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ABSTRACT

The widespread use of current transformers both in relay protection systems and for measuring purposes makes the task of
estimating their errors quite urgent. The permissible error levels of modern measuring current transformers should not exceed a
fraction of a percent. Moreover, the errors of multi-range current transformers with incomplete filling of the magnetic circuit with
secondary windings are determined distribution of the magnetic field in the magnetic system, depending on the scattering fluxes of
the windings. The analysis of the capabilities of various software products that implement the finite element method for the
calculation of electromagnetic systems. It has been established that, to the greatest extent, for the study of the magnetic field of
current transformers by users without special training, is the FEMM software package. Using this program, we studied the
distribution of the magnetic field of the current transformer when the magnetic system is not completely filled with turns of the
secondary winding and with a different arrangement of the return wire of the multi-turn primary winding relative to the secondary
winding for a current transformer with a toroidal magnetic system. For a transformer with a rectangular magnetic system, a magnetic
field is simulated for one and two secondary coils. The characteristics of the distribution of the magnetic field in the magnetic system
and the normal component of the scattering field of the transformer have been obtained. The diagrams of the magnetic field vectors
are constructed for different sections of the transformer magnetic system. It is shown that when the magnetic system is incompletely
filled with turns of the secondary winding, a significant uneven distribution of magnetic induction along the magnetic circuit occurs,
which leads to an increase in the error of the current transformer. Studies have shown the effectiveness of the finite element method
for modeling magnetic fields and error estimation of current transformers. The FEMM software environment used for research is a
universal and accurate information technology for calculating current transformers, convenient for users without special training.
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INTRODUCTION

The accuracy of the calculation of processes in
electromagnetic ~ devices, including  current
transformers (CTs), can be significantly improved
due to the widespread introduction of the finite
element method (FEM) as the main computing base
[3; 4]. Due to its versatility, adjustable accuracy, and
a fairly simple computing organization, the FEM is
currently the basis of numerous information
technologies and software products that implement
them. In this case, computer modelling and
numerical analysis avoid expensive and lengthy field
tests, which accelerates complements and clearly
illustrates the design and development process, and
promotes the development of engineering intuition
[5]. On the other hand, the vast market for such
software products based on FEM makes it difficult
to choose ones for the right researcher and designer.
The appropriateness of using a software product for
a particular user-designer should be evaluated by the
accuracy and speed of solving the field calculation
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problem, the convenience of working with the
program, and the accuracy of finding the quantities
of interest, in particular, errors.

The aim of the study is to investigate the
magnetic field of a CT taking into account the effect
of scattering fluxes and its influence on the
measurement error using the most convenient for
calculation information technology that implements
the finite element method.

To achieve the goal of the study, a preliminary
analysis of the software capabilities for modelling
electromagnetic systems using FEM was performed.

The choice of the most affordable and easy-to-
use software product allows you to go directly to
research, in particular, to conduct a detailed analysis
of the characteristics of a plane-parallel magnetic
field in asymmetric structures of a CT:

— in a toroidal magnetic system (MS) of a
multirange integrated CT with a single-turn primary
winding while different filling of the MS with turns
of the secondary winding;

— in a toroidal MS with a multi-turn primary
winding while a different arrangement of its reverse
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wire relative to the part of the MS that is not filled
with turns of the secondary winding;

— in a rectangular MS with a secondary
winding.

OVERVIEW OF SOFTWARE TOOLS FOR
MODELLING ELECTROMAGNETIC
DEVICES BASED ON THE FEM

Today, the software market has a number of
application  systems  designed to calculate
electromagnetic fields using FEM. Software tools
differ in the level of tasks to be solved, in the way
discretization of the domain into finite elements, in
the structure and content of the software product.

In the analysis of IT and software, we will use
the comparison criteria formulated in [6]. The
earliest FEM for the calculation of electromagnetic
systems was implemented in universal computer
mathematics systems such as MatLab, MathCAD,
and Maple [7]. FEM-based software implemented in
universal systems also has disadvantages that are
characteristic of this method. They are manifested in
a strong dependence of the accuracy of the obtained
solution on the method of discretization of the
spatial region of the simulated electromagnetic (EM)
device. For example, a significant drawback of
FEM-based EM field calculation programs is the use
of a piecewise linear approximation of the desired
function even in areas with linear characteristics of
the medium, which is a source of additional error in
determining the local and integral field
characteristics and device parameters. In the general
case, this disadvantage can be compensated for by
an increase in the number of finite elements and by
conducting additional numerical experiments.
However, this requires serious modification of the
program code.

Another universal IT simulation using FEM is
the Femlab software package [8]. Femlab is
essentially a toolbox of the Matlab package and runs
under its control. This means that all programming
features available in Matlab can be used in Femlab
(for example, convenient graphical output and
processing of calculation results). Another
advantage of Femlab is the ability to export the finite
element model to Simulink (a dynamic system-
modelling tool built into Matlab). However, the use
of Femlab requires knowledge of the Matlab
programming language and a fairly expensive
license, since Femlab is proprietary software and is
distributed as a commercial program.

Let us consider specialized software for
modelling electromagnetic devices based on
FEM.

Universal software analysis system ANSY'S
[9; 10] is quite popular among specialists in the
field of automated engineering calculations,
including the calculation of CT.

As the shortcomings of the ANSYS
program, users note it’s difficult to configure
the graphical interface and a large number of
settings that make it difficult to use. ANSYS is
also a commercial product with a fairly
expensive license.

The computer program ELCUT is intended
for engineering analysis and two-dimensional
modeling by the finite element method [12, 13],
[14]. There are a number of limitations to the
ELCUT program. Most of them are explained
by the desire of the authors to create a simple
and compact computer-modelling tool. The
program requires a paid license. The English
version of the ELCUT package is the
QuickField package [15].

The most universal, simple and affordable for
calculating electromagnetic devices and, in
particular, current transformers, as the analysis
shows, is the FEMM (Finite Element Method
Magnetics) program [16; 17]. On the one hand, the
FEMM program has a simple and affordable user-
friendly interface, has sufficiently powerful tools for
the calculation by the user with minimal special
training, and on the other hand, FEMM makes it
possible to improve the software built into the
package by writing new software modules. For this,
the FEMM system has a special and fairly easy to
learn script compiled language Lua [18]. It should be
especially noted that the FEMM program allows you
to integrate Lua software modules into the Matlab
system, as well as the fact that FEMM is a freeware.
As a drawback of the FEMM program, it should be
noted that the choice of measurement units for
length in older wversions of the program is
inconvenient for the user [19].

The analysis makes it possible to assert that the
FEMM software package is the most acceptable
software tool for studying the distribution of the
magnetic field in a CT. With its help, studies were
further conducted, the results of which are presented
in the article.

STATEMENT OF THE SIMULATION TASK

The errors of the measuring current transformer
are determined by the magnetomotive force (m.m.f.)
of the magnetization, which largely depends on the
design of the MS, the secondary winding and the
relative position of the primary and secondary
windings.
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When the MS is completely filled with turns of
the secondary winding (the symmetrical structure of
the CT — the angle of the turns of the secondary

winding is «, =360°, the scattering flux of the

primary winding does not affect the magnetic field
in the MS and the value of induction B is constant
along the average length B(L,,,)=const the existing

equivalent  circuit and errors  calculation
mathematical model give satisfactory design results.

An experimental study of integrated CTs (Fig.
1) shows that in the case when a part of the MS
remains free of secondary turns with current

(asymmetric structure of the CT, «, <360°), the

magnetic field of the scattering of the primary
winding closes along this part of the MS, magnetizes
it and significantly increases the induction in it. This
leads to an increase in the m.m.f. of magnetization
and errors in measuring the primary current of the
CT in the process of monitoring and accounting for
the consumed electricity. Therefore, the assumption
B(L,yer) =constis valid only for the symmetric
structure of the CT. Note that due to the use of the
FEMM 4.1 version in Fig. 1 and the following
graphs, the linear dimensions are given in non-
system units (centimetres).
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Fig. 1. The dependence of the distribution of
induction B; = ¢(L,,,a,) in MS with an

asymmetric structure of CT
Source: compiled by the author

To obtain at the design stage adequate results
for calculating CT errors, it is necessary to take into
account the actual distribution of the magnetic field
in the MS of the transformer.

In [20], the results of modelling using the
FEMM program of the magnetic field distribution
for various strengths of the MS unfilled part between
the secondary winding sections of the built-in CT
are presented.

To obtain at the design stage adequate results
for calculating CT errors, it is necessary to take into
account the actual distribution of the magnetic field
in the MS of the transformer.

It will be shown below that the use of the
FEMM program for research allows obtaining a
qualitative picture of the distribution of the magnetic

field in various regions of the constructional volume
for various CT models with a minimum waste of
time. It gets a large number of its characteristics and
evaluates the effect of scattering fluxes on the
magnetic field in the MS of CT. This allows you to
take into account within the mathematical model the
actual distribution of the magnetic field for
calculating errors.

RESEARCH MATERIALS

The object of a detailed study is a current
transformer with a toroidal magnetic system
measuring 34.5 / 21.5 / 6 cm, made of cold-rolled
electrical 3411 steel, and with a secondary winding
of copper wire with a diameter of 2.1 mm.

The calculation model is shown in Fig. 2; it
allows you to perform a study of the distribution of
the magnetic field of the CT upon the following
conditions:

— without a reverse wire of the primary winding
and with angles of the secondary winding's turns

a, = (90,180, 270,360)°;

— with the reverse wire of the primary winding
located on the side of middle of the secondary
winding (w; );

— with the reverse wire of the primary winding
located on the side of the middle of the free section
of the MS (w").

\&H--é‘]l

Fig. 2. The calculation model of the toroidal CT

Source: compiled by the author

When designing a built-in CT, the calculation
of the resulting magnetic field strength must be
performed [21], taking into account the selection of
an arbitrary number of sections on the part of MS
which is free of the turns of secondary winding, and
the determining of the conductivity of the total
scattering flux, in view of the specific conductivity
of the closure path of the scattering magnetic flux

(A, ),where the mentioned conductivity depends on
filling the MS of transformer with the turns of the
secondary winding (A, = p(a,)).
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This approach allows us to calculate the
distribution of induction in steel along the average

MS length (B, (Lye) and the real (X) and
imaginary (Y) components of the vector of the

resulting m.m.f. of magnetization taking into
account the magnetic field strength in the section

under the secondary winding (H;,,, Hj,,) and
sections (k ) of the winding-free part of the MS

k k
[Z Hix, ZHiyj.

i=1 i=1

x'|i+Hi2x'|2

FX

k
2 H
i=1
k
2 H
i=1
where: k is the number of elements on the free part
of the MS (k = 8 in Fig. 2) with length I;;

| is the average length of the MS under the
secondary winding.

The error calculation algorithm is implemented
in the FEMM package [20, 21], [22] and gives a
satisfactory result for a toroidal CT with an arbitrary
design of the secondary winding (angle, , number

of layers, incomplete filling of the last layer with
turns of the secondary winding).

However, the dependence A (a,) Was

obtained under a number of assumptions, which
limits the scope of its application only for single-
turn CTs with a toroidal MS and makes it necessary
to simulate the magnetic field of the transformer
when its structure changes.

Modeling in the FEMM program allows you:

— to visualize the distribution of magnetic field
strength lines;

— to plot the diagrams of distribution of
induction along the average length of the MS and the
distribution of the normal component of the
induction of the scattering field of the primary
winding included in the MS;

— to plot a diagram of the vectors of the
tangential component of the magnetic field strength
in different sections of the MS; to determine the
m.m.f. of magnetization without taking into account
the allocation of sections on the free part of the MS
and when dividing it into an arbitrary (1 ... 8)
number of sections (Fig. 2).

Fig. 3, Fig. 4 and Fig. 5 show the results of
modeling the CT magnetic field for various angles
a, (a — distribution pattern of the magnetic field

strength lines; b — distribution of induction along the
average length of the MS; ¢ — distribution of the

normal component of the scattering field of the
primary winding when field mentioned above closing
through the inner surface of the MS; d — MP strength
vectors).

In the absence of a primary winding reverese
wire (single-turn CT), the distribution of magnetic
field strength lines (Fig.3a, Fig. 4 and Fig. 5a) and a
qualitative picture of the distribution of induction
along the average MC length (Fig.3b, Fig.4b and
Fig. 5b) correspond to the calculations given in [20;
21].

The presence of the normal component of the
scattering field of the primary winding, which closes
through the inner surface of MS (L aver inner) in the
section free from the turns of the secondary winding
(Fig. 3c, Fig. 4c and Fig. 5c), leads to a significant
increase in the induction in the sections of the MS
part, which has not winding (Fig. 3b, Fig.4b and
Fig.5b).
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Fig. 3. The magnetic field at «, =90°
Source: compiled by the author
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With increasing sector «,, the normal

component of the scattering field of the primary
winding, which closes along the inner surface of the
MS, decreases (Fig. 3c, Fig.4c and Fig.5¢c), and this
reduces the uneven distribution of induction along
the length of the MS (Fig.3b, Fig.4b and Fig. 5b).
This is confirmed by the diagram of the magnetic
field vectors in the MS regions at «, = var (Fig. 6).
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Fig. 4. The magnetic field at o, =180°

Source: compiled by the author

When the MS is completely filled with turns of
the secondary winding («, = 360°), the CT structure

becomes symmetrical and the distribution of the
magnetic field along the average length of the MS
does not change.
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Fig. 5. The magnetic field at «, = 270°
Source: compiled by the author
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Fig. 6. The components of the magnetic field at
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Source: compiled by the author

A significant increase of induction on the free

part of the MS (Fig.3b, Fig.4b and Fig.5b) leads to a ——————————————————

significant error between the value of the m.m.f. of

magnetization determined by induction on the MS 0047 mx b P

section under the secondary winding (F,,), the oo | “'.3 |

m.m.f. which is calculated by the value of induction o] | | I

along the average length of the MS (Fg,e, ), and oo 1 i /\ /\\ :

m.m.f. which determined taking into account the . : : . i

magnetic state of the sections of the winding-free ’ N e’ " N

part of the MS (F,; + ZF eq;)) (Table, struct. No.1, ¢ o
] ) Fig. 7. The distribution of the magnetic field with

No.2 and No.3). In this case, the calculation error the location of the reverse wire from the

increases with decreasing angle on the MS under the secondary winding side

Secondary Winding (a2 in Fig_ 2). Source: compiled by the author

In the table, the m.m.f. calculated by induction
in the MS under the secondary winding (F,,,) was

taken as the base value for each specific calculating
structure.

The location of the reverse wire of primary
winding (Fig. 7a) relative to the middle of the
secondary winding (modelling was performed at

a, =180°) leads to a deformation of the induction

distribution curve in the MS section under the
secondary winding (Fig. 7b) due to the normal
component of field of the primary winding which
being a part of the outward surface of the MS (Fig.
7c). In this case, the non-uniformity of the
distribution of induction B(L,,,) does not change

(Fig.4b and Fig.7b) and the relative position of the
magnetic field vectors in the MS sections (lines
l1(w2) and li(wz) in Fig. 9 and lines free and w; in

Fig. 3d) is preserved. The calculated value of m.m.f. . - - - - -
magnetization is also practically unchanged (Table, Fons e
struct. No. 2 and struct. No. 4). ¢

Fig. 8. The distribution of the magnetic field with the
location of the return wire from the free part of the MS
Source: compiled by the author
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The location of the reverse wire of primary
winding from the side of the free part of the MS
(Fig. 8a) significantly increases the magnetic
induction on the free part of the MS (Fig. 8b). This
is due to the significant normal component of the
magnetic field scattering flux of the reverse wire of
the primary winding included in the outward
surface of the MS (Fig. 8c) and the normal
component of the scattering flux of the magnetic
field of the direct wire of the primary winding
which is part of the inner surface (Fig. 3c) of the
free section of the MS. Their combined action leads
to the magnetic bias of the free part of the MS of
the CT (Fig. 8b) and an increase in the magnetizing
force of the free section of the MS (line li(free) ) in
Fig. 9).
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Hx.

\ e
A e

74

i {w2)

=20

Fig. 9. The magnetic field strength while different

locations of the reverse wire
Source: compiled by the author

In all FEMM studies, the m.m.f. value (see
Table) was calculated from the tangential
component of the magnetic field strength along the
average length of the sections of the magnetic
system of the corresponding CT structure.

However, the distribution induction along the
radial cross-section of the toroidal MS of
transformer is uneven (Fig. 10).
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Fig. 10. The distribution of induction by radial

cross-section of a toroidal MS
Source: compiled by the author

In this case, the non-uniformity turned out to be
greater on the unfilled part of the MS both in the
presence of the primary conductor of reverse wire
from the free part of the MS (line 3) and in the
absence of the reverse wire (line 2) compared to the
portion of the magnetic system under the secondary
winding (line 1). This leads to a slight increase in the
resulting m.m.f. calculated by the value of induction
along the average length of the MS.

To assess the influence of the design of the CT
magnetic system on the distribution of the magnetic
field, a magnetic field was simulated for a
rectangular magnetic system of a transformer (Fig.
11 and Fig. 12) made of 3411 steel with dimensions:
window width — 7 cm, window height — 11 cm,
average length of the magnetic circuit - 45.6 cm, the
width of the magnetic circuit — 2.4 cm. To assess the
influence of the design of the CT magnetic system
on the distribution of the magnetic field, a magnetic
field was simulated for a rectangular magnetic
system of a transformer (Fig. 11 and Fig. 12) made
of 3411 steel with dimensions: window width — 7
cm, window height — 11 cm, average length of the
magnetic circuit — 45.6 cm, the width of the
magnetic circuit — 2.4 cm.

The calculation showed that for this CT
structure, a similar effect of the scattering field on
the distribution of the magnetic field in the MS is
observed, regardless of the location of the secondary
winding coil on one rod (Fig. 11a) or on two lateral
rods of the MS (Fig. 12a).

)

I

Fig. 11. The distribution of the magnetic field in
the MS of CT with one secondary coil

Source: compiled by the author
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The greatest degree of non-uniformity in the
distribution of induction occurs for MSs with one
coil of secondary winding (Fig. 11b) due to the
larger normal component of the scattering field of
the primary winding closing through the inner
surface of the free section of the MS (similar to the

toroidal CT an «, =90° in Fig. 3c)

Fig. 12. The distribution of the magnetic field in
MS of CT with two secondary coils

Source: compiled by the author

The ratio of the magnetic field vectors in the
free part of the magnetic circuit (L) and along the
average length (Lawer) for one (index 1) and two
(index 2) secondary winding coils (Fig. 13) shows a
significant increase of MMF under the decreasing of
the filling of the MS with turns of the secondary
winding.

L avert

L free1

-2
Fig. 13. The ratio of magnetic field strength

vectors
Source: compiled by the author

The error in calculating the MMF without
taking into account the sections of the free part of
the MS is up to 40 % (see Table; struct. No. 6).

The distribution of induction along the cross-
sections of a rectangular MS is similar to the
distribution in Fig. 10 for a toroidal MS.

Table. The value of the m.m.f. for calculated

models of CT
No. of

calculated | m.ff. | Fyo | Faver | Fwz + ZFfree(s)

structure
1 Fig. 3a 1 1,521 1,63
2 Fig. 4a 1 1,029 1,16
3 Fig. 5a 1 1,025 1,054
4 Fig. 7a 1 1.026 1,17
5 Fig. 8a 1 1,3 1,48
6 Fig. 11a 1 1,21 1,38
7 Fig.12a | 1 | 1,035 1,098

Source: compiled by the author

CONCLUSIONS

1. The study of magnetic fields and CT errors is
most expedient to be carried out by the finite
element method using the FEMM software package.

2. The calculation of m.m.f., performed by the
value of induction in the MS under the secondary
winding, gives a significant (up to 20 %) error in
comparison with the calculation obtained when
taking into account the values of induction in
individual sections of the free part of the MS. The
magnitude of the error is determined by the structure
of the CT and increases with the reduction of the
angle of filling of the MS with the turns of the
secondary winding.

3. The scattering field of the reverse wire of the
primary winding increases the resulting m.m.f. of
magnetization up to 30 % when it is located on the
side of the unfilled part of the MS and depends on
the angle of filling of the MS with the turns of the
secondary winding.

4. The number of sections of the free part of the
MS, ensuring the convergence of the iteration
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process of calculating the m.m.f., must be at least
eight.

5. For accurate calculation of CT errors, it is
necessary to take into account the uneven
distribution of induction over the transverse cross-
section of the transformer MS.

winding is greater than in a toroidal MS with a
distributed secondary winding.

7. The results of the analysis of the magnetic
field show the need to adjust the equivalent circuit
and the mathematical model for calculating errors
for asymmetric CT structures.

6. The uneven distribution of induction in the
MS of the transformer with a coiling secondary
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AHOTAIIA

Tupoxe 3acTocyBaHHS TpaHC(HOPMATOPIB CTPYMY SIK B CHCTEMax PENCHHOTO 3aXMCTY, TaK 1 B BUMIPIOBAJBHUX IIIAX POOUTH
JIOCUTH aKTyaJbHOKO 3a/1a4y OIIHKH iX TMoXuOokK. [Ipu mpomMy MOXHOKH OaraTodima3oHHUX TpaHC(OPMATOpiB CTPyMy 3 HEMTOBHUM
3alOBHEHHSIM MarHiTONpPOBOY BUTKAaMH BTOPHMHHOT 0OMOTKH BH3HAYAIOThCS PO3IIO/IIOM MarHiTHOTO MOJIs B MATHITHINM cHCTeMi, 10
3aeXaTh Bijl TIOTOKIB pO3CitOBaHHA 0OMOTOK. IIpoBeeHO aHaii3 MOXKJIMBOCTEH pi3HHX NMPOTPaMHUX MPOIYKTIB, IIO peai3yroTh
METOJ] KiHIIEBHX E€JIEMEHTIB JUII PO3pPaxyHKy eJISKTPOMAarHiTHHUX CHCTEM. 3a JIONOMOror mporpamHoro kommiekcy FEMM,
BHUKOHAHO JIOCHIJDKEHHS PO3MOJITYy MarHiTHOTO Mojs TpaHcdopmaTopa CTpyMy HpPH HETOBHOMY 3allOBHEHHI MAarHiTHOI CHCTEMH
BUTKaMH BTOPWHHOI OOMOTKM 1 IpH PI3HOMY pO3TallyBaHHI 3BOPOTHOTO MPOBOMY OaraTOBUTKOBOI NEPBUHHOI OOMOTKH OO
BTOPHHHOI OOMOTKH JUTA TpaHC(opMaTopa CTpyMy 3 TOPOiJaIbHOIO MarHiTHOIO cucreMoro s TpaHchopmaTopa 3 MPSIMOKYTHOIO
MAarHiTHOIO CHCTEMOIO BHKOHAHO MOJICIIOBaHHS MAarHiTHOTO TIOJI TMPH OIHIA i IBOX KOTYIIKaX BTOPHHHOI 0OMOTKH. OTpHMaHO
XapaKTEePUCTHKH PO3IMOILUTy MarHiTHOTO IMOJISl B MArHITHIA CHCTeMi i HOPMaJbHOI CKIIaZOBOi MOJSI PO3CIIOBaHHS TpaHc(hOpMaTopa.
IToGynoBano niarpamMu BEKTOPIB HANpPYXKEHOCTI MarHiTHOTO MOJS ISl Pi3HUX AUISHOK MarHiTHOI cucteMu TpaHcdopmatopa.
IMoka3aHo, 110 NpPY HEMOBHOMY 3allOBHEHHI MarHiTHOI CHCTEMH BHTKaMH BTOPHHHOI OOMOTKHM BMHHMKAa€ 3Ha4Ha HEPiBHOMIpHICTbH
pO3MOAITy MarHiTHO! iHAYKIii B3MOBX MAarHiTOIPOBOJY,, LIO HPH3BOAUTH 1O 30UIbIIEHHS HMOXHOKH TpaHcdopmaTopa CTpyMmy.
IIpoBeneHi mociimKeHHs MOKa3ylOTh e()eKTHBHICTh 3aCTOCYBaHHS METOAY CKIHYEHHHX €JIEMEHTIB IJIsI MOZENIOBAaHHS MarHiTHHX
MoJiB 1 OWIHKKM MOXHOOK TpaHchopmaropiB crpymy. [Iporpamue cepemosume FEMM, Bukopucrane Uit OOCHIIKEHHS, €
YHIBEpPCaJbHOI 1 TOYHOK 1H()OPMALIHHOI TEXHOJIOTIEID aHalli3y MAarHiTHOTO TOJi TpaHc(HOpMATOpiB CTPyMY, 3PYYHOIO IS
KOPHUCTYBauiB 0e3 CIemiaabHOI MiATOTOBKH.

Kaiouosi cioBa: Gararomiana3oHHHH TpaHcopMaTop CTpyMy, METOH KiHIIEBHX eleMeHTIiB, mporpama FEMM; posmomin
MAarHiTHOTO TOJIS1 B MarHiTONPOBO/I; IIOXHOKa BUMIPIOBAILHUX TpaHCHOpMaTOPiB
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AHHOTAIMA

[Ilupokoe HpUMEHEHHEe TPaHCHOPMATOPOB TOKA, KaK B CHCTEMaX DPENCHHOH 3alUThl, TAK U B H3MEPUTENBHBIX LEIAX
onpefeNnseT 3aJady OLEHKH MX MOTPEHIHOCTeH [JOCTaTOYHO aKTyadbHOW. IIpM 3TOM MOrpemrHoCcTH MHOTOJHMANa30HHBIX
TpaHCGOPMATOPOB TOKA C HEHOJHBIM 3allOJHEHMEM MAarHUTONPOBOJA BUTKAMH BTOPMYHOH OOMOTKM B 3HA4YMTENBHOH Mepe
OTIPEAENSAIOTCS PACMIPEeIeHHEM MAarHUTHOTO TOJIsl B MArHUTHON CHCTEME, 3aBUCAIINM OT IOTOKOB paccesHHs oOMoTok. IIpoBenex
aHaMM3 BO3MOXKHOCTEH pAa3IMYHEIX IPOTPAaMMHBIX IIPOAYKTOB, PEATN3YIOIMX METOX KOHEYHBIX O3JEMEHTOB, Ul pacdeTa
NIEKTPOMarHUTHEIX cucteM. C momomplo nporpaMmHoro kommiekca FEMM, BbIOIHEHO MCCleNOBaHUE pacHpeesIeHUs
MarHATHOTO MO TpaHC(hOpMAaTOpa TOKa IIPH HETIOJHOM 3aIll0JIHEHHMH MAarHUTHOH CHCTEMBI BUTKaMH BTOPHYHOW OOMOTKH U IIpH
Pa3IMYHOM PACIIOJIOKEHHH OOpaTHOTO NPOBOJA MHOTOBHTKOBOH HEPBHYHONH OOMOTKM OTHOCHTENHHO BTOPHYHOM OOMOTKM IJIS
TpaHcopMaTopa TOKa C TOPOMAAIBHOW MarHUTHOW cucTeMoil. s TpancdopmaTtopa ¢ MPSMOYrOJBHOW MAarHUTHOW CHCTEMOM
BBIMIOJIHEHO MOJIETHPOBAHUE MAarHUTHOTO MOJISA MPU OJHOM M ABYX KaTylIKaX BTOpHYHOH oOMOTKH. IlomyueHbl XapaKTepHCTHKH
pacnpeienieHlss MarHUTHOTO MOl B MAarHUTHOM CHCTeME M HOPMalbHOW COCTaBISIONIEH MO paccesHUs TpaHchopMmaTopa.
ITocTpoeHs! nuarpaMMbl BEKTOPOB HAIPSKEHHOCTH MarHUTHOTO TOJIS JUISL Pa3sHBIX y4acTKOB MarHMTHOM cucteMsl. [lokaszaHo, 4To
IIPY HEIOJIHOM 3alOJHEHWM MAarHWTHOW CHCTEMBl BHTKaMH BTOPHYHOW OOMOTKM BO3HHMKAeT 3HAUYHTEIbHAas HEPaBHOMEPHOCTH
pacnperneneHs MarHUTHOH MHAYKIUH BIOJIb MarHUTOIIPOBO/IA, YTO IPHBOJNT K YBEIMIECHHIO OTPEITHOCTH TpaHchopMaTopa TOKa.
[IpoBeneHHBIE HWCCIIENOBAaHMS ITOKA3bIBAIOT 3()(EKTUBHOCTH IPHMEHEHHs MeToJa KOHEYHBIX JJIEMEHTOB JUI MOJCIHPOBAHMS
MarHATHBIX TIOJIeH W OLEHKH IIOTpeIlHocTed TpaHchopmaropoB Toka. [Iporpammuas cpema FEMM, wucnonbs3oBanHas st
WCCIICIOBAHNs, SIBISICTCS YHHBEPCAIHHOW W TOYHOW WH(POPMAIIMOHHOW TEXHONOTHEH Uil aHajiu3a MAarHUTHOTO —MOJIS
TpaHC(HOPMATOPOB TOKA, YAOOHO! AJIsI OJIb30BaTeNel 0e3 CreuaibHON MOArOTOBKH.

KniodeBble cJI0Ba: MHOTOJMAINA30HHBIA TpaHC(HOPMATOp TOKA; METOX KOHEUHBIX 3JIEMEHTOB; HMPOTPAMMHBIN KOMILIEKC
FEMM; pactpenenenre MarHUTHOTO TIOJIST B MATHUTONPOBO/IC; MTOTPEIIHOCTS H3MEPUTENBHBIX TPAHC(HOPMAaTOPOB
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