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Mathematical models intended for constraction of measuring system of balancing units at two ap-
proaches of voltage balancing in consumer connection node have been obtained: usage of compensa-
tion balancing units and units with by phase control of balancing transformer. 
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Fig. 1. Power-supply system scheme 

���������	
 ��������� ������ �	��	 ���� ���	� � �
���� ���
����� ����
�
� ����� �	 ������	 ������� � ����� ����� �����	� �	���	���� ����� � �������

��		
���
 �	�����	
� � �� �������� ������ � ������������ �	���	�� �����
�
������	�	�������

���	� ������ � �	�
���� 
���
������ 
	����� ��
��������� �����
 ����	�	� ��
� 
������� ��� ������������ �	������ ��	��� ������ � �
���� ����� � ����� ������	 
���������

�	�����
	� �� �������� �����
� ������	�	������ ���	�	� ��������� !���� "#� �	
������ ��	� ��	���� �����	�
��	� $" � ������
� 	�
	�	� ""%&'(�)&"% �*�

+���
����� ������ ���	��� �������� �������� � ��	�	� '(�) �*� � ��	�	�
��	������� �	 ������� �	 ��	�	� � �����	� "% �*� ��������� �� �	�	
	�	� ���� ����� 
�	�������� � 	�	�	
 ��� $����	�
��	� ��	������ $' ���������������� 	�	�	
 �	�	��	�	
��
���� ���

,��� ��� ����	�� ��� ��
������� ������ �����- ���	������ �	
���������
����	�	� � ����	�	� � �	����
 �������
 ��
��������	�	 �����	�
��	��� .�	�� 
�����
	 ���

��������

����������� 	
�����	� � ����� ��������		�� ���
��� ������ 	
 	
���	���� � ���	�����

	���� �
���� ����������	������� ��������� ��
 �������
 �
�
����	
 � �
��	���� ��� ������

��������	
���	��� ������� �����
�� ���
	�� �� ������� �����
	 � � ������ 	����������	��

�����	����� !� 
���
��	���� ����
��
�� ��
�	�� ���
��� ��� �
������	�-�
�������	�� ��	����

�����	� ������� ��	��	� ������������ 	
������ ������� ���� 
��	���		�� ����
���� ������

��� ������	�� ���
	������ "��� ������
�
 �� �����������
���� ��
���
�� 	
 	������������

���������
	�� 	
�����	�� ��� ��������	�� ������
	�� ������	� ��� �	
��	� � ����������

	���
�� ��������		�� #"$%�� �����-�	� & �
��	���� ��� 
��	���		�� ����
���� ���''� ��	�

���
�	� ��������
����	���� 	
�����	�� 	� �����	 �����(
�� 
 � ��� 
 ��� �������	�� ����

����� � ��������� ������	�� � ����
��	�� ����
 ������
������  
)������
��� ���������
	�� 	
�����	�� ����	� ���� �
��� � ���	�(�	�� 	���������� ���


� ��	��� �����
� ��������		� ������ 	
 �����	� ������ 
����	� ���	����� *�����	�� �������

�� �
�	�� ���	��������� ���
�
������ 
 �� �������	�� ��
���
�� 	
 	��''�����	���� ���

�����	�� ������� ��������	
���	��� 
+��� ��
��� – '�������
	�� �
���
�������� ������ ����������	�� ������ ���
	����

�����������
	��� ������� ���������
�� ����(�	�� �
�����
 	
�����	�� � ���	�(�	�� ������

� ��	��� ������������
��� 
)
��������� � �
������ ������
� ������� ��������	
���	�� ������ �����
	 �� ����� 1), 

� ����
� ������ ������ ��
	�'���
��� %� � 	
�����	���� ������� ����
	����� �&� ������

������ 	
�����	�� ����
�� �����	������	
� 	
�����
 	
 �����	� 
	�� �&� 
 �������		��

������������ ������� ��������	�	� 	
 �����	� 	
�����	��� �� �&� ���
���� � �������

��	�� ������������
�� � ����������	���
�

� � %�
	�'���
��� ����������� %
 �
�
��������

���� ����������	��� ��������� �
���
	��
�
� . 

$��������� ��
 ������
 � �����������
	�� 	
�����	�� ���
� ���������
	�� �����	�
 ��

�		�� ���
	���� � ���
	���� � ��'
�	�� ���
���	��� ��������������� ��
	�'���
���
�

*��
	
�������� ��. 



���������� �� �
�����������

��� ������ ��	
 ���
 � �

�	
����
��	

Voltages and currents asymmetry influences the reliability and cost efficiency of electrotechnical 
objects operations. This problem is typical in particular for power-supply systems supplied from trac-
tion substations and other asymmetrical sources. Its actuality rises mainly for cargo handling railway 
stations where basic electric load are asynchronous motors of lifting mechanisms drives. Electric 
motors exploitation experience shows the necessity of voltage adjustment to provide its values in 
permissible standards defined by all-Union State Standard 13109-97. In particular for asynchronous 
motors reverse sequence voltage factor should not exceed 2 % [1] and its increase results in their 
overheating and reduction of operation period. 

Voltage adjustment must lead to reduction of current asymmetry in the line too, that essentially 
influences the level of active power loss. Latter is the important economic index and their increase 
points out the nonefficiency of power-supply system construction. 

Let’s consider power-supply system of traction substation (fig. 1) with tansformer T1 that has 
winding voltages of 110/27,5/10 kV. Railway load creates voltage asymmetry on the side of 27,5 
kV and customers connected to 10 kV side are supplied by means of power line with impedance 

�
� . Customer’s transformer T2 is characterized by short-circuit resistance 

�
� . 

There are two approaches to voltage node balancing: usage of balancing units and single-
phase control units of balancing transformer. Let’s analyse them. 
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��� ������������� ��������� �������������� �
 ���������� � �� �������� �����	����

��������� �� ��������� ������� �������������� ����	������� �� ��������� �
� �� ��������� �
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	�� ����� ��	 ���. 
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Fig. 2. Plots of dependence of the current (a) and the voltage (b) of negative sequence  

before and after single-phase control 
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Relation between currents and voltages of positive and negative sequence in electric mains 
node can be represented by means of equation (1) [2]: 

In case of serial transformer T2 usual voltage and current of negative sequence on the second 
transformer side are determined from expressions (2, 3). Expressions (2), (3) are similar to ex-
pressions obtained in [2]. 

In the case of the symmetrical source ( )� �
�

� =�  criterion, at which load balancing is pro-

vided, according to (2) and (3) will be of form (4). 
In this case � �� = , � �� = .   
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Measuring systems of plants for loads balancing are elaborated using criterion (4) [4, 5]. Their 
application is effective when the emf source is balanced. 

Under unbalanced emf source condition ( )� �
�

� ≠�  when using of criterion (4) the incomplete 

balancing is carried out and residuary voltage and current of negative sequence in the node of 
load connection in accordance with (2) and (1) are defined by expressions (5), and since 

( )��

�
����� ����

�

�
�

≈ ÷  [6], and ( )� ��
� �
� �≈ ÷  [7] (depending on transformer power and 

length and section of power line), than negative sequence voltage in this case is 

( )� ���� ���
�

� �≈ ÷ , that doesn’t satisfy customers. 

As it follows from (2), criterion necessary to realize control to provide complete voltage balanc-

ing ( )� �� =  in the load node should be formed as (6). 

At observance of this condition negative sequence current will arise which is defined by ex-
pression (7). 

Hence voltage balancing process by means of criterion (6) using compensation units is con-
nected with change of negative sequence current whose meaning essentially influences the ac-
tive power loss level in power system. Therefore necessity of analysis of voltage asymmetry tak-
ing into account line current values arises. 

Let’s cite calculation examples for power-supply system of traction substation for clearness 
(fig. 1). Power of transformer T1 – 25000 kV· A, power line impedance – ��� ���

�
� �= + ⋅  Om, 

power of transformer T2 – 250 kV· A, short-circuit resistance of transformer T2 – � ��
�

� �= + ⋅  Om. 

In the presence of permissible voltage asymmetry (2 %) and use of criterion (4) when connec-
tion of symmetrical load (node 3) such effective meaning of negative sequence current will be es-
tablished � � �� ��� �� � �≈ ≈ ÷  $� ���� �� ���	����	� % from nominal current of customer’s trans-

former. In the presence of compensative plant and carrying-out the criterion (6) � �� =  and the 

meaning of negative sequence current will increase: � ��� ≈ $� ���� �� �
 % from transformer 

nominal current. Therefore, carrying out the condition (6) determines heavy power losses in 
power line, that points out the diseconomy of such approach. 

Analysed cases of unsymmetrical source allows to draw a conclusion about permissibility of 

application of compensation of balancing units on conditions that value ���
�  doesn’t exceed the 

standard defined by all-Union State Standard 131019-97 and negative sequence current doesn’t 
exceed a value permissible for the present system in accordance with economic parameters.  

��������� ����� %&'"(��# � �$) �  * $)���* )!�$� � )�$� �

Real condition in the circuits of traction substations is determined by presence of voltage 
asymmetry on the top of transformer windings greater than allowable meaning. In this case inves-
tigation of more economical and effective balancing methods causes an interest. Among such 
methods let’s investigate effectiveness of balancing transformer usage. 

Relationship between positive, negative and zero sequences currents in primary and secon-
dary windings of balancing transformer can be described by means of equation (8). 

Expressions for voltages in the node of connected load in this case will be (9). 

A condition for voltage balancing ( � �� =� ) at the absence unbalanced state of load can be 

obtained from (9) (10) 
In the general case criterial function of solution algorithm of equations (9) and (8) can be pre-

sented in form (11) at limitations (12). 
Results of analysis of control law (10) are presented in Fig. 2 taking into account limitations (12). 

Plots 1 of factors of negative sequence currents ���  (Fig. 2a) and voltage ���  (Fig. 2b) built as the 

functions of factors of negative sequence emf ���  in the absence of voltage adjustment and the plots 

2 – after performance of adjustment in two phases of transformer T2. 
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Mathematical models of balancing units measuring system constraction are obtained at two 
approaches of voltage balancing in consumer’s node: using of balancing plants and by-phase 
control units of balancing transformer. It is shown, that application of first approach is noneffective 
due to appearance of great active power losses in power line. 

Under small voltage source asymmetry condition (under 4 %) that ispeculiar to traction substa-
tions is worth using plants with by-phase control of balancing transformer. Modelling results of 
measuring systems of balancing units prove that current and voltage of negative sequence de-
crease 3...4 times, value of U2 does not exceed allowable standards. 
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