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STUDY OF CURRENT TRANSFORMERS MAGNETIC FIELD BY METHOD
FINAL ELEMENTS USING THE FEMM SOFTWARE COMPLEX

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.

Keywords: multiband current transformer; finite element method; FEMM software package; magnetic field distribution in the

magnetic circuit; error of measuring transformers

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 comple-
ments 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 problem, the
convenience of working with the program, and the
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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
wire relative to the part of the MS that is not filled
with turns of the secondary winding;
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— 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 ANSYS
[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.

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 o, =360°, the scattering flux of the
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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,er) =cConstis 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, = ¢( Ly, ) in MS with an
asymmetric structure of CT

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
gualitative 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

ay =(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).

““m.___bj
Fig. 2. The calculation model of the toroidal CT

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, = o(a,)).

This approach allows us to calculate the
distribution of induction in steel along the average
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MS length (B, (Laer) 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 (Hj,,, Hj,,) and

sections (k ) of the winding-free part of the MS

k k
(ZHix,ZHiyj.
i=1 i=1
k
I:x :ZHix 'Ii + Hi2x '|2
i=1

k 1
Fy :_ZiHix Ji + Higy -1
1=
where: k is the number of elements on the free part
of the MS (k = 8 in Fig. 2) with length I ;
I2 is the average length of the MS under the
secondary winding.

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

Figures 3-5 show the results of modeling the CT
magnetic field for various angles ¢, (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 (Figs. 3a, 4a, 5a) and a
qualitative picture of the distribution of induction
along the average MC length (Figs. 3b, 4b, 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
(Figs. 3c, 4c, 5¢), leads to a significant increase in
the induction in the sections of the MS part, which
has not winding (Figs. 3b, 4b, 5b).
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Fig. 3. The magnetic field at a, =90°
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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 (Figs. 3c, 4c, 5c¢), and this reduces the
uneven distribution of induction along the length of
the MS (Figs. 3b, 4b, 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 oz, =180°

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 a, = 270°
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Fig. 6. The components of the magnetic field at
0(2 =\var

A significant increase of induction on the free
part of the MS (Figs. 3b, 4b, 5b) leads to a
significant error between the value of the m.m.f. of
magnetization determined by induction on the MS
section under the secondary winding (F,,), the
m.m.f. which is calculated by the value of induction
along the average length of the MS (F,er ), and

m.m.f. which determined taking into account the
magnetic state of the sections of the winding-free

part of the MS (K, +ZFeeiy) (Table, struct. No. 1,

2, 3). In this case, the calculation error increases
with decreasing angle on the MS under the
secondary winding («, in Fig. 2).

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, Fig. 7b) and the relative position of the
magnetic field vectors in the MS sections (lines
l1(w) and Iy(w,) 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,
struct. No. 2 and struct. No. 4).

Fig. 7. The distribution of the magnetic field with
the location of the reverse wire from the secondary
winding side

Fig. 8. The distribution of the magnetic field with
the location of the return wire from the free part of the
MS
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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 l;(free) ) in
Fig. 9).

Hy, A'm

\ A
y N
v

h(w2)

=20

Fig. 9. The magnetic field strength while different
locations of the reverse wire

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

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
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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)

’
3

NV,
N
E

e

A\ 77

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

The ratio of the magnetic field vectors in the
free part of the magnetic circuit (L) and along the
average length (Laer) 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.

Hx*

L avert

L freet

s

Fig. 13. The ratio of magnetic field strength vectors

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 | Faer | Fw2 +ZFfrec(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

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.

6. The uneven distribution of induction in the
MS of the transformer with a coiling secondary
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.
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JOCJIIKEHHSA MATHITHOI'O ITIOJISI TPAHC®OPMATOPIB CTPYMY
METOAOM KIHHEBHUX EJIEMEHTIB 3 BAKOPUCTAHHAM
INPOI'PAMHOI'O KOMILVIEKCY FEMM

Anomauia. Illupoke 3acmocysanis mpancgopmamopie cmpymy AK 8 CUCIEMAax peietiHo20 3axXucmy, max i 6 UMIprO8aNIbHUX
yinax pobums 0oCUmMsb AKMyanrbHO0 3a0ayy oYiHKU ix noxubox. Ilpu ybomy noxubxu 6aeamooinazoHHUx mpaHc@opmamopie cmpymy
3 HEeNoGHUM 3ANO6HEHHAM MASHIMONPOBOOY GUMKAMU 6MOPUHHOI 0OMOMKU BUHAYAIOMBCA PO3NOOINOM MASHIMHO20 MO 8
Ma2HImHIU cucmemi, wo 3anexcamv 8i0 NOMOKI@ po3citosanus 0omomox. Ilposedeno auaniz moocaugocmell pisHUX NPOSPAMHUX
npoOyKmis, wo peanizyions Memoo KiHyegux eneMenmie Ons pO3PAXYHKY eneKmMpOMASHIMHUX CUCEM. 3a 00NOMO2010 NPOSPAMHO20
komnnexcy FEMM, suxonano 0ocniodcenns po3nooiny MAazHimHozo nois mpanc@opmamopa cmpymy npu Heno8HOMY 3anO8HeHHI
MAZHIMHOT cucmemu UMKAMU 6MOPUHHOL 0OMOMKU | NPU PI3HOMY PO3MAULYEAHHI 360POMH020 NPOE0JY 6a2amosuUmMK080i NepeuHHOL
00MOMKU w000 6MOPUHHOI OOMOMKU ONsL  MPAHCHOpMAmopa Ccmpymy 3 MOpOIOanbHol MazHimnolo cucmemoio [lns
mpancgopmamopa 3 npAMOKYmMHOIO MASHIMHOIO CUCIEMOIO BUKOHAHO MOOENIOBANHA MASHIMHO20 NOJA NPU OOHIN | 080X KOMYWKAX
emopunnoi oomomku. OmpumMaHo Xapaxmepucmuku po3nooiny MAsHIMHO20 NOA 8 MASHIMHIN cucmemi i HOPMATbHOI CK1a0080i
noas poscirosanus mpancgopmamopa. Ilo6yoosano diazpamu 6eKmopie HANPYHCEHOCMI MASHIMHO20 NOA Ons Pi3HUX OLIAHOK
MaeHimHoi cucmemu mpancgopmamopa. Ilokazano, wo npu HeNOBHOMY 3ANOBHEHHI MACHIMHOL cucmemu 6UMKAMU GMOPUHHOL
0OMOMKU BUHUKAE 3HAYHA HEPIBHOMIPHICMb PO3NOOILY MAZHIMHOL [HOYKYIL 6300824C MASHIMONPOBOOY,, WO NPU3E0OUms 00
30inbuents noxubku mpaucgopmamopa cmpymy. Ilposedeni 00cniodicenHsi nOKA3VIOMb eQEeKMmUSHICIb 3ACMOCY8AHH MEmoody
CKIHYEHHUX elleMeHMi8 05l MOOeNI08AHHA MASHIMHUX NONI6 | OYiHKU NOXUbOK mpancopmamopie cmpymy. Ilpoepamne cepedosuiye
FEMM, suxopucmane 0nsi 0OCHIOMNCEHHS, € YHIBEPCANbHOI | MOYHOIO IHHOPMAYIHOIO MEXHONO0ZIEI0 AHANIZY MAZHIMHO20 NOJIs
mpancgopmamopis cmpymy, 3pyuHoI0 05 KOPpUCHY8ayie bes cneyianbHoi nio2omosxu.

Knrwwuoei cnosa: bacamoodianazonnuti mpancopmamop cmpymy, mMemoo Kinyegux enemenmis, npoepama FEMM; posnoodin
MASHIMHO20 NOJISL 8 MASHIMONPOBOOL;, NOXUOKA BUMIPIOBAILHUX MPAHCHOPMaAmOpIe
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NCCIEJOBAHUE MATHUTHOI'O I1IOJIAA TPAHC®OPMATOPOB TOKA
METOJAOM KOHEYHbIX 3JIEMEHTOB C IPUMEHEHUEM
NPOIrPAMMHOI'O KOMIIVIEKCA FEMM

Annomanus. [lupoxoe npumenenue mpanc@opmamopos moka, KaxK 8 CUCeMax peietiHoll 3auumsl, Max U 6 USMepUmenLbHblX
yensix onpedensiem 3a0ayy OYeHKU Uux noepeuiHocmeti 00CMamoyHo akmyanvhou. Ilpu 5mom nocpewtHocmu MHO200UANA30HHBIX
mpancghopmamopos moxka ¢ HenoJHbIM 3aNOIHEeHUeM MAZHUMONPO8OOd UMKAMU GMOPUYHOU OOMOMKU 6 3HAYUMENbHOU Mepe
ONpeoensomes pacnpeoeieHuemM MAZHUMHO20 NOJs 8 MAZHUMHOU CUCmeMe, 3a6UCAWUM ONn NOMOKO8 DPACCesHUs O0OMOMOK.
Ilposeden ananusz 603MOACHOCMEL PAZIUYHBIX NPOCPAMMHBIX NPOOYKMOG, PEaiu3yIoWux Memood KOHEUHbIX JIeMEeHmos, 0/ paciemda
anekmpomaciumuelx cucmem. C nomowwlo npocpammnozo kKomniexca FEMM, evinonneno ucciedosanue pacnpeoeienus
MASHUMHO20 NOJISL MPAHCHOPMAMOPA MOKA NPU HENOIHOM 3ANOJIHEHUU MAZHUMHOU CUCTEMbl BUMKAMU 6MOPULHOU 0OMOMKU U NpU
DPA3IUYHOM PACHONONHCEHUU 0OPAMHO20 NPOBOOA MHO208UMKOBOU NEPEUYHOU 0OMOMKU OMHOCUMENLHO 6MOPUYHOU 0OMOMKU 014
MPaHCGHOpMaAmopa moka ¢ mopoudaIbHOU MAZHUMHOU cucmemou. /s mpancghopmamopa ¢ npsamoyeoabHOl MASHUMHOL CUCEMOU
6bINOHEHO MOOCAUPOBAHUE MASHUMHO20 NOJSL NPU OOHOU U 08X KAMYWIKAX emopuunoti oomomxu. Ilonyyenvl xapakmepucmuxu
pacnpeoenenus MASHUMHO20 NOAA 8 MASHUMHOU cucmeme U HOPMATbHOU COCMAsnaloujell nois paccesinus mpanc@opmamopa.
Tlocmpoenvi Ouazpammvl 6eKMOPO8 HANPANCEHHOCIU MASHUMHO20 NOJISL ONIA PA3HBIX Y4ACMKO8 MacHumuou cucmemsl. Iloxkasano,
Umo npu HenoIHOM 3aNOIHEHUU MACHUMHOU CUCTeMbl GUIMKAMU GMOPUYHOLU 0OMOMKU OZHUKAEN 3HAYUMEIbHASL HEPAGHOMEPHOCTDb
pacnpeoenenus MAHUMHOU UHOYKYUU 800b MACHUMONPOB0Od, 4MO NPUBOOUM K VEEIUYEHUI) NOZPeuHOCmU mpanc@opmamopa
moka. IIpogedennvie ucciedosanus NOKA3bI8AION 3POEeKMUEHOCMb NPUMEHEHUSL MEMOO0A KOHEUHbIX SIIeMEHMO8 OJisk MOOCIUPOBAHUSL
MASHUMHBIX NoJlell U OyeHKU nozpewHocmeti mpaucgopmamopos moxa. Ilpoepammnas cpeoa FEMM, ucnonvzoeannas ona
uccne006anus, AGNAEMCS  YHUBEPCANbHOU U  MOYHOU UHGOPMAYUOHHOU mexHono2uel ONs AHAIU3A  MACHUMHO20 — NOJIS
Mpancoopmamopos moxa, yOooHou 051 noiv3oeameneti 6e3 CReyuaibHOU HOO20MOBKU.

Knrouesvle cnosa: mHoeo0uanaszoHHulli mpanc@opmamop Mmokda, Memoo KOHEYHbIX DIEeMEHMO8;, NPOSPAMMHbINL KOMNICKC
FEMM; pacnpedenenue macnumno2o nois ¢ MacHuMonpogooe,; NoSPeuHoCHb U3MEPUMENbHBIX MPAHCHOPMAmopos
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