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On the basis of Maxwell's field theory and the finite element method, a generalized 
mathematical model and its software implementation have been developed that make 
it possible to study the "anatomy" of electromagnetic devices with adjustable 
inductivity and to determine correlations between their structural and circuit features 
and differential and integral characteristics. The space-time distribution of the 
magnetic field in typical designs of controlled reactors with a pulsating and rotating 
field and their characteristics are determined, design solutions for devices 
optimization are adopted. The results for a three-phase saturable reactor are 
presented. 
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Introduction 

One of the problems of high-voltage power 
transmission is that at large distances the capacitive 
conductance of the line has a significant effect and the 
capacitive current that reduces the line capacity 
increases; moreover, the voltage also unacceptably 
increases. M.Dolivo-Dobrovolsky in November 1918 
made a report on this topic.  

In the 40-ies of the XX century R. Rudenberg 
(Germany) proposed to use the strong magnetic 
saturation of electrical steel to solve the problem, 
pointing out the need to eliminate the higher 
harmonics. Rudenberg's ideas were developed in the 
works of E. Friedlander (GEC, England). GEC has 
manufactured and installed more than 50 ferro-
magnetic reactors in many countries at power from 
tens to hundreds of Mvar (Alexandrov, 2002; Belyaev, 
2009; Zabudsky, 1999). In Russia, a group of 
organizations headed by A.M. Bryantsev mastered the 
production of controlled reactors 25, 32, 63, 100, 180 
MV·A for a 6-500 kV network. Magnetically controlled 
oil-cooled reactors for power from 190 to 1520 kV·A, 
6-10 kV has been developed and implemented 
(Bryantsev, 2003; Dolgopolo, 2014; Bryantsev, 2003). 

Being a reactive power regulation means, reactors 
are necessary for controlling the modes of electro-
energy systems with the aim of solving problems of 
the compensation of excess charge capacity of power 
lines and increasing their throughput, limiting 
switching overvoltages and short-circuit currents, 
reducing voltage fluctuations, rational distribution of 
voltage and current, etc. (Zabudsky, 1999)  

The active part of the reactors and reactors-
transformers consists of a magnetic circuit and in the 
general case of several spatially distributed windings. 

The electromagnetic field is created by windings, 
streamlined by a constant and alternating currents. 
The intensity of the field leads to an increase in power 
losses. The uneven distribution of the latter 
corresponds to the maximum temperatures of the 
elements of the device, which determine the 
permissibility of the limiting electromagnetic loads. 
The foregoing necessitates research and optimization 
of reactors based on field theory (Zabudsky, 1999). 
Descriptions of the developed devices and software 
products are available on the web site 
http://zabudsky.ru. 
 
Saturated reactor of transformer type 
The reactor is designed to operate in the parametric 
voltage regulator (PVR) circuit in order to limit 
voltage fluctuations. It is used to compensate the 
reactive power of the power system in a static 
reactive power compensator (SVC). The PVR consists 
of three main elements: the regulating device is a 
three-phase saturable reactor (SR); two batteries of 

capacitors – shunt shC  and serial sC . Fig. 1a,b shows 

a schematic diagram of the PVR and its current-
voltage characteristic (CVC). The PVR should provide 
or absorb the reactive power at its connection point 

so as to ensure that the voltage nU  is practically 

constant. This power is a function of the voltage yU  

applied to the clamps of the SR and depends on the 
slope to the abscissa axis of the section 1...2 CVC. The 
slope is determined by the ratio of the change in 

voltage 12U  to the change in current 12I  in the 

control range (section 1...2 CVC) and is considered as 
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the dynamic reactance dX . To reduce the resistance 

in the saturation region, the serial battery of 

capacitors sC  is serially connected 

 to the SR, and therefore the required slope is 
provided, which affects the control functions. SR has 
a practically inertial principle of operation, which 
makes it effective for stabilizing the voltage in a 
network with a sharply variable load (Zabudsky, 
1999; Zabudsky, 2015; Bengtsson, 2012). 

Three-phase SR was developed (Zabudsky, 1992); 
its active part consists of a magnetic circuit and 
combined three-phase winding (CW) (Fig. 2). The 
active part is made in the form of three identical 
modules, which are electrically connected together. 
The module contains a three-rod, armored rod core 
and five coils of different phases of the winding. Each 
phase consists of five serial-connected coils, the ratio 
of the number of their turns being 

0.395:0.743:1:0.743:0.395 :w:w:w:ww sabas   

Coils with the numbers of turns wb and wa are the 

main ones, and coils with a number of turns ws are 

phase-shifting. The winding combiles the functions of 
the two windings: working and phase-shifting. The 
adopted ratio of the number of turns of the phase 
coils, the connection scheme of the coils and their 
location on the rods ensure the elimination of higher 
harmonics. Due to the reduced harmonics, SR are 
frequently used (Zabudsky, 2015). 
 
Mathematical modeling and optimization of the 
saturated reactor 
The quasistationary electromagnetic field, which 
actually exists in NF, is described by the eq. (1). 
 

   trotrot  AJA γμ1 a  (1) 

 

where J  and tAγ  are the conductivity current 

density vectors and the eddy current; A is the vector 

magnetic potential; aμ  is the magnetic permeability 

of the medium; γ  – is the electrical conductivity 

A two-dimensional magnetic field in the SR is 
calculated with allowance for its time variation 
(quasistationary field) and a two-dimensional 
magnetic field for a fixed time (stationary field), the 
effect of eddy currents is not taken into account, the 

magnetization curve of the magnetic circuit material 
is assumed to be single-valued. The two-dimensional 
setting is adequate, since the magnetic field is plane-
parallel; eddy currents are suppressed by classical 
measures. 

The value of the magnetic induction in the cores of 
the magnetic circuit in the operating range 
corresponding to the section 1...2 in VAC (Fig. 1b) is ~ 
2 T, so that the expulsion and scattering of the 
magnetic flux can reach appreciable values and it is 
possible to overload individual sections of the 
magnetic circuit magnetically. The research of these 
and other issues and the optimization of the active 
part were the goal of calculating the electromagnetic 
field in the SR (Zabudsky, 1999); the results are given 
below. 

A one module of SR (Fig. 2) is examined, and, by 
virtue of symmetry, the calculation region includes 
the ½th part of it, located above the horizontal axis of 
symmetry (Fig. 3 and 4). 

The calculated SR model (the two-dimensional 
area of the ABCD calculation in Fig. 3) consists of a 3-
core magnetic circuit with side and end yokes, three 
phase coils U with the numbers of turns wa and wb, 
one phase V coil with the number of turns ws and one 
phase W coil, also with the number of turns ws (the 
1st module in Fig. 2). In addition, the non-magnetic 
near-yoke space and the window space of the 
magnetic circuit enter the calculation area. The ratio 
of the number of coil turns is 

0.395:0.743:1:0.743:0.395 :w:w:w:ww sabas   

This ratio determines the ratio of the width of the 
rectangles to the calculation area, which correspond 
to the phase coils (Fig. 2 and 3). 

The coils wa, wb and wa are located on the left, 

middle and right rods (in Fig. 2 these numbers 
correspond to numbers 9, 1 and 2), they belong to the 

same phase U  (in the 1st module SR) and are called 

the main. The ws and ws coils belong to the phases W 

and V respectively, they are located on the left (9th) 
and right (2nd) rods and are phase shifting. The 
vector star of the resultant MMF is symmetric and 
three-phase-split. The width of the plates of the rods 
in the calculation area is 0.1 m, and the accepted, 
initial, width of the yoke is 0.08 m, the length of the 
half-jaws is 0.37 m. 

 

Fig. 1: Schematic diagram of SVC (a) and its VAC (b) Fig. 2: Electromagnetic circuit of three-phase SR 
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The stationary magnetic field was calculated for 

the time instant 1t , to which the values of the phase 

currents  2/ = -I = i = i = Ii umwvumu correspond. 

The direction of the currents in the coils of the phases 
of the winding SR, corresponding to the time t1, is 
shown in Fig. 3 and Fig. 4 with the signs "×" and "∙". 
The quasistationary field was calculated with a step 
Δt = 0.02/120 s in the time interval 0...0.03 s. 

The ABCD region (Fig. 3) of the magnetic field 
distribution is approximated by a group of 8120 two-
dimensional finite elements and includes 4212 nodes 
(Fig. 4). On the outer boundaries of the calculation 
field AB, BC and CD, the Dirichlet boundary condition, 

0A  is given, and the homogeneous Neumann 

boundary condition is given on the boundary of DA, 

0 nA . 

The system of nonlinear algebraic equations 
(NAE) consists of 4025 equations (Zabudsky, 1999). 
The distribution of the vector magnetic potential 

A(x,y) at the nodes of the finite elements group is 

sought. The NAE system was solved by Newton's 
method. The system of linear algebraic equations 
(LAE) formed programmatically at each iteration of 
the solution of the NAE system was solved by the 
Gauss method, taking into account that the width of 
the diagonal band of the coefficient matrix (Jacobian) 
of the LAE system, within which the nonzero Jacobian 
elements are located, is 38. The total number 
elements (zero and non-zero) in the Jacobian line is 
4025. Taking into account the ratio (38 and 4025) 
caused a substantial reduction in the solution time of 
the problem. 

The quasistationary magnetic field was calculated 
using 180 time layers corresponding to a 3/2 period 
of 50 Hz. The potential distribution obtained on the 

previous layer was used as the initial approximation 
of the values of the potential A(x,y) for the field 
calculations on the subsequent time layer, which also 
caused a substantial reduction in the calculation time. 

The initial data for the calculation of the magnetic 
field include arrays of coordinates of only those nodes 
of the group of the finite elements, which are located 
along the coordinate axes. The coordinates of the 
other nodes (Fig. 4) were calculated 
programmatically. In addition, the initial data are 
arrays of environmental characteristics 
(electrotechnical steel, winding with various 
instantaneous values of the current density in phases, 
etc.), the accuracy of the solution of the NAE system, 
the initial potential values, the coefficients of the 
cubic spline (Zabudsky, 1999) and some other values. 

The current density ~J  in the coils of the phases 

of the SR winding was calculated using the 
instantaneous value of the current, taking into 
account the area of the rectangles corresponding to 
the area of the ABCD calculation (Fig. 3) to these coils:  
 

2
~ mA,ωsin2 ck StIwJ   (2) 

 

where tIwk ωsin2  is the instantaneous value of 

the current in the coil, A (Fig. 2 and Fig. 3); kw  is the 

number of turns in the coil; cS  is the cross-section of 

the rectangle, m2. 

The distribution of the potential A(x,y), the 
magnetic field patterns in the calculation region, the 
values of the magnetic induction, the strength, the 
relative magnetic permeability in the finite elements 
for a fixed time are determined. The change in these 
values over time is found for the given FE. A harmonic 

 

Fig. 3: The SR magnetic field calculation field Fig. 4: Approximation of the region by the finite 
 element method 
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analysis is performed for a number of time 
dependencies. For the convenience of 
representability of results, a computer slide film. was 
developed. See also URL 
http://zabudsky.ru/engl/filme/film.html). Based on 
the analysis of the field calculation results below, the 
SR active part has been optimized. 

The magnetic induction in the cores of the 
magnetic circuit (FE 2101, 3991 and 5951) at a 

current density, J = 2 A/mm2 is 2.06, 2.18 and 2.06 

T, respectively. In order to determine the width of the 
plates of the side and front yokes, which corresponds 
to a magnetic induction approximately equal to (or 
less than) the induction in the rods, the field was 
calculated for the plate widths of yokes 0.08, 0.07, 
0.06 and 0.055 m. The outer circuit of the magnetic 
circuit, corresponding to a size of 0.055 m, in Fig. 3 is 

shown by a dashed line, and the size of 0.08 m by a 
solid line. In Fig. 5a shows the dependence of the 
magnetic induction in the lateral yoke (FE 7141) and 
in the end yoke (FE 5016 and 6693). Fig. 5b shows the 
change of the magnetic induction along the width of 
the end yoke. As follows from the above dependences, 
the magnetic induction in the most heavily loaded 
portion of the endhole above the third window at a 
size of 0.055 m is no more than the magnetic 

induction in the rods. Therefore, the cross-section of 
each of the front and side yokes should be taken equal 
to 0.52...0.55 from the cross-section of the rod, which 
causes an economy of steel. 

The most loaded in the magnetic relation are the 
corners of the windows of the magnetic circuit from 
the yoke side. This is due to the fact that the field force 
lines tend to close along the path with a minimum 
magnetic resistance and are concentrated in these 
corners. This can be seen in Fig. 6, which shows the 
spatial distribution of induction in the calculation 
area (the direction of view from the side of the yoke). 
The FEs 953, 1933, 2423, 3823, 4313, 5713, 6203 and 
7183 (Fig. 3 and Fig. 6a) correspond to peak values of 
induction and tension that are inadmissible under 
heating conditions. To reduce these values, the 
medium in the FEs 1022, 1862, 2492, 3752, 4382, 

5642, 6272 and 7112 (they are located in the corners 
of the windows, Fig. 3), was replaced from the air by 
electrical steel. This decision led to a decrease in 
magnetic induction and tension in the yoke parts, 
overloaded in the magnetic ratio, to acceptable values 
(Fig. 6b). 

Fig. 7 shows the pattern of the magnetic field in the 
calculation region ABCD. It accords to the ferro-

 

Fig. 5: Change of magnetic induction in individual FEs of lateral and end yokes (a), in bands of FE of end yoke (b). 

 

Fig. 6: The spatial distribution of magnetic induction in completing FE 1022, ..., 6272, 7112 by air (a); steel (b) 
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magnetic-filled windows corners (FE 1022,..., 6272, 
7112). 

In the windows corners on the yoke side there is 
no concentration of force lines. 

In accordance with the significant magnetic 
saturation of the rods, induction contains, in addition 
to the 1st harmonic, a spectrum of higher harmonics 

of orders ,...3,2,1,16  kkn  For the purpose 

of determining and estimating the values of their 
amplitudes, the quasistationary magnetic field in the 
time interval 0...0.03 s, the time step 

 s 0.02/120=t  was calculated. In Fig. 8 are 

presented the amplitude values taken into account for 
the harmonics of the magnetic induction 
corresponding to the FE 3991 medium rod 1 (Fig. 2 
and 3). The values of the amplitudes of the 3rd, 5th 
and 7th harmonics are used in calculating the losses 
in the steel of the reactor magnetic core; on the basis 
of the third harmonic, a three-phase frequency tripler 
was developed (Zabudsky, 1991). 
 
Conclusions 
1. A rational ratio of yoke-rod cross-sections is 
calculated, it is 0.52...0.55, which decreases the 
material consumption of the device. 
2. The filling of the corners of the windows of the 
magnetic circuit with a magnetic material for 
removing magnetic overloads from sections of the 
magnetic circuit and reducing the scattering flux is 
proposed and investigated. It reduces power loss. 
3. The amplitudes of the harmonics of the odd 
induction spectrum in the magnetic circuit are 
determined; a frequency treater is designed. 
4. The distribution of induction in the group of FE 
approximating the calculation region is determined, 
the values of which are used (as well as the values of 
the amplitudes of the induction harmonics) when 
designing the device (Zabudsky, 1999). 
5. The conclusion about the expediency of filling the 
corners of the windows of the magnetic circuit with a 
magnetic material is general, it is valid for other 
saturable and controlled reactors of the transformer 
type with a pulsating magnetic field. 
6. The adequacy of the mathematical model is 
confirmed by the experimental data and the 

developed original devices, as well as determined by 
the aggregate of the considered physical processes. 
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