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Abstract. A systematic approach to determining the control range of the on-load tap-changer of 
transformers from the standpoint of the synthesis of the voltage mode is proposed. Transformations 
of the equation of nodal voltages, formalized on the basis of the topology of a complex electrical 
network, with respect to the transformation ratios of transformers are given. 
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Introduction  
An increase in the efficiency of power consumers can be 

achieved at normalized values of the power quality 

indicators [1, 2]. In order to ensure the standard indicators 

of the quality of electricity, continuous regulation of the 

network voltage mode is required, which is associated 

with great difficulties due to the variety of regime tasks.   

The choice of the most expedient methods of regulating 

the voltage regime depends on local conditions, and is 

made based on a technical and economic comparison of 

possible options for the application of certain methods or 

means. The analysis of the study shows that the greatest 

economic effect is obtained from centralized voltage 

regulation at power points of distribution networks [3, 4, 

and 5]. 

One of the main methods of voltage regulation in 

electrical networks is the use of regulating devices at step-

down substations, operating on the principle of counter 

regulation. Power transformers with a voltage of 35 kV 

and above are equipped with a special device for voltage 

regulation - a regulator under load (OLTC), which is an 

automatic device that changes the working branch of the 

transformer winding turns. The adjustable winding can 

have 12.16 or 18 steps of regulation by 1.5 or 1.78% with 

a regulation range of ± 9, ± 12 or ± 16% of Unom [5, 6]. 

To increase the efficiency of using the on-load tap-

changer of transformers, it is necessary to check the 

sufficiency of the regulating range to ensure the desired 

voltage level on the low-voltage bus bars in the modes of 

the highest and lowest loads. This problem is solved 

individually for each transformer based on the results of 

calculating the steady state of electrical networks of 

power systems [7, 8]. 

Notwithstanding the above-specified ranges of 

adjustment of working branches achieve desired voltage 

level using tap changer with a deficit of reactive power is 

impossible. Therefore, the development of a systemic 

method for assessing the adjustment range of the on-load 

tap-changer of transformers is an urgent task in modern 

conditions of voltage control of electrical networks. 

1. Topological equations of node 
voltages 
 

The solution to this problem can be obtained by 

transforming the topological system of nodal stresses [9]. 

Based on the theory of graphs, a method for the formation 

of generalized parameters of the electric network, in 

particular, the matrix of the distribution coefficients of the 

driving currents is proposed [10]. The developed 

topological algorithms are implemented in the form of a 

software package for searching and determining all 

possible and specific trees of a directed graph of a 

complex electrical network [11, 12]. The matrix of the 

distribution coefficients of the driving currents is 

formalized based on the topological expression [10, 11 

and 12]: 

                       ij
ij
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                     (1) 

where ijF� - the algebraic sum of specific i-branch 

trees relative to the j-th node; 

F�  - an arithmetic sum of all possible graph trees. 

Node voltages are determined by topological expression 

obtained by analytical transformation of known equations 

of electric state of networks [13-16]: 
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where C  - matrix of complex coefficients of assignment 

currents distribution; Z� - matrix of complex coefficients 

of assignment currents distribution; 0U0U0 - base node 

voltage; Û�  - diagonal matrix of a conjugated complex 

of node voltages; Ŝ  - vector of a conjugated complex of 

nodal loads; t - sign of matrix transposition. 

2. Modelling transformation ratios of 
transformers
Suppose that the regulating ability of the on-load tap-

changer of the transformers provides the desired voltage 

on the bus bars of the secondary winding of the 

transformer in the modes of the highest and lowest loads. 

Therefore, the value of the desired voltage on the bus bars 

of the step-down substation can be considered a given 

value. This allows us to formulate the problem of 

modelling the transformation ratios of transformers from 

the standpoint of the synthesis of permissible modes for 

the voltage of electrical networks of the power system. 

Formalization of the problem posed can be achieved by 

transforming the topological equation of nodal stresses 

(2). 

Suppose that the desired voltages on the buses of 

transformer substations, switched on for the first time by 

n nodes of a complex electrical network, are provided by 

changes in the transformation ratios of transformers. Then 

the nonlinear matrix equation (2), after simple 

transformations, will be written in the form of a voltage 

balance, for example, for the i-th node [17]: 
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U CikU � - partial nodal voltage drops 

of the i-th node; 

idesUidUi - complex desired voltage of the i -th node; 

0U   - voltage of the basic node; 

1 2, ,..., nK K K   - transformation ratios of transformers; 

N - the number of independent nodes. 

The dependent variables in equation (3) are the phases of 

the nodal voltages (	 ) and the transformation ratios of the 

transformers (K). 

The system of nonlinear equations for the stress balance 

of the node under consideration with respect to the 

variables ( ,K	 ) can be obtained from (3), highlighting 

the real and imaginary parts, in the form [14,15]: 
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where ,U Ui i

 

  are the real and imaginary parts of the 

voltage; 

 ijU�  - module of partial nodal voltage drop; 

j�   - phase shift of the load power of the j -th node; 

ij�   - angle of mutual complex nodal resistance. 

It can be seen from (4) that a system of 2n equations 

with 2n unknowns is compiled, the solution of which can 

be obtained by Newton's method. The Jacobi matrix is not 

degenerate and can be written in block form as: 
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If we neglect for distribution networks the influence 

of the phases of the nodal voltages on the values of the 

driving currents, then system (4) can be written as: 
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Then the partial derivatives of the matrix are defined 

as: 
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When calculating distribution networks, the formulas 

for determining the elements of the Jacobi matrix are 

significantly simplified and reduced in the amount of 

calculations performed, since the equation for the voltage 

of the i-th node can be reduced to the form: 
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The system of equations for the zero iteration is written as 

follows: 
0

(1)0 ( )
( ) 0
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where 
(1)K�  is the matrix of corrections of the first 

Newton iteration. Each step of the iterative process 

involves solving system (9) with the subsequent 

determination of the approximation: 
( 1) ( 1)i iiK K K� �� � �                               (10) 

In general, Newton's iterative process can be written 

as: 
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Convergence control is carried out using the vector of 

residuals: 

 ( )W K�  ! , 

where  is a predetermined small value. 

3. Determination of the stage of the 
control branch
According to the calculated values of the transformation 

ratios, it is easy to find the standard step number of the 

transformer control tap according to the formula [8]: 
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Where 

HNU  , RNU  - rated voltage of high and low voltage 

transformer winding; 

AddU  - voltage addition of one step. 

The standard number of the control step is determined 

by rounding to the nearest whole number. For the found 

branch number, the actual value of the desired voltage of 

the secondary winding of the transformer is determined. 

The sufficiency of the control capacity of the 

transformer is assessed with a given range of on-load tap-

changers. If the on-load tap-changer adjustment range is 

insufficient, it is necessary to evaluate the value of the 

capacitor bank power required on the low voltage buses. 

4. Algorithm research results
As an example, two substations are considered, powered 

from a 110 kV ring network. At substation 1 there are two 

transformers with a capacity of 25 MVA each, and at 

substation 2 - with a capacity of 16 MVA each. 

Transformers 110kV with on-load tap-changer have a 

switching device for voltage regulation with nine steps of 

1.78%. It is required to determine the transformation 

ratios and regulating taps of the on-load tap-changer of 

transformers for the given load modes, indicated in Table 

1 The design diagram of the network with parameters is 

shown in Fig. 1a. The directed network graph is shown in 

Fig. 1b. 

The developed complex program is used to search and 

determine the weights of all possible and specific trees in 

the graph [18]. According to the graph trees, a matrix of 

distribution coefficients of the driving currents is 

determined, the values of which are equal [19]: 
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Then a nonlinear system of equations for the 

transformation ratios of transformers (7) is formalized, 

which is solved on the basis of known methods, for 

example, Newton's method. Comparative results of 

calculations performed for the scheme in Fig. 1 with 

parameters are presented in Table 1. 
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Fig. 1a) Design diagram of a network with parameters b) directed graph 
 

Table 1. Calculation results of transformation ratios and control taps 
№ Substation loads Node 

voltages Transformation ratios

S1 S2 U0 Uж k1 k2
МВ×А МВ×А кВ кВ CM SM CM SM

1 42+21i 28+7i 125 10,5 0,093 0,093 0,092 0,090
2 36+18i 24+6i 125 10,5 0,092 0,091 0,089 0,089
3 30+15i 20+5i 125 10,5 0,091 0,090 0,088 0,088
4 24+12i 16+4i 115 10 0,093 0,093 0,091 0,092
5 18+9i 12+3i 115 10 0,091 0,091 0,090 0,091
6 12+6i 8+2i 115 10 0,090 0,090 0,089 0,089

CM - Classic method, SM - System method

 
Table 1. Continuation 

№ Substation 
loads 

Node 
voltages 

Regulating branch number 

S1 S2 U0 Uж n1 n2 

МВ�А МВ�А кВ кВ CM SM CM SM 

1 42+21i 28+7i 125 10,5 1,4 1,84 3,43 3,85 

2 36+18i 24+6i 125 10,5 2,45 2,76 4,15 4,45 

3 30+15i 20+5i 125 10,5 3,45 3,65 4,83 5,04 

4 24+12i 16+4i 115 10 1,67 1,84 2,43 2,27 

5 18+9i 12+3i 115 10 2,73 2,82 3,65 3,14 

6 12+6i 8+2i 115 10 3,73 3,78 4,33 3,98 

Conclusions
The study showed that   

1) The developed and implemented algorithms allow 

determining the transformation ratios of transformers with 

high accuracy. 

2) The developed program can be used for design and 

operational calculations of the modes of electrical 

networks. 
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