
energies

Article

Optimal Determination Method of the Transposition Steps of
An Extra-High Voltage Power Transmission Line

Alaa Khasawneh 1 , Mohamed Qawaqzeh 1 , Vladislav Kuchanskyy 2,*, Olena Rubanenko 3,* ,
Oleksandr Miroshnyk 4 , Taras Shchur 5 and Marcin Drechny 6

����������
�������

Citation: Khasawneh, A.; Qawaqzeh,

M.; Kuchanskyy, V.; Rubanenko, O.;

Miroshnyk, O.; Shchur, T.; Drechny,

M. Optimal Determination Method of

the Transposition Steps of An

Extra-High Voltage Power

Transmission Line. Energies 2021, 14,

6791. https://doi.org/10.3390/

en14206791

Academic Editors: Mohamed

Benbouzid and Abdessattar

Abdelkefi

Received: 25 July 2021

Accepted: 12 October 2021

Published: 18 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Electrical and Electronics Engineering Al Balqa Applied University, Al Salt 19117, Jordan;
alaa.khasawneh@bau.edu.jo (A.K.); qawaqzeh@bau.edu.jo (M.Q.)

2 Institute of Electrodynamics of NAS of Ukraine, str. Peremohy, 56, 03057 Kiev, Ukraine
3 Department of Electrical Stations and Systems, Vinnytsia National Technical University, Khmelnytsky

Highway, 95, 21021 Vinnytsya, Ukraine
4 Department of Electricity and Energy Management, Kharkiv Petro Vasylenko National Technical University

of Agriculture, str. Rizdviana, 19, 61052 Kharkiv, Ukraine; omiroshnyk@khntusg.info
5 Department of Cars and Tractors, Faculty of Mechanics and Energy, Lviv National Agrarian University, str.

Volodymyr Great,1, 80381 Dubliany, Ukraine; shchurtg@gmail.com
6 Institute of Electrical Engineering, Faculty of Telecommunications, Computer Science and Electrical

Engineering, Bydgoszcz University of Science and Technology, 85-796 Bydgoszcz, Poland;
marcin.drechny@pbs.edu.pl

* Correspondence: kuchanskiyvladislav@gmail.com (V.K.); olenarubanenko@ukr.net (O.R.);
Tel.: +380-503-878-942 (V.K.); +380-977-480-285 (O.R.)

Abstract: During the design of extra-high-voltage transmission lines, studies of the influence of
asymmetry due to the phase difference of the parameters on its processes and the electrical network
were performed. To compensate for this source of asymmetry for transmission lines longer than
100 km, a relatively simple technical means was proposed and implemented—phase transposition
(change of the mutual location of phase wires in space). However, at the same time transposition
causes additional capital costs in construction and reduces reliability during operation, so when
designing a specific transmission line, extra-high-voltage is desirable to evaluate the effectiveness
of the use of this measure in the real electricity network. Thus, under certain conditions, even for
a transmission line 600 km in length, it was possible to perform either an incomplete transposition
cycle, or abandon this measure altogether.

Keywords: scheme transposition phase asymmetry; natural power; STATCOM; controlled shunt
reactor; FACTS

1. Introduction

The main source of current unbalance and voltages in normal modes of operation
of electrical systems is the phase-by-phase difference in electrical parameters of the line.
Asymmetry parameters of overhead lines are a result of their design. Particular attention is
paid to asymmetry issues when creating extra-high-voltage (EHV) and ultra-high-voltage
(UHV) lines, since their length in some sections can reach 500–1000 km. Traditional lines
carrying 500–1150 kV are used, as a rule, for single-circuit supports with horizontal phases.
To limit the asymmetry of such kind of transposition is usually applied as a simple, reliable,
and at the same time effective method [1–10]. Phase conductor transposition; i.e., cyclical
change in their relative position, is symmetrical to the resulting longitudinal and transverse
resistance of the line as a whole. The balancing of the line parameters can also be carried
out by constructive measures by increasing the height of the suspension of the middle
phase in comparison with the extreme phases; i.e., with triangular phase arrangement.

The simplest, most reliable, and effective means of reducing the unbalance of currents
and voltages is line phase transposition. Enough details of the transposition of three-
phase air lines! EHV lines for long distances were considered in [1–10]. However, the
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choice and justification of transposition schemes remains relevant for nontraditional lines,
such as three-phase lines with a backup phase, or four-phase, keeping in mind not only
long-distance, but also ultra-long lines. The need for a more thorough consideration
of the issues of transposition is also associated with a circumstance to which scientists
first drew attention [11–15]. The point is that when considering the conditions for the
implementation of SPAR in EHV and UHV lines, it is necessary to take into account the real
line transposition, since it has a noticeable effect on the magnitude of the feed arc currents.
Moreover, it can be assumed that the transposition of the line is a necessary condition,
without which it is not possible to ensure a successful single-phase auto-reclose in the EHV
and UHV lines when using the simplest method based on the inclusion of zero reactors in
the neutral shunt reactors.

The dissimilarity of the parameters of the phases of high-voltage overhead lines
(longitudinal resistances and transverse conductivities) is the reason for the asymmetry
of currents and voltages in the electrical network. Unbalance is mainly determined by
negative sequence current and voltage. The most significant factor characterizing the
permissible value of current unbalance is the condition for reliable operation of relay pro-
tection. To reduce the asymmetry of currents and voltages during this mode, transposition
of phase wires of overhead line is performed. Known three-phase overhead power lines,
along the phase wires of which high-frequency (HF) are organized channels of information
transmission and the permissible asymmetry, cannot be ensured by performing one ideal
cycle of phase transposition. In this case, an ideal transposition cycle is understood as a
cycle with equal step lengths.

Disadvantages are eliminated in a three-phase high-voltage overhead lines, in which,
in order to reduce asymmetry on the line under consideration, several ideal transposition
cycles are performed, However, each transposition support of overhead lines is a weak
point, complicates the performance of preventive tests and repair work, and also reduces
the reliability of the line as a whole and causes a complication of the design of the supports
and an increase in the number of insulator strings and the total weight of the supports. In
addition, the transposition of the phases has a significant influence on the characteristics of
attenuation and unevenness of the HF linear path [4,5].

Asymmetry in the electrical network is mainly determined by the reverse sequence, as
noted in [12]. Therefore, in the future we limit ourselves to the analysis of the asymmetry
coefficients for the reverse sequence voltage. As indicated in [16–25], the maximum allow-
able asymmetry in the reverse sequence voltage is 2%. It is recommended to take the given
values of permissible asymmetry for a specific OHL with a margin, taking into account the
fact that complete asymmetry consists of the influence of all lines coming to the substation,
as well as other possible sources of asymmetry, in particular asymmetric loading.

The worst case in terms of phase-by-phase difference of EHV parameters is an un-
transposed line, but it should be noted that as can be seen from Figure 1, the values of
phase-by-phase asymmetry do not exceed the maximum allowable value in the case of line
lengths up to 180 km. Application of incomplete transposition cycle Figure 2 is possible for
line lengths up to 280 km under condition ku2 ≤ 2, %. A simplified transposition scheme
can be applied to a line up to 460 km long under asymmetry.
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Figure 1. Dependence of the unbalance level on the line length.

2. Methodology of Determination Optimal Steps of Scheme Transposition

Nevertheless, the leased information transmission channels in several cases do not
meet the requirements for emergency automation and relay protection channels, and
in addition, the lease of information transmission channels requires significant annual
costs. The invention aims to improve the reliability and effectiveness of overhead lines by
reducing the line current unbalance. This goal is achieved by the fact that in the known
three-phase high voltage overhead power lines, consisting of sections with supports of
various designs and containing three transposition steps, numbered from the beginning to
the end of the line, the length of the first transposition step is taken equal to:

x1 = l
α2β2 − α3β2

α1(β2 − β3) + α2(β3 − β1) + α3(β1 − β2)
(1)

and the second transposition step is taken equal to:

x2 = l
α3β1 − α1β2

α1(β2 − β3) + α2(β3 − β1) + α3(β1 − β2)
(2)

where α1 = Re(
∑
m

Zm1lm1km1

x1
1

), α2 = Im(
∑
m

Zm1lm1km1

x1
1

); Zm1 is specific mutual longitudinal

resistance in the diagrams of the reverse and direct sequences of the section of the line’s
m-th structure at the transposition step x1

1; lm1 is the length of the section of the m-th
construction line at the transposition step; overhead line length l is a coefficient taking into
account the distribution of resistance Zm1 in the U-shaped negative sequence the section
of the structure line at the transposition step x1

1; x1
1 is the length of the first step of the

transposition in the first approximation, determined by Formulas (1) and (2), in which,
instead of α1 and β1, respectively, are substituted and equal:

a1 = Re(
∑
m

Z1
m1l1

m1k1
m1

l/3
), b1 = Im(

∑
m

Z1
m1l1

m1k1
m1

l/3
) (3)

where Z1
m1l1

m1k1
m1 are the same, respectively, for transposition steps with lengths 1/3.

For known three-phase overhead power lines of high voltage, their permissible asym-
metry cannot be ensured by performing one ideal cycle of transposition [26–35].

In this case, either the relay protection is roughened up and the performance of the HF
channels is preserved, or several ideal cycles of phase transposition are performed, while
the requirement for detuning the relay protection (RP) is satisfied, but there is no way to
organize reliable HF channels [32–40].
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The proposed technical solution, unlike the known ones, ensures simultaneous reli-
ability of the functioning of relay protection and high-frequency communication under
consideration, which is especially important for the smooth operation of intersystem
communication lines.

Due to the difference in the parameters of the phases of high-voltage overhead lines,
as a rule, it is carried out according to the method according to which the asymmetry
introduced by the line in the scheme of the reverse sequence is characterized by longitudinal
electromagnetic force (EMF):

•
E
(2)

= −
•
I
(2)•

z
(21)

or taking into account
•
z
(21)

= ∑
l

Zl
1Xl

1.

•
E
(21)

= −j(−1)∑
l

Zl
1Xl

1 (4)

where Zl
1 is the linear resistance determined by a well-known method, and the value Zl

1
depends on the relative position of the phases and on the design OL.

Resistance of Zl
1 on i-th step ideal cycle of transposition is determined by:

Z1
1 = Im(

∑
m

Z1
m1l1

m1k1
m1

l/3
) (5)

where the coefficient is determined by the equation:

k =
1
2
(1 +

Z(2)
0 Y(21)

0

Y(2)
0 Z(21)

0

)ch
√

Z(2)
0 Y(2)

0 +
1
2
(1−

Z(2)
0 Y(21)

0

Y(2)
0 Z(21)

0

)
sh
√

Z(2)
0 Y(2)

0

Z(2)
0 Y(2)

0

(6)

and Z(2)
0 , Y(2)

0 , Z(21)
0 , Y(21)

0 are determined by method [1–5].
Thus, the equivalent circuit of the overhead line is represented in the form of a

cascade connection of U-shaped links of sections that are homogeneous in design. Then
Expression (4), taking into account (5), takes the form:

E(2) = −I(1)∑
l
(

∑
m

Z1
m1l1

m1k1
m1

l/3
) (7)

The minimum condition of the current’s reverse sequence in the line will be:

f = ∑
l
(

∑
m

Z1
m1l1

m1k1
m1

l/3
)x1

1 = min (8)

where, for implementation of this condition, verified magnitudes are x1
1.

The lengths of the sections into which the line is divided by transposition supports
are determined by the location of these supports. Two transposition supports divide the
overhead line into three sections with lengths x1

1, x1
2, x1

3; i.e.:

l =
3

∑
l=1

x1
1

Magnitudes x1
1 will correspond to extreme functions at conditions:

∂ f
∂xl

1
= 0;

∂ f
∂xl

2
= 0;

∂ f
∂xl

n
= 0
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At installation 2, transposition towers with account, xl
3 = lxl

1 − xl
2:

∂ f
∂xl

1
= 2[(a1 − a3)xl

1 + (a2 − a3)xl
2 + a3l]×

×(a1 − a3) + 2[(b1 − b3)xl
1 + (b2 − b3)xl

2 + b3l(b1 − b3) = 0
(9)

∂ f
∂xl

2
= 2[(a1 − a3)xl

1 + (a2 − a3)xl
2 + a3l]×

×(a2 − a3) + 2[(b1 − b3)xl
1 + (b2 − b3)xl

2 + b3l(b2 − b3) = 0
(10)

where

α1 = Re(
∑
m

Zm1lm1km1

x1
1

)

α1 = Im(
∑
m

Zm1lm1km1

x1
1

)

(11)

After transformations (9) and (10), we get:

[(a1 − a3)
2 + (b1 − b3)

2]xl
1 + [(a2 − a3)(a1 − a3)+

+(b2 − b3)(b1 − b3)xl
2 = −[a3(a1 − a3) + b3(b1 − b3)]l

(12)

[(a1 − a3)
2(a2 − a3)] + [(b1 − b3)(b2 − b3)xl

1+

+[(a2 − a3)
2 + (b2 − b3)

2]xl
2 = −[a3(a2 − a3) + b3(b2 − b3)]l

(13)

Equations (12) and (13) will be:

Axl
1 + Bxl

2 = C

Bxl
1 + Dxl

2 = C
(14)

The solution of which, in accordance with Cramer’s rule, will be:

xl
1 = ∆1

∆

xl
2 = ∆2

∆

where

∆ =

∣∣∣∣ A B
B D

∣∣∣∣ = AD− B2

∆1 =

∣∣∣∣ C B
E D

∣∣∣∣ = CD− BE

∆2 =

∣∣∣∣ A C
B E

∣∣∣∣ = AE− BC

After performing further transformations, we obtain a formula for determining xl
1

and xl
2:

xl
1 = l

a2b3 − a3b2

a1(b2 − b3) + a2(b3 − b1) + a3(b1 − b2)
(15)

xl
2 = l

a3b1 − a1b3

a1(b2 − b3) + a2(b3 − b1) + a3(b1 − b2)
(16)

To determine the nature of the extreme at the obtained values xl
1 and xl

2, we determine
the sign of the second derivative of the function f :

∂2 f

(∂xl
1)

2 = (a1 − a3)
2 + (b1 − b3)

2 > 0

∂2 f

(∂xl
2)

2 = (a2 − a3)
2 + (b2 − b3)

2 > 0
(17)
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Since the second derivatives are positive, the considered function f for the obtained
values xl

1 and xl
2 are minimum.

Taking into account the real structure of overhead lines xl
1 at different lengths of

transposition steps is performed by replacing the length of the ideal step l/3 with the length
of the real step in Expression (12) for determination, as a result of which we respectively
obtain α1 and β1 (3).

Thus, the lengths of the steps of the transposition x1 and x2 are also determined by
Formulas (1) and (2).

3. Comparison of Transposition Schemes According to the Condition of the Minimum
Level of Asymmetry

A 330 kV overhead line with a length of 600 km in a section 400 km long, starting from
the beginning of the line, is placed on portal supports with a horizontal arrangement of
phase wires (support type 1), and for the next 200 km it is made into one circuit on a double-
circuit single-column support with a triangular arrangement of wires (the second the chain
is used for another transmission) (support type 2). The design of both types of supports
is given in [1]. Specific resistance 2 (for different types of supports with different phase
alternation) of a three-phase overhead line is determined according to the information
given in Table 1. The values of the coefficient k for 330 kV overhead lines of various lengths
are given in Table 2.

The overhead line negative sequence current is determined by the formula:

I(2) =

∣∣∣∣∣ E(2)

X(2)
Σ

∣∣∣∣∣ =
∣∣∣∣∣∣∣

I(1)∑
l
(∑

m
zm1lm1k1)

X(2)
Σ

∣∣∣∣∣∣∣ (18)

Or, in percentage to current I(1):

I(2)% =

∣∣∣∣∣∣
∑
l
(∑

m
zm1lm1k1)

X(2)

∣∣∣∣∣∣102 (19)

where X(2)
Σ is the equivalent resistance of the overhead line and systems, and k j = k1k2 . . . k j

j—number of element links in a cascade equivalent circuit of overhead lines).
For various schemes for performing the transposition of overhead lines I(2)%:

1. One perfect cycle of transposition. Then, in accordance with Formula (18), I(2)% = 1.3%.
The maximum allowable unbalance by I(2) when choosing the lengths of the transposi-
tion cycles is 0.7%. Therefore, in the case under consideration, several ideal transposition
cycles should be performed.

2. Two ideal cycles of transposition. Then, in accordance with Formula (18), I(2)% = 0.65%.
3. Performing transposition in accordance with the proposed technical solution.

According to the Formula (11), taking into account the data in the Table 3, we define
the parameters a1 and b1:

a1 + jb1 = zl
1kl

j = (−2.501− j1.444)10−2

a2 + jb2 = zl
2kl

2 = (j2.888)10−2

a3 + jb3 = zl
3kl

3 = (1.319− j0.761)10−2

Then, in accordance with Equations (15) and (16), we get:

xl
1 = 154km, xl

2 = 154km

In this case, xl
3 = l − xl

1 − xl
2 = 292 km.
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Table 4 shows the results for the case of an ideal transposition cycle when the line
length is divided by 6 equal parts.

Obtained data are brought together in Table 5.
By Equation (3), and taking into account the data in Table 5, we obtained parameters

α1 and β1:
α1 + jβ1 = (−2.514− j1.451)10−2

α2 + jβ2 = (0 + j2.902)10−2

α3 + jβ3 = (1.698− j0.980)10−2

Obtained data are brought together in Table 6. Then, following Equation (18),
I(2)% = 0.17%.

Table 1. The values of the parameters of the power transmission line depending on the phasing and the geometric
arrangement of the phase wires on the tower.

Phase Sequence of a Three-Phase Overhead Line on a Tower Resistance, Zm1[Ohms/km]

Horizontal Phase
(Support Type 1)

Triangular Phase Arrangement
(Type 2 Support)

With Support
Type 1 With Support Type II

1 A B C 4 Ao 0.0154∠− 150◦

O O O Bo 0.0292∠− 150◦

Co
2 C A B 5 Co 0.0292∠90◦ 0.0154∠90◦

O O O Ao
Bo

3 B C A 6 Bo 0.0292∠30◦ 0.0154∠− 30◦

O O 0 Co
Ao

Table 2. Coefficient k change values depending on the line length.

l[km] 100 200 300 400 500 600

k 0.997 0.989 0.975 0.957 0.933 0.904

Table 3. The values of the line parameters at three equal steps of the full transposition cycle.

Transposition Step Number 1 2 3

Length, l[km] 200 200 200
Phase sequence on the support 1 2 6

Resistance, Zm1 × 10−2[Ohms/km] 2.92∠− 150◦ 2.92∠90◦ 1.54∠− 30◦

Coefficient, kl 0.989 0.9892 0.9893

Table 4. Line parameter values at six equal steps of the full transposition cycle.

Transposition Step Number 1 2 3 4 5 6

Length, l[km] 100 100 100 100 100 100
Phase sequence on the support 1 2 3 1 5 6
Resistance, Zm1 × 10−2[Ohms/km] 2.92∠− 150◦ 2.92∠90◦ 1.54∠− 30◦ 2.92∠− 150◦ 1.54∠90◦ 1.54∠− 30◦

Coefficient, kl 0.997 0.997 * 0.997 0.9974 0.9975 0.9976

Table 5. The values of the line parameters at the lengths of the transposition steps selected according
to the developed method. Equations (15) and (16).

Transposition Step Number 1 2 3 4

Length, l[km] 154 154 92 200
Phase sequence on the support 1 2 3 6
Resistance,Zm1 × 10−2[Ohms/km] 2.92∠− 150◦ 2.92∠90◦ 2.92∠− 30◦ 1.54∠− 30◦

Coefficient, kl 0.994 0.994 0.997 0.989
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Table 6. The values of the line parameters at the lengths of the transposition steps selected according
to the developed method Equations (1) and (2).

Transposition Step Number 1 2 3 4

Length, l[km] 172 172 56 200
Phase sequence on the support 1 2 3 6
Resistance, Zm1 × 10−2[Ohms/km] 2.92∠− 150◦ 2.92∠90◦ 2.92∠− 30◦ 1.54∠− 30◦

Coefficient, kl 0.994 0.994 0.997 0.989

4. Estimation of the Influence of the Wire Transposition Scheme on the Parametric
Optimization of the Operating Modes of the Main Electrical Networks

Usually, the development of parametric optimization methods is performed without
taking into account the influence of the transposition scheme, and therefore without the
influence of the phase-by-phase line unbalance. Taking into account the fact that a method
was developed for determining the optimal steps of wire transposition, it is necessary to
assess the degree of influence of phase-by-phase asymmetry in a transposition scheme
with optimal steps on parametric optimization by using the criterion of active power
losses. It should be noted that the transposition of the wires equalizes the longitudinal and
transverse resistances and conductivity of the overhead power line.

As can be seen in the results in Tables 4–6, at the optimal steps of the transposition
schemes, the levels of asymmetry were lower than at equal ones, in the case when the
line was divided into six different sections. In the case of parametric optimization of the
mode, it was necessary to understand whether it was necessary to take into account the
wire transposition scheme and complicate the calculations. For this, it was necessary to
develop a parametric optimization method with an ideal transposition cycle with equal
steps and with optimal steps using the above method.

One of the measures to ensure the reduction of electricity losses was the optimization
of the operating modes of EHV transmission lines in terms of voltage and reactive power.
In this formulation, the problems of EHV transmission lines were considered in isolation
for the three most common modes: minimum, maximum, and operational modes of power
transmission. Analytical expressions for determining the loss of active power in the power
line contain components of idling and short-circuit losses [41–56]. The latter are directly
and inversely proportional, respectively, to the square of the voltage on the bus terminals,
which determines the possibility of choosing the optimal voltage level. This provides a
minimum amount of components of these losses.

The analysis of the modes of operation of the transmission line with controlled shunt
reactors showed that in the case of CSR, there was a compensation of the charging power
and regulation of the power flow. In this case, the loss of active power will be written as:

∆P =


(

GR−(B+Breac)X
2 + 1

)(
2G2R− 2G(B + Breac)X + 8G

)
+

+GX+(B+Breac)R
2

(
2G(B + Breac)R + 2G2X

)
U2+

[(
GR−(B+Breac)X

2 + 1
)

R + GX+(B+Breac)R
2 X

]
P2+Q2

U2 −

2P
[
(GX+(B+Breac)R)2

2 + R(2G2R− 2G(B + Breac)X + 8G)

]
+

[
2
[

X
(
2G2R− 2G(B + Breac)X + 8G

)
−
(

GR−(B+Breac)X
2 + 1

)
GX+(B+Breac)R

2

]]
Q, [mW]

(20)

where R—the active resistance, ohms; X—the inductive resistance, ohms; G—active con-
ductivity, Cm; B—reactive conductivity, Sm; U—rated voltage, kV; P—active power, mW;
and Q—reactive power, MVAr.

In turn, the voltage and reactive power depend on the number and composition of
the line charging compensation devices. When regulating the mode of operation of the
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transmission line, it was necessary to minimize the power-loss function (20) by using
independent mode parameters, which allowed us to obtain conditions for optimal reg-
ulation of reactive power flows of the transmission line, power CSR, and voltage at the
connection point:

∂∆P(Q, U, Breac)

∂U
= 0,

∂∆P(Q, U, Breac)

∂Breac
= 0,

∂∆P(Q, U, Breac)

∂Q
= 0 (21)

The analysis of active power losses ∆P with the established two groups of SR or CSR
was carried out for the EHV transmission line with the following parameters: l = 400 km—
line length, U = 750 kV—nominal line voltage, and wire phase design 4xAS-400/93. This
was characterized by the following parameters: r0 = 0.019 ohm/km; x0 = 0.289 ohm/km;
g0 = 0.0325 µS/km; and b0 = 4.13 µSm/km.

To analyze the power losses, a system of equations was compiled to find the optimal
values of, Breac, Q, and U:
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It should be noted that changes in the reactive power in the nodes led to changes in 
the node voltages of the network, in accordance with (22). The consequence of this, in turn, 
was a change in power losses in the network, as seen from (20). At the same time, changes 
in reactive power must correspond to the available range of regulation of sources and not 
cause unacceptable voltage deviations in the network nodes: 
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To verify the obtained values reacB , Q , and U , under the condition of the 
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Conditions under which the angular minors of the Hesse matrix (24) satisfy the 
condition of the minimum of function (20) for the values reacB , Q , U  are: 
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It should be noted that changes in the reactive power in the nodes led to changes in 
the node voltages of the network, in accordance with (22). The consequence of this, in turn, 
was a change in power losses in the network, as seen from (20). At the same time, changes 
in reactive power must correspond to the available range of regulation of sources and not 
cause unacceptable voltage deviations in the network nodes: 

min max ;
0.95 1.05

i

i

Q Q Q
U U U
 

 
 (23)

To verify the obtained values reacB , Q , and U , under the condition of the 
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Conditions under which the angular minors of the Hesse matrix (24) satisfy the 
condition of the minimum of function (20) for the values reacB , Q , U  are: 
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It should be noted that changes in the reactive power in the nodes led to changes in
the node voltages of the network, in accordance with (22). The consequence of this, in turn,
was a change in power losses in the network, as seen from (20). At the same time, changes
in reactive power must correspond to the available range of regulation of sources and not
cause unacceptable voltage deviations in the network nodes:

Qmin ≤ Qi ≤ Qmax;

0.95U ≤ Ui ≤ 1.05U
(23)

To verify the obtained values Breac, Q, and U, under the condition of the minimum of
the function ∆P(Q, U, Breac), we first were required to find all partial derivatives of the 2nd
order, calculate them at a point, and compose a Hesse matrix:

H =


∂2∆P(Breac ,U,Q)

∂Breac2
∂∆P(Breac ,U,Q)

∂Breac∂Q
∂∆P(Breac ,U,Q)

∂Breac∂U

∂∆P(Breac ,U,Q)
∂Q∂Breac

∂2∆P(Breac ,U,Q)
∂Q2

∂∆P(Breac ,U,Q)
∂Q∂U

∂∆P(Breac ,U,Q)
∂U∂Breac

∂∆P(Breac ,U,Q)
∂U∂Q

∂2∆P(Breac ,U,Q)
∂U2

 (24)
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Conditions under which the angular minors of the Hesse matrix (24) satisfy the
condition of the minimum of function (20) for the values Breac, Q, U are:

δ1 =
∂2∆P(Breac, U, Q)

∂Breac2 > 0 (25)

δ2 =

∣∣∣∣∣∣∣
∂2∆P(Breac ,U,Q)

∂Breac2
∂∆P(Breac ,U,Q)

∂Breac∂Q

∂∆P(Breac ,U,Q)
∂Q∂Breac

∂2∆P(Breac ,U,Q)
∂Q2

∣∣∣∣∣∣∣ > 0 (26)

δ3 =

∣∣∣∣∣∣∣∣∣∣

∂2∆P(Breac ,U,Q)
∂Breac2

∂2∆P(Breac ,U,Q)
∂Breac∂Q

∂2∆P(Breac ,U,Q)
∂Breac∂U

∂2∆P(Breac ,U,Q)
∂Q∂Breac

∂2∆P(Breac ,U,Q)
∂Q2

∂2∆P(Breac ,U,Q)
∂Q∂U

∂2∆P(Breac ,U,Q)
∂U∂Breac

∂2∆P(Breac ,U,Q)
∂U∂Q

∂2∆P(Breac ,U,Q)
∂U2

∣∣∣∣∣∣∣∣∣∣
> 0 (27)

When calculating the angular minors (23)–(25), the obtained optimal values Breac, Q,
and U, at which the minimum ∆P(Q, U, Breac) was reached, were checked.

For comparative analysis of the use of controlled and uncontrolled shunt reactors, a
system of equations was developed to find the optimal values Q and U at a fixed value Breac:

 R(2XG2+2(B+Bcsr)RG)−X(8G+2G2R−2(B+Bcsr)GX)
2

+2GR( (B+Bcsr)R+GX
2 )− 2GX(GR−(B+Bcsr)X+2

2 )

U2−

P
[
2R( (B+Bcsr)R+GX

2 )− 4GRX
]
−Q

[
4GX2 + R(GR−(B+Bcsr)X+2

2 )

−X( (B+Bcsr)R+GX
2 )

]
= 0

2X(8G + 2G2R− 2GX(B + Bcsr)− 2
(

R(B+Bcsr)+GX
2

)(
GR−X(B+Bcsr)+2

2

)
+

2Q
[

R
(

GR−X(B+Bcsr)+2
2

)
+X R(B+Bcsr)+GX

2

]
U2 = 0

(28)

To find Q and U using the system in Equation (28), the conductivity value Breac was
changed discretely by switching off the group of single-phase shunt reactors. Installing
uncontrolled SR also forms a Hesse matrix:

H =

 ∂2∆P(Breac ,U,Q)
∂Q2

∂∆P(Breac ,U,Q)
∂Q∂U

∂∆P(Breac ,U,Q)
∂U∂Q

∂2∆P(Breac ,U,Q)
∂U2

 (29)

Conditions under which the angular minors of the Hesse matrix (29) satisfy the
condition of minimum function (18) at values Q and U are:

δ1 =
∂2∆P(Breac, U, Q)

∂Q2 > 0 (30)

δ2 =

∣∣∣∣∣∣∣
∂2∆P(Breac ,U,Q)

∂Q2
∂∆P(Breac ,U,Q)

∂Q∂U

∂∆P(Breac ,U,Q)
∂U∂Q

∂2∆P(Breac ,U,Q)
∂U2

∣∣∣∣∣∣∣ > 0 (31)

The obtained optimal Q and U values corresponded to the minimum of the function
∆P(Q, U). Table 7 shows the obtained values for Qopt and Uopt, with the corresponding
values in the case of installation of uncontrolled SR. For comparison, the optimal values of
Breac, Q, and U are given in Tables 7 and 8 for the case of an ideal transposition cycle with
equal steps and with optimal steps appropriately, which corresponded to the minimum
value of active power losses in the case of installation of CSR ∆P(Q, U, Breac). As can be
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seen from the data in this table, the optimal values of Uopt corresponded to the available
voltage control range (23).

Table 7. Results of parametric optimization when using CSR and SR for ideal transposed extra-high
voltage power line.

Installation of SR Installation of CSR

Breac,
Sm

Qopt,
MVAr Uopt, kV

∆P,
mWatt Bopt

reac, Sm
Qopt,

MVAr Uopt, kV
∆P,

mWatt

−0.001066 −210 735 22.686 −0.0007 −180 768 20.908

−0.000533 −300 741 23.015

Table 8. Results of parametric optimization when using CSR and SR for transposed extra-high
voltage power lines by with optimal steps.

Installation of SR Installation of CSR

Breac,
Sm

Qopt,
MVAr Uopt, kV

∆P,
mWatt Bopt

reac, Sm
Qopt,

MVAr Uopt, kV
∆P,

mWatt

−0.001064 −208 732 22.456 −0.000691 −178 766 20.41

−0.00053 −297 739 22.98

For parametric optimization of the main electric network, the total losses of active
power in the main electric network (Figure 2) of the nominal voltage of 750 kV are described
by the expression:

∆PΣ =
n

∑
i∈1

n

∑
i∈1j 6=1

∆Pij (32)

where ∆Pij—losses of active power of the transmission line, determined by Formula (18);
and ij—substation numbers of the main electric network.

The equation of state of an equivalent quadrupole is:[
Aeq Beq
Ceq Deq

]
=

[
AL1 BL1
CL1 DL1

][
Acsr1 Bcsr1
Ccsr1 Dcsr1

][
AL2 BL2
CL2 DL2

][
Acsr2 Bcsr2
Ccsr2 Dcsr2

]
×
[

Acsr3 Bcsr3
Ccsr3 Dcsr3

][
AL3 BL3
CL3 DL3

][
Acsr4 Bcsr4
Ccsr4 Dcsr4

][
AL4 BL4
CL4 DL4

] (33)

Figure 2. Bulk electrical network diagram.

To determine the optimal values of Breac, Q, and U, the same approach was used as
for the parametric optimization of the EHV transmission line. In the case of the estab-



Energies 2021, 14, 6791 12 of 15

lishment of CSR approach, (22)–(27) were used; and for the uncontrolled SR approach,
(28)–(31) were used. The results of the calculation of active power losses are summarized
in Tables 9 and 10 for the case of an ideal transposition cycle with equal steps and with
optimal steps appropriately, in case of installation of CSR at optimum values Qopt, Uopt,
and Bopt

reac. The results of calculations Qopt and Uopt when installing SR with a discrete
change of inductance are given in Table 10.

Table 9. Results of parametric optimization when using CSR and SR for bulk electrical power network
with ideal transposed extra-high voltage power lines.

Installation of SR Installation of CSR

Breac,
Sm

Qopt,
MVAr Uopt, kV

∆P,
mWatt Bopt

reac, Sm
Qopt,

MVAr Uopt, kV
∆P,

mWatt

−0.002665 −210 735 165.005 −0.0001 −450 720 100,158

−0.002132 −100 744 147.58

−0.001599 187 731 135.47

−0.001066 268 748 127.58

−0.000533 115 741 120.015

Table 10. Results of parametric optimization when using CSR and SR for bulk electrical power
network with extra-high voltage power lines with optimal transposition steps.

Installation of SR Installation of CSR

Breac,
Sm

Qopt,
MVAr Uopt, kV

∆P,
mWatt Bopt

reac, Sm
Qopt,

MVAr Uopt, kV
∆P,

mWatt

−0.002559 −208 732 163.01 −0.000097 −445 720 96,158

−0.002005 −105 741 147.05

−0.001399 167 735 131.47

−0.001105 255 752 124.18

−0.000505 113 745 118.02

5. Conclusions

1. As can be seen in Tables 5 and 6, the levels of asymmetry for the incomplete trans-
position cycle did not significantly exceed the maximum allowable values for the
lengths of lines. That is, with such a transposition scheme, the necessary levels of
voltage asymmetry were provided, and it can be offered as a relatively inexpensive
balancing measure, with a length of the EHV transmission line of more than 600 km.
If the length of the transmission line exceeds 400 km, full transposition cycles must be
used. In relation to the ideal scheme of transposed, the levels of asymmetry did not
exceed the maximum allowable values.

2. A method was proposed for determining the optimal steps of transposition based on
operation in normal full-phase modes, as well as for carrying out planned phase-by-
phase repairs with its full development. The optimal steps of the transposition cycles
at which the permissible levels of asymmetry were achieved, which were 1% less
than the ideal transposition cycle, were substantiated. This result, in contrast to the
traditional scheme used, allowed optimal use of the same number of transposition
supports and phase alternation of the line. It should be noted that the proposed
transposition steps can increase the capacity of the transmission line by reducing
the level of asymmetry. The criteria of optimal method determination is permissible
levels of asymmetry.
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