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ABSTRACT 

The technical and economic requirements for electrical devices are increasing, mainly aiming at ease of 

operation, increased efficiency and measurement accuracy, as well as cost reduction. These requirements 

can be met by conducting a comprehensive study of the components of each designed device and their 

characteristics. For a contactless current meter, which has found wide application in the power system, 

meeting the above requirements is of particular interest. However, t is impossible to achieve this without 

putting forward new approaches to the current converter study. Since the output signal of the current 

converter mainly depends on the position of the conductive conductor in the magnetic circuit window and 

on the structural parameters of the magnetic circuit, a new modeling approach is proposed in this paper. 

Analytical dependencies have been obtained which, unlike known analogues, allow one to evaluate the 

magnetic field image without discretizing the observed area, as well as by entering the initial values of the 

potential. The proposed dependencies allow the determination of the characteristic parameters of the field 

at any position of the conductor, while in the case of known methods it is necessary to discretize the 

observed area again for each new position, which leads to additional difficulties. 

Keywords-current converter; magnetic circuit; magnetic field; transformer converter 

I. INTRODUCTION  

The development of electric power systems, automatic 
control and monitoring systems, radio electronics, automation, 
as well as several branches of new technology, brought to the 
fore  the need for contactless measurement and subsequent 
transmission to process the data on currents flowing in busbars. 
During electrical equipment operation, in most cases, current 
measurements should be carried out without breaking the 
circuits to prevent equipment downtime, eliminate emergency 
situations, and ensure safety measures for the operating 
personnel [1-3]. For the contactless measurement of current 
values from several fractions of an ampere to several kilo 
amperes, Contactless Current Measuring Devices (CCMDs) are 
successfully used. CCMD operation is based on the measured 
current conversion. According to the conversion method, 
CCMDs are divided into two main groups, as illustrated in 
Figure 1: 

 Converters with direct conversion, which are categorized 
into those with an auxiliary power source and those 
without. 

 Converters with balancing conversion. 

In CCMDs of direct conversion with an auxiliary power 
source, magneto resistors or Hall-sensors are used [4, 5]. A 
converter based on the Hall -effect (galvanomagnetic), with the 
introduction of compensation, allows for the necessary range of 
currents. The disadvantage of these converters, though, is the 
need to introduce compensation with large power consumption 
and, consequently, the former’s lack of autonomous operation, 
since it must be powered by an industrial network. CCMSs of 
direct conversion without an auxiliary power source in turn, are 
distinguished according to the operating principle, into 
electromagnetic and transformer (inductive). CCMDs based on 
an electromagnetic converter are characterized by their simple 
design and are based on the force action of the measured 
current. The main disadvantage of an electromagnetic converter 
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is the need to place it in a certain fixed position relative to the 
measured conductor during each measurement. In addition, the 
presence of a large dependence of the output signal on the 
effect of an external magnetic field and the difficulties 
associated with providing a multi-limit measurement scale are 
significant. Transformer converters have become more 
widespread due to their remarkable combination of simple 
design and wide metrological capabilities. The main drawback 
of a transformer converter is the dependence of the output 
signal on the position of the measured conductor in the window 
of the magnetic circuits. Comparative analysis showed that 
regarding the accuracy of parameter stability, ease of operation, 
power consumption, wide measurement range, and design 
simplicity, the most promising are transformer converters, the 
study of which is the aim of the current work. At present, a 
wealth of experimental and theoretical material has been 
accumulated, allowing the study of the electromagnetic 
characteristics of transformer converters [6-16], however, there 
is no unified methodology for assessing their electromagnetic 
characteristics. A comprehensive study of the electromagnetic 
characteristics of transformer converters was carried out in [17-
19]. 

 

 
Fig. 1.  Classification of current converters. 

Authors in [20, 21] analyzed the parameters of the magnetic 
part of the equivalent circuit of a current transformer in the 
frequency range of 50 Hz to 5 kHz. The conducted tests make 
it possible to understand the obtained values of the frequency 
characteristics of the current error and the phase shift of the 
corrected inductive current transformer. It should be noted that 
for a comprehensive assessment of current converters, it is 
necessary to study the magnetic field distribution in the 
magnetic circuit window. Therefore, numerical methods for 
obtaining an image of the magnetic field distribution have 
become increasingly popular [22-24]. Their advantage is that 
they can obtain characteristic parameters of the field of any 
complex structure and boundary conditions with a given 
accuracy [23, 25]. Considering the magnetic field modeling, 
the use of a hybrid model of Finite Difference (FD) and Finite 
Element (FE) methods [23] is of particular interest.  This model 
is first discretized in the form of rectangular blocks and divided 
into FD and FE zones, increasing calculation accuracy, as well 
as its duration. Despite the widespread use of numerical 
methods, their utilization is not always advisable. The main 
disadvantage of the former is that the solution must be 
completely repeated for each new set of parameters of a given 
problem. That is, when calculating the field deploying a 
numerical method, the values of the function characterizing the 

field are obtained only for one set of parameter values. For new 
parameter values to be obtained, the process must be repeated. 
To avoid this drawback, it is often necessary to use analytical 
equations to determine the field potential. The research carried 
out toward this direction is valuable and has important practical 
significance for studying the magnetic characteristics of 
electromagnets of various configurations. However, they are 
aimed at solving individual specific problems. Considering that 
the result of the evaluation of the electromagnetic parameters 
of transformer converters used in the CCMDs significantly 
depends on the position of the current-carrying wire in the 
magnetic circuit window and the cross-sectional area, it is, 
therefore, necessary to develop a mathematical model for 
studying the magnetic field in the magnetic circuit window. 

The aim of this work is to develop a mathematical model of 
the magnetic field, which will allow studying the magnetic 
characteristics of transformer converters for measured 
conductors of different cross-sections and any position of the 
magnetic wire in the window, as well as for various 
dimensional data of the magnetic wire. 

II. METHODOLOGY 

A. Statement of the Problem and Methodology Justification 

The study and calculation of magnetic fields in the window 
of the magnetic circuit of a transformer converter is a rather 
complex and labor-intensive task, since the magnetic circuit 
has a three-dimensional shape and the current changes over 
time. If the problem is considered static, then it is practically 
impossible to find an analytical function of three unknown 
arguments. Thus, such assumptions must be accepted, under 
which the magnetic field is determined with sufficient accuracy 
by two parameters in a two-coordinate system. The results of 
the analysis and calculation of magnetic fields of the magnetic 
circuit of a transformer converter mainly depend on the field 
excitation method, the shape and properties of the surfaces 
limiting field propagation, and the configuration of the cross-
section of the conductor with the measured current. To simulate 
the magnetic field in the window of the magnetic circuit of the 
transformer converter, the following assumptions are made: 

 The steel of the magnetic circuit has an infinitely large 
magnetic permeability. 

 The measured current is distributed over the cross-section 
of the conductor with a uniform density. 

 The magnetic field has a plane-parallel configuration. 

The problem can be set as follows: Determine the 
distribution pattern of the magnetic field in the magnetic circuit 
window (0 ≤ x ≤ a, 0 ≤ y ≤ b), created with the measured 
current and located at point x=x0, y=y0 (Figure 2). The 
magnetic field pattern depends primarily on the geometric 
shape and cross-section of the current-carrying conductor. The 
field excited by a conductor (bus) of circular and rectangular 
cross-sections is of practical interest. A great amount of 
research has been devoted to determining the magnetic 
induction of a conductor (bus) of rectangular cross-section 
[26]. Hence, in this paper, attention is paid to a conductor of 
circular cross-section with radius R. 
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Fig. 2.  The distribution pattern of the magnetic field in the magnetic 

circuit window. 

B. The Proposed Algorithm 

In the space between the halves of the magnetic circuit (in 
the window of the magnetic circuits), the vector potential A(x, 
y) satisfies the Poisson equation [27, 28], which determines the 
field in the region where the current flows (the location of the 
conductor with the measured current), and the Laplace 
equation, which determines the field in the region where the 
current does not flow. In this case, the problem can be reduced 
to solving the Poisson equation in Cartesian coordinates, 
considering the condition: 

( )
2 2

02 2
, ,

d A d A
j x y

dx dy
µ+ = − ⋅    (1) 

( )
( ) ( )

( ) ( )

2 2 2
0 0

2 2 2
0 0
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,

0 at 

j x x y y R
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x x y y R

 − + − ≤=  − + − >

 (2) 

where R is the radius of the measured current conductor, (x0,y0) 
are the coordinates of the position of the current-carrying 
conductor, μ0 is the Magnetic permeability, j is the current 
density, and A is the vector potential A(x,y) [26], given by: 

( ) ( ) ( )
1
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n
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∞
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Considering that the magnetic field under investigation has 
infinitely large magnetic permeability, the limiting conditions 
can be presented by: 

at 0 0
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The expression Yn(y) is determined from the solution of a 
second-order differential equation considering the limiting 
conditions (4) and (5) and has the form: 

( ) cosn

n
Y y y

b

π
=     (8) 

where n is the period of the function. 

To calculate Xn(x), (8) is used in (3) and after integration 
over y, within a range of 0 to b, (9) is given: 
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Then, by multiplying (1) by the right-hand side of (8) and 
integrating over y, within a range of 0 to b, (10) is obtained:  

( )

( )

( )

2

2

0

2

2

0

0

0

,
cos

,
cos

, cos

b

b

b

A x y n
ydy

bx

A x y n
ydy

by

n
j x y ydy

b

π

π

π
µ

∂
+

∂

∂
+ =

∂

=

∫

∫

∫

   (10) 

Calculating the integrals: 
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and using them in (10), it is obtained: 
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Considering (14) and after integrating, (13) becomes: 
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where: 

( )( ) ( )( )0 0 ,H x x R H x x R − − − − +    

is the Heaviside decomposition. 

Setting g1 and Δ(x0,x,R) as follows: 
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the solution of (15) is represented by: 

( ) ( ) ( )1 2n

n n
X x C x ch x C x sh x

b b

π π
= +   (16) 

Using the method of variation of constants [29] for C1(x) 
and C2(x), the following equations are obtained: 
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Therefore, by  using (17) in (16) the solution is given by: 
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The integration constants C1 and C2, are calculated from the 
boundary equations for the function A(x,y): 

Setting x=0 and x=α, gives: 
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From (19), C2=0 is calculated, and from (20) we get: 
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III. RESULTS AND DISCUSSION 

A. Estimation of the Magnetic Field Distribution 

The vector potential of the magnetic field can be obtained 
from (3), (8) and (21), because of the integrated application of 
the Laplace and Poisson differential equations. The final 
expression of the magnetic potential using Heaviside 
decomposition [29] takes the form: 
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Based on analytical dependencies and calculation results for 
different positions of the conductor with the measured current, 
the four following field distribution patterns were constructed 
for a round conductor with different cross-section sizes: Two 
distribution patterns of the magnetic field in the window of the 
magnetic circuit were created by a current-carrying conductor 
with a conductor cross-section of 0.8 cm

2
, one for the position 

of the current-carrying conductor for coordinates x0=2, y0=2, as 
depicted in Figure 3(a), and the other for the position of the 
current-carrying conductor for coordinates x0=3.5, y0=3.5, as 
portrayed inFigure 3(b). Then two other distribution patterns of 
the magnetic field in the window of the magnetic circuit were 
created by a current-carrying conductor with a cross-section of 
12.5 cm

2
, one for the position of the current-carrying conductor 

for coordinates x0=2, y0=2, as displayed in Figure 4(a), and the 
other for the position of the current-carrying conductor for 
coordinates x0=3.5, y0=3.5, as shown in Figure 4(b). 

 

 
(a) 

 
(b) 

Fig. 3.  Distribution patterns of the magnetic field with a conductor cross-

section of 0.8 cm2. 

 
(a) 

 
(b) 

Fig. 4.  Distribution patterns of the magnetic field with a conductor cross-

section of 12.5 cm2. 

All patterns used the algorithm presented in Figure 5, in the 
C Sharp software environment. The presented analytical 
dependencies make it possible to study the magnetic field at 
different positions and diameters of the conductor with the 
measured current. Having obtained the vector potential of the 
magnetic field, it is possible to determine the induction, which 
will make it possible to estimate the necessary electromagnetic 
parameters [30]. 

B. Testing the Results 

The validity of the proposed model is verified by 
comparing it with the results of the finite increment method, 
used to calculate the magnetic field. The choice of this 
verification method is justified by the fact that to determine the 

magnetic potential by the finite increment method, the 
differential equations characterizing the magnetic field 
(Poisson or Laplace) are replaced by a system of linear 
equations, which it is solved by a numerical method. A 
comparison of the analytical dependencies testing data for two 
cases, one with parameters: R=2 cm, j=159 A/cm

2
, x0=2, y0=2, 

as outlined in Table I, and the other with parameters: R=2 cm, 
j=159 A/cm

2
, x0=3.5, y0=3.5, as listed in Table II, with the 

results of the finite increment method, demonstrated that under 
homogeneous conditions, the difference in their potentials does 
not exceed 2%. A comparative analysis of the experiments 
conducted and the results exhibits that when using the methods 
considered, the maximum deviation of the changes in induction 
in the corresponding sections does not exceed 1.0%. 
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Fig. 5.  Block diagram of the algorithm for determining the magnetic 

potential in the magnetic circuit window. 

Figure 6 presents the changes in magnetic induction in the 
window of a magnetic circuit using the proposed model, while 
Figure 7 shows the changes in magnetic induction in the 
window of a magnetic circuit using the FD method. 

 

experiment 
number

x y  γ, % 

x, y, cm; γ, % 

 
Fig. 6.  Changes in magnetic induction using the proposed model. 
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Fig. 7.  Changes in magnetic induction using the FD. 

TABLE I.  TEST RESULTS FOR THE  FIRST CASE  

(x,y) 

cm 

A(x,y) 

calculated by the 

proposed method 

A(x,y) 

calculated by the 

FD method 

(0.5,0.5), (0.5,3.5), (1.0,0.5), 

(1.0,3.5), (1.5,0.5), (1.5,3.5), 

(2.0,0,5), (2.0,3.5), (2.5,0.5), 

(2.5,3.5), (3.0,0.5), (3.0,3.5), 

(3.5,0.5), (3.5,3.5), (4.0,0.5), 

(4.0, 3.5),  (4.5,0.5), (4.5,3.5) 

4.271×10-6 4.264×10-6 

(0.5,1.0), (0.5,3.0), (1.0,1.0), 

(1.0,3.0), (1.5,1.0), (1.5,3.0), 

(2.0,1.0), (2.0,3.0), (2.5,1.0), 

(2.5,3.0), (3.0,1.0), (3.5,1.0), 

(3.5,3.0),  (4.0,1.0), (4.0,3.0) 

1.208×10-6 1.199×10-6 

(0.5,1.5), (0.5,2.5), (1.0,1.5), 

(1.0,2.5), (2.0,1.5), (2.0,2.5), 

(2.5,1.5), (2.5,2.5), (3.0,1.5), 

(3.0,2.5), (3.5,1.5), (3.5,2.5) 

-3.467×10-6 -3.459×10-6 

(0.5,2.0), (1.0,2.0), (1.5,2.0), 

(2.0,2.0), (2.5,2.0), (3.0,2.0), 

(3.5,2.0), (4.0,2.0) 

-9.437×10-6 -9.428×10-6 

(5.0,1.0), (5.0,3.0) 1.211×10-6 1.208×10-6 

(5.5,1.0), (5.5,3.0) 1.224×10-6 1.219×10-6 

(6.0,1.0), (6.0,3.0) 1.273×10-6 1.288×10-6 

(6.5,1.0), (6.5,3.0) 1.527×10-6 1.520×10-6 

(5.0,0.5), (5.0,3.5) 4.467×10-6 4.459×10-6 

(5.5,0.5), (5.5,3.5) 4.702×10-6 4.698×10-6 

(6.0,0.5), (6.0,3.5) 5.214×10-6 5.206×10-6 

(6.5,0.5), (6.5,3.5) 6.314×10-6 6.308×10-6 

(5.5,1.5), (5.5,2.5) -3.896.×10-6 -3.885×10-6 

(4.5,3.0), (4.5,3.5) 4.360×10-6 4.354×10-6 

(5.0,0.5), (5.0,3.5) 4.467×10-6 4.454×10-6 

(5.5,0.5), (5.5,3.5) 4.702×10-6 4.692×10-6 

(6.0,1.5), (6.0,2.5) -4.407×10-6 -4.400×10-6 

 

IV. CONCLUSIONS 

Known studies on magnetic field modeling concern the 
solution of individual private problems, which limits the scope 
of their application. The models proposed by various authors 
for the magnetic circuit of contactless current meters are 
ineffective. This is mainly due to the fact that the current 
conductor creating the field can have a different cross-sectional 
area and be in different positions of the magnetic circuit 
window. In the current study, the authors propose a new 
analytical approach, which, unlike other methods, due to its 
simplicity and speed of application, is best applicable to 

transformer converters used in contactless current meters. New 
analytical expressions for determining the magnetic field 
potential in the window of the winding wire of a current 
transformer were developed and proposed for further use. 
These expressions make it possible to obtain a picture of the 
field regardless of the geometric dimensions of the winding 
wire, the radius of the measured current conductor, the value of 
the current passing through it, and the position it occupies. As a 
result of their analysis, proposals are presented aimed at 
improving the device. 

TABLE II.  TEST RESULTS FOR THE SECOND CASE 

(x,y) 

cm 

A(x,y) 

calculated by the 

proposed method 

A(x,y) 

calculated by the 

FD method 

(1.5,1.0), (1.5,3.0), (2.0,1.0), 

(2.0,3.0), (2.5,1.0), (2.5,3.0), 

(3.0,1.0), (3.0,3.0), (3.5,1.0),  

(3.5,3.0),  (4.0,1.0), (4.0,3.0) 

2.869×10-6 2.869×10-6 

(1.5,0.5), (1.5,3.5), (2.0,0.5), 

(2.0,3.5), (2.5,0.5), (2.5,3.5), 

(3.0,0.5), (3.0,3.5), (3.5,0.5), 

(3.5,3.5), (4.0,0.5), (4.0,3.5), 

(4.5,0.5),  (4.5,3.5) 

1.017×10-5 1.021×10-5 

(1.5,1.5), (1.5,2.5), (2.0,1.5), 

(2.0,5.5), (2.5,1.5), (2.5,2.5), 

(3.0,1.5), (3.0,2.5), (3.5,1.5), 

(3.5,2.5) 

-8.232.10-6 -8.223.10-6 

(1.0,0.5), (1.0,1.5), (1.0,2.5) -9.11×10-10 -9.105×10-10 

(1.0,1.0), (1.0,3.0) 2.496×10-14 2.481×10-14 

(0.5,0.5), (0.5,3.5), (0.5,1.5), 

(0.5,2.5) 
-4.809×10-10 -4.800×10-10 

(5.5,1.0), (5.5,3.0) 2.903×10-6 2.896×10-6 

(6.0,1.0), (6.0,3.0) 3.030× 10-6 3.024× 10-6 

(6.5,1.0), (6.5,3.0) 3.623×10-6 3.601×10-6 

(0.5,1.0), (0.5,3.0) 5.403 ×10-15 5.394 ×10-15 

(4.0,1.5), (4.0,2.5) -8.370×10-6 -8.361×10-6 

(5.0,1.5), (5.0,2.5) -8.697×10-6 -8.688×10-6 

(5.5,1.5), (5.5,2.5) -9.254×10-6 -9.243×10-6 

(5.5,0.5), (5.5,3.5) 1.110×10-5 1.106×10-5 

(6.0,0.5), (6.0,3.5) 1.230×10-5 1.237×10-5 

(5.0,0.5), (5.0,3.5) 1.060×10-5 1.063×10-5 

(6.5,0.5), (6.5,3.5) 1.499×10-5 1.482×10-5 

 

Unlike the widely used numerical methods in which the 
values of the function characterizing the field can be 
determined for only one set of parameter values, the proposed 
model avoids such limitations. 

The current study’s results make possible: 

 The increase in the speed of obtaining a field image and its 
estimation due to a decrease in the discretization effect of 
the observed area, as well as the absence of a requirement 
for data on the initial value of the potential. 

 The description of the nature of the magnetic field in the 
window of the magnetic circuit for its various dimensions, 
different positions of the measured current line, and 
different diameters. 

The results obtained have a wide range of development 
possibilities. In particular, they can be used to evaluate the 
electromagnetic parameters of various electrical devices and 
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make decisions in accordance with the current standards, as 
well as to design new systems with improved performance. 
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