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CALCULATION OF THE GEOMAGNETIC INDUCED CURRENTS
IMPACT ON THE HIGH-POWER TRANSFORMER

IVANKOV V. F. Ph. D. in Engineering Science, Head of Dpt. at «Zaporozhtransformator» PrJSC,
Zaporizhzhia, Ukraine, e-mail: ivankov.viktor@gmail.com;

BASOVA A. V. Ph. D. in Engineering Science, Senior Engineer at «Zaporozhtransformator» PrJSC,
Zaporizhzhia, Ukraine, e-mail: awbasova@gmail.com.

Purpose. Determination of resistance of a powerful power transformer to the action of geomagnetic induced cur-
rents (GIC) and structural measures for its increase, if necessary.

Methodology. An analytical calculation of the magnetization current (MC) is applied, which under the action of
geomagnetic induced currents is excited in addition to the rated current in the higher voltage winding. Analytical and
numerical calculations of the magnetic field and the losses, and computational-empirical methods for estimation of the
temperature rises are used.

Findings. For a five-core transformer with a power of 630 MVA under the GIC effect, the increased losses and
heating of structural elements on the cores of the magnetic system, the tank, and the increased sound level are deter-
mined.

Originality. For the case of orthogonal property of the vectors of winding rated currents and the vectors of har-
monic components of the peak unbalanced MC, the Joule losses are represented by the sum of the losses due to these
currents using the increase factors for ohmic losses in non-magnetic and ferromagnetic structural parts, which depend
on MC harmonic spectrum.

Practical value. The stability of the transformer under test to the given level of GIS was confirmed, and structural
measures for its increase were recommended. The tested methods can be used in the computational design, in the study
of real cases of equipment operation.

Key words: transformers; geomagnetic induced currents; losses; temperature rises; calculations.

I. INTRODUCTION

Varying solar magnetic activity causes the responses —
of geo-magnetic field, which induce electrical potentials [f?
on the Earth’s surface. In case of considerable distances -~ \
between the ground points of the winding neutrals of I
transformers, shunt reactors and other equipment t
associated with HV lines, geomagnetic inducted currents I
(GIC) flow through the conductors of long-distance - =
power transmission lines connected to electrical r ‘\‘\\((z,m’ LI l
equipment - fig. 1 from the Standard [1]. P L ot .

In the most events such currents are considered as . T i
quasi-fixed (DC) currents IDC=IGIC/3, which are closed SN Earll Surtate Patental =SS

in the transformer higher-voltage windings (HV) in

addition to operational alternating currents (AC). Figure 1. GIC flow into a power transformer
Observation within operation and theoretical researches

demonstrate that GIC effects causes overheating of the II.ANALYSIS OF RESEARCH AND PUBLISHED
structural elements, especially, tie bars and clamping PAPERS

plates of the magnetic system (MS) [1], and lead to

increased sound level The issues of GIS occurrence and effects on the

electrical equipment of the power systems, in particular
on the power transformers are considered in [2]. It is
noted that if the so-called methods of active blocking or
compensation of direct currents are not applied [5], [13],
MS saturation due to superposition of AC and DC mag-
netic fluxes is possible in the transformers with five- core

The requirement of evaluation of thermal withstand
capability of the power transformers exposed to GIC is set
by new Standard [1]. Therefore, study of GIC effect on
the high-power transformer is of great current interest.

© Ivankov V.F., Basova A.V., 2019
DOI 10.15588/1607-6761-2019-4-1
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three-phase or single-core single-phase designs, and gen-
eration of unbalanced nonsinusoidal magnetizing current
(MC) in HV windings [4]. Generation of MC with half-
period peaks is illustrated in fig. 2 from [5], [6].

Saturated

///\\
7

Time

Unsaturated

]

—+ Half-cycle saturation currents

Normal currents —*<g e

Time

Figure 2. Induction in unsaturated and saturated core,
and magnetizing current

Studies of GIC effects on the transformer are pre-
ceded by theoretical assessments and direct measurements
of induced electric potentials, DC currents duration and
magnitude at probable sites of equipment operation [4], [5],
[13]. Based on the results of such studies, the customers
declare the appropriate requirements for the manufacturers.
DC current duration and magnitude can be considered as
necessary and sufficient for evaluation of the equipment
withstand strength under GIC effect [8], [9].

Thus, in [8], MC in HV at currents of 25/3, 50/3,
100/3 A DC is analyzed for 292 MVA transformer, and in
[12], MC is analyzed at 50/3 A DC for 550 MVA
transformer. In [15], 65 A DC is considered to be critical
for the tank temperature rise for the transformer rated for
400 MVA capacity.

To evaluate MC in HV winding the well-known
papers contain description of T-shaped single- or three-
phase equivalent circuit with lumped parameters [2]. It
comprises of the circuit of parallel-connected inductive
excitation impedances of MS and windings connected in
series to HV winding ohmic and inductive resistance.

Simultaneous effect of alternating and direct voltage
on the specified nonlinear circuit is investigated by
numerical methods using the ATP-EMTP, Mathlab
software. In this case, MS magnetizing is simulated with
consideration of the hysteresis (flux current) loop [11],
[15], [16] or according to normal magnetization curve of
electrical steel [12].

The papers [2], [3], [8] describe analytical
evaluation of the amplitudes and the harmonic
composition of HV winding MS peak current. The valid
assumption was made for high-power transformers which
ohmic resistance of HV winding is much less than its dy-
namic inductance. Due to the saturation of electrical steel
of MS core, this inductive resistance is determined by
winding inductance without core xy,; = wly, , @ =27 .

Peak MC 1i,,,, (¢,c) at saturation angle « of HV wind-

ing rated for phase voltage U is generated at time interval
7—a<wt<r+a and determined by expression [3]

Imag(t.a0) =—A(coswt+cosa), (1)

where 4=+2U/ X4a » and saturation angle « is obtained

from condition of equality of DC Ip¢ and the zero-th har-
monic of expansion of the function (1)

Ipc =ig=A(sina—acosa)/ . 2)
Maximum MC value in HV winding is equal to
imax = A (1=cosa). 3)

MC phase is determined by applied voltage phase,
thus, maximum value of balanced operational currents of
LV and HV windings is offset by the angle 7/2 or by
another, so-called, load angle ¢ . This leads to the fact

that within different time intervals the transformer active
part is exposed to different magnetic fields. The first
magnetic field is due to balanced sinusoidal operational
currents of the winding in case of unsaturated MS. The
second is due to unbalanced MC in HV winding.

The magnetic field of operational currents is defined
as leakage field, that is, provided that the total ampere-
turns of the windings are equal to zero. For its calculation,
the sufficiently well-known analytical calculation models
are widely used [17], [20], including, for example, the
plane-parallel model of the winding system taking into
account MS core using the method of mirror reflections.

The magnetic field of HV winding unbalanced MC
is solenoidal field and the above model should be
considered as unacceptable for its calculation. Therefore,
when studying GIC effects on the transformers, the finite-
element (FEM) analysis methods are used, which assume
both the balance and the unbalance of total ampere-turns
in the windings and various levels of MS saturation. For
example, two-dimensional axisymmetrical FEM models
were used to calculate the magnetic fields within 292
MVA autotransformer windings [8], in the region of the
windings and the tank of transformer rated for 550 MVA
[12]. In [15], the analytical model of the cylindrical
winding in air is used to calculate MC magnetic fields.

In this paper, to calculate the magnetic field, both for
balanced operational currents, and for HV MC winding,
the single-core M-CC model is employed (closed
cylindrical model) of one or several windings arranged in
the cylindrical slot [20].

For the known values of the magnetic field, the
following calculations of losses and temperature rises are
performed using numerical-analytical and computational-
empirical methods [17] — [20], implemented as the
software in the computer-aided design subsystem [20].
The calculation features related to the mode with DC
currents are shown in the appropriate sections of this

paper.
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For the purpose of calculation of the magnetic fields,
the losses, and the temperature rises, it is effective to use
two- and three-dimensional numerical methods of finite-
element modeling, that is, FEM models [20]. However,
the relevant studies have shown that application and
verification of operation results of known invariant FEM
systems for analysis of electromagnetic processes with
unharmonic variation of excitation currents introduce the
considerable methodological complexity, description of
which is beyond the scope of this paper. This is especially
true for the bodies of limited size with non-linear surface-
effect, and welded structural elements. Therefore, this
paper represents the results of the numerical simulation
only for the mode of harmonic (sinusoidal) rated currents
using the methods presented in [20]. It is also important to
point out the fact that time constants for temperature rises
of the windings and the structural elements is much less
than those related to oil in the tank. For example, in fig. 3
from [5] it is shown that temperature rises of the tank with
a slight delay (the minutes) correspond to GIC variations,
and top-oil temperature in the tank remains unchanged for
more than 1.5 hours. Therefore, the assumption is made in
the present paper that oil temperature in the transformer
tank will be unchanged even in the case of the total losses
increase due to GIC effect.

The mentioned brief review of the problem
demonstrates the importance of the most accurate evalua-
tion of all critical electromagnetic and thermal parameters
of the transformer at rated operating mode, and, if possi-
ble, it should be implemented both based on the results of
calculation analyses and on experimental studies during
type testing, as well as taking into account evaluation of
changing of these parameters at specific levels of GIC
effects expected in operation.
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IV. PRESENTATION OF THE MAIN MATTER
AND ANALYSIS OF THE OBTAINED
RESULTS

Object, conditions. For the purpose of this paper,
the TDC-630000/500 five-core transformer type with
OFAF oil-forced cooling system is used as the object. HV
winding of the transformer under study is characterized
by phase rated voltage of 5253 kV, rated current of
346.4 A; fundamental frequency f1=50 Hz. The customer
specified in the inquiry for this transformer the
geomagnetic induced currents (GIC) flowing in HV
winding neutral having the value IDC=30/3=10 A per
phase and the duration 30 min. To demonstrate the
changes of current parameters during DC current
multiplication, the 20 and 30 A values were considered.

Magnetizing currents. Using M-CC model, the
inductance Lsat=1.8 Henry, and, following the
expressions (1) - (3), — MC parameters in HV winding
were determined. The results are represented in fig. 4 and
in tab. 1, tab. 2. MC time dependences as for DC currents
of 10, 20, 30 A are shown by means of dotted line, dashed
line and solid line, respectively.
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Figure4. MC time dependences i,,q(f,a) at DC
currents 10, 20, 30 A

In tab. 1, the values of saturation angles, maximum
peak current values i, and effective values of the first i;
harmonic of the cosine development of time function of
the current are given for a number of DC current values

).

Table 1. MC, increase factors of the losses

Figure 3. GIC, temperature of the tank and oil in the

tank

IT1. OBJECTIVE

The paper is purposed for evaluation of withstand
strength of the high-power transformer affected by geo-

Inc,A | a.ad | ip.gA | i,A kiz R ky kg
10 0.503 94.0 | 195 34 310 75
20 0.637 | 148.9 | 384 2.7 16.7 | 5.1
30 0.733 | 194.7 | 57.0 23 11.8 | 4.0

magnetic induced currents, and recommendation of the
constructive measures aimed at improvement of withstand
strength, if appropriate.

10

Table 2 contains the relative values referred to the
current i; for the harmonics n from 2 to 10. The current
parameters almost linearly depend on DC currents, having
the distinction due to the changes in the saturation angle.
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Table 2. MC harmonics i, /i

n Ipc, A
10 |20 |30

2 1093|088 0.85
3 1081 |0.71 | 0.63
4 |0.67]0.51 039
5 10.51]031]0.18
6 |0.35]0.14 | 0.02
7 10.21|0.01]0.07
8 10.09|0.06 | 0.09
9 |0.00 | 0.09 | 0.06
10 | 0.06 | 0.07 | 0.02

Using the dotted land dashed lines, fig. 5 shows time
dependences of rated currents in LV and HV windings at
AC mode, and using the solid line, — sum of rated and
magnetizing currents in HV winding at 30 A DC current
and angle @=7x/2. The values are shown in relative
units as referred to amplitude of HV winding rated
current, LV winding current is adjusted by the turns.
Further, the combined mode of AC and DC is designated
as AD mode.

1
i, p.u. /
0.5

3.14
wit, rad

471

Figure 5. Time dependences of rated currents in the
windings and of the resultant (net) current in HV

It was determined in [8] that «for a unit load power
factor, MC and load current are lagged by 90°, and the
heat losses for the total current is the sum of the heat
losses for each current.

i2
p(rms

“4)

_ 72 .2
)~ [np + lm(rms—DC) >
where i), is primary current, /,,, is rated primary cur-
rent.

If load power factor is cos(¢), MC and load current
will lag by (90-¢)° and

-2 2 -2 . .
lp(rms) = I"P + lm(rmstC) + Zlnplm(”ms*Dc) Sm(¢) ’ (5)
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This approach was applied, in particular, in [15]
when calculating the losses and the temperature rises of
the windings of transformer TDC rated for 400 MVA.
Permissible GIC currents were determined at various lev-
els of the transformer initial load. However, at evaluation
of the tank temperature rises, the losses due to rated cur-
rents are considered as insignificant, and calculation was
carried out only taking into account MC.

Increase factors of the losses due to higher har-
monics. In presence of higher harmonics in the magnetic
field, the values of losses as for the first harmonic should
be increased [17], [18]: when calculating the ohmic losses
in the windings they should be multiplied by the factor
kl.z R’ in the winding conductors and in non-magnetic

structural elements - by the factor k, , in structural parts

made of ferromagnetic steel - by the factor kp
K K K
2 g2 2 2 0.85
kizR:Zln chy =20 0" kg =X, 0 - (6)
n n n

The values of these factors at different DC currents
are given in tab. 1.

At evaluation of the factors related to the winding
conductors and the structural conductive parts made of
non-magnetic steel as for the frequencies specified, the
assumption is made about insignificant demagnetizing
effect of eddy currents.

At calculation of increase factor of the losses in
structural steels with non-linear surface effect, in
particular, in the tank, the exponent can take the different
values: slightly higher and less than the unity, in the
region of «weak» and «strong» fields, respectively [17].
For conditions of the transformer under study, the expo-
nent of 0.85 is assumed, which was determined from the
equality of calculated losses in the tank using factor (6)
and the sum of losses due to current harmonics.

Thus, for the case of orthogonal property of the vec-
tors of the windings rated currents and the vectors of the
harmonic components of peak unbalanced MC, loss cal-
culation of the transformer exposed to GIC using analyti-
cal methods is conducted in three stages. At the first stage
the calculation of the magnetic field and the losses Pn is
carried out at rated balanced currents in HV and LV
windings in case of unsaturated MS. At the second stage,
calculation is performed for the magnetic field and the
losses P, due to the current of MC first harmonic in HV
windings in case of saturated MS of the transformer. At
the third stage the total and the local losses are to be
added using the appropriate factors (6)

Poic =P, +k P (M

When calculating the temperature rises in the wind-
ings, computational and empirical methods are used [18],
which stipulate the averaged coefficients of heat transfer
to oil depending on a number of design factors, tempera-
ture of cooling oil and heat flux density to be determined
from the total losses (7).
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When calculating the temperature rises of the struc-
tural elements, the coefficients of heat transfer should be
also determined [19], [20] by aerial density of the total
losses. Simplistically, assuming that the coefficients of
heat transfer in the studied modes are unchanged, the
temperature rise estimates can be carried out according to
the modes, and then summed up similar to the expression
).

Magnetic field in the active part. Using the 2D
FEM model, the magnetic field was calculated in the sec-
tion along the transverse axis of the transformer phase for
rated currents in LV and HV windings — fig. 6a, and due
to MC first harmonic in HV winding — fig. 6b.

At calculations, the model core, magnetic shunts on
the tank are characterized by normal magnetization curve
of electrical steel, the yoke beams are described by con-
stant values of magnetic permeability. Comparison of the
presented cases demonstrates the difference in magnetic
fields depending on above two conditions in the winding
region and at the model boundaries, that is, on the core
and on the simplified surface of the tank with a magnetic
shield (shunts).

At rated current mode of the windings (fig. 6a) the
flux lines of leakage field are concentrated in the main
duct between the windings. The maximum value of axial
component of the magnetic field induction is equal to 310
mTesla. Uncompensated magnetic field of MC first har-
monic I;=i/N2=13.8 A (fig. 7b) has a pronounced sole-
noidal nature. Axial component of induction at inner ver-
tical generatic line of HV winding has a small value 12
mTesla.

Neglecting the influence of simplified models of the
yoke beams and the tank with shunts on the magnetic
field in the region of the windings and the core, the
analytical calculation of the magnetic field components in
these regions is performed by axisymmetric M-CC model
presented in Section II.

The internal and external, with respect to the wind-
ings, ferromagnetic cylinders of the calculation model are
characterized by constant permeability values across the
cross. Under certain conditions, these values of magnetic
permeability can take the extreme magnitudes of air me-
dium (complete magnetic saturation), of unsaturated
ferromagnet with high value of magnetic permeability, or
the finite value, which depends on the degree of the elec-
trical steel saturation. Horizontal slot walls are ideal
ferromagnetic half-spaces. The expressions for radial and
axial components of the magnetic field induction and the
inductances of the circular elements (parts of the
windings) are determined from the solution of the
corresponding boundary value problem in the form of
Fourier series using axial coordinate, and Bessel functions
using radial coordinate.

For the rated mode, the value of relative magnetic
permeability of the internal ferromagnet (the core) is as-
sumed to be 1000, and at MC mode in HV winding, the
magnetic permeability is taken to be equal to 3 (according

12

to calculation results of nonlinear model shown in fig.
6b), i.c., core saturation is taken into account. For both
modes, the tank effect is neglected.

b)

Figure 6. Flux lines for conditions of rated currents in
the windings (a), and for excitation current in HV (b)

Based on calculation results in fig. 7 the red line
shows alternating-sign distribution of induction normal
component of the magnetic field as referred to MS surface
at rated mode, and the line with dots — for MC mode in
HV. The values are shown in per units relative to maxi-
mum magnitudes, 147 and 34 mTesla, respectively.
Specified values of the magnetic field induction are used
for calculation of the eddy currents and the losses in the
extreme lamination stack, and in the pressing plate on MS
core, as well as for evaluation of the losses in the yoke
beams.

l rY
H, p.u %
0.75 1 1
d
0.25 < — //
o % {
1.0 0.5 0.0 1.0

B, p.u.

Figure 7. Distribution of the magnetic field induction
components along the height of MS pressing plate and the
extreme lamination stack.

The black line in fig. 7 shows distribution of axial
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component of HV winding MC magnetic field induction
along the height of pressing plate. The values are reduced
to maximum magnitude 10 mTesls, which is closely equal
to intensity of magnetic field axial component at the edge
of HV winding. Presence of this magnetic field induction
component contributes to generation of additional eddy
currents in the pressing plate, which are not available in
the nominal leakage fluxes of the transformers.

Total losses, temperature rises of the tank oil.
Thermal calculations of the elements of the active part
and the transformer tank are preceded by calculation of
total loss and oil temperature rises in the tank [18]. In this
case, empirical estimates of total additional losses in the
structure “by analogy” are widely used, which are subse-
quently adjusted by element-wise calculation [18], [20].
Information related to total loses in the transformer allows
calculation of oil temperature distribution in the tank in
accordance with cooling system type employed. So, for
the studied transformer at AC mode using appropriate
software [20], the temperature rises of middle and top oil
in the tank above the ambient temperature (ACMT) were
determined: 33 and 35 K, as well as thermal time constant
of the transformer was estimated as equal to 2.5 hours.
Specified temperature rises are summed according to
overheating method with temperature rises above oil of
windings, core, structural elements, with evaluation of
exceeding of their temperatures above ACMT, which is
finally compared with appropriate standard values [1].

Losses, temperature rises in the windings. For
nominal conditions, calculation of ohmic losses and addi-
tional losses due to eddy currents in the winding conduc-
tors is widely-known [17] and carried out using the ap-
propriate software [20].

For a non-sinusoidal MC at DC mode, this calcula-
tion is carried out in two forms. The first form is the sum
of ohmic losses due to current harmonic components and
additional losses due to eddy currents as used in such
cases. The second form stipulates the losses due to the
first harmonic, multiplied by the factors (6) for ohmic
losses and eddy current losses. It should be noted that in
this case only additional eddy current losses due to MC
magnetic field in HV winding are generated in LV wind-
ing. As referred to HV winding, it is required to add also
ohmic losses due to MC zero-component, that is, from
DC current. Comparison of the results has demonstrated
the practical coincidence of the results of calculations of
both forms.

In case of known losses in the windings and tem-
peratures of the cooling oil in the tank, temperature rises
of the transformer coil windings were calculated using the
industry-specific empirical methodology [20] for OFAF
cooling mode. In particular, for rated AC mode it was
determined that HV winding has the maximum tempera-
ture rise. Temperature rise over ACMT of HV winding
average temperature makes up 63 K, and hot spot tem-
perature — 77 K. These values do not exceed standard
(normalized) magnitudes: 65 and 78 K, respectively [1].

For DC mode, the performed calculations demon-
strated slight (by tenths) increase of temperature due to
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previously specified low intensities of the currents and the
magnetic fields. However, it was determined that even at
DC current value of 50 A, the specified temperature rises
has reached the values of 67.3 and 81.8 K, which exceed
the standard (normalized) magnitudes.

Circulating currents in the windings. Possible in-
crease in currents and losses due to circulating currents
but at significant DC current levels 100/3 A is highlighted
in [8]. For the transformer under study, the previously
specified low magnetic field intensities at DC mode do
not result in such problems.

In this regard, it should be noted, that for MC sole-
noidal magnetic field, the well-known method for calcula-
tion of current distribution in complex circuits with
limped ohmic resistance and inductance [18] is employed.
In this case, the inductances should be evaluated with
consideration of appropriate magnetic permeability of the
calculation model core.

Losses and temperature rises in the core pressing
plate. To restrict the eddy currents and the losses the
pressing (lifting) strip on the MS core is made of non-
magnetic steel with vertical notches. In case of AC mode
at rated currents in the windings, the eddy currents closed
in the winding plane are calculated for two-dimensional
plate model by analytical method using Fourier series
[20]. Magnetic induction component normal to the plate
surface is the effecting factor, and its distribution is
shown in fig. 7. To calculate temperature distribution
within the plate, analytical three-dimensional method is
also used having the special function of three-dimensional
distribution of losses. Solution of respective thermal prob-
lem is presented as expansion in series of the function in
question according to eigen functions [20].

More accurate calculations, taking into account the
vertical notches in the plate, can be performed using the
numerical simulation. Fig. 8 shows distribution of density
of eddy currents and losses at upper part of the pressing
strip. Maximum value of losses and, respectively,
temperature rises are evident at the strip edge at the area
of maximum magnetic field, i.e., against the winding end
surface.

It should be noted, that for MC the eddy currents
generated under effect of magnetic field induction (fig. 7)
and the currents closed along the plate cross-section
should be additionally evaluated, for example, using [17].

For resultant AD mode under GIC effect the losses
in the plate due to rated current magnetic field and MC
are added according to expression (7).

Based on calculations the maximum temperature
rises above ACMT at the edges of individual strip of the
pressing plate for AC and AD modes are obtained as 50
and 63 K, in view of standard (normalized) value of 75K.

Losses in the extreme stack of MS core. Losses
and temperature rises in the extreme stack of the core are
calculated similar to method for non-magnetic pressing
plate. In this case the calculated thickness of stack is de-
termined based on empirical dependence as for electric
steel lamination layer considering its dimensions and
maximum amplitude of effecting magnetic field normal to
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lamination (fig. 8). It should be noted, that for extreme
stack the losses in electric steel due to magnetic flux in
MS core are to be additionally considered [20] for nomi-
nal conditions and for saturated steel, respectively.
Maximum temperature rises of the extreme stack above
ACMT for AC and AD modes are obtained: 41 and 52K,
in view of standard (normalized) value of 75K.

a) b)
Figure 8. Distribution of eddy currents (a) and losses (b)
in pressing plate with notches

Losses, temperature rises of the tank. For the pur-
pose of calculation the numerical- analytical quasi-three-
dimensional calculation model of the transformer is used
—fig. 9.

The well-known method of surface losses [20] is
employed. This method stipulates two stages. At the first
stage, the spatiotemporal distribution of the primary mag-
netic field in the air along the closed path, which coin-
cides with the surface of the tank (without the tank), is
calculated. Superposition of axisymmetric magnetic fields
of individual cores (phases) is used — the M-CC model.
At the second stage, using the non-linear coefficients of
the effect of impedance type, the tangent component of
the magnetic field intensity on the tank surface is deter-
mined. Using the square of its value and the real compo-
nent of the empirical characteristic of surface resistance,
the losses are calculated for the specific vertical sections
of the tank. The local factors of the primary field variation
in the region take into account presence of discrete stacks
of electrical steel (shunts) on the tank internal surface.

The software used [20] has graphic pre- and post-
processors for representing the geometry of the calculation
model and the results of calculations. Fig. 9a shows the
horizontal axial lines Ox, 0z, the reference lines of the cen-
ters of cores and windings as referred to the axial lines, the
circular contours of cores and windings. The line of lower
calculated tank contour, which is almost in contact with the
contours of the core is shown along 0z axis.

Isometric simplified diagram in fig. 9b shows the model
vertical axis Oy, the phantom sections of cores and windings.
Calculated surface of the tank is generated by horizontal sur-
face along the tank bottom, then by inclined plane from the
windings, further by vertical wall, again by inclined line to the

14

windings and horizontal part on the cover.

b)
Figure 9. Simplified diagram of projection onto
horizontal plane (a) and isometric simplified diagram (b)
of quasi-three-dimensional model of the transformer for
calculation of losses in the tank

The grid of vertical lines shows the position of the
magnetic shunts on the tank longitudinal wall. The tank
butt end parts are not considered, since they are shielded
from the magnetic field of the windings by MS lateral
yokes. Forty vertical sections are set on the tank wall,
each of them has 50 points along the height; point 50 cor-
responds to the tank bottom.

Distribution of the temperature rise on the tank sur-
face above adjacent oil temperature is represented in fig.
10, 11.

Min=0
Max= 17,372 0
,000E+00
1,930E+00
5,86 1400

5, 7916400
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[
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Figure 10. Distribution of temperature rises on the tank
surface above adjacent oil at rated current mode in the the
windings
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For MC first harmonic in HV (fig. 11), maximum
values of order of1.3 K are observed on the upper part of
the tank in the areas between the phase cores, approxi-
mately in 10 horizontal points at vertical generators (15
and 25). It should be noted that at these points the
temperature rises due to rated currents in the windings
make up about 12 K.

Min=0 ) L
4 8

Max= 1,2618 0
,000E+00
1,402E-01
2,804E-01
,206E-01
5,608E-01

7,010E-01

8,412E-01

9,814E-01
-1,122E+UD

1,262E+00

Figure 11. Distribution of temperature rises on the tank
surface above the temperature of adjacent oil in case of
MC in HV

Fig. 10 demonstrates maximum value of 17.4 K at
rated currents in the windings which occur in the upper
and middle part of the tank within the areas adjacent to
the phase windings, approximately in the points 10, 19
and 33 on the vertical generatrix 20.

Expression (7) with the factor kg=7.5 (tab. 1) allows
to carry out the tentative estimate of temperature rise
above oil at cumulative mode: 12.0+1.3*7.5 = 22K. Since
these points correspond to the tank upper part, the value
obtained should be added by temperature rise above top
oil ACMT in the tank: 22 + 35 = 57 K, which neverthe-
less will be lower if compared with standard (normalized)
value of 75 K.

It is determined by calculations that the total losses
in the tank due to rated currents in the windings are 68
kW. The losses due to MC in HV, the second term in the
sum (7), are 33 kW. Thus, at AD mode, the losses in the
tank are equal to 101 kW.

Losses, temperature rises of the yoke beams. Ac-
tive part of the transformer contains the yoke beams lo-
cated at the top and the bottom of the windings, the verti-
cal walls made of ferromagnetic steel with non-linear skin
effect, and the horizontal shelves of contoured profile
made of non-magnetic steel.

Taking into account the degree of complexity of
electromagnetic processes in the welded beams, the finite-
MS model was also simplified. In the plane of electric
steel laminations, MS cores and yokes are characterized
by normal magnetization curve. According to the normal
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to MS laminations, the magnetic permeability is deter-
mined taking into account the stacking factor of steel, and
it represents the constant finite element modeling method
was used to calculate the losses in yoke beams [20]. Sim-
plified diagram of FEM model of the transformer under
study is shown in fig. 12 with simplified (without insert)
tank cap.

Figure 12. Simplified drawing of three-dimensioned
finite-element model of the transformer

The magnetic shunts on the tank walls concentric
with winding cores are taken into account. The tank and
the vertical walls of the yoke beams are characterized by
normal magnetization curve of structural steel and by
constant value of electrical conductivity. Welded joint of
ferromagnetic walls and non-magnetic shelves is taken
into account by natural contact conditions of the beam
FEM models.

For the tank and the yoke beams, the volumetric loss
method was used, in which the volumetric losses for eddy
currents and hysteresis in ferromagnetic structural steels
are summarized [20].

The obtained calculated distribution of losses in fer-
romagnetic walls of upper (continuous) and lower (sim-
ply-supported) beams is shown in fig. 13.

At rated current mode, the eddy current losses in the
non-magnetic shelf of upper beam are 3.8 kW, in the fer-
romagnetic wall - 4.4 kW and 0.7 kW for hysteresis.

L
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Figure 13. Distribution of volumetric losses (W/m’) at
surface layer of ferromagnetic walls of the yoke beams
due to rated current mode of the windings
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In this case, maximum local losses occur due to
eddy currents in a relatively narrow shelf (but with a con-
siderable thickness) of the beam, at the point of its weld-
ing with the vertical wall. Temperature rise of the tank
above oil temperature at specified location makes up 23
K. Therefore, in total with temperature rise of top oil
above ACMT 35 K, maximum temperature rise above
ACMT of upper beam makes up 23 + 35 = 58 K, which is
less than the permissible value of 75K.

At MC mode, the beam temperature rise is approxi-
mately estimated as follows. The ratio of magnetic field
on MS core surface is used, i.e., practically in the region
of beam location, which is given in explanations to fig. 7.
It states that at rated current mode the magnetic field in-
duction component normal to the core surface is 147
mTesla, but at DC current mode it is 34 mTesla. That is,
the ratio 34/147 = 0.23 allows to estimate the losses in the
shelf at this mode by the value 3.8 * 0.232 = 0.2 kW. Us-
ing expression (7) and factor 7.5 for non-magnetic steel
from Table. 1, the temperature rise of the beam above oil
temperature is determined at total loss mode as 23 + 7.5 *
23 * 0.2 /3.8 =32 K and above ACMT - as 32 + 35 =
67K.

Losses, temperature rises in the tank and in the
tank cover. At rated mode the total loses in the tank
FEM-model in fig. 12 made up 73 kW, which corre-
sponds to the results of analytical calculation (68 kW). As
shown using the model in fig. 9, increase of the losses in
the tank due to MC in HV winding up to 101 kW, leads to
increase of maximum temperature rise of the tank surface
above ACMT up to 57 K, that is much less than standard
(normalized) value of 75 K. Thus, at the given mode
FEM-model in fig. 12 was not employed, but evaluation
of losses and temperature rises in the tank cover was
made using FEM-model improvement.

Mentioned FEM-model was supplemented by LV
leads and by cover model with insert made of non-
magnetic steel with rectangular notches — fig. 14.

Figure 14. Tank model with notches for leads in
nonmagnetic-steel insert

During type testing at the locations of loss
concentration, the maximum temperature rises of insert
surface temperature above ACMT was defined by thermal
imaging camera, it was equal to 78.8-20 = 58.8K (fig.
15b), that is close to calculated value of 58.1K.
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Figure 15. Distribution of calculated (a) and measured
(b) temperatures on the tank cover

Taking into account the available margins for tem-
perature rise at rated mode, and since the losses in the
cover are dependent mainly on the currents of LV lead,
which are unchanged, no evaluation of temperature rise of
the cover was carried out at DC level 10 A.

Note that in this section the approach to calculation
of winding currents, magnetic fields, and losses is
somewhat simplified with respect to the currents of MC
third and its multiple (odd) harmonics, transformed from
HV winding and closed in LV winding in case of delta-
connected circuit [21]. The magnetic fields of these har-
monics would need to be determined with a saturated
core, but due to the currents of these harmonics, both in
LV and HV. It should be borne in mind that their ampere-
turns are not equal due to non-perfect magnetic coupling
of the windings arranged on saturated core. Such currents
would determine some average distribution of power lines
between fig. 6a and fig. 6b. In this field it would be
necessary to determine the appropriate losses. With
significant MC value, the possible increase in losses in the
tank cover due to transformation of third and its multiple
harmonics into the winding and leading away of LV
should be considered. In this paper, the specified phe-
nomenon is not taken into account due to low values of
MC.

Losses, temperature rises in the magnetic system.
Fig. 16a shows distribution of magnetic induction in MS
central stacks at the timepoint of maximum voltage ampli-
tude at the extreme phase in case of rated AC mode. The
value of magnetic induction is close to 1.7 Tesla in the
cores, and 1.4 Tesla - in the yokes. The losses in the trans-
former MS are determined using the specific losses of
electrical steel in MS uniform areas, and in the zones of
the lamination re-stacking — taking into account the ap-
propriate loss increase factors [18].
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b)

Figure 16. Induction distribution in MS central stacks at
rated mode (a) and due to magnetic field of DC currents

(b)

The nature of induction distribution in the consid-
ered transformer MS due to magnetic field of DC currents
in HV windings of three phases is shown in fig. 16b. DC
magnetic flux induction is 0.4 Tesla in the cores, and 0.6
Tesla in the lateral yokes. Unidirectional magnetic flux in
the cores due to DC current during one of half-periods of
AD mode is superimposed on the main magnetic flux in
the transformer MS cores and leads to half-period satura-
tion of the cores and to generation of magnetizing current
in HV winding (fig. 2). In this case saturation of MS
horizontal and vertical yokes is also took place.

In current times, loss calculation at AD mode is
sophisticated due to insufficient knowledge of the
complex half-period back magnetization of steel along
«shifted» partial hysteresis (flux current) loop [11].
Therefore, in this paper the experimental data [11], [13]
are employed for evaluation of the losses, according to
which the increase in MS losses due to DC currents can
reach about 30%.

When designing the transformers, it is mandatory to
verify conformity of temperature rises of core inner stacks
and the yokes with the requirements of the standard [1].
To limit temperature rises, the core of the considered
transformer MS was designed with vertical cooling ducts.
During thermal calculations, the groups of stacks
separated by cooling ducts were replaced by equivalent
rectangles with uniform losses in the cross-section, having
anisotropic thermal conductivity and non-uniform heat
transfer conditions [20].

At rated mode the maximum value of temperature
rise of the core internal stack surface above ACMT was
evaluated as 68 K, which is less than the value 75 K. Loss
increase by 30 % for the given GIC level at steady-state
thermal mode is resulted in temperature rise value of 74K
above ACMT.

Noise, vibration. The transformer noise at rated AC
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mode was calculated using the method of empirical calcu-
lation [20]. It was evaluated, in particular, that the sound
level of the transformer under study at so-called distance
0.3 m made up 78 dBA. However, this method is
insufficient for similar calculation to be performed for AD
mode. Therefore, increase in sound level under effect of
GIC can be evaluated using the known experimental data.

For example, the report [9] presents (fig. 17) the
sound pressure dependences for single-phase transformer
374 MVA //525/\3 kV, measured at different DC currents
and at two values of nominal induction in MS core.

Even at DC current 2 A, the increase in sound level
reaches 15 dBA, that is, about 22%, and small increases
were observed at DC current 3.5 A. As stated in [13], the
increase in sound level by 30% was also measured at DC
current 2 A, and up to 33% at DC current DC 3.5 A for
the group of three single-phase autotransformers rated for
capacity 134.4 MVA, with guaranteed value of sound
level 69 dBA at rated induction in the core 1.717 T.

Thus, assuming approximately specified increase in
sound by 1.3 times for the transformer under study, the
sound level under effect of GIS is evaluated as the value
about 100 dBA.
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Figure 17. Dependences of sound level at different DC
currents and at two values of rated induction in MS core
for single-phase transformer 374 MVA //525/\3 kV

Increase in magnetostrictive forces during magnetic
biasing can also lead to increase in vibration as referred to
the tank walls and the elements attached. Testing of the
transformer under study has demonstrated a considerable
margin as for vibration levels, which allows assuming that
under effect of specified geomagnetic induced current, the
maximum values of vibration will also not exceed the
permissible magnitudes.
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V.CONSTRUCTIVE MEASURES FOR

IMPROVEMENT OF GEOMAGNETIC

WITHSTAND STRENGTH OF POWER
TRANSFORMERS

In the events of GIC effects, to improve geomag-
netic withstand strength of high-power transformers, the
constructive measures sufficiently well-known at present
time [17] - [20] can be taken.

The main measures of such nature are put in mind
below:

in the windings — decrease of the losses owing to use
of transposed conductors and the best compromise be-
tween the height and the width of conductor strands, by
the effect of application of effective transposition
schemes; decrease of temperature rises by means of en-
hancement of heat transfer, for example, owing to internal
vertical cooling ducts, arrangement of labyrinth-type oil
flow in the coil windings;

in the extreme stack of MS core — decrease of the
losses by reduction of lamination width; decrease of tem-
perature rises at lamination edge by means the cooling
duct adjacent to the extreme stack;

in the pressing (lifting) plate of MS core — minimiza-
tion of cross-section owing to reduction of axial pressing
forces of the windings and width decrease for individual
strips of the plate;

in the yoke beams — minimization of parts’ dimen-
sions made of ferromagnetic and non-magnetic steel ow-
ing to reduction of the forces and optimization of the
winding pressing design, use of magnetic shields;

in the tank — application of combined magnetic
shielding scheme of horizontal and vertical shunts with
increased cross-section;

in the tank covers — provision of non-magnetic steel
inserts in the covers, enlargement of distance between the
leads and the cover surface, close arrangement of the
leads of different phases, segregation of the leads into
parallel conductors, application of electromagnetic
shields, installation of magnetic field dividers in non-
magnetic inserts in the form of electric steel stacks;

in the magnetic system — decrease of the losses by
means of use of electrical steel grades with minimum spe-
cific losses and application of high-performance stacking
schemes, for example, step lap type; cooling with internal
cooling ducts.

To reduce the transformer noise and vibration, it is
recommended to use electrical steel grades with low level
of magnetostriction, step lap stacking schemes, minimiza-
tion of air gaps at the lamination joints, high-performance
pressing of MS parts, special processing (conditioning)
and pressing of the windings, including pressing by
means of hydro-spring systems, reinforcement of the tank
stiffeners and fastening of the attached elements, noise
control of the cooling systems (low-noise fans), acoustic
insulation of the transformer using the noise-mitigation
shields.
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VI. CONCLUSIONS

1. It is demonstrated by the calculations that direct
current of 10 A generated in HV winding under effect of
geomagnetic induced currents does not lead to consider-
able increase in losses and temperature rises in the wind-
ings of the considered five-core transformer rated for ca-
pacity of 630 MVA. Maximum increase in the tempera-
ture rise over ACMT, the same as noted in the standard
[1], takes place in non-magnetic pressing plates — from 50
K at rated mode, up to 63 K under GIC effect, in the ex-
treme stacks of MS cores — from 41 K up to 52 K. To a
lesser extent increase is taken place for the temperatures
above ACMT in the core internal stack — from 68 K up to
74 K, in the yoke beams — from 58 K up to 67 K, and in
the tank walls — from 47 K up to 57 K. Temperature rise
of non-magnetic insert in the tank cover can be consid-
ered practically unchanged.

The considerable enhanced sound level of the trans-
former is observed — from 78 up to 100 dBA.

2. Calculation results and their comparison with the
standard (normalized) wvalues confirm the withstand
strength of the transformer under study to the effects of
specified geomagnetic induced currents based on operat-
ing conditions. Constructive measures are recommended
for enhancement of such withstand strength.

3. For the case of orthogonal property of the vectors
of the windings’ rated currents and the vectors of the
harmonic components of peak unbalanced MC, the
method of calculation of Joule losses was proven as the
sum of losses generated due to these currents, using the
increase factors for ohmic losses, losses in non-magnetic
and ferromagnetic parts of the structure, which depend on
the harmonic spectrum of magnetizing current.
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PO3PAXYHOK JII1 IF'EOMATHITHUX IHIYKOBAHHUX
CTPYMIB HA ITIOTY’KHUU CHJIOBUU TPAHC®OPMATOP

IBAHKOB B. ®.

KaHI. TeXH. HaykK, HavainpHUK Oropo IIpAT «3Bamopixrpancopmartop», 3amopixiks,

VYxpaina, e - mail: Ivankov.Victor@gmail.com;

FACOBA A. B.

KaH/. TexH. HayK, nposigHuii imkeHep IIpAT «3amopixrpanchopmaropy», 3amopixiKs,

VYkpaina, ¢ - mail: awbasova@gmail.com;

Memoro podomu € 6usHaUeHHsT CMIUKOCMI NOMYICHOZO CULO0B020 MPAHCHOpMamopa 00 Oill 2e0MASHIMHUX
IHOYKOBAHUX CIPYMIE MA KOHCMPYKMUGHUX 3aX00i6 01 i nidguwyenHs, npu HeoOXiOHOCH.

Memoou docniorncennsn. 3acmoco8ano aHariMuYHUL PO3PAXYHOK CIMPYMY HAMASHIYYSAHHS, SIKULL NIO OIEI0
2COMAZHIMHUX THOYKOBAHUX CIMPYMIB 30Y0HCYEMBbCS 000AMKOB0 00 HOMIHAILHOZ0 CMPyMYy 8 0OMomyi suujoi Hanpyeau.
Buxopucmano ananimuyni ma wuceibHi Memoou po3paxyHKy MAzHIMHOZ0 NOJs, 6MPAm, PO3PAXYHKOBO-eMNIPUYHI Me-

MoOuU BUSHAYEHHS. HA2PIGIS.

Ompumani pesynomamu. J[11 namucmpusicHeso2o mpauncgopmamopa nomyxcricmio 630 MBA npu 0ii eeo-
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MAZHIMHUX THOYKOBAHUX CIPYMIB 8U3HAYEHI NIOBULYeHT 8mpamu i HA2PieU eleMeHmMi8 KOHCMPYKYIL HA CIPUICHAX Mae-
HIMHOT cucmemu, baxa, nioguweHull pieeHsb 38)KY.

Haykoea nosusna. /{15 6unaoky opmo2oHaibHOCMi 6eKMOPi8 HOMIHATbHUX CIPYMi6 0OMOMOK | 6eKMopis 2a-
PMOHIYHUX CKIAO08UX NIKONOOIOHO20 HE30ANAHCOBAHO20 CINPYMY HAMAZHIYYBAHHSL OJICOYIe8l 6MPAMU NPEOCmAasiIeH]
CYMOIO 8Mpam 8i0 3a3HAYEHUX CIMPYMIE 3 BUKOPUCTIAHHAM KOeQiyicHmie niOBUWeHHs BMmpam OMIYHUX, 8 HEMAZSHIMHUX
i hepomazHimHux vacmurax KOHCMPYKYIL, KL 3a1exncams 6i0 apMOHIUHO20 CNeKMPY CMPYMY HAMACHIYYEAHHSL.

Ilpakmuuna yinnicme. I1iomeepodiceno cmiikicmob 00CIONCYBAHO20 MPAHCHOPMAMOPA 00 3a0AH020 PIGHS
2EOMAZHIMHUX THOYKOBAHUX CIMPYMIB, DEKOMEHOO08AHI KOHCMPYKMUBHT 3aX00u 0715 il nioguwenHs. Anpobosari memoou
MOACYMb OYMU BUKOPUCMAHT RPU PO3PAXYHKOBOMY NPOEKMYBAHHI, NPU O0CIIONCEHHI PeabHuX 6UNAOKie ekxcniyamayii
00671a0HAHHS.

Knrouosi cnosa: mpancghopmamopu; zeomazuimni inOyKoeani cmpymu; empamu; Hazpie; po3paxyHKu.

PACYET BO3JIENCTBUI IFEOMATI'HUTHBIX THAYKTHPOBAHHbBIX
TOKOB HA MOIIIHBIM CHJIOBOU TPAHC®OPMATOP

MBAHKOB B. ®.  xanxn. Texn. Hayk, HauanshHuk 6Ooopo YAO «3anopokrpancdopmarop», 3anopokbe,
VYkpauna, e-mail: Ivankov.Victor@gmail.com,

BACOBA A. B. KaHJ. TeXH. HayK, Beaymuil wumkeHep YAO «3amopoxxTpancdopmartopy, 3amopoixsbe,
VYkpauna, e-mail: awbasova@gmail.com;

Lenvio pabomut sensiemcst onpedeieHue CMOUKOCHU MOUWHO20 CULOB020 MPAHCHOpMamopa K 6030eliceusim
2€0MACHUMHBIX UHOYKMUPOBAHHBIX MOKOE U KOHCIMPYKMUBHBIX Mep 0I5l ee NOBbIUEHUs, NPU He0OX0OUMOCTIU.

Memoowl uccneoosanusn. Ilpumenen anarumuyecKuil pacuem moxKa HAMASHUYUBAHUsL, KOMOPLIL No0 Oelicmeuem
2€0MACHUMHBIX UHOYKMUPOBAHHBIX THOKO8 8030Y4COAenCsi OONOIHUMENbHO K HOMUHAIbHOMY MOKY 6 00MOmKe 6bicuie-
20 Hanpsxcerus. FIcnonib306anbl aHarumuyeckue i YucieHHble Memoobl paciema MAasHUMmMHO20 NOJs, NOMepPs, paciem-
HO-9MRUpUYecKue Memoosl OnpeoeieHus: Hazpesos.

Hlonyuennsie pezyromamot. /[na namucmepicuego2o mpancgopmamopa mowpocmoro 630 MBA npu 6o30eticm-
BUSIX 2OMACHUMHBIX UHOYKMUPOBAHHBIX MOKO8 ONpeOeieHbl NOGbIUEHHbIe NOMEPU U HAZPEGL JIEMEHIMO8 KOHCIPYK-
YUU HA CMEPIUCHSIX MACHUMHOU CUCTEMbl, OAKd, NOGBIUEHHbLI YPOBEHb 36YKA.

Hayunasn nosusna. J[ns ciyuas opmo2oHAIbHOCHU 6eKMOPOS HOMUHALLHBIX MOKO8 0OMOMOK U GEKIMOPO8 2aPpMO-
HUYECKUX COCMAGISIIOUUX NUKOOOPAZHO20 HECOANAHCUPOBAHHO20 TOKA HAMASHUMUBAHUSL 0JICOYIe8bl nomepu npeo-
cmaesieHvl CyMMOU NOMeEPb 0N YKA3AHHBIX MOKO8 C UCHOb308AHUEM KOIDDUYUEHNO08 NOBbIUEHUS. NOMEPL OMUYECKUX,
6 HEMACHUMHBIX U (DEePPOMASHUMHBIX YACMAX KOHCMPYKYUU, KOMOPble 3A6UCII OM 2APMOHUYECKO20 CNEKmpa moKa
HAMACHUYUBAHUSL.

Ilpakmuueckas yennocmo. Moomeepoicoena cmoukoCmsb UCCIedyemMo20 MmpaHcHoOpMamopa K 3a0aHHOMY YPOGHIO
2COMACHUMHBIX UHOYKMUPOBAHHBIX THOKO8, PEKOMEHO0BAHbI KOHCMPYKIMUGHble Meponpusimusi 0Jis ee nogvluleHus. An-
Ppobuposanmbie Memoosbl MOZym ObiMb UCHOIL308ANbL NPU PACYEIHOM NPOEKMUPOBAHUU, NPU UCCIE008AHUU PedbHbIX
cayuaes sxcnyamayuu 060py008aHusL.

Knwuesvte cnosa: mpaucd)opmamopbt; 2eOMAZHUNIHblE uHOmeupoeaHnbte MOKU; nomepu,; nazpee; paciemnasl.
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MOANPUKALINA METOJA YUCJIEHHOI'O PACYETA
HEPEXO/JHbIX ITPOLNECCOB B JIEKTPUYECKHUX LEIIAX HA
OCHOBE IIOJIMHOMOB YEBbBIIIIEBA

ITATAJTAX JI.T. Acmmpanr  HanuMoHambHOTO yHHMBEPCHTETa «3amopi3bka IONITEXHIKa», 3amopOKbE,
VYkpauna, e-mail: patalakh.dmytro@gmail.com

Lenv padomer — mooudurayusi Memooa YUCIEHHO2O pAciema NepPexOOHbIX NPOYECCO8 8 TUHEHHbIX dleKmpute-
CKUX Yensix, a makdice paspadomea CXeMHol MoOeau Memood, NPusoosiyas K y0oocmesy paciema u noGulUeHuio dbLlcm-
podeticmaus paciema Ha KOMARbIOMepe.

Memoowbl uccnedosanusn. Hcnonv3osana norunoMuaibHas annpoKCUMayus yHKYuL, yucieHuvie Memoobl peule-
HUsL UHmMe2po-oughepenyuanbHbix YpagHeHul, MampuyHbie Memoosl, NPOSPAMMUPOBAHUE HA KOMNbIOMEpE U Memoobl
meopuu INeKMPUECKUX Yenell.

Ilonyuennsvie pezynomamol. B pesyibmame Mooupurayuu u36ecmno20 Memood pacuema nepexooHbix nPoyeccos
Paspaboman yco8epuIeHCME0BARNbIL MenOo0, KOMOPbIU NO360JI5em COKPAMUMb 8PeMsl KOMRbIOMEPHO20 MOOeIUPO8a-
HUSL OUHAMUYECKUX DNEKMPULECKUX NPOYECCO8 8 TUHENbIX dnekmpuieckux yensx. [lokazan npumep npumenenus npeo-
J0dHcenno20 memoda. Ha ocnosanuu paspabomannozo memooa cocmagiena KOMRbIOMEPHAst RPo2pamma Oisk paciema
nepexo0Ho20 npoyecca 8 MOOeIbHOU yenu. /JaHnbvlil npumMep NOKA3al COKpaweHue npoyeccoprHozo epemenu Ha 45% no
CPABHEHUIO ¢ NPUMEHEHUEM U3BECIHbIX MEMO008.

Hayuna noeusna. Vcnonvszosana annpoxcumayust (QYHKYull moxog om epemenu psoamu no Opmo2oHaIbHbIM No-
aunomam Yebviwesa. [lonunomvl Yebviuesa obradarom c8oUCMEOM PAGHOMEPHOCMU NOZPEUWHOCHU ANNPOKCUMAYUU
dyuxyuli 60 6cem OuanazoOHe USMEHEHUs ApeyMeHmd, Ymo bloeisem ux u3 paoda Opyeux OpmoO2OHANbHLIX (DYHKYUL.
Ipeonosiceno ucnhonb306ames NOIUHOMUATLHYIO ANNPOKCUMAYUIO He CAMOU (YHKYUL peuenus, a ee npousgooHou. Imo
CYWECMBEHHO CHUMICAEM NOSPEUHOCMb ANAPOKCUMAYUY, KAK QYHKYUU peuleHus, maK U npou3eo0HOll peuleHusi, KOmo-
pas ¢ueypupyem 6 memooe pacuema. Ilokazano, Kak 6 NPeOLONCEHHOM Memooe unmezpo-ougd@epenyuaivrvle ypas-
HeHUsl COCMOSIHUSL NPeodpasylomcest 8 TuHelinvle aneedpaudeckue ypashenus. Paspabomana cxemnas moodenws npeono-
JHCEHHO20 YUCTeHH020 Memoda pacuema. CXeMHAsi MOOelb NO36ONSEN OM DNIEKMPULECKOl Yenll, 6 KOMopol npoyeccol
ONUCHIBAIOMCST UHMESPO-OUPDPEPEHYUATLHBIMU YPAGHEHUSIMU, NEPEUmU K cXeMe 3amMeujerus ¢ U300paniceHusimMu mo-
K06. H306pasicenuss UCMUHHBIX MOK08 8 CXeMe 3aMeujeHust UHMEPRPemupyioncs, Kak nocmosinivle moxu. Ilokasano,
umo 01 U306padiCcenull MOK08 8 cxeme 3amewenus cnpaseonussl 3akonvt Kupxeoga, umo npusooum k pacuemy cuc-
memul aneebpaudeckux ypasnenuil. Taxas cxemnas mMooenb cozoaem yOoOCcmeo UHICEHEPY, GbINOTHAIOWEMY pPACHembl
nepexoOHbIX NPOYECCO8.

Ilpakmuueckan yennocms. Pazpabomannviii Memoo omrpbieaenm 603MONCHOCMb UCHONIb308AHUS 8CE20 MHO20-
006pasHo2o annapama meopuy dIeKmpudecKux yenel 0is pabomol ¢ uzoopadicenusmu mokos. Ha ocnosanuu smozo
paspabamuvleaemcs YHUBEPCAIbHLIU NPOZPAMMHbLIL KOMIIEKC Olisl paciema nepexooHbiX Npoyeccos 8 NeKmpudeckux
Yensix nPou360aAbHOU CLOHCHOCHIU.

Kniouesvle cioea: nepexoOnuvlii npoyecc, YucieHHble Memoobl, CXeMHAs MOOENb, NOTUHOMUATLHAS. ANNPOKCUMA-
yus.

I. BBEAEHUE [2], Simulink [3] u mp. YpaBHEHHS COCTOSHHS, COCTaB-
JsiemMble 1o 3akoHaM Kupxroda mis MrHOBEHHBIX 3Haue-
HUH, SIBISIOTCA HHTErpo-audQepeHatbHbIMI ypaBHe-
HUSIMH, KOTOPbIe BO MHOTHX CITy4asiX ObIBAIOT KECTKUMH.
Jlnist penieHust TAKUX CHCTEM B MPOrPaMMHBIX KOMILICK-
cax MIMPOKO MPUMEHSIOTCS pa3JINuHble METO/bl YHCIICH-
HOTO WHTErpHpoBaHus 1udQepeHranbHbIX ypaBHEHHH.

IIpn nepexolHBIX IpoLEccax B IJIEKTPOTEXHHUYE-
CKHX CHCTEMaX MPOUCXOMAAT 3HAYUTEIbHBIC OPOCKH TOKA.
DTO NMpeACTaBIseT ONACHOCTh JUIsl 000pYI0OBaHMs, a TaK-
)K€ CHUXAET HAAEeKHOCTh peneilHo 3amuThl. [loaTomy
HCCIIEOBAHUE JTHX IIPOLIECCOB HE TOTEPSJIO aKTyallb-
HOCTb B HacTosee BpeMs. COBpeMEHHOE KOMITBIOTEPHOE

MOJIETIMPOBAaHKE ITO3BOJISIET BBIOpATh MapaMeTphl YCT- Peanbubie uMccneyemple LEMH MOTYT COICPKATh
DOMCTB Tak, 4TOGBI CYLLECTBEHHO CHH3HTH OTpHLATeNb- ~ COTHH DJEMCHTOB, UTO NMPHBOIHT K OOIBIIMM CHCTEMaM
HBIE [IOCIIECTBHS IIEPEXO/HBIX POLECCOB. muddepeHIraIbHbIX ypaBHeHUN. [IepexoaHbie MPoIecchl

. . B DJIGKTPOMAarHUTHBIX YCTPOMCTBaxX MOTYT OBITh BechbMa
II.AHAJIA3 HCCJIEIOBAHUU U ITYBJINKALIANA IPOJOJDKUTEIbHBIMUA, M BPEMs MOJEIMPOBAHUSA TaKHUX

IMPpOUECCOB MOXKET OBITH 3HAYUTCIIbHBIM, YTO HECXCI1a-
TCJIBHO.

Jlnst pacuera HEepPEeXOAHBIX IMPOIECCOB B JIEKTPO-
TEXHHUYECKUX IIETISAX HCIOJb3YEeTCsl Psii M3BECTHBIX IIPO-
rpaMMHBIX KOMILUICKCOB, Takux kak EMTP [1], PSpice Jns cokpaieHust BpeMEHH MOJETHPOBaHUs B pabo-
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tax [4], [5], npennoXkeHo HCHOJIb30BaTh aIlpOKCHMa-
LU0 pelIeHus psaaMu 1o nonuHomaM YeOwimesa. B pe-
3yJIbTaTe MOJy4YEeHbl METO/IbI, TO3BOJISIOIINE 3HAUUTEIEHO
MTOBBICUTH CKOPOCTh MoJIennpoBaHust. OTHAKO COBPEMEH-
HBIC 3aIpPOCHl TAKOBBHL, YTOOBI MOXKHO OBUIO MPOBOIUTH
MOJICTUPOBaHUE B pealbHOM BpeMeHH. [losToMmy paspa-
00TKa yCOBEPIICHCTBOBAHHOTO METOJIAa pacyeTa Mepexo-
HBIX DJIEKTPOMATrHUTHBIX MPOIIECCOB Ooree OBICTPOACHCT-
BYIOIIETO, YeM CYIIECTBYIOIINE, M YCTOHYHMBOTO K «aj-
reOpanyeckuM MeTIISIM» SIBISIETCS aKTYaJIbHOM 3aJauei.

Jns WHXEHepOB, MPOBOMSIINX Pa3pabOTKH, BaKEH
(u3ndecknii CMBICT MaTeMaTHYECKUX aeHcTBHUA. Cxem-
Hasi MOJIENb, COIPOBOXKIAIOMIA MaTEMaTHIECKYIO Orepa-
s, IeTaeT CMBICT omnepanuu Oonee moHATHRIM. Hanpu-
Mep, pacueT MepeXOJHBIX MPOIECCOB OMEPATOPHBIM Me-
TOJIOM PEKOMEHIYETCSl CONPOBOXAATh OMEPATOPHOM CXe-
Mol 3aMenienus. IIpu a3Tom B cxeme 3aMeleHus IpoLecc
TaKOW, YTOOBI OH IMOJHOCTBHIO OINHMCHIBAJICS aireOpamye-
CKUMH ypaBHCHHAMH. CXEMHAas MOJEIb IO3BOJSACT OT
ANIEKTPUYECKON IICMH, B KOTOPOU MPOIECCH OIMUCHIBAIOT-
cs1 mHTETPO-audHepeHITNATFHBIMI YPaBHEHISIMHA, TIEpeii-
TH K CXeMe 3aMEMICHUs, IS KOTOPBIX CIIPaBEIUIUBEI 3a-
KoHBI Kupxroda s 1enu moCTOSHHOTO TOKa. DTO TIO-
3BOJISIET MICTIONIF30BATh amIiapaT TEOPUH Lemnei s pado-
TBl ¢ U300pakeHUAMHU TOKOB. [loaTomy, Moamukaius
YUCJICHHOTO METOJ[a, CONMPOBOXKIAIOMIASACS CO3JIaHHUEM
aJIeKBaTHOM CXEMHOM MOJEINH, SIBJISIETCS LICHHOM.

I1I. IIEJIb PABOTBI

]_IGJ'IBIO pa60TLI SABIIACTCA MOI[I/I(I)I/IKaHI/IH YHUCJICHHO-
o METOda pacucTa NEPEXOAHBIX IMPOIECCOB B JJICKTPUIC-
CKUX [CIIIX, UCTTOJIB3YIOUICTO alIPOKCUMAIUIO PCUHICHUA
IIOJIMHOMaMH q66BIH.IeBa, YTO IMO3BOJHUT COKPATUTHL BPEMA
MOACINPOBAHUS.

IV. U3JIO)KEHUME OCHOBHOI'O MATEPHUAJIA 1
AHAJIM3 IIOJIYYEHHBIX PE3YJIBTATOB

JI1st IpOCTOTHI M3JIOKEHNST PACCMOTPHUM CHavasa
OJHOKOHTYPHYIO 3JIEKTPUYECKYI0 II€Mb, COAEPKALIYIO
pe3ucTuBHBIN (R), 1 MHAYKTUBHBIN (L) 37€MEHTHI, BKIIIO-
YEHHBIC MI0CJIEI0BATENBHO.

ITpn moAKIIOYECHNH B MOMEHT BpeMeHH {=() ucToY-
auka DJIC e(t) B menm MpOMCXOIUT MEPEXOIHBIN Mpo-
LIecC, KOTOPBIA ONMUCHIBACTCS JHHEHHBIM anuddepeHiu-
JIbHBIM YPaBHEHHEM C TIOCTOSIHHBIMH KO3(h(DUIIMEHTaMHU:

Lﬂ+Ri=e(l) 1)
dt

Bynewm nckarb perieHre BoO BpeMEeHHOW obuactu t te
[a, b]. B pabote [6], mpeIIo)KEHO HCIIOIB30BATD ATIPOK-
CHMAIIMIO pemIeHus A1 QYHKIMH TOKa PsAAaMH IO MOJH-
HomaM YeOrimeBa. B pe3ynpTaTe moigydeH MeToI, TI03BO-
JISIFOIMH 3HAYUTENFHO MOBBICUTH CKOPOCTh MOZEIHPOBa-
Hus. [lpu anmpoxkcuManyuy HEKOTOPOi GYHKIHH pIIaMu
no nonuHoMaM YeObllieBa 3amaeTcsl YCIOBUE MeETO/a
KOJUTOKaNUi. DTO 03HAYAEeT, 4TO Il BHIOPAHHBIX NN y310-
BbIX TOYCK CO 3HAYCHUEM aprymcHTa tm AMMIpOKCUMHUPO-
BaHHOE PpEIICHHE COBIMAIACT C TOUYHBIM PEUICHHUEM, HO B

22

JIPYTUX TOYKax JOIYCKaeTCsi HEKOTOpasl MOrpelHocTs. B
paborax [7], [8] moka3aHO MPUMEHEHUE 3TOTO0 METOoJa
JUIsl pacueTa HEJUHEHWHBIX MAarHUTOZJIEKTPUUECKUX Iie-
neil. YCOBepIICHCTBOBAHME 3TOTO METOAA IS pacdeTa
MEPEXOAHBIX MPOIIECCOB B TpaHC(HopMaTOpax M3I0KEHO B
pabote [10]. B paborax [7], [8], a Taxxke [9], mpoBemeH
aHaAJIN3 TOTPEIIHOCTH METOJa, KOTOPBIH IOKa3al, dTo
OCHOBHAsI TIOTPEITHOCTh METO/Ia 3aKII0YaeTCs] B alIpOK-
CHMAllMM TPOU3BOAHOW peuieHus. JleiCTBUTENbHO, B
ypaBHenun coctosiuus (1) d¢urypupyer mnpousBogHas
TOKa M0 BpEMEHH.

ift)
Plt)

3 “ !

2

Pucynoxk 1. [ToBeaenue annpokcuMupyomieid GyHKIUH B
Yy3J1axX UHTCPHOJIAIUN

Kax BugHO u3 puc.l, naxke mpu HE3HAUUTEIHBHOM
OTKJIOHEHHH aNNpPOKCUMHpPYIOMEeH (yHKIUM OT HCTHH-
HOW (DyHKIMM TPOM3BOJHAS, KAK TAHICHC yIJia HaKJIOHA
KacaTeJbHOM, M3MEHsIEeTCsl 3HaYMTEeNbHO. MeToa, KOTo-
pBIil HampaBJIeH Ha YMEHBILICHHE ITOTPEIIHOCTH ampoK-
CHUMaIi{ IPOM3BOTHON pElIeHUs N3JI0XKeH B pabote [11].
OnHako anmpoKCUMAIHs aareOpandecKIMU NOJTHMHOMaMHU
cama BJIeUeT 3HAYUTEIbHYIO IOTPEeIHOCTS [12].

PazpaboTaem cnoco0, KOTOPHIA HUCKIIOYAET IOsBIIE-
HHE TaKOW rmorpemHocTy. J{jist 3Toro psaaMu Mo MmojIMHO-
MaM YeOpImieBa OyieM pacKiaaslBaTh HE caMy (YHKIIHIO
pelIeHus, a ee MPOM3BOAHYIO.

Cesoticmsa noaunomos Yebviuiésa.

[omuHOMBI YeOBImIéBa SABISIOTCS OPTOTOHAIHHBIMA
¢yukuusiMu Ha otpeske [—1, 1] ¢ BecoBoi (yHKUUEid

h(x)zl/xll—x2 [13], [14] . OnpexnensaoTcs OHU clie-
JIYFOIITUM 00pa3oM:

T,(x)=cos(n arccos(x)).

Berauciate ux ygoOHO, HCIOJB3Yys PEKYPPEHTHBIC
bopMybI:

1 (x)+Ty(x)=2xT,(x);

OyHKIUY, UMEIOIINE HEMPEPBIBHBIC TPOU3BOIHBIC
JI0 HEKOTOporo N —TO TMOpsIKa MOKHO PacKiIabIBaTh B
psaa no mommHOMaM YeObrmiéBa. [lonmmHoMber UeObmméBa
MOXHO nuddepeHnpoBats u naTerpupoBath [13], [15] .
OtH cBoiicTBa Oy/IeM MCIONB30BaTh IS PEIICHUS MHTET-
po-muddepeHnanbHEIX  YpaBHEHUH, KOTOPBIE COCTaB-
JISIOTCSI HA OCHOBaHUM 3aKoHOB Kupxroda.

To(x)=1 Ti(x)=x.
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Pewenue unmeepo-ouppepenyuanvrvix ypaguenu

IIJ'I}I UHTCPIOJIALNN beHKI_II/II/I Ha KOHCYHOM CCIrMCH-

Te BpeMeHH te[a, b] menaroT 3aMeHy IepeMEeHHON:
;=8 +b b-a

2

2—(a+b)

—a

+

x=>xe[-11]; x=

DYHKIUIO 1)1 IPOU3BOIHOM TOKA alPOKCUMUPYEM
TMOJMHOMOM N-/-0H CTEICHH.

colo(xo)+c1Ti(xg)+caTr(xp )+

i'(x)= p(x)=coTo(x)+cTi(x)+
+opTy(x)+-en Ty 1 (x).

)
Bribepem B wHTEpBaje MoAeaupoBaHus (€ [a,b]
psin y3moBbIX To4ek. [Tonoxkum, uto /st Bcex N y3/0BbIX
TOYEK CO 3HAUEHHEM apryMeHra t, (X,) COOTBETCTBYIOT
cnenyroue 3HadeHust Gynkuun (2): i'(x,, )= p(x,, )

coTo(x1)+erTi(x))+crTa(xy )+ ey Ty (x)=i'(x;)

coTo(xy_1)+eiTi(xyoy ) +ealo(xyg )+ ey (xyoy ) =i'(xn-1)

Brrarem u3 ypaBHeHHH cuctemsl (3) epBoe ypaBHEHHE U IIOIYYUM COKPALICHHYIO CHCTEMY

Ti(x)—Ti(xo)
Ti(xy)-Ti(xp)

Th(x1)=Tr(xg)
Th(xy)=Th(xp) -

BBenmem BeKkTOp-CTPOKY MOTMHOMOB UeObIméBa, Kak
(yHKOHIO OT X

To(x)=[li(x) To(x) - Tyy(x)]. (5)
O0603HaUNM:

[ T(x) T(xg)

p, | T3/, p,o|T(x0)], ©
T(xy-y) T(x,)
[ i(x) i'(x0)

I - i'(sz) . l"().Co) . ™
Li'(xn-1) i'(xg)

C yuerom (5-7) cucremy (4) B MaTpuuHoii (opme
MOYKHO 3aIicaTh B BUJIE:
(D,—Dy)C=I-1 , ®)

rae C Bextop k03 uiinerToB B ypaBHeHIX (3, 4).

W3 ypaBHenus (8) ciexyer BEKTOp 3HAUEHUIT poU3-
BOJHBIX 7Sl y3/10BBIX TOUEK:

I'=DC+1I'y , 9)
rue

(10)

CornacHo (2)

23

IS m = 0, 1, 2, .N-1.
ey T (xg) =i
3)
Ty_1(x1)=Tyn(xp) 2 i'(x1) =i
Tn_i(x2)=Ty(x) € | i'(xy) =g @)
i'(xy_1)—1j
i'(x)=cy+Ty(x) C, (11)
a
i'(xg)=co+Ty(x9)-C . (12)
OTKya monyunm:
co=ip—Ty(x9)-C (13)
Pentenue i QYHKLIMH TOKA UMEET B
i(x)sz(x)dx+d1= (14)

= [(coTo(x)+erTi(x)+ e Ty (x) e Ty (x)dx+dy

OmpenenuM ¢y W TOCTOSIHHYIO HHTETPUPOBAHUS.
IToncraBum u3 BeipaskeHust (13) ¢y u yurem (5):

i(x):_f(i(')—Tx(x0)~C+)dx+d1 =

!
Zib'X—Txo(xo)-C~x+j(Tx(x)-C)dx+d1 %)

WuTerpansl oT noamHOMOB UeOBIIeBa BEIPAXKAIOTCS
dhopmymamu [13]:

jTl(x)dx:%Tz(x)+d x=1

[

d — TIOCTOSTHHAS! HHTETPHPOBAHUSI.

(16)

1
2

Tpa(x) Tiq(x)

T, (x)dx =
[T (x ) k41 k-1

}dx+d, k1 (17)

C yuerom (16-17) BwIpaxkenue (15) mpeacraBum B
BUJIE:
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itx) =[xk +5 (o +

{TM (x) _ Tk_l(x)}k +.,.+[TN (x) Tya(x)
2k+1) 2(k-1) 2N 2(N-2)

:|CN71 +d1

BBeneM BeKTOp-CTpOKY BCeX ciaraeMbiX (Kpome
MIepBOT0), BXOMAMNX B BhIpakeHue (18), kak QyHKIHIO
OT apryMeHTa X:

1 T, T, T, T, .(19

S‘,()C) — 7[T~,(x)], A'+](x) _ A'fl(x) LN (X) _ l\/*z(x) ( )
47" 20k+1) 2(k-1) 2N 2(N-2)

Jns N-1 y370BBIX TOYEK CO 3HAYCHHEM apryMeHTa

BPEMEHHU 1, , YTO COOTBETCTBYET MOMEHTAM IIPUBEIEHHO-

r0 apryMeHTa X,, COOTBETCTBYIOT CIEIYIOIINE 3HAUCHUS

¢ynkuuu (19) kak CTPOKK MaTPHILIBL:

Se(x) ]
s=| S(x2) (20)
Sy(xn-1)]
[Ipu 3HaUeHUHU X = X) UMEEM:
S (xo1)]
S = Sx(:xo) @
Sy(xo) |
U3 (18) ¢ yuerom (19), (5) u (13) momygum:
i(x)=ip-x—Ty -C-x+S8S.(x)-C+d, (22)
OTtkyna
di=ig—ig-x+Ty-C-xg+Sc(x9)-C. (23)
IMoncraBum BeipakeHue (23) B (22):
i(x)=(8(x)=8x(xXo)=(x=x0) - Typ))-C+ 24)

'
+(X—X0)'i0 +i0

st y3noBeIx Touek 1, 2, ...N-1 ypaBHenue (24) B
MaTpU4HO# (hopMe HMeeT BHI:

I=(S-8y—-4-Ty))-C+Aig +ig =

, (25)
=V-C+A4-iy +i,
rae
X1
X=| 2. v=(8S-8-4-Ty));
XN-1
X=X
A= TP (26)

X—XN-1

HuddepennmanbHoe ypaBHEHHE COCTOSIHUS IS 1ie-
i R-L-e umeer Bux (1). s y31m0BBIX TOYEK CO 3HAYECHH-
€M apryMeHTa BpeMeHH f,, (COOTBETCTBEHHO X,,) m=I, 2,
... N-1 COOTBETCTBYET CJEIyIOIIee ypaBHEHHE B MAaTPU4-
HoOM (hopme:

LI'+RI=e, 27)

rae e - Bektop 3HaueHuid DJIC B y370BBIX TOUKAX;

I - BexTOp 3HaUEHUI TOKA B y3JI0BBIX TOUKAX;
I' - BexTOp 3HAUEHMI TPOU3BOJHOMN TOKA B Y3JIOBBIX TOY-
Kax.

[oncrasum BeIpaskeHus (9), (25) B (27):
L(D-C+Iy)+R-(V-C+4-iy +iy)=e. (28)
IIpeobpasyem (28):

(L-D+R-V) C=e-R-A-Iy'-R-ig—L-Ij- (29)

[omyunu BEIpakeHUEe BTOpOro 3akoHa Kupxroda
s nzo0paxkernit C.

Torna npu M3BECTHBIX HAYaJIbHBIX 3HAUYEHMSX TOKA
i0 u nmpou3BoAHOM TOKa 1’0 MOYKHO ONPENEUTh 3HAUCHUS
TOKa BO BCEX IMPOM3BOJBHBIX TOUKAaX X Ha oTpeske [—1,1]
WJIM COOTBETCTBYIOIIMX TOYKAaX t BPEMEHHOI'O CErMEeHTa
coryacHo (24).

VYpaBuenue (29) MOXXHO HMHTEpPIPETUPOBATH Clie-
nyrommMm obpasom. [lycte B ucxomHoi BeTBH R-L-¢
npoTeKaeT peanbHblil TOK i(t). VcxoaHoil BeTBH, COOT-
BETCTBYET BETBb 3aMelleHus (puc. 2), B KOTOPOH MpoTe-
KaeT HekoTopoe m3oOpaxenue C, peasbHOro Toka i(t).
N3o6paxenne C — 3T0 BEKTOp, copepKaniuid Koddduiu-
EHTHI pPa3JIoKeHHs ToKa i(t) B pAJ MO OPTOrOHAIBHBIM
noixrHOMaM YeOsImieBa.

e
RV c LD
— -

R*(io + Aig)+L*I" o

()
N

Pucynok 2. Cxema 3aMerieHus Ut H300paXeHNn i OHO-
KOHTypHO# R-L- e nenu

Ilpu >TOM B BETBU 3aMeEIlEHUs PE3UCTHUBHBINA 3Jie-
MEHT R UM€ET CONpOTUBIIEHUE R-V U NOCIEA0BATEIBHO C
HUM HaBCTpPe4y TOKY BKJIIOYAECTCS. UCTOYHUK IIOCTOSIHHOM
DJIC BenwunHOM R-(A-1,'+1,) (cm. puc.2). UamyKTHB-

HbIN 35eMeHT L umeeT comportusienue L-D, u nocieno-
BaTCJIbHO C HUM HAaBCTPEUY TOKY BKJIFOYACTCA UCTOUYHUK
nocrosinHoit DJ1C Bennuunou LI'y.

CornacHo pa3pabOTaHHOW TEOPUU COCTABICHA KOM-
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MBIOTEPHAs IPOTPaMMa, pacyeT MO KOTOPOH C TOUHOCTHIO Hanpsokenne Ha KOHIEHCATOpe B TEUCHHE MEPEX0-
JI0 JI0JIel TIPOLIEHTa COBIIAZaeT C pacyeToOM, IOIYUYEeHHBIM  HOTO MPOIIEcca ONpEeessieTCsl BRIpaKeHUEM:
AQHAJIUTHYECKH.

Hanpsiocenue na romdencamope.  PaccMoTpum uc(x)=B .[ i(x)dx+dy ; B:l, (30)
MPOCTYIO [€Mb, COJACPIKAIIYI0 BKIIIOUYECHHBIC MOCIEI0Ba- C
TEJIBHO DJIEMEHTHI: PE3UCTUBHBIHN (R), HHIYKTUBHBIHN (L) 1
emkoctHBIN (C) (puc. 3). Ilpn mogKIIOUYEHUN WCTOYHHUKA
3/1C B memu nNporCXOAUT IIEPEXOTHBIH IpoIiece.

rne d, — NMOCTOSHHAS MHTETPUPOBaHMS, KOTOPas MOXKET
OBITB OIpe/iesieHa U3 HaYaIbHBIX yCIOBHH.

Bripaxenune ams Toka (30) moaydeHo U3 BBIpaKSHHS
(24) m HavanpHBIX yclOBUH. BripakeHme mns Toka (22)

ett R 7 L c o7 2 -

. itt) YY4EeHO MHTETPHPOBAHNEM BBIPKEHUS (2) U IPon3

(—} - YT I} BOJHOU TOKa. B aTux BeIpakeHusx Bexrop C koddhduim-
w7 €HTOB PAa3JIOEHUs] MPOU3BOIHON TOKA CUUTAETCS HEOIl-

peeneHHbIM.
Hcnons3yem B dopmyne (30) BeIpakeHHE IS TOKA
. u3 (22):
Pucynok 3. Cxema ogHokoHTtypHOH R-L-C-¢ nemnm
’
uc(x)=B-[(8,(x)=Sy—(x—x)-Ty))-C+(x—xy )-igy +ig Jdx+d, . (31

PaccmoTtpum  BekTOp-cTpoKy (19) Kak (yHKIHIO OT X ¥ BBIIIOJIHAM MHTETPUPOBAHHE BCEX KOMIIOHEHTOB BEKTOpa

S (x):

Jl(x):j.Sx(x)dx:I{%[Tz(x)],---Tk“(x) _ Tk—l(x)“.TN(x) _ TN_Z(X):|dx. (32)

2k+1) 2(k-1) 2N 2(N-2)

Ucnonb3yem npasuiia MHTETpUpOBaHus NOIMHOMOB (16, 17). MHTerpupoBanne Beex 4ieHOB BeKTopa S (x) AaeT

BEKTOP-CTPOKY:

11 T(x) G|
42| 3 1]
20 2(k+1)\ k+2 k 2Ak-1)\ &k k-2
AU (Tva) _Tva)) 1 (Tya(x) Ty s(x)
2|2N\ N+1 N-1 2(N-2)\ N-1 N-3
BBINONHUM WHTETPUPOBAHHE OCTAIBHBIX UJICHOB U (x) =
ypaBHeHus (31): o (38)
=BA1(x)=To(x) = T3(x)IC+Ty(x)+ T5(x)}+d =
Ja(x) =[S (xg)dx =8 (x)x; (34) =B-W(x)-C+q(x)+d.
T3 = [(x=x0) Tyo Mx =To( %9 )-(x* /240 ), (35) OBosHaThM QyrKLH:
Wix)=\Jy(x)—Jdr(x)-J3(x)} 39
rae J,(x),J,(x) Bekrop-ctpoku, dynkmms T.(x) — (x) [ 1(x)=Ja(x)=J3( )]' (39)
BekTOp (5) 3HaueHuit moMHOMOB YUeObIeBa B TOUKE X, q(x)=J4(x)+J5(x) . (40)
J4(x):I(x—x0)~i6dx=ib'(x2/2+x0'x); (36) Ipu x=x¢ u.(x9)=ugg-
Js(x)= jio dx=iy-x, (37) Hanpsoxerne Ha koHmeHcarope (38) B HadanbHOM
TOYKE:
J4(x),J5(x) - CKansApeL uco =B [W(xy)-C+q(xy))+ds . (41)

C yuerom BelpaxkeHuid (32) — (37) HampspkeHue Ha

KomHercaTope (31) MpHMeT BIT: OmnpeneniM NOCTOSIHHYIO HHTETPUPOBAHUSL:

dy =uco—B-[W(xy)-C+q(xy ). (42)
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OxoHuaTenbHO (HYHKIHUS HAIPSDKCHHS HA KOHJICHCa-
Tope (38) mpumer Bux:

uc(x)=B-[(W(x)=W(xy))-C+q(x)~q(xy )| +ucg -(43)

Ecnu ypaBuenue (43) 3anmmucars A7 Y3JIOBBIX TOYEK
CO 3HAUCHUEM apryMeHTa BpeMeHH 1, (COOTBETCTBEHHO
Xm) m=1, 2, ..N-1 , TO IOMyYNM CHCTEMY YpaBHEHHIA,
KOTOpasi B MAaTpU4YHOI hopme MMeeT BUL:

Uc =BWC +Q)+u, . (44)
rie W =W,-W,,
w(xy ) w(xg)
W, = M(?z) s Wo = W{%O) ;
w(xy-1) | W(xg)
q(xy) q(xp)
0, - Q():Cz) . 0 = q():co) 45)
q(xn_1) Lq(xp)

WuTerpo-muddepeHnnanbHOe  YpaBHEHHE COCTOSI-
Hus e R-L-C-e (puc. 3) mMeeT BUI:

}i(; Jdt +uc(ty)=e(t).

fo

L4

= (46)

+Ri+l
C

Jlyist y370BBIX TOYEK CO 3HAa4E€HHEM apryMeHTa Bpe-
MEHH f, (COOTBETCTBEHHO X,) m=1, 2, ...N-1 ypaBHECHHIO
(46) cooTBeTCTBYET CHCTEMa ypaBHEHHIA, KOTOpas B MaT-
pUuHOI popMe UMeeT CIIeAY IO BUI:

LI'+RI+Uc =e. (47)

[Moncrasum B (47) BeIpakeHus: | - BekTOp 3HAYEHUH
TOKa B Y3JIOBBIX TO4Kax (25), I - BexTop 3HauyeHuii mpo-
M3BOJIHOM TOKa B y310BbIX TOUKax (9), U, - BEKTOp 3Ha-

YeHW HaNpsHKEHUH Ha KOHIEHCATOPE B Y3JIOBBIX TOYKAX
(44):

L(D-C+1y)+R-(V-C+4-iy +ig)+

(48)
+B[WC +Q)+u,q =e.
[Tocne mpeobpazoBanmii (48) momydnm:
(L-D+R-V+B-W)-C=
(49)

=e—R-A-1)-R-1y—L-1, —BO —u,

[Momyunmu BeIpaskeHHE BTOpOTO 3akoHa Kupxroda
JUTA TIeTTH, TIOKa3aHHO! Ha puc. 4. B 3Toi menwm nporeka-
€T He WCTHHHBINA TOK, a ero n3obpaxenne C.
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(<]
RV C L D
ol — Ia'ae
’J LT

BW BQ+Uco+R*(io+alf o)+L*.”0

[ ()

|| ./

Pucynok 4. Cxema 3aMernieHus Jjisi OAHOKOHTYPHOM
R-L-C- e uemnu

YpaBHeHue (49) u cxeMy 3aMEIICHUS PUC. 3 MOXKHO
HHTEpPIPETUPOBaTh clexyromuM obpasoM. McxoaHoit
BETBH COOTBETCTBYET BeTBb 3amenieHus (puc. 3). B BeTBu
3aMeIleHNs] TPOTeKaeT He UCTHHHBIN TOK i(?), a ero u3o-
opaxxenne C. Mzobpaxenne C — 310 BekTOp KOd(duIm-
€HTOB PA3JIOKEHMSI TOKa i(¢) o mosmHoMaM YeOblmeBa.
IIpu >TOM B BETBU 3aMELIEHUS] PE3UCTUBHBINA 3JIEMEHT R
uMeeT H300pakeHHe CONpPOTHBIIEHHS R-V U mocienoBa-
TEJIFHO C HUM HaBCTPEUy TOKY BKJIIOYAETCS HCTOYHHK
noctosiHHOM DJ[C BenMunHOM R-(A-1,"--1,) (cMm. puc. 4).

VHAyKTUBHBIN 3J€MEHT MMEeT H300pa’keHHe COMPOTHUB-
Jgenust L-D u mocnenoBaTelbHO ¢ HUM HAaBCTPEYY TOKY
BKJIIOYAETCS MCTOYHHUK MocTosHHOM OJIC BenmnuuHOMI
L*])’, a eMKOCTHBII 3J€MEHT — H300pakKeHHUE COMPOTHB-
nenust B-W, 1 nocnenoBaTenbHO ¢ HUM HAaBCTPEUY TOKY
BKJIIOYAETCSd HCTOYHMK mocTosiHHoM OJIC  Benuuu-
HOU. BQ—u -

Jlokaxem, 9TO B y37IaX CXEMBbI 3aMEIeHHUs Ul H30-
Opaxenmnit C coOmogaercss mepBblii 3akoH Kupxroda.
s aToro Bocnoibp3yeMcs ypaBHeHHEM (25).

I=(S—8y—A4-Ty))-C+Aig +ig =
ZV'C+A'i0’+iO

[IpocymMMupoOBaB BEKTOPHI TOKOB B y3JI€, MOXKHO II0-
Ka3aTh, YTO HW300pa)KCHUN TOKOB B CXEME 3aMCIICHHS
BBIMOJTHSCTCS 3aKOH TOKOB Kupxroga:

$c, 0. (50)
k=1

Takum oOpazoM, B cxeMme 3aMeUIeHUs dIIEKTpHYe-
CKOi1 nenn Bce n3o0pakeHust Cy OPUTHHAIOB TOKOB  ix(?)
VAOBIETBOPSIOT 3akoHaM Kupxroda. YpaBHeHHSA, CO-
CTaBIIEHHBIE TT0 3akoHaM Kupxroda ms u300pakeHu —
TMHEWHBIEe anredpandeckue ypaBHeHHs. ClieIoBaTeIbHO,
IIPU M3BECTHBIX 3HAUCHUSIX TOKOB BETBEH iy M HAIpsDKe-
HUA Ha KOHJEHCATOpaX Uk B Hadalle MOJAEIUPYEMOTO
BPEMEHHOTO CerMeHTa [f), ty.;] cucTemMa ypaBHEHHH, CO-
CTaBJICHHAs JUIS CXEMBl 3aMEIICHHUs TI0 NIEPBOMY 3aKOHY
Kupxroda, mis Bcex y3imoB 6e3 OJHOTO W MO BTOPOMY
3akoHy Kupxroda [ Bcex TJIaBHBIX KOHTYPOB, UMEET
€IMHCTBEHHOE pellleHne. B pesynbrare pemieHus cucre-
MBI JINHEHHBIX aIreOpandecKuX ypaBHEHHH IIOJydaeM
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Bektophl Cy (31eck k — HOMEp BETBH), CoAeprKaIlne 3Ha-
yeHHUs KO3()(QUIMCHTOB MOJMHOMHUAIEHOW aNIpPOKCHMA-
MU TOKOB IS BCEX BETBCH.

3Has Juis mo00i k-i BeTBH KOI((GHUIMEHTHI MOJH-
HOMa, 3Ha4YeHUE TOKa ioy U MPOU3BOIHON TOKA B HAa4aJb-
HOM TOUKE #; , a TAK)Ke HANpPsHKEHHE Ha KOHJIEHCATOPE Uc
, MBI MOYXEM IIOJIyYUTH 3Hau€HHWE TOKa BO BCEX MPOM3-
BOJIBHBIX TOYKax B CEIMEHTE BPEMEHH [y, fy.;] COTrIacHO
(30):

i(x)=(8y(x)=8,(x0)—(x=x0)-Typ))-C+
+(.X—X0)'l.0, +i0.

Hnsa y3noBeix touek I, 2, ...N-I ypaBuenue (30) B
MatpudHoit popme mmeeT Buf (31).

q)yHKIII/ISI HAIPsPKCHUSA Ha KOHACHCATOPE UMCECT BU
(38).

JUIs y3JMOBBIX TOYEK CO 3HAYCHHWEM apryMEHTa Bpe-
MeHH t, (COOTBETCTBEHHO X,) m=1, 2, ...N-1 ypaBHCHHIO
(50) cootBercTBYET cnenmyromee ypaBHeHHE (51) B MaTt-
pudHOi hopme:

U,=B-[WC+Ql+u. (51)

Jlisi yMeHbIIEHHsT TOTIPELIHOCTH aNNpPOKCHMAIMN
PEKOMEH/TyeTCsI Y3IIOBbIE TOUKH BBIOMPATh B HYJISX MOJIHU-
HomoB YeOnmiena [12].

V.UCIIBITAHUE METOJIA

Jlis wcmeiTaHusl MEeTO/Ia, Kak U B pabdote [6], wmc-
MOJIb30BaHa MOJICITbHASI IJEKTPHUUCSCKAs 1IETTh, [IOKa3aHHAS
Ha puc. 5. CormacHo pa3pabOTaHHOMY METOAY MOICIh-
HOW AJIEKTPHYECKON IenH (pUC. 5) COOTBETCTBYET cXeMa
3aMeIIeHus, IOKa3aHHas Ha prc. 0.

i R1 L
i0 i1
" = - I_il_p £V
R4
R3
R2] I
e(t)
G) —_—C4 —_—— C3
o 4 i2 i3
—1
PucyHok 5. Dnekrpuueckasi cxema UCCIeTyeMOoil MOIETBHON e
R i +R,AF o
B ;Q +tuc g
.} . ]
T i P RIAM o
R 5V
B W
Cs

PucyHnok 6. OneparopHast cxema 3aMeIleHUsI UCCIEeyeMON MOJIENbHOM 1eTH
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Pucynok 7. 3aBUCHIMOCTb TOKa i1(?), TOTydeHHAS B pE3yJIbTaTe pacyera o IMporpaMmme

O10i1 cXeMe COOTBETCTBYIOT YpaBHEHHMs, COCTaB-
JeHHble 1o 3akoHam Kupxroda (52). B cxeme 3amerieHus
BMECTO pEalbHBIX TOKOB (DUI'YPUPYIOT H300pa)keHHs TO-
KOB — BEKTOPBI, cojepkaiine KodQUIMEHThI anmpoKcH-

CO_CI —C4 =O,'
C] —C2—C3 =0,'

R()VCO + R4VC4 + B4WC4 =

= e — Roigg — Rodig — Raiog — Ryd -ipg — B4Q —ucos;

R]VC] + LDCl + RzVCz —B4WC4 - R4VC4 =

=—Ryig; — RiA-ip) — Raigy — Ry A iy + B4Q +ucoy + Ryd iy,
- RzVCz + R3VC3 + B}WC:; =

= Ryigy + Ryd - iy — R3ip3 — R34~ i3 — B30,

The i, Lon Loz 03 fow L00 L1 L02 103 P04 Ucos Ucos—
3HAYEHHS TOKOB M WX IPOU3BOIHBIX 10 BPEMEHH BETBEH
0-4 u HampspDKeHWH Ha KOHAEHcaTtopax 3,4 B Hayaje Te-
KYLLETo pacueTra, A — BEKTOP OTKJIOHEHUM Y3JIOBBIX TOUYEK
OT HYJIEBOU TOYKHU.

Pemenne 3TMX ypaBHEHHH IaeT BEKTOP MOJIMHOMH-
HAIBHBIX KOA((QUIMEHTOB, IO KOTOPBIM COrjlacHO (25)
MOTYT OBITh BBIYHCIICHBI 3HAYEHUSI TOKOB B Y3JIOBBIX TOY-
Kax. Pe3ynbTarel pacuera npuBeIeHbl Ha pUc 7.

28

Maluy 3TUX TOKOB nonuHoMmamu YeObimesa. [lepssie n1Ba
YpaBHEHUs COCTABIIEHHI 110 IIepBoMYy 3akoHy Kupxroda, a
OCTaJIbHbIE ypaBHEHHS COCTABJIEHBI IO BTOPOMY 3aKOHY
Kupxroga IS HE3aBHUCHMBIX KOHTYPOB.

(52)

HexoTopsiM HemocTaTKOM ypaBHEeHHH (52), KOTOpbIE
COOTBETCTBYIOT CXEMe 3aMEILEHHS pHC. 6, SBISETCS TO, YTO
B KAauecTBE HAYaJbHBIX YCJIOBHH TpeOyeTrcs 3aJaBaThb
3HAYEHWS [IPOU3BOIHBIX HE TOJIBKO IIEPEMEHHBIX COCTOSHHUS,
HO U 3aBUCHMBIX IlepeMeHHbIX. OZIHAKO 3TH 3HAYCHHS JIETKO
MOJIYYUTh C TMOMOIIBI0 3aKOHOB Kupxroda mo meromuke,
MPUBEICHHOU B padote [16].

BbIBO/IbI

Pacuer NEPEXOJHBIX MPOHECCOB B JJICKTPUYCCKUX
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LeTIsIX CBOJUTCS K peIeHUI0 UHTErpo-
middepeHnnaNbHBIX  ypaBHEHUH coctostHus. Ilpemio-
JKEHHBIM METOJ pacueTa MepeXOAHBIX MPOLECCOB B DIEK-
TPUUIECKUX LeTIIX MIO3BOJISIET HHTErpo-
muddepeHnnanbHbIe YPaBHEHNS COCTOSHHS CBOAWTH K
anredpandeckuM ypaBHEHUSIM. 11 3TOro mpemioskeHo
COCTaBJIATh CIHEIMANbHYI0 cXeMy 3amenieHus. Cxema
3aMeIIeHNs] CTPOUTCS (POPMAIBHO IO CXEMe MOJEIHpye-
Mo# 1ieru. B cxeme 3amemneHust pUrypupyroT He UCTHH-
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Memoou oocnioscenns. Buxopucmana noninomianvHa anpoxkcumayis QyHKYil, Yucioei Memoou po3e's3aHus iH-
mezpo-ougepeHyianbHux pisHsHb, MAMPUUHI MEMOOU, NPOSPAMYBAHHSL HA KOMN'tomepi I Memoou meopii eleKmpuyHux
K.

Ompumani pesynemamu. B pesynomami moouixayii 6i00mM020 mMemoody po3paxyHky nepexioHux npoyecie pospo-
611eH0 YOOCKOHAeHUL Memoo, KUl 00360JI€ CKOPOMUMU 4aAC KOMNTOMEPHO20 MOOETO8AHHS OUHAMIYHUX eleKmpul-
HUX Npoyecis 6 NHIUHUX elekmpuunux xoaax. Ilokazanuii npuKiIao 3acmocy8aHHs 3anponoHo8arno2o memooy. Ha nio-
cmasi po3pobieHo02o mMemoody CKAd0eHd KOMN'TOMepHA npocpama Oisi PO3PAXyHKY nepexiono2o npoyecy 8 MOoOeibHOMY
Koxni. [lanuii npuxkiao nokasas ckopouenHs npoyecopHoeo yacy Ha 45% 6 nopieHaHHi 3 3acMOCY8AHHAM 8i00OMUX MemOo-
dis.

Hayxosa nosusna. Buxopucmana anpoxcumayis QyHkyiti cmpymie 6i0 yacy psoamu no Opmo2OHAAbHUX NONIHO-
mamu Yebuwosa. Honinomu Yebuuiosa maromos 61acmusicmos pieHOMIPHOCHE ROXUOKU anpoKcumayii pyHKYil y 6Cbo-
My O0lana3oHi 3MIHU apeyMenmy, wo UOLIAE IX 3 pA0Y IHUUX OPMOSOHATLHUX PYHKYIU. 3anpONOHOBAHO 8UKOPUCTNOBY-
6amu NONHOMIANIbHY ANPOKCUMAYIIO He camor QYHKYIN piuweHHs, a it noxionoi. L{e icmomuo 3HudiCcye nOXuOKy anpox-
cumayii, Ax QyHKYIi piulenns, max i NOXIOHOH piueHHs, aKa Qicypye 8 memodi po3paxyuky. Ilokazarno, sk 6 3anpono-
HOBAHOMY MemoOi iHme2po-Ougepenyiaivri PIBHAHHA CIAHY NepemeopioomsbCs 6 NiHilHI aneebpaiuni pigusaHHs. Po3-
pobneno cxeMHy MoOeb 3anPONOHOBAHO20 YUCTI08020 Memody po3paxyHKy. Cxemua mooenb 00380JA€ 8i0 eneKMpUYHO-
20 KO, 6 SIKOMY NpOYecu ONUCYIomvbCsl IHmeepo-0udepenyianoHUMy PIGHAHHIMU, nepetimu 00 cxemMu 3aMIiueHHst 3 30-
opascenHsmu cmpymie. 300padiceHHs CRPABI’CHIX CIPYMI6 CXEMOI0 3aMIWEeHHs. IHMEPRPEemYIOmbCsl, K NOCMIUHI cmpy-
mu. Tlokasano, wo 0 306padicenv cmpymie 6 cxemi 3amiwgenns cnpaeeoausi 3axonu Kupxeoga, wo npuzeoosms npu
PO3PAXYHKY 00 cucmemu aneebpaiunux pieusanv. CxeMHa MOOeTb CIMEOPIOE 3PYUHICIb THIICEHepY, KUl GUKOHYE PO3pa-
XYHKU NepexiOHux npoyecis.

Ilpakmuuna yinnicms. Pospobiaenuii memoo GiOKpUBAE MOJICTUBICING GUKOPUCMAHHS 6CbO20 PIZHOMAHIMHO20
anapamy meopii enekmpuyHux Kin 011 pobomu 3 300pasxcenuamu cmpymie. Ha niocmasi yvozo pospobnsemocs yHigep-
CANbHULL NPOSPAMHUL KOMAIIEKC OISl PO3PAXYHKY NepeXiOHUX Npoyecia 8 eneKmpuiHux Kouax 008iibHOI CKIAOHOCH.

Kmouoei croea: nepexionuil npoyec, YUcio6i Memoou, CXemMHa MoOelb, NOIHOMIANbHA ANPOKCUMAYIS

MODIFICATION OF NUMERAL CALCULATION OF TRANSIENTS IN
ELECTRIC CIRCUITS ON BASIS OF TCHEBYSHEV’S POLYNOMIALS

PATALAKH D. Postgraduate student, Zaporizhzhia Polytechnic National University, Ukraine, e-mail:
patalakh.dmytro@gmail.com

Purpose. Modification of the numerical calculation method of transients in linear electric circuits, as well as the
development of a schematic model of the method, leading to ease the calculation and to increase the speed of calcula-
tion on a computer..

Methodology. Polynomials approximation of functions, numeral methods of solution of integro-differential equa-
tions, matrix methods, computer programming and methods of electric circuits theory are used.

Findings The improved method of transient calculation is worked out as the modification of the known one. It al-
lows to reduce the computer modeling time of dynamic electric processes in linear electric circuits. The example of the
application of the proposed method is shown. Based on the developed method, the computer program was compiled for
calculating the transient in the model circuit. This example showed the reduction in CPU time of 45% compared with
the use of known methods

Originality. The approximation of the functions of currents with time by series in the Chebyshev orthogonal poly-
nomials is used. Chebyshev polynomials possess the property of the approximation error uniformity of functions in the
entire range of the argument, which distinguishes them from a number of other orthogonal functions. It is proposed to
use a polynomial approximation not of the solution functions themselves, but of its derivative. This significantly reduces
the approximation error of both the solution function and the derivative of the solution, which appears in the calcula-
tion method.. It is shown how, in the proposed method, integro-differential equations of state are transformed into lin-
ear algebraic equations. The schematic model of the proposed numerical calculation method is developed. The sche-
matic model allows you to move from an electrical circuit in which processes are described by integro-differential
equations to an equivalent circuit with images of currents. Images of true currents in the equivalent circuit are inter-
preted as direct currents. It is shown that the Kirchhoff laws are valid for current images in the equivalent circuit,
which leads to the calculation of a system of algebraic equations. Such a circuit model creates convenience for an engi-
neer performing transient calculations.

Practical value. The developed method opens up the possibility of using the entire diverse apparatus of the theory
of electric circuits for working with current images. Based on this, a universal software package is developed for calcu-
lating transients in electrical circuits of arbitrary

Keywords: transient, numeral methods, scheme model, polynomial approximation
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AHAJIN3 TMHAMUWYECKHAX CONPOTUBJIEHUI
IHPEOBPA3OBATEJIA C MAT'KUM INEPEK/IIOYEHUEM
JJIAA IIMTAHUA TEXHOJTOTTHYECKHUX YCTAHOBOK

BEPEIIAI'O E.H. KaHJ. TEXH. HayK, JIOUEHT, JOUEeHT Kadeapsl MOPCKOrO INpUOOPOCTPOEHHS
HalmoHanbHOrO — yHMBEPCHTETa  KOpabJECTpOEHHs MMEHH —ajMupana Makaposa,
Hukomnaes, Ykpanna, e-mail: venmkua@gmail.com;

KOCTIOYEHKO B.W.  kamn. Texn. Hayk, [J0HeHT Kadeapbl CyHOBBIX 3JIEKTPOIHEPreTUYECKUX —CHCTEM
HanuoHansHOro — yHHBEpCHTETa  KOpabIecTpoeHHs MMEHH —ajMupana  Makaposa,
Huxonaes, Ykpauna, e-mail: vikmkua@gmail.com;

Lenv pabomui. Oyenxa OUHAMUYECKUX CONPOMUBTEHUL CMAOUIUSUPOBAHHO20 NPeodpa306amels, OCHOBAHHAS HA
pacuéme UMnYIbCHbIX UCIOYHUKOS JJLeKMPORUMAHUSL ¢ ROMOUWBIO MEMOOd YCPEOHEHUs. NePEeMEHHbIX COCMOSHUSL U C
nomowvio DBM. Paccmompetue mep no y8eruteHuo 6bIX00H020 CONPOMUGIEHUS U YIYYULEHUIO NAPAMENpPO8 nepexoo-
HO20 npoyecca, nogvluienue e2o ycmouuusocmu. Paccmompenue ocobennocmu pabomvl uMnyisCHO20 UCMOYHUKA
DNEKMPONUMAHUSL HA INEKMPULECKVIO OY2Y € EMKOCMbIO.

Memoowt uccnedosanus. Kiaccuueckue wacmommule meopuul YRpaeieHuss U Memoobl IKCNEPUMEHMATbHOZ0 Onpe-
OeleHUst YACMOMHbBIX NAPAMEMpPOs.

Tlonyuennvie pesyromamul. Paccmompersl 60npochl, 803HUKAIOWUE NPU NPOSKMUPOSAHUU U pa3pabomke yCm-
POUCME U CUCEM DNLeKMPONUMAHUS DNEKMPULECKOU 0Y2U — JNIeKMPOMASHUMHAS COBMECMUMOCTb OMOCLbHBIX Y3106 8
cucmeme dNeKMPONUMAHUs, UX YCMoUHUEOCHb, d MAKiCe YCMOUNUBOCMb 6Cell cucmembl diiekmponumanus. Paccmom-
pena 0cobeHHOCb pabomuvl UMNYIbCHO20 NPeobpa308ameis HaANPANCEHUs. Ha KOMNIEKCHYIO Hazpys3ky. [lokazanvl npu-
YUHbL BO3HUKHOGEHUSI ABMOKOLebameNbHo20 pexcuma. [lpu neobxooumocmu Ons yCmpaneHus agmoKoiebanuil Mo2ym
bvimb dobasnenvl dnemenmol Oemnguposanus Gurvmpa. HUcciedo6ano eiusHue HEUWHUX 0OPAmMHbIX ces3ell Ha OUHA-
MUUecKue CeOCMEa UMNYIbCHO20 NPeotpa306ameiss HANPdNCeHUs, pabomaiowe2o Ha 0y2o8yio Hazpy3ky. /s obecne-
YeHUsL YCMOUYUBOCIU 8 cucmeMe «DUIbMP INEKMPOMACHUMHBIX HOMEX — UMRYIbCHbII NPeotpazoeameib Hanpsjice-
HUsLY Clledyem CHUMCAmb 6bIXOOHOe CONpOmuGieHue Guibmpa 00 GelUYUHbI MEHbUEl 6XO0H020 CONPOMUBTIEHUs npe-
obpasosamens. Tlonyuennvle pesyibmamol pacuéma KOMNIEKCHO20 8X00H020 CONPOMUBTCHUS UMNYIbCHO20 Npeobpa-
306amens HANPANCEHUsL MO2Ym OblMb UCTONb306AHbL OISl AHAAU3A YCIMOUYUBOCIU PAGOMbL CUCTEMbL DNEKIMPONUMAHUSL
C 6X0OHBIM PUALMPOM Paouonomex. JJonorHumenbHas 0opamuas césa3b N0 HANPANCEHUIO Ha 0y2e Npueooum K cyuje-
CMBEHHOMY YBCNIUNEHUIO 8bIXOOHO20 CONPOMUBLEHUS NPEOOPA306AMENs U K CNANCUBAHUIO €20 YACMOMHOU XapaKkme-
PUCTUKU (OMCYMCMEUIO PE3OHAHCHO20 MAKCUMYMA), HMO 8eCbMA HCelamenbHO. B yerom uacmomuas 3a6ucumocms
BLIXOOHO20 CONPOMUBIEHUS ONIs1 08YXKOHMYPHOU cucmeMvl bolee O1a2onpusmua, yem 0sk 0OHOKOHNYPHOU 6 OMHOUle-
HUYU OUHAMUKU.

Hayuna nosusna. [lpumenenue HOBbIX IDPEKMUSHBIX ANOPUMMOSE PACUEMA U CNEKMPATLHO2O AHAIU3A NPOYeC-
CO8 6 3aMKHYMbIX HEIUHEUHBIX OUCKDEMHBIX CUCIEMAX C PA3TUYHLIMU 6UOAMU OOPAMHBIX C653€ll 8 Pedcume Ux Hop-
MANTLHO20 PYHKYUOHUPOBAHUS K AHAU3Y HOB020 00bEeKmMA.

Ilpaxmuueckas yennocmo. H3n0icenue HOCUmM KOHCMPYKMUGHbIIL XAPAKmMep U 306epulumcst npoyedypoi npoex-
MUPOBAHUSL PE2YNIAMOPOE C UCHONIB308AHUCM HOBOU — HATMYPHOU MeOpul YAPAGLeHus. 0isi 00beKmMos ¢ Heonpeoenénibl-
MU napamempamu.

Kntouesvie cnosa: pezynupyemviii npeo6pazoeament HaANPA’CEHUA, MAZKOe NePeKnioyerue; 8X00H0e U BbIXOOHOe
COnpomuenenus; 6xoOHON Gurbmp, NOIHOe COnpomueneHue;, OBYXKOHMYPHAA CUCMEMA CMmAbunuzayuu; ycmoudu-
60CMb; KACKAOHOe COeOuHeHue; KOMNIEKCHAS HAZPY3KA.

TeTHKa MoTpedIeHus], COCTaB MOTPEOIIEMOT0 TOKa | T.1.
OnHako B HUX OTCYTCTBYIOT AMHAMHUYECKHE IapaMeTphl

B macmopTHBIX maHHBIX McTouHHKOB TuTanus (MIT)  WIL. M3 Bcex 3TUX AMHAMMYECKHX IapaMeTpoB Hauboiee
JUTSL CBAPOYHBIX W POJCTBEHHBIX MPOIECCOB M TEXHOJNO-  BAXKHBIMHU SIBJIIIOTCA BXOJHOE U OCOOEHHO BBIXOIHOE CO-
TM{ TIPUBOJATCA BCE MX OCHOBHBIE CTAaTHYECKHE Mapa-  [MPOTHUBIICHMIL.

METpBI: 3HAUCHUE HAMPSKCHUS CETH MEPEMEHHOTO TOKa, ToBblmenHoe (IOHMKEHHOE) 3HAYECHUE, HAIPUMED
HOMHMHAJIPHBIC 3HAYCHHS BBIXOJHBIX TOKA M HANPSUKCHUS,  prxonmoro conporusienns B UIT Ha GoblIne TOKH, MO-
AMaIasOHbl NSMCHCHUS TOKa M HANIPKCHUA, HAIIPSHKCHUE  ykeT CITy)KUTh UCTOYHUKOM JIOTIOJHUTEIBHBIX BBICOKOYAC-
XOJIOCTOTO XOJd, OTHOCHTENbHBIEC NPONOIKHTEIBHOCTD  TOTHRIX [OMEX B BBLIXONHBIX LEISX U IPHBOMTH K YCH-
Harpysku (ITH) u rmouenns (T1B), KIIZ, cos ¢ — 9HEP-  jepmio o1eKTpOMArHATHBIX IIOMEX OT IIPE0OPasoBaTEs B

I. BBEJEHHE

© Bepemaro E.H., KocTiouenko B.HU., 2019
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CETh, CHIDKEHHIO 3alacoB yCTOWYMBOCTH BCEH CHCTEMBI
JIEKTPOIIUTAHMS, YBEIMYEHHIO BBHIOPOCOB M IPOBAJIOB
BBIXOZHOTO HanpspbkeHus (toka) MII mpu mepexopHom
TpoIecce B CiIydae Pe3KOT0 M3MEHEHHsI CONPOTHBIICHHUS
Harpy3ku (CKaukoB TOKa HAarpy3KH).

KpOMe TOTO, 3HAHHUC BCIMYHMH JHUHAMHYCCKHX CO-
MIPOTHBJICHUH HEOOXOIMMO NPH pacu€Tax KacKaJHOTo U
MapaJuIebHOTO COCAMHEHUS] CTa0MIM3aTOPOB, B Cllydae
HEOOXOAMMOCTH oOOecTiedeHuss OJHOBPEMEHHOTO 3JIeK-
TPONHUTAHUSI HECKOJBKHX HAarpy3oK, KOTOpbIE B 00IIEM
cilydae MOTYT OBITh NMOTEHIMAJIHHO Pa3BA3aHHBIMHU (II0-
CTPOCHHUE CHUCTEM DJIEKTPOIUTAHUS NPU Pa3BETBIEHHON
Harpy3ke) [1], [2], 9To BaxHO IS ONTHUMAIBHOTO IIO-
CTPOCHHMSI PACHPENCNIEHHBIX CHCTEM JIICKTPOIHUTAHMSA,
HOJYYaloIUX HIIMPOKOE PACHpPOCTPaHEHUE B IEJIOM psje
CJIO’KHBIX 3JIEKTPOTEXHOJIOTHUECKUX KOMIICKCOB.

CoBpeMeHHass KOHIICTIITUS TIOCTPOCHUS  CHCTEM
AIEKTPOMTUTAHUS WHAYCTPHAIHFHOTO M CIIEIHAJIFHOTO Ha-
3HAYCHUS BBIHYKIAeT NMPUMEHATh B MX COCTaBe 3HAYM-
TENbHBIM HaOOp CHeNHaM3UPOBAHHBIX YCTPOMCTB, pas-
PEIIAIONIMX 33a4acTyi0 MPOTHBOPCUUBBIC TPCOOBAHUS K
nocjaeqHuM: tpeobpaszosarencit Hanpspkenus (DC/ DC);
CEeTEBBIX 3aIUTHBIX YCTPOWCTB; (HIBTPOB paJUONIOMEX;
BEIIIPSMUTEIICH C aKTUBHBIM KOPPEKTOPOM KO3 PHIIHCH-
Ta MOLIHOCTH; YCTPONCTB YIIpaBJICHUS, KOHTPOJIS, TUar-
HOCTHKH.

[Tpu pazpaboTke nake OTAENBHBIX MOIYJEH, U TeM
OoJyiee arperaTHpOBaHHBIX (COCTABHBIX, CJIOYKHBIX) YCT-
pPONCTB OfHOW M3 HamOoJiee BAXKHBIX W CIIOKHBIX IIPO-
611eM, KOTOpBIEe HEOOXOIUMO PEIIUTh — 3TO MPOOIEMBI UX
YCTOWYMBOCTH M aHAIN3a HEJIMHEHHBIX KoJieOaHW, BO3-
HUKAOUINX MTPH HAPYIICHUH YCTOWIUBOCTH [2].

II.AHAJIU3 UCCJIEJOBAHUM U TYBJIMKALIUN

AHanmn3 WH(GOPMANMOHHBIX MAaTEepPHaJoOB U OIICHKA
BOXHEUIINX ITapaMeTPOB HEKOTOPBIX 3apyOEKHBIX WC-
toyankoB ruranus (UIT) [3] — [10] moka3an, uTo B Ha-
CTOsiIee BpeMsl IpEeACTaBIIeTCS HanOojee MepCHeKTHB-
HOW JJI peaju3allid BBICOKOHAAEKHBIX HCTOYHHKOB
9JIEKTPOITUTAHUSA C HU3KUM YPOBHEM 3JICKTPOMATHUTHBIX
nomMex MOIIHOCTBIO > 4000 BT i1 cCOBpeMEHHBIX 3JIeK-
TpoTexHoJorul paspadorka UII ¢ ucrmoip30BaHUEM TeX-
HOJIOTUH «MSTKOH KOMMYTAIIAN KITFOUCH, U3BECTHON KaK
Zero Voltage Switch (ZVS).

HcTouHUK AIEKTPONHUTAHUSA B COCTaBE IIEKTPOTEX-
HOJIOTHYECKON YCTaHOBKM SIBJISIETCS COTJIACYIOIINM 3Be-
HOM MEXIY Harpy3Kod M CHCTEMOM 3JICKTPOCHAOKCHUS.
OnauM U3 TpeOOBaHWH, MPEIBSIBIAEMBIX K HCTOYHUKAM
AJIEKTPOITUTAHUS CO CTOPOHBI CHCTEMBI 3JICKTPOCHAOXKeE-
HUS SIBJISIETCSI 3alUTa BXOJIHOM MUTAIONICH CEeTH OT 3JIEK-
TPOMarHUTHBIX IOMEX, T€HEPUPYEMBIX B CETh MUMITYJIbC-
HBIM TIpeoOpa3zoBaTenieM HampspkeHus. s STod meiu Ha
BXOJl HUMIIYJIbCHOTO TpeoOpa3oBaTeiss  HAaMPsDKECHHS
(UITH) craBar ¢unbtpel pagnomnomex [1] — [2]. Kpome
TOTO, BXOJHOH (QHIBTP HEOOXOINM M IJIS 3aIIUTHI CAMOTO
npeo0pa3oBaTelis OT Pa3IHYHBIX OPOCKOB HAIPSKECHHUS BO
BXOJHOM LIeTIH.
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B Hacrosmiee Bpems CyIIecTBYeT OTE€YECTBEHHas
NPaKTHKa, KOTJa Kaxsjas IOJCHCTeMa pa3padaThiBaeTcs
MHIMBUIYAIEHO 0e3 y4éTa B3aMMHOTO BIIMSIHUS TOJCHC-
TEM APYT Ha JIpyTa, a 3aTeM OHU MHTETPHUPYIOTCS, YTOOBI
c(OpMHUPOBATH TONHYIO CHCTEMY 3JEKTponuTaHus [1],
(2]

OCHOBHOI1 BOIIPOC, KOTOPBII HA/I0 PEIIUTh TIPH MPO-
EKTHPOBAaHWU BXOJHOro ¢GuiabTpa paauornomex (PPII) —
3TO obecriedeHne yCTOWIMBOCTH CHCTEMBI 3JIEKTPOIHTA-
HUS, B KOTOPYIO BXOAUT 3T0T Gmtetp [1], [2].

B cnyuae mokynku ®PIT [11] HeoOxoaumo mpose-
PHUTB YAOBIJICTBOPSIET JI OH TPEOOBAHHUSM I10 OCIA0JICHHIO
3JIEKTPOMAarHUTHBIX TIOMEX OT MpeoOpa3oBarelis B CETh B
3aJlaHHOH I10JIOCE YacTOT, UMEET JHU OH TpeOyemoe BbI-
XOZHOE COMPOTHUBIICHNE, 0OECTIeUNBAONIEe yCTOHINBYIO
paboty cuctemsl «DPII - UTTH» Ha KOHKPETHBINA TpeoO-
pasoBaTeb.

I11. IEJIb PABOTHBI

Pacuér quHamMu4eckux BXOJIHOT'O M BBIXOJHOI'O CO-
MPOTHUBIICHHS UMITYJIbCHOTO HCTOYHHUKA DJICKTPOIUTAHHS
JUISL AYTOBOW HArpy3ku, pacCMOTPEHHE Mep IO yBellnde-
HUIO BBIXOJHOT'O CONPOTHUBJICHUA W YJIYYHICHUIO Iapa-
METPOB MEPEXOHOr0 MpoIlecca, MOBBIIMIEHUE €ro yCTOn-
YUBOCTH, OCOOCHHO C MEPEMEHHON CTPYKTYPOH CHIOBOI
yacti. Paccmorpenne ocobenHoctn pabotel MITH Ha
9JIEKTPUUECKYIO YTy ¢ EMKOCTBIO, METOJIMKA UCCIIEI0BA-
HHUS aBTOKoJeOaTenmpHOrO pexknma B cucteme «UIMTH —
KOMIUTEKCHas Harpy3ka» («BXomHO#H (mipTp - mpeobpa-
30BaTeNlb)») C HUCIOJIB30BAHUEM BBIXOJHOTO COIPOTHUBIIC-
uust UIMH (¢unbTpa) ¥ BXOAHOTO COMPOTUBIICHHS Ha-
Tpy3KH (1Ipeobpa3oBatess).

IV. B13JIO)KEHUE OCHOBHOT'O MATEPHUAJIA 1
AHAJIM3 TOJYYEHHBIX PE3YJIbTATOB

OnpenenyuM MaTeMaTHUECKyI0 MOJENb I HCCie-
noBaHus. [lomiexxamasi OoNMCaHUIO cXeMa IpejcTaBlieHa
Ha puc. 1. B cxeme 3aMerieHHs BBIXOJHOE HamNpsDKEHHE
CETEBOTO BBIIPSIMHTENS MPEICTABICHO IMOCTOSHHBIM Ha-
npsbkeHneM U, ¥ NCTOYHHKOM MEPEMEHHOH COCTaBIISIIO-
meil e(f). BerxogHo#t cuitoBoit GpuiibTp mpencTaBiIeH Of-
HO3BEeHHBIM LC-(puibTpoM ¢ HOTEPsIMH, KOTOPBIC YUHUTHI-
BAIOTCS CONPOTHUBIIEHHEM Ry, BKIIOYAIOMINM U BHYTpPEH-
HEE COINpPOTUBIICHHE BTOPUYHOW IENM MCTOYHUKA ITHUTa-
Hus. s OOIIHOCTH BBEIEHO CONPOTHBICHHE R, BKIIIO-
4EHHOE Mapajyie]IbHO KOH/IEHCATOPY BBIXOJHOTO (pribTpa
(na puc. 1 He nokazano). biok koMMyTannoHHOH (QyHK-
i (K®) [2] ycranaBiuBaer CBsi3b MH(MOPMAIIMOHHOTO
Uxy 1 sHeprerudeckoro U; BX0JI0B ¢ BeIxogoM U,

Uy(t)=Kd(t)U;, ij(t)=Kd(t)i.

Ha puc. 1 gepes k;, k, 0003HaueHBI K03()HUITHECHTHI
YCWIECHHSI CUTHAJIOB BBIXOAHOI'O TOKA M HAIPSDKEHUS CO-
orserctBenHo; JT, JIH — natdmk ToKa ¢ KpyTH3HOM R,
HMEIOLIEN Pa3MEPHOCTh CONPOTHUBIICHUS M JAaTYUK Ha-
npspKeHust ¢ K03(GHUIMEHTOM TNepeaayr B COOTBETCTBEH-
HO; Zy — KOMIUIEKCHOE CONpPOTHUBIIEHUE HArpy3ku; Uyy —
HaIpsKEHUE KOPPEKTUPYIOLero ycrpoiictsa; Usr — 3a-
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JIaHUE 110 TOKY; Uo 1, Uo.c2 — CUTHAIIBI OOpaTHOM CBSI3H IO
TOKY ¥ HalpSDKEHHIO COOTBETCTBEHHO; kpr — KOA(PHIH-
eHT ycwieHus perynaropa Toka (PT); n, kak o0buHO,
war / wy=wyp /wy; D — xodddunmeHt 3amonHeHus. B
JanpHekieM OyneM nonarats kpr(s) = ky = const.

nD

i\ (1)

LY
Cd

J,.r
BX

VU @)

Kd(/)

e(Hy ~

|

KY
A

kPT

Uocr

u :
B.T. UM_}_ : Uoc1™~1n

~Uy

Koppexkrupyromee ycrpoticteo (KY) dopmupyer u3
cUrHaiga omumOku TpedyemMoe HampshKEHUE YIPaBIICHHUS,
mocrymnatoriee Ha BxoJ| 01oka KD(7).

R1

R2

[=i

a

Pucynoxk 1. PacuétHas cxema 3aMemieHus npeodpa3oBaTes ¢ BRIXOAHBIM (QHIBTPOM
(a) u cxema 3amerieHus Harpy3ku (0)

BcenencrBre ocobeHHOCTEH CHIBHOTOYHOTO JyTrOBO-
ro paspsaa uctounuk nutanus (MI1) paboraer Ha cymre-
CTBEHHO HEIHMHEHHYIO Harpy3ky € pe3KONepeMEHHBIMU
napamerpamu. OIHAKO SKBHBAJICHTHAS CXEMa HarpyskH,
HanpuMmep Oe3 y4uéra HHEPIMOHHOCTH DJICKTPUUECKOI
JyTH, A7 aHAJIN3a 3JIEKTPOMArHUTHBIX MPOLIECCOB B IIpe-
oOpa3zoBaTenie MOXET OBbITh NMPEACTABJICHA B BUJE IOCIE-
noBatesnbHOro coenuHenus ucrounuka SC Uy u nud-
(bepeHIMaTbHOT0 COMPOTUBIEHUS Ryqo (puc. 1) ¢ mepe-
MCHHBIMU TIapaMETpaMu. 3HaueHMs IOCJIICAHUX 3aBHUCAT
OT MHOTUX (pakTOpoB M B OOLIEM Cilyyae MOTYT H3Me-
HSTHCS BO BPEMEHH IIIaBHO (HApHMep, B (DYHKIMU TEM-
meparypsl) JIuO0 CKadykooOpazHO (Tepexojl TICOIIETOo
paspsiaa B ayrosoii). IlpakTHdecku cCONMpOTHBIEHHE pa3-
psmHOTO TpoMeXxyTKa MeHseTcs ot K3 (stam mHMUIMMpO-
BaHUS pa3psanga) 10 XX (BO3MOXKHBIA 00peIB ayrH) [12] —
[13].

st Harpysku (puc. 1) cripaBeanBo:

7 ()

1. Ry .
[uﬂ _(RI +R2)l]+7(uﬂ —Rzl)z 0.
C npyroii ctopoHsl, coryiacHo [13] nuHeapu3oBaH-
HOC YpaBHCHUEC )II/IHaMH‘leCKOﬁ AYTHU UMECT BU

a (g -

7 2

Rcm07)+ é(ﬁﬂ - R()¢07)= 0.

34

B ypaBuenusx (1), (2): uy — HampsKeHUe Ha Iyre, i
— TOK JyTH; O — NMOCTOSHHAs BPEMEHH AYTHU; Rero, Rugo —
craruueckoe U AudQepeHaIbHOe CONPOTHBICHUS Y-
ru. IIpu 3TOM iy, T — OTKIOHEHUs] OT YCTaHOBUBIINXCS
3HaueHu#t Uy, 1.

Ecnu  cpaBHuTh Mexay cob0oit  koadduimeHTs
ypaBHeHmi (1) u (2), TO A7 AIIEMEHTOB YKBUBAICHTHOMN
aJIeKTpuyeckoi 1enu (puc. 1, 0) monydarTcs claeayro-
IUEC BbIPAKCHUA:

Ry =Rypos Ry =Remo—Ropo: L=0(Remg—Ropo) -

Benuuunsl R, R,, L UMeIOT, KOHEUHO, JJISI KXXKA0U
TOYKH XapaKTEPUCTUKU Pa3IMYHbIC 3HAYCHUS.

Yemanosuswuiics pesicum pabomwl npeobpazosa-
mens. V300pa3suM SKBHBAJICHTHYIO CXeMy IpeoOpa3oBa-
TeJisl JUIs YCTAaHOBHMBLIETOCS PeXruMa paboThl, MPeacTaB-
JIeHHY10 Ha puc. 2. 13 cxeMbl puc. 2 HETPYJHO Ompeje-
JIUTh 3aBUCUMOCTH IJIs1 BHEIIIHEH XapaKTCPUCTHUKHU U CTa-
THUYECKOH ITOTPEIIHOCTH PETYJINPOBAHUS TOKa cTabMiIn3a-
Topa. 'paduueckue 3aBUCMMOCTH /IS BHEIIHUX XapaKTe-
PHCTHK CTa0MIIM3aTOpa NMPHUBEAEHBI Ha puc. 3. 3aBUCHMO-
CTH JIaHbl B OTHOCUTENIbHBIX EIMHHIIAX:

IH* = IH /IHDM; [3* = 13 / IHOM; UH* = UH / (nUBX)'

VYyacTtok 1 BHEIIHENH XapaKTEpUCTUKH COOTBETCTBY-
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€T peKUMy pabOThl C MajibIM CTAaTH3MOM, YYacTOK 2 —
PeXUMY CTaOMIM3alMM BBIXOJHOTO ToKa. Bropoit yua-
ctok BAX B 3aBHcHMOCTH OT TpeOOBaHHH MOXKET UMETh
pa3nuuHBI XapakTep. B manHOM BapuaHTe OH MMeEeET JH-
HEWHBIN XapaKTep W U3MEHSCTCS B 3aBHCHMOCTH OT TIIy-
oursr OOC (puc. 1).

B cranmonapHoM pexuMe y4yacTOK 2 BHEIIHEH Xa-
PaKTEPUCTUKH OIUCHIBACTCA CJEAYIOUINM YpaBHEHHEM

(puc. 3):

UH = UHO - RB(IH - 13)’

Pucynok 2. CTpyKTypHas cxema cTabuim3aTopa Toka
JUIsl YCTaHOBHUBILIETOCSI pEKUMa pabOThI

O003HaYMB yCTaHOBHBIINECS 3HAUYCHUS (PA30BBIX
KOOpJIMHAT NPONMUCHBIMU OYKBaMH, W3 3KBHBAJICHTHOU
cxeMsblI ripeoOpasoBarens (puc. 1) nmmeem

UBHX = UC = [Rﬂd)o + U(). (3)
IIpu U, = const 04e€BUIHO, YTO MAaKCUMyMy TOKa [
COOTBETCTBYET MHHUMYM BBIXOJHOTO HAITPSKEHHS.

CyMMapHBIi curHajl 0OpaTHOW CBSI3M B YCTAHOBHB-
meMcs peXHUME CPaBHUBASCh C CHUHXPOHU3HPYHOIUM
MIII000pa3HBIM HaNpspKeHHueM, (OpMHPYET OAMHAKOBYIO
JUTUTENBHOCTD f#, YNPABISIIONIMX HMILYJIBCOB IIEPEKIIIO-
YaOUIUX 3JIEMEHTOB MPU OAWHAKOBBIX OT MEPHOAA K Iie-
puony 3HaueHusx. [loatomy

UP.T = (U34T - kiR,ILTI+ BkMUBbIX)kPT = 2Umtu /T= UmD
Bocnonp3oBaBmmce (3), MOIyduM CiEyOIee BbI-
pakeHue
I korUsr N
kiR qr(1+ Rs / Rygpo +kor —kor )
(ko —1)Uy _
Rogo(1+Rs / Ropo +kor —kop )

1
- ]+R2 /R()d)o +kOT _kOH

(ko — Uy
Rogo

korUsr
kiR 1

(4)

35

rae
_korRopo +Rs
? I-koy
nU,. Ry nU,. Ryr
kor == M kkpr oy =22 ki,
Un Rogo Un Rogo

- K03()(UIMEHThl YCHIEHUS KOHTYpPOB PEryJIMPOBAHMS
TOKa M HampspkeHus 0e3 yuéra (akTopa ITyIbCaIii.

l.-’“ *“
1,0 1
Upo |
0.6 ¢
04 4

02 4

|
|
|
|
|

|
|
|
|
|
I N
06 08 10

Ty*

02 04

Pucynok 3. BHennue xapakTepucTHKU cTabMIn3aTopa
TOKa

U3 (4) oueBHaHO, YTO NIPH BHIITOJIHEHUN YCIIOBHS

nU,,

ko = Pkykpr =1

m

koHTtyp PT oOnagmaer acrarusmom 1-ro mopsaka mo
YIPaBISIONIEMY BO3/CHCTBHIO, T.€. OTpadaTHIBACT 3a/1aH-
HOE 3Ha4YeHHUE TOKa

Usr

kiR 1

I3 = (Ry << |Ryg0l)

0e3 ommOKku 1 0OecreunBaeT MHBAPHAHTHOCTh K BO3MY-
menuro U.

Koadpdunuent ycunenus UM omnpenensiem 1o
bopmyne

kg = [ig(1)] =T /20,

B KOTOPOW HE YYHTBHIBACTCS BIHMSHUC MYJIbCALUI yIpaB-
JISIOMIEro CUTHaNA (B TaHHOM cirydae upr(f) Ha kym); T —
HEepUOJ JUCKPETU3aLuY; i 7(¢) — MPOU3BOJHAS IO Bpe-
MEHH MTUJI000PA3HOTO HAIPSKCHUS.

B kauectBe mpumepa orieHUM KOA(GUIMEHT yCHIe-
HUSI HEU3MEHSEMOM YacTi

ko = (R g7 / Rogo Ve e (nU g /Uy, Dk

mpu Ryr=0,75:107 OM; [Ryg0| = 0,49 Om; Uy, = 540 B;
n=0,46; ammmuryae nwisl U, = 1,5 B; kyum = T/2U,;
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k,‘ =82.
Torma
R T
ko = AL nU gk =
Rad)o 2U,,
075-107° T
= . -82=104T .
0,49 2-15
IpencraBuM  COETMHEHWE  BXOMHON  (HIBTP —
MUMITYJILCHBIA  TIpe00pasoBarellb HalpSLKEHUS — KOM-

IJIEKCHAsl Harpys3ka B BHUJE KacKaJHOI'O COCIUHEHHUsS ue-
TBIPEXTIOMOCHUKOB (puc. 4). B 3TOoM cimyuyae BXomgHOH

(UIBTp HAarpy’XeH Ha HEIUHCHHBIA JBYXIOJIIOCHHUK C
OTPHUIIATEIIEHBIM TUPPEPEHIMATEHBIM COMPOTHUBICHUEM,
a Harpyskoil UITH sBnsercss mapasienbHOEe COEAMHEHHE
AIEKTPUUYECKON MYTH U EMKOCTH (KoJeOaTenbHas Harpys3-
Ka). AHamM3 CHCTEMHOW YCTOWYMBOCTH B3aUMOICUCT-
BYIOIIAX YETHIPEXITOMIOCHUKOB MOJKET OBITH BBITOIHEH
Ha OCHOBE XapaKTepUCTHK boje Wi ¢ MOMOIIBI0 TOM0-
rpada HaiikBucra [2], [14]. i1st aHanu3a ycTORYMBOCTH B
JAHHON paboTe HCHOJB3YIOTCSA XapaKTepUCTUKU bone,
KOTOpbIE TO3BOJISIOT OMPENENIUTh YacTOTy TeHepaluu B
HEYCTOWYMBBIX CHCTEMAaX.

LC-punstp |_ a _DC_-DC_ - _Har;m:a —;
—— ' ——
uo| g - U, (,g: AL | z |
i U, | s | | |
A" | AY L _A;’_'I ;
- A7 ]
Z,:(j®) Z.(jo)

Pucynok 4. briok-cxema ucciexyeMoil mpocTenIeid CHCTEMBI IIEKTPOITUTAHNS AIEKTPHYSCKON JYTH U MPEICTABICHHUE
e€ B Bue KackagHoro coeanHerus AByx UII (moxcuctem)

PaccMoTpuMm KackajHOE COEAMHEHHE NPOCTHIX Ue-
teipexnomocankoB (UIT) (puc. 4). Kommekcuas I1d
CIIO)KHOTO  (Pe3yJbTHPYIOLIET0)  YETBHIPEXIOIIOCHHKA,
COCTOSIIIIETO U3 KacKaJHO COCAWHEHHBIX OoTAeNbHBIX UII,
umeet BuA [15]:

l:/3(jw):
Us(jo)

H(jo) Hy(jo)
1+280.(jo)/ 2 (jw)

B8blX

H(jo)= (5)

rae H] (jow), H2 (jo) - xomrekcueie [1D nepso-
(1)

ro u Broporo YII cooTBeTCTBEHHO; Zg,,(j®) - KOM-

IUIEKCHOE  BBIXOJHOE  CONPOTHBICHUE IIEPBOTO, a
2), -

V4 (gx) (jo) KOMIIIEKCHOE€ BXOJHOE COIPOTHUBIICHUE

Broporo YII.

Kak crmemyer u3 (5), ecmm Ha HEKOTOPOH HacToTe
IIPU ONPEACIIEHHBIX IIApaMETPax YEThIPEXIOIIOCHUKOB
Oyner BBIMOJIHATBCS COOTHOIIIEHUE

1), . 2), . .
Zgbli(ja))/ng)(Ja)):—l, TO B JIJAHHOH CHCTEME CO-
raacHO (5) BO3HUKAET aBTOKOJIEOATENBHBIH PEXKUM, T.C.
cucreMa OyzneT HepaOOTOCIIOCOOHOW WIIM JaXKe MOXET

BBIUTH U3 CTPOSL.

JIyis MCKITFOUEHHSI CAMOBO30YKIICHHSI IBYX KACKaJIHO
coenquHEéHHbBIX YIl HeoOXxonumo 4ToOBI BO BCell 00J1acTu
YaCcTOT HE BBIMOJIHSIOCH YCIOBUE

36

Zia(jo) _

-] &
z(jo)

Z(1)

8blX

jo)=|2i (o))

(jo)-argl22( joo))= 130°.

Takum 00pa3oM, NpU TPOEKTHPOBAHHU CHCTEMBI
JJIEKTPOIIUTAHUS, COCTOSILEH M3 OTIEIbHO YCTOMYUBBIX
MOJICUCTEM  (YETBIPEXIIOIIOCHUKOB), HEOOXOJMMO KOH-
TPOJIUPOBATH BBIIIOJIHEHUE YCIOBHSA

1+ 2761

8blX
OC)KHOW NHUTEpaType Ha3BaHHE KPUTCPUS YCTOWYHBOCTH
Munmibpyxa [2], [14].

[ToaToMy BO3HHMKAaeT HEOOXOTUMOCTh HAXOXKICHHS
BBIXOJTHOTO KOMILIEKCHOTO COMPOTHUBIIEHUSI BXOJHOTO

1
arg(Zgbli

(ja))/ngz)(ja))iO, MOJYYHBILIETO B 3apy-

¢uneTpa Z (1)

eoix(Jj®), pacyéra U U3MEpPEeHUs BXOAHOIO

ng ) (j®) M BBIXOIHOTO CONPOTHBIIEHUII NMpeoOpa3oBa-

TeNsl, BXOAHOIO CONMPOTHUBIEHHS KOMILIEKCHON Harpys3ku.
st BXOoAHOTO (UIbTPa M KOMIUIEKCHOM HArpy3ku Haxo-
JKJICHUE YaCTOTHBIX XapaKTEPUCTUK (MOIYJIS U apryMeH-
Ta) HE COCTAaBISIET TpyAa. [pyroe neno — WMITyJIbCHBIN
npeoOpa3oBatens HanpsbkeHus. Ero BxogHas BAX nmeer
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CYILIECTBEHHO HeNuHenHb xapakrep [1], [2], T.e. UTTH
MIpecTaBIsieT COO0H HEJIMHEHHBIN PEe3UCTOp AJIsl BXOJHO-
ro QUIBTpA.

OjiHa W3 OCHOBHBIX IIPUYMH BO30YKIECHHS MOJIYJIEeH
arperaTMpyeMsbIX (COCTaBHBIX) YCTPOMCTB 3aKiIioyacTcs B
TOM, YTO OHH MMEIOT KOMIUIEKCHBIE BXOJHBIE M BBIXOJ-
HBI€ CONPOTUBIEHUS C OTPHLATEIIEHOW PE3UCTUBHOM CO-
cTaBistroner ndpGepeHaIbHBIX COTPOTUBICHHUH.

Oyenka OUHAMUYECKUX CONPOMUBTEHUL UMNYIbCHO-
20 ucmounuxa snekmponumanus (MHU3). Pacuet BXxoaHo-
ro u BeixonHoro comnporusienuu MIIH ocymectsum ¢
MTOMOIIIEI0 KOMITBIOTCPHOW METOJMKH, OCHOBAaHHON Ha
BPEMCHHOM H CIICKTPaJIbHOM aHAIH3¢ MECPEXOIHBIX U
CTaIMOHAPHBIX IMPOIECCOB MUMIYIBCHBIX MpeoOpa3oBaTe-
nei HampspkeHwst [2]. g peammzanmym METOIUKH HC-
MONTb3yeM YHHBEPCATbHYIO aBTOMATH3HPOBAaHHYIO IIPO-
rpaMMy pacdera TIPOIECCOB B AIEKTPHUSCKUX IIETIIX
FASTMEAN [2]. CriegyeT OTMETUTh, YTO JHHAMHYECKUE
COIIPOTHBIICHHUSI HEOOXOIMMO ONPEACIATh KaK MPH HOMH-
HAJIBHOW HAarpy3ke, Tak W B PeKUMe, OJM3KOM K XOJIO-
CTOMY XOJIy.

Pacuém evixoono2o conpomusnenusi npeobpazoea-
mest. KOMIUIEKCHOE BBIXOJIHOE COIIPOTUBIICHHE Mpeodpa-
30BatTelsl OIpEACNAeTCS BBEICHHEM B BBIXOJHYIO LElb
NapajuIebHO HArpy3Ke rapMOHUYECKOr0 UCTOYHHMKA TOKa
C U3MEHAEMON aMILTUTYAOH 1 yacToTtoi [2], [15].

Beimonusst pacd€Tsl U1 Pa3AMYHBIX 3HAYCHUH © H
aAMIUTATYIbl TAPMOHUYECKOTO BO3ICHCTBHS M ONpEnessis
B COOTBETCTBHH C aJITOPUTMOM OBICTpOro mpeodpa3oBa-
Hus Oypbe CIIEKTPHI aMIUIUTY A U (pa3 HCKOMOMH IepeMeH-
HOW (HampsDKEHUS Ha Harpyske), HaXOJUM KOMIUIEKCHOE
BBIXOJJHOE CONIPOTHUBIICHNE IPe0oOpa3oBaTes.

OTMeTHM, 4TO XapaKTep U3MEHEHHUsSI BBIXOJHOTO CO-
MPOTUBJICHHS TMPeoOpa3oBarTelisi OMPEACsIeTCs TOJIBKO
cnocoooM custus curHaia OC ¢ BBIXOQHON IENH U HE
3aBUCHT OT crioco0a moJiaum ero Ha BXoz [16].

BeixogHOE omepaTopHOE CONPOTHBICHHE CXEMBI
mpu pa3oMkHYTHIX Temsax OC (puc. 1) B obmeM cirydae
omnpenenseTcs BhIpaKeHHEM

UH (s)

Zog(s)=—= =
b () |30 jmitt5 )0
Romo|| -2 o2 +| B2g s L[5
K6 K6 Rcmo
_ e
Remo pecad | L+ L+RC’7moRzC 0 +..
R3K8 9K6 9K6
+Rs/R.,]
< L H(f‘(’z +C;0 0) Ry’ ©
[R5 + + Nl Js+1+—=—
R R R

K6 JK6 K6

1€ Ry = R || (-Rago)-
Ecmm 6 = 0, To BeIpakeHue (6) mpuobpeTaet BHI

37

SL+R2
LCs? +(RyC+L/R,, )s+1+Ry /R,
(R3K6 :oo),

Brixonnoe conpotusienue MO B cooTBeTCTBUM C
M3BECTHBIMH TIOJOXEHUSAMH TEOPUH aBTOMAaTHUECKOTO
yIOpaBJIeHUs, HanmpuMmep, Npu pazomMkHyToi nermu OC 1o
HaTpsDKEHUIo Ha ayre U 3amkHyToil OC mo Toky apocce-
JIS1 MOXKET OBITH ONpPEJIENICHO KaK:

Zo(s)=Zoy(s)-(1+T;(s)),

rae T(s) = W,(s) — nernesoii koddPuLEHT ycue-
Hus nenu OC mo TOKy Apoccelts, YUCIeHHO paBHBIA 11D
Pa3OMKHYTOH CHCTEMBl CTAOWIM3alM{ AT MOJENIH Ha
puc. 1. Heo6xonumo nomuutk, uto OOC 1o toky u I10C
MO BBIXOJHOMY HaANPsKCHUIO YBCIWYUBAIOT BBIXOJHOC
COINPOTHUBIICHHE.

Zop(s)=

B xpuBoii BbxogHOTO compotuBierns UMD B 06-
IIEM CiTyyae HaOII0JAr0TCsl PE30HAHCHBIH MaKCHUMYM IIPU
PE30HaHCHOM 4acToTe

@ :]/\ILC .

Pacuém exoonoeo conpomuenenuss npaxmuueckou
cxembl 3AMKHYIO20 MOCMO8020 npeobpazoeamens ¢ ¢ga-
308bIM YNPAGIEHUEM, HO36OJAIOWUM PEaTU308amb MACKOE
nepexniouenue Kk cxeme [3], [4]. Ha puc. 1 npeacrasiena
cxema, MO3BOJISIIONIAsl ONPEIENIUTh BXOJJHOE COMPOTHUBIIE-
HUE 3aMKHYTOTO MpeoOpa3oBarens. Bo BXOAHYIO IEIb
mpeoOpa3oBaTelsi MOCIe0BAaTeIFHO C TOCTOSHHBIM Ha-
MpsDKEHUEM, TOIICKAINM TIPeoOpa30BaHUIO, BBOIUTCS
rapMOHUYECKUH HCTOYHUK HCIBITATENbHBIX BO3AEHCTBUN
€yen = 1SINMZ, aMIUTUTYAa W YacTOTa KOTOPOTO BapbUpy-
eTcsl B MHPOKHUX mpexaenax. CUrHaI BXOIHOTO TOKa i(f)
nogaéres Ha GuibTp Pypre. OUKCHPYS ®, MOTYUUM TI0-
cle n 3KCHepHMeHTOB Ha paSJ'II/I'-IHl:lX HCIIBITATCIIbHBIX
4acToTax ®p, ®, ... ,, HEOOXOJAUMBIC YACTOTHBIC Mapa-
METpHI (XapakTepucTuku). VccliegoBaHue CIEKTpa am-
IUTATY] ¥ (a3 YCTAHOBHUBILETOCS IIPOIIECCa JIIsl BXOTHOTO
TOKa 3TOM CXEMBbI MO3BOJISIET OIpPENEIUTh YaCTOTHYIO
3aBHCHMOCTH MOJAYIIS M (pa3bl BXOIHOTO COIIPOTHBIICHHUS.

XapaKTep HU3MCHCHUA BXOJHOI'0 COIIPOTHUBJICHUA
ompenesseTcs: TOJIbKo crocodom BBeneHus curHaia OC k
BXOJIy IpeoOpa3oBaTes.

Juis ompeneneHus BXOAHOTO OIIEPATOPHOTO COMPO-
THUBIIEHUS Z; TIpeoOpa3oBartessi, paboTaloIero B pexXuMe
HENpPEePBIBHOTO TOKA, BOCIHOJIB3YEMCSl aHAJIOTOBOW MoJie-
JIBI0, TIOKa3aHHOM Ha puc. 1. M3 paccMoTpenus 3Toit Mo-
JCIN CICAYCT, YTO ZiO ABJIACTCA NPUBCACHHBIM K IIEPBUY-
HOH cTOpOoHE TpaHc(hOopMaTOpa BXOIHBIM COIIPOTHBICHH-
€M IIelM U3 HHU3KOYAaCTOTHOTO BBIXOJHOTO (HIBTpa U
HATPY3KH — JIEKTPUIECKON AYTH.

0O003HaYMB MOCPEICTBOM Z(S) ONMEPATOPHOE COMPO-
TUBJICHUC MAapaUICIbHOTO COCAMHCHHS JIICKTPUYCCKON
JIyTU U EMKOCTH:
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Rcm09s + Rt)([)O
RomgCO° +(RoggC+0)s+1°

Z(s)=Zy](1+ZyCs) =

IUTS CXEMBI, N300paXEHHOM Ha pucC. |, nmeeM

U, (s)
I(s)

_ R3k'6

= X
2
d(s)=0 (nD)

Zig(s)=

R R
—em0 1 cosd + KC’"”RZC + L/ijeur LC}SZ
R
9K6 9K6 +
RupmoCO” +(R,eC+0)s+1
R
{(RE +Rcm0)9+RZC+ L }s+l+ z
+ 9K6 5 RDK@ R3K6 , (7)
R CO” +(R,,C+0)s+1
rae Rows = R || (-Rug0); n, KaK 00BIYHO,
wa/wy =wp/wy,  —  KodpdumumeHt TparchopMmarmm;
D=2t,/T —xo3pdUIHEHT 3alOIHEHUS WMITYIHCOB

(ympaBaisromunii curaa).

Ecmu 0 = 0, To ypaBuenue (7) mpruoOpeTaeT B

Ry

LCs? +(RsC+

)s+1+
JK6

R, . Cs+1

9K6

JK8

Zig(s) = s
nD)?

ConporuBnenne R, OTpUIATENbHO R, [1 0. B

v *
JanbHEeimeM OyneM moHuMaTh nox R,,, ero momyins. C
Y9ETOM 3TOTO, COOTHOIIEHHE (7) IPUMET BUJ

R
LCs” +(RsC———)s+1-—=
0 (S) — K6 RI)K‘B’
% (nD ) —R:,Cs+1
Ecnim  BBecTH  00O3HaueHHS wo=1/ALC ,

* * —_
=+vL/C/R,,, r=Rx/R,,, ®=/w) 1 BbIOI-
Hsisl 3aMEHy IIePeMEHHON § =j®, TO 3alUCh BXOJHOIO CO-
HPOTHUBIICHHS HA IEPEMEHHOM TOKE PUMET BUJ:

*
JK6

1-r-@° +(r/p-p)j®
(nD)? '

Zip(jo)=- 7
-——jo+1
P

3nech U janee ®y — COOCTBEHHAs! YacToTa KOHTYpa;
P — OTHOCHTENbHOE 3HAUYCHHE BOJHOBOI'O COINPOTHBIIE-
HUSL

Otcrona cieyeT COOTBETCTBEHHO ypaBHEHUE HOP-
MupoBaHHOH AUX

38

(nD)

Zio( j) \/(1—r—52)2+(r/p—p)2a_)2

— 2

oxe I+(w/p)

1 ypaBHEHHE (a309aCTOTHON XapaKTEPHUCTUKU

(r/p- p)
1—r— a)

o(w)=arctg +arctg(w/ p).

XapakTepuCTHIECKOE YpPaBHEHUE LENH (A1 CXEMBI
puc. 1) umeer BUL:

LCs® +(RyC—L/RYy )s+1-Ry [Rlyy =0

Lenb Oyner ycToW4nMBOMW, €CIIM BBIIOJIHSIOTCS Hepa-
BEHCTBa

RyC—L/R:y>0; I-Ry /Rl >0,

OTKYJla CJIeTyeT

>0; Rypp >Rl Rs. (8

Rypp > ———
90" L/R+RsC
Bo Bropom HepaBeHcTBe (8) 00bIYHO R >> Ry (B

YaCTHOCTH R OTCYTCTBYET, T.e. R — 00), IO3TOMY BTOpOE
YCJIOBUE YCTOMYMBOCTH BCET/Ia BHITOJIHSIETCS.

O003Ha4nB

_;\ﬁ. _L\E. ;\ﬁ

13 HEpaBEHCTB (8) morydnm:

] .
o9 <—+q,; 959 <Q+q,
Q
rae O — no6poTtHOCTh BhIXOHOTO LC-punbrpa 63
yuéTa 3aTyXaHHsl, BHOCUMOT'O COIIPOTHBIIEHHEM R.
Bripaxenne BxogHoro compotusieHus VUMD mpu
3amkHyTOl nenu OC umeer Bua [14]:

Z; R
Z,-(s):HTgS) i0(S)Rypo ’
M Rogo—Zio(s)I(s)
rae 1(s) = W,(s) — netneBoit ko3pdHIHEHT ycHie-

Hus koHTypa 1nenu OC no Toky MWD, yncieHHo paBHBIH
I1® pa3oMKHYTOW CHCTEMBI CTAOMIM3ALMK TOKA JJIsI MO-
Jenu Ha puc. 1; M =nD — pe3ynbTupyromuid KospQuim-
eHT TpaHc(OpMalMM BXOJHOTO HAINpPSDKCHUS, YYUTHI-
BalOUIMiA KOAX(PQHUIHNEHT Iepenadn TpaHchopmaTopa mpe-
obpazoBatenss MND; D — 3Hauenue koddduimenra 3a-
MIOJTHEHHS B YCTAHOBHUBILIEMCS (IIEPHOANIECKOM) PEKHME.

Mooenv Hacpysku npeobpazoeamens HANPHCEHUS.
JIyist DKBUBAJICHTHOW CXEMBbI — CXEMbI 3aMEIIEHHS TyTU
MOCTOSIHHOTO TOKAa Ha pHUC. | BXOJHOE COMpPOTHUBIICHHE
HaJIararoIeMycsi TIepEMEHHOMY TOKY OMpenessieTcs Mo

dopmye
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7 i) = Rcm0@w+Ra¢0 0,1 Mmx®, a ¢ yuérom EMKOCTH JUIsl 3aLIUThl UCTOUYHUKA
o(Jjo)= —@'a) ", > MUTAHUS OT BRICOKOTO HAIPSDKEHHUSI OCIIILIATOPA COCTaB-
JISTIOT TaYKe HECKOIbKO MuKpodapan [12] —[13].
re Rer, Rygo — cTatuueckoe u quddepenuuanbuoe Yucnennvie pezyromamsi. Pacu€THple 3aBUCUMOCTHU
CONPOTHBIICHHS AYrd; 6 — IOCTOSHHAS BDEMEHH JyTH. MOJyJIell U apryMEeHTOB BXOJHOTO M BBIXOJHOTO COIpO-

PaccmoTpum nens Ha puc. 1. B Heii Bcerma Gyner TUBJICHUH mpeoOpas3oBarels ¢ pazoMkHyThiMu OC, mosy-
napajienbHas gyre éMKOCTb, o0pasyeMas cOOCTBEHHbIMM —~ YE€HHBIE 13  cooTHOueHu# (6), (7), u300pakeHbl Ha
EMKOCTIMM ~ YCTAHOBKM. JTH EMKOCTH JocTHraioor  puc. 5-7.

|Zunls Om Zp“:23 Om =0 |Zunls Om
[ [ ' : < - =0
1,2 I et C=0,1 Mxd 0,4+ |
0.8 C=30,61 mx® | I
’ C=0,1 Mx®
I 1 0.2
0.4} \ I
0 . < 0 C=30,61 Mx®
10° 10’ 10° 10° 10 £ T 10° 10’ 10° 10° 10 £ T
?gg( Zy),’ arg(Zy),”
T T ' 200 ' : ' :
looF— == |
S50t i I C=0,1 Mx®d
0F e 5 or C=30,61 Mxd ]
=50} Lz T L — ==
—.————-_-"-‘-’/'
-100 : : = ' =200 s ; e .
10° 10’ 10° 10° 10 £ T 10° 10’ 10° 10° 10 £ Ty
a 6
PucyHok 5. Monyns u apryMeHT BeixonHoro conpotusieHns UITH 6e3 OC (L =300 mxI'w; Ry = 0,01 Owm;
Rygo = -0,49 OM; Rero = 1,25 Om; 0 = 15 MKc):
a — C y4€TOM JAMHAMHYECKIX CBOHUCTB IyTH; 0 — 6e3 yuéTa
|Zm|a Om | ”l Om
' ' ' C=0,1 MK
40} 15t C=30,61 M?//’
= ¢ 10+ ey
20! C=30,61 Mmxd® ¥
i | 3t
0 . C=0.1 Mr® () = T T .
10° 10° 10°  f,Tu 10° 10° £ T
arg(Z,)," arg(Zn.)
200 ' 80 S P Y S ) A R
DO ——— C=01mkd | 60 )
50t 1
ol £30,61 MKD| 28 C=30,61 Mk |
-50 : -20 :
10° 10° 10°  f,Tu 10° 10’ LT
a 6

Pucynok 6. Moayibs 1 aprymeHT BxojaHoro conpotusienust UITH 6e3 OC:
a — OCHOBHas JIyra; 0 — MMJIOTHAs JIyra:
— - ¢ y4€TOM JMHAMHYECKUX CBOMCTB IyrH; ---- - 0e3 yuéra

YaCTOTHbIC XapaKTEPHCTHKM KOMIUIEKCHOH Harpys-  Use =340 By [, =100 A; L =300 mxl'n; €' = 0,5 Mk®;

KU - CKATOM JIyTH C EMKOCTBIO TIOKA3aHbI Ha PHC. 8. ky=15  Up=15B; Ry =-0490m; Uy=170B;
[13]: f: =52 k', pacuérHble 3aBucumoctu Zy UMD ¢ paznuu-

g napamerpoB UII npuBeneHHoro B
A P P pHBea HeIMU ypoBHAME OC mpuBeaeHs! Ha puc. 9.
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Z,|, Om Z,), Om Z,.=70 Om
12! C=30,61 Mxd ' s 1,5 ' ,C=0
8 - \_ (=01 Mk® It C=30,61 mx® C=0.5 Mx®
4+ \<\ 0,5
0 2 . 3 I 4 5 .I 0 2 I i 4 5 I s o
10° 100 10 10° 10  fiTu 10° 10 10 10° 10 fiT'n
arg(an)‘! : arg(zux)s ’
150 - - I ' 200
o 00
0f = 0/ ST
o C=30,61 M EOUIREDS]  Bov el 00,5 Mk
10° 10° 10* 10° 10 fTu 10° 10° 10* 10° 10° £ T
PucyHoxk 7. HaCTOTHbIE XapaKTEPUCTUKHU BbIXOIHOIO Pucynok 8. YacToTHBIE XapaKTEPUCTHKH CKATOH TYTH C
comnpotusienus UITH 6e3 OC (nunotHast nyra) EMKOCTBIO:
a — aMIUIUTY JHBIE;
6 — dazoseie (/=100 A; 6 = 15 mkc)
\Z,|, Om \Zy|, Om
45 50
40
40
35 k,=0,0005
30
’5 30
20 / £.i0,000
gt 20
1 5 kuu_
10 10
0,1 1 10 £kl 0,1 1 10 f k[
arg|Z, arg|Z,|,"
20 20
0 0 — —
-20 -20 on
-40 -40
-60 -60
-80 -80
-100 -100
0,1 1 10 f x['u 0,1 1 10 f, x['u
a 0

Pucynok 9. YacToTHBIC 3aBUCHIMOCTH MOIYJISl M apTYMEHTa KOMIJIEKCHOTO BBIXOAHOTO compoTtuBienus UITH c
YIpaBJICHUEM O TOKY U pa3nyHbIMU YpoBHAMHU OC 10 HaNpsHKEHHIO Ha AyTe, PACCUUTaHHbIE METOJIOM 3aMKHYTOTO
KOHTYpa B UMITyJIbCHON MOJEIIH:

a — ocHoBHas ayra (I, = 100 A; R, = -0,49 Om; Uy = 170 B);

6 — munotHas ayra (I, = 20 A; Ryp0 = -1,64 Om; Uy = 230 B)
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[IpuBenenHblid MpUMeEp TOKA3bIBAET, YTO BIIUSHHUE
noronHUTeNpHON OC 1O HANPSHKEHUIO HA IyTe Ha peajlb-
Hble napamerpsl N3, ocobeHHO B 001aCTH HU3KUX Yac-
TOT BechbMa 3HauMTenbHO (puc. 9). brnarogaps nelcTBuio
I[TIOC mo BBIXOJAHOMY HAIPSHKEHUIO PE3yNbTUPYIOIEE
BBIXOJIHOE COMPOTHBIICHHE CYIECTBEHHO YBEIUUUBACTCS.
Kak cneayer u3 puc. 9 cpeanee 3HaueHue Z, sl IBYyX-
KOHTYPHOH CHCTEMBI HMITYJICHOW craOwnmsanuu B 3-4
pa3a Oomblre, 4eM [UIsi OXHOKOHTYpHOH. Ilpm atom Z,
HOCHT IUIOCKHH XapakTep U He HMEET PE30HAHCHOTO MaK-
cumyma (k, > 0,00075). B menom gacToTHast 3aBUCHMOCTD

Z,
14

12
10
8
6

4
0,1

arg|Z
0

, Om

10 £ «lu
|,o

-50

-100

-150

-200
0,1 1

10 f, I’

Pucynox 10. Moays 1 apryMeHT BXOIHOTO
conporusienus UITH ¢ OOC mo Toky apoccens ky = 15
u OC no HampspkeHuto Ha jnyre &, = 0,001
(L =300 mxI'n; C=0,5 Mmx®; U, =540 B; I, =100 A;
f+ =152 xI'n), paccyntaHHble METOAOM 3aMKHYTOT'O
KOHTYpa B UMITYJIbCHOH MOJIEIIN

BxonmHoe compoTHBICHHE YKa3aHHOW Mopenu (ero
PE3UCTHBHASL COCTABIIAIONIAS) B LIMPOKOM JHAIa30He
YaCcTOT OTPHUIATENIbHO. PaccMOTpPEeHHYI0 OCOOCHHOCTH
HEOOXO/IMMO YYUTHIBATH MPU HAJIMYMK HA BXOJE MPE00-
pasoBarenst gonoiHUTENbHOTO LC-hmmbTpa A MOAaB-
JICHUS] KOHAYKTUBHBIX moMeX. [IpobieMa oTpuiaTenbHO-
IO CONPOTHUBJICHUS IPEIACTABISIETCS BECbMa CEPbE3HOU
[1]-[2]. Ans e€ pemieHust TOKHBI OBITH MPEIYCMOTPEHBI
CPEICTBa yCTPAHCHHS aBTOKOJCOAHHA, BO3MOXHBIX IMPH
yCTaHOBKe (HIbTpa Ha BXome mnpeoOpaszoBatens. [l
YMEHBIIICHUST BIIUSIHUS BXOMHOTO (HUJIBTpa Ha paboTy
CTaOWIM3UPYIONIETo TpeodpaszoBarers (A1 oOeceueHus
YCTOWYHUBOCTH CHCTEMBI) U3 PACCMOTPEHHSI COOTHOIICHHIN
(5) oueBmmHO, YTO HEOOXOAMMO CHIKATH BBIXOTHOE CO-

41

Zy(f) nnst mepBoro BapuaHTa Oosiee OJaronpusiTHa, 4em
JUIsl BTOPOT'O B OTHOLIEHUH AWHAMUKH paboTtsl MND.

IIpuBeneHHbI PUCYHOK MIUIIOCTPUPYET TIJIABHBIM
apdekr — [TOC nmo HampsHKEHHIO Ha Jiyre MPUBOAUT K
YBCJIMYCHUIO MOAYJISI BBIXOJAHOI'O COIMMPOTHUBICHUA npeo6-
pa3oBatens U K «BBIPAaBHUBAHHUIO)» €r0 YAaCTOTHOH xapak-
TEPUCTHUKHU.

Jns BeimenpuBeneHHbIX mapamerpoB UMD 3aBucu-
MocTH 138 |Z| n arg(Z;) BXOIHOTO CONPOTHUBIIEHHS U €ro
PE3UCTHBHOM cocTaBIstolIel n3o0paxensl Ha puc. 10-11.

Re(Z), Om
0

-5
-10
-15
-20

-25
0,1

arg|Z,
-100

/, kT

o
E

-120

140

-180

-200
0,1 1

Skl

Pucynok 11. Pe3uctuBHas COCTaBISIOMAs H apTyMEHT
BxoxHoro conpotusierus UITH ¢ OOC mo Toky
apoccens ky = 15 u OC 1o HanpsHKeHUIo Ha IyTe

(k,=0,001)

MpOTHBIIEHUE (HUIBTPA MPU OOECTICUSHUH 3aJIaHHOTO 3a-
TyXaHUs.

Ilposepka ycmoiiuugocmu cucmemvl npeobpasosa-
menb — cocamas 0yea (KOMNIeKCHAs Ha2py3Ka).

Ha puc. 9 npuBeneHbl 4acTOTHBIC XapaKTCPUCTHKH
BbixogHoro conpotusiieHuss UITH ¢ OC no HanpshxkeHUro
Ha jgyre u Toky ppoccens (Uz=540B; [,=100A;
L =300 mxI'n; C= 0,5 Mx®; ky, = 15; U,, = 1,5 B; Ry = -
0,49 Om; Uy =170 B; f;, =52 k'), paccCunTaHHBIE B UM-
MyJTBCHOM MOJENN METOIOM 3aMKHYTOro KoHTypa [13].
Kak BunmuO w3 puc. 9, mpu pabore Ha II ygactke BAX
apryMeHT BBIXOJAHOTO CONPOTHBIICHUS MEHSETCS B AHaIia-
30He oT 10° mo -90° mpuuéMm B ciaydae HCIONb30BaHUS
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aByxkoHTypHO OC @UX BBIXOZHOIO CONPOTUBICHUS
m3MeHsieTcs B auamnasone ot 0° go -90° (t.e. UITH BwIpO-
J/1aeTCsl B LIENb C OJIHUM PEAKTUBHBIM JIEMEHTOM - KOH-
nercatopoM). [TocKONBKY apryMeHT CONPOTHBIICHUS JIFO-
00ro JIMHEHHOTO MBYXIOIIOCHUKA HAXOMUTCSA B JHAIa30-
He oT -90° 1o +90°, To ycnoBue (1) mms aBToreHepauy He
BEITMIOJTHACTCS. 3aMETHM, YTO B CJIy4dae HEITHHEHHOTO
JIBYXIIOJTIOCHUKA CUTyanus Oyzaer uHas [15].

Od4eBHIHO, UTO VIS BEITONHEHUS yciIoBus (1) B cuc-
TeMe «Ipeodpa3oBaTellb — KOMIDICKCHAs Harpys3ka» He-
00X0aMMO, YTOOBI apryYMEHT BBIXOJHOTO COIMPOTHBIICHHS
WITH npessiman 90°. Ecnu riryonna OOC yBennauBaeTcs
(ky Bospactaer ¢ 15 o 30) momydaem o6nacTh 4acToT, B
KOTOpOH apryMeHT BbIXoAHOro conpotusieHus WIIH
6ousbiie +90°. B 3T0i 00sacTH 4acTOT CTaHOBUTCS BO3-
MOJKHBIM BBITIOIHEHHE ycI0BUsA (1) U MOXET BOSHUKHYTH
aBTOKoyieOarenbHblin pexkum UITH. Dto menaet mpeobpa-
30BareNb MOTCHINAIBHO HEYCTOHUYMBBIM K JyTOBOW Ha-
rpy3Ke B 3TOH 00JaCTH 9acToT.

[IpUHIMIIHATBEHO BaKHO, YTO [UIS  COTJIACOBAHUSI
MOJICUCTEM, OTHENbHBIX MOAYJEH M0 TOKY HEoOX0oIuMOo
00ECTICUUTD YCIOBUE Zyyx >> Zoy [15].

Ananuz ycmouuugocmu cucmemvl «QuUabmMp diex-
MPOMASHUMHBIX NOMeX — UMNYTbCHBLIL npeodpazoeamens
Hanpsscenuay.  OTpunarensHoe  aupdepeHnnanbHoe
BXOZHOE CONPOTHUBICHUE NMPeo0pa30BaTeisl HAIPSHKEHUS
¢ [INM-perynmupoBaHreM MOXKET CTaThb MpPOOJEMOil B
peaJbHOM CHCTEMHOM NpuMeHeHuH [2, 3]. B Tom ciyuae,
KOI'Jla BEIXOJJHOE COMPOTHUBIIEHHE UCTOUHUKA IEPBUYHOTO
HAaIpsDKEHHUS, KOTOPOE BKIIIOYAET BHENTHUH (HILTP dJIeK-
TpoMarHuTHEIX nomex (OMII), Bbimie OTpUHIATEIHHOTO
BXO/HOTO CONPOTHUBIICHNSI PE0Opa30BaTeNs HAPsLKCHNS
, TapaHTHPOBAHO BO3ZHHKHOBEHHE AaBTOKOJICOAHWI C Ha-
pyIIeHHEM pPabOTOCIIOCOOHOCTH M BO3MOXHOM ITOBPEXK-
neHnd npeobdpazosarers [2]. s oGecriedenus ycroitun-
BOCTH B CHUCTeME «(UIBTP IJIEKTPOMATHUTHBIX IIOMEX —
HMITyJIbCHBIH ITPe0o0pa3oBaTeNb HAMPSIKECHUSD» CIEAYET
CHMXaTh BBIXOJIHOE CONPOTHUBIICHHE (QHIBTPA 10 BEIHYH-
HBI MEHbIIEH BXOJHOTO COINPOTHBIIEHHS NpeodpazoBare-
as [1] = [2], [15]. TIpu HEoOXomuMOCTH ISt YCTpaHEHHs
aBTOKOJIE0aHMH MOTYT OBITb JOOABIEHBI 3JIEMEHTHI
neMngupoBanus uistpa [15]—[16].

[lony4yeHHble pe3yabpTaThl pacuéra KOMILIEKCHOTO
BxonHOTO conportuBnenust UITH (puc. 1) ucnons3zyem ams
aHaM3a YCTOWYMBOCTH DPabOThI CHCTEMBI JJIEKTPOINHUTA-
HHS C BXOJHBIM QUIbTpOM panuonomex. Ha puc. 12 npu-
BEJICHbI YaCTOTHBIE 3aBUCHMOCTH BBIXOJHOTO CONpPOTUB-
JIEHUs PalMOHAJIBHO PACCUUTAHHOrO, KakK, HalpuMep B
[9], cereBorO QUIBTPA PAAUOTIOMEX.

[MapameTpsr MWD 6butn B3sTHI U3 [13]. s BbImie-
MpUBEICHHBIX MaHHbIX MWD u QuiabTpa 3aBHCUMOCTH

|Z; (jo)| n |Zgy(jo)|He nepecekaroT Apyr apyra,
|Zgbzx(ja))| < | Zi (]a)) ‘ s

Trom = —Zeblx(.j <
Z; (jo)

IpUYEM TO €CThb

, 4TO COOTBETCTBYET YCIIOBUIO
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YCTOMYUBOCTH.
1Z,..J, Om
6
4
) / \\
SN
0= ‘ :
10° 10 LT

Pucynok 12. YacToTHbIE 3aBUCUMOCTH BBIXOAHOTO
COTPOTHUBJICHUS CETEBOIO (DMIIBTPA PATUONIOMEX U
BxogHoro conporusienns UITH (------ ), TIOKa3bIBAOIIINIE

. (2),:
(jo)/ Zg'(jo)=—1.

BBITIOJTHCHUC YCIIOBUSA Ze(b[lﬁc

V.BbIBO/IbI

1. JononautensHas OC 1o HanpspKEHWIO HA Jyre
MPUBOJUT K CYIIECTBEHHOMY YBEIMUYCHHIO BBIXOIHOTO
COIIPOTHUBIICHHS MPeoOpa30BaTeNsd U K CrIIaKUBAHUIO €T0
YaCTOTHOM XapaKTEpUCTUKH (OTCYTCTBHIO PE30HAHCHOTO
MaKCHUMyMa), YTO BechbMa )KeJaTenbHo. B 1enom gacToT-
Hasl 3aBUCHMOCTh BBIXOJHOTO CONPOTHUBICHHUS IS JABYX-
KOHTYPHOU cucTeMbl Oojiee OiaromnpusTHa, 4eM U Of-
HOKOHTYPHOH B OTHOILIEHUU JUHAMUKHU.

2. CpenHee 3Ha4Y€HHWE BBIXOJHOTO CONPOTHUBICHUA
st UBOIT ¢ OC mo HampspKeHHIo Ha Ayre U TOKY JApoc-
censt MOXeT ObITh B 4-10 pa3 OoJblie, YeM Ui HCTOYHH-
Ka ToJbKo ¢ oaHoit OC.

3. BEIX0JHOE M BXOJHOE AMHAMHYECKHE CONPOTHB-
JIEHUs ¥ UX 3aBMCHMOCTH OT YAaCTOTHI SIBJIAIOTCS BaXKHBI-
MH XapaKTEPUCTUKAMH BCSKOI'O MMITYJILCHOI'O HCTOYHUKA
JJIEKTPOIIUTAHMSL IJI1 COBPEMEHHOM 3JIEKTPOTEXHOJIOTHH.
Bennunna, HanpuMep, BBIXOJHOTO COIPOTHUBIICHUS BIIMSI-
€T Ha BEJIMYMHY BBHIOPOCOB U IIPOBAJIOB TOKA (HArpshKe-
HUSI) B Clydae PE3KOro W3MEHEHMs CONpPOTHBIICHHS Ha-
Ipy3KH. 3Ha4eHUE BBIXOJHOTO COINPOTHBIECHHS HE00XO-
JUMO U IIPHU pacuérax Napajule]IbHOIO COCAMHEHUS CTa-
OMIM3aTOPOB, YTO BaXKHO IS ONITUMAIBHOTO TIOCTPOCHNUS
CUCTEM DJICKTPOIUTAHUS TEXHOJIOTHYECKUX YCTAHOBOK.

4. ICTOYHUKHM TUTaHUS DJIEKTPOTEXHOJIOTUYECKUX
YCTaHOBOK, OOJIQJAIONINE XapaKTePUCTUKAMH HCTOYHHU-
koB TOKa [2], [3], [4], DOIKHBI B psife ciiydacB 00si3a-
TEJIBHO UMETh JOMOIHUTEIBHYI0 OOpaTHYIO CBSI3b IO Ha-
TIPSDKEHHIO HA JTyTe.

5. 3Ha4yeHus BXOAHOTO M BBIXOAHOTO AMHAMHYECKHX
CONPOTHUBIICHHUH, a JIy4lle UX rpadMKH 3aBUCHUMOCTH OT
4acTOTHI, OBIJIO OBl 11e7ec000pa3HO MPHUBOJIUTH B TEXHH-
yecknx onmcaHusx (macnoprax) ua stu UII. Drto, BO3-
MOJKHO, CHOCOOCTBOBAJIO OBl MX IajbHEHIIEMY IPOJIBH-
JKCHHUIO HA PBIHOK ISl CO3JIAHUSI CHCTEM JJICKTPOIUTAHMS
CJIOKHBIX 3JIEKTPOTEXHOJIOTHIECKIX KOMIIEKCOB.
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6. HeoOxomuMo y4HTHIBaTE OCOOCHHOCTH aHaln3a
YCTOWYMBOCTH W IPUYMHBI BO3HHUKHOBEHHUS aBTOKOJeOa-
TEJIEHBIX PEXMMOB B CHCTEME 3JIEKTPONUTAHUS (B3aUMO-
JEHCTBUE TIOACHUCTEM, OTICIHBHBIX MOXIYNCH W OIIOKOB
MMUTaHUs ), 00YCIIOBIICHHBIC BOSHUKHOBCHHEM BHYTPECHHEH
OC B KacKkaJHO-COCTMHEHHBIX MOAYJISAX, U OTIPEIEIIEMOM
OTHOIICHHEM KOMILIEKCHOTO BBIXOZHOTO CONPOTHUBIICHHUS
UIIH (®PII) Kk KOMIIJIEKCHOMY BXOJHOMY COIIPOTHBIIE-
Huto Harpysku (UITH).
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Mema pooomu. Oyinka OUHAMIYHUX ONOPI8 CMABINI308AHO20 NEPEMEOPIO8AUd, OCHOBAHA HA PO3PAXYHKY IMNYlb-
CHUX 0dicepent eNeKMPOHCUBLEHHS 34 OONOMO20I0 Memooy ycepeOHeHHA 3MIHHUX cmaHy i 3a 0onomozoro EOM. Pozenao
3ax00i8 w000 30iNbUleHHS UXIOHO20 ONOPY | NONINUEHH napamempis nepexioHozo npoyecy, nio8UWeHHs 1020 cmili-
kocmi. Po3enso ocobnugocmi pobomu iMnynsCHo20 0Jicepena enekmpOoICUGNIEHH HA eIeKMPULHY 0Y2Y 3 EMHICIIO.

Memoou docnioxcennsa. Knacuuni uacmomni meopii ynpagninna ma memoou eKcnepumMeHmanbHo20 8USHAUEHHS
YACMOMHUX NAPaAMempie.

Ompumani pezynomamu. Posenanymo numanhs, wjo UHUKAIOMb NPU NPOEKMY8anHti i po3poodyi npucmpois ma cu-
cmem eleKmpOANCUBTEHHSL eIeKMPUYHOL 0yeU - eIeKMPOMASHIMHA CYMICHICIb OKPeMUX 8Y371i8 8 CUCMEMI eJleKIMPOICUE-
JIeHHs1, IX CmIlKicmb, a Makodic CmiuKicms GCiel cucmemu enekmpodicugnenus. Posenanyma ocobausicme pobomu imny-
JIbCHO20 NEPemeopiosaya Hanpy2u Ha KOMNIeKCHe HasanmadicenHs. Ilokazani npuuunu 6UHUKHEHHS A6IMOKONUBATbHO2O0
peoicumy. Ilpu neobxionocmi 05l YCYHeHHS. A8MOKOIUBAHD MOXNCYMb Oymu 000aui elemenmu demMngyroyoeo girempa.
Jlocniooceno 6naue 3068HIUHIX 360POMHUX 36'A3KI8 HA OUHAMIYHI 81ACTMIUBOCII IMNYIbCHO20 NEePemeoposayd Hanpyeau,
Wo npayioe Ha dy2o6e HABAHMAdNCeHHs. sl 3a0e3nedentss Cmitikocmi 8 cucmemi «itbmp en1ekmpomMacHimHux 3a6ao -
IMRYIBCHULL NEPemBoOPIOsay Hanpyauy Clio0 3HUNCY8amu 8UXiOHU onip @inempa 00 8eIUYUHU MEeHUIOi 6XIOH020 ONOpYy
nepemeopiogaua. Ompumani pe3yibmamu po3paxyHKy KOMNIEKCHO20 6XiOHO20 ONOPY IMRYIbCHO20 Nepemeoposaya
Hanpyau MoJcymo 6ymu GUKOPUCMAHT 0151 AHANIZY CIMIUKOCME pO6OMU CUCeMU eIeKMPOICUBNEHHS 3 6XIOHUM Pinbm-
pom padionepeutkod. JJooamrosutl 360pOmMHULL 36'5130K NO HANPY3i HA 0Y3I NPU3600UMb 00 CYMMEBO20 30LIbULICHHS GU-
XiOHO20 Onopy nepemeopiosaua i 00 321A0X4CYEAHHA 1020 YACMOMHOL XapaKmepucmuxy (6i0cymnocmi pe3oHancHo20
maxkcumymy), wo oysce badcano. B yinomy uacmommua 3anexcuicms 6uxioHo2o onopy 0isi O80KOHMYPHOI cucmemu
OLnbW CRPUAMAUBA, HIJIC OJIs1 OOHOKOHMYPHOL 8 NIAHI OUHAMIKU.

Hayxoea HosusHna. 3acmocyeanis HOBUX eheKmMUBHUX an2opummie po3paxyHKy i CneKmpaibHo20 aHanisy npoyecie
8 3AMKHYMUX HeNIHIUHUX OUCKPEMHUX CUCIEMAX 3 PISHUMU 6UOAMU 360POMHUX 38 A3KI6 8 PEeCUMI IX HOPMATbHO20 (Y-
HKYIOHYBAHHS 00 aHAi3Y HOB020 00'€kma.

ITlpaxmuuna yinnicme. Poboma mae koncmpykmueHuti Xapakmep i 3a8epuiumuscsi npoyeoypoio npoeKmy6aHHs pe-
2YNAMOpi6 3 GUKOPUCHAHHAM HOGOI - HaMYpHOi meopii ynpaeninus 0 06'cKkmi6 3 HeGU3HAUEeHUMU NAPAMEMPAMU.

Kmouoei cnosa: pezynvosanuili nepemeoproeay Hanpysu, m'sxke nepemuxanHs, 6XiOnuy i 6UxiOHuti onip; 6xiOHuil
¢inomp; nosuuii onip; 060KOHMYpHA cucmema cmabinizayii; cmitikicmb, KACKAOHe 3'€OHAHHS, KOMNIEKCHe Ha8anma-
JICeHHA.

ANALYSIS OF DYNAMIC RESISTANCE OF THE CONVERTER WITH
SOFT SWITCHING FOR SUPPLYING TECHNOLOGICAL

INSTALLATIONS
VERESHCHAHO PhD, Associate professor, Associate professor of Department of Marine Instrument
YE.M. of the Admiral Makarov National University of Shipbuilding, Mykolaiv, Ukraine, e-

mail: venmkua@gmail.com;

KOSTIUCHENKO V.I.  PhD, Associate Professor of the Department of Marine Electric Power Systems of
the Admiral Makarov National University of Shipbuilding, Mykolaiv, Ukraine,
e-mail: vikmkua@gmail.com;

Purpose. Assessment of the dynamic resistance of a stabilized converter based on the calculation of switching
power supplies using the method of averaging state variables and using a computer. Consideration of measures to in-
crease the output resistance and improve the parameters of the transition process, increase its stability. Consideration
of the features of the pulsed power supply operation to an electric arc with a capacitance.

Methodology. Classical frequency control theories and methods for the experimental determination of frequency
parameters.

Findings. The issues arising in the design and development of devices and power systems for the electric arc are
considered - the electromagnetic compatibility of individual nodes in the power supply system, their stability, as well as
the stability of the entire power supply system. A feature of the pulse voltage converter operation for a complex load is
considered. The causes of the self-oscillation regime are shown. If necessary, the filter damping elements can be added
to eliminate self-oscillations. The influence of external feedbacks on the dynamic properties of a pulsed voltage con-
verter operating on an arc load is investigated. To ensure stability in the "electromagnetic interference filter- pulse
voltage converter" system the output resistance of the filter should be reduced to a value lower than the input resistance
of the converter. The results of the complex input resistance calculation of a pulse voltage converter can be used to ana-
lyze the stability of the power supply system with the input filter of the radio noise. Additional feedback on the voltage
across the arc leads to a significant increase in the output impedance of the converter and to smoothing its frequency
response (the absence of a resonance maximum), which is highly desirable. In general, the frequency dependence of the
output resistance for a dual-circuit system is more favorable than for a single-circuit in terms of dynamics.

Originality. Application of new effective algorithms for calculation and spectral analysis of processes in closed

44



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJJEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETHUKA» Ne 4 (2019)

Po3ain «EnexkTpoTexHika»

nonlinear discrete systems with various types of feedbacks in the mode of their normal functioning to the new object

analysis.

Practical value. The presentation is constructive in nature and ends with the procedure for designing controllers
using a new, full-scale control theory for objects with indefinite parameters.

Keywords: adjustable voltage converter; soft switching; input and output resistance; input filter; impedance;
double-circuit stabilization system; stability; cascade connection; complex load.
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CTPYKTYPA IHOOPMAIIIMHOI TEXHOJIOT'T YIIPABJITHHS
HOPTOEJIAMMU IMTPOEKTIB EHEPI'O3BEPEKEHHS HA
METAJYPITHHUX NIJINPUEMCTBAX

JAYBPOBIH B. L. K.T.H.Ipodecop 1o Kadeapi INporpaMHHX 3aco0iB HalioHANEHOro YHIBEPCHTETY
«3aropi3bKa MoJiTexHikay, 3armopixoks, Ykpaina, e-mail: vdubrovin@gmail.com;

IOCBKIB O. L. IIpAT >Jlmimpocmencrans”, aaMiHICTPaTOp 3aBIaHb, 3amopixokd, YKpaina, e-mail:
yuskivolesya@rambler.ru;

Mema pobomu. [Ipu peanizayii ingecmuyitinux npoexmie npoyec NPOMUCIOB020 SUPOOHUYMEA, NOB'A3AHULL 3 6U-
OOPOM ONMUMANLHO20 NOCMAYANLHUKA, 3AMOBHUKA, Oil06020 NAPMHEPA,; SUSHAUEHHAM KPAWOi AKOCMI NPOOYKYii, Mi-
HiMizayiclo eumpam Ha npuodaHHsA ma 00CMABKY MamepianrbHux pecypcié i m.0. B Oaniti cmammi nposedeHuii anais
inghopmayiinoi mexnono2ii npocpamnHozo npooyKmy 01 asmomamusayii npoyecy niompumMKy RPUUHAMMS Piluenb npu
30ilicCHeHH I QiHaHco80i iHBecMuYiliHOT OIANTbHOCMI MEMAnypeiliHo20 NIONPUEMCEA.

Memoou oocnioxcenns. s supiuiennss Onmumizayitinux 3a60aus 6YaU 3acmoco8aHi maxi Memoou:memoou 0o-
COMHCeHHsT (PYHKYIU KAACUYHO20 AHANIZY;HeBUHAYEH] MHONCHUKU Jlaspanca, eapiayiline YuCieHHs; OUHAMIYHe Npo-
2PAMYBAHHA; APUHYUN MAKCUMYMY, TIHIUHE NPOSPAMYEAHHA, HENIHILIHE NPOSPaAMYEAHHSL.

Ompumani pesynomamu. Cnpoexmogana cucmema, 00NOMAa2aoyy NPUIHAMY MAKCUMATbHO eeKkmusHe, KOMne-
KCHe piuenHs, 00380JIA€ 3MEHWUMU iHMeNeKmyaibhe HABANMAdICEHHs Ha 0CcOo0Yy, AKA NpuuMac piuleHHs, 36ecmu 00
MIHIMYMY YUCTIO PYMUHHUX ONepayitl ma CKAAOHUX MAMeMAmMUYHUX i eKOHOMIYHUX PO3PAXYHKI6 i, AK HACAIOOK, 3HAYHO
cKOpoOmumu 4ac Ha NPUIHAMMsL pilueHHs.

Ilepesazoto po32nanHymozo npoepamHozo npooyKmy, € me, wo iH 30amHuUli 0OHOUYACHO BUpiuwy8amu 8iopasy 0ea
AKMYAIbHUX HA CbO2OOHIUHITI OeHb 3a80aHHs - (POPMY6aAmuU ONMUMAaLbLHUL ROpmMpens YinHux nanepie ma 30itcHiosamu
BUDIp ONMUMATBHO20 NOCMAYATLHUKA pecypcis. Takum uunom, 6iH 3pyuHull 015 MEManypeitiHux nionpuemcms ma 00-
3601UMb CKOPOMUMU SUMPAMU HA NPUOOAHHSL NPOSPAMHOL NPOOYKYIL.

Hayxoea nogusna. Jlanuii npocpamuuii npoOyKm Ha CbO2OOHIWHIL MOMEHM He MA€E aHAaNo2i6, 6iH 30amHull 00HO-
uacHo eupiutysamu 6iopasy 2 aKmyaibHi HA CbO2OOHIWHIN 0eHb 3a0ayi - hopmMyeamu ONMUMATLHUL NOPMPeENb YIHHUX
nanepis, ma 30ilUCHIOBAMU BUOIP ONMUMATLHO2O NOCMAYAILHUKA, WO O00360IUMb 3MEHWUMU SUMPAMU HA NOKYNKY
mamepianie ma euKopucmamu yi KOWmu Ha 6npoeaoddiCeHHs NPOeKmie enepeo3depedcents Ha MemanypiiHux nionpu-
EMCMBAX.

ITlpaxmuuna yinnicme. 3anpononosana npu uOOPi ONMUMATLHO20 NOCMAYANLHUKA MEMOOUKA PO3PAXYHKY € VHi-
8epCanbHOI0 Ma NPUUHAMHOIO Ol OYIHKU NIONPUEMCIG 3 MOYKU 30PY PISHUX XAPAKMEPUCMUK. 3aNPONOHOBAHA MEMmO-
OuKa 06azyemvcs Ha KOMNIEKCHOMY, 0a2amoguMIpHOMY NIOX00I 00 OYIHKU MAKO20 CKIAOHO20 A8uuld, sIK (QIHAHCO80-
2ocnodapcoka OiANbHICMb NIONPUEMCIGA, OISl OMPUMAHHA OYIHKU RIONPUEMCIE BUKOPUCHOBYEMbCA HYUKULL  AN20-
DPUMM, AKUL Peaizye MONCIUBOCNT MANEMATNUYHOL MOOeNi NOPIBHAIbHO-KOMNIIEKCHOI OYiHKU OiflbHOCTI NIONpUEMcm-
6a; AN20pUMM PO3PAXYHKIE 0036015€ GiOilimu 8i0 POPMYBAHHI YMOBHO20 eMANOHHO20 NIONPUEMCIEA; PO3PAXYHOK NO-
0y006anuil Ha GU3HAYEHHT IHMEPSANY 6apil08AHNs O3HAK, MEeMOOUKA IPYHMYEMbCA HA NPUBEOEHH] YUCIO8UX napamem-
Di6 00 €0uHO20 exgiganenma, AKUM 8 OGHOMY BUNAOKY € KOeqiyicHm HAOIUHCEHHS 00 ONMUMATLHO20 SHAUEHHS O3HAKU.

Kniouosi cnoea: ineecmuuii; nopmeenv npoexkmis; memanypziini nionpuemcmeda; iHgpopmayinna mexnonozis;
HOCMAUAIbHUK eHep2o30epeiceH s; AKICHb; Kpumepiil; Ha0iliHiCMb; ROCMAYAIbHUK; NOKA3HUK.

3pOCTaHHS I[iH Ha EHEProHOCIi, MaTepiaNy Ta MOCIyTH, a,
OTXe, TIOOPOXKYaHHS BUPOOHHYOrO NPOLECY, HEraTHBHO

PO3BHTOK KOHIIEMIIii PUHKOBOTO TOCIOAAPCTBA MPO-  [O3HAYAIOThCS Ha pe3ylbTaTax (PIHAHCOBOI MifIBHOCTI
XOJIUTh 3 YpaxyBaHHAM 0araTtboX CKIAIHOIIIB, Crienudi- MNPOMUCIOBUX MiAnpueMcTB [2]. Bucoka KoHKypeHIis
YHUX IS CYy4acHOTO CTaHy ekoHOMiku. Lle 3amexuTh B TaKoXK Hakiajae cBoi obMexkeHHs. Ha namuii MomeHT
3HAYHIN Mipi yepe3 36iif eKOHOMIUHOT TIOJITHKY B Jepka- ~ BUPOOHHUK, SIK IIPABUIIO, HE MA€ 3MOTY 30LIBIIUTU IIPHUOY-
Bi. He Bu3HaueHi MOKM i€ 10 KiHI 3axomd Ta (GopMH  TOK 33 PaXyHOK 3POCTaHHS IIiH, SKi MAlOTh LIIKOM yCTa-
JIep>KaBHOTO BTPYYaHHsI B eKOHOMIKY [1]. JIeHU# neBHUH iHTepBai. [yisi 3011bLICHHS peHTa0eIbHO-
CTi BUPOOHUYOI NiSUIBHOCTI, 0arato MiIIMPUEMCTB BHOU-
paroTh JOCUTH TPAAWIIIHHUM, ae i HalOUIbII palioHab-
HUH criocid OTpHMaHHS Ta 3pOCTaHHS NMPHOYTKY - CKOPO-

I. BCTYII

KpiM Toro, cyyacHuil pHHOK MPOIYKIIi TAKOXK CTa-
BUTH IIepel IIANPUEMCTBAMHU PsJIl CKIaJAHUX 3aBHaHb.
[adnaniiai npomecy, MO TATHYTH 3a COOO0I0 HEYXHIIbHE
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yeHHs1 BUTpaT. Crienudika iHBeCTHIHHOI TisSUTEHOCTI TO-
Jsrae B TOMY, L0 OCHOBHA YacTKa BUTPAT NpHIagae Ha
mpuaOaHHS MaTepialbHIX PecypciB: CHpPOBHHA, MaTepia-
JIU, BUPOOH, KOMITIEKTYIOUi i T.1L. [3]

Bubip mocravanmpHHKa MaTepiaJbHHX pPecypciB Ha
OCHOBI ONTHUMAJBHOI IIHOBOI XapaKTEPUCTHKH TOBapy,
MIPUAHATHUX YMOB OIUIATH Ta TOCTABKH, a TAaKOX Haii-
HOCTI TOCTa4aJIbHUKA, J03BOJISIE 3HAYHOIO MIpOI0 3HU3H-
TH BUTpPATU MO 3a0e3MMeueHHI0 BUPOOHUIITBA HEOOXiTHU-
MH MaTepiajaMd Ta CHUPOBHHHHMH PECYypCaMH, 3HU3UTU
PHU3UKHA HEBUKOHAHHS IMOCTAYaIbHUKAMH CBOIX 3000B's-
3aHb [4].

OueBHIHO, 1[0 B 00OCTAHOBII TaKOI HEBM3HAYCHOCTI
(GYHKI[IOHYBaTH POMHUCIOBUM MiANPUEMCTBAM Habarato
CKJIa[HIIIe, HIX B YMOBaX PO3BHHEHOI PHHKOBOI €KOHO-
Mikn. barato rocmomapchKux akifiii MOXyTs OyTH IPOCTO
BU3HAaHI HE3aKOHHHMH, 1[0 Pi3KO 30UIBIIYE YaCTKy PH3H-
Ky. 3anpoBa/UKEHHs MPUHIMIY BUTBHOI'O B3a€EMOJIi PUH-
KOBHX Cy0'eKTiB, 3a0€31€4eHHs 310pOBOT PUHKOBOI KOH-
KypeHIii HeMUHYyYe TTiBHIIYIOTh HEBU3HAYEHICTh Ta KO-
MepUiHUI pU3KK. Y X YMOBax Ba)KKO BUOpATH OINTH-
MaJbHI pIMICHHS Ta mependadnTh ix HaACHimok B cdepi
Oi3Hecy.

binpuiicTe ynpaBiaiHCBKHX pIllIeHb NMPUHAMAETHCS B
YMOBax pHU3MKY, SIKi 00OyMOBIICHI HU3KOIO (DaKTOpiB: Bif-
CYTHICTIO TIOBHOI iH(OpMaIii, MPUCYTHICTIO MPOTHIIEXK-
HUX TEHJICHIIH, eIeMEHTaMH BHUIIAJAKOBOCTI 1 iHIIUM. JIJist
Jopororo Oi3HECY BaXJIMBHM € HE YHUKHCHHS PHU3UKY
30BCIM (IIe MPAKTHYHO HE MOXIIUBO), a 3HIKEHHS HOTO
JI0 MiHIMaJIBHOTO PiBHA [5].

IuBecTOopn B yMOBax HecTabiIbHOI €KOHOMIKH, He-
BHU3HAYCHOCTI PU3UKYIOTh OTPUMAaTH MEHIIUH IOXiJ, HiX
ouikyBaHHM, a00 B3araji 3a3HaTH 30WUTKIB MiCIs BKJIaICH-
HS TPOIIOBHX pEeCypciB B OOpaHMii mOpTdens (TpOeKT).
Tomy iHBecTOp MOBUHEH (hOpMyBaTH NOPT(HETh iHBECTH-
il Ta KepyBaTH HAM TaKUM YHHOM, MO0 MPHOYTKOBICTH
mopTdens 3pocTana, a piBeHb PU3UKY IIPH I[bOMY 3HIXKY-
BaBcs, TOOTO HEOOXimHO GopmyBaTn edekTUBHI mopTderi
Ta BUOMpPATH 3 HUX ONTHMAJBHUH [6].

II. AHAJII3 OCTAHHIX JOCJIAKEHb

B nanwmii yac jist BUOOpY MOTEHLIHHOTO MiAPSIHIKA
BHUKOPHCTOBY€EThCsl Tporpama «Tenmep», a Takox Ipo-
rpama 1o OuiHIl (hiHAHCOBOTO CTaHy Ta KOHKYpPEHTOCH-
pomoxHocti mignpuemctB «Konkypenr» [7]. Lli nporpa-
MU YCIIITHO JF0Th Ha PUHKY MigpAIHUX TOpriB. Hemomik
iX B TOMy, IO Ma€ Miclle BEJTMKHI BiICOTOK €KCIEePTHHX
OIIiHOK, III0 BeJIe J0 MPHITYIICHHS MIOXUOOK B OIiHIII TOTO
YH {HIIOTO IPETeHJCHTAa. 3alpOIIOHOBaHA METOIUKA OIli-
HKH MiJIPUEMCTB JI03BOJISIE YHHUKHYTH MOTIOHOTO pOmy
MTOXHOOK.

Jns hopmyBaHHS MOpTQEINS 3 IHBECTUIIHHAX aKTH-
BiB Ha OCHOBI BHKOPWCTAHHS KPUTEPIiiB ONTHMi3alii BU-
KOpHUCTOBY€EThCsl makeT MoneyMaker 2.6. Po3pobmioBa-
HUI TpOTpaMHUN MPOAYKT, B HMOPIBHSIHHI 3 1CHYIOUUM,
Mae Oimpine MoOXXIHBOCTEH mpH (popMyBaHHI TOPThEs
IHBECTHIII} Ta 3pYUIHICTh pOOOTH 3 JAHUMH.

II1. ®OPMYJIIOBAHHSI METHU POBOTHU

MeToro poOOTH € aHali3 aBTOMAaTU30BAHOT CHCTEMH
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JUIA yTpaBIiHHSA TOPTHENIIMHA TPOCKTIB eHeprozbepe-
JKeHHS Ha METATypTrifHUX IMiANPHEMCTBAX.

IV. BUBYEHHA OCHOBHOT'O MATEPIAJIY 1
PE3YJIBTATIB AHAJII3Y

[Tpu3HaueHHsT NPOrpamMHOTO MPOJYKTY: aBTOMATH-
3alis npolecy MiATPUMKH NPUHHATTS PillieHb NPH 3JiHC-
HEHHI ()IHAHCOBOI IHBECTHIIIHHOI iSIBHOCTI KOMIIaHii,
mianpreMcTBa, ¢ipMu abo opranizauii. Cucrtema BUpilTye
JIBI aKTyaJbHI Ha CHOTOJHINIHIN JEHb 3aJadi: 3MiHCHIOE
BUOIp ONTUMAJIBHOTO MOCTa4YaJbHUKA MaTepialbHUX pe-
cypciB Ta (hopMye ONTUMATBHUNA TMOPTQETh IHBECTHUIIIN.
[IporpaMHHil MPOOYKT € YHiBEpCATEHHM, TOOTO. MOXeE
OyTH BHKOPHCTAHWHA [UIS MIATPUMKH IPUHHATTS PIillICHb B
pizaux obnactax. CIIIIP ckmamaeTbes 3 4OTHPHOX AOAAT-
KiB, BUKOpUCTOBYI0uH siki OITP eekTHBHO BUPIIIUTD, IO
CTOITh Iepe]] HUM 3aBJaHHS.

CIIIIP ckmamaeThes 3 TAKUX TOJATKIB:

Moayab «Bubip mocradajgbHHKa MaTepiaJbHHX
pecypciB» — mpu3HaueHUil Uil BHOOPY ONTHUMAJIBHOTO
MOCTa4YaJbHUKA Ha MiJICTaBl pO3paxyHKy HACTYITHUX II0-
Ka3HUKIB:

— OIIHKa BUTPAT IiJNPHEMCTBA-3aMOBHHUKA Ha IPHU-
JN0aHHS 1 TOCTaBKY MPOAYKIIIi;

— OIliHKA SKOCTi IMPOITIOHOBAHOI IPOIYKIIii;

— OIliHKa ITOTEHLIHHOTO €KOHOMIYHOTO HapTHepa 3
TOYKH 30py Horo (hiHaHCOBO-TOCTIOAAPCHKOI HisUTHHOCTI;

— IiHKa HAIIHHOCTI ITOCTaYaJIbHUKA,

— BHM3HAYEHHS ONTHMAJILHOIO CIIIBBIJIHOILIEHHS «Ili-
Ha / IKICTBY.

JIJ1st TOYHOCTI OIIHKH MOTEHI[IHHUX MOCTAaYaIbHUKIB

BU3HAYAETHCSA TAKOXK CTYIIHb BIUIMBY KOXKHOTO 3 JIOCIi-
JUKyBaHUX (akTopiB Ha pesynbrar BuOOpy [8]. Kpim To-
ro, BBOJIUTHCS HOBHH IOKa3HUK: CIIBBIJHOIIEHHS «BH-
TpaTH / AKICTh IPOIYKIIII».
OOpoOIAIOTECS 1aHi, 0 MAKOTh Pi3HI OJUHHMIN BUMIpY,
Ta 3BOAATHCS 10 €IMHOI PO3MIPHOCTI, HA OCHOBI SIKOT BH-
OmpaeThcs Halikparia anpTepHaTHBA. SIK pe3ynbTaT pobo-
TH MOIYJI1 BUOMPAETHCS ONTHMAIBHUH ITOCTaYalbHUK Ha
OCHOBI aHalli3y BCIX BHIIENEpepaxOBaHUX MOKa3HUKIB, 1
OyIyeThbCs pe3yJIbTyroua ricTorpama.

- Monyab «®@opmyBaHHsS mMopT(ess WIHHUX Marne-
piB» - 103BOJNISE ONTUMI3yBaTtu mporec (GopMyBaHHS
noprtdens HiHHMX nanepiB. IIpu 1boMy MOXIIMBI pi3HI
BapianTu (opMyBaHHs iHBecTHLiiHOTO optdens [9]. [o
HUX BITHOCSTBCSA OOJIK KOpendmii mamepiB Ta ii BigcyT-
HICTHh (TOOTO BH3HAYAETHCA CTYIIHDb B3a€MO3B'SI3KY JBOX
BUIIAIKOBUX BEJIMYHH), TAKOXK € MOXKITUBICTD HE BKJIAIATH
BCl IHBECTHINI] B aKIlii, a 3aJMIINTH iX HA OLIaTHOMY pa-
XYHKY, HAIIPHKJIa/1 3 IPOLIEHTHOIO CTaBKoto 8,5% B pik.

- «Indopmanis npo nocrayajJbHUKIB» - Hadip Tpo-
Henyp, SKi J03BOJISIFOTH BHOCUTH 3MiHM B iHQopmarito
PO MOCTa4YalbHUKIB, sika 30epiraethcss B BJl, a moTim
BUKOPUCTOBYEThCS I ONTUMI3AIll Tpoiecy BHOOPY
ONTHUMAIBHOTO MiApsitHUKA. baza BHXiTHMX AaHUX IpH
HEOoOXiTHOCTI MOXke OyTH 3MiHEHa: JOJAaTKOBO MOXXYTh
BBOJIUTHCH TIOKa3HUKH SKOCTI MPOIYKIii, HOBI MiAIPHEM-
CTBA-NIOCTAYAJIbHUKH, YMOBH OIUIATH 1 T.IL
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Monyns «Bubip nmocra-
BIIMKA MaTe-plalbHUX
pecypciBy

Monyns «Indopmartis

PO LiHHI Harnepm»

CririP

Monayns «DopmyBaH-
Hs TOpTdest HiHHUX
narnepiB»

Monyns «Iadopmarris
IIDO IIOCTABIIHKIB)

Pucynok 1. CtpykrypHa cxema po3potienoi CIITIP

JloCHiKYIOThCSl TaKi XapakTEepUCTUKH Uit BUOOPY
HiNPHEMCTBA - TIOCTaYaIbHUKA!

1) 3aranpHa cymMa BUTpAT 3aMOBHHUKA Ha MPHUI0aHHA
1 TOCTaBKY MPOAYKIIiT;

2) SIKICTh TIPOAYKIIIT;

3) HamIHHICTh MOCTAYAIBHUKA;

4) ¢diHaHCOBUIA CTaH IMOCTavYaILHHKA.

- moayab «Indopmanis npo uiHHi mamepmw» - 1o0-
3BOJISIE pelaryBaTH TaKi XapaKTEPHUCTHKH I[IHHUX ITaIepiB
SIK IpUOYTKOBICTh 1 PU3MK, @ TAKOX KOHTPOJIFOBATH iX
KIJIbKICTB 1TpH ()OPMYyBaHHI IHBECTULIIHHOTO MTOPTdEIs.

[Tpu BuOOpi KOpUCTYBaueM MYHKTYy MEHIO 3aITycKa-
€THCS OTPIOHA Mporpama Ta MOYUHAETHCS POLIEC MOJIe-
JIIOBaHHSI ONTUMABHOTO MopTderns HiHHUX nanepiB abo
npolec BUOOPY ONTHUMAIBHOTO MiAPSAHUKA). AJITOPUTM
poboTH MoayIiB BioOpakeHHi Ha puc. 2 Ta puc. 3.

Adnroput™ poOOTH CHCTEMH NIPEACTABICHHUIT Ha puc. 4.

[Ticnst 3amycKy Ta BiIKPHUTTS TOJOBHOTO BiKHA CHC-
TeMa MePEeXOINTh B CTaH OYiKyBaHHS i KOpHUCTyBayda (€
MOJKJIMBICTh peIaryBaTH BXiIHI JaHi abo Oe3mocepenHbo
MEPEeXOUTH 0 peaitizallii MEeTOAiB MOJETIOBaHHS iHBEC-
THIIHHOT TisUTHHOCTI).

HeoOXximHO BU3HAYUTH, BUXOJISYM JisUTBHOCTI (ip-
MU, ONTHMAIBLHOTO MOCTaYalbHUKA MaTepiallbHUX Pecyp-
ciB 3 ocobnmBocTer misutbHOCTI (ipmu [10]. [nsg mporo
HEOOXiTHO BUPIIINTH TaKi B3a€EMOIIOB's13aH1 3aBIaHH:

— OIIHUTH BUTPATH 3aMOBHUKA Ha MPUAOAHHS i JO-
CTaBKY MPOAYKIIii;
— OLIHUTH SAKICTh IIPOITOHOBAHOI IPOTYKIIii;

— OIIHUTH TOTEHIIHHOTO €KOHOMIYHOTO MapTHEpa 3
TOYKH 30py HOTo (DiHAHCOBO-TOCTIOAAPCHKOT AisTEHOCTI;

— OL[IHATH HAJIHHICTH OCTAYaILHUKA;

— BHU3HAYUTH ONTHMAJILHE CIIBBIJHOIIECHHS «I(iHa /
SIKICTBY.

v TOJIOBHOMY BIKHI 3HaXOAUTHCA MCHIO 3 MOAYJIAMU
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CHCTEMH, 1110 BKJIIOYAE IyHKTH: «Bubip mocragansHuKay,
«DopmyBaHHS nopTdens», «aHi mpo MOCTavalIbHUKIBY,
«Ia(opmaris po iHHI manepuy. Jlani KOprcTyBad MOXe
BHOpaTH HEOOXiMHUI MOAYNb CHCTEeMH ab0 BUHTH 3 Hei.
OynkuionyBanas CIIIP posrmsHemMo Ha mpUKIai.

KopucryBaueBi HE0OXiHO BHOpATH BiJIOBITHUIMA
NyHKT MeHI0. B nanomy Bumazaky «BuOip mocrayanbHH-
Ka» 3 METOI BH3HAYUTH ONTHMAIBHOTO MOCTayalbHUKA.
Januii MomyIb 3MIHCHIOE HE TITBKA BHOIp Ta CHCTEMATH-
3aMil0 KpUTEPiiB OLIHKH, a i MPU3BOAUTH Wi KPUTEPil 10
ennHoi po3MmipHOcTi [11], a TakoX BH3HA4Yae YaCTKH
BIUTMBY KOXHOTO (haKTOpa Ha 3arajbHy OLIHKY KOHKYpC-
HOI TIPOTO3HIII.

[Ipu BuOOpi HaHOTO IyHKTY MEHIO Ha €KpaHi 3'SBIsI-
€TBCS MOXJIMBICTH BHOpaTH ONTHUMAIBHOIO IOCTavyajb-
HUKa MaTepiallbHUX pPECcypciB METaIypridHuX MiAmpH-
€MCTB, JUIA SKHX KOPUCTYBad MOXKE caM BH3HAYaTH TeX-
HIYHI XapaKTePUCTHKH MPOJIYKLIl - BUOPABLIM ITPU OMY
«IHIIMH MaTepiagbHUN PeCcypey.

PosrnsiHemMo mpouec BHOOpY MOCTa4aJIbHUKA JUIS
npUIOaHHS CHPOBHHH. PO3paxyHOK CymH BUTpaT Ha J0-
CTaBKy Ta MpHUAOAHHS MPOAYKIIl MOXHA MMOOAYHNTH, TIepe-
HmoBmm Ha Briaaky «llpmgbaHHS npomyKmii» BikHA
«OnTuMizatis BUOOpY» Ha NMPUKIAAL JIOMy YOPHUX METa-
JIiB, BU3HAYCHO HEOOXIMHUI HAOIp XapaKTEPUCTUK JAHOTO
Marepiany Ha mijcraBi nacnopTHux AaHux [12]. dizuko-
MEXaHi4YHi BJIACTUBOCTI METajly MOXKHa 100auuTH, Iepe-
HIIOBIIM Ha BKJIAIKY «XapaKTEpUCTUKHU MPOAYKILii». 3a-
rajbHU KOe(illieHT ONTUMYMY BU3HAYa€ThCs Ha ITiJICTa-
Bi kputepito Jlammaca, ToOTO 0OYHCTIOETECS PEUTHHTOBA
OIIiHKA MiATPHIEMCTB 32 IKICHIMHU O3HAKaMH.

Y po6oTi 3anmponOHOBaHUI METOJ MATEMAaTHYHOIO
PO3paxyHKy CITIBBIIHOIICHHS «BHUTPATH / SKICTB» (pHLC.
7). Ans GopMyBaHHS BHXITHMX JaHHX 3 BIJIOBIAHUX
TabNHIb BUKOPHCTOBYIOTBCS KOE(IIIEHTH ONTUMYMY
BUTpAT 1 AKOCTI mpoaykmii [13].
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( Ilouatok >
[

IHinjamizamist KOHCTAHT 1
3YUTYBAHHS BX1JTHUX
naHux 3 BJ1

3unTyBaHHA Ja-
HMX, SIK1 BBOJSTE-
Csl KOPUCTYBadeM

[lepeBipka Kopek-
THOCTI JaHHUX, SIK1
BBOJISATHCS

MopenroBans

Buszyanuzanus
pe3yIbTaTOB
MOJCITUPOBAHUS

( Kinens >

Pucynox 2. Anroput™ poOOTH ONTHMI3ALIfHUX MOIYJIIB

TakuM YMHOM, HAOYHO BH[HO, 110, HE3BAXKAIOUM Ha
OiNBII BUCOKY OLIHKY BHTpaT 3aMOBHHMKa IIpU BHOOpI
moctayanbHuka [16 (TOOTO BUTpaTH B HBOMY BHIIAIKY
MiHIMaJTbH1) 1 HAWOLTBII BICOKY OIIHKY SIKOCTI POIYKIIi1
noctayanbuuka I13, onTuManbHE CHIBBIIHOIICHHS I[UX
MOKa3HUKIB Mae noctadanbHuk I111. OTxe, momioHa OIiH-
Ka MOke OyTH CaMOCTIHHHUM YHMHHHUKOM, IO Ma€ TIEBHY
YacTKy BIUIMBY Ha BHOIp MOCTa4ajJbHHUKA MaTepialbHUX
pecypciB. HamiiiHicTh mOCTayaJbHUKA IMPOBOIUTHCS TI0
JICKIIBKOX TO3HIIISX: BUKOHAHHS MOCTaBOK B CTPOK, BHU-
KOHAHHS 3aMOBJICHb B MOBHOMY 00Cs3i, (hiHAaHCOBa Ha-
niitaicts [14]. IlpuifHATO JOMYIICHHS, IO BCI TOCTaya-
JIHUKHU TOTOBI TIOCTABUTH HEOOXITHHUN OOCAT MPOMYKIIii.
Heo0XiHO OIIHUTH TOYHICTh BUKOHAHHS TEPMIiHIB JOTO-
BOpY MOTEHI[HUMH MocTayanbHuKamu. TepMiHu mocTa-
BKH Ta iX 3aIi3HEHHS MOXYTh OYTH BHKIUKAHI BiJTalieHi-
CTIO MiANPUEMCTBA-TIOCTAYAIBHIKA, YMOBAMH TOCTABKU
npoxykuii i T.m. HeBuKoHaHHSA mOCTaBKM B OOYMOBIICHI
TEPMIHH - IIe, IePII 3a BCe, PH3HK 3aMOBHUKA [15].

Sk omMH 3 METOXIB OIUHKM HaIIMHOCTI IOcCTada-
JbHUKA TPOBOJMTHCS PEUTHHIOBA OILiHKa (DiHAHCOBOTO
CTaHy MiIIPUEMCTB 3 TOYKH 30py IX €KOHOMIYHOI cTali-
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apHOCTI. OniHKa ()iHAHCOBOrO CTaHy IPOBOJUTHCS 32
kpurepiem Jlamaca [16].

TakuM dYWHOM, BHM3HAYHBIIK PEUTHHIOBY OIIHKY
KOXKHOTO KPHUTEPIil0, MOXKHA CKJIACTH MiJICYMKOBY MaTpH-
10 PEUTHHTIB, SKa JI03BOJINTH 3pOOUTH OIIHKY BCiX KpH-
TepiiB: CyMH BHUTpAaT MiJIPHEMCTBA-3aMOBHUKA Ha TpH-
n0aHHS 1 JOCTaBKY NPOAYKIil, HaaiifHOCTI 1 (hiHAHCOBOI
CTablIBLHOCTI MOTEHI[IHHUX I0CTAYaIbLHUKIB, SKICHHUX 1
BapTICHUX XapaKTEPHCTHK Mpoxykimii. TakuM uuHOM, Ha
MiZCTaBl PO3PaxXyHKY 3aralbHOI PEHTHHTOBOI OIIHKH OTI-
TUMaIBHUM € TocTadanbHuk [12 (puc.8, puc. 9). s do-
PMyBaHHS ONTUMAJIBHOTO HOPTdesis WiHHMX HanepiB Ko-
pucTyBaueBi HEOOXiIHO BUOpATH NMPUHHATHUH AT HHOTO
BapiaHT (OPMyBaHHS I1HBECTHLIHHOTO MOpTdens (puc.
10).

Hampuxknan, Hexalh KopHcTyBad, BHOpaB pEKUM
«DopmyBaHHS TOpTdens 0Oe3 ypaxyBaHHA KoBapiamii
mamepiBy», Ha eKpaHi 3'ABIAETbCA (hopMa, IPH IBOMY He-
00ximHO BBeCTH OakaHWH PU3UK MOPTQens (BiH MOBUHEH
Oyt B Mexax noxony miHHEX mamepiB). [lotiM, mo6
chopMyBaTH ONTUMAIBHUI NOPTQENb, 3 33laHUMHU Xapa-
KTEPUCTUKAMHM, HEOOXiTHO HATUCHYTH KHONIKY «Cdopmy-
BaTH TOpTQenb». Sk BUIHO 3 MaJIOHKa NpPU PH3HKY
mopTdens - 1,3, Ta BiINOBITHUX 3HAYCHHAX JTOXOAY 1 pU-
3WKy WIHHHUX IanepiB MaeMO TaKWH MPOLEHTHHUH CKIan
iHBecTHuiiHOTO TIopTdemns: 50% akuiit A i B, npu npomy
pmsuk noptdens - 15%.

( IlouaTok >

[
Binkpurts popmu 3
TaHUMH JIS
nepersay
[

34NTyBaHHS
nanux 3 bJ[

Bizyanizamis qaHux

PenaryBanus
iHpopmanii
|

306epiranHs
3MiH B b1

Kiuens

C D

Pucynok 3. AnroputmM poOOTH MOIYJIB Teperismy Ta
pelaryBaHHS JaHUX
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IToyatox

OuikyBaHHS BUOOpY
KOMaHI!

C D

Buxnuk

MO IS

«Bubip nocraya-
JTHHUKA

«DopmyBaHHsA
nopTdens»

«Jlani mpo
NOCTaYaJIbHUKIBY

«/[ani mpo
L[iHHI narne-
pI»

«CnpaBka»

Monynb «Bubip mo-
CTayaJIbHUKa MaTe-
plaJbHUX PECypCiBy

Monyns «Dopmy-
BaHHsI OPTQens
I[IHHUX TarepiBy»

Monyns «Iadpopma-
I[isl IPO TIOCTavYallb-
HUKIBY

Monyns «Indopma-
IIis TIPO IiHHI Tare-
pu»

Moaynb
«CnpaBkay

( Kinenp >
Pucynok 4. Anroput™ pob0TH cucTeMu
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S IHBECTHLUHOHHAR OeATe TbHOCTH

Beixoa,  Momowes

FPeamizaims Merofos MOJCTTHPOBaMHHT

HHEEC THLHOHHOH JETTeM6HOCTH

‘ Eblﬁﬂp ONTUHMaN:LEHONo NOCTaBWMKa |

PopHuposanue nopTgens |

JlaHHHE 0 NOCTABUWHKaxX |

JaHHHE 0 HHBECTHLMAX |

Pucynoxk 5. Iurepdeiic cucremu

JNTHMH3A WA BLID0 pa

Bibxog

QleHKa KOHTEDHER OTE00a

PMOBPETEHME NPOAYK LM ] HApAKTEPUCTHEM MPOAYKLMA 1 3aTpaTBlK SYECTED 1 HanemHooTe NoCTaewMEa ] P UHAHCOESA SKTHEHOCTE ] OSwWi peimuHr | MNpockoTp pesynsTaToE

PacuyeT cyMMbl 3aTpaT Ha NPUOGPeTEHUe W A0CTaBKY NpOoAyKLMK

Postavchic Postavchic2 ‘ Posgtavchic3 ‘ Postawvchicd | Postavchich ] Postavchich ‘ Postawvch
UeHa za 11, rpH. 587 E00 B00 625 5490 B00
Ofen nocTaeky, T [1000 1000 11000 1000 1000 11000 11000
Cpok nocraexw, gow (10 5 7 10 10 I I
TpaHo. pacsTeic rpH. (12,3 11 5.6 1 B8 1.1 E7 1 34 . 9.7
Cyrma npeacnnatsl |605 |2a35 600 300 625 295 300
KonuuecTen nocTasor |4 4 .4 4 -4 4 .4
Cyrdrda NoTeps B335 B19.2 B3E.4 E24.2 B42.5 B15.4 B21
Wroro sarpar 2477 21189 . 24728 2143 4 2535 212418 2142
£3m [

OI{.EH‘K& CYMMDL 3ampam

Postavchic Postavchic2 ‘ Postavchic? | Postavchicd Postavchich Pastavchich
hAbHMR. SHEY. CYtnil
Make. sHaY. cyrarel 2535
Ko, omrumansHocTi | 0,0973430954123448 0.638388663511667  0.104357440252549 . 0.6438754058386422 o . 0.633521253041043
£ | E3)

Pucynok 6. Po3paxyHOK cyMH BUTpaT Ha JOCTaBKY Ta MPUAOaHHS MPOTyKIii

51



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETHUKA» Ne 4 (2019)

Po3ain «EnexkTpoeHepreTrnka

TTHMH3ALAA Bbl

Bbrxoa

MpHOGPETEHWE NPOOYKLHH 1 K3PAKTEPHCTHEH NPOLYKLHH

Dopa nocTaBuKd

Cuerna KpHTEDHES 076004

Ouertica coommouerun “3amparmvt - Kavecmeo”

Hane#HocTe NoCTaBWMKS ] PUHAHCOBAA aKTMBHDCTbi Oitwmi ueﬁwﬂr] MpocMoTp pesynETaToB

Postavchicl Postavchic? 1Poslavchic3 JPostavchic4
Ouenka sarpar 0.695388663811667 0.104397440252543 0.643875403386422
Ouenka kavecTea 0,417478098707607 0,767239136091535 0,293739699887241 .U,435530584381 176
CooTHoweHue saTpatei/kavecteo | 0,233181323077083 .U,Eﬂ 026204342148 0,355408003387435 .1,4895448241 0372
Koo dpriumeHT ormuransHocTH | 0,478916500463567 0,478916500463567 0.79654512781376 0.14724628801 0675

3|

Pucynok 7. O1iHKa CHiBBIHOMICHHS «3aTPaTH-SIKICThY

NTHMH3ALAR BbIOOPA NOCTABIL KA

EBoixoa

QUeHKa KDHTEDHER OTE00A

MpHoGpeTeHke NPoaYkUMM | HapakTepteTIkKH npDngKu.wi 3a'rpa'rb|—|<auec’r501 HaneskHooTe I'IDCTaBLLI.MKa] P UHEHOOBAA SKTHEHOCTE |

QO6ulaa peATUHIOBAA OLEHKA

Hi’“{ MpockoTp pesyneTaToE ]

Pastavchic Postavchic2 ] Postavchic3 ]F‘ostavchic4
Sarpatel 069838566381 1667 0,104397440252543 0, 6482754083864 22
Kavecteo 0,417478036707607 0,767 239136031595 0,293739699667241 | 0,435590604361176
SaTpatel/kauecTED 0,47831 6500463567 .0,4?891 ES004E3567 0,7965451 2781376 .0,1 4724620801 0675
HaneskHocTs nocTasumeka 01,891 6E6EEEEEEEE7 |0,741491041451 841 0.54395004335005 | 0,231666066E66667

Pucynox 8. 3aranbHa peiiTuHroBa orinka

- 'ORTHMHALHA BMOOPA NOCTABEAKA

Qlerka KpHTEDHES OT600a
| 3 |

PEHTHHI IIOCTABIIIHKOB

Paimar Nocr st Eann

1 3256209029500
2 Peatavchicl 2RAMNATITISL
3 Postavchecd ZIREEIIN TG
4 Postavchic10 262209254671
5 PostavchicT 2B
(3 Peatavchicl 24D NURRTES
7 Postavchecd LRNIXTRNG
8 Pottavchict 22700004 3075653
3 Postavchicd 2150507004024

10 Peatavchics 1 ERSEIMEANARDTT

- SRR T T T Titrar I fIrocrorpers mwssmmm-}

Pucynok 9. OntumansHHIA OCTadYaIbHUK
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Sxmo xkopucryBau BHOpaB pexxuM «PopMyBaHHS
noprdens 3 ypaxyBaHHsIM KoBapialii mamepiB», npu
3ammycKy (opMu B BiIIOBITHI TOJISI HEOOXIMHO BBECTH
OaxaHW pHU3HK MOPTQeEIs (BiH MOBHHEH OYTH B MEXax
JIOXOJy IIHHHX TIalepiB), a TaKOXK KOBapiaIlito i-ro j-ro
BHAYy IHHHUX marepiB. I1oTiM HEOOXimHO HATHCHYTH
kHOTIKY «Copmyatu noptdensy». Ilpn noMmuikoBomy
BBEJICHHI 3HAYCHb KOBapialliii Ha ekpaH Oy/Je BHBEICHO
HOBIZOMJICHHS ITPO TOMUJIKY.

Sxmo xopuctyBad BHOpaB pexum «DopMyBaHHS
noprderns 3 ypaxyBaHHSAM 3aOlla/DKCHb», Ha EKpaHi
3'sBIsIEThCA (hopMa, MpH I[HOMY HEOOXiTHO BBECTH Oa-
KaHU# goxia noptdens (BiH MOBHHEH OyTH B Mexax
JOXOJy IIHHMX TarepiB), a TaKOXXK KOBapialiio i-ro j-ro
BUJY I[IHHUX IaIepiB, a TAKOXK JaHI PO 3013 HPKCHHS
(edbexTHBHICTH 1 OUiKyBaHy e(QEKTHUBHICTh 3aolla-
JokeHb). TlotiM HeoOXinHO HATUCHYTH KHOMKY «Cdop-
MyBatu rnoptdens». B nmaHomy Bumaaky JUis TPbOX
[IHHUX TanepiB HeoOXimHO BBecTH 3 Komapiarii. [lpu
ITOMUJIKOBOMY BBEJICHHI 3HAaU€Hb KOBapialiil Ha eKpaH
OyzZe BUBEACHO IOBINOMIICHHSA MPO MOMIIKY «Bapia-
Iis He MOBWHHA OyTH OiNbIlle TBOPU PU3HKIB HIHHUX
TarepiBy.

[Ipu edexruBHOCTI MOpTdheEns - 1,3, edpekTuBHOCTI
3aomamkeHHs - 1,3 1 ouikyBaHO1 e(eKTHUBHOCTI - 1,8,
BIJINIOBITHMX 3HAYCHHSAX KOBapialliii MaeMO IMPOLECHT-
HUHU ckiajg iHBecTHHiHOTO TopTdens: 38,48% akmiit
A, 10,96% - B, 50,56% - C, B 3a01maKeHHs He0OX1/-
HO BKJIacTH - 0%, pusuk noprdens - 3,89%.

V.BUCHOBKHA

PesynpraToM gaHOTO AOCHIIKEHHS CTaja Mo0y-
JIOBA CTPYKTYpH iH(POPMAIIHHOI TEXHOJIOT] yIpaBIiH-
Hs IOPTQEIMU POEKTIB eHepro30epeKeHHs] Ha MeTa-
JYPTifHUX MiINPUEMCTBAX Ha OCHOBI ICHYIOHOTO HpO-
IPaMHOTO TIPOAYKTY.

3anpornoHoBaHa TPU BHOOPI ONTHMAIBHOTO TIO-
CTa4yaJIbHHKa METOJUKA PO3PAXYHKY € YHIBEpCAIbHOIO
Ta MPUAHITHOIO JIUIS OLIHKH MIANPUEMCTB 3 TOYKH 30-
PY PI3HUX XapaKTEPUCTHK:

1) Hemae HEOOXiTHOCTI MPOBEICHHS EKCIIEPTHOI
OILIHKY i BU3HAYECHHS BaroBUX KPUTEPiiB BIUIMBY TOTO
YY IHIIOTO YMHHHUKA, TaK SK:

- 3ampoIlOHOBaHA METOJIUKa 0a3yeThCs Ha KOM-
IUIEKCHOMY, 0araTOBUMIpHOMY MiAXOi IO OIIIHKH Ta-
KOTO CKJIaJJHOTO SIBUINA, SIK (piHAHCOBO-TOCHOAAPCHKA
JUSUTBHICTD MiAIPHEMCTBA;

- PCUTHHrOBa OIliHKA IPYHTYEThCS HA NAHUX ITy0-
JIYHOT 3BITHOCTI MiATIPHEMCTBA, JUIS OTPUMAHHS SIKHX
BHUKOPHCTOBYIOTHCSI HAHBAKJIMBIIII MMOKa3HUKU (iHaH-
COBO-TOCIIOIAPCHKOI ISUTBHOCTI, II0 3aCTOCOBYIOTHCS
B PHHKOBIH €KOHOMIIII;

- PCHTHHTOBA OIIHKA € IMOPIBHSIBHOIO, BOHA Bpa-
XOBY€E pealibHi JOCSATHEHHS BCIiX MiIPUEMCTB - KOHKY-
PEHTIB.

2) Jlnst OTpEMaHHS OLIHKH IAIIPUEMCTB BUKOPH-
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CTOBYETBCS THYYKHH OOUYMCIIIOBAIBHUN aJTOPHTM,
SKH{ peajli3ye MOXKJIMBOCTI MaTeMaTHYHOI MOJIET I10-
PIBHSJIBHO - KOMIUIEKCHOI OIIIHKM  BHPOOHHYO-
TOCIIOIAPCHKOT TISUTBHOCTI TiATIPHEMCTBA.

3) AJTOpUTM PO3PaXyHKIB TO3BOJISE BIMIUTH Bif
(GbopMyBaHHS YMOBHOI'O CTaJOHHOIO ITiJIPUEMCTBA.
Po3paxyHok moOymoBaHWI Ha BH3HAYEHHI IHTEpBaILY
BapilOBaHHS O3HaK.

4) MetonuKa IpyHTYEThCS Ha IPUBEICHHI YHCIIO-
BUX IapaMeTpiB 0 €JMHOTO €KBIBAJICHTY, SIKUM B Ja-
HOMY BUMNAJKY € Koe(illieHT HaOIMKeHHs 10 ONTHUMAa-
JILHOTO 3HAYCHHS O3HAKH.

IepeBaroro gaHOrO MPOrPaMHOTO NPOIYKTY, € TE,
o0 BiH 3JaTHUH OJHOYACHO BUPIIIyBaTH Biapasy 2
aKTyaJbHHX Ha CHOTOIHIIIHIN IeHb 3aBAaHHA - (op-
MYBaTH ONTHMaJbHUN NOpTeEns IIHHUX Manepis, i
3MIHCHIOBATH BHOIp ONTUMAJIBHOIO MOCTAYaIbHUKA.
TakuM 4MHOM, BiH 3pY4YHHH JUIsI Cy4YacHOT'O PHHKY Ta
OJTHOYACHO JI03BOJISIE CKOPOTHTH BUTPATH Ha MpUAOaH-
HSI IPOTPaMHOI MPOAYKIIIi.
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CTPYKTYPA HHO®OPMAIIMOHHOM TEXHOJIOTUHA YIIPABJIEHUS
HOPTOEJIAMHU IMTPOEKTOB DQHEPI'OCBEPEKEHHUA HA
METAJIJTYPITHYECKUX HPEATIPUATHUAX

JAYBPOBUH B. 1.  k.1.H., npodeccop no kadeape mporpamMMHbIX CpencTB HanuoHANBHOrO yHMBEpPCHTETA
«3aropokcKas MoJMTEXHUKA», 3aopoXKbe, YKpanHa, e-mail: vdubrovin@gmail.com;

IOCBKNB O.H. YAO "uenpocrencrais', aJMHHHCTPAaTOp 3aad, 3amopokbe, YKpamHa, e-mail:
yuskivolesya@rambler.ru

Lenv pabomul. Ilpu peanusayuu UHEECMUYUOHHBIX NPOEKINOE NPOYECC NPOMBIULIEHHOZ0 NPOU3BOOCTNEA, CEA3AMH-
Hblll ¢ 6LIOOPOM ONMUMATLHO20 NOCMABUWUKA, 3AKA3YUKA, 0ell06020 NApmHepa; onpedeieHuem Iyuuieco Kavecmed
NPOOYKYuU, MUHUMU3AyUel 3ampam Ha npuobpemenue u 00CMAasKy MAmMepuanibHulx pecypcos u m.o. B oannoui cmamoe
npogeden ananu3 UHGOPMAYUOHHOU MEXHOIO2UYU NPOSPAMMHO20 NPOOYKMA OJid A8MOMAMU3AYUL npoyecca noooepiic-
KU NPUHAMUS. PeWleHUll npu 0CyuwecmeneHul YUHAHCO80L UHBECTIUYUOHHOU OesiMEeNbHOCU MeMANTYPSUYECcKO20 Npeo-
npusmus..

Memoowt uccnedosanua. /[ peuteHus ONMUMUZAYUOHHBIX 3a0ay ObLIU NPUMEHEHbl Cledyioujue Memoovl: me-
MoObl UCCAe008aAHUS PYHKYUT KIACCUHECKO20 AHAU3A, Heonpedelentvle MHoxcumenu Jlaspausca; eapuayuontoe uc-
yucneHue, OUHAMUYECKOe NPOSPAMMUPO8AnUe, NPUHYUN MAKCUMYMA, TUHEUHOe NPOSPAMMUPOSAHUe; HeluHeliHoe npo-
spammuposanue.

Ionyuennuie pezynomamot. Cnpoexmuposana cucmemd, HOMOo2ds NPUHAML MAKCUMATLHO dPdexmusHoe, KOM-
nieKcHoe peuietue N03601Aem YMeHbWUMb UHMENIeKMYAIbHYI0 HAZPY3KY HA TUYO, NPUHUMAloujee peulenue, ceecmu K
MUHUMYMY YUCTIO PYMUHHBIX ONEePAYUl U CIONCHLIX MAMEMAMUYECKUX U IKOHOMUHECKUX PACUemO8 U, KaK cleocmesue,
3HAYUMENLHO COKPAMUMb 6PEMsL HA NPUHAMNUE PeUleHUs.

Hayunas nosusna. JJannulii npoepammubwiil BpOOYKm HA ce200HAWMHUL MOMERN He UMeem aHaN0208, OH CHOCOOeH
00HOBPEMEHHO pewamy cpazy 2 aKkmyanbHble Ha Ce200HAWHUL OeHb 3a0adl - YOpMUPO8Ams ONMUMATbHbLI nHOpm@penb
YeHHbIX OyMae, U OCYWecmensims 6bl00p ONMUMATLHOZ0 NOCMABWUKA, YO NO3GOIUNM YMEHbUUNb PACX00bl HA NOKYN-
Ky MAamepuaiog u UcnoIb306amy mu Cpeocmea Ha HeOpeHUe NPOEKMOo8 IHEPLOCOEPEHCeHUs HA MEMALTYPeULeCKUX
npeonpusmusx.

IIpakmuueckan yennocmo. [Ipeonodicennan npu ebl0ope ONMUMATLHO20 NOCIMABUWUKA MEMOOUKA paciemd A6/A-
emces YHUBEPCATbHOU U NPUeMaeMol ONid OYeHKU NPeonpusmuil ¢ MoyKu 3peHus pasiuyHblx XapaKmepucimuk.: npeoio-
HCEHHAA MemOOuKa 6a3upyemcs Ha KOMNJIEKCHOM, MHO2OMEPHOM NOOX00e K OYeHKe MAKO20 CNONCHO20 AGNeHUs, KAK
@unancoso-xo3aiicmeenHan OesmenbHOCMb NPeOnpUAMUsL; OJis NOJYYeHUs OYeHKU NPeOnpUsmull UCHOTb3Yemcs UOKUL
aneopumm, peanu3yiouwul 603MOHCHOCIU MAMEMAMUYECKOL MOOeNU CPASHUMENbHO-KOMNIEKCHOU OYeHKU 0esamenbHO-
cmu npeonpusmuUs; aneopumm paciemos no3goiaenm Omoumu om QopMuposanus yYcio6Ho20 IMAIOHHO20 Npeonpu-
amus. Pacuem nocmpoen na onpedenenuy uHmepeana 8apbuposaniis nPpUsHaKos, MemoouKa 0OCHO8bIBAEMC s Ha Npuse-
OeHUU YUCTIOBbIX NAPAMEMPOS K eOUHOMY IKGUBANEHNY, KOMOPbIM 6 OAHHOM Clyyae AGIAemcs Kodgguyuenm npu-
OIUNHCEHUSL K ONMUMATLHOMY 3HAYEHUIO NPUSHAKA.

Kniouesvle cnosa: ungecmuyuu; nopmgens npoeKmos; MemaniypzuiecKue npeonpuamus; UHHopmayuonnas
MeXHON02UA; NOCMABWUK IHEP2OCOEPEICEHUA; KAUeC80; KpUMeEPUil; HAOE)HCHOCHIb; ROCIMABUIUK; NOKA3AMENb.
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THE STRUCTURE OF INFORMATION TECHNOLOGY FOR MANAGING
PORTFOLIOS OF ENERGY SAVING PROJECTS AT METALLURGICAL
ENTERPRISES

DUBROVIN V.1I.  Ph.D., professor, National University “Zaporizhzhia Polytechnic”, Zaporizhzhia, Ukraine
E-mail: vdubrovin@gmail.com;

YUSKIV O. L. PJISC  "Dneprospetsstal", task  manager, Zaporizhzhia, = Ukraine.  E-mail:
yuskivolesya@rambler.ru;

Purpose. In the implementation of investment projects, the process of industrial production, associated with the
choice of the optimal supplier, customer, business partner, determining the best quality of products, minimizing the cost
of purchasing and delivering material resources, etc.. This article analyzes the information technology of a software
product to automate the decision support process in the financial investment activity of a metallurgical enterprise..

Methodology. To solve the optimization problems, the following methods were applied: methods of studying the
functions of classical analysis, indefinite Lagrange multipliers; variational calculus; dynamic programming; maximum
principle; linear programming; nonlinear programming..

Findings The designed system, helping to make the most effective, comprehensive solution, can reduce the intel-
lectual burden on the decision maker, minimize the number of routine operations and complex mathematical and eco-
nomic calculations and, as a consequence, significantly reduce the time for decision. The advantage of the considered
software product is that it is able to solve simultaneously two urgent tasks for today - to form the optimal portfolio of
securities and to choose the optimal supplier of resources. Thus, it is convenient for metallurgical enterprises and will
reduce the cost of purchasing software.

Originality. This software product has no analogues at the moment, it is able to solve two current problems for to-
day simultaneously - to form an optimal portfolio of securities, and to choose the optimal supplier, which will reduce
the cost of purchasing materials and use these funds for the implementation of energy conservation projects at metal-
lurgical enterprises

Practical value. The calculation method offered by the choice of the optimal supplier is universal and acceptable
for the evaluation of enterprises in terms of different characteristics: the proposed methodology is based on a compre-
hensive, multidimensional approach to the evaluation of such complex phenomenon as the financial and economic ac-
tivity of the enterprise; a flexible algorithm is used to obtain the valuation of enterprises, which realizes the possibilities
of a mathematical model of comparatively-complex evaluation of the enterprise activity, the algorithm of calculations
allows to move away from formation of conditional reference enterprise; the calculation is based on determining the
interval of variation of features; the technique is based on bringing the numerical parameters to a single equivalent,
which in this case is the approximation coefficient to the optimal value of the trait.

Key words: investment; project portfolio; metallurgical enterprise; information technology; supplier energy
saving; quality; criterion; reliability; supplier; indicator..
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Purpose. Investigation of the nonequilibrium-compensation method for diagnosing the state of high-voltage de-
vices with capacitor isolation, a description of the experience of using the method, finding the disadvantages and ad-
vantages of this diagnostic method, the development of improvements to the nonequilibrium-compensation method.

Methodology. The study was carried out by the method of continuous monitoring under operating voltage
(“online”) for bushings of a three-phase group of shunt reactors to a voltage class of 750 kV.

Findings. As a result of the study, the authors developed an improved mathematical model for the nonequilibrium-
compensation method, which takes into account the influence of the operating voltage, and received the final formula
for determining the unbalance current, which can significantly increase the reliability of the diagnosis. The improved
model is different in that it takes into account additional parameters - a working three-phase voltage, under the influ-
ence of which is the insulation of electrical devices. The values of the phase and amplitude of the unbalance current
obtained using the model will not depend on the network operating modes, such as asymmetry, for example, and, ac-
cordingly, there is no need to set the overshot alarm settings and equipment shutdowns, unlike the “classical” method,
since the parameters change unbalance current will be caused only by changes in active losses in isolation or partial
breakdown of the insulation design of the device.

Originality. The authors developed an advanced mathematical model for the diagnosis of high voltage apparatus
with capacitor isolation under operating voltage. The result of the calculation of the new model does not depend on the
effects of operating voltage (such as asymmetries of amplitudes and interphase angles).

Practical value. The obtained model can be used in the production of systems and devices for continuous diagnos-
tics (monitoring) of the main insulation of high-voltage bushings at voltage classes of 110 - 750 kV.

Keywords: nonequilibrium-compensation method; condenser insulation; unbalance current; capacitance; tangent
of dielectric losses; continuous monitoring; high voltage bushings.

L. INTRODUCTION Automatic continuous monitoring under operating
voltage has a list of advantages over other methods, such
Technologic failures, due to high voltage bushings a5 frequency of diagnostic parameters analysis, absence of
and current transformers failures are one of the most fre- 3 hyman factor influence and operating voltage, which
quent and economically expensive either for grids and  a]lows determining major defects in insulation.
generating power plants. Therefore, since 1960, the scien-
tific community and regulatory authorities have paid spe-
cial attention to the diagnosis of this equipment. Over the
years, manufacturing companies, power generating and
electric grid enterprises, enterprises engaged in the repair
and diagnostics of industrial equipment, have gained
some experience in diagnosing devices in various operat-
ing modes. Nowadays, there are two most applied diag-
nostic methods: with taking equipment out of service un-
der testing voltage (“offline”) and continuous monitoring

The nonequilibrium-compensation (balance) method
is the most widespread method of continuous monitoring
under operating voltage nowadays. This method is de-
scribed in the list of domestic and foreign author’s works
[1] — [10]. The realization of this method is different:
KIV-500R (KHB-500P) devices with adjustment trans-
formers TPS-0.66 (TIIC-0,66), modern microprocessor
devices such as R1500 («Dimrusy», city Perm), ZVCM
Bushing Monitor (ZTZ-Service International Inc, USA)

. o . and others.
under operating voltage (“online”). It is more rarely ap- ) ) ) ) )
plied a periodic tests under operating voltage with and ~ Energy companies .have a big experience in exp101.t-
without taking equipment out of service. ing of KIV-500R devices and others, based on this
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method devices and systems. However, this experience is
often negative [13], [14], [15], because of false informa-
tion about values of diagnostic parameters, and, corre-
spondently, inability to make a conclusion about technical
condition of apparatus.

II. ANALYSIS OF LAST RESEARCHES

Mathematical models developed by authors are very
important for correct insulation defect detection under
operating voltage. Thus, many scientists pay a great atten-
tion to this question. For example, domestic scientist PhD
Gleb Shinkarenko in his work [13], on the examples from
practice, showed that unbalance-compensating method
applying is ineffective and even negative. Also negative
experience of sum-of-current method is shown in [13],
[14], [15], because of false information about values of
diagnostic parameters, and, correspondently, inability to
make a conclusion about technical condition of apparatus.
Improved model for this method is stable for asymmetry
of amplitudes and interphase angles of operating voltages.
So it can used for increasing of reliability of this diagnos-
tic method.

III. FORMULATION OF THE WORK PURPOSE

The aim of this article is analysis of negative experi-
ence causes of nonequilibrium-compensation method ap-
plying for diagnostic of condition of high voltage con-
denser insulation and presentation of method improve-
ment results.

IV. EXPOSITION OF THE MAIN MATERIAL AND
RESULTS ANALYSIS

Nonequilibrium-compensation method is based on
two suggestions:

- three-phase voltage system is symmetric;

- diagnostic parameters of three apparatus of three-
phase group can’t be changed at the same time and in
equal degree.

This method means a geometric sum of three leak-
age current vectors of the main insulation. In ideal case, if
the condition and capacities of the main insulation of
three apparatus are equal and the three-phase voltage sys-
tem is symmetrical (the amplitudes are equal, and the
interphase angles are 120 °), the total current will be zero.
With an increase in active losses or a change in the insula-
tion capacity, the phase and amplitude of the current will
change, and this will lead to the appearance of a current
other than zero - an imbalance that can be measured by a
diagnostic tool.

The amplitude value of the total current quantita-
tively determines the degree of defect in the insulation,
and its angle indicates the phase of the device with the
defect.

Such ideal situation never happens in practice,
therefore in order to balance vector in zero different solu-
tions can be applied, for instance, instrument transform-
ers, which can change amplitudes of current leakage vec-
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tors, and in case of microprocessor devices it changes
balanced coefficients, which are used for dovetailing of
amplitude and phase of vectors.

Isum

a)
Ia ‘

Alsum”

Iv

b)

a) — Isum (sum-of-currents) is caused by active losses increase in
insulation of apparatus’ phase “A”
b) — Isum is caused by shunting of the main insulation part of apparatus’
phase “4”
Figure 1. Unbalanced current appearance

Devices, based on this method, indicate tangent of
dielectric losses and capacities of the main apparatus insu-
lations except indication of unbalanced vector’s amplitude
and phase.

Insulation leakage current vector depends on vectors
of voltages, applied to this insulation, active losses and
capacity of the main insulation. Correspondently, unbal-
anced current vector depends on 9 parameters:

> o5 o

R
Iy =f(U,U, U, ,Cp, Cyp,C 120,126,120 )

Thus, the mathematical calculation to determine the
tangent of the dielectric loss angle and the main insulation
capacitance based on this method is poorly substantiated
and ineffective For such calculations, some diagnostic
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tools use certain assumptions to solve a system of two
equations with 12 unknown parameters In order to pro-
vide the solution of such system of equations producers of
devices apply different algorithms of adaptation to the
modes of network and equipment operation. The de-
scribed problems lead to the wrong solutions of system,
since it is impossible to take into account all these factors
in real-time mode:

- changes in loads and other factors that can cause
voltage changes cannot be reliably predicted

- insulation aging of different devices isn’t synchro-
nized;

- different devices can have different temperatures of
insulation;

- different objects can have different paces of natural
insulation aging.

There was a monitoring of bushing operation by
R1500 device, installed for the monitoring of high voltage
bushings of three-phase group of single-phase shunting
reactors of the POM-110000/750 type on the 750kV
switchgear.

0651 tgd, %

0,6

0,55

0,5

0,45

04 -

0,35

0,3
.
14.01.2017 00:00:00

16.01.2017 00:00:00 18.01.2017 00:00:00

20.01.2017 00:00:00

An increase in the values of the tangent of the di-
electric loss angle of the main insulation of the bushings
at phases “A” and “C” was recorded (fig. 2).

Twice increase of parameter value in phase “C”
during short period of time (less than 10 days) is the basis
for additional testing of input with taking equipment out
of service. However, the detailed analysis of this case,
based on the giving data from the system on the data of
the SAFE-T online monitoring system (manufactured by
Energy Automation Ltd, Zaporizhzhia, Ukraine), showed
that this case is not the result of defects in the insulation
of the bushings, but is a classic example of the disadvan-
tages of the nonequilibrium-compensation method. In
fig. 3 current leakage plots of the main insulation of three
bushings are shown (points — phase “A”, continuous line
— phase “B”, dotted line — phase “C”, thick continuous
line — reduced value of unbalanced vector amplitude (a
relation of amplitude to the mean value of three currents
amplitudes in percent)). Initial plots’ analysis confirms
increase of current value of insulation conduction current
of bushing phase “A”.

phase “C”

¢ phase “A”

22

phase “B

22.01.2017 00:00:00 24.01.2017 00:00:00 26.01.2017 00:00:00

Figure 2. The results of tangent of dielectric losses of the main insulation of high voltage bushings monitoring,
registered by classical nonequilibrium-compensation method (by R1500)
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Figure 3. Leakage currents of the main bushing insulation
In fig. 4 plots of phase operating voltages changes sented in arbitrary units only for a qualitative assessment

are represented, plots are also represented change of un- of 1ts presence.
balance voltages’ vector. The voltage unbalance is pre-
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Figure 4. Phase voltages

Fig. 5 shows the graphs of load currents, these this reactor (fig. 6), in comparison with the other two re-
graphs qualitatively repeat the graph of leakage currents, — actors, which caus.ed.a temperature increase in the dielec-
because the winding currents change in accordance with 1€ loss of the main insulation of the input of this reactor,
changes in the applied voltage. An increase in the winding agd is normal phenomenon, .that s, 1t 18 not conqected
current (load) of the shunt reactor in phase A led to an with defects m isolation this mput.
increase in the temperature of the upper layers of oil in
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Figure 5. Reactor winding currents

the moment of voltage increase

43.00
41.00
39.00
37.00 _ ’
35.00

33.00

Top oil temperature, “C

31.00 1
29.00 |

27.00

dT

LR ALl Ly ol

Number of measurement, period of measurements is 46 min.

Figure 6. Temperature of upper oil layers

Thus, the analysis of the data presented in Fig. 3-6
gives a clear idea that the appearance of the unbalance
vector of leakage currents (fig. 7) is due to a change in the
parameters of the supply voltage.

A subsequent analysis of the network operating
modes confirmed the connection of the asymmetric load
to the line, which caused the indicated voltage change.
Changes in the leakage currents of the bushings were
caused by proportional changes in the voltages applied to
the insulation of the bushings, but were not caused by
changes in the technical state of the insulation of the
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bushings. In the fig. 7 there is represented a fixed unbal-
ance of currents leakage of the main bushings insulation
on the polar plot. Unbalance is shown by square points,
where each point corresponds to the one measurement.
Thus, according to explanations of the principle of unbal-
ance vectors’ appearance, which coincide with supply
voltage vector of the phase “A” and phase “C” according
to the direction, a small increase of active losses in bush-
ing insulation of the phase “A” and more essential in
bushing insulation of the phase “C” were observed as
well. Parameters calculation was carried out due to as-
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sumption about invariability of supply voltage vectors and
bushings capacities in this case. The device accepted the
assumption about capacity invariability because of the
fact that capacity change causes greater current leap at its
amplitude. Algorithms of device operation at calculation
of insulation parameters values can differ due to different
producers, however, all of them are based on non-proofed
assumptions.

Thus, in this case, as well as in 99 % of cases unbal-
ance appearance was not a consequence of deterioration
of bushings condition, but an influence of grid operation
modes on mutual angles between phase voltages and its
amplitude. All changes of these angles and amplitudes,
which took place after initial balance, automatically lead
to the errors in calculations and to unfounded diagnostic
conclusions.

Ic

Ia

Figure 7. Polar plot of currents leakage unbalance values of the main bushings insulation

The second negative factor of the nonequilibrium-
compensation method is the fact that devices, founded on
it, can’t detect insulation defect even on the dangerous
stage of progress, because pre-emergency setting of such
devices is 3 %, emergency setting is 5-7 % from rated
current of complex insulation conductivity. In practice,
there are higher values of these settings, and it often leads
to the fact that devices operation, based on unbalance-
compensating method, activates firefighting system of the
equipment because of bushing failure. Lower setting val-
ues in such devices lead to unfounded equipment tripping
and mislead operational staff on substations. Domestic
scientist Gleb Shinkarenko in his work [13], on the exam-
ples from practice, showed that unbalance-compensating
method is ineffective and even negative, because of es-
sential load on staff of diagnostic service, which is com-
pelled to understand and detect false emergency signals
from devices, based on this method. He designed a num-
ber of schemes, which allow to precise parameters of
these devices according to substation operation modes on
the base of “hard” relay logic. However, with considera-
tion of modern development of microprocessor technique
applying of relay logic essentially complicates realization
of such diagnostic schemes. Therefore, authors offer the
way of unbalance-compensating method improvement for
elimination of its limitations. Method can be applied in
systems and microprocessor devices of continuous control
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(monitoring). The gist of improvement is in the following:

- signals of phase operational voltages must be con-
nected to the device as well as current leakage ones;

- at the time of commissioning, the diagnostic tool
must record and store the parameters (amplitude, initial
phase) of phase voltages and leakage currents of the main
insulation;

- sum of current vector value should be calculated
according to the formula:

- > > > - > o

> Uy, U, I,U, I.U oo 2

Iy = _c)ze. a_)ae+ b_)beJr c_)ce_(]aeJr be+lce)
Uae Ua Ub Uc

where Uae, Ube, Uce — initial (at commissioning)
values of phase voltages vectors (phases “A”, “B”, and
“C” correspondently);

lae, Ibe, Ice — initial (at commissioning) values of
currents leakage vectors of the main bushings insulation
(phases “A”, “B”, and “C” correspondently);

Ua, Ub, Uc — measured values of phase voltages
vectors (phases “A”, “B”, and “C” correspondently);

lTae, Ibe, Ice — measured values of current leakage
vectors of the main bushings insulation (phases “A”, “B”,
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and “C” correspondently).

Word “initial” means — at the moment of first turn-
ing of monitoring device.

Received by this method values of phase and ampli-
tude of unbalance vector will not depend on modes of grid
operation, and accordingly there is no need to set too high
operation settings of alarms.

V.CONCLUSION

Nonequilibrium-compensation monitoring method
of insulation condition had a wide spread because of the
realization simplicity, however, due to limitations, which
are observed in this work, devices, based on it, do more
harm than benefit due to the unfounded load on diagnostic
staff of power facilities. Offered in the work improved
unbalance-compensating method allows to avoid the main
lacks of classical method. However, both at using of clas-
sical method and at improved one, at estimation of bush-
ings insulation condition it should be based only on the
amplitude value and the unbalance vector phase, rather
than calculation parameters: tangent of dielectric losses
and capacity of the main insulation. Thus, in classical
method the calculation of these parameters is carried out
by solution of the system with two equations and twelve
unknowns, and in improved method — two equations and
six unknowns. Also during designing of monitoring de-
vice, it is necessary to pay attention on galvanic isolation
of the circuits from different bushings (especially during
monitoring of single-phase equipment’s insulation) for
exclusion of the influence of ground points nonequipoten-
tial. It is also necessary to pay attention on connection
schemes, elements of insulation protection of capacitive
test-tap from overvoltages and from cable break to moni-
toring device, because the existing connection schemes
are often sources of additional errors for monitoring, and
are sometimes cause of high voltage bushings failure.
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3anopi3bKoro  HaIlOHAJIBHOTO  YHIBEpCHTETY, 3amopibikks, YkpaiHa, e-mail:
a.asakhno@yahoo.com

CKPVIICBKA JI.C. crapmmii BUKIAna4 KaQenpu eIEKTPHYIHMX Ta EJIEKTPOHHHMX amapatiB 3amopi3bKoro
HAaIlIOHANILHOTO YHIBEpCUTETY, 3arnopixoks, Ykpaina, e-mail: skrupskaya Is@gmail.com

JOMOPOIIMWH C.B.  acnmipanr kadenpu enekTpu4HMX Ta  €NEKTPOHHHMX  amapatiB  3amopisbKoro
HAI[IOHAIFHOTO ~ TEXHIYHOTO  YHIBEpPCUTETy,  3amopikks,  YKpaina,  e-mail:
domoroshchin77@gmail.com

Mema pobomu. [Jocniodcenns HepiBHOBANCHO-KOMNEHCAYIUHO20 MemoOy OIaeHOCMUKU CMAHY GUCOKOBOTbINHUX
anapamie 3 KOHOEHCAMOPHOIO [3071AYIEI0, ONUC 00C8I0Y BUKOPUCIAHHS MemoOy, 3HAXOONCEeHHA HeOONiKie ma nepesaz
Yb020 Memooy JiacHOCMUKU, PO3POOKA 800CKOHANIEHHS HEPIBHOBANCHO-KOMNEHCAYIUHO20 Memoo).

Memoou docnidoacents. Jlocniodxcents 6y10 GUKOHAHO MEMOOOM HEeNepepeHo20 KOHMPOJO Ni0 pobo4o Hanpy-
2010 (“oHnaiin’’) 05t 6600i8 MPbLOX-PasHol epynu wyHmyowux peakmopis nanpyeoio 750 kB.

Ompumani pesynomamu. B pe3yismami nposedeno2o 00CHiONHCenHs agmopu po3poounu 600CKOHANIEHY MameMd-
MU4Hy Mo0eib 0/ HePiBHOBAICHO-KOMNEHCAYIUH020 MemOody, SIKA 8PAXOBYE GNIUE POOOUOT Hanpyau, | OMPUMAnu oc-
MAmoyHy opmyny 01 8USHAYEHHS CIPYMY HeOANAHCY, AKA 003601A€ 3HAYHO NIOBULUMU OOCMOGIPHICMb OIACHOCMU-
ku. Tlokpawena mooens iOpI3HAECMbCA MUM, WO 8pAX08YE 000AMKO8I napamempu - poboyy mpughasHy Hanpyey, nio
BNIUBOM SKOI 3HAXOOUMbBCSL 13015Yist enekmpudnux anapamie. Ompuman 3a 0ONOMo2010 Yiel Mooeni 3navents gasu i
aAMAAIMYOu CMmpymy Hebaiancy He 3a1eHCamuMyms 8i0 pexcumie pobomu mepexci, maxKux AK acumempis, HANPukiao, i,
BION0BIOHO, HeMAE HeOOXIOHOCMI BCIMAHOGII0EAMU 3A6UYEH] YCMABKU CNPAYbO8YE8AHHSL ABAPIUHUX CUSHAILIG, HA GIOMIHY
810 «KIACUYHO20» MEMOQY, OCKLIbKU 3MIHU NAPAMEMPIE CMPYMY HeOarancy 0y0ymo SUKIUKAHT MITbKU 3MIHAMU AKMU-
GHUX 6MpPam 6 i301AYii abo YacmKo8UM NPoOOEM 301AYIUHOT KOHCMPYKYIT eleKMmPU1YHO20 anapama.

Hayxosa nosusna. Aemopu po3pobunu 600CKOHAIEHY MAMEMAMUYHY MOOeTb 05l OIACHOCMUKU anapamis UcoKoi
Hanpyau 3 KOHOeHCamopHorw izonayiero. Pezyriomam noeoi modeni ne 3anedxcums 6i0 6niugie pobouoi nanpyau (makux
SK ACUMEmPIst AMAAIMYO [ Menchazosux Kymis).

Ilpakmuuna yinnicms. Ompumana mooeisb modice 6ymu UKOPUCMAKa 6 po3pooyi cucmem ma npUCmpoie o me-
nepepeHoi diacHocmuky (MOHIMOPUH2Y) CMAaHy 20JI08HOT 301AYii anapamie 3 KOHOEHCamoOpPHOIO I301AYI€I0 HA Kiacu
nanpyau 110 — 750 B.

Kmouoei cnosa: nepienosaxcho-komnencayitinuil memoo; KOHOEHCAMmOopHa i301ayis; Cmpym Hebalancy; EMHICMb,
manzenc Kyma OleneKmpuyHuX empam, HenepepeHutl KOHmMpoOn®, 6UCOKOBONLMHI 8600U.
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CAXHO A A. KaHJl. TEXH. HAyK, JTOLEHT, TOUEHT Kaeaphl JMEKTPHIECKUX U DIEKTPOHHBIX aNNapaToB
3amopoKCKOr0  HAIIMOHAJIBHOTO ~ YHUBEPCUTETa, 3amopokee, YKpawHa, e-mail:
a.asakhno@yahoo.com

CKPVYIICKAZA JI.C. CTapmuii IpemojaBaTenb Kadeaphl JJIEKTPHMYECKMX M DJIEKTPOHHBIX —alllapaToB
3amopoKCKOT0  HAIIMOHANBHOTO ~ YHUBEPCUTETa, J3allopokbe, YKpawHa, e-mail:
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Lleno pabomwi. Hccnedoganue HepagHOBeCHO-KOMREHCAYUOHHO20 Memood OUAZHOCMUKU COCMOSHUSL 6blCOKO-
BOILMHBIX ANNAPAMOE C KOHOCHCAMOPHOU U30AsYUell, ONUCAHUE ONbIMA UCHOIb308ANHUSL MEMOOd, HAXOHCOeHUe HedO0C -
MAMKO8 U NpeumMywecme 35moz20 Memood OUASHOCMUKY, pa3pabomKa YCOB8EPUEHCMBOBAHUS HEPABHOBECHO-
KOMNEHCAYUOHHO20 Memood.

Memoouvl uccnedosanus. Hcciedosanue 0biio npogedeHo mMemooom HenpepbleHo20 KOHMPOs Noo paboyum Ha-
npsxcenuem (“oHnain’”’) 051 660006 MPex-QhasHOU ePYRNbL UWLYHMUPYIOWUX PeaKmopos Ha Kiacc HanpsisiceHus 750kB.

Tlonyuennvle pesynomamol. B pe3yivmame npogedennozo uccied08anus demopsl papabdomani yco8epuieHCmMeEo-
BAHHYIO MAMEMAMUYECKYIO MOOeNb O/ HePAGHOBECHO-KOMNEHCAYUOHHO20 Memood, KOMOpPAsl yHumuledaem Gnusihue
Ppabouezo Hanpsidcenusl, U NOAYYULU OKOHYAMENLHYIO (POPMYIY OJist Onpedeienust MmoKa HeOaIanca, KOmopas no360sen
BHAYUMENbHO NOBLICUMb 0OCTNOBEPHOCIb OUASHOCMUKY. YIyuuennas Mooeib OmaAudaemcs: mem, 4mo yyumsleéaem
OdononnumenbHvie napamempyl - pabodee mpexgaznoe HanpsdiceHue, n00 8030elicmauem KOmopo2o Haxooumcs u30Jjis-
yust snekmpuveckux annapamos. Ilonyyennvie 3moii MoOenvblo 3Hayenus Qaszvl u amnaumyovl moka Hebanauca ne 06y-
O0ym 3a8uUcenmsv om pedxicumos pabomel cemiu, MaKux KaK acumMmempus, Hanpumep, U, COOMEEnCmeeHHO, Hem Heobxo-
OUMOCImU YCMAHABIUBAMb 3A6bIUIEHHbIE YCMABKI CPADAMbIBANUS ABAPULHBIX CUSHALO08, 8 OMIUYUE OM (KIACCUYECKO-
20» Memooa, NOCKOIbKY UBMEHEHUsI NapaMempo8 moka Hebaianca 6yoym 6bl36aHbl MOAbKO USMEHEHUSIMU AKMUGHBIX
nomepwb 6 U30IAYUU UYL YACHUYHBIM NPOOOEM USOIAYUOHHOU KOHCMPYKYUU YCIMPOUCmEd.

Hayynaa nosusna. Aemopol paspabomanu yco8epUICHCMEOBAHHYIO MAMEMAMULECKYI0 MOOeb Olist OUASHOCIUKU
annapamos GblCOK020 HANPSIHCEHUs. ¢ KOHOEHCAMOPHOU uzonsyueti nod pabouum nanpsoicenuem. Pezynomam eviuucie-
HUSL HOBOU MOOEU He 3a8UCUM OM GIUSHULL pabO4e20 HaANPSICEHUsl (MAKUX KAK AdCUMMEMPUU aMIIUMYO U MelcPazo-
8bIX V2J108).

Ilpaxmuueckasn yennocmu. [lonyuennas moodenb moocem OblmMb UCIOAL3OBAHA 8 paA3PAOOmMKe cucmem u ycm-
Ppoticma 015 Henpepwbi8HOU OUAZHOCTNUKY (MOHUMOPUH2A) OCHOBHOU U30JAYUU ANNAPAMOS C KOHOEHCAMOPHOU U30AYU-
etl Ons knaccog Hanpsiscenust 110 — 750 kB.

Kniouesvie cnosa: Hepaeuoeecno-Komneucauuonubzﬁ Memod; lcom)eucamopuaﬂ usonayus; mok He6aJlaHC£1,' em-
Kocmb, maHecenc yana ()uaﬂelcmpuueacux nomeps, Henpepbzenbzd KOHMpOb, 6blCOKOBOSIbMHbBIE 680001.
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