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Introduction

Development of competitive relations in the electric power industry of Ukraine is connected with
implementation of the model of two-party agreement market and balancing electric energy market
(TABM), which expands the possibilities of the electric energy suppliers, users and producers.
TABM market model consists of the segments that provide realization of competitive relations
between its participants. TABM conditions require new scientific understanding, first of all, for
creation of a new scientific platform for the development of electric networks (EN) [1, 2].
Elaboration of the methods for searching optimal solutions that would substantiate a rational
structure and form parametric series of the electric network equipment is a perspective change in this
direction.

Problem statement

The foundation of the rational structure of overhead lines (OL) is standardization and unification
level of the parametric series of wire cross-sections that reflects the possibility of using standard
design solutions, standard manufacturing processes, standard equipment for OL manufacture and
repair.

OL design and construction practice leads to the expanded application of uniform (standardized)
OL components. Unification efficiency is manifested most strongly in the system approach to the
organization of OL design and construction. Evidently, such approach ensures:

- a shortened time for OL development and construction through the use of a limited number of
poles, foundations, wire brands, insulations and fittings;

- qualitative reliability control during their manufacture;

- reduction of personnel errors during OL construction and operation;

- reduction of the service stock of OL separate components;

- lowering of OL construction cost due to competition between separate OL manufacturers [3].

Thus, in order to elaborate recommendations on the creation of scientific platform for OL
development, it is necessary to find the possibilities to reduce separate standard sizes of OL
components and, primarily, of OL poles and wires. The task of reducing standard sizes of poles has
been, to a certain degree, solved and OL wire cross-sections have been normalized according to the
Electrical installation rules of Ukraine [4]. However, there is no feasibility study on the choice of
wire cross-sections, which would be relevant in TABM conditions.

The paper aims at considering one of the trends of OL development in TABM conditions -
optimization of the parametric series of wire cross-sections, formulation of an optimality criterion
for parametric series of wire cross-sections and proposing recommendations on OL unification.
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Analysis of the publications

As the analysis of information sources has shown, optimization of the electric network equipment
on the principles of unification, including that of parametric series of wires cross-sections, is of
current importance for the world electric power engineering.

First works in this direction were carried out in the eighties of the last century [5]. At present
stage the strategy of the electric power engineering development is based on unification principles.
The complex power engineering modernization program of Russia for the period till 2030 is based
on the principles of unification and standardization, including unification of equipment, technological
solutions and configuration [3]. This approach has been implemented in a number of far-abroad
countries. It is based on reducing the number of manufactured wire brands. As a basic section for
different voltage classes, a single cross section is used, which, taking into account the scale growth
factor, satisfy the cross-section nomenclature in terms of bandwidth. E.g., in Great Britain for the
lines with the voltage of 132 — 275 — 400 KW wires with cross-section AC 175 mm’, AC
400 mm’ are used. In Germany for the lines of 110 — 220 — 400 KW one brand of steel-aluminum
wire with AC 560/50 mm’ cross-section is used (for OL 220 — 400 KW with two wires per phase).
In Italy only three wire cross-sections are recommended for wide application: for OL 132 — 380 KW
— 128/21 mm?, 265/43 mm’, 520/66 mm®>. In Czech Republic in networks 110 KW and more three
wire brands are used: AC 240 mm?, AC 450 mm’, AC 670 mm’. In France for the construction of
OL with the voltage of 225 — 400 KW standard wire cross-section 570 mm’ is used [1 — 6].

Basic research materials

While searching for optimal solutions, which substantiate a rational structure and form parametric
series of electric equipment, the work was performed and recommendations were elaborated on
unification of the wire cross-section scale. It is based on the statement that OL has economic power
intervals only if the restriction, ensuring distinguishability of the separate variants according to the
economic criterion, is satisfied. Conditions for the existence of economic intervals are given by:

L>1’ K., >1, K, —-K,, cTiaTh ’ (1)
K, K=K, r-ny,

i+l i 1 i

where 7, - active resistance of the i-th wire; Kl. - investments in the i-th line.

Criteria (1) reflect only technical side and set the necessary conditions for the existence of
economic power intervals. Since OL is an object of a technical-economic character, certain
restrictions reflecting economic relations of the unified object are to be satisfied. Satisfying the
conditions of distinguishability of two electric transmission variants with wires of different cross-
sections is considered to be one of such requirements. Thus, if we assume the existence of an
economic interval of the i cross-section, the condition of equal economic efficiency is to be
observed:

Ci+]
—i>l+¢, 2
- @

i1

where C; — discount costs of OL; & - a permissible value that defines the zone of equal economic
efficiency.

Condition (2) is not only the necessary, but also a sufficient one for the i wire. Its non-fulfilment
contradicts the condition of the existence of an economic power interval in terms of equal economic
efficiency for the i cross-section (see the figure 1).
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Fig. 1. Economic power intervals for the wires of F;, F}.1, F;.; cross-sections

It is known that in the analysis of technical-economic OL indicators in TABM conditions one of
the main criteria of technical-economic relations is minimal discount cost [5]:

C(x)>min, xeX.

There does not exist a generally accepted conception in the practice of construction and
implementation of technical-economic models. In each specific case construction of a computational
model and the method of its solution are closely interrelated. Moreover, in solving the general
optimality problem it is necessary to take into account the character of initial information, reliability
of which is sometimes rather low. This leads to the uncertainty of initial information [5 — 7].

Proceeding from the stated above, computational model of the discount costs in 1 km of OL
could be presented as

C=C,+C,=(E+p)a+6F)+(Cl'pp)-F, (3)

where C; — investment component of the technical-economic model of OL (investments); C, —
technical component of the technical-economic model of OL (operation costs); E — bank rate, %; p —
factor of allowances for depreciation, repair and maintenance of the line; a — constant component of
the cost of 1km OL that depends on the type of poles, OL design solution, voltage class, currency
units, (c.u.)/km; F'— wire cross-section, mm?; / — maximal current in the line, A; p — resistivity of the
conductor material, Om'mm?/ km; 7 — the time of maximal losses, h/ year;  — unit cost of electric
energy losses, c.u ./ (KW-h).

Investments in TABM conditions include the cost of land in OL cost as well as loan payments,
depreciation and take into account inflation. For different voltage classes C;, in a general form, could

be presented as
Ts -
C = M_l 1+ w -1 K 4)
a+100 a+100 I

where E,,,, — a nominal bank rate, %; a — inflation rate; 7, — normative service life, year; K; — cost of
1 km OL of the i voltage class taking into account the cost of land, c. u./km [7].
Taking the above-mentioned into account, at point P, the values of discount costs in OL made

" cross-section coincide with those in OL made of wire with the(i+1) cross-

of wire with the i
section (see the figure 1) and the following expressions will be valid:
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The ratio of expressions (5) is given by:
Ci+]
v Kl =Kt e 6)
C., Kr,-K rnr-r

iti—1
i-1

We use expression (6) in relation (2):
K r—Kr, r —r

i+17 0 iti+l Tl i21+8 (7)
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or
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i TR ST T gy, (8)
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The obtained criterion reflects not only the technical, but also the economic basis for the
construction of unified OL.

The above considerations could be used for elaboration of the restriction methods based on the
existing unification. It should be noted that observing the criteria results in obtaining the most
correct solution.

The condition for distinguishability of the two OL variants, determined by the boundaries of equal
economic efficiency, depends, to a certain extent, on the scale of wire cross-sections with which
those lines are made. On the other hand, if the restrictions on equal efficiency conditions are not
taken into account, two variants formed by neighboring wire cross-sections will be equally efficient
since the scale growth factor in this case is inadequately low.

Feasibility of such a solution depends on the method used, mathematical apparatus as well as on
the character and accuracy of the object description. In the conditions of the absence of full initial
information for the analysis of electric network objects it is necessary to use generalization methods
based on the theory of similarity, mathematical programming and simulation. One of such methods is
a criteria method with the elaborated algorithms that enable quantitative description of optimal
technical and economic relations of the object in both cases: availability and unavailability of full
initial information.

The given method was used as a research tool that makes it possible to substantiate parametric
series of wire cross-sections. Besides, a mathematical model of OL, applicable in TABM conditions,
was used. It is distinguished mainly by the difference in analytical relation between the investments in
OL and wire cross-section. Formulation of the problem is sufficiently accurate, physical meaning of
the object being preserved [5].

Thus, mathematical model of the discount costs in OL can be presented as:

C=C,+C,=(4- 1)(1 +am - 1]‘)K”0 +(ClpP)-F; (9)
where 4= £y 7100 .
a+100
With a certain error, (9) could be presented as a single general model:
C=AF"” + A F". (10)

The criteria method for analyzing the generalized technical-economic model (10) has shown that
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at the point of minimum

AT
43 Ty

where 7; and 7, — similarity criteria, 7,=4/5, m,=1/5, that can be obtained from the systematic
procedures of the criteria method.
The values of the parameters of function (10), expedient in terms of economic efficiency, are
determined from the condition
0,8

F — 7[]A2
’ 7[2A]

(12)

Let us perform the following transformations: introduction of a generalized constant 4 ,=A4./p
and writing (11) in a relative form provided that basic value of the generalized constants coincides
with the real value of these constants 4;,1.e. 4;,=4",=1

Then
C=(4)" (4, P)" (13)
or C=P". (14)
Similarly, for (12)
4-PY"
F=|12 (15)
4,
or F=pP". (16)

From (14) and (16) it could be written
F=C". (17)

In a general case formation of the permissible solution existence region depends on the initial
information error o, the accuracy of which will be determined by the value of ¢. The results of such
estimation are as follows:

0, % =l 12 +3 +4 +5 +6 +£7 +£8 +9  =£10
F 1.14 1.28 1.45 1.56 1.66 1.77 1.89 2.05 2.20 2.60.

Thus, the error of operational characteristics plays an essential role in the scale growth factor
substantiation. From practice it is known that the accuracy of engineering calculations is at least
10%. Therefore, the most appropriate scale growth factor of wire sections in this case should not be
less than 2 — 2.5. The easiest way to get this growth factor is to eliminate intermediate standard
values of the wire cross-section scale.

As EN form a complex dynamic system, the issue of unification of such networks should, to a
certain extent, solve the problems of reconstruction. The issue of OL unification has a significant
influence on reconstruction time that includes the time for replacing the wires of a certain cross-
sections with bigger ones in order to increase OL bandwidth and to improve the electric energy
quality [5, 6].

Let us show that reconstruction time is connected with the wire cross-section scale used for
network construction. The law of power variation is known in a relative form:
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P=P(+q), (13)
where ¢ is an average value of the load increment.

Using expressions (16) and (18), we can write  P(1+¢q)' = F** . (19)

The obtained expression shows the rate of the wire cross-section change for a given character of
the load. It should be noted that if the wire cross-section value Fj, in the year when OL was
constructed and put into operation is taken as a basic one and cross-section of the wire at the period
of OL reconstruction is taken as the following cross-section, the ratio

F
2 _F 20
F, 20)

will represent the cross-section scale growth factor

Let us assume that we have two different cross-section scales characterized by factors F; and F,.

* *

The load growth rate we assume to be equal both in the first and in the second case. Then, in
accordance with (20)

P(1+¢q)" = F"% (21)
and
P(1+q)" = F*% . (22)
Relations (21) and (22) could be written in the form of
; In F,
-+ =—"=idem. (23)
t nkF

1

*

In this expression time ¢ defines the interval from the beginning of operation life to the first
reconstruction. The obtained expression does not depend on the load growth rate and is determined
only by the chosen scale of wire cross-sections. Besides, from (22) and (23) we can determine the
reconstruction time that depends on OL bandwidth and given load growth rate g. We assume that
F, =1as it is related to the beginning of OL operation. Then

*

InF
t,=0,625———. (24)
In(1+ g)

As a result of calculation of the reconstruction terms for wire cross-section scales with the factor
F, =2, an average value of time ratio was determined to be equal to 2.

Thus, as a basis for OL unification, it is necessary to use a standardized cross-section scale that
makes it possible to minimize the number of reconstructions.

The obtained characteristics of OL cross-section scale unification give scientific substantiation for
the basis of unification procedure. In this case from several OL options we should choose the one
that will satisfy the condition of economic feasibility of the selected object with regard to reliability,
maintainability, additional investments in the reconstruction, etc. The task will be simplified if the
analysis of various options is performed purposefully. For this it is necessary to choose a basis. E. g.,
OL cross-section from the unified scale, which is the most common among the existing OL, could be
used as a basic one.
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The task of forming the unification basis is confined to the investigation of OL wire cross sections
depending on climatic and load conditions. A number of design institutions conducted research in
order to obtain relative frequencies of OL loads on the basis of statistical processing. The obtained
results have shown that the growth factor of the wire cross-section scale, that is close to 2, is the
most acceptable one [5]. This information taken as a basis, wire cross-section values for different
voltage classes were obtained.

Let us illustrate the above by the example of the cross-section scale formation for OL 110 KW. It
is known that wide-scale electrification was carried out in the 70s of the last century and the
selection criteria were somewhat different. This factor was taken into consideration when basic
variant for the research was formed. The cross-section scale is built assuming that K,> 2 and a single
cross-section is used for a given voltage class. The table presents possible optimal solutions for this
statement of the problem taking into account redistribution of OL lengths.

Table

Variants of distribution of OL lengths for OL cross-sections of 70mm?’, 120mm?’, 240mm’ and discount costs in
accordance with the variants

Ne of the research Distribution of OL lengths in accordance with cross-sections, % C.,%
variant 70 mm? 120 mm? 240 mm?

1 (basic) 38 35 27 100
2 38 21 41 99,5

3 38 0 62 99,9

4 24 0 76 99,6

5 9 0 91 99,9

6 0 0 100 100

7 24 49 27 98,1

8 9 64 27 97,0

9 0 73 27 96,6

10 24 35 41 97,6

11 9 29 62 97,2

12 0 24 76 98,0

13 0 9 91 99,8

14 0 38 62 96,8

15 0 58 42 96,1

16 9 49 42 96,5

17 24 14 62 98,3

18 9 14 77 98,5

From the table it is evident that all the options are equally efficient. At the same time, variant 6 is
the optimal one in terms of reconstruction, increasing of OL bandwidth, reduction of electric energy
losses and improvement of OL reliability [4].

Conclusions

The paper considers one of OL development trends in TABM conditions: optimization of
parametric series of wire cross-sections. An optimality criterion of the parametric series of wire
cross-sections is elaborated and recommendations on OL unification are proposed. This will make it
possible to minimize the number of reconstructions, to increase OL bandwidth, to reduce electric
energy losses and to improve reliability of EN.
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