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ELECTROPHYSICAL PROCESSES OF ELECTRON AVALANCHE DEVELOPMENT IN AIR
IN THE DEVICE OF PULSE DIELECTRIC BARRIER DISCHARGE

Yu.M. Vasetsky*

Institute of Electrodynamics National Academy of Sciences of Ukraine,
Beresteiskyi Ave., 56, Kyiv, 03057, Ukraine.

E-mail: yuriy.vasetsky@gmail.com.

The purpose of the work is to study the influence of the size of the discharge gap and the time dependence of the increase
in the pulsed electric field to the characteristics of the avalanche stage of a pulse dielectric barrier discharge (PDBD)
from the beginning of electron drift in increasing electric field, taking into account the threshold nature of the impact
ionization process in the gas, the influence of photo-ionization to the enlargement of avalanches, diffusion and electro-
static repulsion of electrons at the head of the avalanche. Computational studies were carried out for the specific elec-
trode system with the dielectric barrier located on the cathode for gas gaps 1-3 mm, voltage pulse with the amplitude of
25 kV and time of its achievement of 50 ns. It is established that after three or four stages, the electric field strength of
the avalanche-streamer transition has a value of 80-100 kV/cm, which occurs ~30 ns after the voltage is applied, and
weakly depends on the size of the gas gap. For the test experiment with gap of 1.5 mm, such values occur at the moment
of reaching the maximum current value. It is determined that the size of the electron avalanche for the given voltage
pulse in the PDBD is determined by the process of electron diffusion. It is shown that after applying voltage as a result of
the first stage of electron drift, the number of emitted photons capable of generating effective electrons for the further
development of the avalanche process strongly depends on the size of the discharge gap. The limits of the discharge gaps
with significantly different possibilities to initiate the avalanches at subsequent stages are determined. References 22,
figures 9, tables 2.

Key words: pulse dielectric barrier discharge, avalanche-streamer transition, photo-ionization, electric field strength of
electron avalanche.

Introduction. Among the numerous applications of electric discharge in gas, studies of the PDBD
have become relevant in recent years [1-3]. The qualities of this type of discharge have proven useful in
technologies that require sufficiently energetic electrons and their homogeneous distribution with a signifi-
cant density in the discharge gap. For this purpose, the pulsed electric field with a significant overvoltage is
used, which during tens nanoseconds reaches its maximum value in discharge gaps of the millimeter range.
Overvoltage in experiments can reach 50% and even 100% and more. Homogeneity of the discharge in the
form of electron avalanches and streamers without the formation of separate spark channels is realized when
using a dielectric barrier in the form of dielectric plates covering one or both electrodes.

From the point of view of efficiency for technological purposes, pulse barrier discharge is an alterna-
tive to other types of discharges used for the same purpose [4]. In particular, it was shown that it is appropri-
ate to introduce devices based on this type of discharge for the generation of ozone and other active radicals
in the technologies of processing food products, contaminated water and air [5—7]. Another possible direc-
tion is the treatment of metal surfaces with high-energy electrons generated in the discharge to improve the
mechanical properties of the surface layer [8, 9].

Successes in experimental research of the PDBD are to a lesser extent supported by theoretical sub-
stantiation of the features of electrophysical processes, which is expedient for determining directions of im-
provement of its characteristics. The complex and multifaceted nature of electrophysical processes in electric
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discharge in general and to no less extent in PDBD determines the priority of the experimental direction of
work. However, this does not exclude also theoretical research, which goes in parallel with the experiment.
In this regard, we note a colossal number of journal publications and a large, but much smaller number of
monographic literature. According to the well-known gas discharge researcher Y. Reiser, when it comes to
theory, this is not least due to the extremely complex, multifaceted and confusing effects [10]. Therefore,
since this article is primarily aimed to obtain an idea of electrophysical processes, references are limited
mainly to several literary sources, which provide a sufficient amount of the necessary original literature.
These are primarily books that contain information about gas discharges of various types and directly about
pulsed discharges [10-16]. For the same reason, the study in the article is limited only to a certain initial
stage of the development of a pulsed barrier discharge, which, however, allows us to get an idea not only
about the dynamics and characteristics of this stage, but also to obtain practically necessary information.

A feature of the work is the study of a specific electrode system, to which a voltage pulse with a
given amplitude and time dependence is applied. Such restrictions correspond to typical values of the pa-
rameters of an experimental device that is being developed for the possibility of technological use [17, 18].
In addition, this allows us to limit the scope of the paper and provide an overview of a significant amount of
relevant data and performance characteristics of this device. The study of the specific system can simultane-
ously indicate approaches for a more general study of the PDBD.

The aim of the work is to determine the influence of the size of air gap and the time dependence of
the increase in the pulsed electric field to the characteristics of the avalanche stage of the PDBD from the
beginning of electron drift in the increasing electric field, taking into account the threshold nature of the im-
pact ionization process in the gas, the influence of photo-ionization to increase in the number of avalanches,
diffusion and electrostatic repulsion of electrons until the moment when the conditions for the beginning of
the streamer process are reached at the avalanche head.

Problem statement. It is considered the formation of an electric dis-
5 e charge in a flat system of electrodes to which the voltage pulse u(t) is ap-
plied. On the surface of the negative polarity electrode (cathode) there is a
dielectric barrier in the form of a flat dielectric plate of thickness d, with

relative dielectric permittivity ¢ . The discharge is formed in air gap of

thickness d; at atmospheric pressure p = 10° Pa (Fig. 1).

The PDBD in the electric discharge installation. Fig. 2, a shows a
typical form of the dependences for a single voltage pulse (red curve /) and
current (blue curve 2) in experiments with the PDBD in a system of flat elec-

E, E, trodes, to which pulses are applied, repeating at a frequency of 100 Hz [17,
- 5 — > 18]. The negative values of voltage and current correspond to the designa-
tions of the potentials in Fig. 1 and the choice of the positive direction of the
D E— current along the axis x . The presented oscillograms were obtained for elec-

-0 X trodes with a diameter of 28 mm and distance d; =1.5mm, the dielectric
¢ e=u(?)

Fig. 1 barrier with thickness of d, =1mm had a relative dielectric permittivity

d d>

A

¢ =4.74 . The voltage at the initial stage increases very gradually, its change
becomes noticeable only starting from the time point ~10-20 ns from the beginning of the presented depend-
ences. Without taking into account the almost zero initial stage, the pulse duration until reaching the maxi-
mum value is approximately ¢, =40—-50ns. The measurement results in the experimental technological

device, where another electrode system is implemented [7], are shown in Fig. 2, . Here the same character-
istic features are observed, in particular, the current reaches its maximum value in modulus at the voltage
before it reaches its amplitude value. Here the same characteristic features are observed, in particular, the
current reaches its maximum value in modulus at the voltage even before it reaches its amplitude value. A
certain difference consists in the existence of an additional local extremum on the decreasing modulus sec-
tion of the current curve after its maximum value. This circumstance may be due to the nature of the electro-
physical processes in the pulsed barrier discharge, and it will be discussed at the end of the article.

In the mathematical model for studying pulsed barrier discharge in the uniform electric field (Fig. 1),

the intensity of the external electric field in the gas gap £} = E; (without taking into account the parameters
associated with the electric discharge: volume and surface charges, charge transfer current, etc.) is defined as
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Ey(t) ) (1)

B dl + d2 /5 ’
The maximum value of the pulsed field strength in the example presented in Fig. 2, a is equal to

Eomax =130- 10° V/m. In comparison, the breakdown voltage for the same air gap in a constant field has a

much smaller value ~43-10°> V/m . The corresponding data based on the results of various authors are given

in [11] and shown in Fig. 3. It is significant that the pulsed discharge, depending on the rate of voltage in-
crease and the distance between the electrodes, can occur at a much higher voltage compared to the constant
voltage [12].

. u, kv iA . u, kV , i, A E, k\r'/sml e l :
e 1, - m M 0 .
N[5 [
5 S 20 y
1\ il\'- : -6 g
E Nl 2
10 BE 40 |
] ]
i -12
15 }; 60 A
i\.? i
-20 A -s0 ~-18
— i
-25 -100 74 | P =

. 200 l’ 0‘2 :ff G481 ;fsm
50 100 150 1. ns 405 41 42 44 404 ;

a Fig. 2 b Fig. 3

0 10 20 30 40 50 60 fimns

The current in the discharge gap begins to increase sharply at approximately the same electric field
strength as the electric discharge in constant field. The current in this case increases to a maximum value

during ~10 ns and reaches it at the external field strength of £, ~90- 10° V/m . Then the current decreases

and, after a slight surge, takes on a zero value approximately at the time of reaching the maximum voltage
value, which is characteristic of the capacitive component of the current. Visually, photographs and high-
speed videos show that a homogeneous discharge can be in the form of a homogeneous glow or consist of a
significant number of individual luminous filaments [6].

The electric discharge process in the presence of the dielectric barrier cannot end with an electric dis-
charge in the classical sense, in particular: the Townsend mechanism of a pulsed discharge at such significant
overvoltage is unlikely [12]; the development of a single spark channel contradicts experimental data, its devel-
opment is prevented by the presence of a dielectric barrier. On the other hand, the ignition of a discharge at a
significant overvoltage may indicate the possibility of the formation of streamers, but as a multi-channel proc-
ess. Such features necessitate research of the pulsed discharge process in the presence of the dielectric barrier at
the cathode, taking into account the specific conditions for applying voltage to the electrode system.

The pulsed electric discharge process, including its avalanche stage, is a multifaceted phenomenon,
which includes, in particular, the process of increasing their number as a result of ionization phenomena,
electron diffusion, radiation and photo-ionization, excitation of neutral molecules, creation of a volume
charge along the entire path of the avalanche, including the special importance of the maximum field of the
avalanche head, and many others. In this work, the electric discharge process is analyzed based on the con-
sideration of the development of one avalanche of electrons. Thus, it is assumed that the field strength of the
volume charge of all avalanches, including the positive charge of the ion trace, is insignificant compared to
the field of the external field of the source. Such consideration makes it possible to focus on the main factor
in this case - the achievement of the local field near the avalanche head to the value at which the streamer
phase of the process begins.

Processes at the initial stage of applying pulsed voltage. The development of avalanche begins with
an initial electron, which, multiplying, turns into electron avalanche drifting in increasing field. The voltage

at the initial stage, based on Fig. 2, for estimates we will describe by the power function u(r)=k(t -1, )".

The value of ¢, ~ (10 - 20)~ 10™%s can be taken as the beginning of the dependence. The parameter k(n) de-
pends on the degree of the chosen approximation. At »=2 this parameter for the given example is equal

ISSN 1607-7970. Texn. enexkmpoounamuxa. 2025. Ne 4 5



approximately k = 2- 10" V/s?. The drift velocity of electrons in the electric field v,; = u,E is proportional
to its mobility x,. The mobility value for air at atmospheric pressure is assumed to be independent of the
electric field strength , = 51072 m? / (V-s) [13]. Then, taking into account (1), the time point ¢ —f; and

the electric field strength £, when the electron has moved a distance x—x; from the initial point x; from
the start moment of voltage application, are as follows

1/(n+1)
tl_tb:|:(X—X0)(n';1)l£d1+d2/8):| . (2)
n/(n+1) 1/(n+1)
R (x—xo)(n+l) [+t k
Bl XO)_{ He di+d, /e ®

The greatest field strength will be obtained in the case x—xy =d,, that is, for an electron that has
moved the maximum distance from the dielectric barrier to the opposite electrode. Table 1 shows the maxi-
mum electric field strengths E(, and times ¢ —¢, at the end of the electron motion for different air gaps d; at
the same voltage value and its dependence on time. Here and in the following we will consider distances in a
limited range of values that are more often used in experiments d; =1+3 mm . Other parameters of the elec-

trode system are left the same as in the experiment, the results of which are shown in Fig. 2, a.
Table 1

d,mm | E,10°V/m t-t, 107, s From the data in Table 1 it is clear that at the considered
1.0 39 15 initial stage for small distances the field strength does not reach
1.5 46 19 the values of the electric breakdown. Even for larger distances
2.0 51 24 the strength is still much lower, compared to the field strength,
3.0 59 32 where the current in Fig. 2, a reaches a maximum, which indi-

cates a change in the processes in the development of the electric discharge. In addition, when considering
the initial stage of the development of the electric discharge phenomenon, it is necessary to take into account
the different nature of the dependences on the field strength of the electron drift and the ionization of neutral
molecules. The latter, unlike the electron drift, has a threshold nature - ionization occurs only from a certain
threshold value of the electric field strength. This value for electronegative gases is determined by the
strength when the ionization coefficient begins to exceed the attachment coefficient. For air, the ratio of the
field strength to the gas pressure, these coefficients are equal at E/p ~(26-31)V/(m-Pa) [19]. This ex-

plains the significant importance of the rate of voltage increase, especially at the initial stage, since here the
voltage usually increases over time not linearly, but rather according to a law close to quadratic.

Parameters included in the calculation of processes in the PDBD. Since for calculations it is neces-
sary to take into account the change in voltage at least until the maximum value, we will use an approxima-
tion in the form in which for small values of time the dependence repeats the already applied approximation

u(t)=U,, sin"(wt). (4)
As an example, Fig. 4, a shows the dependences of the change in the electric field strength over time

for a number of air gap values d; when applying voltage with the amplitude U, =-25-10°V at

n=2,w= 7107 s , which corresponds to the time of reaching the maximum value ¢, = 50-10s. The
rate of voltage change % = U, sin(2wt) reaches at ¢=zx/ (4(0) the maximum value

oU,, =0.8- 10'? V/s which is close to the values used in the developed pulsed power sources [17] and in
experiments [6].

Starting from the threshold value, the ionization coefficient (number of ionizations when an electron
moves over distance 1 m under the action of electric field) increases. For quantitative analysis, we will use
the most common approximation of experimental data in the form [12]

%: Aexp{— ELJ’ %)
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where the coefficients 4 and B differ slightly from different authors [10, 12, 14, 20]. For further calcula-

tions, the following values [20] in the SI system of units, valid for discharges in air, are used:
E/p=15-114V/(m-Pa): 4, =6.46 1/(m-Pa), B, =190 V/(m-Pa); ©)
E/p=114-460 V/(m-Pa): 4, =11.1 1/(m-Pa), B, =277.4 V/(m-Pa).

In (5) and (6) the data refer to the effective ionization coefficient, which is the difference between the actual

ionization coefficient and the attachment coefficient.
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Since the electric field strength changes in time, the ionization coefficient a(E(¢)) changes accord-
ingly. Fig. 4, b shows the dependences of the ionization coefficient on time for the selected voltage pulse and
different air gaps. The values of the coefficients 4 and B are adjusted to each other in different ranges of
the ratio E/p . From the comparison of the data in Fig. 4, b and Table 1, it follows that for the initial stage of

applying voltage pulse during the movement of the electron avalanche over the distance d, the value of the

ionization coefficient « is still far from the maximum magnitude that can be achieved for this interval.
Therefore, the electric discharge process can develop further by increasing the number of electrons in the
avalanche or new avalanches due to the mechanisms of the appearance of initial electrons at a later time.

In each electron avalanche, during its movement in the electric field and the growth of the number of
electrons, the process of their diffusion takes place. This process develops simultaneously with the electro-
static repulsion of electrons in the avalanche. These processes affect the size of the avalanche and it, together
with the number of electrons in the avalanche, directly determines the electric field of the volume charge,
which is added to the field of the external source. The transition of the avalanche form of the discharge to the
streamer form occurs when the electric field strength created by the volume charge E' of electrons reaches
approximately the magnitude of the external field

£~ |Eo @

This condition or the associated critical number of electrons in an avalanche N, = 10% -10® are giv-

en in the results of many studies [10-12, 15]. In the following, in contrast to the current value, the field
strength under condition (7) will be denoted as E| .

The parameters necessary for studying the discharge development process based on condition (7), namely
the electron diffusion coefficient D, , their mobility s, , and the electron temperature 7, which can differ sig-
nificantly from the gas temperature, depend on the electric field strength, which for the pulsed mode varies in

time. These quantities are not independent and are related by Einstein's general thermodynamic relation

D, _"le (8)
He €

where £ is the Boltzmann constant, e is the electron charge.
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For further analysis, data from [10] are used, which are presented in Fig. 5 in graphical form. The
calculated (dashed curves) and experimental (solid curves) results for the drift velocity v,; = ¢,E and char-
acteristic energy D, /u, are given as a function of the ratio of the electric field strength to the number of
molecules per unit volume E/n.

Mechanisms of the appearance of initial electrons in the electrode system of pulsed barrier dis-
charge. The estimated movement of the electron avalanche and, accordingly, the electric field strength (2),
(3) assumed the existence of initial electrons. Since at the initial stage from the moment of applying the volt-
age pulse, at least for d; <1.5mm, the conditions for the transition of the avalanche discharge into a strea-

mer discharge are not yet created, then for the continuation of the ionization process there must be a mecha-
nism for restoring the initial electrons, which move already at a higher pulse voltage. What is this mechanism
is not investigated in this work; however, it is assumed that such electrons appear due to certain mechanisms,
in particular, detachment from negative ions and photo-ionization.

If we consider a single pulse or the first of a sequence of pulses, then the initial electrons in the initial
period are those that appeared due to the natural background radiation. Under the influence of such radiation,

the rate of appearance of electrons in the air is dn, /df = 10°-107 m>.s! [12], where n, is the electron

density. The presence of oxygen in the air leads to the attachment of electrons. This process in dry air occurs
most effectively in triple collisions, which is described by equation [10]

e+0,+0, >0; +0,, %z_anenéz, )

where the experimental value of the reaction rate constant is &k, =2.5- 107 m$ / s . Hence, the electron den-
sity decreases in time from the initial value 7, according to exponential law with the time constant 7,

ne=ngexp(—t/ty ). 7y = 1/ ("CM”%2 ) (10)

which is found to be 7, = 12.5-107s. It differs slightly from the value 7,, = 11-10~%s, which takes into

account the intermediate excited states of oxygen molecules [10]. The result obtained implies that almost all
electrons that appear as a result of natural ionization very quickly attach to oxygen molecules, the ions of
which can no longer create avalanche of electrons in the electric field.

In the strong electric field, the attachment rate increases with increasing field strength, and the faster
the higher the air humidity [19].

The dynamics of the appearance of electrons as a result of detachment from oxygen ions is also de-

scribed by the exponential law of the decrease in the density of negative ions from the initial value ny o -
2

The time constant 7, characterizes the “lifetime” of negative ions and is determined by the constant rate of

electron detachment k,; = 10720 m? / s [10]
o =M0; exp(—t/ry), 74 =1(kyny), (11)

where n; is the density of gas molecules, which for normal conditions of the air under consideration is the

Loschmidt number n; =2.69- 10%> m™. From (11) we obtain the time constant 74, =3.7- 107%s.
During the time the pulse reaches its maximum value ¢,, in the space between the dielectric barrier
and the anode, electrons with the density n, = o= [1 - exp(— kyngt,, )] may appear as a result of detachment.
2

For example, for the selected time ¢,, =50- 10~%s, the value of the density of the detached electrons will be

n _1.3-1072m 3. If the density ny o= is determined by the process of natural ionization of the air
2

e ¥y 03
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with subsequent attachment, then at » ~5.108 m™> [13] we have n, = 7-10°m ™. In the volume of the

00;

air gap with the surface of the electrodes §, initial electrons 7-106Sd1 will appear during considered time.

In this case, in the experiment, the oscillograms for which are shown in Fig. 2, a, only ~10 electrons appears
at an arbitrary point in space with equal probability in the time interval. These electrons in the electric field
multiply and move towards the anode. The process of increasing the number of electrons is more effective,
the closer to the barrier the initial electron appears and the greater the field strength at the moment of elec-
tron detachment. In addition, it is noted that in air in the electric field, the efficiency of electron detachment

from negative ions O is maximum at E/p =68.5V/(m-Pa) [12].

Since in the device in which the electric discharge processes are analyzed, the pulses follow each
other with a frequency of 100-200 Hz, the effective initial electron will appear, if not in the first, then in one
of the nearest subsequent pulses. The described process may be more effective with a much higher density of
negative ions, which will remain, for example, as a result of the previous pulse discharge. And indeed, in
experiments, stabilization of the discharge is observed after a certain number of initial pulses.

It is believed that the initiation of avalanche processes may be associated with the phenomenon of
photo-ionization. The ionization of molecules in an electron avalanche is a source of photons, which in their
energy spectrum have a sufficient number of photons with energies capable of leading to the ionization of
molecules. There are several ionization mechanisms involving photons, a detailed list of which is given in
[10]. After the establishment by H. Raether [15] of the fact of gas ionization by a spark discharge, experi-
ments were conducted on ionization by radiation from electron avalanches [21, 22]. In contrast to the spark
discharge, an essential feature of the pulsed barrier discharge is its distribution over almost the entire area of
the electrodes. This feature most likely is directly related to the initiation of a multichannel discharge by pho-
tons appearing in the heads of the electron avalanche and the streamer. Their number increases sharply both
due to the exponential growth of the number of electrons in a single avalanche and the growth of the number
of avalanches and streamers in the increasing pulsed field.

Let us give some estimates of the ionization by photons, which generate initial electrons in air. The
impact ionization of molecules in the air is accompanied by the emission of photons of different frequencies.
Such radiation is characterized by a set of parameters ;5 which is defined as the number of photons of a

certain frequency per one ionizing of electron collision with neutral molecule. The values of ;s for the fre-

quencies at which the photo-ionization process is possible, are within n, = 1072 +1072, and their values also

depend on the electric field strength [22]. The radiation intensity at the certain frequency directly at the head
of the avalanche at zero distance from it » =0 can be determined as the product N; (0)=N,n j» where N, is
the number of electrons in the avalanche. For estimates, we will take the value 77, = 5.4-107 for the radia-
tion of nitrogen molecules with a wavelength 4=101.2nm and the corresponding radiation intensity
Nf(o): Nenf .

The radiation in air with distance » from the source for each frequency is attenuated by the law
exp(— k jr), where the absorption coefficients k; depend on the frequency of radiation. Their values accord-

ing to measurements for air at atmospheric pressure are within 150+2200 m™. As an average value for the
characteristic field strength, we will take the value &, ~ 460 m'l, which corresponds to the same length of

the electromagnetic wave A =101.2 nm. The characteristic distance at which the number of photons de-

creases by a factor of e, is k]_rl ~2-10m and it is commensurate with the air gap d;. But this may be in-

significant, considering that for the appearance of subsequent avalanches in growing pulsed electric field, a
small number of initial electrons is sufficient, which can appear in a narrow gap near the barrier.

From the point of view of increasing the number of electrons in the avalanche reaching the anode, the
most effective initial electrons generated by the photo-ionization are those that appear near the dielectric barrier
in a layer of a certain thickness A, shown in the upper part of Fig. 1. The largest number of electrons in ava-
lanche, in which the condition of transition into the streamer has not yet been reached, will be when it ap-
proaches the anode. Here, photons N ¢ (0) are emitted from the avalanche head in all directions. Under the as-
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sumption that the decrease in the intensity of the photon flux is associated with photo-ionization, we obtain the
maximum possible value of the acts of appearance of initial electrons. In this case, it is easy to find the total
number of photons within the thickness of the layer A, which lead to photo-ionization. The ratio of their num-
ber to the number of electrons in the avalanche N ¢ / N, is estimated from the following expression

12
Noys v d A ( d, j
—=2 -k I-—— | |- ks de, 12
N, myf_([l}xp[ ! cos@( dy N P cosé (12)

where 6, = arctg(D/ dl) is close to /2, since the characteristic size of the electrodes D significantly ex-

ceeds the distance d; .

Relation (12) allows us to estimate the minimum number of electrons in avalanche near the anode,
the radiation of which, due to photo-ionization, generates at least a few new initial electrons that will initiate

new avalanches. So, within the limits A4/d;=0.1+0.2 for a’1=1.5-10_3 m the relation gives

Nos / N, = (1.7 +3.5)- 1073, Hence, for example, for ten new electron avalanches, it is necessary to have a

maximum number of electrons in the head of the first avalanche not less than N, > (3+6)‘103 . For other

sizes of the air gap, the corresponding number of electrons differs slightly in order of magnitude.

In the case when the number of electrons in the avalanche significantly exceeds the minimum value,
expression (12) gives the number of new avalanches of the second generation stage caused by the previous
avalanche of electrons. Since the intensity of the pulsed electric field is significantly higher in the second
stage, the number of ionizations in the avalanches will also lead to larger number of emitted photons. This
process can become quite intense even before the avalanche reaches the anode. Below is an analysis of the
distance the avalanche overcomes and the number of electrons in it. Here we note that for the estimation of
the number of photons from (12) it is necessary to choose a correspondingly smaller value x; <d; instead

d, and to expand the range of the region A where photoelectrons are generated. Moreover, the equation (12)

can be used also, when the number of electrons approaches the critical value under the condition (7) of the
avalanche-streamer transition in the middle of the gas gap. In this case, to obtain the estimate of the number

of photons can be obtained from (12), where the distance x; from the dielectric barrier to the coordinate of

the avalanche head with the critical number of electrons can be accepted.

Since the main goal of the work is to study the development of avalanches until the conditions of the
start of the streamer process, the processes of the appearance of initial electrons, the increase in the number
of avalanches due to subsequent photo-ionization, and the multi-channel avalanche state are not considered
in more detail. However, it is believed that the barrier discharge occurs under conditions when there is a suf-
ficient number of initial electrons that generate the avalanche process.

Electron avalanches in the pulsed field of the barrier discharge device. A feature of the devel-
opment of the avalanche process when the dielectric barrier is located at the cathode, in contrast to the free
cathode, is that there is no emission of electrons from the cathode. As a result of electron detachment from
negative ions or photo-ionization, electrons can appear at any point in the discharge space at any moment of
the pulsed electric field action. For one individual avalanche the initial values of the time and coordinates of
the electron appearance are denoted as ¢, and x .

The electric field strength of avalanche charges distributed in the volume is insignificant throughout
the entire time of avalanche growth, almost until the condition of transition into a streamer is reached [10].
Therefore, all parameters up to this point will be considered dependent on the external field strength in the
air gap Eq(z).

Taking into account the dependence of the parameters on the electric field strength, which varies in
time, the distance that electrons move over time and the number of electrons in a single avalanche are deter-
mined by the following expressions

t
x(t)=xg = [vealt)dt , (13)

)
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t
Ne(t):exp Ia(t ed(t)dt ) (14)
to
where the data in Fig. 5 are used for v,;(E(¢)), and for interpolation beyond the values of the electric field
strength in the figure, the dependence v, (E)~ VE [10, 13] is used. The ionization coefficient is determined
by approximation (5), (6). In expressions (13), (14) the time and movement of electrons are limited by the
avalanche reaching the opposite electrode or its transition into streamer x(t)— Xg<d;—xg.

For the selected range of the air gap d; =1—-3 mm, the time required for the electrons to reach the
anode due to drift in the pulsed electric field is significantly less than the time of the maximum field strength
t,, =50ns. This can be seen from the time dependences on the coordinate x (Fig. 1) presented in Fig. 6. If
the movement of electrons does not begin from the dielectric barrier, but at a distance from it, then on the
corresponding curve it is necessary to choose a limited range of distances from zero to x —x; .

Since the voltage and, accordingly, the field strength at the initial stage at #y =0 increases gradually,
the time for electrons to reach the anode significantly exceeds the values required to reach the anode at sub-
sequent stages at higher pulse field strengths. At field strength approaching its maximum value, the time re-
quired to cross the entire gap for d; =1 mm does not exceed 3 ns. This time increases for larger distances,
but even for d; =3 mm it is ¢#~10ns, which is still significantly less than the time 7,, to reach the maxi-

mum pulse voltage. The results presented allow us to compare the nature of the avalanche movement with
their growth and the increase of the field strength distributed charge near the "heads" of the avalanches at
different time intervals.

5, ns t,ns t,ns

15 20 40 [ T3 mm

12 16 30
t;=0,ns —
9 12 t=0,ns =0, ns 10

20

10 20
~ 20 8 20

3 1 304 10
| / = !
=4 % 30 40
% 02505075 1x, mm 00 05 1 1scmm 20 1 2 3 xmm
a b ¢
Fig. 6

The results of calculating the number of electrons in avalanche depending on the path moved by the
avalanche from its origin at different initial times ¢, for different air gaps d; are shown in Fig. 7. Here,

similarly to Fig. 6, in order to obtain data under the condition of the start of electron movement from the co-
ordinate X, it is necessary to limit the curves to the distance x — X, starting from the zero value.
Comparison of the curves at ¢y =0 for different air gaps shows a significant dependence of the elec-
tric discharge processes at the initial stage on the size of the gap d; in the range under consideration. For
dy £1.5mm the maximum number of electrons in the avalanche is probably insufficient for the appearance
at least one ionizing photon. The minimum number of electrons in the avalanche turns out to be less than the
value determined from (12), which is estimated by the value N, ~10° —10*. For these gaps, at the first

stage, all electrons that existed in the gap before the voltage was applied will move to the anode and there
will be no necessary initial electrons left in the gap, for the appearance of which, as noted, a much longer
time than ~15 ns (see Fig. 6, a). The mechanism of ignition of the pulsed discharge observed in experiments
is not entirely clear and requires additional research. One possible mechanism may be a significant reduction
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in the time of detachment of electrons from negative oxygen ions at a significantly higher intensity of the
increasing pulsed field (Fig. 4, a).
For air gaps d; > 1.5 mm, after the first stage of the gap crossing by avalanche, the conditions of a

multichannel avalanche process are fulfilled. In addition note for gaps d; =3 mm (Fig. 7, d) and larger, the

appearance of a number of electrons in the avalanche N, = 10 —10® sufficient to start the streamer process

takes place already at the first stage after the voltage pulse is applied. This circumstance can lead to the lo-
calization of individual discharge channels, which is indeed observed in experiments for such gaps and also
depends on the pulse repetition frequency [6].

The air gap d; ~1.5mm seems to be intermediate from the point of view of the development of the

pulsed barrier discharge. For this gap, only single photoelectrons probably appear at the first stage. But al-
ready at the second stage, starting from the time point ~ 20 ns in a much stronger field, the number of elec-

trons in the avalanche increases rapidly. Their number can reach the critical value necessary for the appear-
ance of streamer, even in the central part of the gap. In this case, a significant number of photons N7, can

lead to photo-ionization of the gas in larger volume than at the first stage of the development of the electron
avalanche.
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Avalanche-streamer transition in the PDBD device. The study of the avalanche-streamer transi-
tion will be based on achieving condition (7), when the maximum value of the electric field strength of the
space charge of the electron avalanche reaches the external field strength. The field strength of the space
charge eN,, in addition to the total charge value, depends on the geometry of the area of the space charge
location, its size, and the charge distribution in the area. These characteristics are influenced by two main
physical processes: diffusion extension of electron formation and electrostatic repulsion of electrons in the
avalanche [10, 12, 16]. At the initial time point, the rate of growth of the avalanche size due to diffusion sig-
nificantly exceeds the rate of its growth under the action of electrostatic repulsion. With the increase in the
number of electrons in the avalanche, the rate of electrostatic repulsion increases sharply. In a constant field,

starting from N, ~ 10 , the size of electron cloud is already determined by electrostatic repulsion [10, 12].

But in a rapidly growing pulsed field, when a significant overvoltage occurs, this relationship may change
[12]. Therefore, it is necessary to consider these processes in more detail, taking into account the characteris-
tics of the electric field pulse in the barrier discharge device.

When electrons drift with a velocity v,; = 1, E , the electron cloud expands due to diffusion around
the central point of the avalanche, the position of which is determined from (13). The electron flux density
F , taking into account the drift in the electric field and diffusion in vector form, is

F=-n,u,E—-D,n,, (15)
where n, is the electron density, V is the Hamilton differential operator.
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Taking into account the rate of increase in electron density due to ionization g = av,4n,, the conti-
nuity equation for particles has the form [10]

a”: +divF =gq. (16)

The solution of equation (16) was obtained in [16] for avalanche originating from a single initial
electron in the case of constant uniform external electric field. The electron density in the avalanche as a
function of time ¢. = -1, the coordinate of the point x —x(, and the distance r relative to the axial line of

the avalanche movement is determined from the expression

((X—XO)—Vedlc)-f-l"z ] (17)

—3/2
n, = (471'Detc) / exp| av g t, — AD.1
e'c

We will use (17) also for the pulsed field in the case when the avalanche is initiated at a time for

which the electric field strength significantly exceeds the threshold value ~30-10° V/m. Then, during a
short period of time required to achieve condition (7) of transition the avalanche into the streamer, the exter-
nal field strength changes by a small amount and, accordingly, the parameters in (17), determining the diffu-
sion expansion of the electron cloud, change insignificantly.

To study the electric field strength of volume charge, the main issue is to obtain the dimensions of
the area where the charge is concentrated, and its distribution in this area. To do this, at a certain moment of
time from the beginning of the avalanche movement, we fix the central point of the avalanche (xc —xo),

which meets the condition (x, —x()—Vv,gt, =0. In this case, the expression (17) can be represented in the

following form
2

—3/2 r
n, = (47zDetC) / exp{avedtc 2

2
} (4Dt )Y 2Ne(rc)exp[— o J (18)

etc

The distribution of electrons in moving avalanche has radial symmetry and its density decreases with
distance from the center. The differential radius of the avalanche, at which the density decreases by a factor

of e compared to its value at the center, is determined by the law R, =,/4D,¢. . This value is often used to

study the distortion of the electric field by the distributed charge and the achievement of condition (7) of the
avalanche-streamer transition at this radius. The radius R, differs from the radius at which the field strength

reaches its maximum value R,,, which more closely corresponds to the content of condition (7).
The electric field strength of the charge distributed with the volume density en, is determined by the
expression

eN,(t.)

-
E'(r,1,)= en 47W'2dr'=—f(r,t ), (19)
¢ 472'807‘2 '([ ‘ &0 (47[Detc )_3/2 ‘
where only the function f(r,z.) depends on the radius r
17 2
72 4
b )=— exp| — dr'. 20
flrte) r2 J XI{ 4Detc] ' .
0

The function f (r,tc) depends on the time 7. that has passed from the initiation of the avalanche ¢,
to the current moment ¢. The diffusion coefficient D, also depends on the electric field strength
Ey(z, +15). The maximum of the function f(r,z.) gives the maximum electric field strength on the surface
of a sphere of radius R,, for radially distributed charge. However, it should be noted that the difference be-

tween the radii Rp and R, is not too large to significantly affect the results. For example, for

ISSN 1607-7970. Texn. enekmpoounamuxa. 2025. Ne 4 13



dy=2mm, ¢y =23.7ns,t. =4ns we have the following values: R = 5.1-102mm, R, = 475102 mm.
In the future, to study the condition for achieving the avalanche-streamer transition (7), we will perform the
calculations for the radius R, .

Another reason for the growth of the head size of electron avalanche is electrostatic repulsion. It is
usually assumed that it has a spherical shape [10, 12, 13]. The growth rate of the radius of the sphere is de-
termined by the drift of electrons in the charge field of the avalanche. The assumption is valid when the ex-
ternal field does not affect the electron drift. This is explained by the superposition of fields - along direction
of avalanche movement the field increases and, accordingly, the speed of the electrons increases too, in the
opposite direction the field and the speed of the electron drift decrease. Only in the transverse direction the
the electric field strength is determined by charge of the electrons, however, to explain the basic properties of
the process, the above assumption is usually made regarding the growth rate of the charged sphere

RN,

=u,—=. (21)
dt ¢ ¢ 47Z'6‘0R]2:
The solution of equation (21) with respect to the radius of the sphere Ry is
. 1/3
3e ¢
Rp (tc) = '[/ueNedt . (22)
47[80 0

The maximum electric field strength E’ of the distributed charge will be on the surface of the sphere radius
Rp, the value of which is due to the electrostatic repulsion of electrons in the avalanche.

The growth of the avalanche radius due to electrostatic repulsion is limited by the braking effect as-
sociated with the opposing action of positive charges that are exposed when electrons leave them. It is be-

lieved that the size of the electron cloud is limited by the approximate condition when the radius is equal to

the ionization length Ry ~ al.

Which of the mechanisms - diffusion or electrostatic repulsion - is predominant when the field
strength of the distributed charge reaches the limiting value (7) depends on the rate of increase in the external
electric field strength. As can be seen from Fig. 7, initiallyafter applying voltage the number of electrons in
the avalanches during the drift time to the anode does not reach the values typical for the avalanche-streamer
transition. Therefore, let us consider the growth of the size of the electron avalanches, starting conditionally
from the second and subsequent stages (second and subsequent generations). For the beginning of each sub-
sequent stage, we will take the time moments #, corresponding to the drift time of electrons from the dielec-

tric barrier to the anode during the previous stage. Such a choice for d; =1 mm is to some extent justified by

the fact that the largest number of electrons in the avalanche will be when it passes the maximum distance.
According to the estimates of the number of electrons in the avalanche from Fig. 6 and 7, the avalanche-
streamer transition can take place for the second generation near the anode. The choice for d; =3 mm the

beginning of the third generation is conditional, since already at the second stage the avalanche-streamer
transition is realized when the avalanche reaches the middle area of the gap. Therefore, the choice ¢, at these
stages does not characterize the development of the avalanche process, but only gives a discrete choice .
Fig. 8 shows the dynamics of the growth of the electron cloud radius. The calculation results are
shown for two extreme cases of the air gap d; =1 mm and d; =3 mm. Fig. 8, a and Fig. 8, c refer to the gap
dy=1mm, Fig. 8, b and Fig. 8, d refer to d; =3 MM . In the figures for the same d; the data differ by the
beginning moment #; of the avalanches development for the second and third avalanche generations. The

maximum value of the selected time intervals of the growth of the radius of avalanches approximately corre-
sponds to the time of reaching the critical number of electrons in the avalanche, when it transforms into the
streamer form.

The presented dependences show an initially slow, and over time a very rapid growth of the ava-
lanche radius due to electrostatic repulsion, the speed of which begins to significantly exceed the diffusion

growth. At the same time, the radius limitation Rp < a~! shows that for the pulsed process the diffusion
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radius exceeds the radius of electrostatic repulsion. This radius ultimately determines the condition of
achievement of the avalanche-streamer transition. This situation occurs both at the second and third stages of

avalanche development.
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If the process continues further, then due to the increase in
the field strength in subsequent generations, the diffusion radius, as
before, will be decisive.

For different air gaps, we will determine the main parame-
ters at which the avalanche transforms into the streamer. To do this,
it is necessary to find a solution to equation (7), where the left part is
determined from (19), and the right part is the given external electric

field (1), (4) for the selected initial data: Um=—25-103 Vv,

n=2w=r-10’ s’ The equation was solved relative to the time
t. =t, of occurrence of the condition of the avalanche-streamer
transition at the given values of the air gap d; and the time ¢, of the
beginning of the avalanche development. For each d; the three con-
secutive values of time #, were conditionally selected, which, as

before, are counted from the start of the applied voltage to the time
that would be required for the electron to overcome one, double and
triple distances d; .

Fig. 9 for each d, illustrates the change in time of the exter-
nal field strength |E0| (dashed line) and the field strength of the
electron avalanche charge |E '| (solid curves) near the fulfillment of

condition (7) for the three specified time points #;. The intersection

of the corresponding curves gives the time of the avalanche transi-
tion into the streamer and the electric field strength of the such tran-
sition. In addition to these data, Table 2 also shows other transition
parameters: the distance that moved the avalanche x,—x,, the
number of electrons in the avalanche at the moment of transition
N, , radius of the avalanche R, , the average energy of electrons,

es *

which is related to their temperature in the avalanche W, = %kT

The data for three consecutive time points ¢, to which Fig. 9, a, b, c
correspond, are located one below the other in the Table 2.
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For the second generation of electron avalanches (Fig. 9, a),

Table 2
d;, m 1o, NS t,, NS Xg-Xp, M N R, m E,, V/im W, eV
14.67 4.54 0.90-10 3.43-107 5.45.10° 66.5-10° 7.51
1-10° 19.63 1.44 0.37-10° 1.44-107 3.24-10° 78.0-10° 8.74
23.35 0.69 0.20-10° 0.95-10’ 2.38-10° 97.0-10° 10.2
19.35 3.84 0.79-107 2.80-107 4.96-10° 64.8-10° 7.31
1.5-10° 26.04 1.09 0.29-10° 1.18-107 2.87-107 82.8-10° 9.19
31.30 0.58 0.18-10° 0.89-10’ 221107 103.7-10° 10.5
23.72 3.41 0.72:10° 2.41-107 4.65-10° 64.1-10° 7.22
2-10° 32.20 1.0 0.27-10° 1.11-107 2.75-10° 84.4-10° 9.33
39.13 0.60 0.18-107 0.88-107 2.23.10° 101.7-10° 10.4
32.04 3.20 0.69-10° 2.14-107 4.46-10° 62.3:10° 7.02
3107 44.70 1.28 0.33-10° 1.22:10’ 3.03-10° 76.6-10° 8.60
56.15 1.39 0.35-107 1.23-107 3.11-107 73.6-10° 8.29

for all gaps d;, the characteristic field strength of the avalanche-streamer transition is Eg ~ 60-10°V/m. In
this case, the avalanche development time is within ¢; =3 —4.5ns, increasing with decreasing gap d;. The

distance that the avalanche moves before its transformation is different for different gaps. At the smallest
dy =1 mm, the transformation of the avalanche into streamer takes place near the anode, when the avalanche

has overcome almost the entire gap. That is, the electrons that appear directly at the dielectric barrier will be
effective in generating streamers. For larger gaps, electrons appearing in a wider part of the air gap will be
effective. This applies to relatively large gaps to the greatest extent.

For example, for d; =3 mm, the avalanche only needs to move the distance x; —x; =0.69 mm, i.e.,

initial electrons appearing at almost any point in the gap will be effective. Moreover, each avalanche, and
especially the avalanche that has turned into the streamer, is an intense source of photons. Therefore, photo-
ionization in this case is generated by avalanches that appeared not only at the time ¢, of the beginning of

the second stage. During the time between the beginning of the second and the next stages, several succes-
sive avalanche processes are generated. They also generate photons. The average energy of electrons in the
avalanche, which turns into streamer, at this stage depends only slightly on the size of the discharge gap and

is W,, ~7-7.5eV . The average energy of electrons in the avalanche and the corresponding electron tem-
perature are determined from (8) for the electric field strength E . Since such field strength is realized in

certain areas of the avalanche and the issue of energy relaxation in the field that changes rapidly in time and
space has not been investigated, the given value of the average energy of electrons under conditions of ther-
modynamic equilibrium gives only estimated values.

For the following selected values of time #, from the beginning of the voltage pulse, all the above-

mentioned features occur, which, however, are much more intense. So, for the next time stage after consid-
ered (the third stage of avalanche generations, Fig. 9, b, the second row in the Table 2), the electric field

strength of the avalanche-streamer transition has the larger value Eg ~ 80-10°V/m , the time of avalanche
development decreases to values ¢,=1-1.5ns, the growing avalanches cover shorter distance
xg — X ~03-0.4mm and, accordingly, several successive systems of avalanches and streamers may appear
until next time ¢ . In the electric field of greater intensity, the average energy of electrons at the moment of
its transition into the streamer also increases W, ~8.6—9.3eV, and larger values are achieved for the aver-
age value of the gap d; =1.5mmand d; =2 mm.

Even more extreme parameters occur with a further increase in the pulse voltage, which is reflected
in Fig. 9, ¢ and in the third row of the Table 2 elements. Here, the electric field strength of the transition of

avalanches to the streamer form has values E ~ 100-10°V/m (except for the case d; =3 mm where the

field strength in the gap is the smallest and already decreases at given time interval). The distance that ava-
lanches need to move before the transition has even smaller values x, —xy ~ 0.2 mm and in essence it is nec-
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essary to consider a continuous process of avalanche-streamer transitions. The number of streamers in the
gap increases even more. The average energy of electrons in the avalanche for the gaps d; =1-2 mm also

increases slightly W, ~10.2—10.5eV , almost not differ for different gaps.

Referring to Fig. 2, a of the experimentally measured time dependences of the pulse voltage and cur-
rent for the gap d; =1.5mm, we can make an assumption about the explanation of the current reaching its

maximum at E ~90-10°V/m through ~30nc after the beginning of the voltage pulse increase. These

measured parameters are consistent with the calculated ones for three or four stages of the avalanche process
development.

The explanation may lie in the strong increase in the number of electron avalanches that transform
into streamers with increasing pulsed electric field strength. At this, the time required for avalanches to trans-
form into streamer form is significantly reduced. In addition to the significant drift velocity of avalanches,
each streamer, growing in both directions towards the anode and the cathode, almost short-circuits the gap
[10], leaving a positive charge on the dielectric barrier. In the place where the streamer touches the barrier,
the entire voltage is applied to the dielectric plate. In order for the average value of the electric field strength
throughout the air gap reaches the required minimum, which corresponds to a significant reduction or termi-
nation of ionization processes, the surface density of the positive electric charge on the dielectric barrier must
have a certain minimum value. Such a value probably determines at the same time the average distance be-
tween the streamers that have reached the barrier. In such process, after very rapid transfer of charges over
time <1ns and, accordingly, a significant current, the movement of charges will stop. After that, as can be

seen from Fig. 2, the current in the outer circuit decreases sharply and is determined mainly insignificant (by
the estimated) capacitive current through the dielectric barrier.

If the voltage continues to increase, the field strength in the gap increases again. This can lead to the
appearance of another local extremum for the current, which is often observed in experiments. The extre-
mum is clearly visible in the graph of Fig. 2, b and is noticeable near the zero current value in Fig. 2, a. After
a second surge, the current reaches zero value at the moment of the voltage maximum, which is characteristic
of the capacitive current. Regarding the second local current extremum, it should be noted that its appearance
may also be due to another reason. In [18], the appearance of the extremum was explained by the arrival of a
reflected current wave propagating along a high-voltage cable. The real reason for the appearance of the sec-
ond extremum in the current oscillogram requires additional investigation.

The assumptions given above define only one of the necessary directions for further research. How-
ever, it seems that in the study of electrical discharge processes, and especially pulsed ones with the presence
of the dielectric barrier, the determining factor remains the experiment, the correspondence to the results of
which is mandatory in theoretical research.

Conclusions.

1. Computational studies of the avalanche stage of the pulsed barrier discharge with the dielectric
barrier located on the cathode, which were carried out for the specific electrode system with air gaps within
1+3 mm, voltage pulse with the amplitude of 25 kV and time of its achievement 50 ns, showed that the con-

dition of the avalanche-streamer transition is achieved during the growth of avalanches starting at photo-
ionization by photons that appear as a result of impact ionization in the gas and take place from the second
stage of avalanche generation. After three or four stages, the avalanche-streamer transition occurs at the volt-
age that slightly depends on the air gap and has value in the range of 80-100 kV/cm. For the test gap of
1.5 mm, this value, as well as the time ~30 ns after voltage application when this field strength is reached, is
consistent with the same value in the experiment at the moment when the maximum current value is reached.

2. For the considered air gaps and pulse voltage parameters in the pulsed barrier discharge device,
the radius of the electron avalanche, which together with the number of electrons gives the electric field
strength of the avalanche-streamer transition, is determined by electron diffusion and exceeds the size of the
avalanche, which expands due to the phenomenon of electrostatic repulsion.

3. At the first stage of electron drift, which starts with the beginning of the voltage pulse and ends
when the electrons reach the anode the number of ionizations capable of emitting the required number of
photons strongly depends on the size of the air gap in the range under consideration: for gap smaller than
1.5 mm, due to the small number of ionizations in the avalanche, the probability of photon emission is small
and after the end of this stage the gap remains without of the initial electrons; for air gaps greater than 1.5
mm, as a result of the first stage of the avalanche movement, the conditions of the multi-channel avalanche
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process are met due to photo-ionization; a gap of ~1.5 mm seems to be transitional from the point of view of
the continued development of the pulsed barrier discharge due to photo-ionization at the first stage.

The work was supported by state project "Development of the theory and modeling of non-stationary
electrophysical processes in the conducting and dielectric media of the pulsed electromagnetic systems"
("Barrier-3"), KPKVK 6541030.
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EJEKTPO®I3UYHI TPOLHECHU PO3BUTKY JIABUH EJIEKTPOHIB B IIOBITPI
Y IPUCTPOI IMITYJIbCHOI'O JIEJEKTPUUYHOI'O BAP’EPHOI'O PO3PAY
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Memoro pobomu € usHAUEHHA BNAUBY BETUUUHU MIHCENEKMPOOHO20 NPOMINCKY I 4ACOBOI 3ANeHCHOCII 3DOCMAHHSA iM-
NYIbCHO20 eleKMPUYHO20 NOJIA HA XAPAKMEPUCTUKU JTA8UHHOT CIayii iMRYIbCHO2O Oap €pHO20 po3pAdy 8i0 NOYAMKY
Opelighy enekmpoHia y nocmynogo 3pocmaroyomy eneKmpuyHoOMy nOJi 3 YPAXYBAHHAM NOPO20B020 XAPAKmepy npoyecy
yoaphol ionizayii @ 2asi, éniuey pomoionizayii Ha pO3IMHOICEHHS. TAGUH, OUPY3IT i eNeKmpPOCMAMUYHO20 POUINOBX)-
BAHHA €leKMPOHI8 00 MOMEHM) OOCACHEHHA ) 207108yl NABUHU YMOBU NOYAMKY cmpimepHozo npoyecy. Po3paxynkosi
00Ci0HCeH ST NPOBeOeHT OISt KOHKPEmHOI eleKmpoOHOi cucmemu 3 OlereKmpudHum 6ap €pom Ha Kamooi 07isi 243068020
npomisicky 1-3 MM, imnynscy nanpyeu 3 amniimyooro 25 kB i uacom it docsienenns 50 He. 3uatioeno, wo nicisi mpvox-
YOMUpPLOX emanie eenepayii 1aeun ix nepemeopenis y cmpimepi 6iodysacmocs 3a Hanpysxcenocmi nonst 80-100 xkB/cwm,
sakuti nacmae yepes ~30 HC nicna nodaui nanpyau i ciabKo 3anexcums i0 8EIUYUHU 24308020 NPOMINCKY. 3 ’sc06ano,
Wo 05l eKCHEePUMEHMY 3 MeCMOBUM NPOMIdCKOM 1.5 MM maKi 3HaueHHsi Hanpyscenocmi i 4acy marome micye 6 Mo-
Menm 00CACHEeHHsI MAKCUMANbHOT 6enuyuHy cmpymy. Bemanoeneno, wo posmipu nasunu enekmponie 0 3a0aHo20 im-
NYAbCY HaAnpyeu y npUcCmpoio iMnyabCHO20 6ap €pHO20 po3psa0y BUBHAYAOMbCA npoyecom Ougysii enexkmponis. Iloka-
3aHO, WO NICIA NOOAYi HANPY2U 8 pe3yabmami nepuio2o emany opeuq)y ei1ekmporie KiibKicms URPOMIHEHUX (hOMOHIS,
30aMHUX NOPOOACYBAMU ePeKMUBHI eNeKMPOHU 0151 NOOANbULO20 PO3BUMKY TABUHHO20 NPOYECY, CUTbHO 3ANeHCUMb 8i0
BEUYUHU PO3PAOHO20 NPOMINCKY. BusHaueHo medrci 0082#cuH npoMIKHCKig i3 CYMMEBO Pi3HOI0 MONCIUBICINIO [HiYit08amMU
PO368UMOK 1a8UH Ha HacmynHux emanax. bubin. 22, puc. 9, Tabmn. 2.

Knrwowuoei cnosa: iMuynbcHUR JieNeKTpUYHUI Oap’epHHUN PO3ps], JIABUHHO-CTPIMEPHHH mepexin, (oToioHi3allis, Ha-
NPYKEHICTh EJIEKTPUYHOTO T10JIs JIJABUHH EJIEKTPOHIB.
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I MIAT 3aBoa «IliBaeHKa0eaby,

BYJI. ABTOrenHa, 7, Xapkis, 61099, Ykpaina.

Pobomy npucssueno uucenbnomy ma eKCnepUMEeHmMAarbHOMY OO0CIIONCEHHIO eNeKMPOMASHIMHUX MA MENI08UX NPOYecis
8 CUNOBOMY Kabeni 6 asapitinux yMoeax y pasi 6UHUKHeHHs nodcedci. Posensioaembca osa pesicumu pobomu: 1) xonu
Kabenb 3HAX00UMbCsL 8 NPUMILYEHHI [3 BUCOKOK mMeMnepamypoo ma Ha neeHill 8i0CMaHi 8i0 30HU Noxced’ci i 2) Koau 6iH
3HAX00UMbCA 6e3n0cepeorbo nio 0i€lo NpAMo2o noaym'a. [[na 00CHiodceHHs Nepulozo pexcumy O0y1o po3poOaeHO
KOMN 1omepHy MoOelb ma po3paxosano memnepamypHe nojie 8 CUuio8omy Kabeii 3 NoIiMepHOr I30AYicio, Wo Npaytoe
8 30HI i3 BUCOKOI0 MmeMnepamypoio. 3anponoHoO8aHo i 8UBUEHO MeNnlosi npoyecu 6 Kabeni y pasi 8CMAaH08IeHH HA 11020
YEHMPANbHIll OLISIHYI BOZHE3AXUCHO20 eKPAHy pI3HOI mogwuHu. BcmanosieHo 068a OCHOGHUX (haxmopu ujo0o
BUKOPUCMAHHA MAK020 eKpAaHy: uac Cmiukoi HaoiliHOi pobomu Kabemo y pazi Nodxicexci nocmynogo 3pocmae 3i
30LIbWEHHAM MOBWUHU eKpaHy, 6 Mol yac AK y pasi pobomu y WIMAMHOMY DedXCuMi, yepe3 NOSIPUEHHS YMOG
OXOJIOOJICEH s, memMnepamypa 304yii Ha OLAHYl Kabemo i3 eKPaHOM 3p0Cmac 3i 30LbueHHAM Mosujunu ekpawny. L[i
@axmopu HeoOXiOHO 8paxosyeamu y pasi 3acCMOCY8aHHS | uOOpPY po3mipy exkpany. 3a0ns 00CaiodicenHs Opyeoco
pedicumy NnpogedeHo eKChnepuMeHmanbhe O0O0CHIONCEHHA Npoyecié pYUHYBAHHA CUL0B020 Kabenlo 8 YMosax,
HAOIUANCEHUX 00 NOJCEINCE — KOMU Kabelb 3Hax00umvcs be3nocepedHbo niod npsamoro 0icio noaym s. Buznaueno uac 6io
ROYAMKY NOJHCeXHCI, BNPO00BIHC AK020 poboua i301ayis Kabenio 30epicac c8oi 61acmusocmi, i 8iH 6HACAIOOK Yb020
CNPOMOICHUL 30IUCHIOBAMU eNleKMPOANCUBNeHHA Haganmaxcenusa. Lletl uac 0na 3paska, wo 00cC1ioxHCy8ascs,
cknaoae 15 xs. biomn. 17, puc. 10.

Knrouosi cnoea: cunopmii kabenb, smuto-nodietwieHoBa (3[1E) i30ms1is, BOTrHE3axUCHE TIOKPUTTS, IOXKEXKa,
TEMIIepaTypHe I1oJie, podounii pecypc Kabemro, eKCliepUMEeHTalIbHa YCTaHOBKa, KOMIT IOTepPHHIT aHaJIi3.

Beryn. V pmanmii wac BUMOTH 1O KaOenmbHOT MPONYKIIi, IO BHUPOOJSETHCS Il S€HEPreTHYHHX
00’€KTiB, TPOMHUCIIOBOTO 1 KHTIIOBOTO OYIIBHHLTBA, TPAaHCIOPTY, CHEProBiANOBIAaIbHUX MiANPHEMCTB,
nocTiifHO miaBuIIyIOoThCA. Cepea OCHOBHHMX BHUMOI — BHCOKAa HaAiHHICTb, MOXKEXHA Oe3MeKa, TpUBAIUH
TepMiH ciryx0m kabemniB. Oco0mBa yBara Ha MPOTHIIOKEKHI BIACTHBOCTI KaOEiB 3BEPTAETHCS Y 3B’ SA3KY 3
PAIOM 3HAYHMX MOXKEXK, 30KpeMa THX, 110 0e31ocepeIHb0 CTOCYBANNCS NeKTPUYHUX MIACTaHILIN, BAXKITUBUX
00’€KTIB TPOMHUCIOBOCTI, MICIb BEIWKOTO CKYITYCHHS JIIOJel 1 O0’€KTIB CTpATETiYHOTO MPU3HAYEHHS.
Haiibinpm BigoMa mMOXKeXka, IO CIOYATKy IOIMIMPHIACS IO KaOCNbHHMX JIHIAX — IOXKEXka B acpoIopTy
HiMenpkoro Micta [roccenpnopd, mo cramacs y 1996 p. AHaloOrivyHi YMCIEHHI IMOXEXI MOCTaBHIH
npo0ieMy TOKEKHOTO 3aXHCTY CUIIOBHX KaOelliB Ta 3aCTOCYBaHHSI BOTHECTIHKMX KabeniB y GoKyc muibHOI
CYCIIIJIbHOI YBard B yChbOMY CBiTi. BHaciioK mporo rio0aqbHUl PUHOK BOTHECTIMKHMX KaOemiB IOCITHYB
ominku B 1967,8 muH. momapis CIIIA B 2023 p. [1, 2]. Po3mmpeHHs TpOMHUCIOBOI I[IHHOCTI Ta ITHPOKHI
Jiama3oH 3acTOCyBaHb, 3a MPOTHO3aMHM, OyAyTh 1 HaJali OCHOBHUMH TNPHYMHAMHU 3POCTAHHS DPHHKY.
[IporHo3yerbest, M0 3araidbHUAN OOCAT MOCTavaHHS BOTHECTIMKHMX Ka0eliB 3pocTaTUMe Ha CTa0lIbHOMY
cepenapopigHoMy Temmi 3,4% mo 2030 p. i Ha kinemps 2033 p. craHoBuUTHME ONM3BKO 2486,7 MiNBHOHIB
nonapie CIHA. OcHOBHMMH BHPOOHHMKaMH MOXEKOOE3MEYHHX, BOTHECTIMKNX KabeniB € Prysmian Group,
Nexans S.A., Furukawa Electric Co., Ltd., General Cable Corporation, NKT Group, Leoni AG, LS Cable &
System Ltd, EL Sewedy Electric Company [1, 2].
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Pazom 3 1tuM po3poOIIIIOTECS IPOTPECHBHI TEXHOJIOTIUHI PIIIICHHS Ta HOB1 KJIaCH MOMXKEKO0S3MEUHUX
MarepiaiiB Juis KaOeNbHHX CHUCTEM, IO MAalOTh BHUCOKY CTIHKICTh JO TOIIMPEHHS TMONyM’s 1 3HIKECHY
HIKITUBICTE 1S 310pOB’ s mojeit [3-8].

VY nockoHalleHHS CHJIOBHUX KaOelliB IPOBOANUTLCS Y HANPSMKY MiABHILIEHHS IXHBOI MOXKEKHO1T Oe3MeKn
NUITXOM, HANpPWKIAI, BBEICHHS OMATKOBHMX KOHCTPYKTHBHUX €JIEMCHTIB y BHTIIAAI OO0OJOHOK abo
METaJeBHX €KPaHiB, PO3IUIOBUX IIApiB, BOTHECTIMKHX Oap’epiB, ClENiaIbHUX BOTHE3aXHCHHUX IOKPHUTTIB,
BUKOPHUCTAHHsSI HOBHX MaTepialiB 3HIKCHOI TOPIOYOCTI 3a OJHOYACHOTO CKOPOUYEHHS 00’€My TOPIOYHX
MaTepiaiB.

Jlo BUHUKHEHHS 1 PO3IOBCIOJIKCHHS MTOKEXK BiJl CHIIOBHX KaOeliB MOKE MPU3BOAUTH IXHSI poOOTa B
aBapifHUX peXHMax, a caMe HaJMipHE HarpiBaHHs, €NEKTPUYHI JYT'H i 1CKPH, CTPYM KOPOTKOTO 3aMUKAHHS
(K3), cTtpyMm mepeBaHTaXeHHsI, NIepeHAIIpyra, 301IbIICHHS EPEXiTHOIO OMOpPY B KOHTAKTHUX 3 €IHAHHSIX.
Kpim Toro, 30BHIIIHI YMOBHU 37aTHI CTBOPIOBATH PU3MK 3aliMaHHS depe3 HasABHICTh MOOIH3Y HKepead BOTHIO
(Hampuknan, y pasi po3TanryBaHHs KaOeniB MoOMM3y BHMHUKadiB). Y pa3i HOXKeXi TeMmmepaTrypa pi3Ko
migsuinyeTbest 10 700-750°C. 3a Takoro HarpiBy IUIAaBISATHCS Garato marepiaiiB, a MOJIMEpHi i30iAmiiHi
MaTepiajgy y po3IJIaBICHOMY CTaHI 3[aTHI NMPUCKOPIOBATH MOLIMPEHHS BOTHIO. TakuM 4HMHOM 3aropsiHHS
Ka0eJTiB MOXKe IPU3BOUTH JI0 TIOKEKI y BEJIMKUX MaciiTabax.

VY pamkax 3aranbHoi mpoOneMu 3a0e3neueHHsI MOKEeKHOI Oe3MeKn CHIOBUX KaOemiB Mmocrae 3agada
BU3HAYCHHS Yacy, MPOTATOM SIKOTO KaOeibh 3[JaTHHN BUTPUMYBaTH BHUCOKY Temrieparypy (Bume 700°C),
3IMINAIOYMCH Y Tpale3laTHOMYy CTaHi, i1 THM CaMHM BH3HAYCHHS MEXI TEIUIOBOI CTIMKOCTI €IEMEHTIB
Ka0eJbHOT KOHCTPYKIIIi, 110 3aJIe)KUTh HE JIMIIE BiJ] TEMIEpaTypu OTOYYIOYOTro cepeOBUINA, ane i BiJ camol
KOHCTPYKILil, CTpyMy HaBaHTaXCHHS, PEKUMIB eKcIuTyarauii Tomo. Po3B’s3aHHs Takoi 31adi Moxe OyTH
IPOBEJICHO Ha eTami NPOEKTYBAHHS 1 OMNpAIfOBaHHA KOHCTPYKTUBHOI'O BHMKOHAHHS KaOell LUIIXOM
KOMII'FOTEpHOT'0 PO3paxyHKy TeMIepaTypHOro MOJs B KaOeIbHHX eNleMEHTax Yy pasi BIUIUBY IOJyM s Ha
NEeBHY AUTSIHKY 110 JTOBXKHHI KaOeJIo MPOTArOM 3aJaHOr0 MIPOMIXKKY dacy.

UucenbHI po3paxyHKH TEIUIOBHUX IPOIIECIB BAXIIMBO MTPOBOIUTH BIATIOBIIHO IO MIFOYMX CTAHIAPTIB
oo Oe3neku KabOemiB, a TakoX BpPaXOBYBaTH TEXHIYHI YMOBM 1 HOPMH BiJHOCHO TPHBaJOi po6odoi
TeMIIepaTypu Kabedro B aBapiiHOMY peXHMi, 30KpeMa BpaxOBYBaTH TPUBaIy poOOYy TEMIIEpaTypy >KUIU
kabemro kinacy Hanpyru 110-220 kB (we Buime 90°C), TpuBanuii HarpiB B aBapiiHOMY pexXuMi, SKUii
obmexyersest 130°C, rpaHUYHO JOIYCTHMY TEMITepatypy 3a mporikanti crpymy K3 —250°C [9].

Enextpodiznuni mpouecu, mo 3ade3nedyroTh HEOOXigHI B aBapiiHUX yMOBax BHCOKY SKICTh 1
Ha/IIHHICT, POOOTH KabeliB 3 MOJIMEpHOIO i30ismieo Ha Hanpyry a0 330 kB, mocmimkeno y pobotax [10,
11]. PoGora [12] mpoBemeHa y HampsMKy CTBOPEHHS (Hi3MKO-MaTEeMAaTHYHOI MOJENTI TOPIHHS CHIIOBUX
KaOemiB y pa3i IXHBOI'O NMPOKIAJaHHs B TyHelni. [IpoTe MUTaHHS aHaNi3y MpOlecy TOPiHHSA EIEKTPUIHUX
Ka0eJIiB TEOPETUIHNMH 1 YHCEIIFHUMH METOIAMH 3aJIHIIA€THCS MAJIOBUBUCHHM.

Memorwo Oanoi pobomu € YUCENbHE Ta CKCIIEPUMEHTAIBHE MOCTIKCHHS CIICKTPOMArHiTHHX Ta
TEIUIOBUX TPOLIECIB B CHJIOBOMY Ka0eli, IO MpaIoe B aBapiiiHUX yMOBaxX y pa3i BUHUKHEHHS MOXKEXi Ta
BU3HAUEHHS IIUIAXIB 100 MiJBUIIEHHS HafiiHOCTI iXHBO1 poboTh. [Ipn IbOMY pO3IIAAAETHCS ABA PEKUMU
pobotu: 1) konu kKabens 3HaAXOIUTHCS B TIPUMIIICHHI 13 BHCOKOIO TEMIIEpaTypOIO Ta Ha MEBHIW BiJCTaHi BiX
30HHM TTOXKEXKi; 2) KOJIU BIiH 3HAXOAUTHCS OE3MOCEPETHBO i MPAMOIO Aicro moimym's. [lix gac mocmimKeHHs
NEPIIOT0 PEXHUMY B POOOTI IPOBOAUTHCS YHCENBHE JOCHTIHKEHHS TEMIIEPaTypHOTO MOJISl BUCOKOBOJIBTHOTO
Ka0eIto 3 130IAIIEI0 31 3MUTOTO MOJIETHIICHY 13 BUKOPUCTAHHSAM METOMY CKIHUEHHX EeJIEMEHTIB y mporpami
Comsol [13]. 3amnms DOCHIIKEHHS IPYroro pPeKUMY TMPOBEACHO EKCIEPUMEHTATbHE JOCIIKCHHS
MPOIIECIB B 3pa3Ky CUJIOBOTO Kabeto, 1110 3HAXOAUTHCS i MPSAMUM BIUTMBOM IOJyM s, Ta BU3HAYAETHCS
Yyac BiJ TMOYaTKy IOKEXi, BIPOJOBXK SIKOrO Kabelb CIPOMOKHHI 3A1HCHIOBAaTH €JIEKTPOKHUBICHHS
HAaBaHTaKCHHS.

1. Komm’oTepHe q0CTiTKeHHsI €JIEKTPOMATHITHUX Ta TEIJIOBUX MPOIECiB B CMJIOBOMY KadeTi,
110 3HAXOAUTLCA Ha BigcTaHi Bix 30HH mosKe:Ki

Mooenv ona odocnioxcenna. Posrnamaetves omHodasHmit xkabenbp Mapku AIIBErII-64/110 3
130JIATTI€10 31 3MMUATOTO TNoJieTwieHy Ha Hanpyry 110 kB. OcCHOBHUME HOTO eleMeHTaMu €: | — aloMiHieBa
CTPYMOTPOBIIHA JKMJIA 3 HOMIHATBHAM mepepizoM 500 MM’} 2 — MOMICTHICHOBA i30IA1[is TOBIIMHOI 16 MM;
3 — expaH 3 MiZHHX JPOTIB, Mepepi3 ekpaHy CKIagae 35 MM’ 4 — 30BHIlIHS MOETHICHOBA 06OTOHKaA (PHC.
1). 3oBHimmHI#i giameTp kKademo — 73,7 MM. Ha purc. 1 HaBeeHO OCECHMETPUIHINA BUTIIA TAKOTO KaOeo Ta
KiHI[EBO-EJIEMEHTHY CITKY, III0 BAKOPHCTOBYETHCS B PO3pPAXyHKaX.
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3amaga QOpPMYIIOETBCA JUIS JIBOBUMIPHOTO BHUMNANKy B LWIHIPHYHIA CHCTEMi KOOpAMHAT.
Hecramionapauii  po3momij ~ TeMmepaTypd B  KaOeJIbHMX  €JIEMEHTaX  OIUCYEThCS  PIBHSHHAM
TETIONPOBIAHOCTI

oT
C(T)P(T)E—V-(X(T)VTFQ, (1

ne C i p — MUTOMa TETUIOEMHICTh 1 TyCTMHA MaTepially BiJIOBiHOTO €JIeMeHTa
KOHCTPYKITii; A — TeIIOMPOBIAHICTE; O — TYCTHHA MOTY)KHOCTI TETIOBUX JHKEPEIL.

JxepenaMu HarpiBy KaOemro € 30HA MOXKeXKi HAaBKOJIO KaleliB (Ha Biapi3Ky
CB Ha puc. 1), IKOyJIEBO TEIIO, U0 BUAUISETHCS B MACHBHOMY IPOBITHUKY KHUIIH
Ox Ta B ekpafi J., a TAKOXK CICKTPUYIHI BTPATH B MICTEKTPUKY 0.

[MoTy>KHICTh TETUIOBUIIICHHS B piBHAHHI (1) BU3HAYAETHCS K

T=750°C R o i
Q. =J. /0o, yCcTpyMONpOBiaHiH Kuii;

0, =tgdwe,e E’ B izonsuii;
0= 0 (2)

0, =J}/c, yMigHOMY eKpaHi;
0y 3axucHiii 000JIOHII],

ne Jy, Jo — Nito4l 3HaYCHHS TYCTHHU CTPYMYy B KHJI Ta HaBEACHOTO CTPyMYy B
€KpaHi, BIIMOBITHO, Gy, C. — CJIECKTPONPOBIMHICT JKWIM Ta €KpaHa; tgd, & —
TaHTeHC KyTa MieJIeKTPUYHUX BTpaT 1 BIJHOCHA [ieNEKTPUYHA TPOHUKHICTH
zhei Matepiany i3omsiuii; ® — KpyroBa uactora; g =8,854-10"% ®/M — emexTpuuHa
nocrtiitHa; £, — HanpyKeHICTh eJICKTPUYHOTO MOJIS B 130JIAL11, SIKa PO3PaXOBYETHCS
3a (hopMyII0r0

U

Ertr)= rin(r, /1)

3)
Tyt U — Hampyra MiX XKWJIOK Ta €KpaHOM; ¥ — IIOTOYHA BiJICTaHb BiJl OCi KaOeIo; 1y, ¥e — PAALyCH eKpaHa i
JKHIIM KaOenro, BIAITOBIAHO.
TemmepaTypHi 3aI€KHOCTI TUTOMOT TEIUIOEMHOCTI Ta €JIEKTPOIIPOBIAHOCTI amoMiHieBOT xuH B (1) i
(2) Bu3HavarOTHCs BUpazami [ 14]
C(T)=757,2+0,473-T , Ix/(xr-K);

e (T) =108 /[-0,628 + T *(8,45-107> +3,28-107 - 7)], (Omm) .

TemnoeMHICT, 1 TEIUIONPOBIAHICTh TOJIETHIIEHY TOoKazaHo Ha puc. 2 [15]. Pi3ke 3MiHeHHA
teroemuocti  C(T) momietuneny B inTepsami 90—120°C

o . 0 0
00YMOBJIEHO TITABICHHSIM KPHUCTATiuHOT (a3 i MepexomioM gl LK/(kr C) , A, B C) o
moJyriMepy B amopdHwMiA ctaH [15].
3HaueHHs CTPyMy B XKWl [, mpuiManocss piBHUM A

. . _ . 5000 N 0,28
HOMIHaJbHOMY, cTpyM B ekpaHi I, =0,07[; [17]. Buxinna C
Temmeparypa B ycix ememenrtax kaGemo T,=70°C. Vwmosa \ '
0ChOBOI cuMeTpii 3amaBamacsi Ha JiHiI OL  (puc. 1). 000 0,26

I'opu30oHTaNBPHUM TpPaHWIM BiATIOBiajla yMOBa TEIUIOBOI
i3omsmii. Ha Binpizkax AB ta CD obupaBcs TEIUIOBHUH MOTIK,

3000 0,24
1110 B1IBOIUTHCS Y HABKOJIMIIHE CEPEIOBHUILIE N
N
—A0T /on=a(T-T.) 4) R —
b
.. . . 2000 0,22
ac o — I(OG(blI.IlCHT TemoBiynaydl; Ic — TeEMIICpaTypa 50 100 150 200 250T oc 300
OTOYYIOYOT0 CepefoBHUINa (IOBITPA); N — BEKTOP 30BHIMIHBOT Puc. 2

HOpMaJTi JI0 TpaHUIIi Kabero.

Po3paxynox mennosux npouecie 6 kabeni 6 30HI nOdcexuci 3a GIOCYMHOCHMI 802HE3AXUCHO20
expany. Buxinui gani st po3paxyHkiB HactymHi. CtpyM I, =760 A, 1110 BiIOBIIa€ TPUBAJIO JOMYCTUMOMY
CTpYMYy XWJIM y pa3i IpoxyiafaHHs kabemto B nosiTpi. Temneparypa 1, =20°C. JI1s1 3MHTOTO HOMiETHICHY
koediumieHT nmienekrpuynux BTpaT tgd=0,001, BimHOCHA AieleKTpUYHA NPOHUKHICTH & =2,4. KoedimieHT
TeroBignayi B (4) BuU3Ha4aBcs 3a MaHUMH [16] JUId BHMAAKY TETNIOOOMIHY MK TOBITPSAM 1 TJIagKOIO
CTIHKOIO, HOro 3HaYeHHs cKIano 0=9,6 Br/(M* K).
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Baxxnmusum PO3paxyHKOBUM MOMCHTOM €

3aCTOCYBAaHHS MAacIITabyBaHHS 33 JOBXKHHOIO KaOelo TP R Kae T0C e

1:5 4epe3 HEBIAMOBITHICTH TE€OMETPUYHUX PO3MIpIiB %\ 7 ii ;;

MOTMIEPEYHOr0 Mepepi3y 1 3aranbHOl TOBXKUHU Ka6emq T: RN i1 700

(1,5 m). y IEOMY BHITAJIKY B MOz M. ModlL 7 .

BUKOPUCTOBYBABCS MACIITA0OHUN MHOXHUK S5 IS Me M1l ESiIN

MO3/I0BXHBOI KOOPJMHATHA 1 BBOAWJIACS aHiI30TPOIIis . e Hls Mz [ s

JU1s1 KOe(iIliEHTY TEIUIOMPOBIHOCTI A. . M. M. v 750 500
Ha puc. 3 moka3aHo oTprMaHi po3paxyHKOBUM i L i

NUITXOM  PO3MOAUIH TemrepaTypu (B Koibopi) i Mty p i P

BEKTOpa TEIUIOBOTO IMOTOKY (HOpMai30BaHUMU 7 i

CTpiJIKaMH) B OCHOBOMY TIepepi3i KaOemo B MOMEHTH L L W o

gacy: a) t = 3600c; 6) t = 7200 ¢; 6) ¢ = 10800 c. Wi wabe N -

TemmoBuit moTiK B 00’€Mi KaOear0 BUHHKAE, B 1 e ﬁm e i; [

OCHOBHOMY, BHaCJIiI[OK. 3OBHiL‘HHLOFO HarpiBy ti i’ |l i j20o

00O0JIOHKM Kabenro B 30HI MOXEXi. 3a3HAYUMO, IO L e I

JieNCeKTPUYHI BTPATH B 30JLLii Kabelqro He3HauHi. e " 5 L oo

IXHf YacTka MO BiJHOIICHHIO 1O JKOYJCBHUX BTpAT MRS 5 %5

JUTSL TAHOT'O BUMAJKY CKiajae He Oinmbiie 2 %o. Y S AN |l ||
Xapaktep 3MIHEHHS TEMIIEPAaTypH B3JIOBXK a 6 Puc. 3 6

pazaiycy B IeHTpalibHIN 30HI kabemto (o jiHii NP Ha
puc. 3, a) y pi3Hi Momentu vacy: 1 —¢= 1800 ¢; 2 — = 3600 c;
3—-¢t=7200c; 4 —¢t= 10800 c moka3aHo Ha puc. 4.

Jawi puc. 3 Ta 4 cBiAYaTh NPO HACTYIIHE. 700

1) BHacnmizok HU3BKOI TEIUIONPOBITHOCTI MaTepiamy
3aXMCHOI OOOJIOHKH 1 OCHOBHOI 130JIAL1 KaOEI0 TEI0 BIAHOCHO
MOBIJIFHO TIPOXOMUTH BIUIMO Kademro. [IpoTarom meprnoi TOguHu 500
expaH kabeo Harpisaetses 3 70 1o ~300°C.

2) HaiiOinpmmii mepenaj TeMIepaTypy IOCITAEThCS Ha
TOBIUHI 3aXWCHOI 00oMoHKH (puc. 4), IO BH3HAYAE OCHOBHI 3007
BUMOTH JI0 MaTepiaiy il BATOTOBJICHHSI.

e § T, OC 750
i
T‘ 700

ExkpaH
1T TOBLMHOIO A

_—

2
.
3 500
!

750°C

] |

5300

T i
T

R

200

&
S
!
s

=

[Z4

Puc.5

ymoBa T = 750°C (puc. 5).

3) TemnoBuii MOTIiK
Bil HAWOLIBII  HArpiTOi IU(}\, 0.01 0.02 003 P
LIEHTPAJIbHOI 30HU Kabemto Puc. 4
BIABOOUTHCI 1O OIYHHUX
MIOBEPXOHb, B OCHOBHOMY, I10 ANFOMIHIEBIH XM Ta MITHOMY €KpaHy
(moxazaHo crpimkamMu Ha puc. 3). 3BiACH BUIUIMBAE, IO 301IBIICHHS
mepepizy JKWIM Ta eKpaHa Mpu3BeAe J0 OiIbll IHTEHCHBHOTO
OXOIIOJDKEHHSA 130JsIii B 30HI TIOXKEXi 1 J0 30UIBIIEHHS Yacy
Oe3aBapiifHOT poOOTH Kabero TIij] 9ac MOXKexKi.

Tennosi npouecu 6 Kaodeni 6 30Hi nodicedHci NIO uac eUKOpPUC-
MAaHHA  80ZHE3AXUCHO20 eKpaHy. 3a JONOMOTOI0 KOMII IOTEpHOL
mozeni (1)—(4) mpoBoguIMCS PO3paxXyHKH IS HECTAI[lOHAPHOTO Ta
YCTAJICHOTO PEeXUMY HarpiBy KabOemro y pa3i HasBHOCTI 3aXHCHOTO
€KpaHy pi3HOi TOBIIMHU A Ta BCTAHOBJIICHOMY Ha IEHTPAIBHIN JIIISHII
kabemro (puc. 5). Jns pospaxyHkiB Oymo o00paHO CTIHKHI [0
3arOpsIHHS MaTepian ekpaHy — acOecT 3 HaCTYITHUMH TeTUI0(i3HIHUMHA
XapaKTepHCTHKAMK: TycTHHA p = 2400 Kr/M’, TEIIonpoBiaHicTs A =
0,05 Bt/(m'K), TeruioemHicTh C =800 Jx/(xrK).

VY pasi MOJeoBaHHS CHUTYyallli BAHUKHCHHS TTOXEXi TTOOTH3y
Kabemo i mpsMoi Mii Ha HOTO YacTHHY BOTHIO, Ha LEHTPAILHOMY
BEPTUKAIBHOMY BiJIPi3Ky 3aXHCHOTO MOKPUTTS 3aJaBajiacs IpaHHYHA
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Ha puc. 5 ana xabenro 3 ekpaHOM IIOKa3aHO PO3MOALT TeMiepaTypu (y KOJbopi) Ta TEIIOBOTO
NOTOKY (HOpMaJli30BaHUMH CTPUIKAMH) B JOCIiIXKYBaHOMY 00’€Mi i 4ac Mokapy B 30Hi, IO BIAIIOBizac
eKkpaHy y MoMeHT 4acy ¢ = 1800 c.

Puc. 6 BimoOpakae 3MiHEHHS Yy dYaci TeMIleparypu
IIEHTPAIBHOI TOYKH B CEPEIrHI 130l kabemto (Ha minii NP
400 - - - Ha pHC. 3) 32 YMOBH IOXKEXI1 JUIsl BUNAJKIB, KOJH Ka0elb He
Mae ekpaHy (kpuBa /) i1 KOJNIM 3aCTOCOBYETHCS 3aXHUCHHI
eKkpaH pi3HOI ToBImWMHM: 2 — A=3 MM; 3 — A=5 MMm; 4 —
A=10 wmwm. [lyHKTHpHa IiHIS BIiAMOBINAE MPUITYCTUMIN
Temreparypi noxieruieHoBoi i3omsuii B pexumi K3 (250°C)
Ta BU3HAYa€e TPUBAIICTh Oe3aBapiitHOi poboTH Kabemo y pasi
BHHHUKHEHHS MOXEXi. SIk TToka3aHo Ha puc. 6, 9ac HAmIHHOI
poboTn Kabemo 3 BOTHE3aXMCHHUM €KpPaHOM Y pasi Moxexi
MOCTYNOBO 301NBINYETHCS 3 OAHIET O TPHOX TOAMH Y pasi
0 036 . 01 1os 3MiHeHHA A Bix 0 go 10 MM, TOOTO B IbOMY CEHCl HasIBHICTb

Tine t.x107c MOXEeKO0E3MEYHOr0 eKpaHy € MO3UTHBHUM (DAKTOPOM, IO
Puc. 6 Jae 3Mory 30UIBIIMTH 4Yac poOOTH Kabemto, sSIKuil 3a3Hae il
T °C BOTHIO, IS TOro, 1100 BYAaCHO BXHTH HEOOXITHUX
MPOTHITOKEKHUX 3aXO0IiB.
= 3 iHmIOI  CTOPOHM  HETraTHMBHUM  (akTOpOM
Hom BUKOPUCTAaHHS ~ 3aXHCHOTO  €KpaHy €  30iibIIeHHS
- ——t—— T TeMIeparypH i30Jlii B HOPMAJIBHOMY pOOOUOMY pPEXHMI
100 4yepe3 TMOTIpPHICHHS YMOB OXOJO/MKeHHs kabemo. Ha
MiATBEPIUKEHHS] LbOTO HABEAECHO pHC. 7, SKUH 1mocTpye
3MIHEHHA TEMIeparypu y IOJOBXHBOMY  HAaNpsIMKY
90 nocepeInHi 1305151l Kabeso 3a YMOBH BiJICYyTHOCTI MOMKEXi
1 JUTs BUNaaKiB: [ — kabenb 0e3 ekpana (A =10); 2—-A=3 mm; 3
— A=5wmm; 4 — A=10 MmM. Po3paxyHKOBI JjaHi TIOKa3yOTh,
03 mo 3a ToBmMHU ekpaHy A=3, 5 ta 10 MM TemmepaTypa
1301151111 Ha IIEHTPaIbHIA BEPTUKAIBHIN NiISHIN KaOenro, ska
BIJIMIOBiIa€  PO3TAllyBaHHIO  TOKPUTTSA,  30UTBIIYETHCS
BimmoBigHo Ha 20, 23 Ta 29°C. Cruix migkpecnuTH, mo HA TaKHil HECHPUATIHBHH (GAakTop HEoOXimHO
3Ba)KyBaTH I1iJ] 4aC 3aCTOCYBaHHS BOIHE3aXUCHOTO €KpPaHy Ta BUOOPI MOT0 TOBIIMHY.

2. ExcnepuMeHTalbHE AOCTIIJKEHHSI MPoOlEeciB B CHJIOBOMY Kaleii, 110 3HAXOAUTHCHA Mil
npsaMo giero moaym's.. CuimoBuit kabenb, MO 3HAXOAWTHCS Oe3mocepeqHhO B 30HI IMOXKEXKI, ITOBHHEH
NEBHUI Yac MPOIYCKATH €NEKTPUYHHUI CTPYM 3aUIs )KUBJICHHS KPUTHYHO BaXKIIUBOTO €JIEKTPOOOIIa THAHHSI.
3 METOI0 BH3HAYEHHS TAaKOTO YaCOBOTO MPOMDKKY B pOOOTi OyJIO CTBOPEHO €KCIIEPUMEHTAILHIM MAaKeT, 1110
JTa€ MOXIIMBICTh JOCIIIUTH MPOIECH B Kabeli 3 MOIIMEPHOIO 130JIAIIi€I0 B YMOBaxX, HAOIMKEHUX IO TIOXKEXKI
(puc. 8).

HocnimxyBaBess kabenb 13 130isimiero 31 3mMTOro mnodietwieHy Ha Hampyry 10 xB. s
MOJEIOBAaHHS TEIUIOBOi i BIIKPUTOrO0 BOTHIO BHUKOPHCTOBYBAaBCS Ta3oBUi manbHHK. [Jo xabemro Oyio

' Ry T MIAKITIOYCHO JDKeperno KUBJICHHSA
' nocriitnol Hanpyru 10,6 kB. Enekrpuuni
XapaKkTePUCTUKH 1307l kabemto (Benu-
YIHA CTPYMY 3a MOCTiiHO1 Hanpyru 1 kB
Ta BEJIMYMHA CIEKTPUYHOIO  OIOpY
130J1ALi1 32 Li€l HAPYTH) B MPOLECi HOTo
pYHHYBaHHS  OLIHIOBAJIHMCA  LUISIXOM
BHUMIPIOBaHHS TTapaMeTpiB i30JisMil kade-
mo meromerpom E6-16. besnocepennno
B MOMEHT BHMIpIOBaHHS 3pa30K Kabemro
- , Ha MaJui NPOMIXKOK 4Yacy HEepeKII0UaBcs
Puc. 8 i3 30BHINIHBOTO JKEpena Ha METOMETP.
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Ha puc. 9 noka3aHo xkapTuHHM 3MiHEHHS B 4Yaci cTaHy i3oiwii kaOemo Oe3nocepeqHbO B 30HI il
nojiym’st  crpsiMoBaHoi nii. BujgHO, 110 J0BOJNI MIBUAKO PYHHYEThCS 30BHIIIHS O00OJIOHKA KaOelko.
[IpubnuzHo 3a 2—3 XBWIMHM MiCHs MOYATKy CBO€I Aii momym’st gocsirae MimHoro ekpana. Jami mpouec
pyHHYBaHHsS YHOBLIBHIOETbCSA, TOKM BeCh LEH MIOHMH IIAp NpPOIUIABISETbCA. Takuii mpouec TpHUBaE
mpuban3Ho 7 xBwimH. [lanmi modnMHAaEe TOPITH MONIMepHa i30JAmis 1 B KiHII Tporiecy, IICiA 3arajabHoro
4acOBOTO MMPOMIXKKY HPUOIH3HO Yy 15 XBHIIMH, BiIOYBaEThCS ENEKTPUIHUH MPOOiN 13071111,
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Ha puc. 10 mokazaHo 30BHIIIHIN BUTJISA i30SIl
Ka0emo BHACTINOK Mii BIOPOAOBXK 15 XBWIMH BiKPUTOTO
IIOJTyM’ s TIICIISL TIOTAIICHHS BOTHIO. SIK BU/IHO, B 30HI TOPiHHS
Ha KU 1IIe 3aTUIIAETHCS TOHKA TOTIMEepHA 130JIA1is, 10 Ma€e
YOpHUHU KOJIIp.

Takum YHHOM, pe3yJibratu IIPOBEJIEHOIO
EKCIIEPUMEHTY HaJaId MOXIIUBICTh JOCTIIUTH OCHOBHI
eTany pyHHYBaHHS 13011111 KaOeIr0 BHACTIAOK BUHUKHCHHS
_ 3 MOYKEXKi B 30HI HOrO PO3TallyBaHHs, & TaKOXX BCTaHOBHTH,

Puc. 10 IO CWiIOBHMH Kabelnb i3 TOJNIMEPHOK I30JIAIIIEI0 Ha

HOMiHaNBHY Hanpyry 10 kB, Ha skuii g€ MOIyM’s MPSIMOTO

HaTpaBJICHHS, A€ MOXJIMBICTh 3IiMCHIOBATH >KUBIICHHS HAaBaHTAKEHHS NMPHUOIM3HO BIPOJOBX 15 XBHINH
MICIIS IIOYATKY MOMKEXKi.

BucnoBku 1. Po3po0OiieH0 KOMIT'IOTEpHY MOJETh Ta AOCHTIHKEHO IMEpexifHi TEeIUIoBl MpoIllecH B
CHJIOBOMY Kalelm 3 MOJIMEPHOI0 130JIAIi€l0, IO TPAIioe B aBapiifHOMY MOKEKHOMY pekumi. Peaizarmis
MOJIeNTi 1a€ MOXKJIMBICTh PO3PaxOBYBaTH TEIUIOBI HABAaHTaKEHHS 130JISIMii Ta CTPYMOIPOBIIHOI KUK 1 THM
CaMHM MPOTHO3YBaTH TEPMIH CIyKOU KaOeIto B eKCTPEMATbHUX CUTYAIlisX.

2. 3amns 3aXWCTy KaOemro Bil TOXEXI MOXYTh BHKOPHUCTOBYBATHCS BOTHE3aXHCHI €KpaHH i3
CTIMKOro 110 3aropaHHs marepialy, Hampukiai, acoecty. Y poOOTI BUSBJICHO SIK MO3UTHBHHUU e(EKT BiJ
TaKOTO €KpaHy, MOB’s3aHUM 13 301JbIICHHAM MPOMDKKY Yacy poOOTH KaOelro B 30HI MOXKEXi B aBapiiiHOMY
pEeXnMIi, TaK 1 HETaTMBHUN e(EeKT BHACIIJIOK IOTIPIICHHS YMOB OXOJIO/DKEHHS Ka0emo mix dyac poboTtu B
mTaTHOMY pekuMi. [loka3zaHo, 10 BUKOPHUCTAHHS €KpaHy 3 acOecty ToBmuHOIO 3—10 MM mae 3mory y 2-3
pa3u 301IBIIMTH Yac, BIPOJOBXK SIKOTO 130JIsMis Kabemo OyJe HarpiBaTHCS JO KPUTHYHOI TEMIIEpaTypH —
250°C. Pa3oM 3 IMM 3a pe3yJIbTaTaMH TEIUIOBHX PO3PAXYHKIB B YCTANCHOMY PEXHMMi BCTAHOBIECHO, IO Yy
pasi BUKOPHUCTaHHS eKpaHy pi3Hol ToBmmHHM — 3, 5 Ta 10 MM, poboua Temmeparypa i30JiIlii B 30HI
BCTaHOBJICHHSI €KpaHy i yac poOOTH Kabelto B ITATHOMY peXuMi 301IbIIyeThes BiamoBiano Ha 20, 23 Ta
29 °C. Ileit akTop Ba)kIMBO BPAaXOBYBATH ITijl 4aC BHOOPY TOBIIMHI 3aXHCHOTO EKPaHy.

3. Po3po0OieHo excrepuMEeHTANbHUN MakeT AJIsi BUBUEHHS EJEKTPUYHUX XapPaKTEPUCTHK 130JISIil
Ka0eJIt0 3 MOJIIMEPHOIO 130JISIIIF0 il BIUIMBOM BIJKPUTOTO MOJYM’sl, IO BIANOBIIA€ YMOBAM BUHUKHEHHS
MoKeXi Oe3rocepelHbO B 30HI po3TairyBaHHs kabenmro. [IpoBeneHi eKCiepUMeHTa bHI JTOCIIIKEHHS JIJIs
3pa3zka cujoBOoro kabemo Hampyroto 10 kB Hamanmm 3MOory BH3HAYUTH OCHOBHI €Tany pyWHYBaHHsS HOTO
130711111 Big Ail TOITyM’sl, @ TAKOK BCTAHOBUTH, IO TOCIIKYBaHUH 3pa3oK, Ha SKHH Ji€ TTOIYM s, 3MIHCHIOE
JKUBJICHHS HAaBaHTaKEHHs NPHOIM3HO BIPOJOBXK 15 XBWIMH Micis BHHHUKHEHHsI Toxkexi. Lleil wacoBuit
MPOMIXKOK BHU3HAYAETHCS IMOYATKOM EJICKTPUYHOIO MPOOOI0 MOIIKOPKEHOI BHACHIMOK IMOXKEkKi 130Js1iT
Ka0eo.

Pobomy euxonano 3a Oeporcoroodscemmnoro memoio "3abesneuenns eghpekmusHocmi QyHKYioOHY8aAHHA
Mma po3sUmKy po3noodiieHoi enepeemuxu 6 Ykpaiui 3 euxopucmaumus mexnonozitl mikpomepedsc” (wugpp
"Peacum 3"), KIIKBK 6541230.
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STABILITY OF POWER CABLES UNDER FIRE CONDITIONS. COMPUTER
AND EXPERIMENTAL STUDY
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The work is dedicated to the experimental and numerical study of ways to increase the resource and reliability of power
cables under fire emergency conditions. Firstly the computer model is developed and the temperature field in XLPE-
insulated power cable operating at fire emergency is studied. The thermal processes in the case of the fireproof coating
with different thickness located on the central section of the cable around it are analyzed. Two main factors of the
additional coating are revealed: 1) the time of stable reliable operation of the cable at fire gradually increases with an
increase in the thickness of the coating (a positive factor); 2) under normal operating conditions, due to cooling
deterioration, the temperature of the insulation on the section of the cable, corresponding to the coating, increases with
an increase in the thickness of the coating (a negative factor). Such factors should be taken into account when applying
and choosing the dimensions of the coating. At the second stage of the work, the experimental study of power cable
destruction under conditions close to a fire, i.e. under the direct influence of open flame, is carried out. The time from
the beginning of the fire, during which the cable under the influence of the flame allows powering the load, is
determined. References 17, figures 10.

Keywords: power cable, cross-linked polyethylene (XLPE) insulation, fire-resistant coating, fire, temperature field,
service life of cable, experimental installation, computer analysis.
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PO3NOMJIEHHA EJIEKTPOCTATHYHOT O I1OJIAA Y HEEKPAHOBAHUX CHJIOBUX
KABEJISIX 3 PI3HOIO KOH®ITI'YPALIE€IO CTPYMOIIPOBIJIHUX KHWJI

I.B. Besnpossanuux' , 1okT. TexH. Hayk, FO.I. Fonrap'”, kaux. Texu. nayxk, LA, Iymkap®™
"HauionanbHuii TexHiunmii yHiBepcuTeT "' XapkiBcbKuii nosgitexHiyaui incruryTt",

ByJ. Kupnunuosa, 2, Xapkis, 61002, Ykpaina,

2Haylcono-mlpoﬁ]mqe NiANPHEMCTBO «AJai»,

np. Bigpaguuii, 95 A2, odic 202, Kuis, 03061, Ykpaina.

E-mail: Hanna.Bezprozvannukh@khpi.edu.ua; Yuliia.gontar@khpi.edu.ua; ihor.pushkar@ieee.khpi.edu.ua.

Bcemyn. Amomnua enepeemuka € He3anepeuHUM KOMHOHEHMOM ) CKAAOL 3e/IeHOI eHepeemuKU i 6U3HAYAE 8a20MULL BHECOK
V 00CsieHeHHs yinell Cmaioeo po3sUmKy ma niosuujents eHepeemudnoi besneku Kpainu. Lle Haditine ma nepeddauysare
npocHo3oeane Oxcepeno enekmpoenepeii 0o 60 poxie 3 cepednvoro sapmicmio eupobaenoi enepeii 0,4 espo/kBm-200.
IIpoonema. Amommi enekmpocmanyii cK1A0AIOMsbCA 3 PI3HUX 30H, AKI BIOPI3HAIOMbCA MEMNEPAMYPOI0 HABKOTUUHBO2O
cepedoguwa, piernem paoiayii, umozamu wooo nepesipku cmiukocmi 00 agapiu. Kabeni 011 amomHux eieKmpudux
CManyitl 3Haxo00sIMbCst Ni0 NOCMIUHUM 6NIAUEOM CKIAOHUX YMOG NPOMA2OM YCb020 MEPMIHY eKCNyamayii i noGUHHI
3abesneuysamu HAOIlIHEe eHepP2ONOCMAYaHHs, GION0GI0amuU GUMO2aM eKONO2IUHOI be3neku ma eKOHOMIUHIU eqhek-
mugeHocmi. Bnposaosicenns cyuacHux IHHOBAYIUHUX NOJIMEPHUX KOMRO3UYil nompedye 6cebiuH020 aHalizy 6NAUGY
eleKmpUYHOl 307yl HA eleKmpuyHi napamempu Kabenig pi3H020 KOHCMPYKMUGBHO2O0 GUKOHAHHA HA cmaoii ix
NPOEKMYBAHHS MA BUPOOHUYMEA W00 3a0e3nedeHts. GUCOK020 PieHs ekcnayamayitinoi gynkyionanvnocmi na AEC.
Mema pobomu noaseae 8 ananizi po3nooiieHHs eleKMmpOCMAMUYHO20 NOS HABKOILO [301608AHUX CTNPYMONPOBIOHUX
orcun pisHOI KOH@ieypayii 3 BUBHAYEHHAM IX eleKMpPUYHOI EMHOCMI y CULOBUX HEeKPAHOBAHUX KAbOensx cucmem
JIOKATIbHO20 HCUBNEHHSI MYPOIHHO20 8IOCIKY AMOMHUX eleKMpUdHUX cmanyii. Memoouka IpyHmyemvcsa Ha GU3HAYEHH]
2YCIUHU eeKMPUYHO20 3apsaody MemoOoOM BMOPUHHUX Odcepell Ha Niocmasi inmespanvHux pieHans @pedeonvma
nepuio2o ma 0py2o2o0 pooy 6 MOOENX HeeKPAHOBAHUX CULOBUX KaDelig 3 CeKMOPHUMU Mda KpPYyeiumMu CmpyMOnpo-
gionumu xcunamu. Haykoea noeusmna. Busnaueno po3nooineHHs NiOCKO-NAPANeNbHO20 eleKmpOCMAamuyHozo nojsi 6
HeeKpAHOBAHUX CUNOBUX KAOENAX 6 3ANe)NCHOCMI 8I0 cXeMu NPUKIAOAHHS eNeKMPUUHO20 NOMEHYiany (Hy1b06020 i
HeHyb0os0o2o, pieno2o 1000 B) 0o cmpymonpogionux dcun piznoi xongieypayii. /losedeno, wo y cunogomy xabeni 3
JHCUnamMU  00HAKO80I KoHGpizypayii  3a YyMOBU CMBOPeHHs OUNONbHO20 PO3NOOLIEHHS eeKMPOCMAMUYHO20 NOJs
eeKMPUYHI EMHOCII MIJIC JCULAMU MAIOMb HAUOLTbW 3Ha4eHHs. ExcnepumenmanbHo niomeepodliceHo KOPeKMmHICHb
OMPUMAHUX MEOPEMUUHUX HOJOJCEHb, WO V3200MCYEMbCA  CNIBNAOIHHAM PO3PAXYHKOGUX 3HAYEHL eleKMpUdHOL
EMHOCMI 3 eKCnepuMeHmanbHuMu 3HadyeHHamu 3 pisnuyero y 8,5%. Ilpakmuuna 3nauumicms. Buznaueno uanpy-
JHCEHICMb eeKMPUYHO20 N0 HA NOBEPXHI eleKMPUYHOT 1301AYIL HCUTL 8 3AIeHCHOCMI 8I0 cXxeMu 0OcmedcenHs nio dyac
NPUKIAOaHHs pobouoi ma nioguwyeHoi eunpodysanvHoi Hanpyeu. 3a0is 3MeHUeHH HANPY’CeHOCMI eleKmpocma-
MmuyHo2o noa y 2 pazu 8 HOBIMPAHUX NPOMINCKAX 3ANPONOHOBAHO 3ANOBHEHHS MidcA3HO020 NPOCMOpY
OleleKmpUdHUM Mamepianiom 3 0ieleKmpuuHolo npouuxHicmio £;=2,0 Ha mexuon02iuniti cmadii 6Uc0MOoBIeHHs Kabenis.
Ilpeocmasnena memooonozisa 6usHaueHHs pPO3N0OINY eleKMmpOCMAMUYHO20 NOJSL HABKOAO i301b08AHUX CMPYMO-
NPOGIOHUX Ul PI3HOI KOHGicypayii modce SUKOPUCTIOBYBAMUCA Ol OYIHKU eNeKMPUYHOI EMHOCMI [30AYIUHUX
NPOMIDICKIE 5IK 008I0K0B0I 051 KOHMPOJIO Kabenie Ha MeXHONIO2IUHIU CMAdil 6UCOMOGACHH N0 4AC NPULMATbHUX
sunpooysans i 6 excniyamayitinux ymosax. bion. 27, puc. 7.

Knrwowuoei cnosa: atomui enextpuuHi craHuii, Bumorn no kabemie AEC, cuioBi HeekpaHoBaHi kabeni TypOiHHOTO
BIZICIKY, CEKTOPHI CTPYMOIIPOBIIHI HJIH, €JIEKTPOCTATHYHE TI0JIE, 130JISIIHHI TPOMIXKKH, EJIEKTPUYHA EMHICTb.

Beryn. BekTop BUKOpHCTaHHSI aTOMHOI €HEpPrii y Cy4acHHUX yMOBax CYTT€BO 3MIHIOETbCA. ATOMHA
EHEepreTHKa € €IMHUM JOCTYITHHM Ta Oe3NedyHuM MaciuTaboBaHUM 0a30BHM HaBaHTa)XCHHSIM Oe3 BUKHUIB,
10 poOuTH i He3amepeyHHM KOMIIOHEHTOM ‘‘3eJIeHOT eHeprii” 3 MPOrHo30BaHUM BUI00YTKOM a0 60 pOKiB 3
HU3BKOIO HecTaOUThHICTIO [1-5]. BapricTh emekTpoeHeprii B CepeaIHhOMY CTaHOBHUTH: atoMHOi — 0,4
€BPOLICHT/KBT'TOJl. TPUOIM3HO Taka X, SK i BUIOOyTa TiAPOENEKTPOCTAHIISIMHU; TeruoBoi: moHan 4,0
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eBpoleHT/KBT'TOA. ¥ pa3i 3ropsHHs Byriwist Ta (1,3-2,3) eBpoueHT/kBTTO/. Y pasi 3ropsiHAS Ta3y, BiTpOBOi
—(0,1-0,2) eBponert/kBTroM. [1-5].

[lepenbauvaerbes, mo no 2050 poxy riobanbHa CBITOBAa MOTYXXHICTh aTOMHHUX €JIEKTPOCTaHIIIH
(AEC) 3pocte Ha 40% mnopiBastHO 3 2023 p. 1 craHoButume 950 I'Bt [4, 5]. ByaiBHMOTBO aroMHuX
€JICKTPOCTaHIIIH TpuBae Bixg 8 10 15 pokiB 3ajeXHO Bill TEPMIiHIB 3aTBEPIKCHHS PETYIATOPAMU Ta KOIITYE
npubmu3HO (2—3) MIIpA. KOJIapiB I OJHOTO HEBEJIIMKOTO MOAYJIBHOIO peakTopa [4] i g0 15 mupa. monapis
JUTSL BEJIMKOT YCTaHOBKH [5].

3 HasgBHOIO SNIEPHOIO TaTy3310 YKpaiHa MOTEHIIHHO 31aTHA PO3IIUPIOBATH CBOI SIIEPHI MOTY>KHOCTI
y BHPOOHHIITBI aTOMHOI eHeprii. B cepeqHbocTpokoBiit nmepcnekTrBi Ha XmenbHUIBKIH AEC MatoTh OyTn
JOOTpanboBaHi JiBa Maibke TOTOBi peakTopu. JlepkaBHe (iHAaHCYBaHHA MOKE 3irpaTd 3HauHy pOJib Yy
CTa01IBHOCTI, MPALe3AaTHOCTI Ta PO3BUTKY aTOMHOI EHEPTeTHKH Y KpaiHu.

3aans 3abesnedeHHs] HaMiHOTO (YHKIIOHYBaHHs icHytounx Ta HOBUX AEC morpiOHi cydacHi
Oesmeyni kabemi, po3po0sieHI Ha OCHOBI PETEIHHOTO BHBUCHHS EJEKTPUYHUX XapaKTepUCTUK 1, 30Kpema,
PO3MOUTY EIEKTPUIHOTO TIOJISI Y Pa3i Pi3HOTO KOHCTPYKTUBHOT'O BUKOHAHHS CTPYMOIIPOBITHUX KU,

IMocranoBka mnpoGsemun. AEC mnorpelye cremianpHUX KaOemiB pIi3HOTO KOHCTPYKTHBHOT'O
BUKOHAHHSI, IPU3HAYCHUX IS OCOOJMBHUX yMOB eKcIuTyaramii. [IJis aTOMHOI eleKTpH4YHOiI CTaHLii MOTYX-
HicTio 1 I'BT moTpi6bHOo monan 100 pi3HUX THUMIB KabeniB 3aranbHOi qoBkuHU a0 2 000 KM i BapTicTiO 10
ECTH MJIPA. TpH. [6, 7].

Tak, B cuctemax Oesmeku Ta TypOiHHOMY Binciky AEC 3actocoByroThes ceprudikoBani [8, 9]
BOTHeCTi#Ki macnmo crifiki [10, 11] cumoBi 3-x abo 4-xunbHi kKabeni Ha Hampyry 1 kB [12] 3 TepmiHOM
ekcruTyaTtarii 60 pokiB 3a TeMIEpaTypHu HaBKOJIUITHLOTO cepenopuia 70°C.

Komruiekc BUMOr 110 KaOeliB IOJ0 HAJIMHOTO EHEPrornoCTayaHHs, CKOJOTIYHOT Oe3leKku Ta
€KOHOMIYHOI e(eKTHUBHOCTI 3a0e3MeuyeTbcs CyYacHHMMH MOJIMEPHUMH KOMIIO3MLISIMH B €JIEKTPHYHIN
i3omsmii kabenmie AEC [13, 14]. Lle o0ymoBiIrO€ HEOOXiTHICTH BCEOIYHOTO aHAli3y BIUIMBY EICKTPUYHOI
130111 HA EJeKTPUYHI MapamMeTpH KabemiB pi3HOr0 KOHCTPYKTUBHOTO BUKOHAHHS Ha CTallii MPOEKTYBaHHS
Ta BUPOOHUIITBA.

B HOpMaTHBHO-TEXHIYHIN OKYMEHTAIlil Ha CHIJIOBI Kalelmi, y TOMy 4HCIi 1 TypOiHHOTO BiJCiKy, HE
BKa3yIOThCS €ICKTPHYHI TTapaMeTpH, 30KpeMa, eJleKTpudHa eMHicTh [15]. Lleit mapameTp € BaXXITUBUM SK Ha
TEXHOJIOTIYHIN CTalii BUTOTOBJCHHS KaOeiB, TaKk 1 B eKCIUIyarallii 3aJyisi CHOCTEPEKECHHS 3a CTaHOM
€JIEKTPUYHO] 130JIA11i1 Ta OLIHKK TEXHIYHOTO CTaHy Kabemnis [16, 17].

Jns cumoBUX KaOenmiB OTHOKHILHOTO BHKOHAHHS KOAKCiaIbHOI KOHCTPYKINI 3aCTOCOBYETHCS
aHAJIITHYHA opMyJia 331 BU3HAUYCHHS CJICKTPUIHOI eMHOCTI [18]. [l po3paxyHKy €IeKTPHUUHOT EMHOCTI
Ka0eJiB 3 JOBUIBHOIO KOH(DIrypali€ro CTPyMONPOBITHHUX XHJ BiACYTHI aHaimiTH4Hi ¢opmynu. Habmmxeni
(dhopmynu 3a0e31meuy0Th BU3HAUECHHSI €IeKTPUYHOT EMHOCTI 3 moxXuOKoto 110 26,7% [19].

BuzHaueHHST €NEKTPUYHOI €MHOCTI KaOeliB y MeTaueBiii 000J0HIN 0a3yeTbcs Ha YHCENBHHX
METO/IaX PO3paxyHKy eyiekTpuuHoro moisi [20—24] i3 3acTocyBaHHSAM HporpamHoro 3abesmnedenHs: Comsol
Multiphysics [20], QuickField [21], Ha migcTaBi BUKOPHCTAHHS METO/IB KiHIIEBUX €JIEMEHTIB Ta MOMEHTIB
[19, 20, 22, 23] mng imeami3oBaHUX CTPYMONPOBIMHUX JKHJI, Y TOMY YHCIl 1 CEKTOpPHOI dopmu 3
HAOIIKCHHSIM JI0 €KBIBaJICHTHUM KPYTJIMM TPOBiTHUKaM [24].

MeTo0 1aHOi po0OTH € aHaji3 PO3MOAITICHHS €JIEKTPOCTATUYHOTO TIONS HAaBKOJIO 130JIbOBAHUX
CTPYMOIIPOBITHUX KW PI3HOT KOH(QIryparii i3 BH3HAYCHHSIM iXHBOI €IEKTPUIHOI €MHOCTI Y CHIIOBHUX
HeekpaHoBaHUX kabesix Hanpyru 1000 B mis nokansHOTO sxuBieHHs TypOiHHoro Bifciky AEC.

MogentoBaHHS BUKOHYETHCS 32 JAOMOMOIOI0 MPOTrPaMHOTrO 3a0e3MeYeHHsS! 3 BIAKPUTHM BHX1THUM
konoMm Lazarus Ta GNU Octave.

Po3noais eleKTPOCTATHYHOTO MOJISI Y CHCTeMi ABOX 3apsdiB. /[BOBUMIpHUH MiIXia MpPHITYCKAE,
IO CTPYMONPOBIIHI JKUIM HECKIHYEHHO JOBri Ta TapajellbHi, 1 TOMy BpaxoBY€ IHIIE IOMEpeYHi
KOMIIOHEHTH €JEeKTpHUYHOro mons. llpocTopoBe poO3NOAiNICHHS €NEKTPOCTATHYHOTO IIONS 3aJE€KHO Bif
KUTBKOCTI CTPYMOIIPOBITHHX JKHJI, IXHBOT KOHGITYpallii y CHJI0BOMY HECKpaHOBAHOMY KaOelli, IPHUKIIaIeHOT
HAMpPYTH T2 OTOYYIOUOTO AieJIEKTPHYHOTO CePeOBHUIIA.

PosrnsiHeMo crpolneHy MOJenb PO3MOAUICHHS EJNEKTPOCTaTHYHOTO MO JBOX HEI30JIbOBaHUX
CTPYMOIIPOBITHUX KHJI Y BUTIISAI TOYKOBUX 3apsA/IiB Y pa3i po3TalryBaHHS y BaKyyMi.

BenuunHa MoTeHIIAMy A IBOX TUI, IO 3HAXOMATHCSA Y BaKyyMi Ha JesKiid BijcraHi L onHe Bix
OIHOTO 1 MarTh 3apsan @ 1 —Q, 3rigHO 3 NMPUHLMIIOM CYNEPHO3MLii Ui AOBIIBHOI TOYKH MPOCTOPY,
BiJIIaJICHOI BiJ 3apsPKEHUX Tl Ha BificTaHi R, BU3HAYAETHC Ha MifcTaBi (YOPMYIIH U €JIeKTPOCTATHIHOTO
(KyTOHIBCHKOTO) IMTOTEHITIATY
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4me,| R R+L] d4me,R(R+L 4re, R’
Ha puc. 1 mokasano JiHii piBHOTO IMOTEHIIAy — €KBIMTOTEeHIIHHI JiHii (puc. 1, a, 8) 3 MO3HAYEHHAMU
3Ha4YeHb MOTEHIIaTy ¢ (B) Ta MpoEKIii MOBEpXHI ¢ Ha IUIOMIMHY 3 Bi3yalli3alli€lo 3MiHU HAIPSIMKY BEKTOpa
HaIPY>KEHOCTI eIEKTPOCTATHIHOTO T10J1s1 E, CTIpSIMOBaHUMH CTPLTKaMU YOPHOTO KOJIbOPY (puc. 1, 6, 2), nBox
Tin i3 3apsaamu Q;=+100 nKn i 0,=—100 nKux (puc. 1, @, 6) Ta 0,=+100 nKn i 0,=50 nKun (puc. 1, 6, 2) 3a
BifcTaHi Mix HUMHU 20 cM. SIk BUIHO, eNEKTpUYHE IT0JIe iCHY€ 3a MeXaMH 3apsiB. Y pasi pi3HUX 3HaueHb
3apsmy Tix (puc. 1, 6, 2) 001acTh, 3aifHATA IMOJIEM, ITOMMPIOETHCS: TTOPiBHANTE puc 1, a Ta puc. 1, 6.
JJist 4OTHPBOX 3aps/DKEHUX TLT Yy BaKyyMi BEJMYMHA MOTEHINANy IUIS IOBUIBHOI TOYKH MPOCTOPY
BU3HAYAETHCS SIK

):(L<<

or
0= : 2)
8me, R’
ITopiBHSHO 3 AWMOJILHUM BHIAAKOM 30iTBIICHHS KUTBKOCTI 3apsKEHHX TiJT PI3HOTO 3HAKa, alie
OJTHAKOBOT'O 3HAYEHHSI, PU3BOIUTH JIO 3pOCTaHHS IIBUJIKOCTI CITaJaHHs HAMIPY>KEHOCT] €JIEeKTPHYHOTO TOJIS.
Ob6nacts, 3aifHATa ENEKTPOCTATHYHUM MoJieM (puc. 1), Oinble HiX Y TPU pa3H MEpeBUIIYE BiICTaHb
MiX JIBOMa 3apsaaMu. 3a pi3HUX 3Ha4YeHb 3apsAniB (puc. 1, g, 2) crocTepiraeThcsi 3HaYHA HECUMETPUYHICTh

O30Ty TOJISL.

06 F
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y,m

06 F

0.6 -0.4 0.2 0 0.2 04 0.6
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Puc. 1
Binpmr cknmagHa KoHGITypaliss eIeKTPOCTaTUYHOIO TONSA CIIOCTEPIraeThesi OE3MOCepeHBO Y
KOHCTPYKIIii Ka0eliB, HAIPHUKIIaJ, HEeKPAaHOBAHUX 4-X KWIBHHUX y 3aXHCHIH MOJIIMEPHIA 000JOHII 3 Pi3HOIO
KOH(DIrypaIi€ero i30JIb0BaHUX CTPYMOMPOBITHUX KU, HasBHICTH JICNEKTPHUKIB 3 PI3HUMH iCTCKTPUIHIMHI
MIPOHUKHOCTSAMH, OiNblIa KIUTBKICTh €JIEKTPOIIB OCOOIMBO 3 pi3HOI KOH(QIrypamie€lo CHpUYUHATHME
CIOTBOPEHHSI  €NEKTPUYHOro 1mojs. Po3NoAineHHS eNeKTpOCTaTUYHOrO MOJs  3ajekaTHMe  Bif
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PI3HOMAHITHOCTI CXe€M TPUKIAJaHHSA, y TOMY YHCII 1 IUIOJIBHOTO, EINeKTPUYHOrO TMOTEHIaly 0
CTPYMOTIPOBIJTHUX JKWJI Pi3HOT KOHQIrypamii Ta HaJa€ TMiJICTaBU BU3HAYUTH EJIEKTPUYHY EMHICTD
130JILIHAX TPOMIXKKIB y HEEKpAaHOBAHMX 4-X JKUIBHUX KaOemiB.

Mopeni HeeKpaHOBAHUX CHJIOBHX Ka0eliB Ui BU3HAYEHHS €JIEKTPOCTATHYHOTO MOJIsI TA i0ro
XapakTepucTuK. PO3rIsIHYTO JBI THUITOBI MOZEN HEEKPAHOBAHOTO 4-X JKMIHLHOTO KaOeNio y TOJiMEpHiit
obooHIi (puc. 2). Ha puc. 2, a, 6 HaBeneHo (i3udHy MOJIEIb HEEKPAaHOBAHOI'O CHIIOBOTO Ka0ellto 3 TphoMa
CEKTOPHUMH JKHJIaMH OJHAKOBOTO MEpepi3y Ta OAHIEI0 KPYIIIO JKWIOK0 iHIIOro nepepizy. Ha puc. 2, ¢ -3
KPYTJIUMH )KUJIAMHU OJIHAKOBOTO Iepepisy.

JlieexTpudHI MMPOHUKHOCTI €ICKTPUYHOI 1301 KU (€;), 3aXUCHOI MOJIIMEpHOi 000TI0HKH (E£3),
MiK(}a3HOTO 3amOBHEHHS (€1) Ta OTOUYIOUOTO CEpelOBHUIA (£4) V 3aralbHOMY BHIAJIKY pi3Hi (puc. 2, 6, 8).
ToBuHa i30ssmii — Ains, TOBIMHA TOJiMepHOI 3axucHOI 000m0HKU — A; [lokazano BHyTpimHiO J;, Ta
30BHIIIHIO J,,,, TOBEPXHI MOJIMEPHOI 3aXHCHOT 00OJIOHKH.

I'eomerpist cekTopHOT KuiH (puc. 2, a, 6) — 3 KPyrOBUMH TpaHHUIIMA KpoMOK. OCHOBHI TTapaMeTpu
CEKTOPHOT WK (pHUC. 2, @): MEHTPANbHUMR KyT [3, pamiyc »umu Rg, pamiycu 3aKpyTriIeHHS KPOMOK R Ta R,

Jnst po3paxyHKy IUIOCKO-TIApajelbHOTO €JIEKTPOCTATUYHOTO MOJsl BU3HAYEHO DSl TEOMETPUYHUX
napameTpiB 100 3aJaHHS KOOPAWHAT BY3JIB HA MEXKaxX MOJTY CEPEelIOBHII Y YOTHPhOX-KHIBHUX KaOesIX.
Taxk, 11 CeKTOPHUX KU (pHC. 2, @) TIOJIOBUHA TBIPHOI MOBEPXHI XUIH A (puUC. 2, 6) MPEACTABICHO YOTHPMA
NUISHKaMM, Ha KOXHIH 3  KOTpHUX
PO3MILIYIOThCA BY3JIH AJISI PO3PAaXyHKY B
HUX TIOJIS:

— KpyroBa JiJSIHKa IIEHTpalb-
HOTO 3aKpyrieHHs pagiycy R2 3
BiJIMTOBITHUM KyTOM;

— TpsAMOINIHIMHA JUISHKA BiX
KiHIS OyTH pagiyca R2 10 ModYaTKy Jyrd
paniyca R1;

— KpyroBa ilssHKa Tiepude-
piiiHOro 3akpyrieHHs pagiycy R1 3
BiJIIOBITHUM KyTOM;

— KpyroBa JUISHKA KWK pajiyca
a o Rg 3 1IeHTpaIbHUM KyTOM.

Puc. 2 Koopnunatu By3miB zapyroi mo-

JIOBUHH TBIPHOI 3HAXOISTHCA CUME-
TPUYHO IMOAO OCi cHUMeTpii >xumu A.
KoopnuHaty By3JiB HaCTYIMHHX JTBOX KHII
B 1 C 3HaxopmsAThCs WUIIXOM IOBOPOTY

0.003 By3nmB (a3sm A Ha kytm —2m/3 1 2m/3
BIZTIOBIIHO.
= 0 PeanpHa reomerpist xabemniB (puc.
- 2) cknagHa. Po3paxyHOK €NeKTPUYHOTO
OJISl 3ACHOBAHO HA PSJIi TIPHUITYIICHb.
-0.005 1. TloBepxHi CTPYyMONPOBITHHX

KW Ta 130Jsmii TpHWHHATI 13 3aKpy-
TIeHHsIMH (pUC. 2, a, 6) I Momem 3

001  -0.005 0 0005 001 CEeKTOPHUMH KHJaMH Ta KPYrOBHUMH
r.m LWTHAPUYHAMH JUIE MOJAENI 3 KPYTJIHMMHU

Puc.2, 6 xuinamu (puc. 2, ). ['eomerpis 3axucHOl

mojiMepHoi  OOOJIOHKM  —  KPYroBoOi

U HAPHUYHOT (POPMH.

2. JlokHHA MiNSHKA 3 TIOBEPXHEBUM 3apsOM MOBHHHA OyTH MEHIIOK BIiJCTaHI JO TOYKH
CITOCTEPEIKEHHS EJICKTPUIHOTO OIS, 3a 1 3a0e3MmeueHHS i€l YMOBHY 3alpOBaKEHO TTOBITPSIHI 3a30PH MiX
130JIbOBAaHUMH SKUJIAMHM TOBIIMHOK | MKM, fKi HE BIUIMBAIOTh HA €MHOCTI 130JIALIHHUX MPOMIKKIB, ajie
JTAIOTh 3MOTY YHUKHYTH 30iry BY3IIiB, uepe3 siKi MOXe Pi3KO 3pOCTaTH JOKalIbHa MOXUOKa OOYHCIICHb.

Ha xoxHiit cMyXI1i 3 IEHTpOM y Toulli M HECKIHYEHHO Maioi mmpuHA dl minsHok xun A, B, C, D
(eeKTpoiB) 3 KYCKOBO-OJHOPIJIHOIO 130JIAIIIEI PO3MIIIYIOTECSA BY3JIM JUIs BH3HAUCHHS PO3PaxyHKOBOT
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TYCTUHHU ENEKTPUYHOTrO 3apsiay o(M) MeToloM BTOPHMHHHX JDKEpen Ha TMiACTaBi iHTErpalbHUX PIBHSHB
OpenaronpMa NepuIoro poay s eNeKTpoaiB (3) Ta qpyroro — Ui MeXi MOJUTY AieTeKTPHYHHX CePEIOBHUII
(4) BigmosigHO [25, 26]

! [orm ) tnte—ai, =v. 3)
2me, Tou
o(M) &-g |1 (M )-cos(Tpy Tig ) dly _ 4
2g, €, +8 2T, 7\ Tom ’

ne €,=8,85-10"2 ®/m — enextpuuna crana; U (@) - 3a1aHuil MOTEHIIAN eTeKTPOIIB; Fom— BIACTaHb 10 TOUYKU
O (y fKiii mIyKalTh XapaKTepUCTUKW MOJsS) Bixg Touku M; ry - BiacTaHp, Oe MOTeHLian AopiBHIOE 0
COS(Tyy My ) — KYT MK BEKTOpaMH 7, Ta N, — BEKTOPOM HOpMai IO MEXi IMOJILILY CepelOBHII 3

JUEIeKTPUIHUMU TIPOHHUKHICTIO €1 € y Touti Q.

Henomnikom (4) € BincyTHIicTh iH(MOpMAIii MPo MOTEHIIAN: PiBHAHHS (4) HEMAaE €IWHOTO PIlllCHHS.
3amis OTpUMaHHS €QWHOTO PIMIeHHS O0'€MHYIOTh CHCTEeMH NiHIMHUX anreOpaiuamx piBHAHE (CJIAP), mo
ButuBatoTh 3 (3) Ta (4). B ob'ennaniit CJIAP mepuii Ne psnxiB piBHAHB (BY3JTiB — 1€ TOYKH, B SIKUX
3HAXOAATHCS G 1 i AKUX (opmyrotbesi piBHAHHS B CJIAP) BHIUIMBaIOTH 3 iHTErpaJIbHOIO PIBHAHHS
®penrompMa mepmoro poay (3) ms MOTEHINATIB HAa MOBEPXHIX CTPYMOIIPOBIAHHMX KWJI, a HACTYmHI Nd
PAAKIB PiBHSHB (BY3IiB, B SIKUX 3HAXOSTHCS G) — 3 iHTErpabHOTO piBHAHHS @penronbma apyroro pony (4)
UIl  CTpUOKIB HOPMAJIBHOI CKJIQJIOBOi HAIPY)KEHOCTI E€JIEeKTPOCTATUYHOIO TMOJII Ha MeXl MNomiry
TEIeKTPUIHUX CePEIOBHII. 3arajbHa KUTbKICTh By3TiB N= Ne+ Nd Bu3Haudae mopsinok o6'exnanoi CJIAP. ¥
MatpuaHiid Gopmi Taka CJIAP 3anmcyeThest y BUTIISAL

A-5=U, (5)
Je G — MaTPHI-CTOBIYMK ITyKAHMX 3HAYEHb T'YCTMHM BTOPHHHHX 3apsaiiB, Ki/M> y Bysmax 3araibHOI
kimpkocti N (mopsimoxk CJIAP); U —MaTpulls-CTOBIYMK, Tepini Ne WICHIB SKOI BIMOWBAIOTH 3aJaHi
MOTEHIIANA BY3JiB, L0 3HAXOJATHCS HAa CTPYMOINPOBIAHMUX Xuiax, iHmN (N-Ne) — Ha MexXi MOAiLTy

TENeKTPUIHUX CEPEeOBUI Ta AOPIBHIOIOTH HYIIO; A — KBaJpaTHa MaTPHUIS KOe(ili€HTIB, €leMEHTH SIKO1

a;; TOPIBHIOIOTh

Ty, e
Lo Miz1=n,
2ne, 1
: In Al =
2ng, Al /(2e)
“ 00 i=j ’ (©)
— “/li=N,+1+N
&g
cos\7.,m. 1+ ]
B In (” j)-AZA
2me, r !

1ie i — HOMep By3I1a, Y SKOMY IIYKAIOThCS XapaKTEPUCTHUKH TI0JIS; j — HOMEp BY37a, y SIKOMY PO3TalloBaHUI
3apsj; r; — BIACTaHb MiXkK AUISHKAMH i 1 j; o, — BIACTaHb BiJl JUITHKM j 10 Touku O, MOTEHIIaNI SKOi MOXKHA
NPUIAHATH PIBHUM Hym0; Al; — 10BXKMHA Biipi3Ka TBIPHOI LUIIHApPA 3 LIEHTPOM y TOYIli 3 HOMEPOM j; € —
OCHOBa HaTypajbHOro Jorapupmy; [ — mnapaMerp, IMOB’sS3aHUH 3 Hi€IEKTPUYHHMHU IPOHUKHOCTIMH
AIENEKTPUYHUX CEPENOBULL: y pasi Opi€HTalLli BEKTOpa HOPMANi 71, 3 CEpPE/OBHINA 3 JiENEeKTPUYHOIO

MPOHUKHICTIO & B CEPEIOBHUILE 3 €1 ApaMeTp 3 AOPiBHIOE

p= £~ &,

&tey
Uucenpanii po3B’sizok CJIAP (5) mae 3Mory BU3HAYHTH pPO3PAXyHKOBI 3HA4YeHHS TYCTHHH

BTOPMHHUX 3apsliB o; y BakyyMi Ta HampyXeHOCTi E; eNeKTPOCTaTHYHOrO TIIONS Ui ITOBEPXOHb
CTPYMOTIPOBITHHX KHJI 32 (6) Ta Ha MEXi MOAUTY AIeTSKTPUYHUX cepeqoBull 3a (7) BIIMOBIIHO
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=52 (6), E="rast) (7)
€, 2¢, B

3ayBakumo, 110 B (3)—~(7) BXOAUTH PO3paxyHKOBA T'yCTHHA 3apsTy Ha TIOBEPXHSX, PO3TAIIOBAHUX Y
Bakyymi. DakTHUHa TycTHHA G'; 3apsAAiB Ha IMOBEPXHSAX 130JIbOBAHMX MICNEKTPUKOM 3 Oi€JIEKTPHUYHOIO
MIPOHUKHICTIO €3 XKHUIJIAX OUIBIIE Y €, pas3iB.

dakTHYHA TYCTHHA G'; 3apsIIiB Ja€ MOXIIMBICTh BUSHAUNTH 3araidbHUH 3apsaa O KOKHOI 130JIb0BaHOT
JKHJTH 1 €JIEKTPUYHY €EMHICTB TIPH 3a8JJaHHUX MOTEHIanax [25-26].

JunonbHe Ta KBaJApynoJibHe pPO3MOMiIEHHS €JIeKTPOCTATHYHOrO MOoJs y 4-X KUJIbHHUX
HEEKPAHOBAHMX CHJIOBHMX Kabesix. Po3paxyHOK €JIeKTpOCTaTUYHOrO MOJIS I MPEACTaBICHHX MOJENeH
HECKpAaHOBAaHHUX CHJIOBHX KaOeliB 3 OJHAKOBOIO KPYIJIOK Ta PI3HOI KOHQITypali€ro XU BHKOHAHO Y
cepenoBuie Lazarus 3a CKIaJeHUMH MPOTpaMaMH, SIKi BKITIOYAIOTh:

— OCHOBHY TIIpoTpamy 1100 ¢Gi3nIHOT MOJIENI BiIIOBITHOTO Ka0ero;

— manporpaMy moOyIOBH po3paxyHKOBOI MOJENI 3 Bi3yaJIbHUM KOHTPOJIEM PO3TalTyBaHHS BY3IIiB
IUTSL TIEPEBIPKU PABIIILHOCTI 3aJJaHHSI T€OMETPii MOJIEN;

— miAnporpamy Juis BU3HauYeHHs KoediuieHTiB a; CJIAP;

— mignporpamy s po3B’s3anas CJIAP meronom [Maycca.

[puknan ckpiHIIOTY pO3poOJeHUX iHTepdelciB 3 Bi3yallizallicld Pe3yNbTaTiB  PO3PaXyHKY
€JIEKTPOCTATUYHOTO MOJIS 4-X KUJIbHUX HEEKpAaHOBAaHUX CHJIOBUX KalelliB y MOJIMEpHil 3aXMCHIHA 000JI0HII
y mporpaMHOMY cepenoBuili Lazarus HaBeneno Ha puc. 3. [loOymnoBa rpadikiB po3noaiieHHs eIeKTPUIHOTO
MOJISI 32 YHCENIbHUMH PE3yJIbTaTaMU PO3paxyHKIB 3 BU3HAUEHHSIM YacTKOBHX €MHOCTEH — y MPOTpaMHOMY
cepenoBui GNU Octave ( nuB. gani puc. 5 — puc. 7). HasBHicTh Bix’€MHUX 3HAU€Hb MOJIS Ha rpadikax puc.
3,5, 6 obymoBieHa BitoOpaXeHHSIM HOPMaJIbHOT KOMIIOHEHTH HANIPYKEHOCT] €JIEKTPUYHOTO TOJIS.

Form1

P A Dins
;ﬁ\\ WV Ains

He T
Bins® Cins

Puc. 3

Ha puc. 3 mpencraieHo: a) BXiiHI JaHi: MEHIO AJsl BBOAY 3HaueHHs NoTeHUiany U B 3aJeXKHOCTI
BiJl CXeMH JOCIIJDKCHHA Ta HieNeKTPUYHI MPOHUKHOCTI MiX(a3zHOTO MPOCTOPY, EIEKTPUIHOI i30JAmii Ta
MOJTIMEPHOT 3aXWCHOI OOOJIOHKH;, 6) BHUXIiIHI JaHi: YTOYHEHI 3HAYEHHS MEpepi3iB CEKTOPHOI Ta Kpyrioi
CTPYMOITPOBITHUX KHJI; TIOOY/I0OBaHA MO/JIE)Ib HECKPAHOBAHOI'O CHJIOBOTO KaOENI0 3 TPhOMa CEKTOPHUMH Ta
OJTHIEI0 KPYTJIOKO KUJIAMH; BiJHOIICHHS 3arajJibHOro 3apsay () KOXKHOI i30JIbOBaHOI UM 3 ypaxyBaHHIM
BIUIUBY IOpPYY PO3TALIOBAaHMX JKWJI IO NPHUKIafeHoro mnoreHmiaxy U, ToOTO CyKynmHa Ta 4YacTKOBI
SJIEKTPUYHI EMHOCTI 130JSMIMHUX TNPOMDKKIB 32 00paHOi CXeMH OOCTEKEHHS; PO3ropTKa HOPMaJbHOI
CKJIaJJOBOI HANpPYKEHOCTI €NEKTPOCTATUYHOTO MOJsl HA MOBEPXHI CTPYMONPOBITHHUX XHMJI Ta MEXI MOILTY
JieNeKTPUYHUX CEPEeIOBHIL BiIIOBITHO 10 MO3HAYEHB, HABEICHUX Y HMOSCHEHHIX A0 pHC. 5.

Js kabenro 3 pi3HOIO KOHDITypariero x)ui (puc. 2, a, 6): mepepi3 CEeKTOPHUX KU CTAHOBUTH 25
MM, kpyrioi — 16 Mm®.  J{is kaberTio 3 KPyTIoK KOHCTPYKIIIE0 KU (PUC. 2, ) — Mepepi3 5Kl CTAHOBHTS
25 MM’ Juis po3rnsHYTUX KOHCTPYKIIiM KaOemiB TOBHmIMHA i30msmii mopiBHIOE A4,,,~0,8 MM; TOBIIHWHA
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noJliMepHO1 3axucHOI obonoHkH — A;=1,0 mm. JlienekTpudHi MPOHUKHOCTI ENEKTPUYHOI 130JAMil KU
€,=2,3; 3axucHoi TmoxiMepHOi oOosoHKH €;=4,0; MibkdazHoro 3amoBHeHHS €,=1 (moBiTps). Kabemi
pO3TaIllOBaHI Yy CEPENOBHINI 3 IMiCJICKTPUIHOIO TPOHHWKHICTIO €4,=1 (moBitps). Ilpuximamena Hampyra
cranoButh 1000 B.

Mix 4-Ma CTpyMOITPOBIIHUMH XKHJIAMH B KaOeJi yTBOPIOETHCS 6 130MAIHHNX TPOMIXKKiB: 4-B, A-D,
A-C, B-D, B-C, D-C (puc. 2, 6, 6) BimmoBigHO. B 3amexHOCTI BiJ CXeMH NpPHWKIATaHHS HAIMPYTH IO
CTPYMOTIPOBITHUX YKHJI €JIEKTPOCTATUYHE TI0JI€ 30CEPEKYETHCS Y PI3HUX IUISHKAX 130JIALIHHIX TPOMIKKIB.

Ha puc. 4 HaBeneHo eJleKTpUYHE TIOJ€ HOPMAIBHOI CKIAJ0BOi HANpPY>KEHOCTI Ha MOBEPXHi
CTPYMOIIPOBITHUX JKWJI Ta MEXi MOMTY TiEIEKTPUIHUX CEPEIOBHUII B 3aJ€KHOCTI BiJI CXEMH OOCTEKEHHS
CHJIOBOTO Kabero 3 KPYTJIO KOHCTPYKIliero Xl (puc. 2, 6). TaHTeHImiambHa CKIaJI0Ba HANPYKEHOCTI
€JIEKTPUYHOTO MOJS Yy JAaHiil KOHCTPYKLii CYyTT€BO MeHIIAa 3a HOpMalbHY [25]. TaHreHuianbHa cKiagoBa
BPaXOBYETHCS Y 0araTOXIIFHUX KOHTPOJIBHUX Ka0ensax abo 3a HasBHOCTI TPIiluH Yy i3omsii [17].

Ilix gac mpuknaganas notenniany 1000 B 1o koxHOi i3 skuil (Hampukiamn, skxuiu A — puc. 4, a) Ta
3HAXOMKEeHHI TppoX iHmHX (B,D,C) mifg HyJbOBUM IMOTEHIIANIOM EJIEKTPOCTATHYHE MoJie y OLIbLIii Mipi
KOHLIEHTPYETHbCSA B 130JLI1 MK XHJaMHy, IO Oe3nocepeqHbO CTUKAIOThCA OOHa 3 onHOIO (puc. 4, a). Y
TaKOMY BHWIIQJKy PpO3MOJiIEHHS OOYyMOBIIOE CYKYIHY €MHICTh XWIH A BIJHOCHO TPHOX IHIIHUX Ta
OTOYYIOYOI0 CEPEOBHUIIA, 8 TAKOXK YACTKOBI EMHOCTI MiXk KUIIOI0 A Ta sxunamu B, C Ta D BiAMOBIIHO.

3a yMOBM 3HAXO/KEHHsS TphoX kil A, B, D ming Bucokum motermiagoM 1000 B i sxumu C mig
HYJILOBUM (IHBEpPCHA CUTYaIlisl pucC. 4, @) eIEKTPOCTATUIHE IOJIE 30CEPEIKYETHCS B 130JISMIHHAX MPOMIKKAX
MK xunamMu B, D ta C. Po3nomnineHHsT 00yMOBIIOE€ CYKYITHY €MHICTh X C Ta 9aCTKOBI €MHOCTI MiX
skuitoro C Ta sxkmnamu A, B ta D BigmoBigHO.

3a morenuiany 1000 B Ha xxunax 4, B, C 1 Hynb0BOMY Ha KWIi D eleKTpUIHE MOJIE 30CEPEIKYEThCS
MEPEBAKHO Y EICKTPOI3OIAIINHAX TTPOMIKKAX MiXK IMTOTSHITIAIBHIMH JKIJIaMU 4 1 B Ta MiX IMOTEHITIaTHbHOO
KO0 B Ta HynboBowO D (puc. 4, 6). Po3noainieHHs: 00yMOBIIIOE CYKYIIHY €MHICTb KU D BiTHOCHO TPHOX
IHIINX Ta OTOYYIOYOTO CEpEelOBHINA, a TAKOK YaCTKOBI €MHOCTI MiX kuioto D Ta xunamu 4, B ta C
BIJIITOBITHO.

VY pasi BUCOKOTr0 MOTeHIiany Ha xkunax A, C Ta 3HaXOPKEHHI ABOX 1HIIUX D, B i HyJb0BUM (PHC.
4, 6) eneKTpoCTaTUYHE MMoJie B HAHOUIBILIA Mipi 30CEpeKYEThCS B 130MSLIMHMX MPOMIKKAaX MiX BciMa
KUIaMu Ta MixkdasHomy 3amoBHeHHi. Came 32 cXxeMaMU MPUKIaJaHHs HApyTH BIATIOBIAHO 110 puc. 4, 6 Ta
JIBI TIOTCHIIaNbHI XUIu A, B mpotu aBox xun C, D Tij HyJIbOBHM IOTEHINAIOM CTBOPIOETHCS JUIIOJIBHE
PO3MOIIICHHS eIeKTPOCTaTHUHOrO 11oJis (puc. 1, a, 6).

KBagpymosnbHe — y BUNAAKy JBOX MOTEHIIambHUX kuil 4, D mporu xun C, B miJi HyJIbOBUM
moTeHIiaoM (puc. 4, 2). Y 1boOMy BHIIAIKY CITOCTEPIra€ThCS KOHIIEHTPAITiS eJIEKTPUIHOTO TIOJISA Y MPOCTOPi
Mix 130Jp0BaHUMU xuiaMu A-C ta B-D. Y cuinoBomy kabei 3 )KUJIaMy 0JTHAKOBOIO KOH(Irypariii OibIor0
MIpOI0 3MIHIOIOTBCS TMapaMeTpd MPOMDKKIB 32 YMOBH CTBOPEHHS JWIOJBHOTO — PO3MOIiICHHS
€JIEKTPOCTATUIHOTO TIOJIS, MEHIIIOKD MipOI0 — MPOMIKKIB 32 YMOBH CTBOPEHHS KBaJPYIOIHHOTO. 32 CXEMOIO
PO3MOMUIEHHS €JIEKTPOCTATHYHOTO IIOJISI, HABEACHOTO M puc. 4, 6, €MHICTh MDK JXHJIaMH MaTHMeE
HaOIbII 3HAa4YeHHS (Jami puc. 7, 6), MO A€ 3MOTY KOHTPOJIOBAaTH KOHCTPYKTHBHY OJHAKOBICTH Ha
TEXHOJIOT1YHiH cTafil BATOTOBJIEHHS KaOero Ta COCTEPIiraTy 3a TWHAMIKOI0 3MiHEHHSI EMHOCTI TTPOMIXKKIB B
TpoIeci eKCIuTyaTartii.

Puc. 4
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Ha puc. 5 Ta puc. 6 mok3aHo pe3yJbTaTH YUCEIHHOTO MOJEIIOBAHHS €JIEKTPOCTATUYHOTO TOJIS 32
pI3HUX CcXeM OOCTeXEHHs y BHUINIAAI PO3TOPTOK  HOPMajdbHOI KOMIIOHEHTH  HAaIpy»KeHOCTI
€JICKTPOCTATUYHOTO TIOJIS M0 By3J1aX Ha MOBEPXHIX eNeKTpodiB A, B, D, C, Ha Mexi MOALTy MiCICKTPUIHUX
cepenoBuil: Ains, Bins, Dins, Cins — enekTpu4Hoi i3omsmii, Jin, Jout — BHYTpIOIHBOI Ta 30BHINIHBOT
MTOBEPXHI 3aXHMCHOI MOIIMEPHOI 00OJOHKH IJIA TBOX KOHCTPYKIiHM KabemB (puc. 2, a, 6, 6). Po3nomineHas
€JIEKTPOCTATUYHOTO TIOJS B3IOBXK IOBEPXOHb JIICJICKTPUYHHUX CEPEJOBHII s Kabemo 3 pi3HOM
KOH(]Irypamiero Xujil MOKa3aHO Ha puc. 5, ans xabemo 3 OJHAKOBOIO KOHQITypali€lo Xui — Ha puc. 6
BIJIIIOBITHO.

KpuBi Ha puc. 5, ¢ BIANOBIAAIOTH CXeMaM JIOCIipKeHHs: kpuBa | — xuia 4 nix noreHiiamom 1000
B, xwmu B, D, C — nix nynsoBuM. Kpusu 2 Ta 3 — TUNOABHOMY PO3IOJIUICHHIO: XKWIU A, B i/ MOTEHIIaI0M
1000 B mpotu xun C, D mix vHynsoBuM Ta xuwin 4, C mixg nmorenmianom 1000 B mporu xun D, B min
HYJIbOBHM ITOTEHITIAJIOM BiJIITOBITHO.

Kpusi Ha puc. 5, 6 BiamosinaroTh

' ' ' ‘ s e Cin g cXeMaM JIOCITiPKEHHS. KpuBa [ — KHUIH A,

eros | [ i B, C nig morermianom 1000 B npotu sxummn

Rico i Kot D mij HyJbOBUM MOTEHINAIOM, KpUBa 2 —

1 KBaJIPYIOJIbHE  PO3MOIIIICHHS  €JICKTPO-

; CTaTWYHOro TmousA: xwm A, D 1ig

noreniianom 1000 B nporu sxun C, B nix

HYJILOBUM TMOTEHILIAJIOM; KpUBa 3 — JKWJIH

A, B, C nig norenniaiom 4000 B mpotm
KUH D 1M1 HyJTbOBHM ITOTEHITIAIOM.

Hns xabemo 3 pizHOWO KOHQIry-
. { . pamier0 KW JUMONBHE PO3MOAIIECHHS
v ' €JIEKTPOCTATHYHOTO MMOJIs (PHC. 5, a, KpUBi
a 2, 3) 00yMOBITIO€ 3pOCTaHHS HAIIPYKEHOCTI
NOPIBHSHO 3 KBaJpymoJbHUM (pHC. 5, 0,
kpuBa 2) Ta iHmmMH (puc. 5, a, 6 xpusi /)
CXeMaMHU MPHUKJIAJaHHs. BUCOKOI HAIPYTH
JIO €IEKTPOIIB.

Ha puc. 6 mns xabenro 3 omHaKo-
BOI0O KOHQIrypami€ro KWl  IT0Ka3aHo
PO3MOIINICHHS. €JICKTPOCTATUYHOTO TIOJIS:
33 CXEMOKO JOCJIPKEHHS IT1J] IOTEHI1aI0M
Tpu xuiu A, B, C pa3oMm mpoTH Xuiau D
miJ, HyJbOBMM MoTeHmiagoM. Kpusa [ —
noreHmian popieHioe 1000 B, kpusi 2 ta 3
— — moteHnian nopieHioe 4000 B. Kpusa 2

‘ BINIIOBia€  KOHCTPYKIii  Kabemo i3

o 3aMOBHEHHSIM  MDK(a3HOTO  MPOCTOPY

Puc. 5 TIOBITPSAM 3 JIENIEKTPUYHOI0 TPOHHUKHICTIO

Y . v Y y €,=1,0. KpuBa 3 — 3amOoBHEHHSIM IieJIEK-
Ams.  Ben G Dies | ot TPUIHHUM MaTepiaaoM 3 €,=2,0.

[opiBHSHHS PO3MOIIIEHHS eJeK-
TPOCTATHYHOTO TIOJS B 3aJ€KHOCTI BiA
cxemu obcrexeHHs 3a Hanpyrua 1000 B y
CTPYMOIIPOBITHUX KHJIaX JOBOAMTH, IO B
PO3TIAHYTUX KOHCTPYKUifAX (pHc. 5, a, 6 —
kpuBi [, 2; puc. 6 — kpuBa [) He
CTBOPIOIOTBCS YMOBH JUIsl BUHUKHCHHS

% . YaCTKOBUX PO3PSiB Yy TMOBITPSIHUX NPO-

. L s | Mixkkax [17, 27].
S B Toif e yac 3a Hanpyru 4000 B
Puc. 6 y CTPYMONpOBIIHUX »kuinax (puc. 5, 0,
KpuBa 3; puc. 6, KpuBa 2) Ha OKpEMHX
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JUISTHKAX TTOBEPXHI 130JIAMI{ KM HAmpyXKCHICTh EJIEKTPUYHOTO IO TEPEeBHIIY€E Yy 2 pa3H KPHUTHYHE
3Ha4YEHHS HANpPYKEHOCTI MIOYaTKy YaCTKOBHX po3psfiB £q,=2,1 MB/M y noBiTpsHux npomixkkax [17, 27].

e 00yMOBITIO€ BUHUKHEHHS MiX 130JJbOBaHUMH JKHIJIAMH Y TIOBITPSIHUX 3a30pax (£;=1 — moBiTps)
YaCTKOBHX PO3PsIiB. 3amoBHEHHS MiK(a3HOTO MPOCTOPY AiCNEKTPHUYHUM MaTepiaioM 3 OieJIeKTPUYHOIO
NPOHUKHICTIO €,=2,0 3MEHIIly€e HANpYXEHICTh MoJs y 2 pa3u. BunpoOyBaHHs CHIOBUX KaOelliB HApyTH Bixg
1 kB mo 30 kB mpoBomsatecs BimmoBimgHO 10 [15]. CrammapT MicTUTh TaOMUIll KOEQIIi€HTIB, sKi
BUKOPUCTOBYIOTBCSI 3aJlJisl TIOPIBHSHHA 31 CTAaHIAPTHUMHU TaOJUISIMA HANPyTW KaOelo 3ajJsi BU3HAUYCHHS
CKOPUIOBaHOI HAampyrd Ha OCHOBI KOHKPETHHMX YMOB eKkcIutyaraimii. TaOnuii CTBOpEeHO Ha OCHOBI
MeToJ0JI0Ti1 cTaHAapTy [15] i ABNSAIOTH MPaKTUYHHIA MTOCIOHUK i3 pO3pOOKH KaOENbHOT CHCTEMU. 3allOBHEHHS
MDK(}a3HOTO TPOCTOPY CYYACHUMHU MICTCKTPUIHUMHU MaTepiajJjaMu 3aMiCTh MOBITPSHHX IPOMDKKIB B
KOHCTPYKUIl Ka0emiB MiABHUILY€e eKCIUTyaTaliiHy HaJiiHICTh CHJIOBHX HEEKPAaHOBAaHHX KaOeliB TypOiHHOTO
Binciky AEC.

s HeekpaHOBaHWX KaOenmiB 3 HEOMHOPIMHOIO Ta OJHOPIAHOIO KOHQITYpAIi€lo  KHII
CIIOCTEPIra€ThCsl MPOCTOPOBE PO3MOIIICHHS €JICKTPUYHOIO TOJsl Ha BHYTPIIIHIN Ta 30BHIIIHIA MOBEPXHSX
nojiMepHoi OOONOHKU. Y pa3i IUIONBHOI CXeMH OOCTEXKEHHs eJeKTPOCTaTWYHE Mojie y OumbLIiid Mipi
BUXOJIUTh 32 MEXI HEeKpaHOBaHMX KaOemiB. HampykeHiCTh eNeKTpHYHOTO TMOJIs Ha 30BHIMIHIN MOBEpXHi
kabenbHOT oOomoHkH MeHmre 0,2 MB/M. Taka HanpyskeHICTh HEe € HEOE3MEYHOI0 3 TOYKH 30py PO3BHUTKY
9acTKOBUX po3psdiB. CTaH MOBEpXHI MOJIMEPHUX OOOJIOHOK HEOOXiZHO BPaxOBYBAaTH i 4ac 0OCTEKEHHs
XapaKTEePUCTHK KaOeliB 32 YMOB eKCIUTyaTarlii. 3BOJIOKEHHsI 00OJOHOK MPU3BOAUTE 10 30LIBIICHHS 3HA4YEHb
€IIEKTPUIHOT €MHOCTI BHYTPIIMIHIX 130JAIIMHMX MPOMIKKIB KabemiB. lle MokHa BHKOPHCTOBYBATH IS
IHIUKAalil BOJIOTH Ha TIOBEpXHI IMOJiMepHOi 00oJIoHKM KaOeniB B ekciutyartanii Ha AEC. B Toii ke yac
HNPOHUKHEHHS EJISKTPHYHOTO IMOJISL 32 MEK1 3aXHCHOI 00O0JIOHKH CIIOTBOPIOBATUME PE3yJIbTaTH BUMIPIOBAHHS
SIEKTPUYHAX XaPaKTEPUCTHK KaOeNt0 B eKCIUTyaTarlii: 3a0pyJHeHHS Ha TTOBEPXHI 000JIOHKH BITUBATUMYTH
Ha eJIeKTPUYHY EMHICTB Ta JieNeKTpUdHi BTpatu [17].

Enextpuyni eMHOCTI 1309 0iHHNX MPOMIKKIB 4-X )KMJIIbHUX HeeKpPaHOBaHUX KaeuiB. 3a Oy1b-
kol cxemu oOctekeHHS (puc. 4) 4-X SKWIPHOTO HEEKPaHOBAHOTO KaOeio eNeKTPOCTaTHYHE II0Jie
30CePEIHKYETHCS SIK B 130JIALIHHAX MPOMIKKAX, 0 CTPYMOITPOBIIHUX KU KOTPUX HMPUKIAJICHO HANIPYTY, TaK
i B Mopy4 po3TamoBaHux. Bu3HadeHi 3a pe3yibTaTaMH MOJCIIOBAHHS EJIEKTPUYHOTO TONSA €MHOCTI
130JILIMHUX HPOMDKKIB SBIISIOTH 00010 CyKynHi Cg Ta 4acTKOBi C,q €EMHOCTI B 3aJ€XKHOCTI BiJl CXEMH
o0CTexeHHs Kabemo.

Baxxuso, 1o 1uist kabenro 3 0IHaKOBOIO KOHQITypatieto xui (puc. 1, a; puc. 2, 6) 4aCTKOBI €EMHOCTI
6-tn BonsuiiiHMX mnpomikkiB A-B, A-D, A-C, B-D, B-C, D-C Bu3HaudawThcsi O€3MOCEpEHBO 3a
pe3yJIbTaTaMu MIPOCTOPOBOTO PO3MOIIICHHS €IeKTPUIHOTO MOJIS.

[IpencraBinena METOAONOTISE BHU3HAYCHHS YAcTKOBUX €MHOCTeW 0a3zyeTbcsi Ha MOOYJIOBi
PO3MOAITCHHS! €JEKTPOCTATUYHOTO TIOJNS HAaBKOJO 130JbOBAaHMX CTPYMONPOBITHUX JKHJI OJHAKOBOI
KoHiryparii 32 4-Ms1 cxeMaMu 00CTEeKEHHS HEEeKpPaHOBAHOTO KabelTro.

1. Ipuknanansas norenmiany 1000 B no sxwmm 4 (puc. 4, a) Ta 3HaAXOKEHHI TPhoX 1HMHUX B, D, C
i1 HyJTbOBUM MOTEHLIAIOM. 32 TaKOi CXeMH 00CTEKEeHHSI BH3HAYAIOTHCS CYKYIIHA YaCTKOBA €EMHICTh KHUJIH
A (Csy) Ta 9acTKOBI €MHOCTI 3-X i30msmiiHuX MPoMikKiB A-B, A-D, A-C (Cy.p, Cap, Cac).

2. Ilpuknaganas norteHmiamy 1000 B go xwmm B Ta 3HaXOmKeHHI TphoxX iHmMX A, D, C min
HYJIbOBUM IMOTEHIIaTOM. 3a Takoi cXeMH OOCTEe)KEHHsT BH3HAYAIOTHCS CYKYITHA YaCTKOBa €EMHICTh XWIH B
(Csp) Ta 9acTKOBI EMHOCTI 3-X 130JAIHHUX IPOMIKKIB B-A4, B-D, B-C: Cp.4, Cp.p, Cp.c.

3. Ipuknaganas norenmiany 1000 B mo xwmu C Ta 3HAXOKEHHI TphoX iHMUWX A, B, D mifg
HYJIbOBUM TMOTEHIIATOM. 3a Takoi CXeMH OOCTEKEHHS BU3HAUYAIOTHCS CYKYITHA YacTKOBA €MHICTh Kuiu C
(Csc) Ta yactkoBi eMHOCTI 3-X i3osmiianX npoMikkiB C-4, C-B, C-D: Cc.4, Cc.p, Ce.p.

4. Npuxnaganas noreHuiany 1000 B mo xwmm D ta 3HaXomkeHHI Tphox iHmMX A, B, C min
HYJIbOBHM TIOTCHITIaJIOM. 33 TaKOi CXeMH OOCTEKEHHS BHU3HAYAIOTHCA CYKYITHA YacTKOBA €MHICTH XKW D
(Csp) Ta yacTKOBI €MHOCTI 3-X 130ms1iitHuX npoMikkiB D-A, D-B, D-C: Cp.4, Cp., Cp.c.

Jlnst KOKHOI CXeMH OOCTEKEHHS CyMa YacTKOBUX €MHOCTEH, BKIIOYEHUX MNapajieibHO, MOBHHHA
JIOPIBHIOBATH CyKyMHOI. Pe3ymbTraTé NOBOAATH: HaiOinbima moxuOKka po3paxyHKiB cTaHOBUTH 0,88%.
YacTkoBl €MHOCTI 130JSIIHHUX TpOMiKKiB A-D (myHkT 1) T1a D-A (myHKT 4) MiX BiIJaJeHUMHU
CTPYMOTIPOBITHUMHU >KHJIAMH BiJpi3HAIOTECS Ha 5,7%.

[IpencraBieHa METONOJOTIS BH3HAYEHHS YACTKOBHX €MHOCTEH I KaOemro 3 OJHAKOBOIO
KOH(ITYypalli€ro KU BUABISEThCS HE MPALE3IaTHO I KaOesro 3 pi3HO KoHbirypamieto xui (puc. 1, 6;
puc. 2, a, 6). HeoOxigHo moBHMI HaOip 6-TU cxeM oOCTekeHHs KaOemto. CxeMu OOCTeKEHHS BKIIIOYAIOThH
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3a3HaueHi BUINE YOTHPH y MyHKTax (1—4) 3 2-Ma MONATKOBUMH: 5. TpU XWiH, Hanpukian, 4, B, C — npotu
)kuiu D; 6. Tpu xuiu, Hanpuknan, 4, B, D — nporu sxuiu C. Ha migcTaBi po3noauieHHs eIEKTPHUYHOTO MOJIs
JUTSE 6-TH CXeM OOCTEXCHHsI BU3HA4YCHO 6 3HadyeHb CykKynmHUX eMHocTel: Csy, Csp, Csc; Csp, Csapcp s
Csupp.c. Y TakoMy BUMNaAKy 6 3HaueHb HEBIIOMHUX YacTKOBHX e€MHoOCTell C,,; BU3HAYalOThCA 3a
pe3yibTaTaMu OOCTEKEHHS 3a 6-Ma cXeMaMH TPUKIAJaHHS HANMpPyTH Ha IMACTaBi PO3B’SA3KYy CHCTEMHU
THIHHUX anreOpaidHuX PiBHAHB MIOCTOTO TOPIAKY [26]

AC*C =C,, (8)

part

ne AC — marpuis KoeillieHTiB, sika BU3HAYAE Y9aCTh YaCTKOBOI EMHOCTI Y CYKYIIHIH JUTS BiZIIOBIAHOT cXeMU
obctexenHs; Cp,y — MATPULA-CTOBIIEIb HEBIIOMHX 6-TH YaCTKOBHX €MHOCTeH; Cy — MaTpULA-CTOBIELD 6-TH
CYKYITHUX €MHOCTEM.

IIpuiiMeMo HACTYmHHWM TOPSIOK pPO3TAIIyBaHHS YaCTKOBHX €MHOCTEH y MAaTPHINi-CTOBIIII
HeBi,Z[OMI/IX Cpart: CA-B; CA—D N CA—C; CB—C; CB—D;CC—D

Enementn matpunti AC y IBIHKOBif cucTeMi YHCIEHHS MOPIBHIOIOTH | y pasi, SKII0 YacTKOBa
€MHICTh 130JIAIIIHHOTO TIPOMDKKY TMpHUAMae ydacTh y CYKYIHIH €MHOCTi, Ta JOpiBHIOIOTE 0 — y
NPOTUIICKHOMY BHUITAJIKY.

Tak, HampuKIam, Uil CXeMu 0OCTe)KeHH 3a MyHKToM 1 y mpaBiii yactusi (8) cykymHa emHicTh Cgy
JIOPIBHIOE CyMi TTapajiebHO BKIFOYEHUX YaCTKOBUM €MHOCTSM 3-X 130JISIIHIX MPOMIXKKIB:
Cs4 =Cy3tCyp+ Cyct 0 +0+0, ToOTO wactkoBi emHOCTI Cp., Cp.p, Cc.p mopiBHIOIOTE 0. Psgok marpurti
AC mae Burmss: 1 1 1 0 O 0. BimMminni Bijg Hyns Ti eneMeHTH psaka matpuii AC, sKi BiANOBIIAIOTh
YaCTKOBHM €MHOCTSIM, 1[0 TPUAMAIOTh YYacTh y BiATIOBIAHIN cXeMi 00CTeKEeHHSI.

Ha puc. 7, a, 6 penctaBieHo TicTorpaMu sl 4-X 3HAYEHb CIEKTPHIHOT EMHOCTI KOXHOI 3 MIECTH
CXeM OOCTEXKEHHs BIJIMOBIHO IO PUC. 3, @ — PHUC. 3, 2 CWIOBHX Ka0eJiB JIBOX THUIIB KOHCTPYKTHBHOTO
BUKOHaHHsI. Puc. 7, a — 1 cuI0BOro Kabelto 3 pi3HOK KOH(ITrypallier CTpyMOIPOBITHUX XKW, pUC. 7, O —
JUISL CHJIOBOTO Kabenmro 3 OIHAKOBOIO KOH(QITYpaIli€elo CTPYMOIPOBIMHHUX JKHMJI BiAmoBimuHo. Jlms Takoi
KOHCTPYKIIT Bi[3HAYaIOThCS MEHII 3HAYCHHS €MHOCTI MOPIBHIHO 3 Pi3HOI0 KOHCTPYKIIIEK KK 32 YMOBH
3aCTOCYBaHHS! OJTHAKOBUX ENEKTPOI3OJALIHHIX MaTepialiB Uil 130JIALil KU, CepelOBHILNA MK KUIAMH 1

MaTepianxy 0OOJIOHKH.

2e-10 1.4e-10 Ha pwuc. 7, 6 HaBeneHO
15e-10 1-?2::3 pesyrbTaTH .BI/IMipIOBaHL €JIEKTPHUK-

= e HOi €MHOCTI CHJIOBOTO HEEKpaHo-
L 1e-10 o ge BaHOTO Kabemro 3 pi3HOI0 KOHDIrypa-
o o 6N €0 CTPYMONPOBINHUX KHUJI: TPH
Se-11 se-l CEKTOPHI XUIH mepepizom 25 MM’ Ta

0 29_1; OJTHa JKHIIa Tepepi3oM 16 MM” Kpyrinoi

0 5 10 15 20 25 0 5 10 15 20 25 dopmu.  Po3paxyHKOBI  3HauEHHS

n n €JIEKTPUYHOT €EMHOCTI y3TOIKYIOThCS

a o 3 eKCHEPUMEHTAJIbHUMH (TIOPiBHSNTE

Puc. 7 puc. 7, a 3 puc. 7, 8). Tak, HalOLIBIII

3HAYEHHS PO3PAaxXyHKOBOI €MHOCTI

01T 1T T T 1 T 17 1 1 71 C=161,7 n®/m (n=1, puc. 6, a) Ta

ekcriepuMeHTanbHoi C=175,41 nd/™m
(n=1, puc. 7, 6) BIANOBIIAIOTH
JUTIOJIBHOMY PO3TOIIICHHIO EIEKTPO-
CTaTUYHOIO HOIA 338  CXEMOIO
obcrexenus st puc. 4, : xumu A, C
— MiJ BUCOKHMM IIOTEHIAIIOM, >KHIH
D, B — i HyTbOBUM.

BucnoBku. IlpencraBieHo
METOJIUKY YHCEJILHOTO PO3PaXyHKY
EJICKTPOCTATUYHOTO TIOJISI METOJ0M
BTOPUHHHUX JDKEpPENl B aHAIITHYHO
3aaHUX MAaTEMATHYHUX  MOJIEIIX
6 CWJIOBUX HECKPAaHOBAHUX KaOeliB 3
Puc. 7 130JIbOBAHUMU CEKTOPHUMHU Ta

1.5e-10

Se-11
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KPYIJIMMH CTPYMONIPOBITHUMHU JKHJIaMH. MeTOAWMKa HaJla€ MOXJIMBOCTI BU3HAYCHHS IIECTH 3HAYCHb
YaCTKOBOI €MHOCTI Y 4-X JKWIbHHMX KaOelsX 3 OJHAaKOBOK KOHQIrypari€w >Kuia 0e3mnocepelHbo 3a
pe3yabTaTaMHu PO3paxyHKIB €JEKTPOCTATUYHOTO MOMA. Y 4-X KHWIBHUX KaOemnsX 3 Pi3HOI KOH(pirypaui€ero
JKWJI — Ha TIACTaBi PO3B’ 3Ky CUCTEMH JIIHIHHUX anreOpaidHuX piBHSAHBb 6-0 TMOPAIKY, IO BimoOpaxkae
pe3yNbTaTH INECTH CYKYMHUX 3HA4eHb €EMHOCTEH 3a PI3HUX CXEM IPOCTOPOBOTO PO3MOMITICHHS
€JIEKTPOCTATHYHOTO TIOJIS.

Bu3HaveHo BIUIMB CXeMH MPHUKIAJaHHs Pi3HOTO eNeKTPUIHOro noTeHuiany (HyasoBoro i 1000 B) no
CTPYMOIIPOBIMHAX JKHWJI Pi3HOI KOHQIryparlii Ha pO3MOMIICHHS EIEKTPUYHOTO IO B HECKPAHOBAHUX
CHJIOBHX KaOensx B MOJIMEpHii 3aXUCHIl 000J0HII. BcTaHOBIEHO 3pOCTaHHs HANPYKEHOCTI EJIEKTPUIHOTO
noiast a0 4,5 xB/MM Ha mOBepxHi ENEKTPUYHOI 130MsWii XWJ y pas3i NpHUKIaAaHHS MiABULICHOI
BUINPOOYBAJIBHOI HANIPYTH, IO CIPHs€ BUHUKHEHHIO YaCTKOBUX PO3PSIIB Yy MOBITPSHUX MPOMIXKKAX. 3a/1Is
3MEHIIICHHS] HANpPYXCHOCTI €JIEKTPUYHOTO TMOJIT Y 2 pa3u B TOBITPSHUX IPOMIDKKAX Ta ITiIBHICHHS
eKcIuTyaTtamiiHoi  (yHKUIOHANbHOCTI KaleniB pPEKOMEHAOBAaHO 3aloOBHEHHS MDK(a3HOTO MPOCTOpY
JEIeKTPUIHAM MaTepialioM 3 JieTeKTPUIHOIO IPOHHUKHICTIO £,=2,0.

JloBeneHo, 10 32 YMOBHM CTBOPEHHS IMIIOIBHOTO MIPOCTOPOBOTO PO3MOALIEHHS €IeKTPOCTaTHIHOTO
NOJsl y CHIOBOMY KalOeni eNEeKTPUYHI €MHOCTI MiXK JKHJIAMH OJHAKOBOI Kpyriioi KoHQirypamii MaroTbh
HaiOIbIIl 3HaYeHHs. BukoHaHOo BepHudikamio po3po0ieHHX MaTeMaTHYHOT Mol 4-X )KUIBHOTO Kabelo 3
KWIaMH Pi3HOI KOH(]Iryparmii Ta METOIMKH YHCEIBHOTO PO3PAaXyHKY ENEKTPOCTATHYHOTO IOJIS IUIIXOM
MOPIBHSAHHS PO3PaxXyHKOBUX 3HAUEHB CJIEKTPHUYHOT EMHOCTI 130JIALIHHUX MPOMIKKIB 3 EKCIIEPUMEHTAIbHUMHU
Ul 3pa3Ka Ka0elmro CHUCTeM JIOKalbHOro >KuBJIeHHA TypOiHHoro Binciky AEC. Po3OiknicTh Mik
PO3paxyHKOBHMH Ta €KCIIEPUMEHTAIbHUMH 3HAYCHHSIMHU CTaHOBHTH 8,5%.

OTpuMaHi 3HAYEHHS EIEKTPUIHOI €MHOCTI 130JIAMIMHUX MPOMDKKIB MOKHA BHKOPHCTOBYBATH SK
JIOBIIKOBI JIsi KOHTPOJIIO HAJAIITyBaHb TEXHOJOTIYHOTO IMPOIECY BUTOTOBJICHHS KaOEiB 3 CyYaCHUMU
MOJIIMEPHUMH KOMITO3HUITISIMU TIiJT Yac MPUAMAaThHAX BUMPOOYBaHb i B €KCIUTyaTaIlITHUX YMOBaX.

KonduikT inTepeciB. ABTOpH 3asBIIOTH PO BiACYTHICTH KOH(DIIIKTY iIHTEPECIB.

ELECTROSTATIC FIELD IN UNSHIELDED POWER CABLES
WITH DIFFERENT CONFIGURATIONS OF CORE

G.V. Bezprozvannychl, Yu.G. Gontar', I.A. Pushkar?

! National Technical University “Kharkov Polytechnic institute”,

Str. Kirpichova 2, Kharkiv, 61002, Ukraine.

? Enterprise LLC SPE ALAY,

Otradny Ave., 95 A2, office 202, Kyiv, 03061, Ukraine.

E-mail: Hanna.Bezprozvannukh@khpi.edu.ua; Yuliia.gontar@khpi.edu.ua;_ihor.pushkar@ieee.khpi.edu.ua.

Introduction. Nuclear energy is an undeniable component of green energy and makes a significant contribution to
achieving sustainable development goals and increasing the country's energy security. It is a reliable and predictable
source of electricity for up to 60 years with an average cost of energy produced of 0.4 euros/kWh. Problem. Nuclear
power plants consist of different zones that differ in ambient temperature, radiation level, and requirements for testing
resistance to accidents. Cables for nuclear power plants are constantly exposed to difficult conditions throughout their
entire service life and must provide reliable power supply, meet environmental safety and economic efficiency
requirements. The introduction of modern innovative polymer compositions requires a comprehensive analysis of the
influence of electrical insulation on the electrical parameters of cables of various designs at the stage of their design
and production to ensure a high level of operational functionality at nuclear power plants. The purpose of the work is
to analyze the distribution of the electrostatic field around insulated conductive cores of various configurations with the
determination of their electrical capacitance in unshielded power cables of local power supply systems of the turbine
compartment of nuclear power plants. The methodology is based on determining the electric charge density by the
secondary source method based on the Fredholm integral equations of the first and second kind in models of unshielded
power cables with sector and round conductive cores. Scientific novelty. The distribution of the plane-parallel
electrostatic field in unshielded power cables has been determined depending on the scheme of applying an electric
potential (zero and non-zero, equal to 1000 V) to conductive cores of various configurations. It has been proven that in
a power cable with cores of a uniform configuration, under the condition of creating a dipole spatial distribution of the
electrostatic field, the electric capacitances between the cores have the largest values. The correctness of the obtained
theoretical provisions has been experimentally confirmed, which is confirmed by the coincidence of the calculated
values of the electric capacitance with the experimental values with a difference of 8.5%. Practical significance. The
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electric field strength on the surface of the electrical insulation of the cores has been determined depending on the
inspection scheme when applying the working and increased test voltage. It is proposed to fill the interphase space with
a dielectric material with a dielectric permittivity €,=2.0 to reduce the electrostatic field strength by 2 times in the air
gaps at the technological stage of cable manufacturing. The presented methodology for determining the spatial
distribution of the electrostatic field around insulated conductive cores of various configurations can be used to
estimate the values of the electrical capacitance of insulating gaps as reference for controlling cables at the
technological stage of manufacturing during acceptance tests and in operational conditions. References 27, figures. 7.

Key words: nuclear power plants, criteria for NPP cables, power unshielded cables of the turbine compartment, sector
conductive cores, electrostatic field, insulating gaps, electrical capacitance.
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NEPETBOPEHHS ITAPAMETPIB EJTEKTPUYHOI EHEPTTI
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HIABUINEHHA EOQEKTUBHOCTI BUKOPUCTAHHSI KOHAEHCATOPIB
KOMYTYIOUYOI JIAHKH IBOMOCTOBOI'O KOMIIEHCAIIMHOI'O IEPETBOPIOBAYA
3A PAXYHOK 3BUIBIIEHHSI YACTOTH CTPYMY IXHBOI'O IIEPE3APS Y

B.C. Boiiko , IOKT. TEXH. HayK
HTY Ykpainn «KuiBcbkuii nosirexniunmii incturyr iM. Irops Cikopcbkoro»,
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Jlocnioocyemocst HOBe mexHiuHe piuleHHs, SKUM € MPU@asHuti. 080MOCMOBUL KOMNEHCAYIiHULL Nepemeopiosay
napanenbHoeo Muny 3 OOHIEI KOMYmyouo 1ankow. Bona cknadaemuvcs 3 mpugasnoi kondencamoproi bamapei ma
mpughasznoi epynu nosnicmro Kepogarux npunadie (ranpuxiao, IGBT). Ocnognorw memor 00CuioiceHHs € 008edenHs
VMO8, 3a AKUX 3a0e3neuyecmvcs egreKmugHe BUKOPUCMAHHA OONAOHAHHA KOMYMYIOYOI JIaHKU Nepemeoposaya i
CMBOPIOIOMbCA MAKI YMOBU (POPMYBAHHA KOHOEHCAMOPHOI HANpyau, 3a AKUX Nepemeopiosay Habyeac 30amHoCmi He
Juue KOMNEHCY8amu 61dcHy peakmueHy eHepeito, a Ui zenepysamu ii y Mepeoy erekmponocmauanus. Oocaz
00Ci0JHCEHb BKNIOUAE AHANI3 PEICUMIE POOOMU KOMNEHCAYIUHO20 Nepemeoplosaia nio uac Kepyeanhs mpaH3ucmopamu
KOMYmMYI040i 1aHKU iMAYIbCaMy ROOBOEHOI, YOMUPUKPAMHOL ma 80CbMUKpamuoi yacmomu. Memoouka 0ocniodicenus
IPYHMYEMbCA HA 2APMOHIYHOMY AHANI3I KpUeUX cmpymy ¢hasu KonOencamopHoi bamapei. 3azanvHull 8UCHO0K
OMPUMAHO 3ICMAGIEHHAM pe3YNIbIamié aHanizy 3a pPISHUX HaAcmMOmax IMNYAbCIE Kepy8aHHs MpPAH3UCMOPAMU
xomymyiouoi nanku. bioin. 5, puc. 8, Tabm. 2.

Knrwowuoei cnosa: xoHneHcatopHa OaTapes, KOMYTaTrop, KOMYTylO4a Hampyra, TapMOHIKH, €HEproe(eKTUBHICTb,
CJIEKTPUYHHI BEHTHIIb, 00JIaTHAHHSI.

Beryn. OmHuM i3 HampsSMKiB yAOCKOHAJICHHS TPHUCTPOIB CHIIOBOI CIIGKTPOHIKH 3 METOI0
MOKPAICHHS iXHIX eHEPreTUYHUX XapaKTePHCTHK € PO3pOOKa CXEMOTEXHIYHUX PIIICHb 3 KOHIEHCATOPAMHU Y
CHJIOBHX Kojax. Taki po3poOku 1 ix A 8 ¢
JIOCTI/DKECHHS BEAYThCS K HAYKOBISIMU HAIIOT
nepkasu [1, 2], Tak i cmemiasicramu mo3a ii
mexxamu [3, 4]. Po3poOka Ta AoCiiKCHHS
KOMIICHCALIHHUX TMEPETBOPIOBAYIB EIEKTPHY-
HOT eHeprii 3HaXOIATHCSA B MEXaX 3a3HAYECHOTO

HAMpsIMKY, a JOCHDKyBaHMW Yy myOmikamii -
nepeTBoproBay (cxema, puc. 1), peanizoBaHHiA Re
32 JBOMOCTOBOK) KOMIICHCALIMHOK CXEMOIO f~l al :l al rl :l
. L
NapaJIeIbHOTO THITY, € HOBUM TEXHIYHUM g
. VD7 ¥ VD8 SZ VD9 EZ b VD10§Z VD11SZ VD1ZSZ
PiLICHHSIM.
JochimxyBaHuii TepeTBOPIOBaY  KH- VT viz | vm
BUTBCS BiX omHOro TpH(a3HOTO TpaHchop- ; l i"l i l Z@— j} @)j.!l {._‘_l i“’l
Maropa 3 JBOMa TpH(a3HUMH BEHTWJIHHUMH
s VD1 §7 VD2 7 VD3 7 VD4 J7 VD5 7 VDB 7
00MOTKaMH, OJlHA 3 SIKMX 3’€HaHa 38 CXEMOIO T . T -
mpsMoi 3ipku, a iHma — 3BOpoTHOI. CuHioBi
CIIEKTPUYHI BEHTWII TpU(Pa3HUX MOCTOBUX
cxeM — mioau. [lepeTBOprOBaY MICTUTH KOMY- ==
TYIOUy JIaHKY, sIKa CKJIamaeTbcsa 3 TpHdazHoi cs
KOHJIeHcaTOpHO1 Oatapei Ta TpudazHoi Tpynu "
Pue. 1
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noBHicTIO kepoBanux npuiafiB (IGBT), mo 3a0e3nedye nepesapsa KOHASHCATOPIB 1 peryJroe eHepreTHIHUI
nporec. DYHKIIOHANEHO KOMYTYIO4a JaHKa 3abe3nedye CTBOPEHHS Takoi KOHICHCATOPHOI Hampyru
(xoMyTyr040i HaTIpyTH), 3a K01 MEepPeTBOPIOBAY 3aTHUI KOMIIEHCYBAaTH BJIaCHY PEaKTHBHY €HEpTilo, a B pasi
HEOOXI1THOCTI, TO 1 TeHepyBaTH ii y MEepexKy.
Jana myOmikariss € TpeThOI y MEPENTiKy ONPIIIIOMHECHHS Pe3yJbTaTiB JTOCITIHKEHHS 0COOIHBOCTEH
(hopMyBaHHS KOMYTYIOUOT HAMIPYTH Y TPHU(PA3HOMY IBOMOCTOBOMY KOMITEHCALlIHHOMY MEPETBOPIOBAYI.
Mera poGoru. BusHaunti pexumMu poOOTH TPHU(PA3ZHOTO IBOMOCTOBOIO KOMIIEHCALIHHOTO
MEPETBOPIOBAYA, 3a SIKUX 3a0€3IeUy€eThCs TeHeparlisl PeakTUBHOI €Heprii Mpu MaKCHMalbHIH e(peKTUBHOCTI
BUKOPUCTAHHS KOHJICHCATOPIB KOMYTYIOUOi JIAHKM 32 PaxyHOK 30UIBLICHHS YaCTOTH CTPYMY iXHBOTO
nepe3apsny.
Pe3ynbTaTn gocaiqxkenb. Y MOTOYHIHM myOumikarii, K 1y TonepeaHix 3 miei TeMaTHku [5], Hampyra
BTOPMHHOI OOMOTKH IIEPETBOPIOBATHHOTO TpaHC(hOpPMATOpa BBAXKAETHCS CHMETPUIHOIO TpHU(DA3HOIO
OpsIMOTO YepryBaHHs (a3
e,=E sin(8+m/6+y);
ey =E sin(3—n/2+vy); (1)
e. =E, sin(8+51/6+vy),

ne E — ammuityna BropusHoi ¢asnoi EPC neperBoproBanpHOro Tpancopmaropa; 3 — IOTOYHA 3MiHHA;

— 04aTKoBa (pa3a HAIPyTH MiJ 4ac BKIFOUEHHS BEHTHIISA.

CuIoBi eNeKTpHYHI BEHTWJII KOMIIEHCAIIHOI (KaToAHOi) YacTHHH IEepPeTBOPIOBAYa MPALIOIOTh Y
nociigoBHocti VD1— VD2— VD3 ta VD4— VD5— VD6. Mix MOMEHTaMH BCTYIy B pOOOTY 3a3HaYCHHUX
TPIMOK CHIIOBUX EIEKTPUYHHUX BEHTUIIIB Ma€ MicIle 3CyB 3a (ha3o010, 110 OPiBHIOE TIOJIOBHHI MIEPioay.

KomyTyroya 5aHKa AOCHIIKYBaHOTO INEPETBOPIOBaYa € KEPOBaHOK. ToMmy y IepeTBOproBaui €
MOXIIMBICTh 3MiHIOBAaTH BEJMUUHY 1 (POPMY KOMYTYIOUOI HANpPyTH, 3MIHIOIOYM MOMEHT IOZayi Ta 4acTOTy
IMITyJIbCIB KEPYBaHHS TPAH3UCTOPAMU KOMYTYIOUOi JTaHKH.

Iloosocna uwacmoma imnynvcie Kepyeannsa. Pe3ynbrath AOCHIIKEHHS TIporecy (GopMyBaHHS
KOMYTYIOUOI Hampyru y JOCIiIKYBaHOMY IE€pPEeTBOPIOBadi 3a JBOKPATHOI YacTOTH IMIYJBCIB KepyBaHHS
TPaH3UCTOPaMH KOMYTYIOUOi JIaHKM HaBeleHi y [5]. 3a 0a30BHMH TaMm NPUHHATO TaKUH PeXHUM pOOOTH, 3a
SKOT'O MOMEHT BCTYILYy B POOOTY CHJIOBOTO €JIeKTPUYHOIr0 BeHTHIsI VD1 30iraeThcst 3 MOMEHTOM BKIIIOYEHHS
Tpanzucropa VT3, TOOTO MOMEHT Mojadi IMITyJIbCY KEpyBaHHS Ha TPaH3UCTOPH KOMYTYIOUOi JIaHKH
3MileHui Ha 2w/ 3. Ue v

[MogBoena  wactoTa  IMITyJBCIB KepYBaHHS ic ”
TPaH3UCTOPaMHU KOMYTYIOUOi JJaHKU BiANIOBiIa€ 3BOPOTHOMY / _
yepryBanHio (a3. ToMy MOCHiZOBHICTH BCTymy B pPOOOTY Uc(0) e
TpaH3UCTOpiB KoMmyTytouoi sanku VT1— VT3— VT2, ly /
Crouparouncss Ha  ajlropuT™M  KOMYTalil  CHJIOBHX _ . -
€JICKTPUYHMX BEHTHUJIIB 1 TPAH3UCTOPIB KOMYTYIOUOi JIaHKH, 1 \J nf2 / n
Ha puc. 2 MOOYIOBAaHO TIOJOBHHY IEPioxy KPHUBOI CTPyMY
(azu C3 KOMyTYIOUHX KOHAEHCATOPIB Y POOOUOMY PEXUMI, Puc. 2
NpUHHATOMY 3a 0a30BHUiL.

[Ipoanamizyemo popmy KpruBOi cTpyMmy ¢a3u KoHIeHCaTOpHOI OaTapei, mogasmu ii psaom Oyp’e.

KoedimienTn psaay KocuHyca Ta cuHyca

4, =2 [ic(9)cosk9d9; b, == [i.(9)sink9ds. @)
T 0 T 0
3MiiiCHUBIIN iHTETPYBaHHS, OTPUMAEMO
a, = li—d[—sin(kn /3)+sin(k2n/3)]; b = ]i—"[cos(kn /3)—cos(k2m/3)].
T T

PospaxyHok koedinieHtiB psgy Pyp’e 3a OCTaHHIMH CITIBBIJHOIIEHHSIMHU IIOKa3ye, MO KpUBa
cTpyMy (asu KoHIeHcaTOpHOi Oarapei MICTUTH JMIIE TapMOHIKH psAy CHHYCa, YHCIOBE HOPMOBAHE
3HAauYeHHS SKHUX JUIsl yCiX TapMOHIK ofHakoBe. ToOTO, CTOCOBHO YHCIOBHX 3Ha4€Hb KOEQIIiEHTIB pAmy
®yp’e yci rapMOHIKH piBHO3HAUHI. Lle OSICHIOETBCS TUM, IO YCsI MePioInYHA HECHHYCOINHA KPUBa CTPYMY
(ha3u KoHAEHCcAaTOpHOI OaTapei Mae Ha Mepiofi MepeXi KUBJICHHS ABOKPATHY YaCTOTY, i IOABOEHY YacTOTY
TaKOX MalOTh IMIYJIbCH KEPyBaHHS TPaH3HCTOpaMH KOMYTyrodoi jaHku. [Ipum mpomy He 3a0yBaemo, 10
aMILTITY IX TApMOHIK 00EpHEHO MPOMOPITiHHI IXHEOMY TTOPSIIKY.
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Ha puc. 2 Takox HaBeJCHO MOJOBUHY IMEPiONy pPO3paxoBaHoi y [5] KpUBOT KOMYTYOYOT HAMPYTH 32
CITIBBIHOIIEHHSAM

1 ¢,
g :E_!zcd8+uc(0). 3)

IlouaTkoBe 3HAUCHHS KpUBOi KOMYTyrO4oi Hanpyru u.(0) po3paxoBaHe, BUXOIIYM 3 TOrO, IO
cepellHe 3HaueHHs KpUBoi u.(3) Ha mepiofi JOPIBHIOE HYIIIO

4 (0) = QI;C , @)

e ]d — IOJIOBMHA BUIIPAMIICHOT'O CTPYyMY ABOMOCTOBOI'O MEPECTBOPrOBAYa 41 BI/IHpHMJ'ICHI/Iﬁ CTPYM OJHOTO

MocTOBOrO meperBoptoBaua; C — eMHICTH (pasm KOMYTYIOUHMX KOHJEHCATOpiB; f — dYacToTa Mepexi
JKHUBJICHHSL.

Hageneni Buiie gadi cTOCOBHO 0a30BOTO PEKUMY BUKOPHUCTAHI I 9ac TMOPIBHAHHSA €HEPTETUIHUX
CIPOMOXKHOCTEH JBOMOCTOBOI'O KOMIICHCAI[ITHOTO TEpeTBOPIOBaYa 3a INJIBUIICHOI YAaCTOTH IMITYJIbCIB
KepyBaHHS TPaH3UCTOPAMU KOMYTYIOYOT JIAHKH.

Yomupukpamna uacmoma imnyascie Kepysanns. Y [5] HaBeneHO pe3yibTaTH TOMIOHUX
JOCHTIDKEHb 32 YOTHPHKPATHOI YAaCTOTH IMIYJIBbCIB KEpyBaHHS TPAH3MCTOPAMU KOMYTYIOYOI JIaHKH.
[IpoaHanizoBaHO TpH OCHOBHI PEXMMH, MO3HAYCHI SIK pekuMu 1, 2, 3, i TpU NPOMIXHI, IMO3HAYECHI 5K
pexumu (1-2), (2-3) Ta (3-1). 3a pe3yapratamu aHamuizy moOyA0BaHO KPUBI CTpyMiB a3y KOHIEHCATOPIB i
KOMYTYIOUO1 Harpyrd. Y MOTOYHiH myOmikanii BoHH 300paxkeHi Ha puc. 3 Ta puc. 4. ['apMoHiuHUi aHai3
cTpyMy (hazu KoHAeHcaTopHOI Oarapei y myoOmnikanii [5] He mpoBoAUBCSI.

Ue Ue
ic

o

Ue
i SO O P
d
N N
143 U—W 143
Ic

0\\ L~ l-2|,,fa|w \/“/14:;3 G_I\_\J:!J/ﬁ_gzﬂb:/u/{f& ?

6 6

=]

lc

i.; I

/Tc

Puc. 3. Crpym i Hampyra dazu Puc. 4. Ctpym i Haripyra dazu
KOHJICHCATOPHOI 0aTapei y pexxumax KOHJICHCATOpHOI OaTapei y pexxumax
1,2,3 (1-2), (2-3), 3-1)

Taxe moCIipKEHHS IPOBEACHE Y paMKax MOTOUHOI myOJikaitii. Moro pe3ysbpTati HaBeIeH HIKYE.

[lomanns kpuBoi ctpyMmy (a3 KoHaeHcaTtopHOi Oarapei psgom ®Dyp’e 3 BukopucranasaMm (2) aae
HACTYITHI BUPa3H I PO3paxyHKy Koe(illieHTiB psAy KOCHHYyCa i CHHYCA.

Pexum 1:

0 :%[2sin(kn/6) +2sin(k5m/6)]
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b, = ;—d[—z cos(km/6) —2cos(k5m/ 6) +4cos(km/2)+3].
n
Pexum 2:

a, = %[—4 sin(km/ 6)+sin(km/3)—5sin(k2n/3) + 2sin(kSw/ 6)] ;

b, = li—"[4 cos(km/ 6) —cos(km/3)—2cos(km/2)+5cos(k2m / 3) - 2cos(k5m/ 6) —4].
n

Pexum 3:

a, = i—d[z sin(kn / 6) — Ssin(kr / 3) + sin(k2r/ 3) — 4sin(k57/ 6)]
n

b, = %[—2 cos(km/ 6)+5cos(kn/3)—2cos(kn/2)—cos(k2n/3)+4cos(k5n/6)—4].

Pexum (2-1):
a, = %[—4sin(kn /12)+2sin(kn/ 4) + 2sin(k5n/12) —4sin(k7n/12) + 2sin(k3n / 4) + 2sin(kl 1t / 12)] ;

b, = lf_d[4 cos(km/12)—2cos(km/4)—2cos(k5n/12)+4cos(k7n/12)—2cos(k3n/4)—2cos(kl1m/12) — 3] .
s

Pexum (2-3):

a, = ]i—d[2 sin(kmt/12) —4sin(km/4) + 2sin(k5t/12) + 2sin(k7n /12) + 4sin(k3n / 4) — 2sin(kl 1/ 12)] ;
T

k

I, | —2cos(km/12) +4cos(km/4)—2cos(k5n/12)—2cos(k7n/12) +4cos(k3m/4) -
" km| —2cos(kl1n/12) -3 '
Pexxnm (3-1):

a, = ;—;[2 sin(kmt/12) + 2sin(kn / 4) — 4sin(kS5t/12) + 2sin(k 77 /12) + 2sin(k3n / 4) — 4sin(kl 1n/ 12)] ;

b, = %[—2 cos(km/12)—2cos(km/4)+4cos(k5Sn/12)—2cos(k7n/12)—2cos(k3n/4)+4cos(kl1n/12) — 3].

lapMmoHiuHM ckiag KpUBOi cTpyMy (ha3u KOHACHCATOPHOI O0arapei B OCHOBHHX POOOYHMX PEKHMAX
HaBeJIeHO y Taor. 1.

3 HaBemeHWX y TaOn. | [JaHMX BWIUIMBA€E, L0 30UIbIIEHHS YaCTOTH IMITYyJbCiB KepyBaHHS
TPaH3UCTOPAMU KOMYTYHOUOI JIAHKH JI0 YOTUPUKPATHOI POOUTH HAMOLIBIII BATOMHM JJIsi BEIMYMHU 1 hopMu
KOMYTYIO4Oi HAmpyrH BHECOK TapMOHIK CTpyMy, KpaTHHX YOTHPhOM. SIKIIO BpaxyBaTd, IO y pasi
30UTBIIEHHS YaCTOTH €MHICHHH OIip Mamae, TO IIe € MOSCHEHHSM (aKTy MiABUIICHHS €¢(PEKTUBHOCTI
BUKOPHUCTaHHS KOHJICHCATOPIB KOMYTYIOYOI JIAHKM Yy pa3i 3MCHIIEHHS €MHOCTI (ha3u KOHJIIEHCATOPHOI
Oarapei. lle TakoX € CBINYEHHAM JOIIBHOCTI JIOCHIPKEHb pEXHMIB POOOTH JBOMOCTOBOTO
KOMITCHCAIIIHHOTO TIePETBOpIOBaYa 3a TIJABHINCHOI YACTOTH IMIYJIBCIB KEPYBAaHHS TPaH3UCTOPAMH
KOMYTYHOUYOI JIaHKH.

Tadauus 1

Hopwmogani mo /; gmcioBi 3HaueHHS KoeilieHTIB
KoedirieHT kr-ay km-b,
k\ pexum 1 (1-2) 2 (2-3) 3 1 (1-2) 2 (2-3) 3
2,10, 14,22 0 0 0 0 0 -2 -2 -2 -2 -2
4,20 0 _4\/5 _4\/5 0 4\/5 6 2 -6 -10 -6
8,16 0 _4\/5 4\/5 0 _4\/5 6 -6 -6 6 -6

Bocemukpamna wacmoma imnynwcie xepyeéanna. Jlocuimumo mpouec GpopMyBaHHS KOMYTYIOHOI
Hapyru y TMEpeTBOPIOBAaYi 3a CXEMOK pHUC. | 3a BOCBMHKPATHOI YaCTOTH IMITYJIbCIB KepyBaHHS
TPaH3UCTOPaMHU KOMYTYIOUOi JIaHKH, BB@KAlOUW CTPYM HABaHTAXKECHHS 1 €MHICTh ()a3u KOMYTYIOUHX
KOH/IGHCATOPIB TAKMMH XK, SIK 1 y pa3i IOJBOEHOT Ta YOTHPUKPATHOT YaCTOTI.
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3BepHIMO yBary, IO Hampyra MepeTBOPIOBANIBHOTO TpaHchopMmaropa 3aluIIa€Thbes TPHPA3HOKO
HANpYro MNpsMoro 4epryBanHs (a3. BocbMukparTHiii 4acToTi IMITyNbCIB KEpyBaHHS TpPaH3UCTOPAMHU
KOMYTYIOUOi JIaHKW BiJNOBiZae 3BOpPOTHE dYepryBanHsA ¢(a3. ToMy anropuTM KOMyTalii CHIOBUX
CJICKTPUYHUX BEHTHJIIB 1 TPAH3UCTOPIB KOMYTYIOUOT TAaHKK OYJIe TAKKM XKe, SIK 1 32 IOJIBOEHOT YaCTOTH.
Pesrcum 1. MomeHT BKITIOUYECHHsI TpaH3ucTopa VT1 30iraeTbCs 3 MOMEHTOM BCTYNy B POOOTY
CHJIOBOTO eNleKTpu4HOro BeHTHIss VDI1. VYpaxoByrouw BHKIQJEHE BHILIE CTOCOBHO IOCIIIOBHOCTI
yepryBaHHsl (a3, Ha puc. 5, a nmoOyIOBaHO TOJOBHHY MEpioAy KpHuBoi cTpyMmy ¢azu C3 KOMyTyrOUHX
KOHJICHCATOPIB, sIKa CKJIANAEThCSA 3 IBAHAMIITH IHTEepBadiB. ToOTO, KpMBa Mae€ TMOJBOEHY YacTOTy Ha
Tepioji, MiCTUTH ABAAUATH YOTUPH iHTEPBAIW. li rapMOHIYHOMY CKIaly BilNOBiZAIOTh HACTYIHI BHpasH
Koe(biuiQHTiB pany Dyp’e:
, | 4sin(kr/12) —2sin(km/ 6) — 2sin(km/ 4) + 3sin(km/ 3) — 2sin(kSn /12) + 4sin(k7n /12) —
£ ch —3sin(k2n/3)—2sin(k3n/4) + 4sin(k5n/ 6) —2sin(kl1m/12) ’

()
{ 4cos(kn/12)+2cos(km/6)+2cos(km/4)—3cos(kn/3)+2cos(k5Sn/12)+ 2cos(km/ 2) }
= .
km

—4cos(k7m/12)+3cos(k2n/3)+2cos(k3n/4)—4cos(k5n/6)+2cos(kl1n/12)

Tox po3paxyHOK KpHBOI KOMYTYIOYOi HANpyrW MOXKHA 3IIHCHUTH 3a TOJOBHHY IEpioay Ha
JIBAHAIIISATH IHTEPBAJIaX, BUKOPUCTOBYIOUH CHiBBiIHOIICHHS (3).
PesynbraTy po3paxyHKy 3a OKpEMHUMH iHTEpBAIAMHU:
Linmepsan: i. =1,/3, 0<8<n/12;
9
Ucay = LJ‘I_ddg +uc(0) = s
oC+ 3 3oC

0

o I
B xinui intepsany npu 3 =7/12, wu, ), =—2—+u.(0).

72 fC
I inmepean: i. =—1,, 0<9<m/12;
1 ¢ I
e [=1)d9 +uc = —w—dcs + 72}0 +1,(0).
0
B xinui inTepBany npu 8 =7/12, u,, = 36IfC +u.(0).
1l inmepsan: i.=-1,/3, 0<8<m/12;
1 ¢ I I 1,
ey =g e M e =3 503l e ©)
0
S 1,
B xinui intepsany npu 8 =7/12, wu s, = 24fC +u.(0).
1V inmepean: i.=1,/3, 0<9<n/12;
1 ¢, I, I,
uc(4) ZR.([?CIIS'FZ/IC@)I( ZES 24fC +U, (0)
o 1,
B xinui inTepsany npu $=7/12, wu,, = 6fC +u.(0).
Vinmepsan: i, =-21,/3, 0<8<m/12;
21 1,
e = E{ (_Td)dg Hlteas =300 360 He O
. 1,
B xinui intepsany npu 3 =7/12, wu, ), = 8fC +u.(0).

VI inmepean: i, =0, 0<9<m/12;
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9

1 ¢, I
uC(G) = R‘!;lcdg + uC(S)k = —ﬁ + MC(O) = uC(é)k‘
VII inmepsan: i.=21,/3, 0<8<mn/12;
1 f2r 21 I,
o __;l;Tdds Heox :ﬁ 18 fC +iuc(0)
o 1,
B xinmi intepsany npu 3 =7/12, wu;,, = 36fC ——+u.(0).
VI inmepsan: i, =-21,/3, 0<8<m/12;

1 4 21, 1,
“c<8>—Rl“T)d“"*%mk—‘mg sorc e
. 1,

B xinui intepBany npu 8 =7/12, wu ), = 18fC ——+u.(0).
IX inmepean: i. =1,/3, 0<9<m/12;
1 ¢, I, I,
U = Rj?d\‘) g =349 T (0).
o 1,
B xinmi intepsany npu 3=7/12, uq,, =-— 24fC +uc(0).
Xinmepsan: i. =1,, 0<3<n/12;
I 1,
Ucioy :R.([Idd‘g"'ucw)k :(D_dCS 24 fC +u.(0).
B kinui intepsany npu 3 =7/12, uc), =u:(0).
Xl inmepsan: i.=-1,/3, 0<9<n/12;
1t I I
Ucany = E!(_?d)dlg tUcqopn = _%‘9 +uc(0).
L 1
B xinui intepsany npu 3 =7/12, wu ), = —ﬁ +u.(0).
XHiHmeQeaﬂ' ic =1,/3, 0<9<n/12;
I I
Uga = j LAYt Uy, = 5 dc 9- 72;@ +1,(0).

B xinmi iHTepBany mpu 3=7/12, ucqy, =uc(0).
IToyaTtkoBe 3HAa4YeHHS KpPHBOI KOMyTyrouoi Hampyru u.(0) po3paxyemo, BUXOISYM 3 TOrO, IO

kpuBa u.(9) Ha mepioni Mae cepegHe 3HAUYEHHS, SIKE MOPIBHIOE HyJO. BUKOHABIIM HECKJIaJHUH
PO3paxyHOK, OTPHMAEMO

uc(0) = 36 fC (6)

HaBenenuit po3paxyHoOK i KpuBa KOMYTYIOUOI HampyTH, MoOyA0BaHa Ha PUC. 5, @, 3aCBIAUYIOTh, 1110
y pexumi | mepesapsy KOHACHCATOPIB BiAOyBaeThCs, 1 MEPETBOPIOBAY TMPAIIOE Yy KOMIICHCAIIHHOMY
pexuMi.

Pesicum 2. 3 MOMEHTOM BCTYITy B pOOOTY CHJIOBOTO €JIEKTPUYHOT0 BeHTWIsI VD1 30iraeTbcst MOMEHT
BKJIIOUCHHsI TpaH3ucTtopa VT2, TOOTO MOMEHT Mmojadi iMIyJbCy KepyBaHHsS Ha TPAH3HCTOPH KOMYTYHOUOT
JIAHKYU 3MIiCTUBCSA Ha 71/12. BpaxoByrouu BUKIaJCHE BUIIEC CTOCOBHO IOCIIJOBHOCTI 4epryBaHHs (a3, Ha
puc. 5, 6 ToOy0BaHO MOJIOBUHY Tepioay KpuBoi cTpyMmy ¢asu C3 koMyTylounx KoHIeHcaTopiB. Bona mae
MMOJIBOEHY YacTOTY 1 IBAHAIATH IHTEPBAJIIB HA TIOJIOBUHI TIepiony, a ii TapMOHIYHAN CKJIall pO3PaXx0OBYETHCS
3a HaCTYMHUMH Koedilientamu psiny Oyp’e:
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—2sin(kn/12)+ 4sin(kn/ 6) — 2sin(kn / 4) —3sin(km / 3) + 4sin(kSm/12) —
£ km [—2 sin(k7m/12) +3sin(k2n/3) —2sin(k3n/ 4) — 2sin(k5n/ 6) + 4sin(kl 1/ 12)}
(7)
b - {2 cos(km/12)—4cos(km/6)+2cos(km/4)+3cos(kn/3)—4cos(kSn/12)+2cos(km/2) +}
" km| +2cos(k7m/12) —3cos(k2n/ 3) + 2cos(k3n / 4) + 2 cos(k5m/ 6) —4cos(kl1m/12)

BuKopHCTOBYIOUH Ty 3K METOAUKY, IO 1 y MONEPETHHOMY
u . .
) ‘ PeKUMi,  PO3PAXYEMO  KPHBY — KOMYTYIOUOi  HAmpyTH. He
. " 4 Mepeo0TsHKYIoUn  MyOmiKamiro  MOApOOWIAMH  PO3paxyHKYy,
'J /.Id BiJI3HAYMMO, 10 y IBOMY PEKUMI IMOYATKOBE 3HAYCHHS KPHUBOI
5 - T+ KOMYTYIOUOi HapyTu

>

uc(0 )—W 3

PoszpaxyHok 1 rpadiuHe 300pakeHHS KOMYTYHOUOI
HarpyTH (puc. 5, 6) TOKa3yI0Th, IO y PEXKUMi 2 KOHACHCATOpHA
Oarapess TakOoX IIiepe3aps/DKAEThCA, 1 Mae Micie edekT
O g 2 o KOMIICHCAIlil peaKTUBHO1 €Heprii.

|_T'~ Pesrcum 3. 3 MOMEHTOM BCTYIly B POOOTY CHIIOBOTO
eIeKTpUYHOro BeHTWIss VD1 30iraerbCsi MOMEHT BKJIFOUEHHS

6 Tpanzuctopa VT3, ToOTO MOMEHT mojayi iMIyJIbCy KepyBaHHs Ha
TPAH3UCTOPU KOMYTYIOUOI JIAHKH 3MicTHUBCS 1me Ha /12

1o
BIIHOCHO TIOTIEPETHBOTO pEXUMYy 2 YU BCHOTO Ha T/6.
1 . .
¢ 9 BHKODHCTOBYIOYH Ty )X CaMy METOAMKY, IO i paHille, Ha puc. 3,

8‘__‘$

&

\‘r
7
]

S‘__($

ceall] |

Rl

0 [ = 6 TmobOymoBana kpuBa cTpymy ¢asu C3  KOMYyTYIOUHX
KOHJICHCATOPiB B iHTEPBAJ IMOJIOBUHU Tiepioay. Sk OaunMo, BOHA
g Ha TIOJIOBHHI TEpiOAy TaKOoX Ma€ BAaHAAUATH IHTEPBAJIB i
TO/IBOEHY 4YacTOTy. Ii TapMOHIYHOMY CKJady BiINOBiNAIOTH
Puc. 5 HacTynHi koediuieHnTu psagy Dyp’e:

1, =2sin(kn/12) —2sin(kn/ 6) + 4sin(kn/ 4) — 2sin(k5n/12) - 2sin(k7mw /12) +
£ kn +4sin(k3n/4)—2sin(k5n/ 6) —2sin(kl1n/12) ’

©)
I, {2 cos(km/12) +2cos(kn/ 6) —4cos(kn/4) +3cos(km/3)+2cos(kSn/12) —4cos(km/2) 1

£ k| +2cos(k7m/12)+3cos(k2n/3)—4cos(k3n/4)+2cos(kSn/6)+2cos(kl1m/12)

3a cniBBigHOmEHHsIM (3) po3paxyeMo KpUBY KOMYTyrouoi Hampyrud. He HaBomsum mozxpoOuis
PO3paxyHKy, BIJ3HAUUMO, II10 IOYATKOBE 3HAUEHHSI KPUBOL KOMYTy}O‘-IOT Hanpyru

uc (0 )_18fC (10)

Po3paxyHok i rpagiuHe 300pakeHHsI KOMYTYIOUOi HAIIPYTH Ha PUC. S5, 6 TIOKA3yI0Th, 10 Y PeKUMIi 3
KOHJICHCATOpHA Oarapes mepe3apsaKaeThes, 1 TAKOK Ma€e Miciie e(heKT KOMITEHCAIlil peaKTHBHOI eHeprii.

SIKII0 MOMEHT TIOa4i IMIYJIbCY KEPYBAHHS HA TPAH3UCTOPH KOMYTYHOUOT JIAHKU 3MICTUThHCS Ie Ha
/12 BIJHOCHO TMOMEPEIHBOTO PEKHUMY 3 YW BChOrO Ha 7/4, OTPUMAEMO YMOBH Tepe3apsiy
KOHCHCATOPiB KOMYTYIOUOT1 JIAaHKH, JOCTIKEH] paHilie sSK pexxuM 1.

[loBHy KapTHHY JMHAMIKH 3MiHM KOMYTYIOUOi HANpYrH y pa3l peryJroBaHHS TPaH3UCTOPIB
KOMYTYIOUO1 JIAHKH IMITyJIbCAMH BOCBMUKPATHOI 4YaCTOTH OTPUMAEMO, TOCIIAUBIIN POLIEC Y MPOMIKKY MiX
PO3MIISHYTUMH pEXKAMaMH. Y TOTOYHIA MyOmikainii HaBeIEHO JHIIE OCTATOYHHN pe3yJbTaT I[HOTrO
JIOCITIJPKEHHSI y BHTIISI BEJTMYMHN KOMYTYHOUOT Hanpym Y MOMEHT KOMYTaIlii:

y pexumi 1-2: u.(0 )_36fC (11)

y pexumax (2-3) ta (3-1): u.(0)= (12)

24 fC
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PesynbraTu nmocmimkeHb, BHKJIAQAEHI BHIIE, NAIOTh 3MOTY OLHMTH MOJIMBOCTI ITiJIBUILIEHHS
e(EKTUBHOCTI BUKOPUCTAHHS KOHJIEHCATOPIB KOMYTYIOUOI JIAHKH, DPETYJIIOIYWH e(peKT TpaH3UCTOPiB
KOMYTYIOUOi JIJaHKH Ta BIUIMB BEJIMYMHH 1 (POPMHU KOMYTYIOUOi HaNpyrd Ha €HEPreTUYHI XapaKTePUCTHKH
JOCIIKYBaHOTO IEPETBOPIOBAYA.

IapMoniuHMiT cKiTam KpuBOi CTpyMy (ha3u KOoHIEHCATOpHOI OaTapei KOMyTYIOUOi JJAHKH B OCHOBHUX
PpOOOYHX peKUMax TOCIIIKYBAHOTO IIEPETBOPIOBaYa HaBEACHO y Tab. 2.

Ta6auus 2 i maHi MOKa3ylOTh, WO 301NbLICHHS

YaCTOTH IMITYJIECIB KE€PYBaHHS TPAH3UCTOPAMU

HopmoBani mo [; 4ucioBi 3HaYeHHs KOe(Dilli€HTIB . .
KOMYTYIOUOi JJAaHKU JO BOCHBMHUKPATHOI POOHUTH

KoedirienT kr-ay kr by HAWOUTBII BaroMMM JUIsl BEJIMYMHH 1 (QOpMHU
k\ pexum 1 2 3 1 2 3 | KOMyTyI04Oi HAIIPYTd BHECOK TAPMOHIK CTPyMy
KpPaTHUX BOCBMH.
2, ‘;’ 1%214’ 0 0 0 -2 -2 -2 ABTOPOM  MpPOBENEHO  JOCIIJKEHHS
0, peXUMIB POOOTH TEepeTBOpIOBada 3a OLIbII
8 83 | 83 | O 6 6 | 18 : :
BUCOKMX  4acToTax IMIYJbCIB  KEpyBaHHSI
16 83 | 83 0 6 6 18 | TpaH3ucTOpaMM KOMYTYIOUOi JIaHKW. [xHi

pe3ynbTaTd  HE  YBIMIDIM Yy  MOTOYHY
nyOJIiKaIlifo, OCKUTBKM 32 €HEPreTHYHHMHU TMOKA3HHUKAMU TOCTYMAIOTHCS BHKIAJICHUM BHIIE. [IpUYHUHOIO
BOTO € T, M0 Y UX peKuMax GopMa KOMYTYIOUOi HANPYTH MPAKTHYHO HE 3MIHIOETHCS 1 € OJIM3BKOIO 10
(hopMH KOMYTYIOUOT HAIIPYTH Y KOMIIEHCALliHHUX [IEPEeTBOPIOBaYaxX MOMEPEAHBOTO OKOIIHHS.
PerynoBasbHi MOXIJIMBOCTI KOMYTYIOUOT JIJAHKH JTOCHIKYBAHOTO MEPETBOPIOBAYA 32 BOCBMHUKPATHOT
YaCTOTH IMITYJIbCIB KepyBaHHS MOKa3aHO Ha puc. 6. Bin moOymoBaHuii 3a yMOBH, ITI0 BiTHOCHE 3HAYCHHS 1
KOMYTYIOUOT HAlIPYyTH Y MOMEHT KOMYTaIlil BiIOBia€ 6a30BOMY PEIKUMY 1 pO3paxoBYeThCH 3a (4).
Hocnimxenns pexumiB 1, (1-2) i 2 mokaszyoTb, 1m0
uc(0) 4 y pa3i 3aTpUMKH TOJadi iMITyJIbCIB KEepyBaHHS B MeEkKax
0s0f— —— —— — (0£B<n/12) KOHJEHCAaTOpH repe3aps KAl ThC,

HepETBOPIOBAY MPALIOE y KOMIICHCAI[IHHOMY peXHMi, a
KOMYTyIo4a Halpyra y MOMEHT KOMYTaIlil He 3MiHIOETbCS,
npo WO cBiguath crmiBBimHOmeHHs (6), (8), (11). BignocHo
pexxumy, BubpaHnoro 3a 0a30Bui, e cknazgae 0.25.
; . . B [IpotsiroM HacTymHOro iHTEpBaly 3aTpHUMKH Ha
° /12 /6 /4 /12, To6T0 mpu ©/12 <P < m/ 6, 3HAYCHHS KOMYTYIOUO1

0,25

Puc. 6 Hanpyrd y MOMeHT KomyTanii 3rizHo (12) ta (10) 3pocrae
yaBiui, TooTo Bix 0.25 no 0.5 mopiBHsHO 3 (4).
[IpoTsirom e OXHOTO HACTYNMHOTO iHTEpBaly 3aTpUMKu Ha w/12, ToOTO Mpu W/ 6<P<7n/4,

3HAa4YCHHS KOMYTYIOUOi Hampyrd y MOMeHT kKomyTauii cnazgae Bix 0.5 no 0.25. Jlani npouec HOBTOPIOETHCA.

3 mgaHux Tabi. 2 BUILUIMBAE, MIO 3 MOTIISALY MOMIIMBOCTEH MiABUINEHHS €HEPreTUYHUX MOKA3HUKIB
MEePETBOPIOBaYa, pPEali30BAaHOTO 3a TPH(A3HOI IBOMOCTOBOIO KOMIICHCAIITHOIO CXEMOI0, peXuM 3
MOCTYNAEThCS JBOM IIONEPEAHIM. bijbllle TOro, aHaji3ylo4u TapMOHIYHHMN CKIajg cTpymy (asu
KOHJEHCATOpHOI Oarapei y pexkuMax 1 Ta 2, € miIcTaBu CTBEPIKYBATH IMPO iXHIO PiBHO3HAYHICTH 32 UM
MMOKa3HUKOM, HEe3BaXKAIOUX Ha BIIMIHHICT y hopmi. OCTaHHE MATBEPKYETHCS PUC. 7 Ta puC. 8: Ha puUC. 7
— KyT pEryJioBaHHS o y pexkumi | 3a BOCBMHKpPATHOI YacTOTH IMITYJIbCiB KepyBaHHsS TPaH3UCTOPaMHU
KOMYTYIOYOi JIAHKW; Ha PHUC. 8 — KyT PEryJIOBaHHSI O Y PeXUMi 2 32 BOCBMHKPATHOI 4aCTOTH IMIYJIbCIB
KEepYBaHHS TPAH3UCTOPAMHU KOMYTYIOUOi JTaHKH.

\ |
100.00 ", u 100.00 u, U
80.00 — 80.00
60.00 60.00 |
40.00 40.00 U
20.00 20.00 - 0
0.00 0.00
-20.00 -20.00 0 \
40.00 -40.00 L
-60.00 -60.00
-80.00 -80.00
-100.00 -100.00
Puc. 7 Puc. 8
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BusznaunMo e(eKTUBHICT BUKOPUCTAHHS KOHACHCATOPIB KOMYTYIOUOi JaHKH, MOPiIBHIOIOYU
pexxumu 1 Ta 2 32 BOCBMHUKpATHOT 4acTOTH IMITYJILCIB KEpYBaHHSI TPAaH3HCTOPAMH KOMYTYIOUOI JIAHKH, 3
0azoBuM. Bpaxyemo, 1m0 KpuBi KOMYTyrOuoi Hampyru u#c Ha puc. 7 i puc. 8 oTpuMmani 3a eMHOCTI (aszu
KOHJCHCATOpHOI Oatapei y 4 pasm MeHINiHd, HiK y 0a30BOMY peXHMi, IIPH I[bOMY BiJHOCHE 3HAYCHHS
KOMYTYyI040i Halmpyrd y MOMEHT Komytarii mopiBHioe 0.498, mo y 1.15 pasm menme, HiXX y 0a3oBOMy
pexumi. Tox, ypaxoByHOUM BHUKIAJeHE, €(QEKTHBHICTh BHKOPHCTAaHHS KOHAEHCATOPiB, MOPIBHSIHO 3
0a30BUM pexUMOM, cKianae 3.48.

BucnoBku. OTprMani pe3yJbTaTh MiATBEPIHKYIOTh:

. JIOTUTHHICTS 3aCTOCYBaHHSA Yy KOMYTYIOUIM JIAHII TOBHICTIO KEPOBAaHHMX IIPHUCTPOIB, IO
poOuUTh mpoliec nepe3apsay KOHIEHCATOPIB PEryIbOBaHUM 1 3 SBISETHCS MOXKJIUBICTh 3MIHIOBATH HE JIUIIIC
BEJIMYMHY KOMYTYIOUO1 HAaIIPYTH, a 1 ii popmy;

. ¢bopma KpuBOi KOMYTYIOUOi Hampyrd Mae HaWOinpll BaXJIMBE 3HAYCHHS 3alJis
3a0e3MedeHHs] YMOBH KOMIICH ALl Ta FeHePYBaHHS MaKCUMaJIbHUX OOCATIB PEaKTUBHOI €Heprii, Ipyu oMY
HaOLIBII €PEeKTUBHUM € PETryIIOBaHHS TPaH3UCTOPIB KOMYTYIOUOi JIaHKK B fiana3oHi 0<PB<m/6, ne B —

3aTpUMKa MOjadi IMITyJIbCIB KepyBaHHS Ha TPaH3MCTOPU BIJHOCHO IMOYATKYy BCTYIY B POOOTY CHIIOBHX
ENEKTPUYHUX BEHTHUIIB,;

o HalOibma eheKTUBHICTh BUKOPUCTAHHS KOHJICHCATOPIB KOMYTYIOUOT JaHKH y pekumax |
Ta 2 3a BOCBMHUKPATHOI YaCTOTH IMIIYJILCIB KepyBaHHS TPAH3UCTOPAMU KOMYTYIOUOi JIAaHKH, ITOPIBHSHO 3
0a30BUM pexUMOM, cKianae 3.48.

INCREASING THE EFFICIENCY OF USING CAPACITORS OF THE COMMUTATING LINK
OF A TWO-BRIDGE COMPENSATION CONVERTER BY INCREASING THE FREQUENCY
OF THEIR RECHARGE CURRENT

V.S. Boiko

National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»,

37, Beresteiskyi Ave., Kyiv, 03056, Ukraine.

E-mail: vsboiko1941@gmail.com.

The article investigates a new technical solution proposed by the author, which is a three-phase two-bridge
compensating converter of a parallel type with one commutating link. It consists of a three-phase capacitor battery and
a three-phase group of fully controlled devices (for example, IGBT). The main objective of the study is to bring the
conditions under which the efficient use of the equipment of the commutating link of the converter is ensured and such
conditions for the formation of the capacitor voltage are created under which the converter acquires the ability not only
to compensate for its own reactive energy, but also to generate it into the power supply network. The scope of the
research includes the analysis of the operating modes of the compensating converter when controlling the transistors of
the commutating link with pulses of double, quadruple and eightfold frequency. The research methodology is based on
the harmonic analysis of the curves of the phase current of the capacitor battery. The general conclusion is obtained as
a result of comparing the analysis results at different frequencies of the control pulses of the transistors of the
commutating link. References 5, Figures 8, Tables 2.

Keywords: capacitor battery, switch, commutating voltage, harmonics, energy efficiency, electric valve, equipment.
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EJEKTPOMEXAHIYHE NEPETBOPEHHS EHEPTII

YK 621.313 DOI: https://doi.org/10.15407/techned2025.04.051

CHUHTE3 JIBOMACOBOI EJJEKTPOMEXAHIYHOI CUCTEMM 3 HEUPOPET YJIATOPOM
CIIPOIIEHOI CTPYKTYPHU TA HEJIIHIMHUM ®PUKIIHHUM HABAHTAXKEHHAM

B.b. KienikoB*, 1okT. TexH. Hayk, O.C. beasies**, I.B. O0py4***, kaHJ. TEXH. HAyK
HanionansHuii TexHivHmii yHiBepcuTeT «XapKiBChbKHIi NOJIITeXHIYHUI iIHCTUTYTY,

ByJ. Kupnnyoga, 2, Xapkis, 61002, Ykpaina.

E-mail: klepikovvladimir390@gmail.com; olehbieliaiev@gmail.com; ihor.obruch@khpi.edu.ua.

3anpononosano MemoOuxy cunmesy peyramopa O eNeKmpoMexamiunoi cucmemu, wo 3abe3neyye HeoOXiOHi
NOKA3HUKU pe2yniosants. Y pasi nineapusayii okpemux OLIAHOK HeNIHIUH020 HABAHMAICEHHS 8UO pe2yismopa nooioHuil
00 HelipoHHOI mepedkci, momy 6in Oye HazeaHull keasinelpopezyiamopom (HPK). Pecynamop, Ha 8i0miHy 8i0 HelipoHHOI
mepeoici muny PERCEPTRON, ne micmumb cepeOHix wapis, a 8a208i koegiyicumu 6i0 6x00i8 00 8UXIOHO20 HeUpOHA
gusHauaiomvcs ne wnsxom 6azamopaszosux (10° — 10°) imepayiiinux pospaxynkie, a 3a éueedenuMy aHATIMULHUMU
cniggionowienuamu. Li cnie8iOHOWeHHs € YHIBEPCAbHUMU MA 3ACMOCOBHUMU O 6)0b-AKOI 3 NIHeApU308aHUX OLAHOK.
Buxopucmanns y3azanenenux 6e3po3mipHux napamempis pobums ix cnpageonrusumu Ojis WUpOKo20 Kdcy eleKmpo-
npueoodie Mawun ma Mexamiamie. Buxopucmano mMoougikogany cykynHicms y3azanbHeHux 6e3po3smipHux napamempis.
Ilepegaz01o 3anponono8anozo pezyiamopa € YCyHeHHs nompedu y eUMiplo8anHi KOOPOUHAM, AKI 8ANCKO SUSHAUUMU
eKCNepUMEHMANbHO, HANPUKIA0, NPYHCHO20 MOMEHMY, a maxoxc nobyoosu cnocmepicavie cmany. Jocmamhuvo
sUKOpUCManHa auwe oouiei auxionoi eenuyuny. Cymuicmo K6asinelpopecynioeants noua2ae y CmeopeHti nepeoammoi
@ynxyii 360pomHoco 36'A3Ky Y uenAdi NOAHOMA-OONOGHEHH:, AKULU 3abe3neyye Xapaxmepucmuunuil NOIiHOM
3AMKHEHOI cucmemu 3 HeOOXIOHUMU 3HAYEHHAMU KOpeHis. 3a0ns pOo3paxyHKy NOXIOHUX KEA3IHeupopezyismopom
3anPONOHOBAHO GUKOPUCMAHHS MemoOy KiHyesux pisHuys. [loscnenns memoody K8azineupopeyio8ants GUKOHAHO HA
NPUKIAaol YCyHeHHs K8A3iHeupope2yIsimopom PpuKyiliHux asmoKoIUBaHb Y 080MACOSIL eeKMPOMeXaHiuHil cucmemi 3
K8asiHelpope2yismopom ma HeliHiuHumM Qpuryiunum Haeanmasxcentam. bion. 23, puc. 11.

Knrouosi cnoea: nBomacoBa eIeKTpOMEXaHIYHAa CUCTEMA, €IEKTPOIIPUBOM, CHCTEMH YIPABIIiHHS, NepeaaTHa QyHKIiS,
XapaKTePUCTUYHHI TIOJIIHOM, METOA KIHIEBUX Pi3HUIb, XapaKTEePUCTHKA TePTs, GPUKIIHHI aBTOKOIMBaHHS, HEHPOHHA
Mepexa, KBa3iHeHpOperyJsTop.

Beryn. EnekTpoMexaHIYHUM CHCTEMaM HAJCKHTh BaKJIMBA POJb Y HAPOIHOMY TOCIOAAPCTBI
Kpainu. EnekTpudHMil NmpHBOJ € OXHMM 3 OCHOBHHMX CIIOXKHBAdiB EIICKTPOCHEPTii, SKHH Kepye pyxom
OaraTbox MamvH 1 MexaHi3miB [1]. Big oro mokasHUKIB yIpaBIiHHS 3aJIe)KaTh MOKa3HUKH TEXHOJOTIYHUX
NPOLIECiB: MPOAYKTHBHICTh, TOUHICTH 1 YUCTOTa OOPOOKH MaTepiaiiB, HAAIHHICTh, BTPATH €IIEKTPOCHEPTii Ta
BUTPATHUX MaTepianiB Tomio. /{0 BiToMUX METONIB yIpaBIiHHS €JIEKTPOMEXaHIYHUMH CHCTEMaMH 30KpeMa
HaJIeXKaTh: YACTOTHI, KOPEHEBI, IOJIHOMIiajbHI, METOJ MOJAJIBHOIO YIPaBIIHHSA, MiAMOPSIKOBAaHE
perymoBaHHs KoopAauHaT. KokeH i3 MEeTO/iB Mae MeBHI IepeBark Ta HEAOMIKH, ONKCaHi B JliTepaTypi [2, 3].
binpmricte X CTBOprOBanmCs Ui JIIHIHHUX OJHOMAcOBHX CHCTEM 3a IIOCTIHHOTO MOMEHTY OIOpY
HaBaHTaXEHHS. THIIOBI HACTPOWKH KOHTYPIB, IO PEKOMEHAYIOTHCS, HE 3aBXKIN 3a0€3MeUyIOTh CTIHKICTD i
HEOOXi/IHI TOKa3HUKU PETYJIIOBaHHS B CHCTEMax 3 HENHIMHUM (PUKLIIHHAM HAaBaHTa)KEHHSM 1 HasSBHICTIO
NPYKHOT'O KiHEMaTW4YHOro 3BSI3Ky. MeTon MOJanbHOrO YIpaBIiHHS Mepeadadac BHU3HAYCHHS BaKKO-
BHMIpPIOBAaHUX KOOPJHMHAT SIK, HAPUKIIAM, TIPYKHOTO MOMEHTY, a BBEJICHHS CIIOCTEPIiradiB cTaHy 30LIbIIye
MOPSITIOK CUCTEMU Ta YCKIIaJHIOE CHHTES.
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3 90-X pOKiB MHUHYJOTO CTONITTS HaOylW pPO3BUTKY IHTENEKTYalbHI METOAW YIPABIIHHA, IO
(bYHKI[IOHYIOTh 3a aHAJIOTIEID 3 MO3KOM JIIOJMHHM: METOJIU HEUiTKUX MHOXHH (Meromm «fuzzy logic») Ta
METOJ HEWpPOHHHX Mepex [4—6]. 3aans BU3HAUEHHS MapaMeTpiB HEHPOHHOI Mepexi MiJ Yac OomTuMizamii
nmapaMeTpiB  EIeKTPONPUBOY CTaB BHKOPHUCTOBYBATHCS METOJ TeHETHYHHX anroputMmiB [4]. Taki
HaJAIITyBaHHS PETYJIATOPIB HE 3aBKIN 3a0e3MeUy0Th HEOOXiMHI MapaMeTph pPEryJIOBaHHS B CHCTEMax 3
HENHIHUM (QPUKLIHHIM HaBaHTAXXCHHSM, KOJH EJEKTPOMEXaHIYHA CHCTEMa IOBOJHUTHCS SK CHUCTEMa 3
BiJl’EMHUM B’ SI3KHM TepTsM [7].

IcHye mmmpokwii Kjlac MamIuH 1 MEXaHi3MiB, B SKHX y HOPMAJIbHHX a00 aHOMAIBHHUX pPEKAMax
HABaHTAXKEHHSIM EJICKTPOIIPUBOJLY € «Iapa TepTsh» 3 HEeIIHIHHOI XapaKTepUCTUKOIO, a IMiJl Yac JTUHAMIYHUX
NpoLECciB HEOOXiHO BpaxOBYBaTH HAsBHICTh B CJIEKTPOMEXaHIUHIH CHCTeMi MPY)XKHOTO KiHEMaTHYHOTO
3B'SI3Ky. Y JIiTeparypi HaBeNeHO JOCHTh IIMPOKE PI3HOMAHITTSA 3aJeKHOCTI KoedimieHTa TepTs BiX
MIBUIAKOCTI TPOCIM3aHHSA TMOBepXoHb mapu TepTs [8—10]. Jlasg HemiHIMHMX 3aJeKHOCTEH 3arajbHAM €
HasBHICTh TaK 3BaHOI «Iajarodoi» HAUISIHKH, Ha SIKii 30UIbIIEHHS MIBHAKOCTI MPOCIH3aHHS CYTpo-
BOJ/DKY€ETHCS 3HIKEHHSIM KoedillieHTa TepTs.

Ile mae wmicrie B eNEKTPONPHBOAAX IPOKATHUX CTaHIB ITiJ 4Yac MPOOYKCOBKH BAJIKIB, PEHKOBHX
€JIEKTPOTPAHCIIOPTHUX 3aco0ax y pas3i OyKCyBaHHS Ta 1031 KOJIC, METAJOPi3aJibHUX BEPCTATIB Ta 0araTbox
IHIIMX MaIlvH Ta MexaHi3MiB [7, 9, 11]. Bigomo, o B [boMy BHMAIKy MOXKYTb BUHUKATH TaK 3BaHi PpUKLiKHI
aBTokoymBaHHA (AK®), 110 MOTipIIyIOTh MOKa3HUKH TEXHOJOTIYHOTO IMPOIIECy: 3HIDKEHHS MPOAYKTHBHOCTI,
TOYHOCTI Ta SIKOCTI 0OPOOKH, TOYHOCTI MO3UIIIOHYBAHHS T4 iH., @ 1HOI NPU3BOIATH JI0 MOJAMOK KiHEMaTHYHUX
naHok. Bimomuii Bunanok, xoiu yepe3 AK® na maxrax JonGacy Buitnuio 3 magy 6mam3pko 150 pyaHuuHHX
€JIEKTPOBO3IB Yepe3 MOJIOMKH oceid komicHuX nap [12]. IlocminoBHe minBuieHHs aiametpa oceit Bix 90 MM 10
100 MM, 110 MM, 120 MM i 135 MM (TIpugoMy B OCTaHHROMY BHIIAAKY 3 JIETOBAHOI CTaji) HE MPHU3BEIO JIO
yCyHEHHS ToslaMoK. [IpuinHOI0 BHSBUITUCS (PUKIIIMHI aBTOKOJMBAHHA MiJ Yac OYKCYBaHHS KOJIC B YMOBax
MEXaHIYHOTO PE30HAHCY, 10 BUHUKAIIO ITICJISA 3MIHM KOHCTPYKIIi i 9ac MOZAEpHi3alii MexaHiYHOI YaCTHHU
€JIEKTPOBO3a BHACIIOK TIEPEMIIIICHHS 3y0YacToro Kojieca 110 IEHTPY OCi.

HeniniitHa xapakTepucTHKa TepTs Mae IUISHKH, SKi MOXYTh OYTH 3 MPUHHATHOIO JUISl TIPAKTHYHHX
I[iJIel TOYHICTIO alPOKCUMOBAHI JIiHIHHO 3aexkHicTIO (puc. 1)

Mp=Mco+oyB;- 0] Mo 4

Cnig 3a3HaunTH, mo Ha AugHOI I xoperkicte  Mco N
MEXaHIUYHOI XapaKTepUCTUKN HaBaHTaKEHHA s Moxe OyTn N
Bil'€MHOIO, IO 1 CTBOPIOE JWHAMIYHY HECTIHKICTh I '
po3iMKHYTOI cucTeMu. JliHeapm3arlisi XapaKTEPUCTHKH :
TepTs 3a0e3neuye yHiBepcalbHICTh OTPUMAaHUX aHAJTITHY- |

I
I
I

-

II III v

HUX CIIBBiJHOIIEHHh IOJI0 BaroBHX KOE(Ii€HTIB s
OyIb-sKOi 3 11 MIJITHOK.

Ha puc. 1: I - gingHka npyskHoro kos3anus; 11 -
magaroua ginsaka; I — Mc=const; IV — mnoBigsHO Puc. 1
BUCXIIHA TUISHKA.

Y pa3i nepeminieHHs poOOYOT TOYKH MO MANArOYii IUISHIN €JSKTPOMEXaHIdHa CHCTEMa MOXKE
CTaBaTH AWHAMIYHO HECTIHKOIO 3 PO3OIKHUM XapakTepoM KOJIUBAIBLHOTO Ipouecy. Buxin pobouoi Touku Ha
IHII TUTSTHKY IPU3BOAUTS JI0 YCTalleHUX (DPUKIIHIX aBTOKOJIMBAHb.

EnexrponpuBon € THydkwM 3aco00M YIpaBIiHHA MEXaHIYHUM pPYXOM 1 Ja€ 3MOTY 3aco0amu
ABTOMATUYHOTO PETYIIOBaHHS (HAIPHUKIAA, 32 JOIMOMOIOK BHKOPHCTaHHS HEWPOPEryiIsTopa Ha OCHOBI
HeiiporHoi Mepexi Tuiry PERCEPTRON) ycyBatu ¢puKimiiiHi aBTOKOJTHUBAHHS Ta 3MEHIITYBATH MPOCITU3aHHS
y mapi Teptsa. CHHTE3 TaKoro HEHpOperyIaTopa nepeadadac BU3HAUCHHS YHCTIa MapiB, HEHPOHIB Y CepeTHiX
rapax, BaroBux Koe(imieHTIB BiJi BXiIHOTO IIapy J0 CEPeaHIX 1 BiJl CepeaHiX M0 BHXIAHOro Heipona. Lle
notpeGye 3mauHoi Kimbkocti (10 10° — 10°) iTepauiiiHnx oGuMCIeHb i HABITH 3a BHCOKOI IIBUAKOMII
KoMI'toTepa 3aiimMae 3HauHmid d4ac [4, 13]. Takoxk 3a aHOMaNIBHOTO TpOCTU3aHHSA poboda TOYKA
NEePEMIIIAETHCS TI0 PI3HUX AUISTHKAX XapakTepUCTUKHU TepTs. [Ipu nboMy CTPYKTypa HeHpoperynsTopa crae
TPOMI3JIKOIO.

Ha xadenpi «Apromarm3oBaHi enektpomexaHiydi cuctemu» HTY «XIIl» 3ampomoHoBaHO Ta
3amaTeHTOBAHO HOBHU THM perysiTopa [15], mo mae moxiuBicTs yeyHyTH AK® Ta 3a0e3meunTi HeoOXimHi
MOKa3HUKU perynoBaHHs. CTPyKTypa JaHOTO PEryisiTopa 3a HENHIMHOTO (pUKIIHHOTO HAaBaHTAXKEHHS 3
JiHeapU30BaHMMH Ha OKpPEMHX MUISIHKax, aje HENiHIHHOMY «y BEIMKOMY», NOoAiOHa A0 CHpOLICHOI
HEHPOHHOI Mepexi (puc. 2), O BU3HAYMIIO TaHy HOMY aBTOpaMHu Ha3BY — keazineiipopezynamop (HPK).

Meos /= —

k

Wy,
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VY wiit cxemi: n — KUIBKICTh BUXIJHUX HEHPOHIB, IO JOPIBHIOE KITBKOCTI JIIHEAPH30BAHUX MIJISTHOK
XapaKTePUCTUKH HABaHTAXCHHS;, M — UWCJIO BXIIHUX CUTHAJIB, 10 3aJCKUTh BiJ TMOPSAKY
XapaKTepUCTUYHOTO TMOJIHOMa CUCTeMH; LB — JoriyHuid OJOK, IO BKJIIOYAaE BUXIAHUHA HEUPOH, IIO
BiJINIOBi/Ia€ JTiHEApW30BaHIN IISHIII HaBaHTa)KCHHsS, Ha SKid y JaHWH MOMEHT mepeOyBae pobOouya TOYKa
cuctemu; BCS — OIOK CHUTHaly KEpyBaHHS Ta CUTHAJIIB 3BOPOTHOTO 3B'SI3KY PETYJIHOBAHOI KOOPIAWMHATH 3

yacoBuMu 3atpumkamu; U; ... U, — BxigHi curHaan HPK, mo € moToyHuM 3HaYeHHSIM BUXIiTHOI
KOOpIUHATH Ta il 3Ha4YeHb i3 3aTpUMKamu; W,,; ... W,,, — po3paxoBaHi aHaJITUYHO BaroBi KoeilieHTH.
* Kgasineipoperyisarop BUKOpH-

CTOBYE€ 3aUIsl BpaXyBaHHS JAUHAMIYHHX
BJIACTUBOCTEH CHCTEMH 3BOPOTHHH
Ys|  Object » 3B'130K (ha30BOi KOOpAMHATH i3 3a-
LB " | of regulation o . o

TPUMKOIO, a TAKOX MAa€ OAWH BUXITHUN
HelipoH. Ha BimMmiHy Big HeWpoHHOT
Mepexi y HbOMY BiJICYTHI TPOMIXHI
mapu, a Barosi Koe(ilieHTH Bif BXin-
HUX CHTHAJIB JI0 BHXIJIHOTO PO3paxo-
BYIOTbCS 32 BHBEJCHUMH aHAIITHY-
HUMH{ CIiBBIJHOIIEHHSMH, CIIpaBeIn-
BUMH JJIsi KOKHOI 3 XapaKTepHUX JIiHEapU30BaHUX IUISHOK HENIHIHHOTO TepTsa. BukopucraHHs
y3araibHEeHHX 0e3pO3MipHUX MapaMeTpiB poOUTH Li CHIBBiAHOUICHHS YHIBEPCATbHUMH IIiJ] Yac MEPEeXoay A0
(hi3MYHUX BETMYUH.

BigminHicTiO maHoi cTaTTi BiA momepenHix myomikamiii [16] € HOBHE MiAXim IO TEOPETHIHOTO
o0rpyHTyBaHHs MeTo ik cuHTe3y HPK, skuii He moTpeOye BUKOPUCTAHHS ITiJl 4ac BUBEICHHS aHATITHIHUX
BHpa3iB BaroBux KoeQilli€HTIB mepenay 3BOPOTHUX 3B'SI3KiB MO BCix (pazoBux koopamHatax EMC. 3amns
yHiBepcamizallii aHaTTHYHAX BHPa3iB BHKOPHUCTOBYETHCS HE TOEAHAHHS KIACHYHUX O€3pO3MipHHX
y3aranpHeHux mnapamerpiB [17], a MoaudikoBaHe 3 HOBHM 3HAYEHHSIM YacOBOTO Mapamerpa s
0e3po3mipHOro oneparopa audepeHuiroBanus [18].

Meta poboTH: TEOPETUYHO OOTPYHTYBATH Ta CTBOPUTH Ha OCHOBI MOAW(IKOBaHWX 0€3pO3MipHHUX
y3arajibHEHHUX TapaMeTpiB METOAMKY CHHTE3y KBa3ziHEHpOperysisropa Jjis TBOMAacOBOI eleKTPOMEXaHIqHOI
CHCTEMH 3 MPY>KHUM KiHEMaTHYHHUM 3B'SI3KOM 1 HENiHIHHUM (QPUKLIIHUM HaBaHTa)KEHHSIM, L0 3a0e3neuye
3aJaHi IOKa3HUKU PETyJIIOBaHHS Ta YCYHEHHS QPUKLIHHNX aBTOKOJIMBAHb ITiJ Yac MPOCIU3aHHS.

IMocTaHoBKa 3aJadvi: 3a CHOPOIIEHOIO CTPYKTYPOIO HEHpoHHOI Mepexi (6e3 cepemHix mapis),
BUMIPIOIOYH JIMIIE OJHY BUXITHY KOOPIMHATY, 3HAWTH BHpa3d IUIS BaroBUX KoedilieHTIB i moOyIyBaTH
perynsTop, mo 3ade3nedye 3aiaHi MOKAa3HUKH PEryJIoBaHHS. 3a0€3NeudTH YHiBEpCAIBHICTH BUBEIECHHX
CIIBBIAHOMIEHs JUIS KOXHOI 3 JIIHEAPW30BAaHWX IUITHOK (PUKIIIHOTO HaBAaHTAXCHHS IUIIXOM
BUKOPUCTaHHS MOJU(IKOBaHNX O0€3pO3MIpPHUX y3arallbHEHUX MapaMeTpiB.

1. Teopernuni ocHoBH KBasiHelipoperymnwoBaHHs. CTpykTypHy _~ Wap) B4
CXEMY 3aMKHEHOI'0 KOHTYpPY 3 Bi'€eMHHM 3BOPOTHIM 3B'SI3KOM HaBEAEHO Ha
puc. 3, ne Wx(p) — mepematHa QyHKIsT 00'ekTa peryioBaHHsI; We(p) —
nepenaTHa QYHKLIS JJaHKK 3BOPOTHOTO 3B'SI3KY.

Junramivni BnactuBocti CAP BU3HAYArOTHCS PO3TAIIyBaHHSM KOPEHIB
xapaktepuctuaHoro mnoyinoma (XII) 3amkHeHOi cucTeMHu. BCTaHOBUMO, STKAM
oyne XII 3amxHeHOT cructeMu DA(p).

[epenatHa ¢yHKIIS 3aMKHEHOT CUCTEMH TOPIBHIOE

BCS

Puc. 2

Wcp)

Puc. 3

114
Wy (py=— AP @
L+We(p)-Wr(p)
[epenaTHa QyHKIlis 00'€KTa PETYIOBAHHS y 3arajJbHOMY BHUIIAJKy MAa€ BUIJISIT
Ar(p)
Wr(p) ==, 3)
3 Dr(p)
ne Dg(p) — XII po3iMKHEHO1 CHCTEMHU.
[incrapupmu (3) y (2), oTpuMyemMo
A
Wy (p) = 2(2) @

Di(p)+We(p)-Ag(p)
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To6to, XII 3amkHeHoi cucremu popiBHIOE cymi XII po3iMKHEHOI CHUCTeMH i3 JOJaHKOM
Dp(p) = Wc(p)Ar(p)
Dz (p)=Dr(p)+Dp(p)- )
MeroauKy CHHTE3y KBa3iHEHpOpETyssaTOopa MPOLTIOCTPOBAHO HA TPHKJIAAI BioMOI ITBOMAacoBOl
CJIEKTPOMEXaHIYHOT CUCTeMHU 3 (DPUKIIMHUM HaBAaHTAXKXCHHSM, JIHEAPU30BAHOI MO XapaKTCPHHUX IUITHKAX
HENiHIMHOCTI «1apa TepTs». Y Qi3uyHUX MmapaMeTpax cXxeMmy IOKa3aHo Ha puc. 4.

Y
+
=

Ip+ 1M Jp o, p

©

Puc. 4

V wmiit cxemi: U, — curHan ynpapiiHHSA Ha HaliBOPOBOJHHMKOBHI IepeTBoproBad; K', — koe(ilieHT
nepeiavi B MEPETBOPIOBAYI, IO JKUBUTH EJIEKTPUYHUN TBUTYH, ©) — KyTOBa MIBHIKICTH XOJIOCTOTO XOIYy
CJIEKTPOJBUTYHA; B — MOAYNb J>KOPCTKOCTI MEXaHIYHOI XapaKTEepUCTUKU JIAHKH eJIEKTPOMEXaHIqYHOTO
HIepPETBOPIOBAHHSA; [, — €JIEKTPOMArHiTHA IIOCTiffHa 4acy CHJIOBOTO KOJia €JIEeKTPOIBHIYyHa; M — MOMEHT
IBUTYHA; J; — MOMEHT iHEepIii poTopa ABUTYHA Ta >KOPCTKOIOB'SI3aHUX 3 HUM MAac; ; — KyTOBa IIBUJIKICTh
BaJly €JIEKTPOJABUTYHA; 1HIII 3MiHHI Ta MapaMeTpH MPHBEICHI N0 IIBHIKOCTI Baly enekrpoaBuryHa: C;; —
MeXaHIYHa JKOPCTKICTh MPYKHOTO 3BeHA; [3;, — Koe(]ilieHT B'I3K0T0 TePTsI MPYKHOTO 3BeHa; M, — IpyKHUH
MOMEHT; J> — MOMEHT iHepIil Apyroi Macu; ®, — KyTOBa IIBHIKICTH APYyroi Macu; [Bs — >KOPCTKICTh
JiHEeapU30BaHO1 AUISTHKH MEXaHIUYHOI XapaKTePUCTHKH (PPUKLIHHOTO HaBaHTaKEHHS; 0, — MIBUAKICTD PyXy
JI0 TI0YaTKy MPOKOB3YBaHHS; sk — IIBUAKICTH MPOKOB3yBaHHS.

Jst yHiBepcamizallii aHaJITHIHNX BHPA3iB MepeieMo 10 CXeMH B MOIHU(DIKOBAHUX y3araJbHEHUX
0e3pOo3MipHUX TapaMeTpax, 10 3apoNnoHoBaHi y [18], mpuUiiHSABIIM TaKi MPUITYIIICHHS.

1. BonuB BHYTPIIIHBOTO B'SI3KOTO TEPTS KIHEMAaTHYHOTO TPY>KHOTO 3B'A3KY HE BPaxOBYETHCS (Y
peaNbHii cucTeMi Iie 3a0e3MeYNTh TOMaTKOBHMA 3armac CTIHKOCTI BHACTIIOK AeMII(yIOUOro XapaKkTepy MaHol
BEITUYMHH ).

2. CknazioBy v, BBaKa€EMO MOCTIHHOIO, IO HE BIUTUBAE Ha JMHAMIUHI BIIACTHBOCTI CHCTEMH.

3. HaniBnpoBiJHUKOBUI NEPETBOPIOBAY BBaXKa€MO Oe3iHepLiliHUM 3 KoedilieHToM nepenadi K', Ta
BXIJJHUM CHUTHAJIOM, II[0 33/1a€ IMBUIKICTH XOJIOCTOTO X0y EICKTPOABUTYHA ().

4. JluHaMiYHI BIIACTHBOCTI JIAaHKH EJIEKTPOMEXaHIYHOTO TMEPEeTBOPEHHS EHeprii BinoOpa)karoThes
arepioTUYHOIO JJAHKOKO MEPILIOTO MOPSIIKY.

[ToObymyemMo cxeMy AOCHIIKYBaHHOI CHCTEMH, BHUKOPHUCTAaBIIM Momu(dikoBaHI y3araibHEHI
0e3p0o3MipHi mapamMeTpH:

e m=Ty/T. — BIIHOWEHHS €JEKTPOMEXaHIYHOi JO eIEeKTPOMArHiTHOI IOCTiHHMX dacy, e

Tu=J1/B;
e y=(J,+J,)/J, —KoedillieHT CITiBBIIHONIEHHS MaC;

e v= 9212 / QzEM — BIJHOLIEHHS KBaJpaTiB 4YacTOT HEAEMN(OBAHOIO MEXAHIYHOIO Ta
eIIEKTPOMEXaHIYHOTO PE30HAHCIB;
e b=Bg/P — BigHOmEHHSA XOPCTKOCTI JIiHEAPU30BaHOI NUITHKM MEXaHIYHOI XapaKTEePHCTUKH
HaBaHTA)XEHHS 10 MOYJIS )KOPCTKOCTI MEXaHIYHOI XapaKTePUCTHKU €JIEKTPOIIPHBOLLY;
e p,=p-T, —oneparop aAudepeHLioBaHHA y 0e3po3MipHiil Gopmi.
3a 0a30Bi BEIMYNHU A1 KOOPAUHAT CHCTEMH BUOEPEMO 3araJlbHOBIZIOMI: A KyTOBUX IIBHIKOCTEH
— HIBHAKICTB XOJIOCTOTO X0y €JIEKTPOJBUIYHA ©p; ISl MOMEHTIB — MOMEHT KOPOTKOTO 3aMHUKaHHS M.

[Ipuiiaaro, mo BCi TapaMeTpd CHUCTEMH TPHUBEACHI 10 IMBHIKOCTI Bally €JIEKTPOJBHUTYHA.
Bukopucrane 0e3po3MipHE y3arajibHEHE IPEACTABICHHS I[MapaMeTpPiB CUCTEMH JIa€ 3MOTY CYTTEBO
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CKOPOTHTH KUTBKICTh (Di3MYHHX MapaMeTpiB, SKi BPaxOBYIOTHCS y TPOLECi CHHTE3Y, 1 HaJa€ OTPUMaHUM
pe3yiibTaTaM yHiBepCcadbHUN XapaKTep CTOCOBHO JOCHTH IIHPOKOTO KIIACY ENIEKTPOTPHUBO/IIB.
CxeMa, 110 pO3TIAETHCS, Ma€ BUTISA (pUC. 5).

U. o
—> ONR 1 1 - V-1 | M X 1 «
i pt+1 | pr* mps | " ype " m(y—1)p-

s

‘rl:’*

Puc. 5
XapakTepUCTHYHUI IIONIHOM PO3IMKHYTOI CHCTEMH 3HalJeMO, BHUKOPHUCTOBYIOYH TOIIOJIOTiYHI
meronu [19, 20]. 3a popmynoro Me3ona
q
zi=1})iA*i

A (6)

ne P; — i-1 mIsaX BiJ BXITHOTO CHTHAITY JI0 33aHOi KOOPIWHATH; ¢ — KUTBKICTh NMUISIXIB (Y HAIOMY BHTIAIKY

W(p.)=

q =1, tomy A,; = 1); A, — BU3HAUHHK CHCTEMH, 00UUCITIOETHCA 32 (HopMyII0F0

kK
A=[TL0-Ly (7)
ne L., — nepenada k-ro KOHTYpY, SKa MPEACTaBIsie MHOXKEHHS NepeaBajJbHUX (QYHKIIH JJaHOK, 10 BXOASATh
JI0 HBOTO, a TMO3HAYCHHS ~ BKA3ye, MO y BHPasi (7) KOHTYpH, IO MAIOTh 3araibHi By3/IH, IPHIMAIOThCS
PIBHUMH HYJIIO; 71 — YUCIIO KOHTYPiB PO3IMKHYTOI CHCTEMH (7151 HAIIOT cXeMU m = 4).
OO0uucnenuit 3a criBBigHOMIEHHAMH (6) — (7) XapaKTEpUCTUYHUHN TOTIHOM PO3IMKHEHOI CUCTEMH y
HOpPMOBaHIi (popmi Mae BUTIIA

DR(p*) :p*4 +a3p*3 +(12p*2 +ap.tay, (3)
1€ as, as, a;, 4y — 3aJeKaTh BiJ] 3HAYCHb y3araJlbHEHUX 0€3pO3MipHHX MapaMeTpiB.
[ligkaroueHHsT KBa3iHEHpOperyiasTopa Mae 3MIHHTH KOXEH 3 KOe(]illieHTiB Ha BelnnuuHy Ad;
BHACJIII0K YOT0 XapaKTEPUCTHYHUN IIOTIHOM 3aMKHEHOI CUCTEMH Y 3arajJbHOMY BHIIAIKy HaOyle BUTTLSILY

—1 /
DZ(p*)zp*n +(an—1 +Aan71)p*n +---+(ai +Aai)p*l +---+(al +Aal)p*+aO+AaO’ (9)
Je 3HadeHHS Aag; MaroTh OyTH Takumu, o0 kopeHi Dy(p,) 3abe3medyBanu HEOOXimHI TOKa3HUKH

perymoBanHA. Taki kopeHi Mae, Tak 3BaHMA, OaxkaHUi moiHOM Djp(p, ), sIKuil Moke OyTn abo oOpaHuii cepen
CTaHJIAPTHHUX MOJIIHOMIB [21] 1 Mae BUTIIA

Dg(p,)=p." +a,'1,1p*”_1 +...+alfp*i +.o.tap.+ag, (10)

a00 BU3HAYCHWH, BUXOISYU 3 OaXaHOTO PO3MOAUTY KOPEHIB ps;, Px, P=3, P+ 32 BUKIaneHO B [1]
METO/MKOIO 1 CIIBBIAHOILECHHAM

Dy (ps) = (Ps = Ps)(Px = P2 )(Px = a3 )(Ps — Pis) - (11)
2. Pospaxynox BaroBux KkoegiunieHTIiB KBasiHeiipoperyasaTopa. TeopeTHUYHOIO OCHOBOIO
BHUBEJICHHS BUPA3iB I BU3HAYCHHSI 3HAUCHD BarOBUX KOEQIIi€HTIB KBa3IHEUPOPETYIIATOPA € TaKe.
Sk BiIOMO, TOKAa3HWKM PETYJIOBaHHS BH3HAYAIOTHCS 3HAUYEHHSIMH KOPEHIB XapaKTePHCTHYHOTO
MOJIIHOMA 3aMKHEHOT CUCTEMH, 5IKi, CBOEI YEProko, 3aJIeKaTh Bijl 3HAUCHb HOTO KOe(DillieHTIB a';.
Axmo obpatn Oaxanmii momiHOM Dp(p,), KopeHi skoro 3a0esrnedarb MNOTPIOHI TOKAa3HUKH
pETyIOBaHHS Ta BUKOHATH YMOBY

DZ(p*):DB(p*)a (12)
TO HEOOXITHUX MOKA3HUKIB PETYIIOBAHHS Oyne JOCATHYTO. 3aIjIsl BUKOHAHHS yMOBH (12) HeoOximHO, 100
KOXEH 3 Koe(ilieHTiB nomiHoma Dg(p,) OTpUMaB HEOOXiHE JOTOBHEHHS BHACIIOK il 3BOPOTHOT'O 3B’S3KY,
[0 TOCATAETHCS, SIKIIO
Aa;=c;=a]—a;. (13)
BpaxoBytoun, 1m0 KoedillieHTH 3a BUIIOT CTeneHi onepatopa AudepeHiiitoBanHs p,” 000X MOIiHOMIB
OJIHAKOBI 1 PiIBHI OJIMHUIII, TOJIIHOM-JJOTIOBHEHHSI BiJI i1 3BOPOTHUX 3B'I3KIB Ma€ BUTJIS
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Dp(p)=c, p" " +.4epl + o ep.+eg. (14)
PosrnsgayTa emekrpomexaHiuHa cucreMa (puc. 5) € CHUCTeMOo 4-ro MOPSAKY, TOMY IIOJIIHOM
nornoBHeHHS Dp(p,) Mae OyTH MOJIIHOMOM 3-TO MOPSAKY.
Jis  mocnimpKyBaHOT CHUCTEMHU IMiJICTAHOBKA Yy3arajbHEHHMX mapaMmerpiB y dopmyiry Me3ona i
BIJIITOBITHI TIEPETBOPEHHS TMPHU3BEINM 10 HACTYIHUX CIBBIIHONMICHb I KOe(DIIiEHTIB HOPMOBAHOTO
MOJIHOMA PO3IMKHEHOT CHCTEMH:

b
a3 =1—m, (15)
=t =), b (16)
m v vy—1

4 _vm(y =D+ -D))+b(vy-D+7) . (17)

: my(y—1) ’
aoz&jl). (18)

my

[TosiHOM-TOTIOBHEHHSI [T HET JIOPiBHIOE

Dp(p.)= C3p*3 + CZP*Z TPt (19)

Ines xBasiHelipoperymroBaHHs monsrae y nodynosi HPK 3a cmpomeHoro cTpykTyporo HEHpOHHOT
Mepexi (0e3 cepeHixX mapiB) 3 YOTUPMA BXOJAMH, Yepe3 Kl NepeaaroThCs BXiHI CUTHAIN TICJIT MHOKEHHS
Ha BaroBi Koeili€HTH 3 TAKMMHU 3HAUYEHHSMH, IO 3a0e3lnevars y MiICyMOBYBaHHI Ha BUXiAHOMY HEHpOHi
3HA4YEeHHS IONOBHEHHSA [0 XapaKTEPUCTHYHOIO IMOJiHOMa PO3IMKHEHOI CHCTeMHM, SIKi 3aJ0BOJIBHSIOTH
criBBigHOMmEeHHIO (12). ToOTO MepenaTHa (QyHKIS KBa3iHESUPOPETYIIATOpa IIOBUHHA OYyTH TOTO X BUAIY, IO 1
JIOTATKOBUI TTOJITHOM.

Tak sk yucioBi 3HaYeHHs Koe]imieHTiB @; moiiHoMa Dp(p,) BimoMmi, a KOe]illieHTH pPO3iIMKHYTOI
cucteMu Dpg(p,) BU3HAYAIOTHCSA Ii MMapaMeTpaMmul, YHCIOBI 3HAYCHHS KOE(DIIliEHTIB ¢; PO3paxOBYyeEMO 3a
criBBigHOmeHHIM (13).

3agns oOuMcleHHS TOXiZHHX p,,, IO BXOAATh y BHpa3 TOIiHOMA-ToMoBHeHHS Dp(p,) 3a
criBBigHOMmEHHSIM (19), MPONIOHYETHCS BUKOPUCTYBATH METO/] KiHIIEBUX Pi3HUIG [22, 23]. CyTHICTH AaHOTO
METO/Iy TIOSICHIOIOTH criBBigHOmEHHS (20) — (22), B IKUX y; — IOTOYHE 3HAYECHHS PETyJIbOBAHOT KOOPIMHATH
¥, aYs, V3, ... — il IONEpenH] 3HAYSHHS 3 YaCOBOIO 3aTPUMKOIO Af.

3a ManMx 3HaueHb Af 32 METOAOM KiHIIEBUX PI3HHUIb MOXiJHI 3 IEBHUM CTEIIEHEM TOYHOCTI MOXKYTh
OyTH po3paxoBaHi 3a CITiBBiAHOIICHHIM

b Vi_n-». 00
dr At At
d2y . Vi Vi-Vo i) - =») _n=2y+ys 2
drr (A1)? (Ar)? (A?)? (A?)?
d’y ~ Vi _ Vi-V3 =29+ y3) = =2y +y4) N =3 +3y3- 22)
e (A (A (Ar)? (Ar)?

3aJu1s TOCATHEHHSI METH PETyJIIOBaHHS BUKOPHCTAHO JIUIIE OJHY BHXIJHY KOOPAWHATY — MBHUIKICTh
Jpyroi Macu ;. 11{o0 3a0e3neunt HEOOXIAHI MOKA3HUKH PETYJIIOBaHHSI, CIIiJl PO3PaXxyBaTH 3HAYCHHS Cy, C;.
2, €3 710 KOKHOTO 3 Koe(ilieHTiB mojaiHoMa-10noBHeHHs (19).

Sk GakaHMit BHOEpeMO HOPMOBAHHUH TOJIiIHOM baTTepBopTa 4-ro mopsnky [21]

Dior(p)=p.* +2,6p,° +3,4p,> +2,6p, +1. (23)

3aysi  y3roJDKEHHS 4YacOBOTO IapameTpa IijJ dYac HOpMyBaHHs molliHoMa barrepBopra Ta

0e3pO3MIpHOTO Yacy CHCTEMH 3 y3aralbHEHHMMH MOIU(IKOBAHUMH TapaMmeTpaMu MpUHHSITO, 110 0a30Ba
BEITMYMHA Jacy B MOJiHOMI baTTepBopTa mopiBHIOE 0a30Biii BETMUHHI IPUHHATIN paHIIIe CXeMi.

HeoOxinHi uMcenbHI 3HAYeHHS KOS(DILIEHTIB ¢, €1, Cp, €3 3HAXOMATHCS SK PISHULS MK
koedimieHTaMu ModiHOMa baTTepBopTa Ta PO3IMKHYTOI CHCTEMH HPH OJHAKOBHX CTEMEHSX MOXITHHX P,
[Migcrasusmm (15) — (18) ta (23) y (13) orpumaemo

c3=2,6—-as; ¢ =3,4-a,; ¢ =2,6-ay; co=1-aqa.

56 ISSN 1607-7970. Texn. erekmpoounamuxa. 2025. No 4



VY Bupasi (19) npeacraBumo moxinHi y HopMi KiHIIEBUX Pi3HUIB. SIK BXiJHI CUTHAIN BUKOPUCTAHO
[IOTOYHI 3HAYEHHS (D*g, sIKI BIAMOBIZAOTH V;, Ta MOMNEPEAHI 3HAYCHHS V), V3 Vs BIAMOBITHI 3HAUYCHHSIM
O 5t — A1), ® 2t —2A1), © 5(t — 3At). Toxi
J/1_3J’2+33y3_)/4+c2)’1_2)/§+y3 +cly1—J’2 . (24)

At At At

CTpyKTypy KBa3iHeHpOpEryJsTopa, 0 BUKOPUCTOBYE JIJIsi 3BOPOTHOTI'O 3B'S3KY TIJIbKU OJHY BUXIIHY
KOOPJAMHATY JIOCIIKYBaHOT CHCTEMH — IIBHJIKICTh APYroi MacH, MoKa3aHo Ha puc. 6.

Dp(p)=c

L

(03]

| =

Object

Puc. 6
3rpymnyBaBIly JOAAHKHU CITIBBIIHOIIEHHS (24) TI0 KOKHOMY 3 CUTHAIIIB V1, V2, V3, V4, 3HAMIEMO BaroBi
koediientu Wy, W, W3, W,, mo 3a0e3nedytoTh HeoOXiIHUI CUTHAJ YIIPaBJIiHHS

VI/IZ—(%+:—22+AC—I+C()); szi%+i%+:_l; (25, 26)
t t t t t t
3C3 Cy C3
Wy =—(—+—2); w,=—_. (27, 28)
: (At3 A? YTAP

OtpruMaHi BHpa3d s pO3PaxyHKY BaroBUX KOE(IIiEHTIB CHpaBeNIMBI s  KOXKHOI 3
JiHEeapU30BaHMUX JUISTHOK XapaKTePUCTUKN HABAHTAKCHHSI.

3. Komn'otepHe MoneoBaHHs. AJICKBATHICTh BUKJIAJCHUX TEOPETHYHUX IOJIOKEHb Ta
OTPUMAHMX CITiBBIIHOIIEHb IEPEBIPUMO MUITXOM KOMITIOTEPHOTO MopemoBaHHSA. Komm'toTepHy cxemy
JTOCITIKYBaHOI CHCTEMH TIOKa3aHO Ha puc. 7. [lo3HaueHHS €IeMEHTIB y il cXemi BiIMOBiAArOTh CXeMi
JOCHIDKYBaHOT cucTeMH (puc. 5) Ta MpUHIMIY Aii KBasiHewpoperyistopa. CxeMa 3amyCcKaeThCs BXIJTHUM
CTpUOKOTIOAIOHNM CHTHAJIOM 3aBJaHHSAM IIBUIKOCTI Mos. BBeJeHM y cxeMy OJOK MHOXEHHS J]a€ 3MOTY
MITKITIOYaTH CHTHAJI TIOTOYHOTO 3HAYCHHS 1 3aTPUMAaHWX CHTHAIIB KBasiHEHpoperymsTopa B Mporieci
pexuMy, 1o copmyBaBes Michs MoAadi BXigHOro curHany. Cxema Ja€ MOXJIMBICTb OTPHUMYBATH 4YacoBi
JliarpamMy 3MiHHM HIBHJIKOCTI IPyroi MacH 3a HaJIMipHOTO MPOCIIM3aHHS, a TAaKOXX MOMEHTY JABUryHa. KoxkHa
3aTpUMKa BiJIOBi/Ia€e MONepeAHHOMY 3HAYEHHIO CHTHAITY BUXITHOT KOOPAMHATH 3aTPUMAHOMY Ha BEIHYHHY
At. Tlo wmipi 3MiHM BHXIZHOI KOOPIMHATH BIJIMOBIAHO 3MIHIOIOTHCS 3aTpuMaHi curHamu. [lig yac
MOJICITFOBaHHS 3HAUEHHS 3aTPUMKHU Oyi10 BcTaHoBieHO sk A = 0,01 T..

OJ
o [h3

Farameters

Puc. 7
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PexxrMu  MOJICTIOBaHHS BCTAaHOBHMO, BHXOZSYM 3 HEOOXIJHOCTI YCYHEHHS 3a JOMOMOTOK0
KBasiHeiipoperynsaropa (pukiiitnux asrokonusanb (AK®). IX BuUHMKHEHHS € HacHmiIKOM pO3GiIKHOrO
KOJIMBAJILHOT'O MPOLIECY Y pa3i mepeMilieHHs] po0ovoi TOUKHU MO MaAalodii AUISHI XapaKTePUCTHKH TEpPTSI.
Tomy MOJIeNOBaHHSI BUKOHYBATIOCS HACTYITHUM YMHOM. 3ajaBaiacs TOYKa, sKa JUIS PO3IMKHEHOI CHCTEMH
BIZIITOBiAIa HE3aracarouoMy KOJIMBAIbHOMY Ta pPO30KHOMY KOJWBAJIBLHOMY TMIpOIECaM 3TiTHO MeX
CTIMKOCTI PO3IMKHEHOI CHCTEMH, BU3HAUYEHUX METOI0M D-po30uTTs. [licist BcTaHOBIEGHHS WX IMPOIECIB y
BU3HAUYEHUI MOMEHT 3iHCHIOBAJIOCS MiAKIIOUEHHs KBa3ziHeHpoperyniaropa. Y CyHEeHHS KONUBAIBHOTO (IS
KOHCEPBAaTUBHOI CHCTEMH) 1 PO3ODKHOTO TpOIECiB Ta 3a0e3leueHHs CTaJol IIBHAKOCTI CBiMYaTh, IO
(bpuKLiliHi aBTOKONMBAaHHS ycyHeHi. ToOTO, SIKIIO PEryisTop yCyHe po30DKHHN Tpolec Ha Mamarodii
ninstaii, 1o 1 AK® He BUHUKHYTH. JKOPCTKICTh MEXaHIYHOT XapaKTePUCTUKN HABAHTAXKCHHS HA MM JTIJISHIL
Mae Bil'eMHHI 3HAK, TOMY MOJICITIOBaHHS OyIeMO 3/IIICHIOBATH 3a Bil'€eMHHX 3HAUCHb MapaMeTpa b.

Pesynbpratn MoJientoBaHHS JIIsl BHIIQJIKY, KOJW MapaMeTpH CHCTEMH HAaJeXaTh MEXi KOIMBATHLHOT
criiikocti, b =-0,01, m =2,887, y=1,2, v =10, 1m0 BiANoOBiJa€ KOHCEPBATUBHI! CHCTEMI, MPEACTABICHI HA
puc. 8. Sk i odiKyBayocs, y CHCTEMi BCTAaHOBJIOIOTHCS He3aracaroui KOJIMBaHHS MOCTidHOI amrmmiTyau. Lle
CBITYUTH TIPO T, IO KITBKICTh PO3CiIOBAHOI €HEPril y BUTJIAAI BTPAT Ha aKTUBHOMY OIOpI CHJIIOBOT'O KOJia
EJICKTPONPUBO/IY TPOTITrOM TEPioy KOJMBAHHS TOPIBHIOE KUIBKOCTI KOJHMBAJILHOI CHEPTii, 1[0 BBOJUTHCS
BHACNIJIOK TOTO, IO Ha TMAajaro4viid MiISHII (PHUKIIHHOIO HABaHTAXKEHHS CHUCTEMa SBIsSE COOOIO
EJIEKTPOMEXaHIYHY CHCTEMY 3 BiJi’ EMHHM B'I3KHM TEPTSIM.

MonentoBanust st 3HaueHb b =-0,1, m =2,887, y=1,2, v=10, mo BiAMOBia€e TOUIl M03a MEXKI
CTIHKOCTI, B SKii miJg 4Yac mepeMilleHHs poOodYoi TOYKM TO Najaroyid IUITHII BHHUKAE PO30DKHUI
KOJIMBAJBHUIA TIPOIIEC, MiATBEPIKYETHCS OTPUMAHUMHU YaCOBUMHU Jiarpamami (puc. 9).

,oo('):g AﬂM\N\M‘[\,\ jo.e
():06 IV, v”vl U vl V \vl NN ot | 04
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™SN—————
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[IpoanamizyeMo BiJIOBIMHICTF OTPUMAHMX YaCOBHX JiarpaM (i3W4HIiH CYTHOCTI TPOIIECIB, IO
MPOTIKAIOTH iJ] 9aCc MOJCITIOBAHHS.

CrpubkornoiOHe 3aBIaHHsS KEepPYyHO4Oro cUrHaimy (puc. 8) BUKIHMKA€E IIBUAKE 3POCTAaHHS MOMEHTY
€JIEKTPO/IBUTYHA 3 MEPEXOAOM A0 He3aracarouoro KOJIHMBAIBHOTO MPOLECY MIBUAKOCTI APYroi MacH, IO
BIJIITOBIa€ 3HAXO/DKEHHIO OOpaHWX TapaMeTpiB Ha MEXi CTIMKOCTi. Bim'eMHe 3Ha4YeHHS IIBHUIAKOCTI Ha
MOYaTKy MOJCIIOBAHHS MOSICHIOETHCS JIIEI0 3aKIaJEHOTO B KOMITIOTEPHY MOJEIh MOMEHTY onopy Mcy TOKH
MOMEHT He 3pocTe 10 Ubporo 3HaueHHA. IlimkmioueHHs kBasiHelipoperymsaropa Ha 30- oauHuUIi
0e3pOo3MIpHOTO Yacy WIBHIKO YCyBa€ KOJMBAHHS Ta CTaOUTi3ye IIBUIKICTH i MOMEHT. AHajoOridHa Iis
perymsTOpa Ma€e MicIle 1 ImiJT 9ac YCyHeHHS po30iKHOTO KOJUBAILHOTO TIporiecy (puc. 9).

TakuM YWMHOM, KOMITIOTEPHE MOJICIIOBAaHHS B Yy3arajJbHEHHX IapaMeTpax II0Ka3alio MOBHY
BiJIOBITHICTh OYiIKYBaHOTO XapaKTepy MpOIIECiB 3TiTHO 3 TEOPETUYHHMH TMOJOXKEHHIMH JaHOI poOOTH.
Ksazineiipoperynsarop 3ampoIrlOHOBAaHOI CTPYKTYpH 3a0e3ledye yCYHEHHS PO3BUTKY (DPHUKIIHHIX
ABTOKOJIMBaHb MiJ 4Yac nepeOyBaHHS poO0dYoi TOYKM Ha MAJaloviil AUISHIN XapakTepucTHKu TepTs. Lle
aKTyalbHO, KOJHM KOB3aHHS Ma€ HOpPMaJbHUH XapakTep, HalpHKIad, MiJ 4Yac pizaHHsA MeTany. SIKmo
KOB3aHHS € aHOMaJbHHM, IIO Ma€ Micle y pa3i OyKCyBaHHS KOJIC €JIEKTPOBO3a, TO BPaxOBYIOUYH, IO
BUBEJICHI CITIBBIJIHOIICHHS 3aCTOCOBHI JUIsi KOXHOI 3 JIHIMHUX IUISHOK, JJIS YCYHEHHS HaJJTUIIKOBOTO
NPOCIM3YBaHHS HEOOXiAHO yMpaBiiHHSIM 3a0€3MeUnTH MEepEMILeHHsS poOOY0i TOUKU Ha TMEpIly BUCXiAHY
ninsaky | xapakrepuctuku Tepts (puc. 1). s mporo HeoOXigHO mepen0adnTH Ui KOXKHOI 3 HOro
XapaKTEePHUX TUITHOK KBa3iHEHPOPETYIATOP MOMIOHUH A0 PO3TISHYTOTO BUINE, 3 BiAMOBIIHUMH BaroBUMHU
KoedilieHTamMu.
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IepeBiprMO TOJATKOBO 3aMPONOHOBAHY METOJMKY CHHTE3Y Ha aJIeKBATHICTh, BUXOIMYH 3 (Pi3HUHUX
nmapaMeTpiB  enekTpomnpuBony — Omtominr-1300.  PospaxoBaHi  3rigHO 3 paHilie  HaBEACHUMH
CHIBBiIHOLICHHSAMH Yy3araibHeHi 0e3po3MipHi mapameTpu MOAM(IKOBAHOI CYKYIHOCTI €JIEKTPOIPUBOLY
omominr-1300 mopiBaiotOTE: m = 1,5; v=19,259; v =1,1875, b =-0,01.

Pesynbratn monmemioBaHHS HaBexaeHo Ha puc. 10 (b=-0,01) ta puc. 11 (b=-0,045). HPK
MiAKITFOYa€eThes Ha 30-i OMHUII BIIHOCHOTO Yacy.
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Pe3ynpraTn MOAENIOBAaHHS TaKOX IMiATBEPKYIOTh YCYHEHHS PO30DKHOTO KOJMBAJIBHOTO MpOLECY,
KUY B HENHINHIN cHCTeMI PU3BOIUTE 10 (QPUKIIIHHIX aBTOKOJIUBAHb.

4. Metoanka cuHTe3y. Buxonsunm 3 HaBeIEHOTO BHWIIE, NMPONOHYEThCS TaKa METOAHMKA CHHTE3Y
JBOMAcoBOi  €JEKTPOMEXaHIYHOi  CHUCTeMH 3  HENiHIMHUM  (QpUKIIMHUM  HaBaHTaXEHHSAM 1
KBa3iHEUPOPETYIIATOPOM, SIKAM 3a0e3neduye yCyHEeHHS po301KHOTO TPOIIECy i (PPUKIIHHIX aBTOKOIMBAHb:

— 3a piznunrmMu JanumMu EMC po3paxoByIOThCs y3arajabHEHi 0e3po3MipHi HapamMeTpu CUCTeMH m, Y, V, b
(puc. 5);

— 3a upazamu (1) — (18) po3paxoByrOThCS KOe(illiEHTH HOPMOBAHOTO XapaKTEPHUCTUYHOTO MOJIIHOMA
PO3IMKHEHOI CHUCTEMH @3 ... dg;

— 3a BHOpaHMM PpO3IOAIJIOM KOpPEHIB CTBOPIOEThCS OakaHWU HOPMOBAaHUI TONIHOM a00 BHOMPAETHCS
CTaHJIAPTHUH TOJTIHOM 3 BiJJOMUMH YHUCIIOBUMH 3HAYCHHSIMU KOE(DIieHTIB a'; ... d'o;

— PO3paxOBYIOThCS 3HAYCHHS KOS(IIIEHTIB IMOJIIHOMA-TOTIOBHEHHSI IO PO3IMKHEHOI CHCTEMH Cy, C1, C2, C3;

— BCTaHOBJIOIOTHCS JUCKPETHI 3HAYEHHS Yacy 3aTPUMKH BHXIJHOI KOOPJMHATH MiJ Yac pPO3paxyHKY
MOXIJHUX METOJIOM KiHIICBUX Pi3HUIIb;

— 3a HaIaHUMU Y CTaTTi Bupazamu (25) — (28) po3paxoBYIOTECS 3HAUYEHHS BaroBux koedimieHTis W1 ...
W4 kBasinerpoperysTopa;

— 332 KOMIT'IOTEPHOIO MOJEIUII0 BUKOHYETHCSI MOJCTIOBAHHS OYiKyBaHUX PEKUMIB (YHKLIOHYBaHHS 3a
YMOB HaJIMipHOTO KOB3aHHS;

— BHKOHYETHCSA Tepexim M0 (i3MIHUX BEIMYMH KOOPAWHAT Ta TapaMeTpiB JHHAMIYHOTO IIPOIeCy,
BU3HAYAETBCS TOTpeda y BUKOPUCTAHHI W THIT aKTHBALIAHOI (YHKLII BUXIJHOTO HEHpOHAa Ta 3aKOH
KepyBaHHS CHCTEMOIO.

BucnoBku. TeopeTHdHO 0OTPYHTOBAHO Ta OTPUMAHO aHATITUYHI CHIBBIIHOIICHHS TSI BU3HAUCHHS
BaroBHUx Koe(illieHTIB HEHPOpPEryJaTopa 31 CIPOIICHOK CTPYKTYPOIO (KBa3iHEHPOpPEryIsaTopa) Ta CTBOPSHO
METOAUKY CHUHTE3y [IBOMAcCOBOI €JIEKTPOMEXaHIYHOi CHCTEMH 3 NPYKHUM KiHEMaTHYHUM 3B'SI3KOM Ta
HENiHIMHUM  (QPUKIIAHIM HaBaHTRXXEHHAM. BHKOpHCTaHO MOIU(IKOBaHY CYKYIHICTh y3aralbHEHUX
0e3po3MipHUX TapaMeTpiB. Pe3ynbTatw KOMITIOTEPHOTO MOJMETIOBAHHS IMiATBEPIKYIOTh €(EKTHBHICTH
poOOTH KBa3iHEHpOpPETryasTopa 3 TOYKH 30pY YCYHEHHS (QPUKUIHHMX aBTOKOJIHMBaHb, SIKi BHHHUKAIOTh
YHACIIZIOK TEepeMIlIeHHs po00Y0i TOYKH MO TaNalodiil JUIAHII XapaKTepUCTHKH TEPTSA. 3alpOIOHOBaHA
CTPYKTypa KBa3ziHeHpoperyisaTopa moTpedye Juire BUMipIoBaHHS OfHiel (a30BOi KOOPAMHATH — MIBUIKOCTI
apyroi macu, He moTpeOye cepelHiX mapiB HelipoiB Ta Garatopasosux (10° — 10°) komm'toTepHHX
iTepallifHUX PO3paxyHKIiB 3HAYHOI KiJILKOCTI BaroBux Koe(iLi€eHTiB, fK Le Mae Mmicue A KIaCHYHOI
HetriporHoi Mepexi Tuiry PERCEPTRON. OTtpumani aHaTiTHYHI BUpa3d MarOTh YHiBepCaabHUN XapakTtep i
MOXYTh OyTH 3aCTOCOBaHI A0 OyIb-SIKOi 3 TUIIOBUX JIIHEAPU30BaHUX TUITHOK HEJNIHIHHOCTI TEPTSI.
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SYNTHESIS OF A TWO-MASS ELECTROMECHANICAL SYSTEM WITH SIMPLIFIED-STRUCTURE
NEUROREGULATOR AND NONLINEAR FRICTION LOAD
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This paper proposes a synthesis methodology for an electromechanical system controller that ensures the required
control performance. When linearizing individual sections of a nonlinear load, the structure of the controller resembles
a neural network, leading to its designation as a quasi-neurocontroller (QNC). Unlike a PERCEPTRON-type neural
network, the proposed controller does not include hidden layers, and its weight coefficients, instead of being
determined through multiple iterative calculations (10° — 10°), are derived analytically. These relationships are
universal and valid for any linearized section. The use of generalized dimensionless parameters makes these
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relationships applicable to a wide range of electric drives used in machines and mechanisms. A modified set of
dimensionless generalized parameters has been introduced, allowing for a simple transition to expressions for systems
with absolutely rigid couplings. One of the key advantages of the proposed controller is that it eliminates the need to
measure hard-to-obtain system coordinates, such as elastic torque and the need of state observers. Instead, it operates
using only a single output variable. The essence of quasi-neurocontrol consists in the construction of the feedback
transfer function in the form of a polynomial complement, which ensures that the characteristic polynomial of the
closed-loop system matches a polynomial with the desired root locations. To compute the required derivatives, the finite
difference method is proposed for use within the quasi-neurocontroller. The methodology of quasi-neurocontrol is
illustrated by the example of eliminating friction-induced self-oscillations in a two-mass electromechanical system with
a quasi-neurocontroller and a nonlinear frictional load. References 23, figures 11.

Keywords: two-mass electromechanical system, electric drive, control systems, transfer function, characteristic
polynomial, finite difference method, friction characteristic, friction-induced self-oscillations, neural network, quasi-
neurocontroller.
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CTABLIIBALISA CUCTEMMU EJEKTPOMATI'HITHOT'O INIIBIINYBAHHA METOJAMHA
MOJAJIBHOI'O KEPYBAHHA TA CIIOCTEPEKEHHS CTAHY

B.I Tepsie", KaHJI. TEXH. HayK, M.M. )KeJnHCLKI/m KaH,Z[. TEXH. HaYyK,
B.I. HpnnMaK " kampn. Texu. Hayk, O.A. 3aiiuenKo’ , KaHJ. TeXH. HAYK
"HTY VYkpainn “Kchumn nojirexHiynuii inctutyt imeni Irops Cikopcbkoro”,
np. Bepecreiicbkuii, 37, Kuis, 03056, Ykpaina.

E-mail: kpivit@gmail.com, mykola.zhelinskyi@gmail.com.

2 IncrutyT enexrpoaunamixn HAH Ykpainn,

np. Bepecreiicbknii, 56, Kuis, 03057, Ykpaina, e-mail: tems@ukr.net.

Pospobnena ymounena mamemamuuna mooenb eneKmpoMasHimy nocmitiHo2o cmpymy, AKd 6paxoeye He3MiHHICHb
HaNpsIMKy ma KeaopamuiHy 3alejiCHICMb 3YCUIS 610 MAZHIMH020 nomoky i 3azopy. Ckiadena imimayiina mooens
enexkmpomacnimy ¢ naxemi Matlab. [loxazana cmpykmyphHa HeCMIUKICMb Hepe2yib08AHO20 MAZHIMHO20 NIOGICY.
Cunme306ano MoOanbHULl pe2yiamop, sAKUll 3abe3neuye CmitKicme [ 3a0aHi NOKA3HUKU AKOCMI CMAMUYHUX I
OUHAMIYHUX pedcumis. 3 Memor cnpoujenHs mexuiuHol peanizayii po3pobreno cnocmepieau cmany Jlyenbepeepa, wjo
3abe3neuye OMPUMAHHA OYIHKU He8UMIPIO8AHOI weuokocmi niosiutenoi macu. Ilposedeno moodenosanHs pobomu
eeKMPOMACHIMHO20 NiOsicy nid yac 8iONpayio8ants 3a0asaibHol 0ii ma 30ypeHb 3a 3yCUIAM Md POOOYUM 3A30POM.
OmpumaHi pesyromamu 00CAiOH#CeHb NIOMBEPOACYIOMb NPaye30amuicms po3pobaeHoi moodeni i ii npudamuicme 0is
npo6edenHs YMOUHEH020 MOOeN08AHHA Md CUHME3) 3AKOHI8 KepYB8aAHHs eNeKMPOMASHIMHUM Ni08iCOM, a MAaKO#C
c8i0uams npo MONMCIUBICMb 3ACMOCYBAHHA MemoOi8 MOOANbHO20 KepYB8aHHA MA CHOCMEPedCeHHs CMaHy Ois
cmpykmypHo Hecmilikux 06 exkmis. biomn. 20, puc. 12, tabm. 1.

Knwowuoei cnoea: enekrpoMarHiT IOCTIHHOIO CTpyMy, CTPYKTYpPHa HECTIHKICTh, MarHiTHMH mizBic, cralimizaris,
MOJIAJIbHE KEPYBaHHs, CIIOCTEPiray MIBUIKOCTI, CTATHKA, JMHAMIKA, TOCIIIPKCHHS, MOICTIOBAHHS.

Beryn. AKTyanbHICTh IaHOTO JOCHIKEHHsI 0OyMOBJIeHa 3aTpe0yBaHICTIO METOIIB OE3KOHTAKTHOTO
KepyBaHHS MOJIOKCHHSAM Yy MPOCTOPi O0’€KTIB PI3HOTO TEXHOJIOTIYHOTO IPHU3HAYCHHS 3a JOMOMOTOI0
€JICKTPOMAarHiTHOTO TIOJIS, [0 BUMAarae yAOCKOHAJICHHS aHATITHYHAX METOJIB CHHTE3y 3aKOHIB KEPYBAHHS
Ta JIOCIIIJHKCHHS JMHAMIKM CHCTEM MAarHiTHOT'O MiJBiCy.

Jlo Takux 0O0’€KTIB BiJHOCATHCSA TPAHCIOPTHI 3acO0M «HA MArHITHIM TOXYIII», MOPUCTPOi 3
MarHiTHUMH I AITATTHAKAMHA, CUCTEMH BIOPO3aXUCTy OCOOJIMBO TOYHUX IMPHIIAJIB, OC3KOHTAKTHI TUIABUIIbHI
arperatd Ta iHmni [1 — 3]. B Toit e yac 0araTo NMUTaHb, MOB’S3aHUX 3 PEATI3alliEl0 CUCTEM MAarHiTHOTO
HiABIITYBaHHs 3aJHMIIAIOTHECS OCTaTOYHO He BupimeHumu. Cepex Takux NHTaHb — cTalimizamis cHCTEM
MarHiTHOTO ITiJBIIITyBaHHS, 3aCHOBaHWX HA BUKOPUCTAHHI PETyJIbOBaHHUX EIIEKTPOMATHITIB IOCTIHHOTO
cTpymy [4 —9].

Bimomo, 1110 TIOBHE MarHiTHE MiABIIIYBaHHS TiJ, SIKE TAKOX HA3WBAIOTh JICBITAIlI€l0, HEMOXKIUBO
3MIACHUTH, KOPUCTYIOUUCH CTaTHYHUMH (110 He mepeOyBaloTh Yy pyci) NOCTIHHMMH MarHiTamMu abo
HEPETyJIHLOBAHIMH E€JICKTPOMAarHiTaMu IMocTiiiHoTro cTpyMy. [lomiOHa cucrema 3aBXIu HecTaOlabHA, 1 IS
HEeCTaOUIbHICTh MIJICHIIIOETHCS 32 HaWMEHINOro 30BHIMIHBOTO BIUMBY. Llel Qakt moBenmeHuii y Teopemi
C. Ipamoy (S. Earnshaw), 3rigHo 3 sIKOI0 cHcCTeMa HEPYyXOMHUX Till, B3a€EMOIIIOUMX MiX COOOI0 i3 CHIIONO
(mpuTsATyBaHHS 200 BiAIITOBXYBaHHA), 0OEPHEHO IMPOIOPIIIHOI KBagpaTy BIACTaHI MiXK HHUMH, HE MOXE
YTBOPIOBATH CTiHKOi BPIBHOBKEHOT CHCTEMH.

OpHak oxepKaTW CTiHKWM TOBHUM MarHiTHUM mixBic (JeBiTamiio) Bce-Taku MOXMBO. 11106
KOMIICHCYBAaTH HECTIHKICTh €IeKTPOMArHITHOTO MiABiCY HEOOXilHE JAWHAMIYHE PETYIIOBaHHS MarHiTHOTO
TIOJISA B 3aJICKHOCTI BiJT 3a30pY MiXK JICBITYIOUNM TIJIOM 1 €JIEKTPOMAartiTOM CHCTeMH miaBicy [4 — 9, 16 — 20].
B enekTpoMarHiTHHX MiJBicax BUKOPHCTOBYIOTBbCS SIK IMACHBHI MapaMETPUYHI CHCTEMHU PETYIIOBaHHS
3MIHHOTO CTpPYMY, 3aCHOBaHI Ha PE30HAHCHHUX BJIACTHBOCTSX CIICIiaJbHO HAJAIITOBAHUX KOJHBAIBHHX
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KOHTYpIB, TaK i aKTHBHI CHUCTEMH aBTOMATHYHOTO KEPYBaHHS 3 €IIEKTPOMArHiTaMd IOCTIHHOTO CTPyMY.
Came ocTaHHI PO3IIISAAIOTHCS B JAHOMY JTOCTIIKECHHI.

CucremMu €JICKTPOMArHiTHOTO Mi/BICY MarOTh CYTTEBI TEepEeBaru HaJ iHIIMMH BUJAAMHU MarHiTHOTO
MiABINIYBAaHHS 3aBISKH TOMY, IIIO 3a0€3MEUyI0Th MPaIe3aaTHICTh K B CTaHI CIIOKOO, TakK i B MPOIEC] PYXY,
MaroTh Kpall MacorabapHTHI Ta €HEPreTHIHI MOKa3HUKY, HE BUKOPHUCTOBYIOTh BUXPOBHUX CTPYMIB, JTAIOTh
MOJKJIMBICTh 3JIIHCHIOBATH PErYJIFOBAHHS BEJIUYMHU POOOYOro MOBITPSIHOTO 3a30py Ta MOBHY JIEBITAIlil0. 3a
3a3opax B 10 — 15 MM BUTpaTH MOTY)XHOCTI Ha MiABIIIYBaHHS CTaHOBIATH jauiie 1 — 3 kBTt Ha 1 T Barm
JIEBITYIOYOTO TiJIa.

MeTo10 po00TH € OOTPYHTYBaHHS MOXKJIMBOCTI BUKOPHUCTAHHS METOMIB MOJAIBLHOTO KepyBaHHS Ta
CIIOCTEPEKCHHsI CTaHy 3aJylsl CTalimi3alii CUCTeMH MAarHiTHOT'O IiJIBIllyBaHHS HAa OCHOBI BHUKOPHCTaHHS
YTOYHEHOT MaTeMaTHIHOI MOZEIIi eIEKTPOMArHiTy IMOCTIHHOTO CTPYMY.

MarteMaTH4HAa MOJAeJb eJeKTPOMArHiTy moctiiinoro crpymy [10, 11]. Jlng cuHTE3y 3aKOHIB
KEepyBaHHA aKTHBHMM MAarHITHUM IIiZIBICOM, B SIKOMYy Mepen0adacTbcss BUKOPHCTAHHS CHCTEMH aBTOMa-
TUYHOTO PETryIOBaHHA poOOUYOro 3a3opy, MOTpiOHE OTPUMAHHS PO3TOPHYTOI YTOYHEHOI MaTeMaTW4HOi
MO/l €JIEKTPOMArHITy TOCTIHHOTO CTPYMY, A€ Y SBHOMY BHTJISI/II TIPEJCTaBJICHI HOT0 OCHOBHI PETYIHOBaHI
KOOpAMHATH: HANPYTa KUBJICHHA, CTPYM OOMOTKH, 3yCHJIJIS Ta pOoOOYHii 3a30p.

BuBeneMo piBHSHHS MaTeMaTHYHOI MOJENi €IeKTPOMAarHiTy, BUXOISYM 3 HPUIYIIEHb, IO HOro
MarHiTHa CUCTeMa He HacH4YeHa, IMoJie B 3a30pi OJHOpiTHE, BUXPOBI CTPYMH B MAarHiTHOMY KOIIi BiJICYTHI,
MOTOKAMH PpO3CIIOBaHHS 1 BUIYYyBaHHS MOXXHa 3HEXTyBaTH. B mMojanplmMx BHKIAIKax OyaeMo
BUKOPHUCTOBYBATH HACTYITHI IO3HAUYEHHSI OCHOBHUX BeNMW4MH ( puc. 1): 7 — omip 0OMOTKH; W — YUCIIO BUTKIB
o0MoTkH; U — Hampyra XuBleHHS; [ — CTpyM 00MOTKH; @ — poOOUYNit MarHiTHUH MOTIK; Fgy — crjia TATH
€JIEKTPOMArHiTy; 0 — poOounii 3a30p; i, — aOCONOTHA MarHiTHA MPOHUKHICTh BaKyyMy; St — IUIOIIA TOPIIL
MOJIFOCA MAarHITOIIPOBOY .

Hanpyra, mpuxiagera 10 OOMOTKH €IEKTPOMArHITy, €

rw . . S . .
5 BXIHOIO 3MIHHOIO 1 BPIBHOBaXY€THCS MaJiHHIM HAMPYTH Ha OMOpi
o u O0OMOTKH Ta €JICKTPOPYIIIHHOI CHIIOK CaMOIHAYKIIT £,
do
g U=rl+E =rl +w—. (1)
I \ dt
! i
! ! 3ammcaHe B NpHpocTax JiHeapu3oBaHe piBHAHHS (1) mae
|
i | BUTJIA
dAD
Fem vFen v S AU =rAl + w——. (2)
N T dt
777777 S MarsiTHHIT TOTIK B pPoO0OYOMYy 3a30pi JIBOTIOIIOCHOTO
¢ . .
CJIEKTPOMATHITY JOPIBHIOE
Puc. 1 p Yy Aop

= wtor. (3)
25

nie Iw — HaMar"iuyyBaJIbHa CHJIa OOMOTKH.
Cuna TSTH eNeKTPOMArHiTy 3a OJHOPIHOTO MarHiTHOTO TOJSA B 3a30pi BU3HAYAETHCS 32 (OPMYIIO0
Makcsemia
cDZ
1,87
Posknamaroun HemiHiHY 3amexHicTh (4) B psan Teisopa B OKOJII TOYKH YCTAJICHOTO PEXAMY i
NepeXOITYH 0 MPUPOCTIB, 3 ypaxyBaHHAM (3) OTpUMAEMO

20 I
AF,, == AD =" A, ()

o™~T 4
ne 1,, 0,, @, — BEeNUUNHY, 1O BiIOBIIAIOTH TOYIIl YCTAJICHOTO PEKUMY.
VY 3B’S3Ky 3 THUM, IO CTPYM €IIEKTPOMATHITY 3aJIeKUTh BiJl TBOX 3MIHHUX — MAarHiTHOTO MOTOKY i
3a30py, K LI€ BUIUTUBAE 3 (5), OTPUMYEMO HACTYIIHUI BUpa3 U1 IPUPOCTY CTPYyMY:

29, 20
M:[ﬂj A®+(a—1] AS = L AD + L _AS, (6)
oD ), 06 ), Wiy Sy Wiy Sy
CKOpHCTaBITUCH 3aTISXKHICTIO (6), 3HAMAEMO TOXITHY BiJ MPUPOCTY MATHITHOTO ITOTOKY, BHPAXEHY
Yyepe3 MPUPOCTH CTPYMY 1 3a30py €JIEKTPOMArHITY i, MiICTaBUBIIH ii 3HA4YEHHS B (2), OTpUMAEMO

“4)

Foy =
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w1, S, dAI w1, S, 1, dAS

—+rAl =AU + > (7
26, dt 20, dt
PiBusinus (7), 3amucane B onepaTtopHiit hopmi, Mae BUTIISIIT
[Tow PAI(P) + AI(p)]r = AU (p) + K 1, 1pAS(p) » (8)
2 2
ae T, = WHSr €JIEKTPOMArHiTHa crana uacy; K,,, = LSZTIO — xoeQilieHT nmepenadyi.
2ro, 2rd,
3Bifcu nepenatHa GyHKIS 0OMOTKOBOI YaCTHHH €JIEKTPOMArHITy JOPIBHIOE
Al(p) K
Won(p) = P = £ )

AU(p)+ Ky 1PAS(p) - Tpyp+1°
ne Key=1/r — xoedilieHT nepeaayi 0OMOTKH.

[IpucytHicTh B mpaBiif yacTuHi piBHAHHA (§) CKIaI0BOI, 110 MICTUTD MOXiAHY BiA 3a30pYy, BKa3ye Ha
HAsBHICTh MPUPOTHOTO BHYTPIIIHBOTO 3BOPOTHOTO 3B’SI3KY 3a MIBHIKICTIO 3MiHH 3a30py, TOOTO 3a
MIPUCKOPEHHSM, 3 TIEPEAATHOIO PYHKITIEIO

VV331 (p) = AU}E (p) =

As(p)

®i3uyHa CYyTHICTh [LOTO 3BOPOTHOTO 3B’513Ky — nojarkoa npotH-EPC pyxy, 1110 BUHUKA€E B 0OMOTII
y pasi 3MiHK poO0UOro 3a30py.

IlepenatHy (yHKINIO CHIIOBOI YaCTHHH €JIEKTPOMATHITY, IO TIOB’S3y€ MPUPOCTH CHJIM TATH Ta
CTpyMy, OTPUMY€EMO 3 PiBHSHB (5) Ta (6), 3amcaHuX B oniepatopHiil Gpopmi

K, (p)=Kymp. (10)

267 I
——2° __AF, =Al(p)—=2>Ad(p), 11
s Mo (p)=Al(p) 5 (p) (11)
3BIIKUA
AFy, (p)
Wi (D) = EM] AS(p) =Ky (12)
Al(p)- T

o
ne K., =Kg, 7.

[IpucyTHICTh B NIpaBili YaCTHUHI PIBHAHHS CKJIAJ0BOI, IO 3aJIEKUTh BiJ] 3a30py, BKa3y€ HA iICHYBaHHS
B CTPYKTYpHIH CXeMi eJeKTPOMAarHiTy Ie OJHOTO TNPHUPOTHOTO 3BOPOTHOTO 3B’SI3KY 3a 3a30pOM 3
nepeaTHOI0 PYHKIIERO

W= g s (13)

Ad(p)
ne Al (p) — 300pakeHHs IPUPOCTY CTPYMY 3BOPOTHOT'O 3B’SI3KY.

Jlanuit 3BOPOTHUH 3B’S30K BPaxOBYE MOMATKOBE 30UIBIICHHS 3YCHIUIA €JICKTPOMArHITY y pasi
3MEHIICHHS pO00YOro 3a30py 3a paxyHOK 3MIHH MAarHiTHOI TPOBIJAHOCTI, 10, BJACHE, 1 € MPUYUHOIO
HECTIHKOCTI MiJBICY, KOJH 3a 3MEHILEHHS 3a30py €JIEKTPOMArHiT «IpUIIMNIAe» OO0 SKOPIO, a 3a 30UIbIIEHHS
3a30py — BiAINajae BiJl HHOTO.

ITepenarra QyHKITiS MEXaHIYHOT YaCTUHU TIIBICY MOKe OYTH TIpeICTaBlIeHa PIBHIHHIM

L (14)
AF mp
Jie m — Maca KOPHCHOTO HaBaHTaKEHHS.

3HaKkoM «-» B mepeaarouHii ¢yHkuii (14) BpaxoBaHa Ta OOCTaBMHA, L0 JOJATHOMY IPUPOCTY
3YCHIIIS €IEKTPOMArHITy BiIMIOBIZA€E BiA’ €EMHUN TIPUPICT POOOTOTO 3a30Py.

CTpyKTYypHY CXeMy JliHeapr30BaHOI MOJIEN eJIEKTPOMArHiTy, Mo0yI0BaHy 3rifHO 3 piBHSIHHAMU (9)

—(14), noka3zaHo Ha puc. 2, 1ie mo3HaueHo: Fg — 30ypeHHsl 10 3yCUIUT0; O, — 30ypeHHS 110 3a30py.
Bpaxosytoun, mo ckiagosa —(1, / 5,)AS(p) Ta nepeaarouna GpyHkiis 06’ekry —(mp’)” maroTh

Bi emHIi 3HaKH, 3rimHO0 (11) Ta (14), B miacyMKy IpHPOIHU 3BOPOTHHM 3B'I30K 3a 3a30POM BHSIBILIETHCS
MO3UTHBHMM, 1110 1 IOKa3aHO Ha pHC. 2.

[epeTBOpHMO YacCTHHY CTPYKTYPHOI CXEMH, OXOIJICHY JOJATHUM 3BOPOTHUM 3B’ SI3KOM 32 3230POM
Ta 3anuuieMo ii nepenaTHy QyHKIIO y BUIIISAL
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1 vl é_ )
mp p
Puc. 2
K., r
W _ WEMZ ‘W} _ mp2 _ 1/W332 1/W332 _ I/VV332 (15)
o I_WEMZ'I/VU'I/VJJZ l_KEMr'VVJJ2 m 2_1 T2p2_1 (Tp+1)(Tp_1)
2 p
mp Kpyr-W,,

3 orpumanoro pesyinbrary (15) BUAHO, M0 mepenatHy (YHKII0 BUKOHABYOI (CHJIOBOi) 4aCTUHU
EIICKTPOMArHITy ~ MOXXHAa  MPEICTABUTH Yy  BUIJISAMIL
MOCITITOBHOTO 3 €THAHHS arepiogudHOl JaHK{ IEpIIoro

KOO]’)H“HaTa 3a3opy e.ﬂeKTpomarHiTy, MM
nopsinky [W,,(Tp+1)]" Ta wHecrtiiikoi naHKM nepmoro

. -1
MOPSIIKY 3 [epeAaTHOIO ¢yskuiero (Tp—1), ne
T=m/(Kpr-W,,).

HasBHICTE TOMaTHOTO 3BOPOTHOTO 3B’SI3KY 32
3a30pOM  CBIYUTH MpO Te, IO HEPEryJIbOBaHUH
€JIEKTPOMArHIiT  MOCTIHHOTO  CTPyMy €  CTPYKTYPHO
HecTiiko naHkow. Ha puc. 3 mokazaHo mnepeximHuit

mporec 3MiHM BEIMYMHU 3a30py €JIEKTPOMArHiTy y pasi
CTYIIHYATOTO MPHUKJIAJAaHHSI 10 WOro OOMOTKH MOCTIHHOI

16 ‘ ! ‘ LIS -
0 0.05 ol 015 e HaIpyTy. Hecnmmn XapakTep MPONECY MiATBEPILKYE
CIIPaBEIMBICTh BUCHOBKIB TeOpeMH IpHIIOY, B T. 4. 1 11

Puc. 3 €JIEKTPOMArHITIB MOCTIIHOTO CTPyMY.

3anna oTpUMaHHSA HENiHIMHOI MOJeNi eJeKTPOMAarHiTy MiCTaBUMO 3HAYEHHS MAarHiTHOTO MOTOKY
3TigHO piBHAHHA (3) B PIBHSHHA IS 3yCHJUIA elleKTpoMarHity (4). B pesynbprari oTpuMaeMo 3alieXHiCTh
3yCHJUISL €NIEKTPOMATHITY Bifl CTPYMY 1 BEJIMYHHU 3230DY

F,, ='W S, (45°)" =K, I* /| 57, (16)

2
ne K, =wu, S, /4.
3 piBHsHHS (16) BUINIMBAE HACTYITHE: 3yCHIUIS TATH EJISKTPOMATHITY 3BOPOTHO MPOTOPIIiHHE KBAAPATY
3a30py 1 MpsAMO MPOMOpLiiHE KBAAPATy CTPYMY; NP LIbOMY L€ 3yCHIUIA HE 3aJIeKUTh Bijl HAIPSIMKY CTPyMy B
0OMOTLI 1 3aBXKIM CTBOPIOE MPUTATAIBHY 110, TOOTO Mae mo3uTuBHe. Ha puc. 4 mokaszaHa cTpyKTypHa cxema
HEJTiHIHHOT MOJIETIi eJIEKTPOMArHiTy, To0yT0BaHa 3 ypaxyBaHHSIM piBHIHHSA (16).

w

331

=K., |-

LA

SEE
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[IpuHuun podoTH cHcTeMH ejieKTpOMarHirHoro miasimysanust [1 —3, 11,17 —20]. Ha puc. 5
HaBeJIeHO (QYHKI[IOHAIbHY CXEMY CHCTEMH MAarHiTHOTO MiABIIIYBaHHS 3 PEryJbOBAaHUM EJIEKTPOMAarHiTOM
nocTiiiHOro crpymy. BennunHa 3a30py & BUMIPIOETbCSA TATYUKOM 3a30pY 1 BIANOBIAHUN CHUTHAI 3BOPOTHOTO
3B 513Ky MOAAETHCS HAa BXiJ] CUCTEMH aBTOMATHYHOTO KEPYyBaHHS, SKa BKIIOYAE PETYJSATOp Ta KEPOBAHUI
MIEPETBOPIOBAY HANPYTH, 3a JIOMOMOTOI0 SIKOTO (opMyeTbes BenuumHa MariTopymiiaoi cuimn (MPC)
0OMOTKH €TIeKTPOMArHITy. Y pasi 30iblIeHHs 3a30py peryistop 30iunbirye MPC i HaBnaku. Bennanna MPC
BU3HAUa€ POOOYMH MarHiTHMM MOTIK B 3a30pi Ta BEJIMYMHY TATOBOTO 3yCHJUIS €JIEKTPOMATHITY, sIKe
KOMIICHCY€ Bary KOPHCHOTO HaBaHTQXEHHA Ta 3yCHUIA 30ypeHHs, IO Mif0Th HAa HBOro. IIMTaHHA 1O
HEOOXITHICTh BUKOPHCTAHHS [OJJATKOBHUX 3BOPOTHHUX 3B’S3KIB MO IHIIUM PEryJbOBAaHUM KOOPIMHATAM
€JIEKTPOMArHITy OyJe PO3IIISTHYTe HHUKYE.

Samna 3a0e3lmeueHHs CTIMKOCTI 1 3amaHuX

MTOKA3HUKIB SIKOCTI TUHAMITHUX PEKHUMIB €JIEKTpOMar-
HITHOTO TiABICY B JaHiii po0OOTi MPONOHYETHCS
3aCTOCYBaHHS 3aMKHEHOI CHCTEMH aBTOMAaTHYHOTO

T ¥ KepyBaHHSI 3 BUKOPHCTAHHSM MOJAJIBHOTO PETYJIATOPA.

CuHTe3 MOJAJILHOIO peryJsitopa. 3anaua

0 .
1- Enexrpomamir nocrifinoro crpymy (EM) TR CHHTE3y MOJAILHOTO PETyJLITOPA NOJLTae y BUSHAYEHHI
2-fikip 6 OaxaHOro TOJOXKEHHS KOPEHIB XapaKTepHUCTUYHOIO
3-06moTKa . .
4-KopWCHe HaBaHTaKeHHA - 4 PIBHSAHHSA  3aMKHEHOI CHCTEMHM Ta  3HAXOIDKCHHS
Eﬁpeﬁynﬂwp Koe(iLieHTIB peryysTopa, sKi 3a0e3MneuyroTh ii CTIHKICTD
—MepeTBOpIOBaY Hanpyrun . . .
[13 - [laTumk 3a30py 13aJ1aH1 MOKa3HUKH skocTi [12, 13].
Puc. 5 CUHTE3 MONAIBHOTO PETYIATOPAa BHKOHAHO

UsT  O00’€KTy KepyBaHHA 3-TO TIOPSAOKY, SKHAU
OINMHUCYEThCSA Y BEKTOPHO-MATPUUHOMY BHUIJISA/I HA OCHOBI JCKOMIIO3HUIIT CTPYKTYPHOI CXEMH PHUC. 2 110 PiBHS
IHTETpaTopiB, BPaXOBYIOUH, IO IEPETBOPIOBAY € OE3IHEPIIIHHOIO JAHKOI 3 OJUHUYHUM KOEQiIliEHTOM
nepeaayi
x = Ax+ Bu,

17
ox (17)

. . T . . .
Ie u — BXim; y — BUXiJ (TTOJIOKEHHS); x=(x1,x2,x3) — (hi3UYHI BeNUYMHH (TIOJIOKEHHS, MIBUIKICTh Ta

CTPYM), SIKi BUMIPIOIOTHCS BIIMTOBITHUMU JaTUNKAMU;

0 1 0 0
A= 1, Ky 0 Kpyr | — MaTpund crany; B=| 0 | — BEKTOp BXOJY; Cz[l 0 0] — BEKTOP
oym m Ko
0 _KEMFKEM] _L TEM
L TEM TEM B B B
BUXO/IY.

Jani 3a gonoMororo nakety Matlab 3nHaiinemo marpuiro kepoBaHocTi cucremu Q, = [BEABEAZB]

Ta 11 panr. OCKiIbKA paHT MaTpHIll KepOBAaHOCTI 00’€KTa JOPIBHIOE HOTO TMOPSAIKY, TO BiH € TOBHICTIO
KEPOBaHUM.
s popmyBaHHS OakaHUX MOKA3HUKIB SKOCTI BUKOPUCTAEMO CTaHIAPTHHUM OIHOMIaIbHUHN TOJIHOM

( p+a, )” IUTst 00’ €KTY 3-TO MIOPSAAKY y BHUTIISII
H(p)=p’ +3w,p* +30;p+ o, (18)
Ie w, = 6/ Z, > 6/ 0.1>60¢" — XapaKTepPUCTUYHA YacTOTa, sIka BHU3HAYA€ IMIBUAKOJIIO CHCTEMH; tp — yYac

peryIoBaHHS.

VY cucremi 3 TAKUM XapaKTEPUCTHYHHUM TOJIIHOMOM OyJie anepioguyHui NepexigHuid mporec, To0To
BiZIcyTHE nepeperyitoBanus (o = 0% ).

Buxonsuu i3 @, =60c™', 6axkaHe XapaKTepHCTHYHE PiBHSIHHSA 3aMKHYTOI cHCTeMH Gy1e

H(p)=p" +180p> +10800p + 216000 =0.
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Matoun OaxaHMi XapaKTepUCTHUHMN moMiHOM [ (p) 3aMKHYTOI CHUCTEMH, 3a JIONOMOTOIO

dbopMyn AxepMmaHa BH3HAYUMO MATPHUIO KoedillieHTIB MomanbHOro peryimstopa K mms o6’ekry
KepyBaHHs Ta 3a onoMororw Matlab 3HaiieMo iXHi YUCIIOBI 3HAUCHHS

K=[0 0 01]Q;'H(A), (19)
ne H(A) — MaTpu4HHUil TOJIIHOM, YTBOPEHHMH NUISXOM BHKOPUCTAHHS Oa)KaHOTO XapaKTEPHUCTHYHOTO
noninomy H(p) sx H(A)=A’+30,A’ +3a A+ @]l .

[Ticns nporo mopiBHsAEMO Nomocu H(p) Ta BIacHi 3HAYEHHS MAaTPULl CTaHy 3aMKHYTOI CUCTEMH A .

B pe3ynbTaTi MOAAIBHUIA PETYIIATOP CTaHy I 00 €KTY KePYBaHHS MaTHME BUTIIS
U,p =-Kx=-Kx - K,x, - K;x;, (20)

Ie K=[Kl K, K3]=[287332 4403 39] — MaTpHUIS-PAA0K KOSOIIIEHTIB PEryIsaTopa.

ToOTo curHanm KepyBaHHs, KU IMOA€THCS Ha BXiJl 00’ €KTa, € MHIHOIO KOMOIHAII€I0 BCIX 3MIHHAX
CTaHy.

[Ipr MonanbHOMY CHHTE3i HEpIIOYEPrOBUMH 3aBJAHHSMHU € 3a0€3MEeUYCHHS] CTIHKOCTI CHCTEMH Ta
3aJjaHUX ITOKA3HUKIB SKOCTI MEPEXiJHUX MPOLECIB. YCTajleHe 3HAYCHHS BHUXITHOI BEJUYMHU TNPH I[LOMY
MOX€E MaTh CTaTHYHy MOXMOKY, Km0 00’exkT cTtatuuHuil. 1100 yHHKHYTH cTaTn4yHOi MOXMOKK 3a
3aBJaHHSAM, y MOAAJIbHOMY pETYJSATOpi BBOAATH MacITaOyBaidbHUU KoediumieHT mis BxigHol mii. Llei
KoedilieHT € 00epHEeHNM 10 KoedillieHTa Tiepeadi 3aMKHEHOT CHCTEMH B YCTAJIECHOMY PEXKHMI.

5 R CuHTe3 perynaropa 3IIHCHEHO 3a

* -

2 “ | Nepetsopiosas | Ul £ o oovarmit |V . YMOBOIO, IO BCi KOMIIOHEHTH ~ BEKTOPa
v, §- Hanpyrv J , CTaHy X € JOCTYIIHUMH /i BUMIPIOBaHHS.
Ha puc. 6 mokazaHo CTpyKTypHY
; CXeMy CHCTEMH EJICKTPOMAarHiTHOTO IIiIBi-
MopanbHuii v Cy 3 MOJAJIBHUM PETYJIATOPOM, a Ha pucC. 7
perynsaTop g — TEpexiiHy XapaKTepUCTUKY CHCTEMHU.
4 CTpyKTypHY CXEMY MOIQIBHOTO peryJis-
Cno‘(}:Tepiraq s TOpa 300pakeHo Ha puc. 8.
cTaHy - CuHTe3 cmocrepiraya cTra”y
[13, 14]. Curnan mBHUAKOCTI, HEOOXITHMIA
Ui GYHKLIOHYBaHHS MOJAJIBHOTO peryJis-
]'[epexiz(Ha XapaKTepHCTHKA 3aMKHEHOI CHCTEMH Topa, 3a3BUYan OTpHMyIOTB ILTTXOM
‘ ‘ ‘ ‘ JTQepeHIiIOBaHHS CUTHAY TepeMileHHs,
0 Ma€ BIJIOMI TEXHIYHI CKIQJHOCTI Yy
3B’A3KY 3 NOCWJICHHSM IEPeIKo] Ta oOMe-
JKEHHSIMM aMIUTITyId CUTHAJy MOXIiJHOI 3a
peanbHOrO nudepeHnioBaHHsa. Tomy mif
yac BHpIIIEHHA 3aJadi MOJAJIBHOIO Kepy-
BaHHS OJHOYACHO BUHHMKAa€ JOAATKOBA
norpeda y CHHTE31 crocTepiraya MiBHAKO-
02l ] CTi, CHTHal SKOTO MOXE€ OYTH BHKOpH-
CTaHUIl B MOZJAJIBHOMY PEryJsITOpi Ha
0 ‘ ‘ ‘ w 3aMiHy PEaJIbHOTO CUTHATY IIBHIKOCTI.
0 0.05 0.1 0.15 0.2 0.25 . .
e Cnoctepiradi MOBHOTO  MOPSAKY
Puc. 7 JIAI0TH 3MOTY OIiHIOBATH BCi 3MIHHI CTaHy,
a crocTepiraui 3HMKEHOTO TIOPAOKY —
TIIBKHM YaCTUHY 3MiHHHX CTaHy. B cucTeMi elekTpoMarHiTHOro miiBicy 3MiHHUMH CTaHy € MOJO0KEHHS Macu
(pobounii 3a30p), MWBHIKICT i PyXy Ta CTpyM €NEKTPOMArHiTy, cepei SKUX Ui BUMIPIOBaHHS JOCTYITHI
TIEPEMIIIICHHSI 1 CTPYM.
Ilepen cuHTE30M crHocTepiradya HEOOXiTHO TMEPEBIPUTH 4YHM OO0’€KT KEpyBaHHS MOBHICTIO

A A

A

Puc. 6

0.6 - .

h(t)

o . o . C e
CIIOCTCPCIKYBAHUU. 3 1Ii€0 METOIO 3HANAECMO MaTpuIro CrioCTEePECIKYBAaHOCT1 CUCTEMU CA Ta 11 paHr.

o

CA?
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_ y
MP K, |e—— L]
)
K 2 — -
Puc. 8 Puc. 9

OCKIIBKY paHT MaTpHLi CIIOCTEPEKYBAHOCTI 00’ €KTa IOPIBHIOE HOTO MOPSIKY, TO BiH € MOBHICTIO

CIIOCTCPCIKYBAHUM.
Crioctepirad crany € AMHAMIYHOIO MOJIEILIIO JIIHEAPU30BaHOTO 00’ €KTa Y BUTIISII MPOCTOPY CTaHY
X =AXx+Bu
e (21)
y=Cx,

e X= (3, v, i )T — OLIIHKa CTaHy 00’eKTa, y = S— OITiHKa BHXOJY 00’ €KTa.
3a yMOBHM, III0 IMMOYAaTKOBI CTaHM MOJENI Ta 00’€KTa 30IratloThCs 1 MOJENb TOYHO BIATBOPIOE
MOBEIHKY 00’ €KTa, MOXHA IPUITYCTHTH, 110 OL[IHEHE 3HAYCHHS BiAMOBIa€ peanbHOMY
X=X. (22)
OnHak, B peaTbHAX YMOBAX MOCSTTH ITOBHOI BIAIMOBIIHOCTI Mi’K 00’ €KTOM Ta MOJIEIUTIO HEMOKITUBO.
Takok BaxXKo 3a0e3MEeYHTH MOBHUI 30ir MOYaTKOBMX YMOB. TOMy Ha MpakTHIi MOXKHa OYiKYBaTH
BUKOHAHHSI JIMIE HACTYITHOI YMOBH
limx=x. (23)

t—0
Taky BIacTWBICTh MAarOTh ACHMIITOTHYHI CIIOCTEpiradi CTaHy, SKi BHKOPHUCTOBYIOTH 3BOPOTHHI
3B’SA30K 3a TOXWOKOIO IS BiHOBIECHHS BEKTOpa CTaHy. ToMy JuHaMika CHCTEMH 31 cCIocTepiragem
OIMUCYETHCA HACTYITHUMU piBHHMI/Il

§=A§+Bu+L(y—j/)=Af(+Bu+Le,

(24)
$=Cx&,

ne L — Marpuis koedilieHTiB 3B0pOTHOTO 3B’ 3Ky CIIOCTEpirava; € =y —y — NOXUOKa OLIHIOBAHHS BUXOLY

00’eKTa.

3a3BUyaii MpoIecH B CIIOCTepiradi MOBHHHI BiIOyBaTHCs MIBUAIIE, HIXK Y caMiil cuctemi. EMmipuuni
JOCHIDKEHHS. mokazanu [15], mo 3amis 3a0e3medeHHs 3aJ0BUIBHUX ITOKa3HHMKIB SIKOCTI PEryIIOBaHHS
MIBUIKICT CHOCTepirada MOBHHHA OyTH B 2-4 pasW BHINOIO 3a IMBHIKOIIIO caMoi cHcTeMH. Tomy s
po3paxyHky Matpuili L criocrepiraua OyB 3alaHHi BEKTOP MOJIIOCIB Oa)KaHOI 3aMKHEHOI CUCTEMH Y BUTJISIL
01HOMIaJILHOTO MOJIIHOMY TPETHOTO MOPSAKY, B SKOMY MIBUAKOZIS Oyna B 1.5 pasu BHIIOIO 32 IIBUIKOIO
CHHTE30BAaHOI CUCTEMH 3 MOJAILHUM PETYIIITOPOM.

OyHKIis, sIKa BUKOPUCTOBYBANACS Ui BU3HAYEHHS KOe]ilieHTiB MaTpHili 3BOPOTHOTO 3B’si3ky K
MOJABHOTO PEryyaTopa, Moke OyTH 3aCTOCOBaHA i JUI PO3PaxyHKY Koe(ilieHTiB 3BOPOTHOTrO 3B’s3Ky L
cnocrepirada. 3aminuBmg Marpuilio B Ha C Ta TpaHcnoHyBaBIIH ii i MaTpumioo A, 3a momomoror Matlab
3HAXOAMMO 3HA4YeHHS KOe(iIi€EHTiB 3BOPOTHOTO 3B’S3KYy ACHUMNOTOTHYHOTO CIOCTEpirada CTaHy
L=1[265 23100 -154404]. CtpyKTypHa cXemMa CHHTE30BaHOTO CIIOCTepirada rmokaszaHa Ha puc. 9.

Tyt i manmi mig dac TpoOBEINeHHS PO3PAXyHKIB 1 MOCHIKEHb SK MPOTOTHUN OYJIO BHKOPHCTaHO
nmapaMeTpyu HaTYpHOTO 3pa3Ka CHIIOBOTO ellieKTpoMmarHity miasicy (puc. 10, @), po3pobieHoro Ha kadempi
aBTOMATH3allil eNeKTpoMexaHiqHnuX cucteM Ta enekrponpuBoay KIII im. Iropst CikopchbKOTo 1 MpU3HAYEHOTO
JUISL CHCTEMH MarHiTHOTO MiABIIIYBaHHS €Kila)XXy BUCOKOLIBHIKICHOI'O HA3€MHOTO TpaHCTIOPTy Macoro 40 T 3
TiHITHAM enekTpornpuBoaoM. [lapameTrpu enexTpomarHiTy HaBeAeHi y TaOnuimi. 3aralbHU BUJ CTEHAA AJIS
eKCIICpUMEHTAIIBHUX JIOCTIKeHb EJIEKTPOMAarHiTy MpelcTaBieHuii Ha pucynky 10, 6. Ha pucynky
NO3HAYeHi: pyxoMa pama / i3 BCTaHOBJICHHM Ha Hili eNEKTpOMar"iroM 2, Hepyxoma TpaBepca 3 i3
3aKpIIJICHUM Ha Hill 3BOPOTHUM MarHiTOIIPOBOIOM 4.
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Puc. 10

PesyabTaTtu pociimkennsi. B mporieci MOJENIOBaHHS JOCTIKYBAJIUCS CTaTUYHI 1 JUHAMIYHI

ITapamMeTpH eJeKTPOMATHITY 3HayeHHs XapaKTEPUCTUKH EICKTPOMATHITHOTO MiABICY 3 BHUKOPH-
Howminansuuii 3a30p, 8y 0,015 M CTaHHSAM  JIiHEapW30BaHOI Ta  HEIIHIAHOI  Mojenei
Howminansre 3ycuii, Fey, 2:10°H CJICKTPOMArHITY, a TaKOX Ui CIOJYYCHHS HEIIHIHHOI
HowminaneHa Hanpyra, Uy 75B MOJeTl 3i crocTepiraueM IMIBUAKOCTI. MoJemoBaHHS
Howminanbuii crpym, Iy 75 A IUHAMIYHUX PEXHUMIB 3[IHCHIOBATOCS B HACTYIHIH
HowmiHasibHa NOTYXHICTb, Py 5,6:10° Br TOCTiTOBHOCTI:

Hominambha — HamarmivysanmbHa | 23250 ABMT | ) pignpamoBaHHs —cTymiHuaToi 3ajaBambHOI  mii  3a

cuia 06MOTKH, [wy, 3a30poM B 1 MM, ogaHoi B 0 c;

Jlopkina enexTpoMarHity, / Im 2) 36ypeHHS 3a 3a30pOM BEIMUMHOI | MM, IPUKIaJcHe B
ITnoma mosroca 0,055 m 0.5 c:
Yucao BUTKIB OOMOTKH, W 310 -
- 3) wnakuaanHsg HaBaHTaxeHHs 1000 HB 1 c.
Onip oOMOTKH, ¥ 1 Om

. [TouaTkoBa BenwuWHA 3a30py JJS BCIX JNOCTIMIB CKJamaia
Po3paxyHkoBi napamerpu

CTPYKTYPHOI CXeMH 15 Mm. , . . )
Crana uacy o6MoTKH, Tpa 022 ¢ I'padiku mepexiiHUX MpOLECiB, MPEACTaBICHI Ha
K 1106 puc. 11, mamy MOXIHMBICTh OLIHUTH BIUIMB YTOYHIOKYHX
Kys1 1106 (akTopiB MoAeni Ha TMOKa3HUKH SKOCTI CTaTHMYHHMX 1
Kyp 5000 IMHaMiYHUX pexuMiB. Tak, y pasi BianpamroBaHHS
Kemi 1 CTYMIHYATOTO 3aBHAHHSI 3a30py CTaTHYHA ITOXHOKa

BifACyTHs, yac perymoBanHa 0.1 ¢ mns miHiiHOI cuctemu, 0.14 ¢ (+40 %) — misd HemiHIHHOT cHCTEMH Ta
0.15 ¢ (+50 %) — nns HeNiHIKHOI CHCTEMH 3i cHocTepiraueM; nepeperyoBaHas ckiano 0 % ans miHiiHOT
cucremu, 0.6 % — aus HediHiMHOT cuctemu Ta 1 % — JuIa HENMiHIAHOI cucTeMu 31 cnoctepiradeM. ToOTo,
OTPUMAHO anepioJUYHUN MepexiAHui mpolec B JiHIHHIN cHCTEM], IO MATBEPIXKYE NO3UTUBHUN PE3ynbTaT
CHHTE3y MOJAIILHOTO PEryJIsiTOpa AJisl CTPYKTYPHO-HECTIHKOTO 00’ €KTY.

AHamnizyroun pe3yibTaTH 30ypeHHs 3a 3a30poM, BHAHO, 110 4Yac BimHoBieHHs ckiaaB 0.1 ¢ mns
JMHIAHOT CHCTEeMH, IS HETiHIHHOI cucTeMu 30umbmuBes y 2 pa3u g0 0.2 ¢, a masd HeTmiHIWHOI CHCTeMHU 31
crnioctepiraueM 30utbmmBes y 1.5 pasu no 0.15 ¢; mepeperyntoBaHHs B JHIAHIA Ta HeNiHIHHIA cucTeMi 3i
cnoctepiraueM BincytHe (0 %), a B HenmiHiiHiNi cuctemi ckiano 0.6 %. ToOTo, B HemiHiMHIA cucTemi 3i
criocTepirayeM OTpUMali Kpaluil pe3ybTaT B TUHAMII, HIX y HETiHiHIN cucTemi Oe3 crocrepiraya.

PesynbTaTu qociipkeHHs peakilii Ha HaKMIaHHS HaBaHTKEHHS MOKa3yH0Th, 10 B JTIHIHHIA CUCTEMI
BUHHKAaEe crtaThyHa moxuOka 0.41 MM, B HemiHikHIA cucremi 0.48 MM Ta B HEHIHIWHIN cucTemi 31
cnoctepiraueM 0.488 MM; IIpu ILOMY Yac PeryJIIOBaHHS MaibKe aHAIOTIYHUH, 5K 1 M 9ac BiATpairoBaHHS
3aBJaHHA.

3 rpadikiB Hampyru Ta CTpyMy Mix Yac 30ypeHHs IO 3a30py BUJHO, IO B HENIHINHIN Momeni 3i
crioctepiraueM Ha 4% OiNbIINIA CKaYOK HANpPYTH Ta CTPYMy, HDXK y JiHIAHIM Ta HemiHiHHIA cuctemi. B
CTaTUYHOMY PEXHMi 32 HOMIHAaJBHOTO 3Ha4YeHHs 3a30py 15 MM Hampyra ckiana 75 B Ta ctpym 75 A, mo
BiJINIOBi/1a€ HOMIHAJILHUM TIapaMeTpaM eJeKTPOMAarHiTy (Tabmuils).
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CIIoCcTepiraueM CHCTEMax,

[lopiBHrOrOUM Tpadiku 3yCHWIUIS eNeKTPOMAarHiTy B JIiHINAHIN, HeNiHIHHIA Ta HemHIAHIN 31

BHUJIHO,

0 BENWYMHA 3YCHUII B YCTAICHOMY PEXHMI

OIHAKOBA IS

JTOCITIIKYBAaHUX CHCTEM, 1110 CBITYHTH PO BiATIOBIAHICTH JIIHIHHOT Ta HENIHIHHOT MOIETIEH.

500

400

300

200

100 |

70

5 X 10° MocaigoBHicTh onepauiii kepyBaHHsI

]
—_—
3aBJlaHHsA, M
[ | ==—30ypeHHs 110 3a30py, M
30ypenns no sycumo, H
|
0 0.5 1 t,c
Hanpyra enexrpomarniry, B
T 7 .
JtiHiiiHa MojieIb
HeJliHiliHa MoJelb
[ HeJliHiliHa 3i coctepirayem |
|
| J
— S— (S
| ~
I . .
0.5 1 tc
%104 3ycuiis enexkrpomarniry, H
: T
niniiia MoaeIh
L HeliniliiHa Moaes
HelniHiliHa 31 criocTepiradem

—

0 0.5 1 tc

Koopaunara enekTpomarsiry, m

-0.013
3aBJIaHHA
JiHiliHa MojIeb
20.0135 - HCHiHil:dHa M'OLICIIL . |
HeltiHiiiHa 31 criocTepirayem
0014 —ES e f_g— :
-0.0145 1
-0.015
-0.0155 * - :
0 0.5 1 t,c
g5 CTpyM ejiekTpoMarHiry, A
JiHiliHa MojIeIb
HeJiHiiHa MoJeb
HeJliHiliHa 3i ciocTepirauem
80 1
75 1\ r / 1
0l A= o / :
65 L . \
0 0.5 1 t,c
0.00 HIBuakicTs nepemMimeHHs: Macu, m/c
JiHiiiHa MoJelh
0.015 - HeJ‘I%Hi!jIHa N{O,E[eﬂb ) i
HEJIHIMHA 31 CrIocTepirayeM
0.01 1
0.005 1
o) N o A
|
-0.005 - 1
-0.01 - 1
-0.015 . -
0 0.5 1 tc
Puc. 11

I'padiku 3MiHH peryIbOBaHMX KOOPAWHAT €NEKTPOMArHiTy, OTpUMaHI JUIsl HeiHIIHOI cuctemMu 0e3
CIocTepiravya Ta HEMHIHHOI CHCTEMH 3 BUKOPUCTAHHAM CITOCTepiradya MBHAKOCTI, IpeCTaBIeH] Ha puc. 12.
[MopiBHsHHS rpadikiB MOKa3ye, 110 3aBASKA BHCOKIM IMIBUAKOII criocTepiraya MepexifHi XapakTepHUCTUKU
JUIsSI OCHOBHOI PeryJIbOBaHO1 KOOPAMHATH HOJI0KEHHSI MPAKTUYHO HE BiAPi3HAIOTHCS.

AHami3 pe3ynabTaTiB JOCHIDKEHHS CTAaTHYHUX 1 JWHAMIYHUX PEKHMIB B IIJIOMY CBIIYHTH TIPO
HACTYIIHE:
MOJAIIBHUN peryisrtop 3abesrnedye 3aaHy OUHAMIYHY SIKICTh MEPEXiIHUX TMPOLECIB B JiHIHHIN
CHCTEMi, a came anepioJUYHUH TMepeXiTHUH TPOIEC, BIICYTHICTh CTATUYHOI MOXMOKM MO 3aBIaHHIO,
3aBISKM BBEJCHHIO MacIITaOyBaJbHOTO KOE(]iLli€HTYy MiACHIIEHHS, a TaKOX BIICYTHICTb CTaTHYHOI
mox1OKH 3a 30ypeHHSAM BHACTIIOK 3MIHHU 3a30DY;
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TopiBusinust BHAKOCTEHH, M/C TopiBHSIHHS 0/105KEHHSI, M

0.04 -0.0138 1

TIOJIOKCHHS
OLliHeHC TIOJIOKECHHS

IBHAKICTH
OIliHeHa MIBUJIKICTh 20.014

-0.0142

-0.0144

o0l | -0.0146

-0.0148
-0.04 - 1

-0.015

-0.06 * : - -0.0152 & - -
0 0.5 1 t,c 0 0.5 1 t,c

Puc. 12

- NPUCYTHS CTaTHYHA MOXHOKa 3a 30ypPEeHHSAM Yy pa3i MPUKIAJaHHS 3YCHIUIA, SKE MOXE
BUHUKATU BHACHIINOK [Iii BITPOBOTO HABaHTa)XKEHHs, 3MiHM KOPWUCHOI Bard 4 iHIINX YMHHHKIB. BermmunHa
CTaTUYHOI IOXHOKU He MEepeBUIIye | MM, IO € NIPUIHHATHIM 32 HOMIHATBHOTO 3HAYCHHS BEUYMHU 3330y
15 mMm;

- 3aCTOCYBaHHS CIIOCTEpirada IMBUAKOCTI B HENMIHIWHIA CHCTEMi Jajl0 3MOTY I030yTHCS
HE0OX1THOCTI BUMiPIOBAaHHS MPUCKOPEHHS 1 3a0€3MeUNTH BiICYTHICTE TIepeperyIoBaHHs y pa3i 30ypeHHS 3a
3a30pOM;

- BUKOPUCTAHHS OIIHEHOI IIBHAKOCTI IS 3BOPOTHOTO 3B’SI3KY B MOJAIBHOMY PETYJISATOPI
3a0e3meuy€e TPAKTUIHO OJJHAKOBI TOKA3HHWKH SKOCTI PETYIIOBAHHA SK y CHCTEMi 3 BHMIipIOBaHHSIM
HIBUIKOCTI.

BucnoBku.

1. IlokazaHo, 10 CTPYKTypHa HECTIHKICTh €NEKTPOMArHiTy MOCTIMHOTO CTpyMy TIIOB’s3aHa 3
NPUCYTHICTIO B HBOMY JIAHKH 3 JIOJIATHUM IOJOCOM XapaKTEPUCTUYHOTO PiBHAHHS. DI3UYHO MPUYHHOIO
CTPYKTYPHOI HECTIHKOCTI € HassBHICTh BHYTPIIIHBOTO MPUPOJHOTO MTO3UTUBHOTO 3BOPOTHOTO 3B’SI3KY, SIKUM
NOB'SI3aHUH 31 301TBLIICHHSM TATOBOTO 3yCHIUIS €JEKTPOMArHITY Y pa3i 3MEHIIEHHS Horo po0o4oro 3a3opy.

2. PesynmpTatamMul CHHTE3y 1 MOJICTIOBAHHS JOBEACHO, II0 CTPYKTYpPHA HECTIHKICTh €ICKTPOMATHITY
Moxke OyTH IMOJI0JIaHa 3aCTOCYBAaHHSIM MOJANBHOTO peryisatopa. [Ipu mboMy B MOJAILHOMY PEryysTopi
NOBHMHHI BUKOPHUCTOBYBATHUCS HACTYIIHI BUMIPIOBaHI KOOPIUHATH €JIEKTPOMATHITY: CTPYM, IIBUAKICTH PyXY 1
[IOJIOKEHHS MiABIIIIEHOT MaCH.

3.VY 3B’S3Ky 3 TEXHIYHOIO CKJIQJHICTIO BH3HAYCHHS TMPHUCKOPEHHS IO 3a30py 3alpOIlOHOBaHE ii
HENpsME BUMIPIOBAHHS IIJISIXOM BUKOPHUCTaHHS CIIOCTEpirayva, moOyJ0BaHOTO Ha OCHOBI JIIHIHHOI MoJeIi,
sKa BPaxOBY€ HASIBHICTh CTPYKTYPHO HECTIMKOI JaHKHM. Sk TOKa3anu JOCHi/DKEHHS, CHHTE30BaHHMA
CTOCTepirad MIBUAKOCTI MOBHICTIO 33/I0BOJIBHSIE TOCTABICHUM BUMOTaM J0 MOJIABHOTO KEPYBaHH.

4. Po3po0iieHo HeniHiliHy MaTeMaTHYHy MOJENb eIeKTPOMATHITY MOCTIHHOTO CTPyMYy, SIKa BPaxoOBY€
HE3MIHHICTh HAampsAMKY 3yCHWIIISI 1 HOro KBaApaTHYHY 3ajJeKHICTh BiJl MarHiTHOro IMOTOKY 1 3a3opy.
BukopucTaHHST JaHOi MOJENI €JIeKTPOMArHITy CHITBHO 3 pO3pOOJICHUM MOJANBHUM PEryJISTOPOM
MIITBEPAUIIO 1X TIPare3aaTHICTb.

5. Pe3ynbratu QOCHIKEHHS CTATUYHMX 1 IUHAMIYHUAX PEKUMIB CHCTEMH MArHiTHOTO IMiJBIillTYBaHHS 3
MOJIQTBHAM PETYJIATOPOM, JIIHIHHOIO Ta HETIHIHHOI MOJEISIMH €IIEKTPOMATHITY, a TAKOX 13 3aCTOCYBaHHAIM
CIIocTepiradya MBUIKOCTI CBITIATH PO HACTYITHE:

— BUKOPHUCTAHHSI MOJAILHOTO PETyJIsATOpa 3a0e3Medy€e CTIHKICTh CHCTEMH MarHiTHOTO IiABINITYBaHHS i
MPUHHATHI TOKa3HUKH SIKOCTI CTATUYHUX 1 THHAMIYHUX PEXKHUMIB;

— BIAMIHHICTh CTAaTUIHHUX 1 THHAMIYHUAX XapaKTePUCTUK CHCTEMH 3 JTIHIIHOO 1 HETIHIHHOIO MOACISIMHA
eJIEKTPOMArHITY TIONSTa€ y HAIBHOCTI He3HauHoro mepeperyioBanHs 0.6 %, 30imbpIIeHHI dYacy
perymoBanHs Ha 40 %;

— BUKOPHUCTAHHS CIOCTepirada 3ade3nedye Mmpare3aTHICTh CUCTEMH MarHiTHOTO IMiIBIIIyBaHHS 0e3
MIPSIMOTO BUMIPIOBaHHS MIBUAKOCTI. [lpn mboMy 301IBITICHHS TIEpEepery IIOBaHHS TI0 IIBHAKOCTI MPAKTHIHO
HE BIUTUBAE Ha MPOILIEC PEryJIIOBAHHS MOJIOKEHHS 1 32 HeOOXITHOCTI MOKe OyTH TOJI0JlaHe BUKOPUCTAHHIM
(binBTPiB B KOJII OL[IHEHOT IIBUIKOCTI.
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6. Ha mpuknami cuctemu eNeKTPOMarHiTHOTO ITiABIITYBaHHS MOKa3aHa MOXIIMBICTh 3aCTOCYBaHHS
METOJIB MOJAJILHOTO KEPYBaHHS Ta CIIOCTEPESIKEHHS CTaHy JUIs cTaliii3aiii 00’€KTiB KJIacy CTPYKTYpPHO-
HECTIHKUX CHCTEM.

Poboma euxonana 6 pamkax Oepoicagnoi Haykoso-0ocnionoi pooomu “Baza-I110" «Po3pobumu npunyunu
no6y008u cneyianiz3o8anux cucmem KepyBamHs Nepemeoprosaiamy Hanpyeu, Cmpymy ma sacmomu OAs nioeuujeHHs
eHnepaoeheKxmusHoCmi eneKmpomexHoI0ITUHUX YCIMAHOBOKY.
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STABILIZATION OF THE ELECTROMAGNETIC LEVITATION SYSTEM BY METHODS OF MODAL
CONTROL AND STATE OBSERVATION
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A refined mathematical model of a direct current electromagnet has been developed, which takes into account the invariance
of the direction and the quadratic dependence of the force on the magnetic flux and the gap. A simulation model of an
electromagnet was built in the Matlab package. The structural instability of an unregulated electromagnetic suspension
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system is shown. A modal regulator that provides stability and specified quality indicators of static and dynamic modes has
been synthesized. To simplify the technical implementation, a speed observer was developed. Comparative modeling of an
electromagnetic suspension system was carried out when testing the reference influence and disturbances in force and
working gap. The obtained research results confirm the developed model's performance and suitability for refined modeling
and synthesis of electromagnetic suspension control laws, as well as evidence of the possibility of applying modal control and
state observation methods for structurally unstable objects. References 20, figures 12, table 1.

Key words: DC electromagnet, structural instability, electromagnetic suspension, stabilization, modal control, speed observer,
statics, dynamics, research, modeling.
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JOCIIAKEHHS BTPAT TA OBEPTAJIBHOI'O MOMEHTY BE3ITA30BOI'O
MATHITOEJIEKTPUYHOI'O IBUI'YHA 3 MACUBHUM OCEPJSIM CTATOPA

I.C. lleryxoB*, nokt. TexH. Hayk, B.I'. KipeeB**, kann. texn. Hayk, K.Il. Akinin***, qokT. TexH. HayK,
€.B. IcacB

InctutyT enekrponunamiku HAH Ykpainn,

np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaina.

E-mail: igor petu@ukr.net.

Biomiueno exonomiunicme KOHCMPYKYIi ma HU3LKY GUMPAMHICIb NIO20MOBKU 8UPOOHUYNEA 6E3NA308UX eNeKMPUYHUX
08U2YHI6 3 NOCMILIHUMU MACHIMAMU § MACUBHUM ocepOsam cmamopd. Bukiadeno KOHCmMpYKyilo excnepumeHmanibHoi
VCMAaHOBKU OJisi GUMIPIOBAHHSL 6mMpam 6 MacusHomy ocepoi. Chopmynbosano emanu MemoOuKy po3pPaxyHKy yux empam.
3aonsa pospaxyuxy empam i0 6uxposux cmpymie guxopucmosysascs npoepamuuil komniexc "COMSOL Multiphisics".
Bmpamu 6i0 cicmepesucy pospaxosysanucs 3a ¢opmynoro lmetinmemya. /[ns piznoi 2ycmomu po3paxyHkoeoi cimku
NPOBEOEHO MOOETIOBAHHST 6MPAN 8 MACUBHOMY 0CepOi Ma 6UKOHAHO NOPIGHSAHHS 3 pe3yTbMamamu GUMIPIO6aHb 6 did-
nazoni yacmomu obepmants 0...3600 00./x8. 3a011 06UUCIEHHA MAKCUMATILHO2O MOMEHMY 8 CIMAMUYL GUKOPUCHAHO
MoOelb 0OMOmKU 3 CUHYCOIOaNbHOW nPocmopogor gopmoro MPC. Obuucneno 3anesicHocmi 06epmanrbHo20 MOMEHMY
810 WBUOKOCMI 00ePMAHHsL 8 OOCIONCYBAHOMY Oiana3oHi. Biomiueno 0ocmamuo mouHicms po3paxyHKO8OI MemoouKu.
Bi6x. 12, puc. 8, Tadm. 1.

Kntouosi cnosa: MarHITOCTIEKTPUIHAN IBUTYH, TOCTIHHI MarHITH, MACUBHE OCEPS CTaTOpa, 00epTaIbHUI MOMEHT.

Beryn. Enexkrpuuni nsurynu 3 mocrtiiHumu marHitamu (JIIM) (B anrnomoBHIH niTeparypi "PM
motors"), 4K iX IIe Ha3UBAIOTh «MAarHiTOCIEKTPUYHI ABUTYHU» [1], IIMPOKO BUKOPUCTOBYIOTHCS B pi3HOMA-
HITHUX TPUCTPOSIX Ta MPUBOJHUX CUCTEMax, B TOMY 4ucii aBTOHOMHHX. Cdepa 3acTocyBaHHS 3rajjaHHX
€JICKTPOIIPUBO/IIB — II€ CHCTEMH CIIOCTEPEKCHHSI, CTEKCHHSI, CKAaHYBaHHS Ta 1HIIII BUKOHABYI IIPHUCTPO] 3ara-
JHHOIPOMHUCIIOBOTO Ta CIIEHiaAIbHOTO MpH3HA4YeHHs. B TemepimHiii 4ac JUHAMIYHICTh PUHKY aBTOHOMHHX
MPUBOJAHUX CUCTEM 1 MIBHJKA 3MiHA TMOMUTY B OKPEMHX CETMEHTaX BHKJIMKA€ HEOOXIJHICTH MPOMOHYBAaTH
JIeTeBi KOHCTPYKTUBHI Ta TEXHOJOTIYHI pillieHHs 0€3 3HAYHOTO MOTIPIICHHS eKCIUTyaTaliiHIX OKa3HUKIB.
VY Garatbox BUMANKax BUPIMIAIBEHUME € BUMOTH J0 MPOCTOTH KOHCTPYKIIT Ta 11 AemeBusHu. Lle crocyerbes
BUIIYCKY BEJIMKOI cepii mpuiaiB HA3bKOi COO0IBapTOCTi a00 CTBOPEHHSI HEBEJIMKOI MapTii MpuiIaiB B yMOBax
MIBUJIKOI MIATOTOBKY BUpOOHMIITBA [1].

Cepen cdep 3acrocyBanns JIIM MokHa BHAUTATH TaKi, B SKUX MOTPiOHA HU3bKA Ta cTablIbHA KY-
TOBa LIBHIKICTH 338 YMOB AOTPUMAaHHS 3HAYHOT'O 00EPTATFHOIO MOMEHTY KOPHCHOTO HaBaHTakeHHS. Bumo-
ra cTabiIBHOT MBUAKOCTI 00epTaHHS BUKIIMKAE HEOOXiTHICTh 3a0e3nedeHHs] OCTIHHOTO 3Ha4eHHa o0epTa-
JHEHOTO MOMEHTY TIPOTSATOM 00EpTy Ha MOABIHHUIN TOIFOCHUH IMO1T. 3aT0BOJICHHS ITi€] BAMOTH BUPIIIYETHCS
B OCHOBHOMY Y JiBa criocoOu. [lepimii — e BUKOprcTaHHS KOHQIrypamiii 0OMOTKH, MarHiTOIPOBOAY Ta Ma-
THITIB cUcTeMH 30yKEHHS TaKUMH, 10 3a0e3MeuyI0Th MiHIMalbHI MyJbcanii 00epTaqrbHOro MOMeHTy [2].
Jpyruit — BUKOPHCTaHHS MOXIJIMBOCTEH CHCTEMH YIIPABIIHHSI, sSKa TOBEPIITyE CTAOLTI3aIlil0 MOMEHTY, IO
Ma€ Miclle BHACIIJOK HEOIHOPITHOCTI CTPYKTYPH aKTUBHOT 30HU [3].

3 mosiBoto noctiiinux MarxitiB (IIM) Ha ocHOBI caMapiro i, 0c00IMBO, HEOOUMY, 3piC iHTEpPEC 1O BU-
KOPHUCTaHHS MaloradapuTHUX 0e3MMa30BHUX eNeKTpOnpuBoIiB mpsamoi aii [1]. He3Baxaroun Ha Te, mo Oe3ma-
30Ba KOHCTPYKIIiSI Ma€ EMI0 HIDKYI MacorabapuTHI MOKa3HUKH MOPIBHIHO 3 TPAAHIIHOIO TTAa30BOIO, BOHA
TEXHOJIOT1YHO MPOCTa i, 0 Ay’Ke BaXKJIIMBO, MAE MEHIII MyJbcallii KpyTHOro MoMeHTy. Jlo Toro x s 0e3-
Ma30BUX EJNEKTPUYHUX MAlIMH HEe O0OB'S3KOBO JOTPUMYBATHCS OOMEXEHb CITiBBIIHOIICHHS I1a3H/TIOJIOCH,
SIKe € 00OB'SI3KOBHM I TIA30BHX MAIIMH 3 IIUXTOBAaHUMH CEPACUYHUKAMH CTATOpPIB, i, TAKUM YHWHOM, Iei
(axT nojae CTyneHiB cBOOOIM y MPOIieC MPOSKTyBaHHS MALIHHH.
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[lle omHUM 3aX0JIOM, IIIO MOXKE TIPUCKOPUTH Ta 3ACHICBUTH BUPOOHUIITBO € BUKOHAHHS MarHiTOMPO-
BOJIy CTaTOpa MaCHBHHM SIK JIJISl MAIIUH [IMJIIHAPUYHOTO BUKOHAHHS [4], Tak 1 i akcianbHoro [5]. e, npu-
POIHO, 3MEHIIYE Aiana3oH JOLUIBHOI 32 €HEPreTHYHUMHE MTOKa3HUKaMU IIBHIKOCTI 0OepTaHHs JBUTYHA, ale
Oe3nocepeTHhO CIPSMOBAHO HA JOCSTHEHHS BUINE3raflaHuX Ifiieil. ToMmy MeTolo 1aHo0i podoTH € eKCIiepH-
MEHTaJIbHE Ta PO3PaxXyHKOBE JOCIIKEHHS BIUIMBY Ha 00epTaIbHUIT MOMEHT 0€311a30BOTr0 MarHiTOEIEKTPH-
YHOTO JBUT'YHa HAassBHOCTI MACUBHOTO CTAJIEBOT'O OCEPIIsi CTATOPA.

ExcnepuMeHTaIbHA YCTAHOBKA TAa €TANM METOAMKH Po3paxyHKy. OOuuciieHHS 00epTanbHOTro
MOMEHTY 3I1MCHIOBAJIOCS METOIOM TapOBaHOI MaITMHM. 3a pe3yIbTaTaMH BUMIPIOBAHHS €IEKTPUIHNAX BTPAT
y MIPUBOJIHIN CHUCTEMI 3a HasBHOCTI MAaCHBHOTO CTaTopa Ta HOro BIIICYTHOCTI OOYHCIIOBANacs Pi3HHLS ITHX
BTpaT. 3a BEIMYMHOIO i€l Pi3HULI 0OUMCIIIOBABCS MAPa3UTHUI MOMEHT M| oss, IO BHOCUTH MAaCUBHHUI CTaTOp

M, = ﬂ > (1) JlocTimkyBannil s

Wg crarop P o g 8
Je P — BUMipsHa MOTYKHICTb, IO CIIOKUBA€E TTpuBoHuii B
TPUBIK; Ppyive - BHUMipsHa H(?TY)I(HiCTL, 110 JBUTYH - j
CIIO’KUBAE TIPHBIJ 32 YMOB BiJICyTHOCTI I10- \
CITIJDKYBAHOTO CTaTopa; Mg — KyTOBA 4acTo- <
Ta obepTanHs potopa. Po3mipu nonepeuno- AUTP 52-H1-02 = - o9 s
TO Tepepi3y YCTaHOBKH HaBEICHO Ha puc. 1. ol ey

Brparu B dpepomarniTHOMYy cepeno-
BUILI CKIJIQJAIOTBCS 3 BTPAT BiJl BUXPOBUX
CTPYMIB Ta TicTepe3ucy. Y OUIBIIOCTI po3-
PaxyHKOBUX METOJAWK IIi SBWINA PO3Tsijia-
I0TbCSI OKpeMo. ToOTO OKpeMo po3paxoBy-
FOTHCS BTPATH Bill BHXPOBHX CTPYMiB B Ge3- Puc. 1. Po3mipu nocnimxyBaHoi Moaemi
TICTEPE3UCHOMY CEPEIOBUII Ta BTPATH Bix
ricrepesucy. Takuii miaxix npuiHATO B jAa-
Hilt poOOTi.

3MiHHE M PyXOME MarHiTHE I10JIe B ICKTPOIIPOBITHOMY MaTepialli 3aBXIH BUKITHKAE IOBEPXHEBHI
edexT. [ MMOrHa MPOHUKHEHHSI 3MIHHOTO MAarHiTHOTO TOJSl O Y TaKWW Marepian 3aleXHTh BiJ MarHiTHOI
NPOHUKHOCTI L, €IEKTPONPOBITHOCTI G Ta KyTOBOI YaCTOTH 3MiHH TOJIS

0=4/2/pow. ()

Jltst crani 3 BigHOCHOIO Mar"iTHOO mpoHukHIcTIO 1000 32 ymoB mBuakocTi odepranas 120 06./XB.
1 BEIMYMHA CKiaaae 4,5 MM, IO CIIBIAAa€e 3 TOBIIMHOK JOCIIIKYBAHOI'O CTaTOpa. AJie i 32 YMOB TaKoi
TIMOWHY IPOHUKHEHHS BHXPOBI CTPYMH PO3MOUISIOTHCS HEPIBHOMIPHO, IO BHKIIMKA€ HEOOXITHICTh Bpa-
XOBYBaTH HENHIMHICTh XapaKTepHUCTUKH HaMarHidyBaHHS CTaJli 33T TOYHOTO PO3PaXxyHKY 1HTETPaIbHHX
BTpaT. 321 alpOKCHMAIlil XapaKTepUCTHKA HaMarHiuyBaHHs CTali 32 TaOJMYHUMHU JaHUMH [7] OyIl0 BUKO-
puctaHo qpoOoBo-pamioHanbHy (YHKIIIO, 0 BigoOpakae HeMiHIAHY 3a1eXHICTh BITHOCHOT MarHiTHOI mpo-
HUKHOCTI |l Bil BEKTOPY MarHiTHOi iHAyKii B

A6

49

YTpumyroua rinb3a =

. 5,5
(TeKCTOIT) i

Porop

Mamepian macnimy pomopa N33H p=1+ H o — 3)
Yycno nap Inoymocis 1 1+ (”B” / Bys )

32.UIHLHK°B3 HA YKL B, 1,16 T J€ HUmax — 3HAYEHHS BIIHOCHOI MAarHiTHOI NPOHMKHOCTI 3a
BmHOCH?‘ MartiTHa 1,05 yMOB ciiaboro nonsi; B — BeKTOp MarHiTHOI iHAYKI1; Bys —
IIPOHUKHICTH

- BEITMYMHA MAr”iTHOI 1HAYKMiI Ha "TOYIll TMepermHaHHS"
Mamepian cmamopa (ctans 20)

Tirosmit onip (20° O)[6] [0.16 10° On KpHBOI HaMarHiuyBaHHs. 3HaueHHs koediuieHTiB B (3) Ha-

— BEJEHO B TA0IMIIl, JI€ TAKOXK HaBeAEeHO (PI3UUHI XapaKTepH-
Koedghiyienmu anpoxcumayii (2) & 1, 2t & b P P

B 14 Tn CTHKH MarHiTy poTopa Ta CTaji cTaropa.

05 5 . . .
n 1000 BaxuBo BiAMITUTH, IO anpoOKCUMYIO4a (QYHKIIis
max

m 6.9 (3) € MOHOTOHHOIO Ta TJAAKON, IO JYXKE BAXKIUBO IS

30DKHOCTI iTepamiifHoro mporiecy MiJ Yac MOJETIOBAaHHS
Mar"iTHOTO o, TuM OiIbIe, Mo IS TeOMETPii eKCIEPUMEHTAITLHOTO 3pa3ka IoJIe € CYTTEBO TPUBUMIpP-
HUM 3aBJSIKU HEBEIIUKIiN JOBKUHI BIIHOCHO JiaMeTpa, a TAKOXK BHACIIJOK HEOTHAKOBOI JIOBXKMHU MarHiTy Ta
JIOCHIJKYBAHOTO MakeTy craropa. TaOmuuHi JaHi XapaKTePUCTHKY HAMArHIYyBaHHS CTali Ta anpoOKCUMYIO-
ya GyHKIIiST HaBeIeHo Ha rpadiky (puc. 2).
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3anmns po3paxyHKy, BOUEBHIb, TpeOa MOJENIOBATA PyXOMe T0Jie MarHiTy poTopa. Aje y BiIIoBif-
HOCTI IO IPUHIIMITY BiJIHOCHOCTI HE Ma€ 3HA4YCHHS PYXa€ThCs POTOP BIIHOCHO CTATOpa YW HaBMaku. ToOTo
MOJKHA MOJICTFOBATH O0EPTAaHHS CTaTopa y Mo MarHiTy. OCKUIBKH METOIO CTATTi € OCIIIPKEHHS MOMEHTY
3a YMOB MOCTIHHOT MIBUIKOCTI 00EpTaHHs, 3a71a4a 3BOTUTHCS

70 pO3paxyHKy BTpaT BiJl BUXPOBUX CTPYMiB, BHKIMKaHUX 25
PYXOM €JIeKTPONPOBITHOTO CepeOBUIIIa B MArHITHOMY ITOJIi.
Taka moctaHOBKa TPHUBUMIPHOT IPaHUYHOI 3aaui peaizoBa- 2 pemmemeeeeee e R |

Ha B iHTepdeiici "Magnetic and Electric Field" mporpamuoro B :
cepenoBuma "COMSOL Multiphysics" [8] s mogentoBan- (T 1.6 +---- <= g
Hsl CTAI[iOHAPHOTO €JIEKTPOMATHITHOTO MOJIs, B TOMY YMCIi 3 1)
PYXJIMBUM €JICKTPOIIPOBIIHIUM CEPEJIOBHIIEM IUIIXOM BBE- T fremmmene s

nenns B piBasaasg EPC pyxy E,

o ey g Jpupup RPN SR

E =vxB, 4) T
JIe V — BEKTOP JIOKAJTLHOT MIBUAKOCTI CEPEIOBHUINA. 32 YMOB
o0epTanbHOro pyxy Tpeba BU3HAYMTH TINBKH JIBI CKJIAJOBI 0¢
. 0 5000 10000 16000
Vs, V) LIBUIKOCTI cepeloBHIna 3a hopMyIaMu
H (Alw)

V. =—, rsin@

X R s
(5) . . .

V, = @, FCos®, > Puc. 2. [laHi KprBOi HAMarHiTyBaHHS

. g . . . (Toukwm) Ta ii ampOKCUMAITis
Jie ¥ — paaiyc TOYKH B IMTHAPUIHIN CHCTeM] KOOPJAWHAT; () —

il KyTOBa KOOpAMHATA.

Hns 3amay, B SKMX NPUCYTHIA MOBEPXHEBUN €(EKT,
BaXXJINBO, MO0 CiTKa Maya 3TymIeHHS Y BiJIOBIIHUX JiJISH-
KaxX pO3paxyHKOBOi 00macTi (HABITH SKIOIO aJTOPUTM
pO3B’si3aHHS € amanTUBHUM). lo Toro 3, y mijoOnactsix
MpocToi KOHQIrypamii peKOMEeHIOBaHO BHUKOPHCTOBYBATH
peryIsIpHY YOTHPUKYTHY ciTKy [8]. CiTKy mis maHoi 3amadi 3
ypaxyBaHHSIM BHIIE3raJlaHuX pPEeKOMEHJAlil Ta ypaxyBaH-
HSIM CUMETpii MOJeNi HaBeAEHO Ha pHC. 3 32 BUKIIOYECHHSIM
"moBiTpsHUX" TimoOnactei. Ha 30BHINIHIN MOBEpXHI OTO-
YYyIO4YOTO TOBITPSHOTO CEepefoBHUIA OYyJI0 PO3TalIOBaHO
mIap, 3al0OBHEHU HECKIHYEHUMH eleMeHTaMH [§], Mo Tou-
Hillle BigoOpakae HECKiHUEHHE PO3MOBCIOKEHHS MarHiTHO-
ro moJid. Po3paxyHku TPOBOIMIIMCS IS KUTHKOX BapiaHTIB
ciTku. BumpoOyBanacsi ciTka 3 eleMEeHTaMH IepUIoro Ta
Jpyroro nopsiaky. MiHsiacs 3arajibHa r'yCTHHA CIiTKH, a Ta-
KOX 11 IIITBHICTH B 00J1aCTI cTaTopa Ta MPHJIETIIOTO J0 CTa-
TOpa BHYTPIIIHBOTO MOBITPSHOTO MPOMiXKKY.

e | |I|
[

Puc. 3. Cirka B poTopi i cTaropi
(moinueHui BapiaHT)

Hlepuwum (niozomoeuum) emanom MonenOBaHHS Oy-

05 _'_; _*{3"__}@,;;“ _ '|  na mepesipka ,I[OCTO].SipHOCTFi pO3paxyHKy MAarHiTHOTO TOJIS B
CTaTUYHOMY DEXHMI 3a BIICYTHOCTI cTaTropa Uil 3aJaHOIO
0.4t % 1 Marepiany TOCTIHHOTO MarHiTy. 3a JOMOMOTOI0 TeciaMeTpa
_ 0.3l ; | Oyno 3pobneno 20 3aMipiB pamiadbHOI KOMIIOHEHTH MarHiTHOL
E ! THIYKITT Bpa.x Ha OC1 TIOJI MarHITY (1€ BOHA Ma€ MaKCHUMaJIbHE
n:E 0.2F ; T 3§aqugﬁ). Pestym,TaTIfl BIJIIIOBIIHOTO PO3PaxyHKY Ui JBOX
0.1t - CITOK PI3HOI IIIILHOCTI HaBEAECHO Ha pHc. 4. 3a pe3ynpTaTaMu
ok 'E | 3aMipiB MakCHMajbHe 3HAYEHHS padialbHOI iHIYKII JEKUTh
g B Mexax 0,49...0,51 Tu, mo cBiTYHUTH PO MPUHHATHHN 30iT
0.1F xr 1 maHux (moxuOKy TakoX Mae pydHa (pikcalis LIyna TecIaMeT-

0 0.8  pa Ha IOBEPXHI MarHity).
Zar 3 mpuYuH CUMETPii MOEIIOBaIacs YeTBepTa YacTHHA

00'emy moxeni. Ha puc. 5 HaBe[eHO 10OJ€ HOPMU MarHiTHOL
IHAYKII B TONEPEeYHOMY Ta OCHOBOMY IE€PETHHI MOZENi 3a
yMoB mBHaKocTi obepranHs 1000 00./xB. (mome MarHiTy
CHPSIMOBAHO B3JIOBX BEPTHKAIBHOI OCi). SIK CBiTUUTH HAIPS-

Puc. 4. MakcumanbHe pagiaibHe 3HAYCHHS
MarHiTHOT 1HIYyKIii Ha TOBEPXHI poTopa
(crarop BincyTHiil). Po3paxyHok ajist IBOX
CITOK Pi3HOI IIIJIBHOCTI
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MOK CHJIOBHX JIiHiH, TOe B 00JIACTI TOPI MarHity, 30yIKy-
104e T0JIe, CYTTEBO BiJPI3HSETHCS B MOJSI B IICHTPAIBHOMY
NepeTHHi. 3 IPUBOAY LBOTO 10 BUKOPUCTAHHS IBOBHUMIPHHUX
Mozenel Tpeda BiJHOCUTHCS KPUTHYHO, OOOB'SI3KOBO Bpaxo-
BYIOUH BEJIMYHMHY BiTHOCHOI TOBXKWHH MAIIHHH.

Ha opyzomy emani po3paxoByBanacs MOTYXHICTh
BTPaT B MarHiTONPOBO/i, BCTAHOBIEHOMY Ha TiJIb3i eKcIlepu-
MEHTaJIbHOI ycTaHOBKHU (pHC. 1). Po3paxyHKH TpOBOIUIHICS
JUTsL KUTBKOX BapiaHTIB CITKW. 3ajyid BU3HAYCHHs BTpAT Bij
BUXPOBUX CTPYyMiB P,. JOKaJbHi BTpaTH, IO B iHTepdeici
"Magnetic and Electric Fields" noznaueni Q,;, inrerpyBanucs
3a 00'eMoM craropa V;

P =4[ Q,dV. (6)
Koediuient 4 y Bupasi (6) BBeJeHO 3aisl ypaxyBaH-
Puc. 5. [Tone HOpMU Ta HANIPSIMKY MarHi- HS CUMETPIl.
THOT IHAYKLIT B NIOTIEpETHOMY OkpiM BTpaT Ha BUXPOBi CTPYMHU y (pepOMarHiTHOMY
Ta 0CbOBOMY IEpepIsl Marepialii 3aBKIu MPUCYTHI BTpATH Ha rictepesuc. JloknaaHo

i BTpaTH JUIS MAarHITONPOBOIIB TpaHC(OPMATOpIB HOCIHI-
JoxeHo B poootax 3ipku C.€., Mopo3sa 10.1. 3okpeMa, cTaTHIHUN pEXUM MepeMarHidyBaHHs TOCIIHKEHO B
poborti [9]. Ane Mozemi ans nods B TpaHchopMaropax He MiIXOAATh O aHaNi3y BTPAaT B MarHiTOMPOBOAAX
€JIEKTPUYHMX MAIMH, THM O1JIbIlIe Y MACHBHOMY CTaTOpi, Jie Mojie Ma€ 00epTallbHIH XapaKkTep.

B apcenani makery "COMSOL Multiphysics" npucyths Jiles-Atherton Moiens HETiHIHHOTO BEKTO-
PHOTO TicTepe3ucy, ajie Uisi KOHCTPYKIHHOT CTalli BaKKO 3HAWTH JTOCTOBIPHI 3HAYCHHS IT'ATH KOSQIIIEHTIB,
mo noTpedye 1 Moaenb. Jlo Toro K A1t HAOIMKEHOTo OOYUCIICHHS BTPaT Ha TicTepe3uc P, yacTo BUKOpHUC-
ToByeThCcs (hopmyna llITeliHMeTIa, IO Ma€e, K BBaXKAETHCA, MPHUIATHY U iH)KEHEPHHX MOTPed TOYHICTh
[10]

F, = nBrlr;:x > (7)
Iie 1 — KoeilieHT, SKAH 3aJIeKUTh BiJl BTACTHBOCTEH CTaTi.

Jyisa 3aii3a pi3HOT YHUCTOTH Ta TepMiuHOI 00poOKku y [10] HagaHO MOCHUTH IIMPOKHIA Aiana3oH OO
koediuieHty, a came 0,001...0,003. dns TpaHCPOpMATOpPHUX CTaiel 3 BUCOKUM BMiCTOM KpeMHiro (10 4%)
nmianmazoH mporo Koedimienty ckiamae (0,0007...0,0010 [10]. Bwmict kpemniro B ctam 20 ckimagae
0,17...0,37% [11] i 3HaueHHS WHOTO KOEDIIiEHTy CIiJ O4IKYBaTH y BHINE3raJaHOMY Jiala3oHi I 3ajli3a.
Jlis ByriieneBol cTaii B 3aJie)KHOCTI BiJ TepMooOpoOku miamna3oH 1 cknamgae 0,008...0,025 [10]. Crans 20 €
HHU3BKOBYTJIEeBOO 3 BMicToM Byriewio 0,17...0,25% [11]. Tomy s omiHkM BTpaT Ha ricrepesuc 3a ¢op-
MYJIOI0 MOXKHA Tiepe0adaTy 3HadeHHs kKoedimienty 1 B miamazoni 0,0015...0,002.

PesynbTatn po3paxyHKy CKJIJOBUX 1 CyMapHHX ; ; , ;

BTpaT B CTaTOpi I -
~ JIiHIHHI eeMeHTH

P=F +F, (®) r e !

10k = Kpagparu4si -"'- A

a TakoX JlaHi IXHHLOTO BUMIPIOBAHHS B 3aJIC)KHOCTI BiJ
IIBUJIKOCTI OOepTaHHS HaBEJICHO Ha pHUC. 6 32 yMOBHU
3HadeHHs Koedirienty n=0,0015 i y3romkeHHS po3Mip-
HOCTi BiAmoBigHux BenuuuH (popmyny llreitnmerna y
[10] naBeneno y cucremi onunuils CI'C). Crin 3a3Hauu-
TH, IO Bi3yallbHA JIIHIHHICT 3aJIS)KHOCTI BTpAT HA Tic-
TEPe3UC BiM 4acTOTH (IIBUIKOCTI OOEPTaHHsS) II€ BiJO-
muit pakt [12]. Ane oTpuMaHa 3aJI€XHICTh — L€ iHTer-
pallbHa XapaKTepUCTHKA. A BHACIIJOK IOBEPXHEBOTO
e(eKkTy Ta Tepepo3MOAUTy IS 3 POCTOM IIBHIKOCTI
o0epTaHHs B PI3HUX MLIapax Taka JiHIHHICTE MOXE He
cnocrepiratucs. Takok Tpeba BiA3HAYWTH, IO TOEM-
HaHHS KBaJpaTHYHOI 3aJIe)KHOCTI BTpaT Ha BHXPOBI
CTpYMH Ta Maibke JIiHIIHOT 3aJIe)KHOCTI BTpaT Ha TicTe- Puc. 6. 3aﬂe>KHiCle CYMapHUX BTpaT T4 BTpAT
pe3uc Ja€ KPUBU3HY CyMapHOI 3aJIeKHOCTI, sKa 3a/10Bi- Bi/l TCTEPE3UCY Bijl IUBHAKOCTI 0OEpTaHHS

- O Tlomimmesa ciTka
- BTparH Ha ricrepezuc

—— BUMIpIOBAHHA

Brparu (Br)

[T ST VS I - s - B+ ]
T

1 1 L 1
0 1000 2000 3000
n (of./x8.)
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JBHO TIOBTOPIOE EKCIEPUMEHTANBHY 1, TAKMM YHHOM, BimoOpaskae po3MOJiiT BTpAT Pi3HOI IpHUPOIH Y (epo-
MarHiTHOMY CEepeI0BHIIII.

Tpeba BiAMITHTH, 1110 3aCTOCYBaHHS TBOBUMIPHOT MOJIENIi MarHITHOTO TIOJIS 1ajio 3HAYCHHS BTPAT Ha
BUXpOBi ctpymu Ha 15...25% Oinbme. ToMmy st po3paxyHKy MarHiTHHX BTpaT i, BPELITi, 00epTaIbHOTO
MOMEHTY I MAIllMH 3 BiTHOIICHHSM JOBXWHU MarHITOIPOBOMY /s O BHYTPINTHROTO AiaMeTpy cratopa Ds
(BiHOCHA JOBXKMHA MAallMHHW) ONH3BKO ABOX (pHUC. 1) MPUHIMIIOBO BUKOPUCTOBYBATH TPHUBHMIPHY MOJEIb
OJISL.

Ha mpemvomy emani BiIIIOBiTHO 10 METH POOOTH OITIHEHO BIIMB BTPAT Yy MACHBHOMY CTaTOpi 0e3-
NOCepeIHbO Ha 00epTALHII MOMEHT IBUTYHA. J{J1sl 11boT0 OYJIO0 JOCTATHBO B CTATUYHOMY CTaHi OOUHCIUTH
MaKCHUMalTbHUH MOMEHT M,,,,, Kol BekTop MPC 00MOTKH CIIpSIMOBaHUH MEPIEHAMKYISAPHO 0 MOJIS MarHi-
Ty, 1 TIOTIM OOYHCIUTH PI3HHIIO MK OTPUMAHOK BEIMYHHOIO Ta Mapa3UTHUM MOMEHTOM, BHKIIMKaHUM
BTpaTamMH B (pepomMarHiTHoMy MacuBi ctaropa. OCKUTEKH arpiopi >KOJHUX MPHUIYIIEHb IPO CXeMY 0OMOTKH
He Oyno 3pobiieHo, OyAeMo BBaKATH, L0 B MOBITPSHOMY HPOMDXKY pO3TalIOBaHO OOMOTKY 3 CHHYCOigalb-
HUM po3noiiioMm MPC, ToOTO BifMOBIAHAM PO3IOIITIOM €KBiBAJIEHTHOI IIIJIBHOCTI CTPYMY .

BrummBoM 1000BHX YacTHH 3HEXTYEMO, OCKIIBKM JOOOBI YACTHHH €KBIBAJICHTHOI JBOIIOIIOCHOI 00-
MOTKH, SIK BUTIKa€ 3 PO3MipiB Ha ecki3i (puc. 1), Buxoaunu 6 3a MeXi MoJsi MarHitTy poropa. Tofi mig yac
PO3paxyHKiB MO>KHA OOMEXHUTHUCS TBOBHUMIPHOIO MOZEIUIIO MOJIs, € IIUIBHICT CTPyMy Ma€ OJHY MPOCTOPO-
BY CKJIaJ0BY J,

J, =J, coso, ©)
ne J, — aMILTiTyTHe 3HaYeHHS IIJTBHOCTI CTPyMYy; @ — KyToBa KoopauHaTa. [IpuiiMmemo po3mip TexHOIOTId-
HOTO TIOBITPSIHOTO MPOMDKKY MK cTatropoM Ta poropoM 0,5 mm, 1o
XapakTepHO IS KOHCTPYKUiil Oe3nazoBux mamuH [1, 3]. [puitmemo

" B 7 TaKoX Jif0Ye 3HAUEHHS IIIIBHOCTI CTpyMy 8 A/MMZ, 110 OJIM3BKO JO
0.01k 1  MakCHMaJIBHO MPUITYCTUMOTO 32 YMOBaMH TEIUIOBOTO PEKHMY OOMO-
Tku. Ha puc. 7 HaBeJIeHO PO3MOALT IIIBHOCTI CTPyMy (IHTEHCHUBHICTh

0-005 |1 xompopy) B obsacTi 0OMOTKH, a TaKOX CHJIOBI JiHIii pe3yJbTyIOUOr0o
ot 4  MarHiTHOro MOTOKY 3a YMOB 3yNMHEHOTO POTOpa Ta KyTa 3cyBy 90°
0.005 - | wmix BekropoM MPC 00MOTKH (BiH CIPSIMOBaHUMN B3J0BXK BEPTUKAIb-
HOi OcCi) Ta HampAMKOM HaMarHiyeHOCTi MarHity potopa (Ha puc. 7

-0.01 1 mone MarHiTy cnpsIMOBaHE B3JOBX TOpH30HTaNbHOI oci). Came Tak
0.015 b |  nmocsraeThcs MakcHMaldbHE 3HAYEHHS OOEPTAIBHOTO MOMEHTY M.

He3nauHe BiAXWJICHHS CUJIOBHX JiHIA B 00JaCTi pOTOpa Bij rOPH30H-
TaNbHOTO HANpsIMKY BifoOpaxkae (akT, 10 ToJe SKOPHOi 0OMOTKH
Puc. 7. Tlone IyCTHHH CTPyMY OOMOT-  jysxe HE3HAYHO BIUTMBAE HA T0JIE BHCOKOKOCPIMTHBHOTO MArHITY i,
KH (Kgnlp) Ta 130JIiHI1 pe3yIBTYI0YOTO BpeluTi, Ha pe3ybTytoue noje [1, 3].
MAarHiTHOTO TOTOKY (U1l OOYHCIIEHHS P o o .

€3yNbTYIOUHH 00epTaJbHUN MOMEHT 4Yepe3 CyMapHi BTpaTH

MaKCHMAaJIFHOT'O MOMEHTY )
P Bu3Hauagcs 3a popmyoro

-0.01 0 0.01 m

P
M=M_ ——. (10)
('OR :_é 70 T T T T
. . . o 65 = e
O’lij/IMaHl 3QIIEKHOCTI PE3YTIBTYIOHOr0. MOMEHTY Bifl 2 col Ma A iniiisi erenerma |
MIBUJIKOCTI 00epTaHHs poTopa 7 HaBeleHO Ha puc. 8. Ockinb- & 551 d[f?‘ " Keagparmumi - | -
Ki CyMapHi THMTOMI BTPaTH Bifl TiCTEpe3uCy Ta BMXPOBHX & ig [ D'E]. O Moinuena citka | |
CTPYMIB ONHUCYIOThCA BupazoM [10, 12] c pi o= i
f f? 5 B[ g :
1,6 2 5
p=p,~—B,"+p,.—B,", (1) g 0k gt= i
50 50 ) 25| oA -
. . . = | o = |
NI Pi, Pec — IMTOMI BTPATH Ha TICTEPE3NC Ta BUXPOBI CTPyMH £ ig i OAa ]
BiIMOBIIHO; f — YacToTa Mmojs; B, — aMIUNTya MardiTHOi iH- & 1ok o& ]
IyKiii, Oymydn momiieHnM Ha dactoty Bupas (11) meperBo- E st o .
PIO€ThCS Ha NiHIMHY 3aexHICTh. Lleit pakT moscHroe xapakrep ' 0 {'] m'm 20'00 30'00
rpagikiB 00epTaqbHOr0 MOMEHTY Ha pHC. 8, 0 OJU3BKUN 10 n (06./x8.)
JITHIMHOTO. ) ) o Puc. 8. O6epTanbHmil MOMEHT
BucHoBkH. be3nazoBl MarHiTOENEKTPUYHI MIKPOJBH- 6e3Ma30BOr0 JIBUTYHA 3 MACHBHIM
TCYHU UWIIHAPUYHOI KOHCTPYKIIi 3 MACUBHUM OCEpISsIM CTaTO- OCepasAM cTaTopa

pa MaroTh IepeBard B yMOBax MOTped HHU3BKOi cOOiBapTOCTI
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KOHCTPYKIIii Ta MIBMAKOI MiATOTOBKH CEPiiHOr0 BUPOOHHUITBA. IXHIM HEJONIKOM € pi3ke 3HMKEHHs 00epTa-
JHHOTO MOMEHTY 31 3pOCTaHHSM IIBUAKOCTI o0epTaHHs. OTpUMaHi 3aJIeKHOCTI Jal0Th MOXKJIMBICTB 3 BHUCO-
KM CTyIleHEM MMOBIpHOCTI OIIIHWTH 1e 3HMWKeHHs. Tak, 3a ymMoB mBuakocTi odepranns 1000 06./xB. 3HU-
KEHHsI 00epTaIbHOTO MOMEHTY 33 PaXyHOK BTPAT BiJl TiCTEPE3UCY Ta BUXPOBUX CTPYMIB CTAHOBUTH MPUOIH-
300 50%, 1m0 oOMexye cdepy 3acTOCYBaHHS TaKWX ABUTYHIB HU3bKOOOEPTOBUMH MPHUCTPOSMH, HATIPUKIIA,
MOMEHTHUMH TIPUBOJIAMH.

Bukopucrana meromuka po3paxyHKy BTpaT BiJ BHUXPOBHX CTPYMIiB Ha OCHOBI MOJENIOBaHHS
TPUBHMIPHOTO MAarHiTHOTO TIOJIS i BTPAT Bif TicTepe3nucy 3a pormomoroio popmynu lllteiinMerna y BKazaHuX
TUNAX JIBUTYHIB JIa€ 3aJ0BIIbHE CIHIBHAJaHHS 3 EKCICPUMEHTOM 1 MOXXe OYTH pPEKOMEHAOBaHa JJis
JOCHIPKEHb MEXaHIYHUX XapaKTePUCTUK MOMIOHUX MIKPOIBUTYHIB iHIIMX F€OMETPHYHHUX PO3MIpiB 32 yMOB
JOCTaTHIX JaHUX NP0 THTOMI BTpaTh Ha rictepe3nc. BakiaumBUM MOMEHTOM B JaHid METOAUI €
3aCTOCYBaHHS TPUBHUMIPHOI MOJIENi €IeKTPOMArHiTHOTO IOJS IS BIIHOCHO KOPOTKWX MAaIlWH (BiIHOCHA
JOBXHHA OJM3BKO ABOX Ta MEHIIE) PafiabHOrO BUKOHAHHSI.

Pobomy suxonano 3a 0epaicOrodicemnoro memoro «Pospobumu naykosi ocnosu ma npunyunu nobyo0osu mae-
HIMOENeKMPUUHUX MEXAMPOHHUX MOOYIIG Ol CNeyiani308aHux CUucmem asMOMAMU4HO20 Kepysanusy («Mexampony),
KIIKBK 6541030.
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The efficiency of the structure and the low cost of preparation of production of non-steady electric motors with perma-
nent magnets and massive stator core. The design of the experimental installation for measuring losses in a solid stator
core will be laid out. The stages of the method of calculating these losses are formulated. To calculate the losses from
eddy currents used the software complex "Comsol multiphysics". The hysteresis losses were calculated by the Steinmetz
formula. For different density of the calculated grid, the loss of losses in the massive core was made and a comparison
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was made with the results of measurements in the rotation speed range 0...3600 rpm. To calculate the maximum mo-
ment in statics, a model of winding with a sinusoidal spatial form of MRS was used. The dependences of the rotational
moment on the speed of rotation in the study range was computed. Sufficient accuracy of the calculation methodology is
noted. References 12, figures 8, tables 1.

Keywords: magnetoelectric motor, permanent magnets, solid stator core, torque.
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This paper presents a comparative study of the use of Radio Frequency Current Transformers (RFCT) and Rogowski
Coils (RC) for partial discharge (PD) monitoring in high-voltage rotating equipment. The relevance of work lies in the
need to enhance the accuracy and reliability of equipment diagnostics while maintaining its operational status during
measurements. The authors focus on the technical aspects of both methods, analyzing sensitivity, accuracy and
resistance to interference, ease of installation, and operational simplicity. The study demonstrates that RFCTs offer
significant advantages, including from high sensitivity to low-amplitude signals, resilience to radio interference, and a
wide frequency bandwidth. These features make RFCTs particularly effective for use in environments with intense
external interference, such as radar signals at industrial sites. Moreover, RFCTs feature a design that simplifies
installation and operation, reducing setup time and increasing cost-effectiveness. The analysis confirms the superior
accuracy of RFCTs under real operating conditions, ensuring high-quality PD signal detection against noise, a
capability difficult to achieve with RCs without additional filtering. The study highlights the potential of RFCTs for use
in modern high-voltage equipment monitoring systems, offering a practical and economically efficient solution that
improves power system reliability and helps prevent critical failures. References 16, figures 10, tables 2.

Keywords: Partial discharge, Radio Frequency Current Transformers (RFCT), Rogowski Coils (RC), high-voltage
equipment monitoring.

Introduction. Presently, all advanced nations in the field of industry are relying on efficient power
generation, transmission, and distribution systems functioning. The whole power system is equipped with the
best infrastructural components and equipment that can be deemed reliable if effective maintenance
techniques are employed for condition monitoring of its critical components. It’s well known that the
reliability of complex rotating HV equipment is crucial and requires additional attention to operating
conditions. To monitor the efficiency and safety of rotating equipment several diagnostic methods are
applied, mostly intrusive methods that require taking it out of operation.

Effective real-time monitoring of equipment status during operation (online monitoring) is a
cornerstone of modern preventive maintenance strategies. One of the most widely used and efficient methods
for achieving this is partial discharge (PD) monitoring, which enables the early detection of potential failures
and minimizes downtime risks. By offering a non-intrusive approach, PD monitoring ensures equipment
reliability without interrupting operational processes.

The precision of PD detection depends heavily on the effectiveness and accuracy of the sensing
equipment used. Currently, there is a broad spectrum of PD sensing technologies available, including High
Voltage Coupling Capacitors, Rogowski Coils (RC), Transient Earth Voltage (TEV) detectors, Acoustic
sensors, Radio Frequency (RF) sensors, and Radio Frequency Current Transformers (RFCT). Among these,
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the High-Frequency Current Transformer (HFCT) — often referred to interchangeably as RFCT — has gained
recognition as one of the most versatile and reliable sensors for PD detection, particularly due to its
sensitivity and ability to operate in harsh environments.

This paper will provide a detailed comparative analysis of two prominent PD detection methods:
those utilizing RFCT and those based on Rogowski Coils. While both approaches are commonly employed
in industrial applications, there are significant differences in their performance characteristics, application
scope, and practical limitations. By conducting a comparative study, this work highlights the advantages and
disadvantages of these two methods, offering insights into their suitability for various scenarios.

Compared to existing studies [1-4], this research takes a comprehensive approach by addressing not
only the technical specifications but also the practical aspects, such as ease of installation, operational
robustness, and cost-effectiveness. Furthermore, it emphasizes the critical role of the RFCT's high sensitivity
and frequency response, which often make it the preferred choice in environments requiring precise fault
localization and high-frequency signal analysis.

The primary objective of this study is to demonstrate how the RFCT surpasses conventional sensors
like the Rogowski Coil in specific applications, particularly in high-frequency partial discharge detection. By
doing so, the study underscores the contribution of this research in enhancing the understanding of PD
monitoring systems and supporting the development of more efficient and reliable condition-monitoring
solutions [5-7].

Subject of investigations.

A. Operating Principles of Rogowski Coil.

For use with high voltage equipment, based on some critical parameters of a sensor such as cost,
bandwidth, sensitivity, saturation, linearity, operating temperature, footprints, integrability, flexibility,

isolation and material technology, RC has been

considered as a favorite tool for PD current sensing

purposes [8]. Rogowski based current probes can be

used for current measurements ranging from few

r milliamperes to several thousand amperes and

J- m frequency from few hertz to several MHz, depending
C R USI

upon the application and design of the RC [9]. A
typical Rogowski coil consists of toroidal form

windings, encircling the current path [10, 11] (Fig. 1).
Based on Faraday’s law of induction or
simply the law of electromagnetism, the conductive

Fig. 1. Rogowski Coil with RC integrator material placed in a moving magnetic field will

accumulate an electrical motion force (EMF).
Considering this, the RC are used to measure currents through conductors without galvanic contact. The
main advantage of RC is the fact that the core is air, so they never saturate, and the upper cut-off current can
be higher than the designed values. The RC are ideal candidates to measure high amplitude pulsed currents.
However, the main disadvantage of this measurement technique is the fact that the RC requires additional
signal integration involving parallel connected capacitance and resistance. Moreover, RC has a reduced
accuracy at low current amplitudes and high sensitivity to external disturbance [12, 13].

B. Operating Principles of RFCT.

In the setup shown in Fig. 2, the HFCT is placed around the grounding cables of each phase (L1, L2,
L3) to monitor partial discharge (PD) currents. The primary conductors, represented by the grounding cables,
pass through the toroidal ferrite cores of the HFCT. The secondary winding, wrapped around the ferrite Ni-
Zn core, generates a signal proportional to the high-frequency components of the current. Sampling resistors
are connected to the output terminals of the HFCT to convert the induced current signals into measurable
voltage signals, enabling accurate detection and analysis of the PD activity. This configuration ensures
effective PD monitoring while maintaining electrical insulation and minimizing signal interference.

RFCT offer several benefits in various applications particularly in electrical equipment monitoring
including high sensitivity and accuracy that was supplied by special ferrite core located inside of RFCT.
Despite that, the main disadvantage of this method is the high sensitivity for external disturbance as well as RC.

Results and discussion. The study compared two methods of measuring partial discharges (PD) in
high-voltage rotating equipment using a Radio Frequency Current Transformer (RFCT) and Rogowski Coil
(RC). The results showed that both methods have their advantages and limitations, but RFCT showed better
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results in terms of accuracy, sensitivity, and immunity to external interference [14—16].

L3 Sampling resistors

L1

HFCT secondary winding { Wrapped II, (t)
around a ferrite Ni-Zn core) |

Primary conductors L1 L2 13
(Grounding cables
of each phase)

Fig. 2. Schematical connection for HFCT connected to 3 phase grounding system of the generator [5].

To conduct the analysis, more than 100 pieces of equipment were examined, including high-voltage
motors and generators, which traditionally used Rogowski Coils for PD monitoring. It was noted that the
measured results often had significant deviations, which was due to the influence of external radar equipment
used in power plants. These interferences significantly reduced the accuracy of PD assessment and increased
the uncertainty in data interpretation. To solve this problem, the RFCT method was chosen, which
minimized the influence of external interference and ensured higher accuracy and stability of measurements.

After the RFCT calibration, PD measurements were performed on the equipment. The results
showed that RFCT has significantly higher accuracy in identifying low-amplitude PD signals, and the
influence of external radio interference was minimal. This significantly improved the quality of diagnostics
and increased confidence in identifying potential faults.

Comparison of RFCT and RC data.

Table 1 shows the measurement data using RFCT. The peak amplitude of PD on channel A was
249.12 mV, while the noise level did not exceed 33.41 mV, indicating the high sensitivity and accuracy of
this method. Figures 3—6 demonstrate a clear separation of PD signals from noise on different channels,

confirming the high efficiency of RFCT for partial discharge monitoring in real operating conditions.
Table 1. Measurement data using RFCT (HVPD Longshot 0-200 MHz, seria. S. N.: LCRY3506N05817)

Test Equipment Channels RFCT Measurement data
(Phases) Peak amplitude, mV Average amplitude, mV
A 249.12 90.72
B 182.44 72.41
C 67.31 46.64
Noise 3341 29.33

PD Activity For All Channels
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Fig. 3. PD magnitude captured by RFCT compared to external noise (green scale) on Channel A
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Fig. 4. PD magnitude captured by RFCT compared to external noise (green scale) on Channel B
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Fig. 5. PD magnitude captured by RFCT compared to external noise (green scale) on Channel C
20- PD Phase Distribution
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Fig. 6. Phase Resolved Partial Discharge (PRPD) magnitude captured by RFCT

In addition, the phase-resolved partial discharge (PRPD) analysis performed using RFCT in Figure 6
shows clear and stable signature of PD signals, which enables clear and accurate determination of the source
and nature of the discharge. The PRPD results captured using RC (Figure 10) show a significant amount of
noise, which makes the data difficult to interpret and makes this method less effective for diagnosis.
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For RC, the data are shown in Table 2. The peak amplitude of PD on channel A was 92.60 mV,
while the noise level on this channel was significantly higher, reaching 253.17 mV. These results are
illustrated in Figures 6-8, where it is evident that the noise significantly dominates the PD signals, which
reduces the accuracy of interpretation.

Table 2. Measurement data using RC (HVPD Longshot 0-200 MHz, Seria. S. N.: LCRY3506N05817)

Test Equipment Channels RFCT Measurement data
(Phases) Peak amplitude, mV Average amplitude, mV
A 92.60 43.51
B 65.96 40.98
C 4413 34.74
Noise 253.17 96.32
PD Activity For Al Channels
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Fig. 7. PD magnitude captured by RC compared to external noise (green scale) on Channel A
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Fig. 8. PD magnitude captured by RC compared to external noise (green scale) on Channel B
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Fig. 9. PD magnitude captured by RC compared to external noise (green scale) on Channel C

Discussion of Advantages and Limitations. Sensitivity and Accuracy: RFCT has higher sensitivity
and accuracy in measuring PD, especially in conditions where the discharges have low amplitude. This is
especially important for early diagnosis and prevention of faults in high-voltage equipment.

Stability and Minimization of Interference: Unlike RC, RFCT is less susceptible to external
interference such as radar signals, which makes it a more stable and reliable tool for monitoring in real-world
operating conditions. This also reduces the need for additional filtering and data adjustments, which is often
required when using RC.

Speed and efficiency: The RFCT method allows for much faster data collection and interpretation,
which is important for operational monitoring and rapid response to possible emergencies. With RC, more
time and effort are required to filter and process the data to obtain similar results.

20- PD Phase Distribution

PC Magnitude (m*])
|

T T
0 50 180 270 360
Phase (Degree)

Fig. 10. Phase Resolved Partial Discharge (PRPD) magnitude captured by RC
The novelty of this work lies in the comparison of two popular methods for measuring partial discharges
— RFCT and RC — under real industrial equipment conditions. This study not only confirms the advantages of

RFCT in accuracy and sensitivity but also emphasizes its advantage in immunity to external interference,
which is one of the main problems when using RC. The inclusion of phase-resolved partial discharge
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(PRPD) analysis in the study significantly expands the diagnostic capabilities and allows for a more accurate
interpretation of data obtained using RFCT. This makes this method preferable for use in high-voltage
equipment, where the accuracy and reliability of monitoring are critical.

Based on the results presented in Tables 1 and 2, additional quantitative characteristics were
calculated to evaluate the measurement accuracy of RFCT and RC. The average peak amplitude of signals
measured using RFCT was 166.29 mV, which is more than twice the corresponding value for RC (67.56
mV).

The noise level with RFCT was significantly lower, 30.69 mV, compared to 253.17 mV for RC. This
demonstrates the high sensitivity of RFCT and its ability to isolate partial discharge (PD) signals from
background noise.

Particularly noteworthy is the signal-to-noise ratio: for RFCT, it is 5.32, which is more than 20 times
higher than that of RC (0.27). These data confirm that RFCT offers high accuracy, stability, and minimal
susceptibility to external radio-frequency interference, making it the preferred choice for partial discharge
monitoring in high-voltage equipment.

Conclusions.

The research conducted demonstrates that Radio Frequency Current Transformers (RFCT) have
significant potential to replace Rogowski Coils (RC) with partial discharge (PD) monitoring systems for
high-voltage equipment. This method offers advantages in both measurement accuracy and resistance to
external interference.

RFCTs exhibit high sensitivity and precision, enabling the effective detection of low-amplitude PD
signals that are difficult to capture using RC. This capability is particularly critical for the early detection of
defects, ensuring timely identification of potential equipment failures. Furthermore, in environments with the
presence of electromagnetic interference, such as radar equipment at power plants, RFCTs minimize the
impact of such disturbances, reducing data uncertainty and increasing diagnostic reliability.

The technical characteristics of RFCTs, including a wide operating frequency range and the ability to
clearly distinguish signals from noise, make them a versatile tool for monitoring under various conditions.
The ease of installation, facilitated by a split-core design, enables real-time deployment without requiring
equipment shutdowns, thereby reducing setup time and associated costs.

The advantages of RFCTs extend beyond technical attributes. Their use enhances the overall
reliability of power systems by improving diagnostic accuracy and preventing critical failures. The resilience
to external interference and reduced need for additional data filtering make this method both economically
viable and practically applicable for a wide range of tasks.

The findings confirm that RFCTs not only improve the accuracy of high-voltage equipment
diagnostics but also contribute to the development of more reliable monitoring systems by minimizing
downtime risks and enhancing operational safety. Thus, RFCTs have the potential to become the new
standard in partial discharge monitoring systems, providing a higher level of control and failure prevention.
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IIposedeno nopienanns suxopucmanus padiovacmomuux mparcgopmamopie cmpymy (RFCT) i komywox Po2oecvkozo
(RC) ons mownimopuney uacmkogux pospsaodie (PD) y eucoxogonbmuomy obepmosomy obraoumanui. AxkmyanvHicme
pobomu nonseae y HeoOXiOHOCMI RIOBUWEHHS MOYHOCMI MA HAOIUHOCMI 0iA2HOCMUKY 0DIAOHAHHA NpU 30epedceHHI
11020 Npaye30amHo20 CMany nio 4ac GUMIpPI08aHb. AGmMopu 30cepeddicyiomvcs Ha MEeXHIYHUX acnekmax 060X mMemodis,
AHANIZYIOUU YYMAUBICMb, MOYHICMb [ CMIUKICb 00 3a8a0, NPOCHMOMY 6CMAHOBNEeHHA ma ekcniayamayii. Ompumani
pesynomamu nokazyioms, wo RFCT maiome 3nauni nepesacu, 30Kpema 6UCOKY UYMAUGICHb 00 CUSHANIE HU3bKOL
amnaimyou, cmitkicms 00 padionepewikod i wupoky cmyey wacmom. Lli ¢yuxyii poonams RFCT ocobauso
ehexmusHUMU 051 GUKOPUCMAHHSL 8 CEPeOOSUAX 3 THIMEHCUBHUMU 306HIWHIMU 306A0AMU  MAKUMU, 5K CUSHATU
paoapie na npomuciogux 06’ckmax. Kpim moco, RFCT maioms KOHCmpyKyiio, sIKa CHpOWYE GCMAHOGIEHHS MdA
EKCNILyamayilo, CKOPouye 4ac HALAWmMySantsi ma niosuuye eKoHOMIuny epexmuenicmo. Ananiz niomeepoicye 8UCOKY
mounicmo RFCT 6 peanvHux ymogax excniyamayii, 3a6e3neyyrouu 8UCOKOSKICHe guasieHus cuenany PD npomu wiymy,
30amnocmi, sikoi eadxcko docsiemu 3 RC 6e3z dooamkosoi ginempayii. Le niokpecnioe nomenyian euxopucmanns RFCT
8 CYYACHUX CUCMEMAX MOHIMOPUHZY BUCOKOBOIbMHO20 O0ONAOHAHHA, NPONOHYIOYU NPAKMUYHE Mad eKOHOMIYHO
epexmueHe piuteHHs, sKe niosuuyye HAOIIHICMb eHepeocucmemMu ma oonomazac 3anodiemu Kpumuyrum 3005m. biom.
16, puc. 10, Tadu. 2.

Knrouosi cnosa: qactkoBmii po3psn, pamiodactotHi Tpancopmaropu ctpymy (RFCT), xorymku Poroscekoro (RC),
MOHITOPHHT BUCOKOBOJIBTHOTO 00JIaTHAHHS.
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Ocratounwuii Bapiant 06.01.2025
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HAIINU IOBUIAPU

A0 75-PIYYS1 AKATEMIKA HAH YKPAIHU
AHATOJIIA AHAPIMOBHUYA INEPBU

Axamemik HAH VYxkpainu, OOKTOp TEXHIYHMX HayK,
npodecop, naypeat Jlep:kaBHoi npemii YKpaiHu B rayry3i HayKH i
texHiku Ta npemii HAH VYkpainu im. B.M. XpymoBa, AHaTodii
Amnnpiitosnu Illep6a Hapomuses 3 mumasa 1950 poky. Y 1972 p.
3akiHunB KuiBcekuii pepkaBauil yHiBepcuteT iM. T.I'. [llepuenka
(pamiodiznunmii  ¢axymerer) 1 oTpuMaB  KBaidikarito
"pamiodizuka" (kBaHTOBa eneKkTpoHika). Ilicias 3akiHYeHHS
yHiBepcutery OyB Hampasnenuid y KuiBcbkuit HAI "Ksant", ne
npamoBaB 'y 1972-1975 pp. Ha mocaxmi imkenepa. B 1975 p.
BCTYIUB JI0 OYHOI acmipanTypu lHcTtutyTy enekrpoauHamikn HAH
VYxpainan 3a cnemianpHicTIO 05.09.05 — TeopeTHdHa eeKTPOTEXHIKA
(nayk. kepiBauK wi.-kop. HAH Ykpaiau O.M. Miax). ¥V 1978 p.
3aKiH4YMB acmipaHTypy 1 3amummBest mpamoBatd B IEJl HAH
VYkpaiHu, g€ TpPOWIIIOB TUIAX Bil MOJOANIONO HAYKOBOTO
CMiBpOOITHHKA JI0  3aBidyBada BUIUTy  €JIEKTPOKHBIICHHS
TEXHOJIOTIYHHUX CHCTEM.

Huceprauito Ha 3000yTTS HayKOBOTO CTYIEHIO KaHIuIaTa
texHiTHUX Hayk A.A.lllepOa 3axuctuB y 1984 p., 3BaHHS cTapIioro
HAyKOBOTO CIiBpOOiTHHMKa ioMy Oymo mpucsoeHo 1989 p.,
JOKTOPCHKY icepTamnito 3axuctuB y 1993 p., a B 2005 p. iiomy
MIPUCBO€EHO 3BaHHA Tpodecopa. B 2003 p. 6y oOpanmii uwnenoM-kopecnionaenToM HAH Ykpainan, a B 2024 p —
akanemikoM HAH VYkpainu.

Amnaroniii Aaapiiiouu Lllep0a € BiZoMHM BUCHHM Yy Taly3i €lIeKTPOCHEPreTHKH, HAyKOBi iHTepecu
SKOTO CIPSIMOBAHO Ha BHUPIIICHHS HAWOUTBINT BaXUIMBHX MpoOieM 00’€mTHAaHOI €HEPreTUYHOI CHCTEMH
Ykpainu, 30kpeMa Ha MiJABHINCHHS 11 HaJIHHOCTI Ta OE3MEKH B CydYaCHHUX BOEHHHMX YMOBax €KCIUTyaTtallii i
BIZJTHOBJICHHsSI TakMX BiINOBiJalbHUX 00 €KTiB, SIK BHCOKOBOJBTHI KaOenbHi 1 PO3MOAiNBYI CaMOyTpUMHI
i30;mpoBaHi JiHIT enexTponepenadi. OcoOnauBy yBary BiH NPHUAUISE MiABUINEHHIO CTIHKOCTI BITYH3HSIHHUX
KaOeTpbHUX CHCTEM [0 KPUTHYHUX EJIIEKTPOMArHiTHHX, IPOMEHEBHX 1 TEPMOMEXaHIYHMX IIPOIECIB Ha
€Heprood’€KTax aTOMHUX, TETUIOBHX, BITPO- 1 COHSYHHUX €IEKTPOCTAHIIM Ta 3MEHIIEHHIO TEPMiHIB IXHBOTO
BiJTHOBJICHHSI ITiCJIs 3HAUYHUX aBapiil i pyHHaIIii.

[Ilep6a A.A. po3poOWB HAyKOBI 3acaau CTBOPEHHSA B YKpaiHi (Ha 3aBoxi "[liBnenkadens", M. XapkiB)
OJTHOTO 3 HAMOLIBII e(peKTUBHUX B €BPOIi KOMILIEKCIB CEpiHOrO BUPOOHHMIITBA i MDXHAPOAHOI cepTrdikamil
iHHOBAIIHHOI KaOebHO-TIPOBITHUKOBOI POAYKLII CBITOBOTO PiBHS 31 3IIMTOIO MOJIETHICHOBOIO 130JILIE€I0 Ha
Hanpyry no 400 xB. BnpoBamkerHs i€l MpoayKIii BUPIMIMIO MpoOieMy CTpaTeridyHoro MepeocHaIIeHHsT BCiX
SHEPreTHYHUX Taly3edl YKpaiHu, BKJIFOYAIOUM TEIUIOBl, aTOMHI, COHSYHI Ta BITPOEIEKTPOCTAHII, BaXKKE
eNIeKTPOMAILIHOOY Ty BaHHsI, TipHHY0J00YBHY IIPOMHCIIOBICTD 1 €IeKTPOTPAHCIIOPT.

B ocranni BoenHi poku lllepba A.A. oTpuMaB i BOpOBaJWB HAYKOBO-TEXHOJOTIUHI pe3yibTaTH, SKi
3a0e3neuriId BUPIMICHHS BaXJIMBOI CTPATETiYHOI mpobiieMr YKpaiHH 3 TEPMIHOBOTO IMIOPTO3aMIMICHHS
HA/IPHYYKHUX 0araToKUIIbHUX 130JIbOBAHUX MIJTHUX €IEKTPOIPOBOJIB, CTIHKUX JI0 MOTY)KHUX BHCOKOYAaCTOT-
HUX BiOparliif, iMITyJIbCHUX yAapiB Ta Pi3KO 3MiHHUX TEMIIEpaTyp i THUCKIB, SKi BUHHKAIOTh y OOpPTOBHX
eIeKTpOMEepeKax PYXOMHX O0’E€KTIB BOEHHOTO TPH3HAYCHHS, 30KpeMa OpOHETpacropTepiB 1 JITaKiB.
Po3BHUTKY OTpUMaHUX pe3yJbTaTiB i BUKOPUCTAHHIO 1X Y CepifHOMY BHPOOHUIITBI IHHOBAIIHOI BITYH3HSHOT
Ka0eNbHO-TIPOBITHIKOBOI MPOAYKIii CBiTOBOrO piBHA crpusiiio cTBopeHHS A.A.lllepOoro Bimomoi HaykoBoi
IIKOJIM 3 €JIeKTPOAWHAMIKH B3a€EMOJIi €NEeKTPUYHUX TOJIB 3 HENHIMHUMU 1 TeTEePOTeHHUMH CepeOBHIIaAMU
SHEPreTHYHUX 00’ €KTIB, JUIA AKOI BiH MAroTYBaB 12 HOKTOpPIB 1 18 KaHAMIATIB TEXHIYHUX HAYK.
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Pesyneratn HaykoBux mocmimkeHs lllepou A.A. BimoOpaxeni B 514 nHaykoBux myOmikamisx: 13
MoHorpadisix, 411 HaykoBUX cTaTTax, 44 BUHaxonax, 6 KepIBHMX TEXHIYHMX Marepianax 3 OyIiBHUITBA,
BUMpoOyBaHHS i ekcrutyaranii kabenpHux JIEIL, 40 HaBuanpHuX nociOHKKax s cryaeHTis 3BO.

Amnaroniit AunpitioBud lllepOa ycmilmHO MO€eTHYE HAYKOBY, MEJArOTidHy Ta TPOMAJICHKY MisUTBHICTB. 3
2003 p. mo 2015p. (mBa MOXJIMBHX TEPMiHH) OYOJIOBaB Kadempy TEOpEeTHIHOI elneKTpoTexHikn B HTY
Vkpainu "KIII im. Irops Cikopcekoro". 1 B Temepimmiii wac A.A.lllepba e mpodecopom kadenpu Ta
NpOJOBXKYE BUKIAAAaTH CTyAE€HTaM HaByanbHi Kypcu "EHeprermuna enektponika"”, "TeopernuHa
enekTporexHika", "ENeKTpoTeXHIUHI MPHUCTPOI Ta EIEKTPOTEXHOJIOTIUHI ycTaHOBKH', "EmekTporexHidHi
YCTaHOBKH JJIS1 €JIEKTPOTEXHOJIOTIN".

Croroani A.A. lllep6a €:

— KEpiBHUKOM y3arajpHIOIO40i pobouyoi rpymu HAH Vkpaimm 3 <¢opmyBaHHA TeMaTHK
(GyHIAMEHTAIBHUX 1 TIPUKIAAHUX JOCTIIKEHb 3 TeMaTH4YHOro Hampsmy "EdexTuBHicTh, HamiiHICTH Ta
Oesneka eHepreTuku';

—npencraBarkoM HAH Ykpainu B MiHiCTEpCTBI 3 IMTaHb CTPATETiuHMX TaTy3el IPOMHCIOBOCTI YKpaiHu
1 9JIGHOM KOMICii 31 CTpaTerivyHOTO PO3BUTKY BUPOOHUIITBA KaOCIBbHO-TIPOBITHUKOBOI poaykiii 7o 2030
POKY;

— rosoBoro TexHiyHoro komitery TK Ne 131 "EnmexrpoizomnsmiiiHa Ta kaOenbHa TexHIKa" NpH
Hepxcrangapri Ykpainu;

— YJICHOM cTieliaizoBanux Buenux pap i3 3axucty nokropeskux mucepramniii (nmpu IEJ] HAH Ykpainu
ta HTY "[IninpoBcbka momiTexuika"), uienom Buenoi pagu IEJ] HAH VYkpainu, rapantom OcCBiTHBO-
HaykoBoi mporpamu "EnekTpoeHepreTrka, enekTpoTexHika Ta enekTpomexaHika" mns acmipantis [EJ] HAH
Ykpainu, wieHoM penkosneriit sxkypHanis "Texuiuna enekrpomunamika” i "[Ipami IEJ] HAH Ykpainn".

HayxoBa, memaroriyna ta rpomajcbka IisuibHicTh A.A.lllepOu Big3HaueHa IeprKaBHUMHU TIPEMIsIMH i
HAropoJiaMu: JIep>KaBHOIO MpeMicr0 YKpaiHu B ramysi Hayku i TexHiku (1998 p.), mpemiero HAH Ykpainu im.
B.M. Xpymosa (2010 p.), Ilouecanmu rpamoramm BepxoBHoi pamm Yipainu (2009 p.) i MinictepcTBa
ocBitH 1 Hayku Ykpainu (2008 p.), Binznaxoro HAH Vkpainu "3a HaykoBi gocsrHenHs" (2024 p.). B upomy
poui Ilpesunmiecto HAH VYkpainu 3a pesynbratamu KoHKypcy 2024 poky A.A. Illep6i Oyno mpucymkeHo
3omnory menans imeni b.C. Ilatroma HAH VYkpaiau 3a CTBOpEHHS TEXHOJIOTiIH BHUTOTOBJICHHS iHHOBaidHOI
Ka0eIbHO-ITPOBIHUKOBOI MPOYKIIIi 31 CTPYKTYPHO 3IIMTON) TMOJICTHIICHOBOIO 130JIIIIEI0 Ta PO3POOJICHHS 1
BITPOBAXKCHHS METO/IIB ITi/IBUIECHHS 11 HAJIIHOCTI i OE3MEeKH Y BOEHHUX YMOBaX.

Konexmue Incmumymy enexmpoounamixu HAH Yxpainu, yuni ma opysi wupo simaiome Anamonis
Anopitiosuua 3 r08ineem, daxcaroms MiyHO20 300p08’s, WACMS, YCNIXie ma HACHA2U 307 30ilCHEHHS 8CiX
MBOPHUX NIAHIE WOOO0 PO3GUMKY BIMYUUZHAHOL HAYKU, 3MIYHEHHS | npoysimants Ykpainu..

Peoaxuyitina xonezia socypuany « Texniuna enekmpoOounamixay npucoHyeEmMvcs 00 Yux Wupux nooaxcams.
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JIO 70-PIUYSI YIEHA-KOPECIIOHJIEHTA HAH YKPATHU
KOHAPATEHKO IT'OPA IIETPOBUYA

Unen-xkopeciongent HAH VYkpaimn (2015 p.), mokrop
texHiuHnX Hayk (2005 p.) Konmpartenko Irop IlerpoBuu
Hapoauscs 14 cepras 1955 p. B M. JainponerpoBcrk. Y 1978
polli 3aKiHYHMB eJEeKTPOaKyCTUYHUI Qakynbrer KuiBcbkoro
nojitexnigyaoro iHctutyty (KIII) 3a cnemianbHicTIO 3BYKO-
TexHika. TpymoBy IisSUIBHICTE pO3MOYAB IHXKEHEpPOM Ha
Kadeapi KiHOTeXHIKH KHIBCHKOTO TOJIITEXHIYHOTO 1HCTHTYTY.
3 ngumHs 1978 p. 1 moHMHI Tpanroe B IHCTHTYTI enekTpo-
muHamiku HAH VYxkpaiam, B sIKOMy NpOWIIOB MUIAX BiX
IEKeHepa 10 3aBiayBava BTy eIEKTPOMArHITHAX CHCTEM.

Haykogi intepecu Konaparenka I.I1. ciipsmoBaHo Ha
BUDILICHHS OJHi€i 3 HaWBaXTUBIINX MNpobieM cydyacHoi
EIIEKTPOTEXHIKM — TpoOieMH MiABHINEHHS e(QeKTHBHOCTI
BUKOPUCTAHHSI €JIEKTPUYHOI €HEprii B Pi3HUX Talxy3sX Hapo[-
HOTO TOCTOJAPCTBa 32 HAsBHOCTI HENIHIMHUX, HECUMETPHY-
HUX Ta HECTAlliOHApPHUX CIOXMBAa4iB €Heprii, OO SKuX
BIZHOCSITBCSL HAHOITBII eHeproeMHi BHpOOHMITBA. MOrO
HAyKOBa [JiSUILHICTH TOB’Si3aHa 3 PO3BUTKOM Ta PO3POOKOI0 METOJNIB aHaji3y eNeKTPOMAarHiTHUX MOJIB B
HENIHIMHUX CepeloBUIIAX 3 HECTALiOHAPHUMH YMOBAaMH, PO3POOKOI0 TEOPETHYHHX OCHOB IOOYAOBH
e(DEeKTUBHUX E€IIEKTPOTEXHIYHUX CHCTEM 1 KOMITJIEKCIB.

Baromum pesyabrarom nociimkeHb Konapatenka I.I1. € cyTTeBe CKOpOUYEHHS BHUTpAT EJIEKTPO-
eHeprii Ha BUKOHAHHS TEXHOJOTIYHUX OMepaniidi 3 OJHOYACHHUM ITiJIBUIICHHAM IMPOIYKTHUBHOCTI 1 SKOCTI
nponykuii. Pe3ynpraTi mpoBemeHHX MOCTIIKEHb BIPOBAPKEHO HA HU3LI METaNypriiHUX MiJIpPHEMCTB,
BUKOPUCTaHI MPOBIIHUMH BITYM3HSHUMH BHPOOHMKAMH METANypriiHOrO 1 TIpHUYOTO OONagHaHHS —
HoBokpamaTopcbkuM Ta CTapoKpaMaTOpChKUM MalIMHOOYIiBHUMH 3aBoAaMH. TeopeTHdHi pe3yibTaTH i
PO3BHMHEHI METOIU PO3PAXYHKY €JEKTPOMArHIiTHUX MOJIB Aajdd MOXJIHMBICTb CTBOPHTH 3arajibHy TEOpiio
HECUMETPUYHHUX CJEKTPUIHUX MAIIHMH, eICKTPOTEXHIUHE OOJIaHAHHS IS IepeMilTyBaHHS PITKOi CTajli B
MalHax 0e3nepepBHOTO JHUTTS, PO3POOUTH Ta BIPOBAIUTH HOBE IMIYJIbCHE €JIEKTPOTEXHIYHE 00JIaTHAHHS
JUISL €JIEKTPOANHAMIYHOI 1 MarHiTOIMITyIbCHOT OOpOOKHM 3BapHUX 3’€IHAHb Ta HOBI KOHCTPYKIIi MarHiTHHX
CHCTEM AJIsl CTBOPEHHS MAarHiTHUX CHJ, 3[aTHUX CIPHITH HAKONWYEHHIO MAarHiTHUX HaHOYaCTUHOK B
3a7aHuX 00’ eMax Oi0JIOTIYHUX OpPraHi3MiB.

Pesynbratn HaykoBoi nismbHocTi LI1.KoHzapareHka BucBiTIIeHO y moHan 275 myOmikauisx, cepex
akux 7 MoHOTpadiii, 15 mareHTiB Ha BUHAXO/IH.

PiBens HaykoBux pesynbTaTiB KoHmparenka I.I1. 3HaiioB miaTBepakeHHS depe3 Bi3HaAKy Horo y
CKJIagi aBTOpPChKOro KonektuBy npemieto HAH Ykpainu im. M.B. Xpymosa B 2010 poui, a B 2014 poui 3a
UK pobiT #omy Oyno mpucymxeno npemiro HAH VYkpaiam im. I'.®. Ilpockypu. B 2018 pori B cxmazi
aBTOPCHKOTO KOJICKTHBY HOMY TIPUCYKEHO JleprkaBHY MPEMito B TaTy3i HAYKH 1 TEXHIKH.

Konnmparenko LII. mpuiimMae akTHBHY yd4acTh B aTecTallii HayKOBHX KaJpiB, MpPAaILIOIOYA B
excneptHux pagax BAK Vkpainn ta JAK MOH Vkpainu, cnemiani3oBaHHX BUSHHX pajgax 3 3axHCTY
MIOKTOPCHKUX JHCEPTallii, 3aiiMa€eThCsl BUKJIAIABKO POOOTOFO ITiJ] Yac MiAroTOBKH JOKTOpiB (imocodii, €
wieHOM peakoneriii xypHamiB "Texniuna enextpomuHamika" 1 "[lpami IEJI HAH Vkpainu". Huwm
MiArOTOBJICHO JIBa JOKTOPY Ta TPY KaHIUAATH TEXHIYHUX HAYK, OJUH JOKTOP diocodii.

Konexmue Incmumymy enexkmpoounamixu HAH Ykpainu, pedakyis sicyprany
«Texniuna enexmpoounamiray, Koaeau, Opysi ma yuHi wupo eimaromso leops Ilemposuua
3 106LICEM T 3UHamb UOMY MIYHO20 300P08'5, MEOPHO20 HAMXHEHHS, YCnIXie, 00Opa ma wacms!
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ITHIIE

XXIII MIZKHAPO/IHUI TIPOMHUCJIOBUI ®OPYM

[actutyr enexrtpomuunamikn HAH  VYkpainu
CKCIIOHYBaB PE3YJIbTAaTH CBOiX JOCTIDKEHb B paMKax
XXl  MDKHAPOAHOI'O [MPOMUCJIOBOI'O
OOPYMY, skuil nmpoxonus 27-29 TtpaBus 2025 p B
MiXHapOTHOMY BHCTaBKOBOMY IIEHTpPi y M. KueBi.

MixHapoaHuii  TPOMHUCIOBHHA  QopymM  —
HaWOUTBIIA MTPOMHUCIIOBA BUCTaBKa B YKpaiHi, fka 3
2005 poxy BXOOUTH A0 TEPENTIKy TPOBITHUX CBITOBUX
MPOMHCIIOBUX BHCTABOK, OQiliiiHO cepTU(IKOBAHUX Ta
BU3HAHUX DBCECBITHBOIO  acollialie€rd  BUCTABKOBOI

IHIyCTPii.
Ha BucTaBIli iHCTUTYTOM OYJIO IIPEICTABIICHO:
o BHCOKOYACTOTHI ~YCTQHOBKM  1HIYKIIiH-

HOTO HarpiBy MeTaJleBHX JeTajell Ha 0a3i TPaH3UCTOPHUX
TIepPEeTBOPIOBAYIB MTOTYKHICTIO Bim SKBT mo 80kxBT, 06macTi 3acToCyBaHHS SIKMX: TUIaBKa Ta HArpiB JeTaliei,
naiika iHCTpYMEHTY, TepMOOOpoOKa 3BapHUX 3’€JHAHb, TOBEPXHEBE Ta HACKPI3HE 3arapTyBaHHS Ta IHIIE;

. CHCTEMH EJIEKTPOXXKHMBJICHHS TEXHOJOTIYHOrO OOJaJHaHHS, MPU3HAYCHOTO Ul €JIEeKTPO-
KHUBJICHHS Ta30pPO3PAIHUX EJIEKTPOHHO-TIPOMEHEBHX TapMaTt, Ul BaKyyMHHUX €JIEKTPOHHO-TIPOMEHEBHX
3BApIOBAILHUX YCTAaHOBOK Ta Uil KEPYBaHHS EJIEKTPOXKUBJICHHSIM IOBITPSHUX  EJIEKTPOILYTOBHX
IUTa3MOTPOHIB MOCTIHHOTO CTPYMY;

. HpHUCTPOi IIABHOTO MYCKY JUIS 3aIlyCKy Ta 3yNUHKH 3arajJbHOIPOMHUCIOBUX ACHHXPOHHUX
JIIBUTYHIB, B TOMY YHCJIi IyCKy Ta peBepcy TpH(Pa3HUX aCHHXPOHHHUX EJEKTPOIBHUTYHIB; THPUCTOPHI
pETyIsSTOpPH HAmNpyrd 3MIiHHOTO Ta MOCTIHHOTO CTPyMY JUIS JKUBJICHHS PEryJibOBaHUM 3MiHHMM abo
BUNPSIMJIICHUM ~ CTPYMOM  aKTUBHO-IHIYKTUBHOTO HABAaHTA)XEHHS TAKOrO, SK IEPBUHHI OOMOTKH
Tpanchopmartopis, cekiii TEH, 0OMOTKH eeKTpOMarHIiTHUX CeMapaTopiB TOMIO; GiIbTPU BUCOKOUACTOTHHX
MEPeIIKOJ, TPU3HAYCHI JUIS 3axXUCTy OOJIaJHAHHS BiJ{ TIEPEIIKOJ| IEePETBOPIOBAYIB YACTOTH JIJIs
ACHHXPOHHHUX [IBUTYHIB, BiJ MEpEIIKOJ HaIliBIPOBIAHUKOBUX MEPETBOPIOBAUYIB MOCTIHHOIO Ta 3MIHHOTO
CTPYMY, BiJl IIEPEITKO/ IHIUBIIyTbHUX KEPENT JKUBIICHHS;

) NOPTaTUBHUN HakomuuyBad eHeprii motyxHicTio 3600 Bt (emuictio mo 3840 Bt rox.), mo
Ma€ IMBHUIKY 3apsAKy BiJ Mepeki 3MIHHOTO cTpyMy a0o COHSYHHX IIaHENeH, IHTerpoBaHy cHcTeMa
KepyBaHHs, sKa 3aXWIIa€ BiJ MEPEBAHTAXKCHHS MO CTPyMy, IEPEHANpyrd Ta HeperpiBy, 3a0e3nedyrouu
JIOBTOBIYHICTh Ta HAAIHHY poOOTY 00Ia HAHHS;

o NpWiIajl yHIBEpPCalIbHOTO TPH3HAYCHHs IS BHU3HaueHHs mapameTpiB RLC (iMnenaHcy
EJIEKTPUYHUX KUT Ta IX KOMIIOHEHTIB), NP PEMOHTI Ta OOCIYroByBaHHI 0ONajHaHHS B iH(OpMAIliiiHO-
BUMIPIOBAIHHIX CHCTEMaX B aBTOHOMHOMY PEXKHMi, a00 Y CKJIai CHCTEM 3 PI3HOMaHITHIMH CEHCOPAMH;

o KOHAYKTOMETPYHUI OioceHcopHHI

OUNIOM / CERTIFICATE aHaji3aTop 3 MiABUIICHOIO TOYHICTIO 1 MPUAYIICHHAM
BIUTMBY HEiH(POPMATUBHUX MapaMeTpiB BHUMipIOBaIbHOI
KOMIpPKH JUIsSi BUCOKOCEJICKTHBHOTO BH3HAYCHHSI BMICTY
B PO3UMHAX HMIMPOKOTO KOJia JAOCIiAKYBaHUX PEUOBHH B

.'Illd._

IHCTUTYT ENEKTPOOUHAMIKM HAH YKPATHW CHPOBHHI, B TCXHOJIOTTYHUX MaTeplallax, B IPOMHUCIOBIH
m. Kuis MIPOIYKITii, TIPH METUKO-010JIOTITHOMY 1 €KOJIOTIUHOMY
aHai3i;
TN SRR PO S g o o

: ° yHi(iKoBaHUI 0a30BWIA MOIYNb IS
WA INTEEMATIONAL INDUS TERAL FORUM p . . b
NMpeuru3iiHUX BUMIPIOBAaHb B NIMPOKOMY Jiama3oHi
_1-‘ ?“r:ﬂ“"""'““"f?':'- 9acToT, r[pI/I3Haqu1/H71 IJId  BU3HAUCHHS YaCTOTHUX

AR YEpaiea |/ lrl'l L rains . . .
S i XapaKTEPUCTUK EIECKTPOPATIOTEXHIYHUX KOMIIOHEHTIB a

TaKOX BIIACTUBOCTEH 1 CKJIay PEYOBHH.
BiaBigyBadi BUCTaBKH 3 3aIliKaBIICHICTIO 3HAHOMIUINCH 3 TIPOMO3WINSIMH BUYCHUX I1HCTHUTYTY.
Oco06nuBYy yBary NpuBEepHYJIH TEXHOJOTIT Ta 00JIaAHAHHS ISl iHIYKIIHHOTO HArpiBaHHSL.
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