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TEOPETUYHA EJIEKTPOTEXHIKA TA EJIEKTPO®I3NKA
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IMPEDANCE BOUNDARY CONDITION OF NON-UNIFORM ELECTROMAGNETIC
FIELD PENETRATION INTO CONDUCTING HALF-SPACE

Yu.M.Vasetsky"

Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine,

e-mail: yuriy.vasetsky@gmail.com

The influence of the non-uniformity of the external field to its distribution on the surface of the conducting half-space is
investigated on the basis of exact analytical and approximate asymptotic calculation methods of an arbitrary three-
dimensional electromagnetic field. The function that generalizes the impedance boundary condition for diffusion of
non-uniform field into conducting body is proposed. On the basis of calculations results comparison by exact and
approximate methods for concrete model of electromagnetic system the admissible value of the upper limit of the
introduced small parameter is established. References 10, figures 5.

Key words: three-dimensional electromagnetic field, strong skin effect, impedance boundary condition.

Introduction. In the case of high-speed pulse or high-frequency processes there is a strong skin
effect in the conducting elements of electromagnetic devices, in which the current and electromagnetic field
are concentrated in a thin surface layer. In this paper, sinusoidal electromagnetic fields are considered in the
quasi-stationary approximation, when wave processes can be neglected [1, 2]. Under such limitations,
simplified approaches are widely used to solve specific problems and develop appropriate numerical
calculation methods [3, 4]. Despite the long history of development, the study of the electromagnetic field
with strong skin effect remains an urgent task.

Features of electromagnetic field penetration into conducting body, including its surface distribution,
depend not only on electrical conductivity, relative magnetic permeability of the medium and field
frequency, but also on geometry of boundary surfaces and features of field distribution of external sources
near the surface.

For a body with ideal conductivity, the depth of field penetration & =4/2/ 1 OUH,Y ) goes to zero 6—0.

Here p is relative magnetic permeability, v is specific electrical conductivity, o is cyclic field frequency. In
this case, it is sufficient to use a mathematical model in which the tangential component of the electric field
intensity and the normal component of the magnetic field intensity are equal to zero on the surface of the
conducting body E_=0, H, =0 (Fig. 1) [5]. The finite, but significantly smaller penetration depth of field
compared to the size of the body and the nonzero value of the electric field intensity are taken into account in
an approximate mathematical model using the concept of impedance boundary condition formulated by
M. Leontovich [6, 7]. It is assumed that the local electromagnetic field penetrates into the metal body in the
same way as a uniform field penetrates to the conducting half-space (Fig. 2). Moreover, the magnitude of the
magnetic field tangential to the body surface H = H, H(z = O) is determined from the independent solution of

the external problem under the condition H, = H, =0. The field vectors at the boundary are connected by

the impedance boundary condition:
Erzg[eszT], )
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where ¢ = p/y=\lioup,y /y is the effective surface impedance. In this model representation, the tangent
component to the surface of the half-space H = H H(z = 0) is equal to twice value of the tangent component
of the magnetic field of external sources H, H(z = 0) =2H, [8].

Detailed review of research on the use of the concept of surface impedance in the modeling of
electrodynamics problems is presented, in particular, in [3, 9]. At the same time, in most of the cited papers,
mathematical models of the diffusion of non-uniform electromagnetic field are limited of a small value of
penetration depth or insignificant field non-uniformity at the body surface.

' N

H,=H.

=0 n=eA H =H,(z=0)
PP P Y

y#0, p

l—
l—
—
— Hl
—>

—»

>

Fig. 1 Fig. 2

The researches on the analytical solution of a three-dimensional problem for an electromagnetic field
near conducting half-space, which does not contain restrictions on the configuration of the external field,
electrophysical properties of media and field frequency are systematized in [8]. The results made it possible
to generalize the concept of a strong skin effect to the case of diffusion of non-uniform electromagnetic field
into conducting body. The skin effect can be considered as strong, when the penetration depth of the field 6
is small compared to the characteristic dimensions not only of the conducting body but also of the entire
electromagnetic system, including distances » from external field sources to the boundary surface of the
body. Introduction the appropriate quantitative parameter ¢, = MS/ (\/Er]) makes it possible to find an
approximate solution of the problem and analyze the resulting errors. Here 7 is the distance between the
observation point in the dielectric region and the point of the external field source mirror reflected from the
interface of the media.

The aim of the work is to generalize the concept of impedance boundary condition for strong skin
effect in the case of diffusion of non-uniform electromagnetic field into conducting half-space and study the
resulting error of the approximate asymptotic calculation method for a particular model of electromagnetic
system.

Asymptotic solution of the problem for non-uniform electromagnetic field and generalized
impedance boundary condition.

When the parameter g, is small g <1, the exact expressions for the three-dimensional
electromagnetic field can be simplified and the solution can be represented in the form of asymptotic series
expansion of potentials and field intensities [8]. At the interface of the media in the dielectric region z=0,
where the parameter &, =¢ takes the largest value, the complex-value amplitudes of electric E = EH +E i

and magnetic H = H, |+ H | field intensities are determined by the magnitude of the external magnetic field

H,=H ot H,, and its derivatives with respect to the coordinate z :

082"2

. N+, N+l € " oM H 0
H(z=0)=H, =—>2a_(u)— |7 I , 3
“( ) ng() [[n n;() n 1(“{\/;) { 0 &n . ( )

. N . N " (1) .
E(z=0)= ;()EH,, =g§2an(p)£%j {rn v, xHOH , )
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. N . N nl a()1+1)H
HJ_(Z = O) = ZHJ.n = _zzan(l’l i ,,.0”*1 Tw (4)
n=0 n=0 \/; & 0

Here a, (u) are the Taylor series coefficients of the function
-1 »

[X/ \/; +4/1+ (x/ (u\/; ))Z} =>a, (u)(x/ \/; y , [ 1s imaginary unit. The first several expansion coefficients in
=0

the power series of the function have the values a, =1,a, =-1,4a, =1 —1/(2p2 ), ..., it is accepted a., =—1; 7,

is distance # for points on the surface.

From the series (2) and (3) it is seen that the approximate Leontovich’s impedance boundary
condition (1) is valid only for the first two terms. The deviation takes place starting with n =2 i.e. with term

of the series proportional €° to which EH2 = [1 -1/ (Zuz)]gez X Huz . Hence, the generalized impedance boundary

condition, which connects the field intensities on the interface z =0 and is not limited to the first two terms
of the series, can be represented as follows:

. . ) N c n " a(”) .
T=E,—cH, :ng(an +a,, NI xHy o ®)
- z=0

where the summation begins from n=2. As follows from (5), the first nonzero term of the series of
functions T is proportional to €, and the argument of complex-value amplitude 7' is equal to — /4

. 1 \e* | ,0? :
T~ 2|g|(1—2—w]${r02 gez xHq}H)

From series (4) it is seen that the fulfillment of another condition in the model of the ideal skin effect
about the equality of zero normal to the surface component of the magnetic field strength is more rigid. It is
performed only for the zero term of the asymptotic series and is violated, starting with the term proportional
to the small parameter in the first degree €' .

Generalized impedance boundary condition for a specific model of the electromagnetic system.
Earlier in [10] calculations of three-dimensional electromagnetic field in the dielectric region were
performed in the case when the external electromagnetic field is created by a circular contour with current 7, 0

(6)

whose plane is perpendicular to the boundary surface of the conducting body. In this case, the components of

tx
3

. . 1 r . . .
the external magnetic field are H,=—-% § dl , where r is the vector going from the contour point to the

4y r
observation point, ¢ is the vector tangent to the contour. The orientation of the Cartesian coordinate system
is shown in Fig. 2 works [10] - the center of the coordinate system is on the interface, the vertical axis Oz,
directed normally to the surface, passes through the center of the circle, the axis Ox coincides with the line
of intersection of the plane of the circle with the interface. The geometric dimensions are as follows: radius
of the contour R =0.05 m, distance from the center of the contour to the surface H =0.06 m, respectively,

the minimum distance from the contour to the surface 4, =0.01m. The electrophysical properties of the

medium correspond to those of aluminum y=3,7-10" 1/ (Q . m), p=1. Frequency is variable. Despite the fact

that the calculations were performed for specific geometric dimensions and properties of the material, the
results due to the linearity of the problem in relative terms are valid for other parameters of the
electromagnetic system.

The presence of exact and approximate solutions of the problem allows not only to determine the
field intensities, and also to investigate the features of the generalized impedance boundary condition:
calculate the function 7', compare the results of exact and approximate approaches and analyze the influence
of the parameter ¢ to the value of the function T for different components of the electromagnetic field.

When integrating along circular contour, the distance » for different contour points is changed and
the value of the parameter ¢ is changed accordingly for these points. Therefore, the results of calculations
for the function 7 and field intensities are presented depending on the maximum value of the parameter

€= 8/ (\/Ermm), which corresponds to the minimum distance r,;,, between the contour and the observation
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point on the surface of the conductive body. Components of complex-value amplitudes of a function
T, = ‘Tk ‘exp(i(pk ), where k = x, y, were investigated for modules and arguments of the function. The results

for the modules of complex-value amplitudes are presented in the form of relative values 7, = ‘T ! ‘ / ‘Ek

This normalization allows, depending on the parameter & to determine the relative effect of the non-

uniformity of the electromagnetic field on the value of the function T , which for the model of penetration of
the uniform field is equal to zero.

Fig. 3 — 5 show the values of different components of the function 7 and the intensities of the
electromagnetic field at different points on the surface, depending on parameter €. In all figures, the solid
curves correspond to the calculation by exact analytical expressions, the dotted curves correspond to the
calculation by the approximate asymptotic method.

At the point x=0,y=0 where

0. 0 ; _
, 0,0, _— the distance rl'min =h, from the cont01.1r
L8 s 90 / to the surface is the smallest, the electric
~0.1 / & / field intensity E= Exex and,
40 accordingly, the function T =Te, are
00 01 02 03 04 ¢ 0 01 02 03 04 ¢ directed along the axis x. At this point,

a Fig. 3 b the intensities of electric E,_ and

X

magnetic fields H , on the surface are

largest. The values of T, in dependence of the small parameter & at this point is shown in Fig. 3 a. A
characteristic feature is the approximately quadratic dependence on &, which confirms the conclusion for the
generalized impedance boundary condition with strong skin effect. The influence of the older terms of the
series to the value of the argument of the function 7' is more significant. This can be seen from Fig. 3 b for

the same point on the surface.

If the observation points move
1 [=0.025m, y=0.01m P

0.8,=0.025m, y=0.0Im] 0.8 7 away from the point closest to the contour
0.6 <0.6 Y,
~< N m . |Hy |

on the surface, the electromagnetic field

o4 IE.| IE.] o4 —L intensity decreases. In addition, at points
0?2 //L‘ 0" = on the surface that do not coincide with
0p o1 02 03 04 ¢ 0 a1 07 03 04 & the axis X, all components of the
electromagnetic  field intensity are
nonzero. The values of the field
components can differ significantly from

each other. This is illustrated in Fig. 4, which shows the values of the tangent components of the electric and
magnetic field intensities at the point. In the figure, the magnitude of the intensities are normalized as

a Fig. 4

follows Ezwl?*, Hzﬂl'{*.
4n 4nh,

0.08,=0.025m. '=0.025m, . Despite the significant
—001m difference in the values of the
0.06 0.4 components of the field, the
IS components of the function 7 that
004 characterizes the generalized
impedance condition for non-uniform
0.02 field differ much less. As can be seen
from Fig. 5 a, the absolute values of
0o 01 02 03 04 ¢ the various tangent components of the

b function T are values of the same
order. The figure shows the
normalized  values, which are
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wlilo
MT .
4n
In this case of the specific model of the electromagnetic system, at the point of the surface we have

determined similarly to the electric field intensity T =

relations |Ex > E 3 b H , > H .| for the components of the field intensities. However, for the components of
the function T we have the opposite inequality |TX I<| T |- This feature is appropriately reflected in the
relative value of the components of the function T (Fig. 5 b) — larger values of the components 7}, occur for
smaller value components of the electric field intensity ‘EZ‘ In all cases, the possibility of applying for non-

uniform electromagnetic field the simplified model of penetration into conducting half-space of uniform
electromagnetic field is performed only for fields that are characterized by very small value parameter ¢ .
This implies the need to take into account the non-uniformity of the field in the development of methods for
calculating electromagnetic fields using the impedance boundary condition.

Comparison of the results obtained by analytical exact and approximate methods allows us to make
conclusion about the allowable values of the parameters at which the use of simpler asymptotic
approximation is acceptable. The error of the results of the electromagnetic field calculation by the

approximate method depends on the complex parameter €= MB/ (ﬁrmm)z 1“.1/ ou,yr., that combines the

electrophysical properties of the medium, field frequency and the minimum distance from field sources to
the surface of the conductive body. As can be seen from Fig. 4, calculations of field intensities can be
performed when the small parameter does not exceed the value €¢=0.3. In Fig. 3 and 5 the results of

calculations of the function T of the generalized impedance condition are also presented depending on the
same complex parameter €. It can be seen that sufficient accuracy is provided here for a slightly smaller
range of values of the small parameter € <0.2 . This is due to the fact that the approximate expressions of the
function do not take into account the first two terms of the asymptotic series, whose contribution to the value
of field intensities is the largest.

Conclusion.

1. In the case of a strong skin effect the expansion of exact analytical expressions for a three-
dimensional electromagnetic field into asymptotic series on the introduced small parameter allows to express
the electromagnetic field intensities on the surface of the conductive half-space through the value of external
magnetic field and its derivatives. This makes it possible to analyze the effect of external field non-
uniformity at the surface of the conducting half-space and determine the effect of the introduced small
parameter on the field value, as well as determine the validity of the approximate Leontovich’s impedance
boundary condition depending on the small parameter. The established deviation is the basis for the
generalization of the impedance boundary condition and its presentation in the form that allows to obtain a
quantitative estimate of this deviation.

2. The analysis of the function introduced as a generalization of the impedance boundary condition
to the case of non-uniform electromagnetic fields confirmed the conclusion that the approximate
Leontovich’s impedance condition is valid only for the first two terms of the asymptotic series expansion.
Comparison of the results obtained by exact and approximate methods allowed us to find the value of small
parameter in which the use of simpler asymptotic approximation is acceptable and to conclude that its
allowable limit value for generalizing the impedance boundary condition is smaller than the same value for
fields on the surface of the conducting half-space.

3. Introduction of the generalized impedance boundary condition in the form of the function which,
unlike the simplified approach, is not equal to zero, allows to formulate boundary value problems of finding
the electromagnetic field using the impedance boundary condition in the case of diffusion of non-uniform
field. The analysis of the emerging errors shows the permissible limits of the use of simplified and
generalized approaches.

4. Since the conclusions regarding the quantitative indicators in this paper are based on the
calculations of specific model of the electromagnetic system, it is advisable in the future to conduct research
for standard sources of external fields, which may be elements of more complex systems.
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Minimizing energy losses and increasing the efficiency of a multiphase power supply system by increasing the load
power factor using an active shunt filter (SAF) is analyzed. Two SAF control strategies are presented, which provide
the maximum efficiency at close to the unit value of power factor or at sinusoidal symmetric currents of the power
supply system with any number of phases for non-sinusoidal and asymmetric sources, nonlinear and asymmetric load,
and the arbitrary ratio of the resistance of linear and neutral wires. It is shown that the use of direct information about
the EMF of a multiphase source as a reference vector of the desired transmission line current does not improve the
achieved result of efficiency maximization. A virtual experiment obtained and verified the formula for calculating the
efficiency of a multiphase power supply system with an arbitrary load in the form of dependence on load factor and
power factor. The power supply system's power factor was determined and experimentally confirmed when applying the
SAF strategy to form sinusoidal symmetric currents of a multiphase source. References 10, figures 5.

Keywords: power loss, control strategy of parallel active filter, increase of power supply system efficiency.

Introduction. The increase in the number and increase in the power of nonlinear consumers leads to
a deterioration in the quality and increase in energy losses of power supply systems and a corresponding
decrease in their efficiency. The problem of accounting and compensating for electric energy losses is
reflected in power theories, the latest achievements of which are systematized in [1]. More and more such
theories, including standardized ones [2-5], determine the square of apparent power proportional to the
power losses; in this case, the power factor is equal to the unit if energy losses are minimized in the
transmission line [5]. The papers [6, 7] consider methods for determining the minimum possible losses and
the maximum achievable efficiency of a single-phase DC power supply system and a three-phase AC system
under sufficiently strict conditions of voltage symmetry of a three-phase source and load and zero current in
a neutral wire.

The goal of the work is the creation and analysis of strategies to minimize energy losses and increase the
efficiency of a multiphase power system by increasing the load power factor using a shunt active filter (SAF).

Energy-saving capabilities of the active filtration strategy with unity power factor.

Electromagnetic processes of the n-phase power supply system with neutral wire (Fig. 1) and shunt active

filter are entirely determined by n-coordinate vectors of phase EMF e(¢) :||e1 e, .. e, phase voltages

u()=|u, wu, .. ul",deducted relative to the zero wire, and current vectors of the source i (¢), load i, (7),

and active filter i, (¢) of similar dimensions that form a matrix-vector system of equations:

© Artemenko M.Yu., Chopyk V.V., Mykhalskyi V.M., Shapoval .A., Polishchuk S.Y., 2022
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u(?) = e(r) — Rig (1),
i () +i,(0) =i, (0); (1)
T LuA(z)iS (t)dt=T" '[TuA (D, (t)dt = P,

where ” is the transpose sign; 7 is the period of phase voltages; P is the load power. The last equation (1)
ensures the equality of load power and power of multiphase source currents, which eliminates the energy
consumption of the SAF. Subject to the same resistances of line wires » and a different value of neutral
resistance ry, the matrix of transmission line resistances R = (I +r,jj*)=R" contains the unit matrix I with

dimension nxn and a vector j=|1 1 .. 1|° of dimension n, consisting of units.
The task of active filtration in this SAF application is to minimize the power losses in the
transmission line:
AP=T" Lig (t)Ri (t)dt —> min

provided zero SAF active power.
n — phase Lossy line

source (cable) Point of common coupling
_______ | pemmmmmmm e
Pl b
11— i
| s T
o e i
11 | | =
L T '
1 1 . )
. I u AiFZ I =
P L3
r I L
: : T
L 1 F ! .
'n o ¢un ’f‘l” VoW
! | —~
T T |
_______ 1 | P Uy N R R
| SAF |
Fig. 1

The paper [8] shows that a unit value of the power factor in a three-phase four-wire power system
provides an active current:

T j w (i, (t)dt P
. _ T R — R 2
i, ] w OR o u(t) 7 u(t), (2)

formed in the transmission line using the SAF. Due to the matrix-vector form, this expression is valid for a
multiphase power system, while the active current reference vector takes the form:

R = @+ 2 ) ) = - ) =
r r(l+n,j"j/r) 3)
= {u(r) - O ,} = [u() ~ 0,0, (0] = u, (1),
r+ I’H’N n

where u,(¢)=[ju(s)]j/n is the zero-sequence component of the phase voltage vector; o, =nr, / (r +nr,) is

the coefficient of its optimal weakening.

When forming an active current in the transmission line, the power loss reaches a minimum value [8]:
2

. 1 P P
APy =AP, =— j i’(ORi, (t)dt = ?XFJ[R 'u(t)]' RR u(t)dt = o 4)
T Uur

U
Using the first equation in (1) for iz(#)=i,(r), we convert the expression for P, to similar to that
done in [9] for a three-phase four-wire power supply system:
P =T" jTuA(t)R"u(t)dt =P —2P-AP,, (5)

where P, = T’II € (R 'e(t)dt = T’IJ- 1€ ()i, (¢)dt =eoi, is the short circuit power of the multiphase source on
the transmission line resistances; i,(¢) = R 'e(¢) is short-circuit current vector derived from the first equation
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in (1) when u(r)=0; xoy :T’lf X (O)y(0)dt is the denotation of the integral scalar product of two same

arbitrary dimension periodic vectors.
Substituting (5) in (4), we obtain an equation with minimum power losses normalized relative to the
load power:
AP 1

A
= :—’ 6
“ P k-2-a ©

where k, =P,/ P is the load factor. The last equation is reduced to the square equation o’ —(k, —2)a+1=0
with a solution in the form of a smaller root:

a=AP,/ P=0.5k, —1-+/0.25k? —k, . (7)

With these minimum relative losses, we have the maximum value of the multiphase power supply
system efficiency:
P 1 1
P+AP; a+1 0.5k, -4J0.25k7 —k,

_ 0.5k, +4/025k; —k, = 0.54+J0.25— ;.

k

L

Muax =

(®)

The latter expression entirely coincides with the value obtained in [6] for the efficiency of the DC
power supply system in the absence of current pulsations in the load.

We will show that even the use for active filtration purposes of direct information about the multiphase source
EMF as a transmission line current reference vector does not improve the achieved result to maximize efficiency. In this
case, the source current is formed as part of the short-circuit current:

ig (0) = pi (1) = ﬂRile(t)a
where £ is the sustainable coefficient, the value of which is determined from the condition of ensuring zero
active power of the SAF. The voltage on the point of common coupling (PCC) with such source currents is
determined by the expression:
u(r) = e(r) —Rig (1) = e(r) - fRi, (1) = (1= Se(?).
The SAF active power takes on a value:
P =uci, =uci, —ueiy =P—(1-p)f(eci,) = P-(1- ).
As aresult of equating this value to zero, we obtain a quadratic equation to determine the coefficient 5 :

B =B+k, =0,
the smaller root of which is #=0.5—,/0.25-k;".
Power loss in the transmission line with the specified SAF control strategy:

AP, :; j i, (ORig (0)dt = L j ¢ (R 'e(t)dt = B°P, =

=(0.5-k," =J0.25—k;" Yk, P = (0.5k, —1—+/0.25k> —k, )P = a.P = AP,

is exactly equal to the minimum power loss caused by the active current (2).

Thus, the statements suggest that (7) determines the minimum relative losses and (8) determines the
maximum efficiency of an arbitrary power system, which can be achieved using active filtration. The
behavior of the graph of maximum efficiency vs load factor (Fig. 2) at small values of the latter reflects the
known fact from the electric circuit theory that the maximum power that can be transferred to the load in the
power supply system with losses is equal to a quarter of the short circuit power at the efficiency of 50%.

The efficiency of the power supply system with arbitrary load and active filtration with the
strategy of providing symmetric sinusoidal source currents. The arbitrary load can be characterized by a
power factor 4= P/S . Suppose the apparent power S satisfies the proportionality condition of its square of
power loss in the transmission line. In that case, the square of the power factor represents the ratio between
the minimum possible losses and the power losses of this load [4]:

A* = AP, / AP. 9)

In particular, this condition satisfies the determination of apparent power proposed in [8], which
allows obtaining the active current (2). Then, considering (7) and (9), the efficiency of a multiphase power
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system with an arbitrary load is determined by the expression:

Aip x%)’l =1+ A7) " =[1+47(0.5k, —=1-J0.25k> —k, )]. (10)

MIN

n=+20 =

In Fig. 2 dotted line shows the level of reduction in the efficiency of the power supply system for the
load with a power factor 4= 0.5 built according to (10).
n

|
0.9
0.8
0.7 Praan
0.6 -
0.5
0.4 g

0.3

027 3 5 7 9 11 13 15 17 19 21 23 25 27 29 k

Fig. 2

From (2), it follows that in the case of asymmetric non-sinusoidal voltages at PCC, the formation of
the power system active current is accompanied by the energy consumption of the multiphase source higher
harmonics and negative and zero sequences symmetric components of the network frequency, which the
standard IEEE Std 1459-2010 [2] recommends avoiding. The paper [10] presents algorithms of active
filtration, forming the vectors of source currents following the recommended by this standard of apparent
power decompositions for permissible quadratic components. In particular, the transfer of energy to the load
at the frequency of the main harmonics by the positive sequence component of the phase voltage vector
u, (¢) provides symmetric sinusoidal currents of the source following the expression:

. P P
i@)= 7 u+(t):Fu+(t). (11)
- j [u, (O]"u, ())dt ’
Such a current vector of a multiphase source causes the power loss:
1., . P’ N cen Pr
AP = [ @R, (s = T [ W OCT+ryid 0yt = o (12)
and the square of the power factor according to (4), (9), (10):
P’ Pr U
Af:APMIN/AR#:_+_2:_+' (13)
B, U, 7B

Substitution (13) in (10) gives the maximum efficiency of the multiphase power system, provided by
symmetrical and sinusoidal source currents.

Experimental verification of the results of the study. Fig. 3 shows the scheme of the experiment
for modeling the proposed methods of increasing efficiency for the most common three-phase power supply
system with neutral wire. The circuit contains three-phase EMF sources (220V, 50Hz), a line with losses,
and a load in the form of a rectifier with SAF in parallel at the PCC.

Fig. 4 shows the simulation results in two modes of the SAF operation, which through dependent
sources, forms the transmission line currents according to (2) and (11). Analytical waveform "1", shown by
dotted lines, is constructed by (8), reflecting the power supply system's theoretical maximum achievable
efficiency. With the help of (10), a solid waveform is constructed "2", which corresponds to the SAF operation
mode with the reference vector of the first harmonic positive sequence of symmetric phase voltages. The
calculation of the parameter 4> for this waveform is carried out by (13), which, under the conditions

implemented in the experiment U, /U,, =U,/U,, =U, /U,, =0.3, acquires a value:
o1y Ul +U; +U [ (1+3r,/7)

' UL,
During the simulation, the load resistance R (2, 3, 5, 8 Ohms) changed, and thus groups of points

=1.2025.
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with different power factor values k, were obtained. When applying the SAF control strategy using the

apparent voltage reference vector, a family of experimental points is obtained that coincide with waveform
"1", i.e., the possibility of obtaining the maximum efficiency in forming active current (2) in the transmission
line is confirmed. The experimental points obtained in the SAF mode with the reference vector of the first
harmonic symmetrical voltages of the positive sequence also correspond well to the theoretical waveform "2"
and illustrate the possibility of maximizing the efficiency of the power supply system while providing

symmetric sinusoidal currents.

m
1.0
aAp—1
L | Bl X
A —H
1B 2
0.6
L 3
"[I] 0.4

Fig. 3

Fig. 4

Fig. 5 shows the simulation results in the time domain for load resistance of 8 Ohms. At the time of
0.1 s, the SAF is turned on using the support-vector apparent voltage, switching at a time of 0.2 s to the

Mans voltage, V
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control strategy with the formation of symmetric
sinusoidal currents of the source.

Conclusions.

1. The analytical expressions, confirmed
by a virtual experiment, for the minimum
possible relative losses and the most achievable
efficiency of an arbitrary power system were
obtained, which can be achieved using shunt
active filtration by forming an active current (2)
in the transmission line.

2. A comparison of two active current
generation strategies first using phase voltages at
PCC and second using EMF of a multiphase
source showed that the first is not inferior to the
second in terms of energy saving effect in the
transmission line, but significantly outperforming
the second for ease of implementation in the SAF
control system.

3. The application of the active filtration
strategy with the first harmonic positive
sequence phase voltage vector allows for
obtaining sinusoidal and symmetric currents of
the network at the maximum achievable
efficiency for such conditions. The power factor
is analytically determined and experimentally
confirmed when applying the SAF strategy with
the formation of symmetric sinusoidal currents
of a multiphase source.
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WAAXOM NIOBUWEHHS KOeDiyieHma NOMYHICHOCI HABAHMANCEHHA 3a OONOMO2010 NAPANENbHO20 AKMUBHO20 pitbmpa
(IIA®). [Ipeocmasneno 06i cmpameeii kepysanns [IAD, sxi 3abesneuyromv maxcumanvnutl KKJ] 3a 6ausekoeo 00
00UHUYT 3HAYEHHA Koeiyienma nOmym#cHOCmI abo CUHyCOIOHUX CUMEMPUUHUX CIPYMAX CUCTHEMU eNeKMPONCUSTEHHS 3
008iNbHOIO KiNbKicmI0 (a3 y pasi HeCUHyCcoiOHUx ma HeCUMempuyHux 0dxcepenax, HeniHiliHoMY ma HeCUMempPUyHOMY
HABAHMAICEHHI, O0BLILHOMY CHIGBIOHOWEHHI ONOpI6 JNIHIUHUX MA HelumpaibHo2o npoeodis. Ilokasano, uo
3acmocysants Os yineti akmusHoi ginempayii be3nocepednvoi ingopmayii npo EPC b6acamogasnoeo Oicepena sk
ONOPHO20 8eKMOpPA OANCAHO20 CMPYMY NiHII nepedaui He NOKpawgye 00csieHymoeo pesyavmamy maxcumizayii KK/
Ompumarno ma eepughiko8ano GipmyanbHuUM excnepumenmom opmyny oaa pospaxyuxy KK 6aeamoghasznoi cucmemu
JHCUBTIEHHA 3 OOBIILHUM HABAHMANCEHHAM Y 8U2IAOT 3A€AHCHOCMI 8I0 080X napamempis: KoeiyieHma Ha8aHMAaANCeHHs
ma koeghiyiecnma nomyosicHocmi. BusHauenuii ma exKCnepuMeHmanbHo niomeepoXtceHull KoepiyicHm ROMYHCHOCHI
cucmemu cuienHs y pasi zacmocysanna cmpamezii IIAD 3 (popmysanHam cuHycOiOHUX CUMEMPUYHUX CIPYMIE
bazamoghaznoeo oacepena. bion. 10, puc. 5.

Knrwouoei cnosa: moTyxHICTh BTpaT, CTpATETisl KEpYBaHHS MapajeIbHUM akTHBHUM (inbTpoM, migsunieHHs KK/I.

Hapiitmna 07.06.2022
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HOCJIIAOBHI PE3OHAHCHI IHBEPTOPHU 3 MOAYJIBHOIO CTPYKTYPOIO
JIJISI BACOKOYACTOTHHUX YCTAHOBOK IHIYKIIHHOI'O HAT'PIBAHHS

B.Jl. Fyua.molc*, KaHJ. TEXH. HAyK
Incturyt eaexrpoannamiku HAH Ykpainn,
np. [lepemoru, 56, Kuis, 03057, Ykpaina.
E-mail: alfa@ied.org.ua

IIpeocmaeneno pesyrbmamu 00CHIONHCEHb GUCOKOUACIOMHUX MPAHZUCMOPHUX NOCTIO0BHUX PE3OHAHCHUX THEEPMOpPI6
YCMAHOBOK THOYKYIUHO20 HA2PIGaHHA 3 MOOYILHOIO CMPYKMYPOIO NoOY008U HA OCHOGI NApaNelbHO — NOCTIO06HO20
3’€OHanHA. [[na pe2ynt08anHs BUXIOHO20 CIMPYMY THEEPMOPY BUKOPUCIOBYEMbC MOOYAAYIS winbHocmi imnyascig. Ilo-
KA3aHO, WO BUKOPUCIAHHA HECUHDAZHO20 KePYBaANHS IHBEPMOPHUMU MOOYIAMU 0AE 3MO2Y 3MEHUWUMU PO3MAX NYTbCA-
yii amnaimyou UXioHo020 cCmMpymy, Wo 0CODIUBO BANCTUBO 3A HUZLKOI 00OPOMHOCII BUXIOHO20 KOIUBALHO20 KOHMYPY
ma wupokomy dianaszoni 3Minu napamempie nasanmadicenns. Ilpedcmaegneno mamemamuyny mooens HOCIIO08HO20
PE30HAHCHO20 iHGepmMOpa 3 MOOYIbHOIO CIMPYKMYPOI0 nobyoosu, AKa 0ae 3Mo2y RPOGOOUMU PO3PAXYHKU BUXIOHO2O
cmpymy 3a pizHux napamempax mooynayii. bion. 7, Tadin. 2, puc. 5.

Knrwowuoei cnosa: iHayKIiiHWI HarpiB, TPaH3UCTOPHUH MOCIIJOBHUI pe30HAaHCHUI iHBepTOp, PDM.

st yCTaHOBOK BHCOKOYACTOTHOTO 1HAYKUIHHOTO HAarpiBaHHs IIMPOKO 3aCTOCOBYIOTH CXEMH TpaH-
3UCTOPHUX IEPETBOPIOBAYIB, BUXiHI KacKaau SKUX MOOYJIOBaHO Ha OCHOBI IOCIITOBHOTO PE30HAHCHOTO
iHBEpTOpa. AKTYalIbHOIO € PO3pOOKa IEPETBOPIOBAYIB 3 MOAYJIBHOIO CTPYKTYPOIO MOOYIOBH, IO JIA€ 3MOTY:
HiIBUIIUTH NOTYXHICTB; MiABULIATH YaCTOTY BHUXIJAHOTO CTPyMY; CTBOPHTH yHi(DiKOBaHHH psifi MEPETBOPIO-
BadYiB Pi3HOI MOTY>KHOCTI HA OCHOBI MOAYIiB Ta iHIme [1-4].

Y po6oTi mpencTaBIeHO PE3yJbTaTH MOCHIHKEHHS PE30HAHCHUX IHBEPTOPIB HANPYTH MOCTOBOTO
THUIY 3 MOAYJILHOIO CTPYKTYPOIO MOOYJOBU Ta CHCTEMOIO KepyBaHHs Ha OCHOBI MOJIYJISIIIT IITBHOCTI IMITY-
nbciB (aHrmiickkoro pulse-density-modulation (PDM)). Buxopucranas PDM pae 3mMory 3HHM3WTH BTpatu
MOTY)KHOCTI B TPAH3UCTOPAX iHBEPTOpa IMOPIBHAHO 3 IHIIAMHU CIIOCOOAMH PETYIIIOBAHHS 332 PaxyHOK IIepe-
MUKaHHSI TPAH3UCTOPIB 32 CTPYMY OJM3BKOMY JIO HyJIS, TOMY IIel Ccroci0 JOIUTFHO BUKOPUCTOBYBATH B Tie-
peTBOpIOBaYax sl yCTAHOBOK BUCOKOYACTOTHOTO 1HAYKIIMHOTO HarpiBaHHA. PO3IISHYTO CTPYKTYpy moOy-
JOBU iHBEPTOPIB Ha OCHOBI MOAYJIiB, 3’€JHAHUX IO BXOAY MapaieibHO, a 0 BUXOAY — MOCHIJOBHO. Taka
CTpYKTypa 3a0e3rnedye 0JJHAKOBUI CTPYM y BUXITHHX JIAHIIOT'aX MOJIYJIIB.

HasBHicTs mynbcanii BUXiZIHOTO CTPyMY € HEIONIKOM cucTeMU KepyBaHHs 3 PDM. 3MeHmeHHs aMm-
TUTITYAM HA3BKOYACTOTHOI MyJbCallii BUXiTHOTO CTPYMY, BIAIIOBITHO 3MEHIIEHHS MaKCUMAalIbHOI Ta 301J1b-
MIeHHS MiHIMQJIBHOI aMILTITYAM CTPYMY TAlOTh 3MOTY: 3MEHIIUTH aMIUTITYly HAIpyTH Ha KOHIEHCATOpi KO-
JUBAJILHOTO KOHTYPY; PO3LIMPHUTHU Jiama3oH perymoBaHHs (ockinbku cucremMa OAIIY He Moke KOPEKTHO
MIPALIOBATH, KOJHM BUXITHUHU CTPyM OJIM3BKUI M JTOPIBHIOE HYJIIO); 3MEHIIIUTH BTPATH MOTYXKHOCTI (OCKiIb-
ku (pa3oBuUit 3cyB MiXK TOKOM Ta Halpyrolo Ha BHXOII iHBEpTOpa, KW 3abe3meuyeThcst cuctemoro GAIIY,
BU3HAYAETHCS 32 MIHIMaIBbHOT aMIUTITYIH BUXITHOTO CTPYMY, KOJIU CIIOCTEPIraeThcs MaKCUMalbHUH (QpPOHT
BUMHKAHHS TPAH3UCTOPIB), 3MEHIIHUTH ITyJIbCAllii CTPyMy Ha BXO[Ii iIHBEPTODY.

B myOumikamisix HEZOCTaTHBO MPECTABIEHO IOCIHIIKEHHS IHBEPTOPIB 3 MOAYJIBHOIO CTPYKTYpPOIO
moOyI0BH Ta cucTeM kKepyBaHHSA 3 PDM. B [5] 3ampomnoHoBaHo KepyBaHHS MOIYJISIMH 3 PI3HUMH BarOBHMH
KoeimieHTaMHu Ta BiAMOBIIHO Pi3HOT MOTY>KHOCTI. TaK0K MPOMOHYETHCSI KEPYBAHHS MOIYJISIMH OJJHaKOBOI
HOTYKHOCTI, KOJIM MOAYJIALIS 3AIMCHIOETHCS B OZHIM 3 IHBEPTOPHUX YapyHOK, ONHAK B IbOMY BUIAJKY CIIO-
CTEPIraeThCsl HEPIBHOMIPHE 3aBaHTAXEHHS MOIYJIIB B TIPOIIECi pOOOTH.

B [6] OyJio npencTaBieHO pe3yibTaTH TOCIIIPKEHb MOTYJIbHUX CTPYKTYP 3 CHH(pa3HUM Ta HecuHpa-
3HAM KEpYBaHHSIM MOAYJISIMH, KOJIM KPOK MOIYJISILIi JOPiBHIOE IepioAy BUXiAHOTO cTpyMy. HeoOxigHo mpo-
BECTH JOCIIDKEHHS MOIYJIbHAX CTPYKTYP MOOYIOBH, KOJIH KPOK MOAYJIIAIT TOPIBHIOE MBIEPIONy BUXITHO-
r'0 CTPyMy.

Merta po6oTu: miABHIIEHHS €(QEKTUBHOCTI BHCOKOYACTOTHHX TPAaH3UCTOPHUX IEPETBOPIOBAYIB
YCTaHOBOK 1HAYKIIIHHOTO HarpiBaHHs, TOOYJOBAHUX HA OCHOBI PE30HAHCHUX iHBEPTOPIB HAIPYTH 3 MOIYJIb-
HOIO CTPYKTYPOIO, IKi KEPYIOTHCS 3a JOTIOMOTOI0 MOIYJIAIIIT ITITBHOCTI iMITYJIBCIB.

© I'yuamok B.41., 2022
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Ha puc. 1 HaBeneHO CTPYKTypHY CXeMy IIEpEeTBOPIOBaYa, sSika CKIAJA€ThCs 3 N OTHAKOBUX 1HBEPTOP-
HUX MOJYJIIB MOCTOBOT'O THITY Ta CUCTEMHU KEPYBaHHS MOAYJISIMH, 1110 (JOPMY€E HANIPYTy KePYBaHHS TPAH3HC-
TOpamMu Ta 3a0e3Meuye aBTOMATUYHE IT1ICTPOIOBAHHS YaCTOTH 3TiIHO 3 CUTHAJIIOM JaBada CTPyMy Ha OJIM3b-
Ky J10 P€30HAHCHOI 4acToTH 3 nepiogoM 7. Koxxnuii Momyns ckinanaeTses 3 BUnpsamiaada B, gpinmsrpa @, mo-

CTOBOTO TPAH3UCTOPHOTO iHBEPTOpA HAIIPYTH 31 3BOPOTHIMH AiomaMu [HB Ta BuxXimHOTO TpaHchopmaropa T.
[MocninoBHO 3’€THaHI BTOPUHHI OOMOTKH TpaHC(OPMATOPIB HABAHTAXKEHO HA KOHIEHCATOP KOJIUBAIBLHOTO
koHTYpy C Ta iHIyKTOp. EKBIBaNCHTHY CXeMy 1HIYKTOpa MPEACTABICHO y BUTIISAAI MOCTIIOBHO 3’ €JHAHUX L
i R. IleperBoproBau miaKiI0ueHo A0 Mepexi kuBieras 3*380B 500,

PosrasayTO BapiaHTH 3 cMH(pA3HUM Ta HeCHH)A3-
. HUM KEpyBaHHAM MOAYIAMHU. SIKIIO BUKOPHUCTOBYBATH
' J_ npuHIUN KepyBaHHA 3 PDM Ta Ha KoXHUM MOIynb nona-
% _____ ——1l ¢ BaTH OJHAKOBI ITOCITIOBHOCTI IMITYJIbCiB KepyBaHHS, SKi

Mepera
3x380B 50T

3CyHYTI 1o (asi, TO cymapHa Hampyra iHBEpTOPIB Uy (t)

Oynme Matu crymeHeBy (opmy. MakcuMmallbHEe 3HAYCHHS

6Ux

| |
X

Uy (t) BU3HadaTuMerscd Sk Uy, =NU,_ _, ne U, — Mak-

CHUMajbHE 3HA4YeHHS Hampyru (GopMH MeaHAp Ha BHUXOAI
KOXHOTO MOAyJs. IlocimimoBHOCTI MOBUHHI OyTH 3CYHYTI
Mixk co00r0 Ha yac, KpaTHHi mepiony 7, , IpH IbOMY IIe-

PEMHKaHHS TPAH3UCTOPIB y MOMAYJISIX OyJe 3/1iHCHIOBATUCS
3a MIHIMAIbHOTO CTPyMy Ta BIINOBIHO MiHIMaTbHHUX
BTpaTax MOTY)KHOCTI, @ MOJYJIi MATUMYTh OJJHAKOBY 3aBa-
HTaXeHicTh. Hecundaszne kepyBaHHs OiIbII CKIaJHE Ta MOTPEOYE PO3POOKH PiZHUX aITOPUTMIB KepyBaHHS
JUTSL Pi3HOT KIIBKOCTI MOYJIB.

VY pasi MomynbHOI CTPYKTYpH 1MOOYJOBH Ta CHH(pA3HOMY KEepyBaHHI MOJYJISIMH JJIsl QHAI3y €JIeKT-
POMAarHITHHUX TIPOIECIB MOXKHA BUKOPHCTOBYBAaTH MaTEMaTUYHY MOJENb, Ky oTpuMano B [7]. Jns anamiza
BEJIMYNMHA aMIUTITYM IepIIoi rapMOHIKH BUXIIHOI Hampyru BusHawaerses sk U, =NU ., ne U

Puc. 1

m(1)
aMILTITYAa IepIIoi rapMOHIKY HaPyTy Ha BUXO/1 KOXKHOTO MOJYJIS.

Posrissnemo PDM, 3a AK0i KibKiCTh iMITYJIBCIB 32 Yac MOAYJISIII KpaTHA MiBIIEPioy BUXiIHOI Ha-
npyrH iHBepTOopa, kKomm {n}=0, {m}=0,5. [locmimoBHOCTI MOBHHHI OyTH 3CYHYTI MiXk c000t0 10 (ha3i Ha Jac
T, = kT, ne k — kinbKicTb niepiois Ta nisnepionis 7;3a uac pasosoro 3cysy, {k}=0; 0,5.

Ha puc. 2 HaBeseHO NMpUKIAAU JiarpaM BUXITHUX HAaOpYTH u; Ta CTpyMy i iHBepTropa. Crocrepira-

€TBCS OAMH, JIBA YM TPU MEPiOAM MOBTOPIOBAHOCTI. BapiaHT 1s ABOX MepiofiB MOBTOPIOBAHOCTI HABEAECHO
Ha puc. 2.

Jns aHamizy npuiiMeMo HACTYIHI IO3Ha-
CHHA: Loy, =mTys tope =nTys Ty =815 5 oy, =m,T,

e “E'i
i w0 a
[\/ N topey =01, 5 T,y =5,T,, A€ 1y, n, — KUIBKICTb II€pi-

,; OIIB 33 4aC BUMKHCHOTO CTaHY [,ppi»> lopprs My,

L4

m, — KiJIbKICTb MEpioJIiB 3a 4aC BBIMKHEHOTO CTaHy

\V

OFF1

L5 v tovi> toyy S =N +m,, S, =n, +m,— KUIbKICTb II€-
1 OFF2 i T, . . A .
. . ‘ﬂ—on pioxis 3a nepioxa nosroptosanocti 7, T,,,.

I t

I
]
I
I
I
|
|
oN2 I
|

\V.;‘ ON1 U

I
I
I
I | i
| | I
E J 3
f ¥ '
I | .

m =15, m,=1,n=n,=1,5=25,5, =2’ i=1 VY Tabn. 1 HaBeneHO miarpaMu poOOTH ABOX

MOJIYJIIB JUIS JESKUX KOMOIHAUi m, n, §, k 3a cH-

Puc. 2 H(aszHOro Ta HeCHH(}A3HOTO KePYBaHHS MOIYJISIMHU.

Sk BugHO 3 Tabn. 1, HEcMH(A3HE KepyBaHHSI MOIY-

JISIMH TIOPIiBHSIHO 3 CHH(a3HUM JIa€ 3MOTY 3MEHIIIHU-

TH PO3Max MyJIbCAllii aMILTITYy i CyMapHOi BUXIAHOI HAIPYTH MOAYJIB Ta BIAMOBIIHO aMILTITYAH BUXiTHOTO

ctpymy Al,.3a m=n=k=1 Al,=0. Al 3MeHmyeThcs i3 30imbmennsM N. [Ipu npoMy Imysbcarii cyTTeBo
3aJIeKaTh BiJ AITOPUTMIB KEPYBaHHS, PO3POOKA SKHX € aKTYAIBHOIO 331a4CH0.
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Juis N Momy:iiB MiHIMaJbHI MyJIbCallil BUXIAHOTO CTPYMY CIOCTEPIraloThCs 3a (ha30BOT0 3CYBY Mixk
BUXIJTHHMH HampyramMd MOJIYJIB, SIKOMY BiINOBiJae 4ucio (OKpyrieHe N0 HAHOIMKIOro yucia, KpaTHOTO
0.5): k= mround(s/N; 0.5).

Taoauns 1

Hecundasne kepyBaHHs

CundasHe KepyBaHHS

Sxmo mpoananmizyBatH pi3HI KOMOi-

u

u

Halii mapaMeTpiB MoOAyJsimii Ta ¢asoBoro

m=2, || ol 3CyBY, TO MOXXHA 3a3HAUUTH, IO HANPYTY
Uy Uy .
n=1, a8 ¢ Uy (t) MOXKHA NIPEJICTABUTH y BUIIIAAL
k=1,
2 |t } T M ty (0) =t () + o (O, (1)
= t t
r=3 ) | N | ae u,,,,(t) — Hampyra GpopMu MeaHap 3 IO-
— — — CTIHHOIO aMIUTITYI010, BeJIMYMHA SKOI AOPiB-
u u .
m=1. || | ‘ utoe iU, le[O,N—l]; U,oq(f) — Hampyra
Uy Uy . . o .
n=1, | -I . dhopmu MeaHAp 3 MOAYIIIINEO MIUTHHOCTI 1M-
k=1, . . MyJIBCIB.
st " ’”F ) 3a BUCOKOT 1OOPOTHOCTI, XapaKTEePHOI
2 | JUISI YCTaHOBOK IHIYKIIIMHOTO HarpiBaHHS,
" " MOXXHA 3HEXTYBAaTH BHIIMNMHU TapMOHIKaMHU Y
m=0,5| | | t BUXIIHiH HANPYy3i iHBEPTOPA Ta MPENCTABUTH
“ " BUXIIHY HAIIPYTy KOKHOT'O MOZIYJISA Y BUITIAAL
| t
n=1, |, u . [ 2n 4U .
= = ult)=U,, sin| —¢ |, e U, , =—>% — aMIlII-
k=0,5, |" b t ( ) m(1) T, ’ m(1)
1 . . .
=3 | TyJa MEepLIOi FApMOHIKM HAIPyTu iHBEpTOpa

Ha BTOPHHHINA OOMOTII TpaHchopmaropa Ko-

:1 a 5 67 9 10
‘oo e o o e e
1
| I g g g o g oy |
0 M EEEEEEEEENE
9/10!
| |
O O O I |
1 ] EEENENE
O O
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!_\ Lﬂ | Lﬂ ﬂ
1 1 1 M
o O ]
7/10
| i =l
! | M M |
T | O O
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! O O O
il ] ] ]
[ O O O O
5/10!
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| ] ] ] |}
il M 1
- O O O
4/10:
| | | |
' | O O
[ 1 = 1 =
3/10)
| ™ |
' O O O
[l M
i [ ]
2/10
| 1 [
i O O
=
1/101 H
! M
' O
Puc. 3

&KHOro Moayis. Lle HagacTb 3MOry CIPOCTUTH
aHayi3 eJICKTPOMArHITHUX MPOIICCIiB.
Takuii miaxig HagaB 3MOTY BH3HAYHTH CKIAJIOBI CTPyMY
OKpeMO IJIsl KOJKHOTO 3 JDKepeNl Halpyrd, cCyMa SIKHX BU3HAYUTh
CTPyM B HaBaHTakeHHi. Hyok4e HaBeeHO BUpa3 miist U, , (1)

Umz(l) . |27
—Sm| —

uconst (t) = t H (2)

0
ne i= ﬂoor(ms_lN ) — YKCJI0, OKPYIJICHE 10 HAWOIMIKIOro MeH-
4U

BHXY

IIOT0 LIJI0T0 YHCIIA; Unsay =

AMmniTyga mKepena Hampyru u,,.4(f) B 3aJl€XHOCTI Bix

napameTpiB MOAYJALIi Ta (Ha30BOTO 3CYBY MOXKE 3HAXOIMTHUCS B
mianasoni Bix 0 mo NU,,.. B mepeBaxxHili OUIBIIOCTI BUIAJKIB,
Uoq (1) Mae aMmumiTyy Uy

OtpumaeMo BHpa3u Uil BHXITHOTO cTpyMmy. Ilapamerpu
ny, Ny, My, My, S1, S2, | BASHAYAIOTHCA s N MOZYJIIB B 3aJIEKHOCTI
BiJl KOMOiHaIi# 1, m, s, k. Ha puc. 3 HaBeieHO miarpaMu BUXiIHOT
HANpPyTH OJHOTO 3 MOMYJIB JUIA Pi3HUX KOMOiHAIi mapaMeTpiB
PDM Ta BigmoBigHUX KOe(DIMi€EHTIB 3aOBHEHHS Y IS Syaxc—10.
i xomOinarii 3a0e3me4yoTh MiHIMaJIbHO MOKIIMBI 3HAUYEHHS 71 Ta
PiBHOMIpHUI KpOK 3MiHH Y, sikuil qopiBHioe 1/10.

Bupasu 1ms ctpyMy HaBaHTaKEHHS B yCTaJICHOMY PEXH-
Mi MOXKHA 3HAUTH y BUIIAl CYMHU CTPYMIB, OTPUMAHUX Y Pe3yJib-
TaTi aHaJi3y Ui KOXKHOTO 3 JpKepen Hanpyru u,, (t) ta u,_ ().

Pe3ynpTyrounii cTpyM B YCTaJIEHOMY PEKHMi OIMHCYETHCS BUpA-
3amu (3), ski OyJno OTpEMaHO Ha OCHOBI MaTeMaTHYHOI MOJeNi
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[t iHBepTopa 3 PDM, npexncrasnenoi B [6, 7].

—f(n +5,) —zn —fr
U 1— | +$) 0 ) 0" _z, )
. (1) | . e e +e . T
i () =—20 ] 41— ~ e % lsin| == |;
NR 1 75(31 +55) ];)
—e
4 T T
. —(my+my) —(s5,+my) —m z
(+DU,s0) 149 —e —e? b (27
Iy (1) = (=1)™" 220 e sin| =—(t-mT,) |;
OFF1 NR I T 0
—(5,+s, 0
l1-e? 3)
U —E(ni +s1) —g m —gsl T
. Uiy | . l-e -e® +e or sk | (27
l()Nz(l‘):(_l)zj1 "0 ) i+ 1- e sin| —(t—sT17) |;
NR 1 7g(sl+sz) Té
—e
T T T
. —(m+my) —(si+m) —m T
(l +1)U 1+e 0 —e 0 —e o ——(t—(s,+m)T;)) 271-
. _ 2(s,+my) mZ(1) or, .
g (1) = (1) - e sin| =—(t—(s, +m)T;) |-
]VR —(5;+5,) T(;
1-e?

OTtpuMaHi BUpa3u Jal0Th 3MOTY ITPOBOJIUTH aHaIli3 pOOOTH TPAaH3UCTOPHOTO IHBEPTOPA HANIPYTH MO-
IyJIBHOI CTpYKTypu 3 PDM 3a pi3HUX KOMOIHAIIIAX IMapaMeTpiB MOy ismii. Yac 3pocTaHHs Ta CHamy amInii-

o1,
T

- 2L .
TyAW CTPYMy BH3HAYA€THCS MOCTIHHOIO Yacy T = , 1e O —M00pOTHICTh KOJMBAIBHOTO KOHTYPY Ha-

BaHTa)KCHHSL.
Buxonsuu 3 (3) oTpuMaHo BHpa3u MakCUMaibHOro / Ta MiHiMaibHOTO [

amax amin

CTpyMy [6] Ta pi3HHUII MiX HUMH, SIKa BU3HAYA€E PO3MaX IyJIbCallii aMILTITy AU CTPYMY

3HAa4YCHb aMHJ’IiTy,I[I/I

s s T T T T
M ——(52+s1) ——(m+my) ——(s1+my) ——(m+sy) =%z

T
——n,
U e? —2e —e +e +e? +e? —e?
Al =1 -] =—"011_ e*?

a amax amin — NR —1(.v1+s2)
l-e?

4

VY Tabn. 2 HaBeACHO NapaMeTpu Ny, My, My, M, S1, S2, I, kK JUIA CUCTEMH 3 IBOX MOAyJiB (N=2) Ta
Swaxc=10, JlarpamMu BUXiAHOT HAIPyTH MOJYJIiB BiIMOBiNal0Th puc. 3. Buxonsun 3 oTpuMaHuX mapaMeTpiB 3a
JIOTIOMOT'OF0 BHPa3iB (3) MOKHA MTPOBECTH PO3PAXYHOK BUXITHOTO CTPYMY B YCTAJICHOMY PEIKHMI.

Taoauns 2

Y s m k S m, no| S, | m, n, Sy | my n, l

0,2 2,5 0,5
0,1 4,5 0,5
5,5 0,5
Ha puc. 4 a, 6, 6 npeacTaBieHoO pe3yJbTaTH PO3pPaxXyHKy MyJbcalil CTPYMy Y BIIHOCHUX OAWHHUIIAX

[

1 0,5 05 | I,5] 05 1 0
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3 puc. 4 BUAHO, IO HecHH(a3HEe KepyBaHHS MOIYJISIMU
CYTTEBO 3MEHIIMJIO PO3Max ITyJbcarii cTpymy. 3 rpadika cliinye,
0 MaKCHUMAaJIbHHHA Po3Max IyJbCcallii CTPyMy 3MEHIITHBCS OUTBIT
HK y 2 pasu. OCOOMUBO 1€ BaXIIUBO 32 HU3BKHX JOOPOTHOCTSIX
KOHTYPY.

Byno mpoBemeHO eKciepUMEHTANbHI MOCTIIKCHHS IS
JIBOX MOAyJiB, moOymoBanux Ha ocHOBI IGBT SKM200GB125.
[Inaty kepyBaHHsI pe3oHAaHCHUM iHBepTOpoM 3 PDM moOynoBaHo
Ha ocHOBI Mikpocxemy [JIIC EPM570T100C5N (ALTERA). Bu-
KOPUCTOBYBAJIOCSI HABAHTAXKECHHS 3 HU3bKOIO JOOPOTHICTIO KOHTY-
pYy, fika gopiBHIoE 2,5. Ha puc. 5, @ HaBegeHO ocuuiIorpaMu BUXif-
HOI Halpyru KOXHOTO MOZIYJs, CyMapHOI BHXiIHOi Hampyru Ta
BHXITHOTO CTPpyMy Ui HECHH()A3HOTO KepyBaHHS; HAa pUC. 5, 6 —
OCIIMIIOTPaMH CyMapHOi BUXiJHOT HANPyTd Ta BHUXITHOTO CTPyMy
st cuadazHoro kepyBanHs. OCHUIOrpaMH TAKOXK MOKa3yIOTh, 10
HecuH(pa3He KepyBaHHA MOAYJSAMH CYTTEBO 3MEHIIMIO PO3Max

MyJIbCaIlil CTPyMYy.

BucHoBku. Y pesynbTaTi IOCHIIKEHb PE30HAHCHHX 1H-
BEPTOPIB HANPYTH YCTAHOBOK iHAYKIIHHOTO HArpiBaHHS 31 CTPYK-
TYypOIO TTOOYZ0BH Ha OCHOBI HapaJieIbHO-TIOCITIIOBHOTO 3’ € THAHHS
MOJIYJIB Ta PEryJNIOBaHHSIM BHUXIJHOTO CTPyMy 3a JOIOMOTOIO
PDM noka3zaHo AOUiIbHICTE BUKOPUCTAHHS HECHMH()A3HOTO Kepy-
BaHHSI MOIYJISIMH 3 KPOKOM MOAYJIAI, SIKAH TOPiBHIOE HAITiBIIEPi-
01y BUXiZHOTO cTpyMy. Lle mae 3Mory cyTT€BO 3MEHIIUTH PO3Max
MyJbcallii aMIUTITyI BUXiZHOTO cTpyMy. lle 0co0nrBO BaXkIHBO
3a HU3bKO1 JOOPOTHOCTI BUXiTHOTO KOJIMBAJIBHOI'O KOHTYpY Ta He-
00XiJTHOCTI 3a0€3MeUYeHHs IUPOKOTO Jiala3oHy PEryJtOBaHHS BH-
X1IHOTO CTpyMy iHBepTOpa. 3a JOMOMOTOI0 MaTeMaTHYHOI MOJeli
PE30HAHCHOT'O 1HBEPTOpa HANpYTH 3 MOAYJIBHOIO CTPYKTYPOIO IIO-

OyZIOBH MOJKJIMBO TPOBOJUTH PO3PAXYHKH BHUXIZHOTO CTPyMy 3a
PI3HUX MapaMeTpax MOYJISLI.

Pobomy euxonano 3a Oepawrcorooxcemnoro memoro «Pozeumox
meopii BUCOKOYACTNOMHUX MPAHIUCTNOPHUX NEPEemBoploeayie Ha OCHOGI

PE30HAHCHUX [HBEPMOPIE OJIsL CUCTEM eNIeKMPONCUBLCHHS. MEXHONI02IUH020 001a0HanHsy (wudp « Hacmoma-3»), Oep-
arcasnutl peecmpayivinuii Homep 01200002003, KIIKBK 6541030.
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SERIES RESONANT INVERTERS WITH MODULAR STRUCTURE FOR HIGH-FREQUENCY
INDUCTION HEATING

V.Ya. Hutsaliuk
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Research results of induction heating transistor high - frequency series resonant inverters with modular structure on
the base of parallel — series connection are presented in the paper. Pulse density modulation is used to regulate the
output current of the inverter. It is shown that the use of the out-of-phase inverter modules control allows reducing the
amplitude pulsation of the output current amplitude, which is especially important under low quality of the output reso-
nant circuit and a wide range of load parameters. A mathematical model of the series resonant voltage inverter with a
modular structure is presented; it allows the calculation of output current under different parameters of pulse density
modulation. References 7, tables 2, figures 5.

Key words: induction heating, transistor series resonant inverter, PDM.
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COMPARATIVE ANALYSIS OF ELECTRIC MACHINES CHARACTERISTICS
WITH PERMANENT MAGNETS FOR ELECTRIC VEHICLES AND WIND TURBINES
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The results of a numerical and experimental study of an electric machine with cylindrical permanent magnets are pre-
sented. It is shown that if a squirrel-cage rotor in a standard induction motor is replaced by a rotor with permanent
magnets, then a significant increase in the specific power of the electric machine can be obtained. Numerical studies
and analyses of the characteristics of an electric machine with tangentially magnetized neodymium and ferrite magnets
in the motor mode have been carried out. It is shown that in order to ensure maximum specific characteristics for use in
electric vehicles, it is necessary to take into account the driving cycle and carry out liquid cooling of the electric motor.
Also, a comparison of the characteristics obtained during testing of an experimental sample in the generator mode and
the characteristics obtained in the calculation models was made. It is shown that the discrepancy between the calcu-
lated and experimental dependences for several values of the rotor speed is no more than 4%. The characteristics of the
electrical machines under study were calculated using the Simcenter MagNet and Simcenter MotorSolve software
packages. References 7, figures 6, tables 2.

Key words: numerical simulation, electric motor for electric car, permanent magnets, driving cycle, performance
characteristics, thermal calculation, wind power plant.

In recent years, the research and production of electric machines with permanent magnets has been
intensified. This is primarily due to the increasing production of electric vehicles, in the production of which
there is a clear trend towards the use of electric motors with permanent magnets due to their high power
density compared to other types of electric motors (asynchronous, direct current and SRM) [1]. From year to
year, the use of electric generators with permanent magnets for wind turbines, as well as electric motors used
in various industries where it is necessary to control the rotor speed, is also increasing. This article shows
how a standard squirrel-cage induction motor can be converted into an efficient permanent magnet motor at
low cost. Thus, it is possible to organize the production of highly efficient synchronous machines with
permanent magnets without significant resources and investments [2].

The purpose of this article is to analyze and compare the characteristics of an electric machine in the
motor and generator mode with the most common configuration of the rotor magnetic system, namely, with
permanent magnets of tangential magnetization. The configuration of the magnetic system, made on the
basis of the stator of a standard AIR112MV8 asynchronous motor with a rotation axis height of 112 mm and
the number of pole pairs 2p=4 [3].

Since the cost of rare earth magnets is quite high, there is considerable interest in machines with ferrite
magnets, the cost of which is significantly lower. This article analyzes and compares the characteristics of motors
with neodymium magnets (N40SH) and cheap ferrite magnets - such as Ceramic 10 (C10). Neodymium magnets
(N40SH) have temperature stability up to 150°C, ferrite magnets (C10) have temperature stability up to 300°C.

© Grebenikov V.V., Pavlov V.B., Gamaliia R.V., Popkov V.S., 2022
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In the research, a stator of a standard asynchronous motor was used, the main technical characteristics of
which are as follows: rated voltage when the stator windings are connected to a “star” — U,=380 V, rated current —
1=7.1 A, rated power — P,=3 kW, rated rotation speed — n=710 rpm, efficiency — 80%, cos ¢ =0.73. The main
technical parameters of the stator: outer diameter of the stator — D,=191 mm; stator inner diameter — D;=132 mm;
number of stator slots — Z=48; slot height — 44,~18.1 mm; axial length of the stator package — L=130 mm.

In a standard asynchronous motor, the squirrel-cage rotor was replaced with a rotor with permanent
magnets, which consists of a non-magnetic shaft /, ferromagnetic poles 2, in which bevels are carried out to
reduce the gear moment (cogging). Permanent magnets 3 and poles 2 are fixed on the shaft with the help of
two cups 4, which are made of non-magnetic material (Fig. 1, a). In this figure, for convenience, one of the
ferromagnetic poles is not shown.

The calculation of the magnetic field and the characteristics of the electric machine was carried out
in the software package Simcentr MotorSolve and Simcentr Magnet [4]. On Fig. 1, b shows the cross section
of the magnetic system and the distribution of the magnetic flux density at rated current for an electric ma-
chine with neodymium magnets (N40SH) and ferrite magnets (C10).

Shaded Plot (T)
] 0,286 0.575 0.863 1.15 1.44 1.73 2.01 2.3
[ T ey |

a b
Fig. 1

As it is known, in contrast to asynchronous motors, in motors with permanent magnets, the dependence
of the electromagnetic torque on the rotor speed has an almost constant value up to a certain rotor speed, after
which the torque and power of the electric motor have a sharply falling character. This is explained by the fact
that after a certain rotation frequency, the induced back EMF, proportional to the number of turns of the stator
windings, becomes comparable with the supply voltage of the stator phases, which leads to a decrease in the
phase current in the windings and a sharp drop in the torque and power of the electric motor.

The article investigates the characteristics of a motor with permanent magnets, the number of turns
in the stator coils of which is chosen equal to: W= 2; W=2; W = 6 and it is shown that by varying these pa-
rameters and the type of permanent magnets, it is possible to design the optimal configuration of the mag-
netic system for the given characteristics of the electric machine.

When studying the characteristics of electrical machines, the stator phases were connected in a "star",
and the four coils of each phase were connected in series. In all calculations, the current density in the stator
windings is assumed to be the same and equal to J=7.2 A/mm?’, coil fill factor — k=40%. The rated currents for
each value of the number of turns are as follows: W=2 — [,=97.8 A; W=4 — [,=48.9 A; W=6 — 1,=32.6 A.

On Fig. 2, a shows the operating characteristics of an electric machine in the motor mode with neo-
dymium (N40SH) and ferrite magnets (C10) with the number of turns of the stator winding W = 2. It should
be noted that with neodymium magnets, the rotational speed and power begin to decrease sharply after the
rotational speed equal to n = 6500 rpm, with ferrite magnets, respectively, after the rotational speed — n =
15750 rpm. This is explained by the fact that ferrite magnets have a residual induction approximately three
times less than neodymium magnets. Although the electromagnetic torque of a machine with ferrite magnets
is less than that of a machine with neodymium magnets, due to the ability to operate at a higher speed, the
power of both machines is approximately equal. On the other hand, the cost of ferrite magnets is significantly
less than neodymium ones, and therefore they can have a competitive advantage in applications where high
electromagnetic torque is not needed.
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Table 1 Table 1 shows the results of comparing
T the power and efficiency of electric machines
n, Pouta PlossZa n, F%M —BM U 1 1 1
—-— . with permanent magnets and standard induction
Parameter | rpm | kW \\% % B | My
N40SH 710 1525 | 045 1920 1.75 150 motors, as well as the total losses (Ppsz) of ma-
C10 710 | 1.94 | 044 | 816 | 065 20 chines with permanent magnets. Comparison of
IM2p=4) | 710 3 ; 30 N N the power of an induction motor with the number
N40SH [ 1500 [ 11.1 [ 0.63 [ 94.7 [2.02 [ 105 of pole pairs equal to 2p = 4, the rotational speed
C10 1500 | 411 | 045 903 | 0.75 53 of which is n = 710 rpm, with the corresponding
IM(2p=2) | 1500 | 5.5 - 857 | - - electric motor based on permanent magnets
N40SH 3000 | 22.1 | 0.97 | 95.8 | 2.95 10.1 shows that with neodymium magnets the power
C10 3000 | 8.22 | 0.59 | 934 | 1.10 7.3 in 1.75 times greater, with ferrite magnets the
IM(2p=1) | 3000 | 7.5 - 87 - - power is 0.65 of the power of the asynchronous

motor. The same trend persists when comparing

the power of a standard induction motor with the number of pole pairs 2p = 2. Comparison with an asyn-
chronous motor with the number of pole pairs 2p = 1 showed that the power of the machine with neodymium
magnets in 2.95 times greater, and with ferrite magnets more 1.1 times.

Table 2 shows the values of the rotor speed at which the maximum values of power and electromag-

netic torque of machines with

Table 2 . .
neodymium and ferrite mag-
Parameter W=2 =4 =6 nets are observed for various
Mgy, TPM Pmaxa kW Mgy, TPM Pmaxa kW Mgy, TPM Pmax, kW Values Of the number Of turns

N40SH 6500 45.40 3200 22.50 2120 15.47 of the stator windings.
C10 15750 40.78 7650 20.29 5300 13.9 Thus, if in a standard

asynchronous motor with a
rotation axis height of 112 mm and the number of pole pairs 2p = 4, we replace the squirrel-cage rotor with a
rotor with permanent neodymium magnets, then we can get an approximately 15-fold increase in power
(Ppai/Pryy = 45.4/3 = 15.1). Naturally, for neodymium magnets, the rotational speed compared to an asyn-
chronous motor should be approximately 9.2 times higher, for ferrite magnets, approximately 22 times
higher. It should be noted that a significant increase in the power of an electric machine also leads to a pro-
portional increase in losses in structural elements, which means that a thorough study of the heating of struc-
tural elements is required.

The calculation of the temperature of the structural elements of the electrical machines under study
(windings, magnets, iron of the stator and rotor, shaft, housing, end shields) was carried out in the Simcentre
MotorSolve package, taking into account the cooling system. The thermal calculation was carried out for the
operating mode (S1), which provides for a long and uninterrupted operating period during which the motor is
heated to a steady temperature. Fig. 3 shows pictures of the thermal field of electrical machines with neo-
dymium and ferrite magnets, as well as graphs of heating of permanent magnets for different values of the
number of turns, type of cooling (air, liquid), and different values of the number of turns, and hence the rated
current in the windings.

Thermal calculation was performed for two cooling systems, air and liquid. In an air-to-air cooling
system, air is driven by a fan along the outer casing of the electric machine. The initial data for air cooling
are as follows: machine orientation — horizontal; forced convection direction — axial; coolant flow speed —
View=2 m/s; initial temperature — 7=20 °C.
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Fig. 3

The liquid cooling system consists of channels evenly spaced inside the outer casing of the electric
machine and oriented along the axis of rotation of the rotor. The initial data for thermal calculation are as
follows: type of channels built into the body — spiral; the number of cooling channels — 7,=100; the shape of
the cooling channels is round; diameter of cooling channels d; = 3 mm; productivity of the circulation pump
Q=2 I/min; the initial temperature at the inlet to the cooling channels is 20 °C.

When calculating the temperature of structural elements, it is first necessary to control the heating of
permanent magnets. From the heating graphs of the magnets shown in Fig. 3, d it follows that with air cool-
ing for a rated current /,=97.8 A (W=2), the magnets heat up to a temperature of 255°C, which is unaccept-
able and will lead to their demagnetization. For a machine with ferrite magnets at W=2, the magnets do not
heat up above 300°C, but the maximum temperature of the windings is 250°C, which is also not acceptable.
For W=4 and W=6, an air-cooled machine with ferrite windings will be capable of continuous operation. For
a machine with neodymium magnets, it is necessary to use liquid cooling, which can significantly reduce the
heating of structural elements. As can be seen from the heating graph of magnets with liquid cooling, even
for W=2, their temperature does not exceed 75°C.

Thus, when designing a permanent magnet motor based on the stator of a standard asynchronous mo-
tor, should consider the method of cooling it, taking into account the type of magnets used and its operating
mode. Let's show this on the example of designing an electric motor for an electric car.

When designing electric motors for electric vehicles, one should take into account the driving cycle,
which describes the movement of the vehicle in the city and outside the city [5, 6]. In Europe, the so-called
new European driving cycle, referred to as NEDC, has recently been applied, consisting of accelerations,
decelerations and steps at a constant speed for 20 minutes.

In the MotorSolve software package, it is possible to calculate the required speed and torque for almost
any driving cycle, given the basic parameters of the vehicle [4]. As the initial data for calculating the electric
motor, the parameters of a mini-class car are taken: the total mass of the electric car is m=1500 kg; air resis-

tance coefficient for the chassis body — C,=0.33; frontal area of

8000 T the chassis body — $=1.9 m*; drive wheel diameter — d=0.546

6000 m; gear ratio of the main gearbox U,,=5.33; rolling friction
4000 coefficient — /~0.018.

Fig. 4 shows the dependence of the rotor speed and

2000 ﬁ [L\ /\\ /\ torque on the electric motor shaft on time for the NEDC

0 ﬂﬂ ﬂﬂ ﬂﬂ ﬂﬂ driving cycle, calculated when the electric vehicle is moving

0 200 400 600 800 1000 1200 uphill (road inclination angle 0=12%) and on a straight road

24

800

1000

1200

section (0=0%). Analyzing these dependencies, it should be
noted that at a=0%, the maximum value of the moment is
Te=98 Nm, at 0=12% - T,,=180 Nm. Therefore, the
electric motor for a given electric vehicle and a given driving
cycle must be designed in such a way that its maximum
electromagnetic torque is at least 180 Nm.

Fig. 5 shows the performance characteristics of electric
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motors calculated in the Infolytica MotorSolve package. This figure also shows representative (peak) torque
points for the driving cycle at a=0% and oa=12%. To obtain an electromagnetic torque value that exceeds the
corresponding peak torque values at a=12%, the phase current of the electric motor must be equal to /,, =255
A, the current density at this current is equal to J=18.4 A/mm’. It should be noted that at this current density
and speed n=3000 rpm, the power of the electric motor is P=60 kW, which is 8 times higher than the power of
an asynchronous motor at the same speed. To obtain the value of the electromagnetic torque, slightly exceeding
the value of 7,,,=98 Nm, the phase current must be equal to ;=140 A, which corresponds to the current den-
sity J=10.3 A/mm”. Thus, the calculation results show that with an increased current density in the windings, it
is possible to realize the specified value of the electromagnetic torque, which ensures the movement of the elec-
tric vehicle in accordance with the specified driving cycle and the maximum angle of inclination of the road.
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Fig. 5§

The permanent magnet motor control system consists of the following elements: controller power sec-
tion; microprocessor control system; controller blocks, blocking, indication; control panel; software.

Naturally, it is necessary to carry out a thermal calculation of the electric motor, taking into account
the driving cycle and the increased current density. The input data for the thermal calculation for liquid cool-
ing are the same as for the calculations shown upper. Fig. 5, b shows the temperature of the permanent mag-
nets and motor windings as a function of time at a phase current value of 1,,=255 A and 1,,=140 A. With a
liquid cooling system, with a circulation pump capacity of O=2 //min, the temperature of the stator windings
at a current of 7,,=255 A does not exceed 58°C, which is significantly lower than the permissible temperature
for class H insulation, and the temperature of the magnets does not exceed 50 °C, which is also acceptable
for the operation of magnets. At current /,,=140 A, the steady-state temperature of the windings does not
exceed 39°C, and that of the magnets — 33°C. Thus, the calculation results show that the design of an electric
motor for an electric vehicle should be carried out taking into account the driving cycle.

For low-power wind turbines, synchronous power generators are used, usually based on rare-earth
permanent magnets. The frequency of rotation of the wind rotor depends on the diameter of the wind wheel,
as well as on the wind speed, and for power up to P=10 kW is approximately »=100-300 rpm. For such a
speed, it is advisable to use a high-speed generator with a magnetic gear, the reduction factor of which can
be, for example, equal to k¢=7.3. The use of an electric generator paired with a magnetic gearbox has a num-
ber of significant advantages. The magnetic gearbox, unlike mechanical gearboxes, does not create addi-
tional noise, does not require lubrication, its service life is higher, and operating costs are also significantly
reduced [7]. In addition, a comparison of the characteristics of a generator with permanent magnets for wind
turbines showed that, with equal power, a generator with a magnetic gearbox has at least 2 times less mass of
active materials than a low-speed generator, the shaft of which is directly connected to the shaft of a wind
turbine an approximately equal mass of magnets.

The article compares the calculated and experimental dependences for electric generators with perma-
nent magnets. To achieve this goal, an electric generator with permanent magnets of the N4OSH type was
manufactured, while a stator from an asynchronous motor with a rotation axis height of 112 mm was used.
Tests of an experimental sample of the generator, the photo of which is shown in figure 6a was carried out on
an experimental stand. The coils of each phase are connected in parallel; the phases are connected in a "trian-
gle" and connected to a rectifier bridge of six diodes, which is connected to an active variable resistor — Ryg,q.
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Fig. 6, b shows a comparison of the calculated and experimental dependences of the voltage in the load
Ulaa On the current in the load /;,,, for three values of the generator rotor speed: #=2000 rpm, »=1500 rpm,
n=1000 rpm and in Fig. 6, ¢ — power in the load Py, on the current in the load /,,,, for the same three values of
the rotor speed. The rated phase current at current density J=7.2 A/mm’ corresponds to the load current
1,.=31.5 A. The average discrepancy between the calculated and experimental values is less than 4%.

Conclusions. As a result of experimental and numerical studies, it has been established that replac-
ing a squirrel-cage rotor with a rotor with permanent magnets makes it possible to obtain a significant in-
crease in specific power. Compared to a standard asynchronous motor with an axis height of 112 mm and the
number of pole pairs 2p=1, a machine with neodymium magnets has about three times the power density.

As a result of thermal calculations, taking into account the NEDC driving cycle, it was found that the
use of liquid cooling makes it possible to cool neodymium magnets and windings to a temperature below the
critical one at an increased current in the windings, which makes it possible, for example, at a rotation fre-
quency of #=3000 rpm to increase the specific 8 times power compared to standard asynchronous motor.

The characteristics of the experimental samples of the generator and its computer model are com-
pared. The discrepancy between the calculated and experimental dependences for several values of the rotor
speed does not exceed 4%. Thus, the calculation model adequately describes the characteristics of an electric
generator with permanent magnets and can be used in further studies with a variation in the type and main
dimensions of the magnetic system.
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Hageoeno pezynomamu uucenvno2o ma ekCnepumeHmanibHo20 00CHiONCeHb eleKMPUYHOT MAWUHY 3 NOCMIUHUMU Mde-
Himamu yuninopuyno2o muny. I1okazano, AKWo 3amMiHUMU 6 CManOapmHOMy ACUHXPOHHOMY OBUZYHI KOPOMKO3AMKHY-
Mmuti pomop Ha pomop 3 NOCMIHUMU MAZHIMAMU, MONCHA OMPUMAMU ICTMOMHe 30iNbUeHH NUMOMOL ROMYHCHOCMI
enexmpuunoi mawunu. IIposedeno uucenvHi 00CIIONHCEHH MA AHANI3 XAPAKMEPUCMUK eNeKMPUYHOL MAWUHY 3 MAH2e-
HYIAIbHO HAMASHIYEHUMU HEeOOUMOBUMU MA hepumosumu mazHimamu 6 dsuzynnomy pescumi. Tloxkasano, wo 3a01s
3a0e3nedentss MAKCUMATbHUX NUMOMUX XAPAKMEPUCMUK OISl 3ACMOCY8ANHS 8 eNeKMPOMODIIAX HeoOXIOHO 8paxos8y6a-
mu i3008utl Yuka ma 30iUCHIO8AMU PIOUHHE OXON00XHCEHHS efleKmpoosuzyHa. Taxooc npogedeHo NOpieHAHHA XapaKme-
PUCTUK, OMPUMAHUX RIO Yac 8unpody8aHb eKCNepUMEeHMAIbHO20 3PA3KA 8 2eHePAMOPHOMY PedCUMi, i Xxapakmepuc-
MUK, OMPUMAHUX 8 PO3PAXYHKO8UX moolenax. Ilokazano, wo po3dixcHiCmMb PO3PAXYHKOBUX MA eKCNepUMeHmMAalbHUX
3anexcHocmeli 0I5l KiIbKOX 3HAYeHb Yacmomu 0bepmanHs pomopa cmanosums He Oinvute 4%. Xapakmepucmuxu 0o-
CHLIOHCYBAHUX eNIeKMPUUHUX MAUUH PO3PAX08AHO 8 nakemax npozpam Simcenter MagNet i Simcenter MotorSolve. bion.
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RESONANT MODES OF A LINEAR PERMANENT MAGNET VIBRATORY MOTOR

R.P. Bondar’
Kyiv National University of Construction and Architecture,
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The work considers the resonant operation modes of the linear permanent magnet vibratory motor. On the basis of
electrical and mechanical equivalent circuits with lumped parameters, expressions for determining the frequencies of
mechanical, electrical, energy and power resonances are obtained. The presence of two frequencies of electrical
resonance (when the phases of supply voltage and motor current coincide) in a single-mass electromechanical system
and four in a two-mass one is substantiated. Representing, according to the electromechanical analogy approach, the
back EMF induced due to the movement of the mover by the corresponding voltage drop, expressions for equivalent
mechanical impedances are obtained. The dependences of the energy characteristics of the motor (mechanical work
and efficiency) on the equivalent circuit parameters are obtained. Based on the expression for the reluctance
electromagnetic force, mechanical work is found and its dependence on the phase difference between displacement and
current is shown. The phase difference at which the total mechanical work of the motor is maximal is determined. It is
shown that the results of the analysis of resonant modes well agree with results of a numerical field study carried out on
the basis of the equations of the quasi-stationary magnetic field in the time domain using the finite element method and
the moving type of calculation mesh in the mover region. References 12, figures 6, tables 1.

Keywords: electrical resonance, electromechanical analogy approach, energy characteristics, finite element method,
linear permanent magnet motor.

Introduction. Vibration technologies are the basis of many modern technological processes related
to the movement and processing of materials, compaction, sorting, granulation, etc. The use of the linear
permanent magnet motors in vibrating machines provides a number of advantages, the main of which are a
wide frequency operating range, the absence of mechanical transmissions that convert rotational motion into
a linear one, and therefore reliability and low noise level, and the ability to control performance in automatic
mode [1-4].

To date, there is no clear idea in which mode (in terms of providing the necessary electromechanical
performance) a vibrating machine with the permanent magnet motor drive should operate. It is considered
generally acceptable to provide a mode close to mechanical resonance, since otherwise the drive efficiency is
low [5-7]. It is also known that the frequency of phase mechanical resonance (hereinafter the phase mechani-
cal resonance means the coincidence of the main harmonic components of electromagnetic force and mover
speed) does not coincide with the frequency of maximum motor efficiency and maximum amplitudes of ac-
celeration and displacement [8]. If we take into account that in addition to mechanical resonances, there are
also electrical resonances, as well as some influence of the salient-pole structure of the magnetic system and
harmonics of electromagnetic force on the force-angle characteristics of the motor [9, 10], the problem of
choosing the optimal machine parameters to provide the required mode of mechanical oscillations becomes
ambiguous and controversial.

Obviously, the simultaneous ensuring of optimal electromechanical characteristics is impossible. We
have to give up certain indicators in favor of others, the achievements of which are more important. There-
fore, the study of the influence of the motor's equivalent circuit parameters on the electromechanical proc-
esses and their interrelationship is essential from a theoretical point of view, and necessary from the point of
view of practical implementation of efficient drive modes.

The aim of the work is to determine the operation modes of a linear permanent magnet vibratory
motor, which provide the specified electromechanical characteristics.

The basic structure of the permanent magnet vibratory motor is shown in Fig. 1. The stator of the
motor contains a laminated ferromagnetic core / and a winding 2, which is powered by a single-phase AC
source. The winding has two groups of coils (shown in color), the direction of current in which is opposite.
The mover contains ferromagnetic poles 3 and permanent magnets 4 with axial direction of magnetization.
The pulsating magnetic field of the winding, interacting with the field of permanent magnets, causes an axial
electromagnetic force, the direction of which is determined by the direction of current. The mover motion in
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relation to the stator leads to deformation of the spring system 5. With a change in the coils current direction,
the mover moves in the opposite direction under the influence of electromagnetic force and energy accumu-
lated in the springs.

The nature of the flow of the motor's electromechanical
processes is determined by the parameters of its equivalent
circuit. Therefore, we will further consider the influence of
machine parameters on the provision of resonant operation
modes.

Mechanical resonance. Here we will consider an elec-
tromechanical system with a harmonic electromagnetic force
and constant parameters of the equivalent circuit. The behavior
of such systems is well known and has been considered in many
works. Therefore, we will restrict ourselves to the results of
researches that are necessary for further presentation, since the
connection of electromagnetic processes with mechanical ones,
as will be shown below, is quite significant. Also, due to the
great variety of mechanical design, we will consider only sin-
gle-mass and two-mass, which are most common.

So in the single-mass oscillatory system, the resonance

Fig. 1 frequency can be determined from the equivalent circuits
shown in Fig. 2.

The mechanical equivalent circuit (Fig. 2, a) contains the mover /, which oscillates under the influ-
ence of electromagnetic force F,, relative to the stator 2. The spring system 3 and the damper 4 are character-
ized by spring stiffness £ and viscous friction b factors, which take into account the corresponding motor co-
efficients together with the load. The coordinate system is connected to the stator, with the origin corre-
sponding to the position of mover mechanical equilibrium, when the motor current is zero. Moreover, the
system starts with oscillations from the state in which the static equilibrium already exists between gravita-
tional force and the spring forces.

The electrical equivalent circuit (Fig. 2, b) is represented by series-connected resistance Rj,, induc-
tance L, and source e,, which simulate the stator winding resistance, winding inductance and back EMF in-
duced due to the mover motion.

The presented equivalent circuits correspond to the following system of equations written in the fre-
quency domain:
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where U ,I, are the complex supply voltage and stator current, re-
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spectively; K, is the EMF constant; J/, X are the speed and displace-

o]
ﬁ ment of mover relative to the stator, respectively; m, is the mass of the
i//%‘dl:l % 7 mover; Kg, is the electromagnetic force constant; & is the equivalent
T T stiffness factor of the spring system and the load; b = b, + b, is the total
a viscous friction factor of the motor b, and the load b; ® is the supply
R voltage angular frequency.
Eld The solution of equations (1) makes it possible to obtain the
I frequency of mechanical resonance at which the amplitude of the
v mover oscillation will be maximum:
U, e‘,:KE‘.)v o - i ~ bZ (2)
’ m, 2m’ ’
as well as the frequency of phase mechanical resonance, at which the
Fg 5 phases of electromagnetic force and the mover speed coincide:
1€.

®, = %Z 3)
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In the two-mass electromechanical system (Fig. 3), the stator of the motor / is fixed to the operating
element 2. The mover 3 oscillates under the influence of electromagnetic force F,, relative to the stator on
the springs 4.

The system of equations in the frequency domain will look like this:

U,=1,R,, +joL,)+ joXK,;
—m,o’ X =m, X, =KpI,—k X~ job X; , @)
—myo’ X, =K I, +k, X+ job, X —k,X, — job, X,

where X, is the displacement of the operating element; m, is the mass of the operating element; k,, k, are

the stiffness factors of the motor and operating element, respectively; b, is the load viscous friction factor.
The results of the solution of equations (4) with respect to the oscillation amplitudes are as follows:
— the mover oscillation amplitude relative to the stator:

_ KFVIW\/(C1 (— myw” +k, — maw2)+ szbb)z + (Cz(mbo)2 —k, + maooz)+ Clcobb)z .

Jervar

X, ; 5
m e &)
) 1 — the oscillation amplitude of the operating element:
- Kol mo
X, |J|—_|bv k, %§\4 X, = hvivmTa (6)

7]
¢FV 3 _ 4 2 2 2 2, .
—— 2 where C, =m,m,0" —m,0 k, —m,o°k, +k,k, —0°bb, —m,0k,;
x '—|-| C, =—-w’b,m, —b,m,»° +®b,k, —b,m,»° +ob,k, .
" 3 As follows from (5, 6), the oscillation amplitudes of the mover
X, i " and the operating element are maximum when the denominators of the
1 b, Kk, % expressions have minimal values, and both masses resonate at the same
ITI frequencies.

Electrical resonance. In the equivalent circuit according to
Fig. 2, b the back EMF induced due to the mover motion can be repre-
sented, according to the electromechanical analogy approach, the corresponding voltage drop across the
equivalent impedance. Then the first equation of system (1) will take the form:

j(DKEvKFv J

Fig. 3

(7

szlv Rsv+j(DLv+ 2
-m,»" +k+ job
j (DK EVK Fv
—m,0 +k+ job
Analysis of equation (7) shows the presence of two electrical resonance frequencies (when the phases
of supply voltage and motor current coincide) in the single-mass system which are defined by the expression:

\/ KK pm, — Lb* + 2L Jom, + (=K K pym, + Lb> — 2L km, ) +AL,m>(—K K ke — L k)
(,01’2 = .

where the mechanical component is defined by the expression Z, . =

(8)
2Lvm§
Moreover, the transition between the inductive and capacitive mechanical reactance occurs at the
frequency of phase mechanical resonance (3). Since to achieve electrical resonance, the mechanical reac-
tance must be capacitive (to compensate for the inductive component of the winding electrical reactance X, =
wL,), both frequencies of electrical resonance will have values greater than .
Similar considerations are valid for the two-mass electromechanical system, the equivalent mechani-
cal impedance of which will be determined from the system of equations (4), from which:
_KnKp, (C2C3 ~0’h,C, )+ JK K (Cl G +0’b,C, )

Z = , 9
= mec C12 +C22 ( )

where C; = —m, + ok, —m,o .

Analysis of expression (9) shows that the dependence of mechanical reactance on frequency has two
areas with are inductive reactance and two areas with capacitive one. It follows that, depending on the me-
chanical and electrical impedances, electrical resonances at four different frequencies can be observed in
such a system. On Fig. 4 is shown the dependences of electrical and mechanical reactance on frequency for
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the case when the electromechanical system has four resonant frequencies (at points /, 2, 3 and 4). Here R,
X, are the mechanical resistance and reactance, respectively. Obviously, the number of resonances will be
determined by the ratio of electrical and mechanical parameters of the motor. In the case of low velocity of
moving masses there may be no electrical resonances at all.

R T T -Xe Energy resonance. Mechanical work
mec> 1 which is performed by electromagnetic force
X’""‘E’)hm during the mover motion from the position -X,, to
“ Rngsc X,, can be expressed as:
0.6 X 2 :
4 Y I m" X, sinf
H Wpee = | Fopdx = —2mm™ Zn 202 0 (10)
034 mec ev 2’[
1 ,l‘ X X,
0.2 j'k j‘;‘/cm o where ¥, 1,,, are the amplitudes of flux linkage
P I [ T . . . .
Y mamci==t” SN _° ¢ and winding current, respectively; t is the pole
""""" 0 «1:“ s 1A 2 pitch of the machine; 0 is the phase difference
02 . ST .
_ T S s— between displacement and current. And here, as
04 e oo 1 / """ before, the harmonic electromagnetic force with
: X, . _ 1Y/ . :
i amplitude F,, =Kp1, =" T s consid-
Fig. 4 ered.

From expression (10) it follows that for
constant equivalent circuit parameters and frequency, the mechanical work is proportional to the oscillation
amplitude. In the single-mass electromechanical system, the work will be maximum one at the natural fre-
quency defined by expression (2).

According to the equivalent circuit shown in Fig. 2, b, the motor mechanical power can be repre-
sented by the following expression:

15 « K
— [F,vdt=F,Vcos® =—"I'R
r t=T KEV
where T is the periodic time; F,,, V are the rms values of electromagnetic force and mover speed, respec-
tively; 0 is the phase difference between electromagnetic force and mover speed.

Then the expression for the efficiency of the single-mass electromechanical system will be written in
the form:

Pmec =

mec >

_h_ Kpo'(b-b,)
P Kb’ +R ((k—m0*) +b0)

v

n (11)

where =P, —P, ; is the output mechanical power; P,..,1s the power of mechanical losses (losses on

mec mec.
viscous friction); P, = P, . + P, is the input power; Py is the power of electric losses.

Analysis of expression (11) shows that the maximum efficiency corresponds to the frequency of
phase mechanical resonance (3).

A similar expression for efficiency can be obtained for the two-mass electromechanical system.
From the equations (4) we can write:

B Kiloc —ob,0 ) + C2)- kb0 (€0, + Cuob, F + (- C,C, + Coob, ) 02
=7 (k2 (c,C, -0,C, )+ R, (C2 + C2)fc? +C?) '

The cumbersomeness of the obtained expression does not make it possible to determine analytically
the resonant frequencies of efficiency, but it is obvious that they are not directly related to either the phase or
amplitude resonances of the corresponding masses.

Force resonance. The salient-pole design of the mover (see Fig. 1) determines the difference between
the permeance along the longitudinal and transverse axes and the emergence, in addition to synchronous, also
reluctance electromagnetic force. That is, the total electromagnetic force will have two components:
1dL, ,

[

avy,,
FEV = FES + Fer = p iV +
dx 2 dx

where F, is the electromagnetic force due permanent magnets field (synchronous component); F,, is the re-
luctance electromagnetic force that does not depend on the permanent magnets field and is due to the differ-
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ent permeance of the salient-pole mover along the longitudinal and transverse axes; ‘¥, is the flux linkage
due to the field of permanent magnets.

Typical static force-angle characteristics, depending on the mover angular position 0, = TC% and

the linear displacement x, are shown in Fig. 5, a (similarly with rotating machines, 0, is the angle between
the axes of the mover poles and stator windings).

Dependences of the flux linkage and the inductance on the mover position can be approximated by
the expressions:

_ i X/ - _ 2nx
¥, =¥, sin™/; L =L, +L, cos2m/,
where W, is the flux linkage amplitude; L,,, L,,, are the mean and amplitude values of the stator winding in-
ductance, respectively (Fig. 5, b).

The symmetry of the synchronous electromagnetic force curve F,; with respect to the abscissa and
ordinate axes makes it possible to represent this dependence on the displacement as a polynomial of the sec-

ond order:
b d 4¥
F, :( ml_ ;"Tcxzjiv. (13)
Es E T T
L v Expression (13) takes into account that in the posi-
E, tion relative to which the mover oscillates (x = 0), the flux

linkage due to the field of magnets is zero (Fig. 5, b) and
the synchronous component has the maximum

value F,, =¥, %iv. At the positions x = £1/2 the force is

zero F,, = 0 (see Fig. 5, a). Hence, we obtain the corre-
sponding coefficients of the polynomial (13).

The mechanical work of the synchronous electro-
magnetic force in the range of the mover motion from the
position -X,, to X, is equal to

Wmecs = ernF'esdx = leIvathm Sl;’l 6(172 _le)
Xm 21

From expression (14) it follows that the work of
the synchronous component is always positive, because the

. (14)

4o &0 30 0 30 €0 0 phase difference between displacement and current 0 in the
operating mode is close to 90° and the mover amplitude X,
x is always less than the pole pitch 1.
£? ' ' 0 ' ' z The dependence of the reluctance electromagnetic
b force on the displacement can be represented by a poly-
Fig. 5 nomial of the third order in form:

64nl, 5 167l »
F = X7 — VX Q. 15
or ( 30 3 j (15)

L
Expression (15) takes into account that F,, =0, when x = +t/2 (Fig. 5, a), and F,, = iuif when x
T
= +1/4. Hence, we obtain the corresponding coefficients of the polynomial (15).
Mechanical work of the reluctance component:
X 2 2 y2 22
" 2n L, 15 X 202X —
Wiy = [ Fols = =2 22 e, —), (16)
X T

Since the expression in parentheses (ZX 2 _ 12) in the operating mode is always negative, the work

will have a positive value if 6 > 7/2, i.e. when ® > ®,, and a negative value if 6 < n/2. Therefore, the reluc-
tance electromagnetic force in the oscillating mode performs useful work at frequencies higher than the natu-
ral frequency o, and at 8 = w/2 its value is zero.

The phase difference at which the work performed by both electromagnetic force components (syn-
chronous and reluctance) is maximum will be determined from the equation:
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whence

0 = arccos|

(17

Analysis of expression (17) shows that within the operating amplitudes of oscillations (X, <1/2) the
optimal phase difference increases with increasing winding current /,,, and amplitude of inductance L,,,. That
is, with an increasing reluctance electromagnetic force and oscillation amplitude.

The above expressions and dependencies are obtained on the basis of equivalent circuits with lumped
constant parameters. Obviously, a number of nonlinear effects associated with fringing fluxes, saturation,
electromagnetic force harmonics, etc., can significantly affect the electromechanical behavior of the system.
Therefore, the results of the above analysis of resonant modes, which are quite useful for preliminary model-
ing, must be verified using more accurate models. As the latter, the corresponding field models are usually
used, which provide high accuracy of the calculation with the correct formulation of the problem.

Field research. To solve the field problem we will use the results of the study presented in [11],
where the design parameters of the motor are obtained in accordance with the specified optimization criteria
(costs, force-volume ratio, efficiency) and the mechanical load parameters. The basic parameters of the ma-
chine are given in Table.

Here D, Dy, t,, are the outer and inner diameters, as well as the width of the permanent magnet
(SmCos with a remanent flux density 0.9 T), respectively; 2p is the number of mover poles; ny, is the number
of stator slots per pole; t is the pole pitch; 4, is the height of the stator tooth; D, is the outer diameter of the
stator; T, T, are the width of the tooth and slot of the stator, respectively. The table also shows the values of
efficiency Eff, power factor PF and input power P,, obtained from the results of the preliminary simulation.

Table

Dp=Do-Tpm, mm | 2p/ng, | T, mm | h, mm | D,,mm | T, mm | T, mm | T, mm Eff PF P, W
50-22-14 5/4 28.2 13.5 91.9 17 3.55 3.5 0.7163 | 0.9052 | 1094

Due to the axial symmetry of the machine (see Fig. 1), the problem was solved in axisymmetric for-
mulation, based on the equations of the quasi-stationary magnetic field in the time domain with Comsol Mul-
tiphysics simulation software [12]. The mechanical calculation was performed in conjunction with the field
calculation, as the problems are interrelated. For this purpose, a moving type of calculation mesh in the mov-
er region was used, the displacement of which is determined by the result of solving the force balance equa-
tion. The corresponding system of equations has the form:

I, W 62nrA
u,=i,R, + ;
; S I ot S
2 9
mE_F, kb %
dt dt’

where 7, is the number of stator slots; w; is the number turns per slot; 4, is the vector magnetic potential (¢
component); S is the cross section of the stator slot.

The value of the electromagnetic force was determined by integrating the Maxwell stress tensor T
on the mover surface according to the expression:

= j2nransa ,
where n is the unit vector of the external normal to the mover surface s,; 7 is the distance from the axis of
symmetry to the integration surface. The axial component of the force was calculated.

The results of the magnetic field calculation are shown in Fig. 6, a. The calculations refer to the case
of the rms value winding current 2.9 A with a frequency = 79.6 Hz. The mover position x = 0. The parame-
ters of the mechanical equivalent circuit are as follows: k= 1187511 N/m; b = 110 kg/s; m, = 4.7 kg.

The motor electromechanical characteristics depending on the relative frequency w/wg are shown in
Fig. 6, b. The per unit system and degree angular measure are used to build the characteristics.
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The following values are accepted as base: base frequency w, =®, =+/k/m, ; oscillation amplitude

X, =1/2; current I, = I,,,,,; electromagnetic force F, = K I, ; base speed V, = w, X, ; power P, =0.5F,V, .
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Fig. 6

As follows from the data obtained, the most effective, from the point of view of the implementation
of resonant operating modes, is the frequency range within o/, = 0.99-1.01. The frequency of mechanical
resonance, at which the oscillation amplitude X, is maximum, is about ®w/wy = 0.998. This value is slightly
less than that defined by expression (2) which is determined by the presence of electromagnetic damping and
the corresponding losses and, as a result, an increase in the factor 4.

The highest value of the power factor PF is close to 1 and corresponds to the phase shift ¢ = 1.6°.
The electrical resonance, for the given motor parameters, is not observed, but this mode can be achieved by
increasing the current and amplitude of oscillation.

The maximum output mechanical power of the motor is P,.. = 732.6 W at the frequency
o/my = 0.998, corresponding to mechanical resonance. Quite close in frequency (w/mo=0.995) is the
maximum efficiency, which is equal to 0.693.

It can be noted that the amplitude of electromagnetic force F,,, increases with the approach of the
phase difference 0 (angle between the phases of current and displacement) to 90°. In this mode, the maxi-
mum current coincides with the moment when the mover passes the position x = 0, and according to expres-
sion (13), the synchronous electromagnetic force is maximum. But the maximum of the total electromagnetic
force corresponds to the angle 6 = 103.6°, which is explained by the influence of the reluctance component.

In general, the electromechanical system has a predictable behavior and the existent resonances are
consistent with the analysis given in the paper. Obviously, the simultaneous ensuring of optimal electrome-
chanical characteristics is impossible. If we consider the maximum efficiency and amplitude of oscillations
as the optimal mode, then in this case we should expect a decrease in the power factor and electromagnetic
force, the maxima of which are at frequencies > . It is also necessary to take into account the presence of
nonlinear effects inherent in linear permanent magnet vibratory motors, which requires the use of rather ac-
curate, in particular field models during their design.

Conclusions. As a result of the conducted analytical research the electromechanical resonant fre-
quencies of the linear permanent magnet vibratory motor were determined. In the single-mass electrome-
chanical system, there are two frequencies of electrical resonance, when the phases of supply voltage and
motor current coincide. An increase in the number of moving masses leads to a corresponding increase in the
number of resonant frequencies that could theoretically occur in such systems. The presence of electrical
resonances directly depends on the back EMF, and in practice they cannot always be implemented at all pos-
sible frequencies, as this requires an increase in the magnetic field and the speed of the mover. In addition,
the maximum efficiency and oscillation amplitude correspond to frequencies < ®,, when it is impossible to
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achieve electrical resonances without artificial compensation. The amplitude value of the electromagnetic
force is maximum when ® > ®,, due to the influence of the reluctance component, and does not correspond
to the maximum values of efficiency and output mechanical power of the motor.
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PE3OHAHCHI PEXXUMH JITHIMHOI'O MATHITOEJIEKTPUYHOI'O JIBUT'YHA BIBPALIIMHOI JTIi

P.I1. Bonpap, OKT. TEXH. HAyK

KuiBcbkuii HanioHaIbHUH yHiBepcHTeT OyIiBHHIITBA i apxiTeKTYpH,

np. IoBitpoduiorcrkuii, 31, Kuis, 03037, Ykpaina, e-mail: rpbondar@gmail.com

Posensinymo pesonancui pesicumu pobomu NiHIUIHO20 MASHIMOENeKMPUUH020 0sueyna eiopayitinoi 0ii. Ha niocmasi
EIeKMPUYHUX A MEXAHIYHUX CXeM 3aMIWEHHS I3 30Cepe0dCeHUMU Napamempamu OmpUMano eupasu Oia GUSHAYUEHHS
4acmom MexanHiuHo20, eleKMPUIHO20, eHEPLEMUYHO20 MA CUL0B020 pe3oHancie. IIpedcmasusuiu 32i0H0 Memooy enex-
MPOMEXAHIYHUX AHAN02I THOYKOBAHY 6HACTIOOK pyxy axkops EPC 6i0onogionum nadinHam Hanpyeu, Ompumaro eupasu
0/ eKBI8ANIeHMHUX MeXaHiUHUX onopis. OOTPYHMOBAHO HAABHICMb 080X YACMOM eleKMPUUHO20 Pe30HAHCY (Koau 30i-
2armvcs Qasu Hanpyeu HCUGIeHHs ma CMpPYMy 08USYHA) 8 OOHOMACOBIN eleKIMPOMEXarIYHill cucmemi ma Yomupbox —
y 08omacosii. Ompumano 3a1eHCHOCMI eHepeemudHUX XapaKkmepucmuk 0sueyna (mexaniunoi pobomu ma KKJI) 6io
napamempis 1o2o cxemu samiujenus. Ha niocmaei eupasy 0na peaxmueHOi KOMNOHEHMU eNeKMPOMASHIMHOI CUlu
3HATIOEHO MeXaniuny pobomy ma noKA3ano il 3anedicHicms 6i0 az06020 Kyma Koaueans. Busnaueno gaszosuii xym, 3a
K020 CYMAPHA MEXAHIYHA poboma 08uzyHa € makcumanvhol. I[lokazano, wo pe3yismamu ananizy pe3oHaHCHUX pe-
JHCUMIG 00OPE Y320024CYIOMbCS 3 Pe3yIbMAMamu YUCEIbHO20 NOIbOBO2O OOCHIONCEHHS, NPOBEOEHO20 HA NIOCMAGI pi6-
HAHb K8A3ICMAYIOHAPHO20 MAZHIMHO20 NOJIAL 8 YACOGIl 00AACMI 3 UKOPUCMAHHIM Memody CKIHYEHHUX e/leMeHmie ma
PYXOMO20 muny po3paxyHkogoi cimku é oonacmi saxops. bion. 12, puc. 6, Tabdmn. 1.

Knrwouoei cnosea: enekTpudHnii pe3oHaHC, EHEPreTUYHI XapaKTePUCTHKHY, JIIHIMHUI MarHiTOENeKTPUYHNHN JIBUTYH, Me-
TOJI CIIEKTPOMEXAHIYHUX aHAJIOT1H, METO/I CKIHYEHHHUX CJIEMCHTIB.

Hamiiima 06.04.2022
Octarounwnii Bapiaat 05.06.2022
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3ACTOCYBAHHS KOMBIHOBAHOI CXEMM OJTHO®A3HOI'O BKJIIOYEHHSA
ACHUHXPOHHOI'O ABUI'YHA SIK 3ACIB III/IBUINEHHA EHEPI'OE®EKTUBHOCTI
I'IAPOIIPUBOAY NOCTYIIAJIBHOI'O PYXY

10.B. Illypy6"", xana.texm.nayk, FO.JI. Hiumopenkuii’

" IncruryT enexrponunamikn HAH Ykpaiun,

np. [lepemoru, 56, Kuis, 03057, Ykpaina.

> HanionapHuii yHiBepcuTeT H6iopecypciB i nprupogoKopUCTYBaHHA YKpaiHu,
ByJ1. I'epoiB OGoponu, 15, Kuis, 03041, Ykpaina.

E-mail: yvshur@ukr.net

Pozensanymo ocobausocmi pescumie pobomu  2i0ponpugody NOCMYNAAbHO20 PYXY 3 OPOCEIbHUM DPe2yiO8aAHHIM
WBUOKOCH, V SIKOMY SIK NEPEUHHULL GUKOHABYUIL MEXAHI3M GUKOPUCIMOBYEMbCL ACUHXPOHHUU OBUSYH 3 0OHOAZHUM
JHCUBTIEHHAM. 3aNnPONOHOBAHO KOMOIHOBANY CXEMY GKIIOYEHHSI AKO20 BUKOHABY020 OBUSYHA 3 (DA303MIuyIouum
KOHOEHCAMOPOM, Wo 0d€ 3MO2y RIOGUYUMU 1020 eHEeP2OepheKMUBHICIb Y PENCUMAX NPIMO20 MA 360POMHO20 X0OY
WMOKA 2I0p008USYHA 3G 3MIHU CMYNEHsl GIOKPUMMSL pe2yI08AIbHO20 KIANAHY 2i0ponpusody 3a PAXYHOK NepPeMUKanHs
CUTOBUX CXeM MA GUKOPUCTAHHS pe2ynioeants nanpyau scugnenns. bion. 10, puc. 6, tabm. 1.

Knrouosi cnosa: tinponpuBo/, ACHHXPOHHHUN ABUT'YH, (a303MIillyI0Ynii KOHICHCATOP, OMHO(A3HE KUBICHHS.

Beryn. PerynboBani TiIponpHUBOAM BUKOPHUCTOBYIOTBCSI SIK BHKOHABYI MPHCTPOI y MAaIIMHO-
OyIyBaHHI, TiTHOMHO-TPAHCIIOPTHUX MeXaHi3Max Tomo [1, 2]. ¥V CBOI 4epry peryibOBaHHiA T'iAPOIPHBO
SIBJISIE COOOI0 KEPOBAHUN TEXHIYHUN KOMIUICKC, STIKHA MICTUTB ¥ €001 K 00 €KT KepyBaHHS TiAPOABUTYH, SK
KEpyIoUdi eJeMEHTH — TiJPOHAcoC i3 3MIHHOIO TPOJYKTHUBHICTIO a00 PEryJIOBAJbHHN KIalaH, SIK CHIIOBI
BUKOHABYl MEXaHI3MH — NEPBUHHUI €JIEKTPOABHUIYH, y OUIBIIOCTI BHIAAKIB ACHHXPOHHHUH. Y pasi OJHO-
(ha3HOTO KXUBJICHHS IMEPBUHHOTO ACHHXPOHHOTO JBUTYHA (A/]) MOke OyTH BUKOPHCTaHA CXeMa BKITFOUCHHS
ACHHXPOHHOTO JBUTYHA 3 ()a303MIlyI0YHM KOHACHCATOpoM [3-5].

B 3anmexxHocTi Bim BHAY TiAPOABUTYHA TiAPONPHBOAM MOXYTh OyTH oOepTaibHOro abo MOCTy-
MAIBHOTO pyXy. [ IpOIBUTYHOM MOCTYTATBHOTO PYXY € TiAPOIIIIH/ID, MBUAKICTE SKOTO MOYKE PETYIFOBATHCS
JIBOMa CITOCOOaMM: 3MIiHOIO TIPOAYKTHBHOCTI TipoHAcocy (00 €MHE perytoBaHHS) Ta 3MIiHOIO TiIPaBIIiYHOTO
oropy TpybomnpoBoay (apocenbHe perymoBanHs). O0'emue perymoBanHs mae Bumii KKJI ta craGimpHICTH
IIBUJIKOCTi, HIXK TiIPOTPHUBOJ 3 JPOCETBHUM pPETYIIOBAaHHAM, ajie MOTpedye TiIpoHacoc pPeryiIbOBaHOIO
MPOAYKTUBHICTIO, IO 3HAYHO 30UIBIIy€E BapTiCTh TiAPONPHUBOAA. BUTBIT €KOHOMIYHHM 3a KaIliTAIbHUMH
BKJIQJICHHSIMU CIIOCOOOM 3MIHM IIBUJAKOCTI TiPOJBUTYHA € 3MiHA TiIPaBIIYHOrO OIOPY 3a JIOIIOMOTIOHO
peryioBanbpHOro Kiamady. [IppduoMy MOMEHT HaBaHTaKeHHS MEPBHHHOTO €JIEKTPOIBUTYHA y pasi 3MiHM
CTYICHS BIIKPUTTS PETYJIIOBAJIHLHOTO KIIAlaHy 3MIHIOETHCS Y ITUPOKUX MEXax.

3acTOCyBaHHS PEryJIbOBAHOTO 33 HANPYrol aCHHXPOHHOTO EJEKTPOIPHUBONA Ja€ 3MOTY 3HHU3UTH
€HEeproCIIOKUBaHHS HelloBaHTakeHOTo A/l, 3a0e3meyrnBIIN HOTro poOOTY Ha PETYIIOBAIBHIN XapaKkTepHCTHUII
3 TIOCTIHHMM ONTHUMAlbHUM KOB3aHHSM 3a HAIPYTH JKUBJICHHS MEHIIe HOMiHanbHOI [6, 7]. ExoHOMIs

eNeKTpoeHepTii Oyne TUM OiIBIIOI0, YUM MCHINIC HaBAaHTAKCHHS Ta
OisbIle Yacy poOOTH BUTYHA 3 HEIOBAHTAXKCHHSIM.

’ [Ipu bOMy cITiy BpaXxoBYBaTH, IO TLAPOUMIIHAPH MOXYTh
—= OyTH 3 JBOCTOPOHHIM Ta OJHOCTOPOHHIM INTOKOM. Y TiIpOIIH-
iﬂ'r *‘? JIHApPaX 3 IBOCTOPOHHIM IITOKOM IIBUKOCTI MEPEMIIIICHHSI MTOPIITHS

3a MPSAMOTO Ta 3BOPOTHOTO XOAy OAHAKOBI. Y HalOUIbII MOIIMPEHUX

TiAponMIiHApPaX 3 OJHOCTOPOHHIM INTOKOM IIBUAKICTH IPSMOTO

a) &) xony (puc. 1, @) He TOPIBHIOE MIBUAKOCTI 3BOPOTHOTO X01y (pHc. 1,

Puc. 1 0) uepe3 Te, MO e(peKTHBHA IUIONIA MEPETHHY INTOKA TMOPIIHS 3

ONIHI€] CTOPOHM MeHIIa, HiX 3 iHmoi. BimmoBimHo i Butpatm () poOOYOi PiMWHU Yy HamipHIA JiHII He
JIOPiBHIOIOTH BUTpaTaM (' po60odoi piauHM Y 3TUBHIN JIiHii.

ToMmy 3a mpsMOro Ta 3BOPOTHOTO XOJaX OJHOCTOPOHHBOTO MITOKY TiAPOMIIHAPA TEePBHHHUM
€JIEKTPOJBUTYH IMpalOe€ 3 pI3HUMU HaBaHTaKeHHAMHU. JlochmimkeHHs [2] MOKa3ylOTh, IO MOMEHT
HaBaHTAXEHHS IEPBUHHOTO EJIEKTPOABHUTYHA ITiJT Yac 3BOPOTHOrO Xoxa Moxke mocsratu 0,2...0,4 MOMEHTY
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HaBaHTA)KEHHs y pa3i mpAMOro xona mMroKy. ToOTo MepBUHHUI €IEKTPOABUIYH MPOTITOM TEXHOJOTIYHOTO
[UKITY MIPALIOE B PEIKUMI POOOTH 13 3MIHHUM HaBaHTa)KCHHSIM.

MeTo10 po60TH € OOTPYHTYBaHHS JOLIIBHOCTI 3aCTOCYBaHHS Ta JOCIIXKEHHS KOMOIHOBaHOI CXeMHU
BKJIIOUCHHSI Y OJHO(a3Hy MEpeXy PperyJlbOBaHOIO 3a HANpyrol0 aCHMHXPOHHOI'O BHUKOHABYOTO [BUTYHA
TiIPONIPUBOY TMOCTYMAILHOTO PYXY 3 IPOCEIBLHUM PETyJIIOBaHHIM, IO Jajlo 0 3MOry 30UTBIIUTH HOTO
eHeproeeKTUBHICTh SIK y pa3i 3MIHHM CTYIEHS BIJKPHUTTS PETryJIOBaJIbHOTO KiallaHy TiAPONpPUBONY, TaK i
3BOPOTHOT'O XOAY OAHOCTOPOHHBOTO IITOKY TiAPOLIIIHADPY.

OOrpyHTYyBaHHSI JAOUUILHOCTI BHKOPUCTAHHS KOMOIHOBaHOI cxemMH. Bukopucranas vy
onHo(azHux enekrponpuBonax (EIT) BimoMux cxem BKIIOYEHHs TpH(A3HOTO IBUTYHA 3 (Ha303MILyIOUUM
KOHJICHCATOPOM 3 TIOCTIHHOIO €MHICTIO MOXE 3HAa4YHO IOTIPIIYBaTH CHEPreTUYHI XapaKTePHCTHKH
EJIEKTPOTIPUBOJTy [l Yac PoOOTHM y pexuMax i3 3MIHHUM HaBaHTaxeHHAM [8, 9]. BukopucranHs
KOHJIEHCATOpa 3 PeryJIbOBaHOIO €MHICTIO 30inbIrye maco-rabaputHi mokasauku EIl. Tomy mpomoHyeThCs
3acTocyBaHHS! KOMOiHOBaHOI cxeMH EIl i3 3MIHHOIO CTPYKTYPOIO CHUIIOBOi YaCTHHH Ta MOCTIHHOIO €MHICTIO
(hazo3Mimnryrouoro koHzaeHcaropa (puc. 2). OOMOTKM ABWTYHA y PpeXHMi HaBaHTa)XeHb, OJNU3BKHUX JIO
HOMIHAJIBHUX, IO BiMITOBIMAIOTH MPSIMOMY XOHIy IITOKA, BMHKAIOTHCA 3a CXeMOIo «3ipka» lllTefinmeriia
(nmonoxenns [/ xoHtaktopa K). YV pexkumi poOOTH 3 MaJlMM{ HaBaHTaXCHHSMHU, IO BIJIOBIJAIOTh
3BOPOTHOMY XOJy IITOKA, — 32 CXeMOI0 "3ipKa 3 HyJIbOBHM MPOBOJOM" 3 CaMO30yIKEHHSIM KOHIICHCATOPHOT
(a3u uepes potop, 1o obepTaeTbes (monokeHHs 2 koHTakropa K). PeryntoBaHHs ABUTyHa 32 HAIIPYTOIO IS
KOJKHOI 13 CXeM 4epe3 3MiHYy CTYIEHs BIKPUTTS PEryIIOBaJbHOTO KIallaHy TiJpONPHBOAY BiIOYBaEThCS 3a
JOTIOMOT010 THpUCTOpHOTO perymaropa Hanpyru (TPH). Omxke, TyT 3nilicHIOeTbCS KOMOiHOBaHE
PETyIIIOBaHHS, IO CHOJIy4Ya€e B 001 AUCKPETHE Ta IIaBHE.

Hamami cxeMy CHIIOBOI YaCTHHHM TIija
yac TOJOXEHHS KOHTakTopa / Ha puc. 2
cxema 2 / Ha3uBaTUMEMO CXeMowo 1, a cxemy y pasi
03 MOJIOKEHHSI KOHTakTopa 2 — cxemorw 2. Ha

// cxeva | puC. 3 HaBeIEHO 3alEKHOCTI KoedilieHTa
02 HecuMmetpii y=U, / U, Bix KOB3aHHS Y A

\ // nux cxem Ha mpuxmami AJl 4A71B2VY3 3
0.1 o KOHJIEHCATOpOM eMHicTI0O C =20 Mk®D,
}PL’ oTpuMaHux 3a Meroaumkoio [10]. 3 1mx
0 ol 02 03 04 05°"" rpadikis BUIHO, IO cXeMa 2, Ha BiAMiHy Bix
cxemu 1, wmae wMiHIMyM KoedimieHTa
Puc. 2 Puc. 3 HecHMeTpii Ha Xxomoctomy xomi. OTxe,
BUSIBIISIETHCS AOLIBHIM 332 MaJlMX HaBaHTa-
JKEHHSIX 3IiMCHIOBaTH TepeMukaHHs 31 cxemu "zipka" IlteiiHmerna Ha cxemy '"3ipka 3 HYJIHOBHM
MPOBOIOM", TIPH IIBOMY EMHICTh KOHJICHCATOPA 3aJIUIIAETHCS HE3MIHHOIO.
Cxema "3ipka 3 HyJbOBUM IMpPOBOJOM" 2 HE Ma€ IMycKOBOro MoMmeHTy. [IpoGnema mycky s Hel
MOYe BUPILIYBaTHCA 3a JOIIOMOI'0I0 BKJIIOUEHHS IBUTYHA B ITyCKOBOMY pexnMi 3a cxemoro LlteitnmeTna 1.
MaremaTuuHa Moaeab. CxemMa KOMOIHOBAaHOTO BKJIIOUCHHS Ma€ JBa BapiaHTH 3 €IHAHHS CHIIOBOT
yactuHH. [ aHami3zy mpomeciB y Iiii cxemi y pa3l TUPUCTOPHOTO KEpyBaHHS po3poOJIeHO y3arallbHeHY
MaTeMaTH4YHy MOJIENb, Y SKiil CTpyKTypa AudepeHIIMHNX PiBHSIHD 3JIMIIAETHCS HE3MIHHOIO HE3aIeXKHO BiJ
CXEMH 3 €IHaHb CHJIOBOT YaCTHUHH.
B cucremi koopauHat craropa a, 3, 0 enekrpoMexaHivHi npouecu B aciHXpoHHOMY EIT omucyrotbest
HACTYIHOIO CUCTEMOIO PiBHAHB B MaTPUUHIH QopMi
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HAMarHigyylo4oro KOHTYpY; Ls s — IHAYKTHBHICTh PO3CIIOBaHHsS cTaTtopa; R;, R, — aKTHBHI OIOpHU cTaTopa i
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Bu3Havae EPC obepraHHs; p — ciMBOJ nudepeHITifoBaHHS 10 Jacy.
PiBHSIHHS 3B SI3Ky Mi’K CTPyMaMH y OpPTOTOHAJIBHIN CHCTEMI KOOpIUHAT cTaropa o, 3, 0 Ta ctpymaMu

y dasuiii cucremi koopauHat 4, B, C MarOTh BUIJIS

poropa; c=1- — kxoedilieHT po3citoBaHHA; J — MOMEHT iHepuii; ®= — MaTpulgd, IIo
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PiBHsIHHS 3B 3Ky MiXX HaIlpyraMy MarOTh TaKWil CaMHUd BUTIISII.
3 L1 n : : . . . o
OckinbKu Ui cXeMH "31pKa" BUKOHYE€TBCS PIBHICTb i, +ip +i- =0, TO CTPYyM CTaTopa HyJbOBOi

IOCIIIOBHOCTI 3 y cxemi 1 nopiBHIOE Hymo. J{st cxemu “3ipka 3 HyJbOBUM ITPOBOAOM” (CXeMa 2), OCKLIbKH

iy =i, 3 (2) oTpEMaEMO j5 = 51? L T iy =i, +i;. Tomi :%i;- Hampyra Hy;150BO1 MOCIiJOBHOCTI 3a
MPUIYIIEHHS, [0 IHAYKTUBHHUN OIp HYJIHOBOI ITOCTIIOBHOCTI BH3HAYAETHCA TUIBKH PO3CIIOBAHHIM
CTaTOPHOT OOMOTKH, 3HAXOIUTHCS 32 PIBHIHHAM
3ug =Rii; + L, - piy - 3)
Buxopucranns 3akoniB Kipxroda mis koxxHOI 3 cxeM Ta BHpasiB (2)-(3) mokasye, mo 3araibHUi
BUpAa3 1Jisl BU3HAYCHHS BEKTOPa HAIIPyT cTaTtopa (JliBa 4acTHHA mepioro piBHsSHHA (1)) Mae BUTIIS

!
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Cl p Lr Lr
VY mpaBiii wacTuHi Bupady (4) mepiia ckjanoBa OOyMOBJIEHAa Mi€l0 HANpyrd Mepexi, Apyra —
HAMpyrol Ha KOHJEHcATopi, TpeTs — Hiero npoTHEPC Bix cTpyMmiB HyJIBOBOI MOCIiZOBHOCTI, YeTBEpTa —
npotuEPC obepranHs.

YucioBi 3HAYCHHsT MATpUIlb KOCQillieHTIB K1 — k4, 10 JaloTh 3MOry 3B'3aTH BEKTOP HAIpPyrd

craropa aBodazHoi Moaeni AJl B koopauHaTax craropa a, B, 0, 3 mapameTrpaMu 30BHIIIHBOTO KOJIa IBUTYHA
(Hampyra Mepexi, €MHICTh KOHJEHCATOpa) 1 3MIHHMMH CTaHy, HaBeIeHO y TalOj. B 3aJIeKHOCTI BiJ

nmoyioxkeHHs komyTtaropa K (crosmens 1)

1 2 ki k> ks ka 1 cTaHy (TMPOBIIHOTO YM HEMPOBITHOTO)
2/3 16 -1/243 0 0 0 0 THPHCTOPHOTO peryisTopa (CTOBHENb 2).
1 0 0 0 0 PobGora THpHCTOpPHOTO peryJs-
1 /23 12 TOpa OTMHCYETHCS JOTTYHOIO QYHKIIIEIO
0 0 0 00 10 F=X-N1+Y,+X,-1I1+7Y,, ()
0 -1/243 -1/2 00 00 ne soriuni ¢yskuii Y;, Y, BignosigaroTs
2/3 13 0 /3 0 HEHYJIbOBOMY 3HA4YE€HHIO CTPYMIB 4epe3
1 -10 TUpHUCTOpH, JoriuHi GyHKmi X;, Xo —
5 1/ 3 0 0 0 0 0 0 3BOPOTHUM Hampyram Ha THUpHUCTOpax, /1
B /3 1 0 —1/3 0 0 0 — TepemMuKaioya (yHKIIA, OO0 BIANO-
0 0 0 0 1 BiJla€ CHTHAJy KEpyBaHHS THPHCTOPAMHU.
0 0 0 Ilepemukaroua ¢yukiis I/ 3a

(ha30BOr0 KEpyBaHHs Ma€ HACTYITHUI BUIIISA:

II=13a a+n-k<og-

t<(o+0)+m-k;

(6)

=032 0+7m-k<og-t<o+m-kU(o+0)+m-k<oy-r<n+m-k’

JIe o — KyT KepyBaHHS THPUCTOpaMu (B €II. Tpam.); Oy — YacTOTa HAINpPYTH JKUBJICHHS; O — TpUBAJICTh
IMIyJbCIB KepyBaHHS (B €J. Tpaj.), MO OOMPAaIOThCS 3 YMOB HAJiHOTO BIAKPHUBAHHS THUPUCTOPIB;

k=0,1,2,3,....
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Jlns HagiifHOTO BiJKPUBAHHS THPUCTOPIB cucTema kepyBanHs TPH noBuHHA (opMyBaTH iMIyIbCH
TPUBAIICTIO HEe MeHIIe, Hix 70 en. Tpal.

[IpoBimHOMY CTaHy THUPHCTOPHOTO PETyJIATOpa BiANOBiAae 3HaueHHs F = 1, HerpoBigHoMy — F = 0.

TakuM YHHOM, 3MiHA CTPYKTYpPH CHJIOBOIO KOJIA& HE BHUMAara€ 3MiHH CHUCTeMH IudepeHIiiHuX
PiBHSHB, 2 CYIPOBO/KYEThCS TiTHKH 3MiHOI0 KOeDillieHTiB k, — k4 B piBHAHHI (4).

OIiHKY €HEPreTHYHUX XapaKTePHUCTHK JaHOI CXEMHU y PI3HUX PEKUMax PoOOTH MOKIMBO HAJaTH 3a
noromoror KKJI, 1110 po3paxoByeThcst 3a GopmyInoro

[ s (0 [M ()t
o i . (7)

n=-= T
[Pes(tidt  [u(t)ic(t)dt

KpwuBi 3MiHM y yaci JiHIHHOTO CTPYMY i Ta MUTTEBOTO €JIEKTPOMAarHiTHOrO MOMEHTY M 3a 3’ € JHaHHS
00MOTOK JBHUTryHa 3a cxemoro LlTeiinMeTna mokazaHo Ha puc. 4.
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Puc. 4

lapMoHiiiHW# aHani3 JMiHIKHOTO CTPyMy JABWTYHA TMOKa3aB, IO aMILUITyJa TPEThOI TAPMOHIKHM MOXKE
Jocsiratd 3a KyTiB o, Oumbmmx 3a 90 en. rpag., 1o 60% ammuniTyan ocHOBHOI rapMmoHiku. IlominmeHHs
TapMOHIMHOTO CKJIaay CTpyMy cTaTopa i, sk Hacmigok, miasuineHHs KKJI aBuryHa MOXIHMBO HUISIXOM
MIEPEeMHUKAHHA CXEMH 3'€MHaHHS OOMOTOK IBHUTYHA B 3aJICKHOCTI BiJf BETMYMHH HAaBaHTAXCHHA. Y pasi
IMOOKOT 3MiHI HaBaHTA)KEHHsI JIOLIJIBHO 3aCTOCOBYBAaTH KOMOIHOBAaHE PETyJIIOBaHHS, L0 CHOJIyYae B COOi
JIMCKpPETHE Ta IuIaBHE. JIMCKpeTHE 3/1iHICHIOETHCS IIUIIXOM MIEPEMHUKAHHS CXeM 3'€JHaHHS 00OMOTOK. B pamkax
KOKHOI CTYTICHI 3MIHCHIOETHCS TUIABHE PETYITIOBAHHS HAIIPYTH MUITXOM 3MiHH KyTa BiIKpUTTS BeHTwiB TPH.

OnTHManbHe KOB3aHH:, 1O BiANOBilae MiHiMyMy BTpat AP,. , B cXeMi 2 MeHIle, Hixk B cxemi 1
(puc. 3), 10 BUMarac BUKOPUCTOBYBATHU ISl PI3HUX CXEM Pi3HI CUTHAIH 3aBJIaHHS Y CUCTEMi PeryitoBaHHS,
0 Mae cTadimi3yBaTH Ii 3HAYEHHS ONTHMAaJbHUX KOB3aHb. lle yCcKIaHIOE TeXHIUHY peai3almiio CHCTeMHU
peryIoBaHHA. AJe U IEPBUHHOTO ABUTYHA TIIPONPUBOAY cXeMa | peKOMEHIy€eThCs Ul BUKOPUCTAHHS 3a
OpsSIMOTO XOJIa ITOKA TiIPOABHUTIYHA 32 OJIM3BKHX 10 HOMIHaJLHOTO MOMEHTAX HaBaHTa)KEHHs, a cxema 2 —
3a 3BOPOTHOTO X0/1a, KOJJHM MOMEHTH HABaHTA)KEHHS € MAJMMH MOPIBHSIHO 3 MOMEHTAMH 3a MPSMOTO XOJa.
Lle mae 3MoOry y3roauTH 3MiHY CHUTHANy 3aBJaHHS KOB3aHHS Ta 3MiHY CHJIOBOI CXEMH 10 3MiHH HAmpsMy
PYXY IITOKA TipOJIBUTYHA.

Ha puc. 5 mokaszano rpadiku 3anexxsHocteid KK/, pospaxoBanux 3a (7) y mpuIyLeHHi HE3MIHHOCTI
mapaMeTpiB CXeM 3aMillleHHS Ta HEeBpaxyBaHHI MEXaHIYHHX, JTOJIATKOBHUX BTpAaT Ta BTpaT y CTaii, Bif
HAaBaHTQ)KEHHS Ha Baly [BUTYHa 3a HOCTIHHOI Hampyru >kKuBieHHA AJl, BKIIOUYCHOTO 3a CXEMOIO
reiinmera, eMHOCTI (hazo3cyBatouoro kongercatopa C =20 Mx®d (kpuBa /), B pexxumi ontumizanii, 1mo
JOCSITAEThCs HUISIXOM CTallmizawii ONTHMalIbHOTO 3a JaHOi €MHOCTI i cxemHu | koB3aHHS S =0,08, 3a

CHHYCOIaJIbHIN peryabpoBaHiid Hanpy3i (kpuBa 2) i sxkusnenHi Bix TPH mnst cxemu 1 (kpuBa 3) ta 11 cxemu
2 (xpuBa 4). Bigsmaummo, mo 3a HaBaHTaxeHHsX 0< M <0,4M, KK nsuryHa, mo BKIIOYEHHH 3a

cxemoro 2, Ounbine, Hixk KKJI apuryna, BkimoueHoro 3a cxemoro 1. Ile MOSICHIOETBCSA TUM, IO Mija yac
BKIIFOUCHHSI JIBUTYHA 3a CXEMOIO '"3ipKa 3 HYJIBOBUM IMPOBOJOM" 10 OOMOTOK JBHTYHa MPHKIIAIAE€THCS
CHCTEMa HampyT MPsAMOi MOCIiAOBHOCTI MEHIIOK B MOPIBHSAHHI 31 CXeMOIo "3ipKa" aMIUTITyid, IpU IIbOMY
00HMIBI CXEMHU MAIOTh MPUOIM3HO OJTHAKOBHUM KOe(DilllEHT HECUMETPIT 3a OJTHAKOBOIO HaBaHTakeHHs. Ha puc.
6 TOKa3aHO 3aJICKHOCTI KyTa KEpyBaHHS TUPUCTOPAMU BiJl HABAHTaXCHHS JJIs JIBOX CXEM Y pasi pearizartii
3aKOHY cTadimizamii oNTHMaIbHOTO KOB3aHHS. BumHO, mo cxema "3ipka 3 HyJIbOBUM MpoBojoM" (cxema 2)
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JTa€ MOKJIMBICTh OTPUMATH Malli aMILTITyId HAMpyT MPsSMOi MOCIiAOBHOCTI 32 MEHIINX KyTaX BiIKPHBAHHS
TUPUCTOPIB 1, OTKE, MEHILIOMY CIIOTBOPEHHI CTPYMY BHIIIMMHU TapMOHIKaMH, Hik cxema "3ipka" (cxema 1).
ToMy, BUKOPHUCTOBYIOUM CXE€My 2, MOXKHA OTpPUMAaTH Maii aMIUNTYJd Halpyrd 3a HU3bKUX MOMEHTIB
HaBaHT)KEHHS 3a OUTBII HU3BKOTO y TOPIBHSAHHI 31 cXeMoi | BMICTI BHIIMX TapMOHIK CTPyMy Ta, SIK
HacHiIo0K, Ot Bucokomy KKJI.

a, enrpan. HeoOxigHo Bin3Ha4u-

n,% 180 TH, IO 3a MajJuX HaBaHTa-

70 2 [ s KEHHSAX aMILTITyJa TPEThOl

60 H— A== =7 L= rapMOHIKH CTpyMy B cxemi |

so "4/ ,/ 120 nocsirae 3Hadenns 0,6 7, Toxi

! q{ /(1 \<cxeMa 1 . :

w0 |/ o K B cxemi 2 ammiTy

[ // TPETHOI rapMOHIKH He

30 ll 7 60 nepesuiye 3Hadenns 0,2 1, y

20 ) cxeMa’2 BCbOMY Jliara3oHi HaBaHTa-

10 / 30 xenna. Tyt [, — ammuiTyna
{ 0 M.so. EPIIOT TADMOHIKH CTPYMY.

0 0,2 0,4 0,6 0,8 1,0M’B'0' 02 04 06 08 10 TakuM 4YHMHOM, SIKILO

3a 3MIHHOMY HaBaHTa)KCHHI B
TOYI, 1110 BiamoBigae
momenty 0,4 M, , s3nificHio-

Puc. 5 Puc. 6

BaTH TEpPEMHUKaHHS OOMOTOK NIBHUTYHA 31 CXeMH 3'emHaHHS "3ipka" Ha cxeMy 3'€qHaHHS "3ipKa 3 HYJIHOBUM
MPOBOJOM", TO MOXKHA JOMOITHCS, IMO-TIEPIIC, 3HAYHOTO 3MEHIICHHS BMICTY BMIIUX TapMOHIK 33 MaJlMX
HaBaHTAXXCHHSX, MMO-JPYyTe, 3MEHILICHHS KoedilieHTa HecuMeTpii Ta, ik Hacinok, migsuiieHHs KK/ npuryna.

BucHoBkHu.

OOrpyHTOBaHO JOLIIBHICTh BUKOPUCTAHHS KOMOIHOBaHOI CXEMH BKIIIOUCHHSI Y 0JIHO(A3ZHY MEPEKY
PEery/bOBaHOTO 3a HANPYrOK ACHHXPOHHOTO JIBUTYHAa SK BHKOHABYOTO MEXaHI3My TiApONPUBOIY
MOCTYMALHOTO PYXY 3 JPOCEIbHUM pEryioBaHHIM. [[g cxema aae 3Mory 30UIBIIMTH eHEProeeKTHBHICTh
BUKOHABYOTO ACHHXPOHHOTO JIBUTYHA 3a PaxXyHOK 3MEHIICHHsS BMICTYy BHIIHMX TapMOHIK Ta 3MEHIICHHS
koedilieHTa HecMMETpii 3a 3MIHHUX HABAaHTaXEHHSX SIK y pa3i 3MiHI CTyNEHsS BIAKPUTTS PETyIIOBaIbHOTO
KJIaNaHy Ti[pONpPUBOAY, TaK i 3BOPOTHOMY XOJIi OJTHOCTOPOHHBOTO IITOKY TiAPOLMITIHIIPY.
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APPLICATION OF THE COMBINED SCHEME OF SINGLE-PHASE INCLUSION OF THE INDUCTION
MOTOR AS A MEANS OF INCREASING THE ENERGY EFFICIENCY OF HYDRAULIC DRIVE OF
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The peculiarities of the modes of operation of the hydraulic drive of translational motion with throttle speed control, in
which the asynchronous motor with single-phase power supply is used as the primary actuator. A combined circuit of
such an actuator with a phase-shifting capacitor is proposed, which allows to increase its energy efficiency in the
forward and reverse modes of the hydraulic rod when changing the degree of opening of the hydraulic control valve by
switching power circuits and using voltage regulation. References 10, figures 6, table 1.
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Haseoeno onuc mooeni yuacmi IIpAT «Yrpeiopoenepeo» kackady 2iopoeieKmpocmanyiti 8 cecMeHmax puHKy
eeKMPUYHOT eHepaii 3 YPaxXy8aHHAM 0OMediCeHb Ha BUKOPUCMANHA HAABHUX 2iopopecypcis. [Ipedcmasneno cmpykmypy
MoOeni, HagedeHo Yinbo8y YYHKYII0 MaKcumizayii eueoou 6i0 npooaxicy eneKmpuyHoi enepeii ma cucmemy obmediceHs
pisHocmi i HepigHOCMI, AKOI 8PAXO08YIOMbCA eKOHOMIYHI 1l NeXHIYHI XapaKkmepucmuky 001a0HAHHS eJleKmpoCcmanyill,
a makoodic 6anrauc 2iopopecypcis. Ilokazano ocobausocmi 8paxy8aHHs YiH y Ce2MeHmMax puHKy eleKmpuyHoi eHepeii.
Onucano ocHO8HI mexHONo2IuHI obMedcenHsa e2iopoazpecamie ma enekmpocmanyii. Bioobpasiceno cmpyxmypy
cucmemu 0OMedNCceHb HA BUKOPUCMAHHS 2I0pOpecypCi6 3 Ypaxy8amHsAM BUSHAYEHOI NOCMAHOBKOIO 3a0aui nompeou
3MIHU Pi6HI6 3an08HI08aHoCcmi 600ocxosuwy. Hasedeno ocrHosHI nidxo0u 00 UKOPUCMAHHS 3aNPONOHOBAHOL MOOeE Nio
uac po3e’s3anHs 3a0ay4 NAGHYBAHHS CMpamezii 3anyueHHs 2iOpoeneKmpocmanyiti 00 yyacmi HaA mopeax pPUHKY
enexmpuyHoi enepeii. bion. 16, puc. 2.

Knrwouoei cnosa: puHOK €NeKTPUYHOI €HEPril, ONTHMI3allis, TipOeNeKTPOCTAHIIIS, JONOMDKHI MOCITyTH, OanaHCyrounii
PHUHOK, BOJOCXOBHIIIE.

Beryn. BupoBamkenns B Ykpaini y 2019 pomi Momem CcerMeHTiB KOHKYPEHTHOI TOPTiBIi
SJIEKTPUYHOIO eHepriero [1, 2] pa3oM i3 3pocTaHHSM YaCcTKH BiTHOBIIOBAaHUX JKepen eHeprii B 6amanci OEC
VYkpainu [3, 4] npuHIMIOBO 3MiHWIH Mmigxoau 1o pobdoru riapoencekrpoctaniid (CEC) ta TAEC B HoBuX
yMoBax. SIKImo y momepeaHii Mozemi ONnTOBOro puHKY BupoOHuua nismbHicTs [EC permamentyBanacs
noTpebamu OamancyBanus pexxuMiB OEC Ykpainn, y HoBil puaKoBii Mmoneni IIpAT «Ykprigpoernepro» (Ix
1 Ui 1HIIMX BUPOOHUKIB €NEKTPUYHOI CHEpril) HaJaHO MOXIIMBICTh CAMOCTIHOTO TUIaHYBaHHSI CTpaTerii
y4acTi B OpraHi3oBaHUX PHHKOBHUX cerMeHTax [5-7] Ta Ha puHKY momomixkaux nocayr (PAIT) [8-10]. Oxpim
BUKOHAHHsS TIOKJIAJCHUX CHeUialbHUX OOOB’A3KIB HAa YYaCHHMKIB PHHKY EJIEKTPUYHOI eHeprii mis
3a0e3MeUYCHHs 3aralbHOCYCIIIBHUX IHTEpECiB y mpoleci QyHKIIIOHYBaHHS PUHKY €JeKTpUYHOI eHeprii [1],
[IpAT «VYKprigzpoeHepro» TakoX BeIyTb CKOHOMIYHY [iSUIBHICTH B YCIX PHHKOBHX CETMEHTax.
Texnomoriuai ocodnuBocti muotuHHNX ['EC BH3HAYMIM 1 €MEKTPOCTAHIIIl K OCHOBHOTO MOCTavabHUKA
MOCIIyTH BimHOBICHHS YacToTh Ha P/II1 Ykpainu Ta aktuBHOTO yuacHuKa Oanancyodoro puHKy (bP). Kpim
toro, EC Haifyacrinie OoTpUMYIOTh Bi JHUCIIETUEPCHKOI CIyOW aBapiiiHi 3asSBKM Ha 3aBaHTKEHHS YU
po3BaHTaKeHHs1 reHeparopiB. Taka aktuBHa ywacts I'EC y mpouenypax migTpUMKH omnepaniiHoi Oe3nexu
pexumiB [11-13] OEC VYkpaiHu TpU3BOIUTH MO0 CYTTEBUX BiIXHJICHb (PAKTUIHO BUKOPHCTAHHX OOCSTIB
TiipopecypciB BiJl IMJIaHOBHX MOKa3HUKIB. Lle, y cBOIO 4epry, Npu3BOAWTH O HE3aIlJIaHOBAHUX 3MiH PIBHIB
3aIIOBHIOBAHOCTI BOJOCXOBHIL 11033 JOIMYCTUMUMH MexaMu. 3okpema 1 JninpoBcekoro kackaxy I'EC B
VYkpaini HaOyBae 0cOONMHMBOI aKTyaIbHOCTI 3a/1a4ya He TiJIbKY TUTAHYBaHHS, aJie 1 OepaTHBHOTO KOPHUTYBaHHS
cTparterii y4acTi B pUHKOBHX CETMEHTaX 3 OIJISIy Ha MOTPeOM BiJHOBICHHS IUIAHOBHX IOKA3HUKIB PIBHIB
HarmoBHEeHHs BopocxoBull. CknaanicTs manyBaHas podotu 'EC ta TAEC na BP ta P/II1 nonsrae y Tomy,
mo BoxocxoBuma ['EC po3ramoBaHi kackazoM Ha pidkax, 1 IXHi TiAPOPEKUMHU 3aJeKaTh Bifl MOTOTHUX
METEOYMOB, KUTBKOCTI OMaaiB, TOYHOCTI IPOTHO3YBAHHS TiAPOPECYpCiB, CIPAIOBAHHS TOTO YH IHIIIOTO
BOJIOCXOBHIINA, BCTAHOBIICHHX MIKBIJOMYOI0 KOMICI€IO 110 y3TOKEHHIO PEKUMIB POOOTH ITHIIPOBCHKHUX Ta
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JIHICTPOBCHKOTO BOIOCXOBHI BOAOTOCIIONAPCHKUX OOMEXeHb (MO3HAYKM BOAOCXOBHIL, CaHITapHO-
€KOJIOT14HI MPOITYCKH BOJIU, MPOITYCK MTaBOJIKiB, TOIIO). KpiM TOTO, Mij] Yac ruraHyBaHHs piBHS HAIOBHEHOCTI
OKpEMOT0 BOAOCXOBHIIA CITiJ] BpaXOBYBaTH BOJIHI OalaHCH BOJIOCXOBHIL BBEPX I10 PYCIY PiKH.

Mertoro cTaTTi € MOOy0Ba MozeNi onTHManbHOTO (yHKIIoHyBaHHs Kackany ['EC 3 ypaxyBaHHSIM
SK TEXHOJOTIYHMX OOMEXKEHb MIOJ0 BHKOPHCTAHHSI HAsIBHUX TiIpopecypciB, Tak 1 OanaHCiB
TOMTUTY/TIPOTIO3HIIIT y CErMEHTaX PUHKY €IeKTPHYHOT eHeprii YkpaiHu.

HinsoBa ¢pynkuis 3aga4i ontumizanii. OcCHOBHA eKOHOMIYHA LiIb QyHKIiOHYBaHHS Kackany ['EC
— MaKCHUMI3aIlisl Pi3HUIN MiXX CyMapHOIO BUTOJOI0 BiJl MPOJAKY €ICKTPHUIHOI SHEPTii Ta MOCIyT B PUHKOBHX
cerMeHTax Profs Ta cyMapHUMH BUTpaTaMu, IOB’SA3aHMMHU 13 BUPOOHHUITBOM 1 IPOJAKOM EJIEKTPUYHOI
eHeprii Ta nociyr Costs

Profs, — Cost; — max .

B wmexax mnyOmikamii mig BHTOAOK PO3YMITUMETHCS 3arajlibHO NPUHHATE B MIKHApOIHHUX
myOJTiKaIisXx 03Ha4YeHHs JOXOAY BiJl KOMEPIIHHOI MisITbHOCTI O0€3 BpaXyBaHHS IMOAATKOBUX IJIATEXKIB.

CymapHa BWTOJa BiJi TPOJAXy ENEKTPUYHOI €Heprii Ta MOCIyr B KOXHOMY j-My PHHKOBOMY
CErMEHTI PO3PaXOBYEThCA OKpPeMO Juis KoxkHoro i-ro reHepatopa 'EC. Takuii migxin ga€ 3Mory TOYHO
BpaxyBaTH 0COOIMBOCTI KoXkHOTO TeHepaTopa ['EC Ta mpuBesieHi 10 bOTo TeHepaTopa BUTPATH, OB’ sI3aHi 3
BHUPOOHHUYOIO TiIsUTBHICTIO Ta YIACTIO Y PUHKOBHUX CETMEHTaX

> (Prof,fj’ —Costy’) ) — max . (1)
Jjoi

Hnst okpemoro i-ro reHepatopa 'EC Ha po3paxyHKOBHII mepiom 4acy /i BUTOIA BiJ MPOAaxy
€JIEKTPUYHOI eHeprii 4u MOCIyT Yy j-My PUHKOBOMY CEIMEHTI OJA€ThCS 3aJIeKHOCTIMU
0 — O WD
Profh,i _Ch,i 'Vh,i > (2)

e C), VY — BiINOBIAHO LiHA y j-My PHHKOBOMY CETMEHTI Ta MPOJAHHIN y [[bOMY PHUHKOBOMY CETMEHTI

00CHT eNeKTPUIHOI eHeprii Ha PO3paxyHKOBHH Nepiof /1, MPOJAaHUH y j-My PUHKOBOMY CETMEHTI.

B (2) B3aeMHO MOB’A3YIOThCSI 3HAYCHHS I[IH Ta OOCATIB AJISl PUHKOBUX CEIMEHTIB, IO HAKIAAa€e
OKpeMi YMOBH Ha BHOIp po3paxyHKOBOTO repioy. OCKIIbKHA TOPTIBIS €IEKTPUIHOIO SHEPTi€I0 B PHHKOBHX
cerMeHTax YKpaiHd 3IiHCHIOEThCSI Ha OKpEeMi FOJMHHU J00H, TO 1 3amaqy ontumizanii (1) ciijg npus’si3yBaTH
J0 TIOTOOUHHUX PUHKOBUX WiH. Toxi pesymeratu TopriB Ha BP Ta P/IIl Ha KOXXHY «OIMHHIIO PEabHOTO
yacy» (15 XBHUIMH) HE CKJIAAHO NMPUBOAMTH A0 CEPEAHBO3BAKEHHUX 33 PO3PaxXyHKOBY FOJMHY 3HaueHb. Kpim
TOTO, CIiJ 3BaKaTH Ha JOOOBY MUKJIIYHICTH OOCATIB CIOKHBAHHS CJICKTPUYHOI CHEPrii Ta PHHKOBUX ITiH.
Tomy 3amauy onrtumizamii (1) AOIITEHO PO3B’S3yBaTH BHKOPHCTAHHSM IOTOJUHHUX IIiH Y PHUHKOBUX
CerMeHTax i3 (opMyBaHHSM OOOBOTO OallaHCY TiAPOpPecypciB, a 3a MOTPedU — i3 BpaXyBaHHSIM PHHKOBOI

KOH IOHKTYPH OKpeMoO y po0odi Ta BUXiTHI JTHI
24

> | >3 (Prof,? - Cost{”)) | - max .
( h,i h,i
J i

h=1

B 3amagax 1oBrocTpokoBOro miaHyBaHHS (2) 3aCTOCOBY€ETHCS 3 BUKOPHCTAHHAM CEPEAHBO3BAKEHUX
3a MICSITh (UM HABITh 32 CE30H POKY) ITiH 13 POpMyBaHHSIM BOAHOTO OATaHCY Ha PO3PaXyHKOBHH PiK.

Crnin Takox 3ayBaxuTH, mo [IpAT «YkprigpoeHepro» Ha TOprax pPUHKY EJIEKTPUYHOI eHeprii
peamizye cymaphi ans Bcix ['EC obOcsarm Biamycky enekTpuuHOi eHeprii. | HaBemene y (2) posnineHHs
CyMapHOTO BIAMYCKY €JIEKTPUYHOI €Heprii OKpeMHM i-M TeHEepaTOpoM Ha OKpEeMi I[iIHOBi MPOTO3HIII IO
KO’)KHOMY PHHKOBOMY CETMEHTY MpH3HAYeHe I 1HIWBiAyami3alii BUTpaT HAa BHPOOHHUITBO EJNEKTPUYIHOI
€Heprii MM reHepaTopoM Ta BUTPAT HA YYacTh y TOPTOBUX CETMEHTaX PUHKY €JEKTPUYHOI eHeprii. Takum
YHHOM, NoJaHi KOXHUM reneparopoM I'EC y K0KHOMY pHMHKOBOMY CErMEHTi OOCSTH €JIEKTPUYHOI eHeprii
YU Pe3epPBH MOTYKHOCTEH IS HalaHHS JOTOMDKHUX TOCTYT € 3MIHHAMH ONTHUMI3allil y MiIboBid QyHKIIIT
(1). Ipu upomy mocritini Butpatu I'EC, siki He 3anexaTh BiJl KiIbKOCTI MPaLIOI0YUX T€HEpaTOpiB Ta 00CsTIB
BIMyCKy enekTpu4Hoi eHeprii, B (1) He BpaxoBYyIOThCS. 3a pesynbraTamu omtuMizamii (1) He ckiamgHO
po3paxyBaTH CyMapHi 0OCATH BIAIYCKY €IIEKTpUYIHOI €Heprii mis okpeMoro reHeparopa, mist ['EC, mus
kackany EC um jns [IpAT «VYkprizpoeHepro» 3arajom, a TaKOXX BH3HAUYUTH OKPEMO CyMapHi 00cATH
NPOTO3ULIi] eNeKTPUYHOI eHeprii M0 KO)KHOMY PHHKOBOMY CETMEHTY. 3a MOTpeOU 3MEHILICHHS! pO3MipHOCTI
3agadi  ONTHMi3auii, Trpynma OAHOTMOHHMX reHepartopiB okpemoi ['EC momaerbcsi eKBiBaJIGHTHUM
rifipoarperatom i3 CyMapHOIO MOTYXKHICTIO 1i€i rpymu. Toxi 3a pedynpratamu ontuMizanii (1) momaTkoBo
CIIiJ PO3B’sI3aTH 3a/ady ONTHMAaJIbHOTO po3moAiny cymapHoi motyxHocTi [EC mo okpemuMm reneparopam
cranmii. IlimpoBa ¢yHKIis (1) HONMOBHIOETHCS CHUCTEMOIO OOMEXKEHb PIBHOCTI Ta HEPIBHOCTI, SKUMHU
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BU3HAYAIOTHCS TEXHIYHI 1 EKOHOMIYHI Xapakrte-

.
pI/ICTI/IKI/I, a TaKOX plBHﬂHHH 6aJ]chy BI/ITpaT

rl}:[popecyp(?m, IIOYHWHAK4YNU .BI,Z[ ]'BI/ITpaT BOOW OJIA | LlinsoBa Gynkiis wis kackaxy TEC |
OKpEMOT'0 I ApOoreHepaTropa 1 3aK1IH1yr0OUu BOAHUM /t\

IIOTOKOM - [Tt BCLOF,O KaCKa’Hy, I'EC (PHC' 1)' TexHoMOTIUHI CrpyKTypa BUPOOHHUHNX ExonomiuHi
PosrasiHeMo neTanbHilIe OCHOBHI CKJIa0BI CHUCTE- OOMEKEeHHS notyxHocrei kackany [EC XapaKTePUCTUKU

MU piBHOCTEH Ta HEPiBHOCTEH.

Mogesi pHHKOBHX cerMeHTiB. Momeni
PUHKOBUX CErMEHTIB [14-16] BHKOPHCTOBYIOTHCS
JUIL O3HAYEHHS I[iH Ha ENIEKTPUYHY EHEPrilo 4Yu
MOCITYTH B PUHKOBHUX cerMeHTax. [[ms Gimpmiocti
3324 IMITAIifHOTO MOJEIOBAaHHS JOIMYCTAMO O€3 TMOTIpIIEHHS TOYHOCTI pPO3paxyHKIB TPUHHATH
NPUIYLIEHHS PO BiJCYTHICTh BIUTMBY NporoHoBaHMMHU KackanoM ['EC oOcsramu eleKTpuyHOi eHeprii Ha
L[iHY Y BiIMOBIAHUX PUHKOBUX CEIMEHTax. Y LbOMY BHUIAJKY U PO3PaxyHKiB MOXKIMBO BUKOPHCTOBYBATH
PETPOCIIEKTHBHI JaHi IMOJ0 IMiH Ta Tapu(diB Ha PUHKY EJIEKTPUIHOI eHeprii. 3a moTpeOu BIUIMB OOCSTIB
NPOTIO3UIII] eNIEKTPUYHOI eHepTii YM MOCIyT Ha PUHKOBI IIHU BPaxOBYETHCS 3 BUKOPHUCTAHHSM BiJIIOBIIHUX
3ac00iB IMITAlIfHOTO MOJAETIOBAHHS IMPOLECIB IIIHOYTBOPEHHS y BINMOBIAHUX PUHKOBHUX CETMEHTaX, K
Hampukian B [7, 8].

Texnogoriuni odme:xennss T'EC. Cucrema TEXHOJOTIYHUX OOMEKEHb BH3HAYA€E MOKIUBOCTI
(akTHUHOI pOOOTH OKPEMHX TiAPOTeHEPaTOPIB Ta EJIEKTPOCTAHLIN B YaCTHHI 00CATIB reHepaii eNeKTpuIHOT
eHeprii 3a po3paxyHKoBuUH mepiofd. Tak I KOXHOTO TigporeHeparopa BHU3HAYAETHCS OOMEKEHHS
MIiHIMAJTFHOTO Ta MAaKCHUMAJIBHOTO pIiBHIB 3aBaHTAKEHHS. Take OOMEKEHHS CTOCYETHCS BHKIIOUHO
TEXHOJIOTIYHMX XapaKTEPUCTHK TiiporeHepaTopa Ta HE 3aJIeKUTh Bil mepiogy Io0M 4M 0coOIHMBOCTEH
pexuMiB yKpaiHchkux eHeprocuctem. Kpim Toro, ms 'EC moxe Oyt BH3HAYEHHA CyMapHUN MakCUMyM
TE€HEPYBAaHHS €NEKTPUIHOI eHeprii. Y 3araJlbHOMy BHUIAAKY TEXHOJOTIYHWN MakcuMyM 3aBaHTakeHHsS ['EC
PO3pPaxoBYETHCS SIK CyMa TEXHOJOTTYHMX MAaKCHUMYMIB, OCTYIHUX JJISl pOOOTH MPOTATOM PO3PaxyHKOBOTO
nepiony h rigporeHepatopiB. KpiMm Toro, 3HaueHHs MakcHUMaibHOro piBHS 3aBaHTaxkeHHs ['EC Ha
PO3paxyHKOBUH 1epion - Moxe OyTH JTOAaTKOBO OOMEXeHe MaKCUMAIBHUM pPIiBHEM BIAIYCKY €IeKTPUIHOI
EHeprii 3 OrJIsAY Ha PeXKUMHI 0OMEKEHHS eJICKTPOSHEPTETHYHIX CUCTEM Y KpaiHH.

OoMe:xxkeHHs 0anaHcy rinpopecypciB. HaliOinbin BaJIMBOIO CKJIaIOBOO MOJENI y4acTi KacKamry
I'EC Ha puHKY eneKkTpu4yHOi eHeprii YKpaiHu € cuctema piBHAHB OanaHcy rimpopecypciB. Cucrema piBHSHB
OaylaHCy TiApOpecypciB MOB’SA3y€ TEXHIUHI Ta €KOHOMIUHI XapaKTEPUCTHKU TEXHOJIOTIYHOTO YCTATKyBaHHS
Ha pIBHSIX BiJ OKpeMoro rizporeneparopa a0 kackany ['EC.

OO6csr eneKTpU4HOI eHeprii Ha PO3paxyHKOBHI MEpioA /i s i-ro rifporeHepaTopa 3a0e3neuyeThes

BHTpaTaMH BOJH BiAMOBITHO IO TEXHIYHUX XapaKTEPHUCTHUK BiAOBIIHOTO TeHEpAaTOpa
T

F.
Vi = Yh’l (MBrt-Tog) ,

bamancu rigpopecypcis mo kackaay ['EC

Puc. 1

T
hi

ne F'T — 3ajaHuit Ha po3paxyHKOBHil mepion s mputik Bomu mmst TEC (M°); Y/" — TexHonoriuni BHTpaTH

hi hii
. cee . . 3
BOJIM Ha BUPOOHUIITBO EIEKTPUIHOI €HepTii i i-To rigporeHeparopa (M /(MBTtTom)).
Toni miaaHoBUE OajlaHC BHUTpAaT BOIW JUIsl i-TO TiApOreHepaTopa Ha PO3paxXyHKOBHM mepiox h

BU3HAYAETHCS SIK
T _ j) T
Em _Z(Vh,i 'Yh‘i )7
J
ne V7' — obcsry enekTpuuHOi eHeprii, BUpOOIeHi i-M TiJporeHepaTopoM 3a po3paxyHKOBHi mepiof A, ski
BUCTAaBJISIFOTHCSL HA TOPTY Y PUHKOBOMY CEI'MEHTI J.

Ha piBHi s-i TEC Bognuii 6ananc BpaxoBye CyMapHi BUTPATH BOJH BCiX 3aJIisTHUX TiIPOreHepaTopiB
TEC _ o
E?,S - z Ex,i .
i

Bonuwmii 6ananc Ha piBHI s-i [EC ¢dopmyeTscs Ha ocHOBI 3aranmpHOTO Oamancy cucrtemu «I'EC —
BOJIOCXOBHIIE»

FBC <FBC +FHB +AFPBC _FFEC <FBC
> hs >

min,s h,s h,s h,s max,s

Fcau < FI'EC 2

h,s h,s
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e FEYB — 3aJaHuii Ha po3paxyHKOBMH mnepiox A nputik Bomu mis s-i TEC; F’C — nouarkoBuii mis

h,s

PO3paxyHKOBOIo mepiogy 4 obcar Boau y Bogocxosumii s-i TEC; F2C — MiHiManbHO HOMyCTHMHH 00CST

min,s

3armoBHEHHs Bogocxosuma s-i [EC; F¢

max,s

— MAaKCHUMaJIbHO ,Z[OHyCTI/IMI/Iﬁ 00CsT 3alIOBHEHHS BOJOCXOBHIIA S-1

I'EC; F* — caHniTapHHii CTiKk BOJM Ha po3paxyHKoBHil mepiox 4 misa s-i TEC; F,° — po3paxyHkoBa Ha

h,s
. . . PBC V] . b
nepiox s Butpara Bomu mas s-i 'EC; AF," — niaHOBui Ha KiHEIb PO3PaXyHKOBOTO IIEpiomy / obcar

301IbIIICHHS/3MEHIIICHHS PiBHA 3alI0BHEHHS Bogocxopuia st s-1 [EC.

Bomuuii 6amanc Ha piBHI kackamy ['EC BimoOpaskae TOCHITOBHUH JIAHITIOT, BY3JIAMH SIKOTO €
cucremu «BonocxoBuine+I' ECy. JIns KOXKHOTO By3na Ii€l CHCTEMU JOAATKOBO BPaxOBYIOTHCS MPOMIKHUIMA
BiZ0ip BOAM Ha rocnojapchki MOTpeOr HaBKOJIMIIHIX TEPUTOPil Ta JOAATKOBHN NPUTIK IO OCHOBHOTO pycia
BOAM 3 MeHmuX pidok (puc. 2). Cucrema piBHSHb BoAHOro Oamancy s kackamy i3 S I'EC Ha

PpO3paxyHKOBUIl Ilepion 1 Ma€ HACTYIIHUM BUTTIAL: HOTB .
B _ -OIB JUIB BIIB tj o))
F;Z,S - F;Z,S + F;Z,S - F;'t,.v 1 tJ
. CTyniHb Kacka,
P 0:s=1 Vsels§, \ Pycno Ty ay
Fos" =9 qrec (TEC+BOAOCXOBULLE)
’ F,o 1 Vs>1 (anBl
tj
ne F°™ — 3amaHumii Ha pO3paxyHKOBHWi Tepiox &
ocHOBHui moTik Bogu st s-i TEC; F'™ — 3anaumii na Puc. 2

03paxyHKOBHI Tepio 7 mojaaTkoBuil moTik Boau s s-i [EC; F®™ — 3amaHuil Ha pO3paxXyHKOBU mepion
9

h,s
h nmpomixkHMIA BinOip nmotoky Boau s s-1 FEC.
Cucrema piBHSHb BojgHOro OamaHcy mius kackaxy ['EC cdopmoBaHa BHXOISYM 13 HACTYITHOTO
npuHIUny. Ob6car moToky Bomu mo pyciay pikun misg s-i [EC mpupiBHIOETBCS m0 BuTpaT Boau Ha ['EC
TONepeHporo s — 1 crymens: F,\© = F, . 3TiJHO i3 Ii€0 KOHIIEMII€0 00CAT MOTOKY BOJM IO PYCIy Pikn

it IEC mouaTkoBoro (Hy/1bOBOTO) CTYIIEHS y KacKaJi MPUPIBHIOETHCS HYJIIO.

[ocranoBka 3amaui onTtumizamii  ¢ynknmionyBanns kackagxy T[EC.  Onrtumizaris
(dhyukmionyBanHs okpemoi ' EC Ha po3paXyHKOBHH Tepiol # BUKOHYETHCS i3 TOTPUMAHHSAM 3aIIAHOBAHOTO
Ha KiHellb PO3PaxyHKOBOTO Mepiofy obcsary 3amoBHeHHs BogocxoBuina st koxHoi [EC y kackani. [Ipore,
I'EC akTuBHO HaJarOTh 3HA4YHI 00CATH MOMOMDKHHX mochyr. [Ipu mpomy oOcCsIru (akTHYHOI aKTHBAaIlii
MOCITYT MOXKYTh CYTTEBO BIJIPI3HATHCS Bill TOIMEPEIHBO 3ape3epPBOBaHUX. B pe3ynbTaTi HEBIAMOBITHOCTI
IUTAHOBO 3ape3ePBOBAHUX Ta (PAKTHUHO HAJAHHUX OOCSTIB JOMOMIXXHHX MOCIYT, a TAKOX BHACIIIOK aKTHUBHOT
yuacti ['EC y cermenti bP, 3 wacom 30inbuiyeTbest pisHHLS MiXK 3alUIaHOBaHUM Ha (aKTHYHUM 0OCsSTaMu
3ammoBHeHHS BopocxoBuina ['EC. KpiM Toro, Ha BimxuieHHS 3Ha4YeHb (DaKTUYHOTO PIBHSA 3allOBHEHHS
BOJIOCXOBHIIIA BiJl 3aIUIAHOBAHHUX 3HAYCHB JIOJAATKOBO BIUIMBAIOTh HETOYHI MPOTHO3M OOCATIB OCHOBHOTO i
JOJaTKOBOT'O TIOTOKIB BOJIU, & TAKOXK HETOUHI MPOTHO3H 00CSATIB BifOOPY BOAM HA TOCTIOAAPCHKI MOTPEOH.

B pesynbrari BUHUKaEe 1moTpeda y JOJATKOBOMY PO3B’s3aHHI 3ajadi ONTuUMi3alii poOOTH Kackamy
T'EC B WacTHHI KOMIEHCAIil Pi3HUIN MK IUIAHOBUM Ta (PAKTHIHHM OOCATaMH 3allOBHEHHSI BOJIOCXOBHIIA.
Toxmli moOCTaHOBKA 3amavi  ONTHMI3alii 3MIMCHIOETHCS O3HAYCHHSM KOPUTYBAJIBHOTO OOCATY 3MIiHU
3alIOBHEHHS BOJOCXOBHUIIA AF'EC

s
AR =FT-F,°.

TakuM dYWMHOM, BUKOPHCTAHHS 3alpoOIOHOBaHOI Momeni mae 3Mmory I[IpAT «YkprigpoeHepro»
OTIEPAaTUBHO KOPHUT'YBAaTH CTPATETiI0 yYacTi y CETMEHTaX PUHKY €JIEKTPUYHOI €Heprii B yMOBaX BiJIXWIICHHS
3Ha4eHb (aKTHYHHX OOCATIB 3alOBHEHHS BOJOCXOBHIIA BiJ IUIAHOBHX INE /A0 3aBEPIIEHHS ILUIAHOBOTO
pO3paxyHKOBOro Tepiony 4yacy. Crig 3Baxar, MO KOPUTYBATBHUN 0OCST 3MiHM HAIllOBHEHHS BOJOCXOBHIIA
y 3arajJbHOMY BUIIAJKy BHKOPHUCTOBYETHCS 32 OyIb-sKOi MOCTAHOBKM 3ajiaui TUIaHYBaHHs pOOOTH KacKamy
I'EC 3 MeTo10 npuBeIeHHS PiBHIB HAIOBHEHHS BOJOCXOBHIL A0 IESKUX «LITBOBUX» 3Ha4eHb. [1in moTpedoto
Yy JO0JaTKOBOMY pO3B’S3aHHI 3ajadi ONTHMi3allii pO3yMIiIOThCS CHUTYyallil, KOJW TMOKa3HUKW HATIOBHEHHS
BOJIOCXOBHII 3HAYHO BiIXWJIAIOTHCS BiJl 3aIlUIAHOBAHWX 3HAYEHB 1 HEOOXITHO 3MIHIOBATH PEKUM pPOOOTH
kackany ['EC mis yHUKHEHHS BHUXOJY IIMX 3HA4YE€Hb 3a JOMYCTUMI MIiHIMaJbHI YW MaKCHUMaJlbHI MEXI.
HaBenena maremaTwuHa MOJIENb Yy 3arallbHOMY BHIJIA[I Ma€ JOCTATHRO CKIIAIHY CHUCTeMYy OOMEXEHb Ta
IITFOBY (PYHKITIFO 3 BEIUKOIO KUTBKICTIO 3MIHHHMX ONTHMI3amii. Psm mpumymenp mae 3Mory OTpUMaTH
JiHIHY MOJETb, SIKa JOCTaTHHO IMPOCTO PO3B’SA3YETHCS METOAAaMH JIiHIHHOI onTHMizamii. 3a moTpebu
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BpaxyBaHHs HEJIHIMHUX YMHHUKIB TakKa JIiHiiHA MOJIEIb BUKOPHCTOBYETHCS Y LUK peKypcii 4u iTepamii.
[Ipore onmuc METOAMKH PO3B’I3aHHSI ONTUMI3AIIMHOT 33124l BUXOAUTH 33 MEXI JaHOT MyOTiKartii.

BucHoBkH. 3anpornoHoBaHa MOJeNb ONTHUMaJIBHOrO BUKOpucTaHHs pecypciB 'EC B cermMeHTax pHHKY
€JICKTPUYHOI eHeprii Jae 3MOry MakCHMi3yBaTH BUroxy Bix pobotu kackany I'EC 3a paxyHOK ONTHMajbHOTO
BUKOPHUCTaHHS BUPOOHMYMX IIOTYXKHOCTEH 3 OIVLILy HA TEXHIYHI XapaKTEpPUCTHUKH CHUIIOBOTO YCTaTKyBaHHS
TiIPOEICKTPOCTaHIII Ta OOMEKCHHS, OB’ sI3aHi 3 BUKOPUCTAHHSAM BOJIHHMX pecypciB. Mojernb npu3HaueHa Jjis
PO3B’s3aHHS 3a7a4 IUIAaHYyBaHHS Ta OMNEPAaTHBHOTO KOpUTYBaHHS IistibHOCTI kackamy ['EC 3 ypaxyBaHHsIM
MoTpeOH BITHOBJICHHS OallaHCy TiIPOPECYPCiB Y BOJOCXOBHINAX B3IAOBXK PyClia PIKM Ta MOTOYHOI KOH FOHKTYPH
Ha PUHKY JICKTPUYIHOI eHeprii. BUKOpUCTaHHS 3alpONIOHOBAHOT MOJIEI I03BOJISIE MAKCUMI3yBaTH €KOHOMIYHUIH
edexkT Big misutbHOCTI Kackaay ['EC 3 noTpuMaHHSIM y TOMYCTUMUX MEXKaX PiBHIB 3alIOBHIOBAHOCTI BOZOCXOBHILL.
[Nomarnbiie yIOCKOHANICHHS MOZIENI Y HANPSIMKY BpaxXyBaHHS OCOOJMMBOCTEH (YHKIIOHYBaHHS Pi3HHX CETMEHTIB
PHHKY JICKTPUIHOI €HEepTii HagacTh 3MOTY ITIBHINATH SKOHOMIUHY e(DeKTUBHICTD SIK misIbHOCTI podotu I'EC,
TaK i QyHKIIOHYBaHHS PUHKY €IEKTPUYHOI €HEPrii B IIJIOMY.
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MODEL OF OPTIMAL USE OF HYDRO POWER PLANTS IN THE ELECTRICITY MARKET
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A mathematical model for optimizing the activity of the PJSC «Ukrhydroenergo» cascade of hydroelectric power plants
in the segments of the electricity market is described. This model is built taking into account the limitations on the use
of available water resources. The structure of the mathematical model as an objective function of maximizing the
benefits of electricity sale and the system of restrictions of equality and inequality is presented. This function takes into
account the economic and technical characteristics of power plant equipment, as well as the balance of hydro
resources. Peculiarities of taking into account prices in electricity market segments are shown. The main technological
constraints of hydraulic units and power plants are described. The structure of the system of restrictions on the use of
water resources is reflected, taking into account changes in the levels of reservoir occupancy. The main approaches to
the use of the proposed model to solve the problems of planning the participation of the cascade of hydropower plants
in the auction of the electricity market are presented. References 16, figures 2.

Keywords: electricity market, optimization, hydroelectric power plant, ancillary services, balancing market, water
reservoir.
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CHUHTE3 MOJIEJIEN JIOKAJIbHUX EJJEKTPOEHEPTETUYHUX CUCTEM
3 J’KEPEJIAMHY PO3OCEPEP)KEHOI TEHEPAIIII

C.II. I[eHHClOK*, OKT.TexH.HayK, J.I'. I[epeB’ﬂHKO**, KaHza.TexH.Hayk, I'.C. Benoxa***, KaHJI.TEXH HayK
Hanionanbuuii Texniunmii ynisepcurer Ykpainu «KIII im. Irops Cikopcbkoroy,

np. [lepemornu, 37, Kuis, 03056, Ykpaina.

E-mail: dereviankodenys@gmail.com

Hocnidoiceno npobnemy 63acmHoi inmezpayii 10KATbHUX eleKmpoenepeHemuynux cucmem Microgrid 3 oxcepenamu PIT
ma HBJ/[E 3 yenmpanizoganumu eneKmpoeHepeemuyHuMy CUCeMaMl, KOmpa Noasiede 8 )32000ceHHi yinell ma
napamempig pejicumie (GyHKyionysanns osnavenux cucmem. Ilpoananizosano ocHosHi emanu ma 3a80aHHsL CUHME3Y
MoOenell 3a3HAYeHUX cucmem. 3anponoHO8aHO MOOei CUCeM, Wo CUHMe3VIombCa, 6y0yeamu Ha 0CHO8I meopii ieop 3
ypaxysanusim inmepecié (Yinbosux @yukyiti) mooeneil kodxcnoi 3 cucmem. Taxuil cnoci6 Odae moodicaugicms 6i0o-
bpasicenHst pi3HOCMOPOHHBOL 83aeM00ii cucmem 3 Ooceperamu PI' i HBJE ma yewmpanizoganumu enekmpoenep-
eemuunumu cucmemamu. Ha ocnoei 3anpononosanozo cnoco6y opmanizosano nocmamosky 3adayi Oazamokpu-
mepianbHoi onmumizayii 0si MoOenell 3a3HAYEHUX CUCmeM Yy pamkax meopii i2op. 3anpononosano npoyedypy
onmumizayii mMooeni CuHme306anoi cucmemu y 6uensali hopmManizoeanoi epu, Kompa epyHmyEmvcs HA MEXaHizmax
Ounamiunoi mapughikayii ma dae 3moey 3HAUMU HAUONMUMATbHIUe piueHHs nocmaesnenol ieposoi 3adaui. bidn. 10,
puc. 5.

Knrouosi cnosa: Microgrid, mxepena po3ocepeKeHO1 TreHeparlii, ONTHMi3allis MOJIeNIel CHHTE30BaHUX CHCTEM, CHHTE3
MoJIeNIeli CHCTeM 3 JDKepeTaMH Po30cepeKeHol TeHepallii, Teopis irop.

Beryn. Peopranizamist eHepreTmyHol ranmysi npu3Bena 0 TOSBU Ta PO3BUTKY HOBUX HH3BKO-
BYTJIEIIEBHX JDKEPEIN SHeprii, BiIOMHX K HETpaIuIliiHi Ta BigHOBIIOBaHI mxepena eneprii (HB/IE) [1, 2], a
TaKOX TEXHOJIOTiH po3ocepemkenoi reneparii (PI) [2-4]. lllupoke BupoBamkeHHsS TexHONIOTIH PI” Mae psn
nepeBar Ta HexpounikiB. [lepesaramu HBJIE mopiBHSHO 3 TpaauuiiiHUMuU mkepenamu eHeprii € [1-3, 5]:
NpaKkTUYHA HEBUYEPIHICTh MEPBHHHOTO MANMBA; HU3BKUHI piBeHb 3a0pyAHEHHsS HaBKOJIMIIHBOTO CEpeio-
BUIIA; BIJICYTHICTh MOTpPeOM y BHUAOOYBaHHI, NepepoOIll Ta AOCTABIli NMEPBUHHOTO TAallMBa; BiICYTHICTh
HEOOXITHOCTI BUKOPHCTaHHS JOAATKOBHUX CHCTEM OXOJIOJKCHHS, BUIAJICHHS BIAXOMIB a00 MPOIYKTIB
po3many nanuBa; HeMae noTpeOH B JeiuUTHUX BUCOKOTEMIIEPATypHHUX MaTepianax, 32 BUHATKOM COHSYHHX
TETUIOKOHIIEHTPATOPiB; kepena PI” MoxyTh mparfoBaTi 0e3 0OCIyroByBaHHS; BiACYTHICTh HEOOXiTHOCTI
TPaHCIIOPTYBaHHs IEPBUHHOIO MaJKBa A0 JUKepesa eHeprii.

OCHOBHUM HEJIOJIIKOM OUIBIIOCTI BiJHOBIIOBAHMX JDKEPENI CHEPrii € HeCcTaOlIbHICTh TXHBOTO
EHEepPTreTHYHOr0 MOTEHIialy, [0 MOXKE MPHU3BECTH 10 BiAXUIICHb YaCTOTH CHUCTEM, BIIXWJIEHb HANPYTH i, IK
HACTIIOK, A0 JOJATKOBHUX BIIKIIIOUEHD, IO BIUIMBAIOTH HA HAMIWHICTD €ICKTPOCHEPTETUYHUX CHUCTEM [2, 5-
7]. 3aznaueHi napamerpu sikocti enekrpuyHoi eHeprii ([TSE) Ta BuUMorn HamiliHOCTI y HOPMaIBHUX YMOBax
ekcrumyartamii  enexktpuuHux Mepexxk (EM) VYkpaiHm MaioTh BiAmoBigaTH mnapamMeTpaM, BHU3HAUYEHUM Y
JACTY:EN 50160-2014.

Bnposamxenns texaomorid PI' ta HBJIE BrummBae Ha po3noninsHi EM i mepeTBoproe iX Ha aKTHBHI
enemenTH Microgrid cucteM. A BiaTak, 3i 3poCTaHHIM YacTKH T€HEPOBaHOI eneKkTpoeHeprii Bin mxepen PI
30ibIIy€EThCS iXHiM BIUMB Ha mapameTpu pexxuMmiB EM Microgrid cucrem. 1le mpu3BoauTh 10 HEOOXiTHOCTI
po3pobku Metoxposorii cuHTe3y Microgrid cucrem 3 mkeperamu PI° ta HBJIE 3 mentpami-3zoBaHOIO
eHeprocucteMoro [2, 6, 8], KoTpa CTBOPUTH YMOBH 3aJylsl 3a0e3leveHHs BiJIOBIAHUX MapaMeTpiB SKOCTI
€JIEKTPOTIOCTaYaHHs Ta HaJiHOCTI.

Metonosiorisi CMHTE3y CKJIQJAHUX €JeKTPOEHePreTHYHUX CHCTEM 3  PO30cepelKeHOI0
reHepamierw. ['0JIOBHMM 3aBIaHHAM cuHTE3y Microgrid cHUCTeM 3 IEHTPali30BaHOK EHEPrOCHCTEMOIO
MOYKHa BB@)KaTH CTBOPEHHS YMOB, 3a SIKNX CHHTE30BaHa CHCTEMa MaTUMe 3ajaHi BJIACTHBOCTI. [Ipumyomy
MOBa MOXKE€ WTHU SIK PO TEXHIYHI MapaMeTpu (SIKiCTh eJIeKTPUIHOI eHeprii, HailHICTh, piBeHb BTpaT) [2, 4,
6], Tak i Tpo EKOHOMIYHI TapaMeTpH YHKITIOHYBAHHS TaKOT CHCTEMH.
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Bupimenns 3amavi anpokcumarii K CKIAZ0BOI 3ajadi CHHTE3y MOJATae y moOyI0Bi Takoi Momeni
CUHTE30BaHOT CUCTEMH, KOTPa, 3 OJHOI0 OOKY, 3aJJ0BOJIbHSE MOCTABJICHUM BHMOI'aM, a 3 IHIIIOIO — YMOBaM
(hi3nuHOT peai30BaHOCTI 33JaHUX XaPAKTEPUCTUK CUCTEMH, IO YTBOPUThCA. [lonankiine po3s's3aHHs 3a1adi
pearmizamii mossrae y TeXHIYHIA peamizalrii Momeni cuUHTE30BaHOI (00’€qHAHOI) CHUCTEMU Ha 3aJ]aHOMY
TEXHOJIOTITHOMY Oa3Hci.

MeTo10 aocaiTzKeHHsl € TiABHIICHHS €(QEKTUBHOCTI (YHKIIOHYBaHHS €JICKTPOSCHEPTETHYHHX
CUCTEM 3 JDKEpellaMU PO30CEPEIKEHOI TeHepallii MIITXOM BIPOBAKEHHS TEOPETUKO-ITPOBOI MOJENI, IO
Jla€ 3MOTY 3HAWTH ONTUMAaIbHUH TpoQias CTpaTerii B3aeMOIii €JIEMEHTIB CHCTEMH Yy BUTIIAII
(hopMatizoBaHOI TPHU.

dopmadnizanist 3aga4i 6araTokpurepiaabHOi onTuMisanii. 3a11 BUpIMIEHHS 3a1a4l anpoKcUMarii
MOJIeINIi CHHTE30BaHOI CHCTEMH Cepell YUCICHHUX METOIB ONTHMI3allii MOXKYTh OYTH 3aCTOCOBaHI €IeMEHTH
Teopii irop. ONTHMaIbHAM BHUPIMICHHSIM Y TaKOMY pa3i Oy/1e 3HaXO/HKCHHS PiBHOBAKHOTO CTaHy CHUCTEMH [6].
Sk 1 y 3aranpHid Teopii cHMHTE3y, CHCTeMa MOMKE MaTH KijdbKa PIBHOBR)XKHHX CTaHiB, a OTXKE W KiIbKa
ONTUMAJIFHUX PO3B’S3KIiB 331ad4i [6]. a1 3HaXOHKEHHSI HAHONTUMAIIBHIIIOTO BUPILIEHHS 3aadi JOIUTEHO
BHKOPHCTOBYBATH Pi3HI TEOPETHUKO-ITPOBI METO/IH, Y T.U. i TIOIITYK piBHOBaru 3a Hemrem.

OOu/BI CKJIaI0BI MOJIE CUCTEMH, IO CHHTE3YEThCS, CJIiI NPEJACTABUTH JIBOMa Ha0OpaMH TIpaBIliB:
OIepaTopH CUCTEMHU PO3MOJUTY eIeKTpUIHOI eHeprii (Disrtribution System Operator — DSO) ta onepatopu
Microgrid cucremu abo okpemux mxepen PI'. KoxHa 3 rpym xapakTepusyeTbcs OKpeMHM HaOOPOM €JIeKTPO-
BapTiCHUX Mopeied [3], KOTpi XapaKTepH3yIOTh pi3Hi TPYNU ONTHMI3alliflHMX 3amad i KOXKHOI 3i
CKJIQJIOBUX CHUCTEM, III0 CHHTE3yIOThcs. [lms rpynu rpaBmiB DSO OCHOBHHUMM 3aBIaHHSMHU Yy MeEXKax
BUpIIIEHHS 3a/adyi CHHTEe3y MOXKHa BBaKaTH [2-6]: 3abe3neueHHs HajexxHoro piBHA [ISE; migBumeHHsS
HAJIAHOCTI CHUCTEMH; MiHIMI3amis BTpaT eNeKTpudHoi eHeprii. [nsa omeparopa Microgrid cuctemu
OCHOBHHUMH 3aBIaHHSAMH €: MiHiMizamis ButpaT ado LCOE Tta makcumizamis npuOyTKy Bifl TpOJaxy
TeHEepOBAHO1 eNeKTPUIHOI eHeprii. Sk BuaHo 3 puc. 1, 3a3HaveHi 3a/1a4i € aOCOIIOTHO Pi3Hi 3a 3MiCTOM (pHC.
1 — dopmanizamis ¢yHKITIT BUrpamry: a — s rpynu rpasiiiB DSO; 6 — nis omepatopa Microgrid.

JabeznevyeHHA
—® HANewHOro PieHA
NAE
Minimizauia eutpar
LCOE-=min
¥ ci*gi-=mih
-7
- b-1
NMigenweHHA euepawy: x Oneparop
L300 " napiinocTi cucTemu Ui=gi*p-Li*qi- U?::;Eg-u;ﬁm Microgrid
Ri*p-PQi
& Makcunizauin
A npudyTEy BIig
npooasy
enekTpoeHeprii
prgi-=max
L, Minimiza EJ,iF!_ BTpar
EnekTPHYHOT eHeprii
a 7]

Puc. 1

3ay1 BUPINICHHS 3a7a49i CHHTE3y y TaKild mocTaHoBIN hopmaitizyemo rpy. Y Taky rpy G = <[, S, u>
rpalwTh JBI pi3HI IpynH rpaBiiB, a came: omeparopu RES — Renewable Energy Sources (oneparopu
Microgrid) Ta oneparopu cuctemu posnoainy (DSO). HaGip rpaBuis npeacraBieHnii HACTYITHUM YHHOM:

I ={RES,,RES, ...RES,, ,DSO,, DSO,...DSO,, } .

Y BIiAIIOBIZHOCTI 10 CBOIX 3aBIaHb y Iil Tpi KoxKeH Habip TpaBIiB MaTUME pi3Hi cTparerii. Ctparerii

DSO 6ynyts
Spsor ={"NR")'RES"," CHP"," BAU "},

ne NR — pekoHoirypatist Mepexi (network reconfiguration) i3 3aCTOCYBaHHSIM PIi3HUX THITIB CEKIIOHYIOUUX
MIPUCTPOIB 3317151 3HIKEHHS BTpAT Ta 3a0e3MeUeHHS HAAIHOTO (YHKITIOHYBAaHHS CHCTeMH;, RES — 3arydeHHS
mkepen PI, y T.u. HBJIE 3aamns 3HWKEHHS BTpAT Ta 3a0e3MeYCHHS HaIifHOTO (PYHKI[IOHYBaHHS CUCTEMH (SIK
pesepBiB moryxHocTi); CHP — 3amydenns TELl nns mokpuTTs MIKOBMX HaBaHTaXCHb 1 3a0e3MCUYCHHS
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HajiifHOrO (yHKIiOHYBaHHS cuctemu; BAU — 3BuuaifHa poOora 0e3 3alydeHHsS MOJATKOBHX JDKEpe
reHeparii.
Crparerisimu oneparopiB Microgrid OyayTsb
Sees; ={"BAU"'DSM "},
ne BAU — reHepyBaHHS €NEKTPHYHOI €Heprii y Mepexy 0e3 ydacTi B mporpamax KepyBaHHS ITONUTOM
(DSM), DSM — 3any4eHHs 10 pi3HOMaHITHUX mporpam DSM.
[TpuOyTOK KOKHOTO KOMIUIEKTY I'PaBLiB MOXKHA 3alIMCATH HACTYITHUM YAHOM:

U ={0,1,2},
ne 0 — camomocravanHs; | — TpUOYTOK Bil €JICKTPUYHOI EHEprii, MpoJaHol Ha JIOKAIbHOMY PHHKY
€JIEKTPOCHEPTii; 2 — MOAaTKOBHH MPUOYTOK BiJ y9acTi B pi3HUX mporpamax DSM;

Upso =10,1,2},
ne 0 — pobota y 3BuuaiiHoMy pexumi eneprocuctemu (Business As Ususal (BAU)); 1 — 3MeHIIICHHS BTpAat
CNIEKTPUYHOT CHepril Ta WiABMIICHHS HAMIMHOCTI; 2 — 3MCHIICHHSA BTpaT EJICKTPHUYHOI eHeprii Ta

T IBUTIIEHHS HAAIMHOCTI 3 MEHITMMHY BUTpaTaMH 3a paxyHOK pi3HUX mporpam DSM.

[Mpudyomy cnig 3a3HaYMTH, MO Y QOPMaNi30BAaHOMY BUIJISLII (YHKLIl BUrpally MaTHUMYTh pPi3HUH
Burisg (puc. 1). OCKiIbKM OCHOBHHUM TOBapoM (TIPOIYKTOM), KOTpPHH BUpoOIsie omeparop Microgrid, €
CJICKTPUYHA C€HEpris, TO MaKCUMaJIbHUM BUTpAIIEeM UIsI HROTO Oyae mpuOyToK (puc. 2 — OnmTHUMIi3amiiHi
moxem DSO, oneparopa Microgrid ta cunTe3oBanoi cuctemu 3 PI' [6]). Skio BBakaTH, 110 BUTPATH Ha
BUPOOHUITBO enekTpuaHoi eHeprii 3a LCOE OyayTs piBHUMU ¢;°q;, e 0= ¢;<] — BUTpaTu Ha TeHepyBaHHS |
KBT'TOZ enekTpudHOi eHeprii, GyHKIN0 BUTpamty s ormepatopa Microgrid ciif 3amucatu 3 ypaxyBaHHIM
npuOYTKY, SIKHI Oyze piBHUH u; = p-q; - Ci'q;.

min( f)).f; = CoR /I;Hruoru Ao CHHTESOBaHOTCHCTEMH\

3 mepenamu PT:

(F)F min( f,).f, = CoL

apl( Fy ) e =

PR min(£).f, = CoEss min( )./, = CoR
min( f,),f, = CoOMG min( £,).f, = Col

min( f;),f; = CoESS
min( f,).f, = CoOMG
max( f;).f; = CoPR

\ min( f;),f, = LC T”‘/y

Crin 3a3HaunTH, 110 oneparop DSO Moke CHpHUSITH 3MEHIICHHIO HABAaHTAXXCHHS BUPOOHUKAM, SKi
3IACHIOIOTh BUPOOHUITBO €JIEKTPHUYHOI €Heprii Ha 00’€KTax eJIEKTPOCHEPreTHKH, IO BUKOPHUCTOBYIOTH
aNPTePHATHBHI JDKepeia eHeprii Ha JOKalbHUX pUHKax. TakuMm 4mHOM TpHOYTOK omeparopa Microgrid
MOJKE HaIpsMy 3ajexatu Bix crparerii DSO.

Onrumizaniss Mojesi cMHTe30BaHOI cucteMH. 3 ypaxyBaHHsAM 3amad DSO, ¢yHKUito BHUTpairy
MOJKHA 3allHCaTH 3 ypaxyBaHHAM MpHOYTKY BiJ peayi3oBaHOi eNeKTPOeHeprii p-q; BUTpAT Ha 3a0e3rmeuecHHs
HajiHOCTI cucTeMu (abo0 miaTta 3a HeAOBiAMycK enekTpoeHeprii ENS [3]) R;, BTpaT elneKTpudHOi eHeprii L;,
%, Ta BUTpAT, TIOB’SI3aHUX 13 3a0€3MeUYeHHM SIKOCTI eneKTpudHoi eneprii PQ;. ®ynkuist Burpamnry anst DSO
MaTUMe BUTISIA: U; = p-q; - Li'q;- Ryp - PO

VY TakoMy BHUITaIKy MaTpPHIS TPy Oye MaTH BUTIIS

DSO
NR RES CHP BAU
BAU | (1.1) (1;0) (1:1) (1;0)
DSM | (1;0) (1;2) (1;0) (1;0)

Ha puc. 3 moka3zaHo reoMeTpudHE TIPEICTABICHHS ONTHMI3aIliiHOl 3a1avi: @ — BUTPAIi I TPyIH
rpaBuiB DSO; 6 — Burpami ans oneparopa Microgrid.

opt(F),F =

max( f;).f; = CoPR
min( f,).f, = LCOE,,,

opt(F).F, z{

Puc. 2

RES
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A A r' '
24 L 2 RES 7 4 49
NR, NR,
NR 11 O CHP, | | CHP,
CHP BAU, BAU,
. RES RES
RES, 0 NR, CHP,
BAU 0 04U 0 0
Al A2 Al A2
a 0
Puc. 3

Ak BumHO 3 JgaHOI MaTPUIll Ta TI'EOMETPUYHOTO TMPEACTaBICHHS (pUC. 3), YTBOpPEHAa MOMAECIH
CHHTE30BaHOI CHUCTEMH MOXK€ MaTH KiUTbKa pIBHOBOXHHUX CTaHiB. HaiBurigHimmMm, a oTxke #
HaonTuMaNbHIIAM, 111 DSO Oyae mpodine crpareriii («DSM», «RESy»), koTpuii € piBHOBaXXHHM Ta
JOMIHYIOUMM HaJ pemrtolo mpodinie crparerii. [Ipore, 3 Touku 30py omepatopa Microgrid, y4acts y
nporpamMax DSM Beme 00 M0JaTKOBUX BUTpAaT, MOB'SI3aHMX 3 JOOCHAIIEHHsIM kepen PIT cucremamu
akymymoBanHs (Energy Storage Systems (ESS)) Ta TexHiYHUME iHTENEKTyadbHHUMH 3aCO0aMH KepyBaHHS
[6, 7, 9], mo cynepeuuts imei iXHBOI MiHiMizamil. Jns cTuMymoBaHHs onepatopa Microgrid y cnpusiHHI
BUKOHaHHS 3aBgaHb DSO gpomineHO MonmudikyBatu Tapud, 3a skuM omepatop Microgrid mnponae
EJIEKTPOCHEPTil0 Ha PUHKY 3 ypaxyBaHHSM CyYaCHUX MEXaHi3MiB Tapu(ikaiii y pamMkax pi3sHOMaHITHHX
nporpam DSM (puc. 4) [3, 8, 10].

'a !
Cratnana Tapudikanis JuHavigHa TapHEdixas
Static pricing Dynamic pricing
3 ! ! i
-
: Critical
Flat-tired Time of Use Real. Tune Peaking
Pricing 2
H Pricing
p
Puc. 4

3 ormgay Ha BWIIe3a3HadeHe, 3aId MakcuMizarii mpuOyTky omepatop Microgrid Oyne
peaizoByBaTH T'CHEPOBAaHY €JIEKTPUYHY CHEPril0 Ha JIOKaJbHOMY OaJaHCYyIOuOMYy pHHKY Ta PHHKY
MOTIOMDKHUX mociyT. Slkmo (yHKIi0 Burpamry mjis omeparopa Microgrid 3amucatu 3 ypaxyBaHHSM
JIOMAaTKOBOTO TPHOYTKY Bix 3a0e3MedeHHs HAIIHHOCTI CHEPrOCHCTEMH Ta 3a0e3TleUeHHS HOPMATHBHHX
noka3HukiB [IS1E, BUKOPHCTOBYIOUM MOJIENTb TUHAMIYHOT TapUQiKallii, TO BOHa MaTHM€E HACTYITHHN BHTIISA:

u;=pq;- crq; + PO, 3 ypaxyBaHHAM TapuUPHUX 30H (£): Uy, = ZM,,. .
i=1

Toni, maTpuis rpu Oyae MaTH BUTIISIT

DSO
NR RES CHP BAU
res BAU [ (D) (1,0) (L) (1:0)
DSM | (1;0) (2:2) (1;0) (1;0)

Ha puc. 5 HaBeneHo reomeTpuyHe NpeACTaBICHHS ONTHUMIi3aliiHOI 3aa4i: @ — BUTpalli JUId TPYIU
rpaBuiB DSO; 6 — Burpami ans oneparopa Microgrid.

TakuMm 49uHOM, A TaHOI MATpHIi, TEOMETPHUYHE IIPEICTaBICHHS SKOi 300pakeHO Ha pHC. 5,
yTBOpEHa MOJIeTIb CHHTE30BaHOI cucTeMu OyJe matu npodins crpareriii («DSMy, «RESy»). lanuit npodins
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Oyle CHJIBHO JIOMIHYBaTH HaJl PEIITO MpoQilliB cTpareriif, a craH CHUCTeMHU 3a NaHUM TpodineM Oyne
piBHOBa)kHUM 3a Herem, a 0Tke, HAHONTUMANBHILIIUM 3 TOYKH 30PY YCiX TPaBIIiB.

'} 'y ' A
21 L 2 RES s 4 L 2 RES
NR,
NR 11 11 CHP, 1 VR,
CHP BAU. CHP,
: RES BAU
RES, 0 NR, CHP,
Bau 0 0 pau 0 0
Al A2 Al A2
a 6
Puc. 5

BucHoBku. 3a pesynbraTaMH JOCTI/DKEHHS MpoOJeMHM B3a€MHOI IHTErpailii  JIOKaIbHHUX
eleKTpoeHepreTuaHux cucteM Microgrid 3  mxepemamu PI° ta HBJIE 3 1nedrtpamizoBaHuMH
CJICKTPOCHEePTEeTUYHUMH CHCTEMaMH, KOTpa IIOJsIirae B Y3TODKCHHI ITJIe Ta TapaMeTpiB PEKUMiB
(YHKIIOHYBaHHSI O3HAYEHUX CHCTEM, 3alpONOHOBAHO MOJENI CHUCTEM, IO CHUHTE3YIOThCs, OyIqyBaTH Ha
ocHOBi Teopii irop. Takuii cmoci® moOymoBH CTBOPIOE MOXIHUBICTD BiZOOpa)XCHHS Pi3ZHOCTOPOHHBOI
B3aeMOJii (Ha TEXHIYHOMY Ta €KOHOMIYHOMY / PHHKOBOMY pIiBHSX) 3a3HadeHHX cucteM. dopmarnizoBaHo
MOCTAHOBKY 3a/1a4i 0araToKpUTepialbHOT ONTUMI3aIil JJIs1 MOJIeTel JIOKallbHUX chcTeM 3 Jukepenamu PT™ Ta
MOJeNel ILEeHTPai30BaHUX EJNEKTPOCHEPreTUYHUX CHUCTEM Yy paMKax Teopii irop. 3amponoHOBaHO
MPOIEAYPY ONTHUMI3aIlii MOJENi CHHTE30BaHOI CHCTEMH Y BUTIAAL ¢opMmalli3oBaHOi TpH HA OCHOBI
BHKOPUCTAHHS MEXaHi3MIB TUHAMITHOI Tapudikaiii SK eJIEeMEHTY IporpaM KepyBaHHS ITOMMATOM, KOTpa Ja€e
3MOTY 3HAaWTH HaHONTHMAJbHINIE cepel]] IHIIMX ONTUMAaJbHUX pillleHb MOCTaBICHOI irpoBoi 3aaadi
3HaXOKEHHSM piBHOBaXXHUX 3a Hemem ctpateriii rpaBuis.
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The problems of integration of Microgrids which include DG sources and RES with centralized electric power systems
are investigated in this paper. The main stages and tasks of synthesis of models of these systems are analyzed. Authors
propose to create models of the synthesized systems based on game-theoretic approach which allows to take into
account the interests (objective functions) of the models of both Microgrids and centralized systems. Such method
allows to reflect the diverse interaction of the systems with DG sources and RES and centralized power systems. Based
on the proposed method, the problem of multi-criterion optimization for models of such systems in the framework of
game theory is formulated by authors. The procedure of optimization of the synthesized system model in a formalized
game is proposed/ This procedure is based on the mechanisms of dynamic pricing and allows to find the most optimal
solutions for the game task. References 10, figures 5.

Key words: Microgrid, distributed generation, optimization of models of synthesized systems, synthesis of models of
systems with distributed generation sources, game theory.
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BU3HAUYEHHS CKJIATOBUX BTPAT AKTUBHOI TOTYKHOCTI B JIAJIGHIN
EJIEKTPOIIEPEJAYI 3BMIHHOT' O CTPYMY

* o %%

T.JI. Kauame1 , KaHJ. TexH. HayK, B.B. YnskeBChKHIA' , KaHJ. TeXH. HaYK,
1*** 2****

H.B. BycioBa |, kaHA. TeXH. HayK, B.B. UepkamuHa™ | JOKT TEXH. HayK,
"HTY VYkpainu «KII im. Iropsi CikopcbKkoroy, e-mail: teymuraz@ukr.net
np. [lepemoru 37, Kuis, 03056, Y kpaina.
? Haniona/ibHuii TeXHiuHMii yHiBepcHTeT «XapKiBChKHIi MIOIiTeXHIYHMIT iIHCTHTY T,
ByJ. Kupnuyoga 2, Xapkis, 61002, Ykpaina.

Jocniosceno cknadosi empam akmueHOi NOMYHCHOCMI 6 OAbHIX eflekmponepedadax 3minno2o cmpymy. Tlokazano, wo
8 PpedCUMAax Manux ma CcepeoOHiX HABAHMANCEHb OCHOGHY HACMKY GMpam CKIa0aloms Gmpamu Ha KOPOHY.
Heoocronanicmo uunnoi MemoOoukuy 6U3Ha4eHHst GMpan HOMYAICHOCMI HA KOPOHY, SKI HOCAMb KIIMAmMu4HuL xapaxmep,
00yMOBII0E CNOCIO BUOKPEMIEHHSI YUX 6mMpam 3i CKAAdy CYMAPHUX NICs PO3PAXYHKY HABAHMANCYBANLHUX GMpam
nomyarcnocmi. O0epicano YOMUPUKOMROHEHMHY QOPMYTY 0N GUSHAYEHHS HABAHMAINCYBANLHUX 6MPAm AKMUGHOL
nomyocnocmi. Iloxkazano, wo 3a01s8 YMOYHEHHS. PO3PAXYHKOBOI MoOeni HeoOXIOHO epaxogysamu paxmuymy
memnepamypy npogody 3 ypaxy8anHaM 3MIiHU RO20OHUX YMOG 63006 mpacu ninii. Hageoeno pesynomamu po3paxymky
CKAA008UX 8Mpam axmugHoi nomyosicnocmi 6 nosimpauiu ainii 750 kB «3axionoykpainceka—BinHuybkay npomseom
0obu 13 éepecnsa 2021 p. Bion. 9, puc. 4, Tabdmn. 3.

Knwwuosi cnosa: nanvHs enexTporiepesiada, BTPATH MOTYXKHOCTI HA KOPOHY, HABAHTAXKYBAllbHI BTPATH MOTYXHOCTI,
TEIUIOBHH OajlaHC TIPOBOY.

Beryn. EdexktuBHe ymnpaBiiHHS PEXUMOM ENEKTPUYHOI CUCTEMH Iependadae MiHIMi3amilo BTpaT
aKTHBHOI TOTY>KHOCTI Ha Iepeady eNeKTpUYHOi eHeprii Mo Mepekam JIiHif elekTpornepenaBaHHs. B
eJIeKTolepeayax HaABUCOKOI HOMIHANBbHOI HAampyrd BTPAaTH aKTUBHOI IOTYKHOCTI MOAUISIOTH Ha
HaBaHTaXXyBaJbHI, 0OYMOBJICHI pO3CiIOBAaHHSIM JKOYJIeBa TEIUTa, BTpaTH Ha KOPOHY Ta BTpaTH, 0OYMOBJICHI
CTpyMaMH BHUTOKY uepe3 i30Jlil0. 3a3HAa4MMO, HIO BTPATH TMOTY)KHOCTI Ha KOPOHY CKIAJAIOTh iCTOTHY
YacTUHY 3arajJbHUX BTPAT B eKCIUTyaTaliHUX pEeXUMax JiHil enekrponepenaBanHa. Ha puc. 1 mokazano
rpadiku 3aJIKHOCTI CKJIAIOBUX BTPAT aKTUBHOI IOTY>KHOCTI B JIiHIT eJIeKTporepeaaBaHHs Hanpyrow 750 kM
3aBJIOBXKKH 363 KM BiJl HABAaHTaXXCHHS, sSIKe Hece eJeKTporepenaya, Jie JiHis / MpeACTaBIsie HABAHTAXKY-
BalbHI BTpaTH; 2 — BTpaTH Ha KOpPOHY; 3 — CyMapHi BTpaTH aKTHUBHOI MOTY>KHOCTi. 3a3HayMMO, IO
PO3paxyHKOBa MOJIENb €JIEKTpOIIepeiadi BiJIOBiae MOBITPsHIH HiHiT «3aXiqHOyKpaiHChKa — BiHHUIBKAY 13
KOHCTpyKLiew dazu 4xAC-400/93 3 kpokom posuierienHs: 600 mm Ha omopax 111, T1I1-750-5, 1O, TIMO.

Amami3z indopmariii, HaBemeHoi Ha puc. 1,

CBIIUMTH MPO Te, IO B Jiana3oHi HaBaHTAKCHb IPHU- AP,
omsHo 10 40% HaTypalbHOI TOTY)KHOCTI €JIEKTPO- )
mepefayi BTPAaTH aKTHUBHOI MOTYXHOCTI Ha KOPOHY 50
NEPEBUILYIOTh ~ HABAHTAKYBAIBHI BTpaTd B  JIiHIl 40

eNIeKTpoIepeaBaHHsl. 3a3HaulMO, L0 PE3yJIbTaTd Ha
puc. 1  BIANOBINAIOTH TIEBHIM imeaizallii  pexumy,
30KpeMa TIPUHHATO CEpPeTHBOPIUHI BTPATH AaKTHBHOL
MOTYXXHOCTI Ha KOPOHY BiAnoBimHO 10 [l]; KpiM TOrO 10
TIOrOHHHUI aKTWBHUU OIp JiHIl eJeKTponepeaaBaHHs -
NPUHHATO (IKCOBAaHWM, TaKWM, IO JOPIBHIOE EJIeK- 0.2 0.4 0.6 0.8 1.0 P.
TpUYHOMY omopy 3a Temneparypu +20°C. YpaxyBaHHs
(hakTHIHIX aTMOC(EpHMX YMOB B3IOBXK TpacH JIiHii
BHMArae iCTOTHOTO KOPEryBaHHs PO3paxyHKOBOT MOJIEII.

Crnixg 3a3HaYuTH, WO BTPaTH AKTUBHOI MOTY)XHOCTI HOCATH KJIIMAaTHYHUHA XapakTep Ta iXHE
BH3HAYCHHS MOTPeOy€e 3ay9IeHHS CKIATHUX METOMUK [2, 3, 4], sSKi JafOTh 3MOTY TUTGKH OIIIHWUTH IIi BTpaTH
Ta 0OyMOBIIIOIOTH IEBHY IMOXMOKY IIiJi 4ac BH3HA4YEHHS BTPAT MOTYKHOCTI A (DaKTUYHUX PEKUMIB

30

20

A J

Puc. 1
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eseKkTponepenadn. Tak, YUHHI HOPMAaTHBU PO3paxyHKy BTpaT [1] mependadaroTh MOIIN MOTOIHUX YMOB B
paiioHi Tpacu JiHil Ha YOTHPH TPy (SICHO, CHIT, IO, TAMOPO3b) Ta BU3HAYAIOTH TUTOMI BTPATH Ha KOPOHY
JUIs1 KOKHOI Tpymnu noroau. Ciig 3a3Ha4uTH, 110 B HOPMaTHBHOMY AOKYMEHTI [ 1] mpencTaBieHo oOMexeHn
COPTaMEHT KOHCTPYKTMBHOT'O BMKOHAHHs TMOBITPSHHUX JiHiH, caM HOPMAaTUBHHH JOKYMEHT 0a3yeTbcsi Ha
3acTapinii Metomuili [4], HE BpaxoByEe OCOOJHMBOCTI MOTOJHUX YMOB YKpaiHM Ta OOyMOBIIIOE 3aHWKEHI
3HAYEHHS BTPAT aKTHBHOI MOTY>KHOCTI HA KOPOHY TOPIBHSHO 13 pe3yJIbTaTaMi BUMIPIOBaHb [5].

Merta poGorm monsrae y po3poOLi MaTeMaTHYHOI MOJAETI BHOKPEMJICHHS CKJIaJOBHX BTpaT
aKTHBHO{ ITOTY>KHOCTI B pOOOUYNX peKUMaX MaTbHBOI eJIeKTpoIepeaadi.

Marepiaau nociaigKeHHs. ABTOpY MPOIOHYIOTh CIIOCIO BU3HAYEHHS BTPAT MOTYKHOCTI Ha KOPOHY
HIISIXOM BUOKPEMJICHHS 13 CKIIay CyMapHHUX BTpaT MOTY>KHOCTI BTpaT, 00yMOBJIEHUX MPOTIKaHHIM POOOYHX
CTpyMIB 3 ypaxyBaHHSM (PaKTHYHOTO aKTHBHOTO OMOPY Ha KOXKHIA AUISHIN JHIT eJIeKTporepeaaBaHHs.
Takmii po3paxyHOK MOKHA OpTaHi3yBaTH, HANPHUKIAA, I PETPOCIICKTUBHOTO aHAJI3y PEXUMIB JIiHIN
enektponepenaBanss Ha 6a3i nanux OIK AC/1Y ta apxiBiB METEOpPOJIOTiYHHUX CITY>KO MO0 MOTOJHUX YMOB
B palioHi TpacH JiHii.

Po3B’s3aHHS 3amadi BHOKPEMJICHHS HABaHTKYBAJIBHMX BTpaT aKTHUBHOI ITOTYXKHOCTI 0a3yeThCsl Ha
JIOCITIIPKEHHI 3aKOHIB PO3MOALITY po00YOro CTpyMy B3JIOBXK JIiHIT eJeKkTporiepeaBatns. HaBaHTayBaibHI BTpaTH
AKTUBHOI MOTY>KHOCT] MOYKHA BU3HAUHMTH IIUISIXOM IHTETPYBAaHHS BTpAT Ha KOKHIN elleMEHTapHIH IUTSHI JTiHiT

AP, = [1(x) 1, (x)dx, (1)

ze 1(x) — GyHKIIs pO3HOALLY CTPYyMY B3ZIOBIXK JIHII €ICKTPOIICPEaBaHHsl; 7 (X) — HOrOHHUI aKTHBHUN OMIP

JiHIT eneKTpornepeaBaHHs Ha BiAMOBIIHIH MISHIN JiHIT; / — TOBXHMHA JIiHIi,
B [6] moka3aHO, 110 3aKOH PO3MOILTY poO0YOT0 CTPYMY B3IOBXK JATBHBOI CIEKTpOIepenadi MOXHa
MPEICTABUTU Y BUIJISA/I YOTUPHUKOMIIOHEHTHOTO BUPA3y

()= VT T L I, P 0 @

ne U,, I, P, O, — Hampyra, CTpyM, akTHBHA Ta PEaKTUBHA TOTYXHICTh HANpPHKIHII eJeKTporepeaadi;
1 1 1 1 . e
200 Kors Ky ps Ky — KOEDILIEHTH KOMIIOHEHT CTPyMy HEPOGOYOro X0y, KOPOTKOTO 3aMKHEHHS, TPAH3UTY

AKTHUBHOI Ta PeaKTUBHOI MOTY)KHOCTI BIAMOBIHO, SIKI BU3HAYAOTHCS 32 (OpMyIaMu

kl = (cosh(2a,x) - cos(2B,x));

2(pi+a?)
= %(cosh(&xox) + cos(ZBOx));

1

kzlP = W(Pc Sinh(ZOCOX) +q, Sin(ZBOx));
1 . )
Ko = [ gy P (2800) - s (20,),

I€ P, . — AiliCHA Ta ysBHA CKJIaJOBI XBHJILOBOTO OIOPY eNIEKTporepeaayi BiIOBIIHO; Oy — KOe(illieHT
3aracaHHs; o — koedirmieHT (a3u; x — BiACTaHb BiJT KiHIIA JIiHII eIeKTpOoTiepeIaBaHHs.

IarerpyBanns Bupasy (1) mae 3Mory copMyBaTu YOTUPUKOMIIOHEHTHY (HOpMYITy 33715l pO3paxyHKy
HaBaHTa)XyBaJbHUX BTPAT aKTUBHOI MOTYKHOCTI

P72 P, oy2 P, P,
AP, = dzéUz + dzﬁlz + d21L9P2 + dszzs (3)
Jie Koe(ilieHTH KOMIIOHEHT BTPAT CTAHOBJISATH

g = A sinh(20,/)  sin(2B,/) )
20 - 2

4(193 +qc2) A, Bo
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sinh (2a,,/) N sin (2B,/)

ah =l :
2k 4 (XO BO
. 2 . 2
s 5 | pesinh(ol)” g sin(By) )
d2P ) 2 + ; 4)
Pe t4. o B,
. 2 . 2
dh = o | Pe sin(B,/) 4. sinh (a,/)
*opi+g By a,

Pemry BTpaT akTHBHOI IOTY>KHOCTI, OUYEBUIHO, CKIIQIal0Th BTPATH HA KOPOHY
AP =AP—AF,
2

e AP — cymapHi BTpaTH aKTHBHOI MTOTYXKHOCTI, BU3HAYCHI, HAIPHUKIIAM, 3a apXiBauMu nannmu OIK ACJLY
SIK pi3HULA NOTOKIB aKTUBHOI IIOTYKHOCTI Ha MOYaTKy Ta HAIIPHUKIHLI JIiHi1.

3a3HaunMo, 110 TiJl YaC BUKOHAHHS PO3PAXYHKIB HABAHTAXKYBAJILHUX BTPAT aKTUBHOI MOTYXXHOCTI y
Bupasu (4) cmig muacTaBiaaTd (GaKTHYHUN IMOTOHHWN AaKTHBHHM OINp JIiHI{ eleKTporepeaaBaHas 3
ypaxyBaHHSM CKiH-€eKTy Ta (PaKTHYHOT TEMIIEpaTypH MPOBOLY Y MOTOYHOMY PEKHMI.

[Tix yac MoAENIOBaHHS yCTAJICHUX PEXHUMIB €JICKTPHUHUX CHCTEM NPOSBOM CKiH-e(EeKTy, 3a3BUYaH,
HEXTYIOTh UYepe3 3HEBKIIMBO MaJie 301IBIIEHHS aKTUBHOTO OIIOPY TPOBOJIB 3a TpoMHuciIoBoi gactotu 50 I'1r.
Pa3zom 3 THM, KOHCTPYKTUBHE BUKOHAHHS TOBITPSHUX JIiHIM HaJIBUCOKOT HOMIHAJILHOI HAINIPYTH nependavae
3aCTOCYBaHHS POBOAIB BETUKHUX MEPEPi3iB, JlaMeTp SIKMX CyMipHUH 3 TTHOWHOIO CKiH-1mapy. B pesynbrari,
BiJINIOBITHO [0 METOIWKH, TpejcTaBieHit y [7, 8], mis npoBoxie mapku AC-400/93, ski 3acTOoCOBaHO B
KOHCTPYKITil TOBITpstHOT JIiHIT «3aximHOyKpaiHChKa—BIHHUIIEKAY, CKiH-€EKT 3YMOBIIOE 301IBIICHHS
AKTHUBHOTO ONOPY MPOBOJIB Ha 2,5% MO BiAHOLIEHHIO A0 €JICKTPUYHOTO OMOPY.

Jlnsg BU3HAYCHHsS AKTUBHOTO OMOPY MPOBOMIB 3 YpaxyBaHHAM iXHbOI (PAKTUYHOI TeMmeparypu
HEOOX1HO CKJIACTH TEIUIOBHM OalaHC BiAMOBIIHO IO METOIUKH, HaBeIeHIN v [8, 9],

B+B +R =L +F,

ne P; — mxoyneBe Temiao, oOyMOBIIEHE HAarpiBaHHSM MNPOBOAY poOoUMM CTpyMoM; P, — HarpiBaHH,
00yMOBJICHE TTepEeMarHidYeHHSIM CTAJICBOTO OCEP/IS CTAICATIOMIHIEBOTO MPOBOAY; Ps — HarpiBaHHs IMPOBOIY
COHSTYHUM BHITPOMIHIOBaHHSIM; P. — KOHBEKTUBHE OXOJIOKEHHS; P, — iHppauepBOHEe BUIIPOMIHIOBAHHS.

Oco0nMuBICTE PO3paxyHKy TEIUIOBOIO OallaHCy NPOBOMAIB JAlbHBOI EJEKTpoIepenadi IMoJsrae B
HEOOX1THOCTI BpaXyBaHHS HE TUIBKH PO3MOIITY PSKUMHUX MapaMeTpiB, 30KpeMa pob0v0oro CTpyMy B3IOBK
CJICKTPUYHOI JOBXKHWHH JIiHIi, aje i po3moairy atMochepHIX YMOB B3JIOBXK TpacH JiHii. Tak mjis po3paxyHKy
JocmipkyBanoi  JiHil  «3axigHoykpaiHchka—Binnunpka» Oyno Bukopucrano apxiBHi gaHHi  OIK
[liBnenHo3axinHoi Ta 3aximHoi eHeprocucteM 3a 13 BepecHs 2021 poxy Ta apXiBHI JaHI METEOPOIOTIYHUX
cranmiit M. Binautt, cMt. HoBa Ymmis XmenbHAIBKOT 0071., M. HopTkiB TepHOMIbChKOi 001. Ta M. CTpuit
JIbBIBCBKOI 00J1., pO3TAllIOBAaHUX B3JIOBXK Tpach MOBITPsHOI JiHil. OCKUTBKM XapaKTEpUCTUKU IMOTOJHHUX
YMOB B3I0BX JIiHil 3MiHIOBaIHCS HEICTOTHO, MapaMeTpy B MPOMDKHUX TOYKaX JIiHII BU3HAYEHO LUIIXOM
JHIAHOT IHTEPITOIAITII.

3a/1s CIpOIIEeHHS PO3PaxyHKOBOT MOJIEN Tpaca JIiHil OyJia mo/iijieHa Ha MiIsSHKY 3aBI0BXKKH 30 KM 3
YMOBHO HE3MiHHMMH XapaKTEPHCTHUKaMH MOTOJHUX yMOB. TaOn. 1 Ta 2 mpeAcTaBisIlOTH AaHi PO3paxyHKY
TEIIOBOrO OajiaHCy B OKPEMHUX TOYKaxX eJeKTpolepeaadi Ha ModYaTKy (mifcraHuis «3axiTHOyKpaiHChbKa-
750»), B poMDKHUX Todkax (rmoomm3y M. YopTkiB Ta cMmt. HoBa Ymmms) ta HampukiHili (TiACTaHIISL
«Binannpka-750») enexTpornepenadi Ui peXKUMIB YacOBHX 3pi3iB O 3-i ToIuHI paHKy Ta 15-i roauHi mHS.
Ha puc. 2 moka3aHo 1aHi po3paxyHKy pO3IOJTY TeMIlepaTypH IPOBOAY B3HOBX Tpacu JIiHIT s
JOCITIKYBAaHUX PEKUMIB, 30KpeMa, KpUBiI [ TPENCTABIAIOTH PO3MOALT poOOYOTO CTPYMY B3IOBXK Tpacu
JiHiT; 2 — po3noain TeMieparypu atMochepu; 3 — po3noia podouoi TeMIepaTypH MPOBOIY.

Amnani3 ingopmauii, HaBezeHoi y Ta0n. 1 1 2 Ta Ha puUC. 2, CBIAYUTH MPO T€, IO BiTHOCHO HEBEJHKIi
po0oui CTpyMH NpPaKkTHYHO HE HArpiBarOTh NPOBIJ 1 HOro TemIieparypa BH3HAYAETHCS, B OCHOBHOMY,
TEMIIEPaTypOIO TOBITPs, HArPIBAHHSIM COHSYHOIO iHCOJIALIEI0 Ta KOHBEKTUBHUM OXOJOMKeHHAM. Ha puc. 3
HaBeJleHO rpadiky 3MiHH OPOTAroM J00H pododoro cTpyMy (Kpusa [), TemIiepaTypH HOBITps (KpuBa 2) Ta
TEMIEpaTypH IPOBOIY B paioHi mijcTanmii « BiHHUIBKA-750%.
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Taoauns 1

Touka miHii t,, °C BiTEp xMapH. | P, Wm | P, Wm | P.,, Wm | P, Wm | ¢, °C | r), mQ/km
I1C «3Y» 10,4 — 0 0,892 0 0,739 0,159 10,8 17,52
YopTkiB 14,0 - 0 0,413 0 0,157 0,256 14,6 17,85
H. Vs 12,4 32 m/c 0 0,424 0 0,339 0,085 12,6 17,37
I1C «Binnunsy | 13,7 m3 2 M/c 3 0,807 0 0,680 0,129 14,0 17,73

Taoauus 2

Touka minii t,, °C BiTEp xMmapH. | P, W/m | Ps, Wm | P, W/m | P, Wm | ¢, °C | ro, mQ/km
I1C «3Y» 22,7 | m37 m/c 6 0,742 29,952 24,582 6,100 36,0 19,37
YopTkis 243 32 Mm/c 3 0,143 30,125 23,938 6,247 37,7 19,50
H.Ymnsg 247 | mu2 wm/c 5 0,119 30,241 25,548 4,844 35,2 19,31
I1C «Bimanms» | 25,2 | m33 m/c 3 0,489 30,068 24,343 6,103 38,2 19,53

1°C, 3:00 JLA 1°C, 15:00 R
40 . 400
15 3 450 7
1 35
14
30 300
13 390 /
12 23
11 330 20 200
10 15
60 120 180 240 300 360 "} —- 60 120 180 240 300 360 7 km
Puc. 2

[IpencraBnena Mozens qa€ 3MOTY BU3HAYUTH TIOTOHHUI aKTUBHUI OIip HA KOXKHIN TUISHIN JIiHIT Ta
peari3yBaTH po3paxyHOK HAaBAaHTAXyBAIBHHUX BTPAT IMOTYKHOCTI 3a BHpazoM (3). YpaxyBaHHSI (DaKTHIHHX
MOTOZIHUX YMOB B paiOHi Tpacu JiHii JO3BOJISIE MiABUIIUTH TOYHICTh PO3PaXyHKY HABaHTAXXyBaJIBHUX BTpAT
MOTY KHOCTI.

PeSyanaTI/I BU3HAYCHHA CKJIIaJIOBUX BTpar

Tabamus 3 AKTUBHOI MOTY>KHOCTI BIJNOBIAHO 10 TEIJIOBOTO

gac P,MW | UkV | AP, kW | AP.kW | PO3paxyHKy NpOBOJy HOBITPsAHOi JiHii B palioHi

0-00 360.9 7578 30907 30031 migcrandnii  «Binaumpka-750» npotsrom mobu 13
3:00 393:7 765:6 2471:7 10176:1 BepecHs 2021 poky HaBeaeHO y Tabu. 3 Ta Ha puc. 4 —
6:00 347.7 763.0 24527 224609 3MiHA CKJIAJIOBUX BTPAT MOTYXKHOCTI IPOTATOM J00M.
9:00 | 2283 426,0 1438,9 132204 Amnaniz (OTPUMAHUX pe3yibTaTiB  HiATBEPIKYE
12:00 2513 757.1 1812.7 15095.8 TIONIEPENHIM BHCHOBOK MO0 TIEPEBAKHIA YaCTKH

15:00 182.3 756,7 1852.7 16040, 1 BTpPAaT TOTYKHOCTI Ha KOPOHY B JOCJIKYBaHUX

18:00% 175.6 7533 1275,1 31975,7 peXuMax  eleKTporepenadi,  0coOIMBO  Ticis

21:00 121,8 754,1 887,7 16252,1 BUIAMIHHS Kparelb POCH Ha IOBEPXHI MpoBoay (O
24:00 | 2168 | 7597 14204 10856,4 | 6:00) Ta min uac momry (o 18:00). OueBuaHo, MmO
*TIpuMITKA: JOIL, TPO3a ypaxyBaHHSI IIOTOJHUX YMOB B palioHi TpacH IiHii

JNO3BOJIAE  MIABHMIIUTH  TOYHICTE  PO3PaxyHKY
HaBaHTa)XyBaJIbHUX BTPAT IOTYKHOCTI Ta TOYHIIIE BUOKPEMUTH BTPATH AKTUBHOI OTY>KHOCTI HAa KOPOHY.

BucHoBku.

3anponoHOBaHO YOTHPHUKOMIIOHEHTHY CTPYKTYPY PO3pPaxyHKOBOi (OopMynu Ajsi BH3HAYECHHS
HABaHT@)XyBaJIbHUX BTPAaT AaKTUBHOI IIOTYXKHOCTI, $Ka Ja€ MOMJIMBICTh OpraHi3yBaTW YTOYHEHHUH
PO3paxyHOK CKJIaZIOBUX BTPAT MOTYKHOCTI B IaJIbHIH eNeKTporepeaadi 3 ypaxyBaHHsIM po3noaitry pobodoro
CTPYMY B3JIOBK €JIEKTPUYHOI JOBXKHUHHU JIiHiI Ta TEIUIOBOTro OalaHCy MPOBOJIB B3JJ0OBXK TPACH.

B pexxumax Manux Ta cepeJHIX HaBaHTAXEHb €JIEKTPOIepeNad HaABHCOKOI HOMIHAJIBHOI HApPyTd
OCHOBHY YaCTKy BTpaT aKTHBHOI MOTY)KHOCTI CKJIaJIal0Th BTPATH Ha KOpPOHY. KiliMaTH4HUIT XapakTep Takux
BTpaT YCKJIAaJHIOE MPOLEAYPY IXHBOIO BU3HAUeHHA. [IponoHy€eThCsl BU3HAYATH BTPATH aKTUBHOI OTYKHOCTI
Ha kopony 3a nanumu OIK AC/1Y nuisixom BHOKpeMIIEHHS] HABaHTa)KyBAIBHHUX BTPAT IMOTYXKHOCTI.
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The components of active power losses in long-distance AC power transmission are investigated. It is shown that in the
modes of low and medium loads the main share of losses are corona losses. The imperfection of the current method of
determining the corona power losses, which are climatic in nature, determines the method of separating these losses
from the total after calculating the load power losses. A four-component formula for determining the load losses of
active power is obtained. It is shown that to clarify the calculation model it is necessary to take into account the actual
temperature of the wire, taking into account changes in weather conditions along the route of the line. The results of
calculation of components of active power losses in the 750 kV overhead transmission line "Zakhidnoukrainska-
Vinnytska" during the day of September 13, 2021 are given. References 9, figures 4, tables 3.

Keywords: Long-distance power transmission, corona power losses, load power losses, thermal balance
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IMPOI'HO3YBAHHS TOBOBUX I'PA®IKIB CYMAPHUX HEBAJIAHCIB
EJJEKTPUUYHOI EHEPI'Ti B OEC YKPAIHU

B.B. CuuoBa*
Incturyt eaexrpoannamiku HAH Ykpainn,
np. [lepemornu, 56, Kuis, 03057, Ykpaina, e-mail: shorl@ukr.net

OOTpyHmMOBAHO aKMyarbHICMb 3A0ayi KOPOMKOCMPOKOB020 NPOSHO3YEAHHS HeOANAHCI8 eleKmpoeHepaii 8 YyMoeax QyH-
KYIOHYBAHHSL CYHACHO20 PUHKY elekmpoenepeii Yxpainu. [Iposedeno nopisHsHHSA pe3yibmamie npocHO3Y8aHHs 00006UX
epagikie Hebanancie enrekmpuuHoi enepeii 3a donomoeor asmopezpeciinux mooenei ARIMA, VARMA ma po3pobaerux
Ha iX OCHOBI KOMOIHOBAHUX MOOeel 3 YPAXYBAHHAM 6NIUEY NPOSHO308AHUX 3HAUEHb 2eHepayii 8IOHOBII08AHUX 0dcepeil
eHepeil. AHaniz ompumaHux pe3yrbmamis noxkaszas, wo mooenv gekmoproi asmopecpecii VARMA mae mouniwi pe-
synemamu ceped obparux. bion. 11, puc. 2, Tabm. 2.

Knwuosi cnoea: KopoTKOCTPOKOBE MPOTHO3YBaHHS HeOamaHCiB enextpoeneprii, ARIMA, VARMA, nexommo3uris,
PUHOK €JIEKTPUIHOT eHepril

Beryn. CporogHi BaXKJIMBHM YHMHHHKOM, IO BIUIMBAE HA HAilHICTH Ta €(QEKTHBHICTH pOOOTH
00’eqnanoi enekrpoereprernyHoi cuctemu (OEC) Ykpainu Ta pe3ynbTaTd poOOTH PHHKY €EeKTPUYHOI eHe-
prii [1], € cTpiMKe 3pocTaHHS HeOAJIaHCIB CIEKTPOCHEPTIl, IKE CIIOCTEPIra€ThCS 3 MOYATKy POOOTH HOBOI
MOJIeJIi ONTOBOTO PHHKY €IEKTPHYHOI eHeprii [2-4], mo o0yMOBIEHO, 30KpeMa, HEJOCTATHBOI TOYHICTIO
NPOTHO3YBaHHA rpadikiB poOOTH YYaCHUKIB PUHKY eleKTpuuHoi eHeprii Ykpainu [5-7]. Cymapuuii HeOa-
JIAHC SIEKTPUYHOI €HEprii BKIIOYA€ HACTYITHI CKIIATOBI: TOXUOKA MPOTHO3Y CIOKUBAHHS €JICKTPUIHOI CHEp-
rii, moxuOka nporHo3y ooOcsriB rerepauii B/IE [8], pi3HuLs MiX (akTHYHHM BiIIYCKOM IOCTa4ajJbHHKIB
nociyr 3 OaJaHCyBaHHS Ta JUCIETYEPCHKOI0 KOMaHAOI0, epeOoiB 3 eNeKTPONoCcTauaHHAM Y 3B’ 3Ky 3 aBa-
pifiHIMH cUTyamissMu B eHeprocucTeMi. HebamaHc enekTpudHOI eHeprii e po3paxoBaHa BiAMOBIIHO 10 Mpa-
BHJI PUHKY [9] I KOXKHOTO PO3paXxyHKOBOTO IEPIOAy PI3HHUI MK (aKTHIHHMH OOCSTaMH BiIIMycKy abo
CHOXKMBaHHS, IMIIOPTY, €KCIOPTY €JIEKTPHYHOI €Heprii CTOPOHH, BiINOBiZaNbHOI 3a OajaHC, Ta oOcsraMu
KYIUICHOT 1 MpOAaHoi eIeKTPUYHOI EHeprii, 3apeecTpoBaHUMH BiANIOBIIHO A0 MpaBui puHKy. Hapasi nporuo-
3yBaHHS 3HAYCHh CYMapHUX HeOaJlaHCIB €JIEKTPOCHEPTil € 0COONMMBO aKTyalbHOO 3amadeto. Omeparop cuc-
TEMH TIepeliadi B peabHOMY 4aci Kymnye abo MpoJae eJeKTPUYHY €Heprito, HeoOXiHy Ijsi HOKPHUTTS Heba-
JIaHCiB Ha OaJlaHCYI0YOMY PUHKY. 3a pe3ynbTaTaMu poOOTH ceciii 6anaHCyl04oro puHKY BU3HAYAIOTHCS LiHU
HeOanaHCiB, 3a SIKUMHM BUCTaBJSIIOTHCS PAaXyHKH yYacHHKaM PHHKY 3a HEAOTPUMAHHS 3asiBICHHX 00CSATiB
KYMIiBIi-TIPOAAXY EIEKTPUIHOT EHEpTii.

HasBHicTs nonepeansoi iHdopmanii mpo HeOanaHCH eNEKTPUYHOI eHeprii 1ae 3MOTy: onepaTopy CH-
CTeMH Tiepe/adi MiBUIUTH TOYHICTh (DOPMYBaHHS PEKUMY POOOTH €HEPTOCHUCTEMH, a 3HIDKEHHS MTOXUOKHU
MPOTHO3IB CyMapHOTO HeOallaHCy — ONTHMIi3yBaTH POOOTY MO0 MOKPHUTTS HeOaJaHCIiB Ha OalaHCYIOUOMY
PUHKY Ta pUHKY JOTIOMIXHHUX TTOCIYT 1 TAKMM YMHOM ITiIBUIIUTH HaAiiHicTh QyHKIioHyBaHHS OEC Ykpai-
HU. [linBHUINIEHAS] TOYHOCTI IPOTHO3Y HEOAAHCIB Ja€ MOXKITUBICTh yUaCHHUKAM PHUHKY, 30KpeMa i eJIeKTPOIIo-
CTayaJbHUM KOMIIaHIsIM, YTOYHUTH CTPATETii CBOET yyacTi B pi3HUX CETMEHTaX PUHKY AJIs 3HIDKEHHS BapToO-
CT1 €JIeKTPHYHOI eHeprii.

[ligBuIeHHS! TOYHOCTI MPOTHO3Y HebanaHciB MatuMe eeKT i Ha po3ApiOHOMY PHHKY €IeKTPHYHOT
€Heprii, OCKUIbKU Jja€ 3MOTY €JIEKTPOIOCTaYaJbHUM KOMIIaHisIM e€(EeKTUBHIIIE PO3MOAUIATH PecypcH Ha Io-
KpUTTS BUTPAT HAa HeOaaHC Ta, IK HACTIAOK, IMiABUIIUTH CBOI0 KOHKYPEHTOCIIPOMOJKHICTh 3a paXyHOK 3HU-
JKEHHS BapTOCT1 €IeKTPUYHOT €HEePril U CIoKKUBaya.

Mera my6uaikamii. Onvc pe3yibpTaTiB JOCTIKEHHS IIepeBar Ta HEAONIKiB MaTeMaTUIHUX MOJenei
JUISL BUPINICHHS 32139l KOPOTKOCTPOKOBOTO IMPOTHO3YBAHHS CyMapHHUX HEOAIAHCIB €IEKTPUIHOI SHEpTii.

Marepianau i MmeTtoam. [1jis TOCIIHPKEHHS BUKOPUCTAHO BUOIPKH MOTOJAMHHUX 3HAYCHD MO3UTHBHUX
il HeraTuBHUX HeOanaHciB enexkTpuuHoi eneprii OEC Ykpainu nepioxy 01.04.2021-16.08.2021 (138 ni6) 3a
nmaaumMu OmiepaTopa CHCTEMH Tiepeaadi.

3a pe3ynbraTaMu ONepeIHBOr0 aHai3y JOCHiIKyBaHUX BUOIPOK BUSIBIIEHO BUCOKY aBTOKOPEIISIIIIO
BuOipok (89,93% # 81,09% BianoBimHO 11 BUOIPOK MO3UTUBHUX I HETaTMBHUX HEOAAHCIB €IEKTPOEHEP-
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rii) ¥ B3aEMHY KOpEIIALilo MK BUOIpKamMu y Tpodiii TOAMHN MiXK YOTHpPMa CyCiTHIMHA TOIWHHUMHU 3pi3aMu
(58+ 98% T1a 29+ 67% BimnoBigHO Ui BUOIPOK TO3UTHBHUX I HETaTWBHUX HEOAJAaHCIB €JIEKTPOEHEPTii).
Tomy pans TOpOrHO3yBaHHS 3alpOIIOHOBAHO 3acTOCYBaHHS MoOZeEJel Ha OCHOBI aBToperpecii THIy
autoregressive integrated moving average (ARIMA) Ta vector autoregressive moving average (VARMA)
[10], mo 06yMOBIEHO MOKIUBICTIO TTOOYA0BH OMHOMAKTOPHUX MOJIETIeH B yMOBaX 0OMEXeHOI BUOIPKH Tie-
penictopii. J{ist BUKOpUCTaHHS OCTaHHBOI AaHi po3liieHi Ha 6 MaTpulp nx4, n — 006’eM BUOIpKH, 4 — KiJb-
KIiCTh T'OJJUHHHX TIEPEPi3iB.

Sk ¢dakTop BILTMBY Ha 3HAYEHHS HeOAaHCIB €JIEKTPOEHEPTIi PO3TIISTHYTO MPOTHO30BaHI 3HAYCHHS
o0csriB 3aranpHoi renepanii BJIE. Koedinientn kopemnsuii mixk HebalaHCaMu eJIEKTpOEHepTii Ta o0csraMu
renepauii BAE y npogini roguHu KOIHBarOThCS B Mexkax 1+ 28% A mo3WTHBHUX HeOaJIaHCIB eJIeKTpOCHe-
prii Ta 1+ 38% — ans HeraTuBHUX. 3 METOIO BUAIJICHHS! KOMIIOHEHTH YacOBOT'O DALY, SIKa 3aJICXKUTh Big Mpo-
rHo3iB reHeparnii BJIE, mo BuOipku mepemicTopii 3aCTOCOBAHO IMONEPEIHIO ACKOMIIO3UINIIO 33 JOITOMOTOI0
METOAY eMIipuyHoi MonoBoi nexommo3uuii (Meton [nebepra-Xyanra) [11], anroputMm SKoOro moiusirae y
HACTYTTHOMY.

1. [lomyk y KpuBiif 3Ha4eHb HEOATAHCIB €NEKTPOCHEPTil TOMUHHOTO TIepepizy dP(X) TOKaIbHUX eKC-
TPEMYMiB, TPYIIyBaHHS OKPEMO JIOKAILHUX MIHIMYyMiB Ta MAaKCUMYMIiB.

2. [ToOynoBa orvHaJBPHUX KPUBHX IUISIXOM IHTEPHONALII KPUBHX JIOKAIBHUX MiHIMyMiB ub(xb) Ta
MakcUMyMiB ut(xt). OCKIIbKH KUTBKICTh TOYOK B OTHHAIBHUX KPUBUX MOXE CYTTEBO BiJ[pi3HATHCS, HEOOXij-
HO ITHTEPIOJIOBATH (3a JOIMOMOI0I KyOIYHHMX CIUIaliHIB) Ta €KCTPAIOIOBATH (3a JOMOMOIo Merony bpay-
Ha MEepIIOTo NOpsIKY) ixHi (yHKUii Ha Bcbomy 00°eMi BHOIpKH ub(X) Ta uf(x) BiAMOBIAHO TaM, € X 3MiHIO-
€ThCs BiXl / 710 n — 00’ €M BUOIpKH.

3. Toni meprma cki1amoBa m 3HAXOIUTHCS K CepeaHe 3HAYCHHS MK QyHKIisIMuU ub(X) Ta ut(x)

m; = (ub; +ut;)/ 2. (1)

4. Jlpyra ckianaoBa ¢, (kK — HOMep iTepallii) € Pi3HUIICIO MK 3HAUSHHSIMH TTOBHOTO HaBAaHTXKCHHS Ta
HEPIIOIO CKIIAI0BOIO.

5. Ha macTtymHUX iTepalisx y(x) mpuiiMae 3HaUYEHHS ny.; # anroput™ 1-4 IpoOBKYETHCS OTH, TOKH
KIJIBKICTB JIOKQJILHUX MiHIMyMiB 200 MaKCHMYMiB He Oyl MEHIIO HiX 2.

VY pockoHalleHHS TMPOTHO3HUX MOJENEH 3a/uisl BpaxyBaHHS BIUIMBY 30BHIIIHIX ()akTOpiB Ha 3MiHY

Ra % 3HaYeHb HeOaJaHCIB eNeKTpoeHepril BUKOHAHO
120 — NUISIXOM KOPEryBaHHsS METOJY JCKOMIO3HWIII Ha-
ctynmHuM 4rHOM. [licis koxkHOT iTepaii BHIiICHI

100 ~ . o .
(Ll [ T W T W wp CKJIAJIOBI ¢ TONAIOTHCS, i PO3PAXOBYETHCS Koedi-

20 IIEHT KOPEJAIil MK CYMOIO BHAUICHHUX CKIIAIo-
o0 P aaa ——1 BHX 2y Ta IporHo3HuM obcsirom renepanii BJIE,
L SOV 4 _m, | 100 MaKCHMAJbHE 3HAYCHHS € J0JaTKOBOKO YMO-

10 BOIO JIUTSL 3yNIUHKH IUKITY IE€KOMITO3HII.
B pesyibrari JIeKOMIO3HIIT OTPUMAaHO
20 0a30By CKIIAJIOBY /m, SIKa HE 3aJICKUTh BiJ hakropa
0 e Nerom | ETVHBY il Mae BHCOKE 3HAaYCHHS gBTOIfopegmuii' Ta
5 2 4 6 8 1012 14 16 18 20 22 5 3alIe)XHy CKJIQJIOBY ¢, IO Ma€ TICHHUH 3B’A30K i3

(axTOpoM BIUIMBY. Y BUIAJKy MMO3UTUBHHUX HEOa-
JAHCIB eNeKTpOeHeprii 3HadeHHA Koe(illieHTiB
aBTOKOpeIAIii 0a30BOI CKJIAmOBOI y mpodimi ro-
IIMHU 3HAXOTUTHCA Y Mexkax 91,82+ 99,98%, mio €
3HAYHO BUIIIIM 3a 3HaYeHHS KOe(illieHTIB aBTOKO-
pensrii HebamaHCiB eNeKTpoeHeprii y mpodimi ro-
muan 27,3 + 69,97% (puc. 1, a), 3Ha4eHHs Koedi-
LIEHTIB KOPENALil MK 3aJIe)KHOIO CKJIaI0BOIO He-
OanaHciB Ta ¢akTopoMm BuuBy 12+ 51% Takox
MiJBUINYETHCS BIAHOCHO 3HAuYCHb KOCQIIIEHTIB
Kopemsauii Mik HeOamaHcamMy eJEKTpOeHeprii Ta
: - (akTOpOM BIUIMBY, IO MPOLTIOCTPOBAHO HA PHCY-
0 2 4 6 & 10 12 14 16 1% 20 22 §) HKyl,d

Puc. 1
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Ha puc. 1 xpuBa / - xoedimieHTH aBTOKOpENSALii R, I TOMUHHUX BUOIPOK HEOaaHCIB eIeKTpOeHe-
prii; kpuBa 2 — koedilieHTH aBTOKOpEALii 6a30BO1 CKIIa0BOi HeOalaHciB; KpuBa 3 — KoeilieHTH KOpes-
uii R(AP, Ppyp) mMix Bubipkamu HeOaldaHCIB Ta (aKTOpPOM BIUIMBY; KpHBa 4 - KoedilieHTH Kopensmii R(c,
Ppjr) MiX 3a1€KHOIO CKIIaI0BOIO HeOallaHCiB Ta (pakTOpOM BIUTUBY.

3BakarouM Ha MiABUINCHHS TOKa3HUKIB aBTOKOPETAIii, TPOTHO3YBAaHHSI OTPUMAHOI 3aJIeKHOI CKITa-
JOBOT 31iHCHIOETBCS 3a gonomMoroto moaeni ARIMAX (perpecop — nporHo3oBani o0csiru reHepaii B/IE),
6azoBoi — 3a gomomororo moneneii ARIMA ta VARMA. Pesynbryrounii nmporao3uuii rpagik € cyMoro
OKpPEMO IIPOTHO30BAHUX CKJIaJOBHX.

BcranosneHo, mo s BUOIpKH HETaTHUBHUX HEOANaHCIB €NEKTPOCHEPTii oreparis JeKOMIO3HUIIT He
CTBOPIOE MOIIOHOTO edeKTy, TOMy IJsi iXHbOTrO NMPOTHO3YBaHHS 3acTocoBaHO jnume mozedi ARIMA Ta
VARMA.

OTxe, TOCIHIHKyBaHI MOJIEIII.

Mooens 1: ARIMA (p, d, q), ne p=d=g=1. IlporHo3yBaHHs1 BUKOHYETbCS B podisii TOAUHHU, TOOTO
IUIs1 KO’KHOT TOTMHM 00U TOOYAOBaHO OKPEMY MOJIEIb.

Mooenv 2: VARMA (p, q), ne p=0, g=1. T'onuHHI Tpodi)Ti TpyIIOBaHi 0 YOTHPH.

Mooenv 3: kombiHOBaHa Mozenb 1 (K1) — ckiagaeTses 13 IBOX €TaIliB: MOMEPEIHBOT JEKOMITO3HUIIIT
BUOIpKH mepenicTopii Ta Oe3mocepelHhO0 MPOrHO3YBaHHS CKJIAMoBHX (0a30BOi 3a JIOMIOMOTOK MO
ARIMA, 3anexnoi — ARIMAX) #i cuHTe3 MPOrHO3HOTO rpadika.

Mooens 4: xombGiHOBaHa Mojienb 2 (K2) — ananoriyaa mojeni 3, 3a BUHATKOM MPOTHO3YBaHHs 0a30-
BOI CKJIaJI0BOI 3IIHCHIOEThCA 3a momoMoror moaeiai VARMA(O, 1).

AmnaJi3 pe3yabTaTiB nporao3yBanns. [[porao3yBanHs 3ailicHeHo Ha Tpu n06u 14+16.08.2020, ro-
PH30HT MPOTHO3YBaHHS CKJIaB 24 TOUKH.

VY 1abn. 1 HaBeleHO 3HAYEHHS BIIHOCHUX MOXHMOOK (cepenHi, MaKCUMalbHI i MiHIMallbHI) IPOTHO-
3yBaHHS NO3UTUBHUX TA HETATUBHUX HEOAAHCIB €JIEKTPOCHEPTii.

Taoauns 1
Io3uTHBHI HeOaIaHCH HeratusHi HeOanancu
[Moxubka, % | ARIMA ‘ VARMA ‘ K1 | K2 ARIMA | VARMA
14.08.2020
MAPE 32,9 24,01 30,34 66,42 50,00 37,15
MAX 76,06 59,09 84,48 145,90 169,56 137,89
MIN 0,99 3,86 2,06 13,90 8,53 1,24
15.08.2020
MAPE 23,94 21,66 32,77 35,15 27,44 31,71
MAX 65,64 52,35 93,71 82,54 64,48 66,36
MIN 2,96 3,29 0,16 0,53 2,73 1,63
16.08.2020
MAPE 434,14 533,50 515,17 | 440,71 69,25 50,77
MAX 1771,46 | 2060,99 | 2583,04 | 1541,36 | 356,19 126,48
MIN 29,95 49,05 53,80 24,64 6,15 3,21

VY Tabn. 2 HaBeZIeHO 3HAYCHHS cepeAHbOKBaIpaTnIHNX NoxnOok (RMSE) nporno3ysanHs.
Taoauns 2

[o3utrBHI HebaIaHCH HerarusHi HeOanancu

Jara ARIMA | VARMA | K1 K2 ARIMA | VARMA
14.08.2020 423,31 336,18 | 400,90 | 714,66 | 419,20 401,72
15.08.2020 261,63 199,02 | 385,26 | 356,54 | 514,28 553,50
16.08.2020 644,01 790,58 1909,94 | 716,53 | 392,19 366,75

3rigHo pe3ynbpTariB Taba. 1 HaMBHILY TOYHICTH Ma€ MOJENIb BEKTOpHOI aBTOperpecii VARMA, sk
Py TNPOTHO3YBaHHI TO3UTHUBHHX, TAaK 1 HEraTHBHUX HeOANaHCIB eNeKTpoeHeprii. 3a BHKIIOYCHHSIM

ISSN 1607-7970. Texn. enexmpoounamixa. 2022. Ne 4 61



16.08.2020 p., axuif € THM JHEM, IO BHIIAJAE i3 3arallbHOTO TpeHIy ((pakTHyHI 3HAUCHHS HeOalaHCIB Ha Oa-
raro HWx4i BijJ cepenHix). Tomy Moxens VARMA wmae ripiii pe3ynbTaTd, ajKe B Hili HEMOXIIUBO BpaxyBa-
TH MTOOJMHOKI BUKUHI 3HaueHHs. HaBnaku Bukopucrtanas VARMA B koMOiHOBaHi#1 Mojeni 2 MpU3BOAUTh
JI0 3HIDKEHHS TOYHOCTI BIJHOCHO KOMOIHOBaHOI Mozen 1, B sikiii 3actocoBano ARIMA.

Ha puc. 2 300paskeno m060Bi rpadikil BiTHOCHUX TMOXHOOK MTPOTHO3YBAHHS IMO3UTHBHUX (a) # Hera-
TUBHHX (0) HEOAAHCIB eIEKTPOCHEPTil.

IloxudER IporHOsVEAHHA IOSHTHEHHR Iloxu0KH NIpOrHOZVEAHHA HETATHEHHX

16[)0’ % uebamancie, 14 08 ISDD’ % uebamancie, 14 08
140
120
100

20

60 -

40

20 A

0

—+—ARIMA —E-VARMA 6)

Puc. 2

Sk BumHO 13 pHC. 2, a Moaens K2 Mae pi3ki MiABUIIEHHS MTOXHOKA TPOTHO3Y, 0COOIMBO Ticis 16 ro-
quad. OnHogakropHi Mogeni ARIMA ta VARMA maioTh Oiiblily cTabiIbHICTh MOPIBHAHO 13 KOMOIHOBaHUMHU
MojensiMu. Takox MpH MPOrHO3yBaHHI HeraTBHUX HebanaHciB Moxens VARMA (puc. 2, 6) Mae Byx4uii fia-
T1a30H MMOXHOOK IMPOTATOM JOOU 1 MEHIIT BUPaKEH]1 eKCTpeMyMH (3a BUHATKOM 9 Ta 10 romun).

BucHoBku. BukoHaHO IOCHIIDKEHHS PI3HUX MOJENeil MPOTHO3YBaHHS HEOaTaHCIB eNeKTPHYHOT
eneprii OEC Ykpainn, a came ARIMA, VARMA Tta 1Box KOMOIHOBaHMX MOJIENEH 13 3aCTOCYBaHHSM IOTIE-
PENHBOT JEKOMITO3UITiT pETPOCTIEKTHBHOI iH(OopMarIii 3a gonomoror Merony ['inmsbepra-XyaHra Ta mporHo-
3yBaHHSM OTPHMAaHUX CKJIAJOBUX 13 3aCTOCYBaHHSIM METOIB aBTOperpecii. [3 posrnsHyTHx Mojeneil Haii-
BUIILY TOYHICTh KOPOTKOCTPOKOBOT'O MPOTHO3YBaHHS MO3UTHBHUX i HEraTUBHHUX HeOalaHCIB eNeKTpOeHepril
Ma€ MOJIeTTb BEKTOpPHOI aBToperpecii VARMA.

[TopiBHIBLHUI aHAJI3 PE3yNIBTATIB MMPOTHO3YBAHHS PO3TIITHYTHX MOJENIEH CBIMUUTH PO MOTpedy v
BJIOCKOHAJICHHI CII0OCO0Y BpaxyBaHHS BILUIUBY CTOPOHHIX ()aKTOpIB HA 3HAYCHHS HEeOAJIaHCIB EIEKTPOCHEPTIi,
30KpeMa 3a PaxyHOK MOIIYKY iHINX (DaKTOPiB BILUTUBY Ta MOOYAOBU OINIBII THYYKOT MOJIENI 3B’ I3Ky MiXK HH-
MH. B misloMy mociimKyBaHI aBTOpPErpeciiiHi MOIEi € MepCHeKTUBHUMHE I BUPIMICHHS 3a/1adi KOPOTKO-
CTPOKOBOTO IPOTHO3YBaHHsI HeOallaHCIB eJIeKTPOeHEpPTii I MaloTh OyTH BJOCKOHAJIEHI Ta anpoOoBaHi Ha Ja-
HUX 1HIIUX CE30HiB.

Pobomy eurxonano 6 mescax naykoeozo npoexmy «IIpoeno3ysanisi cymaproco HeOanancy enekmpudHoi
enepeii 6 OEC Ykpainu ma tioco éniug Ha Kinyegy eapmicmo erexmpuunoi enepeiin, KIIKBK 6541030.
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FORECASTING OF DAILY SCHEDULES OF OVERALL ELECTRICITY

IMBALANCES IPS OF UKRAINE
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The urgency of the problem of short-term forecasting of electricity imbalances in the conditions of the modern electric-
ity market of Ukraine is substantiated. A comparison of the results of forecasting daily graphs of electricity imbalances
using autoregressive models ARIMA, VARMA and developed on their basis combined models with the influence of pre-
dicted values of generation of renewable sources. Analysis of the obtained results shows that the VARMA vector auto-
regression model has accurate results. References 11, figures 2, tables 2.
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EJIEKTPOTEXHOJIOI'TYHI KOMIUJIEKCHU TA CUCTEMU
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MOJIEJTIOBAHHS EJJEKTPOMATHITHUX ITPOIIECIB B CEKIIIMHOMY KPUCTAJI3ATOPI
JJIs1 EJIEKTPOIIIVIAKOBOI'O HAIIVIABJIEHHA METAJIY
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IIpedcmasneno mpusumipny mamemamuiry mMooensb 01 00CTIONCEHHS eNeKMPOMASHIMHUX NPOYECI8, WO NPOMIKAoNb
8 CEeKYItIHOMY CMPYMONIOGIOHOMY KPUCMANIZAMOpi 34 el1eKMpPOuLIaKo8020 HANNAGNEHH Memany. Bukonano uucenvhe
MOOEMOBAHHS eeKMPOMASHIMHO20 NOASL 6 MAKIU CUCMeEMI, OMPUMAHO PO3NOOLIU 2YCIUNHU eNeKMPUUHO20 CIPYMY,
00 €EMHUX MENTOBUOLIEHb 8 eIeMEHMAX CUCTEMU, A MAKOJIC PO3NOOLL eNeKMPOMASHIMHUX CUlL 8 pIOKOMY utiaky. IIpo-
6€0€HO NOPIGHSIHHSL PO3PAXYHKOBUX | eKCHEePUMEHMANbHUX 3HAUEHb [HMe2PAbHUX NApamempie 3a3Ha4eHol cucmemu.
bi6mn. 8, puc. 5, Tadi. 2.

Knrouoei cnosa: enekrpoMarHiTHe 110J1e, MOJISIFOBAHHS, CEKIIMHNI KPUCTATI3ATOP, eIeKTPOIILIAKOBE HATLTABIICHHS METATY.

Beryn. Enexrponnakose HamnasineHHs (EILIH) — e TexHoMOTisE HAHECEHHS! PO3ILIABICHOTO METaIy
Ha po0OYy MOBEPXHIO METAJIEBOr0 BUPOOyY, 32 SKOI OIUIaBICHHS OCHOBHOIO Ta PO3IUIABICHHS MPHCATHOTO
MeTaliB Bi0OyBAETHCS MIITXOM ITepeaadi TEIIOTH, IO BUAUISETHCS Y MIJTAKOBIHA BaHHI ITiJT 9acC MPOXOHKCHHS
yepes Hei enekTpuuHoro crpymy. EIIIH rpyHTyeThCsl Ha TEXHOJIOTIT €IeKTPOILITAKOBOTO MEPEryiaBy MeTamy,
sIKy Brepiie Oyno po3poOiieHo B IHcTuTyTi enekrposBaproBanHs iM. €.0.Ilarona HAH VYkpainu [1, 2].
EIITH 3acTocoByeThCSl B METATypriiHOMY BUPOOHHUITBI Ul HAIUIABICHHS MPOKATHUX BAJIKIB, Y BUPOOHHILIT-
Bi 3aT'OTOBOK 13 OiMeTalry, y MammMHOOY IyBaHH1 JIJIsl HATUIABJICHHS ITaMITiB Tomio [3].

OpuH i3 cnocobiB GopMyBaHHS HamaBieHoro Metany B npoueci EIIIH monsrae y BukopucTaHHi
crenianbHuX (GOpMyBaJIbHUX HPUCTPOIB — BOJOOXOJIOKYBAHUX KPHCTai3aTOPiB, BUTOTOBJICHUX, TIEPEBaXK-
HO, i3 Mizi. [XHi TOBEepXHi, MO KOHTAKTYIOTh 3 PO3ILIABAMH IIUIAKY, 3aXHINAIOTH rpadiToM abo iHIMME Ma-
TepianaMu, o0epiradu ix BiJ| eleKTPoXiMidHOI epo3ii. DyHKIIOHATBHO KPHCTANi3aTOPH MOXKYTh OyTH ere-
KTPUYHO HEWTPaJIbHUMHU, KOJH €JIeKTPUYHA Hampyra Bil [Kepesa sKUBJICHHS NOAA€ThCS Ha €JIEKTPO, 3aHy-
peHu#t y IUTakoBy BaHHY [2], 200 CTpyMOTIIiABITHIMHY, KOJIM HalpyTa MOAAEThCs Ha KpucTamizartop [3-5].

Cyrtaicts EIIIH nonsirae y HactynHoMmy. EnexkTpudHuil cTpyM, MPOXOASYH Yepe3 PiIKUi IIIaK, mo-
NepeHBO PO3IUIABICHUH, HAIPUKIAJ, IEKTPUYHOIO AYTO0, MATPUMYE B HHOMY BUCOKY TeMIIEpaTypy, A0-
CTaTHIO [UIs pO3IUIABJICHHS MPUCATHOTO MaTepially, SKHH MMOJAETHCS Yy LIIAKOBY BaHHY, Ta OIUIABJICHHA IIO-
BEepXHi BUPOOY (3aroToBkm). Po3miaBnenuii MeTan y BUTIIAI Kpalleldhb MiAMaeThCs MeTanypriitHiit o0poOiIti Ta
OYMILAETHCS BiJ] MIKIIMBUX AoMIMOK. OMycKaloyich Ha THO IUTAKOBOi BaHHU, BiH KPUCTANI3YEThCS, YTBO-
PIOIOYM HAIUIABJICHUII LIap MeTally, HallpHUKJaA, METally MiABUIICHOI MIITHOCTI Ta 3HOCOCTIMKOCTI.

Ha puc. 1, a mokazano cxeMaTHIHE 300payKEHHS OIHIET i3 CHCTEM eJICKTPOIIIAKOBOTO HaIlJIaBICHHS
MeTally Y BUIJIS/II JBOCEKIIIMHOTO CTPYMOMIIBIIHOTO KpHucTanizaTopa. BepxHs ioro cexiris / i € Ti€lo ceKili-
€10, SIKa MiABOAMUTE CTPYM J0 Huaky 2. Bona mae BepTukanbHuil po3pi3 3, sikuil mepeTBOproe ii B OXHOBUT-
KOBHH 1HAYKTOP. 33171 XIMIYHOTO 3aXUCTy BHYTPIITHIO IIOBEPXHIO ITi€i CEKIIil MOKpUTO Tpaditom 4. HmkHs
CeKIlis I, IKy Ha3uBalOTh (JOPMYIOUOIO, BJIaCHE 1 BUKOHYE (DYHKIIIF0 KpUCTaIi3aTopa. BoHa BCTaHOBIIIOETHCS
Ha METaJleBy 3aroTOBKY 6, Ha SKy HaIulaBisieTbes MeTan. Cekii KpucTranizaTopa Mixk co00I0 po3fisieHi ene-
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KTPOI30JIAMIHOI0 MPOKIAAKOK0 i3 a3decty 7. CTpyMOmiABiA Bix JpKepera >KUBIEHHS 3iHCHIOETBCS JI0 3aro-
TOBKH Yepe3 KieMy 8 Ta uepe3 OJIHY 13 KiieM 9 BepXHbOI pO3Pi3HOI CEKIIil.

90 23 Ha puc. 1, 6 300paxeHo npaBy vac-

: THHY TIOB3JOBKHBOTO po3pizy KPI/ICTaJ'IiBaTO—

: g|  Pa3Horo reoMeTpHYHUMH PO3MIpaMH.
‘ Take  KOHCTPYKTHBHE  pillICHHS
Wrak ¢ CIPUYMHSIE CKIaJHEe TPUBHUMIPHE PO3TiKaH-
‘ & HSl €JIEKTPUYHOTO CTPYMY B CHCTEMI, 110, 5K
'[Mman,mo ) o i ToKasye MpaKTHKa, OKpiM HaniBaHHS‘IJ CTBO-
Hannas- proe BuUXpoBUH (30KpemMa 00epTOBHH) pyX
z‘ 3”"9“” Pl pizu.(oro HUIaKY B CTPYMOIIiIBIAHOMY KpHC-

aroToeka ) 'E‘gg Tamizaropi 3, 4].

0 7 IocTanoBka 3agavi J0CTiIKEeHHA.
a p 3agava JOCIIHKEHHS NOJIATAE Y BU3HAYCHHI

OCHOBHHMX 3aKOHOMIpPHOCTEH €JIeKTpOMarHi-
THUX TIPOLECIB, MO MPOTIKAIOTh B TaKii
CHCTEeMI, AKi € TMEepPIIONPHYNHOIO HINX (I3UYHUX MPOLECIB: TEIIOBUX, TAPOJUHAMIYHUX, TEXHOIOTIYHUX
tomo. BigoMi mparti, B SKMX TOCIIIKyBaJIOCS €IEKTPOMAarHiTHE 1oje NOAiOHNX cucteM. Tak, HallpuKiIaj, B
po0oTi [6] Ha OCHOBI MPOBEIEHUX PO3PaXyHKIB y JBOBHUMIpHIH MOCTAHOBII OTPUMAHO PO3MOILIH TYCTHHU
CTpyMy B okpeMux enemenTtax cucremu EIIIH. ¥V Bumanky cucremu, 300paskeHoi Ha puc. 1, JocToBipHa Kap-
THHA PO3MOILITY €JIeKTPOMArHiTHOTO TOJS MOKe OyTH OTpUMaHa TiTBKH y TPUBUMIpPHINA IMOCTAHOBIN, SKY
JOLIBHO BUKOHATH LIUIIXOM YHCEIbHOTO MATEMaTHIHOTO MOJICIIFOBAHHS.

Meta poboTun — chopMyIIOBaTH TPUBUMIPHY MaTEMAaTUUYHY MOJENb JUIS JIOCII/KCHHS €lIeKTpoMar-
HITHUX TPOIIECiB, IO MPOTIKAIOTh Mij] Yac eNIEKTPOIIAKOBOTO HAIUIABIICHHS B CEKI[IHHOMY KPHCTaTi3aTopi y
pasi mAKIIOYeHHS] HoTo 10 JKeperna CHHYCOITHOI HalpyTH, Ta Ha ii OCHOBI SKICHO OIIHUTH CHJIOBHM Ta TETI-
JIOBUH BIUTMB €JIEKTPOMATHITHOTO TI0JIS1 HA PIAKHI IIJIaK, IO € ePeAyMOBOIO JUIsi CTBOPEHHS Horo edeKkTus-
HOI UPKYJIALI, SIKa BiAirpae KIOYOBY POJIb B OTPUMAaHHI SIKICHUX METaJIeBUX BUPOOIB.

[Tig yac moOynoBM MaTeMaTHYHOI MOJIeNi OyJIM IPUIHATI TaKi CHPOIIEHHN Ta MPUMYIIeHHs. 3aie-
KHICTIO (I3UYHUX XapaKTEPUCTHK MaTepialliB BiJl TEMIIEPAaTypH Ta €JICKTPOMArHITHOTO IMOJSl HEXTYBaJOCs.
[puiinsTo, o0 MeTan, SIKUil HAaIIaBIAETHCA, Ta METaJ 3arOTOBKH — O/IUH 1 TOM ke (pepOMarHiTHUH MaTepia.
[Ipu npoMy BBaxasocs, O TeMIlepaTypa MEepIIoro i3 HuX Buie TemiepaTypu Kiopi, a apyroro — Huxue.
Pinka daza meTany, mo HamIaBIAETHCS, (BEpXHSI MOTO YaCTHHA) 1 TBEpla MAlOTh OJHAKOBI eIeKTPodi3uyHi
xapakTepucTuku. Pyx pinkoi ¢azu meray He BpaxoByBaBcsi. CTpyKTypa UIaKy mpuiimManacst OXHOPIIHO0, a
Horo (Qi3uuHi XapakTepUCTUKU MO BChOMY 00’€My BBaXkajucs HE3MIHHUMH (HAsBHICTIO Kpameib PiIkoro
MeTaly Ta PI3HOMAHITHHUX HEMETAJICBHX BKJIIOUEHL HEXTYBAJIOCSH). ENEKTpHYHWI KOHTAKT B MEXaX OIHIET
KOHTAKTHOI MOBEPXHI MPUUMAaBCS OJHOPIIHUM, 3aJI€KHICTh KOHTAKTHOTO OMOPY BiJ TYCTHHU CTPyMYy, Ha-
NPY>KEHOCT1 eIeKTPUYHOTO MOJISl Ta 00’ €MHHX TETNIOBUIIIEHb HE BpaXOByBaacs.

Pe3yabTaTn mociaimkenb. JlocmimkeHHs enekTpoMarnitHux nporiecis mig yac EIIIH B cexnifitHoMmy
CTPYMOIIIIBITHOMY KpHCTaIi3aTOpi MOTpeOye BUKOPUCTAHHS 3HAYEHBb CKAISIPHOTO €JIEKTPUYHOTO MTOTEHITia-
Jy Ha TPaHUISIX PO3PaxXyHKOBOI OOJIACTI SIK TPaHUYHUX YMOB HEPIIOTO POLY 3aiJisi MOJIENIOBaHHS CUTYyalil
HiAKIIOYEHHS] YCTAaHOBKU 0 HAIPYTU MPOMHCIOBOI 4acTOTH. TOMY PIBHSHHS €JI€KTPOMarHiTHOTO MOJA TO-
BHHHI OyTH c()OpMYITHLOBaHI TAKUMH, 11O MICTATh CKASPHUHA €JICKTPUYHAN TMOTEHINAN K HE3aJICKHY 3MiH-
Hy. Llle MoHa 3a0e3MeUnTH BUPAa3HBIIM 3aKOH AMmIriepa — MakcBelna Ta piBHSHHS HEMIEPEPBHOCTI EIEeKTpHY-
HOTO CTPYMY B TEpMiHaX BEKTOPHOTO MarHiTHOTO Ta CKaJSIPHOTO EIEKTPUYHOro MoTeHuianiB. s po3paxy-
HKY TOJIsI, 110 3MiHIOETHCS 32 TAPMOHIYHUM 3aKOHOM, CHCTEMa PiBHSHb, SIKA OMHCY€E €NEKTPOMArHiTHI Mpo-
[ECH B CUCTEMI 3 CEKLIHHUM KPUCTAIi3aTOPOM, 3 BpaxyBaHHIM 3a3HAYCHUX BUMOT MpUAMAa€e HACTYITHUH BU-
LIS

Puc. 1

VxA

u
e A, V — KOMIUIEKCHI aMIUTITyAHI 3HaYeHHS! BEKTOPHOT'O MarHiTHOTO Ta CKAJIIPHOTO €NEeKTPUYHOTO TOTEH-
IMiaiB; 1L = ok, € = €&, — MarHITHA Ta MieIEKTPUIHA TIPOHUKHICTH CEPEIOBUINA; L), £ — MarHiTHA Ta Jiele-
KTPUYHA IPOHHUKHICTh BaKyyMY; L, € — BIJHOCHI JIICIEKTPUYHA Ta MarHiTHA IPOHUKHICTD CEPEJOBUINA; G —

V x +(G+iw8)VV+(imc+m28)A=O; V-|:—(G+l'(,08)VV—(i(DG+O)28)Aj|=O,

nuTOMa CJ'IGKTpOHpOBiI[HiCTB; i=+-1 , 0= 2my — KyTOBa 4aCTOTa, AC V — YaCTOTA HAIIPYT'U JXUBJICHHS.
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Ipencrasnena cuctema AudepeHIiaTbHUX PIBHAHb PO3B’A3yBaJIacs 3a TAKUX TPAHUYHUX YMOB: Ha
30BHIIIHIX TPAHUIIX PO3PaXyHKOBOT 001acTi (32 BUHATKOM T'PaHHMIb 3 MPHUKIAJACHUM EJIEKTPUYHAM MOTEH-
mianoM) — enekTpudHa i3oisamist (n-j = 0); Ha BCiX 30BHIIIHIX TPaHUIX — MarHiTHa i3oysinist (n-A = 0); Ha
30BHIIIHIN TpaHHIli MPOBIIHUKA, TPUEIHAHOTO 10 3arOTOBKU — HyJboBUH moteHmian (V' = V, = 0); Ha 30BHi-
ITHIM TpaHUIl TPOBITHUKA, IPUETHAHOTO IO BEPXHBOI CEKITii KpUCTATi3aTOpa — ESKTPHIHIM ITOTEHITIaM, 110
BIZIIOBiTa€ HaIpy3i Jpkepena xupleHHs (V= V); Ha KOHTaKTHUX MOBEPXHIX «Mib — rpadit», «rpadit —
PiaKu MUTaK» — KOHTAKTHUH IMITEAHC MiXK [IUMHU TTOBEPXHSIMHU

nj=| ——+ioC, (G-  nejy=| ——+ioC, |5V,
Psi2 P12
Jie N — OJMHUYHHIT HOPMATbHUH BEKTOP; Py12 — MHTOMHII KOHTAKTHUH omip, OM-M*; C; — HHTOMA EMHICTb
KOHTAaKTHOI TIOBEPXHi (Ha MPOMUCIIOBIH 9aCTOTI MOYKHA 3HEXTYBATH).

[IpencraBneny Mozaens OyJio peairizoBaHo B porpamaoMy naketi Comsol Multiphysics [7]. Cnin 3a-
3HAYMTH, 10 YaCTO JOCHTIHKEHHS eJIEKTPOMATrHITHUX MPOLECIB HE MOTPEeOYe PO3TISILY CKAJSIPHOTO eJIEeKTPHU-
YHOT'O T4 BEKTOPHOTO MATHITHOT'O MOTEHINATIB. B TakoMy BHMAKy € MOXKIHUBICTh CIIPOCTHUTH PO3PAXYHKOBI
PIBHSHHSI €JI€KTPOMArHITHOTO ITOJISI, 3MEHIIUBIIH MPH MIHOMY KiJTbKiCTh HeBimoMuXx. Taka mpormemypa OLTbII
BiZlOMa ITiJ] Ha3BOIO KaliOpyBalibHE MMEPETBOPESHHS MOTEHIIIANIB i peai3oBaHa 32 3aMOBUYBAaHHSAM y LIbOMY
porpaMHOMYy TIakeTi i disudHoro iHTepdeiicy Electric and Magnetic fields. 11106 3a0e3neunT yHIKaIb-
HICTh €JIEKTPUIHOTO Ta MarHiTHOTO TMOTEHIIIAJIB i Yac AOCTiIKEHHS 3a3HAUYCHHX IIPOIIECIB B IpECTaBIe-
Hill MOCTaHOBII, ¢ QIKTUBHY 3MiHHY ) = —i //® MPUPIBHATH 10 KOHCTAHTH (HAMpPHKIaL, Qo = 1) nuisxom
JloJlaBaHHs 10 Moaeni By3na Gauge Fixing for A-field [7].

Di3nvHI XapaKTepUCTHKH MaTepialiB, mo OyJIi BUKOPHUCTaHI B JaHOMY JIOCIIKEHHI, IPECTaBICHO
B Ta0J1. 1. BoHn BuOMpanucs y BiAMOBIAHOCTI 0 3HAYEHb, HaBEACHUX V [8].

Ha puc. 2 nokazaHo po3paxyHKOBY CITKY METOJia CKIHYCHHX €JIEMEHTIB CUCTEMH, 1110 BUKOPUCTOBY-
BaJIacs MiJ] 4ac MOJICITIOBAaHHsI (30BHIIIIHS 00JIACTh CUCTEMH Ha PUCYHKY YMOBHO HE TIOKa3aHa).

Taoauus 1 AR i
EnexTpudHa SREERLRXD
Martepian IPOBIHICTB, L g
Cm/m
I'padit 6,25:10" 1 1
Pinxuii nutax 140 1 1
Mertaun, 1110 HarIaBIsSIE€ThCS 1,67'106 1 1
3arotoka 1,67-10° 100 1
Mizb 6,45-10’ 1 1 _
Bopna, a36ect, noBitps 0 1 1 S

vy, "t‘;a‘mm.“-m‘ S

Pe3yabTaTu MOJeTI0BaHHS eJIEKTPOMATrHITHUX npoueciB. Mo/emnoBaHHS BUKOHYBAJIOCS 32 TAKAX
BUXIJIHUX JaHUX: Hanpyra skuBieHHs cuctemu U = V; — V= 40 B, yacrora xusnenns v = 50 ['m,

PesynbTaty MoJeOBaHHS YaCTKOBO TpeIcTaBiIeHO Ha puc. 3. Ha puc. 3, @ HaBeeHO PO3IMOIiT TyCTH-
HH CTPyMy j V BepXHIH cekmii (Mimi) KpHCTaji3aTopa Ta PO3MOAUT IMHTOMHX EJICKTPOMATrHITHUX CHII

"
f =0,5(jxB) (mosnaueHo crpinkamu), ski BAHUKAIOTh Y pimkoMy miaky. Ha puc. 3, 6 OKpiM 3a3HAUCHHX CHIT
TaKOX MPEACTABICHO PO3NOALT I'YCTUHH CTPYMY y IIUIAKOBii BaHHI. AHAIII3 PO3MOALTY €JIEKTPOMATHITHUX CHIT
MOKa3ye, M0 cepell TPhOX KOMIIOHEHT B OCHOBHOMY IPEBANIIOE TaHTEHIianbHa (OKpYy>KHA) KOMIIOHEHTa ((-
KOMITOHEHTA) CHJI, sSIKa 1 BUKJINKA€ 00CPTOBHIA PyX PIIKOTO NMUIAKy B KpHuctamizaTopi. [Ipemncrasmeni va puc. 3
JIaHi HaBEJICHO JUISl CePEeIHBOTO MO BHCOTI MONIEPEYHOT0 Mepepily IUIakoBol BaHHU (Ha rauOuHi 30 MM).

OuiHnuTH e(eKTUBHICTH €NEeKTPOMArHITHUX CHII, II0 BH3MBAIOTh OOEPTOBUH pyX IIIAKy, IO BHCOTI
IIUTAKOBOT BAHHU MO’KHA 32 JOOMOTOI0 yCepeTHEHOT eJISKTPOMArHiTHOT CHIIN

fo = [ £dS,

bs,
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ne S, — monepeuHuid (TOpU30OHTANBHII) TIepepi3 BaHHH, PO3MOJT SKOT M0 KOOPJHHATI z MPEACTaBICHO Ha
puc. 4. BuaHo, 1110 MakcHUMajibHI 3HAYCHHSI Li€] CHJIM BUHUKAIOTh B CEPEJHIN MO BHCOTI YaCTHHI IIJIAKOBOT
BaHHH.

j, 10° A/Mm?

Puc. 3

faw HIM?
200

50

80 100 120 140

zZ, MM

Puc. 4

Puc. 5

Puc. 5 nemoncTpye po3nogin 00’eMHUX TEIUIOBUIIIEHs B CUCTEMI B Pe3yJIbTaTi MPOTIKaHHS ENEKT-
PUYHOTO CTPYyMy. MakcuMaibHi IXHI 3HAYCHHS BHHHUKAIOTH y MIJAKOBIH BaHHI OIS CTIHOK BEpXHBOI CEKITii
KpHCTalizaTopa, 0coOIMBO B 30HI CTHKY 11 3 HUKHBOKO CEKITIETO0.

Tabauus 2 B Tabn. 2 HaBeACHO PO3PAaxXyHKOBI Ta eKCIIe-
[MapameTp PospaxyHok Ekcniepument PUMEHTAJIbHI 3HAYCHHS MMapaMeTPiB JKUBJICHHS, a Ta-
U,B 40 35...45 KOK PO3paxOBaHi 3HAYEHHs IHTErpPabHUX TEIUIOBHIi-
I, xA 2,33 1,6...2,2 JICHb B OKPEMHUX EJIEMEHTaX CHUCTEMH EJICKTPOIILIAKO-
Piige, KBT 88.4 BOT'O HAIUIABJICHHS METally, IO JOCHTIKyBatacs B po-
Py, Bt 17...60 oori. B Hiit: U Ta [ — Hampyra Ta CTpyM JpKepesia KHUB-

P, Bt 193

neHHs (€EeKTUBHI 3HAUEHHA); Py, — TEIJIOBUIUICHHS
B 00’eMi pigkoro mmiaky; P, — TCIUTOBHIICHHS B
CTpyMOIIiIBiHIN cekIlii; P, — TemnoBuaineHHs B rpadiToBiii ¢dyTeponui. TernoBuaiieHHs B MeTali, 1110 Ha-
IIABJIIETHCS, Ta B METaJIl 3arOTOBKH 13-3a IXHBHOI BIIHOCHOI MaJIOCTI B TaONHII He HaBeAeHO. SIK BUIHO, OC-
HOBHOKO CKJIaJI0OBOIO B 3arajlbHOMY TEIJIOBHAUICHHI CHCTEMH € TCIUIOBUIIICHHS B PiAKOMY HuIaKy. [HIm
CKJIaJIOBi Mi3€pHO MaJIi.

BucHoBku. [IpoBeneHe CHiBCTaBICHHsS pPe3yJbTaTiB TPUBUMIPHOTO MOJCITIOBAHHS CEKIIMHOTO
CTPYMOTIIBITHOTO KPUCTATI3aTOpa I EINEKTPOIIIAKOBOTO HATUIABICHHS METaly 3 eKCIICPUMEHTATbHUMHU
JAHUMU Ja€ 3MOTY CTBEPIIKYBATH IPO aJCKBATHICTh MPEICTABICHOT MATEMATHYHOI MOJIENI JUTS JIOCIIIKCH-
HSl €JICKTPOMArHITHHUX IPOIIECIB B TaKii CHCTEMI.

OTtpuMaHi pe3ynbTaTH MOJCIIOBAHHS MOXYTh OYTH BUKOPHCTaHI SIK OCHOBA JUISl ITOAAJBIIOTO TPH-
BUMIPHOTO JOCIIHKCHHS TEIUIOBHX, T1IPOIWHAMIYHUX, TEXHOJOTIYHUX Ta IHITUX TIPOIIECIB IIiJl Yac €ICeKT-
POIILTAKOBOI'0 HAIJIABJICHHS METAJIIB.
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A three-dimensional mathematical model for the study of electromagnetic processes occurring in a sectional current-
supply crystallizer during electroslag surfacing of metal is presented. Numerical simulations of the electromagnetic
field in such system were performed, the distributions of electric current density, volumetric heat emissions in the sys-
tem elements, as well as the distribution of electromagnetic forces in liquid slag were obtained. The comparison of cal-
culated and experimental values of the integral parameters of the specified system is carried out. References 8, figures
5, tables 2.

Keywords: electromagnetic field, modeling, sectional crystallizer, electroslag surfacing of metal.

1. Paton B.E., Medovar B.I., Latash Yu.V. Electroslag remelting of steels and alloys in a copper water-cooled
mold. Avtomaticheskaia svarka. 1958. No 11. Pp. 5-15. (Rus)

2. Latash Yu.V., Medovar B.I. Electroslag remelting. Moskva: Metallurgiia, 1970. 240 p. (Rus)

3. Kuskov Yu.M., Skorokhodov V.N., Ryabtsev [.A., Sarychev I.A. Electroslag welding. Moskva: Nauka i
tekhnologii, 2001. 180 p. (Rus)

4. Ksendzyk G.V. Current-carrying crystallizer, which ensures the rotation of the slag bath. Spetsialnaya elek-
trometallurgiia. 1975. Vyp. 27. Pp. 32-40. (Rus)

5. Sokolov G.N., Mikheev A.N., Pavlov A.A. Electroslag surfacing in a sectional mold of mandrels of a pipe-
piercing mill. Svarochnoye proizvodstvo. 2002. No 6. Pp. 31-34. (Rus)

6. Palti A.M., Yurchenko D.D. Computer simulation of electroslag surfacing in a water-cooled mold. Sva-
rochnoye proizvodstvo. 2006. No 9. Pp. 12-15. (Ukr)

7. COMSOL Multiphysics. Simulation Software. URL: https://www.comsol.com/comsol-multiphysics (ac-
cessed at 26.04.2022).

8. Kharicha A., Karimi-Sibaki E., Wu M., Ludwig A., Bohacek J. Review on Modeling and Simulation of
Electroslag Remelting. Steel Research International. 2018. Vol. 89. No 1. 1700100. 20 p. DOI:
https://doi.org/10.1002/srin.201700100

Hamiiima 30.04.2022
Ocrarounuii Bapiant 28.05.2022

68 ISSN 1607-7970. Texn. enexmpoounamixa. 2022. Ne 4



VIK: 621.3.014.14: 621.373.54: 628.16.08 DOI: https://doi.org/10.15407/techned2022.04.069

®I3NYHI I TEXHIKO-EKOHOMIYHI ACIIEKTH CYYACHUX METOJ/IB IIIJII'OTOBKHA
BOJM JIJISA TEILIOBOI TA ATOMHOI EHEPTETUKH
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Haseodeno kpumuunuil ananiz cyuacuux eneKmpo@izudHux i e1eKmpoximiuHux memooie nio2omoeku 600U 6 KOHMeKCmi
epexmugHoCcmi 0OpPOONEHHA HUMU NOBEPXHESUX NPUPOOHUX 600 Ol Nomped menniogoi i amoMHOI eHepeemuKu.
Poszenanymo @isuuni acnekmu enekmpoximiunoi koazynayii. Po3paxoeano meopemuyHi 3HAYEHHs NUMOMOI eHepeii
PYUHYBAHHA NACUBYIOUUX NIIBOK HA NOBEPXHI ANIOMIHIESUX I 3ANI3HUX el1eKmpoOi8 ma HeoOXiOHI 0Nl Yb020 MiHIMANbHI
3Hauenns nanpyeu Ha nux. ORUCAHO MexaHnisMu nepemeopenHs enepeii pO3pAOHUX IMNYIbCIE Y 3aHYPEHOMY Y 600y wapi
2pamyn ymeopioouo20 KoazyiaHm memany. 32i0H0 3 ONUCAHOI0 MOOELNI0 NPoYecie nepemeopents eHepaii po3paxoeano
MIHIMANbHI MeopemuyHi 3HayenHs NUmomoi eumepeii ymeopenus eposiunux uwacmunox Al ma Fe 3 posnnasnenozo
Memany ma 3 memany, wo eunapysagca. Onucano mMemoouxy 00CniOdcenHs eHepeoeheKxmusHoCmi Nia3moepo3itiHol
Koazynayii @ 1abOpamopHux ymMoeax ma HageoeHo pe3yivmamu yux oocniodcens. Pospaxoeano numomy emepeilo na
oceimnenns 1 m* 600u eIeKMPOXIMIUHOI [ NIAZMOEPO3IHOI0 KOA2YIAYIEI 8 PIZHUX pedcumax 3 sukopucmanusam Al ma
Fe ski ymeoprorwouux xoazynaum memanie. Ha ocnogi ananizy ompumanux pe3yiomamie npeocmasieHo pekomMeHoayii
U000 NioBUEHHs eHep2oedeKMUBHOCI pexcumia niasmoepositinoi koaeynayii. biomn. 29, puc. 1, Tadmn. 1.

Kntouosi cnosa: pospsmHuil CTpyM, TEIUIOBAa EHEPreTHKa, €HEeproeeKTHBHICTh, IUIA3MOEpO3iifHA KOaryInllis,
€JIeKTPOXiMiUHA KOATyIIALisS, BOAOIIATOTOBKA.

Beryn. Cymapra BcranorieHa motyxkHicte AEC, TELl 1 TEC renepyrounx KOMITaHIi 32 JaHUMH
HarionansHoi eHepreTruHOi kommaHii Ykpenepro y cepmHi 2021 poky craHoBwia 41792 MBr [1]. Hus
KOMIIEHCallii BTpaT BOAM B IXHIX TEIUIOBUX Mepexax 3a NpUONM3HUMHU MigpaxyHKaMH IOTOJHHHO
HEOOXiZHO mMimKkuBIeHHs mopsaky 10000 m. IIiICHIEHHS aHTPOMOrEHHOrO BIUTHBY HA HABKOJMIIHE
CEepEIOBHILE MPU3BOAMTH JI0 301IbIICHHS HOMEHKJIATYPH Ta KOHIIEHTPAI[il BHCOKOMOJIEKYJISIPHUX JTIOMIIIIOK Y
NPUPOJHUX BOJAX, SIKI BaXKKO BUAAISIIOTHCS [2, 3], a TaKkoX 10 r100anbHOTO MOTEIUTiHHS 1 3a0pyAHEHHS BOA
(dhocdaramu, MmO B CBOIO 4YEpry, € MPUYMHOK 301IBIIEHHS KOHIEHTpAIlil B HUX IliaHOOakTepiii (CHHBO-
3€JICHUX BOJOpOCTEH) [4] Ta mpoJIoHTaIlii ce30Hy iX aKTHBHOTO po3MHOXeHH: [5]. Lle 3HauHO yCKITamHIOE
3a1ady 3a0e3MCUYCHHS CHePIeTUKU YHCTOIO BOJIOI0 Y BCE 3POCTArOUMX 00’€Max Ta BUKIMKA€E HEOOXIIHICTh
PO3pOOICHHS HOBUX, OUNMBII eEeKTHBHUX METOMIB i1 ouumieHHs [6]. MeTo0 podOTH € KPUTUIHHIA aHAJI3
CyYacCHHX CIIEKTPO(MI3MIHUX Ta EICKTPOXIMIYHHUX METOAIB OYHWIICHHS BOMH, MOCTIIKCHHS iXHBOI
eHeproe()eKTUBHOCTI B PI3HMX pPEXKUMaX Ta pPO3POOJICHHS DPEKOMEHAAIINd MO0 IMiJBUIICHHS EHEepro-
e(peKTHBHOCTI PEXKHUMiB IJIa3MOEPO3iHHOT KOaryJIsii.

AHaJii3 MeToAiB MiAr0TOBJIEHHs BOAU. TpaauiliiiHa TEXHOJOTIYHA KapTa BOJOMITOTOBKH TETIJIOBUX
Mepex BKJIIOUae B ceOe HACTYIHI OCHOBHI omepatii [6]: 1) MexaHiuHy QiNbTpalito Bil KpyMHOANUCIIEPCHUX
JOMIIIOK; 2) OCBITJIEHHS 3 BUAAJICHHAM JPiOHOAMCIEPCHHUX IOMIIIOK, MIiKpPOOPraHi3MiB, PO3YMHEHHX
OpraHiyHUX 3a0pyJHEHb Ta 1OHIB BaXKUX MeETaNiB; 3) KOPEKIiF0 KHCIOTHOCTI; 4) AeioHi3alito Ha
KaTiOHITHUX 1 aHIOHITHUX ¢inbTpax 1-ro mabmro; 5) merasartito; 6) AcioHizallito Ha GiabTpax 2-ro Mmado Ta
Ha QimpTpax cymicHoOi mii. HaiiGinbie 3a0pynHEHb SK 32 HOMEHKJIATYypOIo, TaK 1 B OKPEMHX BHIIAJKAax, 3a
Macol BUAAJSIOTHCS Ha omepallii ocBiTIIeHHs. Bin sikocti 11 mpoBeAeHHs 3aiiexarh He TUIBKH TMOKa3HUKH
BOJM, a 1 mepiod peHOBAIlil KaTiOHITHUX 1 aHIOHITHHX CMOJ (iIBTPIB, TEPMIH IX eKCIUTyaTamii Ta Tepiof
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PEMOHTIB, CTPOK CITy>K0H 1 Koe(ilieHT KOPUCHOI il TermoBoro oomagHanas. Onepartis OCBITICHHS BKIIIOYA€e
B ce0e KoaryJsilo, BiJICTOIOBaHHS, 3HE3apakeHHsI, KOHCepBallito, 30epiranHs BoJu Ta Qinmbrpamito ii Ha
MeXaHIYHUX (QiTbTpax TOHKOTO OYMIIEHHS 3 aHTPALUTOBOIO KPUXTOIO [6].

TpagumiiftHO KOaryJsis 3MiHCHIOETHCS XIMIYHAM CIIOCOOOM B PE3yJBTAaTI OJABaHHS Y BOJY COJICH
amoMiHi0 a6o 3amiza. Amionn mux comeit (CI, SO,” Ta iH.) BHOCATH HONATKOBI 3abpyHHEHHS Ta
MiJBUILYIOTh KUCJIOTHICTh BOAM, IO MPHU3BOIUTH JO HEOOXITHOCTI BUKOHAHHS OIepalliidi mo il KOpekiii.
Kpim Toro, koarymsuis Mae MOpiBHIHO HEBUCOKY €(EKTHBHICTH MiJ Yyac BUAAICHHS HEMOJISIPHUX Ta clabKo
TIOJIAPHUX MOJIEKYJI, TAKUX SK MUKJIOATKAHU, OCH30J1, IXHi ITOX1IHi Ta iH.

OnHuM 3 eheKTUBHUX METOJIB OOPOTHOU 3 TAKMMU 3a0pYJHEHHSIMH € IECTPYKIis iX MOJIEKYJ Y BOAI
3a JOMOMOTOIO IUIa3MOXIMIYHHX MPOLECiB, a00 SK Ie X HAa3WBAIOTh y aHTJIOMOBHIH niteparypi — advanced
oxidation processes, 10 MOKHa IEPEKIACTH SK PO3BHHEHI MPOLECH OKHUCIEHHS [7], a MOTIM BHIAJIICHHS
3QIMIIKIB 32 TOTIOMOTOI0 TaKWX TPAAMIIIHHUX TPOIECIB SK KOAryJAIlis 1 BiACTOIOBaHHS 3 IOATBITAMHU
cenuMeHTalieto, dioTaniero, GpineTpyBaHHsaM Ta iH. [8]. o mmasMoxiMiuHUX MporeciB 0OpoOJIeHHsST BOIH
BiTHOCATH, HacamIepesn, KOPOHHHU pO3psl HAa TOBEPXHIO i TOHKOTO Imapy [7], iIMITyJIbCHUH KOPOHHUH
po3psia B ii 006’ emi [9], ctpumepHi [10] Ta mma3moBi po3psau B Hiit [11], iMmynbscamii 6ap’ epHU po3psn [12],
niadparmeHauii po3psa [13], po3psaa y BOJHO-TIOBITPAHUX cyMmimiax [14, 15] ta in. [16].

[MutomMi BUTpaTH eJEKTPUYHOI €HEprii Ha JECTPYKUil0 BHCOKOMOJEKYJSIPHUX 3a0pyIHEHBb
IUIa3MOXIMIYHUMHU MeTofgamu ckinanaioTh: 0,43...0,51 kBT-romn./r mis HatpiiiiieTpiakCoHy, IO BiIIOBIIA€E
npubnuzuo  4,8...5,1 kBrroa/mM’ s BONHUX — CKHIIB ¢dapManeBTUYHUX  HignpuemMcts  [15],
0,51...5,88 kBt-rom./r mnsa ¢genomny, 0,012...5,71 kBr-roa./r mis metuneHoroi cuni, 0,021...0,76 kBT-rox./r
st Mmetmwmopamky  [8], 0,036...0,05 kBrrox./r mis mapaneramorny, 0,024...0,042 xBt-ron./r  mns
i0ympodeny i 0,029...0,05 kBt-roa./r ans caminuinoBoi kuciot [17]. Xoua mUTOMI BUTpATH €NEKTPUIHOT
eHeprii caMe Ha JECTPYKIII0 BUCOKOMOJEKYIIPHUX CIIOIYK V BOII IUIa3MOXIMIYHUMH METOJAaMHU CYTTEBO
HIDKYi, HDK ICKpoepo3iiiHoo Koarymsmieto [15], iX NOpoayKTHBHICTP Ha CY4YacHOMY eTamli PO3BUTKY
oOyamHaHHS HA 2...3 TOPSIKHA HIDKYA 32 HEOOXIAHY Ul TMATOTOBKH BoaH 3a1uts mimkuBieHHs TEC HaBiTh
Majoi MOTy>KHOCTI [7, 8]. 3Bakarounm Ha 3a3Ha4yeHE BHINE, HA CHOTOMHI IIA3MOXIMIYHI METOAM MAalOTh
HAHOUIBIY TEPCHCKTHBY y pa3i OOpOOJIEHHS BOJHUX CKHUIIB (hapMalEeBTUYHHUX MIIMPHEMCTB, a ix
BUKOPHUCTAHHS JJ1sl TOTPEO TETIOBOI €HEPTEeTHKH MAJIOMMOBIpHE.

Maiike IMOBHICTIO IT030aBUTHCS HE TUIBKHM BIJ aHIOHIB COJIEH 1 KHCJIOT, a M B3arajil BiJ XIMIYHUX
peareHTiB MijJ Yac OYMIICHHS BEIMKUX 00 €MIB NMPHUPOJHHX BOJ Ja€ 3MOT'Y HalCydYacHIIIa TEXHOJOTis
MeMOpaHHOiI ¢inbTpanii, ado sk ii 1Ie Ha3MBarOTh, 3BOPOTHOTO OCMOCY, SIKa BHKOPHCTOBYETHCS Pa3oM 3
TexHoNorielo yneTpadimerpanii [18]. Ane, sk i Oyab-iKa TEXHOJOTiA, BOHA Ma€ CBOI HEIONIKH —
HEOOXITHICTh 3aMiHU OOJIamMHAHHS Maibke BCHOTO TEXHOJOTIYHOTO JIAHITIOTY BOJOIMIATOTOBKH, IO
MPU3BOIUTH IO Jy)KE BEIMKHX KalliTAJIbHUX BKJIAJIcHb, BUCOKA COOIBApTICTh Ta BIIHOCHO MaJluii TEpMiH
ciryk0n MeMOpaHHMX MOJIEKYJISIpHUX (DiTbTpiB, HEOOXiMHICTH iX YaCTOTO NPOMUBAaHHSA W OYHWIICHHSA,
BUKOPHUCTAHHS CKJIQAHOTO OOJIAAHAHHS 3 BHCOKMM THCKOM, TOIIO. PO3BHUTOK CydacHMX METOAIB
BUTOTOBJICHHS MeMOpaHHuX (inbTpiB [19] HamacTh 3MOTY 30UIBIIUTH KOHKYPEHTO3JATHICTD Li€1 TEXHOJIOTII.
Bike Bigomi mpuknaau ii ycmimHoro BukopuctaHHs [20]. Bona moxke OyTu akTyanbHOIO Uil 00’ €KTIiB
TEIJIOBOT €HEPreTHKH, SIKi 3HAXOAATHCS HA CTafil NPOEKTYyBaHHS, KOJIM HEMae MOTpPeOM Yy AEMOHTaxXy
CTaporo 00JIaJHAHHS XIMIYHOT BOAOIIATOTOBKH.

Ha BimmiHy Bim momepenHboi TexXHONOTrII, elekTpoximiyHa [21], ickpoeposiitna [6] Ta ii Oijbm
cydacHa Bepcis — ImiazMoepo3iitHa koaryismii [22] He moTpeOyIoTh NEMOHTAXY TPaAULIHHOTO 00JaHAHHS
XiMiYHOI BOJOMATOTOBKH. /[0 Bke HAsBHOTO OOJATHAHHS MOJAIOTHCS EIEKTPOKOATYJIATOp 1 JDKEpeNo
MOCTIHOTO CTPYyMy Yy pa3i eJIeKTPOXIMIYHOI KoaryJsimii abo po3psaHa KaMepa Ta TeHepaTop pPO3PSIHUX
IMIOYIBCIB Yy pasi ickpoepo3idHOi Ym Tuta3Moepos3iHoi koarymsamii. Ha BigmiHy Bix JBOBUMIipHHX
(TOBepXHEBUX) IIA3MOXIMIYHUX TMPOIECIB, BUCOKA €()EKTHBHICTE SKUX CIIOCTEPITAETHCS JIUIIE Y BY3BKOMY
MOBEPXHEBOMY IIapi BOIU abo y ApiOHOMUCIIEPCHUX BOJHO-TIOBITPSHHUX cymimax [8], mi TexHoiorii €
TPUBUMIPHUMH 1 3a0€3MeUyI0Th 0JHOYaCHY 00pOOKY BChOro 00°€My BOAM y aKTHBHiHM 30HI Koaryiastopa abo
pospsinHoi kamepu [22]. Tomy iX mpoayKTHBHICTH Ha [Ba-TPH HOPSIKM BHINA 1 32 UM KpUTEPiEM BOHHU
MOXXYTbh OYTH 3aCTOCOBaHi Ha 00’ €KTaX TEIIOBOI CHEPTETHUKH.

3aBIsKy Aii eNeKTPUYHOI €Heprii, KoaryJisHT B LUX TEXHOJOTIAX OTPUMYETHCS O€3MOCepelHbo 3
MeTally eNeKTPOJiB Ta IIapy TpaHyJl ITiJ 4ac WOro XiMivyHOi B3aEMOZII 3 BOZOIO, sika 00pobnseTbes. Tomy
TITKIJTABI aHIOHU COJIEH 1 KUCIIOT BiICYTHI. 3Ba)KalouM Ha HaBeACHE BUIIE, caMe ITi TEXHOJIOTIi MOXYTh OyTH
aIbTEPHATUBHOIO XIMIYHIH KoaryJisiii Ha 00’ €KTax TEIJIOBOI EHEPreTUKH 03 JEeMOHTaXY iICHYHOYOl CHCTEMU
BOJIOMIATOTOBKH. Po3risiHeMO (i3uKo-XiMiYHI Ta €HEpreTHYHi acleKTH LUX MPOLECiB OiIbII eTaIbHO.
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®Di3zuKo-xiMiuHi Ta eHepreTHYHi aCMEKTH eJEKTPOXiMiYHOI Koaryasamii. YTBOPIOIOYI KOATYJISTHT
MeTaliid Me BaJICHTHICTIO X, SIKI MAlOTh BiJI’€MHE 3HAUCHHS CTaHIAPTHOTO EJEKTPOJHOrO MOTCHIANTY, Y
BUIMAJKY iJICAJIbHOTO CTaHy 1X TOBEPXHI MOBHHHI B3aEMOJISITH 3 BOJOI 03 3aTydYeHHsI CTOPOHHIX JIKEpen

eHeprii 3rinHo 3 xiMiuHoW peakuicro Me+ H,0 = Me(OH )x + (x/ 2)~ H, T. Ane na MPAKTHIII, BHACIIIOK

YTBOPEHHsI Ha TXHIi MOBEPXHi MAaCHBYIOUMX ITIBOK 3 OKCUAIB Ta TiAPOKCUAIB, LIeii MpOLEC TanbMy€eThCS, a y
BUMAJKY AITFOMIHIIO, TACUBYIOUi TUIIBKH HA IMOBEPXHI SKOTO € TEPMOIMHAMIYHO CTIMKUMHU, HE BiI0OYBa€ThCS
30BCciM. st pyHHYBaHHSI TaKHX IUTIBOK y CTaHAAPTHUX YMOBaX HEOOXIJHO 3aTPaTHTH €HEPTilo, MiHIMallbHE

. . . . e e . 0
TCOPCTUIHO MOXKJIMBE 3HAUCHHA AKO1 JOPIBHIOE BUIbHIM C€HCPI'11 I'i66ca ix YTBOPCHHA B IUX YMOBax AG298 .

Bynemo BBaxkatu, 110 Ha MicIi 3pyHHOBAHOT IUTIBKH Opa3y K YTBOPIOETHCS HOBA, 1 00 OTpUMATH YHCTHIH
MeTal, TiBKY HeoOXigHO pyHHyBaTH Iopa3y. Toni, 3Hal04YH KiNbKicTh Ny, aTOMIiB MeTany Me y MOJeKymi
fioro okcuay abo TiOPOKCHAY i MOJAPHY Macy MeTainy M., PO3PaxyHOK TECOPETHUYHUX MHUTOMUX BUTpPAT
eHeprii Ha BiHOBJICHHS | KT METally BHACHIJOK €JEKTPOXIMIYHOTO PYyHHYBaHHS HOT'O CHOJYK 3IiHCHIOETHCS
32 popmys010 W, =~ AGe /(NMe 'MMe)~

VY mepeBaxHiil OUTHIIOCTI BHMAKIB HA IMOBEPXHI aJIOMIHIIO YTBOPIOEThCs oro okcun AL,O;. Enepris
[66ca yrtBopenHs wmi€i cmomyku ckiamae —1582,3 x/x/Monb, a TeopeTWdHe 3HAUeHHs MUTOMOI EHepril
BiTHOBJICHHS MeTany w,=8,139 kBr-rox./kr [22]. B pe3ynbrari XiMidHOI B3a€MOJIii 3aii3a 3 BOIOK MOXKYTh
YTBOPIOBATUCS JICKUIbKa HWOro OKCUAIB 1 TiapokcumiB: Fe(OH), Fe(OH);, FeO, FeO;, Fe;0, Haiimenine
TEOpeTUYHE 3HAYCHHS MUTOMOI €Heprii BiJHOBJIEHHS METaly CIIOCTepiraeThes mia uca pyhHyBaHHA FeO i
cxinanae 1,212 kBr-roz./kr, a Haitbinbie — mif 4ac pyiiHyBaHHs Fe(OH); 1 cknamae 3,47 kBr-ron./kr [22]. Y
MOJTANTBITIOMY OyIeMO YMOBHO BBKATH, IO HA MTOBEPXHI 3AJTI3HUX €JICKTPOIIB YTBOPIOETECS TUTbKH Fe(OH);.

OCKiJbKM y JaHUX TPOIlecax Ha KaTOJl BiJHOBIIOETHCS BOJCHB, CICKTPOIHUI MOTEHIA) SKOrO
NPUAHATUN PiBHUM HYJIO, TO HAIpyra MiX €JIeKTPOAaMHU YHCEIbHO OyJe NOPiBHIOBATH MOTEHIIaTy aHOXA.
Moro MiHIMAIBHO MOXIMBE TEOPETHYHE 3HAYCHHS JIETKO 3HANTH, 3HAIOYH YHCIO EICKTPOHIB, SIKi GepyTh
ydacTb y Tmporeci Z, MOIyNb 3apsiy eJleKTpoHa e Ta uucio Asoragpo N, 3a Qopmynoro

U,=- AG;)%/(Z -e-N, -NME). s Al,O; 3HaueHHs niei Hanpyru ctaHoButuMe 2,733 B, a mua Fe(OH);

2,417 B. Opnnak, mpakTHYHE 3HA4YSHHS HAmpyru Mik enekrpomamu Uc 3aBxau Oyle BWINE MiHIMaabHO
MOXJIUBOTO TE€OPETHYHOTr0 Uy BHACHIIJOK HAsIBHOCTI JOAATKOBUX CKJIQJOBHUX: MAJiHHSI HAIPYT'H HA OMIYHOMY
OTIOpi EJIEKTPOIIITY, SIKUH 301IBIIYEThCA 13 POCTOM CTPYMy Ta MEpEeHamnpyrH eleKTpoAa, SKa 3TiTHO 3
piBHsHHAM batnepa-Doipmepa 301TBIIYETHCS 3 POCTOM HIUTEHOCTI CTPYMY.

Haiimenme ommcane B jiteparypi [21] mpakthuHe 3HaueHHS Hanpyrd Uc MK €IEKTpoIaMHu
HAHOUIBII €KOHOMIYHOTO Ha ChOTOJHI «IIIJIMHHOTO» (3 BIJICTAHHIO MDK €JIEKTpoJaMu MeHIie 15 mm i
BEJIMKOIO TXHBOIO IUIOLICI0) JTaOOPAaTOPHOTO €JIEKTPOKOAryIATopa Uil allfOMiHIEBUX 1 CTaleBHUX €IEKTPOMIB
cTaHoBWJIO Mpubnu3HO 5 B. IlpakTrdHe 3Ha4eHHS MUTOMOI €HEPrii, sIKa BUTPAYAETHCS Ha EJEKTPOXiMiuHe

pO3uMHEHHS | KI MeTally B OIMHMCAaHHMX YMOBaX pO3paxoByeThcs 3a dopmyinow: w, =eZN U, / M,, innsa

AIFOMIHIEBHX €JIEKTPOIiB ckiagae 14,889 kBt rom./kr, a as 3amizaux — 7,179 kBr-roa./kr.

Enepreruyni acmexkTtn ¢QisuyHHX mnpomeciB ickpo- Ta mia3MoeposiiiHol koaryuasimii. B
iCKpoepo3iiiHiii Kkoarymsmii apioHoamcrepcHi (Menmie 20 MkM) dactuHkH A/ abo Fe yTBOPIOIOTBHCS
BHACIIIZIOK iCKPOBOi €po3ii MOBEpXHI rpaHyJT BIAIOBIAHIX METATIB B PO3PSATHIN KaMepi Mmia Ji€0 iMITyJIbCIB
CJIEKTPUYHOT €Heprii TPUBAIICTIO JECATKH MiKpoceKyH[. [loTparmsiioun y Bogy, MO OOpOONISETHCS, BOHH
BCTYINAIOTh 3 HEIO y XIMIYHY PEaKlilo, SKa OMMCaHa BUINE, 1 YTBOPIOIOTb BHCOKOAKTUBHHMU KOAryJIIHT Ha
OCHOBI TipokcuaiB mux MetaniB [6]. [lomameimi mpomecw BimOYBArOTHCS AHAJOTIYHO EIEKTPOXIMIUHIH
KoaryJsmii. Bix qucnepcHOCTI epo3iiHUX YACTHHOK 3aJIe)KMTh MIBUAKICTh MPOTIKAHHS XIMIYHMX PEaKIfii i
YacTKa MeTaly, sIKa IOBHICTIO BCTYNA€ B XIMIUHy pEakli€l0 3 BOAOK TNPOTATOM 3aJaHOTO Yacy
TEXHOJIOT19HO1 omeparlii, To0To ii MaTepianoeeKTHBHICTb.

[Tma3zmoepo3iiiHa KoaryJsiisi Ja€ 3MOTY OTPUMYBATH YJIBTPAAUCIEPCHI €po3iiiHI YaCTUHKH METAaJiB
(menme 2 MM) [23] 3a paxyHOK OOMEKEHHS C€BOJIIOLII TEPEeBa)KHOI YACTKU IUIa3MOBHUX KaHAIIB Mik
MOBEPXHAMH iX TPaHyJ MEPeliCKPOBOIO CTali€l0 CTpuMepa abo Jimepa [24], Tomy MaTepianoeeKTUBHICTh
IIHOTO TIPOIECY BHINE, HiX momepenHboro. OCHOBHI eleKTpodi3udHI MPOIECH yYTBOPSHHS, PO3BHHEHHS,
Mirpamii i KoJancy IjIa3MOBUX KaHaJiB MiXK HMOBEPXHSIMHU CYCIIHIX TpaHyJ METajiB B iX IIapi BHACIIJOK
MiABEJICHHS IMITYJIbCIB €IEKTPUYHOI eHeprii Ta Gi3uyHi mpolecH po3IUIaBICHHS, BUMAPOBYBaHH 1 eBaKyallil
MeTaldy, yTBOPEHHS YAApHUX XBWJIb 1 €JIEKTPOMArHITHOTO BHIIPOMIHIOBAHHS BiJl paiodacTOTHOTO IO
yIIbTpadioIeTOBOTO Jiana3oHiB Ta iH. [25], SKi IpU IbOMY MarOTh Miclie, IeTalbHO onucaHi B [22, 23].
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[lepeTBOpeHHsT TiepeBa)KHOI YAaCTKH EHEeprii eNeKTPUYHUX IMIYJLCIB Yy IHIN BHIM €HEPTii o
3aBepIICHI IIMX MPOIECiB B OMHMCAHUX YMOBaX MO)KHA 3BECTH JI0 TIEPETBOPEHHS y TEIJIOBY EHEPTilo, siKa
NPU3BOAUTH IO PO3IUIABJICHHS i BUIAPOBYBAHHSA MEBHOI MacH 71 METaly rpaHyJl y 30HaX, IO 3HAXOIATHCS
Oe3nocepenHb0 MOONMM3Y Ta3MoBuX KaHaiiB [22]. Lle ysromkyerbes 3 manumu [26]. Take cnpormeHHS
OUTHII KOpPEKTHE JUI IUIA3MOEPO3IMHOI KOarylsIii, J¢ TpOIecH YTBOPEHHS VIApHUX XBHIb 1
€JIEKTPOMArHITHOTO BUIIPOMIHIOBAHHS CYTTEBO MEHII IHTEHCHBHI, HIXK Y pa3i icKpoepo3iiHoi koarysmii. Y
BIZIMIOBIAHOCTI 3 LMM CIPOIICHHSIM Ta 3HEBAKAIOUM BUTpaTaMW €HEPrii Ha HarpiBaHHS NPHICTIHX 0
NPUKaHAJIBHUX 30H 00NacTel TpaHys HU)KYE TEeMIIEpaTypH iX IUIABJIEHHS, a TaKOX IPWIEraux obiacreil,
3allOBHEHNX POOOYOI0 PITMHOIO, 3HAIOYHM CEPEeJHE 3HAYCHHS MUTOMOI TEIUIOEMHOCTI METaly Yy TBEPIOMY
CTaHl cs [22], TemmepaTypy IUIaBJIeHHS MeTany 1,, TEMIepaTypy HAaBKOJIHUIIHBOTO cepeloBHINa 1, Ta

IATOMY TEIUIOTY IUIABJICHHS MeTany A

m >

MiHIMaJTbHY TEOPETHYHO MOKIIUBY ITHTOMY €HEPTiI0 YTBOPCHHS

epO3iffHUX YaCTUHOK 3 PO3IUIABICHOrO METAally NpPUKAHAIBHUX 30H MOXJIMBO PO3PaxXyBaTd 3a (HOPMYIIOIO:
w, =c, (Tm - TO)+ A, . Has amowminito ii 3nauenHs cxiuagae 0,302 kBrrop./kr, a mms 3amiza —

0,463 xBt-rom./kr.
3a THX caMUX CIIPOIICHb, 3HAIOUN MMUTOMY TEIUIOEMHICTH METalIy B PIAKOMY CTaHi ¢;, TEMIIEPaTypy

BUIAPOBYBaHHs MeTany 1, i #0ro MUTOMYy TEILIOTY BHIIApPOBYBaHHS A , MiHIMAIbHY TEOPETUYHO MOXKIIUBY
IUTOMY CHEpril0 YTBOPEHHS EpO3iHHMX YaCTMHOK 3 MeTaly INpUKAHAJIbHUX 30H, SKUH BHUIIApyBaBCs,
MOKJIMBO BH3HAYHUTH 3a (hopmysor: w, =W, +c,(Tv —Tm)+ A,. Jdnst amomiHilo ii 3HaYCHHsS CKIIajae

3,926 xkBt-ron./kr, a g 3amiza — 2,509 xBt-roz./Kr.

JocainzkeHHss MUTOMUX BUTPAT eHeprii miiazMoepo3iiiHoi koaryasauii B 1aGopaToOpHUX yMOBaX.
Jo ckmagy mabopaTOpHOi yCTaHOBKM BXOJMIIM: TPAaH3UCTOPHUU TEHEPATOp PO3PSAIHHUX IMIYIBCIB [22],
mudpoBuit 3anmam’stopyrounii ocmmtorpad Siglent SDS1104CFL, po3psimHa kaMmepa Ta CeAUMEHTAITIHHII
0ak 7S KOHTPOJIIO BIJICYTHOCTI €pO3iMHMX YacTWHOK po3mipamu Oinbmie 10 MkM. Sk rpanynm
YTBOPIOIOYOTO KOATYJISIHT METaly BHKOPHCTOBYBAIHUCS BiIPi3KH €NEKTPOTEXHIYHOTO APOTY AIIOMiHIEBOTO
crutapy  Mapku  A7E  giametpom 4 MM 1 JOBXMHOK TPUONM3HO 4 MM, TIONEpPeIHLO 0O0pobIeHi
ICKpOEepO3ifHUM METOZOM 1O KBazichepudHoi (GopMH AiaMeTpoM MPHOIM3HO 4 MM, TIOBEPXHs SKUX Maja
XapaxkTepHi JiyHKd. Bucora iX mapy B po3psaaHiii Kamepi 3 BEpTUKAIGHUMH €JIeKTPOJaMu CTaHOBHIA 25 MM,
mmpuHa — 60 MM, a Bimctanp Mix enekrpogamu — 50 MMm. Emektpomu posmipamm 80x60x6 MM Oynu
BHUTOTOBJICHI 3 amfoMiHieBoi muHU Mapku AJI0.

[Iporok Boau, sika 00OpoOIIIOBaIacsl B pO3PsIHIN Kamepi, OyB CHpsMOBaHMiA 3HU3Y Haropy. O0’emHa
MIBUAKICTh HOro pyxy craHoBmia (=12 mu/c. Taka mBuAkicTh Oyjia IOCTaTHBOIO U TapaHTOBAHOTO
BHHOCY BCiX, Y TOMY 9HCIIi i HAHOIIBIIHX, €PO3IHHIX YaCTHHOK 3 PO3PSIHOT KaMepH, ajie HeJJOCTATHBOIO IS
oMy rpaHys y iXHbOMY IIapi i THM Oiiblie iX BUHOCY. [licist po3psiiHOi KamepH BoJia i3 3BaKEHHMH B
Hill epo3ifHUMM YacTHHKaMH HagXoIwia B CeOUMEHTauidHui Oak, posmipu sikoro 300x200x150 mm
JTO3BOJISUTH Ha TIOPSIOK 3HHM3WTH JIiHIKHHY MIBUAKICTH ii pyxXy. Taki TigpoAnHaMidHi YMOBH JaBalld 3MOTY
ocimatu Ha qHO BeNWKHUM (mMoHA] 10 MKM y TIOTIEPEYHHKY) €pO3iHHNM JaCTHHKAM. BibI npiOHI 9acTHHKH
0e3mepenIKoJHO 3aJiIIaid CeIMMEHTAiHNN 0ak pa3oM 3 0O0poOIIIOBaHOIO BOJOIO 1 CIPSIMOBYBAJIMCH 10
0aky-ocBiTIIOBaYa, e mHepeOyBajl MPOTArOM TPUBAIOrO yacy (MOHAJ IBOX TOAWH), AOCTaTHHOTO IS
OKHCJICHHS aJTIOMIHIIO 0 WOTO TiAPOKCHIY, MO3piBaHHS KOATyJITHTY HAa MOTO OCHOBI 1 OCa/pKEHHs HOTO
pa3oM i3 3aXOIICHUMH 3a0pyAHEHHIMHU.

AMITTITYy1a pO3PSAHUX IMITYyJIBbCIB Hampyru U, iXHS TPHBANIICTh 7 1 9YacToTa TOBTOPESHHS f
BHOWpaJIMCS TaKUM YHUHOM, 1100 3 OJHOTO OOKY, y TPOIIEC, 0 PO3TIIAAETHCS, HE YTBOPIOBAIIUCS BEIHKI
(monan 10 MKM) YacTHHKH aJIOMiHilO i pouec OyB cTabiIbHUM, a 3 IHIIOTO — HOTo MPOAYKTHBHICTH Oyia
JIOCTaTHBOIO JUIsI 3a0e3NedeHHS HEeOoOXimHOI KOHIICHTpAIlli KOaryJsHTy y BOMi, SKa OOpOOJISETHCS.
CHHXpOHHI OCIWJIOTPaMH IMITYJILCIB HAPYTH #(?) Ha Mapi paHys aJlOMIHIIO 1 CTPyMy i(?) Y HbOMY JUIS
peXuUMy, ONM3BKOTO 0 CepelIHBOCTATUCTHYHOTO, MOKA3aHO HA PHCYHKY B 1HBEPTOBaHMX KOIBOpAx IS
ekoHoMii ToHepy. JimpHuK Hampyru 1:10 OyB WiAKIIOYEHWI 1O TepHIoro KaHamy ochwiorpada, a
BHCOKOYACTOTHUH IMIYJILCHUH TpaHChOpMATOp CTpyMy 3 KoedimieHToM mepeTBopeHHs S=860 A/B — mo
Jpyroro Kaxamy. s pexxuMmy, y SKOMY 3HATI OCHHJIOIpaMH PHCYHKY, 3HAUCHHS MapaMeTpiB IMITyJbCiB
cxmamu: 7 =3 Mkc, f~100 I'n, U,=180 B, 1,=60 A. Ilepenana B po3psaHy KaMepy €HEprisi OJHOTO TaKOTo

T
iMIyJIbCy po3paxoByBaiacs 3a Gpopmynor: W, = ju(t) i(t)dt . JI71s1 3MEHIICHHST CTOXACTHYHUX (PIIyKTyaIlin
0
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CUTHAJIB HAaNpPYTH i CTPyMy, SIKi CYTTEBO YCKJIAIHIOIOTH O0pOOKY iX OCIMIIOTpaM i MOXYTh NMPHUBECTH JIO
MOMMJIOK TiJ] 4Yac OOYHMCIICHHS EHEprii IMIYJbCIB, OCIMJIOTPAaMH HAmpyrd 1 CTpyMmMy OyJ0 MiagaHo
3IMIaKyBaHHIO Oarato iTepamiiHUM METOAOM KOB3HOI'O CEpPEeIHBOrO 3 MOABOEHHSIM ULIMPHHU BiKHA
GdinpTpanii Ha KOXHINM HacTynHii irepamii [27]. B pesymbraTi po3paxyHKIB €HEpris OJHOTO
CEPEeMHBOCTATUCTUIHOTO IMITyIbCy W, ckiamana 32,7 mJIx.

€ @T_
wn

L] lz0bp

IIporsirom  excrnepuMeHTy 3a  4ac

&
At=10800 ¢ (3 romwHM) Maca aJTIOMIHIEBHX

TPaHyJI 1 CIEKTPOJIB 3MCHIIMIAcs Ha M, =18 I.

[Tutomi BUTpaTh eHeprii po3paxoByBajHCs 3a
dopmynoro: W, :f-At~W]/mp. B mpomy

pexxuMi BoHM cknamu 5,45 kBrron./kr. B
aHaJIOT1YHUX Jociigax i3 rpaHyJiaMu

GRS HV3PKOIICrOBAHOI CTajli MATOMI CHEPrOBHTPATH

CHL== 586 CHZ== 26,am) ™M 256n= CHI £ 148U ckyanu npuonusHo 3,2 KBT-rom./kr.
M Pos:1.87p= 18-11-B519:51:15 . vy .

HopiBHanbHUIE  aHANI3 NUTOMHX

BUTPAT eHeprii mi1a3mMoepo3siiiHoi Ta ejgekTpoxiMiuHoi koaryasamii. {71 SKiCHOTO OCBITIEHHS TPUPOIHIX
noBepxHeBux Boa mobsm3y M. Kuesa mns motped TEC 1 TELl, B 3aiexHOCTI Bif MOpH POKY, MOJISIpHA

G=183

KOHIIEHTpallil KOarylsHTy K, IIOBUHHA 3HaxoauTucs y nianasoni Bix 0,05 mo 0,15 MOIB/M [6].
Cepennbopiune ii 3HaYeHHs cTaHOBHUTH mpuOmmsHO 0,1 Momb/M’. Moro i 6yaeMo BHKOPHCTOBYBATH Y
MOJATBIINX Po3paxyHkax. HeoOXixHa Ui OCBiT/IeHHS | M’ BOAM NMATOMA Maca yTBOPIOKOYOTO KOATYJISHT
MeTaly, BHpa)keHa B Kilorpamax, po3paxoByeTbcs 3a Qopwmynow: m, =k, M, N, /1000. Toxi, 3
ypaxyBaHHSM IMUTOMUX BUTPAT CHEPTii HA OTpUMAaHHS | KT MeTally Y BUTJISAI €pO3IHHIX YaCTHHOK abo 10HIB
B POSIVISIHYTHX IPOLECAX Wy, IHTOMI BHTPATH CHEPrii Ha OCBiTIEHHSA | M° BOAM B HUX CTAHOBHTUMYTH:
W, =m,Ww,,,. JlIa 3py4HOCTI NMOpPIBHAHHA IMTOMI BUTPATH €HEPrii Ha OTPUMaHHA | KI' YTBOPIOIOYHX
KOAaryJIsSsHT METaliB y BHIJIANI €pO3iifHMX YacTHMHOK a0 i0HIB, a TaKoX NMUTOMI BHUTpaTH €Heprii Ha

ocBiTIEHHST 1 M’ BOAM B PI3HMX PEKHMax CICKTPOXIMIUHOI Ta IIa3MOEPO3iHHOI KOAryismii HaBEIeMO y
TabIuUL.

ITapameTp \ YTBOpIOIOUHIi KOATYJISHT MeTaJ Al | Fe

TeopernuHe 3HaYeHHsI TUTOMO]I €Heprii pylHHyBaHHS IACHBYIOUYMX ILTiBOK W,, KBT TOo1./KT 8,14 | 3,47

Teopernune 3HaueHHS NUTOMOI €HEprii Ha OCBITJIIEHHS BOJM B pe3yjbTaTi pyHHyBaHHS nHacuByrounx|22,00({19,43
ITIBOK Wy, Brrom./m’

[IpakTryHe 3HAYCHHS MUTOMOI €HEPrii Ha eJeKTPOXiMiyHe PO3YMHEHHs | KT MeTany w,, KBT Toa./kr 14,89| 7,18

[IpakTryHe 3HA4YCHHS MUTOMOI €HEpril Ha OCBITICHHA BOJAW EIEKTPOXIMIYHOI KOAryismiero wy,,|40,20(40,21
Brrom./m

TeoperndHe 3HAYEHHS MMHATOMOI €HEPTii YTBOPEHHS €PO3IMHMX YaCTHHOK 3 PO3ILIABICHOTO METaly w,,| 0,30 | 0,46
kBt rom./xr

TeopernuHe 3HAYEHHS IMHTOMOI €HEPTii HA OCBITJIEHHS BOIH IDIa3MOEPO3iHHOI0 Koaryismito B pexumi| 0,81 | 2,58
PO3IUIABICHHS METATY Wy, BT rom/M’

TeopernuHe 3HaYCHHS TUTOMOI €HEeprii yTBOPEHHS epO31iMHUX YaCTHHOK B PEXUMI BUIIAPOBYBaHHs Metaiy| 3,93 | 2,51
w, kBT rom./kr

TeopernuHe 3HA4YEHHsSI MUTOMOI €HEprii Ha OCBITJIIEHHS BOIM IUIa3MOEpO3iiiHO0 KoaryJsinio B pexumi|10,61(14,06
BHIIAPOBYBAHHS METAY Wy, BT TOL/M’

[IpakTHyHE 3HAUSHHS MMTOMHX BUTPAT €Hepril Ha YTBOPEHHs IJIa3MOEePO3iiHIX YaCTHHOK W,, KB roa./kr | 5,45 | 3,20

IpakTnyHe 3HAYEHHS NMTOMMX BUTPAT €HEPTil Ha OCBITJIEHHS BOIM IUIA3MOEPO3IHHOI0 KOATYISILII0 Wy, |14,72(17,92
3
Brroxn./m

3 anamizy nmaHuxX TaOnuii BuWIUTMBaE HacTymHe. 1. TeopeTWdHi 3HA4YeHHS IUTOMOI eHeprii
pyHHYBaHHSI ITACHBYIOUMX IUTIBOK Ha MOBEPXHI K A/, Tak 1 Fe iCTOTHO BHWIII, HiXK TCOPETHYHI 3HAYCHHS
NUTOMOI €Heprii BHIIApOBYBaHHS LUX MeTaliB, ocoOuuBo y Bumanky A/ lle € mepemymoBoro Oinbimoi
EHepreTHYHOI e(eKTUBHOCTI eNeKTPO(I3MYHUX METO/IiB OTPUMAaHHS KOAryJISHTY 3 IUX METaJiB MOPIBHSIHO 3
EIEKTPOXIMITHUM METOJIOM.

2. [lpakTHuHi 3HaYCHHS MUTOMUX BUTpAT SHEPrii Ha YTBOPEHHS IUIA3MOEPO3iHHHX YACTUHOK ITHX
MeTaniB y 2,2...2,7 pa3u HWXKYi 32 IPaKTHYHI 3HAYEHHSI TUTOMOI eHeprii Ha iX eJIeKTpoXiMiuHe pO3UYMHEHHS,
0 POOUTH ENeKTPOPI3NTIHI METOAM OTPUMAHHS KOATYJSHTY OUTHII MEPCIEKTUBHUMHU, HI)K €JIEKTPOXiMidHI.
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Kpim Toro, 00cimyroByBaHHs €JIEKTPOKOAryIsSTOPiB BUMAarae 4acTOro OYMIIEHHS MOBEPXHI €NeKTPOIIB A
3a0e3MeUYCHHS] CHePreTUIHOI e)eKTUBHOCTI MPOIIecy, a sl OIepallisl € TPYAOMICTKOIO i Ha Cyd4acHOMY eTari
PO3BHUTKY 0ONagHAaHHS HE aBTOMAaTH30BaHA. TaKoX MepeBaraMu iCKpo- Ta IUIa3MOepo3iiHOl KoaryJsmii Ha
EJIEKTPOXIMIYHOIO € BHCOKHH aHTHUMIKpOOHWH edekT [25] 1 MOXIMBICTh YIOBUIBHEHHS pPO3BUTKY
IiaHOOAKTEPIN y pa3i JojaBaHHs y map rpanyi A/ abo Fe HeBenukoi KitbKocTi rpanyi Cu.

3. TeopeTn4Hi 3HaYECHHS TUTOMOI €HEPril YTBOPCHHS epO3iiHNX YaCTUHOK 3 po3IuiaBy Fey 5.4, a Al
y 13 pa3iB MeHHIi 3a TEOpeTHYHI 3HAUCHHS MUTOMOI €Heprii iX yTBOpeHHs 3 mapoBoi ¢asu. Tomy momryk
PEXHUMIB, B SIKAX TIEPEBaKHA KITBKICTh €PO3IMHMX YaCTHHOK i3 3aJJaHUMH BIACTUBOCTSIMH YTBOPIOETHCS HE 3
napu, a 3 piIKOro MeTany € MepCrHeKTHBHUM. 3MEHIICHHs €HepTii, sSiKa BUIUISETECS B OKPEMHUX TIIa3MOBUX
KaHaJlaX B HACJIJIOK 3MEHIICHH: ITOTY>KHOCTI PO3PSAHOTO CTPYMY 1 TPUBAJIOCTI 1Or0 MPOTiKaHHA B KOKHOMY
3 HUX [28], B TOMYy YHCIIi Yepe3 IMiJBUIICHHS IMBUIKOCTI X Mirpaii [29], 3a yMoBU 30epexeHHs CepeIHbOi
MOTYKHOCTI, SIKa BUIUTIETHCS B YCiX IIA3MOBUX KaHajdaX pa3oM, € BAKIIUBOIO 3a1adeio. PekoMenmartii momo
peaizanii Takux pexuMIB HaBeleHO y [24]. Peanizauis AeaKux 3 HUX Y METOAI IUIa3MOEPO31HHOT Koarysmii
miABHIIY€E HOro eHeproe)eKTUBHICTh MOPIBHSHO 3 METOIOM iCKpoepo3iiiHoi koarymsnii [6] Ha 10...15%.

4. JIns OLTBIIOCTI PEKUMIB, PO3TITHYTHX Y TaOJHIN, TUTOMI BUTPATH €HEPTril Ha YTBOPECHHS 10HIB
abo epo3iiiHuX YacTHHOK A/ 3 enekTpoaiB abo TpaHyl y NepepaxyHKy Ha 1 Kr Oinbimi, HOXK ais Fe. Ane
MUTOMi BUTPATH EHEprii JUTst OCBiTIEHHS | M’ BOIM 3 BUKOpHUCTaHHAM Al y GiIbIIOCTI BUMAKIB MEHII, HixX 3
BUKOpPHUCTaHHSM Fe. lle cipuunHEHO THM, 10 32 OJHAKOBOI BaJIEHTHOCTI MOJIsIpHa Maca Fe OunblI HiX y 2
pasu mepeBuIIye MOJISIpHY Macy Al.

Y3aranbHeHns i BucHoBKkH. 1. [lnazmoximiuHi MeToau oOpOOJIEHHS BOAM € HAWHOUIBII EHEepro-
e(eKTUBHUMH Ul ACCTPYKLil BHCOKOMOJEKYISPHHUX 3a0pyIHEHb CTiYHMX BOZ, HPOTE HM3bKa IMPOAYK-
THBHICTh OOJAJHAHHS, IO iX peali3ye 1 BIJHOCHO HEBHCOKAa C(PEKTHBHICTh BUIAJIICHHS 1OHIB CoJeH
JKOPCTKOCTI, MIKpOOPraHi3MiB Ta ApiOHOAUCTIEPCHUX 3a0pyIHEHb HE CIpHs€ TXHHOMY 3aCTOCYBAHHIO IS
OYMILCHHS IOBEPXHEBUX NIPUPOIAHUX BOJ AJIS TOTPEO TEIUIOBOI €HEPTETHKH.

2. TeopetndHi poO3paxyHKH TIOKAa3ajdd, IO 3a IJCATBbHUX YMOB CHEProe(eKTUBHICTH IIJIa3MO-
eposiiiHoi koarymsnii mMoxke Oytd B 1,4...2 pa3m Ounblma, HDK eleKkTpoxiMmiuHoi. EkcriepuMeHTH B
nabopaTopHUX yMOBax AOBENH, 110 HA MPAKTHULI [el MOKa3HUK MOXe ckiaaaaTH Bix 2,2 no 2,7. [lepeBaramu
ICKpO- Ta TUIa3MOepOo3iiHOI KoaryJysmii HaJl eNeKTPOXIMIYHOI0 € TaKOX BHCOKWN aHTUMIKpOOHHH edekT i
MOXITUBICT YTIOBUILHEHHS PO3BUTKY IiaHOOAKTEPiil.

3. TIuTOMi BHTPATH ENEKTPUUHOI eHEpril MIa3MOepO3iiHHOro KoaryIsuiiHOro ounmeHnHs | M° Boau B
nabopaToOpHUX YMOBaxX NPUOMM3HO B 1,4 pa3w BUII 3a MiHIMAIFHO MOJMIIHBI TEOPETHYHO B PEXUMI
BUIIAPOBYBAaHHS BCi€l MacH yTBOPIOIOYOI'0 KOAryJIsTHT METally, 3 SIKOi YTBOPIOIOThCS €po3iiiHi yacTuHKY. Lle
00YMOBITIOE MEPCIIEKTHBH MOABIIOTO MiIBUIIEHHS eHepOoe()EKTUBHOCTI METOY.

4. [linBuIIeHHS eHEeproeeKTUBHOCTI IIa3MOEpO3iiiHOT Koarymsmii MoO)Ke IOCATAaTUCS 3aBISKU
3a0€3IEUCHHIO PEKUMIB, Y SIKUX OUTBIITICTE TUIa3MOEPO3IHHAX YaCTHHOK HEOOXITHUX PO3MIpiB YTBOPIOIOTHCS
HE 3 MapoBoi, a 3 piakoi (a3u yTBOPIOIOYOIO KOAryJSIHT METady, 30UIBIICHHIO INBHIKOCTI IiJABEICHHS
NOTY>KHOCTI B TIJIa3MOBI KaHalM B Pe3yNbTaTi CKOPOYEHHS TPUBAIOCTI (POHTIB IMITYJIBCIB PO3PSAHOTO
CTPYMY, 3MEHILCHHIO MOTY>KHOCT1 PO3PSIIHOIO CTPYMY 1 TPUBAJIOCTI HOTO MPOTIKaHHS B KOXKHOMY 3 OKPEMHX
IJIa3MOBUX KaHATIB 32 YMOBH 30€peXEHHS CEpeaHBOI MOTYKHOCTI, SKa BHIIISETHCS B YCIX IIA3MOBUX
KaHaJlaX Pa3oM.
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PHYSICAL AND TECHNICAL-ECONOMIC ASPECTS OF MODERN METHODS OF WATER TREATMENT FOR
THERMAL AND NUCLEAR POWER ENGINEERING

N.A. Shydlovska', S.M. Zakharchenko', M.F. Zakharchenko?, I.L. Mazurenko', M.A. Kulida®
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A critical analysis of modern electric-physical and electric-chemical methods of water treatment is given in the context
of the efficiency of treatment surface natural waters for the thermal and nuclear power engineering. Physical aspects of
electric-chemical coagulation are considered. Theoretical values of the specific energy of destruction of passivation
films on the surface of aluminum and iron electrodes, as well as the minimum voltages required for this, are calculated.
The mechanisms of conversion of the energy of discharge pulses in a layer of granules of metal forming a coagulant
immersed in water are described. According to the described model of energy conversion processes, the minimum
theoretical values of the specific energy of the formation of erosive Al and Fe particles from molten and evaporated
metal are calculated. A technique for studying the energy efficiency of plasma-erosion coagulation under laboratory
conditions is described, and the results of these studies are presented. The specific energy of purification of 1 m® of
water by electric-chemical and plasma-erosion coagulation was calculated in various modes using Al and Fe as metals
forming the coagulant. Based on the analysis of the obtained results, recommendations for ways to improve the energy
efficiency of plasma-erosion coagulation modes are given. References 29, figure 1, table 1.

Keywords: discharge current, thermal power engineering, energy efficiency, plasma-erosion coagulation, electric-
chemical coagulation, water treatment
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The article is devoted to reducing the influence of sources of an additive error in determining local changes in the
electrical conductivity of electrolyte solutions under conditions of changes in the background electrical conductivity of
the measurement medium, which often occurs in biosensor and other systems with a differential pair of conductometric
transducers when their electrical parameters are not identical. The goal is to provide a deep suppression of the
influence of background changes with significant differences in both reactance and active resistance in the transducers
of a pair of sensor. The essence of the issue, the causes and mechanism of this type of error, as well as the methods and
means of its reduction, developed earlier, are briefly considered. A diagram and description of the structure of a
differential conductometric channel of a biosensor system based on an AC bridge, an algorithm for its balancing
operations by controlling the module and phase of the test voltage, as well as a vector diagram of currents and voltages
in the bridge circuit during this process. The balancing of the bridge has been was modeled analytically, bringing it to
a quasi-equilibrium state, in which changes in the background electrical conductivity do not change its output signal.
Additional operations for balancing the bridge are determined to achieve such a state with significant differences in
both capacitances and active resistances in the impedances of a pair of conductometric transducers of a differential
sensor. The results of experimental studies of the suppression of the influence of changes in the background electrical
conductivity of a solution in a differential conductometric channel with using its computer model and experimental
sample of a conductometric instrument with an electrical equivalent of a differential sensor are presented. A
comparison of the results obtained and the corresponding data for balancing bridge circuits by previously developed
methods is given. References 16, figures 3, tables 3.

Key words: differential conductometric biosensors, impedance, measurement, common mode influences, equivalent
electrical model.

Introduction. Determination of changes in the parameters of the complex electrical conductivity of
electrolyte solutions can provide important information about the state of the environment, the quality of
technological materials and food products, and can be used in biotechnology, medical and technical
diagnostics [1-3]. In many cases, the measurement of values of active conductivity (conductometry) [4] can
be used. In particular, the use of biosensor methods implemented using a two-electrode conductometric
transducer (sensor) with a planar interdigitated comb topology holds great promise [5—7]. Such a transducer
cover with a selective biochemical membrane. An informative physical quantity during measurements is a
local change in the electrical conductivity of the buffer solution in the measuring cell due to an increase in
the concentration of electric charge carriers between the sensor’s electrodes in the result of a biochemical
reaction in the membrane after contact with the analyte.

A serious obstacle to improving the accuracy, sensitivity and reliability of conductometric
measurements is the dependence of the background electrical conductivity of the buffer solution on its
temperature, changes in concentration during measurements, the presence of various impurities and other
non-informative factors. To eliminate it, the method of differential measurements is used using a differential
sensor, consisting of an active transducer associated with the object under study (working one), and a passive
(reference one) that determines the background conductivity of medium in a measurement sell. In biosensor
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systems, they constitute a differential pair of identical primary transducers with selective (active) and neutral
(passive) membranes, respectively. These transducers, placed in the buffer solution of the conductometric
cell, are included in opposite branches of the bridge circuit, which is powered by an alternating current
voltage source with a frequency of several tens of kHz [8—10]. When an analyte is added to buffer solution, a
local change in the electrical conductivity of the solution occurs in a selective membrane, which is
proportional to the concentration of the analyte in the analyte. It causes the response on the biochemical
reaction, the magnitude of which is determined by the change in current in the working converter and at the
output of the bridge. Such technology can be used not only for biosensors, but also for many other
measurements in liquid media.

The change in background conductivity in this case is common mode influence. Under ideal
conditions, with identical parameters of the equivalent electrical circuit of the conductometric transducers
and in the absence of an analyte, the bridge is balanced. Therefore, changes in currents in the working and
reference transducers due to changes in the background electrical conductivity of the solution are mutually
subtracted at the output of the bridge and do not affect the informative signal at its output. However, in
practice it is very difficult to ensure the identity of these parameters [11, 12].

A simplified equivalent circuit of a two-electrode conductometric transducer at optimal frequencies
is a series RC circuit in which the active resistance of its impedance R is determined mainly by the solution
resistance and depends on the geometric dimensions of the electrode array. This parameter can have a
sufficiently high accuracy due to the use of modern technologies for the manufacture of transducers. The

parameter C is mainly determined by the reactive (capacitive) resistance 1/®wC of the near-electrode double
layer, which depends from the state of the electrode surfaces and cannot be stable. This leads to a change in
the phase angle of the converter and to a change in both the phase and the amplitude of the current in it under
constant test voltage on the transducer. Therefore, even if changes of the impedance of a transducer with
series equivalent circuit are due to a change in the capacitance alone, there is also a change in voltage across
the active component of the impedance — that is, across the solution under test. In this case, the increment of
current in the transducer changes with the same changes in the conductivity of the solution.

In a differential conductometric system, the indicated changes in the capacities of the working and
reference transducers can differ significantly. This leads to the appearance of a false response at the output of
the bridge due to in-phase non-informative impact on the converters caused by changes in the background
electrical conductivity during the measurement process, i.e. to the additive measurement error. That is
especially noticeable when working with electrically conductive analytes [11-14].

It should also be taken into account that in the electrode region there are also active charge transfer
resistances, which are shunted by the capacitance of the double layer. However, at frequencies optimal for
measurements (tens of kHz), this shunting is not complete; therefore, the equivalent resistance R of a two-
element chain has a certain component, which is determined by the charge transfer resistance and near-
electrode capacitance. This component can be determined by recalculating the parameters of the parallel
connection of the charge transfer resistance with the double layer capacitance into equivalent (at the
operating frequency) parameters for their series connection. If the changes in the near-electrode capacitances
of the differential sensor transducers are not the same, the indicated components R in their equivalent two-
element circuits turn out to be different. That additionally changes the ratio of active resistances and,
accordingly, worsens the suppression of the effects from the common mode influence caused by changes in
the background electrical conductivity of the solution.

In order to avoid this phenomenon, in conductometric systems with a bridge circuit for comparing
currents (which provides a fixed voltage mode on the measurement object), the bridge is balanced on the
output current component, which is quadrature to the test voltage, by compensating of the voltage drop
across the capacitances of the converters [10, 12, 13]. The result of this is the equality of the amplitudes of
the supply voltage of the bridge and the antiphase test voltages on the active resistances of converters in the
differential sensor and, respectively, the equality of changes in the amplitudes of the antiphase currents in
them is achieved under changes the background electrical conductivity.

However, full mutual compensation of changes in sensor currents under changes in the background
electrical conductivity is not obtained in this case, since the changes in currents differ in phase due to the
difference in the phase angles of the conductometric transducers of the sensors [12, 13]. The way to solve
this problem was first proposed in [15]. It consists in bringing the bridge to a quasi-equilibrium state by
additionally adjusting the phase of the test voltage in its reference branch, due to which the collinearity of the
vectors of changes in the currents of the converters is achieved. In that case the output signal of the bridge is
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maintained unchanged when the background electrical conductivity of the solution changes. The
disadvantage of the solution described in [15] is the need to use in the bridge circuit analog signal converters:
DAC, adders, inverters, phase shifters. This complicates the device circuit and its adjustment, limits the
frequency range and measurement accuracy. When using bridge circuits with digital generators of test and
reference voltages, analog converters may be absent. Such an AC bridge is balanced by regulating the ratios
of the modules and phases of the output voltages of the generators, which are fed to the working and
reference converters [16].

The collinearity of the vectors of changes in the currents of the converters is achieved by additional
adjustment of the voltage phase on the reference converter. Theoretical and experimental studies of such
balancing of the bridge circuit have shown possibility of a high degree of suppression of common-mode
interference from changes in the background electrical conductivity with differences in the capacitances of
the differential sensor transducers. However, with differences in their active resistances, its effectiveness
turned out to be much lower.

The purpose of this work is to provide a deep suppression of the influence of changes in the
background electrical conductivity of the solution during differential conductometric measurements under
conditions of significant differences in both reactive and active resistances of the sensor's transducers. A new
method is proposed for bringing the bridge to a quasi-equilibrium state, which differs from those used
previously to do this.

Let us consider this problem in more detail. Balancing of the bridge on phase of the currents in the
converters of the differential sensor in the device described in [16] is performed by rotating the phase of the
test voltage, and not by adding a quadrature component to it, which compensates for voltage drops on the
near-electrode capacitance of the converter, as in [10, 12, 13]. In this case, the normalized test voltages,
which are set by the generators in the bridge branches, are distributed on the reactive and active resistances
of the differential sensor converters into the corresponding quadrature components in proportion to their
values. The modules and phases of these components may have different ratios in the working and reference
transducers due to differences in their phase angles. If this difference is associated only with a change in the
reactive component of the impedance, first, the bridge completely balanced by adjusting the amplitude and
phase of the test voltage on the reference converter. Then, quasi-equilibrium state of the bridge is established
by additional rotation of its phase by the phase difference of the angles of the differential pair of transducers
[16]. It makes possible to achieve equality of voltages across the active resistances of the conductometric
transducers. In this case, the current responses in the bridge branches to in-phase interference from changes
in the background electrical conductivity of the solution are mutually compensated with high accuracy.

However, if the active resistances of the working and reference sensors differ, this compensation is
not complete, since in a bridge circuit with current comparison, during balancing, the currents in the sensors
are equalized, and not the voltages across them. Of course, you can use a bridge circuit with a comparison of
the voltages on the sensors, but at the same time, they must operate in the mode of a given current
(galvanostat). This means that voltages on conductometric transducers can vary within a wide range during
measurement, which is unacceptable both for biosensors and in many other cases. This mode requires
different approaches to performing measurements.

Structure and adjusting of the measuring channel.

| A simplified structure of the

grel [Ua 1. sw2 differential conductometric channel of
Uref 1s1| DG 5 4 oo | Uop a  biosensor system with a
I F 2 compensating-bridge  circuit  with

cl Ux . . .
J—/‘ I/U[ | SD current comparison, which is balanced
Coded Uref2 Up SW1 0] T by adjusting the ratios of test voltages
7| Sater| | 1s2| DG2 1 on the sensors of the differential pair
Cse;Zp; Rep; vref anc by modulo and by phase, is shown in

\_T Ic2 Fig. 1.

Ores CodeUp I The bridge circuit contains
DAC | (PACH= mc [P2*2 two branches formed by digital
f;fj*sﬁg¢ generators DG1, DG2 of stepped
“\CodeUp quasi-sinusoidal signals and conducto-
metric converters of the differential
Fig. 1 biosensor, which are shown as
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equivalent RC circuits Rga, Csy (active, working sensor) and Rgpe, Csp (passive, reference sensor) with
impedances Z, and Zp. A stable constant reference voltage Uref powers the bridge. This voltage is supplied
unchanged to the working branch, and to the reference branch — through a digital-to-analog converter DAC.
The digital oscil-lators generate quasi-sinusoidal voltages Ua and Up with n steps per period under the
influence of clock pulses Ic. The frequency fy of these voltages is n times lower than the frequency fc of the
Ic pulses, which are formed from the clock pulses TI of the microcontroller with a frequency fr. Their phase
relationships are set by synchronization pulses: s;, which is generated by the master generator DG1, and /s,
which sets the initial phase of the slave generator DG2, and is shifted in time relative to I using the Phase
Shift digital delay by an integer number of quasi-sinusoid steps. More discrete control of the phase shift is
carried out by shifting I, relative to /¢ by an integer number of periods of frequency f7, which is an integer
number of times higher than the frequency fc. The control codes for the phase shift Ap and the voltage
amplitude Up DG2 are formed by the microcontroller mkC. The bridge balancing process is controlled by
the microcontroller software according to the processing result of the bridge imbalance signal Iy, which is
converted into voltage Uy by the I/U converter. Then, an in-phase or quadrature component with Ua is
extracted from it using a synchronous detector SD with mutually quadrature reference signals Uz or Ugp,
which are converted into a digital code using ADC. The configuration of the bridge circuit can be changed
with the SW switches to preset the measurement channel and to measure the result of the biochemical
reaction in the working sensor. The structure of this measuring channel and its functioning are considered in
more detail in [16].

The microcontroller program performs the preparation of the channel for measuring of the change in
the specific electrical conductivity of the solution in the working conductometric transducer in the form of a
sequence of the operations for bringing the bridge circuit to its initial quasi-equilibrium state. In this state,
the errors from the instability of the parameters of the equipment and the measurement environment are
minimal. In [16], an algorithm and a vector model of a variant of such tuning are described in detail, which
ensures its good accuracy in the case of instability of the near-electrode capacitances of transducers of a
differential pair. Therefore, in this article they are shown in a simplified form, followed by a detailed
description of new operations that reduce the error also from non-identities of the active resistances of the
working and reference sensors. The simplified vector model of such measuring process is shown in Fig. 2.
The whole measurement process

AS

+]'mJlUgF

b3
5y,

1
t, | 1252

consists of three stages. At the first of
them, a preliminary full balancing of the
bridge circuit is performed, in the result
of which the amplitude of the bridge
output signal becomes close to zero. At
this stage, the wvalues of diagnostic
parameters of the impedance of
conductometric transducers Rgy, Csy and
Rgp, Csp are determined. The values of
tangents of their phase angles tge,, tgop
are calculated. At the second stage, the

bridge is set to the calculated state of
quasi-equilibrium, in which the output
signal of the bridge is not close to zero,
but it does not change with the same, in-phase changes in the parameters Ry and Rgp. At the third stage, a
sample of the analyte is introduced into the conductometric cell. As a result of a chemical reaction, a local
change in the electrical conductivity of the solution occurs on the active (working) transducer producing
changing Rg4. That changing is converted in the bridge circuit into an informative signal, the digital code of
which is proportional to the concentration of the analyzed analyte.

These voltages in the bridge circuit are anti-phase, but, for clarity of the signal’s comparison in the
bridge, Ua is shown in reverse phase. The process of the preliminary balancing of the bridge is the gradual
reduction of the amplitude of its output signal to the minimum possible value by successively changing the
values of the phase shift codes Ag and the amplitude Up. The Up vector rotates to the Upl position and its
amplitude decreases (to the Up2 position). The current vectors of the active (—/a) and passive (Ip2) transducers
coincide in this case (the bridge is balanced). If Rs, and Rgp are equal and Cs, and Cgp are different, the result of

Fig. 2

the first tuning stage is the alignment of the ends of the voltage vectors Ug, and Ug,, along the arc between
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points P and A. The voltage vector across the active resistance of the passive transducer takes on the value

URp2- The current increment vectors —Ala and Alp2 have the same amplitude during in-phase action on the
transducers in this state of the bridge, but different phase angles relative to the current vectors (they are equal to
the phase angles ¢, and ¢, respectively). To eliminate this difference, the bridge is transferred to a state of
quasi-equilibrium at the second stage of tuning by an additional rotation of the voltage vector on the passive
sensor from the position U, to U,; by an angle Ag. After that, the increments of currents (now —Ala and Alp3)
after common-mode influence on transducers become collinear (with opposite phases) and equal in absolute
value, and therefore cancel each other in the output signal of the bridge.

Achieving the necessary quasi-equilibrium of the bridge with a difference in the active
resistances of conductometric transducers. There is equality of the currents of active (-/,) and passive (Ip;)
transducers in the equilibrium state of the bridge. Therefore, the voltage on them Ugy and Ugp, (that is,
voltages on the solution in the transducers) turns out to be different, if the active resistances of a
conductometric transducers pair are different. Consequently, the current increments with a change in the
background electrical conductivity of the solution will also differ, their mutual compensation at the output of
the bridge will not be complete, and the resulting additive error will not be completely suppressed.

This problem can be overcome by changing the operation of balancing the currents of the working
and reference arms of the bridge in order to bring the bridge into a slightly different state of quasi-
equilibrium. After reaching the equality of the modules of their currents (at the first stage of setting up the
measuring channel), the reference transducer’s current module is corrected, depending on the ratio of the
active resistances of the differential pair of transducers. This correction transfers the bridge into a state of
quasi-equilibrium (in terms of current) and equilibrium in terms of voltages across their active resistances.
The correction is calculated in such a way that the voltage drops on the active components of the impedance
of the working and reference transducers are as close as possible. The initial data for such calculations are
the results of diagnostics of the parameters R, C, tge of conductometric transducers, which is performed at
the first stage of channel tuning. There are some features of their definition, related to the fact that the
equivalent circuit of the transducers is a serial RC-chain, and the parameters of the parallel equivalent circuit
(G and ®C) are measured.

In differential conductometric devices, the measured parameter is the conductivity, and the
informative signal of the bridge measuring circuit is its output current. Therefore, measurements are made
using a parallel transducers equivalent circuit (active and reactive conductance, phase angle tangents and
their differences), and the necessary diagnostic parameters (active and reactance according to a series
equivalent circuit) are obtained by calculations. To do this, the relations known from theoretical electrical
engineering are used to recalculate the parameters of a parallel circuit (indices P) into a serial circuit
equivalent at a working operating frequency o, (indices SE) and to recalculate the parameters of a serial
circuit (indices ) into equivalent parameters of a parallel circuit (indices PE):

2\ -2
Ry =R, (1+(mwchpj ) ; Cy: :Cp(1+(coprRp) );

-1
Ry = Ry (140, CyRs )’2); Cpp = C; (1+(oawCSRS )2) .

In these expressions, the terms ®,CpRp and 1/(®,,CsRs) are the values of the phase angle tangent of
the parallel and series RC circuits at the frequency ,, respectively.

The above correction can be carried out by multiplying the value of the DAC control code that
generates the U, voltage applied to the reference transducer after the bridge is fully balanced by some factor.
It equal to the ratio of the active resistances of the reference and working transducer or the inverse ratio of
their conductivities in a series equivalent circuit. However, as our studies have shown, this correction is not
sufficient, since the amplitudes of current increments in transducers with a change in the specific electrical
conductivity of the solution depend not only on the voltage across the solution, but also on the values of the
phase angles of the transducer [12, 13]. Therefore, it is necessary to introduce an additional correction of the
correction factor, which takes into account the ratio of the dependences of the increments of the of the active
and passive transducer's current on their phase angles. The rationale for the values of additional corrections
on the mathematical model of the process of setting the measuring channel is given below.

The complete equivalent circuit of two-electrode conductometric transducers is complex. With this
in mind, it is advisable to check the compliance of their equivalent circuit with a serial two-element RC
circuit at the used operating frequency of this device when performing diagnostics. It is not a problem to
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measure the above diagnostic parameters with (for example) a twofold change in the operating frequency,
since there are no frequency-dependent blocks in bridge circuits with digital generators of test and reference
voltages. The adequacy criterion is a significant excess of the change in reactive conductance compared to
the change active one with a change in frequency for each of the converters. An important criterion for the
quality of transducers is also the closeness of their active conductivities at both frequencies. If these criteria
are not met, it is necessary either replace the sensor or, if possible, select a more optimal operating
frequency.

Let us consider mathematical expressions characterizing the process of bringing a bridge measuring
circuit with a differential biosensor to a state of equilibrium and quasi-equilibrium. Each of the sensors is
represented as a two-element equivalent circuit having two elements connected in series — the electrical
conductivity of the solution and the electrical capacitance, which characterizes the processes in the near-
electrode layer of the solution. Let us designate the impedance parameters of the sensors as follows: Ggy is
the electrical conductivity of the active sensor, Csy is the capacitance connected in series with it, Ggp is the
electrical conductivity of the reference sensor, Csp is the capacitance connected in series with it. Let us use
the method of complex amplitudes for calculating electrical circuits operating under the action of alternating
voltages of a sinusoidal shape with a frequency .

The working (active) sensor is supplied with the voltage of an independent (leading) generator with a

fixed amplitude and phase, which has only an in-phase component: U , =U, . The reference (passive) sensor
is supplied with the voltage of a dependent, regulated generator, which changes when the bridge is

balanced: Up :‘Up‘-exp(q)p). In this expression ‘Up‘ — the modulus of the regulated voltage of the

dependent generator, @, is the angle of its phase shift relative to the voltage of the independent generator. The
complex currents through the sensors are defined by the following expressions:

i, = 1 Ua = U.Gs, exp[arctggtg(p y )];
_ +— \/1 +ig 9y
JjoCsy Gy,

i U, |exp(or) exp(,) - explarctg(1gg,)]

A NNy v

JoCgp  Gp

where tgp,,=Gs4/0Csy; tgpr=Gsp/oCsp are phase angle tangents ¢4 and ¢p of sensor impedances.

Balancing the measuring circuit is to achieve equality of the modules and phase shifts of the currents
I,; and 1,;. Based on this condition, we find the relative value of the modulus of the regulated voltage, the
dependent generator to the voltage of the independent generator ND1 (this is the DAC control code) and the
phase shift between these voltages Ag,; corresponding to the equilibrium state of the measuring circuit:

ND, - Gy, .\/1+tg2(PP |

Gsp \/ 1+tg% 4
Let us determine the parameters of the state of quasi-equilibrium of the measuring circuit, in which
the effect of changes in the background electrical conductivity on the measurement result of local changes in
the electrical conductivity will be minimal. During conductometric measurements, the background electrical
conductivity of the solution in the measuring cell changes and, accordingly, the active electrical
conductivities in the sensors. This is equivalent to multiplying them by the same coefficient K:

A
Ggy =K, Ggy =Gy +AGgy =G +(1-K) Gy, )

YO =04~ p, (1

A
Gop =K;Gsp =Gop +AGgp =Ggp +(1-K ) - Ggp 3)

The complex current through the active sensor I, after a change in the specific electrical
conductivity of the solution and its change Ala are described by the expressions:

. U . U U
A _ a . — a _ a
la = 1 1 Al 1 1 1 1 )
. + . + . +
joCgy  Ggy+AGy, JjoCgy  Ggy+AGg,  joCg,  Gg,

After transformations, we have:
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Gg, +AGg, G,

(Al =U, (-4 T )5 &)
C - jagey 1-j1gey,
A AGSA
where tg(pAztg(pA+Atg(pA,Atg(pA=w =(1-K,)-1g9,.
s4
Bringing the expression in brackets (5) to a common denominator and expanding the brackets gives:
. AGy,

Al =U, (6)

1 Qg+ Aige )~ 1879, 180 - Aigo
Let's determine the module and the phase of current change through the active sensor. The phase is
determined by the denominator (6):

1-K,
2tge ,(1+ 5 =)

~1g%¢,(1+(1-K )
In practical measurements, the electrical conductivity changes by a few percent, therefore (1 — K) <<
1. Taking into account the formula for the tangent of a double angle, we can write:

P, = arcig(] )- (7)

2tgo
(pg ~ arctg(—z“‘) and (pg ~20,. ®)
l1-1g79,

Approximate value of the current change module through the active sensor:

- 1 1
Al |[=U -AG =U -AGg, - ———. )

54 s,
21| ~U, Ja-1%9 ) +4g’e, L+1g°p,

By analogy with (9), we determine the change in current through the reference sensor:
Gop +AGg, Gy

Al =|U,|exp(e,)(—— : : (10)
,=l04 P -jgep 1180,
A AGSP
where 1gQ, =1g0p + AigQ,, Algo, = :(I—Kf)-tg(pp.
oCgp
Then, by analogy with (8) and (9):
. . 1
A . N
P ~20p+P); ‘Mp‘~‘Up"AG5p'm- (a1
P

To mutually compensate the changes of currents in the sensors when the background electrical
conductivity of the solution changes, it is necessary to ensure the equality of the phase angles and absolute
values of their vectors. From comparisons of the corresponding expressions in (8), (9) and (11), we find the
correction values of the voltage vector on the reference sensor in phase and modulus to achieve the necessary
quasi-equilibrium:

2 2
by phase: A@,, =2(¢,—¢p); modulo: ND, = AGyy '1+tg2(p,, = O '1+tg2(pp . (12)
AGyp 1+1g7¢, Ggp 1+1g70,

From the performed analysis, the following conclusions can be drawn. Expressions (1) describe the
voltage regulation parameters of the slave generator, corresponding to the equilibrium state of the measuring
circuit before the introduction of the analytical substance into the solution. This state is achieved by applying
the measurement method with balancing the bridge in quadrature and in-phase components of the output
signal of the bridge towards the test signal [10, 12]. When an analyte is introduced into the conductometric
cell, in addition to an informative change in the current in the working (active) sensor, the background
electrical conductivity of the solution changes. In the result of it the current vectors in both sensors change.
These, non-informative, changes in the general case differ from each other both in phase angle and in
amplitude, which manifests itself as additive interference and the corresponding measurement error. In the
method described in [16], after balancing, the operation of an additional change in the voltage phase of the
regulated generator is performed by a value equal to the difference in the phase angles of the impedances of
the active and reference (passive) sensors. Such a change in the phase of this voltage is determined by the
first condition in expressions (11). In this case, the collinearity of the vectors of changes in currents in the
sensors and the complete elimination of additive interference are achieved, if the active resistances of the
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sensors are the same. For complete mutual compensation of in-phase changes in currents in sensors at
different values of their active resistances, it is also necessary to additionally change the voltage amplitude of
the regulated generator so that the second (amplitude) condition formulated in (12) also is achieved. From
the comparison of expressions (1) and (12) it follows that the coefficient of amplitude correction of the
voltage of the dependent generator ND1 must be additionally multiplied by the coefficient:

\/1+tg2(PP
\ll‘ng(PA .

This operation allows to bring the bridge into the new quasi-equilibrium state described above.

Experimental studies of the suppression of the effect of changes in the background electrical
conductivity of the solution in a differential conductometric channel.

To estimate the degree of suppression of changes in the background electrical conductivity of the
solution, computer simulation of the behavior of the measuring circuit was carried out when using the
prototype and the proposed method.

The simulation results are presented in Table 1. Calculations were made for the generator voltage
frequency of 62.5 kHz. It is assumed that when a test substance is introduced, the background electrical
conductivity of the solution changes by 1%, and the local electrical conductivity changes by the same
amount due to the reaction in the active sensor. Calculations were performed for the range of electrical
conductivity values from 0.2 mS to 5 mS, electrical capacitance from 1 nF to 50 nF, which corresponds to
the limits of the ranges of the parameters of real conductometric transducers, which are appropriate to use in
the considered biosensor systems.

The penultimate two columns of Table 1 show the ratio of the change in the nonequilibrium current
modulus due to the change in the background electrical conductivity of the solution to the informative
change in the nonequilibrium current modulus due to the local change in the electrical conductivity as a
result of the reaction in the active sensor. Column o1 corresponds to the method without amplitude
correction, column 62 corresponds to the method developed in this work. The right column shows the values
of the ratios 81/02, characterizing the increase in the coefficient of suppression of changes in the background
electrical conductivity using the proposed method compared with the prototype. The first and last two rows
show simulation results for the most typical values of solution resistance in the sensor, about 1 kQ, with
differences in sensor capacitances up to £20 percentage. As can be seen from the data in the table, the
influence of non-informational changes in the background electrical conductivity when using the developed
measurement method decreases at least 37 times compared to the method that does not have additional
voltage correction on the active resistance of the passive sensor.

Table 1
N | Gyus, | Cus, 2P Ggs, Cks, tgor 052,° ND; ND, 81, |02, % | 81/ 6,
mS nF Q4,° mS nF Qr,° %
1 1 5,44 | 0,4681 1 4,352 0,5851 -10,498 1,0493 1.1011 4,7 | 0,08 | 58,75
25,084 30,333
2 5 40 0,3183 5 48 0,26526 5,6015 0,9858 0,9719 1,5 10,04 | 37,5
17,657 14,856
3 5 1 12,733 | 4,167 1 10,61 1,787 1,0013 0,8356 19,8 {0,017 | 1164
85.500 84.616
4 0,2 1 0,5093 0,25 1 0,6366 -10,984 0,8451 0,8927 54 | 0,11 49
26,99 32,482
5 1 4.5 0,5659 1 5.4 0,4716 8,515 0,9622 0,9259 4 0,066| 60,6
20,505 25,247
6 1 5,44 | 0,4681 1,2 6,8 0,4496 1,7555 0,8272 0,8214 0,7 | 0,01 70
25,084 24,207

Verification of the developed measurement method on a physical model. For an experimental
evaluation of the effectiveness of the proposed measurement method, an operating sample of a differential
conductometric meter was made with the structure and tuning algorithm considered in this paper. The studies
were carried out using the electrical equivalent of a differential conductometric transducer developed earlier
[13]. Also were used the results of studies of the frequency characteristics of several types of conductometric
transducers with interdigitated topology used in biosensors. Scheme of the equivalent is shown in Fig. 3

ISSN 1607-7970. Texn. enexmpoounamixa. 2022. Ne 4 85



resistors 1K and capacitors 5.44nF simulate the tipical electrical parameters of active and passive converters,
100K resistances simulate changes in their electrical conductivity by 1%, and 5K resistances and 1.3nF and
4.55nF capacitors allow you to

BRI Rpa Rpp 13nF simulate non-identity of the
— A= ——— =11 converter parameters. The 3.3K
33K 33K . )
KA KP3 K1 resistors can simulate near-
4,55 nF 5K 5K 4,55 nF .
. = KA4 KP4 = 1 . electrode resistance to charge
»—o\o /0% .
jﬁrm Rsa nom Rsp nom 544 Ii’—o transfer to implement a 3-
KA2 H 1K 1K kP2 | element equivalent circuit of
converters (not used in these
studies). In the course of these
%01 00 ' dies, the characteristi f
K1A 100K KAS KP5 100K kip | Studies, the  characteristics o
suppression of the influence of
Ua fout UP' in-phase changes in electrical

conductivity in sensors of a
differential pair in a new device
and in devices of previous

Fig. 3

developments described in [10, 12, 13] were compared.

Table 2 shows the values of the obtained responses of the measuring channels of previously
developed devices (in conventional units, 100 c.u. = 10 pS) while simulating informative and non-
informative effects on the equivalents of active and passive transducers. The KAS key simulates the
informative effect, and the non-informative effect of a change in the background electrical conductivity is
simulated by closing the keys KAS and KP5 simultaneously. The ratio of the response to simultaneous non-
informative influences (G, and G,) to the informative influence G, is the additive error 8,4q. The data were
obtained using a bridge circuit that is fully balanced on the quadrature and in-phase components of the output
signal to the bridge supply voltage [10, 12], and under using a bridge circuit that is partially balanced only on
the quadrature component of this signal [13]. In the second device, the voltages on the active resistances of
the sensors are equal even if when they are not identical. The results of diagnostic measurements of the ratio
of equivalent values of the active resistances of the transducers R,/R,, the difference between the tangents
tg(9,-¢,) and tge of the active transducer are also presented. The measurements were made with the equality
of the RC-parameters of the impedances of the converters (Za=Zp) and with changes in these parameters in
the reference converter by about 20%. The response values given in the line G, =+1%, AG, =+1% are the
percentage value of the additive error (d,44) from the unsuppressed part of the common mode interference
when it is equal to the useful signal.

Table 2

Measurement | At full balance of the bridge circuit at a frequency | When balancing the bridge circuit on the voltages
results of 68 kHz on the capacitors at a frequency of 66 kHz
Sensor Z=Z, | R,=R, R,=R, R,=0.8R, Z,=Z, | R,=R, R,=R, R,=0.8R,

parameters C,~=1,2C, C,=0.8C, C,=C, C~=1,2C, C,=0.8C, C,=C,

AG,=+1% 104 103 103 104 109 109 109 109

AG,=+1% -104 -109 -95 -719 -106 -110 -101 -98

AG=+1% 0 -6 8 25 3 -1 8 11

AG,=+1%

R,/ R, 1.0 0.962 1.044 0.829 0,987 1,059 1,13 0.837

tgQ, 0,46 0,46 0,47 0,46 0,5 0,5 0,5 0,5

te(Q,-9,) -0,008 -0,081 0,056 0,046 -0,002 | -0,0005 0,0019 -0,0003

Table 3 shows the data of studies using an experimental sample of a new device, which is balancing
to the quasi-equilibrium state by the developed method. The response to an informative change in
conductivity in the working transducer was measured for AG, = +1%. With an additional simultaneous
change of 1% in the active resistances of the equivalents of the working and reference transducers, the
relative value of the additive error 8,44 of these measurements was determined. The data of the study of the
new method on the physical model of the conductometric channel showed a lower value of suppression of
the effect of background electrical conductivity compared to the computer model due to the limited
discreteness of the phase adjustment (0.7°). That was done to simplify the device. If necessary, the value of
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dadd can be reduced several times more.

Table 3
Ne Rsy, Rsp, Rsp/Rsy tgp4 tgop AG~+1% AG,=+1% adds
Cs; R, OMm Om AG,=+1% %
C,=0.8C, 1009 | 1010 1,001 0,43976 0,52544 18 1530 1,17
R,=R,
C,=1,2C, 1008 | 1008 1,000 0,44047 | 0,35149 12 1530 0,78
R,=R,
R,=0.8R, 1008 | 846 0,8393 0,44042 | 0,52699 30 1519 1,89
C,=C,
R.=0.8R, 846 | 1010 1,1939 0,52681 0,44003 25 1680 1,49
C,=C,
Conclusion.

The use of the differential method for measuring local changes in the electrical conductivity of
solutions loses its effectiveness when the impedance parameters differ in the equivalent circuits of a pair of
conductometric transducers that make up the differential sensor, especially when both reactive and active
components differ. Due to these differences, a significant additive error arises from changes in the
background electrical conductivity of the measurement medium. It is shown that it is possible to adjust the
bridge circuit of the differential conductometric channel to such a state of quasi-equilibrium in phase and
modulus of its output signal, in which the exact balance of the bridge is achieved with respect to in-phase
changes in electrical conductivity in the working and reference transducers for any non-identity of their
parameters. It can be performed by additional calculated correction of the phase and voltage's modulus on the
reference conductometric transducer after the equilibrium state of the bridge is established. An algorithm and
mathematical expressions for achieving such a quasi-equilibrium are determined. The use of the developed
measurement method makes it possible to significantly improve the accuracy of determining local changes in
the electrical conductivity in the working sensor by reducing the influence of changes in the background
electrical conductivity of the solution on the measurement result by many times.
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OIITUMI3ZALIA BAJIAHCYBAHHA MOCTOBOI'O BUMIPIOBAJIBHOT'O KOJIA
3 JU®EPEHIIMHUM KOHAYKTOMETPUYHUM CEHCOPOM

B.I'. MeabHuK, 10KT. TexH. HayK, IL.I. Bopmos, kaun. TexH. Hayk, O./0. Bacuienko, kaua. TeXH. HAyK,
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Incturyt eaexrpoannamiku HAH Ykpainu,

np. [lepemornu, 56, Kuis, 03057, Ykpaina.

E-mail: melnik@jied.org.ua

Cmammio npucesueHo 3HUIICEHHIO GNIUGY Odcepesl AOUMUSHOT NOXUOKU GUSHAYEHMSI JIOKANbHUX 3MIH eleKmpo-
NPOGIOHOCMI PO3UUHIE eNeKMPONImIe 8 YM08ax 3MiHU (POHOBOI eneKmponposiOHOCMI cepedosuwa BUMIPIO8AHb, WO
yacmo Mmae micye 8 OIOCEHCOPHUX mMa IHWUX cucmemax 3 OUughepeHyianbHOw Nnapol KOHOYKMOMEMpPUYHUX
nepemeoprogayie uepes HeiOeHMUYHICMb IXHIX eleKmpuyHux napamempie. Memorw € 3abe3neuenHs 2aubOOK020
NpUOyUWeHHs 8Nausy (OHOBUX 3MIH 34 3HAYHUX BIOMIHHOCMEl SAK DeakmusHuX, max i aKmueHux onopie y napi
nepemeoprogauie cencopa. Kopomko posenanymo cymv numaHHs, NPUHUHU MA MEXAHI3M BUHUKHEHHSA Yb020 6Udy
NOXUOKU, a MaKoxic Memoou ma 3acoou ii smeHuieHHs, po3pobneni paniwe. Hasedeno cxemy ma onuc cmpykmypu
Oouepenyianvho2o KOHOYKMOMEMPUUHOZO KAHALY OIOCEHCOPHOI cucmeMu HA OCHOBI MOCMA 3MIHHO20 CHPYMY,
aneopumm onepayii 1020 6ANaHCY8aANHS Pe2YIOBAHHAM MOOYA ma hazu mecmoeoi Hanpyau, a maxodic 6eKMOpHy
oiaepamy cmpymie ma Hanpyz y HbOMY HpU YbOMY Hpoyeci. AHANIMuyHO nPomMooerbosane OANAHCYBAHHI MOCMA 3
npugedeHHAM U020 68 CMAH Ked3IpieHogacu, 3a K020 eapiayii (OHOB0I eneKmpOonposiOHOCMI He 3MIHIIOMb U020
BUXIOHULl cueHan. Busnaueno oooamxosi onepayii 6anaHcy8aHHs MOCMA, Wo 0A€ 3M02y 00CSA2MU MAKO20 CMAHY 34
3HAUHUX GIOMIHHOCHel K EMHOCmell, maK 1 aKmueHux onopie 6 imneoancax napu KOHOYKMOMEMPUYHUX
nepemeoprogayis ougepenyianvroeo cencopa. Hasedeno pesynbmamu eKcnepumeHmanoHux 00Caio#ceHb NpuoyuleHHs
8nuU8y 3MiH (QOHOBOI eeKmMpPOnpPosIOHOCMI PO3UUHY Y OupepeHyiarbHOMy KOHOYKMOMEMPUYHOMY KAHALL HA 11020
Komn'tomepuiil moodeni ma Ha eKCnepUMeHMANbHOMY 3DPA3KYy KOHOYKIMOMEMPUYHO20 Npuiady 3 eleKmpudHum
ekgiganenmom ougepenyianvroco cencopa. Hasedeno nopieHAHHA OMPUMAHUX Pe3YTbmamie ma iOno8iOHUX OAHUX Y
pasi banancysaniss MOCMoSUX Kil paniuie pospoobnenumu memooamu. bioin. 16, tabn. 3, puc. 3.

Knwwuosi cnosa: nudepeHuianbHi KOHAYKTOMETPUYHI OIOCEHCOPH, IMIIEIAaHC, BHUMIpPIOBaHHS, CHH(A3HI BIUIMBH,
€KBIBAJICHTHA EJIEKTPUYHA MOJIETIb.
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