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Pedepar. ['po30Boii UMITyIbC HaNpsKEHUsI, 0OYCIOBIEHHBIM HAOEralOIMMHU C JIMHUU BBICOKOTO
HaMpsOKEHUs Ha IOJICTAHIMIO BOJHAMM TI'PO30BBIX IEpEHANpsKEeHMH, BBI3BIBAET TOK B IIHMHAX,
KOTOPBIH BCIIECTBIE MAarHUTHOTO BIMSHHS HHAYKTHPYET BO BTOPHUYHBIX LETISIX IepEHANPSIKESHHS.
[NepenanpspkeHUs B CHCTEME «IIPOBOJ — 3€MJIT» PAacCMaTpUBAIOTCS KaK ITOMEXH, MPEACTaBIIIO-
IIHe OTTACHOCTH B OTHOIICHUH BO3MOKHOCTH JIEKTPHIECKOTO ITOBPEXKICHUSI YCTPOUCTB pesIeHHOM
3aIIUTHl U aBTOMATHKHU rojcTaHiuii. Vcrons3ys obpartHoe mpeobpaszoBanue Jlamraca, moaydeHo
pelieHye 3aJadd MarHUTHOTO BIMSIHUS NMEPBHYHBIX IIeNed HAa BTOPHYHBIC IENTH BO BPEMEHHOM
00J1acTH B 3aBUCHMOCTH OT BPEMEHH NEPEXOAHOTO IpoLecca, KOTOPhI BCErja BO3ZHUKAET MPHU
pacnpoCTpaHEHUH IO MIMHAM HMITYJIbCa HANpsHKEHHs. BBITONHEHa OlleHKa yPOBHS MepeHanpsiKe-
HHUI B CHCTEME «IIPOBOJ — 3eMJIS» JUIS Clydasi HecpaOaTbIBaHWS IIMHHBIX HENHMHEHHBIX OTpaHHU-
quTened MepeHanpsDKeHUH U Pa3psaaHUKOB, KOTJa IPO30BOY UMITYJIBC HAMPSDKEHUSI pacHpoCcTpa-
HseTcss o muHaM Ge3 nedopmanuu 1o ux JumHe. [loimydeHBI pemeHus aIi IepeHanpspKeHni
BO BTOPHYHBIX LEISIX, IO KOTOPHIM MOXKHO OLEHHTH IPEAEIBHO IOBBIMICHHBIH, TOHWKEHHBII
U CpeJHHH MOBBIIICHHBI YPOBHH IEpeHANPsDKEHNH. MeTOOM BBIUNCIMTEIBHOTO SKCIICpUMEHTa
IIPOBE/ICHA OLIEHKA YPOBHEH IepeHaIpsHKEHHs I PAaclpeaeNUTeNbHbIX IT0JICTaHIMH HalPsDKEHHU-
em 110 m 220 xB. Ilomy4yeHHbIe pe3yNbTAThl COMOCTABICHBI C HOPMHPYEMBIMH 3HAUYCHHUSIMHU
HampsHKEHHUsT ToMeX. Pa3paboTaHHBIN METOJ pacdeTa UMITYIbCHOTO MAarHUTHOTO BIMSHHS TIEp-
BUYHBIX IIeTell Ha BTOPHYHBIC LEMHU MOJCTAHIUN IPH PACIPOCTPAHEHHU 10 BHICOKOBOJIBTHBIM
MIMHAM TPO30BOT0 MMITyJIbCA HANPSDKEHUS IS Caydas HecpaOaThIBaHMSI HETMHEHHBIX OTPAHIIH-
TeJied MepeHanpsHKeHHH M pa3psIHUKOB Ha CTaJuM NPOEKTHPOBAHUS W KCIUTyaTalldyl ITOJICTaH-
I MOKET HCIOJIB30BaThCsl KaK TECTOBBIA IS OLIEHKH 3JIEKTPUUECKOH CTOWKOCTH YCTPOMCTB
pemneitHOH 3alUThHl M aBTOMATHKH OT TPO30BBIX ¥ KOMMYTAllMOHHBIX epEeHANPsKEHHUH.
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Determination of the Level of Overvoltage
in the Secondary Circuits of Substations
when Lightning Impulse Voltage

is Distributed in High-Voltage Buses

V. I. Glushko?, E. A. Deryugina®
DBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Lightning voltage impulse due to the waves of storm surge rolling out the high voltage
line to a substation causes current to flow in the buses that, due to magnetic effect, induces over-
voltage in the secondary circuit. Overvoltage in the system “wire = ground” is considered as
obstructions which are hazard in relation to the possibility of electrical damage of the devices
of relay protection and automation of substations. With the use of the inverse Laplace transfor-
mation, the solution of the problem the magnetic influence of the primary circuits to secondary
circuits in the time domain depending on time of transition, which always occurs during the distri-
bution of the voltage impulse in the buses, has been obtained. Estimation of the level of overvol
tage in the system “wire — ground” for the case of failure of a bus nonlinear surges and arresters
when lightning impulse of voltage is distributed on the buses along their length without defor-
mation has been fulfilled. Solutions are obtained for overvoltage in the secondary circuits, accor-
ding to which the levels of overvoltage can be estimated as “extremely stepped-up”, “lowered” and
“averagely stepped-up” levels. With a-method of computational experiment the levels of overvol
tage for distribution substations with voltage 110 and 220 kV were assessed. The results are com-
pared with the normalized values of the interference voltage. The suggested method of calculation
of impulse magnetic influence of the primary circuits on the secondary circuits of substations
while lightning impulse voltage is being distributed in high voltage buses for the case of failure
of a nonlinear surge and arresters at the stage of design and operation of substations can be used as
a test method for estimation of electrical durability of relay protection and automatic equipment
from lightning and switching overvoltage.

Keywords: lightning impulse of voltage, secondary circuits, magnetic influence impulse, groun-
ding, overvoltage level
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3amaua uccieIoBaHUsA

B crathe paccMmaTpuBaeTcs KOCOYTOJIbHBIA IPO30BOM UMITYJIBC HANPSHKEHUS,
00yCJIOBIEHHBI HAOETalOUIMMU C JIMHUHM BBICOKOTO HANpSDKEHUS Ha IMOJCTaH-
LU0 BOJIHAMH I'PO30BBIX NEpeHanpspKeHUH. MMITynbc HampsKeHUs BbI3BIBAET
TOK B IIMHAX, KOTOPBIH BCIEACTBHE MArHUTHOTO BIMSIHHSA UHIYKTHPYET BO BTO-
PUUHBIX LEISX NEePeHANPSDKEHUS, NPUHUMACMbIX KaK HCTOYHUK HMITYJIBCHBIX
noMmex. OLEeHUBalIM MaKCUMAaJIbHBI ypOBEHb IEPEHAINPSIKEHUH B CHUCTEME
«TpOBOA — 3eMIIsD» («KWJIa — 3€MIIS») Ui Cilydas HecpadaTbIBaHHS UIMHHBIX
HEeJMHEWHBIX orpaHuuuteneid nepenanpsbkenuii (OIIH) u paspsanukoB, koraa
IPO30BOM HUMITYJbC HANPSLKEHHS PACIpOCTpaHsAeTCs MO uHaM 0e3 nedopManuu
nmo ux JuHe. [lepeHanpspkeHns B CUCTEME «IIPOBOJ — 3eMJISD» paccMaTpUBaIH
KaK MIOMEXH, MPENCTABISIIONNE OMAaCHOCTh B OTHOLIEHWH BO3MOYKHOCTH JJIEKT-
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PHUYECKOTO TIOBPEKICHUS YCTPOUCTB pelieitHOM 3ammuThl 1 aBToMaTtuku (YP3A)
MOJICTAHINH. DIEKTPUIECKYIO COCTABISAIONIYIO BIMSHHS HE YUUTHIBAIH.

Ha npaktuke pexum HecpabatsiBanust OIIH u paspsaHukoB dvarie Bcero
CBsI3aH C IOBPEKIECHUEM 3a3eMJIAIOLIECTO IPOBOJHUKA (CIIycKa) K UX 3a3emie-
Huto. B atom ciyuae rpo3oBas BojHa He oTpakaercs oT 3azemuntens OITH
U pa3psIHMUKOB, a PacIpOCTpaHsAeTCs 10 MMHAM 0e3 UCKa)XeHHsI Ha BCEH JJIMHE
COMMKeHNS IEPBUYHBIX U BTOPUYHBIX LIETIEH.

B [1] nmokazano, 4To neiicTBHE rPO30BOT0 MMITYJIbCa HANPSKEHUS HA JTUHUU
JJIEKTpOIIepeaull XapaKTepU3yeTcsl MPOTEKaHNEM HETEPHOJUUECKOTO MePexXoI-
HOTO TpoLecca, KOTOPbI NpUOIMKEHHO MOKET ObITh OIMCAH Ha OCHOBE BBHICO-
KOYaCTOTHBIX XapaKTEPUCTUK JMHUU C TOCIEAYIOIUM MPUBEICHHEM €ro BO
BPEMEHHYIO 00JacTh MyTeM oOpaTHoro mpeobpasoBanms Jlammaca. C 1emnbro
YIPOLICHUS BBIIOJHAEMOM 3aJaud TaKylo IpoLEeAypy IMEPEeXOAHOro Iporecca
MPUHUMAJIH U JUIS BBICOKOBOJIBTHBIX IIHMH MPHU UCIOJIB30BAaHUM YaCTOTHBIX (BBI-
COKOYACTOTHBIX) XapaKTEPUCTUK JMHUHN (IIWH) 10 [2], TAe pacCMOTPEHO pellie-
HHUE 3aa4d MarHUTHOTO BJIMSIHUS BO3LYLIHBIX JIMHUH 3JEKTPOIIEPEAady BHICO-
KOTO HampspKeHUs Ha TPOTSKEHHBbIE MPOBOJALINE KOMMYHMKAIMH, IMpe/CTaB-
JICHHO€ KaK MarHWTHOE BIHUSHHWE NEPBUYHBIX LieNed Ha BTOPUYHBIC LEIH.
B uccnenoBanusx mpu OLEHKE YPOBHS MEPEHANPSDKEHHSI B KAUECTBE MEPBUYHBIX
Heneil MpUHUMaIH BBICOKOBOJIBTHBIE ITUHBI OTKPBITHIX MOJCTAHIMHA BBICOKOTO
HanpsDKEHUs,, BTOPUYHBIMH LermsMu — kabenn YP3A, mponoxeHHble BOIH3H
3eMJTH (B JIOTKAX).

Pemenne 3amaun MarHUTHOTO BIUSHUS TEPBUYHBIX IIENeil HA BTOPUYHBIC
nenu B [2] MOIyYeHO B YACTOTHOW 00NacTH B 3aBUCHUMOCTH OT YTJIOBOHM Hac-
TOTHl ®. B 1aHHO# cTaTbe MOMyYeHO aHAJIOTMYHOE PELIeHNEe BO BPEMEHHOM 00-
JIaCTH B 3aBUCHMOCTH OT BPEMEHH INEPEXOAHOTO Ipolecca t, KOTopsld Bcerga
BO3HUKAET MPHU PaCIPOCTPAHEHHUH MO ITMHAM UMITYJIbCa HAMPSKEHUSI.

[Ipu pacnpocTpaHeHUH MO IIMHAM FPO30BOTO MMITYJIbCAa HANpPsHKEHUS Mar-
HUTHOE BIHMSHHE XapaKTEpPU3YETCs PACIPOCTPAHEHUEM IO BTOPUYHBIM IIETISIM
UMITyJIbCA MPOJIOJILHOW COCTaBILSIFOIIEH dmexTpudeckoro mnois Ex(jo), koropas
cornacHo [2] onpezensiercs mo Gopmyie

h 2 2 © ~v(h,+2)
Ex(jm)=_jogﬁ|n In( ”‘+Z) Y ca[—E cosvydv|, (1)

& (hy=2)"+y?  ov+ Vi +K?

IJIe @ — YrIoBas 4acTota; o = 47 - 107 Tu/m; k,= jcoﬁ — BOJIHOBOE YHCJIO

p3
3eMITH; P, — YACIBHOE COTPOTHUBICHUE 3eMiH; |, — TOK B mepBUYHOM 1ienu; hy, —
BBICOTA T0JIBECA TICPBUYHON Ienu (IIWH) Hal 3eMJIeH; Z, Y — KOOPAUHATHI TOUKH
HaOJIOICHNSI HA BTOPUYHOM TICTIH.
Jist IpuHATONW 3amavyM PacCMOTPHUM CIydall pacroyiokeHus kabemneit BTO-
pHUHBIX Tieredl BOMu3u 3emnu B JoTkax (Z=0). Torma pemenue mis E,(jo)
B COOTBETCTBHH C [2] MpEACTABISICTCS B BUJC
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2 2
2
p ph+kj i
E,(jo)=—jo=1,1n - : (2)
4n

h? +y°

Pemrenne (2) OymeM cUMTaTh TOYHBIM; OHO TIPECTABICHO B YaCTOTHOM 00-
JIACTH | SIBJISIETCS M300pakeHHEM BO BpeMeHHOM obactu E(t). Tlpn mpakTuye-
ckux pacuerax opuruHan E,(t) memecooOpa3Ho moiyduTh B SBHOM BHJE, UTO
JIOCTUTAeTCs IyTeM oOpaTHoro mpeoOpazoBanms Jlammaca. OmgHako aiis jora-
pudmudeckoir QyHku B (2) crporoe obOpaTHoe mpeoOpazoBanue Jlammaca
B SIBHOM BHUJIC TPYJIHO BBIMOJHUMO WJIM MPOCTO HEBO3MOXHO. C ydeToM 3TOro
uts npeacrasienns Ex(jo) (2) Bo Bpemennoit odmactu Ey(t) TpeOyercs Tounoe
perenue (2) 3aMEHUTH MPUOIMKCHHBIM PEIICHUEM, TOITYCKAIOIINM ITOIyICHHE
obpartHoro mpeoOpazoBanus Jlaruraca B SBHOM BHIE. PEIcHUE Takol 3amadu
MIPEJICTABJICHO Jlayiee.

IMpudan:xennoe pemenue 1Js E,(jo)
PaccmoTpum ciydait mpokimagky Kabenel BTOPUYHBIX IIeTeld BOIM3H 3eMIIH B
1/ . B
notkax (Z = 0). Toraa, yuuTsiBas COOTHOIIEHHE COSVY = E(e"’y+ e va), s (1)
MOJYIUM

o —vh,,
Ex(joa)=—jw;—°l °

J—=
T o v+4ve+k?

s ympomienusi BEIYACIEHUS HHTErpana B (3) B [2] moirydeHo mpuOIImKe-
HUE JUIS TPAHCICHACHTHOUW (DYHKITUH

(ejvy+ e‘jvy)dv. (3)

2

1 l-e®

v ViekE 2

F(v.k,)= ; (4)

€ ITOMOIITEI0 KOTOPOTO (3) TIpencTaBIsIeTCs B BUIIE

E (io)=—iote T —viy 7\’[“1%] dv T -, 7V[n2+k%] dv
X(jw)——jcoaln je —e —+||e 2 —¢e —+, (B)

0 V.o v

rae Ny = hy, + Jy1 N2 = " _Jy
s uaTETpanos B (5) ucnonszyeM GyHKIMOHAIBHOE COOTHOLICHHUE [3]

e ™ =(a—b)xexp[%(aﬁb)x}ﬁ{“%} (6)

i} 4n‘“n

h, +y;
Beenem 3ameny m = o TOTAa B COOTBETCTBUH ¢ (5) u (6) umeem:

T 1
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2 2 1
Xx=v;a=-n; b=—-n+—1|;a-b=—; a+b=-2n+— |;
k3 k3 k3

o (a—b)?x? o V2
H{l"' an2r? } H[l"' 2k2 2J

=1

2 2
\Y \Y%
CxonmMocTh | | 1+——— | ycranasmusaercs ycnouem lim ———=0.
n’k’n? e n?k 2’

3

W3 uHTerpana B (5) ciemayer, 4TO €ro TIABHOE 3HAYCHHUE OIpEaenseTcs B 00-
2

o . \Y%
nactu HyJs nepemennol v (v — 0). C yuerom sroro lim ———=0, T. e. ab-
n—w N k3 T
2
v
comoTHo cxomutcsa. Kpome Toro, mpu v — 0 W =0. Torma
n I
3

® 2
H(h' 2:2 zj 1, n us Ex(jw) no (5) nomyqnm

n=1
E, (j0) =—jober |ty T |-
2n " (kmn, +1 kmn,+1

__ Mo Bl
o '[eral
ooy b

KoMy KoM

ConpsbKeHHbIe KOMIUICKCHbIC urcna Ny = hy, + jy u 1, = hy, — jy onpenensiror
paccTosiHMe MEXIy TOYKaMH Ha INMHAX Y TOYKAMHU HAOJIOJICHUS Ha KaOelsx
BTOPUYHBIX II€NICH, MOATOMY ITpH pacuere Ex(jo) mx memecoobpasHo mpencra-

BUTb MOIYJSIMH [N 1 |n,|. Tlockombky |nl|:|n2|:\mi+y2, To B1=P2=P

u (7) IpuHUMAET BHU]

_I_

\/J_w+l32 "

rae By =

E (J(D)——Jco2 | ;=—Jwﬁ L. (8)

Tk/h2 4y 41 "Jio+p’
VP
rie = .
\/Ho\/hé +y?

HcnprTarenbHblil yPOBEHD MIOMEX YCTAHABIHBACTCS 110 HX MOJYIIIO, TIOATOMY
B JajbHeimeM OyneM paccMatpuBarh E,(jo) B (8) 6e3 3Haka «—». ComocTtaBuM
pemenue (8) ¢ TOYHBIM pemieHneM (2) aiis cirydasl TpO30BOTO KOCOYTOJEHOTO
UMITYJIbCA HANpPSHKEHUS C Ty = 2 MKC TIPH PACIOJIOKEHUH Kabeneil BTOpHYHBIX
uerneit BOmm3u Ommkaimei ¢asel muaun (Y = 0). Torma misa Ex(jo) mo (2) u (8)
OyzneM UMeTh:
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E (jo)= jot21_In 12 | (9)
2m k,h,
. . Mg 2
E(jo)= joro] — % 10
(Jw)=] 2n "k +1 (10)

M3 (9) u (10) ciexyer, 9TO IS ONIEHKU IPHOIMKEHES permeHus (8) k (2) mo-
CTaTOYHO PACCMOTPETh HEPABEHCTBO

In[1+—2|~—2 (11)
kh, | kh, +1

IMpu npeoOpazoBanum Jlammaca 3aMEHSIOT j®  OMEPATOPOM P, MOITOMY

Bk, o= %\/6 MOYKHO 3aMEHHUTH MOIYIIEM ‘,/ jw‘ = Jo. Yacrory ® mpH-

MEM paBHOfI SKBHMBAJICHTHON 4acTOTE Ipu pacyeTe rpo30BbIX HepeHaHpH)KCHI/Iﬁ
I U
w. =

* 21, 21,10

(to — B cexynmax) [2, 4]. Torma mis (11) momyqrm

2p310 ~F = 2 PsTo

F=Inj1+ ) = —
14h, +./p,7,

(12)

ITo [4] mns mabGeraronux Ha MOACTAHITUIO TPO30BBIX BOJH TEPEHAIPSHKCHUI
KOCOYTOJIbHBIN MMITYJIbC HANpPsHKEHUs UMeeT (DPOHT BOJHBI Ty = 2 MKC. ITo3T0-
My OIIEHKY TpHOImKeHus perieHus (8) K (2) BBIMOJTHUM MPUMEHUTEIHHO K
GbpoHTY Ty =2 MKC = Tg - 107 ¢ (1o = 2 ¢). Pe3yubratsl comocrasienus Fy u F,
B TIpOIIEHTax i McXoaubiX AanubiX (hy, = 5,5 (7; 10) M; p, = 100 (250; 500) Om-m;
To-= 2 C) IpUBEIEHBI B Ta0. 1.

Tabauya 1
ConocraBaenue pynxnuii F n F,
The mapping of the functions F;, and F,
h,=55mMm hy=7w™m h,=10m
Ps» Om-m
F1 F, A, % Fi F, A, % Fy F, A, %

100 1534 | 1,295 | 1558 | 1,350 | 1,181 | 12,49 | 1,099 | 1,005 8,52
250 1,909 | 1,488 | 22,09 | 1,708 | 1,391 | 1858 | 1,426 | 1,230 | 13,75
500 2,212 | 1,608 | 27,28 | 2,000 | 1,527 | 23,66 | 1,700 | 1,386 | 18,44

Ha mpaxTuke ynenbHOe CONPOTHUBICHUE 3€MIH P, ONMPEIENsSeTCs C MOrpem-
HOCTBIO B cpegHeM a0 15 %. IlostoMy ykazaHHbIe B TaOs. 1 MOTpemIHOCTH AO-
IYCTHMBI, YTO BIIOJIHE 00YCJIOBIMBAET IIPABOMEPHOCTh 3aMEHbI TOUYHOI'O pellle-
HUA (2) mpuOIMKEHHBIM perieHneM (8), KOTOpOe TO3BOJISIET OCYIIECTBUTE Ipe-
obpaszoBanue Ey(p) = Ex(t) B ssBHOM Buje.
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3amMenss jo omepaTopoM P, IpeacTaBuM (8) B OIepaTOPHOM BHIIE

_Mo, _PB
E ()=~ Inﬁw- (13)

Tok |, B (13) ompemenuM MO HMIIYJIbCY HAYaIbHOTO HampsuKeHHs Ug(t)

U BOJHOBOMY COINPOTHUBICHHIO IIHH Zy,; Oyxem umers | =i ()=

CHONE

BII
HauansHoe HAIMpsAKEHUC NPEACTaBUM KOCOYTOJIbHBIM HUMITYJILCOM, KOTOpI:If/’I BO

BpCMeHHOﬁ M YaCTOTHOM 00JIACTSIX OMHCHIBACTCS BBIPAKCHUAMMU!

u(t)=UmL, O<t<ry;

T

" 14
U(p)=—r"

2!
TP

rae Uy, — aMIummTy1a HavyanbHOTO HAIPSKEHUSI.
C yaerom (14) mns (13) B omepaTtopHOM BHIIE TTOTYIHM

_Un g B
Ex(p)—zm n—%p(ﬁw)- (15)

-7
B (15) npu BpeMeHu T4 B MKC (Tg = To - 107° ¢) umeem Bo 1 = 4r-10

T

Ty T 10°

oo
o

——. Torma (15) mpuHHUMaeT B
To

E(p) =o,4§’—m6u(p>, (16)

BIII

rae du(p) = L — UMITYJIbC MarHUTHOTO BJIMSIHUS MEPBUYHBIX LiCMIEH
1%p(/p+B)

Ha BTOPWYHBIE IEMH IPU PACIPOCTPAHEHWH MO ITUHAM TPO30BOTO HMITYJIbCa
HaTPSDKEHUS.

B du(p) Bxoaut dhyukms @(p) = B , OpUTHHAJI KOTOPOH paBeH [6]
PP +B)

o(t)=1- eﬁzterfc(B\ﬁ ) (17)

rae erfC(X) = %je
n X

— 2 v v
fde=1- erf(x) — JIOTIOJTHUTENBHBIA UHTETPall BEPOSITHOCTEH;

2 ¢
erf (X) = T'[e_s d & — uHTErpan BeposATHOCTEH.
T
0
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ITo (16) ¢ yuetom (17) mis dU(P) BO BpeMEHHO# 001aCTH MOy IHM:

6u(t)i[1—exzerfc(x)] X =Bt O<t<rt,. (18)
T

0
2
JUist yOpoLIeHus BBIYMCIEHUs TapameTpa €* erfc(x) UCIIOJIb3YEM  AIIPOK-

cumaruo erf (X) panroHaIBHBIMU (QYHKITHAMH [6]

erf(x)=1—(a1b+a2b2 +a3b3)e‘xz, (19)

rae b= %; p =0,47047; a, = 0,3480242; a, = -0,0958798; a; =0,7478556.
+ pX

W3 omnpenesneHus erfc(x) =1-erf (X), toraa ¢ yaetoM (19) momydaem anmpoKkcu-
MaIHio mapamerpa exzerfc(x)

2 0,3480242 0,0958798 0,7478556
e“erfc(x)= +

= - . - (20)
1+0,47047x  (1+0,47047x)"  (1+0,47047x)

Ilpu BbIUMCICHUU TEPEeMEHHOU X=B\/f B (18) mnpunmmaercs J3

[ »p Jp, 10 B .
= 3 = (yautsiBaetcs o = 4n - 107 T'a/m).
Mo(hi +Y%) 0, 4wy +y?

Wmnynbe MaraurHoro Biusaus ou(t) mo (18) mpu ucxogueix manubix (hy =
=55m;y=0; 1=2mkc; t=0 ... 1y MKc; p, = 50 (100; 250; 500) Om-M) npen-
ctaBnieH Ha puc. 1. [Ipu'y = 0 onpeaensieTcs MakCUMasbHAs BETHUUHA UMITYJIb-
ca ou(t).

a b
0,5
ps= 500 Om'Mm
S 1
) p:= MM
— ps=50 Om'M du(t)
0.3 L 0,44 —
0’2 0,4
0,1
0 0,3
0 1 2 Lwmke 0 100 200 300 ps, OM'M 500

Puc. 1. IMitysib¢ MarHuTHOTo BiustHus SU(t)

Fig. 1. Magnetic influence impulse du(t)

W3 (18) u puc. 1 cunemyer, uro mpu p,—> 0 du(t) >0, a mpu p, > ©
du(t) —» 0,5. 13 storo mpejena BHITEKACT BAXKHOE MPAKTUYCCKOE MONOKEHHE:
B cllydyae HU3KOOMHBIX TPYHTOB YPOBEHb MOMEX CHUKAETCS, & MPU BHICOKOOM-
HBIX TPyHTaX — MoBHIIaeTcs. [10M00HBIN pe3ynbTaT, OMMCHIBAEMBIN 30HOM CTe-



V. I. Glushko, E. A. Deryugina
Determination of the Level of Overvoltage in the Secondary Circuits of Substations... 219

KaHHUS TOKa C 3a3eMJIUTEIN, TOJydeH B [7] IpH CTEKaHWH MMITYJIbCHBIX TOKOB
C 3a3eMJIMTEIIEH B 3€MIIIO.

C yuerom npeobpazoBanus dU(p) = Su(t) okonvarenbHo yisi pemeHus Ey(t)
HOJTYYUM

E,(t) =o,4§’—m5u(t), t>0. 21)

BII

Nmnynse Ey(t) mpencrasiser coboif mamaromiyro BOIHY, KOTOpas Pacipo-
CTpaHsIeTCsl TI0 BTOPUYHBIM IICTSIM ¥ BBI3BIBACT HAMPSHKCHHE MO OTHOUICHUIO
K 3eMJle, pacCMaTpHUBAaeMOe KaK MCTOYHHUK MMIYIbCHBIX Tomex B YP3A. Cko-
poCTh pacripocTpaneHus: ummyibca Ey(t) B mpemenax ATUHBI MapamieabHOrO
COMKEHHs IEPBUYHBIX U BTOPUYHBIX Iienei |, onpenenser rpo30Boi UMIyibe
HATPSHKCHUS, KOTOPBIA PACTIPOCTPAHSICTCS MO IIIMHAM MPUMEPHO CO CKOPOCTHIO
cBera ¢ =3 - 10° m/c. 3amernm, uTO BHE THHBI COMMKEHHS |y, U1 Kabelh-
HBIX JIMHUH BTOPUYHBIX Ienedl mmmynbe Ey(f) pacmpoctpansiercs co ckopo-
CTBIO ozl/ \/E rne L, C — moroHHele WHIYKTHBHOCTh M €MKOCTH JKHIIBI
M JKpaHa.

Jlns orenku neiictBus ummnyibca E,(t) Ha BTOpHYHBIC (HEMHA COMOCTABUM
JUTHHY BOJIHBI mMITyibca Ey(t) A, ¢ xapakTepHO# MUHUMAILHOW M MaKCHMATbHON
mHaMu commkenus |, = 10...50 M; Gynem umeTs A, =Ty =2 - 10°.3-10%=
= 600 m >>10...50 m. ITosTOMY ecii COBMECTUTh aMILTUTYIy UMITyJbca E,(t)
npu t =14 ¢ HayanoM JUIMHBI cOMmKeHus |y, ¢ yueToM ero MOHOTOHHOCTH Ha
uHTepBasie onpenencHus t=0-2 MKc, TO B Mpeaensax [UIMHBI COMMKEHHS |,
BenuunHa uMIyiabca E,(t) npubmmkeHHo OyIeT MOCTOSHHOM M paBHA €ro aM-
mwmtyne Ex(ty).

K Takomy BBIBOJLy MOXHO TPHNATH, aHATUSUPYSI TIPOJAODKUTEIIBHOCTD UMITYTh-

1, 10..50

ca E,(t) B mpenenax mmmHbt commkennst |,: t === 3107
C .

YTO 3HAYUTENFHO MEHBIIE NPOIAOKHTEILHOCTH uMmiyibca E(t) t, =2 mkc.
OueBuaHo, 4to mpu t,, << t, B mpenenax cOmwkeHus l,, BenWYMHA HUMITYIIb-
ca Ey(t) meiicTBuTeNbHO OyICT MOCTOSHHOW W NPUMEPHO PABHOH aMILUIUTY-
ne Ex(ty). VI3 3T0r0 MpHHINNNAIEHOTO MOJIOKEHUS OYCBUIHO CIICICTBHE: B IIpe-
nenax JMHbL commkenue |, nummynsc Ey(t) mpu Su(t) = Su(ty) npubmmxeHHO
IIPUHUMAET MaKCUMalTbHYI0 BEJIMYMHY W UMEET pa3MepHOCTh B/M, a neiictBue
€ro Ha BTOPUYHBIE 1IETIN XapaKTePU3yeTCsl 3aBUCUMOCTbBIO

Eus (Tcp )=E, (Tcp ) (22)

=0,033...0,165 wmxc,

KOTOpasi TPEJCTABISACTCS MPSIMOYTOJBHBIM KOHEYHBIM HMMITYJIbCOM C KPYTHIM
¢porrom. CpemHsiss MOrpeIrHOCTs mpHOmmKeHns K (22) mis p, =50 (100;
250; 500) Om-M mipu |, =50 M cocraBnster nmopsiaka A =15 %. Tlpu |, <50 m
1 p, > 500 OM-M MOrpentHOCTh YMEHBINACTCSI.

B nansHeitmem ummynsc Eqy,(t) = Eu(ty) Oynem cuntaTh magaromeit BoIHOM,
kotopas npu E,(t) = Ex(t4) ¢ yuetom (21) paBHa
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t=1,. (23)

nB’

E,,(0)=E,(t,)= 0,4lZJ—m8u(t)I

BLI

B obmiem ciayuae Ha umHe uMimyiasca ou(t) A, GHKCHpyeTCs Ienoe duc-

ao N, = My e nanarorux BoyH E ,(t) ¢ paznuynbivu ammautynamu. OgHaKo
B TIB

C LIENBI0 OIICHKU MaKCUMAaJIbHOTO YPOBHS NMEPEHANPSKEHUN B KaU€CTBE pacuet-

HOW TIPUHUMAETCS Taaarolias BOJHA ¢ MaKCUMaJIbHOW aMILTUTYAOH 1o (23).

O6ocHoBaHMe nanaromiei BoimHs! Ey(Ty) Moka3ano Ha puc. 2.

a

< E. (1) Awmmityna

Ex (Td))

Sl
|

1
- B
I, =600 M

A

«E(Y) Awmruturyna
Ex (ch)

t
1, =0,033...0,165 mMKc

»

t,= 2 Mkc |

»
>

Puc. 2. K obocroBarmo nagaromeil BOMHBI Ey(t) = Epy(ty):
a— 1o aiuHe umiyibea E,(t); b — o npopomkurensrocTy uMyibca E,(t)

Fig. 2. Towards the rationale of the incident wave E,(t) = E,,(t4):
a - according to the length of the impulse E,(t); b — according to the duration of the impulse E,(t)

3ameHa E () = E, (1) IpSIMOYTOIBHEIM KOHSUHBIM HMITYJIBCOM ITOJTHOCTBIO
COOTBETCTBYET TEOPUU IMEPEXOJHBIX MPOIECCOB B ILEIMAX C PACIPEIEICHHBIMH
napamMeTpaMi, COTJIacCHO KOTOPO# MpH Mayoi JUIMHEe JMHHMA TIO0 CPaBHEHHIO
C JUIMHOM BOJIHBI Ja)Ke B Ciy4yae BO3AcHCTByromiedl cunycoupanbHou DJ[C,
UMEIOIIEH YacTOTy MOpsIKa JECATKOB Tepll, 3a BpeMs mpobera BOJHBI BIOJb
cBeil nmuHNU BenmunHa STol DJIC MOXKET M3MEHHTHCS JIMINL BeChbMa HE3Ha-
YUTEBHO, T. €. BOJHBI HAIPSDKSHUS M TOKOB MTPUOJIM3UTEIILHO HMEIOT TIPSMOYTOJTh-
Hyto Gopmy [8]. Ummyabe Su(t) mo puc. 1 yciioBHO MOXKeT ObITh HpEICTaBICH
YETBEPThIO IEPHOJAa CHHYCOHWJBI, KOTOpas Oojee OiM3ka K MPSIMOYroJbHOM
(dopme, yeM deTBepTh CHHYCOHBI. [103TOMY paccMOTpeHHOEe 00OCHOBAaHHE Ma-
naromieil BOIHbI E,,(Ty) BIOIHE COEOTBETCTBYET TEOPUM MEPEXOAHBIX IPOIEC-
COB B JIMHUSIX C paclpe/IelIiCHHBIMHU TTapaMeTpaMu.
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[Mapnatomass BomHa E,u(Ty), kak cocraBHas wacTh mmiynbca Ey(t), pac-
MPOCTPAHSISACh 10 BTOPHYHBIM IETSAM, OOYCIOBIMBACT HMITYJIBCHBIC MTOMEXH
B YP3A. Ilockonbky ummynsc E,(t) = E,;(t,) onpenensercs B MOMEHT BpeMe-
HU t =17 TO MMIIyJIbCHBIC NMOMEXH HMCIOT MTHOBCHHYIO BEeIMUHMHY U(t)nep =
= U(T¢)nep» YTO COOTBETCTBYET (PU3NUECKON CYIIHOCTH UMITYIbCHBIX OMEX.

Onpenesienne ypoBHS NepeHANIPSIKeHUIT BO BTOPHYHBIX HeMNsIX

Ha mopcraHiusax JTOTKH ¢ BTOPUYHBIMH IENSAMH, KaK MPaBUIIO, MPOKIIAIbI-
BalOTCA TApAJIIENIbHO W TMEPIeHANKYISApHO muHaM. [loaTomy ¢opmupoBaHme
nanaromeil BonmHbl E,(T4) (23) DPOMCXOAWT TONBKO Ha [UIMHE IMapajIelIbHO
COMIDKEHHIO TEPBUYHBIX IICTEH ¢ BTOPHYHBIMH mHemsMu |, (B meprneHauky-
JISIPHOM HAIpPaBJICHNH MarHUTHOE BIUSHHUE CUHUTAETCS HyJIeBbIM). J[si OIeHKH
MaKCHMaJIbHOTO YPOBHSI MEPEHANpPSHKCHUN PacCMOTPUM Cllydall, Koraa ooOie-
CTaHIMOHHBIA NMyHKT ynpaBineHnus (OITY) pacmonosxeH BOJIM3H UIMHBI COIH-
KeHus |, 9TO TO3BOJACT HE YUHTHIBATH 3aTyXaHHWE BONHEI E.4(Ty) Mo mimHe
BropuyHol 1ienn. Cuutaercs, uro B OITY sxuna xabenst BTOPUYHBIX IIeMel 3a-
3eMJIsIeTCsl Ha CONPOTHBIIEHHE HArpy3ku Z,. Ilpum pacmpocTpanennn mo kabero
namaromasi BonHa Eg,(Ty) oTpaskaercst oT Harpysku Z,, B pe3ysibTaTe 4ero Ha
Harpyske MosBIsIeTCs HanpshkeHue nepeHanpspkeHui U(t)ye,, KOTopoe paccMmaTt-
pUBaeTcs Kak UMITyJIbCHAS TomMexa st YP3A.

Jlis mporecca OTpaKeHHs BOJHBI MPSMOYTOJBHOTO KOHEYHOTO HMITYIIh-
ca Eny(ty) OT Harpysku z, paccMaTpHBAIOTCA ABE €€ paBHbIe 4acTH: Ey(ty) =

= Ew(t9)/2 u Eun(ty) = Ewm(ty)/2. Otpakennas sonua pasna E;,(7,)=

ZH _ ZB K
=E,4(1y )ﬁ , TI€ Zy — BOTHOBOE COMNPOTHBIICHHE Kalelis, paBHOE BOJIHO-
H BK

BOMY CONPOTHBJICHHIO JKUIIbI (Zy = Zsy). OTpakennas sonmna E  (t,) Hakma-

ApIBa€TCA Ha MOjaromyr - BOIHY En(ty), B pesynbrate dyero mpu
Eus1(T4) = En(Ty) A1 cymMMapHO# BONHBI OyJ1eM HMETh

7. -1 2z
E .(x.)=E _ (t,) 2—2+1|=E_, (v, ) —*—. 24
HBZ(QJ) 11131((1)) 7 17 nBl((p)Z 17 ( )

H BK H BK

DTO BBIpaKEHHE MOTHOCTHIO COBIAIACT C PEIICHUEM ISl OTPAXKCHHUS Iajia-
FOIIECH BOJTHBI B IMHUAX DJICKTPOIIEpenadu o [9], KOTopoe MMPOKO UCIIOIb3YeT-
csi B ayekTpoTexHuke. [Tockonbky E.(ty) = Ens(ty)/2, TO s mepeHampsbxe-
HU U(t)ep TOTYyUHUM pelIeHHE

U(t),e =0,4L2J—m6u(rq))|m$, t= (25)

BIIT H BK

rae du(ty) ompenernsiercst o (18) mpu t = .
Pemenwne (25) cipaBeasiuBO TOJIBKO, KOTJa COMPOTUBIICHUE HATPY3KH Z, HE
3aBHUCHUT OT YaCTOTHI, T. €. CONPOTUBIICHUE Z,; SBJISCTCS AKTUBHBIM COMPOTHBIIC-



B. U. I'mywixo, E. A. Jleprocuna
222 Ompenenenne ypoBHs MepeHaNpsHKEHUH BO BTOPUYHBIX HEMSIX HOACTAHIUH. ...

HHEM. DTO OOBSICHSETCS TE€M, YTO B CIIy4yae 3aBHCHMOCTH HArpy3KH OT 4acTo-
Tol Z,(p) na pemenus U(t),., ToTpedoBazock Obl UCHONIB30BAaTh MPEOOpPa3OBa-

- Um BIHB ZH(p)
= 0,4—"1. .

Zw ToP(G/P+B) Z.(P)+2,
7m0 OBl 3amady, paccMaTpHBaeMyl0 B cTaThe. VIMEHHO MO3TOMY IPHKJIATHOE

MIPUMEHEHHUE PEIIEHUS BO3MOXKHO, KOI/la BTOPUYHBIE LIETH 3a3€MJISIFOTCS HA aK-
TUBHOE comnpoTuBieHue R... B aTom cityuae nys pernenus (25) nomyunm

Hue U(t),, , UTO CYIIECTBEHHO YCIIOXHH-

u(t) e, = O,4g—m8u (Tp)eens =14, (26)

BII

R 1

3K

RSK + ZBK 1+ ZBK/R3K

rae o, = — KOO PUIMEHT CHIDKCHHUS IICPEHAITPSDKCHHH.

Ipu R, = z, pemienne (26) mpuHUMAET BHT

nBs’

U(),ep :o,zl;—mau(%)l

BII

t=1,. (27)

3a3emiieHUE BTOPUYHBIX IIClel Ha aKTUBHOE COMPOTUBICHHE R, MOXHO
OCYILIECTBUTH IyTEM BBINOIHEHHA 3a3eMistomero ycrpoictsa (3Y) B OIIY u3
CHCTEMBI BEPTHKAIBHBIX 3a3€MIIUTENEH, JKEIaTeIbHO U3 TITyONHHBIX COCTaBHBIX
3azemmureneit mmuHON 10 30 M [10]. Cumraercs, 9YTO COMPOTHBICHHE TOPU30H-
TaTbHBIX CBs3e Mexay 3Y OITY u 3Y moacrannmu Z., BCICICTBHE BBHICOKOUA-
CTOTHOTO CHEKTpPa YacTOT MPSMOYTOJIHHOTO KOHEYHOTO HMIIYJIbCa IaJaiomiei
BOJIHBI E,;(T() EMECT BeMMUUHY Z, >> Ry, YTO MPAKTHYECKH UCKIIIOYAET CTEKa-
HUE UMITYJIbCHBIX TOKOB B 3eMITIO uepe3 3Y MOACTaHITHH.

ITonyuennsie pemenus (26) u (27) Bo BpemMeHHOW obimactd 1o Qusnde-
CKOH CYHIHOCTH M CTPYKTYpE MOJHOCTHIO COOTBETCTBYIOT PEIIEHHUSIM IS OLICH-
KM BIMSIHHSA JIMHUN 3JIEKTpomNepesadd Ha JIMHUU CBSI3M B YaCTOTHON 00JIACTH,
KOTOpbIe B 06mieM ciydae ¢ yuetoM E.(jo) mo (1) mpeacraBisiorcs B Bu-
ne U(jo) = E.(jo)l:s.

Pemrenns (26) u (27) 110 ypOBHIO IEPEHANIPSHKEHUH OTPEICIISIOT:

o TIpH Z;; > Zy 1 Ry > 7, — IpeienbHO MOBBIIIEHHBIN YPOBEHD TIepeHaTpsKe-
HUH, KOTOPBII Ha MPAKTUKE MOXKET HE pacCMaTPUBAThCS;

e IpU Z,; < Zy U Ry < Z, — MIOHIKEHHBINA YPOBEHb IMEPECHAIPSHIKEHUH, COOT-
BETCTBYIOIIUI pemeHuio (26);

e IpU Z,; = Zy U Ry = Z, — CpeJHMIA TIOBBIIICHHBI YPOBEHb TEpEHANPSIKE-
HUH, KOTOPBIN COOTBETCTBYET PEIICHHIO (27).

Oo0mme penreHust VI NepeHANPSAKeHUI BO BTOPUYHBIX LeNsAX

Paboumne pemenns (26) u (27) noxyuens! ai1st ciydas pazmerienus OITY Bomu-
31 JUTHBI COMMKeHMst Oe3 ydeTa 3aTyXaHHs Majaromeil BomHsl E,,(ty) o mmiHe
BTOPHYHBIX Iened. g yuera 3aTyxaHus BoONHBI E(t,) mpencraBum BTOpUY-
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HbI€ LIENM JJIMHHON JMHUEH ¢ moroHHbiMu napamerpamu L, C, R, G — coorBeTcT-
BEHHO MHIYKTUBHOCTb, EMKOCTh, AKTUBHOE COIIPOTUBIICHUE U MMPOBOIUMOCTH H30-
JSAIUY KW M 9KpaHa. Ha mpakTuke MHQOpMAIMOHHBIE IENHW CTApParOTCS BbI-

o R G o
OupaTh B BHUIC JUHUM 0€3 HUCKaKCHUH MPHU IZE:& JUTSL KOTOPOU TIajaro-

I1ass BOJIHA HANPSKCHUSA COXPAHACT CBOMO (bOpMy, HO pacCrpoCTpaHsiaCTCA CO

ckopocthio L =1//LC ¢ 3aTyxaHuem aMmmmTyasl 1o Skcrionente e *VLC,
yX Y,

rIe X — KOOpJHMHATa PacIpOCTPAaHEHUS BONHBI Ey(Ty) OT mumubl cOmmkeHns |y,

no ynanennoro OITY. Ilapamerp 06+ LC pasen: %\/ LC =R\/§=i,
ZBK

L
rac ZBK = E .
[Magaromass BoaHa E,,(Ty) mpeacraBisieTcss MpsSMOYTONBHBIM HMITYJIBCOM

o . U
¢ mHOH |y v ammummryzoit 0,4—"-8u(t,). dopmy Takoro UMIIYIbCa OMpe/ie-
z

B
JSIeT JUIMHA MMIynbca |, TMO3TOMY TpH pacnpoCTpaHEHHMH IaNAIOIICH BOJ-
HbI E,;(T4) O BTOpHYHBIM LersiM ee hopMa ocTaeTcsi HOCTOSIHHON, a BTOPHYHbIC
IIeTIA pacCMaTPHUBAIOTCS Kak JIMHUM 0e3 UcKakeHuid. Torma mrst magaroIiei BoI-
HbI E,(14) Oynem umets

xR

E, (r¢):o,4u—mau(%)|me T (28)
Z

BIL

C yuerom (28) okoHuaTensHO A pabouux perieHuit (26) u (27) momyunum
o0II¥e pemeHus B BUIIE:
e OLICHKA MTOHMKEHHOTO YPOBHS MepeHanpspKeHUN

R

U0, = 040U 0 8 = 1=y 29

BII

e OIICHKA CPCAHCTO HOBBIINICHHOT'O YPOBHA HepeHaHpﬂ)KeHI/Iﬁ

XR

U(t),ep =0, 2L2J—m6u(rq))|"3 e, t=1,. (30)

BIIT

Pemenns (26), (27) u (29), (30) nmomydeHb! IpH OTPaKESHUH MATAI0NIEH BOJI-
HBI E (1) o (23) or Harpysku Z, B KOHIle BTOpHYHEIX nemneii B OITY 6e3 yuera
MOCIIEAYIONIUX OTPAKCHUH BOJIH OT HArPy3KH B Hayalie BTOPUYHBIX IIETIeH B Me-
cte ycranoBku OITH u pa3psimHUKOB. DTO NOMyIICHUE OOBSICHACTCS TEM, UTO
MoCIeAyIoMIas maiaomias BOJHA M0 BEIMYMHE MEHBIIC TIEPBOH MaIaroleii BOI-
HeI 110 (23). Hanbonee mpocTo Takoe MoJIoKeHUEe MOKHO 0OOCHOBATH ISl CaMo-
TO TSDKEJIOro CIIydYasi, KOTJla B Hayalle BTOPUYHAS IIeTTh M30JIMPOBAHA OT 3EMJIH.
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EHB (T(b) . ZH — ZEK
2 Z.+27,

B nannoM ciyuae otpakeHHas — najaromas Bonua Ej (1) =

OTpaXxkacTcsd oe3 NEPEMECHBI 3HAKa, C YUYETOM 4YCro BTOpas Hajarolias BOJIHA
EHB (T(b) . ZH _ ZBK
2 z

H BK

Oyner paBHa E_,(t) =

, 4YTO MCHBIIIC BCINYMHBI nepBoﬁ maga-

fomieit BosHbI E,,(t) = Eps(ty) 1o (23). TockonmbKy mepexoIHblil Iponecc BbI3bI-
BaeTCs OJHOW HAvaIbHOM mamarorieil BoaHOH E (1), BO3MOXHOCTE HAIOKEHIS
MaJaronei BOJHBI W OTPaXEHHBIX BONH HCKIodaetcs. ClemoBaTenbHO, IS
OIICHKHA MaKCHMAaJIbHOTO YPOBHS TEpEHAIPSHKCHUM NEHCTBUTEIBHO HYKHO IPH-
HUMATh MIEPBYIO MAAOIIYI0 BOJIHY 10 (23), KaK U CeTaHO B CTAaThe.

Pe3yabTaThl pacuera ypoBHsI NlepeHaNnpPsizKeH Ui
BO BTOPMYHBIX IeMsIX

Paccmotpum pemenust (26) u (27) mpUMEHUTENBHO K Ha0EraromuM Ipo-
30BBIM BOJIHAM C JIMHUHA Ha paclpeAeNUTeIbHbIe MOACTAHIMN HarpsKe-
areM 110 u 220 kB, xoTophie Ha TOIX0E K MOACTAHITUAM 110 [4] HMEIOT KOCO-
YrOJBHBIN (PPOHT U XapaKTePHU3YIOTCS KPUBOM OMAacHBIX BOJH. KpuBas onmacHbIX
BOJIH C YYETOM BOJIbT-CEKYHIHON XapaKTEPUCTUKHU THPIISHA H30JISITOPOB JINHUH
ompeneNseT 00JacTh OMACHBIX BONH /IS MOACTAHIUH. IIpu 3TOM pacyeTHbIH
TPO30BOI MMITyJIbC HANPSHKEHUS UMEET QPOHT Ty = 2 MKC U MAKCUMAJIBHYIO aM-
wityay Up, paBHYIO HMIYJIBCHOMY Da3psIHOMY HANPSOKCHUIO IMPH TIOJO-

JKUTEIBHON MOJSPHOCTH M TPEApa3psHOM BpeMeHH Ty = 2 Mkc U, ykasaH-

HOM B Ta0II. 2.

Tabauya 2
HmnyabcHoe pa3psiiHOe HANIPSIZKeHHEe THPJISTHABI HA MOACTAHIUAX
Impulse discharge voltage of the string in the substations
HomunaneHoe Hanpsbxenue noacranuuu U, KB 110 220
Awmniutyia ummysscHoro Hanpsokenus Uy =UY, kB 1050 1800

Pemraercs cnenyromasi npuKiagHas 3agada; OLeHKa IpeAeIbHO BO3MOXKHOIO
MOBBIIIEHHOTO UMITyJIbCHOrO IepeHanpspkeHus U(t),, Ans cioydas HecpabaTbl-
BaHus WKMHHBIX OIIH u pa3psgHukoB, Korga rpo30BOH MMITYJIbC HANpPsDKEHHS

¢ ¢poHTOM T4 = 2 MKC M ammumuTynoit U, =U_ pacnpocrpassercs o muHaM

6e3 mehopmaiuu Mo Ux JIHHE. BBIYUCIUTENBHBIN SKCIIEPUMEHT /IS PEIICHHMA
(26) m (27) BBHITTOIHUM TIPUMEHHUTENbHO K moacTtanimsam 110, 220 kB mpu wnc-
XOOHBIX HaHHbIX: h,=55 w™; y=0; Z,=450 Owm; |,=10-50 wm;
Un=U' =1050; 1800 kB; 14 =2 MKC [UIS 3€MJI CO CPEIHHM YICIBHBIM

conpotuieHueM p, = 100 OM-M, MO KOTOpOH B MHPOBOW HAYIHOM MPAKTHKE
YacTO OIEHUBAIOTCS JJICKTPUYECKHE pacueThl C yYETOM NPOTCKAHHS TOKOB
yepes 3eMIIIO0.
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Pesynbratel pacdera U(t),e, mpencTaBiaeHbl 3aBHCHMOCTIMH U(t)nep = f(ls)

z .
v U(t),, = f( B"J, KOTOpble TOKazaHbl Ha puc. 3, 4. Jlns 3aBucuMocteit

3K

z 1
Ut) pep = f[RBK j npuHATH |, = 25; 50 M ¢ yuetom o, = m .
3K BK 3K
16 ‘ 220kB _—
U(t)ueps KB
110 kB
8
4 /
0
10 20 30 40 M 50
Puc. 3. 3aBucumoctst U(t)yep = f(ly5)
Fig. 3. Dependences u(t),ep = f(l,s)
*]
u(t)neps kB \
3
. 220 xB
, 20 ~——_|220B
0B TSSE— | 1106B]  T—
1 e ______::::_\ S
0
5 7 9 11 13 15 Zu/Ry 19

Puc. 4. 3aucuMocTd U(t),ep = f(Zp/Rsi):
— st by =50 ™; - -- — s |, =25 m

Fig. 4. Dependences u(t),ep = f(Zs/Rs0):
——forl,=50m; --- —forl,=25m

PaccmoTtpens! moactanituu 110, 220 kB ¢ gnmunoi muH |, = 10-50 M. Oue-
BHUJIHO, YTO [UIsi TOACTaHImMH ¢ |, > 50 M pacyeTHble ypOBHH TepEHANPSDKCHUI
Oy/IyT BBIIIE YKA3aHHBIX Ha puC. 3, 4.

ITo ¢dusuueckoil cynHocTd nepeHanpsHkeHus U(t),e, IPOUCXOIAT B CUCTEME
«TIPOBOJ — 3eMJIs», MO3TOMY 10 Kiaccudukanuu nomex U(t),., MOKHO OTHECTH
K TIOMeXaM OOIIero THIIa, HANPSDKEHHE KOTOPBIX MPUIIOKEHO MEXTy 3a3eMJICH-
HBIM Ha KOHCTPYKITMH YP3A MpOBOIHUKOM paccMaTpHUBAEMOi BTOPUIHOM IIETTH
U yJaJeHHOM 3eMJIed, IMOJ KOTOPOM IMOHMUMAETCS 3€MJISi C HYJIEBBIM IMOTEH-
LIMAJIOM, PACMOJIOKEHHAsI BHE 30HBI pACTEKaHMs UMITYyJIbCHOTO Toka ¢ 3Y OIIY.
[lo oOmeit momexe MOXKHO ONpPEAETATh MOMEXH IU(PepeHINANEHOIO THUIIA
«IIPOBOJ] — TIPOBOI» («WKMJIA — )KHJIa»), HANPSIKCHNUE KOTOPHIX MPHIOKEHO MEXK-
Ny JIFOOBIMU JIBYMSI TIPOBOJIHUKAMH PAcCMATPUBAEMON BTOPUIHOM IETIH.
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Ecmu nepenanpspxernst U(t),e, 1o (26), (27) u (29), (30) cuurats momexamu,
TO STH IMOMEXH MPECTABIISIIOT OMIACHOCTD B YaCTHU BO3MOXKHOTO AJIEKTPUYECKOTO
noBpexaeHuss YP3A, 1. e. sBisiroTcs onacHeIMH noMexamu. [Tomexu audde-
PEHLUMANBHOTO THIA (GKWJIA — KWJIa» CBS3aHbl ¢ (YHKUMOHUpOBaHHEM YP3A
U CUMTAIOTCAd MeEIIaluuMu noMexamu. I[IpoGiema Memaromero BIMSHUA
HauboJiee MPOCTO peIIaeTcss MyTeM NPUMEHEHHUs SKPaHUPOBAHHBIX KaOesei
BTOPHUYHBIX LIEMEH.

[To [10] BBIOOp KaOeseli BTOPUYHBIX LENeld MPOM3BOJUTCS OTACIBHO IS
TpaHchOpPMaTOPOB HANPSLKEHHUS U TPAaHC(HOPMATOPOB TOKA:

e U3MEPUTENbHBIE LIENH OT TPAaHC(POPMATOPOB HANPSDKEHUS A0 MaHeIeH Tex-
Huueckux cpeactB (TC) mOmKHBI BBIMOTMHATHCS KaOCSIMH C METaJUINYeCKOH
000JIOYKOH M C METAIUTHIECKON 000JI0UKOM 1 OpOHEH;

e I3MEPHUTENbHBIE 1IeMU 0T TpaHnchopMaTopoB Toka xo naneneidr TC cnemyer
BBINOJIHATh 3KPaHUPOBAaHHBIMU KOHTPOJBHBIMH KaOeIsiMu, KabeasiMu ¢ 0060J104-
KOH WK KabensiMu ¢ 000JI0UKOH 1 OpoHEH.

i Takux M3MEpHUTENbHBIX IIeNel yCTaHABIMBAIOTCA HOPMHpYEMBIE pac-
YeTHBIE 3HAUEHUs HANPsDKEHUs IOMeX B Toukax noxkiarodeHus TC:

e IIOMEXH, OOYCJIOBIIEHHBIE MPOPHIBOM Tpo30BBIX BoiMH ¢ BJI Ha BBICOKO-
BOJIBTHBIE IIIMHBI 3JIEKTPOYCTaHOBKH: U(t) on = 1,5 KB;

e IOMEXH, OOYCIIOBJICHHBIE KOMMYyTalUeil BBICOKOBOJILTHOTO 000OpYyIOBa-
aust: U(L) on = 1,5 kB.

[IpuBeneHHBIC HOPMBI IS TPO30BBIX U KOMMYTAIIMOHHBIX TOMEX U(t),on =
= 1,5 kB paszpaboransr BITIM n HUN «2OHEpProceTbIPOSKT» COBMECTHO C €T0
Oenopycckum otaenenueM euie a0 pacnaga CCCP. OmbIT sKcmutyaTaluy Mof-
CTaHIMH, BBINOJHEHHBIX C YYETOM YyKa3aHHBIX HOpM Ha cpenctBa YP3A,
JI0 HACTOSILIET0 BPEMEHU BIIOJIHE IIOJI0KUTEIbHBII.

[Ipu comocTaBlIeHUH pacyETHBIX BEIMYUH MEPEHANPSHKEHUH BO BTOPUYHBIX
Hernsx mo puc. 3 ¢ HopMHUpoBaHHBIMHU BenuurHAMH U(t),0, = 1,5 kB oueBumHO,
yTo pexxuM HecpabateiBanus OIIH u pa3psaHuUKOB mpeacTaBisieT OOJNBIIYIO
ONIaCHOCTh B OTHOILLIEHHM BO3MOXHOTI'O 3JEKTPUUECKOIO IIOBPEKACHUS 3JIEMEH-
toB YP3A. /Ins noacrannuii 110, 220 kB cHU3UTH yKka3aHHYIO0 OMAaCHOCTh MOX-
HO IIyT€M MHCIIOJIb30BaHUs JOKAJIbHOIO 3a3eMJICHMsI BTOPHUYHBIX LieNel udepes
conportusneHue R, (puc. 4).

BBIBOJ]

Pazpabortan meTos pacdera HMIYJILCHOTO MarHUTHOTO BIUSHUS TIEPBUIHBIX
Herned Ha BTOPUYHBIC IENH MOACTAHIMM MPHU PaCHpOCTPaHEHUH IO BBICOKO-
BOJIBTHBIM IITMHAM TPO30BOT'O HWMITYJIbCA HAIPsDKCHHS IS CiTydast HecpaOaThl-
BaHUS OTPAHUYUTENICH MEpPeHANPSXKEHUN U pa3psaIHUKOB, KOTOPBIM HAa CTaguu
MPOCKTUPOBAHUS W DKCIUTyaTallud TOACTAHIIMI MOXKET HCIONb30BaThCA KakK
TECTOBBIM METOJ NI OLIEHKHU JJIEKTPUUYECKOM CTOMKOCTH YCTPOMCTB peneii-
HOHM 3alllUTHl U aBTOMATHKU OT TPO30BBIX U KOMMYTAIIMOHHBIX MEpeHAINpsi-
JKCHMH.
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