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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 traditivrial 1SD with
a rod EMS having a rectangular section of the rods and different methods for makirng
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 Ks = 0.2 ... 0.3, ratos of
specific active materials (coil copper and ETS) v, /v, =8,9/7,65, as well as their values
in the range C,/C.=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 (ST) 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) I, 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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| =b/a; m=h/a;n=c/a. 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].

Fkn - Ktii (4\/ Psd)3 ' PI:i : 2)
where P —index of source data and EML; Ky;— component of specific indicators

of used materials K > 3 of TF — private optimization criteria; P;}i— a dimensionless

optimization component that characterizes each of the i-CV, the main of which are the
functions of the mass Py, the cost Py;i and the loss of the active power Pg; of the ii version
of the EMS.

Extremes P*kii of dimensionless components of the TF (2) are TLI ISD. Each of the
P:* depends on the form of filling form the winding window with the conductive material
of windings coils (voltage class) Krand two identical and acceptable for any of the available
and possible versions of the EMS CV - the ratio a,, of the outer diameter Dy; and the
internal diameter D»;; of the calculated circles of the magnetic circuit for each it EMS variant,
the ratios 1 of height hgii and the width by of the winding window and the main angle of

the rod o, [5, 6]:
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P1(2)ii = f(Kf ’am’}\'O’ac); 3
O = D%Zii ; ®
ho = ho%)ii ’ ©)

where K;— the filling the winding window coefficient, taking into account the voltage
class is used in the part of EMS; a,,and A,—geometric relative CV; a.—the main angle of

the rod;

The component of Ky 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 C,/C. = 3,0 ... 5,5, the coefficients of stacking K. =1, 13 and an
excitation K¢ = 1.15 turns of coils at impregnation [2], contour coefficient, K, =1. The
calculations are performed at different K¢ =0,2 ... 0,3 and the ratios of the specific values of
the active materials in the range C,/C, =3,0...5,5.

In modern ST and SR used anisotropic ETS grades 3406-3409 with
K,. =0,96-0,97 at the thickness of the tape (roll, plate) 6, = 0,27 — 0,35 mm. At f1 =
50 Hz, in ranges S,=03-1xkB-Aand S, =1-25kB-A respectively
Jo=2,4-1,7 Amm?and J, =1,7- 2,4 Almm? [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

Dap S -

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)
am =Difo /D2tp (6)
where D1, Dan,, — outer diameter and internal diameter of calculated circles of the
magnetic circuit, respectively.
Second controlled change in the MM EMS (Fig. 1)
Ao =Moo /Doto (7)
where hem, and b , — winding window height and width of the base magnetic
EMS.

The values of the sides of the a.n and bew Of the rod section (Fig. 1) are
determined by D2, and the center angle of the rod a.:

ac g, = Do sin(oe /2); (8)
be g, = D2 i COS(0t /2). 9)

The area of the ETS of the magnetic circuit rods of the EMs (Fig. 1), is
determined taking into account (8) and (9)

2 .
Sc o = Ksee hhe o = Kse Dot Sln(ac )/2 (10)
The width of winding windows b, (Fig. 1) depends on Dag,, a,, and (9)
0o o = Dato /2=bc /2 = D2y /2ty —5in (0t /2)). (11)

The ETS mass of the EMs magnetic circuit is determined using (7), (8) and (9)
Myt =K Ve (25 15Se 1 + 200 1S gy + 7S¢ P )=

=0,5K 7. D5 sina, ((a, —sin(o, /2))hg +1)+msin(a, /2)).  (12)
On the basis of (10) and (11) we obtain the basic equations of the EMS variants
(Fig. 1) and the connections S¢, and Do

Sepp = sd/( ):Psd/(b(?fkafbK) 4Psd/(D22fb Ofb(sm( /2)) ), (13)

where Sgi, — area of the winding window EMS (Fig.1),
So =Ny wbo Ky = b()sz)\‘Ofbe : (14)
From equation (10) and (13) follows:
2 - 2
K Dsg Sm /2 4Psd/D2 fo Ofb( sm(ac/Z)) K

. - 2
D2 fo = \/8P5d (Kf Kscxo Sln(ac )(am _Sln(ac/z)) ) (15)
After substituting equations (15) into (12), the expression for finding the mass
of the ETS of the magnetic circuit EMC (Fig. 1):

i, =0,5K v, sin ac(‘{/SPsd /(K K, A sin(a, Xa, —sin(a, /2))? ))3 x
<((a, —sin(a, /2))h, +1)+ wsin(o, /2))= v, (/P | P, (16)

where meb — relative mass index of the magnetic circuit (Fig. 1),
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3
P* —05K_ sin ac(‘{/8psd J(K K 2y sin(a, Ya,, —sin(a, /2)) )) x

x((ay, —sin(a, /2)) 1o +1)+rsin(a, /2)). (17)
The average length of the coil rope for the rod EMS (Fig. 1) is determined on the

basis of (8), (9) and (11):
Lo = 2(acfb +Deqp )+ o /2 =D, (sin(ac /2)+cos(a, /2)+ g (a,, —sin(a./ 2))} .

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

My, =7,K,K, K, Dj 4,05, —sin(e, /2)) ((sin(e, /2)+cos(a, /2)))+
+m(a,, —sin(a,/2))/8 (19)
Substitution of equation (15) transforms (19):

m, =v,K,K (\/8P5d /K K g sin(e, Xa, —sin(o, /2))2)j30,5x (a, —sin(a, /2)) x
x((sin(ac/z>+cos(ac/z»>+n<a.,.—sm( J2)e=v. WP VP, o)

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

1).

—y K K (\/8/(K K, sin(e, Y, —sin(e /2))2)j30,5k0(am—sin(ac 12)) x
X((Sin(mc/2)+COS(OLC/2)))+g( w —sin(0 /2)). (21)

The weight 1,5, and cost C,s, 0f EMS active materials (Fig. 1) are determined on
the basis of (16) and (20):

My, =Ml T Mg =7, (4 P, )3 P:wfb T (‘{/PTd)S Pob = Ve (@)3 Piw; (22)
Cafb > Cmfb + Cofb = Vccc<ﬁ)3 Pr;fb +7v,C, (4 Pa )3 P:fb = Yc(ﬁf P;fb (23)

where Pl*fb and Py, relative indicators of mass and cost of planar (Fig. 1), with
rectangular rods of twisted magnetic circuits:

P = (\/8/(K K. A, sin(a, X(a, —sin(ac/z)))z)jgx
x(K3CO,58|n a(a, —sin(a, /2)X\, +1)+msin(a, /2)+ (7, /yC)KBKny X
x 0,5(ay, —sin(a, /2))(sin(a, /2)+ cos(a, /2))+ n(a,, —sin(a,/ 2))/8); (24)

Extremes (minima) P1 fo Of indicators (24) obtained for three values Ks in Annex 1
(Table 1).
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o = (480K (e (@, —sinfa, /2)F)) »
<

x(K3CO,5sinac(am—sin(ac/Z))(kO+1)+nsin( 2)+(C,v,/Coye K, K K %

x0,5(a, —sin(o, /2)) (sin(o, /2)+ cos(a, /2))+ m(a, —sin(a, /2))/8;  (25)
Extremes (minima) P,,, of indicators (25) obtained for three values K; in Annex 1
(Table 2).

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

A=A
1 2 - -E'C..r Ls
\
|- LA
= | |
Py i‘;"‘ | Il defs
' g A
h-‘f’ -DA‘I'S -
! - -
D
o
a b

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 MM of base rod EMS with rectangular CK, are determined
accordingly (4)
alll = Dlsf /DZSf ) (49)
where Dig, Dos — outer diameter and internal diameter of calculated circles of the
miagnetic circuit, respectively;
Second CV TF EMS determined by the (5)
ho =hog /Dog | (50)
where hos, and bess — winding window height and width of the base magnetic
EMS..

The values of the sides of the a.s and b.s of the rod section (Fig. 1) are
determined by Dy, and the center angle of the rod a.:

=D, cos(a, /2): (51)

bc 25f Sm( /2) (52)

The area of the ETS magnetic circuit rods EMS, determined by taking into
account the size of the sides a.s and b the cross- section of the rod

Seq =K.y by =K., D, " sin(a, )/2. (53)

3¢ ~resf Mesf

505



POWER ENGINEERING AND ENERGY EFFICIENCY

The width of each of the winding windows b, depends on Dag, am and the side
of the rod section b

bOsf = DZSf/Z _bcsf /2 = D25f /2(am _Sin(ac/z))' (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 a.st and b are the cross-section of the
rod

M. =K.,.7. Dag sine(a,, —sin(a, /2)4, -0,5+(a,, —sin(a, /2)-0,5+2sin(a, /2)].

(55)

Based on ETS area of the magnetic circuit rods Scs and the widths of each
winding window bgss We obtain the basic equations of the EMS variants and the
connections Scsf and bost

c - Psd/(SOSf K ) sd/(b(?sf}” K ) 4Psd/(D225t (sin((xc /2))2 Kf )s (56)
where Spst — area of the winding window EMS
Sost = NostPoss Ky = bgsf MoKy, (57)
From the equality of equations (53) and (58) fUllOWb'
K, Dzsf sina, /2= 4Psd/D2 nhol@, —sin(a, /2))
DZSf ZL{/8Psd /(Kf Ksc}\’O Sin(ac )(dm - Sin ((10/2)) ) (58)

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

m sf :I<3cyc(4\/8 ) Psd /(KfK'scﬂ“o Sin(ac )(am —sin ((10/2))2 ))3 =

xsinal(a, —sin(a, /2))4, -05+(a, —sin(a, /2))-0,5+2sin (a, /2)] =7, (r)g-Pn’:sf, (59)
where P,f,sf — relative mass index of the magnetic circuit

3
P’ =K sina (\/8Psd/(Kngcxosin(ac)(am —sin aC/Z)Z)) X

xsinal(a,, —sin(a, /2))4, -0,5+(a,, —sin (o /2))-0,5+2sin (o, /2)].  (60)
The average length of the coil rope for the rod EMS is determined on the basis of

(51), (52) and (54):
l¢ =Dy (2c0s(ar, /2)+2sin (0, /2)+(7/8)(ay —sin(o, /2)).  (61)

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

EMS:
My =7,K,K, KA, D3 [0.25(a, —sin(e, /2)° x
[2cos(a, / 2)+23|n(ocC /2)+7/8(a, —sin(a, /2) )] (62)

Substitution (58) transforms (62)
3
7KK K A [\/8Psd/(K K A, sina,(a, —sin(a, /2)) )j -[0,25(a,, —sin(a, /2)° x
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x[2cos(a, /2) +2sin(a, /2) + (7/8) (a,, —sin(a, /2))]| =7, (‘{/E)S Pt (63)

where P:Sf— relative mass index of active materials of the EMC winding:
3
P:sf = YOKBKny 7\‘0(‘{/8F)Sd /(KfK3cﬂ”0 Sln a‘c(a‘m _Sin((x'c/z))2 )) X

x[0,25(a,, —sin(a, /2))*[2cos(a, /2)+2sin(a, /2) +7/8(a,, —sin(a, /2))]]. (64)
Mass m,s and cost C, of active EMS materials are determined on the basis of
(59) and (63) equations:

masf = mmsf + mosf = 'Yc (V?w)s Pr;sf + Yo (4 Psd )3 P:sf = Yc (‘{/E)S Pl*sf ) (65)
Casf = C1m5f + C10:3f = YcCcsf (ﬁ)g Pn:sf + YoCosf (ﬁ)g P:sf = YC (A{/E)S Pz*sf ’ (66)

where P, and P, relative indicators of mass and cost of planar, with

rectangular cores of charged magnetic conduits:
* 8

Pl sf =41~ . 2

sina-K, KA, -(a, —sin(a, /2))

+(a, —sin(a, /2))- 05+ 2sin(e, /2))+ (v, /7. K K, K 1, -[0,25(a, - sin(e, /2)) x
x[2cos(a, /2)+2sin(a, /2)+m/8(a,, —sin(a, /2))]]]; (67)

Extremes (minima) I1,, of indicators (67) obtained for three values K; in Annex 2
(Table 3).

K sina,((a, —sin(a, /2))-1,0,5+

8
i/sin a-K KA, (g, —sin(o, /2))
+(a, —sin(o, /2))-0,5+ 2sin(a, /2))+ (Co, v, /Cas ¥ JK K K, -0,25(a, —sin(a, /2)) x

y B 70
x| 2cos(o, /2)+2sin(a, /2)+1/8(a,, —sin(a, /2))[]]. (68)
Extremes (minima) H;sf of indicators (68) obtained for three values K 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

*

PZsf =

[k, sina,((a, —sin(a,/2))-1,0,5+
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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 The range of changes in relation values,%
indicators Mass Cost Indicator
Py index 3,5 4 45 5 " 13
Pk
Kf=0,2 -2,656 % | -3,569 % | -3,663 % | -3,742 % | -3,815% | -3,877 %
K;=0,25 -2,822 % | -3,723 % | -3,813 % |-3,891 % | -3,959 % | -4,021 %
K;=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 K,. =0,97 and the voltage

class K., =(0,2;0,25;0,3), 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
Coefficient of Extreme values of controlled he value of th
) filling of the variables T € Valu€ 0 the
Mass index, r.u. winding-up mass index of
wind@, r.u. am, .U, Ao, I.U. ac, deg. EMS, r.u.
. 0,2 2,232 2,087 0,876 21,986
P, fb 0,25 2,046 2,094 0,879 20,591
0,3 1,909 2,099 0,880 19,561
Table 2
Coefficient of | ratio of winding copper and electrotechnical steel value, r.u.
Cost index, filling of the
r.u. winding-up 3,5 4 45 5 55
window, r.u.
. 0,2 40,521 43,499 46,349 49,091 51,741
F’2 t 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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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
Coefficient of Extreme values of controlled The value of
. filling of the variables the mass
Mass index, r.u. o )
winding-up index of
window, r.u. am, I.U. Ao, I.U. ac, deg. EMS, r.u.
. 0,2 2,204 2,205 0,819 22,586
I:’1sf 0,25 2,024 2,220 0,824 21,189
0,3 1,891 2,233 0,829 20,157
Table 4
Coefficient of | ratio of winding copper and electrotechnical steel value, r.u.
Cost index, filling of the
r.u. winding-up 3,5 4 4,5 S 5,5
window, r.u.
. 0,2 42,021 45,153 48,151 51,038 53,828
P25f 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
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025

@ charged

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

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

twisted @ 8 charged

Fig. 5 Diagram of comparison of the technical level (cost) of single-phase
electromagnetic systems at Ks = 0,25 r.u.
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-4.008%

twisted @ 8 charged

Fig. 6 Diagram of comparison of the technical level (cost) of single-phase
electromagnetic systems at Ks = 0,3 r.u.
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