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MATEMATHUYHA MOJEJIb JIUIA BUBHAYEHHS 30HU 3AXUCTY Y PA3I
JOBLIbHOI KOH®ITYPAIIIl PO3TAIIIYBAHHS CTPUKHBOBUX BJIMCKABKOBIJIBO/IIB

J.I. Koniyumo*, KaHa.Texd.Hayk, O.€. Icromin kana.texa.Hayk, C.C. Pynemco***, KaHJI.TCXH.HAYK,
C.B. Kinpuu™™"

Haunionansumii Texniunuii yHiBepeutet " XapkiBcbkuii nositexniunauii ineruryr",
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Memoro pobomu € ananiz 0OCHOBHUX NPUHYUNIE NOOYOOBU 30HU 3AXUCMY CKIAOHOI cucmemu O1UCKA8K08I0800i8 3a Me-
mooom cghepu, wo KOmumvcs, KU, Hapasi, € OCHOBHUM Y 2any3i OIUCKABKO3AXUCHY MA GIONOBIOAE BUMO2AM CYUACHUX
€8PONEUCHKUX HOPM. Bupiuieno 3adauy susnauenus MiHIMAlbHOL KITbKOCME OIUCKABKOBIOB00I8, HeOOXIOHUX 0151 pO3pa-
XVHKY CKIAOHOL NOGEPXHI 30HU 3aXUCMY, 3a IX 008LIbHOI sucomu ma po3maulysanti. Bnepue ¢ Yxpaini pospobneno
MamemamuyHy mooeis 0Ji noOYy008U MaKoi 30HU 3aXUCMY 3 GUKOPUCMAHHAM 3aKOHI8 cmepeomempii. Ilepesipeno po-
bomy yiei moodeni Ha npuraadi erexkmpuunoi niocmanyii Hanpyeoro 110 kB i3 3acmocysanuam po3podreHoi komn 1o-
MepHOI npozpamu 3 pearbHUM pO3MAULy8AHHAM OIUCKABKOGI0800i8 pizHol sucomu. Pezyremamom pobomu yiei npo-
epamu € mpusuMipHe 8i000PANCEHHST 30HU 3AXUCTY 3 MONCTUBICMIO BI3VAILHO20 AHANIZY 3axuujeHocmi 06’ €kmis 8i0
npAmMo2o yoapy OIUCKaA8KU i3 3a0anor0 imosipuicmio. Llinnicme pobomu noiseae y Moxciueocmi npakmuyHoi peanizayii
Memooy cghepu, w0 Komumvcs, 04 3aXUCMY eHep2006 ekmis YKpainu 6i0 npsamozo yoapy 6auckasku 6i0noioHo 00
cyuacnoeo cmanoapmy EN 62305. Bib6n. 12, puc. 5.

Kniouosi cnosa: meron chepu, 110 KOTUTHCS, CTPHIKHBOBHH OJMCKAaBKOBIBI/, 30Ha 3aXUCTY, €HEProod €KT, MiJCTaH-
1isI, MATEMATHYHA MOJIEb.

ocTranoBka nmpodsaemu. CoorogHi B YKpaiHi 0ZHOYACHO AiIOTH JBa HOPMATHBHUX JOKYMEHTU Y
rary3i OJTUCKaBKO3axuCTy OyiBeNb Ta CIIOPY/I:

— JICTY b B.2.5-38:2008 ImxenepHe oOamHaHHA OYIUHKIB 1 CIOPYA. YIaIITyBaHHS OJHMCKaBKO3a-
XHCTy OyaiBens i cnopya [1];

— JICTY EN 62305:2012 3axucr Big 6nuckaBku. Protection against lightning [2].

OpmHak 3aKOHOJABCTBOM Iepen0adacThCsl TOBHUH Mepexia Ha TapMOHI30BaHWHA MIKHAPOIHUHN CTaH-
napt [2]. 3rigHo 3 HUM HEOOXiTHUM € MPOBeIeHHs BUIIPOOYBaHb HA IO MPSIMOTO ylapy OJMCKaBKH B JO-
CIIIJKyBaHUH 00’ €KT, 10 OyJI0 Ha MpakTuLi peanizoBano B Ykpaini [3]. Takox y [2] nepenbaueHo po3paxy-
HOK 30HU 3axucTy (33) ckimaaHoi cuctemu OauckaBkoBinBoaiB (bB) mumie 3a meTogoM cdepu, Mo KOTUTHCS.
Merton chepu, 0 KOTHTHCS, — 11 €IEKTPOreOMETPUYIHA MOJIEIb, sIKa 0a3yeThcs Ha 0OKaTyBaHHI KOHCTPYK-
uii ysiBHOIO (QIKTHBHOIO) cheporo, paaiyc SKOI 3aIeKUTh Bij Hepen0dadyyBaHOroO MIKOBOI'O 3HAYEHHS CTPYMY
3BOPOTHOrO yaapy Omuckasku [2]. LleHTp cdepn po3rnsgaeTses sK po3TallyBaHHS BEPLIMHU Jifgepa Onucka-
BKH, SIKMH PyXa€eThcs A0 3eMii. TakuM YMHOM, 3aXUIIEHUM BBAXKA€THCS yCe, 0 YOro He TOPKHYyJIacs cdepa B
npotieci o0katyBaHHs. [Ipore y [2] He HaBeeHi iHKEHEPHI METOIMKH JIJIsl BAKOPHCTAHHS I[LOT'O METOJY, IO
YHEMOKIIMBIIIOE HOTO MpakTHYHE 3aCTOCYBAaHHS IJsl PO3paxyHKy Takoi 33, Hampukiaa, Ha €IeKTPUYHHX
CTaHIAX Ta HiJACTAHIUAX.

B imkeHepHill mpakTuli YKpaiHH, sK TPaBUIO, BUKOPUCTOBYIOTHCS METOJIMKH PO3PAXyHKY, HaBe/Ie-
Hi B [1], @ 32 OCHOBY JIJIs1 HUX B3SITO CITiBBIHOIICHHS, 1110 JICTAIILHO BUKIIAACHO B [4]. AHali3 qOKyMEHTaIli1 3
NPOCKTYBaHHS CUCTEM OJHMCKaBKO3aXUCTY, PO3pOOJIEHOT BITYM3HAHUMHU (QipMaMH 13 3aCTOCYBaHHSIM METOLY
cdepH, siKa KOTUTHCA, TIOKA3ye, 10 PO3PAXyHKH BHKOHYIOTBHCS 33 CIPOLICHUM aJrOPHUTMOM: JIMIIE Ha IUIO-
mmHi (2D Bunagok) Ta nuie mooauHIl, 0e3 BpaxyBaHHs croidy4yeHb bB.

AHaiiz HU3KH myOmikamii [5—9] mokasas, MO y BIIBHOMY JOCTYIIi € MaTeMaTH4Hi CITiBBiTHOIICHHS
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JUTS TIPOCTUX KOHKPETHHUX BHIIAJKIB po3TaintyBaHHS bB, ski HEMOXKIMBO BUKOPUCTOBYBATH JUIS PO3PAXYHKIB iX
33 st KoMIUIeKCy OyIiBelNb i CHOPY/l YU BIIKPUTHX PO3MOJUTBUUX MPHCTPOIB €HEProod’eKTIB 31 CKIAIHOO
CHCTEMOIO OJIMCKaBKO3axHCTy. Lle mpu3BOAUTH 1O TOTO, IO aHi MPOEKTYBaJbHUKH, aHl eKCIUTyaTalliifHUi mep-
COHAJI HE MOXKE OI[IHUTH 3aXHIIEHICTh TAKUX CTPATETIYHO BAXKIMBHUX 00 €KTIB Bi/I MPSAMOTO yaapy OJIMCKaBKU
3a METOIOM cdepH, Mo KOTUThCSA. KpiM TOro, akTyalmsHICTh MPOOIEMH MiABUIIYETHCS Yepe3 Te, MO WMOBIp-
HICTh ypa)KeHHS! OJIMCKABKOIO ENEKTPUYHHMX CTAHIIIH Ta MiJcTaHI il Olbia HiX iHIMX 00’ exTiB [10].

Hns pospaxyHky 33 BB nOBiIbHMX BHCOTH Ta PO3TalllyBaHHS BHKOPUCTOBYIOTHCS CIeLiaii3oBaHi
KOMIT FOTE€PHI TIPOTPaMH, allTOPUTMH, MAaTEMaTHIHHHA OITHC Ta TEKCT SKUX MPEICTaBIIAIOTh COO0I0 KOMEPITiHi-
HY TAEMHUIIO KOMMaHiH-po3poOHuKiB (Hanpuknaz, Big "Primtech”, Pentair, ERICO, Entegra Tomio) i MaioTsb
3ayBakK€HHA 10 pe3yJbTaTiB pO3paxyHKy, a came — 10 popmu otpumanoi 33 cucremu bB.

Tomy aBTOpamu B [11] Oymo mocTaBieHo 3a7ady IOA0 PO3POOKH MaTEeMAaTHYHOTO arapary IJis po3-
paxyHKy i mooynoBu 33 cuctemu bB moBinsHOI KoH(DIrypaiii 3 3acTOCYBaHHIM METOAY CHEpH, IO KOTUTh-
¢, IuIst itounx eHeproo6’ektiB BianoBiaHo no JJCTY EN 62305-3:2012. Jlns 1poro Oyio po3risHYTO OK-
peMi BHUITaJKH, IO Jal0Th MOXIHBICTh MOOYm0BU 33 cTpMkHBOBUX BB, KONM CIiBBiAHOIIEHHS BUCOT, Bij-
craneit Mix bB Ta 3amanmM piBHeM OJMCKaBKO3axXHCTy He (GOPMYIOTHh CKIamHy KoHbiryparito 33 mux BB,
110 JaJI0 3MOTY COPMYJIFOBATH Mif3aaaui s MOJABIINX JTOCITIHKEHb.

Merto10 pod0oTH € po3poOKa MAaTEMAaTUIHOT MOJIENI JIJIsl TOOYIOBH 30H 3aXHCTY CHCTEMU OJIUCKABKO-
BiZIBOIIB ckyaaHOi KoHGirypamii 3rigHo 3 JJCTY EN 62305-3:2012 mis 3aXucTy Ait04nx eHeprood’eKTiB Bif
IpSIMOTO yJapy OJMCKAaBKH.

Marepiaau gocimkenns. s BupimeHHs naHoi 3a1a4i BixnoBiaHo 1o [11] HeoOximHO:

— BU3HAYHTHU MiHIMallbHY KibKicTh BB, koMOiHamis sxux Moxe cpopmyBaTH ckiagany 33;

— BUKOHATH TIOOYTOBY TEOMETPUIHOI Ta MAaTEMAaTHIHOI MOJIEII 1 00paHoi KoHpirypartii bB.

BusnayeHHs1 MiHIMAJILHOT KJIBKOCTI OMTMHUYHUX OJIMCKABKOBIIBOAIB 111 (POPMYBAHHS CKJIATHOI
MOBEPXHi 30HN 3axucTy. BuOip MiHiManpHO HEOOXiqHOT KUTBKOCTI onuHIYHUX bB mis ¢opmyBaHHS ckiamHOT
33 BH3HAYA€ TEOMETPUIHY Ta MATEMATHYHY MOJIEIh, 3 KOO Oy/Ie BUKOHYBATHCS TTOOYI0Ba MIOBEPXHI.

[MoGynoBa 33 ckiIagHOT cuCcTeMU OJIMCKABKO3aXUCTY CKIAAAETHCS 3 IBOX YACTHH:

1) nobynoBa 6iuHuX NOBepx0oHb 33 (chepa TOpKaeThCI MOBEPXHI IPYHTY Ta OAHOTO abo 1Box bB);

2) moOymoBa BHYTPIilIHEO1 TOBepXHi (chepa nekuTh Ha BepinHax bB Ta He TopkaeThcs IpyHTY).

[Neprra yacTuHa AETaNBHO PO3TIISTHYTA Y Mpoleci MoOyIoBH OAMHUYHUX Ta NMoJBiitHUX BB i € okpe-
muM Bunaakom [10]. [ns apyroi yactTunu nepepizoM ¢ikTHBHOI cepu € Koo, IO MPOXOIUTh Yepe3 Bep-
mmHA bB, Ha Axux nexuth 18 cdepa (TOOTO onrcaHe KOJIO TPUKYTHHKA). 3TIAHO 3 BIACTHBOCTSIMH OIHCA-
HOTO KOJIa, HEOOXiTHOIO Ta TOCTATHHOI YMOBOIO JIJI OOYIOBH TAaKOTO KOJa (0 TOTO X TUIEKH OITHOTO) €
HasiBHICTh TphoX BB, BepIIMHM SKMX yTBOPIOIOTH TPUKYTHHUK. 3a OUIBIIOT KIJTBKOCTI BEpPIIMH MOOYIyBaTH
KOJIO MOYKJIMBO JIMIIE B OKPEMUX BUMAIKAX 32 BUKOHAHHS HU3KU yMOB [12].

Omxe, MiHIMAJIEHO HE0OXi/THA KiTBKICTh BB i1 dhopMyBaHHS ckiaaHoi 33 TOPIiBHIOE TPHOM.

IloOynoBa MaTeMaTH4YHOI MO/IeJ1i 30HU 3aXUCTY TPHOX OAMHUYHHUX OJHcKaBKoOBiIBoaiB. Ha puc. 1
MOKa3aHO T€OMETPUYHY MOJeNb A moOynosu 33 Tppox oquHUYHUX BB.

S Jng 3HaXOMKEHHS KOOpAWHAT IeHTpa cdepu, MO JEeKUTh Ha
TproX bB, HEOOXiMHO:!

— 3amMcaTH PIiBHSHHS IUIOMIMHM, IO MPOXOIUTH Yepe3
BepinHU TphoX bB (M|; M,; M;3), Ta HOpMAIBHOTO BEKTOpa 10
Heli,;

— BHU3HAYUTH pajiyc Rp Ta KoopauHaTH IeHTpa O omnmca-
HOT'O KOJIa;

— BHW3HAUUTH BIiJCTaHb L, Ha SKii PO3TANIOBAHO IICHTP
chepu S BIZHOCHO IUIONIMHH, IO TMPOXOAWUTH Hepe3 BEpIINHHU
TprOX bB;

— BU3HAYHUTH KOOPAWHATH LIEHTpa cdepu S.

PosrnsaeMo mepmry 3amady. HeoOximHo 3ammcatm piB-
HSIHHS TUTOIIMHM, IO MPOXOAUTH Yepe3 TpH 3aaaHi Touku M;(xy,
V1, 21), Ma(x2, 2, 22), M5(x3, V3, z3), SIKi BU3HAYAIOThH ITOJIOKEHHS
BinmoBinHuX BB.

MHuouHa To90K M(x, y, z) BU3Ha4a€ y MpIMOKYTHIN CUC-
Puc. 1 TeMi KOOpIAMHAT X)Z Y .TpI-/IBI/IMipHOMy pocTopi IIOMKHY, AKa

MPOXOANTH Yepe3 TPU Pi3HI TOUKH, IO HE JIeKaTh Ha OJHIN mpsi-

M,

bEBI1 bB2
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Milt — M,(x1, y1, 21), Ma(X2, 2, 22), M(x3, y3, 23), TOAL Ta TIABKK TOIi, KOJIU TpU BekTtopu M M, MM, Ta

M M, xommnanapHi. OTxe, IOBUHHA BUKOHYBAaTUCS yMOBa KOMILIAHAPHOCTI TPhOX BEKTOPIB

MM=x-x,y-y,2-72); MM,=0x,-x,y,=»,2,-7);

MM, =0x;—x,y,—y,2,—7),

TOOTO, 3MilIaHui 100yTOK BekTopiB M M, M\ M,, M M, noBUHEH NOPIBHIOBATH HYJIO
MM -MM, MM,=0.
Bxka3zane piBHSHHS B KOOPIWHATHIN (DOPMi Ma€ BHUTIISIIT

X=X Y=Y Z-Z

=X =W z,—z|=0. (1)
X=X V3=W Z3—%

[Ticast oOuuCiIeHHsT BU3HAYHHMKA, OTPUMAEMO 3arajbHe PIBHSAHHS IJIONIMHM, IO MPOXOJUTH Yepe3

TpH 3a7ani Touku M, (x1, y1, z1), Ma(x2, ¥2, 22), M3(x3, V3, z3). PO3KpUBIIM BU3HAYHUK 3 BUKOPUCTAHHSM TIPO-
rpamu Mathlab, oTpuMaeMo

XV Zy =XV, Z) =X VZy T X Vo Z Xy Y2 Xy N Z— X 23 T X2 X Yz
TXNVEZ T X VE T XN Z XYy Zy — X2y Xy Y23 T X Y32+ XYz, —
X V2Z = XNV 2y + X V32, F X002 — X, V32 — X3 Y2, + ;0,2 =0
3rpymnyBaBIIy OTPUMAHHK BHPa3 BiTHOCHO X, V Ta zZ, OTPUMAEMO
N2y =2y = V2 + 032+ 0,23 = V32,)X +(%,2) — X2, + X2, —
—X3Z, = X,Z3 + X,2,) Y H(0), — X XY H ) H XY X ),)Z +
X\ V3Zy = X, V525 + Xy V123 — X V320 — X3 0,2, + X3 1,2, = 0.

X

IIpuiimemo
A= Y2, = V,2, = ViZy + V32 + V123 = V32, 2
B=x,2, =Xz, + X2, — X;2, — X,Z;, + X;2, , 3)
C=xy, =00 =XV T X0+, = X305, 4)
D =xy32, = X\0,23 + X, 0123 = X, 032 = X3 4,2, + X302, (5)
Toni 3 ypaxyBanasm (1)—(4) HopManbHAN BEKTOP TUIOMUHH OyJ1e MaT BUTIISL
n=(4,B,C). (6)

Jani po3riisiHeMO BUPILIEHHS APYToi 3a/1adi, sika MOoJATae y 3HaXOKeHHI pajiyca Ta KOOpJUHAT LIEHTpa
OIMMCAHOTO KOJa, IO MPOXOMUTh 4Yepe3 Tpu BepmmHM bB. 3amis mporo ckopucraemocs ¢opmynor [11]

b
R, = > : (7)
4p(p-a)p-b)(p—c)
Ie a, b, ¢ — cTOpoHU TPUKYTHUKA; p =(a+ b +c) — nepuMeTp TPUKYTHHKA.
Hexaii Touku M(x1, y1, z1), Ma(x2, 2, 22), M3(x3, V3, Z3) € KOOpJAMHATAMY BEPIIUH TPUKYTHUKA Y Je-
KapTOBill cucTeMi KoopAuHAT. Toi piBHIHHS OMICAHOTO KOJIa MOXK€e OYTH MPEACTABICHO Y BUTIISIL

X+ y2 +z5 X y z
2 2 2
xl + yl + Zl xl yl Zl
s T, =0. (8)
xz + y2 + 22 x2 y2 22
2 2 2
X3 + V3 + Z3 X3 V3 Zy
[MincraBuBmM 10 BUpasy (8) 3amicTh 3arajJbHUX KOOPAMHAT X, Y, Z KOOPAMHATH LIEHTPA OMHCAHOTO
kona O (X, ¥, Z,) Ta BAKOPUCTOBYIOUH TeopeMy Jlamnaca uist po3KpUTTS BH3HAYHUKA MaTPHUIli, OTPUMAEMO
KOOpIUHATH LeHTpa cepu S y 3aranbHOMY BHUIIISAL

2, 2, 2 2 2, 2 2 2, 2
x+tntz o on oz Xty tzox oz Xtnwtz o oxoon
_ 2, 2, 2 _ 2, .2, 2 _ 2, .2, 2
Xo=—|X+V,+2z, ¥, 2|, Yo=—x,+¥, +z, X, z, Zo=—x, +¥, +z, X, »|, (9,10,11)
2, 2, 2 2 2, 2 2 2, 2
X4y +zy Y,z X, +yi+zy X, oz Xy +zy X, )
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X g
ne D=2\x, y, z,.
X Vs 243
Jlyis BU3HAYEHHS BifcTaHi L, Ha SKy BiJjajeHa TOYKa IEeHTpa cdepu S Bia IEHTpa OMHUCAHOTO KoJja
O, mo nexuTs y miaomuHi M M,M; po3risiHeMo NpsIMOKYTHUH TpukyTHUK AM,0S (puc. 1). 3a Teopemoro

ITidaropa 3 TpukytHHKa AM|0S
L=\R:-R. (12)

Buxoasum 3 TeoOMeTpUYHOI MOZEI Ha puc. 1, KOOPAWHATY TOYKH IEHTpa chepH S, 1o JIeKUTh Ha
TpbOX BepmrHax BB, MoXKHa BU3HAYNTH, CITUPAIOYMCS HA Te, IO ISl TOYKA HAIEKHUTh HOPMaJi 10 TUIONIMHU
M\ M,M; (Bigpizok OS). PiBHSHHS npsaAMoi, 110 TPOXOIUTH Yepe3 Touky O, Ma€ HACTYIHHUN BUTIIA;

X=X _Y=Vo _Z2 Zo, (13)
A B C
ne A, B, C — xoedilieHTH y piBHAHHI TIIOMUHE (2)—(4).
Jist BU3HAYEHHST KOOpIWHAT IeHTpa cdepr S (Xs, Vs, Zs) CKIAAEMO CHCTEMY PIBHSAHB TPETHOTO IT0-
psaky. st popMyBaHHSI MEPUIOTO PIBHSHHS CKOPHCTAEMOCS CIIBBIAHOILICHHSM, IIO OMHUCYE BiJICTaHb BiJl
touku O (xp, Yo, Zo) 1O TOYKH S (Xs, Vs, Zs), SKi HajexaTh npsamiit (13) Ta po3ramioBaHi Ha BijacTaHi L omHa

B 0xHOI

_ Ax;+Byg+Czg+D
JA&+B +C*

JIst TBOX 1HIIAX PiBHSAHB CKOPHCTAEMOCS piBHSIHHAM mpsamMoi (13). Toxi cuctema Oye MaTH BUTIIA

L (14)

Ax;+ By, +Czy =INA*+B*+C* =D
Bx; —Ays = Bx, — Ay, (15)
Cy,—Bz, =Cy,—Bz,.

Po3B’s30k cucremu (15) BiTHOCHO Xs, Vs, zZs MOXe OyTH 3Hale-
HO MetonoM ["ayca. Bu3HauuBIIM KOOPJMHATH TOYKH IEHTpa cdepu S
(xs, Vs, zs), MOKHA BUKOHATH TOOYIIOBY CepeAHBOI YacTUHH 33 TPHOX
OIMHUYHUX CTPWKHBEOBUX bB. Bona Oyme Matu BUTIISAN, KW HaBEIACHO
Ha puc. 2.

Jus  3aBepmieHHS TIO-
OymoBu moBHOI 33, yTBOpEHOI
TppoMa BB, HeoOximHO nomaTu
30HH, IO YTBOPIOIOTHCS Y pasi
TOpKaHHS Cepu TBOX BEPIIHH
TPUKYTHHKAa Ha KOXHIA HOTro
rpani. Toxi reomerpuyHa Mo-
nens 33 Mae BUTIAN, IOKa3a-

Puc. 2

HUH Ha puc. 3.

Ha monemni puc. 3 30Ha 3aXUCTy PO3MiJICHA HA TPU TUIH. 30-
Ha TUTY A CKJaJae IEeHTpaIbHy YaCTHHY 33, YTBOpEHY HOBEPXHEIO
cthepu, mo cnmpaeThes Ha Tpu BepmwmHN bB (M, M, Tta M;). 30Ha
Ty B — moBepxHewo chepw, Mo CIIMPaeThCs Ha BEPIINHU ABOX bB
Ta MOBEPXHIO IPyHTY. 30Ha Tuy C BKIIOYA€E MOBEPXHIO 33, YTBO-
peHy MoBEepXHEI chepH, 10 CIUPAETHCS TUTBKU Ha OJIMH i3 TphoX BB Ta moBepxHo IpyHTY.

Hexaii 3anani koopauHatu X;, Y; nesikoi TOUKM y AeKapToBii cucteMi koopauHat OXYZ. 3HaiineMo
KOOPJIMHATY Z; i€l TOUKH, sIKa HAJICKUThH MOBEPXHI 33.

Y BUMNAJIKy, KOJIM TOYKA HAJICKHUTH 30HI A, TO KOOPJMHATA Z; BU3HAYAETHCS HACTYITHUM YHHOM:

Puc. 3

Z, =z, =R —(X,—x, ) (¥, - y,)* . (16)
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SKImo Touka HaJeKUTh 30HI Ty B abo C, TO KOOpAWHATA Z; BU3HAYAETHCS 32 BUPa3aMH UL I10-
JBiliHOrO 200 omuHu4HOrO BB BifmosimHo [11].

Ha ocHoBi BkazaHux BUpasiB 0yi0 po3pobaeHo mnporpamy mis modymaosu 33 BB Bin npsimoro ynapy
onuckaBku. Ha puc. 4 HaBeneHo pe3ynbraTu po3paxyHKy 33 mis migcraHmii kitacom Hanpyru 110 xB, miar-
HOCTHKY CHCTEMH OJMCKaBKO3aXHCTy AKOi Oyino BuKoHaHO B JloHerbKiit obmacti y 2018 p. Cucrema Owic-
KaBKO3aXUCTy 00’€KTa BiJl MPSAMOTO yAapy OJIMCKaBKH CKJIAJAEThCS 3 MIECTH CTPHUXKHBOBUX BB, paniyc che-
pu 11t moOynosu 33 obpanwuii 45 M (111 piBens O6mrckaBKo3axuCTy). 3aaist moOyIOBH Li€l CKIIAAHOI MOBEpPX-
Hi b3 cucremy BB 0Oyno po3duro Ha aBi rpynu no Tpu bB, BukoHaHo moOynoBy noBepxHi b3 mis xoxxHOT
rpynu BB Ta oniHeHO OTpuMaHi pe3ylbTarTy.

[Ipoanamizyemo mo0OyaoBy 33,
BHUKOPHUCTOBYIOUH pHC. 5, Ha SIKOMY II0-
3HaueHo: | — 30Ha THIy A, yTBOpeHa
bB1, bB2 Tta BB3, Il — 30Ha Tumy A4,
yrBopena bB2, BB3, bB4 ta BBS, III —
30Ha TuIty B, yrBopena bB5 ta bB6.

OueBuaHO, 110 MOOYA0BaHA T0-
BepxHs 33 Mae cknagHy ¢opmy i Bin-
MOBiae reoMeTpii, ika yTBopeHa oOKa-
TyYBaHHAM BCTAHOBJICHUX HICCTU 6HI/IC-
KaBKOBIJIBOAIB ceporo paxiycom 45 .
IIpn npomy 33, BU3HaUEHa 332 METOJIOM
chepu, MO KOTHTHCSA, HE TOBHICTIO
OXOILIIOE OIIMHOBKY Ta CIOPYAW Mii-
CTaHIii, TOOTO OKpeMi YacTHHH 00’ €KTa
HE 3aXUIIeHi BiJ mpsMoro yaapy Omuc-
KaBKH.

Puc. 4

BucHoBku.
1. Y poboti o0rpyHTOBaHO BHOIp
0 MiHiManbHOT KibkocTi BB (Tpu BB), sxi
7 f YTBOPIOIOTH CKIIQJIHY TTOBEpXHIO 33 y pasi

JOBIIBHOI KOHGirypamii posramryBaHHS
CcTpuxkHbOBUX bB.

2. CTBOpeHO MaTeMaTH4Hy Mo-
Jenb Ui oOYyAOBH 30HHM 3aXUCTY Y BH-
MagKy JOBUTEHOI KOHirypamii po3ramry-
BaHHS TPOX CTPUKHBOBUX bB.

3. Ha ocHOBi po3po0OieHoi mate-
MaTHYHOI MOJIEJIi CTBOPEHO KOMIT I0TEpHY
IporpaMy po3paxyHKy 33 CTPHIKHBOBUX
BB 3 3acrocyBanHsM Mertony cdepH, 110
koTuThCs. HaBeneHo Ta mpoaHai3oBaHO
pe3ynbTaTH po3paxyHKy 33 CHUCTeMH 3
Puc. 5 mrictbMa bB y TpuBUMipHOMY BUTIISII.
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YK 621.316.98
MATEMATHYECKASI MOJIEJIb 30HBI 3ALIIUTHI ITPA TPOU3BOJIbHOM KOH®UT'YPAIIUM
PACIIOJIOKEHUSA CTEP)KHEBBIX MOJIHUEOTBOJOB

J.T. KOJ‘[I/ly].l[KO*, KaHJ.TexH.HayK, O.€. I/ICTOMI/IH**, kauz.TexH.Hayk, C.C. Pyz[emco***, KaHJ.TeXH.HayK,
C.B. Kunpuu™~"

HanmonanbHblil TeXHHYeCKHi yHHBepcHTeT "' XapbKOBCKUH MOJIUTEXHUYECKHI HHCTUTYT",

ya. Kupnunuoga, 2, Xapbskos, 61002, Ykpanna.

E-mail: nio5 molniva@ukr.net

Lenvio pabomel s615€mMCs AHAU3 OCHOGHBIX NPUHYUNOE ROCIMPOCHUS 30HbL 3AUIUMbBL CLONCHOU CUCTEMbL MOTHUCOMEO-
006 No Memooy Kamauweics cghepul, KOMOPLILL HA MEKYUWUL MOMEHIN AGACMC OCHOBHbIM 6 00IACMU MOJHUC3AUUINbL
u coomeemcmeyem mpeboeanusiM COBPEMEHHbIX eBPONelcKux HopMm. Pewena 3adaua onpedenenus MUHUMANIbHO20 KO-
JIUYECMEA MOAHUCOMBOO08, HEOOXOOUMBIX OISl PACHEMA CLONCHOU NOBEPXHOCIU 30HbL 3AWUMbL, NPU UX NPOU3EOTLHOU
sblcome u pacnonoxcenuu. Bnepesvie ¢ Ykpaune paspabomana mamemamuyeckas Mooeisb 015l NOCMPOCHUsL MAKOU 30Hbl
3auumubl ¢ UCROIL308AHUCM 3aKOH08 cmepeomempuu. [Iposepena paboma 5moii MoOenu Ha npumepe IeKmpUiecKoll
noocmanyuu Hanpsceruem 110 kB ¢ nomowwio paspabomanHol KOMRbIOMEPHOU NPOSPAMMbL C PEAbHLIM PACHONO-
JiCeHUeM MONHUCOMBOO08 PA3HOU bicomul. Pesyivmamom pabomel 3moii npocpammvl 67IAemcs mpexmepHoe Omo-
Opadicerue 30Hbl 3aUUMbL C BOZMONCHOCMBIO GU3VATLHO20 AHAIU3A 3AUWUUEHHOCMU 00bEeKMo8 Om NpsamMozo yoapa
MOJIHUU C 3A0aHHOU 8ePOAMHOCMbIO. LenHocmb pabombl 3aKIOUAEMCs 8 803MOICHOCU NPAKMUYECKOU Peanu3ayuy
Memooa kamawelcs cghepvl 015 3auumsl IHePe00ObEKMO8 YKPAuHbl o Npsamo2o yoapa MOTHUU 6 COOMBEMCMEUU ¢
coepemennvim cmanoapmom EN 62305. bubn. 12, puc. 5.

Knrouesvie cnoea: meton kartsuieics cepbl, CTEPKHEBOH MOJHUEOTBOJ, 30HA 3alUThI, SHEPrOOOBEKT, MOCTAHIIHS,
MaTeMaTH4eCcKas MOIEIb.

MATHEMATICAL MODEL OF THE PROTECTION ZONE DURING AN ARBITRARY CONFIGURATION
OF THE AIR-TERMINATION RODS LOCATION

D.G. Koliushko", O.Ye. Istomin"", S.S. Rudenko ", S.V. Kiprych™"
National Technical University Kharkiv Polytechnic Institute,
Kirpichova str., 2, Kharkiv, 61002, Ukraine.

E-mail: nio5_molniva@ukr.net

The aim of the paper is to analyze the basic principles of design the protection zone of a complex system of air-
termination rods according to the rolling sphere method, which, at the moment, is the main in the field of lightning pro-
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tection and meets the requirements of modern European standards. The problem of determining the minimum number
of air-termination rods required to calculate the surface of the protection zone of any complexity, with their arbitrary
height and location, is solved. Through the use of the stereometry laws of, for the first time in Ukraine, a mathematical
model was developed to build such a protection zone. The operation of this model was tested on the example of an elec-
trical substation with a voltage of 110 kV using a test computer program with a real arrangement of air-termination
rods with different heights. The result of this program is a three-dimensional display of the protection zone with the
possibility of visual analysis of the protection of objects from direct lightning strike with a given probability. The value
of the work lies in the possibility of practical implementation of the rolling sphere method to protect power facilities of
Ukraine from direct lightning strikes in accordance with the modern standard EN 62305. References 12, figures 5.

Key words: rolling sphere method, air-termination rod, protection zone, power facility, substation, mathematical model.
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[NEPETBOPEHHS ITAPAMETPIB EJIEKTPUUYHOI EHEPT I

YK 621.314 DOI: https://doi.org/10.15407/techned2020.01.010

HUMITYJIbCHBIA PE3OHAHCHBIN ITIPEOBPA3OBATEJIb IOCTOSIHHOT' O HATIPSI)KEHU S
C IO3UPOBAHHBIM OTBOPOM U NEPEJAYEN SHEPT U

W.B. Boaxos'", wi.-kopp. HAH Vipauusi, C.B. IIo101bHBII***, KaHI. TeXH.HAYK
' Mucruryr snexrpoaunamuxu HAH Ykpauubi,

np. [lodeawpl, 56, Kues, 03057, Ykpauna, e-mail: ig.volkov@ukr.net
?Sentinel Power Quality FZE, UAE.

Onucan HOBbLL UMRYILCHBIU PE3OHAHCHBIL NPeotpa306amenb HANPANCEHUS NOHUNCAIOWE20/N08LIUUAIOWe20 MUNd ¢
003UPOBAHHBIM OMOOPOM IHEPUU U3 CeMU NOCMOAHHO20 (8bINPAMACHHO20) MOKA U QO3UPOBAHHOL ee nepedayell 6 Ha-
2pysky. HMccnedosanvl 21eKmpomMaziummuble npoyeccyl 60 6X00HOM U BbIXOOHOM KOHMYPAX NPeobpazoeameis ¢ y4emom
nomeps dHEP2UL 8 €20 MPAHZUCTNOPAX, OUOOAX U INEKMPOMASHUMHbBIX diemenmax. Hatidenvl 3asucumocmu mesicoy
napamempamu, npu Komopuix obecnevusaemcsi €20 pabomocnocobHOCHb ¢ MUHUMATbHLIMU CMAMUYECKUMU U OUHAMU-
yeckumu nomepamu. Ilpeonosicena memoouxa e2o pacuemd, OPUCHMUPOBAHHAS HA OOCMUNCCHUE MAKCUMATLHO20
KIIJ[. bubn. 5, puc. 7.

Knrouesnle cnosa: pe3oHaHCHBIH IPeoOpa3oBaTelb, KOHBEPTOP, BTOPHIHOE IIEKTPONIUTAHHE.

BBenenune. VMimnynbcHBIE TpaH3UCTOpHBIE TpeobOpaszoBarenu mocTtosHHoro HampspkeHus (DC/DC
npeoOpa3zoBaTeny, KOHBEPTOPhI) ABISIIOTCA B HACTOALIEE BpeMs OZHUMH U3 Haubojee paclpOCTPaHEHHBIX
Y37I0B CHCTEM BTOPUYHOTO 3JIEKTPONUTAHNSA. MHOTOUNCIIEHHBIE CXeMBI ITpeo0pa3oBaTesieil TaKoro TUIAa XO-
POLIO M3YYeHBI U ONMCAHBI B HAyYHO-TEXHUUECKOW smTeparype [1, 2]. Tem He MeHee, Bo3pacTarolue Tpe-
0OBaHMA K MaccorabapUTHBIM, PHEPreTHYECKUM, HAJEKHOCTHBIM U JPYTUM TEXHHKO-3KOHOMHYECKHM II0-
Ka3aTellsiM yCTPOHCTB CHIIOBOW 3JIEKTPOHUKHU, OOHOBJIIGHUE DJIEMEHTHON 0a3bl, pa3BUTHE HUPPOBBIX CHCTEM
yIpaBlieHUS W pacilupeHre o0nacTeidl MPUMEHEHUsS] CTUMYJIUPYIOT COBEPILICHCTBOBAHUE CXEMOTEXHHMKH U
METOJIOB pacueTa Mpeodpa3oBaTelieil HIOCTOSTHHOTO HaIpsbkeHus [3, 4].

Hwxke msnararorcst pe3ynbTaTsl uecieaopanus papadorannoro B UDJ] HAH Ykpawuns! [5] HOBOTO
UMITYJIECHOTO PE30HAHCHOTO Npeo0pazoBaTelisi HalpsHKEHUS TTOHIDKAIOIIETO/TIOBBIIIAIONIETO TUIIA C JJO3UPO-
BaHHBIM OTOOPOM U Iepeladeii F3HEPIuH U3 CETH MOCTOSHHOTO (BBIIPSMIIEHHOT0) TOKa B Harpy3ky. Ocoben-
HOCTBIO IIpeo0pa3oBaTesis SBISICTCS €ro MOBBIMICHHAS HAJEKHOCTh, 00YCIOBJIEHHAs pa3feieHUueM BO Bpe-
MEHH MPOLIECCOB HAKOIUIEHHUS SJHEPTHUHU B I03MPYIOIIEM KOHJIEHCATOpe U Mepeiadeil ee B Harpy3Ky.

Leabio padoThl SBISETCS HAXOKACHUE TOYHOTO aHAIUTHYECKOTO OMHCAHUS MEPEXOJHBIX U ycTa-
HOBHUBIINXCS 3JIEKTPOMArHUTHBIX IIPOLECCOB B MpeoOpa3oBaTeie M ero HCIOIb30BAHUE IJISI ONpeNesICHHS
3aBUCUMOCTEH MEXIy IlapaMeTpaMu, IIPH KOTOPbIX OCYIIECTBISIETCS LMK PaOOThl TPAaH3UCTOPHBIX KIIOYEH,
o0ecreunBaOUIMi 103MPOBaHHBIN OTOOP U Mepeaady dHEpPru MpU MHUHUMAJIBHBIX MOTEPSIX B €r0 CHIOBBIX
3JIEMEHTaX.

CxeMa CHJIOBOIi YacTH yCTPOIMCTBA TTOKa3aHa Ha puc. 1. OHa COACPKUT BHIIPSMUTEND (OAHO(MA3HBIN FITH
TpexdasHblii) ¢ GUIBTPOBEIM KOHAEHCATOPOM C;,, SBISIOIIMMCS BXOJHBIM IS aHATU3UPYEMOW HIKE CXEMBI;
M30JMPYIOIMA TpaHcdopmaTop ¢ KodduirieHToM TpaHchopManuu n (00sS3aTeNbHBIA U MOIIHBIX KOH-
BEPTOPOB) € aH3H- : Li3 D Lz
CTngFI))IM)KJI}OqOI/Ip Tl 8 AR ™ -
NEPBUYHOA  OOMOTKE; ol Un ™ ‘ L _ ) :
JO3UPYIOLIUM  KOHIEH- _D.|_ e Ln 12 L:'
catop Cp, PE3OHAHCHO Cou
3apsoKaeMbIid yepes
Ipoccenb Lyz u quon Dy ;
(Co, L1z, Dy oOpasyror Puc. 1

ouf

= Am ==

| —

:|R||
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TIEPBBIN — 3apsAAHBIN — KOHTYP); BEIXOAHOI KoHAeHcaTop C,,, PE30HAHCHO 3apsiKaeMEbIi uepes Ipoccelb Loy,
MOAKIIOYCHHBINH TapamiensHo Harpyske R, (Co, Ly, C,y 00pasyroT BTopoir — 3apsgasii mis C,, U
paspanubiii s Cyp — KOHTYp) U y3elI U3 IBYX AuoJoB D, D, U TpaH3UCTOPHOTO Kitoda 72, poib KOTOPBIX
Oyzer sicHa U3 JaJbHEeHIIero.

Ilpn anamm3e paboOTHl cXeMbl OydeM HCXOIUTh U3 MAOMYIIEHHsS, 4YTO TOK HaMarHWYMBAHUS
TpaHcpopMaTOpa MPEeHEOPEIKUMO MaJl, a HHAYKTHUBHOCTH PacCesHUsI €ro MepBUYHON U BTOPHYHONH 0OMOTOK
Lyy, L1, COBMECTHO C JOMOJIHUTEIBHOH MHAYKTUBHOCTBIO Li3 00pa3ylOT 3KBUBAJEHTHYIO WHAYKTHBHOCTBH
nepsoro (3apsuHoro) koutypa L, =L, +n° (L, +L;), BKIIOUEHHYIO TOCIEI0OBATENLHO C JO3UPYIOLIHM
KOHJIeHcaTopoM eMKocThio (. Ha mepBoM sTame paccMOTpeHHs PE3UCTHBHBIMU IIOTEPSIMH B JJIEMEHTAX
cxeMbl TpeHeOperaeM. B cmyuae, korja pe3OHAHCHBIE YacTOTHI 3apsiAHOTO M Pa3pAgHOTO KOHTYpPOB
KoHJeHcaTopa Cy OANHAKOBBI, JOJKHO COOIIONAThCA PaBeHCTBO L, = L, , mockoibKy Cou>>C.

ITepBrlif 5Tan 1KMKIa HAYMHAETCS C BKItOUeHUs 11 u 3apsia J03UpYIOLIEro KOHAEHCATOpa 10 HaIpsi-
JKCHUS1, MPUOIM3UTENLHO PABHOTO yIBOGHHOMY HANPSHKEHUIO BTOPUYHOM 00MOTKH TpaHcdopmaTopa 3a Bpe-
M1, paBHOE MOJyTniepuoay 7/2 pe3oHaHCHOH 4acToTHI f,=1/7T IepBOro KOHTypa.

pu HyneBOM HaYalbHOM HAmNpsDKEHHH KoHAeHcatopa Co TOK 4epes Ly [6] i) =i, = ((70 / Z)sinwt ,

rie w=1/ f,, U,— npuBesieHHOE K IEPBUYHON OOMOTKE MaKCMMaJlbHOE HanpskeHue Ha Cy, a Z — BOJTHOBOE

COTIPOTHBIICHHE TIEPBOTO KOHTYA.
B moment #,=T7/2 3apsn mpekpamaercs, u auon Dy npenotBpamaer paspsg Cy B oOpaTHOM Ha-
npaBieHuu (Ha Bxox). Takum oOpa3omM, umeem

T=1/f =2xJL,C,, C, =W, 2n’U,)",
L, =47 fC,)", ue, (T /12)=2nU,,

rac U.n— BXOJHOC (BLIHpSIMJ'IeHHOC) HaIIpAXKCHUC, Wco — DHCPTrHd, HAKOIJICHHAsd B AO3UPYIOIIEM KOHJCH-

L

(1

caTope 3a MOJYIIEPHOA PE30HAHCHON YacTOTHI BXOJHOTO KOHTYpa. DTa SHEPrus IOJDKHA OBITH IeperaHa BO

BTOPOU KOHTYp 3a ocTaBieecs BpeMs 7 1ukia A7. C apyroil CTOpOHBI, 3a 3TO e BpeMs B Harpy3Ky AOJKHA
OBITh IIepeaHa IJHEPTUS

VVour = VVC0 = PavT = ImUmT b (2) T 1 4
rae W, — oHeprus, HeoOXoaumas Jjs oOecledeHHs CpeiHel MOIl- oT 1
HOCTU Harpy3ku P,; I, U, — TOK U HalpsDKeHUE Harpy3kH B Ipe- . |r‘fI | |I 5
A . !

(1) u (2) mocraToyHo my1st BEIOOpa MapaMeTPOB CHCTEMBI PH 3aJaHHBIX

| ]
TIOJIO)KEHUH MAJIOr0 MX M3MEHEHHMs 3a Mayoe BpeMms 7. COOTHOIIEHHH  T9 : L T2 i
| |
TaKTOBOW 4acTOTe MMIYJbcOB 1/AT M pe30HaHCHOHM yacToTe, a TaKKe '

MOIHOCTH Harpy3ku P,,. Omnpenenenue 3HaueHus 7 OyJeT BHIHO M3
JanpHeimero. BpeMenHble quarpamMMbl paboThl CX€Mbl NOKA3aHbl Ha
puc. 2, rjie BepXHHUe J1Ba rpauka COOTBETCTBYIOT CUTHANaM yIpaBlie-
HMS KJIIOYaMH, a f; — BDEMEHHM 3aJIEPXKKH BKJIIOYEHHs BTOPOTO KIII0Ya.

BTopoii 5Tan nMKIa HAYMHAETCA C BKIIOYEHHS TPAH3MCTOPHOIO :
kmouda 72 u paspana xonjaencaropa Co Ilockomsky 1/@C,, <<R,, \.

y + T >

IOUI

9KBUBAJICHTHYIO CXEMy BTOPOTO 3Tala MOXHO TPEACTaBUTH B BHUJE, e
pOKa3aHHOM Ha puC. 3, HOO MPaKTUYECKU Bech TOK paspsaaa Cy Oyner
npoxoauth uepe3 C,,, a Harpy3ka, MOIKITIOUEHHAs K 3axuMmaMm 1-2
(Hemoka3aHHas Ha PUCYHKE), 3aTeM OyIeT OTOMpaTh SHEPTUIO ITOTO
KOH/IEHCATOPA B MOCIIE/y FOLIMI IIPOMEKYTOK BPEMEHH 7, . Puc. 2

Tok uepe3 BBIXOOHOH aApoccenb L, Xapakrepusyercs

IByMsi HHTepBanamMu. Ha mepBoM WHTEpBaje 3TOT TOK I 1,, AMeeT NV'\_@_ I

Ty K€ 49aCTOTy ®, 4YTO U iLzl , 4 JUIMTCJIbHOCTh MHTCpPBaJIa Z-Cn Cs — iouf \ Cout

3aBUCUT OT Pa3sHOCTHU HampskeHuil Uy COOTBETCTBEHHO Ha KOH-
nencatopax Cy u C,,; B Ha4ajie 3TOro HHTEpBaia

~ ||
NS
=
i
&
)

Puc. 3
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I, =i, =U,-U,)Z 'sinwt. (3)

Ly, out

Hampspokenue Ha Cp 10 MOMEHTa MNpPEKpAIICHUs €ro paspsja U Hadaja paspsja HaKOIUICHHOU
MHIYKTUBHOCTBIO MAarHHTHOW dHepruum dwepes muon D, u (1)=U,, +a.(U,-U,)1-coswt), rne

aC = CO (CO + Cout) .

out

-1
C MoMeHTa £, 4YacTOTa TOKa BTOPOTO KOHTypa MeEHSETCs Ha @ = ( /L, C. ., ) , a
i, =i ... sin(ot+@), rae I, =i, () Oepercs u3 ypaBHEHUS 3), a

¢=r/2+asin(ZI, (1,2 +U,)"").

out

3nece @ — dasa Toka M3 ypaBHeHHA i, =/ sin(wf+ @), sABiAomerocs pemeHueMm auddepen-

[IUAIBHOTO ypaBHEHHS BTOPOTO KOHTYpa C HEHYJIEBBIM HadalbHBIM TOKOM /y. [Ipu OTCYTCTBMM HCTOYHUKOB
HaNpsDKEHUs @ = 77 /2, B IPOTUBHOM CIIy4ae yroJl HaXOJUTCs B 1uanaszone [7/2....7].

Bpems T, » 9epe3 KOTOPOE MPOUCXOUT MEPEKITIOUCHNE Ha BTOPOil HHTEPBaJI
— -1 -1
Te, =0 acos[1-U,(U,-U,,) 1,

CyYMMapHO€ BpeMsl IPOTEKAHUS TOKA T
T=7, +AT= o 'acos[1-U,(U, -U, )" 1+ & asin[ZI,(I}Z* + U2 ) "1,

e Ar=a@ 'asin[ZI,(I;Z> +U.,)">] — Bpems paspsia BBIXOJHOH HHIYKTUBHOCTH B «OOJBIION
KOHJIEHCATOP.

T BxoaHoii KOHTYp ¢ MOTepsiMH. 3amUIIeM YpaBHEHHE IS TOKA

WU R Lo o
— [} Y BXOJIHOI'O KOHTypa B omeparopHoii popme (Jlammaca) ¢ yderom pe-
— 3UCTHBHBIX IOTEPH B JIPOCCENE U NPOBOJHMKAX M CTATMYECKUX IIO-

2 1]

. Ein _ 1 Teph B HOJYNPOBOJHHUKOBBIX dJIeMEHTax (ydeT morepb B TpaHchop-

Matope Tpebyer ocoboro paccmorpenwms). Ha skBuBajIeHTHOH cxeme
(puc. 4) UX CUMBOJIU3UPYIOT COOTBETCTBEHHO PE3UCTOpP R M 3JIEMEHT
C HE3aBUCHUMBIM OT TOKa (TaKOBO MPHUHATOE NOMYIICHHE) MaJCHUEM

Puc. 4 HanpsokeHuss AU
. - -A
f(p) = Dt PR U @
1/ pCy+ pL, +R L, p +20p+ao,

e §=R/2L,, &, =1/L,C,, SU =U, —U, - AU.

KOpHH XapaKTepUCTHYECKOTO ypaBHeHust p° + 28 p + @, =0, Tph KOTOPBIX CYIIECTBYET Pe30HAHC [6]

Pa=—01,8" —w) =51t j\w, -5 (5)

CJ'IC)IOBEITCJ'H:HO, KpyroBas 4aCTOTa CUCTEMBI C IIOTCPSIMU

@=+o; -5, (6)
IIpumenuB obpatHoe mpeodpazoBanue Jlamraca k (6), HAXOIUM BXOIHOM TOK

im(t):ZU- ! e”l’+ZU- ! e @)

2L, p,+o 2L, p,+o

3T0 BRIpayKEHHE MPeodpa3yercs K BUAY

i, ()= U %e(_‘y”ﬂ’)’ - %e(_‘;"ﬂz’)’ = Z—l{e_ﬁ’ sin @t. (8)

2L, | jo Jjo Ly

BostHOBOE CONMPOTHBIICHHE KOHTYPA C YY€TOM TOTEPh

Z=L,0=\(1/L,C,—R* | 412)[2)=\[Z} ~R* / 4, 9)

rne Z, =+/L,/ C, —BOJHOBOE CONPOTHUBIIEHHE KOHTypa 0e3 MOTepb.
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Ilpy Hamuuuy aKTUBHBIX IOTEPb I, (f) CTAHOBUTCS HECUMMETPUYHBIM OTHOCUTEIBHO MOMEHTa

~ -5t
BpPEMEHH, TIPY KOTOPOM @ = 77 / 2 W3-3a IPUCYTCTBUSI COMHOXKUTEIS €

. D O
i (t)y=—<-e"sinadt=1 e sinar. (10)
m Z m

Hanpsokenne Ha koHzneHcaTope Co H3MEHSIeTCs 110 3aKOHY

e, (t) =Ci j i(t)dt =C(52—"’+@2)[@—e-5’ (Ssin @t + deosdr) |- (11

B MomeHT ¢ =7 = 77 / @ nepexopa Toka uepe3 HOJb HanpsokeHue Ha Cy

T I o Srle
=—m (14 ) 12
uc"(a)) C0(§2+£)2)( ¢ ) (12)

CyMMapHBIe NOTEepU SHCPrun Wz Ha PE3UCTUBHBIX KOMIIOHCHTAX WR U MNOJYHIPOBOJHUKAX WAU
Hafl,[[eM CJICAYHOIINM o6pa30M. PesuctuBHbIS MOTEepH 3a BpEMs OT 0 A0 MOMCHTA IEpexoa TOKa 4€PE3 HOJIb

T T ) ]~2R 03(1 _672(5”/60)
W, =|i.(t)Rdt=|(I,e” sindt) Rdt =—"—- 13
f gmo {(m ) ) (13)
3a 370 XKe BpEMs IMOTEPH B MMOJYIIPOBOAHUKAX COCTABUIIN
[ . ~ €_§t ~ ~ .~ 0T imAU@ _onlé
WAU = J.lin (t)AUdt = [mAUm(a)COS @t —Sin Cl)t)|0 Zm(l —e ) .

0

Ecnu ke mepexintoyeHre MPOUCXOAMT MPH HEKOTOpPOM f=t, , <7 /@, TO aHAJIOTUYHO MHTETPHPYH,

end

HOquaeM CHeHyIOH_[ee BBIpa)KeHI/Ie JJIA HOTepB B HOHprOBOHHI/IKaX:
I AU
Ot +&*

AHaﬂOFI/I‘IHO, 3a TO K€ BpEMA t PE3UCTUBHLIC TIOTCPU TAKOBBI

Wy = [ (~@cosdt,,, —Ssindt,, ) +d]. (14)

end

IN;R 1 —208t g ~ ~ D2Olpi o ~ 1 20t g
/8 =T{m(§e cos2at,,, — we sin2at,,, —5)—5(6 —1) . (15)
DHeprusi, 3araceHHas B «Majaom» koujaencarope Cy3a Bpemst 7 =7/ @
2 ~ ~ . 2
e 1[ Lo o
W . =C,— = o l+e )| . 16
out 0 2 ZCO |:52 + 6?)2 ( ) ( )

3a TO ke BpeMsl SHEeprus, OTOOpaHHas OT BXOJIa,

. -
W=W, +W,+W,, =U,.nji,.n(z)dt=%(1+e*5”@). (17)

0 o0+
T2 R Lo BoixonHoii kKoHTYp ¢ moTepsimu. Kak u B ciydae KoHTypa 0Oe3
AL_/—:'_AN;!_ HOTEPb, BHIXOAHON KOHTYP C MOTEPSIMH XapaKTepH3yeTCs IBYMs HHTEp-
G i ¢ ¥l Bamamu paGotsl. Ha riepBoM HHTEpBaje NOTEPH ONUCHIBAKTCS aHAIOrHY-
- ‘ED """ mo BblmenpuBeneHHoMy ypaBHenmio (15) mpu ycnosuu (=t , <7/d.
R thqs BTopoii nHTepBan XapakTepH3yeTCs HalIUYHEeM HEHYJIEBOrO Ha4yalbHOTO
1 TOKa [y B UHAYKTUBHOCTH L, OTEPU B TPAH3UCTOPHOM KITtoue 72 ¥ AUOJe
Puc. 5 D, OTCYTCTBYIOT, 3aTO TOSBISIOTCS B IIYHTHPYIOIIEM 1oje D, (MTyHKTHP

Ha puc. 5). 3anmmem ypaBHeHus Jlammaca 1yt BTOpOro HMHTEpBaja
BBIXOJJHOTO TOKa

; (p):—UW,/p—AUI/puOJO: SU+pLdy, (18)
1/ pC,, + pL, +R Lyp*+Rp+1/C,

out out

ISSN 1607-7970. Texn. enekmpoounamixa. 2020. Ne 1 13



DTo ypaBHEHHE MMEET TaKylo K€ CTPYKTYpy, Kak W ypaBHeHHe (4), U moJo0HOe pelieHue BO Bpe-
MEHHOI1 o0JacTu

iour(p) = L EU i plLOIO ep,t =+ EU + pZLOIO epzt s
2L, pto p,+0
KOTOPOC MOCJIC pdaa HpeO6paSOBaHHI71 MOKHO IIPUBECTU K BUAY
1
o 8) = B, 19
ot (1) LG (1) 19)

rie B(t):[ZU+(—5+j«/a)§ —502)L010}e(_5+‘f w01 —...—[ZU+(—5—j./w§ —502)[4010}(_6_] W (20)

BripaskeHust B KBaJpaTHBIX CKOOKaX MOXKHO MPEACTABUTh BEKTOPAMU Ha KOMILJIEKCHOM TIOCKOCTH

v =2U+(—5+j,/a>§ 52 )LOIO =7 |e”,
7, =SU+(-5= jfor =& |Lod, = [V, |7,

vre [V, = (SU ~ Lo1,6) +(f - 82 ) 212 =\(SU) ~28UL L, + 121, ©= atan[

Lolo\/wg _502

SU-L,1,8

ITockoabKy MPOLIECC MPOUCXOIUT B TPOMEKYTKE 7 /2 < @t < 77, HEOOXOIUMO BHECTH MOTPABKY

Lolo\]a)g _502

Vs
®=—+atan
2 XU -L,0

Ve ( /O I _ O g il ) =|V,|e"2jsin(at + ©).

Torna BBIXOAHOHW TOK C Y4eTOM BHINIEYKa3aHHBIX MpeoOpa3oBaHuii U ypaBHeHus (19) mMoxHO mpea-
CTaBUTh TaK

B(t) moxxHO 3amucaTh Takxke B Buae B(f) =

(D)= %m e sin(@t + ©) =1,e”* sin(ét + ©), 2D
(]

lOuf
0
a BOJTHOBO€ COIIPOTUBJICHUC PABHO

Z=L@=\L,/C,, ~R*/14=\7:-R*/4; Z,=\L,/C,,.

MowmeHT nepexoaa ToKa 4€pe3 HOJIb WK I'PaHULld MCXKAY ABYM: UHTCpPBaJIaMU BO BpeMCHHOfI o0mactu

Bl +O=71 1, =(1/2+0)d". (22)

Halinem moTtepu Ha MOJyNPOBOJHHKAX HAa BTOPOM HMHTEpBAJe MyTEM CMEUICHHS MOMEHTa Hadaja
uHTerpuposanus ¢, =0 k dase ©, BOCIOIb30BaBIIUCH BhIpakeHUsAMH (21) u (22),

Lofy T
. I.AU
W, = ! (AUt =—2—

@(cos®@+e " )+ 5sin® |. (23)
L J+osine)|

lout

AnamoruyHo HaxXoAATCA U pE3UCTHUBHLBIC MMOTECPU DHEPTUHU WR
2

Loy Lofr

Wy = [ i, () Rdt= [ (I,e sindt) Rt =

lOlﬂ
0 0
-0 _2571'—6)

=fiR{ﬁ(5e% @ —5cos2®+a~)sin2®J+$(l—e @ H 24)
+@

Takum obpazom, ypaBuenus (19), (20), (23), (24) npencraBisiioT co00il cucTeMy ypaBHEHHH, ITO3BO-
JSFOILYI0 OTPEEeNUTh CyMMapHble TMOTEPH PHEPrHMHM Kak B NEPBOM, TaK U BO BTOPOM KOHTYype Ipeod-
pa3oBarers 3a BCe HHTEPBAJIBI ITUKJIA €ro padoThl. DTa crcTeMa SBISIETCS JOCTATOYHOM ISl MPOSKTUPOBAHUS
ycrpoiictBa ¢ 3agaHHoil BenuunHoil KIIJI. [Tockonbky 3Hauenust KIIJ] ogHO3HAYHO 3aBUCAT OT JABYX BEJIH-
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YUH — PE3UCTUBHBIX IMMOTEPh B JPOCCENSX M MOTEPh B TOIYMPOBOJHUKOBBIX DJIEMEHTaX — HIDKHUHM J0-
myctumsrid ipenen KI1/1 npexonpenenser mapy 3nadennii AU u Q Ha 3D-rpaduke 3THX 3aBUCHMOCTEH.

Ha puc. 6 u 7 moka3aHbl Takue MOBEPXHOCTH 1, mocTpoeHHBIC TI0 ypaBHeHUsIM (16), (17), (23), (24),
rie IJIOCKOCTh 2 3aJaeT HWKHHUHM mpeaen momyctumoro 3HaueHus KIIJ| ams mpeoGpaszoBaTens ¢ mapa-
MeTpaMH: BXOJHOe Hampsbkenue — U,=515 B; HoMHMHanbHasg MOIIHOCTh Harpy3ku — P,=10 kBT;
pe30HaHCHAs dYacToTa o0oWx KOHTYypoB — f,=50 kI, HOMHHAJIbHOE HamNpsOKEHWE Ha Harpy3ke -—

U,, =100B (puc. 6) u U, =200 B (puc. 7); xoadduument tparnchopmarmu tpancdopmaropa —

n=wyw;=1/3; modpoTHOCTh npocceneit — Q >100; quama3oH maaeHU HANPSHKEHHS Ha MTOJYTPOBOJHUKAX —
1...2 B. PaccunranHble 1O TPUBEACHHBIM BEHITIEC (GopMyliaM HEOOXOMWMEBIE TapaMeTphl MpeoOpa3oBaTEsd

Kuu % Kua %
_ 08
08 ! a7
1 a6 1
a7 93
34 2
90 01
a o2
93 . 5
; 300 18 00
1'8 16 210 0 1.6 210 260
ALY 14 12— 1w g L4 12 w B4
FAA DN 2w AUV - 1 100
Puc. 6 Puc. 7

takoBel: L, = L, =2,95 mxI'; Cp=3,4 Mmx®, C,,~8000 MKkD.

MOoxHO TOKa3aTh, YTO TAKOTO BHJa TpaUKW WHBAPUAHTHBI K BEJIMYWHE MOIUTHOCTH HArpy3KH, HO
HEOOXOAMMEIE MapaMeTphl apocceliell, KOHASHCATOPOB U CONPOTHUBIICHHSI HArpy3KH, €CTECTBEHHO, OT HHX
3aBHUCST U MOTYT OBITH BRIYHCIICHBI C HIIOIH30BAHNEM MIPHUBEICHHBIX BHIIIE ypaBHeHNH. CyIIeCTBEHHOE BIIH-
ssaue Ha KI1J] oka3piBaeT BEeIMUYMHA BHIXOJHOTO CTA0OWIM3MPOBAHHOTO HaNpshkeHus. Hanpumep, mpu ogHOM
u toMm xe AU =1,5 B ipu O = 100 KIIJ] = 92%, a nipu BaBoe 6ompmem O = 200 KIIJl yBenmnumBaercs 1o
96%, T.e. 1O YPOBHS JIYYIIMX COBPEMEHHBIX 00pa3noB [4]. UMes Habop TakuxX rpauKoB IJisi pa3HBIX HO-
MUHAJIbHBIX 3HAYCHHUI BBIXOJHOTO CTA0WIIM3UPOBAHHOTO HAMPSKCHHUS M 33]aBasiCh HUKHUM JIOITYCTHMBIM
npenenom KII, nerko onpeaenuts Ty napy 3HaueHuii AU u O, KOTOPYH HEOOXOIUMO OOCCIICUUTh MPHU
BEIOOpE TOTYITPOBOJHUKOBBIX U 3JICKTPOMArHUTHBIX JJIEMEHTOB ITPOSKTUPYEMOTO MTPeoOpa3oBaTels.

3akuouenmue.

[TosydeHHOE TOYHOE aHATUTUYECKOE ONMHMCAHUE IEKTPOMATHUTHBIX MPOIIECCOB B IpeodpazoBaTelie
MO3BOJISICT OMPEACIUTh 3aBUCUMOCTH MEX]y MapaMeTpaMH, MPH KOTOPBIX OCYIIECTBISACTCS UK PabOTHI
TPaH3UCTOPHBIX KIIFOYEH, 00ECTIeUnBAIONINN TO3MPOBAHHKII 0TOOD M Iepefady SHEPTHH IPH MUHUMAITbHBIX
MOTEPSIX B €T0 CHIIOBBIX JJIEMEHTAaX.

OTnMYUTENHHON OCOOCHHOCTBIO TAKOTo IMpeoOpa3oBaTensl SIBISETCS MOBBINICHHAS HaISKHOCTh 32
CYeT pa3JelieHus] BO BPEMEHH IMPOIIECCOB HAKOIJICHHS SHEPTUHU B JIO3UPYIOIIEM KOHICHCATOPE U Tepeaadeit
ee B Harpy3Ky: KOpPOTKO€ 3aMBIKaHHME B BBIXOJHOM KOHTYpE MPaKTHUYECKH MTHOBEHHO OJIOKHpYyeTcs Mpe-
KpallleHuEeM MOCTYIUICHUS DHEPTUH U3 CETH B JO3UPYIOLIUI KOHAEHCATOP.

KIIJ] paccmoTperHOTO TpeoOpa3oBaTeisl TOCTaTOYHO BBICOK (95-98%), 4TOOBI KOHKYpHPOBAThH C
peoOpa3oBaTENIMU aHAJIOTUYHOTO (PYHKIIMOHATIHHOTO Ha3HAUYCHUs [4].

[IpuBeneHHBIE COOTHOIIECHUS, CBA3BIBAIONINE TOKH, HATPSOHKEHHUS W IapamMeTpbl dJIEMEHTOB IpeoO-
pazoBaresi, JOCTATOYHBI ISl TIPOSKTHPOBAHHS MpeoOpa3zoBaTelneil Kak MOHMKAIOMIEro, TaK W TOBHIIIA0-
I[ETO TUIIOB C 3aaHHoM BennunHou KIT/I.
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V]IK 621.314
IMIIYJIbCHUM MEPETBOPIOBAY ITOCTIMHOI HATIPYI'HM 3 TO30BAHUM
BIJIBUPAHHSIM TA IIEPEJJABAHHSI EHEPI'1i

L.B. Boakos', un.-xop. HAH Vkpainn, C.B. [lonoabHuii’, kan TeXH.HayK

'IncrutyT enexrpoaunamiku HAH Ykpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaiuna, e-mail;: ig.volkov@ukr.net

?Sentinel Power Quality FZE, UAE.

Onucano HO8UlI Pe30HAHCHULI NePemBOpIO6aAy HANPY2U NOHUICYBATIbHO20/NIOBUYBATILHOZO MUNY 3 00308AHUM GIO-
OUpaHHAM eHepeii 3 Mepedci NOCMIUHO20 (8UNPAMIEH020) CIPYMY i 00308AHUM ii NepedasaHHAM y HABAHMANCEHHS.
Jlocnioxceno enexmpomazHimui npoyecu y 8XiOHOMY i BUXIOHOMY KOHMYPAX nepemeoprosaud 3 ypaxyeanHaAM empam
eHepeii 8 1020 MPAH3UCMOpPax, 0i00ax i eleKmpOMAZHIMHUX eNeMeHmax. 3HAUOeHO 3aNedCHOCMI MIXC 1020 napa-
Mempamu, 3a SAKUX 3abe3neuyemvcs 1020 NPayecnpoOMONCHICIb (3 MIHIMANbHUMU CMAMUYHUMUY | OUHAMIYMHUMU
smpamamu. 3anpononosaro MemoouKy 1020 po3paxyHKy, OPIEHMOBAHy Ha docaeHents makcumarobnozo KK/ bion. 5,
puc. 7.

Knrouosi cnoea: pe3oHaHCHUI TIEPETBOPIOBAY, KOHBEPTOP, BTOPUHHE €IEKTPOKHUBIICHHS.

DC/DC CONVERTER WITH METERED ENERGY EXTRACTION AND TRANSMISSION

LV. Volkov', S.V. Podolny*

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

pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: ig.volkov@ukr.net

*Sentinel Power Quality FZE, UAE.

Described is a new resonant voltage converter of buck/boost type with metered extraction of energy from the direct
(rectified) current network and its metered transfer to the load. Electromagnetic processes in the input and output
circuits of the converter are investigated taking into account the energy losses in its transistors, diodes and
electromagnetic elements. Dependences between its parameters are found, at which its working capacity is ensured
with minimal static and dynamic losses. The method of its calculation, aimed at achieving the maximum efficiency, is
proposed. References 5, figures 7.

Key words: resonant converter, power transmitter, secondary power supply.
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IMITAIIMHA MOJEJb TA AJITOPUTM KEPYBAHHA ABTOHOMHOIO TI'IIPO-
BITPOBOIO CUCTEMOIO EJIEKTPOXKHUBJIEHHSA
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3anpononosano Hosy kongicypayito mpugpasnoi asmonomuoi 2ioposimpogoi cucmemu (AI'BC), axa micmumes CUHXPOH-
HULL 2eHepamop 3 eNeKMpOMASHIMHUM 30V0HCEHHAM, WO 00EepmMAEmbCs pe2yib08aHO 2i0pomypOiHO, ACUHXPOHHUL
2eHepamop 3 KOPOMKO3AMKHEHUM POMOPOM 3 NPUBOOOM 8I0 Hepe2ylbo8aHOi 8impomypOiHU, KoMneHcyowy bamapero
KOHOeHCamopig i pe2yivbogane Oanacmue HABAHMANCEHHA, AKe HCUBUMbCA Yepe3 aKkmusHull sunpawiay. Pospobneno
aneopumm 080pisHegoi cmabinizayii yacmomu cmpymy 8 cucmemi. 3 GUKOPUCAHHAM pO3pobaeHOol imimayiliHoi mooeni
AI'BC nposedero mamemamuyre MOOENO8AHHS eNeKMPOMEXAHIUHUX NPOYECi8 y pa3i 3MIHU NOMYIHCHOCI CROXCUBAUIB
ma nocmitinoi wieuokocmi simpy. Pezynomamu 0ocniosxcenv 3aceiouunu cmitiky pobomy cucmemu y CIAAUX Ppercumax i
8IONpayrosanis 3a0anux pistie wacmomu cmpymy. bion. 17, puc. 5, Tadn. 1.

Kniouoei cnosa: aBTOHOMHA TiIpOBITPOBA CUCTEMA, CHHXPOHHUI T'€HEepaTop, aCHHXPOHHUI TeHepaTop, akKTHBHUI BU-
npsMIIsTd, OaJlacTHE HaBaHTaKEHHS, PETYJISTOP YaCTOTH.

ABToHOMHI cuctemu enektpokuBieHHs (ACE) BigmaneHMX Bif IEHTpai30BaHUX EHEPrOCHCTEM
00'€KTIB TpUBAJIMM Yac BHUKOHYBAINCh, SK IPABUIIO, 3 3aCTOCYBAHHSAM JAW3ENIb-TEHEPATOPHUX YCTaHOBOK
(Ar'Y), mo 00yMOBWIIO BEJIMKY ITUTOMY BapTiCTh BUPOOJICHOI €HEprii Ta HE3PYUHOCTI AJIS CIIOKUBAUIB Yepes
30UIbIIEHNH piBeHb IIyMy i 3a0pynHeHocTi moBitps. Tomy Oinbm nepcnektuBaumu € ACE, mo BukopHucTo-
BYIOTh IIOHOBIIOBaHI IMEpBHHHI eHepreTndHi pecypcu [1]. Lli pecypcu, nepeBaxHO, € MiHIMBUMH 3a CBOEIO
HPUPOJIOI0, L0 HA JOAATOK 0 CYTTEBUX KOJIMBAaHb NIOTYKHOCTI CIIOKMBAYiB BIIPOJIOBXK TOOM YCKJIAIHIOE IIPO-
extyBanHs1 ACE Ha ocHOBI BizHOBIIOBaHUX JKepen eneprii (BAE) ta npumyiye interpyBatu B Hux AI'Y Ha
BUTIAJIOK HEJAOCTATHHOI KUTHKOCTI BiJHOBIIIOBaHOi eHeprii. Toi Taki cucteMu HaOyBalOTh BIACTUBOCTEH MiK-
pomMepesx [2] 1 MOXKYTh IpaIffoBaTH aBTOHOMHO 200 Ha IICHTPaTi30BaHy MEPEKY.

O0'eqHaHHS €NEKTPOTCHEPYIOUYHX ITOTY)KHOCTEH, 110 BUKOPHCTOBYIOThH Pi3HOTO BUAY TICPBUHHY CHE-
Prifo i HaKONMYyBayi €Heprii, 1a€ 3MOT'Y CTBOPUTH CUCTEMH, SIKi 31aTHI MpaLIOBaTH Oe3lepepBHO Oe3 1oaat-
KOBHX PE3EPBHUX Iu3eNb-TeHepaTopiB. Cepen pi3HUX KOHGIrypalmiil TakuX CUCTEM aBTOPAMHU BUILISIETHCS
cucTeMa, 110 BUKOHYETHCS Ha OCHOBI BKJIFOUEHHX IMapajielibHO TiAporeHeparopa i BiTporeHeparopa Ta aky-
MyIsTOpa y KoJli mepeTsoprosada yactotu [3]. Ii mepeparoro € Te, mo riaporyp6ina y ckiaji Takoi cucTemMu
MOXe OyTH HEperyJbOBaHOIO.

AstoHOMHI TiapoBiTpoBi cuctemu (AI'BC) po3pobsaioTs Ha OCHOBI PI3HOTO THITY TeHepaTopiB. Tak y
[3] BiTporenepatop — cuaxpoHuuii reneparop (CI') i3 MOCTIHHMMH MarHiTaMH i IEPETBOPIOBAYEM YacTOTH B
KOJIi CTaTopa, a TiaporeHepaTop — aCHHXPOHHUH reHepaTop (Al') 3 KOHIEHCATOpPHUM 30ymKeHHIM. Y [2, 4]
BiTporeHeparop — Al' 3 KOpOTKO3aMKHEHHM POTOPOM, a TigaporeHepaTop — CI i3 eJIeKTpoMarHiTHIM 30YDKEeH-
HiIM. Y [5] BITpOripoBa eHeprocucTeMa MICTHTh PsiJi aCHHXPOHHHX BITPOT€HEpaTopiB 3 (asHUM POTOPOM i
CHUHXPOHHUI TiIpOreHepaTop 3 eNeKTPOMArHiTHUM 30y DKEHHSAM. 3a 3MiHHOI YaCTOTH BITPOYCTaHOBOK MOXKYTb
OyTH 3acTocoBaHi TakoXx 1 Oe3koHTakTHI Al mozaBiiHOTO *XUBIEHHA [6]. SKIIO crcTeMa MpU3HAYAETHCS IS
JKUBJICHHS BUKITFOUHO CIIOKHBAYiB OAHO(A3HOTO CTPYMY, TO €KOHOMIYHO OOIPYHTOBAHUM PIIICHHSIM € BHKO-
puctanHs Al 3 KOHIEHCATOPHUM 30yDKEHHAM 1 0gHO(a3HIM BUXOAOM [7].

© Masypenko JLI., Bacunis K.M., Ixypa O.B., Komropy6a A.B., 2019
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OpHuM 13 000B'SA3KOBHX eleMeHTiB TigpoBux i rimpoBitpoBux ACE € 6anactHe HaBantaxenHs (bH)
[2] abo akymynsTopHa Oatapes [3]. BH BUKOPHCTOBYIOTH ISt KOHTPOJIBOBAHOTO THMYACOBOTO UM TIOCTIHHO-
rO CIIOYKUBAHHS aKTHBHOI MOTY>KHOCTI 3 METOO CTabuIi3allii mapaMeTpiB HAIIPYTH B CUCTEMI.

AKTHBHA MOTY)KHICTh OANTACTHUX PE3UCTOPIB MOKE PErYITIOBATUCS JUCKPETHO KIHOYaMHU 3MIHHOTO
a00 TOCTIHHOTO CTPYyMY, SIKIIO 0anacTHE HABAHTAXKCHHS KHBHUTHCS Yepe3 BHIPIMISY. Y TIEPIIOMY BUTIAIKY
BH ¢opmyroTh i3 meBHOI KUTBKOCTI KOMYTOBaHUX PE3UCTOPIB pi3HOI moTyxkHOCTI [8]. B mpyromy Bumaaxy
JIOCTaTHHO OJHOTO KOMYTOBaHOTo OanactHoro pesucropa. Hamani 6yne posrisinyra AIBC i3 BH y ko ak-
tuBHOTO BHNpsMisda (AB) (puc. 1). Taka

cucTemMa JOCHiIPKyBajacs 3a BiJICYTHOCTI
AB [2]. Cepen HaiiipoOiaeMHIIINX MHUTaHb
g}égﬁ?ﬁn P y mpoueci creopenns takux ACE € pospo-
BOJIOBOAY _ Oka IXHIX aNrOPUTMIB KepyBaHHS, IO 3a-
“XR # Lt ;l:; 663H?‘lyIOTB HCO6XiZ£Hi napaMeTpu TeHepo-

RpkC icr BaHOT €JIEKTPOCHEPTii.
PID AB B AI'BC (puc. 1) rigporyp6ina (I'T)
| L obeprae Tpudaznuii CI' 3 eleKTpoMarHit-
o) HC1 /|SW1 'Qj HuM 30ymKkenHaM. Cralimizaiio BHXigHOT
B G 1] LTI e (PH) o xony oGworin 3oyakema CT-
Ont L I:] Pra ; ‘_+"('I£—l"| Yactoty obepranns I'T 1 BignoBigHO poTO-
L By _/_|:E§_ pa CI' crab6inizye PID-perymstop, 3miHFO-
SW2 BH 10Ul Koe(iIlieHT BIIKPUTTS 3aImipHOI 3a-

Puc. 1 CIIIHKH BOJOBOJY C.
Kopotkozamkrenuit potop tpudaznoro Al' obeprae HeperynboBaHa Bitporyp6OiHa (BT). Cratophi
oomotkm Al i CI' Brirroueno nmapaiiensHo. Bim AI'BC skxuBuThCS HaBaHTakeHHs crioxkuBadiB HC1 motyxHi-
cTio P;; 1 xomyToBaHe HaBaHTaxeHHs cnoxuBayiB HC2 motyxkHicTio P;,. Kpim Toro, 10 TpumpoBiaHoi

MIMHU 3MIHHOTO CTPYMY CHUCTEMH MiJKIIOYeHO OaTapero KommeHcyrounx konzaeHcaropiB (BK) morysxkHicTio
Q¢ 1 aKTUBHMI BUNPSIMIIAY, BUKOHAHMH 3a CXeMOI0 Tpu(a3HOro MocToBoro insepropa. Ilo komy mocriiiHo-

ro ctpymy AB mryHTOBaHO KOHAeHcaTopoM C,; 1 pe3UCTUBHO-KIIOYOBOIO JaHkow SW?2 — BH. AB Bukona-

HUI Ha TOBHICTIO KEPOBAHUX KIFOUaxX (TPaH3UCTOP 31 3BOPOTHIM Ji0J0OM), IO A€ 3MOTY CHOXHMBATH Bij CHU-
CTeMH CHHYCOINalbHI CTPYMH 1 HE BHOCUTH B MEPEXY HU3bKOYACTOTHI TApMOHIKH (5-a, 7-a Ta iHIi).

Memoro cmammi € po3poOKa IMITAI[IHHOT MOJAEI Ta aJrOPUTMYy KEpPyBaHHS aBTOHOMHOIO Tiapo-
BITPOBOIO CHCTEMOIO €JIEKTPOXKUBJICHHS 3 aKTHBHUM BUIIPSAMILTYEM i OaJacTHUM HaBaHTAKCHHIM ISl 3a0€3-
HIEYCHHS HEOOX1THOT YaCTOTH CTPyMY.

Imitaniiina mogear AI'BC. IMitamiiiny Momens cuctemu (puc. 1) Oysio CTBOPEHO B MPOTPaMHOMY
cepenoBuii MATLAB/SIMULINK. Bona cknanaerses 3i 3'etHaHUX MK co00t0 Mogeneit reneparopis (CI
i Al'), ixaix mpusoziB (I'T i BT), npuBona 3acninku (I13) ['T, PID-perynsropa monoxenns 3aciminku [T,
perynstopa Hanpyru CI', HaBaHTa)KEHHS CIIOXKUBaUiB, OaTapei konaeHcaropis, AB 3 BH, cucrtemu kepyBaH-
Hs1 AB Ta cucremu kepyBaHHs KitoueM y koiii BH. Po3risiHeMo 0cHOBHI 0COOIMBOCTI WX MOJIENEH.

Cunxponnuii reneparop. Moaens CI' € AMHAMIYHOIO MOZEIUII0 CHHXPOHHOI MallMHU 3 TphoMa 00-
MOTKaMH (CTaTOPHOIO, 30YKEHHS 1 3aCTIOKIHIMBOIO) Ta MICTHTh IIICTh AU(EPEHIIIHHNX PiBHIHD ISl pO3pa-
XYHKY HamlpyT Ha X 0OMOTKax y cuctemi koopauHat dg [9]. Bximaumu 3minaumu st mogeni CI' e mexa-

Bepxniit Gaceiin HiYHa MOTYXHICTh Ha Baiy 1 Hampyra PH, 1o nonaerscs Ha 0OMOTKy 30y-
JDKSHHS, @ BUXITHUMH — HAaNpYTd 1 CTpyMHU cTaTtopa, KyToBa yacTtora obep-
TaHHS POTOpA.

AcunxpoHHuil reneparop. Mogenb Al € AMHAMIYHOIO MOJEIIIO
ACHHXPOHHOI MalIMHKU 0e3 BpaXyBaHHsS BTpAT B CTalll B CHCTEMi KOOPIUHAT
dg , mo mictuth 4 audepeHUiHHNX PIBHAHHS Ui pO3PaxXyHKY IIOTOKO3Yel-

JieHb ctaTopa i poropa [9]. Bxigaumu Benuuunamu 11 mojeni Al € MOMEHT
Ha BaJy 1 CTATOPHI HAMPYTH, a BUXITHUMH — KyTOBa 4acToTa 00EpTaHHS PO-

_ : TOpa i CTPYMH CTaTOpa.
Huxniit Gaceiin Cigpotypbina. I'T MOAETIOETHCS 3a BiICYTHOCTI PO3IIHUPIOBATBHOTO
Puc. 2 Oaka (puc. 2) y BIIHOCHUX OJUHHUISX HACTYITHOIO CUCTEMOIO PiBHAHB [10]
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d 1
Prtm = 47(q —q,1) — DcAwgr , 7;1=T—(1—hz—h), g=ch,
w

ae Pyr,, —MexaHiuHa NOTyxHICTb ['T; A, — Tak 3BaHUi Koe]ilieHT MiCHICHHS TypOiHH, 110 BPAXOBY€E Pi3HU-
o B HoMiHanbHUX notyxHocTsax ['T 1 CI'; & — BigHOCHMI Hamip; ¢, g,; — BUTPaTH BOAM MOTOYHA Ta B pe-
xuMi XX; /; — BIJHOCHA BTpaTa HAIlOpy BHACIIJOK TEPTS B BOJAOBO/I, KO YacTO MOKHA 3HEXTyBaTH; D —
Koe(iLieHT 3aTyXaHHs; Awyr = wyr —1 — BinxuneHHs yactotu odeptanss [T BigHOCHO 6a30Boro (HOMiHaNb-
HOro) 3HaueHHs; /), — HOCTiiiHa yacy HaIlipHOTO BOJOBOAY; ¢ — KOe(ili€HT BiOKpUTTS 3aciiHkd. s majo-
iHepuiiiaux cuctem 7, <1,5 ¢ [11]. Bennuuna 7', IOpiBHIOE IPOMDKKY 9acy, 3a SIKMH IIPUPICT BUTPAT BOIU
J0csIra€ HOMIHAJIBHOTO 3HAYESHHSI MICIsl IPUPOCTY HANIOPy /4 Ha BEJIMYMHY HOMiHAJIBHOTO HAIopy.

IMpuBox 3acainku Boposoay. Monens I13 BogoBoay Mae BXifHOIO 3MiHHOIO CHUTHal X , Ha BUXOI

PID-perynstopa, a BHUXITHOW — KOE(IIiEHT BIAKPUTTS 3aciHiHKM ¢ 1 ONHCYETbCA PIBHAHHAM
K, (X g —c)/(s(Tgs+1)): ¢, ne K., Ty— xoedilieHT MiJICHICHHS Ta MOCTiiHA 4acy NPUBOAY BIMOBINHO;
s=d/dt; BenmmunuHA ¢ OOMEXYEThCS 3HAYEHHSAMH c,; (BiAnoBimae MiHiManbHO 3aBaHTaxeHId I'T) 1 ¢y
(BimmoBizae HOMiHANTBHOMY HaBaHTakeHHIO [T Ha Bay).

AxTtuBHUI Bunpsamisd. AB mozenroBaBcs sik Tpruga3zHUi IHBEPTOP 3 iAealbHIUMHU KITIOYaMH, SKi KOMY-
TYIOThCSI MUTTEBO, MAIOTh MAJIMH aKTUBHHUH OIIip Y IPOBIIHOMY CTaHi Ta BEIUKHIA OMIp — Y HEMIPOBIJHOMY.

Birporyp6ina. HeperynsoBana BT i3 ¢ikcoBaHUM KyTOM OBOPOTY JIOMIATEH MOIEIIOETHCS CIMEHCT-
BOM 3aJIeKHOCTell mpuBeneHoro 1o AI' MomeHTy Ha Baiy 7, Bix mpuBeaeHoi 10 Al yactoTH oGepTaHHS

@yr 1A PI3HUX WIBHAKOCTEH BiTpy V) [12].

Aaroputm kKepyBaHHs. CructemMa MICTHTh 4 peryiIbOBaHUX eleMEHTa: MPHUBOJ 3aIlipHOi 3aCIiHKH,
CHHXPOHHUI TeHepaTop, aKTUBHUI BUIPAMIISIY 1 OanacTHe HaBaHTAKEHHs. PO3riIstHEMO KOPOTKO aNTropuTMU
IXHBOTO PETYJIIOBAaHHS.

[puBon 3amipHoi 3achinku. [TomoxxeHHs 3aCliHKUA PEryIOEThCs eNeKTpoHHUM PID—perynsaropowm,

KEPYIOUO0I0 3MIiHHOIO (BIUIMBOM) SIKOTO € BiIXMJICHHS 4acToTH oGepranus CI' Bix 3a1aHOTO 3HAYCHHS @
(puc. 1). Koedinientn migcunenns nponopuiitnoi K p, inTerpansaoi K; Ta mudepeHnuioiodoi K, naHOK
pEeKOMEeHy€eThCsl BU3HaUaTH 3 BupasiB [2]: Kp =1,6 H/TW , K; = 0,48KP/(3,33TW), Ky,=054H,ne H
— crana inepuii I'T.

Perynsarop nanpyru. PH peamizoBano 3a tak 3Banoto “IEEE type 1 synchronous machine voltage

regulator” cxemoto peryisropa Hanpyru CI' [13]. Bxigaumu BeudauHaMHA IS cUcTeMH kepyBaHHs PH € me-
PETBOPEHI 0 CUCTEMH KOOpAMHAT dg ctatopHi Hanpyrd CI' Ta 3ajaHa aMILIiTy1a CTATOPHOT HANIPYTH, & BU-

XiZHOIO — HanpyTa oOMoTKH 30y mKkeHHs. Brnacue cam PH (30ymxyBau) nmpuitHATO Oe3iHEpIiiHIM.

AxTuBHU Bunpsmisd. [TokmamemMo Ha cucteMmy KepyBaHHS AB enuHy 3amady — cralimizamio Ha-
NpYyTH Ha BUXOAI BUIIpAMIIsiua. OTpUMAaEMO PiBHSHHS PEryisTopa 3a BUKJIaAEeHO y [14] meTonukor. 3MiHy
B 4aci BUXimHO1 Haripyru AB onmcye HactynHe nudepeHiiiine piBHSIHHS:

tig =(isr —ip)/Cq - (1
Buxinna motyxHicTe AB po3paxoByeTbest uepe3 BUXiTHHN CTPYM 1 HAIPYTY
Pp =i4puq )

Ta Yepe3 MEepPeTBOPEHI 10 CUCTEMHU KOOPIAUHAT dg HMOTO BXiZHI CTPYMH 1 HApyTH (HAIpPYTH BUMIPSIHI BiTHO-
CHO HYJILOBOT'O TIPOBOJLY CUCTEMH)

Pyg = =15 (vgrig +vgrigr ). (3)
3 (2)1(3) maemo
iyp = —l,5~(vd,id, +vq,iq,) ug - 4)
[TincraBmstoun (4) B (1), OTpIMYy€EMO HACTYITHE PiBHSHHS:
Uy = (— 1,5 (vd,‘id,, +Vgrlgr )/ud —ip )/Cd . (5)
BBiBIIM MOMUJIKY BiATIPALIOBAHHS U, =uy —uz y (5), orpumyemo
tig =iy =15 (vgrigy + Varigr )/(Cd”d )=ip/Cq- (6)
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V (6) 3MiHHOIO CTaHy € i, . Kepyrounm BILUIUBOM € i, , OCKUIbKH HEOOXITHO PEeryfoBaTH aKTHBHY

qr>
CKIaIoBy BXimHHX cTpyMiB AB. JloTpuMmyrouncs mo3HadeHb 3rimHO 3 [14], mpuiiMeMo 3a HEBHMipIOBaHE

36ypeHHst  f =—1,5vgiq /(Cquy), a Kepyloumit BIIMB MOAAMO Yy BHIVIS i;:(— f1+u1)/b, ae

up ==Ky,iig +&,, fy =—Kpg, b==15v,, / (Cdu d ) Tonmi piBHSHHS peryisaTOpa BUXIIHOI HAMpyrw Oynme
HACTYIHUM:
i, =iy +ig [Ca~Kuiig - Kaitgdt|Caug Ji5v,,): (7)
Sximo 3a HeBUMipIOBaHe 30YpeHHS NPUUHATH fp = — 1,5V, /(Cd”d )—i 5/Cq » TO PIBHSHHS peryJsi-
TOpPA JELIO0 CIPOLLY€EThCA

igr = —(ﬂji —Ky,iiy —JKzuLNld )Cdud/(1»5vqr)- (8)

BpaxoByroun AUCKpPETHHI XapaKTep HAMpyT Ha Bxoai AB, miis cipomieHHsl CHCTEMH KepyBaHHS Ha-

npyra v, MOXe OyTH 3aMiHCHa Ha Vv, — CKIIQJOBY MEPEexeBOI Hanpyru 1o oci ¢ . IIpore, ciix 3a3HauuTH,

110 TaKa 3aMiHa 301IbLIyE B3aEMHHMIi BIUIMB [0 KAHAIAX PETYJIOBAHHA CTPYMIB iy, iy . BennuuHa iy 3a-

qr>
JTAETHCST HYJIBOBOIO, OCKUTEKH B cucTeMi (puc. 1) AB He MOBHHEH 3HiMCHIOBATH PETYJIIOBAHHS PEaKTHBHOI
noTy>XHOCTi. CTPYKTYpHY CXeMy aJlrOpUTMy KepyBaHHs AB Ha ocHoBi (8) mokazano Ha puc. 3. Benuunnu

v, Ta O (KyT [OBOPOTY PEe3yJbTyIO40ro BEKTOpa Hampyru) BuzHadarothest PLL-perymstopom [15] depes

dasui vanpyru v, ,v,,; ,v,. AIBC. Komyrauiiini gynxuii kmodie AB K1+K6 BusnHauyaioTses ricrepesuc-

HUMH €JIEMEHTaMH, Ha BXOAHN SIKUX HOAA€THCA PI3HULS MK PO3paXyHKOBUMH 1 (aKTHUYHUMHU cTpyMamu AB.

»| x
ug g i
7] T &
ug
Ky L P X
K2u I. = - P S
PLL o
Vors VaB s VoC
ghs "gB> TeC | abe Vg [i5]
—_— 1,0
dq L]
- (]

Puc. 3

banacTHe HaBaHTa)keHHsA. 3a1aueio cucTeMu kepyBaHHsI bH € cTabimizariis 9acToTH HaIIpyTH CUCTe-
M, Koii notykHicTs I'T 1 BT Ginbina 3a moTpeOu criokuBadviB i He MOke OyTH 3MeHIleHa 0e3 TXHbOT 3yIHH-
KU. 30KpeMa, Lie CTOCYETHCSI BUMAAKY, KOJIM OTY>KHICTh CIIOKHMBAYiB € MEHILIOO B/l BUXiIHOI MOTy>KHOCTI Al

IcHye nexinbka migxoxi go kepyBanHs bH. Ilepmwmii 3 HEX monsTae y ToMy, 0 3aBaHTaxkeHicTh [T
YTPUMY€ThCS Ha HOMiHAILHOMY PiBHi. Moro mepeBaroo € BHCOKa CTaGiIbHICTh YAaCTOTH B CUCTEMI, HEJIOMi-
KOM — HepauioHaJbHe BUKOPUCTAHHsI BOAM 3 BEpXHBbOro Oaceitny. CyTh Ipyroro miaxofy B TOMy, 100 BcTa-
HOBUTH MIHIMaJIbHO JO3BOJICHUH IUIABalO4Mil PiBEHb aKTHBHOI IIOTYKHOCTI ClOXuBaviB Fg .., IKUH BCTa-
HOBITIOETHCS BIIHOCHO BHX1/THOT aKTHBHOI MOTY>KHOCTI BiTporeHepaTopa (Hanpukiaza, 110% Bix reaeposanoi
AT notysxHOCTI). SIKIIIO MOTYKHICTh CHOXKMBAYiB CTA€ HIKYOMW 3a Pg .., cuctema kepysanHs (CK) BH mae
3a0e3MeYnTr CIOKUBAHHS 0aracToM Takoi MOTYXKHOCTI, 100 CyMapHa MOTYXHICTh criokuBaviB i BH Oyia
Ha piBHI Py, . Tpertii miaxixa, mo OyB peanizoBaHuil i BUIIpoOyBaHUN y paMKax poOOTH Haj CTATTElO, HE
notpedye BUMipIOBaHb akKTUBHOI MOTYy»)HOCTi. Hatomicte BH cTabinizye He akTHBHY HOTYXKHICTh, 4 YaCTOTY
B CHCTEMI 32 Ha/UIMIIKY HOTYHOCTI IPUBO/IB F€HEPATOPiB.

I'omoBHA 0COOMMBICTE 1 CKJIAMHICTE 3a3HAYCHOTO IMIXOIY B TOMY, IO YaCTOTY B MEpPEXi cTadiIizye
takox i PID-perynsitop npuBoy 3aciiHkd BonoBoay. OnHovyacHa crabini3aiis 4acTOTH B CUCTEMi 3 3aCTO-
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cyBantsm npuBoay I'T i BH mosxe mpusBectn 10 il HectabiibHOI pOOOTH, 1110 XapaKTEePU3YEThCs JOBIOTPH-
BAIMMH TIEpEXiTHUMU TporiecaMu. ToMy OyJio 3alpOIIOHOBAHO 3/1MCHIOBATH JBOPIBHEBY CTa0LIi3allii0 Yac-

totu: Juis perynstopa I'T 3agany yactory oGeprants 6yJio BCTAHOBJIEHO HA PiBHI @] , a 11s peryisatopa BH

- w;, =, +Ah,, ne Ah,<<o, . Ockinbku BH noBuHHE Takok 0OMEXyBaTH i 3aKUJIM YaCTOTH B CHCTEMI,
BUKJIMKaHI PalNTOBUMH CKHJAMH HABaHTAKEHHs CIIOKMBAUiB, MPOLEC peryiioBaHHA MOTyKHOCTI BH mae
OyTH MEHII iHEepUiHUM HiX peryitoBaHHs NoTyxHOcTi ['T, mo 1 Oyno BpaxoBano. CTpyKTypHY cXeMmy ai-
roputMy kepyBanss BH nokazano Ha puc. 4.

5 2 L5l x

p .
OHT J X oL
— Kll'l
sz i
[T] L f [ ud o]
0/1
( )_ -NOT Res Il y Ppin
Ksw?
RB o + —
Puc. 4

PiBHAHHS pery/aTopa 4acTOTH 06epTaHHs ABTOHOMHOTO IeHepaTopa Mae BUTIIA [16]
Mg = —(w}\} — K@y _IK2w5)Mdt)'-] ; (8)

ne M — po3paxyHKOBHUH €IEKTPOMArHiTHUH MOMEHT.

Ockinbku AB Takox cra0dinmizye yactotry ooeprans CI', BILTMBarO4M Ha €NEKTPOMArHiTHUH MOMEHT
CT, To piBHSIHHA peryisaropa 4yacToTH Ul cucteMu kepyBaHHst BH 3agamo B ananorivuHomMy BUTIISIL

Mpy, = —(a)’; ~Kio®ur - _[szE’HTdf)' J, ©
ne J — opieHToBHUI MOMeHT iHepuii o0epransaux Mac AI'BC; @y — kyToBa gactota obeprarnas ['T 1 CI'.

Jliis mepexoy Bijl 3aJ]aHOI0 MOMEHTY JIO 33J[aHO1 IIIMapyBaTOCTI IMITYJIbCIB KEpyBaHHs Kitoda SW2
BUKOPHUCTOBYEThCS PIBHSIHHS

;s * _ B3
e 4 =Phy [Poy (10)
O YT max _‘_,»-'"' s " * . *
T T\ T T TR, F S AT Ae Ppp=oyrMp, — 3amana notyxHicts BH; Mp; —
& ) ﬁ" -‘. o n'. n'. -
~ d o o =~ -~ -~ -~ . . o .
00; ,':: EE 2 ._,-“ . BIANOBLIHMH PBL 1 @yr MOMEHT; Pp,\ = ufl / Rp —
—_——— = I T -~ -~ -~ - . o
,:_fi,:':, hoap [ A2 2 moryxnicte BH 3a mocTifiHO 3aMKHEHOro Kioua
o — Ah y :; iy A Sw2 (puc. D).
2 ® o AT e . . e
2 TSy | I CyTb npuHIMIY JBOPIBHEBOI cTabiii3awii yac-
‘NI -Ol' .»' 'I' 'l' o . . .
) El TOTH B .AFBC umoctpye puc. 5. I'T @yHKnlOHye B Jli-
o 4 hyyr TT * . ama3’oH1 YacTOT CHCTEMH honr » @ BH 1 AB — y miana-
“ " - 3omi h,p. Komum uacrora B cucTeMi MeHIma 3a
L __.-"
‘__.»-”“.“.«-' (@, — Ah,), pyukuionye mume I'T, a BH ue 3azisue.
0 —_________NSSS S A omke, B ycraneHoMy pexuMi 3a oy = AB He
Puc. 5 BILIMBAE Ha poboTy PID-peryssTopa 3amipHoi 3aciiH-

k. SIKmio dvacrtora B CHUCTEMi 3pOCTaE€ BHINE 32
(@, — Ah,,), TO TIPaIIOIOTH OJHOYACHO PEryasTop uacToTh I T i perysisrop 4acToTu y cKjiajii CUCTEMH KEpy-
BaHHs BH. SIkimo yacrora B cucteMi NepeBUIy€ JCIKe 3HAYCHHS @ g7 max » TYPOIHA TIOBUHHA 3YTIHHUTHCH, &
AB i1 BH MOXyTh IpOIOBKHUTH PoOOTY a00 TeX BUMKHYTHCS Vv pasi moBHOI 3ynuHkd AI'BC. o x mo 4u-
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CCJIbHUX 3HAYCHb @ 1 W, , TO TYT CJI1J 3ayBAXHUTH, IO 6yIH>—HKI/IX CHeI_II/I(i)l‘IHI/IX CTaHZAApTIB 100 MCXK

3MiHHM YaCTOTH aBTOHOMHHUX CHUCTEM 3MIHHOTO CTpyMy HE iCHY€, a IPHOIN3HUM OPIEHTHPOM TYT € CTaHIApT
ISO 2528-5 mns aBTroHOMHEX TeHepaTopiB [17]. LluMm cTaHmapTOM BCTAaHOBIIOETHCS:

— BIIXHMJICHHS YaCTOTH B YCTaJICHOMY peXXHMi y pa3si 3MiHu HaBanTaxkeHHs Bif 0 1o 100% — + 2,5%;

— KPUTHYHHHN Jiana30H 4acToT y MepexiTHuX pexxumax — +£15%;

— KpUTUYHHIA Yac BigHOBIIEHHS — 10 C.

OcHoBHI mapaMeTpu Ta BXiaHi naHi imitamiinoi MmoaeJi.

Hocnimxennas enekrpomexaniyHux npouecis B AIBC (puc. 1) i3 3anpornoHOBaHMMH alTOpUTMaMHU
po6otu AB 1 BH nmposeneno B nporpamaomy nakeri MATLAB/SIMULINK. Bynu 3apani HacTynHi JaHi.

Cunxponnuii remeparop. Uncio map nomtocie — 2. Ilocrifina imeprrii, ¢ — 1. HoMiHansHa TTOTYX-
HicTh/dyacTora/niniiHa Hanpyra — 300 kBA 60 I'n/480 B. PeaktuBHi onopu 0OMOTOK IO BicsX d, ¢, B.O.:
cunxponuuii — 3,23, 2,79; nepexiauuii no Bici d — 0,21; cyonepexinuuii — 0,15, 0,37; posciroBanus — 0,09.
[Mocriitanii omip oOmoTtkm ctaropa — 0,017. [locriifHa wacy, c: nepexinHa mo Bici d — 1,7; cyOnepexinHi mo
Bicsax d,q — 0,008, 0,004.

Acunxponnmii reneparop. Yucno nap nomrocis — 2. [ocriiina inepuii, ¢ — 2. HomiHanbHa MOTYX-
HicTh/dacToTa/niHiHa Hanpyra — 275 kBA/60 I'i/480 B. [HnykTHBHICTH B3a€MOIHAYKIII, B.0. — 3,5. AKTHBHI
OTIOPH CTATOPHOI 1 pOTOPHOI 0OMOTOK, B.0. — 0,016, 0,015. [mgyKTHBHOCTI pO3CifOBaHHSI OOMOTOK CTaTopa i
potopa, B.o. — 0,06, 0,06.

TCinporyp6ina. Koediuient 3aryxanus — 0. [locrilina yacy BomoBoay, ¢ — 1. Koediuientn mincu-
nenns PID-perynsaropa 3acimiHKu

0,461, ‘a){‘ - a)HT‘ <0,005
KP:3’2’ KDZI,OS, K[= .
0,461-(1+5-104~(a)1*—a)HT)z), ‘a)l*—a)HT‘ZO,OOS

Mexi BIAKpUTTS 3acimiHKH c, ...c,, — 0,9752...0,01 B.o. MakcuManpHa IIBUAKICTb BIIAKPUT-

Ts1/3akputTs 3aciinku — 0,1 / -0,1 B.0./c. 3amana yactora obepranus I'T — 1 B.o.; 1 B.o. wactotu I'T Bignosi-
nae gactora 60 I'. KoedimienT migcunenns npusoaa 3aciinku — 3,33. [locriiftHa yacy nMpuBOIy 3aCIIiHKH, C
—-0,07.

Birporyp6ina. HominanbHa yactoTta obepranus 3BeneHa 10 Al', 06/xB — 1800. HominankHa moTyx-
HiCcTb, KBT/ HOMiHaNbHA MWBUAKICTE BiTPY, M/c — 275/11. BT — HeperynboBaHa.

Baok kongencaropiB. PeakTnBHA OTYKHICTh KOHJEHCATOPIB y HOMIHAIILHOMY pexunmi, KBA — 25.

AKTHBHMA BHOPAMISY. AKTHBHHH oOmIp R, /IHAYKTHBHICTH L,, BXigHux apocenis — 0,025

Om/0,0015 T'n. Omip kirodiB y Binkpuromy—3akpuromy cranax — 0,001 Om/2 kOm. €MHICTH KOHIEHCaTOpa
Ha Buxoai AB, Mx® — 155000. 3anana nanpyra va puxoni AB, B — 770. KoedimienTy mijcuiaeHHs mpormop-
[iHOI/iHTerpaNbHOI TAaHOK perynaropa Hanpyru — 40/400.

BaiacTHe HaBaHTa’KeHHsI i HAaBaHTa)KeHHs1 cno:kuBadviB. Omip pe3ncTUBHOTO eneMeHTa, OM —
1,47. Omip kmoua B koiti BH y Bigkputomy/3akputomy cranax — 0,001 Om/10 kOm. 3agana yacToTa peryJs-
Topa yactoth, ['11 — 61. KoedimieHTr micuieHHs mpornopuiiHoi/iHTerpaIbHOIl JAHOK PETYIISATOPa YaCTOTH —
80/1600. Bennuuny J aj1st monepeIHbOro TecTyBaHHS Mozesi Oyiio 3anaHo Ha piBHiI | kr-m?. HaBaHTa)KeHHs
CIIO’KMBAYiB NPUHHATO aKTUBHUM 1 CUMETpUYHUM. [10TYXHICTH MOCTIHHOTO/KOMYTOBAaHOTO HaBaHTAXKECHHS
crnoxkuBavis, KBt — 25/175.

BuOip enexkTpuyHUX MallliH 3 HOMIHAIBHOI 4acToTor0 60 ['11 OB’ s13aHO 3 AOCTYITHICTIO HEOOXITHUX
napameTpiB iIXHIX MaTeMaTUIHUX MOZETICH.

Pesynbratn MonemoBanHs. LIIBuKicTs BITpY ITijJ Yac YUCENFHUX EKCIIEPUMEHTIB Oylia mpuiHATa
Ha piBHi 7 M/c. [IpoBoauiiocs ABa YnceNbHUX eKCIIepuMeHTH: 3a HassBHOCTI AB i BH, Ta 3a ixHbo1 BigcyTHOC-
Ti. [IoTy>XHICTh CIIOXHBaYiB MiJ 4ac 000X €KCIEpUMEHTIB 3MeHIyBaiacs crymindacto 3 200 mo 25 kBt B
000X BHMNagkax. Pe3ynpratu po3paxyHKy YCTaJI€HHX MPOLECiB HA MOMEHTH 4acy Oe3locepeHbo mepes Ko-
MyTAIli€I0 HaBaHTAXEHHS 1 TICIISI 3aBEPIICHHS IEPEX1THUX MPOIIECiB, BUKIMKAHAX 3MIHOIO HABAHTAKEHHS SIK
3a HasiBHOCTI AB 1 BH (cToBOwi “3 AB i BH”) Tak i 3a ixHpoi BincyTHOCTI (cToBOWI “0e3 AB 1 BH”), HaBene-
HO B TabauLi. SIK BUIHO 3 HAaBEJCHUX PE3yJIbTaTiB, 10 KoMyTalil HaBaHTakeHHs: HC2 wacToTa cTpymy ckiia-
nmana 60 I'm, a permra BewanH y cucteMi 3 AB 1 BH HecyTTeBO Bimpi3HsIacs Bil aHATOTIYHUX BEIMYWH CHC-
temu 6e3 AB i BH.
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Po3paxyHKkoBi 3HaU€HHS Ha MO-
Po3paxyHKOBi 3HaUCHHS HA MOMCHT MEHT 3aBepLICHHS IePEXiIHIX
KOMyTaIii nporecis

3 ABiBH 6e3 AB i BH 3 ABiBH 6e3 AB i BH
[ToTyXHICTh CIIOXHBaUiB, KBT 200 200 25 25
Yacrora ctpymy, I'il 60 60 61 72,9
Mexanivynaa notyxHicts CI', kBt 153 151,9 3,1 3,1
KoedillieHT BiIKPUTTS 3aCIIHKH 0,4928 0,4895 0,01 0,01
AxruBHa notyxHicte AB, kBT 1,1 - 26,4 —
AxruBza notyxHicts CT', kBt 150,6 149,5 2.9 4,0
PeaktuHa notyxHicts CI', kBA 54,6 54,5 53,9 34,0
AxruBHa notyxHicte Al', kBT 50,5 50,5 48,5 21,0
PeaktuBHa notyxkHicte Al', KBA -79,6 -79,5 -77,6 -64,4
Hamnpyra na Buxoxni AB, B 770,0 — 770,1 -
[iroua ¢asna Hanpyra B cuctemi, B 278,2 278,1 278,2 278,5
Mowment BT 3Benennii no AI', H-m 268,4 268,4 253,6 85,2
Yacrora obepranns Al', 06/xB 1804 1804 1835 2189
PeaktuBHa notyxHicth AB, kBA 0,0 — 1,7 —
PeaktuHa notyxHictb BK, kBA 25,0 25,0 25,4 30,4

Ckupnanns HaBaHTaxXeHHs 3 200 10 25 kBT cipriYMHUB epexiiHi IPOLeCH B CHCTEMI, Yac 3aTyXaHHs
sikux ctaHoBUB 8 — 9 ¢ 3a HasiBHOCTI AB 1 BH. ¥V cuctemi 3 AB i BH wactoTa ctpyMy 1o 3akiHYeHHI Mepexi-
HOTO TIpoIiecy BCTaHOBWIIAcs Ha piBHI 61 I'm, a y cucremi 6e3 AB i BH Ha MOMeHT 3aBepIlieHHST pO3paxyHKy
— oim3bko 72,9 I'u. OTxe, MEepeBUIIIEHHS BITHOCHO HOMIHaTy ckiano 1,7 ta 21,5% BianosigHo. KoedimieHT
BigkpuTTs 3aciuinku ['T B 000x Bunazakax 3MeHIUBCs A0 MiHiMyMy (0,01). 30inblieHHs] 4acTOTH B CHCTEMI
0e3 AB mosicHIOETBCS THM, III0 HA MOMEHT 3MeHIIeHHs oTykHocTi HC mexaniuna noryxHaicte BT cyTreBO
(Maibke BIBidi) HEepeBUINyBaja IMcCIIKOMyTalliiHy moTyxHictb HC (25 xBt). PisHums nux moTyKHOCTEH
CIpUYMHIIA TIPUCKOPEHHS 00epToBMX Mac. Hamani B pe3ynbrari 301IbIIEHHS YacTOTH OOEpTaHHS MOTYX-
HicTb BT 3mMeHmmnace, ockijabky BiaOysocs 3MmeHmenHs ii aepoanHamiyHoro KK/I. Takum unHOM, cuctema
0e3 AB Habmu3miIacs 10 yCTAICHOTO PEXXKUMY uepe3 BimxmieHHs yactotd BT Big ontnMansHOI 9acToTH 00€-
PTaHHS 1 BiANOBIAHOTO 3MEHIIEHHs ii moTyXHOocTi. [To 3aKkiHUeHHI NepexigHuX mpoueciB y cucremi 3 AB i
BH cnoxuBana AB akTuBHa MOTYKHIcTh 30inbmmnacs a0 26,4 kBt, aktuBHa notyxHicts CI' 3MeHIIMIach
no piBHs 2.9 kBT, a BenmuunHN akTUBHOI MOTYy>HOCTI Al' Ta peaktuBHOI moTyx)HocTi Al' i CI' He 3a3HaimM
3HAYHMX 3MiH. Bemmuman Hanpyru Ha Buxoai AB 1 ¢ha3HOi Hampyru cUCTeMH CTaliTi3yBaIucsa Ha TOKOMY-
TallifHUX piBHAX. TakuM YMHOM, BUAHO, IO CTa01Ni3alis YaCTOTH CTpyMy OyJia TOCATHYTa 3aBISKH 301J1b-
IIIEHHIO aKTUBHOI MOTYXHOCTI AB.

VY cucremi 6e3 AB i BH y kpaiiHiif TO4ITi po3paxyHKOBOTO iHTepBaITy YactoTa obepranus Al' gocsr-
na 2189 006/xB. 3menmenHs akTuBHOI moTyxHOCTI Al" 10 21 kBT cBimuuTh PO 3MEHIICHHS aepoANHAMIYHO-
ro KK/ Bitporyp6inu. Takox ciif 3a3HAUYUTH, 110 HA MOMEHT 4acy 3aBEpILICHHS PO3PaxXyHKY eJIeKTpoMeXa-
HiuHi npouecu B BT 1 Al me nemo He JOCATTIM yCcTaleHUX MOKa3HHUKIB, PO LIO CBIJYUThH HE3HAYHE Mepe-
BUILIEHHSI BeJIMYMH akTUBHUX MoTy)kHOCcTel CI™ 1 A" Hag xHIMKM MexaHIYHUMH TIOTY>KHOCTsIMU (Ha 0,9 KBT i
0,5 kBT BianoBinHo). OTpuMaHMii MiC/Is 3MEHIIEHHS TOTYKHOCTI CHIOKUBaYiB piBEHb YaCTOTH CTPYMY B CH-
cremi 6e3 AB i BH ms GinbIocTi criokuBadiB € HEMPUHHATHUM, IO CBIMYUTH Mpo HeoOximHicTs BH y po3-
sy TiH AI'BC.

BucHoBku. Po3pobieHo imitariiiny moaens AI'BC, amekBaTHiCTh SIKOT MiATBEPIKYETHCS JOTPH-
MaHHSIM OajaHCy aKTUBHOI i pEaKTUBHOI MOTYKHOCTEH MiXK JPKEpellaMH 1 CIIo)KMBadyaMH B CHCTEMI Ta BiJIo-
BITHICTIO OTPUMAaHUX PE3yIbTATIB TEOPii EMEKTPUIHNX MAITHH, MAITMHO-BEHTHIHFHIUX KOMIUICKCIB 1 €JIeKT-
porpuBoay. OTpuMaHi B poOOTi pe3ynbTaTd IOCHIKEeHb 3alponoHoBaHoi koHpirypaiii AIBC naroTs 3Mo0-
Ty AiATH HACTYITHUX BUCHOBKIB.

1. Crabimizanis 9acToTd CTPYMy B PO3TIISIHYTiH cuctemi 6e3 BH MoxkimuBa muire 3a yMOBH, IO I10-
TYKHICTh CTIO)KHBAYiB OiIbIIIA Bil MEXaHITHOI TOTYXKHOCTI HeperyiaroBaHoi BT.

2. 3anpononoBana koH(irypauis cucremu “CI i3 npuBogom Bin I'T — A" 3 mpuBogOM Bin Hepery-
meoBaHol BT — BK — AB 3 BH”, na Biaminy Big cuctemu 6e3 bH, nae 3mory 3nilicHIOBaTH B Hiii cTabimi3allito
YacTOTH CTPYMY B pa3i, AKIIO MeXaHidHa MOTYXHIcTh BT mepeBuiye moTyKHICTh CIIOKHWBAYiB, 110 iMOBIp-
HO B HiuHI roanHU. HoMmiHaNbHA MOTYKHICTB TiipOreHepaTopa Takol CHCTEMH, BBXKAIOUU Ha Herepenodauy-
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BaHICTh BITPOBOT'O TOTOKY, TIOBUHHA OyTH HEe MEHIIOIO BiJ MOTYXHOCTI criokuBadviB. bamacTHe HaBaHTa-
JKCHHs TIOBUHHE BUOMpATHCS HA HOMIHAJIbHY OTYXKHICTBh BITPOT€HEpaTOpA.

3. 3anponoOHOBaHMIA AITOPUTM JIBOPIBHEBOI cTaOLIi3aIlli YaCTOTH J]aB 3MOTY YHHKHYTH B YCTaJICHUX
peXrMax B3a€MHOTO BILTUBY €JIEKTPOHHUX peryisitopiB wactotu B ckiami I'T i BH. Jlns crabinsHOi pobotn
CHCTEMH 32 HaBaHTa)KEHb CII0KHUBAYiB, [0 MEHII MMOTOYHOI MOTYKHOCTI BT, curHAaN 3aBiaHHs 4acToOTH pe-
ryjsitopa BH nmoBuHeH OyTH OUIBIIMM BiJi CUTHAJIA 3aBJaHHSI YaCTOTH peryJsaropa 4actotu ooepranus CI.

4. CnenudiuHuX CTaHAAPTIB MO0 MEX 3MIHU YaCTOTH aBTOHOMHHUX CHCTEM 3MIiHHOTO CTPYyMYy HE
iCHy€, a IPUOTU3HUM OpiEHTHPOM TYT € ctaaaaptT ISO 2528-5 mist aBTOHOMHUX TeHepaTopiB. binsm mera-
JbHI TOCTI/IKEHHS MEPEXiTHUX MPOIECiB Y PO3TIISIHYTIA CUCTEMI Ha BiJIOBIAHICTh 3a3HAYEHOMY CTaHAAPTY
Ta BUPOOJICHHS PEKOMEH Al 1010 IXHhOI ONTUMI3allii Oy/ie MPOBEIEHO B HACTYITHUX POOOTAaX.

Cmammio Hanucano 6 npoyeci suxonanusi H/[P « EHEPI'OCUCT-2» («Po3eunymu meopiio, 00cCi-
Oumu eneKmpoMexaniymi npoyecu, Cmeopumu AI2opUmMU KepyeaHHs mda SUHAYUMU YMOSU eHepeoeqheK-
MUBH020 DYHKYIOHYBAHHS ACUHXPOHHUX 2eHepamopie i3 6eHMUIbHUM | KOHOEHCAMOPHUM 30V0CEHHAM NpU

pobomi 6 ABMOHOMHUX cucmemaxy), OepxcasHuii peecmpayiunuti Homep 0115U005400. (01.01.2016-
31.12.2029).
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HUMUTAIIMOHHAS MOJIEJIb U AJITOPUTM YIIPABJIEHUSI ABTOHOMHOWM I'i/IPOBETPOBOI
CUCTEMOM JIEKTPOITUTAHUA
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Ipeonosicena noeas KoHpuaypayus mpex@asnoii asmoHOMHOU 2UOPOBEMPOBOL CUCEMbL, KOMOPAsl COOEPAHCUM CUH-
XPOHHUIUL 2eHepamop C INeKMPOMASHUMHBIM 8030VHcOeHUeM, NPUBOOUMBII 80 6pALeHUe pe2YIUupyemol 2udpomyp-
OUHOTL, ACUHXPOHHDLIL 2EHEPAMOD ¢ KOPOMKO3AMKHYMbIM POMOPOM C NPUBOOOM OM Hepe2yaupyemoll 6empomypounbl,
KOMNEHCUPYIOWYIo 6amapeio KOHOEHCamopos U pe2yiupyemyio DAiacmuyio Hazpy3Ky, KOmopas numaemcs iepes ax-
mueHblll gpinpsmumens. Paspaboman aneopumm 08yxXyposHesou cmabunuzayuu wacmomel moka 6 cucmeme. C no-
Mowvio paspabomanuol umumayuonrou mooenu AI'BC nposedeno mamemamuueckoe MoOeIUupoBanue 1eKmpomexd-
HUYECKUX Npoyecco8 npu usMeHeHuu MOowHoCmy nompebumenel U NOCMOSHHOU cKopocmu éempa. Pezynomamul uc-
C1e008aHUIl NOKA3AU YCIOUYUBYIO PADOMY CUCTHEMbL 8 YCMAHOBUBUIUXCSL PEXCUMAX pabomvl U ompabomKy 3a0anblx
yposHell wacmomsi moka. buodin. 17, puc. 5, tabmn. 1.

Knroueesvle cnoea: aBTOHOMHAsI THAPOBETPOBAsi CHCTEMa, CHHXPOHHBIN T'€HEpaTop, aCHHXPOHHBIN T'eHepaTop, aKTHUB-
HBII BBIPSIMUTENh, OATACTHAS HATPY3Ka, PErYJIATOP YaCTOTHI.

SIMULATION MODEL AND CONTROL ALGORITHM FOR ISOLATED HYDRO-WIND
POWER SYSTEM
L.I. Mazurenko', K.M. Vasyliv?, O.V. Dzhura', A.V. Kotsiuruba3,
Institute of Electrodynamics of the National Academy of Sciences of Ukraine,

pr. Peremohy, 56, Kyiv, 03057, Ukraine. E-mail: mlins@ied.org.ua
2Lviv Polytechnic National University,

S. Bandery, 12, Lviv, 79013, Ukraine.
? Ivan Chernyakhovsky National Defense University of Ukraine,

pr. Povitroflotsky, 28, Kyiv, 03049, Ukraine.

A new configuration of a three-phase isolated hydro-wind system (IHWS) is considered. The IHWS contains a driven by a
regulated hydraulic turbine synchronous generator with electromagnetic excitation, an induction generator with a short
circuit rotor driven by an unregulated wind turbine, compensating capacitor bank and regulated dump load fed through
an active rectifier. An algorithm for two-level stabilization of the electric frequency in the system is developed. Using the
developed simulation model of IHWS, a mathematical simulation of the IHWS electromechanical processes has been
performed for a load step and fixed wind speed. The simulation results showed the stable operation of the system in steady-
state operating modes and tracking the reference electric frequency levels. References 17, fig. 5, table 1.

Key words: isolated hydro-wind system, synchronous generator, induction generator, active rectifier, dump load,
frequency controller.
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AHAJII3 IOKA3HUKIB SIKOCTI TPOIIECIB IEPETBOPEHHS EHEPT'Ii B ITIPOIIECI
JAEMII®IPYBAHHA EJJEKTPOIIPUBOJOM KOJIMBAHb
IMPYKHOI MEXAHIYHOI ITEPEJAYI

L.M. 3anopo:kus™, kaaa.Trexda.Hayk, M.O. 3agopo:xHiii**, kaHm. TexH. HAyK
Jonbdacska qepxaBHa MAIIMHOOYIiBHA aKkaaeMisl,

ByJI. Akagemiuna, Kpamatopesk, 84313, Ykpaina.

E-mail: zadorozhnyaya in@ukr.net

Posenanymo akxmyanvhy 3adauy 8paxysanus napamempis cUI080i 4YacmuHu elekmponpueodie mexHoI02i4HUX MAUUH
0711 600CKOHANEHHS IX OUHAMIYHUX sSIKOCMel, wo 3a0e3nedums 3a0any MoOYHIiCMyb pyxXy pooouux Mexawizmie uje a
emani npoexmysanns. Ilokazano, wo 6 npoyeci 6uboOpy napamempie cuio8oi YacmuHu eieKmponpugody Ois nioeo-
MOBKU 00 emanié CUHme3sy napamempie cucmemu deMoMAamudHo20 Kepyeants HeoOXiOHa OYIHKA NPOYecie eiekmpo-
MEXAHIYHO20 NEePemBOPEHHs eHep2ii NPYICHUX MEXAHIYHUX KOAUBAHb. AKYEeHMOBAHO y6azy HA HeOOXIOHOCMI OYIHKU
OUHAMIYHUX NOKA3ZHUKIE KOOPOUHAM NEPEemEOPIO8aid — CImpymy i GIOXUNEHHS e1eKMPOPYUWIIIHOT CUNU 34 2DAHUYHOL Mi-
pu 0eMnghipyBaHHs NPYICHUX KOTUBAHDL, WO € BANCIUBUM OJisl BUSHAUEHHS YMO8, AKi CHPUSIOMb Peani3ayii Makcumymy
demnepyrouoi Oii’ enekmponpugody i 0aromv 3mMo2y 0OMeHCUMU OUHAMIYHI HABAHMANCEHHS MA ONMUMIZY8amu nepe-
xioni npoyecu. bibn. 13, puc. 1, Tadm. 1.

Knrwouoei cnosa: enekrpoMexaHiuHa CUCTEMa, €IEKTPOIPUBOJI, THPUCTOPHUI ITEPETBOPIOBAY, JeMII()ipyBaHHS.

Beryn. PerynboBanwmii enekrponpuBoj] (EIT) € OCHOBHUM CTPYKTYpPHHM €IIEMEHTOM aBTOMAaTH3allil
Cy4JacHUX TeXHoJoriuHMX MamuH. KommiektHi perynpoBani EIl ocHauryroTeCs eneKTpoABUTYHAMU 3HAYHOT
NePEeBaHTAXKyBaJIbHOI CIIPOMOKHOCTI, KEPOBAaHUMH II€PETBOPIOBAYaMH BUCOKOI HIBUJIKO/IT Ta EKOHOMIYHOT'O
peryntoBaHHs. DyHIaMeHTaIbHI TEPETBOPEHHS e€JIeMEHTHOI 0a3u 3aco0iB cuctem kepyBanHs EIT i
€JIEMEHTIB OOUMCITIOBATBHOI TEXHIKM JAOTh 3MOTY cpopMyBaTH (TEOPETHYHO) TUHAMIYHI TPOLIECH 3adaHOl
SIKOCTI Ta pealizyBaTH HETPAIUIIiiHI anTropuTMH QYHKIIOHYBaHHS PETYISTOPIB.

IIpodaemaTuka aociaigxkeHb. [103uTHBHI TEHACHIIT BAOCKOHAJICHHS TEXHIYHMX KOMIOHEeHTiB EIT
NPU3BEIH 10 BUHUKHEHHsI HETaTUBHUX SIBHIL, TIOB’SI3aHMX 13 B3a€MO3B'SI3KOM TPOLIECIB B €IEKTPOMATHITHIH
Ta MPYXKHIA MeXaHiuHil migcucreMax enekTpornpuBofiB [1]. HasgBHICTh MpyXHHX JAHOK MEXaHIYHOI Mij-
cucremu EIl 3a xepyrouoi Ta 30yproro4oi OisiX € NPUYMHOI BUHMKHEHHS KOJMBAaHb 31 3pOCTaHHSIM JAWHA-
MIYHMX HAaBaHTAXXCHb HAa MEXaHIYHE Ta €JICKTpU4HE oOnamHaHHs [2-5]. [lepiomuuHi TuHaMiuHI HaBaHTa-
JKEHHSI CIIPHYMHSIOTH BTOMHE pYHHYBaHHs JeTayell mepeaay, KOJUBaHHs sIKops (poTopa) y pasi obepTaHHS
JIBUTYHA 3 TIABUIICHHIM CTPYMOBOTO (TEIJIOBOTO) HABAHTAKEHHS OOMOTOK 1, BIMIOBITHO, KOJUBAHb CTPYMY
Ta JIOJAAaTKOBOI CKJ1a70B01 enekTpopyuriinoi cunu (EPC) nepetBoproBaya.

Tpamuuiitni Metoan cuHTe3y enekrpomexaHiuHux cucreM (EMC) mpuBoziB mammH He 3abesme-
YYIOTh HEOOXiTHOI TOYHOCTI peryiroBaHHs Ta MiHiMi3alii koiwmBanbHOCTi. EIl 3a meBHHX CIiBBiAHOIIEHB
mapaMeTpiB MPOSBILE MeMIIpyrody 0 Ha MPYKHI MEXaHIYHI KOJWBAaHHSA, IO Ja€ 3MOTY BHPIIIUTH B TIPO-
Heci CUHTE3y akTyajbHy 3aiady OOMEXeHHS NUHAMIYHMX HaBaHTakeHb B EMC TeXHONOTIYHMX MalluH, i
HAOMU3UTH TEepeXiTHI MPOIECH 10 ONTHUMAIBHUX 3TiAHO i3 3alaHUM KPUTEPIEM — MIHIMYMOM KOJIMBaJIbHOCTI
(MaxcuMyMoM aemridipyBanHs) [6].

IMocranoBka 3anaui gocaimkennsi. Peanizamis gemndyrodoi nii EI1 BuMarae akTUBHOI e€IeKTpO-
MeXaHIuYHOI B3a€MOJil MpOLECiB 1 moiirae y BiABEJEHHI Ta MEPETBOPEHHI €HEprii NPYXKHHUX KOJHMBaHb 3 11
PO3CIIOBaHHSIM Yy CHJIOBOMY JaHII031 abo MOBepHEHHAM y Mepexy. OcHoBHUM 3aBmaHHsM EIl y mpoueci
NPOCKTYBaHHS € 0OMEKEHHSI MAKCUMAIILHOTO PiBHS AMHAMIYHMX HaBaHTaKEHb 1 yacy X aii. OCKiIbKY enex-
TPOJABUTYH PETYIIOETHCS IISIXOM BIUIMBY Ha HHOT'O KEPOBAHOTO MEPETBOPIOBAYA, TO METOI0 AOCTi/IZKEHHS €
OLIIHKA JUHAMIYHUX MOKa3HHUKIB BUXITHUX KOOPAMHAT MEPETBOPIOBaYa — MAaKCUMyMYy (II€peperyItOBaHHS)
CTPYMy Ta MaKCHMyMy BIIXHJIECHHS €JICKTPOPYIIIMHOI CHJIM BiJ] CTAJIMX 3HA4YEHL Ta BU3HAUCHHS iXHIX
3HAYEHb 338 TPAaHUYHOT MipH JeMIT(ipyBaHHS NPYKHUX KOJIHBaHb.

Marepiaau gocaimkens. /s ananizy EMC BukopucTaHo y3araibHeHY CTPYKTYpHY CXeMy aBTOMa-
TH30BAHOTO €JICKTPOIPHUBOTY MTOCTIHHOTO CTPyMy 31 CTaOLTi3aIie€ro MBUAKOCTI MEXaHI3My, sKa MTOKa3aHa Ha
puc. 1, 3 mo3HaueHHsAMU y BiAHOCHIH (opmi mapamertpiB [7]: Ty — MeXaHIUHA CTajla 4acy eJIeKTPOBUTYHA;
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Ty, — MexaHI4Ha cTana yacy MexaHiamy; ¢, = C /My — KoedillieHT mpyKHOCTI MeXaHiuHol nepenadi; Tx
— eJICKTPOMArHiTHa CTajia 4acy eleKTpoiaBuryHa; Ty = 1/Q;; — craja Jacy HpyXHHUX MEXaHIYHUX KOJIUBaHb;
y=(J; + )/ = (Twy + Ta)/Tvs = To/Tor — KODILIEHT pO3NOJUTY IHEPLIMHUX Mac €NEKTPOABUryHA J; Ta

mexaHismy Jo; Ty = yTy; — cyMapHa MexaHi4Ha cTana uacy; (2, = \/ C,(J,+J,)/(JJ,) — 4acToTra Biib-

HUX KOJMBaHb JIBOMAcoBOi MexaHiuHoi yactuau EIl; () — wactoTa kosuBaHb eilekTpu4HOi yactunu EIl;
Ki=Uy/IyRr — KxoediuieHT mepenadi JaHLOra OOMOTKH SIKOPSI ENEKTPOIBUTYHA; Ry — aKTUBHHMH OMHip
CHJIOBOTO JIAHITIOTA; Ly — IHAYKTUBHICTH CHIIOBOTO JIaHITIOTa; K7 — KOe(IIieHT Iepeaadi nmepeTsoproBada; Kp
— Koe(ilieHT mepegadi peryysTopa MIBHIKOCTI.

Y mporneci anamizy EMC mnpuiiMmaeMo HaACTYIHI 3araJlbHONPUUHATI AomymieHHs: aedopmamii B
MEXaHIYHIM mepenadi MpOMOPITiHHI MOMEHTY, TOOTO MiAMOPSAKOBYIOTHCS 3aKOHY ['yka; eleKTpOIBHTYH
NPEACTABICHO TUIIOBOIO JUHAMIYHOIO JIAHKOKO APYTOTO MOPSAKY; B PO3TISTHYTOMY Jiana3oHi 4acTot (2, =
= 30-150 ¢') mpyXHHX KOIMBAaHL KEpPOBAHMIl IEPETBOPIOBAY ATPOKCHMYETHCS IPOIOPLIHHOI JaHKOIO
Wi(p) = Kp) [8]; perynsaTop 3a Kepyrodoi Ta 30yprorodoi MisX HE BXOIUTh Yy PEXKHUM OOMEXKEHHS 1 €
nponopiriiiHoro nankow (Weyp) = Kp).

mc
uz en - i . i o] 1y — i w;
1 : )
—O—»| Wem(p) |—» Walp) Tgp+1 | 8 Tyap | P Tazp
L . N i my
€x
Puc. 1
Ha ocHoBi cTpykTypHOi cXemMu puc. | oTpuMaHo niepenaBaibHi GyHKIIT
® K ip) __K
Wj(p)=ﬂ=—; W)= = ; (1,2)
uz(p) Q) me(p) Q@)
e K(Tgp+1
mc (p) Ow)
Q) = YTMITET§p4 + YTM1T§p3 +y(Ty, Te + Ki(1+ KKy )Ti)pz +yTyp+ K (1+ K Ky) (4)

ne O(p) — xapakrepuctuunuii noninom EMC npuBony; K = KpK;K; — xoedimienT nepenayi.
Jis mocmimpkeHHsT TUHAMIKK XapaKTepucThdHuid moiiHoM ((p) (4) mpeactaBUMO B HOPMOBaHii
(hopmi y3araapHEHHX ITOKa3HUKIB IPOIIECIB EIEKTPOMEXaHIqHOI B3aemoii [7, 9]:

2
Q T

Kp=—t2-_ TwlE . ¢ =i\/ Ml (5.6)

Qi Ki(1+KpK )Ty, 2\TEK;(1+KpKp7)
y=1+I2)d1=(Tpg1 +Tpa2 )/ Than1 =T /T - (7)
. T . . .
BBe,Z[eMO IIO3HAUYCHHAA. TM] = —  — CKBIBAJICHTHA MCXaH14YHa cTajia qacy B 3aMKHCHIN

K;(1+KpKy;)

cuctemi EII.
Toni nmuIsIXoM anreOpaidHuX MePETBOPEHD (4) OTPUMAEMO XapaKTEPUCTHIHHUHA ITOTIHOM

0p)=[K; (1+KpKi) (1T TeTs p* + 9T T30 +9( T Te + T ) 07 49T p+1 ) =0, (8)

[Tix enekTpomarHiTHOIO cTayow 4acy 7x y (8) BBaKaEMO CKOPUTOBaHY, BIIMOBIAHO 3aJaHOTO KpH-

TCPIO ONTUMAJIBHOCTI, CTally TE ZLE /RE, KOPCKIIIA AKO1 3JIMCHIOETHCA BI/I60pOM CJICMCHTIB CHUJIOBOTO
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naHmpora (TpanchopMaTop MepeTBOPIOBava, JIPOCeNb, 0OMOTKA SKOpPs JABUTYHA) 3 HEOOXiTHUMHU aKTHBHUM
* . . *
OIIOPOM Ry Ta IHAYKTUBHICTIO Ly CHIIOBOIO JIAHIIOTA.

BpaxoByroun npuiiHsTi mokaszHuk (5), (6), (7), xapakrepuctuune piBHHHS O(p) (4) y HOpMOBaHii
¢dopmi Oyae MaTH HACTYTIHUI BUTIISA:

o) = VKBT}’p4 + 2%/@@1@193 +y(1+ KB)Tpr + 2V\/@4‘gTyp +1=0, )
ae Kp — xoedillieHT eIeKTpoMexaHiuHo1 B3aeMoii; &y — koedilieHT aeMm}ipyBaHHS €1eKTPOIBUTYHA.
I'pannunnit crymine gemmdyrodoi aii EIl (MakcuMyM) mocsaraeTbes y pasi TOTOXKHOCTI MPOIIECiB B
€JICKTPOMAaTrHITHIN 1 MEXaHIYHIH MiICHCTEMaX 3a TOTPUMAHHSI YMOB [9]

Kp=1/y; (10)

Ex=y(r-1)/v. (11)

TOTOXHICTh MPOLIECIB y JAaHOMY BHIIAIKy XapaKTEpPH3Yy€e Te, IO MPOIECH B MEXaHIYHIA Ta eJeK-
TPOMATHITHIN IMiICUCTEMAax 3iHCHIOIOTh KOJIMBAaHHS OJHI€] YaCTOTH Ta OJHAKOBOTO 3aracaHHs, a caMe Bij-
OyBarOTHCS 3 OJHAKOBOIO PIBHO3ZHAYHOIO BiAITBOPIOBAHICTIO BX1THUX BILIMBIB.

XapakTepuCTUYHE PIBHSIHHS YETBEPTOTrO MOPSAKY B HOpMoOBaHil (opmi (9) 3a moTpuMaHHS yMOB
(10) Ta (11) omucye BinbHMIA pyx EMC y BUMIISII ABOX B3aEMOIIOYHMX TOTOXHHX MiJICUCTEM, BIACTHBOCTI
KOXKHOI 3 SIKAX Y JUHAMIIIl BU3HAYAIOTHCS XapaKTEPUCTHUYHUMHU PIBHSHHAMH KOJUBAJILHUX JIAHOK (IIPyTOTO
MOPATKY )

()= p 2= ITyp+1)x(Ty, 07 - Typ+1)=0. (12)

[MonibHa dopma npencrapinenHs (12) mae 3mory BuU3HA4YMTH NMoka3Huku mpoieciB EMC y rpanuuy-
HOMY BUIIAJIKy Ha IiJCTaBl aHali3y KOPEHIB pPj, = P34 =—a + j XapaKTEPUCTUYHOTO PiBHAHHSA IMiJACUCTEM
SIK TUTIOBUX KOJWBAJIBHUX JaHOK [7, 10, 11]

Q545
ng:fM:fO:ﬁ:— - Qr=09,=9,=8=9,, [1— f 12—’ (13, 14)
a +ﬂ 2

ne & — koedimienT neMmndipyBaHHS eIEKTPOMArHiTHOI miacuctemu; &y, — koedirmieHT neMidipyBaHHS Mexa-
HIYHOI micuctemu; &) — KoedilieHT aemrndipyBaHHsS B TpaHUYHOMY BUTAJIKY; {Jr — 4aCTOTA KOJIMBAHb €lleK-
TPOMArHITHOI MiACUCTeMH; 2y, — YAcTOTa KOJMBAHb MEXaHIYHOI mifcHcTeMH; () — 4acTOTa KOJIMBAaHb y
TPAaHUYHOMY BHITQJIKY.

Peanizanis npouecie B EMC mMoxi#Ba NUIIXOM BUOOPY ONTHMANTBHUX TTAPaMETPIB, IO OCATAIOTHCS
yepe3 pi3Hi criocobu kopekuii [6, 12]. Ockinbku nepenaBanbHa QyHKIis (2) HEe Mae HyIIiB (KOPEHIB YNCEIhb-
HUKa), TO KOPEHi XapaKTepUCTHYHOTO PiBHAHHA (9) € MpsIMOI0 OIIHKOIO SKOCTI MPOIECIB peryIroBaHHS
IIBUJIKOCTI Ta CTPyMY.

Jnst OIHKM MOKIIMBHX IE€PEBAHTAXCHb KEPOBAHOTO IEPETBOPIOBAYa 3a CTPYMOM MaKCHMAalbHE
3HAUCHHS y Pa3i eNeKTPOMEXaHIYHOro AeMIdipyBaHHS Ui KOMIUIEKCHO-CIIONyYHHUX KOPEHIB ONHUCYETHCS
BHPa30M

t
i=1+2eVF amm 1,04<y<2,44; 0<£<0,707

e B > > > , (15)
i =1+l s 244<y<5,0;0,707<E<10
4ac JOCATHEHHS MEPIIOr0 MAKCUMYMY
T 2
Tmax = = (16)

QN1-8 Q57

ne & = & — rpannune nemndipysanus 3rigHo 3 (13); (2, — KyToBa yacToTa KoauBaHb ABoMacoBoi EMC.

Bupasu (15) ta (16) oTpuMaHO Ha OCHOBI aHaNI3y KOpPEHIB XapaKTepHCTHIHOTO piBHSIHHSA (12), mo
CKJIaly SIKOTO BXOJSATh THIIOBI KOJIMBaJbHI JIAaHKK (Ipyroro mopsaky) [12], 3 po3paxyHKOBHX (GopmyJ
NepeperyIoBaHHs Uil KOMILIEKCHO-CIIONYYeHUX KOPEHIB y MeKax HeJOAEeMI(OBAHOTO MPOLeCy s
0 < £<0,707, mo Biamosimae Bapianii koedilieHTa cCiBBiIHOMICHHS iHepUidHNX Mac 1,04 <y <244 tay
Mexax nepeaemidosanoro nporecy 0,707 < £< 1,0, uio BiamnoBigae Bapiailii koedillieHTa CIIiBBIHOIICHHS
iHepuiitHux Mac 2,44 <y <5,0.
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KinpkicHI OLIHKHM JWHAMIYHUX TMOKAa3HHUKIB BUXiJTHHUX KOOPAWHAT IEPETBOPIOBAYA IUIsl PI3HUX CIIiB-
BiJIHOIIICHb TTapaMeTPiB 3aMKHEHOI CHCTEMH ISl pealbHuX KoedillieHTIB po3noiny iHepuiiHux mac y EMC
JUTSL OIMHUYHOTO CTYTICHEBOTO BILUIMBY 3a HABAaHTAXKCHHSIM ITOKa3aHi JUIs BIIHOCHOT (hopMuU napameTpiB (m1, y
ta & — mpecTaBieHi y BiTHOCHIH (OPMI; iy, Ae — BiTHECEHO 10 0a30BUX (HOMIHAIBHUX) 3HAYEHb CTPYMY
ta EPC BignoBiaHo) y Tabnumi.

AHani3 YucenbHUX 3HAUYCHb MAKCUMYMIB CTPYMY TMOKAa3ye, 10 3a0e3MeunT AeMI(ipyBaHHs MPYK-
HUX KOJIMBaHb U 33JaHOr0 Koe(illieHTa PO3MOALTy IHEpLUIHHUX Mac Y B €KCTPEMaIbHOMY BHIAAKY JJIS
koedimienta ¢ (13) MOXIMBO 3a KOJMBAJILHOTO XapakTepy CTPyMy KEpOBaHOI'O IMEPETBOPIOBAYa i3 3HA-
YEHHSIM Yacy MakCHUMYMIB, SKi BU3HAYArOThCs 3anexHIcTio (16). [IpupoaHo, 1m0 HeoOXinHA B3aEMOIIs eNek-
TPOMATHITHOT 1 MEXaHIYHOI IMiICHCTEM JTOCATAETHCS KONMMBAHHAMHU CTPYMY Ta y BHITAIKY ITiIBUICHHS TIEpe-
PEryIIOBaHHS CTPYMY.

Sxmo EIT mae kepoBaHMi MepeTBOPIOBAY i3 MOCHTh BUCOKUM PiBHEM OOMEKEHHS MaKCHMATbHOI
HaIlpyTH, TO HEOOXiaHI mpormecu aeMrdipyBaHHSI MPYKHUX KOJWBAHb MOKJIIMBI BHACTIIOK «(pOpCyBaHHSD»
CJIEKTPOPYIIIHOT CHITH.

i mpakTUYHUX 1iied oniHuTH nepeBuiieHHs EPC Oe3iHepiiiHOro KepoBaHOTO TEepeTBOPIOBaYA
MOJKHA 31 CTPYKTYPHOI cXeMu puc. 1 3 ypaxyBaHHIM repenaBaibHOi ¢yHKIIT (3) abo 3a cipomeHow (op-
MyJoro [13], sky y BiiHOCHIN (opMi IpeJCTaBICHHS MapaMeTPiB MOXKHA 3alUCATH Y BUTJISAAL

1 (di
de=eg—e =ey —e ~T, —(—j (17)
€0 —€eq=LE >
Ki dt max
ne ey — EPC neperBoproBaya, Konu KyT peryiroBaHHs nopiBHioe 0 pan; (di/dt),u,. — MBUAKICTD HAPOCTAHHS
ctpymy (Ig/c), sxa obumcroeThes Ha ocHOBI (15), (16) Ta s KOHKPETHHX 3HAYEHL MOXe OyTH o0dYHcIeHa

3TiJHO 31 3HAYCHHAM Y TaOJIHIII.

N Cl‘[li_II;BiIlHOIH?HHﬂ Koeq)iui.eHT 1 eﬁi?ﬁ;?f:;ﬂﬂ MaxcumanbsHe 3amac
o paMprlB* . posnoziny (CpaHHUHHH) 3HAUEHHS CTPyMY 3a EPC
m =yTy/Tg IHEpLIIHUX Mac : Tmax Ae

1 0,16 1,04 0,1 2,458 0,54171
2 0,5 1,125 V278 2,136 0,48899
3 1,0 1,25 1/4 1,889 0,44684
4 2,0 1,5 V274 1,618 0,39759
5 3,0 1,75 V374 1,442 036617
6 4,0 2,0 12 1,1325 0,34307
7 5,0 2,25 V514 1,24 0,32488
8 6,0 2,5 J6/4 1,175 0,30992
9 8,0 3,0 N2/2 1,086 0,28633
BucHoBKH.

VY pe3ynbTaTi OCHiHKEHb aHAIITHYHO OTPUMAHO KUIBKICHI pe3yJIbTaTH ISl Pi3HUX CITiBBiTHOIICHB
napametpiB 3amkHeHoi EMC, 3rigHo 3 sKMMU BH3Ha4YeHO, M0 peamizamis Aemmgyrouoi aii EIl Bumarae
00O0B'SI3KOBOT OIIIHKM AMHAMIYHUX MOKJIMBOCTEH KEPOBAHOTO MEPETBOPIOBAYA, a NEKTPOMEXaHIYHE TaciHHs
MPY)KHAX KOJIMBaHh MOJKJIMBO 3a TMEBHHUX 3HAaYeHb KOC(DIIMIEHTIB elekTpoMexaHiuHoi B3aemomii Kp (10) i
BigHocHOro nemndipysanus &y (11). Ilpu upomy excrpemym aemndytodoro aii EIl & BusHawdaeThcs koe-
¢inierToM po3noainy iHepuiiHuX Mac y (13) 1 6musbkicTio napuiansHux yactor EMC (14). Takum uuHOM,
BUOip KepoBaHoro neperBoptoBada EIl HeoOXigHO 3milCHIOBAaTH 3 ypaxyBaHHSIM MaKCUMyMy IepeBaHTa-
KeHHsI 3a cTpyMoM (15) 1 "acy mocsirHeHHS 1boro MakcuMymy (16), mo BH3HAYa€e MOXIIMBICTH pearizallii
JMUHAMIYHOTO TaciHHS MPYXKHUX konmBaHb B EIl y Bumanky GhopcyBaHHS MPOIECIB i3 JOJATKOBUM 3aItacoM
3a EPC (17).

OTtpumaHi pe3ynbTaTH aHANI3y MOXYTh OyTH BUKOPUCTaHi y MPOIECi TEOPETUIHUX JIOCHTIHKEHb JIUHA-
MIYHHX TTOKa3HUKIB KEPOBAaHUX IMepeTBOpIOBadiB KoMIUIeKTHUX EIl 3a akTwBHOTO AeMmdipyBaHHS TPY>KHAX
konuBanb EIl 1 B mpakTHuHil TisUTBHOCTI Mg yac BHOOpY mapaMeTpiB 0OMEKeHb 32 CTPYMOM Ta eJIEKTpO-
PYLIIHHOIO CHIIOIO.

30 ISSN 1607-7970. Texn. enekmpoounamira. 2020. Ne 1



Poboma euxonana 6 pamxax Oepowcasnoi memu xagedpu "Enexmpomexamiyni cucmemu asmo-
mamuszayii” Jlonbacwvkoi depoicasnoi mawunodydisnoi axademii (m. Kpamamopcwk) "Pospobxa ma oocrio-
JHCEHHSl eNeKMPOHHUX MA eNeKMPOMEXAHIUHUX CUCMeEM NepemBOPeHHs eNeKMPUYHOT eHepeii 3 GUKOPUC-
MAHHAM CYHACHUX YUPPOsUX 3ac00i8 agmomamusayii”.

1. KimtoueB B. U. OrpannyeHne [uHaMHYeCKUX Harpy3ok anekTporpuBoaa. M.: Dueprus, 1971. 320 c.

2. Szabat K., Orlowska-Kowalska T. Vibration suppression in a two-mass drive system using PI Speed
Controller and Additional Feedbacks. Comparative Study IEEE Transactions on Industrial Electronics. 2007. Vol. 54.
Issue 2. Pp.1193-1206.

3. Blagodarov D.A., Kostin A.A., Reznikovskiy A.M., Safonov Yu.M., Chernikov S.Yu. Development of Control
Systems of Electric Drives with Flexible Mechanics. Russian Electrical Engineering. 2015. Vol. 86. No 1. Pp. 18-21.

4. Pyatibratov G.Ya. On the Use of Electromechanical Systems for Limiting Dynamic Loads in Spring
Mechanisms. Russian Electrical Engineering. 2018. Vol. 89. Issue 1. Pp. 36-41.

5 Bopuos l0.A., Coxonosckuii. I'.I'. ABTOMaTH3MpPOBAaHHBIA 3JEKTPONPHBOA C ynpyrumu cBszsimu. CII06.:
Ouneproaromuzaar, 1992. 288 c.

6. Kiroue B.U. Teopus anexkrponpuBona. M.: Dueproaromuzaat, 2001. 704 c.

7. 3amopoxunii H.A., 3agopoxssss .H. AHann3 u cuHTE3 3IEKTPOMEXaHUIECKUX CHCTEM YIPAaBJICHUS IpPH-
BOJIOM MAIlIMH C YIPYTUMH MeXaHH4ecKuMH cBa3simu. KpamaTtopek: JIITMA, 2010. 192 c.

8. 3amopoxxunii H.A., 3agopoxuss M.H. O MmaTemaTHuecKux MOJIEISX THPUCTOPHOTO MpeoOpa3oBaTels dJeK-
TPOIIPUBOMOB C YIPYIHMH MEXaHWYECKHMH CBA3AMH. Texwiuna enekmpoounamixa. TemaT. Bumyck «CnioBa enexTpo-
Hika Ta eHeproedexTuBHicTs». 2011. Y. 2. C. 206-2009.

9. 3anopoxuuii H.A. O600meHHbIe TpeOOBaHUsSI K KOHCTPYMPOBAHUIO MEXaHMYECKUX IMepeaad ¢ ynpyruamu
cBsizamMu. Enexmpomawiunodyoysanns ma enekmpoobnaonanns. 2006. Ne 66. C. 27-29.

10. 3agopoxxuuit H.A., 3agopoxusis N.H. BzauMocBs3u 1 onTuMu3aiys napaMmeTpoB JABYXMAaCCOBBIX JIEKTPO-
MexaHudeckux cucreM. Kpamaropck: I'MA, 2015. 202 c.

11. 3apopoxuss W.H., 3agopoxxuuii H.A. CuHTe3 371eKTpOMEXaHH4YeCKOM CHUCTEeMBl NpEeAEIbHON CTeNeHU
YCTOWYHMBOCTH M MHHHUMAaJbHOW KOJICOATEIbHOCTH YIPYTroil MeXaHH4YecKoi monacucteMsl. Becmuuk Hayuonansrozo
mexHuyecko2o ynusepcumema «Xapvrosckuul norumexuuyeckui uncmumymy. 2017. Ne 27 (1249). C. 150-155.

12. UBamenko H.H. ABTomaTnueckoe perynuposanue. M.: Mamunoctpoenue, 1978. 736 c.

13. 3aransckuii JI.H., 3uns0ep6mar M.D. YacToTHBIN aHanM3 aBTOMAaTU3UPOBAHHOTO JJIEKTPONpUBOAA. M.:
Oneprus, 1968. 112 c.

VIIK 621.313.1

AHAJIN3 TOKA3ATEJIEM KAYECTBA ITPOIIECCOB INPEOBPA3OBAHWA SHEPTUU ITPHA
JEMII®UPOBAHUMU IJIEKTPOIIPUBOAOM KOJIEBAHUH YIIPYT'OU MEXAHUYECKOHU
HNEPEJAYA

N.H. 3agopoxuas™, kana.texd.Hayk, H.A. 3agoposxuuii**, kaHI. TeXH.HAYK
JlonGacckasi rocyaapcTBeHHAs] MAIIIMHOCTPOUTEILHASI aKAIeMHSI,

yi. Akanemuueckasi, 72, Kpamaropck, 84313, Ykpauna.

E-mail: zadorozhnyaya in@ukr.net

B pabome paccmompena akmyanvhas 3a0aua yuema napamempos Cuio8ou 4acmu eKmponpusoo00s8 mexHONI0SUYecKux
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ANALYSIS OF QUALITY INDICATORS INTO THE PROCESS OF ENERGY
TRANSFORMATION DURING DAMPING VIBRATIONS OF ELASTIC MECHANICAL
TRANSMISSION BY THE DRIVE

I.N. Zadorozhniaia, N.A. Zadorozhnii
Donbass state engineering academy,
Akademicheskaia str., 72, Kramatorsk, 84313, Ukraine.

E-mail: zadorozhnyayva_in@ukr.net

The decision of actual task of taking into account the parameters of the power part of electric drives of technological
machines for improving their dynamic qualities is presented at the design stage, which will ensure the specified
accuracy of the movement of working mechanisms. It is shown that when choosing the power part of the electric drive
to prepare for the synthesis stages of the control system parameters, it is necessary to evaluate the processes of
electromechanical energy conversion of elastic mechanical oscillations, which contributes to the maximum of the
damping action of the electric drive, and will allow limiting dynamic loads in order to optimize the transient processes.
References 13, figure 1, table 1.

Key words: drive, electromechanical system, thyristor converter, damping, oscillations.
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EFFICIENT OPERATING CONDITIONS OF INDUCTION MOTORS
FOR PISTON COMPRESSORS WITH FREQUENCY REGULATION

0.V. Bibik*, L.V. Golovan**, Q.M. Popovych***, Y.V. Shurub****
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pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: bibik@ied.ua

The influence of periodic load on pulsations of electromagnetic torque and rotational speed, the losses and the
efficiency of frequency-controlled induction motors for single-cylinder piston compressors are investigated using
computer modeling. The region of critical reduction of motor efficiency when changing the frequency and supply
voltage and the loading degree are determined using the criterion of heavy quasi-static regimes. References 16,
figures 7, tables 2.

Keywords: induction motors, frequency control, single-cylinder piston compressors, pulsations, efficiency.

Introduction. Induction motors (IMs) are the most common type of piston compressor (PC) motors
for refrigeration machines of heat pumps and refrigerators. Three-phase IMs are more often used for open-
type PCs. The single-phase IM with two-phase stator winding is used for hermetic PCs. The improvement of
energy efficiency is a very topical task for these motors; this is due to their long work hours during the day.
The article [1] shows the importance of designing the induction PC electric drives, taking into consideration
their operation cycle features (periodically changing load torque). Such consideration can provide the
efficiency increase up to 8—10%. This task is realized when complex designing of IM as a part of
electromechanical PC system. At the same time, the quasi-static operation conditions of the motors are taken
into account. The design studies under such repeated dynamic conditions are performed using the
mathematical model of electromechanotronic systems in [2, 3]. This model takes into account the features of
both operating conditions and construction of IM.

The complex design of PC induction motors is effective with changing the load torque. However, the
efficiency depends on standard sizes and construction of IM. The ratio for heavy quasi-static conditions &, is
proposed for selection of such uncontrolled IMs for which this method of improving the energy efficiency
gives an appreciable effect [3]. The value of k&, is calculated as a ratio of the mechanical T, to

electromagnetic 7 time constants of IM. In this case, the ratio of the mechanical and electromagnetic

energies of IM is taken into account. The efficiency of quasi-static regimes depends on the ratio of these time
constants. The resonance phenomena occur for disadvantageous cases. This leads to windings overheating,

increased vibrations and IM breakdown. The resonance non-availability is provided when k=T /Ty >2

[1]. This can be achieved by choosing the moment of inertia, the number of pole pairs, critical torque and the
rotor impedance of electric drive. That affects the critical slip according to the following expression:

J'(a)() 'Sx)z
2pM,

where J is the moment of inertia of electric drive; @, is the angular speed of the field in the air gap of IM;

ki = (H

s, and M, are the critical slip and critical torque; p is the number of pole pairs.

The effect of complex design decreases with increase of rotor kinetic energy. However, there are
such standard sizes of IM for the design is not effective under in-controlled conditions, but effective at
frequency control (taking into account that the kinetic energy decreases in proportion to the square of speed).
Moreover, the consideration of periodically changing load torque can significantly increase the energy
efficiency. The use of controlled electric drives (induction motors with frequency converters (FC), etc.) for
refrigeration compressors is an efficient way to increase their energy efficiency [4—10]. Therefore, the task of
complex designing of their IM taking into account the periodic change in the load torque is a topical one. At
the same time, the determination of dynamic parameters and criteria for effective controlled IM with PC is of
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importance. This is confirmed by the analysis of equivalent time constants of the stator and rotor,
electromechanical time constants of a number of modern domestic and foreign frequency-controlled electric
drives in [11]. The analysis is performed for specifying their dynamic parameters as applied to regimes of
IM. In this paper, the criterion of heavy quasi-static regimes of IMs with PC is proposed to estimate the
possibility to increase the efficiency of their operating conditions.

The purpose of the paper is to define the effect of periodic load on the characteristics of the
operating conditions: efficiency and pulsations of the electromagnetic torque and the angular rotor speed of
the induction motors for single-cylinder piston compressors under frequency-controlled conditions, and to
develop the criterion of efficient quasi-static operating conditions.

Materials and results. The object of study is a three-phase two-pole 550 W IM of frequency-
controlled drive of piston single-cylinder compressor. The complex study of the operating condition of the
IM of drive compressor with periodically changing load torque depending on the angle of rotor rotation uses
the mathematical model under dynamic conditions. Such model for simulation (Fig. 1) is developed similarly
to [2, 3] with added blocks for: periodic load “Mc_17; voltage changes with changing supply frequency “u
(f)” (for consideration of given IM is assumed that U = Un*(1+(50—£)/175)*f/50, where Un is the rated
voltage; f is the supply frequency); analysis of quasi-static regimes “quasi” (for determining the relative
pulsations Au = 100% (Umin — Umax)/Ucp, WhETe Upin, Unmax and u,, are the minimum, maximum and average
signal values over a period of load change).

The electromagnetic parameters are determined taking into account the changes in the magnetic field
saturation as a function of the total magneto-motive force (MMF) of the motor similarly to [3]. The
simulated results of the design condition as compared to the catalog data (with determination of relative
deviation A) for 4A63V2U3-typed motor are given in table 1. The calculation was performed according to
[12] with a space factor of core package of 0.963; specific losses in steel p;ss50 = 5.6 W/kg; coefficient of
increase in steel losses — 2.5; calculated working temperature is 75° C.

Table 1
Rated data of 4A63V2U3-typed motor
Source of data M, P, I n cos @ s Py B;
N-Mm W A % relative units W T
Reference book [12] 1,913 550 1,327 73,0 0,86 0,085 - 0,7
Mathematical model 1,913 549,0 1,309 72,54 0,876 0,0868 189,7 0,663
A, % - 0,02 1,36 63,0 1,86 2,12 - 5,29
WEE alf/TH D/cos <21f THD cos|st_par i
b B4 (A P(Pm) P > 5] _
&Y .ix |—. \(abg‘) 51{1 isF{E — 111 K ] The calculated results for the
i »l X . - - —a| nst2 kst2 fB— :
(R Bl T" h e ;ia?‘;} ’—-r_' e kst dependences of torque output and
@? ;__E.Jma c bl : ! root-mean-square [rms] current in the
, L weemse_?r oc | EEEETT <] Fj stqtor of IM‘on .the rotor angular speed
— ATHD-cosPAIfl | o Ty ﬂ using the indicated parameters are
—— = [omar pusk geamremm p——— po]  [Continvous]  ghown in Fig. 2. The electromagnetic
5 omgrn (TS| powergui s
+ <P ue Te(N,m) parameters are corrected according to
x| | G p¥o Bdel - BUET | _ .
> = g For_n=189.9 the field analysis [13] for refined
omdn Tn =550/3/220/.73/.86 = 1.3274 1p=59733 . > 3
15] Kinv  Mn=550/00/pi/(1-0.085)=1.9133 Mp=3.8266 calculations, especially for large slips.
Pmex vn 8.892 e 1.761 The influence of the periodic
e — L RGICE load on the characteristics of the
Param@‘ 5181 c Y . .. .
pmg_r T a9 Ter01 operating conditions of IM of piston
e Pmepy|  05729) rfde' D g U502 single-cylinder compressors under the
LD L P:;: 101?314262 mun) e conditions of frequency-controlled
. e+ ——— . . . .
omg_r IREGZ3 l —— speed is studied. It is possible to carry
L 1.263 . . . .
| moa : aﬁ : IED _ out their detail analysis and determine
Mean the conditions for the expedient
S FsKKD_AD [ 4.1422e-01 pmg_r . . ..
;abxm Hem rj’ r1 application of additional ways to
R C . . .
T 05T o - increase the efficiency. The .followmg
[ ooae] | Pmomu ceice pl[7E 5] u el {7557 criteria are selected: 1) relative torque
quasi quasit pulsations on the motor shaft (AM); 2)
Fig. 1
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relative pulsations of the rotor angular speed (dw,); 3) the deviation of the average efficiency of the quasi-
static regime of the periodic load from the efficiency of regime with constant torque on the motor shaft,
which is equal to the average load torque under quasi-static condition (Ay).

The numerical experiment is realized with moment of inertia J = 0.00135 N-m” when varying the
dependence of the maximum load torque of the single-cylinder piston compressors on the rotation angle of
shaft y: M, = /() and supply frequency (within the range of 15-50 Hz) and at voltage changing according

to the above ratio. The experimental results are summarized in table 2.

Table 2
Maximum
of f U a);/rcep:a)cr 50),, M}/Zcep:Mg AM 77}/ 770 A’7 P}/t Bb‘
M. =f(y)
Nm  [Hz| V g % N-m % | % | % % W T

50 | 220 305,5 1,9 0,688 18 68,7 68,71 | 0,01 | 83,37 | 0,711
40 | 186,1 243.5 3,08 0,6883 29,4 164,55| 64,62 | 0,07 | 85,19 | 0,745
30 | 147,1 181.,4 5,51 0,6893 47,1 |5791| 58,09 | 0,18 87,4 10,774
5 25| 1257 150,2 8,26 0,6909 61,8 [53,49| 53,86 | 0,37 | 87,59 | 0,784
23| 116,8 137,7 9,86 0,6921 71,04 |51,56] 52 0,44 87,2 10,786
20 | 103,1 1188 13,3 0,6949 87 148,44| 49,12 | 0,68 | 85,82 | 0,788
18 | 93,68 106,3 16,9 0,6986 1024 |46,16| 47,17 | 1,01 | 84,16 | 0,786
15| 79,2 87,1 25,3 0,7092 1314 |42,52| 4439 | 1,87 | 80,39 | 0,778

50 | 220 300,9 2,92 1,032 17,44 73,59| 73,64 | 0,05 99,5 | 0698
40 | 186,1 2394 4,68 1,033 27,21 170,22| 70,34 | 0,12 | 98,23 | 0,731
30 | 147,1 1774 8,7 1,035 45,25 | 64,6 | 64,9 0,3 97,3 10,756
3 25| 1257 146,2 13 1,039 60,9 160,57| 61,2 | 0,63 96,2 | 0,762
23| 116,8 133,6 15,67 1,041 69,41 | 58,7 | 59,55 | 0,85 95,5 0,763
20 | 103,1 114,7 21,5 1,049 85,6 | 55,4 56,85 | 1,45 | 94,08 | 0,761
18 | 93,68 102,1 27,47 1,058 99,56 | 52,8 | 54,92 | 2,12 | 93,01 | 0,756

15| 79,2 82,25 42,5 1,085 129,1 |47,58| 51,74 | 4,16 | 93,04 | 0,74
50 | 220 296 4,03 1,376 17,05 |74,92| 74,99 | 0,07 | 124,9 | 0,685
40 | 186,1 234.8 6,48 1,378 26,59 |71,88| 72,04 | 0,16 | 120,2 | 0,715
30 | 147,1 173 12,18 1,382 44,14 166,56| 67,06 | 0,5 116,6 | 0,736
4 25| 1257 141,6 18,43 1,388 59,38 162,47| 63,48 | 1,01 | 115,2 | 0,739
23| 116,8 128.9 22,37 1,394 67,59 160,39| 61,76 | 1,37 | 114,9 | 0,737

20 | 103,1 109.4 31,25 1,406 83,86 | 56,4 | 58,76 | 2,36 | 115,6 | 0,73

18 | 93,68 96,1 40,65 1,426 98,69 | 52,7 | 56,32 | 3,62 | 1183 | 0,721
15| 79,2 75,78 75,59 1,49 155,1 (41,58| 51,05 | 9,47 | 143,2 | 0,685

50 | 220 290,7 5,217 1,721 16,68 |74,41| 74,49 | 0,08 161 0,671
40 | 186,1 229.8 8,46 1,722 26,05 |71,39| 71,6 | 0,21 | 152,5 | 0,699
30 | 147,1 168 16,4 1,729 43,28 | 65,8 | 66,5 0,7 1474 10,714
5 25| 1257 136,1 24,8 1,74 58,48 [61,07| 62,51 | 1,44 | 147,6 | 0,713
23| 116,8 123,5 30,49 1,752 67,04 |58,42] 60,43 | 1,85 | 149.4 | 0,708
20 | 103,1 103 439 1,78 85,23 | 52,6 | 56,4 3,8 159,1 | 0,694
18 | 93,68 63,6 72,7 1,75 119 262 | 53,5 | 27,3 333 | 0,607

15| 79,2 /68,08 - /1,78 - - 45,56 - /1442 | /0,64
50 | 220 287.,8 5,85 1,893 16,47 | 73,7 | 73,79 | 0,09 | 183,7 | 0,664

40 | 186,1 226,9 9,53 1,895 25,77 1 70,6 | 70,84 | 0,24 | 173,2 | 0,69
30 | 147,1 165,2 18,36 1,904 4298 | 64,7 | 6548 | 0,78 | 167,9 | 0,702
55 25| 1257 133 28,57 1,917 58,48 1594 61,13 | 1,73 | 170,8 | 0,697
’ 23| 116,8 120,2 35,4 1,93 67,5 |56,21| 58,76 | 2,55 | 175,7 | 0,688
20 | 103,1 78 65 2,1 119,9 | 27,9 | 51,42 | 23,52 |1385/190| 0,59

18 | 93,68 68,8 121,3 2,1 123,6 | 25 46,4 | 21,4 |354/196| 0,61

15| 79,2 /53,4 - /2,1 - - 32,3 - /234 | /0,56
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The sequence of numerical experiment is as follows: 1) the differential equations of the electric
balance of IM and the mechanical equilibrium of the periodic load are calculated for each selected values of

supply frequency and maximum M, = f (;/); 2) the criteria AM, dw,, average efficiency 77", torque on the

shaft (equal to average load torque M, ), induction in the

! ‘ l l l l l 2eep
M,N e L A e i B
I 2 M ! ! Y ! air gap B; and heating losses in IM P’ (to control the
’ | l ‘ M . . . . "
AT N -"N-+----- thermal state in comparison with design condition are
| | | | : | determined upon reaching the quasi-static conditions), Table
3o NN 1; 3) the steady-state operating condition is calculated at
| | | | w ‘ | constant shaft torque M, =M, 2y and the corresponding
2o dem s de e N
| ; ; ; ; ! ! efficiency 7° is determined; 4) the difference between the
1 :r - ‘:F - ﬂ: - ,i, --- :r --- % ---—N\g efficiency Az for static and periodic loads is determined.
| | | | | | | The partially filled rows correspond to non-available
O sustainable solution due to insufficient torque on the
0 100 200 w.s

induction motor shaft (the information in the row
Fig. 2 corresponds to result for static load).

The upper index y indicates the condition with periodically changing load torque, and the upper
index ¢ indicates the static torque.

The example of the dynamic characteristics
for 4A63V2U3-typed quasi-static motor at 15 Hz
supply frequency with the load similar to single-
cylinder piston compressor with a maximum load
torque of 4 N-m is shown in Fig. 3. The
corresponding row in table 2 is marked by bold
type. In addition, the calculated results for such
operating conditions are presented in Fig. 1.

Fig. 3 shows the time dependences of
@, Fro [ e [N S instantaneous values of the angular rotor speed,
load torque (M.), torque on the shaft (M) and its

average value (M 72 ), according to which the

M,
NMm

80 PEPTPTITIPRI I & e f
conditions with constant torque are calculated.

The plots in Fig. 3 show that the decrease of rotor
speed when the load torque exceeds the motor
50k ‘ i ‘ \ torque. It is on the contrary for speed. The motor
! 108 R 118 2 torque increases with decreasing speed, and
Fig. 3 decreases otherwise. The pulsation values are

given in table. 2
The considered operating conditions at supply frequency of 15 Hz are characterized by 155.1%
relative value of torque pulsatlons and 76% angular rotor speed. This leads to an increasing losses and
decreasing efficiency by 9.47%. It should be noted that
according to (1) the ratio for heavy quasi-static conditions of
4A63V2U3-typed IM at 50 Hz  frequency is

ky =Tyx / Ty=3.9. It shows (in accordance with k,>2 by [1])

no-resonance within the frequency motor characteristics (when
the amplitude of the electromagnetic torque M, exceeds the

70

60 B L P P P PEIIY. PP o T

shaft torque amplitude M ;). The calculation of ratio (1) at

changing supply frequency (for the values of Table 2) is
carried out taking into account the varying critical slip and
torque. These values are obtained by determination of the
speed-torque characteristics (Fig. 4) for frequencies of 50, 40,
30, 25, 23, 20, 18, 15 Hz, which are indicated in the figure.
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The graphic dependence of the changing ratio &, on the supply frequency is shown in Fig. 5 along
with a set of dependencies A7 . As seen, when the frequency is less than the critical value f; = 28 Hz, the

ratio for heavy quasi-static conditions k,=7},, /T becomes less than the critical value which is equal to

2.0 [1]. This correlates with strong reduction of efficiency under operating conditions (Fig. 5, Table 2). It can
be seen that the line of the critical frequency passes approximately through the inflection of curves A7 (f) for

different loading degrees k. This confirms proposed criterion to be used for controlled IMs with periodic
load concerning increase of their energy efficiency under quasi-static conditions.

The graphic dependencies of A7, dw,, AM as functions

of supply frequency for various loading degrees &k, = M ;Cep /Moy

(calculated according to data in Tables 1, 2 and used to mark the
plots) are shown in Figs. 5-7. As seen, at increasing loading
degree, the decreasing efficiency and speed pulsations reach the
critical level within the smaller range of supply frequency, and the
pulsation of torque depends little on the loading degree.

The calculated results show the possibility to determine
the characteristics of IM with frequency converters (with limited
speed pulsations for IM of the single-cylinder compressors — at
the level of 20% [14]). For example, these characteristics are
realized within the range of 1:3.5 for loading degree of 0.36
(which corresponds to the maximum 2 N-m shaft torque) and
within the range of 1:1.8 — for 1.0 loading degree (maximum 5.5
N'm). The maximum difference of efficiency for constant and
periodic loads (27.3%) is calculated. This value corresponds to
the operating conditions with £, =0.91 and /= 18 Hz.

The efficiency of quasi-static regimes should be determined taking into account the influence of the
current-shape distortion on the power factor due to the periodic load. The values on the displays in Fig. 1
show that for quasi-static regime THD; = 0.2574. Such current-shape distortion reduces the power factor in
comparison with cosgp; = 0.834 that determined by the first harmonic. So, the power factor according to the
following expression [15], which takes into account non-sinusoidality and asymmetry, is equal to

a=P/U/\I3+1,+1}=0.8077, where P, U and I are the power consumption, the effective values of
the line voltage and currents respectively. The similar value of the power factor can be calculated by

expression [16]: a =cosg, / J1+THD} = 0.8077 at the symmetry of the processes that are representative for
model of Fig. 1.
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Conclusions

1. The effect of supply frequency on the power and operational efficiency of frequency-
controlled drive of IM for piston compressor is determined by complex modeling taking into account the
varying load torque, nonlinear electromagnetic parameters, asymmetry and non-sinusoidality of processes.
The region of critical reduction of the efficiency is revealed.

2. The criterion for heavy quasi-static regimes is proposed for IM piston compressor with
frequency regulation. The criterion is used to determine the need for consideration of periodically varying
load torque when developing the proposition to improve the efficiency.

3. For 4A63V2U3-typed 550 W motor, the region of critical reduction of efficiency (the
reduction of efficiency exceeds 10% at the boundaries of the region) is found under conditions of the
periodic load for single-cylinder piston compressor, the varying frequency, supply voltage and loading
degree. The permissible ranges of speed regulation are defined for different loading degrees of IM at 20%
regulated speed pulsation level.

4. The complex design work should be carried out taking into account the changing range for
speed control, loading degree, moment of inertia, the varying voltage and frequency, the structure of
frequency-controlled system in order to develop the effective technical solutions for frequency-controlled
induction motor drive for piston compressors. Without such complex designing the power efficiency can be
decreased by more than 10%.

The work was carried out according to governmental project «Scientific bases and tools for complex
design synthesis of induction machines of energy-efficient and resource-saving electromechanical systemsy
(state registration number 0117U007715).
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Line start permanent magnet synchronous motors (LSPMSMs) have a problem of synchronization. In this paper the
rotor of LSPMSM with double cage is proposed to improve synchronous capability of the motor. Key factors concern-
ing the starting performance and synchronous capability of LSPMSM are given, and the conflict relationship between
starting performance and synchronous capability is analyzed. The performances of starting and synchronization of the
motors with singe cage rotor and double cage rotor are compared and analyzed based on the conflict. The results ob-
tained for the motor with double cage rotor can improve the synchronous capability within the wide range. The princi-
pal results of the paper provide the reliable theoretical propositions for improving LSPMSM performance.

References 15, figures 11, tables 3.
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1. Introduction. The permanent magnet synchronous motors have the higher efficiency and power
factor as compared to induction motors [1—4]. The permanent magnet synchronous motors replaced induc-
tion motors in many fields connected with energy saving and development of rare earth materials. However,
permanent magnet motors can not start without other devices. Line-start permanent magnet synchronous
motors (LSPMSMs) combine the advantages of induction motors and permanent magnet motors, they can
start without other devices, and also have the high efficiency and power factor. LSPMSMs are applied
widely in oil industry and pump field [5-7].

In the starting process of LSPMSM, many torques such as asynchronous torque, generation braking
torque, reluctance torque and pulsating torque are of importance. These torques also vary with slip variation
[8-9]. The combined effect of the torques makes the starting process more complex and hard to study, so the
study of starting process of LSPMSMs is difficult. LSPMSMs also have a special process in the starting,
when the speed becomes gradually close to the synchronous speed, the motor begin to pull in synchroniza-
tion. According to current research, some key factors affected the starting performance have different influ-
ences on the synchronous capability. So when the high start ability is ensured, the synchronous capability is
easy to neglect.

Double cage structure is often used in induction motors, but the application of double cage in
LSPMSM is rare. Many experts carried out the study of the starting performance and synchronous capability.
For example, Miller in [9] analyzed the starting process of LSPMSM and revealed the influence of the
torques on the starting process, the variations of the torques with the slip are also studied. The process of
LSPMSM pull in synchronization is also explained in [9]. Cheng Ming in [10] put forward a method to cal-
culate the synchronous capability accurately and verify the accuracy of the method, and then the influences
of some key factors on the synchronous capability are calculated by this method [10]. Esmaeil Sarani ([11])
proposed the new configuration for LSPMSM with low consumption of permanent (PM) magnet material
providing improved performance. This configuration can decrease the PM volume and improve the perform-
ances [11]. Ding analyzed and compared three different rotor structures of LSPMSM, investigated the effects
of some geometrical and physical parameters on performances; as found, the interior PM motor has better
performance than the other motors [12]. But the study of double cage structure is usually concentrated on
induction motors, and the results do not apply well to LSPMSM [13—14]. Ugale in [15] proposed two novel
LSPMSM rotors after the electromagnetic analysis and the test as compared to the usual rotor structures, got
the result that one of the rotor structure with double cage and surface magnet can improve the starting per-
formance and synchronous capability, and the another rotor can improve the steady state performance, at the
same time the rotor structure that improve the starting performance is not analyzed in detail [15].

In this paper, based on the finite-element method, the models of motors with single and double cage
are established, and the starting performance and synchronous capability are analyzed. Then the difference of
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the starting and synchronous capability between these two rotor structures are obtained, the electric and
magnetic fields are compared, the reason of this difference is analyzed. The results revealed are of great sig-
nificance for the improvement of synchronous capability.

2. Parameters and model of LSPMSM. In this paper, the LSPMSM with double cage is proposed
by the single cage rotor prototype. Double cage rotor structure is usually used in induction motors to solve
the problem of poor starting performance, to improve both the motor starting performance and steady state
performance. In induction motors, the design can be characterized by the relatively large outer-bar resistance
and inner-bar leakage inductance, the rotor current is mostly concentrated in the outer cage during the startup
transient at high slip due to the heavy skin effect. And the inner cage effect in the steady state can improve
efficiency of induction motors due to lower resistance.

But the structure with double cage in LSPMSMs has different effect, though the outer cage is also
mostly effect in startup transient, the effect of inner cage is different. When the motors are operated at steady
state in rated speed, the effect of the cage could be disregarded. But it can also improve synchronous capabil-
ity due to its low resistance in the inner cage. The LSPMSM with double cage rotor that proposed in this
paper, and the difference between the structures of single cage rotor and double cage rotor is confirm.

The single cage rotor is shown in Fig. 1, a. The
LSPMSM with double cage rotor is given in Fig. 1, b.

The starting cage slots are distributed around the
rotor periphery, and the outer cage of double cage rotor is
same to that of prototype rotor. The stators of both types are
identical. As compared to the prototype rotor, only inner
cage is set up additionally at the inner place of the corre-
sponding outer cage except for the three outer cage bars
near the magnet bridge. There are interruptions in the inner

b cage pattern due to the magnets extending nearly to the

Fig. 1 outer cage. This position of inner cage is designed for

enough space to improve the mechanical strength of the

rotor and place for permanent magnet. Both the two types

have aluminum outer cage, but the inner cage of the double cage rotor is made of copper having lower resis-
tance. The equivalent circuit of the prototype and the motor with double cage rotor are shown in Fig. 2.

Taking this 2.2 kW LSPMSM as an example, the parameters of the LSPMSM are given in table 1.
Using these parameters, the 2D finite-element model is developed (see Fig. 3). The finite-element software
Ansoft Maxwell is used to calculate the performance of the LSPMSM.

3. Experimental testing and data comparison. In order to verify the correctness of the finite-
element model, the LSMPMSM prototype is tested. The test system consists of a Magtrol's dynamometer
machine, HIOKI PW6001 power analyzer, industrial condensing unit, DSP (digital signal processor) data
acquisition system, permanent magnet motor and other equipment. The motor under test is connected to the
dynamometer, the industrial condensing unit keeps the temperature within the soft range, the load torque
could be adjusted with DSP controller. Stable state data could be tested and recorded by the power analyzer,
the starting process and the operated performance could be presented in the system displayer. The motor is

TN
. — ' N Table 1
| Iy I Outer cage
| : I : Parameters Values
P : I : Ir' Rated power (kW) 2.2
? : : : : ’ Rated speed (r/min) 1500
: : : : Rated load (N - m) 14
I : 1 :\ Pole number 4
: IJXQ: :J x@ Frequency (Hz) 50
: : : i\ Rated voltage (V) 380
| : | : = Stator outer diameter (mm) 155
I : inner cage
| J' | ]I Stator inner diameter (mm) 98
Fig. 2
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supplied using directly the laboratory three-phase 50 Hz 380 V source. The correctness of the calculated
result is verified. The prototype structure and experimental platform are shown in Figs. 4 and 5, respectively.

The test data of the prototypes and the calculated results obtained by 2D finite-element model are
shown in table 2. As seen, there is little difference between the experimental and calculated values for the
prototype under different loads. The errors are up to 5%. The experimental data are in good agreement with
the calculated data.

Table 2

Performances | Test data Calculated results Errors

Current /A 3.89 3.78 2.8%
EMF/V 200 204 2%

Power factor 0.96 0.98 2.1%

42

4. Influence of key factors on starting per-
formance and synchronous capability. The
starting performance requires higher start torque
with lower start current. The synchronous capa-
bility is estimated by the combination of load
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torque and inertia. The larger the combination of load torque and load torque, the better the synchronous
capability. The mechanical motion equation in the pull-in synchronous process of LS-PMSM is expressed as

A
\ N LSV Sy (1)
dt p ~ dé

where w, is the synchronous angular velocity, J is the

o rotational inertia, T, is the electrical magnet torque, 7 is

g (— Asynchronization  —— the load torque, s is the slip between synchronous speed
@ and the rotor speed.

~ The synchronous capability is usually presented

™ />\ as the synchronization critical curve, as shown in Fig. 6.

o AN When the point of the combination of inertia and load

Synchronization / torque fall in the region under the critical curve, motor

f /- - could pull in synchronization, when the point fall in the

region upon the critical curve, motor is operated asyn-
chronously.

Some sensitive factors have different influence
on the starting performance and synchronous capability. It is hard to get better starting performance and great
synchronous capability at the same time.

The asynchronous torque is expressed by

Fig. 6

mpU’R,? /s

T = T T s (2)
P 2mf[(R H R 5 + (X, +¢,X)) |

where ¢, is the coefficient caused by adopting the I" approximate equivalent circuit, R, and X, are the sta-

tor resistance and leakage reactance, respectively, R> and X are the conversion values of the rotor resis-
tance and leakage reactance.

4.1. Influence of rotor resistance on the starting and synchronous capability. Since only asynchro-
nous torque that generated at the cage is affected at the start moment, the start torque and the rotor resistance
are expressed by equation (3)

mpU*R)
272 f [ (R +¢R) +(X, +¢.X,)" |

start —

3)

Based on this equation, only considering the effects of R;, the equation that calculating the deriva-

tive of T, _ is given as

Start

dr,,, mpU[(X,+¢X,) +R,—cR;’ |

start __

Ry 2 f[(R+c R +(X, +e X)) ] @)
The value of RQ corresponding to maximum starting torque is equal to
o1 ,
R, :C_\/R12+(X1+01X2)2- Q)
1

When R, less than CL JRY+(X, +e,X ) s the starting
1
torque increases with increasing R2 The cage bar of
LSPMSM is usually made with aluminum or copper, the
i i 1 :
resistance is larger than 1 RE+(X, +cX ) In other words,

1

the increase of resistance gives higher starting performance. 0 s e
Using presented method the critical curves are dif- 4 6 8 10 12 14 16 18 20 22 24

ferent for different three rotor resistance (Fig. 7). It can be 7,/ Nem

seen that the curve of rotation inertia versus load torque is

higher when the rotor resistance is lower. It means that the Fig. 7
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better synchronous capability will be get at lower rotor resistance. The high resistance leads to higher starting
torque with lower synchronous capability when the rotor resistance is lower than CL JRE+(X, 4. X ) - And
1

the lower rotor resistance promotes the better synchronous capability but the starting torque will have a nega-
tive influence. This conflict is important for designing of LSPMSM.

4.2. Influence of rotor reactance on the starting and synchronous capability. When the key factor
comes to rotor reactance, the relevance of starting torque and rotor reactance is expressed as equation (6)

dX,  stfl(R+cR’ /) +(X,+cX,)'T

It can be seen that the derivative of rotor reactance is lower than zero constantly. So the start torque
decreases with rotor increasing reactance. The better starting performance required lower rotor reactance.

Even though the method of critical curve (Fig. 6) is widely accepted to present the synchronous ca-
pability, the method is limited to be used widely because of complex calculation. The slope of torque versus
torque curve which determines the critical speed when motor beginning pull in synchronization is also im-
portant for synchronous capability. The higher critical slope means the higher speed of the motor when be-
ginning to pull in synchronization. The rotor has more possibility to operate at synchronous speed, and the
motor has higher synchronous capability. The slop of this curve could be expressed as

dT, mpc,U’R,* (X, +¢,X,) ©)

ar. mpU’R,>{¢R,” = s’[R] +(X, +¢,X,)’]}
ds  27fs'[(R +¢,R, /5)’ +(X,+¢,X, )T
This slop has an influence on the rotor reactance. The derivative of the torque versus slip curve slope
is expressed by equation (8)

(7

ddT | ds)  mpUR, %A X, +c,X,) X eX)|¢'R? -SRI +(X, + X,V | (g
dax, 2f5 |[(R + R, | s +(X, + X, T [(R +¢cR, | sV +(X, +cX,) T
As seen from this equation, the 1800 1 Synchronous speed
value of the derivative is lower than zero, 1600 + e |

so the torque is improved when the rotor 1400 - |

reactance decreases. It means that the bet- 51200 -
. . . E

ter synchronous capability is got with low

rotor resistance. Influences of rotor reac-

o+

1
l
1000 A |
|
I
1

_‘:'_-
2 800 o
(=9
[7s]

tance on starting performance and syn- 600 - Loz _

chronous capability are analogous. Then — Single cage

the lower rotor reactance has a positive w0 —— Double cage

impact on both the starting performance 201

and synchronous capability. 0 v ’ v v - '
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5. Double cage rotor. The inner {(ms)

cage is made of copper with low resis-

tance and low reactance to improve mo- Fig. 8

tors’ synchronous capability, and the outer 1800 -

cage is still aluminum to provide low Synchronous speed

starting torque. 1500 i« — —

When the motor is running at rated
load, the complex magnetic field is gene-
rated by permanent magnet and armature.
This section mainly analyzes the air-gap
magnetic field at the rated load operation.

=
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=

Failed to synchromization

Speed (r/min)
g
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2 . . . 300 4 .
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Fig. 9
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cesses are show in Fig. 8. As seen, the motor with single cage starts more quickly and comes to synchronous
speed earlier. But the results also vary with the increase of rotational inertia. The starting processes of proto-
type and double cage motor at 14 N-m load torque and inertia of 0.7 kg'm” is presented in Fig. 9.

Fig. 9 shows that the starting times for two type motors are longer with inertia of 0.7 kg'm’, even
though the motor with single cage starts faster and reaches the speed closed to synchronous speed earlier, but
it is failed to pull in synchronization. Conversely, the motor with double cage rotor has a slower start process
but it is pulled in synchronization successfully at this combination of load torque and rotational inertia.

Table 3

Performance Single Double cage Table 3 gives the starting perform-

cage ances and synchronous capability of the mo-
Start current (A) 57.4 58.2 tors with single cage and double cage rotors,
Start torque (N - m) 57.9 54.7 respectively. It can be seen that the motor
Critical inertia with rated load (kg) 0.55 0.75 with single cage rotor has hlgher start torque

and lower start current as compared with the motor having double cage. It means that its starting perform-
ance is better than the motor with double cage, but this difference is not obvious. When it comes to the syn-
chronous capability, the motor with single cage rotor could be pulled in synchronous speed with the maxi-
mum inertia 0.55 at rated load torque 14 N-m, but the motor with double cage motor is pulled in synchronous
speed with the maximum inertia 0.75 — by 36.4% greater as compared to the motor with single cage rotor.

To reveal the reason of the starting performance difference between the motor with single and double
cage rotor, Fig. 10 gives the current density of motors with the two rotor structures. It can be seen that the
value of current density both of the two motors increases from inside to outside on circumferential direction.
The current is most concentrated at the end of the cage bar. This means that the skin effect is obvious and the
effective area of rotor bar decreases, so the effective resistance increases actually. The start torque and the
rotor resistance are expressed by equation (2).

When the material of the cage is aluminum, the increment caused by the skin effect increases the
start torque. In the double cage rotor, the current is mostly concentrated in the inner cage made of copper, but
it also can be seen that the skin effect is also obvious in the outer cage, and the current density is close to that
of single cage rotor. This means that even though the resistance of the double cage rotor is smaller than that
of single cage rotor because the low resistance inner cage is connected to the outer cage, but the skin effect
makes the difference not obvious at the same dimensions and shape of the cage bar. So the starting perform-
ance of double cage rotor is worse than that of single cage rotor, but the value of this difference is small.

Fig. 11 gives the current —_——= Cument density gt 5~~~ —

. T _m, s, 1{_ ITe I Ll 5{ . 1 .

density of the cage when the mo- | """ ["}: s At e N [";: ™~

tor speed is close to synchronous . oncsrar | L ~ % AL A e 1
speed. As seen, the cage bar with- e - 5 - =

out inner cage in double cage b ol N S ¢ 1 e
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as compared to single cage rotor.
It has little current density in the

Si & L g i i CHINE T
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tance lower, and at the speed close to synchronous speed, the effect of skin effect is too weak and could be
neglected. So the low resistance gives the high current density and better synchronous capability.

At start moment, though the copper rotor cage has lower resistance, and the connection of inner cage
and outer cage makes the effective resistance more lower, but the current is concentrated at the end of the
rotor cage bar, and the skin effect due to the high slip leads to not very large difference of effective resistance
of single cage and double cage rotor, so the influence on the starting performance is not obvious. When the
motor speed is close to the synchronous, the slip is close to zero. There is almost no skin effect, so the copper
inner cage and its lower resistance play a main role in synchronous process. It could provide more torque at
the moment of pull-in synchronization.

6. Conclusions.

In this paper, the 2.2 kW LSPMSM is considered as an example. The finite-element method is used
to analyze and calculate the starting performance and synchronous capability. The following conclusions are
obtained:

The double cage structure rotor is mainly used to improve the synchronous capability. In general
conditions, the high value of rotor resistance has a positive effect on the starting performance of LSPMSM,
but better synchronous capability requires lower rotor resistance. When it comes to rotor reactance, both the
starting and synchronous capability could be improved by lower rotor reactance. Taking into consideration
these influences of the rotor resistance and reactance on starting and synchronous capability, the LSPMSM
with double cage rotor that proposed in this paper can solve the conflict with a little decrement of starting
performance and great improvement in synchronous capability. The decrement of starting performance is
only by 5.5% worse than singe cage rotor, but the increment of synchronous capability could be 36.4%. The
double cage rotor promotes the synchronous capability of LSPMSM.
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CTPYKTYPA POTOPA C I[BOI7"I‘HOI7'I KJETKOM JJIs1 YIYUIIEHHOM CHHXPOHU3AIIUU
CHUHXPOHHBIX IBUTATEJIEN C TIOCTOAHHBIMU MATHUTAMHU

Hongbo Qiu, Yong Zhang, Cunxiang Yang, Ran Yi
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Ipoyecc cunxpoHuzayuu CUHXPOHHBIX Osueamesneli ¢ NOCMOSIHHbIMU MACHUMAMU OISl 3aNYCKA TUHUU S6I5Iemcst npo6-
JIEMHbIM, MPeOyIowuUM U3YUeHUs: U COBePULEHCMBO8AHUs. B cmamve ¢ yenvlo ynyuwenus cunxponuzayuu npeoiazaemcst
pomop oOguzameneil GlNOAHAMb ¢ 080UHOU Kiemkou. [Ipugedenvl Kuouesvie Gaxmopvl, OMHOCAUWUECS K NYCKOGBIM
Xapaxmepucmukam U CUHXPOHHOU CHOCOOHOCMU CUHXPOHHBIX Osuzamenel. HM3yuenvl 63auMHble C8513U MencOy XapaxK-
MePUCMUKAMU TYCKA U CUHXPOHHOU cnocobHocmbio. Ha ocnosanuu smo2o cpasHuearomes u anaiusupyiomcs xXapax-
mepucmuky ogueameneil ¢ 0OOHOKIEMOYHbIM POMOPOM U O8YXKIEMOYHbBIM POMOpOM. [leucamenu, umelouue pomop ¢
08yMsL KIemKamu, 061a0arom YayuueHHOU CUHXPOHHOU CROCOOHOCMbIO 8 WUPOKOM OUanasoHe xapakmepucmuk. Paz-
pabomanvl meopemuyeckue n00Xo00bl 05l NOBbIULEHUS P PeKMUeHOCMU QYHKYUOHUPOBAHUSL CUHXPOHHBIX 0gueamernel
¢ nocmosinnvlMu maeHumamu. bubn. 15, puc. 11, Tadm. 3.

Knwouesvie cnosa: CUHXPOHHBIC ABUTraTC/Iu € MOCTOAHHBIMHU MAarHuTaMu Jid 3allyCKa JIMHWUHK, ME€TOJ KOHCYHBLIX 3JIC-
MCHTOB, pOTOp C I[BOﬁHOﬁ KHGTKOﬁ, ITyCKOBas XapakKTCpHUCTUKA, CHHXPOHHAA CIIOCOOHOCTb.

CTPYKTYPA POTOPA 3 IOJIBIMHOIO KJITKOIO JJ151 HOKPAIIIEHHS CUHXPOHI3AILIIT
CUHXPOHHUX JIBUTYHIB 3 HOCTIMHUMHA MATHITAMHA

Hongbo Qiu, Yong Zhang, Cunxiang Yang, Ran Yi
School of Electrical and Information Engineering, Zhengzhou University of Light Industry,
Dongfeng Road No. 5, 450002, Zhengzhou, China. E-mail: zhangxiaoyong1989@gmail.com

Ipoyec cunxpowizayii CUHXPOHHUX OBUSYHIE 3 NOCMIUHUMU MAZHIMAMU 3a O/ 3aNYCKAHHSA JIHII € NPOOIeMHUM, WO
8UMA2A€ BUBYEHHS A YOOCKOHANEHHS. 3 Memo NOKPAWEeHHs CUHXPOHI3aYil NPONOHYEMbCS POMOP OBUSYHIB BUKOHY-
samu 3 no0eiliHow K1imkow. Hasedeno knowosi paxmopu wo0o nycko8ux xapakmepucmux i CUHXPOHHOI CHPOMONCHO-
CMi CUHXPOHHUX O8USYHIB. Busueno 83aemHi 36 3K MidC XAPAKMEPUCMUKAMU NYCKY MA CUHXPOHHOI CHPOMONCHICIO.
bazyouuca na yvomy, nopiguroomecsa ma aHanizyiomMuca Xapakmepucmuk 08USYHI8 3 0OHOKIIMKOSUM Mda 08OKIIMKO-
8UM pOomopom. Jleueynu, wo maroms pomop i3 080Ma KIIMKAMU, MAIOMb NOKPAULEH) CUHXPOHHY CHPOMONCHICIbL )
wupokomy oianazomi xapakmepucmux. Pospobreno meopemuuni nioxoou 0ns niosuuyents eqhexmueHocmi yHKyiony-
6AHHSL CUHXPOHHUX 08UZYHI6 3 nocmitinumu maeHimamu. bion. 15, puc. 11, tabmn. 3.

Kntouosi cnoea: ciHXpOHHI IBUTYHH 3 MOCTIHHMMH MAarHiTaMu IS 3aIlyCKaHHS JiHii, METOJ KiHIIEBHX €JIEMEHTIB,
POTOp 13 MOABIMHOIO KIIITKOIO, ITyCKOBA XapaKTEPUCTUKA, CHHXPOHHA 3/1aTHICTb.
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EJIEKTPOEHEPT'ETMYHI CUCTEMU TA YCTAHOBKU
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BJOCKOHAJIEHHS METOAY BUSHAYEHHS MICIISI OTHO®A3HOI'O 3AMHUKAHHS
HA JIHHIAAX CUT'HAJII3AILL, HEHTPAJIIBALIII TA ABTOBJIOKYBAHHS 3AJII3HULLD
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3 Vkpsanisnuus,

ByJ1. TBepcbka, 5, Kuie-150, 03680, Ykpaina.

Haeeoerno nodanvuiuii po3sumox memooy U3HAYEHHS MICYsi 3AMUKAHHSL HA 3eMI0 HA NOGIMPSHUX JUHIAX CUeHami3ayii,
yenmpanizayii ma asmoOIOKYEaHHsL 3aNI3HUYb, 3ANPONOHOBAHO20 ABMOPAMU Ui 3ACHOBAHO20 HA OUCIAHYIIHOMY NPUHYUNI.
Tokazarno, wo necmayionapra 3mina napamempie pexcumy aiHii cymmego YCKIAOHIOE GUKOPUCTIAHHS MemOo0dy, Yepe3 Wo
11020 MOYHICMb He 3a6JiCOU 3A0080NbHAE BUMO2AM. Y3A2ATbHEHO OMPUMAHULL 00C8i0 00 €OHaHHA Y MemoOdi 0OHOYACHO
MPbOX AN2OPUMMIG O/l BUSHAUEHHS! MICYsL 3AMUKAHHSA BIONOBIOHO O/l KOJCHOT a3y JiHIl. 3 Memoio nioguuyeHHs MOYHOCHE
Memooy 3anponoHOBAHO 80OCKOHAIUMU U020 30 PAXYHOK 66€0eHHs 000amKO80I Onepayii YMouHeHHs 3HAYEHHS. BEKIMOpY
NaodiHHaA HAnpyau Ha onopi ¢hasu 0o Micys NOWKOONCeHHs. Asmopamu pariuie 008e0eHo, Wo y AKOCMI 8XIOHUX napamempig
Memooy HeoOXIOHO BUKOPUCIOBYBAMU 3HAUEHHS KOPULOBAHUX NEPULUX 2APMOHIK CIPYMIE MA HANpye, SIKI BUSHAYAIOMbCA 3d
BUMIDAHUMU 3d OONOMO20I0 mpancghopmamopie cmpymy ma Hanpyeu. IIpogedeHo excnepumenmu, wjo Oaioms 3MO2Y
OYIHUMU NIOBUWEHHSI MOYHOCIMI BUMIPIOBAHHS CIPYMIG 3A PAXYHOK GUKOPUCTIAHHS mMpancghopmamopie cmpymy Oinbiu
BUCOKO20 KIACY MOYHOCMI Ul BUMIPIOBAHHS HANPY2U 34 O0NOMO20I0 OUIbHUKIG 3 AKMUBHUX onopie. 1Iposederno pospaxynkosi
O0CTIONCEHHSL 3 BUSHAYEHHSL 3HAUEHHSL EMHOCTEU, WO BKIIOUAIOMbCS MIJC KONCHOIO (hazoro MiHii ma 3emiaero Osi 3MEeHUEHHS!
€NIeKMPOMACHIMHOLO GNIUGY HA JTIHIIO0, AKUU BUHUKAE 30 PAXYHOK OIUZLKO20 PO3MAULYBAHHSL JIHIT 084 Npooou-pelika ma
KoumaxmHoi mepeoici. bioin. 8, Tadmn. 4, puc. 2.

Knrouosi cnosa: Micue 3aMHUKaHHS, CKCIIEPUMEHTAIBHI OCIIKCHHS, MaTeMaTHYHE MOJICITIOBAHHS, BJIOCKOHAICHHS
METOAY, TOYHICTh BU3HAYCHHSI.

3HavHAa KiJbKICTh METOIB BU3HAYCHHS MICII 3aMHUKAHHS Ha 3eMJII0 OAHiel (hasu JIiHiKi 3acCHOBaHA Ha
BUKOPHCTaHHI TaK 3BaHOT0 AMCTaHIIIHOTO NpuHIHUITY [1-5], TOOTO y MX MeToAax MoaiOHO TUCTAHIIIHHOMY
3aXUCTY BHU3HAYAETHCS OIMIpP IO MICIS IOIIKOKEHHS W Yepe3 HbOTO BU3HAYAETHCS BiACTaHB JI0 TOIIKOJ-
JKeHHsI. BkazaHUWi ommip po3paxoBY€EThCA Ha MIACTaBi BUMIPSHOTO TMaJiHHS HANPYTH Ha Omopi ¢as3u JiHil 10
MicII 3aMUKaHHsI Ta BUMIpsTHOTO cTpyMy (as3u JniHii. HecramionapHa 3MiHa nmapameTpiB, 0 BUMIPIOIOTHCS B
aBapifHOMY peXMMi 3aMUKaHHS Ha 3eMIIIO JIiHII curHamizamii, nentpatizauii Ta aBrobnokyBanHs (CLIB)
3aJi3HMUIII, BUMAara€ BUKOPUCTAHHS CKJIaJHUX METOMIB BU3HAYCHHs MICI IOINKOKEHHS, HANpUKIad, [6].
AJle TOYHICTH BHU3HAYEHHS MICIlI TOIIKODKCHHS Y pa3i BUKOPHCTAHHS HAaBITh IMX CKJIAJHUX METOIIB HE
3aBXK/IM 3a/I0BOJIbHSIE BUMOTaM [6].

ToMy aBTOpPH MOCTaBWJIM METOIO TIOJJOBXKUTH TOIIYK 3aXOMiB 3 IiJBUIICHHS TOYHOCTI BU3HAUEHHS
MICIIS TTOTIIKOKEHHS Ta TPOBECTH IXHIO OIIHKY W HeOOXiTHI JOCTiKECHHS.

Huxue posrismaeTscst MeTof, sSIKkuii OyB mpescTaBieHHi B [6, 7]. BAockoHalleHHIO caMe ILOTro
METOAy HpHUCBsUeHO cTarTio. Ha puc. 1 HaBeneHO GJIOK-CXeMy YMOBHO-IHTENEKTYaJIbHOI'O METOAY BU3HA-
YeHHs BiJICTaHI 3aMUKaHHS (pa3u Ha 3emiro. 3 HROTO BHAHO, IO BU3HAYEHHS BiJICTaHI A0 TOYKH 3aMHUKaHHS
BUKOHYETHCS PI3HUMH crioco0amu sl KOKHOI ¢azu. Y [6] HoBeleHOo, 0 y alrOpUTMi HEOOXiHO BUKOPH-
CTOBYBaTH KOPHWIOBaHI 3HAYCHHS CTPyMiB Ta Hamnpyr. KopuryBaHHS aMmIUTiTyd CTPyMiB Ta Hampyr
BUKOHYETHCS IIISTXOM JUICHHS aMILTITY/] IepIINX TapMOHIK CTPYMIB Ta HalpyT Ha 3HAYEHHS YaCTKH MepIIoi
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TapMOHIKH Y TIOBHOMY 3HAa4Y€HHI BiIIOBIHOTO CTpyMy a0o0 Hampyr# (TyT 1 Jaii I «[TOBHUMY» 3HAYCHHSIM
PO3YMIETLCS 3HAUCHHS, B IKOMY BPaXxOBaHO yCi TapMOHIKH). Pe3ynbTaTi po3paxyHKiB BiJIcTaHi 3aMUKaHHS 3
BUKOPUCTAHHSIM KOPUTOBAaHHX Ta HEKOPUTOBAHUX 3HAYECHb MApaMETPIB PEKHUMY IOKA3yIOTb, IO MOXHUOKa
BU3HAYCHHS BiJICTAaHI MOXE CKJIagaTH 3Ha4yHO Oimbine, HiK 10%. 3 MeTor 3MEHIIEHHsS [iana3oHy
3alPONIOHOBAHO YMOBHO-IHTEIEKTYyalbHUA METOJ BH3HAYCHHS BIICTaHI 3aMHUKaHHA (a3sd Ha 3eMIIIO,
OCHOBOIO SIKOTO € aBTOMaTHYHHUN BHOIp crmoco0y po3paxyHKy B 3aJ€KHOCTI Bi (a3u JiHii, B AKili BUHUKIIO
3aMUKaHHS, Bl IJIMHHUX 3HAYeHb YacTKH MepIIOoi TapMOHIKM y Hampy3i HOMKOMKeHo1 (asu (KoHTpo-
JIFOETHCS 32 JOMOMOTOI0 JIOMTyCTUMHX 3HaueHb U U

o4 > Yinon ¢ » Uinon, ¢ ), @ TAKOXK 3 YpaxyBaHHIM Pe3yJlb-

TaTiB CHIBCTaBJICHHS PE3yiIbTaTiB BU3HAUCHHS BiJICTaHI 3a TphoMa criocobamu (puc. 1). YV dazi B mocmimxy-
BaHoi jinil CIIb 3anexHicTh piBHS HEpINOi TAPMOHIKK BiJl BiICTaHi 0 MICIlsl 3aMUKaHHS Maibke JiHilHa, a
ToMy Ui ha3u B BUKOPHUCTOBYETHCS TIIBKH OJUH CHOCIO po3paxyHKy BifcTaHi (puc. 1).

IAs [Bs IC,
Uaos Upo, Uco

3aMHUKaHHS
dazu A?

3aMUKaHHS
(azu B?,

Pospaxyrox PospaxyHoxk Po3zpaxyHok
Bizgcrani B asi A BincTani B pasi B BincTani B dazi C
Bu3zHaueHHs 4acTKU BuzHaueHHS 4acTKU Bu3zHaueHHs 4acTKU
MIEPIIOi TAPMOHIKH MepIIol rapMOHIKH MIEPIIOi TAPMOHIKH

Kopurysansns
CTPYMIB Ta HaIpyr

Uia > Uipona? Tax

Kopurysanns Kopurysanns
CTPYMIB Ta Harpyr CTPYMiB Ta HAPyT

KopuryBanns
CTPYMIB Ta HampyT

Po3paxyHok b Po3paxyHok b PospaxyHok b Po3paxyHok b
criocoboM CIIPOIICHUM CrocoooM CIPOIIEHUM
TPUKYTHHKA crocobom TPUKYTHHUKA crocoboMm

b, R, b, R, b, R, b, R,
N\
Puc. 1

Ha puc. 1 npuitaari vactynsi nosnauenss: 1, 1,, I.,U , Uy, U, — Ii€B1 3Ha4eHHS CTPyMiB Ta
Hanpyr (a3 miHii, OTpUMaHi IIISIXOM HEPETBOPEHHs iXHIX aBapiiiHUX MHUTTEBHX 3HAa4C€Hb; b — BIICTaHBb IO
micust 3aMuKkatHs; U yon 5 Uyon ¢ s Ulgon, ¢ — AOTCTUMI 3HAYCHHS IEPIIOT FAPMOHIKH HANPYT BiAIOBIIHO
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thasu 4 Ta ¢dazu C, o0 TO3BONAIOTH BpaxyBaTH HENIHIAHICTh PO3MOALTY TepIIoi rapMOHIKK BiAMIOBIAHUX
HaNpyr B3JIOBXK JIiHIi, a KOHKPETHI JOMYCTHUMI 3HAa4eHHS OOMPAIOTHCS HA MIJCTaBi CXEMH PO3TallyBaHHS
ogHo(a3HUX TpaHCHOPMATOPiB B3HOBK JiHII a00 Ha MiACTaBl €KCHEPUMEHTAlbHUX HNaHuX; b, b, b . —
PO3paxyHKOBI BiICTaHI A0 Miclil 3aMHMKaHHS BianosinHo ¢asu 4, B, C; R, — omip Mix (a3oro il 3emier0 y
Micmi 3amukaddsa. Crioci0, 3a sIKUM BiJICTaHh BH3HAYAETHCS HA ITJICTaBl JUICHHS YSIBHOI YaCTHHU BEKTOPY
KOPUTOBAaHOI HAIIPyTH MOLIKOKEHOI (pa3u Ha ysSBHY 4acTu-
HY BEKTOpa KOPUTOBAHOTO CTPpyMy Li€l (a3u, MO3HAYCHO SIK
crpomienuit  cmoci6. Cmocid, 3a SKUM BiICTaHb BH-
3HAYAEThCS Ha MiACTaBl AUICHHS MOJIYJSl BEKTOPY MaIiHHS
KOpUTOBaHOI HAampyru TMOWIKO/KeHoi ¢a3u, sKuii BU-
3HaYeHO 3 TPHUKYTHUKa BEKTOpiB Hampyr (puc. 2), Ha
MOJyJIb BEKTOPY KOPUT'OBAHOTO CTpyMy Wi€l da3u, Ha3BaHO
AK CrociO TPUKYTHHUKA.

3 MeTOr0 JOAAaTKOBOI'O BU3HAYCHHS IPUYMH BUHHK-
HEHHS TTOXHOKH pO3paxyHKy BiJICTaHi JO MiCII 3aMUKaHHS
Ha jinii CLIb npoBeneHo aHami3 HOBUX pE3yJIbTATIB €KC-
MEPUMEHTAIBHUX AOCIIIKEHb PEXUMIB 3aMUKaHHs (a3u Ha
semumto iHIT CIIb Ha miacranmmii. AHami3 TpOBEIEHO 3a
HACTYITHUMH HATIPSIMKAMHU:

— TMepeBipKa OCIUIOrpaM Ha BiAMOBITHICT PEXUMY
(ToOTO y pasi 3amukanHs (azu 4 cTpyM wi€l (a3 NOBUHEH
301IBIINTUCH, & HATIPYTA — 3MEHIIUTHUCH);

— Bi3yasbHa TepeBipka GOpMH CTPyMIiB Ta HampyT,
iXHIX MepioANYHOCTI Ta BigXuiIeHHs (opMu BiJl CHHYCOINN;

— OIliHKa pe3yJbTaTiB PO3PaxyHKIB BiICTaHi 10 Micls
3aMUKaHHS Ha MiJCTaBl BUKOPUCTaHHS PO3POOJIECHOTO alro-
PUTMY, BXiZHUMH IaHUMH AJISl SKOTO NpUIMAaIHMCh Mapa-
Puc. 2 METPH PEKHUMIB, IO OTPUMaHI B €KCIIEpUMEHTax (BUKO-

PHUCTOBYBAINCH TIOBHI 3HAYEHHS MapaMeTpiB pexuMy ado

Im N\

:‘:ge---
:
Q
~

=V
Q

Q
SR

iXHI mepIi rapMOHIKH);

— OWIHKa pe3ysbTaTiB MaTEMaTHYHOTO MOJETIOBAHHS POOOYMX PEKHMIB Ta PEKHUMIB 3aMHKAaHHS Ha
3eMJIIO, IO CHIBIAJAIOTh 3 YMOBAMH IPOBEICHHS €KCIIEPUMEHTAIBHHUX JIOCIiKEHb;

— Bi3yamizallis OTpUMaHUX PO3PAXYHKOBUX Ta EKCIICPUMEHTAIBHWX MAHWX Yy BHIJIAI BEKTOPHUX
Jiarpam 1 iXHe BUKOPUCTaHHS AJIS TOJJAaTKOBOI MEPEBiPKH MPAaBUIIBHOCTI pO3paxyHKIB BiICTaHI.

Ha mizcraBi mpoBeseHOro aHamizy BH3HA4YeHI HaWOUIbII MMOBIpHI MPUYMHU BUHUKHEHHS 3HAYHOI
MOXUOKHM pPe3yJbTaTiB PO3PaxXyHKIB BiACTaHi 10 Micid 3amukanHs Ha miHil CLb. Yci npuunHM yMOBHO
MTOIUTCHI Ha ABI TPYIH: TPATUITIHHI Ta cieTrdidHi.

Jlo TpaauIiiftHUX IPUYKH BiJIHECEHO:

a) HEZJIOCKOHAJIICTh peai3allii MeToxy;

0) moxuOKY BUMIPIOBAaHHS CTPYMIB (a3 Ta HampyT ¢a3 Mo BiAHOMIECHHIO 0 3eMJIi;

B) HAsIBHICTb OTIOPY y MICIIi 3aMHUKaHHSI;

I) MOXJIMBa HEOJHODIAHICTH mapamerpiB miHii B3momx miHii CLIb, mo oO0yMOBI€HO pi3HUM
BUKOHAHHSM JIiHIi (THII Ta Mapka MPOBOXY, Pi3HE B3aEMHE pPO3TANTyBaHHS IPOBOMIB) Ta BHKOPHUCTAHHS
IUIBHULE 3 KaOelleM.

Crneundivyni npuInHYU, TpUuTamMaHHi noBiTpsHii minii CLIb:

a) BIZICYTHICTh PO3TalTy’>KeHOI MEpexi, i3-32 4OT0 y pa3i 3aMHUKaHHs Ha 3eMJII0 BUHHKAIOTh HE3HAYHI
3MiHH CTPYMIB, SIKi € HEIOCTATHIMH IS 3a0e3TeUeHHT HE0OX1THOT TOUHOCTI BUMIPIOBAHHSI CTPYMIB;

0) HaBaHTa)XKEHHs JIiHIT € HEOAHOPIAHNUM (pi3HAa MOTYXHICTh Ta BUI — OfHO(a3He Ta TpudasHe) i
HEepiBHOMIpHO posmoineHe B310Bx Beiel minii CLIb;

B) CJIEKTPOMArHITHUHN BIUIMB HANPYyTH JiHIT «aBa mpoBomu-petika ([AI1P)», 13-3a 4oro HaBOMITHCS
Hanpyru Ha KoxkHid ¢asi ainii CLB i 3MiHOIOTBCS HaNIpyTH (a3 1Mo BiTHOMICHHIO JI0 3€MJIi;

T') IepioryHa 3MiHa MapaMeTpiB PeKUMY 3aMUKAHHS Ha 3eMJIIO YCiX TphOX (ha3 (cTpyMH Ta Hapyru
(a3 3MiHIOOTECA 3 TepiogoM mpudmm3Ho 0,75 cekyHAW), M0 MPUBOIUTH 1O HEOAHO3HAYHHX PE3yINbTaTiB
PO3PaxyHKIB BIITAIEHOCTI MICIIS 3aMUKAHHS;
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1) 3arajbHi MOPYUICHHS CIIiBBIJIHOIIEHh KYTIB MiX CTpyMaMH Ta Hampyramu y pisHHX (asax, a
TaKOX aMILTITYJl CTPyMiB Ta Hanpyr (IIpyU 3aMHUKaHHSAX Ha OJHAKOBIH BiICTaHi y pi3HUX ()a3aX OYIKYIOTHCS
OJTHAKOBI CIIBBiJHOILIEHHS) Y HMOPIBHSAHHI 3 CHiBBIIHOLICHHSIMH, SIKi MAIOTh MICI€ y pa3i HiAKIIOYEHHS 10
CHUMETPHYHOI CHCTEMH HAaIlpyr JXMBJCHHS, a TaKOX HEOJHAKOBI MOpPYIICHHsS CIIiBBIAHOLIEHb MK Mapa-
Merpamu a3z 4, B, C (ToO0to mopymeHHS € y Bcix ¢azax, ajge y pasi 3aMHKaHb pi3HHX (a3 BOHH
BIJIPI3HAIOTHLCS BiJ IHIIOT (ha3m).

3MiHa mapaMeTpiB PeKUMY BiIOyBaeThcs, HAIPUKIAL, TakuM 4nHOM: y (pasi C Ha mpotszi 180 mc
CITIBBIAHOIIEHHS MK BEKTOpPaMH CTPYMIB Ta HANpyT BIANOBIAAIOTH TaKWM, SKi € y pa3i CUMETPUIHOTO
JKUBJICHHS 1 TOMY € MOXJIMBICTh Ha IMIJCTaBl BUKOPHUCTAHHS I[UX 3HAYCHb BUKOHATH PO3PAXYHOK ycepej-
HEHOTO 3HAa4YeHHS BiJCTaHi; Jam Ha mpotsasi 220 Mc BKa3aHe CITiBBIJHOIIEHHsS HE BUKOHYETHCS, a MOTIM Ha
nports3i 280 Mc 3HOBY BUKOHYETHCS CITIBBIIHOIICHHS 1 aJli 3HOBY MOYKHA BU3HAYaTH yCepeIHEHEe 3HAYCHHS
BiJICTaHI 3a SKHHUCH MPOMIKOK 9acy, OCKIIBKH Y KOKHOMY PO3PaxyHKY JJIST HOBOTO 3HAYEHHS 4acy 3HAUCHHS
BiZicTaHl 3MiHIOETBCA. [IpakTHYHE BHKOPHCTaHHS TaKOi 3MiHM IMapaMeTpiB HENPHUIYCTHME i3-32 HEMOXK-
JMBOCTI BU3HAYEHHS Y KOHKPETHOMY BHIIQ/IKy BKa3aHUX Jialla30HiB i BU3HAUYEHHS NPOMDKKY 4acy, y SKOMY
OyIyTh OTpHMaHi pe3yibTaTH, SKi BIAMOBINAIOTH MIHCHOMY MICIIO 3aMHKaHHS, Ta BH3HAYCHHS TPOMIXKKY
yacy, y sKoMy OyIyTh OTpUMaHi XHOHI pe3yJbTaTH.

[Minkmouenns emuocteit 1o ¢a3 ninii CLb npu3BoauTh A0 301IbLIEHHS CTPYMIB 3aMHUKAHHSI, & TAKOXK 110
TIOJTIITIIEHHS CUMETpii HarpyT (a3 [5], Mo B HiIOMY TIO3UTHBHO BIUIMBAE HA TTiIBUILIEHHS TOYHOCTI PO3PAXyHKY
BIJICTaHi JI0 MiCIIsl 3aMUKaHHsI, aJie He YCyBae HECTAI[IOHAPHHUX 3MiH MapaMeTpiB peKuMy (HEOOXITHO BiJIMITHTH,
IO Y IOCIiiax, sIKi IpOBeEH] paHillle, TAKOXK € HECTAIlIOHAPHI 3MiHH TTapaMeTPiB PEKUMY ).

Ha mixcraBi mpoBezeHOro aHaiizy BU3HAYEHI HACTYITHI IIISXH MiABUINEHHS TOYHOCTI pO3PaxyHKIB
BIZICTaHI 10 Micl 3aMHKaHHS:

— BIOCKOHAJIEHHS 3alPOIIOHOBAHOTO METO/IY BU3HAYEHHS BIICTaHI 3a paxyHOK 3aMiHH CIIPOIIEHOTO
NepETBOPEHHS BEKTOPIB HA OUIBII TOYHE MMEPETBOPEHHS;

— BHUKOPHUCTaHHS TiJIbKH MEPIIMX FAPMOHIK CTPYMiB Ta HaIpyT AJIsl BUSHAYCHHS BiICTaHi;

— aBTOMAaTW4YHHWH BHOIp U1 PO3paxyHKIiB BiJCTaHI TaKWX IUISHOK (YacTWH OCHWIOTPaMH) 3MiHH
rapaMeTpiB PeXXHUMY, KOJIH KYTOBi CHIBBITHOIICHHS MiX BEKTOPOM CTPYMY IOIIKOKEHOI (pa3u, BEKTOpOM
HaIlpYTH TIOMIKOKEHOT (ha3d Ta BEKTOPOM CTPYMY Yy MICIl 3aMHKaHHS BIIIOBIAAIOTh OUYIKYBaHHM IIPH
3aMUKaHHI BiAMOBiAHOT (ha3u NiHiT (TOOTO OTPUMAaHMM Ha ITiJICTaBi MAaTEMaTHYHOTO MOJICIIIOBAHHS);

— BHUKOPHUCTaHHS JIIIbHUKIB HANPYTH, 1[0 BUKOHAHI 3a JOTIOMOTOI0 aKTUBHUX OIIOPiB, 3aMICTh €IEKTPO-
MarHiTHAX BHMIipIOBaJIbHUX TPaHC(HOPMATOPIB HANPYTW Ta JOLUILHOCTI BUKOPHCTaHHS TpaHC(OpMaTOpiB
CTpyMYy OLITBIII BHCOKOTO KJIACY TOYHOCTI;

— BH3HAYCHHS YCIiX yCepeTHEHMX KYTiB Ta MOIYJIB BEKTOPIB MapaMeTpiB PEKUMY BITHOCHO BEKTOpa
HaNpyTry MOUIKOKEHOT a3y 3aMiCTh BU3HAUYEHHsI KyTiB BiTHOCHO BEKTOpa Hanpyru ¢ikcoBaHoi ¢a3u JiHii;

— 30inbmIieHHs 3HaYeHHs eMHOCTI 3 2X0,64 Mrk® 1o 3x0,64 Mx® abo Oinbiie Ha (azy.

Ha miacraBi MozentoBaHHs 3 BUKOPHCTaHHAM MaTeMaTuyHOi Mogeini Jinii CLIb oTpuMaHO OLiHKY
METOJMYHOI TOXMOKM 3alpoIIOHOBAHOTO METOYy BH3HAUCHHS BiJCTaHi 3aMUKaHHS (a3d Ha 3EMIIIO.
PesynpraTty mokazainm, mo Taka MOXHOKa y HaOiLIpIl WMOBIPHHX yMOBax 3aMHKaHHS He mepeBuiye 1%.
BpaxoBytoun 1e, OyJ0 NMPUHHATO pillIeHHS NP0 AOIUIBLHICTh BUKOPHCTaHHS METOJY B pPeajbHUX yMOBaXx.
MopentoBaHHSI MTPOBOAMIIOCS 33 YMOBH CHMETPHYHOI CHCTEMH HAmpyr XHBJIEHHA. [IiKIIOYeHHS TpPHOX
emHocte o ¢a3 miHii CLIb cyTT€BO 3MEHIye iICHYIOUY HECHMETPHUYHICTH 1 BHPIBHIOE HampyTH (a3 1o
BIJTHOIIICHHIO JIO 3€MJIi, aji¢ HE MOBHICTIO. 3aJIMIIIKOBA HECUMETPIs € OJHUM i3 ()aKTOPIiB BILIUBY HA TOUHICTh
BH3HAYEHH BIJCTaHI 10 Miclid 3aMUKaHHS.

VY 3B’A3Ky 3 THM, IO y 3alpOIIOHOBAaHOMY METOJi BH3HAYEHHS BIICTaHI MO MiCIl 3aMHKaHHS
BUKOPUCTOBYIOTBCSI MOJYJIi BEKTOPIB CTPYMIiB Ta Hampyr, Ha TOYHICTh BU3HAUCHHS BiJCTaHi BIUIMBAIOThH
NOXHOKM PO3paxyHKiB 3HaYEHb MOIYJIB Ta KYyTiB BEKTOpPiB cTpyMiB i Hampyr. 1l[o6 3HaiiTH HaiGimb
JIOCKOHAINN CHOCIO BHU3HAYEHHS BEKTOPIB Ha MMiJICTaBi 0OpOOKH BiJIMOBITHUX MOCIIJOBHOCTEH TUCKPETHUX
3HAUCHb TApaMETPiB PEXUMY, SKi BH3HAYAINCHh B €KCIEPUMEHTaX, PO3IIIIHYTO TPH BapiaHTH BHUKOHAHHST
po3paxyHkiB (Tabu. 1). Y BCiX TphOX BapiaHTaxX BXIiJHOK iH(OPMAIIE0 € MUTTEBI 3HAYCHHS CTPYMIB i
Hampyr, MmO OTPUMAaHi Micis aHaJoro-uM(ppPOBOr0 IEPETBOPEHHS BHUXIMTHUX 3HAYEHb BHUMIpIOBAJIBLHHUX
tpanchopmaropie crpymy (TC) ta mampyrm (puc. 1). HeoOXimHicTh poO3TIISIAy MEKiUTHPKOX BapiaHTIB
00yMOBIIEHa HECTAI[IOHAPHICTIO 3MiHH MapameTpiB pexxumy podotu niHii CLB.
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IHepwuii éapianm. 11 BU3HAUCHHS BEKTOPIB BUKOHYIOTHCS PO3PAXYHKH [iIOYMX 3HAYEHb CTPYMiB
Ta HaIpyT, a TaKOX ycepeqHeHux 3a 20 MC 3Ha4eHb KyTiB Halpyr i CTPYMIB MO BiJHOIIEHHIO O BEKTOpa
Hanpyru ¢a3u 4. Ha mincTaBi oTpuMaHuX JaHMX BU3HAYAIOTHCS BiAMIOBIIHI BEKTOPH.

Hpyeuii eapianm. BU3HAUaIOTECS TEpIIi TApMOHIKK CTPYMIB Ta HamNpyr, Hami — Ji04i 3HauYeHHS
MEPIIUX TapMOHIK CTPYMIiB, HANpyT 1 ycepeaHeHi 3HA4YCeHHS KYTIB Ta HA IIJACTaBI OTPUMAaHUX MaHUX —
BEKTOPH CTPYMIB i HAIIPyT 1O BiIHOWIEHHIO J0 BEKTOpa HANPYTH (a3u A.

Tpemiu eapianm. BusHauatoThcsl ycepenHeHi 3HaueHHs (32 20 MC) KyTiB MiXK BEKTOpaMH CTPYMiB i
HaImpyT 10 BiIHOIICHHIO J0 BekTopa Hampyru (asu A. s BU3HAUEHHS BEKTOPIB CTPYMIB Ta HAmpyr
BUKOPHUCTOBYIOTHCSI MUTTEBI 3HAYSHHSI IOBHUX CTPYMIB Ta HAIIPyT BUMIpIOBaH1 KOXHOT MIJTICEKYH/IH.

V pasi aHamizy pexuMy 3aMHUKaHHS Ha 3eMITI0 pa3u A BEKTOPU MapaMeTpiB PEKUMY BH3HAYAIOTHCS
10 BIAHOILEHHIO JI0 BEKTOpa Hampyru ¢asu B, mo noB’sS3aHo i3 3HAaYHUM CIOTBOPEHHSM HAIPYTU IOIIKO-
JokeHol ¢dasm A (depe3 Maye 3HAYCHHS HANPYTH 30UIBITYETHCS MOXHOKAa BUMIPIOBAHHS TPaHCHOPMATOPOM
Hanpyru). BapianTu BXiTHUX JaHUX AJIs1 BU3SHAYECHHS BEKTOPIB CTPYMIB Ta HANpyr HaBeAeHo y Taoum. 1.
Taduuus 1

Bapiant | Kyru  Bu3HaualoThesi | MaKkCHMYMH BeKTOPiB Ha mincraBi cmiBcTaBieHHS pe3yiib-
3a: BH3HAYAKOThHCS 3a: TAaTiB BH3HAYCHHS BEKTOpIB 3a BapiaHTaMH

HepHII/Iﬁ I[IIO"H/IMI/I 3HAaYCHHAMU Hi}OqI/IMI/I 3HA4YCHHAMU Ta6ﬂ. 1 HOHepe,HHbO HpHﬁHﬂTO le.IeHHﬂ Hpo
Bap1laHT IMOBHUX CTPYMIB Ta | HIOBHHUX CTPpYMIB Ta HOHiHLHiCTB BHKOPHUCTAaHHS IPYTrOro BapiaHTy.

| Hampyr Hanpyr V' 3amporOHOBAaHOMY METOJi Bifmo-

Jlpyriii | HIOUHMH  SHQUCHHAMH | JHIOUHMA  SHAUCHHAMI | piyo 1o erauiifiiOro NPUHIAITY BH3HA-
BapiaHT | mepuInx rapMoHiK | mepmmx rapMomik . :

. ; YAETHCS OIIP JIO MICIIsl MOIMKODKEHHS Yepes3

CTPYMiB Ta Harpyr CTPYMiB Ta Hampyr : . :

Tperiit | mitounmu 3HAYEHHS | MHTTEBHMH TajIHHs HATpPYT Ha TOMKODKCHIM JIAHIL

BapianT | MOBMMX  CTpymiB  Ta | sHauennsmm  mosmmx | L] HI"Ique _PO3MIBINAETHCA  MOCTIAOBHICTD

Hanpyr CTPYMiB Ta HATpyT omepauiif 3 MiJBULIEHHS TOYHOCTI PO3PaXyH-

Ky BEKTOpY TaJiHHSA HAmpyrd Ha IUISHIT
ninii CIIb 3a paxyHOK BIOCKOHAJICHHS pO3paxyHKiB BekTopiB. Ha BekTopHiH miarpami 3amukanHs (a3u A
(puc. 2) tpuxkytHuk O/E CcTBOpeHHH TphOMa BEKTOpaMH HANpPYyTd: CyMmMa CKJIAJOBUX BEKTOPY MaJliHHS

HATIPYTH Ha onopi ainstHky minii O (1 4" Z ;) Ta BEKTOpY HaJiHHA HAIpPYTH Ha ONOpi y MicIli 3aMUKaHHA JJE
(1 ; - R; ) 1OpIBHIOE BEKTOPY HANPYIH a3y MO BIJHOIIEHHIO 10 3eMii OF (U 40 )

Y wertoni [7] BekTop mamiHHS Hanpyrd Ha autsHmi JiHiT CIIb Bu3HauaeThcs 3a (opmyIioro,
OTPHMAHOI BHXOJISIYU 3 TEOPEMHU CHHYCIB IJisl TpUKYTHHKA OJE
sin 5

. b
siny

AUﬂ :jA Ly :UAO

3 SKOi BUIHO, IIIO HAIIPSIM BEKTOPY TAIIHHSA HAIIPYTH HA OTOPi JULTHKY JIiHII TAaKWUH e, K HaIllPsIM BEKTOPY
manpyru U, . KyT o Maec Male 3HaueHHs, aje He BpaxyBaHHS IbOTO KyTa € HPHYHHOK MOXHOKH
BU3HAYCHHSI BiJICTaHi.

IIpobrnemMa monsirae B TOMY, 110 Ha MiJCTaBl HASBHUX JaHUX HE Ma€ MOXJIMBOCTI MPSIMO BH3HAYUTH
BEKTOP MajliHHsA HANPYTH AU, , ajle € MOMJIMBICTh BUSHAYUTH KOOPAMHATH TOYKH INEPETUHY BEKTOPY HaJliH-
Hs HAMPYTH Ha aKTHBHOMY OMOpi 3aMHKaHHs R, (CMiBManac 3 HANPSAMOM BEKTOPY CTPYMy 3aMHKaHHA [,) Ta
BEKTOPOM TajiHHA HANPYTW Ha Omopi JiHil AU, (HampsAM BeKTOpy TaJiHHA HANpyTW BU3HAYAETHCA Yepe3

HanpsiM BeKTOpy cTpyMy dasu /, Ta mapamerpH jiHii). [l yCyHEeHHs CKIIa0BO1 MOXNOKU BU3HAYEHHS BEK-
TOpYy AU, , fKa BUHMKA€ y LIbOMY BHIIAJKy, PO3pOOJIEHO airOpUTM BpaxyBaHHsS KyTa ¢, IO 3a0e3reuye

BHU3HAYCHHS BCKTO Ha,[[iHHSI HaIIpyru AU . Hammpsim 11b0T0 BEKTO BiI[HOBiI[a€ HaIlpsaMy BCKTO Ha):[iHHH
J

HAIIpyTd Ha ONOpI JIiHii, a HE CHiBIAJa€ 3 HANpsIMoM BekTopy Hampyru U ,,. Ha puc. 2 Ha miomuHi koMn-

JICKCHUX KOOPJMHAT HaBeJleHa BEKTOPHA JliarpaMa CTPYMIB Ta HANpPYT y pa3i 3aMUKaHHS Ha 3eMito ¢a3u 4
(Bich miliCHWX 3HaY€Hb CYMIMIAETHCSA 3 BICCIO X JIEKAPTOBOI CHCTEMH KOOPAWHAT, BiCh YSBHUX 3HAY€Hb — 3
BICCIO ) IEKapTOBOT CHICTEMH KOOPIMHAT).

3ajgaua moJsrac y 3HaXO/PKEHHI KOOPAMHAT TOYKH J{, sSIKa YTBOPIOETHCS BHACIINOK MEPETHHY
BEKTOpA MaJ[iHHsA HANPYTH Ha AUTAHII TiHil AU, i BEKTOpa MajiHHA HANPYTH HA MepeXiTHOMY Omopi y MicTi

3aMUKaHHSA [, - R, . ]I [bOTO BUKOPHCTOBYETHCSA METO/ KOOPAMHAT Ha IUIOMIMHI Ta JEsKi Aii BAKOHYIOThCS
3 BeKTOpaMH, 10 3aJ1aHi KoopauHaTtamu. CII0UaTKy 3aIUCYIOThCS PiBHSIHHS IpsaMuX Y, = flRe(l3'R,)) Ta
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Y> = flRe(AU, )). Koopaunatu 104k [/ NEPETHHY LMX JBOX IIPAMHUX 3al0BOJILHSAIOTH OOMIBA PiBHSAHHS.

BHAc/IiIOK po3B’A3aHHA CHCTEMH 3 JIBOX PiBHAHb BH3HAYAIOTHCA KOOPIMHATH KiHIA Bextopa [,-Z).
KoopanHatu JONOMIXKHUX TOUOK @, dy, d3, d4 TA ds 3AIMUCYIOTHCS SIK 3BHYAWHI KOOPAWHATH IS i-TOT TOYKH
a; (xi, yi)~

Ha mizcTaBi BUMIpSIHOI HAIPYTH HOIIKOMKEHOI (asu A Mo BigHOIeHHO 10 3emimi U 40 HEOOXITTHO
BM3HAYMTH BEKTOP NAIIHHA HAaUpPyru AU, Ha JUISHII JIHIT BiJ i II0YaTKy 10 TOYKM 3aMUKaHHs, TOOTO

BekTop O], sIKUil € CTOPOHOIO TPUKYTHUKA E/[O. TPUKYTHUK CHMPAEThCA Ha BEKTOp HANpPYTH U 10 - Apyra

CTOpPOHA TPUKYTHUKA PO3TAIIOBAHA HA MPSMIH JiHii, IO CMIBIAAAE 3 HAPSMOM BEKTOPY MaliHHS HANpYTH
Ha omnopi nminii CUb AU, . Llefl HanpsaM BU3HAYA€TLCA IIAXOM JOJABAHHA [0 KyTa BEKTOPY CTPyMYy @),

KyTa JiHil gy = 23,75 (BiIHOIIEHHS IHIYKTHBHOTO JO aKTHBHOTO OIOPY JIiHII TOPIBHIOETHCS TaHTEHCY
KyTa JIiHii, IKH{ BU3HAYEHO I PeaTbHUX 3HAUYECHb aKTUBHOTO W iHAYKTUBHOTO OIMOPY MOCIIKYBAHOI JIiHI1

CLIb). Hanpsim TpeThoi CTOPOHU TPUKYTHHKA /[E BU3HAYA€THCS HAIIPIMOM BEKTOPA CTPYMY 3aMHUKaHHSA [, , 3
SKUM CHIBIIaJa€ BEKTOp MaJiHHsA HANPyru Ha omnopi R,Bia cTpyMmy 3amukanHsa /,. Llg cropoHa oTrpumana
BHACNIIJIOK TIPOBEIEHHs NpsAMOI JIiHIi 4epe3 TodKy £ mapanenbHo Bektopy [,. Koopaunatn Toukm a4
TIepeTHHY APYToi i TPeThoi CTOPOHM TPUKYTHHKA — 1€ KOOPAMHATH KiHIIA BEKTOPA NaJiHHA HAIPYTH AU , .
Jlnst mpoBefeHHS 4depe3 TOUKy E JiHIi mapanenbHO HAImpsSMKY BeKTopa [, CTBOPIOETHCS Iapa-
nenorpam Ea;Oa, (ninist J{E NPOJOBKYETHCS 10 MIEPETUHY 3 BICCIO JIMCHUX 3HAYCHb Y TOUYIl d), JIiHIS BEK-
TOpa [, IPOAOBIKYETHCS 10 MEPETHHY B TOYLI @ 3 HPSAMOIO JIIHI€IO, 10 IPOBEEHA MapalelbHO 0Cl AIHCHUX
3HaYeHb 1 MPOXOAUTH Yepe3 KiHelpb Bekropa U, Touky E). CropoHa Ea; po3TalloBaHa NapajielIbHO OCi
JiMCHUX 3HAa4YeHb, TOOTO MapajeabHO CTOPOHI mapanenorpama Oa,. YsBHa KOOpPJUHATA TOYKH @ JOPIBHIOE
ysIBHII KOOpJHMHATI KiHLg BekTopa Hanpyru U ,, , ToOTO
yn=Im(U,). (1
JlilicHa KOOpJIMHATa TOYKH @ BU3HAYAETHCSA 3 NPSAMOKYTHOIO TPUKyTHHKAa a,Oa; 3 ypaxyBaHHSIM

TOT0, II0 KyT BEKTOpa CTpyMy [, BioMUii

X
[lizcraBupmm (1) B (2), orpuMaemo
% = 3)

Buxopasuu 3 piBHOCTI cTOpiH napanenorpamy Oa, Ta Ea;, 3HaX0IUMO JiCHY KOOPIUHATY TOUKH d»
x, =Re(U,)-x,. )
{06 3anucaTtu piBHSAHHSA JiHIT Ea;, HE0OX1IHO BU3HAUMTH YSIBHY KOOPAMHATY TOYKH IMEPETHHY dj.
Kyt mix ninieto Ea, Ta Biccio Re JOPIBHIOE KyTy BEKTOpa CTPYMY 3aMHKAHHS | 3> 4 TOMY

180y =,/ x,. (5)
Buxonsun 3 (5), ysBHa KOOpAXHATa TOUKH d3
Yy =I18(P; - X, . (6)

PosrisaeMo eneMeHTH BEKTOPHOI JiarpaMu y IeKapTOBIA CUCTEMI KOOpIWHAT. PIBHSAHHS MPsAMO1, 1110
NPOXOJUTh 4Yepe3 TOUKy a3 (MajiHHS HANpYTH Ha OMOpi B MiCLli 3aMUKaHHS BiJl CTPyMy 3aMHKaHHS y
3aJIeKHOCTI BiJl 3HAYEHHS LIbOTO OTIOPY), Y 3aJIE€KHOCTI Bil apTyMEHTY X

Y =x-1gp;,+y;. (7)
PiBHSIHHA TIpSIMOI JTiHIi, IO BIATIOBiZa€ 3aJ€KHOCTI BEKTOpa MaJiHHS HANpPyTH Ha OMOpPi TUISTHKU
JTiHIT B1Jl TOBXKUHH L€ AIISHKU, OTPUMYEMO IIIIXOM [IOBOPOTY BEKTOpa CTpyMy (hazu 4 Ha KyT JiHIT @y,
Yz:x'tg((o,q"'(/’mﬂ)‘ (8)
OCKiJIbKM METOI0 € BU3HAYEHHs KOOPJIMHAT TOUYKM NEPETHHY HpAMHX Y, = f (x) Ta Y,=f (x), TO

3anumieMo, M0 y TOYIll TEepeTWHY 3HaueHHs IuX (YHKIIH piBHI MiX coboto, ToOTo Y| = Y,, abo 3
ypaxyBauusM (7) Ta (8)
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x'tg(/’3+y3:x'tg(¢7,4+¢7ﬂm)' &)
Jlnist 3HAUEHHS apryMEHTY X = X4 3 PiBHSHHS (9) OTpuMaeMo IiCHY KOOPIUHATY TOYKH /[ IEpeTUHY
NPsAMHX, TOOTO OTPHMAEMO TifICHY CKJIa/I0By 3HAYEHHS BEKTOPY MaliHHA HANPYTH AU ,

; V3
Re(AU, |=x, = .
e( ﬂ) x4 tg((pA +¢HIH)_tg¢7?

[Ticns BU3HAYEHHS NIHCHOI KOOPAMHATH KiHIIA BEKTOPY NaliHHA HANPYTu AU, 3 piBHsAHHA (7) y pasi

MiICTAHOBKM X = X, 3HaXOJUTHCS ysIBHA KOOPAWHATA V4 TOYKU d4, TOOTO 3HAXOIUTHCS YSBHA CKIIAJ0Ba
3HAYEHHs BEKTOPY MaJiHHSA HATPYTH AU , .

PosristHyTHI anropuTM BpaxyBaHHS KyTa « (y pi3HHX €KCIIEpUMEHTax KyT ckianae no 9-12 rpaz.)
3a0e3redye MiIBUIIEHHS TOYHOCTI BU3HAYSHHS MICIls 3aMUKaHHs /10 5,5%.

JlomaTkoBO 70 3aXO0Jy, PO3TIISTHYTOI'O BUINE, HA MiJIBUIIEHHS TOYHOCTI BU3HAUCHHS MICISI 3aMH-
KaHHs TaKOXK BIUIMBA€ TOYHICTh BUMIPIOBAaHHSA CTPYMIB Ta Hampyr 3a JOIMOMOIOI0 BUMIpIOBAIBHUX TPaHC-
(hopmaTopiB. 3 METOIO OIIHKH TEXHIYHOI JOIIIBHOCTI BUKOPUCTAHHS TpaHCPOpMATopiB cTpymy kiacy 0,2
3amicTh kiacy 0,5 BUKOHaHA Ha IMJICTaBi €KCIIEPUMEHTAIBHUX JaHUX JIEB’ATH MOCIHIJIIB 3aMUKaHb Ha JIHII
CLb y piznux ¢azax Ha pi3Hii BiacTani (Tadin. 2). BinxuneHHs 3Ha4eHb CTpyMy y ¢azax TpaHCPOpMaTOpiB
cTpyMmy kiacy 0,5 po3paxoBaHi 3 ypaxyBaHHSM NPUHHATOrO NPHUITYIIEHHS PO TE, [0 BUMIPIOBAHHS CTPYMiB
3a monomoror TC kmacy 0,2 mae TouHim 3HaYEHHS CTpyMiB. Y Tabj. 2 HaBeACHI Mif04i 3HAYCHHS CTPYMY
(hasu, 10 3aMKHYJIACh Ha 3eMIIIO, (TTOBHI 3HAYEHHs) B amriepax. 3 JAaHUX TAOJHIll BHUIHO, IO HaWOibIIe
BIIXWJICHHS 3 TPHOX TpaHc(hopMaTopiB Aae TpaHchopmaTop cTpymy y dasi 4.

Tabauus 2

Pasa Bunwip Bincranp 10 TOUKH 3aMHEKaHHS, B.O. [IpoBeneHi po3paxyHKH Ha MmiacTa-
0,167 0,39 0,62 Bi IJaHMX TaOJl. 2 TIOKA3alM, L0 BiIXH-

TCO0,2 7,730 7,909 7,794 JIEHHsI 3HAYEHHs CTpyMy y (ha3i 4 1ae mo-
4 __TC05 7,681 7,859 7,748 XuOKy y BU3HAYEHHI BiJCTaHI 3aMUKaHHS
Binxuneunns 3Hi" 0,634 0,632 0,59 Bix 0,038 xm mo 0,132 xm (0,1-
HEHHA CTpyMY, % 0,3%).TakuM YMHOM MiATBEPIKEHA TEX.-
TC0,2 7,837 7,980 8,399 HiYHAa JONUIBHICT, BUKopucTanHa TC

TC 0,5 7,843 7,981 8,410 :
B - kmacy 0,2 (exoHOMiUHE OOTPYHTYBaHHS
Bigxunenus 3H-
o -0,077 -0,013 -0,131 HE TIPOBOIMIIOCH).

aueHHs CTpyMy, % . . .
TC 02 7577 7763 73509 CriBCTaBlICHHS PE3yJIbTATIB BHUMi-
TC 0’5 7’58 4 7’768 7’512 PIOBaHHS HAMpPYT 3a JOMOMOIOI0 TpH (as-
C BiI[XHHeHI;H po— : ; ’ HOTO TpaHchOpMaTopy Ta TUIHHHKIB, IO
yenns cTpymy, % -0,092 -0,064 -0,04 CKJIaJieHi 3 aKTHBHUX OMNOPIB, MPOBEACHO

Ha MIJICTaBi TaHUX THX K€ eKCIIEPUMEHT-
TiB. AHaJII3 pe3yJbTaTiB TaOJ. 2 HE MaB OAHO3HAYHOI BIAMOBIAI MPO JOMUTEHICTH BUKOPUCTAHHS OHOTO UH
Jpyroro BapiaHTy BUMIpIOBaHHs. AJle PO3paxyHKHM TapMOHIMHOTO CKJIaJy Hampyr IOIIKOMKECHUX Qa3
BKa3yIOThb Ha IMepeBary BUKOpUCTaHHS TpaHcopmaTopy Hanpyrd Tumy HTMI, ockinbku OiNbHUKH 3
aKTHBHUX OIIOPIB 1HOJI MalOTh 3aHIDKEHI 3HAYCHHS IEpINoi TapMOHIKK (Tabn. 3, TapMOHIHHWI CcKitas
HANpyTrH MOUIKOKEHUX a3z, %).

LinkoM 3p0o3yMmiJio, 110 3HAYEHHSI EMHOCTEH, 10 BKIIOYAIOTHCS MIXK (pa3aMH Ta 3eMJICIO, BIUTUBAE HA
TOYHICTh BHM3HAUEHHS BIJICTaHI OO TOYKH 3aMUKaHHSA. PO3paxyHKH pEeXUMYy 3aMHUKaHHS W IOXHOKH
BH3HAYCHHSI BiJICTaHI JO TOYKH 3aMHKaHHS IPOBEICHI 3a JOMMOMOTOI0 MaTeMAaTHYHOI MOJIENI PeaNbHOI JIiHIT
CLb. VY Tabn. 4 HaBeqeHi pe3ynbTaTH PO3paxyHKiB TOXHOKU BU3HAYCHHS BiJICTaHI 3aMUKaHHs Ha 3eMItro (%)
y 3aJeXKHOCTI Bil 3HaY€HHS €MHOCTI, BKIIOYeHOi Mk ¢asamu minii CLIb Ta 3emiero. AHani3 OTpUMaHHUX
pe3yibTaTIB MTO3BOJISE BH3HAYMTH HEOOXIJHE 3HAYEHHS €MHOCTI, BHXOISIYM 13 JOMYCTHMOTO 3HAYCHHS
noxuOku. [Ipu 11bOMy HEOOXiIHO TaKOXX BpaxOBYBaTH JIOIYCTHMICTh 3pocTaHHs Harnpyr ¢a3 minii CLB, mo
BHHHUKAE BHACIIIOK 301IBIIIEHHS €MHOCTEM.

Sk Bxke Oyno 3a3HA4YEHO, BKIIOYEHHS €MHOCTEW MiX (ha3aMu Ta 3eMJICIO MO3MTHBHO BIUIMBAE Ha
TOYHICTh BU3HAYCHHS BIJICTaHI IO MICIIS 3aMUKaHHS i pa30M 3 THM IOJIIIIIYE SKICTh SJIEKTPUYHOT eHEprii 3a
paxyHOK 4acTKOBOTO BUPiBHIOBaHHS ()a3HMX HAOpyr. Y 3B’SA3Ky i3 MM OynM po3MIsAHYTI W iHON moAiOHi
3ax0AM MiABUIIEHHsS sKocTi enexTpuuHoi eeprii niHii CLIB. Bubip nmorpiGHOro 3axoiy mnpoBEAEHO Ha
MiICTaBl pO3IIIAMLY BapiaHTIB 3’€MHAHHS HEWTpam cuinoBoro Tpanchopmaropa minii CIb 3 3emmero (depes
aKTHUBHHH, 1HIYKTHBHUI a00 eMHicHHMH omip) abo 3’emnHanHs Qa3 niHii CLb i3 3emiiero 3a n0MOMOror
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emHoctell. [lpu 11boMy OIiHFOBaIIMCE: KOE(IiEHTH HECUMETPii HAIpPYT 3a 3BOPOTHOIO Ta HYJIHOBOIO TTOCII-
JOBHICTIO, JOIYCTHMICTh 301IbIICHHS CTPYMiB (a3 JiHii B HOPMaJIbHOMY PEXUMI Ta B PEKUMI 3aMUKaHHS Ha
3eMJII0, @ TAKOXK BIUTUB 3aX0/IiB Ha TOUHICTh BU3HAUYEHHS BiJICTaHi 10 MIiCIsl 3AMUKAHHS Ha 3eMJIIO.

Tadoauus 3
daza Tun Howmep Biacradb 10 MicI 3aMUKaHHS, B.O.
MEPETBOPIOBAYA | TAPMOHIKH
HaTpyTu 0,167 0,39 0,62
Jo 3am. IIpu 3am. Jo 3am. IIpu 3am. Jo 3am. [Ipu 3am.
JinbHUK 3 0 1,0 49,9 0,7 14,3 0,6 9,6
4 |axTHBHIX ornopis 1* 95,2 36,5 95,6 25,2 95,9 21,7
HTMI 0 0,6 15,8 0,2 9,8 0,2 7,4
1 95,7 71,7 96,0 56,3 96,1 8,2
JliIbHAK 3 0 1,0 8,2 0,7 6,0 0,4 3,5
g |AKTHBHHX ornopis 1* 96,0 84,6 93,4 71,0 92,5 57,3
0 1,1 23,5 0,8 21,8 0,6 6,6
HTMI 1 95,9 69,0 93,5 50,2 92,8 40,7
JliIbHAK 3 0 0,4 1,5 0,3 0,9 0,1 1,4
o |aKTHBHEX ornopis 1* 94,6 81,3 88,6 76,8 95,2 64,5
HTMI 0 0,3 0,9 0,1 0,4 0,0 0,5
1 94,5 81,6 89,1 80,0 95,3 58,1
*- oCTIRHUM cTpyM
Tabnuus 4
€ MHiCTD, Bizncrane 10 Micls 3aMHKaHHs, B.O.
MKD 0,01 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 0,99
0 50,0 4,7 2,23 1,42 1,02 0,8 0,66 0,58 0,53 0,51 0,51
1x0,64 -93,9 -8,7 -4,02 -2,56 -1,91 -1,62 -1,5 -1,52 -1,61 -1,77 -1,96
2x0,64 -22.8 -2,05 -0,93 -0,6 -0,47 -0,43 -0,44 -0,48 -0,56 -0,65 -0,75
3x0,64 -12,8 -1,11 -0,49 -0,32 -0,26 -0,26 -0,28 -0,33 -0,4 -0,48 -0,57
4x0,64 -8,74 -0,74 -0,32 -0,21 -0,18 -0,19 -0,22 -0,27 -0,34 -0,42 -0,5
5x0,64 -6,58 -0,54 -0,23 -0,15 -0,13 -0,15 -0,19 -0,24 -0,31 -0,38 -0,46
BucHoBkHu.

1. 3anpornoHOBaHE BIOCKOHAJICHHS METOAY BH3HAUEHHS MICIS 3aMHUKaHHS HUISXOM YTOYHCHHS
TIEPETBOPEHHS BEKTOPIB 3aBJSKU MiJABUILNEHHS TOYHOCTI PO3PaXxyHKY BEKTOpa MajiHHS HANPYTH Ha JUISHIL
MOLIKOXKEHO]T JIHIT Ja€ MABUILEHHS TOYHOCTI BU3HAYEHHS MICLISI 3aMHUKaHHA 110 5,5 %.

2. BukopucTaHHS BUMIPIOBATHHUX TpaHCc(HOpMaTOpiB CTpyMy OUTBIT BHCOKOTO Kitacy TodHocTi (0,2
3amictb 0,5) 171 BUMIpIOBaHHS CTPYMIB HE Ja€ CYTTEBOI'O MiJABHIICHHS TOYHOCTI BU3HAYEHHS MiCIs
3aMHUKaHHSI, aJle MOXKE BBAKATHCH JOILIHHUM.

3. Ha mizmcraBi MaTeMaTHIHOT'O MOJETIOBAHHS BCTAHOBJICHO, IO MiAKIOUYeHHS 10 (a3 minii CLb
TphoX emHOCTe 0,64 Mk® 3amicTh ABOX MNPHUBOAWTH JO MIABUINEGHHS TOYHOCTI BH3HAYCHHS MIiCIs
MOIIKO/KeHHs B miana3oHi 0,2-1%. Takoxk y IIbOMY BHIIQJKy € TIO3MTUBHUM PE3yJbTaTOM BUPIBHIOBAHHS
(ha3HUX HAMpyT, SKi CTAIOTh Maike OJHAKOBHUMH. AJie TIpH TaKii €MHOCTI BUHHKA€E 3pOCTaHHS HAIPYT 0
HETPUITYCTUMOTO 3HAUCHHS, a TOMY PEKOMEHIYEThCS BKIIOUYCHHS HE OuIbine qBoX eMHOCTel 0,64 Mk®D Ha
thasy.

Pobomy euxonano 3a 6100cemnoro memoro: «Po3pobnenns moodeneil 06’€onanoi enepeocucmemu Yxpainu ma
BU3HAYEHHsl 3ax00i8 3 ii IHmeepayii 00 KOHMUHEHMAaNIbHOI eHepeocucmemu egponeticokux kpain — ENTSO-E» (wugp —
«Monimop-3»). [lepocasnuti peecmpayitinuii Homep pobomu 0119U001211.
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COBEPHIEHCTBOBAHUE METO/IA OITPEAEJIEHUA MECTA OJJHO®A3HOI'O 3AMBIKAHUS HA
JIMHUSAX CUTHAJIM3ALIUU, HEHTPAJIM3ALIIUU U ABTOBJIOKUPOBKMU KEJIE3HBIX 1OPOI'

B.C. Crornmii', akag. HAH Ykpaunsl, H.B. Fpeﬁqem«oz, JOKT.TeXH.HayK, B.D. MaKchqu3, 10.B. Twaunenko’,
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Pazeum memoo onpedenenus Mecma 3amMblKAHUSL HA 3eMII0 HA 6030VULHbIX TUHUSX CUCHATU3AYUU, YEHMPATUAYUY U
ABMOOBNIOKUPOBKU  JICENE3HBIX 00pP02, NPeONIONCEHHO20 ABMOPAMU U OCHOBAHHO2O0 HA OUCHAHYUOHHOM NpUHYUNe.
Ioxkazano, umo HecmMayUOHaApHOe USMEHEHUe NAPAMEMPO8 PENCUMA JTUHUU CYUeCIBEHHO 3AMPYOHSIEN UCHOIb308AHUEe
Memooa, u3-3a Yeco e20 MOYHOCMb He 6ce2da Yyoosnemeopsem mpedoganusim. O0O0OWeH NOLyUeHHbI Onblm
06veduHenUss 6 Memooe 0OOHOBPEMEHHO MpeX An20pUmMo8 OJis ONPedeieHUs MeCAd 3aMbIKAHUS COOMBEMCMEEHHO OISl
Kaoicootl paszvr aunuu. C yenvio noGvlueHUss MOYHOCMU Memood NpedNioNCeHO YCOBEPULIEHCMBOBAMb €20 3d CYem
66e0eHUsT OONOTHUMENbHOU ONepayuy YmMouYHeHUs. 3HAYeHUsl 6eKMOpa NAOEHUsl HANPSIICEHUs. HA CONPOMUGIeHUU (pasvl
00 mecma nogpedicoenusi. Aemopamu panee 00OKA3aHO, YMO 8 Kauecmee 6XOOHbIX Napamempos mMemood HeoOXo0umo
UCNOIB308AMb 3HAYEHUST KOPPEKMUPYEMbIX NEPEbIX SAPMOHUK MOKO8 U HANPSJNCEHUll, ONpeoensemvlX Ha OCHOBAHUU
UBMEPEHHBIX C NOMOWbI0 MPAHCHOPMAmMopos moka u Hanpsdcerusi. IIposedenvl sKcnepumenmul, NoO3601UGULUE
OYEHUMb NOBbLUUEHUE MOYHOCMU USMEPEHUSL MOKOS 3 CHem UCNONb306AHUSL MPAHCHOPMamopos moka boiee 8blCOKO20
KAACCA MOYHOCMU U USMEPEHUS. HANPSJICEHUT C NOMOWbIO Oelumenei u3 aKmueHwvlx conpomusnenuil. IIposedenvl
pacuemuvl 3HAUEHUs. EeMKOCHEl, BKIIOYAeMbIX MencOy Kadcoou ¢hazou aunuu u 3emieid Ol YMeHbUleHUs
INEKMPOMACHUMHO20 BO30€UCMEUsL HA JIUHUIO, KOMOPOe BO3HUKAEm 3a cuem ONU3K020 PACNONOICEHUs. TUHUU 084
nposoda-penvc u koumaxmuou cemu. bion. 8, Tadn. 4, puc. 2.

Knwuesvie cnosa: wmecto 3aMbIKaHUs, ODKCHCPUMCHTAJILHBIC HCCICAOBAHNUA, MAaTCMaTUYCCKOEC MOACINPOBAHUC,
COBEPUHICHCTBOBAHUEC METOAA, TOUYHOCTb ONIPEACIICHUA.
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IMPROVEMENT OF 1PHASE FAULT LOCATION METHOD AT RAIL TRANSPORT SYSTEMS’
SIGNALLING CONTROL LINES
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Fault location method at rail transport systems’ signaling overhead control lines has been described. Complications of
this method’s usage due to dynamic changes of line’s mode parameters which lead to inaccuracies have been indicated.
Experience of combining in one method 3 algorithms for different phases of a line has been presented. To increase this
method’s accuracy it has been suggested to determine Iph voltage vector between power source and location of the
fault. It has been proved to use rated sinusoidal fundamental signals as input parameters for this method. Experiments
have been carried out to supplement this method. Research to determine capacity values between each phase and earth
has been carried out to lessen electromagnetic interference from contact system. References 8, tables 4, figures 2.

Key words: fault location, experimental study, mathematical modelling, refinement of method, accuracy.
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BU3HAUYEHHS BEJIMYUHU PE3EPBY AKTUBHOI IOTYKHOCTI TEC TA
T'EC J1J5 PETYJIOBAHHS YACTOTH TA IEPETOKIB B OEC YKPAITHA

O.C. SAunyabcskmii*, noxT.TexH.HayK, A.B. Hectepko™*, kann. texn.Hayk, I.O. Tpynina***, xang.Texa.HayKk
Hamionansuuii Texniuynuii yniBepcurer Ykpainu « KuiBcsknii nomitexniunuii inerutyt im. 1. Cikopeskoroy,
np. [lepemornu, 37, Kuis, 03056, Ykpaina,

e-mail: a_trunina@ukr.net

Posenanymo npobnemy 3ab6e3neuenus HANEHCHOI AKOCMI NEPBUHHOL0 MA 8MOPUHHO20 Pe2yI08AHHS YACMOMmU ma no-
MYACHOCMI 8 YMOBAX POCHY YACMKU 8IOHO8II08AHUX OXcepen eHepeii 8 enepeobananci OEC Yipainu. Po3pobneno nio-
Xi0 ma Kpumepii U3HAYUEHHA ONMUMATLHOIL 3 MEXHON02IYHOT MOYKU 30pY 8eIUUUHI MA PO3MIUEeHHS pe3epaie aKMUusHoi
nomyacrnocmi ¢ OEC Vkpainu na pexoncmpyiiosanux ma nepexoncmpyioganux onoxax\acpecamax TEC ma T'EC. 3a
pesyavmamamu imimayitino2o mooemosanns pexcumie OEC Vkpainu y paszi GuHUKHeHHS panmosux, tMOSIPHUX 3d KpU-
mepiem N-1 nebanancie akmueHOi NOMYAICHOCMI BUHAYEHO NEPELiK Ma 00IPYHMOBAHO HeOOXIOHICMb 3AIYYEeHHs 000a-
mKogux On0Kig\acpecamis enexmpocmanyiti 00 NePEUHHO20 MA 6MOPUHHO20 PEeSYTIOBAHHS YACMOMU Md NOMYHCHOCMI
6 OEC Vxpainu. bioa. 10, Taou. 1.

Knrwouoei cnosa: peryiioBaHHs 4acTOTH, PE3EPBH aKTUBHOI IOTY)KHOCTI, IEPBUHHE i BTOPUHHE PETYJIIOBAHHS YacTOTH,
BIZIHOBIIIOBaHI JDKepesa eHeprii, 00’ elHaHa eHeprocucTeMa.

Beryn. [Tmanom possutky cuctemu nepenadi 11 HEK «Ykpenepro» ma 2020-2029 pokwu [1] me-
penbavaeTscs qoBeAeHHS BcTaHOBJIEeHOI moTykHOCTI conssynux (CEC) Ta BitpoBux (BEC) enexrpocranuiit
1o 5,9 ta 2,8 I'Bt BignosigHo. [Ipn nboMy 3a3HauaeThes [2] HEAOCTATHS MPOITyCKHA CIIPOMOKHICTH KOHTPO-
JHOBAaHUX INEPETUHIB, HEIOCTATHICTh MAaHEBPEHHX MOXKIMBOCTEH €HEPrOCUCTEMHU AJsl KOMIIEHcalii Komu-
BaHb [IEPETOKIB MOTYKHOCTI, 00ymoBneHnx npueanandsmM CEC Ta BEC no OEC Ykpainu, nepeoOTsKeHiCTb
0a30BUMH MOTY>XHOCTSIMH. Lle mpU3BOAUTE A0 TOTO, LIO SK MAaHEBPOBI BUKOPUCTOBYIOTHCS TaKOX E€HEPro-
0JIOKH, SIKI HEe TIpU3HAYCHI U y9acTi Y IepBUHHOMY peryiroBanHi yacToT (ITPY) Ta aBToMaTHIHOMY BTO-
PUHHOMY PETYJIIOBaHHI YaCTOTH Ta mepeTokiB moTyxHocTi (ABPUII). ToMy Bike HaONMKYMM 4acoM HEOO-
xinne BukoHaHHs pexkoHcTpykuii TEC ta 'EC, a Takox BBeAeHHS HOBUX BHCOKOMAaHEBPEHHUX MOTYXHOCTEH
[2, 3]. [Ipu upomy 306inbIIeHHs perynrorounx MoxiauBocteit OEC Ykpainu moxe OyTu 3a0e3nedeHe mocra-
JaTbHUKAMU TTOCITYT 13 OamaHCyBaHHS, 110 BU3HAYAIOTHCS HAa PUHKY JOMTOMDKHHX TTOCTYT [4].

Pazom 3 TUM HEOOXiTHO TEXHOJIOTIYHO 3abe3neunTr ehekTUBHE OanancyBaHHs noTyxHocTi (ITPY ta
ABPUYII) msixoM BupilieHHS TpoOieMH BU3HAUCHHS ONTHMAIbHOI BEJIMUMHHU Ta PO3MIILEHHS Pe3epBiB ak-
tuBHOI noTyxHOCTI (BPPII) Ha pexoncTpyiioBanux\HepekoHCTpyiHoBaHux Onokax\arperarax TEC ta I'EC 3
ypaxyBaHHSM OOMEKEHb MEPEXi Ta MOXKITUBOCTI IIOBHICTIO 3aJIisITH HAsIBHI pe3epBU y pa3i BAHUKHEHHS aBa-
pifiHux moxit [5, 6].

IMocTanoBka 3agadi. Biqnosigao mo [5, 6] pe3eps [IPU Mae piBHOMiIpHO PO3MOIIISATUCST MK €JIEK-
TPOCTaHIIISIMH Ta IXHIMH €HEProOJIOKaMH TakK, 1100 BUKOPUCTAHHS Pe3epBY HE CIIPUUMHSIIO NIepeBaHTaKEHHS
TPaH3UTHUX JiHINA eNeKTponepenadi Ta 30BHIIIHIX 3B's13KkiB. Pesepsu ABPUII marots Oyt moctaTHiMH A
BUKOHAHHSI 3a/1a4 00ME)XEHHsI IEPETOKIB MOTYKHOCTI, a IXHe po3MilIeHHs 3a0e3MeuyBaTi 3MEHILEHHS Hepe-
TYJISIPHUX KOJIMBaHL HeOaJaHCy MOTYKHOCTI Ta KOMITEHCAIlli HaiO1IbmToi HMOBIPHOI panToOBOi BTPATH T€HE-
pyBaHHS a0 CHoKMBaHHs 3a KputepieM N-1. YMoBaMm HafilHOCTI, TEXHIYHAM XapaKTEPUCTHKAM Ta BEJIH-
YUHOIO BUTPAT Ha ekciutyararito pesepsy ABPUII Haiibinbme 3agoBonsHstors [EC 1 TAEC.

Bcranosneno [5, 6], 1o HEOOXiMHUN PO3PaXyHKOBHUH pe3epB MEPBUHHOI MOTYKHOCTI Ma€ PO3IOJIi-
JSITHCS. MK €HEPTOCHCTEMaMH TPOTOPLIHHO IXHBOMY PiYHOMY BUPOOHHUIITBY €NIEKTPOCHEPTil TAKUM YHHOM,
00 MpPOIYCKHA CHPOMOKHICTD €NEeKTPUYHOT Mepeki He oOMeKyBajia iXHIO MOBHY peainizamiro. Okpim [5],
it OEC Ykpainu He icHye ¢popManbHOI METOAMKH PO3PAXYHKY BEITHMYMHH 1 PO3MIILEHHS PEe3epPBiB aKTUBHOI
noty>kHocTi s e [TPY ta ABPUYIIL.

Pernament [7], npuiinsatuii B €auHill enekTpoeHepreTHuHiil cucremi Pociiickkoi denepauii, Bu3Ha-
yae KpUTepii Ui BUPILICHHS 3aBAaHHS BUOOPY CKJaly 3alisHOrO IeHepyrouoro oOnagHaHHs AjIsl Lijel Tpe-
THHHOTO PETYJIIOBaHHS 3 ypaxXyBaHHSIM I[IHOBHX 3asBOK Ta BapTOCTI BKJIIOYCHHS B poOOTY OOJIamHAHHS TI0-
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CTauaJbHUKIB (EIEKTPUYHHUX CTaHINH). Y mporeci ontuMizamii [7] BpaXoBYIOThCS OallaHCOBI OOMEKEHHS,
0OMEKEHHS 32 PEaKTUBHOIO MOTYKHICTIO, 8 TAKOK 0OMEXKEHHSI 32 MPOITYCKHOIO 3/1aTHICTIO KOHTPOJIbOBAaHHX
nepetuniB (KII). Ina Bupimenns 3agaqi usnadenns: BPPII mis [TPY ta ABPUII B OEC Ykpainu npomnony-
€ThCSI HOBUHW MIiNXifJ, SKWAH, Ha BiAMIHY Bil iCHYyIOUHX, MIHIMI3y€e eJEeKTpUYHY BilalieHICTh MiX OJOKa-
mu\arperatamu 3 pezepamu [1PU ra ABPYII ta yciMa MOKITUBUMH 32 KpUTepieM N-1 MiCIIIMU BUHUKHCHHS
aBapiifHOro HeOajaHCy MOTYKHOCTI. [1py IbOMY HOBHIA MiJX1Jl BKIIFOYAE perjiaMeHT [7], 3a0e3neuyodyn KOH-
TPOJIb IPOITYCKHOT CITPOMOYKHOCTI eNEKTPUIHOI Mepexi, HeoOxinHoi Bennunnu pesepsiB [IPY ra ABPUYII, Ta
iXHIN B3aEMHHM pO3IMOALT MiX OJIoKaMu\arperataMu, 3aTy4eHUMH J0 PETYIIOBaHHA. 3 ypaxyBaHHAM [5, 6, 7]
HOBHUH MiAXiJ AaCTh 3MOTY JOJATKOBO IMiJBUIMUTH ¢(EKTUBHICTh BUKOPHCTAHHS PE3EPBiB aKTHBHOI MOTYX-
HOCTI B YMOBaxX poOOTH PUHKY JOIOMIXKHHUX TOCIYT [4]. 3 1i€l0 METOI0 MPOMOHYETHCS IMiJIXi/T 10 BUHAYCH-
Hs1 BPPII mns [TPY Tta ABPUII, mo 0a3zyerbes Ha KepiBHUX BKaziBKax [5, 6, 7] Ta CKIIagaeThcs 3 YOTHPHOX
eramniB BPPII ms ITPY (1, 2 eram) Ta ABPUYII (3, 4 eram).

Ha nepmomy etami po3paxyHKy ONTHMaibHOI BEITHYMHU Ta MICIlb po3MinieHHs pe3epsiB [1PY i3 Bu-
KOPHUCTaHHIM KpUTEpifo Ta oOMexeHb (1) BU3HAYAE€THCS MaKCUMAILHUIN pe3epB peryJroBaHHS 3 BpPaxyBaH-
Ham pesepBy KII na 3aBantaxenss (£, ) Ta BuMor 3amyuenHs go [1PU me menme Hix 2 Grokis\arpe-
raTiB Ha €JIeKTPOCTAHIIIT.

Benuunna 3aBantaxkenHs: KI1 3a kputepiem N-1 Bu3HadaeThcs 0JI0KOM MaKCUMAIBLHOI MOTYXHOCTI
3a KOHTPOJIbOBAHUM TIEPETHHOM. Y TIPOIIECi ONTHUMI3allii peKOHCTPYHOBaHMM OjoKam\arperaram HaIaeThCs
mifBUINEeHUI npioputeT. BianosinHo no Komekcy cucremu nepenadi Bennuuna peseppiB [I1PY mae ctaHoBH-
™1 2-5% Bing notyxuocti OEC Ykpainu [8]. 3a ymoBu Bunineras 10% akTHBHOT OTYKHOCTI PEKOHCTPYHO-
BaHoro Onoka\arperaty mig pesepB IIPU no perymioBanHs HeoOXximHo 3amydatu 20-50% (koxkeH Ipy-
TUA—11’ATUi) OJIOKIB B eHeprocucteMi. ToMy il peKOHCTPYHOBAaHUX OJIOKIB\arperatiB MpUHHATO kp@m =4,

a JJIs1 HCPECKOHCTPYHOBAHUX — kpa«m

nepeaBaibHOl CTOPOHH JOPIBHIOE BEIMYUHI PO3BaHTaKEHHSI OJIOKiB/arperatiB MpUHManbHOI CTOPOHH Bif-
HOCHO KOHTPOJILOBAHOTO NIEPETUHY

Ng,
> P ko, >max; Y p, =l i=L.N,
=1

=1. Y mporieci po3paxyHKiB BeIHYMHA 3aBaHTaKEHHs OJOKiB/arperaTiB

_/’EM”,”
(i : | (1)
min Z((l o f;i (di/))])"»ini-jui )’il}llz}vx (PHo.w.iT]i.j) = ])n.onT.eTl ’ 1)11.0nT.eTl < A])max nep.j° J= 1 “Nnep
p =N,
100})}10111' . . .
P, Z—U(Af * fueu,z‘)’ W <A; A= VAEC,TEC,FECV}\I' €M e rperpcs M € {031}’

Si f;to,w

nen; — HaJIe)KHICTh BiJIOBiAHIN 30H1 perymoBanHs [0, 1]; ﬁl.j — MPOTHUIICKHI 3HAYCHHS U — MO3BLI

AEC,TEC ,TEC
Ha 3aJTy4eHHs JO PEerylioBaHHs 3a TMroM cranuii [0, 1];2; — o3Haka 3HaXOMKeHHs cTaHuii B pobori [0, 1];

Myge Mzge .M e — MHOJKUHA OJIOKIB\arperariB €leKTpoCTaHuii; N_ N,,~ KUTBKICTh CTaHIII Ta TIEPETHHIB

BiJINIOB1THO; d j — CYEKTPUYHA Bi/UIATCHICTb MiXK Onokamu\arperatamu i Ta j, B.0.; f; — (QYHKLIs BTpAT MOTyX-

HOCTI JI0 MICIIsl BHHUKHEHHS HeOaIaHCy; — HOMIHAJIbHA MOTYXHICTh Os1oKa\arperaty, MBT; AP,

P . L
HOM.I ax nep.j

MaKCHMAaJIHO JIOIyCTHME 301IbIICHHS BEIMYMHH [IEPETIKaHHs akTUBHOI noTyxHocTi no KII, MBt; p — pos-

PaxyHKOBa BEIMYUHA IEPBUHHOI MOTY>KHOCTI O110ka, MBT; 5, — crartusm, %; f,,.. >4, f,,, ;— HOMiHaJIbHa Yac-

TOTa CUCTEMH, 11 BIIXUJICHHS Ta 30HA HEUYTIMBOCTI J0 BIIXMJICHHS 4acTOTH Ojioka\arperary i, [

Ha npyromy erami BusHadennss BPPIT ITPY (1) 3 BUKOpHCTaHHAM KPUTEPiIO Ta 0OMEXEHb (2) BH-
3HAYAETHCS CyMapHa MEPBUHHA TOTYKHICTh SIK MEHIIIE 3HAYESHHsI Mi>K HOpMAaTHBHUM pe3epBoM [1PY, Bu3Ha-
geHuM 3a [5], Ta pezepBom [IPY, BUSBICHUM Ha IEpIIOMY €Tali. 3 METOI0 YHEMOXITHBIICHHsI KOHIIEHTpAITil
pe3epBiB B ONHOMY PailOHi peryJioBaHHs y KpuTepii (2) BBeaeHa mrpadHa GyHKUig Bia reorpadivunoi Bia-
CTaHi MiX OJloKaMH\arperaTamMu, Ha SIKUX BUIUISIOTHECS pPe3epPBU aKTUBHOI MOTYXKHOCTI. J[J1s1 3MEHIIIeHHS Ki-
JILKOCTI HEPEKOHCTPYHOBAaHUX OJIOKiB\arperaTiB y pe3yabTyr04ili MHOKMHI H; Ha IPYroMy €Tari peKOHCTpY-

foBaHMM OyoKam\arperatam HaJaeTbcsA MPIOPUTET i3 Koe(ilieHToM kpem =1/4. JIns HEpeKOHCTpYHOBaHUX
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onokiB\arperariB k=1
'peKoH

Ng,
Zln Z HOM. ] nGILCTAIIJ'lkaKOH - min’
i=1 J=l.g;<150
Ne,
Z(})n.lui)zmin(})nﬁam’ nonTerl Z l'l ;tl’ llecm (2)
i=l JeMm.L
N ~
[ ((1 f‘d (dl])) nl jl"l't )’ imaX( Howtni.j) < APmaxnep.j’ J = l "Nnep
i=1 Naa
W SAS A=V VA EM s A=V VA €Mypes A=V VA €M e 1, € {0;1}’

ae 7. .. — KUIbKICTh On0KiB cranuii, mo 3axisHi y IIPY; g — reorpadiyHa BiJIaNeHICTh MK OJIOKa-

MU\arperaTami i 1a j, KM.
[Micnsa BuznadenHss BPPII TIPY BuUKOHYE€TBbCS pO3paxyHOK BEIMYMHH Ta PO3MIIICHHS pPe3epBiB
Non
ABPUIIL. Ha TpeThoMy eTami BU3HAYAETHCS MAKCUMATbHHI pe3eps BTopuHHOI noTyxkHocTi OEC ( 2 P, ;)3
i=1 %

BpaxyBaHHSM JOIMYCTUMOTO 301IbIIIeHHS TiepeTikanHs akTuBHOI motyxHocTi yepe3 KII (3). Peseps BTopuH-
HOTO perysoBaHHS (P ) nns arperatiB 'EC npwuitasito Ha piBHi 100%, a mist 610kie TEC — 10% Bin
6.max .1

HOMIHAJIBHOI ITOTY>KHOCTI [9]

Ng,

N, ~
> By max; min| Y (1= £, d)) B, ) max By ) |S AR =1Nay )

i=1

0<P, < lln.omj)"P 5 A=V, VA EM s A,

i” 6.max.i” i i

=V VA, €Mppes A =V VA, eM e,

ne I, ; — peKOMEHJI0BaHUi Pe3epB BTOPUHHOI MOTYKHOCTI 1 Oioka\arperary, MBT.

Bignosigno 1o [5], 3Baxkarouu Ha BUMOTY BinHOBIeHHs pe3epsiB [IPY 3a paxyHok pesepsie ABPUII,
BeNn4MHa Ta po3MmimeHHs pe3epBiB ABPUII moBunHa y3romkyBartucs 3 pesepBamu [1PU. Tomy B mponeci

ontuMizawii 3 BUKopucTaHHsIM oomexenns 0 < P ; < “rmnr MDY ax i TIPHMIHSATO, 0 pesepsu ABPUII pos-

MIIyIOThCSl Ha OJoKax\arperarax, Jie He BuaiieHi pezepsu [1PY.

Ha werBepTomy erami po3paxyHky pe3epBiB ABPUII Ha ocHOBI kpuTepiro Ta 0OMexeHb (4) BU3Haua-
€THCSI CYMapHHUU pe3epB BTOPHHHOTO PETYIIOBAHHA (SK MEHIIEC 3HAYCHHS MK HOPMATHBHHM pe3epBOM [5]
ta MakcuManbsHuM pezepsoM ABPUIT OEC Ykpainu), BUSBICHOTO Ha TPETHOMY €Tarli.

3 MeTor0 eeKTUBHOTO KOHTPOIO CANbI0 MDXAEPKaBHUX IEPETOKIB y po3noniii pezepsy ABPUIIL
(P,) y (4) BpaxoByeTbCsl €IEKTPHYHA BiANEHICTh 10 MiX/IEPKaBHOTO MEPETHHY Ta HOTO 3aBaHTAKEHICTb.

3 METO0 3MEHINEHHS KiTbKOCTI HEPEKOHCTPYHoBaHuX Oy10KiB\arperatis y P . Ha 4eTBEPTOMY €Talli peKOHC-

TpyiioBaHMM OJloKaM\arperaTaM HaJaeMo MPiOPUTET kpemH=1/4. st HepeKOHCTpyHoBaHUX OJIOKiB\arperaris

k. =1

pekou

Zpﬁ’l«fd(dKHOECz) peKoH - min:

N,

N6,1 ~
DB zmin(By 5P nﬁn(g((l—mdp) ). max ,,,,w,n,,,-)JsAPmW j=1.N,,

i=1

“4)

0<P, _unoml?\P A=V, VA eM

i smaxz’

3 A =V VA eM

AEC>

recs N = Ve VA, €M e,
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A€ dypropc,; — CICKTpUYHA BiicTaHb Bin Ouoka\arperaty i 1o KII 3 €EC Pocii ta binopycii; p popu 1K HOD-

MaTHUBHHH pe3epB BTOPUHHOTO PETYIIOBaHHS, BA3HAYEHUH BiAMOBITHO 10 [5, 8] MBT.

PesyabtaTtn po3paxynkis BPPII. [lns nmociimkeHHS eQEeKTUBHOCTI 3amporOHOBAHOTO MiAXOAY
nposeaeHo Bu3HaueHHs BIIIP s OEC Ykpainu. Po3paxyHok BUKOHYBaBCs IIISIXOM BUKOPHCTaHHS I'eHe-
TUYHOTO AJITOPUTMY OINITUMI3allii 3a pe3yJbTaTaMy IMITAIlifHOTO MOJISTIOBAaHHS MEPEXiTHIX PEKUMIB Ha JIH-
HamiuHii Mogem OEC Ykpainu [10] i3 BpaxyBaHHAM CTaTHUYHUX XapaKTEPUCTUK HaBaHTAXKECHHS Ta Oe3 Bpa-
XyBaHHsI pOOOTH CHCTEMH aBTOMATUYHOTO PETYJIOBAaHHSA YacTOTH Ta MOTY>KHOCTI. Y Tpoleci po3paxyHKiB
TaKOX BPaxOBYBAJINCS OJIOKH €JIEKTPUYHMX CTaHLiH, pO3TAIIOBAaHI HA TUMYACOBO OKYHOBAaHHX TEPUTOPISX.
Hopwmatusamuii pezeps [1PU Ta ABPUII OEC Vkpainu [5] npuitasaTo Ha piBaI 196 Ta 1000 MBT BignoigHo.
Pesynbratu po3paxyHKy BEeJIMUYMHHU Ta PO3MILIEHHS pe3epBiB akTHBHOI moTyxHOocTi [IPY Ta ABPUII Ha pe-
KOHCTpyHoBaHuX\HepeKoHCTpyHoBaHux Onokax\arperatax TEC ta ['EC y pasi napanensnoi pobotu 3 €EC

Pocii ta binopycii Ta TppoX BapiaHTIB BEIMYMHU Pe3epBY Ha 3aBanTaxeHHs ycix KII (a7 . p.J ) HaBEIEHO
Y TaOJIHII.
o, o,

Pesynbratd BU3HAUEHHS pe- Minaxnep> 7 Pesynbrati BU3HAYEHHS pe- Minaxnep.» 7
3epsis [TPY, MBT 5 10 20 | sepeis ABPUYIL, MBt 5 10 20

124 | 196 196 744 1000 | 1000
PexoncTpyiioBaHi 6;10k1 Peseps IIPY, MBT | PekoncrpyiioBaHi 6,10k Peszeps ABPYIL, MBT
Kpusopizeka TEC 24 24 24 Jlyranceka TEC 20 20 20
Tpuminsceka TEC 12 12 12 Byrneripceka TEC - 60 -
Jlyrancpka TEC 8 8 8 3amopizpka TEC - 30 -
Jo6potipcrka TEC 6 6 - Kypaxisceka TEC - 105 105
3yiBceka TEC - 24 24 Crapo6emriceka TEC - 60 60
3amnopizska TEC - 12 24 HepexoncrpyiioBani 610ku | Peseps ABPYIL, MBT
Byrneripceka TEC - - 24 Hainpol EC-1 432 421 421
HepexoncrpyiioBani 61oku | Peseps IIPY, MBT | [rictpoBcrka ['EC 64 - -
Tpuminsceka TEC 12 12 12 Kaxoscpka 'EC 100 20,5 -
Jlammxuaceka TEC 24 24 24 Kuisceka TAEC 49 - -
Kuiscpka TEII-6 24 - - Jlyranceka TEC 80 70 -
Jlyranceka TEC 8 8 8 3amopizpka TEC - 128,8 | 73,5
Jo6potipcrka TEC 6 6 - Xapkisceka TELL-5 - 56 56
3anopizpka TEC - 36 36 3miiBceka TEC - 30 244
- - - - Cnop’saceka TEC - - 20,5

Pe3ynbTaT mpOBEACHOIO JOCHIKSHHS 3alpOINOHOBAHOTO IMIAXOIY CBiI4YaTh MPO HOro eheKTUB-
HicTh. BcTanoBneHo, mo HepoctaTHs npomyckHa crpoMoxHIcTh KIT B OEC Ykpaiau yHEMOXKIIMBIIOE OJTHO-
gacHe BUKOPUCTaHHS ycix pe3epriB [IPY Ha pekoHCTpyHoBaHHX OJIoKax\arperarax y pa3i MOKIHUBUX 3a KpH-
Tepiem N-1 BapiaHTiB BUHMKHEHHS aBapiiiHOoro HeOamaHCy. AHaii3 pe3ylbTaTiB JOCIHiIKEHHS MMOKa3aB He-
00XigHICTh 3alyyeHHs1 HepekoHcTpyHoBaHux OnokiB Tpuminscbkoi TEC, Jlammwkuacekoi TEC, KuiBchkoi
TEI-6, Jlyrancekoi TEC, o6potsipcrkoi TEC Ta 3anopizskoi TEC 10 nepBUHHOTO peryOBaHHS YaCTOTH
3a HasBHOCTI HesamyueHux pesepiB 3yiBcvkoi TEC, 3amopizekoi TEC ta Byrneripebkoi TEC y pa3si oOme-
JKEHb BEJIMIMHU NepeTikaHHsA akTUBHOI oty kHOCTi 1o K11 y mexax 5—20%. Pe3synpratn Bu3Ha4ueHHS pe3ep-
BiB ABPUII i3 BukopucTanHsaM po3pobieHoro miaxoay cBigyars, mo B OEC Ykpainu npiopureTHUM mocra-
YaJIbHUKOM TIOCITYT o0 OaraHcyBaHHS 3a AP, e =5% € I'EC. Pazom i3 Tum 3a APmmp=10—20% 3aiy-

yeHHs1 pekoHcTpyHoBaHux 610kiB TEC no ABPUII € Ginbin BunpaBaaHuM. 3Ba)katoul Ha OTPUMaHi pe3yib-
TaTH, TAKOX AKTyaJbHOIO € 3aJada KOHTPOJIO BEJIMYMHH 3aBAHTAXKEHOCTI KOHTPOJIOBAHUX IEPETHHIB 3
ypaxyBaHHsM BPPII.

BucHoBku. Y pe3yibTaTi aHamizy BUMOT 10 TIEPBHHHOTO Ta aBTOMAaTHYHOTO BTOPUHHOTO PeETyIIo-
BaHHS YaCTOTH Ta MEPETOKIB MOTY>KHOCTI B YMOBax 301IbLICHHS YaCTKH BiAHOBIIIOBAaHUX JKEpeEN €HEprii B
eneprobananci OEC Ykpainu o0rpyHTOBaHa HEOOXiTHICTH IOJANTBINOI peKOHCTpYKIii OmokiB\arperarie TEC
i 'EC Ta BHKOpHCTaHHS HOBHX BHCOKOMAHEBPECHHX ITOCTAYAIBLHUKIB IMOCIYT 3 OalaHCyBaHHS. AHai3 pe-
3yJbTATIB MEPEBIPKU HOBOTO Miaxoay a0 BusHaueHHs BPPII nminrBepaus #ioro edekruBHicTh. BriltoueHHS B
KpPUTEPii ONTHMAaIHHOCTI 3aIIPOITIOHOBAHOTO MiAXOMy €NEeKTPHYHOI BiJIaI€HOCT] Mk OJoKaMm\arperaraMu 3
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pesepamu [TPY i ABPUYII ta ycima MoxxnuBuME 32 KpuTepieM N-1 MicIssMy BUHHUKHEHHS aBapiliHOro HeOa-
JIAHCY MOTYKHOCTI JIA€ MOKJIMBICTH IMiIBUIIUTH e()EKTUBHICTh BUKOPHCTAHHS PE3EPBIB aKTHBHOI MOTYKHOC-
Ti B yMOBax poOOTH PHHKY JONOMDKHUX HOCHYT. Pa3oM i3 THM y HOBOMY MiIXOA1 BpaxOBaHO TaKOX HE0O-
XigHiCcTh 3a0e3meueHHss HopMatuBHUX BennduH pe3epsiB [1PY Ta ABPYII Ha 6mokax\arperarax TEC i TEC
B OEC YkpaiHu, iXHiil B3aeMHHUH pO3IMOALUT Mk OJoKamMu\arperaTaMi Ta MPOITyCKHY CIPOMOKHICTh €JICKT-
pUYHOI Mepexi. 3a pe3ylbTaTaMy iMITallifHOT0 MOAETIOBAHHS MEPEXiTHUX PEKUMIB Ha JUHAMIUHINA Mozemi
OEC Vkpainu BU3HAUY€HO MEperiK Ta OOIPyHTOBAaHO HEOOXIAHICTh 3alyueHHS HEPEeKOHCTpYHOBaHUX Oo-
KiB\arpepartiB €JIeKTPOCTaHIIIH 10 IEPBUHHOTO Ta BTOPUHHOTO PETYJIOBAHHS YaCTOTH Ta MOTYKHOCTI B OEC
Ykpainu.

xepeso inancyanns. JII HEK «Yxpenepeoy». Hayxoso-oocniona poboma «ocniosxcenns po-
oomu OEC Yxpainu npu asapiiinux cumyayisix 6Hac1iooK 3HAYHUX HeOANAHCI8 ROMYAHCHOCMIY GIONOGIOHO 00

0o2os0opy Ne06-4/4792-16 6i0 29 epyous 2016.
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DETERMINING THE RESERVE CAPACITY OF THERMAL AND HYDROELECTRIC POWER
STATIONS FOR FREQUENCY AND POWER FLOWS REGULATION IN ISP OF UKRAINE

O. Yandulskyi, A. Nesterko, H. Trunina

National Technical University of Ukraine Igor Sikorsky Kyiv Polytechnic Institute,
pr. Peremohy, 37, Kyiv, 03056, Ukraine,

e-mail: a_trunina@ukr.net

The problem of proper quality of primary and secondary frequency and power flows regulation in IPS of Ukraine is
considered in the context of an increase in the share of renewable energy sources in the energy balance of the IPS of
Ukraine. An approach and criteria have been developed for determining the optimum value from the technological
point of view and the allocation of power reserves in the Ukrainian Interconnected Energy System on reconstructed and
non-reconstructed units/aggregates of thermal power plants and hydroelectric power stations. Based on the results of
IPS regimes simulation modeling in cases of sudden, likely by criterion N-1, imbalances of active power, a list and the
need to attract non-reconstructed units/aggregates of power plants to primary and secondary load-frequency regulation
is determined. References 10, table 1.

Key words: frequency regulation, active power reserves, primary and secondary frequency control, renewable energy
sources, interconnected power system.

1. The development plan of the transmission system for 2020-2029 years. Kyiv: NPC Ukrenerho, 2019. 208 p. (Ukr)

2. Report on conformity assessment (adequacy) of generating capacities. Kyiv: NPC Ukrenerho", 2018. 126 p. (Ukr)

3. Kyrylenko O., Pavlovsky V., Steliuk A. AGC software model validation for identification of renewables impact on

frequency control in the IPS of Ukraine. 2014 IEEE International Conference on Intelligent Energy and Power Systems

(IEPS). Kyiv. 2014. Vol. 1. Pp. 141-144.

4. Market rules. Kyiv: National Commission for State Regulation of Energy and Public Utilities, 2018. 178 p. (Ukr)

5. Method of determination of the size and allocation of active power reserves for frequency and power flows control.
Basic technical requirements for parallel operating power systems of the CIS and Baltic countries. Rosiia: OAO CO
EES, 2006. 9 p. (Rus)

6. Kilk K. Determination of optimal operating reserves in power systems. Oil Shale. 2009. Vol. 26. No 3. Pp. 220-227.
7. The rules for calculating the choice of the composition of generating equipment. Rosiia: NP Sovet rynka, 2015.
19 p. (Rus)

8. On approval of the Code of transmission systems: Resolution of the National Commission for State Regulation in
the Fields of Energy and Public Utilities No 309 of 14.03.2018. (Ukr)

9. Methods and recommendations for the organization of primary and secondary frequency and power regulation at
power units of the TPP. SOU-N EE 04.157: 2009 Kyiv: Minpalyvenerho Ukrainy, 2009. 56 p. (Ukr)

10. Yandulskyi O., Marchenko A., Hulyi V. Analysis of Efficiency Of Primary Load-Frequency Control of Integrated
Power System of Ukraine. 2018 IEEE 3rd International Conference on Intelligent Energy and Power Systems (IEPS).
Kharkiv. 2018. Pp. 244-247.

Hapiiinra 01.07.2019
Ocratounwuii Bapiant 05.11.2019

ISSN 1607-7970. Texn. enexmpoounamira. 2020. Ne 1 63



YIAK 621.311 DOI: https://doi.org/10.15407/techned2020.01.064
BOJEHbB B EJIEKTPO- TA TPAHCIIOPTHINA EHEPTETHIII

I.M.Kapn, akanemix HAH Ykpaian
Incturyt razy HAH Ykpainu,

ByJ. Jerrspisebka, 39, Kuis, 03113, Ykpaina.
E-mail: karpkiev@gmail.com

Toxazano, wo na 6UPOOHUYMBO BOOHIO BUMPAYACIbCS DibULe eHEPail, HIJIC MOJCHA OMPUMAMU Y paA3i 1020 BUKOPUC-
manus. Mosa iide npo upobruymeo «3enenozo» 6oouio. Ha eupobruymeo 1 s’ 600mio sumpauaemocs 6id 4 0o 5 kBme
efleKmpoenepeii, npu momy, wo y HboMy Micmumscs Ximiunoi enepeii 2,9 kBme. Tenniomgopua cnpomodicHicms 600HIO Y
3,3 pasu menwa, Hioc memany. Bodenv sk peuosuna xapaxmepusyemvcs GUCOKOI NPOHUKAIOYOIO 30aMHICMIO, 1020
MPAHCROPMYBAHHSL 6 36UYALIHUX MPYOAX CHPUHUHIOE IXHIO KOpO3ilo ma oKkpuxyyeauus. Peanizayia yvozo npoyecy no-
mpebye 3aCmoCcy8ants CneyiaibHux Mmamepianie 0is mpyoonposodis, a MaKoic CReyiarbH020 NPOEKMY8AHH:, KOMNpe-
copis, cencopie. BoOenb mae wupoxi mexici 8ubyxo8ocmi, 8eauKy WeUOKICIb PO3N0BCIOONCEHHS (haKery, U020 GUKOPU-
CMAHHSA N08 SA3AHO 3 3ACHOCY8AHHAM CNEYidIbHUX 3aX00i8 be3neku. Bukopucmanms 000 AK NAIU6a 01 Npueoody ma-
He8pOoBUX 2a308UX NOMYN*CHOCMEL 8 eHep2ocucmemi abo 0a 3aMiujeHHs PIOKUX MOMOPHUX NAIUE NOMPeOyE eleKmpo-
2eHepPYIOYUX NOMYAHCHOCHEN HA 11020 BUPOOHUYMBO, CRIBMIPDHUX i3 8CIAHOBIEHOI0 NOMYICHICINIO 8CIET eHepeocucmemu
Yxpainu, snaunux 06’emie 600u ma supiwieHHs npodremMu BUKOPUCMAHHA HAOTUWKY KUCHIO. Bumpamu enexmpoenepaii
0711 OMPUMAHHSL BOOHIO OJisL NANUBHUX eNEeMEHMIB € OOCUMb SHAYHUMU | MOMY NepemBOPeHHs 11020 3HO8Y 6 eleKmpo-
eHepeiio s6HO HedoyinbHe. Takum YUHOM, 3 YPAXYBAHHAM 6apMOCMI eleKmpoeHepeii 3 GIOHOGMI0BAHUX 0Jicepen ma eKo-
HOMIKU BUPOOHUYMBA BOOHIO 3 NOOAILUWUM 1020 GUKOPUCMAHHAM € HeGUSIOHUM. AHANO2IYHUL GUCHOBOK MOJICHA 3DO-
oumu cmocoeHo MpaHCNOPMYBAHHsL BOOHIO Y CIUCHEHOMY abo 3piddcenomy cmani. Jlpaiieepom 600He60T eHepeemuKy €
baoicants 3ano0ieanHsi AHMPONOSEHHOMY RAUSY HA 3MIHY Kiimamy. Benuxy Kintokicme npoekmis i3 600He80l enepeemu-
KU, SIKI Cb0200HI 3anpogaodiceni 6 €8poni ma ceimi, MOJMCHA NOACHUMU SHAYHUMU KOWMAMU, WO BUOLIAIOMBC HA O00-
ciodcents yici npobiemu. YV npoeaoicenti maKux npoeKmie 3ayikasieHi NomyxucHi KOMNAanii ma HayKosyi — 600HesI
akmusicmu. bi6mn. 9, puc. 1.

Kniouosi cnosa: BosieHb, BUPOOHUIITBO, TPAHCIIOPTYBAHHS, 30epiraHHs, eKOHOMIUHICTb.

[IpoTsiroM ocTaHHIX ABOX JECATHPIY 3HAYHA yBara NpUAUIIETHCS MPOOIeMi EeHEPreTUYHOTO BUKOPHU-
CTaHHS BOJHIO SIK ITaJIMBA JJI EHEPTeTHYHUX YCTAHOBOK Ta aKyMyJISATOpiB eHeprii. KinbkicTe myOmikariii Ha
0 TeMy HE MITAEThCS BU3HAUEHH!O. JlesKi aBTOpH HaBiTh BBaXalOTh, 10 Ha OCHOBI IMIMPOKOTO BUKOPHC-
TaHHS BOJIHIO HACTYIIA€ HOBA epa HE TUIbKU B EHEPreTHINl, a H Y eKOHOMIIlI B HijoMy. [{r0 cTaziro ekoHOMIKK
BOHU Ha3MBAIOTh «BOAHEBOIO CKOHOMIKOIO», BBa)Kal0UH, 110 BOHA € «00pa3oM MaiOyTHBOrO» AJsl Tio0aib-
HOT €KOHOMIKH, y SIKii BOJICHb CTa€ HOBHM TJIOOQIBHIM CHEPTOHOCIEM 1 TTOYMHAE BiIirpaBaTH POJIb, TOPiB-
HSHHY 3 TIi€I0, SIKY B JJaHWH Yac BiAirparTh Byrius, Hadra abo ra3 Ta HabaraTto Ba>KJIWBIIIY BiJ] HUHINIHBOT
poJIi TiipOeHEepreTHKU, aTOMHOI Ta OioeHepreTHKU pazoM y3saTux. [1]. CTBepmxkyeThes, M0 BoIHEBA €KOHO-
MiKa B)Ke 3apa3 MounHae (GOPMYBaTHUCS B OKPEMHX PETiOHaX 3aBISKH €KOHOMIUHIH KOHKYPEHTOCIIPOMOXK-
HOCTI MO BiJIHOWIEHHIO 10 BYTIJICBOJHEBHUX IAIWB, SKi JOPOKYAIOTh, a TaKOX dYepe3 B3sTi Ha cebe 30-
0OB’s13aHHSI KOMIIaHil, PETioHIB Ta HaBiTh AepkaB y OOpOTHOI 3 TII0OaTbHUMHU 3MiHaMH KiiMaty. Sk mpu-
KJIa]] HABOJIUTHCS SITTOHIs, Ska HIOMTO TOCTABIIIA 32 METY OYMIBHHUIITBO «CYCIIUIHCTBA, OCHOBAHOTO Ha BOJI-
Hi» [2] 32 paXyHOK PO3BUTKY BOJHEBOTO TEXHOJIOTIYHOI'O JIAHIIKOKKA Ta MPOCKTIB €KCIIOPTY BOJHIO 3 ABCT-
pauii, Hopserii Ta 3 bimxaboro Cxofy, a TakoK BAKOPUCTAHHSA BOJHIO Y MiNbHOHaX JoMorocnoaapcts. Ha-
TOJIONIYETHCS TAKOXK MPO COTHI «BOJHEBUX» MIIOTHUX MpoekTiB y HiMewunni, BenukoOpuranii, CLUHA, ITis-
nerHit Kopei. 3asBu 10710 €KOHOMIYHOI KOHKYPEHTOCIIPOMOKHOCTI BOJHIO IO BiIHOIIICHHIO IO BYTJICBOJI-
HiB, Ha0araTo OiNBIIOT PO BOJHEBOI €HEPTETHKH MOPIBHAHO 3 Pa3oM Y3ATHMHU TiApo-, 0i0- Ta aTOMHOIO
€HEPTeTHKOI0 Ta MIKKOHTHHEHTAIbHUM TPAHCHIOPTYBAHHSM [ || IpakTHYHO HIYMM HE MigKPIIUIEH].

AKTyaJlbHOIO CTaJia HEOOXIIHICTh PEANbHO OI[IHUTH OCHOBHI aCIIEKTH BOJHEBOI €HEPTreTUKH M TeX-
HOJIOTi Ta CPOTHO3YBATH IXHil MOXKJIMBHH po3BUTOK. Cripo0y TaKo1 OI[IHKHM PeabHOTO 3HAYCHHS BOAHEBOT
eHepreTHKH OyJo 3AiHCHEHO JeKinbka pokiB Tomy B Pocii [3]. ¥V BucHOBKax poOOTH 3a3HAYa€THCs eHepre-
THYHA Hee(EeKTUBHICTh BOAHEBOI CHEPTETHKH 1 HATOJIONITYETHCS, 110 OHIEI0 3 TPHYNH aKTHBHOI IpOTaranIn
«BOJIHEBOI PEBOIIIOII1», MOXKIIMBO, € «CIpoda BTATHYTH Pocito 3 ii Bkpaii Mi3epHUMH pecypcamu, IO BHII-
nstoThest Ha HJIP, y TexHOMOriYHy TOHKY THITy IPOTPaHoi TOHKH 030po€eHby. [HimiaTopaM BOAHEBUX MPOEK-
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TiB B YKpaiHi CiiJl TaKOX MPHUIMATH 10 YBard BiJIOBIIHICTh BAPTOCTI MPOEKTIB MOXKIIMBOCTSIM IXHBOTO (Di-
HAHCYBaHHSI.

CrorofHi 3arajibHe CBiTOBE BHPOOHUITBO BOJHIO OLIHIOETHCS OJIM3BKO 75 MIIH. TOHH, 3 SIKHX TPETH-
Ha BUKOPHUCTOBYETHCS Y Ha(TOXIMIYHIH MPOMHCIOBOCTI, a IBi TPETHHH — U1 BUPOOHUIITBA MiHEPATBHUX
nmobpuB. He3HauHa KiTbKiCTh BOJIHIO BHKOPHUCTOBYETHCS Y MAIIMHOOY TyBaHHI K 3aXMCHA aTMocdepa.

Bopenb — mrydHe majauBo, y YHCTOMY BHTJISIIL BiH Y TIPUPOJII BiAcyTHIN. Ha ioro BUpoOHUIITBO TIO-
TpiOHO OinbILIe eHeprii, Hi’K MOXKHA OTPUMATH y pa3i oro BUKOpHcTaHHs. TakuM YWHOM, BUPOOHHULTBO eJie-
KTpUIHOi a00 TETUTOBOI €HepTii 3 BOAHIO € CHEPTETUIHO 30MTKOBUM. CHPOBHHOIO JJIT BUPOOHHUIITBA BOJIHIO
MOXYTh OyTH METaH, iHII BYIJICBOJHEBI rasu, Hadra, Byriuis, Olonannsa, TBepAi MOOYTOBI BiIXOIH, BOAO-
pocrti. IcHye 6arato coco6iB BUpOOHHUIITBA BOJHIO, ajie IPOMHUCIIOBE 3HAUYCHHS MalOTh IApOBa KaTaliTUYHA
KOHBEPCIis BYTJICIEBMICHUX PEUOBHH Ta €JIeKTPoii3 Boau. KoHBepcis (pudopMiHr) — Iie eHIoTepMidHa pea-
KIS BYIJICIIO 3 BOJSIHOIO IIApOI0, B PE3yJIbTATi SKOI OTPUMYIOTh CHHTE3-Ta3 — CyMIII OKCHIY BYTJELIO Ta
BoJHIO. CHIBBIIHOMIEHHS MK OKCHIOM BYTJICIIO Ta BOAHEM 3aJIeXKHTh BiJ BUXigHOT CHpoBHHU. OKCHI BYT-
JIeLI0 MIISIXOM €K30TE€PMIYHOI peakuii 3 BOASHOIO Mapolo MEePETBOPIOIOTH HA BOJAECHD Ta JBOOKHC BYTJIELIO,
SIKUH CKHIIAI0Th B aTMocdepy. Y CHHTE3-Ta31 MPUCYTHI TaKOX JOMIIIKH Y BUTJISAI METaHy, IO HE Ipopeary-
BaB, Ta IHIIMX NPOIYKTiB. Peakilisi KOHBepCii BUKOPHCTOBYETHCS Y BHUCOKOTEMIIEPATYPHUX TBEPAOTIIHHUX
nanuBHuX eneMeHTax (I1E). KoedinienT kopucHoi aii nporiecy koHBepcii oniHtoeThes y 75%. CobiBapTicTh
BHPOOHHIITBA BOJHIO KOHBEPCI€IO OLIHIOEThCA y $ 2—5/kr Ha, 1m0 cTaHoBuTS y mepepaxyHky $ 0,18-0,45/m°
H,. Konsepcieto ByriaeBoiHiB, HaQTH Ta BYrijuis 3a pi3HUMH OLIHKAMH OTPUMYIOTH 95-99 % BoaHIO, pemry
Big 0,1 mo 5% — enexrponizoM. BapTicTh BUpOOHHIITBA KOHBEPCI€IO y 2—5 pa3iB MeHIIA, HIK €IeKTPOIi30M.
BuTpaTa eeKTPHYHOI eHeprii Ha BUPOGHUIITBO | M’ BOIHIO €IEKTPOIi30M y CepeIHbOMY CTAHOBUTH 5 KBTT,
a y HalKpamux Cy4acHHX eJeKTpoJiizepax — 4 kBTr, T00TO c00iBapTiCTh €IEKTPOIII3HOTO BOJHIO CTAaHOBH-
tume $ 0,9-2,25/ M°, mo MPAKTHYHO CIIBIIAJA€ 13 3HAUCHHSAMU, HABSJICHUMH Y [1] 3 MOCUIaHHSIMH Ha Po3pa-
XyHKH, BUKOHaHI B HiMeuunHi [4]. Y po6oti [3] KK]I BupoOHHIITBa BOJHIO €EKTPOII30M TI0 BiTHOIIEHHIO
JI0 TIEPBUHHOTO TTaJIMBa OIHIOETECA y 23%.

EnexTpoi3 oauiei TorrM Bogu npoaykye 111,5 kr Boxuio (1237 M° 32 HOpMaTBHUX yMOB) Ta 885 Kr
KkicHio (618 M*). [IpOMHCIOBE BUKOPHCTAHHS KMCHIO OOMesKeHe. BiH BUKOPHCTOBYEThCS Y METATyprii, Me-
TUIIMHI, a TAKOXK JJIsi BUPOOHHUIITBA a30THOI KUCIIOTH 3 aMmiaky. 3a cydacHUX OOCSATiB BUPOOHHUIITBA BOJHIO
Mae Micre mpuOIu3HMA 0ajaHC Y CIIOKMBAaHHI KUCHIO, aJi¢ Y pa3i 3HAYHOTO 301IbIIICHHS BUPOOHUIITBA BOJI-
HIO KUCEHb BTPaTUTh KOMEPUilHY WiHHICTH 1 fioro Tpeba Oyae mpocto ckugatu B atMocdepy. [lomyk puHKiB
30yTy AJIsl KUCHIO TiIBUITUTH €KOHOMIYHICTh BUPOOHUIITBA BOIHIO.

Bonens, orpumanmii kouBepcieto Metany (SMR, steam methane reforming), Ha3mBaOTh «cipuM»,
OCKUTBKHM HOTO BUPOOHUIITBO MOB’si3aHE 3 eMicieto B atmocdepy miokcuny Byriemo — 10 kr CO,/kr H,. Sk-
10 KOHBEPCisl CyMpOBOIKYETHCS BHIYYeHHSIM Ta 3axopoHeHHAM CO, (CCS — carbon capture and storage),
TO OTPUMAaHUN y TaKOMY IPOIIeCi BOJCHb HA3WBAIOTh «OITAKUTHUM». BOJIECHb, OTpUMaHMA €IEKTPOIII30M i3
BUKOPUCTAHHSIM E€JIEKTPOCHEPTii 3 BiJHOBIIOBAHUX JKEpEN, Ha3MBAIOTh «3eJCHUM». JlomaBaHHS mpolecy
CCS nmo texnonorii SMR 30inburye kamiTaqoBkIaaeHHs y BUpOOHUITBO BOAHIO Ha 87%, a eKkcIuryaTamiiiui
Butpatu Ha 33%. Ilpu npomy BapTicTh BOOHIO cTaHOBHTHME 10 1,8 €Bpo 3a kr, a miHa ytumizauii CO; —
Maibke 70 eBpo 3a ToHHY CO, [1]. IToBiZOMIISETHCS TIPO TPH MPOSKTH BUPOOHUIITBA «OJIAKUTHOTO» BOIHIO ¥
CIIA, Kanani Ta Snonii Ta Hamipu Mmoo peainizamii aHaJIOTi4YHOro HMpoekTy st ABcrpanii. Tak, B iHpop-
Mmarii xxyprany PEI (Power Engineering International) Bix 23.10.2019 p. fizeTbcs Mpo KOHTPAKT KOMIIAHIT
ABB momo aBToMaTtu3aiii, enekTpudikailii Ta KOHTPOJIbHO-BUMIPIOBATEHUX TIPIIIAIIB IS aBCTPATIHCHKOTO
ninotHoro npoekty Hydrogen Energy Supply Chain (HESC). Meroto npoekTy € BHITpoOyBaHHS BUPOOHHII-
TBa BOJHIO razudikaiieto Oyporo Byrijuis, 3piJpkeHHs ra3onoJiOHOTo BOIHIO Ta 3aBaHTAXXCHHS HOro Ha mep-
M Y CBITi Crieniaii3oBaHuid TPAHCIIOPT sl TPAHCIOPTYBaHHS HOTo B MexaX A3iiichbKo-THX00KeaHCHKOTO
periony. Ypsia ABcrpaiii po3risigae e MpoeKT K «BUPIMIaTbHUN KPOK» Ha IUISIXY MepeTBOpPeHHS ABCTpa-
il y cBiTOBOTO JIiiepa B raimy3i BAPOOHHULITBA BOAHIO.

OcHOBHa 4aCTHHA BOAHEBUX IPOEKTIB KOHLEHTPYETHCS HABKOJIO BUPOOHHUIITBA «3€IEHOT0» BOJHIO,
JI0 SIKOTO BUSBIISE iHTEpEC 1 aTOMHA €HEepreTHYHa Taimy3b. [1oBiIOMIIIETHCSA TIPO MOYATOK OYIIBHHUIITBA Y
2019 poui B HiMewunni HaitGinbImoi y cBiti ycranoBku 3 Bupo6HunTBa 1300 ToHH (14,4 MIH. M) BOIHIO
IIOPIYHO METOJOM eNeKTpoiizy. Takuii 00’eM razy Moxke 3a0e3[eUnTH eIeKTPOreHepyroUy yCTaHOBKY I10-
TYXHICTIO Bchoro 2 MBT, o B MacmTadi eHEproCUCTEMH € He3HAYHOIO BEIMINHOIO. Taka MpOoayKTHUBHICTh
YCTaHOBKH BIAMOBiJae moTpedaM TPaHCIIOPTHOT EHEPTeTHKH, aJie CIIifl 3ayBaXKHTH, III0 TEXHOJIOTIi 30epiraH-
HS BOAHIO Ha OOPTY TPaHCHOPTHOIO 3ac00y Ha Iel Yac HeAOCKOHANTI Ta HeeEeKTHUBHI.
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Booenw sax nanuso. 3a3HaunMo, 0 CHEPreTUYHUN MOTEHIIiall BOAHIO — HOr0 TEIUIOTBOPHA CIIPOMO-
JKHICTh — CTAaHOBHTH 2,96 kBtr. EHepreTruna miHHicTh BoMHIO Y 3,3 pa3u MeHIIa, Hixk MeTaHy. Bona mMeHma
y 3,2 pasu, HiX y npupoaHoro rasy. Lle Tpeba BpaxoByBaTu y po3paxyHKax TpyOONpOBOIiB Ta MaTbHUKOBHX
NPUCTPOIB y pa3i 3aMillleHHS IPUPOAHOTO ra3y BOAHEM. Y MPOLECi 3aCTOCYBaHHS BOJHIO Y KOTEJIBHUX yCTa-
HOBKaxX HEOOXITHO JOTPUMYBATHUCH OCOOJIMBHX BHUMOT TEXHIKHM OE3MEKH Yepe3 WOTro BHCOKY 3aIlaaiOBalbHY
3[ATHICTH Ta BEIMKY MIBUAKICTH PO3MOBCIOKCHHS mmonyM’si. Tpeba 3BakaTu Ha BUCOKY MPOHHUKAIOUY 371aT-
HICTb BOJHIO, Yepe3 10 3BHYAiiHI MaTepianyd HEMpHIATHI UIS HOTO TPaHCHOPTYBaHHS Ta 30epiraHHsa. Bo-
JIeHb CTIPUYNHSE TaK 3BaHy BOJHEBY KOPO3il0 METANIB Ta MPHU3BOANTH A0 IXHBOI KPUXKOCTIi. ICHYFOUi Ta30Bi
Mepeki HEeMpHIATHI AJS TPAHCIOPTYBAaHHS YUCTOrO BOIHIO. BomHeBi TpyOOmpoBOAM MOTPEOYIOTH IHIIMX
MartepiajiB, iHIIOT TEXHOJOTI] 3BaplOBaHHs, KOMIIPECOPiB, CEHCOPIB, 3ac00iB Oe3neku. 30iIbIIy€eThCS MOXK-
JUBICTh BUTIKaHHS MOTO 4Yepe3 HEellIbHOCTI y 3 €IHaHHAX Ta apMaTypi BHACIIIOK BEJIUKOTO TUCKY. Y CBITi
Ha 2016 pik HapaxoByBajxocs Bcboro 4,5 THC. KM BOAHEBUX TpyOoIpoBoiB, 3 Hux y CIIA — 2,6 Tuc, y peu-
Ti KpaiH — Mo AeKiJIbKa cOTeHb KiomeTpis [1].

BukopucTtanHs 4MCTOro BOIHIO SIK IAKMBA B CUCTEMaX 1HOMBIAYaJbHOTO ONAJIECHHS «y MiJIbHOHAX
JOMOTOCIIOZAPCTB» BUKJIMKAE CYMHIBHM ue€pe3 BKa3aHi BHIIEC NMPUYMHU. Y IEPCIEKTHUBI MOXINBE BHUKOPHC-
TaHHA B CHCTEMaXx OIAJIEHHs CyMilllell IpUpPOIHOIO ra3y Ta BOAHIO. XapaKTepUCTUKH METaHO-BOJHEBHX CY-
Milei, HeoOXiHI I pO3paxyHKIB MAJIWBHUAX CHCTEM, MOKHA BH3HAYaTH 32 MPUHIUIIOM aJUTUBHOCTI. B
MTOTAJIBIIIH MTePCIIEKTHBI MOXKHA OYiKyBaTH BHKOPHUCTAHHS B CHCTEMaxX iHIAMBIAYaJbHOTO OMAJICHHS BHCOKO-
TEMIIEPAaTypHHX MMaJMBHUX EJIEMEHTIB i3 BOJHEM SK po0OYy pEUOBHHY, Jic TIEPBUHHUM €HEPrOHOCIEM OyIie
NpUpoAHUil ra3 abo mpomaH-OyTaH. BumpoOoByBaHHs TakuX CHCTEM 1HOMBIIyaJbHOTO OMajeHHs B €Bpomi
BXKE [10YaJI0Cs!.

EdextuBrHe Ta Oe3neune dynkumioHyBaHHs O0’€IHAHOT €HEPreTHUYHOI CHCTEMH YKpaiHH BHMAarae
HasIBHOCTI MAaHEBPEHMX IMOTYKHOCTEH [S5] mist peryntoBaHHs JOOOBUX Ta CE30HHMX HAaBAaHTa)XEHb, a TAKOXK
30iJbIIEHHST B €HEPTOCHCTEMI YacTKH BigHOBIIOBaHUX pkepen eHeprii (B/IE). Slk oxHe 3 mepBHHHUX Ke-
peI eHeprii 1T MAaHEBPEHUX MOTY>KHOCTEH pO3TIISINAETHECS BOJIEH. Y TIEPITY Yepry UAETHCS MPO «3EICHHI
BOJICHb, SIKU MOXITMBO MPOJYKYBATH SIK [IEHTPaTi30BaHO, TAaK 1 HA MICIli HOTO CIIOKMBAHHS 3 BUKOPUCTAH-
HSIM €JIEKTPUYHOI eHeprii 3 BixHOBIIOBaHUX Mkepen abo AEC. HamionansHa eHepreTiuHa KoMnasig «YKpe-
HEpro», ska kepye O0’eMHaHOI0 EHEPTOCUCTEMOIO Y KpaiHH, OIIHIOE TTOTPEOy Y MAHEBPYIOUNX TOTY KHOCTSIX
y 2,5 I'Bt. TexHOJOT1YHO 1Ii MOTYKHOCTI MalOTh 0a3yBaTHCA Ha BUKOPHCTaHHI ra30BHX JABUTYHIB BHYTpIII-
HBOTO 3TOPSHHSA, 5IKi MaloTh JocTaTHRO BHCOKMH KKJI, a ronoBHE MOXyTh OyTH MiIKIIOUEHI A0 €Heprocuc-
TEMHU 3a JIeKiJbKa XBIINH. J{J1s1 3a0e3MeYeH s TaKkol MOTYKHOCTI IpoTaroM poky (rpuitaaro 8000 roauH) 3a
paxyHok BuKopucTanHs Bomuio (KKJ| 40%) iioro motpi6uo 16,8 mapa.m’. Bepyun 10 yBaru, 1o 3aBaHTa-
JKCHHS MaHEBPYIOUHX MOTY>KHOCTEH CKJIafae OIS TPETHHU BKA3aHOTO 4Yacy, HEBAKKO MigpaxyBaTH, IO Ha
BHPOOHHUIITBO 6,3 MapaM  H, motpi6Ho Butpatntn 25 Mupa. KBTr. BupoGnaTy eHepriio Ha OCHOBI Tpaju-
MIHHAX JDKEPEIT 3a1J1s TOro, o0 BUKOPUCTATH il Ha €IEKTPOIIi3, CYNEPEUNTh ITIJIIM BOJTHEBOI €HEPTETHKH,
Tomy Takuii ciieHapiii ¢ BBaXKaTH HE3I1ICHEHHHM.

OnvH i3 TINOTETHYHUX CIIEHAPIiB MOJEN HIMEIbKOi €HeprOCHCTEMH, PO3POOIICHUH CremianicTaMu
Energy Brainpool, nepen6auae ii ¢pynakmionyBanas y 2040 pomi Ha 100% Ha ocnoBi BJIE [6]. Sk Bimomo,
Himeuunna 3000B’s13amacst 3aKpUTH 10 TOTO Yacy BCi BYTiJIbHI Ta aTOMHI eJleKTpocTaHLii. PosrisaaeTses Ba-
piaHT, IKUM YHHOM CHCTEMa 3MOKe MPOUTH Mepioan ekcTpeMabHo noxmypoi nmoroau (kalte Dunkelflaute),
SKi TparIIoThCs B HiMeduwHi, 0COOJIMBO HANPHUKIHIN Ci9HS — MMOYATKY JIFOTOrO. Bm3HaHo, mo 6e3 «rHyd-
KHX» Ta30BUX PE3EpPBHUX MOTYKHOCTEH cucTeMa (YHKIIOHYyBaTH He 3MoXe. [I0TyKHICTh BCTAHOBJICHUX Ta-
30BUX ([IApOTa30BHX) €JICKTPOCTAHLIHN 3riIHO 3 MOJEIUIIO TOBHHHA ckianatu 67 ['BT, mo nepesuulye noty-
JKHICTB BCiX 3ac00iB reHeparlii B YkpaiHi pa3oM y3saTHX. BapTicTh BCTaHOBJICHHS TaKOT'O OOCATY TOTYKHOC-
Tei MOkHa OIiHUTH Onm3bko § 140 mupa. Piunmii koedillieHT BUKOPUCTAHHS BCTAHOBIJICHOT MOTY)KHOCTI
(KBBII) Ttakux cranniii He nepeBuminTh 20%. OCKiJbKH cueHapiil mependadae eHEepronocTayaHHs TiTbKH
Bix BJIE, TO Taki craHImii OymyTh MpaiioBaTH BUKIIOYHO HA Tra3i €NeKTPOIi3y, eJIeKTPOCHEPTis IS SKOTO
Oyzie BUpOOJIATHCS COHTIHIMH Ta BITPOBUMH YCTAHOBKAMH Yy TEPIOAN CIPUATINBOI Toroan. BucHoBOK cre-
mianmictie Energy Brainpool nipo Te, 1o nina Bupo0iieHoi eneprii 0yae qocTymHow — 5,7-9,5 eBpouieHTis 3a 1
kBTr (1,6-2,7 rpH. 3a kypcom xoBTHS 2019 p.) Bukinkae HeaOusiKi cymMHiBH. HaBiTh I1st TOTY>KHOT HiMEIIb-
KOi €KOHOMIKH BHTpATH Ha peaii3allifo TAKOTO CIICHAPil0 HEBUIIPABIaHi.

Boodenv y mpancnopmnuiii enepeemuyi. IHIINMM HANPSIMKOM MAacHITaOHOTO BUKOPHCTAHHS BOJIHIO, SIK
BBA)XKAETHCA, Y HAHOMIDKIOMY MallOyTHbOMY Oylie BUKOPHUCTAaHHS MOTo SIK MaJbHOTO i TpaHcmopTy. Cra-
HoM Ha 2019 pik [1] kiypKicTs aBTOMOOLTIB HA BOJHI y CBITi CTAaHOBHJIA 5 THC. OJMHUIIb, HacaMIlepen y
CIIIA, 3axiguiii €Bpomni Ta SInoHil, a KUIbKICTh 3anpaBHuX cTaHiii — 300 oguHuUIs. ABTOpH [1] BBAXKAIOTH,
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10 TPUYHHOIO TIOBUTFHOTO CTAHOBJICHHS TPAHCIIOPTY HA BOJIHI € MPo0iieMa «KYPKH Ta SHI» — 0€3 PO3BUTKY
HeoOXiHOT 1H(GPACTPYKTYpH MACOBHI BHUITyCK aBTOMOOIIIB Ha BOJHI HEMOXJIHMBHU. Y Tpolieci peaizarii
BOTO HANPSIMKY 3 TEXHOJIOTIYHOT TOYKH 30py Ha MEpUIOMY IJIaHi — MpoOJIeMH TpaHCIIOPTYBaHHA Ta 30epi-
ra”Hs BOIHIO. Sk OyIlo 3a3HaueHO BHIIE, TPAHCIIOPTYBAHHS BOJHIO ICHYIOUHMH Ta30MPOBOJAMH HEMPHUITYC-
TuMe. BapricTs moctayaHHs BOAHIO TPYOOIPOBOJAMH Ta HOIr0 PO3MOALIY OLIHIOEThCS ¥ $ 1/Kr, TOmi K Bap-
TICTh IIKUX Omepariii s 6ensuny cranosuts $ 0,19 3a ramon (2,6 kr) [7]. ToMy It TPaHCTIOPTYBAHHS BOJI-
HIO OTPiOHI ab0 crenianbHO CIIPOEKTOBaHI ra30npoBoAr, abo Horo Tpeba 3A1MCHIOBATH Y CTUCHEHOMY a0o
3pIHKEHOMY CTaHi. PO3MIAmaroThesl TAKOXK TEXHOJIOTII TPaHCIIOPTYBAaHHS BOJHIO YV 3B’s3aHOMY CTaHi 3 aMia-
KOM 200 BYTJIEBOJHIMH, sIKi EHEPTOBUTPATHI 1 CKJIaHI y peanizalii, a00 y XiMIYHUX CIIONYKax 3 BYTJIEBOJ-

HSMU, [0 HE BIJIOBINAE IIAM OE3BYIrJIENEBOl
40 CHEePTeTUKH.

Enepreruynuii BMICT MajauB, SIKi BUKOPH-
CTOBYIOTHCSI 200 MOXYTh BHKOPHUCTOBYBATHUCS SK
MOTOPHI, TTOKa3aHo Ha pUCYHKY. [3]. Ha nmpakrtuiti
Yy pa3i BHKOPHCTaHHS CTHCHEHOTO MPHUPOIHOTO

35
30
25

ra3y sK MOTOPHOTO IajHWBa BiH CTHCKYETHCS Y
20 eMmHocTsax 1o 20 MIla. Buxonsuu i3 CIIiBBIIHO-
15 IIeHHS TEIUIOTBOPHUX CIPOMOXHOCTEH MPHUPOJI-
1 HOTO Ta3y Ta BOAHIO (3,2), s OJJHAKOBOTO 3ara-
cy eHeprii Ha OOpTy TpaHCHOPTHOrO 3aco0y To-
I I I I TpiOHO 3abe3meuntn THCK BogHIO 64 Mlla. s
30epiragHs BoAHIO Mg TuckoM 350-700 atm.
Boness Metan Bogeds Metan  Pigkmid  Pigkwd Pigkwit  Bensua (35_70 MHa) 3apa3 BUKOPHUCTOBYIOTh HOJIeFHleHi
20MM0a 20MM0a 80MMNa 80MMNa  eogeHs MeTaHon Nponad . .
KOMIIO3UTHI 0OaJIOHW, BUTOTOBJICHI 3 BYTJIEIIEBOTO
BOJIOKHA, apMOBAaHOTO AFOMIHIEBUMH a00 TONIMEPHUMH BOJIOKHAMHU. Taki BHCOKOTEXHOJOTIYHI €MHOCTI
Iyxe nopori. BapricTs ofHOro 6anioHa CIiiBcTaBHa 3 BapTICTIO OFOIKETHOrO aBTOoMOOiIs. Hagite mpu 700
aTM. BOJICHb MICTUTh €HEprii Ha OTUHHUIII0 00’eMy y 4,6 pa3iB MeHIIe, HiXK O€H3UH, 10 03HAYa€E, 0 PO3MIp
BOJIHEBOTO 0aKy MYCHUTh OYTH Yy CTLIBKH X pa3iB OinbimM [7]. Po3mimenHst Takoi eMHOCTI Ha aBTOMOOLTI
He3pyuHe 1 Hebesneune. Kpim Toro, 6inst 10—-15% eneprii BoAgHIO BUTpava€eThesi Ha KoMmrpeciro. EnepreTuyni
BUTpaTH AJIS1 Cy4acHOTro OaraTocTaaifHOro KoMIIpecopa JOPiBHIOIOTH OMM3bKO 5 KBTr Ha 1 Kr cTHCHEHOTO
no 70 MIla BoaHto, 0 B nepepaxyHKy Ha nepBuHHY eHeprito 3a KKJI renepauii 33% cTaHOBUTH SIK MiHi-
myM 50 MJIx/kr, To6TO 35% 00’emy Bomuio [3]. Lllomo TpaHCTIOPTYBAaHHS BOJHIO JIO CIIOKMBada y CTHCHE-
HOMY CTaHi B yMOBaX [EHTPaIi30BaHOr0 HOro BUPOOHUIITBA, TO OAWH TpyOUaTHii Tpak Baroto 40 TOHH MOXe
HecTH Bchoro 320 Kr BojiHIO, CTUCHEHOTO 110 20 MPa, 110 cranoBuTh MeHie 1% tioro BnacHoi Baru. [1o cyTi
TIEpEeBE3CHHS BOJIHIO Y CTHUCHEHOMY CTaHi € rmepeBe3eHHsM Tapu. /i1 MOpiBHIHHS, TaKUH Tpak MOXKE HECTH
26 TOHH OCH3UHY, EHEpreTUYHa EMHICTH sKoro y 20 pa3iB Ouiblia, HK y BOJHIO. TpaHCHIOPTYBaHHS A0pOra-
MM 3arajbHOTO MPU3HAYESHHS TAKOTO JIETKO3alaJioBaIbHOTO Ta BUOYXOBOTO ra3y caMmo 1o codi Hebe3nevHe.
OKpeMOo PO3IIIAIAETECS TEXHOIOTIS TPAHCIIOPTYBAaHHS BOJHIO Y CYMIIlli 3 IPUPOAHUM Ta30M TIO ic-
HYIOUHX razonpoBogax. Y [1] 3a3HadaeTses, MO y pi3HUX KpaiHax 01l MiAMIIITYBaHHS BOIHIO 10 TIPUPOJIHO-
ro rasy pisHi — Big 0,1% y beunsbrii, Benukoopuranii ra CLIA, no 10% — y Himeuyuuni ta 12% — y Hinepnan-
nax. 3a JaHuMH ATEHTCTBa 3 BimHOBIOBaHOI eHepreTHKH OAE CTBepKYEThCS MOXKIWBICTh ITiBUIICHHS
TiaHk® 10 15% 06e3 3MiH y Ta30TpaHCIIOPTHUX cucTeMax. Y BenmkoOpuTaHii qociimKyBanacs MOXKIUBICTh
TPaAHCIIOPTYBAaHHS BOJHIO ICHYIOUMMH ra3onpoBojamu [8]. BUCHOBOK MPOEKTY MONSTaE B TOMY, IO HEePio
ajanTauii iCHyIOUHX CUCTEM JI0 TPaHCTIOPTYBaHHsI BOAHIO Oyie TOBTUM Ta BaPTiCHUM.
B Vxkpaini cnemiansHUX IOCIHiIKeHb HE TPOBOIUIIOCH, 1 TOKYMEHTIB IOI0 TIPUITYCTUMUX KOHIICHT-
palliif BOJHIO y CyMillli 3 METAaHOM HE iCHYE.
30epiraHHsl Ta TPAaHCIIOPTYBAaHHS BOAHIO Y 3PiIKEHOMY CTaHi Iy)Ke BUTpaTHE SIK 3 €HEPreTHYHOI,
TaK 1 eKOHOMIYHOI To4Yek 30py. Temrieparypa 3pimkenHs BogHio ctaHoBUTh 20 K (— 253 °C). Ha #ioro 3pin-
JKeHHs BuTpadaetses 10 40% eHeprii, 0 B HbOMY MiCTUThCS. PiIKuil Bo/leHP Ma€ BUCOKHIA BMICT €HEprii —
120 MIx/kr (33,3 kBtr/kr) nopiBasHo 3 6eH3uHOM — 44,4 MJIx/kr (12,4 kBTr/kr). €MHOCTI AJ1 TpaHCIIOP-
TyBaHHsI PiIKOTO BOAHIO MAIOTh MOJBIMHUN KOPIYC Ta BaKyyMHY TEIUIOI30JIAIII0 i MalOTh BUCOKY BapTiCTh.
MaroTh MicIle BTpaTH BOJIHIO BHACIIIOK BUIAPOBYBaHHS y Iporieci Horo 30epiranns. Jlo boro gacy TpaHc-
NOPTYBaHHS BOJHIO Y PIIKOMY CTaHi BUKOPHCTOBYBAJIOCS Y BUKIIIOUHUX BHIIQJIKAX, SIK, Hanpukiuam, i Ko-
cmivyHorO 1IeHTpY NACA y ®nopuzi 10 CynyTHUKA. ABTOpHU OISy [7] BUCIOBIIOIOTE HEOE3MiICTaBHI CyM-
HiBH, 110 TAaKUW METOJ] TPAHCIIOPTYBaHHS 3HAW/IE MUPOKE 3acTOCyBaHHs. SIK OyIi0 3a3HAYEHO BHIIE, ICHYIOTh

w o

Mutommia 06'emHni eHeproemict, MIO/n
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W 1HII TOYKH 30DpY, HAPUKIIAA, HaMipu ABCTpalIii MO0 TPAHCIIOPTYBAaHHS BOJHIO B PETiOHI Y piAKOMY CTa-
Hi. BHacTiI0OK CKJIaHOIIIB Ta BUCOKOBAPTICHUX MMOKa3HHUKIB TPAHCIIOPTYBAHHSI PiJKOTO BOAHIO BiJ IIEHTpa-
J30BaHUX JpKEped BUPOOHMIITBA SIK aJbTEPHATHBA PO3IIISIAETHCS HOTro AeleHTpali30BaHe BUPOOHUIITBO Ha
CHeLiaNnbHO 00JAIITOBAHMX BOAHEBUX 3allPaBHUX CTAHIISIX, IO HE BUK/IIOYAE€ BUMOTH BCTAHOBJICHHS BapTi-
CHUX EMHOCTEH 151 Hioro 30epiranHs Ta € BHOYXOHEOE3TCTHUM.

Jnst 3amimieHHst B YKpaiHi piIKMX MOTOPHHX ITajMB €JICKTPOJITUYHAM BOJHEM HOTO 3HAJOOUTHCS
31,4 mapa.m® Ta HeoOXinHo BuTpatuTH 125,7 Mipa. KBTr enextpoeneprii fuis i0ro BHPOGHUITRA, 10 Maii-
K€ JOPIBHIOE CYMapHOMY OOCSTY CITOKMBAHHS €JIeKTpoeHepTii y kpaini. [llomenHa moTpeba y BoIi CTAaHOBH-
tume 70 THC. TOHH. ABTOpH [7] migpaxyBajy, U0 i 3aMilllcHHs OCH3UHY €JICKTPONITUYHUM BOJAHEM y €KO-
Homimi CIHA obcsr #oro moeHHOro BUpOOHUIITBA Mae craHOBUTU (0,34 MJIH. TOHH, JJI1 YOTO MOTPIOHO
II0ICHHO BUKOPUCTOBYBATH 3 MJIH. TOHH BOAM; IIPH LIbOMY Oyze BUpoOisTucs 2,7 MiIH. TOHH KucHIO. Bera-
HOBJICHA TIOTYXHICTE eJeKTporeHeparii Mae craHoButd 850 I'Bt, mo Oinbie icHyr0901 cyMapHOi MOTYKHO-
CTi eHeprocucTeMu YKpaiHu. OCOOMMBO Ba)KKO YSBHUTH MOJIMBICTH BUPOOHHMLTBA HEOOXiTHOI KiTBKOCTI
€Heprii BiAHOBIIOBAHUMH JKEPEIIaMH.

Posrnsgaerbest Takok 30epiraHHs BOIHIO YV BUTJIAII METAJOTIIPHIIB, HOCTIKCHHS SKUX ChHOTOIHI
c(OKYyCOBaHO Ha JIETKUX 3’€IHAHHSX BOIHIO 3 JY)KHHUMH Ta JIy)KHO3eMmelbHMMH Metanamu NaH, MgH,
NaAlHy4, LiBH,, LiNH, [7]. Makcumanbna TeopeTndyHa rpaBiMeTpuuHa emHicth NaAlH4 ctanoButh 7,4%
BaroBHX, peaJibHa 10 BiAHOLIEHHIO J0 Baru BChOro odsnagHaHHs — 5,5%. BHacnigok Bennkoi BiZHOCHOI Baru
Ta TPYIHOILIB IOJO MiATPHUMAHHS TEMIIEPATYPHHUX PEKUMIB copOLii—mecopOIii BOJHIO BUKOPUCTAHHS Me-
TaJIO-T1IPUIB Ha aBTOTPAHCIIOPTI He 3HAHIIIO 3acTOCyBaHHS. He migTBepaKeHa TakoK MOXIUBICTD peBep-
CY YCTaHOBKH NPOTSITOM THCSY LMKJIB i3 3a3HaYCHHUMH Ta IHIIMMH MaTtepianaMu. Bizomo npo HeraTuBHUi
JTOCBi] BUTIPOOYBaHHS METAJIOTiIPHIIB Ha MEKUTBKOX Takci y Xapkosi y 70-Ti pokH.

OCHOBHHM TIPUCTPOEM TSI BUKOPUCTAHHS BOJIHIO Ha TPAaHCIIOPTHHUX 3ac00axX € MajMBHI EJIEMEHTH.
OTpumaHuil eneKTposIi3oM BOACHb IJIs1 NAJUBHHUX CIIEMEHTIB MOXe 30epiratucs Ha OOpTy TPaHCIIOPTHOTO
3aco0y y cTUCHEHOMY a00 3pimkeHoMy cTaHax. [IpoOaeMaTHIHICTh Ta HEOMIKM TaKOi TEXHOJIOTIT pO3TJIsi-
HYTi BuIle. [ yHUKHEHHS Tpo0JieM, OB’ A3aHUX 13 MOAI0HUM 30epiraHHsIM BOIHIO, HOTO MOYKHA BUPOOIIS-
TH Oe3mocepeHbO Ha TPaHCHOPTHOMY 3aco0i HUIAXOM KoHBepcii (pudopMmiHry) mMeraHy a0o BYTIJIEBOJHIB,
HaANPUKIIAA, METaHOTy. B oHOMY JiTpi METaHOIy MIiCTHTBCS Oijbllle BOAHIO, HiXK B OJHOMY HOTO JITpi y
3pimkeHoMy cTaHi — 98,8 T/ y MeTaHou 3a KIMHATHOI TeMIIepaTypH Ta BiAmoBigHO 71 /1y pigKoMy BOJHI
3a Temneparypu 253°C. BukugHumu npoaykramu puopMiHTy € ABOOKHC BYIJIELIO Ta BOAd, TOOTO OCHOBHA
MeTa BUKOPHCTaHHS BOJHIO SIK MOTOPHOTO IajlBa — 3ar100iraHHs BUKHIaM B aTMOc(epy BYIJIELIO ¥ mpoLeci
HE JTOCATA€ThC. EKOHOMIYHWH BUTpaIl BUKOPUCTAHHS MMAJTUBHUX €JIEMEHTIB Y MIOPIBHAHHI 3 Oe3mocepeHiM
BUKOPUCTaHHSIM SIK MOTOPHOTO IaJHBa, HAIIPUKIA, 3piJPKeHOTo MeTaHy, cyMHiBHUE. Tak, KKJ mpouecy
pUPOPMIHTY cTaHOBUTH 75%, nocsruyTuit Ha cboronui KK/ manuBHOro enemenra — 56,6%, T06T0 cCymap-
auit KKJI cranosuts 42,4%. HeoOximHO B3SATH 10 yBard, IO MaJWBHI eIeMEHTH BUPOOJAIOTH E€IEKTPUIHY
EHEpTil0 MOCTIHHOTO CTPYyMY 1 HU3BKOI HANpYTH, IS TIEPETBOPEHHS SKOi y 3MiHHHUI CTpyM MOTpiOHOI Ha-
npyru HeoOxinHo BuTpatutd 10% Big BUpoOIEHOT KiNbKOCTI, 10 3MeHmrye 3aransauid KK/ mo 38%. MatoTs
MICIle JI0AAaTKOBI BTpaTH €(PeKTHBHOCTI MPUCTPOIO Ti/I YaC MPOCKOKY MOHOOKCHIY BYTJICHIO MiXK €JIEeKTPO-
nmamu. [ mopiBHSHHS: Ta30Bi ABUTYHH (iHChKOI KoMmaHii «Bsaptcuna» matote KK]I 45-48% y mexax Ha-
BaHTaxeHb Big 10 1o 100%. JJocarayTa noTyKHIiCTh IBUTYHIB csrae 25 MBT.

HeszBaxxaroun Ha mpoOIeMaTHYHICTh CTAHOBJICHHS BOJHEBOI €HEPreTHKH, Y CBITI pO3pOOISAIOTHCS
KpYITHI MPOEKTH 010 BUPOOHHIITBA 1 BUKOPUCTAHHS BOAHIO. [Ipo aBCTpamiichKUN MPOEKT BXKE 3TrayBasio-
cs. 3a indopwmaiiero xypHany PEI (Power Engineering International) Big 24.10.2019 B crarti «Hydrogen
vehicles celebrate refueling network with road trip» cnoBimaerscst mpo npo6ir 13-t aBTO Ha BOAHI 3 I’ATH
€BpONEHChKUX KpaiH 10 ['aMOypra 3 MeToro neMoHcTparlii «BogHeBOI MoOimbHOCTI» (Hydrogen mobility) Ta
nepeBar KepyBaHHS BOAHEBHMH aBTO. 3aXiJ MPOBOJMBCS 33 paXyHOK 3arajJbHOEBPOIEHCHKOT0 MPOEKTY pan-
European Hydrogen Mobility Europe (H2ME) project. 3a xomrtu npoekry y HimeuunHi nodynoBano Bxe 32
BOJIHEBHUX 3alpaBHUX CTaHIIii i 0 2022 poKy IUIaHYETHCS OBECTHU iXHIO KIIBbKICTh 10 49. « BomgHeBi» mpoek-
TH, poekTh «Power to Gas» ICHYIOTh 1 y psAmi iHmMMX Kpaid. B ocHOBI yBarm 10 mpobieMu 3MiH KiIiMaTy i
BIJINIOBITHO BOJIHEBOI €HEPTETHUKH Ta BOJHEBOI CKOHOMIKU € Te, 10 Ha il BUPINICHHS BUIIISIOTHCS BEJIMKI
KOIITH, Y YOMY 3alliKaBlieHi BUIOOYBHI, MAIWBHI, CHEPTeTUYHI, TPAHCIIOPTHI, aBTOOY/TiBHI Ta CyMi’KHI KOM-
MaHii, a TAKOXK BEJIMKAa KUTbKICTh HAYKOBUX OpraHi3allii y BChoMy cBiti. [IpobieMa KkimiMmaTy MTYyYHO IIif-
TPUMYETHCS TOJTITUKAMU Ta KIIMATHYHUMH aKTHUBICTaMHU.

BucnoBku. OCKiNbKY BOICHB Y BUTBHOMY CTaHi y IPUPOJI BiACYTHIM, HOroO CiiJ pO3TIsAaTH SIK HO-
XiIHUM eHepreTUYHUi pecypc Ha 3pa3oK eNeKTpu4Hoi eHeprii. OCHOBHOIO TEXHOJIOTiEI0 BUPOOHHULITBA BOJI-
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HIO € TIapoBa KOHBEPCis MEeTaHy, B MEHIIIH Mipi — Byriuts abo HadTompoaykTH. OCKUTEKY 332 TaKO1 TEXHOJIO-
il BUPOOHHIITBA Y aTMOC(EPy BUKHIAETHCS BOOKHC BYTJICII0, BAKOPUCTAHHS ii HE BiAMOBIa€ BUPILICHHIO
npoOieMu Oe3ByriIeneBoi eHepreTHKH. bian3pko 5% BOIHIO («3€I€HOTr0») BUPOOIISETHCS SIEKTPOIiZ0M BO-
mu. Ha BUpOGHMITBO 1 M’ BOJHIO €IEKTPONIi30M BUTpauaeThes 4—5 KBTr enekTpuuHOi eHeprii, a eHepro-
BMICT BOJHIO CTaHOBHTH 2,9 KBTr. TemmoTBopHa CIIpOMOXKHICTh BOIHIO ¥ 3,2 pa3w MEHINA 3a TEIUIOTBOPHY
CTIIPOMOJKHICTB MPUPOAHOTO Trady. BiH Mae y m’aTh pa3iB mMpIIi MexXi 3amaioBaHHs Ta Maibke y 10 pasis
OBy IBUAKICTH PO3MOBCIOKEHHS MOAYM sl Y TIOPIBHSAHHI 3 IPUPOAHUM T'a30M, XapaKTEPU3y€EThCS BUCO-
KO0 TIPOHHUKHICTIO Ta MPU3BOIUTE 0 BOJHEBOI KOpo3ii MeTamiB. CHCTeMH TpaHCIIOPTYBaHHS BOIHIO TIOTpE-
OYIOTh CIENiaJIbHOTO MPOCKTYBAHHS, & BUKOPUCTAHHSI HOTO SIK MaJiBa — OCOOJIMBUX 3aXO0/IiB OC3IEKH.

BukopucranHs BOAHIO SIK MaivBa IJIi MaHEBPYIOUUX Ta CTaOLTi3yIOUHMX Ta3oBHUX MOTY>KHOCTEH B
eHeprocucTemi Ykpaifi abo i 3aMillleHHs PiJKUX MOTOPHUX MAllUB MOTPEOYe eNeKTPOTCHEPYIOYHNX MOTY-
JKHOCTEH Ha MOT0 BUPOOHHUIITBO, CIIBMIPHUX 13 BCTAHOBJICHOIO ITOTYKHICTIO BCi€l eHEProcUCTeMH Y KpaiHu,
3HaYHUX 00’ €MiB BOJM Ta BUPIILICHHS NPOOIEMH BUKOPUCTAHHS HAIHUILIKY KHCHIO.

TpancropTyBaHHS BOIHIO y CTHCHEHOMY CTaHI HEBITHIHE, OCKIIbKH HOTpeOye HaIMIpHO Ba)KKHX
€MHOCTEH 3a HE3HAYHOTO BMICTYy B HUX BOJHIO Ta 3HAYHWUX BUTPAT HA CTHCHEHHS MO KigbKacoT Oap. 3pin-
JKEHHs1 BOJIHIO 1oTpebye 1o 40% 3atpar eHeprii, o y HbOMY MICTUThCS. BapTicTh KpioreHHOi €eMHOCTI ISt
3piAKEHOTO BOJIHIO CHIBMipHA 3 BapTIiCTIO JESKUX aBTO. TpaHCHOPTYBaHHS BOAHIO Y CTUCHEHOMY abo 3pin-
KEHOMY CTaHi 110 JOpOrax 3arajbHOTO MPU3HAYCHHS HEOe3MeUHe.

Enexrpuyna eHepris 3 BiIHOBIIOBaHMX JKepel B YKpaiHi JOTOBaHa, ii BApTICTh Y pa3u OinbIa, HixK
OTPUMAHOI 3 TPaJUUIHHUX JuKepen. ButpauanHs enekTpuyHoi eHeprii Ha BUPOOHUITBO «3€JIEHOT0» BOIHIO
JUIS TIOAAJIBIIOT0 BUPOOHHLITBA 3 HHOTO €JIEKTPOCHEPTril y MaJUBHUX €JIEMEHTaX SIBHO HEOLIbHE.

Ha mpoexTn mono BUpOOHUIITBA, TPAHCIIOPTYBaHHS, 30€piraHHsA Ta BUKOPUCTAHHS BOJHIO, 110 PO3-
POOJISIIOTBCS y CBITi, BUTPAYarOThCsl 3HAYHI KOIITH. [IpoeKkTH crpsMoBaHi HIOUTO Ha 3amoOiraHHs aHTPOIO-
TeHHOMY BIUIMBY Ha 3MiHHM KJIiMary, mo caMo 1o cobi € mpobmematnyHuM. CydacHH CTaH €KOHOMIKA
VYkpaiHu He [a€ MOXKJIMBOCTI BKJIQAATH KOLITH Y BOJHEBY €KOHOMIKY JOTH, IIOKH CYCIHIJIbCTBY HE OyIyTh
MPEJCTABIICH] JJOKA3H MEPCIEKTUBHOCTI I[LOTO HANIPSMKY B ILIIOMY.
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BOJAOPO/I B 3JIEKTPO- U TPAHCIIOPTHOM SHEPTETUKE

HN.H.Kapn, akanemuk HAH Ykpaunst

HnucruryT raza HAH Ykpaunsl,

ya. JdertapeBckas, 39, Kues, 03113, Ykpauna. E-mail: karpkiev@gmail.com

Toxazano, ymo Ha npousB0OCME0 8000P0OOA Pacxodyemcsi bobuULe IHEPSUU, YeM MOACHO NOTYYUMb NPU €20 UCHONb30-
ganuu. Peub udem o npouszeodcmee «3eneno2o» 60dopoda. Ha npouseoocmeo 1 m* 60dopoda pacxodyemes om 4 0o 5
KBmu snexmposnepeuu, npu mom, umo 6 Hem cooepicumcs xumuveckou snepeuu 2,9 kBmu. Tennomeopras cnocoo-
HOCMb 6000poda 8 3,3 pasa menvuie, yem memana. Bodopoo kak eewjecmeo xapaxmepusyemcsi 6biCOKOU NPOHUKAIOWel
CHOCOOHOCMbIO, €20 MPAHCNOPMUPOSKU 6 0DbIUHbIX MPYOAX bl3blaem Ux KOpposulo u oxpynuugauue. Peanusayus
9mMo20 npoyecca mpebyem NPUMeHeHUs: CReYUATbHbIX MAMepuaios 0isk mpybonposooos, a makice CHeyUdaibHo20 npo-
eKMmUpPOBANUSL, KOMNPECCOPOB, CEHCOPO8. Booopoo umeem wupoxue npedeivl 83pbleaemMocmu, OOIbULYIO CKOPOCHTb PAC-
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npocmpanenus paxena, e20 UCNONIb306AHUE CEI3AHO C NPUMEHEHUEM CReYUATbHbIX Mep bezonachocmu. Mcnonb3osanue
6000p00a 6 Kawecmee MONAUBA Ol RPUBOOA MAHEBPOBLIX 2A308bIX MOWHOCHEL 68 IHEpeocUcmeme Ul OJisl 3aMeujeHus
JHCUOKUX MOTOPHBIX MONIUE Mpedyem 1eKmMpPOSeHEPUPYIOWUX MOUHOCMEN HA €20 NPOU3600CME0 CONOCMABUMbIX C
VCMAHOGIEHHOU MOUWHOCMbBIO BCELL IHEPLOCUCEMbL YKPAUHbL, 3HAUUMENbHBIX 005EMO8 800blL U HEOOXOOUMOCMU peuie-
HUsL POONEeMbl UCNONB308AHUST KUCIOpOoOd. Pacxod snexkmposnepeuu onst nonyuenus 6000poda OJisi MONIUSHBIX Ile-
MEHMO8 3HAUUMENEeH U NOIMOMY Npespaujenue e2o CHO8A 8 JIeKMpoIHepeuro si6Ho Heyerecoobpasno. C yuemom
CMOUMOCMU IEKMPOIHEP2UL U3 8030OHOBIAEMBIX UCHIOYHUKOG U IKOHOMUKU NPOUZBOOCHEA 8000POOA ¢ NOCAEOYIO-
WUM €20 UCNONb30BAHUEM HEBbI20OHO. AHANOLUYHBIIL 861600 MOJICHO COENAMb OMHOCUMENbHO MPAHCHOPMUPOBKU 60-
00p00a 8 CHCAMOM UNU CHCUICEHHOM COCMOSAHUU. [[patieepom 6000pOOHON IHEPEMUKY ABNIAEMC s JHceaanue npeoom-
BPAUEHUSL AHMPONO2EHHOMY B030€UCMBUI0 HA USMeHeHue Kaumama. bonvuioe Koauuecmeo npoexmos no 6000poOHOU
9HepeemuKe, KOmopbule ce200Hs 86edeHbl 6 Egpone u 6 mupe, MOJICHO 0OBACHUMb SHAYUMETbHBIMU CPeOCMBAMU, GblOe-
JISLeMbIMU HA UCCTe08anue Imoi npobiemvl. Bo eHeOpenuu makux npoekmos 3auHmepeco8anbl Kpynuvie KOMNAHUY U
yueHble - 6000poOdHbie akmugucmol. bubn.9, puc 1.

KuaioueBble ci10Ba: BoI0pO/, IPOU3BOJICTBO, TPAHCIIOPTUPOBKA, XpaHEHUE, IKOHOMUYIHOCTb.

HYDROGEN IN ELECTRIC AND TRANSPORT POWER ENGINEERING
Karp I.M.

The Gas Institute of NAS of Ukraine,

39 Degtyarivska Str., 03113, Kyiv, Ukraine. E-mail: karpkiev@gmail.com

It is shown that more energy is consumed in hydrogen production than can be obtained from its use. We are talking
about the production of green hydrogen. The production of 1 m’ of hydrogen consumes 4 to 5 kWh of electricity,
although it contains 2.9 kWh of chemical energy. The calorific value of hydrogen is 3.3 times less than that of methane.
Hydrogen as a substance is characterized by a high penetration capacity, its transportation in ordinary pipes causes
their corrosion and embrittlement. The implementation of this process requires the use of special materials for
pipelines, as well as special design, compressors, sensors. Hydrogen has wide explosive limits, high torch propagation
rate, and its use is associated with the application of special safety measures. The use of hydrogen as a fuel to drive the
gas maneuvering capacity in the grid or to replace liquid motor fuels requires generating capacity for its production
commensurate with the installed capacity of the entire Ukrainian grid, significant volumes of water and solving the
problem of using excess oxygen. The energy costs of producing hydrogen for fuel cells are quite significant, so
converting it back to electricity is clearly inappropriate. Thus, given the cost of electricity from renewable sources and
the economy of hydrogen production, its continued use is disadvantageous. A similar conclusion can be drawn
regarding the transport of hydrogen in the compressed or liquefied state. The driver of hydrogen energy is the desire to
prevent anthropogenic impacts on climate change. The large number of hydrogen energy projects that are being
launched today in Europe and in the world can be explained by the considerable funds allocated to research this
problem. Powerful companies and scientists - hydrogen acts - are interested in implementing such projects. References
9, figure 1.

Keywords: hydrogen, production, transportation, storage, efficiency.

1. Mytrova T., Melnikov Y., Chugunov D. The hydrogen economy is the way to low-carbon development.
Skolkovo: Center for Energy of the Moscow School of Management Skolkovo. 2019. 60 p. (Rus.)

2. Challenges for Japan’s Energy Transition. Basic Hydrogen Strategy. Agency for Natural Resources and En-
ergy (ANRE), Ministry of Economy, Trade and Industry (METTI). October 2018, Japan.

3. Aslanyan G.S., Reutov B.V. Problematicity of hydrogen energy formation. Teploenergetika. 2006. No 4. Pp.
66-73. (Rus.)

4. Grube T., Hohlein B. Costs of Making Hydrogen Available in Supply Systems Based on Renewables. Hy-
drogen and Fuel Cells. Springer, 2016. Pp. 223-237.

5. Kyrylenko O.V. Intelectual Electrical Networks: Elements and modes. Kyiv: Institute of Electrodynamics of
the National Academy of Sciences of Ukraine. 2016. 400 p. (Ukr.)

6. Sydorovich V. Operation of the power system based on RES in cloudy and windless weather. Access mode:
http://renen.ru/on-the-viability-of-energy-systems-operating-on-the-basis-of-100-res/ (Rus.) 02.08.2017.

7. Armaroli N., Balzani V. The Hydrogen Issue (Review). European journal of chemical physics and physical
chemistry. 2011. No 4. Pp. 21-36. DOI: https://doi.org/10.1002/cssc.201000182 .

8. Preparing for the hydrogen economy by using the existing natural gas system as a catalyst NATURALHY).
CORDIS EU research results. Project information. Start datel May 2004, End date 31 October 2009.
URL: https://cordis.europa.eu/project/rcn/73964/factsheet/en .

9. Karp I. Who controls the climate? Zerkalo nedeli. 2019. No 25. (Rus.)

Hagniirora 07.11.2019
Ocrarounwuii Bapiant 02.01.2020

70 ISSN 1607-7970. Texn. enekmpoounamixa. 2020. Ne [



EJIEKTPOTEXHOJIOI'TYHI KOMIIJIEKCI TA CUCTEMU

DOI: https://doi.org/10.15407/techned2020.01.071

ENERGY-EFFICIENT CONTROL OF PUMP UNITS
BASED ON NEURAL-NETWORK PARAMETER OBSERVER
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An observer based on an artificial neural network was designed. The observer determines the pumping unit
performance depending on the operating point. Determination is based on the measured technological coordinates of
the system and the pressure of the turbomechanism. Three neural networks were designed for three types of the
productivity observer. The developed observer was investigated by the simulation method within different variations of
disturbing actions, such as hydraulic resistance of the hydraulic system and geodetic pressure. A comparative analysis
of three types of the productivity observer, built with using the pressure and different signals of the system with
arbitrary change of hydraulic resistance was given. By the use of the pump unit efficiency observer, in addition to the
results presented earlier, the efficiency of the productivity observer, which built with using different sensors, in water
supply systems with two series-connected pump units, operating for filling the large tank, is researched. In the water
supply system one pump speed is regulated, the other is unregulated. References 14, Figure 5.

Key words: pumping unit, neural network, observer, parameter, turbomechanism.

Introduction. The process of determining and observation the turbomechanisms’ technological
coordinates is an integral part of their automatic control systems design, however, the sensors, which provide
information to the system, are expensive or the access for their installation is limited by the construction of
the hydraulic network. Other parameters, such as pump efficiency, are impossible to be measured directly,
only indirect determination with a certain number of sensors is possible. In [1], the authors propose a system
with two temperature and pressure sensors on input and two on pump output to calculate its efficiency. To
increase the water supply system energy efficiency, the forecasting method can be used [2]. The essence of
this method is to determine the balance of supply productivity and water consumption, but there are many
factors that affect the forecasting accuracy. The forecasting method can also be used to determine the optimal
number of pumps in the system. Multi-pump systems are one of the main ways to improve energy efficiency.
Multi-pump systems can be both single-drive and multi-drive [3]. The required number of working pumps
can be determined based on monitoring the location of the operating point [4]. On the other hand, it is
possible to use an optimal multi-pump head control system based on analytical characteristics and
experimental efficiency distribution diagrams, the control algorithm of which is described [5]. Article [6]
proposes performance control optimization of a multi-pump system by predicting the future state of the
system. Reducing the number of pumps and starting or stopping them increases energy efficiency.

Another perspective way is artificial intelligence theory applying to obtain unknown coordinates [7].
Such observer based on artificial neural networks, which operates with already known measured coordinates,
and allows to observe the other coordinates values, such as pressure, pump performance, mechanical power
and others, is designed in [8]. The authors of article [9] proposed a heat pump direct heating system with
real-time identification and the self-regulation principle, which has high observation values for the given
values and the ability to deviate from perturbations. In [10], a multi-layer controller pump system with
sliding-mode observer based on neural networks of the motion mode is developed and the system robustness
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is investigated. Therefore, the task of building pump coordinate observer based on neural network and test of
its performance is very relevant.

The aim of the paper is to increase the energy efficiency of a pump unit by applying an energy-
efficient control algorithm using neural networks to observe technological coordinates.

Materials and results of the research. Ways to increase the turbomechanism energy efficiency are
almost always deal with the decreasing the drive angular speed and, as a consequence, reduction the con-
sumed power. However, it does not mean that energy efficiency will be maximized, as there is only one point
with maximum efficiency at each speed characteristic of the pump. In order to get to the maximum effi-
ciency point it is necessary to have an array of speeds and productivity at which the maximum efficiency is
obtained. This dependence is called the "maximum efficiency curve" and is shown in Fig. 1, a on the Q-H-
efficiency characteristics of the pump of 160 kW power.
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Fig. 1

For the implementation of the rotation speed search algorithm with the maximum pump efficiency
the PI controller, which corrects the actual motor rotation speed, and the block o*= f(Q), which determines
the required speed by the measured performance signal, are used. The structural scheme is presented in
Fig. 1, b, it is described with following equations:

o =k,Q’ +k,Q+k;, (1)
Af =(0-o )K, +1/Tp), ()

where Q is the actual pump productivity; @* is the desired rotation speed at which maximum efficiency is
achieved at the desired productivity value; o is the actual measured motor speed; ki, k,, k; are the approxi-
mation coefficients of the maximum efficiency curve; Af is the increment of the frequency reference; K,, is
the proportional component of the controller; T; is the time constant of the controller integral part.

The application of energy efficient control algorithms for pump units involves measurement of the
technological system coordinates required for its operation. The main problem with this is the high cost of
productivity sensors, and the absence of speed sensors on pump units drive motors. To solve the problems of
required coordinates measuring, it is advisable to use the artificial neural networks apparatus (NN) [11],
which has ability to self-study. This approach allows design technological coordinate observers of pump
units based on the coordinates that are available for measurement.

The procedure for NN design consists the selection of the number of hidden layers of neurons, de-
termination the number of neurons in the hidden layers, selection the activation function of neurons, and
training the network, which determines the numerical values of its internal connections parameters.

To create the productivity observer for the 160 kW pump, a two-layer NN was formed with 10 neu-
rons in the first and 1 in the output layer. Two signals can be used as network inputs, one of which is pres-
sure, which is easy to measure, the other one could be speed or active power or one of the stator currents.
The observation accuracy changes from choosing of this coordinate. Angular velocity and hydraulic resis-
tance arrays were used for the network training as perturbations; their transients are shown in Fig. 2. The
training error was 0.034, the regression coefficient — 0.999.

While working with neural networks, their adequate mathematical description is important. In the
general case, the neuron equation is described by the following expression:
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Vi =M (Z X Wy + b)), 3)
=

where X, X,,... X, are the inputs of the neuron; w;;,wp, ..., Wiy, are the weight coefficients of synaptic bonds;
b; is the displacement of the neuron; A;(.) is the activation function of the neuron.
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Fig. 2

In the case of a two-layer neural network of 10 neurons, the equations describing each neuron are de-
fined according to the following expressions:

y, =th((Hw,, +ow,, +b,)/a,)),

¥, =th((Hw,, + ow,, +b,)/a,), 4)

Yio = th((Hw ,, + @w 5, +b,5)/a,),
where H, @ are the neuron inputs; w;;,wp, ..., Wiy are the weight coefficients of synaptic bonds; b; is the dis-
placement of the neuron; a, is the coefficient of inclination of the function of the tangential hyperbolic tan-
gent tansig.
The general equation describing the neural network operation has the following form:

A

Q=c(th((Hw,, +ow,, +b,)/a,)w, + th(Hw,, + ®ow,, +b,)/a,)w, +

+th((Hw,, + ow,, +b;)/a;)w, + th((Hw, + ow,, +b,)/a,)w, +

+th((Hwg, + ow,, +bs)/a)w, + th((Hw,, + ow,, +b,)/a,)w, + %)
+th((Hw,, + ow,, +b,)/a,)w, + th((Hwy, + owg, +by)/ay)wy +

+th((Hw,,, + ow,;, +b,)/a,,)w,, +b).

where c is the slope factor of linear activation function.

To evaluate the performance of the developed observer, the mathematical simulation was performed
and comparisons were made with the results that were obtained through experimental research.

For the simulation, a structural scheme of an electromechanical automatic control system of two se-
ries-connected pumps, operating for filling the large tank was developed. One pump speed is regulated, the
other is unregulated. The structural scheme is presented in Fig. 5. Herewith the parameters of the hydro sys-
tem are unknown and may arbitrarily change. The algorithm uses the observed performance value to deter-

mine the required rotation speed. Also in the
Hg a . .
I, l system the efficiency observers, which are

o | softstarter Eb nggéznt = Two series developed on the basis of artificial neural

~%1 device " induction | T connected networks, for each pump are used [12].
¢y motor2 pumps |H In Fig. 3 the following notations have
¢ £ w [Vanaoie | o 160 kW been used: uj,, up, Uy are thg phase stator
) Frequency | speed L s each voltage; Tr;, T, are the loading torque of
Af converter | ws | induction | T,, first and second pumps respectively; ®;, ®,
motor 1 are the speed of first and second motors re-

I spectively, f is the frequency reference.
. 3 Classic induction motor models in

The algorithm for “~ Performance : :

search of speed |« Q | observer based k stator coordinates a-b are used in the system
with maximal on neural network [13]. A frequency converter implements a
efficiency quadratic scalar control law u/f=const. A
Fig. 3 mathematical model of two sequentially op-
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erating pumps and a hydraulic network is described by the following equations (6)-(9) [14]:

D) H H H 1 .
9 Bon s By B Lo, va,,+0)0 ©)
dt X(Dnl X(’Onl X X
H . H .
HI = 021n (’312 _alezs H2 = 022n 0)22 _an2Q2’ (7)
nl nl
QH QH
T, =PE< g, S PER @®)
N, n,m,
H=H, +H,, ©9)

where H is the total pressure; H;, H, are the the pressure of the first and second pumps respectively Q is the
observed value of the productivity; Hy,, Heo, are the nominal pressures at zero feeds of the first and second
pumps at nominal speeds; ®,, ®,, are the nominal speeds of the first and second pumps respectively; y is the
integration time constant; 7,, 7, are the observed value of the pumps efficiency; a,;, a,, are the nominal hy-
draulic resistance of the first and second pumps respectively; a is the hydraulic resistance of the hydraulic
system; Hy, is the geodetic height of water level; p is the water density; g is the free fall acceleration; t is the
time.

The research results of the operation of dynamic modes with a hydraulic resistance arbitrary change,
under the presence of two disturbing actions: a hydraulic resistance and geodetic pressure, and a smooth
change of hydraulic network parameters are shown in Fig. 4, respectively.
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The transients of hydraulic resistance (Fig. 4, @) show that the efficiency of the regulated pump due
to the speed change is constantly at the maximum value, the efficiency of the second pump varies depending
on the operating point position. Herewith, the consumed power of the regulated pump is reduced by 30-40%
depending on the operating point position. The pump efficiency is kept maximum even with two perturba-
tions in the hydro system (Fig. 4, b). With a hydraulic resistance and geodetic pressure smooth changing
(Fig. 4, ¢), the pump efficiency is increased by a maximum of 8% depending on the operating point.

The productivity observer can be built using different sensors or coordinates. In Fig. 5, @ a compari-
son of three types of observers is presented. The observers constructed using: pressure and velocity (Qw),
pressure and active power (Qp), pressure and stator current (Qi) with a hydraulic resistance arbitrary change
are presented. The maximum productivity difference from the standard pump model is obtained for the pres-
sure array and stator current. The minimum is for pressure and speed.

For the observation of the pump efficiency, the arrays of the pressure and the consumed active
power, which were obtained from the analog frequency converter output, were used as the NN input signals.
The technical implementation of the efficiency observer was made on the basis of the ALTERA DEI1-SoC
developer's board [12].

The results of the observer work were tested on an experimental setup with a Calpeda pump of
0.33 kW power [12]. The efficiency static characteristics for the three frequencies of 50, 45 and 40 Hz, built
according to the calculated data and taken with using of a neuro-observer, are shown in Fig. 5, b. Their dif-
ference does not exceed 2.1%.
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Conclusions. In this paper the actual task of increasing the energy efficiency of the electromechani-
cal system of pump unit with the use of technology of neuro-observation of technological coordinates was
solved. The methods of observation of technological coordinates of pump units, their advantages and disad-
vantages have been analyzed, the most promising method of evaluation based on neural networks was cho-
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sen. A detailed methodology for evaluating technological parameters has been developed, which will enable
the creation of sensorless control systems and increase the energy efficiency of pump units. Three artificial
neural networks were designed, using the motor speed data, active power of the motor and the stator current,
based on which the performance observers of the pump unit were constructed. Training of developed net-
works and comparison of their operation were conducted. According to simulation results the designed en-
ergy-efficient controller of pump performance based on the neural-network observer provides a 33% energy
savings for the series connection of two water pumps, one of which is variable speed, and the other in a con-
stant speed pump. It is shown that high energy efficiency is achieved in the presence of system disturbances
such as a variation of hydraulic network resistance, hydrostatic pressure variation and consumers’ activity.
The results for pump units can be extended to other turbomechanisms, including fans, air conditioners and
the mechanisms that operate in continuous modes, such as conveyors etc.
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Ha 6a3i wmyunoi HellponHoi mepedici po3poOieHo oyiHI8ay, AKUL HA OCHOBI BUMIDSHUX MEXHOLO02IYHUX KOOPOUHAM
cucmemu ma Hanopy mypoomexauizmy, 8U3Ha4ae NPOOYKMUBHICHb HACOCHOT YCINAHOBKYU 8 3ANIeHCHOCHI 8I0 po3mauiy-
eanHs pobouoi mouku. Cnpoexmosano mpu HetlpoHHi Mepexci 051 mpboX Munie oyiHeaya npooyKmueHoCmi. po3poo-
JIeHUll OYiHI08AY OOCTIONCEHO MEMOOOM MOOENI0BAHHA NPU PI3HUX 8apiayisax 30yprolouux Oill MaKux, AK 2iopasiiuno2o
onopy mepedxci ma ceode3uunozo mucky. Hasedoeno nopiguanvHuili ananiz mpbox munie oyiHiosauie npooyKmugHoCHi,
n06y0068aAHUX 3 GUKOPUCMAHHAM HANOPY MA PISHUX CUSHAIIE CUCTeMU NPpU O0BLIbHIU 3MIHI 2i0pasiiuHo2o onopy. Buko-
PUCOBYIOUU OYIHIO8AY KOe@IiyieHma KOPUCHOL Oii HACOCHOI YCMAHOBKU Y 000amoK 00 pe3yiomamis, wo 6yiu npeo-
cmaeneHi paniule, BUBYEHO epeKMUBHICIb 3aCMOCYBAHHs OYIHIOBAYA NPOOYKMUBHOCT, NOOYO0BAHO20 3 UKOPUCMAH-
HAM PI3HUX OQMYUKIE 8 CUCMEMAX 6000NOCMAYAHHS 3 080MA NOCAIO06HO 3 €OHAHUMU HACOCHUMU Acpe2amamil, OOUH 3
SAKUX — KEPOBAHULI NO WEUOKOCH, THWUL — HEKePOBAHUTI MA SKI NPaAyioloms 8 PedtCUMI HANOBHEHHsL BEIUKO20 pe3ep8ya-
pa. bion. 14, puc. 5.

Knrwouoei cnosa: HacocHa ycTaHOBKa, HEHPOHHA MEPEXa, OLIHIOBaY, KOOPJHUHATH, TypOOMEXaHI3M.
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Paspabomano oyenwux na 6aze uCKycCmeeHHOU HelpOHHOU cemu, KOMOPblll, HA OCHOGE UZMEPEHHbIX MeXHOI02UuYe-
CKUX KOOPOUHAM U HANOpa mypbomMexanusma, onpeoensem npousgooumenbHOCb HACOCHOU YCMAHOBKU 8 3a8UCUMO-
cmu om pacnonoxcerust pabouell mouxu. Cnpoexmuposano mpu HelponHvle cemu OJisl mpex munoe OYeHWuKa npous-
sooumenvHocmu. Hccnedosano memooom MoOeiuposanus paspadomanuslll OYeHWUK NPU PA3IULHBIX 8APUAYUSX B03-
MywWanouux 6030elicmaull, makux KaxK 2uopasiuiecko2o COnpomusileHus cemu u eeooe3udeckoeo dasnenus. Ilpuseden
CPABHUMENbHBLI AHANU3 MPEX MUNO0E OYCHWUKOE NPOU3600UMENbHOCIU, NOCMPOEHHLIX C UCNONIb308AHUEM HANOPA U
PDABIUYHBIX CUSHATI08 CUCEMbL NPU NPOU3EOJIbHOM USMEHEHUU 2UOPABIUYECcKo20 conpomusienus. Fcnonv3ys oyenuux
Koo uyuenma none3no2o 0elicmeusi HACOCHOU YCMAHOBKU 6 OONOJIHEHUE K Pe3yIbmamam, Komopbule 0vliu npedcmas-
JIeHbl panee, U3yueHa IPGeKmueHOCmb NPUMEHEHUsT OYESHWUKA NPOU3800UMENbHOCIU, NOCMPOEHHO20 C UCHOIb308a-
HUeM PA3TUYHBIX 0aMYUKO8 8 CUCINEMAX 8000CHADICEHUsL C 08YMsl NOCIE008AMENbHO COCOUHEHHBIMU HACOCHBIMU azpe-
2amamu, 0OUH U3 KOMOPbIX — YAPAGISeMblll N0 CKOPOCMU, OPY20ll — HEYRPASIseMblil U KOMopble pabomarom 6 pejicume
Hanoanerus 6onbulo2o pesepsyapa. buodin. 14, puc. 5.

Knrouesvle cnosa: HacocHasi yCTaHOBKA, HEHPOHHAS CETh, OLCHIIHMK, KOOPAUHATHI, TYPOOMEXaHH3M.
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VK 621.3.08 DOI: https://doi.org/10.15407/techned2020.01.078
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Ilpeocmaenenvl pe3ynomamsl UCCAEO08AHUsL EKMPULECKOU MOOeTU O8YXINeKMPOOHOU KOHOYKIMOMEMPU4ecKol sadeti-
KU Npu usMepeHuu Ha nepemesHom moxe. Ilpednodicennas mooenb 0CHOBAHA HA NOCLE008AMENbHOM COCOUHEHUU 08YX
UMNEOaHCco8, KOMOpPble ONUCHIBAION NPUITEKMPOOHbLE NPOYECCHL U NPOYecchl 8 0bbeme ucciedyemozo pacmeopa. Ona
no360Js1em 0OMOEIbHO OYEHUBAMb UHPOPMAMUBHBIE U HEUHDOPMAMUBHBIE NAPAMEMPbL IKGUBANECHIMHBIX CXeM 3aMeue-
Hust. TIpusedenvl pe3yibmamosl meopemuiecko20 UCCIe008aAHUs YACTNOMHBIX CEOUCME NPUITIEKMPOOHO20 U 0OBEMHO20
umnedancos. Ha ux ocnose npeonosicenvl ynpowenus 9K6UBALEHIMHOU CXeMbl 3aMeUueHUss UMNeOanca s4elky Os 4ac-
MOMHBIX N000UANna3oHo8 usmepenuti. Ilpusedenvl pesynvmamol UCCIEO08AHUA COCMABTAIOUWUX UMNEOAHCa AYElKU.
Onpedenen psio napamempos, KOmopbuie no360J510M IKCNEPUMEHMANbHO OYEeHUMb NPAGOMEPHOCMb YRPOUWEHUL U A0eK-
6AMHOCMb PACCMOMPEHHOU dleKmpuyeckol modeau sueviku. bubn. 30, puc. 5.

Knrouesvie cnosa: KOHIYKTOMETpPUS, siueiika, IIEKTPHYECKAsi MOJICNb, HMIICIAHC, SJICKTPOIUTUICCKAS TPOBOIUMOCTD.

YaenbHas (3MEKTPONUTHYECKAS) MPOBOAUMOCTD KHKOCTH SIBJIICTCS BXOJHBIM MapaMeTpOM H3Me-
PUTENTBHOTO TIpeodpa3oBarensi, KOTOPhI B KOHAYKTOMETPHH MONyYWIT Ha3BaHHE suelika. BeIXomHbIM mapa-
METpPOM IIpeoOpazoBaTelisd, KaKk MpaBUJIO, SIBIAETCS aKTHBHAs COCTABIIAIONIAs WMIIEaHCA WU aTMHUTaHCA.
Hmnenanc suelky 3aBUCUT OT psiia apamMeTpoB Kak MH(OOPMATHUBHBIX, TaK U HEMH(OPMATHBHBIX IpoIlec-
coB. [loaToMy 1511 000CHOBaHUS METPOJIOTHYECKUX CBOMCTB SYCHKH HCIIONB3YIOT SJEKTPUIECKHE MOJIEIH B
BHJIC PKBUBAJCHTHBIX CXEM 3aMEIEHUs, KOTOphIe coaepxaT 4, 5 u Oonee snemenToB [1-5]. [IpoBepky Ha
AZICKBATHOCTb TAKUE€ MOJCIHN IMPOXOIAT IIYTEM CpPaBHCHUA SaBHCHMOCTeﬁ, IMOCTPOCHHBIX TCOPETUYCCKU U
MIOJTYYEHHBIX AKCIIEpUMEHTAIbHO. Hanbonee mmpokoe pacipocTpaHEeHHE 3aBHCUMOCTH TIOIYYWIU B hopme
muarpamMm boge (3aBUCHMOCTH MOy UMIIeIaHCa sTYeHKH OT JloraprudMa 4acToThl) U quarpamm Halikucra
(romorpad BekTOpa WMITEaHCa STYCHKH HAa KOMIDIEKCHOHN MIOCKOCTH) [5]. OHM IIHPOKO HCIOJB3YIOTCS B
KJIACCHYECKOM aHaJIN3¢ CBOMCTB KOHTAKTHBIX KOHIYKTOMETPUYECKHX METOJOB M3MepeHus [6—8]. OmnHako,
OmHpasiCh Ha AWArpaMMBbl, OICHUTH MapaMeTphl LeNeil W depe3 HUX yYecTh BIMSHUE HEWH()OPMATHBHBIX
MIPOIECCOB, ONITUMHU3NPOBATH TEOMETPHIO SJIEKTPOAHON CHCTEMBI, OIIEHUTh TOYHOCTH pacdeTa (GyHKIHH Tpe-
oOpa3oBaHus TYEHKH HE Beeraa yaaercs. HeoOXxoanMele U JOCTaTOYHBIE YCIOBHSI OJJHO3HAYHOTO OTpeielie-
HUS TaPaMETPOB MHOTORJIEMEHTHOTO JIBYXIOJIOCHUKA C YYETOM TOIIOJIOTUU €r0 CXEMbI pACCMOTPEHHI B [9].
HexoTtoprle U3 N3BECTHBIX SKBUBAJICHTHBIX CXeM, Hampumep [8, puc. 2.2, 2.3], He MOTYT OBITh PACUCTHBIMH,
IMOCKOJIBKY HE OTBCYAIOT OAHOMY M3 OCHOBHBIX KPUTCPHUEB: YUCJIO KOHACHCATOPOB AOJIKHO OTJIMYATHCA OT
qrciia Pe3UCTOPOB He OoJiee YeM Ha eAMHUIYY. Takue CXeMbI IPUMEHSIOT JIJIsl OTIMCAHUS MPOIIECCOB Ha Kave-
CTBEHHOM ypoBHe. [Ipobremoii B 0qHO3HAYHOM OMpeeNieHNH apaMeTPOB MHOTORJIEMEHTHOTO JIBYXIIOIIOC-
HUKa TaK K€ ABIISETCS TO, YTO HEKOTOPHIE U3 MapaMeTPOB CXEeMBI, HanpuMep, nmnenanc BapOypra, mo ompe-
JIEJICHUIO, SIBJISIIOTCS YaCTOTHO 3aBUCUMEBIMU [5].

W3BecTHBI pa3HOOOpa3HbIe YHCIECHHBIE METOMBI pacdeTa UMITeJJaHca STYSHKH ¢ MPUMEHEHUEM ypaB-
HeHui Teopun mons (ypaBHenus Ilyaccona, ynkruu ['puna) [10-12]. OmHako pacdeTHOe 3HAYCHHE KOH-
CTaHTHI TYEHKHU MOJIY4YUTh CJIOKHO HU3-3a TOIr0, 4YTO I/IHq)OpMaTI/IBHI)Ie u HeI/IH(i)OpMaTI/IBHI)Ie IMpOoUeCCChl HEBO3-
MOJKHO OT/CIBHO BBIICIHUTH. YCIIOXKHSACT PEUICHUE 33aJla4d OTCYTCTBHE aHAJTMTUYCCKUX BBIPAXKCHHI, KOTO-
pBIE CBS3BIBAIOT PE3yJbTAThl M3MEPEHHUI C mapamMeTrpamMu HEeMH(POPMATHBHBIX NPOIECCOB W sBIeHHH. Kak
MIPAaBUJIO, €CJIU TaKas CBs3b YCTaHOBJICHA [13], TO 0COOEHHOCTH YaCTOTHOM 3aBUCMMOCTH MMITEAaHCa TUCHKHU
OTPAXKAIOTCS B DJICKTPUUYCCKUX MOCIAX MPHU IMOMOIIHM 3JIEMEHTa CO CHEIMAbHBIMU CBOWCTBaMU, (a3oBbId
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YTOJI KOTOPOTO HE 3aBHCUT OT 4acTOTHlL. Takoill ajeMmeHT, constant phase element (CPE), BBen B aHanu3 1e-
neit @puke B 1832 roxy [14]. B coBpeMeHHBIX KOHIYKTOMETPUUIECKHX 33aa4ax OH HCIIOJIb3YeTCs JOCTaTou-
HO mUpoko [15—16]. Ho 3ToT moaxom oTpaxkaeT dIEKTPHICCKYIO U MaTeMaTHIECKYI0 MOJIEIb TTOCPEICTBOM
WHJIMBUAYAJIIbHOW YaCTOTHOM 3aBUCHUMOCTH UMIIE[aHca sueiku. [loaToMy mpencTaBUTh METPOJOTHUYECKUE
XapaKTePUCTUKH SUCHKH (CHCTEMaTH4eCKue MOTPEeUIHOCTH, HEONPeIeIEHHOCTh OLIGHKH Pe3yJbTaToOB H3Me-
peHust, KO3QPUIMESHTH BIUSHAS PA3IMYHBIX JACCTAOMIN3UPYIOMMX (aKTOPOB) C ITOMOIIBIO 3JIEMEHTa, He
UMEIOIIETO YeTKO OUYEPUYCHHOU CBSI3M ¢ HEMH(POPMATHBHBIMU TPOLIECCAMH, MIPEICTABIACTCS CIOXKHBIM. Kak
HE TPEACTaBISETCS BO3MOXKHBIM C MOMOIIBIO TaKMX MOJENEH pa3paboTaTh PEKOMEHAAIMH OTHOCHTEIBHO
THTIA METaJlJIa 3JIEKTPO/Ia U BU/Ia €r0 IIOBEPXHOCTH, OIEHUTDH BIUSHHIE MOBEPXHOCTHBIX OKUCHBIX IJICHOK.

Cy1iecTByomye 3JIeKTpUIecKiue MOJIENH STYeHKH M HECOBEPIICHCTBO aHAIN3a MPUBOJIUT K CIIEIYTO-
meMy mapaaokcy. Jlonroe BpeMs MCTHHHOE 3Hau€HHE HM3MEPSEMOrO COINPOTHUBICHUS MPUHUMANN KakK pe-
3yJbTAT SKCTPANOJSIIHA Ha OECKOHEUHYIO 4acTOTy. DTOT MOJXOJ] HAXOIWJI OTpaKEeHHE U B MOHOTpadHsx
[17, 18], m B craThsx [19, 20]. OmHako, KaK CIEAYET U3 pe3yJbTaTOB TEOPETHICCKUX OIEHOK COCTaBIIIOIINX
UMITeIaHca siueiiku [5, 6, 12] u pe3ynpTaToB m3MepeHus [6, 21], cymecTByeT 4acToTa, mpu KOTOPOH MOAYIIh
UMIIEJIAaHCA WM €r0 aKTUBHAS COCTABJISIONIAS PE3KO YMEHBIIAIOTCS U MPH JalIbHEHUIIEM YBETUYCHUH YacTo-
THI CTPEMSATCS K HYJI0. DTO HECOOTBETCTBHE MPUBOJIUT K HEOOXOIUMOCTH YTOYHEHUS JICKTPUISCKUX U Ma-
TEMaTHYECKUX MOJIeNel sTUeiKy UM YTOUHEHHUS PeKMMOB M3MEPEHHS TPY OLIEHKE JaHHBIX, HAlpUMep, A
qrCTOM (00ECCOICHHOI) BOIBI, KaK yKa3aHo B [22].

Taxum o0pa3om, yeavro nybaukayuy SIBISETCS PACCMOTPEHUE TAKOH AIIEKTPHUYECKON U MaTeMaTHye-
CKOIl MOZIENH s9eHKH, KOTopas MO3BOJIsIa OBl MCCIIeOBaTh MHPOPMATHBHBIE W OCHOBHBIE HEMH(OPMATHB-
HBIE TTApaMeTPbl MOJIEITH OTACIHHO OJUH OT APYTOro, 00eCIeYnTh BO3MOXKHOCTh paciera dTHX ITapaMeTpoB,
MPEUIOKHUTH HA0OP HOBBIX MapaMeTPOB (XapaKTEPHBIX YaCTOT) JUIS MPOBECHUS CPABHEHUS C pe3yIbTaTaMu
9KCIIEPUMEHTAIBHBIX UCCIIEAOBAHUHN U TPOBEPKH aIeKBaTHOCTH BRIOPAHHOM MOJIEIIH.

O0001IeHHAs1 dJIeKTpUYecKasi MoJedb JABYXJJIeKTPoaAHOH syeiiku. be3 yuera KOHCTPYKTHBHBIX
0COOCHHOCTEH SUEHKH U BIMSHHUA padodell )KUAKOCTH TEPMOCTaTa MPOCTPAHCTBO MEKAY ABYMS JIEKTPOIaMHU
KOHJTyKTOMETPHYECKOH SYeHKH MOXKHO YCJIOBHO pa3feiiTh Ha TpPH (PU3MUECKHX OOJACTH: TpaHHIA dJIeK-
TPOA/pacTBOp, PacTBOpP, TpaHUIa pacTBop/anekTpo. Ha puc. 1 ycrmoBHO moka3aHa BHYTPEHHSS YacTh IIPO-
JOJNBHOTO CEUCHHUS SUSHKH B OTCYTCTBHHU TOKA, KOTIa M30BITOK CBOOOHBIX 3JIEKTPOHOB B MeTailie (JOPMHUPYET
€ro 3apsj, OTPUIATEIbHBIH OTHOCHTENBEHO pacTBopa. [lpy mpoTekaHnu depe3 sUEHWKY AIIEKTPUYECKOTO TOKa
CO3JIaeTcs MOCTIEeIOBATENFHOE Ta/IeHHe HANPSDKEHHUS B OOJIACTH TPHUAJIEKTPOIHBIX MPOIECCOB (Tak HazbIBae-
MOM HHTepdelice), B o0iacTu oObeMa pacTBopa U CHoBa B obnactu uHTepdeiica. [Ipeanonaoxum, 4ro siek-
TPOABbI OyIyT MaKCHMAJIBHO UIACHTUYHBIMU. B 3TOM Cilyuae MOXKHO OTPaHUYHTHCS MPOIECCAMH, TPOUCXOIS-
IIMMHU B JIByX 0oOnacTsx. BeigeneHne AByX OTIENBHBIX MPOIECCOB MPH HAIWYHMU TaJbBAHUYECKOTO KOHTAKTa
MEXIY MPOBOJHUKAMH MEPBOTO M BTOPOTO poja — 3TO MpHeM u3BecTHbIH [3, 23]. OnHako, yale BCEro B U3-
BECTHBIX HCCIICJIOBAHUSAX TPU MOCTPOCHUU OOIIEeH MOJEH STYCHKY TTapaMeTphl SKBUBAJICHTHBIX CXeM (Harpwu-
Mep, €eMKOCTh, OOYCIIOBIIEHHAsE TOKAMH CMEIICHUSI W CONPOTHBIIEHHE MPOBOAMMOCTH B 00bEMe pacTBOpa) He
paccMaTpHBarOTCS KaK SKBHBAJICHTHBIE ITapaMeTpsl 3Toro mporiecca [6, 10] uimi o0beqnHSIOTCS ¢ Tapa3UTHEI-

MU ITapaMeTpaMHi U3MEPUTENbHON IeTH (EMKOCThIO

Wnrepdeiic, kabenst) [8]. B urore 310 MOXeT MPUBECTH K JIOK-
obnactb
TBoiiHoii asnena (ar Tindpyaus, obnacTh HOMY BBIBOAY O TOM, YTO «Ha BBICOKHX HYacTOTaX
coii < PAACNA QA3 umnenarca BapGypra WOHBI HE MPUHUMAIOT yYacTHE B DJICKTPUUICCKON
&y E(X) £ npoBoauMocTiy [12].

[lo3sTOMy MBI TONIaTaeM, 4TO PaIMOHAIBEHO
paccMaTpuBaTh IIEKTPHYECKYIO MOJENb KOHTAKT-
HOM KOHAYKTOMETPHUYECKON SYEWKU B BHUJAE dJe-
MEHTOB IIeNH, BKIFOYECHHBIX IIOCIIEIOBATEIEHO
(puc. 1). DTUMU dIIEMEHTAMH SBJISTFOTCSI KOMILIEKC-
HBIE CONPOTHBJICHUS (MMIIEJAHCHI), a HE MPOBOIH-
' Moctu. [lpu TakoMm moaxojie Mbl JOJDKHBI OTME-
! TUTH, 9YTO TOUYKH (P; 1 P,) pa3nena cOOTBETCTBYIO-
p, Z2 ip IMX 06JacTeit — 3TO BUPTyasbHbIE TOUKU. Duznye-
e CKHI TOCTYN K HUM OTCYTCTBYET, TO3TOMY OTJICINIb-

HO W3MEPHUTh 3HAYCHUS DJICKTPOXHUMUYECKOTO WU
00BEMHOT0 MMIIEIAHCOB (Zr M Zg) HEBO3MOXHO.
OpnHako TeopeTndyecku 00a 3TH UMIIEAaHCa MOTYT OBITh OlleHEeHBI. [Ipoliecchl Ha rpaHulle METal/pacTBOpP OIH-
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ceiBatoTcsl ypaBHeHussmu [lyaccona-bonbimana miu Hepaera-Ilnanka [10, 11]. DnexkTpuyeckue nporecchl B
o0beMe pacTBOpa onpeaessoTes ypasaenusmu Jlamiaca [10]. Takum o0pa3oM, B HTOI'e UMITEIAHCHI paccMar-
puBaemoii Mogenu (puc. 1) MoryT ObITh pacyeTHBIMH. B nanbHeiiiieM Mbl BHECEM HEKOTOPBIE OTPaHHYCHHUSL.
Bo-miepBrix, OyaeM paccMaTpuBaTh TaKMe KOHCTPYKIMU S4YEeK, IUTS KOTOPBIX 00a AIIEKTPOIa SBISIOTCS HIICH-
TUIHBIMA. COOTBETCTBEHHO HJICHTUYHBIMU ABJISIOTCSA JJIEKTPOXMMHUYECKHE MMITEAAHCHI HHTep(EHcoB (1eK-
TponoB): Zg=Zp,=0,5 Z. Bo-BTOpHIX, OylIeM nonarath, 4To (Gu3ndecKas MpoTsHKEHHOCTh 00JacTH MpPUIJIeK-
TPOIHBIX MPOLECCOB MPEHEOPEKNMO MaJla [0 CPaBHEHMIO ¢ 00JacThio 00beMa pacTtBopa. IlorpemHocTs pac-
dera mapamerpoB Z [t OOJIBIIMHCTBA KOHCTPYKIHH saeeK He mpesbimaet 107,

Ha puc. 2, a nokazana npeajoKeHHas: HaMH JJIs1 aHaIM3a SKBUBAJIEHTHAsI CXEMa COCTABJISIOIINX AJIEK-
TPUYECKON MOAENM umnenaHca sueiku: Z. = Zg+ Z,. IpruonekTpoaHslii uMnenanc Zg TpaHULBL dJIEK-

TPOA/pacTBOp MpEACTABISAETCS U3BeCTHOU cxeMoii Penaca [5, 10, 13], KOTOpPYIO MBI CO3HATEIBHO YITPOCTHIH
(mpupaBHIB K HYJIO 3JIEMEHT, OTBEYAIONIMK 3a MPOIIECCH IIEpeHOca Macchl BellecTBa). Bo3MOXHOCTH ympo-
IIEHUs JIOITyCKAeTCsl B KIACCMUYECKUX MpHMepax aHanu3a. Tak, B [17] paccCMOTpEHBI YEThIpE YacTHBIX CITydast
YIPOILEHHS 3JIEKTPOXUMUYECKOT0 UMIIEaHCca, CPpeau KOTOpbIX HameMy oObekTy (1,1 BasieHTHOMY pacTBOpy
JIEKTPOJINTA) COOTBETCTBYET MOCIECAHUM YETBEPThIM BapHaHT, Korna umnenanc BapOypra Besnuk 1no cpaBHe-
HUIO C COIIPOTHBIIEHNEM TiepeHoca 3apsana. B [3] Takxke paccMaTprBaioTCs YIPOIIEHHBIE 3JIEKTPOXUMUYECKIE
CHCTEMBI, B KOTOPBIX «KHMHETHKa Mpoliecca IepeHoca 3apsiia NOIMHOCTBI0 KOHTpospyeTes auddysueit akTus-
HBIX YaCTHUI] K TPAHMIIE pa3lielia IEKTPOI-3JIEKTPOJIUT, YTO COOTBETCTBYET HIEAIbHO 00pPaTUMOMY JIEKTPO-
Iy». JI7sl TIOTHOTO MCKITFOUeHHUs! 3TUX (DaKTOpOB Ha Pe3ysibTaT U3MEpeHHs B [2] mpeaiaraercs MpuMeHEHHE
«MJEaTbHO MOJIIPU3YEMOT0 JIEKTPOJa U MHEPTHOTO JNIEKTPONINTa». TaM ke YCTaHOBJIEHO, YTO TakoW Mapoi
MOKET BBICTYIATh IJIATUHOBBIM 3JIEKTPOA C IJIAAKOH, a JIydllle IJIaTHHUPOBAHHOH MOBEPXHOCTBIO U PacTBOP
XJIOPUCTOTO Kaus. IMEHHO Takue 3J1eKTpOabl U PaCTBOPHI UCIIOIB3YIOTCS B IIPELM3UOHHBIX KOHIYKTOMETPH-
yeckux u3Mepenusx [19, 25].

B teopuu KoHAYKTOMET-
PHUYECKUX NPOLECCOB, MPOUCXO-
JUIIUX Ha TPaHUIE 3JICKTPO/
pacTBOp, BBIACJIEHO /Ba OCHOB-
HbIX mpornecca [l1]: aBoitHOU
anekTpudeckuil cnoit u auddy-
3ut0. J|BOWHOM CIJIOW BBI3BIBAET
HEOJHOPOIHOCTh HOCUTEJEH 3a-
psna B TPOCTPAHCTBE SUYEHKH,
OOJIBIIYI0 TUIOTHOCTH M COOT-
BETCTBEHHO OOJIBIINE TIO CpaB-
HEHHIO ¢ OOBEMOM pacTBOpa
3EKTpUYECKHE rapaMeTpbl
kp>>k, ep>>¢, puc. 1. B cxeme
Penpnca ero mozensio BeicTynaeT eMkocTh Cp, puc. 2, a. TemnoBsle mpoueccsl B KUAKOCTH NMPHUBOAAT K
Pa3sMbIBaHUIO TPAJUEHTA HOCUTENEH U 3aBUCUMOCTH 3JIEKTPUUECKUX I1apaMeTpOB PacTBOpa OT MPOCTPAHCT-
BEHHOH KOOpIOMHATHL, k(x)>k, €(x)>¢, puc. 1. Moaenb 3TOTo SBICHUS B IEKTPOXUMHUH NPEICTABICHA UMIIe-
nmancoMm BapOypra (Zw=Rw +1/jwCy, puc. 2, a)

Im(Z)

W W 1
Zo = (1-j), Ry ==, Cy=—— ) 1
v \/5( 7 Jo wo )

rae W — mapametp BapOypra, 3aBucsuuii ot kospdunrenra quddysnu, KOHIEHTPALUH, TEMIIEPaTypsl pac-
TBOpA U ILIOLIAU IEKTPOAA.

Crnenuduunocts nmnenanca BapOypra Zy 3akimtodaeTcs B TOM, YTO €r0 KBaJpaTypHBIC apaMeTphl
UMEIOT OJIWHAKOBBIA MOJYJb, KOTOpBIA siBisieTcss (yHKIMed dactorhl. Ciioil, B KOTOPOM [eHCTByeT
UMIIEJ]AHC, COCTaBIJIAET HECKOJIBKO AECATKOB HAHOMETPOB, HO MMEHHO OH OIIPEJENsieT YaCTOTHBIE CBOWCTBA
uHTepdelica Ha HU3KKUX yacToTax. [IpecTaBuM BeIpasKeHHE /IS AIEKTPOXUMHUUECKOT0 UMITE/IaHCa B BUJIC

 Zyfoc,  wlojarecm)) R, (1-j1+2C,/Cy)
Zy+140Cy ol +JoCo)? +(NoCy#)? ) (1+Cp/Cy)? +(Cp/Cy)*

2)

E

ITapamMeTpsl ABYX3IEeMEHTHON MTOCIIEIOBATEIIEHOM CXeMBI 3aMenieHus Zg (puc. 2, 6)
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_ Ry ¢ - Cu (4 Vo) + Hocy)?)
1+ VoC ) + (NoC ) ’ 1+ 2J0Cy W
3TI/I (bOpMy.]'IBI OIIMCBIBAIOT YaCTOTHBIE CBOICTBA QJICKTPOXUMHUYECCKOI'O UMIICAaHCA. O,Z[HaKO rnapa-

. 3)

RE,S

METpPhl CXEMBI Ha pHC. 2, a B 00lIeM cllydae HEU3BeCTHbl. BBeneM HoByro nepemeHHyro x=C Ww .
Torna Gopmyst (3) MOXKHO 3amKcaTh, UCIIOIL3YsI HOPMUPOBAHHbIE (DYHKIUH VER U VEC,

C? Cola+n?+x2)

R = =C, W ypr, Cpo= =C . 4
ES m W " Ver ES (14 22) pVEC 4)

C TOYHOCTBIO JI0 MYJbTHILTNKATHBHEIX MHOXHTeNnel Cp u CpW” 4acTOTHBIE CBOMCTBA IApaMeTPOB
ANIEKTPOXUMHUYECKOTO HMMIICJ]AHCA MOTYT OBITh IPEACTABICHBI COOTBETCTBYIOIUMH HOPMHUPOBaHHBIMU
¢byHKUMAMH Ypr U Ypc. PyHKUMM ypr M (Vec —1) B Buzxe rpadukoB HoKazaHbl Ha puc. 3. BHemHuil Buz
3aBUCHMOCTEH, UX KPyTH3HA MPAKTUYECKH HE OTINYaloTCs. Pa3HuIa 3aKimrodaercss B TOM, 9YTO QYHKIHS Vg R
HMMeeT TOPH30HTAJIBHYIO ACHMIITOTY, PaBHYIO
HYJII0, a QYHKLUS Vg c UIMEET aCUMIITOTY, PaB-
Hyto eawnmne. M3 (4) odeBHmHO, YTO TIpH
CTPEMIICHHH YaCTOTHl K OECKOHEUHOCTH Iapa-
MeTp Rgs CTpeMuTcs K HyJ10, a mapameTp Cgg
— K eMKocTH ABoitHoro ciost Cp. Takum o6pa-
30M, B 0o0OsacTu 4acToT Ooabure 1 KI'I1 3KBU-
BaJICHTHYIO CXEMY 3JEKTPOXUMHUYECKOTO HM-
T nejaHca sSYedKd MOXKHO TPEACTaBUTH M-
0 ‘ . kocteio Cs(q) (puc. 2, 6), KOTOpas HE3HA4YH-
TeNbHO (puC. 3) MPEBBINIAET €MKOCTh JBOW-
Horo ciuos Cp. Tawke u3 dopmynsr (3)

Puc3 ClleflyeT, 4To TaHreHc (a3oBOro yria tg ¢r,
(puc. 2) He MOXKET OBITH MEHBIIIE €HMHUIIBL.

ONeKTpUIecKor MOJeNbi0 00BEeMHOTO UMITeflaHca Zp SBISIETCS IBYXAJIEMEHTHAs eMKOCTHAS Tapal-
nenbpHas cxeMa 3amemenus [6, 10]. Ee xapaktep (mapamienbHas eMKOCTHAsS) I KBa3UCTATHYECKOTO OIS
(04/ot =0 [26]), kOTOpPOE BO BPEMEHH M3MEHSETCS [0 rapMOHNYECKOMY 3aKoHy (E(r,t)=E, (r)e™ [27]),

3,5

3

1, EH02 1,E+03 LE+04 1, EH05

BBITEKACT M3 3aKOHA MOJHOTO TOKA, KOTOPBI paBeH CyMMe TOKOB MPOBOJMMOCTH U cMenieHnus. Ha puc. 2, a
00BEMHEIN IMIIeanca Zg TIpeCTaBiIeH Memoukoil Ry n Cp. 3amuineM ero BhIpaKeHUe B BUIE

_ Ry _ Ry +jtgey)
B ; - 2 (5)
1+ joCyRy 1+tg pg
rae tggg — TaHTeHC (ha3oBoro yria (puc. 2) 00beMHOro uMIteanca Zg
tgp, =Im (Y, )/Re(Y, ) = @CyR,; - (6)
IMTapameTpsl mocae0BaTENBFHOM IBYXJIEMEHTHON CXEMBI 3aMeIIeHHsT 00BEeMHOT0 UMITeaHCa
R 1
R ’Sz—Bz, Cps =Cy| I+——|. (7)
1+1tg°¢g tg @y
IIpencraBum uX B BHJIE HOPMHPOBAHHBIX (yHKIIAN
R 1 Cps 1
yB,RZﬁZ—Q’ YB,C = ==1+ 2 ’ ®)
R, 1+tg'g, Cy tg g

I'paduk 3aBHCUMOCTH Vg g VI KPAHUX (IUCTHILTUPOBAHHAS WJIM MOPCKast BOJIA) 3HAYEHUI TUaria30Ha
3NEKTPOIMTHUECKON MPOBOJUMOCTH B cooTBeTCTBHH C (8) 1 (10) mokaszan Ha puc. 4. OyHKIUS ygr UMEET /IBE
TOpPHU30HTAJIbHBIE acHMNITOTHL. OTHA paBHA €IWHUIIE ITPH YaCTOTE, CTPEMSIIIEIHCA K HYJIO, IpyTas — HyJIO IIpH
4acToTe, cTpemsiielicst k 6eckoHeuHocTH. [IuprHa miockoro ydactka GYHKIMH Ygr 3aBHCUT OT JJIEKTPOJIH-
THYECKOU TPOBOJUMOCTH k M orpanmdeHa dactoramu: 10 k['11 — mist nuctmimmipoBaHHON Boasl 11 100 MI'm —
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121 yax IUISL PacTBOpa 3JIEKTPOJIMTA THIIA CTaHAAPTHOH MOpPCKOH
Bonbpl. Takum obpasom, B obmactu gactoT 10 Iy —100
MI'l SKBUBaJIEHTHYIO CXeMy OOBEMHOTO HMIIEAaHCca
081 SYEHKH MOXKHO IPEICTAaBUTh AKTHUBHBIM CONPOTHBIICHUEM
Rs(q) (puc. 2, 8), kKoTOpoe He3HAUMUTENBHO (puc. 4) mpe-
BBIIIIAET CONPOTUBJICHUE Rp.
041 —A— (02mMCw/m ! AHAJM3 YACTOTHOW XapaKTEePUCTHKM 3JeK-
021 & 5CwM £In Tpudeckoid Momeau sideiiku. C IETbI0 TMPUMEHEHUS
‘ L ‘ ‘ H L ‘ ‘ IPHMHIIMIA CYNEPIIO3UIMU KaXKIbIA U3 UMIIEJAHCOB Zg U
00 | v + Zp (puc. 1) uenecooOpa3HO MPEACTaBUTH B MOCIIEAOBA-
LE+02 LE+04 LE+06 LE+8 LE+10  t1enpHOM cxeMe 3aMeleHus (puc. 2, 6). Torna aKTUBHBIE
Puc.4 (Rps, Rgs) n peaktuBHbIe (Xps, Xgs) BEKTOPHBIEC BEIH-
YMHBI CKIIAJBIBAIOTCA, KaK TIOKa3aHo Ha pHucC. 2, 2,
Re(ZC)zRe(ZE)+Re(ZB)=RE,S +RB,S' (9)
Ucnione3yst ypaBaeHue (9), MOKHO COBMECTHTH 00OOIICHHBIE 3aBUCUMOCTH (pHC. 3 1 4) U MIOCTPOUTD
KpUBYIO (pHC. 5, a), OTOOpaxalolIyIo CBOMCTBa aKTUBHOW COCTaBIIAIOIIEH nMiienanca Re(Z¢) B mmpokoii yac-
ToTHOU obnmactu. E€ oOmmmii BUI OATBEPKIAETCS UCCIIEIOBAHUSAME, IPOBEJICHHBIMU B [6, 12, 13, 21].
Ha puc. 5, @ MO>XXHO BBLIENNUTH TPU O0JIACTH B 3aBUCUMOCTH OT XapaKTepa MOBEJEHUsI aKTUBHOH CO-
CTaBJISIONIEH UMIIEaHCa MOJIEH sTUeku Re(Zc).
O6macTh 4 xapaKkTepu3yercs MoIbeMOM YacTOTHOM 3aBUCMMOCTH. MIMmenaHc sSsueliku B Hel ompee-
JIIETCS DIIEKTPOXHUMHYECCKIM MMIICTaHCOM M 00BEMHBIM CONPOTUBIIEHUEM (puc. 5, 6 mis obdnactu A). TaH-
redc ($a3zoBOro yria 3JIeKTPOXUMHUECKOTO mmnenaHca tggp>>1. IloaTOMy 3/IeKTPOXMMHUYECKUN HMIIETaHC
uMeeT eMKocTHOH xapaktep Zg—Cs(q), puc. 2, 6. TanreHc ¢a3oBoro yria o0beMHOr0 umnenanca tgpp<<l.
CrnenoBatenbHO, pe3yIbTaThl U3MEPEHUs OyIyT afeKBAaTHO MPEACTABIIATHCS MOCIEA0BATEIbHON EMKOCTHOM
CXEMOM 3aMEIlEHHUS.
Ob6nactp B (11aT0) — IIIOCKUH y4acTOK XapakTepucTUku. OH OrpaHndeH 4acToTaMu @y U wy. CTpo-
r'o rOBOPs, B 3TOI 00nacTy HeOONIbIIONW HAKIOH OylneT mpucyTcTBoBaTh. OQHAKO IUIA €ro BBIABICHHUS Cpel-
CTBO U3MEPEHMsI MOXKET UMETh HE BCEIZla JOCTaTOYHYIO YyBCTBUTEIBHOCTh. OOYCIOBIEHO 3TO TEM, YTO MPHU
UCIIOJIL30BaHUU TUQQepeHINATFHOrO METOAa aINTUBHOE ClIokeHue 1o Gopmyde (9) amis mocineaoBaTelb-
HOH CXEMBI 3aMEIICHUS 3IEKTPOXUMHUECKOT0 1 00BEMHOT0 UMIIENaHCOB (puUC. 2, 0) MO3BOJUT MOJTHOCTHIO
BBIYECTh OOJNBLIYIO YaCTh HEMH(OPMATUBHBIX COCTABIIIOIINX UMIIEAaHCa sTUeHKH. B TO jxe BpeMs KpyTH3Ha
3aBHCHMOCTH OOBEMHOT0 MMIIeJaHCca MPONOpLHOHATbHA KBaJIpaTy 4acToThl (7), a KpyTH3HA 3aBUCHMOCTH
ANEKTPOXUMHUECKOTO UMIIeaHCca ecTh (PYHKIHS, MaKCUMallbHas COCTABIISIOIAS KOTOPOi MPOMOPLUOHAIb-
Ha vactote B creneHu 3\2 (4). T.o. cnemyer momararp, 4yTo B obnactu B nporieccor nuddysnn nz-3a n3mene-
HUSI KOHLIEHTPAaLlUU HOCUTEJEH 3apsaaa B 30HE JBOWHOIO 3JIEKTPUUYECKOTO CIIOS YXKE 3aKOHUYMINCH (@g = T/2,
puc. 2, 2), Ipy 3TOM 3Ha4eHUE PYHKLIUH Vg g (PUC. 4) HE3HAYUTEIBHO OTIMYAaeTCs OT eAnHULBL. OTCroAa Mo-
JeNbl0 UMIIEaHca STYEeHKU SBISIETCS eMKOCTh JABOMHOTO CJiosi U 00BEMHOE CONPOTHBIICHHE, A PE3YIbTaThl
U3MepeHus OyAyT aJeKBaTHO MPEACTaBIATHCS IMOCIEI0BATEILHON € MKOCTHON CXeMOM 3amerieHus (puc. 5, 6
Jutst obnactu B).

10

06

HM3mepsiemble napaMeTphbl DnexkTpuyeckas MOAeNhb

C
06 A :le Cs +_{C—{ -
nactb A N "w
C

06 B Rs Cs
B o o
R,

O6nacts C Q

Re(Zc)

a) 0) Cp
Puc. 5
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O6mactp C XapaKTepu3yeTcs CIaJoM YaCTOTHOW 3aBUCUMOCTH. B 3T0i 001acTH 4acTOT AIIEKTPOXU-
MHUYECKHI UMIICAAHC, KaK CIEAYeT U3 PHC. 3, TPEACTABICH TOIBKO €MKOCTBIO JIBOMHOTO CIos, (¢~T/2, puc.
2, 2). B 1o xe Bpems (a30BbIM CABHIOM ¢@p (pHUC. 2, 2) yKe HeJb3sl mpeHedpeus, tgpp=1. OTcioga Moaens
sueiiku B 001actu C onpeenseTcss EeMKOCTBIO IBOMHOTO CJIOS U OOBEMHBIM UMITEaHCOM, (PHC. 5, 6 I 00-
nactu (). Criag pe3ynbTata U3MEpEeHUs] IpPU POCTE YaCTOTHI MOXKET BBICTYNAaTh B Ka4eCTBE KPUTEPHSA K TIe-
pexory pexxuma U3MEpEHUs C TOCIeA0BATEILHON Ha MApAIUICIBHYIO CXEMY 3aMeICHHUS.

ITockonbKy HET BO3MOXKHOCTH (DU3MUYECKU MTPOBECTH U3MEPEHUS OTACIBHO JICKTPOXUMUIECKOTO L
1 00beMHOTO Zp UMITEJAHCOB, TO IJISI OIEHKH aJeKBaTHOCTH IMPEIJI0KEHHON NMEKTPUIECKON MOJEIH S9Yei-
KM MOYXHO BBIOpaTh HEKOTOPBIC XapaKTePHbIC 3HAYCHHS YACTOThI B YACTOTHOM XapaKTEPUCTHKE HapaMeTPOB
UMIIeJ]aHCca sTYeKU. BakHO, YTO MX MOXKHO OIEHUTh TEOPETHUECKH U DKCIEPUMEHTaNbHO. W3 yacToTHOM
3aBUCHMOCTH aKTHBHOH COCTaBIISIFOINEH MMIeNaHca sSYedku (puc. 5, a) 3T0: YaCTOTHl @, U Wy, OTPaHUYH-
BaOIIHNE MPAKTUICCKU IUIOCKUN y4acTOK KpuBOH (00macth B) mpu Re(Zc)=Rp; dacTora @,, IpH KOTOPOM
Re(Z.)=2Rgp; "acToTa (5, pu KoTopoii Re(Z¢)=0,5Rp. Ciaenyer OTMETUTh, YTO YKa3aHHBIE YaCTOTHI €CTh
(YHKIMU 37EKTPOIUTUYECKON TPOBOIUMOCTH k. IIpudem dacToTa wg s SBISETCS CTPOTO PaCueTHOM BEIHYH-
HOM, onpezenseMoii u3 ypaBHeHH (6) pu yciioBun tgpp=1. 3BeCTHO, UTO B KOHAYKTOMETPHIECKHUX H3Me-
pEHUAX SBICHUSIMH WHIYKIIMA MOXHO TpeHeOpedsb [26, 28]. [ToaToMy SKBHUBaJICHTHBIC MMapaMEeTpPhl MOTCH-
IUATBHBIX TOJIEH (HE TOJIBKO SIEKTPUYECKUX, HO U TEIUIOBBIX, THAPOJOTHUECKUX, a’posorudeckux [29])
MOTYT PACCUMTHIBATHCS AHATUTUYECKHUMH METOJaMU C HCIOJIB30BAaHHMEM TEOpHHd (PYHKIWUH KOMILUIEKCHOM
nepeMeHHol, uaterpana Kpucroddens-11IBapiia kak OTHOIIEHUS COOTBETCTBYIOIIUX AJUTUITHYSCKUX UHTE-
TPaJIOB 1O OHUM U TeM ke Gpopmynam [29]. 13 storo cinenyet u3BectHoe [10, 21, 29] cooTHOIIEHHE

k  ¢e
— =70 (10)
GB CB
T.o. wacToTa w5, onpenenseMas cormacHo (6, 10) BeipakeHHEM
L _k, (11)

@5 = R.C, - &€
BB 0
He TpeOyeT pacdera mapaMmeTpoB dJekTpudeckoit moaenu (Rg =1/Gg u Cg), HO 00€CIIeYnBaET CBA3b MEXKITY
HUMH U MapaMeTpaMu pacTtBopa (k U €). DKcIiepIMeHTalbHbIE UCCIIEOBAHUS aBTOPOB IS KOHyKTOMETPH-
Yyeckoro uHTepdetica B BUJIE IBYX IUIATHHOBBIX MPOBOJIOK, MOMEIICHHBIX B PACTBOP XJIOPUCTOTO KAJHS, TTOJI-
TBEPXKIAIOT pe3yIbTaT aHam3a st ooaactr C U mpaBWILHOCTE hopmyisl (11) [30].

BriBoaBI.

1. [IpencraBnenue umnenanca SYCHKHU B BUJIE CYMMBI 3JIEKTPOXHUMUYECKOTO U 0ObEMHOTO UMITEaH-
ca TMO3BOJISICT HMCCIIeNoBaTh WH(GOPMATHBHBIE U HEMH()OPMATUBHBIC MPOIECCHl Pa3feNbHO HIH, UCIOIB3YS
MIPUHIIUT CYTIEPIIO3UINY TSI TApaMEeTPOB B TIOCIEIOBATENFHON CXeMe 3aMEIIeHHS, JIETKO OObEeTUHITh UX B
OJTHY 3JICKTPHUYECKYIO0 MOJIeNb. [Ipruem uccieIoBaHue aMILIUTYIHO-9aCTOTHBIX XapaKTEePUCTUK MMITEIaHca
SYEHKU B BUJIE YACTOTHBIX 3aBUCUMOCTEH IEHCTBUTEIHLHON YaCTH UMIIeIaHCa TI03BOJISIET BBIACITUTD Psifl CIie-
MU(PUIECKUX YacTOT, KOTOPBIE MOXKHO MCIOJB30BaTh AJIS MPOBEPKH aI€KBATHOCTH DIIEKTPHUECKON MOJIEINH.
HeKOTOpBIe, HalpuMep, 4aCcToTa Criaza, CBA3aHbl C IMapaMeTpaMu MHOT03JIEMEHTHOM YKBHBAJICHTHOM CXEMBI
U (U3UYECKUME TTapaMeTpaMH pacTBOpa (JEKTPOIUTUICCKON IPOBOIUMOCTHIO H TUJICKTPUUECKON MPOHHU-
[[A€MOCTBIO) MPOCTHIMH BBIpXEHUSIMH. VX MOKHO HCIONB30BaTh ISl YCTAHOBJICHUS KOJIMYECTBEHHBIX CO-
OTHOIIIEHUH HJIN YCTAHOBJICHUA aACKBATHOCTU TEX WJIN MHBIX KOHAYKTOMETPUYCCKUX Mo;[eneﬁ.

2. B yacTOTHOM 3aBUCUMOCTH aKTHUBHOW COCTABJISFOIICH MMIIEJIaHCA SYCHKU MOXHO BBIJICIUTH TPU
30HBI, B KOTOPBIX CYIIECTBYET BO3MOXKHOCTH YIPOINEHUS MHOTORJIEMEHTHOH CXeMBI 3amemeHus. B 3oHe
HU3KUX 9acToT (The MeHCTBYyeT mMiienaHnc BapOypra) pe3yiasTaT W3MEpeHHs IMelIecoo0pa3Ho MPEACTaBUTh
JIBYMs TapaMeTpamMH B TMOCJIEJOBaTEIILHOH €MKOCTHOM cxeMe 3aMelleHus. MHOro3JIeMEeHTHas dIIeKTpUye-
CKasi MOJICNIb COCTOUT U3 IIEKTPOXMUMHYECKOTo umrnenanca (cxema PeHjica) 1 00beMHOTO CONPOTUBIICHUS,
BKJIFOUCHHOTO TIOCJIeI0BaTeIbHO. B 30HE cpemHnx dacToT (Tae HabmromaeTcs miockuii yaactok AUX) pe-
3yJIbTAT MU3MEPEHUs Lesieco00pa3Ho NpPEeACTaBUTh IByMs apaMeTpaMH B IMOCIENOBaTENIbHON cXxeMe 3aMme-
mienus. @opma npeacTaBIcHUs HHPOPMATUBHOTO IMapamerpa — 3JICKTPUUIECKOS COMPOTUBICHHUE. DICKTPH-
Yyeckas MOJEJb — JIByXdJIEMEHTHas TocieAoBaTeIbHas eMKOCTHas. Ee mapameTpbl COOTBETCTBYIOT €MKOCTH
IIBOMHOTO cJ0s1 1 00beMHOMY corpoTtuBienuto. [llupuna mnockoro ydactka 3aBucut ot EIl pactBopa. B
30HE BBICOKHX YacTOT (The HaOmromaercs cHkeHne AUX mo Hyms) pe3yiabTaT U3MEpeHHs IelIeco00pasHo
NpPEACTaBUTh IBYMs MapaMeTpaMy B MapajuleibHoW cxeMe 3amerneHus. Popma mpencraBieHus nHdpopma-
THUBHOTO TTapaMeTpa — dJEKTPUIecKasi MPOBOANMOCTD. DIEKTPHUYECKAs MOJIENTb — TPEXIIEMEHTHasI.
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3. I[HSI peuIcHuA 3aaa4 KaJ'IPIGpOBKI/I KOHCTAHTHI SSYEHKH 10 U3BECTHOU BHCKTpOHI/ITPI‘IeCKOﬁ mpoBOAU-
MOCTH WM BOCIIPOU3BEACHUSA CIUHUILIBLI BHeKTpOJII/ITI/I‘IeCKOP'I IMPOBOAMMOCTH C IMTOMOIIBIO )Z[I/I(b(i)epeHI_[I/IaJIBHI)IX
ABYXJ3JICKTPOAHBIX AYCCK HCO6XOI[I/IMO MMETh TOYHOE 3HAYEHHE 0OHBEMHOIO COIIPOTHUBJICHUSA B IIMPOKOM JUa-
ma3oHe KOHLICHTpaI_II/Iﬁ pacTBOpa 1 pa60qnx 4acCToT. BLIILCJ'IGHI/IC B YaCTOTHOM 3aBHCHUMOCTH TpEX 30H, IMPOBEP-
Ka aJICKBATHOCTHU NMPEAJIOKCHHBIX MJISI HUX 3KBUBAJICHTHBIX CXEM U IIEPEXO/] B HOCJICZ[Heﬁ 3oHe C U3 peXxnuMa
N3MEPCHHA COIIPOTUBJICHUA B PCKHUM U3MCPCHUA IMPOBOJUMOCTH IMO3BOJIMT CHU3UTH BECJIIMYHHY YacTHOH IIO-
IMpaBKU K pE3yJibTaTaM U3MEPCHHUA U CBECTU €€ MPAKTUYCCKU K HYJIIO B IBYX IMOCICAHUX 30HAX BucC.

Paboma evinoanena no 6iodocemmuoii meme ‘“‘Pozeumox naykosux OCHO8 NiOBUUIEHHS MOYHOCMI
KOHOYKMOMEMPUUHUX BUMIPIOBAHbL 3 eMANTOHHUMU O080CIeKMPOOHUMU KoMIpkamu™, wudp memvr “[H-
110JIb-2", pecucmpayuonnwiii Homep 0119U001281.
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YK 621.3.08
AHAJII3 IMIIEJIAHCHOI MOJIEJII IBOEJIEKTPOJHOI KOHTAKTHOI
KOHAYKTOMETPUYHOI KOMIPKA

0.0. MixaJub, 10KkT.TexH.HayK, /JI.B. Meaemyxk, KaHa.TeXH.HAyK
Incruryr eaexrponnnamiku HAH Ykpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina.

E-mail: a_mikhal@ukr.net, mdim@meta.ua

Haseoeno pezynomamu 0ocniodcensb enekmpudnoi Mooeni 080e1eKmpooOHoi KOHOYKMOMemMpPUYHOi KOMIpKU y pasi aumi-
DIOBAHHA HA 3MIHHOMY cmpymi. 3anpononosana mooenb 6A3YEMbCA HA NOCAIO08HOMY 3 EOHAHHI 080X IMNeOaHncis, uo
OnUCYIOMb NpuUereKmpoOHi npoyecu ma npoyecu 8 06’ €mi 00CHiOHCY8aH020 po3uuny. Bona dae moscaugicmes okpemo
OYiHI06aAmMU THHOPMAMUBHI MA HETHPOPMAMUBHT nApaMempu eK8IGAIeHMHUX 3acmynnux cxem. Hasedeno pesyiomamu
MeopemutH020 OOCIIONCEHHsL YACMOMHUX GIACMUBOCTEl NPUELeKMPOOH020 ma 06 emnozo imnedancie. Ha ixuiil oc-
HOBI 3aNpPONOHOBAHO CNPOUCHHSI eKBI8ATICHMHOI 3ACTNYNHOT CXeMU IMNeOaHcy KOMIPKU Ol YACMOMHUX Ni0Oianas3onie
sumiprosans. Hasedeno pesynomamu 0ocniodcenb CKIa0o8ux imnedauncy Komipku. Buznaueno pso napamem-pis, ujo
0arms 3M02y eKCRepUMEHMATbHO OYIHUMU NPAGOMIPHICIb CHPOUeHb Ma A0eK8AMHICb PO32IAHYMOI eleK-mpudHol
modeni komipku. biomn. 30, puc. 5.

Kntrouosi cnosa: KOHIyKTOMETPIisl, KOMipKa, €IEKTPUIHA MOJIENb, IMITEJIAHC, ETIEKTPOIIITHYHA ITPOBITHICTS.

ANALYSIS OF THE IMPEDANCE MODEL OF A TWO-ELECTRODE CONTACT
CONDUKTOMETRIC CELL

0.0. Mikhal, D.V. Meleshchuk

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

E-mail: a_mikhal@ukr.net, mdim@meta.ua

The results of the study of the electric model of a two-electrode conductometric cell when measuring with alternating
current are presented. The proposed model is based on the series connection of two impedances, which describe the
near-electrode processes and processes in the volume of the test solution. It allows you to separately evaluate the
informative and non-informative parameters of equivalent replacement schemes. The results of a theoretical study of
the frequency properties of the near-electrode and volume impedances are presented. Based on them, simplifications of
the equivalent cell impedance substitution scheme for the frequency-measuring subbands are proposed. The results of
the study of the components of the cell impedance are given. A number of parameters have been determined that allow
an experimental assessment of the legitimacy of the application of the electric cell model. References 30, figures 5.

Key words: conductometry, cell, electrical model, impedance, electrolytic conductivity.
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IMTAMSATHU ITAYKA IOPUA UBAHOBHUYA

4 suBaps 2020 r. ymen u3 xu3Hu ['enepanbubiii gupextop AO «BUT» (1. 3anmopoxse) [Tayk
IOpwuit MiBanoBuu. besBpemennas cmepts IOpus MBaHoBMY HacTynmwia mo mnpuyuHE OOJIC3HH,
60opb0a ¢ KOTOPO# MPOXOaUIIa HA MPOTSHKEHUH MTOCTIEIHUX MOTyTOopa JIeT.

Opuit UBanoBuu poauncs 10 mag 1951 r. B ropone Huxonons. CTyaeH4YecKre roabl IPOLLUIN B
HanumonaneHoMm YHuBepcuteTe «3anopoxkcKas MoJuTeXHUKa», B 70-e roabl — cnaBHast « MaminHKay.
Monoasim cnenuanuctoM FOpuit MBanoBuu B 1976 r. Obu1 npuHAT Ha paboTy B OTAEN 31EKTpo-
MarHUTHBIX MCCIIEOBaHUHN Ha AODKHOCTH nHkeHepa AO «BUT». KOpwuii MiBanoBuY ObLT y4acTHH-
KOM CO3JJaHHs TEOPHM pacueTa U KOHCTPYHPOBAHUS MHHOBALIMOHHBIX M3MEPUTENBHBIX TpaHC(Op-
MaTOPOB, OPTaHU30BHIBAJ MIPOBEJCHNUE UCCIEA0BATEILCKUX pabOT B 00JaCTH TEOPHH MAarHUTHOTO
0JI5, COBEPILIEHCTBOBAHMS METOJI0OB MOJEIIMPOBaHMs TPaHC(HOPMATOPOB U IJIEKTPUUECKUX PEAKTO-
POB, IPUHUMAJ y4acTHE B CO3AAHUU CIIEIHMATBLHOTO MPOrpaMMHO-METOANYECKOTro obecneueHus. B
2011 romy IOpuii MBanoBMY Obul Ha3HaueH [ 'eHepasbHBIM AMPEKTOPOM HAILIETO MHCTUTYTa. MBI
3allOMHWIM €r0 KaK IIPEKPACHOTO PyKOBOIUTEINS, CIPABEIMBOTO U OT3BIBUMBOIO K COTPYAHHUKAM.
Ho6pas namsate o FOpun MBaHOBHYE HaBcer[ia OCTaHETCS B cepAllax Bcex, KTo ero 3Hai. [loxopo-
Hbl FOpus MBanoBu4a cocrosinucs 5 ssuBapst 2020 r. Ha ero poause, B ropone Hukonoss.

Konnekmue Ykpaunckozo uncmumyma mpancgopmamopocmpoenun AO « BUT» ckopoum o
madx cen0i ympame u Gvlpaj)rcaem UCKPEeHHUE CO00Ne3HO6AHUA POOHBIM, ONUIKUM U OPY3bAM

Opus Heanosuua.

Komnextus AO «BUT»
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