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MATEMATHUYHA MOJEJIb XBHJIBOBUX NPOLECIB
Y ABOOBMOTKOBUX TPAHC®OPMATOPAX

M.C. Cerena', 1okr.Texn.Hayk, €.B. Uepemuux’, 10kT.di3.-MaT.Hayk, I1.®. [oro/oKk’, KaH1. TeXH.HaYK,
T.A. Ma3yp4, KaH1.TexH.Hayk, }0.B. Bam3nak®

Haunionanbsnmuii yHiBepcuret «J/IbBiBCchbKka moJiiTexHikay,

ByJa. C. banaepu, 12, JIsBiB, 79013, Ykpaina.

E-mail: mseheda@ukr.net, petro.f.hoholiuk@lpnu.ua, mazyr@ukr.net, blyznakyura@gmail.com

3anpononosano mamemamuyny mMooeisb 0Jisi O0CTIONCEH S XGUTbOBGUX NPOYECI8 Y 0800OMOMKOBUX MPAHCHOPMAMOPAX
3 YPAXy8aAHHAM eNeKMPOMACHIMHUX 36 SI3KI6 MIJC SUMKAMU OOMOMOK i obmomxamu. 3a0ns po3e’s3anns ougepen-
YIUHO-IHMEe2PANIbHUX PIBHSHb Y YACTMIUHHUX NOXIOHUX 3aNPONOHOS8AHO Memoo 8i00KpemaeHHs 3minnux. bion. 12, puc. 2.

Knrwouoei cnosa: oobMotka Tpanchopmaropa, MaTeMaTHUHE MOJICIIOBAHHS, YACTHHHI ITOXiHI, PO3NOAIJIEHI TapaMeTpH,
IMITYJIbCHA XBHJISI, XBIJTBOBI ITPOIICCH.

I. Beryn. Ilin yac moaentoBaHHA XBUJIBOBUX IPOLECIB B TpaHC(hOpMATOpaXx, NOBKUHA XBUIIb SKHX
MEHIIIA YU CIIBPO3MIpHA 3 MPOCTOPOBUMHU po3MipaMu TpaHchopMaropa, BHHUKAE HEOOXiTHICTh MpeAcTaB-
JICHHS 3aCTYITHOI CXEMH 3 PO3MOAUICHUMHE mapamerpamu [1-6]. Po3paxyHOK BHCOKOYACTOTHHX IPOIIECIB B
00MOTKax TpaHC(OPMATOPIB 3 BpaxyBaHHIM PO3MOAUICHOCTI MapaMeTpiB Habarato CKJIAJHIIINK y MOpPIiB-
HSHHI 31 30CepeKCHUMH MapaMeTpaMy, TOMY 10 BUHHKA€ HEOOXiTHICTh PO3B’sI3aHHA PIBHAHD Y YACTUHHUX
noximuux [1, 7, 8, 9].

MareMaTidHe MOJIETIOBAHHS XBHJIBOBHX IIPOLIECIB y OOMOTKaxX TpaHC(OpMaTropa MOXKHA 3araioM
PO3AUIMTA Ha TaKi MiIXOAM: MOAEGNIOBaHHS METONaMH «OiJol CKPHHBKH», «YOPHOI CKPHHBKH» Ta «Cipoi
ckpuHbkm» [10, 11]. MonemoBaHHS IEpIIUM METOJOM BUMarae (GopMyBaHHS MaTeMaTHYHUX MOJIENEH eleMeH-
TiB enekTpoeHepreruyaHoi cuctemu (EEC) 3 ypaxyBaHHSAM yCix TapaMeTpiB 3aCTYIHOI CXEMH eIeMEHTa, 0 Ja€
3MOT'Y JOCTIPKYBaTH HOTO BHYTPIIIHI TPOLIECH.

MozentoBaHHI METOJIOM «4OPHOI CKPUHBKHM» HE BUMarae OpMyBaHHS MaTeMaTHYHOI MOAET] KOX-
Horo enemeHTa EEC 1 acoIlifoeThes 3 MAX0M0M Jie¢ KOOPAWHATH IMPOIECY MOCIHI eIeMEHTa OO0YHCIIeHI Iu
BUMIpsIHI Ha MMOYaTKy ¥ y HOro KiHIll. Y TakoMy pa3i BUKOPUCTOBY€ETHCSI METOJ] 3MiHHUX (KOODJMHAT) CTaHy,
SIKMH Ja€ 3Mory aHamizyBaTu W cuHTe3yBaTH EEC Ha enexkTpoMarHiTHy CyMICHICTh ycCiX il eJeMeHTiB, a
TaKOX BU3HAYATH CTPYMH 1 HAIIPYTy y OyIb-SIKHI MOMEHT 4acy.

KoMmpomicoM 1iux JBOX METOJIB € METOJI «CipOl CKPUHBKMY, SKHi iX 00’ eanye [3].

OcHoBHa MeTa (popMyBaHHS MaTeMaTH4HOI MOJENi TpaHCOopMaTopa Ha MiJACTaBI METOAy «Oinoi
CKPUHBKI» — 1€ OOYNCIICHHS HAIPYTH B3[I0BX OOMOTKH IIiJ Yac il Ha HUX IMITyJIbCHUX NepeHanpyT pi3HOI
(hopMu Ta BUTLHUX KOJIMBaHb Y CEPEINHI 0OMOTOK, III0 Ja€ 3MOTY KOOPAMHYBATH IXHIO 130JISIIIIO.

AHani3 BHYTpILIHIX XBHJIBOBHX HPOLECIB Y 0OMOTKax TpaHc(opMaTopa AOLIIBLHO BHKOHYBATH B
TaKii MMOCIiJOBHOCTI: (JOPMYBaHHS AU(EePEHIIIITHIX PiBHIHb, IKi ONMUCYIOTH IIi MPOIIECH Ha TIi/ICTaBi 3aCTyTI-
HOT cXeMH OOMOTKHM; 3aJaHHS TPAaHWYHHUX YMOB Ha KIiHIISIX OOMOTKH; BH3HAYCHHSI TTOYATKOBOTO PO3IMOILTY
HANpyTr# B3JIOBK OOMOTKH 32 Aii Ha Hel iMIyJIbCy MepeHanpyry; BU3HAYEHHs KiHIIEBOT'O PO3MOALTY HAIPYTH:
NOYaTKOBUH PO3MOALT HANpyTH B3JOBXK OOMOTKM BHM3HAYAETHCS SIK CYMEPIO3MLIA KiHIIEBOTO PO3MOILTY
HaNpyr# Ta QyHKIIT BUILHUX KOJUBAHb ISl IOYaTKOBOTO MOMEHTY (¢ = () ); po3B’si3aHHsI piBHSIHB 32 Jii XBU-
i 1oBiIBHOT PopMHu.
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XBUJIBOBI MpOIlECH B OOMOTKax TpaHc(hopMaropa 3yMOBIIOIOTH IEPEHANPYTH BiJHOCHO 3e3Mii, a
TaKOX MK BATKAMH OOMOTKH Ta HOTO OOMOTKaMH.

AMITITYIH Ta TPali€HTH MEepeHanpyrd 0OMOTOK MOKHA 3MEHIIUTH IIUISIXOM 3MEHIICHHS! BHYTpIll-
HiX KOJMBHHX HamNpyT B 0OMOTIII; €0 HA iIMITYJIbC TIEPEHATIPYTH, SIKAH Ji€ HA OOMOTKY; BIUTMBOM Ha HaIpy-
U HeHTpasri 00MOTOK TpaHcdopmaTopa. Lli Tpy YHHHUKH € OCHOBHHMH B CXeMaXxX 3axXHCTy TpaHchopmaTopa
BiJl IIEpEHAIpYT.

Jns nocnmimkeHHS XBWIIBOBUX TIPOLECIiB y TpaHcdopmaTopax Wi yac i 30BHILIHIX HEepeHAnpyr
HEeoOXiTHO BiITBOPUTH (PopMy XBIIIi. PIBHSIHHS, SKe XapakTepru3ye GopMy iMITyILCHOT XBHII, Ma€e BUTILAA [12]

—at —bt
=E(e“ —e"), (1
ne E — MakcuMalibHe 3HaYEeHHS HAPYTH XBUJIl; a 1 b — mapamMeTpu XBHWIi; ¢ — Jac.

IMIyJIbCHA XBHIISI XapaKTEPU3YEThCS TAaKUMHU MapaMeTpaMK: MaKCHMaJbHUM 3HAYEHHSAM (aMILIITY-
J1a); TPUBANICTIO PPOHTY — yacTHHOO XBUAL Big 0 10 E, . ; JOBXKHMHOK XBUIII — YaCTHHA XBUI Bix E, . 710

max

e

imn

1 MOJIOBUHH.
CrannmapTHa XBHIS pUMaEThes 3a 50% iMIyIbCHOI HAIPYTH 3 JOBXKHHOIO (PPOHTY 1 MKC 1 TOBXKH-
Hoto xBuIi 50 mMkc . Tomy HeoOXigHO mpaBuiIbHO BHOpaTu mapamerpu piBHAHHA (1), Km0 a 1 b MaroTh
JiHicHI 3HaUeHHs, TO piBHAHHSA (1) BiITBOPIOE XBUIIIO 3 3aKPYTIIEHUM (POHTOM 1 EKCTIOHEHTHUM «XBOCTOM.
Slkmo Ha 0OMOTKY TpaHchopmaTopa, siKa 3HAXOMUTHCSA y KIiHIT JTiHI{ eJIeKTpoIepecuIants, Habirae
IMITyJIbC HAIIPYTH, HA MiJCTaBl MEPIIOro 3aKOHY KOMYTalii (CTPYM B IHAYKTUBHOCTI HE 3MIHIOETBCSI CTPHO-
KOM) OOMOTKa B IIE€pUIMA MOMEHT € sSK KOHIeHcaTop 3 emHicTio C,... Buxomdum 3 mporo Hampyry Ha

BHBOJIaX OOMOTKH MOYKHA 3aITHCATH y BUTIISAII
1

- t
u=2e, (I—e s ) )

wmn

ne Z. — XBUJIBOBMH omip JiHIl enexTponepecunanns; C,, — BXiJHAa €MHICTh OOMOTKH; e;, — Hampyra

imn
IMIyJIbCHOT XBWJII; ¢ — 4Yac.
BpaxoBytoun, mo oomotkun BH 110 kB TpanchopmaTopa B cepenabomy maroth C o =700 nd, a
XBUJILOBHH OMip JIiHii enekrponepecunanss Z. =400 Om , To Hanpyra Ha OOMOTII IIBMJKO JocArae 2e;,, .

Meta po6oTu. Po3pobieHHs MaTeMaTHYHOI MOAENI Ta IOCTIKEHHS XBWJIBOBHX MpPOLECiB B 00-
MOTKaxX BHCOKOBOJBTHHX JIBOOOMOTKOBHUX TpaHC(hOpPMATOpiB 3a Mii Ha HUX IMITyJbCHUX HEpEHAINpyT, po3-
B’s3aHHA AU(EPSHIIIMHNX PIBHAHD B YACTUHHUX MOXITHUX METOJIOM BIJJOKPEMIICHHS 3MIHHHUX.

II. MaTemaTnyna Moaeiab. MaTeMaTHYHy MOJEIH TBOOOMOTKOBOTO TpaHC(hopMaTopa po3po0iIeHo
Ha ITi/ICTaBi 3aIIPONIOHOBAHOI 3aCTYIMHOI cxemu (puc. 1).

o/ U, +0u, / Oxdx

" dnx| igm iCa )i
Cyo / dx gudx C,,,, /dx C,dx Cyor / dx
[ —— L
i 7, dx
rdx  Lydx rodx L, dx i, +0i, / oxdx Lodx
01 01 01 01 1 1
isz isz
M M
M =C,,dx =—Cy,dx
Tpdx  Lyydx i rpdx  Lypdx i, +0i, / oxdx Lypdx
d
I I T I
I I

C,,p / dx _E / dx _E C,,pp / dx
Xz

C
gppdx TMP C,,dx
u, Cozd;E i lc,,

802

Lotk u, +0u, / Oxdx

Puc. 1
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JudepentiiiHi piBHSIHHS 3MiHU CTPYMIB, SIKi IPOTIKAIOTH Yepe3 0OMOTKH, MAIOTh BUTJIS]
—0i;(x,t)/0x=gyu,(x,t)+Cy0u,(x,t)/0t—

—Clyo0u (%, 1) /(0x70t )+ Cyp0(u,(x,t) —uy(x, 1))/ 0t;
—0iy(x,t)/0x=gypu,(x,t)+Cy0u,(x,t)/0t—
—Clyy0u,y(x, 1) /(0x°0t )+ Cppy0(u,(x,t)—u,(x, 1))/ ot.

Cna;[ Harpyru Ha OAVUHUIIIO JOBKWHU BUTKaA 00MOTOK

1
—Ou,(x, 1)/ 0x=ryi (x, 1)+ [ M (x,5)0i(s,t)/Otds + Ly,0i;(x, 1)/ 0t + Mi,(x, 1)/ 0t
0

I
—0u,(x,t)/0x=ryi,(x, t)+IM2(x,s)8i2(s,t)/8tds+L028i2(x, t)/ot+Moi,(x,t)/ 0.
0

)

“)

)

(6)

Po3p’si3anHs piBHAHB (3) — (6) 3ampoONOHOBAaHO Yy 3BEJCHI KpaloBOi 3amadi IIOJ0 XBUIBOBHUX
MPOIECiB B 0OMOTKax TpaHC(hopMaTopa CKIHYCHOI JOBKUHU JI0 3a/1a4i KOJUBaHb Y OOMOTKaX HECKIHYCHOT
JOBXHHU. 3 IIi€l0 MeTOI0 (YHKIII MOYaTKOBHX KpalOBHX YMOB IPOAOBXKYIOTbCA Ha Bifgpizok (-/, 0)

HEMapHUM CIIOCOOOM, a MOTIM IIl¢ pa3 MepioJUYHO Ha BCIO HECKIHYEHY BiCh. JIOBM3HAaYeHA TaKUM YHMHOM
KpaiioBa 3amaya Ma€ KpadoBi Ta MOYATKOBI YMOBHW Ha BCii HeCKiHYEHiW oci, i Ha Biapi3ky (-, 0) BoHH

TOTOKHI TTOYATKOBI# KpaioBiil 3agadi.
PiBusiaus (3) 1 (4) 3anuineMo Tak

—0i(x,t)/ox=gpu,(x,t)+(Cy _CMOISC_Z)% 02 (u (x,t)—u,(x,t));
—0i,(x,t)/0x=gypu,(x,t)+(Cy —CMozaax—Zz)W 03 (uz(x t)—u,(x, 1))
Hudepenuiroemo (7)1 (8) 3a x , oTpuMyeMO

82i1(x, £)/ ox — g (= ou (x t)) +(C,=C,yy, (;322) - ou (x t))+C012 at( Ou, (g;c t) 6u2(;;c t))

IlincraBnsemo (5) i (6) BI,I[HOBI,Z[HO y(9)i (10) Ta OTPUMYEMO

0% (x, 1)/ Ox* = g, (ry i (x, t)+IM( )Md s+ L,,0i,(x, t)/ Ot + MOi,(x, t)/ Ot) +

o ) i (s,t . .
+(Cy, = Chran 8)6—2)5(1’0111 (x, )+ JM1 (x,s)%ds + L,,0i,(x, t)/ Ot + MOiy(x, t)/ Ot) +

1
-I—Cm%(rmil(x, t)+IM1( )Md s+ L, 01, (x, t)/ Ot + M 0i,(x, t)/ Ot —

0, (s t)

1
—7y,i, (X, t)—IMz(x, )——=ds — L,0i,(x, t)/ 0t — M 0i,(x, t) / OF);

0%, (x, 1)/ 0x* = gy, (Tl (X, t)+JM( )Lt)d s+ L,0i,(x,t)/ Ot + MO0i (x,t)/ Ot)+
o’

+(C02 _CM02 ox 2

) (rozlz(x t)+IM( )ﬂd s+ Ly,0i,(x, 1)/ 0t + M Oi(x, t)/ Ot) +

+Con (rozzz(x t)+jM (x, )ﬂd s+ L, (x, 1)/ 0t + M i (x, t) | Ot -

811 (s t)

1y i (x, 1) — le (x,5) — Ly,0i,(x, )/ 0t — Mdi, (x, t) / OF).
0

3 piBagHb (11) i (12) Bupas3u 3 iHTErpagaMu 3aIlUIIEMO TaK
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2
Fi(x,t)= gOIIM( )Md +(Co — CM()];;)SJ M, (x, )l]( )d +

+C0,2—fM( )(ﬁl,(st) 612(st))d

2 ] .
0 )ngz(x,S)Halzgj’t) s +

Oi,(s,t
Fz(x,t):goz.[MZ(x,s)%)ds+(C02 _CM()Zax_Z o
0

+C012—IM( )(ﬁlz(jt) 61,(st))d

(13)

(14)

Toni piBastaHs (11) 1 (12) npuiiMaroTh BUTTISA, 3NIMIIMBIIN Y JTiBil YacTHHI I, Ta i, 1 IXHi MOXigHi,

o’ . Oi,(x,t . .
GX_Z(ZJ(X’ 1)+ Coory, % (CroiM + Cyygy Ly JO°i5(%, 1)/ 007 ) = gyt (X, 1) =

diy(x, 1)
ot

oi;(x,t)
ot

—(&o1Los + 791 (Co1 + Cpp3 ) +(Coplop — &M )

Ol (x, t 0il(x, t
+(CypsM — Cou@u)%‘(M(Cm +Copp ) — C()]ZL()Z)% =F,(x,t),

o’ . i, (x, t . .
8)(?_2(12 (x, 1)+ Cyrp7ps % +(ChrpoM + CyrpoLy, )azlz(x; t)/ot’))— Zoalpala(X, 1) =

612(x t) M)ﬁij(x,t)+

= (8o Loy —152(Cpy + Cppp ) ————— o

+(CoraTyr — 802

0i

x, t Oii(x,t
+(CyppsM — C012L02)¥ (M(Cpy +Cypy)— C(usz)% Fy(x,t).

ITozraunmo mst dhyukmii f(x, ¢ ), 3amanoi Ha intepBaii (0, L), gucia
2% krx
b =— x, t)sin(——)dx, k=1.2,...,
=7 J S Dsin(= =)
TOMi f(X,?) BiJHOBIIOETHCS 32 KoedilieHTaMu b,
=35 sin(kTﬁ x), xe(0,L).
k=0
ITo3nauumo
i(x0)=YC, (t)sin(l%z X); i (x0)=Y D, (t)sin(l%[ ), E(xf)=YF, (t)sin(kT”x),
k k k
ne i=1,2, k=1,2,..
km

3ayBa)xXuMo, 110 ;;(sm(—x)) = —(—) Szn(—x) Toxi 3 piBHAHB (15) 1 (16) onepxumMo
X

dCz(t ) dc (r )

(CorsM = CyppLg )— 5= ((kn/L) Curortor T (&orLos +791(Cor + Cy12))

k(t)

—(km/ L) (CrroM +CoroiLy, )+ (M(Coy +Copy) = Copoliyy ) — 5=+ (Coptp; — 8oiM )

dt
~((kn/L)’ + 8ot JCi (1) = Fy (1),

dD2 t
( )—((kn/L) Ciroator +102(Coy + Cyp3)

dCZ (t )

dD (z)

(COI ZM CO]ZLOZ )

dC, (t)

—(km/ L)Z (CrroxM + CypprLoy )+ (M (Cpp +Cpp3 ) = CopaLps ) — 5=+ (Copaty; — oM ) ——

~((kn/L)’ + &aTi2 )DL (1) = Fy (1),

dD,(t)

(15)

(16)

(17)

(18)

(19)

(20)

- @D
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me k=1,2,..

3anumemo piBHAHHA (20) 1 (21) y MaTpu4HO-BEKTOPHIi (opMmi, TOOTO
dX}(t )., dX (r )

Sk P +0. X (1)=F (1), (22)
. C.(t) = F, (t
we Xyt)=| 1! )H F= 0
Dy (1) Fo(t)
S, = (CorM =CopLy;) —(kit/ L)*(CoyoiM + CopoiLy ) +(M(Cpy+ Cpp5) = Cypoly ) )
—(kr/ L)Z(CM(DM +ChooLy )+ (M(Coy +Cp15) = CypoLy;) (CoroM = Cyp5Ly5)
P = H_ ((kn/ L)’ Coyiryy +( ZorLos + 131 ( Coy + Copz ) Coralor = 8oiM
Contor — &M ~((kn/L) Chro2702 +152(Cop + Cy5 ))
kn
_(T)Z_goﬂ’w 0
Qk - kTC 2 d
0 _(T) — 802702
k=1,2,...
3rigno (17), (18) i (19)
F, (t)—i_L[F(x t)sin(@x)dx (23)
ik L) i( X, I )

ne i=1,2, k=1,2,...

3riguo (17) 1 (18) oTpumaemo

. 2
F/(x:t)zng.M](x )Ld +COIIM( )8 ZI(S t)d CM()] 0 JM( )a lI(S t)l +

o’ l](S t) o’ ZZ(S t)

+ cij (x,5)( )ds gij (x, s)(z sm(kns/L))der

(24)
ch( t)

+C,, j M,(x, )(Z sin(kns / L))ds —Cyyp, | [OM,(x, ey d’ sk( ) sin(lns / L ))ds +

) o

+ CozzIM (x, S)(Z(

3B6,£[€HH}I ,zmq)epeHumHo-iHTerpanLHoro piBHSHHS 110 IU(EpPEHITIHHOTO MOXKIIHUBO TOMIi, KOJH
Gbyukuis M,;(x,s) 3a10BOJNBHSIE YMOBI

d’ Ck(t) d’ dD (t))sm(kns/L))ds

M, (x,5)/0x> =yiM ,(x,s), (25)
ne ¥, =+Co / Crror-
Toni 3 (24) BUILJIMBAE
dCy(t) d’C,(t) d’ D(t)
Fi(xt)= Z(IM (x, S)Sm(_s)ds)( &or i +(Cpy = Crro¥1 +Cy12) dtk2 —Copz )- (26)
H03Hath0
Ci13 = Cor = Coor¥1 + Copz, (27)
TOI1
= 1 I dc, (t d’C,(t d’D,(t
Fy(x.t) = ([ M (s sin( s )ds ) 2, “H 1 Ci1 S0, SDUL (28)
L0

[MincraBumo B (23) i =1, orpumaemMo
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2L . kn 2L dc, (t
Fua(t) = T et sin [ x)de= ] JZ(IM(xs)sm( )ds ) (g S
2 01 0 (29)
d’C,(t D, (t kn
+ Cit oM, COL i M
TTo3zHaunBIIN
25 Iz kx
m"l:ZH M, (x,5)sin(—=s)ds)sin(—=x)d, (30)
OTpI/IMa€MO
dcC, (t d’C,(t d’D, (t
Fu(t)=Smy (g L Gl D o, S, G

Tak sx ¢yskuis M,(x,s)e cnagHoro, TO po3B’si3aTd  piBHAHHS (25) MOXHAa TaK
M, (x,s)=M, ]efy"H‘ , e M ,, — BIIacHa IHAYKTUBHICTh BUTKA IEPBUHHOI OOMOTKH TpaHchopMaTopa.

Tomi 3 (30) BuIuIMBaEe

Lo
my, = %.‘[({Mmews sin(lfns)ds)sin(%x)dx =
L x 1
= z.[((J.Molefy’(xf‘” sin(l—nS)ds)Sin(@x)dx "'J.Mozeiy'(kx) sin(l—ns)ds)sin(@x)) = (32)
Ly L L x L L

25 x yires) . T . km 2L 1 ) . T . km . "
=Z;|;((_[M0,e Tl )szn(fs)ds)sm(fx)dx+ZJ.(_[M0,e Tl )szn(—s)ds)szn(—x)zmk,+mk,,

0 x

L x
ne my, :EJ'(IM,He_”’H)sin(l—ns)ds)sin(k—nx)dx; m, = _[(me ~ri(x “sm(—s)ds)sm(—x)dx
Ly L L Ly s
AmHaJoriuso 710 (25) mo3HauumMo

Ac v, =VC02/CM02.

Hani 3rigno 3 (13), (19), (33) piBusnus (14) 3annmeMo

! Ol (st o’
Fz(x,t) =g02J-M2(x,S)%)dS+(C02 _CMOZ P

O’M,(x,5)/0x” =yIM,(x,s), (33)

)J.M( )Gzz(st)l

+Con s J M (s LG g g, J My (x5 )(E L (X5 s +
+Cp J M, )(zd P sin % )ds - C.p J yIM (x5 ) 2 k(’) in(“ s ))ds + (34)
+C012,[M (x, S)Z(d Dy ([) d°C, (t)) ( S)dS:
2 dD d’D d’c
= ;({Mz(x,s)sin(fs)ds)(goz cl;’t([) +(Cy; _CM()Zyg + COJQ)TI;(U_COU Tl;(t)))
AHanorivHo 10 (27) mo3Ha4ynMo
C(gfz) =Cpy — CM()ZY; +Cop, (35)
toxi 3rimno 3 (34) 1 (35)
2
Fy(x, t)——Z(I Mot sindE s g, P Gz SO ¢, LOUD, )

dt’ dt’

[TincraBnsemo B (23) i =2, OTpUMyEMO
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2k .k 2L & 8 o n dD,(t) =, d’D(t
Fout)=2 [Pyt sin T e = 2[0S ([, (x5 ) sin( s yds ) gy L 4 Gy L0
L) L Ly T L dt a
d’C (t). . kn
—Cmdt—kz)sm(fx)dx.
TTo3naumBIIM
2L 1 lﬂ' kﬂ'
my=" ! ( ! M, (x,5)sin(—=s)ds)sin(= = x)dx, (38)
(27) 3ammumemo Tak
dD, (t d’D,(t d°C,(t
Fo(t)= Z”kl(goz (1) +Cyfy —E—= (1) -C CRSTLY ))- (39)

d 012 dt 2 012 dt2

Tak sk ¢yukuis M,(x,s)e cnamgHoro, TO po3B’s3ati piBHAHHA (33) MOXHAa TaK

M,(x,s)=M Oze_yz‘H‘ , e M ,, —BIacHa iIHIyKTUBHICTh BUTKAa BTOPUHHOI OOMOTKHM TpaHC(opMaTopa.
Toni 3 (38) BunuBac

n, = %I(iMoze_y’H sin(%s )ds )Sin(k—]jc X )dx =
= %z((IMOZe_”(x_S) sin(%cs)ds)sin(%x)dx +:|:M026_72(S_x) sin(%s)ds)sin(k—;x)) = (40)
= %z(iMoze”(’”) sin(%s)ds)sin(%x)dx +%I(;[Mozems” sin(%s)ds)sin(%x) =y, + 1y,

ne ny =%:[(EM026_72(H) sin(%ns)ds)sin(%x)dx,‘ n, =%i(iMoze_”(H) sin(%s)ds)sin(%x)dx.

Posrasaemo npaBy dactuny piBHSHB (20) 1 (21) Ta 3rimao (13) i1 (14), Bukopuctosyroun (18), (20),
(26) 1 (36), 3anmmemo

> dc,(t) d’C(t) d’D,(t)

F, () _ Zl:mkl(gm i C(gzlz) i’ =Cyp; dtk2 ) ~
=’ ) =

For () S (205 de(t)+ (2) d’D (1) —C,, d Ck(t))

; dt Corz dr’ dr’

9 dC,(t & 2 d’C,(t
2 Mo 0 () 2y Cop - Z My Cop kz( )
_II7 N q L = (41)
© dD, (t) i d°D,(t
0 2 "€ ; =21y Cop anz 5122) ()
/ /

dt dtz
X (1), X (1)
dt dr’

F(t)=

=G

Z M 8o; 0 2muCors =2 muCopy
ne G=||'! . ; H=|" ! :

0 o0

~(2)

0 Z N 802 - Z 1y Cor Z n,Cors
/ / /

3rigso (23), miacTaisatoun piBHIHHESA (7) 1 (8), a TaK0XK BPaxoBYIOUH BiANOBiIHO piBHAHHSA (5) 1 (6),
OJIEPKYEMO
F(t) _2 Fy(x, t)
For(t)|  Ly|Far(x, f)
OTxe piBHSIHHSA (22) 3aMuIIeMo TaK
dX? i(t ) dX k ( t)
a7

. L
dXy(t) . d X,;(z)_ @)
dt dt

F(t)= x)d =G

d)i,;(t )y d’X (1)
t

S +0.X,(1)=G PR (43)
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me k=1,2,..

[To3HaurMo 3MiHHUI BEKTOP

X (1)=(C(1), D (1)) e R’, (44)
L L
ne C,(t)= % £ i(x,t )sin(? )dx; dC,(t)/dt = % £ 0i,(x,t )/dtsin(kTm Jdx;
L L
D, ()= % ! i,(x,t )sin(kT’“ )dx; dD,(t)/dt = % ! Bi(x,t )/dtsin(kT’“ )dx;
k=1,2,....
3adikcyemo N = const i BBegemo ctaii Marputi S,P,Q,G,H po3mipy 2N x2N.
[To3HaunMo HEBIIOMHMIA PO3B’SI30K Yepe3 BEKTOP Po3MipHicTi0 2N , TOOTO
X()=(X,, Xy, -, X, )" (45)
PiBusiHHS (43) 3anuieMo Tak
dx’(t ), dX(t ) dX(t ), dz)?(t )
S X(t)=G . 46
7 +0X(t)= " 1 (46)
dX t dX(t
(s-1)= L ) ~(G-P) L0 o%(1), 47)
-
d ;;(t)—(S H) (G- P)dX(t) (S—H)"QX(t)= Ad);(t) BX(1), (48)

ne A=(S-H)'(G-P); B=(S-H)'0.

3mificHUIMO 3aMiHy HEBiTOMEX 17]( t )=)? (t) Ta )72( t )=d)? (t)/dt, tomi BpaxoByroum (48)

OTPUMAEMO
dY,(t)/dt=Y,(t); (49)
dY,(t)/dt =d’X(t)/dt> = AY,(t)—- BY,(t) (50)
abo
d):’,(t)/dt :H 0 Y(t) 51)
dY,(t)/di| |-B il Y,(t)|
3 (49) i (50) oTpumyemo
o) _| 0 J Vo), [h0)] (52)
) |-8 4 Y(r) Y,(0)
Bsenemo onepatop
Y(t) j-Y(r) , (53)
Y(t) -B 4 olY>(t)
TOIL
e Y,(1)| _|v,(0)
) (1-4 )Y(t) 7o) (54)
?; 3 (53) orpumaemo
g Y)(t) ~1|¥2(0)
.- AT . Y Y,(0) )

Towknga (MeTp)

Puc. 2

12

1 3HAXOJTUMO PO3B’A30K )71( t)= X (t) piBHAHHS

(48).

I'padix 3MiHM CTPpYMy NEPBUHHOT OOMOTKH
I,(x, t) nokasauo Ha puc. 2.
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Takuit miaxin ycyBae HEOOXiAHICTh ypaxyBaHHS KpaHOBHX yMOB. 3a/iJIsl pO3B’sI3aHHS 3a/1a4i aHaJi3y
XBWJIBOBUX TPOIECIB IOCTATHRO BU3HAYEHHS TiJIbKM TIOYaTKOBHX YMOB Ha Binpizky (0, /).

III. BucHoBkHM. 3anpomOHOBaHMN METOJ A€ 3MOTY MOCHTI[KyBaTH BHUCOKOYACTOTHI XBHIIbOBI
npouecy B 00MOTKax JBOOOMOTKOBHUX TpaHC(HOPMATOPIB 3 ypaxyBaHHIM 3aJI€KHOCTI HAPYTH Ta CTPyMY Bix
BiJicTaHi i 9acy, 3a0e3meuye MOXKIIHMBICTh YpaxXyBaHHS CHIBBIIHOIICHHS MK 1HTEPBAJIOM Yacy IOITHPCHHS
€JIEKTPOMArHITHUX XBHJIb Y3/IOBXK YCi€i JOBXHHM OOMOTKHM H iHTEpBaJOM dYacy, BIPOAOBXK SIKOTO CTPyM i
Hanpyra 3MiHIOIOTbCSI 3HAYHO CYTTEBIIIE BiJl IXHBOI 3MiHM M/ 4ac MPOLECY, O PO3IISAAETHCS.
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MATHEMATICAL MODEL OF WAVE PROCESSES IN TWO-WINDING TRANSFORMERS

M.S. Seheda, Ye.V. Cheremnykh, P.F. Gogolyuk, T.A. Mazur, Y.V. Blyznak
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A mathematical model has been developed to study the wave processes of two-winding transformers, taking into
account the electromagnetic connections between the turns of the winding and between the windings. To solve
differential-integral equations in partial derivatives, a method of separation of variables is proposed. References 12,
figures 2.

Keywords: transformer winding, mathematical modeling, partial derivatives, distributed parameters, impulse wave,
wave processes.

1. Kyrylenko O.V., Seheda M.S., Butkevych O.F., Mazur T.A. Mathematical Modeling in Electric Power
Engineering. Lviv: Lviv Polytechnic National University, 2013. 608 p. (Ukr)

2. Isaev Y.N., Startseva E.V., Schekotuev A.V. Investigation of wave processes of transformer windings as
electric circuit with distributed parameters. Izvestiva Tomskogo Politekhnicheskogo universiteta. Inzhiniering
energoresursov. 2015. Vol. 326. No 8. Pp. 29-35. (Rus)

3. Lavrinovich V.A., Isaev Y.N., Mytnikov A.V. Advanced control state technology of transformer.
International Journal on Technical and Physical Problems of Engineering. 2013. Vol. 5. Iss. 17. No 4. Pp. 94-98.

4. Mikulovi¢ J. C., Sekara T. B. The Numerical Method of Inverse Laplace Transform for Calculation of
Overvoltages in Power Transformers and Test Results. Serbian Journal of Electrical Engineering. 2014. Vol. 11. No 2.
Pp. 243-256.

5. Bontidean S. G., Badic M., Iordache M., Galan N. Simulations and experimental tests on the distribution of
overvoltage within transformer windings. U.P.B. Sci. Bull. Series C. 2015. Vol. 77. Iss. 3.

6. de Azevedo A.C., Rezende 1., Delaiba A.C., Oliveira C., de Carvalho B.C., de Bronzeado H.S. Investigation
of transformer electromagnetic forces caused by external faults using FEM. IEEE PES Transmission and Distribution
Conference and Exposition. Venezuela, Latin America, 2006. Pp. 1-6.

7. Seheda M.S., Cheremnykh Y.V., Mazur T.A. Mathematical modeling of free voltage oscillations on
transformer windings into accout winds mutual induction under surge overvoltages. Scientific Bulletin of National
Mining University. 2013. No 1 (133). Pp. 68-76. (Ukr)

8. Seheda M.S., Cheremnykh Y.V., Chimjk L.V., Mazur T.A., Kurylyshyn O.M. Mathematical modelling of
stress distribution along the winding transformers under impulse surges. Tekhnichna Elektrodynamika. 2015. No 6. Pp.
8-11. (Ukr)

9. Hoholyuk O., Byczkowska-Lipinska L. Mathematical models of transformers for electromagnetic transient
process simulation. Przeglad Electrotechniczny. 2008. No 6. Pp. 278-280.

10. Seheda M.S., Mazur T.A, Kurylyshyn O.M. Mathematical model for investigation of wave processes in
high-voltage double winding transformers. 16th International Conference on Computational Problems of Electrical
Engineering (CPEE). Lviv, Ukraine, September 2—5, 2015. Pp. 165-167.

11. Electrical Transient Interaction between Transformers and the Power System. Cigre. April, 2014.

12. Bewley L.B. Traveling waves on transmission systems. Moskwa-Leningrad: ONTI, 1938. 288 p.

Hamiiinoma 02.08.2019
Octarounwnii Bapiaat 29.07.2020

14 ISSN 1607-7970. Texn. enexkmpoounamixa. 2020. Ne 6



VJIK 621.315.2:004.94 DOI: https://doi.org/10.15407/techned2020.06.015

EKPAHYBAHHS MATHITHOTI'O IOJIA NIJ3EMHOI KABEJILHOI JTHIT
3A JOIIOMOI'OIO H-ITIOAIBHOI'O EKPAHA

I.M. Ky4epsiBa, TOKT. TEXH. HAyK
IncrutyT enexrponunamikn HAH Ykpainn,
np. [lepemoru, 56, Kuis, 03057, Ykpaina.
E-mail: rB.irinan@gmail.com

Posznanymo ocobausocmi po3nodiny MazHimHo2o nois, wo cmeoproemvcs nid3emMHow Haosucokogorvmuow (330 kB)
mpupasHoio KabeabHoIo AIHIEI0 8 OMOUVIOUOMY CepedosUIi, 30KpeMd HABKOL0 Kabelie y mpanuiei ma Ha nogepxHi 3e-
Ml y pasi sukopucmants H-nodibHo2o ekpana, 6ueomosneno2o 3 pisHux mMamepianie — antoMIiHilo, HemeKCmypo8aHol
ma nuzvKogyaneyesoi cmani. Ilokasano HaliKpawyy eekmusHicms eKpany8anHs y pasi 3aCMoCcy8ants eKpana 3 anomi-
HII0, WO Mae HAUOLbULY eleKmponposioHicmy. 3a0isi 3HUNCEHHS PIGHS MASHIMHO20 OIS HA NOGEPXHI 3eMili 00 peala-
MEHMOBAHUX Oe3NeYHUX 3HAYEHb NPONOHYEMbCA 8UKopucmogysamu H-nodionuili expan 3 UCOKONPOBIOHUX HeMazHIm-
Hux mamepianise. bion. 14, puc. 7.

Knrwouoei cnoea: ninzeMHa HaABUCOKOBOJIbTHA KaOenbHa JIiHisA, TpaHIIeiiHe npokiananus, H-moxiOxuii expan, pepoma-
THITHUH MaTepiai, BUCOKOIPOBIIHI MaTepialii, eKoJIoTiyHa Oe3reka, KOMITIOTepHE MOICTIOBAHHS.

Beryn. V tenepimHiii yac iHTEHCMBHO BHBUYAIOTHCA Ta BIPOBAKYIOTHCS Pi3HI CIocoOu MpoKiIagaH-
Hs CHJIOBHX KaOeliB BHCOKOI HAaIlpyrd Ta eKpaHyBaHHS IXHBOTO MarHiTHOro mois [1-4], y ToMy ducii pos-
pPOOJIAIOTHCS HOBI CITEITiabHI KOHCTPYKIIT eKpaHiB [2]. 3HKEHHS PiBHSA MarHiTHOTO ITOJIS IS MIFOYHMX Ka-
OenbHUX JTiHIN 3a0e3meuyeThcst eKpaHaMu Pi3HOT QOPMH Ta BHTOTOBJICHUX 3 PI3HUX MarepialliB — BUCOKO-
NPOBiAHUX (Milb, aIOMiHil), MarHiTHUX (CTajb Pi3HOI MAapKH), y TOMY YHCI (epOMarHiTHUX MaTepiatiB
(EM3BKOBYyTIICTICBA eleKTpocTans Magnetil [3, 5], TekCcTypoBaHa Ta HETEKCTypoBaHa cTajib [0, 7]). 3a3Hauu-
Mo, 110 ()epOMAarHiTHI MaTepiali MalOTh HE TIILKH MAarHITHI BIIACTHBOCTI, a H BUCOKY €JIEKTPOIPOBIHICTb.

Oco6niBa yBara mif yac CropyHKeHHS KaOeIbHUX JIiHIH MPUALTAETHCS TUTAHHAM €KOJIOTiUHOT Oe3MeKH,
30KpeMa eJIeKTPOMArHiTHOI, MOB’sI3aHOi 3 piBHEM MAarHiTHOTO TOJIS TMiJ3eMHUX KaOelliB Ha IMOBEPXHI 3eMIli HaJT
iXHIM pO3TaIlyBaHHSAM BiIIMOBITHO IO HOPMAaTHBHOTO TPAHWMYHOTO 3HAYCHHS MarHiTHOTO ITOJIST IIPOMHCITOBOI Yac-
totr 0,5 MKT [8]. Lle mosicHroeThCS, TepIl 3a Bce, HEraTUBHUMU HACHIAKAMU [il MarHiTHOTO MOJIsl Ha 30POB’ s
JIOZIEH, 110 3HAXOATHCS Y 30HI BIUIMBY, & TAKOK PYHHIBHUMHU e€(eKTaMu B ENEKTPHIHOMY OOJIaJHAHHI, Ty TIIH-
BUX €JIEKTPOHHHX MTPHUCTPOSIX Ta SJICKTPOTEXHITHUX KOMYHIKAITISIX MO0IM3y KabembHUX JIHIH.

Y poGoTi [6] onucyeThCs Mit0Ya BUCOKOBOJBTHA Mif3eMHa KaOeNbHa JIiHisg B benbrii 1oBxuHO0 27
KM, sIKa BBeJleHa B ekciutyartanito y 2003 p. ByaiBHUITBO 1i€i iHiT cTano MOXKIJINBUM 3aBASKH 33JJ0BOJICHHIO
BHMOT IIiJ] 9aC MPOEKTHOT PO3pOOKHU MO0 3MEHIIIEHHS PiBHSI MarHiTHOTO TOJIA HA JUUISTHKAX, Jie Kabeli mpo-
XOJIATh Ha BijcTaHi MeHie 30 M BiJ )KUTJIOBUX MACHBIB, IIIKIJI, IHIIMX MICI[b KOHIIGHTpAIlil jroaei [6]. 30k-
peMa MpOeKTHUMH pilleHHSIMHU i JiHil Oynu ekpan H-monionoi ¢opmu ([6], puc. 1) Ta ropuzoHTanbHE
po3TanryBaHHs Ka0eliB y TpaHmiei 3aais Ol BUCOKOI MPOIYCKHOI 34aTHOCTI KabemiB. 3actocoBaHuii H-
HOMIOHNIT eKpaH CKIAQNAETHCS 3 JABOX BEPTUKAIBHHX IUIACTHH, IO BCTAHOBJIIOBAINCS IEpeNl 3aCHIIKOI0, Ta
TOPH30HTAJBHOI TUTUTH, sIKa HaKJIaJanacs moBepxX kabemiB Ha BH3HA4YeHid TTUOWHI i Yac 3acUIaHHs TpaH-
el rpyaToM (puc. 1).

ITopsn 3 TOPU3OHTAIBHHM pPO3TALIyBaHHAM KaOeJiB IIMPOKO BHKOPHUCTOBYETHCS TPHUKYTHHKOBA
koH(pirypauis TpudasHux xabenbHUX JiHIN, HanpukiIan, B ITamii y TppOX Cy4acHHX KaOelbHHX MPOEKTax

Hanpyroto 132 Ta 380 kB 3
e(eKTUBHUM €KpaHyBaHHIM
Mar”iTHOTO IIOJISI, TIPO IO TIO-
BiIOMJISIETBCS y poOoTi [9].

3 orysiy Ha MPaKTUYHY
BaYXJIMBICTh 3MEHIIEHHS MarHi-
THOTO TIOJNSI BHCOKOBOJITHHX
KaOeNBHUX JiHIH 3 CY4YacHOIO
TIOJIIETHJICHOBOIO 130JISIIEI0 Ta
y 3B’A3KY 3 aKTyalbHICTIO TO-
MEPEHBOI0 TEOPETUYHOTO 00-

IR AV AV AV AV a e
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ITPYHTYBaHHA HaWOUIBII TPHIi-
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HATHUX IUIIXIB JOCSTHEHHS LIbOTO, MemOoI O0aHoi podomu € NPOBEACHHS KiJIBKICHOTO aHaji3y BiAHOCHO
BU3HAUEHHS Ta IMiJBUIIECHHS ¢(EKTUBHOCTI €KpaHyBaHHS MarHiTHOTO TOJIS IMi3eMHO1 BUCOKOBOJBLTHOT (330
kB) xabenpHoi mdiHii y pa3i Bukopuctanus H-moniOHOTO ekpaHa 3a paxXyHOK 3MiHEHHS BEPTUKAIBLHOTO PO3-
Mipy eKpaHa, MaTepialy BUTOTOBIIEHHS, a TAKOXK PI3HOTO PO3TAITyBaHHS KabeliB y TpaHIel — B OHIN ILJI0-
ITIHI 00 TPUKYTHUKOM BIPUTYJI OJWH IO OTHOTO.

Y poboti mocmikyeThcst came H-momiOHME eKkpaH BHACIJIOK TOTO, IO BiH BHUSBHMBCS HaWOLIBII
NPUHHATHUM NPOEKTHUM PIilIEHHSM 1 Ha TEEPIlHii Yac 3aCTOCOBY€EThCS IS OAHIET 3 CyYaCHUX BHCOKOBO-
JTHTHUX KaOCNBHUX JIHIN, HitounXx B €Bporri [6]. JocmimKkeHHs TPOBOIATHCS 3a JOTIOMOTOI0 KOMII FOTEPHOTO
MonentoBaHHs B mporpami Comsol [10] MeToqoM CKiHYEHHUX eleMeHTiB. TpudasHa kaOeibHA JiHIs, 110
PO3TIIANA€ETECS, CKIANAEThCS 3 0AHO(A3HNUX CHUIIOBUX KaOeJiB 3 MOJIIETHICHOBOIO 130JIALIEI0, aHAIOTIYHUM
HA/IBUCOKOBOJIbTHHM KaOeJsM, SIKi Ha TeTepillHii Jyac eKCIuryatyroThes B YkpaiHi [11]. EdexTuBHicTh ek-
paHyBaHHS BHU3HAYAETHCS 32 PIBHEM MAarHITHOTO TOJIS Ha MOBEPXHI 3eMJli Oe3rmocepeHho HaJl KaOeITbHOIO
TiHI€0, a IPUIHATHE eKPaHyBaHHS — 32 PErJIaMEHTOBaHUM 3HAYCHHSM ITOJISI.

Bcebiune BHUBUEHHS MUTaHb, NTOB’A3aHUX 3 €KPaHYBAHHSIM MAarHiTHOTO I10JII BUCOKOBOJBTHUX Kabe-
JTBHUX JIHINA, TTOPS 3 PO3POOJICHHSM BiIIMOBIMHAX MPOTPAMHUX METOIHUK 1 MITXOIIB JO MOJICITIOBAHHS Ma€
aKTYaJbHICTh HE TIIBKH B HAYKOBOMY ILIaHi, ajie # y MPaKTHYHOMY KOHTEKCTi, 30KpeMa 3a]yIs 3a/I0BOJICHHS
Cy4YacHHUX BUMOT €JIEKTPOMArHiTHoi ekoorii [12].

Meton aocaimkeHHsi. 3agada BU3HAYEHHS MArHITHOTO MOJsL (POPMYIIOETHCS AJIsl CTAlliOHAPHOTO
pPEeXUMY y TBOBHUMIPHOMY BHITA[IKy B JeKapTOBill cuctemi koopaumaat Oxy (puc. 1, 6) 3a ymMoBH, 10 Kabe-

JbHA JHIA MA€ JOCUTH BEIUKY MPOTSDKHICTH, MPOKIAZeHA HapaliebHO MOBEPXHi 3eMIi OJHAKOBO MO BCii
JOBXHHI TpacH. 3amada po3B’sA3y€ThCsl BITHOCHO KOMIUIEKCHOTO BEKTOPHOTO MAarHiTHOTO MOTEHIiay, IO

Ma€ €IMHY HEHYJIbOBY Z-CKJIaJ0BY A= (0,0,1212) , Ta KOMIDICKCHMX BEJIMYMH HANPYyTH i cTpyMy. Mozens Oa-

3yETHCS Ha MiAX0Jax 1 piBHSHHSIX, HaBeleHUX y [13], 1 ckimagaeThes 3 CUCTEMH iHTerpo-audepeHiitHuX piB-
HSIHb 3arajibHOTO BUTIISIAY

Jjoo; A+Vx(uy~ 1,V x A) = 0,AU; (1)
[J.ds = [(=jwoi A + 00U )dS =, )
S, S.

ne w=2xf — xyrosa dactora ctpymy ( f =50 I'm); j — ysABHA OAMHHIIA; IHAEKC [ BIAHOCHTHCS JO [ -T'O
IPOBIHOTO CEPEIOBHIINA y PO3PaxXyHKOBIN 001acTi; ©; — €NEKTPONPOBIAHICTH I-rO cepeloBUINa (TPHOX
KW, TPhOX €KpaHiB KaOeliB y kaOesbHii MiHil); £ 1 4, — HOCTiliHA 1 BiAHOCHA MarHiTHa IPOHUKHICTh Ma-
THITHOTO €KpaHa, BIANIOBINHO; 4, = | IS HEMAarHiTHUX €JIEMEHTIB; Ul eKpaHiB 3 (epOMarHiTHUX Marepia-
JTiB BUKOPHCTOBY€ThCS HeMliHifHA 3aNeKHicTh L, = 4, (B), (B — maruiTHa iHayKuis); J, — z-CKiajgosa Tyc-
TUHH CTPYMY.

PiBHsiHHS (2) 3ammcaHO IS TUISTHKA KOJIa 31 CTPYMOM ii, nafinaaM Hanpyrn AU ; » ILIOLIEI0 IIoIe-
peunoro nepepisy S;. KommiekcHa BenumHa /; € cTpyMOM y KOXKHiil skuii kabesmro. CTpyMH B JKHJIaxX Ka-
OexniB 3MmimieHi 3a ¢a3or Ha 120° Ta 0JHAKOBI 32 aMILTITY/I0O, IO JIOPIBHIOE CTPYMY B HOMIHAJILHOMY pe-
xumi. CTpymM [; B MeTaneBOMy ekpaHi kKaGemo jopiBHIOE Hyimo. [lajiHHs Hampyru AU ; BU3HAYAETHCS Y

IPOBITHOMY CEpeIOBUINI HA AUISHII OAMHUYHOI JOBXKUHU. B 00nacTi ekpaHiB 3anaetbes 3HaueHHs AU, = 0.
[laminHsS Hanpyrd Ha >KWiIax OJHAaKoOBI Ta 3MmimeHi 3a (asoro, ixHi 3HaueHHs: AU; = AU _,,cejo ,

AU; = AU,.e/*"'3 | AU; = AU,.e/**'3 — simnosinso y pasax 4, B, C. Y nasenenux supasax AU, 3a-
JTAETHCSI 32 YMOBH PIBHOCTI CTPyMIB y KHJIaX HOMIHAJIBHOMY 3HA4YCHHIO. 3arajioM, MaTeMaTHYHa MOJEIh
aHaJIoOTiYHa MOJIeIi, ONKcaHil y podorax [3, 4].

Pipasiaas (1)—~(2) IOTIOBHIOIOTHCS HACTYIHOK YMOBOK) MAarHiTHOI i30JI11ii Ha BCiX 30BHINIHIX Tpa-

HUISIX PO3PaXyHKOBOI 00JacTi: A,=0. 3)

Pe3yabTaTH KOMII’IOTEPHOIr0 Mo/AeJI0BaHH. XapaKTePUCTUKH JOCITIIKYBaHO! KabenbHOT JTiHii
Ta eKpaHa HaBeJIEeHO Yy cTaTTsx [6, 11] i mokazaHo Ha puc. 1, a. 3rigHo 3 [7] eNEeKTPONPOBIIHICTh MAarHITHUX
MarepiajiB eKpaHa CTAaHOBUTH: HU3BKOBYTJIENeBO1 cTami — 6,5 MCMm/M, HeTekcTypoBaHoi ctaii — 2,3 MCwm/M.
EnextpomnpoBinHicTs amoMiHito — 38 MCMm/M.
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®diznyHa MOJIETh BPAaXOBYE TaKi €IEMEHTH KOXKHOTO 3 TPhOX KaOeliB — alfOMIHIEBY KUy, MiTHHMA
€KpaH, TOJIeTUICHOBY i30JSII0 Ta TMONIETHICHOBY OOOJIOHKY. Y Tporpami 3alaloThCsl XapaKTEPUCTHKH
IpyHTy (enextponpoBiamicts 10~ Cwm/m), mOBiTps, a Takox H-momibHOro expaHa: Horo TOBIIMHA — 8 MM;
JIOB)XKMHA TOPU30HTAIBHOTO efeMenTa — 0,7 M; TOBXHHA BOX BEPTHKAIBHHUX eJIeMeHTiB — 0,8 M; Haxui Bep-
THKAIBHUX €IeMEHTIB — 5°; MPOMI’KOK MiXK BEpPTHKAIBHHMH €I€MEHTAMH Ta TOPH30HTAIBHOIO [UTHTOIO Ha il
piBHI — ~1 cM. Sk 3a3HadeHO y [6], HAa MPaKTHIl 3aJMIIAETHCS HABITH OLIBININN MPOMIXKOK (10 JACKIIBKOX
CaHTUMETPIB) MiXXK TOPH3OHTAJLHUM Ta BEPTHUKAJIbHUMH ejeMeHTamu H-moniOHOro ekpana 3aijisi TOJer-
IIICHHS BUSABJICHHS Ha TPAKTHI TOITKOHKEHh 00OJIOHKH Ka0emiB Ta iIXHHOTO PEMOHTY.

®parMeHT po3paxyHKOBOi 007acTi mMoOIM3y TpaHuiei 31 CKIHUEHHO-EJIEMEHTHOIO CITKOIO MOKa3aHo
Ha puc. 1, 6. [lochinosuicth (a3 xabemniB — ABC (3miBa HampaBo). Y po3paxyHKax HOMIHAIBHUU CTPyM Ka-
oenpHOI TiHIT — 630 A [11].

Ha nmepmomy erarri JOCTIIKEHO BIUTMB HENMIHIHHOCTI MarHiTHOT MPOHUKHOCTI (hepOMAarHiTHUX MaTe-
pianiB ekpaHa u,. = 4, (B)0 Ha piBeHb MarHiTHOro MOJ, IO po3paxoByeTscs. Ha puc. 2 mokazaHo 3anex-
HOCTI BiTHOCHOI MarHiTHOI MPOHMUKHOCTI HU3bKOBYTJIEIIEBOI cTali (KprBa /) Ta HETEKCTYPOBAHOI CTami (KpH-
Ba 2) BiJl Mar"iTHOI iHAYKI1 [7]. SIk BUIHO, Mar"iTHa MPOHUKHICTh HETEKCTYPOBAHOI CTaJIi BHUIIE i 3MIHIO-
€TBCSl y OUTBIII BUCOKOMY CTYTICHI, HIXK aHAJIOT1UHA 3aJIeXKHICTh JJIsl HU3bKOBYTJIEIIEBOI CTali, 1[0 Ma€ BILIU-
BaTH HA PIBEHb MAarHITHOTO TIOJISI.

Puc. 3 moka3ye 3MiHEHHS MarHiTHOI iHAYKII1 B3MOBXK IMOBEPXHI 3€MJII HaJ KaOEISIMH TOPU30HTAIh-
HOTO NpOKIafanHs 3 H-moaiOHUM ekpaHoM, BUTOTOBJICHUM 3 HETEKCTYPOBAHOI CTali, 32 MAarHITHIH MPOHUK-
HOCTI eKpaHa: [ — i, = [y max = 63005 2 — g, = pt.,, =3700; 3 — 1, = p1,(B) 3rigHo 3 puc. 2 (kpusa 2).

BubpaHno: y,. 1,x — MaKCUMaJlbHE 3HAaYE€HHS MarHiTHOI IPOHUKHOCTI MaTepiaiy; Hyep — CEPE/IHE 3HAYCHHS

M, Marepiany. [TokaszaHo, 1110 HeBpaXyBaHHS HETiHIHHOCTI MAarHITHUX BJIACTUBOCTEH MaTepialy MpU3BOJUTh
IO 301IBIIICHHS MaKCHUMAaJILHOI'O 3HAUCHHS 1oJis Maixke y 1,2 pasu. ToMy B MOAAIBIIMX PO3paxyHKaX BHKO-
PHUCTOBYIOTBCS 3aIEKHOCTI 4, = i,.(B) (puc. 2).

,x100 BT

7000
6000 2
5000 A

4000 A
3000 4

1, (B)

2000 - 1
1000 /

0+ T T

B(D 8 4 0 4 8 x M
Puc. 2 Puc. 3

Puc. 4 imocTpye 3MiHEHHSI MarHiTHOI 1IHAYKIIT B3JOBX ITOBEPXHi 3eMJIi HaJ KabensIMu TOpU30HTAIIb-
HOTO TpoKJamaHHs 3 H-momiOHUM ekpaHOM, BUTOTOBIEHHM 3 PI3HHUX MaTepialiB: HETEKCTypOBAaHOI CTaii
(xpuBa /); HU3LKOBYTJICTICBOI cTaji (KpuBa 2); amomiHito (kpuBa 3). ILITpUX-TIyHKTHPHOIO JiHIEIO BiAMIYEHO
piBeHb rpanuyHo npuiryctumoro nons 0,5 MxT. Sk BuaHO, Oe3meyHnii piBeHb MarHiTHOTO TOJISL Peati3y€eTh-
Csl y pasi BUKOPUCTAHHS alOMiHi€BOTO ekpaHa (kpuBa 3). OCOONMBICTIO IBOTO MaTepiany y MOpPiBHSIHHI 3
PO3TIIIHYTUMHU (DEPOMArHITHIMH € HOTO BHCOKA €JIEKTPONpPOBimHICTE. OTpUMaHi po3paxyHKOBI JaHi y3ro-
JUKYIOTBCS 32 TIOPSIIKOM BEJIMYMHU MarHiTHOI IHAYKIIT 3 pe3yabTaTaMu, HaBeAeHUMHU y poboTtax [4, 14]. o
TOTO X KOe(iLi€HT eKpaHyBaHHA (K BiIHOLICHHS MaKCHUMaJbHOI iHAYKLII MarHiTHOrO IOJII HA MOBEPXHi
3eMJIl HaJ KaOessiMH 3 €KpaHOM JI0 aHAJIOTIYHOT'O 3HAYEHHS 1OJIS y BiICYTHOCTI €KpaHa) Ul CTaJeBUX eKpa-
HIiB y JOCIiI)KyBaHOMY BHUIIaJKy HOpiBHIOE k ~2,3. Takuii koediuieHT Oiiblie, HIX AJS TUIOCKOTO €KpaHa 3
(epomarniTHoro Martepiany — enekrpocrani Marnetin (Magnetil), y pasi sikoro k = 1,7 3rigao 3 nanumu [3].

BinHOCHO 3anexHocTeil Ha puc. 4 CiJl Bi3HAYUTH JIBa BiJOMi MEXaHi3MH 3MCHIIICHHS MarHiTHOTO
TIOJIsI, OTIMCaHi, Hanpukian, y [14]. s expaHiB 3 MaTepiaiiB, IO MalOTh BUCOKY €NEKTPOIPOBIAHICTD, — IIe
"eddy current cancellation" (ckOpo4YeHHSI BUXPOBHX CTPYMiB). Y TaKOMY BHIQJIKy CTPYMH, IO HABOISTHCS Y
NPOBIIHUKY, CTBOPIOIOTH MarHiTHE MOJIE, SIKE YaCTKOBO 3MEHIIye MarHiTHe moJje mkepena. s maTepiaiis 3
BHCOKOIO MarHiTHOIO NMPOHHUKHICTIO fie MexaHi3M "flux shunting”" (mryHTyBaHHS TOTOKY), KOJM MarHiTHHUH
MOTIK BiJ JDKEpeia HApaBIIIe€THCSA B MAarHITHHN MaTepiai 3 00acTi ekpaHyBaHHA. Bigirpae cBoro poJb i iH-
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Puc. 5.

Puc. 4

T aCTIeKT — MarHITHI €KpaHH 3a0e3MeuyIoTh HaOIIbIe 3MEHIIIEHHST MarHITHOTO TTOJISI TTOOIN3Y JiKeperna,
a BUCOKOIIPOBIIHI MaTepiajii — Ha JJOCUTh 3HAYHIN BIJICTaHI BiJ| JKEpea MoJIs.

Ha puc. 5 mokazano po3mnonin MarHiTHOro Moy B TpaHiiei moOnu3y kabediB y pa3i BUKOHAHHS €K-
paHa 3 HETEeKCTYpOBaHOI a00 HU3BLKOBYTJIEIEBOI CTali (pHC. 5, a) Ta allfOMiHIEBOTO eKpaHa (puc. 5, 6) 3a of-
HAKOBUM MAKCHMaJIbHUM 3HAYEHHSAM HOJs Y Iii 0671acTi | B |ma—= 0,4 MT. Taki KapTMHU XapaKkTepH3yIOTh,
HepII 3a BCe, pojiib B €KpaHyBaHHI MOJIS FOPU30HTANBbHOI miacTuHn H-monibHoro exkpana. Kpim Toro, mani
puc. 5 BimoOpakaroTh 0COOIUBOCTI 3MEHIIICHHS MATHITHOTO TIOJI €KpaHaMH 3 PI3HUX MaTepiaiiB. Y BUMAAKY
CTAJICBOTO €KpaHa (pHC. 5, @) HiHil TOJIA BIAKJIOHAIOTHCS BiJl HHOTO, 30UIBIITYIOUH ITOJIC HA JEAKiil BifcTaHi
BiJl €KpaHa, a aJFOMIHIEBUI €KpaH 3MIHIOE KOHDIrYpaIliro MoJs, TOCIa0II0YU HOTo Y CBOIl Oe3nocepeaHii
oym3pKocTi (puc. 5, 6).

Jaumi ToCHimKyIOTECS MIJISIXYA 3MEHIIICHHST MarHITHOTO TIOJISL Y Pa3i BUKOPHCTAHHS €KpaHa 3 HETEKCTY-
pOBaHOI CTai, 110 € HAWMEHIIl MPUHHATHUAM, ajie IIMPOKO 3aCTOCOBAHMM MaTepiayioM (Hampukmai, [7]) mist
expaHyBaHH: (puc. 4, kpusa /). JlogaTkoBi po3paxyHKHU 3 Pi3sHUMH pO3MipamMy BEPTHKAJIBHUX IUIACTHH €KpaHa
HOKa3aJIy, [0 3MIHEHHS JTOBXHHH BEPTUKAILHUM €JIEMEHTIB, IXHE OLIbIIe Ui MEHIIE 3arIHOJICHHS y TPYHT He
€ eeKTUBHIM 1 HE HaJIa€ MOXKIIMBOCTI JOCSATTH OC3MEUHNX 3HAYCHB ITOJIS Ha IIOBEPXHI 36MITI Ha/T KaOCIISIMH.

Hns kougirypanii H-monibHoro ekpana 6e3 MpOMIXKKIB MiXK BEpTHKaIbHUMH IUTACTUHAMH 1 TOPH30H-
TATFHOIO TUIMTOIO PO3TIISIAIOTHCS JIBA BapiaHTH: TOPH30HTAJIbHE PO3MIMIEHHI KaOemiB Ta kabemi y BUTIAAL
TPUKYTHUKA. 3aJIEKHOCTI Ha pHUC. 6 UTIOCTPYIOTh 3MIHEHHS MArHiTHOI iHIYKIIil B3IOBK MOBEPXHI 3eMIIi HAT
Ka0esIMI TOPU30HTAIBHOTO MTPOKIIAIAHHS 3 €KpaHOM 0e3 MPOMIXKIB, BATOTOBJICHHM 3 HETEKCTYPOBaHOI CTalli,
y pasi TOpU30HTAIBHOTO MOJIOXKEHHsI KabeiB (KpuBa /) Ta po3TallyBaHHS TPUKYTHHUKOM (KpuBa 2). BumHo, oo
OUTBII TPUIHATHAM € TPUKYTHOBE PO3MillleHHs KaOemiB, M0 MiATBEPIKY€EThCSI KapTHHAMH Ha pHc. 7, ane i
BOHO TIOBHICTIO He 3a0e3Medye MpHUITyCTHMi 3HAY€HHSI MATHITHOTO TMOJIS 32 AiF0YMMHU HOpMamH (puc. 6). 3oHa
BiIUy>KEHHS HaJ| KaOeJIsIMH 3TiIHO 3 HOPMaMH eJISKTPOMAarHiTHo1 Oe3neku [9] mae Oyt 10 4 M.

Ha puc. 7 moka3aHo po3nofija MarHiTHOTO TIOJISE HABKOJIO KaOeiB y pa3i BUKOHAHHS €KpaHa 3 HeTeK-
CTYpOBAHOI CTaJli 32 TOPU3OHTAIBHOTO PO3TANIyBaHHA KabemiB (puc. 7, @) Ta IXHBOTO PO3MIIIICHHS TPHUKYT-
HUKOM (puc. 7, 6). JIJis TpUKYTHUKOBOI KOHQIryparii xapakTepHUM € OUTbII CKOHIIEHTPOBaHUI HABKOJIO Ka-
0eITiB o3IOl MAarHITHOTO TOJIS 3 JIEII0 OUTBITNM MaKCHUMAJIBHUM 3HAYCHHSM, a JUIsl PO3TallyBaHHs Kale-
JIiB B OJHIH IUTOMIMHI MaeMO OUTHIN PiBHOMIPHHAN PO3MIOILI OIS B TPAHIIET ITiJ] TOPH30HTAILHOIO TUTHTOIO.

BucHOBKH. 3 METOI KUIBKICHOTO JOCII/DKCHHS NUIAXIB 3HWKCHHS PIBHSA MarHiTHOTO TOJIS HaJIBHU-
COKOBOJIbTHOI MiJI3¢MHO1 KaOeJIbHOT JiHii B OTOYYIOUOMY CEPEIOBHILI BUKOHAHO KOMIT IOTEPHE MOJEIIOBaH-
Hs 32 YMOBHU BHUKOpUCTaHHs H-moiOHOTO eKpaHa 3 pi3HUMH pO3MipaMi HaXHJICHUX BEPTHKAIBHUX €JICMEH-
TiB Ta BUKOHAHOTO 3 PI3HUX MaTepialliB, IO 3aCTOCOBYIOTHCS HA MPAKTHUIll, — BUCOKOIPOBITHOTO HEMArHIT-

x10¢ |B|,T

ExpaH — HeTeKkCTYpOBaHa CTajb

| i

> - =i
[ ]
” i Il
1| Il

0.75
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HOTO (aoMiHIN) Ta (hepoOMarHiTHUX MarepianiB (HETEKCTypOBaHOI Ta HU3HKOBYTIICIIEBOI CTalll), a TAKOXK 3a
PI3HUM pO3TallyBaHHAM KaOeliB y TpaHiiei — B OJIHIHM TUIONIMHI Ta TPUKYTHUKOM BIIPUTYJ OJUH JI0 OJHOTO.
[lokazano, 1m0 eQeKTUBHICTh €KpaHyBaHHs 3a IOMOMOror H-momiOHOro expaHa 3ajexHuTh Bil MaTepiary
eKpaHa Ta PO3MIIIEHHs CHJIOBUX KalemiB y kabenmpHiH niHii. OOTpyHTOBaHO HEOOXiAHICTH ypaxyBaHHS B
pO3paxyHKax HEJMIHIHHOCTI MarHiTHOI MPOHUKHOCTI MAarHITHUX E€KPaHIB 3 METOI0 YHUKHCHHS 3aBUIICHHHX
3HAYCHb MArHITHOTO T0Jis. BUABICHO HalOLIbINy €(EKTUBHICTh €KpaHyBaHHS MarHITHOTO TOJIS y pasi 3a-
CTOCYBaHHsI €KpaHa 3 aJIOMiHiI0, [0 Ma€ HAMOUIbIIYy 3 PO3IJSIHYTHX MarepiajliB eleKTponpoBinHicTs. H-
MOIIOHMI eKpaH caMe 3 IIbOr0 HEMArHiTHOrO Martepiany 3a0e3reuye Oe3leYHHi piBeHbh MarHITHOTO IOJIS Ha
TIOBEPXHI 3eMJIi HaJ KaOelnsIMH HaBITh Y pa3i MPOMIXKKIB MiXK BEPTHKAIFHUMH TUIACTHHAMH Ta TOPU3OHTAIIb-
HOIO TUTUTOIO €KpaHa.

He3Bakaroun Ha BUCOKY BapTiCTh allFOMIHIIO Yy TTOPIBHSAHHI 3 OLBIIICTIO JepOMATHITHHX MaTepiaiiB
[7], nng mig3eMHUX KaOENBbHUX JIHINA €KpaH 3 ILOTO MaTepiady Mae€ e OAHY BaXIIMBY 3 MPAKTUIHOI TOUKU
30py IepeBary — OUIbITY KOpO3iHY CTiHKICTh.

Pobomy euxonano 3a Odepowcobrooxncemuoro memoro "Poszsunymu meopito iMRyIbCHUX | BUCOKOUACMOMHUX NepexiOHUX
eNeKMPOMASHIMHUX NPOYECI8 y eHePeeMUUHUX | MEeXHOI0IUHUX PE3OHAHCHUX YCMAHOBKAX MA BUCOKOBOILMHUX Kabe-
JbHux ainisx enekmponepedaui” (LIugp "EJIKAB"), KIIKBK 6541230.
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3KPAHUPOBAHUE MATHUTHOI'O I1OJIS1 HOA3EMHOM KABEJIbHOM JIMHUA

C IOMOUIBbIO H-OFPA3HOI'O DKPAHA

N.H. Ky4yepsiBasi, 1OKT. TEXH. HayK

HucerutyT 3aexktpoaunamuxku HAH Ykpaunsl,

np. Ilo6enwl, 56, Kues, 03057, Ykpauna, e-mail: rB.irinan@gmail.com

Paccmompenvr ocobennocmu pacnpedenerusi MazZHUMHO20 NOJA, CO30A8AEMO20 NOO3EMHOU C8epxeblcoK08oIbmHOU (330 kB)
mpexgasznou kabenbHoU uHUel 8 OKpYcarouell cpede, 8 YacmHOCMU, BOKpye Kabeiell 8 mpaHwee u Ha NOGePXHOCMU 3eMIU
6 ciyuae npumenenuss H-o6paznoeo sxpana, useo0mosneHHo20 u3 pasiuiHblx Mamepuanos — arOMUHUSA, HeMeKCmypUpo8aHHol
u nuskoyanepooucmou cmanu. Ilokasana naurnywuas 3¢h@ekmusHocmb IKPAHUPOBAHUS NPU UCIOTLIOBAHUU ATIOMUHUEBO20
9KpaHa, KOMopwvlll umeem HAubOIAbUWYI0 INEKMPONPOBOOHOCHb. st CHUNCEHUS YPOGHS MACHUMHO20 NOASA HA NOBEPXHOCMU
3eMaU BNIOMb 00 PelaMEeHMUPOBAHHbIX OE30NACHbIX 3HAUeHUll npedaazaemcs npumensams H-o6pasnvlil sxkpan u3 vicoxo-
npoeooAwUx HeMacHumHblx Mamepuanog. bubin. 14, puc. 7.

Kniwouegvie cnosa: nopzeMHasi CBEpXBBICOKOBOJIBTHASI KaOenbHast JIMHUS, TPaHIIeHas mpoknanka, H-o0pa3ublii skpaH, dep-
POMarHUTHBII SKpaH, BHICOKOIIPOBOASALINE MaTEPUAIIbl, IKOJIOTHYECKast 0€30IaCHOCTh, KOMIIBIOTEPHOE MOJICTUPOBAHUE.

MAGNETIC FIELD SHIELDING OF UNDERGROUND POWER CABLE LINE

BY H-SHAPED SHIELD

I.M. Kucheriava

Institute of Electrodynamics of National Academy of Sciences of Ukraine

pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: rB.irinan@gmail.com

In the article the magnetic field distributions, generated by underground extra-high voltage (330 kV) three-phase power cable
line in the environment, in particular near the cables in the trench and on the ground, are analyzed for using of H-shaped
shield made of different materials including aluminum, low carbon steel and non-oriented grain steel. As shown, the best
shielding effectiveness is realized by aluminium shield. The H-shaped shield made of high-conducting non-magnetic materials
is proposed to use in order to mitigate the magnetic field level on the ground down to regulated nonhazardous values. Refer-
ences 14, figures 7.

Key words: underground extra-high voltage power cable line, trench cable laying, H-shaped shield, ferromagnetic shield,
high-conducting materials, ecological safety, computer modeling.
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[NEPETBOPEHHS ITAPAMETPIB EJIEKTPUUYHOI EHEPT I

VK 621.314 DOI: https://doi.org/10.15407/techned2020.06.021

ONTUMI3ALIA EJIEMEHTIB AKTUBHOI'O KOPEKTOPA ®OPMU CTPYMY
Y CKIAAI I'IBPUJHOI'O ®LJIBTPY AJII'OPUTMOM HNEPEK/JIIOYEHHSA
TPAH3UCTOPIB IHBEPTOPA
B.M. Cmipin*, nokt.Texs.Hayk, B.M. I'ybapeBnu**, kann.texs.Hayk, IL.IL. Ilopeiiko***, kaHa.TeXH.HayK,
10.B. Mapyns****
Incturyt eaexrpoannamiku HAH Ykpainn,
np. [lepemoru, 56, Kuis, 03057, Ykpaiuna, e-mail: sspirin@jied.org.ua

Busnaueno aneopumm nepexuoueHHs mpaHsucmopie iHeepmopa axKmueHo20 KOpeKmopa Gopmu cmpymy, AKuil 0ae
3M02y 3MEHWUMU MAKCUMANbHY YACMOMY IXHbO20 NepeKnioueHHs abo [HOYKMUGHICMb peakmopa iHeepmopa
aKmueHo20 Kopekmopa ¢opmu cmpymy y 2iOpuoHomy @inbmpi, wo CKIa0aemvbca 3 KACKAOH020 3 €OHAHHA Nnapa-
JIeIbHO20 aKMUBHO20 inbmpa ma nociidosHo-napanenvrHo2o nacuenozo LMC-ginempa. bioin. 10, puc. 5.

Kntrouosi cnosa: aktuBHUIA KOPEKTOp POPMH CTPyMY, TiOpuIHIA QIIBTP, IHBEPTOP.

[Ipobnemi mokpaleHHsT TTOKA3HHUKIB SKOCTI €IEKTPOSHEPTii MPUCBIUEHO 0arato mpamb y CBITOBIiH
JiTepartypi, aJpke 4acTKa HeJIHIMHUX HaBaHTaKEHb B CHEPrOCHUCTEMI OCTaHHIM YacOM 3pOCTAa€, 1 MPHCTPOT
¢inpTpalii BUIIMX TapMOHIK CTpyMy NOBHHHI BiAMOBI1ATH Bce OiNIBII CyBOPUM HOPMATUBHUM OOMEKEHHIM
MMOKA3HHKIB TTapaMeTpiB elekTpuyaHoi eHeprii [1-3]. 3amis mokpamieHHsT TOKAa3HHUKIB SIKOCTi €IEKTPOCHEPT il
BUHHKa€ HEOOXiTHICTh B BUKOPUCTaHHI JOJAATKOBHX 3ac00iB, HAIIPUKIIAJ, MApaleIbHUX aKTUBHUX (iIBTPIB
BUILIUX TapMOHIK cTpyMmy [4-8].

Y crarmax [4, 9] mpoaHamizoBaHO POOOTY akTHBHOTO Kopektopa (opmu crtpymy (AKDC) nHa
omHO(Ma3HUI MOCTOBHH BHIPSIMIIAY 3 €EMHICHUM (ITBTPOM Ta aKTUBHUM HaBaHTaKCHHsAM 3a L/=3 MmI'H Ta
C1=4700 mMx® 1 MakcUMaTbHOTO aMIUTITYAHOTO 3HAa4eHHS Horo ctpymy /.= 50 A. Ipunoun aii AKOC
noJjsirae y GopMyBaHHI CTPYMY, IO € Pi3HULICIO MK 0a’KaHOIO0 CHHYCOINOI0 CIIOKUBAHOTO CTPYMY OCHOBHOI
YacTOTH 1 MUTTEBUM 3HAYEHHSIM CTPYyMY HaBaHTAXXCHHS.

OcTaHHIM 4YacoM 3’SBWJIMCS IyOJiKallii, B SKHX HAroJOMIY€EThCSA, L0 HAMOIIBII JOIIBHUM €
BUKOPUCTAHHsS y MOTYXHUX OAHO(A3HUX HaBaHTXEHHSIX TiOpuaHux o¢inbTpi. i ribpugni GiasTpu
CKJIaJaroThCsl 3 KACKAaOHOTO 3’ €IHAHHSA MapajieflbHUX aKTUBHHUX (iIbTPIB Ta IMOCTIIOBHO-NApaleIbHUX
nacuBHuX LMC-dinbTpis [10].

V pasi BUKOpUCTaHHS TiOpuAHUX QIIBTPIB
MOKa3HUKU SKOCTI €NEKTPOeHeprii Mepexki KhB-

JICHHS B OCHOBHOMY OOYMOBIICHI BJIACTHBOCTSIMHU .
AaKTHBHOTO KOPEKTOpa, a HOro MOTYXHICTh 3aJie-

JKUTh BiJl XapaKTepUCTHK MACHUBHOTO (QLIbTpa, L1] M 13
SKUH e(PEeKTHBHO TPUTHIUYE BHIINI TapMOHIKH L _|Cop Ru
BHUIIPSAMIISTYA Ta 3MEHINYE aMIUIITyIy CTPyMy Ha | T |:|
CBOEMY BXOJIi. c2

MerTo10 po6oTH € ONTUMI3aIlis EIEMEHTIB T
AK®C y cknani ribpugnoro ¢imerpy 3aBaskun &
BUOOpPY HAaJIeKHOTO AITOPUTMY IEPEKIIOYeHHS
TPaH3UCTOPIB iHBEPTOPA.

Y poboti [9] mpoBemeHO OMTHMI3AIliI0
€JIEKTPOMAarHiTHUX CIIEMEHTIB-pEaKTOPiB 3
pi3HUMH MaTepiajJamMud oOcepAb Ta BHU3HAUCHO
dhopMyIly JUISI 9aCTOTH IMITYJIBCHOI MOJYJISIIIiT
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F = Ue [1-(a-sinx)’], SIKa MOB’SI3y€ TakKi MMapaMeTPH CXEMH, K IHAYKTUBHICTh peakropa L1, xoedimieHT
" 2L1-Al

BUCOKOYACTOTHUX NyJibcauii ml=A41/21,,, ne Al — mupuHA 30HU TICTEpPE3UCy PENCHHOTO EIEeMEHTY,
a=U,/Uc,, Uc| — HanpyTa Ha KoHIeHcaTopi C1 Ta X = @wf — KpyroBa dactoTa. 3 Ili€l (OpMyIH BU3HAYEHO

TaK0Xk MaKCHMAJIbHY YacTOTy iMITyJIbCHOT MOAyJIsitii 3a x =0, sika mae Burasn F, =u. /2L1-Al .

max

Ha puc. 1 mokazaHo NpUHIMIIOBY cxeMy TiOpuIHOTO (igbTpy, SKHH CKIANAETHCS 3 AKTHBHOTO
KopekTopa GopMu cTpyMmy Ta macuBHoro LMC-dineTpy Ta Mae 3a HaBaHT@XEHHS OJHO(pA3HUA MOCTOBHM
BHIIPSAMIITY 3 €MHICHUM GiabTpoM 1 akTuBHHM omopoM. AK®C B Takiii cxeMi MOXe TMpaIfoBaTH B
HACTYIHUX CTaHaxXx peakrtopa Ll: «HakomMuYeHHS €Heprii — MpHCKOpeHa ii Binmaday, «IpPHCKOpEHE
u,B i,A HAKONMYEHHS eHeprii — ii Bigmaya», «HAKONMYEHHA eHeprii — ii
720 ; = 3 Bimmaday. CaMe OCTaHHIM CTaH PO3TISAAAETHCS Y Mid poOoTi. s
Horo pearizarmii MPOMOHYETHCS HOBHH alTOPUTM pPOOOTH KITIOUIB
ull H MOCTOBOTO 1HBEPTOpA, SIKUH MOJNATae y TOMY, IO Ha iHTepBaii
400 . 80  wmakomu4YeHHs eHeprii BMHUKalThes Kiaroui K1 ta K4, a Ha iHTepBai
: Biamadi BMUKarOThCs Kimrodi K2 ta K4. Ilpm mpomy kmou K3
/ 3aJMIIA€ThCS HE3aMiTHUM TiJ 4Yac poOOTH, 1 BIH MOXe OyTH
16  BWIYYEHHH 31 cxemH, TOOTO NOCATAETbCA 3MCHILICHHS Ha YBEPTh

570 KLIBKOCTI HalliBIPOBIJHUKOBUX €JIEMEHTIB. .
i / Komm’roTepHe MoIeIFOBaHHS TaKoi CXeMU OYJI0 pealti3oBaHO
/ B criemianizoBaHiii mporpami Omega 2010, po3pobneHiii B [HCTUTYTI
/ emektponuHamikn  HAH ~ Ykpaiau. Ilapamerpm cxemum s
j MOJIETIOBaHHS oOupanucs s mpoBeaeHHs nopiBHAHHESI AKDC 3 [9]
32 YMOBM 3a0€3MCUCHHS PIBHOCTI MaKCHMAJBHOTO aMILTITYIHOTO

=50 A, ({,,,, =1691 A) i Gymu

HACTyNHUMU: Hampyra >xkuBiieHHs 230 B, wacrorta nampyru 50 I'h,

i, A TOTYXHicTh HapaHTaxeHHs 10 kBT (Un=300+10% B), L1=3 mI'n Ta

N iz 120 C1=4700 Mx®, emHicts konzaeHcaropa ¢imbrpa Ch=10000 MKD;

f_j "V\N A AL LMC-dineTp, npeAcTaBICHUNH PeaKTOpOM 3.iH,Z[yKTI/IBHOCTHMI/I L2=3

o~ I 0 ml'H, L3=8 MI'H Ta KOHJICHCATOPOM 3 EMHICTIO C2=170 Mx®D, mae

\/ ﬁ Y v} THDi=30%. B pe3ymbTaTi TpPOBEICHOTO MOICIIOBAaHHSI OyII0

Vo OTPUMAaHO eMIopu CTpyMiB uepe3 peaktopu L1 ta L2 min yac
IMITyJTECHOI MOJTYJIATIIT, SIKi HABEIEHO Ha pHC. 2.

SIk BUITHO 3 pHC. 2, CTpyM i, Ha Bxoni LMC-dinbTpa mMae

3Ha4HI CIIOTBOPEHHS Yy Jiana3oHi x=2/6 — 51/6, TOMy MakCUMyM YacCTOTH IMIYJbCHOI MOyl Mae OyTH y

npoMy mianazoHi. Ha iHTepBanmi Hakomu4veHHs eHeprii, komu yBiMKHeHi kirodi K1 ta K4, Hampyra Ha

560

240

80
0

3HaueHHsa cTpymy AK®C [,

1 max 1 rms

Puc.2

peaktopi L1 u,, =U,, —u,.B pexumi Bifaadi npu yBiMkHennx kmouax K2 Ta K4 nanpyra Ha peaktopi L1

nopiBHIOE ), = u, . TpuBaiicTh inTepBaiiB HakormdenHs AT, Ta Bimmaui AT, BU3HAYAETHCSA HACTYITHHMH

dopmynamu AT, =L1-A] / u Ta AT, =L1-Al / u;, . YacToTa iMIymbCHOI MOYJISIil BHU3HAYAETHCA AK
F, =1/(ATy + ATy ), F, =ug(U¢, —u)[Uq L1-AlL .

F, xly ' Hampyra  Mepexi  XUBIEHHS  3MIHIOETHCS

P BigmoBigHO (opmynn ug =U,, sinwt 1, 32 TO3HAYCHHIM

O BigHowens U, /U, =a Ta @f=Xx, 4acToTa iMITyJIbCHOI
104

MOJIYJIALIT Oy/ie MATH HACTYITHUW BUPA3:
F,=(U,/Ll-Al)(asinx —a’sin® x) (1)
®opmyna (1) mae mapaboniyHHA, HEOTHOZHAYHUN

Mo apryMeHTy a Xapakrep 3MiHH (yHKOiT F, 1 Mae

MaKCHUMaJIbHE 3HAUCHHS 3a X = 7[/ 2 ta Us=7208B, L1=3,0

MIH, Al =6 A, a=0,5

F,. =u.[4L1-Al (2)

max

b s 9 %

S

Cnin 3a3HaunTy, o 1e 3HadeHHs F,, =10 kI,
orpuMmane 3 Qopmyiu (2), BABIYI MEHIIE 3a aHAJIOTIYHE

22 ISSN 1607-7970. Texn. erekmpoounamika. 2020. Ne 6



3Ha4eHHs [,,,=20 xl'1, mo Bu3HauUeHe 3a popmynow £ =1u,, / 2L1-Al 3a tux camux 3HaueHHsIX Uq =720
B, a=0,472, L1=3,0 m['w, Al =6 A. Ha puc. 3 Ta 4 BiZnOBiAHO MMOKa3aHO MOBEPXHIO BiATYKY (hyHKIII F), Ta
rpagivHy 3ajexHicTh 3MiHH QyHKIIT F,/ F,,, 32 mocTtiiiHoro 3HayenHs a=0,5.

Jnst po3paxyHKy BTpaT B MarHiTOIIPOBOI APOCENs IPaKTHYHHUN

L . iHTepec TMpPEACTaBIHE€ CEepeAHE 3HAYEHHS YaCTOTH IMITYJIbCHOI
F e MOyl Fg 3a mepioq MepexeBoi HanpyTH. 3 (1) HaxoguMo
P Pl ;2 )
08 - g i Fy=—o IFmdx’ Fo=F,.(8a/m-2a’).
0,6 2z 5,
04,
Jns ogHO(MA3HOTO aKTUBHOTO KOpekTopa (OpMHU CTpyMy 3a
0’2/ \/ MakcuManbHOi amrmutityau Hanpyru U,=340 B, Uc=720 B, a=0,5,
200 60° 100° 140° 180° 200° 220° Fmax=10 KI'Il cepenns gacToTa iMIyJIbCHOI MOIYJIALii cknanae Fs=7,73
Puc.4 k[ Lle 3HaYeHHS 3HAYHO MEHIIIE 32 YacTOTY IMITYJIbCHOI MOJYJIALIi,

SKa BH3HAY€HA, KOJIM AKTUBHUU KOPEKTOp (OPMHU CTPyMy IpaLIOE B
CTaHI peakTopa «HAKOMUYEHHS — TMPUCKOPEHA Biijgada eHeprii», skui Oyllo po3risHyTo y podoti [9], i
ckimanae Fs—=16,8 xI'ny 3a U,=340 B, Uc;=720 B, a=0,5.

3 MeTO MiIBUIICHHS €(QEeKTUBHOCTI BUKOPHCTaHHS BcTaHOBIeHOiI moTyxHocTi AKDC y ckmani
ribpugHoro ¢inbTpa OyJIO MOCTIKEHO MOXIIHMBICTh BIUIMBY Ha WOTO TOKA3HWKH 3MIHHM MapaMeTpiB
nacuBHOro ¢inbTpa. [IpoBeeHO MOIENIOBaHHS 31 CKOPUTOBaHMMH MapaMeTpaMH peakTopiB L2 Ta L3 3a
He3MiHHOTO 3HadeHHs1 C2 Ta MOYaTKOBHX mapamerpiB cxemu (puc. 2). 3a L2=5,3 mI'H, L3=1,23 m['H Mmaemo

THDi=12%, a makcuManbHe aMIuliTygHe 3HaueHHs cTpymy AK®C cknamo [ =16,98 A Ta nmitoue

L1 max

1,,,,. =65 A. PesynpraTu MOAETIOBaHHS HaBeICHO Ha puc. 5, ae i, Ta i,, — crpymu AK®C ta nacuHoro

i 4 LMC-¢inprpy Bignosigno. Lli 3nauenHs ctpymiB AK®C maibke BTpuui

90 MeHI 3a aHAIOTi4HI (32 THX JX€ MapaMeTpax HaBaHTaKEHHS), KOJIH

U 54  BUKopucTOByBaBCca AK®C 3 MakCMMalbHMM aMIUITYJIHHM 3HAYCHHAM

/ e CTPYMY 1py =50 A, (1, =1691 A) B moexnanni 3 LMC-dinsTpom,
A% f\/ 0 .

I \ LAV gy pe3yNbTaTH MOJENIOBAHHS SKOro HaBeneHo Ha puc. 2. IlotyxHicte AKDC

3a paXyHOK HOBUX 0OpaHHX mHapameTpiB nmacuBHoro LMC-dinsTpa Bramocs

smeammte 3 4 kBt mo 1,5 xBt. ®opmyny (2) MoxHa 3ammcata y

b Hactynuomy Burisigi: F, -Ll=u. /4-Al. 3 uei BumHOo, mwo A00yTOK
Huc.
F__-L1 wMae po3MipHICT, OMmOpPY 1 WOro MAONUIBHO PO3TIISANATH SIK

max

BHyTpimHIKA onip AK®C. B cBoro depry, MakcuMallbHa YacTOTa IMITYJIbCHOT MOIYIALii F),, 3YMOBIIOE
BTpaTH Oe3mocepeHhO B TpaH3UCTOpax iHBepTopa Ta y peakTopi L1. TakuM YMHOM BCTAaHOBJICHO, IO
3alpOIIOHOBAHUK B Wil pOOOTI aNrOpuUTM MEpPEeKIIOUeHHS TPaH3UCTOPIB IHBEPTOpa JIa€ 3MOTY 3MEHIIUTH
MaKCHMaJbHY 1 CEpeAHI0 YacTOTy IMIYJbCHOI MOIYJMii BABIWiI Ta BTPATH HOTYXHOCTI y TPaH3UCTOPax
iHBepTopa Ha 62,5% B MOPIBHSAHHI 3 aNTOPUTMOM IIEPEKITIOUEHHS, KU OyB 3aCTOCOBaHMA y poboTi [9].
Onrtumizanis mapameTpiB y nacuBHoMy LMC-QineTpi gae 3MOry 3MEHIIUTH B TPU pa3ud CTPyM Hepes
enementn AK®C. Lleii anroputm MoxinBo BukopuctoByBaTh ik B AK®C, Tak i B ribpuaHomy QinbTpi.

Pobomy suxonano 3a 6100xcemnoro memoro «Po3pobkra eneKmpoHHO20 Mma eNeKmpoOmexHiuHo20 00NAOHAHHS
07151 HOBOI MeXHON02IT NAAsLenHs ma 0OpoOKU CKIa ma 2ipcoKux nopio IHOYKYIUHUMU CIMPYMAMU CePeOHbO20 0Iand3ony
uacmomy (wugp «Poszniaer), nomep depac. peeccmpayii 01171002584, KIIKBK 6541030.
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ONTUMM3AIUA DJEMEHTOB AKTUBHOI'O KOPPEKTOPA ®OPMbBI TOKA B COCTABE
IT'MBPUAHOI'O ®UJIBTPA AJITOPUTMOM NEPEKJIIOYEHUSA TPAH3UCTOPOB HHBEPTOPA

B.M. CnupuH, nokT.TexH.Hayk, B.M. I'y0apeBuny, kana.texH.Hayk, IL.IL. Ilopeiiko, kana.TexH.Hayk, FO.B. MapyHns
HucruryT 3saekrpoaunamukn HAH Ykpaunsl,

np. [lobeasl, 56, Kues, 03057, Ykpauna, e-mail: sspirin@ied.org.ua

Onpedenen aneopumm nepexioyenus mpaH3ucmopos8 UHeepmopa aKmueHo20 KOPpeKmopa (Popmbl moxda, KOmopbiil
NO360J51eM  YMEHbUWUMb MAKCUMAIbHYIO YACMOMY UX NepeKuioueHus Ul UHOYKMUBHOCMb peakmopa uHeepmopa
AKMUBHO20 KOPPEKMOopa Qopmbl MOKA 8 2UOPUOHOM Puibmpe, COCMOAEM U3 KACKAOH020 COeOUHEHUS NAPAIETIbHO20
AKMUBHO20 huILMpa U NOCIe008aMENbHO-NAPALIENbHO20 naccugho2o LMC-gpunompa. bubn. 10, puc. 5.

Kntouesvie cnosa: akTHBHBIA KOPPEKTOP GOPMBI TOKA, THOPUIHBINA (GHUIIBTP, HHBEPTOP.

OPTIMIZATION OF ACTIVE CORRECTOR ELEMENTS OF CURRENT FORM IN COMPOSITION OF
HYBRID FILTER BY ALGORITHM OF SWITCHING OF INVERTER TRANSISTORS

V.M. Spirin, V.M. Gubarevich, P.P. Podieko, Yu.V. Marunya

Institute of Electrodynamics of National Academy of Sciences of Ukraine,

56, Peremohy Ave., Kyiv, 03057, Ukraine, e-mail: sspirin@ied.org.ua

The algorithm for switching transistors of the inverter of the active corrector of current form is defined, which allow to
reduce the maximum frequency of their switching or the inductance of the reactor of the active corrector of current
form in a hybrid filter, which consists of a cascade connection of a parallel active filter and a series-parallel passive
LMC-filter. References 10, Figures 5.

Keywords: active corrector of current form, hybrid filter, inverter.
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OCOBJIMBOCTI CEKINIOHYBAHHS OBBUTKU TPAHC®OPMYIOYOI'O
EJJEMEHTA TPAHC®OPMATOPHO-KJIIOYOBOI BUKOHABUOI CTPYKTYPH
Y BOJIbTOJIOJJABYOMY KAHAJII CACTEMH KUBJIEHHS IIOCTIMHOI'O CTPYMY
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Oonum 3 Oicgux winAXi6 3a0e3neyeHHs YHOPMOBAHOI pOOOMU CRONCUBAYA elleKMPOeHeP2ii 3a HeCMAabiIbHO20 NePEUHHO-
20 Oocepena JHCUBNIeHHs € OpeaHizayis 8i0N0GIOH020 801bLMOO00ABY020 KaAHANy. B cucmemi 3 dacepenom nocmitinozo
cmpymy 8016M0000ABAHHS PEANi3yEMbCA 86€0eHHAM NOCIIO08HO 3 HABAHMANCEHHAM SUNPAMHO20 HANIBNPOBIOHUKOBO-
20 Mocma, y 0iazoHAb AKO20 NOOAEMbCA eHep2isi 3MIHHO20 CIMPYMY, Di6eHb Hanpyau AKOI YinecnpamMo8aHo 3MiHIOEMbCA
BIONOGIOHUM NEPEmBOPIOBaAYeM 3 MPAHCHOPMAMOPHO-KII0U06010 sukonasyolo cmpykmyporo (TKBC). 3 memoro docsie-
HenHs BUcokoi eqpexkmusnocmi gukopucmanis knovosux enemenmie TKBC 3anpononosano nokniacmu Qynkyii eunpsim-
JlenHsi ma pezymosanus Hanpyeu Ha cneyudiunuil knac TKBC — bazcamopienesuil unpsamiad, wjo cKIA0aemvcs 3
mpancgopmamopa ma KiHyesoi MHOJCUHU NAPALeNbHO 3 €OHAHUX NAp NOCAIO08HO 3 €OHAHUX MUPUCMOPIE, CRITbHI
MOYKU SKUX NPUEOHYIOMBCS 00 BIONOBIOHUX 8i0800i6 CeKYIOHOBAHOI 6MOPUHHOL 0068umKy mpancgopmamopa. 3a ouc-
KPemHOo-pa308020 KepySaHHs MUupUCmopamu peanizyemvcs HeoOXione pe2ynio8anHs pieHie Hanpyau, wo 000AE€MbCAL.
Jlinitinicmos wKanu yux pieHie 3a6e3neuyemspcs 3a680KU BUKOPUCTHAHHIO 3ANPONOHOBAHO20 3AKOHY CEeKYIOHYB8AHHA 00-
sumku mparcgopmamopa. [na yiei cucmemu enekmpoNcuieHHs XapakmepHi Maii empamu eHepaii y Hanienposionu-
KOBUX elleMeHmax (0OHOYACHO Npayiooms uuie 08d MUPUCMOPA), anpiopHO HEMONCIUBO BUHUKHEHHS dA8APIUHUX CU-
myayiii nio yac nepexoodis 8i0 00H020 pieHs 0o iHwozo. bion. 14, tadin. 3, puc. 3.

Kniouosi cnosa: TpanchopMaTopHO-KIIIOYOBA BUKOHABYA CTPYKTYpa, CUCTEMH YKHUBJICHHS MOCTIHHOTO CTPYMY, BOJIBTO-
JOJIaBYMI KaHaJl, 6araTOpiBHEBUH BUIPSAMIIAY, 3aKOH CEKIIIOHYBAaHHS OOBUTKH.

B cucremax enexkTpornocTayaHHs He 3aBXKAU 3a0e3MevyeThbesi He0OXiIHa y3roKeHICTh BUMOT KOHKpe-
THOTO CITOKMBada eJeKTpoeHeprii (30kpema, MIoA0 CTaOiIbHOCTI piBHA HANpPYTH) 3 peaJbHHUMH yMOBaMU
JKUBJICHHA. SIKIO CIIOXKMBA4 MPHEIHYETHCS O 3arajlbHOI eJIEKTPOMEpPEexi (€HeprocucTeMu), sl HEeY3ToDKe-
HICTb €, IepeBakKHO, HACIIIZIKOM BTpaT CHEprii y JiHii 3'€AHaHHs HOTo 3 MEpEkKero, a B pasi JIOKaJIbHOI CHCTe-
MU JKUBJICHHA — HecTaOlLIbHOT poOOTH aBTOHOMHOTO JpKepena eHeprii. OcoOmmMBy TOCTpOTY IS MpodiieMa
Ha0yBa€ y CUCTeMax 3 BiIHOBIIIOBaHUMH xkepenamu eHeprii — BJ/IE (30kpeMa, COHTIHUMU Ta BITPOYCTaHO-
BKaMH), sIKi Bi[3HAYAIOThCS MPAKTHYHOI HEBUYEPITHICTIO Ta €KOJIOTIYHOK YHCTOTOIO, IO CIIPHSE TOJIM-
HICHHIO €KOJOTIYHOTO CTaHy i HE MPU3BOJUTH J0 3MiHU CHEpreTHYHoro OanaHcy Ha miaHeTi [1]. OcraHHi
JECSATHPIYUs BiOYBAETHCSA CTPIMKHIA PO3BUTOK Ta PO3IIMPEHHS 3acTocyBaHHs pisHux tumiB B/IE [2]. TIpore,
amnpiopHa 3aJICKHICTh IXHBOI POOOTH BiJ] METEPEOJIOTIUHUX YMOB JOBKULIS BHUMAarae 3ajijs 3a0e3rleucHHS
YHOPMOBaHOTO (PYHKLIOHYBaHHSI CUCTEMH €HEpProIOCTayaHHs 3aCTOCYBAaHHS B Hill MEBHUX TEXHIYHHUX 3aCO-
0iB, a caMe — BCTAHOBJICHHSI M)XK CIIOKHBAUYEM 1 JpKEepeslaMH €HEeprii BiAMOBIIHUX Y3TO/HKYIOUNX IPUCTPOIB
(restorer, compensator [3, 4]), 30KkpeMa peryJsaTopiB Ta CTad1I3aTOPIB HATIPYTH.

Haii6inpm JomibHIM BUPIIIEHHSAM NPOOJIeMHU € opraHizaiisi B cucteMi eHepronocradanas BJIE Boub-
tomonasdoro kanary (BJK), skuit >KUBUTBCS BiJl CTOPOHHBOTO Jikepena, abo Bix "ceoro” BJIE (y pa3si He3Hay-
HOTO HOTO "TIpocimaHHA") Yu BBEICHOTO Y CHCTEMY HaKOIMIyBava eHepril (aKyMyJIITOpHOI OaTapei), o Moxke
3apsipKatucs Bix mporo xx B/IE B nmepioan renepyBaHHS "HaUTUIIKOBOI" (71 JAHOTO CIIOKMBa4a) eHeprii Ta
BiJ1aBaTH WOMYy Hakomu4ieHe 3a HeoOximaHocti. [ToOynosa BJIK B cucremax 3minHoro [5, 6] Ta mocrifiHoro
CTpyMiB [7] BiZIpi3HSAETHCS CIIOCOOOM BBEICHHS JIOATKOBOI €HEPTii: y MepIInX — I1e BKIIFOYESHHS MOCTiJOBHO 3
HaBaHTa)KEHHSM BTOPUHHOI OOBUTKH BOJIBTOJJOAABYOr0 TpaHC(HOpPMAaTOpa, a y IPYTHX Il OOBHTKA BMUKAETHCS
y JiaroHajib Ai0JHOTO BUIPSMIIAYA, 1HIIA JiarOHAIb SKOTO YBIMKHEHA B KOJIO CHJIOBOTO CTPYMY.

[IpuxitagoM 0CTaHHBOTO € HEMIOAABHO 3alaTeHTOBaHa cUcTeMa eHepromnocrayanHs 3 BJE [8], omok-
CXeMY SKOTO HaBEIEHO Ha pUC. 1. Y BOIBTOA0NABUOMY KaHaJll CUCTEMH 3 IHBEPTOPOM (3a3BHYaii, BUCOKOYA-
CTOTHOTO), IO KUBHUTHCS Oe3nocepennbo Bix BJIE 3 BUXoIOM Ha mMOCTiHHOMY CTpyMi, €HEprisi 3MiHHOTO
CTPYMy I€peNacThCs Ha MEPETBOPIOBAY HANPYTH 3 TpaHC(HOPMATOPHO-KITIOUYOBOK BUKOHABYOIO CTPYKTYPOIO
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— TKBC [9], 3a 3axigHOt0 TepMmiHomorieto — smart transformer [10]. (BizcyTHiCTh 3a3HaY€HOTO BHIIE HAKO-
nUYyBaya Ta CXeMH 1HBEPTOpa CBiYaTh, MOXKHA MPUITYCTHTH, IO aBTOPH OCHOBHY YBary 30CEpeIiid came
Ha BuxigHomy kackagi BJIK). TKBC cknagaetses 3 TpancopmaTopa (Tp), mo mMae cexioHoBaHi OOBUTKH,
Ta IBOX HAITIBIIPOBITHUKOBUX KOMYTaTOPiB: Ha MEPBUHHIN CTOPOHI TpaHc]opMaTopa — 3 TPhOX Map 3yCTpi-
YHO-TIApaANENFHO 3’ €IHAHUX THPHUCTOPIB, @ HA BTOPUHHIHN — 3 IBOX aHAJIIOTIYHUX Tap. 3a TUCKPETHO-PA30BOTO
kepyBaHHs (discrete time control [11]) nMMHU TUPUCTOpPaMU BiJINOBITHOIO 3MIiHOIO — B pasi moTpedu — Koe-
. ¢inientiB Tpancpopmauii Tp 3a0e3neuyeTbes
il ¢yukmionyBanas TKBC y 6 (3x2) mrarHEx

T .
|_Q._ Tﬂ——H-i- lo,  cranax (pekumax). Takum 4MHOM, piBeHb Ha-
M

| ‘Ic | NPYTH 3MIHHOTO CTPYMY, IIIO TOJAEThCS Y Jlia-
Vg _1T -2 TOHAJb AI0JHOTO MOCTa, MOXHA I[LIeCIIPSIMOBa-
= Vo

HO 3MiHIOBaTH y mianma3zoHi AU=6AU,, ne AU, —
KpOK peryntoBaHHs. Ll Hampyra micis BUMps-
MJICHHSI 1OJA€ThCs 10 HAPYTM FeHepaTopa 3a il
3HIKEHHS, TOOTO IOCATA€ThCS IIEBHE HiBEIO-
BaHHS BIJXWICHb BUXIJHOI HAlPyTd CHCTEMH
Puc. 1 enektporniocradanus 3 BJIE Big HOMiHaIbHOTO

3HAYCHHS.

3a HasBHOCTI HU3KU MO3UTHUBHHX SIKOCTEH CXEMHOTO pinieHHs 3 [8] (mpocToTa moOyA0BH Ta KepyBaH-
Hsl, BUCOKA MepeBaHTaXyBalbHa 30aTHICTb, BIICYTHICTh BUCOKOYACTOTHUX 3aBaj]) HE MOXKHA HE BiI3HAUYUTH
1 TeBHI HemoNiku. Y Teplry 4epry, Iie HeBHCOKE 3Ha4eHHs Koe(imieHTa eeKTHBHOCTI BUKOPHUCTaHHS Ha-
MIBIPOBITHUKOBUX TIPIIIAJIIB, IKHA BU3HAYAETHLCS CITIBBITHOIICHHSIM HE0OXiaHOT (3a1aH0i) KITFKOCTI PiBHIB
HaMpyTH, Mo aoaaeThes, (Kinbkocti craHiB TKBC — J) Ta HEOOXiAHOT ISl I[LOTO KiTbKOCTI HAiBIPOBIIHU-
koBux npuianiB (HIIIT) — F [12]. ¥V [8] 3anissHo ATk nap tupuctopiB (N=5%2=10, ne N — KiJIbKiCTb TUpHC-
TOPIB) Ta YOTHPH Aioau, TOOTO MaeMo K, =J/F=6/14=0,435, mo He 3aBXIu Moke Oyt nmpuiHATHUM. Kpim
TOTO, TYT ofHO4acHO mpairoe gotupu HIIIT (nBa THpHrcTOpH Ta qBa 1i0/1a), IO HETATHBHO MTO3HAYAETHCS HA
3arajJbHUX BTpaTax eHeprii, iCHye WMOBIPHICTh BUHHUKHEHHS KOPOTKO3aMKHEHHMX BHTKIB B oOBuTHI Tp 3a
HEY3TOPKEHOT0 KepYBaHHsS THPHCTOPAMHU Y BHUIAJKY, KOJIU OyIdyTh ONTHOYACHO YBIMKHEHI TUPHUCTOPH, IPH-
€IHaHI JI0 pi3HUX BiABOIIB Tp OyAb-SKOTO 3 KOMYTaTOpiB.

VY po6ori [13] 6yno 3anponoHoBaHo (QyHKIIT HidecnpsMOBaHOI 3MiHU PiBHS JOAATKOBOI HaNpyr# Ta ii
BUTIPSIMIICHHS TTOKJIACTH HA TaK 3BaHUI OaraTopiBHeBWil BUNpsMisad [14], skuii peatizye BOIBTOI0IaBaHHS
y TOMY X JIialTa30Hi, ajie Mae JIUIIE BiCIM TUPUCTOPIB Ta Mmo30aBiIeHu nioais, Todorto K,=6/8=0,75, mo y 1,75
pa3y Buie HiX y [8]. ¥ TakoMy BUIAJKy OJHOYACHO MPAIIOE JIWIIE JBA HAIIBIPOBITHUKOBUX MPUIaIH, a
Oyabp-sika HEeY3rO/PKEHICTh KepyBaHHs HUMHU He MPU3BOJUTH 10 aBapiiiHoi cutyanii. Y [13] Takox BigzHaue-
HO TEOPETHYHY MOJKJIMBICTH BapitoBaHHS (y Oik 30UTBIIICHHS) TJIMOWMHH PETYJIIOBAHHS BHXIIHOI HAIpyTH 3a
3aJ]aHOTO KPOKY 3MiHH 11 piBHS, a00 * 3MCHIICHHS IIbOTO KPOKY (3MEHIIEHHSI MOXUOKHN) 32 3a1aH0T TTHOWHH
HIISIXOM 301TBLICHHS KUTBKOCTI MapajieibHO 3’ €JHAHUX CTIHOK S (MOCHiJOBHO 3’€IHAHUX Hap THPHCTOPIB)
BUIIPSIMIISAYA Ta BiMOBIIHOTO 301BIIIEHHS KITLKOCTI CeKIliil BuxigHoi ooButku Tp. [IpoTe peanizaris mporo,
abM YHUKHYTH IPOCTOTO HEJOCTATHHO €(EKTUBHOTO JIHIHHOTO 3pocTaHHs J 31 3pocTaHHAM N, BUMarae BU-
pilleHHs MUTaHHS BUOOPY OibII MPUHHATHOTO 3aKOHY CEKIIOHYBaHHs 0OBUTKH Tp.

Metoro pobotu € OOTpyHTYBaHHS IOIIIBHOCTI 3aIPONOHOBAHOTO 3aKOHY CEKI[IOHYBaHHS OOBHUTKH
TPaHC(HOPMYIOUOrO €JIEMEHTY TPaHC(HOPMAaTOPHO-KIOYOBOI BHKOHABYOI CTPYKTYPH y BOJIBTOJOAABUOMY
KaHaJli CUCTEMH €JIeKTPOKUBIICHHS TIOCTIHHOTO CTPYMY 3 TO3UIII] MiJBUILEHHS e()eKTHBHOCTI BUKOPUCTAHHS
kirouoBux eneMeHTiB TKBC — HanmiBIpoBiTHUKOBUX NPHIIAAIB (THPHCTOPIB).

Ha puc. 2 300paxkeHO mepeTBOPIOBaY HANpyrd 3 TPaHCHOPMATOPHO-KIIOYOBOI BHKOHABYOIO
CTPYKTYPOIO B y3araJlbHeHOMY BHUTJIsiAlL — 3 S crilikamu (3 N=2S Tupuctopamu) Ta M CEKI[iIIMH BTOPHHHOT
ooButku Tp (M=S-1). Ilin yac BMuKaHHa Oyab-sikoi onHiel cTiliku BinOyBaeThcs mpsiMa (Oe3mocepenHs)
nepenada (T.3B. "TpaH3uT") eHeprii Bim reHeparopa mocrtiHoro crpymy BJIE mo cmoxwuBaua. BmukanHS
BOX OVIb-SIKWX CTIHOK BBOIUTH Yy IO CEKIIif0 abo TPyIy CEKIlid, IpHETHAHUX 10 IXHIX CIUIBHUX TOYOK.
BapiroBaHHSI 0JHOYACHO TPAIIOIOYMX Iap CTIHOK Ja€ 3MOTy B pa3i MOTpeOHM IUIECTIPSMOBAHO 3MiHIOBATH
piBeHb BUIIPSAMIICHOI HaNpYTH, IO 10JA€ThCs, 10 Hanpyru renepatopa BJIE. (Cnix me pas migkpecinTH, 1o
3a BHUIAIKOBOTO OJHOYACHOTO BIAKPHUTTS THPUCTOPIB TPHbOX UM OiIBIIE CTIHOK BiAOYACTHCS JIHIIE
He3allaHOBaHa KOPOTKOYacHa 3MiHa piBHS HAllpyTd B MeXKax Jiama3oHy ii peryiroBanHs). Bech miamazon
perynroBaHHs Hanpyru AU, 10 T0A€ThCS, CKIaa€eThes 3 J 0MHAKOBUX MifmianazoHiB — AU= JAU,.
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"""""""""""" ' [lig yac cuHTE3y 3aKOHY CEKIIOHYBAaHHS BH-
XiZIHOT OOBUTKH TPaHCHOPMYIOUOrO eJIeMEHTa
TKBC BUX0IUMO 3 TAKHX MipKyBaHb.

1. llonaiiMeHIie ogHA 3 CEKIil pO3paxoBy-
€ThCS Ha HAMPYTy, IO BIAMOBITAE KPOKY PETYIIIO-
BaHH. 331 3pYYHOCTI aHaJli3y caMe 10 Harpysi Ha
i ceKIii i BIAMOBIMHO KiMBKOCTI ii BUTKIB HOPMY-
FOTBCSI HATIPYTH Ta KUTHKOCTI BUTKIB 1HITAX CEKITIH.

2. CymapHe 3HAYeHHsI HamNpyr BCIX CEKIil
MMOBUHHO JOPIBHIOBATH JIialla30HY pETyJIFOBaHHS.
I::I [llkana J piBHIB HANPyTH, IO JOAAETHCS, TTOBUHHA

R FY]

:
#

OoytH JIHIAHOIO, TOOTO AU =AU+AU;

G=1, ([T -1)).

3. 3a 0HAKOBOCTI 3a BUTKAMH BCIX CEKIIH
e(eKTUBHICTh BUKOPUCTAHHS KIFOYOBHUX HAITIBIIPO-
BimHHKOBUX enleMeHTiB TKBC — HaitHmk4a: y pasi

Pc. 2 JoAaBaHHs ONHIET CTIHKKM THpHCTOPIB, (1, BiAMOBII-

HO, OJHi€1 ceKIil) KITbKICTh PiBHIB 3pOCTa€ Ha OAU-

HUITI0, TOOTO JOIIIEHO BUKOHYBAaTH CEKIi pi3HUMH (3 BpaxyBaHHsAM (TL.I. 1, 2), 3 pi3HUMH KUTBKOCTSIMHU
BUTKIB, PO3paXOBaHUMH Ha CTPYM HaBaHTaKEHHS.

AHali3 MHOKHUHU BapiaHTIB CeKIiIOHyBaHHs 00BUTKM Tp Oys0 po3movaro 3i 3ragyBaHOrO BUILE MPOC-
toro Bumaaky — TKBC, mo mae qotupu criiiku (8 TupuctopiB), Tpu cekiii (M=3) Ta 3abe3neuye peaiizarito
IIECTH PiBHIB HAIIPYTH, 0 MomaeThes (J=0). Y Hilf 331711 BUKOHAHHS YMOB ILII. 1, 2 OyJ10 0OpaHo Taki CIiB-
BiTHOIIEHHsS BHUTKIB Ta PO3MIIEHHA TPbOX CeKWid W, W, W, — W Wy W, =2:3:1, ne W, =WJ/W=

c

Wy =Wo/We, W2=WJ/W=1 (y 1BOX iHIIMX TEOPETUYHO MOXJMBHX BapiaHTaX PO3MillleHHs ceKuii — 3:2:1
abo 2:1:3 — "Bumamarots", BimmoBigHO, 4-1 Ta 5-i piBeHb). Y pa3i 301IBIICHHS KiITBKOCTI CTIHOK 10 5 (CeKiit
— 70 4) onHakoBUM Kpamui pe3yibrar — J=9 TmoKasaiu JBa BapiaHTH CEKI[IOHYBaHHSI —
W, Wy W Wy =2:3:3:1 (tyr W) =w,;=3) 1a 3:4:1:1 (tyr W) =w;=1).

Pe3ympTaTé mogansIiroro mMoKpOKOBOTO 30UTBIIEHHS KITBKOCTI CTIOK Ta CEKIiii OOBUTKH i IMOCTYTIO-
BOTO YCKJIQJHEHHS 3a/1a4i 3TiJHO 3 METOJOM 1HIYKIT (0/IepyKaHHsI 3arajibHOrO BUCHOBKY Ha OCHOBI aHAJI3y
OKpeMuX (haKTiB) LTIOCTPYIOTH JaHi, HaBeAeHi y Tabxn. 1. 3 IXHBOTO aHai3y BUIUTUBAE, IO y Pa3i CEKLiOHY-

Tadauus 1 BaHHiA. )

NIs|] 10 [12] 14 [16] 18 [20] 22 [24] 26 — KUIBKICTE MOMIIMBHX Bapl-

S |2 5 6 7 3 9 10 11 12 13 aHTIB 3pocTae 3a 30UIBLICHHIM

M |13 4 G 6 7 3 9 0 |11 12 KiIBKOCTI TUPHCTOPIB BUIIPSAMIISYA,

i lz 2] 3 334 |4]415|5 566 |6]|7| @FKumxon NpUIHATHIX (OnTHMa-

JILHUX 3 TOYKH 30pYy piBHS eeKTH-

Wil3[3| 4|4 |4|5][5]5]6]6|6|7|7]|7]|8]| BbHocri Bukopucranss Hamimposi-

wil1|3| 14|45 |5|5(6]6|6|7]7]7]38 JIHUKOBUX HpUIIaJIiB) 3aITHIIAETHCS

T i 114l 115 51666l 7] 7 7 g| HeMiHHO© — omus BapianT s

- T Tt aTsTil6 el 77 78| mapHol kimekocri criliok Ta nga —
T o ot i i i i Telr T 7 7 5| 7w uenaproi KIJ'II>6KOCT1 CTiHOK;

— MOYXHA OOMEKHMTHCS TiJlb-

ol e N N . B0 1 S S S A SN S R W v KM TphOMa THIIAMM CeKLiii: W; 3

—— T T T } } i i i i MiHIMaJIBHOIO KUIBKICTIO BHTKIB,

T o o o T oo 11 1 11| !N BHM3HAYAETHCH HAPYTOKO KPOKY

T T o T T oo - - .- 1 11| perymuosanus (kinbKicTb TaKux

T o T o o o - - -1 -1 -1 1| cexuii nosnaseno uepes ms), ¥ 3

T 16 9 3 7 2 27 133 39 |46 33 MaKCHMAJIbHOK KiJIbKICTIO BHUTKIB

(iXHIO KIJBKICTH MO3HAYEHO 4epes3
m,) Ta W), KUIBKICTh BUTKIB y SIKii JOPIBHIOE Pi3HUIN BUTKIB W, Ta W; (Taka Cexllis TIIbKU OJIHA, TOOTO
m=1);
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— 32 APHOTO 3HAYEHHS KiJTbKOCTI CTiHOK 3aBKIu uncensHo Wa =S/2, a 32 HEMapHOTo BifHOCHA "Bara"
MIEPIIOT CEKI[iT 00UPAETHCS TAKOI CaMoOI0, K Y OJHieT 3 "AoTHYHMX" MapHUX — a00 K y nonepenHboi (S—1)
NapHOi — MO3HAYMMO 1€ sIK BapiaHT I, abo sk y HacTymHOi (S +1) mapHoi — BapianT 1I;

— MiX KIIBKICTIO CTiHOK S (S=2N), KinbKicTio cekuiit M (M=m +my+m;) Ta KIIbKICTIO J MOMXIIUBHX Pi-
BHIB HANpPyTH, IO JOAAETHCS (KUIBKICTH POOOUYNX CTaHIB CHCTEMH), iCHYIOTH IEBHI B3a€EMO3aJIeKHOCTI, SKi
331 y3arajdbHEHHS IiX0AY 10 CEKI[IOHyBaHHs BTOPUHHOI 00BUTKH Tp y Takii TKBC momuisisHO BU3HAYH-
TH Ta MPEJICTABUTH y aHATITHYHIN Popmi.

AHai3 BXKe IepIrx I’ ITH KPOKiB BapifOBaHHS KUTBKOCTI CTiiiok (8=4 — 5 — 6 — 7 — 8) maB 3Mory
cOpMyBaTH eMITipHYHi 3a1€XKHOCTI MapaMeTpiB ekl (TOOTO 3aKOH CeKIiOHyBaHHs oOBUTKH) — W) =f(S),
m;=A(S) Ta xinbKocTi piBHIB J=AS), 1m0 3BeaeHi y Tabm. 2. L1i 3anexHoCTi € pisHUMH 111 1BOX BapiaHTiB (I Ta

3

II) BuOOpYy cexkuioHyBaHHS OOBUTKH 32 HEMAPHOI KITBKOCTI CTIHOK, IPOTE 3aJIEKHICTD J= Zm,-W,- =S e
i=1

Tadnanus 2
i S — mapue + I BapianT S HemapHUX S — mapue + II BapiaHT S HemapHUX
mi Wf m; Wf m; Wz* Wf i
1 1 28 -1+ (-1y 28 -1+ (-1y 28 +1-(-1) 28 +1-(-1y 1
4 4 4 4
) 25-3—(=1)° | 28+3—(=1)° | 28°-5-3(=1)° | 28*-13+5(=1)° | 28+5—(=1) 28 -5+ (-1
4 4 8 8 4 4
3 28 -5+(-1y 1 28 -5+ (-1 28 -3-(-1y 1 28 -3-(-1y
4 4 4 4
S 2(SH2) =254 (-1y
J $ e - 2(542) 25400
i=1

OJTHAKOBOIO JIJIs1 000X BapiaHTiB. Y I[bOMY pa3i MOXHOKa BCTAHOBIICHHS PiBHs Hanpyru AU, TOpiBHIOE TOJIO-
BUHI HAIIPYTH KPOKY PETyJIFOBAHHS

AU
AU, = AUL_AU 4AU

2 2 2S+2P-25+(-1

3 BUKOPUCTAHHSAM 3alPOIIOHOBAHOTO 3aKOHY CEKI[IOHYBaHHS BUXiqHOI 00BuTKH Tp mporo Tumy TKBC
OyJI0 BU3HAYEHO KOHKPETHI MapaMeTpH CEKITii 3a Oyab-sIKOTO MOAANBIIOTO — B pa3i MoTpedn — 301IbIICHHS
KIJIBKOCTI cekiii Bunpsamisiua (y tabn. | HaBemeno nmani mo S=13 3 J=53). Xoua 3a3Buuaii (30kpema, i y
IHO3EMHHX MMaTeHTaX Ta MyOIiKallisX) He BBOIATHCSA OOMEKEHHS Ha KiIbKICTh HAIIBIPOBITHUKOBHUX MpPHUIIA-
JIiB Y TIPUCTPOI, Ha TIPAKTHII TIEPEBAKHO MOCTATHHO 3aiydeHHs 20-30 THpHUCTOPIB, IO Ja€ 3MOTY B HAIIOMY
BUTIAJIKy LIECTIPSIMOBAHO 3MIHIOBAaTH PiBeHb HANpPYTH, SKa JOAAETHCS, 3 moxuoOkoro +(1,5...0,725)% Bix
MOBHOTO Aiana3oHy ii perymoBaHHs.

Koedimient epexTuBHOCTI BUKOpUCTaHHS HamiBIpoBigauKoBuX mpmianieB TKBC 3rigao Tabdum. 2 (me-
PEXOAMMO Bifl KUTBKOCTI CTIHOK S JI0 KiIbKOCTI TUPUCTOPIB N) TOPiBHIOE

J  (N+4f -50+2(=1)"N
K=—= . (2)
N 16N

I'padixm HA puc. 3 HAOYHO MIATBEPKYIOTH 3aICKIIApOBAHy paHillle CyTTEBY IepeBary 3a UM IOKa3-
HUKOM PO3TJISTHYTOI B 1iH ctaTTi y3aranpaeHoi TKBC y ckimazi BOIbTOI0JaBUOTO KaHATY CHCTEMH €IeKTPO-
KHUBJICHHA MOCTiiiHOTO cTpyMy. KpuBa / Bianmosinae 3nadeHusMm K,, oTpumManuM 3a Gopmyioro (2), a kpusi 2
Ta 3 — 3Ha4eHHsAM K, JUId TeXHiYHOrO pimreHHs [8]; KpuBa 2 BpaxOBYe HasBHICTH HiofiB, T0OTO K =f(F), a
kpuBa 3 He BpaxoBye, ToOTO K, =f(N). /IBi OcTaHHI KpuBi MOOYyAOBaHI Ui JOUUIBHHX CIiBBIJHOIICHb
TUPUCTOPIB Y BXiTHOMY Ta BHXiZHOMY KOHTypax Tp — Ni:N,= 6:4; 6:6; 8:6; 8:8; 10:8; 10:10; 12:10; 12:12;
14:12. 3aans koHKpeTHKHU Ha Tpadiky Toukamu Ty, T,, T; mo3naueHo BapiaHT peanizaiii 9 piBHIB Hampyru:
g Ty maemo N=10, To6T0 K,1=0,9; nns T, — F=16>10, To6T0 K,,=0,435<< K,; misg Tz — N=12>10, ToOTO
Re3:0,75< Kel-

(1)
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2 Jlo ocoOmMBOCTEl 3ampONOHOBAHOTO CEKI[IOHYBaHHS MOXKHA
1.8 BIZTHECTH Te, IO y pa3i Iepexony BiJ CTPYKTypH 3 S cTifikamu o
1.6 cTpyktypu 3 (S+1) crilikamMu 3poCTaHHS KiNBKOCTI PiBHIB Halpyru
141 3aJIe)KUTh BiJl TOTO, HAPHUM YH HETTapHUM OYJIO TOYaTKOBE 3HAYCHHS
121 S. Sxmo S mapue (4, 6, 8...), T0 Js:1—Js=(S+2)/2, sxuio HemapHe (5,

1. 7,9...), 0 Js1—Js=(S13)/2,. A ot piznuns (Js—Js) HE3aNEKHO BiJ

TOTO, MMapHE YU HemapHe S, 0OJHAKOBa i AOPiBHIOE (S+3).
0.81 IIle omHa OCOOIMBICTE MOJATAE Y TOMY, IO Oyab-SKa peai3a-
0.6 uis TKBC Oyze Bia3HauaTHCS MIEBHOIO HAJIUIIKOBICTIO 11 MOXIIUBO-
0.4 o . creil. Popmynu y Tabm. 2 malOTh 3MOTY BH3HAYMTH (PO3paxyBaTH)
0.2 Co ; N[F] mnapamerpu cexuiif ("Bary" — HOPMOBAaHE 3HAYCHHSI, KUIbKICTb, PO3-
0 —— 1 T T T MIIIEHHS y CKJIaai OOBUTKH) I OyIb-IKOi KUTPKOCTI THPHUCTOPHUX

4 8 12 16 20 24 28 crijiok Sy GaraTopiBHEBOMY BHIIPAMIIAYI, 3 TAKOX 3HAYECHHS MaK-
Puc. 3 CHUMAaIJIbHO MOXJIMBOT KUTBKOCTI PiBHIB HANPYTH, 110 MOXHA 3a0e311e-

YUTH CTPYKTYPOIO 3 TaKOIO KUTBKICTIO CTiioK S. Ha mpakruili 3a3Bu-

Yaii 3a1al0ThCs T1ala30HOM PETyJIOBaHHS HANpyTH, 0 Aonaetbess AU, Ta Hampyra KpoKy peryirOBaHHS

AUy, Ky nmominbHO HOopMyBatu mo AU, — AU T = AU, /AU,. Tlpn npomMy HeoOXilHa KUIBKICTH PIiBHIB

J,=1/ AU{,.. BHac1ilok qucKpeTHOCTI 3a1exHocTi J=A(S) Tpeba o6uparu hakTHUHE 3HAYEHHS KiTLKOCTI CTi-
ok Sy TakuM unHOM, abu Jy >Ju. 3 piBHsAHHA (1) 3HAX0AUMO

Sp=> 2( Ji +3—1). 2)

VY T1abi. 3 HaBEJCHO KiJibKa MpPHUKJIa-

Tabauus 3 . *
AUT| 2( \/m—l) So | o | AUS | AU 14U, IiB BH3HaueHHs Sy, Jyp 1a AUjs (Paktu-
! HUH HOPMOBAHHWI KPOK PETYIIIOBAHHSA), AKi
10 10 2,2 6 13 7,7 0,77 LTIOCTPYIOTh ITI0 O0COONUBICTh. SIK BHWIHO,
> 20 7.8 8 22 | 455 091 HaJJTMIIKOBICTh, 110 BUHUKAE 3a IMPaKTHY-
;’2 28 191’51 1(2) 22 ;’(1); g’zi HIiW peai3ailii CeKIliOHYBaHHS 06BtI/ITKI/I TP,
220 50 12:6 31 33 1:88 0:9 ) HE TIPU3BOJIUTH JIO CYTTEBOTO 301IbIIECHHS

KUIBKOCTI cTiiioK. Jleske 3MeHIIeHHsS (ak-
TUYHOTO KPOKY 3MiHU HANPYTH JIa€ B pe3yJIbTaTi BiAMOBIAHE 3MEHIICHHS (DAKTUYHOI TOXUOKH PETYIIFOBaHHSL.
(Cninx 3ayBaxkuTH, 110 TIOIOHA HAUTUIIKOBICTh MpUTaMaHHA ¥ iHmmM Bapiantam moOymoBu TKBC. Tak y
CXeMHOMY pileHHI [8] psAm piBHIB, IO BH3HAYAETHCSA 3aKOHOM J=N|N,, Oyne miss N=N;+N,=10+-26 maTtu
Takuil BUTIAA J= 6, 9, 12, 16, 20, 25, 30, 36, 42).

TakyM YHHOM, 3aNpONOHOBaHE CYMIIEHHS (YHKIIM perymoBaHHS Ta BUIPSAMIICHHS HANPYTd y
TpaHC(HOPMATOPHO-KITFOUOBIHf BUKOHABYIH CTPYKTYPi BUXiTHOTO KacKady BOJLTONOAABYOTO KaHATY CHCTEMHU
JKUBJICHHS TOCTIHHOTO CTPYMY Ta OPUTiHANBHUI 3aKOH CEKI[IOHYBaHHS BTOPHMHHOI OOBHTKHU TpaHCHOPMATO-
pa TKBC pmanu 3MOry CyTTEBO 3MEHIIUTH KUTBKICTh HAIIBIPOBITHUKOBHUX MPWIAJIB 3415 JIOCSITHEHHS I10-
TpiOHOT KIJILKOCTI PiBHIB HAIIPYTH, IO TOJIAETHCS, BJIBiUi 3MEHIIIUTH BTPATH Yy IIUX MPHUIAAAaX Ta BUKIIOYATH
MO>KJTMBICTh BUHUKHEHHS aBapiiiHOT CUTYaIlii uepe3 IXHIO KOMYTAIIifo.

Pobomy suxonano 3a HIP "bap'ep-2" (Po3din "Possumox ma ysacanivHenHs meopii mpancgopma-
mopHo-kouosux guxkonaguux cmpykmyp (TKBC) nepemeopiosauie nHanpyau 3 ypaxy8anusam bazamosapiam-
MHOCMI CXeMOMeXHIUHUX piutenb ma mynvmughizuunocmi npoyecig”), depoicasnuii peccmpayiinuii Homep
01170007714 (KIIKBK 6541030).
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TPAHC®OPMATOPHO-KJIIOYEBOM UCITIOJTHUTEJLHOM CTPYKTYPHI B BOJIbTOJJOBABOYHOM
KAHAJIE CUCTEMBI IMTAHUSA TIOCTOSAHHOI'O TOKA
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OO0HuM u3 OelicmeeHHbIX nymel 0Oecneyenust HOPMUPOBAHHOU pabomvl nompeoumens dNeKMpodHep2UL NPU Hecma-
OUNLHOM NEPEUYHOM UCTOYHUKE NUMAHUS S6TISLeMCsT OP2AHU3AYUSL COOMBEMCMBYIOWE20 BOIbIMO00OABOUHO20 KAHAIA.
B cucmeme ¢ ucmounuxom nocmosiHno2o moxa 6016mooobasieHue peanusyemcs 66e0eHuem nocie008amenbHo ¢ Ha-
2PY3KOU 8bINPSAMUMENbHO20 NOIYHPOBOOHUKOB020 MOCMA, 8 OUAZOHAL KOMOPO20 NOOAEmCs dHEP2Usl NepeMeHHO20
MOKA, YpOBeHb HANPSICEHUsT KOMOPOU YEeNeHANPAGIEHHO MEHIeMcs. COOMBEmMCmeylouum npeobpazoeamenem ¢
mparncgopmamopro-kiouesol ucnoanumensrou cmpykmypou (TKHUC). [ns docmudicenust ebicoxkou 3¢ggekmusrnocmu
ucnonvzoganus kuouesvlx snemenmos TKHUC npednosiceno 803no0ocums QyHKYUU GLINPAMIEHUS U Pe2YIUPOBAHUS HA-
npsocenus Ha cneyugpuueckuil kiacc TKUC — MHO20yposHesbill GbINpAMUMENb, COCIOAWUL U3 MPAHchHopmamopa u
KOHEYHO20 MHOJICECMBA NAPAIENIbHO COCOUHEHHBIX NAp NOCIC008AMENbHO COCOUHEHHBIX MUPUCMOPOE8, 00uWue MOYKU
KOMOPbIX NPUCOCOUHAIOMCSL K COOMBEMCMEYIOUWUM OMBOOUM CEKYUOHUPOBAHHOU 8MOPUYHOT 0OMOMKU mMpancghopma-
mopa. [Ipu OucKkpemno-pazoeom ynpasienuu mupucmopamu peanusyemcs Heobxooumoe pe2yiuposanue npubagisie-
MbIX YposHel Hanpsiicerust. JTuHelHocms wKaibl 2mux ypogHetl 00ecneyusaemcst NPeoioNCeHHbIM 3AKOHOM CeKYUOHU-
posanusi oomomku mpancgopmamopa. /s maxoul cucmemsl 31eKmpOnUManusi XapaKmepHol Maible NOMeEPU IHEPSUU 6
HOJYRPOBOOHUKOBHIX dNEMEHMAX (0OOHOBPEMEHHO pAbOMAion MoOIbKO 08Ad MUPUCIOPA), ANPUOPHAS HEGOZMONCHOCHLb
B03HUKHOBEHUS ABAPULIHBIX CUMYAYUL NPU NEPexooax om 00H020 YposHs K opyeomy. bubn. 14, tabx. 3, puc. 3.
Knrwoueswle cnosa: tTpanchopMaTopHO-KIIOUYEBasi UCIIOMHUTENbHAS CTPYKTYPa, CUCTEMbI MUTAHUSI TIOCTOSIHHOTO TOKa,
BOJIbTO/I00ABOYHBII KaHall, MHOT'OYPOBHEBBIN BBIIPSIMUTENb, 32KOH CEKLINOHUPOBAHHSI OOMOTKH.
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FEATURES OF SECTIONING THE TURNS OF THE TRANSFORMING ELEMENT
OF THE TRANSFORMER-KEY ACTUATING STRUCTURE IN THE BOOST CHANNEL
OF THE DC POWER SYSTEM

K.O. Lypkivskyi, A.G. Mozharovskyi

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

E-mail: lypkivskyk@ukr.net; AnatMozhrvsk@ukr.net

One of the effective ways to ensure the normalized operation of the electricity consumer with an unstable primary
power source is the organization of the corresponding voltage supply channel. In a system with a direct current source,
the voltage supply is implemented by introducing a rectifier semiconductor bridge in series with the load, into the di-
agonal of which AC energy is supplied, the voltage level of which is purposefully changed by a corresponding converter
with a transformer- and-switches executive structure (TSES). To achieve high efficiency of the use of key elements of
TSVS, it is proposed to assign the functions of rectification and voltage regulation to a specific class of TSES — a multi-
level rectifier consisting of a transformer and a finite set of parallel connected pairs of serially connected thyristors, the
common points of which are connected to the corresponding taps of the sectioned secondary turns of the transformer.
By discrete-time control of thyristors, it is necessary to regulate voltage levels, it is attached. The linearity of the scale
of these levels is ensured by the proposed transformer sectioning law. This power supply system is characterized by
small energy losses in semiconductor elements (only two thyristors work at a time), and the a priori impossibility of
emergency situations during transitions from one level to another. References 14, tables 3, figures 3.

Key words: transformer-and-switches executive structure, DC power systems, booster channel, multi-level rectifier,
winding sectioning law.
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OCOBJIMBOCTI BUMIPIOBAHHSA TA EOEKTUBHOTI'O IIPUTJYMJIEHHSA
HAIIPYT'N KOHAYKTUBHUX EJIEKTPOMATI'HITHUX 3ABAJI BIJI
TPAH3UCTOPHUX IEPETBOPIOBAYIB HAIIPYT'

B.K. I'ypin*, xann. TexH. Hayk, B.O. [IaB1oBCbKMIT**, KaH/. TeXH. HayK,
O.M. IOp4eHK0***, TOKT. TEXH. HAyK

IncturyT enexrponuHamikn HAH Ykpainu,

np. [lepemoru, 56, Kuis, 03057, Ykpaina, e-mail: yuon@ied.org.ua

Y pobomi poszenanymo nepemsopiosaui nanpyeu sik 2eHepamopu HeYMUCHUX KOHOYKMUBHUX e1eKMPOMASHIMHUX 3a800
(HKEM3). [locriosiceno ocobaueocmi cmanoapmuoi memoouxu eumipie HKEM3 6i0 nepemeopiosauie i nokazano, ujo
60HA 0a€ 3MO2Y BUMIDAMU JUUle CYMAPHULL PIBeHb 3a8a0u, SKUU Modce Oymu OOHUM | MUM Jice 3ad 308CIM DI3HUX
CRIBBIOHOUIEHb MIJC CUMEMPUUHO ma Hecumempuunorw ckiadosumu HKEM3. Ile npuzsodums 00 Heepekmuenoco
BUKOPUCMAHHSL 3aC0018 3a0Ji1 3MEHUWEHHs CYMAPHOL 3a8a0u 6i0 nepemeoproéayie 00 0ONyCmMumMo20 DIiGHs, MOMY U0
Di3He CRIBBIOHOWIeHHS MIdC 3200aHUMU GUWe CKIAO08UMU CYMAPHOL 3a8aou nompebye pisHux 3acobie 3a0ns
3MEHUleHHs CyMapHoi 3a6adu. Y pobomi 3anponoHo8aHo OONOBHUMU CMAHOAPMHY MemOoOUKy 6UMipie 3aeao 6i0
nepemeopo8auie 0860Ma 000AMKOBUMU UMIDAMU HA YACMOMAX, 0e CyMApHA 3a8a0d nepesunyye 00NyCmuMuil pigeHs, 3
BUKOPUCMAHHAM RIO YAC NePuio20 SUMIPY eleKMpPOMePeNCHO20 npomu3aeaonozo gitempa (EII®), skuil eghexmueno
APUMIYMIIOE MITbKU CUMEMPUYHY 3a6a0y, i nid uac opyeozo eumipy — EII®, axuil ehekmueno npumiaymaioe miibku
Hecumempuuny 3a6ady. Iloxkasano, wo yi 06a 000AMKOBUX GUMIPU O0380JAIOMb GUIHAYUMU CUMEMPUYHY mMd
HeCUMempU4Hy cK1adosi cymapnoi 3asadu 6i0 nepemeopiogayis. Came ye 0aec 3M02y 2apanmo8ano 3MeHWUMU CYMAPHY
3a6a0y 00 0ONYCMUMO20 PIGHS 3 MIHIMAIbHUMU sumpamamu mamepianis i kowmie. bioi. 6.

Kniouoei cnosa: KoHIYKTHBHI 3aBaJi, €KBIBAJICHT MEPEXi, IPOTH3aBaAHUI DLIBTP.

Sx Bimomo [1, 4], TpaH3UCTOPHI MEPETBOPIOBaUl HANIPYTU € T€HEPATOPaMU HEYMUCHHX KOHAYKTHB-
HUX elekTpoMaraiTHux 3aBaa (HKEM3), ski mocTymaioTh B MEpEXy €JIESKTPOKHUBIICHHS Ta IO CIIOXKHBadYa,
IO XKUBHUTHCS BiJ MEPETBOPIOBaua. 3ajisl MEPEBIPKU «EJIEKTPOMATHITHOI €KOJOTIYHOCTI» MepeTBOpIoBaya
HeoOxinHo BuMipsATH piBeHb HKEM3, reHepoBaHuX mepeTBOproBaveM, i SKIIO PiBeHb 3aBaj HA THUX YH iH-
IIMX 4aCTOTaX PEerIaMEHTOBAHOTO Aialla30Hy MEPEBUILY€E «IUIAHKY» TPAaHHMYHO JOIyCTUMOIO PiBHS, BXXUTH
HEOOXI1THUX 3aX0/IiB 331 3MeHIeHHs Hanpyru HKEM3.

Metonuky BumiptoBanHs HKEM3 Ta rpanuuyHo gomycTHMUi piBeHb 3aBaj ONMHCAaHO B 0aratbox
TEXHIYHUX Ta HOPMaTUBHUX JIOKYMEHTaX, 30kpema y HamioHansHOMY cranmapti Ykpainu [2]. Lls meronnka
nependadac BUKOPUCTAHHS CTAHJAPTHUX ekBiBajieHTa Mepexi (EM) ta BuMiproBaua 3aBaj.

OcobnuBicTe cranaaptHoro EM moinsirae B ToMy, IO BiH IOJa€ Ha BXiJ BUMIpIOBada CyMapHHUM
piBers HKEM3, sixuii cknamaerbes 3 apupMETHYHOI CyMH CUMETPUYHOI Ta HECUMETPUYIHOIT HAPYT 3aBajiu Y
pasi cnmbasf}g‘ocﬂ nux Hanpyr [1], abo, y OUTBIN 3aralbHOMY BHITAIKy, SBIISE€ COO0I0 MOIYJh CyMapHOI

[} . . .
HaATPyTH Efg,ﬁ , SKIIO 3rajlaHi HANPYrd € BY3bKOCMYTOBHUMH, KBa3irapMOHIYHUMHU Ta HE3aJIC)KHUMU
BUITaIKOBUMH TIporiecamu [5], ToO6To

[E [ iy = i
Ul = JIi P+ P, (M)

zie Ef;,i} — cepenHbOKBaapaTHIHE 3HaueHHs cymapHoi Hanpyru HKEM3 Ha enekTpoMepeKHUX KOHTAKTaX
MepeTBOPIOBaYa; Efé,ﬂ.w} Ta Efé:ij — CepeHbOKBAIPATUYHI 3HAYCHHSI HAINPYTH, BIJIMOBIIHO, CHMETPUYHOL 1
HecuMeTpudHOI ckiaagoBux HKEM3 Ha THX € KOHTaKTax.

SKIo BUMIpsSHE 3HAYCHHS Ef;;} MEPEBHUIIY€E 3TaJjaHy BHIIE «IUIAHKY», TO HEOOXiTHO 3MEHINYBaTH

[V . (&
II0 Hampyry. Alie mpoOiieMa Mmoyisirae B TOMY, 1110, SIK BUIHO 3 Bupasy (1), omHii i Til ke Hampysi Ef_;,;.}

E'flfr:.ti- Ta {EI;HEE‘ g';{rﬁll';'«ﬂ':.lf{;l H';fr#r}z{fl;nf}

MOXYTb B1ANOBLAATH TPHU 30BCIM PI13HI1 CINBBIAHOIICHHSA MIX &y .. g - e S 0 Wan AN 0
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(ewrl o lre . . . . .
1o S Efm.:'. JI71s KOKHOTO 3 IIMX CIIBBIJHOLIEHb NOTPiOeH crenianizopanui 3aci6 sMmenmenns HKEM3. Sk

MIPaBHIIO, B SIKOCTI TAKOTO 3aC00y BUKOPUCTOBYIOTH €JIeKTpoMepekHui npotuzaBanauii ¢pinstp (EIID); Toai
JUTSL TIEPIIOTO cIiBBigHOIICHHs moTpidbeH ETID, skuii eeKTHBHO 3MEHIIY€e HANPYTy HECUMETPHYHOT 3aBa/IH,
st apyroro — EII®, skuii eeKTUBHO 3MeHIye Hampyry o0oXx ii CKIaoBHX, i TpeTboro — EIND, skuit
e()eKTUBHO 3MEHIIIy€ HANpyry CUMETpUYHOI 3aBaan. Bigomo [1, 6], mo EIID mis koxkHOTO 3 TUX BUMAIKIB
Ma€ CBOIO BIIAaCHY CTPYKTYpy, cxemy E3 i koHcTpykuito. ToMy 3a/u1d rapaHTOBaHOTO 3MEHILICHHS CyMapHOL
3aBaJM BiJl KOHKPETHOTO TPAH3MCTOPHOTO IEPETBOPIOBAYa O PIiBHS, PErIaAMEHTOBAHOTO HOPMATHBHUMH
JOKyMEHTaMH, HEOOXiJHO, KpiM CyMapHOI Hampyru, JOAATKOBO 3HATH CHMETPUYHY Ta HECUMETPUUYHY
CKIIQJIOB1 IIi€1 3aBaju, ajie 3rajlaHi CKJIaJ0BI HEMOXJIMBO ojaepxaTu B pe3yisrari BuMipiB HKEM3 mo
CTaHIAPTHIA METOIHIII.

Meta poGotu: ynockoHaneHHs craHaapTtHoi meroauku BumipiB HKEM3 Big meperBoproBauiB
Hanpyry 3aajsl 3a0e3leYeHHs] TapaHTOBAHOTO 3MEHILICHHS 3aBajJ 10 AOIyCTHMOIO PiBHS 3 MiHIMalbHUMH
BHTpaTaMH MaTepiajliB i KOIITIB.

Hnst cuH(a3HuX HAIpyr CUMETPUYHOI Ta HECUMETPUYHOT 3aBa] y poOoTi [1] 3anponoHoBaHo criocid
iXHPOTO BH3HAYEHHsS WLUIIXOM JONOBHEHHs craHaapTHoro EM pesuctuBHOO abo TpaHCHOpPMaTOPHOIO
CXeMaMH NPUTIYMJICHHS CHUMETPUYHOI a00 HECHMMETPUYHOI CKJIaJOBHX CyMapHOi 3aBaiM BiJ IEPETBO-
proBaua. IIpore, sKII0 OOMABI CKJIAJOBI 3aBajid € BUIAJIKOBUMH MPOIECAMHU 3 BUIMAJAKOBHUMH MMOYATKOBUMHU
(azamu, To pe3ucTUBHI ab0 TpaHcHOPMATOPHI CXEMH MPHUTIYMIIEHHS, SIKi MPALIOIOTh Ha apu(PMETHIHOMY
JoJIaBaHHI a00 BiHIMaHHI ABOX TApMOHIYHUX HAMPYT, MOXKYTh Pi3KO 3MEHIIUTH MPUTIYMIIEHHS OIHOI a0
JPyroi CKJIaI0BOi CyMapHOi 3aBajiy, IO 3HAYHO 30LIBIINTh MOXHMOKY BHU3HAYCHHS LUX CKIaaoBuX. Kpim
TOrO, AOMOBHEHHs cTaHgapTHoro EM 3rajaHuMu BUILE CXE€MaMH MPUTIYMIICHHS MEPEeTBOPIOE HOTo y
HECTaHJAPTHUH TpHUCTpiH 1 moTpedye momanbinoi MeTponoridyHoi neramizamii. Tomy, sk cxemy
MPUTIYMIICHHS] CHMETPUYHOI a00 HECHMETPUYHOI CKJIAIOBOI IOIUIBHO BHUKOPHUCTOBYBATH IIPHUCTPOI,
NPUTIYMJICHHS SIKUX HE 3aJISKUTh BiJl MOYATKOBUX (a3 HAINPYT 1 BAKOPHUCTAHHS SKUX HE MOTPeOy€e BHOCUTH
3MiHHU Y CX€MY Ta KOHCTPYKIit0 cTangapTHoro EM.

Taxumu npuctposimu € EII®. BimHocHO HeckimagHo po3poOuTH Ta BUTOTOBUTH EIID,, 3amms
NPUTIYMJICHHST HApPYTH TiAbKH cuMeTpuuHOi 3aBagu abo EIND,. 3amis NpuUTIyMIICHHS HANpPYTH TiTbKH
HECHUMETPUYHOI 3aBagu. ToHi CTaHAApTHY METONMKY BHMIPIOBaHHS 3aBaj BiJ MEpeTBOPIOBAYa JOLIIBEHO
JOTNOBHUTH 1€ ABOMa BuMipamu: nepiunM — 3 EIID,, mix EM ta nepersoproBadeM i apyrum — 3 EH?‘HC
MDK THMH X IPUCTPOSIMH; B Pe3yJIbTaTi OJCPKUMO IIyKaHi CKIaoBi Eféri{.m i Ué[’:f_.} CyMapHOi 3aBaju Ef;r;}
3po3yMisio, M0 JOAATKOBI BUMIPpHM MOTPiOHO TPOBOJUTH TUIBKM Ha THX 4YacTOTaX, J¢ 3a(iKCOBaHO
NEepPEBUILCHHS CyMapHOi HANPYTH 3aBaX HaJl «IUIAHKOIO» TPAaHUYHO JAOIYCTHMOTO PiBHSI.

3Ha04YM CUMETPUYHY Ta HECUMETPUYHY CKJIaJO0BI CyMapHOi 3aBaly, MO>KHa COPMYJIIOBATH BUMOTH
no 3aracaHss, sike EII® moBuHEH BHOCUTH y 3rajfiaHi CKJIQJOBI HapyId 3aBaJM BiJ IIEPETBOPIOBAYA; Taka
iHpopmariss macte 3mory moOymyBarn EII®, skuii rapanTtoBaHo 3MeHIUTH cymapny HKEM3 Bix
TIEPEeTBOPIOBAYA JI0 HEOOXiHOTO PiBHSL.

3 mier0 METOoro TpoaHaiizyemMo Bupas (1). SIkimo y 1msoMy BUpa3i THM YH iHIIAM CIIOCOOOM 3MEHIITH-

= d . ‘e EE':E‘KPI:'_ D:':EKHI' FR
THW HAIIPpYTy CUMCTPUYHOL 3aBaiu Y fl.,, pa3iB, TO 3MCHIIICHA HAMpyTa I1€1 3aBagn T = B 1% (n'r EETD>

d . . v U':EE':'_ ﬁl:ﬁﬂ{gd
SKIIO Y ¢, pa3iB 3MEHINMTH HANPYT'y HECUMETPUYHOT 3aBaiv, TO 3MeHIeHa i Hanpyra U, ™ = U 2 fd ..
[ocraBuMo ymoBYy, 100 3MEHIIICHA Hampyra 3aBajl BiJ MEpETBOpIOBaYa Ha BXOJi BHMipioBaua He

HIepeBUIIyBajia IOMyCTUMUNA HOPMATUBHUMH NOKyMEHTaMH IpaHu4Huii piBeHb L, cymapnoi HKEM3 Bix

nepeTBoproBaya. Toxi Bupa3 (1) MokHa 3amucaTH y BUTIISAIL

O 2 [ 05T i+ 05T fae @

VY HepiBHOCTI (2) € 1Bi HEBIIOMI BEUYNHHA — €y, 1 . . [lepEeTBOPUMO 1110 HEPIBHICTH Y PIBHSHHA 1
i, emrt iEE .
TMOCTaBUMO JIO/IATKOBY YMOBY, 00 oo fei . =TRE= fe.. 11 ymMoBa € noriunoio, 60 BOHa 03HAUAE, MO
OBy HAIIPYTy 3aBajH MOTPIOHO MPHUTIYMIIIOBATH Oijibllie, 1 HABMAKU. B pe3ynbraTi ollepKUMO CHCTEMY 3
JIBOX PiBHSIHb 3 JBOMA HEBiJJOMUMU
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SKIo HampyTHu 3aBaj i «IUIAHKWY» BHPA3UTH Y BIAHOCHUX OMUHHISX [NBMKB], y sxux 3HadenHto 0
nb Bignosigae Hampyra U=1 mkB [1], 3aracanns gy Ta de; — TakoX y JOrapupMiyHHX OJUHHLAX 1

BpaxyBaTH HEPiBHICTH (2), To Bupasu (4) i (5) MOXKHa 3aNMCaTH y BUTTISAL

e8] = UL [3BuB] - Up[aBusB]+ 3,01; 6)

I

ﬂ1[—: E'[rqB] I EHH:‘ [JB"KB] - n'_r|; [JB"EB] + 3;{11 . (7)

Meronuka BuMipiB 3aracanHsi, BHeceHoro EIT®, HaBeneHa, 30kpema, y HamioHanbHOMY cTaHIapTi
VYkpainu [3] Ta poborax [1, 6].

Baxxmusicts Bupasis (6) i (7) B TOMy, IO BOHH BU3HAYAIOTh BUMOTH JI0 MIHIMAJILHOTO 3aracaHHs, sKe
EII® noBuHEH BHOCUTHU B HAPyr'd OKPEMO CHMETPUYHOI Ta HECUMETPUYHOI CKJIAJOBHX CyMapHOi 3aBaju
BiJl KOHKPETHOTO IEPETBOPIOBaYa 3aJsl 3MEHILICHHS 3raJaHoi 3aBagu N0 piBHA «maaHkm». Tomy EII®,
noOyJIOBaHUK 3 ypaxyBaHHSM BHILEHABEICHUX BHMOT /10 BHECEHOTO 3aracaHHs, HE TUIBKH I'apaHTOBaHO
3menmrye HKEM3 1o HeoOXimHOTO piBHSA, ale HAMKpAIIM YUHOM BiIIIOBITa€ KOHKPETHIN CTPYKTYpi 3aBagu
BiJl KOHKPETHOTO TIEPETBOPIOBaYa, a TOMY € ONTUMAaJbHHM 3 TOYKH 30pYy MiHiMi3alii MaTepialbHUX Ta
(hiHaHCOBHX 3aTpaT, HEOOXIMHUX IS BUTOTOBIEHHS Takoro EI1D.

Takum 9rHOM, 3aITPOITIOHOBaHE Y pOOOTI yIOCKOHAICHHS cTaHmapTHOI Metoauky BuMipiB HKEM3 Bin
NePETBOPIOBAYIB Ja€ MOXKIUBICTh cTBOproBatd EIID mis edekTHBHOrO 3MEHIICHHS 3aBaj IO PErjaMeHT-
TOBaHOTO HOPMATUBHUMHU JOKYMEHTaMH PiBHS 3 MiHIMallbHUMHU BUTpaTaMu MatepianiB i KowTiB. Lle poouts
Taki (QIIbTPU EKOHOMIYHO e(EeKTHBHUMH 1 KOHKYPEHTHHMH Ha CBITOBOMY pHWHKY (QUIBTpiB i
«EJIEKTPOMArHiTHO €KOJIOTIYHUX» TTEPETBOPIOBAUIB.

Ha npakTuui Takuil migxig mokazaB eKOHOMIiI0 MacorabapuTHUX MOKa3HHUKIB Ta BapTocTi QiabTpa Ha
(20..25)% nopisasano 3 TunosuMu EI1® Ha Taki cami Hanpyry, cUily CTpyMy 1 liana3oH poOOYHX YacToT.

Pobomy euxonano 3a paxymox xowmis Ow0xcemnoi memu «Poszeumox meopii  eucoxowacmomuux
MPAH3UCMOPHUX —NEPemeoproeaydié HA OCHOSI PE30HAHCHUX — THBEPMOPI6 ONsl  CUCHEM  eNeKMPOICUBTICHHS
mexHono2iuHo2o obraonanus (wmugp — “Yacmoma-3”) (KIIKBK 6541030).
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OCOBEHHOCTHU UBMEPEHHUSA U DOEKTUBHOI'O ITIOJABJIEHUS HAITPSIZKEHU A
KOHAYKTUBHbBIX 3JIEKTPOMAT'HUTHBIX IOMEX OT TPAH3UCTOPHbBIX
HPEOBPA3OBATEJIEN HAITPSI)KEHUS

B.K. I'ypun, xana. texs. Hayk, B.A. IlapnoBckuii, kanz. TexH. Hayk, O.H. FOp4eHnko, 10KT. TeXH. HayK
HNucruryT 3sekrpoaunamuxku HAH Ykpaunsl,

np. [odeasl, 56, Kues, 03057, Ykpauna, e-mail: yuon@ied.org.ua

B pabome paccmompenvr npeobpaszosamenu Hanpsicenus Kax 2eHepamopbl KOHOVKMUBHBIX DJeKMPOMASHUMHbIX
nomex (KOMII). Paccmompenst ocobennocmu cmandapmuou memoouxu uzmepenuti KOMII om npeobpazosameneii u
NOKA3aHO, YMO OHA NO3B0JISem UBMePUmMb MOIbKO CYMMAPHBLL YPOBEHb NOMEXU, KOMOPbIL Modcem Oblmb 0OHUM U
mem Jice Npu COBEPUIEHHO DPA3HBIX COOMHOULECHUSIX MENCOY CUMMEMPUYHOU U HeCUMMEMPUYHOU COCMABTSIOWUMU
KOMII. Dmo npusooum Kk nesghpexmusHoMy UCnonwb3o8anuio cpedcms Ol YMEeHbUeHUsE CYMMAPHOU NOMeXu Om
npeobpazosameneli 00 OONYCMUMO20 YPOGHs, HOMOMY HIMO PA3HOE COOMHOULEHUE MeNCOY YHOMSHYMbIMU Gblule
cocmasnaowumMy mpebyem pasiuuHbIX cpeocms Oisi YMeHbUleHUs CYMMApHOU nomexu. B pabome npednoowcero
OONOHUMb  CMAHOAPMHYIO  MEeMOOUKy U3MepeHUull nomex om npeobpazosameneti 08yMs OONOJHUMENbHbIMU
UBMEPEeHUSMU HA YACMOMAx, 20e CYMMAPHAs NomMexa npesviiiaenm OOnyCmuMblil YPO6eHb, ¢ UCNONb30BAHUEM 60 6DEMS
nepeoco usmepenus cemesoeo nomexonooagisoujeco guivmpa (CIID), komopwitl 3¢pghexmueno nooasiusem moabKo
CUMMEMPUYHYIO Nomexy, U 60 epems emopozo usmepenuss — CIID, xomopwvii dQpexmusno nooasnsem moabko
Hecummempuunyio nomexy. Ilokazano, umo 5mo nos3gonsem onpederums CUMMEMPUYHYIO U HECUMMEMPUUHYIO
cocmagnawue CyMMAapHol nomexu om npeobpazoeamenell U 2apanmupoSaAHHO YMEHbWUMb MAKYI0 NOMexy 00
O00NYCMUMO20 YPOBHSL C MUHUMATbHLIMU 3AMPAMAMU MAMEPUAos u cpedcms. bubi. 6.

Knioueswvie cnosa: KOHOYKTUBHBIC IIOMEXH, DKBUBAJICHT CETH, HOMCXOHO,H&BHHIOH.IPII?I (1)I/IJILTp.

FEATURES OF MEASUREMENT AND EFFECTIVE REDUCING OF CONDUCTIVE NOISE
CAUSED BY TRANSISTOR CONVERTERS

V.K. Gurin, V.O. Pavlovskyi, O.M. Yurchenko

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

E-mail: yuon@ied.org.ua

The paper considers voltage converters as sources of conductive electromagnetic interference (EMI). Some features of
the standard measurement method of converters EMI are considered and it is shown that it measures only the total level
of noise, which can be the same at completely different relations between the differential and common components of
EMI. This leads to inefficient use of means reducing the total converter noise to the permitted level, because the
different ratio between the above components of this noise requires different means to reduce them. The paper proposes
to supplement the standard noise measurement method by two additional measurements at frequencies where the total
noise exceeds the permitted level, using during the first measurement the additional RFI common mode filter which
effectively reduces only the common noise, and the additional RFI differential mode filter which effectively reduces only
the differential noise during the second measurement. It is shown that these two additional measurements make it
possible to determine the differential and common components of the total noise. This, in turn, makes it possible to
reduce the total noise to the permitted level at the minimal cost. References 6.

Keywords: conductive noise, LISN, EMI, RFT filter.
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KOMBIHOBAHE KEPYBAHHA BE3PEYKTOPHUM IYT'OCTATOPHUM
EJIEKTPOIIPUBOJAOM AHTEHU CYJHOBOI PAJIOJIOKAINIMHOI CTAHINI

B.II. CTH)KKiHl*, KaHJ.TeXH.HayK, O.A. 3ai/illemc01**, Kana.TexH.Hayk, C.I. FaBpI/IJIlOKl***,
B.L TepsieB” ", kanm.TexH.HayK

IIHCTI/ITyT ejqexTporuHamiku HAH Ykpainn,

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

e-mail: tems@ukr.net, oleg tems@ukr.net, serggtm@gmail.com

’HTY Yxpainn “KIII im. I. Cikopcbkoro”,

np. llepemorn, 37, Kuis, 03056, Ykpaina, e-mail: kpivit@gmail.com

Ilposedeno pospaxyHox i ananiz aepoOuHaMidHux HAGAHMAMNCEHb CYOH060I anmeHnu padionroxkayiunoi cmanyii. Ompu-
MAHO 8UPA3 3ANEACHOCE MOMEHMY HA 841y NPUBOJY AHMEHU 810 WBUOKOCMI IT 0OepMaHHts, Kyma nosopomy, weuoKo-
cmi | HaNPsAMKY NOMOKY 6imMpy, HA OCHOGI AK020 Peani3o8anH0 NpuUcmpiil 0Jisk HeNPsAMO20 SUMIDHOBAHHS GETUUUHU MOMe-
HmMY Hasanmagicenusi. Bukonano cunmes KomM6iHO8aHOI cucmemu agmoMamuyHo20 Kepysanus 6e3pedyKmopHum 0y2o-
CMAamopHUM eleKmponpueoo0oM anmeHu paoioloKayitiHoi cmanyii, 0CHOBHULL KAHAL AKOI Ji€ 3a NPUHYUNOM KepyBaHHS
34 BIOXUNIEHHAM [ MAE 3AMKHYMUL KOHMYD Pe2yt08aHHs WUEUOKOCMI, a Opyeull KaHAl — 3a NPUHYUNOM Kepy8aHHs No
30YpeHHIO (MOMEHMY HABAHMANCEHHS) [ MA€E po3iMKHymull Koumyp. Ilpogedeni docniocents, niomeepounu eghpekmus-
Hicmb KOMOIHO8AH020 Kepy8aHHA. Bukopucmanna kopueytouozo 38'a3Ky no 30ypeHHio 0ae 3mo2y KOMNEHCY8amu 8Nius
MOMEHMY HABAHMANCEHHA HA 3a0aHe 3HAYeHHA UXIOHOI weuoxocmi obepmanus anmenu. bidmn. 12, puc. 4.

Kntrouosi cnoea: cynHoBa aHTeHa paaiofOKaLiiHOI CTaHIi, 0€3peIyKTOPHUI TyrOCTaTOPHUHN €JIeKTPONPHBO, KOMOi-
HOBaHA CHCTEMa aBTOMAaTHYHOI'O KEPYBaHHsI, KOMIICHCAIlisl 30ypeHb, CHHTE3, TOCIIIPKCHHS.

Beryn. CynHoBa HasiramiiiHa pagionokauniina cranuis (PJIC) npusnadena ais BU3HauYEHHS MicCIs
pO3TalnTyBaHHS Cy/IHA i 3a0e3MevYeHHs Oe3MeKH TUIaBaHHs Cy/iHa y Oyab-sAKii TOUIli aKBaTOPii CBITOBOTO OKe-
aHy 3a OyJb-sKuX morogHux ymoB. Jlo Hagiramiiiaux PJIC, sik 1 10 BChOTO paJioeeKTPOHHOTO 00JIaIHAHHS
CyIlHA, TIPS/ 'SIBJISIOTHCS BHUCOKI BUMOTH 10 HQJIHHOCTI 1 goBroeiyHocTi podotu. OcHoBoro PJIC € aHTeHa,
o0epTaHHs K01 3AIMCHIOETHCS 32 JONOMOTOIO €IeKTPONpuBOLYy. ToMy Bif TOro, sIK CIIPOEKTOBAHUH €JIeK-
TPOTIPUBOJ i CHHTE30BaHA CHCTEMa KepyBaHHs, OYIyTh 3aJIe’KaTH TeXHiuHI Xapakrepuctuku PJIC.

Bararo cygacHHUX poOIT MPUCBSYEHO CHCTEMaM EIEKTPONPUBO/IIB, SKi 31aTHI e()EKTHBHO MPAIIOBATH
Ha MalluX MIBUIKOCTSX, Ta MOXKYTh OyTH 3actocoBaHi st anTed PJIC [1-4]. BenyTbcs mocmimkeHHs 0 pea-
mizamii ycranoBok PJIC Ha OCHOBI BEHTHJILHUX EJICKTPOIPHBOIIB, CEPBOIPHBOMIIB, a TAKOXK AaCHHXPOHHHX
CJIEKTPOTIPUBO/IIB 3 YACTOTHUM 1 BEKTOPHUM KepyBaHHsM [5-7]. Kpim Toro, po3poOmstoTbcsi HOBI CHCTEMH
ABTOMATUYHOTO KEPYBaHHS 3aJ1s1 HOKPAILCHHS XapaKTEPUCTUK EIEKTPONPUBOIIB HaBIralliiHUX CUCTEM, IO
3a0e3MevyroTh TpUMaHHS 3a1aHOT0 Kypey cyaHa [8, 9], ski moniOHi 1o cuctem kepyBanHsa aHTeHamu PJIC.
He3Baxxaroun Ha BUCOKI MOKAa3HMKH SKOCTI, OLIBINICTh 3 I[UX TEXHIYHHUX PIIICHb CKJIAJHO 3aCTOCYBATU JIS
CYJHOBHUX aHTEH, IO BXKe 3HaXOIATHCS B eKcIUlyaTauii. B maniit poOOTi po3risgaeTbes MOKIMBICTE MOJEP-
Hi3alii iCHYyF04oro enextponpuBoay cyaroBoi PJIC “MIYC”.

OpmauM 3 BHIIIB O€3peAYKTOPHUX €IICKTPONPHUBOIIB € Ayrocraropauii. B [10] moka3zaHo MOMiIBHICTD
BUKOPHUCTaHHs 0€3pEIyKTOPHOTO JyTrOCTATOPHOTO EJEKTPONPHBOAY Ha Npukiani HasiranidHoi PJIC Tumy
«MIYCy», npudyoMy 3aMiHa CepiifHOTO PeayKTOPHOTO €JIEKTPONPUBOIY Ha AYroCTaTOPHUH, HE3BAKAIOUH Ha
HOTO HEJOJIKH, MPU3BOINTE IO MiABUINCHHS HAAIHOCTI 1 JOBTOBIYHOCTI CHIJIOBOI YaCTHHHU MPUBOAY. 3aBIs-
KU Wi# IKOCTi 0e3peAyKTOPHHUI EIEKTPOIPUBO MOKE 3aCTOCOBYBATHCS TAKOXK 1 B IHIIHMX €NEKTPOTEXHIYHUX
KOMITJIEKCaX, HAPHUKJIaA, Y IPUBOJI pOTOpa elneKTpoMarHiTHoro cemaparopa [11].

Jlo 6e3peayKTOpHUX eIeKTPOIIPUBO/IIB aHTEHHU, KPIM BIHCOKOI HAIilfHOCTI 1 TpUBajoro mepiomy 0es-
aBapiifHol poOOTH, IIPEI'ABIIAIOTHCS TEXHIYHI BUMOTH, BHKOHAHHS SKHX 3a0€3TeUy€eThes 0e3MocepeIHbO CH-
CTEMOIO KepYBaHHsI, a caMe: PEryIIoBaHHs poO0Y0i MBUAKOCTI 00EpTaHHS aHTEHH 3 MAKCUMAaJIbHOIO TOUHIC-
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TIO Ta IIBUAKOAIEI0 B yMOBaX 3MiHM HAaBaHTa)KyBaJbHOTO MOMEHTY Ha BaJly BHACJIJOK BIIMBY BiTPOBOTO
notoky. CrucreMa KepyBaHHSI 0€3peAyKTOPHUM JIyTOCTATOPHUM EJIEKTPOTIPHUBOZOM aHTCHH, 3allPONIOHOBaHA
B [10], He BpaxoBye 1poro (akTopy, a ii meuakonis He nepesuiye 0,8 c. ToMy HEOOXiTHO CHHTE3yBaTH CHU-
CTeMy aBTOMAaTUYHOI'O KepyBaHHS Oe3peaykTopHUM enekrponpuBogoM PJIC, ska 3abe3neuye MakCUManbHy
IIBUIKOMII0 KEPYBAHHS 110 OCHOBHOMY KaHATy CHUCTEMH (IIIBUIKOCTI 0OCpTaHHS aHTEHH), a TAKOK KOMIICH-
CY€ BIUTHB 30ypeHHs, [0 BUHUKAE BHACIIOK BITPOBOTO HABAHTAKEHHS.

TakuMm 4MHOM, METOI0 POOOTH € MiJBUIICHHS SKOCTI CTATUYHHUX Ta JUHAMIYHUX PEXKHUMIB POOOTH
0e3peIyKTOPHOrO JIyrOCTATOPHOI'O €NEeKTPONpuBOLy cynHOBOI anTeHH PJIC muisixoM BUKOPHUCTaHHS Kepy-
BaHHS 32 BIAXWICHHAM Ta 30ypPEHHSM 3 HENPSMHUM BUMIPIOBaHHIM MOMEHTY BITPOBOTO HABAHTAKECHHSL.

[NocTaBiena MeTa Moxe OyTH peasi3oBaHa 3aCTOCYBaHHAM KOMOIHOBAaHOTO KEpPYBaHHS €JIEKTPOIPUBO-
noM aHTeHu. [lepmmii (OCHOBHMIA) KaHAJI CHCTEMH Ai€ 3a MPUHLMIIOM KEpyBaHHS 33 BIOXWJICHHSIM BHXiTHOT
BEJIMYMHU (IIIBUAKOCTI OOEpTaHHSI aHTEHH) i Ma€ 3aMKHYTHH KOHTYp IIBHIKOCTI, APYyTHUH KaHAT Ji€ 3a TIPHUH-
LUIIOM KepyBaHHs 1O 30ypeHHIO (MOMEHTY HaBaHTa)KEHHsS) 1 Mae po3iMKHYTHH KoHTyp. Ilig yac moOynoBu
HepIIOro KaHaily (OpMYeThCS 3aMKHYTHH KOHTYP IIBUAKOCTI OOEpTaHHS aHTEHU 1 CHHTE3YEThCS PErYIISTOP 3
HAJIAMTYBaHHAM Ha TEXHIYHAN ONITUMYM. 321711 TOOYIOBH IPYTOTo KaHATy HEOOXiTHO IMTPOBECTH aHAMI3 1 pO3-
pPaxyHOK acpoAWHAMIYHUX HAaBAaHTAXKEHb AaHTEHH, TOOTO BCTAHOBHUTH 3aJIC)KHICTh MOMEHTY HaBaHTa)KEHHS Ha
BaJly IPUBOAY BiJl KyTa MOBOPOTY Ta LIBHAKOCTI 00epTaHHS aHTEHH, a TAKOX Bifl IIBUIKOCTI 1 HAMIPSMKY MOBi-
TPSHOTO MOTOKY (L0 JaCTh MOXKJIMBICTD TEXHIUHO peaji3yBaTd MPUCTPiI HENPSIMOTo BUMIpIOBAaHHS MOMEHTY
HaBaHTa)XEHHsI), & TAKOXX IPOBECTU CHHTE3 KOPUTYIOUOI JIAHKH 32]7Is1 KOMTICHCAIlil 3MiH HaBaHTa)KEHHSI.

Po3paxyHok Ta aHasi3 aepoquHaMiYHMX HaBaHTa:xkeHb aHTeHH PJIC. Po3paxyHOK NpoBOANTHCS Ha
npukian antead PJIC tumy «MIYCy, MakcuMansHa poboda MBUAKICTE 00epTaHHS sikoi =18 00/xB. Emek-
TporpuBo anTeHu PJIC moBuHEH 3a0e3meun Ty piBHOMIpHE 00epTaHHS aHTEHH 3a TIOPHBIB BiTPY 110 50 M/C.

Anrena PJIC tuny «MIYC» Mae BiKpuTe BUKOHAHHS, TOMYy OCHOBHY YaCTHHY HaBaHTa)KE€Hb CKJIaja-
I0Th aepPOIMHAMIYHI 3yCHIUIA, 110 BUHUKAIOTH Yepe3 MapyCHICTh aHTEHU 3a ii 00epTaHHS ITiJ] BIUIMBOM BITpY.

AeponuHaMiYHANA MOMEHT, JiIOYMI HA BiCh aHTEHHU, (POPMYETHCS BHACIHIIOK BIUIMBY ITOBITPSHOTO
MOTOKY (BITPOBOTO HABAHTAKCHHS) 1 BU3HAUAETHCS 13 BijloMOro Bupasy [12]

M, =m-0,5p-V>-H-I, (1)
ne p=1.32 kr/™M’ — ryctuna nogitps; L = 2300 MM, H = 115 My, [ = 170 MM, & = 45 MM — rabaputHi po3mipu
aHTEHH; V — IMBHUIKICTH TOBITPSHOTO MOTOKY, /1 — KOEPII[IEHT aepOAUHAMIYHOTO MOMEHTY.

KoedirmienT acpoaquHaMigHOTO MOMEHTY € QYHKITIE€I0 KyTa TIOBOPOTY aHTECHH f, SIKWH MOXXHA BH3Ha-
YHUTH SIK CyMY CTaTHYHOI (71;) Ta TUHAMIYHOT (11,) CKIIAIOBHX

m=k-(m,+m,), (2)

ne k=1.2 — emmipuyHUil KOeDIIEHT, IO XapaKTepH3ye BILUIMB KPOHIITEIHA HA aepOTMHAMIYHHHN OTip aHTCHH.
CrarvyHa 1 TMHaMIYHA CKJIaJ0Bi a6pOJMHAMIYHOIO MOMEHTY BU3HAYAIOThCSL:

m =An-A"-sin2p, (3)
md=%-Sn-cosﬂ-Cn-(1+%-k'-/ij, 4)

ne An=S/H’=0.998 — 3BeseHe momomkeHHs npodimo, $S=0.0132 M> — nomepeunmii mepepis mpodimo,
A=L/H=20 — nozoBxenns npodino, Sn=(wL)/(2V) — uncino Crpyxams, Cn=1.2 u k =0.04 — xoedirieHTn i3
tabmuip (OCTS.8285-73) BiANOBIAHO TEOMETPUYHUM PO3MipaM JaHOT aHTCHHU.

CyMapHHUii MOMEHT HABAHTA)XXKCHHS HA BAJTy MPUBOAY CKIIQMAETHCA 3 aePOTUHAMIYHOTO MOMEHTY BiT-
POBOTO MOTOKY 1 MOMEHTY OIOPY PyXy Camol aHTCHH

ML:Mad+Man’ (5)
_ 2
M, =uo, (6)
ne u=1.5 Hmc” — koediIlieHT MPOMOpPIiHHOCTI, AKHil BU3HAYAETHCS TCOMETPUIHUMHU PO3MIpaMH aHTEHH.
[MincraBuBmu Bupaszu (3) i (4) B (2) Ta BpaxoBytoun Bupas (6), cyMapHUii MOMEHT HaBaHTa)KEHHS Ha
BaJly IPUBOLY

2
M, =k- %-sin2ﬂ+%-Sn-cosﬂ-Cn-(lJr%-k'-}tJ -sz H-P+u-o*. (7)

[leperBopumo Bupa3s (7) BizHOCHO 3MiHHUX 5, V,
M, =a-sin2B-V>+b-cosf-o-V+u o, (8)
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Iie a Ta b mocTiitHi KoedillieHTH:
2 2
azk.&.ﬂ’ b:k-M-Cn-(l+l-k'-/1j. 9)
2 A 6 8

Taxum unHOM, BHpa3 (8) mpeacraBise co00r (QYyHKIIOHATIBHY 3aJICKHICTH MOMEHTY HaBaHTAXKEHHS
Ha BaJly IPUBOY aHTEHH Bill TPHOX 3MIHHUX: KyTa ITOBOPOTY aHTEHH [, MBUAKOCTI MOBITPSHOTO MMOTOKY V i
KyTOBOI HIBUAKOCTI 00epTaHHS aHTEHH (.

MaxkcumanbHe 3Ha4eHHS MOMEHTY HAaBaHTA)KCHHS Ha €IIEKTPOIIPHBOJ] aHTEHU CTaHOBUTH 84 Hwm 3a
MIBUAKOCTI BiTpy 50 M/C, TOMY €JIEKTpOTPHBOT IIOBHHEH OYTH PO3paXxOBAHHWKA Ha IMOJOJAHHS ITi€] BETUIMHI
HaBaHTAXyBaJILHOTO MOMEHTY. TakuM unHOM, a7 npuBoxy anternu PJIC "MIYC" npoBeneHo po3paxyHOK
JOYTOCTaTOPHOTO ABHTYHA 3 HACTYMHHMH XapakTepuctukamu: P,=2 kBT — HOMiHanbHA MOTYXHICTB; @,=1.9
¢’ — HoMiHaNBbHA MBHAKICTH 0OepTanHs; M,=84 HM — HOMiHAIBHMI HABAHTAXKYBATbHHI MOMEHT; p=12 —
KUTBKICTh Tap NoJtociB; #=0.2 — BIIHOCHMIA IIEHTPATBHUN KYT.

Otpumanuii Bupas (8) 3a1exHOCTI MOMEHTY aepOJMHAMIYHOTO OMOPY BiJl IIBHAKOCTI BITPY, LIBHUI-
KOCTI 00epTaHHS aHTEHH i KyTa MOBOPOTY NIa€ 3MOTY HEIMpPSIMHM IIISTXOM BH3HAYUTH HAaBaHTAKYBAILHUUN
MOMEHT eJIEKTPOTIPUBOAY M) 1 peanizyBaTh KOMIICHCYIOUHH 3B'130K 110 30ypeHHIO. BUXimHUMH JaHUMU 3a-
JUIsL peaizamii Takoro 3B'A3Ky € CHTHAaJH, MPOMOPLiHHI MBUIKOCTI 00EpTaHHS @ Ta KyTOBOI'O MOJOXKEHHS
aHTeH! o (Bl AATYMKiB, BCTAHOBJICHWX Ha BaJy aHTEHHW), a TAKOXK CUTHAIW, HMPOMOPIIiiHI MBUAKOCTI V Ta
HaIPSIMKY BITPOBOTO TOTOKY ¢ (Bil aHEMOMETpa Ta MPUCTPOIO BUMIPIOBAHHS HAIPSIMKY BITPY, BCTAHOBJIE-
HUX Ha 00opTy cyaHa). Bka3aHi curHamu nepeaaroThest 3 00pTOBOi HaBIraIiifHOT CHCTEMU CyTHA.

BukopucTaHHS peryiboBaHOTO €NeKTPONPUBOAY NOTpeOye OLIHIOBaHHS 3HaY€Hb HOTO KOOPAWHAT B
nporieci poboTu. Jleski 3 X KOOpAMHAT HEMOXKIIMBO a00 HEepalioHAIFHO BU3HAYATH 3a OTIOMOTO0 TaT4H-
kiB. ToMy HaykoBWHii 1 IPaKTUYHHI IHTEpEC MPECTaBIIsI€ 3aCTOCYBAaHHS B CUCTEMaX KepyBaHHS €JIEKTPOIPH-
BOJIAMHM CHOCTepirauis. IX JOLIIbHO BUKOPHCTOBYBATH JIsl OL[iHKU LIBUKOCTI JBMIYHA i BUKOHABYOTO Op-
ra"y, MOMEHTIB JIBUTYHA Ta HABAaHTXXEHHS, a TAKOXK MPY>XHUX MOMEHTIB. Bimomi pi3Hi BapiaHTH MOOyA0BU
CIIOCTEpIradviB, ajie y BCiX BHIAAKaX BOHU 0a3ylOThCsS Ha MOl 00'€KTa criocTepekeHHs. Bim pe3ynbrariB
ineHTudikaii miei MoJeINi iICTOTHO 3aJIe)KUTh POOOTA CIIOCTepiraya i CHCTEMH KePYBaHHS B I[IIIOMY.

Henpsime BuMiproBaHHS KOOpAMHAT 3a0e3Meuye HOBI MOIJIMBOCTI €IEKTPONPUBO/A 1, B TOH Ke 4ac,
MOKpaIlye HaIiHHICTh Ta MATPUMYE BUCOKHAN PIBEHb HOTO XapaKTEPUCTHUK Oe3 301IBIIECHHS BapTiCHHUX 1 Ma-
corabapuTHUX TOKa3HUKIB. DyHKI[IOHABHY CXeMy TEXHIYHOI peaii3aiii MPUCTPOIO 33 HENpsIMOTO BU-
3Ha4YeHHS MOMEHTY HaBaHTa)keHHA Ha Bany aHTeHH PJIC 3rigHo piBHsAHHA (8) HaBeAeHO Ha pHc. 1, e moKa-
3aHa aHTEHa, BCTAHOBIIEHA HAa OJHOMY Bally 3 POTOPOM AYTOCTaTOPHOTO JABHUTYHA, Ta POTOP, BUKOHAHUH Y
BHTJISITI TUCKA, IO 00EPTAETHCS aHAIOTIYHO KOPOTKO3aMKHEHOMY POTOPY B aCHHXPOHHOMY JABUTYHI. Takox
MOKa3aHO 1HAYKTOPH, B SKHX PO3MIIICHI OOMOTKH Ta SIKi MPEACTABISAIOTh COOOK0 CTaTOp ABUTYHA, JaTYHKU
KyTOBOI IIIBUJKOCTI 1 TIOJIOKEHHSI aHTEHH Ta MPUCTPOT BUMIPIOBAHHS IIBHKOCTI i HAPAMKY BiTpy. besmo-
CepeqHbO caM TPHUCTPIA HEMPSMOTO BHUMIPIOBAaHHA MOMEHTY TOKa3aHHWN y BHUIJISINI CTPYKTYpHOI CXeMH, Ha

- Hpucmpia SKy 3aBelleHO BCi He-
L"') ' Anmena BUMIDIOGAHHA o
oOxigHi A7 po3pa-

Anemomemp

[ | HANPAMKY gimpy
} XYHKY 3HaQY€HHA MO-
Bar anmenu 4

=alll== MEHTY CHUTHAJIH 3 Ja-
“I\ ! Indyxmopu TYHKIB.
IM] _ m Cumnres
! KOMOiHOBaHOI  cHcC-
¥y TeMH ABTOMATHYHO-
/E =  Jduck pomop ’_ ] _l ro KepysaHHs. Ha
_ 1] w|

Hidwmunnuwxu | | puc. 2 HaBE/ICHO
| | CTPYKTYPHY  CXeMy

Hdamauru kymoesoi | | KOMOIHOBAaHOI CHCTe-
weudxocmi ma | Ka7 | MU ABTOMAaTUYHOI'O

HOTOMCENNA ANMENH | | Kep}IBaHHH eJ'IeI(TpO
| | mpuBogOM aHTEeHH
o | PJC. Ha cxemi

| beos(Bal | mosnaueni: PII — pe-

| ue' X asm(2@)V? | rymatop mBmakocTi;

+ +
Puc. 1 |____\14_________| ITY — meperBOproBau
M
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yacrotw; /] — nyrocraropauii neuryn; EMC — enextpomexaniuHa cucrema; W, — repeaaTodHa QyHKIIs pery-
JSTOpa IBHAKOCTI; W) — KOpHUryroda JlaHka. Y CTPYKTYpHIH CXeMi AyroCTaTOPHWI NBHUTYH TIpeICTaBICHUN
CIPOIIIEHO 3 JIOMYIICHHSIM TOTO, 10 po0O0Ta JABUTYHA 3/IIIICHIOETHCS HA JTiIHEAPU30BaHIN JAUISHII MEXaHIYHOI Xa-
paktepuctuki. CucTeMa KepyBaHHS Ma€ JBa KaHAIW: OJIMH 3aMKHEHHH, SKUH i€ 3a TPUHIUIIOM KepyBaHHS 3a
BIIXWJICHHSM IMTBUAKOCTI 0OEpTaHHS aHTEHH 0 BiJl 3aJaHOTO 3HAYCHHS (0, 1 APYTHHA PO3IMKHYTHH, IO i€ 3a
TPUHIAIIOM KEpYBaHHS N0 30ypeHHI0 (MOMEHTY HAaBaHTa)KEHHS Ha BaJly PUBOILY M).

Ha puc. 2 takox mo3naueHi napamerpu cuctemu: K., T, — koe(illieHT MmiICUICHHS Ta cTaja Jacy Iie-
peTBoproBada dactotu; K, 1, b — koedimieHT mepenadi, eeKTPOMarHiTHa cTaja Jacy i JKOpCTKICTh Mexa-
HIYHOI XapaKTEepPUCTHKH JyTrOCTATOPHOTO JABUTYHA; T, — eNeKTpoMeXaHiuyHa cTaja 4acy NMpHBOAY aHTCHH.
UwucnoBi 3HaYCHHS MAapaMeTPiB CUCTEMH CKIanawTth: K.=f/u.=5 I'/B, ne f.=50 'l — yacTroTra nepeTBopro-
Baua, u,=10 B — nanpyra 3aBnanns nepersoproBaya; 7,=0.001 ¢ — 1151 TpaH3UCTOPHOrO NEPETBOPIOBAYA Ya-
crotw; K,,=270/p=0.105; T,=1/w4.5,=0.0032 ¢, ne wy.=2nf=314.16 ¢l - KyTOBa 4acTOTa MEpexi, sy=1 —
TUTIOBE 3HAYCHHS KPUTUYHOTO KOB3aHHS JYTrOCTaTOPHUX JIBUTYHIB; b=M,/(wy-w,)=25.18 Hwmc, ne
wy=27nf0/p=5.2 ¢’ — kyToBa mBHAKicTH X0M0CTOrO X071y; T, =0.15 C.

N e — EI‘_ __EMC
PIII I ﬂ—————iﬂ———j —i
Wctr Ue Ko |fel b M 1 ! w
Wsr T [ "? = T [~OT T [
| S — B |
- |

Kanan kepyBaHHs Mo 30ypeHHIO TTOBUHEH KOMIICHCYBATH BIUTUB MOMEHTY HABAHTAKCHHS HA Bay
npuBoay M) Ha mBHUAKICTh oO0epTaHHs aHTeHU PJIC, ska € TOJIOBHOIO PETyIhOBAHOI0 KOOPIWHATOI. 3BiICH
nepenaToYHa (GYHKIiSt KOPUTYIOUOi JIAHKU

we=(w.-m,)", (1)

ne W.=K/(1+Tp), W,=K,,b/(1+T,p) — niepenatodni (QpyHKIIii IepeTBOPIOBaYa JaCTOTH 1 JYTOCTaTOPHOTO
JIBUTYHA, BIAMOBIAHO. HexTyoun ManuM 3HaYeHHSM CTaJIOl yacy MepeTBOproBada 4acToTu 7., CHIOBA Yac-
THHA skoro nodynoBana Ha IGBT TpaH3ucTopax, oTpuMyeMO epeaTouHy (YHKIIIO KOPUTYIOUOi IPOIOp-
[iHO ArQepeHITialbHOT TaHKU

-1 -1
w,=(K,-K,-b) +T,-(K.-K,-b) -p. (12)
Pe3yabTaTn gociixkens. Ha puc. 3 HaBegeHO CTPYKTYypHY CXeMy iMiTaliifHOI MOAel CHCTEMHU aB-
TOMAaTUYHOTO KEePYBaHHS JAYrOCTAaTOPHUM eleKTporprBogoM aHTeHn PJIC 3 KOopHTyBalbHOIO JAaHKOKO 1 0e3

Hel, CKIIaZieHy 3a/Is MPOBEICHHS MoCTiKeHb B makeTi MATLAB SIMULINK. Bci eneMeHTH CXeMH iMiTa-
iAHOT MOJeNl BIAMNOBIJAIOTh €JIEMEHTAM CTPYKTYPHOI CXeMHM MaTeMaTW4YHOi MOjei Ta mo3HadeHi: Pl —

ML

Ke beta [M /- 1
Pl Te.s+1 M Te.s+ N " beta"T
C.S e.S efa“im.s simout

Step Pl Wc Km Wm Wi

To Workspace

S

h 4 1r‘

Outl  In1«

Scope

Wk

o 1
beta*Tm.s
Wit

Puc. 3
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MIPOMOPIIHO-IHTETpaTbHIIA PEryJSITOp MBUIKOCTI; W, — epeTBoproBad yacToTH; Km — xoedimieHT miacu-
JeHHs nBUTyHa; Wm — repefaroyHa JaHka ABuryHa; Wi — rnepenarouHa jgaHka anteHu,; Wk — xopuryroua
nanka; ML — Gmok iMiTallii MOMEHTY HaBaHTa)KCHHs; Step — OJIOK iMmiTalii 3aBJaHHs MIBHIKOCTI; Saturation
— O7OK OOMEKEHHSI CUTHAITY 3aB/IaHHS IIepETBOPIOBaYa YaCTOTH.

VY 6mori PID Controller BUKOHAHO HaJAIITyBaHHS MPOITOPIIHHO-IHTETPATBHOTO PETYIIATOPa IIBU/I-
KOCTi 00epTaHHs aHTEHW Ha TEXHIYHUI onTUMYM. Ha mporHo30BaHii KpUBiii mepexigHoro npoiecy 3a1aeMo
MaKCUMAJIBHO MOXIIMBUH Yac MEPEXiHOro MPOLECy Tak, MI00 BEIUYHMHA NEPEPEryIIOBaHHS 10 MIBUIKOCTI
He mepeBuinyBana 5%, Ta OTpUMYEMO 3HAYeHHS KOe(illi€HTIB MPOMOPIIIHHO-IHTErPaTbHOTO PETyIIsATOopa:
Kp=4.96, K;=49.87.

Ha puc. 4 npeacraBineHo pe3ybTaTd MOJCIIOBAHHS — KPHUBI IyCKY €JIEKTPOIIPUBOAY aHTCHH Oe3 Ha-
BaHTa)XEHHS 3 MOJANBIINM HAKHJIAHHSIM MOMEHTY HaBaHTa)KeHHS BennunHOIO B 25 Hwm (a) i 84 Hwm (6) Ha
0.6 ¢ Ta 3HATTS MOMEHTY HaBaHTaXeHHS Ha 1.1 ¢, 3 ypaxyBaHHAM OOMEXEHHS CUTHAIB PETYISITOPa i KOpH-
ryrodoi manku £10 B. Kpusa 2 Bignoigae cuctemi 6€3 KOPUTYIOUOI JIAHKH, KpUBa 3 — CHCTEMI 3 KOPHUTYIO-
4OI0 JTAHKOIO, | — 3a/1aHe 3HaYeHHsI IBHIKOCTI.

3
2 W, paplc
3 T — 25
w
2 3 2 e
1
1.5
1
0.5
i ! t' c t
, C
Ll g2 L 12 14 L OD 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
a o

Puc. 4

3a pe3ynbTaTaMy MOJICTIOBAHHS MOKHA 3pOOUTH HACTYITHI BUCHOBKH:

— BEJIMYMHA MepeperyIoBaHHs M0 MBUIKOCTI 00epTaHHSI aHTEHU HE TMepeBUIye 5%, Mpu bOMY IIBUAKO-
It cUCTeMH (Jac TEpIIoTo MOCSITHEHHS YCTalleHOTo 3HaueHHs) cTaHoBUTh 0.13 ¢, mo y 6 paszie 6imbIne HiXK
y icHyto4oi cuctemu (3 0.8 ¢ 10 0.13 ¢);

— JIMHaMiYHA OXMOKa MPU HAKUJAHHI HABAHTAXKEHHSI Y CUCTEMI 3 KOPEKIIIEI0 B CEPEIHBOMY 3MEHIITHIIACS Y 8
pasiB, mpUYOMY Y pasi BiApaIlroBaHHs 3aBJaHHS e(eKT BiJ BBEAECHHS KOPHUTYBAIBLHOTO 3B'S3KY OLIBIION Mi-
POIO BUSIBIIETHCA 32 MaJIMX HABAaHTAXEHb, 1 CTAHOBHUTH 1.2 % Mpu HaKUIaHHI MOMEHTY HaBaHTakeHHS 25 Huw;
— HaBITh IpHU HAKWJAHHI MAaKCHUMaJIbHOTO MOMEHTY HaBaHTaxeHHs 84 HwM, sknif Mo)ke BUHUKHYTH ITiJT Yac
CHJILHOTO MOPHBY BITPY 10 50 KM/TOM, BeHMYMHA TUHAMIYHOTO Ta[iHHS IIBUAKOCTI B CUCTEMI 3 KOPEKIII€0
He nepeBuInye 5 %, Mpy IbOMY Yac BiIHOBJICHHS IIBUAKOCTI 3MEHIIY€ETHCS Maiike y 2 pasu.

Taxum 4rHOM, KOMOIHOBaHE KepyBaHHS Oe3peIyKTOPHUM AYTOCTATOPHUM EIEKTPOIPUBOJIOM CYI-
HoBOT aHTeHu PJIC mae 3Mory OuIbIn HiX y 5 pa3iB 30UIBIINTH HIBUIKO/IIO Y MOPIBHSIHHI 3 iCHYIOUOIO CHC-
TEMOIO eJIEKTPONIPUBO/Ia Ta KOMIIEHCYBATH 3MiHY BITPOBOT'O HABAHTAKCHHSI.

BuchHosku.

1. B pe3ynbTari IpoBeeHOTO aHANI3y acpoAUHAMIYHIX HaBaHTaXKEeHb Ha npukiiani antenn PJIC tu-
ny «MIYC» orpuMaHO BHpa3 Ui MOMEHTY BITPOBOTO HaBaHTAKEHHSI, SIKUI Jja€ 3MOTy OOYHCIIOBATH HOTO
MUTTEBE 3HAUEHHS B 3aJI€KHOCTI BiJl LIBUIKOCTI BITPOBOTO MOTOKY, KyTa MOBOPOTY 1 IIBUAKOCTI 0OEpPTaHHS
aHTEHH, 0 Ja€ MOXKIJIUBICTh MPAKTHYHOI peajtizamii KOPUryodoi JaHKA 1 TOOYI0BH KOMOIHOBAaHOTO Kepy-
BaHHSI €JIEKTPOIPUBOJIOM aHTECHH.

2. IIpoBeneHe MoJenOBaHHS MOKa3alo e(peKTUBHICTH KOMOIHOBAHOTO KepyBaHHs: KOPHUTYBaJbHUN
KaHaJ Ja€ 3MOTY IiIBUIINTH IBUAKOII0 CHCTEMH €IEKTPOIIPUBOJY 1 CKOMIIEHCYBATH BILUIMB aepoIMHAMIY-
HOTO MOMEHTY Ha IBHIKICTh 00epTanHs antenu PJIC.

3. 3anmpomnoHOBaHUK METOJ HEMPsIMOTO BHUMIpPIOBAaHHS BITPOBOI'O HaBaHTA)KEHHSI MOXKE OyTH TakKoxX
3aCTOCOBAaHUHU UId OyAb-IKHX IHIINX OE3pEAYKTOPHUX Ta PEAYKTOPHHX CHUCTEM EIIEKTPOIIPHBOJY aHTEH
PJIC, nanpukian, i3 CHHXpOHHUM JBUTYHOM 3 MMOCTIHHUMU MarHiTaMH, BEHTHIILHUM Ta iHIIUMU JABUTYHAMU.

Pobomy suxonano 3a depaicasnoi Haykogo docaionoi pobomu “IHTEXEH-2" (Enexmpomexaniuni cucmemu 3
CNeKMPUYHUMY MAWUHAMU | HANIBNPOGIOHUKOBUMU NEPEemBOPIOsa amu NiOSUWEeHoT eqheKkmusHocmi), OepircasHull pe-
ecmpayivnuti nomep 01200002125 (KIIKBK 6541230).
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IIposeden pacuem u ananu3 as3poOUHAMUYECKUX HASPY3O0K CYOOBOU AHMEHHbL PAOUOIOKAYUOHHOU cmanyuu. Tlonyyero
BbIPAdICEHUE 3ABUCUMOCTIU MOMEHMA HA 8Ly NPUBOOA AHMEHHbL OM CKOPOCMU e€ epaujenus, yaia nogopomd, CKOpo-
CMU U HanpasieHus NOMoKa 6empa, Ha OCHOBE KOMOPO20 Pealu308aHo YCMpPOUCmeo OJis KOCBEHHO20 USMEPEHUs elu-
YuHbl MOMeHma Hazpysku. 1[Iposedén cunmes KOMOUHUPOBAHHOU CUCEMbL ABIMOMAMUYECKO20 YNPAaBIeHUs. 6e3pedyK-
MOPHBIM 0Y2OCTNATNOPHBIM JJIeKMPONPUEOOOM AHMEHHbL PAOUOIOKAYUOHHOU CMAHYUU, OCHOBHOU KAHAL KOMOPOU Oell-
cmeyem no RPUHYUNy YRPAagieHus no OMKIOHEHUIO U UMeem 3aMKHYMbLU KOHMYpP pe2yiuposanusi CKOPOCMU, a 6Mopot
KAHAL - NO NPUHYUNY YAPAGIEHUsL NO 8O3MYUICHUIO (MOMEHIY HAZPY3KU) U uMeem pazoMkHymbli konmyp. IIpogeden-
Hble UCCIe008aHUsl, NOOMEEPOUNU IPHEKMUBHOCHL KOMOUHUPOBAHHO20 YnpaeieHus. Hcnonb3osanue Koppekmupyio-
wetl c653U N0 803MYUEHUIO NO360ISEN KOMNEHCUPOBAMb GIUSIHUE MOMEHMA HAZPY3KU HA 3A0aHHOE 3HAYEHUE BbIX00-
HOU cKopocmu 8pawenus anmenusl. bubn. 12, puc. 4.
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COMBINED CONTROL OF GEARLESS ARC-CORE ELECTRIC DRIVE OF A SHIP RADAR ANTENNA
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The calculation and analysis of the aerodynamic loads of the ship’s antenna radar station are carried out. An expres-
sion is obtained of the dependence of the torque on the shaft of the antenna drive on its rotation speed, rotation angle,
speed and direction of wind flow, on the basis of which a device is implemented for indirect measurement of the load
torque. Has been synthesized a combined automatic control system for a gearless arc-core electric drive of the radar
station antenna, the main channel of which operates according to the deviation control principle with a closed speed
control loop, and the second channel, which operates according to the disturbance control principle (load torque) and
has an open loop. Studies had confirmed the effectiveness of combined control, the use of corrective loop allows com-
pensate the load effect on a given value of the speed of the antenna. References 12, figures 4.

Key words: ship radar antenna, gearless arc-core electric drive, combined automatic control system, disturbance com-
pensation, synthesis, research.
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EJIEKTPOEHEPT'ETMYHI CUCTEMU TA YCTAHOBKU

YK 621.311 DOI: https://doi.org/10.15407/techned2020.06.043
BU3HAYEHHS ONITUMAJIbHUX ITAPAMETPIB 3ACOFBIB 3HU)KEHHSI HECUMETPII
HAINPYT B HU3bKOBOJIbTHUX EJJEKTPUYHUX MEPEKAX

A.®@. Kapkin*, ui.- kop.HAH Vkpainu, C.O. IlagadoB**, kaH/I.TEXH.HAYK,
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InctutyT enexrponunamiku HAH Yxpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina. E-mail: zhark@ied.org.ua

Posenanymo winaxu nowyky onmumanbHux cnocooié NOKpaujeHHs AKOCMI eleKmpuyHoOi eHepzii 8 eneKmpuyHux
Mepedncax 3 Po30CePeONCeHUM HEeCUMEMPUYHUM HABAHMANCEHHIM 3a OONOMO2010 (Dinbmpie Ccmpymie Hy1b0OBOT
nOCIO08HOCMI, AKI 8PAXO08YIOMb MOXNCIUBICMb 3a0e3neueHHs. OaNCaHUX NOKASHUKIE 3 MIHIMANbHUMU SUMPAMAMU,
0cobnugocmi pobomu 8 asapiliHuX pedcumax ma ymosu sabesneuenusi eiekmpodesneku cnocusauie. Ilposedeno
BIONOGIOHI PO3PAXYHKU 30 0ONOMO20I0 IMimayitino2o modenosanns. bidmn. 6, puc. 4.

Knwowuoei cnosea: skicth eJeKTpOeHEprii, HECUMETpis Hampyr, (QUIBTp CTPYMIB HYJIbOBOi IOCIIJIOBHOCTI, aBapiiHi
pexuMu, Oesrexa.

Beryn. OcobamBicTio 3a0e3MeUeHHsT HAIEKHOT SIKOCTI eIEKTPUYHOI eHepril B PO3MOIITBHUX MEpexax
€ Te, 0 MOXUIMBICTh JOTPUMAHHS €JIEKTPOIIOCTAYAIbHUKOM HOPM CTaHIApTiB JJIs OITBIIOCTI MOKa3HUKIB
SIKOCTi HaIlPyTH 3HAXOJUTHCS Y MPSIMOMY 3B’SI3KY 3 JOTPHUMAaHHIM CIIOKMBAa4YaMH TPAHUYHUX 3HAYCHD PiBHS
eMicii i1 OCHOBHMX THIIIB 3aBaj: TapMOHIK CTPyMy, KOJHMBaHHS Hampyru i ¢uiikepa, a TakoX HECUMETpil
HanpyT. CBITOBUH JOCBiJ MOKa3ye, M0 JOTPUMAaHHS HOPM CTaHIAPTY 3 SKOCTI HAIPYTH EJICKTPOIOCTadYaHHs
JUIs BCiX 0€3 BUK/IIOUCHHS CIIOXKMBAYiB HE € JOLIJIBHUM, OCKUIBKA MOXE HMPU3BOAUTH 10 HEIPUITYCTUMOIO
MiIBUIICHHS. BapTOCTI ENEKTPOIOCTA4YaHHsI, 0 MOXKE HE BIIANITOBYBAaTH 3HAYHY YACTHHY CIIOKUBadiB y
JaHii Mepexi, o0JasHaHHS SKUX Ma€ JIOCTATHIO 3aBaJOCTIMKICTh. B Takmx BHUMamkax OKpeMi CHOXHBadi,
oONagHaHHS SIKHX Ma€ BHUCOKWH PIBEHb UYTIWUBOCTI IO SKOCTI HANPYTH €JIEKTPOIOCTAYaHHS, BUMYIICHI
3aCTOCOBYBATHU 1HIUBIAyalbHI a00 TPyNOBi 3acCO0H 11 MTOKpaIeHHS.

MeTo10 pod0TH € BU3HAYCHHS LUIAXIB AOCITHEHHS ONTHUMAaJIbHUX MOKA3HUKIB HeCUMETpii (a3Hux
HaTPyT B PO3MOMIIBHIM HU3bKOBOJIBTHIN Mepexi 31 CIIoKMBadaMH, 1110 MarOTh OOJIaTHAHHS 3 PI3HUM piBHEM
YYTIUBOCTI JIO SIKOCTI HAIPyTH.

OcHoBHuii 3micT. [IpoekTyBaHHsS eJIEKTPUYHHX MepeX Nependayae BuOIp Mepepizy CHIOBHX
MIPOBITHUKIB PO3MOIIIEHUX MEpPEeX Ha OCHOBI JOTPUMaHHS OJHOYACHO JBOX KPHUTEPIiB: 32 JOMYCTUMHUM
CTPYMOM TIPOBIIHMKA Ta 3a IONMYCTHMHMH BTpaTaMH HaNpyTH BiJ PO3MOAUIFYOTO TpaHCHOpMATOpa [0
HaBiIaIeHImo1 Touku Mepexi. OfHaK Ha TPaKTHIll JPYTU KPUTEPii He 3aBXIH BPaXOBYETHCS HAJICKHUM
YUHOM, BHACIHIJIOK YOTO B PO3IMOAUIHFHUX MEpeKax HU3bKOI HANPYTH 3 BEIHKOH KUTBKICTIO 1 MOTYKHICTIO
omHO(ha3HUX CIOKUBAYIB BIAXWUJIICHHS HANPYTH €JIESKTPOIIOCTAYAHHS B YacH MK MO)Ke OyTH 3HAYHO OiTbIIe
BCTaHOBJICHOTO cTaHaapramu piBHA. KpiM TOro, B pO3MONIIBHUX Mepekax 3 MOOYTOBHMH CIIOKHBauYaMH
OyXe CKJIagHO AOTPUMATHCS pPIBHOMIDHOTO HaBaHTaXeHHs Bcix ¢a3. Hacmizkom nporo € cyTreBe
30iJBIIEHHST CTPYMY B HYJIBOBOMY TPOBIJHWKY, SKHHA IO TOTO K, 3a3BHYaii, Ma€ MEHIINHA Tepepi3, Hik
TMiHIAHIL. Y TOW e 9Yac MajiHHA Hampyr Ha MPOBITHUKAX BiIl PO3MOAUIHPHOTO TpaHChOpMAaTopa M0 TOYKH
NpUETHAHHS CIIOKUBAYa CIIPUYUHAIOTH TOSBY 3HAYHOI HECUMETpii TpU(a3HUX HATIPYT.

3au1st BU3HAUEHHS KiTbKiCHUX XapakTepucTik HecumeTpii Harpyr 'OCT 13109-97 BcraHOBIIOE 1BA
MOKA3HUKHA — KOEQIIi€EHTH HECHMETpii 3a 3BOPOTHOIO — Kpy Ta 3a HYJIHOBOIO MOCIHITOBHICTIO Kjp, fAKi
PO3paxoBYIOThCS SIK BiJHOIIEHHS BiJIIOBIAHUX CHUMETPUYHUX CKJIAJOBHUX CHUCTEMH TpH(DA3HUX HANpPyT 0
cknanoBoi mpsMoi mocaimoBHocTi. BimmosimHo mo Bumor I'OCT 13109-97 3nauenns 2% mist o0ox
MOKa3HUKIB MOXYTh OyTH TIepeBHIIEeH] TUTbKH B 5% BUMAJAKIB BiJl KUTHKOCTI BUMIPIOBaHb BIIPOJOBXK THIKHS.
Ho peui, mi>xxHapoaauii cranaapt EN 50160:2010 HopMy€ TibKH OIUH MMOKa3HUK HecHMeETpii — Koy .

TeopeTnyHo A7l cucTeMH TpU(]a3HUX HANpYr, IO MAalOTh IOMYCTUMI BIIXWJIEHHS BiI IXHBOTO
HOMIHAIBHOTO 3HaUeHH:: +5%, 0%, -5% Ta oHAaKOBi KyTH 3cyBy (a3 (o 120°) 3Hauenns xoedinientis Koy
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1 K>y nopiBHIO€ puban3Ho 2,9%. Ane BHacHiZOK 3CyBY HEHTpalli B cucTeMi Tpu(a3HUX HAIPYT 1 HEPiBHOCTI
KyTiB 3CcyBY (ha3 mokazHUK Ky MOXKe JOCSATAaTH 3HAYHO OLIBIIOrO 3HaYeHHs, HiX Ky, TOMY B AaHill poOOTi
PO3TISAAOTHCS MUISIXH 3HIDKEHHS caMe Koe(illieHTa HECUMETPii 32 HyJIbOBOKO MOCIIIIOBHICTIO.

OnHuM 3 eeKTUBHUX CIOCOOIB 3HIDKCHHS HAMPYTH HYIHOBOI MOCTIJOBHOCTI € CTBOPEHHS IS
CIO’kKMBada a00 TPYIHU CIOKHWBAUiB BIACHOI MAaJIOMOTY)KHOI JIOKAJIBHOI TprdaszHoi Mepexi 31 IMTYIHOIO
HeWTpammo [1], HanpuKkiIan, NUISIXOM 3aCTOCYBaHHS (iIbTpa CTPYMIB HYJIHOBOI MOCHIJOBHOCTI Yy BHIJISAIL
TpaHcopMaTopa 3i CXeMOIO 3’ €THaHHS OOMOTOK «3yCTpiuHUiM 3ur3ar [2]. I qaHoro BUIaaKy 3Ha4eHHS
MOYJIS OTIOPY HYJIEOBOT MOCTIAOBHOCTI 3a3HAYCHOTO (DITETpa MOYKHA pO3paxyBaTH 3a BUPA30M

|Z)|=U,/1,=220-K,,/1I,,
ne 220 — HoMiHaNbHE 3HAYCHHS Ga3Hol Hampyru Mepexi; U, — IOMycTHME 3HAaYeHHS HANpYTH HYJIHOBOI
TIOCITIIOBHOCTI; /) — CTPyM HYJIBOBOI TIOCITIIOBHOCTI HECHMETPHUYHOTO HaBaHTAXKEHHS, IO opiBHIOE 1/3 Bim cymu
(hazHUX CTPYMiB.

Ha ocHOBi JaHHMX MO0 MOTYXKHOCTI 1 COS(Qy HECHMETPHUYHOI'O HABAHTAXXCHHS CIIOXKMBA4a MOXHA
po3paxyBaTH 3HAYEHHS CTPYMY HYJIHOBOI ITOCITIIOBHOCTI

P (cos gy, +jsingp, )L Py [COS((PHB —@ 4 )+ JSIN(Pp—Pup )] LPC [COS(€0HC ~@ac )+Jsin(Prc—Puc )]

I, =
0 3U 4-cosppy 3Ug-cospyp 3Uc-cos@ye

ne Uy, U Uc — 3HaueHHs BinnoBimHUX (azHux Hanpyr; P4, Pp, Pc — aKTUBHI MOTYXHOCTI 0HO(A3HOTO
TMiHIHOTO HaBaHTaXeHHS y (azax; Oy Oyp, Ouc — KYTH MDK (a3HUMH Hampyramd i CTpyMaMu y
BINMOBITHUX (azax; Oz ¢4c — KYTH MK BEKTOpaMu (pa3HUX HAMIPYT B TOUIII MMPUETHAHHS CITOKHBAYA.

Oco0HBICTIO JTaHOTO CIIOCO0Y € Te, 1O MOKa3HUK Ky B NaHil JIOKaIbHIH Mepexki Oye BU3HAYATHCS
TIIBKH TIapaMeTpaMy HaBaHTa)KEHHS Ta OMNOPOM HYJIBHOBOI MOCTIZOBHOCTI (iNbTpa, 3HAYCHHS SKOTO MOXKE
OyTH BiTHOCHO BEJIHKHM, IO CIPOIIYE HOro KOHCTPYKIiO Ta poOWUTH BapTicTh HHU3bKOKW. Kpim TOro B
aBapifHUX peXHMax Mepexi, HANpHUKIaA, Y BUIAIKy OOpWUBY OAHI€T 3 (a3, CTpyMOBE NepeHaBaHTAKEHHS
o0MoTOK (inbTpa Oyne BincytHe [3]. HemonikoM € HEOoOXiMHICTh MPOKIaNaHHs OKpeMoro PE-TpoBigHUKa
3a3eMIIeHHS 337151 3a0e3nedeHHs 0e3MeKH BiJl ypakeHHsI CTPYMOM Y BUTIAJIKY ITPOOOIO 130141111 Ha KOpITyC.

[HIIIM PO3MOBCIOPKEHNM CHOCOOOM TIOKpaIIeHHsI TOKa3HWKa K,y € TpHETHAHHS 3a3HAYCHHUX
GiNBTPiB 10 HYJIBOBOTO MPOBIAHUKA po3moAiibHOI Mepexi [4, 5]. [lepeBaroo nanHoro crocoOy € Te, 10
3a3eMIIeHHs 00JaTHAHHS CMIOKMBa4Ya MOXe OyTH BUKOHAHO 3a CTaHIapTHOI cxeMoro TN-C-S,; a HemomikoM
— 3QJIEKHICTh MMOKA3HUKIB HECUMETPil He TUTBKH BiX omopy (ilbTpa, ajie i BiJ MmapamMeTpiB HaBaHTaKEHHS
BCIX CMOXHBauiB B JaHIH MEpexi, OMOPY MEpeXi B TOUKAX IXHBOTO MPUETHAHHS Ta MICIS PO3TAIIyBaHHS
¢inprpa. CyTTeBHI BIUIMB PO30CEPEIHKEHOT0 HECHMETPUYHOTO HAaBaHTAKCHHS B MEPEKi Ha MOKazHUK Ky
MIPU3BOIUTH 10 HEOOXiTHOCTI MaTH OUTBII HU3bKE 3HAYSHHS ONopY (PibTpa, HiXK B OMEPETHFOMY BUTIAJIKY.
Takox cIi BpaxoByBaTH, IO y pasi oOpuBYy oxHiel 3 ¢da3 Mepexi Oyme MaTd MiCIle CTPYMOBE TEepeHa-
BaHTAXXCHHS OOMOTOK (hiIbTpa, 10 Mae OyTH mepe10aveHo POOOTOI CHCTEMH aBTOMATUYHOTO 3aXHCTY.

3anms po3paxyHKy MOKa3HUKIB Ky, B MEpexki 3 M'AThOMa OJHAKOBUMH TOCTIOBHO IMiTKIFOYEHUMHU
0JIOKaMF HECHUMETPUYHOT'O HABAHTAKEHHS IJIA PI3HUX TOIOJIOTIH MIKIIOYeHHS M0 Hei PUIBTpiB CTPyMiB
HYJIOBOI MOCIIIOBHOCTI (3 pi3HUMH MapaMeTpamu) OyJI0 BUKOPHCTAHO iMiTaniiHe MozaeroBanHs B Matlab-
Simulink. Ha puc. 1 HaBegeHo yacTHHY 3arajbHOi MOJEINI, SiKa HE IMOKa3ye MOBTOPIOBaHI OJOKM HaBaHTa-
JKEHHS 1 BUMIPIOBaHHS, a QUIBTP CTPYMiB HYJBOBOI IMOCTITOBHOCTI Pi3HOI CKJIATHOCTI KOHCTPYKITi, STKAN
NPUETHYETHCS 10 MEPEXI IIICThMa PI3HUMH CIIOCO0aMu, nipeacTaBieHo 61okoMm «Grounding Transformery.
3HaveHHs MapaMeTpiB ONOpy MPsIMOi i HyJIbOBOI MOCIiZOBHOCTEH PO3NOAINBEHOTO TpaHchopMaTopa MmoTyx-
HicTio 250 KBA 3i cxemor0 3’€HaHHS 0OMOTOK «3ipKa-3ipKa 3 HyJleM», 1[0 HaBeIeHO B [6], 3amaHo B OoIi
«Three-Phase Mutual Inductance Z1-Z0». Binpizku Tpuda3HOi YOTHPHIIPOBITHOI JiHII 3 AIFOMIHIEBUX
npoBoziB mepepizoM 150 Mm® st mimiitHEX Ta 70 MM® — JUIS HyJIbOBOTO TIPOBITHHKIB 3 JOBKHHOI 500 M
MiX TpaHC()OpPMAaTOpPOM Ta IMOCIIJOBHO MiJKIIOYEHUMH [0 MEpeXi CIIOKHBauYaMU MOJEIIOIOTHCS 3a
nmorioMororo 61okiB «JliHisg-» 3 omopom (0,1 +70,01) Om Ta «JIiHiss-N» 3 oropom (0,2 +70,01) Om. Koxenr 3 5-
X OJIHAKOBHUX OJIOKIB HECUMETPUYHOI'O HABAaHTAXKEHHS 3 MOTYXKHICTIO B (ha3i 2,55 kBT, 3,64 kBt 1a 1,45 kBt
BiJINIOBIJTHO, 1110 MPHETHAHO JI0 PO3MOMILIBHOI Mepexki 3a jonomoror (igepiB 3 omopom (0,1 +70,01) Om,
MOJIETIOETECS TpboMa ofHopazHumMu Onokamu «Parallel RLC Loady.

Pesynbratn po3paxyHKiB MOKa3HHKIB Kyy y BCIX By3llaXx HaBaHTaxeHHS N y pa3i MiAKIIOYSHHS
(GinbTpiB CTPYMIB HYJIBOBOI MOCTINOBHOCTI 3 Pi3HUMH 3HAYCHHSIMH IXHIX MapaMeTpiB IBOMa 3a3HaYCHUMH
BUIIE CIIOCOOAMH JI0 TPETHOTO BY3Jla MepeXi MOKa3aHO Ha puc. 2, IO M'STOro By3ja — Ha pHC. 3, TBOX
OJTHaKOBHUX (ITBTPiB A0 000X 3a3HAYCHUX BY3IIB ofgHOYacHO — Ha puc. 4. KpuBa / Ha maHuxX puUCyHKax
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BiJINIOBiJIa€ BiJICYTHOCTI IMiKIFO4YEHHS (PibTpa, KpuBa 2 — CTBOPEHHIO JIOKALHOI Mepexi (200 TBOX Mepex)
3a JONoMoror (QiabTPiB 3 OMOpPOM HyJIb0BOT HocaigoBHocTi (0,4 +71,2) Om, kpuBi 3 Ta 4 — MIAKIIOYCHHIO 10
HYJBOBOT'O MIPOBIAHMKA PO3MOAUILHOT Mepeski QibTPiB 3 onmopoM HyIboBoi nocmigoBHocTi (0,4 +71,2) OM Ta
(0,1 +40,1) Om BinmoBigHO.
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Pesynbraty  po3paxyHKIB TOKa3ylOTh, IO JUIS
PO3MITHYTOI MepeXxi y BHUIMAIKy HeoOXigHOCTI 3abe3rre-
YCHHS HOPMOBAHUX ITOKa3HUKIB Ky TUTHKH B OJJHOMY a00 B
JIBOX By3JIaX HaBaHTaKCHHs O€3 CYTTEBOTO TMOKpAIICHHS
Kyy B IHIIMX By3Jax, IOCTaTHHO E(PEKTUBHHM € 3acCTO-
CYBaHHS TOIIOJIOTII JIOKATGHOI MEpeXki, sSKa Jae 3MOTy
BUKOPHUCTOBYBAaTH (UIBTp, IO Ma€ BITHOCHO BEIHUKE
3Ha4YeHHS OTMOpY HyJBbOBOI MOCTIAOBHOCTI. AJie y BUIIAAKY
HEOOXITHOCTI 3HAYHOTO ITOKPAICHHS ITOKa3HUKIB Kyy y
BCiX 0e3 BHHATKY BYy37aX OUIbII e(pEKTHBHUM € TIPHEI-
HaHHA QIIBTPIB 3 BIANOBIAHMM OHNOPOM [0 HYJHOBOTO
MPOBIHAKA PO3MOIIIBHOI Mepexi (3  ypaxyBaHHIM
ONITUMATEHOTO BUOOPY MICITI iXHBOTO PO3TAIITYBAHHS).

NPOBEJICHOTO MOJICNIIOBaHHs TpU(a3HOi PO3MOAUILHOT Mepexi 3

PO30CepeVKEHIMHI TOYKAMH IiAKIIOUYEHHS HECUMETPUYHOTO HABAaHTAXKEHHS IMPOBEICHO PO3PaxyHOK Koy
JUISL pI3HUX BHITAIIKIB TiAKIIOYCHHS 10 MEPEXi (DUTETPIB CTPYMiB HYIHOBOI ITOCTITOBHOCTI. Bu3HaueHo, mo y
pa3i CTBOpPEHHs JIOKaJIbHOT MEpexki 3i IITYYHOI HEHTpaUIIo AJS OJHOTO ab0 TPYNH YyTIUBHX JIO SKOCTI
HaNpyr CIIOKMBAYiB 3HAUYEHHS IMIIEJaHCY 3a3HAYEHOIr0 MPHCTPOI0 MOXKE OyTH CYTTE€BO OUIBIINM (TOOTO
BapTiCTh MPHUCTPOI0 3HAYHO MEHINOK), HIX IS BUMAAKY 3’€THaHHA (PiTbTpa 3 HYJIHOBHM IPOBIIHUKOM
Mepexi.
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Ways of searching for optimal ways to improve the quality of electric energy in electric networks with dispersed unbalanced
loads using zero-sequence current filters are considered, which take into account the possibility of ensuring the desired
performance with minimal cost and taking into account the peculiarities of operation in emergency network conditions and
ensuring electrical safety of consumers. Corresponding calculations were carried out using simulation modeling. Ref.6, fig. 4.
Keywords: power quality, voltage unbalance, zero-sequence current filter, emergency modes, safety.
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COMPREHENSIVE METHOD FOR EVALUATION OF MEDIUM- AND LOW-VOLTAGE
DISTRIBUTION NETWORK OPERATING STATE
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With the development of intelligent distribution networks and access to distributed energy, the solving the problem of
timely and accurate determination of the operating state of the distribution network is an urgent task. Based on an
improved analysis of the principle components of the network and statements of a self-organizing neural network, this
article proposes the method to evaluate the operating state of medium- and low-voltage distribution networks. At the
first step, the system of evaluating indices of the network is formed by advanced component analysis. The evaluation
system is grounded on four aspects, including safety, reliability, quality and economy. Next, the self-organizing neural
network is used to identify and clean up the data regarding the operating state of the distribution network. At the next
step, the indicators are modeled at all levels; the entropy method is applied to calculate the total weight of all
indicators. Then the value of each indicator is found and the weak links of the distribution network are determined. At
the final stage, the comprehensive assessment of the real operation of the distribution network in Guangxi province is
carried out. As shown, the method can effectively reduce the effect of abnormal data and subjectivity factor on the
results of evaluating the state of the distribution network. That confirms the feasibility and practicability of the
proposed method. References 22, figures 6, tables 6.

Key words: distribution network, improved principal component analysis, self-organizing neural network, entropy
combination, comprehensive evaluation.

1. Introduction. In the recent years, as an important part of smart grid, intelligent distribution
network has become a new trend in the development of smart grid [1-3]. However, the defects of different
equipment and low automation level in medium- and low-voltage distribution networks are hindered in the
development of intelligent distribution network. Moreover, the low- and medium-voltage distribution
networks are a key link for the connection between the power system and users, and its operating states
affect the national economy [4-6]. Therefore, it is urgent to develop a scientific, effective, fast and accurate
evaluation system for the low- and medium-voltage distribution networks.

At present, many evaluation methods have been proposed and studied. The multi-level evaluation
index systems for different levels are proposed in [7-9], but without expert experience or ignoring the
influence of evaluation indices in distribution network. In [10—13] the AHP-Delphi method is proposed to
evaluate the operating state of distribution network or to modify the weights of indices at all levels.
However, AHP-Delphi method is too subjective to evaluate the operating state of distribution network
objectively. In [14-17], the Monte Carlo method, matter-element extension method, G2-entropy method and
other approaches are used to evaluate the operating state of distribution networks. However, the problems of
data accuracy and abnormal data in the existing data system are ignored. Moreover, due to the fact that the
evaluation results regarding distribution network are easily affected by abnormal data, the evaluation errors
may be caused and the wrong control signals may be sent to the distribution network. In a word, the existing
studies on the operating state evaluation of medium- and low-voltage distribution networks mostly ignore the
following problems: abnormal data of distribution network and subjectivity of evaluation method, which
cannot objectively evaluate the real operating state of distribution network.

Therefore, this paper proposes the method for operating state evaluation of medium- and low-voltage
distribution networks based on improved analysis of principal components and self-organizing neural
network. First of all, the improved principal component analysis method is adopted to extract the indices that
can best reflect the operating state of distribution network, and then the AHP index system is constructed.
Secondly, the data on the operation of distribution network are cleaned up based on self-organizing neural
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network. Then the entropy combination weight algorithm is used to calculate the weights of indices. Finally,
by calculating the each index, the weak links of distribution network are found. In conclusion, the
comprehensive evaluation results of the actual distribution network show that the proposed method can
provide the effective technical support and information for the control and management of the medium- and
low-voltage distribution networks.

2. Features of extraction based on improved principal component analysis. In the evaluation of
the operating state of medium- and low-voltage distribution networks, there are many factors that affect the
state of distribution network, and there is no unified method to screen the evaluation indices. Most studies
establish the evaluation index system of distribution network through research analysis and expert opinions.
It is difficult to accurately evaluate the distribution network due to the subjectivity of the method. It is
impossible to filter out the overlapping information attributes among evaluation indicators at a certain level,
and it is difficult to accurately evaluate the operating state of distribution network.

Therefore this paper proposes an extraction algorithm based on improved principal component
analysis to screen evaluation indices. This method can reduce many evaluation indices to several
comprehensive indices, make the index system simpler and more reasonable, and extract the index that can
best reflect the operating state of distribution network. The steps are as follows:

(1) Selection of a number of evaluation indices of distribution network, quantification of each
evaluation index, construction of the evaluation index quantization matrix and elimination of the dimension:

X, —Xj
Xy == ’ (M

S;

where s’ :ﬁi(x” e :%ix‘j L i=123..m, j=123...p.
— 1=l i=1

According to the covariance principle, the covariance matrix is the correlation coefficient matrix
after the standardized transformation of the index.

(2) Then solution of the correlation coefficient matrix, determination of the eigenvalue and
eigenvector of the matrix, and sorting of them according to the eigenvalue 4, > 4, > 3> 4, the eigenvector
corresponding to each eigenvalue /; is a;.

Then calculation of the cumulative variance contribution rate:

i P
PRI ?)
k=1 k=1

The cumulative variance contribution rate mentioned above reflects the amount of information
contained in the linear transformation of variables. When the factor is more important, the cumulative
variance contribution rate will be larger.

(3) Special extraction of indices.

Firstly, calculation of the main component load matrix A:

A=(Jha o Jha,. A, a,), 3)

where 4y, 45, 13...4, are the eigenvalues of the matrix, oy, a,, as...0, are the components of the eigenvector.

Then calculation of the importance degree of each evaluation index: analysis of the selected principal
components and calculation of the importance degree of the index in the principal components. The
calculation formula of the importance degree H is as follows:

HZ\/Z%JF\/Z%JF\/Z%J“- A.a,. “)

Then normalization of the importance degree of the obtained evaluation index is realized. The higher
the importance degree, the stronger the correlation, that is, the more representative of the evaluation index
among the numerous evaluation indices. Finally, the key indices of the evaluation of the operating state of
the distribution network are obtained.

3. Data cleaning based on self-organizing neural network. Medium- and low-voltage
distribution networks have complex structure, various equipment and low automation level, so the operation
data uploaded by the existing data acquisition system have many defects, such as data collection difficulties,
poor accuracy and incomplete data [18]. Therefore, it is urgent to identify and clean abnormal data when
evaluating the operating state of low- and medium-voltage distribution networks.

In power system, the methods of data cleaning are numerous, but the traditional data cleaning
algorithm is not suitable for distribution network operation evaluation, because the traditional algorithm
cannot get the trend of abnormal change of each data and the correlation between the data, which is easy to
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cause abnormal data is not completely clear. Moreover, because of the large amount of data in the operating
state of the distribution network, the outliers belong to the small samples, so the error of the traditional
clustering analysis method is also large.

Therefore, this paper proposes a distribution network operation data cleaning algorithm based on
self-organizing neural network. Its core theory is deep learning technology [19], which adopts competitive
learning to conduct sample training to process high-dimensional data volume and clean distribution network
abnormal data more quickly and accurately.

3.1. Basic principles of self-organizing neural networks. Self-organizing neural network algorithm
refers to the random multiple selection in the sample system, and the mapping of self-organizing neural
network by Bootstrap sampling or other sampling methods. The training process is competitive deep
learning, the steps are as follows: first, number the sample vector and calculate the Euclidean distance. Then,
the weights and the most similar neurons were formed into matching units, and the feature map of the
neurons was finally obtained. The closer the distance between the neurons, the higher the similarity, so the

more accurate the data. The training process is shown
CWpUL TECRY  NEROSRS Feamre maps in Fig. 1.

3.2. Establishment of self-organizing neural
network model. The steps for establishing the model
of data cleaning algorithm based on self-organizing
neural network described in this paper are as follows:

(1) Normalization of input vector and
corresponding vector of neuron:

T

®)

)A(: X X X X
1X] P i el B
\/./El xj \/./El xj \/./El xj
where j=1,2,3...m, j is the neuron number; X is the
Fig. 1 input vector.
(2) Whenever any input vector is obtained,
compared it with the corresponding vectors of all

neurons, the vectors that are most similar to each other are competitive neurons. If the two vectors are
similar, their dot product should be maximized as follows:

AT A AT A
e X= s, 20 ©
}- )

A
=,/2(1—Wj€ X), )
where WW; and W}« are the vector of neurons j and j*.

(3) When the matching unit is adjusted to the input unit, the amount of matching unit will decrease
with distance and time, the weight Ab(s) is obtained by using the following formula:

1 .= K
oj(z+1)={ = ©)
0,7+

After transformation of the above equation we get:

A AT . A A
X-W.|= min X-W.
J jell.23,.m} J

Minimum Euclidean distance is equal to:

A A
X- ij

And then the formula for the neuron has the following form:

A, (s+1) = 4,(5)+ f (u,,5) B(s) X (1) = 4,(5)], (10)
where ¢ is the index of the training sample, X(z) is the input vector, s is the step length index, f(s) is the
learning coefficient of monotonically decreasing, u is the matching unit index of the input vector, f{u,b,s) is
the proximity function of the distance between neurons u and b when the step size is s. T is the size of the
training sample.

4. Calculation of evaluation index of distribution network operating state.
4.1. Modeling of index for evaluation. The evaluation index system for the operating state of
distribution network constructed by the improved principal component analysis method and analytic
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hierarchy process, and its intermediate layer is: security, reliability, quality and economy. The single index of
the index layers is: three phase unbalance, transformer load rate, operation failure rate, reliability of power
supply, voltage eligibility rate and line loss rate. For the above six single index of power distribution network
operation evaluation, the model is as follows:

(1) Security index.

Three phase unbalances: the amplitude difference of voltage or current in the three phases of the
distribution network exceeds the reasonable limit. The smaller the value, the healthier the distribution
network is. The formula is as follows:
3max(P,, P, B}~ (P, + P, +P.)

P+ B+ F
where P4, Py, Pc respectively represent the load of three-phase A, B, C at the outlet end of the low-voltage
side of the transformer in the distribution network.

The transformer load rate refers to the ratio between the average output power of the distribution
network and the rated capacity of the transformer within a certain range. The smaller the load rate within this
range, the healthier the distribution network is. The formula is as follows:

X, == (12)

X =

; (In

where W, refers to the power supply load in the distribution network within ¢ time, and S is the transformer
capacity.

(2) Reliability index.

Operation failure rate: the average number of failures of the distribution network. The lower the
operation failure rate, the healthier the distribution network is. The formula of operation failure rate
converted to one year is as follows:

8760h
X, =4, T (13)
where 4, is the rate of failure during the statistical time, 8760h is the number of hours in a year, and ¢ is the
number of hours in the statistical time.

Reliability of power supply: The ability of a distribution network to distribute electrical energy to
users above the acceptable rate. The higher the reliability of power supply, the healthier the distribution
network operation. The formula is as follows:

X, =(1—£)x100%, (14)

b ZVVO L
= (15)
where ¢ is the average power consumption time of all users, W, is the number of users without power; #, is
the blackout time, W is the statistics of all users, ¢ is the total statistical time.

(3) Quality index.

Voltage eligibility rate refers to the rate between the time when the voltage is within the specified
limit and the total time. The higher the voltage eligibility rate is, the healthier the distribution network. The
formula is as follows:

X, =(1—t7°)><100%, (16)

where £, is the voltage over-limit time, # is the statistical time.

(4) Economic index.

Line loss rate refers to the percentage of line loss in power supply. The lower the line loss rate, the
healthier the distribution network is. The formula is as follows:

X6=P1}_)P2><100%, (17)

1

where P is the power supply, P, is the power sold.
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4.2. Scoring methods for single index. In this paper, the evaluation function of fuzzy membership
degree is used to determine the scoring formula of each single index [20]. Indices can be divided into three
categories: positive indices, reverse indices and interval indices.

As shown in Fig. 2, the slope of the
curve within the interval was determined
according to the proportion of index values in
each segment, so as to divide the fuzzy
membership function graph of each index, and
1 then determine the piecewise function of
'\ interval values.
X

In the Fig. 2 x the single index value, x;
is the factor under investigation and also the
“mipred infe segment point of the single index value, y is the
evaluation score, y; is the position of x; within
[0,100] and also the evaluation score
Fig. 2 corresponding to the index value.

5. Entropy combination weight
method to determine the comprehensive weight. Assessment the operating state of medium- and low-
voltage distribution networks. After constructing the evaluation index system the weight of each index
should be determined. At present, there are many methods to determine the weight factor, including analytic
hierarchy process, Delphi method, comprehensive weighting method, etc. However, the above methods are
more empirical and cannot objectively reflect the importance of each index. This paper proposes an entropy
combination weight method to determine the weight of evaluation index. Firstly, on the basis of AHP, the
index is positive and dimensionless. Secondly, AHP-Delphi method is used to estimate the importance of
each evaluation index and calculate the subjective weight. Then, the entropy weight method is used to
measure the information and calculate the objective weight. Finally, the comprehensive weight is optimized
by Lagrange multiplier method.

5.1. AHP-Delphi method to determine the subjective weight. The calculation process of AHP-
Delphi method used to determine the subjective weight of evaluation index is as follows:

(1) Construction of a judgment matrix: u;, u; (i, j=1, 2..., n) represent factors, while u; represent
the importance of u; relative to u;, and judgment matrix P is formed through u;; as follows:

Uy Up uy,
u u u
2 Uy 2
P= : o (18)
unl unZ unn

(2) Order of importance: calculation of the largest eigenvalue Ay, in P and the corresponding
eigenvector o as follows:
Po=1_ o. (19)
Then the eigenvector w is normalized to rank the importance of each evaluation index.
(3) Consistency test: verification of reasonability for the importance ranking as follows:

CR=CI/RI, (20)
where CI=(Aq.-1)/(n-1), the values of RI are shown in Table 1, when CR<0.1 or Ap.x=n, CI=0, meet the
requirements.

Table 1
n 1 2 3 4 5 6 7 8
RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41

5.2. Entropy weight method to determine the objective weight. If the AHP-Delphi method
adopted in section 5.1 is used to independently determine the weight of the evaluation index, it may lead to
subjectivity, and the final evaluation result may be biased due to human factors, while the entropy weight
method can effectively make up for the subjectivity of the weight of the index [21-22], the calculation
process is as follows:

If there are m units to be evaluated and # evaluation indices, the original data matrix is as follows:

X = () e (2]
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For one of the evaluation indices the information entropy is equal to:

E, :—Zpij Inp, /Inm, (22)
i=l1

m
where p, =x, /) x, .
i=1

The information value of the evaluation index lies in the difference between the entropy and 1 of the
indices. If the difference degree of the evaluation index is defined as D=1-E;, the entropy weight of the
evaluation index is:

w, =D, /3 D,. 23)
j=1

5.3. Determination of comprehensive weight and optimization. In this paper the entropy
combined weight method is used to determine the evaluation index weight of the network operating state.
The process is as follows:

(1) The selected state evaluation index is positive and dimensionless, if X; is the positive index:

. X, —min(X )

X' = . . (24)
" max(X,)-min(X,)

If X; is the reverse index, then
. max(X,)— X,
" max(X,)-min(X,)

(25)

If X is the interval index, then
X, —min(X )
a—min(X) .

X =41 a<X,<h (26)
max(X,)—- X,
T T pe X, <max(X)
max(X ) —b ! !

(2) Calculation of the subjective weight of each index according to AHP-Delphi method in
section 5.1.

(3) Calculation the objective weight of each index according to the entropy weight method in
section 5.2.

(4) Calculation of the comprehensive weight:

,min(X;)< X, <a

Wi, | 3,
=
= Wsz/Zn:Wij 0= (0,0,,..0,)> (27
=
Won, | 2w,
A
s.t. Zn:a)j =Lw, >0. (28)

I=
Then the comprehensive weight is optimized by Lagrange multiplier method:

L 1
@, = Ww)* 1 2 (W,w,)*. 29)
=

6. The example analysis.

6.1. Development of the evaluation index system. In the evaluation of the operating state of
medium- and low-voltage distribution networks, the excessive number of evaluation indices affects the
efficiency and accuracy of the evaluation, and also bring inconvenience to the data cleaning algorithm.
Therefore, using the feature extraction algorithm based on improved principal component analysis to extract
and delete redundant indices can improve the evaluation efficiency.

Firstly, the several single evaluation indices affecting the operating state of medium- and low-voltage
distribution networks are pre-selected as shown in Table 2.
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Table 2

Index number Evaluation index Index number Evaluation index
1 Three phase unbalances 9 Line loss rate
2 Power supply radius 10 Frame power factor
3 Risk of loss of load 11 Linking-up road rate
4 Reliability of power supply 12 Operation failure rate
5 Voltage eligibility rate 13 Harmonics distortion
6 Distribut%on transformer 14 Non-transferable rate

Failure rate

7 Voltage deviation 15 Transformer load rate
8 Line overload rate 16 Rate of economy

Then, the feature extraction based on improved principal component analysis was carried out for the
pre-selected indicators, the quantitative matrix was constructed and the eigenvalue and variance contribution
rate were calculated. The principal component load was determined and the importance degree of single
index is obtained by formula (4). The results are shown in Fig. 3.

:‘;: Thiee phase vnbalances |-r=
otk Eacusity
é“ L Transformer load rate |..'l'=
Rosf
g'-" Opefation failurs ats |f|
M Evatustion | M Rei2blity
:: | indax Felability of power supply |..l'.
systemof S
00 L I 3 4 F & T & 9 10 L1 1213 14 15 16 dizribotion
fadex mumber natiorh .I Quility (4] Vol digibiltyrate | X,
Fig. 3
By normalizing the importance degree of each Economic -I Line loss rat= |-'l'.
single evaluation index to [0, 1], this paper selects the

single evaluation index whose importance degree is

greater than 0.5, then obtains six single evaluation Fig. 4

indices for the operating state of medium- and low-voltage distribution networks, and develops the AHP
index system for them, as shown in Fig. 4.

6.2. Identification and removal of abnormal data. In this paper, the distribution network of a
region in Guangxi province of China was selected as the evaluation object. Firstly, the field monitoring data
is numbered and the input vector is normalized. Then the similarity vector is obtained by calculating the
Euclidean distance. After repeated learning and training of the self-organizing neural network, the original
data are classified into 36 neurons.

In this work, 3972 groups of real-time monitoring data of distribution network are selected to
conduct self-organizing neural network learning and training on the monitoring data. The neuron
classification of the monitoring data is shown in Fig. 5 and the Euclidean distance between the neurons is

Fig. 5
Fig. 6
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shown in Fig. 6.

According to the neuron classification of monitoring data, shown in Fig. 5, 3972 groups of
monitoring data were divided into 34 neurons, and each neuron contained a certain amount of monitoring
data. According to the value of the Euclidean distance between neurons, the color of the division between
neurons was displayed as white — gray — brown — black, the deeper color represents the Euclidean distance
between neighboring neurons. If the Euclidean distance between a neuron and its surroundings is relatively
large, the monitoring data of the neuron abnormalities need to be cleaned up. As shown in Fig. 6, the color
between neurons no. 3, no. 15 and no. 33 and their neighboring neurons is too dark, it indicates that the
Euclidean distance is large. Therefore, the number of abnormal data to be cleaned is shown in Table 3.

Table 3
Category Neuron no. 3 Neuron no. 15 Neuron no. 33 Clean up the data

Amount of data 56 34 21 111

6.3. Evaluation of actual distribution network operating state. (1) Determination of the
evaluation index weight: calculation of the subjective weight of each separate evaluation index according to
the AHP-Delphi method in section 5.1. Then, according to the entropy weight method in section 5.2, the
objective weight of each evaluation index was calculated. Finally, according to formula (29), the
comprehensive weight of six separate evaluation indices was calculated. The weights of each index are
shown in Table 4.

Table 4
Index Subjective weight Objective weight Comprehensive weights
X 0.2106 0.0921 0.1490
X, 0.1326 0.3752 0.2386
X, 0.1242 0.2046 0.1705
X, 0.1536 0.0823 0.1203
X 0.2435 0.1168 0.1803
X 0.1354 0.1290 0.1414

=N

After obtaining the weight of each index, the index weight of the intermediate layer of the evaluation
index system is calculated, and then the weight factors of the evaluation index system of the medium- and
low-voltage distribution network operating state are determined (see Table 5).

Table S

Intermediate index Weight Single index Weight
. Three phase unbalances 0.3844
Security 03876 Transformer load rate 0.6155
s Operation failure rate 0.5863
Reliability 0.2908 Reliability of power supply 0.4137

Quality 0.1803 Voltage eligibility rate 1

Economy 0.1414 Line loss rate 1

(2) Calculation and comparison of evaluation scores: according to the analysis of calculation
examples based on the identification and cleaning of abnormal data in the self-organizing neural network in
section 6.2. The abnormal data in neurons no. 3, no. 15 and no. 33 should be eliminated. Data from any
remaining neuron and data from neuron 33 were selected for evaluation, combined with the single index
model, the single index scoring formula and the comprehensive weight, the final result is shown in Table 6.

Table 6

Data source Security Reliability Quality Economy ;rco(fi
Neuron 33 69.08 87.81 78.33 70.91 76.46
Neuron 20 66.32 83.23 61.27 75.22 71.59

As can be seen from Table 6, the overall rating of distribution network operation in Guangxi
province is equal to 71.59. The evaluation score of the data in the neuron no. 33 that should be eliminated
was higher than that in the neuron no. 20, and the score of quality was much higher than that in the normal
data. After investigation and analysis, the voltage eligibility rate in this area is general, especially the low
voltage phenomenon is more common, cannot reach a healthy level. It is proved that there is a large
deviation when using uncleansed abnormal data to evaluate the status. Then it is proved that the data
identification and cleaning based on the data cleaning algorithm of self-organizing neural network can
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improve the accuracy of distribution network operating state evaluation, and then reflect the actual operating
state of distribution network.

7. Conclusions. This paper proposes a new operating state evaluation method for distribution
networks based on improved principal component analysis and self-organizing neural network, considering
the influence of abnormal data on distribution network evaluation, data cleansing by self-organizing neural
network algorithm. In addition, the paper presents the improved principal component analysis to construct
the evaluation index system, uses the entropy combined weight method to calculate the comprehensive
weight of each evaluation index and gives a possibility to evaluate the operating state of distribution
networks from the aspects of security, reliability, quality and economy.

By real example, the paper shows that the proposed method is characterized by fast convergence
speed and high precision, permits to build the objective and reasonable evaluation index system and can
effectively reduce the evaluation error due to abnormal data. The evaluation system and proposed method
can provide the effective technical support for control and management of distribution networks.
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CUCTEMA KOMILIEKCHOM OLEHKHW U METO/I ONPEJAEJIEHUASI PABOYEI'O COCTOSIHUS
PACHPEJIEJIMTEJIbHOM CETH
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Ilo mepe pazeumus UHMENNEKMYANbHLIX PACHPEOCTUMENbHbIX cemell U OCyujecmenenuss 0oCmyna K pacnpeoenénuol
9HepeemuKe peuierue npodeMvl CBOEEPEMEHHO20 U MOYHO2O0 OnpedeseHUs. pabouez0 COCOAHUS PACIPeOeTumenbHou cemu
cmanosumcs éce 6onee akmyanvHou 3adaveu. Ha ocnoge ycogepuieHCmeo8anHo20 amanu3a OCHOBHbIX KOMNOHEHMO8 U
NONOJICEHULl  CAMOOP2AHUIYIOWENCS. HEUPOHHOU cemu 8 Cmamve NpPeoNodNceH Memod OYeHKU paboueco COCMOSHUS
pacnpedenumenbHblx cemeli cpeoHe2o U HU3Ko20 Hanpsicenus. Ha nepeom smane cozoaemcs cucmema OYeHOUHbIX UHOEKCO8
pacnpedenumenvhou cemu. Cucmema oyeHKu COCMOSHUS PACNPEOeTUMENbHOU Cemu OCHOBAHA HA Yemblpex ACneKmax, 6 mom
yycie 6e30nACHOCMU, HAOCHCHOCU, KA4ecmea U dKOHoMUU. Jlanee ucCnonb3yemcs camoopeanu3yiowasncs HellpoHHas cems
07151 UOeHMUPUKAYUYU U OHUCIKU OAHHBIX OMHOCUMENbHO paboue20 cOCMOoAnUs pacnpederumensvroll cemu. Ha credyrowem
waze MOOeIUPYIOMCs UHOUKAMOPbL HA 6CeX YPOGHAX, NPUMEHEMC Memoo SHMponuu Ol paciema oouwezo geca Kaxicooz2o
unouKamopa. 3amem HaAXOOUMCs 3HAYEeHUe 6cex noKazamenell u onpedensitomcs ciabvle 36eHbs 8 pACHPeOeTUmenbHOl Cemu.
Ha 3axniouumensnom smane npogooumcss KOMNIEKCHAs OYeHKAa @axmuyeckol pabomel pacnpedenumensHou cemu 8
xkumatickou npogunyuu Guangxi. Tloxaszano, umo npeonodcenuvlii Menood no360asem IPHEKMueHO YMEeHbUMb GIUSHUE
AHOMANLHBIX OAHHBIX U PaKmopa cyObeKmusHOCMU HA pe3yIbmamul OYeHKU COCMOSHUA pACNPeOenumensHol cemu, 4mo
noomeepacoaem yenecooopasHoCcms U OCywecmeuMocms npeonodcenno2o memooa. bubn. 22, puc. 6, Tabm. 6.

Kniouesvie  cnosa:  pacupenenuTenbHas ~— CeTh,  YCOBEpPIICHCTBOBAaHHBIH  aHANM3  OCHOBHBIX  KOMIIOHEHTOB,
CaMOoOpraHM3yIoIIascsl HeHpOHHas CeTh, KOMOMHAIMS YHTPOIMH, KOMIUIEKCHAS OIICHKA.

CHCTEMA KOMILIEKCHOI OIITHKH I METO/I BUSHAYEHHS POBOYOI'0O CTAHY
PO3MOIJIbHOI MEPEKI
Shiwei Sul’z, Yiran Youz, Yu Zou®
' China Three Gorges University, Hubei Provincial Key Laboratory for Operation and Control of Cascaded
Hydropower Station,
Yichang 443002, China
? China Three Gorges University, College of Electrical Engineering & New Energy,
Yichang 443002, China
*Qinzhou Power Supply Bureau of Guangxi Power Grid Co., Ltd.,
Qinzhou 535000, China. E-mail: yyr937@foxmail.com
Y mipy pozeumky inmenexmyanvuux po3nooinbyux mepesic i 30iliCHeHHs 00cmyny 00 pO3nooileHoi eHepeemuyi piuienHs
npoodreMu CBOEHACHO20 MA MOYHO20 GUIHAUEHHA POOOY020 CMAMY PO3NOOINbHOI Mepedici cmae 6ce Oinbul aKMYarbHUM
sae0annam. Ha ocHoei e0ockoHanenozco ananizy OCHOBHUX KOMNOHEHMI8 mMa NOJONMCEHb HEUPOHHOI Mepedci, o
CAMOOP2AHIZYEMbCS, Y CIMAMMI 3ANPONOHOBAHO MEMOO OYIHKU POOOYO20 CIMAHY PO3NOOLIbHUX Mepeic cepeOHbol ma HU3bKOL
nanpyeu. Ha nepuwiomy emani 3a 00nomo20i0 800CKOHANEHO20 AHANI3Y OCHOGHUX KOMHOHEHMIE CMEOPIOEMbCs cucmema
OYIHOYHUX THOeKCI8 po3nodinbuoi mepedci. Cucmema OYIHKU CMAHY PO3NOOINBHOI MEPEdNCI 3ACHO8AHA HA YOMUPbLOX
acnekmax, y momy ducii 6esneyi, HaoiiHOCMi, AKOCMI Ma eKOHOMIL. Jlani 8UKOPUCMOBYEMbCS HEUPOHHA MepeXcd, o CAMO-
Opeanizyemuvcsi, 3a0is i0eHmu@ikayii ma ouuwjeHHs: OAHUX Wooo pobo1wo2o0 cmany po3noditbHoi mepexci. Ha nacmynnomy
Kpoyi MOoO0enoiomucs iHOUKamopyu Ha 6CIX DIGHAX, 3ACMOCO8YEMbCA Memood eHmpOnii 3a01i pO3PAXyHKY 3a2abHOI 6acu
KOJICHO20 [THOUKamopa. Ilomim 3HaxX00ambCs 3HAYEHH 6CIX NOKA3HUKIE [ SUBHAUAIOMbCS CAAOKI JNAHKU 6 PO3NOOLIbHIU
Mepeorci. Ha s3axnounomy emani nposooumscsi KOMIIEKCHA OYIHKA (Pakmuunoi pobomu po3nooinbyoi mepexci 6 KumatlcoKitl
nposinyii Guangxi. Ilokazano, wo 3anpononoganutl Memoo 0de 3mMo2y eQeKxmueHo 3MEHWUMU 6NIUE AHOMATLHUX OAHUX MA
gakmopa cy6'ekmusHocmi Ha pe3yibmamu  OYIHKU CMAHY PO3NOOLIbHOI Mepedcl, wo niomeepoxcye OoyinbHicmy i
301UICHEHHICMb 3anpPONOH08aH020 Memody. bidn. 22, puc. 6, Tabdm. 6.
Kniouogi cnoea: po3noniipHa Mepexa, aHali3 TOJOBHUX KOMIIOHEHTIB, CAMOOPraHi3oBaHa HEHpOHHA Mepexa, KOMOiHalisg
EHTPOITi1, KOMIUICKCHA OIIiHKA.
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Ocratounwmii BapiasT 13.07.2020
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This paper deals with an analysis of impedance-differential protection algorithm applied to locate faults on a double-
circuit transmission line. In particular, the study of fault location accuracy for the case of using the relation between
currents for negative-sequence not for zero-sequence, as it was presented so far, is provided. It results from the well-
known fact that zero-sequence impedances are in practice considered as quite unreliable data. Therefore, one has to
limit usage of zero-sequence impedance parameters as much as possible. Such approach was applied in this paper and
therefore the use of the additional relation of currents for negative-sequence is under investigation. The fault signals
from ATP-EMTP simulation on the sample double-circuit transmission line was applied for evaluating the fault
location accuracy. References 8, figures 4, table 1.

Keywords: double-circuit line, transmission line, fault location, ATP-EMTP, simulation, algorithm, negative and zero
sequences

Introduction. Due to their economic and environmental advantages, double-circuit transmission
lines have been extensively utilised in modern power systems. However, the different possible configurations
of double-circuit lines, the possibility of occurrence of faults involving two circuits combined with the effect
of mutual coupling, makes their fault analysis much more complicated than for single-circuit lines [1].
Different protection schemes for the double-circuit line [2, 3] have been proposed which face problems,
mostly due to mutual coupling between the circuits. It causes that the relay becomes overreached or
underreached depending on the network characteristics, operating status and fault location [3].

In this paper, an analysis of impedance-differential protective algorithm of transmission line [4] is presented.
The considered protection [4] utilises the measurements of both currents and voltages from line ends. Based on the
voltage and current measurements, the differential impedance is calculated. This method provides reliable internal
faults detection. In addition, the impedance-differential protection method allows for fault location, which is
indisputably a great advantage. The distance to fault determination [5] can be utilised for an inspection-repair
purpose. This paper is analysing the fault location feature of the impedance-differential algorithm. In particular, a
comprehensive evaluation of fault location accuracy with the use of the simulation data is presented.

The following sections of this paper briefly recalled the concept of impedance-differential algorithm
for single-circuit transmission line initially described in [4] and improved in [6]. Then, in order to implement
investigated algorithm for double-circuit line, its modification is described. The method presented in this
paper replaces the usage of a zero sequence component analysis [7] for consideration of the mutual coupling
existence between lines by the usage of a negative sequence component analysis. Next, testing results of the
proposed distance to fault calculation in double-circuit lines are compared with the method presented in [7].

Analysis of impedance-differential algorithm. The evaluated impedance - differential protection
algorithm dedicated for a single-circuit line was primary introduced in [4] and improved in [6]. Although,
authors in [7] adapted this algorithm for utilisation in a double-circuit line. The modification of the algorithm
[7] is presented in this chapter.

At the beginning of impedance-differential protection algorithm, information concerning each phase
voltages and currents from both line ends is collected, and next, the fault detection criterion is verified. This
allows discriminating normal and faulty conditions in the protected line. The criterion is stated as:

|£S¢|+|LR¢|>ISET’ (D
where Igzr is the threshold value and I, I, is the current in phase ¢ at the line terminal S, R. If the fault
condition is fulfilled, the algorithm checks whether the fault is internal or external based on the phase
difference between the phase angle of the calculated positive sequence impedances [6]. Then, the
compensated differential impedance (2) is expressed according to:
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where Vs’ and Vi’ are obtained from the following equation:

Z, —7Z ,
ZS(Ry¢ ==L v S(R)0 * (3)

Zo,
It is assumed that the fault (F) is on the line S-R, at the relative distance d [p.u.], counted from the bus S.
Thereafter, the fault location can be determined using:
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@_‘:’_ ZOmI é F _‘:’_@ where Z; oc is calculated from:
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Zr ZLOC :2(Zdiffp - ZlL){E :Zu (Zd_l)' (5)
Fig. 1 However, the formula (3) cannot be applied directly for a

double-circuit line, see Fig. 1 (schematic diagram of power
network with a double-circuit line), because in this case it is required to consider the existence of mutual
coupling between lines during single phase-to-earth faults.
For this aim, the symmetrical components analysis is utilised. Fig. 2 represents the positive, negative, and
zero sequence network for a double-circuit line.

S Zu R From Fig. 2, the following relation can be stated:
| —
Zis Zir Vi =Va—dZ, Iy =V —-0-d)Z, Iy
Ig 92w F!‘F}/ (L-d)Zy. Iy Ep Viy=Ve—dZ, Ls=Vg - (i —d)Z,, 1y, .(6)
TEF' Vig=Vso—dZyLsg—dZy, Lsg =V o —
14 14
|2 Lln [ —(=d)Zy Ly = (1= d)Zy, Ly,
s L R where Z,, is mutual coupling zero sequence impedance,
Zos — Zon I'so, I'ro are zero-sequence currents from the parallel
In v In (dZy g, line at the termingl S and R, respectively. '
F - Considering that the fault occurs in phase L1,
T ¥ Tl/n T v with the implementation of symmetrical component
> Kl * properties, it can be obtained from (6):
S Zleo(n R KSLI _KRU _d(Z(JL _ZIL )lso +(1 - d)(ZOL _ZIL )lRO -

(7)

=0m =S50 =1L =SL1 1L ZRLI

~dZy Loy +(1=d)Zy Loy =dZ,, I, —(1-d)Z

Taking into account the third equation from (6)
concerning zero sequence components, the equation (7)
R can be rewritten as:

‘/Im Ksu _KRLI +ZRO _ZSO _Z]LLRO +leL (£SO +£

Fig. 2 =dZ, Ly, —(1-d)Z, Ly,-
The missing d can be derived from negative sequence

d(Zor~Zow) TZ( 1-d)(Zor-Zom)

w)= )

components analysis and can be stated as:

d= Ksz _KRZ +ZILLR2 ) (9)
Zu (Lsz + LRZ )

Thus, equation (8) can be rewritten as:

(!SO + lRO )(Ksz B ZRZ + ZIL£R2 )
(lsz + le )
Finally, the voltage difference K'sq, - K}eq, from the equation (2) can be written for phase ¢ =L1:
(iso"'iko)(ZSz_ZRz +ZIL£R2) (11)
(lsz + le )
For the remaining single-phase-to-earth faults (L2—F, L3—FE) analogous equations are valid.
Simulation results. For assessing the presented algorithm, the model of the 400 kV, double-circuit

transmission line supplied from both ends has been investigated. The simulation tests were performed in
ATP-EMTP [8], while the fault location algorithm was implemented in MATLAB. The sending equivalent

Zsu _KRLI + ZRO - Zso _Zu lRo + = dgu LSLl - (1 - d)ZlL lRLl . (10)

Zsu _ZRLI = Zsu _KRLI +KRO _KSO _ZILLRO +
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system S is assumed to be strong (S /:S =30GVA4), while the receiving one R is weak (S e = 5GVA ). The
model includes ideal CTs and currents and voltages are filtered by anti-aliasing filters of 1kHz /3 =330Hz cut
off frequency. The currents and voltages phasors estimation is done using the DFT. The data of the
considered transmission line for positive and zero sequences are: Z;; =(0.0267+ j0.3151)Q/km
Ci; =0.013uF /km Z,; =(0.0275+ j1.0265)Q/ km C,; =0.085uF / km ,ZOm =(0.1896 + j1.5671)02/ km

In order to test the proposed algorithm, short-circuit simulations have been conducted inside the line,
for two different line lengths — 50 km, 100 km. The faults have been applied inside the protected zone,
referring to S side at distances of d = 0.1; 0.2;...0.9 [p.u.] The studies included phase-to-earth (L1-E) faults.
Presented results in Table concern L1-E faults, in view of different line lengths. The example: L1-E fault at
40% of 50 km line, R;= 1 €, is presented in Fig. 3 — 4. In Fig. 3 are presented currents at busbar S and R and
in Fig. 4 is indicated the computed distance.

0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12

computed distance[p.u.]

Current L3 [kA] Current L2 [kA] Current L1 [kA]

1 1 1 1 1
0.06 0.07 0.08 0.09 0.1 0.11 0.12

Fig.4

The computed distance to fault is defined as an average of all obtained values within the third cycle
of fault interval. The error of the protection algorithm is defined as:

error(%) =(d,,,, —d,, )*100, (12)

where d, is the actual (used in simulation) distance to fault referring to the S side in [p.u.] and d.,mpis
calculated distance to fault in [p.u.]. The presented results (Table) concern phase-to-earth (L1-F) faults inside
the line, whereas the fault location errors were determined as follows: error, — use of zero sequence
component analysis (as presented in [7]), error, — use of negative sequence component analysis.

50km 100km
dyer, The algorithm used in [7] Presented algorithm The algorithm used in [7] Presented algorithm
[p-u] eomp[P-1] errory| %] eomp[p-1] errory[%] eomp[P-1] errory| %] deomp[p-1] | error[%]
0.1 0.1003 0.0284 0.0732 2.6754 0.0985 0.1452 0.0649 3.5146
0.2 0.2003 0.0267 0.1769 2.3119 0.1989 0.1127 0.1696 3.0362
0.3 0.3002 0.0245 0.2805 1.9494 0.2993 0.0675 0.2746 2.5445
0.4 0.4002 0.0210 0.3841 1.5885 0.3998 0.0214 0.3795 2.0529
0.5 0.5002 0.0152 0.4877 1.2305 0.5002 0.0241 0.4844 1.5614
0.6 0.6001 0.0060 0.5912 0.8764 0.6006 0.0618 0.5892 1.0786
0.7 0.6999 0.0074 0.6947 0.5271 0.7009 0.0857 0.6939 0.6108
0.8 0.7997 0.0254 0.7982 0.1832 0.8009 0.0899 0.7984 0.1647
0.9 0.8995 0.0476 0.9016 0.1558 0.9007 0.0701 0.9025 0.2549
Max - 0.0476 - 2.6754 - 0.1452 - 3.5146
Avg. - 0.0225 - 1.2776 - 0.0754 - 1.6465

From Table, it is visible that computations concerning negative sequence component enabled the
algorithm to locate faults in double-circuit line, however, were less accurate than in case of zero sequence
component analysis. The accuracy of the presented fault location algorithm raised according to the increasing
length of the line. The maximal error obtained by the presented algorithm exceeded 2.6% for 50 km line and 3.5%
in the case of 100 km line. In contrast, the results concerning maximal error calculated in case of the algorithm
based on zero sequence components analysis was smaller than 0.2%. The average error for the proposed
algorithm did not exceed 1.7% and for the algorithm presented in [7] was smaller than 0,14%. What is more,
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better results concerning average error computations are obtained for a shorter line, in case of both algorithms. It
can be concluded that the impedance based fault location algorithm works correctly for all simulated cases.

Conclusion. In this paper, the idea of impedance-differential protection for a double-circuit transmission
line is presented, which enables for internal fault detection, but can also be used for faults location. The main interest
of this paper is put on the fault location function compatible with the considered protection. Based on simulation
results, it can be concluded that the method can be applied effectively for double-circuit lines with different lengths.

The carried out investigations has revealed that accuracy of fault location with incorporated relation of
currents for negative-sequence is somehow deteriorated in comparison to the case of using the relation relevant for
zero-sequence [7]. However, the accuracy is still acceptable and thus the approach introduced in this paper (use of
the relation for negative-sequence) can be applied if the high level of unreliability of zero-sequence impedance
data is the case. It causes that the usage of zero-sequence impedance parameters can be limited.
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HCCJIIEJOBAHUE AJITOPUTMA UMITEJAHCHO-IU®®EPEHIIUAJIBHOM 3AIIUTHI

KAK JIOKATOPA HEUCITPABHOCTEM JJIs1 TUHUH SJIEKTPOIEPEJIAYN

IO. I'epaennep, 5. Uxnkoseku, b. Bpycuiiopna

Bpowiasckuit HayuyHo-TexHoJIOrHYecKHii Y HUBEPCHTET,

27, Boibxke:xe BoicnbsiHckoro, S0-370 Bpousas, [Toabma, e-mail: justyna.herlender@pwr.edu.pl

B cmamve nposodumcsa ananuz ancopumma umneoaHcHol ougpgepenyuanvHoll 3auumol, NPUMeHAEMOU 0151 onpedeneHus Mmecma
KOPOMKO20 3aMbIKAHUS 6 NApaiienbHol Junuu dnexkmponepedayu. Onpedenenue Oughgepenyuanvhozo umneoanca, KOmopbwiil
bazupyemcs Ha usMepeHul MoKo8 U HANPANCeHUll Ha 060UX KOHYAX JIUHUY, ABNAEMCs OCHOB0U dhgexmusnozo Kpumepus O
3auumul 0OUHOUHOU JUHUU dNieKmponepedaydu. OOHAKO IMOm Memoo umeem ceou HeOOCMAmKY 8 NpuMeHeHuy OJid NapaiieIbHou
JIOII. M3-3a 63aUMHO20 CONPANCEHUS MEHCOY NAPAIAETbHLIMU JUHUAMU OH OO0NHCEeH OblMb COOMBEMCMEEHHO MOOUPUYUPOBAH.
Kpome moco, npeonacaemas umnedancHo-oughpepenyuanvhas 3auuma Mmoxcem GuinoIHAMb @QYHKYUU OnpedeneHus mecma
Kopomxozo 3amvikanus. CucHanel, nomydeHHvie U3 NPOGOOUMBIX KOMNLIOMEPHBIX IKCHEPUMEHMO8 C UCHONb308AHUEM MOOelU
yuacmka cemu ¢ napanneavrou JIOI (npumensiace npocpamma ATP-EMTP), 0Ovinu ucnonv3o6anvl 015 OYeHKU MOYHOCHU
nokanuzayuu nogpedicoenus tunuu. buodin. 8, puc. 4, rabm. 1.

Knrouegvle cnoea: napannensHas nuHust snekrponepenauu, JIEIL, nokanuzanus koporkoro 3ambikanusi, ATP-EMTP, cumynsuus
QJIrOPUTM, 00paTHasl M HyJIeBas ITOCIIEI0BATEIbHOCTH.

JOCJI)KEHHSA AJITOPUTMA IMIIEJAHCHO-IU®EPEHIIAJBHOI'O 3AXUCTY

SAK JIOKATOPA ITOIIKO/KEHB JIJI JITHII ETEKTPONEPEIAYI

IO. I'epaennep, 5. Uxunkoseku, b. Bpycuiiopuu

Bpouwiasebkuii HaykoBo-TexHo/10riunmMii YHUBEpPCUTET,

27, Bub:xke:xe Bucnbsincbkoro, 50-370 Bpousas, [logabuia, e-mail: justyna.herlender@pwr.edu.pl

Y cmammi nposedeno ananiz aneopummy imneoancHo-OUpepenyiino20 3axucmy, wo 3acmoCco8YEMbCA Ol GUSHAYEHHA MICYs
KOPOMKO20 3aMUKAHHA y NApanevhill NiHil enekmponepedaui. Busnauennss oupepenyianbnoco imnedancy, sikuii 6azyemovcs Ha
BUMIPI CMpPYMI6 | Hanpy2 Ha 060X KIHYSX NiHil, € OCHOBOIO eeKmuU6HO20 Kpumepilo OJisi 3aXucny 0OUHOYHOT NiHil enekmponepedadi.
Oonax yeii memoo mac c6oi HedoNiKu 6 3acmocysanni 0na napanenvhoi JIEIL Uepe3z 63aemue cnomyuenus migxc napaneibHUMu
JUHIIMU Yell aneopumm noeuHeH Oymu iOnosiono mooughixoganuu. Kpim moeo, 3anpononoganuil imnedancHo-ougepenyitinuil
3axucm mooice BUKOHY8amu QYHKYii susHauenHa micys kopomkozo 3amuxanns. Cuenaiy, Ompumani 3 npogeoeHuUx Komn 1omepHux
eKCNepUMeHmi6 3 UKOPUCTNAHHAM MoOei OiisaHKu mepedci 3 napanenvhoi JIEII (3acmocosysanacs npoepama ATP-EMTP), 6yro
BUKOPUCMAHO 3A07I OYIHKU MOYHOCMI a0Kanizayii nowkooxcenns ainii. bion. 8, puc. 4, tabm. 1.

Kniouosi cnosa: napanensHa ninis enexrponepenadi, JIEI, mokanizanis kopotkoro 3amukanus, ATP-EMTP, cumysmis anropury,
3BOPOTHA 1 HYJIbOBA MOCIiIOBHOCTI.

Hagniiirora 28.02.2020
Ocrarounwuii Bapiant 12.05.2020
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EJIEKTPOTEXHOJIOI'TYHI KOMIUJIEKCHU TA CUCTEMU

YK 621.3:539.3 DOIL: https://doi.org/10.15407/techned2020.06.061

EJEKTPOTEXHIYHUI KOMILUIEKC JIJISI ETEKTPOJIUHAMIUHOI
OBPOBKU 3BAPHUX 3’€IHAHb

JL.M. Jlo6anos>’, akanemix HAH Vkpainn, LII. Konaparenko' , wr.-xop. HAH Vkpainn,
B.M. MuxajibcbKuii' yi.-kop. HAH Ykpaiau, M.O. Mammu®, JIOKT.TEXH.HAYK,

O.M. Kapﬂonl*****, KaHJ.TeXH.HayK, B.B. I‘IOHI/IKI******, KaH/[.TE€XH.HayK,
0.JI. Mixonyﬁz*******, KaHJI.TEXH.HayK
! Incruryt enexrponunamikn HAH Ykpainm,
np. Ilepemornu, 56, Kuis, 03057, YkpaiHa, e-mail: dep7ied@ukr.net
2 IncTuTyT elekTpo3BapioBanns iM. €.0.1arona HAH Ykpaiun,
ByJ. Kazumupa ManeBuua, 11, Kuis, 03150, Ykpaina, e-mail: svarka2000@ukr.net

Busnaueno cknad 060KaHanbHO20 IMRYILCHO2O Odicepena JCUGIeHHS Ol eleKMPOOUHAMIUHOI 0OpOOKU 36aAPHUX
3’€0HAHb, AKA NOAA2AE 8 OOHOYACHIU Oii HA 0OMedceHy OLNAHKY U8d eleKMPUUHO20 CIPYMY i CIMUCKAIOY020 CUI08020
BNIUBY ELeKMPOOOM MAKUX BEIUHUH, 3A SIKUX CIAE MONCIUBUM NPOSIGLEHHS eleKMPONIACMUYH020 epexmy. 3aous
CMBOPEHHSI CUL0B020 MUCKY GUKOPUCMOBYEMbCSL NIHIHUL eleKMPOMEXAHIYHUL NePemeopiosay iHOYKYIiHO20 Muny.
Tpusanicme cmuckaiouoi asu cuno8020 iMnyIbLCYy 0bUpacmsbcs GibULOI0 3d MPUBATICMb CIMPYMOBO20 IMIYIbCY, WO
SMEHULYE BIPO2IOHICIb PO3PUBY eLeKMPUYHO20 KONA | 8UOiNeHHs mennoeoi euepeii. Illnaxom xeposanoi 3ampumku
HOYAMKY CMPYMOBO20 IMNYIbCY OO0CA2AEMbCSL CUHXPOHI3AYist 000X (hakmopie GUHUKHEHHS eleKMpPONIACUYHO2O0
eexmy. 3anpononHogano napanenvHe GKIIOYEHHS HANIGNPOBIOHUKOBUX NPUNAOI8, SKI KOMYMYIOMb PO3PSAOHI Koid, 3
nouepe0Boio  iXHLOI0 PobOMOI, WO 6 YMOBAX EKCHAYyamayii eleKmpoOmexHiyHo20 OONAOHAHH 3 YACMOMOIO
Haoxoooicennss imnynvcie 0o 10 Iy smenwye mennoge uasanmasicenus. Excnepumenmanvhumu O0ocniodcennamu
BCTNAHOBNIEHO 0BOKpamHe 30inbuleHHsT KIbKOCmI YuKnie 00 pPYUHYEAHMS 3DPA3KI6 V pA3l CUMEMPUUHO20 GUSUHY.
THopienannsa 060KananbHOI i OOHOKAHANBHOL eNeKMPOOUHAMINHOI 0OPOOKU BUABULO NOOBIUHE 3MEHUIeHHS SUMpam
enexmpoenepeii 6 0gokananbHomy npucmpoi. bion. 8, puc. 3, Tabm. 1.

Kntrouosi cnosa: enexrponnHamiuHa oOpoOKa, CHIIOBa TOMOJOTiS TeHEpaTopa IMITYyIbCiB, TEIUIOBE HAaBaHTa)KEHHS
HAIIBIIPOBITHUKOBHX MPHUIAAIB, CHHXPOHI3aMis (aKTOPiB BILUIUBY.

Beryn. Meronu enexktpodizudHoi 0OpoOKH CYIHOBHX 1 TPaHCHOPTHUX 3BAPHHUX KOHCTPYKINH 31
CIUIaBiB Ha OCHOBI AIOMiHIIO OTpPUMAajd B OCTaHHIH MEpiOA CYTTEBUH PO3BHTOK 3aBISKH peajizarii
enekrponuHamigHoi 00podku (EJO) [1], TeopeTudHe i mpakTHYHE OOIPYHTYBaHHS SKO1 BIEpIle BAKOHAHO B
VYkpaini. Peamizarnis EJIO crana MOXIMBOIO Ha OCHOBI 3aCTOCYBaHHS CYJacCHUX CHCTEM CJICKTPOKHBIICHHS 3
BUKOPUCTaHHSIM MIiKPOIIPOLIECOPHOTO KEPYBAHHS 1 YACEIFHUX METOIIB PO3PAXYHKY €JIEKTPOJHUX TPHCTPO-
iB, SIKi JAlOTh 3MOTY IO€IHATH PO3PAXYHOK HECTAI[IOHAPHOTO €JIEKTPOMArHiTHOTO MPOIECy Ta MepexiTHi
IpOLeCH B €IEKTPUYHUX KoJIaX IMIyJIbcHHUX cucTeM. Ilpu npomy Bukopuctanas EJIO B cyHOKOpIyCHUX i
TPaHCIOPTHHUX 3BapHUX KOHCTPYKISAX HAIPABICHO, TEPII 3a BCE, HA MiJBHUINEHHS IXHBOI JOBTOBIYHOCTI.
Bupimenas npoOiieMu YMNOBUTBHEHHS! PO3BHTKY BTOMHOI'O PYHHYBaHHS BUSIBISAETHCA aKTYaJIbHUM IS
TIOJIOBKEHHS pecypcy SK HOBOI, TaK 1 TEXHIKH, [0 3HAXOIUTHCS B eKCILTyaTallii.

[limBuIeHHS OMOPY BTOMH KOHCTPYKITIHHUX MaTepialliB MMOB’SA3YIOTh 3 HAaBEICHHSIM IO CTHCKa-
I0YMX Halpy>KeHb B 30HI nmepeadadyBaHoro pyinysanHs. Pesynbratom EJIO € 3HMKEHHS PiBHS 3aIMIIKOBUX
3BapHUX HANpPYKeHb PO3TATYBaHHS 1 (popMyBaHHS B 30HI 0OpOOKH Iapy MeTaiy 3 MOAPIOHEHOI CTPYK-
Typyto. AHami3 pe3ynbrariB [1-4] gae migcraBy npumyctutH, mo EJIO Moxe OyTH epeKTHBHEM CIIOCOO0M
MIiJBUILECHHS JOBroBiuyHOCTI 3BapHUX 3’€aHaHb. Cyth EJIO mossrae B OAHOYACHIN il MEXaHIYHOTO CTH-
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CKaHHA 1 IMIYJIBCHOTO CTPyMY BHCOKOi TrycTHHM [l], 3a sikoi cTae MOXIMBOIO peasizalisi eleKTpoIuia-
cTruuHOoro edekry [5].

AmnapatHo EJIO 3milicHIOETBCS 3a JOMOMOTOI0 JIIHIMHOTO ENeKTPOMEXaHIYHOTO IepeTBOpIoBayda
iHAyKOiifHOTO THIY [l], B SIKOMY IMITyJIIbC CTpyMy (OPMYETHCS B TOMY 3K IEpEeXiTHOMY Mpolleci, mo i
CTHUCKAIOUHHA CHIIOBHH iMITyJibe. [Ipu IboMy aMIDIITYIa iIMITYJIBCY CTPYMY HE CHIBIIAJA€ B Yaci 3 aMILTITYI010
iMynbey cuid. Taki IpUcTpoi OyAeMo Ha3UBaTH 0OHOKaHanbHumu npucmpoamu 011 E/JO. B Toli xe yac
KaHaly A7 GOpMyBaHHS IMIYJIBCIB CTPYMY 1 CHIIM 3alPOTIOHOBAHO PO3ALIHTH, TaKi CHCTEMH OTPUMAIOTh
Ha3BY — 080KaHanbhi npucmpoi ona E/[O. B HUX CHWIIOBHN IMITYJIbC Ma€ OiBITY TPUBAIICTD, HIK IMITYJIBC
CTpYMYy, SIKHH TepeacThCs Yepe3 CreliallbHIN eJIEKTPOJ 1 3CYHYTHI B Yaci IO BiHOLICHHIO 10 CHIOBOTO
iMIysbcy. B TakoMy mpucTpoi migBHIY€ThCS HAAIHHICTh KOHTAKTY €NEKTPO/ia 3 MOBEPXHEI0 00poOIIOBaHO1
neTali (IMITyJIbe CTpyMy TTOBHHEH 3aKiHUYBaTHCh IO HACTaHHA (Da3H eNeKTPOINHAMIYHOTO BiAIITOBXYBAaHHS,
sSKa XapaKTepHa IS EJICKTPOMEXaHIYHMX IEePETBOPIOBAYIB IHIYKIIHHOTO THITY) 3aBISKH OIHOYACHOCTI
iMIyJIbCHUX BIUIMBIB. [IpudomMy HOCTynHE py4yHE UM aBTOMaTHYHE PETYJIOBAHHS CHIIM IMITYJIBCHOTO CTPYMY
Ta MO3UIIOHYBaHHS B 4Yaci MOMEHTIB aMIUIITYJHOTO 3HAYEHHS CHJIH CTPyMy Ta aMIUIITYZHOTO 3HAa4YECHHS
CHJIOBOTO BILTUBY. JlOMUIBHICTE 3a0€3MeUeHHS OJHOYACHOCTI CHJIOBOTO 1 CTPYMOBOTO BIUTMBIB HEOOXiITHO
JIOCTIINTH 3 TO3MIIIA HACTIIKIB 3MIHM MEXaHIUHUX XapaKTePHCTUK 3BapHUX 3’€IHaHb. Ha TemepimHiii vac
TaKe OCITIKeHHS MOXKHA 31IHCHUTH JIMILIE eKCIICPUMEHTAIBHIM HIISIXOM.

Tomy MeTo10 podoTH € PO3pOOIIeHHs MBOKaHaIBHOTO mpUcTporo ans EJIO B ckmani iMImyIsCHOTO
JDKepesa KUBIICHHS 1 eJIeKTPOAHOTO MPHUCTPOIO Ta BuzHaueHHs BIUuBY EJIO 3 3acToCcyBaHHIM IBOX KaHAJIB
1 IOPiBHSHHS XapaKTEPUCTUK OJJHO- Ta JBOKAHAIBHUX IPUCTPOIB.

VYcmixu B 3aCTOCYBaHHI €JIEKTPOAMHAMIUHOI 0OpOOKM 3BapHUX 3’€IHAHb CIIOHYKAIOTh IO PO3IIH-
pEHHS TEePCIEKTUBHOTO METOAY OOpOOKHM Ha HEMepepBHI IMPOIECH, 3a SKUX eIEeKTPOIWHaMiuHa 00poOKa
BUKOHYETHLCS B ITPOIIECi 3BaPIOBAHHS IJIaBICHHSIM.

B poboti [6] BcTaHOBIEHO po3Mipu 30HH e(EKTHBHOI €NEKTPOJUHAMIYHOI OOpOOKH, siKa BH3HaYa-
€ThCSI aMIDIITYIO0 IMITyJIbCHOTO CTPYMY Ta TEOMETPIEI0 €JIeKTpoaa. 3a YMOBH, KOJH EIEKTPOIMHAMIUHA
00poOKa BUKOHYETHCS B ITPOLIEC] 3BapIOBaHHS TUIABJICHHSM (TOOTO HEMEpEepBHO), HEOOXITHO Y3TOAUTH YaCTOTY
IMITyJIBCIB CTPYMY Ta JTUHAMIYHOTO THCKY 31 IIBHAKICTIO MEPEMILCHHS 3BapOBaJbHOIO MPHUCTPo0. Bizomo,
110 MIBUAKICTh HEPEMIILEHHS IPUCTPOIO [UISl 3BAPIOBAHHS IUIABJICHHIM B aBTOMATHYHOMY PEXHMMi CTAHOBUTb
10-30 m/ron. Buxoasuu 3 1bOTr0 Mmapamerpa, 4acToTa MOBTOPESHHS IMITYJIbCIB JDKEpEesa YKUBJCHHS MPHJIaLy
EJ1O 3 BpaxyBaHHSM pe3ynbTariB po0oTH [6] moBuHHA OyTH 2+5 I'11. 3a Takoi YacTOTH MOBTOPCHHS IMITYJIBCIB
TEIJIOBe LMKJIIYHE HABAHTA)KCHHA Ha HAIIBIPOBIAHUKOBI MPHIaId MEPEBUILUTH I'PAHUYHI MMOKA3HUKH, LI0
HpU3Bee 10 IXHHOIO TEMJIOBOIO 3HOIIYBAHHS, & 3TOAOM 1 PyHHYBaHHs. 3arajoM, 3 ypaxyBaHHAM IepCIIeK-
TUBHOTO BuKopucTanHst EJIO 1y pi3HOMaHITHUX METaJIiB i CIUIaBiB, [HKEpelia )KUBJICHHS! IOBUHHI TeHEpYyBaTH
iMITyIIbCH CTpyMy 3 ammutiTyoto 1o 10 kA, tpusanictio 0,5-1,5 mc 1 wactororo noBropeHss a0 10 ['n. Cyvachi
HaIIBIPOBITHAKOBI TPHJIAAA 3araJbHOIIPOMHUCIIOBOTO TIPH3HAYEHHS HE PO3pPaxoBaHI Ha POOOTY B TaKHX
pekuMMax, 1o BUMarae ab0 3aCTOCYBaHHS CICI[iAIbHUX 3aXOJIB HA KIITAIT IHTEHCHMBHOTO OXOJIOKCHHS
(BKITIOUAIOUM piTUHHE), a00 IHIINX 3aXO/iB, 32 SKUX BAPTICTh YCTaTKYBAaHHS MOJKHA 3MEHIINTH.

3a ymoBu 3a0e3nedeHHsl HemepepBHOI pobotu npunany st EJJO B poboTi 3anmponoHOBaHO HUBKY
TEXHIYHUX PILICHb A JBOKAHAIBHUX IMITyJIbCHHX [DKEpeld CTPpyMy, fAKi Iai0Th 3MOTY IOTPUMYBATHUCS
JOMYCTUMHX TEIUIOBHX PEKUMIB 00JIaTHAHHSI.

Po3poOka HamiBOpOBiIHMKOBOTO MEPETBOPIOBaYa AJIsl TEHEPATOpa PO3PAOHUX IMIYJIbCIB BKIIOYAE B
ceOe HU3KY 3a11a4, BUPIMIECHHS KX MOYKHA PO3AUINTH Ha ACKiIbKa ETaIliB.

Pospobnenns cunosoi cxemu BKJIIOYAE B cebe pO3PaxyHOK Ta BU3HAYCHHS BCIX €JIEMEHTIB CHJIOBOT
CXEMH 3 JIOTIOMIKHIMH, CHAOEPHUMH, ITyCKO3aPSIIHUMH KOJIAMH BKJIFOYHO. Takuil po3paxyHOK HPOBOAUTHCS
JUIS BU3HAYEHHS MaKCHMAJIbHUX Ta CEPEAHIX 3HAUCHb CTPyMy Ta HAlpYyTH Ha €JIeMEHTaxX CHJIOBOI CXEMH:
PO3paxyHOK pPEXHMIB TEPEBaHTAKCHHS Ta aBapiiHUX pPEXHMMIB; PO3PaxXyHOK 3HAUYEHb 1HIYKTHBHUX Ta
€MHICHHUX €JIEMEHTIB CXEMH; CTBOPEHHSI MOJIeJIi CHIIOBOI CXEMU IS ITOAAJIBIIOr0 BU3HAYCHHS ii mapameTpiB;
MOYATKOBHH BHOIp OCHOBHHMX E€JIEMEHTIB CXEMH, sIKi CTaHyTh 0a30i0 IS MOOYIOBH TEIUIOBOI MOJEINi Ta
BUKOHAHHs TEIUIOBUX po3paxyHKiB. Kpim 1mporo, eubip cunosux nanienpogioHukogux cmpykmyp BU3HAUYaE
CHJIOBY TOIIOJIOTiIO (T€OMETpi0) Ta 3arajibHy KOMIIOHOBKY, SIKa YTBOPIOE CXEMYy IEpPEeTBOPIOBAdYa, TOMY
HEOOXiTHO BpaxyBaTH MMapa3uTHI OMOPHU Ta iHIYKTHBHOCTI CTPYMOBHX MPOBITHUKIB. Buxonsun 3 3aranpHUX
NO3MLIH, TEIUIOBE HABAHTA)KEHHsS HAIIBIPOBIAHUKIB BHMAarae MaKCHMAaJIbHOTO PO3HECEHHS CHIIOBHX
€JIEMEHTIB Y IPOCTOpi (sSKOMOra Jajli OJUH BiJl OJHOr0). YTBOpPEHI B TaKWil CHOCIO Mapa3uTHI €IeMEHTH
CXEMH CTaBJISATH IiJ MUTAaHHS MOXJIMBICTh KOMYTalii CTPyMiB 3aJaHOT BETUUMHH (A7 IPUKIIAAY: TIPOBiTHUK
noBxnHO 10 cM MpoayKye mapa3uTHY iHAYKTHBHICTH O0mu3bko 40 HI'H 1 y pa3i komyTarii ctpymy 650 A
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npotsroMm 100 He BUKIHKae niepeHanpyry B 260 B). Lle nume giHIMHUNA eTeMEeHT cXeMH, ajie SKIIO B3SATH JI0
yBaru peayibHi KOHTYPH CHIJIOBOiI CXEMH, TO TMapa3WTHAa IHAYKTHBHICTH B3arajii MoO)Ke HE J[03BOJIHTH
3IACHIOBATH KOMYTamlilo cTpyMy. 30UIBLICHHSI TPUBAIOCTI KOMYTalil Mpu3BeAe A0 301MbIICHHS BTpaT Ha
NEepEeMHUKaHHs, 1110, B CBOIO 4epry, MPHU3BeAE N0 MEPerpiBy Ta HEOOXiAHOCTI PO3HECEHHS rapsyux YacTHH
CHJIOBOI CXeMH MiX c000t0. I'eoMeTpist CHIIOBOI TOIONOTII TOBHHHA BPaxXxOBYBATH TEIIOBHI PO3ITOAUT Ta
napasuTHi JiHii. TakuM 4MHOM, PO3poOKa HAMIBIPOBITHIKOBOTO MEPETBOPIOBAYA YTBOPIOE KOMIUIEKC 3a7ad,
BUPILICHHS SKUX 3QJICKUTh BiJl 00paHOi KOHLEMIl OXOJOMKCHHS, THITy HAaIliBIPOBIIHUKIB Ta TEXHOJO-
TIYHIX MOXKJTMBOCTEH BUPOOHUIITBA.

Pospobra mennosoi modeni Bkiouae B ceOe pO3PaxyHOK Ta BU3HAYCHHS CyMH BCIX TEIJIOBUX
HaBaHTQ)XEHb Ha EJIEMEHTH CHJIOBOI CXEMH, y TOMY YHCIi KOHAEHCATOpHI OaTapei, CTpyMOmpoBigHi
€JIEMEHTH, cHabepH, JuKepesia XKHUBJICHHS BIaCHUX MOTPeO TOIIO.

Busnauenns xonyenyii cucmemu 0xon100dcenns. Po3paxyHOK TEIJIOBUX BTPaT B OOPaHOMY CXEM-
HOMY pillleHHI Ja€ 3MOTYy BHpIIIUTH 3aJady peami3alii MepeTBoproBaya HEOOXiIHOI MOTYKHOCTI B KOH-
CTPYKTUBHOMY 00’ €Mi, SIKHI OOMPA€ETHCS 3 HU3KHM CTaHIapTU30BaHUX KOPITyCiB npriragHux mad. Heooxigno
BpPaXxOBYBAaTH PO3IOALI CHJIOBUX €JIEMEHTIB Ha IUTOMI (B 00’eMi) 3 MEeTOIO0 €(eKTHBHOTO OXOJIODKCHHS Ta
YHUKHEHHSI MOKJIMBOCTI TIEPETPiBy BHACHTIJOK 30CEPEIKEHHS CHIIOBUX €JIEMEHTIB B 0OMEKEeHOMY 00’ eMi.

[licns y3ropkeHHS TEIUIOBUX PEXHUMIB 3HIHCHIOETHCS BU3HAYEHHS apXiTEKTYpH CHJIOBOI YacTHHU
NepPETBOPIOBaYa, CTBOPEHHS MOBHUX (TPUBMMIPHHX) KpecieHb BCIX CHJIOBHX EJIEMEHTIB CXEMH, BH3HAUCHHS
B32€EMHOTO PO3TAllyBaHHS 3 BPaXyBaHHAM MMAPa3HTHUX XapaKTEPUCTHK CTPYMOIIPOBIIHUX €IEMEHTIB, TETUIOBOTO
HAaBaHTKEHHsS Ta PaLliOHATFHOTO BUKOpUCTaHHS 00’emy. OKpeMi eNeMEeHTH KPECIeHHs Ta 3arajlbHa iXHs
KOMIIOHOBKA € HEBiJl’€MHOIO YaCTHHOI KOHCTPYKTOPCHKOI poOoTH. TernoBe MOJEIIOBaHHS Ta MaKeTyBaHHS, a
TaKO’X BU3HAYCHHS 3aTraIbHOT TE€OMETPii 3MIMCHIOETHCS SIK €IFHUH TIPOIEC CTBOPESHHS CHIIOBOI TOTIOJIOTII.

Cunosa mononozis eeHepamopa iMnYIbCi6 CKIATAEThCA 3 ABOX IEHTUYHHUX KaHatiB (puc. 1), KoxxeH
3 SIKUX CKIIAZA€ThCs 3 po3B’si3yrounx tpancdopmaropis T1, T2, tpudasznoro Bunpsamistda (VD1-6, VD7-12),
dhimeTpa Mepexi Cd1-4, Ch5-8, 3apsauoro inBepTopa VI11-VT14, VT21-VT24 3 cTpyMo0OMeXyBaTbHIMHI
npocensimu L1.1-1.2.2, nHaxonumuyBanbHOi emHocti Cl, C2, komyrtatopa VS11-VS14, VS21.1-VS24.2,
po3psanoro kona Lmin Ta LkoT. 3amns 3a0e3nedeHHs TEIUIOBOI CTIMKOCTI CHCTEMH PO3PSIHOIO KoJia
BUKOPHUCTAHO MapajesbHi rPynH TUPUCTOPiB. OCOOIUBICTD 3aPONIOHOBAHOI pO3POOKHU MOJISraEe B TOMY, 110,
HE3BAXKAIOUM Ha IapajelibHe BKIIOYEHHS TUPUCTOPIB PO3PATHOTO KOJIA, OJJHOYACHOI MapajesbHOi poOoTH
TUPHUCTOPIB HE mependavacTbes. Lle 00yMOBIEHO CKITaHICTIO a00 HEMOMKIIMBICTIO 3a0€3MeUeHHs PIBHOMIP-
HOT'O PO3MOJiTYy CTpyMy B MapaieibHO 3’€JHAHUX TUPUCTOPAX, & TAKOXK CHHXPOHI3alil MOMEHTIB iXHBOTO
BMHUKaHHA. HaToMicTh BHKOPHUCTOBYETHCSI HOBMH METOJ IIOYEPrOBOIO BMMKAHHS THUPHUCTOPIB MiJ dYac
HepexoliB MiXk IMITyJIbCAaMH PO3PSILY, IO Ja€ 3MOTY IMiJBUIIUTH YacTOTY CIIiyBaHHS IMIYJbCIB CTPyMY, HE
301IBLIYI0YH TETJIOBOTO HABAHTAXKEHHSI HA CTPYKTYPY OKPEMOTO THPUCTOPA.
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Puc. 1
3amd MiOBUILEHHS YacTOTH POOOTH PO3PSIHOTO KOJIa HEOOXIJHO OLIHUTH PEXHUM TEIUIOBOTO
HaBaHTAXEHHS THPHUCTOPIB, SKi MPAITIOIOTh B pEXUMaX, M0 MEPEBUINYIOTh TPAHUTHO TO3BOJICHI MEXi, AKi
BU3HAUYEHO BHPOOHHMKOM. JlocmimkeHHs xapakTepucTuk oOpanux THpucTopiB SKKT 250 xommanii
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SEMIKRON moka3ano MOXIJIHBICTb BHKOPHCTAaHHS OCTaHHIX y pPO3PSIHOMY KONi Uil OJHOKPATHOI Ta
KOPOTKOYacHOI KoMmyTauii cTpyMiB (Irsy) 3 ammiitygor I, =9000 A 3a Ttemmneparypu 25° C Ta

L., =8000 A — 3a Temneparypu 130° C 3 TpuBamicTio nepeBaHTakeHHs B 10 Mc 1 000X BHIAJKIB.

. . )
JlonaTkoBO BpaxOBYEThCS MapaMeTp TemioBoi criiikocti Tupucrtopa (Q =N (I TSM) T / 2), ne N-
KIJIBKICTD IMITYJIBCIB 32 OAHY CeKyHay. ToOTo, mapameTp TEIUIOBOi CTiHKOCTI OOpaHOro THpHCTOpa IS

HOPMOBAHOI'O peXUMy pobortu Oyze: O = [10~10’3 *(9000)2] / 2= 405000(/120) — 3a Temneparypu 25° C Tta

0= [10 110" (8000’ ] /2 =320000( A’¢) — 3a Temmeparypn 130° C.

st BU3HAUeHUX BHILIEC PEXHUMIB POOOTH THPHCTOPIB 3 TPUBAIICTIO iMIynbciB 550Mkc ~ 650MKc,
ammutity010 10 KA ta gactoToro mosropenHs 10 ['1 mapamerp TerioBoi cTikkocTi Oye csarartu:

0=10+(0.55...0.65-107 ) (10000)° /2 = 275000...325000( 4’).

Ockinbku mapamerp (), HaJaHUH BUPOOHHMKOM THPHCTOPIB, HE BHU3HAYECHO UIS MEPIOTMYIHHX IEpe-
BAHTAXEHb, @ PO3paxoBaHi 3HaueHHs mapamerpa () ONU3bKI 0 MAaKCHMAJIbHO JOMYCTUMHX, OYEBHIHO, IO

BUKOPHUCTAaHHS OJIHIET TPYIY TUPHCTOPIB y 3alponoHOBaHili cxemi Ha yactoti 10 ' € HeGe3neuynnm 3 MipKyBaHb
JOTPUMAaHHS TEMIIEPaTypHOro oOMexeHHs. 1IpomoHyeThCs po3aimMTH poOOTy TUPUCTOPIB HA IPYNH Yy TakUi
croci0, o0 3MEHITUTH (haKTHIHY YaCTOTY POOOTH KOXKHOTO OKPEMO B3STOT'O THUPHCTOpA BABIUi (pHc. 1).

[MapanenbHi TPy THPUCTOPIB JAIOTh 3MOT'Y PO3IOIUIMTH TEIJIOBE 3aBAHTAXCHHS MiX OlIBIIOIO
KUTBKICTIO HAIBIPOBIHHUKIB, pO3TAIIOBAHUX HA OLIBIIIH IUIONI TEIJIOBIIBOIY.

PoGoty 3apsimHOTO iHBEpTOpa Ta PO3PSAOHOrO KOJa MOXKHA ONMCATH Ha MPUKIAAI poOOTH KaHaly [
(puc. 1). TpudasHa Mepexa >KUBUTh PO3IUIOBHI TpaHc(HOpMATOp, SKUW MPU3HAUEHO JJIsl IIABUIICHHS
HAIpyTH Ta TajbBaHIYHOI PO3B’S3KM PO3psAAHOrO Koja. Jlami BCTAHOBIEHO BUIPSAMIISY Ta €MHICHHH (QUIBTD,
KWW TAKITIOYEHO JI0 JJAHKH MOCTIHHOTO cTpyMy iHBepTopa. Buxinm iHBepTOpa Yepe3 oOMeXyBaibHI Jpoceri
MIKITIOYEHO 10 HAKOIMUYIYyBaJIbHOI €MHOCTI, sSKa pO3TallloBaHa B JIAHINI 3MIHHOTO CTPYMy KEpPOBaHOTO
BHIIPAMIIAMA HA THPUCTOpAX. Moro BHXiZ HiJKIIOYEHO MO BilNOBITHOTO EIEKTPOIHOTO MPHCTPOIO.
HaxonunuyBabHa €MHICTh, KEPOBaHUH BHUIPSAMILIY Ta €IEKTPOAHWH MPUCTPIH YTBOPIOIOTH PO3PSIHE KOO,
napaMeTpH SKOro (GOPMYyIOTE GOPMY PO3PSIHOTO IMITYIIECY CTPYMY, IJIS 9OTO B KaHATi 2 B CXeMi BCTAHOBJICHO
JIONaTKOBY JIHIAHY I1HIYKTHBHICTh, a B KaHali / pOJib iHIAYKTUBHOCTI BHUKOHYE KOTYIIKA €JIEKTPOIHOTO
npuctporo. Crucrema KepyBaHHS MOCTIHHO BiJICTiIKOBY€E MOJSAPHICTD HANPYTH HAa €MHOCTI, B 3aJISKHOCTI BiJ
SIKOT IMITYJIbCH KEPyBaHHS 3apsIOM Ta PO3PAIOM PO3MOAUISIOTHCS O TpyraM HamiBrpoBigaukie VT11, VT14,
VS11, VS14 abo VT12, VT13, VS12, VS13. IIpumrycrumMo, 110 Ha TOTOYHOMY iHTEpBajIi HOISAPHICTh HAIPYTH
BU3HAYCHO SIK «+» Ha aHomi VSI1l, a «» — nHa anomi VSI3. Toxmi cucrema xepyBanHs ¢opmye M
MOCJTIOBHICTh, BUKOpHCTOBYI0UM Tpausuctopu VT11 ta VT14, omHOuacHO BMMKae iX Ha IOYaTKy Hepiomy
IIIIM Ta BIMHKAE 32 CUTHAJIOM TIEPEBUIIICHHS CTPyMy. B Takuii criociO 3iHCHIOETHCS 3apsiT HAKOITUIYBAITBHOT
€MHOCTI TTOCTIfHUM CTPYMOM JI0 HEOOXiIHOro 3HaYeHHst Hanpyru o komy VT11 —L1.1 — C1 —L1.2 - VT14.
Sk TinbkM HeoOXiZHE 3HAYEHHS HAMpyTd JOCSATHYTO, TPAaH3UCTOPH BHUMHUKAIOTHCS 1 MPOJOBXKYIOTH CBOIO
poboTy B peXuMi HMiATPUMAHHS 33aHOi HAaNpyru. Y pas3i HaJXOPKEHHS CUTHATY II0J0 HEOOXIIHICTI po3psamy
3apsIHUH IHBEPTOP BUMUKAETHCA, 1 TOJAIOThCS IMITyIIbcH KepyBaHHs TupucTopamu VS11 Ta VS14 BianosigHo
10 noJspHocTi. Pospsanuit crpym mpoxomuts mo komy Cl — VS11 — xorymka — Hlyar — VS14 — C1. Ha
MOMEHT 3aKiHYeHHsI PO3PAIHOTO IMITyJIbCa CTPyMy Halpyra HaKOIMHYYBaJIbHOI €EMHOCTI 3MiHIO€ HOJSPHICTD Ha
MPOTHIICKHY, TOMY Y HACTYITHOMY ITHKJII 3apsay Ta po3psmy poOOYMMH HAMiBIPOBITHUKAMH CTaHyTh V12,
VTI13, VS12, VS13. Jlns kaHany 2 po0odi rpyly TUPUCTOPIB J0AATKOBO PO3JICHO, ajie alrOPUTM POOOTH 3i
CIIIIKYBaHHSIM 3a TOJSPHICTIO 3aJUIIAETHCA THUM JK€, a HapajeibHi TUPUCTOPH NPHU LBOMY IMPALIOIOTh
HIOYEProBO.

TakuM 4YMHOM, JPKEpENo KUBJICHHS Ma€ JiBa HE3aJeKHUX KaHAJM: KaHal 3aJUIs CTBOPEHHS IMITYJIbCY
CTpyMy 1 KaHan 3aJyi1 CTBOPEHHS MEXaHIYHOTO THCKY Ha 30HY 3BapHOrO IIBa. 3a YMOBH, KOJIH MiX
JOKEpPEIIOM 1 THCTPYMEHTOM Ui BUKOHaHHS OOpPOOKHM iCHYE IEBHA TEXHOJOTIYHA BiJICTaHb, HEMOXIIHBO
TOBOPUTH TIPO peaii3allifo TOBHICTIO KEPOBAaHOTO JDKeperna, TOOTO BIAKpPHBATH 1 3aKpWBATH KITIOUi
npuMycoBo. B Oynp-sikOMy BHIIQAKYy IiCHy€ TMapa3uTHa IHAYKTUBHICTH MPOBOAIB, IO OOYMOBIIOE
(yHKUIOHYBaHHS JKepesia 10 MPHUHIUITY PO3PSIAHOTO KOJla €MHICHOTO HaKOMM4YyBada, B SIKOMY TPUBAIIICTb
IMITYJIbCY BU3HAYAEThCS TepexiaHuM npouecoM B RLC ko 3 BU3HAYEHUMH TapamMeTpaMu. EMHICTh KoJia €
CTaOULIBHOIO BEJIMYMHONO, AKTHBHHUI ONip BHU3HAYAETHCA SIK €KBIBAIEHTHA BEJIMYMHA, IO CKIAIAETHCS 3
OIopy HPOBIIHHKIB, ONOPY p—H— p TEpPexXoAy HaNiBIPOBIIHUKOBOTO NpWIady, AKTUBHOTIO OIOpPY

64 ISSN 1607-7970. Texn. enexmpoounamixa. 2020. Ne 6



IHAYKTABHOCTI 1 BEITMYMHOIO 1HIYKTHUBHOCTI, SIKa TAKOX CKIIATAETHCS 3 KIJTBKOX CKIAJOBUX — IHIYKTUBHOCTI
3’€IHYIOYMX TPOBITHHKIB 1 BIacHE 1HAYKTUBHOCTI KOTYIIKHM. YMOBAaMH CTBOPEHHS EJEKTPOTEXHIYHOTO
KOMIIJIEKCY Tiepe10ayaeThCs, 0 KaHall IMITYJIbCY CTpyMy (OpMYe€ iMIyJIbCH CTPYMy TpHuBajdicTio 550 Mkc, a
aMIUTITYa iMIOyJibcy Moxke ngocsratd 10 KA 1 BU3HAYAETHCS BEIHUYMHOI) HANPYTH HA €MHICHOMY
Hakonmu4ayBadi. TakKHM YWHOM, OYEBHIHHM € J)KOPCTKO BCTAHOBIIEHA TPUBAIICTh IMITYJbCY. SIKIO MapameTpu
KOJIa, 1[0 TepelliueHi BHIIE, 3a/aHi, TO CTal0Th 3PO3YMUIMMH BHUMOTH 1O BEJIMYUHHU 1HIYKTHBHOCTI KoOJia
CTPYMOBOTO iMITysibcy. Ileprn 3a Bce, 1€ CTOCY€EThCSA CTAOUIBHOCTI BEJIMYMHHM TPUBAIOCTI IMITYJILCY YH,
IHaKIIe KaKy4H, CTAaOUTBHOCTI BENWYMHU I1HAYKTUBHOCTI Kojla. Yepe3 Te, IO Apocenh MOxe OyTH
pO3MillleHUM B mpwiagHiii madgi, 10 HOro KOHCTPYKIT Mpei’ SBISIOTHCA BHUMOTH MO0 JIHIMHOCTI i
HE3aJIe)KHOCTI BijI XapaKTEPUCTUK OTOUYYIOYOro cepeoBuina. Ha gymKy po3poOHUKiB, HAOUIBII MPUAATHAM
y IbOMY BHITQJIKy € APOCETh Ha OCHOBI TOpOinHOI KOHGIrypamii. Bizomi Bupasu s po3paxyHKy BeIHYHHA
IHIYKTABHOCTI KOTYIIKH 3 TOPOITHMMH OOMOTKaMH HaBeleHO B [7]. BoHM maroTh 3MOTy po3paxyBaTH
BEJIMYHMHY IHAYKTUBHOCTI 3 IEBHUMH NPHUITYILIEHHSIMH, III0 CTOCYIOThCS TOBLIMHU CTPYMOBOTO Liapy Toio. B
bOMY JTOCTIJKCHHI, 3BAKAIOUM HA JOCHUTh 3HAYHY BEIUYHMHY CTPYMY B PO3PSAHOMY KOJI, TMPOBITHUKH
TOPOiTHOI KOTYIIKH BHUKOHYIOTHCS 3 MACHBHHX €JICMEHTIB, 110 OOYMOBJIOE€ OCOOJMMBHH MiIXidg OO
PO3paxyHKy BeTUYMHH iHAYKTHBHOCTI i KOHCTPYKIIIi TaKOi KOTYILIKH.

MogentoBaHHs eneKTpoi3MUHUX MPOLEciB B po3psAAHUX Konax komruiekcy anas EJIO moBuHHO
MPOBOJIMTUCS 3 YPaxyBaHHAM JTUHAMIYHOTO 3MIHEHHS MOTOKO3YEIJICHHS MATHITHOTO MMOJS IHAYKTHBHHX
€JIEMEHTIB 31 CBOEI0 OOBHUTKOIO 1 IMOBEPXHEBHX SBUIL B E€JIEKTPOJAHOMY TNPHUCTPOI iHIYKTHBHOTO THILY.
Pesynbratn Takoro MOJENIOBaHHA € MPEAMETOM OKPEMOro IOCHiKeHHS. TyT 3yNMHMMOCH JHIIe Ha
pe3ysbTaTax MOJCTIOBAHHS BiTHOCHO CHIBBIJHOIIGHHS B Yaci CHJIOBOIO THCKYy, 10 (OpMYEThCS B
€JIEKTPOTHOMY TIPUCTPOI 1 JKUBUTHLCS KaHAJIOM /, 1 IMITIYJIbCY CTPYMY B pO3psAHOMY Kouti kaHairy 2. Ha puc. 2
TI0KA3aHO, SIK 3MIHIOIOTHCS B 4aci BENMYMHM CTPyMy B KaHami 2 — [, (CyIiabHa KpHBa) i HOPMANbHOI CHIH

F_B enexTpoMexaHi4YHOMY IEPETBOPIOBAUi iHAYKIIHHOTO THUIY (IITPHX-IyHKTHPHA KPUBA), IO KUBUTHCS

KaHaJoM /.
L.xA F, xH . CwioBuil IMITyJIbC Ma€ TPHUBAIICTH Yy daci
8 40 omu3pko 700 MKc, mpudoMy (asza IPUTHCKAaHHS eleK-

Tpoay TpuBae O6mu3bko 570 MKC, a 3roJIOM HampsIMOK
CHJIOBO{ [Iii 3MIHIOETHCS HA TIPOTHIICKHUN — IHTEPBAJ
570-700 mxc. CTpyMOBH IMITyJIbC IO BiJHOIICHHIO
JIO CHUJIOBOT'O PO3MOYMHAEThCA Ha 20 MKC IMi3Hile Ta
3aKiHUIYEThCA JIO HAcTaHHSA (pa3w BiOIITOBXYBaHHS.
TakuM YMHOM, 3 CaMOro IOYaTKy CTPYMOBOI'O M-
nyJgbcy BXKE CTBOPEHI YMOBHM 3aIUIs HAAiHHOTO
KOHTAKTy €JIeKTpoJia 3 0OpOOIIOBaHMM 3pa3KoM 1 He
CTBODPIOIOTHCSI IIEPEyMOBH Ul PO3PHUBY EJIEKTPUY-
£, MKc HOTO KOJa, IO MOXXE CYNPOBOIKYBATHCS SIBHIAMH
0 100 200 300 4do 500 600 700 YTBOPCHHS EIEKTPUYHOI JyTM 3 BUBUIBHCHHSIM
Puc .2 TEIUIOBOI eHeprii. 3a/uid CHHXPOHI3alii CHIOBOTO i
CTPYMOBOTO (DaKTOPiB BIUIMBY Ha HANPYXXEHUH CTaH
3BapHOTo 3’€IHAHHS IOUIIBHO MOYAaTOK CTPYMOBOTO iMIYJbCy 3aC00aMU KepyBaHHs KaHaly [ 3CyHYTH B
yaci me Ha 20 Mkc. 3a mux OOCTaBUH B MOMEHT yacy 240 MKC Bii HOYaTKy CHJIOBOrO IMIYJbCy B
RS0 HaBeIeHOMY TpuKIani Oyzae mocsratvcs 30ir B daci

aMILTITYIHUX 3HAY€Hb CTPYMY 1 CHIIOBOTO THCKY.

1 ' Hocnimxenus BBy EJIO Ha omip BTOMH
3BapHUX 3'€JHAHH AaTIOMIHIEBOrO CIUIaBy AMré6 3
b BUKOPUCTAHHSIM OJIHO- 1 JIBOKaHAJIBHOTO MPHUCTPOIB

EJ1O mpoBoamnmcsi Ha 3pa3kax CTHUKOBHUX 3’€IHAaHb,
PO3MIpH SIKMX BKa3aHO Ha puc. 3. 3pa3ku TOBLIMHOIO
0=2 MM BHUKOHYB&JIM aBTOMATHYHHUM 3BapIOBaHHSIM
TIG (Ar) 3a manpyru ayru U,,=20 B, 3BaproBaibHOT0
» crpymyi 1,;=170 A i mBuaKOCTI 3BaproBaHHs V., = 5.5
MM/c. OOpoOKka BHUKOHYBaJIacs B3IOBX BICI 3BapHOTO
mBa (BiCh Y) B HalPSIMKY «BiJ IICHTPY A0 KpahKiB»
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(ctpinka Ha puc. 3), 3aCTOCOBYIOUH 00HO- ma deokanansHi npucmpoi st EJNO.

[Tepen 00poOKOI OOMIBI TOJIOBKHU 3pa3Ka «KOPCTKO» (HIKCYBaIHMCS PO3MOAUICHUM HaBaHTOKEHHIM
Ha CKJIaJIAIbHIN IIUTI B3JI0BK Tiepepi3zy A-A (puc. 3), BUKIIOYAOYU MOXKIIHMBI KYTOBI Aedopmallii MiIacTHHU.
3uaueHHs 3apaaHoi Harpyr Upp 1 eMHOCTI Crp UTst peskuMy onHOKaHaNBHOT 00po0ku, Uy, Up i Cy, Cp — mist
peXUMY JTBOKaHAIBHOI 0OpOOKH MpeAcTaBieHo y Tadumii. [1ix gac o6poOITi KOKHOTO 3pa3Ka BUKOHYBAJIUCS
no 40 po3psgHUX IMKIIB, 10 3abe3nedyBalio PIBHOMIpHE eNeKTpoIriacTHuHe AeOpMyBaHHS IIBa
noBxuHOI0 90 MM (puc. 3). Bennuuny eneprii oqHokpartHoro 3apany E; i micns cepii 3apsaiB — Eq s 000x
BapianTiB EJIO Takox HaBemeHO y TaOIHII, ¢ BimoOpaXkeHi 3HAYCHHS HANPYTH, EMHOCTI 1 €Heprii po3psmay
Ta KUIbKOCTI IIWKIIIB 10 pyHHYBaHHsI 3pa3KiB 3BapHUX 3’€IHaHb 3i craBy AMro6 micis EJ1O.

[IpoBogunucs BTOMHI BUNIpoOyBaHHS 3pa3KiB 3 JAOBXKUHOI poOoyoi yacturu 150 mm (puc. 3). Hus
[ILOTO BUKOPUCTOBYBAJIACs BUIIPOOyBaibHa MammHa Mapku YIIM-02. PeanizoByBanacst cxema BUIPOOYBaHb
Ha BUTUH Yy pa3i CUMETPUYHOIO LUKIYy HaBaHTKEHHs 3 4acToTor 14 I'l. AMIIIiTYAa HampyXeHb LUKy

ZGa 3amaBanacs 160 Mlla, a HaBaHTa)XXeHHS MPOBOAMIIOCS IPOTATOM iHKyOamiiftHOTO Tepioay [8] mo

peectpanii KibKocTi IUKIiB N, 110 BiINOBIAaI0Th OYATKy PyHHYBaHHS 3pa3KiB.

AHami3yroun AaHi TabIuIl, MOXHA 0adnTH, Mo oAHO- i nBokaHanbHa EJIO (psaku 2 i 3) 3abesrre-
YyIOTh IJIBHINEHHS KUIBKOCTI ITUKJIIB IO pyWHYBaHHA N 3pa3KiB 3BapHHX 3’€IHaHb 31 crutaBy AMr6
BiAmoBigHO y 1,9 1 2,2 pa3u y mopiBHsIHHI 3 HeoOpoOJIeHMMH macTuHaMu (psaok 1). Ase mpH LbOMY
nigBuineHHs BenuunHu N 3a nBokaHanbHiA EJIO y NOpiBHSHHI 3 OJTHOKaHAIBHOK JOCSATAETHCS 3a YIBidl

MEHIINX 3HAYCHHAX €Heprii ogHoKkpaTHoro 3apamy E; i ixmpoi cepii XE,,. Lle MOXHa MOSCHUTH TUM

¢axrom, 1m0 y pasi qBokananbHOi EJIO cTpyMOBHI IMITyIIBC 110 BiTHOIIEHHIO 10 CHIOBOTO PO3IIOYMHAETHCS
Mi3HIIIE Ta 3aKiHYyeThCS 0 HAacTaHHs a3y BiJIITOBXyBaHHs. TakuM YMHOM, 3a jABokaHanbHid EJIO 3
CaMoro MOYaTKy [ii CTPYMOBOTO iMITyJIbCY CTBOPEHO YMOBH 3aiJisi CHHXPOHI3alil CHJIOBOTO 1 CTPYMOBOTO
(axTopiB BIUIMBY Ha HAIIPY>KEHUI CTaH 3BAPHOTO 3’ €HAHHSI.

Ne ;C;;i?]:l pocti - 0Gpobiti Unp,B | U/Up,B | Cpp,Mk® | C/Cp,mx® | B JIx | ZE,  xx | N,Tuc.uuknis
1 | 6e3 06poOKu - - - - - - 168
2 | omnokananpHa EJIO 430 - 5140 - 475 19,0 326
3 | nBokanamsua EJIO - 370/200 - 2570/2570 | 176/51 9,0 376

3a BiICYTHOCTI CHHXPOHI3aIlii (aKTOpiB BILTUBY MOKIIMBOIO € BIPOTiTHICTH YTBOPECHHSI €ICKTPHIHOT
QYT 3 BHBUIBHEHHSIM TEIUIOBOI €HEpTii, 0 (PIKCYEThCS MiJl 4ac eKCIEePUMEHTAIbHUX JIOCTIKEeHb. Takum

9uHOM, 3a ofgHoKaHanbHOI EJIO meBHa wactmna E; i LE,, BUTpadaeThcs Ha IAapasWTHI MPOIECH, SIKi HE

ONTUMI3YIOTh HAMPYXKCHUH CTaH MeTany, 0 OOpoOJSeThCS, Ta MOXYTh HETATUBHO BIUIUBATH HA HOTO
CTPYKTYpy. 3a nBokaHanbHOi EJIO cuHXpoHi3alis GakTopiB BIUTMBY BHUKIIOYAE BUTPATH 3arlaceHOi eHepril
Ha Tapa3MTHI MPOIECH, XapakTepHi aius omHokaHaibHOI cxemu EJIO. lle miaTBepIKyHOTh pe3yibTaTH
NOPIBHSHHSA pAAKIB 2 1 3 Tabmui.

BucnoBku. Po3po0iieHO cTparteriro moOymoBH JBOKAHAIBHHUX IMIYJILCHHX JDKEPENT CTPyMYy st
€JICKTPOIMHAMIYHOT 00pOOKY 3BapHMX 3’€HAHB 3 OKPOKOBOIO KOMYTAIIEI0 PO3PSIHUX KiJ, 110 A€ 3MOTY
MiBUIIUTH YaCTOTY CJIiJlyBaHHS IMITyJIbCIB CTPYMY, HE 30UIBIIYIOYM TEIJIOBOIO HABAHTAXKEHHS Ha OKpEMUH
HaANIBIPOBIJHAUKOBUN TpWIa 3aBISKK 3a0€3II€USHHIO TOTOJIOTIYHOI IIEHTHYHOCTI IMiJ Yac MepexXomy Mix
PO3PSITHUMH IMITYJIbCAMH.

[TopiBHSAHHS €HEPreTUYHUX BUTPATHHX XApPAKTCPUCTUK OJJHOKAHAIBLHOI Ta JBOKAHAIBHOI CXEM eJIeK-
TPOIUHAMIYHOT OOPOOKH I1IBa CTUKOBUX 3BapHHX 3’€THaHb CIUIaBY AMTr6 BHSBWIIO MOJBIMHE 3MEHIIICHHS BUTpAT
€IIEKTPOCHEPTii B NBOKAHATHHOMY IIPHCTPOI, IO BiMOYBAETHCSA dYepe3 CHHXPOHI3AIiI0 CTPYMOBOTO 1 CTHICKA-
I0Y0r0 MEXaHIYHOTO BIUIMBIB, a TAKOXK Yepe3 YCYHEHHs BTPAT €HEepril y BUTTISI €JIeKTPOAYTOBUX SIBHIIL.

BcranoBiieHO, 110 B pe3yJsbTaTi €NeKTPOIUHAMIYHOI OOpPOOKM MeTayly IIBa CTHKOBHUX 3BapHUX
3'elHaHb criaBy AMr6 KimbKiCTh LHKIIB J0 pPyHHYBaHHS 3pa3KiB y pa3i CHMETPUYHOTO BHTHHY
T IBUTITY €THCS MakKe BIBIUI B TTOPiBHAHHI 3 HEOOPOOICHUMHU.

3a pe3ynabTaTaMd MOPIBHSJIBHOI OI[IHKM OJHOKAHAIBHOI 1 JIBOKAHAIHLHOI €JIEeKTPOJUHAMIYHOT
00poOKH 3BapHUX 3'€HaHb CIUIaBy AMr6 BCTaHOBIICHO, IIO MiJABHINEHHS TOBTOBIYHOCTI Yy pPa3i BHKO-
PUCTaHHS JBOKAaHAIBLHOI CXeMH BU3HAYAETHLCS KEPOBAHOIO CHHXPOHI3AIIEI0 CKIIAJOBHUX EIEKTPOTUHAMITHOT
I TaKkuX, SIK CTPYMOBHUH Ta CTUCKAIOUWH CUIIOBHH iMITYJIbCH.
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YK 621.3:539.3
JIEKTPOTEXHUYECKHAW KOMILIEKC JIJISA QJIEKTPOIMHAMUAYECKOMN
OBPABOTKH CBAPHBIX COEJIMHEHUI

J.M.JIo6anos’ akagemuk HAH Yxpanusi, A.ILKonapatenko', ur.-kop. HAH VkpauHsl,
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2 HMucrutyT 3nekrpocBapku uM. E.O.Ilatona HAH Ykpannsli,
yi. Kasumupa ManeBuua, 11, Kues, 03150, Ykpauna. E-mail: svarka2000@ukr.net

Onpedenen cocmag O08YXKAHANLHO20 UMNYIbCHO20 UCMOYHUKA NUMAHUA 018 JIeKMpOoOUHAMULEeCKOU 00pabomku
CBAPHBIX COEOUHEHUL, KOMopoe 3aKNIoYaemcs 8 OOHOBDeMEHHOM OeliCmeuu HAd OSPAHUYEHHbIN YYacmoK wed
INEKMPULECKO20 MOKA U 0ABAUe20 CUNOB8020 B030€UCIBUS INEKMPOOOM MAKUX GENUYUH, NPU KOMOPLIX CIMAHOBUINCS
B03MOICHBIM NPOSAGIEHUE DNIEKMPONIACMUYHO020 dPghexma. [ns co30anus cuno6o20 0aeieHus UCNONb3Yemcs TUHElHbL
INIeKMPOMEXaHUecKull npeobpasosament UHOYKYUOHHO20 muna. TIpodoaxcumenvHocms cocumaroweli pasvl cuno8o20
umMnynvca evibupaemcs 6onvulel, yem npooONACUMENbHOCHb MOK08020 UMNYIbLCA, YMO YMEHbUAem 8epOsmMHOCHb
Paspuiea deKmpuveckoll yenu u ebloelleHus menioeoll snepeuu. Ilymem ynpasniaemoti 3a0epiucKu Hauanda moxko8o2o
UMNYTIbCa  00CMU2Aemcs  CUHXPOHU3AYUA 00oux Hakmopos BO3HUKHOSEHUA DNIeKMPONIACMUYHo20 dghdexma.
Ipeonodiceno napannenvroe KOUEHUe NOLYIPOBOOHUKOBBIX RPUOOPO8, KOMMYMUPYIOWUX PA3PAOHbLE Yenu, 0OHAKO UX
paboma npeononazaemcs NOOYEPeOHol, YMmo 8 YCI08UAX pabomvl INeKMPOMeXHULeCcKo20 000pYO008aHUs C YACOMOL
cnedosanus umnyibcos 00 10 Iy ymeuvuwiaem meniogyd HAspY3Ky. OKCNEPUMEHMANbHbIMU UCCAE008AHUAMU
VCMAH0BIEHO 08YKPAMHOEe YBeauteHue KOIUUeCmad Yukios 00 paspyuleHus obpasyos npu cuMMempuuHom uzeube.
CpasHeHue 08YXKAHANLHOU U OOHOKAHANBLHOU JJIeKMPOOUHAMUYECKOU 00pabomKu 8bisA8UN0 O080UHOe YMeHbuleHUe
3ampam dneKmposHepeuU 8 O8yXKanaibHom ycmpoticmee. buobn. 8, puc. 3, Tadmn. 1.

Knroueswie cnosa: QJICKTpOAUHAMUYCCKast 06p360TKa, CHUJIOBAs TOIIOJIOTHs I€HEpAaTOpa UMITYJILCOB, TCIIJIOBAsA HAarpys3ka
MOJIYIIPOBOAHUKOBBIX HpI/I60pOB, CUHXPOHU3alus (baKTOpOB BJIMAHUSA.
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ELECTROTECHNICAL COMPLEX FOR ELECTRODYNAMIC
PROCESSING OF WELDED JOINTS

L.M. Lobanov’, LP.Kondratenko', V.M. Mikhalskyi', M.O. Pashchin’, O.M. Karlov', V.V. Chopyk',
O.L. Mykhodui’

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

Peremohy av., 56, Kyiv, 03057, Ukraine, e-mail: dep7ied@ukr.net

2 E.O. Paton Electric Welding Institute of National Academy of Sciences of Ukraine,

Kazymyr Malevych St., 11, Kyiv, 03150, Ukraine. e-mail: svarka2000@ukr.net

The composition of a two-channel switching power supply for electrodynamic processing of welded joints is determined,
which consists in simultaneous action on a limited area of the electric current seam and compressive force of the electrode
of such values that the electroplastic effect becomes possible. A linear electromechanical induction transducer is used to
create the force pressure. The duration of the compressive phase of the power pulse is chosen to be longer than the
duration of the current pulse, which reduces the probability of rupture of the electrical circuit and the release of thermal
energy. By controlled delay of the beginning of the current pulse, synchronization of both factors of the electroplastic effect
is achieved. The parallel inclusion of semiconductor devices that switch the discharge circuit alternately is proposed,
which in the conditions of operation of electrical equipment with a pulse frequency of up to 10 Hz reduces the heat load.
Experimental studies have shown a twofold increase in the number of cycles before the destruction of the samples with
symmetrical bending. Comparison of two-channel and single-channel electrodynamic processing revealed a twofold
reduction in power consumption in a two-channel device. References 8, figures 3, table 1.

Keywords: electrodynamic processing, power topology of pulse generator, thermal load of semiconductor devices,
synchronization of influencing factors
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INFLUENCE OF WINDING ENDS ON THE PARAMETERS
OF PULSE INDUCTOR WITH U-SHAPED CORE

R.S. Kryshchuk*
Institute of Electrodynamics of National Academy of Sciences of Ukraine
Peremohy ave., 56, Kyiv, 03057, Ukraine, e-mail: dep7ied@ukr.net

It is known from the scientific literature that magnetic pulse processing of electrically conductive non-magnetic sheet
materials helps to reduce residual stresses, especially in welded joints. This is due to magnetoplastic and electroplastic
effects. To create such effects in non-magnetic electrically conductive materials with welded joints, an inductor with
pulsed magnetic field, U-shaped magnetic circuit and hollow conductor for possibility of active cooling of the winding
is proposed. Such inductor allows inducing high-density pulsed currents in electrically conductive non-magnetic sheet
materials with welded joints. It studies the parameters of the inductor - active resistance and inductance in the fre-
quency-domain mode. The parameters calculated in two-dimensional and three-dimensional models are compared. The
electromagnetic field is calculated using Maxwell equations and finite element method. Parameters of an ends of wind-
ing are determined by the difference in the parameters of the three-dimensional and two-dimensional models of the
induction system. Resistance is calculated separately in the groove's part of the winding, the outer part and on the
frontal parts. The parameters of the induction system with a ferromagnetic core and non-magnetic thin-sheet alloy
AMg6 are calculated for various values of complex amplitude of current in winding. Additionally, the parameters are
calculated both without the magnetic core and without the non-magnetic metal. The quantitative comparison of the
parameters of the three-dimensional model with the two-dimensional one is performed. The active resistance and induc-
tance of end parts of the inductor are investigated by well-known analytical expressions from handbooks of electric
machines. References 11, figures 3, tables 6.

Key words: magnetic-pulse processing, U-shaped core, electromagnetic parameters, winding's ends.

Magnetoplastic and electroplastic effects [1, 2] was found and investigated in the series non-
magnetic crystals (NaCl, Csl, LiF, Zn, Al, Cu). These effects increase or decrease plastic property of materi-
als, remove residual stresses in heterogeneous structure of materials, and change durability too.

Magnetoplastic effect in the materials with welding joints is caused by magnetic field. Electroplastic
effect is caused by high density eddy currents. Magnetic field and induced currents can be direct, alternative,
or pulsed. It is known about positive effect due to influence the pulsed electric currents 10%...10° A/m” in
electrically conductive materials [3]. In [4] there is that magnetic pulse processing increases fatigue strength
of welded joints of AMg6 alloy [5]. It significantly reduces residual tensile stresses from 165 MPa and more
while converting to compression stress 80 MPa [4]. Experimental results demonstrate significant decrease
and redistribution of residual welding stresses in AMg6 alloy specimen after pulsed electromagnetic treat-
ment [10]. Paper [6] presents an experimental study
about effect by pulsed electromagnetic processing on
fatigue resistance of aluminum (alloy 2011). Clear
beneficial effect has been observed.

Inductors with pulsed magnetic field are pro-
posed in the department of electromagnetic systems
of the Institute of Electrodynamics of the National
Academy of Sciences of Ukraine to create high den-
sity eddy currents in electrically conductive non-
magnetic materials by non-contact method (Fig. 1)
[11]. A magnetic U-shaped core (Fig. 1) allows con-
centrating eddy currents into narrower stream in an
electrically conductive non-magnetic workpiece
materials. Thus, greater local current density in
welding joints (Fig. 1) can be achieved.

magnetic core

Fig. 1

© Kryshchuk R.S., 2020
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Pulsed eddy currents 10° A/m” in a welding joint of sheet workpiece material (Fig. 1) is achieved by
the pulsed current in a winding in form of a half-wave of a sine wave. Frequency-domain mode is used to
calculate the resistance and inductance of the inductor (Fig. 1).

Modeling meets difficulty with the three-dimensional formulation (Fig. 2, ») due to requirement
huge computational resources [11]. But the two-dimensional formulation (Fig. 2, a) requires less computa-
tional resources, has less computational time. The two-dimensional model of the inductor doesn’t take into
account winding ends. Therefore, there is the problem how to take into account the influence of winding’s
ends on the total active resistance R and inductance L of the inductor.
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The aim is to investigate the parameters of the winding's ends of the induction system with U-
shaped magnetic core, two coils, tube winding and to investigate the adequacy of simple methods of bringing
a results of the two-dimensional numerical model to the three-dimensional formulation.

To solve the problem, the inductor is modeled in two-dimensional and three-dimensional formula-
tions (Fig. 2). The two-dimensional model (Fig. 2, a) represents 1/2 symmetrical part of the inductor with the
length along z axis equals with length of magnetic core /5, and the three-dimensional model (Fig. 2, b)

represents 1/4 symmetrical part of the inductor. For calculating magnetic field, the finite element method is

used. The magnetization curve of the magnetic core is also taken into account (steel AISI-1010).
Equations of electromagnetic field in quasi-stationary mode:

divB=0, rotH=j, rotA=B, rotE=-0B/ot, E=—0A/0t—grad¢, B=uH, j=0ok. (D)

There A, B, H, j are the vectors of magnetic vector potential, magnetic induction, magnetic field strength,

current density respectively; o is the electrical conductivity; ¢ is the time, ¢ is the electric scalar potential, x is
the magnetic permeability. For the frequency-domain mode, the equations (1) are change as follows:

divB =0, rotl:lzj, rotA =B, rofE=—ioB, E =—iwA—grad¢, ﬁzyfl , izal:] (2)

There A, B, H, j are the complex amplitudes of magnetic vector potential, magnetic induction, magnetic

field strength, current density respectively, @ is the angular frequency, i is the imaginary unit.
According to the equations (2) the equation to calculate magnetic field for two-dimensional model

(Fig. 2, a) is rot(,u"rot[&) =—iwcA + :is . 3)
There j ¢ 1s the current density complex amplitude of the source due to differences in electric potential at

terminals. This current density i ¢ 1s present in the cross section of each wire of winding.
Equation for three-dimensional model (Fig. 2, b) by the (2) is
rot(a’lrotl:l) =—ioB+ rot(o"'js) . 4)
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The following boundary conditions are specified: at the external boundaries of the computational re-
gion (Fig. 2, a and b), and at the boundary of cross-section of wires of winding (Fig. 2, b) the normal mag-
netic field strength equals zero

H,=0; O]
on the border of cross-section of the yoke of magnetic core (Fig. 2, a, b) — the tangential component of mag-
netic field strength is zero

H, =0 ©)
at the internal boundaries there is the boundary with equality of tangential components of magnetic field
strength on both sides of each border

Hy=H,. (7
After solving equations (3) or (4) the averaged magnitude value of an induction is calculated in a

tooth of a magnetic core (Fig. 1)
1 .1a
Bayg = | ‘B‘dV , ®)
v V
where V' is the volume of a tooth of a magnetic core.
Inductance of an inductor is evaluated by the average energy (W )
L=4W, 172 =17" (‘ﬁ‘-‘ﬁ‘)dV . 9)
vV
Here /,, is the magnitude value of current in the winding.

The resistance R of an inductor consists with the resistance of a winding R;, and the resistance from
electrical losses in workpiece sheet metal R, :

R= Rl + R2 . (10)
The resistance R; can be divided into the following parts
R1=R11+R12+Re, (11)

where Ry is the resistance of winding in groove of magnetic core (Fig. 2), R;, is the out-of-groove winding
resistance (Fig. 2), R, is the resistance of end of winding in the 3D model (Fig. 2, b). Each such part of the
winding has its own AC resistance factor
k.=R/R, . (12)
R is the resistance of alternative current (R 4 ), Ry is the resistance of direct current.
Resistance in any region of the model ( R 4 ) is calculated by the expression

R=2PI’. (13)
There are electrical losses P, which are determined by integrating the power density over the volume V of
each region of winding (Fig. 2)

P=[RdV. (14)

V

Power density B, is calculated by expression

A2 A2
P, :‘j‘ Q20)" z‘rotH‘ 20)" . (15)

There j is the current density in volume of electric conductive region.

Magnetic force between the inductor and workpiece sheet metal which is directed along the y-axis is
calculated by follow expression

2
Fy, = éTyde ::S[,ur,uo(Hy -0,5

H|2de ) (16)

There T, is the Maxwell tension tensor [8].

Table 1 presents calculation results of the two-dimensional (2D) model (Fig. 2, a) of the inductor.
Length along axis z equals magnetic core length (/5 = 100 mm).
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Table 1
2D model (/5=100 mm), Fig. 2, a
foe KA Ry. | R, | R, | XR. | By Buye.T| L,uH
mohm mohm mohm mohm kN
1 7,62 9,27 2,81 19,70 00,15 | 0,19 8,50
6 7,26 8,98 2,80 19,04 05,16 1,36 8,29
11 5,93 6,95 2,50 15,38 14,19 | 2,11 7,42
16 4,88 5,48 2,24 12,60 24,75 | 2,52 6,67
16 (without core) 2,19 2,73 1,75 6,670 11,12 - 4,15
Table 2
3D model (/5=100 mm), Fig. 2, b
Ik 0 Ry, | Ry | Rz | Res | TR | Fy | Bage| L. | L,
mohm | mohm | mohm mohm mohm kN T uH uH
1 11,27 9,02 3,02 4,69 28,00 0,23 0,30 13,08 | 4,58
6 10,12 8,10 2,87 4,30 25,39 7,19 1,98 12,39 | 4,10
11 08,19 | 6,22 2,53 3,73 20,67 19,4 2,81 1,11 | 3,69
16 07,44 5,56 2,40 3,54 18,94 37,73 3,60 10,57 | 3,90
(l)gt(r:)i;g 03,03 2,61 1,73 2,82 10,19 15,46 - 6,37 2,22

Table 2 presents calculation results of the three-dimensional (3D) model (Fig. 2, b) of the inductor. It
has magnetic core length /5 =100 mm and other dimensions from Fig. 2, a. Inductance of winding’s ends

L, of the 3D model is calculated by difference of 3D and 2D inductances L from tables 2 and 1:
L, =L [P, (17)
It should be emphasized that inductance L, includes mutual inductance between ends of winding and main

part of inductor.

Table 3

Tables 3 and 4 are simi- 2D model (15=40 mm), Fig. 2, a
lar to tables 1 and 2, but the I,
length of the core along z axis is kA Ry, Ry, Ry, 2R, Fy, | Bags | L,
15 =40 mm. mohm mohm mohm mohm kN T uH

Tables 5 and 6 presents 1 3,05 3,71 1,12 7,88 0,06 0,19 3,40
calculation results of inductor 6 2,91 3,59 1,12 7,62 2,07 1,36 3,32
without sheet workpiece mate-

. . 11 2,37 2,78 1,00 6,15 5,69 2,11 2,97

rial and with core length along z
axis I =40 mm. Tables com- 16 1,95 2,19 0,90 5,04 993 | 2,52 | 2,67

parisons 5 and 6 with 3 and 4 Table 4

let to see the effect of presence -
of the workpiece material on 3D model (/5 =40 mm), Fig. 2, b

1 [ma
the parameters (resistance and WA | R | R, | Rias | Re. | SR| Fy | Bug | L. | Le,

inductance). In tables 5-6 there mohm | mohm | mohm | mohm | mohm | N T wH | y»

aren’t magnetic force £, and
1 6,6 3,58 1,32 4,72 16,22 00,13 | 0,44 791 | 4,51

resistance R to absen
esistance 1t due to absence 6 5,04 2,57 1,10 3,92 12,63 03,61 2,34 6,90 | 3,58

workpiece material under the

inductor. 1 {412 2,04 0,97 3,51 10,64 | 0992 | 327 6,22 | 3,25

Tables 1-6 show how | 16 | 3,79 1,88 0,92 3,38 09,97 | 19,18 | 4,20 5,94 | 3,27
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parameters change due to the saturation of the magnetic core by changing current at terminals. It is also shown

Table 5 that the 3D model has already saturated
) magnetic core at the current 6 kA, and
2D model, Fig. 2 .. .
moce, e @ the 2D model has similar saturation at
I kAL Ry | Ry, Ry, | XR.| Fy. | Bavg: Il the current 11 kA. Therefore, the equiva-
mohm | mohm | mohm | mohm | kN T ’ lent 3D model can be obtained by in-
) i 371 113 484 i 044 8.03 creasing the length .of .the 2D model
along z axis, but it will give some devia-
6 - 2,2 0,88 3,08 - 2,22 6,22 tion.
11 - 1,41 0,74 2,16 - 2,76 4,73 In order to perform the calculation of
16 i 121 071 1.92 i 3.0 .09 an inductor in the 2D quel and to get the
result close to the result in the 3D model,
Table 6 2D model can be calculatqd
- with the length along the z axis
s 3D model, Fig. 2, b more than the length of the
KA Ry, | Ry, | Ra. | Ro. | XR.| Fy | Bavg.| L. | L,,| magnetic core. But it is neces-
mohm | mohm | mohm | mohm | mohm | kN T uH uH sary to find out by what dimen-
sion length along z axis the 2D
1 - 3,59 1,46 4,59 9,64 - 082 | 1579 | 7,76 ) .
model can be increasing,.
6 - 1,60 0,89 3,19 5,68 - 3,02 | 10,61 | 439 The parameters of the
11 - 136 | 082 | 303 | s21 | - | 438 | 0947 | 474 | 3D models (tables 2, 4, 6) of
the inductor (Fig. 2, b) are
16 - 1,28 0,79 2,99 5,06 - 5,75 09,03 | 4,94 .. .
divided on the parameters of its
2D model (tables 1, 3, 5) in order to find out how many times
2 . “ . . .
=4 they differ (Fig. 3). This difference is the result of the presence of
2.2 \—__"_/—4‘ ——iky | winding's ends. In the Fig. 3 there are: inductance coefficient
) j\\ . —*—kgpa| kj ;resistance coefficients kg, kg;, kg, ; magnetic force coeffi-
s \\ / ER cient kp ; coefficient of averaged magnetic induction in teeth of
: —f= K .
Lo — im e 003rg szb 3D/ p2D 3D [ p2D
» | kg kp=DP/PP ) kg =RP[R*P, kp =R /R1 :
1 6 11 16 I, kA

1 6 11

EEN =R

[EPE——

—

b

g
6 -
4
2 /é—ﬁ—k):
7
< i
P _:\ / _ i
6 T~ = kB
4 -
) | In kA

1 6 11 16

c

Fig. 3

ISSN 1607-7970. Texn. enekmpoounamira. 2020. Ne 6

k> =R§D/R§D, kp=F3P[F? | jy =3P [B2P (18)

avg avg
On the Fig. 3, a there are coefficients obtained from ta-

bles 1 and 2. Averaged inductance coefficient (kL)avg is 1,53;

averaged resistance coefficient (kg)  is 1,43 of all of them

avg

(kpy and kg, are too); averaged force coefficient (kF)avg is

1,43 that similar to resistance in this case.

Results without core are obtained for current 16 kA (Ta-
ble 1, 2 with mark “without core”) and not presented in the
Fig. 3 because they do not change with increasing current. It's
inductance coefficient k; is 1,53; resistance coefficient kp is

1,43; force coefficient ky is 1,39.

On the Fig. 3, b there are the same coefficients as on the
Fig. 3, a, but with core length 40 mm, from the tables 4 and 5.
Average inductance coefficient k; is 2,2; averaged resistance
kg and force kp coefficients are 1,9.

On the Fig. 3, ¢ there are the same coefficients with core
length 40 mm but without workpiece material under the core.
Average inductance coefficient k; is 1,97; average resistance

coefficient kp is 2,22.
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It is also seen that the dependences in Fig. 3 have a nonlinear character — they have smaller values
when the core transitions from the unsaturated state to the saturated state.

All parameters in 2D model can be reduced to parameters in 3D model with some deviation. The
easiest way is increasing the estimated depth of the 2D model along axis z by more than the length of mag-
netic core /5 (Fig. 2, a). Calculation results in the Fig. 3 show that averaged coefficients (18) can be ob-

tained by increasing length of 2D model along z axis by the pole distance 7 (Fig. 2, a):

kLsz:le:kRZZkF:kB:(Z§+T)Z¢;1' (19)
Then the depth of the two-dimensional model along the z axis should be set as
Is=ls+r. (20)

For example, if the magnetic core is 100 mm long along z axis (Table 1-2), and the pole distance 7
is 47 mm (Fig. 2,a), then the parameters of the two-dimensional model (Table 1) are multiplied by a coeffi-
cient 1.47 (19) and compared with the parameters of the three-dimensional model ( table 2). For example, for
the current 6 kA with taking into account (20) the deviation for the active resistance is 10% compared with
3D model, for the inductance is 1.5%, for the induction in the teeth of the magnetic circuit is 1%, for the
magnetic force is 5.4%.

Another way to bring the parameters of the 2D model of the inductor to equivalent 3D is using the
analytical calculation of the inductance and the active resistance of end parts. In this case, the depth along the
z axis of the 2D model is equal to the length of the core /5.

A well-known expression for calculating the inductance of the end parts of single-phase motors [7]
2
L, = 4nfu, Mq(0,47le ~0,37). Q1)
rq
Here, the number 4 means the number of end parts of the winding; g is the magnetic constant, w

is the number of turns in each coil, p is the number of pole pairs, g is the number of grooves per pole and
phase, /, is the length of one winding’s end, 7 is the pole distance. For the inductor’s models (fig. 2) two
coils are included in series. And they can be represented as one coil with 2-w turns, number of pole pairs
p =1/2, number of grooves per pole and phase g =1.

For the model in fig. 2 expression (21) gives the result L, = 3.8 uH. This result is closer to the simu-

lation results when using the workpiece material (tables 2, 4) with the averaged induction in the magnetic
core 2...2.34 T. Deviation during this induction is not more than 10%. In the case without the workpiece
material under the inductor (table 6), the inductance according to expression (21) gives 16% lower value.
With the absence of the magnetic core, the inductance from the end parts is 2.22 uH (table 4), which is 1.7
times less in comparison with the analytical expression (21) (L, = 3.8 uH).

Active resistance of the end parts R, can be obtained approximately using a simple known analyti-
cal expression for calculating the active resistance of the wire with direct current
R,=10(os,)". (22)
Here /,, is the length of the wire, o is the electrical conductivity of the wire, s,, is the cross section of the
wire. Then, to calculate the active resistance of end parts R, the direct current resistance R;. must be mul-
tiplied by the AC losses coefficient &, (12).

Coefficient k, (12) has the different value in different parts of the winding (Fig. 2, b): winding in
groove ( R;1); winding outside the groove ( R, ), winding in the end parts (R, ). Using expression (22) and
resistances Rj;, Ry, R, from tables 1-3 it is possible to obtain k, in different parts of the winding. The
calculation from tables 2, 4, 6 shows approximately the same values of the coefficient k, in the resis-
tances Rj, and R,. For example, in the inductor with the magnetic core length of 100 mm, and the ampli-
tude value of the current 1 kA (table 2), these coefficients are equal to 3,4 and 3,58, respectively in R;, and
R, , and at the current of 11 kA they coincide and equal to 2,85.

A coefficient k, in the end parts can be approximately produced by the expressions from [9]
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Here b,, is the width of the cross section of the winding coils along the x axis (Fig. 2); 4, is the
height of a cross section of a coil of a winding along the y axis; b,, is the width of a cross section of a con-
ductor; 4, is the height of the cross section of a conductor; m and n are the number of layers of conductors

of a coil section along the height (y axis) and width (x axis), respectively.
Expressions (23) gives the coefficient for the model in Fig. 2 equals to 2,86. This coefficient coin-
cides with the value from table 2 at the current 11 kA (k.= 2,85, B,,,=3 T). For other current values (1, 6,

16 kA) this coefficient does not coincide exactly with the values from table 2. For example, at 1 kA
(Bgyg=10,3T), the deviation has its maximum value at 25%.

Conclusions.

» It is shown that the resistance and inductance of an induction system with a U-shaped magnetic cir-
cuit halve when the magnetic core is saturated. The parameters of an induction system depend nonlinearly on
the magnitude of a current in windings.

* Reducing the parameters of the two-dimensional model to the three-dimensional one with a certain
error (from 1% to 10%) is possible by setting the length (depth) of the two-dimensional model in this way:
the length of a magnetic core plus the pole distance of winding coils.

* Calculation of the inductance of end parts by the well-known analytical expression for end parts of
single-phase machines gives the deviation to 10% with the condition that averaged magnetic induction in the
teeth of magnetic core is 2...2.4 T and with workpiece material under the core.

* The coefficient of increasing losses (AC losses) of end parts of the winding coincides with the ana-
lytically obtained one with the deviation to 5%.

* The calculation of the coefficient of increasing losses in end of winding is also possible with the
well-known analytical expressions for electric machines. But these expressions show result with less devia-
tion for the inductor with the saturated magnetic core (more than 3 T), and for the unsaturated magnetic core
(0,3 T) — with the deviation 25 %.
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BJIMSIHUE JIOBOBBIX YACTEM HA TAPAMETPBI UMITYJIbCHOI'O UHAYKTOPA
C II-OBPA3ZHBIM MATHUTOITIPOBOAOM

P.C. Kpumyk, kKaHI.TeXH.HAYK

Hucturyr anekrpognnamukn HAH Ykpannsl,

np. [lobenw1, 56, Kues, 03057, Ykpauna, e-mail: dep7ied@ukr.net

H3zeecmno, umo MacHUMHO-UMNYIbCHASL 0OPAOOMKA IAEKMPONPOGOOSUMYUX HEMASHUMHBIX MOHKOAUCHOBLIX MAMEPUAos
nomozaem CHU3UMb OCMAMOYHbIE HANPAICEHUSL, OCODEHHO 6 C8APHBIX COCOUHEHUSX. DMO CEA3AHO C MACHUMONIACIUYECKUM
u enexmponiacmuieckum 3gppexmamu. [ns co30anus makux 3(phexmos 6 HeMAZHUMHBIX INEKMPONPOBOOSUUX MAMEPUATAX
CO CEAPHBIMU COCOUHEHUAMU NPEOTIONCEH UHOYKMOP C UMNYIbCHLIM MASHUMHBIM ROAeM, 11-06pazHbimM MaZHUMOnPo8oooM U ¢
NPOBOOHUKAMU-MPYOKAMU OlIsi BO3SMONCHOCIU AKMUBHO20 OXAAdCOeHUs: oomomru. Taxkou uHOYKmop noseoisem uHoyyupo-
6amb UMNYIbCHbIE MOKU BbICOKOU NIOMHOCMU 8 DNeKMPONPOGOOSUUX HEMAZHUNHBIX MOHKOIUCIOBbIX MAMEPUALAX CO C8ap-
HblMU coeOunerusmu. HMccnedyromes napamempol UHOYKIMOpa — AKMUGHoOe CONpomueileHue u UHOYKIMUSHOCHb 6 K8a3ucma-
YUOHAPHOM pedcuMe U pexcuMe 2apMoHudeckux mokog. CpasHusaiomes: napamempul, pacCyumanHvle 8 O8YMEPHOU U mpex-
MepHOUL Mooensax. DNeKMPOMAZHUMHOE NoJle PACCUUMbIBAemc s ¢ UCROIb308aHUueM ypasHenul Makceenna u memooa Koueu-
Hblx demenmos. Ilapamempul 10606bix yacmeii 0OOMOMKU ONPeOENIOMCS PASHUYEl NAPAMEMPO8 MPEXMEPHOLL U O8YMEPHOU
Mmooeneti UHOYKYuorHoU cucmemsl. Conpomuegienue paccuumsléaemcs 8 nase, 6HeuHell Yacmu 0OMOmKY U Ha 10D0BbIX Hac-
msix 0bMomKu omoenvHo. Boinoanen pacuem napamempoe uHOYKYUOHHOU cucmembl ¢ eppOMASHUMHBIM MASHUMORPOBOOOM
U MOHKOMUCMOBLIM HEMAZHUMHBIM CHAa8oM AMe6 Onsi pasiuyHbIX 3HAYEHUNl KOMNIEKCHOU aMRIumyobl moka 6 06MomkKe.
HononHumenvHo 6blNOIHEH pacuem Napamempos Kaxk 6e3 MA2HUMmonpoeood, maxk u 06e3 HeMAazHUmHo20 06pabamvleaemoo
Memania. BulnoiHeHo KonuuecmeeHHoe CpasHeHe napamempos mpexmeprol mooenu ¢ ogymeproi. Hcciedosano akmusHoe
conpomugienue U UHOYKMUGHOCMb 10008bIX uacmel UHOYKMopa, KOMopble PACCUUMAHbL NO UZGECMHbIM AHATUMUYECKUMU
svipasicenusmu. bubdn. 11, puc. 3, Tadun. 6.

Kniwouesvie cnosa: d>nexTpoMarHuTHeIC napameTpsl, [[-00pa3Hblii MArHUTOMIPOBOJ, MAarHUTOIUIACTHYHBIA 2B (EKT, eneKTpo-
TUIACTHYHBIN 3D (DEKT.
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BIIJINB IOBOBUX YACTHH HA TAPAMETPHU IMITYJIbCHOI'O IHAYKTOPA
3 I-MOAIBHUM MATHITOITPOBOJOM
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Incruryr esiekrpogunamikun HAH Ykpainm,

np. [lepemornu, 56, Kuis, 03057, Ykpaina, e-mail: dep7ied@ukr.net

Bioomo, wjo macnimuo-imnyascna o6podxa enexmponpogionux HeMacHimHuX MoOHKOIUCMOGUX MAMepianié 0onomazae 3Hu-
3UMuU 3aAUUKO8] HANPYIHCEHHS, 0CODUBO 8 36aPHUX 3'cOnanHax. Lle nos'azano 3 MazHiMONAACMUYHUM | eNeKMPONIACMUYHUM
eexmamu. 30N CMEOPEHHs MaKux egexkmié 6 HeMAasHIMHUX eNeKmponpogionux mamepianax 3i 36apHuMu 3'€OHaHHAMU
NPONOHYEMBCS THOYKMOP 3 IMAYIbCHUM MASHIMHUM noiem, [I-nodibHum macHimonpogooom i 3 NpoGiOHUKAMU-mpyoKamu
3a0715 MOACIUGOCNT AKMUBHO20 0XON00JiceHHs 0Omomxku. Taxuii in0ykmop 0ae 3Mo2y IHOYKYy8amu iMRYIbCHI CIMPYMU BUCOKOT
WINbHOCMI 8 NPOGIOHUX HEMASHIMHUX MOHKOIUCMOBUX Mamepianax 3i 36apHumu 3'eOnanuamu. [Jocrioxcyiomscss napamempu
iHOyKmopa — akmueHuil onip i IHOYKMUSHICMb 8 KeazicmayionapHomy pesicumi. IlopisHworomocsa napamempi, o po3paxosami
6 080BUMIPHITL | MpusuMIpHill modensx. Enexkmpomaznimue noje po3paxo8yemucs 3 GUKOPUCMAHHAM pieHsany Maxceenna i
Memooy cKiHueHHux enemenmis. Ilapamempu 10608ux 4acmun 06MOMKU GUIHAYAIOMbCS PIZHUYEIO NAPAMEMPIE MPUSUMIPHOT
i 0808umipHoi modeneti iHOykyitinoi cucmemu. Onip po3paxosyemvcsi 8 NaAsi, 308HIUHbOI YACMUHU 0OMOMKU | HA 10O08UX
4acCmMuHax 0OMOmKU OKkpemo. Bukonano pospaxyHox napamempie iHOYKYitiHOi cucmemu 3 (epomMacHimHuM MazHimonpoeo-
00M [ MOHKOIUCOBUM HeMAaSHIMHUM cniagom AMe6 0as pisnux 3Hayenb KOMHAEKCHOI amnaimyou cmpymy 6 oomomyi. [lo-
0amK080 GUKOHAHO PO3PAXYHOK Napamempis AK 6e3 MacHimonpogooy, mak Oe3 HeMazHimHo20 00poOII08AH020 MEMATy.
Buxonano kinvkiche nopigHsIHHI NApamempis mpusuMipHoi Mooeii 3 0808UMIPHON. [{OCiONCEHO akmugHULl onip i iHOYKmMue-
HiCMb 10008UX YACMUH THOYKMOPA, WO PO3PAX08AHi 3a 8idoMumu anarimuyHumu eupasamu. bion. 11, puc. 3, Tadmn. 6.
Knrouosi cnosa: enexrpomartitHi napamerp, [1-momiOHNAN MarHiTONMPOBil, MArHITOMJIACTUYHUH e(EKT, CICKTPOILIIACTHYHHHA
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Pospobneno ananimuuny memoouky po3paxyHKy meniogozo cmaHy hoibe08ux 0OMOMOK HUNCHOI HANpYeU MACTAHUX
PO3n00inbHUX mpaHcopmamopis. 3a 8i0omux memnepamyp macia 8 6axy ys Memoouxa 3abe3neuye 6UHaA4eHHs
Koeiyicnmis meniogiooaui Ha NOBEPXHAX OOMOMOK 3 BPAXYBAHHAM IXHIX KOHCMPYKMUBHUX 0COOIUBOCMEN | MeNnI0BUX
HABAHMAICEHD, A MAKOHNC PO3PAXYHOK NepesulljeHb cepeOHboi memnepamypu 0oMomxuy i ii Hatlbinb Hazpimoi mouxu
HAO MAcCIOM | HAO O0XONOOHUM cepedoguwem. [{is po3paxyHKy nepesuujens memnepamypu oOMOmMKU HAO MAcCIOM
MemoOoM pO30LIeH ST SMIHHUX I3 3ACMOCY8AHHAM CKIHUEHHO020 KOCUHyc-nepemeopenns Dyp'c ompumano poss’sa3ox
Kpauiogoi 3adaui 0as pisusnus Ilyaccona 3 HEOOHOPIOHUMU ZPAHUYHUMU YMOBAMU HA MNOBEPXHAX OOMOMKU
NPAMOKYMHO20 nepepizy 3 AHi30MpONHUMU 6IACMUBOCHMU MA 3 HEPIBHOMIPHUM RO ii eucomi po3nooiiom empan.
Kpim moeo,  pospobneno anemepnamugnuii nioxio 00 GUIHAYEHHSI MENI08020 CMAHY GiCecUMEmpuyHoi Mmooeni
mpancgopmamopa winsaxom uuceavnozo CFD-moldeniosanuss cucmemu pieHaHb pyXy md HEpO3PUBHOCHI OXONOOHOL
piounu Has’e-Cmoxca. Lle oae 3moey ompumamu po3nooin nojis weuokocmeti Macia ma abcorromuux memnepamyp ax
macna 8 6axy, max i poabeo8uUX ma wapo8Ux 0OMOMOK MPAHCHOPMaAmopa 3 BUKOPUCTNAHHAM MIHIMATbHUX eMAIPUYHUX
danux w000 Qi3uyHUX eracmusocmell macia ma mennogiooanns 6Oaxie. Memoouku eepugixosano eidomumu
excnepumeHmanbHumu oanumu 01 mparncgopmamopie TM-1000/35 ma TM-630/10. bioa. 11, puc. 4, Tadm. 2.
Kniouosi cnoea: TtpanchopMaTOopu pO3MONiIbHI, OOMOTKH, ¢oyibra, MacisHe oxojo/mxeHHs, HarpiB, CFD-
MO/ICTIOBAHHS.

Beryn. Po3noainbHi TpaHchOpMaTOpH 3 PiJMHHUM Ta MOBITPSHUM OXOJIOPKEHHSIM MOTYKHICTIO 25-
6300 xBA Ha Hampyry 6-10 kB, pi3HOMaHITHI 10 KOHCTPYKTHBHOMY BHUKOHAHHIO Ta NpPHU3HAYEHHIO, €
HaHOLTBIII MAacCOBOIO CEPIEI0 CHIIOBHUX TpaHC(HOPMATOPiB, SKi BHUTOTOBIISIOTHCS Ta EKCIUTYaTyIOTBCS B
e”epreruui [1, 2]. 3aans 0oXonomKEHHsSI MacIsTHUX PO3MOAUIBHUX TpaHCPopMaTopiB motyxkHocTel 40-2500
KBA 3acrocoByioTh rodpoBani cTiHKK 0OakiB, ToOTO cucteMy oxonomkeHHs (CO) Bumy M 3 mpupomHOIO
IMIAPKYJSIIII0 Macjia Ta OXOJIOTHOTO TIOBITPs, 32 BHUINUX MOTYXKHOCTEH — Ha 0aKy pO3TalloBYIOTh TPyOUaCTi
a00 IIOCKOLITaMIIOBaHI pajliaTopH, sKi, 32 TOTPeOOI0, JOMOBHIOIOTHCS BUMYLICHOK MUPKYJISALIEIO MOBITPS
3a JonomMoror 30BHIMHIX BeHTHIATOpiB (CO Bumy Jl). BukoHanHs repMeTHYHHX TpaHc(OpMAaTopis,
3aCTOCYBaHHS IIMXTOBOK THITy step-lap B mmanapHux marHiTHEX cuctemax (MC), Bukopuctanus sutux MC,
y TOMY YHCIi i3 aMOp(HUX cTajuel, BUPOOHUIITBO TMOKEKOOEIMEUHUX TPAHCPOPMATOPIB 3 HETOKCUUHHUM
PIAKHM JieNeKTPUKOM Ta TpaHc(opMaTopiB 3 0XOJOIKEHHSIM BHUIIAPIOBAHHSM 1 Ha JaHUK Yac 3aJIMIIAETHCS
aKTyaJbHUM 3 METOIO 3MEHILCHHS 3aTpaT Ha BUPOOHUITBO Ta eKCIUTyaTamito TpaHcopmaTopis [1, 2].

IleBni mepeBarm [2] MawTh TpaHchopMaTopu, B SKAX O0OMOTKM Hmk4oi Hanpyru (HH)
BUTOTOBJISIOTH 3 MiTHOT (posibru ToBIIMHOO Bif 0.2 10 2.0 MM a00 3 anroMiHi€BOT (OJIBI'HM TOBIIUHOO Bix 0.2
mo 2.5 mm ta Bucotoro Bim 200 mo 800 mm. HamoryBanHs oOmoTok Bumioi Hanpyru (BH) mae 3HauHi
TEXHOJIOTIYHI TPYIHOIII, TOMY HaWOUIBII MOMMHUPEHOIO € 3MiMaHa KOHCTPYKIIis: oomMoTka HH BUKOHY€ETHCS 3
(doisbru, a ooOmMoTka BH — mapoBa oOMOTKa i3 0J1HO 4K 0araTOXHIJILHUX MPOBOJIIB 3 MANCPOBOIO 130JISIII€I0.
®omnbrosi ooMotku (PO) HH maroTh migBuineHy CTiMKICTh 1 MIIHICTh A0 Ail pafiadbHUX CHI KOPOTKOTO
3aMUKaHHS, AJIS1 IXHBOT'O KPIIJIEHHSI MOXe OYTH 3acTOCOBaHa MOJETIIeHa IIpecyBaibHa cucteMa. [linBuiene
3anoBHeHHs nepepizy @O i, BHacHigok nboro «BikHay MC nmaroTh 3MOTy 3MEHIIMTH 00’€M Macia i Macy
TpancpopmaTtopa. HamoTyBaHHS 00MOTOK nucTamMu (GOJIBIU 1 MKIIAPOBOTO 130JSIMIHHOTO Manepy, miaMo-
TYBaHHS 130JBIMIHHUX CMYr Ha TOpUAX OOMOTOK 3aIylsi HiABUINEHHS iXHBOI KOPCTKOCTi, aBTOMaTH30BaHa
naifka IUH-BiABEACHD 3a0€31eUy€eThCS Ha aBTOMAaTH30BAHUX BepcTarax. ¥ TakoMy pasi @O MoXyTh HAMO-
TyBaTHCS O€3MOCePEIHbO Ha 130JALINHI IMIIHAPKH a00 Yepe3 JUCKPETHI OMOpPHI peiku. 3aiis 3MCHIICHHS
HarpiBy OOMOTOK BHKOHYIOTHCS OChOBI OXOJNOJAHI KaHajdW 3a JAOIMOMOrol peilok abo ropoBaHOTO
€JIEKTPOKApTOHY.
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B Toif e uac, moueprose po3TauryBaHHs JUCTIB (pOJIBIM Ta 130JALIMHOrO manepy NpU3BOAMUTEH IO
BUpaxkeHoI TerioBoi aHizorponii @O B 0CbOBOMY Ta palialbHOMY HANpsMKax, a 3HAYHUHA OCBLOBUH PO3MIp
JMCTIB — OO0 KOHLEHTpauii MicueBux BTpaT Ha Kpasx PO 3a paxyHOK BUTICHEHHs CTPyMiB B IPOBiTHHX
mucTax QoJIbrd MarHiTHUM TIOJIEM PO3CISTHHS OOMOTOK.

3a3Buyai, K y TEIUIOBHX THIIOBHX BUIPOOyBaHHAX [3], Tak 1 y po3paxyHkax [1, 4] TpaHcdop-
MaTopiB 3 MacCJISIHUM OXOJIOKEHHSIM 3aCTOCOBYIOTh BiJOMHUI MeTona mepesuiicHHs Temneparypu (I1T).
HopmoBani cranmapramu [3, 4] cepeaHe NEepeBHILEHHS TeMIepaTypyd OOMOTKH Ta i HaWOimbII Harpitoi
touku (HHT) Hax remmepatyporo oxonomuoro cepenosumia (TOC) oTpUMyIOTh CYMOIO CEpEaHBOTO TIEPEBH-
HICHHS TeMIIepaTypu OOMOTKH 1 ii HaiOLIbII HArpiTOi TOYKH HaJ MacjoM Ta TEPEBHIICHHS TEMIIEPaTypu
Hax TOC, BiAmoBinHO, cepeIHHOTO Ta BEPXHBOTO Macia B 0aky.

BignocHo 01m3pkuMu 10 PO 1Mo KOHCTPYKLIT Ta TEIIOBUM IIPOLEcaM € mapoBi 0OMOTKH. [ Takux
obmotok IIT Ham MaciaoM po3paxoBYIOTH 3a Tally3eBOI0 METOIWKOIO [5], a TemmepaTypy Macia B 0axy,
30KpeMa, y BHMaAKy rodpoBaHux OakiB — 3a MeToAukoio [6]. OmHak, MeToauKa [5], sika IPYHTYETbCS Ha
eKCIIEPUMEHTAIBHUX JOCIIHKEHHX MOJIeNIel 3 pIBHOMIPHAM PO3MOAIIOM BTpaT ((hi3udHe MOJEIOBaHHS Ha
MOCTIHHOMY CTPYMi), Ta€ 3MOTY JIUITIE HAOJIMKEHO BpaxyBaTH 3HAYHY TEIIOBY aHI30TPOIIiI0 Ta HEPiBHOMIp-
HicTh po3noainy BTpat ®O.

Tomy npu ocBoenni @O npoBeIeHO eKCIePUMEHTATbHI OCIIIKEHHS eEKTPOMAarHiTHUX 1 TEITOBHX
napametpiB Tpancopmaropa TM-1000/35 3 obmorkoro HH 3 amrominieBoi ¢omeru [7]. Takox 3
BUKOPUCTAHHSM BKa3aHHUX BHMIpiB PO3pPOOJICHO aHAIITUYHY METOIUKY TEIUIOBOTO po3paxyHky PO [8, 9].
Jns 1bor0 METOJOM pO3IUIEHHS 3MIHHUX i3 3aCTOCYBaHHSIM CKIHYEHHOTO KOCHMHYC-TiepeTBopeHHs1 Dyp'e
OTPUMAHO PO3B’ 30K KpaioBoi 3anadi s piBHsHHEA [lyaccona BimHocHO [1T @O Hanx mMaciaoM 3 HEOTHOPIA-
HAMHU TPAaHMYHAMH YMOBaMH Ha MOBEPXHAX aHi30TpormHoi PO Ta 3 HEpiBHOMIPHHUM 10 ii BUCOTI PO3ITOIIIOM
BTpaT. OfHaK 3aCTOCYBaHHS BKa3aHO! METOJUKH HE MOKHA BBAXKaTH 3aJlOBUTBHHM, OCKITBKM BOHa HE
MICTHTh aITOPUTMY pO3paxyHKy koedimieHTiB TerutoBimradi (KTB) 3 moBepxoHbp 00MOTKH B Macio. 30Kpe-
Ma, B [8, 9] ix BU3HAUEHO IS YaCTUHHOTO BUMAJAKY MTOPIBHAHHSAM PO3paxyHKiB 3 BuMipamu [7]. Meroanka
Mae TakKoXK He3pydHocTi Bu3HaueHHs cepeauboro IIT obmorkn Ta i HHT — musixom YuCenbHOTO
IHTETpyBaHHSl Ta IOIIYKY MakCUMyMy B MEBHIH CiTHI pPO3paxyHKOBHX TOYOK IO Iepepidy OOMOTKH.
Po3paxyHok nepeBuenss Temnepatypu PO Hag TemmepaTyporo 0XOJIOAHOTO CEPEAOBHILA HE PO3TIISIHYTO.

Cepen BIIOMHUX JIOCII/DKEHb CJIiJI BKAa3aTW Ha MpejacTaBieHi B poboti [10] pe3yabTatu BUMIpIB Ta
YHUCENIbHUX PO3PaxyHKIB MeToJOM CKiHueHHHX eneMmeHTiB [IT Hag macioM 0OMOTOK pO3MOAUIBHOTO
Tparchopmaropa 3HauHOI MOTyx)HOCTI B 10 MBA 3 roppoBanum 6akoM. OTpUMaHO IiITBEPKSHHS OCHOB-
HUX KOHCTPYKTHBHHX pillleHb, 30KkpeMa, — HamoTky ®O HH 3 gotmprox, a oomorky BH 3 mpocroro
NPOBOJY — 3 HIECTH KOHIICHTPIB, PO3/IJICHUX OXOJOJHUMH KaHajJaMu. Y BKa3zaHill poOOTi, OlHAK, 3a3HaUCHO,
10 BUMIpH ONTOBOJOKOHHUMH JaTYNKaMH TIOKa3aly MOMITHO MeHIIi Bif po3paxyHkoBux [IT oOMoTkH Ta ii
HHT nam temmepaTypoio OXOJIOAHOTO CEpPEIOBHINA, IO BiHECEHO 10 TOXUOKH po3paxyHKy I[IT nHan
TEMIIEpPaTypOI0 OXOJIOAHOTO CePeIOBHINA Maciia B 0aKy 3a BUKOPUCTAHOIO eMITiPHYHOI0 METOJUKOIO.

B [11] TennoBuii cran po3noaiibHUX TpanchopmaropiB 3 @O nocHiIKyeETCS HA OCHOBI €IEKTPO-
TeroBUX aHajorii. OgHak BKa3aHUH Miaxin moTpeOye 3HAUYHMX 3YCHIIb JUIS aBTOMAaTU4HOI MOOYZOBH Ta
JOCITIKEHHST PO3TATYKEHUX CJICKTPUYHUX 3aCTYIMHHUX CXEM TEIUIOBUX TIPOIECIiB 13 PI3HOI Mipoio
JeTanizanii po3paxyHKOBUX CXeM 3a1Jisl JOCSTHEHHA HeoOXiTHOI TOUHOCTI po3paxyHkiB B cuctemax CAIIP.
[Ipu ubomy, 3acTocoByroun Takox meron IIT, po3paxyHok Temmneparyp mMacia B 0aKy BUHECEHO B OKpeMHUI
eTal «iHKEeHEePHUX» PO3paxyHKIB.

3a3HaunMo, MO cTraHaapt [4] peKoMeHIye MPOBEACHHS MPSIMUX BUMIPIB TEMIIEpaTyp B 0OMOTKax
il Yac TEMJIOBUX TUIOBUX BUNPOOYBaHb TpaHc(opMmaTopiB abo B eKCIUTyaTallii, 30KpeMa, ONTOBOJIOKOH-
HUMH JIATINKAMH, 110 TOB'SA3aHO 31 3HAYHUMHU TPYAOBUMH 3aTpaTaMH 1 TEXHIYHUMU TpyaHomamu [7, 10, 11].
ToMy TakoX PEKOMEHIOBAHO MPOBOJUTH BIAMOBIIHI TEIUIOBI JOCHTIMKCHHS Ha TaK 3BaHUX BIpTYaIbHHX
CTeHIax TpaHc(hHOpMAaTOPHOTO ycTaTKyBaHHA wuIsixoMm uwucenbHoro CFD-mozmentoBanns (Computational
Fluid Dynamics) cuctemu piBHSHB pyXy i HEPO3PHUBHOCTI 0X0J04HOI pinuHu Hap’e-CTokca.

Hapenennii KOpOTKHUH OTJIsA BKa3y€e HAa OTPEOyY MOAATBINOT0 YTOYHEHHS aHATITHYHOT METOTUKH |8,
9] 3am1s 3a0e3neueHHs HEOOXiTHOT TOYHOCTI He TiJIbKU MEPEeBIpHUX, a i OaraToBapiaHTHUX ONMTHUMI3aIliHHIX
pospaxynkiB B CAIIP [9]. [Ipencrasnenuii B [9] nesHuii nocein CFD-MonenroBaHHS 1ae 3MOTY pO3pOOUTH B
AKOCTI aJbTE€PHATHBHOI O AHAJIITHMYHOI METOIUKU TAKOX METOAUKY UYHCEIBHOTO PO3PaxyHKy TEIUIOBOIO
CTaHy MaclISTHUX PO3MOIUTBHUX TpaHc(opMaTopis, ska 6 HE 3aCTOCOBYBAJIa METOJI MEPEBUILICHHS TeMIIepa-
Typ 1 I'pyHTyBajacg Ha MiHIMaJbHUX EMIIPUYHUX AAHUX.

Memor pobomu € po3poOka Ta Bepudikalis eKCIepUMEHTATbHIMH JTAHUMH aHAJTITHYHOI METO-
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UKW, SKa 3a BiJOMHX TEMIlepaTyp Macia B 0aky 3abe3meuye po3paxyHOK Koe(illi€HTIB TerioBimgadi
(donbroBoi  OOMOTKM HIDKYOT HANpyrd MAaclsTHOTO PO3MOJUILHOTO TpaHcopMaTopa, MNEepeBUILIEHb 11
CepeIHbOI TeMIIepaTypH Ta HalO1IbII HArPiTOT TOUKK Hall MacioM 1 HaJ OXOJIONHUM CEPEIOBHUILEM, a TAKOK
ANPTePHATUBHOI METOJWKH BH3HAYCHHS HArpiBiB K Macia B 0aKy, Tak i ()OJBrOBUX Ta MIAPOBHX OOMOTOK
nuiixoM gncenbHoro CFD-po3paxyHKy KOMIUIEKCHOI MOAeNi TpaHcdopMaTopa 3 MiHIMAIGHUM BHKOPH-
CTaHHSM EMITIPUYHUX JaHUX 1010 (i3MUHUX BJIACTUBOCTEH Maciia Ta TEIUIOBIIaHHs OaKiB.

Koncrpykuis @O HH, po3noain Brpar. Eckiz @O HH nokasano Ha puc. 1, a, e mo3HaYeHO MOJI0-
BUHY ii BucOTH [, IMMPUHY @, TOBUMHY (onbru A ,, TOBUHMHY i301suiiiHOrO manepy A;, kKoediuientn

temnoBingadi (KTB) B macno o, a,, a3 3 BHyTpimHbOi (1), 30BHIIHBOT (2) Ta TOopLEeBOi (3) MOBEPXOHb

oOoMoTkH. OOMOTKA XapaKTepHu3y€eThCs TEMIOBOIO aHI30TPOINE MO MOAOBXKHIN A Ta momepeuniit oci Zx,
z

sIka BU3HAYAEThCS KOS(II[iEHTAMU TEILIONPOBIIHOCTAMHU METATy Ta 130JA1i1 A £ /11.

x f S

Tax, ans mpukiIangy, 3a 3Ha4eHb A F=4,= 210 mns amromiHieBOT (hOBTH Ta /11. =0.148 — mns mpo-

Ay =Ag, A_=(A,+A)A ﬂi/[A].ﬂiqLAi/l j (1)

MAacJICHOTO Tarepy 3a IXHiX TOBIIUHAX, BiAMOBiIHO, 0.55 MM Ta 0.12 MM oTprMyeMO ﬂx =0.527 Brt/(m K),
TOOTO /12 >>/Ix.

Uepe3 nucTaHmiiiHi pedkd 1 130mAMidHUI
muniaagp ®O HH ommpaerses Ha crpmxers MC
Tpanchopmaropa. [3oasAmiiiHUI HUIIHAP 3aBTOBIIKH

z ag F 4
‘ Az ! ——

1 l’{ b. 3 xoedinieHToM TemIonpoBigHOCTI A, MOXKe

MPWIATATH IO TIOBEPXHI OOMOTKH 1 B TOH ke Hac
XapaKTePH3yBaTUCS TEIIOBUM omopoM R. =b./A,..

o (24 ‘\
1 2 . . .
0.5¢ BepxHs 1 HWKHS TOpIEBI TOBEPXHI OOMOTKH

130JIFOFOThCS  TTIZIMOTYBaHHSAM ManepoBUX CMyr abo
mraifbaMu 3 eNeKTpOKapToHy. IXHil ockoBUE po3Mmip
by 1 KoedillieHT TEIIONPOBITHOCTI A, BU3HAYAIOTh

TemnoBuii onip R, =b, / A, .

N

Sxmo Ha BHYTpIIHIK 1 30BHIIIHIA Bep-
THUKaJbHUX TOBEPXHAX OOMOTKM 3  CEepeaHiM
a 0 miamMeTpoM D po3TalioBaHiI MHUCTaHINIWHI PEeUKH

Puc. 1 (onopHu# UWIIHAP BiACYTHIN), BIAMOBIAHO, 3 YHCIOM

Apl 1 4; 06 10 14 184

i mupunOt0 1,9 by Ta N, by, TO MOBEpXHi OGMOTKH XapaKTePU3yIOThCA KoedillieHTaMu 3aKpUTTs

ko =a(D-a)/(x(D=a)=n,by), ko =r(D+a)/(m(D+a)=n,b,,). ()
3ropu TOPIEBOTO MiAMOTYBAaHHS 130JIAMIMHOI0 CTPIYKOI0 a00 OMOPHOI KAPTOHHOI IMaiidu po3Tarro-
BYIOTBCSl JMCKPETHI 130JIALIIMHI NPOKIAJEHHs YUCIOM 7, IIUpHHOIO b, 1 Bucorowo by. Ile Bu3Hayae

KOCQIIIEHT 3aKPUTTSI
k.3 =D /(2D —n,b,). 3)
JluckpeTHICTh IPOKIIaZIeHb Ha TOPITi OOMOTKH 3a0e3Ieuy€e pyX Macia 3 BEpTUKAIFHAX KaHaJIB depe3
TOPU30HTAJIbHI 32 MEXKI OOMOTKH.
3a1ys po3paxyHKy po3noniny cTpyMis, Brpatr y @O Ta MarHiTHOro mojs Tpanchopmaropa B 0daacti
00MOTOK BUKOPHCTOBYEThCS [9] BicecuMeTpuyHa e1eKTpOMAarHiTHa MOJIeNb, B siKiii yactuHn oO6MoTok HH i
BH mnpeacraBnstoTscsi 6araToeeMEHTHOIO CXEMOIO 3aMillleHHsI 3 KPYTOBUMH €JIEMEHTaMH 13 30CepeKy-
HUMHU [IapaMeTpaMH aKTHBHUX OIOPiB, BIACHUX 1 B3AEMHHUX 1HAYKTHBHOCTEH eleMeHTiB. Po3moain ctpymis B
yacTHHaX OOMOTOK BH3HAYA€THCS PO3B’S3KOM BiAMOBiAHOI cuctemu piBHSIHBb Kipxroda. Po3paxoBanwuii 3a
BKa3aHOIO METOIMKOI0 PO3nojii 06’ emuux Brpar ¢(z)= p(z)/v mo sucori Bepxmboi momopuru ®O HH

tpancpopmaropa TM-1000/35 no BiJHOIIEHHIO JJO 3HAYEHHSI BTPAT B IIEHTPi OOMOTKH MMOKa3aHo Ha puc. 1, 6
Y BIIHOCHUX OJIMHUIISIX (B.0). B momanpmoMy mpuiiMaeThest AOMYIIEHHS], IO PO3IIOALT BTPAT 1, BAIOBITHO,
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IIT o6moTku Hax MacioM 1o BucoTi @O € cuMeTpruIHUM.

AHANITHYHA METOJUKA TemI0BOro po3paxyHky ®O. BukopHCTOBYIOUHM METO]| NEPEBHIICHHS
TEMIIepaTypu 3aaiisl PO3poOKH aHANITUYHOI METOJMKH, BU3HAYMMO HarpiB Macia B Oaky. 3o0kpema, aJs
TparchopmarTopiB 3 roppodakamMu 3 BpaxXyBaHHIM TEXHOJIOTIYHO OCBOEHOI KOHCTPYKIIii BEPTHKAIBHUAX TOD
Ha CTiHKax 0aKy pO3paxoBYe€ThCS cyMmMapHa e(eKTHBHA MOBEPXHS TOPp Ta IUIOCKUX CTIHOK Oaky Sy .
BpaxoByroThcst BHCOTa, IKUpHUHA TOdp, KPOK MiX rodpamu, mHpHUHA KaHaty B rogpi. Uepes 1o MOBEPXHIO
BiIOyBaETHCS TEIUIOOOMIH Maciia B 0aKy 3 30BHIIIHIM OXOJIOHUM IOBITPSIM. BigHOIMIEHHAM CyMapHHUX BTpaT
B TpaHcdopmaropi P 10 BKa3aHOi MOBEPXHI BU3HAYAETHCS ILIIBHICTH TEIJIOBOTO MOTOKY Oaky. Ilo wmii

BEJIMYMHI 3 BUKOPUCTAHHAM EMIIpHYHHX Koe(imieHTiB k,k, [6] i xoedinmienty 0.8 [3] BHpaxoBYyIOThCS
HIepeBUILNEHHS BepXHboi O,,; Ta cepenHboi 6, ., Temmeparypu Macia B 6aky Hag TOC, a B cymi 3 Temme-

patyporo TOC t,- — cepeqns TeMmneparypa Macnia B 6aky f,,;

HMB6 = kl (PZ /SZ )k2 ’ gmcﬁ = 0‘80/%6 ’ Lue = e,wc6 +itoc- (4)

OTtpumaHi TeMrnepaTypu HeoOXinHi B moganemomy aisi po3paxynky KTB 3 moBepxoHb 00MOTOK, a
takox [IT oomorok i ixaix HHT wag TOC. 3ayBaxumo, mo B pasi CO Bumy M Ta /| 3 TpyOuacTumu abo
TJIOCKOINTAMITIOBAaHUMH pajiaTopaMH HEOOXIITHO BHKOPHCTATH BIiATOBIIHI TalTy3e€Bi METOAWKH PO3PAXyHKY
HarpiBy macia B 0aKy, siki pe/icTaBleHoO, 30kpeMa B [1, 9].

VY pasi MaciasHOTO OXOJOKEHHS po3noAinbHuX TpaHcdopmaropiB KTB 3 moBepxoHb 0OMOTOK
BU3HAYAETHCS KOHBEKTHBHUM TEIJIOOOMiHOM 3a JOMYyIIEHHAM LIO pyX Macia — jJamiHapHuil. Kmacuune
BuzHaueHHss KTB uepe3 kpurepiii HyccenbTa, TeruionpoBigHicTh Macia i XapakTepHUH JiHIMHUK po3Mip
OXOJIOAKYBaHOI TIOBEPXHI Ma€ MEBHI TPYIHOII, BHACIIAOK YOr0 BiIOMi aHaNIITHKO-ekciepuMeHTaibHi KTB
MAaIOTh JIOCUTH PO3pi3HEHUH xapakrep [9].

Tomy B mawmiit po6oti KTB ¢, 3 BepTHKalbHUX MOBEPXOHb OOMOTKM BH3HAYEHO EMITIPHYHOIO
3JIC)KHICTIO, BCTAHOBJICHOIO JIJIS1 3BHUAHUX IIAPOBUX OOMOTOK IS BHIIB O0XoJiomkeHHsT M Ta /] [5]

a,(q,b)=0.827¢" b"* )2, (5)

1€ ¢ — IUIBHICTH TEIIOBOIO MOTOKY; b — INMPHMHA BiAOBIIHOrO NPUIETIOrO MAC/ISHOIO KaHaly, yTBOPEHOTO

HOBEPXHEI0 OOMOTKY, 130JALIHHAM LUIIHAPOM 1 BEPTHKAIBHUMH JUCTAaHLIHHUMU peiikamu; f,,; — CepelHs 10

BHCOTI OOMOTKH TeMITepaTypa MpHIiIerJIoro Macia abo CIIPOIIEeHO — CepeHs TeMITepaTypa Maciia y 0axy (4).
KTB a, amst BepXHBOI TOPU30HTAIBHOI IIOBEPXHI BU3HAYAETHCS CIIiBBIAHOLICHHM

a,(¢:6)=07,(¢.b). (6)

[[i75HOCTI TEMJIOBOIO MOTOKY Ha BHYTPINIHIN ¢ |, 30BHIHIA ¢, 1 TOPUEBIH ¢, NOBEPXHAX s

Tila 3 aHI30TPOMHOIO TETUIONPOBIAHICTIO 1 3 HECUMETPUYHUMH YMOBAaMH OXOJIOJPKEHHS BU3HAYMMO 4epe3
TEOMETPHYHI PO3MIpH 1 TEIUTIOBI OMOPU HA CTOPOHAX

9 = Rx2Rz s 4x2 = Rlez A> 4z = Rlex2 x> X= qval /(aRlexZ + le (Rxl + Rx2 )) (7)
TeruoBi omopu 3anexaTb BiJ KOOPAWHATH TBIPHOI PO3AUICHHS TEIUIOBHX IIOTOKIB X, Ha
BHYTPIIIHIO Ta 30BHIIIHIO MOBEPXHI OOMOTKHM (KOOPJMHATH TBIpHOI HAWOUIBIINX TEMIIEpaTyp) BiINOBITHHX
nposigHocteit i KTB 3 moBepxoHb
R, =x,u /A +1/, szz(a—x /A, +1/ay, R,=1/4,+1/a;5. ®)
TaxkuM 9UHOM, 3 YpaXyBaHHSIM TEIUIOBHUX OTIOPIB HA MOBEPXHSIX, KOSQIIIEHTIB 3aKPUTTS 1 MIITLHOCTI
TerIoBHX MOTOKiB 3HaueHHs: KTB Ha croponax @O BU3HAYAIOTHCS

_ 1 | -1
o = [(av (qki by )/k.y) 1+RcT @y =a,(qoky b))k, o :|:(ag(qzk3’b3)/k23) +Rs:| » (9)

ne b, by, b, — BenuuuHM MacISIHUX KaHAIIB Ha BHYTPILIHiif, 30BHILIHII Ta TOPLEBIil TOBEPXHSIX.

max )

BzaeMHa 3aneXHICTD @, y, A3, Xpee T Gy, 90> 4. Y (7) — (9) BpaxoByeTbcs HOCIIIOBHUMU
HaOmokeHHsIMA. [IpuiiMaeThesl TTOYaTKOBE 3HAYEHHS X,,,, =a/2 Yy pa3i HasBHOCTI MAcisHMX KaHATB y 000X
HOBEPXOHb OOMOTKH 1 3HAUEHHS X,,,, = a /3, SKIIO0 0OMOTKA OMMPAETHCS OE3MOCEPEIHBO Ha 130JALIHHIIA IITHP.

3anmns po3paxyHKy mepeBHineHHs TemrepaTyp @O Hag MacioM BHKOPHUCTAHO TOCTAaHOBKY [8, 9]
KkpaioBoi 3axadi BigHocHO IIT Hax macnom (IIT ) Q(x, z) JUISL TIPSIMOKYTHOTO TIepepizy OOMOTKH 3 aHi30-

80 ISSN 1607-7970. Texn. enekmpoounamixa. 2020. Ne 6



TPOIIHUMH BJIACTUBOCTSIMHM y BUTJIsiAi piBHsAHHA [lyaccona

2 2
276 276
Ay +/12—2=—qv(z), (10)
0X 2z
YMOBH CUMETPIi 10 0Ci Z
A 00 =0 11
zE‘z:O_ (11)
1 TpPaHUYHUX YMOB TEIUTOBIAadi HAa TOBEPXHI 0OMOTKH
20 20 06
x;‘xzozale‘x=0’ X 50 x=a:_a20‘x=a’ Z 5 z=1="%0 ;- (12)

s po3s’si3ky 3amadi (10) — (12) 3acTOCOBaHO METOJ PO3AUICHHS 3MIHHHUX 13 CKIHYCHHUM KOCHHYC
neperBopeHHsM Dyp'e

0 o0
0(x,z)= X 0,(x)cosp,z, q, (Z): 2 q,c08p,z, (13)
n=1 n= 1
2 [
ne q, P [q(z)cos p,zdz. (14)

pnl + 0,5 sin 2pnl 0

Brachi 3HaueHHs P, € KOPEHAMH TPAaHCUEHICHTHOTO PiBHAHHS

ctgpnl = pnﬂ'z /a3 . (15)
Ha Bigminy Binx [8, 9] koedinientn & . (x) 3pYYHO MPEICTaBUTH Y HACTYIHOMY BHUIJISLI:
q A, e + B e """
0,(x)=—1—| 22° LY (16)
Vzﬂ, Cn
n’"x
Ae Ay = ay (lxvn +ag )e—vna +ap (ﬂxvn ) )e—ZVna > (17)
-V 2 2
B, = az(ﬂxvn —oy)e" vy (v, +an), Ve =pyA_ /A, . (18)
-2
Cn= (]“xvn ! )(ﬂ“xvn - )e Ynd — (]“xvn Ta )(ﬂ'xvn tap ) (19)

YcepeqHeHHS OTPUMAHOTO PO3B’SI3KY MPSMUM IHTETPYBaHHSIM JIa€ 3MOTY aHATITHYHO BU3HAYUTH
cepenne IIT \; oOMoTKH

0 - 1 ;’ 9, (An (evna —1)— B, (e*vna _1)+ a} sinp,l . 0

m

al '~ V}%)’x C,v, P,

a TaKOX IO eKCTPEMYMY TEPIIOro YJeHa Py KOOPIUHATY BEPTUKAIBHOI TBIpHOT HAWOIIBIINX MMEPEBUIICHB
TEMIEPaTyp MO MHUPHHI 0OMOTKH

_1 n Bt .
2v,, A

Bukonyioun, 3 eBHUM KPOKOM, PO3PaxyHOK IEPEBHUIIECHHS TEMIEpPAaTypHU B TOUKaX z; MO BUCOTI

X e2y)

max
n=1

TBipHOI HallOLIbIIMX Temmnepatyp, oTpumyemo 3HaueHHs [T y HHT o6moTku
HHHT ZmaX{g(xmax,Zi)}, i:1,2,... . (22)
B xiameBoMmy pesyinbTaTi, BUKopucToByroun 3HadeHHS (4), (20), (22), orpumyemo IIT mam TOC
cepeaHbol Temneparypu 0omotku 6, roc Ta it HHT Oppr 7oc

O 10c =O0n + 006> Ounr roc =Ounr + 0 - (23)

3navenns [T macna (4) ta oomotku (20), (22), (23) BUKOPUCTOBYIOTHCS y PO3paxyHKY HaBaHTa-
JKYBaJIbHOI 31aTHOCTI TpaHchopMaTopis [4].

Metoauka yuceabHoro CFD-monemoBaHHsi po3moaiyibHOro TpaHchopmaTopa. Bukopucrano
ocHoBHI migxoau 10 CFD-MoJenoBaHHs CHIIOBUX TPaHCQOPMATOPIB, SKi IETalbHO HpeacTaBieHo B [9], i
CTOCOBHO PO3M0oAiIbHOTrO Tpanchopmaropa 3 PO KOPOTKO NOJSATal0Th B HACTYITHOMY.
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VY pasi 3aBnanns mkepen teria B CFD-mozeni BBaxkaroThes Bimomumu Brpat B MC, oOMOTKax,
eJIeMeHTaX KOHCTpYKUil 1y 6aky. CkiajgHa TpUBUMIpHA KOHCTPYKIiSl TpaHC(hOpMaTopa CTPUIKHEBOTO THITY
cnpouryeTrbesi 10 BicecuMeTpuuHoi mogeni. Ctpmwxenb MC mpeAcTaBiseTbCcs i30TPONHUM LIJIIHIPOM 3
piBHOMIpHUME 00'€MHUMH BTpaTaMu, OOMOTKH — IWIIHAPAMHU 3 aHI30TPOITHUMH TEIJIOMPOBITHOCTAMH Ta 3
BIJIITOBITHUM PO3IOAUIOM BTpaT. B Mozem BiITBOPIOIOTHCS BEPXHS Ta HIKHS SIPMOBA 130711111 OOMOTOK 1
UITHAPH TOJIOBHOT 130JIS1111 3 TEIUIOBUMH BJIACTUBOCTSIMH €JICKTPOKAPTOHY. 32U BpaXyBaHHS HENiHIHHUX
BJIACTHUBOCTEH TpaHC(HOPMATOPHOTO Macia 3aCTOCOBYIOThCA BiIOMi eKCIIEpUMEHTANIBHI 3aJIE)KHOCTI.

ITin gac popmyBaruas CFD-momeni rodpoBaHoro 6aka Ha HOTO BEpXHiM Ta HIDKHIN MOBEPXHIX 3aja-
IOTBCS BIIOMI TpaHUYHI YMOBH KOHBEKTHBHOI 1 IPOMEHHCTOT TEIIOBI /a4l 3 TOPH30HTAJIBHIX TIOBEPXOHB [9], a
Ha BepTHKaIbHUX CTiHKax Oaky — KTB, sikuii BU3HA4aeThCs TeIwioBimaadeto rodp. 3aypaxkumo, mo B pazi CO
Buny M Ta [l 3 TpyOuacTrmMu abo IIIOCKOIUTaMIIOBAHUMH PaAiaTOPaMH TEIUIOOOMIH 3 OXOJIOJHUM CepelOBHIIEM
BH3HAYAETHCS BiMOBITHIM TEIIOBUM eJleMeHTOM B komruiekcHi CFD-momeni tpancdopmaropa [9].

st BpaxyBaHHS PO3TAallIOBAHUX HA BEPTUKAJIBHUX MOBEPXHAX OOMOTOK AMCKPETHUX OUCTAHIIHHUX
pelioK, a Ha TOPLEBI — OMOPHHUX NUCKPETHHUX MPOKJIAJeHb, HA BKAa3aHUX MOBEPXHIX MOAeIeH O0OMOTKH
BH3HAYAIOTHCS TEIUIOBI OIOPH, SKi 3aJeKaTh BiJ CTAJIMX 3HAYCHb TEINIOMPOBiTHOCTEH 00MOTOK (1),
Koe(iLi€HTIB 3aKpUTTS iXHIX MOBEPXOHb (2), (3) Ta BiX JOKAILHUX TEIIOBUX 3aiexHocted (7) — (9), mpu
IbOMY eMIipuuHi faHi (5), (6) He BAKOPHCTOBYIOTHCS.

Po3B’s130K cucTemMu piBHSHB PyXy Ta HEPO3PUBHOCTI oxosnoaHoi piauan Hap’e-Ctokca, 1OmOBHEHOT
PIBHSHHSAM 30€pe)KeHHS SHEprii, MPOBOAUTHCS 3aC00aMH BUKOPUCTAHOTO MPOTPAMHOI0 3a0e3MeUeHHs Y pasi
JOMYIICHHS 10 PyX Macjia Ma€ JJaMiHapHUH xapakTep. Po3paxyHKu MpoOBOJATHECS B aOCOMIOTHHUX BETMYMHAX
3 npuiinsaroro TOC 20 °C.

Pe3ynbrataMu po3paxyHKiB € IOJie aOCOFOTHOI TEMIIEpAaTypH B Mepepi3i po3paxyHKOBOI MOAEII Ta
noje mBUAKocTed Macna. JlogarkoBoro 0OOpOOKOI0 BKa3aHHMX pE3yJbTAaTiB OTPUMYIOThCS HEOOXiTHi
BEJIMYMHY U BU3HAYEHHS TEIUIOBOTO CTaHy TpaHchopmaropa, 110 MPOASMOHCTPOBAHO Y MOAANBLUIOMY Ha
MIPUKJIAT] YUCETHHUX JOCIIHKCHb.

3icraBjennsi po3paxyHkiB Ta BuMipiB. 3aans Bepudikamii po3poOICHUX METOAMK B SKOCTI
00’€KTiB JOCHIKEeHb po3riIsiHyTo Tpancdopmarop TM-1000/35 3 BimoMHMH pe3yibTaTaMH CIEliaJbHUX
BHUMIPIOBaHb PO3IIOALUTY CTPYMIB (BTpaT) Ta JokamsHUX Temnepatyp B @O HH [7], a Takox Tpancdopmarop
TM-630/10 cy4yacHOi KOHCTPYKIii 3 pe3y/ibTaTaMd BUMIPIOBaHb TEMIIepaTyp Maclia B 0aky Ta CepeaHix
temmeparyp oomorok HH Ta BH mix yac temnoBux Tumoux BunpoOyBaHb. [lonepeaHbo 3 BUKOPUCTAHHSIM
CAIIP [9] BuKOHaHO KOMILJIEKCHUI MEepeBipHUH pO3paxyHOK MarHiTHUX MOTOKIB Ta BTpaT B MC, peakTaHcCiB,
pO3MOAUTY CTPYMIB B 0OMOTKaX, y ToMy uuciai PO, MarHiTHUX IOJiB, OCHOBHUX Ta OJATKOBHX BTPAT B
00MOTKaX, OJATKOBUX BTpaT B €JIEMEHTaX KOHCTPYKIii, CyMapHHX BTpaT B TpaHchopMmaropi, HarpiBib
Mmacna B 6aky, MC Ta mapoBux 0OMOTOK.

Tpancgpopmamop TM-1000/35. Y [7] 3a3Ha4EHO, IO IS EKCIIEPUMEHTAIBHUX TOCIHIKEHb BHKO-
pucTaHo Tpanchopmatop, B skomy MC, 0ak, KpHIIIKa 3 PO3IIMPIOBAYEM 1 OXOJIOIHI PaliaTOPH 3AJIUIICHO Bij
cepiiinoro 3paska. Oomorky HH 3 mpocroro mpoBoay 3amineno Ha @O mupuHOIO 26 MM 3 aIIOMIHIEBOI
(hosbru po3mipamu 1x760 MM i 3 IPUIIETTUME BHYTPIIIHIM Ta 30BHIIIHIM MaciusHUMU KaHanamu 10 1 16 M.
3oBHiNHIO 00MOTKY BH 3 mTpocToro anromiHi€BOTO ITPOBOY 3aJIAIICHO 0€3 3MiH.

VY mpoueci BUKOHAHHA OaHOi poOOTH po3paxoBaHO po3nofin BTpaT mo Bucoti ®O HH, saxuii
NOKa3aHo Ha puc. 1, 6. Takok BU3HAUEHO TeMIIEpaTypH Macia B 0aKy y BiANOBiAHOCTI 1o 3acTocoBanoi CO
3 pazgiatopamu. lle 3a0e3meunsio TPOBENEHHS aHATTHYHOTO po3paxyHKy 3a amroputmMamu (1) — (19)
teroBux napamerpiB @O HH B 06'emi BuMipiB, siki peacTaBieHo y poooTi [7].

Tak, 30kpeMa, po3paxoBaHO PO3NOALT IO NIONEPEYHOMY PO3MIpY X INEPEBUILEHHS TEMIIEpaTypHu HaJ

macioMm 6 B neHTpi PO (/=0), sxuil NOKa3aHO HA PUC. 2, @ Y BIIHOCHHUX OJUHHMISX (B.0.). 3a mIKamy
abcuyc MPUHHATO BITHOCHY KoopAauHaTy X =x/a. KoopauHata HaWOUTBIINX TeMIepaTtyp HOPiBHIOE

Xma/@=0.4. SIk 6a3ucHy U1 BiAHOCHUX 3HaueHb & BUKOPUCTAHO HAWOUIBIY BUMIPSHY BEIMYUHY B LIEHTPI

®0. Posmogin 6 mo Bucori @O moKazaHo Ha pHC. 2, 6: JiBa JiHIA — Ha 30BHIIIHIN, cepeaHs — Ha
BHYTPIIIHIH, a KpaliHs MpaBa JiHig — Ha cepeHil BepTHUKAIbHIN TBipHIA 00MOTKH. Biccio opauHaT € 0cboBi
KoopauHaTH OOMOTKHM z (M). Kpykkamu BigMiueHO eKCIIepUMEHTalbHI 3HAYEHHS, SKi BHU3HAYEHO 3a
PI3HHIICIO TIOKA3iB TepMOTIap, PO3TANIOBAHUX YCEPEINHI OOMOTKH 1 Y IPHJIETIINX MAaCIISTHUX KaHajnax [7].

3a3naunmo, o anroputMamu (1) — (9) BuznaueHo KTB Ha BHyTpimHii Ta 30BHILIHIA MOBEPXHIX
dO Bignosimuo 38 Ta 77 BT/(MzK), 1110 TOCUTH OJMU3BKO Biamosimae 3HaueHHaM 40 ta 80 BT/(MZK), SIKi B [8,
9] cepiero po3paxyHKiB MiAiOpaHO 3 BHKOPUCTAHHSIM BUMIpIB [7].
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JIOMKEHHS 1, BimmosigHo, — 3 6insmmm KTB.

Pesynbratn aHANITHYHUX
PO3paxyHKIB 3 JOCTaTHBbOI TOYHICTIO
BiIIMIOBiAIOTh pe3yJbTaTaM BHUMIpIiB 1
MiATBEPIKYIOTh BUCHOBOK poboTH [7],
IO MIBWINCHI MICIeBI BTpaTH, SKi
BUHHUKAIOTh  4epe3  KOHILEHTpalilo
BUXPOBUX CTpyMiB Ha kpasx PO, ne
IPU3BOAATH 1O 3HAYHOI HEpiBHO-
MIpPHOCTI TIEPEBUIIEHHS TEMIIEPaTypH
HaJl MAacJIOM IO BHCOTI OOMOTKHU 4epe3
BHCOKY TETUIONPOBIAHICTD po-
BIIHUKOBOTO Matepiamry. B cuiny Ha-
SIBHOCTI MPHJIETIMX OXOJOAHUX KaHa-
JiB 3 000X CTOpPiH OOMOTKH PO3IIOILI
TEMIIEPATYP MO 1i MOMEPEYHOMY PO3-
Mipy Maibbke CHMETPHUYHHHA, MEHIII
3HAYE€HHS MAalOTh MICIle Ha 30BHIIIHIN
TBipHil 3 OUIBIIOI0 TMOBEPXHEI OXO-

Tpancpopmamop TM-630/10. 3anns oxonoaxeHHS TpaHcopMaTopa 3acTOCOBaHO Oak 3 roposa-
HuMH ctiakamu. O6motky HH BuroToBieHo 3 anrominieBoi (onbru 0.9x600 mm, oomotky BH — 3 mpoctoro
npoBoy. [l 3HWKEHHS HaArpiBiB 0OMOTOK B HHX 3aCTOCOBAHO IO OJTHOMY BHYTPIIITHBOMY OCHOBOMY
MaclsTHOMY KaHaly HHPHHOI 6 MM. ToMy, SK B €JIeKTPOMAarHiTHid, Tak i B TEIUIOBIH pPO3paxyHKOBHX
monensix oomotrky HH mpencrasieno neoma konuenTpamu HH; Ta HH, mmpunoro 13 MM Ta 14 MM, ogioHO
— JIBOMa KOHIICHTpaMH TpeAcTaBisieTbess oOMorka BH. BryTtpimmi kommentpm obmotrok HH Ta BH
HAMOTaHi 0e3MocepeIHbO Ha OMOPHI KaPTOHHI IWIIHIPU, TOMY, K OyJe BUIHO B MOJAIIBIIIOMY 3 MPEACTAB-
JICHUX PE3yJbTATIB JOCHIKCHb, BOHH MAIOTh OUTBIIN 3HAYCHHS TEMIIEPaTyp.

3a METOIMKOIO TEIUIOBUX TUITOBHX BUTIPOOyBaHb 3a TOC
20 °C orpuMaHO N1Ba PE3yNbTAaTH: JATYHMKOM, PO3TAIIIOBAHUM Ha
0.1 M HmKYe KpUIIKK Oaka — TeMIepaTypy BEpXHBOI'O Macia B
0aKy; 3a TEIIOBOI 3MIHOI aKTUBHOTO OIOPY — CEPEeIHi TeMIe-
patypu oomoTok. PosramryBanus ta remmeparypa HHT oomoTok
BUMIpPIOBaHHIMH HE BU3HAYAIIHCE.

HonaTkoBol0 0OpOOKOIO pe3ysbTaTiB 3a cTaHgapToM [3]
Bm3HaueHo [IT nag TOC (IIT toc) BEpXHBOTO, CEPEAHBOTO Maciia
B 0aKy Ta cepemHix Temmeparyp oOMOTOK. ExcrepuMeHTabHi

Taoauns 1
Enement T roc, K
JTOCITiIKSHHSI BuwmiproBanns | Hopma
Maciio BepxHe 52.2 60
Macino cepenHe 41.8 -
Oomorka HH 58.7 65
O6moTka BH 59.2 65

JIOCHIJDKEHHS TIPOBEJCHO Ha TPHhOX 3pa3kax oONajgHaHHS. YCEpeAHEHHI 3HAYCHHS BUMIPSHUX BEIHYHH
HaBeJleHO y Ta0u. 1. BigxuneHHs Temreparyp Bil IXHIX cepelHiX 3Ha4eHb 3HaXOAAThCS B Mexkax =1 K.
Posmonin 06’eMHUX BTpaT y B.0. TI0 BUCOTI KoHIleHTpiB HH mokaszano Ha puc. 3, a. 3a OgWHMITO

z
z 0.3
03— o= {
-‘.T/ o ::
0.2 5
: 0.1 :
0.1
0
0
0.1
-0.1
0.2 2
0.2 _
3 &g
-0.305 0385 09 095 1 1.05 1.1
a o
Puc. 3
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NPUHHATO BTPaTH B CEpPEelUHI BHCOTH
BHYTPIIITHBOTO KOHLICHTPY HH,
(cymiieHa KpuBa). 3a PoO3pOOJICHOIO
aHamTHYHOIO MeToaukoro (1) — (22)
PO3paxoBaHO MEPEBUILEHHS CEPeaHiX
temnepatyp Ta HHT nag maciom B
koHreHTpax HH, sixi mpencraBiieHo y
Tabn. 2, a takox posnoxin IIT y mo
BHCOTI TBIpHHUX MaKCHMAaIbHUX
TeMIepartyp, sSIKUi oka3aHo Ha puc. 3,
6 (y B.0.). Sk 1 Ha momnepeIHHOMY
PUCYHKY, CYLIJbHI JiHII BiTHOCATHCS
1o konuentpy HH;.

TlomitHOo, moO 5K 1 00’eMHi
BTpaTH, Tak 1 mnepeBuiieHHs IIT y
MAarTh OB LI 3HAYECHHSA JUTA

&3




koHreHTpy HH;. 3a manmumu tabm. 2 monmiOHI CIIBBIZHOIIEHHS MAlOTh MICIle TaKOX IS TEPEBHINEHBb
cepennix Temmeparyp kouuentpis HH; i BH; Ta ixuix HHT, 1o, sk Oyjo 3a3Ha4yeHO BUIIE, 3yMOBJICHO
OTHOCTOPOHHIM OXOJOKCHHSM IHMX KOHLEHTPIB B CHIY IXHHOrO HAMOTYBaHHS Ha 130JLiKMHI OMOpHIi
UITiHApY. B Toi ske Yac 30BHINIHI KOHIIEHTPH 000X 0OMOTOK MalOTh JBOCTOPOHHE OXOJOPKEHHS MACIIOM B
TIPUIJIETIINX BEPTUKATBLHUX KaHalaX i, B pe3yJIbTaTi, MEHII TeMITepaTypH.

Taoauns 2
Cepenni IIT y; KOHIIEHTPIB, OOMOTOK, ..
- IIT \ HHT, K Koedimientn HHT
Konnenrp K -
AM CFD Bumipu AM CFD AM CFD
HH,/HH, 18.79/15.0" | 20.1/14.8 /- 20.0915.7Y | 19.7/13.2 | 1.07771.05" | 0.98/0.89
HH 16.6" 17.1 16.9 20.0" 19.7 1.20" 1.15
BH,/BH, 19.87/11.3Y | 17.0/10.9 /- 21.77/12.1” | 20.1/10.3 | 1.10%/1.07 |  1.18/0.94
BH 16.0? 14.2 17.4 21.7% 20.1 1.37% 1.42
! _ apanituHa MeToaMKa faHoi poboTu s @O,
% — aHaJIiTHYHA METOAUKA [/ MAPOBOi 0OMOTKH [5]
9.0 76.0 0.0050 Eckiz  pospaxyHkKoBOi  Mofedmi
o 3 TpaHcdopMaTopa IoKa3aHo Ha PHC.
' 1.8 0.0045 4. Pesynsratamu CFD-po3paxyHKy
796 BT E 0.0040 Ha puc. 4 € nons temneparyp (°C)
2 = B a0CONIOTHIM IIKam OTPUMAaHHX
| B34 0.0035 3HaueHsb (q) i B WIKaJI TeMriepaTyp
582 500 0.0030 IO BEPXHBOMY Maciy (0), a TakoxK
rojie IBHAKOCTEH Macia (M/c) B
52.5 0.0025 o . .
. 55.0 aKTVMBHIA 4YaCTWHI MOJENl TpaH-
56.9 05 0.0020 copmaropa (6).
' 3a 3HAYEHHAMHU TeEMIIE-
511 0.ao1a 4. 6
66 paTypHOTO TIOoJiT Ha puc. 4, 6 B
45 4 0.0010 MICIIl pO3TalllyBaHHsS JaT4yuKa
42.4 TEMIIEpaTyp IijJ] Yac TEIUIOBUX
37 382 0.0005 BunpoOyBanb, IIT roc  Bepx-
340 0.0000 HBOTO Macja JIOPIBHIOE 74-
' 340 20=54 K, mo BiOmosigae
a o 6 BUMipssHOMY 3HaueHHIO 52 K. B
Puc. 4 cepenMHi BHCOTH 0aka MaeMo

64-20=44 K, To0T0 ixHe criBBinHOmEHHS 44/54 Onu3bke 10 HOpMoBaHoro Koedirienta 0.8 [3].

ITo Bucoti HH Temmeparypa mopiBHSHO piBHOMipHA, HalOiNbIIa TeMIepaTypa y BEpXHiil 4acThHI
kourtenTpa HH; — 90 °C. Ilo Bucoti BH uepe3 3MeHIeHy 0CbOBY TEIIOBY MPOBITHICTH B TTOpiBHAHHI 3 PO
HH rpazgienT temneparyp Bumuii, Haiibineia remneparypay BH; — 91 °C.

Haii0inpmi mBUAKOCTI Macia CHOCTEPIraloThbes y MOBEPXOHb OOMOTOK i 0aka Ta MpUHMArOTh 3HA-
yeHHs mopsaaky 0.001 — 0.005 m/c, 110 € XapakTepHUM ISl OXOJOKeHb Buay M ta JI.

JonaTkoBO BH3HAYCHO NEPEBUILICHHS CEPEeIHbOI TEeMIIepaTypd KOHICHTPIB Haj TEeMIIEPaTypOlo
Macya 1o cepeinHi BUCOTH Oaka Ta nepeBuineHHs Temneparypu HHT nan maciom B Oaky Ha piBHi ii po3ra-
IIyBaHHsA. 3aid NopiBHAHHA 3 BuMmipamu IIT  0OMOTOK Hajx MacioM, sK 3a3BHYaii, OTPUMAHO ycepel-
HEHHSM TI0 Macax KoOHIEHTpiB. OTpuMaHi pe3ynbratn po3paxyHkiB IIT mo xoHIEHTpaM Ta MO OOMOTKaMm
aHaTiTHYHUMU MeToarkamu Ta CFD-MopentoBaHHAM MpeACTaBICHO Y TaoJ. 2.

PozpaxoBani mepeBumieHHs1 cepenHboi temmneparypu @O HH nHanm maciom mocuth OnHM3bKi 70
BUMIPSHOT BEIMYUHU. TPOXH OB BIAXUJICHHS CIIOCTEPIratoThes it 0OMoTkn BH, 1m0 MOXHA MTOSICHUTH
THUM, IO B peasibHii KOHCTPYKIIii MeBHA YaCTHHA MOBEPXHI OOMOTKH 3BEpHEHA 10 OOMOTKH CyCiHBOI (asu,
MAacCIITHUH KaHal MK HUMH € MEHIIMM, HDK KaHal B pO3paxyHKOBIH MoJeli y MOoNepevyHoMy mepepisi 1o
0aKy, i € J0JaTKOBO MiAIrPiTUM BJIacHE CYCITHHOIO 0OMOTKOIO.

IIT y HHT #ag macinom o6OMOTOK BH3HAYE€HO 33 MaKCHMMaJIbHMM 3HA4YE€HHSAM B KOHLEHTpax. Pospa-
xoBaHo BignoBinHi koedimientn HHT. Jlngs oomorkm HH el koedimient (1.20 ta 1.15) Onu3bkuii no
PEKOMEHIOBAHOTO B CTaHAAPTi [4] anst po3noniapbHUX TpaHcopmaropi 3HaueHHs 1.1, a g oomotrkun BH
(1.42) — mepeBuIIye BKa3aHe 3HAYCHHS 1 € BU3HAYAIBHUM I TpaHchopmaropa. OTpuMaHUN pe3ysIbTaT
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MiATBEPIKYE PEKOMEHIAII0 CTaHAapTy, 3a skuM Koedimienr HHT HeoOXimHO Bce X Taku «BU3HAYHUTH
npoleypaMu, 3aCHOBAaHMMHU Ha (pyHIAMEHTAILHUX MPHHIMIAX BTpAT 1 Teruionepeaadi, Ta OOrpyHTYBaTH
OpsSIMUM BUMiPIOBaHHSIM Ha BUTOTOBJICHUX 3pa3kax ab0 Ha MPOTOTHUIAX TPaHCHOPMATOPiB 200 OOMOTOKY.

Takum uymHOM, Meromuka uncensHoro CFD-mozpentoBanHs 3a0e3nedye po3paxyHOK HOPMOBaHHX
CTaHIAPTaMU NEPEBUILICHHS TEMIIEPaTypy HaJl TEMIIEPATYPOIO 0XOJOJHOIO cepeioBuila [4], Ik cepeqHbOTOo
macna B Oaky, tak i @O HH Tta maposoi oOmorku BH, BH3Ha4ueHHs HaWOiNbII HArpiTOi OOMOTKH
TpaHcopmaTtopa, a Takox koediuienra HHT wmiei oOmoTku. IlepeBara meTomuku moisirae B MiHiMizamii
EMITIpUIHIX JaHUX — BUKOPUCTOBYIOTHCS JIUIIE (Pi3WUHI BJACTHBOCTI Maciia Ta TEIUIOBITaHHS 0aKy.

BucnoBku. Po3po0iieHO aHaNITHYHY METOAMKY PO3PaxyHKY TEIJIOBOTO CTaHy (oJbroBoi 00MOTKH
HIDKYO1 Halpyrd MaciiiHUX PO3MOAUIBHUX TpaHc(opMmaTopis, sKa 3a BiIOMUX TeMIIEpaTyp Mmacia B 0aky
3a0e3redye BHU3HAYEHHS KOE(IIIEHTIB TEIUIOBiAMa4i Ha IOBEPXHI OOMOTKM 3 BpaxyBaHHAM ii KOH-
CTPYKTHBHHUX OCOOJMBOCTEH 1 TENJIOBUX HABAaHTAXEHb, PO3PAXYHOK IEPEBUILIEHb CEPEIHBOI TEMIIEPATypH
0OMOTKH 1 11 HAWOLIBII HATPITOT TOYKU HAJl MACJIOM 1 HaJl OXOJIOJHUM cepenoBulieM. J[ns po3paxyHKy nepe-
BUILEHb TeMIlepaTypH (oibroBoi 0OMOTKM HajJ MAacioM METOAOM PO3AUICHHS 3MIHHHUX 13 3aCTOCYBaHHSIM
CKIHIEHHOTO KOCHHYC-TIepeTBOpeHHsI Dyp'e 0OTprMaHO po3B’ 130K KpalioBoi 3amadi s piBHsHHEA [lyaccona 3
HEOJHOPIIHUMH TPAaHUYHUMH YMOBaMH Ha IMOBEPXHSIX aHI30TPONHOI (OJBroBoi OOMOTKH Ta 3
HEpPiBHOMIPHUM M0 ii BUCOTI pO3MOIITIOM BTpAT.

Takox po3po0saeHO ambTEPHATUBHUN MiAXiX A0 BU3HAYCHHS TEIUIOBOIO CTaHy (DOJIBIOBOi OOMOTKH
IUIAXOM YHCEIbHOTO TEILIOBOTO Ta TipOoAUHAMIYHOTO aHasizy komiuiekcHoi CFD-Mopeni Tpanchopmaropa.
Takuii migxig Aa€ 3MOTy OTpUMATH PO3MOILT MOJIS WIBHAKOCTEH Ta aOCONIOTHUX TEMIeparyp sSK macia B
Oaky, Tak (OIBrOBUX Ta MIAPOBUX OOMOTOK TpaHC(hOpMaTopa 3 BUKOPUCTAHHSM MiHIMAILHUX EMITIPUYHIX
JaHUX M00 (i3MYHUX BIACTHBOCTEH Macia Ta TEIIOBIIIaHHS OaKiB.

AHaNITHYHY Ta YMCENbHY METOAMKH BepH(]IKOBAHO BIJOMHUMH E€KCIIEPUMEHTATbHUMH JAHUMHU IS
tparchopmaropis TM-1000/35 ta TM-630/10.

Po3pobieHi METOMUKH PO3PaxyHKY TEIUIOBOTO CTaHY (OJIBIOBOI OOMOTKH HIDKYOI HAIIPYTH Pa3oM 3
rajy3eBUMH METOJMKAMH PO3PaxyHKy Maciia B 0aKy Ta OOMOTOK 3i 3BUYalHHX NPOBOJIB 3a0€3Me4yIOTh
NPOEKTYBaHHS MAacsHUX PO3MONUIBHUX TpaHchopMaTopiB, y TOMY YHCHI Wi 4Yac ONTHMi3alilfHHX
po3paxyHkiB y ckmani CAIIP.
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Paspabomana anarumuyeckas memoouxa pacuema menioeo20 COCMOAHUS (DONb20GblX OOMOMOK HU3UE20 HANPAJICEHUs
MACTAHBIX pacnpedenumenbHulx mpancgopmamopos. Ilpu uzeecmuvix memnepamypax macia 6 6ake >ma Memoouxa
obecneuusaem onpedenenue KOIPGuyuenmos menioomoayu Ha NOGEPXHOCMAX OOMOMOK C Y4emoM UX KOHCIMPYKMUGHBIX
ocobenHocmell U MenNosbIX HAZPY30K, d MAKdce pacyem npesvluleHUli cpedHell memnepamypsvl 0OMOmKU U ee Hauboiee
Hazpemou mMouKu HAO MACIOM U HAO oxaadcoarouell cpedou. [na paciema npesvluleHus memnepamypvl 0OMOmMKU HAO
Maciom Memooom pazoeiieHis nepemMeHHbIX ¢ npUMeHeHueM KOHeYHo20 KOCUHyc-npeobpasosanus Dypve nouyyero peutenue
Kpaegoti 3adauu 015 ypasHenus Ilyaccona ¢ HEOOHOPOOHLIMU 2PAHUYHLIMU YCIOGUAMU HA NOBEPXHOCMAX OOMOMKU
NPAMOY20JIbHO20 CeYeHUs C AHUZOMPONHBIMU CBOUCMBAMU U C HEPABHOMEPHbIM NO ee Gblcome pacnpedeieHuem Homepb.
Kpome moeo, paspaboman anbmepnamugHulii H00X00 K ONpeoeleHur0 meniogo2o0 COCMOAHUA OCECUMMEMPUYUHOU MOOenu
mpancopmamopa nymem uuciennozo CFD-moodenupoeanus cucmembvl YpasHeHuti OSUDICEHU U HepA3PbIEHOCHU
oxnadcoaioweti  scuokocmu  Hasve-Cmoxca. Omo  noszeonsiem nonyuums pacnpeoeienue noas cKOpocmell Macia u
abcontomubIX memMnepamyp Kaxk Macia 8 6ake, maxk u (hob208bIX U WAPOBLIX 0OMOMOK MPaAHCHoOpMamopa ¢ UCHONb308AHUEM
MUHUMATLHBIX IMAUPUHECKUX OAHHBIX O QUIUYECKUX CBOUCMBAX MACAA U menioomoayu bakos. Memoouku eepugpuyuposanbi
UBBECMHBIMU IKCHEPUMEHMANbHBIMU OaHHbIMU 0115t mpancgopmamopos TM-1000/35 u TM-630/10. bubn. 11, puc. 4. tabdmn. 2.
Knrwuesvie cnosa: tpanchopmaropbl pacrpelneiuTeNbHble, 00MOTKH, Qonbra, MacisHoe oxjaxzaeHue, HarpeB, CFD-
MOJICITIPOBAHHE.

ANALYTICAL AND CFD-CALCULATION OF THE HEAT CONDITION OF FOIL WINDINGS OF OIL
DISTRIBUTING TRANSFORMERS
V.F. Ivankov', A.V. Basova', LV. Khimjkz,
'PrJSC «ZTR»,

Dniprovske shose, 3, Zaporizhya, 69600, Ukraine
? Institute of Electrodynamics of the National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: vsil943@ukr.net
An analytical method of calculating the thermal condition of foil windings of lower voltage oil distribution transformers has
been developed. At known oil temperatures in the tank, this technique provides the identification of heat-recoil ratios on
winding surfaces, taking into account their design features and heat loads, as well as calculating the excess esexcesses of the
average temperature of the winding and its most heated point above the oil and over the cooling environment. In order to
calculate the excess temperature of the winding over the oil by the method of separating variables using the final cosinus-
conversion Fourier obtained the solution of the edge problem for the Poisson equation with heterogeneous boundary
conditions on the surfaces of the rectangular section winding with anisotropic properties and with its uneven distribution of
losses. In addition, an alternative approach has been developed to determine the thermal state of an axisymmetric transformer
model by numerical CFD modeling of the system of equations of motion and continuity of the Navier-Stokes coolant. This
allows you to obtain the distribution of the oil velocity field and absolute temperatures, both of the oil in the tank, and of the
foil and ball windings of the transformer using the minimum empirical data on the physical properties of the oil and the heat
transfer of the tanks. The methods are verified by known experimental data for transformers TM-1000/35 and TM-630/10.
References 11, figures 4, tables 2.
Keywords: transformers distributive, windings, foil, oily cooling, heat, CFD-modeling.
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A review of the principles construction of existing high voltage measuring amplifiers (HVMA) was carried out. Their
frequency range was investigated. It is proposed to use a circuit of additively connected operational amplifiers with
virtual power to achieve the limiting frequencies of 400 kHz and a voltage of 500V. Several models of the circuit in the
circuit simulator were investigated. It was found that to compensate for the phase shift of the output signal it is neces-
sary to use boosting capacitances and a circuit with independent feedback. References 11, figures 5, table 3.

Key words: reproduction, metrological equipment, electricity, measure power amplifiers, calibrator, computer simulation.

Introduction. It has been established that in order to ensure reliable operation of electrical equip-
ment and electric energy metering devices the quality of electric energy (EE) must comply with DSTU EN
50160: 2014 and GOST 13109-97 taking into account DSTU IEC 61000-4-30: 2008. In accordance with
these standards restrictions on distortion of the sinusoidal voltage curve, harmonic levels, interharmonics and
high frequency (HF) of signals are established. The presence of high frequency harmonics are one of the
causes of the distortion of EE quality caused by the nonlinear load on the power grid and the standing in-
crease in the number of semiconductor transducers and their power [1]. Thus, the task of controlling the
quality of the EE and reducing the distorting factors arises before the energy industry.

The check of quality of EE is carried out by devices of measuring the quality indices (DMQI) of
EE. Moreover, the DMQI should be adjusted and verified in accordance with DSTU IEC 61000-4-7: 2012.
However, there is some inconsistency between DSTU IEC 61000-4-7: 2012 and DSTU EN 50160: 2014 and
DSTU IEC 61000-4-30: 2008. It consists in the fact that the DMQI according to DSTU IEC 61000-4-7: 2012
must measure signals up to 9 kHz. At present, DSTU EN 50160: 2014 restricts the frequency of signals to
148.5 kHz and DSTU IEC 61000-4-30 sets the spectra of transients of voltages and currents of electric net-
works that contain harmonics with frequencies up to 10 MHz.

In the electric power industry, the use of pulse converters which cause significant distortion of volt-
ages and currents in the power grid, is growing rapidly. The spectrum of noise generated by pulsed transduc-
ers all the time expands to high and ultrahigh frequencies, due to the increase in the efficiency of transducers
at high frequencies. This problem is partially solved by filtration of higher harmonics on the verge of balanc-
ing affiliation of enterprises that generate higher harmonics. Control of the effectiveness of the use of filters
is impossible without control of harmonics in the extended frequency range and calibrators to check DMQI.
In developed countries, analyzers of harmonic and devices for calibrating them in a limited range of frequen-
cies and voltages are produced. For example, calibrator of the Fluke 6105 / 6100B of the American Fluke
Corporation reproduces an AC frequency of up to 9 kHz with an amplitude of 200 V, and a calibrator of the
German ZERA GmbH up to 400 KHz with an amplitude of 100 V.

The first step in solving this problem is the creation of HVMA as the output cascades of portable and
stationary calibrators, with a frequency range up to 400 kHz, output voltage up to 500 V rms (RMS) to pro-
vide organizations of the SE "UKRMETRTESTSTANDART" and the Ministry of Energy of Ukraine.

The purpose of the work — analysis of the principles of construction of high-voltage, broadband
measuring amplifiers and research of their computer, physical models for the development of HVMA for
portable and stationary calibrators and metrological applications, with operating frequency ranges up to 400
kHz and output voltages from 0 to 500 V.
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Analysis of the principles of construction of HVMA, content
and research results. Studies [2] have shown that the metrological
characteristics of the calibrators are largely determined by the design of
the output amplifiers and their work regimes were established. Most of
them works in the AB [3], D [4] or hybrid [5] modes and often contain
output transformers [6]. Based on these studies and works [3 — 6], a re-
view and analysis of technical solutions for the construction of HVMA
was made.

Amplifiers operating in AB mode (Fig. 1, a) have a number of advan-
tages such as linearity, time stability, low total harmonic distortion
(THD). Output circuits can be built on bipolar (BPT), bipolar isolated
gate (IGBT), field-isolated gate (MOSFET) transistors. The frequency
characteristics of the amplifier on the BPT especially such as the upper
of broadband amplification frequency of HVMA f, in the region of the
HF are determined by the transfer coefficient of the transistor 4.z which
decreases with the increase in the frequency of the input signal. High-
voltage transistors used in the construction of transformerless HVMA
are low-frequency (f, <3 MHz) and allow the upper limit amplification
to be about 100-150 kHz. The amplifiers based on MOSFETs are
somewhat improved HVMA with BPT. But in the general case, the
MOSFETs do not have advantages over bipolar transistors due to the
¢ speed and frequency properties. Also, the limiting frequency as in the
: BPT decreases with the rise of the drain-source voltage.

The amplifiers based on IGBTs are a kind of the above dis-
cussed. The amplifiers based on IGBTs are a kind of the above dis-
cussed. The use of low-voltage transistors which are more high-
frequency does not solve the problem as to obtain the output voltage
equal to the network it is necessary to apply an raising voltage trans-

d former (VT) T1, see Fig. 1, b.
4 - The broadband frequencies VT with a core of electrotechnical
J__ﬂ lﬂ. T aut steel or permalloy are limited to frequencies of about 10 - 30 kHz and
T2 on amorphous - 200-300 kHz. At the same time, the VT contributes a
loss which worsens the efficiency of the amplifier which for the mode
of AB does not exceed 72% (is a significant disadvantage of this type of
1 amplifier) limits the lower frequency of amplification of HVMA f; and
e from U2 increases weight and size of device.
Fig. 1 Amplifiers operating in D mode (Fig. 1, ¢) have several advantages over
the previous ones. Due to the fact that the output transistors work in key
mode their main advantage is high efficiency (up to 90%) much smaller weight and dimensions at equal out-
put power. Their disadvantages are higher THD and noise level due to the transformation of the input signal
into pulse-width modulated (PWM).

Due to the interfacing of clock and working frequencies in the amplifier the possibility of a "pulse
crushing" effect occurs when more than one pulse is formed during the clock cycle. It makes difficult to form
a signal in the load which completely repeats the entering signal. These features lead to an increase in the
distortion of the restored signal and cause the clock frequency to be chosen tens times higher than the upper
limit frequency of the amplified wave range. Output circuits are usually built on IGBT or MOSFET. Thus,
the achievable switching frequency for these transistors is 200 kHz and the maximum reproducible qualita-
tive signal will be in the range of up to 20 kHz. And the present source filter which is required for suppress-
ing the carrier frequency introduces a significant phase shift to the output signal.

Hybrid amplifiers (Fig. 1, d) use several amplifying channels which switch depending on the magni-
tude of the instantaneous signal value. The first of the LPA channels (used at low instantaneous signal val-
ues) always operates in the AB mode and the other HPA channel works in D mode (used at high instantane-
ous signal values). They have smaller weight and dimensions, greater efficiency than the HVMA with a
mode of operation AB and a smaller THD than amplifiers with operating mode D. However, they do not give
a win at high frequency and are mainly used in current channels with transformers [5].
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In [7] the high-voltage digital-to-analog converter (HVDAC) was proposed for accurate reproduction
of sinusoidal voltage and use in metrology in particular in portable calibrators. Formation of the output volt-
age is done directly via high-voltage digital-to-analog conversion by feeding codes to its inputs. The con-
verter has several advantages: high accuracy of reproduction of complex signals, absence of an amplifier, no
low-frequency output transformer, small weight and dimensions. It reproduces network voltages and spec-
trum in 40 harmonics. The voltage discrete at the output of the HVDAC is formed by the reference voltage
source and the key cell consisting of the switching circuit (driver) CS output transistors N-channel and P-
channel MOSFETs (Fig. 1, ). Unfortunately, the bandwidth of the voltage in the P-channel is much more
limited than the N-channel of the device due to semiconductor physics and is currently 500 V and 1200 V.
This fact does not allow you to get the voltage specified in the beginning. The maximum frequency charac-
teristics are determined by the switching frequency of the transistors. In accordance with the Nyquist sam-
pling theorem [8] in order to be able to restore the output signal without distortion the sampling frequency F;
should be at least twice the highest frequency of the processed signal Fiy:

F,=2-F,.. (1)

Proceeding from it, we have the maximum reproducible achievable frequency Fi.. limited by the
switching frequency of MOSFETSs twice less than he mentioned above, which is 50 — 100 kHz.

In [2] it is noted that high-voltage operational amplifiers (HVOA) can be used as HVMA. These in-
clude operational amplifiers (OA) that allow a full range of more than 50 V at unipolar supply (£ 25 V at
bipolar). Having studied the proposals of HVOA from global manufacturers, it was possible to establish that
such devices are offered only by Texas Instruments and Apex Microtechnology. Texas Instruments produces
an HVOA with a maximum supply voltage of + 50 V, which allows an output AC voltage of 32.27 Vrms.
Apex Microtechnology manufactures a HVOA of industrial use [9] with a maximum power supply of + 1250
V and is a leader in the industry. Using these components can significantly reduce the number of elements in
the scheme and reduce the time spent on development and testing. However, an HVOP with a Power Band-
width of 500 kHz has a supply voltage of £ 225 V, with an output voltage of £ 215 V or 152.48 Vrms.

A studied of computer models of known HVMA circuits [3-7, 9, 10], as a result of which the most
promising circuit [10] was selected in terms of stability of phase-frequency characteristics, breadth of fre-
quency and dynamic range for further research and practical use.

So, there is a need to get the output voltage higher than the voltage supply of a separate HVOA. It
can be done by using successively additively included operational amplifiers series with additive connection
(OASAC) with virtual supply (OASACVS) [10]. For this purpose, the middle point of the bipolar supply of
each following OA is connected to the output of the previous one. As a result, the supply middle point of the
following OA hasn’t got any galvanic connection to the general grounding bus. There are several OASACVS
schemes. The scheme with interconnected feedback was supposed to be universal for different types of cali-
brators. Its advantages: the input impedance does not depend on the number of OA and set by the input resis-
tor. This allows you to set its value in the desired range and get a high input resistance value. At the expense
of the serially connected feedback (FB) resistors, the diffused by them the power and consumed by the am-
plifier is not significant and is determined by the output load. The general amplification factor is equal to the
sum of amplification factors of separate OA and the output voltage when operating on alternating current
voltage is equal to the geometric sum of each OA. The disadvantage is that the output voltage module
OASAC is less than the sum of the output voltage modules of each OA in the presence of phase shifts in
them. Therefore, it is desirable to select the OP with the highest voltage supply, the maximum slew rate of
the signal to reduce their amount.

In [10] investigated OASACVS in the ranges from 0 to 30 MHz to 30 V, 0 to 1 MHz to 100 V, 0 to
0.1 MHz to 1000 V. In order to create a HVMA run in ranges: up to 400 kHz, output voltage U,,, 0 - 500
Vrms , it is necessary to conduct research and selection of HVAC circuits in the given ranges.

To solve the problem, obtaining the output voltage U,,, 500 V RMS and frequency up to 400 kHz it
is necessary to choose the optimal HVOP, their number ~,, and research the computer model of implementa-
tion in the circuit simulator NI Multisim [11]. The indicated criteria suit to OP 98 or RA85 (different type of
package). Its characteristics are given in Table 1.

Table 1
Model Gain Bandwidth Power Slew Rate, Supply Voltage, Output Volt- Output
Product, Bandwidth, V/uS A% age, Uy, Current,
MHz kHz \% A
PAS85 (PA9R) 100 500 1000 +225 +215 0,2
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Necessary number of HVOPs rounded up to a larger whole number:
U,, 50042
N, ~—"=———~=4.
U 215

op

Accordingly, the investigated principle scheme with interconnected feedback bundles on four OA A1l

- A4 is shown in Fig. 2, where: C1 — C3 are the capacitive component of isolated DC power V1 — V8, resis-
tors: R1 is the input, R2 — RS are the feedback (FB), R6 — R9 are the current limiters, R10 — R13 are the sup-
porting, XFG1 is the generator, XSC1 is the oscilloscope, XBP1 is the meter of phase-frequency characteris-
tic (PFC), XMM1 is the RMS voltmeter. Using the generator XFG1 the amplitude and frequency of the input
signal were set. The output signal was observed by the oscilloscope XSC1. The measurement of the PFC was
carried out by the XBP1 device and the RSM voltage was measured by the XMM1 voltmeter, C;is the boost-
ing capacity.
R

2

2 R3 R4 R5 xsc1
Y (< T R6 10k0  R7 100 R8 10k0  R9 %
; Ext Trig|
3 g
# o il . i R13 i Fr
! A1 R11 A2 R12 A3 A4 T
R10 1 100k0 i 100kQ) - 1D . ¥BP1
R1 i : = = i e
1k 100kQ| LT | | pags T | _|pass T | _|pass T | _|pass N ouT
T o AL | v v v Lvs 1 ve BR | ve T
—— | =225v —225 =5V —225v —a5v  —a225v sy —2sv |
¥ oM = X2
1
== c1 c2 c3 7
=22pF =—=22pF =—=22pF -
Fig. 2
The overall gain of the amplifier (Fig. 2) according to [10] will be:
N,y +1
k= Snin. G)
2

where r; is the resistance of resistors FB, r; is the resistance of the input resistor.
Also known

k = Uour /Uin 2 (4)
where U,, is the input voltage. When R1=R2=...R5=r =r; the resistance values of resistors FB:
U,. "
y= out "1 . (5)
Uin ’ Nop

For the input sinusoidal voltage of equal to 12.73 V RMS and the output is 500 V, the input resis-
tance R1 = 1 kQ applying (5) we have the following value of resistors FB 9.82 kQ which was rounded to the
standard value of 10 kQ.

Table 2 The work of the scheme was investigated at different fre-
Ne | s @, deg. quencies and amplitudes of the input signal. The analysis of the
PF [ 41,7kHz 400 kHz scheme shows that the amplifier introduces a phase shift of 2.441

1 | No | 179,746 177,559 degrees at 400 kHz, which is extremely a lot for metrological pur-

2 | 10 | 179,897 179,009 poses. As a result of the scheme’s analysis it was found that the

i }2 i;gaggg };Zagg largest phase shift is caused by the first stage of the circuit. It was
5120 T 179955 | Oseillations decided to try compensating the lagging phase shift by means

of forcing capacitor C; (isn't shown in Fig. 2) bypassing the input
resistor R1. The obtained data are given in Table 2.

As a result of the research the optimum value of the forcing capacitance is 18 pF was established.
Further increase of capacitance leads to reduce the effect of compensation at frequencies of tens of kHz and
causes excitation at frequencies of hundreds of kHz. Unfortunately, the final phase shift at 0,163° at 400 kHz
is not acceptable for stationary calibrators and metrological equipment. In addition, with this value of the
boosting capacity the circuit has insufficient stability when the calculated input voltage is applied with maxi-
mum frequency and can only work with a smooth increase in the input voltage. However, given its low
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power consumption, it is advisable to use it in portable calibrators, because they require a precision for the
reproduction of the phase shift voltage much less than in the stationary. The use of a Cf capacity of 10 pF
will result in a phase shift of less than 1 © and will provide a stable work of the circuit.

U Fig. 3 shows how the direction of the directional vector U .

voltage of the successive HVMA changes with respect to the input
voltage vector. The output voltage vector consists of the sum of volt-

age vectors U1 , l?z - Ui after each cascade. In the case of an in-

crease in cascades of the amplifier to » in order to increase its output
voltage the phase shift angle of the vector of the output voltage in
relation to the input voltage vector can reach several tens of degrees.
Fig. 3 It's due to the summation of the phase shifts ¢; and each of the suc-
cessively included cascades of the amplifier and is inadmissible for

the creation of precision HVMA. On a complex plane, the vector of the output voltage will be:

U,=>Ue™. (6)
i=1
If all amplifiers are the same, namely U; = U, ¢ = ip, then
n-1
U,=Ue”) e". (7)

i=0

As can be seen from (7), the total phase shift angle of the signal vector at the output of the amplifier
(Fig. 2) in relation to the vector of input signal depends on the number of stages and can reach the value at
which self-oscillation occurs. The authors decided to investigate the OASACVS scheme with independent
feedback [10] for each of the virtually connected OA (Fig. 4), the vector of the output signal which is de-
scribed by the formula

U, =nUe"”, (8)

where ¢ is the phase shift angle of each of the vectors of the output signals of the amplifier stages. Since the ad-
justment of the angle of each stage of the amplifier does not affect the phase shift angle of the other stages, it can
be reduced to zero, so the self-excitation does not depend on the number of stages, as follows from formula (7).

The disadvantages of this scheme are that the input impedance of the high-voltage amplifier de-
creases, which is equal parallel connection all of R1.i that is it decreases n times. Currents through the input
resistors of each OP will be the same if identical HVOP. This will increase the total power that should be
diffused on the circuit board where the HVMA is located, which is not critical to stationary equipment.
Where the resistors R1.1 have the same value and the resistors R2.1, R3.1, R4.1, R5.1 have the same value for
unification and the creation of uniformly distributed mounting reactivity. Capacitors C1.i shunt resistors R1.i

and create a phase forward shift which should compensate reduction of the amplitude-frequency characteris-
tic of each the OA.

R1.4 R2.4 R3.4 R4.4 RS5.4

ﬂ_l %% AW AWV \ XSC1
C1.4
R1.3 R2.3 R3.3 R4.3 ExtTig

A AN —
o] — 3
o e
R1.2 R2.2 R3.2 I
R2.1
C1.2 D — XBPL
o ——\W— N
R1.1 R6 R RS R N our
‘f  AM— 4 \OJ\N w + 3
A1 A2 J
c1.1
I E—— R12
XFG1 ;;A ‘ |1 s ’ R13 XML
A R
Mg | ~ =|PA8s o ~| =|PA85 -
t V1 1 vz v3 1 va | ve | ve ||
?nsv —225v — 225V —225V — 225V — 225V — 225V — 225V
: I
T T T
Fig. 4
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Table 3 Titles, functions and values of the elements in Fig. 4 co-

Ne | Cli, @, deg incide with Fig. 2. The values of resistors R1.i are 1 kQ, the val-

pF 41,75 kHz 400 kHz ues of resistors R2.1, R3.1, R4.1, R5.1 are 10 kQ. The values of
1 No 179,637 176,500 the capacitor C1 changed in accordance with Table 3. There are
2 10 179,787 177,956 presents the results of investigations of the effect of the forcing
3 20 179,937 179,397 capacitor vessels on the phase shift of the signal. During the re-
4 22 179,998 179,973 search of the OASACVS scheme with independent feedback it
5 25 signal distortion was found that the compensation of the phase shift is more effi-

ciently, the optimal value of the forming capacities is 22 pF. Its further increase leads to a distortion of the
signal throughout the frequency range. The final phase shift equal 0.027 © at 400 kHz is acceptable for preci-
sion equipment. The scheme is not subject to oscillations at any permissible values of the input signal and the
load re51stance in the frequency range of 0 — 400 kHz. Given its increased power con-

> ' sumption, recommended to use it in a stationary calibrator and
metrological installation, where the requirements for the accu-
racy of the reproduction phase shift voltage are much tougher
than the portable ones.

Based on the research of the computer model of the
amplifier with independent feedback, its physical model was
created and studied. Tests of the physical model were per-
formed in the same frequency and dynamic ranges.

The obtained characteristics of the physical model fully

(i TT.'-HI!HIIII".?.IIIH“'-.‘;‘.'!‘nt Tl

confirmed the results of computer model research. The photo
of the experimental sample OASACVS created according to the scheme of the computer model of the
HVMA (Fig. 4), is shown in Fig. 5. An attempt to increase the number of stages in computer and physical
models causes distortion and oscillations of the output signal of the amplifier. Thus, the optimal number of
amplifier stages with independent feedback was found.

Conclusions.

1. For the first time, using computer simulation the number of amplification stages and values of ca-
pacitances of boosting capacitors are optimized, which do not lead to self-oscillation of the circuit and distor-
tion of the sinusoidal signal in the whole range of frequencies and loads of the amplifier.

2. For the first time, the adequacy of the computer model of the amplifier was confirmed by experi-
mental studies of its physical model, which allows to avoid further material costs and time spent on the crea-
tion and study of physical models of such devices.

3. According to the results of theoretical and experimental studies conducted in the work, for the first
time in world practice created a broadband, high voltage measuring amplifier used in voltage calibrators,
with operating frequency ranges 0 - 400 kHz, output voltages 0 - 500 V and phase shift angle 1° and 0.027°,
respectively.
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A0 75-PIYY51 YWIEHA-KOPECIIOHAEHTA HAH YKPAIHH
PO30BA BOJIOAUMUPA IOPIMOBHYA

7

26 mucromama 2020 poKy BHITOBHIOETBHCS 75 POKIB 3 JHS HapokeHHS Ta 50 poOKiB HayKOBOI
JISUTHOCTI BiIOMOMY BYEHOMY Y Taily3i €NEeKTPOTEXHIKH Ta eJIEKTPOSHEPTeTHKH, AUPEKTopy JlepxkaBHOI
ycTaHoBU «lHCTUTYT TexHiuHUX mpobiem MarHetusmMy HAH VYkpaiam», 3aBimyBady Binminmy ¢Gi3uku i
TEXHIKM MarHITHHX SIBHII, TOKTOPY TEXHIYHHX HAyK, mpodecopy, WieHy-kopecronaeaty HAH Yxpainu
Po3zoBy Bonoaumupy HOpiiioBuuy.

[Micnsa 3akindenHs y 1968 p. enekTpoeHepreTHUHOro (akynpTeTy XapKiBCBKOTO MOJITEXHIYHOTO
iHCTUTYTY mparoBaB y HJ/[I XapkiBChbKOTO eleKTpOMeXaHIdHOTO 3aBomy. 3 1976 p. momambia TpyaoBa
misutbHICTE 1 JkuTTeBa Joisi B.HO. Po3oBa Hepo3puBHO moB’si3aHi 3  XapKiBCBKUM  BiIUICHHSAM
BH/AIEnexktpomexaniku — TOJNOBHOI HaykoBoi ycTaHoBu B KonumHboMy CPCP 31 cTBOpeHHs
«MaJIOMarHiTHOro» KOpaOeIbHOTO €IEeKTPOOOIagHaHHs, A€ BiH MPOMIIOB HIISAX Bif CTapLIOrO HAYKOBOTO
criBpobiTaHKa (1976 p.) mo mupexrtopa (3 1988 p.). ¥ 1992 p. ycranoBy mix kepisauntsoM B.IO. Po3ora
Oyino BKJIIOUEHO 1O AkazeMii Hayk YKpalHM 1 peopraHizoBaHo y BinnmineHHs marHetusmy I[HCTHTYTY
enekTpoanHaMiky, a y 2013 p., 3aBOSKM PO3BUTKY KagpOBOIO IOTEHIIaldy, €KCIEpUMEHTaIbHOI 0Oasu i
HAyKOBOI TEMAaTHKH Ta 3a0e3lEUeHHI0 CBITOBOTO pIiBHI HAYKOBHX JOCT/DKCHb 3 BHPIIICHHS
(hyHIaMEeHTabHHUX MPOOJIeM MarHeTU3My TEXHIYHUX 00’ €KTiB, IIEPETBOPEHO B IHCTUTYT TEXHIYHHUX MPOOIEM
maraetusmy HAH Vkpainu.

HayxoBy mismpHicT Po3oB B.IO. posmouaB y 1971 pomi 3 gociimkeHb METOIIB YIIPaBIIiHHS
TUPUCTOPHUMH TIEPETBOPIOBaYaMHU. Pe3ynbraTi MUX JOCIIIKEHb BIPOBAHKEHO i/l YaCc CTBOPEHHS CHUCTEM
YIpaBIiHHS JKepenaMH >KUBJIeHHS TepMmosaepHoi ycraHoBkH « TOKAMAK-10», Bonu ckmanu HayKoBY
OCHOBY pO3pOOKH HaIiBIPOBITHHKOBHUX MEPETBOPIOBAUIB CUCTEM pPO3MarHiuyBaHHs kopabiis BM® Ta iioro
KaHIUIATCHKOI JUCEepPTAaIlii.

3 1988 poky naykoBa misutbHicTh B.HO. Po3oBa moB’si3aHa 3 BUpINIEHHSM NPOOJIEM YIIPaBIiHHS
MarHiTHiM nosieM. [lig Horo HayKOBHM KEpiBHHLTBOM CTBOPEHO HAyKOBI OCHOBH YNpPaBIIiHHS MarHiTHIM
moJieM KopaOJTiB, TPaHCIIOPTHUX 3ac00iB, KOCMIYHUX amapaTiB. Pe3ynmpTaTi mux poOIT Jaid 3MOTY BIIEpIIe
CTBOPUTH BITUM3HSHHUA KOMIUIEKC MAarHITHOTO 3axucTy KopabmiB mpotuminHoi oboponm (ITAT «UUKB
«Ixyna», M. KuiB), po3poOuTH Ta BIPOBaAUTH y cepiliHe BUPOOHUITBO CEPil0 YHIKAIBHUX IEPETBOPIOBAUIB
JUTS JKUBJIGHHS CUCTeM po3MmarHiuyBaHHS kopabniB (BAT «3aBog «lleperBoproBau», M. 3amopizkxs),
PO3pOOUTH OCHOBHI €JIEMEHTH MarHiTHHUX CHCTEM YIPAaBIIiHHS BITYH3HAHUX KocMmigaux amapatTiB (111 «Kb
«IliBoenne», M. JIHINpOMeTPOBCHK). 3a3HaueHi pOOOTH CKJIaJIH OCHOBY JOKTOPCHKOI AucepTarii.
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3 2002 p. HaykoBy misutbHicTE PozoBa B.IO. Oymo cmpsmoBano Ha Oe3mocepenHe BUpIIIEHHS
TEXHIYHUX MPoOJIeM MarHeTu3My. Hum y3araabHEHO TEOpiro MarHETU3MY Pi3HHX KJIACIB TEXHIYHHUX 00’ €KTIB
(xopabmiB, OpoHETEXHiKH, TPyOONPOBOAIB, KOCMIUHUX amapaTiB, €JEKTPOCHEPreTUYHOrO OOJagHaHHS Ta
€JIEKTPOMEPE’K) Ta 3aII0YaTKOBAHO HOBHH HAYKOBHH HAIlPAM — «MarHeTH3M TEXHIYHUX 00 €KTIB», CTBOPEHO
OJTHOMMEHHY HAyKOBY IIKONY, NI¢ TMiATOTOBIEHO 2 TOKTOPW Ta 7 KaHIWUIATIB TeXHIYHUX HayK. OTpuMaHO
NPUHIIMIIOBO HOBI pE3yJIbTATH CBITOBOTO PiBHSI, KK OMyOuikoBaHo y 170 HayKOBUX Mpalsix Ta BIPOBAIKEHO
B O0OpPOHHY 1 KOCMIiYHY Taiy3i, MaliBHO-CHEPreTHYHHN KOMIUIEKC Ta MEIWYHY eKoJoTito. BoHu ckiamu
HAayKOBY OCHOBY TEXHOJIOTIH BHPOOHHUIITBA KOPAOETHHOTO EIICKTPOOOTIaHAHHS B «MAJOMAarHITHOMY»
BUKOHAaHHI Ta TPOMHUCIOBHX TEXHOJIOTiH 3 3a0e3leveHHs] MAarHiTHUX XapaKTePHCTHK BITUYMIHIHUX
KocMiyHMX amapatiB Mikpon, CIU-2, EgyptSat-1, po3pobok MeToniB Ta 3aco0iB 3MEHIIEHHS 30BHILIHBOTO
MAarHiTHOTO MOJIs €JIEKTPOECHEPTETHYHUX 00’ €KTIB 3 METOIO 3aXUCTY HACEJICHHS BiJ HOTO HETaTUBHOI Iii.

Ilin xepiBammTBoM B.}O. Po3oBa 3a0e3redeHO CYTTEBHH PO3BHTOK KaJpPOBOTO TIOTEHITIATY Ta
JOCHiHOT 0a3H yCTaHOBH, IO CKJIANO OCHOBY 3aiJsl ii meperBopeHHs y 2013 poui B akageMiYHUN iHCTUTYT.
ExcniepuMeHnTanbHa 0a3a iHCTUTYTY — HOTO YHIKJIBHMHM MarHiTOIAMHAMIYHAN KOMILIEKC — CTaB HAyYKOBUM
00’€KTOM HAITIOHAJIILHOTO HaJ0aHHs 1 3apa3 3a0e3leduye CBITOBHH PIiBEHb (PYHIAMEHTAIBHUX TOCIIHKCHB
MarHeTU3My TEXHIYHUX O0’€KTIB Ta € CKJIaJ0BOK YaCTHHOK IPOMHUCIIOBOI TEXHOJOrIl 3a0e3rmeueHHs
MAarHiTHAX XapakTePUCTUK BITYU3HAHUX KOCMIYHHX arapaTis.

CporosiHi Tl HAayKOBUM KEpIBHHUITBOM i 3a Oe3mocepenHboi ydacti Bomommmupa FOpiiioBuua
TPUBAIOTh JTOCTIJKCHHS, CIIPSIMOBAHI Ha MOAANBIINHA PO3BUTOK HAYKOBHUX OCHOB MAarHeTH3My TEXHIYHHX
00’€KTiB, BUpIIIEHHS MPOOJeM MAarHiTHOTO KepyBaHHA OpOITalbHUMH KOCMIYHMMHK amapaTtaMu, Mmpooiem
3MEHILIEHHS €IeKTPOMArHiTHOrO BIUIMBY 00’ €KTIB €IEKTPOCHEPTeTHKY Ha JIOAMHY Ta JOBKIJIS.

Konexmue Incmumymy enexmpoounamixu HAH Ykpainu ma pedaxyis socypuany « Texuiuna
enekmpoouHamixay cepoeuno gimaiomos Bonooumupa FOpitioguya 3 108ineem ma oasicaromos MiyHo20
300p08 51, b1a2oNoYHYs, 0082UX POKI6 NILOHOI HAYKOBOI Npayl, HOBUX MEOPYUX VYCNIXIE.
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HAM’ATI IT'OPSA BOJIOJAUMHUPOBHUYA INEHTEI'OBA

3 ruOOKMM CYyMOM CITOBIIIIAEMO HAIMX YUTadiB, mo 29
BepecHs 2020 p. Ha 89-My pomi mimoB 3 KUTTA Irop
Bonogumuposuu [lenteros, Bimomuii BYeHUM, podecop, JTOKTOP
TeXHIYHMX HayK, BU3HAHWK (QaxiBellb B Taly3i TEOPETHIHOL
CJIEKTPOTEXHIKH, SIEKTPUYHUX MAIMH Ta €IeKTPO3BAPIOBAHHSI.

I.B TlenteroB HapommBcs B MicTi HanmexmiHchk (Termep

CepoB) Ha Ypami 29 motoro 1932 p. ¥V 1950 p. BiH BcTynmuB Ha
eJIKTpOMeXaHidHuil  (paKyapTeT MOCKOBCHKOTO E€HEPreTHYHOIO
IHCTUTYTY, SIKUH 3aKiHYMB 3 Big3Hakoio y 1956 p. i OyB Hampas-
JeHWH Ha HalOUIbIle B KpaiHi pakeToOyIiBHE MiIMPUEMCTBO
«[liBgennnit MmammHOOyMiBHMIA 3aBo1». Came Ha «lliBaeHMAIi» BiH
pO3IOYaB HAYKOBY 1 BWHAXiJHUIBKY MisUIGHICTH 1 OTpHMaB CBii
MepIINHA MAaTeHT 3 KOHAEHCATOPHOro 3BaproBaHHA. 3 1960 mo 1963
pix [.B. IlenTeroB HaBuaBcs B acmipaHTypi IHCTHTYTY eneKTpo-
TexHiku (HUHI [HCTHTYT enekrpomunamikn HAH VYkpainm), me y
1963 pori 3aXUCTUB KaHIWJATCHKY JHUCEpPTAIliio0 «JloCHimKeHHS
CJICKTPOMArHiTHUX NPOLECiB B KOHACHCATOPHUX 3BaploBajibHUX MamuHax». [lomanema i#oro TpyzoBa
IUSUTBHICTE BimOyBayacs B IHCTUTYTI enekTpo3BaproBanfs iM. €.0. [laToHa mig kepiBHUIITBOM akaaeMika B.K.
JleGenera, fe BiH micis 3axucty y 1974 poini 1okTopchkoi aucepraitii «OCHOBH TEOpii 3apsIHUX Kill EMHICHUX
HAKOITMYYBadiB €HEPTi» OYONIMB BIJALT EJIEKTPOMATHITHUX TIIPOLECIB B JDKEpPENaX J>KUBICHHS EJIEeKTPO-
3BaproBasIbHOI amapatypu. Y 1983 pormi [.B. I[lenteroB orpmmaB 3BaHHS mpodecopa, a y 1985 pomi OyB
ynoctoenuit [Ipemii Pagu MinictpiB CPCP 3a po3poOKy Teopii eleKTpOMarHiTHUX €KpaHiB ISl 3aXUCTy
OIIepaTopiB MPH palioYaCTOTHOMY 3BaplOBaHHI TPYO.

[Ipodecop I.B.IlenTeros qomircs BUAATHUX YCIIXiB Y pO3pOOIIi JKepen KUBICHHS aKyMyIJIbOBaHOIO
EHEpri€ro, araparypu JUis IyrOBOTO 1 KOHTAKTHOTO 3BAPIOBAHHS, Y TOMY YHCJI1 JIJIs 3BapIOBAHHS AJFOMIHIFO 1
HOTO CIUIaBiB, 1110 HE MAlOTh CBITOBUX aHAJIOTiB. 3alpOIIOHOBaHa HUM MOJIENb JUHAMIYHOI JYTH y3araibHIOE
BCi Biomi Mozeni i BimoOpakae CBITOBWIA piBeHb y il oOmacTi. BiH po3poOuB OpHTiHANBHUN aaroOpuTM
TIOIIYKY KPHUTEPiiB MOMIOHOCTI (DI3MYHHUX TIPOIECIB B EIEKTPOTEPMIUHUX YCTAaHOBKAX, PO3BHHYB TEOPIIO
CKiH-e(eKTy B (DEpOMAarHiTHUX TijaX Ta TEOPIO IEKTPOMArHITHUX €KPaHiB.

['mubokuii aHami3 OpPOLECiB y BUCOKOYACTOTHUX BHCOKOBOJIFTHHX EJIEKTPUYHHMX Kojax (T.3B.
«TECIBCHKUX TIporeciBy) mo3BoiuB [.B.IleHTeroBy Bmepine HaykoBO OOTpyHTyBaTH (DEHOMEH Iepenadi
eHeprii Mo oJHOMY IMpPOBOJY, KW HE MimgaBaBcs NoscHeHHIO mpotsroM 100 pokiB. Bin Bmepmie Takox
OMKCAaB SBUIIE AETEPMiHOBAHOTO Xa0Cy B KOJaX 3 €NEKTPUIHOIO AYTOIO0.

[.B.IlenteroB miigHO cHiBOpalfoBaB 3 HAYKOBLSIMH [HCTUTYTY €NEKTpOAMHAMIKU HaJ BUPIILIECHHIM
mpoOJIeM TiABUINEHHS SIKOCTI €Heprii B Mepexkax eJIeKTPOIOCTAaYaHHs, PO3POOKOI0 METOIB PO3PaXyHKY
PEaKTopiB, CHUIOBHX Ta 3BapIOBAIBHUX TpaHCc(OpPMATOpiB, BTOPUHHUX JKEpeNl eNeKTpOXHUBIeHHA. Huzka
cTaTel mo mid TeMaTHIi omyOJiikoBaHa B XKypHam «TexHiuHa eneKkTpoauHaMika». BiH mpoTsrom 6arathox
pOKiB OyB wieHOM crertianizoBanoi BueHoi panu IEJ]] HAH Vkpaiau mo 3aXucTy JOKTOPCHKHX AMCEPTAIlii 1
3aram’sITaBCs SIK MPUHIMITOBUH 1 BOAHOYAC JOOPO3UWIMBUI €KCIIEPT IiJT Yac OLIHKI POOIT, 0 3aXHIAINCh.

[Ipodecop I1.B.IlenTeroB 3aBxau BiIpi3HABCS HEOPAWHAPDHHM MHCIEHHSM, OYB HEBHYEPIHUM
TeHepaTOpOM HAayKOBHX ileli, OaraTto 3 AKkuX OyJ0o MiAXOIDIeHO 1 peamizoBaHo #oro yuHsamu. [lin ioro
KEPIBHUIITBOM ITiArOTOBJICHO 18 KaHIUAATIB 1 2 TOKTOPIB TEXHIYHUX HAYK.

3a cBoe HaykoBe xutrTs [.B. IlenteroB omyOiikyBaB moHan 420 HaykoBHX poOiT, 3 sKHX 3
MoHorpadii, moHax 260 HaykoBux crareii i 160 aBTOPCHKUX CBIJOLTB Ta MaTEHTIB.

Csimay nam’smo wo0o uyy0080i MOOUHU, BYEHO20 | 6UUMENs HA3A8ICOU 30epedcymb mi, KoMy
006enocs bymu 3HatloMum ma nowjacmuno npayrogamu 3 leopem Bonooumuposuuem I[lenmezosum.
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IMOKAXYHMK CTATEM 3A 2020 pix

TeopeTuuHa eJIeKTPOTeXHiKa Ta ejeKkTpodizuka

BATUI'IH 10.B., LIMHAEPYK C.O., YAIUJIUT'TH €.0., EPbOMIHA O.®. EnekrpomarHitHi

MPOIIECH B TUTOCKIHM KPYTOBi CHCTEMI 3 IHIYKTOPOM Mi’K TOHKUMH KOTYIIKAMH O1DUIAPA ...oovvveneieiieiieieeie e, 4
BEPEKA B.O., BOXKO L.B., BPYXE3ULbKUI B.O., TAPAH 5.0., TPOLIEHKO €.A. MozentoBasHs
CIIEKTPUYHOTO TIOJIS B SJICKTPOIHIN CHCTEMI JIsl CTBOPEHHSI IMIIYJIBCHOTO Oap’€pHOTO PO3PSIIY

B aTMOC(EPHOMY TIOBITPI1 32 MPUCYTHOCTI BOJU B KPATTHHHO-TITTIBKOBOMY CTAHI ...vveeuveeereenieenreenreenresnesnnessnensnennns 2
BACEIBKHI1 FO.M. CriporieHa MaTeMaTudHa MO/ b TPUBHMIPHOTO €IEKTPOMATHITHOTO OIS

JIOBUTBHOI CUCTEMHU CTPYMiB MOOTHU3Y EIEKTPOIIPOBIITHOTO TUIA ...vveererurerureruteriteeiteesteeutesatesatesesesnsesasesasesasesnsessenns 3
BACEILBKMIA F0.M., KOHJPATEHKO LII. EnexrpomarsiTHe mosne iHyKTOPiB 1Isl IOKAIEHOTO
CIIEKTPOIMITYJIECHOTO BILUTUBY HA METATEBI BHPOOH .....cuvitieieitenietietieitetesteeteententestesseenteneessesseeneensesneeseeneesseeneeneenes 4
KOJIYIIKO A.I'., ICTOMIH O.€., PYAEHKO C.C. MaTeMaTn4Ha MOJC/Ib JJIT BU3HAUCHHS

30HH 3aXHCTY Y pa3i HOBUIBHOI KOH(Irypamii po3TanryBaHHs CTPHKHBOBHUX ONMCKABKOBIIBOIB. .....eevenveveeveenene 1
KYYEPSBA 1.M. EkpanyBaHHs MarHiTHOTO TIOJIS IMiI3€MHOT KaOeJIbHOT JIiHIT 32 I0TIOMOT 010

H-TIOMIOHOTO CKPAHA ... eeeuvveeiiieiiierrieeieeetteetteesteesereessseessseeassesassseassssassseessseessseessseesssesassseessssesssseessseessseenssesnnsenan 6
MUXAMJIIOB B.M. Po3paxyHok IpodiliB CONEHOINIB /I OTPUMAHHS CHIIBHHX iMITYJTbCHUX

MAarHITHUX TIOJIB 13 38JJAHUM PO3ITOITIOM HA OCI..uvievietrereerieeueesreesresseesssesseesssesssesseesseesseesseesseesssesseesssesssesssesseenses 4
IIEPECAJIA C.M., 3AMUYEHKO I0.M., [INKOB B.M. CeleKTHBHICTb OLIIHIOBAHHS BUIIUX TAPMOHIK

CTPYMY TPHBDAZHOT MEPEIKI ... .uveuveeuteeuieeuieeiteeiteeteeuteeiteeitesetesutesatesutesatesstesaeesatesstesaeesaeesatesstesbeesaeesstesaeesatesatesseesneenaes 5
CET'EJJA M.C., HEPEMHUX €.B., TOI'OJIIOK I1.®., MA3VYP T.A., BJIN3HAK 10O.B.

MaremaTnyHa MOJIENb XBUIBOBHX MPOIIECIB Y ABOOOMOTKOBUX TPAHCHOPMATOPAX ...enververrraneeneeeenseeneeneesseeneeneens 6
CMMPHUU M.®., [TOJIUB’ STHUVYK A I1. MaruitoMeTpHuHi nepeTBopioBadi iHpopMaiitHux

MPUCTPOTB KEPYBAHHS PYXOMUMHU 00 EKTAME .....eeuvieureenterntertesnresseesstesstesseesseesseesseesseesseesseesseesseesseesseesssesssesssesssesnes 2
IIEPBA A.A., IIOAOJIBLIEB O.[1., KYUEPSBA 1.M. JocmipkeHHs MAarHITHOI'O OIS CUIIOBUX KaOelliB,
HPOKJIQJICHHUX Y MOJIIETUICHOBUX TPY0aX 3 MATHITHUMHU BIIACTUBOCTSIMHE «.....couvenrereemeenrennenneeneensensenmeenensenseseenens 3
BOLYUKH V.F. Effect of electric conducting element on indicators of linear pulse electromechanical

CONVETLET INAUCTION TP ..eeuvreiieiietieiiieteeteeteeeteeteeteeteetesteeteeseeestesseesseesseesssesseesseessaesseesssesssesssesssesssesssesssesssenses 3
GRINCHENKO V.S., TKACHENKO 0.0. Mitigation of overhead line magnetic field by grid shield

with electrically Separated SECLIONS ........c.eeiuieriieriieiiete ettt ettt ettt et et eeeteseteeatesatesateeeteenteenteenseenseensesnseens 5
KUZNETSOV B.I., NIKITINA T.B., BOVDUI I.V. Active shielding of magnetic field of overhead

power line with phase conductors of triangle arran@emeENt............ccoecvieevieciieciieciieie e eieete e ereereereeaeeseeseeseens 4
KUZNETSOV BL.I, NIKITINA T.B., BOVDUI 1.V. Multiobjective synthesis of two degree

of freedom nonlinear robust control by discrete continUOUS Plant ...........cceeeveeeieeiiiriieeiienie et 5

SUPRUNOVSKA N.I., SHCHERBA M.A., MYKHAILENKO V.V., PERETYATKO Yu.V.

Transients at changing the configuration of the discharge circuit of the capacitor of semiconductor

electrical discharge installations with an electro-spark 10ad ............cccovviiriiiiiiiiiiii e 2
SUPRUNOVSKA N.I., SHCHERBA M.A., PERETYATKO Yu.V., ROZISKULOV S.S. Decrease

of transients duration and improvement of dynamic characteristics of electrical discharge installations by

changing the structure of their diSCharge CITCUIL .......c.eevuirriiiieeie ettt sttt 4
ZAGIRNYAK M.V. Determination of the ponderomotive magnetic force when calculating
the field by the conformal transformation Method............ccciiiiiiiiiiiiiiic e e 3

ITepeTBopeHHsI MapaMeTpiB eJIEKTPUYHOI eHeprii

APTEMEHKO M.IO., KYTA®IH 0.B., MUXAJIbCbKHI B.M., ITOJIIIYK C.J., YOITHK B.B.,
IATIOBAJI I.A. EHeproedekTrBHI cTpaTeTii CHIIOBOT akTUBHOT (QinbTpariii, o 0a3yrThCs Ha ONTUMAIBHUX

JEKOMIIO3HUIIISIX CTPYMIB HABAHTAKEHHS TA BIIIOBITHUX TOTYKHOCTEH BTPAT ..cuveveereeneeverreeneeieseesseeneaneesseeneeneens 3
BOJIKOB U.B., IIOAOJIBHBIN C.B. UMnynbsCHBIN pe30HaHCHBIN IpeoOpa3oBaTeib HOCTOSTHHOTO
HANPSOKCHUS C JIO3UPOBAHHBIM OTOOPOM U MEPEHAUCH THEPTHH L. ....c.eveerererereeeaeterneeseeeneeesseesseesseesseesseesseesseesseesseennes 1

['VPIH B.K., ITABJIOBCHKHI1 B.O., FOPYEHKO O.M. Oco61uBOCTi BUMipIOBaHHS Ta epeKTHBHOTO
OPUTIYMIICHHS HAPYTH KOHIYKTUBHUX €JICKTPOMArHITHUX 3aBaJl BiJl TPA3UCTOPHUX MEPETBOPIOBAUIB
HATIDYTH - et eutte ettt enuteesuteesateesaueesabteeabeeesabeesabeeeabteeaaseesabeesabeeeabe e e beeeehbeesabeeeabeeeabe e e bt e e eabeeeab bt e nabeesabeeeabeeenbaeenateesaraean 6
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I'VIIAJIIOK B.4., FOPYEHKO O.M., 3YBKOB I.C. Cucrema aBTOMaTHYHOTO IT1ICTPOIOBAHHS

YaCTOTH IHBEPTOPIB YCTAHOBOK iHAYKIIIHHOTO HATPIBAHHS 3 MOAYJISIIEIO MITBHOCTI IMITYIIBCIB ..cvvenvenveeeenrenenne 5
JKAPKIH A.®., HOBCHKMI B.O., BAITAJJMHYYK O.I1., MAPTUHOB B.B. Oco6muBocri

OOYZAOBY JBOHANPIMIICHUAX 3apSIHHAX MEPETBOPIOBAIB IS peatli3alii KOHIEMIii JBOCTOPOHHBOTO
EHEePreTUYHOT0 O0MiHY «vehicle —to —gridy» y pa3i MiAKIIOUEHHS eIeKTPOMOOITEHOTO TPaHCTIOPTY

J1O €JICKTPUYHOT MEPEIK] 3ATaNBHOTO MPHBHATCHHS «..ooorvuirtnisrisnse sttt e 5
JIMTIKIBCBKHMU K.O., MOXXAPOBCBKHU A.I'. Oprasi3ariist BOJBTOI0IaBYOTO KaHATY B CTPYKTYpi
B1JIHOBJIFOBAHOTO JKEPEIIA CHEPTIT MOCTIHOTO CTPYMY ..veervvrererierereesreeesreessseessseesseesssessssseessseessseessssesssssesssessssens 5

JIMIIKIBCBKHI K.O., MOXXAPOBCBHKUI A.I'. Oco6aMBOCTI CEKIiOHYBaHHS 0OBUTKH TPAc(OPMyOUOro
elieMeHTa TpaHc(hOPMATOPHO-KIFOYOBOI BUKOHABYOI CTPYKTYPH Y BOJIBTOI0IABYOMY KaHAI CHCTEMHU

JKUBJICHHS TIOCTIHHOTO CTPYMY ...vvveeuvveesereesereessseessseessseessseesseesssssssssessssessssessssessssssnsssessssessssesssessnsssensseessssesssesssseeas 6
MUCAK T.B., MUXAJIbCbKNH B.M. ®opmyBaHHs KOMIIEHCALIHHOTO CTPyMYy TpU(a3HOTO MapagelbHOTO
AKTUBHOTO (iJIbTPa 32 JJOTIOMOTOI0 PIZHOTEMIOBUX KOB3HHX PEKUMIB ....eecvveeerererererenneenresseeseesssesseessessnesseenseenses 4

CIIIPIH B.M., T'YBAPEBUY B.M., MAPYHS 10.B., CAJIKO C.B. SIkicHi XxapakTepuCTHKHU 0 JHO(PA3HOTO
MOCTOBOTO BHIIPSIMJISIYA 3 AKTUBHUM HABAHTAXCHHSIM Ta €MHICHUM (DLTBTPOM y pasi XKUBJICHHS BiJ JKeperna

CTPYMY cenntteeneteeiteesiteeeeteetteeieeesiteesneesneeenee TP 2
CIIIPIH B.M., T'YBAPEBUY B.M., ITOJEUKO I1.I1., MAPYHJI 10.B. OnTumi3aliis eJ1eMEHTIB

AKTUBHOTO KOpEKTOpa GopMH CTPyMY y CKIai TiOpuaHOro GijabTpy alropuTMOM MEPEKIIOYCHHS

TPAHBUCTOPIB THBEPTODA. ..eeuvreuveenreerreeseeseeseesseensessseassesssesssesssesssesssesssesssesssesnsesssesssesssesssesssssssesssesssesssesssesssesssesssenns 6
TYT'AH J1.B., )KEMEPOB I'.T'., KOJIOHTA€BCBKHWU 10.I1., KOPHEJIIOK C.I. ExBuBaneHTHicTh
«BEKTOPHOT'O» ¥ «IPOMOPLIHHOI0» Croco0iB KEPYBAHHS CUIIOBUM AKTHBHUM (DITBTPOM ....ecvvereenerreeeneeneereenereneenss 3
OLESCHUK V., ERMURATSKII V. Two-inverter-based photovoltaic installation adjusted

by the modified scheme of space-vector MOAUIATION .........c.iecuiieiiiciieiieie ettt ebeebe b e 5

Enextpomexaniune nepeTBopeHHsl eHeprii

BAIIMHCKWM B.T., IITATTIOBAJIOB O.J1., IEHUCOB A.1., BYPCAJIA E.A., BYPCAJIA A.JL. Bousnue
MyJbCalUi OECKOJIEKTOPHOTO JBUTaTeNsl HOCTOSHHOIO TOKa Ha IMPOIECC YIPaBIEHUS 3aIlyCKOM ra3o-

TYPOUHHOTO JIBHTATEIIS BEPTOTIETA. ... euveuverreestententententeestentenseeseentensesseeseensensesseestensensesseensensessesseensensessesseensessesseesens 2
BOJIKOB 1.B,, HOI[OHLHI/Iﬁ C.B., MAPYHS 10.B. IlopiBHsUTbHUIT aHATI3 MTACHBHUX, aKTUBHHUX Ta
riOpuaHuX (UIBTPIB TAPMOHIK CTPYMY JJISI YACTOTHO-PETYIBEOBAHOTO EICKTPOIIPHBOIY -.covvvvenrenrenreerrenrensenseennene 3
3AJJOPOXKHS .M., 3AJIOPOXHIN M.O. Anani3 moka3HHKIB SKOCTi MPOLECIB MEPETBOPEHHS

eHeprii B mporieci aeMndipyBaHHs eJISKTPONPHUBOIOM KOJHMBAHb MPYKHOI MEXaHIYHOT MEPEAATI ....c.vveereerenenense. 1
MA3YPEHKO JLI., BACUJIIB K.M., JUKYPA O.B., KOIIFOPYBA A.B. ImitaniiiHa Moeib Ta

AITOPUTM KEPYBaHHS aBTOHOMHOIO TiIPOBITPOBOIO CHCTEMOIO EIEKTPOKHIBIICHH ....c.vververreerreneenvenieeneeneensesseeneenee 1

MAJISAP A.B., AHJIPEIIIINH A.C. Po3po6neHHs MaTeMaTHIHOT MOJIEIT] 3315 pO3paxyHKy JOMYCTHMHUX
napaMeTpiB poOOYHX PeKHUMIB YACTOTHO-KEPOBAHOTO €JEKTPONPUBOJY IITAHTOBOT HA(QTOBHI0OYBHOT

WOTAHOBEKH ....vveutteenuteenuteeauteeeutte ettt ettt esuteeeuseesabeeeabeeaabeeesteeaateesabeesabeesabeeeabe e e bt e e eabeesabeeeabeeesateesabeesabeeeabbeemteesabeesaseean 2
IIEPECAJIA C.M., HIKOHEHKO €.0., JKEJITHCBKUI M.M., PEIIETHUK B.C. ®dopMmyBaHHS TUHAMIY-

HUX PEKUMIB MOBHICTIO KEPOBAHOT'O T1OPUAHOTO JKepea )KUBJICHHS eJIeKTPUUHUX TPAHCIIOPTHHUX 3aCO0iB ....... 4
MMOAOJIBLEB O.[., BOHIAAP P.I1. MonenroBaHHS OB’ I3aHUX €IEKTPOMEXaHIYHUX Ta TETUIOBUX MPOIIECIB

B JTIHIHHOMY MarHiTOCJIEKTPUYHOMY JBHUT'YHI HA OCHOBI TEOPIl MyTBTHPIZUTHUX KlT...eeveereenrreieeieareerenerennnennes 2
CTSDKKIH B.I1., 3BAMUYEHKO O.A., TABPWIIOK C.1., TEPSIEB B.I. KomGinoBane KepyBaHHS
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