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In the article optimization comparative analysis of mass and cost
indexes of single-phase electromagnetic systems with twisted magnetic
cores, that differing in the structure and configuration of active elements
is carried out. The reduction of mass and cost indicators of a single-phase
electromagnetic systems is achieved by replacement in a twisted armored
magnetic core of a rectangular cross-section to a hexagonal one.
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Introduction. One of the main elements of modern electrical
equipment systems is induction static converters (ISC). From their
technical level depends on the reliability of their work, as well as
the cost of electrical systems and complexes in general. With a
constant rise in price of used materials and tariffs of electroenergy,
the mass indices, losses of the corresponding transformers, as
well as reactors (chokes) of a similar design decrease.

Analysis of previous studies. To date, a variety of
electromagnetic systems (EMS) ISC are known, the main ones of
which are presented in [1-5]. (Fig. 1, a) with a twisted quadrilateral
magnetic circuit (Fig. 1, b). From [1, 5-8], there are known versions
of magnetic circuit constructions made of electrotechnical steel
(ETS) tape varying width, which, when grafting and joining,
forms a section in the form of a symmetrical hexagon (Fig. 1, c).
An increase in the angle of the rod from 90° to 120° leads to a
decrease in the average length of the turn, and also the relative
concentration of mechanical stresses in the angular zones of
winding coils [1].

Objective. Determination and comparative analysis of mass
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indexes of variants of a planar single-phase EMS with rectangular
and hexagonal cross-sections of cores of an armored magnetic core.
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Fig.1. The construction of an armored twisted electromagnetic
system of an induction static device with a tetrahedral (a, b) and
hexagonal (in) rod section: 1 - side yoke, 2 - rod, 3 - winding.

Method of comparative analysis of electromagnetic
systems. [ISC optimization is performed on the basis of
mathematical models with partial or integral optimization criteria
and a set of independent and dependent control variables (CV).
Optimization software includes electromagnetic loads (EML) and
geometry elements that correspond to specific configurations of
coils of windings and rods of magnetic circuits [2, 3]. Geometrical
optimization CVs of traditional EMS [2-4] are individual for each
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design. The discrepancy between mathematical models of different
EMS makes it difficult to objectively compare their various
structural variants. In this regard, for the analytical evaluation of
the effect of transformation of the structures and configurations of
EMS elements on the mass index characteristics of single-phase
ISC, the method of target functions (TF) technical-grade indicators
(TGI) with universal relative geometric and electromagnetic CVs
is used [8]

T T :k'.P_b) : PE: i (1)

where P, - baseline index of EML;

K . - component of specific characteristics of the materials
used K=3 CV of partial optimization criteria;

P, - a dimensionless optimization component that
characterizes each of the i-CVs, the main of which are the
functions of the mass P, the cost P,, and the loss of the active
power P_. of the ii version of the EMS.

Extremes P’ of dimensionless components of the TF (1) are
TGIISC. Each of the P_"depends on the form of filling the winding
window with the conductive material of coils of windings (voltage
class) K, and two identical and acceptable for any of the available
and possible versions of the EMS CV - the ratio a, of the outer
diameter D, and the internal diameter D, of the calculated circles
of the magnetic circuit for each ii EMS variant (table 1), the ratios
A, of height h . and the width b, of the winding window and the

main angle of the rod a_[7, 8]:

Pl (2 — f(K_fla.u ,/tgjﬂ’c);' (2)
a, = Dlz'f /D2ff , (3)
/I-C = hD::/bO::' (4)

Thecomponent K oftheobjective function (1)includes, depending
on the optimization criterion, the ratio of the specific densities of
materials (winding copper and ETS) (kg/m? vy, / y.= 8,9/7,65
and their costs C /C=3,0...5,5, factors of stowage K=1,13 and
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buckling K, =1,15 turns of coils with impregnation [2], as well as
the filling factor of the magnetic circuit ETS, Kﬁ=0,91.

Calculations are performed for various Kf = 0,3...0,2 and
the ratio of specific values of active materials in the range
C/C=3,0...5,5.

In the comparative analysis of the considered variants, in
accordance with the principle of electromagnetic equivalence [7],
the same materials, the current density of the windings, the
average values of the magnetic field induction amplitudes in rods
and fairs, as well as the designs and methods of cooling the ISU
are observed.

In calculations, the winding system of the transformer
is replaced by the calculated winding of a structurally and
electromagnetically equivalent reactor [8].

Mathematical models (MM) of mass and cost analysis
of EMS variants with rectangular and hexagonal forming
contours. EMS analysis is performed taking into account the
expressions (1) - (4), as well as the basic coupling equations for
the magnetic circuit and winding parameters [5,7,8].

These equations relate the cross-sectional area of the core of
the magnetic circuit S, mass of the winding system mwi, average
length of the turn [ . and the area of the winding window S_:

S,=P,/(S,.K,) )
mwi - Swi yo Kf Zwi (6)

The development of a MM EMS with rectangular cross
sections of the cores of the magnetic circuit is carried out using
the notation of the dimensions of elements (Figs 1la, b). Sizes of
the rod’s sides a _and b of intersection of the rod defined through

of
sz and a_in terms of:

a, =D,,sin(a,/2); (7)
b,=D,; Cos(ac/2)'- (8)
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The ETS area of the core of the EMS magnetic core (Fig. 1, a,
b) is determined taking into account (7) and (8)

S, =D, sin(a,)/2. (9)

Width of winding window b, (Fig. 1, a, b) depends on D, a,
and (3)

by =D, /2-b,/2=D, [2(a,-sin(a_/2)). (10)

The mass of the ETS of the EMS magnetic circuit (Fig. 1, a, b)
is determined using (4), (9) and (10)

mm:O,SKﬁchgf-”sinac[(aM—sin( /2));\ +1)+ —sm( /2)} (11)

Based on (3), (5) and (10), one can obtain a relationship
between S and b,,

S, =B, /b, 0K, =4P, /D, (sin(a,/2)) K (12)
It follows from the equality of equations (9) and (12) that

= {/SPb/KfKﬁA@ sin (o, )(a, —sin(ac/Z))z _ (13)

After substituting equation (13) into (11), the equation of the
ETS mass of the EMS magnetic circuit (Fig. 1, a, b) is transformed

e =1 4/P, ) B, (14)

where P*_ is the relative mass index of the magnetic circuit,

mm:Kﬂ,[{/SPb/KfKﬁKGsin(u.c)(a_“—sin(uc/Z)f]gx
x0,5y_ sinc:tC [(am—sin( /2))(A +1)+ —sm( /2)] (15)

The average length of EMS coils (Fig. 1, a, b) is determined on
the basis of (3), (7), (8) and (10)

L, = 2(acf +bcf)+ b, =D, (sin(ac/2)+ cos(ac/2)+ﬂ/4(a” —sin(ac/Z))) (16)
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Based on (10) and (16), the equation of mass of copper
(aluminum) of the winding (6) converts to the form

m,, =v,K,K K, D,0,5(a,—sin(a, /2))2 ((sin(ac/2)+cos(ac/2))) +
-I—T[(a_u - sin(ac/Z))/4
The substitution (13) transforms equation (17) to the form

my =10 (YB) B, (18)

(17)

where P*wm is the relative index of the mass of active materials of
the EMS winding (Fig. 1, a, b),

3
m, =KKXK, ((/SPE;/KJ,KJ?XO sin (o, )(a, —sin(ac/Z))‘) x

xO,S(a_“ —sin(cxc/Z))2 (sin((xc/2)+cos(ac /2))-!—?1:((1_“ —Sin(ac/2))/4. (19)

Weight m__ and cost C__ of EMS active materials (Fig. 1 a,
b) are determined on the basis of (14), (15) and (18), (19) the
equations:

3
My =M, +m, =7, (3B ) By (20)
C,.=C,+C,=1C,(4B) F, (21)

where P’ and P’_ relative indicators of mass and cost of a planar
armored EMS with rectangular rods of a twisted magnetic core,
which are determined by the equations:

P = (:{/S/KIKMO sin (a, )((a, —sin(a,/2))) T x

KﬁO,Ssina(aﬂ —Sin(ac/2))(kO +1)+gsin(ac/2)+ﬁKstKf

X FYC

x0,5 (a_“ —sin(a, /2))2 (sin(aC /2)+cos (C{C/2)) +1I(ar_u —sin (a.c/2))/4

; (22)
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e e

'KﬁO,Ssina(aﬂ—sin(ac/2))(?xo+l) —sm( J2)+ Oq{‘:’K KK,
X i CeYe . (23)
}<0,5(a_H —sin(ac/Z))‘ (sin(ac/Z)Jrcos(ac/Z))+ﬂ(a_u —sin(ac/Z))/4

The extreme values of the dependences (22) and (23) of the
EMS (Fig. 1, a, b) with copper windings, determined at the ratios
of densities (kg/m®) y_ /vy .= 8,9/7,65 and values C_/C =3, as well
as the values of the stowage coefficient K=1,13 and coefficient
of buckling K, =1,15 turns of winding coils with K,=091 and
various K, are given in tables 1 and 2.

Table 1

Extreme values of controlled variables and the
mass index of an armored electromagnetic system
with rectangular cross-sections of rods

Coefficient of filling the winding | Extreme values of controlled variables P, c.u.
window, c.u. a,, C.u. A, C.U.. a. deg.

0,3 1,443 2,081 50,062 20,363

0,25 1,537 2,076 49,959 21,587

0,2 1,665 2,07 49,836 23,245

Table 2
Extreme values of controlled variables and the
cost index of an armored electromagnetic system

with rectangular cross-sections of rods

Coefficient of filling the winding | Extreme values of controlled variables P*, c.u.
window, c.u. a,, c.u. A, C-U.. a_, deg.

0,3 1,024 2,112 50,721 34,059

0,25 1,079 2,106 50,610 35,671

0,2 1,153 2,1 50,473 37,854

The cross-sectional area of the core of the magnetic core of a
single-phase armored EMS (Fig. 1, a, ¢)

5. = 33D, (1-K/2)+1K. (24
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where K= sin(90° —(uc/2))/sin(30° + (o, /2))

The width of the winding window of the EMS (Fig. 1, a, ¢)
using (3) is estimated by expression

b =5 h =l 2) 25)

where the auxiliary size h_is determined: h =b_sin60° = \/SDQSK /2.
The mass of ETS of the EMS magnetic circuit (Fig. 2) is
determined using (4), (24) and (25)

m,. =vK ;4 gD; (1-k&/2) +1)K((a_“ —3K/2)(%+1) +E\EK/S). (26)

The expressions for the diameter of the inner design
circumference and the ETS mass of the EMS magnetic circuit on
the basis of (3), (5) and (24)

D, = {/lég/ﬁKﬁKfﬂﬂ (a,- \EK/Z)E (1-X/2)+1)K ; (27)

m,. =7.(4B )3 P, (28)

where P’ - the relative mass index of the magnetic circuit,
3
m = Kﬂéwlég /\/gKﬁKfﬂLo (a, —J§K/2)' ((1—K/2)+1)K) x
><(((1—K/2)+1')K(a_w —V3K/4) (4 +1)+11'K\/§/8)

. (29)

The average length of the turn of EMS coils is determined on
the basis of (3) and (25)

1, =4(x,+b,)+7b, :Dzs(2((l—K/2)+K)+g(a_u—\/gK/Z)], (30)

where the geometric parameters xcs and bcs:

x, =a, —b, sin60° =05D, (1-K/2):"b, =a_sin60° =D, K/2.
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On the basis of (25) and (30), equation (6) for EMS (Fig. 1, a,
c) is transformed to the form

m,, = 0,25y K ,D, 31{ (1-K/2)+K)+ (a —\/_K/2))(a_“—\/§K/2)2_ (31)

When (27) is substituted, equation (31) takes the form

=7 (42 B, 32)

where P’ - the relative index of the mass of active materials
of the magnetic circuit with hexagonal generators,

= [4\/16& /3K K A (a, —+3K /2] (1 K/2)+1)KT x

x0,25K ;A K, K, (2-(1-K/2)+K)+ (a —IK/Q)](%—\EK/Q)E_ (33)

The mass m__and cost C_ of active materials EMS of the
twisted construction with hexagonal cross-section of the rods
(Fig. 1, a, c) are determined on the basis of (27), (29) and (33) and
are represented as:

3
m_—=m, +m,.="1Y, (4 F, ) P;; (34)
Con=Cp+C,, =1.C.({B) B, (35)

where P°and P relative indicators of mass and cost of a planar
EMS with hexagonal rods of a twisted magnetic core, which are
determined by the equations:

- [{/16/ V3K K A, (a —\/2?14(/2)2 (1-K/2) +1)KJ3 X

x{\fKﬂ. (((17K/2)+1)K(a_“ —VBK/2)(4 +1)+ 7KA3/8) +

+ Y0025k AK,K, (2(1-K/2)+K)+ (a“—\fK/2)] (a_u—ﬁK/2)2}; (36)

T
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3

P = [{/16/&1{1,}1{@0 (a, - \@K/2)g (1-K/2)+ 1)K] x

x[g(Kﬁ (1-x/2) +1)K (a, —3K/2)(4 +1)+RK\/§/8) g

C, v s =
+C—2Y—So,251<f101<51<5 (2(1-K/2)+ K)+5(a_\{ —\/?:K/2)] x(a, 3K /2)

The extreme values of the controlled variables and the mass
index of the EMS (Fig. 1, a, c) with materials and design coefficients
similar to Fig. 1, a, b) are given in table. 3 and 4.

2

(37)

Table 3

Extreme values of controlled variables and mass
indices of a single-phase armored electromagnetic
system with hexagonal cross-sections of rods

Coefficient of filling the winding | Extreme values of controlled variables P, c.u.
window, c.u. a,, c.u. A, C.U.. a. deg.

0,3 1,605 1,897 103,371 18,958

0,25 1,714 1,904 103,001 20,183

0,2 1,858 1,905 102,816 21,841

Table 4
Extreme values of controlled variables and the
cost index of an armored electromagnetic system

with hexagonal cross-sections of rods

Coefficient of filling the winding | Extreme values of controlled variables P, c.u.
window, c.u. a, c.u. A, C-U.. a_, deg.

0,3 1,136 1,856 104,738 30,850

0,25 1,198 1,824 104,529 32,463

0,2 1,282 1,861 104,135 34,647

Conclusion. As a result of a comparative analysis of the mass
and cost indexes of single-phase transformers and reactors with
rectangular and hexagonal cross-sections of armored twisted
magnetic core’s rods, it was shown that the replacement of a
rectangular cross-section to a hexagonal provides, on average, a
decrease in the mass and cost of a single-phase EMS, respectively,
by 6 - 6.9% and 8.5 - 9.4%.
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O. C. Caaosuii, A. C. YepenoBcbka. MopiBHAIbHWNA aHasi3 MacoBapTiCHNUX
NoKa3HUKIB ogHOo@asHNX TpaHcopMaTopiB i peakTopiB 3 NPSAMOKYTHUMMN i
WeCTUrpaHHMMH NepeTnHamMmn CTpMIKHIiB 6pOHbOBOIro BUTOro MarHiTonpoBoAgy.

Y crartTi npeacTaBaeHni ONTUMI3alUiviHUA MOPIBHSJIbHUN aHasli3 MacoBux Ta
BapTiCHUX MOKa3HUKIB 0HOGDAa3zHUX esieKTpOMarHiTHUX CUCTeM 3 BUTUMU MArHiTo-
rnpoBogamu, WO BIiAPI3HSIOTbCS 3@ CTPYKTYPOK Ta KOHQIrypaui€eo akTuBHUX ese-
MEHTIB. 3HVMXXEeHHS1 Macu | BapTOCTi MOKa3HUKIB OAHOGMAa3HUX eseKTpoMarHiTHuX
CUCTEM AOCAraeTbCsl 3@ paxyHOK 3aMiHn y BUTOMY 6pOHbOBaHOMY MarHiTHOMy cep-
AEYHUKY MPSIMOKYTHOI0 rorepeqyHoro rnepepisy Ha LecTUrpaHHu.

Knro4oBi cnoBa: ofHogpa3Hui TpaHcopmaTop i peakKTop, BUTUK MarHUTO-
npoBo4, MaccoBapTICHI MOKa3HUKN, ONTUMI3aLisi, KepoBaHi 3MiHHI.

A. C. CagoBoii, A. C. Yepernosckasi. CpaBHUTE/IbHbIA aHaJIn3 MaccoCTOMMO-
CTHbIX MOKa3aresieri OJHO@a3HbIX TpPaHCEHOpPMATOpOoB M pPeakKTopoB C
NpsIMOYroJibHbIMU M LIECTUIPaHHbIMN CEYEeHHNUSIMHN CTep)KHern 6poHeBOoro BUTo-
ro MarHuTonpoBoAa.

B cTratbe rnpoBeAeH ONTUMU3ALMOHHBINA CPaBHUTEJ/IbHbIM aHasan3 MaccoBbIX
M CTOMMOCTHbIX MoKasartesiesi oAHOGAa3HbIX 371€KTPOMArHUTHbIX CUCTEM C BUTbIMU
MarHUTOnNpPoOBOAAMM, OT/INYAIOLMXCS CTPYKTYPOH U KOHpUrypaumer akTUBHbIX
3/1eMeHTOB. CHUXEHME MAacCoBbIX M CTOMMOCTHbIX [10Ka3artesnek o0AHO@pa3HbIX
3/1eKTPOMarHUTHbIX CUCTEM AOCTUIraeTcsi 3@ CYET 3aMeHbl B CKPYyYEHHOM BPOHUPO-
BaHHOM MarHUTHOM CEPAEYHUKE MPSIMOYroIbHOr0 CEYEHMNS Ha LUECTUYI0/IbHOE.

KnroueBbie csoBa: 04HOpa3HbIli TpaHCcGopMaTop v peakTop, BUTON MarHUTo-
rpoBoAd, MacCOCTOMMOCTHbIE [10Ka3aTesin, ONTUMMU3ALINS, YPaBISEMbIE NEPEMEHHbIE.
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