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TEOPETUYHA EJIEKTPOTEXHIKA TA EJIEKTPO®I3NKA

YK 621.315.2:004.94 DOIL: https://doi.org/10.15407/techned2023.03.003

HOTEHIIMHI 3ACOBU EKPAHYBAHHS MATHITHOI'O TTOJISA
HNIA3EMHUX CUJIOBUX KABEJIIB Y ITIOJIETUJIEHOBUX TPYBAX
3 KOMIO3UI[IMHOI'O MATHITHOI'O MATEPIAJTY

I.M. KyuepsiBa, JOKT. TEXH. HAYK
InctutyT enekrponunamiku HAH Yxkpainn,
np. [lepemoru, 56, Kuis, 03057, Ykpaina. E-mail: rB.irinan@gmail.com

3a 0onomoeoro komn 1omepHo2o MOOen08anHs 00CAIONCEHO MASHIMHe noe Ni03eMHUX KabenbHux NiHill cepednboi ma
BUCOKOI HANpy2u, NPOKIAOEHUX Y KOMROZUYILIHUX NONIeMUIEHO8UX MPYOax, Wo Maroms MAzHIMHI 61ACMUBOCTMI, 3 BUKO-
PUCMAHHAM CReYIANIbHO20 HACUNHO20/3ACUNHO20 TPYHMY Pi3HUX posmipie (00 ’emy). Tpybu ma 0ooamkosuii IpyHm Ha-
6KOJI0 © noOAU3Y Kabenig 8u2omosnaomsvcs 3 KOMNOZUYILHO20 Mamepiany 3 eQexmueHUMU MASHIMHUMYU 61ACIMUBOCA-
MU § MOXHCYMb BUKOHY8AMU YHKYIIO0 MASHIMHOZ0 eKpana, 3MeHuLyloul pisenv nois kabenis. Busueno egexmusuicms
eKpanyeants noas KabeubHux Niniti 6 mpyoax 3a1edxiCHO 8i0 GUCOMU | WUPUHU KOMNOZUYIUHO20 HACUNHO20/3ACUNHO20
Ipynmy. Busigneno icHyeamHs ONMUMANbHOI 6UCOMU HACUNKU, HEOOXIOHOI 015l HAUOINLWO2O0 3MEHUEHH MACHIMHO20
noas kabenie Ha NOepxHi 3eMi Ge3NOCepeOHbO HAO HUMUL, MA GNIUE WUPUHU HACUNHO2O MA 3ACUNHO20 TPYHMY HA ede-
KmueHicmy expanyeauts. IIpoananizoeano xapaxmepri ocobaugocmi po3noodiny ma 3MIiHeHHs. Di6HA MACHIMHO20 NOJiA
3A71eHCHO 10 HAABHOCMI YU 8IOCYMHOCMI KOMNO3UYIUHO20 MAcHIMHO20 TpyHmy. Tlokazano nepcneKmugHicmes po3mityeHHs
BUCOKOBOIbMHUX KaDei6 (MPUKYMHUKOM) 8 O0HIl 3a2anbHill mpyoi 3 000amKO8UM KOMNOSUYIUHUM MACHIMHUM HACUNHUM
i 3acunnum rpynmom. biomn. 30, puc. 5.

Knwwuosi cnosa: ninzemua tpudaszHa kabenbHa JiHis, kabeni B Tpybax, HACHITHHI/3aCUITHUIA IPYHT, KOMIO3UIIHHUIA
MarHiTHUH Martepiall, eKpaHyBaHHs MarHiTHOTO ITOJIsl, KOMIT FOTEPHE MOJIEITFOBAHHSI.

CraH i 00rpyHTyBaHHS aKkTyaJbHOCTI nmpodjemu. CyyacHi kabenbHi JiHil (KJI) 3 omHodaszHuMu
Ka0emsIMH 3 i3oumsniero 3i 3muToro noxierwieHy (3I1E) mupoko BUKOPUCTOBYIOTHCS B MEpeXkKax ycix KiaciB
Hanpyru — Bixg 6 7o 500 kB [1, 2]. Taki kabem Ha cepenuto HanpyTy (6—35 KB) BUTOTOBIAIOTHCS Ha yKpaiH-
ChKUX KaOenpHUX 3aBojax "[liBaenkadens" (M. XapkiB) ta "Oneckadens” (M. Ojeca) [3, 4], a BUCOKOBOJIBT-
HI Ta HaABHUCOKOBOJLTHI Kabemi 220, 330 kB — na 3aBozi "[liBnenkadens” [1].

[poxmnanganns KJI B pafionax MicbKoi 3a0yZ0BH 311HCHIOETECS, SIK IPABUIIO, B IPYHTI, B ClICLiaIbHUX
KaOeIpbHUX CTopynax (TyHesIX, KaHallaxX), y TMOJIieTHIICHOBUX TpyOax, TOOTO 3a YMOBH 3a0e3eUeHHS J01aT-
KOBOT'O 3aXHUCTy BiJ YIIKOMXeHb [2, 5-9]. Ins 3axucTy CHUIOBHUX KaOemiB BiJl MEXaHIYHUX MOIIKOKEHb Ha
IUISTHKaX TMEPEeTUHY 3 aBTOAOPOTaMH 1 3ai3HUIIMH, IHKEHEPHUMH CIIOPYAaMH 1 TPUPOTHIMU 3aBaJaMH, B
yMOBaxX 0OCOOJIMBOI OOMEKEHOCTI TIO Tpaci 3a3BWUYail BUKOPHUCTOBYIOTHCS TPYOM i1 CHeEIlialbHE TP 3
PI3HUX TEPMOIUIACTUKOBHX MaTepialiB — MOJIETUIICHY, IOMIMPOIiIeHy, moiiBiHimxmopuny [2, 10, 11]. dus
NPOKJIaZaHHs CUIIOBHX KabemniB 6—500 kB miaxoaste TpyOu 3 MOJIMEPHHUX KOMITO3HLINA BUCOKOI I'YCTHHH Ta
BHCOKOi TepMocTiiikocTi [8, 10], 30kpeMa mnst ogqHO(da3HUX KabemiB Ha KaOeIbHOMY PHHKY MPOMOHYIOTHCS
KOMITO3UIIIHHI noJieTnineHoBi Tpyou ProTectorFlex, TpyOu 31 crienianbHUX IUIACTHKOBUX MaTepialliB KUTak-
cekoi pipmu Power Cable Protection Pipe Ta amepukancbkoi kommanii Eagle (octanni mig Ha3Bolo electrical
conduit) [5, 10].

B VYxpaini nirounmu [IpaBriramMu yinamrTyBaHHs €IEKTPOYyCTaHOBOK [12, c. 246, 268] Bu3Ha4YeHO, 10
3a HassBHOCTI Ha Tpaci KJI rpyHTiB, sIKi MiCTSTh PEYOBUHH, PYHHIBHO [Jif04i HA 000JIOHKY Ka0emiB, HeOOXiIHO
3IIACHIOBATH IXHE MPOKIAIAaHHS 13 3aCHIIAHHAM HEUTPaJbHUM IPYHTOM a00 MPOKIaZaTH B HEMETAJIECBHX
TpyOax, a 3a MEepPeTHHY BYJHUIIh 1 MalIaHiB i3 YIOCKOHAIICHUMH TIOKPUTTSIMH Ta IHTEHCHBHUM PYXOM TpPaHC-
nopty KJI Tpeba mpoknanatu B kabenbHUX O70kax abo TpyOompoBogax. Kpim Toro, mynkrom 2.3.128 nux
[IpaBun oGymosneHo: "V pasi npoknaganns KJI y xkabensHux TpyOompoBogax (kaHanax 0j0ka) kaOeni Ha-
npyroto 10 35 kB MoxHa po3MinryBatu mo ogHoMy ¢azHoMy Kabeiro B TpyoOi (kaHaui), abo 1mo Tpu Kadeui,
3’emHaHi 3a cxeMoro "y TpUKYTHUK", B ofHiit Tpy6i. Kabem mampyroro Big 110 kB mo 330 kB tpeba po3mi-
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IIyBaTH 10 OJHOMY KaOelmto B TpyOi He3anekHO Bix cxemu npoknaganas ("y mwiomuHi" 4 "y TpukyTHHUK")."
Jo npukiany, B poOoTi [6] MOBiqoMISIETHCS MPO MepIry YKpaiHChKy HajaBrcokoBoubTHY (330 kB) KJI, sixa B
TenepilHii yac nie s motped Metanypriiinoro 3aBoay "ninpoctans". ®a3u xabeniB wiel JiHiT TpokIaae-
Hi "TpUKyTHUKOM", 10 3a0e3Ievye MiHiMaabHI po3Mipu TpaHIIei, 3HIKYE 00CAT 3eMIITHUX POOIT, a TaKOK
Jla€ 3MOTY TIATPUMYBAaTH MarHiTHE IoJie KaOelliB Ha MEHIIOMY PiBHI B ITOPIBHSIHHI 3 pO3TaIllyBaHHIM Kabe-
JIB B OfHI¥ mutomuHi [7]. BignosigHo no ganux [6], y pa3i nepeTHHaHHS 1HXXEHEPHUX Ta TPAHCIIOPTHUX KO-
mynikaniit KJI 330 kB npoknazgeHa B TpyOax: KokHa okpeMa (aza — B TpyOi 3 momieTuiieny. 3aais 3a0e3re-
YeHHS OYCTUMHUX TEMIIEPATYPHUX PEXUMIB MepeadoadueHo Beauke 3aranoneHnas kademis (o 10 M) y rpyHT
(30kpema mix komiero [IpuaHIIPOBCHKOT 3ai3HUIII).

[IpoTe cBiTOBa MpaKTHKa MPOKIaJaHHs CHJIOBUX KaOeliB y TpyOax Oinbin mmpoka. Tak, y po6oTi [7]
MOB1TOMIIIETHCS TIPO BUCOKOBONBTHY Mia3zeMHy KJI (132 kB) moBxuHOIO mpuOIM3HO 2 KM B MeXax iTamiii-
cekoro micta I'enyst. JliHis MicTuTh Tpu ogHOMa3Hi Kabesi, po3MiIlieHi TPUKYTHHKOM B OAHIHN CTaJIBHINA TpY-
01, Ta 32 HOpMAaTUBHUMH YMOBaMH (Tak 3BaHUMH "quality objective" — Liib SIKOCTi) LIOJO CTBOPIOBAHOTO
KaOelsIMA MarHiTHOTO TIOJI Ha BiAMOBIJANFHUX JUISHKAX 3a70BObHsE piBHIO He Buile 0,2 MxT. I[lutanus
3HIKCHHSI PIBHSI 1O (MOT0 eKpaHyBaHHs) OyJI0 BU3HAHO B [7] MEPIIOPSIHIM.

Hocnimkennas crarti [13] cTocyroThcst eEeKTUBHOCTI €KpaHyBaHHS MarHiTHOTO TOJS ITiI3EMHHX
150 kB kabeniB, mpoknaseHNX TPUKYTHUKOM Ta B OJAHIN IUIOIIMHI BcepeanHi 3aMkHeHoro (closed-shield)
(hepoMarHiTHOro eKpana, 10 MO’KHA BBa)KATH aHAJIOTOM pO3MillleHHs kabemiB y TpyOi. ABropamu [13] mpo-
BOJIUTHCS MMOPIBHSHHA MarHiTHoro moisi KJI 3 pi3HuM po3tairyBaHHSM KaOeliB, 3a Pi3HOI TOBIIMHU €KpPaHiB
3aMKHEHOi Ta Binkpurtoi (open-shield) kondirypauii, oOrpyHTOBY€TbCS Oinbll BUCOKa €(DEKTUBHICTH came
3aMKHEHHUX €KpaHiB.

Y po6orti [14] onncano itaniiiceky 380 kB kabenpHy JTiHIIO, IO CKIAAAETHCS 3 OAHO(DA3ZHUX KaOeIliB
i3 3[1E i3omsmieto, MpOKJIaJEHUX Ha BIANOBIJANBHHUX AUISHKAX TPacH TPUKYTHUKOM y 3aMKHEHOMY KaHai
(moxibHomy no Tpy6u). KabGenpHMiI KaHan cIieliabHO CIPOEKTOBaHO (ipmoro Prysmian, BHTOTOBIIEHO 3
MaTepiaiy, Mo Ma€ BUCOKY MAarHiTHY MPOHUKHICTh, 1 MPU3HAYCHO VI €KPaHyBaHHS MAarHiTHOTO ITOJIS Hall-
BHUCOKOBOJIBTHUX KabemiB (He nepeBulleHHs piBHg 3 Mk ).

BigHOCHO mpomycKHOi 34aTHOCTiI 3a CTPYMOM BiAMITHMO, IO B HOPMAaTUBHOMY JOKYMEHTi [15,
Ta671. 8.30] moka3zaHO 3MEHIIEHHS JOIIyCTUMOI0 CTPYMy B Kabemnsx TpyOHOro npokyiagaHHs 10 5% B 3aiex-
HOCTI BiJ mepepidy iXHbOI >KWaH. Y BIANOBITHOCTI 0 I[bOr0, BUCHOBKaMu ctaTTi [10] BU3HAYEHO, 110 10
3HIKEHHS mponyckHoi 3aatHocTi KJI 3 oqHodaszaumu 6500 kB kabensiMu npu3BOOUTH HE TUTBKH MIPOKIA-
JaHHs KaOelNiB y TOJIeTHJICHOBUX TpyOax, aje i mapa3uTHi CTPyMH, BTPATH MOTYXKHOCTI B €KpaHax, IMpH
IIOMY PO3MIIICHHS Ka0emiB y TpyOax HE € OCHOBHOIO MPUIHHOIO 3HIKEHHS IMPOIYCKHOI 31aTHOCTI KabemiB
[10].

IHctuTyT nactukoBux Tpyo (Plastics Pipe Institute) y cBoemy Bumanui 2021 p. moznae aetanbHy iH-
dhopmariito o0 CTBOPEHHS, (DI3UIHNX XapaKTEPUCTHK, MOHTaXY Ta €KCIUIyaTallii cydacHHX TpyO 3 modli-
eTHJICHY BUCOKOI T'YCTHHH JUIsl CHJIOBHX Ka0eliB Hampyroro Buiie 35 kB Ta mocunaeTbcst Ha JOCBiJ MPOKIIa-
JIaHHSI B IJIACTHKOBHUX 1 CTANBHUX TPpyOax cuinoBux kabenis i3 3I1E i3onsmiero Ha BUCOKY Hampyry — g0 138
kB [8, 16]. fIx 3a3HauaeTbcs B [8], BUKOPUCTAHHS IMONIETHICHOBUX TPYO [UIS Mig3eMHUX CHIIOBUX KaOemiB
Mae 3HaYHI TIepeBaru mepen KademsiMu, 0e3MmocepeIHb0 3arinOIeHUMU B TPYHT, 3aBISKH ITOKPAIICHOMY Me-
XaHIYHOMY 3aXHUCTy, TpuUBaliid Oe3mepeOiiHili poOoTi, mBUAKOMY peMoHTY. Kpim Toro cywacHi BapianTu
TpyO 3 TONieTWIeHy BUCOKOI TYCTHHH TependadaroTh pO3MIllleHHs BOJOKOHHO-ONTHYHUX KaOelmiB i mpH-
CTPOiB MOPYY i3 CHIIOBUMH KaOesIMU IS 3'€IHAHHS 3 AaTYMKAMH KOHTPOJIIO HABAaHTa)KEHHS, PO3TaIllOBAHU-
MM I10 BCil MepeKi 1 BIIOMUMHU SIK CUCTEMH HaTJISI0BOI0 KOHTpoITo Ta 300py nannx SCADA. [IpoknanaHHs
Ka0eJIiB 3 BOJIOKOHHO-ONTHYHUMHU MOIYJISIMU B TpyOax HeoOXimHe A peamizalii CydyacHUX TEXHOJOTiH Mo-
HiTOpUHTY TexHigHoro cTany KJI [17].

3a nanumu [8] mosieTUICHOBI TPYOH, 30KpeMa 3 MONIETUIICHY BHCOKOI T'yCTUHH, € HaliiHUM, CTil-
KAM Ta €KOHOMIYHHMM DILLICHHSM, OJHUM 3 HalOuMbIl npuiHATHEX A1 migzemHux KJI. Taki TpyOu MaioTsb
HEBEJIMKY Bary, piBHy HOBEPXHIO, HEOOXiHY THYUKIiCTb, JIETKO Ta MIBUIKO 3BAPIOIOTHCS OIHA 3 OJHOIO JUIS
(hopMyBaHHS MPOTHKHUX OJHOPIMHHUX JUISHOK, KPIM TOTO, IMOJICTHIICHOBI TPYOH XapaKTepU3YIOThCS BHCO-
KOIO MIIHICTIO, 130JISI[IHHUMH BJIACTUBOCTSIMH, CTIHKICTIO 70 KOPO3iWHUX BILIMBIB, OKHCJCHHS 1 BOJIOTH,
MAaIOTh JIOBI'HU CTPOK €KCIUTyaTallii, MOXYTh BMIITyBaTH Oiblie, HixK Tpu Kadedi [8].

Ha TenepimHiif yac 6araTo kabeapHUX CHCTEM, TIPOKIAJACHUX OE3MOCepeTHRO B 3€MITi 1 po3paxoBa-
HUX Ha 30—40 piyHui TepMiH eKcIutyaralii, 0cOOJIHBO CHIIOBHX KaOelliB Ha Hanpyry Ao 35 kB, BuMaraioTsb
YaCcTOr0 PEMOHTY BHACIiZOK JOBTOTPUBANOI pOOOTH, 30BHIIIHIX BIUIMBIB (IPYHTOBOI KOPO3ii, HAsIBHOCTI 3a-
OpyJHIOIUYNX PEUOBHH, Y TOMY YMCII BOJAW), PYXY IPYHTY, 3actapinoi iHppacTpyKkTypH, i mOTpeOyrOTh MO-
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JepHizamii ams 3abe3neueHHs HAIIMHOCTI Ta cTiiKkocTi Mepexi. Came TpoKiIagaHHs KalemB y TpyOax 3 Io-
JATKOBUMH 3ac00aMM €KpaHyBaHHS MAarHiTHOTO IOJIs € e()eKTHBHUM PIillIEHHSIM y pa3i OJIM3bKOCTI KabemiB
JI0 HACEJICHUX IYyHKTIB, MiCLlb KOHIIEHTpALIi] JII0JeH, a TAaKOX 3a HAsSBHOCTI MOOIM3y a00 Ha MEpeTHHI Tpacu
YYTJIMBOTO €IEKTPUYHOTO OOJaJHAHHS, CICKTPOHHUX HPHUCTPOIB, EIEKTPOTEXHIYHUX KOMYHIKaLii, sSKi MO-
KyTh 3a3HaBaTH PYHHIBHUX BIUTHBIB Bif Aii Mar"iTHOro mojs. CKIIamHOCTI i3 3aMiHOIO Ta PEMOHTOM Ka0emiB
y TpyOax He BHHHMKAIOTh — CTaHJApTaMu 1 MpaBWJIaMH NPOKJIAJaHHS TepeadadaroThcs BIAMOBIAHI 3aco0u
noctymry mo KJI [12, c. 199].

VY cy4acHMX yMOBax aKTyaJbHUM IIMTAHHSM € 3a0BOJICHHS BUCOKMX HOPMaTHUBHUX BUMOT 10 TE€XHI-
KO-EKOJIOTI4HO1 (eleKTpoMarHiTHol) Oe3neku mupoko BUKOpucToByBaHWX KJI Ha cepemHIo Ta BHCOKY Ha-
NpyTy — Ma€ThCsl Ha yBa3i HEOOXiIHICTh 3a0e3MeYeHHs PErJIaMeHTOBAHOTO PiBHSI MarHiTHOTO 1oJisl KabeiB B
OTOUYYIOUOMY CEPEIOBHINI 32 PaXyHOK BIOCKOHAIECHHS LUIIXiB crnopymxkeHHs KJI, a Takok BUKOpHCTaHHS
JIOTIOMDDKHUX 33aC00IB Ta HOBITHIX TEXHOJIOTIYHUX PIlICHb NI 3MEHIICHHS MarHiTHOTO TOJIS, IO CTBOPIO-
€TbCs KabemsiMH. Y IIbOMY HampsIMKy B poOotax [18, 19] 3anponoHOBaHO BHKOPHCTaHHS MOJIETUIEHOBHX
TpyO, Y MaTepian SKUX Ha eTalli BUTOTOBJICHHS BBEICHO JPIOHOAMCIIEPCHI MAarHITHI 9acTKH, a00 Ha MOBEPX-
HIO SIKUX TOHKUM IIapOM HAHECEHO IOJIIMEPHY IUIIBKY 3 MAarHiTHUMH BJIACTUBOCTSIMH — 3a PaxyHOK LIbOTO
3a0e3MevyIoThCsl e)eKTHBHI MarHiTHI BIacTHBOCTI TpyO. Taki TpyOM MOXKYTh BHKOHYBATH POJIb MarHiTHHUX
€KpaHiB, 10 TOTO X caMe MOJIETUIEHOBI TPYOH € eKOHOMIYHO e()EeKTUBHUM PILLIEHHSM JIsi KaOeIbHUX JIiHIH
[8], ocobmuBO y mopiBHSAHHI 31 cTaneBuMu TpyOamu [7]. YV [18] moka3aHo, 0 BUKOPUCTAHHS TPHOX OKPEMHUX
TpyO sSIK MarHiTHHX €KpaHiB Ul TPHOX OAHO(A3HUX KaOelliB € Hee(PeKTHBHUM, a Y BUTIAJIKY 3aralibHOi TpyOu
st Takoi KJI mone Ha moBepxHi IpyHTY Moske OyTH 3HIKEHO Ha TIOPSIOK.

CuHTe3 MaTepianiB 3 Ai€IEKTPUYHOIO 1 MAarHITHOIO MPOHMKHICTIO CTOCOBHO 0 TEXHIKH CHJIBHUX
€JIEKTPUYHMX Ta MAarHITHUX II0JIiB €KCIIEPUMEHTAIBHO HiATBEPIPKEHO CyYaCHUMH TEXHOJIOTiMH, IPEACTaB-
neaumu B MoHorpadii [20]. Jlo Toro X, MOXJIMBICTh BUKOPUCTAHHS JUIs €KpAaHYBaHHS MarHiTHOTO IOJIS
KOMTO3HIIHHUX TOJIETHICHOBUX TPYyO 3 MarHITHUMHU BIIACTHBOCTSIMHU TEPEBIPAETHCS 32 BIIOMOIO (HopMy-

noro JlixTenekkepa [21]
1=V,
H= ,Ua Hp >

1€ [/ — cepellHs MarHiTHa NPOHUKHICTh MaTepially y BUIIIAAI CyMillli (KOHIJIOMepary); [, — NPOHHKHICTh
9acTOK, IO 3HAXOAAThCA 0e3 KOHTaKTy MK COOOI0 y CEepelOBHINI 3 MPOHUKHICTIO 4y, ; V, — KoedimieHT
3alIOBHEHHs (KOHIIEHTpAIlid yacTok B 00’emi Matepiany). Hampuknan, 3a £, =1000, t4, =1 (nonietunen),

V,=0,7 edpexTrBHa MarHiTHAa IPOHUKHICTH CYMIITHOTO MaTepialy ckiagae g = 125.

HapkoymmHi TPYHTH 3 MarHiTHAMH BJIACTUBOCTSIMH, 3aBJISKH JOJABaHHIO B IXHIM CKJIaJ MarHiTHOT
(dpaxuii (Mikpo- a00 HAHOPO3MIPHUX MArHITHUX YaCTOK), TEXK 3aTHI €KpaHYBaTH MarHiTHE MOJe, 10 CTBO-
proeThes kabemsamu [19, 22, 23]. YV po6oTi [22] mociipkeHo MarHiTHE TOJIe MiI3eMHUX KaOeliB i3 3aCUITHIM
IpyHTOM (TpyHTOM Oe€3IMocepeHh0 HaBKOJIO KaOeJiB) Ta HACHUITHUM IPYHTOM (3Bepxy KabemnmiB) 3 edekTus-
HUMH MarHiTHUMU BJIaCTUBOCTSIMH — MarHiTHOIO NPOHUKHICTIO 10 100.

3a3Ha4nMo, 10 MarHiTHI YacTKW, OTPUMaHi, HANPUKJIA, 3 BiAXOMIB METAIYprifHOr0 BUPOOHHUIITBA
abo mpoweciB MeTanoo0pOoOKH, MOXKYTh JOAABATUCS Y HACHITHUIN/3aCUIIHUIT IPYHT SIK OC3IOCEPEHBO MEpe]
MOHTaKEM JIiHii, TaK i 3a37aneriap. X 06'eMHa KOHIEHTpAIlis BU3HAYAETHCS YMOBOIO JNOCATHEHHS HEOO-
XiIHOTO e()eKTUBHOTO 3HAYCHHSI MArHITHOT MPOHUKHOCTI Marepiaiy Tpyou. [lepeBaru nociiKeHUX y AaHil
po0oTi 3ac00iB eKpaHyBaHHS MArHITHOTO TOJS CHJIOBHX KaOeEliB, a caMe KOMITO3UIIHUX MOJTICTUICHOBUX
TpyO Ta HACHITHOTO/3aCHITHOTO IPYHTY, IO MAIOTh MarHiTHI BJIACTUBOCTI, CKJIQTAIOTHCS 3 IPOCTOTO MOHTAXKY
Ta CHPOIICHHS TEXHIYHOTO 00CIyroByBaHHS KaOenbHOT JiHii, BiICYTHOCTI JOJAaTKOBUX €JIEMEHTIB KOHCTPY-
KIIii /I 3HWKEHHSI PiBHS MarHiTHoro mojs [19].

Hacunui Ta 3acumHi TpyHTH MOXYTh TOEIHYBaTH pOJb MAarHiTHUX €KpaHiB 1 cepemoBuiia 3
MOJTIIMIIIEHUMH TEIUIOBUMH BJIACTHUBOCTSAMH (BHKOHYBaTH pOJIb KOPEKTYIOUHWX TIPYHTIB — CIICHMiaIbHO
migidpaHux TIPYHTIB 13 3aJaHOI0 TEIUIONPOBIAHICTIO) 3alUii OJHOYACHOTO 3MEHIIEHHS MAarHiTHOTO MOJI
Kka0eiB 1 3a0e3MeYeHHs IXHbOTO JJOITyCTHUMOTO TeMIIEPaTypHOTo pexkuMy. Came TOTPUMAHHS MIPHUITY CTHMOTO
piBHS HarpiBy kabesiB BaKJIMBO IS JTOBIOTPUBAJIO HAMIHHOT poOOTH KaOelmiB 3 BU3HAUYECHOIO MPOITYCKHOIO
3maTHicTIO [6, 24].

3arajpHa xapakrepucTuka podotu. [locTaHoBKa NpoONEeMHU CKIaJa€ThCS 3 OTPUMAaHHS HOBHX
3HaHb BiJHOCHO OPHTiHAILHUX 3aC00iB €KpaHyBaHHS MarHiTHOTO IMOJS MiI3eMHUX KaOeIbHUX JIiHIA — IOJTi-
€THJICHOBOI TPYOH 3 MarHiTHUMH BJIACTUBOCTSIMH, HACUITHOTO/3aCUITHOTO KOMITO3UIIHHOTO MarHiTHOTO Ipy-
HTY. AKTyalbHICTH OOpaHOi TEeMH MAOCHi/KeHHs Oa3yeTbcsi Ha ii 3B’A3KYy 3 BaKIMBHUMHU HayKOBO-
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MPAKTHYHUMH 33/1a4aMH, 10 MOJIATaI0Th, 3 OHOTO OOKY, B PO3BHTKY HOBHX 3ac00iB 1 MarepiamiB ais edek-
tuBHOTO 3axucTy KJI Bij 30BHINMIHIX BIUIMBIB 1 €KpaHyBaHHS MarHiTHOTO Mo kabelis, a, 3 iHIIOro OOKy, B
HEOOXiAHOCTI MPOBeeHHS BCEOIYHOTO MOIIYKOBOTO AOCIIIKEHHS 33151 TIOAAJIBIIOT0 BUKOPUCTAHHS HOTO
pe3yJIbTATIB y HANPSIMKY BU3HAYCHHS [IISAXIB MPAKTHYHOTO BIPOBA/KEHHS HOBUX €KPaHYIOYHX 3aC00iB.

Pobora cripssMoBaHa Ha morepeHE BUBUCHHS €(heKTHBHOCTI 3alIPOIIOHOBAHMX Y OLIBIN paHHIX CTaT-
Tsx [18, 22] Ta 3axumnienux B mareHTi [19] 3aco0iB ekpaHyBaHHS MarHITHOIO MOJIS CHJIOBHX KaOelliB, MPH-
CBSIUCHA CTBOPEHHIO MIAIPYHTS UIS MOXKIHMBOI y TOAAIBIIOMY PO3pOOKH Ta MPaKTUYHOI pealizamii BiqmoBi-
JHUX TEXHIYHUX PIIIeHb 1 3ac00iB eKpaHyBaHHS MarHITHOTO IOJIA KaOelliB, pa3oM 3 TUM, He mepeadadae BU-
3HAYCHHSI TEXHIKO-CKOHOMIYHHX XapaKTePHCTHK PO3TIITHYTHX 3ac00iB Ta IXHE TOPIBHAHHS 3 BXKE ICHYIOUH-
MU 3aco0amH.

V 3B’s3Ky 3 BHIIIE OOTPYHTOBAaHMMH JOLUIBHICTIO BAKOPUCTAHHS TOJICTUIICHOBUX TPYO IS TPOKJIa-
JIAaHHS CHJIOBUX KaOeJiB Ha OKpeMHX AUITHKaX NpoTsHKHUX KJI Ta akTyambHICTIO TEMH Meniol pobomu €
KiJIbKICHE JOCHiKEHHs €PeKTUBHOCTI 3HM)KEHHS MarHiTHOTO MOJIS MiA3eMHHUX TpU(a3sHUX KaOelIbHUX JiHIH
Ha MOBEPXHI IPYHTY, SKi MPOKIJIAJeH] B MOJIETHICHOBUX TPyOax 3 MarHITHUMH BIIACTHBOCTSAMHU Ta B HaBKO-
JUTTHHOMY 1 OJIN3HKO PO3TANIOBAaHOMY IPYHTI, ITI0 TAKOX MAIOTh MarHiTHI BJACTUBOCTI Ta Pi3HI TeOMETPHUYHI
napameTpH. 3aJuisl JOCSTHEHHS METH Mepe0avyaeTbcsi BUBYCHHST 0COOIMBOCTEH PO3MOIITy MarHITHOTO TOJIS
Ka0eIliB B OTOYYHOUOMY CEPEIOBHIIIL.

HaBKoIMIIHIM IPYHTOM BBaKA€ThCS 3aCHIHUKA MarHiTHUH rpyHT (3MI), a GJIM3bKO0 PO3TAIIOBAHMM —
HacUITHUHM KoMnosuiiiinuii rpyrt (HMI), o HacumaeTbes 3Bepxy TpyOu 3 kabensamu (puc. 1, 6, 2).

Bapianm 1 Bapianm 2 Bapianm 3 (4,1 MxT) Bapianm 4
(20 MxTm) (4,5 mxTm) B [=05Mm (1,6 mxTm)
- >
2“ HACUNHUL TPYHM HACUnHul IpyHm
Il
< 7 Mot
7N\ 7 N\t

( @ )
i'-f
) Jsacunmnui
; ~ tpynm
I B |max= 9,2 MTn | B |max= 0,016 Tn | B |max= 0,016 Tn | B |max = 0,008 Tn
a 0 8 2
Puc. 1

Ha erami HakonmuueHHs GakKTHYHOTO MaTepialy B paMKax MONEepenHiX NOCTiHKeHb, IMiJ 4ac BUBYCH-
HSl KOMIUIEKCHHX IIPOIIECIB Ta Yy pa3i, Ko No0y10Ba po3MIMpeHoi Bi3ndHOI (eKCIIepUMEHTANBHOT) MOJENi i
IPOBE/ICHHS HATYPHHUX €KCIIEPUMEHTIB € YCKIaJHEHNMH Ta JOPOr0 KOUITYIOTh, MAaTEMAaTHYHE MOJICTIOBAHHS
Ta 00YMCITIOBaJIbHI EKCIIEPUMEHTH Ha0YyBalOTh 0COOIMBOrO 3HaueHHs. CaMe MaTeMaTuyHe Ta KOMI I0TEepHE
MOJICITFOBaHHS SIK TaKe, 0 HAZa€ MOXKIUBOCTI JOCHITUTH HAWOLIbII MUPOKUH Jliana30H 3MiHEHHS 00’ €KTY,
€ METOJIOM JIOCITiDKEHHS B pOOOTi.

JocinimxeHHs BUKOHYETHCS 32 JIOTIOMOTOI0 TBOBUMIPHOTO YHCEIHLHOTO MOJICIIOBAHHS METOJIOM CKi-
HUYeHHHX eneMeHTiB y nporpami Comsol [25] anst KJI cepennroi (35 kB) ta Bucokoi (110 kB) nampyru. ITia-
3eMHI Kabelli, 0 PO3TIIIAI0ThCs, MPOKIaieHI B TpyOi O€3TpaHIIeHHO MapalebHO TOBEPXHI 3eMIli, MalOTh
JOJaTKOBO HACHITHWI/3aCHITHUI KOMIO3HULIHHUNA IPYHT 3 TEOMETPHYHHMU MapaMeTpaMu — /, A 1 MarHiTHOIO
NPOHUKHICTIO 4, = 100 (puc. 1). Kabeni B ninii posramosani tpukytaukom. Ilocninosricts (a3 xabenis —

CAB. Y xunax xa0eniB mpotikae Tpuda3Ha CUCTEMa CTPYMiB, PIBHOMIPHO PO3MOAUICHUX Y TIEPETUHI JKUIL.
Kowmrm’roTepHe MOIeTIOBaHHS MPOBOIUTHCS 32 YMOBH, IO €JIEKTPOIIPOBITHICTE KOMIIO3UITIHHOTO IPYHTY HE
BPaxOBY€ETHCS (3a1a€THCSI PIBHOIO HYJIIO).

JOCTOBIpHICTD pe3yibTaTiB pOOOTH MOJIATaE B TOMY, LIO ii 3arajbHi HOJOXXEHHS 1 BUCHOBKU IPYyH-
TYIOTBCSl HA YHCIIEHHUX KOMIT IOTEPHHUX PO3PaxyHKaX Ul KOHKPETHUX KaOEJIbHMX JiHiH, T ATBEPAKYIOTHCSI
BepHu(IKaITi€r0 3aCTOCOBAHOT YHCEIIBHOI MO MIJITXOM OTPHUMaHHS TaKHX PE3yIbTATIB MOMEPEIHIX PoOiT
JUIs1 KaOemiB pi3HUX KJIaciB HaNpYTH, SKi aHAJIOT1YHI JaHUM i BUCHOBKAM BiIOMHX JOCIiKEHb, B TOMY YHCI1
OTPUMaHHMM Ha OCHOBI iHIUX Mojenel [7, 13, 14, 26].

Jana poboTa mpeacTasise TOTOBHEHHS 1 PO3BHHEHHS pe3ybTaTiB cTaTTi [27] 3 ypaXyBaHHIM PO3-
MileHHs B Tpy0Oax kabeliB pi3HOi HApyTu — TphoX KabeniB cepeqHbol Hanpyru (35 kB) B ofHil 3aranbHii
Tpy©Oi Ta KoxkHOTO 3 Kabdeni Tpudaznoi KJI Bucokoi nanpyru (110 kB) B okpemiii Tpy0Oi.
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Mopens st qocaiTzkeHHs. 3a1ada (OPMYITIOETHCS ISl YCTAICHOTO PEXXUMY B IEKapTOBiH cucTemi
koopaunat Oxy (puc. 1) y npumymieHHi, o yMoBu npokinagants KJI oqHakoBi 3a BCi€r0 TOBXHHOI, a Ka-
Oemni i expanyroui enementu (Tpy6a, HMI/3MI) noctaTtHbO JOBri i HE3MiHHI B3I0BXK MPOTSHKHOT MiISHKH
kaOenpHO1 Tpacu. HeBimoMoro enekTpoMarHiTHOl 3ajjaqi € KOMIDIEKCHAa BEIMYMHA BEKTOPHOTO MAarHITHOTO
MOTEHI[iTy 3 HEHYJIbOBOK) Z—CKJIaIOBOIO A= (0,0, AZ) .

MarematnyHa Mojeh 0a3yeThes Ha MiXO0JaxX i PiBHSIHHAX, HaBeleHHX y [28]. OcHOBOIO Mofeni €
cucTeMa iHTerpo-nudepeHITliaTbHIX PIBHSAHD 3aTajbHOTO BUTIIATY

Jjoo; A+ Vx(uy~ 1,7V x A) = 0,40, (1)
[J.dS = [(-joo;A, + 0,4U;)dS =I; , )
S, S,

i i

ne w=2rxf — xyroBa yactora ctpymy ( f =50 I'm); j — ysSBHA OJMHUWI; IHAGKC i BIIHOCUTHCS JIO I -TO
IPOBIHOTO CEPENOBUIIA B PO3PAXYHKOBIN 00J1acTi; 0; — €IEKTPONPOBIAHICTD [ -T'0 CEpeOBHIIA (B 3aralb-
HOMY BHIIA/IKy JKWJI, CKPaHiB KalCIB); i 1 4, = Mo — MAarHiTHA MOCTiiHA 1 BIIHOCHA MarHiTHa MPOHHK-

HICTh Mar”iTHOro ekpana y Burisiai HMI/3MI Ta TpyOu 3 KOMIO3HIIIHHONO Marepiaiy, Bianosiano; 4, = 1
JUTST HEMAarHiTHUX €JIEMEHTIB PO3paXxyHKOBOi 00JacTi, 30KpeMa KOMITOHEHTIB KaOeliB, MPUPOTHOTO IPYHTY,
TIOBITPAHOTO CepeIOBUINA BCEPeIMHI TPYOH; J, — z-CKJIajloBa TYCTHHH CTPYMy B TIPOBiTHHKAX.

VY piBHAHHS MOJENi BXOAATh KOMIUIEKCHI HAIlpyTa i CTpyM, 30KpeMa piBHIHHSA (2) 3allUCcaHo AJIs Mi-
JISTHKH KOJIa 31 cTpyMoM | ; » HaJIIHHAM HaNpyTrH AU ; » IUTOIIEIO MOIePEeYHOro nepepizy S; .

Binbim neranbHO Mozenb onMcana y podorax [18, 22].
HaBeneni piBHSHHS JOTIOBHIOKOTHCS YMOBOIO MarHITHOI 130111 HA BCiX 30BHINIHIX TPAHUIIX PO3-
paxyHKOBOi 001acTi

A, =0. 3)
BekTop MarHiTHOI I1HAYKIIi ITOpiBHIOE B =rotA . Cxianosi BEKTOpa TMOJISI BHU3HAYAIOTHCS SIK

Bx =6AZ/ oy ; By =—6AZ/ Ox . JIOCHiMKyeThcs PO3IOIN Mil0YOTO 3HAYEHHS MArHIiTHOTO Tons | B |=

N Bx |2 + | By |2 /N2 Yy pO3paxyHKOBii 001acTi Ta Ha TOBEPXHi 3eMJIi Oe3nocepeanpo Ha KJII.

MonenawBannsa marnitHoro mojas KJI cepeanboi manpyru. Jlocmimpkyerscs marHiTHe mone KJI
35 kB, npoknaneHoi B rpyHTi Ha rimbOuHi 0,8 M. ANIOMiHI€B] XK KaOelliB MalOTh MONEPEUYHU MEepPeTHH

800 MM’, CTpYM y HOMiHAEHOMY pexumi [ wom = 637 A [3]. TpyGa BUKOHAHA 3 KOMIIO3ULIIHHOTO MaTepiamy

3 Hefr = 100. Taxy x MarHiTHY POHUKHICTH MaroTh KoMno3uiiiini HMI i 3MI .

Ha puc. 1 (y BinTiHKax KOJbOpIiB) MOKA3aHO PO3IMOJi MarHiTHOro mous | B | HaBkoo mif3eMHOI Ka-
OenbHOT JIiHIT A7 pi3HUX BapiaHTIB: Kabeii 3HaxXOosAThesl Oe3rmocepeIHbo B IpyHTI (puc. 1, a); B TpyOi 3 Mar-
HITHUMH BIACTHBOCTAMHU (pHC. 1, 6); 101aTKOBO 3 HACUITHUM KOMITO3ULIHHUM IpyHTOM (pHC. 1, 6); 3 HMI Ta
3MI, mo MarTh MarHiTHi BractuBocTi (puc. 1, 2). HaBeneHo MakcMMallbHi 3HAYEHHS MACHITHOI 1HIYKIIi

| B | e (YHH3Y) T00IM3y KaOesiB Ta MaKCHMMAaJIbHE TI0JIE€ Ha ITOBEPXHI 3eMIi HaJl KaberssMu (Bropi B IyKKax).
Sk BUIHO, 32 HASIBHOCTI MarHiTHOTO MaTepiany TpyOu po3MOIiT MarHiTHOTO Mo KabeiB 3MiHIOEThCS, 0CO-
OMBO 1€ BUABIAETHCA Y Bunaaky HMI i 3MI. V pasi BUKOPUCTaHHS KOMIIO3UIIIHOIO IPYHTY MarHiTHE MO-
JIe KOHIIEHTPYETHCS B 00J1aCTi JKIUT KaOeTiB 1 T1iJ HUMHU B HIDKHIM YaCTHHI MaTepiany TpyOu. 3a paxyHOK IIe-
pepo3snoiny moss, 3a oqHakoBoi Bucotu HMI (2 =0,2 m) st Bapianta 2 B TpyOi peani3yeThesi 3HAYEHHS 10
|B |max = 16,2 MTn, a ans Bapianrta 4 — |B |max= 8,0 MT.

Jani puc. 2 UTFOCTPYIOTh 3MiHEHHS MaKCHMAaJILHOTO 3HAUYCHHS MAarHITHOI 1HIYKITii Ha TTIOBEPXHI 3eM-
T 3aJI€KHO BiJl INUPUHHM / 1 BUCOTH /i KOMITO3UIIIHHOTO TPYHTY HABKOJIO TPYyOH 3 KaOeIbHOIO JIHIEKO IS PO3-
INITHYTUX BapiaHTiB 2—4. Ha puc. 2, 6 nyis Bapianta 4 HaBeJCHO 3aJI€KHOCTI MaKCUMalbHUX 3HAY€Hb OIS
Bix Bucotn HMI 3a pi3HOI MIMPUHU HACUITHOTO Ta 3acUIHOro IpyHry: [ = 0,4; 0,5; 0,7 m.

Hageneni Ha puc. 2 KOMIT'IOTepHI pe3yIbTaTH MOKAa3yIOTh HACTYITHE:

— e()eKTUBHICThH eKpaHyBaHHs 3a HassBHOCTI oHOro HMI (BapianT 3) MpOSIBISETHCS JIUIIE 3@ MEBHOT
BUCOTH /i — He Oinbie ~ 0,25 M; y pasi > 0,25 M MarHiTHe 10J€e B 0TOYYIOYOMY CEPEIOBUILI 1 Ha MIOBEPXHi
3eMITI TIOCUITIOETRCS (pHC. 2, a);
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Puc. 2

— Juis Bapianta 3 icHye onTuManbHe 3Ha4eHHs Bucotd HMI /h* =~ 0,05...0,1 M (uis Bapianta 4 —
h* =0,25...0,35 M), y pasi SIKOro peaisyeTbcs HaiOLIbIIe 3HUKEHHST MATHITHOTO TTOJIs Ha TIOBEPXHI 3€MIIi;

— HalKpammMm TS eKpaHyBaHHS MarHiTHOTO TMOJIA KaOesiB € BapiaHT 4 3 OMHOYACHUM BHKOPHCTAH-
assM HMI i 3MT; iz GiibInoro epeKTUBHICTIO EKpaHyBaHHS MA€ThCS HA YBa3i MOXKJIUBICTh OTPUMAHHS MEH-
MIMX 3HAYeHb MAarHiTHOTO MOJIS Ha MOBEPXHi 3eMJIi Y MOPIBHAHHI 3 BHIIAJKOM BiZICyTHOCTI JOAATKOBOTO Mar-
HITHOTO TPYHTY — 3Ha4eHb HIDKYE JIiHi1, 10 BiIMOBiga€e BapiaHTy 2 Ha puC. 2, a;

—y pasi 36inbenns wupunu [ nogatkosux HMI i 3MI 3pocrae eeKTHBHICTh €KpaHyBaHHs MarHi-
THOTO TOJISA i 30UIBIIY€ETHCS [iana30H 3MiHeHHs BUCOTH HMI, MOXKIIUBUIA [JIsl HAWKPALIOTO 3HUKEHHS OIS
(xpuBa, mo Bigmosigae / = (0,7 M Ha puc. 2, 0).

BiZHOCHO 3aleKHOCTeil Ha puc. 2, @, Ha PUC. 3, @ HABEJIEHO 3MiHEHHSA MarHiTHOi iHmykuii | B |
B3JIOBK LIEHTPAIIbHOI BEpTUKaII KabenbHo1 NiHii (mpssmoi LM Ha puc. 3, ), TOOTO 3a TIIMOMHOIO IPYHTY — BiA
TpyOH 110 MOBEPXHi 3eMJIi 3a pi3Hoi Bucot # HMI. 3a3HaumMmo, 1110 OCKiILKM MarHiTHE MoJie Mae HaWOiIbIi
3naueHHs nobmmsy KJI, Ha prc. 3, a miama3oH 3MiHeHHs MarHITHOT iHAyKuii Mae mopsimok 10 Tit (mpu upo-
My Ha pHC. 2 TOKa3aHO 3MiHEHHsS MAaKCHMAJIbHOTO 3HAYEHHs MArHIiTHOI iHAyKuii mopsaky 10° Tn came Ha
MIOBEPXHI 3eMJIi Ha 3HaYHOMY BijnanenHi Bij KJI).

JonatkoBo po3monina MarHiTHOTO 1o B 00’ emi HMI Bucororo /# = 0,1 M BimoOpaxkeHO Ha puc. 3, 6.
KapTtuny MarfitTHOTO moJist AJs IIbOTO BUMAAKy B CXEMAaTHYHOMY BUTJIS JIHISIMU MTOTOKY PIBHOMIpPHOI ryc-
TUHU HABKOJIO KaOCNBHOI JiHIl B OMH 3 MOMEHTIB Yacy CHHYCOINaJIBHOTO CTPYyMYy IOKa3aHO Ha pucC. 3 6.
Po3paxyHKOBi JaHi CBiTUaTh, M0 3a GilbII HU3HKOI HACHIIII B Hill FeHepYIOThCS GBI BUCOKi 3HAUEHHS | B |
(puc. 3, a), MaKCUMyM SKHX 3HaXOJUThCS OIMKYe 10 KabenpHoi miHii (puc. 3, 6), 3a mexxamu HMI mone pis-
Ko crazgae. s Oinpioi BUCOTH /1 BUILI 3HAUSHHS MOJISI Bce OJIIDKYE MPOCYBAIOTHCS A0 MOBEPXHI 3eMii (puc.
3, a, 8). 1o Toro x, y pasi # = 0,1 M, KoJu peanizyeTbcss MAaKCUMYM MAarHIiTHOI iHAYKii, Ha puc. 3, a, y 0e3-
MmocepeHii OMM3BbKOCTI IO TTOBEPXHI 3€MITi TI0JIe 3MEHIIIYETRHCS IO MEHIIMX 3HAYCHb Y MOPIBHSHHI 3 MarHiT-
HUM TI0JIEM, 11O peaizyerhbes 3a Bucotd HMI 4 = 0,6 M.

JeranbHe nosicHEHHS BUCOKOT €(peKTUBHOCTI eKpaHyBaHHsI MarHiTHOro noJis tpudasznoi KJI nuisxom
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BMKOPUCTAaHHS ONTHMaNbHOI (He3Haunoi) Bucotn HMI mpencrasieno y po6orax [23 c. 20, puc. 7] ta [26
. 22, MOSICHEHHS JI0 pUC. 8], B AKUX 3aJI©KHOCTI, aHAJIOTIYHI Ha puC. 2, @ 1 AaJi HA pHC. 5, BUSIBIICHO 3a pea-
Ji3arii pi3HUX MaTeMAaTUYHUX MOJIENIeH — JBOBUMIPHOI MO ISl BEKTOPHOT'O MarHiTHOTO MOTeHIiany [23]
Ta TPUBUMIPHOT MOJIEII BiTHOCHO CKaJIIPHOTO MAarHiTHOTO MOTeHIiamy [26].

MarsnitHe moJsie BucokoBoJbTHOI KJI. JlocimkyeTthes Tpudaszna kabenpHa minis 110 kB 3 xabens-
MM, TPOKJIAICHUMH TPUKYTHUKOM Y I'pyHTI Ha rimbuni 1,5 M [29]. AntoMiHieBi uinn KabelliB MaloTh TOTie-

peunuii nepepis 500 mm’, L,om =570 A [30]. Tpu TpyOu, B SIKMX PO3MILIYIOTbCS Kabeli, BUTOTOBJIEHO 3

KOMIIO3ULIHHOIO MarHiTHOrO Marepially 3 g = var. MarsiTHa IPOHUKHICTD HMI i 3MI Hegr = 100.

Ha puc. 4 nokasano posnonin MarHiTHoro noss | B | HaBkono migzemMHoi kaOesnbHOT JiHil 11 pi3HUX
BapiaHTIB: Kabeli 3HAXOISTECS B TPYOax 3 .5 = 100 — KapTHHH 1OJIS B aKTHBHIN 30HI Ta PO3MOALTY MarHi-

THOT 1HAYKIIIT Oe3rmocepeHbo B TpyOax (puc. 4, a); kadeni B TpyOax 0€3 MarHiTHUX BIACTHBOCTEH — Hefr =1

(puc. 4, 6); TOJATKOBO 3 HACWUITHIM KOMITO3UI[ITHIM MAarHiTHUM TPYHTOM — JJISl I[bOTO BHIIAJKy ITOKa3aHO
posnoain nons B HMI Ta Bcepeauni Tpy6 HaBkoo Kabenis (puc. 4, 6); Kabelli B 3aCUIIHOMY IPYHTI 3 Hefp =

100 (puc. 4, 2). HaBeaeHo MakCHMasIbHI 3HAYCHHS MATHITHOT iHAYKIT | B | ey 106IM3Y KaGemiB (yHH3Y Kap-
THH TOJIs) Ta MaKCUMalbHE 3HAYCHHS MOJIS Ha MOBEPXHi 3eMJiIi Haj kKaOensimu (yropi B ayxkkax). BimoOpa-
JKEHO B3a€MHHUH BIUIMB TOJIB KabemiB, a y pa3i TpyO 3 MarHiTHOTO KOMIIO3HIIIHHOTO Martepiamy — 30cepe-
JOKCHHSI MarHiTHOTO IOJIsA B IXHbOMY 00’eMmi (puc. 4, a, 2).

Bapiaum 5 (18,7 mxTi) PG HER Bapianm 6 (11,1 mxTn)
013 I
VR
m:s ﬂeﬁ’ =1 (.f - \}\‘I
0.1 | - "\I /
0.115 - _\\x\(\_o)/,é/_ .

- lx[f --—-a‘ ﬁ// )

| B |max= 0,134 Tn e | B [yax= 9.2 MTx
a o
Bapianm 7 (7,6 MxT) .;’."') Bapianm 8 (24,2 MxTn)

|B |max=3,1 MTx - | B |max= 0,25 Tu
8 2
Puc. 4
Sk BUIHO 3 puc. 4, BapiauTH 5, § XapaKTepHU3yIOThCA HAHGIILIIMMY 3HaueHHsAME | B | Ha moBepxHi
3eMJIi Ta HaBKOJIO KabemiB. EekT 301IbIIeHHs MarHiTHOTO OIS ¥ pa3i HasSBHOCTI MAarHITHUX BIACTUBOCTEH
TpyO BHUSABJICHO Ta MOSACHEHO y poOoTi [18]. ¥V mocmimkeHOMy BUMAAKY 3 OUTBII CHIILHUMH MarHiTHAMU BIIa-
CTHUBOCTSAMU TPYO TEX Peai3yroThCsl OUIBIII 3HAYCHHS. MArHiTHOTO TOJIS Ha MOBEPXHI 3eMJIi, a 3a PO3Tallly-
BaHHs KabeliB 0JaTKOBO y MarHiTHomy cepenosuini — 3MI (Bapiant 8) o3Hauenuit edekt mie Ginbi nocu-
moeTbes. TOMy BUKOPUCTaHHs TPYO 3 MarHiTHUMH BIacTUBOCTsIME Ta 3MI y pasi posranryBaHHs KOKHOTO
Ka0elo B OKpeMill TpyOi He € NOIIBHUM, 1 Jaji JJIs TaKOTO PO3MIIIEHHS PO3MIIAJAlOThCS 3BUYAMHI MTOJi-
ETHJICHOBI TpyOH 0€3 MarHiTHUX BJIACTHBOCTEH ( Her=1) i 6e3 3MI. Puc. 4, 6 Ta 6 TOKa3yKOTh, IO HasB-

HICTh HACHITHOTO KOMITO3UIIIHHOTO IPYHTY CIIPHE 3MEHIIIEHHIO MarHiTHOTO TTOJISI HaBKOJIO KabemiB (3 9,2 mo
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3,1 MTu) Ta Ha noBepxHi 3emii (3HrkeHHs nons 3 11,1 go 7,6 MxTi) 3a mmpurn HMI /= 0,7 M Ta BHCOTI /&
=0,2 M.

3aJe)KHOCTI MarHiTHOI 1HAYKLIi HAa MOBEPXHI 3eMIi [uis BapiaHnTa 7 (ka0elsli B HEMarHiTHUX TpyOax 3
HMI) Bix Bucot HMI 4 3a pi3zHoi foro mmpunm / okaszano Ha puc. 5. Jlai cBij4aTs npo HaCTyIHE.

HaiiGinbmra eeKTUBHICTh eKpaHyBaHHS MPOSBISETHCS
3a neHoi Bucotu HMI / — B mianaszoni 0,05...0,15 M. Buko- x107° |B|, Tn
PUCTaHHSI BEJIMKOTO 00’€My HACHIIKM HE € JouiabHuM. [losic- Bapianm 7
HEHHS I[bOMY aHAJIOTi4HE 10 MOJAHOI'0 BHILE Ta IpeAcTaBiIe-
HOTO JJaHUMH PUC. 3, a—6.

36inbenns mmpuan HMI [ cipusie 3HauH0 edeKTHB-
HIIIOMY €KpaHyBaHHIO MarHiTHOT'O MOJI.

3a paxynok Bukopuctanus HMI misg po3risHyTHX Ba-
piaHTiB HE BJAETHCSA 3MEHIIMTH PiBEHb MArHITHOTO MOJS Ha
MOBEPXHi 3eMJTi Hik4Ye 6 MK T

VY 3aranpHOMY BHUNAAKY 3HAYCHHS MAarHiTHOI 1HAYKIIil
Ha IOBEPXHI 3eMJjl Haj KabensMu 3ajexaTh BiJ Oararbox | | |
YUHHUKIB: pO3TalllyBaHHs KaOeqiB i, BiAmoBigHo, TpyO (B of- 00 02 04 06 08 10
Hill TUIOIIMHI YM TPUKYTHUKOM), TE€OMETpil MpOKIaTaHHS — Puc. 5
3ariMOJIeHHsT KaOelliB y IPYHT, BIIICTaHI MK HUMH, PO3MIpIB
Tpy©O. [Ipu npomy, sik mokaszanu pe3ysbTaTd MOJEIIOBAHHS, PO3TalllyBaHHS KabeliB B OKpEMHX TpyOax 3 J0-
JATKOBMMH 3ac00aMU €KpaHyBaHHS MEHII €(EKTUBHO y TMOPIBHSAHHI 3 BHKOPUCTAHHSM OJHIET TpyOH st
TPHOX KabeiB.

3 ypaxyBaHHSIM BHSBICHHX OCOOJMBOCTEH Ta 3aKOPJOHHOI MPAKTHKH MPOKIIAJaHHSI BUCOKOBOJBT-
HUX Ka0eliB y TpyOax MpoBeJeHO JOCIHIHKeHHS YMOB, MMOAIOHUX /10 BapiaHTiB 3 Ta 4 (puc. 1), ans xabeniB
Ha Hanpyry 110 kB [30], mwo 3HaxozsThest B 3aranbHiil TpyOl 3 MarHITHUMH BIACTHBOCTSIME ( foy = 100),

MaroTh pajiiyc 25 cM Ta TOBIIUHY 2 cM. Po3paxyHKOBHM HIJISIXOM BU3HAYEHO, IO PO3MOALIH MarHiTHOTO I10-
JIs1 Ta OCHOBHI 3aJIC)KHOCTI € aHANOTIYHUMHU /10 MPEICTABICHUX Ha pHC. 2, 3, a HalO1IbII e)eKTUBHI eKpaHy-
104l MOMKJIMBOCTI peanizyroThes 3a HasHOCTI pazom HMI i 3MI (wwmpunoro [ = 0,7 m; Her = 100) neBHOTO

00cary — 3 BUCOTOIO HAacHIIKH B Mexax /2 = 0,3...0,5 M 3a MakCUMaJbHUX 3HAYCHb MArHiTHOI 1HAYKIII Ha
noBepxHi 3emii Hax kabenmsimu ~0,52 MK To.

Bucnosku. 1. [IpoBeneHo ornsj cy4acHOToO CTaHy B 00JIacTi MPOKIagaHHs CHJIOBUX KaOelliB pi3HUX
KJIaciB Hampyrd B TpyOax Ta moAiOHMX OO HUX 3aMKHEHHX KaOenbHHMX KaHajaxX. CTOCOBHO IIbOTO MOAAHO
iH(pOPMAIIII0 y TAKMX OCHOBHUX HampsMKax: 1) yIOCKOHAJICHHSI MaTepialliB Ui KabeNbHUX TPyO; 2) MoIryk
HOBHUX 3ac00iB eKpaHyBaHHs Ta ClelialbHUX (OpM KaOelpHUX KaHANiB — €KpaHiB 3aKpUTOi KOHQITypamii 3
MaTepiaiiB, [0 MalOTh BUCOKY MarHiTHY MPOHUKHICTH; 3) JOCHTIIKEHHS PO3IOALUTY MarHiTHOTO ToJisi Kabe-
JTBHUX JIHIN 3 ypaxyBaHHSAM €KpaHiB; 4) MPOKIAIaHHS CHIIOBUX KabeliB y MOJICTHICHOBUX TPyOax pa3oM 3
BOJIOKOHHO-ONTUYHUMH MOJYJISIMH ISl MOHITOPUHTY TEXHIYHOT'O CTaHy KaOeJIbHUX CUCTEM.

2. JlochimKkeHO MarHiTHe ToJe Mia3eMHuX Tpuda3sHUX KaOdenbHuX JTiHii Ha Hanpyry 35 ta 110 kB,
kabeni SIKUX MPOKIIafeH! TPUKYTHAKOM, BiJTIOBITHO, B 3arajbHill MOMIETHIICHOBIH TpyOi Ta B TPHOX TPyoOax,
BUTOTOBJICHUX 3 KOMITO3HMIIIHHOTO MarHiTHOTO Martepiaiy, i B CleliallbHOMY HACHITHOMY/3aCHITHOMY TPYHTI,
SIKMA Ma€ MarHiTHI BIACTUBOCTI. 3a pe3yJbTaTaMi KOMI IOTEPHOTO MOJIEIIOBAHHS OUiKY€EThCS, 1[0 BUKOPHUC-
TaHHS JOJJATKOBUX MArHITHHUX I'PYHTIB HalacTh 3MOTY JJs KaOemiB B OfHIN TpyOi JOCATTH B PO3TISTHYTOMY
BUTIJIKy 3MEHIICHHS TOJIsl Ha MIOBEPXHI IPYHTY OuUIbINe, HIXK y 2,5 pas3u (puc. 2), a 32 HasIBHOCTI HACUITHOTO
IPYHTY — €JUHOTO €KPaHyIUOro 3aco0y — AJs KabelliB y TphOX OKpeMHUX TpyOaxX 3HHU3UTH PiBEHb IOJIS A0
1,5...1,8 paziB (puc. 5).

3. IIpoananizoBaHo 0COOIMBOCTI PO3MOMLTY 1 KUTBKICHOTO 3MIHEHHSI MAarHITHOTO TTOJIS KaOeasHOT JIi-
Hil B OTOYYIOUOMY CEpEJOBHUINI Ta B TpyOax 3aJie)KHO BiJl BUCOTH 1 IIMPUHH KOMITO3UIIHHOTO HACHITHO-
r0/3aCUIHOTO IPYHTY. BUsIBIEHO Ta MOsICHEHO, IO 3aHAATO BEJHKI OOCSITH KOMIO3HMLIHHOTO 3aCHITHOTO, a
0COOJIMBO HACHITHOTO TPYHTY, HE 3MOXYTh 3a0€3IIeUYNTH HaWO1IhII0T €EKTUBHOCTI €KpaHyBaHHS MarHiTHO-
r'0 MOJIsl CUJIOBUX KabeniB (puc. 2, 3, 5). [cHyrOTh onTUMalbHI 3HAYCHHS! BUCOTH TaKUX I'PYHTIB 3a]UIs HaiOi-
JBIIOTO 3MEHIIEHHS. MarHiTHOTO MOJIs KabeiB Ha MOBEPXHi 3eMIIi — Y pa3i PO3TISHYTHX BapiaHTIB BHCOTOIO
B cepenaromy 0,1...0,3 M (puc. 2).
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4. Jlns BUIMagKy MPOKIAJaHHS KOXKHOTO 3 TPhOX KabemiB Tpuda3sHuX kaOeldpbHHX JiHIN B OKpeMiit
TpyOi BU3HAUYEHO HeeEeKTUBHICTh 3aCTOCYBaHHS CaMe MarHiTHUX TPyO, a JIUIE OJHOTO HACHITHOTO IPYHTY 3
MarHiTHAMH BJIACTUBOCTSIMH MEBHOT BUCOTH 1 MOOBKEHOI IUPUHH (pUC. 5).

5. [loka3zaHo MepCIeKTHBHICTh PO3MIIIIEHHS] BUCOKOBOJIBTHUX Ka0eliB B OJHIN 3aranbpHii TpyOi 3 Ma-
THITHAMH BJIIACTHBOCTSIMHU 3 OZHOYACHUM BHKOPHCTAaHHSAM HACHITHOTO Ta 3aCHITHOTO KOMITO3HIIITHUX IPYHTIB
JUTst e(DeKTUBHOTO €KpaHyBaHHS MarHiTHOTO MOJIS KaOeIbHUX JIHIH.

Pobomy euxonano 3a memoro « Po3pobka ochos meopii i Memooie 00CHiONCeHHA NIUBY HECUHYCOIOHUX HANDY2
i cmpymie ma SUHUKAIOYUX eNIeKIMPOMePMOOUHAMIYHUX NPOYeCi8 HA HAOIHICMb [ pecypc CYYacHUX KabenbHux aiHitl
eflekmponepeoayi ma Ha eHepeoephekmuHicmy eneKmpPOmMexXHIYHUX YCMAaH08oK pe3oHancHozo munyy (LLugp "Enpec”,
Hepowcasnuii peecmpayivinuti Homep: 0123U100693), KIIKBK 6541030.

POTENTIAL MEANS FOR MITIGATION OF MAGNETIC FIELD GENERATED BY UNDERGROUND
POWER CABLES IN POLYETHYLENE PIPES MADE OF COMPOSITE MAGNETIC MATERIAL

I.M. Kucheriava

Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine.

E-mail: rB.irinan@gmail.com

The magnetic field of the medium- and high-voltage underground power cable line, laid in composite polyethylene pipes
having magnetic properties, with the use of special loose-fill/fill-up soil of different dimensions (bulk) is studied by
computer modeling. The pipes and additional soils around and near the cables are made of a composite material with
effective magnetic properties and can act as a magnetic shield that reduces the level of the field on the ground. The effi-
ciency of field shielding depending on the height and width of the composite loose-fill/fill-up soil is analyzed. The exis-
tence of the optimal not large (in height) fill-up soil for the best mitigation of the magnetic field on the ground directly
above the cables and the influence of the width of the loose-fill/fill-up soils on the shielding efficiency are revealed. The
characteristic features of the magnetic field distribution and the field level depending on the availability or non-
availability of composite loose-fill soil are presented. The advantages of (trefoil) cable arrangement in one pipe with
additional composite loose-fill and fill-up soil are shown. References 30, figures 5.

Key words: underground three-phase cable line, cables laid in pipes, loose-fill/fill-up soil, composite magnetic material,
magnetic field shielding, computer modeling.
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[NEPETBOPEHHS ITAPAMETPIB EJIEKTPUUYHOI EHEPT I

VK 621.314.1 DOI: https://doi.org/10.15407/techned2023.03.013

YMOBM NEPE3APSAJTY KOHIAEHCATOPIB KOMYTYIOUOI JIAHKA TPUDPAZHOI'O
MOCTOBOT'O KOMIIEHCAIIIMHOT' O TIEPETBOPIOBAYA

B.C. boiiko, n0oKkT. TexH. Hayk, O.B. Illkapayn

HTY Ykpainn «KuiBcbkuii nosirexniunmii incturyr iM. Irops Cikopcbkoro»,
np. [lepemoru, 37, Kuis, 03056, Ykpaina.

E-mail: VSBoiko@bigmir.net.

Pospodxka asmopie cnpamosana Ha CcmEOpeHHA CYYACHO20 NPUCMPOIO CUNOBOI ENeKMPOHIKU 3  BUCOKUMU
eHepeeMUYHUMU XAPAKMePUCTUKamu. Y cxemi mpu@azHozo MOCMO8020 KOMREHCAYIIHO20 Nepemeoplosaid poib
KOMYmMamopa 6UKoOHye mpugasua epyna nosuicmio Kepoeanmux npunadie. Taxe mexuiune piwenus oac 3mozy
3a0e3nedumu Keposanuil nepe3apsio KoOHOeHcamopie Komymyrouoi nauku. Ilpu ybomy KiHyesow memor € cmeopeHHs
maxoi Komymyouoi Hanpyau, AKa 3a opmoro i 8eIUYUHOK 30amHa 3a0e3neyumu KOMNeHCAYIiuHULl pexcum pobomu
CUNOBUX eNIeKMPUYHUX 8EHMULIB, MOOMO IXHIO pOOOMY 3 BUNEPEONCAIOUUM KYMOM pecyniosants. Ymoeu nepezapsoy
KOHOEHCamopie KOMYMyHUoi 1aHKU O0CAIONCEHO Y MPbOX PeNCUMAx. pe2ylo8anHs 30ilICHIOEMbCA Y Medcax pobomu
CUNI08020 eNeKMPUYHO20 8eHMUNA C80€I (ha3zu, HacmynHoi ma nonepeouvoi. JJoeedeno, wo mpugasuuii Mocmosuti
nepemeoprogay  30amHull  eheKmusHoO Npaylosamu Y  KOMHEHCAYiliHOMY pedcuMi, AKwo 014 nepe3apsady
KOHOeHcamopHoi bamapei epyna nosHicmio Keposanux npuiadie KOMymymuoi JauKu pe2yIioemspCs y mMexcax poobomu
CUNI0B020 ELeKMPUYHO20 GeHMUIA CBO€l uu HacmynHoi gaszu. [IopieHAHHSA Xapakmepucmux KOMYmylo4oi Hanpyeu 3a
PI3HUX pedcumie iT popmysanHs 30TUCHEHO MemoooM 2apMoHiuHo2o ananizy. bion. 8, puc. 5, Tadi. 2.

Knrouoei cnosa: xouneHcaropHa 6arapest, KOMyTaTop, KOMyTyroua Harlpyra, rapMOHIKH, €IeKTPUYHNUN BEHTHIIb.

Beryn. KowmrmeHcarliiiHi mepeTBoproBadi 3apeKOMeHIyBalu cebe SK BHUCOKOS(EKTHBHI MPHUCTPOL
SHEPTeTUYHOI eIEKTPOHIKY, MPU3HAYCHI I KUBJICHHS TOTYXXHUX CIOKHBAdiB y KOJBOPOBIH MeTamyprii,
XIMIYHMX BUPOOHUIITBAX, €1eKTPH(iIKOBAHOMY TPAHCHOPTI Ta T. iH. XapaKTEPHOIO OCOOJUBICTIO €IEKTPO-
MAarHiTHHUX MPOLECIB, IO MAIOTh MICIIE Y PEKHUMi €JIEKTPOKUBICHHS TAKUMH IIEPETBOPIOBAYAMH, € 0COOIHBI
YMOBH KOMYTAIil CTPyMY CHJIOBUMH €JIEKTPUYHHMHU BEHTIIIIMH. BOHN 31HCHIOIOTH KOMYTAIIIO CTpyMy He
nume 3a paxyHok EPC BTOpuHHIX 00MOTOK NEpEeTBOPIOBATILHOTO TpaHcdopMmaropa, a i 3a 6e3nocepeaHbol
y4acTi OJATKOBOI HAIpyrd, SKa CTBOPIOETHCS B pE3yJIbTaTi mepe3apsay KoHJeHcaTopHoi Oatapei
KOMYTYIOYOI JIaHKH IIepEeTBOpIOBaYa CKJIQJOBUMH CTPyMy HaBaHTaXEHHs Ta Komyrauii. Ilpum mpomy
KOMITCHCAITIiHI TTepeTBOPIOBAYi 37aTHI HE JIWIIe KOMIICHCYBAaTH BIIACHY PEAKTHUBHY €HEprito, a #, y pasi
HEeOoOXiHOCTI, TeHepyBaTH PEaKTUBHY €HEprito y Mmepexy [1, 2, 3].

Komytyroua 1nanka mepmux 3 po3poOneHnx y KuiBChbKOMY TMONITEXHIYHOMY 1HCTHTYTI
KOMITCHCAIIIHHUX TIePEeTBOPIOBAUIB CKIamanacs 3 Tpuda3zHoi KOHIACHCATOPHOI OaTapei Ta Tpuda3zHOTo 3piBHO-
BakyBasibHOTO peaktopa (T3P). [Ipuknan xoMruiekTalii HyJbOBOTO MEPETBOPIOBaYa KOMYTYIOUOIO JIAHKOIO
HaBECHO Ha cxemi puc. 1 [4].

[ToniOHI TexHIYHI pillIeHHS 3aCTOCOBYBAJUCS IHIIUMH aBTOPaMH I TIEPEBOAY Y KOMIEHCAIHHUI
PEXUM pOOOTH MEPETBOPIOBAYIB, peali3oBaHUX 3a IHIIUMH cXeMaMmH [5, 6].

Cepen mpuCTpOiB €HEPreTHYHOI ENIEKTPOHIKH BENUKOI IMOTYKHOCTI, SKi NPaIIolOTh y PEKUMI
BUIIPSIMIIAYA, JIOCUTH NOMUPEHUMH € Ti, JTisl IKUX IPYHTYETHCS HA 3aCTOCYBaHHI TPH(]a3HOi MOCTOBOT CXEMH.
Bona mae 6araro mepeBar mepes OUTBITICTIO BIIOMUAX B EHEPTETUIHIHN SIEKTPOHIIll CXeM, alle He 1mo30aBieHa
i HemonmikiB. OCHOBHHMH 3 HUX IOJISITa€ y TOMY, IO HAaBiTh 3a AiOAHOI peamizaimii Ta poOOTi y pekumi
BUIPSIMIIAYA, BOHA MAa€ HEBUCOKHU KOE(IIIEHT MOTYXHOCTI 3a paXyHOK HECKOMIIEHCOBAHOI MOTYKHOCTI
KOMYTAIIHHOTO TIPOIIECY.

BimoMo, mo crmpoOu TiIBUIIEHHS EHEPreTUYHUX XapaKTePHCTHK TPH(A3HOr0 MOCTOBOTO Iepe-
TBOpIOBaua Manu micue. Hanpukian, y [7] HaBeneHO pe3yabTaTH AOCTiIXKEHb TpHU(a3HOTO MOCTOBOTO Mepe-
TBOpIOBaYa 3 KOHJIEHCATOpAaMH B CHIIOBUX Kojax. [lepeTBoproBau He 3HAWIIOB MPAaKTHYHOTO 3aCTOCYBAHHS
gepe3 HEBUCOKY CHEPreTHYHY €(eKTUBHICTh TEXHITHOTO PIITICHHS.

© boiiko B.C., lkapayn O.B., 2023
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[MuTaHHs M010 KOMILIEKTAIliT Tpr(a3HOrO MOCTOBOTO MEPETBOPIOBAYA KOMYTYIOUOK0 JIaHKOIO0 3 T3P
(sx Ha cxemi puc. 1) He posrsgganocs. OCHOBHOIO TEPENOHOK Oyja HasBHICTH TpUGA3HOTO 3PiBHO-
Ba)XyBAJILHOTO PEakTOpa, TPOMI3IKOr0, BHCOKOBAPTICTHOTO €JIEMEHTa 3 CyTTEBUMHU BTpaTaMy €NEKTPUYHOI
eHeprii. Jlms Takoro BUCOKOTEXHOJIOTIYHOTO pillleHHs, SKUM € Tpu(ha3HUH MOCTOBHI IEPETBOPIOBAY,
3actocyBaHHs T3P ckopimt 3a Bce 0yJ10 HETOPEUHUM.

CyuacHH pO3BUTOK HAITiBIIPOBIIHUKOBOT €JIEMEHTHOT 0a3u MepeTBOPIOBANBHOI TEXHIKU A€ 3MOTY
BUDILIMTH MpobieMy IMepe3apsny KOHICHCATOpHOoi OaTapei y KOMIEHCAaLilHOMY IepeTBoproBaui 0e3
3aCTOCYBaHHS TpHU(Pa3HOTO 3PIBHOBAKYBAIBLHOTO peakropa. OcTaHHIN € TACHBHUM €JIEMEHTOM KOMYTYIOUO1
JIAHKH 1 3aCTOCOBYETHCS JIJISI MOJIUTY BUIIPSMIICHOTO CTPYMY IIEPETBOPIOBaYa HA TPU OJHAKOBI YacTHHHU. [Ipn
bOMY CTBOPIOIOTbCA LUIAXHM Ui TPOXODKEHHS CTpyMiB uepe3 (a3u KOHAEHCAaTOpHOi Oarapei Ta
nepe3apsagy ii. Hampyra ¢a3 xonmeHcatopHoi OaTapei, ska € KOMYTYIOUOK HANPYyTOH IEePETBOPIOBAYA,
3a0e3mnedye KOMIIEHCAIlIHHUN PeKUM HOTO pOOOTH.

CeHc 3actocyBaHHS 3aMicTh Tpu(a3HOTO 3PiBHOBa)KYBaJbHOTO peakTopa TpU(a3HOI TIpynH
MOBHICTIO KepoBaHWX npwianiB (Hanpuknaa, |GBT-tpaH3ucTopiB) momsrae y ToMy, mo0 3a0e3nednTH
KEepOBAHICTh MPOIIECy Tepe3apsay KOHIeHCATOPiB KOMyTyI04oi TaHku. OCHOBHUMH (paKkTOpaMu KEpOBaHOCTI
€ YacToTa NepeMHKaHHS TPAH3UCTOPIB Ta MOMEHT IXHBOT'O BKIIFOUEHHSI BiTHOCHO 1HTEpBaTy POOOTH CHIOBUX
CJIEKTPUYHUX BEHTHIIB (a3 mepeTBoproBada. OCHOBHHM pPe3yJIbTaTOM KEPOBAHOCTI MpOLECY IMepe3apsiry
KOHJ/ICHCATOPiB KOMYTYIO4Oi JIaHKH € (POopMyBaHHS KOMYTYHOUOI HAmpyrd, SKa 3a CBOE€r (opMOrO i
BEJIMUMHOIO 3/1aTHA 3a0€3MeYNTH KOMIICHCALIMHUI peXUM POOOTH MePETBOPIOBaYA.

ABTOpaMH 3amaTeHTOBAaHO [IBAa BapiaHTH IMEpPeBOAY TpH(a3HOr0O MOCTOBOTO IEpEeTBOpIOBaYa y
KOMIEeHCaliHHUN pexkuM pobotu [8]. OauH 3 MOXKIMBUX BapiaHTIB HaBeleHO Ha cxewmi puc. 2. lle cxema
TpU(a3HOTO MOCTOBOTO KOMITEHCAIIIHOTO TTEPETBOPIOBaYA 3 OJHIEI0 KOMYTYIOUOIO JIAHKOIO. [HITHiT BapiaHT
— cxemMa 3 JBOMa KOMYTyrouuMu JiaHkamu. OCKiIBKM B 000X BapiaHTax Tpu(pa3HOTO MOCTOBOTO
KOMIICHCAIlIHHOTO MepeTBOprOBayda mporiec (GopMyBaHHS KOMYTYIOYOi HAPYTH OJHAKOBHMA, Y TONATBIIOMY
JTOCITIKY€E€TBCS TIPOIIEC TTepe3apsay KOHIEHCATOPIB KOMYTYIOUOi JaHKH y TIEpETBOPIOBAYi, peali30BaHOMY 3a
CXEeMOI0 puc. 2.

>

B c

A B C
LE—? —_—TTp

VT1
g g ﬁ VD1 VD4
L L1
N < <
VD1-f-vD2 ¥-vD3 Yot YvosYvos T2 LC1
6% VD2 VD5
O X X
IIC 1 Ilc2 Il':3 ::CZ
I 1t IF | VT3
695 VD3 VD6
< <
T3p =C3 .
L H Ld
+ =D
Puc. 1 Puc. 2

Take TexHIYHE PIICHHSA TMOJSIrae y TMepeBOJi OAHiel 3 TpH(a3HUX IPYN CHIOBHX EICKTPUIHUX
BEHTWIIB y KOMIIEHCAlliiHuK pexxuMm pobotu. KomyTyrowa laHka mepeTBOproBada 3a CXEMOK puc. 2
cKiIajgaeThes 3 TpuaszHoi KOHIAeHcAaTOpHOI Oarapei Ta TpudazHOi TPyNU MOBHICTIO KEPOBaHMUX MpPUIALiB.
[epeTBOprOBaY MPAIIOE Y PEIKUMI BUIIPSIMIISTYA.

Meta po6oTrn. Ha ocHOBI aHamizy BeIWYWHU i HOPMH KOMYTYIOUOI HANPYTH 3POOUTH BHUCHOBOK
HIO/I0 PEXXKHUMIB KEPYBaHHS Iepe3apsioM KOMYTYIOUMX KOHACHCATOPIB, EPCIICKTUBHUX ISl 3aCTOCYBaHHS
Oi yac TpakTUYHOI peajizawii mepeTBOpIOBaviB 3a PO3POOJEHOI0 aBTOPaMH CXEMOI0 TpH]a3HOTo
MOCTOBOTI'O KOMITCHCAIIIHHOTO TIEPEeTBOPIOBaYa 3 KOMYTYIOUOIO JIAHKOIO, IO MICTUTh TpH(asHy TpyITy
MOBHICTIO KEPOBAHUX MPHUIIAIIB.

Pesynomamu docnidoicenv. AHani3 MPOBEACHO 3a CHPOLICHUX YMOB, KOJIU HEXTYIOTbCA 1HAYKTHUBHI
OTOPH KOJIa 3MiHHOTO CTPYMY Ta aKTHBHI OTIOPU 00JIaJHAHHS MEPETBOPIOBAYA 1 ONIMHOBKH, a 1HIYKTUBHICTh
3MIaJPKYBAIBHOTO JIPOCENsl Y KOJII HABAaHTA)KEHHS BBAXKAETHCS HECKIHUYCHHO BEIHKOK. 3a TaKUX yMOB
KOMYTalisl CTPyMy CHJIOBHMH EJIEKTPUYHHMHU BEHTWISIMH BBaXKA€TbCA MPAKTHYHO MHUTTEBOIO. Takox He
PO3MIIAZANOCs TMUTAHHS IMOMO BIUIMBY IHAYKTHBHOCTI KOJIa HABAaHTAXCHHS Ha Tpouec (HopMyBaHHS
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KOMYTYI04Oi Hanpyru. Y JOCTIDKEHHI TaKOXX BBaKAJIOCSH, IO CTPYM CHJIOBHX €JICKTPUYHUX BEHTHIIIB B
IHTepBaJIi IXHBOI POOOTH € i/ICATbHO 3TIAKSHUM.
Cucrema EPC Ttpudasnoro mneperBoproBanbHoro TpaHcopmatopa (TTp) € cranmapTHOIO
TpU(a3HOIO CHCTEMOIO TIPSIMOTO YepryBaHHs (a3
e,=E sin(3+x/6+y);
e, =E sin(3-7x/2+y); (1)
e.=E, sin(3+57/6+y),
ne E — ammiityna BropunHOI (hazHoi EPC meperBoproBansHOTO Tpancdopmaropa; 3 — MoTo4YHa 3MiHHA; Y

— 1mo4JaTKoBa (aza HANPYTH IIiJ] Yac BKIIOYCHHS BEHTHIIS.

Hiogu anoxnoi rpynu VD4, VD5 i VD6 BctynatoTe B poOOTy OOMH pa3 3a MepioA i MpOBOASATH
CTPYM TIPOTATOM OJIHiI€l TPETUHH TMEpiofy HAIpyrd Mepexi >KuBieHHsA. Kowmyrtaris ctpymy miofiB
3MIHCHIOETHCS JIIHIHHOIO HAMMPYTOI0 BTOPUHHOT 0OMOTKH TTEPETBOPIOBAIBHOTO TpaHCHOpMaTopa.

OCKiIbKH KOMIIGHCALIHHUH TepeTBOPIOBaY, 10 TOCTIKYEThCS, MICTUTh OJHY KOMYTYIOUY JIaHKY,
HiAKIIOYEHY 10 eNeKTPUYHUX BEHTHJIIB KaTOJHOI YaCTHHM IIEPETBOPIOBAaYa, TO TUIBKM BOHM NPALIOIOTH Y
KOMITCHCALIIHHOMY PEXHMi i MAlOTh BHIIEPEIKAIOUHiT KyT PEry/IIOBAHHS. MIOro BeTHYrHa, SK 1 eHepreTHdHi
MOKa3HUKU TPH(Pa3HOr0 MOCTOBOTO KOMITCHCAIIITHOTO MEpEeTBOPIOBaYa, 3aJICKUTh BiJl BEIHMYMHU 1 (HOpMH
KOMYTYIOUOi HampyTd, OOCTIDKEHHS mpouecy (OpMyBaHHS SIKOi 1 CKJIaZa€ OCHOBHHMU 3MICT JaHOI
myOJTikarii.

TexHiyHa BIAMIHHICTH MEPETBOPIOBAYIB HOBOT'O TMOKOJIHHS TOJISATae y 3aMiHi TpU(a3HOTO 3pIBHO-
Ba)XyBAJILHOTO peakTopa TpU(a3HOIO IPyNoi0 MOBHICTIO KEPOBAHUX MPHIAAIB. | SKIIO METOIO € JOBEIEHHS
JOLUTBHOCTI TAKOTO TEXHIYHOTO PIllIeHHsI, TO MOPiBHIOBATH MOTPIOHO HE JIHIE KPUBI KOMYTYHOUOI HAIPYTH
3a PI3HUX PEKHUMIB POOOTH pO3pOOIECHOTO TIEPETBOPIOBaYa Mk 00010, a i 3 KPUBOIO KOMYTYIOUOi1 HAIIPYTH
y TEepeTBOPIOBaYil MOMEPETHHOTO MOKONIHHS, ONU3bKUM 3a TPOILIECOM Iepe3apsy KOHICHCATOPIB Yy
NEepEeTBOPIOBAYI 3a CXEMOIO pHC. 2.

Tox cro4aTky NpuITyCTUMO, L0 Y AOCIIKYBaHOMY [IEPETBOPIOBAaYl KOMYTY0Ua JIAHKA CKIAa€ThCs
3 TpuazHoi KoHIeHcaTOpHOT OaTapei i Tpr(azHOTO 3piBHOBAKYBAJIBHOTO peakTopa. Buxosuu 3 anropurmy
KOMYTalii CHJIOBHUX €NEKTPUYHHMX BEHTHIIIB KaTOAHOI Tpymu, Akui 3amaeTbes cuctemoio EPC BropmHHOI
OOMOTKHM TIEpEeTBOPIOBAIBHOIO TpaHchopMaTopa i KOMYTYIOUOIO HAIpyrol KOHAEHCATOPiB KOMYTYHOUOI
JIaHKHW, cTpyM (a3 KOHACHCATOPHOI Oarapei mMae Ha mepioji Tpu iHTepBaiM. SIKIIO 3a MOYATOK BiJUTIKY
NpUHHATH MOMEHT BCTymy B poOoty mioma VD1 ¢as3u 4 min gac mepexomy ctpymy 3 BeHTwiss VD3 Ha
BeHTWIb VDI, cnig posrmsmatu gopmyBaHHS KoMyTyiodoi Hampyru ¢asum C3 xoHaeHcaTopHoi Oataped,
OCKIJTBKH SIKpa3 BOHA Oepe y4acTh Y KOMyTaIliifHOMY TIPOIIeCi.

AHamiTHYHUHA  PO3paxyHOK KpPHBOi KOMYTYIOUOi Hampyrd 3a IHTepBIaMH  31HCHHUMO,
BUKOPHUCTOBYIOUH CITiBBiZIHOLICHHS

1t
Ue =E'([lcdl9+uc(0)_ )

KinbkicTh iHTEpBaJiB KPUBOi KOMYTYIOHOI HANpyrd TaKa XK, K 1 KUIBKICTh IHTEpBANIiB KPHUBOT
CTpyMy
LintepBan: i, =—1,/3, 0<9<2x/3;

1 ¢ I, I,
e =— ! (=) +uc(0) =~ 8+ u . (0). 3)
2rl,
B kinui intepsany 3a 3 =27/3, Ucay = el +u¢(0).
Il inrepBain: i, =0, 0<9<27x/3;
1 ¢ 27l
Ucpy = E_([icdlg tUcqy = _Ké +u.(0)= Ucoyk . 4
Il inTepBan: i. =1,/3, 0<9<27x/3;
1 ¢1 I 27l
Uy =— | —dG+u =—4_9-""9 1y (0).
c@3) a)C'([ 3 cok T3 o 99%C <(0) %)
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B kinmi inteppany 3a 9 =27/3, Ucai =Uc(0).
ITouaTkoBe 3Ha4YeHHA KpHUBOi KOMyTyro4oi Hampyru u.(0) po3paxyemo, BHUXOASYM 3 TOTO, IO
cepelHe 3HaueHHs KpUBOi u.(¥) Ha mepiofi JopiBHIOE Hymo. [Ipu nboMy oTpumaemMo
uc()=4 2% ©)
30C 9
Takum xe € 1 MakcuMalbHe 3HaueHHs KpuBoi U, ($). Buxonsauu 3 (3) — (5), ii popma focuts mpocra.

Ha mepmriif TpeTwHi mepiogy BOHA 3MEHINYETHCS Bill JOJATHOTO MaKCHMAJIBHOTO 3HAYEHHS 10 IMOJIOBUHHU
HOro BiJi’€MHOTO 3HA4YEHHS, HA JIPYTill TPETHHI Nepioy He 3MIHIOEThCS, a Ha TPETild — 3pOCTa€e A0 TOJATHOTO
MaKCHMaJIbHOTO 3HAUYEHHS.
IlopiBHSAHHA BeMWYMHU 1 (OPMH KOMYTYIOUOi HANpyTd KOMIICHCAIIMHUX IIEPETBOPIOBAYIB
MOTEPEAHBOTO TIOKOJIIHHS 1 HOBOTO MTPOBEIEMO, 3aCTOCOBYIOYH METO] TApPMOHIYHOTO aHAIli3Yy.
BukopuctoByroun (3) — (5), 3aKOHOMIpHICTh 3MiHH KPHBOi KOMYTYIOUOi HAIIPyTH IO iHTEepBajax Ha
TIEPio/i YACTOTH MEPEXKi KHUBIICHHS 3aMHUILIEMO TaK:

) uc,(3)=umc(1—4is), 0<9<27/3;
T

M) u,($=-U,, /2, 2w /3<9<4rx/3;

1) u,,, ($) = Umc( 9 3.5), 4r/3<9<2rx.

Koe(biuie}m/l pany KOCHHyca
27/3 4r/3 2z

=— j U (9)cosk 9d 9=— j e, (9)cosk 3d 9+ — ! [ uen (9)cosk 9d 9+ [ e (Hcosk 9d 9.
7 2x/3 4r/3
3I[II/ICHI/IBHII/I lHTeFPYBaHHH, OTpI/IMaEMO
o, .
4 2 2
3 0CTaHHBOT'O BUIIJIMBAE, 110 K06(1)1H1€HTI/I psAAy KOCHHYCa FapMOHlK KpaTHHUX TPbOM HEC MiCTSITL. I[J'ISI

a, =

—mC (2- coskT—co k—) (7

.. . 2z 4z
TapMOHIK HITUX TOPS/IKIB, BPaXOBYIOUH, 1[0 —COS kT —Ccos kT =1,

270, 1 1
a =—75=—-1,—. 8
Y4kt okt oC ®
Koe(biuieHTI/I psAny cuHyca
27/3 47/3 2z

== j u.(9)sink 9d 9= — j ., (9)sink 9d 9+ j ey (9)sink 9d 9+~ [ tte (Hsink 9d.8.
2;[/3 4rz/3
3I[iI/ICHI/IBIHI/I IHTETpYBaHHS, OTPUMAEMO

bk 9 Um C

4 2k2
KpuBa HE MiCTHTh TAPMOHIK psIly CHHYCA.
Axkmo 6 y KOMyTyrodid JaHmi TpugazHOTO MOCTOBOTO KOMIIEHCAIIHHOTO TepeTBOpIoBaya
3aCTOCOBYBaBCs TpU(a3HUIl 3piBHOBaXKYBAILHUI peakTop, TO (opma KpUBOi KOMYTYIO4Oi Harmpyru Oyna 6
HE3MIHHOIO 3 KOE(IIIEHTOM rapMOHIK K, =0.267 | MAKCUMAJIbHUM 3HAYCHHSIM 3a BUPa3oM (6).

— (- ska—smk—) 0. )]

VY KOMIEHCAI[ITHUX TepeTBOPIOBaYaX HOBOTO TOKOJIHHS HAa BEIHYUHY 1 (GOpMy KOMYTYHOUOi
HaIllpyTH BIUIMBAIOTh Taki ()aKTOPW SK MOMEHT BKJIIOYCHHS B POOOTY IOBHICTIO KEPOBAHMX IPHIAIIB
KOMYTYIOYOi JIaHKH Ta Jiala3oH peryjroBaHHsA. ToMmy MOCTIIKEHHS yMOB Iepe3apsily KOHIEHCATOPiB
KOMYTYIOUOT JJaHKH MIEPETBOPIOBaYa 38 CXEMOIO PHC. 2 MOAITICHO HA TPH PEKUMU:

®  peryIioBaHHA 3IiMCHIOETBCS Y MEKaX POOOTH CHIIOBOTO €IEKTPUYHOTO BEHTHIIS CBOET (as3y;
®  perymoBaHHA 3IIMCHIOETBCS Y MeKaX POOOTH CHIIOBOTO €NEKTPUYHOTO BEHTHIISI HACTYIIHOT (a3u;
®  perymioBaHHA 3IIMCHIOETBCS Y MeKaX pOOOTH CHIIOBOTO €JIEKTPUYHOTO BEHTHIISI MTONIEPEHBO1 (a3u.

BenuurHa KOMYTYIOUOi HAMPYTH 3aJIEXKHUTh BiJl eMHOCTI (ha3u KOHIEHCATOPHOT OaTapei KOMyTYH04Oi
JaHKH 1 BEJIMYMHU CTPyMy HaBaHTaXeHHS. (751 00’€KTHBHOTO TMOPIBHSHHS pPE3yNbTaTiB AOCIHIIKEHb Y
pi3HUX pexkuMax poOOTH MepeTBOPIOBAYA 11l BETMYMHU BBRKAIOTHCSA HE3MiHHUMH.
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Pezynioeanns y mexycax pobomu cuiogozo e1eKmpuuHozo 6eHmusA ceoci ghazu.

3a mOYaTOK BIUTIKY TaKOX TNPHUHSATO MOMEHT BCTymy B poboty nmioma VD1 ¢dasum A mig yac
nepexony crpymy 3 BeHTWwIst VD3 Ha BeHTune VDI. OCKiIbKH pPO3TISNAETHCS PEKUM PEryJIOBaHHS
MOMEHTY BCTYIy B po0oTy Tpan3uctopa VT1 koMyTyrouoi TaHKH B MeXax PoOOTH CHIIOBOTO €EKTPUYHOTO
BeHTWIT VD1, miama3oH peryifoBaHHS CKIaJa€ TPETHHY Mepioxy. IHImmMMH ciaoBamu, 3aTpUMKa MOMEHTY
BCTymy B poboTty VT1 3HaX0muThCsA B MeXax 0<9<27x/3.

Hexait @ =7 /3. Buxoasuu 3 anroputMy KOMyTalii CTpyMYy CHJIOBUMH €JICKTPHYHHUMHU BEHTHIISIMHU
Ta MOMEHTY BKJIIOUEHHSI TPAH3HCTOPIB KOMYTYIOUOi JaHKH, CTPYM a3y KOHAEHCATOpHOI OaTapel mpoTsarom
nepiofxy Mae 6 iHTEpBAJIiB 3 Pi3HOIO 3aKOHOMIPHICTIO 3MiHHU. BiqnoBinHO, i KOMyTyIO4a Hampyra Ha mepiofi
MaTHMe TaKy X KiTbKiCTh iHTepBaiB. [i po3paxyHoK 3a criBBiqHOIIEHHAM (2) 1a€ HACTYITHHIA PE3yIbTAT:

Linrepan: i, =1,/3, 0<8<x/3;

Id
3wC

1 €1
e =— ! (?d)ds +1u,(0) = +u,(0).

oo I
B kiuui inteppany 3a $=7/3, u, =ﬁ+uc(0).
Il intepBan: i, =0, 0<9<7x/3;
1%
uc(z) :_C_([lcd‘9+”0(1)k zﬁ
II intepBan: i, =-21,/3, 0<9<x/3;

+u.(0)= Ucyk-

1 ¢ 21, 21, I,
e =—~ { (-Gt == L9+ T (0).
I
B xinui intepBany 3a $=7/3, uc s, = —ﬁJruc(O).
IV inrepBan: i, =0, 0<9<7/3;
17
Ucy = Ejlcd'g tUcay = _ﬁ"' u-(0)= Ucayk-
0
VinrepBan: i.=1,/3, 0<9<x/3;
1 ¢1, I, I,
Mc(5) :E'([?dlg—i_uCM)k 2%19 —W'F I/IC(O)

B xinui intepBany 3a $=7/3, uc s, =uc(0).

VlintepBan: i, =0, 0<4<7x/3;
1t
oo = ! icd 9+, =uc(0).
B xinui intepBany 3a $=7/3, uc ), =u-(0).

Buxonsuu 3 TOTO, 0 CepeiHE 3HAUEHHS KpUBOI u.($) Ha mepioii AOPIBHIOE HYIIO, OTPUMAEMO

. I
u.(0)=0. MakcumanbHe 3Ha4EHHS KOMyTyouoi Hanpyru U, . =—*4

-6 y 4aci 30iraeTbcsi 3 MOYATKOM

koMyTaii 3 Bentuns VD3 na Bentuns VDI, Ii Haii6insure 3snauenns 6yne 3a @ =27 /3, T106TO0
1, 2r (10)
c~ BEPE
" 3wC 3
VY3aranbHEHO 3aKOHOMIPHICTh 3MIHM KpHUBOI KOMYTYIOHOI HAampyrd IO IHTepBaJlax Ha Mepiofi
YaCTOTH MEPEXKi KHUBJICHHS 3aIHUIIEMO TaK:

) uc,(9)=U,,,C(1—§19), 0<9<0:
mu,H=-U,., 0<8<2x/3,;
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1T uc,,,(g)zUmC(%Q—i—Z—l), 20/3<9<(27/3+6);
V) u,, (9)=0, (2z/3+0)<9<4r/3;
V) uCV(s)zvmc(%y—j—Z), A7 /3<9<(4r/3+0);

VD u.,(H=U,., @r/3+0)<9<2r.

BinmoBigHO 10 HaBeneHWX BUIIE PIBHSAHB, PHC. 3 LTIOCTPYE NUHAMIKY 3MIHH BEJWYMHH 1 (GOpMHU
KOMYTYIOUO1 HallpyTH y pa3i 3MiHM MOMEHTY BCTyIy B poOoTy Tpanzuctopa VT1 B niamazoni 0<0<2x/3.
3a @ =0 cTpyM 4yepe3 KOHACHCATOPU HE MPOXOIUThH 1 KOMYTYIO4a Hampyra AopiBHIoe Hyt0. [To mipi

3pOCTaHHS 3aTPUMKH 6 BEIWYMHA KOMYTYIOUOi HAIpyTH
e 0eoms  SOUIBIIYETHCS. .
/ - IIpencraBumo kpuBi puc. 3 pagom Dyp’e.
=1L ..
KoeoimienTn psgy kocuHyca

O=n/3 127r 1 9
o a=— [uc(9)cosk 9d g =;[Iuc1(3)cosk9d9 +
@ 0 0
0| 2n/3 i3 P 27/3 27/3+0
+ [ uey ($cosk 8d 9+ [ uey(9)cosk 9d g+
o 2x/3
47/3 47/3+60
+ j U,y (9)cosk 9d 9+ j Uy (F)cosk 9d 9+
27/3+60 47/3
2r
Puc. 3 + I Upy (F)cosk 3d 3.
47/3+6

3aificHUBINY IHTETPYBaHHS, OTPUMAEMO
2 1 2 2 4z 4
=——+——[-2coskf — cosk— +cosk(—+ ) —cosk— +cosk(— + 0)]. (11)
7ok” 7Ok 3 3 3 3
3 OCTaHHBOTO BHIUIMBAE, MIO KOEQIiEHTH PsIly KOCHHYCa TapMOHIK KpaTHHUX TPbOM HE MICTSTb.
Ypaxoytouw (8), A7t TApMOHIK IHIIUX TOPSIIKIB OTPUMAEMO

ﬂ01k2 [3—2cosk¢9+cosk(2§+¢9)+cosk(4Tﬂ+¢9)]. (12)

a;

a, =

- 1°F :
Koediuientu pany cunyca b, =— j u.($)sink $d 9.
7 0

3niCHUBILIY 1HTETPYBaHHS, OTPUMAEMO
b, =%[—zmke—sinkz—”+sink(2—”+e) sink 27 4 sink(27 4 0)).
70k 3 3 3 3

3 OCTaHHBOTO BUIUIMBAE, IO 1 KOeDIIiEHTH psAIy CHHYyca TapMOHIK KPaTHHUX TPHOM HE MICTSTh.
Bpaxosytoun (9), A rapMOHIK iHIIUX TOPSIKIB OTPUMAEMO

1 27 4
b, =——[-2sin k@ + sin k(— + 0) + sin k(— + 0)]. 13
s ﬁekz[ (3 ) (3 )] (13)

Kpugsi puc. 4 mokasyrTb, 110 y pa3i 3MiHU MOMEHTY BKJIFOUEHHsI TPaH3UCTOpa KOMYyTYro4oi Janku VT1
B Meax poOOTH CHJIOBOTO €JIEKTPUYHOro BeHTWwIs1 VD1, 3MIHIOEThCS K BEIMUMHA KOMYTYHOUOI HAaIIPyTH, TaK
111 ¢popma. 'apMOHiIUHMI CKIIa[ KPUBUX KOMYTYIOUOi HAPYTH AJIs ACSKUX 3Ha4eHb 6 HaBeaeHo y Tadm. 1.
Taoauns 1

0 O=m/6 O=r/3 O=m/2
rap ay bk Ak ay bk Ak (273 bk Ak
1 0.244 | -0.912 0.944 0.456 -0.790 0.912 0.608 -0.608 0.860
2 0.228 | -0.395 0.456 0.342 -0.197 0.395 0.304 0.000 0.304
4 0.171 -0.099 0.197 0.085 0.049 0.099 0.000 0.000 0.000
5 0.136 | -0.036 0.141 0.018 0.032 0.036 0.024 -0.024 0.034
7 0.069 0.019 0.072 0.009 -0.016 0.019 0.012 0.012 0.018
8 0.043 0.025 0.049 0.021 -0.012 0.025 0.000 0.000 0.000
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Pezyniosanns y mexycax pooomu cuno6020 e1eKmpuiHoz0 6eHmMuns HaAcCmynnoi gasu.

Pobota meperBoproBada y mepmioMy 3 AOCIHIIKYBAHHUX PEKHUMIB TPOJOBKYBATHMETHCS, JOTIOKU
3aTpUMKa BKJIFOYEHHS B poOoTy Tpan3ucropa VT1 He pocsrae Beauuunu 0 =27/3.

SIKII0 BeMMUMHY 3aTPUMKH MOMEHTY BKJIFOUEHHS TPAH3UCTOPa KOMYTYIOUOI JIaHKH 301JIbIIYBAaTH, TO
CTpyM (a3u KOHJeHcaTOpHOI Oarapei 3MiHIOBaTUMETHCS 3a (POpPMOIO, TaKOXXK Ha MEpioAl MaTHUME IIiCTbh
IHTEepBaJiB, ajie IHTepPBaJIiB 3 HyJIbOBUM 3HaUEHHSIM He Oy/Ie.

3acToCyBaBIIM TakKy K METOAWKY IOCHTIDKEHHS K 1 y MEPIIOMY PEKHMI, 3aIUIIeMO aHATITHIHO
(hopMy KpHBOi KOMYTYIOUO1 HAPYTH MO AUTSIHKAX MEepiojy Ta MPeICTaBuMO ITUHAMIKY ii 3MiHU TpadiuyHo Ha
puc. 4.

IToganHs KpUBHX KOMYTYIOUOi HanmpyTu psgoM Dyp’e mokasye, mo KoedilieHTH psAxy KOCHHYyca i
CHHYCa TapPMOHIK KPaTHHX TPbOM HE MiCTATh. J{JIsi TapMOHIK 1HINX MOPSIAKIB OTPUMAHO

3 2 4r
a, =————[3+cosk@ —2cosk(— + O) +cosk(— + )] ; 14
k 2ﬁzkz[ ( 3 ) ( 3 )] (14)

3 27 4
b, =———[sin k@ —sin k(— + @) + sin k(— + 8)]. 15
=5 [sinkd —sin k(S + 0) +sink(=+ )] (15)

Kpusi puc. 4 mokasyiors, 110 y pas3i 3MiHH MOMEHTY BKJIIOYEHHS TPAH3UCTOPAa KOMYTYIOUOI JIAHKU
VT1 B Mexax poOOTH CHIIOBOTO €NEKTPUYHOIO BeHTHIIsE VD2 MakcuManbHe 3HaYeHHS! KPUBOiI KOMYTYIOUO1
HaNpyru HE 3MIHIOETHCS, 3MIHIOETHCS Jnie ii Gopma. ['apMOHIUHUI CcKllaa KpUBUX KOMYTYIOUOI Hampyrd
JUTSL SSIKUX 3HaYeHb & HaBeleHO y TalI. 2.

Taoaunsa 2
O=7/6 O=r/3 O=rm/2
rapm. (273 bk Ak ay bk Ak (273 bk Ak
1 0.851 -0.228 0.881 0.912 0.000 0912 0.851 0.228 0.881
2 0.057 0.099 0.114 0.000 0.000 0.000 0.057 -0.099 0.114
4 0.043 0.025 0.049 0.000 0.000 0.000 0.043 -0.025 0.049
5 0.002 -0.009 0.009 0.036 0.000 0.036 0.002 0.009 0.009
7 0.001 0.005 0.005 0.019 0.000 0.019 0.001 -0.005 0.005
8 0.011 -0.006 0.012 0.000 0.000 0.000 0.011 0.006 0.012

Pezynrosanna y mexcax pooomu cunoeozo en1eKmpudHoz0 6eHmMuU1A nonepeonsoi gaszu.

3acTOCYEMO TaKy X METOAMKY aHaNi3y, IO 1 y JABOX MONEPENHIX PeXHMaX, OCKUIBKH 1 Y HbOMY
pexxumi cTpyM (a3um KOHIAEHcaTOpHOI OaTapel Mae Ha mepiofi IWicTh iHTepBadiB. Po3paxyemMo komyTyrody
HaATNPyTy 32 OKPEMHMH IHTEepBaJIaMHU 1 MOOYAYEMO pHUC. 5, KW LIIOCTPy€e AWMHAMIKY 3MIHH BEIWYWHH i
(hopMH KOMYTYIOUOi HAmpyrd y paszi 3MiHM MOMEHTY BCTYIy B po0OoTy Tpansuctopa VT1 B miama3oni
0<6<27/3.

O=m/6

B=m/3

1 O=m/2
7 2113 / ¢

413 2

(=]

Puc. 4 Puc. 5

ISSN 1607-7970. Texu. enexkmpoounamixa. 2023. Ne 3 19



[Nomanus kpuBux puc. 5 pagom Pyp’e nmokasye, M0 IXHIA TAPMOHIYHUHN CKJIaJl HE MiCTUTh TAPMOHIK
KpaTHUX TPhOM. [ TapMOHIK IHINMX MOPSIKIB OTPUMAHO HACTYITHI y3arajibHEHI BHpa3u Ui PO3PaXyHKY
KoeiLieHTIB Iy KOCHHYCA 1 CHHYca

a, = 1 2[3+cosk0+cosk(2—7r+‘9)—2C05k(4_ﬁ+9)]; (16)
Ok 3 3
b —L[sink0+sink(2—ﬂ+6)—2sink(4—”+¢9)] 17)
) 3 3 '

BimzHauumo TakoX, 10 MOAIOHO J0 MEPIIOro 3 AOCTIKCHUX PEKUMIB POOOTH MEpeTBOproBayda y
pa3i 3MiHM MOMEHTY BKIIIOUEHHS TPaH3UCTOpa KOMYTyK4oi jaHku VTl B Mexax poOOTH CHIIOBOTO
€JEKTPUYHOTO BeHTHIT VD3 3MiHIOEThCS SIK BEIMYMHA KOMYTYIOYOi HANPyTH, TakK 1 ii popma. ["apMonridHmI
CKJIaJl KpUBUX KOMYTYIOYOI HAMPYTH OJM3bKUHN JI0 MOKA3HUKIB MEPIIOr0 PEXKUMY.

BucHoBKkH.

[IpoBeneHe MOCHIMKEHHS CTOCYEThCS yMOB (OPMYBaHHS KOMYTYIOYOi Hampyrd TpudasHOTO
MOCTOBOT'O KOMIICHCAIIHOTO TMEepEeTBOPIOBaYa, MOBHICTIO KEpPOBaHI MpHIAId KOMYTYIOUOI JIAHKH SIKOTO
MalOTh OJIMHAPHY YACTOTY KEPYBaHHS 1 MPAIOIOTh MPOTATOM TPETUHU Tepioay. AHaN3 OTPUMaHUX
pe3yNbTaTIiB MOKa3y€e MOIIBHICTh 3aCTOCYBaHHS TAKUX PEKUMIB poOOTH MEPETBOPIOBAYA, Y SIKUX MTOBHICTIO
KEepPOBaHI MPUCTPOI KOMYTYIOUOI JJAHKH PETYINIOIOTECA B MeXaxX poOOTH CHIIOBOTO E€NEKTPHYHOI'O BEHTHIISA
CBOET YK HACTYMHOI (a3u.

SKIo miana3oH peryyoBaHHS 3HAXOAMTHCA B MEXKaX POOOTH CHIIOBOTO EICKTPUYHOTO BEHTHIIS
cBoe€l (hazm, TO 3MiHA KyTa 3aTPUMKH BCTYITy B POOOTY TpaH3WMCTOpa KoMmyTylodoi jaHku Big 0 mo 2m/3
NPU3BOJAUTH N0 3MiHM SK (OpMH, Tak 1 BEIMYMHH KOMYTYIO4Oi Hampyru. Bona 3pocrae Bin Hyns 10
MaKCHUMAaJIbHO MOXKIIMBOTO 3HAUEHHS BiAMOBiaHO Bupasy (10).

SKImo nmianazoH peryiioBaHHS 3HAXOAWTHCA Y MeEXax POOOTH CHIIOBOTO EJIEKTPUYHOTO BEHTHIISL
HacTymHOi (a3u, hopmMa KOMYTaIliiHOI HAPYTH 3MIHIOETHCS, a il MaKCUMaIbHE 3HAYCHHSI HE 3MIHIOETHCS 1
po3paxoByeTbes 3a Bupazom (10).
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CONDITIONS FOR RECHARGING THE CAPACITORS OF THE COMMUTATING DEVICE
OF A THREE-PHASE BRIDGE COMPENSATION CONVERTER

V.S. Boiko, O.V. Shkardun

National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»,
37, Peremohy Ave., Kyiv, 03056, Ukraine.

E-mail: VSBoiko@bigmir.net.

The development of the authors is aimed at creating a modern power electronics device with high energy
characteristics. In the scheme of a three-phase bridge compensation converter, the role of the commutator is a
performed by a three-phase group of fully controlled devices. This technical solution allows for controlled recharging
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of the commutating link capacitors. In this case, the ultimate goal is to create such conditions for the formation of a
commutating voltage, which, in shape and magnitude, is capable of providing a compensation mode of operation of
power electric diodes. The conditions for recharging the capacitors of the commutating link were studied in three
modes: the adjustment is carried out within the limits of the operation of the diodes of its phase, the next and the
previous one. The conditions under which a three-phase bridge converter is able to operate effectively in a
compensation mode are proved. To do this, when recharging the capacitor bank, a group of fully controlled devices of
the commutated link must be regulated within the operation of the power electric diode of its own or subsequent phase.
Comparison of the characteristics of the commutating voltage for different modes of its formation is carried out by the
method of harmonic analysis. References 8, figures 5, tables 2.

Keywords: capacitor battery, commutating, commutating voltage, harmonics, electric diod.
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SIMULATION AND EXPERIMENTAL INVESTIGATION OF DUAL THREE-PHASE
BLDC MOTOR OPERATION AT IMBALANCED MODULAR LOADING
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Electric machines built according to the modular principle — with several three-phase windings on a stator — are a new
direction of modern electromechanics, because they have a number of advantages compared to traditional single-
winding machines. Among these benefits, the most important are increased efficiency and fault tolerance, which is
especially important for self-powered electric vehicles. However, the presence of a mutual magnetic coupling between
the modules, as well as their unequal electrical load, amplify the electromagnetic torque ripple inherent in one or
another electric drive system. In this work, the electromagnetic torque ripples in a dual three-phase (DTP) brushless
DC motor (BLDCM) under different loads of its modules were investigated for the cases of absence and presence of
mutual magnetic coupling between armature winding sets and in the cases of the drive operation in open and closed
control systems. The research was carried out by means of simulation in the Matlab/Simulink environment on a circular
model of real mock-up sample of DTP permanent magnet machine developed based on the results of its magnetic field
simulation using the finite element method. Adequacy of simulation results is confirmed by experimental investigation.
The results of the DTP BLDCM simulation studies showed an increase in the relative electromagnetic torque ripples of
individual modules due to both the presence of magnetic coupling between winding sets and the deviation from their
equal loading. However, at the level of the whole DTP BLDCM, a significant mutual compensation the electromagnetic
torque ripples of the modules is shown, especially if they are magnetically coupled. The presence of closed-loop control
systems of individual modules significantly reduces the electromagnetic torque ripples caused by different loading of
the modules, especially in the case of magnetically uncoupled modules. References 26, figures 7, tables 3.

Keywords: brushless DC motor (BLDCM), dual three-phase BLDCM, magnetic coupling, electromagnetic torque
ripple, imbalanced modular loading, control system.

Introduction. The growing interest in development of electric drive and power supply systems by
the modular principle has become a recent trend [1-3]. This interest is due to many advantages of modular
approach that are particularly important for autonomous vehicles for land, air, and water applications, where
increased reliability due to fault tolerance, redundancy, and safety is a priority [4-7]. In addition, the
modular implementation of powertrain systems has many technical and economic advantages over their
traditional configuration: reduced power of one phase of the electric machine, reduced supply voltage,
increased energy efficiency, the possibility of multilevel and multifunctional control, lower interference,
improved maintainability, and cheaper production [8, 9].

One of the first options for implementing a modular approach is multiphase electric machines,
including multiple three-phase machines [10, 11]. Among them, dual three-phase (DTP) machines are the
most common due to their simplicity and ability to apply all advantages of three-phase machines [7, 12],
[13]. According to this configuration, first, only powerful asynchronous drives were implemented, then
synchronous machines with permanent magnets (PM), and recently also brushless DC motors (BLDCM)
[14-16]. Using a modular electric drive based on a DTP PM machine is associated with specific hardware
and software complications of the entire system. However, this is less true for a DTP BLDCM due to the
known advantages of this drive: a more straightforward design of an electric machine with PMs placed on
the rotor surface, cheap point sensors of the rotor angular position, discrete low-frequency switching of
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armature windings, and simple control system [17]. Therefore, due to the advantages of the DTP concept,
DTP BLDCMs are becoming promising for simple and cheap vehicles of lower power.

In DTP electric machines, especially with asymmetric configuration (with the optimal angular shift
between the modules of the stator winding), due to the existing of magnetic coupling between these modules,
additional current pulsations are generated, which leads to corresponding ripples of the electromagnetic
torque [9—11, 18]. Such pulsations increase even more in the case of an unequal electrical load of two
modules, which necessitates the use of special additional systems for equalizing their currents or
electromagnetic torques [19, 20]. In the DTP BLDCM, the traditional pulsations of currents associated with
the low-frequency position switching of armature winding sets are also added to these ripples. Reduction of
BLDCM torque ripple caused by pulsations of armature currents due to their commutation devoted many
works [21, 22]. In the same time, the task of investigation of magnetically interconnected processes of time-
spaced positional switching of the DTP BLDCM armature winding modules under different electromagnetic
loads of these modules, as far as the authors know, has not yet been solved.

The purpose of this work is to estimate the electromagnetic torque ripples in the DTP BLDCM at
different imbalanced loads of the armature winding modules. The study was conducted by computer
simulation in Matlab/Simulink. To do this, a computer model of the DTP PM machine was used, which was
created based on a circular mathematical model of this machine developed by modeling the magnetic field of
an actual sample of the machine by finite element method (FEM) [18, 23]. Some of the results were
confirmed by experimental studies on a DTP BLDCM mock-up sample.

1. Configuration of DTP BLDCM drive and design of PM DTP machine. The asymmetric DTP

PM machine M (Fig. 1) has two modules of the

VDCZ{_’ Each DTP armature winding set of the PM

machine is switched according to the traditional

for a BLDCM 120-degree principle of switch

conductivity [17]. The commutation algorithm

hachs of the invertors VSI1 and VSI2 switches

Fig. 1 depending on the rotor position angle 0 in el.

degree for the DTP PM machine of

asymmetrical configuration with the displacement of the armature winding sets by 30° el. is presented in

Table 1 [18]. Voltage inverters are powered by their DC sources such as batteries B1 and B2 with voltages
Vber and Vpe, respectively.

The implementation of the DTP PM machine armature can be magnetically insulated for each
module or common to both modules of the machine. Since in the latter case much higher specific values of
torque and power are achieved, it is most often used. Concentrated windings with non-intersecting frontal
parts are also used, and the reduction of mutual inductive coupling between the armature winding sets and
the reduction of electromagnetic torque ripples are provided by using fractional-slot concentrated windings
[24]. These windings have the advantages over traditional distributed windings as high winding ratio and
short front parts of the winding. That provides better use of copper and reduces energy loss, reduced
probability of interphase short circuit, and low toothed torque [25]. However, windings with fractional slots
generate a large number of spatial harmonics of the stator magnetomotive force.

CEl hi-h armature winding sets 1-2-3 and 4-5-6 spatially
Vsl — shifted by y = 30° el. with isolated neutral
;ﬁsﬁlim”s:;m?s:sﬁﬁji 3 points that eliminates the pulsating of the sixth

3 J’g;’} Jﬂ Jﬁ‘}i ‘ 3 harmonic in the electromagnetic torque [9].
VDC]}__ B } ' 5 | In the DTP BLDCM, voltage source
i i — . inverters VSI1 and VSI2 provide the switching
‘ Sjﬁ\} Sjj i‘,_—ﬂ - Ml uchs us; | of each three-phase armature-winding set of the
1 alﬁ e - DTP PM machine M. This switching is
T ‘ 3 synchronized with the current position of the
. L0 rotor by the signals g;-gs and g7-g1, received,
T grgn . L RE H i respectively, from their sets of discrete Hall
SJ%} sj%s 1}‘}3 m ahe . ‘ sensors HS1 and HS2 with output signals /;-/;
B ] ﬂ i 3 and h4-he of the rotor angular position (Fig. 1).
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Table 1

Switching states
0(°el) VSI1 VSI2 0(°el)
S1 S2  S3 S4 S5 S6 |[S7 S8 SS9 S10 S11  SI2
0-30 1 1 0 0 0 0 1 1 0 0 0 0 0-30
30- 60 30-60
1 0 0 1 0 0

60 - 90 | 0 0 | 0 0 60 - 90
90 - 120 0 0 | | 0 0 90 - 120
120 - 150 0 0 | | 0 0 120 - 150
150 - 180 0 0 | 0 0 | 150 - 180
180 - 210 0 0 | 0 0 1 180 - 210
210 - 240 0 0 0 0 | | 210 - 240
240 - 270 0 0 0 0 1 1 240 - 270
270 - 300 0 1 0 0 | 0 270 - 300
300 - 330 0 | 0 0 | 0 300 - 330
330 - 360 1 1 0 0 0 0 330 - 360

2. Circular mathematical model of the DTP PM machine. In further investigation, based on
previous studies [26], we used a circular mathematical model of an asymmetric DTP RM machine developed
in [18]. The parameters of this machine of the fractional slot structure Z/2p / i = 24/20/3 are given in Table 2.
They correspond to the real mock-up sample of this machine and are determined either experimentally or by

the results of FEM modeling the magnetic field of

Table 2 this machine [23]. In order to simplify the circular
Parameters Value . ; . .
mathematical model, several assumptions given in
Rated power P, (W) 300 e .
[18] are accepted; in particular, the dependences of
Supply DC voltage Vpc (V) 48 he self and lind h L
Rated angular velocity, o, (") 20 the self and mutua 11} uctances on the rptor position
Rated torque 7, (Nm) 15 angle and the saturation of the magnetic field were
Number pair of poles p 10 neglected.
Moment of inertia J (kg-m®) 0.1 Under made assumptions, the voltage
Per module: equilibrium in all phase circuits of the DTP armature
Winding resistance R (£2) 0.25 winding is described by the following vector-matrix
W%nd@ng self indgctance L (mH) 5.39 equation [18]:
Winding mutual inductance, M (mH) 1.59 ~ d -
Flux linkage by PM v, (Wb) 0.112 \7=Ri+Ld—i+é, (1)
t

where V, i, @ are the vectors-columns of the phase
voltages, currents and EMFs, respectively, consisting of six elements; R is the diagonal matrix of identical
resistances R of the phase winding; L is the matrix of static inductances.

The matrix L can be represented as the sum of two matrices: L,, which reflects the operation of each
of the winding set connected in a star taking into account its own interphase mutual inductance, but without
taking into account the mutual inductive connections between the phases of the two winding sets, and M,
which describes exactly the mutual inductances between the winding sets [23]:

—Ccosy

0 0 0 cosy 0
0 0 0 —COSY COSYy 0
0 0 0 0 -
L=L, +M=diag[L, |+ M COSY oSy 2)
¢ cosy —cosy 0 0 0 0
0 cosy —cosy 0 0 0
| —cosy 0 cosy 0 0 0 |
where L and M are the self and mutual inductances of one set of armature winding, respectively; L, =L — M.
The electromagnetic torque of the DTP PM machine can be presented as
T=(ei)e’. 3)
where (é-;) is the dot product of the vectors of EMF and armature current and ® is the motor angular
velocity.
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The equation of motion of a drive for the single-mass mechanical system with the related to the

motor shaft moment of inertia Js has the form:
do
Jo—=T -T, -bow , 4
z dt e L ( )
where T} is the load torque of the drive; b is the coefficient of viscous friction.

The position angle of the machine rotor is determined by equation:
0=wdr. )

The parameters of the voltage vector applied to the armature windings in (1) depend on the method
of DTP PM machine control. Due to the complexity of the mathematical description of the switching
processes of each winding set of the DTP PM machine, mathematical modeling of the modular BLDC drive
operation should be performed by computer simulation in the Matlab/Simulink software using virtual models
of VSIs and six-step switching algorithms, which is presented in Table 1.

3. MATLAB/Simulink model of the DTP BLDCM drive. The developed in Matlab/Simulink
model of the DTP BLDCM drive shown in Fig. 2 is similar to the one created in [18]. It consists of two
similar parts, in which the subsystems and main blocks are marked by indices 1 and 2. In each part, the
electromagnetic part of the PM machine module is represented by the PM Machine Module Subsystem,
which is switched by its six-switch VSI powered by its Battery Subsystem according to Figure 1. The PWM
Subsystem generates the control signals for the VSI switches according to Table 1 based on "pulses" signals
produced by the Hall Subsystem. Because of asymmetrical configuration of two armature-winding modules,
the switching of the VSI2 is shifted by an angle of @/6 relative to the VSI1. The PWM Subsystem adjusts the
output VSI voltage in proportion to the input reference signal by PWM of three lower switches of the
inverter. The DTP BLDCM drive operates in a closed two-loop control system with an outer loop of the
angular velocity control by proportional speed regulator SR (kp = 20) and inner two loops of the current
control for each machine module by PI current regulators CR (kp = 10, k& = 500). For making the current
feedbacks, in each part, the estimated equivalent DC current value of winding set was obtained by the
Current Estimator based on the phase currents of winding set and the signals from the rotor position sensors
g1-g3 or gu-gs (see Fig. 1) [3]. Finally, the electromagnetic torques generated by two machine modules are
added. Obtained total electromagnetic torque goes to the common mechanical part of the drive, which is
implemented in accordance with (4) and (5). The models of all subsystems of the developed model of the
DTP BLDCM drive are the same as in [18].

Battery
Subsystem1

PM Machine Module
Lo Subsystem 2
Tt
pulses in
P
3 Subsystem 2
P
<}
nm
.
Fig. 2
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The developed computer model DTP BLDCM drive allows electromagnetic loading of two PM
machine modules in different ratios. It is chosen that the second machine module always have a less load, i.e.
it will create less electromagnetic torque than the first module.

For research of the DTP BLDCM drive operation in the open system, after fast acceleration of the
motor to the reference angular velocity in the closed-loop system, the Close-Open block provides the
following switching in the system. The inputs of the two PWM Subsystems are switched over the maximum
PWM value of 10, at which the speed and current feedbacks stop operation. In addition, based on the signal
from the same block Close-Open, the corresponding switches in both Battery Subsystems switch the batteries
voltages from the nominal value Vg, = Vg, = 48 V to new values that correspond to the specified set ratio
Ky = Vg, / Vg. In this case, the absolute values of voltages Vs, and V5, are pre-selected on the model to
ensure the same value of the specified angular velocity of the motor as in the closed system.

For investigation of the DTP BLDCM drive operation with various loadings of modules in the
closed-loop control system, it is enough to set the necessary ratio of currents in two winding sets K; = 1, / [
in the KI block, which connects the output of the speed regulator with the reference current (electromagnetic
torque) of the second module.

4. Simulation results and discussion. In the simulation process, the influence of different
electromagnetic loads of the machine modules on the electromagnetic torque ripples generated by them, as
well as the on the total electromagnetic torque of the DTP BLDCM during the drive operation in open and
closed-loop control systems was evaluated. The studies were performed at a constant average value of the
motor angular velocity of 10 rad/s. To compare the level of the electromagnetic torque ripple, the absolute
torque ripple AT, and its relation to the average torque value 7, . in the steady-state operation of the drive
were estimated:

AT, T -T, .
6]’;:T e _ _emax emin (6)

Fig. 3 shows one of the results of the study,
7, Nm in particular, the dependences of the minimum,
average, and maximum values of electromagnetic

20

18 Ts o torques of the first 7; and second 7, modules, as

1 Tem well as the total electromagnetic torque 7y of the
| — — DTP BLDCM on the ratio of DC supply voltages of

14

b __——_—____T e e module inverters Ky in the open system for the case
Timax "~ -=mTT ) of magnetically insulated winding sets. As can be

10 L—;' - : T T T seen from the obtained dependences, already at a
f ez i”‘:i ——eT omin value of approximately Ky = 0.75, the
6 $= '__'t f —-— E:“_‘" T max electromagnetic torque generated by the second
4 Domin 222007~ T-<IT~o module is reduced to zero, and the entire
2 T IT=T electromagnetic torque of the drive is formed by the
0 1 first module only. This is because the phase voltages
1 0.9 0.8 of the second armature winding become less than
_K"’ the phase EMFs of rotation of this winding. As the

Fig. 3 Ky increases, the electromagnetic torque ripples of

the first module and the whole drive also increase.
Because of this, further estimation of electromagnetic torque ripples was performed for a value of Ky = 0.8 in
the open system and K; = 0.8 in the closed-loop control system. The research results are summarized in Table
3, where in the numerator of each cell is the result for the open system, and in the denominator of each cell is
the result for the closed-loop system.

Analysis of the simulation results shows the following.

With the same load of two modules in the case of an open system drive, the relative electromagnetic
torque ripples generated by each module are almost as twice large in the case of magnetically coupled
winding sets as in the absence of magnetic coupling between the modules. However, the total
electromagnetic torque ripples in both cases remain almost equal. A similar pattern is also observed in the
case when the electromagnetic load of the two modules differs by 20%. However, in this case, the total
electromagnetic torque ripples for magnetically coupled winding sets are significantly reduced (from 35.3 to
25.3%) compared to the lack of mutual inductance between the modules.
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Table 3

Presence of Load of Module 1 Module 2 DTP BLDCM
magnetic the
coupling armature
Toay ST, T av o7, o7,
between indi eave ATg (Nm) . e eave ATE (Nm) . e ATg (Nm) . e
modules rwng:iulﬂi (N-m) (%) (N'm) (%) (%)
Equal load 75 31 413 75 31 413 20 13.3
4 of modules 75 25 33.3 75 25 33.3 32 21.3
Magnetically
uncoupled Different 13.0 49 37.7 2.0 14 70.0 53 35.3
load of 83 25 30.1 6.7 2.0 29.9 22 14.7
modules
Equal load E & 74_7 E & 74_7 2 ﬁ
. of modules 75 2.5 33.3 75 2.5 33.3 3.0 20.0
Magnetically
coupled Different 13.0 6.0 46.1 2.0 3.0 150 38 25.3
load of 8.4 28 333 6.6 24 36.4 3.0 20.0
modules

In the case of the DTP BLDCM operation in the closed-loop control system, with the same load of
the modules, the electromagnetic torque ripples do not depend on the presence or absence of magnetic
interconnection between the modules. When the electromagnetic load of the two modules differs by 20%, the
relative ripples of the electromagnetic torque increase (from 14.7% to 20.0%) in the case of magnetically
coupled winding sets compared to the lack of mutual inductance between the modules.

Fig. 4 shows the time diagrams of the main variables of the DTP BLDCM drive, obtained in
simulation for the cases of without (left) and with (right) presence of magnetic interconnection between the
armature winding sets. In both cases, the drive worked on the same program. Initially, the DTP BLDCM
worked in the closed-loop control system, but with a different electromagnetic load of the modules, which
was provided by a value of K; = 0.8. Approximately, up to 0.04 s, the motor accelerated with a static torque
load equal to 1/3 of the rated value, and at a time of 0.07 s additionally applied the static torque load to the
rated value. In 0.12 s, the electric drive system opened, and then the DTP BLDCM worked at the previous
speed, but with a different load, which was provided by the value of Ky = 0.8 (Fig. 4, a).

The time diagrams obtained show that the simulated difference in electromagnetic load of two
modules of the DTP BLDCM, which was estimated at K; = 0.8 in the closed system and Ky = 0.8 in the open
system, is very different — in the second case, this difference is much larger. Comparison of the same time
diagrams for cases with and without mutual induction between the winding sets makes it possible to follow
all indicators of the electromagnetic torque ripples, which are given in Table 3. In particular, from Fig. 4, b,
it would be seen that the total electromagnetic torque has smaller ripples at the absence of mutual induction
between winding sets in the closed-loop system and at the presence of mutual induction in the open system,
although the electromagnetic torque ripples of modules in the latter case are larger (Fig. 4, ¢). This
dependence can be seen from the time diagrams of the currents in the close phases of both winding sets, 1 —
more loaded and 4 — less loaded, together with their phase EMFs for both studied cases, which are shown in
Figs. 4, d and 4, e, respectively. They also show that the switching of the two winding sets is clearly based
on the principle of 120-degree of conductivity of the inverter switches and in accordance with the phase
EMFs. The EMFs have a shape, which is slightly different from the sinusoidal one, with the presence of the
third harmonic at a level of 9.3% from the first harmonic, which corresponds to the real EMF form of the
investigated sample of DTP PM machine.

Time diagrams of currents in in Fig. 4, d and 4, e, respectively.

5. Experimental investigation of the DTP BLDCM drive operation. For the experimental study,
the developed mock-up sample of DTP BLDCM drive with the DTP PM machine / of asymmetric module
configuration and external rotor was used (Fig. 5). Parameters of this DTP BLDCM drive are shown in Table
2. A brush DC motor 2 created the static torque load on a shaft of the investigated machine.
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As a rotor position sensor, a miniature
absolute magnetic semiconductor encoder
AS5045 with a 12-bit code is used (7 in Fig. 5,
¢), from which the discrete signals
synchronized with the EMFs of two armature
winding sets with the displacement by 30° el.
were obtained. Two VSIs 3 and 4 are built on
MOSFET [IRF3205 with IR2104 drivers.
Switching of each of the armature winding
modules was carried out using its
microcontroller Arduino PRO mini Atmegal68
5 and 6 based on the signals of the angular
position of the rotor. Separate power supplies
(not shown in Fig. 5) provided DC supply
voltage of the DTP BLDCM modules.

Figs. 6 and 7 show the experimentally

Fig. 5 obtained waveforms of the voltage and current

in the phases of the same name (/ and 4 in Fig.

1) of the studied DTP BLDCM, which operated in the open system at the equal (Fig. 6, a) and different (Fig.
7) loads of two machine modules. For comparison, Fig. 6, b shows similar time diagrams of the voltage and
current in phase 1 obtained in simulation. The same trends of changes and forms of phase voltages and
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currents in the experimental and model results shown in Fig. 6, and the difference between them up to 15%
confirm the adequacy of the developed computer model of the studied DTP BLDCM with inductive coupling
between two armature winding sets.
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Conclusions.

Modular electric machines, in particular, those consisting of separate three-phase winding sets,
attract the interest of researchers due to the improvement of the efficiency of modular electric drives and
ensuring their fault tolerance. In BLDCMs, the asymmetrical modular configuration of the armature winding
also ensures the reduction of switching ripples of the total electromagnetic torque if the three-phase modules
are optimally spaced. On the other hand, as is known, the uneven electromagnetic loading of the modules
leads to an increase of the machine's electromagnetic torque ripples. In this work, the effect of uneven
loading of the DTP BLDCM modules with different magnetic coupling on the pulsations of electromagnetic
torques created both by individual machine modules and the total of the entire machine is studied in detail.

Both investigated factors — the presence of mutual inductance between the armature windings of two
machine modules and difference in the electromagnetic loading of these modules — lead to an increase in the
pulsations of the electromagnetic torques of individual machine modules. However, at the level of the total
electromagnetic torque of the entire DTP BLDCM, the result changes. For the same load of the machine
modules, regardless of the increase in the pulsations of the electromagnetic torques of individual modules,
the relative total electromagnetic torque ripple of the machine remain the same and equal to 13.3% for the
cases of magnetically isolated and magnetically coupled machine modules. With the different load of the
modules (20% difference), the total electromagnetic torque ripple is reduced by 28.3% for the case of
magnetically coupled modules in comparison with magnetically isolated machine modules. This indicates
that the mutual inductive coupling between the armature winding sets in DTP BLDCM causes such
additional pulsations of the electromagnetic torques of the modules, which are characterized by good mutual
compensation, which is a valid conclusion from the conducted research.

In the case of the DTP BLDCM operation in the closed control system, the electromagnetic torque
ripples both in individual modules and in the whole drive practically do not depend on the degree of
deviation from the equality of machine modules loading and remain relatively low due to the current control
systems in the armature winding sets.

The results of experimental studies conducted on the created DTP BLDCM mock-up sample showed
their good agreement with those obtained during the computer simulation with a maximum difference of up
to 15%. This confirms the adequacy of the developed mathematical models of the DTP BLDCM of
asymmetric configuration with magnetic coupling between armature winding sets.

Pobomy euxonano 3a xowmu 6100xcemuoi npoepamu "Po3eumox mMoO0ynvHO20 iHMe2pos8ano2o nioxody 00

KOH(icypysanns ma Kepyeanuss OOPpMOSUX cucmem eieKmponpueody ma eieKmpuyHo20 JICUGLEHHS A8MOHOMHUX
mparncnopmuux 3acobis” (EAT3, 0120U102206), KIIKBK 2201040.
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Enexmpuuni mawunu, nobyooeani 3a MOOYIbHUM RPUHYUNOM — 3 KLIbKOMA MPUGasnumu 0OMOmMKAMU Ha CMamopi, €
HOBUM HANPAMKOM CYYACHOI eNeKMpOMeXaHiKu, OCKilbKU MAaromv HU3KY nepeedaz y HOPIGHAHHI 3 MpPAOUYitIHUMU
00HooOMmomKosumu mawunamu. Ceped yux nepesaz HAUBANCIUGIUUMU € NIOBUWEHHS eHep2emUdHOl edhekmuerHocmi ma
cmitikocmi 00 8I0M0O8, WO € 0COOIUBO BANCIUBUM OISl eNEKMPUYHUX MPAHCROPMHUX 3ac00i8 3 A6MOHOMHUM
orcunenHam. Tlpome nassHicmo 63a€MOIHOYKIMUBHO20 36 S3KY MIJNC MOOYISMU, 4 MAKONC IXHE HEOOHAKO8E eNeKmpUyHe
HABAHMAICEHHST NIOCUTIOIOMb  RYIbCayii  eNeKmpOMAZHIMHO20 MOMEHMY, NPUMamManHi mil yu iHwid cucmemi
enekmponpugooda. Y pobomi 00CriodiceHo nynbeayii en1ekmpoMacHimHO20 MOMEHMY 8 080MOOYIbHOMY Oe3uimKo8oMy
oguzyni nocmitinozo cmpymy (BIIC) 3a pisnux naganmasicens 11020 MOOYNIG y 6UNAOKAX 8IOCYMHOCME MA HASLGHOCMI
B3AEMHO20 MACHIMHO20 36 SI3KY MIJIC KOMNJIEKMAaMu OOMOMKU AKOPS, d MAKONC Yy 6UNAOKAX pobomu npugooa y
PDO3IMKHEHIIl Mma 3aMKHeHIll cucmemax Kepy8anHs. JocniOdicenHs NposoOUnu WIIAXOM MOOEN08AHH 6 Cepedosufi
Matlab/Simulink na xonosiit moodeni peanbH020 MAKEMHO20 3PA3KY 080MOOVIbHOL MAWUHY 3 NOCMIIHUMU MASHIMAMU,
PO3POOIEHIll 3a pe3yTbmamamt MOOe08AaH A i MASHIMHO20 NOJiL MemoOOM CKIHUEHHUX elemenmis. Adexkeamuicmo
pe3yabmamis MoOen08aHHA NIOMBEPOHCEHO eKCHePUMEHMATbHUM O00CTiONCeHHAM. Pe3ynomamu 0ocnioxcenb waaxom
MmoOeniosannsa 08omodynvrozo BJIIC noxazanu 30inbuieHHs GIOHOCHUX NYAbCAYill eleKMPOMASHIMHUX MOMeHMIs,
CMBOPIOBAHUX OKPeMUMU MOOYTIAMU AK Yepe3 HAABHICIb MASHIMHO20 38 I3KY MIdHC KOMIIEKMAMU 0OMOMKU AKOPSA, MaK
i uepes GIOXUIEHHS IO PIGHOMIPHO20 HABAHMAadCeHHS MoOYie. OOHAK Ha piHI 6cb020 080M0dyabHo20 BITIC nokazana
3HAYUHA B3AEMHA KOMNEHCAYIsL NYIbCAYil eleKmpOMASHIMHUX MOMEHmie MOOYIi6, 0COOIUBO SKWO GOHU MASHIMHO
36’a3ani. Hassnicme 3aMKHYmMux cucmem KepySaHHs OKPeMUMU MOOVISAMU 3HAYHO 3MEHULYE NYIbCayii CYMApHO20
eeKMPOMACHIMHO20 MOMEHMY, CHPUYUHEHI DI3HUM HABAHMANCEHHAM MOOYIi6, 0COOAUB0 YV GUNAOKY MAZHIMHO
He38 'azanux modynig. bioi. 26, puc. 7, Tadmn. 3.
Kntrouosi cnoea: 6e3mitkoBuit asuryH nocrtiitaoro crpymy (BAIIC), nBomonmymermit Tpudazauit BAIIC, maraiTHM
3B’S130K, MyJIbCallil eMEKTPOMAaTrHITHOTO MOMEHTY, He30aTaHCOBaHE MOY/IbHE HABaHTa)KEHHS, CHCTEMa KEepyBaHHS.
Hapiiimura 18.10.2022
Ocrarounwuii Bapiant 13.02.2023
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The paper presents the results of studies of approaches to the development of a scanning device based on a specialized
brushless magnetoelectric motor of return-rotary motion. The structures are described and a comparison is made of
servo systems with motors both with an elastic magnetic coupling between the stator and the rotor, and without such
coupling. The dependences of the accuracy of a given sawtooth signal processing and the stator current effective value
on the parameters of the servo systems, the values of the coefficients of elasticity and viscosity of the motor, as well as
the relative value of the duration of the linear interval of the reference sawtooth signal are determined. It is shown that
the reduction of the stator current effective value is achieved by introducing an elastic magnetic coupling between the
stator and the rotor, as well as limiting the second derivative when forming the process of resetting the reference
sawtooth signal. References 8, figures 9, tables 3.

Keywords: brushless magnetoelectric motor, return-rotary motion, servo system, scanning device.

Introduction. Optical scanning devices or, as they are also called, deflectors, due to their ability to
reflect and deflect a light beam, have found wide application in such areas of technology as medicine, in-
strumentation, information input-output devices in computer technology, search and tracking systems in
space and military technology, robotics and other areas. In some of the first optical scanning devices, an
electromechanical drive was used to control the position of the mirror, which at that time was an obvious and
easily implemented solution [1]. Despite the fact that in some applications optical-mechanical devices have
been replaced by scanners of other types with high speed, the electromechanical drive of mirrors remains in
demand to this day. So, for example, in the case of controlling a high-energy beam, the decision to use mir-
rors to control its spatial position remains uncontested today. This is due to the fact that the mirror has mini-
mal optical losses, works well in a wide range of radiation wavelengths - from ultraviolet to infrared, and the
deflection angles of the light beam do not depend on the wavelength [2]. Therefore, the development of opti-
cal-mechanical scanning devices is still an urgent task, especially since the use of a magnetoelectric drive,
realized using modern high-coercivity magnetic materials, significantly increases the speed of scanners, and
in combination with modern electronics, allows you to implement a variety of trajectories of mirror.

The purpose of the paper is to study approaches to the development of a scanning device based on a
specialized brushless magnetoelectric motor (BMM) of the return-rotary motion [3]. In [4], the results of
studies of the operating modes of such a motor are presented by exposing its stator winding to an alternating
voltage without using a rotor angular position sensor. This paper will consider the mode of forming the rotor
return-rotary motion trajectory with a linear operating interval by realizing a closed-loop control system with
feedback on the angular position of the rotor.

The reliability of the proposed research is substantiated by the fact that the adequacy of the mathe-
matical description of the BMM of the return-rotary motion was confirmed experimentally in [5], and when
developing the servo control system for the trajectory of the return-rotary motion, the principles of the theory
of automatic control are used [6, 7]. General approaches to the development of systems for processing the
input signal are known. This is, first of all, an increase in the astatism of the system, an increase in the value
of the gain of an open-loop system, or the development of a combined system. When choosing the servo sys-
tem controllers, we will proceed from the equations structure and parameters of the motor. Here we do not
set the task of achieving any pre-specified one value of the accuracy of the angular trajectory processing. We
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will be interested in the dependence of the achievable values of this accuracy on the parameters of the con-
troller and the motor.

The main material and research results. Let's define the operating conditions and principles for de-
velopment of a scanning device:

— development of a servo system with feedback on the rotor shaft rotation angle;

— formation of a reference sawtooth signal of the rotor rotation angle with a linear operating interval at
an oscillation frequency of 25 Hz in the range of the rotation angle of 10 degrees;

— the structure of the executive motor is brushless with a slotless single-phase stator with a surface in-
stallation of permanent magnets on the rotor, as well as with an additional permanent magnet on the stator to
implement an elastic magnetic coupling between the stator and the rotor, which allows positioning the motor
shaft in its initial position [4];

— to compensate for the electromagnetic time constant of the stator winding, an additional current cir-
cuit is formed;

— the main parameters of the servo system are the accuracy of a input sawtooth signal processing on
the linear operating interval, the stator current effective value, which characterizes the thermal state of the
motor, and the duration of the time interval of the linear part of the sawtooth signal.

In the paper, we will also compare the modes of processing the reference sawtooth signal of the rotor
rotation angle in systems that use BMM with and without elastic magnetic coupling between the stator and
rotor. When implementing the mode of return-rotary motion of the rotor in a limited angular range, the pres-
ence of an elastic magnetic coupling between the stator and the rotor provides some advantages. Firstly, the
motor shaft is positioned in its initial position, and secondly, the accumulation of energy in the elastic ele-
ment of the electromechanical system makes it possible in some cases to reduce the energy consumption of
the motor. We will also consider servo systems for controlling the rotor angular position without using an
internal loop with feedback on the angular speed [8], since the use of a special angular speed sensor in a low-
power electromechanical system is unacceptable.

The structure of the BMM of the return-rotary motion is described in detail in [4]. The mathematical
model of such a motor is described by the equations:

L%z—Ri—e+u; e=k, ocosa; M=k, icosa; M =k, o; M =k, sino; (1-5)
. do do
M, =M,sign(o); JE:AM; AM=M-M_ -M, —M,; cho, (6-9)
where i, u are current and voltage of the stator; ®, a are angular speed and angle of rotation of the rotor shaft;
AM is dynamic torque; M is electromagnetic torque of the motor; M, M, M, are the torques of vis-

cous friction and elasticity, as well as the reactive torque of the bearings; L, R are inductance and active re-
sistance of the stator winding; %, is motor torque coefficient; J is the moment of inertia of the rotor; k, A,
are coefficients of viscosity and elasticity of the motor; Mj is the torque of resistance of the bearings.

Since the operating range of the rotation angle is limited to 10 degrees, trigonometric dependencies
in formulas (2, 3, 5) can be neglected. In this case, based on the mathematical model (1-9), taking into ac-

count the use of the proposed controllers of the stator current W, (p) and the rotor rotation angle W, (p),

it is possible to develop a structure of the servo system, which is shown in Fig. 1.

k”l 1
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e
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Fig. 1
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From the consideration of the structure (Fig. 1), it can be seen that a link with an elasticity coeffi-
cient k, forms an internal loop with feedback on the rotor position angle, while a link with a viscosity coeffi-
cient k, closing one of the integrating links makes it possible to form a structurally stable link of the second
order. Neglecting the influence of the friction torque of the bearings, we write the transfer function of such a
motor:

np 2, e 1
P e P

o o

Let us represent the denominator of the transfer function of the oscillatory link in the form
T’p* +25 T, p+1, where T =/J/k, is the time constant; & = O,Skm/,/Jka is damping factor.

In the absence of an elastic magnetic coupling between the stator and the rotor, equation (5) is not
used, that is, in the structure (Fig. 1) there will be no link with an elasticity coefficient &, In this case, this
structure contains an integrating link covered by feedback with a viscosity coefficient k., with a transfer
function:

o(p) _ Vk, an
AM (p) ki D+l

(o]

For a system (Fig. 1) with an elastic magnetic coupling between the stator and the rotor, the value of
the viscosity coefficient k,, affects only the value of the damping coefficient &, which is not critical when

tuning the rotor angle controller parameters. In the absence of elastic magnetic coupling, in the open-loop
structure of the control object there is an aperiodic link (11), and its gain and time constant are determined by
the value of the viscosity coefficient k,. Given that when designing the motor, the exact calculation of this
coefficient or its experimental determination is difficult, the calculation of the rotation angle controller will
not be accurate. A decrease in the value of viscous resistance in the BMM, caused by the presence of eddy
currents during motor operation, is possible due to a decrease in the cross section of the winding conductors
by connecting them in parallel, the use of tape and powder magnetic cores, and the use of amorphous iron in
their pro-duction. The implementation of such approaches is an expensive and not always justified solution.
To compensate for the electromagnetic time constant 7}, of the stator winding, we introduce a current

controller with a transfer function into the stator current control loop:
W,(p)=ke . (12)
Without taking into account the influence of the EMF feedback of the motor, we obtain the transfer
function of the current loop in the form:

kCi
i(p)= R+k, __k (13)
ir(p) RT; p+l Tp+1’
R+k,

where i, is the reference current signal; k;, T, are the gain and the time constant of the current loop.

1

Assuming, for example, the current controller gain k., =100, we obtain k£, =0,99 and 7, =7, /100,

that is, the electromagnetic time constant of the current loop can be compensated. The use of a proportional
controller in the current loop does not increase the order of the entire control system and, at the same time,
allows you to largely compensate for the influence of the stator EMF e.

The basic values of the parameters of the motor are as follows: R=250hm, £, =0,125 Nm/A,

k,=6,5-10" Nms/rad, J=3,6-10"° kgm’, k,=0,044413Nm/rad, M, =2-10"* Nm. Features of de-
termining the parameters of the return-rotary motion motor were described in [5]. To study the influence of
the elasticity coefficient on the performance indexes of the servo system, we set the minimum and maximum
values of the range of change of this parameter &, =0,011103 Nm/rad and £, =0,177653 Nm/rad .
Let us write down the values of the time constants and the damping coefficient of the dynamic links of the
system. For three given values of the elasticity coefficient £, kyand k for the above value of the vis-

omin * amax

oamax
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cosity coefficient k,, we have 7} . =0,018063s, 7, =0,0090032s, 7, . =0,0045016s, &, . =0,3251,
£, =0,0813 and &, =0,0406, respectively, and for the time constant of the corrected current loop (13) —
7, =0,000003s .

Fig. 1 also shows the transfer function of the rotor position angle sensor, realize using a Hall sensor.

For the sensor used in the BMD, the passport value of the response time is 0.000003 s, so its transfer func-
tion can be approximately represented as a first-order aperiodic link with time constant 7 = 0,000001s :
O ( p) 1
= . (14)
a(p) Typ+1

max

where o is the output signal of the sensor.

Analysis of formulas (10, 13, 14), taking into account the values of the motor parameters, shows that
the control object contains a low-frequency oscillatory link, the time constant 7} of which is much greater
than the time constants of the current loop 7, and the rotation angle sensor 7, i.e. 7, >> T, > Tg.

Neglecting the effect of internal EMF feedback, based on the above, we write the transfer function of
the control object in the presence of an elastic coupling between the stator and the rotor:

o} k
LGP — : , (15)
in(p) ke (TP 28T p+1)(Tp+1)(Typ+1)
as well as without elastic coupling and in the absence of a torque of viscous friction:
A (P) _p 1
i(p) I P (Tp+1)(Typ+1)
For the first variant of development of the servo system with a control object (15), we use the PID
controller of the rotor rotation angle in the form:

i,(p A 1 T} p* +28 T, p+1
ocl( )= R( ) = Kca2 P + A, +— | =keys 2P sLp > (17)

Aoc(p) T.p+1 T.p+1
where k.,,, T,, &, are the gain, time constant and damping factor of the PID controller; 7). is the time con-
stant of the filter of the real differentiating link; 4 =7, — (28,7, T, )TF , A, =2&,T, — T, are PID controller

gains.

(16)

For this case, we write the transfer function of an open-loop servo system for controlling the rotor
rotation angle:
a5 (p) _, K L'p’ +28,Tp+1
AOL(p) oz ka P(Tizpz + 2‘:17117 +1)(TFp + 1)(7:]? + 1)(Tsp + 1)
The condition for tuning the parameters of the PID controller is the equality of the denominator of
the control object (15) and the numerator of the controller (17):

(18)

T’p* +26 T, p+1=T:p* +2E,T, +1. (19)
In this case, the transfer function of an open-loop servo system has the form:
o k 1

Ao(p) Tk, p(Tp+1)(Tp+1)(Tip+1)
The fulfillment of condition (19) makes it possible to compensate for the inertia of the control object
in the form of a second-order oscillatory link (15). Then the only adjustable parameter of such a control sys-
tem is the open-loop system gain:
k, :kCa2kikm/koc . (21)
The value of this gain coefficient is chosen according to the conditions for ensuring the stability
margin of the servo control system.
Let us study the dynamics of the servo system for two values of the time constant of the filter of the
real differentiating link of the PID controller: 7,.,, =0,00001s and 7., =0,0001s . When comparing the time

constant values of the current circuit 7}, the angle of rotation sensor 7 and the filter 7}, of the real differen-

tiating link, it can be seen that the latter value 7). is the largest among the time constants of the dynamic

ISSN 1607-7970. Texn. enexmpoounamixa. 2023. Ne 3 35



links in the high-frequency part of the amplitude-frequency characteristic of an open-loop system, i.e.
T, >T, > T . Then for the transfer function of an open-loop system (20), the value of its gain k, can be ap-
proximately determined by the formula:

k=0, (22)
where o, is the cut-off frequency. Formula (22) is valid under the condition ®. <®, =1/T,, since at fre-

quency o the slope of the logarithmic amplitude-frequency characteristic changes.
For the second variant for development of the servo system with a control object (16), we use a PD

controller in the form:
i(p T T,p+1
Waz(p)z R( )sz(x3 ol +1 sza33—’ (23)
Aoc(p) T.p+1 T.p+1

where k., is the gain of the PD controller; 7}, is the gain of the differentiating link; 7 =7, + T is the time

constant of the PD controller.
For this case, we obtain the transfer function of an open-loop servo system in the form:
o (p) _ k, T,p+1
Ao(p) g P (T.p+1)(Tp+1)(Typ+1)
Recommendations for tuning the controller for this case are given in [7], and their essence is to ensure
the stability margin of the system by choosing the ratio between the time constant 7, of the PD controller

24)

and the time constants of the high-frequency part of the amplitude-frequency characteristic of the open-loop
system 7, , 7, and T, and also choosing the value of the cut-off frequency under the condition:

T, <o, <o, =T, <1/T, <1/T; . (25)
In this case, the gain k, of the open-loop servo system (24), depending on the cut-off frequency o,
and the time constant 7, of the PD controller, is determined by the formula:
k 1
ky = keysk; === 2o - ) (26)
J T, nTLT,
where 7 is a dimensionless parameter, the value of which shows how much the cut-off frequency of an open-
loop system is less than the frequency .
Another task in development of the scanning device based on an executive electric motor is the for-
mation of a reference sawtooth signal, which has a linear and reset intervals. Preliminary studies have shown
that special requirements are imposed on the time
interval for resetting such a signal. Therefore, it was
Xk X, 1| %= .
i1 g > — > proposed to form a sawtooth signal under the
p /| g condition of limiting the second derivative on the
reset interval. Fig. 2 shows a block diagram of the
sawtooth signal generator.

g~

Fig.2q The block diagram of the sawtooth signal
generator is described by the equations:
dx . da
. d_t2 =x; if x, > 4,, then x, = 4, ; dtR =X,; (28-30)
ifo,>a, , then x =-1; if a, <0, then x, =1, (31, 32)

where x,, x, are variables; k; is gain of the integrating link; A5 is the value at which the saturation of the in-

tegrating link (28) occurs; o__ is the maximum value of the angular deviation of the rotor in the linear in-

terval of the sawtooth signal relative to its neutral position. In this paper, the value
o, =n/18=0,174533 rad is taken.

Fig. 3 shows diagrams of signals at a frequency of 25 Hz with a relative duration of the linear opera-
tion interval t=0,8, and the relative duration t of the linear interval is defined as

t=T,/T, (33)
where 7, , T are the duration of the linear interval and the period of the sawtooth signal.
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Analysis of curves in fig. 3 showed that in order to obtain formulas for calculating a sawtooth signal,
it is sufficient to consider one, for example, a positive half-wave, which must be divided into three time in-

tervals. In table 1 for three time intervals, their durations are determined, signals x, () and o, () are de-
scribed, values B, are obtained that the variable a,(¢) reaches at the end of each of the three time intervals,

where 7| is the duration of half of the linear inter-
2 X

! val of the sawtooth signal;, 7, is time interval

£ s from the completion of the linear section to the
oF : . . .
maximum value of the sawtooth signal; 7} is the

time interval at which the sawtooth signal is reset
from the maximum value to zero. In this case, the

0 0.02 0.04 0.06 0.08 0.1 L

0 condition 2(7, +T, +T;)=T must be fulfilled.
2 t.s Note that for three values of the parameter
ot 1 B, , we can write the relation:
=50 . BI+BZ 2837 (34)

whence after substitutions we get:
0 0.02 004 0.06 008 0.1 012 AT +0,54, (T2 _T1):0:5A3(T3 —Tz)z/(T2 -T

1
(35)
From this relation, we determine the val-
ues Az and k3:

a a‘max T

Ay =—T% = —Tm 36,37
3 7—; 3 11 (O, 57 — T{ )2 ( )
0 002 0.04 0.06 008 0.1 012
Fig. 3
Table 1
Ne | time interval xo(£) 0 B,
1 0<t<T, A; Ast A;T,

2 | T<<Ty A - At (T,-T)" | Agr-Ar-0,5(T,-T)" 0,54,(T,-T;)
3| Te<Ty ~41(1,-T) —4,0°-0,5(T, - 7)) ~0,54,(T,~1,) (T, - T;)

Table. 2 shows the parameters that describe the sawtooth signal at a frequency of 25 Hz and different
relative values of the length of the linear interval.

Table 2 Fig. 4, a shows the timing diagrams of variable sig-
T T, 4, ky nals that describe the operation mode of the servo system
0.9 0,018 9.69626 96962.6 with an elastic coupling between the stator and the rotor for

0,85 0,017 10,26663 45629,5 the system parameter variants at k&, =0,044413 Nm/rad,
08 | 0016 | 109083 | 27270.75 | 7, =0,00001s and k, =50000, that is, at ®. =1/27; . Fig. 4

0,75 0,015 11,63552 18616,83
0,7 0,014 12,46663 13851,81

also shows graphs of changes in the relative error of reference
sawtooth signal, which is defined as
e=(a—0p)/ 0 - (38)
Fig. 4, b shows the timing diagrams of the same variable signals, only for the servo system without
an elastic coupling for the system parameters: 7, =0,00001s, 7, =0,0001s and o, =1/27, .

Comparison of two calculation variants was carried out for the same values of the cut-off frequency
. of two open-loop systems. Already here we can make preliminary remarks on the nature of the processes
in these two systems. In the first and second cases, we have servo systems with astatism of the first and sec-
ond orders, respectively. Therefore, in the first case, a steady-state error €(¢) with a non-zero value is ob-
served on the linear interval of the reference sawtooth signal. In a system with second-order astaticism, the
steady-state value of this error is practically zero.
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Noticeable is also the difference in the curves of the change in stator currents. In the first case, in the
linear interval of the reference sawtooth signal, a linear change in the magnitude of the stator current is ob-
served in proportion to the change of the resistance torque of the elastic coupling between the stator and the
rotor. In the second case, the process of changing the current is determined only by the torque of resistance
of the bearings, the value of which is relatively small. Due to the fact that in the first case there is a gradual
accumulation of energy in the elastic system, and in the process of releasing the sawtooth voltage, this en-
ergy is consumed relatively quickly, a decrease in the consumed current is observed compared to the current

in the BMM without an elastic coupling.
1L | | |
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AL 1 | | 1 |

1—1, A4
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Fig. 4

The most important parameters that characterize the quality of the servo system operating in the re-
turn-rotary motion mode with a reference sawtooth signal are the maximum relative error €_, in the linear

interval of the sawtooth signal and the stator current effective value /. The maximum error €_, in the oper-

X

ating interval 7, is determined by the formula:

€ :(max[oc—ocR])/OLmax ) (39)
First, we will study the first variant of the servo system with an elastic coupling between the stator
and the rotor. Figures 5 and 6 shows the dependences of the maximum relative error ¢, (k, ) and stator cur-

rent / (kl) on the open-loop system gain, calculated with the elasticity coefficient &, =0,044413 Nm/rad
and, respectively, for two values of the filter time constant of the real differentiating link 7, =0,00001s and
T, =0,0001s. Moreover, Fig. 5, a and 5, b shows these dependences for two sub-ranges of change in the

open-loop system gain £, .
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Fig. 7 and 8 presents the results of a study of the influence of changes in the elasticity &, and viscos-

ity k,, coefficients of the motor on the values of the maximum relative error ¢_, and the stator current effec-

X

tive value /. Fig. 9 show the dependences of the maximum relative error €, and the effective value of the

X

stator current / on the relative value t of the duration of the linear interval of the sawtooth signal (33).
These dependences were calculated for 7. =0,00001s and k, = 6250 as well as for the accepted basic val-
ues of the motor parameters, with the exception of the characteristics (Fig. 7 and 8), for each of which the
value of one of the coefficients &, or &, was changed, respectively.

0015 7- Emax - A 0,011 +-- 0,013
= 0,0108
001 : ' 0,012
) : : 00106
' : 0.011
l : 0.0104 -
R ; ; : 001
| : : : 0,0102 -----------! bemoeon : : .
: : k.. Nm/rad  k,,Nms/frad
0 ; ; , : 0.01 ; a i 0,009 : : . i
0 0.05 0.1 0,15 0.2 0 00002 0.0004 0.0006 0.7 0.75 0.8 0.85 0.9
0.35 -
0,33 A
0.31 A
0,20 A ; :
027 -------- dmmmeeee- 'é" : . : 027 ---cmmmitee e E E
. : ke, Nmfrad k,, Nms/rad
0.25 ' ' i i 0.25 : : :
0 0.05 0.1 0.15 02 0 0,0002 0,0004 0,0006 0.7 0.75 08 085 09
Fig. 7 Fig. 8 Fig. 9

Unlike the first variant, in a servo system without an elastic coupling between the stator and the ro-
tor, when choosing the parameters of the PD controller, two parameters can be varied — the time constant 75
of the controller and the cut-off frequency wc¢ of the open-loop system, taking into account conditions (25)
and (26). In the course of preliminary studies, it was noticed that with some settings of the regulators, proc-
esses were observed when the error curve g(?) did not reach its steady-state value. Therefore, the results of
the research are presented in Table 3, which shows the parameters that determine the controller tuning 73, T
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and n, as well as the performance indexes €,,,x and /, and in addition, the steady value &, of the error and the
time 7 it takes to reach this steady value from the moment of the begin of the linear interval oz (Fig. 3). In
cases where the error signal €(z) has not reached a steady value, the column &, shows the value that the signal
g(t) reached at the end of the linear interval. Dashes in the column #- mean that the signal &(z) never reached
its steady state value.

Table 3
I, s T.,s n E & 1,4 te, S
0,0001 0,000093 -0,000062 0,3537 0,00006
0,001 | 0,00145 -0,000058 0,3533 0,0028
0,01 0,00168 (0,000049) 0,3523 -
0,1 0,000808 (0,00064) 0,3519 -
0,0001 0,000254 -0,0000617 0,3541 0,00008
0,001 ) 0,00298 -0,000054 0,3536 0,0035
0,01 0,00341 (0,000161) 0,3517 -
0,1 0.00001 0,00166 (0,00138) 0,3511 -
0,0001 ’ 0,00057 -0,0000603 0,3555 0,0001
0,001 4 0,00604 -0,000045 0,3548 0,0042
0,01 0,00687 (0,000382) 0,3509 -
0,1 0,00336 (0,00283) 0,3497 -
0,0001 0,0012 -0,000059 0,3585 0,0014
0,001 2 0,0122 -0,000028 0,3572 0,0047
0,01 0,0137 (0,000828) 0,3495 -
0,1 0,00678 (0,00573) 0,3471 -
0,001 0,0153 -0,000019 0,3661 0,00325
0,01 1 0,0182 (0,00104) 0,3551 -
0,1 0,0094 (0,00713) 0,352 -
0,001 0,031 0,0000238 0,3729 0,00353
0,01 2 0,0357 (0,00214) 0,3515 -
0,1 0.0001 0,0178 (0,0144) 0,3454 -
0,001 ’ 0,0634 0,00011 0,387 0,0043
0,01 4 0,0693 (0,0043) 0,3435 -
0,1 0,0341 (0,00289) 0,3319 -
0,001 0,0149 0,000282 0,4242 0,0066
0,01 8 0,0132 (0,0085) 0,3229 -
0,1 0,0671 (0,058) 0,3031 -

Conclusions. The reliability of the studies is based on the fact that the adequacy of the mathematical
description of the specialized BMM of the return-rotary motion was confirmed experimentally in [7], and
also on the fact that in the development of a servo system, the principles of the automatic control theory were
used. In particular, the electro-magnetic time constant of the stator winding was compensated by using a
proportional controller and current feedback. The inertia of the oscillatory link of the second order of the
control object was compensated with the help of a PID controller, which made it possible to obtain an astatic
control system of the first order. In the absence of an elastic magnetic coupling between the stator and the
rotor, a system with second-order astatism is realized.

The studies have confirmed the possibility of development of the scanning device based on a special-
ized BMD of return-rotary motion. It is shown that the most energy-consuming is the mode of resetting the
sawtooth signal and transferring the rotor shaft from one extreme angular position to another. The formation
of an elastic magnetic coupling between the stator and the rotor of the motor made it possible to reduce the
stator current effective value by 10-15% or more compared to using a traditional BMM without such a cou-
pling. This is explained by the fact that the energy in the elastic element of the electromechanical system ac-
cumulates gradually at a low value of the stator current in the linear interval of the sawtooth signal. The ac-
cumulated energy is consumed over a short time interval when the sawtooth signal is reset and the rotor posi-
tion changes from positive values of the amplitude of the rotor position angle to negative. In addition, the
limitation of the second derivative of the sawtooth signal at the reset interval contributes to the reduction of
the stator current effective value.
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The study of the influence of changes in the values of the coefficients of elasticity and viscosity of
the motor, as well as the relative value of the duration of the linear interval of the sawtooth signal on the
characteristics of the operating mode of the servo system showed that the stator current effective value is
most susceptible to change, which allows to some extent to optimize the thermal state of the executive motor.

The dependences of the accuracy of processing the input sawtooth signal on the parameters of servo
systems are determined. The possibilities for ensuring this accuracy are limited by the influence of the time

constant 7,. of the filter of the real differentiating link.
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JOCJILIZKEHHS INIAXOAIB 1O IOBYJOBU CKAHYIOYOI'O ITPUCTPOIO HA OCHOBI
BE3KOHTAKTHOI'O MATHITOEJIEKTPUYHOI'O JIBUT'YHA 3BOPOTHO-OBEPTOBOI'O PYXY

K.I1. Akunin', 1oxt. Texn. Hayk, B.I'. Kipees', kan. TexH. Hayk, A.A. ®LIOMEHKO', KaHI. TeXH. HAYK,
B.A. Jlappunenxo', O.B. Beprenesa’, kann. di3.-mar. Hayk

'IncTutyT enexrpoaunamiku HAH Ykpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina. E-mail: akkp2117@gmail.com.

? KuiBchKuii HANIOHAILHUIT TOProBe/IbHO-eKOHOMIUHNIi yHiBEpCHTET,

By.I1. Kioro, 19, Kuis, 02156, Ykpaina.

Haseoeno pezynomamu 0ocniodxcenv nioxodie 00 noOy008u CKAHYI0H020 NPUCHPOIO HA OCHOBE CReyiani3osanoeo Oe3xo-
HMAKMHO20 MACHIMOENeKMPUUHO20 08UZYHA 360POMHO-00epmanbHo2o pyxy. Onucano cmpykmypu ma npoeoeHo no-
DIBHANHS CIOKYIOUUX CUCTEM 3 OBUSYHAMU SIK 3 NPYICHUM MASHIMHUM 36 'SI3KOM MIJC CIMAmopoM i pomopom, max i oe3
makozo 36'a3ky. Busnaueno sanesxicnocmi mounocmi 8ionpayioganis 3a0aH020 NUAKONOOIOH020 CUZHANY i 0il04020 3HA-
YeHHsT CIMPYMY CIamopa 8i0 napamempia clioKyruux cucmem, 3HaveHsb Koeiyicumie npyscHocmi ma 6'a3kocmi 08u-
2YHA, a MAKOA’C 8IOHOCHOT 8eIUYUHY MPUBALOCI JIHIIHOI poO0UOT OiNaAHKU NUIKONOOJIOHO20 cucHany 3a60anHA. Tloka-
3aHO, WO 3HUIICEHHS OiI0U020 3HAUEHHS CIMPYMY CIAMOopa 00CAAEMbCI WNAXOM 66E0eHHA NPYICHO20 MASHIMHO20 3651~
3KY MIdHIC CIMamopom i pomopom, a Mmakoic ooMedxnceHHs Opy2oi NoxioHoi npu opmyeanui npoyecy CKUOAHHA NUIKONO-
0ibHo20 cueHany 3aedanns. bion. 8, puc. 9, Tabdm. 3.

Kniouoei cnosa: 6e3kOHTaKTHUI MarHiTOEJIEKTPUYHUI JIBUTYH, 3BOPOTHO-00EPTOBHH PYyX, CIIJIKyrOYa cUCTeMa, NpH-
CTpiil CKaHyBaHHSI.
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3ACTOCYBAHHSA ACUHXPOHHOI'O EJIEKTPOIIPUBOJA
3 KEPYBAHHSAM 3A PEAKTUBHOIO ITIOTYKHICTIO

P.A. YenkyHoB, KaH]I. TEXH. HAYK

HaykoBo-Bupoounye niznpuemcrBo «Enaexrponik, JITI», TOB
ByJ1. Pycrasi, 5 — 204, 3anopix:xka, 69055, Ykpaina.

E-mail: elecktronick.ltd@gmail.com

Pozensanymo numanmns 3abesneuenHs nepesaz ACUHXPOHHO20 eLEKMPONPUBOOd 3 KEPYGAHHAM 34 PeakmueHoO
nomyocnicmio  —  0e3nepepenoco  0lanazony  pecyioGanHs  WEUOKOCMI,  GKIIOYAIOYU  HYIb,  HE3ANeICHOCMI
HABAHMAICYBATILHOL [ NEPesaHmadicy8aibHol  30amuocmi — i0  3MIHU  naApamempis ACUHXPOHHO20 —OBUZYHA,
WBUOKOOII0Y020 pe2yl08AHHA i CNPOUWeHHA MIKponpoyecopHoi cucmemu Kepysantsa. biom. §, puc. 6.

Knwowuoei cnosa: aciHXpOHHUIA €JIEKTPOITPUBO/I, MOTOKO3UYEILICHHS POTOPA, 3MiHa MMapaMeTpPiB aCHHXPOHHOIO JIBUTYHA.

Beryn. B acunxponnomy enektponpuBoni (AEIT) 3 kepyBaHHSM 3a pEaKTUBHOIO IMOTYKHICTIO
00YHCITIOBaHE MTOTOKO3UEIUICHHS POTOpa HE 3aJISKUTh Bifl 3MiHM OMOpIB acHHXpOHHOro nBuryHa (A/l), mo
3a0e3redye HeOOXiMHUN MEXaHIYHMM MOMEHT IBHUTYHA y BChOMY Iiama3oHi peryioBaHHs mBuakocTi AEIL,
BKJIFOYAIOYH MIBUAKICTh, piBHY Hymo [1]. Ha Bimminy Big BekTtopHoro kepyBaHHst AEIT st nboro He moTpiObHa
CKJIaJHa MporpaMa ajanTamii A0 3MiH, OCOOJHMBO TeMIlepaTypHUX, BHYTpimHiX omopiB AJ[. Bexrophe
KepyBaHHS OyJIO 3alpOIIOHOBAHO B [2] 1 BUKOPHCTOBYETHCS 3a sKiCHOTO perymoBanas AEII monan m’ stmecsat
pokiB. OmHak 3ajyisi 3a0e3leUeHHs] SKOCTI TAKOTO PEryNIOBaHHS HEOOXiAHO BHPIMMTH psia mpobiem [3],
30KpeMa aJanTyBaTH CHCTEMY KepyBaHHS 1O 3MiHM mapameTpiB Al ocoOIMBO 3a paxyHOK TeMIlepaTypHOI
3MiHH OTIOPIB cTaTopa U poTopa. B [4] po3rsHyTO Oinblue cta mporpam aganTarii. [cHyBaHHS BEJIMKOTO 4uciia
IIUX TIPOTPaM TOBOPHUTH IPO CKJIAMHICTE 1 HEBUPIMICHHS 0 KiHI 11i€l 3aaa4i. HaitOimbIr mikaBoro € amamnTartis
3 BUKOPHCTaHHSIM PEaKTUBHOI MOTy>KHOCTI A/l [5], sika He 3aJIeUTh BiJ TEMIIEpaTypHOi 3MiHM OTOPiB cTaTopa
i poropa. Ll BmacTuBicTh Oyia Bukopucrana y po3podmi AEII 3 kepyBaHHSM 32 peakTUBHOIO TIOTYXKHicTIO [1].

[lim gac kepyBaHHS 3a PEAKTHBHOIO TMOTYXKHICTIO Y pa3i 3MiHi omopiB AJl 3MIHIOETHCS TITBKH
HIBUJKICTh, & HE HaBaHTaXXyBaJlbHa 1 MepeBaHTaXyBaibHa 31aTHICTH AEIl B MOpiBHSHHI 3 HOMiHAIEHUM
MoMeHTOM AJl, sIK 32 BEKTOpPHOT'O KEpyBaHHS y pa3i HesKicHOI aganTauii 10 3MiHK napameTpiB A/l

Hapsiny 3 3a0esmeueHHSAM BKa3aHOI SKOCTI PETYIIOBAHHS B ACHHXPOHHOMY CIICKTPOIPHBOII 3
KEpPYBaHHSM 32 PEaKTUBHOIO MOTYKHICTIO MiZBHIIYETHCS MIBUIAKOISI CHCTEMH PETYIIIOBaHHS. 32 YaCTOTHOTO
KEepyBaHHS BUCOKA IBUAKOIS 3a0€3MeUyEThCS Y pa3i ONTUMAILHOTO MiKPOIPOLIECOPHOTO KepyBaHHS [6—8].
Ane Ha ONM3BKUX 1O HYJs 4YacTOTaX BHHUKAIOTH NpoOJIeMH 3 3a0e3NedeHHSIM HeOOXiTHOrOo MOMEHTY
meuryHa. Llsg mpobrmema i BUpIIIyeThes y poOOTI 3a TOTIOMOTOI0 KEPYBAaHHS EJIEKTPOIPHUBOIOM 3a
PEaKTHBHOIO MOTYKHICTIO.

OcobnuBe 3HauYCHHS Ma€ MHUTAHHS CIPOIICHHS CHCTEMU KEPYBaHHS 3a PaXxyHOK TOTO, LIO MAJIS
3abe3neueHnss poootn AEIl B mmpokxoMmy [miama3oHi peryJrOBaHHS IMBHUAKOCTI BXE HE MOTPIOHI CKIIamHI
nporpamu aganraiii no 3min napamerpie AJl. lle cnpomenns 3nemesmtoe AEIL, fioro o0ciyroByBaHHs i
MiABUIY€ HOTO HalIHHICTB.

s nommpenns Bukopuctanas AEII 3 kepyBaHHSAM 3a pEaKTUBHOIO NOTYXHICTIO AOLIIBHO O1IbII
KOHKPETHO PO3TIISTHYTH SIK Pealli3yroThCsl HOTO MepeBary.

MeTo10 po6oTH € TIOPIBHAJIBHUN TEXHIKO-€KOHOMIYHIM aHami3 MOXIUBHX BapiaHTIB alrOpPUTMIB
KEepyBaHHS aCHHXPOHHUM €JICKTPONIPUBOAOM 32 PEaKTHBHOIO MOTYXHICTIO 3 OOIPYHTYBaHHSM iXHIX IepeBar
JUISL PI3HUX PEKUMIB poOOTH Ta PO3poOKa BIAMOBIAHOT (GYyHKITIOHAIBHOI CXEMH €JIEKTPOIIPUBOIY, IIIO MOXKE
peatizyBaTH Ii aITOPUTMHU.

Bukaan ocHoBHoro marepiamy. Bimnosimno mo [1] 3mina Hanpyru AU,.; mepeTBOproBava
gactotn (ITY) Ha KoXHOMY HacTymHOMY (n+1)-My iHTepBaidi MOIYJAIMII BH3HAYAETHCS UYepe3 3HAUCHHS
Hanpyru [1Y U, ctpymy ITY / Ta fioro peakTHBHOI CKJIaJ0BOi BIIHOCHO JI0 HANpyTH [xy Ha MOTOYHOMY 7-MYy
iHTEepBali MOAyJIALil mponopuiiiHo-iHTerpanbHuM (I11) perynsTopom peakTHBHOI HOTYXHOCTI

2
~U, L) + ki [ | 0L +%—U,’1XU dr, (1)

r r

oV’
AU, =k,(I’0L, +—=

n+l
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Je @ — Kpyrosa gactora w=2zf, f — BuxigHa yacrora [14; ¥, , — mOTOKO34YeIUIEHHS POTOpa, SKE 331a€ThCS Ta
PUOJIM3HO JOPIBHIOE BiTHOIICHHIO HOMIHAJILHUX 3HAYCHb HAnpyru 1 Kpyrooi 4actotu: WV, ,; = Uson/27fvow;
Lc — 1HOYKTUBHICTD po3citoBaHHA (a3u cTaTopa, BKIIOYAIOYHM IHAYKTHUBHICTH ENEKTPUYHOTO KOJIa MiX
TOYKaMHU BHMMIPIOBAaHHS HANpyru Ta IBUIYHa; L, — IHAyKTUBHICTH (asu portopa; k, — mponopuiiiHuii
KOoe(DIIiEHT TOCWICHHSI PETYIIATOPA; ki — THTETPATHHIHN KOS(IIIIEHT MOCHIICHHS PETYIIATOpA.

Bci BenmuunHM y npaBiii yacTuHU Qopmyiu (1) maHi Ui TOTOYHOTO 72-TO THTEPBATy MOYJISILIII.
(IHmeKe n HE BCTAHOBIIKOETHCS, a JJAJTI BiH OMYCKAETHCS TAKOXK 1 A1 Hanpyru U,.)

CrtpyM [ BU3HAYAETHCS depe3 Horo akTUBHY Ipy 1 peakTHBHY [yy CKJIAIOBI BiTHOCHO HAIIPYTH

L(ia +2i,)sin@,,; Iy, =—i,sing, —L(ia +2i,)cosb,,
V3 V3
Ie i,, i, — MATTEBI 3Ha4eHHS CTpyMiB a3 4 i C; Oy — KyT, BilpaxoBaHUi BiJl MOMEHTY MIEPEXOAY MHUTTEBOTO
3Ha4YeHHS Hanpyru ¢gas3u A 3 MiHyca B ILIIOC.

[lepmri nBa wieHu B myxkax Bupaszy (1) € 3aaHOI0 PEaKTHBHOIO TOTYXKHICTIO (s, & TPETid —
(hakTUIHOIO BUMiprOBaHOO 0.

VYcranene 3HaueHHs Hanpyrd U 3a AU = 0 pocsraetbesi 3a PIiBHOCTI 3a/aHOi PEaKTUBHOI
MOTY>KHOCTI Ta BUMipIOBaHO.

Hanpyra iHBepropa Ha HAacTYIHOMY iHTepBali MOIYJILii BU3HAYAETHCS Yepe3 XapaKTEPUCTUKY
MY U(f) sax U, = U(f) + AU,+;. Tlin yac peryaroBaHHS Ha HU3bKHUX YaCcTOTaX MOYKHA BHUKOPHCTOBYBATH
XapaKkTepucTUKYy [1, 6]

2 2 2, —7
=1, +1,,; Iz, =i,c086, —

U(f) =1, R+ (Lo + L) @)

ae Rc— omip kona ctaropa, Ly — B3a€MHA iHAyKTUBHICTb cTaTopa i potopa; /,, — 3aJjaHe 3HAUeHHs CTPyMy
HaMarHiuyyBaHHs, SK€ MOXKHa BU3HAYHTH Yepe3 HOMIHAIBHI 3HAUEHHS YAaCTOTH fuoy 1 HAUPYTH Uoy 32
bopmyno10 1, ;= Uyon/ 2l yon(Le + Lo).

3a HaBaHTa)KEHHS JIBUTYHA HAIIpyra NOBWHHA 30UIBIIYBATHCS 321151 KOMIICHC AT MaJiHHSI HAPyTH
Ha OMOpax, 3a YaCTOTHOTO KepyBaHHs — 3a paxyHoK IR-kommeHcarii, 3a BekTopHOro — aBToMaru4Ho. I[lig
9ac peryjioBaHHA 3a PEaKTUBHOIO MOTYXHICTIO MOXKHa BpaxoByBaTH IR-koMmeHcamito, a MoXHa He
BpPaxOBYBAaTH, Bce OJTHO BOHA Oyjie BpaxoBaHa y pasi 3MiHU HAINPYTd 3a PEaKTHBHOIO MOTYXHicTiO. OqHaK
SKIo ii BpaxoByBaTH, miaBumyerbcss mBuakoais AEIl 3a paxyHOK MoOmepeqHbOro BIUIMBY Ha
HOTOKO3YEIUIEHHS POTOPA, SIKE OCTATOYHO BiAPETYIIOETHCS PETYIATOPOM PEAKTHBHOI ITOTY>KHOCTI.

Po3paxyHOK 3a mpuBefeHMMH BHpa3aMH IPOBOIUTHECS HA KOXKHOMY IHTEpBali IUCKPETHOCTI 3a
Y4acTOTI MOAYJIALIT, 10 BUMIPIOETHCS B KiJIOrepIax.

BinmoBimgHO 10 po3paxyHKOBUX 3HaYeHb HAMIPYTH 1 4acToTH (hopMyroThes (ha3ui Hanpyru [1Y.

SIKIo Hampyra po3paxoBY€ThCS MIKPOIPOLECOPHOIO CHCTEMOIO KEePyBaHHS 3a JOCHUTH HPOCTOIO
dhopmyioro (1), To It pO3paxyHKY 4aCTOTH BUKOPHCTOBYETHCS aKTHBHA CKJIaoBa cTpyMy BimHOocHO EPC
Irg

2
2 _ UIX'U -1 C()LC (3)
oL

r

Tre =41

3 00YHCIIEHHSIM KBaJPAaTHOTO KOPEHS MiKpOIIPOIIECOPHOIO CHCTEMOIO KEpyBaHHSI.
OpHak MiIBUIIEHHS TOYHOCTI BU3HAUEHHS [z Mallo €EeKTHBHE, OCKIIBKM YaCTOTa KOB3aHHS
1

fs :WRrIRE’ 4)

.
OTXKe, 1 MBUAKICTH BCE OJHO 3JICKUTH BiJ TEMIEPATypHOi 3MiHH omopy poTtopa R.. Tomy cTpyM Irz TOCUTH
BU3HAYATH MPUOJIM3HO, a 32 BUCOKUX BUMOT JI0 TOYHOCTI PETYJIFOBaHHS HIBHIKOCTI 3aCTOCOBYBATH CUCTEMY
3 JaTYMKOM IIBUAKOCTi. MOXXJIMBO TAKOX 3aCTOCYBaHHA afanTUBHOI cucteMu kepyBaHHs AEIL

Herounicte Bu3HaueHHSA Ipg, KPIM TOYHOCTI PETYJIOBaHHS IMBHUAKOCTI, HE TOTIPIIyE iHII
noka3Huku sikocti AEIl, ocKilbkM 3aBASKH PETYJSATOPY HANpPYrd y BCbOMY Jiana3oHi peryioBaHHs
MIBUIKOCTI 3a0e3MmedyeTbcss HEoOXiHE MOTOKO3UYEIUICHHS pOTOpa, Ha BiAMIHY BiJ BEKTOPHOI CHCTEMH
KepyBaHHsA, B SKii HETOYHICTh BHMIPIOBaHHSA BekTopa cTpyMmy BimHOocHO EPC [Ipp BmnmBae Ha
MOTOKO3YEIJICHHS pOTOpa Ta Ha 3[aTHICTh HABAHTa)KEHHS 1 IepeBaHTakeHHT A/l

3ais COpOIIEHHS PO3PaxyHKIB PeryjiOBaHHA IIBHAKOCTI 3aMiCThb aKTHBHOI CKIIQJOBOi CTPyMy
BimHOCHO EPC IRz MOXXHA BUKOPHCTOBYBATH aKTUBHY CKJIAJIOBY CTPyMY BiTHOCHO Hampyru lgy. [loxuOky,
10 BUHUKAE Yy BU3HAUCHHI YaCTOTH KOB3aHHSA MOXKHA 3MEHILIUTH, HAIPUKIAN, MiJ 4Yac HaJaropKEHHS
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€JIEKTPOIPUBO/IA, 3MiHOIO KOe(ili€HTa MPONOPLIHHOCTI Ay Mi’ aKTUBHOIO CKJIaJ0BOIO CTPYMY Ta 4aCTOTOO
KOB3aHHS Ha BEJIMYMHY, sIKa MPUOIM3HO BPaxoBYE BigHOMICHHS [gp/lgy. Lle HE Mae iCTOTHOTO BIUIMBY Ha
TOYHICTH PETyJIOBaHHA IIBUAKOCTI, SIKA BCE OJHO 3aJIeKHUTh BHUJ TEMIIEPATypHOi 3MiHH OIOpy portopa R,, a
crcTeMa PeryJiloBaHHA IPU bOMY 3HAYHO CIIPOILY€ETHCS Yepe3 BiACYTHICTh HEOOX1THOCTI BU3HAUYEHHS [z 32
dhopmymoro (3). Lle BUOHO 3 CTPYKTYpPHOI CXEMH CHCTEMH PETYJIIOBaHHS, SKy HaBeIeHO Ha puc. 1, me
no3HaueHo: KII — koopauHatHuii meperBoproBau; JL i PII — maTumk i perymsrop MBUAKOCTI; A, 1, —
MIBUJKICTH 1 3aJjaHe 3HaueHHs MBHUIAKOCTI; U, — BXiJHa Hampyra iHBepTopa (cxeMa, gka 3a0e3Mneuye Hapyry
U nesanexso Bin 3MiHu Uy, BXOANTH B CKIaJl iHBEpTOpa); Ky — KOoe(ili€HT perynaropa 4yacToTu. Bkazanunit
curHai /py NO3HAUEHUH MyHKTUPHOKO CTPLIKOIO.
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OyHKIIOHAIBH] OJIOKH BUKOHYIOTh HACTYITHI olleparii: /' BU3HAUa€e 3HAUCHHS 3aJIJaHOT PeaKTUBHOT
noryxHocti Q;=l'wl.+w¥,’/L, ; F, — nanpyry U Bigmosigno mo ¢popmymu (1); F3; — BUKOHye omeparii
BignoBinHO 110 hopmyiu (3).

Ha puc. 1 Takox no3naueHo: K31 — kepoBaHuii 3a1aTYMK IHTEHCUBHOCTI, IKUH KEPYE YaCTOTOFO 110
33Ja€ThCA f;: OOMEXYe TEeMIT 3MIHHU f; Y pa3l BEJIUKOI IIBUIKOCTI 3MIHM 4YacTOTH F, HAa BXOJI 3aJaTyvKa
IHTEHCHUBHOCTI, SKa 3aJa€ThCs; 3a00pOHSA€ 30UTBIICHHS YacTOTH y pasi MEepeBUIICHHS CcTpymMoMm [
JOTyCTAMOTO 3HAa4YeHHS a00 3HMKYE uepe3 BEJIMKE TEepPEBUIICHHS; 3a00pOHSI€ 3HWKEHHS YacCTOTH 4Yepe3
MICPEBUIICHHS] BXIJHOK HANpyrow iHBepTopa U, HOmMycTMMOTO 3HaueHHs [6]; ki — koedimient IR-
KOMITCHCAITli, SKWi 30UIBITyEe HANpYyTy TEepeTBOpIOBada Ha BEIMYWHY IMAiHHS HANPyTH Ha BHYTPINTHIX
omopax AJl 3a crpymy I; k; — xoedimieHT 3BOPOTHOTO 3B’S3KY 3a PEAKTHBHOIO CKIIAOBOI0 CTPYMY 3ajisd
3a0e3MeYeHHs CTIHKOCTI CUCTEeMU aBTOMAaTUYHOTO PEryIFOBaHHs Ha HU3bKUX yacToTax [TY [8].

Pisanns B curHamax lzy Ta Ipp BUIHA 3 OCHWIOTpaMH Ha pUC. 2, Ha SKid TOKa3aHO MPOIIEC
CKUJaHHS Ta HAKWJaHHS HABaHTAXXyBAJILHOTO MOMEHTY A/l 3a IIBHUIKOCTI 7, siKa MPUOIU3HO JOPIBHIOE
3apanii 77, = 1 I'n [2]. TyT i gani MBUAKICTH BUMIPIOETHCS YaCTOTOIO0 0OEPTaHHS HABEAEHOT'O 10 OfHiET mapu

nomocis AJl 7 = pn, ToMy MacmTad IIBUAKOCTI 1 4aCTOTH OAHAKOBUH, a 7, = f,. Ha ocuumorpami lzy

Oinbmie [pp mpubausHo B 1,2 pasu, y CTUIBKHM X Pa3iB JOLIIBHO 3MeHIIMTH KoedimieHT &y . IloxnOka y
BU3HAUCHHI ky HA IHIIMX YacTOTaX HE TaK CyTTEBA, OCKUIBKM YacTOTAa KOB3aHHs 3TrifiHO 3 (opmyioro (4) y
OimpIIi Mipl 3aleXuTh BiX TeMmIeparypHoi 3MiHH omopy portopa R, Ocuuwiorpama 3HITO Ha
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enexkrporpuBonii EKT4 3amopisskoro enexkrpoamapatHoro 3asogy 3 AJ] 30xBt. MomeHT HanaBaBcs
CHIBBICHUM JIBUTYHOM IOCTIHHOTO CTPYMY 3 KEPOBAHWUM BHITPSIMIISIUEM.

znw[wawwew

Puc. 2

Jnsa Bu3HA4YeHHS MMOXWOKM IIBUIKOCTI HA PHUC. 3 HABEIEHO pe3yJIbTaTH MOJETIOBAaHHS 3a
CIIPOIIEHO CHCTEMOIO peryiitoBanHs (puc. 3, a) 1 3 po3paxyHkoM Ixg 3a dopmyiow (3) (puc. 3, 6) y pasi
3MiHM MIBUAKOCTI Bif Hysst 10 2 'l 1 HAa3aa mpu HEHArpiToOMy OBUTYHI (BEPXHi OCHMIIOrpamMH Ha pHc. 3, 6) i
HArpiTOMy 32 YMOBHU TE€MIIEPATyPHOTO 301IBIICHHS OMOpYy OOMOTOK ABHTYHA B 1,5 pas3m, mio BigmoBimae
3MiHI Temreparypu oOMoTok mpubmuzno Ha 100°C (HwkHI ocumiorpamMu Ha puc. 3, a). MaremaTnuHa
MOJIeNIb BpaxoBYy€ NOBHY cucteMy audepenuiiinux pisHsaHb AJl [8]. 3a ocHOBY B3sTi mapameTpu aABuryHa 30
KBT i peanpHIII MOMEHT iHEepIIii HABAHTAKyBAJIIEHOTO MEXaHi3My, SIK Ha puC. 2.

[lim vac MoaefOBaHHS IPUHUMAIIACS HACTYITHI TTapaMeTpH:

— napamerpu ABUryHa: Uy = 380 B; fion=50T'; p =2; R, = 0,17 Om; R.= 0,21 Om; Ly= 0,0286 I'n; L, =
0,03 T'n; Lc=0,0011 I's;

— CyMapHHii MOMEHT iHepuil Bala IBAIYHAa Ta HABaHTA)KyBalbHOTO MexaHismy J = 5,1 krm’
enekTpoMexaniuHa crajia yacy Ty = 0,15 ¢;

— napametpu peryaaropa: kr = 0,03 Tw/A; ki = 0,21 Owm; &,y = 5,26 B/(A-c). Ha pucyHkax mpejacTaBieHO
npouecu 3a k,= 0. YV pa3i HeoOX1AHOCTI MiABUILEHHS IIBUIKO/1l MOXKHA BBOAUTH 1€l KOE]ILIIEHT.

Ha puc. 3 mo3naueHo: 6e3nepepBHUMH JiHIIMH — 3amaHa mBuakictb AEII f3 1 Buximna gactora T4
f; IyHKTUPHOIO JIIHIEI0 — TIpUBeAcHa 10 onHiel mapu monrociB AJl mBuakicts AEIl 7 ; MTpUX-ITyHKTHPHOIO
— manpyra T4 U, sxa npusenena mo BuximHoi gactoru [1Y, Buxomsun 3 miHiAHOT Xapaktepuctuku U/f =
const (380B/50I't). 3a cmporieHol cxeMu 3a paxyHOK TOro, mo lzy > Igrg, MIBHIKICTH ACHIO 301IbIIYETHCS.
Sk BKa3aHO BHIIIE, 11€ 301JIbLIEHHS MOXKHA KOMIIEHCYBAaTU KOE(ILi€HTOM K, aje iCTOTHHM € Te, 1110 XapaKTep
MEePEXiTHUX MPOIIECiB 1 HaBaHTAXKyBaJIbHA 1 IepeBaHTAXKYBaJbHA 3aTHICTh A/l TPy IIbOMY HE 3MIHIOETHCSI.

3a gactoT 10 50 I'l Takok HEe BUIHO CYTTEBOI BIAMIHHOCTI IIBUAKOCTI 7 BifJ 77, HABAaHTAKEHOI'O

ta HeHaBaHTaxeHoro AJl (puc. 4) [8]. IlpeacraBieHo mocTymoBy 3MiHy BHXimHOI dactoT IIY B
acuaxponHomMy EIT EKT4 Bin 1 o 45 I'i 32 HOMIHAaIBbHOTO HaBaHTaXXKyBaJbHOTO MOMEHTY (pHcC. 4, @) 1 Bix
50 o 0 'y — y pexxumi Hepobouoro xony (puc. 4, 0).

VY pasi 3MiHK TeMmmepaTypH rpadik MBUAKOCTI 3pyIIyBATUMETLCS BrOPY UM BHU3, alie BAXKIIMBHM €
Te, 0 Ha MEXaHIYHOMY MOMEHTI 1 3[aTHOCTI HaBaHTaKeHHS A/l 11e He ITO3HaYaeThC.

3amis  peamizaimii 1i€i TporpaMu 3a CIPOIICHOK CTPYKTYPHOKO CXEMOK HE OO0OB'S3KOBO
3aCTOCYBaHHS MOTYKHUX 1 JOCUTh TOPOTHX MIKPOMPOLIECOPHUX KOHTPOJIEPIB 3 OOUUCICHHSIM 3 TUIABAIOYOI0
TOYKOI0, JOCHUTH IPOCTOTO Ta IEMIEBOTO 16-po3psamHOTO MiKpoKOHTpojepa, Hampukian, dsPIC30F abo
dsPIC33F ¢ipmu Microchip 3 peanizaliiero nmporpaM MHOXKESHHS Ta MOy acCeMOJICPHUMHU BCTaBKaMHU.
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ITapamerpu AJl MOKHa BU3HAUUTH 3a HOrO MACIIOPTHUMH JaHMMHU a0o0 3a JOMOMOTOO0 MPOTrpPaMu
MOTIEPEIHFOTO CaMOHAIAIITYBaHHs, 10 Tependavyae TecToBi pexxumu ais AJl Ta aBTOMaTW4HE yBEICHHS
napameTpiB y nam'siTb MiKpokoHTpouepa [8].

IBuAKOAis €NeKTPONPHUBOAY 3a0€3MEUYEThCS CUCTEMOIO ONTHUMAJIBHOTO PEerymtoBaHHs [6—8], ne
KepoBaHUH 3amatunk iHTeHCUBHOCTI K31 3a0e3medye onTrMaltbHI TIPOIECH y pa3i 3MiHH 3a1aHOTO 3HAYCHHS
yacTtoTd F3 Wi 4ac HAKWAY Ta CKHJAHHS HAaBAaHTAKEHHS 1 32 paXyHOK OOMEXKEHHsI CTpyMy Ta HaIlpyTH, a
TaKO 3a paxyHOK KoMmIleHcalii koB3aHHsA, IR-komnencaii i xapakrepuctuku (2) 4epe3 pob0Ty Ha HU3BKHX
gacTtorax. Taka cumcremMa ampoOoBaHa Ha COTHSIX EJIEKTPOINPHBOMIB, BHITYIICHHUX 3aroOpi3bKUM
eJIeKTpoarnapaTHIM 3aBOJIoM 1 paHime icHyrounM YkpH/II cunoBoi enekrponiku «IlepeTBoproBauy.

3amis 3a0e3meveHHs CTIHKOCTI CHCTEM PEryJIIOBaHHS Ha HU3BKUX YaCTOTaX BBOJHUTHCS NOJATHUHN
3BOPOTHUH 3B'S130K 32 PEAKTHBHOIO CKJIAJIOBOO CTPyMY [8] (sIKa IMOMHOXKY€EThCS Ha k; Ha puc. 1).

VY pa3i mepekoMmeHcalii KOB3aHHS, SKa BH3HAYA€THCS MOXIMBHUMH TEMIIEPaTypHHUMHU 3MiHaMHU
OMOpiB 0OMOTOK JIBUTYHA 1 XapaKTePH3y€EThCS BITHOCHUM BiAXMIIEHHSAM Pi3HMIL YCTATIEHO] 71y, Ta 3aJIAHOI 1,
MIBUIAKOCTEH BiJ PAKTHIHOTO KOB3AHHS 71

B [8] omepxkaHa yMOBa CTIHKOCTI I IHTETPATLHOTO PETYJIATOpa
k< Ly , 9)
T, A+ (T /T,))
ne T¢— mocTiiiHa Yacy KoJjia CTaTopa, BKIIUYAl4y MOXKIUBY JOBXKHWHY KOJIa MiXK iHBEPTOPOM 1 IBUTYHOM.

VY pasi mepeHeceHHsS IHTErpaibHOI JIAHKU PETYJIIOBaHHS B KOJIO 3BOPOTHOTO 3B’SI3Ky BOHA CTaE
1HEpLIHOIO JTaHKOIO peryiroBaHHs. ToMy, SKIIO NPEeACTaBUTU KOe(illieHT peryisropa 4yacTotu Ky Ha puc. 1
TepeIaBaIbHOIO (DYHKITIEIO Y BUTJISNI 1HEPIIIHHOT JIJAHKU

Kf: kf/(1+pTlnt)
3 mpomnopuiiinuM KoedimientoMm k; i moctikiHoro wacy T, , fAKa 4YMCENbHO JOPIBHIOE MOCTiHHIA 4Yacy
IHTETpYyBaHHA IHTETPATLHOTO PETYJIATOPA YACTOTH, YMOBA CTIHKOCTI (9) HE 3MIHIOETRCS, a CTIHKICTh CHCTEMHU
peryJioBaHHS 3a MepeKoMITeHcallil KOB3aHHs 3a0e3MeuyeThesi BHOOPOM BiNOBiAHOI nocTiiHoI vacy T;,, 6e3
CYTTEBOr0 BIUIMBY Ha MEPEXiJHI MPOIECH EIEKTPONPHUBOJA, SKI BH3HAYAIOTHCS KEPOBAHUM 3aJaTUUKOM
inteHcuBHOCTI K31

Ha Bepxwniii ocumiorpami puc. 3, a 3a HaBaHTa)KE€HHs ycTrajleHa dacTtoTa fy., = 4,3 ', 3amanHa
WBHAKICTh 1,= 2 I'll, pakTHYHA IBUIKICT Ayr = 2,7 I'l, GakTnune KoB3aHHA ny = fior - nye = 1,6 T,
KoedimieHT nepekomnencamii k = (2,7 - 2)/1,6 = 0,44 (44 %).

Ilinx wac MoxemtoBaHHS NPUHHATO BenMWuuHy 13, = 134 Mc, 3a gKOi TPaHWYHO JOIyCTHMA
nepekomnencanis k£ = 0,88 (88%), ToMy CTIMKICTh CHCTEMM PEryJllOBaHHS y pa3i mepexommeHcarii 44%
3a0e3MeYy€eThCA.

Ha puc. 5 HaBeaeHO pe3yiabTaTH MOACIIOBAHHS 3 ITapaMeTpaMHy SK Ha BEpXHIH OCITHIOrpamMi puc. 3,
a, ane 3 T, = 50 mc. [pu upomy £ > 0,88 i cucrema Hecriiika. Ha puc. 5,6 t=3 + 45 c.

Perynsatop peakTMBHOI MOTYXHOCTI € JIOJaTKOBUM KOHTYPOM JI0 CHUCTEMH OITHMAILHOTO
perynioBaHHsa. BiH JOBOAWTH MOTOKO3YEIUICHHS POTOpa, SKE MPUONU3HO BH3HAUeHe 3a paxyHOk IR-
KOMITCHCAITIi 1 KOMIIEHCAIlii KOB3aHHS 3 ypaxyBaHHAM XapakTepucTuku U(f), 1o 3HAYCHHS, 110 BUMAaracThCsl.
3a HeBeNWKOI Pi3HUI WX 3HAYEeHb PETYJSITOP PEAKTUBHOI MOTY>KHOCTI, SIKHI BU3HAYAETHCS KoeillieHTaMK
ki, Kin, MOKE 1 HE OyTH IIBUIKOAIIOYHM.

[ligBuIeHHsT MBUAKOMII CHCTEMH DETYJIIOBAHHS 332 PaxyHOK JIOJIATHOTO 3BOPOTHOTO 3B’SI3Ky 3a
CTPYMOM 3a KOMIICHcalii KOB3aHHsS 1 MPHOJM3HOMY MonepeaHboMy oOuncieHHi [R-kommeHcarnii € mie
OJIHI€I0 TIEpeBaroo Mepes BEKTOPHOI0 CHCTEMOIO KepyBaHHS. Lle BUIHO Ha po3paxyHKOBHX OCIMIIOrpamax
32 IZICHTHYHKX TAPAMETPIB SNEKTPONPHUBO/IB 3 TIEIO Ta 3 IHIIOK CHCTEMaMH KepyBaHHSI, HaBeieHuX B [1].

BesnepepBHuii  Jmiana3oH  PEryJilOBaHHsS IIBUAKOCTI B O0JIACTI  HYJIBOBOTO  3HAYCHHS
HiATBEPKYETHCS PO3PAaXOBAHOI0 OCLUJIOTPaMOI0 Ha puc. 6, aHAJOTIYHOK HaBeAeHi Ha puc. 3, ame 3i
3MIHOKO MBUAKOCTI Bix +1 o -1 I'u. 3 ocrimmorpamu BUAHO, IO Yepe3 MepeXiaHi MPOIeCH IIBUIKICTh MOXKeE
3MIHIOBaTH 3HAK.
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Isunkonis AEIl mocs-
Ta€eThCs 32 PaXyHOK CyMICHOT il
anpoOOBaHOIO Ha BEJHMKIH cepii
€JIEKTPOTIPUBOIIB ONMTHUMAIEHO-
IO PEryJIOBaHHS 1 peryistopa
peakTuBHOI MOTYXHOCTI. Pery-
JSATOP PEaKTUBHOI MOTYKHOCTI
3a paxyHOK cTabimi3zarii ImoTo-
KO34eIUICHHs poTopa 3abe3muye
perymoBaHHsS B ONHU3BKOMY 10
HyJIS Iiara3oHi 4acToT.

BucnoBku.  OOrpyH-
TOBaHO TeEpeBaru acUHXPOHHO-
rO EJIEeKTPOIIPHBOJA 3 KepyBaH-
HSM 32 PEaKTUBHOIO TOTYXHiC-
TIO — Oe3lepepBHUI [iama3oH
peTyIIIOBaHHS IIBUIKOCTI,
BKIIFOYAIOYH HYJIb, HE3aJIEeKHO
BiJl 3MiHH HaBaHTaXXyBaJbHOTO
MoMmeHTy A]Jl, He3aIeXHICTh
HAaBaHTAXKYBAJILHOI Ta IMEpeBaH-
TaXyBaJbHOI  3aTHOCTI  BiX
TEMIIepaTypHOi 3MiHM Mapa-
MeTpiB  AJl, wBHIKOAiOYE

Puc.5,a, 6
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— 10

T ‘ Nty il
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Puc. 6

peryJoBaHHS, CHpomeHHs cuctemu kepyBaHHS AEIL. Perymsarop peakTHBHOI MOTYXHOCTI 3abe3nedye
peryNIOBaHHS Ha HU3BKMX 4YacToTaxX, IporpaMa ONTHMAaJbHOTO MIKPOIPOIECOPHOTO KepyBaHHS —
mBuakoxairo AEIL 3abe3nedyeTbes CTIHKICTh CHCTEMU PEryIIOBaHHS Ha HU3BKHUX YacTOTaX i CTIMKICTh y pasi
niepexkomIieHcartii kop3anusa. Cucrema kepyBanHs AEII crpomryeTses, ToMy 10 11 3a0e3medeHHs poOoTH
Ha HU3BKMX YacTOTax HE BHMAraeThbcs CKIAIHUX NporpaM ajanramii o 3MmiHM mapameTpiB AJ] i
BHUCOKOTIPOJYKTUBHHUX MIKPOKOHTpOJiepiB. be3 cyTTeBOro 3MeHIIEHHS TOYHOCTI PEryJIIOBaHHS IIBHUAKOCTI
CHCTEMY KepyBaHHS MO)KHA IIe OiJblIe CIPOCTUTH 1 peani3yBaTd Ha 3BHYAWHHUX 16-po3psaHUX
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MIKPOKOHTpOJIEpax. 32 BUCOKUX BUMOT JI0 TOUHOCTI PETyJIOBAHHS IIBHIKOCTI BUKOPUCTAHHS agamTaliii 10
3MiHM TapameTpiB AJl He Oyjae BIUIMBATH Ha MPalle3JaTHICTh CJICKTPONPHUBONA, SIK Y pa3l BEKTOPHOI'O
KepyBaHHS 3a HESAKICHOI ajanTailii. ACHHXPOHHUH €JCKTPONPUBOA 3 KEPYBaHHIM 332 pPEaKTUBHOIO
MOTYXKHICTIO PEKOMEHIYEThCS IO 3aCTOCYBAHHS B CIICKTPONPHBOAAX 3 BUCOKOKO SIKICTHO PEryNIOBaHHS
IIBUIKOCTI.
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Science-industrial enterprise “Electronik, LTD”

st. Rustavi, 5 - 204, Zaporihzhzia, 69055, Ukraine. E-mail: elecktronick.ltd@gmail.com

The practical issues of using an asynchronous electric drive with reactive power control with ensuring the
independence of the load and over load capacity from changes of induction motor parameters, uninterrupted diapason
of speed regulation, including zero, fast regulation and simplification of the microprocessor control system are
considered .1t is show what it may be to implement. References 8, figures 6.

Key words: asynchronous electric drive, magnetic flow of rotor, changes of induction motor parameters.
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ELECTRODYNAMICS OF HIGH-PRECISION ITERATIVE FEED ELECTRIC DRIVE
OF MACHINING CENTER WITH INERTIAL LOAD

0.A. Khudiayev’, D.O. Pshenychnykov™", V.B. Klepikov™ ", B.V. Vorobiov™""
National Technical University «Kharkiv Polytechnic Institute»,
Kirpichova str., 2, Kharkiv, 61002, Ukraine. E-mail: pshenichdm@gmail.com

The kinematical diagram and refined mathematical model of steady motion in machining mode of high-precision itera-
tive multichannel differential-geared electric feed drive of machining center with substantially inertial working tool are
presented. The structural-algorithmic diagram of a three-channel control system of an electric drive, represented by
various options for implementing an iterative algorithm for the interaction of control channels is given. Concretization
of computer model is completed to simulation of movements of iterative two- and three-channel electric drive with sub-
ordinated adjustment of control channels, destined for displacement of working tool feed mechanism in face milling
mode. Comparative assessment in time and frequency areas of quality indicators to improve the feed accuracy using the
proposed multichannel electromechanical system is completed. Comparison is made with similar on purpose, but dif-
ferent on speed of operation, modern single-channel gearless feed electric drives, which traditionally used on heavy
metal cutting machines and machining centers. It is shown that in compensated two- and three-channel electric drive
compared to even broadband single-channel asynchronous feed electric drive with frequency-current vector control a
significant increase not only in speed of operation, but also in the dynamic accuracy of feed control practically in the
entire range of working tool movements can be achieved. It is determined that iterative three-channel electric drive
potentially provides a level of quality control of the working tool, unattainable not only in the corresponding traditional
single-channel electric feed drives of various types, but in a similar construction two-channel differential-reducer feed
electric drive. References 10, figures 5, table 1.

Key words: iterative multichannel electric drive, differential-geared electric drive, bandwidth, static and dynamic accu-
racy.

Introduction. Raise static accuracy and, especially, dynamic accuracy of inertia working tools (WT)
feed mechanisms (FM) servo electric drives (ED) of heavy cutting machines and machining centers (MC) is
one of the important problems facing to designers of program-controlled ED of machining industrial facili-
ties [1, 2]. The multichannel electric drives of FM designed by an iterative [3] or close to it [4-7] principles
have considerable potential advantages on dynamic indexes of WT position control quality compared with
traditional one-channel feed ED of machines and MC [8].

Formulation of the problem. Iterative multichannel FM ED with summing mechanical differentials
(MD) under condition of compensation in such drives of a negative dynamical interference of channels
(DIFC) on loading have all properties of iterative high-precision control systems [3]. Thus, in control chan-
nels of multichannel feed ED can be applied well completed and unified typical tunings of an electrodynam-
ics, for example, by a principle of subordinated control systems (SCS) [8].

It is established in [8], that speed and accuracy of iterative multichannel feed ED including ED with
MD and typical tuning of channels, depend not so much on torque overload capacity, as from bandwidth of the
drive of final precise control channel. Comparative raise of speed and efficiency of corresponding multichannel
differential FM ED will be various depending on type of a drive power part of precise channel. Additional de-
crease of control processes regulation time by multimotor inertia FM with MD is possible by including to dif-
ferential drive mechanism (DM) the readjusted raising gearbox (RRG) and excluding transmission.

It is shown in [9], that compensated multichannel differential-geared feed ED with RRG and SCS-
adjustment of channels with reference to feed of heavy cutting machine WT with numeric control (NC) real-
izes potential advantages of iterative ED on speed and accuracy of control. It is established, that coordinated
use of possibilities of RRG and NC system in each calculated zone of machine WT displacements allows
adjusting effectively a mode of series-parallel interacting of main and refinement drives of multimotor FM
without an essential modification of control channels typical tuning and DM design. It is necessary for pro-
viding of as much as possible accessible control quality of multichannel differential-geared feed ED in all
range of WT feed. Results of computer simulation presented in [9], have shown, that iterative three-channel
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FM ED with RRG potentially provides control speed operation of machine WT feed, which unattainable not
only by traditional one-channel direct-drive feed ED of various types, but also by similar on construction
double-channel differential-geared FM ED.

At the same time, problems of potentially accessible raise of inertia WT feed control accuracy by
means of iterative multichannel FM ED with RRG and typical tuning of channels demand the further analy-
sis, concretization and a quantitative estimation. Thereby the comparative estimation of control accuracy in-
dexes of such multichannel feed ED with the broadband precise channel and modern one-channel direct-
drive FM ED with control system SCS-adjustment and various types of drive power part is of interest: on the
basis of DC actuating motors (AM) (PWM-DC motor type) and AC motors (FC-IM type). In this sense, such
results are logical prolongation and development of results obtained in [9].

The paper purpose is deriving of the specified mathematical model of three-motor drive (taking into ac-
count DIFC on loading) and a comparative estimation of control accuracy raise potential efficiency of compen-
sated iterative two- and three-channel differential-geared FM ED with RRG and typical tuning of control channels
with reference to inertia WT feed of NC WorkCentre of «Horizontal machining centre UP1600IIM®4» type (ma-
chine mass of 85 tons) [10]. f

Material of researches. The high preci-
sion WorkCentre P1600IIM®4 with a program
control contour-positional system and tool auto-
matic change is made with console less twin-
spindle machine head which located into a longi-
tudinal-mobile rack, moved on a skid (Fig. 1).
Skids, rack and the spindle head have lateral
movement on the frame (axis X, on distance to
SWT:3200 mm)

Proposed iterative multichannel differen-
tial-geared feed ED includes for observed Work-
Centre (on axis X) first channel (main) K-1, sec-
ond (refinement) K-2 and the third (precise) K-3
angle control channels with corresponding subor- Fig. 1
dinated speed loops which have been adjusted on a
symmetric optimum. Variants (¢ and b) of the generalized structurally-algorithmic scheme of a three-channel
differential-geared FM ED control system with system of differentials MD1-MD2, RRG, the coupling muff
CM and the load toque accounting: M;;, My, M3, converted to outputs of corresponded control open loop
channels are displayed on Fig. 2. In addition are marked out on figure: igrrg1+2+3 and Crs — RRG reduction
ratio and a transfer ratio of ball screw lead screw (LS) ; R; () (i=1,2,3) — differential operators of separate

drives position open loops taking into account corresponding control and actuating devices; WTI’[( p) and

E.{p) (i=1,2,3) — differential operators of speed loops on the loading torque 7;; and errors of separate drives
speed loops; p=d/dt — differentiation operator on time. Both structures (Fig. 2 a, b) are equivalent from the
point of view of properties of observed iterative three-channel system.

It is supposed, that electric drives of main K-1 and refinement K-2 channels of double-channel dif-
ferential-geared FM ED, included in three-channel WT feed control system, are designed based on typical
machine transistor DC ED with power parts of PWM-DC motor type. In this case modern modifications of
widely known deeply regulated kit DC ED of Mitsubishi Electric series MR-J2S and MR-J3, for example,
model MR-J3-DU37KA can be used. As M1 AM of main drive and M2 of refinement drive of double-
channel FM ED with RRG is offered to be used great torque reverse DC motors with permanent magnets of
series [IB type II®B160C (P,pm1=7,5 kW; Tom1=143,2 Nm) and series 1B type IIBB160M (P2 = 4 kW)
(Ukraine).

Additional third precise channel K-3 in three-channel differential-geared WT feed ED it is offered to
design based on an AC-drive. Thus, the servodrive of precise channel K-3 can be realized based on induction
motor M3 with the squirrel cage rotor (a slip-ring motor), matching on the torque and power to AM of base
ED. For example, ABB corporation IM type M3AAI80MLA (Pom3 = 11 kW; T3 = 143,7 Nm) or Sie-
mens IM type 1LAS5186-8AB (Puoms = 11 kW; T,om3 = 144,9 Nm) are suitable for WorkCentre
HNP1600TIM®4. For M3 control it is offered to use broadband kit AC ED (FC-IM type) with frequency-
current vector control on the basis of a modular frequency converter (FC) corporation Invertek Drives series
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Optidrive Plus 3GV models OPD-52220-IN, 200-240 V, 3AC (Pomrc = 22 kW) or Siemens series Sinamics
G120 model Sinamics G120, 380-480 V, 3AC (Pomrc = 30 kW).
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Comparison is made with analogous to destination typical one-channel (autonomous) direct-drive
feed ED of PWM-DC motor and FC-IM type. At simulation of electrodynamics characteristics in one-
channel ED as WorkCentre FM drive AM are used accordingly great torque DC motor with permanent mag-
nets [I®B160S type and IM M3AA180MLA type.

The simplified design scheme of three-motive FM with RRG for three-channel differential-geared
WorkCentre WT feed ED is observed in [9]. The matching kinematical scheme of three-channel differential-
geared ED with three-motive WT FM (a working rack with a sled) is resulted on Fig. 3 where gear ratios are
marked out: i1:1,9988, i2:2,0004, 13:2,924584, iMD1=iMD2=2; iRRG,1:031250753 Z'RRG,HZZO,S, iRRG,1+2+3:1;
C1s=3,1831-107 m/rad. The operating principle of three-motive FM with RRG is easy for understanding
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from figure taking into account given designations (in corresponding iterative double-channel feed ED with
RRG are not used motor M3 and gear ratio irrg,1+2+3=1).
The specified mathematical model of three-channel FM ED with RRG in steady modes of the metal
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working (face milling), obtained from Fig. 3 at an assumption of absolute stiffness of mechanical links of a
drive kinematic scheme and static character of the reactive load torques on motor shafts, looks like:

where
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. +1 with coincident rotation of M2 relatively M1;
SENPu = {- 1 with opposite rotation of M2 relatively M1;
Signg, = {4‘ 1 with coincident rotation of M3 relatively MD1; 9)
M3 7121 with opposite rotation of M3 relatively MD1.

Let us note that precise execution of drives motion equations in (4) corresponds to the steady-state

static operating modes of three-channel ED.

In equations (1) — (9) and in Fig. 2 indicate: Fyr and Syr are the resulting axial feed force and the

corresponding machine WT movement (feed); kF, and F), are the horizontal (X-axis) and loading (along the
vertical Y-axis of the spindle) components of the steady-state value of the circumferential cutting force F'
(kF3,max=25500 N; F), max 234425 N); k is the safety factor, taking into account the distortions in the FM, k= 1
+1,2; F'1s the total axial feed force, reduced to SN and determined by the forces kF}, F, and rolling friction

force of WT sliding carriage: F';= kF), + (m 'WT, N8 T F))f vois 100,01 (F 4max=30000 N); /. 7 sy 1s the steady-

state load resistance force during feeding (in metal working mode), created by WT on the LS axis and re-
duced to SN; Ty, Thz, Thss and Tuspy, Tups are the torques developed by M1, M2, M3 and differentials MD1,
MD2 when they work together; T,.; (i = 1, 2, 3) and T,.+, are the reactive torques on shafts, respectively,
M1, M2, M3 and RRG; T, up> is the steady-state torque of load resistance (in the metalworking mode), cre-
ated by machine WT moving and reduced to MD2 shaft (determined by the rolling frictional forces of the
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work rack supports along the frame guides, friction in a screw-nut pair and friction in the bearings of the LS
supports, as well as the components of the cutting force F) (7., vp2,max=139,944 Nm); T7.; (i =1, 2, 3) are the
load resistance torques, reduced to the shafts, respectively, M1, M2, M3 (T7.; nax=15,028 Nm; 7.5 015,016
Nm; T4 319,828 Nm;); Qusr, Oar, Oass, Paini, Oup2 and @5 are the angles of rotation of shafts M1, M2, M3,
differentials MD1, MD2 and LS; m gy is the mass of WT reduced to SN: m yrsy=my+m;=45000 kg;
Jup1a+243> S up2a+2+3 and S 14043, 14243, J us.142+3 are the moments of inertia of DM, reduced, respec-
tively, to the shafts of the differentials MD1, MD?2 and to shafts of M1, M2, M3 when they work together as
part of a three-channel ED (at iggg12+3=1): Jn.14243=0,284573 kgmz, J1425=0,332434 kgmz,
J3.14243=0,240153 kgmz; Jun and Jg yp, are the own moments of inertia of the motor M1 and the output shaft
MD2: J,1=0,194 kgmz, Jump=0,015 kgmz; Jsd g RRG> J5g RRGs Js.gmp2 AN J ‘cag 14243, mp2 are the moments of iner-
tia of the DM, elements: the driving gears of the RRG, driven gears of the RRG, MD?2 first sun gear and re-
duced one of CM; y is the density of gear material, for steel y=7,8-10° kg/m’; g is the acceleration of gravity;
Nsg» NMup and n, are the efficiency of a spur gear reducer, bevel MD and a screw-nut type helical gear:
Ns2=0,985, Map.=0,98, n, =0,85.

The generalized functional diagrams of three-channel FM ED with RRG and compared single-
channel gearless feed EDs of the PWM-DCM type and the FC-ID type are presented in [9].

Mathematically taking into account the influence of DIFC cross connections on the load on the
movement of iterative ED is determined by the system of equations (4) taking into account (6) — (9).

Research results. Computer simulation of electrodynamics of iteration multichannel FM ED with
RRG and compared single-channel feed ED is carried out on the basis of the developed mathematical models
of the drives motion, in particular the model (1) — (9), taking into account the corresponding structural-
algorithmic schemes (Fig. 2, a), technical characteristics of the machine UP1600[IM®4 and requirements for
ED with SCS-adjustment. For all cases, the machine WT feed was simulated in the mode of product face
milling (WT position overshoot is not allowed) at the maximum static load of the feed drive. Comparative
diagrams for calculating the ED electrodynamics characteristics are shown in Fig. 4 and 5, and the results of
a comparative assessment of the obtained drives quality characteristics are in Table.

Given WT . Phase lag decrea§e in three-c.:hannel ED in comparisqn with one-channel ED ‘
zone (with various types of drlYes) apd with double-cha.nnel machine WT feed ED at working off
and displacement operating sinusoids Ups(t)ZUl?s)maxsm2nﬁ (Ups max=Var, f=var),
times
30 Hz 364 Hz
Ss One-channel ED type Double-channel ED One-channel ED type Double-channel ED
(0,1 pm) PWM-DCM FC-IM PWM-DCM FC-IM
45,7 1,35 2,97 - 1,54 2,36
27,5 Hz 160 Hz
(0,00§Smm) PW]\OAI}gél;innel E]%(t:y_};;[ Double-channel ED Pwﬁ?gélﬁnnel EI;tCy_I;:A Double-channel ED
14 1,463 3,26 2,95 1,17 1,48
31 Hz 55Hz
(0,0?fnm) Pwﬁ?gé}ﬁnnel EDF(t:y_II)EA Double-channel ED Pwa?gé};innel Eggﬁ)ﬁ/l Double-channel ED
5,39 3,21 1,135 1,355 1,234 1,209
1 Hz 1,6 Hz
Si One-channel ED type Double-channel ED One-channel ED type Double-channel ED
(20 mm) PWM-DCM FC-IM PWM-DCM FC-IM
6,27 4,69 1,416 1,31 1,185 1,139

On Fig. 4 and 5 are marked out: by digits «1», «2» and «3» — drives performances graphs of basic K-1,
refinement K-2 and precise K-3 control channels operating at iterative mode; by digits «1+2», «1+2+3» and
«1DCMp, «1IM» — performances graphs of optimized two- and three-channel differential-geared ED and com-
pared one-channel (autonomous) ED with a power part accordingly PWM-DCM type and FC-IM type; by dig-
its «1+2*» — performances of double-channel ED, operating as a part of optimized three-channel differential-
geared ED. In table are specified: Ss, Sy and Sy are the zones matching to small, middle and large displace-
ments of WorkCentre WT. Zones of displacements are calculated separately for each variant of a feed drive.

Results of computer researches have displayed considerable potential advantages of iterative mul-
tichannel FM ED with RRG not only on comparative decrease of transients time on WT position (first of all,
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at the most responsible static modes) [9], but also on WT moving control accuracy at feed dynamic regimes
that is expected for iterative systems. High dynamic and precise indexes of three-channel feed ED are caused
by essential relative expansion of its bandwidth at operation in the most responsible WT feed range (until
SWTZZO mm)

Fig. 4 shows comparative frequency characteristics of compensated three-channel ED and optimized
double-channel and one-channel (autonomous) feed ED of PWM-DCM type and FC-IM type at working off
of sinusoidal inputs of given amplitude in a zone small (a, b), middle (c¢) and large (d) WT displacements: a
= Swr=0,1 pm; b — Swr=0,001 mm; ¢ — Swr=0,02 mm; d — Swr=20 mm. Researches have shown, that already
in a zone of average displacements (0,02 mm < Swr < 0,1 mm) expansion of a bandwidth of double-channel
ED in comparison with both types one-channel ED is ensured: for ED of PWM-DCM type — not less than
over 1,4 times and for ED of IM type — not less than over 1,2 times. On the first section of a large displace-
ments zone (0,1 mm < Syt < 20 mm) comparative expansions of a bandwidth of double-channel ED are ac-
cordingly: over 1,38 times and over 1,27 times.

At the same time, it is established, that in a zone of small displacements (until Swr=0,001 mm) a re-
produced bandwidth of three-channel ED can be not less than my,;+,+5=1060 rad/s (168,7 Hz), that provides
bandwidth expansion of three-channel ED not less than over 1,4 times even in comparison with broadband
one-channel ED of FC-IM type. In comparison with similar double-channel feed ED with RRG its band-
width extends on the specified section more than over 2,5 times. Indexes of admissible expansion three-
channel ED bandwidth (in comparison with direct-drive one-channel feed ED of both types) sequentially
increase in a zone of middle displacements and on the first section of a zone of the large WT displacements.
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Fig. 4

The greatest effect of control accuracy raise by means of proposed multichannel differential-geared
feed ED can be attained at working off varying refinement stimulus (Fig. 5 and Table). For example, at
working off a signal of fixed acceleration Ups(1)=0,2¢* [V] (Sq(£)=0,064¢") position error (at feed Sy1=500
mm) for three-channel drive is only &,,+,:3=0,22 mm. There are analogous errors of double-channel ED
€y112=5,15 mm and one-channel ED of PWM-DCM type &, pcm=143,76 mm and FC-IM type &, 1m=53,32
mm, that ensures three-channel ED accuracy advantage over 23,4 times, 653,5 times and 242,4 times accord-

ingly.
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Potential accuracy possibilities of multichannel feed ED are manifested in the fullest measure at
working off of more complicated small amplitude sinusoidal signals (within 0<Syr<20 mm) (see Fig. 5 and
Table). On Fig. 5 working off graphs (at steady modes) of sinusoidal signal Ups(f)=UpsmaxSin2mft
(Upsmax=Var, f=var) by compensated three-channel ED and compared one-channel (autonomous) feed ED in
the given WT displacements zones are resulted: a — Ss=0,1 um (/=30 Hz; 364 Hz); b — Ss=0,001 mm (=27,5
Hz; 160 Hz); ¢ — S\=0,2 mm (/=31 Hz; 55 Hz); d — 5:=20 mm (=1 Hz; 1,6 Hz). Comparative estimation re-
sults of operating sinusoids working off accuracy by compensated three-channel machine WT feed ED are
presented in Table.

For example, a diminution of a phase lag in three-channel ED at Sy1=20 mm and /=1 Hz are: in com-
parison with one-channel ED of PWM-DCM type — over 6,27 times; in comparison with one-channel ED of
FC-IM type — over 4,69 times, in comparison with double-channel ED — over 1,416 times. When oscillations
frequency raises, accuracy are diminished, remaining thus more than one (Table).

In summary we will note, that negative effect of DIFC on loading (without connection CCL) no-
ticeably affects on control quality of multichannel differential-geared FM ED only in a zone small, middle
and, fractionally, the large WT displacements (0<Swr<50 mm). CCL introduction into feed range
50<Swr<3200 mm for raise of control operation speed at static modes is not necessary as practically does not
effect on position transients quality in multichannel ED. Connection CCL to system at reproduction of sinu-
soidal specified stimulus by multichannel ED may be useful at working off of high-frequency sinusoids (f
>50+100 Hz) and only in a zone of small WT displacements (amplitude until Sy1=0,02 mm).
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Conclusions. 1. The kinematic scheme is obtained and the specified mathematical model of the
steady drive moving (taking into account DIFC on loading) of iterative three-channel feed ED on the basis of
three-motor FM with RRG for WorkCentre with an inertia loading is presented.

2. On an example of a comparative estimation of potential efficiency of double-channel feed ED
with channels feeds on base of large torque DCM and three-channel feed ED with the IM drive of the third,
precise control channel it is established: at operation at the most responsible zone of small, medium and,
fractionally, large machine WT displacements (0<Swr<20 mm) operation speed and a dynamic accuracy of
iterative feed ED, including proposed FM ED with RRG, depend both from torque overload capacity, and
from drive bandwidth of the last (precise) channel of a multichannel control system. Therefore, it is recom-
mended at selection of the drive power part type of last, precise channel of iterative feed ED to prefer asyn-
chronous ED on the basis of IM and frequency-current vector control.

3. It is established, that the greatest effect of control accuracy raise by means of iterative three-
channel differential-geared feed ED of machine WT is attained at working off varying reference signals.
When working out signals of constant speed and constant acceleration, the accuracy of three-channel ED in
comparison with corresponding modern one-channel feed ED of various types can be raised over 10 times at
working off a fixed speed and fixed acceleration signals, and — over some times at working off sinusoidal
signals (see table). Thus, depending on the given amplitude of WT sine-wave oscillations the accuracy of
three-channel ED in comparison with analogous on design double-channel feed ED can be raised to 1,14 +
3,26 times.

4. When informational-measuring system of heavy cutting machines iterative multichannel feed ED
has devices with demanded precision resolution, then quality of control (operation speed and accuracy) can
be implemented, satisfying to the highest technical requirements and unattainable in traditional one-channel
feed ED. The assumption that for effective functioning of proposed three-channel differential-geared FM ED
with RRG and with essentially inertia loading AM power of the second, refinement DC-drive should be not
less than 50 + 75 %, and AM power of the third, precise AC-drive — not less 100 % from main (base) ED
motor power is confirmed.

Pobomy suxonarno 3a 6100xcemuoio memor: "Teopia 6UCOKOMOUHUX iMepayitiHuX cucmem Kepyean-
HS  eleKmponpugooamu 3 MUNOBUM HACMPOWGaHusam peeyaamopie” (Ne JIP 0111U002270 KIIKBK
6541030).
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EJEKTPOJIJMHAMIKA BUCOKOTOYHOI'O ITEPAIIIMHOI' O EJTEKTPOIIPUBOIA
MOJAYI OGPOBHOI'O IIEHTPA 3 IHEPIIIMHUM HABAHTAKEHHSIM
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Hageoeno xinemamuuny cxemy i no0aHo ymouHeny Mamemamuyty Mooeib YCmaieHo2o pyxy 8 peicumi Memaioo6poo-
KU BUCOKOMOYHO20 TMepayitinoco MpUKaHaibHo20 OughepeHyianbHo-pedyKmMopHO20 ereKmponpusood nooadi oopooHo-
20 YyeHmpa i3 cymmeso iHepyiuHum pobouum opeavom. Haeedeno cmpyKmypHO-aicopummiyHy cxemy mMpUKaHaibHOL
cucmemu KepyeamHs eleKmponpusood, aKa no0aHd pisHuMU eapianmamu peanizayii imepayiliHo2o anzopummy 63de-
MOoOii kananie kepysanna. Konxpemusayito xomn tomepHoi mooeni BUKOHAHO CMOCOBHO 00 MOOENI08AHHA PYXie imepa-
YiliH020 080- MA MPUKAHATILHO2O eNeKMPONPUEo0d 3 NiONOPAOKOBAHUM HANAUIMYBAHHAM KAHANIE Kepy8aHHs, NPU3HA-
YeHo2o 071 nepemMiujeHtsi MEXAHI3MY nooadi pobo1020 Op2any 8 pedcumi mopyesozo gpeszepysanns. Buxonano nopis-
HANIbHY OYIHKY Y YACOGIll Ma 4aCMOMHIlU YAPUHAX NOKA3HUKIG AKOCMI NIOGUUEHHSI MOYHOCMI KePYSAHHSI no0ayero i3
3ACMOCYBAHHAM 3aNPONOHOBAHOI ba2amoKkanaibHol erekmpomexaniunoi cucmemu. TIopieHsHHA NPOBOOUMbCS 3 AHANO-
SIUHUMU 30 NPUSHAYEHHSM, alle DISHUMU 30 WBUOKOOIEI0, CYHACHUMU OOHOKAHANLHUMU 0e3De0YKIMOPHUMY eLeKMPOnpU-
600amu noOauyi, 5IKi MPAOUYIIHO 3ACMOCO8YIOMb HA GANCKUX MEMANIOPI3AIbHUX 8epCmamax ma oOpoOHUX YeHmpax.
Toxazano, wo 6 KOMREHCOBAHOMY 080- MA MPUKAHATLHOMY €IeKMPONpUSoOi y NOPIGHAHNI HABIMb 3 WUPOKOCMY206UM
OOHOKAHANbHUM ACUHXPOHHUM NPUBOOOM NOOAYL 3 YACTOMHO-CIMPYMOBUM GEKIMOPHUM KEPYBAHHAM Modice Oymu 0ocs-
SHYmo cymmeee Nio8UUeHHs He MilbKu WEUOKooii, are i OUHAMIYHOI MOYHOCMI Kepy8aHHA Nnooayero NPAKmuiHo 6
ycbomy Oianasowi nepemiwyerv pob6o4o2o opeary. Bcmarnogneno, wjo imepayitinuii MpUKAHATbHULL e1eKMPOnpuUeoo no-
meHyiliHo 3a0e3neuye pigeHb AKOCMI KepyB8aHHs POOOYUM OP2AHOM, HEOOCAN’CHUL He MINbKU 3 O0NOMO2010 8i0N0BIOHUX
MPAoUYiiHUX 0OHOKAHANLHUX eleKMmpOnpugooie nooayi pisHux munis, aie ti 3a 00NOMO02010 AHANO2IYHO20 3a N06Y00-
6010 0BOKAHAILHO20 OUDEPEHYIATbHO-PEOYKMOPHO20 eleKkmponpugooa nooayi. biom. 10, puc. 5, tabd. 1.

Knrouosi cnoea: itepamiiinuii OaraTOKaHAJIBHUI EIEKTPONPUBO, MUGEPEHINIATBHO-PEAYKTOPHHMA EIEKTPOIPUBO/I,
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IIposedeno cunmes HewimKo20 NPONOPYIUHO-IHMeEZPATLHO-OUDEPEHYIANLHO20 Pe2YIAMOopa WeUOKOCHi 0Yy20Cmamop-
HO20 eeKmponpugody 00epmanHs aHmeHu padioloKayitiHoi cmanyii 3 kKombinoganum xepysanusim. Pospobreno cmpy-
KMYPHY CXeMy HeuimKoeo pe2yiaimopd, BU3HAYEeHO 6XIOHI ma 6UXIOHI NIHe8iCMUYHI 3MIHHI, CKIaO0eHo 043y npasul,
OMPUMAHO NOBEPXHI 3ANEHCHOCMI BUXIOHOT 3MIHHOI Kepy8aHHs 8i0 6xiOHux koopounam. IloOyoosaro imimayiliny mo-
denv enekmponpusody 6 cucmemi Matlab 3 cunme308anum HeyimKuUM JO2IYHUM pPe2yIAMOPOM HA OCHO8I 080GQha3HOI
MoOeni acUHXPOHHO20 0Y20CMAMOpPHO20 08ucyHa. IIposedeHo MOOento8anHs HOMIHANLHO20 MA HAUOINbUL 8AHCKO20
pedicumie pobomu ereKkmponpugody, ompumano epagixu nepexioHux npoyecis, Axki niomeepoX*cyroms to2o npaye3oam-
HiCb HABIMb 8 YMOBAX SpAHUYHUX Hasanmadxcens. biom. 9, puc. 7, Tabm. 1.

Knrouosi crosa: nmponopiiiHo-iHTerpaabHO-TU(GEPEHIIaTbHINA HEUITKUN PEryyisaTop, CyJAHOBA aHTEHA Pali0IOKAIiHHOT
CTaH1ii, 0e3peqyKTOPHUIT JyrocTaTOpHHIA eeKTPONPUBO, KOMOIHOBaHA CHCTEMa aBTOMAaTHYHOTO KEPyBaHHS.

Beryn. 3 ornsgy Ha cTpiMKe 3pOCTaHHS CBITOBOTO (PIIOTY CydacHi cymHa 00JIaIHYIOTHCS OUTBII SIKi-
CHUMH Ta CKJIAMHAMHU PaliOHABITAIliIHHAMU CHCTEMaMH 1 KOMIUTIEKCaMH, 32 JOTIOMOTOI0 SKMX BHUPIIIYIOTHCS
nuTaHHA Oe3MeKH IJIaBaHHs Ta 3B's3kKy. Hasiramiini pagionokamniini cranmii (PJIC) 3abe3neuyoTs BU3HA-
YeHHS MICISl Cy[THa 3a Opi€EHTHpaMu, PO3Ii3HaBaHHs OeperoBoi JiHii, Opi€eHTYBaHHS B yMOBaX OOMEXEHOTO
IPOCTOPY, BUSBICHHS 3yCTPIYHUX CylIeH Ta Oe3MeUYHe PO3XOMKEeHHs 3 HUMH. OMIHI€I0 13 OCHOBHUX BUMOT 10
HaBITallIMHUX CYJIHOBHUX CTaHIIH € poOOTa B CEKTOPHOMY pexuMi (poO0UOMY CEKTOPi, 1€ BiAOyBaeThCs pa-
JioJoKalis, Ta HepoOoYOMy CeKTopi, nie ii Hemae). CucTeMa aBTOMaTUYHOTO KEPyBaHHS €JEKTPONPUBOAOM
AHTEHHOTO TI0CTa HABITallifHUX CYJHOBUX CTaHIIIN MMOBHHHA 3a0€3MEYUTH MAaKCHUMAalbHY TOYHICThH BiJIpa-
ITIOBaHHS 33JIaHOTO TpadiKy MBHAKOCTI ¥ pasi Mepexomy Bil HEPOOOUOTo J0 poOOYOr0 CEKTOpa B YMOBAx
3MiHHOT'O BiTPOBOTO HAaBaHTAXXCHHS Ta 3a0€3MEUUTH MEPEXiAHUI Mpolec 3 BETUYHHOI MepeperyIroBaHHs,
1110 HE MEePEBUIIY€E 3HAYCHHS TEXHIYHUX BUMOT.

B po0oTi po3rasaaeTbess MOKIMBICTh MOJAEPHI3AIIT iICHYIOUOTO E€JEKTPONPHUBOAY aHTEHH CYIHOBOT
PJIC tuny «MIYCy», mo BcTaHOBJIEHI Ha 6araTb0X CyaHax HE TUIBKH YKpaiHH, a 1 iHIIMX KpaiH cBiTy. Yac
BUXOJy Ha 33JlaHy LIBHIKICTh 0O€pPTaHHs TaKUX aHTEH, TOOTO Yac MepexiHOro MpoLecy, TOBUHEH CKIalaTH
0.8 — 1.0 c, a BenmmumHA TIepeperyIIOBaHHs MIBUIKOCTI HE TOBHHHA MTEPEBHIYBAaTH 5-8 % 3TiIHO TEXHIYHUX
BUMOT JIO €JIEKTPONPUBOAIB aHTEH JaHOTO THITY [1].

3Ha4YHa KUTBKICTh Cy4acHHX poOIT IMpHUCBsIUEHa cUCTeMaM KepyBaHHs, MoOylIoBaHUM Ha 0a3i HewiT-
KOi JIOTIKH, B TOMY YHCJIi B 00J1acTi MOPCHKOI iHkeHepii. B [2] po3rismaeTsess HETITKHHN JIOTIYHAN KOHTPO-
Jiep U 3MEHIIICHHS XUTaBHII CyqHA. Y cTarTi 3ailicHeHo (asudikallito BXiJHUX 3MiHHUX Ta Aedasudika-
[il0 BUXIIHUX MHOHH, Po3poOJjeHo HewiTki QyHKIii HanexHocTi. B [3] po3pobneHo cuctemy KepyBaHHS
KypCOM CyJlHa Ha OCHOBi KJIACHYHOT'O NMPOIOPLIHHO-IHTErpaNnbHOTO peryasTopa Ta ¢asi-perynstopa. Takox
armapar HEJiTKO] JIOTiKH 3aCTOCOBYEThCS B CHCTEMax Hapirailii [4], aBromisioTax [5], B cucteMax crabimizarii
auTeH [6, 7].

© Crsoxkin B.IL., 3aituenko O.A., I'apuirok C.1., Pmwxkos O.M., Tepsies B.1., Kpacnomanka H.JI., 2023
ORCID ID: " https://orcid.org/0000-0003-0602-11 12; ** https://orcid.org/0000-0001-9311-3378;
“* https://orcid.org/0000-0002-7345-8405; " https://orcid.org/0000-0002-0011-9402;

stk ok ok

" hittps://orcid.org/0000-0002-8634-0895; " https://orcid.org/0000-0002-5449-2691

60 ISSN 1607-7970. Texn. enekmpoounamixa. 2023. Ne 3



Juis nerepMiHOBaHUX 3a/1al0uuX 1 30yproBalIbHUX NIl 3ajJa4a iHBapiaHTHOCTI enekTporpuBoxy PJIC
BUPILIYETHCS NIISIXOM 3aCTOCYBaHHS KOMOIHOBaHOTO KEepyBaHHs y CIIOJNyYSHHI 31 criocTepirayeM HaBaHTa-
xeHHs. Y [8] po3pobieHo cucTeMy KOMOIHOBAaHOTO KEpyBaHHS €NEKTPONPHBOAOM aHTEHHM CTaHLIi THILY
«MIYC», ne mepmuii (OCHOBHHI) KaHAJI CUCTEMH JIi€ 32 TPUHIUIIOM KEpyBaHHS 32 BiIXHJICHHIM BHUXiJTHOT
BeTMIMHY (IIBUAKOCTI 00CpTaHHS aHTCHH) i Ma€ 3aMKHYTHH KOHTYp IIBHAKOCTI, a IPYTUN KaHaJ, KUK JTi€
3a TPUHIIAIIOM KEpyBaHHS 3a 30ypeHHSM (MOMEHTOM HABAaHTa)XCHHS), Ma€ PO3IMKHYTHI KOHTYp, IO JAJI0
3MOTY MiABHILIHUTH SKICTh CTATUYHUX Ta JUHAMIYHUX PEKHUMIB pOOOTH.

Kiracnunuit perynsaTop MBHIKOCTI, IO 3aCTOCOBYETHCS B [8], Mae HE3MIHHY CTPYKTYpY Ta MOCTiiHI
napamMeTpH 1 HalallTOBaHUH Ha ONTHMANBHUIN PEXHM, SIKUH MOXKe 3a0e3ledyBaTH s JIHUIIE y BY3bKOMY Jia-
Na30Hi 3a7aHol IBUAKOCTI 00EpPTaHHs aHTEHH Ta y 3a3/ajerilb BU3HAYEHUX MEKaxX BITPOBOTO MOTOKY. Po3-
TJITHEMO MOXJIUBICTD YAOCKOHAJICHHS 3alIPOIIOHOBAHOTO JETEPMIHOBAHOIO MigXOLy 3 ypaxyBaHHSIM 30ypro-
BaJILHUX JIiH, TTOB’SI3aHUX 3 PI3KO3MIHHUM XapaKTepOM HaBaHTAKCHHsSI, a TAKOX TO3AIITaTHUMHU Ta aBapiii-
HUMH CUTYyalisiMd. BupimeHnHs ganoi npo6ieMu MOKIMBO Ha OCHOBI BUKOPHCTAHHS arapaTy HEdiTKOI JIOTi-
KM, 10 J1a€ 3MOTY 00’ €IHYBAaTH BiIOMI KIaCH4YHi 3aKOHHU PETYJIOBAHHS, JOCBiJ €KCIEPTHUX CHCTEM Ta MA€
THYYKY 3MIHHY CTPYKTYDY.

TakuMm 4MHOM, METOI POOOTH € 3a0€3TeUeHHS 3aJaHuX MEPEeXITHUX MPOIIECIB IBUIKOCTI 00epTaH-
HSl CyJJHOBOi aHTEHHU paliofOKaliifHO1 CTaHLil 3 0e3peIyKTOPHIM IyrOCTATOPHUM €JIEKTPOIIPUBOIOM B CEK-
TOPHOMY PEKUMI poOOTH, a TAKOXK 3a0€3MEUEHHsI HOro MPaLe3aaTHOCTI B KPUTUYHUX PEKUMaX TPAaHUIHOTO
HaBaHTa)KEHHSI €IEKTPOIBUTYHA.

HeuiTtka cuctema xepyBaHHS MOBHHHA 3a0€3MEUNTH HE TUTBKU 3a/laHy IIBUAKICTE 0OEpTaHHS aHTe-
HU, a 1 MiHIMaJIbHUH Yac MEePEKITIOUYCHHS 3 OJHOTO PEXUMY Ha IHIIAK 3 MiHIMaJIbHOIO BEJITMYNHOIO TIepepery-
nroBaHHsA. 1Sl KepyBaHHS €JIEKTPOIIPUBOIOM 3 HEUITKUM PEryIATOPOM BUKOPUCTOBYIOTHCSI CUTHAIU MOXi-
HOI BiJl BUAKOCTI 00epTaHHs, TOOTO KyTOBOTO NMPHCKOPEHHS aHTEHH Ta BEJIMYMHH IIBUAKOCTI BITPOBOTO
NOTOKY. 3a KPUTUYHUX 3HAUY€Hb BITPOBOTO MOTOKY AOIYCKAE€THCS BIIKIIOYATH CHCTEMY 32Ul YHEMOXKIIUB-
JIEHHS MOIIKO/KEHHS MEXaHIYHUX JIAHOK.

Ha puc. 1 nokazano ¢pyHKIIOHATBHY CXeMY 3allpOIIOHOBAaHOI KOMOIHOBAHOT CHCTEMH KepyBaHHs 0e3-
PEAYKTOPHUM AYTrOCTaTOPHUM enekTponpuBogoM aHteHu PJIC 3 mpomopuiiiHO-iHTerpaibHO-TUu(epeH-
LiaJIbHUM HEYiTKUM DPETYJISITOPOM IIBUAKOCTI oOepraHHs. CucTeMa CKIaJaeTbesl 3 KOHTpoJepa 3aBIaHHS
mBHAKOCTI o0epTanHs LC, IponopuiitHO-iHTerpaibHO-Ii(epeHIiaIbHOT0 HEUiTKOTO JIOTTYHOTO PEryisTropa
MIBUAKOCTI OOEpTaHHA aHTEHH, MPHCTPOIO0 HENpSMOro BHMIpIOBaHHS MOMEHTY Ha Bajly aHTEHM CTaHIII
M=f(v, o, B), kopuryrodoi 1anku W), nepeTBoproBaya 4acTOTH, IyTOCTATOPHOTO IBUTYHA M, aHTEHU Ta €H-
kojiepa E.

4 @ Maeﬁ
Anmena 1
w ::
. . fpuempits Henprmo20
. M' 'Fl( er’ -r@j BuripreBanns HoHenmy
I e ci g L i o
Konmponep Aoziwiud peeyaamop whudcocmi ofepmanna anmeny
" Kapuzyida aawxa
saldanns wludeocm
ofepmanHH aHMEHY v Wind W Ayzocmamaprin
008 —m—i baox npabur
A L {mamdani]
oy i ells Speed x e
e 10 {0
o f‘"ﬂp
Ko
g
F Acceleration MepembBopweday
o dw /dt - . HACMAmY @
Errodep

Puc. 1

PerynsTop mBuaKocTi 00epTaHHs aHTeHH (OPMY€E CHTHAI 3aBJIaHHS IIBHIKOCTI 0, B 3AJICKHOCTI BiJ
BUOpaHOTO pexkxuMy poOoTH “Mode” (kpyroBuii ab0 CEKTOPHHUIA) Ta AUITHKH TPAEKTOPIi pyXy aHTeHH (IIepe-
X1 3 BEJIMKOI MIBUJIKOCTI Ha Majy Ta HaBIaKW) Ha OCHOBI 3aJJaHUX KOOPIHMHAT CEKTOPY O, O Ta CUTHAIY
3BOPOTHOTO 3B’5I3KY 3a MOJIOKEHHSAM 0. CUTHAIH: pO3y3ro/pKeHHs A® — BIIXUICHHS IIBUIAKOCTI BiJl 33JJaHO-
T0 3HAYCHHS, MMOXITHOI BiI MBHIKOCTI d®/dt Ta MBHUIKOCTI BITPOBOTO MOTOKY V' € BXiTHUMU ISl HEHITKOTO
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perynaropa. PeryiasTop mBHIKOCTI Ha OCHOBI 0a3W 3HAHB OIIHIOE CUTHAN PO3y3TOKEHHS, IO € KPUTEPiEM
TOrO, 3MEHITYBaTH YW 30UTbLIYBATH BUXITHHI CHUTHAN KEpyBaHHsS, a aOCOJIOTHA BEIWYHHA CHTHATY TpHU
OOMY HE Ma€ 3HaueHHA. [y Toro mo0 OLiHWTH, SKUM OyJIO0 MOYaTKOBE Ta CTajo KiHLIEBE 3HAYEHHS 3a-
BJIaHHSI IIBUAKOCTI, BBEJCHO CUTHAI TIOX1HOI IIBUIKOCTI 0OEpTaHHS aHTEHH, HAa OCHOBI SIKOTO BiI0YBa€ThCS
KOPHUTYBaHHSI TIapaMeTpiB peryniaropa mBHAKOCTI. s kommeHcamii BIDIMBY MOMEHTY HaBaHTa)XCHHS Ha
HIBUJKICTh 00EpPTaHHS aHTEHW BBEACHO NMPSIMUN KaHall KepyBaHHs 3a 30ypeHHsM. [licist minacyMoByBaHHS
BHXI1/THOTO MiJICHJIEHOTO CUTHATY (3 KoedilieHToM K,,) HEYITKOro peryisTopa MBUAKOCTI My, i KOMIEHCYO-
4Oro CHTHaITy 30ypeHHs, pe3yIbTYIOUNi KOMaHIHUI CUTHAJ 3aBIaHHS IIBUAKOCTI M, MOCTyTa€E HA BXiJ Ime-
PETBOpPIOBaYa YaCTOTH EJICKTPONIPUBOLY aHTCHU. [10I0KEHHS Ta MIBUIKICTh POTOPA EIEKTPOJABUTYHA aHTEHU
BU3HAYAIOTHCS HUPPOBUM BHUMipIOBaueM (€HKOJEPOM).

i BU3HAYEHHS MOMEHTY HABaHTaKEHHS €JICKTPONPUBONY M; HENpsIMHM NIISXOM 1 peaizamii
KOMITCHCYIOUOTO 3B'SI3KY 3a 30ypEeHHSIM BUKOPHUCTOBYETHCS OTpUMaHuH B [8] Bupa3 (1) 3aeXHOCTI MOMEHTY
AepOIUHAMIYHOTO OTIOPY BiJ] IIBUAKOCTI BiTPY V, IIBHAKOCTI 00EpTaHHS aHTEHU ® 1 KyTa ii HOBOpOTY P

M, =a-sin2B-V>+b-cosB-o-V+8-0, (1)
ne a, b, 6 — nocriitHi koedilieHTH, AKi 3aJIeKaTh BiJ KOHCTPYKTUBHUX OCOOJIMBOCTEN aHTEHHU.

BuximHuMu naHUMHU 71 peaiizamii Takoro 3B'SI3Ky € CUTHAJH, MPOMOPHiKHI MBUIKOCTI 00epTaHHS
® Ta KYTOBOTO IOJIOKEHHS aHTEHH o (Bi JaTYMKIB, BCTAHOBJICHUX Ha BaJy aHTEHH), & TAKOK CUTHAJH, PO-
MOPIiiHI MBUAKOCTI V' Ta HaNpsSMKY BITPOBOTO MOTOKY ¢ (BiJ aHEMOMeETpa Ta MPHUCTPOIO BUMIPIOBAHHS Ha-
MPSMKY BITPY, BCTAHOBJICHHX Ha OOpTy cymHa). Bkaszani cHTHaMM mepemaroThCs 3 OOPTOBOI HaBirariiHol
CHCTEMH CyJTHA.

Henpsime BuMiproBaHHS KOOpAWHAT 3a0e31evye HOBI MOKIMBOCTI €IEKTPOIIPUBO/IA 1, B TOH )K€ Uac,
MOKpaIIye HAAIHHICTh Ta MATPUMYE BUCOKY SAKICTh HOTO XapaKTePUCTHK Oe3 301IbIIEHHS BapTICHUX i Maco-
rabapuTHHUX MOKa3HHKIB. DYyHKIIOHANFHY CXEMy TEXHIYHOI peanizamii MpUCTPOIO Uil HEMpsIMOTO BH3HA-
YeHHS MOMEHTY HaBaHTa)KEHHs Ha Bally aHTEHH 3TiHO piBHAHHA (1) mpeacTaBiieHO Ha pHC. 2, I TOKa3aHO
aHTEHY, BCTAaHOBJICHY Ha OJIHOMY Bally 3 POTOPOM JTyTOCTaTOPHOTO IBHUTYHA. Tako MOKa3aHO iHIYKTOPH, B
SIKUX PO3MIIIEeHI 0OMOTKH, IO MPEACTaBISIOTh CTATOP IBUTYHA, JATYNKH KYTOBOI IIBUAKOCTI 1 ITOTOKEHHS

&_'-)G.CJ P Anemomemp w:’f‘_::;:;::ﬁi” AHTCHU Ta. HpPICTpOl BI/IM.ipIOBaHH}l
: MIBUKOCTI 1 HaNpsIMKy BiTpy. bes-

’ ‘ | HAnPAMKY aimpy .o
: MOCEePEeTHbO CcaM TPUCTPiA Hemps-
Bai anme .
- ‘"”"“”‘Kg] ‘ =2 by MOTO BUMipIOBaHHS MOMEHTY Tpe-
| CTaBJIEHUH Yy BHUIJISI CTPYKTYPHOI
. { CXEMH, Ha AKY 3aBEJIeHO CHUTHAIH 3
M | ||||1---:|||| Hamunru kymosoi . . :
! Sl JATYUKIB, HEOOXIAHI I o0YmC-
a EZ]_\JZJ ARANEANE DAmEnR r . o 5"_| JIEHHSI MOMEHTY HaBaHTA)KEHHSI.
Tuck pomop _,_______________‘—-—-—-"""'_' o M .
E = Bpom e B pesynbTaTi MpoBE/IeHOro
Puc. 2 ]l « | N y [8] cuHTe3y KOMOiHOBaHOI CHC-

TEMH KEpyBaHHS OTPHUMAaHO Iiepe-
JATOYHY (YHKIIO KOPUTYIOUO1 MPOTOPIiHHO-TUDEPEHITIHHOT TaHKH
W,=(K,-K,-B) +T(K,-K,-B) p, (2)

ne K. — koeditieHT nepeaadi neperpoproBaua yacroru; K, T,, B — koedillieHT nepenadi, eleKTpoOMarHiTHa
cTaja 4acy i )KOPCTKICTh MEXaHIYHOI XapaKTePUCTHKH AYyTOCTaTOPHOTO JBUTYHA.

[ponopuiiiHo-iHTETpaTbHO-TUPEPEHIIIANEHUN HEWITKUH PEryisaTop IIBUAKOCTI IMOBHHEH 3abe3re-
YUTHU cTaOiTi3aliio0 3aJaHOT0 3HAYSHHS MIBUJKOCTI 00CpTaHHS aHTEHH Ta 3aJaHHid NepeXiJHUN IpoLec eNneK-
TPOMEXaHIYHOI CHCTEMH. 3 I[I€F0 METO0 MOTPIOHO KOHTPOIIOBATH BEIMYWHY TOXiTHOT MIBUAKOCTI 00epTaH-
HS aHTEHU 1 TAKUM YHHOM 3a0e3redyBaT HeoOXiaHY TUHAMIKY, a TaKOK BU3HAYATH IMIBHIKICTH BITPOBOTO
NOTOKY 3aJIs1 MATpUMaHHSA 3afaHoi craTHYHOI TouHOCTi. C(opMy€eEMO HACTYIHI JIHTBICTUYHI 3MiHHI: TpH
BXimHUX — Wind (mBunkicte BiTpoBOro motoky V), Delta (po3y3rofpkeHHS MiXK IIBHIKICTIO 3aBJaHHS Ta
MIBUIKICTIO aHTEeHU A®), Acceleration (mpuckopenHs dw/dt) Ta onna Buxigaa Control (cuTHaJI KepyBaHHS:).
YcraHoBUMO Mexi 00sacTi 3MiHM 0a30Bux (izumuHux 3miHHUX: V — Big 0 mo 50 m/c; A®w — Big -30 mo 30
06/x8; dw/dt — Bin 0 10 180 06/x8%; Control - Bin -1 no 1.

Ha BcTaHOBIEHUX TpaHUIIX peadbHUX (i3MYHUX BEIMYWH BHILISIEMO HEUITKI MHOXKHHH, BCTAHOB-
JFOEMO TXHIO KUTBKICTB, TAEMO 1M Ha3BU Ta BBOAMMO OOMEKEHHS Y BUTIISAI (DYHKIIN HANIEKHOCTI, BUXOSUN
i3 MOTHBaLii SKOCTI KepyBaHHA. KiIbKiCTh HEUITKMX MHOKUH BUOUPAETHCS ONTUMAIBHOIO, TOOTO YUM O1JTb-
1a KiUTBKICTh, TUM SKICHIIIE 1 TOYHIIIE MOKIUBO OIMCATH TPOIEC, ajle MPH IIbOMY 3HAYHO 301IBIIYETHCS
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KUTBKICTh TpaBUJ 0a3u 3HaHB, IO MPHU3BOIUTH 10 30UIBIIEHHS MOTYKHOCTI 00YHCIIOBAIHLHOTO TPOIIecopa,
Ha SKOMY Peali3yeThCsl HEUITKUH KOHTPOJIEP.

Tax ans TIHTBICTHYHUX 3MIHHUX BCTAHOBIIOEMO HEYITKI 3MiHHI 3 TEPMaMH:

Wind — L (Low), H (High), VH (Very high);

Delta — Hn (High negative), Ln (Low negative), Z (Zero), L (Low positive), H (High positive);

Acceleration — L (Low), N (Normal), H (High);

Control — Hn (High negative), Ln (Low negative), Z (Zero), L (Low positive), H (High positive).

I'panumi mianma3oHiB BXiIHUX Ta BUXIIHOI HEUITKHX 3MIHHUX Ta rpadiddi Gopmu ixHiX QyHKIIH Ha-
JSKHOCTI (Wy, LA, Mde/dts Mcontrol,) TOKA3aH1 Ha pHUC. 3 @, 6, 6, 2 BIAMOBIIHO.

Hy 7y

, z t : t g

Delfa

05 05 P .

07./ - 2 i e Vi mfe o N ) N~ ) S Aess™

i # controt
L s g 1 Hn

Acceleration -~ . A / . Control

0.5

as g

dar db ob/x”

| Pl o 408 W e S

o 20 4“0 60 a0 oo 120 1o 160 180 - -08 -0.8 -0.4 -0.2 g [F3 [ (¥ (2] !

Puc. 3 (a, 0, 6, 2)

Octarouny 0a3zy mpaBWI MPOMOPIiHHO-IHTErpaabHO-AU(PEPEHIIIATFHOTO HEYITKOTO pEeryJsTopa
CKIIazieHo 45-TH TIpaBUJIaMH Ta MpUBeneHO B Tabmuili. [lepen ckiramanHsaM ocTaTOuHOI 0a3H MpaBIIT HEUITKO-
IO PeryJsiTopa MPOBOJMTHCS BH3HAYEHHS IMONMEPENHBOT 0a3u MpaBUil, MOACIIOBAHHS, MOTIM KOPUTYBaHHS
NpaBWII 1 TaK AEKiJIbKa iTepaliil MoKy He Oyae oTpuMaHo OakaHoro pe3yibTaTy. HewiTkuit perymarop ¢op-
MY€ CHTHAJl KepYBaHHSA 32 KpUTEpieM cTadimizalii 3Ha4eHHs MIBUAKOCTI 00EPTaHHS aHTEHH CTAHIIIi 32 BEJH-
YUHOIO PO3Y3TOKECHHS, TIPH IIbOMY BiIOYBAETHCSI KOHTPOJIb TMHAMIKH 33 BETUIHHOIO ITOX1THOT IITBHUIKOCTI 3
ypaxyBaHHSM IIBUAKOCTI BITPOBOTO MOTOKY. TakuM YMHOM, PETYJATOp MPUMMAaE OCTATOYHE PIillICeHHsS He
TIJBKU B 3aJIS)KHOCTI BiJ] BETUYMHU CUTHAIY PO3Y3TO/DKEHHS (K 1€ BiOYBa€ThCS 32 KIACUYHOTO KepyBaH-
HsT), aJie ¥ Bl CHTHAJIIB ITBUIKOCTI BITPOBOT'O MOTOKY Ta MPUCKOPECHHS aHTCHHW Ha JaHWHA MOMEHT 4acy, Ha
OCHOBI 0a3u 3HaHb Ta 3HAYCHHS] BUXIJHOTO CUTHAITY KEpYBaHHSL.

Mpasuwao | 1 | 2 [ 3 | 4 [ 5 [ 6 [ 7 [ 8 [ 9 Jo ][ 12]13]14[15]16 |17 ][ 18] 1920 [21]2]23
Delta Hn Ln L

Wind L| L[| L|[H|H|[H[vW|[Vv|v]L|L|[L|[H|[H[H[vV|v|v]L|[L|[L|[HIH
Acceler L N|H|JL[N[H[JL[N[H|JL|[N|[H|JL[N[H[L|[N|[H|JL][N[H]L][N
Control H | H | L |H|Lv|Lv|[Lv|[z[z[L]|L|v|[v[L[Z][L]|[Z]|[Z]|Ln|[Lno|[Ln|[Ln|[Ln
Mpaswno | 24 | 25 [ 26 [ 27 [ 28 [ 29 | 30 [ 31 [ 32 [ 33 [ 34 | 35 | 36 | 37 | 38 | 39 [ 40 | 41 [ 2 | 43 | 44 | 45
Delta L H z

Wind H VH VH VH L L L H H H VH VH VH L L L H H H VH VH VH
Acceler H | L | N|H|LU|N|H|L[N|H|L|N|H|JL[N[H|[L|[N|H|L|N]|H
Control Z [n | Z | Z o[ |[h[W|[|[w|w|zzzlz]zz]z]z]z]z]z

JLytst 61ITBIT TOKITATHOTO MTOSICHEHHS JIOTIKM IPUHHSTTS PIillleHb HEUITKOTO PETYIIATOpA PO3TIITHEMO Jie-
KiJIbKa MpaBWi 3 Tabiwii. SKII0, HAMPHUKIIAA, CUTHAN pPO3Yy3rOKEHHs Oy/ie BEMKUM Bil’ eMHUM Hn, TO 3a
HHU3BKOTO BITPOBOT'O MOTOKY L Ta Maqoro NpUCKOPEeHHs L BUXIAHUN CUTHAJ KepyBaHHS Oyne BEIMKUM J10]a-
THIM H (mpaBuiio /), aje SIKIIO CUTHAJI IPUCKOPEHHsI CTaHe BUCOKUM /, CUTHAJl KEPYBaHHs CTaHE HU3BKUM
nmonatHiM L (mpaBmiio 3). AJie, SKIIO CHUTHAN PO3y3TOLKCHHS OyIle BETUKHM JOAaTHIM H, TO 32 HU3BKOTO
BITPOBOTO MOTOKY L Ta Majioro MpUCKOPEHHs L BUXiTHUN CUTHAN KepyBaHHS OyJe BEIUKUM Bia eMHUM Hn
(npaBuio 28) Ta HU3BKUM Bif’eMHUM Lz (ipaBuio 3()) 32 HU3BKOTO BITPOBOTO IMOTOKY L Ta BEITHUKOTO MPH-
cKopeHHS H. A, HampWKIam, 3a Ay)KE BHCOKOTO BITPOBOTO TMOTOKY VH HE3aJIeKHO BiJ 3HAYCHb PO3Y3To-
JUKEHHSI Ta IPUCKOPEHHS BUXIIHUI CUTHAN KepyBaHHs Oyze HynboBUM Z. TakuM 4WHOM, (aKTHYHO BiaOy-
BAETHCSl KOPUTYBAHHS NepeIaTOYHNX (QYHKLIN peryasTopa MBUAKOCTI Ta KOPUTYIOUOi JTaHKU B 3aJI€KHOCTI
BiJl 3aBJaHHS Ta 30BHIITHIX YMOB.
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dopmyBaHHS HEYITKOTO JOT1YHOTO BHUXITHOTO CHTHAJY BilOYBa€eThCS Ha OCHOBI anroputmy Mamdani,
SKHH MIMPOKO 3aCTOCOBYETHCS B CHCTEMAaXx 3 HENiHIHHOIO MOBEIIHKOIO NMapaMeTpiB Ta B CHCTEMax cTadisiza-
uii mapameTpiB ¢ MPONMOPLIHHO-IHTErPAIEHUMH Ta MPONOPLiHHO-IHTETpaJbHO-TU(PEPEHLIATEHUMH 3aKOHA-
MU KepyBaHHA. Y BHIIAAKy HelniHiiHOI cuctemu mims PJIC 3 gyroctaTopHUM eneKTpOnpHUBOJOM BHOpaHUit
anroput™M Mamdani Halikparie BigoOpajkae XapakTep MPUHHATTS HEUITKOTO JIOTIYHOTO PIllleHHS. 3aIporio-
HOBaHUI aJITOPUTM Y TIOBHOMY 00Csi31 peaiidye GpopMyBaHHS BiJHOIIECHb BXiTHMX Ta BUXIIHUX JIHTBICTHY-
HUX 3MiHHHX JUIS OTPUMaHHS HEYiTKOTO JOTTYHOTO pillleHHs Ta GOpMyBaHHS (i3WUHOTO CUTHATY KepYBaHHS
MIBUAKOCTI 00epTaHHA aHTeHW. Ha erari MpWAHSTTS JOTIYHOTO PIIICHHS BHUKOPHCTOBYETHCS Meton MIN-
MAX, nedazudikaiis mpoBoaAUTHCS MeToioM LeHTpY TsokiHHg COG. B pesynbTari MOAETIOBaHHS IPOLECY
KepyBaHHs Ha OCHOBI anroputMmy Mamdani OTpUMaHO TepeAaTOYHI XapaKTEPUCTHUKH IMPOHOPLiHHO-
IHTErpalbHOIO HEYITKOTO peryisTopa mwBuaKocTi obepranns antenu PJIC. Ha puc. 4, a nokasano nosepx-
HIO 3aJIEKHOCTI BUXigHOI 3MiHHOI Control Bin BXimHUX 3MiHHUX Delta Ta Wind, a na puc. 4, 6 — BuUXigHOI
3minHOi Control Bin BXigHux 3MiHHHX Delta Ta Acceleration. OTpuMaHi OBEpXHI HA0YHO BifOOpakaloTh
POOOTY HEUITKOIO PEryisaTopa 1o NPpUHMaHHIO PilleHHS KepyBaHHs, 110 MiATBEPAXKY€ NPaBUIBHICTE BUOODPY
Ta PO3MIIICHHS JIIHTBICTHYHUX 3MIHHHUX, a TaKOX iXHIX (DYHKIIH HanexxHOCTI. Tak, 0 BUIY OBEPXOHD BH-
JTHO, 10 B poOOYOMY PEXHMI 32 HAassBHOCTI JOJATHOTO YH BiJl’€MHOTO CHUTHAIY PO3Y3TOMKEHHS PEryJsaTop
BUJA€ AOAATHUH YU BiJ €MHUH CHUTHAJ KePYBaHHS, MPH LBbOMY aOCONIOTHE 3HAYCHHS CUTHAJIA KepPYBaHHS
301IbLIYEThCS Yepe3 301IbLICHHS CUTHANY PO3Y3TOMKEHHS. AJie, HaNpHKIAA, SKIIO 3HAUYCHHS CUTHAITY
HIBHJKOCTI BITPOBOTO MOTOKY 30LIBIIYETHCS IO TPAHUYHO JOITYCTUMOTO, TO PETYJIATOP 3yIHHSE CHCTEMY, &
3a HYJILOBOTO 200 Majoro 3Ha4YeHHs BiTPOBOTO MOTOKY BHUXIIHHUH CHUTHANl KEPYyBaHHS MOXKE JOCSITaTH Mak-
CHUMaJbHUX 3Hau€Hb. AHAIOTIYHO PETYJIATOP MpUHMaE pillleHHs BiJHOCHO BUXiJHOI'O CHUTHANly KEPyBaHHS B
3JIEKHOCTI BiJl CHTHATY ITOXITHOT 3a IMBUAKICTIO 00€pTaHHS B KOXKHUH MOMEHT 4acy.
Control [
Contral S

0.6
0.4
0.2
a
0.2+
-0.4
-0.6-

50

Acceleration ‘022'7 0 30 20
da/dt,08/x8 Delta

Puc. 4 (a, 0)

Ha ocHOBI (yHKIIOHAJIBHOT CXEMH, MPEACTABICHOI HA PHC. 1, CTBOPEHO iMITaLliiiHy MOJENb CUCTEMHU
KepyBaHHA 0€3peIyKTOPHUM IYyrOoCTaTOpHUM esiekTponpuBogoMm anteru PJIC (puc. 5). Monens ckinagaeTbes
3 HACTYITHUX €JIEMCHTIB: 3aJaTuynKa CUTHAIY MBUAKOCTI anTeHn (Speed Control Signal); naTanka MBHIKOCTI
BiTpy (Wind) ta 3amaTunka MOMeHTY HaBaHTaxeHHs (7orque); HEUITKOTO JOTIYHOTO KOHTpoinepa (Fuzzy
Logic Controller); uactoTHOTO TIepeTBOproBaua (Frequency Converter); IyrocTaTOPHOTO OBUTYHA (Arc-core
Induction Motor); mincumoBada (Kw); xopuryroodoi jmanku (Wk); a Takoxk OJOKiB Bizyaiizamii IporieciB
Scope (speed) ta Scope (torque), BuBoay AaHux B podouy obdnacte Matlab (simout) ta tavimepy (Timer).

JyrocratopHuii IBUTYH MpeACTaBICHUI y BUTIISAAL BiOMOi y3araibHeHoi qBoda3Hoi Mozeni 3 mepe-
TBOpIoBaueM yactoTu [9]. Ha Bxoni nmepeTBoproBada 4acTOTH CHUTHAJ 3aBAAaHHs MIBUAKOCTI W, a Ha BUXOAl —

HaTpyTH CTaTopa JBHTY-

D' |' Ha B KOOpAWHaATax a-b

O—E Torque U;, Ta Upp, sKI € BXigHH-

Timer A e MH IS OIBUTYHA. Takox,
- wi-eenfl ] Ha BXOJl JBHUI'YHa MO-
) Scope (speedy MEHT HABaHTa)KE€HHS M.,

Ula P Uta

a Ha BUXOII — MIBUIKICTH

,@.{5» We . =§| W Ta MOMEHT Ha Baiy M.

Wind

470

Speed control signal Uib » Ulb Loy T Ja IIEPEBIPKU
: F i e (torque

1 i e pele®® poboTn  anropuTMy Ke-

Frequenc Arc-core : _

Puc. 5 Cogve nef A i e pYyBaHHS HEYITKOIO pe

uc. TyJIsTOpa BHKOPHCTOBY-
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BaBCs 0AraTOMONIOCHUI TUXOXITHUN aCHHXPOHHUH €JEKTPOJBHUTYH 3 YaCTOTHUM KEPYBaHHSIM 3a CTaHIAPT-
HOTO HANAIITYBAHHSA 3a 3aKOHOM U/f°=const 3 HACTYIIHHMH TIapaMETPaMH: YMCIIO Nap mojkocis 20; HoMiHa-
JbHA IMBHIKICTH 00epTanHs 60 00/xB=6.28 pan/c; HomiHanbHUE MOMeHT 40 H-M; MakcuMalbHUNH MOMEHT
100 H-m; HOMiHaTbHe KOB3aHHs 0.5; CyMapHHii NpUBEIeHHIT MOMEHT iHepiii Ha Baty 0.735 Kr-m’.

Ha puc. 6 npencrasieno rpadiku mporecy MycKy eJIeKTPOIPUBOLY aHTEHH 3 MOYATKOBHM HAaBaHTa-
KEHHAM 5 H-M Il yac BUKOPHMCTAHHS 3a1aT4MKa iHTEHCUBHOCTI 3 IPUCKOPeHHaM 10.5 pan/c’ 3 HACTYNHUM
HakuganaaM y 0.8 ¢ HaBaHTaxxeHHs 40 H-M, 1110 BinoBinae mopuBy BiTpy B HOMiHaJIILHOMY pexuMi. Ha Bu-
HOCTIi puC. 6, a, y 30iIpIIIeHOMY MacIiTadi oka3aHo rpadiku THHAMIYHOTO TAIiHHS IMBUAKOCTI 3a CTYIIiH-
4aTOrO NPUKJIAJIaHHS HABAHTAXKEHHS B CUCTEMI 0€3 KOPUTYIOUOI JIAHKH (; Ta 32 HASBHOCTI KOPUT'YIOYOi JIaH-
KU ;. Ha puc. 6, 6 HaBeneHo BiAmoBinHI rpadiku 3MiHE MOMEHTY ABUTYHA M, Ta M.

3 rpadikiB mepexiHUX MPoIeciB HOMIHAILHOTO PEKUMY BHUIIHO, IO AMHAMIYHE MaJ[iHHS MIBUIKOCTI B
cucTeMi 3 Kopekiiero ckinamae 0.1 pag/c i 3HU3MIOCS ¥ 2 pa3d B MOPIBHIHHI 3 CHCTEMOIO 0€3 KOpPEeKIIil, Ipu
I[OMY Yac BiJJHOBJICHHS IIIBUKOCTI 3MEHINIMBCA y 5 pasiB i ckiagae 0.05 c.
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Ha puc. 7 mpencrasieno rpadiku mpouecy MycKy eJIeKTPOIPHBOAY aHTEHU 3 MOYaTKOBHUM HAaBaHTa-
xeHHsIM 5 H-m 3 HactymanM HakugaHasM y 0.8 ¢ HaBanTakeHHs 80 HM, 1110 iMiTy€e MOpUB BITPY Yy KPUTHY-
HOMY pekuMi. Ha BuHOCTI puc. 7, ¢ moka3aHi rpadiku JUHAMIYHOTO TaJiHHS MIBUIKOCTI B CUCTEMI 0e3 KO-
peKuii ; Ta 3 Kopekieo ;. BiamosiaHi rpadiku 3MiHM MOMEHTY JABUTYHA HaBEIEHO Ha pUC. 7, 0.
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3 rpadikiB mepexiTHUX MPOIECIB A KPUTUIHOTO PEKUMY BUIHO, IO TUHAMIYHE Ta(iHHS IIIBHIKOCTI
B CHCTeMI 3 Kopekiliero ckianae 0.4 pax/c i 3HU3MIOCA B 1.2 pa3u y MOPIBHSAHHI 3 CUCTEMOIO 0€3 KOpeKIil,
IpY [bOMY Yac BiTHOBJICHHS IIBUAKOCTI 3MEHIIMBCA y 2 pasu i cknanae 0.1 c. Jlesike 3HIMKEHHS TOKa3HUKIB
SIKOCTI PEryJIFOBaHHS IiJ] 4YaC BUKOPHCTAHHS KOPEKIIii, K€ CIIOCTEPIraeThCsl B KPUTHYHOMY PEXKHMI, MOSC-
HIOETHCS OOMEXKECHHSIM MOMEHTY €JICKTPOJIBUTYHA Ta HACHUYCHHSM JIAHOK CUCTEMH KepyBaHHS. [Ipu 1pomy
nepefaToyHa (YHKIiS KOPUTYIOUOI JIaHKM Oyjia IepeHaNaliTOBaHa PEryJsaToOpoM 3 MpPOIOPLiiHO-
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mudepeHIlianbHol Ha TPOMNOPIIHY 3 OJHOYACHUM 3MEHIIEHHSIM KoeillieHTy mepemadi y 2 pasu, Mo
OB’ S13aHO 3 HEC(PEKTUBHICTIO PETyJIIOBAHHS 32 MOXIAHUMHU B YMOBaX 0OMEXCHHS CUTHAIIB.

3a pe3yabTaTaMy MOJICIIOBAHHS PEKUMIB POOOTH €IEKTPONPUBOLY MOKHA 3pOOUTH BUCHOBOK, IO 32
HOMIHaJIbHOTO MOMEHTY HaBaHTa)XKEHHS Ha poOOYii MIBUAKOCTI BiTHOCHA BEJMYMHA TUHAMIYHOTO Ia{iHHS
IIBUIKOCTI 0OepTaHHs aHTEHHU He TepeBHInye 2 %; Ipu IIbOMY Yac BiTHOBIEHHS mBUAKOCTI ckianae 0.1 ¢, a
y pa3i rpaHUYHO MOKJIMBOTO MOMEHTY HAaBaHTa)KCHHs Ha pOOOUii IIBUAKOCTI BEIMYMHA TUHAMIYHOTO Ia-
JiHHS MIBUAKOCTI 0O0epTaHHs aHTCHU CTaHOBUTH 6 %; MpPHU IIbOMY Yac BiIHOBJICHHS IIBUAKOCTI HE IEpEBH-
urye 0.15 c.

OnHi€ro 3 IepeBar CHHTE30BaHOTO HEYIiTKOTO PEryisTopa MIBHIKOCTI € HOTO MpOCTOTa, BiTHOCHO He-
BHCOKa BapTICTh Ta MOXIIMBICTh BIPOBaKEHHS HA BXKE ICHYIOUMX €JIEKTPONPHBOAAX aHTeH. HewiTkuil pe-
TYJISITOp MOXKe OyTH peasi3oBaHO SIK Y CKJIaJi aBTOMAaTU30BaHOI KOMIT IOTEPHOI CUCTEMH, TaK 1 SIK OKpEeMUI
MIPUCTPiA HA BIZHOCHO HEAOPOTOMY MIKPOKOHTPOJIEPI CEPEeIHBOI a00 Maioi MOTYXKHOCTI. Tak, HampuKIIa,
IJIKOM JOCTaTHBO IMOTYKHOCTI MIKPOKOHTpOJIepa Ha 0a3i CyyacHOro yJAOCKOHaneHoro 32-0iTHoro sapa 3
RISC apxitektyporo Arm Cortex MO Oynp-sikoro BimoMoro BupoOHUKa, cepen skux STMicroelectronics,
Microchip, NXP, Texas Instruments, Analog Devices ta inmi. st 30epirands TaOnuIi 3HaHb, HEUITKHX
3MIHHHX Ta camMOl BUKOHABYOI MPOTPaMH B JIAHUX MIKPOKOHTpOJIEpaxX JTOCTaTHBO BOymoBaHOI Flash mam’siTi
10 64 xbaifT. A IPOXyKTHBHOCTI MiKPOKOHTPOJIEPIB, sIKI MOXKYTh MPALIOBATH 3 4acTOTOIO Aapa 1o 64 MIh,
JIOCTATHBO JIJISl POTpaMHOi pearizallii BCiX HEOOXiTHIX MaTeMaTHYHUX JIOTIYHUX O0YHCIIeHb, (a3udikarii,
nedasudikaniii Ta HEYITKHX aNTOPUTMIB B PEKUMI pealbHOTO yacy. st ciikyBaHHS 3 30BHIIIHIMHE JKepe-
JaMu, TOOTO OTpUMaHHS iHPOpMAaIii 3 aHeMOMeTpa, SHKOJepa Ta KOHTpoJepa 3aBIaHHs LIBHIKOCTI 00ep-
TaHHS aHTEHH, a TAKOXX BUBEACHHS CUTHAJIy KepyBaHHS BKa3aHI MiKpPOKOHTPOJIEPH MaroTh BOymoBaHi Oara-
TOKaHambHI 12-0iTHI aHAIOTO-ITM(POBI Ta H(PPO-aHATOTOBI TIEpEeTBOPIOBaYi, MU(PPOBI MOPTH, KOMYHIKaITiH-
Hi iHTepdelicn Ta iHIII.

BucHosku.

1. 3anpomoHoBaHO HOBHH MiIX1a 10 MOOYIOBH CHCTEM EJICKTPOIIPUBOAY AaHTEH PajlioIOKAIMHIX CTa-
HIIIH 3 0€3pEeyKTOPHUMH IyTOCTATOPHIUMH €IEKTPOABUTYHAMH Ha OCHOBI BUKOPHCTAHHS BIIIHOCHO ITPOCTO-
ro Ta HagifHOrOo, 3 TOYKM 30py TEeXHIUHOi peami3amii, HEYITKOr0 NPONOPUiIHHO-IHTErpalbHO-
I EPEHIIIaTBHOTO PETYIATOPA IBHIKOCTI.

2. IIpoBeieHO CHHTE3 HEYITKOTO Peryisaropa IMBUAKOCTI 00CpTaHHS aHTEHH PaJioJIOKAmiiHOl CTaHIIi].
[TpuiHATTS pillIEHHS HEYiTKOTO JIOT1YHOTO BUCHOBKY BiIOYBA€THCS Ha OCHOBI anroputMmy Mamdani, mo ¢o-
PMYETBCS 3TiAHO CKJIAAEHOI Ha OCHOBI €KCIIEPTHOTO NOCBiny 0asu mpaBwuil. KepyBaHHS eleKTpONpPHUBOIOM
aHTEHU CTaHIIi (POPMYETHCS HEUITKUM PETYIIATOPOM Ha OCHOBI CHTHAJIB ITH(POBOTO BHMIiprOBava MIBHIKO-
CTi Ta KyTa o0epTaHHs aHTEHH (€HKOJepa) Ta BUMIpIOBaya IMIBUAKOCTI BITPOBOTO MOTOKY (aHEMOMETPA).

4. Pe3ynpTaTu CHHTE3Yy HEYITKOTO PETyIsTOpa MiATBEPIKYIOTHCS MPOBEACHUM MOJICIIOBAaHHIM B CeE-
penoBuii Matlab. HaBeneHi B po0OOTi pe3yJIbTaTH MOJICITIOBAHHS HAMOIIBIT BaXKKOTO PEXUMY pOOOTH aHTe-
HU MOKa3ali e(peKTUBHICTh 3aCTOCYBaHHsI HEHITKOTO peryisaropa. HesanexHo Bij 3aJaHUX MMOYATKOBUX Ta
KIiHIEBUX 3Hau€Hb IIBUAKOCTI 00EpTaHHA, a TAKOX LIBHIKOCTI BITPOBOTO MOTOKY, aJalTUBHUHA PEryJsSTOp
TIepeJIaiTOBYE CHCTEMY ITiJl 3MiHHI YMOBH Ta 30BHIIIIHI BIUIMBH, B PE3YJIBTATI YOTO MepeXiTHUI Mpo1ec TpH-
Bae He Outpmie 0.1-0.2 ¢, a meperyiroBaHHS He TepeBHILYE 5-6 %, 110 3a10BOJBHIE TEXHIYHUM BUMOTaM J0
€JIEKTPONPUBOIIB aHTEH CTAHLIH, SKi pO3TISIIAIOTHCA B AaHii pOOOTI.

5. CuHTe30BaHUH HEUITKUN PEryJATOpP Y CIONYyUYeHHI 3 KOMOIHOBAHOIO CHCTEMOIO KEPYBaHHS A€ 3MO-
Ty HaJAIMTyBaTH €JICKTPOIPHUBOJ AaHTCHH PaJi0JIOKAIIMHOI CTAaHII Ha ONMTHMAIbHAN pEXUM POOOTH He3a-
JISKHO BiJ 3aBJaHHS Ta 30BHIIIHIX yMoB. PaHime, mij yac poOOTH aHTCHH CTaHINI B CEKTOPHOMY DPEXHMI,
TOOTO 3 MOCTIHHUM TEPEeMUKaHHIM 3 OJHI€l MBUAKOCTI 0OEpTaHHS Ha 1HIIY, BEJIMYMHA SIKOI HOCTIHHO 3Mi-
HIOETHCS, 3a0€3MECUNTH 3a/1aH1 IOKA3HUKH SKOCTI PEryIIOBaHHS HE OyJI0 MOXKIIUBUM.

Pobomy suxonano 3a depocasrnoi naykogo-oocnionoi pooomu “basa-I119" («Pospobumu 3acobu ma
anzopummu Kepy8amHs Hanpy2oio, CMpyMoM i 4acmomoio 8 2iOPUOHUX CUCIEMAX HCUBLEHHS eleKmpomex-
HOJIO2IYHUX YCMAHOB0K NPU HENOGHIN 6U3HAYEHOCHI NApaMempie HA8AHMAICEHHAY), 0ePIHCABHUL peecmpa-
yitnuii nomep 01220001808, KIIKBK 6541030.

Cmammio npuceaueno nam’ami Cmaxckina Bimania Ilaenoeuua, éunycknuxa KIII im. I2opsa Ci-
KOpCbK020, cmapuiozo naykoeoz2o cnispooimuuxa IEJ] HAHY, 3acnoenuxka Haykoeo-mexniunoi ¢ipmu
TEMC i € y3azanbHeHHAM ma PO36UMKOM H020 HARPAUIOEAHb 8 2aJly3i AGMOMAMUZ0EAHO20 €l1eKmPO-
npueoOa ma 6UKOPUCMAHHA anapamy Hedimkoi 102iKu.
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COMBINED CONTROL OF GEARLESS ARC-CORE SHIP RADAR ANTENNA

ELECTRIC DRIVE WITH FUZZY LOGIC REGULATOR
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The synthesis of a fuzzy proportional-integral-differential speed regulator of the arc stator electric drive of the rotation
of the radar station antenna with combined control was carried out. The structural diagram of the fuzzy regulator was
developed, the input and output linguistic variables are defined, the rule base was compiled, the dependence surfaces of
the output control variable on the input coordinates are obtained. A simulation model of an electric drive in the Matlab
system with a synthesized fuzzy logic regulator based on a two-phase model of an asynchronous arc-stator motor was
built. Modeling of the nominal and the most difficult mode of operation of the electric drive was carried out, graphs of
transient processes were obtained, which confirm its operability even under conditions of extreme loads. Refreces 9,
figures 7, table 1.
Key words: proportional-integral-differential fuzzy logic controller, ship's radar station antenna, gearless arc-core elec-
tric drive, combined automatic control system.
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EJIEKTPOEHEPT'ETMYHI CUCTEMU TA YCTAHOBKU

YK 621.317.318 DOI: https://doi.org/10.15407/techned2023.03.068

BAOCKOHAJIEHHA METOJUYHOI'O TA IHCTPYMEHTAJIBHOTI'O 3ABE3IIEYEHHS
YIPABJIIHHA NOIUTOM B JIBEPAJII3OBAHUX PUHKAX EJJEKTPUYHOI EHEPTTI

0.B. Kouap'*, kaun.texm.nayk, 10.0. Pacbko™**
"HTY Yxkpainn «KuiBebkuii nositexniunmii incrutyT im. Iropsi Cikopcbkoro»,

np. [lepemoru, 37, Kuis, 03056, Ykpaina. E-mail: kovpers@ukr.net
2 T30B «Yu60B0-HAyKOBO-BHPOGHHUMIT KoMIiekc-ETY»,
ByJ1. I'epoiB YIIA, 73, JIbBiB, 79041, Ykpaina. E-mail: iurii.rasko@gmail.com

Tobanvna OexapboHizayis i NOBCIOOHE 3ACMOCYBAHHSA ATLIMEPHAMUBHUX MA 8IOHOBIIO8AHUX Odicepell eHepeii Mae Ha
Memi CKOpOYeHHsI BUKOPUCMAHHA GUKONHO20 NATUBA MA 3MEHUIeHHA WKIOIU8020 6NIUGY HA OO0BKIIIS 8 pAMKAX
napaouemu cmanoeo po3eumky. Pazom 3 mum, Mmacoge iHmMezpy8aHHA 00 eNeKMPUUHOI MepediCi HeKepoBaHux
2eHepyBanbHUX YCmMaHo8oK Ha 6a3i B/[E 3a éidcymHocmi 00cmammusoi KibKocmi HAKONUYY8ayie eneKmpuyHoi enepaii
HeoOXiOHOI e€MHOCMI 8 YMO08ax HenepedbayygaHocmi ma HecmadilbHOCMI UPOOIMKY Modce Npu38o0ouUmu 00
HecnpomodicHocmi  3abe3nedumu  HAOiHe NOKpUMMs eNeKMPUYHO20 HABAHIMANCEHH CHOJICUBAYIS, WO BUMA2AE
3acmocysanus arbmepuamusHux wiasixie oanamcyeannus EEC. 3a maxux ymog y32003cennss nonumy i npono3uyiil Ha
e/IeKMPUYHY NOMYIICHICID (eeKmpoeHepeito) Mae 30TUCHIOBAMUCS BUKTIOUHO Yepe3 YNPAGLiHHI NONUMOM 6 PeANbHOMY
yaci (8 pescumi, 6nuzbKOMy 00 pearvrozo uacy). Came momy 600CKOHANECHHS MEMOOUYHO20 MA [HCIMPYMEHMATbHO20
3a0e3nedentss 3a60anb YNPAGNIHHA NONUMOM CbO2OOHI € OOHIEI0 3 HAUBALOMIWUX CKAAOOBUX Pe3VIbMAMUEHOCHI
«3enen020y nepexoody. 3a0asn 00CASHeHHS NOCMAGNIeHOL Memu 8 pobomi NPOAHANI308AHO ICHYIOUL MemoOu YNPAGIIHHS
NONUMOM 3a OONOMO20I0 CNONCUBAUIB-Pe2YIAMOPI6, BUKOHAHO AHANI3 8UMO2 HayionarbHux HJ] 6 uacmuni ynpaeninus
NONUMoOM mMa HAOAHHA NOCNYe 6 AiDepanizo8aHoMy PUHKY eleKmpuyHoi enepeii YKpaiuwu, po3pobieHo i onucano
800CKOHAIEHUTI MemoO Ma MOOEpPHI308aHULL IHCIPYMEHMAPIll YNPAGLiHHA NONUMOM 3a i0ealbHOI0 HOPMOIO, d MAKO#C
3anpPonoHo6ano Hadiline Or0dcemHe mexHiune piuenns Qopmysanns inpopmayitinoeo 3abe3nevenHs 3a80aHbL
VNPAGNIHHA NONUMOM CHOXMCUBAYIE HA PO3OPIOHOMY DUHKY eleKmpuyHoi eHepeii, wo pazom i3 OUHAMIYHUM
YIHOYMBOPEHHAM | 3aNPOBAONCEHHAM MAapudie peanbHO20 yacy cnpusmume 3a0e3ne4eHHI0 eKOHOMIUHUX PedCUMIs
@yuxyionysanns EEC ma sxicnoeo erexkmponocmauanus cnodicusayie. bion. 14, puc. 4, Tadin. 2.

Knwwuoei cnosa: ACKOE, pexum eleKTpoCloKMBaHHS, PUHOK EJEKTPUYHOI eHeprii, CIOXHBadi-peryJsiTopu,
YIOPaBITiHHS TOMTUTOM.

Beryn. [lounHarouu Bix MOMEHTY MacOBOTO BUKOPHCTAHHS €IEKTPUYHOI €Heprii OAHIEI0 3 KITIOYOBUX
npo0JIeM eNeKTPOSHEPTeTHKH € 33JOBOJICHHS TIOTped CIoKUBaviB He juiie (1 HaBiTh HE CTIIBKH) B KUTBKOCTI
eNeKTpryHOi eHeprii (kKBTTom), CKiIbKM B EIEKTPUYHIA TOTYXHOCTI (KBT), sika BHUKOPHUCTOBYETHCS
CTpyMONpHiiMauaMi. A OCKIUIBKH TMepeBaKHA OUIBINICTh CTPYMONPHHMAYiB BHKOPHUCTOBYIOTH EIEKTPHUYHY
MIOTY)KHICTh HEPIBHOMIPHO BIIPOJIOBX TOOM (TMIKHS, MICAIS, CE30HY, POKY), i BPaxOBYOUM TOH (akT, II0
€JIEKTPUIHA CHEPTis MOXKE BHPOOJISATHCS JIUIIIE IMiJT Yac i CIIOXKUBAHHSI, TO 33J0BOJICHHS ITOTPEO CIIOKHMBAYIB B
CJNICKTPUYHIA TIOTYXKHOCTI Ma€ 3JIHCHIOBATUCS aJalTUBHO, BIAMOBIMHO 10 PEXKHUMIB €JIEKTPOCIIOKUBAHHS.
TpuBanuii yac Le 3aBOaHHS PO3B’SI3YyBAIOCS EKCTCHCHBHUM LUIIXOM 33 PaxyHOK pPO30yJOBH KEPOBAaHHX
TEeHEPYBAILHUX TIOTY)KHOCTEH Ta pETyJIOBaHHSA BHPOOITKY BIiAMOBIAHO IO ITOTOYHOTO HABaHTaKCHHS
enexkrpoeneprerndnol cuctemu (EEC). Ajie neil nuisx BUSBHBCS HAJITO JOPOTHMM 1 BKpall HE €KOJIOTIYHUM B
Hepiry 4epry d4epes Te, LIO 3MiHHE HABaHTAKEHHS CIOXKHMBAuUiB IMOKPHBAETHCS MaHEBPEHHMH OJIOKaMH
NEPEBAXHO TEIUIOBUX EJICKTPUYHUX CTAHLIM, BUTpaTaMM MaluBa, WIKiAJIMBUMH BHUKHIAMH, COOIBapTICTH
BUPOOITKY ENeKTPHYHOI SHeprii Ha SKUX 3HAYHO BUILE 32 AHAIOTIYHI TOKa3HHKU 0a30BHX EHEProOJIOKiB.
Binem edextuBHUil 1 K0 TOro x HabaraTo EKONOTIYHIIIMHA MUIAX Y3rODKEHHS IOMUTY Ta IMPOMO3MLIl Ha
EJIEKTPUYHY MOTYKHICTh (EJIEKTPOSHEPTII0) IOJIATAE B YIPABIiHHI €HEprOBUKOPUCTAaHHSM [1].

CporofHi Ha TJIi IMUPOKOTO IHTETPYBAHHSA A0 CIEKTPHIHOI MEPEkKi PO30CEPEIHKEHUX B 3araibHOMY
BUNAJKy HEKEPOBAaHMWX TeHEPYBAJbHUX YCTAHOBOK Ha 0a3i aJbTEPHATHBHUX Ta BiIHOBIIOBAHHX JIKEpE
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eneprii (B/IE), mocTynoBoro BHBEIEHHS 3 €KCIUTyaTalii KEPOBAHUX T'€HEPYBAIbHHX HOTY)XKHOCTEH Ha
BUKOITHOMY IAJIMBI, @ TaKOX BHXOJY Ha PUHOK €JIEKTPUYHOI eHepril akTUBHHX CIIOKHBA4iB — MPOCIOMEPIB
(prosumers), 31aTHUX HE JIMILIE CIIOXHUBATH, a H BUPOOJIATH Ta MOCTayaTh €JIEKTPUUHY EHEpPriio IO eNeKTpO-
MepeXi 3aralbHOT0 KOPHCTYBaHHS, MWTAHHS YIPABIIHHSI TONUTOM HAOyJHM Ime OUTBIIOI aKTyalbHOCTI i
MIPUHIIATIOBO HOBOTO 3MiCTy. AJDKE Y3TOKEHHS IMOMHUTY i3 IPOTO3HINISIMA BUPOOHHKIB EIEKTPUIHOT CHEPTii Ha
0azi BJIE 3a BificyTHOCTI B TOCTAaTHIN KUTBKOCTI MOTY>KHUX MPOMHCIIOBHX CHCTEM HAKOMMYCHHS CNEKTPHYHOT
eneprii (CHE) Mosxe 3miHCHIOBAaTHCS BUKJIIOYHO LUIIXOM YIIPABIiHHS MOMUTOM Pa3OM i3 BIPOBAIKEHHSIM
JMUHAMIYHOTO ITIHOYTBOPEHHS 1 TapudiB peabHOro Jacy. 30KpeMa, aBTOpH [2] 3a3HA4ar0Th, IO YIIPABIIHHS
MIONATOM € BOXKJIMBUM KoMIToHeHTOM Smart Grid i 32 IEBHUX YMOB JIa€ 3MOT'Y TTOJIOJATH MPOOJIEMH, 3yMOBJICHI
IHTErpyBaHHIM J0 PO3yMHOI MEpEeXi po30CepePKEHNX TeHepyBalIbHUX YCTaHOBOK Ha 0a3i B/IE.

3ycris Ha MiDKHapomHuX puHKax, Hampukian, PJM, NYISO, CAISO, New England ISO, UK,
CIPHSUIN 3POCTaHHIO y4yacTi B HUX CTOPOHH IIONHUTY, OCOOJIMBO THUX IPOrpaM, SIKi HAPOIKYIOTHCS B PaMKax
napajurMy iHTENEKTYalbHUX MEpeX. YIPaBIiHHA MOMHUTOM, 30KpeMa, pearyBanHs 3 00Ky nmonuty (demand
response, DR) mae 3mory BmopaTucs 3 pU3MKaMu, MOB'SI3aHMMH 13 3pOCTAHHSM IOIUTY, 1 33J0BOJIBHUTH
MoTpeOr B HAAIMHOCTI aKTUBHOTO Ta JMHAMIYHOTO €HEPTeTHIHOTO PUHKY. {1 mhoro HeoOXimHUH mepexin
JI0 aKTUBHOTO Ta AWHaMiyHOro DR BIAMOBIAHO 10 KPHUTEpIiiB HaIIHHOCTI, 3aCHOBAaHMX Ha MHapajUrMi
iHTeNeKTyalbHOi Mepexi [3]. 3o0kpema, nesiki perioHanbHi oneparopu cuctemu nepeaadi CLIA 103BonsioTh
NPOMOHYBaTH Ha ONTOBUX pPHHKax enekTpoeHeprii DR Sk KOHKypeHTa MNpOMO3WLISAM BHUPOOHHKIB
enekTpuuyHOi eHeprii. KomyHanbHI KOMIaHii 4acTo BHCTYMalOTh arperaropamd B TaKWX Iporpamax.
Hanpukmnan, Texacbka pana 3 HagiliHocTi enekrpoeneprii (ERCOT) npononye DR Ha puHkax enexTpuuHol
eHepril Ta pe3epBHUX PECypCiB, a TaKOXK PO3ropTac KOMYHAIbHI MPOTpaMy Ta iHINI PecypcH YIpaBIiHHS
nonuToM y Hag3Buyaitaux cutyarisx. Y ERCOT 6mu3bko 3,7% mikoBOTO MOMHATY OYJI0 3MEHIIEHO 3aBISKH
DR-nporpamam, siki Oyno peanizoBaHO KOMyHalbHUMH TinnpuemctBamu B 2017 porui. OdikyeTbes, IO
YOpaBIiHHS IOMUTOM BilirpaBaTUMe KIIOUOBY poib y crabimeHocTi Mepexi ERCOT Ta 3amobGiranHi
BUMKHEHB €JIEKTpOSHEepTii [4].

«Big Texacy mo TaiiBaHio Oyno JOBEIEHO, IO pearyBaHHsS 3 OOKYy IOMUTY € EKOHOMIYHO
e(eKTHBHUM CIIOCOOOM YIpPaBIiHHS MOMUTOM Yy TOJMHU MiK 1 Ji€ sIK pe3epBHUN BUMAJOK, MI00 YHUKHYTH
PYHHIBHHX BHUMKHEHb e€NeKTpoeHeprii» [5]. Ame Takuii miaxix BuUMarae, 30KpeMa, BiAOBITHOTO
METOJUYHOTO Ta IHCTPYMEHTAIBHOTO 3a0€3IeYCHHSI.

Mera i 3aBaaHHsi AOCHiTKeHb. METOI0 JOCHIKEHb € BIOCKOHAJICHHS METOAWYHOTO Ta
IHCTPYMEHTAJbHOTO 3a0e3NedeHHs] YIPaBIiHHSA TOMUATOM B peallbHOMY 4Yaci (B pexuMmi, ONH3BKOMY /0
peapbHOro0 dYacy) B yMOBax (yHKIIOHYBaHHS JiOepai3oBaHOTO PHUHKY EJIEKTPUYHOI €Heprii, mo Mae
3a0e3MmeynTd HaWOUbIl exoHOMiuHI pexxumu podotTn EEC B pamkax po3B’s3aHHS 3aBIaHb SIKICHOTO
€JIEKTPOIIOCTaYaHHs CIIOKHMBAYiB Ha TJIi MIMPOKOTO iHTErpYBaHHS A0 ENEKTPUYHOT MEpEXi pO30CEepEIKEHUX
HEKEPOBAaHUX I'eHEPyBaJbHUX YCTaHOBOK Ha 0a3i BJIE. 3aans nocArHeHHs 03HA4E€HOI METH aBTOPH 3aJaliCs
3aBJIaHHSM ITPOAHATI3yBaTH ICHYIOYl METOIW YIPaBIIiHHS MOMUTOM Ta BUOpATH HaHOUIbII ehEeKTUBHUM JIst
YIpaBIiHHS MONMUTOM B peajbHOMY Haci (B pexuMi, OJM3bKOMY [0 PEajbHOro 4acy), MpoaHai3yBaTh
YMOBH, 30KpeMa HOpMAaTUBHE 3a0€3MCUeHHs 3aBAaHb YIPaBIiHHS MONUTOM B JiOepani30BaHOMY PHHKY
EJIEKTPUYHOI eHepTii YKpaiHu, BIOCKOHAIMTH BUOPAHUN METO TS 3a0€3IIeUeHHS MOMITHBOCTI TOCSTHCHHS
LIbOBOTO 3HAYEHHS YMPABIiHHA B YMOBax 3alpoOBaKeHHA OOMEKeHb, BAOCKOHAIMTH 1HCTPyMEHTAJIbHE
3a0e3eUeHHs] yNpaBIliHHs, BIPOBAJAUTH BAOCKOHAJICHE METOAWYHE Ta IHCTPYMEHTaJbHE 3a0e3MedeHHS,
MacmTabyBaBIIX HOTO IS Pi3HUX 00’ €KTIB, 1 JOCTIIUTH Pe3yIbTATH YIPABIIHHS ITOITUTOM.

Marepiaa gocaimkennb. Citif 3ragati, 0 HEOOXTHICTD 1 JOUUIBHICTD YIPABIiHHSI BUKOPHCTAHHSIM
elneKkTpu4Hoi eHeprii Oyma oOrpyHroBana me B 30-Ti pOKM MHUHYJIOTO CTONITTA y mnpauix Kykenb-
KpaeBcbkoro [6]. 3 Toro wacy 3a paxyHOK yNpaBlliHHS €HEPrOBUKOPHCTAaHHAM HpPOOIEMY Y3TOIKEHHS
MOMUTY Ta TMPOMNO3UIIT HA EJIEKTPUYHY IOTYKHICTh (EJEKTPOCHEPril0) HaMaraiucsi po3B’s3yBaTH B JBa
CHOCOOM: EKOHOMIUHE CTUMYJIOBaHHS CIIOKWBAdiB 10 PIiBHOMIPHOTO BHKOPHUCTaHHS EJEKTPUYHOI
MOTY)KHOCTI B dYaci (B yMOBaxX MpeBalltOBaHHS 0a30BHX TeHepyBallbHUX MOTYXHOCTeW, B OO0’emHaHii
enexrpoenepreruuHiii cuctemi (OEC) Vkpaiam neit moxasuuk csraB 80%) Ta mpuMmycoBe OOMEKEHHS
NOMUTY B TOJMHMA MaKCHUMalbHUX HaBaHTakeHb EEC, 30kpema, depe3 NOBEICHHS CIIOKHWBAdaM IIMITIB i
3actocyBaHHs TpadikiB oOMexeHHs notyxHocTi (['OIl), rpadikiB oomexenns enekrpuunoi eneprii (['OE),
rpadikiB aBapiiiHoro BUMKHEHHs crioxxuBadiB (I'AB), criemiansaux rpadiki aBapiitaux BuMkHeHb (CI'AB),
rpagikiB moronuHHOT0 BUMKHeHHs1 enekrtpoeHeprii (I'TIB) i T.i. IlpumycoBe oOMeXEHHS ENEeKTPUYHOTO
HaBaHTa)KEHHsI CIIOKMBAYiB 3aCTOCOBYETHCS HE JIMIIE 3 METOIO BIUIMBY Ha PEXKHUMH €NIEKTPOCIIOKUBAHHS, a B
niepury 4epry 3aiiis OesaBapilinoi podotn EEC Ta HaxiiiHOTO 3a0€31eUueHHsI CIIOKUBAviB eeKTPOSHEPTiEr0
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HOpPMOBaHOT siIkocTi. CTUMYJIIOBaHHS CIOXXMBAYiB 10 PIBHOMIPHOTO BUKOPUCTAHHS €JIEKTPUYHOI MOTY>KHOCTI
B Yaci (a OCKIIbBKM HE BCl CIIOKMBadi CIIPOMOXKHI 3a0€3IEYUTH PIBHOMIpHE BHKOPHUCTAHHS EIEKTPUYHOI
NOTYKHOCTi, WIETHCS TaKOX NP0 3aIyYeHHS CIIOKMBadiB [0 BHUPIBHIOBaHHA rpadiky eJIeKTPUYHOTO
HaBaHTKEHHS €HEProcUCTeMH B mijioMy [7]) € akTyansHUM B ymoBax npeBamtoBaHHs B EEC (30kpema, B
OEC VYkpainn) 06a30BHUX TeHEpyBaJbHUX YCTAaHOBOK Ha BHKOITHOMY ITaJluBI 1 pealli3yeTbes dYepes
3acTocyBaHHs MU(EPEHIIHOBAaHKUX 3a YacoM Tapu(iB.

VYnpaBiiHHS HONUTOM TPAAULIHHO 3IIHCHIOETHCS IUTSIXOM PETYIOBAHHS HABAHTAXKEHHS 3a JIONIOMOTOI0
CIIOXKHMBAYiB-peryisiTopiB [8]. KiacmuamMu MeTomaMu YIIpaBIIiHHS CHOXHBAYaMHUA-PETYISITOPAMA € YIPABIiHHS
32 MHTTEBOIO HOPMOIO, YIPABIIHHS 3a IUIABAIOYOI) CEPETHBOI0 (METOM «IUIABAIOYOrO BiKHA»), YIIPABIIHHS 32
11eaJIbHOI0 HOPMOIO, YIIPABIIIHHS 32 1]€JIbHO0 HOPMOIO 3 IPOTHO3YBaHHIM (METOA MONEPEeHKYBATBHUX OL[IHOK)
[8]. Iepmi xBa MeToau mependavaroTh yIpaBiiHHS y (DYHKIIIT HEY3TOKEHOCTI eIEeKTPUYHOI TIOTYKHOCTI. [/|Ba
IHIIMX METOIW TrepeadavaroTh YIPaBIiHHA y (PYHKINT HEY3roHKEHOCTI €ICKTPOCIOKMBAHHS. 3BAKAIOUH HA Te,
10 JU3alfHOM PHHKY EJNeKTPHYHOI eHeprii B YKpaiHi He mepeadaueHO PUHOK EJeKTPHUYHOI MOTYKHOCTI,
HAMOUTHII e()eKTUBHIUM € YIIPABJIIHHS TONUTOM 32 1/1eaJbHO0 HOPMOIO a00 32 MOTepeHKyBaJIbHUMH OIlIHKAMH,
OCKUTBKH METOIO YIIPABIIIHHA 3a IUMH METOAAMHU € YCYHEHHS HEY3TODKEHOCTI eJICKTPOCIIOKUBAHHS (KUTBKOCTI
eJIEKTPUYHOI eHeprii) [9]. Auie 3a3HaueHI METONM TOBHHHI OyTH MOJICPHI30BaHI Ta aJalnToBaHi 0 3aBlaHb
N0epanizoBaHOTO PUHKY EIEKTPUYHOI eHeprii YkpaiHu. 30kpeMa, Mae OyTH CKOPHIOBAHO METOHOJIOTIIO
VIIPaBIIiHHS, IIiJTi Ta 0OMEXEHHsI, BUXO/ISTYX 3 HACTYITHUX MipKyBaHs [1, 9].

[o-miepiie, mpuMycoBe 0OMEKEHHS MOTYKHOCTI CIIOXKHBAYiB B JIOepaTi3oBaHUX PHHKAX EIEKTPHIHOI
€Heprii € BUKIIIOYHOIO MipOI0, CIIPSIMOBAHOIO Ha 3amo0iraHHs BUHUKHEHHIO Ta PO3BUTKY aBapiifHUX CHUTYalliid.
3a3Buyail CTUMYJIIOBaHHS CHOXKMBAYiB IO BUKOPUCTaHHS HAIEpeX Y3TOKEHHX DIBHIB €IEKTPOCIIOKUBAHHS B
nibepasTi3oBaHUX pUHKAX 3MIHCHIOETHCS Yepe3 MEXaHI3MH PHHKOBOTO IIHOYTBOPEHHS, KOJM yCi BiIXHJICHHS BiJl
TUIAHOBUX (3asIBIICHNX) PEKUMIB €JICKTPOCIIOKMBAHHS OIUIAUYIOTHCS 32 PUHKOBUMH IIIHAMH, IO CKJIATUCS Ha
MOMEHTHU TaKHX BigxuieHb. [0 TOro >k ClOXXMBa4y MOXKE He JIMIIE YHUKHYTH CIUIaTH 32 Taki BIOXWICHHA, a U
OTPHUMATH JOJAaTKOBI BUTOM (OeHediTH) 3a pe3yIbTaTaMy YIIPaBIIIHHS MTOITATOM, SKIIO HIEThCS, HATIPUKIIA, TTPO
BUKOPHUCTaHHS HaJUIMIIKIB €JICKTPUYHOI €Heprii Ha pHHKY, a00, HAaBIIaKU, BIIMOBY BiJ] BUKOPUCTaHHS Harepe]
Y3TOKEHUX PIBHIB €NEKTPOCIOXKMBaHHSA Ha 3amuT omeparopa cuctemu mnepenadi (OCII) abo croponw,
BiAmoBiganpHOi 3a Oananc (CBB), abo HezamexxHoro arperaropa. Tomy oOMeXeHHS B 3a3HAUYEHHX METOJax B
HOpMaJlbHUX pekumax pobdotn EEC mae OyTH BCTAHOBJIEHO BHXOISYM HE 3 JIMITIB (3asBICHUX 3HAYCHb)
MOTY>KHOCTI, a 3 Hanepex y3romkenux (3assnennx) Ha PJIJ1 ra PIH i ckopuroBannx Ha B/IP manoBux piBHIB
€JIeKTPOCTIOKUBAHHS.

Io-npyre, nibOBE 3aCTOCYBaHHS KJIACHYHMX METOAIB YIPABIIiHHS CIOKUBAYaMU-PETYIIITOPAMH Ma€ Ha
MeTi MonepeKeHHs TIEPEBUIIIEHHS] BCTAHOBIICHOTO JIMITY TOTY>KHOCTI (200 3asBJICHOI MOTY>KHOCTI) B Mepioan
MakcUMalbHUX HaBaHTaxeHb EEC. OcKiIbKHM HACHIIIKOM MEePEBUIICHHS € HaKJIaJaHHs Ha CIIOKMBaya ITpadHUX
CaHKITIH HE3aJIKHO BiJl TOTO, TPHU3BEIO TaKe TEPEBHINCHHS J0 BUHUKHEHHs aBapiiHOi CHTyamii 9d Hi,
HEJIOBUKOPHCTAHHS JIMITYy (3asBJICHOTO 3HAYEHHsI) TIOTY)KHOCTI CTAHOBUTB JUISl CIIOXKMBada MEHINWNA PH3UK Y
MOPIBHSAHHI 3 MIEPEBUILICHHSIM TaKOi MOTY)KHOCTI. HacigKxoM HEeZOBUKOPUCTaHHS JIIMITY MOTYXHOCTI (3asBJIeHO1
TIOTYKHOCTI) MOKe OyTH yIyIlleHa BUTOf[a, 3yMOBIIEHA HEIOBIIITYCKOM IMTPOMYKIIii, HEHAJAHHSAM TMOCHIyT i T.i. B
yMoBax (DYHKITIOHYBaHHSI JTi0epaTi30BaHOTO PHUHKY CJIEKTPUIHOI €HEeprii eKOHOMIUHI BTpAaTH BiJ HE BUKOHAHHS
IUVIAHOBUX Y3TOKEHHUX (3asBJICHHX) DIBHIB EIEKTPOCIIOKUBAHHS MOXE OYyTH 3yMOBJIECHO BiIXWJICHHSIMH B
obunsa Ooku. Ll oOcraBuHa BHMarae BIOCKOHAIEHHS KIACHYHHMX METOAIB YIPABIiHHA IONUTOM 4epe3
VIPaBITiHHS CIIOKUBAYAMH-PETYIISITOPAMH IIUISTXOM 3MiHEHHS (KOPUTYBAHHS ) IIUTHOBOT (DYHKIIIT Ta 0OMEKEHb.

[o-TpeTe, B yMOBax AEIEHTPANi30BAHOI ENEKTPOCHEPTeTUKH i BUXOAY Ha PUHOK BEJIMKOI KUIBKOCTI
BUpPOOHUKIB enekTpuuHoi eneprii 3 BJIE Ta akTWBHHX, MepeBakHO, IHAMBIAyalbHUX MOOYTOBHX CIIOKHBAdiB
MaJioi TOTY>KHOCTiI IHCTpyMEHTapiii YIpaBIiHHS IOMATOM Mae€ OyTH PO3BHHEHO 1 JOIMOBHEHO B YaCTHHI
KOMIUICKCHOTO YIIPABIIHHS MPOLIECaMH BUPOOITKY, BIAITYCKY, IIOCTAYaHHS Ta CIIOKMBAHHS €JIEKTPHYHOI EHEeprii.
AmKe MacoBe IHTErpyBaHHS OO0 ENEKTPUYHOI Mepexi pO30CepePKEHHX HEKePOBAaHMX TIeHEpyBabHUX
ycTaHoBOK Ha 0a3i BJIE 3a BimcyTtHOCTI mocratHboi kinmbkocti CHE HeoOximHOi €MHOCTI B yMoOBax
Hermepen0adyBaHOCTI Ta HECTaOUTRHOCTI BHUPOOITKY Ha TIi BHBOAY 3 CKCIUIyarallii KepoBaHUX
TeHEePYBAIBHUX TIOTYXXKHOCTEH Ha BUKOITHOMY IMAJMBI MOXE MPU3BOJUTH JI0 HECITPOMOKHOCTI 3a0€3IeYHTH
HaJiliHe MOKPHUTTS €IEKTPUYHOTO HABAHTAKCHHS CIIO)KMBAYiB, 1[0 BUMArae 3aCTOCYBaHHs ajlbTEPHATHBHUX
nuissxiB OanmancyBanHs EEC, 30kpema, y3Tro/pKCHHS TIONMHTY 1 TIPOIO3HUIIA 4Yepe3 YMpaBIiHHSA ITOITUTOM B
peampHOMY Yaci abo pexumi, OJM3BKOMY JO PeaNbHOro 4acy. Alle po3ocepelKeHi pecypcH sK 3 OOKy
npomo3ulii (reHeparis), Tak i 3 00Ky nonurty (HaBaHTakeHH:), a Takoxx CHE B paMkax po3B’si3aHHs 3aBJaHb
ynpaBiiHHS Mae OyTH arperoBaHo (00’€IHAHO) BIANOBIMHO Yy BipTyalbHI eIEKTPOCTAHINI, ITyJIH
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HABaHTA)XXEHHsI TA PO30CEPEIKCHI aKyMyJIATOPH BEJIHMKOi €MHOCTI — JIMIIE B arperoBaHOMY BHIJIALI Taki
peCYpCH MPEICTARNISIOTh IHTEPEC I HaJlaHHS MOCIyT OalaHCYBaHHS 1 TOMOMDKHHX mOCiyr. Takuil mimxin
noTpeOye CTBOPEHHS YHIBEpCATbHOTO MOBHO(YHKIIOHAIBHOTO 1HCTPYMEHTapito, NPUIATHOTO IS YIPaBIiHHSI
K KEPOBAaHMMM TI'€HEPYBAIbHHUMH YCTAaHOBKAaMH, TaK 1 HEKEPOBAaHMMH BIPTYaJbHHMH €JEKTPOCTaHLISIMH,
posocepemxeanmu CHE, a Takok arperoBaHiM HaBaHTKCHHSAM B YMOBax (DYHKITIOHYBaHHS JTiOepaiTizoBaHIX
PHHKIB €JICKTPUYHOI SHEPT .

Po3Butok Metononorii [1] ynpasniHHs monuTOM B yMOBax (yHKIIOHYyBaHHs Ji0epalli3oBaHUX PUHKIB
€JICKTPUYHOI €Heprii pO3MOYHEMO 3 BJOCKOHAJICHHS METOIUYHOrO 3a0€3MEUEeHHS YIIPAaBIiHHSA arperoBaHuM
HABAHTAKEHHSIM CIIOKMBAYiB, SKI 3[IHCHIOIOTh CBOI iSUIBHICTh HA PUHKY CJICKTPUYHOI eHeprii. Meroro
YIpaBIIiHH 32 1I€aIbHOI0 HOPMOIO BiJTIOBIAHO JI0 peryIaMeHTy (YHKIIOHYBaHHS JIiOepani30BaHOTO PUHKY €
BUKOHAHHS TaKUMH CHOXHBadaMu 3asBieHoro Ha PJ[H i1 ckopuroBanoro (3a HeoOXimHicTio) Ha BJIP
IJIAHOBOTO PIBHS EIIEKTPOCIOKHBAHHSA B KOXKHOMY [-My pO3pPaxyHKOBOMY II€pioAi HACTYITHOI JTO0H
noctayanHa Jl. 3azHaummo, 10 OOCATH €NEeKTPOCHEeprii, ki OyJl0 3aKOHTPaKTOBAaHO B CETMEHTI PHUHKY
IBOCTOpoHHIX noroBopiB (P/IJl) okpemo He pO3TIAAalOTHCS, OCKITBKH YTOYHEHHSI 0OCSATIB BUKOPHUCTAHHS
3aKkoHTpakToBaHOi Ha P/IJ] emekTpuaHOi eHeprii 1 KOKHOTO po3paxyHKOBOTO Nepioxy moou moctaqanss /]
saiticHioeThes 1o 10:00 nobu [I-1, sika nmepenye mo6i mocradanus [, 1o MOMeHTy «BimKpuTTs Bopit» PIH
[10]. Ockinpku cIOKMBad Ma€ MOXJIMBICTH 3a TOTpeOH, NOJATKOBO A0 3akoHTpakToBaHMX Ha PJIJI,
3aKyNnUTH HeoOXimHI oMy oOcsru enektpuanoi eHeprii Ha P/IH (abo 3axymutn mHa PJIH ycro HeoOXimHy
HOMYy €JISKTPUYHY EHEpriio) JUis KOXKHOTO PO3PaxyHKOBOTO Mepiofy ao0u mnocradanHs JI, ¢dakTuuHO
3asBnennil Ha P/IH piBeHb elIeKTpOCHOKMBaHHS IS i-TO PO3PaxXyHKOBOTO Imepiogy noOu moctayaHHs /[]
MOXHa Bu3HauutH sk: W, =w P 4w P ne W — obesar 3akonTpakToBaHoi Ha PIIJ] eNeKTpUYHOI

eHeprii, 3asBJIEHOT VISl BAKOPUCTAHHS B i-My PO3PaxyHKOBOMY Tiepioai mo6u mocrayauns J[; W, ™" — oGesr

GJIEKTPUYHOI eHeprii, 3akyruieHuid Oe3znocepennbo Ha PJ/IH ans BUKOpUCTaHHS B i-My PO3pPaxyHKOBOMY
niepioxi n006u mocradanHa J[. BiAmoBimgHO [0 perjaMeHTy PHHKY YYacCHHK MOXKE CKOPHTYBaTH IUTaHOBI
00CATH eNeKTPUYHOI CHEpTil I KOXKHOTO PO3paxyHKOBOTO Mepiofay mobu moctadaHHs /| 3a pesyiapTaTaMu
topriB Ha BJIP He mi3Hime, Hixk 3a 60 XBWIMH 10 TOYaTKy i-TO po3paxyHkoBoro mepiomy [11]. Tomi
OCTaTOYHUH IJIAHOBUH PiBEHb €JIEKTPOCHOKHUBAHHS AJIS i-TO PO3PaxyHKOBOTO Mepiony Aoou moctauanHs [l
BU3HAYUMO SIK

nian __ P 'PIH BIP
W =W+ W W (1)
ne W' — cxopuroBaui 3a pesynbratamu TOpriB Ha BJIP momaTkoBi 0OCSTH eNEKTPHYHOI €Heprii s

BHKOPHUCTAHHS B i-My pO3paxyHKOBOMY Iepiomai mobu moctadanus [l (anreOpaiuHa BeIMInHA).

Xoua periaMeHTaMu JIiOepalli3oBaHUX PHHKIB €IEKTPUYHOI €Heprii He mependadyeHo OOMEeKeHHS
MOTYKHOCTI a00 eJIeKTPOCHOKUBAaHHSI, ONEpaTop CUCTEMH AJISl MOMEPEKEHHs MOPYLICHHS CTajloi poOOTH
OEC VkpaiHn mae mpaBo y BHUHATKOBUX BUMajakax, Bu3HaueHWX Kogexcom cucrem posmoxpimy (KCP),
3alpOBa/KYBaTH 3aXOAM 3 PETYJIIOBaHHA 3 METOK BHMYIIEHOI'O 3MEHIICHHS BEIMYMHHU CHOXHBAHHS
CJIEKTPUYHOI eHeprii Ta NOTYXHOCTi (aBapiiiHe pO3BaHTaKEHHS). 30KpeMa, 3 METOI0 3aroOiraHHs
nopyueHHsIM pexumy pobotn OEC Ykpainu abo 1i okpeMuX YaCTHH BHACTINIOK Ae(iIUTy MOTYKHOCTI Ta
€JIEKTPOCHEPril, 3HMKEHHS 4YaCTOTH, IOPYLICHHS PEXHUMY [OIyCTUMHX IIEPETOKIB 1 IepeBaHTa)KEHHS
MEpEKHUX EJIEMEHTIB, IIOPYIICHHS AOMYCTHMHUX PEXHUMIB POOOTH T1IPOENEKTPOCTaHIIN YKpaiHH, 3HUKEHHS
Hapyrd B KOHTPOJBHUX TOYKAX €HEProcHCTeMHM IO aBapiiiHoro piBHS 3actocoByroThes I'OE, 'OIl, TAB,
CI'AB, a B KpHUTMYHHX CHUTYyalliiX — aBTOMAaTWYHE YacTOTHe po3BaHTaxeHHa (AYP) Tta cnermiambHa
aBToMaTuka BUMKHeHHs HaBaHTaxxeHHst (CABH) [12]. 3 MeTor0 3amo0iraHHs MOPYIICHHSM PEKUMY POOOTH
OEC VkpaiHu BHacHiioK Ae(iuUTy eNeKTPUYHOI MOTYKHOCTI B Mepiof Aii TUMYAacOBHX HAA3BHYANHUX
3ax0JliB HA PUHKY eNeKTpU4HOi eHeprii 3actocoByroTh [ TIB [14]. TyT Tpeba 3ayBaxkuTu, IO iCHY€E MEeBHA
peTyIsATOpHA HEBH3HAYCHICTh: OCKiUIpKH [12, 13] HaOynmMm 4YHHHOCTI 3aq0BrO 10 BIPOBAKEHHS
Ji0epalli30BaHOr0 PUHKY €NEKTPUYHOI eHeprii Ykpainu 1 mpuitasarts [10, 11], i 3a1umaOThCs YUHHUMH,
HE3pO3yMiJ0, 4n MOke ToJiokeHHS [12, 13] OyTm 3acTOCOBaHO /O CIOXHBAdiB, SKi MPOBAIATH CBOIO
JUSITBEHICTE Ha ONTOBOMY PHUHKY €JICKTPHUYHOI eHeprii. MeHie 3 THM, Y BHIAAKY 3aCTOCYBaHHS OOMEXEHB
METY YMpaBIiHHSA 33 ieaIbHOK0 HOPMOIO JIJIi MOMEHTY 4acy 3aBepIICHHS I-I'0 PO3paxXyHKOBOTO MEpPioay
no6u nocrayanHs /| MOXXHa IpeACTABUTH HACTYITHUM YHHOM:

TUiaH ,
W, - W

2
VV,- SVVI-06M, ( )

ISSN 1607-7970. Texn. enrexmpoounamixa. 2023. Ne 3 71



e W™ — noBeleHa CIOXHBady OMYCTHMMa BEIMYMHA CJIEKTPOCIOKHMBAHHS B i-My PO3DPaxyHKOBOMY

nepioni o6u mocradanus /| BiqnmoBigHO 10 3acTocoBaHuX oOMexeHb [12, 13]. Bupas (2) BapTo TpakTyBaTH
HACTYIHUM YHHOM: METOI0 YMpPaBIiHHSA € JOCSATHEHHS IUIAHOBOIO piBHS €JIEKTPOCHOXKHUBAaHHS 3
BpaxyBaHHSM 3aCTOCOBaHMX OOMEXEHb, IPU LbOMY 3aBIaHHS BUKOHAHHS JOBEACHUX OOMEXEHBb MPEBAIIOE
(Mae BUIIMIA IPIOPUTET) HAM 3aBAAHHIM JOCATHEHHS IUIAHOBOTO PIiBHS €JIEKTPOCIIOKUBAHHS.

Hns peamizanii ynpaBiiHHS 3a 1Z€aldbHOI0 HOPMOIO BCTAHOBJIOIOTH MAOBipuYMid iHTEpBan d,,.

HeoOxinHicTh BCTAaHOBJICHHS JOBIPYOTO iHTEpBAIy 3yMOBIIEHA, 30KpeMa, ajie He BUKIIOYHO, TUCKPETHICTIO
MOTY)KHOCTI  CITOKMBAYiB-PETYJIATOPIB, SKI 3aCTOCOBYIOTHCS  JIJII  PETYJIOBAaHHSA  HaBaHTAXCHHS,
HEIOCKOHAJIICTIO MPOIeCy VYIpaBIiHHS Ta YacOBUMH 3aTpHUMKAaMHU pealizalii KepyBaJbHHX BILIHBIB,
MOXHUOKaM¥ BHMIPIOBaHb TOMIO. YIIPOIOBXK Iepiony ympasiiHHS I AOBipuHMi iHTepBai d,, Bimirpae poib

Opi€HTHpa, IO JO3BOJISE BCTAHOBHUTH «KOPHUIOP YNPABIiHH», OOMEKCHWH IHISIMH CKAJAHHSI Ta
BiJTHOBJICHHSI HABAaHTXKEHHS. Y TPUMaHHS MOTOYHOTO CIICKTPOCIIOKUBAHHS W, B «KOPUAOPI YNPaBIiHHS»

i
JTa€ 3MOTY TIBHIIUTH PiBEHb HAAIMHOCTI YIIPaBIiHHS, BTIM, BUXII W, 3a MeXi «KOpHIOPY YIPaBIiHHI) Ha
Mepiosli KOHTPOJIO 0 WOTO 3aBepIIeHHS (HACTAaHHSA MOMEHTY dacy 1) HE MPHU3BOIUTH A0 IOPYIICHHS
3aCTOCOBAaHMX OOMexeHb. Ha MoMeHT wacy 7, IO BiANOBiZa€ MOMEHTY 3aBEpILEHHS IMepioly KOHTPOIIO,
JOBIpUMil iHTEpBaJ BHM3HAYa€ TpaHHIl IOXWOKH YMPaBIiHHA 3 NPHUHATOIO JOBIpYOI HMOBIPHICTIO.
Buxozsuu 3 Takux MipKyBaHb PO3IJISAAI0Th HACTYITHI BUIIQAKH YIIPaBIIiHHS [TOUTOM 3a 1€abHOI0 HOPMOIO
B YMOBAaX 3aCTOCyBaHHs oOMexeHb (puc. 1):

- JOBezieHi 0OMEeKEHHsI Jal0Th 3MOTY JOCSTTH TUIAHOBOTO PiBHS €JIEKTPOCIIOKUBAHHS 3 YpaXyBaHHSIM
JOBIpUOTO 1HTEpBaTy ynpaBiiHHI. MeTOI0 ynpaBliHHS B i-My PO3paxyHKOBOMY Mepiofi € TIIaHOBHUII piBeHb
CNICKTPOCIIOKUBAHHS 7. IneanbHa HOpMa B MOMEHT 4acy I mepiomy KOHTpomto W' (T)=w™ . Skimo

ineanbHa HOpMa BUXOAUTH 3 0: W' (0)=0, TO MOXKeMO 3amucaT: W™ (r)=w""(t), Ae 0<t<T . Pe3ynbrar
YIPaBIiHHA B MOMEHT 4acy 7' BU3HAUYMUTBCA, AK: W, = W,"" +d ;

W, kBrm-200 - JIOBEeNIleHI OOMEXCHHS  JalTh  3MOTY

we T JOCSAITU IUIAHOBOTO PIiBHS €NEKTPOCIIOKUBAHHS
JliHiA CKUOAHH: ,// " 1 1

Jlin cxuara o ﬁ d 6e3 _YpaxyBaHHA JI0BIp4Oro IHTEpBaILy

g g ymopasimiHHsa. MeTow  ymnpaBialHHA B i-My

w’®

pO3paxyHKOBOMY IIE€piOJi € 3Ha4YeHHS W™ —d
Momoune IneansHa HOpMa B MOMEHT dacy 1 mepioxy

HABAHMaMEHHSA e L IdeanbHa Hopma

== KOHTpOIIO W™ (T)=w" —d, . Slxkmo W™ (0)=0,

T0 W (@t)=w""()-d,, ne 0<:<T. Pesymprar

= T JliHin 8i0HOBAEHHA

" Haeanmaxeha YIpaBJIiHHSI B MOMEHT 4Yacy 7 BHM3HAUMTBCS, SIK
. W, =W —d,)td,;
0 T t yac .
Puc. 1 - JOBCACH1 OOMEXXEHHS He JarTb 3MOry

JOCSATTH TUIAHOBOTO PIiBHS €JIEKTPOCIIOKUBAHHSI.

Metoro ympaBiiHHA B i-My pO3PaxyHKOBOMY
nepioni € 3HaUeHHA W™ —d, . IneanbHa HOpMa B MOMEHT 4acy 7 mepiofy KOHTPOIIO W™ (T)=w "™ —d, . SIkimo
WM (0)=0, TO W™ (t)=W""(t)~d,, ie¢ 0<t<T . Pe3ynpTraT ynpaBiiHHS B MOMEHT 4acy I BU3HAYMUThCH, K
W, =W —d )td, .

V 3arajgpHOMY BUIAJKy 3 BpaxyBaHHSIM HMOBIPHOCTI 3aCTOCYBaHHS OOMEKEHb €JIEKTPOCIOXKHBAHHS
pe3yabTaT YIpaBITiHHS Ha KiHEelb Nepioy KOHTPOIt0 7 MOXKHA MMOJIATH Y BUTIISI

VV,- — VVimaH idw SKITO (VV[nﬂaH +dw) < VV,-06M;
W, =(W™~d )td, sxmo (W™ +d,)>W"™".

Yrmpapiaigasa monuToM 3a (3) peami3yerbes CIOXKHUBAa4deM, J0 SKOTO 3aCTOCOBAHO OOMEKCHHS.
3ayBaxumo, 110 BiAMOBigHO a0 [10] criokuBau 3BUIBHAETHCS BiJl OIUIATH 32 HEBUKOPUCTAaHI BHACIIIOK
3aCTOCYBaHHSI OOMEXEHb OOCSTH BXKE 3aKyIUICHOI Uil i-I'O PO3PaxyHKOBOI'O IEpiofy AOOM MOCTa4aHHS
enexTpuaHoi eHeprii .

VYci yd4acHHKH PHHKY, KpIM CHOXHBAadYiB, sIKi 3aKyNOBYIOTH EJIEKTPUYHY CHEPril0 y eJIeKTpo-
NOCTayaJIbHUKIB Ha pO3ApiOHOMY pHHKY, HECYyTh BIINOBIJaJbHICTH 3a BJAcHI HeOaJaHCH ENEeKTPUYHOI
€Heprii, UI1 4YOoro KOXEH YYacHUK PHHKY 3000B'si3anuii cratu CBB abo mepematu cBoio QinaHCOBY
BIJINOBIIAIbHICTh 3a HeOanaHcu iHmiH CBB muisxom BXxomkeHHs A0 i1 OanmancyBaibHOi rpynu (BI') Ha

3)
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MifCTaBi YKIAJACHHS/TIPUETHAHHAS 10 BignosimHoro gorosopy [m. 1.5.1, 10]. CBb Ta yuacHuku puHKY, SKi
yaiiinuu 10 bI' Takoi CBB, 30008B's13aH1 MOBIIOMIIATH BacHI MOTOAMHHI rpadiku enektpudHoi eHeprii OCII
ta CBb i BukonyBatu ix [m. 1.5.6, 10]. Buxomsuu 3i cknamy BI, a TakoX TEXHIYHHUX XapaKTEPUCTHK
CIIOXKUBAYiB-PETYJATOPIB, sKi B HiM 3amissHO, Mae OyTH BCTAaHOBICHO CyMapHHUI IUIAHOBHH piBEHBb
€JIEKTPOCTIOKMBAHHA ycix ydacHUKiB BI' B i-My po3paxyHkoBoMmy mepioni mobu mocradanns J[ W™,

noseznieHa bl nomycTiMa BeNUYHHA eNEKTPOCIIOKUBAHHS B i-My pO3paXyHKOBOMY Tepiofli 10O mocTayaHHs
J1 BiANOBIZHO 10 3aCTOCOBaHMX OOMexeHb WY, a Takox BU3HAYEHO HOBipuwmii iHTepBan D, st BI.

N . . . . _ Ner 42
Benunuuna D, moB’si3aHa 13 JOBIpYUMU IHTEpBaIaMHU D, KOXHOTO y4acHMKa BI': D, =, IZH d, ,ne Ng.

W;

— KITBKICTh YYAaCHHUKIB PUHKY, SKi BXOHSTh A0 ckiamy bI'. LlinboBa ¢yHKINS ympaBiaiHHS arperoBaHAM
HaBaHTaKeHHSAM BI” BIAMOBIIHO 710 3aCTOCOBAaHMX OOMEKEHb HAOYyBA€ BUTIISIILY
VV,-BF — VV,-HHAH ti SKIIO (VV,HHAH +Dw) < VV,-OBM;
W = W™ -D,)+D, sxmo (W + D )> WM,
Y4acHUKHA PHHKY, 30KpeMa CITOKMBadi, SKi IPOBAIATH CBOIO [ISIIBHICTE HA PHHKY EICKTPHIHOT
eHeprii, TaKoXK MOXKYTh BUKOHYBATH i 1HIII pOJIi, 30KpeMa, poib MOocTavyalbHUKA MOCIYT 3 OanaHCyBaHHS
(II1B) Ha BP. banancyBanbHUI PUHOK 32 OCHOBY CBOTO (DYHKITIOHYBaHHS MpUiiMae 3000B'I3aHHS OJIWHUII
HaJaHHS TTOCTyT OaTaHCYBaHHS BIIIOBIAHO M0 rpadikiB BiMTyCKy/BimOOpy, MOJAHNX OAPA3Y IiCIIST 3aKPUTTS
BJIP [m. 4.1.1, 10]. IurepBan oaumuuii peanbHoro vacy (OPY) mms BP ckmamae 15xB [m. 4.1.3, 10].
I[ponykramu Ha BP € HaganHs OalaHCYBalbHOI €HEprii 3a pe3ysibTaTaMd BHKOHAHHS JIUCIETYCPCHKUX
KOMaHA Ha TpsMy abo 3ammaHoBaHy akTuBamiro npomosuilii III16 Ha po3BaHTa)keHHs/3aBaHTaKEHHS.
Minimanbauii  oOcsr aktuBanii Ha BP cximagae 1 MBT, nuckperHicth aktuBaiii ckmamae 1 MBT,
MiHIMaJIBHUH Yac OCTaBKH MPSIMOT aKTHBAIlii ckiagae 1 xB, 3ammaHoBanoi — 15 xB. [m. 4.1.5, 10].
[Ticast oTprMaHHS IUCHETYEPCHKOI KOMaHAN Ha aKTHBAIIFO MPOTIO3UIiT 3 METOIO ii MiATBEpIKEHHS
[IIb wmae BH3HAYWTH 3HAYCHHS KOPUTYBaHHS HaBaHTaXEHHS P 3 BpaxyBaHHSAM 00CATIB

(4)

3aBaHTAXXCHHS/PO3BAHTAXKCHHS. Pe3yibTaT yrnpaBiiHHS TUCIIETYCpU30BaHUM HaBaHTaxeHHsM [1I16 moxHa
3aMnACaTH K

W, =(W"™ + W™ —d )*d, n1nsxoMaHANHA PO3BAHTAKCHHS; (5)

W, =(W"™ + W™ +d )td,6 §N1sKOMaHIH HA 3BaHTAKCHHS,
ne W™ = P .t — 3Ha4eHHs KopuryBaHHs enekrpocnoxuBanus I111b, kBtrox (anreOpaiuna Bennumnna); ¢ —

yac aktmBamii mocmyru 3a komaamor OCII, rox. fAxmo [I1b e BI', mis Hel BU3HA4aeThCsS 3HAYCHHS
KOPHUTYBaHHS HaBaHTKCHHA. BilmoBimHO, pe3yabTaT YIIPaBIiHHA JUCTICTICPU30BAHUM HABAHTAKCHHSM JIJIS
II1b — BI" 3anumniemo gx

VVigr _ (VV;HHAH + VV,.KPF — DW) * DW JJII KOMaHu Ha PO3BAHTAXKCHHS; (6)

W =M WS + D, )+ D, ansKkoMaHM HA 3BaHTAXKEHHS,

ne W =p".t — 3HauenHs KkopuryBaHHs enekTpocnoxkuBanus IIII6 BI, kBrron (anreGpaiuna

BEJIMYWHA); { — Yac aKTUBallii mocayru 3a komauzaow OCII, rox.

VY4YacHUKM pPHHKY, 30KpeMa CIOXHBadi, TaKO)XK MOXYTh HAa EKOHOMIYHHX 3acajax HaJaBaTH
noroMixkai nociyru (A1) y cermenTi punky mormomixuux mociyr (PII), sKmo iXHI MOXIHMBOCTI HIOAO
Hananag Il miaTBepakeHO y BCTaHOBICHOMY MOPSAKY. 30KpeMa, BiamoBiaHo 1o [Ipasun pusky [m. 3.1.3,
10] y po6oti PJIIT matoTe mpaBo OpaTw y4acTh yYaCHHKH PUHKY, SKi 3apEECTpOBaHi SIK MOCTa4adbHUKU
nmonoMikHUX TrocyT (ITJIIT) i Ha mpaBi BIacHOCTI a00 IHIIUX 3aKOHHMX ITiICTaBaX BOJIOMIIOTH, 3MIHCHIOIOTH
pO3TOpsIKEHHS a00 KOPUCTYBaHHSA ONWMHHMLSAMH HaganHs JII, M0 CHOXUBAIOTH €JIEKTPUYHY EHEpTilo,
NpOMIIUIM HepeBipKy, MPOBEIU BUIPOOYBaHHS eNeKTpoycTaHoBKH BinmoigHo o Bumor KCII, BHeceHi no
Peectpy IIJII1, Ta 3araybHa peryio0Ya MOTYXKHICTh SKHUX Yy TOYII IpuwemHaHHs Oimemia 3a 1 MBt. JI1
HAJAIOThCs K Ha OOOB'SI3KOBUX, TaK 1 Ha JOOPOBUIBHMX 3acafax. KopucryBadi cucreMu mnepenadi abo
CHCTEMH PO3MOiNy, sIKi € croxuBayamu enektpoeneprii, Hagarots JI1 OCII Ha noOpoBinbHUX 3acafgax [II.
3.1.5, 10].

TakuM dYMHOM MOXHa CTBEpKYyBaTH, IO 3alpoOBa/PKEHHS B YKpaiHi MOBHOMAacImITaOHOTO
ni0epani30BaHOTO PUHKY EJIEKTPUYHOI eHeprii BigKpWiIO s CHOXHMBAYiB €JICKTPHUYHOI EHeprii IIUpOKi
MOXJIMBOCTI 1010 €()EeKTUBHOI'O €HEPTOBUKOPHUCTAHHS JJIsl PISHOMAHITHUX HOTPeO, OTPUMYIOUN MPU BOMY
MaKCUMaJIbHY CKOHOMIIO ITiJT 4Yac pO3PaxyHKIiB 3a EIEKTPOSHEPTil0 3a YMOBH AaKTUBHOTO KEpPYBaHHS
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BIACHHMH PEXUMaMHU EJIEeKTPOCIIOKHBAaHHS. 3amporioHOBaHWH B [l] KOMIIEKCHMM Miaxig Ha OCHOBI
BJIOCKOHAJIGHUX METOMIB YIPaBIiHHS Ta pO3poOJCHA METOMOJIOTIS KEpPYyBaHHS pEXUMaMU EJIeKTPO-
CHOKMBaHHS 3 METOI0 ONTHMAIBHOTO BUKOPHUCTAHHS €IEKTPOCHEPTETHYHHUX PECypPCiB, SIKi 3aKyMOBYIOTHCS 1
MOCTAYalOThCS CIIOKMBa4deM B JIiOepaii3oBaHOMY PHHKY Ta BHPOOJSIOTHCS BIACHHUMH TeHEPyBAIbHUMHU
ycrtaHoBkamMu Ha 0a3i BJIE, BimkpwBae crHoKWBadaM aJbTepHATHUBHI IUIIXH CHEpPro3ade3medcHHS 3a
PUHKOBUMH IliHaMH, sIKi (OPMYIOTbCS 3alIe)KHO Bil KOH'IOHKTYpH pPHUHKY 1 B 3arajJbHOMY BHIAIKy
CKJIaJaroThCs 3 IiH Ha TIEBHUI aCOPTUMEHT TOBApiB i MOCIYT, IO MPOAAIOTHCS 1 KYMYIOTHCS Ha PUHKY. AJie
JUIS peamizallii IIboro MOTY>KHOTO TOTEHITaTy CIOKHBadl MOTPEOYIOTh MPOMYyKTUBHOTO 1HCTPYMEHTAapIto
YIPaBIiHHS TOTUTOM.

TakuM iHCTpyMeHTapieM € aBTOMaTH30BaHa iH(poOpMaliiiHa cHcTeMa KepyBaHHS CHEPrOBHKO-
pucranusm (AIC KE) ETU Power Monitor, onucana B [14], ne OyJo IeTalbHO BHCBITJICHO JOCBiX
VIIPaBIiHHS BUPOOITKOM Ta BiIITyCKOM €JIEKTPHUIHOI EHEPTii KepOBAaHMMH T'CHEPYBAIBPHIMHE YCTAaHOBKaMH Ha
BUKOIHOMY TajMBl Ha MPUKIaAi TeIUIOoeNeKTpoleHTpati. Buxoasun 3 (2), MeTOl0 yHpaBliHHS HOMUTOM
croxuBada iHcTpyMmeHTapieM ETU Power Monitor nist BUNaaKy, Koau P™ He BU3HA4eHO (HE 3aJaHO), €

MIOBHE YCYHEHHS HEBIAMOBITHOCTI (AW, — 0) MiXK MOTOYHHM €JIEKTPOCIIOKUBAHHSM 1 MJIAHOBUM 3HAYCHHSIM
3 BpaxyBaHHsIM JOBIpUYOTO IHTEPBay YIPABIiHHS Ta BCTAHOBIICHUX 00OMEXeHb 8]

AW, =3 (PAL)—(B™ Y At) sxmo (W™ +d,)) W™,
. 7 (7)

n

AW, :Z;:l(PjAtj)—(Pl."GM oA =d) skwo (W™ +d ) > W™,

ne P, — HaBaHTAKEHHs, yCEPEIHEHE 3a iIHTEpBAT KOHTPOIO Af,. Y pasi J0JATKOBOTO 3aNpPOBA/KEHHS Yy

OyIb-sKMi CIoCiO KOpWTyBaHb IIbOBAa (YHKIlS YTPaBIiHHA HaBAaHTAKCHHIM 3a PaxXyHOK 3aMIiICHHS
BeTMUMH P, P™, P*™, P i d, waBignosigao P, P, PO PYT i D | naGyne Burmsmy

w2

n TUIaH Kpr n TUIaH obm ,
AW, =3 (PAL)=((B™™ + P At swano (W™ +d,) < W™ ©
n oM n iaH oM
AW, =3 (PA)=(B™Y At—d,)  sxmo (W™ +d,)>W ™.
Pesynbratn ynpaBmiHHS HaBaHT@XXEHHSAM Ha NpPUKIaAi MiANPHEMCTBA XiMiYHOI MPOMHCIOBOCTI
HaBeAeHO B Tabu. 1 i mpoiimocTpoBaHO Ha puc. 2.

Taoauns 1
J 1 2 3 4 5 6 7 8 9 10 11 12 13 14-20 dy,
P | 6692 | 6678 | 6664 | 6696 | 6692 | 6720 | 6608 | 6748 | 6692 | 6776 | 6748 | 6972 | 6692 .. 6690 6800 200

JIBi ropu3oHTaNmBHI TpsIMi HA pHC. 2 TO3HAYalOTh, BIAMOBIOHO, IIJJAHOBE 3HAYEHHS
CJIEKTPOCTIOKMBaHHA W™ = 6690kBT-ron (HIWKHA NpsMa) Ta [OBEJCHE IIINPUEMCTBY OOMEKEHHS

W™ = 6800kBr-rox (BepxHsS mpsiMa) B i-TOMy (IIOTOYHOMY) PO3PaxyHKOBOMY mepiofi. JliaroHambHOO

8000 | OecsmepepBHOO MpAMOI0, SIKA BHXOMMTEH 3
P bbb bbb «On i NpoBCICHA B TOYKY
i ettt L RN A B e B BB W™ —d, =6800-200=6600 xBr-rox,
Tt L4 G i1 111 i1 i_iz% | TO3HAUCHO JMHIIO «igeanbHOi HOpPMH», a
6000 ’,{’ H.apaIIe'J'IBHI/IMI/I' 1.171 IMYHKTUPHUMH HIHIHMI/I?
T - A BIJIMOBIIHO, JIIHIEIO CKHUJIAHHS (BEpxHs) 1
5000 |-oi--rpomfodod oo b R riHiero BiJTHOBJICHHSI HaBaHTaKEHHS
, :/"' 1 1 1 | | (WwKHA), TIO3HAYEHO KOPHAOP YNPABJIiHHA
4000 // A R S e +d,. besnepepBHa KpHBa BCEpEIHUHI KOPHU-
oLobb bbb ZATH L b b | nopy ympaBIiHHS B3JOBK JNiHii «igeanbHOT
i T TS T T T | nopmmy uxozmte 3 «O» i BisTBOpIOE
A ;,': L T T T R T R R R S EIIEKTPOCIIOKMUBAHHS T AIpHEMCTBA 10 45-i
2008 /f,‘ ZETTTIITT YT T | XBWIMEML TIOTOYHOTO  PO3PAXyHKOBOTO
Lol bbb bbb b | mepiogy, TOGTO O TOTOYHOrO MOMEHTY
1200 TV TUTTTTTUTTTUTT YT TTTUT T | ynpaBaises,  micas WOro  [epeXomuTh B
B0 L ymeopny oy mpormosy  enexpo-
Q _ _ s o e e o CIIOKMBAaHHS Ha KiHEUb MOTOYHOTO PO3pa-

- 0 3 6 912151821242730333639 4245 4851545760 .
] T xe XYHKOBOTO Tiepiomy. 3a maHuMu Tabm. 1
BHUIHO, 1m0 Ha 36-it xBwmHI (j=12)

Puc. 2
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NOTOYHOT'O 1HTEpBaly YIpPAaBIiHHSA HABAaHTAKEHHS MiANPHEMCTBA NEPEBUIIIIO OOMEXEHHs (3alITPUXOBaHE
3HaueHHs). OQHaK e He 3aBaJAWIO MiJIPHEMCTBY, 3MCHIIMBIIM HAaBAHTA)KEHHS, BTPUMATHUCS B KOPUAOPI
YIpPaBIIiHHS 1 BPELITi PELIT AOCSTTH HIHOBOTO 3HAYCHHS YIIPaBIiHHS 0€3 NepeBUILECHHS 0OMEKEHHS.

Pa3zoM 3 THM BapTO 3ayBaXXUTH, IO YACTO-TYCTO 3 HEOOXiTHICTIO 0OMEXEHHS MOTYXKHOCTI (€JIeKTpOo-
CIIO’KMBAHHS) CTHKAIOTHCSA CIIOXKHUBAYi, SKi 3aKYMOBYIOTh CJICKTPUYHY CHEPril0 Ha po3ApiOHOMY PHUHKY Yy
CJIEKTPOIIOCTaYabHUKIB 1 HE BOJOIIOTH OaraTo()yHKIIOHAJHbHUMH 3acO00aMH yIpaBIiHHSI EHEPrOBHKO-
pUcCTaHHSIM. €IMHUM «IiIPYYHUM» I1HCTPYMEHTapi€eM TaKuUX CIHOXHMBa4iB € JIOKaJbHE YCTaTKyBaHHS
30upanHs Ta oOpobieHHs maHux (JIY30/l), ke OXOIUIIOE JHUIIe TOYKH KOMEPIIHHOTO OONIKY eJIeKTPO-
eHeprii 1 B 3araJbHOMY BHITaJKy MOXE CKIQJaTHCS MPOCTO 3 KoMyHikaniHoro moxaymo (KM), sxwit
3a0e3neyye NUCTAHUIMHUN NOCTYNm A0 CMapT JIYMJIBHHKIB, a00 MICTUTH OUIbII DPO3BUHEHHI KOMILIEKC
TEXHIYHUX 3aco0iB Ha 0a3i mpuctporo 30upanHs Ta mepemaBanHs nanux (II3I1]). TOB «YHBK-ETVY»
PO3pPOOHMIIO NIl TAKMX CIIOKHWBAUiB OIO/DKETHE 1 pa3oM 3 TUM ITUTKOM HaJiiHE TeXHIYHE PIICHHS KOHTPOJIIO
BJIACHOTO HABaHTa)KEHHS 3 BUKOPUCTAHHSIM TEXHOJOTiH MOOinbHOro IHTEpHET, HAanmpuKIan, Uil BUOAIKy
3actocyBanHs ['Oll. 3a3Buuaii, 0OMEXEHHS MOTYXHOCTI 3aCTOCOBYIOTHCS 10 OKPEMHUX NPHEIHAHB CIIOXKH-
Baya, SAKi B 3araJJbHOMY BHITAJIKy HE OXOTUICHO KOMEPIIHIM OOJIIKOM.

Texnomnorii MOOiTBEHOTO [HTEpHET HATAIOTh MOXKIIMBICTH OpraHizalii 0€e3ApOTOBOT KOMYHIKAIiifHOT
MepexXi 3 BUCOKOIO MPOITYCKHOIO 3[aTHICTIO. BUKOpHCTaHHSA IPOTOBOTO 3B’A3KY Ha BEIMKHX BiJCTaHIX, a
0COOITMBO Ha BiJIKPUTOMY IPOCTOPi HECE PUBHKH SK-TO TMOIIKO/KEHHS JIHIN 3B’S3Ky, KpaJDKKH KaOelto,
HE3PYUYHICTh 200 HEMOXKIIMBICTH OE3IEYHOTO NMPOKJIANAaHHA KaOelliB, arpeCUBHUN BIUIMB HAaBKOJIWIIHBOTO
Cepe/loBHIa, TPHU3YHIB Towlo. BukopucraHHs 0e3apoTOBOrO 3B’A3KYy M03BoOJsie posmimryBatu II3I1]] B
CHeLiaNni30BaHUX MPHUMIIIEHHSIX B pPOOOYMX YyMOBaxX 3acTOCyBaHHS, L0 3a0e3meuye MOro TpuUBaILy
mpare3aaTHICTh Ta BiaMoBocTiikicTs JIY30/1 B mistomy.

3aJe)KHO BiJi BCTAHOBJIGHHWX BUMOT IOJO KOHTPOJIO MOTOYHHX IapaMeTpiB PEXKHMIB eJIEKTPO-
cnoxuBanHs (I1I1PE) mporiec 30upanHs mepBHHHUX NaHUX OONIKY MOKHA OpraHi3yBaTH B JBa CIIOCOOM:
gepe3 KOHTPOJhOBaHE a00 HEKOHTPOJIbOBaHE 3’€mMHaHHA. [lil KOHTPOILOBAHWM 3’€MHAHHAM PO3YMIETHCS
moxuuBicTh [I3[1/] camocTiliHO BU3HAUaTH 4Yac Ta 4YacTOTy ONWTYBAaHHA cMapT JHYWiIbHUKIB. [lix
HEKOHTPOJLOBaHUM 3’€IHaHHAM po3yMieTbes, mo [I3I1)] ommTye cMmapT NiYMIBHHKH 332 KOMaHIIOIO
TOTOBHOCTI, 10 HagxoauTh Bix Bigmamennx KM. Jlo KM wmoxe OyTu mHpHeIHAHO JeKiTbKa cMapT
TiunabHUKIB 200 KM caM Moske OyTH CKJIaJIOBOIO CMapT JIiYMIbHHKA.

Jns opranizanii HEKOHTPOJNBOBaHOTO 3’eqHaHHs KM mpamorote B pexxumi kiienta, a [I3I1 — B
pexxnMi cepBepa (Oe3mepepBHa cTpika Ha puc. 3). KM 3a 3aBgaHuMu po3kiagoM abo MepiogudHiCTIO
iHimiroe 3’emuaans 3 13111, ITicas Bctanosmenus 3’ eaHands [1311]] 3xiticHioe 3unTyBaHHS HaHUX OOIKY 3
nepBuHHNX 0a3 panux (I16/]) cmapT niunnbpHUKIB 1 Ha IXHBOT HincTaBi Gopmye IITPE mns oneparopa. ITicis
3aBepIIeHHsT OonuTyBaHHs cMapT miunabHUKIB [13I1]] po3puBae 3’eqnanns 3 KM 1 octanHii nepexoauTs y
PEKUM «CHY» 10 HACTYIIHOTO 3’ €IHAHHS 33 BU3HAYCHUM PO3KIIAZOM.

3ais oprasizanii KOHTpoJiboBaHOTO 3’eqHaHHs KM mpamtorots B pexumi cepsepa, a [I3I1]] — B
pexuMi KimieHTa (MyHKTHpHa cTpinka Ha puc. 3). KM mocTiiHO 3HaXOIWTbCS B OHJIAMH OYiKyBaHHI
3’ennanns. [1311)] inimiroe 3anut Ha 3’emHaHHs. [licns BCTaHOBIEHHS KOHTPOJIHOBAHOTO 3’€maHaHHS 3 KM
II3I1[] 3untye mani obmiky 3 [1BJ] cmapt migmibHUKIB 1 HAa TXHBOI mimcraBi ganwmx ¢gopmye IIIIPE. Ilicms
3aBepmieHHss onuTyBaHHa [I3I1J] pospuBae 3’emnanHs 3 KM 1 ocTaHHIH NEpEeMUKAETBCA B PEXKUM
OUiKyBaHHSI.

B cBoro depry, KOHTPOIhOBAaHE 3’ €THAHHSA 3 BHKOPHUCTAHHSAM TEXHOJOTIH MOOiUTEHOTO IHTEpHET
MOXKe OyTH OpraHi3oBaHO B JIBa CIIOCOOM — 3 BUKOpPHUCTaHHsIM MyOisiuHoi abo mpuBaTHOi [P-mepexi. Ilix
nyOmiyanmu  [P-agpecamMu po3ymiroTbesi 3aranpHOAOCTYnHI B IHTepHer aapecu. IlpuBatHi [P-agpecu
JMOCTYNHI JUIIe B Mexax mnpuBatHoi I[P-mepexxi 1 He noctymni B InTepHer. B Tabm. 2 HaBeneHo
XapaKTepUCTUKN BUKOPHUCTAHHS ITyOIiYHUX Ta puBaTHUX [P-anpec.

T T T T TN e e e T ™
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Opranizanisi HEKOHTPOJILOBAHOT'O 3’€IHAHHS 3 BUKOPHCTaHHSAM TEXHOJOTil MOOiIbHOrO IHTEpHET €
MPOCTIIIOI0, aje MOXe MOTpeOyBaTH Ounbll iHTenekTyanbHux KM. Jlns opranizaiii oOMiHy JaHUMH MiX
M3 ta KM I3[ moBuneH MaTtu myOmiuny cratuudy [P-agpecy. KM moxyTh Matu aunamiuHi [P-anpecu
— 3a3Buyail ne okpemui myn IP-agpec, sixi He € myOuiuHo moctynHuMH. llepeBaramu Takoro croco0y
opranizaiii MoOUTBHOT Mepexi € HenocTynmHicTs KM mi1s BXiIHUX 3’€HaHb, MCHIII BUTPATH HA YTPUMAaHHSI
MOOITbHOTO I[HTEpHET, HEe MOTPIOHO 3aMOBIATH JOAATKOBI IMOCIYTrH Yy OIepaTopa MOOLIBHOTO 3B’S3KY.
Henonikom € nocrynnicts [13I1/] B InTepHeT Ta MoknuBicTh KibepaTaku 6e3nocepennrso Ha 13111,

[Ipomiec 3unTyBaHHS NMEPBUHHUX MaHUX oO0MiKy 3 1]l cMmapT miuniapHUKA 3a3BHYail He mepeadadae
nepeiaBaHHs BEIMKUX OOCSATIB JaHWX, TOMy Oynb-sika 3 TexHonorii 2G/3G/4G mnpupmatHa ISt
BUKOpHUCTaHHs. OOMEXEHHSM Ha 3aCTOCYBaHHS MEBHOI TEXHOJIOT1I MOXKYTh OyTH HAcTyNHI YAHHUKH: SKICTH
MOKPUTTSI MOOLITBHOTO omnepartopa, JocTymnHicTh KM, siki miATpUMYIOTh HEOOXiqHI TEXHOJIOTII, 3aCTapislicTh
TEXHOJIOTI{ Ta, MOKJIUBO, IPUITHHEHH ii MIATPUMKH OTIEPATOPOM MOOITHLHOTO 3B’ 3Ky B MAalOyTHEOMY.
Tadanus 2

Iy6aiuni IP-aapecu Ipusatsui IP-agpecn

Ilepesazu

Hemae Bxinaux 3’emuans 3 [1311/], BHKOPHUCTOBYIOThCS JIMIIEC BUXITHI 3’ €THAHHS

MOKIHBICTE OOMEKCHHS BI/IXi,HHI/IX 3’€,HHaHI) BUKJIIOYHO IJIs1 BUSHAUYCHUX IP-a;[pec

MoxJiBa BeJIMKa KiJIbKICTh OTHOYACHHX CEaHCIB 3B’ 3Ky 3 po3ocepepkernmu KM

OObmexxennit foctym, ockinbkn KM nmocTynHi BHKIIOUHO y mpuBatHii IP-
Mepexi MOOLIIBHOTO oneparopa

3a yMmoBHM HajaHHsA JocTymy 1o mnpuBaTHoi IP-mepexi wepes VPN-kanan
oreparopa MOOITTBHOTO 3B 3Ky OMUTYBAIbHY NOTyXkHicTh [I3I1]] Moxxe OyTn
CYTTEBO 301IBIICHO

Heoonixu

BuTpaTt Ha BUKOPHCTAaHHS JOAATKOBUX MOCIYT MOOIIBHOTO OnepaTopa, 30Kpema, Ha cratudHi [P-axpecu

KM 3aramsHOmocTymHi B [aTepHeT, mo | Sxmo II3I1)] otpumye moctym mo mpuBatHOi IP-mepexi uepes KM, To
HECE  pH3WK aTak Ha  CMapT | KUIBKICTP OJHOYACHMUX CEaHCiB 3B’S3Ky MOXe OyTH OOMEXEeHOIo
JYHIbHUKH MOKIIMBOCTAMH Takoro KM

Oxpemi Butpatn Ha VPN-kaHaia MOOUIBHOrO omepartopa Ui AOCTYIy A0
npuBatHOi [P-Meperki 3a yMOBH H0ro BUKOPHCTaHHS

3anexHictb B VPN-kaHaTy, HalaHOTO ONEPAaTOPOM MOOIIBHOTO 3B’SI3KY 3a
YMOBH HOTO BUKOPHUCTaHHS

Puzuxu

Pusuxu migmian KM (IP-agpecn) abo 31maMy IpOTOKOIIiB OOMiHY TaHUMH

Pu3uku HEKOHTPOIBFOBAHOTO AOCTYIYy 10 TpuBaTHOI IP-mepexi uepe3 SIM-
KapTy abo ii KIoH

Bnposamxene, 30kpemMa, Ha aepeBooOpodHomy kombiHari (JIOK) TexHiuHe pimreHHS mependadae
00’eqHAaHHS CMapT JIYMJIBHHUKIB TEXHIYHOIO OOJIKy eNeKTpoeHeprii Ha NpUETHAHHSAX IEHTPaNIbHOI
posnogineroi mincranmii (L[PIT) xomOinaty, mo sikux 3actocoBano ['Oll, cmimpHOrO mmHOO RS-485 3
BHXOJIOM Y 30BHIIIHIO Mepexy uepe3 KM Ha 6a3i 2G/3G/4G-Monemy (puc. 4).

M3M A mae ny6miyny cratuuny [P-anpecy. KM mpaitoe B pexumi 2G i mo 10 XBUIMH 6€3yMOBHO
BuxouTh B [HTepHer s xomywikamii 3 [I3I1J]. Ilicns BcranoBnenHs TCP/IP 3’eqnaHHS BUKOHYEThHCS
ineaTudikamis KM 3a momoMororwo creriazizoBaHuX CEpBICiB. 3a YMOBH YCHIIITHOTO 3aBEPIICHHS IMPOIECY
inentudikamii [13[1[] 3xmilicHIOE 3YWTYyBaHHSA TNEPBUHHHUX NaHWx o0niky 3 [IBJ] cmapt miuwmibHUKIB Ha
npuenHanHsa, A0 skux 3acrocoBano ['OIl, d¢opmysanns IIIIPE i nHaganHs copMoBaHMX 3HauYeHb
KOPIIOPATUBHOK KOMII' FOTEPHOI0 MEPEXEr0 J0 BiAIUTy TOJOBHOTO €HepreTHKa KOMOIHATY Ui aHallizy Ta
peamizarii kepyBaabHUX BIUIMBIB. [licist 3umryBanns [1311/] Hagcumae koMaHAy OO 3aBEPIICHHS CEAHCY
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3B’s13Ky, 1 KM mepexomuth B pexkum ouikyBaHHS Ha HacTymHi 10 xBumuH. [13[1]] 3uurye 3 IIBJ] cmapr
JTYWIBHUKIB Taki mapameTpu: npoQiini HaBaHTaXXCHHS, MUTTEB] 3HAYCHHS MOTY>KHOCTI, CHJIM €IEKTPHYHOTO
CTpyMy, HalpyTd Ta 4acTOTH, cepBicHi naHi. CeaHC OMMUTYBaHHS TPYMU CMapT JIYMIBHHUKIB TpuBae 60
cekyHI. 3 MeTol e(eKTHBHOTO EHEeproBUKOPHUCTaHHS Ta 3abe3medueHHs KiOepOesnekw BimmaneHwmit KII
0e3yMOBHO po3ipBe 3’ €qHAHHS Yepe3 BCTaHOBIEHUH vac, skmio Bim I1311)] He Hamifine komMaHma Ha PO3PHUB
3’€THAHHS TICTIS 3aBEPILICHHS YePTrOBOTO CEaHCy 3UMTYBAaHHS EPBUHHUX JaHUX OOJIKY.
————————————————————————————————————————— e

[TIM (komepuitiHuli 061ik) LIPIT (mexHiyHuti 0briik)
Baid 1 Beid 2 Beid 3 Beid 4 ron-1 ron-2 ron-3 ron-4 K""’;""g ; I‘;Z“Y

LAN
kWh kWh kWh kWh | P> oudiamy kWh kWh kWh kWh
2G/3G/4G-

[

|

|

1 I LAN I KaHan 36's3Ky 3
‘ modem
|

\

|

|

|

|

|

niquneHUKamMu
RS485 RS485

|
‘ |
b
‘ |
b
|
L
nsng upn -
RS485 RS485 ‘ ‘
com 1] com 2| com 3 |
Rs232 | 2G/3G/4G- ‘ !
modem | ‘
ocP ‘ i
|
I

Karan 383Ky
3

RS232| RS232

Puc. 4

TakuM 4yMHOM, B paMKax BUKOHAaHMX JOCIIDKEHb Ta IMPAKTUYHOI iIMIIJIEMEHTalil BJOCKOHAJIEHOTO
METOAWYHOTO Ta IHCTPYMEHTAJIBHOTO 3a0e3Me4eHHs YNpPaBIiHHS HOMUTOM y CyO0’€KTIB JibepaizoBaHOTO
PUHKY €JIeKTPUYHOI eHeprii YKpaiHu aBTopaMu:

- MIPOAHAIII30BaHO iICHYIOYi METOJIU YIIPABIIIHHS TOMUTOM;

- BHUKOHAHO aHaJli3 BUMOT YMHHUX PETYJIATOPHUX JOKYMEHTIB IIOAO YIPABIIHHS IIOMUTOM Ta HaIaHHS
mocIIyT 3 OamaHCyBaHHS B JTiOepaTi3oBaHOMY PHHKY €JIEKTPUIHOI eHepTii YKpainm;

- OOTpPYHTOBAaHO 1 JOBEIEHO HEOOXIMHICTh YMPABIIHHA IONMHTOM B peabHOMY dYaci (B peXuMi,
ONMU3BKOMY JIO pEaIbHOTO 4acy) 3 METOI0 3a0e3IeUeHHs] CKOHOMIYHMX pexuMiB QyHkUioHyBanHs EEC B
paMKax po3B’si3aHHs 3aBJaHb SIKICHOTO €IEKTPOIOCTaYaHHS CIIOXKMBAYiB B yMOBAaX MacOBOT'O iHTETpyBaHHS
JIO EIIEKTPUIHOI MepeXki po30CcCepeKEHNX HEKepOBAaHNX IT'eHEPYBAILHUX YCTaHOBOK Ha 6a3i B/IE;

- BJIIOCKOHAJICHO 1 peajli30BaHO aJalTOBAHWKA METOJl YIPABIIHHS IOIMHMTOM 3a iJCaIbHOI0 HOPMOIO,
SKHH BIJPI3HSAETHCS BPaxyBaHHAM LIIBOBHX 3HAUY€Hb 1 OOMEXEHb 3a pe3yJbTaTaMH TOPTiB B CErMEHTax
puHKY «Ha 100y Hamepen» (PH) ta BHyTpimHbomoboBoro punky (B/IP) mibepanizoBaHoro puHKY
eJIEKTPUYHOI eHeprii YKpaiHu;

- 3a pe3yJbTaTaMM BUKOHAHHMX AOCIiIKEHb MOAEPHI30BAaHO IHCTPYMEHTAPii yIpaBiIiHHS MOMKUTOM Ha
6a3i ACKOE 3a agantoBaHIM METOIOM iIeaTbHOI HOPMH 3 BpaXyBaHHSM IITLOBUX 3HAYEHB i OOMEKEHb 3a
pesynbratamu Toprie Ha PJAH i BJIP ta ¢opmyBanns iHdopmamiliHoro 3abe3riedueHHst HalaHHS TOCIYT 3
OanaHCyBaHHS 4epe3 YNPAaBIiHHS I'€HEPyBaJbHUMHU YCTAaHOBKAMH, BIpTyallbHUMHU enekrpoctanuisimu, CHE
Ta arperoBaHNM HaBaHTAKCHHSIM B JIiOepali3oBaHOMY PHHKY €JIEKTPHIHOI eHeprii YKpainw;

- 3aIpONOHOBAHO NUIAXW MIABUIIEHHS €()EeKTHBHOCTI YIIPaBJIiHHSA IOMHUTOM B pealbHOMY dYaci (B
pexuMi, OJIM3BKOMY IO PEATbHOIO Yacy) uepe3 PO3MIHUpPEHHS (QYHKIIOHAJBHUX MOXIUBOCTEH 0a30BOi
ACKOE 1 mepexomy Bii aBTOMAaTH30BaHHMX OO aBTOMATUYHUX CHUCTEM KOHTPOIIO, OOJIKY Ta yHpaBiIiHHS
€HEPTOBHUKOPHUCTAHHSIM.

BucHoBkH.

VY3romKeHHsl MOMUTY i3 MPOMO3ULIsIMH B Ji0epani30BaHOMY PHHKY €JIEKTPUYHOI €Heprii B yMoBax
IIMPOKOT'0 BIIPOBAKEHHS T€HEPYBAIBHUX yCcTaHOBOK Ha 0a3i BJIE 3a BiACyTHOCTI B JOCTaTHIN KITBKOCTI
noTyXKHUX npomMucioBux CHE 3miiiCHIOETECS BUKIIFOYHO TIISXOM YIIPaBJIiHHS MOMKUTOM B peaThbHOMY Yaci
(pexxumi, OIM3BKOMY JI0 pealbHOro 4Yacy). AHaii3 BUMOI HaliOHAaJbHUX HOPMATHBHUX JIOKYMEHTIB B
YaCTUHI BUKOHAHHS Y3TOMKCHHMX PEKUMIB €IEKTPOCIOKHUBAHHS IOBOIUTH, IO CHOXHMBa4l MOTPEOYIOTh
BIIOCKOHAJICHHS METOJIB Ta €(QEKTUBHOTO IHCTPYMEHTAPIIO YMPABIiHHSA IIOMUTOM, aJallTOBAaHUX IIif
HaraJibHi 3aBJaHHs, MOYMHAIOYM Bifi KepyBaHHsS momuToM min 4dac 3acrtocyBanHs ['OII/TOE no okpemmx
NpUETHAHD HA PO3APIOHOMY PUHKY N0 MMOCTadyaHHs MOCTYT OalaHCYBaHHS 1 JOMOMIKHHUX HOCIYT HUISIXOM
YIpPaBIiHHS arperoBaHUM HaBaHTAXKECHHSIM B JiOepani3oBaHOMY PHHKY €JIEKTPHYHOI eHepril YkpaiHu.
YrpaBiaiHHSA TOMHTOM 33 BIOCKOHAJICHHM METOIOM iIeadhbHOI HOPMH B peadbHOMY dYaci (B peXuMi,
OMU3BKOMY IO peanbHOro 4yacy) MoaepHizoBaHuM incTpyMeHTapieM AIC KE, skuii ananToBaHo miJ HarajabHi
3aB/laHHS 3 BpaxyBaHHSM MiJhOBUX 3HaueHb 1 OoOMexeHb 3a pesynbraramu topriB Ha PJ/IH i BJP Ta
dhopmyBaHHAM iH(DOpMaITiiTHOTO 3a0e3MeUeHHs MOCTaYaHHsI TIOCTYT 3 OAIAHCYBAaHHS Ta JIOMOMDKHHX ITOCTYT
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yepe3 yNpaBJIiHHA [eHEPYBAIbHIMHI yCTaHOBKaMH, BipTyanbHUMH enekrpocTanuisimu, CHE Ta arperosanum
HaBaHTAXKEHHSIM B JTIOepai3oBaHOMY PHHKY €JIEKTPHYHOI eHeprii YKpaiHu, BIJIOBigae KPUTEPisIM BapTOCTI
Ta e(eKTUBHOCTI B KO)KHOMY BHMNAIKYy 3aCTOCyBaHHs. Po3poOieHHs HamiiHOTO OFOKETHOTO TEXHIYHOTO
pimmennss xontpoito IIIIPE B aBTomMaTmuHOMy pexkumi B ymoBax 3ampoBamkeHHs ['OII/TOE 3
BHKOPUCTAaHHSAM TEXHOJIOT1H MOOiIBHOTO [HTEpHETY Nae 3MOTY IHUPOKO JAOTYYATH IO YIIPABIIHHS ITOIMTATOM
CTMOXHMBaYiB PO3IPIOHOTO PUHKY €NEKTpUYHOi eHeprii Ykpainu. B mimomy me crnpusitume 3a0e3NeueHHIO
E€KOHOMIYHHX pexxuMiB ¢pyHkuionyBanHs EEC B paMkax po3B’s3aHHS 3aBAaHb SIKICHOTO €IEKTPOIIOCTAYaHHS
CIIO’KMBAYiB HA TJi IMHPOKOTO IHTETPYyBaHHS IO EJIECKTPUIHOI MEpeki pPO30CEepe/KECHUX HEKEPOBaHUX
reHepyBallbHUX yCTaHOBOK Ha 0a3i BJIE.
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Global decarbonisation and widespread use of alternative and renewable energy sources aims to shortage the fossil
fuel using and reduce the harmful impact on the environment within the framework of the sustainable development
paradigm. At the same time, wide integration into the power network of unmanaged generating units based on
renewable energy sources in the absence of a sufficient number of electric energy storage units of the required capacity
in conditions of unpredictability and instability of production may lead to the inability to provide reliable coverage of
the consumers power load, which requires the use of alternative ways of balancing the power system. Under such
conditions, the coordination of electric power (electricity) demand and supply for should be carried out exclusively by
demand-side management in real time or near real time. That is why the improvement of methodological and
instrumental provision of demand-side management tasks today is one of the most important components of the
effectiveness of the "green" transition. To achieve the goal, the article analyzed the existing DSM-methods, performed
an analysis of the requirements of national regulatory documents for DSM and service provision in the liberalized
electricity market of Ukraine, described an improved ideal norm method and a modernized toolkit for demand-side
management, as well as a reliable budgetary technical solution for the formation of information support for DSM in the
retail electricity market is proposed, which together with dynamic pricing and the introduction of real-time tariffs will
contribute to ensuring economic regimes of operation of the IPS and high-quality power supply to consumers.
References 14, figures 4, tables 2.

Key words: smart metering system, power consumption mode, electricity market, consumers-load regulator, demand-
side management.
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IHP®OPMAILIMHO-BUMIPIOBAJIbHI CUCTEMU B EJIEKTPOEHEPTETHIII
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E€EMHICHU CEHCOP 3 CHCTEMOIO NAPAJIEJIbHUX KOMILJIAHAPHUX EJIEKTPO/IIB
JJISA BUMIPIOBAHHS ITOBITPAHOI'O 3A30PY B I'IIPOT'EHEPATOPAX
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Y pobomi 3anpononoeano ma docniodceno emHicnuil ceHcop 0t GUMIPIOBAHHS NOGIMPHO20 3A30PY MIdNC PO3MOYEHHIM
ocepos cmamopa i NOACAMU POmopa 8 NOMYyxcHomy 2iopocenepamopi. CeHcop CKIa0aemvcs 3 cUcCmeMmu PIBHUX 3d
WUPUHOIO CIPIYKOBUX NAPANIETbHUX KOMIIAHAPHUX BUCOKONOMEHYIANbHUX MA HU3LKONOMEHYIANbHUX eNleKMpOoOi8, MidHC
AKUMU  po3MIWYIOmbest  3a3emieni  enekmpoou. CRiggiOHOUIeHHs. MINC WUPUHOK) GUCOKONOMEHYIANIbHO20, HU3LKO-
NOMEHIYIATbHO20 MA 3A3eMIEHO20 eNeKmpooie SUOUPAIOMbCA 8 3ANeHCHOCMI Bi0 BeNUYUHU HOMIHATLHO2O 3A30D).
Enexmpoou cghopmosani na dienekmpuuniii niokiaoyi, 6CMaHoseHill Ha po3mMOYerHi oceposi cmamopa. 3a0s sMeHumenH s
BNIUBY KPALIOBUX epexmis Ha KOPOMKUX CIOPOHAX 8UCOKONOMEHYIANbHUX eneKmPOOi8 O0BICUHA HUZLKONOMEHYIATbHUX
eneKmpo0ie BUOUPAECMbC MEHWIOI0, HIJNC OOBXHCUHA BUCOKONOMEHYIANbHUX eNeKMpOoOi6 HA GeNUYUHY, KA GUSHAYACIBCS
HOMIHANbHUM 3A30POM. 3anpOnOHOBAHO, OISl SMEHUIEHHS NOXUOKU SUMIDIOBAHHS, 3YMOGIEHOI 8NIUBOM KPUBUSHU NOIIOCI6
pomopa, posmicmumu 8Ci eleKmpoou 3a 00BHCUHOIO NEPREHOUKYTAPHO MEIPHIlL po3moueHHs ocepos. Bumipioemobca
eNeKMPUYHA EMHICTNG MINC CUCMEMOTO NAPALENbHO 3'€OHAHUX MIXHC COOOI0 8UCOKONOMEHYIAILHUX e1eKMPOOi8 i cucmemoro
NapanebHo 3'€OHAHUX MidIC CODO0I0 HUZbKONOMEHYIANbHUX el1eKmpo0is, KA (DYHKYIOHANLHO 3ANeACUMb 6i0 BeTUUUHU
nogimpsiHo2o 3azopy. Busnaueno ananimuuni ma epagiuni 3anesicnocmi 0ns  (yHKYil nepemeopenHs cemcopa,
NPUSHAYEHO20 Olsl BUKOPUCIMAHHS HA KancyavHomy 2iopoeenepamopi muny CI'K538/160-70M. Pospaxosano eeruuuny
NOXUOKU, 3YMOBIEHOI KPUBUZHOIO NOJIOCi8 pomopa & ybomy 2iopocenepamopi. CeHcop 6 NOpiGHAHHI 3 AHANO2aAMU MAE
suwy moynicme sumipiosanns. Cencop abo cucmema cencopie MoJICymv 6ymu GUKOPUCMAHE K OKpeMUtl npuiao, max i siK
CKAA008A 4aCmMuH cucmem MoHimopuney ma diaenocmuxu. biomn. 19, puc. 6.

Knrouosi cnoea: rigporeHeparop, pO3TOUEHHS OCEpAs CTaTropa, IOJIC POTOPa, MOBITPSHHE 3a30p, BHUMIPIOBAHHS,
€MHICHUH CEHCOp.

Beryn. TloBiTpsiHUMIA 33a30p MiXK POTOPOM 1 CTaTOpOM € OJHHM 3 HaWBaXKJIMBIIIMX NapameTpiB
notykHoro rigporereparopa (I'T) i B 3HauHii Mipi BH3Hayae XapakTepUCTUKW MAIIMHMA Ta il poboty B
nporueci excruryararii [1], a Takok iCTOTHO BIUTMBA€ 1 Ha psa iHIIUX XapakTepucTHK ['T: Ha 3Ha4YeHHS
TOPIICBMX MarHIiTHUX IMOTOKIB i BTPAT, MO BUKIUKAIOTHCS HUMH B KpalHIX MakeTax ocepis Ta HATHCKHHUX
IUINTaxX CTaTopa, Ha 3HAYCHHS ¥ PO3MONIN BTpAaT Ha MOBEPXHI IONIOCIB POTOpa, a TakoK Ha oOmacTi
JIOIYCTAMHUX PEXHUMIB pOOOTH TeHepaTopiB [2].

YV BIAIIOBIAHOCTI 1O YUHHUX JEP’KaBHUX Ta MIKHAPOIHUX HOPMATHBHUX JOKYMEHTIB [3—5] MOBITpsHI
3a3opu B [T € BiTHOCHO HEBEJMKMMHU B TOPIBHSHHI 3 JiaMeTpaMd PO3TOYEHHS Ocepls cTaTopa Ta B
JiaMeTpaIbHO MPOTUIICKHUX TOYKAX MOXKYTh BIAPI3HATHCS OJUH BiJ OJHOTO HE Oinblie, Hix Ha £20 %, AKII0
3aBOJICHKUMH IHCTPYKIIISIMA HE Tepen0adeHo OLTBI )KOPCTKI HOPMH.

Sk Bimomo [6] TOBITpsIHUIA 3a30p B TigporeHeparopax MOXe BUMIPIOBATHCS B CTATHYHOMY PEXHMIi
nig yac MoHtaxxy Ha ['EC abo Ha 3ynuHeHiil MalmHi Mg 4ac MpoBeIeHHs KamiTalbHUX PeMOHTIB. [IpoTe
JlaHi, OTPUMaHi 3 3aCTOCYBaHHSIM CTaTHYHUX BHUMIpPIOBaHb, HE SBISIOTHCS SIKICHOIO OCHOBOIO [UISl OLIIHKH
IIACHOT BENMMYMHU W HEPIBHOMIPHOCTI MOBITPSIHOTO 3a30py MAIlMHHM 1, sSCHA pid, HE MOXYTh OyTH
BUKOPHUCTaHI B CHCTEMax MOHITOPHHTY Ta MIarHOCTHKH 3a/Isl BU3HAYCHHS ()AaKTHYHOTO TEXHIYHOTO CTaHy
MammHU. lle moB’s3aHO, Hacammepen 3 THM, IO B JAWHaMIli 4epe3 HaOip o0epTiB i poboTy min
HaBaHTAXEHHSM BiOYBarOTHCS MPOIIECH, SKi BIUNIMBAIOTH HA BeMMUuHy Ta (hopmy 3a3opy [7]. Lle 3ymoBieHO
JE0 BiIICHTPOBUX CHJI, BUKJIMKAHUX HEBPIBHOBAKEHICTIO 00EPTOBUX Mac pOTOpPa, TEIJIOBUM 1 TUHAMIYHUM
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nporuHOM Bana tomo [7-10]. Came TOMy KOHTPOIb B OHJAMH pexuMi (B TUHAMIIN) Ja€ 3MOTY OAEpIKaTh
JOCTOBIPHI Ta IOBHIIII JaHi HIOAO BIJXWIECHHs IOBITPSHOI'O 3a30py BiJ IXHiIX HOPMOBAaHHUX 3HAYCHb.
OTpumaHi B OHJIAHH peXUMi JaHHI PO 3HAUEHHA 3230y i3 BUKOPHCTaHHSM CHUCTEM, 3allpOIIOHOBAaHUX B [1,
11], naroTh 3MOTY KOHTPOIIOBATH 3MIIICHHS Ta 0iif OKpeMHUX TOJIOCIB poTopa, AedopMarlito 0001y poTopa,
romorpad TpaekTopili pyxXy IHMEHTPY poTOpa Ta iHIN KPUTHIHO BAXKIWBI CKCINTyaTaIliifHI TapameTpH, sKi
xapakTepu3yoTts podory I'T.
] 5 Sk mepBUMHHE JDKEpeNo MNaHWX 3aaJisl BUPILICHHS 3aBIaHHS
Cratop  10cTOBIPHOTO KOHTPOJIO TIOBITPSHOTO 3a30py B TigporeHepaTopax Ha
Hopir. M@HHM Yac HaHOLIbIIOro mnomwupeHHs HalOyau —aBTOMATU30BaHi
______ 0133;1;)1;)1“4 BUMiproBaui Ha 0asi .€MHiCHI/IX CEHCOpiB, AKi BUKOHaHO B bopmi
IUTACTHHHU, IO 3aKpIIUIIOEThCS Ha PO3TOYEHHI Ocepls CTaropa.
EnexTpudHa €MHICTH CEHCOPIB 3aJCKHUTh BiJl 3HAUCHHS IOBITPSHOTO
3a30py, TOOTO BiJ BiACTaHI MK OOBIJHOI TOJIOCIB pOTOpa Ta
MIOBEPXHEI0 PO3TOUEHHA ocepls cratopa. Ha puc. 1 HaBenmeHo cxemy
BCTaHOBJICHHs CEHCOPIB Ha MOBEPXHI pO3TOUeHHA ocepas cratopa [T,
Jie ToKa3aHo: | — eMHiCHUH ceHcop; 2 — 3y0enb ocepus cratopa; 3 —
Potop  pomoc poropa.
€MHICHUM CeHCOpaM 3a30py MpUTaMaHHI crienupidHi TOXUOKH.
Puc. 1 Jlo HUX BIIHOCSTHCS: TIOXUOKH, 3yMOBJICHI BIUTHBOM KpaiHoBHX e(eKTiB,
XapakTep 3MIHM SKUX Ta iXHI 3HAUeHHs 3ajekaTb BiJ reoMmerpii
€JIEKTPO/IiB; TEXHOJOTI4HI MOXUOKA BUTOTOBJICHHS €JEKTPOJIB Ta MOXHOKU BiJi HETOYHOCTI BCTAHOBIICHHS
CEHCOpIB Ha MAIllMHI; TTOXUOKN Bill KOHCTPYKTHBHHX ITapaMETpPiB eJIeMEHTIB MamuHU. [lix gac cTBOpeHHS
CEHCOPIB 3a30py 3aisi 3a0e3MeYCHHS TOYHOCTI BUMIPIOBAHHS BIUIMB 3a3HAYCHUX MOXUOOK HEOOXITHO
MIHIMi3yBaTH.

Ha cporomHi eMHICHI BUMipIOBadi MOBITPSHOTO 3a30PY PO3POOIISIIOTE 1 BUTOTOBIISTIOTH BiJJOMIi CBITOBI
kommaHii VibroSystm (Kanana) [12], Bently Nevada (CHIA) [13], Iris Power (Kanmama, CILA) [14],
Mikrotrend (Xopsaris) [15], Meggitt SA (LlBeiinapis) [16], Briiel & Kjer Vibro (lanis, Himeuunna) [17].
AHai3 HayKOBO-TEXHIYHUX JDKEpEIT IMOKa3aB, M0 3a3HaueH1 KOMITaHii He MyOIiKyITh TaHUX PO TEOMETPIt0
eJIEKTPO/IIB EMHICHUX CEHCOpIB 1 JaHWX 3 OLIHKM BIUIMBY Ha (YHKIII NMEepeTBOPEHHS T'€OMETPUYHHX
napameTpiB TigporeHepaTopiB, HacaMIepesa paaiyca KpuBu3HU nomroca poropa. B IEJI HAH Vkpainu Oyno
CTBOPEHO pAA €MHICHMX ceHcopiB 3azopy B [T, mma sxkux Oyno HpoBEOEHO pPO3PaxXyHKH MOXHOOK
BHMIPIOBaHHS, 3yMOBJIEHUX KPUBH3HOIO IMOJIFOCa potopa [6]. BeraHoBIEHO, M0 3a3HaYeHa TOXUOKA 3pocTae
31 30UIBIIEHHAM IOIIEPEYHOTO PO3Mipy ceHcopa (NMEepHeHIUKYISIPHOMY TBIpHIM pO3TOYEHHS ocepns) i
3MEHIIEHHAM pajiycy IMOJIOCY poTopa. 3a MiHIMalIbHUX 3a30piB BiJHOCHAa MOXHOKAa BUMIPIOBAHHA MOKE
JOCSTaTH ECSTUX A0JEH MPOLECHTA.

Metoo naHOi podOTHM € BH3HAYCHHS XapaKTEPUCTHK €MHICHOTO CEHcopa 3a30py B TiApo-
reHepaTopax, B IKOMY MiHIMi30BaHO MOXHOKY BUMIPIOBaHHS, 3yMOBJICHY KPUBHU3HOIO TIOJIIOCIB POTOPA.

Y poborax [1, 6] po3rnsmaeThCs E€MHICHHI CEHCOp JUIS BUMIPIOBaHHS MOBITPSHOTO 3a30py Mik
TIOBEPXHEI0 PO3TOUYCHHS OCEpIs cTaropa i MoirocoM poTtopa B [T, MmO MICTHTH CTPIYKOBI BHCOKO-
MOTEHIIaTbHUN Ta HU3BKOIMOTCHI[IABHUN €IEKTPOJIH, JOBII CTOPOHHM SKHUX MapalielibHi Mik c000r0 Ta
TBIpHI pPO3TOUEHHS ocepls craTopa. 3a Takoi KOHCTPYKLil MoxuOKa, 3yMOBJIEHa KPHBU3HOKO MOJIOCIB
poTopa, MOXKe JOCITaTH TaKOX ACCATHX JOJEH MporeHTa. 3amisl 3MEHIICHHS MOXHOKH OyJIo po3po0iIeHO
KOHCTPYKIIIIO CEHCOpa, IO sBJsIE cOOOI0 AieTIEKTpUYHY IUIACTUHY, Ha SKid B OJHIM TUIOLIMHI PO3MILICHO
CHCTEMY EJeKTPOIiB EMHICHOr0 ceHcopa (puc. 2). [lo ckiamxy ceHcopa BXOIATH CTPIYKOBI, MapajenbHi Mixk
co0o 1 TmepmeHmuKyIspHi | Py b__ b b | b
TBIpHIH pO3TOUEHHS Ocepls s s

CTaropa  BHUCOKOIOTCHIIadbHI

€IIEKTPOaU 1, HU3BKO- i

TIOTEHITIAIbHI  eJleKTpoau 2 Ta

JIOTaTKOBHH 3a3eMJICHHI !

eNeKTpOn 3, SIKUI X — ; WO l.\\ =/
pO3TaIIOBaHW HABKOJIO BHCO-  ~—% \ ; \ v -

. . 2 / 2 3 4
KONOTCHIIAJIBHUX 1  HHU3BKO- ]

MOTCHIIATBHUX EJICK-TPOJIB Ta Puc. 2
Mix HUMU. Enexktpomu [, 2 1 3
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BiJIOKpEMJICHI OJIMH BiJ] OAHOTO MieJICKTPUIHIUMH MTPOMIKKaMHU 4.

Bci BHCOKOMOTEHITI-abHI €eKTPOAr / Ta HU3BKO-TIOTEHIIAJIbHI eIeKTPoIu 2 3'€JHaHI MK COOOI0
TaKUM YHHOM, 10 YTBOPIOIOThH CUC-TEMY €JIEKTPOiB HOBOTO EMHICHOTO CEHCOpa.

Posmipu emexkrponmiB: [, [/, — [OBXKHMHAa BHCOKOIOTCHIIAIBHOTO Ta HHU3BKOMOTEHIIAIBHOTO

enekTpomis / 1 2 BIANMOBiAHO;, 2b — IIMpUHA BHUCOKONOTEHI[IAJILHOTO eJiekTpona [; b — 1mmpuHa
HHU3BKOIOTEHINIAIEHOTO €JIeKTpoaa 2; § — IMUPHHA OJATKOBOIO eJIeKTpona 3 Mk enekTpomamu [ i 2; h —
[IMPUHA JICIEKTPUYHOTO TPOMIKKY 4

6 (na puc. 1 He MOKa3aHo).

| ﬁ Hosxuny [ enexrpoma [

. BUOpaHo 3 ymoBu [, =1, +2L,, [, >d,
o ﬂ\\ /////r‘ﬂﬁ @\\ ///K/ﬁj\ﬁ (puc. 1). Skmo mnpoMiXkn h €
h h HECKIHYEHHO MaJMMH Ta EJCeKTPHUIHE

_ _ _ . none Mik enektpogamu [ i 2 B
h " 2p T 9 " 9p ' KO)KHOMY MEpETHHI MEPHEHIUKYISPHO
\ \ \ \ ixHI} gOBXUHI (pHUC. 3), TO 1€ TOJIe €
2 JBOBUMIPHUM 1 Ma€ OTHAKOBY (hopMmy.
B Takomy pa3i 3HaYHO 3MEHIIYETHCS
BILTMB KpaiioBux edektiB [18] Ha

A

b
—
)
—
g

Puc. 3

CTOpoHax b emekrpona 2.

Jns 3MeHIeHHs HeniHiliHocTi GyHkuii neperBopenns C,,,

= f(d) mupuHa s YaCTUHU JTOJATKOBOTO
ENEKTPO/Ia TMOMDK BHCOKOMOTEHINIAbHUM Ta HH3bKOMOTEHIlIAILHUM BHOpaHa i3 ymoBu b/s>6,
d . /s<10 (d_, —MakcumaibHUii 3a30p B rigporeHeparopi) [18].

Busnaunmo emuicte C), OAHOrO €IEMEHTAPHOIO CEHCOpa B 3aJeXKHOCTI BiA 3a30py Ta

TFEOMETPHUYHHUX PO3MipiB. il BOrO0 BHKOPUCTAEMO pe3yJbTaTH Aociimkensb [18, 19] 3 gonmymieHHsM, 110
paaiyc moiroca poTropa € HEeCKIHYCHHO BEJMKHM, a TOBIIMHA IPOBIJHOTO MIApy EJIEKTPOMIB CEHcopa —
HECKIHUYEHHO Maa

2
(th L (s + 2b)j
C. =] 808,, In 4d 44 (1)
12 2 )
T (s +2b) , ms
4th——————th—
4d 4d

ae g, =8,8542-10"* d/m — mienexTpuyHA MPOHMKHICTH BakyyMmy; & =1,00056 — BigHOCHA mieqekTpHuHa

.
MPOHUKHICTh TOBITPS;, b — IMUPHUHA BUCOKOMOTEHI[AJILHOTO Ta HHU3BKOMOTEHINAJLHOTO EJIEKTPOJIIB; § —
BiJICTaHb MIXK eJIeKTPOoJoM / 1 enekTpoaoM 2; [, — MoBXKHHA HU3BKOMOTEHIIATBHOTO eleKTpoaa 2; d — 3a30p
MK 3arajbHOIO IUIOIIMHOO ENEKTPOIB /, 2, 3 1 MOIOCOM pOTOpA.

3 mapanenbpHOro 3'eTHAHHS N eJIeMEHTapHUX CEHCOPIB 3araibHa eMHicTh C

,; CEHCcopa CKiaze

4d 4d
(s +2b) ™
4d 4d

2
thns+thn(s+2b)j

C,,=N-1, 80: In (
4th

: 2

3 ananizy ¢opmymu (2) BumHo, mo komu: a) d — 0, TO Clzzd . =0; 6) mMpHUHA S OXOPOHHOTO
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BusHaunMo (hyHKIIIO TIEPETBOPEHHS CEHCOpa 3a30pYy,
0 TpPHU3HAYEHWH JUIsi BUKOPUCTAHHS HA KaICYJbHOMY
rizporenepatopi Tumy CI'K 538/160-70M, B sKomy
MOBITPSIHUE 3a30p d MIX CTaTOPOM 1 POTOPOM 3MIHIOETHCS B
nmiana3oHi Big 2 1o 10 mM. BukopucroByrouu pesynbratu [18,
19] BCcTaHOBHMO, IO ONTHMAIBHUMH PO3MIPAMHU €JICKTPOJIIB

cercopa Oymyts: [,=10 mm; b =12 mm; s = 2mm. Ha puc. 4
HaBezeHo rpadik QpyHkuii nepersopenns C,,; = f(d).

®opmyna (1) nmns  QyHkmii TepeTBOpeHHS He
BPaxoBY€E TOTO, II0 B PEATBHUX yMOBAaX 3a30p B MAaIlHHI BH-
3HAYAETHCS HE 0 IUIOCKOI TOBEPXHi, a 0 MOBEPXHi MOJIOCa,
0 Ma€ KPHBU3HY. BU3HA4MMO MOXHOKY, 3yMOBIEHY IIi€I0
o0cTaBHHO0. /)11 IFOTO CTBOPUMO PO3PAXyHKOBY CXeMy, Ha

300pak€HO OKPEMHUil eJleMEeHTapHUil CeHcop (pHc. 5), M0 € CKJIAJ0BOK YaCTHHOK BCHOTO CEHCOPA.

[loxubka Bix KpHUBU3HHU IMOJIOCA POTOpa OKPEMOrO CEHcopa OyAe Takom X, SK 1 MOXHOKa CUCTEMH

napaJieIbHUX CEHCOPIB.
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I'pacdik 3anexHocrti 6., = f(d) mokazaHo Ha puc. 6.

Sk BUAHO 3 1BOTO rpadika, 3aCTOCYBaHHS 3alpPOIOHOBAHOTO E€MHICHOTO CEHCOpa 3 CHUCTEMOIO
napaieibHUX KOMIUIAHAPHUX ENEKTPOJIB 3MCEHIIY€E MOXHOKY BHMIPIOBAHHS, 3YMOBJICHY KPHBH3HOIO
noJitociB potopa I'T', mpubaM3HO B TpH pa3u B MOPIBHSAHHI 3 aHAJTIOTIYHOO MOXUOKOIO MOIIOHMX CEHCOPIB

3 TAKUMH X rabapuTHUMH po3Mipamu [6].
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§R BucHoBku. o
. 1. CTBOpeHO €MHICHHUI CeHCOop, /A€ 3a paxyHOK
0104 = 3aCTOCYBaHHS ~ CHCTEMH  HapalieIbHUX  KOMIUIAaHAPHHUX
\ EIEeKTPO/iB, fAKI TEpPIEeHAMKYJSAPHI TBIpHIA pPO3TOYEHHS
0.08 4 \ cTaTopa, TMOXWOKY BHUMIPIOBaHHS, 3yMOBIICHY KPHUBHU3HOIO
\ MOJIIOCIB  pOTOpa, 3MEHIICHO B TPU pa3d B MOPIBHSIHI 3
0.06 4 ¥, a”aJioraMu.
\\ 2. Y pesynbpTari TPOBEICHUX  TEOPETHYHUX
sbad ~ JOCII/UKEHb €MHICHOTO CEHCOpYy II0Ka3aHo, IO IOXHuOKa,
~ 3yMOBJICHA KPHBHU3HOIO TOJIOCIB POTOpa TiApOreHepaTopa, €
s | . N i HaWOUIBIIO 332 HAMEHIIOro 3a30py Ta MNPAKTHYHO
‘MM TOpIBHIOE HYJIIO 3a HAWOLIBIIOTO.
2 4 6 8 10 3. 3acTocyBaHHA pe3ybTaTiB OTPUMAaHUX
Puc. 6 TEOPETHIHUX PO3paxyHKiB HaJal0Th MOXJIHBICTb
CTBOPIOBATH ONTHUMANBHI 32 pO3MipaMU CEHCOPH, IPU3HAYCHI
JUIE BUMIPDIOBAHHS TIOBITPSHOI'O 3a30py B TiAPOTCHEpaTOpax pi3HUX THUMIB 3 ypaxyBaHHSAM IXHIX
KOHCTPYKTHBHHUX OCOOJIMBOCTEH.

Pobomy euxonano 3a Oepawcorooxcemnoro memoro «Poswupenus @yHkyioHanvHux MmodxcIugoCcmen ma
nIOBUWEHHST MEMPONOSIYHUX XAPAKMEPUCMUK 3AC00I68 GUMIPIOBAHHA 8 CUCMEMAX MOHIMOPUH2Y [ OlaZHOCMYSAHHS 6
enexmpoenepeemuyiy (wugp «llapamemp-/»), KIIKBK6541030 ma ¢ pamkax imennoi cmunendii Bepxosnoi Paou
Yxpainu ona monooux yuenux — ookmopie nayk 3a 2022 pix (Ilocmanosa Bepxoenoi Paou Ykpainu 6io 01.12.2022 No
2791-IX).

A CAPACITIVE SENSOR WITH PARALLEL COMPLANARE ELECTRODES SYSTEM
FOR MEASUREMENT OF AIR GAP IN HYDROGENERATORS
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A capacitive sensor for measuring the air gap between the boring of the stator core and the poles of the rotor in a
powerful hydrogenerator is proposed and investigated. The sensor consists of a system of equal in width tape parallel
coplanar high-potential and low-potential electrodes, between which grounded electrodes are placed. The ratios
between the width of the high-potential, low-potential and grounded electrodes are selected depending on the size of the
nominal gap. The electrodes are formed on a dielectric substrate mounted on the boring of the stator core. To reduce
the effect of edge effects on the short sides of high-potential electrodes, the length of the low-potential electrodes is
chosen to be smaller than the length of the high-potential electrodes by a value determined by the nominal gap. It is
proposed to place all electrodes along the length perpendicular to the boring core generatrix to reduce the
measurement error due to the influence of the rotor pole curvature. The electrical capacitance between the system of
high-potential electrodes connected in parallel and the system of low-potential electrodes connected in parallel, which
functionally depends on the size of the air gap, is measured. Analytical and graphical dependences for the sensor
conversion function intended for use on a SGK538 / 160-70M bulb hydrogenerator have been determined. The value of
the error caused by the curvature of the rotor poles in this hydrogen generator was calculated. The sensor in
comparison with analogs has higher accuracy of measurement. The sensor or sensor system can be used as a stand-
alone device or as part of monitoring and diagnostic systems. References 19, figures 6.

Keywords: hydrogen generator, stator core boring, rotor pole, air gap, measurement, capacitive sensor.
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OBUYMCJIEHHS ITOMPABOK JU®EPEHIIMHUX JBOXEJEKTPOJJHUX
KOHAYKTOMETPUYHUX KOMIPOK I3 PO3PAXYHKOBOIO KOHCTAHTOIO

0.0. Mixa.m,l*, JIOKT. TeXH. HayK, /1.B. Meﬂemylcl**, KaH. TexH. Hayk, O.FO. Crennik’ "™
"IncruryT enexrpoxnnamvixn HAH Ykpainn,

np. [lepemornu, 56, Kuis, 03057, Ykpaina. E-mail: a_mikhal@ukr.net.

2 I «Y KpMeTpTecTCTAHAAPT,

ByJ1. MeTtpoJoriuna, 4, Kuis, 03143, Ykpaina.

O6'exkmom Oocniodxcentsn € oughepeHyilina 080Xea1eKMpOOHaA KOHOYKMOMEMPUYHA KOMIPKA i3 PO3PAXYHKOBOK KOHCMA-
HMO, WO NPU3HAYEHA OJi BIOMBOPEHHS 0OUHUYI O08HCUHU — MemPa 8 HAYIOHANLHUX eMANOHAX OOUHUYT eleKmpoTi-
muyHoi nposionocmi pioun. Jughepenyitina Komipka cKkiadaemscs 3 080X mpyboK 0OHAK08020 diamempa ane pi3HOi
dosorcunu. B cmammi npugedena ioeanizogana mooenb 0OYUCTeHHA KOHCIMAHM KOMIPOK Ma 8U3HAYEHHs. eJleKmpOoaimu-
unoi npogionocmi. Hasenicme omeopis 0Jisi 3an06HeH s KOMIPKU, W0 CHOMBOPIOE PIGHOMIPHICIb PO3NOOLLY WITbHOCTI
cmpymy 6 cepeOuHi KOMIpKU ma 3HayHa OleleKmpudna NPosioHiCMb 60OHUX PO3UUHIE NPU3EOOUMb OO CYMMEBUX NOXU-
60K suMipIosanHs onopy cmognis piounu. Hasedeno mamemamuuni éupasu st 0ouucienns 0860x munie nonpasox. Ilo-
nepuie, NONPAGKA, Wo 3yMOBLeHA NOPYULEHHAM PIGHOMIPHOCIIE NOJISL 8I0 6NYCKHUX MA BUNYCKHUX 0MBOpi8 Komipku. I1o-
opyee, HONPABKA, WO 3YMOBNIEHA HASAGHICIIO CINPYMI6 3MIWEHHs 8 B0OHUX po3yuHax eiexmponimis. Haseoeno 306Hiw-
HIU 8UiA0 MaKemy KOMIpKU Ha 080x mpyoxax diamempom 9 mm i doeacunoro 50 ma 100 mm 8ionosiono, wo npoxo-
oumse anpobayio 6 ck1adi HaYioHAIbHO20 emanoHa Yxpainu. biomn. 7, puc. 5, a0 2.

Kntrouosi cnosa: KoHIyKTOMETpisl, KOHIYKTOMETPUYIHA KOMIpKa, €IEKTPOJIITHYHA MTPOBIIHICTH, BUMIPIOBAaHHS, TIOXHO-
Ka, TuepeHIiitHAN METO/I.

Beryn. s BiaTBOpeHHS OAWHMIN (i3MIHOT BETMYHHH EICKTPOJIITUIHOI MPOBITHOCTI pimuH (maii -
EITP) HamioHanbHUMU €TajloOHaMHU JEp>kKaB BUKOPUCTOBYEThCS "MpsMH" MeTOo] BIATBOpEHHs (i3HMYHOI Be-
muauHY [1]. Meron Mae Tpu OCHOBHI KOHCTPYKTHBHI PillleHHS KOHAYKTOMETPUYHAX KOMIpPOK: KOMIpKH ITO-
pIIHEBOTO TUIY (piston type), KOMIpKH i3 3HIMHOIO IIEHTPAILHOIO MTOJA0BKYBaILHOIO TPYOKOt0 (With remov-
able central extension tube) Ta nudepeHiiiHi KOMIpKH, IO CKIAIA0THCS 13 TBOX OKPEMHX JTBOXEIEKTPOI-
HHUX KOMIPOK Pi3HOT TOBXMHH. KOMipKH Mepiioro THITy BUKOPUCTOBYIOTHCS B HAIIIOHAILHIX METPOJIOTIYHUX
incturytax (HMI) Himewunnu ta Bpaswiii. Komipku npyroro tumy BukopuctoBytothes B HMI CILA, Jla-
Hii, [Tami, CnoBauguau Ta Smonii. [IpuHIMIHN IXHKOI MOOYIOBU Ta BapiaHTH 30BHINTHLOTO BUTIIALY JOKIIAI-
HO pO3MISIHYTO Y [2, 3]. HallOinbI mpocTUMU 32 KOHCTPYKLIEIO 3JIMIIAIOTHCS. KOMIPKH TPeThoro Tumy. Bo-
HU OyIlM 3aCTOCOBaHi B JiepkaBHOMY etajioHi P® [4]. B ocHOBI npuHIMIY 1ii KOMIpKH MOKJIAIEHO QOpMy-
BaHHS CTOBIIA PiIUHU i/I€aTHHOTO TMPO(hIITIO 3a JOIOMOTOI0 PyXOMHUX BEPXHIX €JICKTPOIIB. AJle ITiJT Yac MiXk-
Hapoauux 3BipeHb CCQM K-36 [5] B pe3ynpTarax etaqoHa OyJio BHUSBICHO HEMPHUITYCTUMO BEJIMKY MOXHO-
Ky. B Toif e yac MOKJIMBOCTI TaKUX KOMIPOK JJaJIeKO HE BUuepnaHi. ToMy IOCTiIKEHHS caMe Takux (Ipoc-
THX) BapiaHTiB KOHCTPYKIIii, IO MOXXYTh MPUBECTH O CTBOPCHHS CYyYaCHUX €TaJOHHHUX KOMIPOK i3 TOKpa-
HICHUMH METPOJIOTIYHIMHU XapaKTEPUCTHKAMU, MOXKYTh OyTH (PiHAHCOBO OOIPYHTOBaHI Ta BHUCTYNATH SK
aKTyasbHa 3a/1a4a JAeP’KaBHOTO PiBHSI.

Bimzraunmo, 110 IpyuHIUN i eTATOHHIX KOHAYKTOMETPHYHUX KOMIPOK BCiX BIJOMUX THIIIB MPAKTH-
YHO OJHAKOBUU 1 3aCHOBAHHM HAa BUMIPIOBaHHI OIIOPY BipTYaJIbHOTO CTOBITA PITUHH, III0 BUHUKAE SIK PE3YITh-
taT AudepeHuiiiHoro Metoay BuMiptoBaHHS. EQekTuBHICTh Au(DEpEHIIHHOTO METOy OYEBHIHO HAIPSIMY
3aNeXHTh Bif AEKLTBKOX (DaKTOpiB, 30KpeMa: BiJl TOYHOCTI KOMITEHCAIi] eIeKTPOXIMIYHHUX SBHII HA MEXI
€JIEKTPOI\PO3YHH, Bil OCOOIMBOCTEH BUMIPIOBAHHS OIOPY 3MIHHOMY CTPYMY, 30KpeMa HasBHOCTI CTPYMiB
3MIIIEHHS Y BOJHUX PO3YMHAX EJIEKTPOJIITIB, Ta HEPIBHOMIPHOCTI TOJIA & caMe MIIbHOCTI CTPyMY, IO 3yMO-
BJICHO KOHCTPYKLi€I0 KOMipKH. ToMy MeTa poOOTH MOJISATae y pO3MIIsAl NPUHLIUIY Ail AndepeHuiinoi Komi-
PKH, 110 CKJIAJIAETHCA 13 IBOX OKPEMHUX JBOXEIEKTPOTHUX KOMIPOK, Ta pO3pO0Ili METOMIB KOPEKIIii 10 Oropy
3MIHHOMY CTPYMY CTOBIIA PO3UYHUHY i3 ileaibHUM NpodisieM y BUTIISAL BIIIIOBITHUX MOIMPABOK.

Hpunmun aii nudepenuiitHoi 1BoxesekTpoAHOT KoMipku. CKIaIHICTh peanizamii TudepeHIinHoro
METOJy B KOHIYKTOMETPHYHUX BHMIipPIOBaHHSX TOJATAE B OCOOIMBOCTI MO iHTEpdeicy KOMipKH 3 rab-
BaHIYHUM KOHTAKTOM. JIOKJIaqHO iMITETaHCHA MOJIENb 1 XapaKTep YacTOTHUX 3aJICKHOCTEH OYIIH PO3TIIAHYTI
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B [6]. TIpoGneMH TOYHHMX BHMIPIOBAHb CTBOPIOIOTH HEBHU3HAYCHICTH MOJOMKCHHS
MEXI1 MK €JICKTPOXIMIYHMM Ta 00'€MHUM IMIIEIaHCAMHU 1 BIJICYTHICTh TOYKHU JOCTY-
L+ 1= My JUIs 3HATTS MAaJiHHS HAOpyT Ha BiJIMOBIMHUX iMIemaHcaxX. 3ajis MOKpaIICHHS
Zrs Zgs eeKTHBHOCTI U(epeHIIITHOTO METOLy 3BEpHEMOCS 10 €IEKTPUYHOI Moeni aude-
#—}—{_} = PpeHuiiiHoi KOMIpkH. Buxonsun i3 IMIeaHCHOI MOAEN KOHAYKTOMETPUYHOIO iH-
Puc. 1 tepdeiicy [5], enexTpuuHa Monens audepeHuiiHoi komipku (Zc¢;, Zc;) TOBUHHA
CKJIQJIATUCH 13 JIBOX TOCIIIOBHO BKJIFOUCHUX IMIIEIAHCIB: €ICKTPOXIMIYHUX Zg;, Zg;

Ta 00'€eMHUX Zp;, Zpy, SK TI€ TIPEIACTABICHO Ha puc. 1.
OCKIJIbKU OIip KOMIPKH B 3arajlbHOMY BHUTJISIII € KOMIUICKCHOIO BEJTHYMHOKO, TO OCHOBHE PIBHSHHS

JTUQEPEHIIHHOTO METOTy MA€ BHUTJIST

Zc1_Zc2 :Re(zm_Zc2)+j1m(ZC1_ZC2)' (1)

BekropMipHi 3aco0M BUMIPIOBaHHS Jal0Th 3MOTY OTPHMYBATH PE3yJbTAT OKPEMO JUIs aKTHBHOI Ta
PEaKkTUBHOI CKJIaJIOBUX KOMIPKH, a caMe MapaMeTpPH IMOCIIIJJOBHOI CXeMHM 3aMilleHHs Rgps Ta Rgs. Came mi
napaMeTpH BiJIOBIIAIOTh NPUHITUITY aIUTUBHOCTI. T0OX MaeMo MpaBo 3amucaTu

Re(Z., —Z,) = (RE,SI _RE,SZ)+(RB,SI _RB,S2)' (2)

EdexruBHicTh mudepeHiifHoro MeToy 3al1eKuTh BiJl TOTO, HACKUTFKA MOYKHA BBa)KaTH PIBHUM HY-
JII0 BUpa3 B MEPIIid KPYyTaiit ckoOIi. 3am1s TOCATHEHHS i€l MeTH HeoOXiTHO 3a0e3MMeUnTH NeKiTbKa YMOB.
CKJIaJI0B1 €JIEKTPOXIMIYHOTO IMIIEIaHCY KOKHOI KOMIpKH R s; Ta Rg s, MOBUHHI MaTU MiHIMaJIbHI 3HAYCHHS,
OyTH TeMIIepaTypHO HE3aJIC)KHUMU, OJJHAKOBUMHU a00 CTaOUILHUMU Yy Yaci Ha iHTEpBaJli JBOX BHMipIOBaHb.
[lepma ymoBa gocsATa€THCS MIIAXOM 301IIBIIIEHHS po0040i yacTOTH. B 11i#f uacTuHi Tpeba OyTH 00epeKHIMH,
OCKITbKH BHOHMparoun 9acToTy 10 k['11 i 61TbIIIe MOKHA TIOTIPITATH METPOJIOTIUHI XapaKTePHUCTUKH K KOMi-
PKH, Tak i 3aco0iB BuMiptoBaHHs. J[pyra ymoBa 3aieXuTh BiJl XapakTEPUCTHK TepMocTara (a came cTaliib-
HOCTI TeMIepaTypH). 3BaXKaroud Ha 3HAYHUI TeMIiepaTypHUi Koe(illieHT Omopy po34rHy (I XJIOpUIy Ka-
mito BiH ckimagae 2,6 % Ha omuH Tpaayc Llembcis) cTabimpHICTH TeMrepaTypu MOBHHHA OyTH HE Tipime
0,01°C. Tpetst ymoBa 1oB’3aHa 3 BHOOPOM THUITYy METalla, 3 SIKOTO BUTOTOBJIAIOTH eJIeKTpoau. Haiibinpm cra-
OlTpHHI Ta MiHIMAJILHHUIA 32 PO3MIPOM ENEKTPOXIMIYHUH IMIelaHC Ma€ eNeKTPO/] i3 IUIaTHHU. AJle Take pi-
HIeHHs moTpe0ye crenialbHUX J03BOJIIB Ta 3HAYHUX (piHAaHCOBUX 3aTpaT. TOX BHXOJOM MOXKE OYTH BUKOpPH-
CTaHHA IHITNX TUIIB METAaJIiB, 301IbIIEHHS e(peKTHBHOI TUTOIII eJIeKTPO/IiB a00 HAHECEHHS IUIATHHU Ha MeTa-
JIeB1 YK KBapLOBI eleKTpoau. BpaxyBaHHs BCiX IIMX yMOB JJa€ 3MOTY BBa)KaTH IEPILY CKJIAIOBY y KPYITIHX
ckoOKkax piBHSHHS (2) piBHOIO HYIO 3 MOXMOKOIO /10 OAMHUII HAWMEHIIOrO pO3psAy Mpenu3iiHoro 3acoly
BUMIpIOBaHHs. AJle OCTaTOYHE MiATBEPHKEHHS LBOTO BUCHOBKY Ma€ OyTH MEPEBIPEHO E€KCIEPUMEHTAIBHO.
Buxozsun i3 HaBeAEHOTr0, MOKEMO 3alMCaTH

def 3 F4
Re(Z, _ZCZ):(RB,SI _RB,S2)= R, =R, ®)

B monanpmomy, abu He yCcKIIagHoBaTH poOoTy 3 popmymamu, | I
ingekcu B ta S He Oynmemo 3amucyBaTu. Alle BCIOIM, A€ mix nmapame- L-_$ |
TpaMH R; Ta R, MaroTh Ha yBa3i pe3yJibTaTh BUMIpIOBaHHs, HEOOXif-
HO aM’sTaTy, [0 MOBAa i€ MPO aKTUBHY CKJIaJOBY 00'€MHOro iM-
MeJaHCY V ABOXEIEMEHTHIH ITOCTIIOBHIM CXeMi 3aMiIlIeHHS. (Q)

Koncrpykruao audepeHiina komipka (puc. 2) CKiIagaeThb-
Ccs 13 IBOX OKPEMHX JIBOXEJIEKTPOAHUX KOMIPOK, SIKi B CBOIO 4Uepry
CKJIaJaroThCs 13 KBApLUOBUX TPYOOK /, 2, 10 MarOTh OJHAKOBY ILIO-
Iy TIEpeTUHY S, ajie pi3Hy JOBXKHUHY L, 1 L,, 1 METalIeBUX EIEeKTPOIiB
3, 4, 0 PO3TaIIOBYIOTHCS Ha TOPILSIX TPYOOK. >»
MareMaTHIHIN BHUpa3 Il 0OYMCIICHHS OMOpPIB PiIUH B Ce-
penuHi JBOXENEKTPOJAHUX KOMIPOK TpeCTaBleHHd cucteMoro (4).
Le imeamizoBaHa MoJelb, sIKa CIIpaBeIMBa 3a YMOB, LIO TIOJE BCe-
penvHi ABOXENEKTPOAHOT KOMIPKH € OJHOPIIHUM, a JiHii OIUTBHOCTI CTPyMY — KOJIiHeapHi

R=k\(L/S) @
R,=k™(L,/S)

Ly

r

Puc. 2
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IlepBrUHHA KOHAYKTOMETPUYHA KOMipKa € MPEIM3IHHAM BUMIPIOBATBHUM TepeTBOproBadeM. BigHo-
mieHHs BXimHoi (isuunoi BenmmuuHu EINP & mo BuxigHOI enekTpuuHOi npoBigHocTi G=1/R (uo obepHeHa
OTI0pY) B KOHAYKTOMETPii Ha3MBaIOTh KOHCTaHTOIO KoMipkH. KoHcTaHTa € mapameTpoM 0OepHEHO MpoIop-
MIHHUM 10 KoeilieHTy TepeTBOPEHHS BHMIipIOBAJIHHOTO MEPETBOPIOBaYa. Alle, TaK ICTOPHYHO CKIIANIOCH,
0 caMe ImapaMeTp "KOHCTaHTa" MHPOKO BUKOPUCTOBYETHCSA B KOHAYKTOMETpii. ToK KOHCTaHTa ieani3oBa-
HOT KOMIpKHU K, BUXOJI4HM 13 cucTeMH (4), Oyjie 32 BUBHAYCHHSIM 00paxOBYBAaTUCS 33 HACTYITHO (OPMYJIOH):

def
K = £ = 4L2 . (5)
S =D

OcrtaHHE PIBHSHHS CIIpaBeIUIMBE AJIsi KOMIpKH 3 (opM(paKTOpOM y BHIIISII MPSMOTO KPYTOBOTO IIHITi-
H/Ipa, TOOTO LWITIHAPUYHOI TPyOKHU 3 BHYTPIilIHIM IiameTpoM D.

SIKmo 3HaWTH mapameTp k, BUKOPHCTOBYIOUH CHCTEMY (4), TO HEBa)KKO OTPUMATH MaTeMaTUYHHUI BU-
pa3 mudepenttiiinoro Mmetoxy BusHadeHHs EIP, 110 BUKOPHUCTOBYETHCS B OUTBIITOCTI HAITIOHATEHUX CTAJIOHIB
NPOBIIHUX JIEPKaB CBITY

po(L-L) 1 (6)
(Rl - Rz) S
B TepMiHaX KOHCTAHTHU KOMipKI/I OCTAaHHE piBHSIHHSI BUTJIAJA€ HACTYITHUM YHUHOM:
=Kok (7
Rl - Rz

OO0uucJIeHHS MONPAaBKH, 0 3yMOBJIEHA MOPYLIEHHAM PiBHOMIPHOCTI MOJISA BiJg HAABHOCTI BIy-
CKHHX Ta BUNIYCKHHUX OTBOPiB KoMipku. /[ndepeHmiitaa koMipka Ha puc. 2 Ma€ CyTTEBUI HEIOJIIK, TIOB'S-
3aHUH 13 IPOLIEAYPOIO 3AMIOBHEHHST KOMIPKH pO34MHOM. TOX B KOHCTPYKIIT 3 MOCTIIHO 3aKPIMJICHUMH eJIeK-
TpPOJaMH MOBHHHI OyTH mependaveHi OTBOpH I 3alTOBHEHHS KOMIpKH PO3YMHOM enektpority. Ha puc. 3.
HaBEJICHO CXeMaTHYHE 300pa’KeHHS IBOXEJICKTPOIHOI KOHIYKTOMETPHUYHOT KOMIPKH 3 OOKOBHMH OTBOPaMH
y mepepisi, U0 € OJIHIEI0 YaCTHHOW NudepeHIiiHoi koMipku. [Ipyra 4acTiHa, 3a aHAJIOTIEO 13 pHc. 2, Oyne
BiJIPI3HATHCS JIUIIE JTIOBXKHHOIO L.

l'eomeTpuuni mapametrpu (puc. 3) MOXyTh, 3 OJHOTO OOKY,
HaOyBaTH Bapialiil i BIUIMBAaTH Ha PO3paXyHOK KOHCTAHTH Ta CHCTE-
MaTU4YHy TOXHOKY BHMIpIOBaHHS, a 3 iHIIOTO OOKY MOXYTb OyTH
4iTKO BUMIpsHI. BITuB X mapameTpiB Ha 3MiHYy Omopy Moxe OyTH
TEOPETHYHO OIIHCHHWH 1 BpaXxOBaHMA, 3aCTOCOBYIOUH IIOIPaBKy. B
OCHOBI KOHCTPYKIIii IBOXEJIEKTPOIHOI KOMIpKH KBaploBa TpyOka /
JOBXHHOIO L Ta BHYTpilHIM niametpoMm D. Ha Topusx tpyOxu 3a-
KpIIJICHI TUCKOBI MeTajeBi €NeKTpoaW .2 3 BHBOJAMH J IS
i1’ €THAHHST BUMIpIOBa4ya OMOpYy 6, IO A€ 3MOTY BUMIPIOBATH aK-
TUBHY CKJIaJIOBY ITIOBHOTO iMIleZjaHCy cToBMa pianHu Re(Z) y Biamo-
BiHOCTI 10 piBHSAHB (2, 3). Ha OokoBiil moBepxHi TpyOKH 3p0oOIEHO
JIBa OTBOPH 3 MiaMeTpoM d Ta BKJICEHI JBa MaTpyOKH 4, MO po3Ta-
HIOBaHi BiJ Kpato TpyOku Ha Biacrasi x. [1ig yac oGuucieHHs onopy Puc. 3
CTOBIIA PIIMHU B cepenuHi TpyOku OyaeMo BBaXkaTH, MO O0'€KT €
OJTHOPITHUM 32 CKJIaZ0M (3 IMOCTIHHOIO KOHIICHTPAITIE€I0 EIEKTPOIITY) Ta i30TPOITHUM CEPEIOBHUIIEM 1, OTHKE
B CHCTEMI PIBHSIHB (4) mapamerp k — const.

HasBHicTs OTBOpIB NMPU3BOIUTH A0 301IbIIEHHS e(EeKTHBHOI MJIOMII MepeTHHy. Bignosigno omip 3a-
MMOBHEHOI KOMIPKH R(; i3 O0KOBHMH OTBOpaMH OyJle MEHIIIMM JUTsI KOXKHOT TPYOKH Bij omopy imeaaizoBaHOl
Mojeni R; 6e3 OOKOBHX OTBOPIB Ha BiIHOCHY BEITMUYMHY (3CYB), IKY MOYKHA BBa)KaTH BiJJHOCHOIO CHCTEMATH-
YHOIO MOXUOKo10. Lleit 3cyB 3a BU3HAUEHHIM MOYKHA O0UHCIUTH 32 (OPMYIIOI0

def
5 =(R, —R)R, (8)

Iie [ — BiATIOBija€ HOMEPY TPYOKH.

OdeBuaHO OOKOBI OTBOPH BHKPHUBIIOIOTH CICKTPHYHE TIOJIE B TIEBHIM YaCTHHI BHYTPIIIHBOTO 00'eEMY.
BoHu 3yMOBIIOIOTH TPUBUMIPHUH XapakTep PO3TiKaHHSA 3MIHHHUX €JIEKTPUYHUX CTPYMIB Y TpyOKax KOMipKH,
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110, B CBOIO Yepry, BUMArae po3risiay TPUBHMIPHOI MOJIBOBOT eNeKTpOMarHiTHOI 3a1adi. OGUMCICHHS 3CYBY
OTIOpY CTOBIA PinuHHM (8) OCHOBaHE Ha TOMY, IO (aKTOp HEPIBHOMIPHOCTI LIITBHOCTI CTPyMY, SIKUI 3yMOB-
JICHWH HasABHICTIO OTBOPiB 3 (puc. 3), Moxke OyTH MOBHICTIO BPaxOBaHUH 3aBISKH TOYHOMY BUMIipIOBaHHIO
ZliameTpa OTBOpY d Ta HOTo BiJICTaHi BiJl Kparo TPyOKH X.

PesympraTin o0umciens (OTpuMaHi B cepeoBHIN porpaMHoro 3adesmeueHHs Comsol Multiphysics)
Ta 3CyB 3HA4YEHHS OIOPY BIJHOCHO iieai30BaHOi MOJENI AJIsi KOMIPKH, 3aIIOBHEHOI PO3YMHOM XJIOPUAY Ka-
mito 3 ETTP 0,1 Cm'M™' [1ieTeKTpHYHOI0 IPOHUKHICTIO po3unHy &= 78 [7] i KOHKPETHHMH I€OMETPUIHIMU
napameTpaMu, HaBeeHo y Taou. 1.

Tadumus 1
I'eomeTpuuni Onip KoMipKs Omip KOMIpKH 3 OTBOpaMH Ta CTOBIAaMH pinuHK BignocHuii 3cyB 3
napameTpu 6e3 oTBOpIB JOBXXHHOIO /1 y maTpyOKax KOMipKH OTMOpY CHPHIHHEHUIE
KOMIpKH, R.Om R Om HasBHICTIO OTBOPIB
MM ’ h=0,5Mm h=1mm h=2wMm h=5MM 0, joni ouHuL
L1:100,
D=9,d=2, | 15719,0067 15715,060 15714,413 15714,291 15714,286 —0,000300
X1= 2
L2: 50,
D=9,d,=2,| 7859,50336 7855,5562 78549116 7854,7875 7854,7830 —0,000601
Xo= 2

Sk BuaHO 13 TabJ. 1, 32 TOBXKHMH CTOBIIB piiMHU y naTpyOKax (puc. 3) & > d (Ouibine 2 MM) orip KO-
MipKH BiKe 3MiHIOETHCS JIMIIE B ChOMOMY 3HAKY, IO BiATOBida€ BiTHOCHOMY Bimxmiy Ha piHi 10” %. Pos3-
Mip 3CyBY 3HaXOJIUTHCS Ha MEXIi YyTIUBOCTI METOy OOYHCIICHHS TIOJIhOBOI 3a7adi, TOMY BapiallisiMi 3CyBY,
3YMOBJICHUMH JTOBXXKHUHOIO MAaTpPyOKiB Ounblie s = d, MOKHA 3HEXTyBaTH. AJie 3CYB BiJl HAaABHOCTI OOKOBUX
OTBOpIB € cyTTeBUM. g TpyOku momxkuHowo 50 MM BiH ckinagae minyc 0,06 %, a i TpyOKH AOBXHUHOIO
100 MM BiH ckianae minyc 0,03 %.

BigHocHuii 3CyB — 1ie cucTeMaTHYHa MOXHMOKA, SKa TEOPETHYHO PO3PAXOBYETHCS 1 TOMY MOXKE BHKO-
PHUCTOBYBATHCS 33,151 3MEHIICHHS HEBHJIYYEHOI CHCTEeMAaTHYHOT MOXHUOKMA KOHCTAaHTH KOMIpKH a00 HEeBH3HA-
yeHocTi Tuny B pesynpratiB BumiptoBanas EINTP. 3aans BpaxyBaHHs MONpaBKK BU3HAYUMO OMIp R; KOMIpKH
0e3 0TBOpPIB, BUKOPUCTOBYIOUH BU3HAUCHHS (§), Ta MiICTAaBUMO B iAcanizoBany Moaels (7)

k= KI_KZ
RCI/(1+5I)_RC2/(1+52)’

)

Je 01 — BIIHOCHUI 3CyB OMOpPY BiA HEPIBHOMIPHOCTI MOJsI JOBrOi TPYyOKH; d, — BIAHOCHUH 3CYB OINOpPY BifJ
HEPiBHOMIPHOCTI MOJIT KOPOTKOI TPyOKH.

Poskmamemo dynkmito 1/(1+6;) B psia, Bi3bMEMO TUTEKH JiHIHHY CKiIanoBy. Tomi HaOIMKEeHUH BHpa3
JUTSI OI[IHKH TOIPABKH 3 MOXUOKOK MEHIIIOH 3a 5,~2 Halye BUTIISITY

Kl _Kz

k=~ : (10)
RC] (l_é‘l)_Rcz (1_52)
[Ticns HeckIIaAHUX TTIEPETBOPEHDh OTPUMAEMO
K -K
k= L= , (11a)
(Rey —R:,)(1+6,)
Jie 0, — y3arajJbHEHHI BiTHOCHU 3CYB PI3HUII OMOPIB, 110 00PaxOBY€ETHCS 3a (OPMYJIOH0
O,R., —OR

5, =2 %%a (11b)

Ra - Rc2

OueBuano, koedirieaT (1+J,) MOKHA BITHECTH 5K JIO PE3yIbTAaTiB BUMIPIOBAaHHS OTMOPIB Ry, TakK 1 10
pe3yabTaTy 00UMCIICHb Pi3HHII KOHCTAHT AudepeHIiitHol KOMIpKY 1 BBaXKaTH ii MOMpaBKOO 10 ieanizoBa-
HOT MOJIei.

O0OuHcJIeHHS MONPAaBKH, 0 3yMOBJICHA HASIBHICTIO CTPYMIB 3MillleHHSI Bil HASIBHOCTI Jies1eKT-
PHUYHOI MPOHMKHOCTI PO3YHHIB eeKTPOodiTiB. O0'€KTOM BHUMIpIOBAaHHS B KOHIYKTOMETpIi € piaWHA, 110
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NPOBOAMTH E€JICKTPUYHHUHA CTPyM. Takor piIMHOI0 BUCTYHAIOTh PO3UYMHH CHIBHHX KHCJIOT a00 OCHOB, IIO y
BO/JIi MIOBHICTIO JAUCOIIIOIOTh Ha OKpeMi i0HU. J[J1s pelu3iiHuX BUMIPIOBaHb, SK MPABUIIO, BAKOPUCTOBYIOTh
xyopu Kainito. [IpoBiAHMKM i3 10HHMM THIIOM NPOBIJHOCTI HA3WBAIOTh MPOBIIHUKAMH APYIOro poay. 3a
€JIEKTPOJIITUYIHOIO (TMIUTOMOIO) TPOBIIHICTIO MPOBITHUKU JAPYTOTO POJY 3aliMalOTh MPOMIKHE TMOJIOKEHHS
MDK MeTajlaM{ Ta JieJIeKTpUKaMH. AJie Boa sSK PO3YMHHHK € THM CEPEIOBHUINEM, B SKOMY MOPSA i3 i0HAMH
PEYOBHH, 1110 IUCOIIIOI0Th, Ta I0HAMHM BiJl aBTO JUCOLIiaIlii caMoi BOJH, IPUCYTHI TAKOXK MOJICKYJIH BOIHU (HE
JHCOIi0BaHi). A BOHH, SIK BiIOMO, MalOTh AMIOJIBHHNA MOMEHT. ToMy y Bogi a0o i po3uuHax K pigKoMy
CEPENIOBUIITI, IO MPOBOANUTD EICKTPHYHUN CTPYM, ICHYE 3CyB (a3l Mi’K CTPYMOM TIPOBITHOCTI Ta CTPYMOM
3MilIeHHs. 3a]y1s1 OLIHKH [bOTO SBUINA 3BEPHEMOCH JI0 3aKOHY TIOBHOTO CTYMY

ot
ne k — EIIP, 3a yMOB OIHOPITHOTO cepeloBHUINA € KOHCTAHTOIO, IO HE 3aJIEKHUTH BiJl MPOCTOPOBUX KOOPIMHAT.
3a yMOB rapMOHIYHOT0 30y )KEHHSI MaEMO

rOt]:[ = jtotal = jcond + jlu'as = kE +

= _ = _ — -
D=¢¢E=¢¢,E ", (13)
e & — JieJeKTPHYHA POHUKHICT BAKyyMY; & — JieIeKTPUYHA IPOHUKHICTH PO3UHMHY, 32 YMOB OJHOPIJHO-
TOo Cep€aoBHIlla € KOHCTAHTOIO, IO HE 3aJIC)KUTDH BIZ[ IMPOCTOPOBUX KOOPpAHHAT, (v — YaCTOTa MKEpEiia, 1UI0

—

36ymKye tone; £, — aMIuiiTy1a HanpyXeHOCTi elIeKTPHYHOTO MO, IO € (GYHKI[IEI IPOCTOPOBUX KOOP-

JIUHAT aJie He 3aJICXKHUTh BiJl 4acy (IHAEKC /7 HAJaJi OMyCKaeThCs).
Sxmo migcraBumo piBHsHHES (13) y (12), To oTprMaeMo

Jow = (k+ joog,&)E=kE. (14)

[epexin Bix qudepeHitHux xapakTepuctuk nois (j, E, k, &) 10 iHTerpalbHUX XapaKTePUCTHK eleK-

tpuunauX Kin (I, U, R, C) MOKHa PO3IIIAAATH SIK KOJIO-TIONBOBY 3a/lady 3 OOYUCICHHS 00'€MHOTO iMIIeqaHcy
CTOBIIA PiTUHU 3 ypaxXyBaHHAM KOMITCHCAITIi eleKTpoxiMigHoro iMmenancy (1-3)

ZB:UIZ/IIZ’ (15)
AC HaIlpyra ta CTpyM MIXK CJICKTPpOJaMU KOMipKI/I 06III/ICJ'IIOIOTBC$I 3a HACTYITHUMHU (I)OpMyJ'IaMI/IZ
2
U, =—|gradpdl> 1, = [(J s + T )ds = (k + joz,z,) | Eds- (16)
1 S S

AJie anst JUSHKY TPSIMOJIHIMHOTO IUIIHIPUYIHOTO MPOBITHUKA JOBXHHOK L; Ta MIIOIICIO MEPETHHY
S 3 ypaxyBaHHSAM OTPHUMAaHOTO paHimie [6] Oe3iHAyKIiitHOr0 HAOIMKEHHSI (KOJU JJI MPOBIAHUKIB IPYTOTO
POy MOKHA 3HEXTYBaTH BILIMBOM BEKTOPHOTO MAarHiTHOTO MOTEHIIaNy) Ta PIBHOMIPHOTO W OJHOPiTHOTO
MOJISI MO’KEMO BBAXKATH, 1110 B Oy/b AKOMY MOMEPEYHOMY TIEPETHUHI CTOBMA PO3YHHY EIIEKTPOIIITY MAEMO TIO-
CTIHHUM TPaIi€HT CKAIIPHOTO €JEKTPUIHOrO MOTEeHIIaTy grad ¢ = const. 3a mUX YMOB I piBHAHE (14) €
OUYEBHIHIMH HACTYIIHI TIEPETBOPEHHS:

Iy, = [(k+ jose,) Eds = [ (k + joss,)(~gradg)ds = —(k + jos,z,)- gradp- S (17a)
N S

2
U'12 =—jgrad¢)dl=—grad¢)-Li' (176)

1
Toni, migcTaBUBIIM OCTaHHI BUpa3u B piBHSAHHA (14), ans nificHOT 4yacTUHH 00'€MHOTO IMITEaHCy
OTPUMAEMO R. = real —grad¢- L, — R -real 1 , (18)

? ~(k+ jws,s,)- gradg- S ‘ 1+ jwe,e, | k

ne R; = L/kS — omip croBma eJeKTPOIITY ifeaabHol Mozeni 0e3 BINIUBY OyIb SAKHX (AaKTOPiB, A KOXKHOT
TpyOKH OKpeMo BiAmoBimae cucremi (4).
SIKINO CHIBBIAHOWIGHHS &, /k=igp — MOXKHA BBa)KaTH TAHTEHCOM (PAa30BOr0 KyTa MiXK CTpyMaMH

MIPOBITHOCTI Ta 3MIIIIEHHS, TO BUPa3 IS MOXUOKH, IO 3yMOBJICHA HAsIBHICTIO CTPYMiB 3MIIIEHHs a00 KiHIle-
BOTO 3HAYEHHS JIEICKTPUIHOT IPOHUKHOCTI B iMIieaHCHi# Mozeni (14), Oyne MaTH HACTYITHAN BUTIISI:

R. - R —to? wee )
B — Bi L g2¢ z_[g2¢:—(—0j . (19)
R (1+1g°¢) k

1
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HabGmmxene piBHSHHS Mae MicIle Ui Malux 3Ha4eHb TaHreHca. [loxubOka J, € METOAMYHOK MOXUO-
Ko10. BoHa 3yMoBIIeHa THM, 110 B CEPEIOBHUIII BOAHUX PO3YUHIB EIEKTPOJITIB CKIAJAIOTHCS caMe JIBa CTPY-
MU: TPOBIHOCTI Ta 3MilleHHs. BiAmoBigHo 00'eMHMY iMIIeNaHC MPEACTABICHHUN ABOXCIEMEHTHOIO Tapaie-
JHHOI0 €MHICHOIO CXEMOI0 3aMillleHHs. SIKIo ITiJ] 9ac MOJENOBaHHA a00 BUMIPIOBaHHS KOPHCTYBATHCS HE
iMriemancHoO (15), a agMiTaHCHOIO (OPMOIO TIPEICTABIECHHS PE3yJIbTATIB, TOOTO BUMIPIOBATH HE CKIIAIOBI
KOMITJICKCHOTO OTOPY, & CKIIQJIOBI KOMIUIEKCHOI MPOBIHOCTI, TO MOXUOKa J, OyJe BIICYTHBOIO. Alle XK 3a
YMOB aJMITaHCHOTO MpPEACTaBICHHsS HE MOXXHA BHIUIMTH OKpEMO 00'€eMHHIA Ta €NEKTPOXIMIUYHHH iMIIeaaHc,
sK B piBHIHHAX (1, 2). ToMy npuaymieHHs €JIeKTPOXIMITHOTO iMIIeaHCy B AudepeHitaoMy meromi (3) ms
ajMiTaHCHOT Moiei Oy e He MOBHUM. TOX allbTepHATUBY iMIenaHcHii Moaeni (15) nema. [Toxubka J, Moxke
JlocATaTH CYyTTEBUX 3HA4eHb. Hampukman, muis auctunboBaHoi Boau (k = 2 MxCMm/cM) Ha poOoudiid gacToTi 1
kI'11 BoHa ckianae 0,05 %. AOu oTpuUMaTH pe3yNbTaT HAOIMKEHHUN IO i7lealbHOTO, HEOOXiAHO BHOCUTH TIO-
MIPaBKY 10 PE3yJIbTaTiB BUMIPIOBAHHSI OTIOPY, BEIMYNHA SIKOI BU3HAYAETRLCS 32 aHAJIOTIEI0 3 paHille OTpuMa-
HOto MoemTio (9). OcKiIbKY TOXHUOKA J, 32JICKUTH BiJl BIACTHBOCTEH PO3UMHY Ta YaCTOTH i HE 3aJI€KHUTh Bij
JIOBKWH TPYyOKH, TO BOHA OyJle OJTHAKOBOIO JIJIsl 000X TPyOOK. 3 ypaxyBaHHSM ITOTPABKA HA HASBHICTh CTPY-
MiB 3MIIICHHS i/1eaizoBane piBHAHHSA (7) HaOyne BUTIIITY

fe (Kl(;eK2 )1(: +)5€) , (20)

Je Rp; — BUMIpSTHUIA OTip AOBroi ABOXEIEKTPOAHOT KOMIPKH; Rp, — BUMIPSHUIA OMip KOPOTKOT ABOXEIEKTPO-
JTHOT KOMipKH.

Peamnizanis nocaimkens. @opmynu (5-20) Oynmu BUKOpHCTaHi A1 OOYMCIIEHHS 1 KOPEKIlii KOHCTaHTH
KOMIPKM Ta PE3yJIbTaTiB BUMIPIOBAaHHSA. 3 METOIO MiATBEPKEHHs Pe3yJIbTaTiB JOCTIIKEHHS! BUTOTOBJICHO
MakeT NupepeHIiiiHol TBOXENEKTPOHOT KOHIyKTOMETPUYHOI KOMIPKH i3 PO3PaXyHKOBOK KOHCTaHTOO. i
30BHIIIHIHM BUTIISIT IPEJICTaBIeHUH Ha puc. 4.

labaputHi po3mipn AUPEPEHINIHHOI KOMIpKH
(mxmxB): 320MMx120MMx52MM. B OCHOBI KOHCTpYKIIii
KOMIpKH JIeKaTh JIBI Mpenu3iiHo o0OpoOiieHi TpyOkH i3 or-
THYHOTO KBapIIOBOTO CKJa i3 HOMIHAJIPHUM BHYTPIITHIM
niameTpoM 9 MM Ta goexkuHamu 50 MM Ta 100 MM BignoBi-
nHO. TpyOKM pO3MIIIEHO B CHEI[iaIbHO CIHPOEKTOBAHOMY
TepMETHYHOMY KOpPHYycCi i3 MOAH(]IKOBAHOTO MOJiETHIICH-
tepedranary (marepian PETG), sikuii OyB BHTOTOBJICHUH
METO/IOM JIPYKY 3a TE€XHOJIOTI€I0 MOIIapOBOTO HAIUIABJICH-
Hs1 (FDM). KoHcTpykuis koprmycy po3poOiieHa TakKuM Yu-
HOM, ITI0 KOKHHH KiHeIb TPyOOK pPO3MINIYETHCS B OKpEMiit
repMeTU30BaHill TTOPOXKHUHI KOpIyca, J¢ TMPHKICIOIOThHCS
naTpyOKH, TUIATHHOBAHI EJIEKTPOIH 1 i’ € AHYIOTHCS APOTH
Puc. 4 Puc. 5 po3’eMy U TMIAKITIOYCHHS BHUMipioBada omopy. Bumipro-
BaHHsS T€OMETPHYHHUX PO3MIpiB TPYOOK MPOBOIWIIOCS HA
BUMIpIOBATBHOMY MIiKPOCKOII Ta Ipenu3iiiHoMy BUMiptoBadi JoBxuHU Precimar §28-500 CIM ¢ipmu Mahr
GmbH B mabopatopii BUMiptoBaHb JOBXKUH HaykoBO-BUPOOHHYOTO iHCTUTYTY T€OMETPHYHUX BUMIPIOBaHb
JII «<YKPMETPTECTCTAHZIAPT».
HowminaneHi reoMeTpuuHi po3MipH KBapLOBUX TPYOOK, 3 sKHX MOoOyaoBaHa Au(epeHIiifHa KoMipKa, a
TaKOX pPO3paxoBaHi 3HaUE€HHS KOHCTAHT KOMIPOK 1 HOMPABKU 10 HUX HaBeIEHO y Tali. 2.
Taoauns 2

Howminanpai KoncranTa komi- Pizanms BinHocHwUi1 3cyB omopy, BimHOCHMIT 3cyB
nmapaMeTpy KOMIpKH, pxu 0e3 0TBOpIB KOHCTaHT CIPUYMHEHHUH HASBHICTIO | pi3HHUII OmOpiB dy
MM K, ! (K;-K>), m" | orBopis J; , noni omurmmi JIOJTi OJIMHUII
L=100, D;=9, d;=2, x;=2 1572,70 —-0,000300 5
786,349 1,80000-10
L,=50, D;=9, d;=2, x,=2 786,349 —-0,000601

MakeT BUTOTOBIEHOI AM(EpEeHITIIHOT KOHTyKTOMETPHUYHOI KOMIPKH TPOXOJUTH arpoOaiiro B CKIami
nepskapHoro eraigona oaunmii EITP JIETY 05-02-04 (puc. 5).
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BucnoBku. Po3rnsgnyTo npuHIunu nodyaosu audepeHuiiiHol KoMipKy 13 po3paxyHKOBOIO KOHCTaH-
TOI0, IO BKJIIOYAIOTH 1/1€ali30BaHy MOJIENIb KOMIPKH Ta JIBa MaTeMaTHYHI BUPa3H JUIs OOUMCIICHHS TIONPaB-
KM, II0 3yMOBJICHI: HEOJHOPIJHICTIO MOJS BiJ HAsIBHOCTI BIIYCKHHX Ta BUITYCKHHX OTBOPIB Ta HASBHICTIO
CTpyMY 3MillleHHS 1 JieNeKTpHYHOl MPOHUKHOCTI PO3YHHIB €EKTPOIITIB Jal0Th 3MOTY CYyTTEBO 3MEHIINUTH
piBeHb OCHOBHHX CKJIAJJOBMX HEBHIIYYECHOI CHCTEMAaTHIHOI TOXUOKH BuMiptoBauHs EITP. 3okpema:

— TIONPaBKY HAa HEPIBHOMIPHICTh PO3MOJLTY IIUIBHOCTI CTPYMY, SiIKa 3yMOBJIEHAa OOKOBHMH OTBOPaMH,
3anexarh Bif qoexuHu TpyOku. [{nst mamoi KJIK Bona cknamgae minyc 0,03 % mist TpyOku noekunoro 100
MM 1 miryc 0,06 % — s TpyOku noBKHUHOIO 50 MM;

— TOTIpaBKa, 10 3yMOBJICHA HAsBHICTIO CTPyMY 3MIIEHHS PO3YHHIB €NEKTPOIITIB 3anekuTh Bin EIT
PO3UMHIB eNeKTPOiTiB. [ Mano KOHIEHTPOBAHUX PO3YMHIB a00 AUCTHILOBAHOI BOAM BOHA MOXE CATATH
0,05 %.

Pobomy euxonano 3a npockmom "Po3pobka ma 00CniodcenHss KOHOYKmMoMempuunol oughepenyitinoi Komipku

JDiconca 0ns 0epacasno2o emanona 0OUHUYL eleKmpoaimudnoi npogionocmi pioun” ma d0ozoeopom mixc IE/] HAH
Yrpainu ma JJI1 "VKPMETEPTECTCTAHIAPT" Ne 20/547-21 6io 01 niomoeo 2021 p.
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CALCULATION OF CORRECTIONS OF DIFFERENTIAL TWO-ELECTRODE CONDUCTIVITY
CELLS WITH CALCULATED CONSTANT

0.0. Mikhal', D.V. Meleshchuk’, O.Y. Stennik’

!Institute of Electrodynamics of the National Academy of Sciences of Ukraine,
Peremohy ave., 56, Kyiv, 03057, Ukraine. E-mail: a_mikhal@ukr.net.
2SE “Ukrmetrteststandart”,

Metrolohichna str., 4, Kyiv, 03143, Ukraine.

The object of study is a differential two-electrode conductivity cell with a calculated constant, designed for the practical
realization of the unit of length — a meter in national measurement standards of electrolytic conductivity of liquids. The
differential cell consists of two tubes of the same diameter but different lengths. The article presents an idealized model
for calculating cell constants and determining electrolytic conductivity. The presence of holes for filling the cell, caus-
ing a distortion of the uniformity of the current density distribution in the middle of the cell, and a significant dielectric
permeability of aqueous solutions lead to significant errors when measuring the resistance of liquid columns. The arti-
cle presents mathematical expressions for calculating two types of corrections. First, the correction caused by the dis-
tortion of the field uniformity due to the presence of the inlet and outlet holes of the cell. Secondly, the correction
caused by the presence of bias currents in aqueous solutions of electrolytes. The appearance of a differential cell based
on two tubes with a diameter of 9 mm and a length of 50 and 100 mm, respectively, which is being tested as a part of
the national measurement standard of Ukraine, is given. References 7, figures 5, tables 2.

Key words: conductometry, conductivity cell, electrolytic conductivity, measurement, error, differential method.
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