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DESIGN AND TECHNOLOGICAL PROPOSALS FOR IMPROVING A SINGLE-PHASE
TRANSFORMER WITH LAMINATED MAGNETIC CORE

Goal. The purpose of the work is to analyze the features and substantiate the advantages of the spatial radial electromagnetic
system of a single-phase transformer with rectangular sections of the rods of a charged magnetic circuit. Methodology.
Improvement of single-phase transformers is possible by structural-geometric transformations of active elements. The
Justification of the advantages of such transformations is achieved by the method of invariant objective functions with
dimensionless optimization components and universal relative controlled variables. Results. Replacing the rectangular contours
of the variants of a planar magnetic circuit with a hexagonal circuit leads to a decrease in the volume of steel and the loss of three
angular zones of changes in the direction of the magnetic flux relative to the texture compared to planar counterparts. The
separation of the windings into sections with an arrangement on three rods leads to a decrease in the average length of the coil.
Originality. A three-core magnetic core can consist of rod and jugular-angular parallelogram plates of anisotropic and isotropic
electrical steel. It is advisable to combine a combination of steels by integral welding of billets with subsequent separation into
chevron jugular-rod elements. The method called on has developed mathematical models of the mass, cost, and active power
losses of variants of a single-phase electromagnetic system of a transformer with rod and armor planar and spatial radial three-
core magnetic cores. Practical significance. It was found that the decrease in the extrema of the mass and cost indicators, as well
as the calculated decrease, under the condition that the coefficients of additional losses are identical, the extrema of the losses of
the single-phase radial three-rod system of the transformer relative to the planar analogue with a bar stocked magnetic wire from
anisotropic steel, respectively 13,0-12,3 %, 15,3-10,1 % and 15,1-18,1 % with copper windings and 10,8-10,2 %, 12,8-13,7 % and
12,6-12,3 % with aluminum windings. The main indicators of traditional single-phase systems with rod and armored magnetic
circuits differ insignificantly, which is consistent with early known optimization and calculation data of transformers. References
10, tables 4, figures 4.

Key words: single-phase transformer, electromagnetic system options, target functions, a combination of electrical steels,
mass, cost, loss.

Pozenanyma  modcaugsicms  yOOCKOHANEHHA  O0OHOMA3HUX mpancgopmamopie Ha O0CHOGI RPOCMOPOBOI  padianbHoi
eNeKmMpPoOMazHimHnol cucmemu 3 MPUCMPUNCHEGUM MAZHIMONP06odom. Cmpudsicnesi ma APEeMHO-KYMOi OiNAHKU MAK0O20
MaAZHIMONnpoeody Moxcyme Oymu 8uz0omoeeHHi 3 napanenozpamnux niacmun ani3omponnoi i i3omponnoi cmani ma 3’conani
iHmezpanvHUM 36apHOGAHHAM 3A20MIBOK, W0 PO30inAOmMbcA Ha wieéponni enemenmu. Ha ocnosi memoody ineapianmnux
uinvosux ynKuiti 3 0e3pPOIMIpHUMU ONMUMIBAUIHHUMU CKIAO0SUMU Ul YHIGEPCAIbHUMU GIOHOCHUMU KEPOBAHUMU 3MIHHUMU
PO3pobeno mamemamuuHni mMooeni macu, éapmocmi i eémpam AKMUEHOI ROMYMHCHOCI naaHapHux i padianvHoi cucmem 3i
CIMPUdICHEGUM, OPOHLOBUM MA MPUCMPUNCHEGUM WIUXMOGAHUMU MAZHIMONPOBOOAMU 3 NPAMOKYMHUMU Repepi3amu.
Ompumani 6e3po3mipHi uuci06i 3HAUEeHHA NOKAZHUKIE MEXHIUHO020 PIGHA 6KA3AHUX 6APIAHMIE, WO XAPAKMEPUYIOMb nepesazu
padianvroi mpucmpusicresoi enekmpomaznimnoi cucmemu. bion. 10, tabn. 4, puc. 4.

Knouosi cnosa: opnogaznuii TpaHcopMaTop, BapiaHTH eJIEKTPOMATHITHOI cucTeMM, UiILOBI (yHKuUii, komOiHauis
eJIEKTPOTEeXHIYHHUX CcTaJIeil, Maca, BapTicThb, BTPaTu.

Paccmompena 603moiicHOCHb  YCOGEPUIEHCINBOBAHUA OOHODAZHBIX MPAHCHOPMAMOPOE HA OCHO6E NPOCMPAHCIMEEHHOT
PaouanvHoil I1eKMpPOMAZHUMHON CUCHEMbL C MPEXCHEPIHCHEGHIM MAZHUMONPosooom. Cmepiicnegvie U APEMHO-Y2106ble
YUacmKu maKozo MazHUMONPo800a Mozym Ovimb GbINOJIHEHbl U3 NAPAJINEN0ZPAMHBIX NIACMUH AHU3OMPONHOU U U30MPONHOIL
cmanu u CoeOuHeHbvl UHMEZPAIbHOU CEAPKOUl 6 pA30eNaeMblX HA ule6poHHble remenmut 3azomoskax. Ha ocnoee memooa
UHBAPUAHMHBIX  Yee6blX (QPYHKYUL ¢ 0e3pasmMepHbiMU  ONMUMU3AYUOHHOIMU  COCMAGNAIOWMUMU U  YHUBEPCATIbHBIMU
OMHOCUMENbHOIMU YNPACTACMBIMU NEPEMEHHBIMU PA3PAOOMAHLL MAMEMAMULECKUE MOOEIU MACCHl, CIOUMOCMU U Nomepb
AKMUBHOU MOULHOCIMU NIIAHAPHBIX U PAOUANLHOU CUCHEM C CHEPICHEELIM, OPOHEELIM U MPEXCMEPICHEELIM WUXMOBAHHBIMU
MAZHUMONPOGOOAMU C NPAMOY201bHbIMU  cevenuamu. Ilonyuenvt 6Ge3pazmepuvie uuUCNIO0Gble 3HAYEHUA NOKA3AMenell
MEXHUYEeCKO20 YPOGHA YKA3AHHBIX GAPUAHMOE XAPAKMEPUZYIOWUE NPeUMyuecmea paouanibHoil MmMpexcmepilicHesoll
anexkmpomazuumnoi cucmemsl. bu6bin. 10, Tabn. 4, puc. 4.

Knrouesvie cnosa: ogHoda3ublii TpaHchopMaTop, BAPHAHTHI JIEKTPOMATHUTHOI CHCTEMBI, lejieBble (PYHKIUH, KOMOMHALMSA
3J1eKTPOTEeXHMYECKHUX cTajeii, Macca, CTONMOCTD, OTEPH.

Introduction. In the period from 1970 to 2000, the
losses of transformers were reduced to 50 % [1]. Further
increases in energy costs are constantly driving the
reduction of losses. With almost incomplete loading of
transformers during the service life, reducing no-load
losses becomes a priority. It is also important to reduce
the weight and cost of each new development of the
transformer [1-8]. The main losses of electricity occur in
distribution networks with transformers with power of up
to 1000 kV-A, among which a significant part are single-
phase transformers. Such transformers are produced
mainly with rectangular sections of rod and armored

planar magnetic cores. The powers of transformers with
rectangular cross-sections of rods of laminated magnetic
circuits have been increasing recently [8]. The structures
of single-phase and three-phase planar electromagnetic
systems (EMS) have remained unchanged for a century,
which is associated with technological conservatism and
the rejection of costs for new developments [2, 3, 7]. In
connection with the known shortcomings and the practical
limit of the development of traditional designs [2-6], as
well as in connection with the need for further energy
saving, the tasks of finding and justifying the advantages
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of new technical solutions for EMS of transformers are
important and relevant.

In the majority of modern works systematized in [7],
the main methods and directions for improving
transformers, as in the past decades, are the use of new
electrical materials. Cardinal methods of energy saving in
transformer construction are based on complex
technologies for the production of composite conductors
of windings with "high-temperature" superconductivity
and amorphous electrical steel (ES). However, the cost
increases significantly, and questions arise about the
specifics of the design, operation and assembly of
transformer and technological equipment. Such issues and
disadvantages include: the exit of the winding from
superconductivity after a protective shutdown, a decrease
in the magnetic flux density of the nominal mode and
saturation, technological sensitivity to mechanical
influences and the fragility of a multilayer amorphous
tape. New insulating materials for traditional conductors
and cooling systems ("cable" and "SF6" transformers) are
being created, and the characteristics of anisotropic and
isotropic ES are improved.

There is also known a method for improving
transformers by transforming the structures and
configurations of EMS elements using both traditional
and new materials and existing technological capabilities
and equipment [2-6].

The problematic issue of transformer construction is
the increase in losses of the finished magnetic core
relative to the specific losses of ES [1, 4-7]. In twisted
magnetic cores, regardless of the texture, the losses
increase due to the iregular distribution of the magnetic
field in the cross section with different lengths and
saturation of the elementary layers of ES. In laminated
magnetic cores made of anisotropic ES, regardless of the
shape of the joint, a sharp increase in losses in the angular
zones of rotation of the magnetic flux relative to the
direction of the texture occures.

The goal of the work is the substantiation of the
advantages of the spatial radial EMS of a single-phase
transformer with a three-rod laminated magnetic core
over traditional planar versions with rectangular cross-
sections of the rods.

According to [4-6], reduction of losses is possible on
the basis of a combination of brands of different ES in
sections or elements of magnetic cores.

Reducing the losses of the corner zones of planar
laminated magnetic cores with rectangular winding
windows is achieved by a combination and alternation of
anisotropic and isotropic ES in the rods and yokes [5]. In
this case, the transition of the flow from the rod to the
yoke occurs in the isotropic ES, but the losses in the rod
and yoke sections from the isotropic ES increase relative
to similar anisotropic sections.

A significant reduction in no-load losses is possible
by performing all corner sections of the combined
magnetic core from isotropic ES and all rod and yoke
sections from anisotropic ES. However, such a solution in
the variants of the EMS planar topology with rod (Fig. 1)
and armored (Fig. 2) magnetic cores doubles the number
of joints and increases the additional losses and reactive
power losses. The task of overlapping joints and ensuring

the structural integrity of the magnetic core becomes more
complicated.
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Fig. 1. Single-phase planar electromagnetic system

with bar magnetic core in the longitudinal (a)
and cross-sections (b)

Replacing the rectangular outer contour of the EMS
magnetic core (Fig. 1,a) with the contour of a symmetric
hexagon creates a spatial radial EMS with minimum
volume of the corner zones of the three-rod magnetic core
[2] (Fig. 3). The rectangular sections of the winding coils
in the windows of the traditional magnetic core are
converted into almost triangular sections (Fig. 3,a). In this
case, an increase in the winding sections to three leads to
a slight decrease in the average length of a turn of the
EMS windings (Fig. 3) relative to the analogs (Fig. 1, 2).
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Fig. 2. Single-phase planar electromagnetic system
with armored magnetic core in the longitudinal (a)
and cross-sections (b)
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These features create the prerequisites for improving
single-phase EMS. The rhombic configuration of the
joke-angular region creates the minimum mass of the flow
turning zones relative to the texture direction. When
minimizing the outer EMS contour (Fig. 3), the inner
contour can be hexagonal with small central corners of
the smaller edges. The connection of the rod and yoke-
angular sections, respectively, of anisotropic and isotropic
ES forms a magnetic core of chevron elements with a
reduction in joints from six to three. Laminating of such
elements "interlaced" (Fig. 3,a) leads to rotation of
adjacent oblique joints by 180° and solidity of the
magnetic circuit. It becomes expedient to solve the
problem of permanently joining anisotropic and isotropic
sections of chevron plates in joints using a special
welding method. Such a joint should reduce current and
no-load losses and allow separation of the ES strip.
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Fig. 3. Single-phase spatial electromagnetic system with three-
rod magnetic core in a cross-section (a) and with fragment of a
longitudinal section ()

Elimination of significant complications in the
production of magnetic cores with the connection of joints
of isotropic and anisotropic ES is possible by integral
welding and transverse separation of workpieces.
Workpieces of the ES combination for transverse
separation into composite plates of the EMS magnetic
core (Fig. 3) are formed by combining and joining along
the joint lines of fragments of strips of anisotropic (Fig.
4,a) and isotropic (Fig. 4,b) ES. One, two or more
fragments of an isotropic ES strip can be welded to a
fragment (fragments) of an anisotropic ETS strip. Before
joining the fragments, the anisotropic components are
located with the texture direction parallel to the separation
lines (Fig. 4,c). The separated sections of fragments with
two or several seams are divided at specified angles into
plates (Fig. 4,d) with a combination of ES.

Assessment of the effect of structural EMS
transformations on the characteristics of the transformer
should be carried out by the method of invariant structural

synthesis.
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Fig. 4. Components of the combined magnetic core: transverse
separation of rolled anisotropic ES (a)
and isotropic ES (b) of electrical steels on
fragments; welding of fragments along the lines of joints into a
workpiece and its transverse division into sections (c); division
of sections of fragments into combined plates (d)

The well-known optimization mathematical models
of transformers, in particular [1, 9, 10], contain
geometrical controlled variables (CV) of EMS elements
(diameter of the rod forming contour, aspect ratio of the
rectangular cross-section of the rod) and electromagnetic
loads (EML). Such models allow performing parametric
optimization of transformers of specific powers, structural
designs, cooling systems and purposes based on specified
criteria. The use of such models complicates the structural
synthesis of EMS.

Comparison of EMS options (Fig. 1-3) is carried
out by a universal method of structural-parametric
synthesis [3, 8]. For a generalized comparison by the
named method of any i-th options, in this work the rod
(==1), armor (i =2) and radial (i =3) EMS, ij of objective
functions with indicators (components) I*,-j of the form [3]
in dimensionless (relative) units are used:

=(IT) K; Il]cu(al)= (1)

where /7 is the indicator of the initial data and EML of the
transformer; K; is the component of the specific
characteristics of used ES corresponding to the indicator
I*,jw(,,;) of the EMS with a copper (aluminum) winding.

The main objective functions of structural (in this
work) and structural-parametric synthesis characterize the
mass (j=1), cost (7=2) and active power losses (j=3) of the
EMS of the transformer. The extrema (I je ) of the
optimization indicators (1) are determined by numerical
calculations. The named extrema represent indicators of
the technical level of the i-th variant of EMS [3].

The values of 1*,-1(2)0,4@/) are determined by the filling
factor of the winding window with conductive material

F;'jcu(al)
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K, (voltage class) and invariant (acceptable for any
structures and configurations of EMS elements) relative
geometric CVs. The main geometric CVs are determined
by the ratio of the sizes of the diameters of the calculated
circles of the magnetic core Dy; and D,; (Fig. 1-3), as well
as by the ratio of the height 4,,; and the width b,; of the
winding window. An additional relative CV used in the
part of EMS is the trigonometric function #(a.) of the
central angle of the rod o, (Fig. 1,c, 2,¢):

Fieu(aly = Ji@)eutan [KwsXe> Vst (@)]s (2)
X =Dyj /Dy 3)
Yw :hwj/bwj' “4)

The optimization indicator I*,-M(a,), in addition to the
CVs (3), (4), depends on the relative electromagnetic CV
losses z; [3, 8]

Fgcu(al) = fi3cu(al) [Kw’xc’yw’t(ac )’Zl]' (%)

The electromagnetic CV is determined by the ratio
of the coefficients of the additional short-circuit Kja)
and the no-load K. losses, the ratio of the specific losses
of the winding (depends on the specific losses I*,cu(a,) and
the current density J,,.. of the winding) and the specific
losses of ES [, and also the values of the density of
copper (aluminum) Y., and ES v,

Zleu(al) =

2
chu(al)Ilcu(al)‘]wcu(al)ycu(al)
chystlst

Mathematical models of optimization comparison
(structural synthesis) should provide a comparison of
EMS options based on the identity of their
electromagnetic power (/r equality), invariance
(universality) of the CV and independence from the
conditions of a specific technical specification of
parametric synthesis.

These conditions correspond to the objective
functions Fii)eun (1), the optimization components of
which and the optimal geometric EMS ratios according to
the particular criteria of the minimums of mass and cost
are determined only by the geometric CVs and do not
depend on the EML [3]. However, the objective functions
Fiscuay are additionally determined by the EML.
Therefore, in order to exclude the dependence of the
generalized structural synthesis on the power, the type of
cooling and other design data and limitations, the CV (6)
and the value of the F *i3cl,(a]) indicator should accordingly
change and be determined in a certain real design range of
the known minimum and maximum calculated EML
values.

For an adequate comparison of EMS (Fig. 1-3), in
addition to the identity of /7, electrical materials, voltage
classes, filling factors of the ETS magnetic core K, and
the average values of the magnetic flux density
amplitudes of the cross-sections of the magnetic core
elements are taken accordingly. The real windings of each
EMS are replaced by the calculated windings [3] of
structurally and configurationally equivalent reactors.

(6)

Due to the lack of experimental data on the specific
losses of a three-rod magnetic core and a magnetic core of
combined connected plates, for a preliminary comparison
of the I';; indicators, the design of a radial three-rod EMS
with three anisotropic parallelogram ES plates in each
layer of the magnetic core is adopted. In this case, it is
possible to estimate the dependence of losses on the
structural features of the EMS (Fig. 1-3) in the same
range of variation of the electromagneticCV (6). The real
design range of change of z.,, of transformers
calculated using ES 3407 is taken. It is found that such a
range of change of the electromagnetic relative CV is
identical for copper and aluminum windings [8]

3 < Zlcu(al) < 24
Indicators (2), (5) of the objective functions (1) of

the rod EMS (Fig. 1) are represented by the equations:
3

8

Il*lcu(al) = . o )
sina . Ky K, ), (xc _Sin;j

. QL . a .
xsina, [(xc —51n70j0,5yw +[xc —sm;"j+smac}+

2
+K\ vy {0,25()% —sina—zcj [cosa, +sina, +

n . a
+4[xc —Ssimn ;j:|}7wcu(al)/Yst}; ™

3

{0,5K; x

8

11*2cu(al): . o )
sina K, K, », (xc —sin;j

0 a.
xsina,. [(xc —sin;‘jO,SyW+(xc —sinj‘]+sincxc}+

{0,5K; x

2
+K {0,25(% —sin%j [cosa, +sina, +

T .o
+Z(xc _Sln?j}}cwcu(al)chu(al)/(CstYst )}a (8)

3

* 8
113cu(al) =K. ‘{/ x

2
. .o
sina K K,y (xc —sm;)

x{0,5K; sina, [(xc - sinu—;j 0,5y,, + (xc —sin %j +

2
+sina, |+ K, »,{0,25 (xc —sin%j [cosa,. +sina, +
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T . O,
+4(xc —Ssin ch:|} Zlcu(al)Y weu(al) /Yst}' )

Indicators (2), (5) of the objective functions (1) of
the armor EMS (Fig. 2) are determined by the equations:

3

8

*
[210u(al) = 4 2 X
. .
\/sm a. K K, y, (xc —sin ZCJ

X{O, 5K sina, Kxc —sin%j 0,5y, +(xc —sin%j+

2
+sina7c} +K,,, {O,ZS(xc —sin(%cj |:2COS(170+

Q. m .o
+Zsm7‘3+5(xc —smj‘jﬂ}yww((l,)/yst}; (10)

3

1

*
Iocuqary = ) 3
\/0, Ssina. K K,y (xc —sin ach

X{O, 5K sina, Kxc —sin%j 0,5y, +(xc —sin%j+

2
_a . a 4
+s1n7‘3}+1<wyw {0,25[xc —sm;‘jj [cosa, +sina, +

X

T . a
+5(xc _Sln?j chu(al)ywcu(al) /(Cstyst )}9 (1 1)

3

1
I;3cu(al) =K 4{/ X

2
0,5sina . KK, ¥, (xc —sin (’;j

X {0’ SKSZ‘ sin O |:(xc —sin %j 09 Syw + [xc —sin %j +

2
+sin%}+KWyw {0, 25[)56 —sin%) [cosa, +sina, +

T . a
+E(xc —SIII?CJ Zlcu(al) 'chu(al)/Yst}' (12)

The equations of indicators (2), (5) of the objective
functions (1) of the radial three-rod EMS (Fig. 3) are as
follows:

1
KstKwyw (xc -

1)J {Kwyw (xc —l)><

Bieuan = 2»394[4

x(x, +0,5)+0,75K,, %
X( ¥y + 2%, =0,9532) Y ,yu(ar) /yst}; (13)

1
KstKwyw (xc -

I)J {KWJ’W(XC _I)X

x(xe +0,5)+0,75K,,, (7, + 2%, —0,9532)

I;Zau(al) = 2,394{4

XCyeu(al) chu(al)/csﬂst} ; (14)
3
Bscu(ary = 2.394K), [4 WJ x
x<{K gy (x. =1)(x, +0,5)+0,75K,, %
% Zieu(at) (Vo + 2% —0,9532)}. (15)

Calculations according to equations (7) — (15) are
performed at K, = 0.97 and values K, = 0.3; 0.25; 0.15, as
well as in real ranges of cost ratios Ccya) and C of
copper (aluminum) winding conductors, taking into
account insulation and ES:

(Coeu/Cst)=3,5-55 (Cppat /C ) =3-4,7.

The results of calculations of indicators of the
technical level of EMS (Fig. 1-3) are shown in Table 1-4.

From the calculation results of Table 1-4 the
potential for improvement of single-phase transformers
with laminated magnetic cores based on a spatial radial
electromagnetic system with a three-rod magnetic circuit
follows.

Table 1

Extreme values of indicators of the mass of options for single-phase electromagnetic systems of transformers
with copper and aluminum windings

. . . Value of mass indicator extremum, at values of
Designation of mass indicator o .
winding window fill factor
extremum
0,3 0,25 0,2
(1) e 20,201 21,234 22,633
1) 11,841 12,605 13,641
') 20,714 21,941 23,600
(50w 12,747 13,656 14,887
I'5) 17,574 18,544 19,859
(30 10,556 11,275 12,251
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Extreme values of indicators of the cost of options for single-phase electromagnetic systems of transformers

with copper windings

Table 2

Value of cost indicator extremum, at values of

Designation of cost Winding window fill . .
. ratio of material costs
indicator extremum factor
3.5 45 55
0,3 38,789 44,721 50,229
(012 e 0,25 40,205 46,228 51,815
0,2 42,122 48,271 53,963
0,3 37,694 43,003 47,906
(I'2) e 0,25 39,374 44215 52,337
0,2 41,648 47,215 52,337
0,3 32,855 37,687 45,164
(') 0,25 34,183 39,101 43,651
0,2 35,982 41,016 45,664
Table 3
Extreme values of indicators of the cost of options for single-phase electromagnetic systems of transformers
with aluminum windings
Designation of cost Winding window fill Value of cost 1pd1cator ex'Fremum, at values of
. ratio of material costs
indicator extremum factor
3 3,8 4,7
0,3 19,268 21,601 24,009
(12w 0,25 20,276 22,671 25,137
0,2 21,641 24,118 26,664
0,3 19,878 22,064 24,303
() 0,25 21,075 23,335 25,643
0,2 22,697 25,055 27,458
0,3 16,798 18,736 20,729
('32) 0,25 17,745 19,741 21,788
0,2 19,028 21,101 23,224
Table 4

Extreme values of indicators of the loss of options for single-phase electromagnetic systems of transformers
with copper and aluminum windings

Value of loss indicator extremum, at values of

53?3?3;1;);;23?1 Wlndln%a\cxilonrdow fill electromagnetic controlled variable
3 3 24
0,3 35,613 62,764 125,456
(13 e 0,25 36,975 64,508 127,754
0,2 38,819 66,868 130,873
0,3 19,268 31,663 59,145
(13w 0,25 21,276 32,952 60,846
0,2 21,64 34,699 63,148
0,3 34,914 59,137 113,562
(53 e 0,25 36,531 61,207 116,289
0,2 38,722 64,011 120,308
0,3 19,451 31,329 55,938
(s3) 0,25 21,075 32,861 57,957
0,2 22,697 34,935 60,692
0,3 30,261 52,321 102,786
(33) 0,25 31,539 53,953 104,935
0,2 33,269 56,165 107,846
0,3 16,798 27,027 49,392
(33) 0,25 17,745 28,237 50,985
0,2 19,028 29,877 53,143
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Conclusions.

1.1t is found that the decrease in the extrema of the
mass and cost indicators, as well as the calculated
decrease, with the conditional identity of the additional
loss coefficients, the extrema of active power loss of a
single-phase radial three-rod EMS of the transformer
relative to a planar analogue with a rod laminated
magnetic circuit made of anisotropic ES is, respectively,
13-12.3 %, 15.3-10.1 % and 15.1-18.1 % with copper
windings and 10.8-10.2 %, 12.8-13.7 % and 12.6-12.3 %
with aluminum windings.

2. Decrease in the number and volume of ES of the
angular zones of the magnetic core of the radial three-rod
EMS relative to traditional planar analogs creates the
prerequisites for additional energy saving by reducing the
main and additional losses of the magnetic cores; it also
seems expedient to combine anisotropic and isotropic ES
in the rod and yoke-angular sections.

3. The main technical level indicators of traditional
single-phase planar EMS with rod and armored magnetic
cores differ insignificantly, which agrees with the
previously known optimization and design data of
transformers.
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