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DETERMINATION OF RATIONAL GEOMETRICAL RELATIONS OF 
SINGLE-PHASE ELECTROMAGNETIC SYSTEMS WITH RECTANGULAR 

CROSS SECTIONS OF RODS

Author: Churilo Ruslan
Supervisor: Sadovoy Aleksey

Mykolaiv National Agrarian University (Ukraine)

Abstract. Determination and comparison of TLI variants of traditional ISD with 
a rod EMS having a rectangular section of the rods and different methods for making 
the magnetic circuit.

The numerical comparison of the TLI variants of ST electromagnetic systems 
with twisted and charged magnetic circuits, on the basis of the principle of 
electromagnetic equivalence and the development of design mathematical models of 
transformers is carried out.

The analysis is carried out at different voltage classes Kf = 0.2 ... 0.3, ratios of 
specific active materials (coil copper and ETS) 65,79,8γγ со , as well as their values 
in the range Co / Сс = 3,0 ... 5,5.

Key words: single-phase transformer and reactor, twisted and charged magnet 
conductor, mass indexes, optimization, controlled variables.

1. INTRODUCTION
For more than 100 years, the designs of inductive static devices (ISD) 

electromagnetic systems (EMS) of small and medium power have practically not changed. 
All single-phase transformers (SТ) and single-phase reactors (SR) of the specified power 
have rectangular "traditional" forming contours (FK), which are manufactured in different 
ways. ISD magnetic leads are made of electrotechnical steel (ETS) by charging, winding 
or bending of strips [1-7].

In connection with the mass release of ST and SR of small and medium power, both 
with the charged and with the twisted magnet, the question arises of their rational choice 
based on the numerical comparative analysis of technical level indicators (TLI) results. 

The goal of the work. Determination and comparison of TLI variants of 
traditional ISD with a rod EMS having a rectangular section of the rods and a different 
methods for making the magnetic circuit.

2. PREVIOUS STUDIES OF SINGLE-PHASE ROD TRANSFORMERS 
ANALYSIS

The introduction shows the need to develop an optimal benchmarking method for 
selecting ISD based on their own characteristics. According to the results of the survey, in 
[12, 13] the problem of comparative analysis of EMS was considered, but general 
recommendations for the relations of the geometric dimensions of the magnetic core and 
graphic dependences were determined.

In these papers [10-12], according to the optimization criterion, a minimum of one 
of the specific TLI was taken - the mass, volume or value of the EMS per unit of power of 
the ISD. The applied dimensionless geometric controlled variables (CV) l, m, n are the 
ratios, respectively, of the rectangular section of the rod b, the height h and the width c of 
the winding window to the section of the rod width a:
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.;; acnahmabl                                             (1)
On the basis of equations (1) we obtain practical, analytical, geometric dependences 

for choosing the optimal geometric relations for the above criteria for EMS structures.
According to [12, 13], the methods of calculating one-and three-phase transformers 

with rectangular cross sections of the cores of the magnetic circuits contain inaccuracies and 
errors, and there are no methods that allow the evaluation of the technical parameters of the 
ISD at the stage of the choice of the principal structure, that is, the methods of structural 
synthesis of these devices. It is shown the possibility of optimizing transformers with the 
use of common target functions (TF) and dimensionless (relative) CV (1) is proposed in 
[10]. It is determined that for all EMS structures with rectangular generating contours, the
optimal ratio of the sides of the cross-section of the rod is close to two, and the ratio of the 
sides of the window is more than two. However, numerical results of the optimization 
comparison of single-phase electromagnetic loading (EML) of variants in [13], as in [11, 
12], are absent.

The question of determining the optimal geometric ratios of traditional single-phase 
EMS is also considered in [8], where the TF and graphic dependences of the determination 
of optimal geometric relations of traditional EMS are presented. Similar analogous (1) 
relative geometric CV are used. For all traditional EMS structures, the ranges of optimal 
geometric ratios of main dimensions of the magnetic conductors.are obtained. However, 
there is no analytical comparison (the meaning and difference of the technical level 
indicators) of the EMS variants in [8], as in [10-13].

2.1 Method of electromagnetic systems comparative analysis
The determination and comparison of the TLI of the EMS variants is possible on the 

basis of the principle of electromagnetic equivalence, as well as in the design of the design 
mathematical models (MM) with the private and integral optimization criteria containing 
universal (identical for each construction) relative CV [2,3] . Such a position corresponds 
to the MM method with integral functions containing optimization components with 
universal geometric and electromagnetic variables [6].

kiikiiF PPK
3

4
sdtii , (2)

where sdP – index of source data and EML; tііК – component of specific indicators 

of used materials К ≥ 3 of TF – private optimization criteria; kiiP – a dimensionless 
optimization component that characterizes each of the i-CV, the main of which are the 
functions of the mass P1ii, the cost P2ii and the loss of the active power P3ii of the ii version 
of the EMS.

Extremes P*kіі of dimensionless components of the TF (2) are TLI ISD. Each of the 
Pkіi* depends on the form of filling form the winding window with the conductive material 
of windings coils  (voltage class) Kf and two identical and acceptable for any of the available 
and possible versions of the EMS CV - the ratio ma of the outer diameter D1ii and the 
internal diameter D2ii of the calculated circles of the magnetic circuit for each ii EMS variant, 
the ratios 0λ of height h0ii and the width b0ii of the winding window and the main angle of 
the rod сα [5, 6]:
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с0f)2(1 α,λ,,KP mіі af ; (3)

ii
ii

m D
Da

2
1 ; (4)

ii
ii

b
h

0
0

0λ , (5)

where Kf – the filling the winding window coefficient, taking into account the voltage 
class is used in the part of EMS; ma and 0λ – geometric relative CV; сα – the main angle of 
the rod;

The component of tііК of the target function (2) includes, depending on the 
optimization criterion, the ratio of the specific densities of materials (coil copper and ETS) 
(kg / m3) and their values Со/Сс = 3,0 ... 5,5, the coefficients of stacking Kc = 1 , 13 and an 
excitation Ke = 1.15 turns of coils at impregnation [2], contour coefficient, 1Кk . The 
calculations are performed at different Kf = 0,2 ... 0,3 and the ratios of the specific values of 
the active materials in the range 5,5...0,3СС ос .

In modern ST and SR used anisotropic ETS grades 3406-3409 with 
97,096,0K зс at the thickness of the tape (roll, plate) 35,027,0с mm. At f1 = 

50 Hz, in ranges АкВ 1-0,3нS and АкВ2,5- 1нS respectively 
2

0 А/мм 1,7-2,4J and 2
0 А/мм 2,4-1,7J [13].

In the comparative analysis of the considered variants in accordance with the 
principle of electromagnetic equivalence [5], respectively, the same materials used, the 
density of currents of windings, the mean values of the magnetic field induction amplitudes 
in the rods and yards, and also the execution and methods of cooling the ISD are taken.

3. DEVELOPMENT OF SINGLE-PHASE TRANSFORMERS 
MATHEMATICAL MODELS

3.1 Mathematical models development of mass and cost of a basic 
electromagnetic system with a twisted magnetic circuit

Fig. 1 - Constructive scheme (a) and design diameters (b) of planar EMS with a 
rectangular winding window and sections of the rods of the twisted magnet circuit: 

1 – rod; 2 – yoke; 3 – winding.
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The first controlled change of the TF of basic rod EMS with rectangular FC MM 
(Fig. 1)

fbfbm Da 21 D ,                                                (6)
where D1fb, D2fb,, – outer diameter and internal diameter of calculated circles of the 

magnetic circuit, respectively.
Second controlled change in the MM EMS (Fig. 1)

fbfb bh 000λ ,                                            (7)
where h0fb and b0 fb – winding window height and width of the base magnetic 

EMS.
The values of the sides of the асfb and bсfb of the rod section (Fig. 1) are 

determined by D2fb, and the center angle of the rod αс:
2αsin с2c fbfb Da ;                                       (8)

2αcos с2c fbfb Db .                                       (9)
The area of the ETS of the magnetic circuit rods of the EMs (Fig. 1), is 

determined taking into account (8) and (9)
2αsinKK с

2
2зсссзсс fbfbfbfb DbaS .                      (10)

The width of winding windows b0fb (Fig. 1) depends on D2fb, аm and (9)
22 с20 fbfbfb bDb 2αsin2 с2 mfb aD .                 (11)

The ETS mass of the EMs magnetic circuit is determined using (7), (8) and (9)
fbfbfbfbfbfbmfb bSSbShm ccc0c0сзс 22γK

2αsinπ1λ2αsinαsinγK5,0 с0смс
3
2сзс aD fb . (12)

On the basis of (10) and (11) we obtain the basic equations of the EMS variants 
(Fig. 1) and the connections Scfb and b0fb

f0
2
 0sdf0sdс KλPKP fbfbfbfb bSS f

2
с0

2
 2sd K2αsinλP4 fbfbD ,   (13)

where S0fb – area of the winding window EMS (Fig.1), 

f0
2
 0f 000 KλK fbfbfbfbfb bbhS ,                             (14)

From equation (10) and (13) follows:

f
2

с0
2
 2sdс

2
 2зс K2αsinλP42αsinK mfbfbfb aDD ;

4 2
сс0зсfsd 2 2αsinαsinλKKP8 mfb aD .                  (15)

After substituting equations (15) into (12), the expression for finding the mass 
of the ETS of the magnetic circuit EMC (Fig. 1):

3
4 2

сс0зсfsdссзс 2αsinαsinλKP8αsinγK5,0 mmfb aKm

.PPγ2αsinπ1λ2αsin *3
4

sdсс0с mfbma                 (16)

where 
*Pmfb – relative mass index of the magnetic circuit (Fig. 1),

es 

                      (7)
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he connnnnnnneeccccccttions ScSS fb c andd bbbbbbb0fbfbfbf0f

sdssdsdс P fffffffffbS sssddс PPPPssdsddfb

whereeee SSSS00SS fbbb0 – aaaaarrreeeeeaaaaa ooooooffffff thee wwwwwwwiiiiiiinnnding wind

0000 fb hSSSSS 00 ffffbfb

FFFFrrrrooommmmm eeeeqqqquation (11110000)))) aaaannnndd (13)
2
 2зсз sinKKKK 2

2зс fb

4
 2 P8fbD

Afftteeeerrrr ssssssuuuuuubstituti
oooofffff  the ETS of the m

m
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3
4 2

сс0зсfsdсзс
* 2αsinαsinλKKP8αsinK5,0P mmfb a

2αsinπ1λ2αsin с0сma . (17)
The average length of the coil rope for the rod EMS (Fig. 1) is determined on the 

basis of (8), (9) and (11):

2αsin
8
π2αcos2αsin2π2 ссс 20cc mfbfbfbfbwfb aDbbal .

(18)
Substituting (11) in (18) we obtain the mass equation of copper winding for 

EMS:
2αcos2αsin2αsin5,0λKKKγ сс

2
с0

3
 2fувоо mfbfb aDm

82αsinπ сma                                              (19)
Substitution of equation (15) transforms (19):

2
с0

3
4 2

сс0зсfsdfувоо 2αsinλ5,02αsinαsinλKKP8KKKγ mmfb aam

*
о

3
4

sdоссс PPγ82αsinπ2αcos2αsin fbma ,          (20)

where 
*Pоfb - relative mass index of active materials of the EMS winding (Fig. 

1).
2

с0

3
4 2

сс0зсffуво
*
о 2αsinλ5,02αsinαsinλKK8KKKγP mmfb aa

2αsin
8
π2αcos2αsin ссс ma .                          (21)

The weight mаfb and cost Саfb of EMS active materials (Fig. 1) are determined on 
the basis of (16) and (20):

*3
4

sdсоа PPγ mfbfbmfbfb mmm *
1

3
4

sdс
*
o

3
4

sdo PPγPPγ fbfb ; (22)
*3

4
sdссоа PPСγССС mfbfbmfbfb

*
2

3
4

sdс
*
o

3
4

sdоo PPγPPγ fbfbС (23)

where 
*

1P fb and *
2P fb relative indicators of mass and cost of planar (Fig. 1), with 

rectangular rods of twisted magnetic circuits:
3

4 2
сс0зсf

*
1 2αsinαsinλKK8P mfb a

fувсос0сзс KKKγγ2αsinπ1λ2αsinαsin5,0K ma

82αsinπ2αcos2αsin2αsinλ5,0 ссс
2

с0 mm aa ;    (24)

Extremes (minima) 
*

1P fb of indicators (24) obtained for three values Kf in Annex 1 
(Table 1).

ed o

siiinnnn
8 ma .

((((111188888)))))
n of copppppppperrrrrrr winding ffffoooorrr 

ccccccoooossin
8                                              ((19)

(19):

0000000

333
2 sinλλλλλλλ5555555,000002sinn mmmm aaaaaa

*
о

3

о Pоγ8ssin fbоmama

s index of accttttiiivveeeeee mmmmaaaaterials ooooofffff  tttttthe EM

4 2
0ззззсззff

2sinnsinλKKKKKKKK84
f mmaaaaaaa

8
πππππππcccccooooossin ma

weightt mmmmаааffbfbfbааааа and cost СаСС fbа of EMS activ
of (16666)))) aaannnnddd (200))))))::::::

*3

оо са Pγ mfbPfоmmfmfmfbfbа mmmmmmmmа mmfmffbfbа

3

ссс сс сс соа PСССССССγγγγСССССССССа fbоmfmfmfmfmfbbbfbfbbаа

where 
****

11111PPPPP fbffff aand *
2P2 fb rela

recttaaaannnnggggguuuuular rods oooooffffff ttttwwisted
*P*

1

зс 50Kзс

50 50

E
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3
4 2

сс0зсf
*
2 2αsinαsinλKK8P mfb a

fувссоос0ссзс KKKγСγС2αsinπ1λ2αsinαsin5,0K ma

82αsinπ2αcos2αsin2αsin5,0 ссс
2

с mm aa ;   (25)
Extremes (minima) *

2P fb of indicators (25) obtained for three values Kf in Annex 1 
(Table 2).

3.2 Mathematical models development of mass and cost of a rod 
electromagnetic system with a charged magnet wire

Fig. 2 - Constructive scheme (a) and design diameters (b) planar EMS with a 
rectangular winding window and sections of the magnetic core: 1 – rod; 2 – yoke; 3 –

winding

First CV TF ММ of base rod EMS with rectangular CK, are determined 
accordingly (4)

sfsfm Da 21 D , (49)
where D1sf, D2sf – outer diameter and internal diameter of calculated circles of the 

magnetic circuit, respectively;
Second CV TF EMS determined by the (5)

sfsf bh 000λ , (50)
where h0sf, and b0sf – winding window height and width of the base magnetic 

EMS..
The values of the sides of the асsf and bсsf of the rod section (Fig. 1) are 

determined by D2sf, and the center angle of the rod αс:
2αcos с2c sfsf Da ; (51)
2αsin с2c sfsf Db . (52)

The area of the ETS magnetic circuit rods EMS, determined by taking into 
account the size of the sides асsf and bсsf the cross-section of the rod

2αsinKK с
2

2зсссsfзсс sfsfsf DbaS . (53)

ctive schhhhhhheeemmmmmmme (a) andddddd ddddddeeeeeeesssssssignn dddddiiiiiaameter
window annnnnnnd ssections of ttttttthhhheeeeee magnetic

windinnnnnnnggggggg

CV TTFFFF МММММММ of base rodddddd EEEEEEEMMMMS wit
gly (4))

sfm Daaaaaaam 1sf D
whhhheeeerrreeee DD1sf,ff DDDD2222sfsfsf ––– outeeeeerrrrrrr dddddddiiiiiiiameter

magneeeettttiiiiccc ccciiiirrrrccccuit, respeccccttttiiivvveeeeeelllllyyyyy;;;;
SSSSecooonnnnndddd CCCCV TF EMMMMMSSSS determ

wwwwwhhhhhere h0sf, aaaaaannnnd ff b0sf
EEMMMMMSSSS..

The vvvvvvaaaalues of

8;   ((((
KfK in AAAAnnnnnnneeex 1 

nd coooossssssttttttt ooof aa rrroooooddd 

dddeeeetttteermined by D2
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The width of each of the winding windows b0sf, depends on D2sf, аm and the side 
of the rod section bсsf

22 сsf2sf0 bDb sf 2αsin2 с2 msf aD . (54)
The mass of the ETS of the magnetic circuit of the EMS is determined using the 

second CV MM EMS, and the values of the sides асsf and bсsf are the cross-section of the 
rod 

)2αsin(25,02αsin(5,02αsin(sinγK ссс
3
2сзс momsfmsf aaDm .

(55)
Based on ETS area of the magnetic circuit rods Scsf and the widths of each 

winding window b0sf we obtain the basic equations of the EMS variants and the 
connections Scsf and b0sf

f
2
 0sdf0ssdсs KλPKP оsfff bSS f

2
с0

2
 2sd K2αsinλP4 sfD ,       (56)

where S0sf – area of the winding window ЕМS 
f0

2
 0f 000 KλK sfsfsfsf bbhS , (57)

From the equality of equations (53) and (58) follows:

f
2

с0
2
 2sdс

2
2зс K)2αsin(λP42αsinK mfbsf aDD ;

4 2
сс0зсfsd2s 2)(αsinαsinλKKP8 mf aD (58)

After substituting equations (58) into (55), the expression of finding the mass of 
the ETS magnetic circuit EMS will have the form

3
4 2

сcозсfsdсзс )2(αsinαsinККP8γK mmsf am

msfmom aa PPγ2)(αsin25,0)2αsin(5,0)2(αsinαsin
3

4
sdcссс , (59)

where sfm
*P – relative mass index of the magnetic circuit

3
4 2

сс0зсfsdсзс
* 2αsinαsinλKKP8αsinKP mmsf a

)2(αsin25,0)2(αsin5,0)2(αsinαsin ссс mom aa . (60)
The average length of the coil rope for the rod EMS is determined on the basis of 

(51), (52) and (54):
2αsin()8()2(αsin2)2(αcos2 ссс2 msfsf aDl .        (61)

Substituting (54) into (61) we obtain the mass equation of copper winding for 
EMS:

2
с

3
2оfувоо 2αsin(25,0λККKγ msfsf aDm

)2αsin(8π)2α2sin(2)αcos(2 ссс ma                       (62)
Substitution (58) transforms (62)

2
с

3
4 2

сcозсfsdоfувоо 2αsin(25,0)2(αsinαsinКК8PλККKγ mmsf aam

usin
ction oooofffff  t

)))))22222ααααsiiinnnn(((((25, сс5 .

f and the wwwwwwwiiiiiiidths of eacccchhhh 
the EMS vaaaaaaariiiiiiaaaaants and the 

fffffff
2

0
2
2 KK2λsfD ,,,,,,,       ((((556)

ЕМS 
f0 fffff

2
0f KKKKKλsfb0 , (

) and (55888888))))) fffffooooollowsss:::::::

f
2

сссс0
2
 2sd K)2222 2αααααααsssin(λP4 mmmfb aaaaaD 0

2
2 λfb ;

2
с0000зсfsd 2)(((((ααααsssssiiiiinssiiiinnnnλλλλKKfd ma

ations (((((((55555558888888))))))) iiiiiinnnntttttttooooooo (((((555555)))),,, tttthhhhe expression of
EMS wwwwwwwiiiiillllllllll hhhhhhhave ttthhhhhhheeeee ffffffooooooormmmm

44
озссссссfsdсзс sinКККККККК fP8888888 sγK

mo a 5,0))22222ααααααssssiiiiiiinn(((((((5,0))2222( osin ссссс

ere sfsfsfsfm
*Pm –– rrrelativveeeeee mmmmmmass index of the m

444
sdсзс

* KP8 sdαααsinKKKKKKPPPP зс
*
msmsssffff

0))2222((((siinnnnαααssiiiinnn с 0ααααsssssssiiiiinnn oma
TThe avvvvveeeeeraaaagggge length of the c

(55551111))), (((((552) and (((5555544444))):::
sf 2Dlllll fsf

SSSSuuuubbbbbssssstttttituting (54

Su
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sfma о

3
4

sdoссс PPγ)2αsin()8()2αsin(2)2αcos(2 , (63)

where *Pоsf – relative mass index of active materials of the EMC winding:
3

4 2
сcозсfsdofуво )2αsin(αsinКК8PλККKγP mosf a

)2αsin(8)2αsin(22)αcos(2)2αsin(25,0 ссс
2

с mm aa . (64)
Mass mаsf and cost Саsf of active EMS materials are determined on the basis of 

(59) and (63) equations:
*3

4
sdсоа PPγ msfsfmsfsf mmm sfsf

*
1

3
4

sdс
*
o

3
4

sdo PPγPPγ , (65)

sfsfsfsfmsfsfmsfаsf ССССС 2

3
4

sdcо

3
4

sdоо
*3

4
sdссо PPγPPγPPγ , (66)

where sf
*

1P and sf
*
2P relative indicators of mass and cost of planar, with 

rectangular cores of charged magnetic conduits:

5,0λ)2αsin(αsinК
)2αsin(λККαsin

8P oссзс4 2
соfзс

*
1 m

m
sf a

a
2

совуfсосс 2αsin25,0λКККγγ2αsin25,02αsin mm аa
2αsin8π2αsin22αcos2 ссс ma ; (67)

Extremes (minima) *
1П sf of indicators (67) obtained for three values Kf in Annex 2 

(Table 3).

5,0λ2αsinαsinК
2αsinλККαsin

8P oссзс4 2
соfзс

*
2 m

m
sf a

a
2

совуfcoooсс 2αsin25,0λКККγCγС2αsin25,02αsin msfsfm аa
2αsin8π2αsin22αcos2 ссс ma .           (68)

Extremes (minima) 
*
2П sf of indicators (68) obtained for three values Kf in Annex 2 

(Table 4).
4. TECHNICAL LEVEL COMPARISON OF ELECTROMAGNETIC 

SYSTEMS VARIANTS OF SINGLE-PHASE TRANSFORMERS WITH 
TWISTED AND CHARGED MAGNET CIRCUIT

The results of electromagnetic systems comparative analysis are characterized by 
PTR comparison of transformers with twisted and charged magnetic circuits according to 
separate criteria of minimum masses and values. According to [16], a basic transformer 
with a rod EMC, which has a charged magnetic circuit, was selected in the baseline for 
comparing the TLI. The results of changes in these indicators are shown in Table. 5

))))2222αn( с . (64)
ned onnnnnnn tthhhheee bbbbaaaasiiiiisssss  of 

ssfsssss
*******

1

3

с P1γ ,,, (65)

sfsffffsfsf 222222

3

cо PPPPγPо ,,, (((((((6666666666666)

mass annnnnnddddd cccccooooooosssssssttttttt of planar, wwwwwwiiiiith 
ts:

5,0λ)2αsisisiinnnn(αsisss nККК
)2αsin( oссзс2

с
mmmmmmaaaaaaa

2
вууу ву в овf sin222225,00000λλλλККККККК уууf mmmmmmmаааааа

siiiiinnnnn8888ππsin2 88ππππππ m

1sf of iiinnnnnnndddddddiiiiiicccccccaaaaaaatttttttooooooorrrsss (((((((6666667)))) oooobbbbttttaaaained for three

sinК
sinλККαin

888
зс2222222

оfзс mmmmmaaaaaaa

oo CγСССССССsin25,0sin sfo

sin22ccccooossss22

Extrreeeemmmmeeeeees ((mmmminnnniiiiiimmmmmaaaaaa)))))) 
*
2П sfsffffff ooooooof indicato

(Table 4444)))).
44444.... TTTTEEEECHNICAAAALLL LLLLEVEL

SSSSSYSTEEEEEMMMMMSSSS VVVARIANTS O
TTTTTWWWWISTED A

TTTTThhhhheeee results ooooooffff electr
PTTTTTRRRRRR   ccccommmmppppaaaaarrrrrison of tran
sseeeepppparate crriiiitttteeeeeerrrriia of m
wwwiiiitttthh a rod EMC,
cooooommmmmppppaaaaring the T
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Table 5 - Numerical values of the advantages of technical level indicators of single-
phase electromagnetic systems with wired and charged magnetic circuits

Ratio of 
indicators

*

*

P
P

fs

fb

The range of changes in relation values,%
Mass 
index

Cost Indicator
3,5 4 4,5 5 5,5

Кf = 0,2 -2,656 % -3,569 % -3,663 % -3,742 % -3,815 % -3,877 %
Кf = 0,25 -2,822 % -3,723 % -3,813 % -3,891 % -3,959 % -4,021 %
Кf = 0,3 -2,957 % -3,846 % -3,934 % -4,008 % -4,076 % -4,134 %

Note * "-" Improvement of the TLI.
The results of calculations (Table 5) are graphically explained (Figures 3-6), 

which are given in Annex 3, and show a numerical comparison of the mass values in 
the EMS with wired and charged magnetic circuits. From Fig. 3-6 it follows that when 
the coefficient of filling the magnetic system with steel 97,0Кзс and the voltage 
class )3,0;25,0;2,0(Кзо , respectively, there is a linear dependence of the change in 
the mass index, and the advantage is practically the same (2-3%) of the twisted EMS. 

The comparison of the extremes of value TF of the specified transformers in the 
correlations ranges of ETS values and the wrapping material (copper), has a linear 
dependence of the improvement of the TLI of the twisted magnetic circuits, which is 
(3.6-4.1%). 

5. CONCLUSION
1. An analysis of the features of manufacturing EMC with a rectangular section 

of the rods, having different methods of manufacturing is done.
2. The analysis of calculation-optimization methods of single-phase static EMS 

designing is carried out. It is determined that the method of MM with TF that has 
universal geometric and electromagnetic controlled variables is the best in terms of 
universality for the determination of the TLI, and in work adopted as a basic method.

3. Using the base method, the following comparison results are obtained:
– the mass index of the single-phase twisted EMS is improved relative to the core 

EMS with the charged magnetic core at (2.6 ... 2.96%);
– the value index of a single-phase twisted EMS is improved relative to the core 

EMC with the charged magnetic core at (3.6 ... 4.1%).
4. For the first time, ranges of numerical values of the comparison of the main PTR 

(mass and cost) of the proposed variants of the EMF were obtained.
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7. ANNEXES
Annex 1. 

Results of calculations of values of controlled variables and indicators of 
mass and cost of a twisted shaft electromagnetic system with a rectangular section 

of the rods
Table 1

Mass index, r.u.

Coefficient of 
filling of the 
winding-up
window, r.u.

Extreme values of controlled 
variables The value of the 

mass index of 
EMS, r.u.аm, r.u. λ0, r.u. αс, deg.

*
1P fb

0,2 2,232 2,087 0,876 21,986
0,25 2,046 2,094 0,879 20,591
0,3 1,909 2,099 0,880 19,561

Table 2

Cost index, 
r.u.

Coefficient of 
filling of the 
winding-up
window, r.u.

ratio of winding copper and electrotechnical steel value, r.u.

3,5 4 4,5 5 5,5

*
2P fb

0,2 40,521 43,499 46,349 49,091 51,741
0,25 38,613 41,526 44,317 47,005 49,604
0,3 37,204 40,069 43,817 45,464 48,026
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сеченнниииииияяя. Электттттррррроооооотттттееееехххххнииикккккккаааааттттт ..... 1988. №

общённыыыыйййй мммметттттооооодддд  оптттииииимммаааааллллльььььььнннного п
ров с пппппррррррряямооууууггголллллллььььным сечччччеением

хн. нааууууууккккк::::: 00000005555555.00000009999999.000000011111 // ВВВВссеееерррроссийский
ина. Моооооооссссссккккккквва, 1995. 2222222000 ссссссс.
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Annex 2. 
Results of calculations of controlled variables and mass and cost parameters 

values of planar rod electromagnetic system with a rectangular section of the cores 
of the charged magnetic circuit

Table 3

Mass index, r.u.

Coefficient of 
filling of the 
winding-up
window, r.u.

Extreme values of controlled 
variables

The value of 
the mass 
index of 

EMS, r.u.аm, r.u. λ0, r.u. αс, deg.

*
1P sf

0,2 2,204 2,205 0,819 22,586
0,25 2,024 2,220 0,824 21,189
0,3 1,891 2,233 0,829 20,157

Table 4

Cost index, 
r.u.

Coefficient of 
filling of the 
winding-up
window, r.u.

ratio of winding copper and electrotechnical steel value, r.u.

3,5 4 4,5 5 5,5

*
2P sf

0,2 42,021 45,153 48,151 51,038 53,828
0,25 40,106 43,172 46,111 48,943 51,682
0,3 38,692 41,710 44,605 47,396 50,097

Annex 3.
Graphical explanation of the technical level indicators of a rod 

electromagnetic system with a twisted and charged magnetic core numerical 
comparative analysis

Fig. 3 Diagrams of comparison of technical level (masses) of single-phase 
electromagnetic systems with wired and charged magnetic circuits

Tab
he valuuuuee e e ofofoffoff 
the mmmmaassssssss 
ininnndedededeexxxxx ofofofofof 
MEMEEMEMSS, rrrr.u.u.u.u.g.

,819 22,586
0,824 21,189
0,829 20,157

TTTTTTTaaaaaaabbbbbbblllle 4
pper and d d d elelelelelellececececececectrt otechnical stttttetet eelelellele  value, r.u.

4 4,,4,4,4,4,55 5555555 5,5

45,15353535353 48,1,1,111115111 51,038
06 43,172 4644 ,111111111 48,943

8,692 41,7100000 44444444,6,6,6,, 050555555 47,39

planaaaatttttttiiiiioooonnnnnnn offff ttttttthhhhhhheeeeee ttttteeeeeecchhhhnnnniiiccaaaalll level indi
tem withhhhhhh aaaaaaa twisted aannnnnnnddddddd chaarrrrrgggged ma

cccccooooooomparative aaaannnnnnalysis

Fig
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Fig. 4 Diagram of comparison of the technical level (cost) of single-phase 
electromagnetic systems at Кf = 0,2 r.u.

Fig. 5 Diagram of comparison of the technical level (cost) of single-phase 
electromagnetic systems at Кf = 0,25 r.u.

FFFig. 5 Diaaaaagggggraaaaammmmmm of com
el

hnical leveelllllll (((((((cccccccoosssssssttttttt))))))) oooooofffffff sssssssiiiiiiinnnnnnngggggggle----pppppphhhhhhhase
tems aatttt ККККfК = 0,2222222  r.uuuuuuu.
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Fig. 6 Diagram of comparison of the technical level (cost) of single-phase 
electromagnetic systems at Кf = 0,3 r.u.

the techniiicccccaaaaalll llllleeeeevel (cccccccoooooosttt)))) of single-phas
tic systems at КККККffffffК === 00000,,,,,3 r.uuuuuuu.
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