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PO HABJIMKEHHS IIJIOCKOITAPAJIEJIBHOI'O ITOJIA B PO3PAXYHKAX
MNJIOCKOMEPUAIAHHUX IOJIB IMMOBJIN3Y IMJIOCKOI TPAHUYHOI IOBEPXHI

B.M. MuxaiijnoB*, nokt. TexH. Hayk, ML.IL. Ilerpenko**
HauionanbHuii TeXHIYHUI yHIBEpCUTET «XapKIBCHKUM MOJITEXHIYHUHA IHCTUTYTY,
Byn. Kuprniudoga, 2, Xapkis, 61002, Ykpaina,

e-mail: valery.m.mikhailov@gmail.com

Posensnymo naockomepudianui ma niocKONApanenvbHi MAacHimHi i e1eKmpocmamuyti nojs Hao NIOCKOW 2PAHUYer)
npogioHozo nienpocmopy. MacHimHi noist ymeopowmscs NpoGiOHUM Kinbyem ab0 NPAMONIHIUHUM NPOBIOHUKOM MO20
JC  nepemuHy 3 BUCOKOHYACMOMHUM aOO IMNYAbCHUM CHPYMOM NpU  PI3KOMY NOGepXHeBoMYy eghekmi, a
eeKmpOCMAmuyHi Nos — MaKuMu ¢, ane 3apsaodxceHumu npogionuxamu. Kineye ma npamoniHiuHutl nposioHUK
npeocmagneno CyKynHoCHAMU eneMeHmMapHux Kinbyegux cmpymis, abo 3apsadie ma oceti 3i cmpymamu, abo piHOMIpHO
sapsiovicenux ocetl. Onucano GopmymnoeanHs ma po3e i3k 3a0ay OJisi 6eKMOPHO20 NOMEHYIANY NIOCKOMEPUIAHHO20
ma njioCKONapaneibHo20 MAsHIMHO20 N0 CUCIEM «eleMeHMAapHull CmMpymM — i0eanbHO HAONpOGiOHULl NiGNpoCMIpy.
Pospaxosano cmpymu i 3apsiou, iHOYKOBAHI Y NPOGIOHOMY nienpocmopi. 3pobieno NopieHsHH pPo3No0inie iHOYKYIL
MAcHIMHUX [ HANPYJICEHOCMI eleKmpOCMAmuynux noaie Ha 2PAHUudHill No8epXHi. 3anponoHogano Kpumepit
HAORUMNHCEHHA NIOCKONAPANETbHO20 NOAA NPU PO3PAXYHKY MASHIMHUX MA eNeKMmPOCTNAMUYHUX HIOCKOMEPUOIAHHUX
noai8 nobau3y NIOCKOI SPAHUYHOT NOBEPXHI MA BUSHAYEHO 1020 NPUNYCmuMi 3HauyeHHs. Bcmanoeneno 3nauenus ybo2o
Kpumepiio, 3a SAKUX PO3N0OLL 0CbOBOI NPOEKYIl HANPYIHCEHOCMI eleKmpOCAMUYH020 NONA HA SPAHUYL NPOBIOHO20
nignpoOCmMopy HAOAUNCAEMbC 00 pO3N00iny padianvHoi npoekyii iHOYKYIl MASHIMHO20 MO HA 2PAHUYi [0edlbHO
Haonposionozo nignpocmopy. biomn. 9, puc. 4.

KoarouoBi cjoBa: MarHiTHe 1oisie, pi3KHMil NOBEPXHEBHH e(EKT, €IeKTPOCTaTWYHE IoJe, IIOCKOMEpHIiaHHE IIoJIe,
IUTOCKOTIapaJIeNbHE 10JIe, HAOMKEHHS ITIOCKONapaieIbHOTO MO, KpUTEPid HaOIKCHHS.

Beryn. OOGrpyHTOBaHa 3aMiHa IUIOCKOMEPUIIAHHOTO TIONA JEAKUX eJNEeKTPOoi3HIHUX
MPUCTPOIB TUIOCKOMApalIeIbHUM (TUIOCKMM) Ha OKPEMHX IUISHKaX pO3paxyHKOBOi o0macTi
(HaOMIKEHHS TUIOCKOIAPAIENbHOTO TOJS) CYTTEBO CIPOIIYE pPO3paxyHKH. Take HaOIMKEHHS
IMIIYJIBCHOTO ~ MarHiTHOTO TIOJSI  OCECUMETPHYHOI CHCTEMH  OJHOBHTKOBOTO  COJICHOIAY
NPSIMOKYTHOTO a00 TpareneiaqbHOro MepeTHHy MpH Pi3KOMY IOBEPXHEBOMY €(EeKTi Jajo 3MOTy
BpaxyBaTH KpaloBi eeKTH HAa TOCTPHUX Ta OKPYIJIICHUX KpalKax COJEHOIIa 3a JJOMTOMOTOI METOY
KoH(OpMHUX BioOpaskeHsb [1, 2]. YV po3riIgHYTHX 3a/1a4axX COJICHOIA MaB BITHOCHO MPOCTY GopMmy,
a TpaHWYHA TIOBEPXHS MOOJIU3y HHOTO Oyna HWITHAPUYHOK. HabmmkeHHs miiocKomapaieIbHOro
HoJst JUIA T 0O0epTaHHS JOBIIBHOI ()OPMH HaJ IUIOCKOI T'PAaHUYHOKO IOBEPXHEIO JOCIIKEHO
HE/I0CTAaTHBO.

MeTta po6oTH — BH3HAYEHHS KpUTEPil0 HAONMKEHHS IJIOCKOMAPAJICIBHOTO TMOJS B
pO3paxyHKax IUIOCKOMEPHIIaHHUX MOJIIB, [0 YTBOPIOIOTHCS MOOJIM3Y TIOCKOI IPaHIUYHOI TOBEPXHI
IPOBITHUKIB BUCOKOYAaCTOTHUMH, & TaKOX IMIYJIBCHUMH CTpyMaMu a0o 3apsaaMu y MPOBIIHUX
Tijax 1oBUIbHOI (popmu, Ta 00sIacTi HOTO 3HAYCHD, B SKIN 11 HAOIM)KEHHS TPUITYCTHME.

MeToanka NMOPiBHAHHS MOJIB I KpUTepid HAOJMKEHHS NMJIOCKONAPAJIEJIbLHOI0 MOJIs.
CriouaTKy poO3TJsSHEMO B LWIIHAPUIHUX KOOPAWHATAX 7, Y, Z POBITHE, TOBUIBHOTO MEPHIIaHHOTO
NEepETHHY KiIbIIEe 3 BACOKOYACTOTHUM a00 iMITyJIb.CHUM CTPYMOM, DPO3TAlIOBaHE B HEMPOBIIHOMY i
HEMarHiTHOMy MiBOpocTopi z > (0 Haa IUIOCKOK TPAaHMICID MPOBIAHOIO 1 HEMAarHiTHOTO
niBmpoctopy z < 0 (puc. 1, a). Ilix BIJIMBOM MarHiTHOTO IOJISL KUIBIS B HIKHBOMY MIBIPOCTOPI
IHAYKYIOTbCA BUXPOBi CTpyMH. Hexali BUKOHYIOTHCS yMOBH KBa3iCTalllOHAPHOCTI, a Y MPOBIAHUKAX
CHCTEMH, IO PO3TIIIIAETHCS, PI3KO TMPOSBISETHCS MOBEPXHEBUH €PEKT 1 CTPYMH MPOTIKAIOTH Y

© Muxaiinos B.M., [lerpenxo M.IL., 2020
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TOHKMX TOBEPXHEBUX Iapax. ToMy B TOAIBIIOMY MPHUHMAEMO JOMYIICHHS 11€aIbHOTO
MIOBEPXHEBOTO e(heKTy, 3a IKUM HIDKHIH MIBIIPOCTIp BBAYKAEMO i71€alTbHO HAAIIPOBITHHUM.

Y cucreMi MNpOBITHHUKIB, IO PO3MVIIIAETHCS, MAOTh Miclie Ime JBa edekTu: edexr
Onmu3bKOCTI Ta KinblieBui edexT [3,4]. Bracminok edexty 01M3bKOCTI CTPYMH HParHyTh NPOTIiKaTh
Ha BIJHOCHO HEBEIMKHX JUISHKAX KUIbISI Ta HIKHBOTO MIBIIPOCTOPY, IO 3HAXOIATHCS Ha
MiHIMaIbHUX BincTaHax. Ilin miero KimbleBoro egekTy CTpyMH B Tinax oOepTaHHsS NparHyThb
MPOTIKATU €JIEMEHTAPHUMHU KUIBLIEBUMH JUISHKAMM, [0 MariOTh MiHIMajbHI paniycu [4], yum
MOCIIA0JTIOIOTh €PEKT OJIU3BKOCTI.

ZA [TopiBHsIEMO ONMCaHEe  MPOCKOMEpH]IiaHHE
g Mar"iTHe TIOJie TMOOJU3y MPOBIIHOTO IMIBIPOCTOPY 3

BIJIIOBIHMM  IUIOCKOMApAJCIbHUM  IIOJIEM,  KOTpE
/ YTBOPIOETHCS PSIMOJTIHIHHIM MPOBITHUKOM
< ! HEOOME)KCHOI JIOBXKWHHU, TIEPETUH SKOTO TaKUU XkKe, 5K 1
A e » MCpHUIIaHHUM  TEPeTHH  KUIBI B JICKAPTOBUX

N / ”Vf/ E KOOpJUHATAX X, , z (puc. 1, 6). [IpoBinHUKOM MpOTiKaEe
|

y ! I
|

BHCOKOYACTOTHHUN 200 IMITYJIbCHUN CTPYM, MAlOTh MICIIe

MmoBepXHEeBUH e(deKT 1  edeKT OIM3BKOCTI, a TaKOoX

Yy M CIpaBeUIMBl  TPHUUHATI  JOMyIICHHS.  MeTroauka

JOCITIJDKEHHS TOJISTa€ B TMOPIBHAHHI MarHiTHUX IIOJIB,

10 YTBOPIOIOTHCS HA TIUIOCKIM TpaHUIl MiBIPOCTOPY

= f / y« — xy—/L = —/‘ =Y BIANOBIIHNMH eNEMCHTapHUMH CTPyMaMM KiIbLisl Ta

MPSIMOJIIHIHHOTO MPOBIJHUKA, Ta BU3HAYCHHI YMOBH, 32

SKOT Il TOJIA JOCTaTHhO Onu3bkKi. IlpemcraBisroumn

Puc. 1 KUTbIle 1 MNPAMONIHIMHUK TPOBIAHUK y  BHUIIISII

CYKYITHOCTEH CIIEMCHTAPHHUX CTPYMIB,

PO3IMOBCIOKYEMO OTPHMAaHy YMOBY 1 Ha Ii CYKYITHOCTI a00 Ha BUXIiJHI CHCTEMH IPOBIIHUKIB, IO
PO3TIISLIAIOTHCSL.

EnemenTapni CTpyMH NpOTIKAIOTH KiJAbLIEM 1 MPSIMOJIHIHHUM MTPOBIAHUKOM JTOCTaTHBO
MaJIMX NEPETUHIB, IO JAa€ 3MOTY 3aMIHUTH X HECKIHUEHHO TOHKUM KIJIbIIEM Ta BICCIO 31 CTPYMOM.

OdeBHIHO, MO KPHUTEPIEM HAOIIKEHHS IUIOCKOMAPAICIHLHOTO TOJIS € CIiBBIIHOIICHHS
™ /zM, M 1M, zM — nuniHapudHi KOOpIAUHATH TOYKU M; | — KOHTYp MepuIiaHHOTO MEePEeTHHY
Tina obepranns (puc. 1, a)). MokHa ouikyBartH, o 3i 30ibIIeHHsM M /zM mepiie i3 ABOX OB,
[0 TOPIBHIOIOTHCA, HAOMIKYEThCA 10 Apyroro. OgHaK HEBIIOMO sIKI 3HAUEHHS Mae€ MpUilMaTH
KpUTEPiil HAOIMKESHHSI.

DopmMyJII0BAHHSA 32124 /ISl BEKTOPHOI0 MOTEHIiaJly MATHITHOTI'O IOJIA TA IX PO3B’A3KH.
dopMyTIOBaHHS 33J1avi JUIsi BEKTOPHOT'O TOTEHITIaTy MarHiTHOTO MOJist Ay(7,z) CUCTEeMH KUTbIIEBUN
CTPYM — iJIeaTbHO HAAMPOBIAHMIA MBOPOCTIp B 0b6macTti z > 0 (puc. 1, a) MicTuTh [5,6] piBHIHHS 1
rpaHUYHY YMOBY Ha IMIOBEPXHI MIiBIPOCTOPY

o 10 10°4

S N 7R R TR 1

or r@r(r m) r 0z° M
A4,#0)=0, (2)

a TaKoXX YMOBY Ha HECKIHYEHHOCTI, 3T1JTHO 3 SIKOIO Ay(7,z) mpsimye 1o Hynsa. Po3B’s30k 3amayi (1),
(2) 3 ypaxyBaHHSIM yMOBM Ha HECKIHYEHHOCTI OTpUMaeMO 3a mornomororo ¢yHkmii ['piHa s
BEKTOPHOI'O MOTEHI1aly MarHiTHOTO 1oyt Gay(r.,z) [6] (Ay(7,z) = I Gay (7,2)). Maemo ([ — MarHiTHa
cTana)

A (r,2) = wry, I J,(kr,,)J,(kr)sh(kz)e “vdk,0 z z,, . 3)
0

BuxopuctoBytoun (3), BU3HauaeEMo pajiajgbHy MPOEKIiI0 1HAYKIII Mar"iTHoro nois B [5]
Ha TPaHUYHIN MOBEPXHI MIBIPOCTOPY:
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04,
Binz):—zg—, “4)

B, (r,0) = —pyry 1 kJ,(kry,)J, (kr)eikZMdk . (5)
0
Ha puc. 2 mokazano posmoximu B, *(r*,0), po3paxoBani 3a dopmyrnor (5) mnst pi3HUX
3HaueHb ru* W zy® (mis xkpuBoi [ ry*=0.5, za*=0.5,
rmlzu=1,2-1.0;0.5;2,3-0.5;0;2;2.5,4—-1.0;0.2; 5,
5 — 2.0; 0.2; 10). Beninunnam, 1Mo3HAYECHI 3ipOYKAMHU, €
oe3posMmipuumu: B* = B/Bs, r* = rlls, rv* = ru /s,
zv®* = zu /s, ls — OasucHa nomxkwHa, Bs = ol/ls.
Benmuunna /s BuOWpaeTbcs  MOBLIBHO,  OCKUIBKH
6e3po3mipHi 3HadeHHsa B, *(r*,0) Bix Hel He 3amexars.
Kpim mporo, ru/zy = ryu™/zy™*. 3a Mmanux 3HaA4YCHHD 7 /2y
pO3MOJIIM  aCHMMETPHYHI  BITHOCHO  TIOJIOKEHHS
Makcumymy 7* = ry®* (xpuBi / — 3). 3i 30UIbLICHHSAM
Puc. 2 ry /Zy ACUMETPIs 3MCHIIYEThCS, a IpH 7 /zy = 10 BoHA
He3HavHa (KpHuBi 4,5).

-B¥1%0)

dopmytoBaHHS 3anadi JUis MOJYJsS BEKTOPHOTO TMOTeHMialy A IJIOCKOIapalieIbHOTO
Mar"iTHOTO TOJIsi CHCTEMH OCh 31 CTPYMOM — i7icalTbHO HAIPOBITHUHN MBOPOCTip B obxacti y > 0
(puc. 1, 6) cknanaeThbes 3 piBHSAHHS [5] Ta TpaHUYHOT YMOBU Ha OC1 X

0’A 0’4
FEAr ©
A(x,0)=0. (7)

YMoBa Ha HECKIHYEHHOCTI Taka X, siK 1 1 Ay(7,z). 3a JOMOMOror BiOMOTO PO3B’S3KY
3a/1a4i MPOIOBKCHHSI IIOCKOMAPAISIbHOTO MarHITHOTO TIOJISA 3 OCi X [ 7] 3HaX0IMMO

_ 2 2
A(xay):ﬂ]hl (x xM)2+(y+yM)2 . (8)

4r (x=x,) "+ (¥ =)
ITpu I = 1 3 (8) orpuMyeMo MOIyJb BianoBiaHOI GyHKIIT ['pina G L, (x,») . 3rizHo 3 (8) Ta

CTPYKTYpOIO BEKTOPIB A i B Bu3Hauaemo IHIYKIIIF0 MarHiTHOTO MOJIs HA TPaHuIll TiBIPOCTOPY:
B(x,0) = by, | 7((x=2,)"+(v=2,)") - ©)

Ctpy™m /i , O IHAYKY€ETHCS B HIKHBOMY MIBIPOCTOPI, 3HAXOAMMO 32 JIOTIOMOTOI0 3aKOHY
MOBHOTO CTpyMy B iHTerpanbHiii Qopmi [3] mig KOHTYpy, IIO OXOIUIIOE Bich 7 ab0 Bich X
(myskTHpHI JiHIi Ha puc. 1, a, 6). BpaxoBywoun BincyTHicTh mong npu z < 0 1 y < 0, s
TUIOCKOMEPHIIaHHOTO 1 IJIOCKOTAPAJIEIBHOTO OIS MaEMO

Il.:L B (r,0)dr, (10)

00

1
I,=— B (x,0)dx. (11)
0 —
[Ticns mincranoBku B (10) dopmymm (5) 3a monmoMoror TabIMUHUX iHTErpamiB [8]
OTPUMYEMO

P -1/2

[=—1- 14+ 2 I. (12)

Zm

[TincranoBka (9) y (11) npuzBoauts 10 pesynbraty: I; = -1. baunmo, mo ctpym /; y BUnaaky
IJIOCKOMEPHIIAHHOTO TIOJIS 3AJICKUTh BiJl 00pAaHOTO HAMU KPUTEPIF0 HAOIMKCHHS: 301IbIIICHHS 200
3MEHIICHHS 7/ /Z)y TIPU3BOIUTH JI0 TaKUX K€ 3MiH |[; |, o Mae izumunuii 3mict. SAxmo B Gpopmyii
(12) npuitastH rar/zm — o0, T0 I; — -1, 1110 BIANOBiIa€ TUIOCKOMApaNIeNIbHOMY OO Ta MiATBEPIKYE
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npaBwiIbHICTE hopmynu (12). CkazaHe UIHOCTpy€eThCst KpuBUMHE puc. 3 (s kpuBoi / zy* = 0.05, 2 —
0.1,3-0.2,4-0.5).
/I Po3paxynkoBi $popmyn - Aast
0 €JIeKTPOCTATHYHOI O noJis Ha\ NPOBiTHUM
1 __________ miBmpocropom. Bimoma CJIEKTPOCTATHYHA aqanoriﬂ
; ; ; ! IUIOCKOMAPAJICIBHOTO MArHITHOTO TIOJSI TP  Pi3KOMY
0.6 noBepxHeBoMYy edekTi y mposinHukax [9]. Tomy moxHa
04¢c4- MNPUNYCTUTH, IO HAOJIMKEHHS, IO pO3rIsaaa€cTbCs, Ma€
Miclle 1 JUIA  eJNeKTPOCTaTHYHHX MOojiB. BomaHodac

0.2 , BBAXAEMO, M0 HAa puC. 1, a 300pakeHO 3apsKEHE
0 0'.5 1.'0 1.'5 2.('),,&« KUTBIIC JIOBUIBHOTO TICPETHHY Ta  CIIEMCHTApHHUU
KUTBIIEBHI 3apsii, a Ha puc. l, 6 — piBHOMIPHO

Puc. 3 3apsHKEHI MPSAMOITIHIMHUN TPOBIIHUK TOTO XK MEPETUHY

Ta Bich. 3HaitneMo E(7,0) u E,(x,0) — mpoekIiii BEeKTOPiB HAMPY>KEHOCT1 eIeKTpUYHOro nojisi £ Ha
TpaHyIll TPOBIAHOTO MiBIpOCTOpY. BukopucroBytoun ¢ynkuito I'piHa ans morteHmiany o(r,z)
IJIOCKOMEPHIIaHHOTO €JIeKTPOCTaTHUHOTO 1oyt Go(r,z) [6] (9(7,2) = 1Gy(7,z)) 1 CHIBBIAHOIICHHS

E =—grad ¢[3], Mmaemo

Tt

E (r,0)=— kJ (k)T o (krYe " dk (13)
¢ 0

e T — JiHifiHa TyCTHHA EJEKTPUYHOro 3apsdy, € — aOCONIIOTHA MieIeKTpUYHA MPOHUKHICTD
BEPXHBOTO TIBIIPOCTOPY.

Y dbopmynax (13) ta (3), (5) Jo, J1 — byskuii beccens nepioro poay HyJIbOBOIO i IEPIIOTO
nopsnky. [loTeHIianm IUIOCKOMapalielbHOTO — €IEKTPOCTaTUYHOro 1ol @(x,y) Ta Ey(x,0)
BiJIpi3HsA€ThCS Bill A(x,y) Ta By(x,0) (bopmynu (8) 1 (9)) TUIbKM MHOXHHUKOM T/€ 3aMICTh Lol (TIpH
T = 1 maemo ¢ynkuiro I'pina Ge(x,y)). Enexrpuunmii 3apsa, oo iHAYKYETBCS B IMPOBIIHOMY
MiBIIPOCTOPi, Ha OJMHUINKO JTOBKUHHU E€JIEMEHTAPHOTO KUIBIM Ta OCI 3HAXOJAMMO 3a JIOTIOMOTOI0
noctysary MakcBeiia B iHTerpainbHii opMi [3]

1. =2 E.(r,0)dr, (14)

1
Ty o

r,=¢ E (x,0)dx. (15)
AHaniTuuHe iHTerpyBaHHsA 3a ¢dopMmynoro (15) mpuU3BOAUTE 10 OYEBHIHOTO PE3YNbTaTy:
Ti = -1. UucenbHe iHTErpyBaHHs 3a Qopmyrnow (14) 3
ypaxyBanus (13) npu t™M /zM [0.5; 20] mae Takwmii
caMuil pe3ysbTaT 3 MOTPIIIHICTIO He BUIOK 104,
IHopiBHSIHHS PO3MOAITIIB MJIOCKOMEPHUIiaHHUX
Ta II0CKOoNapaieabHuxX nojis. Ha puc. 4, a mokazano
posnoainmu B.(r,0) (kpusi /, 3) 1 EX(r,0) (kpusi 2, 4), a Ha
puc. 4, 6 BigHOCHI po30ixHOCTI &1 Mixk BA7,0) Ta Bx(x,0)
1o BigHOMEHHIO 0 By(x,0) (kpuBi 1,3) 1 & mixk E(r,0) 1
Ey(x,0) mo BimHomenHto 1o E,(x,0) (xpusi 2, 4). Jnsa
KkpuBux I, 2 Ha puc. 4, a,6 rvy/zu=xm/yu=75, 3, 4 — 10.
besposmipni Benmmuunu x* = x/ls, E* = E/Es, Es = 1/ (el5).
IIpu  pospaxyHkax &i» 3HAKM  BEJIWYHMH, IO
MOPIBHIOIOTHCS, MAlOTh OyTH OJHAKOBI (3HAK MOXKHA
3MIHUTH 3MIHOIO HaIpPsIMKY CTpyMy a00 3HaKy 3apsiy).
3 mammx puc. 4, 6 BUTiKae, mo npu ry /zy = 10
po30DKHOCTI &2 y CcepeaHiX MIISHKaxX PpO3MOALUIIB He
NEPEeBUNIYIOTh  JEKUTBKOX  BIJCOTKIB  Ta  JEH0
30UIBIIYIOTECA HA  KpasX 3 BIJHOCHO  MaJUMH
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3HaYeHHSMHU (YHKIIN, 0 MOPiBHIOIOTHCS (KpuBi 3, 4). Ilpu ry /zy = 5 po306ixkHOCTI &1 2 TOMITHO
301IbIIYIOTECS (KpHBI 1, 2).

OTtpumani pe3yapTaTd BiqoOpaXaroTh HAOIMKEHY TOJIOHICTh TOMIB, IO MOPIBHIOIOTHCS, Ta
iX MaTeMaTWYHUX OMKCIB HA MEBHIM MUISHII po3paxyHKoOBOi oOmacti. Ilpu BiIHOCHO BeMHKHUX
3HAYCHHSX 7y BEKTOPHUN MOTeHIian Ay(7,z) 32 (Hi3MYHUM CMHUCIOM HaOIMXKaeThCs 10 A(X,y), a
rpannyHi ymoBH (2) Ta (7) ogHakoBi. MO)KHa MOKa3aTH, IIO MPU BIAHOCHO BETUKUX 7 MOOIH3Y
rpaHyIll MPOBiHOTO miBIpocTopy piBHsAHHSA (1) HaOmMKaeTbess M0 piBHSAHHS (6), a PIBHAHHS JUIs
MOTeHLiany ¢(7,z) — 10 PIBHSIHHS BIAHOCHO O(X,)).

BucnoBkn. 1. HaOmmkeHHS — IJIOCKONApalielbHOTO  TMOJII  OPH  PO3PAXyHKY
TUIOCKOMEPHIIaHHUX MarHiTHUX Ta €JICKTPOCTATHYHUX IOJIIB, 10 YTBOPIOIOTHCS TiJIaMH 0OCpTaHHS
3 BHCOKOYACTOTHHM a00 IMITYJIbCHHM CTPYMOM TIIpU Pi3KOMY TOBEpXHEBOMY eQeKTi ado
CIIEKTPUYHUMHU 3apsiiaMu, MIPHUITYyCTUMO MOOJIHM3Y TUIOCKOK TOBEPXHI MPOBIIHUKIB, SKIIO JUIS YCiX
TOYOK M KOHTYpY | MepuaiaHHOTO MepeTuHy Tila BUKOHYEThCS ymMoBa t™M /zM > 10, M 1. [lpu
bOMY PO30DKHOCTI MK BEIMYMHAMH, 10 MOPIBHIOIOTHCSA, HA JUISHKAX PO3MOALUIIB MiJ TiJIOM
o0epTaHHS HE TIEPEBHIYIOTh JIEKUTLKOX BIJICOTKIB.

2. Ha mmockiil rpaHu4HIN TOBEpXHI MpoBigHUKA pu M /zM > 5, M 1 po3noin ockoBoi
npoekii Ez(r,0) HanmpyXeHOCTI MI0CKOMEPUAIaHHOTO €JIEKTPOCTATUYHOTO OIS, IO YTBOPIOETHCS
3apsAHKEHUM TPOBIAHUM TUIOM OOEpTaHHSA, HAOMMKAETHCS JO PO3MOIULY paaiadbHOI MPOEKIii
Br(r,0) miockoMepuaiaHHOTO MAarHiTHOTO TOJMsS Tina oOepTaHHs, Takux xKe ¢GopMH Ta
pO3TalIyBaHHs, 3 BACOKOYACTOTHUM 200 iIMITyJIbCHHM CTPYMOM IIPH Pi3KOMY MTOBEPXHEBOMY €(EKTi.
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V]IK 621.3
O NPUBJIM)KEHUHU IIJIOCKOMAPAJLJIEJIBHOI'O OJISI B PACYETAX
IJIOCKOMEPUJIUAHHBIX ITOJEN BBJIN3U INIOCKO TPAHUYHOM IOBEPXHOCTH

B.M. MuxaiinioB, 10kT. TexH. HayK, H.II. IleTpenko

HanumonanbHelil TEXHUUECKUN YHUBEPCUTET «XapbKOBCKUN NOJUTEXHUUECKUN HHCTUTYTY,
yin. Kupninuesa, 2, XaprpkoB, 61002, Ykpauna,

e-mail: valery.m.mikhailov@gmail.com

Paccmompenst naockomepuouanmsie u nI0CKONApaienbivle MAsHUMKbLE U INEKMPOCMAMuYeckue nojisa Hao Ni0CKOlU
epanuyel npogodsaweco  noaynpocmpancmea. Maenumnvle noas  co30ar0MCA  NPOGOOAWUM  KOIbYOM — UNU
NPAMONUHEUHbIM NPOBOOHUKOM MAKO20 Jice CeYeHUs C GblCOKOYACMOMHbIM UNU UMNYIbCHLIM MOKOM NpU pPe3KoM
NOBEPXHOCMHOM dpexme, a dneKmpocmamuyeckue noas — makumi dce, HO 3apaXceHHblMy nposoonuxamu. Koavyo u
NPAMONUHEUHBLI NPOBOOHUK NPEOCMABNIEHbL COBOKYRHOCHAMU INEMEHMAPHBIX KONbYEBbIX MOKO8, Ul 3apa008 U ocell ¢
MOKAMY, UIU PABHOMEPHO 3apsdceHnbix ocell. Onucanvl QOpMYIUpoSKU U peuteHus 3a0ay O 6eKMOPHO20
NOMEHYUaNa NA0CKOMePUOUAHHO20 MASHUMHO20 MO CUCTEM «INEMEHMAPHBIL MOK — UOedbHO CBEPXNPOBOOAujee
noaynpocmpancmeoy. Paccuumanvl moxu u 3apaovl, UHOYKMUposanHule 6 nposodsuem norynpocmpancmee. Coenano
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cpasHenue pacnpeoeneHuti UHOYKYUYU MASHUMHBIX U HANPANCEHHOCTNU INeKMPOCMAMU4ecKUx noneil Ha 2panuyHoll
nogepxnocmu. Ilpeonoscen kpumepuii RpUOAUNCEHUA NIOCKONAPALIENbHO20 MO NPU pacieme HIAOCKOMePUOUAHHBIX
noneii u onpedeieHvl €20 OONYCMUMblE 3HAYEHUS. YCMAaHosieHvl 3HAUEHUs 2M0o20 Kpumepus, Npu KOMOPbIX
pacnpeoenenue 0cesol NPOeKyuu HANPSAHCEHHOCMU SIeKMPOCMAMUYecKo20 Nojid HA SPaHuye npogoosuyezo
ROYRPOCMPAHCMEA NPUOTIUNCAEMCS K PACTPedeNeHuto PAOUANbHOU NPOeKYUl UHOYKYUU MACHUMHO20 NOJISL HA SPAHUYe
U0eanbHO C8EPXNPOBOOse20 noIynpocmparcmea. bubin. 9, puc. 4.

KnioueBble cjioBa: MarHWTHOE TIOJIE, PE3KUH  MOBEPXHOCTHBIA  3((EKT, DICKTPOCTATHYECKOe  IIOJIe,
INIOCKOMEPHUANAHHOE II0Je, IUIOCKONApajIeNbHOe IOoJe, NPHONIDKEHHE ILIOCKONApaUIeNIbHOTO IO, KPUTEpUi
TPUOIMKECHUS.

ABOUT PLANE FIELD APPROXIMATION IN CALCULATIONS OF THE AXISYMMETRIC FIELD NEAR
A PLANE BOUNDARY SURFACE

V.M. Mikhailov, M.P. Petrenko

National technical university Kharkiv polytechnic institute,
2, Kyrpychova Str., Kharkiv, 61002, Ukraine,

e-mail: valery.m.mikhailov@gmail.com

Axisymmetric and plane magnetic and electrostatic fields over plane boundary of conductive half-space are considered.
Conductive ring or straight conductor of the same section with high frequency or pulse current creates magnetic fields.
There is sharp skin-effect in conductor. The same, but charged, conductors create electrostatic field. The ring and
straight conductor are represented by assemblages of elementary current-carrying or charged rings and axes.
Formulation of axisymmetric and plane magnetic field vector potential problems for elementary currents over perfectly
superconductive half-space and its solutions are described. Currents and charges inducted in conductive half-space are
calculated. The comparison of magnetic field induction and electrostatic field strength distributions on boundary
surface is made. The criterion of plane field approximation for calculation of axisymmetric magnetic and electrostatic
fields is proposed and its allowable values are defined. It’s established that for some values of this criterion the
axisymmetric electrostatic field strength distribution of boundary of conductive half-space approach to the
axisymmetric magnetic field induction distribution on boundary of perfectly superconductive half-space. References 9,
figures 4.

Keywords: magnetic field, sharp skin-effect, electrostatic field, axisymmetric field, plane field, plane field
approximation, criterion of plane field approximation.
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2***

A.A. Illep6a", wr.-kop. HAH Vkpainu, H.I. Cynpynoscebka'™, 1okt. Texn. Hayk, MLA. Illep6a®™,
JIOKT. TexH. HayK, B.B. Muxaiijienko? ™", kauz. TexH. HayK
! IncruryT enexkrponunamiky HAH Vkpainn,

np. [lepemorn, 56, Kuis, 03057, Ykpaina, e-mail: iednatl @gmail.com
2 HanioHanbHMI TeXHIYHUE yHiBepcuTeT YKpainu "KuiBchkuil momitexHiunmii incTuTyT iM. Irops Cikopcbkoro"
mp. [lepemoru, 37, Kuis, 03056, Ykpaina, e-mail: VladislavMihailenko@ji.ua

Jns cnpowennst ananizy nepexionux npoyecié y eieKmpuyHux KoAax 3MIHHOI CMPYKMypu, Wo 6UHUKAIOMb 3d
PecYOBAHHA  MPUBANOCHI  PO3PA0Y EMHICHUX HAKONUYYSAWI8 eHepeil 6 eleKmpopo3pAOHUX YCMAHOBKAX 3
HanienpogiOHUKOBUMU (MUPUCTNOPHUMU) KIHOUAMU, BUKOPUCMAHO Memod bazamonapamempuunux @yukyii. Lle oano
3MO2Y OMPUMAMU AHATIMUYHI 8UPA3U 0I5l PO3PAXYHKY CIPYMI8 pO3PA0Y HAKONUYYBANbHO20 NIHINIHO20 KOHOEHCAmopa 6
KONax 3 MpbOMAd He3ANeNHCHUMU DeaKmUuSHUMU elleMeHmamu (OOHIEl0 €MHICmIO ma 080Md IHOYKMUSBHOCHAMU).
Pospaxynox nepexionux npoyecie y maxux Koiax yCKIAOHIOEMbCS HeOOXIOHICmIo po36'a3Ky Oughepenyitinux pieHsHb
mpemvo2co NOpAOKY, WO ONUCYIOMb Yi Npoyecu 3a 3MiHU Kouicypayii Kin 3 Memow pe2yito8aHHs MpUusaiocmi
PO3PSIOHUX CMPYMI6 Y HABAHMAdICEHHI. Y cmammi NOKA3aHO, WO BUKOPUCMAHHS Memodig 6azamonapamempuyHux
@yuryiti ma Pynee-Kymma cnpowye ompumanHs MOYHUX AHANIMUYHUX 6UpaA3ié Oiisl pPO3PSOHUX CMpymie Y
KOHOeHCamopi ma HA8AHMANCEHHI 3a 3MIHEHHs CMPYKMYPU eleKMPUIHo20 KOd, 8KI0YAI0UU NPOMINCKU YACY, 8 AKUX
CmMpymu npomikaioms 0OHOUACHO 68 MPbLOX HE3ANENHCHUX peakmuenux eremenmax. Heszeaocaiouu na pisui mpueanocmi
CMpYyMI8 y peakmusHUx enemMeHmax, OmpumMano moyHi eupasu OJis CMpyMie y 6Cix eiemenmax po3psionozo xkona. biomn. 9,
puc. 1.

KurouoBi ciioBa: mepexinHuii mporec, MeTo 6araronapaMeTpudHuX (YHKIIH, po3ps KOHASHCATOPa, eIEKTPOiCKPOBE
HABaHTAXXCHHS, TPUBAITICTH PO3PSY.

Enextpopospsani ycranoBku (EPVY) 3 emHicHumu HakonuuyBadamu eHeprii (€EHE) narotsb
3MOTY CTBOPIOBATHM KOPOTKI pPO3pSAIHI CTPYyMH B IIapi CTPYMOINPOBIAHHUX (MeTaneBHX abo
KOMIIO3UTHUX) TpaHysl sl peaiizailii iCKpOepo3iiHMX TEXHOJIOTiH BUPOOHHUITBA MIKpO- Ta
HaHOPO3MIPHHUX MOPOLIKOBHX MaTepialiB 3 YHIKaJIbHUMHU €KCIUTyaTalliiHUMM BJIACTUBOCTAMH [1—
3], sAKi 3aMexarpb Bl €NEKTPUYHMX 1 TUHAMIYHUX XapaKTEPHUCTHUK IMITyIbCcHUX cTpyMiB EPY [4, 5],
30KpeMa BiJl BENUYMHM Ta TPUBAIOCTI TAaKUX CTPyMiB y HaBaHTaXEHHI (WIapi TpaHydnd).
EneproedexTuBHiCT, 1 mpomykTuBHICTE EPY 0Gararo B 4Womy 3anexarbh BiJl CTaOiIBbHOCTI
€JIEKTPUYHOI'0 ONOpY iX HaBaHTAXKEHHsS [6], SKUM MiA yYac eNeKTPOICKPOBOTO AHMCIIEPryBaHHS
TPaHyJI MOKE€ CTOXAaCTUYHO 301IBIIYBATUCH [7], 3MIHIOIOUM XapakTep 1 30UTBIIYIOYH TPUBATICTH
pexxumiB po3pany €HE. Enepreruuno i TexHonoriyHo HailGinbm edektuBHUM pexxumoM EPY e
KOJIMBAJILHUN pO3psia KOHJeHcaTtopa 3 He3HauHuM (10 30 % 3a Hampyroro) HOro mepe3apsiioM.
3pocTaHHs OMOpPY HABaHTAXXEHHS NMPHU3BOJIUTH 10 3MEHIIEHHS JOOPOTHOCTI PO3PSAAHOTO KOHTYpPY
KOH/IeHCAaTopa 1 301bIIEHHS] TPUBAJIOCTI WOTO PO3PsAY HABITh Yy JECATKH pasiB, SKIIO XapakTep
po3psdy 13 KOJMBAJIBHOIO CTaHe amnepiofudyHuM. [l 3MEHIIEeHHS TPUBAJIOCTI pPO3psLy
KOHJIGHCATOpa 3aCTOCOBYIOTH MIAKIIOUEHHS 0 HHOTO JOJATKOBOTO HE3apsHKEHOTO KOH/IEHCATOpa
[8]. IIpore B Takomy pa3i MOXYTb CYTT€BO 3pPOCTAaTH BTpPATH ENEKTPOEHEPrii 1 BiAMOBIIHO
3MEHIIYBaTHCh eHeproeekTuBHicTh EPY.

VY nawniif po0OoTi, SIK MOKa3aHO HAa PUCYHKY, MICJISA 3aMUKaHHA Kiouda K1 (SKUM Moxke OyTH
TUPUCTOPHUN KOMYTATOP) BUHUKAE KOJUBAIBHUHN po3psi KoHaeHcaTopa emHicTio C no Koy C-Ki-
Ru-R1-L1-C (ae R ta L1 — akTUBHUMN OMip Ta IHAYKTUBHICTH PO3PSIIHOTO KOHTYPY, a Ry — aKTUBHHM
Olip HaBaHTaXKEHHs). SIKIIO dYepe3 NesKUH Yac Micis IMOYaTKy pO3psay KOHJEHcaTopa OImip
HAaBaHTaXXEHHSI Ry CTOXAaCTUYHO 30UIBIIUTHCA HACTUIbKH, IO PO3PSAA CTaHE alepioJudyHUM 1
HEIOMYCTUMO TPHBAJIUM, IPONOHYETHCS 3aMHUKAaHHAM Kimoua K> (SKUM Moke OyTH 1HIIMN
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TUPUCTOPHUN KJIFOY) MIAKIIOYATH HapaneabHO KOHASHCATOPY JOJATKOBY IIYHTYBalbHY RL-TIIKY:
R2L> (ne R2 Ta L> — akTUBHUH OIip Ta IHAYKTUBHICTH JOJATKOBOTO PO3PSIHOTO KOHTYpY). BuHnkae
€JIGKTpUYHA CXeMa, B SIKIi MEeBHUI yac MPOTIKA€ CTPYM Yepe3 TPU HE3aJIeXkKHI peaKTUBHI €JIEMEHTH.
AHaii3 TepexiiHMX TPOIECiB y Takiid CXeMi KIACHYHUM METOIOM CKJIQJaHHS 1 PO3B'SI3KY
IudepeHiiHuX pIBHAHb 3 MOCTIMHMUMM IapaMeTpaMu YCKIAJHIOEThCS IOSBOIO T'POMIZIKUX
aHATITHYHUX BUPa3iB, TOMY 0akaHO 3aCTOCYBaHHS IHIIUX METO/IiB.

Metoro poboru  Oyno  OOrpyHTYBaHHA  JOLIUIBHOCTI  3aCTOCYBaHHA  METOIY
OararonapamMeTpuuHUX (QYHKIIH IS CIIPOIIEHHS aHAi3Y TepeXiTHIX MPOILECiB y PO3PSAHOMY KO
HaMIBIPOBIIHUKOBOI €JIEKTPOPO3PAJHOI YCTAHOBKM 3 HABaHTAXEHHSM, IO MOXE CTOXaCTHYHO
301TBITYBaTH CBI AaKTUBHHUM OIp MiJ 4Yac po3psay KOHIEHCATOpa, BHACIIAOK YOTO0 BUHHKAE
HeoOX1AHICTh 3MiHEHHS KOHQITyparlii I[bOro KoJia Mif 4ac po3psly, a TAKOXK BU3HAYEHHS (aKTOpiB,
10 BILTMBAIOTH Ha MEepeOir TaKuX MePeXiTHUX MPOIIECIB.

[Tin yac aHamizy mepexiJHUX MPOLECIB BUKOPHCTOBYBABCS
- —o Ki MeTo] OaraTonapaMeTpuIHUX (QYHKIH Ta anroOpuTMIdHI PiBHIHHS
yCTaJICHUX 1 MEPEeXiAHUX MPOLECIB y PO3TalyKEHUX EJIEKTPUUYHUX
KOJIax 3 HAIiBIPOBITHUKOBUMUA KOMYTaTOpPaMH 1 PEaKTUBHUMH
[] R, - RH[] €JIeMEHTaMH, npenCTagneHi B poboti [9]. Mertox peani3OBaH9 B
- MaTeMaTuyHOMY Taketi Mathcad Ge3 ypaxyBaHHSI BTpaT €Heprii y
KIII04OBUX enemeHTax. [l yac po3psay KoHAEHcATOpa po3psIHHMA
L, L, R, K104 K1 BMHKaBCS B MOMEHT /1, @ KJIIOY IIyHTYBaIbHOI riiku K2 —
LYY YY1 y MOMeHT f2. Po3psn uepe3 HaBaHTa)keHHS Ru 3aKiHUyBaBCs B
MOMEHT 4Yacy /3, KOJIHM THPUCTOpPHUH Kimrou Ki 3aKpuBaBcs 3a
CHaJaHHs O HyJs CTpyMy B Ru, a po3psa KOHAEHcATopa depe3 RL-TUIKy — Yy MOMEHT #4, KOJIU
CIajiaB 70 HyJIS CTPyM depe3 K04 Ko.

CtpyM iui(?) yepe3 HaBaHTaXXECHHsS Ha MEPIIOMY YacOBOMY iHTEpBali f1...f12 (kmou K
BIIKpUTHH, a K> — 3aKpUTHN) ixl BU3HAYABCSA 3 BIIOMOrO MU(EPCHIMHOTO PIBHSIHHS JIPYTOro
HOPSIAKY

d%iy (0] dr* == (R + R, )diyy (6)/ Lydt + iy ()] Ly C. (1
pillIeHHS SIKOTO YHCIOBUM MeTojgoM Pynre-Kyrra Ha nmpomy iHTepBani y BUrisiai matpumi L
MUTTEBUX 3HAYEHb CTPYMY Ta IXHIX MOXIJHUX, PO3PAaXOBaHUX Y MOMEHTHU 4Yacy IbOr0 1HTEpBay 3
BUOpPaHUM KPOKOM pi, OyJI0 3aIIMCAHO, SIK
Ly = rifixed (iug, 11,05, P1> Dyt ) (2)
ne Dul — BEKTOP-CTOBIICIb IIPOMIDKHHX PIllIEHb BITHOCHO CTPYMY Y€pe3 HaBaHTAKEHHSI Ha TIEPIIOMY
4acoBOMY 1HTepBali iul(f), @ CTPYM ini(f) € 3aJIKHICTIO CTOBIISI MUTTEBUX 3HaueHb lu1 BiJ Hacy ¢
(3B’S13aHOTO 3 KPOKOM pi).
CTpyM iuil Uepe3 HaBaHTA)XKEHHS HA JAPYroMy YacOBOMY IHTEpBai £2...13 (KOJU THPHUCTOPHI
kol K1 1 K2 BiIKpHTi) BU3HAYABCS 3 CUCTEMH JU(PEPEHIIMHNX PIBHIHb:
icu(t) = inni(f) + ircu(?) , (3) ien(t) = = Cduey (1)/dt 4)

ucy (6) = Ly diggy (6)/dt + (R + Ry )iy (6), (5) uen (1) = Ly digyy (t)/dt + Ry iy (1), (6)
ne icu(f), ian(t), ircn(f) — BIAMOBIAHO CTPYMH 4Yepe3 KOHIEHCATOP, HaBaHTa)KEHHS Ta RL-TIIKy Ha
JIPyroMy 4acOBOMY iHTEpBali, a uci(f) — Halpyra Ha KOHACHCATOPI Ha I[bOMY 1HTEpPBaJi.

[Ticns meperBopenHs piBHAHB (3) — (6) Oyno oTpumaHo AudepeHIiiHe PIBHSIHHS TPETHOTO
MOPSIKY:

L] d* =~ |Bdi(0)/de* + F diy (0t + Gy (0] /4, (7)
ne A= LiL2C, B=LC(R1+Ru)+ LiICR2, F=L1+ L2+ C(Ri+Ru)R2, G=Ri+Ru+ Ro.

Moro pileHHs BiZHOCHO CTPyMy BH3HA4aIoCh MeTomoM Pymre-KyTra Ha inTepBami wacy
t2...t3 y Burisaai matpuili lym, 00 MICTUTH YOTHUPU CTOBMII, SKi BiMOOpa)kalOTh 4Yac, MUTTEBI
3HA4YEeHHs CTPYMYy HaBaHTAKEHHsI 1 Oro MOXiJHI, Ta pu PAAKIB, IO NOJAIOTh 33JaHe YMCIO TOYOK
Ha iHTepBali f2...13:

Ly = rifixed (iHH’tZ’t35pH’DHH)’ (8)
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ne Dull — BEKTOP-CTOBIICIh TPOMDKHHX PIllIEHb BIAHOCHO CTPYMY iull(?) Ha IHTEpBAJl 4acy f2...13.
CTpyM iuii(?) € 3aJIEKHICTIO CTOBIIIS MUTTEBUX 3HAU€Hb Luir Bi yacy ¢ (3B’513aHOTO 3 KPOKOM pii).

[Ticna meperBopeHHst piBHAHD (3)—(6) TakOXX OTPUMYBAIOCH PIBHSHHS TPETHOTO TOPSIKY
JUIsL CTPYMY iRrcLii(?) uepe3 RL-TiKy Ha iHTepBaJli £2...13:

dig(t)/dt® = - [B iy (1)) de* + F digyy (6)/dt + G iy (f)]/A : )

PimeHHs1 1pOro piBHSHHS BIAHOCHO CTPYMY iRLII(?) BU3HAUEHO aHAJIOTIYHO pimeHHo (7) y

BUrsiAl Matpuui Igzn, IKa Mae YOTUPH CTOBII, IO BiJOOPaXarOTh Yac, MUTTEBI 3HAUYCHHS CTPYMY

gyepe3 110 TUIKY 1 Horo MOXiAHi, Ta pi pAJKIB, IO MOJAIOThH 3aJlaHe YUCJIO TOYOK Ha (DIKCOBAHOMY

1HTEpBaI £2... 13

Lpon = rkfixed (iggys 12583, Pyt Dpon) - (10)

CtpyM yepe3 HaBaHTa)XCHHS Ha TPETbOMY 4YacOBOMY IHTepBami 3 ...t4 (TUpUcCTOp K2

BIIKpUTHH, a Ki— 3aKpuTHil) JAOPIBHIOE HYNIO, a CTpyM dYepe3 RL-TUIKY ircim BHU3HAYaBCS 3
T(epeHIifHOro PIBHAHHS JPYTOro MOpsAKY:

iy (0] di* == Rodigy i ()] Lydt + iy (1)/ LsC . (11)
Pimenns (11) 6yno 3Haiineno uncnoBum metoaom Pynre-Kyrra Ha ¢ikcoBaHOMY YacOBOMY
IHTEpBAJI £3...t4 y BAIAMI MAaTpulli Igrzmm MUTTEBHUX 3HAYeHb CTPyMy irLi(f) Ta TXHIX MOXITHUX,
PO3paxOBaHUX Y MOMEHTH 4acy I[bOTO IHTEPBAITY 3 BUOPAHUM KPOKOM piil, 5K
T = rifixed (igois t3524> P> Dro)» (12)
ne Drrii — BEKTOP-CTOBIEIh MPOMDKHUX PIllIEHb BITHOCHO CTPyMy depe3 RL-TiNKy Ha TPEeThbOMY
gacoBoMy iHTepBaii irzui(?). CTpyM irLii(?) € 3aJEXHICTIO CTOBIIS MHUTTEBUX 3Ha4ueHb Irzmn BiX
qacy f.
CyMapuuii cTpyM dYepe3 HaBaHTaXCHHS (3a TepmMid Ta JPYrdidl YacoBl 1HTEPBAJIN)
in = iul(?) + inl1(?) 3HAXOMUBCS SIK CyMa CTPYMiB, 3HaiieHux y (2) i (8):
Ii = Lix + Lunt. (13)
CymapHuii cTpyM y RL-rinmi (3a Apyruil Ta TpeTiid 4acoBl 1HTepBaM) ir. = irLi(?) + ircin(t)
PO3paxoBYBaBC SIK CyMa CTpyMiB, 3HaiaeHuX y (10) 1 (12):

Ire = Ircn + Igemn. (14)
CTtpyM y KOHJIEHCATOpi BU3HAUABCS SIK CyMa CTPYMiB y HaBaHTaXXeHHI 1 RL-Timi:
Ie=1at1IrL (15)

Taxum unHOM OyJ10 BU3HAYEHO €JEKTPUYHI XapaKTEPUCTUKH MEPEX1THOTO MPOLIECY PO3PAAY
(13)—(15) y makeri Mathcad MoxHAa OTpUMaTH TakKoXX TrpadivyHi 3aJeKHOCTI B Yaci BCiX
PO3TIISIHYTUX CTPYMIB.

[TomepemHb0 TPOBEACHI JOCHIDKEHHS OCOONMMBOCTEH Tmepediry Takoro po3psaHOTrO
MepPeXiAHOrO0 TpOoIeCy TMoKa3aau, 10 ¢GakTopaMu, SKIi BIUIMBAIOTh HA HBOTO, € MOMEHT
MiAKIIOYEHHS Ta BeJMWYMHA OOpaHol IHAYKTUBHOCTI L2 mIyHTyBaibHOT RL-rinku (rinka Ralz).
BrumB mux dakTopiB Ha mepedir po3psAHOrO TMEPEXiTHOTO IMPOIEeCY Ta BH3HAYEHHS MOIIIBHUX
MOMEHTIB MIJKIIOUEHHs Ta 3HAYCHb 1HIYKTHUBHOCTI RL-TUIKM MpH MapaMmeTpax po3psiIHOro KoJja,
BIIMOBITHMX TIapamMeTpaM peajbHUX YCTAaHOBOK 3 E€JEKTPOICKPOBHM HABaHTAKEHHSM, MOTpeOye
OKPEMHX JIOCIIIKEHb.

BucnoBku. 1. OOrpyHTOBaHO MOIIIBHICTh BUKOPHCTAHHS METOMY OararornapaMeTpUYHHUX
GyHKIIA [ aHamizy MEpexiHUX TPOLECIB Y pPO3pSAHOMY KOJi  HamiBIIPOBITHHUKOBOT
€JICKTPOPO3PATHOT YCTAHOBKH 3 €JIEKTPOICKPOBHM HaBaHTAKEHHSM, OCOOJIMBO NMPHU HEOOXiTHOCTI
BUKOPDHUCTaHHA TOYHUX AaHATITHYHUX BHpa3iB Ul PO3pPaxXyHKY MEPeXiHUX TPOILECiB Yy
pO3rany’keHuX KOJax, y SKMX CTPYMHU MPOTIKAIOTh OJHOYACHO B TPHOX HE3AJEKHUX PEAKTUBHUX
esleMeHTax. 2. BigzHaueHo, 1110 BaKIMBUMHU (paKTOpPaMH, SIKi BIUIMBAIOTh HA XapakTep MepexiTHUX
MPOIIECIB, 1[0 BUHUKAIOTh, € MOMEHT 3MiHU KOH(]Iryparli po3psaHoro Kona (MpoOMIXOK 4acy Mix
BKJIIOYCHHSIM PO3PSIIHOTO KOMYTaTopa 1 KOMyTaTopa JOJaTKoBOi RL-TiKW) Ta BelIWYHHA
IHIYKTUBHOCTI I1i€1 RL-TiIKH, MO TAKIIOYAETHCS MapajielbHO KOHJEHCATOPY 3 METOI0 3MiHEHHS
JOBIOTPUBAJIOTO alepioJUUHOTO PO3PSAY Ha IMIBUIKO 3aracarouuii KOJUBAJIbHUM PO3PSL.
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HUCMOJb30BAHUE METOJIA MHOTOITAPAMETPUYECKHUX ®YHKLIUI JJISI AHAJIM3A
MEPEXO/IHBIX MPOIIECCOB B LIENY C U3MEHSIIOIIENCSI KOH®UT'YPALIUEN
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s ynpowenusi ananuza nepexooHvIX NpoOYecco8 6 INEKMPUYECKUX UYensx ¢ UsMeHsiowelcs Ccmpykmypotl,
BO3HUKAIOWUX NPU PEYTUPOBAHUU OTUMETLHOCIU paA3PA0d eMKOCTNHbIX HAKONUMeNel JHepeUul 6 d1eKmpopa3paoHbix
VCMAHOBKAX C NOJYNPOBOOHUKOBLIMU (MUPUCTIOPHBIMU) KIIOYAMU, UCNOTL30BAH MEMOO0 MHO2ONAPAMEMPUHLECKUX
@dyuryuil. mo no360MUN0 NOAYUUMb AHATUMUYECKUE BbIPANICEHUs OISl pACHema MOK08 paspsiod HAKONUMENbHO20
JIUHEH020 KOHOEHCAmopa 8 yensx ¢ mpems He3a8UCUMbIMU PeaKmUGHbIMU dIeMenmamu (0OHOU eMKOCMbIO U 08YMSL
unoykmuenocmamu). Pacuem nepexoonvix npoyeccoé 6 maxkux yensx YCLONCHAEMCS HeoOX0OUMOCMbIO pelleHUs]
oughhepenyuanvrblx ypasHeHull mpemve20 NOPAOKA, KOMOpble ONUCHIBAIOM MU  NPOYecchl HpU UIMEeHeHUU
KOHGhueypayuu yenetl ¢ yeivto pe2yiupo8anus OIUmMenIbHOCMU pa3psaoOHbiX MOK08 6 Hazpyske. B cmamve nokaszarno, umo
UCnonb308amue Memooos MHoconapamempudeckux @yukyui u Pynee-Kymma ynpowaem nonyuenue mouHbIX
AHATUMUYECKUX BbIPAdNCEHULl O pPA3PAOHLIX MOKO8 8 KOHOeHcamope U Hazpy3Ke HpU UMeHeHUU CMmpyKmypol
NEKMPUUECKOU Yenu, BKIIUAs NPOMENCYMKU 6peMeHU, 8 KOMOPbIX MOKU NPOMeKarom OOHOBPEeMEHHO 8 mpex
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He3a8UCUMBIX PeaKmueHblX dnemenmax. Hecmomps na pasmvle OIUMENbHOCMU MOKO8 6 PeakmueHbIX dNeMEeHmax,
NOIY4eHbl MOYHbIe 8bIPANCEHUS OIS MOKO8 80 8Cex dNeMeHmax paspaonou yenu. bubmn. 9, puc. 1.

KiroueBble cjioBa: TMEPEXOMHBIAH MPOIECC, METOJ MHOTrOMApaMETPUYCCKUX (YHKIMH, paspsl KOHICHCATOPA,

3IIEKTPOUCKPOBAs HArPY3Ka, ATUTEIBHOCTD pa3psia.

APPLICATION OF THE METHOD OF MULTI-PARAMETER FUNCTIONS FOR TRANSIENT ANALYSIS
IN CIRCUIT WITH VARIABLE CONFIGURATION

A.A. Shcherbal, N.I. Suprunovska', M.A. Shcherba?, V.V. Mykhailenko?
! — Institute of Electrodynamics National Academy of Sciences of Ukraine,

pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: iednatl@gmail.com
2 _NTUU Igor Sikorsky Kyiv Polytechnic Institute,
pr. Peremohy, 37, Kyiv, 03056, Ukraine, e-mail: VladislavMihailenko@ji.ua

The method of multi-parameter functions was applied in order to simplify the transient analysis in electrical circuits
with variable structure arising in the regulation of the discharge duration of capacitive energy storage devices in
electric-discharge installations with semiconductor (thyristor) switches. This made it possible to obtain analytical
expressions for calculating the discharge currents of a linear reservoir capacitor in circuits with three independent
reactive elements (one capacitance and two inductances).The calculation of transients in such circuits is complicated
by the need to solve differential equations of the third order, which describe these processes when changing the
configuration of the circuits in order to control the duration of the discharge currents in the load. The article shows
that the use of the method of multiparameter functions and Runge-Kutta one simplifies obtaining exact analytical
expressions for discharge currents in the capacitor and the load when the structure of the electric circuit changes,
including time intervals in which currents flow simultaneously in three independent reactive elements. Despite the
different durations of the currents in the reactive elements, exact expressions for the currents in all elements of the
discharge circuit are obtained. References 9, figure 1.

Keywords: transient, method of multi-parameter functions, capacitor discharge, electro-spark load, discharge duration.
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TPUBUMIPHA MOJEJIb PO3PAXYHKY MATHITHOI'O TOJISI MIJI3EMHOI
KABEJIBHOI JITHIT

O.1. llogoabues*, nokT. TexH. HayK, .M. Ky4epsiBa, 10KT. TeXH. HayK
Iacturyt enexrpoannamiku HAH Vpainmy,

mp. [Tepemorw, 56, Kuig, 03057, Ykpaina

e-mail: podol@ied.org.ua

Ilpeocmasneno modenv 01 pO3PAXYHKY MaA AHANIZY MPUBUMIPHO2O MASHIMHO20 NONA NIO3eMHUX KAOENbHUX JHill 3
MASHIMHUMU eKPAHAMU CKIHYEHHOT 008ICUHU, WO BUKOPUCTIOBYIOMbCSL OJisl 3HUIICEHHSL PIGHS NOJISL HA NOBEPXHI 3eMIi.
Expanom mooice Oymu, manpuxiad, o6’em IpyHmy, K KOMRO3uyilHe cepedosuiye 3 MASHIMHUMU GIACMUBOCHISAMU,
PO3Mauio8ane HAKON0 KabenbHoi Ninil. BUKOHAHO mecmysanHs MamemMamuyHoi MoOeni WiaXoM NOPIGHAHHA OAHUX
KOMN TOMePHUX PO3PAXYHKIG 3 PE3YAbIMAMAMU, OMPUMAHUMU 3d OONOMO20I0 AHANIMUYHO20 eupasy. Hasedeno uucenvui
pesyiomamu, wo ceiouams npo 3HUICEHHS MASHIMHO20 MO HA NOBEPXHI 3eMli HAO KAbOEenbHOIo NiHICIo maudice 6
4 pasu npu mazHimuiu RPOHUKHOCMI eKpana y 6u2asoi sacunuozo ipyumy i, =100 . bidmn. 8, puc. 2.

KoarouoBi ciioBa: mifgzeMHa kaOelbHa JIiHIS, MATHITHUI €KpaH, 3aCUIIHUAMN IPYHT, KOMITIO3HUIii{HE CepeJOBUILE, MarHiTHE
noJsie, TPUBUMIpHE KOMIT'TOTEPHE MOJISITIOBAHHSI.

Beryn. Cunosi ka0elni Ha BUCOKY Ta HAJBUCOKY HAIpPYyTH SIBJISIOTH COOOIO 3HAUHI JKeperna
Mar”iTHOTO TMOJds 1 3AeOuThIIoro y Oe3mocepenHiii OJM3BKOCTI B CBOTO PO3TAllyBaHHS
NPU3BOJATH /10 TIEPEBUILEHHS HOPM eNeKTpoMmarHiTHOi BIumBYy [1]. 3abe3neueHHs HamiiHOT 1
Oe3reyHoi poOOTH KaOeNbHUX JIIHIA aKTyaJlbHO B 3B'S3KYy 3 MIATBEPKEHUMH BUITaJIKAMHU il
MarHiTHOTO TIOJIS Ha JIroJiel Ta iHIi 0i00riuHI 00'ekTH [2].

Jlnst goTpuMmaHHST yMOB O€3MEKHM Ta 3aXUCTy HACENEHHS BiJl BIUIMBY MAarHiTHOTO TIOJIS
€NIEKTPOYCTaHOBOK PO3POOJIEHO CTAaHIAPTH OO HMPHITYCTUMOTO PIiBHS CTBOPIOBAHOTO HMMH Tmojsl. B
VYkpaiHi rpaHIYHO-IOITYCTUMHIA PIBEHh MarHiTHOTO TIOJISI IIPOMUCIIOBOT YacToTH cTaHoBUTH 0,5 MKT [3].

3HIKEHHS PIBHS MarHiTHOTO IOJIs KaOeNbHUX JIIHIA MOKE JOCSATATUCS PI3SHUMHU CIIOCOOaMu
[4], y ToMy 4dmcITi 32 paxyHOK B3a€EMHOTO pO3TalllyBaHHsS KaOemiB y JiHII, BHOOPY IMOCIITOBHOCTI
(a3 kabemiB, 3aCTOCYBaHHS MAarHiTHUX 1 HEMarHiTHUX €KpaHiB. 3a HEOOXiIHOCTI eKpaHyBaHHs
KaOeIpbHUX JIHIM MOXKe 3IHCHIOBATHCS Ha MEBHHUX JIUISHKAX 1X MPOKJIAJaHHA, J¢ Kaldem MarTh
MepeTUHAaHHs a00 3HAXONATHCA OJNM3BKO 10 KOMYHIKAIlilil, eHepreTHYHO Ba)KIUBHX 00 €KTIB abo
T'YCTOHACEJICHUX PaiOHiB.

JUns BU3HAUEHHS LUIIXIB JOCSTHEHHsI MPUITyCTUMOrO PiBHS MAarHiTHOTO IMOJis KaOeIbHHX
JiHIA IIMPOKO BUKOPHCTOBYETHCSI KOMI'TOTEpHE MOIeIOBaHHA [ 1, 4, 5].

Memorwo pobomu € CTBOPEHHS MaTEMAaTHUYHUX OCHOB Ta PO3PAaXyHKOBOI KOMIT IOTEpPHOI
MOJICI JUIs aHaTi3y TPUBHUMIPHOTO MAarHiTHOTO TOJS MiA3eMHOI KaOenpHOI JiHIi 3 MarHiTHHM
€KpPaHOM OOMEXEHOI JOBXKHMHH, 110 BUTOTOBJIECHUH 3 KOMIIO3ULIHHOIO MaTepiany 3 MarHiTHUMHU
BJIACTUBOCTSMH 1 sIBJIsIE COOOIO IPYHT HABKOJIO 200 1mo6IM3y KabeIbHOI JTiHii.

HoBuszna po0otu Ta po3po0ieHoi Mojelni 00yMoBIIeHa HacaMIiepel OOMEKEHICTIO TOBXKHHU
MAarHiTHOTO €KpaHa KaOeJIbHOT JIiHil, a TAKOX HETPAIAHIIHHICTIO eKpaHa — HAaBKOJIMIIHBOTO TPYHTY
SIK KOMIIO3HIIIIHOTO MaTepiaiy, 10 MOKe MaTH Pi3HI MarHiTHI BIACTUBOCTI.

MaTteMaTH4YHA MOJIeJIb JIsl PO3PAaXyHKY MarHiTHoro mojs. Po3poOka monerni 3ailicHeHa
32 yMOBH, IO PO3MVIAJAEThCSA Mif3eMHa TpudaszHa KaOedbHa JiHISL, NPOKIAJeHA MapajeabHO
noBepxHi 3emJi. JIiHis cKimagaeThes 3 TPhOX OJHO(A3ZHUX Ka0eliB, PO3TAalIOBAHUX TPUKYTHUKOM. Y
KHUIax KaOemiB MpoTikae TpudazHa cUCTEMa CTPYMIB, PIBHOMIPHO PO3MOIIICHUX y MOMEPEUHOMY
nepepisi.

[TonboBa 3amaya QOPMYIIOETHCS B TPHUBUMIPHIM TOCTaHOBII BIAHOCHO CKAJISIPHOTO
MAarHiTHOro noteHuiany V,, sk QyHKIIT TpbOX MPOCTOPOBUX KOOPAMHAT X,y,z 14acy ¢ Ha OCHOBI

PIBHAHHS: =V (uopyVVi — 1y Hey) =0, (1)

© Tomonsues O.11., Kyuepssa .M., 2020
ORCID ID: * https://orcid.org/0000-0002-9029-9397
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Je 4 — MarHiTHa IMOCTiMHA; g, — BIJIHOCHA MarHiTHa MPOHUKHICTH BIANOBITHOTO CEPEIOBHINLA;
H,\/(x,y,t) —Hapy>KEHICTh MarHITHOTO TOJIS, 110 CTBOPIOETHCSI HECKIHUEHHO JIOBIOI0 KaOEIbHOIO
JIHIEIO 3a BICYTHOCTI MarHiTHUX ekpaHiB. [lone H,,; Mae nuiie AB1 CKJIag0B1 (JIiHIA HECKIHYEHHA
B3/IOBXK KOOPJAMHATH Zz ) 1 BA3HAYAETHCS 3TIAHO 3 [6] 32 JOMTOMOT0I0 HACTYITHUX BUPA3iB:

Inax cos(a@t)(y—1) +cos(a)t+27r/3)(y—y2)+cos(a)t+47r/3)(y—y3) 2)
27 | =)+ (-D? et (- (et ()

Thax cos(at)(x —x1) cos(awt +27/3)(x—xp) cos(wt+4x/3)(x—x3)
S T N N R R )
| x=x) "+ -y (x=x2)"+(y—12) (x=x3)"+(y—»3)

Hext,x(xayat) ==

Hext,y(x:ys[): (3)

ne Imax — aMIUTITYJa CTpyMy B JKuiax kaOeniB; =314 pan.; x,,y, — KOOPAHHATH KWIU 7 -TO
ka0ento.

3a3HauMMo, 1[0 AMs 3anmucy piBHSHHS (1) BHKOPHUCTOBYBAIOCH MPEACTaBICHHS B YCiid
PO3PaxyHKOBIM 00JIacTi HANPYKCHOCTI MAarHiTHOTO TOJS SK CyMH IOTCHIIHOI Ta BUXPOBOL
ckmanoBux: H=-VV,,+H,,, A€ TOTeHNiHa CKJIaJ0Ba, IO XapaKTEPU3YEThCS CKATSPHUM

MarHiTHUM [OTE€HLianoM V, 1 CTBOpIOBaHa MAarHITHUMHU 3apslaMd B MarHiTHOMY €KpaHi,

BHU3HAa4YCHAa B YCili pO3paxyHKOBili 00JacTi, MO € OJHO3B'AI3HOI0. SIK CKa3aHO BUINE, BUXPOBA
cknagoBa H,y; — 11e moje cTpyMiB y Kabemnsix 6€3 MarHiTHOro eKpaHa.

Jnst 3amadi (1) 3 ypaxyBanHaM BupasiB (2), (3) Ha BCIX 30BHINIIHIX TPAHUIIX PO3PAXyHKOBOT
o0racTi nepen0avyaeThCsi BUKOHAHHS YMOBU MarHiTHOT 130JIA1111:

n-B=0, 4

JI€ N — BEKTOp 30BHINIHBOI HOpPMali /10 BiAMOBIAHOI TPAaHUYHOI MOBEPXHI, @ BEKTOPH MAarHiTHOI
iaykuii B 1 nanpysxenocti mons H 3B's3ani Gopmynoro B = sy, H (U1t HEMarHiTHUX €JIEMEHTIB
PO3paxyHKOBOI 007IaCTi 3a1a€ThCA 4, =1).

OcobamBocTi peasizaunii MmaTreMaTuuHoi MojeJi. [lonboBa 3agaua (1)—(4) po3B’s3yBanachk
YUCEIHLHUM METOJIOM CKIHYCHHHUX eJieMeHTiB y mporpami Comsol [7].

KomMmr'toTepHi po3paxyHKH 3a ONMHUCAHOK MOJAEIUTI0 BUKOHYBAJIHCS JUISI MOMEHTY 4acy ¢ =0.
Po3paxyHKOBUM NIITXOM OYJI0 BCTAHOBJICHO, IO PO3TOJILT MOJIS B Oe3MOCcepeaHii OM3BKOCTI Bij
MPOBIIHUKIB 3aJeKUTh Bix Yacy. [IpoTe, OCKINIBKM MOCHIKY€THCS JHILIE TMOJIe BAAIHMHI Bij
MPOBIIHUKIB (a camMe Ha MOBEPXHI IPYHTY), 3HAYCHHS IIOJI MPAKTHYHO HE 3aJICKHUTH BiJl BHOOPY
PO3PaxyHKOBOI'O MOMEHTY 4acy f.

MoXIMBUH TakoX albTepHATUBHUI BapiaHT PO3PaxyHKY MOJISA ISl KOMIUIEKCHUX 3HAYEHb
MarHiTHOro ToTeHuiany V,, i npejacTapieHHs Bupasis (2), (3) KoMIIIeKCHUMH BenruunHaMu. OHaK

IIe YCKIIAIHIOE PO3PAaXyHKH, OCOOJIMBO 3 JPIOHOIO TPUBHMIPHOIO €JIEMEHTHOIO CITKOIO B 00JIacTi
MarHiTHOTO eKpaHa.

TectyBanus nporpamu. /s mepeBipKu NMpaBHIILHOCTI KOMIT I0TEpHOI Moieni Oya oOpaHa
TOHKa cepuyHa 00OJIOHKA 3 MATHITHOTO MaTepiaiy, 10 Ma€ BIAHOCHY MarHiTHY MMPOHUKHICTD L. =
const 1 3HaXOAWTHCS B 30BHIIIHBOMY OIHOPITHOMY MAarHiTHOMY Tojii By. Y TakoMy BUNAIKY

MarHiTHe IoJie y BHYTpillIHii 061acTi 000JIOHKM Bg € OJHOPIIHUM 1 BU3HAYA€ThCs 3a BUpa3oM [8]:

u
Quty + Dty +2) = 20ty ~1)?a> /b

ne ai b— paaiycu BHYTPIIIHBOI 1 30BHIIIHBOI Chepr 000TOHKH BiIMOBIIHO.

st obpanux 3HadeHb . =100, a =4 cM, b=5 cM y 1ueHTpi OOOJOHKH BiTHOIICHHS
Bg / By nopisHioBano 0,0848 3a poszpaxynkom y nporpami Comsol Ta 0,086 — 3a Bupazom (5). Taka
301KHICTh pe3yJIbTaTIB MATBEPKYE TOCTOBIPHICTH PO3POOJICHOT MOCITI.
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Pe3yabTaTn KOMII’I0TEPHOro Mo/ieTI0BaHHA. BUKOHYBaBCS pO3paxyHOK MarHiTHOTO TTOJIS
Tpudasznoi kabenpHOI JiHii Hanpyrowo 330 kB, nmpokianeHoi B IpyHTI Ha rubOuHI 1,5 M napanensHo
noBepxHi 3emJi (puc. 1).

®i3nuHa MOJeNb JiHIi XapaKTepU3yeTbCs
CUMETPIEI0 BITHOCHO BEPTUKAIBHOI IMOBEPXHI
: : _ _ (puc. 1), mo nae 3MOry MpOBOAUTH PO3PAXyHOK
> _‘;fgﬁg? o : _ o mons  JmMme B HOJOBHHI  00JIacCTI, Ko

: ' HaNiBJOBXKHMHA €KpaHa — IPYHTYy 3 MarHiTHUMHU

BJIACTUBOCTSAMU — CTAHOBHUTH /. 3 ypaxyBaHHSIM

- BIACFHBOCTAMH, L CHUMETpil IPYHT, IO BHKOHY€ (YHKIIO €KpaHa i

/ L o _ .| 3HAXOOWTBCI HABKOJNO KaOenpHOI JiHII Ha

i oOMexeHill minsHIl, Mae moxuny 2/ (puc. 1).

[pyHT — 1€ KOMIO3MI[iIiHE MAarHiTHE CEPEIOBMILE
3 Mar”iTHOIO MMPOHUKHICTIO L, = Var.

_.IPYHT 3 MArHITHUMH

_ Po3paxoByeTbcst MaraiTue moiie KaOeIbHOT
L Puc. 1 JiHii Oe3mocepeqHBO HA TOBEPXHI 3eMJIi  Haj
Ka0OeIbHOIO JIHIEI 3 3aCHITHUM TPYHTOM, IO Ma€

4= 1—1000. Pe3ynbpraT MOIETIOBaHHS HABEJICHO HA PHC. 2 32 YMOBU HAIMIBJAOBXKUHHU 3aCHUITHOTO

IPYHTY 3 MarHiTHUMH BJIACTHBOCTSMHU / = 2 M, IIUPHHOIO @ = 1 M, Bucororo 4 = 0,7 m. Jlinis Ha
rpagiky, 110 T03HaU€Ha HAITUCOM 4, = 1, BI/INOB1JIa€ BIIACHOMY MarHiTHOMY IOJIO KaOeabHOT JiHii

0e3 Oyab-sIKUX 3ac001B €KpaHyBaHHS.
JlaHi puc. 2 cBiuath, 0 e()EKTUBHICTD 3aCTOCYBAaHHS CKpaHa y BUIJIS/I 3aCUITHOTO IPYHTY
JOpiBHIOE TIPUOIN3HO 4 1 c1abKo 3pocTae 3i 30UTBIICHHSM 3HAYCHHS 4, >100. JloBXHHA KpaloBOi

30HH, Jie MarHiTHE MOJie 30UIbIIYEThCS BiJ MIHIMAIBHOTO O MaKCHMAalIbHOTO 3HAYEHHS, CKIIAJae
npuOan3Ho 2 M (—2<2z<0).

3akiHueHHsi. Y  poOoTi  po3pobIiieHO
KOMIT'IOTEPHY MOJENh AJIsi BH3HAYCHHS Ta aHali3y
MAargiTHOrO IIOJII MiA3EMHHUX KaOeJIpHUX IJIHIA 3
eKpaHaMH, 10 ABISIOTE COOOK KOMIIO3UTHE MarHitae 4 Hr=1 /ﬁ

«0° B, T

cepenoBuine (TPyHT) OOMEXEHOI JOBXHHH HaBKOJIO
kabeniB. JlOCTOBIpHICTP MOJENi MiATBEPIKYETbCA 3 10 //

LIUIAXOM TIOPIBHSHHS 11 pe3ynbTaTiB 3 JaHUMHU e~
aHAJITUYHUX PO3PAXYHKIB. 2
UucenpbHa MOJENTb pealli3oBaHAa METOJIOM 100

. . . . — 1000
CKIHYEHHUX €JIEMEHTIB JUIsl aKTHBHOI 30HU Ka0enpHOI | ~F—
minii HamBucokoi Hampyru 330 kB 13 3acumHum
IPYHTOM, IO Ma€ pi3HI MardiTHi BJIACTMBOCTI. -4 -2 0 2 4 zMm
[Tokazana MOXKJIMBICTh 3HIDKCHHSI Maibke B 4 pasu Puc. 2

piBHS MarHiTHOTO TOJsI Ha TOBEPXHI 3eMJIl Haj

Ka0eJsIMH, SIKIO 3HAUYCHHS MarHiTHOI POHUKHOCTI 3aCHUITHOTO IPYHTY ckianae He meHe 100.
Po3pobneni komn 10TepHi 3aC00M MOKYTh OyTH 3aCTOCOBAHI JJISl JOCTIKEHHS MarHiTHOTO

TIOJTSI TI3€MHUX Ka0essX JIiHIM 3 eKpaHaMu 0OMEKEHHUX PO3MIpiB.

Poboma inancysanace uacmkogo 3a OepoucOr0xcemnoro memoro "Pozsunymu meopiro iMnynbCHUX i
BUCOKOYACTNOMHUX ~NEPEeXiOHUX eNeKMPOMASHIMHUX NPOYeci6 'y eHepeemUudHux i mMexHOI02IMHUX PE3OHAHCHUX
VCMAHOBKAX MA BUCOKOBOJILIMHUX Kabenvhux jiniax enekmponepeoaui” (Llugp "EJIKAF") (Homep peecmpayii
01170007713, 2017 p.), wacmkogo 3a memoto "Po3pobnenHs 3acobié cmEOpeHHs IHMeNeKmyaibHUX eKOJI02IYHO
be3neunux cunogux Kabenie O0na mpaouyitiHoi ma 8iOHo8m06aHOI enekmpoenepeemuku” (npoepama "Hosa
enepeemuka’, 2019-2021 pp.). KIIKBK 6541030.
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TPEXMEPHASI MOJIEJIb PACYETA MATHATHOI'O 1OJIA TOJA3EMHOM KABEJBHOM JTUHUA

A.J. ononbues, nokT. TexH. HayK, U.H. KyuepsiBas, TOKT. TeXH. Hayk

Wuctutyt anexrpoanHamukd HAH Ykpaunsl,

mp. [To6ener, 56, Kues, 03057, Ykpanna, e-mail: podol@ied.org.ua

Ipeocmasnerna modens 015 pacuema u AHATU3A IPEXMEPHOL0 MASHUMHOZ0 NOJISL ROO3EMHBIX KAOETbHbIX IUHULL C MACHUMHBIMU
IKPAHAMU ONpedeNeHHOl ONUHbI, UCNONb3YeMbIMU OIS CHUMCEHUs YPOBHA NOJA HA NOBepXHOCMU 3eMau. B kauecmee skpara
Mooicem  Obimb, HaAnpumep, 00veM ZPYHmA KAaK KOMHOZUWUOHHAL Cpedd, 001aoarouas MAacHUMHbIMU CEOUCIBAMU U
PACNONOXNCEHHAs BOKPY2 KADENbHOU JUHUU. Bbinonneno mecmuposanue mamemamuyeckol Mooenu nymem cCpasHeHus. OGHHbIX
KOMNBIOMEPHBIX PACUEMO8 C PE3YIbIMAmAmMU, NOIYYEHHbIMU C NOMOWBIO AHATUMUYECKO020 @bipadicenusi. [Ipusedennvl yucientvle
pe3ybmanvl, CEUOEMeIbCMBYIOUUE O CHUNCEHUL MACHUMHO2O0 NOJISL HA NOBEPXHOCHIU 3eMIU HAO KaDeIbHOU TuHUel noumu 6 4
pasa npu MacHUmMHOU POHUYAEMOCIU SKPAHA 6 8ude 3acbintozo epyhma i, > 100 . bubmn. 8, puc. 2.

KioueBble cioBa: mon3eMHas KaOenbHasl JMHHS, MAarHUTHBIA 9KpaH, 3aCBITHOW T'PYHT, KOMITO3HMIMOHHAS Cpena,
MarHUTHOE I0JIe, TPEXMEPHOE KOMIIBIOTEPHOE MOJIEINPOBAHHE.

THREE-DIMENSIONAL MODEL FOR COMPUTATION OF MAGNETIC FIELD OF UNDERGROUND
CABLE LINE

0O.D. Podoltsev, .M. Kucheriava

Institute of Electrodynamics of the National Academy of Sciences of Ukraine,

pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: podol@ied.org.ua

The developed computational model is intended to determine and analyze the three-dimensional magnetic field of
underground cable lines with the magnetic shields of a limited length used to reduce the field on the ground. For example,
the part of soil which is magnetic composite medium around the cable line can be considered as the magnetic shield. The
mathematical model was tested by comparison of computational results with the data obtained by analytical expression.
The numerical results show that the magnetic field on the ground over the cable line is reduced almost 4 times when the
magnetic permeability of the shield as magnetic composite filling soil is u,. 2100 . References 8, figures 2.

Keywords: underground cable line, magnetic shield, filling soil, magnetic composite material, magnetic field, three-
dimensional computer modeling.
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BA30OBUII BUMIPIOBAJIbHUI MOJAYJb IJIA PEA.JII3AHIi BUCOKOTOYHHUX
3ACOBIB BUBHAYEHHSI IAPAMETPIB IMIIEJAHCY B HIMPOKOMY JIAITIA3OHI
YACTOT
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Y pobomi pozensdaiomebcsi npuHYun080 HOBL MEXHIYHI PileHHS 3 (POPMYSAHHS MeCMmMO8UX | ONOPHUX CUSHANE, d
maxkoxc 3 00pPOOKU BUMIDIOBATLHUX CUSHANIE Y IMNEOAHCOMEMPUYHOMY KAHAML, SKI 0arnmv 3M02y 30L1buumu
eexmusHicmbs OMPUMAHHs KOPUCHOI iHopmayii npo cman 00'€ekma GUMIPIOGAHHS 8 WUPOKOMY OIANA30HI YACMOM.
Ilpedcmasneno nosuii memoo napaneibHO-NOCIIO08HO20 AHANO20-YUPPOBO2O NEPEeMBOPEHHS BUMIPIOBATILHOZO CUSHATLY
3 11020 MOOYIAYIE [ Oe3nepepeHuUM CUHXPOHIZ08AHUM I[HME2PYBAHHAM, AKUNL 0A€ 3MO2y 30Lbuumu KilbKicmb
00eparCy8anoi 3a Manull yac iHghopmayii, y momy yucii 3 pyxomux 06 'ekmis, niosuwumu npudyueHHs uymie i 3a6a0 8io
cunogoi’ mepexci. /J[na niosuwjeHHs MOYHOCMI BUMIDIOBAHL 6 WUPOKOMY Oianasoni uacmom po3pobleHo Ho8i
CMPYKmMYypu 6UMIPIOBAYI8 NAPAMEempie iMNeOancy, 30Kpema MOCHOBUX cXeM 3i 3DIBHOBANCEHHIM 3a (ha308uM Kymom i
MOOYIeM BUMIPIOBANLHO2O CUSHANY. 3anponoHOBaHUll KOMNJEKC MeXHIYHUX piuleHb 0ae 3mMo2y po3pobumu ma
peanizyeamu eKCnepuUMeHmMaibHi 3pasku 6a308020 MOOYIsL GUMIDIOBANLHO20 KAHANY OISl GUIHAYEHHS NApAMempie
iMneoauncy 3 CHYUKUMU  QYHKYIAMU, AKUL 30  MEXHIYHUMU MA  eKOHOMIYHUMU — XAPAKMEPUCMUKAMU €
KOHKYPEHMOCHPOMOIICHUM BIOHOCHO KpAWuX 3paskieé ananoziuHoi anapamypu npogioHUX CGImoGuUx 6UpoOHUKIE.
Haseoerno pezyromamu excnepumenmanbHux 00CIiOH#CeHb OCHOBHUX XAPAKMePUCMUK cmeoperux npunadie. biomn. 6.
Kuro4oBi ciioBa: imnenanc, BuMiproBanHs, (ha30BHi KyT, CIIEKTpaJIbHa IMIIEJaHCOMETISL.

BuzHauenHs mapameTpiB KOMIUIEKCHUX OMOPIB (IMIEIaHCY 1 aIMITAHCY) CTAHOBUTH BEITUKY
00J1acTh BUMIPIOBaHb (PI3UYHUX BEJIMYMH K €NEKTPUYHOTO, TaK 1 HEEJIEKTPUYHOTO (32 JOMTOMOT0I0
CEHCOpIB) xapakTepy. Taki BHMIpIOBAaHHS € HaWBaKJIMBIIIOK JAHKOI TEXHIYHOTO KOHTPOJIIO,
IIMPOKO BHUKOPHCTOBYIOThCS B OiomenuuHid cdepi Ta Ans HAyKOBUX JOCHIHKEHb, 30KpeMa
METOJIOM CTIEKTpaJIbHOI iMmiemancoMeTpii [1 — 3]. IcHyroua anmaparypa mmpoKOTro 3aCTOCYBaHHS, 110
MOK€ BUKOPHCTOBYBATUCH 3 LIEI0 METOIO, Y OUIBIIOCTI BHUIAIKIB Ma€ OOMEXKEHI MOXKIUBOCTI 3
TOYHOCTi, YyTJAMBOCTI Ta PO3PI3HIOBAIBLHOI 37aTHOCTI. Ii po6OUYi YACTOTH OOMEKEHO 3BYKOBHM
niamasoHoM. Lle BiAMOBIAHO 3BY)Xye€ 1H(QOPMATUBHICTH OAEp)KyBaHMX AaHuX. [lpumaaum 3 Oiabin
JOCKOHAJIMMH ~ METPOJIOTIYHMMH  XapaKTEPUCTHKAaMU €  (YHKIIOHAIBHO  YHIBEPCAIHHUMH,
cinagaumu 1 goporumu  ($10000 i Bume). BoHM MOXyTh 3aCTOCOBYBAaTHCS TUIBKH JUIS
1a00paTOPHUX BUMIPIOBAaHb B 0OMEXEHOMY 00CSI31.

Merto1o npeacTaBaeHoi poOOTH € CTBOPEHHS YHi(iKOBaHMX 0a30BUX amapaTHO-TPOrPaMHHUX
BUMIPIOBAJILHUX 3aC00IB 3 THYYKMMH (YHKI[IIMH, CEpIHHO-TIPUIATHUX 1 HEIOPOTHX, Kl
3a0e3neuyroTh peani3amilo Ha 11X OCHOBI MPHIaAiB 1 CHCTEM pI3HOrO MpPHU3HAYCHHS 3
METPOJIOTIYHIMH XapaKTEPUCTHKAMHU, IO BIAMOBIJAIOTh BUIOMY CBITOBOMY pPIBHIO B Tally3i
iMIeITaHCHUX BUMIipIoBaHb. Taki 3aco0u JaroTh 3MOTY IIBHAKO PO3pOOJIATH Ta BIPOBAIKYBATH
HOBI mpwiagd i iH(QOpMaIifHO-BUMIPIOBAJIbHI CHCTEMH JUISI BHPIIICHHS 0araTboX aKTyaJlbHUX
3aB/IaHb: KOHTPOJIO SKOCTI MaTepiaiB 1 Xap4OBHX NPOAYKTIB, CTaHy TEXHIYHOTO OONaJHAHHA 1
HABKOJIMIIHBOTO CEPEOBHIINA, PO3BUTKY OIOMEIMYHUX TEXHOJOTIH. Y poOOTI pO3riIsgaroThCs
MIPUHIIMIIOBO HOBI TEXHIYHI pilIeHHS 3 (OpPMYBaHHSA TECTOBUX 1 OMOPHHUX CHUTHAIIB, a TaKOXK 3
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00pOOKH BUMIPIOBAIBPHUX CUTHAIIB B IMIIETAHCOMETPUYHOMY KaHaJl, K1 Jal0Th 3MOTY 301IbIIUTH
e(eKTUBHICTh OTPUMaHHS KOPHCHOI iH(opMalii mpo cTaH 00'€KTa BUMIPIOBAHHS B IIUPOKOMY
miarnasoHl 4acToT.

OcHOBHOIO TPOOJEMOIO Ui PO3IIMPEHHS YacCTOTHOTO Jiana3oHy TaKUX HPUCTPOIB €
3pOCTaHHs aMIUNITYAHUX 1 (a30BUX MOXHMOOK TIpu (OpMyBaHHI JBOX 3pa3KOBUX CHUTHAJIIB:
TECTOBOTO, SKHH IMMOAAETHCS Ha OO0'€KT BUMIPIOBAHHS 1 OMOPHOTO, 3 SIKUM IOPIBHIOIOTH CHTHAJ
BIATYKYy OO0'€eKTa Ha TECTOBMM BIUIMB (BUMIpIOBaIbHHMM curHan). [lg mpoGnema otpumana
MEPCIEKTUBHE PIICHHS 3aBISKU po3poOlLi IHPPOBOro reHepaTopa KBa3HUCUHYCOINaIbHOT HAIPYTH
(32 cxoauHKM Ha mepiof) 1 IBOX OMOPHMUX HANpyr (CHH(}a3HOI 1 KBaAPaTypHOI BITHOCHO TECTOBOI)
31 CTPYKTYpPOIO, fiKa 3abe3mneuye ayke Maly BeIWYHHY 1 JOCTAaTHIO PIBHICTH 3aTPUMOK y 4aci mpu
(dbopMyBaHHI 3a3HAYEHUX HANPYT 13 BUCOKOYACTOTHOI TAaKTOBOI TOCTIAOBHOCTI. ONMOpHUMHU
CUTHAJIaMU JUIs HU(PPOBOro TeHepaTopa € BUCOKOCTA0UIbHI MMOCTIMHA Hallpyra Ta TaKTOBa 4acToTa
BiJl KBapIIOBOrO reHeparopa. Po3polOiieHo mpernusiifHy Mipy peryibroBaHOro (a3oBOro 3CyBy 3
BUKOPHCTAHHSAM JIBOX TaKUX TEHEpaTOpiB 1 CHeliadbHOI CXEeMH iX B3aEMHOI CHHXpOHi3amii 3i
3CYBOM BHIXIJHHX CHUTHAJIB Ha NMEBHE YMCJIO TAKTOBHX IHTEpBaliB. EKCIIEpUMEHTAIEHO BU3HAYEHO,
10 MOXUOKa CHHXPOHHOCTI (POPMYBaHHS IIUX CHUTHATIB CKIIaJa€e He Oible KiTbKOX HAHOCEKYH]T Y
niana3oHi BiJ iHPpaHWU3bKUX dacToT a0 IMIT, a mpuBeieHa TOXWUOKA BIITBOPESHHS MOTYJIiB
curHaiiB He nepesuirye 0,1%. IToka3aHo, 110 3ampONOHOBaHI TEXHIUHI PIIIEHHS AAlOTh 3MOTY
peaizoByBaTH TPOCTI Ta €KOHOMIYHI KaHAIM BUMIPIOBAaHHS TapaMeTpiB IMIETaHCy 3 MallUMH
(hazoBUMHU TOXUOKAMHU.

Jlpyra mpo0iiema JUIsi JOCATHEHHS! BHCOKHX METPOJIOTIYHHUX XapaKTEPUCTHK Y IIUPOKOMY
Jiarna3oHi 4acTOT MOJsSrae B HEOOXIIHOCTI MiABHMILIEHHS TOYHOCTI, YYTIMBOCTI 1 JMCKPETHOCTI
MIEPETBOPEHHS BUMIPIOBAJIBHOTO CHTHAITY. Y Tally3i CEHCOPHUX CHUCTEM SIK TEXHOJIOTIYHOTO, TaK i
010MeIUYHOTO MPU3HAYEHHS L MpoOIeMa 3aroCTPIOEThCS HEOOXIAHICTIO 3a0e3MeYeHHs CTIMKOCTI
0 BIUIMBY IIYMOBHX 1 IHAYCTplaJbHUX 3aBajJ, a TaK0oX JO BIUIMBY pPIi3HOMAHITHUX
HeiH(opMaTUBHUX (DAKTOPIB 32 HU3BKOTO E€HEPreTUYHOrO PIBHS TECTOBOIO CHUTHATY Ha 00'€KTi
BUMIpIOBaHHS. TpamuIliiiHi OUSIXM BUPIMICHHS [HMX NHTAHb BEAYTh JO 3HWKCHHS NIBUIKOCTI
BHUMIPIOBaHb, YCKJIATHEHHS arapaTypH, 3HIKEHHS ii TEXHOJIOTTYHOCTI 1 MiBUIIICHHS BaApTOCTI.

OnTrManbHe 3a0OBOJICHHS 3a3HAYEHHUX BHIIEC BUMOT JOCSTAETHCS 3aCTOCYBAaHHSIM HOBHX
METO/IIB MapajebHO-MOCIIIOBHOIO aHAIOT0-IH(POBOro NEPETBOPEHHS BUMIPIOBAJIBHOIO CUTHAITY
3 10ro MOJIYJIAILI€I0 i Ge3nepepBHUM CHHXPOHI30BaHUM iHTerpyBanHsM [4, 5]. Moro cyTs nonsrae y
THYYKOMY MO€IHAHHI aHAaJIOTOBOTO 1 U(GPOBOr0 HAKOMMYYBaHHA (IHTETPYyBaHHS) BUMIPIOBAJILHOTO
CUTHAITy, SIKi BUKOHYIOTHCSI NIPH CHHXPOHI3allii BiJUTIKIB CHTHATy 31 3MIHOIO CTaHy OO’€KTy Ta
30BHIIIHIMU 3aBajamMu. lle 3abe3nedye MakcuManbHE BHKOPUCTaHHS iHdopmarii 3 00’ekTa
KOHTPOJIIO 1 JOCSATHEHHS ONTHUMAIBHOI CYKYITHOCTI OCHOBHHMX METPOJIOTIYHHX XapaKTEPHCTUK
npunagiB (JUCKPETHOCTI, TOYHOCTI, IIBUAKOJII, 3aBaJOCTIHKOCTI, PIBHS TECTOBOTO CHUTHAIY).
3anporoHoBaHi PIMICHHS Jalld 3MOTY 30UTBIIMTH KiJBKICTh 1H(OpMAIii, 0JIepKYBaHOI 3 PYyXOMHUX
00'exTiB [6], MABUIINUTH NMPUAYIICHHS IIYMIB 1 3aBaJl BiJi CHJIOBOI MEpEsKi MPU BUCOKIHM MIBUAKOCTI
BUMIipIOBaHb. Lle Mae Benmke 3HAYCHHsS JJISl BHPIIIEHHS MPOOJIEM MOHITOPUHTY Ta IiarHOCTHKH,
0COONIMBO TpU BENUKIA KIUIBKOCTI CEHCOpiB. BuMipioBanbHI KaHaiW 3 BHUCOKOIO JIHUCKPETHICTIO
aHaJIOTO-IIU(POBOTO TIEPETBOPCHHS MAIOTh KiIbKa KOHTYpPIB TIOPIBHSHHS BHUMIPIOBAaHUX Ta
3pa3KOBHX CHUTHAJIB, IO MOXE€ BUKIUKATU JesKy audepeHmiiiHy HemiHiMHICTh X GyHKII
MEPEeTBOPEHHS. 3aCTOCYBAaHHS MOJIYJIAIII CUTHATIB MPH 1X 1HTErpyBaHHI 3a0€3MEYHII0 MPAKTHIHO
MOBHE YCYHEHHSI TaKOi HEMIHIHHOCTI.

Kpim ynockonaneHus (QopMyBaHHS 3pa3KOBUX CHUTHAJIIB 1  aHAJIOrO-IH(POBOTO
NEPETBOPEHHS, JUIs PO3IIMPEHHS [Jiala30HIB Ta MiABUILEHHS TOYHOCTI BUMIPIOBaHb y IIUPOKOMY
Jiama3oHi 4acToT PO3pOOJIICHO HOBI CTPYKTYPH BHMIpIOBAaYiB HapaMeTpiB IMIENaHCY, 30KpeMa
MOCTOBHMX CXEM 31 3PIBHOB@)XEHHSIM 3a (a30BUM KYTOM 1 MOJYJIEM BHMIPIOBAJILHOIO CHUTHAIY.
3anporoHOBaHU KOMITIEKC TEXHIYHHUX DPIIEHb JaB 3MOTY PO3pPOOHTH Ta pealli3yBaTH y BUTJIIII
eKCIEpUMEHTAIbHUX 3pa3KiB 0a30BUIl BUMIPIOBAJbHMM KaHal [y BHU3HAUEHHS IapaMeTpiB
iMIeIaHCy 3 THYYKHMHU (YHKIISIMH, SIKUH 32 TEXHIYHUMHU Ta €KOHOMIYHUMH XapaKTEPUCTUKAMU €
KOHKYPEHTOCIIPOMO>KHUM 3 KpallMMM 3pa3kaMy aHaJOriuyHOi amapaTypHu IpPOBIJHHMX CBITOBUX
BUPOOHUKIB.
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[Iporpamue 3a6e3neueHHss 6a30BOTO arapaTHO-MPOrPAMHOTO KOMITIEKCY BKIJIIOYAE TIPOTPaMHI
MO/IyJIi HIPKHBOTO Ta BEPXHBOTO piBHIB. [Iporpama HMKHBOTO piBHA 3a0e3neuye BUKOHAHHS OCHOBHUX
(dbyHKITI 6a30BOTO0 BUMIPIOBAJILHOTO MOJYJIS Ta MOXKITUBICTh KEPYBaHHS HOTO pecypcaMu 3 BEPXHBOTO
pIBHS BUMIPIOBAIBHOI CHCTEMH (3 TEpPCOHAIBLHOTO KoMIT'IoTepa). besmepepBHEe CHHXpOHI30BaHE
IHTETpyBaHHsI BUMIPIOBAJILHOTO CHTHATY 3 BUKOPUCTaHHSIM Tphox ALIIT GararokpaTHOTro iHTETpyBaHHSI
LIJTKOM 3a0e3reuyeThesi 3aco0amMu MIKPOKOHTposiepa 0e3 BUKOPHCTaHHS JUCKPETHUX EJIEKTPOHHUX
eneMeHTiB. MIiKpoKoHTposiep (opMye TakTOBI iMITysIbcH, HeoOXimHi mast podotu ALl 3HaueHHs
YaCTOTU IMX IMITYJIbCIB MOKe OyTH BCTaHOBJIEHO SIK ONEPAaTOpPOM MpWiaay 3 KiaBiaTypH, TakK i 3a
KOMaHJIOI0 3 KoM totepa. OJHOYacHO IIi IMIYJIbCH TOMAIOThCS HAa BXIiJ BHYTPINTHBOTO Talmepa
MIKPOKOHTpOJIEpa, TPU I[OMY TPHUBATICTh LUKIY POOOTH TaiiMepa AOPIBHIOE TPUBAIOCTI IHKITY
po6otu omHoro ALIIL. 3a mukn poboTh TaiiMepa BiOYBAa€ThCS TPH TEPEPUBAHHS, MOMEHT KOXKHOTO
BIANOBIA€E 3aKiHYEeHHIO TMepeTBOpeHHs oaHuM 3  AIlll. MikpokoHTponep 34MTye pe3ysbTar
nieperBopeHHs 1boro AL 1 BuKoHye 3amyck HOro /it BUKOHAHHSI HACTYITHOTO NEPETBOPEHHS. Takum
yuHOM, ALII] BUKOHYIOTH IHTEIpyBaHHsS BUMIPIOBAJIBHOIO CUTHATY 31 3MILICHHSIM HA TPETUHY LUKITY
MIEPEeTBOPEHHS], @ OCKUIbKM IHTErpyBaHHS BXIJHOTO CUTHAJIy TaKOX TPHUBAE TPETUHY LHMKIY, TO
iHTerpyBaHHs BXiHOTrO curHaimy Tpboma ALIIT He mepepuBaeThes.

CrBopeHuii 0a30BHIl BHUMIPIOBAJIbHUN KaHAJl NPU3HAUCHUN Ui BU3HAUEHHA OyIb-SKUX
napameTpiB iMnenancy B Aiana3zoni 4actoT 0 — 1 MI' mpu piBHSX TecTOBUX cUrHaliB He Oibie 0,5 B,
o 3adesneuye 20-po3psaHy AUCKPETHICTH 1 PO3PI3HIOBAIBHY 3[ATHICTIO BUMIPIOBAHb, Yy TIUBICTD -
0,5 mxB (na Bxoni ALIIT), mBuakonito no 300 BifmikiB 3a cekyHay. [Ipy mBHIKOCTI BUMiproBaHb 10 50
BIIUTIKIB 332 CEeKyHIy 3a0e3nedyeThCcst MpPWAYIICHHS 3aBaj MpoMHUcioBoi vactotd 1o 300 pasis.
[lepBuHHMMEU eTanoHaMu 0a30BOTO KaHATy € Tpelu3iiHe JKepeno MOocTiiiHol Hampyru 2,5 B, 1o
BUKOPHUCTOBYETHCS B Oorri ALIIT Ta kBapiioBwii TAKTOBHIA TEHEPATOP MIKPOKOHTPOJIEPA 3 YaCTOTOKO 32
MTI'11. 3a pe3ynpTaTaMi METPOJIOTIYHUX JOCHTIPKEHb HACKPI3HOTO KaHATy MEPETBOPEHHS, 1110 BKIIIOYAE
TeHepaTop TECTOBOTO CHTHANY, CHHXPOHHHH JETEKTOp Ta OJIOK aHaIOro-mu(ppoOBOTO MEPETBOPEHHS
1H(pOPMATHUBHOTO CUTHAITy, TMOKa3aHO, 110 audepeHiiiHa HemiHiMHICTh (QYHKII MepeTBOpeHHs Ha
gactoti 1 k['p mae 3navenns Ha piBHiI 0,001 %. [IpuBeneHa moxubka 3a KBaJpaTYpPHOIO CKJIAJOBOIO
iHpOpPMaTHUBHOTO CUTHANTy (MOXMOKa BH3HAYEHHS TaHTeHca (Da3oBOro Kyra) Ha I 4acTOTi He
niepesuiye 0,001 %, a Ha wactoti 1 MI'11 Bona mae 3uadenns 1o 0, 03 % npu curnanax go 0,25 B i
3poctae 10 0,2 % npu 3poctaHHi TectoBUX curHaiiB a0 0,5 B. JlocmimkeHHs TpakTy (opMyBaHHS
CHT'HAITy 3pIBHOB)KEHHSI MOCTOBOT'O KOJIa 32 MOJYJIEM BUMIPIOBAIBHOTO CHTHAITY, SIKE 31HCHIOBAIOCH
PEryJIOBAaHHAM  IOCTIMHOI OMNOPHOI Hampyru IM(POBOro reHeparopa  IH(po-aHATIOrOBUM
MepETBOPIOBAYEM, IO € y CKIaAli 0a30BOro MOMAYJS, TOKa3ald, IO TPHBEAEHA ITOXHOKAa IHOTO
(opMyBaHHS B yCbOMY Jiana3oHi poOOYMX YAacTOT MOXKE HE MEpPEBUIIYBATH KITBKOX COTHUX YacTOK
BiZICOTKA. YKa3aHi METPOJIOTIYHI XapaKTePHCTHKH OTpuUMaHi 0e3 OyIb-SKMX KOPEKIil MOXHOOK i
MOXYTb OyTH JJ0AATKOBO MOJIMIIEH] BIAIOMUMH CTPYKTYPHHMH Ta aJITOPUTMIYHUMHU METOJAMHU.
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BA30BbIi U3MEPUTEJIBHBIN MOJY.JIb JIJISI PEAJIM3AIIMA BBICOKOTOUYHBIX CPEJICTB
ONPEAEJEHUS TAPAMETPOB UMIIEJJAHCA B IIMPOKOM JIUAITA3OHE YACTOT

B.I'. MeabHUK, 10KT. TexH. HayK, II.W. Bopumes, kana. TexH. Hayk, B.K. BeasieB, A.Jl. BacujieHKko, KaH]l. TEXH.

Hayk, A.JL Jlameko, A.B. Caunkuii

Wuctutyt snexrpoannamuka HAH Ykpaunsr,

mp. [To6ensr 56, Kues, 03057, Ykpauna, e-mail: melnik@ied.org.ua

B pabome paccmampusaiomcsi npuHYUNUAIbHO HOBble MEXHUYecKUue peweHus no QopMUPOSaHUIo MeCmosblX U ONOPHLIX
CUCHANOB, 4 MAKJice NO 0OpabomKe UBMEPUMETbHBIX CUCHAIO8 6 UMNEOaHCOMEMPUUECKOM KaHaie, KOmopble HO360JsIom
NOBLICUMb AP PEKMUBHOCb NOTYHEHUSE NONE3HOU UHGOPMAaYUY O COCMOSHUU 0OBEKMA UIMEPEHUsl 8 WUPOKOM OUana3oHe
yacmom. IIpedcmasnien HOBbITE MEMOO NAPATIENLHO-NOCIE008AMETLHOL0 AHANO20-YUPPOBO2O NPEODPA308aHIUS USMEPUMETLHO0
CUcHana ¢ €20 MOOYIAYUel U HeNpepbleHbIM CUHXPOHUSUPOBAHHLIM UHMESPUPOBAHUEM, KOMOPbIL NO360IAEM  YEEIUYUMb
KONUYeCmae0 NOIy4aeMoll 3a Maioe epemst UHGhopmayiul, 8 MoM YUcie ¢ HOOBUIICHBIX 0OBEKIOB, NOBLICUMb NOOAGTICHUE WYMOB U
nomex om cunosoli cemu. [lia NOBbIUEHUA MOYHOCIU UIMEPEHULl 8 WUPOKOM OUANA30He Yacmom paspabomaHbl HOGbie
CMpPYKmypbl usmepumenell napamempos UMNeOancd, 8 YaCHHOCHIU MOCIOBAS CXeMd C YPABHO8euUBanIuemM no (hazoeomy yany u
MOOYTIIO USMEPUMETLHO20 CUcHAAd. 1IpedniodiceHHblil KOMAIEKC MEeXHUYeCKUX peuleHull no360mu paspabomams u peaiu308ams
IKCHEPUMEHMAIbHBIE 00pa3ybl 6A3068020 MOOYIAL USMEPUMETLHO20 KAHAA O ONpedeieHUs Napamempos UMReOanca ¢ 2UOKUMU
DyHKYUAMU, KOMOPBILL NO MEXHUYECKUM U IKOHOMUYECKUM XAPAKMEPUCTUKAM SIQTISeMCsl KOHKYPEHMOCNOCOOHbIM C JIyMUUMU
00pazyamu AHANIOSUYHOU ANNAPAMYpPbl Be0VIUX MUPOBLIX npousgooumenel. Ilpusedensl pe3ynvmamvi IKCHEPUMEHMATLHBIX
UCCNICO0BAHULL OCHOBHBIX XAPAKMEPUCTNUK CO30AHHbIX NPpUOopos. broi.6.

KiroueBble cJIoBa: UMIIEIAHC, U3MEPEHUs, (DA30BBIHA YroJ, CICKTPaTbHAS HMITCIaHCOMETPHS.

BASIC MEASURING MODULE FOR IMPLEMENTATION OF THE HIGH-PRECISION DEVICES FOR
DETERMINING THE IMPEDANCE PARAMETERS IN A WIDE FREQUENCY RANGE

V.G. Melnyk, P.I. Borschov, V. K. Beliaev., O.D. Vasylenko, O.L. Lameko O.V. Slitskiy

Institute of electrodynamic National Academy of Sciences of Ukraine,

pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: melnik@ied.org.ua

In the paper fundamentally new technical solutions for the formation of test and reference signals are discussed, as well as for the
processing of measuring signals in the impedance measurement channel, which can improve the efficiency of extracting useful
information about the state of the measurement object in the wide frequency range. A new method of parallel-serial analog-to-digital
conversion of the measuring signal with its modulation and continuous synchronized integration is presented, which allows to
increase the amount of information received in a short time, including from moving objects, to increase the suppression of noise and
interference from the power network. To increase the accuracy of measurements in a wide frequency range, new structures of
impedance parameter meters have been developed, in particular a bridge circuit with balancing over the phase angle and the
measuring signal module. The proposed set of technical solutions allowed us to develop and implement experimental samples of the
basic module of the measuring channel to determine the impedance parameters with flexible functions, which is competitive in
technical and economic characteristics with the best samples of similar equipment from leading world manufacturers . The results of
experimental studies of the main characteristics of the created devices are presented. References 6.

Key words: impedance, measurements, phase angle, spectral impedancemetry.
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MOAEJIOBAHHA XMAPHOI'O IOKPUBY HA OCHOBI CYITYTHUKOBHX 3HIMKIB

K.C. Knen *, kann. rex. Hayk, B.I. MapTuniok, B.S1. JKylikoB***, 10KT. TEXH. HAyK
HarmionansHuit TexHiyHUA yHIBepcuTeT YKpaian « KuiBcbkuid momiTexXHigHIHA iHCTHTYT iMeHi Irops CikopcbKoroy,

mp. [Tepemorn, 37, Kuis, 03056, Ykpaina, e-mail: martynyukvadum@gmail.com

Y cmammi pozenamymo memoo cmeopenns MoOeni XMApHO20 NOKpUgy Osi MOOENO8AHH POOOMU COHAYHOL
eIeKMPOCMAanYIi 3 YPaxXy8anHsM HPOCHOPOBO20 POIMAULYEAHHS cmanyii i memeoymos. Ompumana Mooenb mModice
bymu uKopucmana Oiisi MOOEMOBAHHs PIZHUX NIOCUCMEM COHSYHUX elIeKMPOCMAHYIll 8 YMO8aX, HAOIUINCEHUX 00
peanvuux. Hasedeno aneopumm nioguujenuss po30ibHOI 30amMHOCMI 300paAdiCeHb MemeopoNo2iuHUX CYNYMHUKIE.
Hagedeno anzopumm euxopucmanms 6unaoko8o20 OIYKauHA O 6HECEHHs UMOGIPHICHOI CKIA0080I 00 OMPUMAHOZ0
306pavicenns. Ilokazano, Wo 6HeceHHs BUNAOKOBOI CKIA0080I He 3MIHIOE HOYAMKO8e 3HAYEHHs KoeQiyicnmy
NO2NUHAHHA COHAYH020 sunpomintoeants. bioim. 7, puc. 3.

Kiro4oBi ci1oBa: coHsUHI aHei, XMapHHUH IIOKPUB, BUIIaJKOBE OyKkaHHs, anroputM diamond-square.

Beryn. B ocraHHI pOKM CIIOCTEpIiraroThbCst 3HAYHI SIKICHI 3MIHM B CKJAJl JDKEpeT
OTPUMYBAHOI €HEeprii B CBITI, sIKI 3HAYHUM YHHOM TOB’sI3aHi 31 MIBUJKUMU TEMIIAMHU PO3BHUTKY Ta
BIIPOBA/DKEHHs BiAHOBMIOBaHUX kepen eHeprii (B/IE). Hampuknan, B YkpaiHi HOTYXHICTH
consiunux enexkrpocraniiit (CEC) y 2018 poui nocsrna piBas 1380 MBT, mo maibke BaBidi Oiibiie
3a mokasHuku 2017 poky [1]. Takmii picT BimoOpa)Kye BCECBITHI TEHICHIT 30UIBIICHHS YaCTKH
BITHOBIIIOBAHOI E€HEPreTUKH B 3arajbHii KiTbKOCTI BUpOONeHOi eHeprii [2]. [ns migBUILEHHS
e()eKTUBHOCTI POOOTH COHSYHOI €JIEKTPOCTAHIIIi HEOOXiTHO MMPOBOJAUTH MOJICITIOBAHHS iX poOoTH 3
ypaxyBaHHsIM OaraTboxX (PaKkTopiB, TakuX SK MapaMeTpu XMapHOTO IOKPHUBY, TeMIepaTypa,
MOJIOKEHHS COHI Ta iH. [3]. B icHyroumx cepemoBHIIaX JUIsi MOJEIIOBAHHS EIEKTPHUYHUX
nponecis, sk-or Matlab Simulink®, Electronic Workbench® Ta in., Hemae 3pydnHX croco6is
MPECTaBICHHS XMapHOTO TIOKPHBY.

ToMy MeTOI0 CTATTi € CTBOPEHHS MOJENl XMapHOro MOKPUBY Ha OCHOBI CYIYyTHHUKOBHX
3HIMKIB y 1H(QpauepBOHOMY CHEKTPi JUISI MOJICIIOBAHHS POOOTH COHSIYHUX EJICKTPOCTAHINN B
YMOBax, OJU3bKUX JIO PEeabHUX.

30inbIIeHH  PO3AIIBbHOI 3JaTHOCTI CYNMYTHHKOBHMX 3HIMKIB. Ik BuXiAHI JaHI
BUKOPHCTOBYIOTHCSl CYNMyTHHKOBI 3HIMKHM TOBEpPXHI 3eMJi B 1H(PpPauyepBOHOMY CIEKTpi Y
BIIKPUTOMY JOCTYIIi, HEIONIKOM SIKHX € IX HH3bKa po3auibHa 3matHicTh [4]. Tomy s
MmojnemoBanHs pobdotu CEC HeoOXxiHO 301ibIIyBaTH pO3JAUIbHY 3JaTHICTh 300pa’keHb 3E€MHOI
MOBEpXHi. 3 ypaxyBaHHSM (PaKTaIbHOI MPHUPOIN XMap € JOUUIBHUM 3aCTOCYBaHHS alITOPUTMY
diamond-square, sIKHif BUKOPUCTOBYETHCS Ui TeHepallil (pakTalbHUX CTPYKTYpP 1 CKIIQJaeTbes 3
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Puc. 1
HACTYTHUX KPOKIB: iHimiami3amis, «diamond» Ta «square» [5].
[Himianizarmis mosisirae B 3aJjaHHI MAacHBY IMOYATKOBUX 3HAYEHb 3 IIMPUHOIO Ta BHCOTOIO
2m+1 (puc.1, a), ne m — wine unuciao (s npukiaaay Ha puc.l m =2). Jlam 3amar0Thcs 4 TOYaTKOBI
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3HAYEHHS 10 KpasM MacuBy. [loganbiry poOoTy alropuTMy MOKHA PO3/IUTMTH Ha J1Ba MOBTOPIOBaHI
kpoku. llepmmii (square) momsirae B TOMy, HIO JUIsi KOKHOTO KBaJIpaTy B MacHBl 3HAa4YCHHS
HEHTPAITBHOTO €JIEMEHTY BU3HAUYAIOTHCS K CepeqHE apru(MeTHYHe CyMH KpaifHixX 3HadeHb (puc. 1,
0, 2). Apyruii kpok (diamond) BUKOpPHCTOBYE OTpUMaHe Ha IMOTEPEIHBOMY KpPOI 3HAYEHHS, 1100
3allOBHUTH 3HAYEHHS B MAacHUBi, pO3TalIOBaHI MK IOYAaTKOBUMH BEpIIMHAMHU MacuBy. Taki
3HA4YCHHSI BU3HAYAIOTHCA SIK CEPEHE apuPMETUIHE BiJl CyMH BiAIOBIIHUX eleMeHTiB (puc.l, g, 0).
L1i KpOKH MOBTOPIOIOTHCS, JONOKU HE OyTyTh 3aIlIOBHEHI BC1 3HAYEHHS B TIOYaTKOBOMY MAacCHBI.

Ha iH(pauepBOHUX CYITyTHHKOBHX 300paKCHHSX BIIOOPaXKAIOTHCS 3HAYCHHS IOTYXKHOCTI
1H(ppayepBOHOTO BUIPOMIHIOBAHHS, 1110 FTEHEPYEThCA XMapaMH a00 3eMHOIO MoBepxHet. DaKTUIHO
11 300pakeHHS SBISIOTH COOOK0 BHUMIPIOBAHHS TEMIIEPATypH B iHHPAUYEPBOHOMY CHEKTPi, B TKOMY
TeIJIi 00’€KTH 3Mal0ThCs OUTBI TEMHHMMH, HIX XOJIOAHI. 30HM, BUIBHI BiJ XMap, MarOTh TEMHE
3a0apBJeHHs, @ XMapu — CBiTie. TakuM YMHOM, HOPMYIOUYH JIOKaJIbHI 00JacTi 3a MiHIMaJIbHOIO
SICKPABICTIO 300pa)KEHHS, MOYKHA OTPUMATH KOe(IIIEHT MOTJIMHAHHS COHSYHOTO BUITPOMIHIOBAHHS,
AKUi OyJe XapaKTepu3yBaTH YacTKy BUIIPOMIHIOBaHHSA, fKa JicTanacs 3€MHOI MOBEPXHI Kpi3b
atMocdepy.

Ha HaBemeHOMy HMXKY€ TMPHKIAAI BUKOPUCTOBYETHCS CYIMYTHHKOBE 300pa)KCHHS B
iH(ppayepBoHOMY criekTpi, po3mipHicTIO 500x 500 mikcenmiB. 3a Takux yMOB Ha 300pakeHHI
MPUCYTHI MAacCHBM TIKCEINiB, SIKI MalOTh OJHAKOBe 3abapBieHHs, po3MipHicTio 10x 10 mikcemis.
[Ticnsa 3acrocyBanus anroputMmy diamond-square po3Mipu JaHUX MAacHBIB 0yJI0 3MEHIIEHO 10 4 x 4
miKceniB, TOOTO PO3/iIbHA 3JATHICTh BHUXIJHOTO CYIYTHHKOBOTO 300paxkeHHs (puc. 2, a) Oyna
30iunbmieHa B 2,5 pasu (puc. 2, 6). Jlanuii anropuT™ HisIK HE BIUIMBA€E HA CTATUCTUYHI MapaMeTpu
300pakeHb, TOOTO CepeaHE 3HAYEHHS 1 JUCIepCis He 3MIHIOIOTHCA. 3HAYeHHS KoedilieHTy
MOTJIMHAHHS kij HaBEJICHO JJISI KOXKHOTO 300paskeHHsI Ha mKaii mpaBopyd. Ilicnmst 30inbIieHHS

100

300

a

Puc. 2

PO3IUIBHOT 3MAaTHOCTI BiOYBAa€ThCSI HOPMYBAaHHS BCIX IIKCENIB 32 MaKCUMAaJbHUM 3HAUYCHHSIM
nikcens B cucreMi RGB , npucyTHii Ha 300paxxeHH1, 3a HACTYIHOO (popMyioro:
_(rl.j+gl-j+b,-j)/3 i=0,x—1

b

ij 255 j:O,j_f

ze kl_j — 3Ha4YeHHs Koe(illi€HTy MOTIMHAHHS TiKcens 3 KoopauHaTamu (i, /) ; (’”i T8 +b; ) /3 -

cepenne 3HaueHHs RBG mpencraBineHHs mikcens 3 KoopauHaTaMu (i, j); x — KUIBKICTB TIKCETiB
300paK€HHS 3a MIHUPUHOK, y — KUIBKICTH TMIKCENIB 300pa)KeHHS 3a BUCOTOIO, 3HAYEHHs 255
BIJIMOBiJa€ MaKCUMaJIbHOMY 3HAYEeHHIO mikcens B cuctemMi RGB.
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Puc. 3

3acTocyBaHHS PO3MISIHYTOr0 anroputMmy diamond-square il ITIBHIIECHHS PO3AUTEHOL
30aTHOCTI 300pakeHb HE BIUIMBAE HA CTATHCTHYHI MapaMeTpy LUX 300pakeHb 3a PaxyHOK
MOHOTOHHOCTI MacIITA0OHUX TIEPETBOPCHb.

VY pasi 3acTocyBaHHs OTPHUMAHOIO MPEACTABICHHS XMAapHOTO MOKPHUBY JJIsl MOJEIIOBAHHS
POOOTH COHSIUHOI eNEeKTPOCTaHIIi HEOOXiHO BpaxyBaTH BIUIMB BHIAJKOBOI CKIIA/JIOBOI, SIKA IMITYy€
MOBEIHKY pealbHUX NPUPOJHHX 00’€KTiB [6]. lns OO BHKOPHUCTOBYETHCS JIBa T€HEPATOPH
BUIA/IKOBOTO OJyKaHHsS: 1) TeHepaTtop ABOBUMIPHOTO OJNyKaHHsS Ui BU3HAYEHHS KOOPIUHAT
300paxkeHHs, ne Oyne BpaxoByBaTHCS BHUIAJKOBa ckiagoBa (puc. 3, a); 2) reHeparop
OJTHOBUMIPHOTO OJIyKaHHs IS TeHepallii 3HaueHHs BUIIAIKOBOI CKiIanoBoi. PoboTa reHepatopin
OITUCYETHCS HACTYITHOO (hOPMYJIIOIO:

n
Y, =Y+ X,

i=1
ne Y, — 3Ha4YeHHs BUIAJKOBOTO OJyKaHHS Ha n-My KpOIl; ¥,— BEKTOp IMOYAaTKOBHUX 3HAYCHb
BUIIAJKOBOTO ONyKaHHS; X, — 3HAUEHHS BEKTOPY BHUIIAJKOBUX BEIWYMH 13 33/JlaHUM 3aKOHOM
po3moaily Ha i-TOMY Kpoui. Y HaBeJI€HOMY IIPHKIali BUKOPHCTOBYIOTBCS TE€HEpAaTOpU 3
HOPMAJIbHUM 3aKOHOM PO3MOJIUTY BUIIAIKOBOI BEIMYMHU O€3 TOCTIHHOT CKIIaI0BOI, 3 JUCIIEPCi€r0
7.5 (nBoBuMipHe OmykanHs) 1 0.001 (ogHOBHMIpHE ONyKaHHS), a TAKOXK 3 HYJIHOBUM MOYATKOBUM
3HaueHHsAM. KiabKicTh KpOKiB it 000X BumnaakiB ctaHoButh 90000. VY pesynbrari OTpUMaHO
BUNIAAKOBY  CKiIamoBy (puc. 3, 6), sKa Mae Taki CTAaTUCTUYHI  XapaKTEPHCTHKH:
M:=-0.007,D; =0.117.
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Otpumane 300pa)XEHHS BHIIAKOBOI CKJIAJIOBOI HAKIANAETHCS Ha 300paKeHHS 30UIbLIEHOT
PO3IUTHHOT 31aTHOCTI (puc 3, 8). BogHOWAC BiIOYyBaEThCS HOPMYBAHHS 3HAUCHHS KOC(DIIIEHTA TIOTTMHAHHS
JUISL KOKHOTO THKeens B Meskax [0,1], i sIKIO OTpUMaHe Imic/is HAaKJIaJaHHs 3HAYCHHS HE BXOJUTH y LCH

MIPOMDKOK, TO 32 HOBE 3HAUCHHsI Koe(illieHTa MOTIMHAHHS PUAMAEThCS TaKe, 1110 IOPiBHIOE 1.
Ouninka BIUIMBY BHMIAJKOBOro OJyKaHHs Ha KoediuieHT norimHaHHs. [lopiBHseMO

3HAYEHHs MAaTCMAaTUYHOTO OYIKYBaHHS 1 jucriepcii 300paxetb 10 M., Dy, 1 TCHS Mo o5 Do iz

img+& 0.433 ’ Dimg+§ =0.269.

OueBuIHO, 11O MICIs HAKJIAJaHHS BUIIAKOBOTO OyKaHHS Ha 300pa)K€HHS 31 301JIBIICHOIO
PO3AUIBHOIO 3MATHICTIO CEPEAHE 3HAYCHHS 1 IUCTIEPCist MaliKe HEe 3MIHIOIOTHCS.

Po3pobnena meroauka MpencTaBiICHHS XMAapHOTO IOKPUBY, SIKa J1a€ 3MOTY 30UIbLIyBaTH
PO3ITBHY 37aTHICTH 300pa’keHb 3€MHOI IMOBEPXHI, MOXE B ITOJANBIIOMY BHKOPHUCTOBYBATHCH JUIS
MOJICITIOBAaHHS POOOTH  COHSYHOI ~ €NEKTPOCTaHIl Ta HaJalITyBaHHSI CHCTEMH BinOOpy
MaKCHMaJIbHOI €Heprii B yMOBaX 3MiHU OCBITJIEHOCTI.

BucHoBku. HaBeneHa mMeTonnka TpeACTaBICHHS XMapHOTO MOKPUBY JIa€ 3MOTY 30LIBIIyBaTH
PO3MIUIbHY 3[aTHICTH 300pa)KeHb 3€MHOI TOBEpXHI 0€3 3MIHM CEpelHBOr0 3HauYeHHs Koe(ilieHTa
TIOTJIMHAHHS, a JIOJATKOBE HAKJIAJaHHS BHUIIAJKOBOTO OJyKaHHS — BPAaXxOBYBaTH B MOAAIBIIOMY 3MiHY
OCBITJICHOCTI TIiJT YaC MOJICTTFOBAHHS pOOOTH COHSYHOI €IeKTPOCTaHIIIi B yMOBaX, OJIM3bKUX 10 PealbHHUX.

HaKJIa/[aHHs1 BUIIAIKOBOI CKIafoBoi: M, =0.434, D, =0.255; M
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YK 621.314
MOJAEJIUPOBAHUE OBJIAYHOI'O IOKPOBA HA OCHOBE CITYTHUKOBbBIX CHUMKOB

K.C. Kaen, xann. rexs. Hayk, B.M. MapTeiHIoK, Maructp, B.5l. AKyiikoB, 1OKT. TeXH. HayK

HaunonanbHblii TexHUYecKul yHHUBEpcUTET YKpauHbl «KHEBCKMI MOJIUTEXHUYECKUH HMHCTUTYT UMeHH Mrops
CHKOpCKOTOY,

mp. [To6ener, 37, Kues, 03056, Ykpanna, e-mail: martynyukvadum@gmail.com

B cmamwe paccmompen memoo cozdanus modenu 061auHo20 NOKposa 05k MOOCTUPOSAHUS PAOOMbL CONHEUHOU INEKMPOCAHYUUL
€ yuemom NPOCMPAHCMBEHHO20 PACNONIONHCEHUA CIaHyuu u memeoycnosuil. Ilonyuennas mooens mModtcem Obiib UCHOTb308aHA OIS
MOOETUPOBAHUA  PATUUHBIX NOOCUCEM COTHEYHbIX SNeKMPOCIAHYULL 8 VCI08UAX, NPUOTUIMCEHHBIX K peanbHbiM. Ilpuseden
QI20pUMM  NOBBIUEHUSL PA3PEUeHUs] U300PANCEHUL MEMEOPONOSULECKUX CHYMHUKO8 U QI2OPUMM UCHOTb306AHUSL CIYHALIHO2O0
Onyorcoanust Ol GHeceHust CIVYalHOU cocmaensiioujell 8 nomyyennoe uzoopasicenue. Ilokazano, umo 6Hecenue CiyHauHoU
cocmagaowell He UsMeHsiem HauaIbHoe 3HaueHue Kodghguyuenma noanowjenus conredHo2o uztyyenus. buomn. 7, puc. 3.
KiioueBbie c10Ba: coHeYHbIE TTaHETH, 00JIauHbII TOKPOB, ciydaitHoe Omyxnanue, anropurm diamond-square.

MODELING OF A CLOUD COVER ON THE BASIS OF SATELLITE PHOTOS

K.C. Klen, V.I. Martyniuk, V.Ya. Zhuykov

National Technical University of Ukraine Igor Sikorsky Kyiv Polytechnic Institute,

pr. Peremohy, 37, Kyiv, 03056, Ukraine, e-mail: martynyukvadum@gmail.com

The article discusses the method of creating a cloud cover model for modeling the operation of a solar power plant, taking into account the
spatial location of the station and weather conditions. The resulting model can be used to simulate various subsystems of solar power plants
under conditions close to real ones. An algorithm for increasing the resolution of images of meteorological satellites is presented. An
algorithm for using random walks to introduce a random component into the resulting image is presented. It is shown that the introduction
of a random component does not change the initial value of the absorption coefficient of solar radiation. References 7, fig. 3.
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MOJAEJIOBAHHSA PEXKUMIB 13 3ACTOCYBAHHSAM BAI'ATOOIIOPHOI'O METOAY
PO3PAXYHKY KOHTYPHUX CTPYMIB JJIsI KOMII'IOTEPHUX TPEHAXXEPIB
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Pozenanymo ocobausocmi  euxkopucmanns —6a2amoonopHoco mMemoody PpO3PAXYHKY KOHMYPHUX CMPYMi6 O0.a
MOOENI0BANHA PENCUMIE BENUKUX eHepeOCUCeM y CKAa0l 6eD-OpIEHMOBAHUX MPEHANICEPHUX CUCEM ONepamueHo-
oucnemyepcbKo20 NePcoHany Mazicmpanbhux enekmpomepedc. Ilokazano, wo Haubinbwl GaAXCIUSUMU KpUMepiaMu
BUPIMENHS. HUSKU NPAKMUYHUX 3A60AHbL HAGUANHA, KOHMPONIO 3HAHL | MPEeHAXCepHOi NidcomoeKu OnepamueHo-
oucCnemyepcbKo20 NepcoHany € 4ac pospaxymky pexcumy. Ilepesipka epexmugnocmi 3anponoHo8aH020 Memooy
BUKOHAHA HA MOOENAX eHepeocucmem Ykpainu. Pesynomamu excnepumenmanbHux po3paxyHkie nOKA3aau, wo makuti
bacamoonopuull Memoo Modice BUKOPUCHOBYBAMUCS ONsl PO3PAXYHKY PEdNCUMI8 BeIUKUX eHepeocucmem ) 6ed-
OpieHmMoganux Komn romepuux mpernadicepax. bioim. 10, puc. 2.

Kuro4oBi ciioBa: eHeprocucrema, 0araToOIIOPHUI METO pO3paxyHKy KOHTYPHHX CTPYMiB, MOACTIOBAHHS, BipTyallbHI
TEXHOJIOTi1, BeO-Opi€HTOBaHI TPEHAKEPHI CHCTEMH.

PesynbpTatu po3paxyHKiB peKUMiIB poOOTH BENMUKHUX enekTpoeHepretnynnx cucreM (EC) ta
ix o0'eqnanp (OEC) mmpoko BUKOPHUCTOBYIOTHCS ISl MOIIYKY Ta 3a0€3MedYeHHS ONTUMAIbHHUX
YMOB €KcIUTyaTalii, eeKTUBHOro YNpaBliHHSA Ta iX PO3BUTKY. MOIETIOBAaHHS PEXUMIB TaKOXK €
BAXKJIMBOIO  CKJQJ0BOI0  KOMIT'IOTEPHHX  NPOTHABAPIMHUX  TPEHaXEPIB  OMEpPaTUBHO-
mucrieraepebkoro nepconany EC i OEC. Llum nuTaHHSAM y BChOMY CBITI NPHIUISETHCS BEJIUKA
yBara [1, 2, 3].

HaiiBaxIMBIIIUMH BUMOTaMM 10 METOMAIB PO3PAXYHKOBHUX KOMIUIEKCIB 1 CHCTEM, SKi
BOYZIOBYIOTBCSI B KOMIT IOTEpPHI TpPEHaXXEPH 1 MPAIIOIOTh Yy PEXHUMI OH-JIaliH, € 3a0e3TleUeHHs
MaKCUMAaJIbHOI IIBUAKOCTI PO3paxyHKiB Ta 301KHOCTI iTepalifHuX MpPOILECiB pO3PaXyHKy PEXKHMIB.
Marematnunuii onuc Ta BuBYeHHS pexuMiB EC ta OEC mis BeO-Opi€HTOBaHHMX TPEHAKEPHUX
CHCTEM € JIOCUTh CKJIQJITHUMU 3aBJaHHSIMU [4, 5].

PexxuM poboTH €NeKTPUYHOI MEPEXi B 3arajlbHOMYy BHUIMAJAKy MOKHA 3alucaTH SK JiHIHHE
MaTpUYHE PIBHAHHS:

o= 1) (M

ne [Y ] — KOMIUIEKCHAa MaTpHls BiJOMHUX BY3JIOBHX INPOBITHOCTEH €JIEKTPHUYHOI MEpexi; [US] -

ss
BEKTOP-CTOBIEIb HEBIIOMUX KOMILJICKCHUX HAIpyT BY3IiB; [js] — BEKTOP-CTOBIELb KOMITJIEKCHUX
BiJIOMHUX/3a/IaHUX CTPYMIB BY3JiB.

Binomumu nmapamerpamu EC, siki BUKOPHUCTOBYIOTHCS B OUTBIIIOCTI MPOMHUCIIOBHX MPOTpaM
PO3paxyHKy pPEXKHMIB, € TMOTY>KHOCTI/TeHepalis BY3JiB [SS], a me crpymis |[ | Cucremy

HENIHIHHUX anreOpaiyHuX piBHSAHB, KA 3aCTOCOBYETHCS Ul PO3PAaXyHKY HAIPyTH BY3IiB MEPEXi,

" © Canrinosa O.B., I'ypees B.O., 2020
ORCID ID: *https://orcid.org/0000-0001-6378-7718; **https://orcid.org/0000-0002-8496-3626
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MOJKHA 3aIllUCAaTH y BHIIIAAI CKaISIPHOTO TOOYTKY BEKTOpa CTPYMiB BY3JIiB [IS] Ha CHPSDKCHUN

[s.]=(2.]o. ). 2)

Po3poOka meToniB pimieHHS BenUKUX cucTteM JiHiHHUX (1) 1 HemiHiltHuUX (2) piBHSAHB
anreOpH, sIKi MOXYTh 3a0€3MEUNTH HATIWHUN PE3yIbTaT Y KOMIT FOTEPHUX PEKUMHHUX TPEHAKEPAX 3
MPUHHITHUMH OOUYUCITIOBAIBHUMH BUTPATAMH, € BRXKITUBUM 1 aKTyallbHUM 3aBJaHHSIM.

st BupimeHHs Benukux cucteM (1) 1 (2) mpsami MeTOAM 4YacTo MOTPeOyIOTH BEIUKOTO
00’eMy mam’ATi ¥ MPaIOIOTh 3aHAATO JOBro. Y TaKUX BUIAJKaX BHKOPHCTOBYIOTH iTepaliiHi
METO/TH.

JUst IUCTIeTYEPChKUX PEKUMHUX TPEHAKEPiB 3a3BUYAll 3aCTOCOBYIOTh PO3PaXyHKOBI CXeMHU
3 BEJIUKOI KUIBKICTIO BHMHKAYiB Ta pPO3’€IHYBadiB, SKI BUKOPHUCTOBYIOTHCS B TEXHOJIOTIT
OTIEpPaTUBHUX IEPEMUKaHb U1 aHaji3y 3asgBOK Ha BUBII/BBiA OOJIAJHAHHS B PEMOHT/POOOTY.
3BakalouM Ha Te, IO OMip IHUX KOMYTAIIMHUX amapariB € IyXe MajuM, €JIEMEHTH MaTpHIli

npoBifHocTed |Y, | Ta BigmoBimHO ¥ Marpumi fIko0i, fKka CTPYKTypHO IOAIOHAa MaTpuIl

A

BEKTOp HaIIPyTH BY3JIiB lU SJ

MPOBIAHOCTI, TPArHyTh JO HECKIHYEHHOCTI. ToMy 3acTOCyBaHHS NpPAMUX METOMIB IS
KOMIT FOTEPHUX TPEHAKEPHUX CHCTEM € TpoOiemMaTHYHHM. [HOAI IO mMpobiieMy BUPIMIYIOTH 3a
JIOTIOMOTOI0 METOJIiB MPSMOTO 1 3BOPOTHOTO €KBIBAIEHTYBAaHHS YAaCTHH €JIIEKTPHUYHOI Mepexi. Ane
JUTSL BEJIMKOT KIJTBKOCTI BHMHKAYiB Yy MEpEXl 4Yac CEKBIBAJCHTYBaHHS CTa€ IMOPIBHAHHUM (200
OUTBIIMM) 3 YacOM pPO3paxyHKy BHOpPaHOTO METOAY, a 4Yac peakiii TpeHaxepa Ha 30ypeHHS —
HEBU3HAYCHHM.

Tyt 1 gani Benukumu O6yaemo BBaxkatu EC ab6o OEC 3 KiJBbKICTIO BY3IB, IKa IEPEBUIILYE
TUCSUY. BinbmmicTs myOmikamiii moao BUOOpY METOMIB PO3PaxXyHKY PEXKHMIB TAaKUX €HEPrOCHCTEM
MPUCBAYEHO MOUIYKYy Ta po3poOli 3pyuHUX, HaAIWHUX Ta MBHAKUX anroputmi [4,5]. Ilpore
npoOJeMH TPUHHATHOTO Yacy pPO3PaxyHKIB pPEXHUMiB, 30DKHOCTI Ta BHOOPY ITOYaTKOBHX
HaOJIMKEHb Y TAKMX METO/IaX 3aIUILAIOTHCS 10CI HEBUPILICHUMHU.

OcHoBHa MeTta 1i€i poOoTH TONsTae B po3poOLi NMPUHHATHOTO IIBHIKOTO AITOPHTMY
PO3paxyHKy peKUMIB poOOTH BEIMKHX €HEProcUCTEM Ha 6a31 0araToONOPHOTI0 METOY PO3PaXyHKY
KOHTYPHUX CTpPYMIB JJI 3aCTOCYBaHHS B KOMII IOTEPHUX BeO-OpPIEHTOBAHUX MPOTHABAPINHUX
JUcneT4epebkux TpeHaxepax [9, 10].

MopenoBaHHA Ta AOCJHIIKEHHS PeKUMIB. 3T1IHO 3 METOJIOM BCIO MEpPEXKY aBTOMATUYHO
MOJUISIOTh Ha OKpeMi AepeBa Ta xopau. KoxkHe epeBo 3aBAM Mae JHILIE OJUH ONOPHUM By30I1 13
IpKepenioM eHeprii. Xopau (3B°sI3KK) MK JepeBaMi MOXYTh YTBOPIOBATH 3BHYAiHI a00 BHPOHKEHI
HE3aJIeXH1 KOHTYPH, CTPYMHU SIKUX PO3PAaXOBYIOTBbCS MICNI KOXKHOI MOTOYHOI iTeparii mpouecy
pO3paxyHKy Hampyrd By3imiB. ABTOMAaTH30BaHA CHUCTEMa PO3PAaXyHKIB PEKHUMIB BHKOPHCTOBYE
KJIacH BY3IIiB, TUIOK, JIEPEB, XOpJ 1 peanizoBaHa TaKUM YUHOM, II0 OyAb-siKa Xopjaa abo Tika
JepeBa Mepexi OJHO3HAYHO BHM3HAYAIOTHCA aJIpecaMd MOYaTKOBOTO Ta KIHIIEBOTO BY3JIB, SKi
MOXYTb OyTH PO3MIlIeH] B PI3HUX 0a3ax JaHMUX Ha PI3HUX CepBEpax, BKIIOYAIOYM BIpTyasibHi. Y
[IBOMY METOJi OIOpHI BY3JM BHKOHYIOTH (YHKIT OaJaHCYIOUMX 3 YpaxyBaHHSM ICHYIOUHX
(b13MUHUX 0OMEKEHb 3 TeHepallii.

[I{omo 301KHOCTI iTepamiifHUX MPOIECIB BUKOPUCTAHUX METOMIB PO3PAXyHKY PEXHUMIB i
MOKITUBOCTI (DI3MUHOTO ICHYBaHHS PEKUMIB y POOOTI MPOTMOHYETHCS 3aCTOCOBYBATH ACSIKI 3aXO/H,
SIKI MOYKHA HA3BaTH 1HTEIEKTYaTi3aIli€l0 «B MAaJIOMY».

Jlng momepenHboi OIIHKM MOXJIMBOCTI 301KHOCTI ITEpaliifHOTO METOAY aHali3yeTbes
Oananc motykHocTi. CroyaTKy po3paxoBYIOTHCSI 1HBapiaHTHI BTpPAaTH TMOTY>KHOCTI. BUKOHyeThCs
PO3paxyHOK pexHUMy Ul €eKTPUYHOI MEpexl 13 3aJlaHMMM BEKTOpaMM HAINPYTH BY3IIB JKepel
eHeprii i HyJJbOBUMH KyTaMd. Y BHUIAJKY, SKIIO BTPATH € OUTBIII Hamepes 3aJaHuX, MPUHMAEThCS
JIOMYIIEHHS TPO BIJICYTHICTh MOXJIMBOCTI (PI3UYHOTO ICHYBaHHS PEXHMY 1, OYEBUAHO, Tpeda
3MIHUTH HaBaHTAKEHHS JESIKUX BY3IiB. Y PO3paXyHKOBHX IHKJIAX TaKOX BHKOHYETHCS IEpEBipKa
CTpyMiB TUJIOK Ha TEPMIYHY CTIHKICTb 1 MepeBipka HampyT By3idiB. Lle gae 3mMory BuainsaTu 1 6patu
JI0 yBard TUIBKH KJIAC TPOTHO30BAaHO (Pi3MUHO MOXKIIMBHX PEKUMIB 1 TAKUM YHHOM ITiJBHUILYyBAaTH
WMOBIpHICTH 301)KHOCTI MMPOIIOHOBAHOTO METOY.
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BinbiicTe cydyacHHX NMPOrpaMHHUX CHCTEM Ui PO3paxyHKy pexumiB Benukux EC maioTh
psAn oOMexeHb 00 CIIoco0iB 3aAaHHs 0amaHCYIOUMX BY3JIIB JKEPEI TeHepallii B po3paxyHKOBHUX
cxeMmax. 3a3BHuail BUKOPHCTOBYIOTHCS TPU OCHOBHI MOJIENI BY3JiB 3 JDKEpENIaMH E€HEprii: By3Ju 3
(dikcariero MOIYJIIB HAmpyrd 1 BIiJJOMOIO aKTHBHOK TeHepallielo (po3paxoByIOTh HEBIIOMI
peakTHBHY TeHepauito ( 1 KyT Halpyru) 1 BEKTOPiB HaNpyrH (po3paxoBYyIOTh HEBIIOMI aKTUBHY P i
peaktuBHYy () TeHepallilo), a TakoX 3 (ikcalliero MOBHOI reHeparii. B icCHylounx MpoOMHCIOBHX
KOMILIEKCAaX PO3PaxXyHKY peXHMIB NepeadavyaeThcs, M0 € TUIBKA OJUH OalaHCYyIO4YHMid BEKTOp, a
MPU3HAYNTHA BY3IHW 3 (IKCAIli€l0 BEKTOPIB HAMpPYrd 3 PI3HUMH KyTaMH HEMOXJIHMBO. Y
MIPOIIOHOBAHOMY METO/lI Taka MOXIIMBICTh IependadeHa, a KUIbKICTb TakuX BY3JIiB He
obmexyeTbcsi. CaMe 1€ Jae 3MOTY CTBOPHTHM Ta 3aCTOCYBAaTH PO30CEPEKEHE MOJICITIOIYe
CepeioBUILE Y BeO-Opi€HTOBAaHUX KOMIT IOTEPHUX TPEHaKEpax.

JIist moCIiKEHHST CKIIAHUX CHUCTEM, JI0 SKHX, 11032 CyMHIBOM, BigHOCSThCS Benuki EC 1
OEC, gacTo 3acTOCOBYIOTh MeTO AiakonTuk [9, 10]. 3rigHo 3 METO0M 3arajabHa BEJIHKA CHCTEMa
PO3IUISIETHCS HA MIACUCTEMH, SIKi PO3PaxXOBYIOTHCS OKPEMO, a Pe3yJIbTaT JJIsl 3arajibHOi CHCTEMH
CKJIAJIA€ThCS 13 OKPEMUX PE3yJIbTaTiB.

JInsi BENTUKUX EJNEKTPOCHEPTeTUYHUX CUCTEM Yy pPOOOTI MPOIMOHYETHCS aBTOMATHYHO
posnimsitu OEC Ha okpemi EC nuisixom BU3HAUYEHHS XOPJl 3 TPAHUYHUMH BY3JIaMHU, SIKI yTBOPIOIOTh
OEC. Lo omeparito OyaeMo Ha3UBaTH JCKOMIIO3UIIIEI0 TEPIIOro piBHA. JleKOMMIO3uIlisS APyroro
piBHS TOJIAiTa€ B PO3JICHHI CXEM 3aMillleHHA NapaneibHo mnpamorounx okpemux EC Ha okpemi
JiepeBa Ta XOpIu.

3acTocyBaHHS JEKOMIIO3HINI a€ 3MOory po3autuTH piBHsHHA (1) 1 (2) HA ¢ MaTpUYHUX
PIBHSIHB, KITBKICTh SKMX JOPIBHIOE KUTBKOCTI aBTOMATHYHO BUIUICHUX JepeB, 1 Tomi (1) MoxHa
3aMucaTi HaCTyITHUM YHHOM:

8 o B S R 3)

ne [Y ]t — MaTrpullsl BY3JIOBUX MPOBITHOCTEH f-ro nepeBa abo EC; [U ]; — BEKTOP-CTOBIIEIb

HaIpyTHu BYy3JiB ¢-ro nepea abo EC; [j h]
Ta (t+1) nepes abo EC.

Crpymu xopa [I h] ..1+1 PO3PAXOBYIOTLCS 3 BAKOPUCTAHHAM MAaTPUYHOTO PIBHSHHS:

[jh]t,H—I = ([Usg]t - [USg]H])' [le]:t+l 4

ne [f h],,m — BEKTOP-CTOBITICLIb CTPYMiB XOpJl MK By3iamu 7-ro Ta (1+1) gepes abo EC; [Usg]t —

\.1+1 — BEKTOP-CTOBIICIb CTPYMIB XOP/ MIXK BY3JIaMH /-TO

BEKTOP-CTOBIEIb 33aJaHUX (BIJOMHX) HAmNpyr TpaHWYHUX BY3MTiB f-ro Ta (1+1) nepeB abo EC;

|7 o . . . .
[Yh ] \.1+1 — TPAHCIIOHOBAHUI BEKTOP MPOBIAHOCTI BIAMOBIAHUX XOPA.

[ToTyXHICTh MOYATKY XOPJ MOXKHA PO3paxyBaTu 3a JOMOMOT0I0 GOopMyJIu:

[Sh]t,t+1 - ([jh]t,ul ' lUSth)’

a TIOTYKHICTh KiHIA — 32 (DOPMYIIOO:

[Sh]t,t+l = ([jh]t,t+l ’ lUSgJ;H)'

VY 11pOMy BUNAJIKy CUCTEMY PIBHIHB (2) TaKOX MOXKHA 3aIIMCATH B MATPUYHOMY BUTJISIAIL SIK

CKaJIIpHUMA J0OYTOK BEKTOpa CTPyMiB BY3IIiB [I ] t-ro nepeBa abo EC Ha cnpspkeHuil BEKTOp

s At

HaIpyTH lUst’ SKIIO TIOTYXKHICTh HABaHTa)XEHHsA BY3JNiB t-ro jaepeBa abo EC Bimoma abo

(2]l0.])=[s.].«[s.]..... 4)

ne leJ , — BEKTOp 3aJ]aHuX MOTYXHOCTeH By3liB #-ro nepesa abo EC; lShJ

BCTAaHOBIJICHA:

(4] BCKTOP

MOTYKHOCTEH Xopa Mixk ¢-M Ta (¢+1)-m nepeBamu a6o EC.
Taxuit miaxia 10 po3paxyHKiB pexXUMIB 3a JOMOMOTOI0 IBOPIBHEBOT JEKOMITO3HUIIIT BETHKHX
OEC mae 3mory po3nimutu mporec pimeHHs: piBHsAHB (1) 1 (2) Ha okpeMi mapasenbHi MPOIECH 3
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MOJKJIMBICTIO 3allyuy€HHsI BIPTyaJbHHUX KOMITI'IOTEpIB (XMapHHUX TEXHOJOrii) abo TeXHOJOrii
napajellbHiuX 004HclieHb. J[s1 3abe3nedeHHs1 0JHO3HAYHOT aapecallii By3JiB 1 TUIOK pO3paxyHKOBOT
cxemu OEC ix agpecu nonoBHIO0TECs HOMepamu (IP) cepBepiB Ta imenamu 6a3 nanux (bJ1). Imena
TabnuIp 3 1HGOPMAIIEI0 MPO BY3JIH 1 TUIKK € OJHAKOBUMU 1js BCix B/l 1 Tomy He moTpeOyroTh
JOJJATKOBOT 1IeHTU(IKAIII].

AnroputM 6araToonopHOro METOAY PO3PaXyHKY KOHTYPHUX CTPYMIB y 3arajibHOMY BUTJISII
MO>KHA C(HOPMYITIOBATH HACTYITHAM YHHOM:

1. ITontepeanro o 3aranpHOi cxemu OEC 3acTOCOBY€ETHCS IBOPIBHEBA JICKOMITO3HITISA.

2. SIx mouaTKOBI HAOMMXEHHS JUIsl HANpPYT BCiX BY3JB 33aJal0ThCS HOMIHAJIBHI Hampyru
OTIOPHUX BY3JIB ISl BCIX BUAUICHHUX JCPEB.

3. PozpaxoByroTbCsi (YTOUHSIIOTBCSI) CTPYMH BY3IIB [js] Bcix aepeB. llepeBipsieTbest

t
KpuTepid 301KHOCTI — HeOajaHC MOTYXXHOCTI By3JiB. SIKIIO iTepamiifHUi Mporec 31HIIOBCS, TO
yIpaBIIiHHA TIepeIaTH Ha 11.8.

4. Po3paxoBYIOThCS, MOYMHAIOYHN 3 KIHIIEBUX TUIOK ij IepeBa 1 10 KOPEHsI, CTPYMH T'LIOK [] ij]

3 ypaxyBaHHSM CTPYMIB 3a HasiBHOCTI NPWJIEIIUX 10 HUX XOpA. Y I[bOMY LMK HEepPEeBIPAIOTHCS
0OMEKEHHS [Tl CTPYMIB KOXKHOI TUTKM Ha TEPMIYHY MIIHICTB JIiHIT eJleKTponepeaadi.

5. Po3paxoBylOTbCA Hampyru By3iB, MOYMHaO4u 3 Kopens gepes (U, |, . IlepesipsroTbcs

PO3paxoBaHi HAMPYTH BY3JIiB HA BIIMOBIAHICTH TOITYCTUMHM MEKaM.

6. Po3paxoByloTbcst cTpymMu Bcix xopa |/ y BUNAJIKy 3MIiHM Hampyr ix BY3IiB 1

hlt t+1
MIEPEBIPSIOTHCSI OOMEIKEHHS.

7. Ilepenava ynpaBiniHHs 11.3.

8. 3anmc pesynbratiB y B/I.

HaBenenuit anroputmM merony OyB peanizoBaHMi MoBOoI JAVA y Burisiai BOyIOBaHHX
¢ynkuin b/ ORACLE Tta PostgreSQL ayis BUKOPHCTaHHS B KOMI'FOTEPHOMY JTUCTIETUYECPCHKOMY
tpeHaxxepi PORT [5]. Pe3ynbratu uncenpHUX po3paxyHKiB pexxuMiB HasBHUX EC Vkpainu He
MIEPEBUILYIOTh 2 CEKYH/, 110 € MPUHHATHUM JIJIs1 BAKOPUCTAaHHS B AUCIIETYEPChKUX TpeHaxepax. Ha
puc. 1 i 2 moka3aHo (parMEeHT BUCOKOBOJBTHOT MEPEXI 3 pe3ybTaTaMH PO3paXyHKY PEKUMY: Ha
puc. 1 mokazaHo_pe3yJbTaTH PO3pPaxyHKY B PeKHUMHOMY aucrieTdepcbkoMy cumynsaropi PORT mis
TECTOBOI MepeXi, TOAl SIK Ha pHUC. 2 TOKa3aHO OUIbII JeTalbHI pe3yJbTaTh PO3PaxyHKy IJis
MiACTAHIII] Ta T1IpOENeKTPOCTAHIIII.

PesyabTaTn. Po3pobneHuii 06araToonopHuil MeTOJ pO3paxyHKy KOHTYPHHUX CTPyMiB
OpIEHTOBaHMK Ha 3aCTOCYBAHHS B PO3MOAUICHOMY MOJEIIOIOUOMY CEPEIOBHINI 3 MOXKIHMBOCTIO
BUKOPUCTAHHS BIPTYaJbHUX TEXHOJIOTIH. Takuil miaxi 70 MOJIENIOBAHHS BEJIMKUX €HEProCHUCTEM
Ja€ 3MOTy 30UTBIIMTH B ACAKHX BUNAIKax Mipy netamizamii emementiB EC mist kiacy ¢isumunO
MOXITUBUX (ICHYIOYHMX) PEXKHUMIB MUIIXOM BHKOPUCTAHHS IHTENEKTyali3alii pO3paxyHKIB «y
MajoMy». JlemoBepcist BeO-opieHTOBaHOI TpeHaxepHoi cucremu PORT 3 BHUKOpHCTaHHSIM
6araTooNnopHOro0 METOAYy pO3paxyHKy KOHTYpHUX CTpyMiB y 1ii ckiaxi Oyna mnepenaHa B
JMCTIETYEPCHKY Ciryk0y cuctemHoro oneparopa HEK «YkpeHepro» st TecTOBOI eKCIUTyaTartii.

. PO RT Substation #1 ‘ T I5-
Dispatcher Simulator T 10.91
Demo Version 2017 = L 2|Lf= =
3 TR 2,
S=-604.13+26.50 21 lem | T —
0 Zem & ©
(1) = = ! 123 1 F C-6TJ-504 T-30-2 -1
S=2t0al 1881 Hydro Power Plant |
LI T Sr=-89.454+14.9106j
Sr=-82.7384+15.651j
\

Puc. 1 Puc. 2
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BucnoBku. Ha ocHOBI aHami3y ICHYIOUHMX METOIB PO3PaxyHKY PEXKHMIB Ta OTPUMAaHHX
pe3yabTaTiB JOCHiKEHb OyB pO3po0sieHHi 0araToOmopHUH METOJ| PO3PAaXyHKY KOHTYPHHUX
CTPYMIB, SIKHA MOXXe OyTH pPEKOMEH/JIOBAHHMM 11 BUKOPHUCTAHHSA y CKJIaal BEO-OpIEHTOBAHHUX
TPEeHAXXEPHHUX CUCTEM JUIA BCIX PiBHIB iepapxii ynpasiinuaa pexxumamu poootu OEC Ykpainu.
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The peculiarities of using the multi-reference mesh analysis for the large-scale energy systems a part of web-oriented
training systems of operating and dispatching staff of the bulk electricity systems are considered. It is shown that the
most important criteria for solving a number of practical tasks related to training, knowledge assessment and personnel
training are the network calculation time and the method convergence. The verification of the proposed method is
performed based on the models of the key Ukrainian power supply systems. The experimental calculation results
showed that the suggested multi-reference mesh analysis is considered to be reasonably fast and, therefore, can be used
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JOCJIIKEHHS BIVIMBY BEY HA BEJIMUUHY CTPYMY MIZKK®A3ZHOTI'O
KOPOTKOI'O 3BAMUKAHHSA YEPE3 EKPAHU KABEJIIB MEPE’KI BEC
HAITPYT'OIO 10-35 kB
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HITLP OEC Vkpainn HEK «Ykpenepro»,

ByI1. Jloporoxuneka, 11/8, Kuis, 04112, Ykpaina

Poszenanymo npunyun po3paxyHKy CmMpymie ROOSIUHO20 KOPOMKO20 3AMUKAHHS HA 3eMIK0 HA OUISHYI KAOenbHOl JiHil
eleKmponepedasants, wjo 3’ €OHye 08a Oxcepena eieKmpuyHoi enepeii, OOHUM 3 AKUX Modice Oymu zceHepamop abo
2pyna 2eHepamopis 8imposoi elekmpuuHoi cmanyii, a opyeum — enepeocucmema. Ilokazano, wo 6 ekpanax xaboeiig nio
4ac NoOGIlIHO20 KOPOMKO20 3AMUKAHHA HA 3eMII0, 5Ke € DPO3PAXYHKOBUM 6UOOM 3AMUKAHHA, 34 AKUM MAOme
subupamucs nepepisu exkpauie, Oyoe cnocmepieamucs HAKIAOAHHA cmpymié 6i0 000x Odxcepen. Lle ceiouumev npo
HeobXiOHicmb 0008 ’513K08020 8PAXYBAHHA YCIX 0XHCEPEl HCUBNEHHS NI0 YAC PO3PAXYHKY CIMPYMY NOOBIIHO20 KOPOMKO20
3AMUKAHHA HA 3eMII0 3 MEMOI0 NOO0Anbuo20 8ubopy nepepizie expamis. JJocnioxceHo niue napamempis eieKmpuyHoi
Mepedxci Ha 8enUdUHYy CMPYMY NOOBIHO20 KOPOMKO20 3AMUKAHHA HA 3eMI0 Md 8CMAHOBIEHO, WO GiH 6NIU8 €
HE3HAYHUM, OKDIM CNI6BIOHOUICHHS HAONEPEXiOHUX CMmpymié mMpu@asHo2o KOpPOMKo20 3aMUKAHHS 3 000X O0Kie
KabenvHol NiHil. Y eunaoky 3asemienHs ekpawié kabenié 3 00H020 60Ky KabenbHOI NiHII 6ecb cmpym ROOGILHO20
KOPOMKO20 3aMUKAHHA HA 3eMII0 Oy0e Nnpomikamu yepe3 eKpan OOHICI JCUnU, Wo SUKIUYEe HeoOXIOHICMb CYMMEEO20
30inbUeHHs nepepisy ekpanie. biomn. 5, puc. 4.

Kuro4oBgi ciioBa: kabenbHa JiHis, eKpaH Kalelto, CTpyM IO/IBIHHOTO KOPOTKOTO 3aMUKaHHS Ha 3€MITIO.

Beryn. OctanniM gacom B 00’eqnaniii eHeprocuctemi (OEC) Ykpainu 3pocTae KiJIbKICTh
BiTpoBux enektpocTaniiii (BEC). Ile moB’s3aHo 3 TUM, M0 Ha ASPKABHOMY PIBHI 3alpPOBAKEHO
TaK 3BaHl «3€JeHi» Tapudu Ha EJIEKTPUYHY CHEPrilo, BHPOOJICHY €JIEKTPOCTaHIISIMH, IO
BUKOPUCTOBYIOTh TIOHOBJIOBaHI BHIM eHepropecypciB. OcoOnuBHil iHTEpec y iHBECTOpIB
BUKJIMKaOTh NoTyx)HI BEC, sKi ckiamaroTbes 3 BiTpoeHepreTudHUX yctaHoBOK (BEY) onuanuno1
notysHocTi 1,5-5,5 MBT. Taki BEY 3a3Buuaii 30upatoThcst y rpynu Ta NpueaHyOThCs 10 muH 10-
35 kB migBumyBanbaux miactadmii B OEC Ykpainm, a KokHa Tpyna CKJIaIAa€ThCs 3 MOCIITOBHO
3’eqHaHuX y Mepexxy BEY.

Jlnst 3a0e3reueHHsT MaKCUMaIbHO MOXMUIMBOI T€HEepallii eJIeKTPUYHOI eHEeprii reHepaTopu
BEY po3sramoByroots Ha BucOTI noHan 80 M 3a BifcTaHi Mixk Oamramu monan 200 M, 10 BUMarae
3HAYHOI TEPUTOPii, 3ACOUTBIIOTO CUIBCHKOTOCIOAAPCHKOTO MpU3HAYeHHsS. JIIsI MOMIIHBOCTI
BUKOPUCTaHHS TEPHUTOPIi 3a CBOIM HpsAMUM mNpu3HayeHHAM BEY MaioTh 3’€qHyBaTHCA B MEPEXy
kabenpHuMHE JiHisIME (KJT).

Bupimennio psay mpobiem, moB’si3aHux 3 ynamrtyBaHHAM KJI 3 i3omdii€ro 31 31IUTOTO
MOJIIETHIICHY, IPUCBSYECHO Oarato pobit, 30kpema [1-5], mpote xoxHa 3 HUX He posraae KJI, mo
3B’SA3YIOTh JIEKIJIbKA JKEPeIl eIeKTPUYHOI eHeprii.

Meta cratTi. Bupimenns npobiemu BHOOPY mepepi3iB ekpaHiB KaOemiB 3 130JsIi€r0 3i
3IIUTOTO MOJIETUJIeHy, sKi 3’€qHyloTh notyxkHi BEY B mepexi BEC Ta mpuennyroors ix 1o
€HEepPrOCHCTEMH.

OcHoBHi MaTepiajau nocaixkeHHs. Bubip nepepiziB xui1 kabemiB 3 130JALI€I0 31 3UIMTOTO
MOJIIETHIICHY Ta iX €eKpaHiB Ma€ BHKOHYBATHCS BIANOBIAHO O BUMOT [iIOYMX HOPMAaTHBHHUX

© Byiinwmii P.O., dixtsapyk 1.B., Kpacnoxxon A.B., Keununcekuii A.O., 2020
ORCID ID: “http://orcid.org/0000-0002-5432-2924: “*http://orcid.org/0000-0002-6565-6356
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JOKyMEHTIB. 3a3Buuail mpoOiieM 3 BHOOpOM Iepepi3iB kil KabemniB, mo 3’eanyiorb BEY, He
BuHUKae. [Ipore mig yac BUOOpPY nepepiy CTpYMOBIIHOrO ekpaHa kabemto Ha Hampyry 10-35 kB
HEOOXITHO BpaxoBYyBaTH CTpyM MoOfBiiiHOro kopotkoro 3amukaHHs (K3) Ha 3emumo, sike
BiOyBa€ThCs y BOX MiclsiX: 1) y 3’emaHyBanbHii (KiHIEBii) MydTi 3 omHoro 6oky minsaku KJI (B
onHii Qaszi); 2) Ta 3’eaHyBanbHIN (KiHLEBi) MydTi 3 iHmoro 6oky ninsaku KJI (B iHmii dasi).
BuxinHa po3paxyHKoOBa OIHONIHIHHA cXeMma 31 BKa3aHUMH TOYKaMHU 3aMHUKAHHS Ha 3EMITIO
300pakeHa Ha puc. |, oOuaBa JuKepesa *KHUBJICHHS MPEICTaBIEHO I€HEpaTOpaMu 3 HECKIHYEHHO
BEIMKMMH MOTYKHOCTAMM Ta BHYTpilIHIMM omopamu Z,, Ta Z,;, IO €KBiBaJEHTHO

MPEACTABICHHIO CUMETPUYHU-
MU TIOTYXKHOCTAMH S/, Ta S,

4

abo crpymamu [, Ta I,

tpudaznoro K3. 3amwuxanss
BinmOyBaeThes y (asi B 3miBa —

cTpyM Bin mxepena 1) tay

¢asi C cnpaBa — cTpyM Bif Jpkepena [

(I,Ls
k

). OCKibKM OMip MiZHOTO eKpaHa KabeJo, 0 3 €IHye

BEY, Habarato MeHIIUH, HI) CyMapHHUI omip po3TIKaHHS ABOX 3a3€MIIIOIOYMX MPUCTPOIB, TO MiJ

4ac MOJabLIMX MipKyBaHb HNPUHHATO, IO yBEeCh CTPYM MOJBilHOTO 3ammkanHs I{>") mporikae

yepes3 eKpaH Kabelto.

BHyTpimHi oropu JpKepert KUBICHHS MOXKYTh OyTH po3paxoBaHi 3a GpopMynamu:

c-U
Z L= n
ki ﬁki
c-U
7, . = n
SARNEY

_ [ 2 [ 2 _ 2.
” _\/rki+xki_\/rki+(ni'xki) =1 /1407

[ 2 [2 2 2
—X/rkj+xkj —\/ij+(”j'xkj) =1 1+nj.

(1)

ne ¢ — koediuieHT Hampyru (Bu3Haudaetbes BianosimHo no JCTY IEC 60909:2007); U, —

HOMIHA/IbHA JIHIWHA HANPYTa; 7, % ;> X;,;» X;; — CKBIBAJICHTHI aKTUBHI Ta PEAKTUBHI OIOPH i -T0

Ta j-ro JHKEpeml JKUBJICHHS; n,,

€KBIBAJICHTHUX JIKEPEI.
Benmnuuny CTpyMy
noxsiriHoro K3 Ha 3emuro
1% (yepes expan xabeo)
y cxemi, 300pakeHi Ha
puc. 1, MoxHa po3paxyBaTH
METOJIOM KOHTYpPHUX
CTPYMiB, MpPEICTaBUBLIM ii Y
BHUTJISIII, 300paKEHOMY Ha
puc.2. KJI Ha cxewmi
NPEJCTABICHA AKTHBHUM 7,

Ta iHIIYKTI/IBHI/IM Xij ornopamMu

KU Ta aKTUBHUM OIOPOM
eKpaHa r,

scrij °

E

HOCIIJOBHOCTI: E i, E

iLy o

il

nj

iL

&

Tii X

Yy

JL,

A~

Puc. 2

I}‘,;-

L]

— CIIBBITHOUICHHS MK PEaKTUBHUM Ta aKTUBHUM OIOpaMHU

a eKBIBAJIGHTHI JpKepena MaioTh cuMmerpuuHi cuH¢pasHi ¢asni EPC npsmoi

Ta E, , £, , E; . JUIsg COpOLICHHS NOAAIBLUINX MIPKYBaHb

NPHUIHATO, [0 HOMIHAIBHI JIHIWHI Hampyru mkepen pisui U, =U,=U,, tobro E, =E, ,

E E, ,E

iL, L, Bir, :EfLs'

Jlnst BUOOpyY mepepizy ekpaHa kabemro HeOOXITHO 3HATH BEIWYMHY CTpyMmy nojsiiiHoro K3
Ha 3eMJII0, a JJIsl PO3paxyHKy cTpyMy — omip (mepepi3) ekpaHa, sikuii me He BuOpanuii. Tomy nany
3a/1auy MOKHA PO3B’si3aTH K MIHIMYM 3a Bl iTeparii: 1) 3a MiHIMaJIbHO MOJKJIMBOTO IEpepi3zy
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eKpaHa s BHMOpaHOro paHillle Mepepi3y XHIM pO3paxoByeThCs BenuuumHa crpymy K3 Ta
BHOMPAETHCS HEOOXIMHUU Tepepi3 ekpaHa; 2)3a BHOpaAaHUM IEpepi3oM €KpaHa pPO3PaxOBYETHCS
yTouHeHa BenuunHa ctpyMy K3 ta Bubpanuii nepepis nepeBipseTbes Ha TEPMIUHY CTIMKICTb.

Omnip ekpaHa TPWXKWIbHUX KaOemliB BU3HAUYAETHCS JOBXHMHOIO niumssHkn KJI Ta

serij
MOTOHHUM 3HAYEHHSM OIOpY, SKE HABOJAUTHCS B KaTajorax 3aBOJIiB-BUPOOHHUKIB KaOenbHOI
npoaykuii. J{ns BUnaaKy 3acTOCyBaHHS OJHOXHWIBHMX KaOeliB, y SIKUX €KpaHM 3a3€MJIEHO 3 JIBOX
OOKiB, SIK 7., Y PO3PaXyHKOBI (pOpPMyJIM CIi MiJCTABJIATH €KBIBAJEHTHUN OMIP TPHOX E€KPaHIB

/3.

KaleniB, BKIIOYEHUX MAPAIENbHO, TOOTO 7,
Konrypui crpymn /,,, 1,,, Ta Il;;, 300pakeHi Ha puc.2, MOXyTh OyTH OTpHMaHi SK
PO3B’SI30K CUCTEMHU PIBHSHB:
[11 '2’(Zki +ij +Zg;)_122 'Zki _133 '(ij +Zgj) :EiLl _EiLz _Ele +EjL2;
1y 241y Q2+ Zy )~ Iy Ty = Ey —Ey (2)
1y (Zy 42y =1y 13322+ 2y + 1) =—E
a CTPYM IO/BIMHOT0 3aMHUKaHHS Ha 3eMJII0 pO3paxoBaHHii 32 (HOPMYJIOIO:
(LyLs) _
L™ =l =1, . 3)
Jl1ig BUMa Ky 3aCTOCYBaHHS OJHOKHIBHUX KaOeNiB, y sIKHX €KpaHU 3a3eMIIeHI 3 000X OOKiB,
CTPyM 4epe3 eKpaH OJHOT0 Kadero Oy1ie JOPIiBHIOBATH:
I}ELz»Lz)
Ly =5 )

Jlna npukiaxy OyB po3paxOBaHUN CTPYM MOJBIMHOTO 3aMUKAaHHS Ha 3€MIII0 Yepe3 eKpaHu
TPHOX OJHOKWIBHHX KaOemiB 3 130JsIi€r0 3i 3mmuroro momietmwieHy 1x400/35, nosxuHoo 1 kM
(Z,;=0,033+ 0,046 Owm, r,,,; =0,223/3 Om). Tlpuitnsro, mo EPC y onnoiimennux ¢aszax 000x

scrij

crij

Fserij i, T EjL3 >

eKBIBAJIGHTHNX JDKEpeT KMBJICHHS CHH(A3Hi Ta CKIafatoTh 35/-/3 KB, a BHyTpillIHI OmopH IKepe
NPEACTaBICHO TUIBKM 1HAYKTUBHMMH omnopamu Z,; = ;1,622 Om 1 Z, ;=783 Owm. IligcraBuBim

BEJIMYMHHM MTApaMeTPiB KaOeIo 1 JUKepesl y CUCTeMy piBHSHB (2), MOKHA OTPUMATH:
1,, =0,02012 — j0,01328 x4;
1, =—10,61409 — j0,40050 xA;
Ly =2,11053 + j0,05431 kA.
3rigno 3 (3) cTpyM MOABIHHOTO 3aMUKaHHS Ha 3eMITIO Oy/Ie CKIIaAaTH
1" =12,72462 + j0,45482 x4,
a foro Mozmynb — 1" =12,73 k4. Bignosiguo 10 (4) cTpyM B ekpaHi koxHoro kabemo KJI 6yne

ckaamatu 4,24 kKA.

VY pasi HeBpaxyBaHHs OAHOTO 3 JDKEpeN MiJl Yac PO3paxyHKy, 3a3BHYail MEHII MOTY>KHOTO,
€KBIBAJICHTHUH CTPYM IMOJBIMHOTO 3aMUKaHHS Ha 3eMitro Oyjae ckinamatu 10,63 kA, a cTpym uepe3
ekpaH KoxHoi ¢azu — 3,54 kA, 1m0 MeHIIe 3a TOYHEe 3HaueHHsA B 1,2 pasza (3a BUXIAHUX JAHUX,
HaBEJCHUX y MPUKJIIA/L).

3 BHILEHABEJCHOIO0 BUIUIMBAE, M0 KOHTYpPHI CTPYMH, BHKJIMKaHI €KBIBaJCHTHUMHU
mkepenamu 3 000x 6okiB KJI, OynyTh Haknmagatucs B eKpaHi kabenro, 0 BKa3ye Ha HEOOXITHICTh
000B’3KOBOTO BpaxyBaHHS JAPYTroOro JHKEpesa i 9ac po3paxyHKy cTpyMiB mojsiiHoro K3 3ams
MOJIAJIBIIIOr0 BUOOPY eKpaHa KabelliB.

OTpumaHi aHATITUYHO BEIUYMHH OyJI0 TEpPEeBIPEHO MUISXOM MOJCIIOBAHHS B IaKeTi
MATLAB Simulink. Ins npusenennst moneni B MATLAB Simulink 1o npuiiHATOTO MpUITYIIICHHS
Mpo Te, M0 BECh CTPYM IOABIMHOTO 3aMUKaHHS OyJe MPOTIKaTH 4Yepe3 eKpaH Kabemto, omip ix
3a3eMJIIOI0YMX MPUCTPOiB OyB nmpuiiHaTHii piBHUM 100 KOM (nuB. puc. 3).



ISSN 1727-9895. Ipayi IE/] HAH Yxpainu. 2020. Bun. 56 37

Continuous » RMS

powergui RMS1

RMS3 Gain Display3

1.268e+04

Iground1 Iground2

Display4

vabe [p
A
A ,_,—E labe |y V-l Sourse2
.J Three-Phase Source1
N—@ _[W_B —=|B a aA a i c o =
b RIS w1 b o
¢ G c C -
a c b CE B 2| B- -—'L
Three-Phase Source V-l Sourse1 Three-Phase W rabe a —a|A
Rneutralt Series RLC Branch - = vanc
r _‘_/\/\/\/_Hlﬂi E Rreutral2
S 1059e+04
n i
I . Iscreen » RMS
2
Ineutralt Display2 I
neutra Rrgound1 Rground2 52 @
I 100x0OM 100xOM Ineutral2
= [ 3] Y
= I L» Rus »113 £2E
-+

Il}_ﬂ_ﬂ‘la—a

Puc. 3

3 puc.3 BUAHO, L0 CTPYM 4Yepe3 €KpaH Kabemo Maibke cHiBnagae 3 OTPUMAaHUM
aHANTHYHO, WIO WIATBEP/KY€E aJCKBATHICTh 3alpPOINOHOBAHOTO TPHUHIMITY AHAJITHYHOTO
po3paxyHKy cTpyMmy nozgiitHoro K3 uepes expan (ekpanu) kabesiB.

[[InsxoM MoneIOBaHHS TakoX Oylla OTpUMaHa BEIMYMHA CTPyMYy 4epe3 €KpaH (E€KpaHH)
Ka0elliB y BUMAKY, KOJIM OMip PO3TIKaHHS IX 3a3eMIIIOI0YMX NpUCTpoiB ckiagae 10 Om — 4,216 KA.
3 BHILE3a3HAUYEHOTO BWIUIMBAE, LI0 BEJIMYMHA CTPYMY IOJBIHHOTO 3aMHUKaHHS Ha 3E€MJIIO
MPAKTUYHO HE 3aJIEKUTh BiJl ONOPIB 3a3eMJIIOI0UHX NPUCTPOIB.

Ockinbku po3paxyHOK cTpyMiB mojaBiiiHoro K3 Ha 3emitio 3 ypaxyBaHHSIM JIBOX JDKEpEl
KUBJICHHS CYTTEBO YCKJIAQJHIOE pO3PAaXyHKH, MPOBEAECHO JOCIIUKEHHS BIUIMBY IapaMeTpiB
€JIEKTPUYHOI MEPEeXi Ha BETMUMHH CTPYMiB, OTPUMAaHUX 3 YpaxyBaHHSIM JIBOX JDKEpET )KUBJICHHS (3
000x 60kiB KJI) i TIIbKU OJJTHOTO — OLIBII MOTYKHOTO.

BinnocHa moxu0ka 6 MiXk TOYHHM JIIFOUYMM 3HAYEHHSIM CTpyMy uepe3 eKpaH kabemnto /... Ta

scrij

po3paxoBaHUM HaOMKeHO (0e3 ypaxyBaHHS MEHIII MOTYKHOTO Jpkepena) 1.

scrij

6yz[e BU3HA4YaTHUCA:

I .
5=t (5)

scrij

Ta I!

scrij

_ ” " .
Iscrij _f(lk[’ni’ k_/’n_/’F’F;cr’l)’

! "
Iscr;'/' :f([ki’ni’F’F;cr’l)’
ne F, F,, — Tepepi3u KWK Ta eKpaHa Kalemo BiAmoBiaHo; / — moskuHa aisHkd KJI Mix 1Boma

Bemuuunu ctpymis [

scrij

€ QyHKIIsIMU 6araTb0X 3MIHHHX, 30KpeMa

(6)

€KBIBaJICHTHUMH JDKEPEIIaMH KHBIICHHS.

JlocipKeHHs BIUTUBY TTapaMeTPiB eICKTPHYHOT MEPEkKi Ha BEIMYMHY IMMOXHOKH O TTOKA3alIH,
[0 BOHA MPAKTUYHO HE 3aJEeKUTh BiJ TMeEpepi3iB KU Ta €KpaHiB KalOediB, a TaKoX Bij
CHIBBITHOIICHHST MK PCAaKTUBHUM Ta AKTUBHUM BHYTPINIHIMH OMOpaMU OCHOBHOTO JDKepelia
JKUBJICHHS Ta JOBXKUHHU mitsHky KJI.

Haii6inpmuii BITMB Ha BEIMYMHY MOXUOKM & MAa€ CIIBBIIHOIICHHS AIFOYUX CUMETPUYHUX

"

crpymiB TpugaszHoro K3 Ha mMHAX KOKHOI 13 €KBIBAJICHTHUX CHCTEM — [[; Ta [} ;. 3alexHOCTI

TaKoro BUAY 300pakeHO Ha puc. 4.
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AHani3 Jito4nx 3HadeHb cTpyMiB Tpudasznoro K3 Ha munHax 10-35kB enektpuunHux mepex
OTIEpaTOpiB CUCTEM IepeIadi Ta CUCTEM PO3MOILTYy B YKpaiHi, a TaKOK aHajoriyHux ctpymiB K3 Ha
mmHax rpyn BEY norenniansHo MoxmuBux BEC mokasas, 1mo CrHiBBiIHOIIEHHS CTPYMIB k£ MOXe
3MiHIOBaTUCS B aiana3oHi Bix 3 g0 10. 3a Takoi 3MiHM BIHOCHA MOXHOKAa PO3paxyHKYy CTpyMy
nozsiitHoro K3 uepes expanu kabeniB &, Oyze 3MiHIoBaTuCs B Aiana3oHi Big 1,33 o 1,1 (puc. 4).

AHai3 BUIIIEHABEJICHOT'O J1a€ 3MOT'y 3pOOUTH TaKi BUCHOBKHU:

1. ITix yac moxsitianx K3 Ha 3emiro B
ekpaHax kabemiB Ha gimsHkax KJI, ki
3’€IHYIOTH JIBa JDKEpella eJIeKTPUYHOI eHeprii,
CIIOCTEPIraeThCs HaKJIaIaHHS CTPYMiB BiJl 000X
mkepen. lle cBimuuTh TPO  HEOOXIAHICTH

ypaxyBaHHs BCiX JUKEped XHMBJICHHS i 4ac

PO3paxyHKy cTpyMy nojsiiHoro K3 Ha 3emiro \
JUIS TIOJATBIIOr0 BHOOpY mepepisy ekpauiB 2 \
KabeliB.

2. YV Bunamky 3a3eMJICHHS €KpaHiB
Ka0elliB 3 0IHOTO OOKY BECh CTPYM HOIBIHHOTO

0,860

3aMUKaHHS Ha 3eMIt0 Oye NpoTikaTh udepe3 1.1 \

€KpaH OJIHI€T KUJIH, 1[0 BHKJIMYE HEOOXiTHICTh \\

CYTT€BOTO 30UIbIIIEHHS TIepepi3y eKpaHiB. T~
3. Jna cmpomieHHs — pO3paxyHKiB

BEJIMYMHU CTPyMy HozsiiiHoro K3 Ha semmo B |

KJI  wmepexi BEC no3BosisieThess  Horo 4 6 8 10 12 14 16 18 20

PO3paxoByBaTH TUIBKU BiJl OCHOBHOTO JKepela o ki

(OlmpII  TOTY)KHOTO) 3 TOHAIBIIAM  HOTO I,

MHOXXEHHSAM Ha KopHryBaJIbHIfIﬁ .Koe(bil_[i€HT, Puc. 4

o BU3HAYAETHCS CHIBBiTHOIICHHM

HajanepexigHux ctpymiB Tpudasnoro K3 3 06ox 6okiB ainsaku KJI (nus. puc. 4).
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2EHepamop Uiu SPYNna 2eHepamopo8 6empoBoU INeKMPUYECKOU CIMaHyuu, a emopvim — sHepeocucmema. Ilokazano,
umo 6 IKpanax kabenei 60 8pemst OB0UH020 KOPOMKO20 3AMbIKAHUSL HA 3eMII0, KOMOPOEe SGISIEMCs PACYEMHbIM 6U00M
3AMBIKAHUS, NO KOMOPOMY OONHCHBI BbIOUPAMBCA CeYeHUsl IKPAHO8, by0em HaAbI00ambCsl HANONACEHUe MOKO8 On 000UX
UCMOYHUKO8. DMO Cc8UIemeNbCmayenm 0 HeoOX00uUMOCmu 0053AMeNbH020 YYemd 6ceX UCHOYHUKO8 NUMAHUsL Npu
pacueme MoOKa O0BOUHO20 KOPOMKO20 3AMBIKAHUS HA 3eMII0 C UYeablo OalbHelueco evlbopa cedeHull IKPaHos.
Hccneoosano enusinue napamempog >71eKmpuieckoll cemu Ha GelUuduny moKd 080UHO20 KOPOMKO20 3aMbIKAHUS HA
3eMII0 U YCMAHOBNEHO, YMO UX 6IUSHIE HE3HAYUMENTbHO, KPOME COOMHOULEHUSL CBEPXNEPEXOOHBIX MOK08 MPexhaznoco
KOPOMKO20 3aMbIKAHUsL ¢ 00eux CmopoH KabenvHol aunul. B ciyuae 3azemuenus 3xkpanog kabeneti ¢ 00HOU CMOPOHbL
KabenrbHOU TUHUU 8eCb MOK O80UHO20 KOPOMKO20 3AMbIKAHUSL HA 3eMII0 Oy0em npomekamy yepes IKPaH 0OHOU JHCUbL,
umo noeneyem 3a cooo HeoOX0OUMOCMb CYUWEeCMBEHHO20 YeeIudeHUs ceueHus IKkpanos. bubm. 5, puc. 4.

KuaroueBsie ciioBa: kaOenbHAs JIHHUS, SKpaH Ka0ells, TOK IBOHHOTO KOPOTKOTO 3aMBIKAHUS Ha 3EMITIO.

INFLUENCE OF WIND TURBINE GENERATOR ON THE SHORT-CIRCUIT CURRENT BETWEEN
PHASES THROUGH CABLE SCREENS OF A WIND FARM IN 10-35 kV POWER NETWORKS

R.O.Buinyi', LV. Dihtyaruk', A.V.Krasnozhon', A.O.Kvytsynskyi’
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Shown the principle for calculation of double-fault ground current on a branch of electric power network with two
sources (one of the sources can be a wind electric plant while the other source can be a power line). In cable shields
with double ground fault the currents will be from the two sources. Thus, all the sources should be taken into account
for calculation the ground fault currents and selection of the cable’s shield cross-section. Analyzed the influence of
power network specifications on double-fault ground current and shown that such an influence is small, except the
correspondence between subtransient currents of triple faults on both sides of the cable power line. In case of
grounding the cable shields from one side of the power line, the full current of the double fault will flow through the
single-core cable. So, it will require using cables with substantially larger cross-sections. It is found that the dissipation
resistance of electric ground of cable shields does not significantly affect the double-fault ground current. References 5,
figures 4.

Keywords: cable power line, cable shield, double earth fault current.
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IMPROVING THE ENERGY EFFICIENCY OF SHIP ELECTRIC INSTALLATIONS
BY USING ASYNCHRONOUS GENERATORS
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The article considers one of the ways to increase the energy efficiency of marine autonomous power plants by using
asynchronous generators with capacitor excitation instead of traditional generator sets with synchronous generators. A
comparative analysis of transients of synchronous and asynchronous electrical installations for typical operating
conditions, which showed the advantages of asynchronous generator sets (structural, energy, economic) and due to
which they can be the main sources of electricity on board in the future. The graphs of the corresponding transients are
given. References 10, figures 6.

Keywords: electric power generation, synchronous and asynchronous generators, comparative energy efficiency analysis.

Introduction. Reducing operating costs, reducing energy costs per unit of cargo
transportation, and reducing the number of emissions into the atmosphere is one of the main
concerns of the shipping industry today. The requirement that vessels must obtain an international
certificate of energy efficiency establishes new rules for managing the vessel’s energy efficiency
and ways to reduce energy consumption on water transport. Therefore, the development of an
energy-efficient strategy for the operation of sea and river transport is a priority and relevant
investigation, and the energy effectiveness of the vessel should be a part of the design and
construction criteria for ships.

Problem analysis. At present in the shipboard energy flow "generation - consumption of
electricity”" the potential for improving energy efficiency is used only to a small extent. The
specificity of improving energy efficiency in this complex is the significant saving of primary fuel
resources by reducing power consumption.

In this regard, one of the ways to increase the energy efficiency of ships and reduce energy
consumption is to develop methods for managing the flow of electric energy. Undesirable losses
occur during the production, distribution, conversion, and use of electricity in the ship’s
autonomous electrical system. Besides, ship electricity consumers mainly have an active inductive
load, that is, the total current of generators, transformers, and cable lines should be increased
relative to the required active load by a value that is inversely proportional to the value of the power
factor, which is proportional to the increase in the number of electricity consumers. Therefore,
generating plants must provide additional reactive power, which, in turn, reduces their efficiency
due to the increased fuel consumption of primary engines (diesel engines).

Thus, as mentioned earlier, one of the ways to increase energy efficiency of the ship's
operation and reduce a power consumption along with improving the operation modes of the ship's
propulsion and optimizing the operation of auxiliary equipment and mechanisms is a develop of
managing methods of the shipboard electrical energy flows.

© Vishnevsky L.V., Mukha M.Y., Drankova A.O., 2020
ORCID ID: * https://orcid.org/0000-0003-1119-2602 , ** https://orcid.org/0000-0002-2923-6733,
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In our opinion, there are two ways to solve this problem. This determines two areas of
research into this problem: 1) optimal control of the electrical energy flow at the stage of its
generation and distribution; 2) optimization of energy flows at the consumption stage, i.e. at the
stage of electromechanical electricity conversion.

A new solution to the scientific-applied problem [1] of increasing the energy efficiency of
shipboard autonomous electric power systems using dynamically compensating reactive power in
the load circuit as a function of changing the reactive conductivity of the loads made it possible to
increase the speed, the accuracy of the process of reactive power compensation in transient
operational modes of loads switching and voltage stability of an autonomous ship electrical system,
and thereby reduce energy consumption and carbon dioxide emissions into the atmosphere by sea
transport facilities.

The most significant energy-efficient solution in the design of new generation vessels is the
ability to reduce the generated power (and, consequently, reduce the number of emissions into the
atmosphere) of a ship power plant, which can operate with a power factor close to unity.

The use of condenser reactive power compensators as part of ship electric power systems
facilitates the introduction of generator sets with asynchronous generators.

The purpose of the work is the scientific justification for the use of asynchronous
generators in marine electrical installations to increase their energy efficiency instead of
synchronous generators by comparing dynamic modes and energy indicators.

Materials and results of the study. Reliability and efficiency of energy sources in transport
is a prerequisite. Traditionally, ship generators are used synchronous generators (SG), the
production of which is well-established, and their design is optimized, [2-4]. An energy-efficient
alternative to using SG in autonomous power plants is the widespread use of squirrel-cage
asynchronous generators (AG) [5-7], which, for example, have practically replaced SG from wind
power energy.

Due to the simple design of the
:}; Gﬁ-GﬂR - MIB squirrel-cage rotor in the AG, the air gap and

s - losses are significantly reduced, which made
it possible to reduce the geometric
. - dimensions of the rotor and the machine as a
- whole, to increase the working temperature
b of the rotor and increase its maximum
90 . | %, rotation frequency, which extends the

0 1000 2000 kW operational range of application of the
Fig. 1 asynchronous  machines compared to
synchronous.

With the same mechanical characteristics and degree of protection, the AG will have 1.4
times lower overall dimensions than SG with slip rings on the rotor, [8]. AG efficiency is about 2 %
higher than SG of the same capacity, which makes its use more economical [1, 8]. For example, the
annual savings from replacing a ship's synchronous generator with an asynchronous one with a
capacity of 1 MW will be about 12 thousand dollars.

Fig. 1 shows the dependence of efficiency (7) synchronous (SK, MIB, 1FC6) and
asynchronous (G11R-G22R) generators produced by different manufacturers on their active
power E,, as well as asynchronous machines of the AIR series, [2-4, 9].

The main reason why AGs are not widely used in autonomous power plants is the technical
need for the excitation and voltage regulation of AGs to use an additional source of reactive power -
power capacitors. The reduction in the cost of capacitors and thyristors has currently stimulated the
production of controlled reactive power compensation units and their widespread use in enterprises
and transport. Technologically, such plants differ from AG excitation systems only in controllers

[9].

95 .

: ot
a
=
1

AG and SG also differ significantly in the way of excitation and control of the generated
voltage. In the SG excitation is carried out forcefully from the side of the rotor chains. Due to this,
the speed of the electromagnetic processes of the generator due to the large inductance and the time
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constant of the field winding is significantly increased,
and there is practically no fundamental possibility of
increasing the speed of the SG. To increase the speed
of the voltage regulation system, the SG regulator uses
excitation force, the short-term value of the excitation
voltage allows a value of 5...8 times the nominal value.

In AG, excitation is provided due to the
oscillatory process of energy exchange between the
inductance of the machine and the capacitance of
excitation capacitors connected to the stator circuits of
the AG. The AG voltage will depend on the
magnetization curve of the machine, speed, load, and
the value of the capacitive excitation current, [8, 9].
The AG excitation regulator changes the capacitive
current of the capacitors depending on the voltage
deviation from the nominal. The load current and the capacitive excitation current flow through one
stator circuit of the generator, which allows almost instantly to compensate for the response of the
generator to the load with a capacitive current. The problem remains only in the quick measurement
and selection of the optimal control law. Regulation of AG excitation along the stator circuit allows
one to create high-speed and invariant voltage stabilization systems [1, 8, 9].

In Fig. 2. shows the transition process of voltage recovery SG and AG after switching on
50% of the rated load with a power factor of 0.8, A = 0.02. If the voltage measurement and
switching of capacitors is carried out during one period of the generated current, then the transition
process of restoration of the AG voltage after switching the load ends in 2...3 periods, i.e. for
0.04...0.06 s. At the same time, the minimum time of the transition process in the SG is 0.5 s, [9].

The difference in the excitation systems of the SG and AG is reflected in the overload
capacity of the generators and their response to short circuits. With double (and more) overload and
limited excitation capacitance, the AG sharply reduces the voltage to zero, which does not occur in
the SG during overload, therefore it needs protection against such emergency conditions. In the
event of a short circuit, the capacitance of excitation capacitors is shunted, and the AG is quickly
excited due to the small-time constants of the generator scattering circuits. Thus, the short circuit
mode for the AG is safe. Moreover, the

Fig. 2

M, — . SG . M, AC . selectivity of protection against short-

M2 r [pa2| circuit in a branched electric network, the

0 ! 0 AG should be provided for 2...3 periods of
current, [9].

5l | 5L It should be noted that the

"0 02 04 06 ts 0 02 04 06 rs limitation of the AG overload capacity is

T J— . . . Wl . . . proportionally dependent on the magnitude

of the capacitance of the excitation

L capacitors. If the generator is calculated for
' the nominal, ¢es¢ = 0.8 then it is possible
to directly start an induction motor with

0 02 04 06 ts power up to 30% of the generator power. If
, , , : the capacitance of the AG excitation
capacitors is not limited, it is possible to
: ‘WM* start the motor commensurate with the
power generator, [1, 8].

Due to the filtering properties of the

0 01 02 03 Es 0 0 01 02 o3 cts capacitors, the AG has a sinusoidal shape
of the generated voltage curve with a low
Fig. 3 harmonic content [9], the symmetry of the

=
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three-phase voltage with an uneven
load distribution [8].

The SG electromagnetic field
vector is rigidly attached to the
geometrical axis of the field coil. An
increase in the load angle (between
the field and the axis of the winding)
by more than 180 degrees leads to an
emergency mode of loss of
synchronism. Especially dangerous is
the “swinging rotor” mode of the SG
when it is switched on for parallel
operation and when the load is
redistributed during parallel operation.
In this case, loss of synchronism leads
to a blackout, [10].

Unlike SG, the technological
presence of the slip of the AG rotor
relative to the field significantly
increases the stability of the system
of parallel running generators. At the
same time, there are no restrictions
on the number of generators
operating in one network, which is
confirmed by the experience of
using AG in wind energy. The mode
of turning AG on in parallel is not at
all dangerous for generators, and if
the phases do not coincide up to 90
degrees, the voltage drop does not
exceed 30 %. At the same time,
when the phase difference of the
switched-on SGs is more than 60
degrees, the voltage drop exceeds 50
%, [1].

Fig. 3 showing the curves of
transient synchronization processes:
torques, rotational speeds, and the
establishment of generator voltages
with a phase difference of 90
degrees when switched. The
synchronization torques M1, M2
reach 5 nominal values, and the
frequencies ®;, w, deviate by 5...7
%. The attenuation of the
oscillations of the moments and
frequencies with the inclusion in the
parallel of the SG are continued 0.7
s, and for a similar inclusion of the
- . . » . 1 AG, 0.2 s. The dynamic deviations

O o5 e ® B s of the modulus of the voltage vector
a b U, of the SG are + 50...-80 %, the
process of voltage establishment
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lasts 0.35 s. When the AG is switched on, the voltage is deflected by +20...-30 % within 0.2 s.

If a non-excited, rotating with a synchronous frequency, another AG is connected to the AG,
then synchronization will occur with a twofold moment, with a frequency deviation of 3 % within
0.2 s, the voltage drop will be 50 % within 0.15 s.

In this work, computer modeling of the AG and the SG operating modes was carried out
using the software package developed by the authors for the study of dynamic processes in standard
operating modes under the general name ASGEN [1, 8]. Nominal data of the used generators:
ANP355M4 AG type with a power of 250 kW, 1490 rpm, 400V, 95.2 % efficiency and SG type
2CHS59 / 39-4, 250 kW power, voltage 400 V, 1500 rpm, efficiency 92.2 %, the mechanical time
constant of the diesel drive of both generators is 1 second.

Fig. 4, 5 shows the results of computer studies of the processes of turning on asynchronous
and synchronous diesel generators for parallel operation at different phase differences and the same
rotational speeds [1, 10]. Fig. 4 a and b show the processes of switching on for parallel operation
with close angles of the phase difference of the SG before switching on. In Fig. 4 a the SG
synchronization process is shown when there is no loss of synchronism. With a slight increase in
the angle of the phase difference of the generators (see Fig. 4 b), the generator drops out of
synchronism. These two processes differ significantly in energy performance. The process in Fig. 4
b is unacceptable or emergency, the deviation of its frequency 4w and the dynamic moments M,
significantly exceed the similar process indicators in Fig. 4 a, [10].

A comparison of indicators of the processes of switching on synchronous (Fig. 4) and
asynchronous (Fig. 5) diesel generators for parallel operation shows that the dynamic moment of
synchronization M, has a fundamentally different character.

For the AG in the worst case, it is close to the starting moment of the asynchronous
machine, is 4 to 7 nominal values, but a short time is valid less than 0.1 seconds. The dynamic
moment of synchronization decays in one period and the short duration of the moment does not lead
to significant dips in the rotation frequency, as can be seen from Fig. 4, the maximum frequency of
dynamic deviation of the rotational speed does not exceed 7 %, which is quite acceptable. When the
SG is switched on for parallel operation, there is a range of phase difference values in which the
generators fall out of synchronism, while the duration of the transient process and the failure of the
rotation frequency sharply increase, see Fig. 4 b and a. The failure of the rotation speed reaches 15-
17 %, and the synchronization process takes 2...5 seconds. The described advantages of AG provide
their use as a means of improving the energy efficiency of autonomous electrical installations.

Fig. 6 shows an example of the use of asynchronous generators in a marine electric power
plant: MSB, ESB, SB — main, emergency and
local switchboard; ME, DE, EDE — main, MSB Econs

auxiliary and emergency engine; EGB, AB — ¥
utilizatli?)/n and auxgiliar}}fl boigler; T — turbine; DE1 _M EDE
TR — transformer; TC — thyristor converter; - |CB1
Cons — consumers of electricity; EG - T
emergency diesel generator; CB — block Wmm
capacitors; AG — asynchronous generator; AM
— asynchronous machine. 4 |ce2
A significant difference between the T
proposed control structure of a multi-generator MS8 wokage
power plant is the method of the voltage reguiator
regulating the distribution switchboards with 1R .
one regulator of the capacitance of the = @ |,
exciting capacitors CB. In this case, the AG SB‘]_' }Consj
generating sets are connected to the common TCI =
buses with their stator windings and receive - |{sB2}—+ }Cuns.i
the necessary excitation current automatically, —

depending on the active power generated by
them. In this way, the problem of reactive
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power distribution between generators is solved, which for synchronous generators is solved by
matching the excitation regulators of each SG with the tuning parameter.

A feature of the proposed circuit is that the stabilization of the AG voltage by the capacitive
current CB simultaneously compensates for the reactive power of each consumer of alternating
current.

Significantly better overall dimensions of modern capacitors can reduce the installed
capacity of synchronous machines. That is, if a capacitor unit is added to the composition of a
traditional marine power plant with SG, then the full rated current of generators and automatic
machines can be reduced by about 20%.

On ships, to increase the energy efficiency of the main engine, heat recovery from exhaust
gases by a waste boiler and a turbo-generator is used, as well as power take-off by a shaft generator,
see Fig. 5. In modern ships, a reversible electric machine is installed on the shaft of the main
engine, which will act as a generator or electric motor, depending on the operating mode of the
main engine. The best solution, in our opinion, is to use an asynchronous short-circuited AM
machine, see Fig. 5.

Conclusions. A comparative analysis of the transient processes of the SG electric power
plant with the load changes shows that the voltage recovery time in the SG is almost an order of
magnitude longer than in the AG. An AG installation with optimal adjustment parameters of the
excitation controller makes it practically invariant to load.

Analysis of transient processes of the load switching and switching on parallel operation for
SG and AG diesel generator sets confirms the advantage of AG in the speed of the voltage control
channel with the same characteristics of the frequency control channel.

The use of capacitor installations for dynamic compensation of reactive power in marine
autonomous electric power systems opens up the possibility, firstly, of increasing the speed of the
voltage regulation channel for SG by regulating the reactive current of the stator circuit, and
secondly, simplifying the implementation of AG, which, as shown by a comparative analysis of the
modes of operation with traditional SG, have advantages (constructive, energy, economic) and due
to which they can be in the future present the main source of electricity for the vessel.
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Hauionanpnuii yHiBepeuteT «OJiechka MOPChbKa aKaJeMis,

Byn. Jinpixcona, 8, Omeca, 65029, Vkpaina

Y cmammi posensoaemvca  odunm i3 cnocobig  niosuujenHs —eHepeoe@ekmueHoCmi  CYOHOBUX — ABMOHOMHUX
eNeKMPOCMAHYIll WIIAXOM BUKOPUCTIAHHA ACUHXPOHHUX 2€Hepamopie 3 KOHOEHCAMOPHUM 30VONCEHHAM 3aMiCmb
MPAOUYILHUX 2eHEPAMOPHUX YCTNAHOBOK 3 CUHXDOHHUMU 2eHepamopamu. 1Iposedeno nopisHANbHUL aHAN3 nepexiOHux
npoyecieé CUHXPOHHOT Ui ACUHXPOHHOT eleKMPOYCMAHOBOK 0Nl MUNOBUX EKCIIYAMAYIUHUX Dexcumis, AKuli noKazae
nepegacu ACUHXPOHHUX 2€HEPAMOPHUX YCMAHOBOK (KOHCMPYKIMUBHI, eHepeemuyHi, eKOHOMIUHI), 3a60AKU AKUM 6OHU
MOJCYMb Cmamu 6 MauOymHbOMy OCHOGHUMU Odicepenamu eiekmpoenepeii Ha cyoHi. Hasedeno epagixu 6ionosionux
nepexionux npoyecis. bion. 10, puc. 6.
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B cmamve paccmampusaemcs 0OuH U3 Cnoco608 NOSbIUEHUs IHEP20IPHEKMUSHOCU CYOOBbIX ASMOHOMHBIX
INEKMPOCNAHYULL NOCPEOCMEOM UCNONb30SAHUA ACUHXPOHHBIX 2eHEPAMOPO8 C KOHOEHCAMOPHLIM 8030ycOeHueM
éMecmo mMpaouyUOHHbIX 2eHEePaAmOPHBIX YCMAHOBOK C CUHXPOHMbIMU 2enepamopamu. IIpogeden cpasnumenvublil
aManu3 nepexooHviX Npoyecco8 CUHXPOHHOU U ACUHXPOHHOU I]IeKMPOYCMAHOBOK Ol MUNOBbIX IKCHIYAMAYUOHHBIX
DedcUMos, KOMOpbIl NOKA3AL NPEeUMYWecmed ACUHXPOHHBIX 2eHepaAmOpPHLIX YCMAHOBOK (KOHCMPYKMUGHDIE,
SHepeemuyecKue, IKOHOMu4ecKkue), 61a200aps KOMOPLIM OHU MO2Ym cmamyv 6 0yoyujem OCHOGHBIMU UCTHOUHUKAMU
anekmposnepeuu Ha cyore. Ilpusedenvt epaguxu coomeemcmayrouux nepexoonvix npoyeccos. buodin. 10, puc. 6.
KaroueBble ciioBa: reHepanus 3JIEKTPOIHEPIHU, CHHXPOHHBIE U aCHHXPOHHBIC TE€HEPAaTOPbl, CPABHUTEIIBHBINA aHAIH3
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3 Mmemow eKOHOMHO20 GUMPAYAHHSI eHepeOpPecyPCy AKYMYIAMOpa Ol JCUBNEHHS CUCmeMU cmabinizayii noibomy
K6ao0poKonmepa 3anponoHo8aHO ONMUMIZY8AMU NPOYEC CRONCUBAHHS CIMPYMY eJLeKMPONPUSOOAMU HECYYUx 26UHMIG,
AIKI BUKOHAHO HA OCHOBI Ge3KONeKMOPHUX 08U2YHI6 nocmitiHo20 cmpymy . Ix Jcusnenns 30ilicHIoeEmbes 6i0 a6MOHOMHUX
ineepmopis nanpyeu. bibmn. 10, puc. 6.

Kuro4oBi ciioBa: xBagpoxomnTep, 0€3K0IEKTOPHUH JBUTYH MOCTIITHOTO CTPyMY, CIIO)KHBAaHUH CTPYM, ONITUMI3aIlisl.

Beryn. KsanpoxonTep — Oesminmotnuid mitanesHuii amapat (BITJIA) [1]. IcHye akTyanbHa
npobseMa MiJBUIICHHS Yacy MOJbOTY KBaJpOKONTEpa 3a OOMEKEHOi €MHOCTI akymysistopa. Ha
€HEeproIMHAMIYHI MPOLIECH B €NEKTPONPUBOIaX Ha OCHOBI 0€3KOJEKTOPHUX IBUTYHIB MOCTIHHOTO
crpymy (BAIIC) BrmmBaroTh mysnbcarii Horo mpotu-e.p.c. Ta ctpymy [2], [3]. 3a ymoBH, 110 BigoMi
napamMeTpu IyJbcaniid, Moseni cuiaoBux neperBoproBadiB Ta BJIIIC, MoxxHa po3paxyBaTu BTpaTu
noTyxHocTi [4] — [8]. MeToro HoCIiKSHHSI € 3MEHIIICHHS Ty IbCalliil IPOTH-€.p.C. Ta CTPYMY 3aCo-
06aMu yTmpaBIliHHS MPOLIECAaMH B KOHTYP1 CTpyMy. Y BIIOMHX aHAJOTIUHUX CUCTEMaX LbOTO JOCATTH
HEMOJKJIMBO, TOMY 1110 B HUX BIJICYyTHI KOHTYpHU cTpyMmy [9]. [IponoHyeThCs B cucTeMy BKIIIOYUTH
KOHTYp CTPYMY 3 PEryJsiTOpOM, HaJlalITOBAHUM Ha MPOLECH KIHIIEBOI TPUBAJIOCTI 3 KOMIIEHCAIII€I0
MPOTH-€.p.C. Ta CTAOUII3ALIEI0 TEMITy 3MIHH CTPyMy aKyMyJIsITOpa, IO JacTh 3MOTY IiJBHIIUTH
€HeproAMHaMI4HI MOKa3HUKU CUCTEMH €JIEKTPONPUBOY TBUHTIB KBaJPOKONTEPaA Ta 30UIBIIMTH Yac
HOro MoJIbOTY 32 00MEKEHOT EMHOCTI aKyMYJISITOPA.

DyHKIIOHATBHA CXeMa CHCTeMH YIIPaBJIiHHS N0JbOTOM KBA/IPOKONTEpAa.
Cxema 300paxena Ha puc. 1, ge: I[ICK —
IBC ——— Tpuiimau curnany kepysanHs; CAK —
BJIIC 1 CHUCTEMA aBTOMAaTUYHOI'O KepyBaHHs aB-
—/ rtoHoMHoro iHBeptopa (AIH) 3 IIIM 3a
() 3akoHoM cuHyca; MK — monyns kepy-

 J EEE——

l I l [ l bIITIC2 BaHHs pexumamu podotm; BATICI —

[ [ICK CAK MK — BJIIIC4 nns crabimizauii i HaBiramii mo-
A | A >

h 4

np0Ty KBagpokontepa; IIIIH — neperso-
bMIC3 proBay MOCTIMHOT HampyTH, L0 KUBUTh
onoku [ICK, CAK; Ab — akymynsTopHa

)
Garapes; IBC - 1HepuiiHO-
| HIH I | A ] bATIC 4 BUMIpIOBaJIbHA CHUCTEMa, MpH3HAYCHA
s (OPMYBaHHS CHUTHAIIB MOTOYHHUX
Puc. 1 3HAYeHb MIBHJIKOCTI 1 KyTIB JJIS BiIIO-
BiJTHOT OCi 0OepTaHHS.
EnextponprBoan K0kHOT 0ci 00epTaHHS BUKOHAHO 33 aHAJIOTIYHUMH CXEMaMHU 3 KOHTYpaMu

CTpyMy. AHaJi3 MPOIECIB y OJHOMY 3 HUX HaJIaHO HIDKYE.
CTpyKTypHa cxeMa KOHTYPY CTPpyMYy 300pakeHa Ha puc. 2, Je:

Ky(p)=1/R-(pT; +1); K, ,(p)=R/pT,; K,(p)=1/Cy, ne T, =L/R, T,,=J -R/(Cp-Cyp) —
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eJIEKTpUYHA 1 eJeKTpoMexaHiuHa cTaii. JlaHka 3 nepenaBasibHOO QyHKUIEW K,.(p)=1/(pT, +1)
BPAXOBY€ HASABHICTh y KOHTYPI CTPYMy HEKOMIIEHCOBaHOI mocTiitHoi 7k,; Cy,C,,; — MOCTIiHI Ipo-
TH-€.p.C. Ta MOMEHTY.

St ¥ B

Un(s! gl Ep % :
Kucp)|pftec) 0yl (o o ) 108
i

Ke 1/ Ky ()

g
|
L

Puc. 2
Ha ctpykrypHiii cxemi (puc. 2) aBToHOMHHUIA iHBepTOp Hampyru (AIH) mokazaHo imMmyJbc-
HUM €JIEMEHTOM 3 OJJMHIHYHUM KOe(illi€HTOM MiICHICHHS 1 (POPMYIOUUM eIEMEHTOM — (hiKCaTOpOM
HynboBOro nopsaky. Take npencraBinenHss AIH 3 cunycoinansaum 3akoHom HIM sik naHku cuc-
TEMH PETYIIOBaHHS 00TpyHTOBaHO B poOoTi [10].
IlepenaBanbHa QyHKIIiS HABEICHOT HETIEPEPBHOI YACTUHHU KOHTYPY CTPYMY:

K g (p) = K e (p).Kpc (p)Kcqu1 (P)KKqp (P),
mwo Bumwmsae 3 puc. 1, ne K, (p)=R(pT,+1) / pT. K., K. — mnepenasanbHa ¢ynkuis III-
perynsropa, K,.(p)=1-e? /p — nepematouna (QyHKIiA  (OPMYIOUOTO  eIEMEHTa,
K, (p)=K(S1) — xoediuienT nmixcunenns ammityau Gpynkuii Yomma Sallf y npoueci cuaycoina-
abHOT LM, T — nepioxa Buxinnoi Hanpyru AIH [10]. Y pe3ynbrati oTpuMyemo:
Kan(p):(l_eipT)/pzTT(pTK+l)a (1)
ne Tr— nocTiiiHa IHTeTpyBaHHS PETYIsATOpa KOHTYPY CTPYMY.
3HaiiieMo nepenaTHy (QyHKIII0 HaBEJCHOI HeTIEPePBHOT YaCTHHU KOHTYPY CTPYMY 3 ypaxy-

BaHHSM MPOTH-E.p.C. ENEKTPOABHUTYHA, JUIS YOTO TOYKY A — 3HATTSI CTPyMY — MEPEHECEMO B TOUKY
b, mo mokazano myHktupom Ha puc. 1. [lepenaBanpHa GyHKIIIS €IEKTPOABUTYHA:
Kq(p):l/pzTETM + pT,, +1.

3Ba)kKaro4y Ha I1¢:
(1-e") K,.(p)K.pT
Ky (p) =Ky 2 £ e . (2)
R(p°T, T + pT,, + D(pT +1)

[opisHtotoun (1), (2) oTpuMyeMoO mepenaBaibHy (QYHKIIIO PEryJsTOpa KOHTYPY CTPyMY,
10 J1a€ 3MOTY KOMIIEHCYBATHU MPOTHU-€.P.C. €IEKTPOABUTYHA!

K,.(p)=R(p’T, Ty +pT, +1)/ p’T, T, K K. 3)

OnTuMizyeMo KOHTYp CTpYMY 3a HIBHIKOII€IO 32 HASIBHOCTI B HOTO CTPYKTYpi KOMIIEHCYIO-
yoro perynaropa (3). Y 1npoMy BUNAAKy NepeAaBaibHa (yHKI[IS] HaBEACHOI HENEPEepPBHOI YaCTHHU
KOHTYpY cTpyMy moBTOpIO€ (1). 15t BIAHOCHOTO KOMIUIEKCHOTO 3MIHHOTO ¢ = pT MaeMo:

Koy (@) =K,(1-€¢)/ p*(q+ p), 4

ne K, =T*/T,T,, B=T/T,.
[Tinnatoun (4) moaudikoBaHOMY Z-TIEpETBOPEHHIO, OTPUMYEMO JIHUCKPETHY TEpeIaBaIbHY

(GYHKIIII0 PO3IMKHYTOTO KOHTYPY CTPyMY:

(Ae+ ANZ-1)Z-e )+ Ae™(Z 1) + A(Z-e")

W,(Z,e)=K, (Z-1N(Z-e")

, )

ne 0<e<1,4, =%, A, =_L A, =%

g

Jl1i MOMEHTY CIPaLlOBaHHS IMIYJICHOTO €JIeMEeHTa JUCKpPETHA NepeaaBajibHa (QYyHKIIsS po-
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3IMKHYTOTO KOHTYPY CTPYMY 3 YpaxyBaHHSM (5) MpU3BOAUTH JIO:
W pe(Z,0) =K (ZK, + K)(Z -1)(Z-e7"), (6)
ne K,=4,-A(1-e”), K,=A4,(1-e")- 4¢™".
JluckpeTHa nepeaaBaibHa (PYHKIIISI 3aMKHYTOTO KOHTYPY CTPYMY ISl MOMEHTY CIIPallbOBY-
BaHHS IMITYJIbCHOTO €JIEMEHTa:

W o (Z0)=W 1 (Z,0)/1+ W ,(Z.0). (7)
[Iporec y KOHTYpi CTpyMy MOXKHA 3aKiHUMTH 3a JBa nepioau BuxinHoi Hanpyru AIH, sxio
~1-e”+K,K, =0, +K,K, =0, 3Binku K, =1/ (K, +K,)=p/(1-e"). (8)

JluckpeTHa mepenaBaigbHa (YHKINSI 3aMKHYTOTO KOHTYPY CTPYMY Ul TIOTOYHHX 3HA4Y€Hb
napaMeTpa 3MimeHHs pemtitaactoi GyHKuii W s (Z,&) =W ,(Z.€)/1+W ,(Z.0),0<e<1.

3a BUKOHAHHS YMOBH KiHIIEBOI TPHUBAJIOCTI MPOLECY 3 YpaxXyBaHHM (5) OTpUMYy€EMO:
b,(£)Z° +b,()Z + by (&)

ZZ

ne by(e) = Ae (e —1)+ A, (e’ —e™); b(e)=Afl-e(+e?)— A, (1-e )= 24,67 |:
b,(¢)= Ae+ A,(1-e ™)

Z-300pakeHHs IEPEXiTHOI XapaKTePUCTHKHN 3aMKHYTOT'O KOHTYPY CTPYMY:

H'[Z,¢]= %W*x(z,g),o <g<l.

W (Z,-0)=K, 0<e<l,

OpwuriHai nepexiiHoi XapaKTePUCTHKHU:
H'[Z,&]= K {b,(&)ln -0, 8]+ [b,(e) + b (&)[n -1, 8]+ [b,(e) + b () + b, () [n -2, &},

ne n=0,1,2,.....— Homep nepioxy rpardacroi pynkiii, [leprra pi3HUIS SKOT HA HYJIBOBOMY TIEpi0Ii
_ -B
Al []= H'[01]-H'[0,0]=2=1F¢
pl-e?)
_ B
i, BizmoBinHo, Ha nepiromy nepioni AH, [#]=H[L,1]- H'[1,0]= lﬂ(el—(l_;;B .
—e

Jlnst 301IbIIEHHS Yacy BUKOPUCTAHHS €HEPreTUUHOIO PECYpCy aKyMyJaTopa KBaJpOKOITe-
pa TeMIT COXKHMBAHOTO HOro CTpyMy MOBUHEH OyTH MOCTIHHUM, 6€3 MOMITHUX CTpuOKiB. Lliif ymoBi
BI/IMOBI/Ia€ PIBHICTh MEPIIUX PI3HUIB IpaTdacToi (PYyHKINI MepexigHoi XapaKTepUCTUKH KOHTYPY
CTPyMy, IO TIPHBOHTH 0 piBHAHHA: S +e 7 (2+ ) =2, pimenns sxoro Bianosimae S — 1. Ta-
KUM YMHOM, MTOCTIHHUM TeMI HallpyT'u CTPyMY, CIIO)KMBAHOTO BiJl aKyMyJIATOpa, MOXKHA 3a0e3Meyn-
TH, SIKIIIO HEKOMIIEHCOBAHA MOCTiHA KOHTYpPY CTpyMy OyJe AOPiBHIOBATH MEPiOy YaCTOTH BUXiJ-
Hoi Hanpyru AIH.

Peajtizanisi KOMIEHCYI0UOIo peryJjsitopa KOHTYpYy crpymy. [Ipencrasumo (3) y Burisai
TaKol CyMU:

K,(p)=K,1+ ! +— ! ).ae K,=RT,/T,K K.
Ty, pT;T,

[Tepexoasiuu 10 BITHOCHOTO KOMILIEKCHOTO 3MIHHOTO ¢ = pT , OTPUMY€EMO:

Kpc(q):(l—i-%”—i-%),ne T=T/T,,T,=T/T, .

JluckpeTHa nepenaBaibHa PYHKIIISI pEryisiTopa KOHTYpY CTPYyMY:

220+ Tu+T,T,e)+ Z(T, —~Tu =2)+1-Tu T, &
Z' =27 +1
[MoxinuBIIM YncenbHUK 1 3HaMeHHUK (9) Ha Z , 1711 MOMEHTY CIIpaIlbOBYBAHHS IMITYJILCHOTO
esieMenTa (& =0) oTpumyemo:

W pe(Z,8) = Z\Kpe(@)} =K, 0<e<1.(9)
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W (2.0)= ot Z*l_;fl + Z’Z_ ézz _ AU*fHX(Z,O) ’ (10)
1+bZ +bZ AU 5x(Z,0)
ne pty=K,(1+Tw), s, ==K,2+Tw ~T,), 1, =K, b, ==2,b, = 1.
3 (10) orpumyeMo Z-300paKeHHsI KiHIIEBO-Pi3HUIIEBOTO PiBHIHHS:
AU 5ux(Z,0) = AU sx [Z.0]- (g + Z 7' gty + 272 11,) = AU s [2.0]- (027" + b, 27%) .
PIOMy BIJIMIOB1/1a€ OPUTIHAI:

2 2
AU six [n,0]= D AU sx[n = K0 gty = > AU six [n — K ,0}p . (11)
K=0 K=1
() & Po3B'si3aHHS  PI3HUIIEBOIO PIBHSAHHS

"li_ (11) 3pgiiicHroe  1HQpoBHI  PEeKypCUBHUI
GUIBTp 3 HECKIHUEHHOIO MMaM ATTIO, CTPYKTY-
pHa cxema SIKOTo 300pakeHa Ha puc.3.

3 BuxopucranHsaMm naketry MATLAB Simulink
JIOCITIHKEHO TIPOIIeCH B MOJENi (puc. 4) KOHTYpY
CTpYMy CHUCTEMH NPHUBOJLY KBaJPOKOITTEPA 3 IBH-
rysoM DB59C024035-A. Perynaropu KOHTYpy
ctpymy 3afisiHo B 6710111 Current Controller. Pea-
+ KIisI CTPYMY aKyMyJisiTopa Ha 3MiHY MOMEHTY
HaBaHTaXeHHs i [1l-perynsropa nmokasana Ha

puc. 5, a, a ciektp crpymy BAIIC —Ha puc. 5, 6.

Puc. 3

Current Controller Scopes

BLDC Nanotec DB39C024035-A with 6-step inverter

—
| Speed

N({/min) controller

<Stator current is_a (A)>

Test 1

<Stator back EMF e_a (V)>

Speed In_10ut_1
: o
- c <Rotor speed wm (rad/s)>
rad2rpm
[ Discrete —r BLDC
5e-06s. SvI <Electromagnetic torque Te (N*m)>
Task Open loop '
ot—=
Mot TiNm)
Puc.4
- CTpym xuBneHHs AlH, A :
I | | %r —lde| |
60 sk
40
o~
E
20 21
Q
a A g
c 10
¢]
-20 5
40 0
1 1 1 1 1 1

1 1
-60 ; g g : ; : - 0 5 10 15 20 25 30 35 40 45 50 55

0 9 = i 140(: = By L i RBW=292.97 Hz, Sample rate=200kHz ~ Frequency (kHz)
, M

a Puc. 5 o
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AHaIIOTIYHI [iarpamMu sl BUTIAJIKY BKITIOYCHHSI B KOHTYP CTPYMY KOMIICHCYIOUOTO PEeryJstopa Ha-
BEJICHO Ha puc. 6, a, 6. BoHM cBim4aTh MpO MOKPALIECHHS TEMITy 3MIHH CTPyMYy aKyMyJsTOpa Ta
3MEHIICHHS aMIUTITY ] BUIIIUX TAPMOHIK y CIIEKTP1 CTPYMY, HACIIIIKOM YOTO € IMOKpaIeHHs eHepre-
TUYHHUX TTOKa3HUKIB.

00 Crtpym xusnexHs AlH, A T

80 H 251

[}
=3

60

40

CnekTtp (Vrms)
>

=)

20

o

o R
0

|
- | ‘ | | | ‘ |
Y 0 i 2n B o & o o 0 5 0 15 D 2B N B H 45 N5

t, Mc RBW=292.97 Hz, Sample rate=200 kHz Frequency (kHz)

a Puc. 6 o

BucHoBok. OTpuMaHO mnepenaBajibHy (YHKIIO KOHTYpPY CTPyMy 3 HaJAlITyBaHHSIM Ha
IpoIiec KiHIIEeBOT TPUBAJIOCTI, SIKa Ja€ 3MOT'Y 3MEHIIUTH BTpaTH notyxHocti B BJIIIC ta 36inbmmTu
94ac BUKOPHUCTAHHS €HEPreTHYHOTO pecypcy KBaJApOKONITepa.
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K6aodpoxkonmepa npeoyiodiceno ONMmuMUsUpo8ams npoyecc nompebieHuss moka dNeKmponpusoOamu HeCyuux 6UHmMos,
KOMOpble GbINOJHEHbl HA OCHO8e OECKOIEKMOPHBIX Osuzameineti NOCMOsIHH020 moka. VIx numanue ocywecmensemcs
Om a8MOHOMHBIX UHEEPMOPO8 Hanpsicenus. buoin. 10, puc. 6.

Knwouesvie cnosa: xBagpoxkontep, OECKOJIJIEKTOPHBIH JBUTaTeldb IIOCTOSIHHOIO TOKa, MOTPEOJsieMblli TOK,
ONTUMH3AIIHS.

OPTIMIZATION OF ENERGY-DYNAMIC PROCESSES IN QUADROCOPTER ELECTRIC DRIVE
SYSTEMS

Yu. Denisov, V. Voytenko, A. Gorodny, A. Dymerets
Chernihiv National University of Technology,
Shevchenka str., 95, Chernihiv, 14035, Ukraine,

e-mail: den711td@gmail.com

In order to save energy consumption of the battery for powering the quadrocopter flight stabilization system, it is pro-
posed to optimize the process of current consumption by rotor electric drives, which are based on brushless DC motors.
They are powered by autonomous voltage inverters. References 10, figures 6.

Key words: quadrocopter, brushless DC motor, current consumption, optimization.
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TEOPETUYHE TA EKCIHEPUMEHTAJIBHE JOCJ/IIKEHHA EPEKTUBHOCTI
PEI'YJIBOBAHOI'O ACUHXPOHHOT'O EJIEKTPOIIPUBOIA

B.C. HepranI*, JOKT.TeXH.HayK, FO.P. HJIOTKin**, KaHJ.TexH.HaykK, P.M. €H0KTa€B1***,

kan1.TexH.HayK, A.C. Knpuienko' **** B.B. 3aBo/TiHKOBChKHii ' **% %
'Onecrkuii HAIOHATBHUH MO TEXHITHIII YVHIBEpCHUTET,

mp. lleBuenka, 1, Oneca, 65044, Ykpaina

’BepuiHChKa BHIIA [IKOIA EKOHOMIKH i TpaBa,

Anpt Opiapixchensbae, 60, beprin, 10315, Himeuuwnna

e-mail: victor petrushin@ukr.net, juriy.plotkin@hwr-berlin.de, rostik-enok@ukr.net

Poszensimymo kpumepiii epexmuerocmi pobomu pe2yib08aH020 ACUHXPOHHO2O eeKMPONPU8oOa — Koepiyichm KopucHoi
oii. Hozo mamemamuune moOenmosanms 30iiCHIOEMbCA AK 3 YPAXYEAHHAM HAXUTY 306HIUHbOI XAPAKMEPUCHUKU
uaCmMomHo20 nepemeoplosaya, mak i 6e3 Hboeo. Buxomano nepexio 6i0 cimeticmeéa pobouux Xxapakmepucmux
Koeiyienma KopucHoi Oii 3a pisHUX napamempis pe2yio8aHHs — Yacmom HANpyeu HCUBIEHHS — 00 1020 pe2yiio8aIbHUX
Xapakmepucmux. 3anponoHo8aHo pO3PAXyHOK Kpumepiio 6IONOBIOHO 00 eKCHIYamayiiHo20 PelCUMy HABAHMANCEHHSL.
32i0H0 3 yum Kpumepiii po3paxo8yemvcst sk CepeOHbOOIana30HHULL Y Ne6HOMY OlanazoHi pe2yiro8ants weuokocmi abo
BUBHAUAEMBCSL 3 YPAXYBAHHAM 3A0AHOI maxozpamu 3miHu weuoxocmei. Ompumano 3MiHy Koe@iyicuma KopucHoi Oii 6
HeyCManeHux pejicumax. 3anponoHo8aHo po3paxyHox Kpumepiro nio yac pobomu npugooa, KOAU MPUEAnicms CMAIUX
PpedicuMi@  CnigpO3MIpHA 3 MPUBANICMIO nepexioHux peocumis. Excnepumenmanvno niomeepodceno pesynvmamu
MAMeMamuiHo20 MOOeN0BAHHS, Y NPOYeCi K020 BUSHAYAEMbCA Kpumepiti eqpeKmusHoCmi 8 CIanux ma HeyCmanieHux
pesicumax. [logedeHo, w0 34 BUKOPUCHAHHA MAMEMAMUYHUX MoOenell 3 YPAXY8AHHAM HAXUTY 306HIUHLOL
XapakmepucmuKyu nepemeoprosaia yacmomu noxubka eusHavenns Koegiyienma kopuchoi 0ii npueody meHuia, Higc 6e3
027140y HA HbO2O. 3anponoHoéane meopemuyHe SUSHAUEHHA KpUmepiro epekmusHocmi mModce OYmu SUKOPUCTHAHO 8
npoyeci po3pooKu pecyibo8aHux ACUHXPOHHUX elekmponpueodis. bion.12, puc. 3.

KuarouoBi ciioBa: peryiiboBaHHl aCHHXPOHHUMH €JIEKTPOIIPUBO/I, CTAJ1 Ta HEYCTaIEH] PEKUMHU, KpUTEPil eeKTHBHOCTI,
KOe(ilieHT KOPUCHOT i1, MATeMaTHYHE MOJCIIOBAHHS, CKCIICPUMEHTAIIbHI TOCIIIKCHHS.

Beryn. 3actocyBaHHsI peryjibOBaHUX acHHXpOHHUX enekTponpuBoaiB (PAEII) y pizaux
rajgy3sx HpPOMMCIOBOCTI, Ha TPAHCIOPTi, Y KOMYyHaJbHIi cdepi, Yy CUIBCBKOMY TIOCIONAPCTBI
3YMOBIIIOE iX YJOCKOHAQJICHHS, K€ HE MOXJIMBE 0€3 pEeTeIhbHOTr0 MOJIEIIOBAaHHS BCIX (PI3MUHUX
mporieciB, 10 BiaOyBaioThCsl B HUX. [lopsa 3 palioOHAJBLHUM pETYJIIOBAaHHSAM IapamMeTpiB pyxy
HaBaHTKEHHS, 30LIBIIICHHSIM PECypCcy pOOOTH €JIEKTPOTEXHIYHOTO W MEXaHIYHOTO YCTaTKyBaHHS
PAEII 3xatHi 3a06e3neuyBaTu icTOTHE eHeprozoepexeHHs. Lli 3aBAaHHS MOBMHHI BUPIIIYyBAaTUCS 3
HEO0OX1THOIO €(DEKTUBHICTIO.

IMocTranoBka 3axaui nocaimxkenns. EQextuBHicts podotn PAEIT MoXHa BUSHAYUTH Yepe3
eHepreTUYHU ToKa3HUK — KkoedimieHT kopucHoi nmii (KK]I). MixHapoaHuMu cTaHAapTaMH
BCTaHOBIIEHO He TibKU Kiacu KK/ ABuryHiB 3MiHHOTO CTpyMYy, IO KUBJIATHCS Big Mepexi [1], a it
TaKi, IO KUBIIATHCS BiJ mepeTBoproBadiB [2]. Skmo cranmapt [1] omHO3HAYHO BH3HAYAE KIIACH, TO
cTaHgapT [2], sKkuil MaB JEKUIbKA pelakiiil (3riIHO 3 OJHI€T 3 HUX I PO3PAXyHKY yCEpPEeIHEHOIo
KKJ[ perynp0oBaHOTO aCHHXPOHHOTO JBHWTYHa IOTpPIOHO OpaTw 10 YyBarm 3HAYEHHS I[HOTO
€HEpreTUYHOr0 TIOKa3HUKAa B CEMHM HaBaHTAXYBaJbHO-PETryJIIOBAJIbHUX TOYKaX 3a pI3HUX
IIBUKOCTEH Ta HABAaHTAXXCHB), HE Ja€ TOYHOTO pimeHHs. Ha dep3i kinacudikaris 3a epeKTUBHICTIO
CUCTEM ENEKTPOIPHUBOJA, JIe TEX 3'SABIAThCS MOAIOHI mpobnemu. Mixk TUM KIacM MOXYTb OyTH
PO3TIISIHYTI 3 BHKOPHCTAaHHSM [ialla30HHUX DETYJIIOBAIBHUX XapPaKTEPUCTHK a00 JAMHAMIYHUX
XapakTepucTUK. [IuTaHHAM JOCITIJKEHHSI €HepreTUYHUX MOKA3HUKIB PEryJbOBAHUX AaCHHXPOHHHUX
neuryHiB (PAJ]) Ta PAEII npucssiueno psia po6it [3, 4, 5, 6, 7]. HJouineHo posrmsiHyTH KKJI
MIPUBO/IA HE TIJIBKYU B CTAJIMX, @ TAKOXK y HEyCTalIeHUX pexxumax. Llelt kpurepiit epeKTUBHOCTI MOXe

© erpymms B.C.,. [Tnotkin 10.P, €nokraes P.M., Kupunenko A.C., . 3aBoniakoBcekuit B.B., 2020
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BUKOPUCTOBYBATHCS B MPOLECi BUOOPY TOr0 M 1HIIOTO BapiaHTy PEryJibOBAaHOTO €JIEKTPONPUBO/A,
a TaKoX i yac pO3pOOKH TaKUX MPUBO/IIB.
Meta po0doTH: eKCIEPUMEHTAIBHO MiATBEPAUTH KOPEKTHICTh TEOPETUYHOIO BU3HAUEHHS 32
JIOTIOMOT 010 MOZIeTIIOBaHHs KpuTepito epextuBHOCTI PAEIT y cTanmux Ta HEycTaleHUX pexnMax.
Marepianm i pe3yabTaTtH JocailikeHHsl. IS JOCHIIDKEHHS — eKCIUTyaTalliiiHMX
xapakrepuctuk PAEII BIANOBIIHO 10 MPUHLUIIB CUCTEMHOIO MIAXOAY 3I1HCHIOETHCS CYyMICHHUN
pO3TIIsi[] TMepeTBOPIOBAUiB, IBUTYHIB 1 HaBaHTaXEeHHA [8], 10 peani3oBaHO B Mporpami
DIMASDrive [9], po3pobneniii Ha Kadenpi enekTpudHHX MammH OIECHKOTO HAIiOHAIEHOTO
nonitexHiuHoro yHiBepcutety. J[ocmimkyetbess PAEIl 3 HalOimpInl  poO3MOBCIOHKEHUM
TPaH3UCTOPHUM TmiepeTBopioBadeM 4actotu (IIY) 3 aBroHomMHHMM iHBepTopoM Hampyru Ta LIIM-
peryJItoBaHHSM, SKUH Ma€ BIAMOBIIHUA YMOBHHM KOE(DIIIEHT KOPUCHOT TTIT My (Y TAKOMY BUTIATKY
Nmn=0,958). 1nst Buznauenns KKJ{ PAEIT notpibHO po3paxyBaTu MOTYXHICTh, IO CIIOKUBAETHCS
IBUTYHOM Py Y [8] HaBemeHO MeTOIuKy po3paxyHKy Py, Tomi KKJ]I mpuBoma po3paxoByeThCs K
Nup= P2* Ninu /Pos, A€ P> — MEXaHIYHA MOTY>KHICTb Ha BaJly JIBUTYHA.
Ha excnepuMeHnTansHOMYy CTeHII acuHXpoHHUU ABUTYH AIP71A2Y3 >xuBuBCS BiX
1p, B.0. tpanzuctopHoro IIY Altivar 28 Telemecanique.
“r— 1T [ I [ OOMoTKa cTaropa [BUTYHa Maya 3 €IHAHHS
- T "sipka". JliHilfHa Hampyra Mepexi miag dYac
A —— T 50/;“ ekcnepuMeHTy ckinagana 380 B 3a wactotu 50
ol I, [TeperBoproBay MaB CTaHIApTHI
HanamryBanas: U,,,= 400B 1 f,= 50T,
qacTOTa MOTYJISIIIT - 4 kI Sk
eKCIIEpUMEHTAJIbHI, TaK 1 TEOPETUYHI
XapakTepUCTUKH  OTPUMAHO  JUId  3aKOHY
YaCTOTHOTO PETyJIoBaHHS L — TOCTIHHUN
,.MHw  momenT HaBanTtaxenus (U/f = const) [10]. ITin
e P . " 4ac EKCIIEPUMEHTAITbHUX gocninmeHb
0.8 BUKOHYBAJINCS MOJOXKEHHs, HaBeaeHi B [11]. 3
0.7 | | | L METOI0 BU3HAYCHHS CHEPreTHYHUX MOKAa3HHKIB

0.7 S

0.6

0.5

0n PAEII HPOBOTHIIOCS ocrmorpagyBaHHI
e s CTpyMy, SKUH BIH CIIO)KMBa€ 3a JOINOMOIOIO
IIPUCTPOIO BORDO-421. [naxom
BUKOPUCTAHHS porpaMu "O6po0Oka
pe3ynbTaTiB", po3pobienoi Ha 6azi MATLAB,
oyno 3naineno KKJ[ PAEIL.

Ha puc.l1 naBemeno 3anexnocti KKJ|
MPHUBOJIA BiJl MOMCHTY HaBaHTKEHHS IS PI3HUX
4acToT YKUBJICHHS, OTpUMaHIi K
eKCIIepUMEHTaIbHO (puc.l, a), Tak 1 B pe3yybTaTi
MaTeMaTHYHOTO MojentoBaHHs 0e3 (puc.l, 6) i 3
ypaxyBaHHsIM (puc.l, 6) HaxwiIy 30BHINIHBOI
xapakrepuctuku T4 [12].

3a ymoBwH, mo PAEIl mae HaBaHTaxeHHs
M=2Hw™m (78,7% Bin M,,, nIBUryHa), 1 BOHO
HE3MIHHO, BUKOPHUCTOBYIOUHN MeXaHi4H1
XapakTepUCTUKH 3a pI3HUX YacTOT HaNpyTu
KUBIICHHS ~ JBUTYHa, MOXKHA TMEPEeUTH 10
pETryJIIOBaIbHUX XapaKTEPUCTHK, IO SIBISAIOTH
coboro 3anexxnocti KKJI PAEIl Big uwacrotu
o0epTaHHS B TMEBHOMY Jiama3oHi pPEeryIrOBaHHS.
Puc. 1 Ha puc.2 Taki 3ameXHOCTI HaBeAeHO (HyMmeparlis
XapaKTePUCTHK BIIMIOBiJIa€ HACTyHOMY

0.6
05—
0.4

20T
0.3

L M, H'm
0 0.5 1 1.5 2 2,5 3
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nopsaaky: I — exkcnepuMmeHT, 2 — MOJENIOBaHHS 0e3 ypaxyBaHHS HaxXWiy 3O0BHILIHBOI
xapakrepuctuku [14, 3 — MoaentoBaHHs 3 ypaxyBaHHSM HAaXMITy 30BHIIIHBOT XapakrepucTuku [14).

Sxmo edexruBHicTh PAEII o1iHIO€THCS 1151 BCHOTO 3aBAAHOTO J11alla30HY PEryJIOBaHHS, TO
KK/I moxe po3paxOBYyBaTHCh SIK yCEPEIHEHE:

1t
Ny =——— [n(n)dn.
7’12 - nI n[
VY takomy Bumnaaky (aiamazon 1700 — 2800 06/xB) M, » WO 3HANJEHO 3 EKCIIEPUMEHTY, JIOPIBHIOE
0,67, m,,=0,575, M0 OTpMMaHO B pPE3yJIbTAaTi MATEMATHMYHOTO MOJENIOBAHHA 0€3 ypaxyBaHHs
HaxXWily 30BHINIHBOI xapakrepuctuku IM4, 1 mn,,=0,641, mo orpumMaHo B pe3ynbTaTi

MaTEeMaTHYHOTO MOJICIIOBaHHS 3 YpaXyBaHHSIM HaXUy 30BHIIIHBOI XapakTepucTuku [T4.

Sxmio BioMi 4acoBi €KCIUTyaTalliifHI JiarpaMu HaBaHTAXXEHHS, a camMe Yac poOOTH Ha KOXHIH
4acToTi 00epTaHHsS, OOYMOBJICHHI TEXHOJOTIYHUMH BHUMOTaMHU 0 TMPHUBOJHUX MEXaHI3MiB, TO
OIIIHKY JTaHOTO JIialla30HHOTO KPHUTEPIF0 HEOOXiHO POOHMTH 3 ypaxyBaHHSM TPHUBAIOCTI POOOTH
zl:(n(nz) : tn,- )

JIBUTYHA B KOJKHIN TOYIII JiaNia30Hy PETYIOBAHHI: M, = S
t,
i 1

, A€ t, —4ac poOOTH ABUTYHA

3a BIJIMOBIAHOI YaCTOTH OOEpTaHHS 7; , | — OPSIIKOBUN HOMEp CTYIIEHI TaXOTrpamHu.
3navenHs mianasoHHux KKJ|

Tuop, B.O.
PAEII, OTPUMAHHUX 0.9
eKCIIEpUMEHTaJbHO Ta 3a paXyHOK gg
n2
MaTeMaTUYHOTO  MOJEIIOBAHHA 3 1 —
. 0.7 s e -
ypaxyBaHHSIM  TPHUBAJIOCTI  poOOTH ni L |+
L S 0.6
JBUTYHAa B KOXKHIM TOULll Jlama3oHy .
. . R R
peryjroBaHHS BIANOBITHO 10 3aJaHOi - 5
taxorpamu (100 ¢ — 1800 06/xB, 200 ¢ 04
— 2600 06/xB, 100 ¢ — 2300 00/xB) g3
taki: 0,672 — 3 exciepuMenty, 0,585 — 0
3 MareMaTU4YHOro MOJEIIOBAHHA 0O€3
. . 0.1
ypaxyBaHHs  HaxWiay  30BHILIHBOI i
. ]
xapakrepuctuku I[M4 1 0,647 — 3 0 n, 06/xB
2> 2 2 2> 2
MATEMaTHYHOTO  MONEMIOBAHHA 3 1500 1700 1900 2100 2300 2500 2700 2900
ypaxyBaHHSAM  HaXWiy 30BHINIHBOI Puc. 2
xapakrepuctuku 114.
, N Byno mpoBeneHo TeopeTuuHi
1nps B.0.
][}p; _ _ _ _ _ _ (3 ypaxyBaHHIM HaCUYEHHS
“ I tqu MArHITONPOBOXY 1 BUTICHEHHS
0.7 | - - - - eKCIIepUMEHTAJIbHI TOCJII KEHHS

muHamiuHux — Xapaktepuctuk  KKJI
PETyJIbOBAaHOTO ACHHXPOHHOTO EJIeK-
tponpuBoja. Jlsuryn AIP71A2V3
3alyCKaBCsl 32 MOMEHTY  iHepuii
JIBUTYHA 3 HaBaHTaXyBaJbHUM
MEXaHI3MOM 0,0017 KT'M°.
HocnimxenHnss Oylno MpoOBEACHO 3a
IHTEHCUBHOCTI HApOCTaHHS YacTOTH
o 1 , ; . ‘ t,c TepeTBOproBaya SQ T'u/c, BiIL. KO

Puc. 3 3aJICKUTh TPUBANICTh TEPEXiTHOTO
nporiecy.

n
o
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MoMeHT HaBaHTa)XCHHs Ha Baly MaB JIiHIHHY 3aJI€KHICTh BiJl YMclia 00EpTIB Ta OMHCYBaBCA
piBasHEIM M(n) =0,2 + 0,825-1-107°.

Ha puc. 3 HaBeeHO pe3ysbTaT TEOPETUYHHUX Ta EKCIIEPUMEHTAIBHUX JOCIIIKEHb i Yac
pobotu PAJ] Ha 3amany taxorpamy (3 ¢ mHa 1705 06/xB, M=1,61 Hm; 3 ¢ — 2850 06/xB, M=2,55
H-m). 3nauyenns nianazonHux KKJ/[ PAEII 3 ypaxyBaHHSAM iX 3MiHM B MEPEXIAHUX PEXKUMaX MOXKHA
PO3paxyBaTH:

t

Kit

1
Nup PP jn(t) dr.

KIH now ¢
noy

3nauenns mianazoHHux KKJ[ PAEIL, oTpumaHuxX eKCHEpUMEHTAJIbHO Ta 3a pPaxyHOK
MaTeMaTUYHOTO MOJICJIIOBAHHS 3 YPaxyBaHHAM iX 3MIHM B NEPEXiIHUX pekuMax 1 0e3 ypaxyBaHHs
mycky, Taki: 0,701 — 3 ekcnepumenty, 0,674 — 3 MaTeMaTUIHOTO MOJCIIOBAHHS 0€3 ypaxyBaHHS
HaxXui1y 30BHIIIHBOI XapakTepucTuku [T 1 0,696 — 3 MaTeMaTHUHOTO MOJIEJIIOBAHHS 3 YpaxXyBaHHAM
HaXWJITy 30BHIITHBOI XapaKTEPUCTUKN NEPETBOPIOBAYA YACTOTH.

BucHoBku. 1. 3ictaBneHHs excnepuMmeHTanbHux xapakrepuctuk KKJ[ PAEIT 3
XapaKTepUCTHKAMH, BHU3HAUYCHHUMH 32 JIOTIOMOTOI0 MAaTeMaTHYHOTO MOJIENIOBAaHHS, IMOKa3ye, II0
noxuOKa MijJ yac MOJIENIOBAHHA 3 ypaXyBaHHSIM HaXWJly 30BHILIHBOI XapaKTEPUCTUKU YaCTOTHOTO
NepeTBOPIOBaya MEHIA, HiK 0€3 ypaxyBaHHS.

2. Ominky edextuBHocTi PAEIl gouinbHO JAaBaTh, BUKOPUCTOBYIOUM 3HAYECHHS
niamazonanx KKJI PAEII 3 ypaxyBaHHsM a00 TpHBaJOCTI pOOOTH JABHIYHAa B KOXHIM TOYII
Jiama3oHy peryjiroBaHHS, a0o iX 3MIHM B MEpeXifHUX pexumax. Takuil miaxin nae 3Mory
ouintoBatu edextuBHicTh PAEIl sk uig pexxumiB poOOTH, y SKHX TPHBAIICTh TUHAMIYHHX
PEXUMIB 3HAYHO MEHIIA TPUBAJIOCTI YCTAIEHUX PEKUMIB, TaK 1 JUIsl PEKUMIB 3a CHIBPO3MIPHOCTI
BUIIEBKA3aHUX TPUBAIOCTEH.

3.AHaJOTIYHUM YHHOM MOXE 3[IHCHIOBATUCS OIliHKa €(QEeKTUBHOCTI PEryIb0BaHOTO
ACHHXPOHHOTO EJICKTPOTIPUBO/TY 3a IHIIMX THITIB Ta TAXOIPaM HABAHTAXKEHHSX, 3aKOHIB YaCTOTHOTO
KepyBaHHS I1€PETBOPIOBAYIB YaCTOTH Ta X HAJIAIITYBaHHS.

4.3anporoHOBaHe TEOPETHUYHE BU3HAYCHHS PO3TIIIHYTOrO KPHUTEPil0 e(EeKTUBHOCTI MOXKE
OyTH BUKOPHUCTAHO MiJl 4ac PO3pOOKH PEryIbOBAaHUX aCHHXPOHHUX €JIEKTPOIPUBOIIB.
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YK 621.313.333.2
TEOPETHUYECKOE U OKCIHEPUMEHTAJIBHOE UCCJIEJOBAHUE 2OPEKTUBHOCTHU
PET'YJIMPYEMOI'O ACHHXPOHHOI'O 2JIEKTPOIIPUBOJJA

B.C. Herpymmun', nokr.Texn.Hayk, FO.P. ILtoTkun’, kana. texn.Hayk, P.M. EHokTaeB', kan.Texn.HayK,
A.C. Knupuienko' , B.B. 3aBosinnkoBckmuii'

'Onecckuii HallMOHAJIbHBIN [TOJINTEXHUUECKUN YHUBEPCUTET,

np. [lleBuenko, 1, Onecca, 65044, YkpanHa.

’BepIMHCKas BHICIIAS 1IKOJIA SKOHOMUKH H IPaBa,

Anbt Opuapuxchensae, 60, bepnun, 10315, I'epmanust.

e-mail: victor_petrushin@ukr.net , juriy.plotkin@hwr-berlin.de , rostik-enok@ukr.net

Paccmompen  kpumepuil s¢pghexmuernocmu pabomel pe2yrupyemozo acCUHXPOHHOZ0 INEKMPONPUBood - Kodpguyuenm
nonesnoeo Oeticmeusi. E2o mamemamuueckoe MoOenuposanue ocywecmensiemcsi KaKk ¢ y4emom HAKIOHA 6HeuHel
Xapaxmepucmuky 4acmomHozo npeobpazoeameins, mak u 6e3 nezo. Buinonanen nepexod om cemelicmea pabodux
Xapaxmepucmuxk KodQuyuenma noie3Ho2o Oeucmeus npu pasiuyHblX NApamempax pezyiuposanus - Yacmomax
NUMArWe20 HanpsjiceHust 00 e20 pe2yiuposodnblx xapakmepucmuk. [Ipednoscen pacuem Kpumepus 6 COOMEenCcmeuu
€ IKCNIYAMAYUOHHBIM pedcumom Hazpysku. Co2nacto smomy Kpumepuil paccuumvléaemcss KaK cpeoHeouana3oHHblil
6 OnpedeseHHOM OUanazoHe pe2yluposanusi CKOPOCHU, UMU ONPeOeNsemcs ¢ YY4emoM 30d0aHHOU — MAXOZPaMmbl
usmenenust ckopocmeii. Ilonyueno usmenenue Kodgh@uyuenma noiesHo2o Oeucmeus 6 HeyCManOBUBUUXCSL PENCUMAX.
Ilpeonoosicen pacuem kpumepusi npu pabome HPUBOOd, KO20d NPOOOINCUMENbHOCHb YCIMAHOBUBUUXCSL PENCUMO8
cousmepuma ¢ NpooOaNCUMENLHOCIBIO NEPEXOOHbIX PEeHCUMO8. DKCHEPUMEHMATIbHO NOOMBEPICOEHbl Pe3yIbmMambl
MAMeMamuyecko2o  MOOeIUpoOsanus, 6 npoyecce KOMOpPo2o onpeoeisemcs Kpumeputi dpgexmusnocmu 6
VCMAHOBUBUUXCS U HEYCMAHOBUBUIUXCSL  pedicumax. [JoKazano, 4mo npu ucnoIb308aHUU MaAmMeMamuieckux mooenei ¢
Vuemom  HAKIOHA — GHeWHell  XAPAKMEPUCmuKu  npeoopasosamenss  4acmomvl HOSPEUWHOCMb  ONpedeneHus
KO0 Puyuenma noneznozo deticmausi npueoda menvuie, yem bes yuema. l[lpednodcennoe meopemuueckoe onpeoenenue
Kpumepusi  dpexmugnocmu  Modcem  OblMb  UCNONL306AHO NPU  pA3PAbOMKe  pPezyiupyemvlx — ACUHXPOHHbIX
anekmponpusodos. bubmn. 12, puc. 3.

KaroueBble CJI0BA: PEryIHPyEMBIi aCHHXPOHHBIM 3JIEKTPOIPHBO/I, YCTAHOBUBIIIMECS W HEYCTAHOBUBIIIMECS PEKUMEI,
KpuTepuii  3PQPEKTHBHOCTH,  KOI(PGHUIMEHT  MOJE3HOr0  AEHCTBHS,  MarTeMaTH4YeCKOe  MOJC/IMPOBAHHE,
9KCIIEPHUMEHTAIIBHBIC HCCIIETOBAHMUS

THEORETICAL AND EXPERIMENTAL STUDY OF THE EFFECTIVENESS OF A ADJUSTABLE
INDUCTION ELECTRIC DRIVE

V.S. Petrushin', Y.R. Plotkin®, R.N. Yenoktaiev', A.S. Kyrylenko', V. V. Zavolinkovskyi'
'Odesa National Polytechnic University,

Shevchenko av., 1, Odesa, 65044, Ukraine.

2Berlin School of Economics and Law,

Alt Friedrichsfelde, 60, Berlin, 10315, Germany.

e-mail: victor petrushin@ukr.net, juriy.plotkin@hwr-berlin.de, rostik-enok@ukr.net

The effectiveness criteria for an adjustable induction electric drive - efficiency is considered. Mathematical modeling of
the criterion is carried out both taking into account the slope of the external characteristic of the frequency converter,
and without this consideration. A transition has been made from the family of performance characteristics of the
efficiency at various control parameters - frequencies of the supply voltage to its adjustment characteristics. The
calculation of the criterion in accordance with the operational load mode is proposed. According to this, the criterion is
calculated as average in a certain range of speed regulation, or is determined taking into account a given tachogram
of speed change. The change in efficiency in transient modes is obtained. The calculation of the criterion during the
drive operation is proposed, when the duration of steady-state modes is comparable with the duration of transient
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modes. The results of mathematical modeling are experimentally confirmed, during which the effectiveness criteria in
steady and unsteady modes is determined. It is proved that when using mathematical models, taking into account the
slope of the external characteristics of the frequency converter, the error in determining the efficiency of the drive is
less than without taking into account. The proposed theoretical definition of the effectiveness criteria can be used in the
development of adjustable induction electric drives. References 12, figures 3.

Keywords: Adjustable induction electric drive, steady and unsteady modes, effectiveness criteria, efficiency,
mathematical modeling, experimental studies
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DOUBLE-DELTA-WINDING SYSTEM WITH NEUTRAL-POINT-CLAMPED
CONVERTERS CONTROLLED BY SYNCHRONOUS MULTI-ZONE PWM

V. Oleschuk, V. Ermuratskii
Institute of Power Engineering of Moldova,
Academy Str. 5, Kishinau, MD-2028, Moldova, e-mail: oleschukv(@hotmail.com

In this paper, algorithms of the universal scheme of synchronous multi-zone modulation have been developed and dis-
seminated for adjustment of two neutral-clamped inverters of double-delta-winding system (which is perspective for ap-
plication in high power variable speed ac drives), providing synchronization and symmetry of waveforms of inverter-
side voltage of power transformer for any control modes of operation including regimes with fractional relationship be-
tween the switching frequency of inverters and fundamental frequency of system. In this case inverter-side winding
voltage of double-delta-winding system has quarter-wave symmetry, and its spectra do not contain even harmonics
and undesirable subharmonics. Simulation results show behavior of system with two neutral-clamped inverters con-
trolled by three basic versions of synchronous multi-zone modulation. References 9, figures 5, table.

Key words: inverter, ac drive, pulsewidth modulation.

Introduction. Recently, novel electrical power conversion systems based on double-delta
sourced windings, which are perspective for application in motor drives, have been investigated [1-
6]. So, this paper presents results of research of this type of systems on the base of two neutral-
point-clamped inverters (NPCI) regulated by the universal scheme of synchronous multi-zone
space-vector modulation, providing synchronization and symmetry of waveforms of voltage of in-
verter-side windings of power transformer for cases of fractional ratio between the switching fre-
quency of inverters and fundamental frequency of system.

Topology, structure, and features of double-delta-winding system with two NPCls. Fig.
1, a presents structure of double-delta-winding system [1] with two NPCIs (NPCI1 and NPCI2),
outputs of which are specifically (see bold lines in Fig. 1 a connected to the corresponding wind-
ings. Fig. 1 b shows topology of NPCI. Fig. 1 ¢ shows (by the big arrows) its basic voltage vectors
and definitions of switching state se-quence for these vectors [7]. This control scheme assures can-
cellation of common-mode voltage in system. Fig. 1 d shows switching state sequences of three ba-
sic schemes of synchronous multi-zone PWM, applied for control of NPCIs [7]. Peculiarities of
synchronous multi-zone space-vector PWM. Principle of synchronous multi-zone PWM of

! and

NPCIs is based on continuous determination of intermediate frequencies F, =D 2 D
1—1)T

1
6(2i—3)r
of system, and in calculation of coefficient of synchronization K, =[1-(F - F;)/(F,_; - F;)], which is

Fi, = (as functions of switching sub-cycle 1) on the axis of the fundamental frequency F

component of basic functions for determination of PWM pulse patterns [7-9]. Table presents control
correlations for determination of instantaneous values of winding voltages V,,;; — V.23 as functions
of the pole voltages of NPClIs.

Instantaneous values of winding voltages V,,;;— V.13 | Instantaneous values of winding voltages V,,2;— V.23

of Double-Delta-Winding System (Fig. 1,a) of Double-Delta-Winding System (Fig. 1,a)
Vit = (2Var = Vg - Ver)/3 - (Vaz - 2Viy + Ver)/3 Vit = (Var =2V + Ver)/3 = (2Var = Via - Vea)/3
Viiz=Var + Vo1 - 2Ve)/3 - (Vaz + 2Vis - Ver)/3 Ve = (Var +2Viy - Ver)/3—Vaz + Viz - 2Ve3)/3

Viiz = (Var - Vi +2Ve))/3 - (-2Va2 +Viy +Ve2)/3 Vias = (-2Var + Vi +Ve)/3 = (-Viz = Vo +2V5)/3

© Oleschuk V., Ermuratskii V., 2020
ORCID ID: *https://orcid.org/0000-0002-7413-4867
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Synchronous control of double-delta-winding system with two NPCIs. Rational syn-
chronous adjustment of double-delta-winding system with two modulated NPCls is based on the
corresponding phase shifts of signals of two inverters including an additional phase shift between
signals of inverters equal to one half of switching sub-cycle [1, 4, 6, 7].



ISSN 1727-9895. Ipayi IE[] HAH Ykpainu. 2020. Bun. 56 61

To underline properties of the used (for control of NPCIs) scheme of synchronous multi-
zone PWM, simulation of processes in double-delta-winding system with two NPCIs had been exe-
cuted for scalar control mode of system with fractional relationship between switching frequency of
inverters (equal to /./kHz) and fundamental frequency of system equal correspondingly to 2/Hz
and 40Hz for two simulation modes. Results of simulation of processes in system with two NPCIs
are presented in Fig. 2—4. Fig. 2 shows basic voltage waveforms and spectra of winding voltage of
double-delta-winding system with NPClIs (relative values of pole and line voltages of the first
NPCI (Va1, Vi1, and V,51), winding voltage V,,;;, and also spectra of the winding voltage), adjusted
by the PWM1 scheme of modulation, presented in Fig. 1 d. Curves in Fig. 2 a correspond to low
fundamental frequency F of system and low modulation index m of inverters (F=21Hz, m=0.42),
and diagrams in Fig. 2 b correspond to the medium fundamental frequency of system, equal to
F=40Hz, m=0.8 in this case. Fig. 3 a,b presents the corresponding diagrams for system with NPCIs
controlled by the PWM2 algorithm, and Fig 4 a,b shows diagrams for system with NPCIs regulated
by the scheme of synchronous modulation with switching state sequence PWM3, presented in Fig. 1 d.

Simulation results, presented in Fig. 2—4, show, that both line voltage of NPClIs and in-
verter-side winding voltage of double-delta-winding system have quarter-wave symmetry, and its
spectra do not contain even harmonics and undesirable subharmonics.

Fig. 5 presents results of determination of averaged Weighted Total Harmonic Distortion

1000
factor (WTHD = (1/V,y11,),| X (Vr1i/ i)? ) of the V,;5; and V,,;; voltages of double-delta-winding sys-
i=2

tem with NPClIs (with average switching frequency equal to /./kHz) controlled by the PWMI,
PWM2 and PWM3 schemes of synchronous modulation during scalar V/F adjustment mode. The
presented results show, that at lower and medium modulation indices algorithms of PWMI1 and
PWM3 assure better WTHD of winding voltage V,,;;, and at higher modulation indices algorithms
of PWM?2 insure better spectral composition of V,,;;.
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Conclusion. Developed scheme of synchro-
WTHD of the line Va1b1 and winding Vw11 voltages

nous multi-zone PWM, applied for regulation of two 16

NPCIs of double-delta-winding system, assure ad- g i

vanced (without even harmonics and subharmonics) 5™[

spectra of inverter-side winding voltage for any oper- 2’| _

ating conditions, contributing to reduction of power E:?‘ . ; //

losses in these installations. To underline properties of £ 4 r..r-'v--_y-fﬁ-;zf#—

the used scheme of synchronous multi-zone PWM, EO-Q /r,,r"a__ pe et 1 W |

simulation results, presented in Figs. 2-4, proved the £ u.a‘;.fz e | i)

fact of advanced spectra of winding voltage of system 2 o07§=*"" T Vabi(Pw)
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and fundamental frequency of system equal corre-
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spondingly to 2/Hz and 40Hz for two simulation regimes.
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IIPEOBPA3OBATEJIBHASL CUCTEMA C OBMOTKAMH TPAHC®OPMATOPA 110 CXEME JIBOMHO-
I'O TPEYI'OJIbBHUKA HA BA3E HUHBEPTOPOB CO CPEJHENU TOYKOHU B HEIIU IIMTAHUA U C
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Toxazano, umo mMooupuyuposantvie NPUMEHUMENLHO K Pe2yIUpOBaAnUI0 08YX UHEEPMOPOS CO CPeOHel MOYKOU Uc-
MOYHUKA NUMAHUS ANCOPUMMbL CUHXPOHHOU MHO2030HHOU LLIFIM noseonaiom obecneuumsv CUHXPOHUZAYUIO U CUM-
Mempuio popm Hanpsdicenus Ha UHEEPMOPHLIX OOMOMKAX NPeodpa308amenvHOU CUCmeMbl MpPaHcHOPMaAmopHo2o
muna (nepcnekmueHou OJisk UCNOIb3068ANHUSL 8 MOWJHBIX PE2YIUPYEMbIX DNIEKMPONPUBOOAX NEPEMEHHO20 MOKA) Npu 1i0-
ObIX pedicumax (QYHKYUOHUPOBAHUS, GKIIOYUASL PedCUMbl pabombl npu OPOOHBIX COOMHOULEHUSIX MeNCOY HacTmomou
KOMMYymayuu 6eHmuiell UHBEpmMopo8 U 8bIXOOHOU 4acmomou cucmemvl. Ilpu smom Hanpsodicenue HA UHGEPMOPHBIX
obmomkax mparcghopmamopa obnadaem 4emseepmvE0IHOB0U CUMMempUell, U 8 e20 CHeKmpe OMCYmMCmeyon YemHble
2aAPMOHUKU U CYO2APMOHUKU. Bbinonneno mooenuposanue npoyeccos 6 cucmeme ¢ 08yMsi UHBEPMOPAMU, pe2yaupye-
MbIMU HA OCHOBE Mpex PA3HO8UOHOCHEeU CUHXPOHHOU MHo2030HHoU [LIIMM. bubn. 9, puc. 5, Tabnuma.
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MEPETBOPIOBAJIBHA CUCTEMA 3 OBMOTKAMM TPAHC®OPMATOPA 3A CXEMOIO NOJIBIHO-
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Tokazarno, wo moouixosani OJisi pe2ynosanis 080X IHEEPMOPIE I3 CEPEOHbOIO MOUKOIO 0XCePend HCUGNEHHSL ANeopU-
mMmu cuHXpoHHoI 6azamo3zonnoi LIIIM daiomb 3mo2y 3abe3neyumu CUHXPOHIZAYII0 Ma CUMempiio hopM HAnpyeu Ha iH-
BEPMOPHUX OOMOMKAX NEPEMBOPIOSANLHOI CUCEMU MPAHCHOPMAMOPHO20 MUNy (nepcheKmuHol 0l BUKOPUCTHANHS
6 HOMYJICHUX eeKMPONPU00ax 3MiHHO20 CIMpyMy, Wo pe2yiiolomspcs) 3a 6y0b-sKUX PeliCUMi6 (YHKYIOHYBAHHS, 6KIIO-
YHO 3 pedcumamu pobomu npu OpobOBUX CRIBGIOHOWEHHSX MIJC YACMOMON KOMYMAyii 6eHMUNLE IHBEPMOPIE | UXIO-
HOI0 4aCMOomolo cucmemu. Y maxomy 6unaoxky Hanpyea Ha iHGEPMOPHUX OOMOMKAX MPAHCHOPMAMOPA MAE 48epmb-
X8UNLOBY cuMempiro, a 6 ii cnekmpi 6i0CYmHI NAPHI 2apMOHIKU ma cydeapMoHiKy. Bukonano modenosannsa npoyecis y
cucmemi 3 080MA iHEEPMOPAMU, WO Pe2YTIOIOMbCA HA OCHOBI MPbOX PI3HO8UOI8 CUHXPOHHOI bazamooszonnoi LIIM.
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OCOBJIMBOCTI PO3PAXYHKY HAIIIBIIPOBITHUKOBHUX ITEPETBOPHOBAYIB
MNOCTIMHOI HAITPYT'U HA OCHOBI YCEPEJJTHEHHS B ITIPOCTOPI CTAHIB

1O.B. PyaeHko, TOKT. TEXH. HayK
IHcruryt enexrpoaunamikun HAH Ykpainuy,
np.Ilepemoru, 56, Kuis, 03057, Ykpaina
e-mail: rudenko@jied.org.ua

Posznanymo 3acmocysanma memooy ycepeOHeHHs: 8 NPOCMOPi CMAHI8 3 BUKOPUCTHAHHAM meopeMm Jlaepandica 0na pos-
PAxXyHKY HANi@nposioHUKOB8UX Nepemseoprosayie nocmiliHoi nanpyau y hopmanizoearomy mampuirHomy euenaoi. Ompu-
MAHO AHATIMUYHI BUPA3U OJISL PO3PAXYHKY CePeOHIX Ma NYIbCAYIUHUX CKIA008UX SMIHHUX CIMAHIE NPU 08OIHMEPEAbHUX
npoyecax ¢ 0OHOMAKMHUX nepemeopiosayax. /s imocmpayii UsHayeno mampuyni Koegiyicnmu mooeni 3 ycepeone-
HUMU 3MIHHUMU OJI51 ROHUIICYBAILHO20 NEPEmeopiosaya 8 pexcumi besnepepsnux cmpymie opocens. Iloxkasano nepesazu
PO32NAHYMO20 MemoOy 3 BUKOPUCIAHHAM meopem Jlazpanoica, sKI Xapakmepuzyromucs WoHAUMeHue 8 Wicmb pasie
MEHWIOK MPYOOMICMKICIIO PO3PAXYHKIE NOPIGHAHO 3 MPAOUYIIHUMU MemoO0amu Ha OCHOBI P36 's3anHs Jughepenyia-
JIbHUX PIGHAHb (MEMOOY NPUNACOBYBAHHI) MA MOICIUBICINIO PO3PAXYHKY NYAbCAYIUHUX CKIAOOBUX NOPIBHAHO 3 KAACU-
yHUMU MemoOdamu ycepeonenHs. biom. 12, puc. 2, Tabm. 2.

Kuro4oBi cjioBa: MeTou po3paxyHKy Ta aHaJi3y HaIliBIIPOBIIHUKOBUX IIEPETBOPIOBAUIB, METON YCEPEIHEHHS B TIPOC-
TOPpi CTaHiB, OJHOTAKTHI HaITiBIPOBiAHUKOBI MTEPETBOPIOBAYI.

KepyBaHHS TEXHOJIOTTUHUMH MPOLIECAMHU 3a TOTIOMOT'OI0 CYYaCHHX JIXKEPEJT KUBJICHHS €JIeK-
TPOTEXHOJIOTTYHOTO 00JIaJHAHHS TOTPEOYy€E 3aCTOCYBaHHS HE TUTLKM HOBITHIX KOMIT IOTEPHUX TPH-
CTpOiB, aje i BUKOPUCTAHHS B iXHbOMY NPOrpaMHOMY 3a0e3le4YeHHI MBUAKOMIIOUUX aJTOPUTMIB
O0YHCIIEHb Y PEKUMaX PealbHOTO Yacy Ha OCHOBI €(PEeKTUBHUX MaTeMaTHYHUX MOJEJEH mepeTBo-
proBauiB y BKazaHHX Jpkepenax [1]. TpuBamicTe po3paxyHKiB MaTeMaTHYHUX MOJENEH y cuctemi
KEpyBaHHsI TEXHOJIOTIYHUMH TIPOIIeCaMH Ma€e OyTH MIHIMI30BaHOIO JIJIsi YHUKHEHHS 3aTPUMKH B Ke-
pyBaHHI, 10 MPU3BOAMWTH 10 MOTIPHICHHS SKOCTI TEXHOJOTIYHHMX MpoleciB. OgHUM 3 HANOILIbII
MPUAHATHUAX MAXOMIB JUIsI OTPUMaHHS MAaTeMAaTHYHUX MOJIEICH MEepeTBOPIOBAYIB JJIs BUPIIICHHS
1i€l 3a/1a4i, @ TAKOXK YAOCKOHAJICHHS IPOIIECY aHaNli3y Ta pO3paxyHKY €JIeKTPOMArHiTHUX MPOIECiB
y TIEPETBOPIOBaYaX € MPOLEIyPH YCepETHEHHS, SIK1 3a0€3MeUy0Th aHAIITUYHE BUPIIMICHHS OUIBIIO-
CTi 3a/1a4 JOCHIKeHHsI 0e3 HeoOXiIHOCTI PO3B’sA3aHHS BUXITHHUX AU(EepeHIialbHuX piBHAHB. [o-
IIUPEHUMHU HUHI IIISXaMU ISl pO3paxyHKy HaIiBIPOBITHUKOBUX MEPETBOPIOBAYIB MOCTIHHOI Ha-
NPYTU € KIaCHYHI MiIXOAM 13 3aCTOCYBaHHSIM METOAY yCepeAHEHHsS B mpocrtopi craHiB [2-5]. Lli
miaxoau 0a3yrThCs Ha BUKOPUCTaHHI MU(EPEHIIIAIBHUX PIBHSAHD, III0 BU3HAYAIOTH MPOCTIP CTaHIB
MIEPETBOPIOBAYA Ta OMUCYIOTh €JIEKTPOMArHiTHI MPOIECH B HhOMY Ha BCiX iHTEpBaJlaX HE3MIHHOCTI
CTpYKTypu. MoJienb nepeTBopioBaya 3 ycepeIHEHUMH 3MIHHUMU OTPUMYETHCS 3aBASKH BUKOPHC-
TaHHIO CepeHbO3BAKECHUX MATPHIlb CHCTEMH AM(epeHLialbHUX PIBHIHb, Y SKUX BaroBi koedirie-
HTH JUTsI KO)KHOTO CTaHy HE3MIHHOCTI CTPYKTYPH SIBJISIIOTH COOOO BITHOCHI TPUBAJIOCTI ITUX CTAHIB.

Henounik K1acH4YHUX MiIXOMAIB 10 YCEPETHEHHS B IIPOCTOPi CTaHIB MOJIATAE B HEMOXKIIMBOCTI
BH3HAYaTH MyJIbCAIlIITHI CKJIaIOBI MpoIieciB. [[0 TOro X BOHU € MPUHHATHUMU JIUIIE IS aHATI3Y Ta
PO3paxyHKy 3a YMOBH, IO MyJIbCAIliHI CKIIAJ0BI 3MIHHUX CTaHIB MEPETBOPIOBAYA € HE3HAYHHMHU
MOPIBHSHO 3 MOCTIHHUMHU CKJIAJOBUMU. Y poboTax [6, 7] po3po0I€HO OCHOBU HOBOTO METO/Yy aHa-
73y Ta po3paxyHKy Ha 0a3l ycepeaHEHHS B MPOCTOPI CTaHIB 3 BUKOPHCTAaHHIM TeopeM Jlarpamxka
po cepeHi 3Ha4eHHs. Takuil MeTo/ He JIMIIEe 3HAYHO CKOPOUYYE KUTbKICTh OOYMCIIOBATBHUX TPO-
LeAyp, BUKIIIOUAIOYU MPOMIXKHI IEPETBOPEHHS, YUM MiABUIINYE MIBUAKICTH PO3pPaxXyHKIB, alie i mo-
30aBisie MOTO BUINE3TaJaHuX MPoOJIeM KIIACHYHUX MiAXOMiB ycepeaHeHHs. OqHaK HeoOXiTHUM 3a-
JIMIIAETHCS BUSHAYEHHS aITOPUTMY TaKOTO METOJY B y3arajJbHEHOMY BUTIISA[I JUISI MOXIJIUBOCTI HO-
ro ¢opmartizalii Ipyu aBTOMaTH30BaHUX PO3PAXYHKAX.

© Pynenko 10.B., 2020
ORCID ID: http://orcid.org/0000-0003-1852-215X
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MerToro 11i€i poOOTH € po3risia 0COONIUBOCTEN PO3paXyHKY MEPETBOPIOBAUIB 32 JOIIOMOI0I0
3aMporOHOBAHOIO METOY aHali3y [6] 3 BUKOPUCTAaHHSAM MaTpUYHOIO BUIJISILY HA OCHOBI 3arajib-
HUX TMO3UILIIH, 10 Ja€ MOXKIIMBICTb HOTO 3aCTOCYBAaHHS B aBTOMAaTU30BAHUX aJITOPUTMaX KepyBaHHS
HaMIBIIPOB1IHUKOBUMH NIEPETBOPIOBAYaMH Ta CIPOIILYE JOCIHIKEHHS POLIECIB Y HUX.

Posrnsaemo cuctemy audepeHIialbHUX PIBHSAHB, CKIAJCHY BIAMOBIAHO 10 3akoHiB Kipx-
roda [8] mis BimoOpakeHHsI MPOIECIB y EKBIBAJCHTHUX CXeMaX 3aMIlICHHS HaITiBIPOBITHHKOBOTO
MepeTBOpIOBayYa €NeKTPOCHEePrii Ha JBOX IHTEpBalIaxX MOCTIHHOCTI CTPYKTYpH 3a mMepion pobodoi
9acTOTH, IO XapaKTEPHO U HAWIPOCTIIINX OJHOTAKTHUX MEPETBOPIOBAYIB y pexkuMax Oesmepep-
BHUX CTPYMIB ApOCeNsi — iIHTepBajIaxX IMITyJIbCy Ta May3H KepyBaHHs. BoaHo4yac HamiBOpOBITHUKOBI
€JIEMEHTH TEePETBOPIOBAYA MPEACTABUMO Y BHIJISIII KyCKOBO-TIHIHHUX Mojeei [9], mo 3MiHIOIOTh
CBill CTaH MUTTEBO. BBaXkaeMo TakoxX, 110 yCTaJlCeHUH Mpolec poOOTH MepeTBOproBaya € Nepiony-
HUM 3 9aCcTOTOIO KoMyTanii 7. 3a ouH nepiosl poOOTH MepeTBOproBay 37100yBae pi3Hi KOHGITyparii
BIJIMIOBI/IHO /10 CTaHy HAMiBIPOBITHUKOBUX E€JIEMEHTIB Y PeKUMaX IMITYJIbCY 1 Tay3H.

3anumieMo auepeHIianbHi PIBHIHHS B 3arajJbHOMY BHUIJISIII JUIS KOXKHOTO IHTEpBAIY IO-
CTIMHOCTI CTPYKTYpH:

ix(z)zAlx(t)+B1u(t) ; nT<t<nT+t,,

%x(z)zAzx(t)+B2u(t) ;o nT+t, <t<(n+1)T,

ne X(f) — BEeKTOp 3MIHHHUX CTaHiB; U(f) — BEKTOp BXIAHUX QYHKIIN; Aq, Az, By, B, — MaTpuii koedi-
II€HTIB CTaHy CHUCTEMH W MATPHIIi, IO 3B'SA3YIOTh BXiJHI CUTHAIIM 31 3MIHHUMH CTaHy CHCTEMH Ha
1HTepBajax MOCTIMHOCTI CTPYKTYPH; ¢, — TPUBATICTH MIEPIIOTO IHTEPBATY CTAJOCTI CTPYKTYPH Ha 7-
My Iepiojii poOOTH MEPETBOPIOBAaYA B CTAIOMY PEXKHUMI.

Jlani BiZmoBigHO 10 po3poliieHOro MeTody [6] mepeiaemMo Bif cucTeMu AuQepeHIiaTbHIX
piBHSAHB y Burisai (1) g0 piBHSAHB i3 cepeiHIMU 3HAYCHHSAMHU Ha 1HTEpBaJaX MOCTIMHOCTI CTPYKTY-

. . . N d
pu. JIas 1p0r0 10 MOXigHUX (YHKIIH BEKTOpa 3MiHHMX CTaHIB X (t)=zx(t) 3aCTOCYEMO TEOPEMY
!

npo cepeaHi 3HaueHHs (Teopemy Jlarpamxa) [10], 3rigHO 3 KOO cepeaHe 3HAUSHHS MOXixHOI QyH-
K1 x'cp JIOPIBHIOE MUTTEBOMY 3HAYEHHIO MOX1AHOT 1€l QyHKIii x'(tpx) y JESAKUI MOMEHT 4acy

X, =;]ﬁx'(l)dt=M=x'(lm). (2)

v (tb _ta),a ([b _ta)

3 Teopem Jlarpanka npo cepenHi 3HaueHHs [10] BumuBae, 1o cepeaHe 3HaueHHs QyHKIIT
X¢p TAKOXK JOPIBHIOE MUTTEBOMY 3HAUECHHIO 1i€] QYHKIIT X(Z) Y AeSIKUN MOMEHT 4acy f,:

X, = ﬁ]éx(t)dt = x(tx). 3)

t

a

SIKIo 3a3HaY€Hi MOMEHTH 4acy € PIBHUMH MIXK COOOIO 3 TIEBHUM CTYNEHEM TOUHOCTI &, ~ fyy,
TO 3aKOHH, 3alMCaHi y BUIJIAAI BUXIIHUX TUQepeHmiaabHux piBHAHB (1), OyayTh BUKOHYBaTHCA 1
IJIsL CepelHIX 3HaueHb (DyHKIIN, PIBHUX MUTTEBHM 3HAUEHHSAM Yy 3a3HaY€HI MOMEHTHU 4Yacy: X, =

=X(t), x;p =x (tpx). Le o3Hauae, 1m0 y BUMAIKy CHHXPOHHOCTI JJOCATHEHHS 3MIHHUMU CTaHy Ta ix-

HIMU TIOX1JIHUMH CBOIX BiJIMOBITHUX CEpEIHIX 3HAUEHb Ha IHTEpBAJIAX, CTaH MEPETBOPIOBaYa B MO-
MEHT 4acy t~1,c OyJe BIANOBIIATU MPOCTOPY CTaHIB, 10 BHU3HAdaeTbesl cucremoro (1). Ha3pana
BIJITIOBITHICTD JJTa€ MOXKJIMBICTH NEPENUCcaTi CUCTeMY piBHsHB (1) 3 ypaXyBaHHSM CITiBBiTHOIICHb
(2), (3) y HacTymmHOMY BUIJISAII, 3aMiHAIOUM (DYHKIIT 3MIHHUX CTaHy Ta IXHi MOXiJHI CepeIHIMHU 3HA-
YEHHSIMU Ha IHTEpPBaJIaX MOCTIMHOCTI CTPYKTYPHU:

X = Alxlcp +Blu10p ;

(4)

XZCp = A2X2cp + B2u2cp4

BuxopucToByroun criBBiTHOIICHHS (2), BBEIEMO TaKl MO3HAYEHHS:
x(r,)-x(t,)=Ax, (5,~1,)=4At, (5)
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ne Ax — 3miHa (mpupocTH) (GyHKIIT Ha IHTepBaji CTaJ0CTi CTPYKTYPU TPUBAICTIO Af.
[TincraBngioun no3HayeHHs (5), cucteMy piBHSAHB (4) MOXKEMO NIEpenucaTd B TAKOMY BH-
T/ 3 yCepEeAHEHUMU 3MIHHUMH:

AXI * *

-, Alxlcp +Blu1cp 5

At ©6)
sz * *

Atz = A2X26p +B2u20p.7

ne Aj, A;, B;,B, — MaTpuIli, 4ICHH SKMX BiANOBIJAIOTH 4WieHAM MaTpulb A, A,, B,,B, i3 Tou-
HICTIO JI0 3HaKy (+/-) mepe HUMH BiIOBITHO 10 3HAKY MPUPOCTY (QYHKIINA BEKTOpa 3MiHHHX CTa-
HIB Ax 13akoHiB Kipxroda ams KoHTypiB cXeM 3aMillleHHS Ha IHTepBaIax.

BBenemo mpunymieHHs, o cepeHi 3HaYeHHsI BEKTOpa 3MIHHUX CTaHIB X(f) Ha iHTepBaiax
MOCTIMHOCTI CTPYKTYpHU MEPETBOPIOBava 3 JBOIHTEPBAIBHUMHU MPOIIECAMU € PIBHUMH MiX COOOI0.
JUist pO3TIISIHYTOTO BHITAJKy MPUPOCTH (YHKINH Ha iHTepBalax MOCTIHHOCTI CTPYKTYPH TaKOX €
PIBHUMHU MiX COOOI0 B YCTaJICHOMY PEXKHMI 3 OISy Ha MEPIOAWYHHUI XapakTep 3MiHU (YHKITI.
Ile o3Hauae, 1m0 y pa3i mepioAnIHOI 3MiHM QYHKIIH X(¢) Ha iHTepBaIax poOOTH MOKEMO 3aMIHUTH
MO3HAYECHHS CEepeAHIX 3HaueHb UUX QYHKIIH Ta IXHIX MOPHUPOCTIB €IWUHUMU CHUMBOJIAMU:
Xy, =X,,, =X,,, AX; = AX, = Ax . Tak camo 3anunieMo st BEKTOPIB U(f): u,, =u,,, =u,,.
Tomy cucteMy 3 piBHSHHSIMH (6) TIEPEUIIIEMO B TAKOMY BUTJISIII:

Ax * -
—=Ax_, +Bu_ ;
Al 1Xep 1Ueyp s

AX * *
—tZAZch +B2ucp..
2

(7

TakuM 4YWHOM, TICAS TPOBEICHHUX IEPETBOPEHB
ﬁ—hrn_’;:_ OTPUMAHO CUCTEMY anredOpaidHuX piBHIHb (7) fK
MoOJIeJl TepeTBOpIOBaYa 3 YCEepeIHEHUMHU 3MIHHU-
Yl VD c MHU. 32 YMOBH 3aJJaHMX 3HAUYEHb BEKTOpa BXIJIHUX
(“ !IgT== BILUIUBIB U, Iepiogy KoMmyTauii 7, TpUBAJIOCTI Ke-
PYIOUOTO CHUTHATYy CHIJIOBHUM KiroueM 7;, IO JOpiB-
HIOE TPUBAJIOCTI MepHIOro iHTepBany Af; (TpuBa-
JicTh apyroro iHTepBany At, = T-T;), HEBIIOMUMU
Puc. 1 napameTpamu cucteMu (7) € BEKTOp MPUPOCTIB AX 1
BEKTOp CepeliHiX 3Ha4yeHb (DYHKIIH 3MIHHUX CTaHiB
X, Ha IHTEpBalax HE3MIHHOCTI CTPYyKTypH. IIpudomy Aisi JBOIHTEPBAIBHOIO MPOLIECY B IEPETBO-
proBaui cepelHi 3Ha4eHHs (DYHKI[IF 3MIHHMX CTaHIB Ha IHTEpBaJax BiMOBIIAIOTh CEPEIHBLOMY 3Ha-
YyeHHI0 X (DYHKIIH 3a mepioa komyTarlii. B orpumaniii cucremi anrebpaiyHux piBHAHB (7) 9uUCIIO
HEBIZIOMHUX TapaMeTpiB BIAIMOBiNA€ KUIBKOCTI PiBHSIHb, CUCTEMa € CyMICHOIO 1 BU3HAUEHOIO (Mae
€MHUI PO3B’S30K), 1 VISl PO3TIISIHYTOTO PEXKUMY CHUCTEMA PO3B’A3YEThCS B AHAIITUYHOMY BHTJISII.
Po3B'si3kom cuctemu (7) € Taki BUpasu:

Ax=G'xr; (8)
* -1 AX *
X, =(A1) X 7—B1ucp , 9)

1

ne G= % A;(A;‘)_l 1, r=(T- Tl.)(AZ(Af)fl Blu,, - B;ucp), I — OJMHUYHA MATPHIIS.

i
Otpumani Bupasu (8), (9) naroTh 3MOry po3paxoByBaTH Ta JOCHIHKYBaTH JIBOIHTEPBAJIbHI
MPOIIECH B OJHOTAKTHUX HAMIBIIPOBITHUKOBUX IMEPETBOPIOBAYaX Pi3HOT CXEMOTEXHIYHOI KOH(Iry-
patiii, BAKOPHCTOBYBATH IS iX PO3paxyHKy MaTeMaTU4HI MOJEJ B aBTOMAaTU30BaHUX AJIITOPUTMaX
KepyBaHHS B p&KUMaX PeajbHOTO Yacy.
JUis mpukiaay po3riiiHEMO MEXaHi3M yCepeIHEHHsI MOEIi OJHOTAKTHOTO MOHIKYBAJILHOTO
MIEPETBOPIOBaYa B PEXKUMI OE3MEPEPBHOTO CTPYMY JAPOCENs, CTPYKTypa SKOTO IMOoKa3aHa Ha puc. 1, ie
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TakoX Mmo3HaueHo: Uy, — BeIMuYMHA BXiJHOI MOCTIHHOI Hampyru; R, — BeIHMYMHA OMOPY HaBaHTa-
KEHHS; Y — KyCKOBO-TIOCTIHHUH TIepiOTNIHNN KOEPIIi€HT, 110 TOPIBHIOE ONMHUIN HA IHTEpBaJIi Ha-
KoMu4eHHs Ty eHeprii apocesieM 1 JOPiBHIOE HYIIO Ha iHTepBani Binnadi 7 — Ty eHeprii B HaBaHTa-
xeHHs1; T — nepiog poO04oi 4aCTOTH.

JudepeHuianbHi piBHSIHHS, 110 OMUCYIOTH MPOIECH B IIEPETBOPIOBAYi, 3alUIIIEMO B TaKU CIOCiO:

di
LT; tUuc = '\{ng
duc Uc

c e Ve
d Rt

H

BianosigHo m0 matpuunoi Gopmu 3anucy y Burisal (1) Bekropu GyHKIIN cTaHy 1 MaTpHIl Koedi-
II€HTIB CTaHy TaKOl CHCTEMH BU3HAYAIOTHCS B TAKOMY BUTJISII:

i U 0 L 1 0
X(t) = L s U(f) = o 5 A] =A2 = 1 1 5 B] = L s Bz :0 .
te 0 — - 0 0
C RC
Ha puc. 2 nmokazano wacoBi miar-
o i /\ paMy TIPONIECIB, WO MPOTIKAIOTH Y CXeMi
repeTBoproBaya. Jiis MOSCHEHHS Ha Jiar-
|ty = p P A i

e pamax IMOKa3aHO IPOLIECH Ha IHTepBaliax
< HAaKONM4YEHHs1 eHeprii (iHTepBan Ty) Ta ii
¢ BiJiaui B HaBaHTakeHHs (iHTepBan 7-Tp).

MurtTeBi 3Ha4eHHsT (QYHKIIH CTpyMy Apo-
/7<\ censl iy Ta HampyTrd Ha KOHAEHCATOPI uUc
MoKa3aHo Jjuiie B (opmi iX 3MIHHHX CKJIa-

He \ noBux. O4eBUIHO, 110 BIIOBITHO IO T€O-
T, . p pemu Jlarpamxa (2) mpupocTH QyHKIIi
T CTpyMy JIpocenst Al; Ta Hanpyru Ha KOH-
neHcatopi AUc Ha JaHHMX IHTEpBajax He-

Puc. 2 3MIHHOCTI CTPYKTYpPH SIK PI3HULA (PYHKITiH

Ha X TPaHMIAX MAIOTh MPOTHIICKHI 3HA-

ku. Tomy micinsi ycepeAHEHHS 3MIHHUX BUXITHOI ccTeMU Tu(epeHIialbHUuX PIBHSIHb MAaTPUYHI KO-

ie
o= 7T\

it

\

eimicHTH MaTpULB CTaHy A; i A, OyIyTh MaTH MPOTUIIEKHI 3HAKM, IO TAKOXK BiANOBiZAc 3aKOHY
Kipxroda asst Hampyr KOHTYpY CXeM 3aMilleHHs.

TakuM 4MHOM, CTPYKTYPY MaTPHIlb [UISI CUCTEMHU 3 YCEPEIHECHUMHU 3MIHHUMHM 3allUAIIEMO B
TAKOMY BHIJISIIIL:

o L 0o L
A=, bHlal=l | Y| Bi=B,; B;=0. (10)
C RC C RC
Bekropu ycepeqHeHMX 3MIHHUX CTaHIB CHCTEMH Ta BXITHUX (PYHKITIH MAarOTh BUTJISI:
I, Al U,
xw=£;; =lav* "=l g

Po3B’si3aHHs cuCTEMH 3 ycepeJHEHUMH 3MiHHUMH Ul TaKOTO MEpeTBOPIOBaYa, sika Bixmo-
BiJja€ BUpazaM y MaTpu4Hiid Gopmi (7), 1a€ 3MOTy OTPHMATH BiJJOMi HECKJIa/HI aHATITUYHI BUPA3U
ISl CEpeIHIX 3HaYEeHb CTPYMY JIPOCENs Ta HAPYT'H Ha KOHJICHCATOPI Ta iX MPUPOCTIB:
Iy :UCcp/RH s Ucy =U, Ty|T; Al :(st/L)(TH(T_TH)/T); AU =0.
Heo0xigHo 3a3Ha4yMTH, 110 JaHa CUCTEMa 3 YCepeAHEHUMH 3MIHHHUMU JJIs epeTBOpIOBaya
Ma€ €IMHUN po3B’SA30K came mpu AU, =0, OO0 TATBEPIHKYETHCS MPOLEIYpOro anreOpaigHOro

pO3B’s3aHHs 1i€i cucteMu. 3 iHIIOro 60Ky, mpupict Hanpyru AUc Ha iHTepBajiaxX JOPIBHIOE HYIIIO
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Juie B pasi JiHiHHOI popMH CTpyMy KOHIEHCATOpa B ycTaleHoMy pexumi. [lificHo, iHTerpyroun
CIIBBITHOLICHHS Ul CTpyMy d4epe3 KoHaeHcatop Cduc/dt=i. IJs KOXKHOTO 3 IHTepBaliB, MO-
MHOXKYIOYH YJICHHU CITIBBIJHOLICHHS Ha 1/Af 1 NPUPIBHIOIOYH OTPUMaHUl BHpa3 0 HyJIs, OACPIKH-

MO
At At
C , 1
= Jucdt =—icdi=0. 11
= fi (1)
BignosigHo 10 Teopemu Jlarpanika, jgiBa yactuna Bupa3sy (11) BinnmoBizae CriBBiTHOIICHHIO
At
1 | AU
— J.qut = c ,
At < At

a iHTerpan y mpasiil yactuni Bupasy (11) BiamoBinae cepeIHbOMY CTPyMy Yepe3 KOHIIEHCATOP, 10
came i MiATBEP/KY€E PIBHICTH HYJIO MPUPOCTIB Hanpyru AU nuie B pasi JiHiHHOT popmu cTpymy
KOHJIEHCAaTopa, KOJIM HOro cepelHE 3HaUeHHs Ha IHTepBajax JOPIBHIOE HYIIO.

AHai3 mokasye, o Ui CTpyMy Jpocesist MpupocTH Horo ¢yHkmii A/, Ha iHTEepBayiax Bif-
MOBIAAIOTh BETUYMHI MyJbCAIlil CTPyMy, 32 SIKOIO MOXKHA BHU3HAYUTH PO3PAXYHKOBUU KOEPIIIEHT
MyJIBCAI CTPYMY JIpOCEs, @ TAKOXK MaKCHMAaJIbHUN CTPYyM Y MEPEMUKAIOUOMY €JIEMEHTI IePETBO-
proBaya Ha erani Moro po3paxyHKy Ta NMPOEKTYyBaHHA. 3a MEBHUX CIIBBIIHOLIEHb MOCTIHHUX 4Yacy
€KBIBaJICHTHOI CXEMH 3aMIlICHHS TIEPETBOPIOBaYa Ta MepioAy HOTro KOMyTallii, 10 BIUIMBA€E HA HE-
JiHIHHICTH (POPMH 3MIHHUX CTaHIB, IPUPICT HANPYTu Ha KoHAeHcaTopl AUc Ha iHTepBanax B ycTa-
JICHOMY peXHMi MO)ke HaOyBaTH BiIIMiHHI BiJ HyJIsl 3HAYSHHS, NMPOTE iX BEIMYMHA 3aBXKIU € Hada-
raTo MEHIIOIO 3a PO3Max IyJibcauiil Hanpyru Ha nepiofi AU,c (puc. 2), ikl BU3HAYarOThCs BEIUYU-
HOIO €MHOCTI KOHIEHCATOpa Ta PO3PaxOBYIOTHCS 3a BiIOMHMHU MeToaukaMu. HeminiiHicTh Gopmu
3MIHHUX CTaHIB NEPETBOPIOBaYa BIUIMBAE HA TOUYHICTh PO3PAaXyHKIB 3 BUKOPUCTAHHAM MOJEJEH 3a
yCepeIHCHUMH 3MIHHUMH, IO JI€TaIBHO JOCTiKEHO B podoTax [6, 11].

Po3pobnenuii MeTon aHami3y Ta po3paxyHKY Ha OCHOBI YCEpEIHEHHS 3 BUKOPUCTaHHSAM Te-
opem Jlarpamka, Ha BiIMiHY BiJl KJIACHYHOTO MeToay Mimiopyka [2, 3], 1ae 3Mory BU3HAYUTH B
yCTaJICHOMY PEXHMMI He TUIbKHM BEIMYMHY CEpellHIX 3HAa4eHb, aje i BENMYMHY IyJbcalii 3MIHHUX
CTaHIB MEPETBOPIOBAYa Ta YaCOBI IHTEPBAIM MEPIOAMYHOTO mporecy. Y Tabn. 1 HaBeIeHO pe3yiib-
TaTHU MOPIBHSAHHS PO3paxyHKY MOHMXYBaJbHOI'O IEpEeTBOPIOBAYa, 300pakeHOro Ha puc. 1, 3a no-
IOMOTOI0 HOBOTO METOJIY Ha OCHOBI TeopeM Jlarpamka Ta KJlacMYHOTO MeToay Mimindpyka st
JIBOIHTEPBAIBLHOTO TIPOIIECY .

Taoauns 1

JIBoiHTEpBaAILHUI TIPOIIEC Yy PEXKKUMI OE3MEPEPBHOTO CTPYMY JIPOCEIIsS B pa3i TPUBAJIOCTI IHTEpBaly Ha-
KonudeHHs 1y

Po3paxyHKOBi napameTpu Metoa Mimnbpyka | Hoguii meTon anamizy
CepenHi cKIa0Bi L = U /RNT/T)
3MIHHHX CTaHiB /1, Ucep Ugop =1,.,R

cp cpttu

[Tpupoctu QyHKIiH U (T =Ty )Ty
. . Al L= —6ex N A7
3MiHHHX cTaHiB Al , AU¢ Hemae Bu3HaueHHS L T

AUq =0

Buxopuctanas po3po0seHOro METoly Ha OCHOBI TeopeMm Jlarpamka 3HIKYE KUTBKICTh 00-
YHCITIOBAIBHUX MPOIEIYp 3aBASKH PO3B’SI3aHHIO CUCTEM alreOpaiyHuX piBHSHb 3aMICTh TU(epeH-
IaJTbHUX, [0 JAa€ 3MOTY 3aCTOCOBYBATH IIBUJIKOJIIIOYI PO3PAXyHKH MOJIEIEH MEepEeTBOPIOBAYIB IPH
KepyBaHHI B pekuMax peanbHoro 4yacy. Kpim toro, anredpaiuyna ¢opma cucteMu piBHSHb SK MO-
JIeNTl TIEpeTBOPIOBaYa 3 YCepeIHEHUMHU 3MIHHUMU Ja€ 3MOTy oOupaTy HeoOXiaHI KoMOiHamii 11 ma-
pameTpiB sK 0a3MCHUX HEBIJOMHUX 3MIHHHX Ta 3/1HCHIOBATH PO3paxyHKH O€3 JOJATKOBUX Iepe-
TBOPEHb y 0araThboX HaMpsSMKax, 10 BIAMOBIAAIOTH UM 0a3rcaM HE3aJICKHUX 3MIHHUX. 3HIKCHHS
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KUTBKOCTI 00YMCITIOBAIBHUX MPOLEAYP Y pa3i BUKOPUCTAHHS HOBOTO METOY 3HaYHO 3MEHINy€e HOro
TPYAOMICTKICTb. ¥Y Ta0i. 2 HaBEIEHO Pe3yJIbTaTH MOPIBHIHHS TPYIOMICTKOCTI €TaIliB pO3paxyHKiB
IHTETpaJbHUX XapaKTEPUCTHK 3MIHHUX CTaHIB MOHMXKYBaJIbHOTO MEPETBOPIOBAaYA B PEXHUMI Oe3re-
PEPBHUX CTPYMIB 32 JONOMOTOIO TPAIUIIIITHOTO METOay NpunacoByBaHHs [12] Ta HOBOrO MeTOIy
aHayizy Ha OCHOBI TeopeMm Jlarpamxka. OIUHMILEIO TPYJIOMICTKOCTI PO3PaxyHKy € Ipolexypa
PO3B’S3aHHS CHCTEM alTeOpaiyHUX PiBHSHB.

Taoauus 2
Meroa npunacoByBaHHs Hoguii MeTon aHamizy
I. Po3p’s13anHa qudepeHiialbHuX PiBHAHBL Ha iHTep- | I. Bu3HayeHHs IHTErpanbHUX XapaKTEPHCTHUK I,
BaJll HAKOIIMYEHHS AlL, Ucep, AUc IIIAXOM PO3B’SI3aHHS CUCTEMH 3 4O-
- BHU3HAUYEHHS CTAINX IHTETPYBaHHS MIUISIXOM | TUPHOX aJreOpaiTHuX PiBHIHD
PO3B’sI3aHHS IBOX CHCTEM anreOpaiuHuX piBHSHBL 3 Al E_U. -
ypaxyBaHHSM [IOYATKOBUX yMOB /[, Uj, L - Cep >
II. Po3’si3anHs nudepeHmianbHUX DPIiBHSHb Ha iH- AU Ue.
TepBasi Bigmadi eHeprii C - C=1,, —R—”p;
- BH3HAYEHHS CTaNMX IHTErPyBaHHA MUISIXOM H "
PO3B’sI3aHHS JBOX CHCTEM anreOpaidHuX piBHAHD 3 c AUc _ Ucy
ypaxyBaHHsAM  mo4yatkoBux  ymoB  I;,=il(Ty), -1, " R,
Unoe=u(Th) Al
III. BusHaueHHs No4aTKOBUX 3Ha4YeHb I, U, 3a ymo- L T_T. =Ucq
Bu mnepioguyHocTi mpouecy i (T-Ty)=l,, wi(T- "
Ty)=U), mnsaxoM pO3B’sI3aHHS CHUCTEMH anreOpaid-
HUX PiBHSHb
IV. BusHaueHHs iHTErpagbHUX XapaKTEPUCTHK I,
Al;, Ucyp, AUc mnsxoM pospaxyHKy QyHKIIH i(7),
ut), iy(t), uy(t) cucremu anreOpaiyHUX PiBHIHb
KinpkicTh 00unCHIOBaJIbHUX Omepanii: 6 KinpKicTh 00uncCIOBaNbHUX onepamii: |

3 BUIICHABEJACHOTO BUIUIMBAE, 110 BUKOPUCTAHHS PO3POOJICHOTO METOAY aHali3y moTpedye
JMIIE OJHOTO €Tally — PO3B’S3aHHS CUCTEMHU anreOpaidHuX piBHIHb, OTPUMAHHUX Oe3roceperHbo
Bl BUXITHUX TU(EpeHIialbHUX PIBHSIHB, 110 B IIICTh pa3iB 3MEHIIYE KUIBKICTh PO3PaXyHKOBUX
MpoIelyp MOPIBHSHO 3 METOJOM IPHUIIACOBYBAHHS JJISi HABEACHOTO MPHUKIALY JBOIHTEPBAILHOTO
nporiecy. Y BUIAJKY KUIBKOCTI 1HTEPBAIIB MOCTIHHOCTI CTPYKTYpH OUIbIIE ABOX CITIBBITHOIICHHS
MDK KUTBKICTIO MIPOLIEYp NMPH PO3paxyHKax OyJe mie OiIbIIuM, 110 MiATBEPIXKYE MepeBary po3po-
0JICHOTO METOJIy B 3MEHIICHIN TPYAOMICTKOCTI PO3paxyHKIB, OCOOJUBO Jjisi OaraToiHTEpBAIBHUX
MIPOLIECIB.

BucHOBOK. Y pe3ysbTaTi TOCHIKSHb MPOLTIOCTPOBAHO OCOOIMBOCTI PO3PAXyHKY HAIliBIIPO-
BIJTHUKOBUX MEPETBOPIOBAUIB Ha OCHOBI YCEPEIHEHHSI B IPOCTOPI CTAHIB 3 BUKOPUCTAHHIM TEOPEM
Jlarpanka B y3araJbHEHOMY MAaTPHYHOMY BHIJIAII 3 OTPHMAHHSIM aHAJTITUYHHUX CITiBBiIHOIICHb.
BusnaueHo, 1110 3aCTOCYBaHHS HOBOT'O METOJly aHali3y Ul pO3paxyHKY CEpeIHIX Ta MyIbCaliiHUX
CKJIAIOBHX OaraTOIHTEpBAIBHUX MPOIIECIB HAIIBIIPOBITHUKOBHUX MEPETBOPIOBAYIB CKOPOUYE Killb-
KICThb OOYHMCIIOBAIBHUX MPOLEAYpP, BUKIIOUAE MPOMIXKHI MaTeMaTU4HI MEPETBOPEHHS, IO MiJABH-
IIy€ TaKUM YHHOM HIBHJKICTH PO3PaXyHKy Ta 3HWXKYE HOTO TPYIOMICTKICTh 3aBASKH MEPEX0ay 10
PO3B’sI3aHHS CUCTEMH aNreOpaiuHuX pIBHAHb 3aMiCTh PO3B’s3aHHS AU(epeHIiaTbHUX.

Dinancyemvcs 3a 0epoicOrodxicemnoro memoro "Pozeumok meopii ma nHaykoge 0OIPYHMYBAHH NPUHYUNIE NO-
6y006U NOMYINCHUX IMNYIbCHUX HANIGNPOGIOHUKOBUX NePemeoproéayie 3 HEeNHIUHUM OUHAMIYHUM HABAHMANCEHHIM
Mmooyavroi cmpykmypu” (Hocepeno-3), oeparcasuuil peccmpayiiinui Homep pooomu 0119U001289. KITKBK 6541030.
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OCOBEHHOCTH PACYETA NMOJYITPOBOJHUKOBBIX HPEOBPA3OBATEJIEI7[ MNOCTOSHHOI'O
HAINIPA’KEHUSA HA OCHOBE YCPEJIHEHUSA B ITIPOCTPAHCTBE COCTOSAHUUA

1O.B. PyneHnko, TOKT. TeXH. HAyK
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Paccmompeno npumenenue memooda ycpeonenus 6 npOCMpancmee COCMOSIHULL ¢ UCNOIb308aHuemM meopem Jlazpandica
onAa pacyema nOIYNPOBOOHUKOBLIX npeobpazoeameneti NOCMOSAHHO20 HANPSICEHUS 8 QOPMATUZ08AHHOM MAMPUYHOM
suoe. [lonyuenvl ananumuueckue 8bIpaANCeHUs: ONsl pacHema CPeOHUX U NYIbCAYUOHHBIX COCMABTAIOWUX NEPEMEHHbIX
COCMOsHULL NPU 0BYXUHINEPBALLHBIX NPOYECCAX 8 0OHOMAKMHBIX npeodpasosamensx. /s uiiocmpayuy onpeoeieHsl
Mampuunvle KodpGuyuenmol MOOeU ¢ YCPEOHEHHBIMU NePEeMEHHbIMU OISl ROHUICAIOWe20 NPeobpazneamest 8 Pexcu-
Me becnpepbléHbix mokog opoccens. Tlokazanvl npeumyuecmea paccMompenHo2o Memood ¢ UCNONb308AHUEM Meopem
Jlazpanoica, xomopbvie xapakmepusylomcst N0 MeHbulell Mepe 6 WeChb pa3 MeHbulell mpyooeMKOCIblo PACHemos no
CPABHEHUIO ¢ MPAOUYUOHHBIMU MEMOOaMU HA OCHO8e peuleHus: OughpepenyuanbHblx ypasHeHutl (Memoo npunacoguleéd-
HUS) U 803MOJICHOCbBIO PACYEmA NYIbCAYUOHHBIX COCMABTSIOWUX N0 CPAGHEHUIO C KILACCUYECKUMU MEMOOamu ycpeo-
nenus. buon. 12, puc. 2, Tadm. 2.

KiroueBble cJIOBa: METOIBI pacyeTa U aHaIKM3a MOJYNPOBOIHUKOBBIX MpeoOpa3oBaTeieii, METO] YCPEIHECHUS B TIPO-
CTPAHCTBE COCTOSIHUH, OJTHOTAKTHBIE MOJIYIIPOBOAHUKOBBIC IIPEOOPA30BATEIIH.

FEATURES OF CALCULATION OF SEMICONDUCTOR VOLTAGE CONVERTERS BASED ON STATE
SPACE AVERAGING

Yu.V. Rudenko

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

e-mail: rudenko@ied.org.ua

The application of state space averaging method using Lagrange theorems for calculating of semiconductor converters
in a formalized matrix form is considered. Analytical expressions are obtained for calculating the average and
pulsating components of variable states in two-interval processes in single-cycle converters. The matrix coefficients of
model with averaged variables for buck converter in the continuous-current choke mode are determined for illustration.
Advantages of considered method using Lagrange theorems are shown, which are characterized by at least of six times
less computational complexity in comparison with traditional methods based on solving of differential equations (fitting
method) and the possibility of pulsating components calculation in comparison with classical averaging methods.
References 12, figures 2, tables 2.

Key words: methods for calculating and analyzing of semiconductor converters, averaging method in the state space,
single-cycle semiconductor converters.
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EJJEKTPOMATHITHI HAPAMETPH IBO®A3HOI THIYKIIHHOI KAHAJIBHOI ITEYI
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Cohopmynvosarno mpusumipny mamemamuiny Mooeisb 0l 00CAIOHCEHHs eleKMPOMASHIMHO20 NOA THOYKYIUHOI KaHa-
JILHOI neyi 3a ymMosu 3a0anux Hanpye Ha iHoykmopax. 11iomeeposceno adeksamHuicmes Mooeni WaAXoM CRiBCMABIeHH s
PO3DPAXOBAHUX ENEKMPOMASHIMHUX RAPAMEMPIE 3 eKCHEPUMEHMATLHUMU OAHUMU, OMPUMAHUMU HA NPOMUCTOBIU Neyl.
s 080ghaznol iHOYKYIlIHOI KAHAILHOL NeYl BU3HAYEHO 8NIUE (PA308020 KYMA MIJNC HANPY2amMu HA IHOYKMOPAx HA eHep-
eemuyHi ma eiekmpomazHimui napamempu neyi. bion. 5, puc. 4, Ta0aus.

Kiro4oBi ciioBa: iHayKuiiiHa KaHAIBHA 1114, MaTeMaTHYHE MOJEITIOBAHHS, €JIEKTPOMAarHiTHI apaMeTpH, (pasoBUH KyT
MiX HalpyTraM¥ KUBJICHHS.

3apnsku Bucokomy KKJI iHayKkmiliHI KaHaJdbHI Mevi 3HAWILIM MIMPOKE 3aCTOCYBAHHS JUIS
TJIABJICHHS SIK YOPHHX, TaK 1 KOJTbOPOBUX MeTaliB. [lopiBHAHO 3 1HIIUM TIaBHIIBHUM 00JIaHAHHIM
Taki Tedl MaroTh 3HAYHI NepeBarn. BoHn 3a0e3mneuyroTh MiHIMalbHE OKHCIICHHS 1 BUIIAPOBYBAHHS
Metainy. Kpim Toro, 3aBasku HUPKYJISIi pO3IaBy, 3yMOBIEHOI €EKTPOUHAMIYHUMU 1 TepMOTpa-
BITAllIHHUMU CHJIaMH, BOHH 3a0€3MEUyIOTh IOCTATHHO BUCOKY OJHOPITHICTh XIMIYHOTO CKIIATy Me-
Taly y BaHHI nedi. Taka HUPKyJNALisS COpUS€E TaKOXK MPUCKOPEHHIo mporecy TuiaBieHHs [1]. Ocob-
JMBO JOIUTHHO 3aCTOCYBaHHS TAKHUX IMEYEH y BUMAIKAX, KOJIU JI0 METAIy, [0 BUILIABISETHCS, CTa-
BJISITHCSL BUCOKI BUMOTH, 30KpeMa 3a MIHIMaJIbHUMHU T'a30BMICTOM Ta BMICTOM HEMETaJeBUX BKIIIO-
yeHb. CaMe TOMy BOHU ITUPOKO BHKOPUCTOBYIOTHCS Hacamrmepes Ui TUTaBIICHHS MiJli Ta pi3HOMa-
HITHHUX CIUIaBiB Ha 11 ocHOBI. OCOOIMBO 11€ JOPEYHO, KOJU MOBA HJe MPO OTpUMAaHHs OC3KHCHEBOT
MiJli, sIKa CJIY>KHTb JUIsi BUTOTOBJICHHSI BUCOKOSIKICHOI METaJIeBOI MPOAYKIIi1, MepeayciM TMpOBiTHU-
KoBoi [2]. Crniz 3a3HaUnTH, 10 JOHEAaBHA Oiibie 2/3 ycix
KOJHOPOBHX METAJIB i CIUIaBiB HA OCHOBI MiJ[i BUILJIABIISUIN

B [le4ax KaHaJIbHOIO THUILY.
1 Ha puc. 1 HaBengeHO ecki3 OJHOTO i3 BapiaHTIB
KOHCTPYKTUBHOTO BUKOHaHHsS Takoi medi. Ha HboMy 30-
OpaxeHo nBodasHy (3 I1BOMa KaHAllaMU Ta JBOMA iHAYKTO-
pamu) miv tumy [JIK-1,2, mpusnayeny 1is mutaBiieHHS Miji
Ta PI3HOMaHITHUX CIUJIaBiB Ha ii OCHOBI (OpoH3, JMaTyHeE
tomio) [3]. ITliu cknamaeTbest 3 OOIUITLOBAHOT KAPOMIITHOIO
[erI0or0 BaHHU (maxtu) 1, y sKii 3HAXOAWTHCS OCHOBHA
3 Maca po3IUIaBy, Ta IHAYKLIHHOIO HarpiBaJlbHOro OJOKy 2,
PO3TAIIOBAHOTO ITiJl BAHHOIO. 3a MPHUHIIUIIOM Jii el OJIoK
Harajaye eneKTpuIHuil Tpanchopmarop, BTOpUHHA 0OMOTKA
5 SKOTO SIBJI€E COOOI0 KOPOTKO3aMKHEHHUH BHTOK PIIKOTO
M M MeTany 3, SKUil Ha3uBalOTh IHAYKIIIHHUM KaHaJIoM. Y IIhO-
My KaHaJli 3a JOIOMOIOI0 KOTYIIKU 4 (IEepBUHHOT 0OMOT-
Puc. 1 KH) 13 3aMKHYTHM MarHiTOMPOBOJAOM 5 HAaBOJUTHCS €JIEKT-
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pUUHUI CTpyM, SIKUM 1 HarpiBae piakuil Meran. 300pakeHa Ha I[bOMY PUCYHKY I1i4 Ma€ B CBOEMY
CKJIaJi JIBa KaHAIM 1 1BA IHAYKTOPH (KOTYIIKHM), SIKi JKUBJIATHCS B 3araIbHOMY BHIIQJIKy PI3HUMH 32
(azamu Hampyramu.

VY BiTYM3HSIHIN JiTepaTypi IHAYKIIIHUN HAarpiBaIbHUHN OJIOK Medi YacTO HA3WBAIOTh "1HIYK-
HiiHOIO oMHUIEIO", ¥ 3apyOixkHil (3axigHiit) — "iHaykropom" ("inductor") abo "iHmyKuiHHUM OI10-
koM" ("induction unit"). OckiIbKH KOTYIIKY B Tedax (AK 1 B 0araTbOX IHIIUX €JIEKTPOTEPMIYHHX
YCTaHOBKAX) T€X HEPIJIKO HA3UBAIOTh 1HIYKTOPOM, HarpiBajdbHHUI OJIOK KaHAJIBHOI meyi nam Oyne-
MO MMEHYBaTH 1HAYKLIHHUM OJIOKOM, a KOTYIIKY — IHAYKTOPOM.

KoHCTpyKTHBHO 1HAYKIIHMI 070K KaHAJIBHOT Me4i MOXe MaTH OJHH, 1Ba a00 TpH 3’ €/IHaH1
MK COOOI0 IHAYKLIHHI KaHAIH, y KOXXKHOMY 3 SIKHX 32 JOINOMOTOIO CBOTO IHAYKTOpAa HaBOJUTHCS
SJIEKTPUYHHUN CTPYM. 3aJIeXKHO BiJl TUITYy €JIEKTPOXKUBIIEHHS BOHM PO3JAUIAIOTHCSA HA OJHO-, BO- Ta
tpudasni [3]. SAkmo iHAYKIiHEWA OJ0K 3 OMHUM IHIYKTOPOM (KaHAJIOM) 32 CIIOCOOOM KUBJICHHS
MOXe OyTH TUTbKH OAHO(a3HUM, TO OJIOK 3 JBOMA 1HAYKTOPAMHU MOXKE KUBUTHUCA SIK Bia 0gHO(DA3-
HoO1, TaK 1 [Bo(a3Hoi HanpyrH. [HIyKIiifHKUI 670K 3 TphOMa IHIAYKTOPAMU MEPEBAKHO € TPUDAZHUM.
YacToTa HanpyTH KUBJICHHS IHIYKIIIHHUX KaHATBHUX Meueid 3a3Buuail ckiamgae S50 ',

BaxumBuM 1111 po3poOJIEHHS HOBUX Ta YJOCKOHAJCHHS ICHYIOUMX KaHAJIbHUX IEYel €
BMIHHSI BH3HA4YaTH CHEPreTUYHI XapaKTEPUCTHKW Ta €JICKTPOMArHITHI MapaMeTpu LUX Tededl Ha
OCHOBI MaTeMaTHYHOI'O MOJIETIOBAHHS €JEKTPOMArHiTHUX SBHI (eleKTpomarHiTHoro mois). Ha
CHOTOJIHI TaKe MOJICTIOBAHHS 1HAYKIIMHUX TeYel HaWJacTile BUKOHYETHCS B IBOBUMIpHiN a0o B
KpaloMmy pasi B Tak 3BaHii KBa3iTpuBUMIipHiH moctaHoBLi [4]. Take MOJeNtOBaHHS Ja€ HEMoraHi
pe3yJIbTaTU 3 PO3MOALTY HaBEACHOTO EJIEKTPUYHOTO CTPYMY B OKPEMHX €JIEMEHTAX €JIeKTPOMarHiT-
HOI CHMCTeMH Tieui, HalPUKIIAJA, y MOMEpPEeYyHOMY Mepepi3i piIKoro MeTany IHAYKUIHHUX KaHaliB.
[IpoTe, CTOCOBHO IHTETpaIbHUX E€JICKTPOMATHITHUX TMapaMeTpiB TMedi iX 3HAYeHHS, BU3HAUYCHI Ha
OCHOBI TaKHX MOJIENICH, € TAJIEKUMU BiJ] pealbHUX. 3p03yMiJI0, 10 MOKPAIIUTH II0 CUTYaIlil0 MOX-
Ha IUISIXOM ITPOBEACHHS OBHOTO TPUBUMIPHOI'O MOJICJIIOBAHHS €JIEKTPOMArHiTHOIO MOJISl CHCTEMH.
Ha cporozsi, Konu CyTTEBO 3pOcia MOTY>KHICTh OOYMCITIOBAIbHOI TEXHIKM Ta iICHYIOTh €(EeKTHBHI
MporpaMHi KOMITIEKCH ISl MATEMaTHYHOTO MOJCIIOBAHHS PI3HUX (DI3UYHHMX SBHII, 3’ IBHJIACS MO-
HKIIUBICTH MPOBEJICHHS TAKOTO MOJICIIFOBAHHSI.

MeTo10 po60TH € BUZHAUYCHHS €JIECKTPOMATHITHUX Ta EHEPTETUYHUX MapameTpiB 1Boda3HoT
IHAYKIIHHOI KaHAJBHOI 1evi Ta BCTAHOBJICHHS BIUIMBY Ha HUX ()a30BOrO KyTa 3CYBY MDX Harpyra-
MU i KHBJICHHS] HA OCHOBI TPUBUMIPHOTO MaTeMaTHYHOI'O MOJIEIIOBAHHS €J1EKTPOMArHiTHOTO MOJIs
neui.

MopentoBaHHS €IEKTPOMArHiTHOTO TOJIS 3a3HaY€HOT Tedl IPOBOIUIOCS B O€31HIYKIIIHHOMY
HaOIKeHH1, TOOTO 6€3 ypaxyBaHHS 0JIs, 1110 BUHUKAE B pe3yJIbTaTi pyXy piaKoro mMetainy. BHecok
IIBOTO TIOJISL B CyMapHE T0JIe Tedi B OLIBIIOCTI BUTAIKIB € HE3HAYHUM, 110 J1a€ 3MOTY BUKOPHCTATH
Take nmpumnymeHHs. Takoxx He OpaBcs /10 yBaru BIUIMB Ha PO3MOJUI MOJISI METAJIEBOTO Kapkacy (Ko-
Kyxa) medi. Brpatu eHeprii B TakoMy Kapkaci 3a3BH4Yail HE MEPEBUILYIOTh 5 % BiJl MOTY>KHOCTI
nedi. J{7s oTpuMaHHs OUTBII TOYHUX PE3yJIbTaTiB BOHU MOXKYTh OyTH BpaxOBaHI OKPEMO.

MopentoBaHHS BUKOHYBAJIOCS 32 YMOBH 3aJIaHUX HANpyT Ha IHAYKTOpax medi. Y Takii mo-
CTaHOBLII BOHO MOTPeOYBaAJIO PO3B’sI3aHHS KOJIO-MIOJIBOBOI 33/1a4i, sIKa SBJIsIE€ COO0I0 cUCTeMy Tudepe-
HI[IaJIbHAX PIBHSHB /IS KOMIUICKCHUX aMIUTITY ] BEKTOPHOT'O MAarHITHOTO A 1 CKaJISIPHOTO €JIeKTPHY-
HOrO @ MOTEHINiaNiB, a TAKOXK IHTEIPAIBLHOTO PIBHAHHS OaIAHCY HAMPYT TS KOXKHOTO iHIyKTOpa:

JOoA +V x((elt,)'VxA)+oVD =J; (1)

U=iR, . +jo¥=IR,. + jcoSK [ Aar, )
1€ @ = 21V — Kpyropa 4acToTa; G — IUTOMA €JIEeKTPOIIPOBIIHICTD; W, = 4w -107 T'u/™m ; [ — BIIHOCHA

MarHiTHa IMPOHUKHICTH BiJNOBITHOI PO3PaXyHKOBOI 00JIACTI; J,— T'yCTHHA 30BHIIIHBOIO CTPYMY;

U, I, Ryc, w, S;1V;— Hanpyra, CTpyM, aKTUBHUHN OITip, YACIO BUTKIB, IUIOIIA MTONIEPEUYHOTO TIepe-

NP I A .
pi3y i 06’em iHaykTopa; WV = EIV A dV — NOTOKO3YEIUIEHHS IHAYKTOpA 3 TYCTHHOIO CTPYyMY B II€-
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pepisi ingykropa J, = Iw/S,; A, — TaHICHLialbHA BIIHOCHO iHIYKTOpa KOMIOHEHTAa BEKTOPHOIO

MTOTCHITIATTY.
KomruiekcHa moTy>kHICTh Tiedi (Ha OJUH 1HIYKTOp) BU3HAYANACS BIiAMOBITHO O PiBHSHHS

< Ledd 1
S=—j—dV+J@—jAJdV. 3)
27 o 25

[Nepimii 1o1aHOK MPAaBOT YACTUHU LBOTO PIBHSHHS SBISIE COOOI0 aKTUBHY MOTYXKHICTB, 110
BUJIUIAETHCSA Y BUTIISIII TETUIOTH O€3MOcepeIHbO B IHAYKTOPI (KOTYIIIi). Y HAIIOMy BHIAAKY, KOJIH
KOTYIIIKH MPEACTABIICHO HEIIPOBIIHUM CEPENIOBUIIIEM 3 PIBHOMIPHO PO3MOIIICHOIO TYCTHHOO CTPY-

. . . % * o
My, BTpaTl B HUX BM3HA4YaJIMCSA BIANOBIAHO 10 Bupasy P =0,511R,., ne I — cupsHKeHUN KOM-

IUIEKC CHJIM CTPYMY B iHAyKTOpi. Omip iHIyKTOpa Bu3HauaBcs K Ryc = k Rpc, ne k — koediieHT
BUTICHEHHSI CTPyMY, 3HAUEHHS SIKOTO MPHOJM3HO BiIOMO UIS TOTO YH 1HIIOTO THUITY iHAYKTOpa, a
omip Rpc po3paxoByBaBCs Uepe3 3aJlaHi pO3MIpH Ta YUCIIO BUTKIB 1IHAYKTOPA.

Jpyruii 101aHOK MpaBoi YaCTUHU PIBHAHHA (3) y 3araJilbHOMY BUIAJKYy € KOMIIJIEKCHUM YH-
CJIOM, IO Ma€ AiicCHy Ta ysBHY ckiafoBi. JlilicHa yacTHHA 1[LOTO JOJAaHKa BiAMOBIIA€ MOTYXKHOCTI
eHeprii P,, 0 BUIUIAETHCS B PIAKOMY MeTali medvi (Ha oAuH iHAyKTOp). TakuMm 4MHOM, aKTHBHA
MOTYXKHICTh TIe4l Ha OJIUH 1HAYKTOp Oyne P = P; + P,. YsBHa 4yaCTHHA APYTOro JOJaHKa PIBHSIHHSA
(3) sBnsie coO0rO peakTHBHY MOTYXKHICTh Tiedi O (TeX Ha OJWH 1HIYKTODP).

3Hal04YM aKTHUBHY 1 PEaKTHBHY MOTYXHOCTI I€di, JerKO BU3HAUUTH ii €JeKTPOMAarHiTHi na-
pameTpu, a caMe: aKTHBHHI R, peakTUBHUI X Ta MOBHUI Z OTIOPH, a TAKOK KOE(]ILi€HT MOTYKHOCTI
meyi cosg

R=2P/IF; X=20/;, Z=NR*+X*; cos¢ = R/Z. 4)

Bracnigok cumeTpii nedi BiIHOCHO BEPTUKAIBHOI IJIOLUIMHH, 10 MPOXOAUThH Yepe3 cepean-
Hy TIONEpPEYHUX Tepepi3iB KaHaJiB, 3ajjada pO3B’s3yBaiacs B TPUBHMIpHIN JEKapTOBii cuUcTeMi
KOOpJUHAT 7Sl OJIHI€T MOJIOBMHU 00’eMy meyi. BuxiaHi naHi Juisi MOJENIOBaHHS TpUiiMaIucs Ta-
KHMH: 06’€M pO3ILIABICHOro Metany (Mimi) y BamHi meui ckiamas 1,04x0,67x0,45 M°, B KaHamax
iy KIiitHOr0 610Ky — 0,04 M’; BHYTpIMIHIi AiaMeTp KaHamiB (KOPOTKO3aMKHEeHHX "BUTKIB") — 0,51 M,
ixHiit monepeunuit nepepiz — 25x100 MM?; pO3MIpH KOXKHOTO iHAyKTOpa: cepeaiit miamerp — 0,32 M,
noBxuHa — 0,62 M, YHCIIO BUTKIB IHIYKTOpa — w = 45; yacToTa i Hanpyra *uBjeHHsI — v = 50 'y 1

U =+/2-500 B; BigHOCHAa MarHiTHa MPOHHUKHICTH MAarHiTOMPOBOAIB IpHiiManacs MOCTIHHOW L, =
wre = 1000.

MopentoBaHHsS BHUKOHYBAJIOCS 3a JOMOMOTO0 nporpamHoro maketry Comsol Multiphysics
[5]. ¥V pe3ynbTaTi mpOBEAEHOTO MOJAETIOBAHHS OTPUMAHO PO3MOALT €IEKTPOMArHiTHOTO TOJIS B
revi, TYCTUHU EJEKTPUYHOTO CTPyMy B PIAKOMY METasll, 3HAYCHHS CHEPreTUYHUX MapaMeTpiB
(cTpyMiB 1 MOTY>KHOCTEH IHAYKTOPiB, MOTY>KHOCTI TEIUIOBUAUICHHS B PiAKOMY MeTali TOIIO) Ta
€JIEKTPOMATHITHUX MapaMeTpiB medi. AJIEKBaTHICTb MaTEMAaTUIHOI MOJIENI TepeBipsIach MUITXOM
CITIBCTaBIJICHHSI PO3PAXOBaHMX 1 €KCIIEPUMEHTAIFHO OTPUMAHUX HA MPOMUCIIOBIN Tedi eJeKTpoMar-
HITHUX TIapaMeTpiB. Y TaOJIMII HABEJACHO TaKe CITIBCTABJICHHS JIJIsi KOKHOTO 1HAYKTOpaA 3a JBOo(das-
HOTO KUBJICHHS Tedi 3 (ha30BUM KyToM Mix Hampyramu y = 120 en.rpan. Po30iKHICTh HaBeIeHUX
JTaHUX Yy TIpIIOMY pasi He mepeBumlye 8 %, Mo € MUIKOM MPUWHATHUM JJIS TAKOro 00’ €KTY JOCIIi-
JuKeHHS. VIMOBIpHO, 110 GibIl TOUHE CHIBHAJiHHA LUX JAHMX MOXKe OYTH OTPHMAHO NPH Bpaxy-
BaHHI METAJICBOTO KapKacy Ieyi.

Z,,0M | R;,Om | X;,OM | cos@p | Zo,OM | Ry, Om | X5, OM | cos@;

Po3paxyHok 0,444 | 0,233 | 0,378 | 0,524 | 0,437 | 0,153 | 0,409 | 0,351

ExcnepumMeHT 0,458 | 0,244 | 0,388 | 0,533 | 0478 | 0,155 | 0452 | 0,324

PesynpTatu MonentoBaHHS 1HAYKIIHHOI KaHANBHOI Meyi mokazaHo Ha puc. 2—4. Ha puc. 2
3aJIeKHO BiJ KyTa  HaBeJeHO CTpyMH /) 1 [, (eeKTHBHI 3HAYCHHS) Ta aKTHBHI MOTYXHOCTI P 1 P>
JUISL KOYKHOTO 1HIYKTOpa, a TAaKOXK CyMapHa MOTYXHICTh nevi Py, = Py + P,. SIk BuaHO, Bci 11 mapa-
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METpHU CYTTEBO 3aJIeKaTh BiJ (a30BOro KyTa 3CyBYy MK Hampyramu, IO JKUBJIATH JBO(A3HYy Mid.
o crocyeTbest cTpyMiB, TO BOHH B 000X 1HIYKTOpPAaX J0OCITalOTh MAaKCUMAIIbHUX 3HAYCHb Y pasi

LA P, kBt =.0., a'y BUNAJKY Y = 180 en.rpan. — BOHU
MiHIManbHI. 3a ITMX OOCTaBHMH y BCHOMY
1500 Py 500 giana30Hi 3HAYEHb KyTa Y CTPyMH B 000x
_ IHIyKTOpax MpakTHYHO ofHakoBi. Haramaemo,
1400 PP, 4000 o PO3paxyHKH BHKOHYBAJIUCS 3a YMOBH
1300 R e et = 300 3amaHux 1 0AHAKOBHX (33 MOZYJIEM) HAIPYT Ha
1200 XX — —— 200 KoxHOMY iHAyKTOpi. [To-iHmomy BemyTh cebe
1100 11/ ‘\s*“_///\ 100 aKTI/IBH‘i HOTYKHOCTI, WO CTIOKMBAIOTHCA
b UMH iHAyKTOpamH. TiTbKM TpH JIBOX 3HA-
1000 0 4yeHHsAX (pa3oBoro kyra, a came npu y = 0 Ta y
0 60 120 180 240 . en rpan. = 180 ex.rpag. (To0To y pasi omHodaszHOro
R, X, Om . cosQ
%¢! s Xi 0.5 Eem .. COS(pI/'_"‘"--.
0.4 ::'1,:’ H'--..""‘:h<-_____ S il \/.\/ /\
0,3 Ri R5 L i P L \*--.__..--
_ ___ . T 0’3 e COSQPy
0,2 - _::--'— g T S — :..::- 02 COs(2
0.1 0.1
0 0
0 60 120 180 240  w,emrpan 0 60 120 180 240 V. emrpan
Puc. 3 Puc. 4

JKUBJICHHS), 11l TIOTY>KHOCT1 PiBHI, a B 1HIIUX BUITaJIKaX — BOHM pi3HI. Pi3HMME y pa3i q1BOda3HOTro
JKUBJICHHS € 1 MIOTY>KHOCTI TEIIa, [0 BUAUIIETHCSA B KOXKHOMY KaHalli. Y IIbOMY BHIIQJKy BinOyBa-
€TBCSI CBOEPIAHE TIEpPEKauyBaHHS aKTHBHOI MOTYXHOCTI BiJl OJJHOTO KaHaly N0 1HIIoro. CTOCOBHO
CYMapHOI MOTY>KHOCTI Teuli BOHA MPAKTHYHO MOBTOPIOE 3aJIEKHOCTI Il CTpyMiB. MakcumaliibHa
TOTY>KHICTh JTOCATAETHCS 32 yMOBH y = (), a MiHiManbHa — \y = 180 en.rpaz.

Ha puc. 3 HaBeieHO 3aJIEKHOCTI €NEKTPOMarHiTHUX MapaMeTpiB, a caMe akTUBHOTO R 1 pea-
KTHUBHOTO X OIOPIB TeYl OKpeMO JUIsl KOXKHOTO 1HIyKTOopa. [IpupoanHo, mo obumasa 11i mapameTrpu
oJHaKOB1 JJ1s1 000X 1HAYKTOPIB Yy pa3i v = 01 180 en.rpan. Ta pi3Hi — y pa3si iHIINX 3HAYCHD I[LOTO
KyTa. SIK BUIUTMBAE 3 I[bOTO PHCYHKY, 32 YMOBH J1BO(pa3zHOTO *)UBJIEHHS Tedi (To0To mpu 0 < y <
180 en.rpan. i 180 en.rpan. <y < 360 en.rpaj.) BiIMIHHICTh aKTUBHUX OMOPIB IHAYKTOPIB MIXK CO-
000 CYTT€BO OLIbIIa TIOPIBHSIHO 3 PEAKTUBHHMH oropamu. Lle mpuBoAUTH 10 TOTO, MO Y IIOMY
BUMAJKY KOE(DIIIEHTH TOTY>KHOCTI 000X 1HIYKTOPIB Meyl CYTTEBO BiIPI3HAIOTHCS MiX co00t0 (puc. 4).
[ixaBo, 110 3aranbHUN KOCPIIIEHT IeUl, SKUHA MOXHA BBECTH K cOSQ, = (P + P2)/(S) + $2) 1 Axuit
TaKOX HAaBEJICHO Ha IIbOMY PUCYHKY, IPAKTUYHO HE 3AJIEKHUThH BiJ ()a30BOro KyTa MK Halpyramu
YKUBJIEHHS TBO(DA3HOT Mmedi.

BucnoBku. ChopmynboBaHa B poOOTI TpUBUMipHAa MaTeMaTHYHA MOJENb Ja€ 3MOTY 3 JI0-
CTaTHBOIO JIJIsl MPAKTUKYA TOYHICTIO BU3HAYATH €JICKTPOMArHITHI Ta €HEPTeTHYHI TTapaMeTpH 1HIYK-
HiHHUX KaHanbHUX meued. /s aBoda3Hoi KaHANBHOI Medi BCTAHOBICHO 3AJIEKHOCTI 3a3HAYEHUX
rapamMeTpiB Biz (pa30BOro KyTa 3CyBY MiX Halpyramu ii )KUBJICHHS.

Dinancyemucsi 3a depacorodxncemuumu memamu «Pospobumu enexmpomacnimui ma HanienposioHUKo8i cuc-
memu MOOYAbHOI CMPYKmMypu O/l eHep2oepekmusHoi mepmoobpodOKu memanesux posniasie i demaneuy (wudp
«EJITEPM-I1»), wo euxonyemocs 3a I[locmanosorw biopo BOTIIE HAH Ykpainu 6io 29.05.2018 p., npomokon Ne 9,
Oeparcaguuti peecmpayitinui Homep pooomu 01190001212 ma «Pozsumox meopii, po3apobaeHHs Memoois iHmenekmya-
Ji3ayii mexHoNo2iYHUX npoyecié ma 3acodie KepyeaHHs, MOHIMOPUH2Y, OIA2HOCIY8AHHS | GUMIDIOBAHHS 6 eleKMpPOeHe-
peemuyHux ma enekmpomexuiunux cucmemaxy (wugp «IHTEXEH-2»), wo suxonyemwvca ionogiono oo Ilocmanosu
Ipesuoii HAH Yxpainu 6io 18.12.2019 p. Ne 339 (8 pamxax 0ozogopy Ne 3-137/01-20 eio 02.01.2020 p.), deparcagruti
peecmpayitinui Homep pobomu 0120U002125. KITKBK 6541030.
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SJEKTPOMATHUTHBIE TIAPAMETPHBI JIBYX®A3HOM MHIYKIIMOHHOMN KAHAJIBHOM NMEYU
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Copmynuposana mpexmepHas Mamemamuieckas Mooeib 0 UCCIe008AHUsL JEKMPOMASHUMHO20 NOJs UHOYKYUOH-
HOU KAHANLHOU neyu npu 3A0aHHbIX HANPANCEHUAX Ha uHoykmopax. Iloomeepawcoena adexeamuocmes mooenu nymem
CONOCMAGIEHUsL PACCHUMAHHBIX DJIEKMPOMASHUMHBIX NAPAMEMPOS ¢ IKCHEPUMEHMATHBIMU OAHHLIMU, NOLYYEHHbIMU
Ha npomvluieHnou nevu. Jns 08yxgasnoti UHOYKYUOHHOU KAHANLHOU Neyu OnpedeneHo 6lusiHue Gaze020 yena Mexicoy
HANpANCEHUSIMU HA UHOYKIMOPAX HA SHepeemuyecKue U JNeKmpomMazHummble napamempul nedu. budim. 5, puc. 4, radbnuna.
KiroueBble ciioBa: MHIYKIMOHHAS KaHAJIbHAS [1€4b, MATEMAaTHUECKOE MOJEIMPOBAHUE, JICKTPOMArHUTHBIE ITapaMeT-
PHl, azoBbIi yron Mex1y HanpspKeHUSIMH ITHTaHuUS.

ELECTROMAGNETIC PARAMETERS OF TWO-PHASE INDUCTION CHANNEL FURNACE

O.I. Bondar, O.1. Glukhenkyi, Yu.M. Goryslavets

Institute of Electrodynamics of the National Academy of Sciences of Ukraine,

pr. Peremohy, 56, Kyiv, 03057, Ukraine

Three-dimensional mathematical model for study of electromagnetic field of induction channel furnace with inductors’
given voltages has been formulated. The adequacy of the mathematical model has been confirmed by means of com-
parison of calculated electromagnetic parameters with experimental data obtained on industrial furnace. For two-
phase induction channel-type furnace the influence of phase angle between inductors’ voltages on energy and electro-
magnetic furnace parameters have been determined. References 5, figures 4, table.

Key words: induction channel furnace, mathematical modelling, electromagnetic parameters, phase angle between
power supply voltages.
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DEVELOPMENT OF ALGORITHMS FOR FUZZY CONTROL OF ENERGY FLOWS IN
THE CONDITIONS OF UNDERGROUND IRON ORE EXTRACTION

O. Sinchuk*, A. Kupin**, I. Sinchuk***, I. Kozakevych****, I. Peresunko®***%*
Kryvyi Rih National University,
Vitaly Matusevich str, 11, Kryvyi Rih, 50027, Ukraine

e-mail: speet@ukr.net

The urgency of developing the system of automated control of energy flows in conditions of underground mining of iron
ore has been shown. The principles of implementing of mentioned approaches based on the use of fuzzy logic have been
proposed using previously defined criteria and algorithms of fuzzy control. The simulating of operation of fuzzy
controllers in the environment of the MatLab software package has been carried out using two-part and three-part
electricity tariffs. The efficiency of fuzzy controlling systems in conditions of single-channel and multi-channel
controlling has been proved. The results of the application of various automated fuzzy control strategies in conditions
of mining enterprises with underground mining of iron ore using two-rate and three-rate electricity tariffs have been
analyzed. Corresponding recommendations for the optimizing of industrial energy consumption have been proposed.
References 12, figures 8, tables 4.

Keywords: automated control of energy flows, Fuzzy Logic, models, criteria, system, mine.

1. Introduction

More than 30% of the total production of iron ore is mined at underground mining
enterprises (mines). Meanwhile, the cost of production, due to the deterioration of mining
conditions on the increase in the depth of iron ore, is increasing. In this odious for the economy of
both the mining companies themselves and the state as a whole, a significant part of the negative
role belongs to the energy component of the iron ore production process, where more than 90% is
electricity costs.

The directions of reduction, or more precisely the restriction of the growth rate of the
electric power component in the complex of iron ore production, are known [3-5].

Meanwhile, all these known trends can be synthesized into two global drawbacks: to reduce
electricity consumption, which means to reduce the payment for electricity consumed, or rather, to
reduce the levels of electricity consumption, or more precisely, with considerable stability of this
process, to reduce payment for it. The logic behind these statements is that increasing the depth of
iron ore production does not even give pessimistic reasons for reducing electricity consumption. As
for the second component - reducing payment levels - there is some positive in achieving the
expected results.

Due to this moment, based on taking the number of measures at the relative stability of the
levels of production of iron ore in the iron ore mines of Ukraine from 2015 to 2017, the share of
electricity in the cost of production has increased [3-5]. Meanwhile, during 2017-2018 underground
iron ore enterprises have achieved some achievements in the overall share of electricity in
stabilizing the cost of production of iron ore. However, this trend was practically counterbalanced in
2019.

This is due to the fact that, according to the Law of Ukraine on the Electricity Market, since
2013 underground iron ore enterprises, like all other industrial enterprises, were forced to abandon
the system of calculations with electricity supply based on three tariff rates (peak, half-peak, night)
and switch to hourly rates. At the same time, the new payment structure was essentially reduced to
two rate rates - peak and night. In this case, the format of payments between consumers and
suppliers of electricity with additional cargo volumes of payments on the latter complicated. But the
main thing is that consumers started paying more for the same amount of electricity consumed. This
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again emphasizes the imperfection of the existing tariffs.

At the same time, the companies continued to plan their electricity consumption by hours of
the day. At the same time, the existing planning system is not perfect, considering the plan-fact
ratio. This is evidenced by plan-fact indicators for many domestic iron ore mines, where
fluctuations take place both higher than the plan and smaller, and, importantly, have significant
variations. Ultimately, such a mismatch leads to a corresponding imbalance in the payment for
electricity consumed. That is, in this embodiment, the lack of control over the levels of electricity
consumption leads to significant unreasonable costs on the part of consumers.

The rejection, or even delay, at the start of the introduction of effective science-based
measures to improve the power efficiency of mining and technological processing of iron ore,
which will at least accelerate the exit of enterprises of the mining and metallurgical industry in the
depressed stage of their development.

2. Statement of the problem

The problem of the optimizing of the energy consumption in conditions of iron ore mines
based on the use of the fuzzy automated control system (ACS) using multi-zone energy metering
tariffs is considered. So the urgency of the approach has been substantiated in operation [1], the
system of optimization criteria (1) (5), restrictions (6) - (9) has been developed and algorithms for
implementing many strategies for such controlling in conditions of the three-rate tariff (“Night /
Half-Peak / Peak’) have been proposed.

The technological process considerated as a control object is complex multi-parameter, non-
linear and multi-connected [2-3]. As you know, the main consumers of electricity (EE) in mines are
redistribution of mining / transportation of ore mass, discharge of mine water (drainage), air supply
and ventilation. [4] With this in mind, potential management criteria should be identified as (1) - (5)

Z° = F(RE, HT )= min, (1)
P = max, (2)
B = max, 3)
B, = max, 4)
B, = max, )

where Z° - is the total cost of the enterprise for electricity consumed (hourly, daily), UAH .; RE -
power consumption, kW; HT - current electricity tariff, UAH / kW; F (0) - some established
functional dependency; P - ore mass production at the enterprise, t; B - air supply, m’; B, - mine
water pumping volume, m’; B, - ventilation, m’.

Considering the potential complexity of solving such multicriteria problems, some of the
minimax criteria above can be replaced in the future by restrictions of the type:

P 2 Pmin , (6)
B>B™, (7)
Bw 2 B:/T:in > (8)
B, >B™, ©)

where P™", B™, B™, B™ - some boundary values of the parameters (for example, daily planned
values).
The value of energy consumption in the system as a whole or in separate stages from the
local criterion of the objective function (1) can thus be redefined in the form
RE=f(P,B,B,,B,), (10)

where f () - some function or approximation.

The sufficient efficiency of applying of the fuzzy controlling approach in conditions of
three-rate tariff creates the preconditions for its verification using the currently relevant two-zone
tariff type “Night / Peak™. Thus, the task of developing appropriate models, the principles of their
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phasing, logical inference, and defuzzification, as well as a testing performance by computer
simulation is set.

3. Development of fuzzy models taking into account the two-part tariff

3.1. The principles of phasing and forming of a base of logical rules of inference in
conditions of the single-channel control.

Let us analyze the principles of phasing and the formation of a base of logical inference
rules for the single-channel control. The controlling effect here is the ore flow P, the controlled
parameter will be the value of the electric energy consumption from (10). The parameters of
drainage, air supply, and ventilation are related to perturbing.

We define, according to the technique described in [5-7], we formalize the basic fuzzy set
for our system. In our case, this set will consist of three elements (N = 3):

E:LNJ{ :Bz }:{ 181 : /82 : ﬂ3 }:{ IBRE : :BHT : ﬂP }’ (11)
o (H(B) u(B) (B, u(p;) H(Bre) 1(Byr) 1(Bp)

where B - the basic fuzzy set; S - fuzzy value of a specific parameter (for example, manager or

managed); B, = f,,- the corresponding fuzzy value for the energy consumption parameter;

By = Pyr- fuzzy value for the tariff, S, =p,- fuzzy ore flow; w(f), wu(p),u(f,), n(5;),
HU(Brp)s H(Byr ), 1(B,) - the value of membership functions for the corresponding parameters.

We determine the sets of linguistic variables (terms) for all of the fuzzy parameters above:

TFE MIN Average MAX (12)
: NB° Z ' PB)J’
rys (Mgt Peok ], (13)

3

s {MIN Average MAX}’ (14)

NB' Z ' PB
where T, T)"", T” - identifiers of multiple terms for fuzzy variables: energy consumption
(EE), tariff setting and ore flow; {MIN, average, MAX} + {Night, Peak}, {NB, Z, PB} + {NS, PS}
full or abbreviated identifiers to indicate the corresponding values of these terms.

As can be seen from the sets (11) - (14), the three-digit scale is taken for subsequent work by
the parameters of energy consumption and ore flow and for the variable tariff - two-digit. However,
if necessary, the quantitative values of all these scales can be changed in any direction.

Subsequently, for the implementation of the fuzzification of fuzzy variables of the set (12)
and (14), standard triangular membership functions have been chosen, and for the set (13) has been
chosen tangential. An example of the parameterization of these variables and functions has been
performed using the environment of the MATLAB application. The example of such
parameterization based on statistics from the Rodina mine is shown in Fig.1.

T T T T T T T T T T T T T T
Min{NB) Cpeanee(Z) Wax[PE) Houg(N5) Muk(PS})

input variable "Sneprua™ input variable "Tapud”

Fig. 1
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We previously defined fuzzy sets (11) and the corresponding terms (12) - (14), we will form
fuzzy inference rules in the form:

1) IF “Electric Energy Consumption” = “MIN” (NB) AND “Tariff” = “Peak” (PS) THEN
“Oreflow” = “MIN” (NB);

2) IF “Electric Energy Consumption” = “MAX” (PB) AND “Tariff” = “Night” (NS) THEN
“Oreflow” = “MAX” (PB);

3) IF “Electric Energy Consumption” = “Average” (Z) AND “Tariff” = “Night” (NS) THEN
“Oreflow” = “MAX” (PB);

4) IF “Electric Energy Consumption” = “Average” (Z) AND “Tariff” = “Peak” (PS) THEN
“Oreflow” = “MIN” (NB);

5) IF “Electric Energy Consumption” = “MIN” (NB) AND “Tariff” = “Night” (NS) THEN
“Oreflow” = “MAX” (PB);

6) IF “Electric Energy Consumption” = “MAX” (PB) AND “Tarift” = “Peak” (PS) THEN
“Oreflow” = “MIN” (NB).

Table 1
Tariff [Oreflow] Electric Energy Consumption
MIN (NB) Average (Z) MAX (PB)
Peak (PS) [NB] [NB] [NB]
Night (NS) [PB] [PB] [PB]

As the basic algorithm for the subsequent defuzzification procedure, we adopt the standard
Mamdani method.

3.2. The principles of phasing and forming of a base of logical inference rules in
conditions of the three-channel control.

This type of control is implemented by two or three control actions (11). For example, Ore +
Drainage + Ventilation. The control actions here are ore flow and the volume of water pumping and
ventilation, a controlled parameter will be the value of electricity consumption from (10). The air
supply parameter remains perturbing. The general principles of phasing and the formation of a base
of logical inference rules for the three-channel control are as follows.

Basic fuzzy set (16) for the possibility of implementing of the three-channel control. In our
case, this set will include 5 elements now (N = 5):

EZU{@}:{A.@.@.A.@}:
o (B /J(ﬂl)’ﬂ(ﬂz),ﬂ(ﬂ3)’ﬂ(ﬂ4)’ﬂ(ﬂs)
) Bre . Bur Bo . Bsn . B

. {y(ﬂRE) UByr) (By) 1By u(ﬁgv)}
where B, = f, - the fuzzy value for drainage; u(f;), u(f;,) - corresponding to the value of the

; (15)

membership function.
Then, to the sets of terms already defined above (11-14), you need to additionally define the

terms:
TP — MIN : Average : MAX ’ (16)
NB Z PB
TSVentilation — MIN : Avel”age : MAX , (17)
NB Z PB
where 7" - the term identifier for the fuzzy variable volume of water pumping; 7,""""*" - term

identifier for the fuzzy variable mine ventilation volume.
In view of (15) - (17), we give a few examples of the formation of fuzzy inference rules for
this type of control:
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1) IF “Power Consumption” ( ) = “MIN” (NB) AND “Tariff” ( S,) = “Peak” (PS) THEN

“Oreflow” = “MIN” (NB), "Drainage" = "MIN" (NB), "Ventilation" = "MIN" (NB);
2) IF “Electric Energy Consumption” ( £,) = “MAX” (PB) AND “Tariff” ( 5,) = “Night”

(NS) THEN “Ore Flow” = “MAX” (PB), "Drainage" = "MAX" (PB), "Ventilation" = "MAX"
(PB);

3) IF “Electric Energy Consumption” ( 5,) = “Average” (Z) AND “Tariff” ( S,) = “Night”
(NS) THEN “Oreflow” = “MAX” (PB), "Drainage" = “MAX” (PB), "Ventilation" = “MAX” (PB);

4) IF “Electric Energy Consumption” = “Average” (Z) AND “Tariff” = “Peak” (PS) THEN
“Oreflow” = “MIN” (NB), "Drainage" = “MIN” (NB), "Ventilation" = “MIN” (NB);

5) IF “Electric Energy Consumption” = “MIN” (NB) AND “Tariff” = “Night” (NS) THEN
“Oreflow” = “MAX” (PB), "Drainage" = “MAX” (PB), "Ventilation" = “MAX” (PB);

6) IF “Electric Energy Consumption” = “MAX” (PB) AND “Tarift” = “Peak” (PS) THEN
“Oreflow” = “MIN” (NB), "Drainage" = “MIN” (NB), "Ventilation" = “MIN” (NB).

Extended tables (Tab. 2, Tab. 3) of inferences for fuzzy variables (16), (17) shown below.
For a boolean variable ore flow £, = 5, a similar table Tab. 1 can be used, which was given above.

Table 2
Tariff [Oreflow] Drainage
MIN (NB) Average (Z) MAX (PB)
Peak (PS) [NB] [NB] [NB]
Night (NS) [PB] [PB] [PB]
Table 3
Tariff [Oreflow] Ventilation
MIN (NB) Average (Z2) MAX (PB)
Peak (PS) [NB] [NB] [NB]
Night (NS) [PB] [PB] [PB]

4. Computer simulation of the operation of fuzzy ACS

To simulate the operation of the ACS of mine energy consumption, we will use the
environment of the Fuzzy Logic Toolbox (FLT) module from the well-known mathematical
software package MATLAB. To do this, we use the standard fuzzy simulating technique described
in[7].

4.1. Simulating of the single-channel control. The forming of a fuzzy controller will be
carried out using the example of the single-channel control via the Rudopotok-> Energy
Consumption channel based on statistics from the data received at Rodina mine (Kryvyi Rih, Tab. 4).
Taking into account the fuzzy variables defined above, fuzzy sets (11) - (14), and membership
functions (Fig. 1), the input and output parameters are set in the FIS editor (Fig. 2). For
defuzzification the Mamdani algorithm will be used [8, 9].

— I\Jdina_Fuzzy_ACS(F‘.ud L)

(mamdani}

XX

Tapud

Fig. 2
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Table 4
Times of coééﬁrzlv;?ir()n, 2.0re, t consuEnElption rel:c(iison (wEi?he;ﬁflzocsé), Energy cost (with

day kW forecast (FLC) UAH* ACS), UAH

0:00 1824 132 2034,64 147 1 751,04 1 953,26
0:30 3024 219 2795,86 202 2 903,04 2 684,03
1:00 2688 194 2795,86 202 2 580,48 2 684,03
1:30 2076 215 2795,86 202 2 856,96 2 684,03
2:00 2736 198 2795,86 202 2 626,56 2 684,03
2:30 2976 215 2795,86 202 2 856,96 2 684,03
3-00 2976 215 2795,86 202 2 856,96 2 684,03
3:30 1968 142 2090 151 1 889,28 2 006,40
4:00 144 10 2795,86 202 138,24 2 684,03
4:30 2400 173 2795,86 202 2 304,00 2 684,03
5:00 1440 104 2006,96 145 1 382,40 1 926,68
5:30 1248 90 2076,16 150 1 198,08 1993,12
6:00 192 14 2795,86 202 184,32 2 684,03
6:30 192 14 2795,86 202 184,32 2 684,03
7:00 192 14 2795,86 202 184,32 2 684,03
7:30 192 14 2795,86 202 184,32 2 684,03
8:00 144 10 2795,86 202 138,24 2 684,03
8:30 192 14 2795,86 202 184,32 2 684,03
9:00 192 14 372,415 26,9 334,08 648,00
9:30 192 14 372,415 26,9 334,08 648,00
10:00 192 14 372,415 26,9 334,08 648,00
10:30 192 14 372,415 26,9 334,08 648,00
11:00 144 10 372,415 26,9 250,56 648,00
11:30 192 14 372,415 26,9 334,08 648,00
12:00 1776 128 1150,24 83,1 3 090,24 2 001,42
12:30 2880 208 372,415 26,9 5011,20 648,00
13:00 1296 94 1121,18 81 2 255,04 1 950,85
13:30 2592 187 372,415 26,9 4 510,08 648,00
14:00 2640 191 372,415 26,9 4 593,60 648,00
14:30 2016 146 1042,29 75,3 3507,84 1 813,58
15:00 1200 87 1075,51 71,7 2 088,00 1 871,38
15:30 144 10 372,415 26,9 250,56 648,00
16:00 1536 111 1169,62 84,5 2 672,64 2 035,14
16:30 2688 194 372,415 26,9 4 677,12 648,00
17:00 1824 132 1137,79 82,2 3173,76 1979,75
17:30 2160 156 870,668 62,9 3 758,40 1514,96
18:00 2496 180 372,415 26,9 4 343,04 648,00
18:30 1632 118 1169,62 84,5 2 839,68 2 035,14
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19:00 192 14 372,415 26,9 334,08 648,00
1930 144 10 372,415 26,9 250,56 648,00
20:00 192 14 372,415 26,9 334,08 648,00
20:30 192 14 372,415 26,9 334,08 648,00
21:00 192 14 372,415 26,9 334,08 648,00
21:30 144 10 372,415 26,9 250,56 648,00
22:00 192 14 372,415 26,9 334,08 648,00
2:30 192 14 372,415 26,9 334,08 648,00
2300 192 14 372,415 26,9 334,08 648,00
23:30 1776 128 2020,8 146 1 704,96 1939,97

Total 58896 4255 65928,3 | 4763,1 79 640,64 76 206,11

Note: (*) — calculation of the cost of energy efficiency based on a 2-rate tariff [10].

In the process of phasing, the corresponding maximum and minimum daily parameters have
been determined:

- power consumption (144; 3024) kW / day;

- ore mining (10; 219) t/ day.
Based on such data, a 3d model of the surface has been obtained for fuzzy inference for the
developed fuzzy model (Fig. 3).
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Using the appropriate
MATLAB FLT mode for
simulating of fuzzy inference
procedures, we  verify the
operation of the model and then
calculate the expected fuzzy
controller response to control
actions. In this case, different
values of the two-zone tariff for
consumed electricity are used. The
current data for DTEK
Dneproblenergo (for industrial
consumers of the 1st category)
have been taken as base tariffs
(Fig. 4) [10].
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Fig. 5 and Fig. 6 show the results of simulating the operation of the fuzzy single-channel
ACS of energy consumption based on one control action - daily ore production distributed over
time. The simulating resolution of the controller has been 0.5 hours = 30 minutes.
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Analysis of the simulation results Fig. 7 and Fig. 8 and the performed analytical calculations
show that the use of minimax criteria of the type (1) - (2) in conditions of the Rodina mine allows
increasing the daily ore mining by 14.85% (i.e., more than 600 tons/day). At the same time, daily
electricity consumption will similarly increase by 14.86% [1], and the cost of using electricity,
taking into account the three-zone tariff, will increase by 10.83%. However, at the current value of
salable iron ore in the world market [11-12], this may be offset by potential sales income.
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4.2. Simulating of the multi-channel control. The basic principles of the forming of fuzzy
controllers (including phasing, fuzzy inference, dephasing, etc.), as well as the algorithms of their
operation in conditions of multi-channel control, have been described above. We present the results
of the simulating of automated energy control using the example of two channels ("Ore ...", "Water
...") and three channels ("Ore ...", "Water ...", "Air ..."). The basic calculations have been carried out
using the statistics of the Rodina mine as an example. However, as the made analysis testifies using
this methodology, these results can be similarly reproduced for all strategies of algorithms (Figs. 2
and 3) and in conditions of other enterprises (mines) with underground mining of iron ore.

Conclusions. 1. Using the Fuzzy Logic Toolbox software module of the MATLAB software
package, single and multi-channel fuzzy controllers have been developed and simulated for
controlling the mine energy consumption by applying one or more control actions {"Ore", "Water",
"Air"}. It was found that the use of minimax strategy in all cases leads to increasing: daily ore
production and EE consumption by 15-50 %% and corresponding costs by 11-75%. At the same
time, calculations have shown that the potential income from the sale of additional volume of iron
ore will fully compensate for these costs (due to a more rational redistribution of material and
energy flows in the conditions of the 3-zone tariff). Using of the two-rate (“Night / Peak”) tariff
instead of the three-rate (“Night / Half-peak / Peak™) at the same time leads to increasing of the
daily cost of energy consumption by 12.88% at the single-channel regulation of ore flow and,
accordingly, 7.1% at the two-channel management of ore flow and the drainage simultaneously.
The applying of the fuzzy regulators allows to compensate for these losses. 3. Using of automated
control systems by fuzzy 3-channel regulation of ore flow, drainage and ventilation allow even in
conditions of the two-rate tariff (due to a more rational redistribution of daily intervals) to reduce
the cost of energy efficiency (for example, according to the Rodina mine, with an increase in daily
energy consumption by 4.45%; total costs are reduced by 2.5%). 4. Applying these approaches will
allow to implement automated control of the process of mine energy consumption in real-time and
optimize the cost of energy efficiency.
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