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In modern developments in the field of automation of technological processes,
control systems for protection of electrical equipment, instrumentation, radio
electronics, electrical systems and complexes, energy saving systems, as well as
underwater (underground) -technological and aerospace purposes, ore of the
dimensional and material-intensive elements of modern electrical equipment is
reactors. Most often, ESP uses traditional design solutions, such as planar (rod,
armor) and spatial (toroidal) EMC with rectangular contours, which have a number
of disadvantages. An alternative to this method of solving problems is a method of
structural conversion of electromagnetic systems (EMC) of single-phase transformers.
This method is to find new EMC structures that alluw eneryy cunservation, reducing
the amount of useful space.

The aim of the work is a comparative analysis of mass and cost of single-phase
planar rod and armor electromayrietic systems with rectangular sections of twisted
magnetic conductors.

Keywords: single-phase transformer, magnetic circuit, optimization,
comparative analysis.

1. ANALYSIS OF ADVANTAGES AND DISADVANTAGES OF SINGLE-
PHASE TRANSFORMERS OF ROD CONSTRUCTION

1.1 The relevance of single-phase electromagnetic systems

The most popular in the "traditional” production of devices of planar EMF
single-phase transformers do not meet the conditions of compact embedding in these
shells and are characterized by mass dimensions that do not meet the requirements of
special equipment. Symmetrical spatial EMCs are structurally adapted for placement
in limited spherical and cylindrical volumes. Toroidal transformers have one of the
single-phase versions of the spatial EMC with the configuration of the outer circuit,
which corresponds to the circle. The presence of inclined media among the turns is due
to the different values of the diameters Dn and Dv of the annular magnetic circuit on
the calculations of transformers increased by 8-15% by the values of the winding
stacking coefficient. This density, as well as the displacement at an angle o m of the
opposite end sections of the coil, increase the average length of the coil, the loss and
material consumption of the winding. The deterioration of heat dissipation caused by
areas of hollow space, as well as the small bending radius of 900 angular zones of
internal turns, reduce the reliability of toroidal transformers. In the "traditional™ design
and technical solutions of the active part of the transformers of small, medium and high
power structures of planar and spatial EMC are formed by plane parallel andcylindrical
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surfaces forming rods and winding windows. The problem of creating systems of
efficient electrical equipment for the conversion of electricity requires adequate
calculations and comparative analysis of its elements. One of the material-intensive
and dimensional elements in electrical installations up to 1000 kVVA are single-phase
transformers (OT) and reactors (OR) [1-5]. Such electromagnetic static devices (ESP)
significantly affect the characteristics of electrical equipment in general: mass,
dimensions, energy performance, as well as temperature and cost [1-3,6-10] and the
task of improving them, in particular by optimizing the geometric ratios
electromagnetic systems (EMC) are very relevant.

Fig. 1 Design and technical features on the fragment of the top view (a) and cross
section (0) of the toroidal electromagnetic system: 1-magnetic circuit; 2-turns of the
first (inner) layer; 3-turns of the second layer; 4-slope environment

1.2 Analysis of previous research
One of the most common are single-phase EMF ESP, which are given in [6-10].
The most used in various systems of electrical equipment are rod (Fig. 1, a) and armor
(Fig. 1, 6) EMC OT with twisted rectangular magnetic conductors of rectangular

configurations.
A-A

bogm

b
—— —

b
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b hp

C) d)
Fig.2 - Structural diagrams and calculated geometrical parameters of the rod (a,
b), armor (c, d) planar electromagnetic systems with rectangular winding windows
and cross sections of the cores of the twisted magnetic circuit: 1 - rod; 2 - yoke; 3 -
winding

In the works [11-17], devoted to the improvement and optimization of ESP, instead
of geometric dimensions, relative geometric controlled variables were used, using
which the limits of rational geometric ratios of winding window and rod cross section
were met. In [15] on the basis of these variables [14] the criterion of minimum losses
was determined. In [16] the optimization technique is made and the comparison of rod
and armor variants of single-phase EMC with twisted and charged magnetic conductors
with rectangular cross-sections of rods is made. This technique was based on the
objective functions of individual criteria (minimums of mass, cost and volume) in
determining the induction and average current density of windings based on
temperature restrictions. Certain graphical dependences are obtained, however, the
numerical results of comparing the characteristics of single-phase electromagnetic
systems are uncertain. In general, the analysis of the work of domestic and foreign
scientists raises the question of solving the problem of mass and cost minimization and
optimal geometric ratios of these EMC variants of single-phase transformers and
reactors, which has not been solved so far.According to the method of calculation of
single-phase and three-phase transformers and reactors with rectangular sections of magnetic
core rods contain inaccuracies and errors and no methods that allow to assess the technical
level of ICP at the stage of choosing the basic structure, ie methods of structural synthesis of
these devices. Also for the first time the problem is set and the generalized method of
optimization of traditional EMC of single-phase and three-phase transformers and reactors
with rectangular UK on separate criteria (weight, cost, losses) at definition of induction and
average current density of windings at optimum geometrical ratios and set temperatures is
developed. The possibility of optimization of transformers and reactors with the use of general
CF and dimensionless (relative) controlled variables, which are offered in. It is determined
that for all EMC structures with rectangular forming 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. As in the graphical dependences of the choice of optimal geometric ratios, including
single-phase EMC, on the ratios of specific mass values.
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1.3 Method of comparative analysis of electromagnetic systems

Numerical comparison of EMC variants is possible on the basis of development of
design mathematical models (MM), which meet the requirements of invariance and
electromagnetic equivalence of comparison and allow to determine generalized indicators
of technical level of traditional and any other design of ESP.

The conditions of electromagnetic equivalence of comparison are met by the method
of MM with objective functions (CF), which contain dimensionless optimization
components with universal relative geometric and electromagnetically controlled variables
(KZ) [18-20]. The extremes of these optimization components, ie indicators of the objective
functions of individual optimization criteria, are indicators of the technical level (PTR) of
EMC

Fiii = Kyt /M) Ty, 1)

wherelly, - indicator of output data and electromagnetic loads; K,;- component of

specific characteristics of K>3 CF materials of separate optimization criteria; [Ty ;-

dimensionless optimization component, which characterizes each of the ii-CF, the main

of which are the functions of mass F_1ii, cost F_2ii and active power losses F_3iiii-th
variant of EMC.

Each of IT*.;.depends on the coefficient of filling the winding window with the
conductive material of the winding coils (voltage class) K., and two identical and acceptable
for any of the existing and possible variants of EMC short circuit - the ratio a,, outer diameter
Dsii andinner diameter Do; calculation circuits of each magnetic circuit ii-th EMC variant
(Table 1), the ratio A, altitude hg, to width b, winding window. The third relative geometric
short circuit used in EMC optimization is the trigonometric function of the Central angle of
the rod t(o,) [18-20]:

Iy 2)ii = f (K30, @, Ao, t(oe)); (2)
ay = D14 /Dy, (3)
Ao = hoii/boiis (4)

Component K,,the objective function (1) includes, depending on the optimization
criterion, the ratio of specific densities of materials (winding copper and ETS) (kg/m?)
vo/v. =89/7.65and their values C,/C=3,0...5,5, as well as stacking coefficients K,=1,13
and bulging K, =1,15 turns of coils during impregnation [7-10] and the filling factor of
the magnetic circuit ETS, K,.=0,91. The calculations are performed at different voltage
classes (K;, = 0,3 ... 0,2) and the actual ratios of the unit values of active materials in the
rangec,/c, =30..55. A comparative analysis of these options according to the principle
of electromagnetic equivalence [18-20] adopted in accordance with the same materials
used, current density windings, the average values of the amplitudes of the magnetic field
in the core and yoke and performance and cooling ESP ways, that is the same figures I1;;.
In the calculations, the system of transformer windings is replaced by the design winding
of a structurally and electromagnetically equivalent reactor [20]. EMC analysis is
performed taking into account expressions (1) - (4), as well as the basic equations of
communication of the parameters of the magnetic circuit and winding [18-20]. Such
equations relate the cross-sectional area of the rod of the magnetic circuit S¢;, and the
area of the winding window S, as well as the mass of the winding system mqand the
average length of the turn l,;:
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Scz’ - HB/:L/(SOi K30); (5)
Moi = SoiYOK:;olwi' 6)

2. DEVELOPMENT OF MATHEMATICAL MODELS OF SINGLE-PHASE
TRANSFORMERS

2.1. Development of mathematical models of mass and cost of a rod
electromagnetic system with a charged magnetic wire

Development of MM variants of single-phase EMC with rectangular sections of
rods of twisted magnetic conductors is performed using the notation of the dimensions
of the elements (Fig. 1, b, d). The size of the sides acnta and bemra) the cross section of
the rod is determined by Do ey and t(o,) equation:

3 ey = 2 to(ta) % /2) (7)

b ity = P2 to(tay 5% /2) (8)
The ETS cross-sectional area of the rod of each of the EMC magnetic circuits (Fig.
1, b, d) is determined taking into account (7) and (8)

_ 2
Seto(fa) = P2to(fa) "% / 2 ©)
Widths of winding windows bom(Fig. 1, b) and be(Fig. 1, d)depend on Dayra),

(3)and (8)
b0 fo(fa) = (Dz )/ 2} - (bc fo( )/ 2): D () / Z(am - 3‘”(% / 2):  (10)
The mass of the ETS of the EMC magnetic circuit (Fig. 1, b) is determined using (4),
(9) and (10)

m ngcyc[Zho beC & + 2b0 beC @ + 7ZSC fbbc fb] = a1

=O,5K3 YcDgfb slnuc«u” sm( C/2)) (x +1)+nsm( C/Z))

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

2
moe K3cyc[4h0 faSC o + 4bO faSC o + Zﬂ{bCfa /2) acfaJ = 12)

:O,5K3 YcDgfa sina (( sm( /2)) (x +1)+05nsm( /2))
Based on (3), (5) and (10) we obtain the relationship between Scita) and Do(ra)

Sc fo(fa) = HBH/(SO fb(fa)Kzoj =

(13)
:‘mm/ (Dzz fo( fa)*0 fo( fa) (Si”(“c/ 2)f K3oj.
) 2
S0 o(fa) =0 fo(fa)0 fo(fa) <30 =20 to(fa) 0 io(fa) 0 (14)

whereSomra) — the area of the EMC winding window (Fig. 1b, d),
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From the equality of equations (2.21) and (2.24) it follows:

Kyo D5 fo{ fa) S'”(‘*c )/ 2==4l / D3 o(fa)"0 fo( fa) (am - Si”(‘)‘c/ 2)f Kao

Dy to(fa) = A\f/SHBII / (Kgngch o fa) sin(aCXam —Sin(ac /2))2j (15)
After substituting equations (15) in (11), the equation of the ETS mass of the EMC
magnetic circuit (Fig. 1, b) will look like

3
Myt :Vc(“nmj o) (16)
wheret;, ,— dimensionless indicator of the mass of the magnetic circuit (Fig. 1,

b),
H:nfb =(%/8/(K30K3Cxosin(a X —sm( /2)) j] X (17)
><0,5K3Csin (xc((am —Sin(aC/Z) )\0 +1)+ nsm((xc/2))

After substituting equations (15) in (12), the equation of mass ETS of the EMC
magnetic circuit (Fig. 1, d) will be transformed into

3 .
mea - Yc(ﬁj Hln(fa) (18)

where1t;,,,— dimensionless indicator of the inass of the magnetic circuit (Fig. 1,
d),

Hrnfa (\/8/(K K 7‘0 sm( Xa —sm( /2))2]j3 ><0,5K3CyC sin a,x (19)
x((am —sm(ac/z) 7“0 +1)+ O,5n5|n(ac/2))

The average coil length of the EMC coil (Fig. 1.b) is determined on the basis of (7), (8)
and (10)
Lo =2y b,y )+ 70y /2= D, x(sin(ac J2)+ cos(s, /2)+ % (2, ~sinla, | ))j (20)
The average coil length of the armor EMC (Fig. 1.d), is determlned on the basis of
(7), (8) and (10)
IWfa - z(acfa +bcfa)+ T[bOfa = D2fb X(Sin((lc/Z)-l-COS((XC/Z)-l-TE(am _Sin(ac /2))/4)><
x (sin(a, /2)+ cos(a, /2)+ n(a, —sin(a, /2))/4)
Substituting (14) and (10), (15) in (20) we obtain the equation of the mass of the
copper winding for EMC (Fig. 1, b)

mofb:Hanm/(Kgngcxosin(aX s,n( /2))2)}3
<7 KK K, 05k (a sinla /2))2><((sin(ac /2)+cos(ac /2))) (22)

+n(am—sin(ac/2))/8=yo(m) II

where1t,,—the relative mass of the active materials of the EMC winding (Fig. 1,
b).

(21)

47



POWER ENGINEERING AND ENERGY EFFICIENCY

HZfb:(‘\l/B/(KEI K xosm(a X -sinf /2))2”3

<7 K K K, 050 Jla —sinla_/2)P (23)

x@m@wppﬁm@wm»+ggm_gw%/ﬁ

Substituting (14) and (10), (15) in (21) we obtain the equation of the mass of the
copper winding for EMC (Fig. 1, d)

=(‘\1/8HBH/K30K3C7‘oSi”(°‘ch —sm( /2)) jg

xy K K K 0,51 ( —sm( /2))2 (24)

By 30

x (sin(ac/2)+ cos(ac/2)+ n(am —sin(occ/z)) 4): Yo(mfﬂ

where I, - optimization component of CF mass of active materials of each of EMC
windings (Fig. 1, d)

HZfa :(4\1/8/(K30K30k0 sin(a X sm( /Z)Fjjs Xy KBKyK300 7 ( —sm( /2))2
x (Sin(ac/2)+ COs(aC/2)+ O,25n(a”| —sln((xc/2))) (25)

Massm.sand cost C,mactive materials EMC (Fig. 1, b), are determined on the
basis of (16) and (22) equations:

Mo, + Mo, =V R (\/Tu)gnmfb (\/Tu)z Hofb YL( IT,, ) Hsz (24)
Cir =Co +Coi =7.C. 4 (\/j:[) o +7v,C (\/_)Znofb ( ym )3 ;fb (25)

wherer;, Ta I, — optimization components of CF mass and cost of planar EMC
(Fig. 1, b) with rectangular sections of twisted rod magnetic circuit:

11, = ({8/0< K g sinfa (o, —sinta. /2)F) |

xK_,05sina(a,, —sin(a, /2))h, +1)+ wsin(a, /2)+ 1o K K K (26)
Ve

x 0,54, (&, —sin(a, /2))*(sin(a, /2)+ cos(a, /2))+ n(a, —sin(a,/2))/8)
3, =(48/(K.K 22 sin(a N(a, —sin(a. /2)))

«K_.05sina, (a, —sin(a, /2) A, +1)+xsin(a, /2)+ COVO K, K. K 27)

m,¢,

B Ny ‘30
clc

x0,5(a,, —sin(a, /2))*(sin(a, /2)+cos(a, /2))+ n(a, —sin(a, /2))/8
Massii,and cost Cyactive materials EMC (Fig. 1, d) are determined on the basis
of (17) and (24) equations:

3 4 3 4 3 4
mafa - mmfa * mofa - YC(4\/ HBI[) Hmfayo(ﬂr\/ HBI[) 1_[Ofa - yc(4 HB,I[) 1—Ilfa (28)
Cafa = Cmfa +Cofa = ’chc (ﬁ)sn;fa +YOC0 (m)sn;a = Yc (4 Hm )3H;fa (29)
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wherer;,, Ta m, —dimensionless indicators of mass and cost of planar armor EMC
(Fig. 1, d) with a rectangular cross section of the rod of the twisted magnetic circuit:

I, —(\/8/(K KA, sin(o )((am—sin(ocC/Z)))z))3

xK.0,5sina,(a,, —sin(a, /2))x, +1)+

+0,5msin(a, /2)+ Loy K, K K, x0,5msin(a, /2)+

C

x (sin(a, /2)+ cos(a, /2)+ n(a,, —sin(a, /2))/4)

C

(30)

KKK X

I, = [\/8/(K30 Aosin(a, Xa, —sin(a, /2))° ))3 xK_.0,5sina,(a, —sin(a, /2))x, +1)+

+0,57sin(a /2)

+ n(a,, —sin(a, /2))/4)

Y. KK, K, x%,0,5(a,, —sin(a, /2))°(sin(a, /2)+cos(a, /2)+

(31)

Table 1 - Extreme values of controlled variables and mass indices of single-phase
rod and armor electromagnetic systems with rectangular cross-sections of rods of
twisted magnetic conductors

o The filling factor of Extreme valu_es of The \{al_ue of
Minimum . . controlled variables the minimum
. the winding window,
mass index acting an, /1_0, o mass of tr_]e
acting. | acting. “ | EMC, Acting
1 2 3 4 5 6
n 0,3 1,879 2,1 50,474 19,748
e 0,25 2,013 | 2,095 | 50,362 20,778
(fig. 1, b) 0,2 2,196 | 2,089 | 50,229 | 22,172
- 0,3 1,443 | 2,081 | 50,062 20,363
e 0,25 1,537 | 2,076 | 49,957 21,587
(fig. 1, €) 0,2 1,665 | 2,07 | 49,836 | 23,245

Extremes (minimums) 11, ,,.optimization components of CF (27) and (31), obtained

for three values K,,, are shown in table 2.

Table 2 - Extreme values of the cost of single-phase rod and armor

electromagnetic systems with rectangular sections of the rods of twisted magnetic
conductors

Minimum The filling factor |  The ratio of the costs of winding copper and
value indicator, | of the winding electrical steel, acting

acting window, acting 3,5 4 4,5 5 5,5

M, 0,3 37,682 | 40,597 | 43,393 | 46,088 | 48,696

o 0,25 39,091 | 42,054 | 44,893 | 47,629 | 50,274

(fig. 1.b) 0,2 40,999 | 44,027 | 46,926 | 49,715 | 52,411

- 0,3 36,827 | 39,454 | 41,964 | 44,376 | 46,706

[ 2 0,25 38,502 | 41,186 | 43,748 | 46,208 | 48,581

(fig. 1, d) 0,2 40,771 | 43,532 | 46,164 | 48,689 | 51,122
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3.DESCRIPTION AND COMPARISON OF INDICATORS OF
ELECTROMAGNETIC SYSTEMS OF SINGLE-PHASE TRANSFORMERS
WITH TWISTED AND SHIFTED MAGNETIC WIRES

Losses in the magnetic circuit of the distribution transformer can be reduced in

two ways: by improving the quality of the material, by changing the design. In most
modern distribution transformers, the magnetic circuit is made of cold-rolled
anisotropic electrical steel. There are modern developments using amorphous steel, but
due to the high cost of its economic efficiency has not been proven. The design of the
magnetic circuit is not so simple. According to the method of connecting the rods with
the yokes, the magnetic conductors are divided into butt, stacked, wound.
In the charged magnetic conductors, the plates of the rods and yokes are collected in
the loop - the charge, so they do not have a continuous joint in the plane of the cross
section, which leads to a significant reduction in nonmagnetic gaps and no-load current
in comparison with buttoral magnetic conductors. According to the shape of the joint
of the plates of the rods and the yoke of the loaded magnetic circuit are made with
straight, oblique joints.

Magnetic conductors, the individual parts of which are made by winding from
strips of electrical steel, and then fastened into a single system, are called coiled. The
coiled magnetic circuit shown in Figure 4 has a low no-load current, which is due only
to the loss of electrical steel, because there are no air gaps and areas in which the
direction of magnetic flux does not cuincide with the direction of rolled steel, but
because it can not be disconnected, windings can not be worn. It is necessary to wind
windings directly on a magnetic conductor is not technological and expensive.

—

N\ ——

- Fig. 3 - charged rhagnetic circuit; twisted magnetic circuit.

Table 3. shows the results of comparison of the calculated values of the technical
level of variants of electromagnetic systems and the results of tests of samples of
single-phase transformers with twisted magnetic circuits. Structural transformations of
the active part are characterized by changes in indicators.
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Table 3 - Extreme values of the controlled variables and indicators of the
massiplanar rod electromagnetic system with a rectangular cross section of the
rods of the charge

The filli Extreme values of controlled The value
e filling .
variables of the mass
factor of the

Mass index winding am, JeActin g\;rg

window, acting | Acting, | ° g Ger Actine

cting

X 0,2 2,204 2,205 0,819 22,586

l'[1Sf 0,25 2,024 2,220 0,824 21,189

0,3 1,891 2,233 0,829 20,157

Table 4 - Extreme values of controlled variables and cost indicators of a
planar rod electromagnetic system with a rectangular cross section of the rods of
the shunt magnetic circuit

The filling The ratio of the costs of winding copper and
Cost factor of the electrical steel, acting

indicator, winding

acting window, | 55 4 45 5 5,5
acting

0.2 42,021 | 45153 | 48,151 | 51,038 | 53,828

H;Sf 0,25 40,106 | 43,172 | 46,111 | 48,943 51,682

0,3 38,692 | 41,710 | 44,605 | 47,396 50,097

The results of calculations (Table 3,4) are graphically explained (Fig. 4-5), and
show a numerical comparison of mass values in EMC with twisted and charged
magnetic circuits.

23
22,5
22
21,5
21
20,5
20
19,5
19
18,5
18
17,5

1 2 3

B Pagl MPap2
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Fig. 4 Diagrams of comparison of indicators of technical level (mass) of single-
phase electromagnetic systems with twisted and shifted magnetic conductors

54
52
50
48
46
44

1 2 3

B Pagl mPag2

Fig. 5 Diagrams of comparison of indicators of technical level (cost 5; 5,5) of single-
phase electromagnetic systems with twisted and charged
magnetic conductors

Modern requirements to reduce material consumption, losses and increase the
reliability of electrical equipment, as well as known structural and structural features
and shortcomings of electromagnetic systems with traditional (rectangular) contours
indicate the need to improve distribution and special induction static devices of
different power, including single-phase transformers and single-phase reactors with
twisted magnetic conductors.

Comparison of characteristics of industrial and experimental single-phase
transformers with rectangular cross-sections of twisted magnetic conductors. An
industrial sample of a single-phase transformer with a traditional magnetic core and an
experimental sample of a single-phase transformer with a radial electromagnetic
system, which is an analogue, were used.

Fig. 6 - Elements of the active part of the transformer: a - magnetic circuit; b -
winding system
Both samples are designed for electrical and electronic equipment, power supply
converters and other electrical equipment. By design, single-phase transformer
versions are dry and have rated capacities S,, = 0,9 kB - Aand a voltage of 220/22 V.
In comparison, control measurements of the mass of the elements of the active part
were performed. The total mass of the transformer was m,s, = 1,9 kr, of which 1.3
kg belongs to the magnetic circuit, and the mass of the winding copper, taking into
account the terminals and sleeves is 0.61 kg.Calculation of the objective mass
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functionm,spand active power losses based on measured data and equations of

mathematical models of the electromagnetic system showed that the efficiency value
Is 89%, which corresponds to the value of the efficiency of single-phase transformer
rod design in the power range 60 ... 120 W and "passport"” data. The calculated and real
values of the mass of the electromagnetic system also almost coincide. Thus, the
adequacy of mathematical models developed on the basis of the basic method is
confirmed.The question of choosing a certain variant of the structure and forming
circuits of rods and winding coils in the design can be solved on the basis of values of
technical level indicators that meet certain optimization criteria for special transformers
and reactors, or on the basis of structural-parametric synthesis of power induction static
devices. criterion with the components of the objective function, namelyF,;; andFj;;,
as well as taking into account the technology and equipment used in the manufacture
of magnetic conductors.
CONCLUSION

1. Indicators of technical level are determined by the criteria of minimums of mass
and cost of rod and armor EMC, which made it possible to perform a numerical
comparison of optimized mass values at different fill factors of the winding window.

2. The indicators of the mass of the planar rod EMC improve relative to the armor
EMC by (4.6... 3)%, and the cost deteriorates by (0.6... 4)%.

3. The question of application of the EMC variant is determined by the conditions
of a specific technical task for design and the requirements of design constraints of
parametric synthesis.
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