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OPTIMIZATION OF DESIGN PARAMETERS OF AUTOTRANSFORMERS IN ICE
MELTING SCHEME WITH NON-INDUCTIVE CIRCUIT ON 6-10 KV OVERHEAD
POWER LINES

Purpose. The purpose of the paper is to determine the basic electrical characteristics and to develop a calculation method and
algorithm for optimizing the design parameters of autotransformers intended for use in a melting ice scheme with a non-inductive
circuit on 6-10 kV overhead power lines. Methodology. The development of the technical and economic model and the method for
calculation of the design parameters of the autotransformer for melting ice is performed on the basis of a systematic approach.
Optimization of structural characteristics of autotransformers is carried out using a combined algorithm based on the spatial grid
method, adapted to the case of a mixed space of discrete and continuous independent variables, and the specifics of the technical
and economic model of the autotransformer. The proposed combined optimization algorithm is implemented in the Delphi
environment. Results. Based on the required specific melting power, the main electrical characteristics of autotransformers
intended for use in the meltingicr scheme with a non-inductive circuit on 6-10 kV overhead lines, which were the basis for
optimizing their design parameters, have been calculated. The technical and economical model of autotransformer for melting
ice, which is defined by nine independent variables and describes its cost and technical parameters, is developed. On the basis of
the obtained electrical characteristics, optimization of the design parameters of a series of autotransformers is carried out, which
includes three standard sizes, differing in maximum length of the transmission line. Originality. A method of calculation of
structural parameters of autotransformers for ice melting is proposed, the peculiarity of which is the use of the criterion of the
minimum of the cost of the active part and taking into account the conditioned by the circuit of connection of the
autotransformers the technical restrictions of errors on the value and angle of secondary current, which are important from the
point of view of ensuring the permissible deviation of the specific power of melting ice. Practical value. Optimal correlations of
geometrical sizes and electromagnetic loads of autotransformers for ice melting, their cost indicators, as well as the main design
characteristics of the magnetic circuit and windings are established. Results of design calculation of autotransformers are
sufficient for introduction of their serial production in industrial conditions. References 11, tables 2, figures 4.

Key words:overhead power line, melting of ice, autotransformer for melting of ice, technical and economic model,
optimization of design parameters.

Mema. Memoio cmammi € 6u3HaAUeHHA e1eKMPUYHUX XAPAKMEPUCMUK MA PO3POOIEHHA MemOoody PO3PAXYHKY i anzopummy
onmumizayii KOHCIMPYKMUGHUX NAPAMEMPIE A8MOMPAHCHOPMAMOPI8, NPUZHAUEHUX ONA GUKOPUCIMAHHA 6 CXeMi NIaAGIeHHS
0s1cenedi 3 6e3inOYKMuUBHUM KOHMYPOM HA NOGIMPAHUX NIiHIAX eeKmponepeday 6-10 kB. Memoodonozia. Po3poonenna mexHiko-
E€KOHOMIUNOT MoOeni ma Memoody po3paxyHKy KOHCHMPYKIMUGHUX HAPAMEMPIe Aemompancopmamopa nnaeienusa osiceneoi
GUKOHAHO HA 3acadax CUCHMEMHO020 nidxody. Onmumizayia KoHCMPYKYii aemompancgopmamopie nnaeneHHs 0icenedi
npoeedena 3 GUKOPUCMAHHAM KOMOIHOBANHO20 ANZOPUMMY HA OCHOGI Memody npocmopoeoi cimku. Pezynomamu. Oodepicano
eeKmpUYHi XapaKmepucmuKky ma onmumizoeano KOHCIMPYKmMueHi napamempu cepii agmompancgopmamopie, npusnavenux
015 GUKOPUCMAHHA 68 CXeMi NIIAGICHHA 0dice1eli 3 0e3IHOYKMUSHUM KOHMYPOM HA ROGIMPAHUX NIHIAX enrekmponepeday 6-10 kB.
Haykosa nogusna. 3anpononoeano memoo po3paxyHKy KOHCHIPYKMUGHUX NAPAMEmpie Aemompancgopmamopie niaeienHs
oxcenedi, 0codnusicmio AKO20 € BUKOPUCMAHHA Kpumepilo MIHIMyMy 6apmocmi aKmueHoi YacmuHu ma 6paxyeaHH:A
3YMOBNIEHUX CXEMOI0 GMUKAHHA AGMOMPANHCHOPMAMOpPI6 MEXHIYHUX O00MedHceHb ROXUOOK 34 GeNUYUHOI0 MA KyHom
emopunnozo cmpymy. Ilpakmuune 3nauenns. Pezynomamu KoHCMPYKMUGHOZ0 PO3PAXYHKY AGMOMPAHCHOPMAMOpie niasieHHA
01cenedi € 0ocmamuimu 013 6RPOBAOHCEHHA IX CePIliH020 6UPOOHUYMEA 6 NPOMUCTO8UX yMosax. Bibn. 11, Tabmn. 2, puc. 4.
Kniouoei cnosa: noBiTpsina JliHiA eJieKTponepenay, IUIABJIeHHA O:KeJleli, AaBTOTPaHCGOPMATOP ILIABJICHHSA OxeJseli, TeXHiKo-
€KOHOMIYHA MOJieJIb, ONTUMIi3alisi KOHCTPYKTHBHHX IIapaMeTpiB.

Lenv. Llenvio cmamvu sAs1aemca onpeoeieHue 31eKMPULECKUX XapaKkmepucmukx u paspabomea memooa paciema u an2opumma
onmumu3zayuu KOHCMPYKMUGHBIX NAPAMEMpPOs A6MOMmMpaHcHopmMamopos, npeOHA3HAYEeHHbIX ONA UCNOJIb306AHUA 6 CXeme
naaeKku zononeda ¢ 0e3UHOYKMUBHBIM KOHMYPOM HA 6030YWIHBIX JUHUAX Inekmponepedauu 6-10 kB. Memooonozus.
Pazpabomka mexHuKo-IKOHOMUUECKOI MOOel U Memooa paciema KOHCMPYKIMUGHBIX RAPAMEMPOs agmompancgopmamopa
NA6KU 2071011€0a 6bINOJIHEHA HA OCHOEE CUCMEMHOZ0 N00X00a. Onmumu3ayua KOHCMPYKUUU a6mompanchopmamopos niasxku
207101104 NPOBEOCHA C UCNONB306AHUEM KOMOUHUPOGAHHO20 QNIZOPUMMA HA OCHO6E Memo0d NPOCMPAHCIMEECHHOI CEmKu.
Pesynomamur. Ilonyuenst snekmpuuecKue XapaKmepucmuku U ORMUMU3UPOGAHbI KOHCHIPYKIMUGHbIE NAPAMEMPbL Cepull
agmompancghopmamopos, npeOHa3HAUEeHHBIX 0151 UCNOIb306AHUA 6 CXeMe NAAEKU 20710104 ¢ Oe3UHOYKMUGHBIM KOHMYPOM HA
6030yWHbBIX JuHUAX Inexkmponepedauu 6-10 kB. Hayunaa wnoeusna. Ilpeonoscen memod pacuema KOHCHPYKMUGHDIX
napamempoe agmompanchopmamoposé naasKu 207101e0a, 0COOEHHOCMbIO KOMOPO20 AGNACHICA UCRONb308AHUE KpPUMEPUs
MUHUMYMA CIMOUMOCINU AKMUGHOU YaACMU U YUem 00YC06IEHHbIX CXeMOIl 6KII0UEHUS AGMOMPAHCHOPMAMOPOE MEXHUUECKUX
ozpanuyeHull nozpewiHocmeil no eenuuuHe u yziy emopuunozo moka. IIpakmuueckoe 3nauenue. Pezynomamut
KOHCMPYKIMUGHO20 paciema aemompanc@opmamopos naaéKu 2070104 O00CMAamoynsvl 074 GHEOPEHUA UX CepuitHo20
npou3eo00cmea é nPomMvliieHHbIX ycaosusax. buodin. 11, ta6mn. 2, puc. 4.

Kniouesvie crosa: Bo3pylIHasi JUHMSA 3J1eKTpoNepeaayy, IIaBKa rojojena, aBToTpaHcGopMaTop IIABKH I0J10J1e1a, TEXHUKO-
KOHOMHYECKas MO/Je/Ib, ONTUMHU3ANUS KOHCTPYKTHBHBIX IAPaAMeTPOB.

Introduction. At present, the most effective way to  of the ice is to melt it [1]. The technology of melting ice is
protect 6-10 kV overhead transmission lines (OTL), to use a certain melting scheme, which, based on the law
which are widely used in some countries, from the effect  of Joule-Lenz, allows to achieve the allocation of thermal
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energy in the unit of the length of the OTL wire, sufficient
for melting of deposits within a reasonable time, usually
about 1 hour. In order to determine the appropriate
amount of thermal energy, in this work the term «specific
power of melting ice» is used.

In melting schemes of ice, electrical power melting
installations of ice-and-frost deposits (IFDs) are often
used, which harmonize the parameters of the power
system with the parameters of the lines [2]. An example
of such an installation is the autotransformer for melting
ice (AMI), which is activated by the melting scheme
proposed in [3]. As it is known, the use of
autotransformers compared with transformers, due to the
electrical connection between the windings, can
significantly reduce the power of the electric apparatus. In
addition, the feature of the proposed melting scheme is
the use of a non-inductive circuit, which reduces the
reactive component of the load of the autotransformer to
almost zero.

To date, autotransformers, suitable for use in the
proposed melting scheme of ice with a non-inductive
circuit, are absent. Therefore, there is the task of
determining the electrical characteristics of such
autotransformers as well as developing a calculation
method and algorithm for optimizing their design
parameters.

The analysis of existing methods for the calculation
of power transformers and autotransformers of industrial
series [4-6] showed that they are based on the use of the
criterion of reduced costs, which allows to establish the
optimal ratio between capital and current costs to the
transformer. This approach is not appropriate for
autotransformers for melting ice, as they have a small
total annual operating time (up to 50-100 h).
Consideration in the method of calculating the AMI of
current costs will lead to unnecessary complication of its
technical and economic model and increase the
optimization time of the algorithm. In addition, the
existing calculation methods do not take into account
determined by the AMI connection circuit the limiting of
the angle between the primary and secondary current
(angular error limitation) and the relative difference
between the primary and the secondary current (current
error limit), which are important for the AMI from the
point the view of providing the required specific power of
melting ice.

The preliminary analysis showed that the
dependencies of the parameters of the AMI on the
discrete and continuous independent variables is
nonlinear, therefore the task of optimizing the design of
such an autotransformer is the problem of nonlinear
programming. There is a fairly large number of
algorithms for solving these problems [7-10]. However,
the general methods of solving the problems of nonlinear
programming in the mixed space of discrete and
continuous variables have not been developed to date. A
characteristic drawback of existing methods is that they
are not universal. The use of certain artificial techniques
allows to reduce the task to any particular type. One of
such technique is the transformation of independent
variables to one type, such as continuous [10]. But such a
technique can give significant errors in the inverse

transformation of variables. Transformation of variables
to a discrete form is more acceptable, since continuous
variables can be discretized with a small step and obtain a
solution with a given accuracy, but with high computation
costs. However, in the case of the multi-extremity of the
objective function and the presence of nonlinear
constraints on the permissible domain of solutions,
practically all methods of discrete programming are
reduced to a continuous enumeration of discrete variables.
In [11] an approach to the solution of the problem of
nonlinear programming for the case of discrete and
continuous variables in the general formulation is
proposed. The advantage of this approach is to take into
account the specifics of a particular system and its
mathematical model, in connection with which it was
adopted as the basis for developing a combined algorithm
for optimizing the design parameters of autotransformers
for melting ice.

The goal of investigations is to determine the
electrical characteristics and to develop a calculation
method and algorithm for optimizing the design
parameters of autotransformers intended for use in a
melting scheme of ice with a non-inductive circuit on 6-
10 kV overhead power lines.

Calculation of electrical parameters of
autotransformers for melting ice. To optimize the
design parameters of AMI, it is necessary to calculate
their desired electrical characteristics. In [3] an analysis of
electrical processes in the melting scheme of ice on the
basis of autotransformer with a non-inductive secondary
circuit was carried out. It is shown that the proposed
scheme allows in melting ice mode to increase the
equivalent active resistance of the OTL in number of
times

(1+k; P (1-a)+a
all-ak ]2
where £; is the coefficient of transformation of the AMI

by current; a is the coefficient of ratio of active resistance
of the external and internal parts of the wire

kg = ; M

a R )
where R, R, are the active resistances according to the
entire wire and its outer part.

Inductive resistance of the line at the same time
practically does not change.

In the AMI series, there were three standard sizes
that differ in maximum length of the OTL. Each AMI is
intended for the melting of deposits on the OTL with a
length from a certain value of /;, to a value of /. In
order to provide the required specific melting power on
the OTL with any length within the limits of /i +Zax
adjustment of the coefficient k; is foreseen. It will also
allow to quickly regulate the amount of thermal energy
emitted in the wires of the OTL when weather conditions
change, to affect the melting time of IFDs.

As the estimated calculations have shown, in order
to obtain the required values of the specific melting
power, the equivalent active resistance of the OTL should
be much larger than the equivalent inductive resistance,
so the latter can be neglected. Then the value of the
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coefficient kzx to be provided by the AMI can be
determined based on the required value of the specific
melting ice power Py=56 kW/km [1] based on the
expression
U2
kg~ ———, 3)
3F) Ryl

where U is the nominal voltage of the line, kV; R, is the
specific active resistance of the wire, QQ/km; / is the OTL
length, km.

Then, based on the expressions obtained in [3], the
basic electrical parameters of the AMI were calculated.
The calculation results are shown in Table 1. Nominal
currents and voltages of windings of the AMI were taken
equal to the maximum of values possible during the
operation of each autotransformer. In addition, Table 1
shows the allowable values of errors in the values of the

secondary current and its phase relative to the primary
current. The limitation of this error is due to the switching
circuit of the autotransformers [3] and is necessary in
terms of providing a tolerable deviation of the specific
melting power of ice, which influences on the time of
melting of deposits and, consequently, the success of this
process. For those specified in Table 1 limit values of
errors, the possible deviation of power losses in the wire
is 10 %.

Technical and economic model of
autotransformer. To calculate the AMI, the basics of the
methods used to calculate power transformers and
autotransformers are used, with some differences. So,
since the cost of operating APO, as mentioned above, can
be neglected, then as an indicator of their optimization it
is proposed to use a relatively simple criterion for the
minimum cost of the active part C — min.

Table 1

Results of calculation of the main electrical characteristics of autotransformers for melting ice
which are the basis for optimizing their design parameters

AMI parameters
E - 9 z 3
= 5 . i" fﬂ s «g - < g Permissible errors
SISE| 8 | Fef | 5 |zi.| E |:
) =9 g 8 S g F=s] < - S > =
= < 2 ° 58 »'E S = £5 8 G s 5
s o .5 2 22 % ¢ E 5 R z ° o g g
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z e = §Z5o g EEE £ Sz SE 5 SED
53 S 28 5 2 S8 g 3 28E | €87
= < & £ £ £ = z £ S25 | 2873
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= z z s
4+4.7 75.6 0.28
- 4.7+5.4 55.9 0.34
S 5.4+6.3 41.6 0.41
:GZ[\)] 4+10 6374 302 051 110/182 2000 6000 5.4 +10
n 7.4+8.6 224 0.63
8.6+10 16.5 0.79
4+4.7 75.6 0.28
4.7+5.4 55.9 0.34
« 5.4+6.3 41.6 0.41
I 6.3+7.4 30.2 0.51
% 4=16 7.4+8.6 224 0.63 174/182 3200 6000 5.4 +10
.5) 8.6+10 16.5 0.79
10+11.7 12.0 1.04
11.7+13.7 8.8 1.40
13.7+16 6.6 1.99
4+4.7 75.6 0.28
4.7+5.4 55.9 0.34
54+6.3 41.6 0.41
6.3+7.4 30.2 0.51
B 7.4+8.6 22.4 0.63
S 8.6+10 16.5 0.79
E 425 10-11.7 12.0 1.04 207/182 3200 6000 5.4 +10
%) 11.7+13.7 8.8 1.40
13.7+16 6.6 1.99
16+18.5 4.8 3.23
18.5+21.5 4.1 4.67
21.5+25 3.5 7.83
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As noted above, the APO must be provided with an
appropriate level of error — by angle and by current

J1<f1a> “4)
51 <37, (5)

AMI must also be characterized by certain values of
the overheating temperature of the windings (primary At
and secondary At,) above the ambient air, which should
not be greater than the permissible value for the accepted
class of insulation F of the AMI A¢, = 140 °C (taking into
account the greatest possible temperature of air during
melting ice time #,;,. = 0 °C)

Aty <AL, (6)
Aty < At,. @)

The check for heating the windings during a short
circuit was carried out after a detailed calculation of the
AMI.

Thus, the task of designing an optimal AMI is to
minimize the target function taking into account the given
constraints. The technical and economic model of the
optimal design of the AMI has the form of the system:

C — min;
f[ Sfla;
01 <0145 (®)
A <Aty
Aty < At,.

AMIs are intended to be performed as three-phase,
cast-insulated and with spatial non-breaking magnetic
system, which allows for the equalization of the
magnetization currents, and hence of the AMI errors, in
all three phases, which in turn eliminates the difference in
power losses in the melting mode in the wires of various
phases [6]. To manufacture the core of the AMI, cold-
rolled anisotropic steel grade 3405, which is characterized
by acceptable magnetic properties at a moderate price, is
accepted. The insulation distances of the AMI were based
on existing experience in designing transformers and
operating standards.

The analysis showed that independent variables,
which can describe the design of the AMI, include: d —
the diameter of the rod of the autotransformer; by, b,, h;,
h, — the dimensions of the wiring of the primary and
secondary windings; n;, n, — the number of parallel wires
in windings; N;; — the number of layers of the primary
winding; B — the magnetic flux density in the rods of the
magnetic system. For the three-phase AMI, dependencies
for the target function, as well as the main characteristics,
including those that are subject to limitation, on
independent variables, are obtained. With the exception of
minor differences, they correspond to well-known
expressions, which are in the specialized literature on the
design and calculation of power transformers, in
particular [4-6]. Due to the considerable cumbersome
nature of these dependencies and their obviousness, they
are not given in this paper.

Optimization of design parameters of
autotransformers for melting ice. The initial data for
optimization of the design parameters of AMI are their

electrical characteristics, shown in Table 1, as well as the
parameters of the selected electrical materials.

The analysis of independent variables shows that
among the variables that are discretely variable, two
groups can be distinguished. The first one is the variables
that can take values from the standard-size series (d, A,
hy, by, by), the second one is integer variables (N, ny, ny).
The third group is a continuous variable, B. Thus, there
are three groups of variables in the problem, for variation
of which one can use schemes of different methods.

The approach was based on the spatial grid method
proposed in [11]. This approach does not impose any
restrictions on the type of variables, nor on the efficiency
criterion. The enlarged structure of the combined
algorithm represents three nested to each other stages

(Fig. 1).

Variation of d, hy, hy, by, b,

Variation of Ny, ny, n,

Variation of B,
model calculation and
verification of restrictions

Fig. 1. Structure of the combined algorithm for optimization
of the AMI

The first (external) stage of the algorithm
implements the change of those independent variables
that take values from the standard-size series, that is, the
transformer structure for the internal stages is fixed. At
this stage, it makes sense to replace the variables. The
scope of the values of each variable is limited to the
standard-size series in the form

d=1{d;}, i=1,..,ny;

by =k} =1 ny;

hy= {th},p=1,..,nh; )
b = {blk}, k=1,...np;

by=1{by,,}, m=1,..,np.

Each element of a standard-size series corresponds
to its serial number (index). Taking into account the
unequivocal correspondence of the index to the element
of a standard-size series, it is possible to accept their
indexes as independent variables of optimization. The
optimization task at this stage can be solved in the space
of integer variables i, j, p, k, m.

The second (middle) stage implements the change of
integer independent variables.

At the third (internal) stage, the variation of a
continuous variable is performed, since, for fixed design
parameters, the target function is continuous. In the
internal cycle, the calculation of the target function of the
system and verification of restrictions on the permissible
decision area are performed.

The structure of the stages in which for each
combination of the values of independent variables of the
external stage the optimal for these combinations solution
of internal stages is found, leads to the implementation of
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the Bellman principle of optimality at the level of the
structure of the algorithm.

To determine the possibility of application at
different stages of the optimization algorithm of methods
other than the grid method, a study was carried out on the
dependence of the target function on independent
variables. Analyzing the nature of the dependence of the
target function on the variable B (Fig. 2,a), it can be noted
that in this case the function is unimodal. To find the
minimum of the target function in the third stage of the
combined algorithm, one can use the scheme of the
unidirectional search method, and the principle of
minimax is implemented for moving from the maximum
value of B to the minimum, since the minimum of the
target function is near the maximum value of B. The
maximum value of the magnetic flux density was
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assumed to be equal to B = 1.8 T, since larger values for
the accepted steel grade lead to a significant increase in
the magnetic field strength, which, in turn, causes an
increase in the magnetization current and, as a
consequence, the errors of the autotransformer. Greater
values of the magnetic flux density also cause a sharp
increase in specific losses in steel and its intense heating.
To take into account the restrictions of the functional
type, imposed on the area of values of the target function,
it is rationally to use the penalty function. In this case, it
can be quite simple, for example, a constant whose value
is clearly greater than the real values of the target
function. Taking into account the apparent simplicity, the
block diagram of the third stage of the combined
algorithm of optimization is not given.
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Fig. 2. Preliminary investigations of the target function C (USD)

Analysis of the nature of the dependence of the
target function on the variables N;, n;, ny (Fig. 2,b,c)
shows that in this case the target function is not
unimodal. Therefore, at the second stage of the
combined algorithm of optimization, one should use the

scheme of any method for finding the global optimum.
The range of variation of variables at this stage is
relatively small. Therefore, the advantage was given to
the method of scanning (the variant of the method of full
overview of the combinations of values of variables).
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Consideration of functional type restrictions occurs
automatically, since for each combination of values of
variables N;, n;, n, the task of the third stage of
optimization is solved, where restrictions have already
been taken into account. The algorithm of the scanning
method is well known and its block diagram is also not
given.

A bit more interest is the definition of the
optimization method for the first stage of the combined
algorithm. The scope of the change of the independent
variables is quite large (for example, i = 1,...,56), which
makes the scanning method ineffective. At the same
time, analysis of the nature of the dependence of the
target function on independent variables at this stage
(Fig. 2,d, e,f) shows that this function is quasi-convex.
This fact gives the right to depart from the scheme of the
method of full overview of the combinations of values
of variables. It is proposed to apply a scheme of spatial
grid method with a variable step, adapting it for the case
of integer variables (the grid step can not be small).

In the general case, the convergence of the spatial
grid method depends on the choice of the initial step of
the grid and the law by which this step varies with the
narrowing of the search optimum. Calculation
investigations of the convergence of the developed variant
of the algorithm of the spatial grid method (Fig. 3, 4)
showed that the convergence practically does not depend
on the value of the initial step of the grid, but the rate of
convergence essentially depends on. The minimum search
time for the optimum corresponds to the value of the
initial step of the grid, in which the number of nodes in
the grid will be equal to one of the numbers of the
Fibonacci series, namely, the number of nodes in the
variable i — 8, by j, p, kK, m — 5 the calculation time is
about 7 minutes. Relative to the law of reducing the step
of a grid, then in this case the most studied method of
dichotomy is applied.

The proposed combined optimization algorithm was
implemented in the Delphi environment. Results of
optimization of design parameters of AMI are given in
Table 2.

As can be seen from the results of the calculation,
the permissible range of solutions for each AMI is
primarily due to the overheating temperature of the
windings, which in some cases almost corresponds to
the permissible. The relatively high value of the

permissible overheating temperature Az, = 140 °C,
which is associated with the features of the AMI
operation (calculation air temperature ¢,, = 0 °C), as

well as the external placement of the secondary winding,
resulted in rather high values of the density of the
current in it. The magnetic flux density in the core of the
AMI is close to the maximum. For the standard size of
the autotransformer No. 3, the magnetic flux density was
slightly lower, which is explained by the activity of the
limit on the current error.

Results of optimization of design parameters of
autotransformers for melting ice

Table 2

AMI parameters

Parameter value
for the standard-sized

AMI

No. 1 [ No.2 [ No.3

Magnetic system:

Rod diameter, mm 380 | 450 560

Rod length, mm 1464 | 1604 | 1998

Distance between axes of the rods, mm 694 793 927

Total steel mass, kg 5082 | 7931 | 14952

Magnetic flux density in steel, T 1.80 | 1.80 | 1.78

Windings:

Number of layers of primary winding 3 4 1

Number of layers of secondary winding 1 2 6

Number of wires of primary winding 2 4 4

Number of wires of secondary winding 2 1 3

Radial wire size of the winding I, mm 5.60 | 5.60 | 4.50

Axial wire size of the winding I, mm 11.20 | 11.20 | 6.30

Radial wire size of the winding I, mm | 2.00 | 3.15 | 5.60

Axial wire size of the winding II, mm 4.00 | 11.20 | 6.30

Number of turns of the primary winding | 180 | 130 71

Maximum ngml_)er of turns of the 142 | 260 | 555

secondary winding

Oyerheatljlg temperature of the primary 138 133 112

winding, °C

Overheating 'terr}periture of the 140 134 | 139

secondary winding, °C

Currenzt density in the primary winding, 088 | 069 | 1.83

A/mm

Cgrrept density 21n the secondary 11271 514 | 170

winding, A/mm

Nominal electrical parameters:

Primary current, A 110 174 | 207

Secondary current, A 182 182 182

Error in the value of secondary current, 10 | -15 | 33
o

Error in the angle of secondary current, 0.9 13 28

electric degrees

General AMI parameters:

Autotransformer mass, kg 7915 | 12812 | 24980

Cost of autotransformer, USD 18159 {29328 | 57319
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Input of model initial data and
optimization algorithm
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Fig. 3. Block diagram of the first stage of the combined

algorithm
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Fig. 4. Block diagram of the first stage of the combined
algorithm (continuation)

Conclusions.

1. The electrical characteristics of autotransformers
intended for use in the melting ice scheme with a non-
inductive circuit on 6-10 kV overhead lines, which were
the basis for optimization of their design parameters, have
been calculated.

2.The technical and economic model of
autotransformer for melting ice, which is described by
nine independent variables, is developed. The method of
calculation and the combined algorithm of optimization of
design parameters of autotransformers for melting ice is
proposed. The feature of the proposed method of
calculation is the use of the criterion of the minimum
value of the cost of active part and the account of the
conditioned by the circuit of connecting autotransformers
the technical restrictions of errors on the value and angle
of secondary current.

3. Based on the obtained electrical characteristics, the
design parameters of autotransformers intended for use in
the melting ice scheme with a non-inductive circuit on 6-
10 kV overhead power lines are optimized. In the series
of autotransformers, there are three standard sizes, which
differ in maximum length of the transmission line. The
current density in the primary winding of
autotransformers is about 1 A/mm’ whereas in the
secondary one varies in the range from 1.7 to 11.3 A/mm’,
which is explained by different conditions of cooling of
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windings. Magnetic flux density in magnetic circuits is
about 1.8 T. The results of the design calculation are
sufficient for the introduction of batch production of
autotransformers for melting ice in industrial conditions.
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