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Abnormal nonsinusoidal modes are characterized by the appearance of higher harmonics of current and voltage. The
distortion of the voltage shape curve in this case is due to the nonlinearity of the magnetization shunts of noloaded
autotransformer. In recent years, great attention in the study of electric networks modes has been given to fluctuations
in circles with steel. The reason for this is the appearance of complex phenomena on the transmission lines of the extra-
high voltage (EHV), such as resonances at frequencies different from the main. In this paper, the attention is paid to the
occurrence of overvoltages on even harmonic components caused by the connection of unloaded autotransformer.The
work takes into account the degree of influence splitting step of wires and the geometrical distance between phases on
the values of abnormal resonance overvoltages in non-sinusoidal operating modes of extra-high voltage power lines.
An unloaded autotransformer is the source of even harmonic components, since the operating point is situated on the
nonlinear part of the magnetization characteristic. A simulation model was developed to check the possible occurrence
of overvoltages in the non-sinusoidal mode. Numerical modeling of electromagnetic commutation processes on the
simulation model was used to identify the factors that have the greatest impact on the occurrence of overvoltages,
primarily the design features of the power transmission line. The critical values of the line parameters in which the
overvoltage rises to the maximum value are found. References 10, figures 5.

Key words: extra-high voltage power lines, abnormal resonance overvoltages, imitation simulation, nonsinusoidal
mode, unloaded autotransformer.

The general characteristics of the problem. Trends of modern electricity grid point to the
growing role of extra high voltage transmission lines as backbone and intersystem. It should be
noted that the study for this lines must be done especially precisely, particularly with regard to the
impact of sources of distortion. This is due to the lack of practical operational reserve insulation,
designed for extreme values, as a reserve for extra high voltage lines is expensive [6, 8, 9]. Thus,
analysis of the possibility of overvoltages in power lines should be implemented not only in normal
modes but also for abnormal non-sinusoidal modes.

Non-sinusoidal modes are characterized by the appearance of higher harmonics of current
and voltage [1-4, 6, 9, 10]. The distortions of voltage and current waveforms in the case of non-
sinusoidal modes appear due to nonlinearity of the magnetization shunts of unloaded
autotransformer. In recent years, much attention in studies is paid to electric-mode networks with
fluctuations in the circles with steel elements with non-linear characteristic. This is the reason why
occurrence of resonance overvoltages at frequencies that differ from the main is a complex
phenomenon [5, 6, §].

The main direction of previous studies was focused on the development and application of
mathematical models in order to obtain quantitative results for practical use [7, 9]. They have not
found the exact cause of overvoltages in the higher harmonic components, although cases of this
type are known for a long time. From these results is unclear and unknown, themselves or switching
modes lead to overvoltages at the higher harmonic. An investigation in area of overvoltages was
performed with great simplification, because this type of overvoltages depends on many factors.
Therefore, these studies are considered as comprehensive impossible.

It should be noted that the process of the even harmonics overvoltages are generally known,
but the values of the characteristics depends on many factors of abnormal mode. It is therefore
necessary to develop methods for identifying key factors which most of all influence on necessary
and sufficient conditions for overvoltages during the design and operation of EHV lines.

The aim of the article. The main purpose of the study was to analyze the factors that lead to
the appearance of abnormal conditions in the transmission lines of extra-high voltage, which are
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accompanied by overvoltages at higher harmonic components.

Influence of the phase design overhead line on the abnormal resonant overvoltage. It is
known studies of the effect of changing the factors on the occurrence of overvoltages on higher
harmonics [6, 8, 10]. The main goal of these studies is the use of advanced modeling techniques,
such as artificial neural networks and wavelet transforms to detect, individually and in combination,
the parameters of equipment and mode of electrical network affect the characteristics of
overvoltages. Such an approach made it possible to
eliminate some of the most important factors that
lead to overvoltages on the even harmonics.

For example, a typical geometry of 750 kV
transmission line is shown on Fig. 1, where
distances are shown in meters. The construction of
the wire are 5xAS-400, the lightning protection
wires are made by the AS-70, the placement of
wires in the split phase at the tops of the pentagon
with the base of 60 cm. The radius of the wire in the &
phase is 1,45 cm, the cable-0,57 cm, the active
resistance of the phase wire is 0,02 Ohm/km,
lightning protection wire is 0,45 Ohm/km.

An abnormal increase of the voltage occurs
at certain parameters of the transmission lines, when
there are necessary conditions for the resonance
overvoltages. For their definition, we use heuristic
formulas [2].

Line inductance in straight sequence:
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where D,, =3/D3DpcDcy — average geometric distance between phases; p,, =JN2-0,9-p,-a* —

equivalent wire radius when splitting the phase into five conductors; a — the distance between split
conductors in the phase; p - the radius of one split conductor.

Zero sequence inductance:
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where p,, =3/ peq_Wng — average geometric radius of phase; Dp = \/];7 — depth of stratification

in the ground of conditional return wire. It is usually accepted for normal conditions Dy =940 .
Capacity for direct and zero sequences:
_ D
Cy = j0,0241-107% /1g(—2) ; 3)

eq.w

SLZV

\3/ peq.ch%v
_2(hy+hy+ 1)

where S, = 3 — average geometric distance between wires and their mirror image;

h,»h, . — distance between phases and earth, taking into account sagging.

Co =0,803-107% /1g( ) 4)

As it is known, lightning protection cables are used on the EHV lines, which are used to
prevent the direct lightning strike. The presence of lightning protection cables affects primarily the
size of capacities in a direct and zero sequences. Under the conditions of exploitation of EHV
transmission lines, there are three possible ways to carry out cables: insulated, ground ropes and the
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absence of lightning protection cables. It is shown in [7] that the absence of lightning protection
cables and their isolated execution has the same effect on the values of capacities and overvoltage
values, therefore, two modes are considered in this work: grounding of lightning protection cables
and the assumption that they are absent.

As can be seen from the formulas (1)...(4), the distance between the splitting step of phase
wires is influenced more by the values of the parameters of the line ¢ and the mean geometric

distance between the phases of the line D,,,. These parameters are determined by the design features
of the phase line. To determine the degree of influence of the design features of the phase on the
magnitude I,, Ly, G, C , values a and D,, are changing according to data ranges: a<[0,4;0,7]
and D,, €[12;25]. The resulting graphs are shown on Fig. 2 for inductances.

On Fig. 2 is shown dependency of the line parameters that are widely varied. Change the
geometric distance D, between phases of the wire according to a constructively possible range

leads to variation in the inductance and capacitance:
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Fig. 2

The graph of change capacitences depending on the phase splitting a is shown on Fig. 3 a.
Accordingly, the graph of change capacitences depending on the avarage distance of the D, is
shown on Fig. 3 b.

On Fig. 4 depictated imitation model of connection EHV line 750 kV to unloaded
autotransformer which is energized on a 750 kV network. The autotransformer rated 450 MV A, 750
kV/330 kV/15,75 kV consists of three windings connected in Y/Y/Delta.
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The power system is simulated by an equivalent circuit consisting of an inductive source
(short-circuit power of 3000 MVA) and a parallel RC load. The autotransformer saturation
characteristics is approximated by a single slope X, =0,32 pu, corresponding to an air core

reactance X, =0,4 pu. Three residual fluxes (-0,8; - 0,4; 0,4 pu) are specified for phases A, B and

C accordingly.
The Multimeter and Scope2 blocks are used to monitor extra signals without using
measurement blocks. The six signals obtained at the output of the Multimeter are the three currents
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in the circuit breaker and the three fluxes inside the
core of the unloaded autotransformer. The flux on
U [pu] phase A is also obtained by integrating the phase A

S\, T [ 400 voltage at the unloaded output of winding two. The
A _.,_:_"_'---‘.,’"ﬁ_‘ii“* ol e “L 3,00 voltage and flux are converted to pu with gain
v=wil o~ 200 blocks using proper scaling. The Fourier block
: - 1,00 measures the harmonic content of the primary

u,.:ss' . o 0,00 voltage phase A. .
045 M 25 Due to the developed model, the influence
apg 055 o2 22 degree of the design features phase on the value of
0,655 19 Day [m] abnormal resonant overvoltages in the non-

sinusoidal mode is determined. On fig. 5 shown a

Fig. 5 3D graph of the change the value of overvoltage on

a and D,,. As can be seen from Fig. 5, there are certain ranges of values at which overvoltages do

not arise even at the worst conditions — the overvoltage zone of switching angle.
The following values for the splitting step and the distance between the phases are:
a<[0,4,0,45]uD,, €[20;23]. (5)
As can be seen on Fig. 1 and above text the ¢ = 0,6 metres and the distance between outer
and middle phase is 18 metres. Really existing values of ¢ and D,, don’t fall into the within the

specified range (5). Accordingly, the indicated ranges of values (5) can be recommended at the
stage of designing of new extra-high voltages transmission lines.

1. In the paper one of the main sources of nonlinearity distortion is considered in the
case when the unloaded autotransformer is turned on. Such a regime causes conditions for the
appearance of overvoltages on the harmonics of even multiplicity. It should be noted that the
process of occurrence overvoltages on the even harmonics has the specific significance of the
characteristics of the abnormal resonance overvoltages and depends on many factors, especially
parametres of phase construction. Therefore, the task was to develop method for determining the
key factors and factors for verifying the design and operation of a superstructure network for the
possibility of the emergence necessary and sufficient conditions for the existence of abnormal
overvoltages.

2. Overvoltages occurring in the non-sinusoidal mode depend on the parameters of the
EHV transmission lines: interphase capacity, capacitance relative to the earth, inductance of the
transmission lines. Resonance arises in a circle that is powered by a nonlinear element - the
magnetization shunt of autotransformer, which can cause the abnormal resonance overvoltages
unpredictably. Also there is correlation between listed below parametres. Therefore, for the study of
abnormal resonance overvoltages proposed, developed and used the imitational model.
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OIIHKA BILIMBY KOHCTPYKIIIi ®A3HM JIIHIi EJJEKTPOINEPEJAYI HAJIBUCOKOI HAIIPYTU HA
AHOPMAUJIBHI PEBOHAHCHI IIEPEHATIIPYTU

Mema euxonanux 0ocniodicenv — aumaniz Gaxmopis, AKi APU3B00AMb 00 BUHUKHEHHS 8 JIHIAX elekmponepeoai
HAO0BUCOKOI Hanpyau aHOPMATbHUX PedHCUMIB, W0 CYNPOBOONCYIOMbCA NEePeHanpy2amu HA SUWUX 2APMOHIYHUX
cknadosux. Bpaxoeano cmyninb enaugy KpoKy po3wenieHHs npogoodie mda cepeoHbo2eoMempuiHoi 8i0CmaHi Mixc
Gazamu Ha 3HAYEHHS AHOPMATLHUX DE3OHACHUX NePeHanpyz y HeCUHYCOiOanbHux peoicumax pobomu ainil
enekmponepedaui Haosucoxoi nanpyau. Ilokazano, wo aHOMANbHI PE3OHAHCHI NEPeHanpy2u MaKo2o0 Muny € HaciioKom
0il’ HeCunycoiOanIbHOCMI HA NAPAMEMPU PENCUMY T MONCYMb MPUEAMU HOPIGHAHO 00620. L{um 60HU 6IOPI3HAIOMbCS 8I0
nepenanpye, SKi GUHUKAOMb Y pe3yabmami KOMYmMayill 3a HOPMAIbHOI cXeMu ereKmpuyHoi mepedici Oe3 Oxcepen
cnomeopeny. [dcepenom napHux apMOHIYHUX CKIA00BUX € HEHABAHMAICEHUL a8MOMPAHCHoOpmamop, poboua mouxka
5K020 3HAXOOUMbCSL HA HENIHIUHIL YACMUHI XaPaKmepucmuKky Hamaehivyeanns. Pospobneno imimayiiny modens 0ns
OYIHKU MONCIUBOL KPAMHOCMI NEPeHanpye y HeCUHycoiOHOMY pedcumi. 3a 00noMo20t0 iMimayitiHo2o MOOen08aAHHs
oyineHo 6n1U8 KOHCMpYKYii hasu ninii enekmponepedaui 750 kB Ha 6uHUKHeHH: NOWKOOXCEeHb nepeHanpye. BusHaueno
3HAUeHHs napamempis JiHii, 3a AKUX XAPAKMEPUCTNUKU NepeHanpye 00CA2armb MAKCUMANIbHUX 3HaueHs. I1i0 uac
npoeKkmy6ants NiHil erexmponepeoayi HAOBUCOKOI Hanpyeu HeoOXIOHO 8paxosyeamu KOHCMPYKYIl ¢asu 3 memoro
3an06i2atHs BUHUKHEHHIO AHOPMATIbHUX pe30HAHCHUX nepenanpye. biomn. 10, puc. 5.

KuarouoBi cioBa: miHIi HAIBHCOKOI HANpYTHW, aHOPMajibHI PE30HAHCHI NEepeHaNpyrd, iMiTamiiHEe MOAETIOBAHHSA,
HECHHYCOINaJIbHUN PEXXKUM, HCHABAHTAKCHUN aBTOTPaHCHOPMATOP.
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OLEHKA BJIMAHHUS KOHCTPYKHOUU ®PA3bI JIMHUU JJEKTPOIIEPEJAYN CBEPXBBICOKOI'O
HAINPSKEHUSI HA AHOPMAJIBHBIE PEBOHAHCHBIE ITEPEHAIIPSIZKEHUS

AHOpMATbHBLL HECUHYCOUOATLHBILL PECUM XAPAKMEPUIVENCSL NOAGIEHUEM GbICULUX 2APMOHUK MOKA U HANPSICEHUSL.
Hckancenue Gopmvl Kpugou Hanpsidicenuss u MOKO8 6 JMOM Ciyyae O0OYCI061eHO HEeIUHEHOCMbIO WYHMA
HAMACHUYUBAHUST HEHAZPYICEHHO20 agmompanchopmamopa. B nocnednee epems Oonvuioe enumanue yoensemcs
UBYHEHUIO PedNCUMO8 pAabOmbl  MALUCTNPATIbHLIX  INEKMPUYECKUX Cemell ¢ HeCUHyCOUOAIbHbIMU UCMOYHUKAMU
uckascenutl. Tlpuuunol smoeo sA61emcs NOsGIeHUE AHOPMATbHBIX PE30HACHBIX PENCUMO8 HA JUHUAX CBEPXBbICOKO2O
nanpsoicenust (CBH), maxux kax pe3oHancHbie npoyeccyl Ha Yacnmomax, OMAUYHbIX O OCHOBHOU. Yoeneno eHumanue
BO3HUKHOBEHUIO NEPEHANPSINCEHULl 0adice HA 2APMOHUYECKUX KOMNOHEHMAX, 8bl36AHHbIX COCOUHEHUEM DA32PYIHCEHHbIX
asmompatncgopmamopos. OCHOBHAA yelnb UCCIe008AHUSL — NPOAHATUIUPOBAMb (DAKMOPLL, KOMOpble NPUBOOAM K
BO3HUKHOBEHUIO ~ AHOPMAILHO2O0 — pedicuMd 6  JIUHUAX — DIeKmponepeoauu  C8EpX6blCOKO20  HANPANCEHUS U
CONPOBOACOAIOMCS NEPEHANPANCEHUAMU HA BbICUUUX 2apMOHUYecKux cocmagnaowux. Tlokazano, umo anopmanbhvie
PE30HACHbIE NEPEHANPSIICEHUsL INMO20 MUNA BO3HUKAIOM KAK cledcmeue Oeticmeusi HeCUHyCOUOaIbHO20 PerCuMd.
Yumena cmenenv enusinus waca pacujenienus npoooos U 2eOMEMpPUYEcKo20 pAcCmosnus Medcdy gazamu Ha
BHAYEHUSI AHOPMALbHLIX NEPEHANPSNCEHUL 6 HECUHYCOUOANbHBIX PEeNCUMAax pabomvl JUHULL  IAEKMPOnepeoay
c8epxevicoKk020 Hanpsidicenus. Henazpyscennvlii  agmompancgopmamop  A6AS€mcs UCHOYHUKOM — B03HUKHOBEHUS
YEMHBIX ~ 2APMOHUYECKUX — COCAGISIOWUX, NOCKOIbKY pabouds mMouKa HAXOOUMCsl 6 HelUHeUHOU yacmu
Xapaxmepucmuku namazhuyusanus. Pazpabomana umumayuonnas mooeisb 0iisi NPOGEPKU 603MONCHOLO B03HUKHOBEHUSL
NEPEHanpsIdiCeHUil 8 paccmMampusaemMom HeCUHYCOUOATbHOM pedcume. Huciennoe Mooerupoganue S1eKmpoMacHUMHbIX
KOMMYMAYUOHHBIX NPOYECCO8 HA UMUMAYUOHHOU MOOENU UCHONb3068AN0CH O GbIAGLEHUsl (PAKMopos, KOmopbie
oKazvlealom  Hauboivee GIUAHUE HA  BOZHUKHOBEHUE  AHOPMANbHBIX — NEPEHANPANCeHUll, npejcoe  B8ce2o
KOHCMPYKMUBHBIX ~ 0CODEHHOCmell  UCNOAHeHUs JuHuu  dnekmponepedaqu. Hatidenvl Kpumuueckue 3naueHus
napamempog JuHuU, 8 KOMOPbIX NOSLIULAENCSL NEPEHANPIdNCEHIUe 00 MAKCUMATbHO20 3HayeHus. bubm. 10, puc. 5.
KiwueBble c€JI0Ba: JIMHUM CBEPXBBICOKOIO HAMPSDKECHHS, AaHOPMAJbHBIC PE30OHAHCHBIC IEPEHAIPSKCHUS,
HMHTAIIMOHHOE MOJICIUPOBAHIE, HECHHYCOUIATIbHBINA PEXKUM, HEHArPYKEHHBIN aBTOTpaHchopMarop.
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