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Pacuer ycCTaHOBHMBLIMXCSI PEXHMOB OJJIEKTPUYECKOM CETH MpU 33JaHUM AKTUBHOM
HCXOAHON MH(OpPMALMK B BUJE 3aBUCHMBIX UCTOYHHKOB TOKA WJIM HAIPSDKEHHUS CBOIUTCS K
PELICHUIO CUCTEMbl HEJIMHEHHBIX alreOpanvyecKkux YpaBHEHHH, KOTOPOE BO3MOXKHO JIUILb
WTEPallMOHHBIMA MeTofaMH. IIpu 3TOM HEoOXOAMMO TakKKe HCCIEeN0BaTh BOIPOCH
CYIIECTBOBAHUS, €IUHCTBEHHOCTH PEIICHUS B 3aJaHHON OOJIACTH HMCKOMBIX M CXOIMMOCTH
BBIOPaHHOT'0 UTEPAIIMOHHOTO METO/1a. AHAIMTHUECKOE (TOUHOE) PEIICHHE CUCTEMbl YPaBHEHUI
YCTaHOBMBILIETOCS PpEXHMa BO3MOXHO JIMIIb JUIl JBYXYy3JIOBOM JJIEKTPUUECKON CETH,
COZIepJKallled TakXKe IOoNepedHble BeTBU. [ IBYXy3JlIOBOH ceTH MaTeMaThieckash MOZETb
YCTaHOBHBILETOCS PEKHMA MPECTaBIIETCsl OMKBAAPATHBIM YPABHEHHUEM.

B pabote npuBeseHb! yCIOBUS CYIIECTBOBAHUS U ONpPEENICHbI BCE PEIIeHHs YpaBHEHUH
YCTQHOBHMBILETOCSI pEXHMa ABYXYy3JIOBOM CETH. AHAJU3HUPOBAHO BIHMSHHE HCXOMHBIX
IapaMeTpoB Ha YCJIOBHE CYIIECTBOBAaHMS YCTaHOBHUBILETOCS pexuMa. IlomyueHsl npenenbHble
3Ha4YEHHs NIapaMeTPOB, a TAKIKE NPOITYCKHAs CIOCOOHOCTH JIMHUH AJIEKTPOIIepeIayu.

HccnenoBanus BHIIOJNIHEHBI NIPU 3aJIaHUHU Y3JIOBOM MCXOJHOHM nH(opmanuu B Buzae P, Q
(axTuBHOM, peakTuBHOM MomHOCTH) U P, |U| (akTHBHOW MOIIHOCTH M MOJYJIS HATIPSDKEHUS ).
IIpu ydere mnonepedyHol IPOBOAMMOCTH JBYXY3JOBOH CETHM MaTeMaTH4YecKas MOJIEIb
YCTaHOBMBILETOCS PEXKMMa HECKOJIBKO BUAOU3MEHSIETCS, OJHAKO XOJ PacCyXICHHUH ocTaeTcs
npexauM. [Ipn 3agaHum y310BOH MCXOAHOW WMH(OpManWy B BUAE AKTMBHOW MOIIHOCTH H
MOy HaINpsHKEHUsI MaTeMaTHIecKasi MOAEb YCTAaHOBUBILETOCS PEXUMA JBYXY3JIO0BOH CETH
BBIpA)KAETCSl KBAAPATHBIM ypaBHEHWEM. B 3ToM ciydae ycJIOBHE CyIIECTBOBAHHS
YCTaHOBHBILETOCS PEKUMA HE 3aBHCUT OT PEAKTUBHOTO COIPOTUBIIECHUS BYXYy3JI0BOU CETH.

ITockonbKY JTHHUS 3IEKTPONEPEAAUH C COCPEAOTOUCHHBIMH TTapaMETPaMHU MOACIHNPYETCS
JBYXY3JIOBOH CETBIO C IOTIEPEIHBIMHU JIEMEHTAMH, TO pa3paboTaHHAsI MAaTEMAaTHIECKast MOZETb
YCTAHOBHMBILETOCS PEXXHUMa MOXKET CIIY>KUTb Ul UCCIEJOBAHMS MPOIyCKHOW CHOCOOHOCTH M
MIPEAEIBbHBIX PEXUMOB JIMHUN 3JIEKTpOIepeIayH.

Kniouegvie cnosa: [1ByXy3noBas CeTb, YCTAHOBHUBIIMICS pEXHM, OHKBaIpaTHOE
YpaBHCHHUC, YCIIOBUC CYIIECTBOBAHUA, €AMHCTBCHHOCTb PCUICHUA, MTOTICPEYHAsA MPOBOANMOCTb.

Beeoenue. Pacuetsl ycranoBusmmuxcs pexumos (YP) sanekrpudeckoii cetu (2C),
nuMest OOJIBIIOE CaMOCTOSITEIbHOE 3HAUCHHE, SBISIFOTCS OCHOBOW IUIA pelleHHs psana
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ANIEKTPOTEXHUUECKHUX 3aJa4: ONTUMANbHOE yrpaBieHue Y P, mianupoBanue pa3BUTHUS
CEeTH, OTpeeNICHHE YCTaBOK PENIEHHON 3allluThl W MPOTHBOABAPUIHON aBTOMATHKH,
WCCIIEJIOBaHNE CTAaTUYeCKOH W JIMHAMHUYECKOH YCTOWYHBOCTH, WCCIIEOBaHUE
MEePEXOAHBIX NPOLECCOB U T.1. [1-3].

[Ipu TpagummonHO# hopme 3a1aHus NCXOTHOHN Y37I0BOI HHPOPMAIIHH U3 YETHIPEX

KOMIIOHCHTOB (aKTI/IBHaH P U pCaKTHBHaA Q MOIIHOCTH, MOAYJIb U U aprymMeHT o

HaIpsHKSHMS ) Ba CYUTAIOTCS 3aJaHHBIMH, a OCTAJIbHBIE - UICKOMBIMU [3-5].
H3BecTHO, 4TO pacuer YP 351eKTpUUECKON CETH MpHU 3aJJaHUU UCXOJHOU y3JI0BOM

vH(OpMalMK B BUJE aKTUBHOW M peakTMBHOM mouHocteii (P, 0 ) UM aKTUBHOM

MOIMHOCTH W MOAYJM HANPAKCHUSA (P 5 U|) CBOOUTCA K PCHICHUIO CUCTCMbI

HEJIMHEHHBIX alre0panvecKux ypaBHeHHH, KOTOPOe BO3MOKHO JIUIIb UTEPAITHOHHBIMHU
Meromamu [1-5].

IIpu pacuerax YP 3C HeoOXoamMO HCCIIEIOBATH BOMPOCHI CYIIECTBOBAHUA,
SIMHCTBEHHOCTH PEIIECHUS H CXOANMOCTH BERIOPAHHOTO UTEpAIlMOHHOTO MeTona [3-5].
B ycnoBusax coBpeMeHHBIX OBICTPOAECHCTBYIOMINX BBIUNCIATENBHBIX MAITHH BOTPOCHI
ObICTpOeHiCTBUST W O00bEeM 3aHMMaeMOil TaMsATH He akKTyallbHbl H paHee
mpensaTcTBOBaM IpH pacdetax Y C OC.

Ilocmanoeéka 3adauu. B nmanHoil paboTe WcchaemyeTcs —BYXY3/10Bas
ANEKTPUYECKast CeTh, PEXKUM KOTOPOH OMpeessieTCs] aHAINTHIECKUM ITyTEM, a TaKKe
MIPHUBEJIEHBI YCIIOBHE CYIIECTBOBAHUS PEXIMa U NpeelIbHBIE PEKUMHBIC TTapaMeTPHI.

PaccMoTpuM  yCTAaHOBHMBIIMIACS —PEKUM JIMHAW  diekTporepenaun  (JIOII),
NpeCTaBICHHbBIN B BUJE IBYXY3JI0BOM ceTh (puc.l) ¢ pUKCHpOBaHHBIM HaNpPsHKEHUEM
(Up) B Havane JIMHWUHU, C KOMIUIEKCHBIM TMPOJOJIBHBIM CONPOTHUBICHHEM Z =7+ jXu

IIOTIepeYHOM IPOBOAMMOCTBIO ¥ =g+ jb.
Z u

S=P+j
Uy Jo

Puc.1. Cxema 3amewenus TuHuY I1EKMPONEPeOayU ¢ coCpedomoYeHHbIMU
napamempamu

C‘II/ITaeM, YTO B KOHIIC JIMHUHU npnnoxceHa Harpy31<a C HOJ‘IHOI71 MOIITHOCTBIO
S =P+ jO=PQ1+ jk), (D

rne Q = Pk.
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Pewenue 3aoauu. IlokaxxeM, 4YTO OIpenelIeHHE YCTAHOBMBILEIOCS peXHMa

(manpsokennst U u Toka I ) CBOJMTCS K PEIICHUIO OUKBAIPATHOTO YPABHEHHSL.
Jnst ciyqast ¥ =0 ypaBHeHHe YCTaHOBHBILETOCS PEKMMa ITPUMET BH]

*

Vo -0 =@ jo)er+ .

KOTOpOe Ipeoldpasyercs K BULY

_ 2
UUcosa=U" +a, @)
U Usina =-b
HJIN K
vy =l +ba)2 +b?, (3)
g =— ,
U?+a

rne @ =Pr+Ox, b=Px—-0r, a - apTYMEHT KOMILIEKCHOTO Hanpsikerns U = Ue/% |

W3 nepBoro ypaBHeHust cuctemsl (3) onpenensem U 2 1o hopmyiie

2 4
P 2 4)
U2 = U—O—a + ﬂ—a —a2 —bz.
2 2
H606XOZ[I/IMBIM YCIIO0BHUEM CYLICCTBOBAHUA PCIKHUMA ABIIACTCA
v )
5
D= To—a —a2—b220. ®)

Mo:XHO MoKa3atb, 4To U3 ycsoBus (5) cienyer

Ug
——az=0,

2
T.e. (5) sBIsIeTcs HEOOXOAUMBIM U JOCTATOYHBIM YCIOBHEM CYIIECTBOBAHUS PEKUMA.

[Ipu BemmonHEeHNN ycnoBusd (5) ypaBHeHue (4) UMeeT Ba peleHus:

2
U
U% =—0 44 D,
2 (6)
U2
v2=-"Y_4-\b,
2



2 2 o
rne Uf >UZ,u BTOpOH pEKHM SBIAETCS OKOHOMHYECKM HEBBITOIHBIM BBHIY

00dpIMX MOTEPs. MOXKHO MMOKa3aTh, 4TO

(7
AP = gU%,

AP_= gU%,

rne AP, AP_ - norepu aktuBHOM Momnoctd B JIDII mpu pemeHusx U%,UE
ypaBuenus (4), g=r/ (r2 + xz)'

Co0O0TBETCTBEHHO AJIsL apryMEHTa HAINPsS?KCHUST UMECM

b (8)
tga+: 2 s
Ui+a
ga_= _
UE +a

ITokaxem, uto AP, =gU 2 , T.€. HEOOXOIMMO I10Ka3aTh, YTO
(. —UO{UF Uoj =U?
WJIH KeE
. *
Ui+Ug-U? :UO(U+ +U+].

HOJ’IB3y$ICI> (6), nocjieAHeC COOTHOIICHUE MEPCTINIICM B BUC

Ug +2\/B =2UyU  cosa,

2 2
a U U,
VyuteiBasg, yto €OS& = Ut) U+ (2), momyuum Uf :To—a +4D (6).
+

Hccnenyem mnoBenenne ¢yukmuu D (5) B 3aBHCHMMOCTH OT  BEJIWYHHBI
nepesaBaeMoll aKTHBHOM MOITHOCTH TPH Pa3iMYHBIX 3HAYCHHAX KOA(PQHUIMEeHTa
MomHOCTH (I y#moOcTBa BMecTo Kod((dUIMEHTa MOIIMHOCTH PacCMOTpPEH

K03()(DHIMEHT OTHOIICHHS PEAKTUBHOM M aKTHBHOM MOIIHOCTEH, T.€. k = Q ).
P
[pencrapisist BeMUYUHBL @ U b B popmax
a = P(r + kx),

b= P(x—kr), ©)
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nepenuumeM IMCKPUMHUHAHT B BUAC

D(P,k) = ~(x—kr)> P = (r + ke)UZP+ U} /4. (10)

[Ipy (PUKCUPOBAHHOM 3HAYEHMH K JIUCKPUMHMHAHT SBJIAETCA KBAJAPATHON
¢bynxuueit or P .
PaccMoTpuM 4acTHBIE cilydan:

a) b=0, e k==, o, =a-=0y
r
2 U4
DP)=-—UiP+—2. (11)
r 4
I'paduk ¢pyuxuun D(P) (11) npencrasien Ha puc.2a. [Ipezen neperaBaeMoi ak-

2
Uy -r
TUBHOM MOIIHOCTH - Pmax= .2 > & HANPSDKEHHE B KOHIE JTHHMH - U=Uy/2,a=0;
z

r
0) a= 0, e k= S (peakTHBHAS MOIIHOCTH HAIIPABJICHA IMPOTHBOIIOIOKHO
AKTHUBHOM MOIITHOCTH) U
24 U, 3

2
—P" +
24

D(P)=~ (12)

I'padpuk dynkumu D(P) (12) npeacrasnen Ha puc.26. Ilpenen mepemaBaemoii

2
Uj -
AKTUBHOM MOIIHOCTH -  Pryax= 40—;, a Hamps)KeHHWEe B KOHIE JUHUU -
z
U=Uy/N2,a=-rl4.
p(p)} ﬁ D(P)} %
4
[
P P
> 0 ® >
0 a) Prax 0) Prax

Puc.2. I'pagpuxu ¢pynxyuii ° 7 ona cryuaes =0 (@u 9=9 (5)

PaccmoTtpum o6mmii ciry4aii, korma @ -b#0
OnpenenuM KOOpAWHATHI BepIInHbI Tapabdomst (10):
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(r+lcx)U§
2x—kr)?’
2
3levk) Ly,
4 (x—kr)? 4

D(Ppy =

Ksanparnoe ypasaenue D(P)=0 (10) Bcerma uMmeer Ba A€HCTBUTETBHBIX
KOPHS pa3IMYHBIX 3HAKOB (pHC.3).

v oY

U 2} P
h f'max

Puc.3. Tpapuru pynxyuii 2 P (10) npu @ >0 (@)u <9 (5)

[MonoxuTenbHbIA KOpeHsb kBaapatHoro ypaBuenuss D(P) =0 (10) onpenemnsiercs

(k) 1+ k2

2x — kr)?
U IIpeCTaBIsieT co0O0H Mpezen nepeaaBaeMoil aKkTHBHONW MOIITHOCTH.
IIpu ydere mnomepeunoii mnpoBoamMoctu (puc.l) ypaBHeHue (2) npuUMET
CIEYIOINNA BU:

N3 COOTHOIICHUA

U2>0

P 0

UgUcosa = (1+c-cosﬁ)U2 +a,
~-UpUsina :c-sinﬁ-Uz +b,
TIe (}:Y()/Y:(Zejﬂ .
JanpHeluii X0 pacCy>k/IeHU HUYEeM HE OTJIMYaeTCs OT BBILIEIIPHUBEACHHOTO.

PaccMoTpuM cilydaid, Korja akTuBHas MH(poOpMaius 3agaHa B Buge 1, |U |

(MCKOMBIMH SBJISIOTCS peakTuBHas MomuocTs ( O ) u apryment Hanpskenus (4 ).
ITepBoe ypaBHeHUe (3) IepenuineM B BHIIE

a’+b* +2U%a+U*-UU* =0
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HNJIA KEC
x?0% +202x0+ PH? v Ut ~ULU? +2U0%P r =0, (13)

T.€. IOJIy4aeM KBaJpaTHOEC YPaBHEHHE OTHOCUTEIBHO O . Yenosue CYLIECTBOBAHUS
pEXUMa CBOJUTCS K CIENYIOIEMY:
14)
D= 4x2(U§U2 —2U%P-r —Pzrz)z 0. (
3ameTuM, YTO YCJOBHME CylecTBOBaHUS (14) He 3aBHCHT OT pPEaKTUBHOTO
COIIPOTUBIICHUS JINHUH.

Buvieoowt

1. IlokazaHo, 4YTO OMNpeneleHne YCTAHOBUBIIETOCS pEXHMa BYXY3JIOBOM
DJIEKTPUYECCKOW CETH TpH 3aJaHud y3JI0BOH HWH(POpPMAIMd B BHAEC AKTUBHOU U
PEaKTHBHOW MOIIHOCTEH CBOIUTCA K PEUICHUIO OMKBAJIPaTHOTO ypaBHEHHUS, a TpHU
3aJlaHUM Y3JI0BOW WH(GOPMAIUK B BUJIC aKTHBHON MOITHOCTH M MOJYJIS HAIPSKCHUS -
KBaJIpaTHOTO YPaBHEHUSI.

2. [NonyueHo HeoOXOAMMOE M JOCTATOYHOE YCJIOBHUE  CYIICCTBOBaHUS
YCTAaHOBHBIIIETOCS PEXUMa JABYXY3JIOBOW CETH, UCCIIECIOBAHBI MPECIbHBIE CIydau U
MONly9eHbl ~ MaKCHUMallbHbIe  3HAYEHUS  MPOIMYCKHOW  CIIOCOOHOCTH  JIMHUHU
JNIEKTpOTIepeIadH.
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Eru<ULANh38 SULSh LUSNKLUSYUD NEdhUP ULULPShY <BSURNSNrUL
Jd.U. Uwdwpjwi, L.d. Uwwpjut

Eyunpwlwu gwugh Yuwjniuwgwsé nbtidchdh hwpdwplyp, bpp Gwhitwlwu  wlynphy
hudnpdwghwu wnpqwd £ hnuwuph ud jwpdwt Ywiujw] wnpniputiph wbupny, hwugnd £ ny
gowjhu hwupwhwoywlywt hwywuwpnuwubiph hwdwywpgh (nsdwup, husp huwpwynp £ dhwju
hinbpwghntu dbpnnutpny: Uu nbwpnid wuhpwdbown £ uwb hbnwgnunt) (niddwu gnynigjuiu b
dhwyntpjwu hwpgbipp npnubh dGdnieyniuubiph wpqwé wnppnyenid, huswbu twl punpud
hintpwghnu  dbennh  qniqudhunnyeniup: Ywnibwgywd  ntidhdh  hwdwuwnpnwiubiph
hwdwlwngh wuwihwnpy (G2gppw) (ndnwip huwpwynp £ dhwju Gpyhwugnyg gwugh nbwpnid:
Gnpyhwugnyg gwugh Yuwjniuwgywd nbidhdh dwpebdwwhulwu dnnbp ubpyuwjwgynd k
Gpypwnwyniuwiht hwyjwuwpndny:

Upfuwwnwupnud pipdwd Gu gnjnipjwt wwydwuubpp, W npnpdwd Gu Gpyhwugnyg gwugh
Yuyniuwgywé ntidhdh hwjwuwpdwl pninp ndnwiubipp wuwhwnhy nbupny: <Gnwgnuyb §
gwugh Uwpitwlwu wwpwdbnptph  wgnbgnieniup  Ywjniwwgywsd nbdhdh  gnjnyegjw
wwydwuph  Jpw:  Uwnwgyt; bGu  wwpwdbnpbph  uwhdwuwhu wpdbpubpp L
Elyunpwhwnnpniwu gqéh pnnniuwynipyniup:

LEwmwgnunnieiniuubipp wwnwpyt) Bu uwjuuwywu hwugniguihu hu$npdwghwih P, Q
(wywnpy b nbwywnhy hgnpnieyniuutn) W P, |U] (wywnpy hgnpnieynit b jwpdwt dnnbp) wnkupny
wnpdwu  nbwpbpnud: - Lwjuwywu  §ninp - hwpdwndwu  nbwpnd  Gpyhwugnyg  gwugh
Yujniuwgywé ntidhdh  dwpbdwwhlwlwu dnnbp  duwdthnfugnd  E, uwfuit  nddwu
ghpdpupwgp  Jdund b wulhnihnfu: Bplyhwugnyg  guugh  Juyniuwgywd  nbdhdp
dwpebtdwwhwlwu dnnbp, tpp bwiutwlwu hwugnigwiht ndyuiutpp wpdwd Gu wynpy
hgnpnigjwu U jwpdwu dnnnyh nbupny, wpunwhwjnynd £ pwnwyniwwiht hwwuwpnwing:
Wu nbwpnd Yujniuwgywd ntdhdh gnnigjwt wwjdwup Ywiujwsd sk Gpyhwugnyg guugh
nbwywunhy nhdwnpnipjniuhg:

Lwup np pwouqwsd wwpwdbwnpbpny EEYunpwhwnnpndwu ghdp dnnbjuygnpynd k
(wiuwywu  wnwppbp wwpniwwynn Bpyhwugnyg guugny, www  Yuniuwgwsd nbidhdp
dwpebtdwwhwlwu dnnbip Ywpnn £ dwnwjb bGhwpwhwnnpndwu géh pnnniiwynipjuu b
uwhdwuwjhu nkdhdubph htnwgnudwu hpwlywuwgdwunp:

Unwugpuyhti pwnbp. Gpyhwugnyg gwug, Yuwntuwgywd nbidhd, tpYpwnwyniuwihu
hwywuwpnid, gnjnigjwt ywjdwl, [ndwu dhwynieniu, jwjtwywu hwnnprwwuntgniu:

AN ANALYTICAL STUDY OF THE BINODAL GRID STEADY-STATE REGIME
V.S. Safaryan, L.V. Safaryan

The calculation of the power grid steady-state regime at specified active initial information
in the form of dependent current or voltage sources results in solution of a system of nonlinear
algebraic equations that is possible only by iterative methods. At this, the existence and
uniqueness of the solution in the specified area of the required quantities and convergence of the
iterative method selected should also be studied. The analytical (exact) solution of the equation
system of the steady-state regimes is possible only for the binodal power grid having also
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transversal branches. The mathematical model of the steady-state regime for the binodal grid is
given by a biquadratic equation.

The conditions for existence, as well as all the solutions of steady-state regime equations
for binodal grid are defined. The influence of the initial data on the existence condition of the
steady-state regime is analyzed. The limiting values of the parameters and transmission lines
transfer capacity are obtained.

The study is conducted by specifying the nodal initial data in the forms of P, Q (active,
reactive power) and P, |U| (active power and voltage module). The mathematical model of the
steady-state regime is somewhat modified taking into account the transversal conductivity of the
binodal grid, however the solution process remains unchanged. The mathematical model of the
steady-state regime of binodal grid is expressed by the quadratic equation at the specified nodal
initial information in the form of active power and voltage module. In this case the condition for
existence of the steady-state regime does not depend on the reactance of the binodal grid.

Since the transmission line with the lumped parameters is simulated by the binodal grid
with transversal elements, the developed mathematical model of the steady-state regime can
serve for the study of the transfer capacity and limiting regimes of the transmission lines.

Keywords: binodal grid, steady-state regime, biquadrate equation, existence condition,
uniqueness of the solution, transversal conductivity.
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