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Abstract: Electrical energy from the place of its generation is transmitted to consumers of various
capacities. The distance from the source of electrical energy to the consumer can vary from
several meters to several thousand kilometers. In this regard, the accurate determination of the
operating parameters of the power transmission line (PTL) is a mandatory and necessary
condition for the PTL normal functioning. In the current-carrying parts of the double-circuit PTL
there are six incident and six reflected waves of the electromagnetic field. They determine voltages
and currents. A scheme is proposed for the distribution of these waves along linear wires of a
homogeneous section of a double-circuit PTL. This scheme shows that the current-carrying parts
of the adjacent wires have a significant impact on voltages and currents in one wire. This scheme
illustrates the distribution of the amplitude values of electromagnetic field waves, defined as the
integration constant. Using the integration constants, the propagation constants of
electromagnetic waves along the linear wires of the PTL and the corresponding wave impedances,
one can obtain the amplitude values of the incident and reflected waves at any point of the double-
circuit PTL, and hence the currents and voltages in the double-circuit PTL. The article presents a
method for determining the currents and voltages in a double-circuit PTL according to the load.
The proposed method will allow determining the qualitative and quantitative indicators of
electrical energy (induced voltage) appearing from each wire separately and provide the
possibility of their elimination, which will improve the quality of electrical energy.
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Ipobnemor snepeemuru, 2019, mom 21, Ne 3

Pestome: Onexmpuueckas dHepeus Om Mecma ee 2eHepayuu nepeoaemcs nompeoumensim
paznuunoll mowHocmu. Paccmosanue om ucmoyHuKa 31eKmpuiecKkoll snepeur 00 nompeoumens
Mooicem Oblmb OM HECKOMbKUX Mempo8 00 HECKOIbKUX Mblcad KUiomempos. B cesasu ¢ smum
mouHoe OnpedeneHue PedCUMHbIX Napamempos aunuu oaekmponepeoauu (JIDI1) sensemcs
00513ameNbHbIM U HE0OX0OUMbBIM  YCI08UeM Oisi HOPMAaibHO20 (Gyukyuonuposanus JIOI. B
mokogedywux uacmsax oeyxyennoti JIDII npucymcmeyrom wecmv nadarowux u uecms
OMPAICEHHBIX BOIH INEKMPOMACHUMHO20 NOsL. FIMeHHO onu onpedensiiom 3HAYeHUsi HanpsdCeHul
u mokog. /s yuema 63aumMHO20 GIUAHUSL NPOBOOOE 8 CIAMbE NPEOLONCEHA CXeMA PACNPeOereHUs.
SMUX BOJIH NO JUHEUHbIM NPOB0OaM 00HOPOOH020 yuacmka ogyxyennou JIDII. U3 smou cxemol
BUOHO, UMO HA GEAUHUHY HANDANCEHUU U MOKO8 8 OOHOM NPOBOOE OKA3bIEAEeH CYUeCHIBEHHOE
BRUAHUE MOKOGEOYIUE YACMU COCEOHUX NPOB0O08. DMa cXema ULIIOCmpupyem pacnpeoeneHue
AMAIUMYOHBIX 3HAYEHUU GOIH INEKMPOMAZHUMHO20 NOJS, KOMOPble SGISIOMC NOCMOSHHbIMU
unmezpupoganus. C nOMOWBIO NOCMOSHHLIX UHMEZPUPOBANUS, NOCTOAHHBIX PACHPOCTNDAHEHUS.
INEKMPOMACHUMHBIX GONH MO JUHEUHbIM npoeodam JIDII u coomeemcmeyiowux G0IHOBIX
CONPOMUGLEHUIL MOJCHO HOLYYUMb HA2TSOHOE npeocmagienue 06 aMNAUMYOHbIX 3HAYEHUSIX
naoarwux U OMpAdCeHHbIX GOJH 8 Jobol mouke ogyxyenuou JIDII, a snauum, u o mokax u
Hanpsicenusix 8 ogyxyennou JIDI1. B cmamve npedcmagiena memoouka onpeoeieHusi mokos u
nanpsicenul 6 ogyxyennou JIOII no naepysxe. Ilpednacaemas memoouxa no3eoaum onpeoesms
KAuecmeeHHvle U  KOAUYECTNBEHHble NOKA3amenu dNeKMmpudeckol dHepeuu  (Hagedennoe
HAnpsdcenue), NOSGIAIOWUECS OM  KaAANCO020 Npo8oodd 6 OmMOEeIbHOCmU U obecnedum
B03MOJICHOCTL UX YCHPAHEHUS, YMO NO360IUM NOBLICUMb KAYECBO INEKMPULECKOU IHEP2UlL.

Knrwouesvie cnosa: paspabomxa memoOuKku pacuema pedCUMHBIX NapamMempos O8YXYEenHol
JIDIT; nadatowjas u ompasxceHnas 80aHa; cOOCMEEHHbIE U 83AUMHbBIE BOIHOBbIE CONPOTMUBTIEHUSL.

Introduction

Usually, electrical energy is delivered from power plants where it is generated, to
consumers using the overhead power transmission lines (PTL), which are characterized by
transmission capacity, length and design.

Most consumers of high power are located far from the places of electricity generation.
So, the transportation of electrical energy has to be carried out by overhead power lines of
voltage of 35 kV and higher. Often such PTL are double-circuit. The use of double-circuit power
transmission lines allows one to save raw materials (material for new supports), reduce the
exclusion zone, improve the environmental situation, etc.

Electricity supplying organizations are obliged to provide consumers with high-quality
electrical energy that meets the requirements of current regulatory documents'. For load
planning, it is necessary to calculate the modes for each PTL. In this case, it is advisable to take
into account the largest number of factors affecting the transmission of electrical energy along
power lines.

The calculation of electric networks modes is crucial for electric power systems. One of
the main tasks is to calculate the modes of double-circuit overhead power lines, in particular, to
determine currents and voltages at any point on the power line wires. To solve this task it is
necessary to know voltages and currents either at the beginning of the power line or at its end, in
addition to the primary parameters of the analyzed PTL.

The article provides an option for calculation operational parameters at known voltages and
currents at the end of power lines. This information can be obtained at the substation under
consideration.

Experimental technique

. GOST 32144-2013. Electric Energy. Electromagnetic compatibility of technical equipment. Standards of

quality of electrical energy in general-purpose power supply systems. Moscow: Standardinform, 2014. 16 p.
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The transmission of electrical energy is accompanied by directional distribution of
electromagnetic field [1], which propagates through an unloaded power transmission line
according to harmonic laws [2].

Typically, analysis of transmission of high-quality electrical energy is performed for a
single line wire. This is true, since the process of such energy transmission through each linear
wire is the same. In this case, the electromagnetic connections between the PTL linear wires
are so insignificant that taking them into account does not make sense [3, 4]. But this is true
only for high-quality electrical energy. Otherwise, these electromagnetic interconnections
should be taken into account.

Electricity is transported through each linear wire of a homogeneous section of a double-
circuit power transmission line by six incident waves of the electromagnetic field and six
reflected waves [1]. This fact is confirmed by the equations of distribution of phase voltage and
linear current [5]. For a line wire, they have the following form:

: 18 il il
== Y Yil |, 1
UA/ GE(AA/(Zi-l)e ! +AA/2ie ( )
s vil s vil s yil
=1 i Apgie™! An@i®" Agpe! As@ift Acge! Ac@iaf
6li Zeai Zepi Zeami VAIN-Y Zeoai Zeoai

» yil . yil . yil
Angie! Aneigf " AppeT! Ap@iaf Tt Acge! Acia®
VAN VAV Zeaw'i Zeaw'i Zecravi Zecraii

: @

where A anj and Ay, Ao and Ay Aco and Acigys Ay @A Auyig) Agry and
Agrig)s Acrai @nd Ay ) are the integration constants for the i-th pair of electromagnetic field
waves; y; is the propagation constant for the same pair of electromagnetic field waves; Z .,
Z z A z

ZcBi? Z=cCli? =cAi? Z=cBi’
;CC"A'i 1 ;CB'C'i ! ;CB'A"i 1 ;CB'B"i ! ;CB'C"i 1 ;CC'A"i ! ZcA"B"i 1 ;CC"A"i are the mUtuaI wave impedances'

The distribution of phase voltages and linear currents in other linear wires is described in a
similar way.

Equations (1) and (2) indicate the presence of a double-circuit design of six incident and six
reflected waves of an electromagnetic field in each linear wire of a power transmission line.
Moreover, one incident and one reflected waves of them can be considered as normal waves of the
considered linear wire. The remaining ten waves in this case should be considered as induced from
neighboring linear wires. All this is considered in the distribution scheme of the electromagnetic
field wave amplitudes along the linear wire of a homogeneous section of a double-circuit power
transmission line, shown in Fig. 1. The following notation is used in the scheme: 1 and 2 are the
normal incident and reflected waves of the electromagnetic field; 3, 5, 7, 9, and 11 are the incident
waves of electromagnetic field induced from neighboring wires; 4, 6, 8, 10 and 12 are the reflected
waves of the electromagnetic field induced from adjacent wires.

Zcy are the self-wave impedances; Z g, Zcwis Zoawis Zoastio
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H K In the distribution scheme of
y the electromagnetic field wave
. - (1A'
7 A I A / amplitudes the currents IgA, ),
A, Tinls
A, — T, ! [8) jac) o jea) o jaer) o ac)
Z’/4 2A" 2N 2A" 1 2A 2A'
% e i illustrate part of the electrical energy
7z 3 2 AA_ V1l entering the load.
ed 4, i Integration constants illustrate
y — —cd., the amplitudes of the waves of the
[ AB‘ 1k electromagnetic field. Odd
ZcA,,. ;€ integration constants A, —Au,
108 )\ 2y
A 24, Asr — Ags Acr — Ao A —
G AB Vinks Aprs Pgn — Pgyy Acn — Acmy
ZL-CAM [ e illustrate the reflected waves, and
AB
A —~— ¢ 4 even integration constants A,,
B, | _— C. Tk
7 e ] e Ay Asr — Agpy Acr — Acnps
Z, Z
cA B., cC4, Avz = Aves Aga = Agras Aoy —
A, A 5.1 Ay — illustrate the incident waves.
Z 7 The integration constants illustrating
=cA A, £oC4, L .
y A the incident waves of electromagnetic
C. |+ I é ik field exceed the values of integration
Z.py o) Z .,y constants illustrating the reflected
4. 24, - i waves.
B.. The  implementation  of
ZCA B equations (1) and (2) allows us to
A predict currents and voltages at any
A, point in a double-circuit PTL. For
ZCA Y this, one should know reliable
A. information about the primary and
Ca secondary parameters of power lines
Z, n and voltages and currents at the end
cC'4;
A of the analyzed power lines.
B.. Parameters of the equivalent
,ZCA B, circuit of power line are usually taken
as primary parameters, and self and
mutual wave resistances, attenuation
coefficients, phase coefficients, etc
A are usually taken as the secondar
Ci y y
7 parameters. Secondary parameters
cC 4, ll can be calculated if there is reliable
data on the primary parameters. Such
Fig. 1. The distribution scheme of the electromagnetic field information can be taken from the
wave amplitudes along the linear wire of a homogeneous section reference Iiteraturez., but it is not
of a double-circuit power transmission line exact.

Gerasimova VG, et al. Production, transmission and distribution of electrical energy. Under total ed.
professors of MEI VG, 9nd ed., Sr. Moscow: Publishing House MEI, 2004.
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More accurate information can be obtained as a result of appropriate calculations [6 - 13].
But it is a cumbersome procedure, requiring consideration of many factors affecting the amount of
the transported electrical energy. The primary parameters of PTL can be determined
experimentally [14, 15]. But such an operation also requires implementation of a number of
organizational and technical measures. But the obtained information will be reliable. Self-wave
impedances illustrate the influence of the intrinsic parameters of a linear wire on the transmission
of electrical energy. Mutual wave impedances illustrate the influence of electromagnetic links
between the current-conducting parts of power lines on the same process of electrical energy
transmission.

Self- and mutual wave impedances are calculated by the formulas:

L A A A
R 7. o Vil
3)
Zo=— iz = B g oA
D7 VIV . = Vilex

where A, Ay, Apny Agny Agas Ay, Agn are the determinants of the system of equations that

make up the mathematical model of distribution of electrical energy over a homogeneous section
of a double-circuit power line [4].

The following equality confirms that the current at the end of the linear wire A’ is derived from
six pairs of waves of the electromagnetic field:

_10@+ﬁﬂ+WL”W+ﬁ@+m)

I2A’ — L~ \2A 2A 2N 2A 2A ZA')’ (4)

where 1§, 1@, 18, {4, %) and &) are the current shares at the end of a linear wire A’

from each pair of waves of electromagnetic field. The equation for the first current component in
expression (4) is the following:

[0 = U504 TR0+ 500 + 157+ 150+ 150 (5)
where Iél,ff) is the self-current at the end of the linear wire A’ from the first pair of waves of
electromagnetic field; 3), TS0 (440 (U8 [UCY) are the currents at the end of the linear
wire A’ induced from neighboring wires from the first pair of electromagnetic field waves. For

the remaining components of current in expression (4), the current shares will be found in a similar
way.

By substituting equation (5) into equation (4) we obtain:
rM:%UgMJgM4gM4gmngmngv+
+ TR 42804 20 fl2n) (280 j2e)
+ TN 80 B 4 1B 4 387 4 S 4
+ IR 4 T8 4 ) 4 ) 880 4 )
+ 5N 108 1000 oA 58 4 (ECT)
T R (N (R (o R () ) (6)
The distribution scheme of the electromagnetic field wave amplitudes (Fig. 1) shows that

for the end of the linear wire A’ the following relation will be valid, which is found as the ratio of
the integration constants to the wave impedance:

2A _Z 7

Z=cAl =cAl
To simplify the subsequent presentation, we perform a replacement using the symbol B:

jas) _ Aur el _ An enihs - (7
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By = 'A‘Aqey1IZ ; Bao = AA'ze_yllz ' (8)
The remaining integration constants are reduced to equations of the form (8).
By substitution of equation (8) into expression (7), we obtain:
) - Bre _ Bay
ZcA’l ZcA’l
Thus, the integration constants from the end of a double-circuit power transmission line are
defined as the sum of the product of the current and wave impedance and the integration constant:

By, = Ilglﬁ"); +Bay .

This equality establishes a quantitative relationship between the integration constants at the
beginning and at the end of a double-circuit power transmission line. To calculate the integration
constants, it is necessary to know the numerical values of almost all components of the output
current. To find them, one can use the fact that each component of current is inversely proportional
to the corresponding wave resistance. In this case, taking into account formulas (3), the following
equality is true:

cA'l

|:£1/i§’) _ Zewa _n. |.'£1:') _ Zops _h. I'.gl:’) _ Zena _hn.
|gﬁ) Zoan 72 |£3AA) Zow 7s Py Lo 7
) 7 ‘(1A ©)
!ZA’ _Ltws _N. !ZA’ _ Zews _n
IfAé) Ly s |£%) VAN
The derived equations (9) allow us to express all currents through the current Iél,f') :
i) = Z2 g0, 150 = g, i) = T i i) By i = Te i, (10)
N N N N "

By substitution expression (10) into equations (6), we obtain an equation in one unknown.
In this case unknown is the current Iél:,'). Solution of this equation makes it possible to determine
the formula for calculating this current:
@1:/’) _ 6l,x7 A +0 . (1)
(r 72+ 7370+ 75+ 76 NDiw + Bon + Agp + Ay + gy +Agy)
Voltage at the end of the line wire A’, taking into account equalities (8), can be rewritten
as follows:

06U, =2By; +2B; +2Byg +2By; +2Byg +2B g, +

+ 6|2A’A1A’(71ZcA'1 +72Lona T V3 lons H Valona + Vs Lons + 76ZCA'6)

(71 Vot VatVatVs +76)(A1A' FApn +Agp + Ay +Agy +A6A’)

=2B,; + 2By + 2By + 2B, + 2By +2B,y, + A (12)

The initial task was to obtain integration constants, which make it possible to determine

voltage and current anywhere in the double-circuit power transmission line. There are six of them

in equation (12). To calculate them, one needs another 5 (five) equations. They can be obtained
using the derivatives of equation (1) with respect to variable I.

The second derivative of equation (1) with respect to variable | for the end of the linear wire A’
taking into account expression (12) takes the form:
dU,, 1
TZZA % [27’12 Bu1 +273Bus +273Bug + 274Bay +27Bpg +
6 I.ZA’AlA’ (713ch'1 + yg;cA’Z + 7§ZCA’3 + 72;cA'4 +
(7/1 TVt Vst Vats +76)(A1A' + A FAgp + A0 +
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3 3
+ 75 os + 76ZcA'e) 10, 2 2
- ==2y B, +275Brs + 27:B e +
+A5A’+A6A’) 6( V1 Ba1 T £Y2Bp3 +4)3Bps

+ 272 Ba7 + 27SZBA'9 + 2762 Ban + b) . (13)
When analyzing the results of transmission of electrical energy through power lines, it is necessary
to solve differential equations of the second order. This solution is associated with the search for
numerical values of the propagation constants. The second derivative of the phase voltage in a
linear wire A’ with respect to variable | can be determined through the primary parameters of a
double-circuit power transmission line [4, 5]:

dzUZA'
di?
+XOC”A’)_XOA’B’ZOA/B’ _XOA/A”;OA’A” _XOC’A/ ;OC’A/ _XOA/B”ZOA/B” -
_XOC“A/ ;oc”A/npzN +[ZOA/B/ (!OB’O +XOB’C’ +!OB’B” +XOB/C” +
+XOB’A” +XOA’B/)_XOA’B/ ;OA' _XOB'C/;OC’A/ _XOB/A”ZOA/A” -
_XOB'B” ZOA’B” _XOB’C” ZOC”A’ ng’ +[ZOC/A’ (Xoc’o +XOC’A” +
+XOC/A’ +Xoc’c” +XOB/C/+XOB”C/)_XOC/A’ZOA’ _XOB’C/ZOA’B’ -

= [;OA’ (!OA’O +XOA'B’ +XOA’A” +!OA’B” +XOC'A’ +

_XOC/AII ZOA/AII _XOBIICI ;OA/B// _XOC/CII ZOCIIA/ }JZC/ +
+ [;OA/AN (XOANO_FXOANB// + XOA/A/I +!OclIAN +XOB/AII + XOCIAN )_

_XOA”B” ;OA’B” _XOC”A”n ZOC”A’ _XOA'A” ZOA/ _!OB’A” ;OA’B’ -

_XOC’A” ZOC’A’ }JZAN +[ZOA’B” (XOB”C” +XOB”0 +XOB”C’ +
+!0A/BH +XOB/BH +XOAHBH )_!OB”CH;OCHA/ _XOA/B//;OA/ -

—Yoerer Zoas' ~Yosic' Lo/l _XOA”B”ZOA/A”}JZB” +
+|.;0C”A' (XOC”O +XOC”A' +Y0C”AN +YOB/C” +YDC/CN +
+Y B/c! )_YOC”A/ ZOA’ _YOB/C”Z Y

0 0A'B! __OC’C”ZOC’A/ -
—Yocrar Zown —Yosicr Zonw! }ch// =
=bU,, +bU s +bU, . +bU, . +bU,p. + U, .
For the end of the line wire A’, this equation can be rewritten as follows:
d?J. ., . . . . .
TZZA =bU,x +bU,z +bU,c +bU,, +bU,p +
+bU,.. =b,. (14)
When combining equation (14) with equation (13), the following expression is obtained:
6b, —b = 27lzBA'1 +27228A'3 + 27§BA'5 +27/fBA’7 +
+ 27&'3 Bag + 275 Baa- (15)
The fourth derivative of equation (1) with respect to variable | for the beginning of a linear
wire taking into account equalities (8) takes the form:
dU,, 1

dr* - g(znyA'l + ZygnBA’S + 27;BA’5 + 2738/*'7 +

+27;Bpo + 275 By + C) : (16)
The fourth derivative of voltage at the end of the linear wire with respect to variable | can
be represented as follows:
d'U,,
di*

=cU,, +CU g +CU,c +CU 0 +CU e +ClU,cr =Cp 17)
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By combining expression (17) with equation (16) we obtain:
6Cy —C =2, Bay + 275 Bug + 273 Bs + 274 Bay + 275 Bpg + 27 By (18)
The sixth derivative of equation (1) with respect to variable | for the beginning of a linear
wire, taking into account equalities (8), will take the form:
d’U,, 1
TGZA = E<27168A'1 + 27/ZGBA'3 + 27§BA'5 + 274?BA'7+ 27568A’9 + 27(?BA'11 + d) . (19)
The sixth derivative of voltage at the end of the linear wire A" with respect to variable | can
be also written as follows:

o
d (::GZA’ =dU,, + dzuzs' + dsuzc + d4U2A" + dsuzs" +dUycr =d,. (20)
The combination of equation (20) with equation (19) gives the following expression:
6d, —d = 27168A'1 + 27268A'3 + 27§BA'5 + 272 Ba7 + 2756 Bao + 272 Bai - (21)

The eighth derivative of equation (1) with respect to variable I for the beginning of a linear
wire A’, taking into account equalities (8), takes the form:
dJ,, 1
T:A = E(ZVfBA'l + 272 Bas+ 27/388A’5 + ZVEBM"' 27§ABA'9 + 27688A'11 +f ) (22)
The eighth derivative of voltage at the end of the linear wire A’ with respect to variable |
can be written as follows:

5
d ;;A' U+ T+ Fle + FuU, e+ Tl + foUer = f, (23)

Equation (23) together with equation (22) form the following expression:
6f,—f= 2718 Bar + 275 Bas+ 273 Bas + 27? Ba7 + 275? Bao + 272 Bani - (24)

The tenth derivative of equation (1) with respect to variable | for the beginning of a linear
wire A’ taking into account equalities (8), will take the following form:
du,,
dIlO
So, the tenth derivative of voltage at the end of the linear wire A’ with respect to variable |
takes the form:

= % (271108A'1 + 27%OBA’3 + 27;OBA'5 + 27zltoBA'7+ 27/51>OBA’9 + 27éOBA'11 + h)- (25)

S . . . . . .
dI1°2A =hU,, +hU,s +hU,e +hU, 0 +hUse +hU,e = hy . (26)
By combining equation (26) with equation (25) we get the following:
6h, —h= 27110 Ba1 + 27%0 Bas+ 27/30 Bas + 271110 Bas + 27;0 Bao + 27é0 Ban - (27)

The joint solution of equations (12), (15), (18), (21), (24) and (27) will allow us to form
equalities for calculating the odd integration constants from A,, to A,,,. The even constants of

integration from A,, to A,,, are calculated by formulas (8).

In a similar way, the remaining integration constants for each linear wire of a double-circuit
power transmission line are determined. This can be carried out under the condition of availability
of reliable information about the numerical values of the primary parameters of a homogeneous
section of a three-phase power transmission line of double-circuit design and output voltages and
currents at the frequency of each harmonic component.

Results

A method has been developed for determining the numerical values of integration constants
at known output phase voltages and linear currents. The integration constants calculated in this
way will provide insight into the propagation of electromagnetic field waves in the linear wires of
power lines. In addition, the information obtained allows predicting the results of transmission of
electrical energy through a double-circuit power transmission line.
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Conclusion

The result of this study can be applied in engineering practice at the stage of design, reconstruction
and operation of double-circuit power transmission lines. Calculation of the integration constants,
currents and voltages, and the operational parameters as a whole, will make it possible to predict
the result of electrical energy transmission along the homogeneous sections of a double-circuit

power transmission line.

With a minor modification, the proposed methodology for calculating the integration constants,
and therefore the design of electrical energy transmission results, can be extended to
heterogeneous sections of power lines, and to the entire transmission line as a whole. It can serve
as an example of the development of similar techniques for power lines of other versions.
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