f np
oa) ) P,

') €X] _M ZSinﬁ
e

here the parameter &= uo / x/ErS is proportional to the

ratio of the penetration depth d'to the distance rg from the
field source at a point M on the contour to the body
surface at a point Oy (Fig 2). The denominator w;(y) in
the integrands (4) is written as

(6)

Expressions (1) and (3) describe the penetration of
the electromagnetic field of arbitrary contour with current
into conducting half-space and in the general case they
differ from approximate description of the penetration of
uniform field. Both the values of the intensity of the
electric and magnetic fields on the boundary surface z =0,
and the law of their decrease depending on the coordinate
z are differed. Usually, in approximate models, the initial
value is the tangential component of the magnetic field

intensity HT at the boundary, the local value of which

for a body of arbitrary shape is found from the solution of
the external problem under the assumption of the perfect
skin effect >0 [11]. The local value on the body surface

H
penetration into conducting half-space is described by the

. is taken as the value of the uniform field. Its

known distribution of the electric E; and magnetic H;
E =Ee” H =He" [24]. The field
vectors are related by the Leontovich approximate

intensities:

impedance boundary condition ET :g[ez x H |, where

the surface impedance ¢ =./iouuyy /}/ in this case

connects the values of the field vectors not only at the
interface between dielectric and conducting media

E.,H,, but also in the entire conducting half-space
E i» H i In the
electromagnetic field penetration, expressions (1) and (3)
show the difference both from the values of the electric

general case of non-uniform

E, and magnetic H, intensities at the boundary surface

with perfect skin effect, and the law of their decrease
depending on the coordinate z.
Electromagnetic field in dielectric half-space. The

expressions for electric E, and magnetic H, intensities

in dielectric half-space where the current contour is
located are determined by single function G, [21]

E,=Ey+E+E;=—io Oloﬁ{——e x[tleGe]Jdl’(7)

',13

HHHH§[ _tlxv[ageﬂdz ®)

where function G, using dimensionless values are
determined by following improper integral

wexp(— xcosfy }Io(lsinﬁlj
G—Zj “1 U gy )
Wl(Z)

The geometric quantities included in expressions
(7) = (9) are shown in Fig. 3. The elements td/ of the
initial contour and #dl of the mirror reflection contour
relative to the interface are located at the points M and M,
respectively. Projections of tangent vectors onto the
vertical axis are equal in absolute value and opposite in
their direction (#. = — ), and the projections # and ¢
onto the plane of interface between media are equal in
their lengths and directions tlH = t\l’ ie. t= tH +t,t= t1‘| +
+t.=t—t. Vectorsr = (zy—z)e. + pand r, = (zyn — 2)e. +
+ p=—(zy + 2)e. + p (the vector p is the projection of
vector r or vector r; onto interface) determine positions of
points M and M, relative to the observation point Q. The
angle S, shows the orientation of the vector r relative to

the vertical axis. The parameter &) = ,u§/ (ﬁrl) is

connected with distance | between points M; and Q.

'y
O
tdl

< 4:1‘: dl

M |t,di

r

1y dl
M, :. l!l:Cﬂ
tdl

Fig. 3. Location the contour element ¢d/ and its mirror reflection
t,dl relative to the observation point Q
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The first and second terms in (7) and (8) describe the
solution of the problem for perfect skin-effect when 60
[20]. At a value of the penetration depth other than zero
the impact of electro-physical properties of the medium is
taken into account by the third term.

The electromagnetic field (7) and (8) at an arbitrary
point of the dielectric half-space is created by all sources,
including the current of the initial contour, eddy currents
in conducting medium, sources of magnetization of the
medium and electric charges at the interface between the
media. We can say that this total field decreases from the
value at the interface during its diffusion into conducting
body. The presence of the third term in (7) and (8)
determines the difference between the tangential
components of the field intensities on the surface from

their values E,, H, , which correspond to the field in the

approximate model of the perfect skin effect.

General feature of decrease of non-uniform
electromagnetic field in the conducting half-space. The
availability of the exact solution to the general problem
allows, first of all, to analyze the features of the
penetration of non-uniform field into a conducting half-
space without restrictions on the values of the electro-
physical parameters and the field frequency.

As it follows from (2) and (4), the distribution of any
component of the electric and magnetic field intensities in
the skin-layer, depending on the coordinate =z, is
associated with exponential function K(z/d,y) (5) in the

integrands. The factor \/1+[;(/ (,u\/; )]Z in the exponent

affects to the field decrease law. If the influence of the

second term [;(/ (y\/; )]2 is absent, it corresponds to the
decrease law of the wuniform field.  Since

Re(\/1+[;(/ (,ux/z_')]zJ>1, the decrease of the non-

uniform electromagnetic field created by the current
contour is always faster than that of the uniform field.
Taking into account the principle of superposition, this
conclusion will be valid for any system of initial closed
contours and therefore is valid in the general case of
arbitrary external field.

Thus, faster decrease of non-uniform
electromagnetic field as compared to uniform field is
general feature of the electromagnetic field formation at
its diffusion into conducting half-space. A qualitative
explanation of the found feature can be based on the
analysis of the inhomogeneous field formation under the
action of «standard» external sources and it is the subject
of additional research.

Let us consider the influence of the parameter ¢ on
the field penetration law, that is, the effect of the distance
between the external field sources and the body surface in
comparison with the penetration depth (at ¢ = 1). The
parameter ¢ also characterizes the field non-uniformity,
since the closer the current contour is to the surface, the
more non-uniform field is at its surface. This is reflected
in the influence of the parameter £ on the dependences of
the functions fi(z/5,&,0) and fi(z/d,6,) with respect to
coordinate z in (4).

Let, for example, the sources of the external field are
remote at a considerable distance from the surface of a
conducting body and, accordingly, for all points of the
contour £<<1. In this case, in (4), due to the presence of
the exponential function exp(—ycosf/¢), the value of the
integrands turns out to be insignificant when ycosf > &
That is, the value of improper integrals (4) at small values
¢ is mainly determined by the behavior of the integrand
near the lower limit of integration y = 0. This means that
when integrating in (4), the influence of the factor

Y1+ [;(/ (,u\/: ) will slightly differ from the case when

this factor is equal to one. Therefore, if £<<1, then the
decrease in the field from its local value on the surface at
the point O, will be close to the decrease in the uniform
field.

If the parameter ¢ is not small the influence of the

factor \[1+[;(/ (,u\/z_ )]2 is much more. In this case, the

elements of the contour as a source of the external field
are located closer to the interface between the media and
the decrease of the electromagnetic field will occur
according to a different law with larger decrease rate in
depth.

A specific example when the penetration depth

5 =\2/\oupoy
contour illustrates the general conclusion of three-
dimensional field decrease. An additional argument for
the validity of the conclusion can also be a comparison of
the results of calculating the decrease of non-uniform
electromagnetic field, performed using the obtained
analytical expressions and using the numerical method in
the Comsol package [22].

The calculation was performed for a circular contour
located in a plane perpendicular to flat interface, as shown
in Fig. 4. The radius of the contour is R = 0,05 m, the
minimum distance from the contour to the interface is
ho = 0,02 m, the electrophysical properties of the medium
are as follows: 2= 1, =10’ 1/(Q-m). In contrast to the
analytical method, in the numerical calculation, the
current contour was selected in the form of a conductor
with a square cross-section 2rx2r at » = 0,004 m. In the
numerical calculation, the problem was solved in a
limited area, the dimensions of which significantly exceed
the contour radius. Different values of the field
penetration depth and, accordingly, the values of the ratio

SR or &, =max(s)= ,ué/\/zho
choosing the field frequency.

is comparable to the dimensions of the

are obtained by

;1‘[} g—._

ﬂ#hwl’ ®
o

Y, 1

Fig. 4. Electromagnetic system with a circular current contour
located in the plane perpendicular to the interface
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The results of calculating the electric and magnetic
field intensities are shown in Fig. 5,a-c. In the upper
group of figures, arrows show the distribution of the
induced current density j, = yE; in the vertical plane
passing through the center of the circular contour. The
results of these calculations, performed by the numerical
method, confirm the theoretical conclusion about the zero
value of the vertical components of the electric field
intensity and current density. The curves in the figures
below show the change with depth for component of the
amplitude of the electric field intensity, normalized to the

value of the field at the surface E: :|Ex :01.

The coordinate value in conducting medium is normalized

to the value of the field penetration depth. The dotted
lines show the decrease of the uniform field. Solid lines
correspond to analytical calculations, individual points
marked with squares correspond to the results of
numerical calculations. The bottom row of figures shows
dependences for different components of the magnetic field
intensity, also normalized to the amplitude values of the
corresponding field components at the surface of the

conductive medium Ay = |Hy|/|Hy (= = 0), where k=x, y, z.

Note, in contrast to the electric field, the wvertical
component of the magnetic field intensity in conducting
half-space in this case of a three-dimensional field is not
equal to zero.

(a) | (b) (c)
O/R = 3.18; £,=5.63 8/R=10:¢,=178 3/R=0.5:¢,=089

--—'i = —r—u-gr_z $s _‘

15 2.0 G

05 1
-z/8

1 ] 5 2.0
-z/d

Fig. 5. Depth distribution of the normalized amplitudes for the components of the electric £ ; and magnetic H ; ) H; , H:

intensities in conducting half-space for non-uniform three-dimensional field created by the specific system in the form of circular
current contour near the flat interface between media

It is seen that with a decrease in the penetration depth
Jin comparison with the radius of the contour R or with the
distance 4, the penetration law both electric and magnetic
fields approaches the slowest decrease of uniform field.
Immediately below the contour at x = 0, y = 0, where the
contour section most closely approaches to the interface,
decrease is more pronounced than at x = R. This is
explained by the fact that at x = R, the contour sections
are at greater distance from the surface, and therefore the
non-uniformity of the external field distribution near the
surface is less than in the case when x = 0.

Dashed curve in Fig. 5,b for vertical component of
magnetic field has a conditional meaning, since in the
approximate model of the diffusion of uniform field the
component of the magnetic field intensity normal to the
surface is equal to zero. However, for diffusion of a three-
dimensional non-uniform field, this component is
nonzero.

For the considered system on the plane x = 0, the
field component H . 1s equal to zero, and therefore in

Fig. 5,c the corresponding curve is missing.
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Penetration of non-uniform electromagnetic field
in the case of strong skin effect. The general feature of
faster decay of non-uniform field in comparison with
uniform one is the basis for analyzing the decrease of the
field, when introduced parameter is small £ < 1 and not
necessarily going to zero. This parameter depends on the
position of the source point M on the contour. This
section deals with arbitrary electromagnetic systems for
which the maximum value &, = max(¢) of all gis a small
parameter.

Comparison of decay of non-uniform and uniform
fields. To confirm that the penetration law of non-uniform
field is approached the exponential decrease of uniform
field, let us compare the functions fi(z/d,&) and
f(z/0ep) in (4), taking into account the factor

\1+ [;(/ (,u\/; )]Z in the exponent with the same functions

fro(z/6,,p) and fyy(z/5,&,9), but provided that the factor is
taken to be equal to one, which corresponds to decrease of
uniform field. For the electric field intensity, these
functions are related to the directions of the current
parallel and perpendicular to the interface. For the
magnetic field intensity, the corresponding functions that
follow from (3) can be similarly considered.

Let us first consider changes in functions f£(0,&,/5)
and £5(0,¢,p) at the surface (z = 0). The dependences of the
modules of these functions on the value p/h = tang at
4 =1 and various values of the small parameter £ < 1 are
shown in Fig. 6.

1/:40,,B)l

plh p/h

Fig. 6. Changes in the functions [f|(0,&,/)| and |f,(0,,0)| at the
interface depending on the relative distance o/h = tang for small
values of the parameter ¢< 1 and u=1

It can be seen that sections with different directions
of the current are involved in different ways in the
creation of the tangential component of the electric field
intensity on the body surface. The horizontal component
of the current gives the largest value of integrand in (1)
just below the current element. The largest value from the
vertical component of the current is realized at a certain
distance from the point M, in the radial direction at a
distance p approximately equal to the height at which the
contour element is located.

The curves in Fig. 7,a show values of the modules of
functions dependents on the depth for direction of the
current parallel to the interface at g = 1: solid lines
correspond to the function |[fi(z/d,¢,/, dashed lines
correspond to the function |fio(z/d,6,. The results are
given for the case = 0 where the function [fi(0,¢,/ at the

surface takes the largest values. The curves for different
values of the small parameter ¢ are obtained by choosing
the corresponding values of the height / above the surface
on which the contour element is located. A comparison
confirms the statement about the insignificant influence of
the functional dependence of the integration variable in
the exponential function. The quantitative values of the

deviation that arise when the factor \[1+[;(/ (,u\ﬂ)]z is

replaced by one are shown in Fig. 7,b in the form of a
relative deviation value A; = ||fj| — |f1oll/|f1]-

(a) (b)

0.04 0.04
003 003
S e=0.2]
= 0.02 F0.02H+7 :
b £=02
0.15 \
0.01 -
0.01n0, 1N -
2] 01 T~
0 1 2 3 09 1 2 3
z/8 -z/8

Fig. 7. Comparison of the decrease of non-uniform and uniform
fields for functions f; and f, corresponding to the direction of
the current parallel to the interface between media for the small
value of the parameter <1 and u=1

Similar results are also valid for the term of the
integrand in the contour integral (1) related to the vertical
direction of the current. Comparative values of functions
(20,80, frl(z/d6) and the values of their relative
deviation A, = ||f3] - [fo0ll/|f2| are shown in Fig. 8. In this case,
the observation point is selected near the maximum value
of the function |£;3(0,¢,0)| at the interface at p= h, (f= 7/4).

(a) (b)

0.012 0.02
0.0l 0.015
0,008 .
=0.006 0.01
= 0,004
0.0(
: 0.005
0,002
Op ) i 2 3
-zf -z/d

Fig. 8. Comparison of the decrease of non-uniform and uniform

fields for functions f; and f5y corresponding to the direction of

the current perpendicular to the interface for the small value of
the parameter €< 1 and y=1

From the presented calculations, it can be seen that
with decrease in the value of the small parameter & the
error from replacing the factor in the exponential by one
rapidly decreases, approximately inversely proportional to
the &. Similar results turn out to be valid for the magnetic
field intensity.

The following conclusion can be made from this.
With a strong skin effect, when the maximum value of the
introduced parameter &, is small, the electromagnetic
field decrease from the local value on the surface,
approximately according to the penetration law of
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uniform field. Since the penetration law depends on the
value of the parameter &,, the concept of strong skin
effect can be extended from the point of view of the
possibility of using the penetration law of uniform field.
The skin effect can be considered strong when the product
of the relative magnetic permeability and the penetration
depth u4d is small not only with respect to the
characteristic dimensions of conducting body, but also of
the entire electromagnetic system, including the distance
from the surface of body to the external sources.

Taking into account the boundary conditions

(Z:():Ee”:EiH’HeH:HiH’HeJ_//u:HiJ_) and the

expressions for the field intensities in the dielectric half-
space (7) — (9), the approximate expressions in the
conducting half-space take the following form

Ei ~ epZEi(z = 0)2 epZEeH(z = 0)2
(10)

ePZi ﬂ;)io fez x[tl xVGe|Z:0]dl,

H; = e” Hy(z=0)= " [Hy(z=0)+ H,, (- =0)/u] (1)

where the components of the magnetic field intensities at
the dielectric surface are as follows

HeH(Z :O):Hel(z :O)+He2(z :O)+
Iy 0°G, [aGeJ

20 — \v4 12
4ﬂﬁ[t|xez] e dl., (12)
z=0
dl.

: Iy 8G,\ °G
H@L(”O):ﬂ’lx{v( el }
l z=0

The expressions (10) — (12) presented as two factors
are approximate only in relation to the dependence on the
coordinate z. On the surface at z = 0, they take into
account the non-uniformity of the electromagnetic field
and give the values of the field intensities without
restrictions on the value of the parameter £= &.

The next two questions are related to the introduced
extended concept of the strong skin effect. First, what is the
difference at the interface between the intensities of the

non-uniform field E;(z=0) and H,(z=0) in (10) - (12)

from the values of the tangent components E, and H,

for the model of the perfect skin effect. Second, what is
the error of replacing the penetration law of non-uniform
field with the penetration law of uniform one, depending
on the value of the small parameter.

Non-uniform electromagnetic field at the interface
between media. For small values &, at an arbitrary point
of the dielectric half-space, including at the interface
between the media the expressions (10) and (11) can be
simplified. In this case the function G, can be represented
by an asymptotic series, limited by a certain number of
terms N [25]

N N < ¥ i
G, ~ ZGn _ Zian(”)J[%] eXp[—%:ﬁl]Jo[}(Slnﬂl Jd}{ 2(13)
0

&
N n+l (n)
& 16 1
=>2-"a (u)(—lj —[—]
PSR s W3 I b

where a,(u) are the Taylor series coefficients of the

o0
function 1/wy = Y _a, (,u)(;(/\/;y‘ .
n=0

The use of asymptotic expansion (13) for field
intensities (1), (3) or (7), (8) on the surface made it
possible to find approximate values of the field at the
boundary and to establish some general features of the
field formation. Finding the corresponding relations is
given in [23].

Firstly, in the found analytical expressions, the
electromagnetic field on the surface is determined only by
the known distribution of the field of external sources at
the boundary

: LA < AN A [(14)
EH(Z:()):ZEHn:gZzan(:u - 0 erHOH ?
n=0 n=0 p & =0
) N+l N+1 n oM .
HH(Z =0)= ZHHn = —Zzanl(u)[zj {0}”0} (15)
n=0 n=0 i
. ] . n+l (1) 7]
HiJ_(ZZO):ZV:Hu_n :_izan(u)[uj {6,,11(”} ’(16)
n=0 n=0 3 P 0z 0

here, it is taken into account & / Vi =u/p; it is

accepted a, = —1; HO is the magnetic field intensity of
external sources in dielectric medium at the interface. If
the external field is created by a single current contour,

then

: I
Hy=— 0§82 g 17
472'1 r3
From (14) — (16) it can be seen that the

electromagnetic field is determined not only by its local
value on the surface, which corresponds to n = 0. It also
depends on the derivatives of the field with respect to the
coordinate, that is, on the non-uniformity of the external
field at the interface between the media. In this respect,
the electromagnetic field at the boundary differs from the

values E, and H, in the perfect skin effect model. The

difference is associated with the field of eddy currents in
conducting medium, the distribution law of which
depends on the degree of remoteness of the external field
sources in comparison with the penetration depth. The
component of the magnetic field intensity normal to the
boundary, which is absent in the perfect model, is
determined only by the derivatives with respect to the
coordinate z of the same external field component.
Secondly, the found expressions (14) — (16) made it
possible to generalize the Leontovich impedance
boundary condition for the case of diffusion of non-
uniform electromagnetic field into conducting medium.
The impedance boundary condition, which establishes the
relation between the tangential components of the electric
and magnetic field intensities at the interface, for
individual terms of the asymptotic series is the following

an—l(:u)EHn :_an(:u)gez ><FIHn : (18)
It follows from (18) that the Leontovich approximate

impedance boundary condition is valid only for the first
two terms of the asymptotic series. The deviation takes
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from n = 2 (&), for which (18) gives

place startin
572 u? )Jge . xH |2- The requirement for

Ep=-1/
fulfilling assumption in the approximate impedance
boundary condition that the normal field component is
equal to zero is more stringent. It holds only for the zero
term of the asymptotic series and it is violated already at &'.
Influence of the small parameter value to the field
penetration low with the strong skin effect. Let us perform
a quantitative assessment of the influence of the small
parameter value ¢ to the change in the penetration law of
the electromagnetic field into conducting half-space. The
analysis is carried out based on the expansion of
expressions (4) in the asymptotic series, where for small ¢
the Taylor series expansion of the factor in the integrand
is used near the zero value of the integration variable y.
Unlike (9), for the asymptotic expansion of improper
integrals (4), it is necessary to use not only the expansion

in a power series of the function w; l(;{), but also the

expansion of the exponential function (5). Taking into
account, except one, next term in the expansion of the

factor \[1+[;(/ (,u\/z_ )]2, approximate expression for

exponential function (5) will be as follows

T () [ ] e

where it is considered that the ratio z/§ does not exceed
several units.

Taking into account (19), the functions f(z/d,¢,0)
and f,(z/9,¢,p) in (4) can be approximately represented as
following (below we use the combined designation
J1.2(2/6,&,p) for the two functions)

fl’z(g’g’ﬁj =~ exp(@g‘j{flyz(o,g,ﬁyr \/Eg"z/llzkl~2(0’g’ﬁ):| ,(20)

where k 5(0,&,/) differ from f; ,(0,¢,/) by the presence of
factor (;(/ x/z_ )2 in the integrands (4).

After substitution 1/, = ian ( ﬂ)()( i T , the functions
n=0
k12(0,&,0) and f1,(0,5/) can be represented as expansion in
asymptotic series, similarly G, to (15) forz=0

N N
fl(0>‘9>IB): \/;Zanfl, n» f2(0’g’ﬂ): \/;zaan, n»

n=0 0 (2 1)
i N
k10,6,8) =0 Y apfi neas k2(0.6,8)=0 Y ap fo. pias
n=0 o
where
o o 22122}
: (22)

S n =T(;(/\/;T+l exp[_ lCZSﬁle(zsi,nﬁde.
0

To obtain the final expressions, it is sufficient to use
expressions (14) — (16) of the expansion into asymptotic
series of the electric and magnetic intensities at the
interface. In this case, for the additional term containing

k12(0,5,0), the same expressions will be valid, in which
the values of the degree of functions and derivatives
change from n to nt2. Besides, since in (20) only one
additional term of the series is taken into account, the
functions k;,(0,&,/) must also contain only one term of
the expansion. With the same exactness the functions
f12(0,&,0) can contain no more than three terms of the
series. As a result, using the value of the field intensity at
the interface (14), the expression in which the difference
from unity for the factor in the exponential function is
taken into account will be as following

{ﬂf[ll]ﬁ(z)”o
.o \P 2;12 a?

2 . o9,
fu) e ol
[Pj 2;12 &?

. A
u Mo
Ho & |
r

+
_ .(23)
E; ~2ePge, x z=0

z

z=0

Similarly, using the values of the components of the
magnetic field intensities at the boundary (15), (16) and
the expansion of the exponential function (19), we can
also write approximate expressions for the decrease of the
non-uniform magnetic field in the conducting half-space

w1 Uy
o \P 2u? ) oz’ )

p 0Oz
) .
+ (Mj Pz a(Z)HOH

p) 2u® oz?
+(ﬁ]2 - Py,
o \P 2/42 a3 o

z=0

0|

o | (24)

A(2)
o, |
2
z=0 P &

My,
I24

+

25)

. 2
H; ~—Ze* 0

b +[£JZ£M
P

2,142 a3

For the components of the electromagnetic field
between the media, the deviation from the penetration law
of uniform field takes place for the terms of series
proportional to the second-order derivative of the field

intensities at the surface. The deviation for the component
of the magnetic field intensity perpendicular to the

i||» directed parallel to the interface

surface H; | occurs for the term of series proportional to

the third-order derivative. This is due to the absence of
local value of the field at the surface in (18) which
already contains a common factor proportional to the
value ¢

As follows from (23) — (25), the deviation of the
penetration law of non-uniform electromagnetic field in
conducting medium from the penetration law of uniform
one appears when the small parameter is taken into
account in the second power &. This conclusion is in
agreement with the calculation results shown in Fig. 7,b
and 8,b. In addition, it follows from (23) — (25) that the
maximum value of the modulus of the additional term
takes place at the maximum value of the function

|pz exp(pz) = ‘(ﬁz/&)exp(z/&X , which is realized at —z = 6.

This value also agrees well with the ratio z/J in Fig. 7,b
and 8,b when the deviation reaches its maximum value.
As can be seen from (23) — (25), for all components
of the electromagnetic field with strong skin effect, the
deviation of the penetration law of non-uniform
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electromagnetic field from the penetration law of uniform
one is determined by the value of the same parameter

2 2
H| Pz £ 2
(pJ 2u° (#] 4

Estimate (26) takes into account only the difference
between the field penetration laws. The total relative error
associated with the use of the model of perfect skin effect
will be much more, since this model also does not take
into account the field non-uniformity at the interface.

Conclusions.

The exact analytical solution of the three-
dimensional problem of quasi-stationary electromagnetic
field in the system «current contour of arbitrary
configuration — conducting half-space» allows to obtain
some general substantiated consequences of the field
formation. These consequences, considered in the paper,
are as follows.

I.It has been established that non-uniform
electromagnetic field, upon penetration into conducting
half-space, decreases in depth always faster than uniform
field. Quantitative characteristic of the field decrease rate
can be considered the parameter proportional to the ratio
of the penetration depth of uniform field to the distance
from external sources to the interface between dialectic
and conducting media. With decrease in this parameter,
the field is decreased slower, tending to the slowest
decrease of uniform electromagnetic field, when the
quantitative parameter tends to zero.

2. From the point of view of the possibility of using the
penetration law of uniform field the concept of a strong
skin effect can be extended. The skin effect can be
considered strong when the penetration depth is small not
only with respect to the characteristic dimensions of
conducting body, but also of the entire electromagnetic
system, including the distance from the surface of body to
the external sources. In this case, the introduced
quantitative parameter is small.

3.In the case of strong skin effect in its extended
interpretation the non-uniformity of the electromagnetic
field affects both the values of the field intensities at the
interface between the media and the field penetration law
into conducting body. The effect of field non-uniformity
at the boundary surface is expressed in the fact that the
electric and magnetic field intensities, in addition to local
values, contain derivatives of the external sources field
with respect to the coordinate perpendicular to the
interface. The found analytical expressions for the field
intensities in the form of asymptotic series make it
possible to generalize the Leontovich impedance
boundary condition to the diffusion of non-uniform field
into conducting half-space. The mathematical model of
the uniform field penetration into conducting medium to
study the penetration of the non-uniform electromagnetic
field is valid up to the introduced small parameter in the
first degree. At the same time, the use of exponential
decrease of the uniform field from its value at the
boundary, determined with regard for its non-uniformity,
is valid up to the small parameter already in the second
power. The same limitation is valid when using the
Leontovich approximate impedance boundary condition.

(26)

Further theoretical work is possible in the direction
of a more general description of the non-uniform field of
sources, not being limited to external sources in the form
of current contours. The development of the theory is also
possible in the direction of the formulation of boundary
value problems, taking into account the known, as it
shown, field at the interface between media. The found
features of the field formation can make a practical
importance when simulating processes, for example, by
integral methods in devices with three-dimensional
electromagnetic fields. The peculiarities of the
distribution of the non-uniform electromagnetic field on
the surface and in the skin layer of conducting body imply
the study of its influence on the energy and force
characteristics, the distribution of the Poynting vector and
the Maxwell stress tensor.
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OPTIMIZATION AND RELIABILITY OF THE POWER SUPPLY SYSTEMS
OF A COMPRESSOR STATION

As gas pipeline systems become larger and more complex, the importance of optimally operating and planning these facilities has
increased. The capital costs and operating expenses of pipeline systems are so large that even small improvements in the use of the
system can involve large sums of money. Purpose. This article proposes a method to improve the reliability and optimization of
power supply systems for compressor stations. The novelty of the proposed work is the development of a new mathematical model
that allows the choice of the most appropriate maintenance policies in the best way to significantly reduce costs as well as to
optimize useful key performance indicators — failure rate, average time between breakdowns, the average repair time for equipment
in compressor station electrical supply systems. Applying graph theory to represent this mathematical model from the schematic
diagram of the different energy sources with respect to the five compressor stations is adequate. Methods. The problem that arises
for the future operator or operator is, among others, how to balance two main aspects: a technical aspect and an economic aspect.
The proposed methodology introduces a research algorithm to calculate the optimal values of the operating parameters of the power
supply systems of compressor stations by combining technical and economic aspects in order to reduce costs and increase
performance indicators. The proposed algorithm can be implemented in FORTRAN code. Results. The algorithm developed is an
efficient tool for calculating maintenance costs and allows by means of programming to define the most appropriate maintenance
policy. On the other hand, this technique could be used as an essential economic evaluation indicator for other equipment in order to
choose among all the technically possible solutions the one which allow obtaining the best economic result. Practical value. The
proposed algorithm has been examined in this third variant of the supply system with two turbogenerators. The result of the
optimization shows a clear preference for selecting station C for the pipeline as this presents the minimum cost which is the
definition of the algorithm optimizer. Then, it is important to adopt the most recommended maintenance policies and practices in
order to ensure the availability of the power supply systems and to avoid unplanned outages with the resulting loss of production.
References 12, table 2, figures 7.

Key words: power supply system, reliability, optimization, economic aspects, technical aspects, graph theory.

Y mipy mozo sax ecasonposioni cucmemu cmaiome Oedani OinbwumMu mMa CKIGOHIWUMU, 3POCMAE 3HAYEHHS ONMUMATLHO2O
Qyuryionyeanna ma naaHyeamus yux o6 'ekmig. Kanimanvui eumpamu ma excniyamayivxi eumpamu mpyoonpogioHux cucmem
HACMINbKU GENUKI, WO HABIMb He3HAUHI 600CKOHANEHHS ) BUKOPUCTNAHHI CUCIEM MOJICYMb 3any4umu 6eauxi cymu epoweli. Mema. Y
cmammi NPONOHYEMbC MemoO NIOGUWEHHs. HAOIUHOCMI ma OnmuMizayii cucmem eneKmponoOCMAayants KOMAPECOPHUX CMAaHYilL.
Hoeusna 3anpononoganoi pobomu nonseae y pospodyi HOBOI mamemamuyHoi mooeni, aKa 00380 HAUKPAWUM YUHOM GuOpamu
HauOiIbw 8i0ON0GIOHI NOTIMUKY MEXHIYHO20 00CTY208Y6AHHA, WOD 3HAYHO CKOPOMUMU GUIMPAMU, A MAKONIC ONMUMI3YEamu KOPUCHI
K408l NOKAZHUKU eheKmUsHOCmi — piéeHb 6I0MO06, CepeOHill 4ac Midc NOTOMKAMU, CEPEOHIl 4ac PeMOHMY 0ONAOHAHHS 8 CUCEMAX
eeKmponocmayants. Komnpecopnoi cmanyii. 3acmocyseanns meopii epaghie Ona npedcmaenenms yiei mamemamuyHoi mooeni Ha
NPUHYUNOSBITL cxeMi Pi3Hux Odicepen eHepeii wooo n’samu KomnpecopHux cmanyiti € oocmamuiv. Memoou. 3adaua, axa eunuxae y
Maibymmuvb020 abo 0iloyo2o onepamopa, nosAae, cepeo iHWo2o, y Momy, K 30a1anHcy8amu 08a OCHOGHI ACNeKMu: MeXHIYHU acnekm
ma eKOHOMIUHUL acnekm. 3anponoHOBaAHA MemoOONO02is 6600UMb ANCOPUMM OOCTIONCEHHS 0Nl PO3PAXYHKY ONMUMATOHUX 3HAYEHb
pobouuX napamempie cucmem eieKmponOCMaants KOMRPECOPHUX CIMANYILL WIIAXOM NOEOHAHHS MEXHIYHUX MA eKOHOMIYHUX ACNeKmig
3 Memolo 3MeHWeH s sUmpam ma 30inbWeHHs. NOKA3HUKIE egheKmueHocmi. 3anpononoeanuil aneopumm modice Oymu peanizo8anuil y
npoepami na mosi npoepamysants FORTRAN. Pezynomamu. Po3pobnenuil aneopumm € epekmueuum iHCmpymMeHmom 015t PO3PAXYHKY
eumpam Ha mexHiune 00CIY208y68anHs MAa 00360J5A€ 30 OONOMO20I0 NPOSPAMYEAHHS BUSHAYUMYU HATOLILW 6I0NOGIOHY NOJIMUKY
mexHiuHo20 00CY208y8anHA. 3 iHWO020 OOKY, Y10 MEMOOUKY MOJICHA UKOPUCIIOBYBAMIU SIK 8AMHCIUGUL NOKAZHUK eKOHOMIYHOL OYIHKU O
iHWOo20 0bnadHannaA, Wob eubpamu ceped ycix MexHiYHO MONCIUBUX piuleHb me, sIKe 00360JAE OMPUMAMU HAUKPAWULL eKOHOMIYHU
pesynomam. Ipakmuune 3nauenna. 3anpononosanuii areopumm Oye nepesipenuii y mpemvomy 6apianmi CUCeMu HCUBNEHHS 3 080MA
mypbocenepamopamu. Pesynomam onmumizayii noxasye uimky nepesazy wjodo eubopy cmanyii C 015 mpyoonposoody, oCKiibKu ye
npeocmasniae MIHIMAbHY 6apmicmv, KA € GUSHAYEeHHAM onmumizamopa aneopummy. Tooi eadxciuso npuiiHsmu HAUOLbW
PEKOMEHO08aHT NONIMUKYU MA NPAKMUKY MEXHINHO20 00CY208y6anHs, wob 3abe3neuumu 0OCMynHICMb CUCmeM eleKmponoCmayanis
Ma YHUKHYMU He3anJIaH08AHUX GIOKTIIOUEHb I3 HACTIOKOM empam eupobHuymea. bion. 12, tadmn. 2, puc. 7.

Kniouosi cnosa: cucrema eJIeKTPONOCTAYaHHS, HAAIHICTH, oNTHMIi3alisi, eKOHOMIYHi acNeKTH, TeXHIYHi acmeKkTH, Teopis
rpadis.

Introduction. Compressor station (CS) is an integral
and an essential part of a gas pipeline, providing gas
transportation by means of power equipment. It serves as a
control element in the complex of buildings, belonging to the
trunk gas pipeline. The pipeline operation mode is defined
through the compressor station operation parameters.

Power supply system (PSS) is a combination of
sources and systems of conversion, transmission and
electric energy distribution. Power supply system does not
usually include consumers (or electricity receivers).

The following requirements are to be met by power
supply systems:

o reliability and continuity of power supply to
consumers;

e quality of electric energy on consumer input;

o safety of PSS elements maintenance;

¢ unification (modularity, standardization);

e cconomic efficiency (includes such concepts as
energy efficiency and energy conservation);

o ccological compatibility;

e ergonomics [1].

As natural gas pipeline systems have grown larger

and more complex, the importance of optimal operation
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and planning of these facilities has increased. The
investment costs and operating expenses of pipeline
networks are so large that even small improvements in
system utilization can involve substantial amounts of
money saving [2].

For electric power supply systems, intended to
provide the work of processing facilities with a
continuous cycle (such systems include compressor
stations of trunk gas pipelines) reliability and
maintainability are considered to be the main properties.
Problems of durability and safety of the system are not
too much crucial. For modern electrical driven, equipped
with powerful synchronous motors, problems of stability
and vitality of the systems and their power supply are
considered to be additional important properties [1].

In a gas transmission network, the overall operating
cost of the system is highly dependent upon the operating
cost of the compressor stations of the network. In fact,
this compressor station’s operating cost is generally
measured by the quantity of the consumed fuel.
According to [3], the operating cost of running the
compressor stations represents between 25 % and 50 % of
the total company’s operating budget.

Recently, the issues of reliability improvement and
configuration optimization of power supply systems of
industrial facilities have been gaining significance [4].
Reliability is all that is required for a product to function
without failure, or with a failure frequency low enough to
be acceptable in its intended use. Its conservation
concerns the Maintainability which takes care of what
must be done so that a product is brought back under
conditions as close as possible to those foreseen at the
beginning of its operation.

Many researchers have presented and described
proposed optimization and reliability methods for power
supply systems of a compressor station. Literature
reviews have been written to summarize the methods and
the achievements. In [5] authors have illustrated the
different influencing factors for the economic success of a
gas compression station. Important criteria include first
cost, operating cost (especially fuel cost), capacity,
availability, life cycle cost, and emissions. Decisions
about the layout of compressor stations such as the
number of units, standby requirements, type of driver and
type of compressors have an impact on cost, fuel
consumption, operational flexibility, emissions, as well as
availability of the station. An overview of important
mathematical optimization and artificial intelligence (AI)
techniques used in power optimization problems.
Applications of hybrid (Al) techniques have also been
discussed in [6]. The statistical data on the failures of the
elements of the electrical power systems for the gas
pumping compressor stations is studied in [7]. The
distribution functions of operating time between failures,
operating time between unplanned repairs, restoration
time are chosen for power supply systems’ elements.
Parameters of Weibull distribution function are
determined. The reliability of power supply system for
gas pumping compressor station is  simulated.
Comparative analysis of the system reliability with hot
and cold reserve is processed. The role of elements and
their parameters for ensuring reliability are determined.

The rational boundaries for increasing reliability for the
most important system elements are determined in [7]. In
[8] authors solve the reliability design problem which is a
very interesting problem often encountered in the energy
industry. It is formulated as a sequence of redundancy
optimization problems (ROP). The resolution of this
problem uses a developing Ant Colony Optimization
(ACO) method. This new algorithm for choosing an
optimal series-parallel power structure configuration is
proposed. It minimizes the total investment cost subject to
availability constraints.

However, many of the algorithms currently used by
the system operators and planners are based on heuristics
and have severe limitations. Therefore, optimization
algorithms used during operations need to be timely in
detecting problems and suggesting corrective actions.

The goal of the paper is the proposal of a tool
allowing to optimize the power supply systems of a real
existing compressor station, taking into account the
technical aspect and the economic aspect on the basis of a
mathematical model which makes it possible to increase
the reliability of the entire operation of the mechanism
and to considerably ensure its availability in order to
minimize the total expenditure of the electrical supply
system of the BISKRA station, Algeria.

Subject of investigations. This paper carries out a
comprehensive study of calculation and optimization of
the power supply systems of compressor stations with the
essential objective of choosing among all the technically
possible solutions those which allows obtaining the best
economic result.

In this article, a new flexible and efficient model and
an optimization algorithm is proposed in order to solve
the problem of reliability, maintainability and availability
of operation in order to minimize the costs of the power
supply systems of natural gas compression stations.

This paper is structured as follows: in Section 2, the
description of the compressor station and the
technological process used in the model formulation are
presented; in Section 3, a development optimization
criterion is introduced; the development of the power
system optimization algorithm is presented in Section 4.
The results showing the graphic presentation of the
calculation and the performance of the proposed
formulation are presented in Section 5. Finally, in Section
6, conclusion on the achieved results is presented.

Presentation of the compressor station. In [9] the
gas pipeline GK1 (40°’) GK2 (42°) is designed to ensure
the connection between the departure terminal of HASSI
R’MEL and the arrival terminal of SKIKDA, as well as
the supply of the SONELGAZ (The Algerian Electricity
production and distribution company) distribution centers
in eastern Algeria.

Construction of the pipeline began in 1968 for it to
be commissioned in its first phase in 1971.

In its first phase, the gas pipeline ensured a flow of
5.7x10° m?/year with no in-line compressor station (free flow).

In its second phase and with increasing energy
requirements, two compressor stations were installed
(stations B and D) to achieve a flow rate of 9.2x10° m*/year.

In its third phase, the gas pipeline is operated with
five in-line compression stations thus ensuring maximum
speed with a flow rate of 12.7x10° m*/year.
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The natural gas pipe between HASSI R’MEL and
SKIKDA has a length of 574.87 km. It is designed to
service at an absolute pressure of 71.05+0.4 bars and a
maximum temperature of 60 °C over its entire length.

The departure terminal controls the inlet pressure of
71.05+0.4 bars absolute of the pipe. The arrival terminal
is able to maintain downstream pressure from 43 to 45
bars absolute. The annual flow from HASSI R’MEL is
12.7x10° m’/year (optimal conditions in summer and
winter). Table 1 details the operating conditions of the
five stations such as compressor suction pressure,
compressor suction temperature, maximum power, etc.

Table 1
Service condition of stations
Station
Condition A B ¢ D E
Compressor (in service + 341 | 341 | 341 | 341 | 341
reserve)
(szs/}g"w permachine 55 931449 96|442.46/439.80(432.30

Compressor suction

pressure (bar) 5049

48.15 | 48.30 | 48.41 | 50.14

Temperature compressor

suction (°C) 38.06

44.86 | 43.94 | 44.60 | 40.93

Compressor cooling point

(bar) 73 73 73 73 73

Compressor discharge
temperature (°C)

Maximum station output

(bar) 71.5

715 | 71.5 | 71.5 | 71.5

Description of the technological process. The
station’s gas compression system begins at the filter inlet
manifold located in the northeast corner of the facility site
(or refers to the north of the facility, not true north).

The gas passes through vertical filters that retain
moisture and filings making the gas suitable for
recompression in the station compressors to the
turbocompressors (TC) suction manifold.

In [9] the «A», «B», «C» and «D» turbocompressors
are individually connected to this manifold. The suction line
of each compressor is 60.96 cm in diameter (see Fig. 1).

The gas is sucked into the compressor or its pressure
is increased to 73 bars absolute. It is discharged into the
discharge manifold through the 60.96 cm discharge line
of each compressor. The discharge manifold directs gas to
a calibrated orifice where the rate of flow is determined.
The gas then passes into the after cooler where its
temperature is reduced to a value not exceeding 60 °C.

From the coolers, the gas passes through the
101.6 cm mainline. The pressure losses in the gas
refrigerants are 1.5 bars absolute; so at the exit of the
station, we will have the extreme values of pressure and
temperature which are 71.5 bars absolute and 60 °C.

For this technological process to be ensured, the
turbocompressors must be in good working order. So the
adopted power supply system plays a key role.

According to statistical calculations, failures of fuel
systems have a direct influence on the reduction of the
operating time of turbochargers (restarting, fuel and oil
losses, etc.). This is why the analysis of adequate feeding
systems for this type of process becomes an absolute
necessity.

Figure 1 shows the technological process of the
compressor station. We find that failures in the power
supply system directly affect the decrease in uptime of
turbocompressors.

REF ASP
¢ Raclure
i station
Cooler Valve by pass

station

E Event

vept Discharge manifold A|Gas filters

A 42 A2 ]

olledtor Appiratipn

Event

2 L
u E P E L skid
Event gaz

Fig. 1. Technological process of a compressor station

Proposed optimization methodology. The
methodology of the proposed study is based on the
calculation and optimization of the power supply systems
of compressor stations on the basis of two main aspects: a
technical aspect and an economic aspect.

Technical aspect. The technical aspect is the ability
of the power supply system to provide the compressor
station with the electrical energy of a required quality
without interruption; which means to reduce the damage
due to accidental failures (interruption in -electrical
energy) by increasing the reliability of the power supply
system while maintaining the economic conditions
surrounding the problem. The process of reliability
evaluation may be done using two major groups of
statistical indicators: A, MTBF (Mean Time Before
Failure) and MTTR (Mean Time To Repair) are the two
main indicators of reliability used industrially [10].

Failure rate A represents the failure rate or the
damage rate. It characterizes the speed of variation of
reliability over time for a given work period, total
duration in active service

A= Total number of failures during service

— M
Total operating time

In practice, the failure rate can be constant, but also
increasing or decreasing over time, with gradual change
and without discontinuity.

The failure rate is the probability that an entity will
lose its ability to perform a function during the interval,
knowing that it has not failed between [0, 7]; we note it:

1
He)= e )

MTRBF is often translated as being the average of
good functioning but represents the average of the times
between two failures (7BF):

MTBF = Z?F , 3)

where N is the number of failures.
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MTTR is average time to repair which expresses the
average time for repair spots. It is calculated by adding
the active times maintenance as well as additional
maintenance times, all divided by the number of
interventions:

> intervention time for NN failures

MTTR = , (4
N (4)

repair rate u is
— )
MTTR

Economic aspect. In the economic study comparing
the different variants of the power supply system, the
factors directly influenced by reliability considerations are
investments (installation expenditure), on one hand, and
maintenance expenses, supervision expenses, expenses
due to loss of electrical power and transformers and
depreciation expenses on the other hand. These expenses
are called operating expenses [11].

Therefore, the solution to be adopted must minimize
the total expenditure on the power supply system in
question, which is given by the following formula:

G =85,Cipst +Cpp+ D > min,, (6)

where P, is the normative coefficient of investment
efficiency; C;, is the installation (capital) expenses for
power system components by line; C,, is the operating
expenses; D is the damage due to accidental power
system failures.

P, depends on the period of depreciation of the
invested capital as follow:

ﬂ:

1
P, —5—0.12, 7
where the period of depreciation as follows:
7,=(8 +10) , year. (8)
Cinst 18 given by the following formula:
Cinstl =1Iy-1, )

where [ is the kilometric price, (DA/km, DA — Algerian
Dinar) and / is the length of line, km.
For transformers:

CinstTR ( 1 0)

where N being the number of transformers to install and
Itz is the price of a processor, DA.
For turbogenerators:

CinstTG ( 11 )

where N is the number of turbogenerators; /7 is the price
of a turbogenerator, DA.
C,, is given by the following formula:

Cop = Closses T dan +Crp » (12)

where Cj 1S the expenditure due to loss of electrical energy
in the line and transformers, can be represented as follows:
Closses = (AWI + AWTR ) CO >

:N'[TR’

:N'[TG,

(13)

where Aw; represents the losses of electrical energy in the line:

2
Aw, =[S"V’a><) ol T 10°,  (14)
n

where S;.x is the maximum apparent power passing
through the line (in MVA) depending on the parameters:
¥, is the electrical power transmission rating, kV; ry is the

specific resistance of the line, Q/km; / is the length of
line, km; 7. is the maximum time of loss of electrical
energy during one year, h/year; Awr is the losses of
electrical energy in the transformer:

Awpg = ARy Ty + APy K} Ty (15)

where 4P, is the active power losses in the magnetic circuit
(not depending on load), kW; T5is the transformer operating
time during one year (7y= 8760 h); 4P, is the active power
losses in windings created by Joule effect, kW; K is the
transformer load factor (K; = 0.7); C, is the cost of one
kilowatt hour of electrical energy, DA/kWh.

Annual depreciation expenses d,, to offset expenses
due to wear and tear of power system components is
given by the following formula:

a(%)

d,_=——=1, 16
an- 100 (16)

where a is the depreciation rate; it varies from one
element to another (for the line a = 2.4 %; for the
transformer a = 6.4 %; for the turbogenerator « = 6.5);
I is the clean investment; C, is the maintenance,
inspection and supervision expenses. These are directly
related to the degree of reliability and safety level
imposed on the power system:
C,~020-d,,. 17)
Damage due to accidental power system failures D:
D=108-Aw,-Cy, (18)
where 1.08 is the reserve coefficient which takes into
account the accidental downtime of less than 0.1 hours;
Aw, is the electrical energy not delivered for one year due
to accidental failure of the power supply system,
kW-h/year.
Aw, = Py -8760-0-¢- B, B, (19)
where P, is the maximum active power (calculated) of
the compressor station, kW; Q is the total probability of

accidental failure of two power system circuits.
Practice has shown that accidental failures follow an

exponential law:
r-(l—e_’l)/8760 , (20)

Q =
where 7 is the total repair time of the power supply system
expressed in hours; 4 is the total failure rate of the power
supply system expressed in 1/year; ¢ is the coefficient of
the carried power limitation in the damage regime:

Py P
g=-M_—a @1
Py
P, =14-§,rpcosp, (22)

where P, is the allowable power of the transformer in the
damage regime (in our study we considered the failure of
two circuits of the power supply system, (P, =0 = &= 1);
B and B, are respectively the filling coefficients of the
monthly and daily load diagrams for a compression
station: §,, = 0.97; B, = 0.94.

Development of power system optimization
algorithm. It is based on the graph theory which consists of
developing a mathematical model based on the layout
diagram of the different power sources compared to the five
compressor stations. Figure 2 illustrates the graphic
presentation of power supply system of compressor stations.
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A Compression Station
|:| Electric Post

. Turbogenerator
Y3l oo S

Y17L.-. = “\\ —-
yoing

L('}j):y (Xi—Xj)z*'(Yi—)’j)z

Existing Electric Line

New Electric Line

Fig. 2. Graphic presentation of power supply system
of compressor stations

The power supply system is completely represented
mathematically by a matrix 4 (N, M) which determines
the connection between the compressor stations and the
power sources (existing power line presents in Fig. 3).

This mathematical model allowed us to develop a
calculation flowchart taking into account three essential
conditions:

o substations (power sources) must have a reserve of
electrical energy;

e a compressor station can only be powered from two
power sources;

e the distance between the power source and a
compressor station L must be less than the critical
distance Lz which depends on the nominal voltage of
electric power transmission and power:

L(i,j)< Leg »

L(i»j):\/(Xi_Xj)z+(yi_YJ’)z ;

where (X, ;) is the coordinates of the i" electrical post or
compressor station; (X, y;) is the coordinates of J™ the
electrical post.

(23)
where

24

Optimization criteria:

Ct = Pn'Cinst + C()p + D — min

C, — total expenditure, DA;

P, — normative coefficient, P, = 0.12;
Cine — installation expenses, DA;

C,p, — operating expenses, DA;

Cop = Closse: + dan + CVm

Closses — €xpenses due to losses of electrical energy
in lines and transformers;

d,,, —annual depreciation expenses;

C,, — maintenance expenses, C,, = 0.20-d,,;

D — damage due to accidental failures of PSS, DA.

Power sources
N|l6|7|8]9|—-|-|-|-|M
§ 1{fofryojo0jof{1j0(0,0
ggl2[1]ojo[t]o]lofo]oO0]oO
=5[3]0fo[1]0][1]0]0[0]0
3 4(0/0(o0fl0|O0O][O[1|1]O
5/0/,0(0j0(1]1,0]0]O0
6(-1/]0|0|-1{0| 0 (|-1[0]|0
8 [71o]-1]olo|-1]ololo]o
2 [glolo|1lo]jo]o|1]ofo0
s [ -|-[-[-
Nl =T=]=T1=1=1=1=1]<=
-1 if (4; 4;) € E(G) — points connected by an existing line
A(i, j)= 9 0 if (4, 4) & E(G) — no connections between points
1 if(4; 4)) € E(G) — points connected by a new line

Fig. 3. The developed mathematical model of power supply system of compressor stations (where A(i, j) =—1 is connection between power
sources (existing line); A(i, j) = 0 is no connection; A(i, /) = 1 is connection between power sources and compressor stations (new line)

Figure 4 shows the flow chart of the algorithm for
optimization of n-electric power supply systems of
compression stations. It allows, in its first part, to
calculate the installation and operating expenses by
different variants of the power supply system and in the
second part, it allows us to calculate the damage due to
accidental failures by different variants of the power
supply system. This allows us to choose at the same time
the most optimal variant of the power supply system
which total expenses will be minimal.

Calculation of reliability parameters. The 100 %
confidence in electrical equipment does not exist. So the
concept of reliability only gives us the degree of
confidence in this equipment. It leads to studies of failure
rate (4), repair time (z), time of proper operation, etc.
It becomes the link between the technological aspect and
the economical aspect [11, 12]. For this reason, the
reliability of an electrical power system is the probability

that it will perform its mission satisfactorily and under
specified environmental conditions.

Considering reliability economically as high
availability is expensive. It is certain that the cost price of
the power supply system has to be increased if we want
the failure rate of the system to be reduced.

Figure 5 shows the expenditure curves according to
reliability. This approach attempts to determine the
appropriate sums to invest in reliability is to compare the
costs caused by failures (that is, the costs resulting from
poor reliability) with the costs necessary to provide
greater reliability. It is clear when increasing the
reliability of the power system it means reducing the risk
of its failure (reducing damage).

This power supply system is a set of electrical
equipments belonging to the group of repairable elements.
Therefore; reliability is characterized by the failure rate
(4) and repair time (7).
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Fig. 4. The proposed and developed optimization algorithm of the power supply system

4 Expenses

Expenses + Damage

Optimal Reliability
Fig. 5. Expenditure curves according to reliability [11]

Then the proper functioning of the power supply
system results from the proper functioning of the various

Ag Ty

H b Ag Ty
@ @ Eg(Az+A4).7yT5
lﬁgﬁ:ﬁ AysTy
> | ATy 5.7
@ )’{7 ,1:?‘ Aagrg
1

elements that compose it. In other words, the overall
reliability requirement is reflected in the form of specific
reliability requirements for each element.

These elements can be mounted in only two
methods: in series or in parallel (or mixed). Three variants
of the power supply system were considered for
compressor stations:

a) from two electric lines;

b)from a single electric line and a turbogenerator
(stand-alone power plant);

¢) from two turbogenerators.

Our case study is based on this third variant of the
supply system, i.e. from two turbogenerators.

Figure 6 shows the calculation of the reliability
parameters 4, T of the power supply system of compressor
stations from two turbogenerators.

Ay Ay Ags %
Ao 2y, —_—

—

A"L Ay
@ @55%;&_._. 2 Aeﬁh
N i L
jjlzﬁah_ﬁ T

C T4

Fig. 6. Calculation of the reliability parameters 4, 7 of the power supply system of compressor stations for the three variants
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First variant of the power supply system — from
two power lines.
First transformation.

Mo =hdg (o) = Ao (25)
T T

1y ="12 =1, (26)
‘L'] "L'2

where A; and 4, are the failure rates of post 1 and post 2
respectively; 7; and 7, are the repair times of post 1 and
post 2 respectively;

/13]5 =/13 +}~5 +/17 =}~11; (27)
A6 =ty +he g =12 (28)
M Ty+AsT5+7 T
T35 = 343 55 707 . (29)
I3 +A5+ 4y
A Tyg+Ac T +Ag-T
T4 = 4 "4 ) 8 "8 (30)

/14 + /16 + /18
where A; and Ag are the failure rates of the circuit breaker
0.4 kV; /5 and A, are the failure rates of lines L; and L,;
As and ¢ are the failure rates of transformers 1 and 2;
73 and 74 are the repair times of lines L; and L,; 75 and
76 are the repair times of transformers 1 and 2.

Second transformation.

heq) =t Koll3 +24) =33 (1)
hp i+ Kol + ) Ty

oqn = =713 (32)

N Mo+ Ko (2 +24)
heqy =43,5%4,6(73,5 +Ta,6) =14 5 (33)
735-74,6
7 ——— =T34, 34
eq, T35+746 14 (34)

where K, is the coefficient of the climatic conditions
influence; Ky(/3+44) is the failure rate of the lines L; and
L, simultaneously; 7, is the repair time of the two lines
To = T3 = T4.

Third transformation.

M5 =M3+ a5 (35)

_ A3zt Aa-Tig
A3+ Ag

Finally, the expression of the probability of failure
of the power supply system from two electric lines can be
represented as follows:

erls-(l—e_/l15)/8760,

Second variant of the power supply system —
from a single electric line and a turbogenerator.
First transformation.

715 (36)

(37

17:/114-}.24-}.34-}.4; /182/154-}.6 (38)

77:ﬂl'fl+ﬂz'72+i3'73+ﬂ4'f4; (39)
ﬂ“l+/12 +/,L3 +ﬂ4

225'2'5"1‘&6'76’ (40)

15 + /16

where 1; — A4 are the failure rate of the electrical post,
overhead line, transformer and the circuit breaker 0.4 kV
respectively; 7; — 74 are the failure rate of the turbogenerator
and the circuit breaker 0.4 kV respectively; A5 and Aq are the
failure rate of turbogenerator and the circuit breaker 0.4 kV
respectively; 75 and 7, are the repair times of the
turbogenerator and the circuit breaker 0.4 kV respectively.

Second transformation.
T7 178
77 + 18

(41)

by =g dg(ty +1g) 79 =

The expression of the probability of failure of the
power supply system is:

0=19-(1-¢9)/8760. (42)
Third variant of the power supply system — from

two turbogenerators.
First transformation.

ls=Mh+hy; Ag=l3+14, 43)
. :/11"[14-/12'1'2_ :}~3'T3+A4'T4 (44)
> /11+/,{2 ’ /13+}~4 ’

where 4, 43 and 4,, A4 are the failure rate turbogenerator
and the circuit breaker 0.4 kV respectively; 7, 7; and 15, 74
are the repair times of the turbogenerator and the circuit
breaker 0.4 kV respectively.

Second transformation.

T5 " Tg
‘L'5+‘L'6 '

Jq =05 Jg(vs + 16} Ty = (45)

The expression of the probability of failure of the
power supply system is:

0=1, (1 oM ]/8760 . (46)

The general formula of damage caused by accidental

power system failures for all three variants is:
D=1.08-Fy -8760-0Q-¢- B, -, Co,DA.  (47)

The Table 2 illustrates the reliability parameters of
electrical equipment for different voltages.

Table 2
Reliability parameters of electrical equipment for different
voltages
Electrical Failure rate 1, | MTBF, |Repair time| MTTR,
equipment 1/year h T, h h
Airline (100 km)
30kV 22 0.454 5.6 0.178
60 kV 2.0 0.5 5.6 0.178
220 kV 1.4 0.714 6.5 0.153
Circuit breaker

(6-10) kV 0.005 200 10 0.1
30kV 0.005 200 10 0.1
60 kV 0.005 200 10 0.1
220 kV 0.02 50 24 0.041

Transformer

(6-10)kV 0.023 43.478 70 0.014
30kV 0.018 5.555 90 0.011
60 kV 0.02 50 100 0.01
220 kV 0.02 50 100 0.01

Turbogenerator

0.4 kv 5.80 0.172 70 0.014

Graphical presentation of the calculation. The
operating procedure for the calculation of the optimization
algorithm of the power supply systems of the five
compressor stations has wide limits by combining the
different variants of the power supply system that may exist.

In our case, as an explanation, we are limited to three
variants of the electrical supply system for two compression
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stations, knowing that each compression station has two
independent power stations (turbogenerators).

Figure 7 clearly, shows the graphic presentation of
the calculation of the three variants of the electrical
supply system for two compression stations.

Fig. 7.Graphic presentation of the calculation

First variant. By keeping the local power supply
system from two autonomous power plants of each
compressor station, the calculation gave us the total
expenses C;.

Second variant. By replacing a stand-alone power
plant with a electric line, that is to say, power is supplied
from a substation and a stand-alone power plant, the total
expenditure which was found to be C, is lower than the
total expenditure C; (C; > Cp).

Third variant. The power supply to a compressor
station is provided by two independent electric lines,
which allowed us to obtain the total expenses as Cj; below
the total expenses C, (C,; > Cp > Cp), the variant of the
most optimal power supply system with the minimum
total expenditure (C, — min).

Calculation procedure on the computer.

Initial data.

A. Expenditure calculation.

1. see if A(, j) =1

2. calculation of L(i, j)

3.see if L(i,)) < L,

4. calculation of installation and operating

expenditure for L(i, j) (post j — CS;)

5.1f L(i,j) =0

6. calculation of operating and installation expenses

for turbogenerators (74, — CSj).

7.1f A, j) =-1

8. calculation of operating expenditure for the

existing line (post i — post j)

) n m
9. calculation: Cp(i,j)z Zl Zl Cp(i,j). (48)
i=lj=
B. Damage calculation.
JfAG ) =1
.seeif K=2
. calculation of damages for the two-line PSS.
.seeif K=1
. calculation of damage for the single-line PSS and
a turbogenerator.
6.seeif K=0
7. calculation of the damage for the PSS with two
turbogenerators

DR W=

5
8. calculation: D(i)z ZD(i), (49)
i=1
9. sum total expenditure:
n om 5
D(i,j)= ¥ ¥ Cpli,j)+ £Di), (50)
i=lj=1 i=l

10. calculation of total expenditure for each variant
according to the matrix (mathematical model of PSS
chosen for the five (5) CS).

11. take the most optimal variant,
expenditure of which will be minimal.

Conclusion.

This paper proposed a recent optimization technique
based on the proposal of an algorithm combining two
technical and economic aspects to help the operator to
minimize the failures of the power supply systems
directly influencing the reduction of the uptime of the
turbocompressors (restart fuel and oil losses, etc.). In this
study, we calculated the reliability parameters of three
variants of the power supply system that were considered
for compressor stations, from two electric lines, a single
electric line, and a turbogenerator. Then, we calculated
the damage. A graphical presentation by graph theory of
this developed model is adequate.

From the calculation results, it can be concluded that
currently taking into account the economic criterion and
the initial data retained, the supply of electrical energy to
the gas compression station «C» located at CHAIBA, is
carried out from two autonomous sources, but from the
point of view of reliability (technical criteria) or clearly
sees that the power supply of the above-mentioned
station, from two independent external lines is imposed.

From the results of the research, it can be said that the
presented algorithm, developed in the FORTRAN
programming language, greatly facilitates the calculation of
the damage to the power system of any compressor station.

In the future, with the construction of new
distribution stations near the gas compressor stations and
the actual data, it can be seen that the variant of the
supply system from two independent external lines is the
most optimal. This allowed us to calculate the preventive
power supply of two independent substations and impose
the appropriate maintenance policies.
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Appendix 1 — Proposed program in FORTRAN code
! PSS SC Program
Dimension X(9),Y(9),W(11),V(11),pril(11,9),uam(11,9),
+upe(11,9),uen(11,9),d1(11,9),d(2),prixg(11,9),td30(9),
+ta030(9),td130(11,9),tdc30(11,9),taoc30(11,9),t30(2),
+s30(2),e30(2),d30(2),X30(2),h30(2),C30(2),
+prob(2)
Integer a(11,9)
Real 1(11,9),lcrl
Data td30/0.,0., 0.,0., 0.5,0.5, 0.5,0.5,0.5/
+ta030/0.,0., 0.,0., 0.02,0.02,0. 02,0.02,0.02/
Data X/55.,55.,89.,89.,32.5,115.,118.,27.5,62.5/
+Y/62.5,62.5,97.5,97.5,82.5,82.,107.,161.5,152./
Data W/55.,89.,55.,55.,89.,89.,32.5,115.,118.,97.5,62.5/,
+V/62.5,97.5,62.5,62.5,97.5,97.5,82.5,82.,107.,161.5,152/
Data Pril1/20./,Pritr1/100./,Alp1/0.02/,ALP2/0.06/,
+ALP3/0.07/,prig/3500./,:01/0.77/,R02/0.64/,taom/5948./,
+delp/3.1/,delpc/18./,ch/0.7/,betm/0.97/,betq/0.94/,
+tdtr1/0.02/,tddis/0.002/,tdg/5.8/,taol1/5.6/,

+taodis/1.75/,taog/70./,pm/2214.24/ epsi/1./,ul/30./,
+s/1232.5/,u2/60./,c0/0.00055/,taotr1/90./,td11/2.2/
Data a/1,0,-1,0,0,0,0,0,0,0,0,0,0,0,-1,0,0,0,0,0,0,0,0,0,
+0,0,-1,0,0,0,0,0,0,0,0,0,0,0,-1,0,0,0,0,0,1,0,0,0,0,
+0,-1,0,0,0,0,0,-1,0,0,0,0,0,-1,0,0,0,0,0,0,0,0,0,0,-1,
+-1,0,0,0,0,0,0,0,0,0,0,0,-1,-1,0,1,0,0,0,0,0,0,0,0,
+-1/

Data lcr1/50./

Open (unit=15,file="bou.d',status="unknown')
J=1

6 do4i=1,2

If(a(i,j).eq.0) goto 4

1(1,) = sqre((x(5)-w(D))**2+(y(j)-v(i)) **2)
if(1(i,j).eq.0.) goto 15

if(1(i,j).gt.lcrl) goto 4

pril(i,j)=pril 1 *1(i,j)+(pritr1)
uvam(i,j)=(alp1*(pril1*1(i,j))+(alp2*pritrl))
uen(1,j)=0.2*uam(1,j)
upe(Lj)=(((s**2/ul**2)*r01*1(Lj)*taom)+
+((delp*8760)+(delpc*ch**2*taom)))*c0
d1(L,j)=0.12*pril(L;j)+uam(L;j)+uen(L;j)+tupe(L,j)
write(15,12)i,j,d1(Lj)

goto 4

15 prixg(L,j)=prig

Uam(1,j) = alp3*prixg(Lj)
Uen(L,j)=0.2*uam(I,j)
d1(1,j)=0.12*prixg(Lj)+uam(Lj)+uen(L,j)
write(15,12)1,j,d1(Lj)

12 format(3x,»d1(«,i2,»,»,12,»)= «,e11.4)

4 continue

J=+1

If(j.le.9)goto 6

J=1

3 do7i=3,11

If(a(l,j).eq.0) goto 7
L(Lj)=sqrt((x()-w(D)**2+(y())-v(D))**2)
DI1(ILI)=((s**2/60**2)*r02*1(L,j)*taom)*c0
Write(15,12)Lj,d1(1,j)

13 format(3X,»d1(«,i2,»,»,12»,)=«el1.4)

7 continue

J=j+1

If (j.Ie.9) goto 3

I=1

80 k=0

Do 10j=1,9

If(a(1,j).ne.1) goto 10

K=k+1

If(L(1,j).ne.0) goto 10

K=K-1

10 continue

If(k.eq.2.) goto 14

If(k.eq.1) goto 16

If(k.eq.0) goto 18

14 do20j=1,9

If(a(1,j).ne.1) goto 20

If(1(L,j).gt.lcr1) goto 20

If(1(L,j).eq.0) goto 20

td130(Lj)=td11*1(L,;j)/100
tde30(L,j)=td130(1,j)+tdtr1+tddis
taoc30(Lj)=((td130(1,j)*taoll)+(tdtr1 *taotr1 )+
+(tddis*taodis))/tdc30(1,J)

20 continue

T30(1)=0

S30(i)=0

E30(i)=1

D30(3i)=1

X30(i)=1

H30(3i)=1

C30(i)=0
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Do 30J=1,9

If(a(1,j).ne.1) goto 30

If (1(1,j).gt.Ier1) goto 30

If (1(1,j)-eq.0) goto 30
t30(1)=t30(i)+tdI130(L,;)
€30(1)=e30(i)*td30(j)
$30(1)=s30(i)+tao30(j)
d30(1)=d30(i)*tao30(j)
¢30(1)=c30(i)+taoc30(L,j)
h30(i1)=h30(i)*taoc30(L,j)
x30(1)=x30(i)*tdc30(1,j)

30 continue

Td9 =e30(i)*s30(i)/8760
Td34=0.2*t30(i)

Td12=td9+td34

Ta09=d30(i)/s30(i)
Tao12=((td9*tao9)+(td34*tao34))/td12
Td13=x30(i)*c30(1)/8760
Tao13=h30(i)/c30(i)

Td14=td12+td13
Taol4=((td12*tao12)+(td13*tao13))/td14
Prob(i)=(tao14*(1-exp(-td14)))/8760
D(i)=1.08*pm*8760*prob(i)*epsi*betm*betq*cO
Write(15,26) 1,d(i)

26 format(3x',d(,il,")=,el1.4)

Goto 100

16 do 60j=1,9

If(a(1,j).ne.1) goto 60

If(1(L,j).gt.ler1) goto 60

If(1(1,j).eq.0) goto 60
Td130(L,j)=td11*1(L,;)/100
Tde30(L,j)=td130(1,j)+td30(j)+tdtr 1 +tddis
Taoc30(1,j)=((td130(1,j) *taol 1 )+(td30(j) *tao30(j))+
+ (tdr1*taotr1)+(tddis*taodis))/tdc30(L,j)
60 continue

Do 107 j=1,9

If(a(l,j).ne.1) goto 107

If(1(1,j).gt.lcr1) goto 107

If(1(1,j).eq.0) goto 107

Td8=tdg+tddis
Tao8=((tdg*taog)+(tddis*taodis))/td8
Td9=(tdc30(1,j)*td8)*(taoc30(L,j)+tao8)/8760
Tao9=taoc30(L,j)*tao8/(taoc30(1,j)+tao8)
107 continue
Prob(i)=(tao9*(1-exp(-td9)))/8760
D(1)=1.08*pm*8760*prob(i)*epsi*betm*betq*cO
Write(15,26)Ld(i)

Goto 100

18 td5=tdg+tddis
Tao5=(tdg*taog+tddis*taddis)/td5
Td7=(td5**2)*(tao5+ta05)/8760
Tao7=tao5/2
Prob(i)=(tao7*(1-exp(-td7)))/8760
D(1)=1.08*pm*8760*prob(i)*epsi*betm*betq*cO
Write(15,26) 1,d(i)

100 i=i+1

If(i.le.2) goto 80

Close (unit =15)

Stop

End

Result

dI( 1, 1)= 0.7140E+03

d1( 1, 5)= 0.1281E+06

d1( 2, 6)= 0.1288E+06

d1( 3, 1)= 0.0000E+00

d1(4, 2)= 0.0000E+00

d1( 5, 3)= 0.0000E+00

di( 6,4)= 0.0000E+00

d1(7,5)= 0.0000E+00

d1( 8, 6)= 0.0000E+00

d1(8, 7)= 0.2224E+05

d1(9, 7)= 0.0000E+00

d1(10, 8)= 0.6184E+05

di(11, 8)= 0.3204E+05

d1(11, 9)= 0.0000E+00
,d(1)=0.2011E+00

,d(2)= 0.2011E+00
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DYNAMIC ECONOMIC EMISSION DISPATCH USING WHALE OPTIMIZATION
ALGORITHM FOR MULTI-OBJECTIVE FUNCTION

Introduction. Dynamic Economic Emission Dispatch is the extended version of the traditional economic emission dispatch problem
in which ramp rate is taken into account for the limit of generators in a power network. Purpose. Dynamic Economic Emission
Dispatch considered the treats of economy and emissions as competitive targets for optimal dispatch problems, and to reach a
solution it requires some conflict resolution. Novelty. The decision-making method to solve the Dynamic Economic Emission
Dispatch problem has a goal for each objective function, for this purpose, the multi-objective problem is transformed into single goal
optimization by using the weighted sum method and then control/solve by Whale Optimization Algorithm. Methodology. This paper
presents a newly developed metaheuristic technique based on Whale Optimization Algorithm to solve the Dynamic Economic
Emission Dispatch problem. The main inspiration for this optimization technique is the fact that metaheuristic algorithms are
becoming popular day by day because of their simplicity, no gradient information requirement, easily bypass local optima, and can
be used for a variety of other problems. This algorithm includes all possible factors that will yield the minimum cost and emissions of
a Dynamic Economic Emission Dispatch problem for the efficient operation of generators in a power network. The proposed
approach performs well to perform in diverse problem and converge the solution to near best optimal solution. Results. The
proposed strategy is validated by simulating on MATLAB® for 5 IEEE standard test system. Numerical results show the capabilities
of the proposed algorithm to establish an optimal solution of the Dynamic Economic Emission Dispatch problem in a several runs.
The proposed algorithm shows good performance over the recently proposed algorithms such as Multi-Objective Neural Network
trained with Differential Evolution, Particle swarm optimization, evolutionary programming, simulated annealing, Pattern search,
multi-objective differential evolution, and multi-objective hybrid differential evolution with simulated annealing technique.
References 17, tables 3, figures 5.

Key words: whale optimization algorithm, dynamic economic emission dispatch, ramp rate, multi-objective problem,
economic emission.

Bcemyn. Jlunamiuna exonomua oucnemuepusayis 6UKUOie — ye posuupena eepcis mpaouyitnol 3a0ayi eKoHOMHOT oucnemuepusayii
6UKUOIB, 6 AKIU 8PAXOBYEMbCA Koepiyienm HapowjyeanHs Oas medici eenepamopis 6 enepeomepedci. Ilpusnavenns. Juunamiuna
EeKOHOMHA  Oucnemyepu3ayis GUKUOI8 po32iA0ana NUMAHHA eKOHOMII ma GUKUOI8 K KOHKYPEHMHI yini 01 ONMUMAIbHUX 3a0ay
Jucnemuepusayii, i 015 po36 ‘A3anHA 3a0aui nompibne neene eupiwenns kKougnikmis. Hoeusna. Memoo npuiinamms piwens 015
PO36 S13aHHA 3a0ayi OUHAMIYHOI eKOHOMHOI Oucnemuepu3ayii GuKuOi6 Maec Memy Oas KOJNCHOI yinbosol QyuKyii, 01 ybo2o
bazamoyinbosa 3a0aya MpaHcHOPMyEmvcsi 6 ONMUMI3AYII0 OOHICE Yini 3a OONOMO20I0 Memody 36adCeHOl cymu, a NOmim
KOHMPONIOEMbCS/PO36 SA3VEMbCSL 34 00NOMO20I0 aneopummy onmumizayii kumie. Memoodonozin. Y yiii pobomi npeocmaenena
Hewo0asHo po3pobiena Memaespucmuyna Memooukd, 3aCHO8AHA HA ANOPUMMI ONMUMI3ayii Kumie 01 po38 A3aHHA 3a0ayi
OUHAMIYHOT eKOHOMHOI Ouchemyepuzayii euxudie. OCHOBHUM HAMXHEHHAM O yiei Memoouxku onmumizayii € moil gaxm, wo
MemaespUCmuyHi aneopummu cmaronms RONYIAPHUMU 3 KOICHUM OHeM 380K C8OIll npocmonti, 8i0cymHocmi gumoe 00 ingopmayii
npo epadieum, ne2skocmi 00x00y JNOKATbHUX ONMUMYMIE Ma MONICIUBOCMI OYMU GUKOPUCMAHUMU OAs pAdy [Hwux 3adau. Llei
aneopumm eKIIOUAE 8 cebe 6Ci MOJICIUGI (hakmopu, sKi 3abe3neuams MIHIMAbHI 6aPMICMb MA SUKUOU 3A0a4T OUHAMIYHOT eKOHOMHOT
Jucnemuepusayii 6ukudie 0 eghekmueroi pobomu 2enepamopie 6 emepeomepedici. 3anpononosanuti nioxio dobpe npayre 0as
PO36 A3aHHA 3a0ay | HAOIUdICEHHs pillenHsa 00 HauKpaujoeo onmumanshozo. Pesynemamu. 3anpononosana cmpameczis nepesipena
winsxom modemosanun na MATLAB® ona 5 cmandapmuux mecmosux cucmem IEEE. Yucenvui pesynomamu O0emMoHcmpyionts
MOJCIUBOCII  3aNPONOHOBAHO20  ANCOPUMMY Ol 6CIMAHOGACHHS ONMUMAILHO20 —pilleHHA 3a0aui OUHAMIYHOI eKOHOMHOT
Ooucnemyepusayii 6ukuoie 3a KilbKa Npo2OHIe. 3anponoHO8aHUll An2OpuUmm OeMOHCMPYE XOPOouiy e@ekmuHicmb NOPIGHAHO 3
Hewo00agHo 3aNPONOHOBAHUMU  ANOPUMMAMY, MAKUMU K OA2amoyitb08a HeUpPOHHA Mepedicd, HABYEeHA 3 BUKOPUCHAHHAM
Jupepenyianvroi esomioyii, onmumizayis. poio YacMuUHOK, e8omoyitine NPOSPAMySanHs, imimayitinuil 6ionan, NOuwlyK 3a wabioHoM,
bacamoyinbosa Jughepenyianvha egomoyia ma bazamoyinboga 2ibpuoxa OugepenyianrvHa egomoyis 3 IMIMAYiUHUM Memooom
gionany. bion. 17, Tabn. 3, puc. 5.

Knouosi cnosa: anropurm ontumizamii KUTiB, JTUHAMiYHA €KOHOMHA AUCHETYepU3alisi BUKUAIB, IBHIKICTH HAPOCTAHHS,
fdaraTomiJiboBa 3a7a4a, EKOHOMHA eMicis.

1. Introduction. Power plants based on fossil fuel
emit health hazardous gases into the surrounding
environment. Air pollution due to these gases can not only
affect human life but can compromise the animals and
birds life. It also damages visibility, material quality, and
causing global warming [1]. With increasing
environmental concern, consumer demands high quality
power with safe electricity, at lowest possible rates and
with lowest possible pollution. Dynamic Economic
Emission Dispatch (DEED) provide a solution to these
problem by scheduling the renewable and backup power
sources based on the forecast load demand to reduce cost
and emission of the operating generator [2, 3].

DEED is dynamic in nature due to non-linear nature
of power system and its loads. This non-linear or dynamic

problem is normally solved by discretizing the whole
dispatch time interval into smaller time interval in which
the load is serve as constant and in steady state. To
control and achieve the lowest cost and emission ratio, the
individual time interval must be dispatched so that to
minimize the cost and emission at that time subjected to
static constraint with additional time limit known as
dynamic constraint. DEED is serve as an accurate method
to solve economic dispatch (ED) problem but at same
time it is the most difficult method due to lengthy
measurements [4].

Nowadays, meta-heuristic optimization algorithms
are gaining popularity in engineering and technology field
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due to its simplicity and easy to implement concept. No
gradient information is required for their implementation.
Not only can they circumvent regional optimizations, but
they can also be applied to numerous fields [5].

In recent years, probabilistic search algorithms e.g.
genetic algorithms (GA), simulated annealing (SA), and
evolutionary programming (EP) are efficiently utilized to
solve power network optimization issues. These methods
aren’t based on Ist and 2nd differences in the objective
function of optimized problem [6, 7].

1. Literature review. In [8] solved the multi-
purpose economic emission dispatch problem using a new
technique called Dance Bee Colony with dynamic step
size taking into account the valve point effect. The
proposed algorithm was applied to the 6 unit and 40 unit
systems, respectively. He observed that the proposed
method could also solve the combined economic emission
dispatch problem. In [9] studied DEED, which contains
uncertainties in the development process. In addition to
the classic dynamic economic emissions dispatch factor,
reliability and efficiency constraints have been
specifically considered to contain the disturbances of
uncertainty. As a result, a fine and reserve emission
function has been added to the multipurpose function as
well as a fine and reserve cost function. To obtain
quantitative results, we discussed the characterization of
various sources of uncertainty based on statistical theory,
and this optimization problem was solved numerically by
an improved particle cluster optimization algorithm. In
[10] announced the multi-elite guided hybrid differential
evolution using a simulated annealing technique for
dynamic economic emission dispatch (MOHDE-SAT).
This incorporates orthogonal initialization methods into
differential evolution, expanding population diversity
early in the population.

In addition, we can use modified mutation operators
and archive preservation mechanisms to control the rate
of convergence, and adaptively monitor population
diversity as evolution progresses using simulated
annealing techniques and entropy diversity methods to
adequately avoid early convergence problems.

Applied to 5 and 10 unit systems. In [11] versatile
DEED using the PSO variant was announced. Tested PSO
variants include standard PSO (SPSO), worst-case
avoidance PSO (PSO AWL), and progressively increasing
directional neighbors (PSO GIDNSs). Researchers tested
the performance of various variants of PSO AWL against
variants of SPSO for DEED problems and concluded that
PSO AWL outperformed SPSO for all implemented
topologies.

Applied to 10 units. In 2018 a new multipurpose
neural network trained with MONNDE (Differential
Evolution) was presented in [12]. The MONNDE
framework applies to the problem of Dynamic Economic
Emission Dispatch (DEED) and is equally optimal
compared to other state-of-the-art algorithms in terms of
24-hour cost and emissions. Researchers also compared
the performance of fully connected and partially
connected networks and found that dynamically
optimizing the topology of a neural network performed
better in an online learning environment than simply
optimizing the network weights.

It is clear from the literature that the problem of
economic emission dispatch is solved with many
classical, meta-heuristic and hybrid techniques.

Another newly developed technique called Whale
Optimization Algorithm (WOA) is proposed. This method
has not yet been implemented in the DEED problem, but
it could be a very attractive idea to use this algorithm for
the DEED problem. Our focus is on applying WOA to
standard test systems.

This paper develops efficient and reliable
evolutionary programming based on WOA to solve the
DEED problem. Here the objective functions, namely cost
and emissions, are modeled. The proposed strategy is
validated by simulating MATLAB® against 5 IEEE
standard test system. Numerical results for a sample test
system are presented to demonstrate the capabilities of the
proposed approach to create a well-distributed Pareto
optimal solution of the dynamic economic emission
dispatch problem in a single run. The proposed algorithm
is also compare with the recently proposed algorithms
such as Multi-Objective Neural Network trained with
Differential Evolution (MONNDE), particle swarm
optimization (PSO), evolutionary programming (EP),
simulated annealing (SA), Pattern search (PS), multi-
objective differential evolution (MODE), and multi-
objective hybrid differential evolution with simulated
annealing technique (MOHDE-SAT).

2. Problem formulation. The DEED problem is
flexible mathematical programming problem that consists
of goals and constraints to achieve lowest cost and
emission at a time. To achieve the above goal, the system
equality and inequality constraints should be met. Steps
involving in DEED problem are given below.

2.1. Objectives function of DEED problem.
Objectives function of DEED problem consists of fuel
cost and emission functions.

2.1.1 Economy. The cost function F; shows the
hourly cost of power generators and is given as:

N N
F=> > FPR), (1)
i=1 m=1
where N refers to power generators numbers.
Equation (2) shows the cost hourly non-convex cost
function of power generators:

F(R)=a;+b;F +cP +

e -sin(f,- (Pmin,[- +P, )l,
where m is the present hour; a;, b, ¢, e; and f; are all
constant factors related with each generator i; Py, is the
minimum power output of a generator i at m time and Py,
is the minimum power of a generator.

2.1.2 Emission. The emission function F, that
determine the total hazardous pollutant produce due to
operation of all generators per hours as shown in equation:

N N
F=) > E(R), (3)
i=l m=1
where the emission function £ determines the amount of
injurious pollutants produce by power generators for 24 hours.
Equation (4) shows the harmful pollutants of non-
convex function
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E(R)=a;+ Bk +y,P* + 5 exp(LF), “)
where «;, £, 7, 6 and A, are the emission constant factors
related with each generator i.

2.2 Constraints. DEED constraint consists of
equality and inequality constraints.

2.2.1 Balance Constraints. All solution is substance
to real power equality constraint. Balance constraint is
define as the total output power must be equal to
summation of actual power demand and losses due to
transmission lines as shown in equations (5) and (6)

N
Zpizpom"'lev %)
i=1

n n n
P =D BB jP;+> BigF+By, (6)
i=1 j=1 i=l
where B;;, By and By, are the loss coefficients of
generators.
2.2.2 Inequality constraints.
2.2.2.1 Operating limit for each power generator.
It determines the possible upper and lower power output
of each generator in a network. The operating limits for
each generator are defined as:

P[min <P <Pl_max’ (7)

m —

where B and P™" are the maximum and minimum

power output of each generator respectively.

2.2.2.2 Ramp rate limits of generating unit. The
ramp limits of any generator determine the increase or
decrease of maximum allowed output power between
specific two limit steps. It can be define by follow
equations:

Py =Bty SUR; , (8)

1

Fiom-1) = Pom < DR;, 9

m —

where UR; is the up ramp limit of a generator while DR,
are down ramp limit for a generator.

3. Principle of Whale Optimization Algorithm.
WOA is inspire from the humpback whale hunting, which
is also called bubble net feeding. This algorithm
emphasizes the method of intelligent hunting mechanism
of that particular whale. They hunt in a groups (size up to
12 whales), while the group leader is finding the group of
fish to hunt [13]. Figure 1 shows the Bubble-net feeding
behavior of humpback whales to hunt small fishes.

Herd of small fishes or Krills
5 {Prey)
\. . .

Upward spiral
™

o

Humphack Whale & i
(Predator) >, \‘

hubhles net

e

Fig. 1. Bubble-net feeding behavior of humpback whales [14]

The group of humpback whale goes under water and
start to blow bubble while leader whale create larger size
bubble in shape of «9». The fishes trapped in 9 shape trap
due to its irregular swimming. Now the group of whale
comes out with their mouths open and start hunting the
trapped fishes inside the spiral bubbles. This technique of
feeding is the unique behavior of this particular whale. In
this research work, the bubble feed mechanism is modeled
and implemented for solving the DEED problem.

The WOA approach starts with a function containing
set of random solutions. The search agent update its
position or location at each iteration based on randomly
selected searches or best solution obtained. An «a»
parameter is used in this method, whose value is normally
reduced from 2 into O to achieve exploration and its
utilization. Their value is adjusted every time to achieve
best possible solution, finally the WOA is terminated
when the solution meet the desire criteria.

4. Proposed whale optimization algorithm. The
WOA is based on humpback whale hunting technology.
Whales are mostly considered predators. Their favorite
prey is hunting small group of fishes. The best thing about
the humpback whale is their method of preying.

WOA algorithm involves steps such as encircling
prey, bubble net feeding method, exploration phase and
finally its implementation.

4.1 Encircling prey. Humpback whales can identify
the position if prey and encircle them. Usually the
location of optimal design is known, so the WOA
algorithm that the current position is the best solution of
targeted prey. After that starts to search for other best
solution. If new best solution fined then the previous one
updated with new best search agent. The encircling prey
process can be expressed by equations:

EF(Z)_}@ ,

_—

D= (10)

X(e+1)=X"()- 4D, (11)

where the term ¢ shows the up-to-date iteration; 4 and C

—_

are constant vectors, X * s the position vector of the best

solution obtained up-to-dated; X is the location vector.

It is important that X * should be updated in each
iteration if there is a better solution.

The vectors 4 and C are considered as shown in
equations:

A=2a-r,

C=2r,

(12)
(13)

where vector a is linearly decreased from 2 to 0 in
individual iterations (both in exploration and exploitation

phases) and r is a random vector in [0, 1].
4.2 Exploitation phase. It is also called Bubble-net
attacking method. This step consists of two processes.
4.2.1 Shrinking encircling mechanism. Shrinking
encircling mechanism is accomplished by reducing the

value of operator a. This behavior is achieved by

decreasing the value of a. Due to this A4 will also
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decreased in fact. 4 is an interval [-a,a] having

random value between +a . The new location of search
agent is selected between reference location of agent and
location of present best agent.

4.2.2 Spiral updating position. The spiral position
is lie between the whale position and its prey that causes
the helix shaped movement of whale as shown in follow
equation:

X(t+1)=D e cos(2at)+ X (1),

X" (t)— 3’((1* and indicates the distance of the

(14)

where D'=

i-th whale to the prey (best solution obtained so far); b is a
constant for defining the shape of the logarithmic spiral;
[ is a random number in [-1, 1].

Humpback whales swim around the prey within a
shrinking circle and along a spiral-shaped path
simultaneously. The mathematical model spiral behavior

has a probability of 50 % because the value of operator a
decide whether the movement will be circular or spiral.
Follow equations shown this spiral behavior:

X(t+1)=X"(t)-4D if P<05, (15)

X(t+1)=D'e" cos(2r)+ X"(f) if P>0.5, (16)
where P is a random number in [0, 1].

In addition to the bubble-net method, the humpback
whales search for prey randomly.

4.3 Search for prey (exploration phase). This is an
exploration phase where humpback whales randomly

search for each other position. So, 4 having random
value of greater or less than 1 forces the search agent to
move far from reference position of reference whale. The
exploration phase in this case can be calculated by follow
equations:

X(t+1)= X rand — AD . (18)

In the exploration phase according to a randomly
chosen search agent instead of the best search agent found
so far.

4.4 Implementation of WOA. The implementation
of WOA is represented through flow chart in Fig. 2.

Caleulate the fitness of individual agent to initially
obtain best search agent

Updating location of present search
agent by Equ, 17 And Equ. I8

elseif

P=0.5

Y

Updaring location of present search
agent by Equ, 15 And Equ. 16

Y

Print Results

Fig. 2. The flowchart of proposed WOA

Updating location of present search

agent by Equ. 10 And Equ. 11

5. The simulation of the proposed multi-
objective algorithm. The analyses were performed
including minimum cost and emission ratio for operation
of generators in a power network to show the improved
performance of proposed algorithm. Furthermore, the
effectiveness of proposed algorithm is checked by
comparing with recently proposed algorithms such as
MONNDE, PSO, EP, SA, PS, MODE, and MOHDE-
SAT. All the analysis were done using MATLAB® (2018
Version) on an Intel (R) Core (TM) i5-2520M processor
2.50 GHz with a RAM 4.00 GB. Subsequent sections
show the test system parameters and results after analysis.

5.1 Test system and its parameters. The proposed
algorithm is tested on IEEE 5 units. The parameter of
IEEE 5 units is shown in Table 1.

Table 1
Test System 1: 5 units IEEE data
Unit Poins | Pmaxs| UR, | DR, | a, b, c, e, IA a, B % 9, A,
MW | MW [ MW/h | MW/h | $/h | $/MWh | $/MW"2h | rad/ MW | Ib/h | Ib/MWh | Ib/MWh | b/ MW"2h | 1b/h /MW

1 10 | 75 30 30 |25 2.0 0.0080 100 |0.042 80 —0.805 0.0180 |0.6550 | 0.02846
2 120|125 30 30 |60 1.8 0.0030 140 |0.040 50 —-0.555 0.0150 |0.5773 | 0.02446
3 30 | 175 40 40 |100] 2.1 0.0012 160 0.038 60 —1.355 0.0105 [0.4968 | 0.02270
4 40 | 250 50 50 (120 2.0 0.0010 180 0.037 45 —-0.600 0.0080 0.486 |0.01948
5 |50 [300]| 50 50 |40 1.8 0.0015 200 [0.035 30 —-0.555 0.0120 |0.5035 | 0.02075

5.2 Results and comparisons. Table 2 shows the best
fuel cost and emission for 24 hours for given load. The
value of P1-P5 is selected by WOA such that load demand
is fulfilled and give best fuel cost and emission result.

The 5 units test system is simulated for 8 trails
having 500 search agents for 100 iterations. Table 3
presents the best cost, best emission and total cost-
emission against 0.5 weight for 5 units. The results shown
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in Table 3 are obtained from MONNDE, PSO, EP, SA,
PS, MODE, MOHDE-SAT and proposed technique. The
percentage change of other techniques with respect to
proposed algorithm shows the effectiveness of proposed
WOA. The proposed WOA has 4.94 9% better
performance than MONNDE, 8.8 % than PSO, 6.85 %
than EP, 6.9 % than SA, 2.35 % than PS, 0.218 % than
MODE, and 1.411 % than MOHDE-SAT.

Table 2
DEED results for 24 hrs
Load [Hour| Pl P2 P3 P4 P5  |Fuel Cost|Emission
410 1 [17.70{106.91(112.46] 40 |136.54| 1317.87 | 510.62
435 2 |45.71]98.84 [118.13] 40 [136.30| 1438.52 | 505.75
475 3 75 1103.50{119.50f 40 |141.74] 1515.83 | 579.21
530 | 4 75 198.79 [127.53| 89.81 |144.58| 1847.63 | 610.53
558 5 75 1103.41|118.83[125.94]|141.13| 1697.07 | 643.38
608 6 75 | 98.51 {130.10(168.47]|143.39| 2038.01 | 735.64
626 | 7 75 1100.18|114.38|205.46]|139.05| 1832.18 | 806.98
654 8 75 1102.71]133.92|209.16]|141.95| 2005.68 | 862.69
690 | 9 75 1108.91[166.54|208.41]140.79| 2153.24 | 944.19
704 | 10 [73.88[106.36|171.88|209.76[152.17| 2226.74 | 989.75
720 | 11 | 75 [102.64|174.99(227.19[150.71| 2329.29 | 1048.01
740 | 12 | 75 |98.54 |172.96|211.59(192.96| 2380.45 | 1142.23
704 | 13 | 75 [117.91]|172.33]|204.43|144.36| 2261.61 | 985.77
690 | 14 | 75 [104.04|166.28|213.28|141.05] 2143.43 | 946.84
654 | 15 | 75 ]99.92 [140.69|205.44|141.66| 2037.19 | 854.35
580 | 16 | 75 [99.24 [111.07|155.44|146.10| 1886.79 | 691.40
558 | 17 | 75 [105.60[118.75{126.29[138.68| 1709.21 | 642.50
608 | 18 | 75 [101.05/126.35|168.89[144.21| 2038.31 | 739.96
654 | 19 | 75 19631 |142.14]|211.06[138.20| 2023.64 856
704 | 20 | 75 [113.52|171.41|211.85[142.31| 2209.86 | 987.26
680 | 21 | 75 [93.37 [169.87]|211.95[139.17| 2092.81 | 918.93
605 | 22 | 75 [105.93|129.87|161.95[139.68| 2043.15 | 729.03
527 | 23 [59.21]94.35 |113.33]124.72{141.03] 1615.60 | 583.67
463 | 24 [45.06] 97.89 [111.04| 74.72 [138.70] 1631 513.30
14577 46475.10 |18827.99
Table 3
Performance comparison of WOA with other algorithms
Technique Best cost | Best emission Totgl Change %
&) (Ibs) (0.5 weight) | w.r.t WOA
MO[IB\]IDE 49135 18233 33684.24 4.94
PSO[15] 50893 20163 35528 8.80
EP[16] 48628 21154 34891 6.85
SAT10] 48621 21188 34904.5 6.90
PS[17] 47911 18927 33419 2.35
MODE [10] | 47330 18116 32723 0.218
MOHDE-
SAT[10] 48214 18011 33112.5 1411
Proposed
V\})OA 46475.09 18827.98 32651.53 -

Figure 3 shows the graphical comparison of total
cost and emission of proposed algorithms and other
algorithms for 5 units. This clearly shows that the
proposed WOA has the minimum total cost and emission
than other algorithms.

Percentage improvement of proposed WOA with
respect to other algorithms is shown in Fig. 4.

Figure 5 shows the variation of best cost among
8 trails (500 search agent and 100 iterations). Total cost
and emission for each trail is 32761.39457, 32691.25187,
32870.03513, 32843.87755, 32824.84763, 33220.30359,
32651.54342, and 32745.05286, respectively. The best
cost and emission is obtain at trail 7, which is
32651.54342.

Total cost and Emission
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Fig. 3. Graphical comparison of total cost and emission vs.
techniques
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Fig. 4. Percentage improvement of proposed WOA vs. other
techniques
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Fig. 5. Variation of best cost among 8 trails

Conclusion.

This paper presents a newly developed metaheuristic
technique based on Whale Optimization Algorithm to
solve the Dynamic Economic Emission Dispatch
problem. The main inspiration for this optimization
method is the fact that Metaheuristic algorithms are easy
to implement, no gradient information requirement, easily
bypass local optima, and can be used for a variety of other
problems. The proposed strategy is validated by
simulating on MATLAB® for 5 IEEE standard test
system. Numerical results for the 5 IEEE test system are
presented to show the capabilities of the proposed
algorithm to establish an optimal solution of the Dynamic
Economic Emission Dispatch problem in a several runs.
The proposed Whale Optimization Algorithm for 5 unit
has 4.94 % better performance than Multi-Objective
Neural Network trained with Differential Evolution, 8.8
% than Particle swarm optimization, 6.85 % than
evolutionary programming, 6.9 % than simulated
annealing, 2.35 % than Pattern search, 0.218 % than
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multi-objective differential evolution, and 1.411 % than
multi-objective  hybrid differential evolution with
simulated annealing technique.
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