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SOME PHYSICAL PROCESSES IN THE APPLICATION OF THE ELECTRODYNAMIC
METHOD OF METAL PROCESSING

Yu.M. Vasetsky', L.P. Kondratenko™"

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

e-mail: yuriy.vasetsky@gmail.com; dep7ied@ukr.net

On the basis of the developed analytical mathematical model of non-stationary process of local electrodynamic
treatment of metal structures, especially welded joints, and estimation of the main dynamic, electrophysical and thermal
characteristics of the process are considered. The characteristics of the motion of the electrode, the distribution of the
pulse current in the metal plate, the heating of the metal are found and analyzed. The conclusion about the possibility of
realization of devices with simultaneous supply of current pulses of necessary parameters on the shock electromagnetic
element and through an electrode to the metal plate to achieve the effect of electroplasticity is made. References 19,
figures 9, tables 2.

Key words: electrodynamic treatment of metal products, pulse current distribution, motion equation, electroplasticity
effect, heating of metal by pulse currents.

Introduction. Scientific and experimental studies have shown that the treatment of metallic
materials, including welds by pulsed electric current and pulsed electromagnetic field has a positive effect on
reducing the stress-strain states of metal structures [1, 2]. Pulsed electromagnetic field creates a magnetic
pressure in the metal, which is close to the yield strength of the material, which reduces stress levels and
increases the plasticity of the metal. Another means of influence is the use of the effect of electroplasticity,
which occurs provided that the current density in the metal is not less than a certain value, which, for
example, for aluminum alloys reaches 10° A/m’. The influence of high-density pulsed electric current and of
the associated effect of electroplasticity occurs both in the material of high-strength steels [3] and in some
non-ferrous metals and their alloys: aluminum, magnesium [4 — |
6], zirconium [7] and others. i

Achieving the required level of current density in the g Load .
metal is carrled. out using Varlous.rnethods. Mpreover, as npted ToR,
in [8], the transients of the dynamic mode, which are associated < '

[k(t), n

2R2 H

I
with the type of power supply, are important. Non-contact I
induction method current input in a limited area of the weld [9, Electrode !l
10] is characterized by relative simplicity of use and low energy 10'(1)
consumption. A promising way to improve the mechanical and ~
operational characteristics of welded joints is electrodynamic fi/'
treatment — a new method based on the simultaneous local action
of pulsed electrodynamic force and pulsed electric current Metal plate i ¢z
flowing due to direct contact [11, 12]. It is due to the flow of '
high-density pulsed current that the realization of the
electroplastic effect becomes possible [2].
The principle of operation of the device for
electrodynamic processing is to apply simultaneously a current
pulse 7,(¢) to the metal electrode and a current pulse 7, (¢) to the

inductor coil with the number of turns n. The pulse magnetic
field of the inductor coil induces the eddy currents in the metal

Fig. 1
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disk and as a result the electrodynamic force acts in the disk connected to the electrode (Fig. 1, a).
(Hereinafter, in cases where the disk with the electrode is considered as a single object, it will be called a
"shock element").

The shock element by mass m under the action of electromagnetic force creates a dynamic impact
on the metal plate. This leads to the deepening of the electrode into the metal and to an increase in the area of
contact of the electrode with the plate (Fig. 1, ). The load with the mass M is designed to create the
pressure of the electrode to the metal plate at the initial time.

The application of local electrodynamic treatment of metal structures, including welds, requires the
assessment of interrelated electrodynamical, electrophysical and thermal processes. Each of these processes
affects the mechanical properties of the metal in local area.

Hence, the purpose of the work is to develop a mathematical model of the non-stationary process of
electrodynamic processing of metal structures and finding on its basis the basic electrodynamical,
electrophysical and thermal characteristics of the process. We will estimate the process characteristics using
certain simplifications, which allows us to apply analytical methods of analysis. This approach makes it
possible to analyze the overall impact of the main factors and it is a feature of this study.

1. Mathematical model and analytical calculation method.

A. Parameters of current pulses and electromagnetic processes in the disk. In the analytical model
the currents 7,(r) and 7, (¢) will be described as exponentially decaying oscillating pulses:

I(t)=1,e™ sinpt . )

The parameters of the pulse 7/ , o, are related to

m?

1ot other characteristics that can be considered given (Fig. 2, a):
I the pulse time ¢,,, , which will be defined as the duration of the
max
Lox 1 | ; first half-wave; the maximum value of the current pulse 7, or
E the amplitude value of the first half-wave 7, , ; the ratio of the
' ~_— » amplitudes of the second half-wave to the first one A, which
0.5z ! should be negligible. Hence we have the relationship between
- » the parameters of the pulse and the specified characteristics:
tlmp a
3z i
cals [ —ao 1 1. 1
2 1.5 p=xlt,,, A=e 2“’/@ 2o from here « =£1n— =—1In—,
= T A i A
o § 1 g'm 1l 1
° 3 I ,=1e ? fromhere I =1_ > 4=—"~.
% 05 max 1 m m max 1 \/Z
g2 )
§ £ Note that the parameter [ is uniquely related to the
= 2 O 2 4 6 pulse time 7, and therefore it can also be considered as a
Relative frequency, o given parameter.

Since pulse processes are considered, and some
estimates are made for characteristic frequencies, the
Fig. 2 possibility of their use will be evaluated by parameters that are
determined by the part of energy of the frequency spectrum in

b

the selected frequency limits.
The complex-value amplitude of frequency spectrum (i(o) of the current pulse (1) is the following

In Fig. 2, b shows the dependence of the modulus of the normalized current ‘j *(imx = B‘f (ioa)( / I, on

the relative frequency @*=w/f for the three values of the parameter A . It is seen that for this type of pulse,

provided that the second half-wave is small (small value of the parameter A ), there is no sharp maximum of
the frequency spectrum nearby @/ ~1 and low frequencies are significantly present in the spectrum.
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Peculiarities of electromagnetic processes taking into account eddy currents in conducting body are
determined by the ratio of the field penetration depth & =,/2/ (couuoyi and the corresponding size of the
body H [14] (here y is specific conductivity, p is relative magnetic permeability of the medium). The
condition of a strong skin effect, when the field completely decays in the thin surface layer of the body, is
fulfilled for all frequencies of the spectrum, starting from a certain frequency ® = ®,. On the contrary, the
condition of weak skin effect, when the induced currents in the conducting body almost do not affect the
field of external sources (magnetic field of the inductor), is fulfilled for low frequencies that do not exceed a
certain value @<, [15]. In the device under consideration, it is necessary to create a repulsive force of
interaction between the inductor and the disk. Therefore for the disk it is inexpedient to use the materials
which are magnetized, and further it is accepted that p=1.

The electromagnetic interaction between the inductor and the metal disk in the device in Fig. 1, a
under the condition of strong skin effect is much greater than with weak skin effect. This is the first reason
why you should try to get parameters with strong skin effect. The second reason is the distribution of eddy
currents and, accordingly, the electromagnetic forces of the interaction between the inductor and the disk.

So, under the condition of strong skin effect, the surface current density jg(7)=B, (¢)(24,)"

changes in time according to the same law as the magnetic flux density B, (t) created by the inductor at the

body surface [9]. That is, during the time, the surface density of electromagnetic forces, or otherwise, the
2

t) = |:2Bk (t )

magnetic pressure F =B, (t) Js ] (24,)”" does not change sign and the direction of action.

A different distribution of eddy currents and electromagnetic forces occurs with weak skin effect. In
this case, the induced electric field and the density of eddy currents in the conducting body are proportional
to the time derivative of the induction of the external magnetic field and, accordingly, of the inductor current

_ 0B, dl,
= " . The components of the vector of the electromagnetic forces volume density change sign
t t

Limp d[
over time, i.e. change the direction of action to the opposite. Moreover, since j 1 ,(det =0, the total

mechanical impulse transmitted to the conducting body is equal to zero. Due to this feature of the action of
electromagnetic forces to the disk, the use of system parameters with weak skin effect is undesirable, since it
can lead to a rebound of the electrode from the metal plate and the appearance of a spark when current flows
through the electrode.

The estimation of the cutoff frequencies ®, and ®, is performed by a parameter determined by parts

of energy of the frequency spectrum of the current pulse: ®, under the condition of strong skin effect for
each frequency > ®, and ®, under the condition of weak skin effect for all frequencies ®w <, :

d (o ﬂ] io doo / [|i i) doo dz(mz)zf‘j(imfdm /I\i(im)rd@.

The characteristics d, (col) for the pulse (1) are shown in Fig. 3, a. As can be seen, for pulses that

4)

Relative frequency, o,

a

Fig. 3

b

ISSN 1607-7970. Texn. enexkmpoounamixa. 2021. Ne 6

= d, quickly decaying over time ¢,,,,
k= E the characteristics are weakly
i 8 0.06 P dependent on the parameter A.
2 :s:: g p Choosing, for example, for
5 3 2 - 0.04 yd A=0.1 the value of the cutoff
ERR g3 A=0.1 .
g& ks 0.0 P frequency o, =®,/p=0.5, we

o —

2 = |3 E : s A=0.3 obtain that the part of all
= g w4 _ : . .
=7 °L frequencies in the spectrum by
% 00 05 1 15 2 ES 70 0025005007501 the parameter d,(®,) is
< = . . A B Relati *
£ 2 elative frequency, ®,

d, =0.69 . In Fig. 3, b shows the

dependence of another indicator
d,(®,) on the cutoff frequency



©, =, /B for the weak skin effect in the low frequency range of the pulse spectrum (3).

The cutoff frequency ®, allows to determine the minimum thickness H = k,8(co,) of the conducting
body (for the device in question this is the thickness H of the metal disk), when the strong skin effect
occurs. Usually, we can assume that the field is almost completely decays in the surface layer at &k, =3, i.e.

the condition of strong skin takes place.

The condition of weak skin effect for a body with characteristic size H compared to the penetration
depth can be written as H = k28(032), where k, <1. Comparing the conditions of the strong and weak skin
effect for the body thickness H , we obtain that the ratio of the cutoff frequencies in the frequency spectrum
of the current pulse is:

" 2
0, o, k

)

From (5) it follows that the cutoff frequencies are significantly different. So, for the previous
example ®, =0.5 and k, =3, the relative value of the cutoff frequency ®, will be ®, <0.056. That is,

kT 2"
© o

according to the entered indicator, the part of frequencies at which the weak skin effect is appeared is
insignificant. However, there is a frequency range ®, <® < ®, at which electromagnetic processes in the

conducting media do not have pronounced signs of strong or weak skin effect. At the same time, for the
selected disk thickness H , the frequencies ® > ®, remain the predominant component. Therefore, in the
future we will assume that the choice of disc material and its size H is based on parameters o, =0.5,
k, =3 and the strong skin effect takes place in the disc.

' B. The forces acting to the device shock element consist of the

Mgl& gravity forces of the load Mg and the shock element itself mg , as well as
iN forces from the inductor F, (Fig. 4). An oppositely directed force F, is
|— i —l associated with the mechanical stresses in the plate. In addition to these
I'N forces in Fig. 4 shows the force N of mechanical interaction between the
:lmg load and the shock element. All these forces determine the movement
i dynamics of the shock element. We provide specific expressions that define
ile forces.
! In an axisymmetric system, the electromagnetic force £, (t) acting
! to the metal disk in the vertical direction is defined by the interaction of the
WF, radial component of the magnetic flux density B, of the inductor with the
~— surface density of the azimuthal directional induced current jg. Assuming
' z that the thickness of the disk and winding is much smaller than the radial

Fig. 4 size of the inductor 2R,, in the approximate analytical model we can

assume that the radial component of the magnetic field B, and the surface density j; do not change within

the inductor size R, — R, . Given that with the strong skin effect j; =28, =21, (t)n / [uo(R2 - R, )] , where n
is the number of turns of the winding, we find the force acting to the disk:
) W R, +R
Fk(z):Bkan(Rzz_Rlz):L#IIE(t)nz- (6)
2 R,-R

We assume that under the action of the electrode pressure in the metal plate there are only plastic
deformations, for which the mechanical stresses are characterized by the condition & =const. In this case,
the oppositely directed force acts on the electrode:

F = anﬁ R (7
where at z, << R (Fig. 1, b) the radius of the dent is p, = /2Rz, .

C. Equation of motion and its solution. Under the action of all forces in the first stage, the shock
element together with the load moves in the direction of the axis z. In the second stage, the load lags behind
the shock element, which continues to move. The dent deepens and increases in radius.

The equation of accelerated motion in the first stage is:

6 ISSN 1607-7970. Texn. erekmpoounamira. 2021. Ne 6



d’z,
ar’

(M +m)=—=L +2nRoz, = (M +m)g + F,(t), (8)

where in the first stage the value z, is marked as z,, g is acceleration of gravity. The initial conditions are

as follows:
(M +m)g dz
z(t=0)=z, =—"2L2 L =y =0. 9
1( ) 0 2TCGR dt o 0 ( )
. . d’z,
The end time of the first stage is defined as % =g
t
We rewrite equation (8) in the form where all functions are presented explicitly:
2z b s
dtzl +alz :g-{—?le 20 (1 —cos 2B, ), (10)
where
& = 2noR ’ b= womn® R, +R, . (11)
M +m 2(M +m) R, - R,

We will look for the analytical solution of the equation in the form of the sum of the general solution
of the homogeneous z,, and partial solution of the inhomogeneous z, , equations z, =z, +z,, [16].

The general solution of homogeneous equation is:
z), =4, sina,t + 4, cosayt . (12)
The right-hand member of inhomogeneous equation (10) is the sum of three functions of special kind
Zy, =Z, 0 T2, + 2, ;3 for which partial solutions are known [13]:

=20t

g bl e b1 =200t +i2Bt
S B T , (13)
ai VP 24ai+al” TV 2 {(—m,{ +i2p, ) +ap
where i is imaginary unit.
The constants A4,, and 4,, in (12) are defined from the initial conditions (9):

1(dz dz
A, =2z, —le(O): “Zip (O)_ZIPZ(O)’ i :_a_l[ dltpl |t=0 i ‘;:ZLO} -

Zip =

The presented solution is valid until #,, when the shock element is detached from the load. At this
point in time, the position of the shock element is z, (tle)z z,, and its speed is v,, = (dz, / dt)L:l .

In the second stage, the equation of motion remains similar (1) with no mass M . The initial
conditions at the moment of time ¢ =¢,, have the following meanings z,, =z,,, v,, =V,,.

The general solution of the homogeneous and partial solution of the inhomogeneous equations is also
similar to (12) and (13) with the replacement of the coefficients @, and b, by a, and, b, in which there is

no mass M . In the second stage, the constants 4,, and 4,, in the general solution of the homogeneous
equation, in contrast to the first stage, are taken into account the nonzero value of the velocity at the initial

moment of time:
Ay sinayt,, + 4y, cosayty, = 2y, — 2, p0 "2 pl(tle)_ ) pZ(tle )a

dz, ,| N dz, ,, | (15)

dt dt

a,A, cosa,t,, — a,A,,sina,t,, = v,, + | |
t=t), t=ty,

The process ends at a time ¢,, determined by the stop moving dz, /dt =0 .

D. Current pulse in the metal plate. For a metal plate with high electrical conductivity vy, for

example aluminum, and current pulse parameters used in experiments [12], we can assume that the field
penetration depth into the plate for the characteristic frequencies of the current pulse significantly exceeds
the radius of the dent & >>p,. It follows that within the distances » < from the center of the dent, the
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electric field can be considered as potential [13], and the distribution of
current density in the plane of the dent is homogeneous

Jo =[o(t)/ (npi)zyEo. We assume that current density j, is given on a
flat surface (Fig. 5), neglecting the depth of the dent.

p The problem is to determine the distribution of current density in
the metal plate j and the thermal-power density (volumetric density of
z heat sources) released during the flow of current w= j° / Y, as well as the
increase in temperature A7 of the metal near the dent.
dy The potential, defined in the usual way E =j/y=—grade, is
0.8 found as a solution of the Neumann problem for the Laplace equation in
=06 the lower half-space, where the normal derivative of the potential
o 6] o . .
= 0.4 a—(P = Jo s given on the surface at p<p,, and on the other part of the
2 0.2 Z Y
o
=
= 09 1 2 3 surface it is given % =0 [17, 18]. The problem has a simple solution in
Relative value of oz
coordinate, z/p, the form of a field of a simple layer of sources that are evenly distributed
within the circle p<p,. However, the formulation of the boundary value
Flbg 5 problem is simplified in the sense that within the circle p <p, it assumes

the presence of some tangent component of the field.
The potential on the axis z is as follows:

Jo 2 2
2ij\/pTdS (1/pe+z —z). (16)

Hence the current density on the axis z is equal to:
. op 1, z
jen)==12= (){ J (17)

Z npe \/pe + Z
The thermal-power density is written as:
2
-2 2
wel LW = | (18)
A

From (17) it follows that at distances z > p, when the values (pe / 2)2 can be neglected, the current

density decays approximately as the second power of the distance from the surface j= I, (t)/ (27122).
Accordingly, the value w(z,t) in (18) decreases much faster — inversely proportional to the fourth power of
the distance wz](f(t)/ (n2y24). The functions decrease along an arbitrary radial direction (Fig. 5, @) in a

similar way j=I, (t)/ (27cr2), wx ] (t)/ (nzyr4). It follows that the effect of the pulsed current flow takes

place in a limited volume near the contact of the electrode with the plate. A certain characteristic may be an
indicator that determines the part of thermal energy released near the electrode:

=jz.wdz/ofwdz. (19)
0 0

In Fig. 5, b the dependence of the indicator on the coordinate to which the energy is taken into
account, confirms the conclusion. The distribution of the field over distances has almost no effect on the total
amount of heat released However, the volume where the physical processes associated with the current
density can be larger than the volume where the thermal processes occur.

The temperature rise AT (z,t) depends on both the time and the position of the point in the volume

of the plate. The value AT (z, t) is determined by the total amount of heat released up to the time ¢:

AT(z,t): CLj'w(z,r)dr . (20)
pPo
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where C, is heat capacity, p is density.

2. Calculation results. Calculations of mechanical effect characteristics, current density, thermal-
power density and temperature rise are given for an aluminum plate with the following physical
properties: o = 10° Pa, y=3.7-10"1/(Q-m), C, =888J/(kg'K), p=2700kg/m’ [19].

The parameters of the current pulses in the winding and in the electrode are chosen so that the
negative half-wave is small. Table 1 shows the initial data and the corresponding parameters of the current
pulse in the inductor winding 7,(¢), and Table 2 shows similar data for the current pulse through the

electrode 1,(z).

Table 1

Initial data tpe =800-10°s | A, =10 Lo =5-10% A

Pulse parameters B, =3.93-10° s~ a, =2.88-10° s I,,=158-10°A, 1, =641A
Table 2

Initial data by o = 500-10° s A, =10" I,.00=510"A

Pulse parameters B, =6.28-10° s o, =4.61-10° s I,,=15810°A, 1 ,=6410A

The winding has #» =20 turns and the following radial
dimensions: 2R, =2-107°m, 2R, =9,2-10°m.

In Fig. 6 shows the dependence of the selected current
pulses on the time, as well as the force calculated by expression
(6), with which the inductor acts on the shock element.

When choosing the material and thickness of the disk
-0.5  two circumstances must take into account. To reduce the inertia
: of the shock element, the mass of the disk, as the main
component of its mass, should be as small as possible. The
second circumstance is the need to choose the thickness of the
disk under the condition of strong skin effect. Considering both
positions, the disc material should have a low density and high conductivity. Aluminum meets these
requirements to the greatest extent.

The thickness of the disk, as noted, is defined as H = k16(col), where &, =3 and for the selected

parameters of the current pulse we have ©, =®,B, =0.5-3.93-10° =1.96s™". As a result, we find the
thickness of the disk H =0.014 m and its mass m = 0.3 kg. Given the insignificant mass of the electrode
compared to the mass of the disk for the total mass of the shock element we will take the value m =0.3 kg .
The weight of the load is M = 2.5 kg . Electrode rounding radius R =1.5-10"m.

All calculations were performed for these parameters according to the presented analytical
expressions.
A. Characteristics of shock element motion. The first stage of the shock element motion up to the

separation of the load is occurred for a very short period of time #,, =2,6-10s. During this period, the

Fi107,

ownoo —

Force

depth and radius of the dent are almost unchanged from the initial values z,=2.9:10"m,

Py =2.96-10"* m. This is due to the small value of force F, (t) during this period and the significant weight
of the load.

In Fig. 7, a for the entire period of time before the stop of the shock element, the dependences of the
depth z, and radius p, of the dent on the time are presented. It can be seen that at the moment ¢~ 0.15 ms
when the current through the electrode reaches its maximum, the dent radius does not differ much from its
minimum value at the initial moment of time. It allows to get almost the maximum current density in the

metal plate. This explains the choice of shorter pulse time ¢,,,, of current /, (t) compared to the pulse time

Ly Of current I (t)
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The obtained values of acceleration a and velocity v of the shock element (Fig. 7, b) may indicate
the effectiveness of mechanical action. It is seen that the shock element reaches the maximum speed
0.2-0.3m/s at the time #~3-10"*s. During motion, the maximum positive acceleration reaches the value of
1000 m/s*, and the negative acceleration (braking) occurs at the time of stopping the shock element and is
approximately —2000 m/s*. Such values can be quite effective without additional transmission of the current

pulse through the electrode.
A certain characteristic of the impact efficiency, which is easily determined in this model
representation, is the total mechanical impulse transmitted to the metal plate:

be be
Y =p [W{t)rep? (0)d=(e) = mp [v? (e)p3 (¢)ar 1)
0 0
3.0 03
v

2.0 g 220 @
§ 10 £ o 024
N SN >
K 75 210 0.1
E t’\? N (=
[ 5} - [=} n
= 508 2 4 0
K2 255 B,
g o 2
g, 0 £

2.
= 0O 02 0.4 0.6 A ‘ 0.2 0.4 0.6
Time, ms Time, ms
a b
Fig. 7

Substituting all necessary values, we determine the indicator of mechanical action for this example
Y =149-10"kg -m/s.

Another indicator may be the average value of force Y =Y /t,, . For this example, we have
Y =2.69-10"*kg - m/s*.

These indicators can be used to compare the results of the study of systems with different electrode
masses and different current pulses.

B. Processes associated with current flow in metal plate. From the point of view of the local effect
on metal plate and mechanical properties of the weld, the flow of pulsed current is accompanied by the
following physical processes: the achievement in a certain volume around the electrode the current density,
when the electroplasticity effect occurs; heating a limited volume of the plate to a temperature at which the
internal mechanical stresses decrease.

From (17) it follows that the current density j(z,z) is

g 20 determined both by the dependence on the time of the current
i 15 pulse ,(¢) and also by the contact radius p, (), the value of
= z=0 which is defined by the electrode movement dynamics. In Fig. 8
o 1 . . .

g 0 2=0.5 mm shows graphs of time dependences of the current density ](z,z‘)
'z 5 at different distances from the surface of the metal plate. The
3 z=1 mm value of the current density j>10°A/m*, at which the effect of
g 00 0.2 0; - 06 electrpplasticity takes place, is ?ealized fo? the values of the
g Time, ms coordinate z <2 mm and, accordingly, for distance » <2 mm.
© Fig. 8 With the value of the current density is related to the

volumetric density of heat sources w(z,?). Its dependences on

time at the same values of coordinate z calculated according (18) are shown in Fig. 9, a. The decrease with
the depth of the volumetric density of heat sources is reflected in the temperature distribution to which the
metal plate is heated. Fig. 9, b shows the dependence of the plate temperature rise on the time at different
values of the coordinate z .
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Fig. 9

It is seen that, on the one hand, to obtain any significant increase in the temperature of the metal
inside the plate is not possible. Accordingly, it will be no effect on the mechanical properties in the volume.
On the other hand, the heating of the surface layer is significant, in our case the temperature rise is close to
AT =400 K . At this temperature the plasticity of aluminum increases sharply. The possibility of reaching

the melting point of the surface layer must be taken into account when choosing the parameters of current
pulses.

Conclusion. 1. Analysis of dynamic, electromagnetic and thermal characteristics shows that the
device, which implements an electrodynamic method of local influence on the mechanical properties of
metal structures, especially on welds of non-ferrous metals, can be realized by simultaneously applying
current pulses to the shock electromagnetic element and to the electrode, which touches a metal plate. The
parameters of the mechanical system and current pulses can be selected in such a way that both the dynamic
shock and the realization of the conditions for the manifestation of the electroplasticity effect are sufficiently
effective.

2. From the point of view of achieving the maximum electromagnetic interaction between the
magnetic field of the inductor and the conducting disk of the shock element, the parameters of the inductor
current pulse, material and thickness of the disk should be chosen provided there is strong skin effect.
Estimation of the manifestation of the skin effect for the pulsed magnetic field can be performed according to
the entered parameters taking into account the parts of the frequency spectrum of the current pulse under
conditions of strong and undesirable weak skin effect.

3. The use of the analytical mathematical model of the dynamics of the immersion of the electrode in
the conducting plate for the inductor current pulse with the parameters used in the experiments, allows to
determine the speed and acceleration of the shock element, which indicate the effectiveness of dynamic
impact. Analysis of the increase in the contact area of the electrode makes it possible to select the parameters
of the current pulse flowing through the electrode, which realizes the maximum current density near its
contact with the metal plate.

4. The pulse current density in the aluminum plate, exceeding the value of 10° A/m?, at which the
effect of electroplasticity takes place, is realized in the area, the linear dimensions of which do not exceed
2 mm. The question of the sufficiency of such dimensions to reduce mechanical stresses across the width of
the weld may be the subject of additional research. Significant heating of the plate near the contact below the
melting point of aluminum occurs only for a thin surface layer of the plate, and it does not affect the
mechanical properties of the material in volume.
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Ha niocmasi 3anpononoganoi mooeni cmpyKkmypHO-HEOOHOPIOHOI 080waposoi i3onayii y eueniadi  nociioosHo-
napanenvHoi cxemu 3AMileHHs 3 MPbOMa PeNaKCayiUHuMU JAHYIONCKAMU OMPUMAHO PO3PAXYHKO8I KPUSi 8iOHOSHOI
Hanpyeu ¢haznoi ma nosicHoi naneposo-npocoyeHol i3oaayii cunosux kabenie. Bukonano eepugbixayiio mooenvHol
KpU8oi 3 excnepuMeHmanbHolo Kpueoio GIOHO8HOI Hanmpyeu Cuio8oz2o kabenio Ha Hanpyey 6 xB. Obrpymmosarno
MONCTUGICMb  PO30LIEHHS. YNOBLIbHEHUX abCcopOYitinux npoyecié 6 HeOOHOPIOHIN [304AYil HA OCHOGI aHANi3y
BUCOKOUACTIOMHUX — CKAAO0BUX CHEKMPY HACOBUX 3ANeNHCHOCmel Kpusux 6i0HoeHoi Hanpyeu. Iliomeepoiceno
eexmusHicmb 3aCMOCy8aHHs GellgIem-NepemeopeHts Ol Oemanizayii abcopoyiiHuX XapaKkmepucmuk HeoOHOPIOHOI
i3onayii cunosux kabenie. Bcmano6NeHO HAABHICMb 080X MAKCUMYMIE Ma OUHAMIKY 3MIHEHHs CRIGBIOHOWIEHHST MIdIC
HUMU HA BIOMBOPIOBAHUX KPUBUX GIOHOGHOI Hampyeu 6 npoyeci CmapiHHa HeOOHOPIOHOI 307ayil cunosux Kabenis.
Busnaueno nepesasicni abcopbyiiini npoyecu ma 8CmaHo6ieHO Kpumepii 01 OYIHKU CMAHY HeOOHOPIOHOI i30aayil
Cunosux Kabenie Ha niOCMAasi CRIBBIOHOWLEHHS MIdC 080MA AMNAIMYOHUMU 3HAYEHHAMU 6i0MEOPIBAHOI 8IOHOBHOI
nanpyeu. bion. 16, puc. 5.

Kntrouosi cnoea: HeonHopiaHA MBOIIAPOBA 130JIALIS, PeNIaKCaliifHi JAHIFOKKH, BiIHOBHA HAIpyra, CHJIOBHI KaOels,
CHEeKTPHM KPUBUX BiJHOBHOI HAamNpyTH, BEHBIIET-IIEPETBOPEHHS, YMOBUIBHEHI aOCOpOLiiHI mpoIlecH, 3BOJOKEHHS
1305141111, TEIUIOBE CTApiHHSA, KpUTEPii OLIHKN CTaHy HEOJHOPITHOT 1301111

Beryn. JlienektpiyHa giarHOCTHKa eEeKTPUYHOI 130111111 BHCOKOBOJIBTHOTO OOJIaTHAHHS OCTAaHHIM 4acoM
CTa€ Bce OLTBIN aKTyaTbHOIO TIPOOJIEMOIO Y Mipy TiBHIICHHS BUMOT JI0 HAIIHHOCTI €IEKTPOCHEPTETHIHNX CHCTEM
[1]. Cy4acHuii MeTOl BUMIPIOBAHHS BiZJHOBHOI HAMPYTH PO3TJISANAETHCS SK MMOTCHIIHHUI THCTPYMEHT IS OI[IHKU
CTapiHHA Ta Jerpaailii 6ararorapoBruX eNeKTPOI3OIAIIMHIX CUCTEM 3 PI3HIMH JIIeTIEKTPHIHUMH BIIACTHBOCTSMH,
B SIKMX CIOCTEpITalOThCS TTOBUIBHI ITPOIIECH HAKOMMYEHHS Ta perakcarti 3apsmy [2-8]. Mertox 6a3zyerhcss Ha
BUMIPIOBaHHI Ta aHAJI31 YacoBOi 3aJIEKHOCTI BiJHOBHOT HANPYTH IICIS HETPUBAIOTO 3apsyDKaHHS TOCTIHHOIO
HanpyTol0, 3HAYCHHS SIKOi 3HAUYHO MEHIe poO0v0i, Ta KOPOTKOYAaCHOTO PO3psDKAaHHA €eMHOCTI 00’ekTa [2-8]. 3a
pe3yibTaTaMy JIarHOCTYBAaHHS MOJKHA OITIHUTH CTaH i30JIAIii Ha IIICTaBl TOPIBHSHHSA PE3YJIBTATIB KPUBUX
BIZTHOBHO1 HANpyTH 3 paHillie OTPUMAHUMH JaHuMH [3, 7, §].

Amnani3 my6Jaikamiii Ta mocTaHoBKa 3aga4i. MojenroBaHHS aOCOPOIIMHUX SBUII IPYHTYETHCS HA
IBOX (hi3MYHHX MOJIEINSIX HEOMHOPITHOTO JieNIeKTPHKa 1 BiAMOBIIHNAX iM ekBiBasleHTHHX cxemax Jlebas [9].

[lepma Monenp ABIsE AiETEKTPUK CTPYKTYPHO-HEOTHOPITHIM, IO 3BOJUTHCS 10 HA0OPY CKIIaJOBHX
penakcamiiHuX mpoueciB B i3ousiii. L{iel Mozeni BianoBigae mapaieinbHO-OCHTIIOBHA €KBIBAJICHTHA CXeMa
Boiita. Jlpyra siBise mieIeKTpUK MPOCTOPOBO HEOAHOPIMHWUM, IO 3BOJUTHCS IO OaraTomapoBOi MOl
13omrtii. L{iel Mmomeni BimmoBigae mociiT0BHO-TTapajielibHa eKBiBaJieHTHA cxeMa MakcBena.

B [4] mpencTaBieHO €KBIBaJCHTHI CXEMH JUIi MOJCIIOBAHHS aOCOpOLIHHUX TMPOIECIB MarepoBo-
NpOCOYEHOI 130MsLil CHIOBHX TpaHchOpMaTopiB, sIKi 0a3ylOTbCS Ha CHPOIIEHIM MOIeNi HEOAHOPITHOTO
JeNeKTpuKa y BUMIAL onHoro RC-maHIfora. AHalli3 eKCIIepUMEHTaIbHUX KPUBHX BiTHOBHOI HAIIPYTH N1aB
3MOTY Ha TiJICTaBi 3aCTOCYBaHHS CKBIBAJICHTHOI cXxeMH MakcBesula BU3HAYMTH CTaJli Yacy JBOX KOMIIOHECHTIB
NanepoBO-MPOCcoYeHOI 130mLil cuiioBUX TpanchopmatopiB [9]. [IuHamika 3MiHEHHS aMILTITYIW BiJHOBHOI
HAMpPYTH Ta 4Yacy il JOCATHEHHS IMiATBEPIKYIOTh €eKTHBHICTh 3aCTOCYBaHHS METOJY BiTHOBHOI HANPyTH AJIS
OIIiIHKH 3BOJIO’KEHOCTI TAIepOBO-TIPOCOYCHO] 13011111 cHitoBHX TpaHcdopmaropis [10].

B [3] Ha migcTaBi CHOPOLICHOI MapajelbHO-MOCTIAOBHOT MOJCNI 3 OJHHM pellaKCcaliiHuM
JIAHITFO)KKOM  JIBOIIIAPOBOI  MMArepoOBO-MPOCOYCHOT 13051l OTPUMAHO KpWBI BIJHOBHOI HAaINpyrH, SKi
Y3TO/DKYIOTECS 3 €KCIEPUMEHTAIBHIMH, Ta BH3HAYEHO TPU MapaMeTpH: aMIUIITyJHe 3HAa4eHHsS BiIHOBHOI
HaNpyr, 4ac AOCSATHEHHs Ta IOCTIHHY dYacy caMopo3psiy JUIsl OI[IHKH TEXHIYHOTO CTaHy CHIIOBHX
BHCOKOBOJIFTHUX KaOeliB.
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Y peanbHUX TEXHIYHHX JieNIEKTPUKaX ICHy€ WM CIIEKTp TOCTIHHWX dYacy penakcarii, sKi
XapaKTePU3yIOTh MPOTIKaHHSA a0COPOIIMHUX MPOIECIB Ta MOBHOK MIpOI0 BH3HAYAIOTh CTaH HEOIHOPITHOI
i3omanii [11]. IaTepnperanis pe3ynpTaTiB JiarHOCTUKH OBUHHA TPYHTYBATHCSA HE TUTBKM Ha BiJNOBIAHOCTI
IHTerpalbHOI KPHWBOi BIHOBHOI HAmMpyTd ycTajeHiid ¢opMmi 3 XapakTepHUM HaHOIMbIINM 3HaUYEHHSIM
BiIHOBHOI HaIlpyTH W BiIIOBITHIM YacOM JOCATHEHHS Ta MOHOTOHHHMM 3MCHIIICHHSM B Yaci, sIKa YOCOOIOE
a0CcopOIifiHI TpoIeCH HEOTHOPIAHOT 130JIAIlii, a 3 JeTali3alli€l0 Ta BUSBJICHHIM YMOBUIBHEHUX IPOIECIB
noJsipu3alii B KOMIIO3UTHIHN 130151mii.

MeTa 10CHiDKEHHS TTOJIATAE Y PO3AUICHHI aOCOPOIIIHHUX MPOTIECIB Y MaIepoBO-ITPOCOTCHIHN 1301
Ha IMIACTaBl JeTami3aiii MOJICIbHHUX Ta EKCICPUMEHTAIbHUX KPUBUX BIJHOBHOI HAmpyrd CHUJIOBUX
BHCOKOBOJIBTHUX KaOeliB.

MogeabHi KpuBi BiTHOBHOI HANPYrH ¢a3HOI Ta MOSCHOI i30.sLil cuioBux kadedis. [laneposo-
MPOCOYCHA 130JIAIiSI CHIOBHUX KaOemiB CKiIamaeTbes 3 (pa3Hoi (i307A11isS KOXKHOT KUIHM) Ta TMOSICHOI (130JISIIis
BCiX TPbOX JKMJ), TOOTO € ABOIIAPOBOIO. [IpencTaBuMo KOXKHUH 13 mapiB 130M1ALiT TOCTiJOBHO-APAIEIEHOO
CXEMOI0 3aMIIIeHHs 3 TPhOMa pellakcaliiHuMH JaHIIokKamu (puc. 1, a).

Ha cxewmi 3amimenns (puc. 1, a) mo3naueno: C;, C, — eMHOCTI IIBHAKUX BUAIB mojsipu3anii; C;; —
Ci3, Cy; — Cy3 — €eMHOCT] YHOBUIbHEHHMX BUIIB MOJspu3aii; R;, R, — onopu BUTOKY; R;; — R;3, Ry — Ros —
€KBIBaJIGHTHI OIOPH, 10 BiZoOpaXkatoTh BTPATH Ha PO3CIIOBaHHs €HEPrii YHOBIIbHEHUX BHUIIB MOJSPHU3ALIii;
U, — Hanpyra mxepena IOCTiHHOI HaIllpyTH 3 BHYTPIIIHIM OIOpOM R, (3apsaHuiA orip); R, — PO3PAIHHIA OTIp;
R, — BHYTPIIIHI} OMip eJIEKTPOCTATHYHOTO BOJIBTMETPA.

€MHocTi mBUaKKX BUiB mospu3aitii (C;, C) $ha3HOT Ta MOSICHOT 130JIA11iT BU3HAYAIOTHCS SIK YACTKH BiJ
3amgaHoi emHocTi C (ha3u 3 ypaxXyBaHHSAM CITIBBIJIHOIIEHHS MK 3HAUEHHSMH TOBIIMHH KOMITOHEHTIB (TOBIIMHA
(hazHOi 130JIAITiT B 2 pa3sWl BWIA 3a TOBIIMHY ITOSCHOI 130T CHJIOBHX KaOEJiB 3 IaIrepOBO-IPOCOYCHOIO
3omsuiero Hanpyru 6 kB): €, =C(1-x)™', C, =Cx™', ie X — BiIHOCHA TOBILMHA IOSICHOI 130JIsI1Iil.

3a Bu3HaueHux 3HadyeHHAx C;, C; Ta 3a/laHuUX 3HAYCHHAX 4acy penakcaiii 0;, 0, mapiB i3omsimii
3HAXOMAATHCS OTIOPU BUTOKIB KOYKHOTO 3 KOMIIOHCHTIB

R =6,/C, R,=6,/C,. 1
€MHOCTI YMOBUTPHEHHMX BHIIB MOJsIpH3alii BU3HA4YarOTbes 3 (2) 32 yMOBM 3aJaHOi 4YacTOTHOI
3aJIeKHOCTI TAHTCHCA KyTa MICNEKTPUYHUX BTpAT AJsS CBOEI, OMHIET 3 TPhOX, XapaKTepPHOT 4acTOTH f (st
nosicHoi 130imii B popmydi (2) BimmoBigHi mo3HadeHHS C,, Cy;, Ci, Coz)
C,/C, . g5, = C,/C, . igs, = C,/C, ' @)
2 J1+C,/C, 2 J1+C,/C, 2 J1+C,/C,

[MocriiiHi "acy penakcallii BU3HAYarOThCSI HA OCHOBI 3HAWJEHUX 3HAUY€Hb €MHOCTI YTOBLIHHEHUX

BHJIIB TTOJISIpA3AIlil

6, =(27[f1)_1\/1+C”/C1 > 6, :(277f2)_1\/1+C12/C1 ) 6, 2(277/(3)_1\/1+C13/C1 > (3)

(s mosicHoi 130imsmii B popmyii (3) BimmoBinHi mo3HaueHHS C5, Cyy, Coy, Crz Ta 055, 025, 023).
Po3paxyHOK Hampyru Ha AiIsHKax 3apsaay (ko4 K; — 3aMkHyTO, K04l K, Ta K3 — PO3IMKHEHI),
camopo3spsany (xmou K, — 3amkHyTO, Kitodi K; Ta K; — po3iMKHEHi) i BiTHOBIEHHsS Hampyru (kimod K —

1
Y 1 v,
K/ K / 1@/ T Rl | R[] Ris

R U RC[ [
RCyy| |RCp| |RC, !
EC/
o[]4]]
EC,,| ECp| ECj;
OLx e
Ry Ro| | Rz

RCyf| |RC2| |RC,: R2|:

3 1
1 ®
EC21 EC22 EC23
3

186, =

1

U G

ke RD G

Puc. 1
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3aMKHYTO, Kitoui K; Ta K; — po3iMKHEHi) BUKOHAEMO METOJIOM JAMCKPETHUX PE3UCTUBHUX CXEM 3aMillleHHS
Ta METOJIOM BY3JIOBUX IMOTCHIIIAIIB 32 MOYATKOBMX YMOB: 33JaHMX 3HAUCHHSIX HANPYTH JUKEpena, HAlpyTu
Ha eMHOCTSIX [3, 12].

Ha puc. 1, 6 moka3aHo OUCKPETHY PE3WCTUBHY CXEMYy 3aMillleHHS IBOIIAPOBOi HEOJIHOPiIHOT
130711111 y BUTIIAMI TTOCITIIOBHO-TIAPAIEIFHOT CXEMH 3aMIIIeHHs 3 TpbhOMa pellaKCAiMHNMY JIAHITIOKKaAMH
(puc. 1, a). Ha manuii nmpomi>kok wacy h koxHa eMHicTh C 3aMiHeHa omopoM Rc = A/C i imeanbHUM
mxepeniom EPC EC, sxkuli cipsIMOBaHUI POTH CTPYMY 1 B SKOMY «3allaM'siTOBYEThCS» HAlpyra Ha €MHOCTI
B TmorepeaHiil MoMeHT yacy. Ha cxemi mosznaueno: EC;, RC;, EC;; — ECy3, RCy; — RC);— imeanpHi mxepena
EPC i omopu, sikumu 3aMiHeHO Ha KopoTkuii 4ac i emHocti C; ta C;; — Cysz. Jlnsg apyroro mapy i30Jsiii
MO3HAYCHHS CJICMCHTIB CXEMH 3aMIIlICHHSI 1[CHTHYHI.

Po3paxyHok 0a3yeThcsi HA BU3HAUCHHI MOTESHIIATIB ¢, ¢, By3I1iB / Ta 2 32 HyJIHOBOTO TOTEHITIATY
By3Jla 3 Ha MiJCTaBi PIllIEHHS CHCTEMH JiHIHHUX anreOpaidyHuX PiBHAHB APYTOTO MOPSAKY

Gll G12 . wl ']l

= , 4)
G, Gy, ?, J,

e G, =—+ 1 + 1 + 1 + 1 + 1_ BY3JI0Ba MPOBIJAHICTh MEPIIOTO BY3Ja;
R, RC, R,+RC, R,+RC, R,+RC, R,
_ 1 n L Pt n ! i ! LI BY3JIOBa TIPOBITHICTH
RC, R,+RC, R,+RC, R,+RC, R RC, R,+RC, R,+RC, R,+RC, R
1 1 1 1
+ + +
RC, R,+RC, R,+RC, R,+RC,

22
2

1 - .
+—)— B3a€MHa NPOBIJHICTbL MK MEPIINUM Ta
1

Japyroro Bysna, G, =—(

apyrum Bysnamu; G, =G,)5 g _U.  EC | _EC, | ECG, | EC, BY3JIOBUI CTpPyM IEpIIOTO
R, RC, R, +RC, R,+RC, R,+RC,
EC EC EC EC EC, EC EC EC

By3Ia; j ———2 u 2 £ 1 12 13 — BY3JIOBUH CTpyM

RC, R.+RC,  R,+RC, R,+RC, RC, R,+RC, R,+RC, R,+RC,
JPYroro Bys3ia.

CTtpyM y TigKax Ta HampyrH Ha €MHOCTSAX 3a 3HAWICHUX IOTEHIliajdaX BY3JiB BHU3HAYAOTHCS
BIJAIIOBIAHO

iy, =(p, —@, —EC,)/(R,, +RC,)) ,i,,=(¢, —@, —EC,,)/(R,+RC},) ,
ii,=(p, —@, —EC,)/(R;+RC),
iy =(p, —EC,))(Ry + RC,)) , iy, =(@, —EC,)/(Ry, + RCy) , iy, =(p, — ECy) (Ry;+ RCy3) , (5)
uc, =p, —p, ,UC, =i, -RC, +EC,,UC,=1i, -RC, +EC,,UC,=i, -RC, +EC,,
uc, =9, ,UC, =i, -RC, +EC,,UC, =i, -RC,, +EC,,,UC,,=iy -RC,; + EC,;. (6)

Hukniuae 3actocyBanHs (5) Ta (6) 3a 3a1aHUX TapaMeTpax 00’ €KTy MiarHOCTHKH: eMHOCTI C Kabero
(dasm), gacy pemakcarii 0;, 0, IBUIKKX BHUIIB MOsApu3allii (a3Hoi W MOSCHOI 130JIAII] Ta 3aJIeKHOCTI Bif
YaCTOTH TAaHT€HCAa KyTa [ICJCeKTPUYHUX BTpaT KalOearo, HEOOXIAHOT 3ajJii BU3HAYCHHS €MHOCTI
YIOBUIbHEHUX BHIB MOJIIPU3aLlii, Ja€ 3MOTY Ha KO)KHOMY KpOIli 4acy 4 BU3HA4aTH CTaH CXEMH Ha puc. 1, a.

Po3paxyHkoBi KpuBi BiqHOBHOI Hanpyru U,, IpUBEIEH] 10 HaNpyTH 3apskanas U,., HEOTHOPIIHOT
JIBOIIAPOBOI 130JIs11i1, €MHICTh siKOi craHoBUTH C;= 1 H®, HaBeneHo Ha puc. 2 (kpuBa [) — puc. 3, a.
3HavyeHHs TAHT'CHCY KyTa JieeKTPUYHUX BTpaT NopiBHIOOTH 1gd=0,075 mnns wactortu f;=0,1 I'u, 7g6=0,0125
— s f>=1 ' ta 1gd=0,05 — s /3=100 ' BigmoBigHO. [lapamerpu cxemu giarHoctuku HacTymHi: U, =500
B; R, =10° Om; gac 3apsypkanas 60 c; 4ac po3psDKaHHS 2 C; 9ac CIIOCTEPEKEHHS 32 BiJHOBHOI HAIPYTOIO
1000 c; R, =24000 Om; R, =10'"° Om.

Ha puc. 2 (xkpuBa 2) ta puc. 3, 6 TOKa3aHO EKCIEPUMEHTAIBHI 3aJI€KHOCTI KPHUBOi BiJHOBHOI
Haripyrd U, (a3 4 BIZHOCHO NBOX IHIIUX Ta METAJIeBOi OOOJOHKH CHJIOBOTO Kabemo 3 TamepoBO-
MIPOCOYCHOIO 130JISIII€10 HA HANIPYTY 6 KB, kUit 3Hax01uBCs B ekcIutyaTtaiii 20 pokiB.

Ha puc. 3 mokaszaHo cnektpanbHi ¢yHkmii S(f) momenbHux (puc. 3, a, HIKHIM PUCYHOK) Ta
eKCIIepUMEHTANBHUX (pHC. 3, 6, HIDKHIN PUCYHOK) YACOBHX 3aJIEKHOCTEH BiTHOBHOI HAIPYyTH.

[Mapamerpu nBomapoBoi i3omsmii ((azHoi Ta mOsACHOI) ekBiBaJieHTHOI cxemu (puc. 1) s
MOJICTIOBaHHS a0COpOIIHHUX TPOIeCiB 00paHO TAaKMM YHHOM, IO BIAMOBIAAIOTH 3iCTApPEHIN 130JIALIT,
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pUYOMY B OUTBIINIA Mipi — IOACHIN: cTana dacy 6, B 7 pasiB MeHIIa 3a 0;. Y bOMy BHITaJIKy B HEOJIHOPITHIH
13051511111 TOBMHEH CIIOCTEPIraTUCS HE OJIMH JTOMIHYIOUHI MeXaHi3M MOBIILHOI OJIsIpU3allii, a 1Ba.

Ha xpuBHX BiZHOBHOT HampyrH CIij O4iKyBaTH,
MpUHAWMHI, 1Ba TIKOBi 3HAYEHHS BiIHOBHOI HANPYTH 3
Ur/ Uc JIBOMA XapaKTePHUMH 3HAYCHHIMH Yacy.

0.2 Jeramizamisi Ta BHUSIBJeHHsI iHAWBiTyajJIbHHX

1 a0copOUiiiHUX XapaKTepPUCTUK HEOTHOPITHOI 3ol

2 cuioBux kaOemiB. Crektpm MomenbHuX (puc. 3, 4,

0.15 HIDKHIA PUCYHOK) Ta eKCIIepUMEHTalbHUX (puc. 3, 0,

\ HIDKHIA PHUCYHOK)  YacOBHX 3aJISKHOCTEW BiJHOBHOI

oA N\ HAaIpyru MaroThb cmgﬂor_&i 3 4acTOTOI0 110 1 k[, 1o siae

3MOTy OTpuMaTH iH(opMaIliro 1Iomo0 abcopOmiHIX

\ npomecis B o6macti wacy 107 c. Taxi 3HaueHHs uacy

0.05 \ MpUTaMaHHI JWTONBHIM Monspu3anii, TIOB’sS3aHOI 3
peaKcari€ro BOJIOTH B HEOXHOPIMHIH 13011111

Ha puc. 4, a mnokazaHo eKClepUMEHTAIbHI

0 200 400 600 800 1000 1200, 1400 KpHBI BIiJHOBHOI Hampyru TPWKHUIBHOTO CHIJIOBOTO
Le Ka0eIro 3 ManepoBO-MIPOCOYSHOIO 130IIAIi€I0: KpuBa [ —

Puc. 2 s dasu C BiIHOCHO BOX IHIIMX Ta METAleBOi

000710HKH, KpuBa 2 — aj1st $a3u A BiAHOCHO JBOX IHIIMX Ta METaJIeBOi OOONOHKH, KpuBa 3 — Ui TpboX (a3
pa3oM BiIHOCHO METaneBOi 000JIOHKH, KpuBa 4 — /i (a3u B BITHOCHO ABOX 1HIINX Ta METAIEBOi OOOJIOHKH.

Buspnserpcs, mo camMe y BHCOKOYACTOTHIA 00JacTi CHEKTpalbHI XapaKTEPUCTHKH KPUBUX
BiZTHOBHOI Hanpyru (puc. 4, 6) B OinbIIiil Mipi BiAPI3HAIOTECS OIHA BiJ ONHOI, HIK B 4YacoBiil (puc. 4, a).
AHaimi3 CreKTpiB YacOBUX 3aIEKHOCTEH KPUBUX BiHOBHOI HANPYTH HAJa€ OJATKOBY iH(OpMAILIO MO0
a0CopOIiitHUX MPOIECiB, 10 JAa€ 3MOTY IMABUINATA TOYHICTH OIIIHKM TEXHIYHOTO CTaHy HEOIHOPIIHOI
130JIALI11 B IIpoOIIeci eKCIUTyaTallii.

[lix yac BuUMipIOBaHB MOXIHMBa CTPUOKOMOAIOHA 3MiHa BigHOBHOI Hampyru (puc. 4. a), sika

0.25

0.4 0.4

Ur/Uc
0ol T — Ur/U(i)q o
/ T

CO 50 100 150 200 250 300 350 400 450

0 tc 0 200 400 600 800 1000 1200 1400 s 1600
10 :
Ur/Uc

S,V .
() 4 Attt

10°

Puc. 4
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OB’ 13aHAa 3 BUCOKOIO YYTJIHMBICTIO €NIEKTPOCTATUYHOTO BOJIETMETPY JI0 30BHIIIHIX €IEKTPOMArHiTHUX 3aBaJl.
Le 00ymOBIIIO€ HU3BKY AIPOKCHMAIIIF0 KPHBOI BiJTHOBHOI HANIPyTH TPUTOHOMETPUYHMMHU (QYHKIISIMH Y pasi
3acTocyBaHHS MBHAKOro mneperBopeHHs @Dyp’e [13-14]. YV rtakomy Bumamky OiTbII NPUBAOINBUM
MaTeMAaTUYHUM allapaToM € 3aCTOCYBaHHS BEHBIIET-TIEPETBOPSHHS 3aUIs allpOKCHMAIlii Ta meramizarmii [15-
16] xpuBUX BiTHOBHOI HAIIPYTH.

Ha puc. 5 moka3zano o0poOieHi i3 3acTtocyBaHHSIM BeiiBiera JloOemu 12 mopsaky 3 4-piBHEBUM
PO3KJIaaHHSIM MOJAEJbHI Ta eKCHEepHUMEHTalbHI aOCcOpOLiiiHI XapaKTepUCTUKU CHJIOBHX BHCOKOBOJIETHHX
kabemiB, KW 3a0e3Meuye BUCOKAN CTYITIHD JeTalli3allii BiATHOBHOI HAIPYTH MalepoBO-TIPOCOYCHOI 1301
B 00JIaCTi MaJIUX 3HAYEHb Yacy.

Kpusa / Ha puc. 5, a BinoBigae MOAENbHIHN 3aJIe)KHOCTI KpUBOi BiTHOBHOI HANpYTH Ha pHC. 2, KpUBa
2 — excniepuMeHTaNbHIN. be3 meramizamii (mopiBHsAWTe KpuBi / Ta 2, puc. 2) KpUBI BIIHOBHOI HANpyTH
ToTOXHI. CIIOCTEpiraeThCss MAacKyBaHHS TIOJAPH3AIIHHAX €(PEeKTiB, SKi MEPEKPUBAIOTH OAWH OJIHE, IO
YCKJIQAHIOE IHTEPIPETALil0 pe3yabTaTiB 1iarHOCTUKY 32 BiIHOBHOIO Hampyroio. BinTBopeHa 3a 10omomMororo
BEUBJIET-TIEPETBOPEHHS MOJIelIbHA KPHBa BiJIHOBHOI HAmpyru Mae Oinbllle 3HAYeHHS aMIUNTYAH: 13071
3icTapeHa B OuUThbmIii Mipi. BeliBieT-mepeTBOpeHHs 3a0e3leuye po3mijeHHS aOCOpOIiitHMX edeKTiB: Ha
3aJIEKHOCTSAX CIIOCTEPITraroThCsl J1BA 3HAYCHHS 4Yacy ! 3 XapakTepHHMMH MaKCHMyMaMH BiJHOBHOI HamlpyTH,
SIKI OIOCEpeIKOBAHO CBiYaTh NMPO JABa MEXaHI3MH YIOBUIbHEHO! mossipu3auii B QasHii Ta MOsICHIN
HEOJTHOPiHIM TamepoBO-MPOCOYCHI  i30MAmii cwinoBux KkaOemiB. CHiBBITHONIEHHS MK JBOMa
MaKCUMaJIbHAMH 3HAUYEHHSMH BIJHOBHOI HANpyrd CTAHOBIAThH: I MOAeIbHOI kpuBoi — 1,07, mns
exkcnepuMmenTanbHoi — 1,05. Ilpu npomy B mepmiomMy BUNAAKy IOMIHYIOTH aOcopOwiliHi mpouecH,
00yMOBIIeHI OLTBII MBUIKOIO PEIaKCAIli€r0 3apsiB, HAWOUIBIINI Yac BCTAHOBIICHHS SIKUX JTOPIBHIOE ¢,=28 c.
B apyroMy 3amisi BIiZTBOPEHHUX EKCIIEPUMEHTAIBHUX KPHBHUX HABITAKW: B OLIBININ Mipi — MOBUTEHIITAMUA
IpoIecaMu MoJIApu3allii, HaHOUTBIINI Yac BCTAHOBJICHHS SKMX CTAHOBUTH £,=45 C.

Kpurepii 11 BU3HAYEHHS JOMIHYIOYHX a0copOuiliHMX NpoueciB B HEOTHOPiAHIN i3oJsmii.
Crymiep meramizariii 0COOMWBO BaKIMBa IS aHANI3y MWHAMIKH 3MIiHCHHS KPHUBUX BiTHOBHOI HAIpyTH
CHJIOBHX KaOelliB, sIKi TPUBAIUM Yac 3HAXOAATHCS B eKcIutyarauii (puc. 5, 6): kpusi / Ta [’ BiANOBIIAIOTH
pe3ynbraTtaMm JiarHOCTUKH (a3u 4 BiAHOCHO JBOX IHIIMX Ta aTOMIiHIEBOI OOOJIOHKH CHIJIOBOTO KaOeIro
HanpyTu 6 kB micns 20 pokiB excruryaTartii.

[Ticast A0AaTKOBOIO TEIUIOBOTO CTapiHHS 3pa3ka KaOeIo CIIOCTEPIraeThCs CYIIKa 130JIAIMil, 1110
NpPU3BOANTH A0 3MEHIIEHHs BiAHOBHOI Hampyru (mopiBHsiiTe kpuBi / Ta I’, 2 Ta 2’ Ha puc. 5, 6) Ta
3MIIIEHHSAM JBOX MaKCHMYyMIB BiTHOBHOI HAIIPyTH B 001acTh OLTBIINX 3HaUeHb (NOpiBHSNTE KpuBi 2 Ta 2°).
AMIUTITYIHI 3HAYCHHS BiOHOBHOI HAINPYTH 3MIiHIOIOTHCA B 1,25 Ta 1,50 pasu mams MeHIIoro ta OiibIIoro
3Ha4YeHb Yacy BinoBinHO. be3 meramizamii micis 101aTKOBOTO TEIIOBOTO CTAPIHHS aMIUTITYa 3MEHIIY€E€ThCS
B 1,44 pasu. [IpuyoMy 4ac TOCATHEHHS] MaKCHMalIbHOTO 3HAUEHHS MicIs JOAATKOBOIO TEIUIOBOTO CTapiHHS
3MIIY€ETHCS B 00JacTh MEHINHMX 3HAYEHb, IO € MIATBEPKEHHSIM O€3MMOCEPEeNIHbO TEIUIOBOTO CTapiHHS
MarepoBO-MPOCOYEHOT 130JISII1.

Cama ¢opma BiATBOpEHOi KPHBOi BIJHOBHOI HANpYrH 3 XapaKTEPHUMH IBOMa MaKCUMyMaMy Ta
iXHIM CITIBBIIHOIIEHHSM J1a€ MOXKITUBICTh BHU3HAYWTH JIOMIHYIOUi MPONECH B HEOMHOPINHIN i30ismii. s
3BOJIOKEHOI HEOTHOPITHOT 130711111 CHIIOBUX KabemiB mpHUTaMaHHI KpUBI 2 Ha puc. 5, a Ta puc. 5, 6. Jlns
3icTapeHoi B MpOLEeCi TEIIOBOTO CTapiHHA — KpHBa / (MOAeNbHA) Ha puc. 5, a Ta KpuBa 2 Ha puc. 5, 6.
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KpurepieM 3BOJOXEHOCTI  MAamepoBO-NPOCOYEHOi 130l MOXKHA BBaXaTH  BUKOHAHHS
cuisifHomeHHs K;< K>, temtosoro crapinust — K> K», ne K, =(U,/U,), , K,=(U,/U,), — BigHOCHI

3HA4YCHHS BiIHOBHOI Hanpyru U, 1o Hanpyru 3apsypkands U. B MOMEHTH 4acy ¢; Ta ¢, BIAMOBIIHO.

BucHoBku. 1. HacoBi 3aJIe)KHOCTI PO3PaXyHKOBUX KPUBHX BITHOBHOI HampyTu (pa3HOi Ta MosICHOT
MaNepoBO-MIPOCOYECHOI 130JIA1i1, MPEACTABICHOI MOCIiTOBHO-TIAPATIEIFHOK CXEMOIO 3aMillleHHS 3 TpbhoMa
peNaKcarifHiMK JIAaHIFO)KKaMH, B TIOBHIM Mipi BiATBOPIOIOTh EKCIEPUMEHTANbHI, IO MiATBEPIKYE
aJICKBaTHICThH 3aMPOITOHOBAHOI MaTEMATHYHOI MOJIEII JIBOIIAPOBOI HEOHOPITHOT 130141111 CHIIOBUX KaOeiB

2. CnekTpH 4acoBHX 3aJIe)KHOCTEH MOJICILHOI Ta €KCIEPUMEHTAILHOI KPUBUX BiJIHOBHOI HANPYTH
3aiiMaroTh miama3oH dactotw A0 1 kI, mo Jgae 3Mory aHaji3yBaTH YIIOBUIbHEHI abcopOIiiHi mporecH B
HEOTHOPIAHIM 1301511111,

3. JloBeneHo epeKTUBHICTH BEHBIET-NEPETBOPEHHS I A€TaNi3alii Ta BUSBICHHS 1HIWBITyaIbHUX
a0CcopOIIHIX XapaKTEPUCTUK HEOTHOPIAHOI i30Amii cnioBuX KabeniB. Ha BiATBOprOBaHWX MOJIENBHIN Ta
eKCIIePUMEHTATbHUX KPUBHX BiJHOBHOI HAIIPYTH CIIOCTEPITAIOTHCA /IBA XapAaKTEPHUX MAKCUMYMH, KOKHOMY
3 KOTPHX BIiAMOBIJA€ CBIl 4ac BCTAHOBJICHHSI.

4. BcraHoBieHO XapakTep 3MIHEHHA Ta BH3HAYEHO CITIBBIIHOMIEHHS MK aMILTITyTHUMHU
3HAYCHHSIMH BiJITBOPEHOI BiJHOBHOI HANpyTW B TMOYaTKOBOMY CTaHi Ta MOJaTKOBOMY TEIJIOBOMY CTapiHHI
CUJIOBUX KaOeJiB 3 MarepoBO-MPOCOUCHOO 130JIAIIET.

5. 3amponoHoBaHi KpUTepii Aat0Th 3MOTY BU3HAYUTH JOMiHYIOUi aOCOpOLiiiHi Mporecu 3BOI0KEHHS
Ta, BJIACHE, TEIUIOBOTO CTapiHHSA HEOMHOPITHOI 130MAIIil, IO IMiBUIIYE JOCTOBIPHICTh OIIHKH TE€XHIYHOTO
CTaHy CHJIOBHMX Ka0eJIiB 3a pe3yJIbTaTaMu JieJICKTPUIHUX 00CTECIKEHbD.

6. IIpouenypa 0OpoOKH EKCIEPUMEHTAILHUX KPUBUX BiJHOBHOI HANpyrd 3a JIOMIOMOTOK) BEHBIIET-
MIEPETBOPEHHS 3 JeTaji3aliero abcopOIifHMX MPOIeciB B HEOMHOPIAHIN i3041ii MOXe OyTH 3acTOCOBaHA
JUISL CHJIOBHX KaOeIiB 31 3IIHUTOO MOTIETHIICHOBOIO 130JIAIII€I0, CHIIOBUX TPaHC(HOPMATOPIB, BHCOKOBOJIBTHHX
BBOJIIB.

Pobomy eukonamo 3a OepoicoOrodxcemnoro memor «Pospobrka meopemuunux 3acad BU3HAYEHHS MEXHIYHO20
cmany meepooi i301ayiiy.
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DIFFERENTIATION OF ABSORPTION PROCESSES IN INHOMOGENEOUS INSULATION BY CURVE OF
RECOVERING VOLTAGE OF POWER HIGH VOLTAGE CABLES

G.V. Bezprozvannych, I.A. Kostukov, E.S. Moskvitin

' National Technical University “Kharkov Polytechnic institute”

Str. Kirpichova 2, Kharkiv, 61002, Ukraine.

E-mail: bezprozvannych@kpi.kharkov.ua, iakostiukow@gmail.com, moskvitin@kpi.kharkov.ua

Based on the proposed model of spatially inhomogeneous two-layer insulation in the form of a series-parallel substitution
scheme with three relaxation chains, the calculated recovery voltage curves of phase and belt paper-impregnated insulation
of power cables are obtained. The model was verified by comparison with the experimental voltage curve of the power cable
with paper-impregnated insulation at a voltage of 6 kV. The possibility of separation of delayed absorption processes in
inhomogeneous insulation is substantiated on the basis of the analysis of high-frequency components of the spectrum of time
dependences of the recovery voltage curves. The effectiveness of wavelet transform for detailing the absorption characteristics
of inhomogeneous insulation of power cables is confirmed. The presence of two maxima and the dynamics of change of the
ratio between them in the process of aging of inhomogeneous insulation on the reproducible curves of the regenerative
voltage of power cables are established. Based on the relationship between the two amplitude values of the reproducible
reduction voltage, the preferred absorption processes are determined and the appropriate criteria for assessing the state of
inhomogeneous insulation of power cables are established. References 16, figure 5.

Key words: inhomogeneous two-layer insulation, relaxation circuits, recovery voltage, power cable, spectra of recovery
voltage curves, wavelet transform, delayed absorption processes, insulation humidification, thermal aging, criteria for
assessing the state of inhomogeneous insulation.
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EJIEKTPOMEXAHIYHE NEPETBOPEHHS EHEPTIil

VJIK 629.374.7 DOI: https://doi.org/10.15407/techned2021.06.020

BILIUB ITYJbCAIIIA HAITPYTY J)KUBJEHHS JITHIMHOT' O EJIEKTPOJABUT'YHA
HA TAPAMETPH IEPEXITHOI XAPAKTEPUCTUKHU KOHTYPY CTPYMY
BOPTOBOI ABIALIIMHOI CUCTEMH MO3UI[IOHYBAHHS

10.0. JIenncos’, 1okT.Texn.Hayk, 0.0. Bypcana”™
Haunionanbumuii yHiBepcurert “YepHirisecbka nosairexnika”,
ByJ. llleBuenka, 95, Yepniris, 14035, Ykpaina, e-mail: den71ltd@gmail.com

IIposedeno nopignsnmsa napamempis nepexionux Xapakmepucmux OnmuMiz08anoI0 3a MOOyiem nepedasatvHoi yHkyii
3AMKHEH020 KOHMYpPY CMpYyMy cucmemu NO3UYIOHY8AHHA 0Oe3 ma 3 YPAXy8aHHAM 2AUOOKOI UUPOMHO-IMAYAbCHOL
MOOYIAYIL Hanpyeu HCUBNEeHHS NIHIIHO20 eleKmpoosueyHa. Bcmanosneno ixuio cymmesy 8iOMIiHHICMb 34 WBUOKOOIETD,
nepepecyio8anHsIM, CMAMUYHOI HOXUOKOK. 3anponoHO8AHO MemoOouxky onmumizayii 3a Kpumepiem uweuoKooil
KOHMYpYy CMpyMy, SKa Oa€ 3MO2Y pedanizysamu U020 Nepexiony Xapakmepucmuky HpomsaeoM KiHYego2o Yucid
iHmepeganie KomMymayii WupomHo-iMnyIbCHO20 nepemeopiosaud. Bukonano cunmes yugpogozo pezyrsmopa Koumypy
cmpymy, wjo 0ae 3moecy peanizyeamu U020 nepexioHy Xapakxmepucmuxy Oe3 nepepezyniosanHs NPOmMA2OM KiHYe8020
uucna inmepesanie komymayii. bion. 11, puc. 3.

Knwouosi cnosa: miHIHHWIA €NEKTPOABUTYH, IMIMPOTHO-IMITYJIECHUH MEPETBOPIOBAY, MOAM(]IKOBAaHE Z-TIEPETBOPEHHS,
MepexigHa XapakTepUCTUKa, ONTUMI3aIlis.

IMocranoBka mpo6Jjemu. CydJacHi JTambHI amapaTd OCHAICHI aBTOMAaTH30BaHWMH CHCTEMaMH
FADEC nmnst ynpaBiiHHS TapaMeTpaMy BIOPCKYBaHHsI IMajMBa, MOBITPS, 3alalllOBaHH, 10 3a0€3MeUyIOTh
poOOTy aBiaJBUTYHa 3 MiHIMAJBHOIO BUTPATOIO MajuBa. bopToBi koMm’roTepu oOpoOIAIOTH iHpOpMAaLito
PO MOTOYHI 3HAYEHHS MapaMmeTpiB, L0 KOHTPONIIOIOTHCS, 1 JAIOTh KOMAHAW BUKOHABUMM IIiCHCTEMaM,
cepesl SIKMX TEpEeBAXKAIOTh ITHEBMATHYHI TA TiIpaBIiuHi NPUBOMM. IXHE NpPH3HAYEHHA — BiTUHHATH 200
3aYMHSATH BIAMOBIAHI KJIANaHU IIJISTXOM JIIHIMHOTO MEPEMIIIeHHs] BUKOHABYOTO oprany npusofy. L{ro 3amauy
Halle()eKTUBHIIIE BUPIIIYIOTH JiHIIHI €IEKTPOIIPUBOIN MOCTIHHOTO CTPYMY, Ha JUHAMIYHI XapaKTEPUCTHKU
AKUX IIOMITHO BIUIMBAIOTH IIyJIbCAallii HAampyrd JDKepeda >KHUBICHHS, L0 € JAHKOK KOHTYPY CTpyMY.
[ynpcanii BUHHKAIOTH BHACHINOK TIIMOOKOI MIMPOTHO-iMITyNbCHOT Monmymsmii (mami — IIIM) nanpyru
JKUBJICHHS €JIEKTPOJBUTYHA B MPOLEC BiAMpaloBaHHsS 30yprolounX BIUIMBIB. IcHYe TpoOiieMa BpaxyBaHHS
iXHBrO BIUIMBY Ha MapaMeTpH Ta CTPYKTYpPY PEryysiTopa KOHTYpY CTPyMY, KUK Ja€ 3MOTY ONTUMI3yBaTh
HOro IMHAMIYHI XapaKTePUCTUKH 3a HIBHKOIEIO 1 IepeperyIOBaHHSIM.

AHaji3 OCHOBHHUX J0CTiIKeHb i myQuaikamiid. Bizomi mocmimkenHs 1 myOmiikaiii OCHOBHY yBary
NPUAUISIOTh IPAKTHYHUM MUTAHHSAM KOHCTPYIOBaHHS Ta 3aCTOCYBaHHS JIIHIMHUX €JIEKTPONPHBOAIB B ray3i
apiamii Ta KOCMOHABTHUKHA 3 ITOCTAHOBKOIO aKTyaJIbHHX 3aJad 3 METOI0 MiHIMi3allii iXHIX HEIOJIKiB,
MIOB’SI3aHKX 3 MyJILCAIISIMU 3yCHIIb 1 BTpaTtamu B ctani [1, 2].

B [3] ans ynpaemniHHS GOPTOBHMH CHCTEMaMH aBialliifHOT TEXHIKM HA OCHOBI MPOIPaMHOTO 3a0€3MeueHHs
Matlab-Simulink mocmimKeHO TBOKOHTYPHHH €IEKTPOIPHBI 3 OS3MiIIMITHAKOBAM eJIeKTpoaBUTyHOM. CrcTema
HOro perymoBaHHs KOHTPOJIIOE IIBHKICTD Ta MOJOKEHHS 0€3 KOHTPOITIO CTPYMY, IO € il HEJIOJIIKOM.

[Tix wac onTuMizawii MporeciB B KOHTYPi CTPYMY JiHIHHOTO €JIEKTPONPHUBOY 3a3BHYail BUKOPHCTO-
BY€ETBCS OIITUMYM I10 MOAYJIIO HOTO nepeaaBaibHoi QyHKIIT Oe3 ypaxyBaHHS BIUIMBY ITyJibcawii [4].

BpaxoByroun CKJIamHICTh aHATITHIHOT OITIHKY BIDIMBY Tporiecy Tirbokoi [11IM Ha moKa3HUKH JUHAMIKA
JHIHOTO eNEeKTPOIPUBOAY, HAHYACTIIE 3 LI€I0 METOI0 BUKOPHCTOBYIOTh €IEKTPOHHE MOACIIOBAHHA [S].

Merta naHoi poOOTH MoOJsirae B po3poOLi aHANITUYHOTO METOAY BpPaxXyBaHHS BIUIMBY INPOLECY
rimbokoi [IIIM Ha CTpyKTypy Ta mapaMmeTpd peryisiTopa KOHTYpPY CTPyMy IIiJ 4ac WOTro OmTHMi3amii 3a
KPHUTEPIEM IBUAKOII.

OcHoBHuii po3aii. 1. [lepexinHa xapakTepucTuKa KOHTYPY CTPYMY, ONTHMi30BaHa 3a MOIyJieM
nepenaBajabHoi QyHkil. CHCTEMU MO3UIIOHYBAaHHSA OOPTOBOI aBialliifHOI TEXHIKM MAalOTh TPHU KOHTYPH
pETYIIOBAaHHS: CTPYMY, WIBUAKOCTI, MOJOXEHHS. JIaHKOIO KOHTYpY CTpPyMy € HIMPOTHO-IMITYyJIbCHUHN
nepetBoproBay (gamni — L), skuit xuBuTh NiHilHUN enexTpoaBuryH (aami — JIEJL) Hampyroro, 1o myJIbCye.

© Henucos 10.0., Bypcana 0.0., 2021
ORCID: * https://orcid.org/0000-0003-2293-7964 ; ** https://orcid.org/0000-0002-1829-1980

20 ISSN 1607-7970. Texn. enexmpoounamira. 2021. Ne 6



[HImMM mxepenom mynbcaniii Moxke O0ytu cam JIE]], sikio #oro BUKOHaHO HAa OCHOBI MOCTIMHHMX MArHiTiB sIK
0e3K0JIEKTOpHUH NBUTYH [6].

J7ist BCiX eNeKTPUYHUX MAIlUH XapakTePHi TEXHIUHI OOMEKEeHHs Ha IIBUIKICTh HAPOCTAHHS CTPyMY,
MePEBAHTAXKYBABHY 37IaTHICTh 1 poOouy Temmeparypy. [10TOUHI 3HAUEHHS I[UX MapaMeTpPiB BU3HAYAIOTHCS
MpoIlecaMy B KOHTYPi CTPyMYy 3aJICKHO BiJ 3MiH HANPYTH i HaBaHTKEeHH. ONTUMI3AIlis KOHTYpPY CTPyMy 3a
HIBUJKOIIEIO 1a€ 3MOT'Y IMIBHJIKO OOMEXHUTH TUHAMIUHI BUKHMIU CTPYMY 3a Pi3KOr0 rajbMyBaHHS Ta IIBHKO
BUWTH Ha 3aJlaHy TO3HMIIII0, X04a MPHU IOMY 3POCTA€E MOXiHA CTPYMY, 110 30ibmrye BTpaTH. KommpomicHe
CIIBBIAHOMICHHS MDK IIMMH TIOKa3HUKAMH JIOCSTAETHCS OINTHMI3AIliEl0 TPOIEeCY B KOHTYpI CTpPyMy,
CTPYKTYpHY CXEMY SIKOTO HaBeJeHO Ha puc. 1.

Kde(p)

Usc(p) U
Kpc(p) Kuc(p) }—> Key Lyl Ku(p) - —> Kde(p) _’EE)

Knc

Puc.1
Ha puc. 1 nosnaueno: K,.(p), Ky (p) — mepenasanbhi dynkuii perynstopa ctpymy Ta IIIII;

Kye(p)=[R,(1+p-Tg )]_1 . Ky (p)=R(p-Ty)”' — nepenasanbhi dpymxuii nanox popmysanms cTpymy Ta
opoTU-e.p.Cc., e R, — omip oOMOTKH iKkops, Tfg, T3 — CJIEKTPUYHA W €JIEKTPOMAarHiTHa CTalli JABUIYHA,

K,.(p)=0+ p-o)' - mepenaBanbHa QYHKIIiS HECKOMITEHCOBAHOI JIAHKH, ¢ o — CTaia 4acy (iabTpiB s

3rJ1a/DKYBaHHS ITyJIbCALliil Ha BUXO/aX JlaBada CTpyMy Ta peryisaropa; K., K,. - Koe(ilieHTH HiICUICHHS

cuctemu ynpasmiaas LI i qaBava ctpymy.
CHWIOBOIO JIAHKOIO KOHTYpY cTpymy sBiserhcss LI, mro 3mificHIOE IMHPOTHO-IMITYJIBCHE
perymoBanas Hanpyru sxusieHHs JIEJ]. Llg auckperHa naHka 31 CKIaJHOIO HENIHIHHICTIO € JDKEepeIoM
nyJbcaliii, SIKi CyTTEBO BIUIMBAIOTh HA XapakKTep HEpEeXiIHOTo Ipolecy KOHTypy crpyMy. Ilim uac ioro
onrtuMizanii “3a MomyneM” BIUIMB IIyJIbCallii Ha XapakTep MEepPexiHOro Mpolecy He BPaXOBYETHCS, TaK SK
JIOCSTTH TOYHOI PIBHOCTI OJMHHMIN MOIYJS TepeaaBabHOI (YHKITT MOXKJIMBO TiIBKH 33 HYJIHOBOI 9acTOTI
a00 X 3a JOCUTh HU3bKUX YaCTOT — HaOMmwkeHo. ToMy onTuMizanis “3a Moxayiem” mepeadavae BpaxyBaHHS
BIUIMBY Ha Tiporiec popMyBaHHS CTpyMy Jiniie rmoctiiHoi BuxigHoi Hanpyru LI, [Ipu pomy xoedimienT 1i
migcuieHHsT K, BBaKAETHCS MOCTIHHUM. Y pa3i HaNalITyBaHHS KOHTYPY CTPyMY Ha MOIYJbHHHA ONTHMYM
R(+pTy)
PT.K,; KK,

T.=a.-o — NMOCTilHA YacCy IHTErpyBaHHS KOHTYPY CTPyMYy, a, =2 Yy pa3i HajamTyBaHHS Ha MOXyJIbHHUN

1o #oro cknany BkmovaTh [l-perynsarop [6] 3 nepenasanbHor0 QyHKIiER0 K, .(p)= ne

OIITUMYM.
Axmo T, >> T, BnuB npotu-EPC Ha mporecu B KOHTYpi CTpyMy MOXHa HE BpaxoByBaTH [6],

TOMy HOro mepenaBanbHa (YHKLISI B 3aMKHEHOMY cTaHi W,.(p)= [ pT, (O, 5T, + 1)+1]_1 , 110 BiamoBigae
nepexinuiii xapakrepuctuui I(r) =1, [1 2" sin (/T +7z/ 4)] ,ae I, =U_/K,,.

Jua miniiinoro enextpoasuryna JIEJL AT605TY, mia sikoro T :5-10_30, Ty =0,1¢c, R, =30m,
T. =20, no0ya0BaHO MEPEXiAHY XapaKTEPUCTUKY m =1(t)(1,))" (xpuBa [ Hapuc.2) nna T =o = 107%¢, 3
SKOi BHWJIHO, IO MOMEHT 4Yacy, SKAW BIOMOBIZAE TMEPIIOMY MAaKCUMyMy CTPYMY Lo = 4,6-10’4(: R

nepeperyJtoBanHs - 4,35%, IPyruil 4ac PEeryIOBaHHs £,; =8,5- 10~ ¢ , BigHOCHA cTaTHUHA TOXKOKA - 2%.
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1,2¢

0,8

OninnMo BmMB IyJsbcauii Hanpyrd skubieHHs JIEJl Ha mepexigHy XapaKTEpUCTHKY KOHTYPY
ctpymy 3 [ll-perymstopoM, mnapamMeTpu SKOTO BiJNOBIIaIOTh MOIYJIBHOMY OINTHMYMY CTOCOBHO
enexkrponsurysa JIEJl AT605TY.

2. IlepexinHa XxapaKTepHCTHKa KOHTYPY CTpyMy 3 ypaxyBaHHaM rimOokoi IIIIM nanpyru
sKMBJIEHHsI OBUTyHa. OUYeBHIHO, IO ONTHMI3aIlid 3a MOAYJEM HeE Tepembadac BpaxyBaHHs HETiHIHHOT
4acTOTHOI 3asiexHocTi Koedimienta migcwienns LI B mporeci perymoBanus. Taky 3aJeKHICTh BpaXOBYE
nepenaBanbHa (yHKOiA, oTpuMaHa B [8, 9] 3a pe3yibpraTaMu CTaTUCTHYHOI JiHeapizamii MOAYISALIHHHX
XapaKTEPHUCTHK, MO BiMOOPaKAIOTh 3AJICKHICTh aMILNTYI pamy Yomma-Dyp’e B mporieci riaumbdokoi [HIIM
Hanpyru okuBineHHs JIEJl. YV pa3i BpaxyBaHHA 4oTHUphOX GYHKIIA psmy (TOCTIHHOT CKJIaq0BO1,

Sal (1,2) ;Cal (1,;) ; Sal (2,;) ;ne t=t/T — BigHOCHMIA yac, T — nmepioj] KOMyTallii) BOHa Ma€ BHUTJIST

5
AT (1) K- K exp [—O,25pT(k —1)]
2

1,44 2 K ( )
p)= ,
A\ 1 m P

025 A 0.0435 v 0.02
3 » ze K, =1,086; K, =0,114; K;=0,280;
K, =0,246; K5 =0,446 - Koe(imieHTH
tpa1 /| CTaTHCTUYHOT J'I.iHeapI/BaI_I.i'l'. B pesynbprari
> craructuyHoi JiHeapu3zauii [IIIM B mexax
/ tp11 BiIHOCHOTO OJWHHYHOTO YaCOBOTO iHTEpPBAIY
/ / / 3aMIHIOETBHCSA  €KBIBAIIEHTHOK aMILTITYIHO-
22 iMmynscHor0  Momyssimiero  (AIH)  Garato-
CTyHiHYacTOro iMIyibcy. KinbKicTh CTyHeHiB
Ta iXHA IMIMPUHA BU3HAYAIOTHCS KIIBKICTIO
> 3MiH 3HaKy ¢yskuii Pamemaxepa Buoi
0,2% YaCTOTH TPOXODKEHHsSI Cepell BpaxOBaHUX
t=nT,cex  GyHkuiii. Iligx 9ac BpaxyBaHHA YOTHPHOX

1,0 A

0,6

tp12

¢yukuiit Yomma takoro € ¢yukuis Sal2,t,

10 BU3HAYAE HASBHICTh YOTUPHOX 1HTEPBAJIiB

Puc. 2 icHyBaHHs nepenaBanbHOi QyHKOii LHIIT Ha

nepioni KomyTaii. 3anpornoHOBaHa arpoOKCH-

Mallisi J]a€ 3MOTY 3aCTOCOBYBAaTH MaT€MaTWYHHH amapar MOIU(IKOBAaHOTO Z-TIEPETBOPEHHS Ul aHAJi3y

cucteM 3 rimbokoro [HIM.

ITepenaBanpHa (yHKIIS NpUBENEHOI HENEPEepBHOI YAaCTUHM KOHTYpPY CTPyMy [UI BiIXHOCHOI

KOMITJIEKCHOI 3MIHHOI ¢ = p-T 3 ypaxyBaHHSIM TEOPEMH PO3KJIAAaHHS Ma€ BUTIISA

]{Kl —iKkexp[—o,zsq(k-l)] , (1)

ne Ko, =T*(Tp-0)"', 4 =p", 4y=—p7, 4=, p=Tlc.
[Timnaroun (1) MoaudikoBaHOMY Z-TIEPETBOPEHHIO, OTPUMAEMO AWCKPETHY IepeaaBaabHy (DYHKIIIO
PO3IMKHEHOTO KOHTYPY CTPYMY

A4 A A
K (@) = Ko _é+_2+ :
g 9 q+p

* F* , *
Fi(z8) 2(z €)+F 3(2,8) ’ 2
(2—1)2 z-1 z—e P

e F I(Z,g):ZClll(S)"rbll(é‘) 5 F 2(2,8):Zalz(€)+b12(5) N F3(Z,€):Za13(€)+bl3(€) .
Ockinbku (2) HA ONUHMYHOMY TMEpioJli Ma€ YOTHPH IHTEPBAaJIM CBOTO ICHYBaHHSA, TO (QYHKIIl

w pm (Z,E) :K()m

F |(z,6)+F 3(z,£) Ha KOXHOMY iHTepBai MaTHMyTh BIACHI 3HAYCHHs KOeDilieHTIB a(e), b(e) .
g 0<£<0,25:
0,446 0,446 0,446 1 0,353 0,446 1
ay1(&) = yb(e)=———7—, 012(5)=—{5——j+ »b12(€)=——[€——],
B B B B B B B
a3(6)=—0,047-¢ 7% . B2, by3(e) =—-0,446-¢ ¢ . p7;
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o 0,25<e<0,5:
0, 972 72 0,972£+0,0285 0,972 0,972 £+0,201 N 0,972

———, ap(e)= 1 7 b (e) =~ 7 7

ap3(e) = (1,086—0,1 14727 )P0 g2, by () ==0,809- - g2

aj (&)=

b

o 0,5<£<0,75:

an(e) =22 (o) =22, a12<e>=%92[ —%] O )= 292(8—%]—0’0;15,
e Pe (1, 086—0,114%25/ _0,28 eO’Sﬂ) (o, 446+ 0,246 025 ) e

a3 () = - - bia(e) = p :

ot 0,75<¢e<1:

ay1(e) = 0, 446 —0;46 a12(€)=%[8—%) 0,353 s hp(8)=— 246(5—%}

aj3(£)=—0,047-¢ 7. g2, b3(e)=—0,446-¢7P¢ . g2
JuckpeTHa nepenaBaibHa QYHKITIS 3aMKHEHOTO KOHTYPY CTPYMY
W pe(z,€)

S 3)
I+ ,e(z]) 2

W ..(z,6)=

e W' pe(2,]) —TiepenaBabHa (yHKILS PO3IMKHEHOIO KOHTYPY CTPYMY JUIsl Y€TBEPTOTO IHTEpBaILY, KOJIH & =1.

. . - z
Z-300pakeHHs TIEPEXiTHOT XapaKTePUCTHKH 3aMKHEHOTO KOHTYPY CTpyMy [ *(z,g) =;W*3c (z,¢).

3 ypaxyBanHsM (2) 1 (3), micnst HEOOXiTHUX TIEPETBOPEHD, OTPUMYEMO
2 Bs(£)+ 2By () + 2By () + 22 By (¢)
2Ds()+ 24D, (1) + 22Dy (1) + 22Dy (1) + 2D, (1) + Dy (1)

ne Bs(£)=ay (&) +ap3(e); By(e) = an(g)+b12(g)—alz(g)(ne*ﬂ)+b13(g)—2a13(5);
Bs(8) = by (&) ~ay (@) P +apy (e by (e) (147 )+ a3 (6) = 2b13(2) s By() ==y (e)e P +bia()e ™ + i3 ()

Ds(1)=1; Dy(l) = Ko Bs (1)-3-¢ 75 Dy(1) = Ko, [ By (1)~ Bs (1)]+3(1+e*ﬁ) ;

I'(z,¢) = Ky,

Dy(1) = Koo [ B3(1)- By (1)]-3¢77 =15 Dy() =Ko, [ By (1)- B3 (1)]+e 75 Dy(1)=-B,(1).
OpwuriHan mepexiTHOi XapaKTepUCTHUKH 3aMKHEHOTO KOHTYpPY CTPyMY 3HaiieMO, BUKOPHUCTOBYIOUH
METOJ] po3KiIaanHs ii 300pakeHHs B cryneHeBuid psj [10]. [Topsaok yucenbHUKaA 300payKeHHsI MEPEeXiaHOT
XapaKTEPUCTUKHU k = 5, JOPIBHIOE MTOPSIIKY 3HAMCHHHKA [ .
Bracnizok mporo nepexijHy XapakTepUCTHKY 3aMKHEHOTO KOHTYPY CTPyMYy 3HaXOJIMMO Ha ITiJICTaBi
PEKYPEHTHOTO CITiBBiTHOIITECHHS

7 (n £)=— ! {Bk L (&) — 21 (i, &)Dy_ ”H(l)}
l

i=0
ne n=0,1,2,3..] —HOMep nepiomy komyTamii LIIIIT.

[Mopsiok 3HAXOJPKEHHS IEPEeXiHOT XapaKTePUCTUKH 3aMKHEHOTO KOHTYpPY CTpyMy Iependadae
TOCTiIOBHE OOYHCIIEHHS i1 3HAYeHb Ha Mepiofax MmpoxomkeHHs. KokeH 3 HUX MICTUTh YOTHPHU iHTEPBAIU
3MiHHU ¢ , IKUM BiAIIOB1AIOTH 3HAYEHHS Bj_, (¢) , 110 BU3HAYAIOTHCS BEIMUYMHAMU KOeQiLieHTIB a(s), b(e).

Ha puc. 2 npencraBiieHO pe3yabTaT pO3paxyHKY MEPEXiHOI XapaKTEPUCTUKU 3aMKHEHOTO KOHTYPY
cTpyMy (kpuBa 2) 3 ypaxyBaHHsAM mporecy rimOokoi IIIIM Hampyru >KuBIIEHHS JHIHHOTO JBHTYHA.

Po3paxyHOK BUKOHAHO 3 ypaxyBaHHAM HajamTyBaHHA lll-perynstopa KOHTypy CTpyMy Ha MOIYJbHUH
ONITUMYM JJISl THX CAMUX YMOB, SIK y TIONIEpeIHLOMY BapiaHTi «3a MOCTIHHOIO CKIIaI0BOIOY, a came: Ky, =1,

o=10"%c, T=10"¢, p=1.B [6] moka3aHo, IO MiHIMAIBHIM MyIbCALISM B KOHTYpPi CTPyMy BiaIoBinae
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B =1+2. llum oOymoBneHo BuOip 3HadeHHsT [ =1 . 3 MOPIBHAHHS KpUBUX [ Ta 2 Ha pUC. 2 BUIHO, LIO MiJ

BIIMBOM Timbokoi [1IIM mepeximHa xXapaKTEepHCTHKA 3aMKHEHOTO KOHTYPY CTPyMy, HAJIAIITOBAaHOTO Ha
ONTHUMYM MOJYJIA TepeaaBaibHOi (PYHKIII, CYTTE€BO BIIPI3HAETHCA B TMEPEXigHOI XapaKTEPUCTHKH,
OTPUMAHOI 32 IOCTIHHOM CKIanoBOK. TyT Mepiimii Yac peryirOBaHHs ¢,y =2,40 , a APYTHil — ,7) =50 .

IIporiec 3aBeprnyeTbcs HabaraTo IMBHANIE — 3a II'SITh IHTEPBATIB KOMYyTaIlii, IPOTE IEpPEperyTIOBAHHS
cKJIasiae mpuoOIu3HO 25 %, 1110 He OBHICTIO BiJINIOB1Ia€ BUMOTaM SIKICHOT'O TIEPEXiITHOTO MPOIIECY.

Tomy KOHTYp CTpyMy, a0 ckiany sikoro pkimodeno LI, mouinbHO onTHUMI3yBaTH 3a MIBUAKOMIEIO,
BUKOPHUCTOBYIOUM METOJ HaJTalITyBaHHA AUCKPETHUX CHUCTEM Ha KiHHeBy TpI/IBaJIiCTb mpouecy, mo Iajd
CHCTEM HeIEepepBHOI [ii, CTPOro Kaxkyuu, HemocsbkHe. [Ipoliec B HemepepBHHX CHCTEMax 3aBXKIH
3aKIHYY€ThCA 3 KIHIEBOIO CTATHYHOIO TTOMHUIIKOIO.

3. Ilepexigna XapakTepHCTHKAa KOHTYPY CTPyMYy, HAJIAIITOBAHOTO0 HAa KiHIEBY TPHBAJICTHb
npouecy. IlepenaBasbHa XapakTepuCTHKa NPUBEACHOI HENEPEpPBHOI YaCTHMHU KOHTYPY CTpyMmy 0e3
peryisrTopa
-1

5
Kmm (p)= Kac {Kl —ZKkexp[—O,ZSpT(k—I)JHTERO-(ijlj{p+Ljp}
2 o Ty

[lig gac mepexoy 0 BiTHOCHOI KOMIUIEKCHOI 3MiHHOI ¢ = p-T Ha MiJICTaBi TEOpeMH PO3KIaJaHHSI

OTPUMYEMO
Dy, D, D
K —= K K,exp| —0,25 k 1 4
Ko (@) = Om(qz oy qm}{ 1= Z rexp[ 0,254 ( )}} (4)
T’K, 1 1 1 T T
'ue K0n1:—c’ Dl}’l:_’ D2n:—a D3I1:_—5 ﬂ:_, a=—".
RTg-o a-fp ﬂ(,b’—a) a(ﬂ—a) o Tg

[lingmaroun (4) MoguQikoBaHOMY Z-TIEPETBOPEHHIO, OTPUMAEMO JUCKPETHY NepefaBalibHy (YHKIIIO
PO3IMKHEHOTO KOHTYPY CTPyMy

1(zg) F2(zs) Fy (Z_;)' 5)

*
Wpc(zag):KO 1 e

. . . . * sk
Sk i y mnomepenHbOMYy BHNAAKy, KOeQilieHTH OaraTouwieHiB F (z,&)+F 3(z,&) Ha KOXHOMY
JIUCKPETHOMY 1HTEpBai 3MiHH & MaTUMYTh CBOI BIIaCHI 3HAUCHHS.
g 0<£<0,25:

K K —ﬂg —pe 5

@) =—7 5 b“(g)__a-ﬁ’ a(8) = ms b12(€)=—m;1(k-eXp{—ﬂ[l_(l‘_l)‘Oa%]},
Kle ag e—as 5 .
a13(5)=—m bi3(e) = m%lﬁc'eXP{_aD_(k_l)'oasz},

ot 0,25<6<0,5:

sz
a-p

b

a11(€)—Ka s bi(e)=~-

.y —pe 5

-_¢ -0,258 ___ e —p[1~(k-1)-0,25
012(8)—ﬂ(ﬂ_a)(K1—Kze ) blz(g)—_—ﬂ(ﬂ_a)él{k e ]
ehe S A 1~(k-1$0,25] e % 025
ha() ==y 2K as(e) == (K= ),
—ae 5
_ o[ 1-(k-1)0,25] |
bi3(¢) —a(ﬁ—a)g‘[(k e ;

o 0,5<£<0,75:
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_KI_KZ_K3 :_K4+K5
al](‘g)_ aﬂ sb]l(g) (lﬂ 5
e P 0,258 0,58 e 0,258
ajy (&) :m(Kl —-Kse -Kze ), bp(¢) Z—W([Qe +K5) ,
e 0,250 0,5 e -0,25a )
a3(8) —m(lﬁ —Kyem T —Kye ), b3 (¢) —m(’ﬁ e +K5) ;

o 0,75<&e<1:

eiﬁgKS

Ky _ £ 25
,ap(8) = ﬂ(ﬂ—a)

. —_ 5 _e
ajy(¢) = g by () «f Alp-a

b

4
D Ky _pe
i §09),

2

b

e & 025a(k-) _ e
a;3(e) = m(& %‘,e , bi3(e) = «(p-a)

ne K| =1,086; K, =0,114; K3 =0,28; K4 =0,246; K5 = 0,446 — Koe]ilieHTH CTaTUCTUYHO] JiHeapu3aLii.
JuckpeTHa nepefaBanbHa (PyHKLIS PO3IMKHEHOIO KOHTYpPY CTpyMy (5) 3 ypaxyBaHHSIM 3HaueHb
Fl* (z,6) =zay1(8) + b1 (¢), Fz* (z,6)=zap(&)+ b (8), F3* (z,6)=zap(e)+b;3(¢) WA KOXKHOTO 13 3a3HAYCHUX

IHTEepBAIIB 3MIHIOBAaHHS & MaTHME BUTJIS]T

By(£)2° + By(£)z% + By (¢)z + By (&)

, (6)
(z—l)(z—e_a)(z—e_ﬂ)

w pe (Z,S) = KOC

ne By(e) =apy () +ap(e) +ar3(e);
By(8) = by (&) =ap (&) + ¢ )+ ba(e) —app (&) 1+ €7 J+ by (o) —az (@) 1+¢77 )5
Bi(e)=ay () ) —byy (o) (¢ + e e ap(e)e  ~hpe)(1+e ™ Jraps(e)e P ~bs(e) 1+ )

By(e) = by (@)e P by (@)e 4z (e
B MOMEHT chpambOBYBaHHS IMITyJECHOTO €JEMEHTY JIiBe 3HAYCHHS IepeaaBaJIbHOT (PyHKIIIT

PO3IMKHEHOTO KOHTYPY CTPyMY: w pe(z,70) = li_)m1 7w pe(2,6), ne w* pc(2,€) BiJITIOBiIa€ YETBEPTOMY
&

iHTepBaiy (0,75 < ¢ <1). 3 ypaxyBaHHIM IHOTO

W pe(z,-0) = & (7
)
e
P'(2.1) = Koo By(D)2° + By(0" + B(Dz + By (D) | ®)
0 @)=(z-¢")(1-¢"). 9)

3 (7) BUOHO, IO BIACHHUI acTaTH3M KOHTYPY CTPyMy 7y = 1. 30epexeMo 1ei mopsaoK acTaTu3My 1 3a
pe3ylbTaTaMu cuUHTE3y Horo peryisropa. 3 (7) BHAHO, IO B KOHTYpPi CTPyMy MOKJIMBO pealli3yBaTH
nepexiHui npouec 3a YoTupH inTepBanu komyTtanii LI (S,,;, =4).

[Mpouenypy CcHHTE3y peryiraropa KOHTYpPY CTPyMy 3a KpUTEpieEM IIBHIKOIII BHUKOHAEMO 3
BUKOPUCTAHHSIM HAHOLIBII y3araJbHEHOTO JPYTOro MOJiHOMIaNbHOTO PiBHSHHS onTuMizamii [11], sike mis
MOMEHTY CITPallbOBYBaHHS IMITYJIbCHOTO €JIEMEHTY Ma€ BHUTJISL

Koe| B2 + By ()2 + By (Dz-+ By() |- M (2) 4 (2 =1)-N" () = =*, (10)

ne
M (z)=a, - moniHOM cTymenio r—ry =0, (11)
N (z)= b3z +byz? + bz +by — TIOTIHOM CTYTIEHIO TPH. (12)
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[opiBHsBIIHM KOedillieHTH OIHAKOBUX CTYIEHiB Z y Bupasi (10), orpumyemo
3

a, {KOC%‘B,( (1)}_1, By {szBk (1)}_1, b =[BO(1)+Bl(1)]{ZZ:Bk (1)}_1, b, {zljBk (1)}{22“3,( (1)}_1, by=1.

0
3a mocniIoBHOI KOpeKLii nepeaaBagbHa QYHKILIS PEryIsaTopa KOHTYPY CTPYMY Ma€ BUTIISA
sk sk
0,(2)-M (2)

Kp(z,-0) = =
(z—l)r_r0 N (2)

3 ypaxysanuaMm (9), (11), (12) orpumyemo

z? —z(e_a +e_ﬁ)+e_(a+ﬁ)

K, (z-0)= ; 1 (13)
3 ZBk (1) ZBk (1) B (1)
KOcZBk(l) 24 ; 24 (3) 45 0
‘ 2B XB(1) 2B()
0 0 0
3
Po3 1Mo uncenbHuK i sHamennnk (13) Ha z° KoY By (1) Ta orpumMaemo
0
K *(z -0)= Z_llul +,U22_2 +,U3Z_3 _ AUsux’k [Z’_O] (14)
g 1+051271 +a2272 +a3zf3 Ang* [z,—O]
1 3
B (1 B (1
et cen 30 S0,
AC 1y = 3 > My = 3 M=, = » =73 » 3 =73 :
Koe 2B (1) Koe 2By (1) Koe 2B (1) 2 B (1) 2B (1) 2B (1)
0 0 0 0 0 0

[epenaBanbHiii pyHKIIT perynsTopa (14) Binnosigae 300paxeHHs Pi3HUIICBOTO PIBHSIHHS
AUWX* [z, —O] = Ang* [z, —O] (,ulf1 +,uzz*2 +,u3273 ) -

B

. * 1 2,3
AU gy T ~AU,,, [z,—O](alz tapz T +az )

JUTSL SIKOTO BipHHIA OpUTiHAT

AU, [nT]= i AU [(n=k)T -

AU gyln.T]

- iakwwx* [(n=k)T]

PimreHHs pi3HUIIEBOTO PIBHSAHHS, MO
o4 & o OTPUMAaHO, BUKOHY€E ITU(POBUI PEKypPCHBHHIA
GbinbTp, CXeMy SKOTO HaBeICHO Ha puC. 3.
Pucs3 Perynstop KOHTYpy CTpyMy BKJIIOYA€ JI0
> cebe Ba CyMaTOpH, KOMIIApaTop, TPH JIAHKU
3aTpUMKA — [0 OJHIH Ha OAMH Iepiox
Puc. 3 KOMyTauii, WiACWIOBaYl JAHKK  MPSMOl
nepeqadi 3 koe(illi€eHTaMH  ITiICHUIICHHS
M =075 pp, =-1,04; 15 =0,268, a TakoX MiACHIIOBaYi 3BOPOTHOTIO 3B 513Ky 3 KoedilieHTamMu mepenadi
o =0,78; a, =0,53; a3 =0,22.

[apamerpu mudposoro dixsrpa pospaxosani wist o =10"¢, T=10"¢, Tp=5- 1073 ¢, K, =1,p=1.

BxiroueHHs 10 KOHTYpY CTPYMY ONTHUMAILHOTO MU(POBOTO PEryiasTopa Jae 3MOTY peajli3yBaTH HOTo
ONTUMAJIBHY TIepeiaBalibHy (DYHKIIIIO, IKa B 3aMKHEHOMY CTaHi JUIsi MOMEHTY CIIpaIlbOBYBAaHHS IMITYJIbCHOTO
M (2)

4
z

€JIEMEHTY Ma€ BUTJIAL W*3C (z,-0)= P (z,1)

3 ypaxyBauHusaM (8), (11) orpumyemo
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—1
e[ (02 B 0] S0
300paXkeHHs. TIEPEXIAHOT  XapaKTEPUCTHKHM 3aMKHEHOIO KOHTYPY CTPyMYy JJIi MOMEHTIB

. —% z * i o .
CHpalbOBYBaHH IMIIYJIbCHOI'O €JIEMEHTY: [ (z,—0) = —le,C (z,—0), 1A AKOI ClIpaBeUIMBUNA OPUTTHAI
7

3 3
2B (1) 2B (1)
—x By (1 By(1)+ B, (1
1 (n,—O):#[(ﬂ—1),1]+M[(ﬂ—2),l]+;—[(n—3),1]+g—[(n—4),1], (15)
2B (1) 2B (1) 2B (1) 2B (1)
0 0 0 0
ne n=0,1,2,3... —HOMep Tiepioxy KomyTarii 7 = o .
ITepexinmHa XapaKTEpUCTHKA 3aMKHEHOIO KOHTYPY CTPyMy Ui IIOTOYHUX 3HAYE€Hb IapaMeTpy
3MIIICHHS &

3 3
B ( +B2 ) ZBk (g) sz (5)
I (n, &) =—5"" [ n-1 g] [n—2),5]+13—[(n—3),g]+g—[(n—4),g}. (16)
%Bk( ) %:Bk(l) %:Bk(l) %:Bk(l)
Ilepexigna xapaktepuctuka (15) is MOMEHTIB CIpAlbOBYBaHHS IMITYyJIbCHOTO €JIEMEHTY
OOUMCITIOETBCS 3 ypaxyBaHHAM 3HAa4eHb By(1)+Bs(1), fAKi BIANOBIZAIOTH iXHIM KiHIEBUM 3HAYECHHSM JUIS

YETBEPTHUX IHTEPBAJIIB KOXKHOTO MEPioy KOMyTaIlii.
3a BupaszoM (16) nporec 00UHUCITIOETECSA PEKYPEHTHO 3 YPaXyBaHHSM 3Ha4eHb By (&)+B; (&) KOXKHOTO

NepioAy, SIKUi CKIIAIAe€ThCS 3 YOTUPHOX IHTEPBAIIB 3MiHH IMapaMeTpy 3MIlEHHS & .

Pesynbratn o0uMClieHHS NEpexigHOT XapaKTePUCTUKHA 3aMKHEHOTO KOHTYpPY CTPYyMY JAJsl TOTOYHHUX
3HAaueHb TApaMeTpy 3MillleHHs & NpeAcTaBieHi Ha puc. 2, kpupa 3. [i po3paxyHOK BUKOHAHO 3a TMX CAMHUX
3HaueHs o, T, Ty, Ko., B, WO 1 WA 4Yac po3paxyHKy MapaMeTpiB JAaHOK ONTHMAJILHOTO PETyJsTopa.

OOpanns BenwumHM f =1 3abesnedye, SK MOKa3aHO B [6], MiHIMajbHI MyJbcamii B KOHTYpi CTpyMy.

OTpumaHi pe3ynbTaTd MOKa3yIOTh, L0 y BHIIAAKY BKJIIOUEHHS 1O KOHTYpY CTPyMy ONTHUMAaJbHOTO 3a
MIBUJKOJIEI0 PETYJSITOpa MEpexilHui mpouec 3aKiHuyeThCsl 3a 4oTHpH iHTepBanu komytamii LIIIT 6e3
HepeperyIoBaHHs 3 HyJIbOBOIO CTATHYHOIO IIOXHUOKOIO.

BucnoBku. Beranosneno Brums rimu6okoi LM Ha cTpykTypy Ta mapaMeTpu peryisTopa KOHTYpY
cTpyMy OopToBOi aBiarifiHoi cumcremu mo3urmionyBaHHsA. [lim BrmmmBom mynbcamid T mapamerpu
NepexiIHOT XapaKTePHCTHUKU (Yac pEryJIoOBaHHS, MEepeperyyloBaHHs, CTaTHYHA MOXHOKA) 3aMKHEHOTO
KOHTYpY CTPYMY, HaJlalITOBAaHOTO HAa MOAYJIBHHUI ONTUMYM, CYTTEBO BiJIPI3HSIOTHCS BiJ CBOiX KaHOHIYHHX
3HayeHb. s A =1, mo BiAmoBizae MiHIMaIbHOMY PIBHIO MyJbcalliii, mepeperyitoBaHHs ckianae 25%

3amicTb 4,35%; yac peryJroBaHHs 3MEHINYEThCs B 1,7 pasu; craTHyHA MOXHOKa JOPIBHIOE HYJIIIO 3aMicThb 2%.

3anponoHOBaHUI aHAJITUYHUH METOA JaB 3MOIY BpaxyBaTH BIUIMB mpouecy rimbokoi IIIM Ha
CTPYKTYpY Ta HapameTpHu PeryssTopa KOHTYPY CTpyMy IIif yac HOro onTuMi3alii 3a KpuTepieM MIBUIKOIIT —
NepexiTHUN Tpouec B KOHTYpl CTpyMy 3aBEpLIYETHCS 3a YOTHPH IHTepBalIM KoMyTauii ©Oe3 mepe-
PETYJIIOBaHHSA 3 HyJIbOBOIO CTaTUYHOIO NOXUOKOIO.
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INFLUENCE OF THE SUPPLY VOLTAGE RIPPLE OF THE LINEAR ELECTRIC MOTOR ON THE
PARAMETERS OF THE TRANSIENT RESPONSE OF THE CURRENT LOOP OF THE ON-BOARD
AVIATION POSITIONING SYSTEM

Yu. Denysov, O. Bursala

Chernihiv Polytechnic National University,

Shevchenko st., 95, Chernigiv, 14035, Ukraine, e-mail: den71ltd@gmail.com

A comparison of the parameters of the transient characteristics of the module-optimized closed-loop transfer current of
the positioning system without taking into account and taking into account the deep pulse-width modulation of the
supply voltage of the linear motor. Their essential difference on speed, overregulation, static error is established. A
method of optimization according to the criterion of current circuit speed is proposed, which allows to realize its
transient characteristic during a finite number of switching intervals of the pulse-width converter. The synthesis of a
digital current loop controller is performed, it allows to realize its transient characteristic without over-regulation
during a finite number of switching intervals. The results obtained are based on the transfer function of a pulse-width
converter, which is a link in the current loop. It is obtained for the case of deep pulse-width modulation based on the
statistical linearization of piecewise-linear modulation characteristics of the channels of the pulse-width converter
model. The modulation characteristics are obtained as a result of the expansion of the latitude-modular voltage for
multiple values of the control coordinate in the Walsh-Fourier series. The number of Walsh functions taken into
account depends on the approximation error and the cutoff frequency of the system. References 11, figures 3.
Keywords: linear electric motor, pulse-width converter, modified z-transforms, transient characteristics, optimization
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EJIEKTPOEHEPT'ETUMYHI CUCTEMU TA YCTAHOBKU
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THTEJIEKTYAJBHI TEXHOJOI'TI MOHITOPUHI'Y TEXHIYHOI'O CTAHY
CYYACHHUX BUCOKOBOJIbTHUX KABEJBHUX JITHIN EJTEKTPOIEPEIAYI

O.B. Kupuienko , akagemix HAH Vipaian, A.A. Illep6a””, wr.-kop. HAH Ykpainm,
I.M. Ky4epsiBa, 1OKT. TEXH. HAyK

IncrutyT enexrponunamikn HAH Ykpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina. E-mail: shlch@ ied.org.ua

Y pobomi nposedeno oennd eonokonHo-onmuuHUX MEXHONORI 6 efleKmpoeHepeemuyi, 30Kpema Ok MOHIMOPUHZY C)-
YACHUX CUNOGUX Kabenie 3 [30MAYi€r0 31 3UWUmoe0 Nojaiemuiesy ma 3 IHMme2po8aHuMu 6 iXHI CIMPYKMYpPY 6010KOHHO-
onmuyHuMy Mooynamu. Ilpedcmaeneno HOGI iHMeNeKMYanbHi 3aco00U KOHMPOIO eleKMPUYHUX, THeNI08UX, MEXAHIYHUX
Xapakmepucmux ma pieHsa 4aCmKO8UX po3pAdie y kabervHux niniax. Onucano cy4achuti 00ceio UKOPUCAHHA THmelle-
KMyanvHoi cucmemu 3axucmy Kabenig i kabeavHux AiHil 6i0 asapiinux cumyayii. Ha ocnosi ananizy egpexmusnocmi
CYYACHUX MemoOi8 MOHIMOPUHRY PIBHA YACMKOBUX PO3PA0i8, pO3NO0Oiny memnepamypu i MeXaHiuHux YuKoO#Censb 3Mi-
YHenoi noniemueno8oi i301aYii ma iHUUX eleMeHmié 8UCOKO- I HA0BUCOKOBOILMHUX Kabenie 3 inmesposanumu 8010~
KOHHO-ONMUYHUMU MOOYIAMU NOKA3AHO NEPCHEKMUBY PO3BUMKY MEXHON02il iIHMeNeKmyanibHoi 0iaeHOCMUKY MexHiY-
HO20 cmamny ma HadIHOCMI NOMYAUCHUX KabenvHux Ninit enekmponepedadi (JIEII). Obrpynmosano, wo suxopucmanms
60JIOKOHHO-ONMUYHUX MOOYJII6 Y CIMPYKMYPI CUNLOBUX KADeNie ma KOMN T0OMePHUX Memoodie 00pobxu ingopmayii 8i0Ho-
CHO 3MIHEHHsl MeNI08UX [ MEXAHIYHUX XAPAKMEPUCMUK e1eMEeHMI8 NOMYICHUX Kabelig nioguwye eqoekmueHicms inme-
JIEKMYANbHUX MEXHONO02IH MOHIMOPUHZY MEXHIYHO20 CIMAHY CYYACHUX eNeKMPOEHep2oCUCeM, d8MOMAMUIHO20 pey-
JIIOBAHHSL PEdACUMIB IXHLOI eekmponepedadi ma 3axucmy 6io agapitino nebesneunux cumyayii. bion. 51, puc. 8.
Kntouosi cnosa: BUCOKO- 1 HAABUCOKOBOJIBTHI Kabewi, IHTETpOBaHI BOJOKOHHO-ONTHYHI MOJYII, MOHITOPHHT PiBHS
YaCTKOBUX PO3PsIiB, 3SMiHEHHS PO3IMOILTY TEMIEpaTypH i MEXaHIYHUX YIIIKO/PKEHB, IHTEIIEKTyaIbHa AiarHOCTHKA.

Beryn. B octanHi poku B po3BHHEHHX KpaiHaX CBiTY iHTEHCHBHO PO3POOJISIFOTHCS HOBI 1HTEJIEKTYa-
JBHI TEXHOJOT1] MOHITOPHHTY TEXHIYHOTO CTaHY CYYaCHHX BHCOKOBOJBTHUX CHJIOBHUX KaOeJiB IUIIXOM iH-
Terpaiii B iIXHIO KOHCTPYKIIIFO BOJOKOHHO-ONITHYHUX MOAyIiB (BOM). ¥V TakoMy BUTIAAKy ITOTOYHUH MOHI-
TOPUHT MOTYx)HUX KabenpHux JIEII, aBTOMaTH4HE peryroBaHHs IXHIX PEKUMIB Ta 3aXUCT BiJ aBapiiiHO He-
0e3nedHnX CUTYaIliil TPOBOIUTHCS 0€3 BiIKIIOYCHHS KaOeIbHUX JIiHIN BiJl TeHepaTOPiB Ta CIIOKUBAYIB eie-
kTpoeHeprii [1-4]. OnTu4YHEe BOJOKHO Y BUIISIAI HATOK 3 ONTHYHO IIPO30POro Marepiany (CKia, TIacTUKY)
HIMPOKO 3aCTOCOBYEThCS B eHepreTull [1—4], TelekoMyHIKaliiHUX Mepeax, OCKIIbKH BOHO Ja€ 3MOTY
3IIACHIOBAaTH HAHOLIBII JOCKOHAE Ta eeKTHBHE mepenaBaHHs iH(opmalii Ha OiNbII Aajieki BigcTaHi Ta 3
OLIBII BHCOKOIO IIBUJKICTIO, HIXK €IEKTPOHHI 3aCO0M 3B'3Ky. BOJIOKOHHO-ONTHYHI CHCTEMH MAlOTh ITi/IBH-
HICHY CTIMKICTh 0 TEPMIYHHX, €JICKTPOMATHITHUX Ta paiallifHUX BIUTUBIB 1 MOXKYTh BUKOPHUCTOBYBATHUCS
Ha BIAMOBIJAILHUX €HEpreTHYHUX 00'ekTax [4—6], Britouatoun AEC.

BuxopucTtaHHSI BOJOKOHHO-ONITHYHUX CHCTEM IPYHTYEThCS Ha Mepeadi KOTepeHTHUX CBITIOBHX iM-
MyJIBCIB BiJl JTA3€pHOTO BUIIPOMIiHIOBaYa, 10 BOYAOBYETHCSA HAa OMHOMY KiHITI BOJIOKHA. Taki cHcTeMU MaroTh
IPO30PY CEPIEBUHY 3 JIETOBAHOTO KBAPIIOBOTO CKJIA, IO 3aXUINAETHCS CIEIiaJbHOI0 30BHIIIHBEOI0 000JI0H-
KOIO 3 TEPMOIUIACTHYHUX MaTepiaiiB a0 MeTalleBUX CIUIABIB.

ITepeBarn BOJIOKOHHO-ONTHYHHUX CHCTEM TaKi: Mayii raGapWTHI Po3MipH i Bara, IpOCTOTa iXHLOTO
MOHTa)Ky Ta 00poOKH iH(opMaIlii; BUCOKa MPOIyCKHA 3IaTHICTh Ta IIBUAKICTh mepeaayi inpopmarii (1o 10
['GiT/c Ha BimcTaHi 10 COTEHb KiIOMETpPIiB 32 HE3HAYHOTO 3aTyXaHHS CUTHANY; CTIMKICTh OO MeperpiBy Ta
BIUIMBY arpeCUBHUX CEPEAOBHUIII, HEUYTIIMBICTh J0 PAIiONEPENIKO, il CHIbHIX eIEKTPOMATHITHUX ITOJIIB Ta
BUKOPUCTaHHsI PI3HUX 3aCO0IB €KpaHYBaHHS; €KOJOTIYHICTh 32 PaxyHOK BiIICYTHOCTI HETaTWBHOI'O BIUIUBY
Ha HABKOJIUILTHE CEPEIOBHILE.

B eneprerunii BOM BHKOPHCTOBYIOTECS B CHIIOBUX KaOeIsX IS 3B'SA3Ky MiXK CHIIOBUMH ITiACTaHITi-
SIMH, 30KpeMa, Jutst 3axucty notyxHux JIEII Big npsMmux ymapiB OnHMCKaBOK [6] Ta BUHUKHEHHS aBapilfHHX
KOPOTKHX 3aMHKaHb. KO)KHa eleKTpOoCTaHIlisl Mae 3aXUCHY aBTOMATHKY, JJIs 3a0e3MeYeHHs] HaAiHHOCTI SKOT
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HEOoOXiTHO pealli3oByBaTH MIBUAKE 3'€THAHHS MiXK CTAaHIIISIMH, 1110 1 00YMOBITIO€ HEOOXiHICTh BUKOPHCTAHHS
BOM y cyvacHHX CHIOBUX KaOemsx.

BOM 3acTOCOBYIOTHCS B CHIIOBUX JIHISIX AJIsl POBIJHUKIB IMiJ HANIPYTOI0, 323 MIIIOI0UMX MPOBiIHM-
KiB, y OnmckaBKOBiBoAax Ta moryxHux kadenpHux JIEIL. 3aBnsku Bukopucranaio BOM, nucnieTdep Moxe
3MIMCHIOBATH MTOTOYHUH MOHITOPHHT TEXHIYHOT'O CTaHy Ta TMHAMIYHOTO 3aBaHTaKeHHs kabensuux JIEIL, a B
NEepPCIEeKTUBI I TXHE 1HTeNeKTyanbHe (smart) yrpaBIiHHS.

KpiMm 3a3HaueHoro, y TenepimnHiii 4ac Ha BUCOKOBOJIBTHHUX Ta HaaBHCOKOBOAbTHHX JIEIT 3acTocoBy-
10Tb BOM 3a11s CTBOpEHHS y TOMAIBIIOMY TII00aIbHOI CHCTEMH, IO Oye MOEAHYBAaTH IHTEPHET-3B'S30K,
TeJIEKOMYHIKalii Ta iHIIi BUAM MIBHIKOTO 00OMiHY iH(popMaliero. bararo iHTepHET-NIpoBaiiiepiB HAMAaratTh-
cs BrpoBakyBath BOM st qOCATHEHHS BUCOKOT IMPOITYCKHOI 3IaTHOCTI KOMIT IOTEPHOT MEpexki — 3i IIBH-
nKicTio mepenadi gaaux 1o 10—100 ['Git/c [7].

B VYxpaini ninepom supoormnTBa BOM mist cunmoBux kademis € 3apof "IliBmenkadens” (M. Xapkis),
SIKUH 30KpeMa 3aCTOCOBYE TaKi MOAYJI K €JIEMEHT KOHCTPYKIlil Cy4acCHUX BUCOKO- Ta HAJBUCOKOBOJIBTHUX
kabemiB 31 3muTor0 nonietmwieHoBor i3osmieto (3[1E) [8]. Onrnyne BoOKHO BOYIOBYETHCS MEPEBAXKHO B
MiTHUH ekpaH KaOesiB Isl MOHITOPHHTY TEMIIEPATYPH Ha TIOBEPXHI 130JIAI1iT Ta PiBHSA YaCTKOBHUX PO3PSAIIB B
ii 00’emi. Lle BUKOHYETBCSI TAKUM YHHOM, MO0 HE pyHHYBaacs MOBEPXHs 1 CTPYKTYypa MOJIMEPHOT 13011,
sIKa HAHOCHUTHCSA Ha CTPYMOIPOBIIHY XKWy BHCOKO- Ta HAJBHUCOKOBOJIETHUX KaOelliB 3 BUKOPUCTAHHSIM
CKJIaJIHOI eNleKTpoMexaHiuHoi cucteMu [9]. BaxknmmBo te, mo BOM € cTilikuMu 10 CHIIBHUX €JIEKTPOMArHiT-
HUX TIOJIB, SKi BUHUKAIOTh K B €JIEMEHTax KaOemiB [5], Tak i 30BHI, HE3BAXKAKOUN Ha BUKOPUCTAHHS PI3HUX
c1oco0iB IXHBOTO 3MeHIIeHHs [10].

OnTHYHI BOJIOKHA BUKOPUCTOBYIOTHCS TaKOX JIJISI BUTOTOBJICHHS TOYKOBUX 1 PO3MOIIIIEHUX JaTdH-
KiB [2, 3] y mpocTopi HaBkoJO KabenmpauX JIEIL. ToukoBi MaTIMKK MAIOTh MIMPOKE TPOMHUCIIOBE 3aCTOCYBaH-
HS JUIS BUMIPIOBaHHS HalpyTH, iHAYKOBaHUX CTPYMIB, TeMIepaTypu, TUCKY, TIOJIOKEHHS Ta BiOparii [2], a
PO3MOiNIEH] NaTYNKH MOXKYTh KOHTPOIFOBATH TaKi BEMYMHHU SIK TeMIleparypa Ta Aeopmailis B COTHSX-
THCSYaX TOYKaX 1 31aTHI BUMIPIOBATH IX Ha BEJTMKHUX BiJICTAHAX — B JECATKU KUTOMETpiB [3].

VY 3B’S3Ky 3 aKTYaJbHICTIO MPOOJIEMH eKCILIyaTalliiHOi HAAIMHOCTI Ta Oe3neKn KaOeIbHUX CUCTEM
HIJISIXOM OCHAILEHHS 1X Cy4YaCHHMH 3ac00aMH MOHITOPHHTY 1 IIarHOCTUKU Memow 0aHoi cmammi € MpoBe-
JICHHSI OISy HOBITHIX 1HTEJEKTYaJbHUX TEXHOJIOTIN JUIsI KOHTPOJIIO B PEXKHUMIi PEATBHOTO Yacy TEXHIYHOTO
CTaHy CHJIOBHUX KaOEJiB 31 3IIMTO-TIOJIICTUICHOBOO 130JIAI[IEI0 HA OCHOBI BOJIOKOHHO-ONTHYHOI TEXHOJIOTIT
Ta CTBOPEHHS THMM CaMuM iH(OpMaImiifHOro MiATPYHTS A pO3pOOKM Ta TEXHIYHOI pealizalii aHaIoTiYHUX
TEXHOJIOTIYHUX pillleHb 1 3ac00iB B YKpaiHi.

BoJsiokonno-ontnyHa cucrema BuMipoBaHHs Temmneparypu DTS (distributed temperature
sensing). Y cucremi DTS posnozinenuit naruuk temnepatypu (distributed temperature sensor) ckjiaaaeThcs
3 JIBOX YaCTHH — OMUTYBAJIBHOTO PUCTPOIO 3 JTA3ECPHUM JIKEPETIOM i BOJIOKOHHO-OITHYHOTO BUMIPIOBAIILHO-
T'0 MOJIYJIIO, IHTETPOBAHOTO B KOHCTPYKIIiI0 BUCOKOBOJETHOTO Kabemto. [IpuHIUTT poOOTH CUCTEMH PO3MOIi-
JICHOTO JJaTYHKa BifoOpaxkeHo Ha puc. | i monsrae B HactynHoMy [11]. Bix na3epHoro mkepena KOrepeHTHO-
ro €JCKTPOMArHiTHOTO BUITPOMIHIOBaHHS B ONTHYHOMY Jialla30Hi T'€HEPYEThCS IMITYJbC, IO XapaKTepH-
3Y€ThCSI 3BOPOTHUM PO3CIIOBAHHSIM Yy KOXKHIN TOYIlI BOJIOKOHHO-ONTHYHOTO Kabeiro. 3a aHaIi30M CIIEKTPY
3BOPOTHOTO PO3CiIOBAHHS BHU3HAYAETHCS Te-

CrpsMoBaHUi
MIIepaTypa 3HauHOTO HabOpy TOUOK Y3I0BIK BimTaNTyXKyBad
Kabermo. Bo10KOHHO-ONITHYHUI CEHCOP
CucreMa MOHITOPHHTY TEMIIEPATy- )
pu cuioBoro kabemwoo (puc. 2 3rigHo 3 [12, | Jlasapxe wxepeno Y U)/ﬁ&%

13]) Bwmimgye eauHuii amapatHuii ONOK, Y
SKOMY 3HAXOIATHCS OJIOKM JIa3epHOTO BH-
MIPOMIHIOBAaHHS, BHMIpIOBaJbHI OJIOKH, 3a- Onruuna GinsTparis
coOu 0OpoOKH CUTHAIIB 1 30epiraHHs JaHuX,
KOMI'IOTEpHI 3aCO0M Ta ONTHYHA PO3IOi-
JbHA CHUCTEMA, JI0 SAKOi MiIKITIOYaloThCS OIl-
TUYHI BOJIOKHA KaOenapHOI JiHil. OnTH4HI
BOJIOKHAa BOYIOBYIOTHCS 0Oe€3locepenHbO B
CHJIOBHM Kabemb abo0 MPHKPITUTIOIOTHCS IO

PamaHOBCEKE pO3CitOBaHHSA

HBOTO 30BHI, 10 HAJa€ MOXIUBOCTI PEECT- O0pobKa curHaimy
pyBatH mpodine TeMnepaTypu B3AOBXK yciel
kabenbHoi minii [12, 13]. Puc. 1
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JInsl KOHTPOJIIO TeMIepaTypH BHCOKOBOJBTHHX KaOGNBHHX JIiHIM y CBITI IIMPOKO 3aCTOCOBYETHCS
BOJIOKOHHO-oNTHYHA cucteMa DTS, 3acHoBaHa Ha BUKOPHCTaHHI PO3MOAUICHUX JATYUKIB, 1 IPHHIHIT 3aTy-
XaHHSl CUTHAIy B 3aJ€KHOCTI Bifl TemIie-

parypu [11-13]. Ontn4ni BOJIOKHA pO3-  CucTema eumipioBaHHa TemnepaTypu

TaIIOBYIOThCS, HAIPUKIAL, Y IPOBIAHUKY H
Ka0eNo 1 MAKIIYAITHCS O HPUCTPOIO [ias |—

KOHTPOJIIO TEMIIEPAaTypH JKWIM KalOeJro. - S ——_—
Bomoxna 3a PaxyHoK cBoel medopmariii Ta [:J 5 preienmecint i
sBUIIA JeMIIipyBaHHS [.14]‘ MOXYTb Ta- _

KOXX pearyBaTH Ha MEXaHi4Hi 3MiHEHHs Ta MK oneparopa

MOPYIIEHHSI B CTPYKTYpi Marepiany kabe- crieremm

nro. Ha ontuyHe BOJIOKHO BIUIMBAIOTh HE BOBHILLIIIBOFGKOHHG-

TIIBKH TeMIepaTypa, aje # THCK i cuia QUEHAR MRy EE .

PO3TATYBaHHS, SKi JIOKAJbHO 3MiHIOIOThH

BJIACTUBOCTI  CBITJIOBOJIB. MOHITOpHUHT

TEMIIEPaTypHUX Ta MEXaHIYHUX XapakTe- Puc. 2
PUCTHK KabelbHUX JiHIN Aae 3MOry 31IiH-

CHIOBATH IXHE IHTENEKTyalbHE yIPaBIiHHAA B CKIai "po3yMHUX" enekrpoMepex — Smart Grids.

Cucrema DTS st BUMIpIOBaHHS TEMIIEPATYPH CKIAIAEThCs 3 00Ky (OpMyBaHHS CHTHAIY 3 4acTo-
THUM TE€HEpPaTopoM, Jiazepa, ONTHYHOTO MOJIYJI, MPUIMAaIBbHOTO Ta MIiKPOIIPOIIECOPHOTO OJIOKIB, a TakKoX
CBITJIOBOJTHOTO Ka0elto (KBapIlOBOTO CKIISTHOT'O BOJIOKHA) SIK JIIHIHHOTO TeMIIEpaTypHOTO JaT4nKa. Taki cuc-
TEMH 3aCTOCOBYIOTH SIK Y CHJIOBHX KaOEIbHUX JTiHISAX, TaK 1 Ha TIOBITPSHUX JIHISAX €JIeKTporiepeadi, a TAKOXK
y 6araThbOX MMPOMHCIOBUX MpOIecax, HAPUKIIA/, Y CHCTEMAaX MOKEKHOTO OTOBIIIEHHS, KOHTPOJIIO TeMIIepa-
TypH Yy pa3i XiMIYHHX IPOIIECIB Ta iH.

Sk 3a3maveno Bumle, y cucremi DTS BHKOPHUCTOBYETHCS PO3MOAUICHHA TEMIICPAaTypHHHA NaTIHK,
SKHI KOHTPOJIOE TeMIeparypy B Oararbox Toukax. Cuctemy DTS 3 kabenem Ta mapaMeTpu ONTUYHOTO BO-
JIOKHA, 110 3aCTOCOBYETHCS y TETEPIlIHii Yac, HaBeAeHo y cTatTi [15].

o mepear ta moxmBocteit cucremu DTS BimHOCcsATses [1, 3, 11, 15]: MOHITOpHHT apaMeTpiB Ka-
OemiB y peallbHOMY Yaci; BeJMKa JAIbHICTh BUMIpIOBaHHS — 10 20 KM; BUMIipIOBaHHS TEMIIEPAaTypH Ha 3a]a-
Hill aingHIi 00’ €KTy 1O HOro moBepxHi 400 00’ €My; BUCOKA Yy TIMBICTh; IIUPOKHHA TeMIIEpaTypHUN poOoUmii
Jliara3oH; TOYHEe BH3HAYEHHS HAaWOLIBII HArpiTUX 30H (30H MEperpiBy); OAHOYACHA pEECTpallisi OAHUM JaT-
YUKOM JIEKUTBKOX IMapaMeTpiB; aHaJli3 Ta mepenaya JaHuX 3 OIIHKOI0 3MIiHEHHS TeMITepaTypH y Jaci B JIOKa-
JbHIN 30HI; ONTHUMI3alis MOTYXHOCTI, 1[0 MOJA€ThCs (32 IOMOMOTOI0 BiJINIOBITHOTO MPOTpaMHOro 3ades3re-
YeHHS BIPOBAKYETHCSI CUCTEMa aBTOMATUYHOTO KOHTPOJIO MOTY>KHOCTI, IO TIOAAETHCA); OLIHKA TEPMiHY
eKcIuTyaTarlii Kadero; KOHTPOJIb CTaHy KabeIbHUX My(T; TOJATKOBE PAHHE BHUSIBICHHS 3arOpsHHS KabemiB y
TYHEJSX Ta JIOTKAaX.

s excrmyaTyrounx opratizaniii cucrema DTS Hagae MOKIMBOCTI 3HM)KEHHSI KUTBKOCTI TIepeOoiB B
€JIEKTPOIIOCTaYaHHi, 3armo0iraHdsl aBapiifHUM CHUTYaIlisiM, OIIEPAaTHBHOTO pearyBaHHS Ha BHUHHKAIOYi Tepe-
TpiBH, BUKOPUCTAHHS PE3EPBIB ICHYIOUHX MOTYKHOCTEH, 3a0€31MeueHHsT €KOHOMIYHOTO 1 TPUBAIOTO (yHKIII-
OHYyBaHH$ KaOeNnbHUX JNiHiH.

Smart kateai. B 1999 p. na xoudepennii CIRED'1999 (International Conference on Electricity
Distribution) momoBimzamocss TPO BUKOPHUCTAHHS BOJOKOHHO-ONITHYHOI TEXHOJOTII B KaOelsIX CepelIHbOi Ha-
npyru i3 3I1E i3omsieto [16]. [Ipencrarneni cuiosi kadeni i3 3I1E i3omsiieto Ha Hanpyry 6/10 kB ans me-
PiOOMYHOTO BUMIPIOBAaHHS TEMIEpaTypy MaJli ABa ONTHYHI BOJIOKHA, IHTETPOBaHi B €KpaH 3 MiIHUX JPOTiB.
3 METOI0 3aXUCTy ONTHUYHHUX BOJIOKOH CIICI[IaIbHUMH 3aX0/IaMH aJaNTyBaicsl KaOenbHi 3’ €HyBaJIbHI My Q-
Td. Y poboti [16] kabens Oyyio Ha3BaHO smart kaOeneM. BifzHaueHO TakoX, 1[0 BUKOPUCTAHHS OMTUYHOTO
BOJIOKHA, BOY/IOBAHOTO B CTPYKTYpY KaOemro, a00 OKpeMHX ONTHYHHX AATUYUKIB CTPYMY CTBOPIOE MOXKIIH-
BICTB /ISl BUSIBJICHHS 30H JIOKQJIbHOTO MEPETPiBy Ta MEXaHIYHUX AedopMalliif, IPOHUKHEHHS BOJIOTH BCepe-
IUHY Ka0ero, HOTro 3aXUCTy NIISXOM IMBHAKOTO BU3HAYCHHS MOMIKOMKEHb 1 Ae(EKTiB Ha paHHIX CTaIisIx
po3BUHEHHS. 30KpeMa Ha pHUC. 3, ¢ MOKa3aHOo 3MiHEHHs TeMieparypu miazemuoro 50 kB katdento i3 3I1E i30-
nsiero (Ha TauouHi 1,2 M) B3g0BXk Oibire 1,4 kM [16].

V¥ crarri [17] moBimomisieTbest ipo Mepexy SP PowerGrid, ctBopeny B Cinramypi B sxoBTHI 2003 p.
VYeci cunosi kabeni Ha Hanpyry 400 kB i yactuna 230 kB xabesniB BCTAHOBJICHO B IIiif MEPEXi 3 BOJOKOHHO-
ONTUYHUMHU JaTYMKaMU AJIS MOHITOPDUHTY TEeMIepaTypy Ha MoBepxHi kabeniB. 30KkpeMa ONTHYHE BOJIOKHO
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pO3TAlIOBaHO HAa IOBEPXHI Kabemo cepennboi dasu. 3a momomororo DTS cucremu Temneparypa xabemniB y
MEpPEekKi BUMIPIOETHCS Ta OHOBJIIOETHCS 3 iHTepBasioM Bin 10 10 50 XBUINH.

Ha puc. 3, 6 nokazano tunoBuii npo¢ine Temmneparypu ajist kabenbHoi Jinii Hanpyroro 230 kB 3 4o-
TUpMa TapsiauMu Toukamu — A, B, C, D Ha oOpaHOMY Bipi3Ky Tpacu nosxuHO0 Oinbine 11,4 km. Touka 4,
IO BiATIOBiae HaWOIBIIIOMY HarpiBy, 3HalIcHA y JIOKAJIBHIA 30HI KaOer0, PO3TalllOBAaHOTO Ha TIIHOWHI 5 M
iz 0eToHHOIO Joporoto [17]. 3a3Ha4MMO, 110 3aJICKHICTh TEMIIEPATypU Ha PUC. 3, 6 OTPUMAHO 3a JJOTIOMO-
roto DTS cucremu.
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Puc. 3

BusiBieHHS rapsuux TOYOK Ha Tpaci kaOenbHOI JiHiT BayKIKMBO 3a1is 3abe3nedeHHs ii HaaiitHol po-
6otu. 3rigHo 3 gaaumHu [17], orpumana iHGoOpMaIlis MPU3HAYAETHCS ISl CBOEYACHOTO KOPEKTYBaHHS HaBaH-
TaXXyBaJIbHOI 3IaTHOCTI MiJ3¢MHOI KaOeIbHOT JIiHIT 1 OTIepaTUBHOTO MPOBEACHHS 3aX0IiB 1010 BUKOPUCTAH-
HS TOTIOMDKHHX "KOpUTYBaJlbHHX'" 3aCHITHUX IPYHTIB Ta/abo 3BOJIO-
JKEHHSI IPYHTY B JIOKQJIbHAX 30HAX raps4uX TOYOK JIiHil.

VY HaBelIeHOMY IIPUKIAAl Ta B 3arajJbHOMY BHUIIKY 3aCTOCY-
BaHHS IHTEJEKTYalbHOI CUCTEMH PO3IOJIIICHOTO BHMIPIOBAHHS TEM-
neparypu DTS mae 3mory [17]: KOHTpOIIIOBaTH TeMIlepaTypy KaOeliB
0 BCilt MOBKWHI KaOeNbHOI JIiHil; BU3HAYaTH 30HU TIEPETPIBY; KOPEK-
TYBaTH MPUITYCTUMY TPOIYCKHY 3aTHICTb JiHii; yIpaBiIsTh poOOTO0
Ka0EeJbHOT JIiHIT HA OCHOBI JAHMX MOHITOPHUHTY.

HeoOxinHicTs ocHameHHs kaOenpHUX JiHIN Hampyroto 110—
500 B i3 3IIE i3ondwi€ero cucteMaMy MOHITOPHHTY TeMIEpaTypu B
PEXUMI peabHOTO Yacy 0OIpyHTOBaHO B cTaTTsx [18, 19].

Y xabenmpHi Mepexi 3 cucremoro DTS BOM moxyTth Oyt BOY-
JTOBaHI TO-pi3HOMY. BOHI MOXYTh OyTH €JeMEeHTOM KOHCTPYKITil Kabe-
JIFO, HATIPHUKJIA/1, PO3TAIIOBYBATUCS B CTPYKTYpi MiIHOTO ekpaHa (puc. 4

Milliken chiminium conducior

5C conducior screen

HIPE insulation

Swellable tape

Copper spinal

Bonded cluminium sheath

Antieoeasion
jockat

1 x 2000 mm? (150) k¥ + optical fiber

Puc. 4

[20]). Kpim Toro, BOM y kabemnsix MOXKYTh PO3MIILLyBaTUCs Pi3HUMU
criocob6amu [ 15]: 3HAXOMUTHCS 11T METAJICBAM €KPAHOM, ITi/T 30BHINIHEOI0 0OOJIOHKOIO Hal METATIEBUM EKPAHOM,
BXOJIUTH JI0 CKJIaIly METAIEBOTO €KpaHa (HAIIPUKII]l, PO3TAIIOBYBATHCS BCEPEANHI TPYOKH 3 HEpKaBito4doi cTasi
SIK eJIEMEHTa eKpaHa aHaJIOTivHO pHC. 4) 1 OyTH y CKJIaJi KOHCTPYKLIi cTpyMonpoBiaHOi xuu [15, 20, 21].

Cnig Takox 3ayBaxxuTH, 1110 BOM M0KHa pO3TaIlioByBaTH IO-Pi3HOMY 1 1032 KaOEIbHOI crcTeMoto [15].

Ha mymky aBTOpiB, HalfkpaIuM CITiJi BU3HATH iHTETpallito aBoxX abo 4-x BOM y mimauit ekpan kabe-
miB. Y TakoMy pasi 1i Moayi OynyTh MakcuManbHO Onm3bkuMu 10 3I1E i30mawii kabento, He YIIKOIKYIOUH 11
TIOBEPXHI Ta CTPYKTYPU. A TOJIIOBHUM € T€, II0 HAWOLIBII BiINOBiaAIEHAM € KOHTpOb Temreparypu 3I1E i3o-
JATIIT, SIKa € BPa3JIMBOIO IO TEPMO30ypeHb. Y TEpITy 4epry Taki MOIYJIi JOIUIBHO iHTETPYBaTH B CTPYKTYPY
Cy4acHHX KaOeliB Ha BHCOKI Ta HaJBHCOKI HanpyrH s Smart Grids, sk moka3aHo, HAPHUKIIAJ, Ha puc. 4.

SKimo B MiHUM ekpaH KaleniB iHTErpyBaTH YOTHPH TaKi MOAYJIi, MOXKIUBO 3iHCHIOBATH SIK MO310-
BXKHIN, Tak 1 MOMIEPEYHUHA MOHITOPUHT Temrmeparypu 1mo Beiid moBepxHi 3IIE i3omsarii kabeniB Ta mBUAKO i
HaIMHO TepelaBaTH Ha BEJIUKI BijcTaHl Oyab-sKi iH(opMaIliliHi curHaimu. 30KpemMa, BiJOMUH BUPOOHHUK Ka-
OenpHO-TIpoBiAHKMKOBOI nponykuii ¢ipma TKD Kabel GmbH (Himewyunna) npomonye miaBoaHi xabemi i3
3IIE i3omsmi€ero Ta 3 iHTErPOBAHUM ONTHYHUM BOJIOKHOM, SIKI JO3BOJIAIOTH €(EKTHUBHO YNPABISATH CBOIMU
rmapaMeTpaMu Ha OCHOBI MOHITOPHHTY TEMITEPaTypH Ta MEXaHIYHUX HAMpPYT, a TAKOXK y HAKOIMKIOMY Mai0y-
THBOMY BUSIBJSITH HasiBHICTh BOJIOTH B KaOemsix Ha pisHuX futstakax JIEIT [20, 22].
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MowsitopuHT TexHIYHOTO cTaHy My(dT kadembHuX JIEII MOXITHMBO Tako 3MiHCHIOBATH 3 BUKOPHC-
tanaasM BOM ta niarHoctruHOi cuctemu DTS. T'nyuknit BOM moxke 00BHBaTH 3’€IHYBalbHY KaOeIbHY
My Ty, SIK TOKa3aHo Ha puc. 5, a [11], abo po3TamoByBartucs Ha i moBepxHi (puc. 5, 6) [1].

Puc. 5

[IpuxmagoM cy4acHUX NATYHKIB JJI1 MOHITOPHHTY CHJIOBUX KaOeliB Ta KabelmbHUX My(T € cepis Bo-
JIOKOHHO-ONITUYHUX aHaNi3aToOpiB pO3MOALTY TemriepaTypu Ta MmexaHiuHux Hampyr DITEST (distributed
temperature and strain sensing) mBelinapcekoi ¢ipMu Omnisens 3 xapakTepucTukamu [23]: noBxuHa Kabe-
TBHOI TiHiT — 10 50 KM; KibKicTh TouoK BuMiptoBaHHS — 100000; mpoctoposwuii intepBan — 0,1 M; BUMipro-
Bara Temmeparypa (Bix —273°C xo 700°C) o6mexyBanacs BractuBocTsiMva BOM. 30kpema, TeMiiepaTypHuit
Jliana3oH MOKPUTTS ONTOBOJIOKHA B Po0OTI [15] ckinamas Bin —-60°C 10 2000C; TOYHICTh BU3HAYEHHS TEMIIE-
patypu — 0,1°C; TemmepaTypa HaBKOIMIIHLOTO cepenoBuma — Bix 0 10 +40°C. 3riguo 3 nanuMu [15] mix gac
BHUNIPOOYBaHb KaOelliB Ha HarpiB MaKCHMallbHa TeMIlepaTypa Jocsrajia IjIsi CTPYMOIIPOBITHOI KU 98—
101°C, mporoBoro migHOro expany — 225-238°C Ta ans BOM y meranesiit tpy6mi — 195-202°C.

CyyacHi cucteMd MOHITOPUHIY KaleJbHHX JiHill y ckaagi Smart Grids. OcHoBHa ines Smart
Grid mosATae B miABUINEHHI HaNiHHOCTI Ta SKOCTI €HEProrocTadaHHs, HacaMIepes, 3a PaxXyHOK BUKOPHC-
TaHHS HOBHX TEXHOJIOTIH, 30KpeMa, TeXHOJIOTIH PO3MOAiJIEHOI aBTOMATH3AaIlii, 10 peani3yloTh MOHITOPHHT
CTpYMy Ta HaIlpyTd i MepepHBaHHS CTPYMY MOLIKOPKEHHS, a TAKOXK KOHTPOJIb MEXaHIYHHX 1 TeMIeparyp-
HHUX XapaKTePUCTUK. MOHITOPUHT Ta 3HAXOKEHHS MiCLb MOIIKO)KEHb BUCOKOBOJIbTHHUX 1 HaJIBUCOKOBOJIb-
THUX KaOeNbHUX JIHIA y pekuMi on-line Mae BemKe 3HaUSHHS I HamiiHOi podotn Smart Grids [24], mmo
pearizyeThesl BIPOBAKCHHSIM Y CTPYKTYPY €HEPrOMEpeK 1HTEJIEKTyalbHUX JAaTYMKIB Ta EJIEMEHTIB JAUCTa-
HI[ITHOT'O KOHTPOITIO.

3ayBaxuMo, 10 y BUCOKOBONIGTHUX KabenpHux JIEIT miarHoctrka yactkoBoro po3psany (YP) smatHa
yHepepKyBaTH MPOOIeMH 3 130JIAIII€F0 Ta MOIIKOPKEHHAMY KaoeniB. Jlokamizaiis pyiHamii kadbenpaux JIEIT
Ta BUHUKAIOYMX B HUX OE(EKTiB HUIIXOM MOHiITOpHHTY UP moB'sizaHa 3 TUM, 10 BUHUKHEHHS i PO3BUTOK
Maibke Bcix nedekriB y 3I1E i30mamii cygacHUX BUCOKOBOJIBTHUX KaOETiB CYNPOBOIKYETHCS MOSBOIO 1 3pOC-
TaHHSAM 3 9acoM piBHS YP.

Pobotu [25, 26] npucesideHi po3poOIli iHTENEKTyaIbHIX CEHCOPIB, SIKi pealizyroTh on-line MOHITO-
punr YP y BucokoBonmbTHHX Kabemsx s Smart Grids. Taki ceHcopu 3MiHCHIOIOTH KOHTPOJIb CTaHy 130JIAIIii
BHCOKOBOJIPTHOTO YCTAaTKYBaHHS Ta JIOKAITI3aIlif0 MICIlI MOMKoKeHHA. MoHiTopuHT UP y Kabensx Ta ixHix
My(drax y pexxumi on-line 3a0e3neuyeTbes TaKOK 3a JOMOMOTOI0 HanBucokodacToTHUX ceHcopiB UHF (ultra
high frequency sensors) i akycTHUHHX IaT4uKiB [25, 26]. UHF-naTunky npamioloTs Ha HaABUCOKIH 4acTOTi —
mo 1500 MI' [27] i 3matHi edekTUBHO GimbTpyBaTH OYy/Ib-5Ki CUTHAIH KOPOHHOTO po3psiay [28].

Psin po0it [26, 31-38], npencrapnennx Ha koHpepeHmisx JICABLE'1S i JICABLE'19 (International
Conference on Insulated Power Cables), moB'si3ani 3 yZoCKOHaJIEHHSIM METOAIB MOHiITOpHHTY UP, niarnoctu-
KU CTaHy KaOeiB, BUSBIICHHS HECIIpaBHOCTEH LIIXOM BUKOpUCTaHHS B HUX BOM. Kpim niarHoctuku cu-
JIOBUX KaOeiB, MOBIIOMIISIETECS TIPO MOHITOPHHT cTaHy My(T kabenis i3 3I1E i3oms1iero Ha cepeaHio i BU-
COKY HaIlpyTH 3a JiornoMoroto onucanoi Butie cuctemu DTS (distributed temperature sensing) Ta akycTHYHOT
cucremu DAS (distributed acoustic sensing) [31, 32, 35].

IaTenexryansHa cuctema DAS (abo iDAS 3rimao 3 [31]) mae 3Mory 3miiiCHIOBATH PO3MOIiICHII
aKyCTUYHUI MOHiTOpHHT Ha Biactai 0 40-50 kM. [IpuHnun ii poOOTH aHANOTIYHWN ONMMCAHOMY BHIIE
npuHnmy aii cuctemu DTS, ane B akyctuunomy natunky DAS (distributed acoustic sensor) aHami3ylOThCS
KOJINBaHHSI IHTEHCHUBHOCTI PO3CITHOTO BHUIIPOMIHIOBAHHS, a HE 3MiHEHHS CIIEKTpa poscitoBaHHsA, K y DTS
JATYHKY. 32 TapaMeTpaMu OTPUMaHUX (QIIYKTYaIliil OIiHIOETHCS JHKEPEIIO, MO0 CTBOPUIIO aKyCTHIHY XBHUIIIO.
Cuctema DAS uyTnuBa 1o 3MiHEHHS SIK TeMIepaTypH, Tak i nedopmarii. BumipioBaHHa Temmneparypu Ta
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nedopmaniii y cucremi DAS po3ainsitoTbes, OCKUIBKY "TeMIepaTypHi" CUTHaJIM BUHUKAIOTh Yy 3HAYHO HU3b-
KOMY YaCTOTHOMY Jliala30Hi, HiXK i/ 4ac peecTpalii Ta BUMipIOBaHHI Aedopmarrii.

3a momomororo texnoinorii DAS BOM 3niiicHIOE KOHTPOIIE HABKOJIHMIIHBOTO MPOCTOPY i1 34aTeH Mil-
TpuMyBaTH "cBoto 6e3meky". [l Hporo A0 ONTHYHOTO MOYJIS KaOelro MiAKITF0YaeThCsl SIeKTPOHHUH OJIOK
IHTEJICKTyaJIbHOI PO3MOIIJICHOI aKyCTHYHOI CHUCTEMH, sIKa MPOBOIUTH CHEKTPAILHUNA aHajli3 30BHIITHHOTO
BIUIMBY (HANPUKIJIA[, Y pa3i 3eMIIHUX po0iT mo0amu3y mia3eMHUX KabeliB), BU3HAYA€ Miclle TIOTSHIIIHHO He-
raTUBHOTO BIUTUBY, 103BOJISIE€ 320€3MEUNTH 3aXMCT 30BHILIHB0T 000OHKH Kabemro.

Cucrema 3axucty Smart Cable Guard. Ha crorognimmi# neHs y 0aratbox Mepekax Ipairoe aB-
TOMaTHU30BaHa CHUCTeMa 3aXHCTy KabeniB cepeanboi Hampyru Smart Cable Guard (SCG) [33, 37, 38, 39].
Crpyktypy cuctemu SCG y crpoleHoMy BUTTIAI TTOKazaHo Ha puc. 6 [37, 38].

l = wupto8km —

> n. "‘\

Puc. 6

SCG ckmamaeTscs i3 CHEIiABHOTO 0E3IPOTOBOTO IMPOMHCIOBOTO KOMI'IOTepa 3 IHTEPHET-
MiIKITIOYEHHSIM Ta IHAYKTUBHUX HaTdukiB YUP, po3mimeHunx y xabenbHill Mepexi, — OJWH AaTYMK Y TOJO-
JKEHHI A4, 1HIIH — y TONI0KeHH1 B, Ha BijcTaHi He OinbIe § KM OAWH BiJl 0 HOTO (pHC. 6).

IaTenexryansHa cucrema SCG 3MiHCHIOE MOHITOPHHT 1 BU3HAYEeHHS MicIls mosiBu YP, a Takox aede-
KTiB 1 pylHaliil y Ka0elsx cepeHb0I HalpyTrH B pexkumi on-line (puc. 7) mis Toro, mod Ha BUSBJICHIN aBa-
PpiliHii AiNISHLI BYaCHO YCYHYTH HOIIKOMKEHHS Kabero abo 0OOpUB ONTUYHOTO BOJIOKHA.

Chagic)

Puc. 7

Puc. 7, a npencraense inrepdetic cucremn Smart Cable Guard 3 kaproto UP y dyHkmii yacy (time) Ta
JOBXUHH Kabemto (cable location). IarencuBHicTs UP mokazana B310Bk BepTUKabHOI oci. Ha BeTaBwi siBopyd —
piBeHb pU3NKY BUHUKHEHHS aBapiiHUX CUTYyalill y 3aJIe)KHOCTI Biff 4acy sk pe3ynbraT podotn SCG cucteMu.
BusiBnenwii BimnoBiaHO A0 HaBemeHoi kaptu UP medekT 3’emHyBanbHOI MydTH, IO BHHUK Yepe3 JeTpaaallito
130JI111T B Pe3yJIbTaTl ICKPIHHS MIXK METAJICBOIO TPYOKOIO Ta €KPaHOM, TIOKa3aHo Ha puc. 7, 6 [37].

Cucrema 3axucty kabeniB SCG mae 1Bi 0co6auBOCTI [37]: 3HaXOAUTH HECTIPABHOCTI B PEXUMI pea-
JHHOTO Yacy, B TOMY YHCJII TOYHO BH3HAYAE MIiCIIS TOMIKOKEHB; BUSBIISIE Ta KOHTPOIIIOE piBeHb YP 1 Takum
YUHOM TEK O€3MOMUIIKOBO BU3HAYAE Micist aedekTiB (puc. 7).

Inrenekryansna cuctema SCG nie, Hampuknan, y Himepnangax, ae nposiBuna cebe sIK TOUYHHN Ta
e(eKkTUBHUIT 3aCi0 I ONIepaTHBHOTO BU3HAYECHHS MICIb MTOLIKOKEHHS B KaOesix cepeanboi Hampyru [33].

Ha puc. 8 mokazano matunku cuctemu SCG B eIEKTPHYHOMY JIAHIIO31 JOBXKHHOO 12,4 KM 3 TphOMa
onnodazuumu 10 kB kabensmu, siki matots 3I1E i3omsmito [37]. Sk noigomsiethest B [37], SCG cucrema
yCHilIHO TpaIfoe Ha miacranmii micta Xapaepseik (Harderwijk) y Hinepnanmax, 3okpema B rpynHi 2014 p.

34 ISSN 1607-7970. Texn. enekmpoounamixa. 2021. Ne 6



CHCTEeMa TOYHO BHU3HAYMJIA MiCIle HECTIPaBHOCTI OnHi€T 3 a3 kabenpHoi JiHii Ha BifcTaHi 6,9 KM Bif mifcra-
Hiii [37].

MixHaponuuii cepTudikauidHuii 1 KiIacugikamiifHuR
tneHTp DNV GL omHuM 3 ocTaHHIX JOCATHEHb B 00JIACTI PO3BUTKY
cuctemu Smart Cable Guard Bu3HaB TEXHOJIOTIT TOYHOTO (3 TOYHI-
cTio 10 1%) BU3HAUYCHHS MICI[b HECIIPABHOCTEH y KaOCIbHUX JIiHi-
SIX CEpPEeAHbOI HANPYTH Ta MOHITOPUHTY YaCTKOBUX PO3PAIIB y Ka-
oensx B on-line pexumi [37—41].

InTeseKkTyaIbHI TEXHOJIOTIYHI iHHOBALIT 1JIf BU3HAYEH-
Hfl XapaKTepuCTUK KaleJbHUX Tpac. KpiM 3a3HaueHoro Buile, mie
OJHUM IHTENIEKTyalbHUM DILIEHHSIM € BUKOPHUCTAHHS €JICKTPOHHUX
MapKepiB IS MiI3eMHUX KaOeTbHUX JIHIHM eleKkTporepenadi Ha HUl-
3bKY, CEPEAHIO Ta BUCOKY Hampyru. BoHH XapakTepu3yroThCsl MOX-
JMBICTIO 3YUTYBAHHS/3aMICy B CBOIO BHYTPILIHIO IMaM'sITh yCi€l iH-
dopmartii momo JiHil. Mapkepu 3IiHCHIOIOTh TIOBHE BHU3HAYCHHS
KaOeNbHUX Tpac, BKIIOYAIOYM 3HAXOPKEHHS My(T, MOBOPOTIB, Iie-
pETHHAHB 3 PI3HUMH KOMYHIKalisMH 3 TOUHICTIO JIoKautianii B Mexxax 10-20 cm [42].

IaTepueT-pecypce ruscable.ru B xoBTHI 2019 p. moBinomus [43], mo Prysmian Group nponoHye HOBe
iHTeneKkTyansHe pitteHHs Pry-1D, sike 3abe3mnedye TOCTyIl y peskuMi peaibHOTO Yacy 70 OCHOBHOI iHpopMa-
1ii Ha kalensix 1 kabenpHil apMaTypi, O MOBHICTIO BU3HAYA€ iXHill cTatyc. JlocTym 30iiCHIOEThCS HA OCHO-
Bi TexHOJNOTii pagiodactoTHoi igeHTudikamii RFID (radio-frequency identification). 3a gomomororo 3armpo-
TIOHOBAHOI TEXHOJIOT1i TOYHO BH3HAYAETHCS OCHOBHA iH(OpMAIIis Tpo Kadennb, BKIIOYAIOYN HOTO THII, JOB-
JKUHY, TOXOKEHHS Ta KOMIIOHEHTH, /10 AKHUX BiH NpuUeAHAaHWH. Smart-TexHosoris Pry-ID 0e3momMunkoBo
BUSIBIISIE BC1 JIaHI PO KaOellb, CIpUsie CKOPOUSHHIO Yacy MPOKIaTaHHs | MOHTaXXy KabenbHOI JiHil, He BUMa-
ra€ BUKOPUCTaHHS 30BHIINIHIX JHKEpeT €JICKTPOKUBIICHH, MIPAITIOE MTPOTIATOM yChOT'O TEPMIHY CIYKOHU Kabe-
JI10, HABITh y CAMHX CKIIQJIHUX YMOBAax eKcruryararii [43].

Bupoounurso BosiokoHHO-onTHYHHX KalediB (BOK) B Ykpaini. HaiiGinpmmmu BupoOHUKaMu
BOK B Yxkpaini € 3aBoau "Oneckabenp" Ta "[liBnenkabens” (M. XapkiB). XapkiBChbKUH KaOeIbHUI 3aBOJ BH-
TOTOBJISIE MIMPOKY raMy Takux kabdemis 3 2004 p. i Mae IpOEKTHY MOTYKHICTh BUpoOHIUOTO 1exy A0 8000 km
BOK Ha pik [44]. Xapakrepuctiku BOK MonynsHOT KOHCTpYKLii peacTaBieHo B [45], KUIbKICTh ONTHYHUX
BOJIOKOH Yy HUX cKkiaziae a0 288 [45]. HaBeneni naHi XxapakTepu3yrOTh TOTOBHICTh KaOEIIbHOT IPOMHCIOBOCTI
YkpaiHu 10 BUIYCKY CHJIOBHUX KaOeJliB 3 BOJOKOHHO-ONTHYHUMU MOJYJISIMH, BUKOPUCTAHHS SIKUX y KaOellb-
HUX JIHISX eNeKTporepeaayl Hajaae MOXKJIMBOCTI Peani3oBYyBaTH IHTEJNEKTYalbHI TEXHOJOTii MOHITOPHUHTY
IXHBOT'O IOTOYHOI'O TEXHIYHOTO CTaHy.

Hayxogi pe3yabraTtn, orpuMani B Incruryti eaexkrpogunamiku (IEJJ) HAH Ykpainu. B 1E]]
HAH Yxkpainu mijg kepiBHHITBOM J.T.H., npodecopa HixkeHncbkoro A.Jl. CTBOPEHO HAYKOBY IIKOIY 3 PO3PO-
O0kxu (pa30BO-4ACTOTHMX METO/IB MiABHUINEHHS TOYHOCTI BUMIPIOBAHHS CTATUYHUX 1 TWHAMIYHUX XapaKTepH-
CTHK MEXaHIYHUX YIMTKOKCHb B €JICKTPOTEXHIYHOMY OOJaJHAHHI 3 BUKOPHUCTAHHSM JIa3epHUX HAICKOMip-
HUX cUCTeM [46] Ta MiABUIICHHS iXHbOI 3aBaIOCTIHKOCTI [47].

Mertoau, 3akiaieHi B OCHOBY [ii JJa3epHUX CHUCTEM, CTBOPHIM HAYKOBE MIATPYHTS AJSl PO3POOKH OII-
TOCJIEKTPOHHUX 1H(QOPMAIiHO-BUMIPIOBATFHUX CHCTEM, peati3allii CydacHUX BOJOKOHHO-ONITHYHUX IHTE-
JEKTyalIbHUX 1H(OpMaliifHO-BUMIPIOBAILHUX 3aCO0IB ISl MOHITOPHUHTY B PEXKUMI PeabHOTO 4acy TeXHid-
HOTO CTaHy CHJIOBHX KabemniB 3 iHTerpoBanumMu BOM. BukopucTaHHsS B TAKHX CHCTEMax HOBOTO aJrOPUTMY
Ha OCHOBI ONTHYHHUX KOMIipok bperra miaBuiye TOYHICTH BU3HAUCHHS YaCTOTHOT'O MAaKCHUMYMY BHXiJZHOTO
CHUTHAITy BOJIOKOHHO-ONITHUYHHUX CUCTEM [48], 3MEHIITy€e TOXHOKY BUMIPIOBAHHS ()a30BO-YACTOTHHX CHCTEM Ta
HaJa€ MOXKJIMBOCTI CTBOPIOBATH MPOCTOPOBO-PO3IOIIICHI CHCTEMHU BUMIPIOBaHHS [49], B TOMY YHUCII 1 TOY-
KOBOT'O BU3HAUeHHs TemiiepaTyp [50], mo € 0coOIMBO akTyaabHUM il 4ac 341 CHEHHS] MOHITOPUHTY TEX-
HIYHOTO CTaHY CyYaCHHX CHJIOBHX KaOEIIiB 3 TOJIIMEPHOIO 130JIAIIIET0.

B IEJl HAH VYxkpainu po3po0iieHO Tako METOA 1 TeXHIUHE pillleHHs I pealtizalii anbTepHAaTHBHOT
0e31pOTOBOi CHCTEMU MOHITOPHHTY CTaHy KaOelIbHUX JIiHIM 3 BUKOPUCTAHHAM EHEprii IXHBOTO eJIeKTpoMar-
HiTHOro 1oJisi. CTBOPEHO €KCIEpUMEHTAIBHUN 3pa30K TaKoi CHCTEMH Ta MPOBEAEHO ii TecTyBaHHS B Jlabopa-
TOpHUX yMoBax [51].

OcHoBHi BHCHOBKH. OOTPYyHTOBaHO, 110 y 3B’A3KY 3 MiIBUIIEHHIM BUMOT [0 SIKOCTi €NIEKTPOeHeprii
CHCTEM €JIEKTPOIIOCTauYaHHs BUHHUKIJIA HarajlbHa norpeda BIPOBAIKEHHS 1HTEJIEKTYAIbHUX TEXHOJOTIH MO-
HITOPUHTY TIOTOYHOTO TEXHITHOTO CTaHy MOTYKHUX KaOCIBHUX JIiHIHN elTeKTponepenadi.

Puc. 8
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[Tokazano, 1m0 B pO3BMHEHHX KpaiHaxX CBITY MiJ Yac peani3awii TAKOro TUIy TEXHOJIOTilH BUKOPUCTO-
BYIOTHCS IHTETPOBaHI B CTPYKTYpy KaOeiB BOJIOKOHHO-ONTHYHI MOAYyJIi (Juis mepeaadi npsMux 1 BIIOMTUX BiJl
VIIKOMKECHB IMITYJIBCIB JIa3€pHOTO BUIPOMIHIOBAHHS) TA ONTOEIEKTPOHHI CUCTEMH (IJ1s1 BU3HAYEHHS Ta KOHT-
POJIIO 3MIHEHHSI €IeKTPOMAarHiTHUX, TEMIEPATyPHUX 1 MEXaHIYHUX XapaKTEPUCTHK, @ TAKOK IHTEHCUBHOCTI
YaCTKOBUX PO3PSIIiB B I30JIAIINHAX CTPYKTypax KaOemiB Ta iXHIX 3’ €qHyBaTbHUX MydT).

Taki cucTeMH MarOTh BXKJIMBI IIepeBar: Maji rabapuTHi po3MipH i Bary, MpoCTOTY MOHTaXy Ta 00-
poOku iHpOpMaLii, BUCOKY MPOITYCKHY 3AaTHICTh 1 IIBUIKICTH Nepenadi iHdpopmauii (Ha BiAcTaHi 10 COTEHb
KUTOMETPIB 32 HE3HAYHOTO 3aTyXaHHS CUTHAITY), CTIMKICTB JI0 TIEPErpiBy Ta BILTUBY arpeCHBHHUX CEPEIOBHIII,
HEYYyTIHMBICTh IO PalioNepeniKo/, Aii CHIBHUX SNEKTPOMArHITHUX MOJIB Ta Pi3HUX 3aC00iB €KpaHyBaHHS, a
TaKOX BiICYTHICTh HETaTHBHOTO BIUIMBY Ha HABKOJIMIIHE CEPEIOBUILE.

3aco0u Ha OCHOBI BOJIOKOHHO-ONTHYHHX MOIYJIB € €()EeKTUBHUMHU U1 BUKOPHCTaHHS B CHJIOBHX
Ka0bemsX 3 METOI0 HAaAiHOTO 3B'S3Ky MK CHJIOBHMH MiIACTaHINAMU, 3axucTy MOTyKHUX JIEII Bim mpsaMux
yaapiB OJMCKABOK 1 aBapiiHUX KOPOTKHUX 3aMHUKaHb. 3aBASKH TaKUM CHCTEMaM, AUCIETYEP MOXKe 3MiiCHIO-
BaTH NOTOYHUH MOHITOPHHI TEXHIYHOTO CTaHy Ta AWHAMIYHOIro HaBaHTakxeHHs kaOenpHuX JIEIL, a B mepc-
MEeKTHBI 1 TXHE IHTEJIEKTyaIbHE (Smart) yrpaBiIiHHSI. Y MMOJATBIIOMY MOXIJIHBE CTBOPECHHS TII00aTLHUX CHC-
TEM, IO MOEAHYIOTh IHTEPHET-3B'I30K, TEICKOMYHIKaIlil Ta 1HII BUAX OOMiHY iH(OpMAIi€lo 31 MBHIKICTIO
nepenadi qaaux g0 10-100 I'Git/c.

[IpencraBneno nitodi B eJIeKTpoMepexax PO3BMHEHMX KpaiH CBITY iHTenekTyanbHi cuctemu: DTS-
CHCTEMY PO3IOAIJICHOT0 BUMIPIOBaHHS TemIiepaTypu; DAS-cucTeMy po3MoAiJIeHOro BUMIPIOBaHHS aKyCTH-
YHOT'O CUTHaNy; 3axucHy cucreMy Smart Cable Guard. CucteMu AaloTh 3MOTY HA OCHOBI JaHUX MOHITOPWH-
Ty 31ilicHIOBaTH e()eKTHBHE YIPaBIiHHSA poOOTOI0 KabenbHUX JIiHIN Ta 3a0e31euyBaTH iXHIO BUCOKY Haiii-
HICTB y PEXHUMIi PEaTbHOTO Jacy.

OnwucaHi MOHITOPHHTOBI 3aCO0M TIPOIIOHYETHCS BUKOPHCTOBYBAaTH BHPOOHWKAM 3ajJisi MEPEBIPKH
SKOCTI BUTOTOBJICHOT KaOeIbHOT MPOAYKIIi, a TAKOXX EKCIUIyaTyIOuuM OpraHi3alisM Ul KOHTPOJIO CTaHy
EICKTPUYHUX KaOeTiB.

Hayxkogi pesynbratu IE/] HAH Ykpainu Ta TOTOBHICTH BITYM3HSHHUX KaOENbHHX 3aBOJIB YKpaiHi 10
CEepiHOro BUITyCKY KaOeslbHOI MPOAYKIIi 3 iHTETPOBAaHUMH BOJIOKOHHO-ONITHYHUMH MOIYJISAMH 1 iH(OpMAaLiii-
HO-BHUMIPIOBAJIbBHUMHU 3ac00aMU CTBOPIOIOTH OCHOBY Ta peajbHy MOXJIHMBICTH 331Ul PO3POOKH Ta TE€XHIYHOI
peaizanii B HaHOIMKIOMY Yaci IHTeJEKTyalIbHIUX TEXHOJIOTIH MOHITOPUHTY TEXHIYHOTO CTaHy BUCOKOBOJIb-
THHUX KaOeNbHUX JiHii B YKpaiHi.
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COK0BONLMHUX KabenbHux AiHiax enexmponepeoaui” ([lupp "EJIKAF"), uacmkoso 3a memoio "Po3pobrenns 3acobie

CMBOPEnHsl THMENEKMYATbHUX eKON02TUHO De3neUHUX CUNOBUX Kabenig O0iss mpaouyiinoi ma 6iOHO8II08ANOI eeKmpo-
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The review concerning application of fiber-optic technologies in power industry, in particular, for monitoring of modern
power cables with cross-linked polyethylene insulation and integrated fiber-optic module is carried out. The new intelli-
gent tools for control of electrical, thermal and mechanical characteristics and partial discharges in power cable lines are
presented. The current operational experience for the system of Smart Cable Guard in an emergency is described. The
prospects to develop and use the intellectual technologies for monitoring of technical state of up-to-date high-voltage cable
power lines and their operate reliability are grounded by analysis of new diagnostic methods controlling the level of par-
tial discharges, temperature distribution and mechanical damage in polyethylene insulation and other elements of the
high- and extra-high-voltage cables with integrated fiber-optic modules. References 51, figures 8.
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The problem of wind power abandonment in the north areas of China is serious, which is mainly caused by the
uncertainty of wind power and the "thermoelectric coupling" characteristics of cogeneration units. Aiming at this
problem, this paper establishes the optimal scheduling model of generation-load-storage coordination in the
electrothermal joint system with the goal of minimizing the amount of wind power discarded and the total scheduling
cost of the system. Firstly, the responsive electrical and thermal loads on the demand side are divided into three types
according to their types, namely, translatable, transferrable and reducible, and the demand response models are
constructed to improve the fineness of the optimization on the demand side. Then, the scenario method is used to solve
the uncertainty problem of wind power. Meanwhile, the influence of the energy storage side on system scheduling is
considered. Finally, the results based on examples verify the effectiveness of the proposed model in promoting the
absorptive of wind power and improving the overall economic benefit of the system. References 23, figures 8§, table 1.
Key words: the uncertainty of wind power; generation-load-storage coordination optimization; optimized scheduling;
wind power consumption; demand response.

1. Introduction. In recent years, renewable energy such as wind power has developed rapidly in
China. However, with the gradual increase of wind power penetration in the power system, the problem of
wind abandonment is prominent nationwide, especially in northern China, which has become an important
factor limiting the development of wind power [1-3]. There are two reasons for the wind abandoning problem
in northern China. One is the uncertainty of wind power output and the influence of reverse peak regulation
characteristics. Second, the system scheduling is limited by the operation mode and thermoelectric coupling
characteristics of CHP (Combined Heat and Power) units in northern China. Therefore, how to deal with wind
power uncertainty and reverse peak regulation characteristics, as well as how to solve the thermoelectric
coupling problem of CHP units are the key to solve the wind abandonment problem in northern China.

In view of the problem of wind abandonment in northern China, some scholars at home and abroad
propose to add energy storage devices or electric boilers at the generation side to realize "thermoelectric
decoupling", and preliminary results have been achieved. The authors [4-6] are not only limited to the power
system level, but also improve the energy allocation capacity of the electric-thermal combined system by adding
heat storage devices. The authors [7-8] studied the influence of heat storage devices at different locations on the
wind abandonment rate and economy of the system. In [9], combined with the characteristics of regional energy
structure in northern China, wind power heating was added as a dispatchable resource on the heat load side on the
basis of heat storage to enhance the flexibility of the system.

According to the above research, the electric boiler and energy storage device have a certain positive
effect on the decoupling of CHP unit and the consumption of wind power. However, there are still many key
technologies to be broken through, especially the research and development of the storage device. Its installation
capacity is limited, and the overall economic improvement of the system is not significant. Therefore, at present
many scholars are conducting researches on the load side, hoping to improve the flexibility of the system and the
consumption space of wind power by optimizing the load curve.

The authors [10-12] divide responsive electrical loads into three categories: reducible, transferable
and translatable. Interactive load models are established respectively, which adjust the electrical load curve
and realize the economic operation of the system. The authors [13-14] establishe a demand response model
based on electricity price, build the elastic demand relationship between electricity consumption and price,
and guide users through time-of-use electricity price to optimize the load curve. The authors [15] consider
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the electro-thermal coupling relationship while considering the demand response of electric load, giving full
play to the role of demand response in the electro-thermal combined system.

On the basis of energy storage equipment, the above literature added research on the demand side,
which improved the consumption of wind power and the economic benefits of the system to a certain extent,
but there are still some shortcomings. Firstly, most of its demand response only considers electrical load,
without considering the role of thermal load response in the system. Secondly, its demand response strategy
mostly adopts the mode of interruptible load or direct control, without considering different types of
responsive electric and thermal load response models, and the planning is not detailed enough. Finally, they
only consider the influence of one or both parties of generation, load and storage, which can no longer meet
the current requirements of wind power consumption and economic benefits.

Therefore, this paper aims at minimizing the amount of abandoned air and the total scheduling cost of the
system, and adds consideration to the generation and load side on the basis of the combined system with storage,
electricity and heat. In addition to constructing demand response models for different types of electrical loads, the
construction of demand response models for thermal loads is also considered. The scenario method is used to deal
with the uncertainties of generation-side wind power, and a coordinated optimization scheduling model for
generation-load-storage of an electric-thermal integrated system is established. Finally, the simulation results
based on the constructed examples show that the proposed method and model can effectively improve the
consumption of wind power and the system economy.

2. System structure and principle of CHP unit containing storage.

2.1. Generation-load-storage coordination optimal scheduling system architecture. The combined
electric and thermal system studied in this paper is mainly composed of wind power unit, conventional thermal
power unit, CHP unit, thermal energy storage device, electrical load and thermal load.

Wind power
unit

Conventional
thermal power

unit Indeterminat load
Electrical problem Base load

v | Electrical

output P
T T Responsive load
CHP unit > erma
Thermal load
output
v e T e

|
Thermal energy ||
storage device ||

Fig. 1 shows the structure diagram of generation-load-storage coordinated optimal dispatching
system, which adds the consideration of wind power uncertainty on the basis of the combined system with
storage, electricity and heat, and models the electric and heat loads on the load side respectively according to
the type to adjust the load curve. Through coordination and optimization of generation-load-storage, it can
provide more space for absorbing new energy while improving system economy.
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mode of "determined by heat", and cannot fully absorb new energy.

After adding the heat storage device, the operation interval of the extraction steam CHP unit is
increased to ABCDEFG, where ABCDEI is the heat release interval of the heat storage device and HEFG is
the heat storage area of the energy storage device. As can be seen from Fig. 2, the addition of heat storage
device expands the power output adjustment range of extractable CHP unit and significantly improves the
flexibility of the system.

3. Demand response and wind power uncertainty treatment.

3.1. Demand response model. In this paper, on the basis of flexible and responsive electric heating
load, the models are divided into three types according to their respective characteristics, so as to improve
the accuracy of the scheduling model.

1) Translatable load refers to the uninterruptible and integral translation of the responsive electric
heating load [16]. The scheduling time interval in this paper is 1 hour, so in order to ensure the continuous
load, the formula as follow should be satisfied:

7,+t, -1

Z ap :tll
: (1)

7+, -1
a, =1,

t=1,
where 7, and 7, are the starting time of the time interval of thermal and electrical load after translation
respectively; #, and ¢, are the durations of translational heat and electrical loads respectively; a; and a,, are 0-
1 state variables of whether the thermoelectric load is translated, and 1 represents load translation.

2) Transferable load refers to the responsive electric heating load with continuity constraints. The

required electric energy remains unchanged before and after the electric heating load is transferred, and shall

meet the following formula:
T

S -r)=0
r , )
S -r)=0

t=1

Ptrans Ptrans . . . Ptrans Ptrans
where ‘e and ‘¢ are transferable electric load power before and after dispatching; w and ‘w  are

transferable heat load power before and after dispatching.
3) Reducible load refers to the responsive electric heating load that can be reduced under the
condition of meeting the needs of users. The electric heating load after reduction is expressed as:

P =(1-p,) 5
Phiut = (1 _ﬂh )PhC[:lt
where P and P, are the electric heating load before cutting at time t; #, and g, are the proportion of

3)

electric heating load reduced, and 0 < ( B,. B, ) <I.

3.2. Uncertainty treatment of wind power. Scenario method simulates the output uncertainty of
wind power by generating a large number of wind power scenarios. The prediction error of wind power is
assumed to follow the normal distribution with the mean value of 0, which is ap,, ~ N (0,5,”). Based on the

wind power output forecast data of a typical day, Latin Hypercube Sampling (LHS) is used to generate the
scene. The steps are as follows:

1) Samples to generate. Suppose that [P, Pys...... P,7] is an independent random variable of wind
power output under a scheduling period, and P, is a random variable at time ¢, and its cumulative probability
distribution function is Y=F; (P,,). Then, during sampling, the interval of cumulative probability distribution
function [0,1] at each scheduling time is first divided into M equal parts, and the median value of each
subinterval is selected. Then the inverse transformation of the cumulative probability distribution function is
used to get the sampling value, that is, the output of wind power. Finally, a typical daily wind power output
matrix of MxT is obtained.

2) Sorting. When sampling values are used to simulate wind power uncertainty, there is always
correlation between the sampled data of random variables, which will affect the accuracy of the simulation.
Therefore, Cholesky decomposition method is needed to be used for sorting to eliminate the correlation and
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improve the accuracy of the simulation.

The generated rank correlation coefficient matrix p,, of the MxT wind power output matrix and the
rank correlation coefficient matrix p, of the M *T sequence matrix L are calculated. Cholesky decomposition
of p,,and p;:

p,=BB',p,=DD",0, =B"'L,0,=DQ,, 4)
where matrices B and D are lower triangular matrices.

After this transformation, the original generated M7 wind power output matrix can be arranged
according to the order of the elements of matrix Oy to maintain the same correlation between the sample
matrix and the random variable.

3) Scene reduction. The sample matrix obtained through LHS has a large amount of data, which will
increase the amount of calculation and reduce the efficiency of solution in the actual calculation process.
Therefore, a few specific scenes need to be selected to represent the overall scene. Therefore, this paper
based on SBR method to reduce the scene, specific steps can be found in literature [17].

4. Generation-load-storage optimization scheduling model for electric and thermal systems.

4.1. The objective function. In this paper, the objective function is to minimize the penalty cost of
wind abandonment and the total dispatching cost of the system, and comprehensively consider the generation
cost of conventional thermal power unit, the generation cost of CHP unit, the operation and maintenance cost
of heat storage device, the penalty cost of wind abandonment and the demand response cost. The
mathematical expression is as follows:

minC, = C, (P, )+ Cs (Prsne Prtsse ) + Cir (P ) + G (B )+ C (B ) (5)
where C7 is the total scheduling cost of the system, Cp, is the generating cost of conventional thermal power
unit, Cy is the power generation cost of CHP unit, Cs is the operation and maintenance cost of the heat
storage device, Cy is the penalty cost of wind abandonment, Cy is the demand response cost, Pg; is the
electric output of the No. i conventional thermal power unit at time ¢, Py is the conversion output of the No.
j CHP unit at time ¢, Psgore(?) and P, relcase(?) are the heat storage and release power of the heat storage device,
Pf is the actual amount of wind power online at time ¢, Pp, is the total load that is reduced, transferred and

translated at the time ¢.

1) The cost of power generation of conventional thermal power units. In general, the cost utility of
thermal power units mainly considers the operation cost and the start-up and shutdown cost, and the general
form of its cost utility function is as follows:

O (1 QGi(t 1)) Toy T
Fo)= , (6)
¢ ; ; QGzt RGzt ( Glt)
where the specific mathematical expression of operating cost Rg;(Pg;) is as follows:
RGzt ( Git ) a[ + bl PG:[ + cl PGUZ . (7)

In the formula, Qg;; and Q1) respectively represent the start-stop state of Unit i at time periods ¢ and -1, 0
represents shutdown and 1 represents startup, Ng represents the total number of thermal power units
participating in dispatching, T represents the scheduling period, zg; stands for the start-stop cost of the
thermal power units, Rg:(Pgi;) represents the operating cost of thermal power units, a;, b; and ¢; are the
operating cost parameters of the unit.

2) Power generation cost of CHP unit. In the system studied in this paper, the heat load is set to be
supplied by the heat generated by the operation of CHP unit. Therefore, CHP unit will operate without
shutdown, and the impact of CHP unit start-up and shutdown will not be considered, only its operation cost
will be considered [18]. Its expression is as follows:

(Fei)= ZZ(Q,PI-E, +b, Py +e;), ®)

=1 j=1
where Ny is the number of CHP units, a;, b; and ¢; are operating cost parameters of CHP unit respectively.

In order to deal with the operation cost of extraction steam CHP unit, the electrical and thermal
power under the extraction steam condition should be converted to the pure condensing condition for
calculation. The conversion expression is as follows:

Per |k| hjt 5 (9)
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where Pg;, and Py, are the electrical and thermal power values of the No. j CHP unit at time ¢, k is the slope of
the thermoelectric characteristic curve of the CHP unit under the steam extraction condition.

3) Operation and maintenance cost of heat storage device.

In general, the operation and maintenance costs of heat storage devices are related to their heat
storage and release characteristics. The following formula is the heat storage and release characteristics of
the heat storage device

Hs (t) = HS (t - 1) + (nS‘storePS,slore (t) - PS,release (t) / ﬂS,release )At’ t2 2 B (10)

where Hy(¢) and Hs(#-1) are the heat storage of the heat storage device at time ¢ and #-1, when the heat input
and output are zero, the physical meaning is that the heat stored does not change [19]. The #sstore aNd #5release
are the heat storage and release efficiency of the heat storage device at time ¢. Therefore, the operation and
maintenance cost of the heat storage device can be expressed as follows:

CS (Ph'jt) C S,store (t)_PS,release (t) B (11)

where ¢, is the unit operation and maintenance cost of the heat storage device. Thus, combined with the
formulas (8-11), the operating cost of CHP unit containing storage can be rewritten as

53] (P + (B, + R () )+

A ,1( git |k|(Ph/t + B ( )))+c‘/

According to formula (12), thermal power output, charging and releasing heat plan and CHP unit's own
characteristics will affect the power generation cost of the unit.

4) Wind abandonment penalty costs and demand response costs. The formulas (13-14) are the
penalty cost of wind abandonment and the cost of demand response

Cy (P )cz( e~ P2) (13)
PRI):Crgzsz:z , (14)

£=1 =1
where P, rca 1s the actual wind power of wind power at time ¢, ¢, and c¢,: are unit wind abandonment costs
and unit demand response costs of different types of loads respectively.

4.2. The constraint.

1) Power system constraint. Electrical power balance constraints:
N(;

Z Git ZP +Pm Rg/l +APg/t ) (15)

i=1

(12)

where P, is the system load at time ¢, APy, is the load offset generated by the demand response at time ¢.
Positive value means increased load and negative value means reduced load.

In addition to power balance constraints, power system constraints also include wind power output
constraints, thermal power unit output constraints, thermal power unit climbing constraints, thermal power
unit outage and start-up output constraints, and positive and negative rotation reserve constraints, which have
been a lot of literature research will not be repeated here [20-23].

2) Thermodynamic system constraints Thermal power balance constraints:

Z Phj[ +PS rclcasc Ph/z + APhlt + PS store ( ) H (16)

where Py is the heat load before the dernand response at time ¢, and APhlt is the change of thermal load after
demand response at time .
Constraint of heat storage device:
I)S,store ( ) RS'msatzre
R?,release( ) R?m;)l(ease D) (17)
H(t)<H™
where Py, B and HJ™ respectively represent the maximum heat storage and release power of the
heat storage device and the maximum heat storage of the heat storage device.
In addition to the above constraints, thermodynamic system constraints also include CHP unit output
constraints and CHP unit climbing constraints, which are similar to the constraints of thermal power units.
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Thermal output should be equivalent to electrical output, and the equivalent process is shown in the formula (9).
3) Demand response constraints. In the established responsive load model, in addition to the
formulas (1-3), the transferable electric heating load needs to meet the following constraints.
Transferable interval constraints:

re[ar]. (18)

Minimum duration constraint:

Z; (19)

r+

where ¢~ and ¢ are the upper and lower limits of the interval where load transfer can be allowed, 7™ is

the minimum continuous running time, v, is the 0-1 state variable to determine whether the load is transferred,
v~1 means that the load is transferred at time ¢.

5. Generation-load-storage optimization scheduling model for electric and thermal systems.

5.1. The example designs. The model established in this paper is a mixed problem, so the more
mature commercial solvers YALMIP and CPLEX are used to solve the problem. The "source" of the
calculation example of the established electric-thermal combined system consists of four conventional
thermal power units, two CHP units and one wind power unit. The power of the wind power unit is SOMW,
and the specific parameters of the unit are referred to Literature [13]. The "storage" side of the system is
composed of a heat storage device with a transmission power of 100MW and a capacity of 1000MW. The
system scheduling cycle is 24 hours, and the unit scheduling period is 1 hour. A typical day was selected as
the research object in this paper to simplify the comparison. When the uncertainty of wind power is not
considered, the wind power output is set at 20MW, in which the unit heat storage operation and maintenance
cost is 0.01 CNY/kW, and the unit wind abandonment penalty cost is 0.2 CNY/kW.
Fig. 3 shows the electric heating load curve, the

3 e P /’“m\ actual wind power curve of the typical day and the wind

o en T “----\_\ power prediction curve after the uncertainty treatment

- N——, //’ o of the scenario method. Electrical and thermal loads
b o before optimization are shown in Fig. 4, in which the

a0l Fesgas E— left figure is the electrical load and the right figure is the
PR thermal load. The electric heating load can be reduced

wl —e—Actml b of mainly for residential heat and lighting electricity. The

wnipmerienst | transferable  electrical load is mainly household
electricity. Translatable electric loads are mainly for
G p 10 o o 1n  clectric vehicles. Transferable and translational heat
loads are mainly used in production.
Fig. 3

In the calculation example, the demand response prices of the electric heating load that can be
reduced, transferred and translated are 0.03, 0.02 and 0.01 CNY/kW respectively.

-H-w1‘-Ilj I Red 4 400 | -lh.ml 1____ R] cible [ ]mnrmhl-lmlll'll

5

Fig. 4

5.2. Optimization result analysis. The model and method established in this paper are used to
optimize the calculation example, and the optimization results are as follows.
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Fig. 5 shows the electrical and thermal loads of each type after optimization in which the left figure
is the electrical load and the right figure is the thermal load. By comparison with Fig. 4, it can be seen that
the trough of heat load is just the peak of electricity consumption. If the operation mode of "setting power by
heat" is adopted, the scheduling is not flexible enough due to the coupling of thermoelectric units. However,
after considering the side response of electric and thermal loads, the electrical loads in periods 16-18 are
shifted to periods 4-6, and the loads in periods 9-12 are transferred to other periods of low electric loads,
smoothing the electric load curve and alleviating the impact of electric and thermal coupling. Compared with
electric load, the main reduction period of heat load is the trough period of heat load. However, due to the
existence of heat storage devices, the cost of heat storage and release is lower than that of demand response,
so the reduction amount of heat load is not much. The thermal load is mainly transferred to period 0-12, and
the translational thermal load is transferred from period 20-22 to period 13-15.

—m'm'. ] e B T ' e e i@;m_.;ﬂ. e |
Fig. S
In Fig. 6 the schematic diagram of the power output

i I e e \| ctrie -l'lu.mul| ........ [ Wind turbine —e— Electric h..d
|||||||||| it output output o

of each unit in the optimized system is shown. It can be seen
from the figure that the system meets the electric power
balance, and the power output of the thermoelectric unit is
much higher than that of the thermal power unit. The main
reason is that CHP unit has higher energy utilization rate and
lower fuel cost compared with the thermal power unit. The
operation of the heat storage device and the heat output of
the system are shown in Fig. 7 and Fig. 8.

According to Fig. 7 and Fig. 8, the thermal power
balance of the system is satisfied, and the heat storage of the

007 . : . . heat storage device remains unchanged within a scheduling
oy (SN cycle. By comparing Fig. 5, it can be seen that the main heat
600 | ‘,"‘«'F“ Mg [ e | release period is concentrated in period 14-22, namely the

peak period of electrical load. Due to the existence of
electrothermal coupling, the output electric power of CHP
unit is limited in order to meet the thermal demand in the
peak period of electricity, and the thermal power deficit
needs to be provided by the thermal power unit. However,
the fuel cost of the thermal power unit is high, so the heat
output of CHP unit needs to be reduced, and the heat storage

Fig. 7 device can release heat to provide the thermal power deficit
and reduce the operating cost of the system.

: mnw-n“-gm;g;u B oo deis ' From the analysis of results, it can be seen that the
| [ BB : il "storage" and "load" of the system will influence each other
o in the process of optimal scheduling. Therefore, it is
Em. | necessary to consider the coordination and optimal
0! | scheduling among generation, load and storage to optimize

o | the economy of the system.
s/ | 5.3. Comparison and analysis. In order to verify
H i - " - » the effectiveness of the optimal dispatching method based on

Th

o the coordination of generation, load and storage and the
Fig.
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influence of wind power on system economy and wind abandonment absorption, the following three
scenarios are selected for analysis. Since the influence of energy storage on system economy has been
verified in many papers, a comparative study will not be conducted here.

Scenario 1: The system considers the electro-thermal load response and energy storage, without
considering the uncertainty of wind power. Scenario 2: The system considers wind power uncertainty and
energy storage, but does not consider the response of electrothermal load. Scenario 3: The system considers the
electro-thermal load response and energy storage, as well as the uncertainty of wind power, namely the model
established in this paper. Comparison of system costs under three scenarios is shown in Table.

Index Scenario 1 Scenario 2 Scenario 3
Generating cost of thermoelectric unit CNY 114,800 CNY 126,200 CNY 116,700
Costs of thermal power generating units CNY 11,500 CNY 14,900 CNY 14,300
Operating cost of heat storage device CNY 7,300 CNY 8,100 CNY 7,400
Demand response cost CNY 8,300 - CNY 7,900
Wind abandonment penalty costs CNY 40,700 CNY 16,800 CNY 14,600
Total system cost CNY 182,600 CNY 166,000 CNY 160,900
Abandon the wind rate 16.48% 16.09% 12.16%

According to the data in Table, under different emphases, there are slight differences in the costs of
systems in the three scenarios. Due to the consideration of the demand side response in Scenario 1 and
Scenario 3 and the optimization of the electric heating load curve, the generation cost of thermal power and
CHP units is greatly reduced, compared with Scenario 2, the generation cost of thermal power unit is reduced
by CNY 3,400 and CNY 600 respectively, and that of CHP unit is reduced by CNY 11,400 and CNY 9,500
respectively. Scenario 1 does not consider the uncertainty of wind power, and the penalty cost of wind
abandonment is CNY 40,700. This cost not only includes the penalty of wind abandonment, but also includes
the penalty cost of the burden of system scheduling caused by incorrect wind power prediction. In scenario 2
and scenario 3, the uncertainty of wind power is taken into account, and the penalty cost of wind
abandonment is CNY 16,800 and CNY 14,600 respectively. The penalty cost of wind abandonment in
Scenario 2 and 3 is obviously less than that in Scenario 1, which indicates that considering the influence of
wind power uncertainty in the optimization dispatching process can significantly improve the system
economy. However, the penalty cost of wind abandonment in Scenario 2 is CNY 2,200 higher than Scenario
3, indicating that the change of electric and heating load curve affects the output plan of wind turbine. It also
reflects the mutual influence of generation-load-storage in the process of system optimization dispatching.
Therefore, a comprehensive consideration should be taken to improve the overall economy of the system.

Finally, the total scheduling cost of the system in Scenario 3 is CNY 160,900. Compared with
Scenario 1 and 2, the total dispatching cost of the system is reduced by CNY 21,700 and CNY 5,100
respectively, and the wind abandonment rate in Scenario 3 is 12.16%, which is lower than that in Scenario 1
and 2. The results show that the method proposed in this paper has good system economy and high wind
power consumption rate, and can provide effective technical support and reference for the production and
management of combined electric and thermal system.

6. Conclusions. In this paper, with the goal of minimizing the total dispatching cost of the system, an
optimal dispatching model of source-load-storage coordination was established based on the combined system
with storage, electricity and heat, and the influence of wind power uncertainty and demand response was
considered. The optimization results and comparison results are analyzed in detail, and the results show that:

1) The problem of wind abandonment is not only caused by the lack of flexibility of the system, and
it is not comprehensive to analyze the electro-thermal coupling problem of CHP unit only. At the same time,
considering the uncertainty of wind power can not only further reduce the amount of wind abandonment, but
also improve the economy of the system.

2) In this paper, electrical and thermal load responses are considered in the load-side demand
response, and they are classified and modeled according to their characteristics. Through the demand-side
response, the electric and thermal load curve is optimized, the output of the unit on the generation side is
improved, and the interaction between the generation and the load is realized. In addition, the energy storage
device increases the flexibility of the unit. The heat release from the heat storage device provides the thermal
power gap, reduces the operating cost of the system, and realizes the interaction of storage and charge.
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Therefore, in the optimization scheduling process of the electrothermal combined system, generation-load-
storage influence and restrict each other, and it is very necessary to comprehensively study these three
aspects compared with unilateral or two-sided studies.

3) In this paper, a coordinated optimization dispatching model of generation-load-storage is
established for the combined electric and thermal system. The numerical example analysis proves the
effectiveness of the model presented in this paper, which achieves a higher wind power consumption rate and
a lower system scheduling cost.
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Y3IOAKEHE TA OIITUMI3OBAHE BIAIIPABJIEHHS JI’KEPEJI, HABAHTA’KEHb TA
HAKOINUWYEHHS EHEPTTI B KOMBIHOBAHUX EJEKTPUYHUX TA OIAJTIOBAJIbHUX CUCTEMAX,
IO BPAXOBY€ HEBU3HAYEHICTbD TA BIAIIOBIAb INOIIUTY
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Obmedicenns simpoenepeemury, GUKIUKAHI, 20JI06HUM YUHOM, HEBU3HAYEHICMIO 8impoeoi cenepayii i nos'szanicmio
enexmpuunoi i mennoeoi nomyxcrnocmi TEL] € cepiio3noio npobremoro niguiunux paiionie Kumaio. 3 memoro eupiuienus
yiei npobnemu 6 Oauiu cmammi 3anPoNOHOBAHO MOOeNb ONMUMANLHO20 YAPABINIHHA BUPOOHUYMEOM-CHONCUBAHHAM-
AKYMYTIOBAHHAM eHepeii 6 00'€OHanill eleKmpomeniosiil Cucmemi 3 Memor Minimisayii oomedceHb 8imposoi enepeii i
3aeanvHuUxX eumpam Ha ynpaeninus cucmemoio. Hacamnepeo, pecynioioui enekmpuuni ma mennogi HABAHMANCEHHS.
CROJICUBAYIE PO3OLIEHO HA MPU MUNU BIONOBIOHO 00 IXHbO20 NPUSHAYEHHS, 4 came, HA NePeKIaoHi, nepecyeni ma
SMEHULYBAHI I 0151 KOJICHOL 3 HUX N0OYO08AHO MO0 8I02YKY 3a0/8 NIOSUWEHHS MOYHOCMI ONMUMI3AYii Ha CMOPOHI
cnooicuganns. Tlomim Ons supiuiennss npooreMu HeGUIHAYEHOCI GIMPOEHePLeMUKU UKOPUCMAHO CYEHAPHUT Memoo.
Y ueomy epaxosano ennus akymyniosawns eHepeii Ha ympaeninHs cucmemoro. Hapewmi, epexmuenicmo
3anponoHo8anoi Mooeni 01 NPOCY8AHHA BUKOPUCMAHHA GIMPOBOI eHepeii ma NiOGuujeHHs 3a2abHOI eKOHOMIYHOI
8U200U NiOmMeepdceHo Ha npuriadax ii ukopucmanna. bion. 23, puc. §, Tadm. 1.

Kniouosi cnoea: HeBW3HAYCHICTh BITPOCHEPTeTHKHU; ONTHMI3allisi KOOPIWHALIT TeHepallisi-HaBaHTKEHHS-CXOBHIIE;
OINTHMI30BaHe IJIAHYBaHHS; CIIOKUBAHHS BITPOBOT €HEPTii; BiAMOBIIb HA BUMOTY.
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BE3IIEYHE BUMKHEHH EJIETA30OBUX BUMHWKAYIB
Y HOBITPAHUX JITHIAX EJJEKTPOIIEPECUJIAHHSA

O.I'. HInonssHcbKUi*, KaHJ. TEXH. HAYK
InctutyT enekrpoauHamiku HanionaabHoi akagemii Hayk Ykpainu,
np. [lepemoru, 56, Kuis, 03057, Ykpaina, e-mail:shpolyanskyy@ied.org.ua

Ilposeoeno awnaniz nepexionux npoyecie, wo SUHUKAIOMb NIO 4AC 6MUKAHH NOSIMPSAHOL JIHIL eleKkmponepecuirants
(JIEIT) 750 kB nio wuanpyey. O6ipynmosano 0esnexy peocumie JIEII nicis cumempuunoeo i HecumMempuiHo2o
VGIMKHEHHA GUMUKAYIB | MEXHIYHA MOJICIUBICMb BUMKHEHHS €/1e2a308UX UMUKAYIB i3 3AMPUMKOI0 4acy NiCasi iIXHb020
yeimkHenHs. [lokaszana HeoOXiOHicmb 30ilCHEHH MOOET08AHH NepexiOHux npoyecié Oas AHANI3Y XaApaKmepucmuk
nepioOuyHux i anepioOuyHux ckiaoosux cmpymie. Pospobneno memoo eusHaueHHA €OUHOI 3aMPUMKU BUMKHEHHS
ene2azo8ux UMUKAYIE OJi MHOMCUHU PeXCUMi8, SKi MOXCYMb GUHUKHYmU nicia nocmanosku JIEIT nio nanpyey. biom.
13, Tabmn. 2, puc. 5.

Kniouosi cnosa: enera3osuii BUMuKady, Oe3nedHe BUMKHEHHS, 3aTPUMKa y 4aci, anepioguyHui CTPYM, HIYHTYBaJIbHUN
peaxTop.

Beryn. Enerazoi Bumukadi (EB) HaOyBaroTh B €IeKTpOCHEPTreTHYHUX CHCTEMax BCe OLIBIIOTrO
PO3TOBCIOMKEHHS 3aBISKK CBOIM IepeBaraM Haj TPaIWIliHHIMH BUMHUKadaMH (BaKyyMHHMH, TTOBITPSHAMH,
MacJIIHUMH). Jlo TakuX mepeBar MO)KHa BiHECTH:

®  Kpallli AieJeKTPUYHI BIaCTUBOCTI Cyab(ily CIpKH y MOPIBHSIHHI 3 TIOBITPSIM;

e  Majui Jyac TOpiHHS AYTH i, BIAMOBITHO, 3MEHIIICHHS €p03ii KOHTAKTIB;

® T Yac TOpPiHHSA AYrH HE BHUIUIETHCSA MIOKCHA BYTJEIIO, TOMY WOTO IielleKTpruYHa Milb He
3MEHIITY€ThCS;

®  BHMHKad Ma€ KOMIIAKTHI PO3MIipH.

B Toii ke yac, EB MatoTh neBHy 0coONMuBIiCTh: y pasi BigkitodueHHss EB 3racaHHs enexTpudHOl 1yru
MK HOr0 KOHTaKTaMH BiJOyBa€ThCs 32 IPOXOKEHHI MUTTEBOTO 3HAYECHHSI CTPYyMY uepe3 Hynb. [IpucyTHICTD
anepioguvHOI CKJIaIOBOI B CTPyMi BHMHKada, sIK€ OOyMOBJICHE HAsSBHICTIO iHIYKTHMBHHX 1 €MHICHHX
CJIEMEHTIB B CICKTPUUYHIA Mepeki, MOXKE 3aBaguTH YCIIIOTHOMY TaciHHIO myru. IloBiapHE 3racaHHs
arnepiofnvHoOI CKIaJ0BOi CTPYMY HE J03BOJISIE 3TACHYTH €JIEKTPUYHIN Ay3i TPpUBAJIMI yac 1 MPU3BOAUTH 110
pYHHYBaHHS IyTOTacUIBHOI KaMepH udepe3 MiABHINeHI Temreparypy i Thuck. Hepinko amepiogwuHi cTpymu,
0 TOBUTEHO 3racaroTh, BUHUKAIOTH Y pa3i MOCTAHOBKH KOMIICHCOBAHOI HEHABAHTAKEHOI MOBITPSHOI JIiHIT
enekrponepecuwianns (JIETD) mix manpyry. B nmx Bumaakax TpuBasicTh He mepexony cTpymy B EB uepes
HYJb MOXE JIOCATaTH COTeHb MuticekyHn. Opnak, nonoxeHHsmu [EC 62271-100 [1] Bu3HA4aeThCs, IO
BUMHUKad Ma€ OyTH 3[JaTHUM BHKOHATH TI€BHI HOMiHAaJbHI ITOCIIIOBHOCTI 3aMUKaHb 1 PO3MHUKaHb KOHTAKTiB.
B nmx mocnmioBHOCTSIX MPUCYTHS OTepallis yBIMKHEHHS 3 HACTYITHUM MUTTEBUM (0€3 HaBMHCHOI 3aTPUMKN)
BUMKHECHHSIM BHMHKaya. Taka cuTyauis MOKe BUHUKHYTH y pa3i yBiMkHeHHs1 JIEI] Ha kopoTke 3aMHKaHHS,
HeCUMETpUYHOTO yBiMKHeHHs BuMmukaudiB JIEIl abo mommiok crpamroBaHHS peNneifHOrO 3aXHCTy Ha
BUMHKa4i. Aje BUMKHEHHs JiHiiHOTO EB oOnpa3y micis yBIMKHEHHS MOXKE TPH3BECTH OO apapii, IO
CYTIPOBOIKY€EThCS HOTO pyHHYBaHHSM [2-5].

IcHyrOTH 3ax04M, SIKi AIOTh 3MOTY 3HHM3WTH BEIWYHHY i TPUBANICTh MPOTIKAHHS anepiogndHOro
ctpyMy depe3 EB micis fioro yBiMkHEHHS. J[o HUX, 30KpeMa, BiJHOCITHCS:

®  3aCTOCYBaHHS PE3UCTOPIB, IO MOMEPETHHFO BMUKAIOTHCS il 4ac yBiMKHeHHS EB;
® TUMYACOBE YBIMKHEHHS y HEUTpallb pE3UCTOPY 3 OAATBLINM HOTO ITYHTYBaHHSM;
®  BHKOPHCTaHHS MPUCTPOIB KEPOBAHOI KOMYTaIlii.

[lepmi nBa 3axomu CHpSAMOBaHiI, TOJOBHMM YHHOM, Ha 3MEHIIEHHS TPUBAJIOCTI MPOTIKAHHS
amepioguaHoro cTpyMy. Jlo IXHIX HEMONIKIB MOXKHA BIHECTH Te, IO Yy pa3i yBiMKHEeHHS EB Ha KopoTke
3amukanHs (K3) uepes pesucrop Oyme mpoTikaté Beaukuii ctpyM. OTiKe, pe3UCTOp MOBUHEH OyTH 37aTHUM
PO3CiATH BENHKY KiIbKicTh eHeprii. OcTaHHIM 3aXil Ja€ 3MOTY 3HU3UTH SIK aMIUTITyAy, TaK i TPUBANICTh
MPOTIKAHHS anepioguIHOTo cTpyMy [6]. OmHAaK 3a TIEBHUX CITOJIYICHHIX €ICMEHTIB €ICKTPUIHOT MEpexi i
napameTpiB pexkUMy MOXYTh BHHUKHYTH TaKi IIePEXiiHi MPOLIECH, 3a SKHX 3aX0/IH, 10 OyJI0 ONMCAHO BUIIIE,
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HE 3MOXYTh 3a0e3neunTn Oa)kaHi piBHI HampyrH i/ad0 anepiomuyHUX CTPyMiB. 3 OISy Ha Ie, po3podKa
3axO0J1iB, 1110 Ial0Th 3MOTY IiJBUIIUTH HATIHHICTH 3MiHCHeHHs koMmyTallii EB, € akTyanbHO0.
Metoi0 podoTH € OOIpyHTYBaHHS MOXJIMBOCTI 3aCTOCYBaHHS 3aTpPUMKH 4acy ajsl Oe3leyHoro
BUMKHEHHS JiHiiHOTO EB Ticis fioro yBIMKHEHHs i po3po0Ka MEeTOly BU3HAYCHHS BETHUUHH IIi€i 3aTPUMKH.
MoaenoBaHHS NepexiTHUX KOMYTaliiHUX NpoueciB B KoMieHcoBaHuX nopirpsiuux JIEIL
MozenoBaHHs MEPEXiTHUX KOMYTaIIHHUX MPOIECIB 3ailicHIOBasocs y makeri Matlab/Simulink. Sk
00'eKT [y MoJemoBaHHs OyB oOpaHmii (parMeHT peanbHOi enekTpuunoi Mepexi 750 kB. Ii imiTamiitny
MOJIeTTh TIOKa3aHo Ha puc. 1. Moxens BKiItodana B cebe TpudasHe JKepelo >KUBIICHHS HOMIHATBHOIO
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Hampyroro 750 kB, JiHIO 3 PO3MOAUICHUMH ITapaMeTpaMu JOBKUHOIO 186,2 KM, ABi TpyHH ITIyHTYBAJILHAX
peakropiB (ILIP) i obmexysaui nepenanpyr (OITH) mo 1i KiHIsM, OJOKM BU3HAYCHHS anepioJuuHUX
CKJIaJJOBUX CTPYMIB Ta MapaMeTpiB iXHBOTO 3racaHHs, 0J0K KepoBaHoi komyTanii BuMukadis. JIEIT mana taki
mapaMeTpu TpsMoi 1 HyJmboBoi mociigoBHOCTEH: Z;3;=21,098+)205,429 Owm, Z;=2,46+j143,199 Om, By =
763,05 Cm, Bye= 578,39 Cm. IHOYKTHUBHICTH IIYHTYBaJILHOTO peaktopy L;y=5.974 T'H, a akTUBHUIA oIIip
Ru=3,409 Om. [apamerpu mozemni OITH Oymno yTouHeHO Mo TeXHIYHMM XapakTepuctukam Seimens 3EQ3
612 [7] y BimnosimaocTi mo [8]. Ilix yac mocTanoBku min Hanpyry HeHaBaHTakeHoi JIEII mimkimroueHHsS
KOXKHOT (ha3u BigOyBasocs i yac Mepexony BiAMOBIMHOI Ga3HOI HANPYTH depe3 Hynb. Ha puc. 2 moka3aHo
CTpyM y ¢as3i A Ha movarKy JiHii. BiH Mae 4iTKo OKpecieHy anepiogndHy ckianoBy. KpiMm Toro, Ha MpOMiKKy
yacy 0-0,2 ¢ cmocTepiraroTbcsi TapMOHIHHI CIIOTBOPEHHS cHHycoinanebHOi KpuBoi ctpymy (THD=46,4%).
CroexTp 4YacTOT Ha LbOMY HPOMIXKKY 4acy IMPEICTaBICHO Ha puC. 3. AMIUNTyIHE 3HA4YEHHS CTPyMy
(dbyHmameHTanpHOI 4acToTH ckiagae 174,7 A, anepiomuuHa ckianoBa ctpymy — 204,7 A abo 117,22%.
3HauHi CNIIOTBOPEHHS y CHHYCOILy CTpyMy BHOCATH CyOrapMOHIiHHI KOJIMBaHHS. AMIUTITYJa KOJHUBAaHb Ha
yactoTi 2,5 'y cknnamae 76,63% Bin ¢pynaamentanbHol. JJocuTs BeuKy aMIutityny, npuoausHo 20%, MaoTh
KOJIMBaHHS Ha vactorax 145 1 147,5 I'u. 3 puc. 2 6auyumo, 1110 3 YaCOM 3MIHIOETLCS HE JIMINE arepioguuHa
CKJIaJI0Ba CTPYMY, a i aMILTiTya MepioguyHOiI CKJIAZ0BOI.

AmnepiognuHi cTpyMu y (pa3ax mokazaHo Ha puc. 4. MakcuManbHI BETHYWHU IIUX CTPYMiB Y (azax 4,
B i C Bignosinno ckmamaiots 507,8 A, 550,28 A, 471,93 A. Pi3Hi 3Ha4eHHS aniepioNUIHUX CTPyMiB y (azax,
HAsBHICTh TApPMOHIYHUX CIIOTBOPEHb, 3MiHA AMIUIITYIW MEPIOJUYHOTO CTPYMy Ha IOYATKy MEPEXiTHOTO
npolecy BUMarae MOAETIOBAHHS NEPEXiIHUX MPOLECiB 3aais BU3HAUCHHS 4acy 3TAacaHHs anepiogudHHUX
CTPYMIB JIO TIPUIIYCTHMOI BEIWYMHHU 1 TMEPIIHX IEPEXOiB MHUTTEBHX 3HAYEHL CTPyMy dUepe3 Hyilb, B sKi
MOXYTb OyTH 371ilicHeHI BUMKHEHHS EB.

Bu3znavenHsi yacy 3aTpMMKH JJIsl 0e3Me4HOr0 BUMKHEHHSI eJIera3oBoro BUMHKa4ya. HeoOxiqHicTh
BuMKkHeHHs EB ompa3y micns #oro yBimMkHeHHs minm vac mocraHoBku JIEIl mim wampyry moxke Oytu
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o0yMoBIIeHa pi3HUMH (akTopamMu. Y pasi BKIFOUEHHS BUMHKAYiB y BCIX TPhOX (hazax 1ie Moxke OyTH MOMILTKOBE
crpaioBaHHs 3aco0iB peneiHoro 3axucty i aBromaruku (P3A). e omauM ¢akropom € crpaioBanHs P3A
BiJl HETTOBHO()A3HOTO PEXXUMY, SIKUH CTaB HACIIIAKOM HE YBIMKHEHHS] BUMHKaua B OfIHIH 13 ¢a3.
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OueBuHO, IO Yepe3 MEBHUH Yac Micis yBIMKHEHHS amnepioJuyHa CKJIaJoBa CTpyMy 3racHe, i EB
Moxke OyTH Oe3redHo BiakmoueHni. Ta MoxxmuBicTh 3arpuMku BuMKHeHHs JIEIT y HemoBHOda3HOMY pexumi
nmotpelye OOTPYyHTYBaHHSA. 3a3HAUYMMO, IO 3aTpUMKa BUMKHEHHs ¢a3 10 10 ¢ mepembadaeThcss caMHUMHU
peNeitHIM 3axHuCcTOM Bij HemoBHOGa3Horo pexumy [9]. Kpim Toro, y noitpstaux JIEIT manpyroro 110 kB i
BUILIE Ui YCYHEHHS OAHO(A3HUX 3aMHKaHb Ha 3eMJII0 LIMPOKO 3aCTOCOBYETHCSA OnHO(A3HE aBTOMAaTHUYHE
nosropHe yBiMKHeHHS (OAILY). Ilix wac OAILY ¢a3a, B sxiii BimOynocs K3, BimMukaeTbcs, a iHOI —
MPONOBKYIOTH mpaioBat. besctpymosa nay3za OAITY B 3al€KHOCTI Biji BEIMYMHU CTPYMY IiJKUBIICHHS
IOYTH MOXKe TpuBatH A0 2,5 — 3 c. binbin TpuBane BUMKHEHHSI MOKE BIUIMBAaTH Ha CTIMKICTh cucteMu. Skiio
TpuBaiicTh may3u OAITY nepesurnye 2 — 2,5 ¢, TO BXHBAIOTh 3aXO0JH, SIKi IO3BOJISIOTH CKOPOTHUTH IIeH Jac
[10, 11]. ITo JIEII, mo cTaBUTHCA i HAMpyTy, Tepenada eIeKTPOoeHepril He 3MidCHIOEThC. ToMy BOHA He
BIUIMBAE Ha CTIHKICTh cUcTeMH. MoKHa 3pOOMTH BUCHOBOK, 1[0 3aTPUMKa 4acy il 4ac BUMKHECHHS JIIHIHHUX
BumukadiB JIEII moxe TpuBatu 1o 2 ¢. 3a meil 4ac amepiogddyHa CKIJIaJ0Ba CTPYMY MOXKE 3MEHIIUTHUCS 0
MPUITYyCTUMOI BETUYHMHHU. 3a3BH4Yail BOHA 3HAXOAWUTHCS B Mexax 50-55% Bim amIutiTymHOTO 3HauYEHHS
NepioMyHOl CKIanoBoi cTpyMy. B Hammx po3paxyHkax OymeMO BBaXKaTH, II0 MaKCUMAILHO TPHITYCTUME
3HAuUEHHS amnepioguyHoi cKmafgoBoi crpymy ckmagae 50%. Bymo 6 moriunmm Biakmiouatn EB uepes
MiHIMaJTBHAN TPOMIXKOK 4acy MICIIs TOTO, SK alepiognyHi cTpyMu y (azax CraayTh J0 IMPUITYCTUMOTO PiBHSL.

HeobOxinuum dakropom g BumkHeHHS EB € ImpoOXOIKEeHHS MUTTEBOTO 3HA4YEHHS CTPyMy depes
Hy1b. BupoOHuku EB HaBoaATh yac pos'eJHaHHS KOHTAKTIB BUMMKAYa fope, 1 4aC HOrO MOBHOTO BUMKHEHHS
tBrear- Ji1a BuMukadiB 750 kB Bonm cximagarote BiamoBigao 20 i 40 mc [12, 13]. To6to, micas po3'enHaHHS
KOHTAKTiB BUMHKKaua BOPOJOBX 20 MC MK HMMH Mae€ 3racHyTH Oyra. 3a el 4ac CTpyM 3 IPHUILyCTHMOIO
BEJIMYMHOIO anepioIMIHOT CKIIAIOBOT MIEPETHE HYJIb 1 BiIOYICThCS TaCiHHS AYTH.
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Byno npoBeneHo cepito MonenoBaHb nepexigHuX mpouecis mix yac nocranosku JIEIT mig Hanpyry
JUTsL TIOBHO(A3HOTO 1 HEMOBHO(A3HOTO YBIMKHEHHSI BUMHKada. BBaxkanocs, 0 BUMHUKa4i 3aMHUKAIOTHCS TIPU
NPOXO/KEHHI MUTTEBOTO 3HAUYEHHsI HaNpyTrd 4yepe3 Hylabs (MomenTH yacy 0, 0,0067 i 0,0133 ¢ ans a3 4, B i
C BiamoBigHO). 3a HYNbOBHII MOMEHT dacy Oyl0 NPUHHATO MOMEHT IIOfa4i Hampyrd Ha ¢a3y A.
MonenroBaHHS TIEPEXiTHOTO TPOIIECY 3MIMCHIOBATIOCS 3a YMOBH, o 1o KiHIsax JIEII migkimtodeHo mo omHin
rpyni IIIP. BoHo moka3ano, 10 choajaHHs AamnepioJuYHUX CKIAIOBUX CTPyMiB 10 3HadeHHs 50%
BiOyBaeThes yepes 0,3434 ¢, 0,3765 ¢ 10,3467 ¢ s a3 4, B i C BignosinHo. Yac criagaHHs anepioquaHol
CKJIaJIOBOi CTPYMy IO TIPHITYCTUMOTO 3Ha4deHHS Yy ¢azax 4 i C myxe omm3pkuii (pizauisa ckiaamgae 0,0033 c).
TpuBaicTh criafaHHs anepioJUyYHOI CKJIQJ0BOI CTpyMy B (a3i B momiTHO Oinbina. Pi3HUI Yacy criajiaHHS
Mk Qazamu 4 1 B cknagae npubiamuzao 0,033 ¢, mo CyTTeBO MEpeBHUILY€E Pi3HULIIO Y Yaci mojadi Harpyry Ha
thazu 4 1 B—0,0067 c. llepie mpoxomkeHHS CTPYMY Yepe3 HyIlb IICIIs 3racaHHs alepiouIHOl CKIIaI0BOI 10
50% y dazax 4, B i C BinOyBaetbesa y MmomenTtu dacy 0,3564 ¢, 0,3831 c, 0,3567 ¢ Bignosiguo. s ¢paz 4 1 C
pizHuI Mix 1M MoMmeHTamu ckianae 0,0003 ¢, a ans pas 4 i B — 0,0267 ¢ (Ounblie omHOTO MEpioay).
SIk1o KoMaHy Ha BUMKHEHHS! BUMHKadiB y TpboX (pazax momatu y MomeHTH dacy 0,3364 ¢, To mpoTikaHHS
cTpyMy v dasi A yepe3 Hynmb (ymoBa BUMKHEHHS EB) BimOymeThcs oipasy MiCiIs MOBHOTO PO3BEACHHS
KOHTaKTiB (20 Mc). Aye ToAi Yac IMOBHOTO BUMKHEHHS y (a3i B cknane monaimenmie 46,7 Mc. A 1ie Oinblie
HDK Yac, SIKMU rapaHTye BHPOOHHMK BHMHKada. SIKIIO Yac MPOXOMKEHHS uepe3 Hyilb (asHUX CTPyMiB
BiJIpaxOBYyBaTH IICJIA 3racaHHs anepiogudHoi ckiamoBoi 10 50% B ycix ¢azax, To neit yac cknage 00,3835,
0,383110,3768 c BiamoBigHO. Y ILOMY BUTIAJIKy MaKCUMaJIbHA Pi3HULA y Yaci Oyne Mixk ¢azamu 4 i C. Bona
ckinage 0,0067 c. OTxe, micist pO3MUKaHHS KOHTaKTiB ynpoaosk 0,0067 ¢ MUTTEBI 3HaUEHHS CTPYMIB B yCiX
(azax nmpoiayTh Yepe3 Hylb, IO Ma€ 3a0€3MEUNTH YCIIIIIHE FaciHHA AyTH 3a yac MeHIuni Hix 40 Mc. Byno
BUKOHAHO MOJIENIOBAHHS IEPEXIAHOTO NPOLECy U CXeMH pHUC. 1, y IKOMy BUMHKadi 3aMHUKAIOThCA, & IOTIM
po3MuKarThes y MoMmeHTH yacy 0,3835, 0,3831 1 0,3768 ¢ mns ¢a3 4, B 1 C . Ha puc. 5, a 300paxkeHo
anepioguyHi ckiafoBi crpymiB. [licns BuMKHEHHs BuMuKada y ¢a3i C ctpymu y dazax 4 i B mouamu
3pocratu. llicnst BuUMKHEHHS BuUMHKada y (a3i B 3pocTaHHS amepioguvHoro cTpymy y dasi B
NPUIIBUAIIMIOCS, 1 BiH AOCATHYB npubmuszno 71,5%, a motiM moyas crnagat. [IoBTOpHE TNepeBUINECHHS
NPUIYCTUMOI BETTMYUHH allepiOANIHOTO CTPYyMy TpHBajio npubdnusno 1o 0,3947 c, a yac Bix nomadi KOMaHIu
Ha BUMKHEHHsI ckiaB npubmuzHo 0,0379 ¢ a6o 37,9 mc. [IpuunHoro 30ypeHHs y ¢a3i B crana BiIMiHHICTh
MK TMOPSAKOM MPOXOIKEHHS (a3HHX CTPyMIB dHepe3 Hylb, MOYMHAOYM 3 MoMeHTy uacy 0,3768 c, i
HOPSIIKOM cITigyBaHHs ¢a3. 3amist 3MeHIIeHHs 30ypeHb MoaAn(ikyeMo OJOK BU3HAYCHHS! MOMEHTIB IEPETUHY
(dazHUMH CTpyMaMy HyJs 3 ypaxyBaHHSIM HOPSIOKYy ciuigyBaHHA (a3 i orpumaemo taki 3HaueHHsa 00,3836,
0,3901 1 0,3969 ¢ mns a3 A, B i C. Pe3ynbsrarsi MOIETIOBAHHSI allePiOJUTHOI CKIAJ0BOI CTPYMY IS ITHOTO
pEeXUMY TOKa3aHo Ha puc. 5, 6. B amepioguuHoMy cTpymi ¢a3u B mpucyTHe He3HauHe 30ypeHHs, SKe He
Oyze MaTH BIUIMBY Ha MPOLieC BUMKHEHHSI BAMHKaUa.
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Pesynmerati po3paxyHKiB MOMEHTIB TepeTHHY (a3HUMHU CTPyMaMH HyNs B PI3HHX pEXHMax
noctanoBku JIEII mix Hanpyry nipencrapieHo y Tadmn. 1. B Hilf HaBe[eHO:
e pOKHM YBIMKHEHHS BHUMHKada (Tpuda3Huii ab0 HECHUMETPUYHHH IBOGA3HHHA 13 3a3HAYCHHIM
MOCTIIIOBHOCT] YBIMKHEHHS (a3);
e crad BuMukaua 1P ( “+ * — BkimoueHuil,

[T

— Bigkmouennit) Ha nmovarky (I1) 1 B kinni (K) JIEIT;
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e  Max Ipc — MakcuMalibHa BEIWYHMHA allepioJUYHOI CKJIA0BOI CTPYMY;

® t50— 4Yac cmajaHHs anepiofnvHOl CKIaI0BOi cTpymy a0 50% ;

e fcz — MOMEHT NEpPEeX0Qy MHTTEBOTO 3HAYCHHS CTPyMY 4Yepe3 Hyib Hicis ClaJaHHsS anepiognvyHux
CKJIaJJOBUX CTPYMY B ycix dazax g0 50%.

Taoauns 1
VYBIMKHEHHS IIP Max Ipc, % ts50, C tcz, C
A B C A B C A B C

+ |+ 221,68 206,91 | 165,73 | 0,3434 | 03763 | 0,3469 | 03836 | 0,3901 | 0,3969

3g(abe) |+ |- 170,26 | 172,75 | 130,36 | 0,4935 | 0,5326 | 0,4908 | 0,5337 | 0,5402 | 0,5471
- + | 127,76 | 133,70 | 103,51 | 0,1876 | 02318 | 0,2071 | 0,2340 | 0,2403 | 0,2471
+ |+ | 187,28 | 175,11 | 2,54 | 0,3424 | 0,3698 - 0,3766 | 0,3827 -

2¢ (ab) + - | 184,83 | 174,74 | 4,84 | 0,5448 | 0,5770 - 0,5856 | 0,5942 -
- + | 122,14 [ 137,43 | 5,39 | 0,2489 | 02972 - 0,3053 | 0,3141 -
+ |+ 207,26 922 |150,49 | 0,3390 - 03354 | 0,3430 - 0,3574

2¢ (ac) + - 176,12 | 2,45 | 132,49 | 0,5296 - 0,5081 | 0,5345 - 0,5460
y + 163,51 333 |107,18| 0,2678 - 02442 | 0,2746 - 0,2863
+ |+ 2,52 | 189,77 | 177,76 - 0,3497 | 0,3721 - 0,3906 | 0,3964

2¢ (be) + - 4,88 | 186,33 | 179,61 - 0,5529 | 0,5825 - 0,5995 | 0,6080
- + 540 | 124,38 139,76 - 0,2562 | 0,3032 - 03198 | 0,3282

3 Tabn. 1 Gaummo, 110 y BapiaHTax i3 YBIMKHEHHSM JBOX (pa3 cTpyM MpOTIKae 1 MO HEBKIIOYEHiH
(azi. Lle Moxe OyTH MOSCHEHO THUM, IO y PO3IMKHYTOMY CTaHI KOHTAKTH BHMHKada 1 JICIEKTPHUK ITOMIiX
HUMH yTBOPIOIOTH EMHICTB, YEPE3 SKY 1 MPOTIKAE CTPYM.

Hns nmanoi JIEIl HaiiOUIbIn CHOpPUATIAMBAM pEXHMOM KOMIICHCALil 3apsAHOI MOTYXHOCTI €
nigkmroderas [P B kinmi minii. B mpoMy pexumi oTpuMyeMO MEHIN 3HAUYEHHS arepiofndHOl CKIIaJoBO1
cTpyMy 1 wac ii 3racansas mo 50%. Pi3Hmnsg y daci Mi>k MOMEHTaMH TPOXOKEHHS MHTTEBOTO 3HAUEHHS
(ha3HOTO CTpyMy uepe3 Hysb JJIs KOXHOIO 3 BapiaHTiB 3HaxoiauThcs B Mexax 0,0058-0,0144 c. ToOro,
BUMKHEHH# ycix ¢a3 EB mae Oytu ycmintauM. B po3missHyTHX pexrMax B ycix ¢azaX MOMEHT MPOXOKEHHS
CTpPyMy Yepe3 HyJb (MOMEHT TOBHOTO BUMKHEHHS BUMHKa4a) He niepeButntye 0,61 ¢ micis Horo yBiMKHEHHS.

Bu3HauuM MOMEHTH TIPOXO/DKEHHSI MHTTEBOTO 3Ha4eHHS ()a3HOTO CTPYMY uepe3 HyJb 1 BEIUYHHU
anepiofAnvHOI CKIam0Boi cTPyMy Ipc MiCHs HOBHOTO PO3BEACHHS KOHTAKTIB Yy MOMeHT dacy 0,59 ¢ (tabm. 2).

Juis xoxHOI ¢a3u 3aTpUMKy BHIadi KOMaHIW Ha BUMKHeHHs EB micns momadi koMaHAM Ha HOTO
YBIMKHEHHSI IIPOTMIOHY€THCSI BU3HAUATH 32 (popMyInoro

!petay =055 [(Min {tcz } + Max{tcz }) - (tOpen T L prear )] > (1)
ne Min{tcz} — MiHIMaTbHII MOMEHT 4acy IPOXOKEHHS MHUTTEBOTO 3HAYCHHS CTPyMY udepe3 Hylb; Max{tc,}
— MaKCUMaJIbHUI MOMEHT 4acy MPOXODKEHHS MUTTEBOTO 3Ha4EHHs (Da3HOTO CTPYMY Yepe3 HyIb; lope, — Yac
BiJl TOZa4l KOMaHI{d Ha BUMKHCHHS BHUMHKA4a JI0 TMOBHOTO PO3BEIACHHS HOTO KOHTAKTIB, Igq — Yac Bl
nojfayi KOMaHAM Ha BUMKHEHHS BHMHKa4da /0 TOBHOTO TaciHHS AYTM MDK HOTO KOHTakTaMH. YMOBOIO
BUKOPHUCTaHHS PiBHSIHHS (1) € BUKOHAHHS HEPIBHOCTI

Max {tcz }_ Min {tcz }< Ugreat ~ Lopen (2)

3a pesympraramu 3 Ta0n. 2 Max{tc7}=0,6092 c i Min{t-z}=0,5928 c BukoHamm mepeBipky 3a (2): 0,6092-
0,5928=0,0164 < 0,02. ¥V BianmoBigHOCTI 10 (1) Yac 3aTPUMKH CKIIAB fp,,=0,5644 c.

HepiBHicTb (2) MOXe HEe BUKOHYBAaTHUCSI, AKIIO I BUSHAYCHUX !¢z HE ICHY€E €AMHOTO Yacy 3aTPUMKHU
IUTS BCIX 0OpaHUX PEXUMIB, SKi MOXKYTh BHHHKHYTH IIPY BKJIFOYCHHI BUMHKada. Po3B's3anHs miel mpoOieMu
MOKe OyTH 3IiMICHEHE TBOMa CTIOCO0aMMU:
1) pO3OUTTAM BUXIAHOT MHOXHHU DPEXHMiB yBIMKHEHHS EB Ha miAMHOXHMHU 1 pO3paxyHKOM st
KOJKHOI IiJIMHOKUHU 3HAUEHHS #pelqy. [V HAILIOrO MPUKIAAY JOLIIBHO Oyno 6 ¢popMyBaTH MiIMHOXKHHU 32
PEKIMOM KOMITCHCAIII1 peaKTHBHOI ITOTYKHOCTI;
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2) MIPOBE/ICHHSM JIOIaTKOBOTO MOJICITIOBAHHS TePeXiTHUX MPOIIECIB IS BCIX PEKUMIB 3 BU3HAUECHHSIM
HOBMX MOMEHTIB uacy Mepexopy MHTTEBOTO CTPyMy uepe3 Hyllb IICIs MOMEHTY t=Max{tcz}-topen 1
TICPEBIPKOI0 PE3yNIBTATiB HA CYMICHICTh 32 HEpiBHICTIO (2). SIKINO AN HOBUX 3HAYEHb fc; HEPIBHICTH (2)
BUKOHY€ETBCSI, PO3PAXOBYEMO #pelqy. MOXKIINBO, L0 MPOLEAYPY HOTPiOHO OyJe HOBTOPUTH AEKiIbKa pas.
Taoauns 2

VBIMKHEHHS ip Inc, % tez, ©
A B C A B C
+ |+ 21,36 24,04 21,59 0,5956 0,6023 0,6089
3¢ (abe) + - 37,86 42,21 36,87 0,5939 0,6004 0,6073
- + 1,02 5,68 3,57 0,5951 0,6016 0,6083
+ |+ 19,25 21,71 0,70 0,5959 0,6018 -
2¢ (ab) + - 43,15 47,50 0,05 0,5928 0,6013 -
- + 5,51 10,83 1,02 0,5940 0,6025 -
+ |+ 19,62 1,62 18,19 0,5952 - 0,5981
2¢ (ac) + - 41,97 0,22 37,83 0,5948 - 0,6063
y + 7,68 0,21 6,06 0,5959 - 0,6072
+ |+ 0,21 20,21 21,57 - 0,6026 0,6085
2¢ (be) + - 1,20 43,40 47,21 - 0,5995 0,6080
- + 0,85 5,66 10,52 - 0,6006 0,6092

[epeBaroro mepmoro crocoOy € MiHIMajbHI 3aTpuMKH Ipu BinkmouenHi EB, a Hemomikom —
HEOOXiHICTh KOPUTYBaTH yCTaBKU P3A y BiNOBITHOCTI A0 peXUMYy KOMITEHCAIlil pEaKTUBHOI MOTYKHOCTI.
IlepeBaroro apyroro crnocoOy € €IuHA Ul BCIX PO3MISHYTUX PEXKUMIB YCTaBKA Ipelq, A HEJONIKOM —
MOYKITHBE 301/IbIIEHHS BETUUUHH #pejqy JUISL IEBHUX PEXKUMIB.

Po3paxoBaHe 3HaueHHS 4acy 3aTPUMKH IJIsl PO3IISHYTOTO MPUKJIaxy NpuOau3HO B 3,5 pa3su MeHIIe
HDK TpUBamicTh Oe3cTpymoBoi may3u OAITY [10,11], mo momyckaetbes B JIEIL. Tomy Taka 3aTpumka
BUMKHEHH JiHiliHOTO EB € mpunyctumMoro.

BucHoBkm.

B crarti 3amponoHOBaHO 1 OOIPyHTOBaHO 3acCTOCYBaHHS 3aTpPUMKH y dYaci 1yt Oe3neyHoro
BUMKHEHHS JIIHIHOTO €Jera30Boro BHMHKada ozpasy Ticis moctanoBku JIEIl mim Hampyry, ske MoOXe
CTaTUCs 4yepe3 MOMUIKOBY poOOTY MPHUCTPOIB pEleHHOro 3aXMCTy i aBTOMaTvku abo depe3 HemoBHO(a3He
YBIMKHEHHS BUMHUKaya.

3amnponoHOBaHO METO]T BH3HAUEHHS Yacy 3aTPUMKHA BUMKHEHHsS EB Mmiciis HOTo YBIMKHEHHS, KU
OCHOBAaHHWH Ha aHalli3i MOMEHTIB Yacy Iepexoqy MHTTEBOTO 3HAYCHHS CTPyMy 4epe3 HyJb NP JOCATHEHHI
anepiofNnYHUMH CKJIAOBHUMH CTPYMY 3aJaHOi BEIMYMHH 13 30epekeHHSM MOCIIIOBHOCTI CiigyBaHHs (a3.
Ileit MmeTOx Tae 3MOTY YHUKHYTH 3HAUHHUX 30ypeHb IMepeXiTHOTOo Tpoliecy pu BuMKHeHHI EB, a enuawmii yac
3aTPUMKH JUIS BCiX (a3 — CIIPOCTUTH HaJAIITyBaHHs NMPUCTPOiB P3A 1 kepoBaHOT KOMyTallii BAMUKAUiB.

Pobomy euxonano 3a OepocOioddcemnoro memorr «Poszsumox meopii, pospoOnenHs memooie
inmenexmyanizayii MexHoNOSIYHUX Npoyecié ma 3acobi8 Kepy8awHs, MOHIMOpPUH2Y, OIiAeHOCMYBAHHS |
BUMIPIOBAHHS 8 elleKMmpPOeHepeemUYHUX ma enekmpomexniunux cucmemaxy (Inmexen 2), KIIKBK 6541230.
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The paper analyses the transient currents during the energisation of a 750 kV overhead transmission line (OTL). The safety of OTL
state after symmetrical and asymmetrical closing of the circuit breakers and technical feasibility of SF6 circuit breakers opening with
time delay after their closing is substantiated. The necessity of transient processes simulation for analysing the characteristics of
periodic and direct components of currents is shown. A method for determining of SF6 circuit breaker opening time delay for a set of
the states that may arise after the energisation of OTL is developed. References 13, tables 2, figures 5.

Key words: SF6 circuit breakers, safe opening, time delay, direct current component, shunt reactor.
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MIHIMI3ALIA BIVIMBY HACUYEHHA MATHITOITPOBOJAIB TPAHC®OPMATOPIB
CTPYMY HA TOYHICTb BUCOKOBOJIbTHUX TPUDAZHUX INTEPBUHHUX
BUMIPIOBAJIBHUX KAHAJIIB 3 HU®POBUM BUXOAOM

B.I. HaHLRiBl, KaHJI.TeXH.HayK., €.M. TaHKeBI/I'{I*, JIOKT.TexH.HayK, C.€. TaHKeBl/l‘lz**, KaHJI.TEXH.HayK
"TaerutyT enexrpoaunamixn HAH Ykpainu,

np. [lepemornu, 56, Kuis, 03057, Ykpaina, e-mail: tankevichen@ukr.net

’TOB «ATEK Mepexi»,

ByJ. Cim'i Xoxnosux, 8, IITEPA 20/, Kuis, 04119, Ykpaina

Buxonarno knacugikayiro ma eusHaueHo xapaxmepucmuku, MONCIUBOCHI MA HeOONiKU 8i0OMUX MemOoOi8 NPOSPAMHOT
Kopekyii 6uxioHo2o cmpymy 00OHO@A3HO20 Nepe8uUHHO20 8umiplosaivrozo Kanany (IIBK) cmpymy. 3anpononosaro ouc-
Kpemu308aHy mooeib Cmpymy Kopomkoeo 3amuxanns (K3). Po3pobreno memoo ma aneopumm nio8uujeHHs moyHOCmi
mpughasnoeo IIBK cmpymy 6 nepexionux pescumax enexmpoenepeemuunux cucmem (EEC) 3a nacuyenns maenimonpo-
600i8 tioeo gasnux TC. JJocmosipuicms po3pobieno2o memooy niomeepo#CeHo WAAXoM iMImayiiHo20 MoO0ento8aHHs
suxionozo cmpymy IBK 3a mixcgpasnozo K3 ¢paz A ma B be3 kopekyii ma 3 kopekyicio tio2o ¢asnux cmpymis. Ilokasza-
HO, WO po3podaeHuli Memoo oae 3moey 3menuwumu nogny noxuoxy IBK ¢ nepexionux pexcumax EEC 3a nacuuenna
maenimonpogodie TC 3 70-90% oo 6-15%. bion. 47, puc. 6, Tabdm. 1.

Kniouosi cnosa: BumiproBanbHUN KaHau, HMGPOBUN BHXil, TpaHc(opMmarop cTpyMmy, HaCHUEHHs, CUTHAJ, LU(pOBa
00po0OKa, METOI, TOYHICTb.

Beryn. BucokoBonbTHi TpugasHi nepBuHHI BuMiptoBaibHi kaHanu ([1BK) ctpymy npusHayeni ans
pO3B’s3aHHS OMHIET 3 OCHOBHUX 3a/ad MpaKTUIHOI peajizamii cucrteM KomrutekcHoi aBTomatm3arii (CKA)
enekrpoerepreTndHux 00’ekTiB (EEQ) — onmepxaHHs 3 MOTPiOHOIO TOYHICTIO, MIBUIKICTIO Ta HAMIHHICTIO
KiJIbKICHOT iH(OpMaIii OoA0 KOHTPONBbOBAHUX NPOLECIB B MEPBUHHIM Mepexi, ii momnepeqHpoi oOpoOkH i
BBEACHHS B HACTYNHI CTPYKTYPHI KOMIIOHEHTH CIELiali30BaHUX MPUCTPOiB Lux cucteMm [1]. SIBisroumnch
OCHOBHHIMH 1 HaWOIJIBII TOIMMUPSHUMH 3aco0aMu ojepkaHHSI Ta GopMyBaHHS €quHOi iH(MOpMaIiitHOI 6a3u
naanx CKA EEO (po3moaifbuux mpUCTpOiB €IEKTPUYHHUX CTaHLil, BUCOKOBOJIBTHUX E€JEKTPUYHHUX MiJCTa-
Hiil enekrpoenepreruunux cucreM (EEC)), [IBK cTtpymy 3Ha4HOIO Mipol0 BU3HAYAIOTH IXHIN TEXHIYHUH
piBeHb 1 eheKTUBHICTH (PYHKITIOHYBaHHS KOMIUIEKCIB Ta CHCTEM YCiX HACTYITHUX l€papXidHUX PIBHIB YIIpaB-
nianasg EEC, mo € oqHuM 3 BUpIIIANEHUX YMHHHKIB €()EKTHBHOTO Ta HAAIHHOTO (QYHKI[IOHYBaHHS €JIEKTPO-
EHEepreTHYHOI Tajy3i KpaiHHu B LJIOMY, II0 Ha0yBa€e IOJATKOBOI aKTyaJbHOCTI B yMOBax (pyHKIIOHYBaHHS
HOBOT'O PUHKY €IIEKTPUYHOI eHeprii [2-4].

Crpyxkrypa [1BK ctpymy 3 udpoBuM BIX00M HOEAHYE B COO1 TPU THITA BUMIPIOBATBHUX MEPETBO-
pIOBadiB: aHAJOroBi, aHamoro-uuGpoBi Ta uudposi. HaiOinbm BaroMuMu 3 TOYKU 30py OAEPKaHHS 1OCTO-
BipHOI KiJIbKiCHOI iH(OpMaIlil Ipo iCTHHHI 3HaYeHHS BUMIiprOBaHHUX BennunH ctpyMmy EEO € mepBuHHI BUMi-
PIOBAJIBHI TTEPETBOPIOBAYi, IO 0E3MOCePETHbO CIPHIMAIOThL BUMIPIOBaHI CHTHAIH, TOOTO (haszHi TpaHchop-
maropu ctpyMy (TC). st mux cKIagHKX 1 BiNOBIAaNbHHUX anapaTiB FOJOBHUM iHTEpeC SBIISE IXHS poOOoTa B
nepexiganx pexxumax EEC, oco0nmBO B THX, IO CHpUYHHEHI KopoTkumu 3amukaHHsamu (K3). Amke TyT
HIEThCS TIPO BUMIPIOBAHHS MepexigHuX cTpyMiB K3, siki 3HAYHO MEPEBHINYIOTh CTPYMH HOPMAaJLHOTO pe-
KUMY Ta XapakTepH3YIOThCS HECTAl[lOHAPHUMHU CHTHaJaMHu. B 3HauHi KiTbKOCTI BHIAJKIB KpiM Mepioaud-
HOI CKJIaJI0BOT BOHU MICTATh W anepioguyHy, BUILI TAPMOHIKH Ta BUCOKOYACTOTHHH LIyM, SIKi PO3TIISAAAI0Th-
csl K 3aBajly, MO MOXYTh COpHYMHITH 3MiHY napamerpiB TC Ta ixHi migBumeHi noxuOku. AmnepiogndHa
ckmagoBa ctpyMy K3 Moxe Bukinkatn HacudeHHs MarHiTornpoBomiB TC i, BiATOBIAHO, 3yMOBHTH CIIOTBO-
PEeHHS IXHiX BTOPHHHHUX CTpyMiB. KpiM Toro, HakonmuueHa 3ajMIIKOBa iHIYKIis, SKa 3a3BUYad MPHUCYTHS B
marHiTonpooaax TC, TakoXk BHOCHTH I€BHI KOPEKTHBH Y BiITBOpEHHS BTOpHHHOrO ctpymy TC B Takux
pexumax. CyKyImHHUH BIUTAB IUX SIBUII MOKE TIPUBECTH JI0 TIOMHJIKOBUX Ail y poOOTiI IPUCTPOIB MOHITOPH-
HT'Yy, 3aXHCTY, aBTOMAaTUKH Ta KEPYBaHHs BUCOKOBOJILTHUX MiAcTaHmii [5]. Tomy B yci yacu 3agaua 3abesre-
YeHHS NPUUHATHOI TOYHOCTI BUMipioBaHHA cTpyMy K3 Oyna akTyanbHOIO 17151 OOYJ0BH 1 pyHKIIOHYBaHHS
3a3HaueHuX cucteM. OcoOIMBOTO 3HAYEHHS BOHA HaOysa y 3B’S3Ky 3 IIEPEXOJIOM IHUX CHCTEM Ha HOBY MiK-
POTIPOLIECOPHY €JIEMEHTHY 0a3y Ta iXHIMM HOBUMH (DYHKIIOHAJIbHUMH MOXKJIUBOCTSMH, SIKI 3’ IBUJIMCS MPH
pOMY. 332 TAKMX YMOB BHMOTH JI0 TOYHOCTI BXiZHOT iH(opMaIlii MiKpoIpoILeCOpHIX CHCTEM MOCTIHHO 3pOcC-
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TalOTh, a IXHE 3a0e3MeUeHHs Ha OCHOBI BUKOPHCTaHHS BIJJOMHUX ITiIXOiB, METO/IB i 3aC0O0iB, 10 TPYHTYIOTh-
csl Ha KOHCTPYKTUBHOMY BIIockoHanieHHI TC abo Ha BUKOPUCTaHHI €NEKTPOHHUX KOPUTYIOUUX IMPHCTPOIB,
NpUETHAHNUX 0 IXHIX BTOPHHHUX 00MOTOK [6-11], cTamo HeedekTuBHUM ab0 HeMOXIUBUM. ChOTOIHI, K
MOKa3aHO Jalli, HAWOUIBII MEePCIIEKTHBHUM IIISTXOM PO3B’sI3aHHS IIi€l 3a7a9i € KOPEKIlis BUXiTHUX CTPYyMiB
IIBK 3 BUKOpHCTaHHAM CYYaCHHX METOJIB MU(PPOBOI OOPOOKH CUTHAIIB.

OTXe, METOI0 POOOTH € aHali3 XaPaKTEPUCTHUK Ta OCOOIMBOCTEH BIJOMHUX METOIIB MiHiMizamii
BIUIMBY Hacu4eHHs MarHiTonpoBoAiB TC Ha tounicts [IBK i po3pobka MeToxy miABHIEHHS TOYHOCTI TpH-
(haznoro [1BK 3a ymMoB HacudyeHHS MarHiTonpoBoAiB TC Ta HAIBHOCTI 3aJIMINIKOBOI IHAYKITIi B HUX.

AmnaJji3 Bizomux MertoaiB MiHiMizauii BiuimBy HacuueHHs: TC na Tounicts IIBK 3 BuUKOpHCTaH-
HAM HuPpoBoi 00podku curnadiB. Hacammepen 3azHaumMo, 10 B YCIX 3aKOpAOHHUX IMyONiKaIisix IbOTO
cnpsiMmyBaHHs posrisinaetses TC 3 nudpoBuM npencrasieHHsIM Horo BropuHHoro crpymy (TC 3 nudposum
BHUXOJIOM), SIKHH 110 cyTi € omHodazamm I1BK. Onnak mousatts [IBK B HUX, Ha BiqMiHy BiJ BITIM3HSIHHUX ITyO-
JiKaLii, sSIK Take He BUKOPHCTOBYETHCS. AHali3 3HAYHOI KUIBKOCTI IIMX Mpalb MOKa3as, IO YCi PO3MIISHYTI B
HHUX METOAM MOXKHa YMOBHO PO3IUIMTH Ha NeKiNbKa rpyn. Memoou nepwioi epynu nependadaloTb BUKOPHC-
TaHHA pizHOTO THIY Moxeied TC (3 pi3HUM TpPEACTaBICHHSAM KOHTYPY HaMarHiIyBaHHS) IUIsI BU3HAYCHHS
CTpyMy HaMarHidyBaHHsI B Iiepioiax Hacu4eHHs MarHiTonpoBoay TC Ta ioro nogaBaHHs 10 (HaKTHIHOTO BU-
mipsiHoro BropuHHOTO cTpyMy TC [12-18]. Tak B [12-15, 19] ans MmonemoBanHs KOHTYpY HamarHiuyBaHHs TC
NPOIIOHY€ETHCS] BAKOPUCTOBYBATH O€3riCTEpEe3nCHY XapaKTepUCTUKy HaMmarHiuyBaHHs (XH), ska npexncraBneHa
KyCKOBO-JIIHIHHOIO anpokcuMaliero; B [18] s mporo BuKopuctano oe3ricrepesucHy XH 3 i mpencraBieHHIM
MOJIHOMOM 3, 5 Ta 7-T0 CTemneHiB, 1 CTAJINi omip, 10 XapaKTepu3ye BTPAaTH B CTalli MarHiTONPOBOY (Ha TicTe-
pesuc Ta BuxpoBi ctpymu). B meroni [16] B momemi TC 3axissHo XH, anmpokcuMoBaHy ABOMa HMPSMUMH Bipiz-
kamu; B [17] XH mpencraBieHo MpocTor0 IpoOoBoi0 (hopMyIioo 3 1BoMa HEBiIOMUMH KoedimienTamu (piB-
usHag @posixa); B [18] — mominomom 3i creneHsimu 1, 5 ta 33. Sk moka3zano B [16], anpokcumariist XH po3-
ITISHYTAMH CIIoco0aMy HE 3aBXIU Ja€ MOXIIMBICTH TOYHO iX ONHMCATH Ta 4acTO MOXE CYIPOBOKYBAaTHCS
OCHWJIAIIISIMY, SIKi HETATHBHO BIUIMBATUMYTh Ha afekBaTHICTh Mojaeli TC i TOUHICTh KOPETYBaHHS CTPYMY.

HeBin’eMHOO Ta BOXXIIMBOIO OINEPALIIEI0 METOIIB Li€T TPYITH € OIL[IHIOBaHHS MOYAaTKOBOTO TIOTOKY B Ma-
raitonpoBoni TC (3anumkoBoi iHAYKii), KU, SK 1 croci® anpokcumanii XH, BU3HaYae 1OCTOBIpHICTH BH-
3HAYEHOTO CTPYMY NOXHOKH 3a jomomororo mozaeni TC i 3Ha4HO BIUIMBAE Ha TOYHICTh KOPEKIlil BHXITHUX
ctpymiB [IBK. B [12, 13] 1eli mOTiK OLIHIOETBCA SK IHTErpajibHa XapaKTEPUCTHKA AMCKPETHOTO MOTOKY 3a
NOBHMI TepioA BiAMOBIAHO IO 3alpONOHOBaHOI TaM Qopmynu. [licis 3HaXOIKeHHS MOTOKY, 38 JOIOMOTOO
anpokcuMoBaHoi XH, BU3HauaeThCs TeplIe 3HAYSHHS CTPYMy HaMarHiuyBaHHS, SKUH JOAAETHCS OO (QakTHy-
HOro BropuHHOTO cTpyMy TC. Jlam 3a J0ImOMOrol KOPeKTOBaHOTO BTOpHUHHOTO cTpyMy TC po3paxoBYyeThCS
3HAYEHHS MMOTOKY B MAarHiTONPOBOII 1, BIIMOBIHO, HOBE 3HAYCHHS CTPYyMy HaMarHidyBaHHs. s mpouemypa
MOBTOPIOETHCS 10 TUX P, HOKK TPUBAa€E HacHM4YeHHs. [Ipy pOMY 3a3HAYMMO, L0 PO3PaxXyHOK MOYATKOBOTO
MOTOKY BiATIOBITHO 110 (OPMYJIH, 3amporioHoBanoi B [12, 13], Ak cTBepmKyeThes B [15], € MPUIYyCTUMHUM Tillb-
KM 32 YMOBH BiZICyTHOCTI 3aJIMIIKOBOI iHAYyKMii B MarHiTonpoBoai TC. B [14, 15, 19] nns ouiHOBaHHS IoYart-
KOBOTO ITOTOKY BHKOPHCTOBYETBHCSA MPOTHO30BAaHE 3HAUYEHHS BUOIPKH BTOPUHHOTO CTPYMY y pa3i HaCHUYCHHS
TC, sike BBaXKa€ThCsI BIAKOPEKTOBaHMUM. J[J1s1 HOTO po3paxyHKY BHKOPUCTaHO Metoau (pyHKii apyroi [14, 15]
Ta TpeThoi pizHHUII [19] BTOpHHHOTO CcTpyMy. IlomansImi koperoBati BUOIpKH BTOPHHHOTO CTPYMY OTPHUMYIOTh-
cs1 3a TI€H0 K MPOIIEAYPOIO, o ¥ B [12, 13]. IkuM YMHOM BpaxOBYEThCS TIOYATKOBHI MarHiTHUN TOTIK TiJT 9ac
KOPUTYBaHHS 3HaUeHb CTPYMY METOJaMH1 BUKJIaAeHUMH B [16, 17], HeBimomo.

OTxe, MOXKHA CTBEPIKYBATH, IO I TPYIIa METOIB B 3HAYHIHN Mipi 3aJeKUTh BiJ] CIOCOOY MpeacTa-
BJICHHS KOHTYpPY HaMarHidyBaHHs MarsitornpoBony B mozeni TC, mapameTpiB Mojelni (XapakTepy Ta 3Ha-
YeHHS BTOPMHHOTO HaBaHTa)KeHHs, KoedilieHTa TpaHcopmalii) Ta MOYaTKOBUX YMOB (ypaxyBaHHS 3Ha-
YEHHSI 3AJTUIIKOBOI IHAYKIIIT B MarHiTOMPOBO/II ), SIKi HEOOXiTHI At TOOYI0BY Oy Ib-SAKO1 TOCTOBIPHOT MOJeIi
TC, i TOMy HE MOXKYTh OyTH yHiBepCcaJbHUMH METOJaMHU KoperyBaHHs BuxigHux ctpymis [1BK B pexumi K3
B enekTpoeHeprernunux cucremax (EEC).

Memoou opyeoi epynu iependadaroTh BUKOPUCTAHHS Pi3HUX 32 CKIIAJIOM i TOYHICTIO MOJETEH CTpy-
My K3 i pi3HOI KiTBbKOCTI (haKTHIHUX BUMIPSIHUX BHOIpOK BTOpHHHOTO cTpyMmy TC, siKi Hajekatb 10 HEHa-
CHYEHOT Oro YacTHHU, [T PO3paxyHKy KOPHIOBaHMX BHOIPOK 3 MOJANBIION 3aMiHOIO HUMH BHOIPOK HACH-
YeHOI YacTUHU horo cTpymy [20-33]. A came, m BUOIpOK HEHACHYEHOI YaCTUHU BTOPHHHOTO CTPYMY JalOTh
MOXIIUBICTh CKJIACTH CHCTEMY M PIBHAHB 1 BU3HAYMTU # < m mapaMeTpiB oOpaHoi Mozaeni ctpymy K3. Sk
HeBiZoMi B Mojielni ctpymy K3 BHKOPHCTOBYIOTBCS aMILTITYyId HOTO TMEPIOJUYHOI Ta anepiogunIHOl CKIIaI0-
BHX, CTaJla 9acy Ta ¢a3a BUHUKHECHHs TOMKOLKeHHS [28, 31]; aMIutiTya mepiofnaHoi CKIag0BOi OCHOBHOT
YaCTOTH, MOMEHT BUHUKHEHHS MOIIKO/KEHHS Ta MapaMeTpH BHUILUX TAPMOHIK, SKi 00MEXYIOTBCSI KyTOBOIO
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YaCTOTOIO 3pi3y HU3BKOYACTOTHOTO 3riIaKyBaidbHOro ¢inerpy I1BK [29]; amrmiiTyau nepioguyaHoi Ta are-
PIOIMYHOI CKIaMOBUX Ta (pa3a BUHMKHECHHS MOLIKO/KEHHS [24]; 3aTyxaroui mepiofuyHa Ta anepiognyHa
CKJIaJIOBI OCHOBHOI wacToTH [30].

B [22, 28, 29] BukopucToBytoTECS Mozeni ctpymy K3, B skux anepionndHa CKJIaJjoBa MOJEI JTiHea-

PpHUBYETHCS NUISIXOM pO3Kiiany B psan Teimopa

t 2 3 4
- t 1(¢ 1(t 1( ¢
| —

e''=le—-——+—|—| ——|—| +—| —| +...
I, 21T, 3N T ANT,
a0o0 B JIMCKPETHOMY IpECTaBICHH]
8L 1 (n*ATY  1(n*ATY 1 n*ATY
Dl — | — | —— | — | +—| —— | +...,
L 2\ T 3 T 4 T

net =n * AT, n — nomep BuOipku, AT — niepioa TUCKpeTH3allii Ta Big0opy HOro nepuux AeKiIbKOX WICHIB —
IBox [28], Tprox [29] Ta woTHpBOX [22] A7 1i npeacTaBieHHs B Moaeni ctpymy K3.

Ha puc. 1 mokazaHo anmpokcHMaIlirfo anepiogndHoi ckiamaoBoi ctpymy K3 3i cramoro wacy 77 = 0.1 ¢,
NpUBEICHY JI0 TIOYaTKOBOTO 3HaueHHs (KpuBa /) ii JTiHeapu30BaHUMHU arepioJUIHUMHE CKJIaJOBUMH 3 Pi3HOIO
KUTBKICTIO IPUIHATUX 10 YBard WieHiB pany Teinopa (mpsMa miHis 2 — ABa MEpIIUX YICHH PAAY; KpuBa 3 —
TPH TIEPIINX WICHHU PAMLY; KpUBa 4 — YOTHPH MepHnx dieHu psaay Teiinopa). Sk BumHo 3 puc. 1, )xomHa 3
MIPOJIEMOHCTPOBAHUX JIIHEApU3aIliid arepioAMIHOI CKJIaI0BOI HE 37aTHA 11 alpOKCHUMYBAaTH. Y TOMAIBIIOMY
TaKi BIAXWJICHHS BHOCSTH 3HA4HI MOXHOKH B PO3pPaxyHOK MapamerpiB moxem ctpymy K3 meromom Haid-
MeHmux kBaapatiB (MHK), oTxe 11e 3Ha4HUH HEIONIK METO/IiB, 3aIIPONIOHOBAHMX B IIMX MPAIIX.

Xoda jiHeapHu3allisl arnepioguIHOl CKIAIOBOI 3 ypaxy-
BaHHsIM OLIbIIOI KINBKOCTI WiICHIB psay Teilyiopa Hamae MOX-

. . ) ia(t), B.O.
JIMBICTb TOYHIIEC AIIpOKCUMYBATU AallCplOAWYHY CKJIAaJ0BY

crpymy K3, mpore B maHOoMy pasi BHHHKae mpoOiiema,
NoB’s13aHa Ge3rmocepeiHb0 3 OOUUCITIOBAIBHUM IpoIiecoM. Tak,

y BUIAJKy JOCTAaTHHO BHCOKHX 4YacTOT auckperwmzarii AIIIT 0.667
[IBK, nanpuxmazn, 3200 gu 6400 ', mepiogn auckpernzarii AT N3
cragoBUTUMYTh BimmoBimao 0.0003125 ta 0.00015625 ¢ Ta ge-
pe3 migHEeCeHHs iXHIX 3Ha4YeHb J10 3-i CTeneHi (YUCEIbHUK YeT-

BEPTOI CKJIAJ0BOI PO3KJIaNy €KCIOHEHTU B psn Telnopa (n3 * 0333 \ 1
AT?) y Bupasi (1)) mpusBee 10 3HAYHOTO 3POCTAHHS KiIBKOCTI 2
JECATKOBUX PO3PSiB APOOOBOTO YHCia, 10 y pas3i oOepTaHHs
MaTpuLi, A€ mi yhciaa QirypyBaTUMyTh SIK Koe(ilieHTH TpH 0

4

0 0.167 0.333

HEBIJJOMUX, IPU3BEIE A0 CUHTYJISIPHOCTI PO3B’S3KY. Prc. 1
uc.

Moo kiTbKOCTI (DaKTUIHUX BUMIPSHUX BHOIPOK BTO-
punHoro ctpymy TC, siKi BAKOPHCTOBYIOTbCS ISl BA3HAUCHHS
napamMeTpiB Mozeni ctpymy K3, BcranoBieHo HacTymHe. B [31] ans mofeni 3 4oTupMa HEBiJOMHUMH BUKOPH-
CTOBYIOTHCSI YOTHPU BHOIpKH BTOpHHHOTO cTpyMy TC, sKi He HalexaTh WOTO HacWUYeHId dacThHi. Y pasi
(hikcarii OUIBIIOT KiTbKOCTI BUOIPOK HEHACHYCHOT YACTHHHM JJIs BU3HAYCHHS HapameTpiB ctpymy K3y [25]
3alpONOHOBAHO BHKOPHCTOBYBATU TC€HETUUHHUHA anroput™. Y [28] ans BU3HA4YeHHS MapaMeTpiB MoJedi,
MIPEJICTaBIICHO] Y JTiHeapu30BaHiid (popMi 3 HOTHpPMa HEBIIOMHMH, BUKOPHCTOBYIOTh BHOIPKH HEHACHYECHHUX
YacTUH CTPYyMY JIBOX IOCIIJIOBHHX IepiofiB. PO3B 30K ozepkaHOi MPH LLOMY HATHIIKOBO-BH3HAYCHOT
CHCTEMH, B sKiii 6 HEBIIOMUX Ta m > 6 PiBHAHB, BUKOHYETHCS METOJIOM HaliMEHILINX KBAAPATiB.

OTxe, MeTO/IaM i€l TPYIU TEX BIACTHBI NEBHI HEAONIKH: HU3bKAa TOYHICTh Yepe3 HU3bKY TOUYHICTH
BHKOPUCTOBYBaHUX Moxenel crpymy K3 [22, 28, 29]; HemoCcTaTHICTh 9H BiICYTHICTH OOTpYHTYBaHHS BHOO-
py cTpykrypu Moxeni [24, 30]; ckiagHiCTh BU3HAUCHHS MapaMeTpiB MOl uepe3 He3abe3rneueHHs PiBHO-
3HAYHOCTI CHCTEMH PiBHSIHB (PIBHOCTI KiIBKOCTI HEBIJOMUX KUTHKOCTI BUOIPOK, IO HaJNIE)KaTh HEHACUYEHIN
gacTuHi BropuHHOTO cTpyMy TC) [28].

Tpemio epyny cklaiaTh KOMOIHOBaHI METOH, B SIKUX OJTHOYACHO BUKOPUCTOBYIOTHCS Mozenb TC i
mozens crpymy K3. Tak, B [18] Bukopuctano monens ctpymy K3, oTpumany IIISIXOM TPUTOHOMETPUYHHUX
NEepeTBOPEHb HOr0 MEepioJUYHOI CKIAJ0BOI Ta PO3KJIaly amnepioandHoi ckianoBoi B psax Teitnopa 3 obme-
JKEHHSIM JTBOX TIEPIIUX MOTO CKIIAMOBUX (B CYKYITHOCTI (DYHKIISI YOTHPHOX HEBIJOMHMX), IJIs TTOOYIOBH pe-
rpeciitnoi Moneni nepsuHHoro crpymy TC. ns po3paxyHKy GakTHUYHHX BHOIpOK BTOpuHHOTO cTpymy TC
3ajlisiHa HOTO MOJIEeNb, B skid XH npencraBieno momiHoMoM 3i creneHsmMu 1, 5 ta 33 i sxa nependadae Bpa-
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XYBaHHS 3aJIMIIKOBOI 1HIYKIil (1’aTra HeBimoma) B MarHiTonpoBoai TC. IloBHa perpeciiiHa MoJienb SBIse
co00r0 HEMHIMHY perpeciiiHy MOJeb, AKa € PYHKIIIEIO I’ ITH BUIIEC3TaJaHUX HEBIIOMUX.

Mertoa miHiMizanii BmuiuBy Hacu4yenHss MarmitonposoaiB TC Ha TouHicTh Tpudasnoro IIBK
cTpymy. Buxonsuu 3 mpoBeneHOro aHanizy XapakTepUCTUK, OCOOIUBOCTEN 1 HEAOMIKIB PO3IIISTHYTHX BHIIE
METO/IB MIPUXOIUMO 0 BUCHOBKY, ITI0 HAHOUIBI MTEPCIICKTUBHIM 32151 TOCATHEHHSI TTOCTABJICHOI B pO0OOTI
METH € BHUKOPHCTaHHS METOJIB, SIKi IPYHTYIOThCSI Ha BHKOPHCTaHHI mMareMaTtudHoi mozeni ctpymy K3 Ta
uudpoBsiii 06podui Buxigaux crpymis [IBK. BignoBigHo 10 TeopeTHUHUX 3acaj METOIB Li€l TPYIIH PO3po-
OJIFOBaHWH METOJ ITOBHHEH IHTETPYyBaTH B COO1 ITUTHI psIl CHCTEMATH30BAaHWX KPOKIB, CIIPSIMOBAHUX HA:
HaimBuaIe BusiBieHHs K3 1 TouHe BU3HAUCHHS [TOYATKy BXOKEHHsI MarHiTonpoBoay TC y craH HacudeH-
HSI; TOYHUI pO3paxyHOK mapamMeTpiB moaeni ctpymy K3; BusHadeHHs 3aTpuMKu dacy BussieHHs K3 i1 kope-
KIIIF0 CIIOTBOpeHoro BuximHoro crpymy [IBK. Anroputm meromy MiHiMi3allil BIUIMBY HACHYEHHS MarHiTo-
npoofiB TC na Tounicts [IBK st ogniel da3u momgano Ha puc. 2.

iiz[n] ip[n],

H Busienienns K3 ‘ ‘ Po3paxyHOK apameTpis
mozeni crpymy K3

i i m' t
iom(t)
rax|_ Ip[n], sat[n], iz[n]
L t=0,k=0 - y
Hacuuenus ’ e [i[fH1]] - [Lff1]] H
a(hiKCOBAHO’ ——— | o
[ izdln] = izn(t + 0 AT iauln] = iofn]
v (0]
Puc. 2

PosrnsiHeMo cyTh Ta ZIit0 KOXKHOTO 3 KPOKiB anroputMmy. Hacammepen 3a3Ha4nMo, 10 METOJ Iepe-
Oauae Oe3nepepBHY peectparlito auckpetu3oanoro ctpymy [I1BK i;[#n] koxHOT 3 (a3 Ta ixHiit OesnepepBHUI
aHaJii3 anroputMom BusiBiieHHs K3.

Busenenns K3. 3aranom, icHye BelMKa KUIbKICTh METOIB, SIKI MOKHA BUKOPHCTATH IJ1s1 BUKOHAHHS
(dynxuii BussnerHs K3. Bei BOHU Bifpi3HAIOTHCS 3aliTHUMH B HUX MaT€MaTUYHUM arapaTroM, KiIbKICTIO Ta
TUIIOM BUKOPUCTOBYBAaHUX CUTHAJIB U1 BusiBieHHS K3 Ta meBHOIO MaTeMaTH4YHOIO 4d (Di3MUHOIO BEJINUYHU-
HOIO, 1[0 BUKOPUCTOBYETHCS JJISI KOHTPOIIO. YMOBHO iX MOKHA PO3JUINTH HA YOTUPH TPYIH: METOAH, IO
0a3yroThcad Ha MOJAENSAX 00 €KTIB 3aXUCTy Ta ixHIX ocoOmmBocTsax [34, 35]; Ha aHAmi3i YaCTOTHOTO BMICTY
BXimHUX curHamB [34, 36, 37]; Ha 0coOIMBOCTAX (GOPMHU Ta MOJIEII BXIMHOTO cUTHAIY [25, 35, 36, 38, 39,
40]; Ha aHaJti31 Ta MOPIBHSIHHI 3HA4YE€Hb BUOIPOK BXiTHUX CUTHATIB [34, 41-44]. KoxxHUH 3 IUX METOIB OIe-
PY€ CBOIM BJIaCHUM BIKHOM JaHUX U OTpUMaHHs iHpopmMalii npo te, BigOynocs K3 um Hi, a ixHi anroput-
MH XapaKTePU3YIOTHCS MEBHOIO TPUBAIICTIO OOUMCIIIOBATBHOIO HPOLECY, IO BIUIMBAE HA IIBUAKICTH BUSB-
nerHs K3. V 3B’s3Ky 3 UM iX TakoX MOAUIAIOTH Ha IIBHAKOIIOUI, 3 TPUBATICTIO BUABICHHS K3 B Mexax
onHoro niepiony ocHoBHOT yactot EEC micns BunukHenHs K3; 3 ayxe mBuakum BuseieHHsM K3 (TpuBa-
JICTh BUABJICHHS B Meax IMOJIOBUHH nepiony ocHoBHOI yactotu EEC) Ta MeTronu 3 yiabTpalIBUIKUM BUSIB-
nerHsM K3 (TpuBaiicTs BUSBICHHS B MeKax 4BepTi mepiomy ocHoBHOI wactoTi EEC) [34].

OcHoOBHa Ta HallBaXKJIMBIllIa BUMOTa JI0 BUOOPY METOMy Ta pealtizalii BilNOBiJHOTO HOMY aNrOpuTMy
BusiBieHHs K3 monsrae B 3a0e3nedeHHi Woro mBuaKoii. B ineansHOMy BUMAIKy adropuT™M 00paHOTO METO-
Iy TIOBMHEH BHUKOHYBATH CBOIO (DYHKINIO B MeXaX UYETBEPTi MEpPioAy OCHOBHOI YACTOTH E€HEPTOCHUCTEMHU.
HagiTb sik1o oO6paHo ynbpTpamiBHIKKAN MeTo. BUsBIEHHs K3, ciig po3ymiTH, 1m0 HoMep BUOIpKH f, BU3HaYe-
HU MeTooM BusiBieHHS K3 Ha fioro movarok, He BiANOBiAae pealbHOMY MOMEHTY HOTr0 BUHUKHEHHS. ToMmy
mo Oyab-akuil Meron BusasieHHs K3 poOuth ocraTouny omiHky, mo K3 BizOysocs, 3 NEBHOIO 3aTPUMKOIO.
Ile noB’s3aHO, HacamImepel, 3 MaTeMaTHYHUM anapaToM METOLy Ta NEBHMMH JOAATKOBHMHU IEpEBipKaMu,
K1 HQIAI0Th 3MOTY YiTKO PO3MEXKYBATH J0aBapiitHUi Ta aBapiiiHUN pe)kKUMHU eHEProCHUCTEMH. TakuM YHHOM,
peanbauil MOMeHT K3 € 3cyHyTHM y Yaci Ha NeBHY 3aTPUMKY T BIJTHOCHO MOMeHTY BusiBieHHs K3, mio Bia-
noBigae BUOIpII f, sika MPaKTUYHO € MOYaTKoM Biamiky mozii K3.

VY Bunaaxy, saxmo K3 3adikcoBaHo, TO B 3aJI€XKHOCTI BiJl XapaKTEPUCTHK Ta MOXKIMBOCTEH IPOLECO-
pa BUKOPHCTOBYBAHOTO KOHTpPOJIEpa MOXKIIMBI J[Ba BapiaHTH peaiizaiii JaHOTO METOY, a caMe: BUKOHAHHS
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PO3paxyHKiB 3a JJOMOMOTOI0 CHHXPOHHOT'O Ta aCHHXPOHHOTO TporpaMyBaHHs. Hal0iiapIn npoayKTUBHA pea-
Ji3alisi MeToly MOXKJIMBA caMe 32 BUKOHAHHSI aCHHXPOHHUX PO3PaxyHKIB BIAMIOBITHO IO aNTrOPUTMY pHC. 2,
Je nepeadavyeHo 3amyck Jii TphOX HOro TiIOK aCHHXPOHHO B IBOX MOTOKAaX Mpolecopa (OCHOBHOMY Ta mapa-
nensHOMY). OTliHKa 4M BBiioB MarHitomnposin ¢asznoro TC y cTtan HacuueHHS Ta 0OYMCIEHHS TPUBAJIOCTI
croTBopeHHs (aszHoro crpymy Ha Buxoai [IBK BUKOHYIOTBCSI B OCHOBHOMY ITOTOIII. Pe3ynpTaToM Takoi oiti-
HKH € MOCJIIJIOBHICTh OIHAPHOT'O CUTHAITY Sat[n], 1110 OMUCYE TEPIOH, Ie CTPYM ip[71] € CIIOTBOPEHUM.

Busenenns nacuuenns maznimonpoeoodie TC 31iCHIOETbCS 32 pO3pOOIEHUM aBTOpaMU METOIOM
Ta aJTOPUTMOM OHJIAHH BH3HAYEHHS IEPIOJiB IXHHOTO HACHYCHHS, IO IPYHTYIOTHCS HAa BUKOPHCTaHHI TOY-
HOT MaTeMaTUYHOI MOJeli enekTpoMarnitTHux nporecie y [IBK crpymy 3a ymoB K3 B EEC i nudposiit 00-
pobui Buxinaux crpymis [IBK metonom nuckpernux neperBopens ®yp’e [45].

Pospaxynox napamempie cmpymy K3 BUKOHYeTbCs 3a IOOYIOBAaHOIO aBTOpaMHU JAWUCKPETHOIO MO-
Jeto cTpyMy onHoi (a3u Ha Buxoxi [IBK i[n] v ckimani anmepiognunoi i',[AT * n] Ta mepionnaHOi CKIam0-
BUX OCHOBHOI YacCTOTH eHeprocucteMu i, [AT * n], criekTpa HeBiA(IIbTPOBAHUX aHAIOTOBUM (PITBTPOM ue-
pe3 0OMeXEeHICTh HOro KyToBOi 4acToTH 3pi3y BUIMX rapMoHik (BI) i'w[AT * n] i 3aBan i'we[AT * n], mo
SUTAIITAIKCS TicHs QUTbTpartii cTpyMy UM QiUIBTPOM depe3 HeigealbHicTh Horo UX

L[n] =i [AT *n]+i',[AT *n]+i' ,[AT *n]+i,,[AT *n] =
AT*n

=1' cos(p,)e " —1I' cos(p,)*cos(w* AT *n)+—1I' sin(p,)*sin(w* AT *n)+ (1)
AL sin(, *AT *n+0,) +i,,[AT *n],

ne AT — nepion muckpern3aiii aranmoro-dposoro npuctporo (ALIT) I1BK; #n — Homep BUOIpKH AUCKPETH30-
BaHOTO CTpyMy; I, — aMILIiTy 1He, IprBeieHe o BTopuHHOI 00MOTKM TC 3HauenHs crpymy K3 ocHOBHOI wac-
TOTU EHEPrOCUCTEMHU; @y, — (haza cTpymy K3; 7} — crana vacy ctpymy K3; 17, , 0, — ammuniTy1Hi 3Ha4eHHs Ta
1o4YaTKoBI (ha3u creKTpy HeBiAPiapTpoBaHuX BI'; ®, oy— 0CHOBHA 4acTOTa €HEProCUCTEMU Ta YAaCTOTH HEBiJ-
¢dineTpoBanux BI'; F— xinbkicts BT, 1110 MicTATBCS B CTpYMi ITiCIIs TPOXOKEHHS Yepe3 aHaJIoTOBUH (iibTp.

[MoGynoBana monens crpymy K3 nependauae: dikcanito Bubipok paxtuynoro ctpymy K3 i[n] ans
thasu I1BK ompasy x micis BussneHHs K3 B EEC, mo Binmosinae

HOMeEpY BUOIpKH f; HOpMyBaHHS KYMYJISTHBHAM YHHOM BiJl TPHOX i(t), A
JI0 IIECTH BIKOH JaHMX 3 3a(iKCOBaHMX BUOIPOK BIAMOBITHO 0O S
CXeMH BinOopy BHOIpOK, MPEACTaBIECHOI Ha pHC. 3; PO3B’sI3aHHSA q@
JHIAHOT TOCTAHOBKM METOAY HaWMEHIMX KBaApaTiB 3 NaHUMH 16 —\ N B
KOJKHOT'O BiKHA Ta Ma€ HACTYITHUN BUTJIS; i\\ .
alf1  alfl 1 LLf] A N
alf+11 alf+11 1| [x] |Llf+1] 1 7 3
e
alf+2] alf+2] 1|* x, |=|i[f+2]], e ) \
x3 O ’ \ \-A
| alp]  alpl 1 | Llp] | T (et N
3 PAT, ! t
Ie X1, X3, X3— HeBimowmi, oTpumani 3 momem (1) (x;=-I",co8(¢x;), 20,05 te  taos 0.07 nAT:
x,=1I",sin(¢y;) — CKIIaJ0BI KOMIUICKCHOT'O aMIUTITYAHOTO 3HAYECHHS Puc. 3

ctpyMy K3 ocHOBHOT "acToTH; X3 — cyMa anepionyHoi CKJIaI0BOi
HeBindineTpoBanux BI' Ta HeBiAQiNETpOBaHWX 3aBax MOJENI);
ai[n] Ta ay[n] — xoedirieHTH MPHU HEBIAOMHX, SKi € 3MIHHUMH Y
yaci Ta BU3HAYAIOThCA SIK a,[n]=cos(w* AT *n), a,[n]=sin(@* AT *n).

Po3B’s130k OMMCAHOT CUCTEMH PIBHSHD B MATPUYHOMY BUTJISIII Ma€ BUIJIS

[x]=[a[n]]" *[i,[n]], 2

ne [x] — macuB HeBinomux; [i>[n]] — MacuB 3HayeHb BUGIPOK cdopMoBaHoro BikHa nanux; [a[n]]" — ncesno-
o0OepHEeHa MaTpUIld KOe(DIli€HTIB IPU HEBIOMUX, KA BU3HAYAETHCS SIK

[a[n]]" =[[a[n]]" *[aln]]]" *[aln]]" .
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3HaXOKEHHSI PO3B’SI3Ky CUCTEMH PiBHSHB (2) st M copMoBaHHX BiKOH JaHUX (puc. 3), Ja€ MOXKIIH-
BICTh PO3paxyBaTH MapaMeTpy JOMIHYIOUHX arlepioANIHOI Ta MepioAndHOI cKiaioBux Mozeni (1) crpymy K3

2
% M 5 _ M
' 2 2 x2 M Zm:l tm Z m=1 tm
L'y =X + x50, =arcig| —= |1, = %
t

X, MY (@, * I (m) - M* 3" 1 # S In(x,(m)

3a acHHXpOHHOI peami3allii po3paxyHKiB OIliHKAa mapaMeTpiB cTpyMy K3 BHKOHYETBCS B Tlapayieib-
HOMY TOTOIII 0/pasy K micist BuHUKHEeHHs K3. Onpasy x micis ominku napamerpis crpymiB K3 ¢a3 B upomy
X 1oTowi (OPMYETHCSA MOAETH MUTTEBOTO CTPYMY
t
i, () =1",,c08(p,)e " ~1',, cos(@t +9,,). 3)

BinmoBigHo 110 1i€i MoJieIi Bi0OyBaTUMEThCS KOPEKIIisl CIIOTBOPEHOro cTpymy Ha Buxoi [1BK.

Busnauenns zampumku uacy T eusenennn K3 € BaxIMBO0 U IPaBUIIbHOT 3aMiHM BHOIPOK, 1110
HaJeXKaTh IepioaM, e BHOIPKHM CTpyMy € CIIOTBOPEHMMH B HACIiJOK HAacHYeHHs MarHitonmposoxy TC,
OCKIJTBKH II€ acTh 3MOTY BUKOHYBAaTH 3aMiHy BHOIpOK 3a peaqbHUX MMOYaTKOBUX yMOB. IIpakTWdaHO Taky
3a/1a4y MOXKHA 3amHcaTd SIK TOINyK 3HaueHHS Yacy 3aTPUMKH T, SKE 3aJOBONBHUIO O YMOBY: ||irm(T)|-
|i2/f]||—=min abo iHmUMEU caoBaMu ||ing(T)|-|i2/[f]|| <€, ne € — MaKCHMaIBHO AOIYCTUME BiIXMIICHHS aOCOIO0-
THOTO 3HaueHHs BUOipku ctpymy Ha Buxozi AL [1BK i,[#] Big BiAMOBiAHOrO aGCOMIOTHOTO 3HAYEHHS MO-
neni ctpymy K3 ioy [T], modnHao9u 3 HyJIbOBUX MTOYATKOBUX YMOB MoJEMi izy (0).

Kopexkuin cnomeopenozo euxionozo cmpymy IIBK. 3a yMOB BCTaHOBJICHHS TOTO, IO X04a O OfuH 3
marHiTonposoais TC [1BK yBiioB B HacH4eHHS (IIPO 10 CBITUYUTHME HasIBHICTh JIOTTYHUX «1» B OIHApHUX
curHanax sat[n)] BianosinHux a3, OliHEHMX METOAOM BHSIBICHHS HaCHUEHHS B OCHOBHOMY IOTOL), po3pa-
XOBaHHUX MapaMeTpiB Mozeneil crpymiB K3, BU3Haue€HHX 3aTpHMOK 4acy T B NapajeIbHOMY HOTOIIl, 3aMiHa
BUOIpOK Ha Iepionax, e BTopuHHUN cTpyM TC € croTBOpeHNM, BHOIpKaMHu, OTpUMaHUMU 3 Mozeni (3), BuU-
KOHYBaTHMETbCS HACTYITHUM YHHOM:

i,[n], skmmo sat[n] = 0;

4)

Inl=1 .
i), (t+n*AT),axkmo sat[n]=1.

VY Bumazaky peaiizaiii METOy JIWIIIE B OCHOBHOMY TIOTOIIi ITpoIiecopa, TOOTO BUKOPHUCTOBYIOUN CHH-
XpOHHE TPOorpaMyBaHHs, Opa3y X Miciis BusiBieHHs: K3 3amyckaeTbesi METO/I BUSIBIICHHSI HACHUSHHST MarHi-
torpoBoAiB TC. TinbKku miciisi BCTAHOBJIEHHS HUM TOTO, IO BiAOYJIOCS HACHYEHHS, 3aIlyCKAETHCS ANTOPUTM
BU3HAa4YeHHs MapameTpiB cTpyMiB K3 ¢a3 Ta BiAmoBiIHUX OLIHOK Yacy 3aTPUMKH T 1 MOJAIBIIOI KOPEKITii
3HaYCHb BHOIPOK CTPYMIB Ha Iepioax CIIOTBOPEHHS BTOPUHHOTO CTPYyMy BHOIpKamMH, OTPUMaHUMH 3 BiATIO-
BiJTHUX MOJIeJIel BiIOBiTHO 70 BUpasy (3).

Hpuxnax minimizanii BnuiimBy Hacudyenns:i TC na Tounicts Tpudasunoro IIBK crpymy. Edexru-
BHICTh HOBOTO METOAY MPOICMOHCTPOBAHO MOJETIOBAHHIM EJIEKTPOMATHITHHUX TPOIECIB B TpHUDa3HOMY
[IBK 3 BuKOpHCTaHHSIM HOrO MOJIeNi, po3po0IIeHOI B MporpaMHoMy cepenosuini Matlab Simulink, amst Bu-
nanky mixkdasznoro K3 ¢a3z 4 i B y BUCOKOBONBTHIN Mepeki 3a HACTYNHUX MapaMeTpiB CTPyMy: Airoue 3Ha-
YEeHHSI I0aBapiiHOTO CTPyMY B ycix (azax /;,, = 2 kA (HominaneHu#t ctpyM TC); MmoMeHT BuHNKHeHHS K3 y
¢asi 4 ¢, = 30°, dasi B ¢y, = 210° pirode 3HaueHHS mepioauyuHOi ckianoBoi ctpymy K3 7, «» = 8 KA; cTana
yacy nepsuHHoro kona 77 = 0.15 c¢. B ctpymi K3 npucyThi 3aBanu y Burnsai 6inoro 'aycoBoro mymy 3 mo-
Ka3HUKOM BiJIHOLIEHHS CHUTHAIY 110 PiBHS IIyMy piBHUM 15 1b.

Ho cxmamy IIBK Bxomuts rpymna tppoxdazanx TC tumy TOKH-330, 3HaueHHS BTOPUHHUX HaBaH-
TaxeHb cTaHoBWIH R, = 25 Oyp; R, = 30 Op; R. = 24 Oy 3HaueHHs 3anuikoBoi iHaykiii B MIT TC
B,.=0.6 T (75% Bimax); By = 0.45 T (56.3% B,ar); Bre = -0.35 Tit (43.8% B,nay). SIK MOZIETH aHAIOTOBOTO
dimeTpy [IBK BUKOpHICTaHO MOAens udpoBoro GinsTpy barTepBopTa YeTBepTOTo MOPSAIKY. MOmemoBaHH
AIIIl BUKOHAHO IIIJISXOM JIIHIMHOT IHTEPNOJALIl BiA(IIbTPOBAHUX JaHUX Ta BiIOOPOM BHOIPOK CTPYMIB 3
piBHUM TiepiooM (TIepioioM JUCKpeTH3allii) BIAMOBIAHO OO YacTOTH Auckperusanii 6400 ['o.

Ha puc. 4 HaBenmeHO pe3ysbTaTd E€KCHEPUMEHTAFHOI MEPEBIpKH PO3POOJICHOTO METOAYy MiHiMizamil
BBy HacwueHHS TC Ha TouHicTh TpudazHoro [IBK crpymy, me mms koxHOI (a3 oKa3aHo eTaI IepeTBo-
pennst npuBenenux (asuux crtpymi K3 7'1(7) B IIBK, pospaxoBano Bropunsi ctpymu TC iy(f), BiadinsTpoBaHo
CTPYMH ir(f), IUCKPETH30BAHO CTPYMH ix(7), OIHapHI CUTHAIY, IO BKa3yloTh Ha BusieieHe K3 f[n], BnacHe cTpy-
Mu K3 iy, (1), GiHapHI CHTHAH, III0 OIMCYIOTH Tepiou crioTBopeHHs ctpymy TC sat[n] 3a HacuueHHs HOTO Mar-
HITOIIPOBO/TY, Ta BUOIPKU CTPYMY lay (72), IO HANEXKATH MEPioiaM, 1 ek CTPyM HE € CTIOTBOPECHHM.
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Uwucno 3adikcoBaHnX BUOIpOK (asm 4, mo HamexaTs nepioxy # € f...s (puc. 3) cranoBmio 37, a da-
3u B — 74. J{ns nomkopkeHux a3 hopMyBasiocs 1’ sATh BIKOH JaHUX JOBXUHOIO 7, 11, 15, 19 Ta 23 Bubipok
B KO)KHOMY. Pe3ynbTaT po3paxyHKiB JUis KOXKHOI 3 (a3 3BeJICHO B TaOJIHIIIO.

.. . ITapameTpu nepioguyHOT
Dasa Homep .C(bOpMOBa- Hossxuna 3minHi 3a1a4i MHK cgnaﬂogo'l' CTgyMHy K3
HOTO BiKHA JaHUX BiKHA TAHUX , 0
X1 X2 X3 I, A Dxs,
1 7 -9.002 5.066 8.266 10.33 29.37
2 11 -8.917 5.139 8.155 10.292 29.954
A 3 15 -8.858 5.199 8.072 10.271 30.409
4 19 -8.813 5.252 8.005 10.259 30.79
5 23 -8.774 5.307 7.939 10.254 31.167
1 7 -7.602 -4.684 8.099 8.929 211.716
2 11 -7.588 -4.698 8.084 8.925 211.811
B 3 15 -7.578 -4.708 8.069 8.921 211.905
4 19 -7.567 -4.721 8.012 8.919 212.017
5 23 -7.556 -4.735 8.004 8.918 212.138

YcepeaHeHi 3HaYCHHS NTapaMeTpiB NEPiOANYHOI CKIIaI0BO1, OJepKaHi 3 T’ITHU BIKOH JaHHUX IOIIKO-
mkenoi dasu A4: I', =10.281 A, ¢y, = 30.338° (moxubka BuzHaueHHs 1.13% Bix 3amaHOTrO Tij 9ac MOJEIO-
BaHH#); daszu B: I'},, =8.922 A, ¢, = 211.917° (noxubka BuznaueHus 0.91% Bix 3agaHOTO Mij] 4ac MOICIIIO-
BaHHs). Po3paxoBaHi 3Ha4eHHs cranux yacy ¢asu 4 cranoBisath 77 = 0.126 ¢ (moxubka po3paxyHky 16%);
¢dazu B T, = 0.192 ¢ (moxubka po3paxyHky 28%).

Jam 3miicHIOBamacsl OIiIHKA dYacy 3aTpuMKH T I ¢a3, y SKAX BHUABICHO HACHUYCHHS,
po3paxoByBanucs napamerpu crpyMy K3 Ta y BIANMOBIAHOCTI 0 3HAYeHb OIHAPHUX CHUTHANIB sat[n] i
BiAmoBigHO m0 Mogeni (3) BinOyBanacs xopekuist cTtpyMiB. Ha puc. 5, a 300paxxeHo npuBeneHi NnepBUHHI
ctpymu i'\(f) momkomkeHnx (a3 4 ta B (0e3 BpaxyBHaHsa BI' Ta 3aBam) Ta BiANOBIAHI po3paxoBaHi
muckpernzoBani crpymu [IBK i[r]. Ha puc. 5, 6 300paxeHo kopektoBaHi (a3Hi CTpyMH iy[n]
MOIIKO/PKEHHUX (a3, a Ha puc. 5, ¢ — po3paxoBano nmoxubku [I1BK crpymy a3 A Ta B 6€3 KOPEKIT &gy [72]
Ta 3 ypaxyBaHHAM KOPEKIIii & e [72].
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Moeui moxubku I[BK & [1#] Ta &' [7] 32 NepexifHUX PEKUMIB BHU3HAYAIUCS 32 JTOTIOMOTOIO

BBeneHHsI mapaMeTpiB epBHHHOI Mepexi (Tpudasue
HaBaHTAKEHHs, TPH(a3He [UKEPeIIo HATIPYTH, ITapaMeTpH JTiHil
elleKTpolepe/iadi) i MOSIIOBAHHS 10aBapiiiHOrO pesKuMy

¥

Benenust mapamerpis rpymnu TC (BTOpHHHE HaBaHTaXCHHS,
HABAHTAXXEHHS HYJIOBOIO IPOBOJLY, 3AJIHIIKOBA IHIYKILisL,
MapamMeTpH MarHiToONpoBOIY Ta ricTepesucHi koedimieHTn

BiAIOBI IHO 10 Teopii [kaiiica-ATepToHa)

Beenenns mapamerpis K3 (MomenT BunnkHeHHst K3 micmst
MOYaTKy 3aImycKy MonemoBanss, Buj K3, crana yacy)

Po3paxynok nepBuHHUX CTPYMIB TC ij,(t), ijp(t), 11c(t)

MoentoBaHHs HepexiHUX PEKUMIB B

EIIEeKTPOMEPEIKi

v

Po3paxynok BropuHHUX CTPYMIB TC ip,(t), iap(t), iac(t)

v

dinbTparis BropuHHuX cTpymiB TC
(OmepKanHs izag(t), ianp(t), izep(t)

Jluckpern3anist BidiabTpOBaHUX CTPYMIB
(OnepxaHHst 1q[n], izpa[n], izcs[n])

/\

PospaxyHOK mapamerpi

BusiBlieHHsT HACHYICHHS
crpymy K3

— =

Kopexuist pasuux crpymis Ha Buxoai [IBK
(Oneprkanust izu(n], izn[n], i2e[n])

MopentoBaHHS €IEKTPOMATHITHHX TPOIIECIB B

tpudaznomy [1BK crpymy

A,

by

Po3paxyHok moBHOT TOXHOKK
[1BK B nepexigHOMy pesxumi

Po3paxynok nosuoi noxu6ku [I1BK B

TepexiTHOMY PeXHUMI 3 ypaxyBaHHS KOPEKIIi1

Puc. 6

ctpymy I1BK.

PEKYPCHBHOTO TIPE/ICTaBIECHHS A1 71 - 1 BUOipku dopmynu nmoBHoi noxuOku [IBK cTpymy 3a Bupazom [46, 47]

100 |1
g [n]=—=—— |— k, *i[i1-i ()],
w11 Lin] Nj;N[ u L] 1(])]
me Ij[n] — cepemHbOKBaApaTUIHE 3HAYCHHS

MEPBUHHOTO CTPYMY B MOMEHT OI[IHKH TTOXUOKH &y
[#]. Busznauenns moxmbok IIBK mo Ta micias xo-
peKIIii BUKOHAHO V BiIIOBIAHOCTI O CXEMH pHC. 6.
SAx BuaHO 3 puc. 6 noeHi noxubku [1BK 3a
YMOB HacH4eHHs1 MarHitonpoBofiB ¢aznux TC mo-
csaratoTe 80-95%, mo mipi 3aTyxaHHS anepioguyHOl
CKJIaJI0BOT MEPBUHHHUX CTPYMiB (a3 Ta BiIMOBITHUM
BUXO/J0M MarHitonpoBodiB ¢aszaux TC 31 crany
HacCHYEHHS! BOHH 3MEHIIYIOTbCA. Po3pobnenuit me-
TOJ HaJIa€ MOXJIMBOCTI 3MCHIIUTH TOBHY MOXHUOKY
[IBK y nepexigHuX pe:KUMax 3a HACUYCHHS MarHi-
tonpoBoiB pasuux TC mo 3HayeHp 6-15%.
BucnoBku. Ha 0CHOBI BUKOHAHOTO aHAJI3y
XapaKTEPHUCTHK, MepeBar Ta HEIOJIKIB BIIOMUX Me-
TOJIB 1 32aCO0IB MiJBUIIEHHS TOYHOCTI 0JJHO()A3HOTO
[1BK 3 mudpoBuM BHX0IOM, BCTAaHOBJICHO, 110 Hal-
OUIbII MEPCHEKTHBHUM 331l TOCATHEHHS IIOCTaB-
JIeHO1 B pOOOTI METH € BUKOPUCTAHHS METOIB LU-
poBoi 00pobOku BuximHoro ctpymy IIBK, B ocHOBY
SKOT'O IIOKJIaJIeHO MaTeMaTu4Hy Mozenb ctpymy K3.
Peanizarfis nux MeToniB morpeOye TOYHOIO BU3HA-
YeHHS MOYaTKy BXOMKeHHs MarHitompoBoay TC y
CTaH HaCHYEHHS, a TAKOK HAMIMHOTO 1 TOYHOTO PO3-
paxyHKy napametpiB mozen crpymy K3, Biamosin-
HO JI0 SKOi BiJIOyBa€ThCS KOPEKIIiSI CIOTBOPEHOTO

3anpormoHOBaHO METOJ MiHiMi3allii BIDIMBY HacwieHHs MarHiTonpoBoaiB TC ma TounicTs IIBK

ISSN 1607-7970. Texn. enexkmpodunamira. 2021. Ne 6

CTpyMy, KM I'PYHTY€EThCS Ha Mojeli cTpyMy K3, a Takok po3poOsieHMX METOJaX BHSIBJICHHS HaCHUCHHS

65



MmarHitonpoBoxy TC, po3paxyHKy mapameTpiB ctpymy K3 Ta 3amiHi BHOIpOK CTpyMy Ha BHUXOJi KaHAITy BH-
Oipkamu, OTpUMaHUMU 3 Mozieni cTpymy K3, BiIOBITHUMU MepiojiaM, i€ CTPYM € CIIOTBOPEHUM.

Pobomy suxonano 3a 01w00icemnoro memoro «Possumox meopii i memodie MOHIMOPUH2Y eleKmpoeHepeemUuyHUX CUC-
mem» (wugp «Memeopy), oepaicasnuil peeccmpayiiinuii Homep pooomu 01111117U007712, KIIKBK 6541030.
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MINIMIZING THE EFFECT OF SATURATION OF HIGH-VOLTAGE CURRENT TRANSFORMERS ON THE
ACCURACY OF THREE-PHASE PRIMARY MEASURING CHANNELS WITH DIGITAL OUTPUT
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The classification is carried out and the characteristics, capabilities and disadvantages of the known methods of programmed
correction of the output current of a single-phase primary measuring channel (PMC) of the current are determined. A discre-
tized model of short-circuit current (SCC) is proposed. A method and an algorithm for increasing the accuracy of a three-
phase current PMC in transient modes of electric power systems (EPS) under the condition of saturation of the magnetic
circuits of its phase current transformers have been developed. The reliability of the developed method is confirmed by simu-
lation of the PMC output current under the condition of phase-to-phase short-circuit of phases A and B without correction
and with correction of its phase currents. It is shown that the developed method makes it possible to reduce the total error of
the PMC in the transient modes of the EES under the condition of saturation of the magnetic circuits of the CT from 70-90%
to 6-15%. References 47, figures 6, table 1.
Key words: measurement channel, digital output, current transformer, saturation, signal, digital processing, method, accuracy.
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The differential method of conductometric measurements does not fully solve the problem of the influence of changes in
the background electrical conductivity of the working buffer solutions on the results of conversion of the biosensor
responses. The variation in the background electrical conductivity of the buffer solution upon addition of the highly
conductive analyte acts as a common mode interference and causes the additive error. Here we present a new
measurement method and structure of the device for quantification of the analytes that provide a significant decrease in
the measurement error associated with a change in the background electrical conductivity caused by the introduction of
the analyte to the working solution prior to the generation of the informative signal. A block diagram of the device and
a vector model of the balancing process of its measuring circuit are presented. The advantages of the developed method
and biosensor analyzer for application within the possible changes of the transducer parameters and measurement
conditions are demonstrated. References 37, figures 4.

Keywords: differential conductometric biosensors, impedance, measurement, common mode interferences, equivalent
electrical model.

1. Introduction. One of the main trends in biosensorics [1-3] is the improvement of electrochemical
biosensors, in particular, those of the conductometric type. Their advantages are high sensitivity and
selectivity, ease of use, high speed of analysis, and a wide range of analytes that can be detected (hereafter
the generalized term “analyte” will denote the substance of interest, for which the analysis is performed).
Additionally, a significant advantage is the low cost of analysis in general since there is no need in the
preliminary sample preparation [4-8]. At the same time, the implementation of electronic measuring
channels of conductometric biosensor systems [9—11] requires overcoming difficulties associated with the
complex dependence of the informative signal of the measuring circuit on the parameters of the equivalent
circuit of conductometric converters [12, 13] and the measurement environment. This apparently explains the
lack of available publications by other authors on successful developments in this area.

The causes and methods for overcoming the individual parts of this problem we studied in our earlier
works [14-15]. First, in [16—19], the effectiveness of a conductometric differential method in biosensors has
been shown. The method is based on measurement of the local changes in the solution conductivity caused
by the analyte-probe interaction in a selective (active) membrane of a biosensor, immobilized on the
interdigitated electrodes of a working transducer (W), relative to the reference transducer (R) with a
nonselective (hereinafter referred to as “passive”) membrane (Fig. 1). In principle, the use of this method
makes it possible to select small informative changes in the electrical conductivity of the solution in a
bioselective membrane at high values of the background electrical conductivity of the buffer solution and,
thus, to increase significantly the sensitivity and selectivity of the biosensor system. However, often the
background conductivity is several orders of magnitude greater than the dynamic range of the measured
value. The changes in background conductivity act as common mode interference during measurements.
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Therefore, it is relevant to construct a measuring channel with a large common mode rejection ratio
(CMRR).

Additionally, the
output signals of
conductometric conver-
ters depend on changes
in the buffer solution

l composition and tempe-
rature that are consi-
dered as the noninfor-
mative changes. In the
differential measuring
system, these noninfor-
mative physical quan-
tities are converted both
by the active and
nonselective membra-
nes. If characteristics of
the working and
reference converters are

Fig. 1 identical, then upon

mutual subtraction of

their output signals in the measuring circuit, the background components compensate each other and only

informative signal remains. The later corresponds to a local change in electrical conductivity in the working
converter due to the biochemical reaction.

In existing biosensors, the conductometric converters are designed as the planar electrode pairs of an
interdigitated comb topology. Platinum, gold, stainless steel and nickel can be used as the electrode
materials. Converters with platinum electrodes have the best electrical characteristics, but they are expensive
and have insufficient service life. Gold electrodes are used most often because of their chemical inertness
and excellent properties with respect to immobilization of the bio-materials. Unfortunately, the equivalence
of parameters of such transducers in the biosensor’s differential pair is much lower than required. This is due
to the following reasons: (1) wear of gold; (2) the change in the capacitance of the electrochemical double
layer formed at the metal/electrolyte interface during reuse of transducers. The current work was devoted to
the study and reducing of the impact of the second factor as more significant.

A common problem of using two-electrode converters in conductometry is the presence of near-
electrode impedances in them. The relationship between the parameters of these impedances and
electrochemical processes in the measurement cell as well as to the practical use of the results obtained have
been widely studied in the literature [20-24]. These impedances are added to the resistance of the solution
between electrodes. In the simplest case (at a frequency of test signals of several tens of kHz), the total
impedance of the transducer can be represented by a near-electrode capacitance Cg with the connected in
parallel polarization resistance Rp, which in turn are connected in series with the solution’s resistance Rs.
The behavior of such impedance is quite accurately described by an equivalent circuit in the form of a series
chain (Cs and Rg), if the reactance at the frequency of the test signal (1/wCs) is significantly less than Rg and
Rp. Such ratios are typical for platinum electrodes whereas for gold electrodes 1/mCs and Rg are comparable
(the tangent of the phase angle tang = 1/mCgRg reaches 0.5 and even 1.0). If Rp >> 1/0Cs, the equivalent
circuit can be adopted in series, but Rg will be slightly changed.

The measuring channels with differential conductometric biosensors are based on the bridge circuits.
At large values of tano, their sensitivity sharply decreases. This disadvantage is significantly eliminated in
the bridge circuits with the compensation of the voltage drop on Cg [14]. If Cs and Rg of the working and
reference converters are identical, CMRR of such circuits are high.

Unfortunately, when using sensors with gold electrodes it is difficult to obtain a stable conversion
factor between specific solution conductivity and the informative component of the bridge output signal.
Such a component is an increase in the in-phase (with respect to the test signal) component of the output
current of the bridge circuit triggered by the analyte-probe interaction in the active membrane of the
biosensor. This informative component depends on the ratio of Cs and Rg in the working and reference
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converter (their tane). If they are the same, then the same changes in the active component of their electrical
conductivity (1/Rg) do not disrupt the bridge balance. Therefore, its output signal does not change upon the
changes in the background conductivity of the buffer solution. For a fixed concentration of the buffer
solution, the value of Ry is determined by the dimensions and mutual arrangement of the electrode combs.
The interdigitated comb electrodes are manufactured using microelectronic technologies, so the accuracy of
the Rg parameter is quite high.

However, the transducer impedance has complex nature with a large phase angle, which depends on
the value of Cs. This parameter is unstable [15]. Therefore, the same changes in the background electrical
conductivity in the working and reference converters will cause different changes of the currents across
them. The difference in these currents forms a response to such (common mode) interference at the bridge
output. The background conductivity of the buffer solution changes when the analyte is added, especially if
the latter is electrically conductive.

The effect of common mode interference in the differential conductometric channel does not
distinguish from the response to a change in the local electrical conductivity in the active (selective)
membrane of the biosensor. Thus, it is an additive error, which significantly limits the real sensitivity of the
conductometric system and the reliability of the measurement results [14].

There are many practically important tasks where measurement of concentration of electrically
conductive (dissociated) analytes is of high topicality. A typical example is the problem of determining the
arginine content in multicomponent mixtures. Determination of the amino acid arginine (2-amino-5-
guanidinovaleric acid) is of great practical importance for the quality control of juices and functional foods.
In the food industry, the monitoring of arginine concentration makes it possible to control the quality of the
packed fruit juices for the presence of falsification. This is because the adulterated fruit juices differ from the
authentic ones in the amino acid profile in terms of arginine [25], which occurs when a more expensive
(authentic) juice is diluted with a cheaper one. Among the proteinogenic amino acids, arginine is the most
polar positively charged amino acid at a neutral pH value (pI 10.76) due to the presence of a guanidinium
group [26] and this may cause challenges during its quantitative analysis. The reported in the literature
electrochemical biosensors for arginine are based on one or several enzymes, which decompose arginine to
electroactive and/or highly mobile species [27-31]. According to the analytical characteristics of the most
recent biosensors for arginine, the conductometric biosensor described in [27] had one of the lowest limit of
detection, the widest linear range and the highest stability compared to other reported biosensors. However,
the mentioned biosensor did not show sufficient selectivity to arginine when working with multicomponent
samples. We attribute this disadvantage to the possible effect of common mode interference, which manifests
itself through high background electrical conductivity of the arginine solutions used throughout analysis.

The aim of this work was to increase the degree of suppression of common mode interference in a
differential conductometric biosensor system with incomplete equivalence of parameters of transducers in
the biosensor’s differential pair and, thereby to increase sensitivity of the system and reliability of the
measurement results.

2. Bridge circuit and measurement method. A research, which we have done over the past few
years, has allowed us to create a technical basis for a radical increase in CMRR of differential
conductometric channels with non-identical sensors [32-35]. A comprehensive analysis of measurement
processes in the previously developed differential conductometric circuits [14] allowed us to develop a
measurement method with quasi-equilibrium of the bridge circuit, which theoretically allows eliminating in
great degree the above error [32]. Its essence lies in bringing the bridge circuit with non-identical
conductometric transducers to a state with a calculated deviation from complete equilibrium before adding
the analyte to the buffer solution in the measurement cell. The calculated deviation should ensure that the
increase in currents across the working and reference converters was equal in magnitude and opposite in
phase at the equal changes in the buffer solution conductivity in them. However, the implementation of this
method within the frameworks of the construction principles applied to the previously used bridge circuits
turned out to be too complex. In [33], we proposed to use the bridge circuits with two digital generators of
test signals, the phase shift between which can be accurately controlled. The latest results obtained in the
implementation of such generators [34] made it possible to develop the quasi-balanced bridge circuits and
algorithms for their operation in practice. The corresponding developments are presented and discussed
below.
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3. Results and discussion.

3.1 The structure of a biosensor channel with a wide range of operating frequencies based on a bridge
circuit with a two-phase generator of test signals. The proposed structure of a conductometric channel with a
bridge measuring circuit, which is balanced by the modulus and phase of the currents in its branches, is
shown in Fig. 2. It is adapted to solve the problems of the differential conductometry with increased levels of
common mode interference caused by the background changes in the conductivity of solution. Such device
was implemented using the unified basic measuring module MXP-6 [34] for measurement of the impedance
parameters.

The measurement Ro Uref
circuit of the basic DGl :| H E UJ Data
module MXP-6 includes a 4G pReT Rep e sp [ ac [ e [

. Uref DAC [T = 1I/U
measurement object, a Code AP

reference standard and Csa|] Csp
two coherent digital ge- zaT T2 %F, 1F1
nerators of test signals—a DECODE
master DG1 and a slave {
DG2. Blocks DACg and l Ua 1 T 0
PHASE SHIFT regulate Isl o] |1 | Go
the VOltage Of DG2 il'l IPHASH Icl CNTR SW1 —%T:ﬁ_
modulus and phase. SHIFT J\El> e
The basic feature of Ic2 L1/U
this scheme is that the DECO Up
standard (etalon) of elec- | CNIR DER PAC
trical conductivity YO is pc2 YoF, IF2 t
replaced by the reference
conductometric transducer ]
Z,. In the ideal case, the Fig. 2
parameters of the working
Z, and reference Z, transducers (and, accordingly, their complex conductivity Y, and Y,) are the same before
measurements. The bridge circuit is balanced. When the analyte is added to the buffer solution, the additional
active con-ductivity appears in the working transducer (Y, + AG,), which leads to a change in the output signal
of the bridge proportionally to the measured value—the conductivity difference (Y, + AG, — Y,). This
difference is determined by the change in the amplitude of the output current of the bridge circuit (1, — I,,). The
normalization of its value in the units of electrical conductivity is carried out not in the bridge circuit (by
comparing Y, and Y,) but in ADC by comparing the in-phase and quadrature components of the Ux signal
(relative to U,) with the reference voltage U.s Taking into account the features of the structure of the
measuring circuit, the object of measurements and the measured parameter, the additional mode of differential
conductometric measurements was introduced into the software algorithm of the basic module of the device.
g  Next, we will focus on procedure
==  of measurements with biosensors.
3.2 Measurement of the
analyte concentration using the
developed conductometric
biosensor system. A process of
measurement of the concen-tration
of the analyte in the measurement
cell consists of two stages. First,
the measuring channel, which
includes the measu-rement -cell
with a differential biosensor (a pair
of conduc-tometric transducers
with the active and passive
membranes) and an electronic
measuring module with the
necessary software (Fig. 3), is

o 2

#é‘,

Fig. 3
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adjusted by software. This module is connected to a personal computer with the corres-ponding upper-level
software package through a standard interface. The measurement data obtained from the electronic module (the
lower level of the information measuring system) are processed, accumulated and presented to the user by the
software created in the work.

At the first stage, the mentioned above hardware and software adjustments are performed to bring the
measuring channel into a state of readiness for the introduction of the analyte into the measurement cell. This
state is achieved by balancing the bridge circuit of the measuring module and is characterized by a
conditionally zero signal level at the output. At the upper level of the information measuring system, a
“baseline” is recorded; it corresponds to the real-time data flow in the active membrane of the biosensor
before the introduction of the analyte.

At the second stage of measurements, a certain amount of analyte is added to the measurement cell. In
general, this changes the values of Rg, and Rg;, of the converters of differential pair (if they are identical, the
changes are the same). Next, a selective biochemical reaction takes place in the active membrane of the
biosensor that consequently changes the solution conductivity locally by AG,. At the same time, the active
component of the output impedance of the working converter changes by a value inversely proportional to
AG,. With the correct construction of the measuring circuit and setting the measuring channel to the state of
readiness, the response to the introduction of the analyte is generated at the channel output proportionally to
the analyte concentration in the solution. Noteworthy that the response is proportional to the analyte
concentration only when the working and reference converters are identical or at least their phase angles are
equal and their tangents are small. Under other conditions, the variation of the background electrical
conductivity of the buffer solution (due to appearance of a new substance, i.e. the analyte molecules) causes
a parasitic response at the output of the bridge circuit [36]. This response is an additive error of the
measurements. As mentioned above, it is possible to tune the bridge circuit so that the parasitic response will
not occur [32].

3.3 Vector model and algorithm of adjusting the bridge circuit to achieve the invariance of the
response of the measuring channel to changes in the background electrical conductivity under the
discrepancy of the phase angles of the conductometric transducers. Let us consider the process of tuning a
bridge circuit by balancing the phases and amplitudes of currents in the branches of the working and
reference converters according to the optimized algorithm. The latter ensures that the equal changes of
electrical conductivity in the working and reference transducers with different values of Rg and Cg are
mutually compensated in the output signal of the bridge. The vector diagram of this process described by the

ALS scheme in Fig. 2 is

£ ekl shown in Fig. 4. To
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generator DG1. The vectors in the diagram (Fig. 4) represent the moduli and phases of voltages at the
impedances Z of the active (a) and passive (p) transducers of the differential biosensor (the terms “active”
and “passive” correspond to the working and reference transducers, respectively). These impedances are the
parameters of a series two-element equivalent RC circuit, in which Rg corresponds to the resistance of
solution, and Cg corresponds to the resistance of the near-electrode layer, in which the capacitive component
prevails at the operating frequency of the device. The minority components of the complex resistances of
both the solution and the near-electrode layer (the interelectrode capacitance C;. and the resistance of
polarization R, are parallel to Rs and Cs, respectively [33]) are recalculated into a small change of Rg and
Cs when the measurements are carried out using a two-element scheme. To reduce these changes, the
operating frequency should be optimized accordingly.

In the two-element equivalent circuit of the conductometric transducer, the applied test voltage from
the generator output (U, or U,) is divided into two components: Ug, or Ug, on the solution resistance and
Uc, or U, on the capacitance of the near-electrode layer. These components are orthogonal to each other.

The currents across the converters coincide in phase with the voltage U, or Ugp, and their moduli are
inversely proportional to Rg, or R, respectively. If Rg, equals Rg;,, and Cs, equals Cs,, these currents will be
the same in magnitude and phase. In this case, the voltage triangles U,, Ura, Uca and U, Ugp, Ucp will
overlap if U,=U,. As shown in Fig. 4, the ratios of Rg and Cs in the converters of the differential pair are
different. In practice, the difference reaches 10-20%.

The addition of the analyte to the buffer solution causes changes in Rs, and Rg, by the values
determined by the change in the electrical conductivity of the buffer solution in both converters.
Additionally, the conductivity of Rs, (Gs,=1/Rs,) changes by the informative value AG,, which is
proportional to the yield of the bioselective reaction in the active membrane. The indicated changes in the
resistances Rg lead to the increases in the currents across converters by Al, and Al,. The vectors of these
increases are at the phase angles of the impedances Z, and Z, (¢, and ¢,) to the vectors of the currents across
converters. The values of the informative increase usually equal 1-2% of I,. The changes of current, which
are caused by variation of the background electrical conductivity dependent on nature and concentration of
the analyte, should be minimal. However, in practice, they can be proportionate and even exceed the
informative increase.

The vectors of the currents’ growth (—Al, and AI,), which correspond to the changes in the
background electrical conductivity at the same voltage (U,) applied to the converters, are shown on the right
side of the diagram in Fig. 4. Such a state of the bridge circuit is a result of its preliminary adjustment before
the measurements. The sign “—” at Al, denotes its phase to be opposite to the operating mode. At the end of
the adjustment, voltage U, is applied to the working sensor, which is opposite in phase to U, at its initial
state (left side of the diagram). In this case, both the currents I, and I, as well as their increments AZ, and Al
become antiphase and compensate each other. However, the exact antiphase of these currents happens only
at the same phase angles of the converters.

Additionally, the developed process of the bridge circuit tuning allows obtaining an exact antiphase of
the current gains in case when the phase angles of the active and passive converters differ. The process
consists of five stages indicated by indices 1 to 5. The vectors corresponding to the initial state do not have
such an index.

At the beginning of the first stage (substage 1a), the voltage U, is applied to Z, and its phase shift to
U, is set to 180°. For this, the switches SW1 and SW2 are set to "0". The real and imaginary components of
the current I, in Z, are measured and, from their value, the parameters of the working converter Rg, and Cs,
as well as the tangent of the phase angle tang, are calculated and diagnosed. To carry out such calculations,
the measuring channel is pre-calibrated using a reference resistor. The absence of an imaginary component in
the current I, is achieved by adjusting the "1" phase of the vector U, to its position Up;. Such adjustment as
well as the measurement of a real component I,, which is related to the values of U,, Ug, and R,, are
performed using the synchronous detector. The values of the rotation angle of U, and the real component 1,
can also be used to calculate and diagnose the parameters of the working converter Rg, and tang,. Then
(substage 1b) the voltage Uy, is switched to the reference converter by setting the switch SW1 to the position
"1". In this case, the real and imaginary components of its current I,,; are measured, the parameters of the
reference converter Rg,, Cs;, and tang, are calculated and diagnosed, and the difference in phase angles Ag,
of the working and reference converters is determined. The triangles of the voltage vectors on the elements
of the converter equivalent circuits consist of vectors Urat, Ucat, Urpt, Ucpr and Up;.

At the second and third stages, the phase ("2") and the amplitude ("3") of the voltage U, are regulated
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to reach the states Uy, and Uys, at which the voltage Ugps on R, coincides in magnitude and phase with Uga1,
whereas Ucps and Uca somewhat differ in amplitude. The adjustment is carried out using the conversion data
of the imaginary ("2") and real ("3") components of the current /, obtained using the synchronous detector.
Achievement of these states is fixed by the minimum of the imaginary component of I, and by matching of
the real component with the value of the real component 7,. In the considered bridge circuit (which is based
on the comparison of the currents in sensors), if there is a noticeable difference between Rg, and R, the
voltages on them will also differ noticeably. For such converters, it is necessary to use another, somewhat
more complex, bridge circuit—with a comparison of the voltages on the sensors. Such a scheme is
problematic in terms of stability of the test voltage on the sensors, but it can be appropriate for measurements
at high concentrations of the buffer solution. The performed phase adjustment also determines the value of
difference of phase angles A, of the converters.

At the beginning of the fourth stage (substage 4a), the phase of the DG2 voltage U, is rotated to the
state Up4 by the value equal to the regulation "1" but in the opposite direction. At this state, the voltage on the
active resistance of the reference converter Ugpy coincides in magnitude and phase with the voltage on the
active resistance of the working converter at the initial setting. Therefore, the bridge circuit will be in an
equilibrium in terms of the voltages on the resistances of the buffer solution in the converters after the
antiphase voltage U, is applied from the generator DGI to the working converter by setting the switch SW2
to the state "1" (substage 4b). These voltages are equal in magnitude and opposite in sign. Therefore, the
amplitudes of the increase in currents I, and I4 in the working and reference converters are the same when
the background electrical conductivity changes. This effect was achieved by other means in the circuit
described in [32]. In particular, that was achieved using the analog nodes, which complicated the circuit and
limited its frequency range.

In the achieved state of the bridge circuit, the difference in phases of the current increments Al, and
AI,4 remains. Therefore, the suppression of the influence of changes in the background electrical
conductivity is insufficient at large values of ¢,, ¢, and their difference. To bring the bridge circuit to a state
of quasi-equilibrium, in which the vectors Al, and Al become collinear, it is necessary to turn the voltage U,
additionally by the angle Ag, to the state, in which the voltage on the solution in the reference converter is
shown by the vector Ups. Such regulation is carried out at the fifth stage of tuning (after connecting the
working converter to the generator DG1). As seen in Fig. 4, the vectors of currents across the working and
reference converters at the final state of the bridge after balancing are not collinear. Therefore, the bridge is
not completely balanced on phase. Nevertheless, by now it is completely balanced for the further increment
of currents in the converters upon the equal changes in conductivity of the solution in them. At this state, the
bridge circuit is ready for the second stage of the measurement process, i.e. introduction of the analyte and
registration of the response driven by the analyte-probe interaction in the biosensor. The informative signal
at the “baseline” level is obtained at the output of the bridge circuit. With respect to this level, its increase
(“response”) is recorded when the analyte is added to the measurement cell.

To achieve a higher level of independence of the results of the response conversion on the phase
angles of the converters, we measured the amplitudes of the current increase by their in-phase and quadrature
components relative to the reference voltages of the DG1 generator. This somewhat complicates the
processing of the informative signal, but it is not a big price to pay for the significant simplification of the
measuring circuit and the higher metrological characteristics achieved in the described design.

The difference of the presented conductometric system from the previously known ones is the exact
balancing of the bridge circuit both by the module and by the phase of the signals in its branches. Naturally,
there is a question about the possibility of implementing a measuring channel with sufficiently low phase
errors at the operating frequencies used in such systems (30 - 100 kHz). This problem is solved due to the
special structure of the complex of generating test and reference signals in the basic module of the measuring
channel MXP-6, which provides a high identity of phase delays in their formation. The principles of
construction of such a measuring channel, the results of experimental studies of its characteristics are
presented in detail in [34, 35]. According to the results of these studies, the phase error of the conversion of
the measuring signal (level change of the quadrature component) in the base module does not exceed a few
hundredths of a percent at frequencies up to 100 kHz. A factor that limits the accuracy of balancing the
bridge circuit of the created device is the possible discreteness of the phase control of the slave generator. At
the frequency used in the studies (62.5 kHz), it was approximately 1%.

3.4 Testing of the developed biosensor analyzer in the simulated measurement conditions.
Experimental verification of the effectiveness of the developed method of differential measurements of the

74 ISSN 1607-7970. Texn. enekmpoounamira. 2021. Ne 6



local changes in the electrical conductivity of solutions was carried out using a prototype of the
conductometric biosensor analyzer, which was realized according to the scheme in Fig. 2, and the electrical
equivalent of the measurement cell with the adjusted parameters. A description of the equivalent is given in
[36, 37]. In the studies, we simulated the maximum possible difference between the values of the uniform
parameters of the working and reference converters Cg, and Cs, (£20%) as for measurements with the real
sensors. The vector diagram in Fig. 4 approximately corresponds to such difference in Cs, (+20%). To
estimate the sensitivity of the measuring channel to informative changes in the local electrical conductivity
of the solution, we simulated a 1% change in the value of electrical conductivity Gs, (resistance Rg,) in the
working sensor. At the same time, to estimate the impact of changes in the background conductivity, the Rg,
and Rg, values were changed simultaneously by 1%. According to the test results, the coefficient of
suppression of the influence of changes in the background electrical conductivity was about 90 at the +20%
difference of Cs, and about 50 — at the —20% difference of Cg,. The obtained values are about 10 times
higher than those achieved in the previously created devices [36].

4. Conclusions. In this work, we have developed a new bridge circuit for determination of local
changes in the electrical conductivity of the buffer solution when working with electrically conductive
analytes. For this purpose, a novel method of balancing the bridge circuit to the quasi-equilibrium state was
applied. Both the bridge circuit and the method of its balancing are based on the use of digital generators of
test signals in the branches of the bridge with an adjustable ratio between their amplitudes and initial phases.
This enables a deeper suppression of common mode interference when using non-identical conductometric
transducers in a wide frequency range. The detailed algorithm of operation of the differential conductometric
channel was developed using a vector modeling of the measurement process. The experimental verification
of the effectiveness of the developed method showed the possibility to achieve the coefficient of suppression
of the influence of changes in the background electrical conductivity about 10 times higher than when using
previously created devices under 20% difference between the sensors’ capacitances. Such characteristics can
significantly expand the area of application of the conductometric biosensors, and in particular, their use in
the study of the electrically conductive analytes. Moreover, the obtained characteristics will increase the
metrological reliability of this type of measurements.
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3anpononosano ma npoananizo8aHo NPUHYUNU QYHKYIOHYBAHHA Cneyianizosanozo bazamogasznoeo Kariopamopa
(PDK) nanpyz i cmpymis, 6 sxomy napamempu cucHanig 6acamogpasznozo cenepamopa (B®I) xopucyiomvcs 3a
pesyivmamamy  8UMIpI08AHL npeyusitinoco eumiprosaya napamempie (BII) cuenanie enexmpuunux mepexc 3a
anzopummom mikpoxoumponepa (MK). Pozpobneno i 0ocrniodceno ancopumm Kopexyii napamempie GUXiOHUX CUcHANi6
Bb®I" winaxom ypaxyeanns pezynomamis eumipiosanns exazanux napamvempie ¢ BII. 3anpononosano exeieanenmmy
cxemy Kopexyii n-oi eapmonixu. 3a pezyromamamu 00caiodicend y cepiiine UPOOHUYMBO 8RPOBAOICEHO GUCOKOMOYHUL
Kaniopamop napamempie cuenanié erekmpuunoi mepexci. bioin. 20, puc. 5.

Knrwowuoei cnoea: OGaratodaznuii kaniOpaTop napaMmeTpiB eJeKTpoeHeprii, TpudasHa Mepexka, MIKPOKOHTpOJEp,
aHajoro-1uQpoBuil nepeTBoproBay, HU(PPO-aHAIOTOBUI IIEpPETBOPIOBAaY, KOPEKILisl TOXHOOK.

Betyn. Ilin 9ac HamaropkeHHsI Ta IePEBIPKA MPUCTPOIB ISl BAMIPIOBAHHS ITapaMeTPIiB €INEKTPHIHOT
eHeprii (JTIYMILHUKHM eJIEKTPOCHEprii, BUMIpIOBadi IOKa3HHUKIB sKOCcTi Ta iH.) [1-2] mepenbadaeThcs
3actocyBaHHs Oaratodaznux renepatopis (b®PI") [3—7] nna MonenoBaHHA pealbHUX MapaMeTPiB CUTHANTIB
SNeKTPUYHOT MEpPEeXi — HANPYT A0 IEKUIBKOX COTEHb BOJBT, CTPYMIB 0 COTEHb aMIIep Ta IMOKa3HUKIB SKOCTI
enekrpoeHeprii [8]. CTBOpeHHS TeHepaTopiB 3 BHCOKHMMH METPOJOTIYHUMHU XapaKTEPUCTHKAMH, SKi
3a0e3MeuyoTh 3a3HaueHi Jiama3oHd CTPYMiB 1 Hampyr, JOCUTH aMOiTHa 3aJada, MMOB'si3aHa B OCHOBHOMY 31
CKJIQJIHICTIO TMOOYZOBU TMOTYXXHHUX BHXIJHHMX MiJCHIIOBAYiB 3 HOPMOBAHUMHU METPOJIOTIYHUMH XapakKTep-
PUCTUKAMH 3 MIOXMOKaMH Ha PIBHI ECATHX 1 COTUX YACTOK BifcoTka [9—17].

Merta po6otu. Po3poburtu i gocniautu npuanun GpyHkionysanHs BOK ta kopekuii Horo BUXiTHIX
CUTHAJIIB 3 ypaxyBaHHSAM pe3yJIbTaTiB BUMIpIOBaHHS IapameTpiB Hampyr i cTpymiB B BII 3a 3aramsHuM
agroputmoM MK Ta CTBOpUTH HaA Iii OCHOBI MYJNbTH(QYHKITIOHAIGHUN, TPENH3IAHUN 1 MOPTaTHBHUI
KaiOpaTop mapameTrpiB eIeKTPOSHEepTii.

OcHoBHi MaTepiaaum nociaimxenHs. JlocBing mo po3poOumi 3aco0iB BUMIpIOBaHHS MapameTpiB
TpudasHUX Mepex i aHali3 MoTped B METPOJIOTIYHOMY 3a0e3IMeUeHHI MOKa3alu JOUITBHICTh 3aCTOCYBaHHS
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eNeKTpUYHUX Mepex. [Ipuyomy Oakano Oymno 0, 00 Ii MpUITaau BXOAWIN B €AMHAN KOMILUIEKT abo OJIOK.
Hocsin 3 kepyBanns B®I' 3 meroro ioro kopekiii 3a gonomoror ITEOM [18], a Takox HampaiboBaHa
cxeMoTexHika i mporpamue 3abesneuenHs MK [19, 20], vanamu 3mory po3pobutu B®I" ta BIl y Burmsai
MIEPEHOCHOTO MaJIOTa0APUTHOTO Kamibparopa, 6JI0K cxeMy SKOTO HaBeJeHO Ha puc. 1.

enTpanpaIM ereMeHToM I1i€l cxemu € MK, 3a0e3nedeHuii TpaquIliiHuMu 111 HhOTO aTpUOyTaMu —
knasiatyporo (KJIB), piaumaHO-KpucTaniuHiM inaukatopoM (PKI) i cxemoro cromydyenHst yepe3 iHTepdeiic
RS232 abo Oynap-skuii inmmit. Bxigai curnanu wanpyr Uy, Usp, Uc 1 ctpyMmiB I, I, Ic yepe3 BXigHI Kona
HaJIXOIATh Ha BXOAM OaraToKaHAJIBHOTO aHamoro-mudposoro meperBopioBada (AILIl). Komosani BuOipku
MUTTEBUX 3HAYCHb BHKOPHCTOBYIOTBCS ISl PO3PaxyHKy MapameTpiB, 1Mo BuMipiotoTkes. Lli mapamerpu
BuBoaaThcs Ha PKI Ta/abo uepes intepdeiic RS232 B 3oBHimHIO [TEOM. OmHOYacHO y BigNOBiAHUX
po3mimax MeHo B MK abo wuepe3 iHTepdeiic
BBOJIATHCS TIapaMeTpH BUXiMHUX curHamiB bOI'. 11i
napamMeTpu 3a IIeBHUMH alTOpPUTMaMHU MEpeTBO-
PIOIOTBCS B KOAM MHUTTEBUX 3HAYeHb BHOIPOK
BHUXITHUX CHTHAIIB, SKi 3aHOCATHCA B IHGPO-
aHayioroeuii nepersoproBau (LAIT), a motimM mix-
cwiroroThest [19]. Takum yuHOM, MaeEMO sk OM J1Ba
npuctpoi (BII i b®I'), keposani omaum MK. 3a
JIOTIOMOTOI0 TIepeMHUKayiB (He MOKa3aHi Ha puc. 1)
OpUCTPii MOXXKHA HAJaroguTd JAis poOOTH B
JIEKITbKOX pekuMax: BiacHe Titbku BIT abo Timbku
reHeparop abo y BUIIIANI CHUCTEMH, OXOIUICHOI
3BOPOTHHM 3B'SI3KOM, Koiu Buxoau bOI' 3'emny-
10Thes 3 Bxogamu BII, sk e mokasaHo Ha puc. 2.

3a3Buuail  3amgar0Th Iepimry  (OCHOBHY)
rapMOHIKy 1 KiIbKa BUIIUX TapMOHIK. Y Haliomy
BapiaHTI peami3alii NPHUCTPOI0 € MOKIUBICTD
3a/1aBaTd KpiM Mepmoi rapMOHIKH e A0 TPhOX
BUIIMX TApMOHIK 3 JOBUILHUMH HOMEpaMu Bin 2-
mo 40-i. Buximgni curnamu B®I omucyroThes
BHUpazamu [19]

| BILi o Ua
BOI

o Us

\ 4

A
[ )
c
a

p—t
>

YV _VV VYV
o0 00 00
@

—
@]

Puc.2

K max K max

U, (t) = ZUAk : Sin(kwt + Puai )’ Iy (t) = ZIAk : Sin(ka” + P )=
k=1 k=1
K max K max
Up (t) = ZUBk 'Sin(ka)t + Puysi )s iB(t) = ZIBk : Sin(ka)t + P )’ (1)
=1 X
K max K max
Uc (t): ZUCk -sin(ka)t + Puck )s ic (t): I 'Sin(kwt + @k ),

k=1 k=1

Ie ug(t), up(t), uc(t), is(t), ip(t), ic(t) — MuTTEBI 3HAYCHHS BUXimHUX curHamiB BOT, Uy, Usp, Uc, Lik Isk, Ick
Ouak, PUBK PUCk Plak bk Pick — AMIUIITYAN Ta TOYAaTKOBI KyTH 3cyBY (pa3 k-ux rapMoHik (a3HuUX Hampyr Ta
CTPyMiB, K,,,x — HAHOUTBIINY HOMEDP 3aJ1aBa€EMOi TApMOHIKH, w=27 f, A¢ f | — 9acToTa 1-0i TapMOHIKH.

BumiproBanns Buximaux mnapamerpiB BOI' B BIl 3acHoBaHe Ha BHKOPHCTaHHI IUCKPETHOTO
neperBopeHHss @yp'e (AIID), sxe mae 3Mory oTpuMaTH OPTOTOHANBHI CKIAIOBI TapMOHIK CHTHANIB, 3a
SKHMH MTOTIM PO3paXxOBYIOThCA iXHi Mitoui 3Ha4eHHs 1 KyTH 3¢yBy (hazu (K3D) [20].

CroyaTtky B 7a00paTOpHUX YMOBax 3a pO3ipBaHOMY 3BOPOTHOMY 3B's3Ky (puc. 1) 3milCHIOETBCS
kaniOpyBanns BIL. Lle nocuts TpynoMicTKuil 1 TpUBaluii polLiec, BiH BUKOHYEThCSI HA CTail BUTOTOBIICHHS
1 374a4i B eKcITyaTallito BUpoOy Ta 3a 4YeproBOro KajmiOpyBaHHS, SIK€ MPOBOAUTHCS 3 MEPIOTUIHICTIO OJIUH -
TpH pokd. [1oTiM 3aMHUKa€ETHCS 3BOPOTHUH 3B'SI30K (pHC. 2), 1 MPUCTPIil TepeXoquTh B podounii pexkum bDI 3
HOPMOBaHHMH 3HAYECHHSIMU MapaMeTpiB.

Bnok cxemy anroputrmy ¢yakuionyBanns BIl Ta BOI' HaBeneno na puc. 3. Lls cxema BigoOpaxkae
TIOCTIIOBHICTh TIEPETBOPEHHSI 1 BUKOPUCTAHHS MAacCHBIB JTaHUX, SKi BiIOOpakaloTh MPOIEC BUMIPIOBaHHS B
BII ta kopekuito mapamerpis, 1mo 3aaatotbes bOI. [Tapamerpu BOT, 1m0 3a1a10ThCsI, BCTAHOBIIOIOTHCS 200
BpyuHy (3a momomoroto knaBiarypu MK), abo 3aHOocsThCs uepe3 iHTepdeiic. B pesynbraTi oTprMyeMo
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MacuB ParamsX i3 3amanux mitounx 3HadeHb i K3® rapmonik. Okpema mporienypa BUKOPUCTOBYETHCS IS
YCTaHOBKHA YaCTOTH OCHOBHOI TapMOHIKM 1 BiJIOBIAHOrO Ti Mepioay MUCKpETH3allii BXIAHMX 1 BUXITHUX
curHaniB. Ilapamerpu ParamsX KopuryroThcs 3 ypaxyBaHHSAM mapaMeTpiB ParamsZ, oTpumaHuX B
pe3ynbTaTi BUMIPSHUX 3HaUY€Hb BUXIMHUX CUTHANIB. Y MIJICYyMKy OTPUMYEMO CKOPUTOBaHI 3HAYEHHS
napaMmeTpiB ParamsY, Ha miacTaBi SKUX CHHTE3YIOTHCS MHTTEBI 3HAUEHHS BUXITHUX cUTHaIiB bOI', ski
BUBOATHCA B LAIL

[Iponenypa [Iponenypa KonyBanns
YCTaHOBKH OOMIHY NaHUMH MUTTEBUX 3HAYEHD
napameTpiB 4yepes nopt BXIIHUX CUTHAJIB

\ 4 \ 4

BxinHi napamerpu:
4acToTa, HOMEpa TapMOHIK, Airoui
3HAYCHUS HAIPYT i CTpyMiB Ta ix K3D

Params
A 4 A 4 A 4
Iponenypa Kopexmist Po3zpaxynox napa- Po3zpaxynox
YCTaHOBKH OC- amIITy 1 Ta €— MeTpiB 3aJaHUX BIMIpIOBaHHX
HOBHOT YaCTOTHU K3® rapmonik TapMOHIK napameTpiB
Params ParamsZ v
CHHTE3 MUTTEBAX Macus BUXigHIX
3HAYCHb CUTHAIIB JAHIX
Bor
v A 4 v
[Iponenypa Bubip notpidnoi [Iponenypa
3aHECEHHS B TpynH napameTpiB 00MiHy JaHUMH
IIAIT i moka3 Ha PKI yepes MmopT

Puc. 3

Bumipani nmapamerpun ParamsZ otpumyemo B BII 3a gomomororo JIID, mpu mpomy dvacrora
muckpern3anii BxigHux curHamiB BIIl 30iraerscsi 3 4acTOTO IUCKpeTH3amii BUXigHUX cUTHaMiB bOI,
BIJIMIOBIIHO Ha BUMIpsiHi Aitoui 3HaueHHs i K3® rapMoHikK He BILTMBAIOTH iHINI TAPMOHIKH. TOMY anropuTM
KopeKuii BuxigHux curnaniB BOI ineHTHUHMIA U1 BCiX KaHANIB HANPYT 1 CTPYMiB Ta 3aJaHuX rapMoHik. Ha
pHc. 4 HaBEJCHO €KBIBAJICHTHY CXEMY KOPEKLii #-01 FapMOHIKM B OHOMY 3 KaHAJIiB.

Akn Akn - <
Ayn/Azn <
\ 4
Axn > X > Avn > IIAII, BI1 Azn >
Params ParamsY miji- N »| ParamsZ
X (oxn qoyn N CHH'}O_ ¢zn w~
\_' J_’ ”|Baui e
+
A
Pin Pin = <
goyn - gozn <
Puc. 4
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3 cykynHOCTI 3amanux napameTpiB ParamsX Buninsrorbes amiutityaa A,, ta KCO ¢,,. AMrmiityga
A, MHOXUTBCS Ha TONMPABOYHHNA KOCPIIIEHT Ay, a MO 3aJaHOTO 3HAYCHHS (), NOJAETHCSI KOPHUTYBaJIbHE
3HAYCHHS @y,. TaKUM YHHOM OTPUMY€EMO CKiIaoBi ParamsY

Ayn = Axn ’ Akn b ¢yn = ¢xn + ¢kn 4 (2)
SIK1 BUKOPHUCTOBYIOTLCA AJId CUHTE3Y KOI[iB MHUTTEBHUX 3HAYEHb CUTHAJIB Ha BUXOAax I_[AH

BumMipsHi 3HaueHHS mapaMeTpiB A, 1 ¢., BUKOPUCTOBYIOTBCS 3aJisi PO3PAXYHKY KOPUTYBaJIBHHX

3HAYEHb
Akn = Ayn/Azn ’ (Dkn = (oyn + (Dkz : (3)

Hukn BuMiproBaHHs BUXigHux napametpis bOI' ParamsZ, o0unciieHHs MOMPaBOYHUX KOEQIIiEHTIB
i kopekuis nanux ParamY, mo nocunaiotbes B BOI', MokHa TOBTOPHUTH KiJibKa pasiB, 4O THUX Mip, MOKH
NOXHUOKY 3aBIaHHS CUTHAJIIB HE JOCSITHYTh NPUMHATHUX 3HAYCHb.

IMapu 3nauens ammiityau i KCO (4., @w), (A @), (Azn, @), (Ainy Qi) 3pyUHO MPEACTABIATU B
KOMILIEKCHiH dopmi A-¢*, BianosinHo y Bursmi kommnekcuux uucen X, ¥, Z, K. Onepanii MHOXeHHS A, -
Ap, 1 CKIamaHHA @ + @, v opmymni (2) BiAMOBiAarOTh MHOKEHHIO KoMITIekcHUX uncen XK. Toxi cxemy
Ha puc. 4 MOKHA TIPUBECTH 10 HACTYIHOI cXeMH (puc. 5), a hopmynu (2) i (3) npuiiMyTh BUTIIS

K=Y/Z, Y=X-K. (4)

K K=Y/z [%

A

ParamsX | X X ParamsY Y W, »| ParamsZ 4

A\ 4

v

A 4

Puc. 5

PosrnsiHeMo B 3araisHOMY BHTIISIZL SIK BiIOYBa€eThest mporec kKopekuii noxubok bOI. Cran cucremu
(nns n-ro KaHay i IESKOI TApMOHIKH) MiCHs i-T0 UKy Kopekiii noxubok oyne Y;, Z;, K;. [lependauaerbes,
10 3a/T1aHe 3HAYCHHS CUTHATY X 3aIHIIAETHCS He3MIHHUM. [1pu boMy BETWIMHYN CUTHAJIB (KOJIB) HAa BXOZ1
i Buxozi n-ro kanany b®I" mos's3aHi CIiBBIJHOIICHHIM

Z. =YW, (5)
ne W; — xoediuieHT mepexayi n-TO KaHaly B IHTepBali 4acy, KOJM NPOBOAWUTBHCA L Kopekmis. s
HacTymHOro (i+1)-To MUKITy KOPEKIii BiAMOBiTHO A0 (hopMyiu (4), OTpIMaEMO
Ki+1:Yi/Zi9 Y, ,=X-K Ziy=Y W, (6)
ne Wi — xoedillieHT mepenadi n-ro KaHaly BXKE B IHTEpBaJli 4acy, KOJM TMPOBOAMWBCS HACTymHHH (i+1)-i
IIAKIT KOPEKITii.
3 dopmyn (5) i (6) MOKHAa 3HAWTHM 3HAYCHHA BHXIAHOTO CHTHANy #-ro kKaHainy b®IT micns
3aBepireHHA (i+1)-ro mukimy kopekitii. [Ticis BciX mepeTBOpeHb OTPHUMAEMO
Z, = XI'VM/I'V; : (7)
SAx BumHO 3 (opmynm (7) micas KUTPKOX IMKIIB KOPEKIi 3HAYeHHs BUXIAHUX curHaiiB bOI
CXOIATBCS 1O CTajJOro 3HAa4YeHHs, TOMY IO 3HAa4YeHHS Koe(ilieHTiB mepenadi kKaHaiiB W B CyMiKHHX
iHTepBajIax KOPEKIlii Maio Bigpi3HAIOTHCS OMWH Bin omHoro. HesHauHa 3MiHa muX KOe(]iIi€HTIB MOXKIUBA
yepe3 HENIHIAHICTH KoedillieHTa mepeaadi MiACHIOBadya abo uepe3 THUMYacOBY HECTaOUIbHICTh. B
iZleaTbHOMY BHUINAAKY y pa3i JiHIHHMX MiACHIIIOBadiB a00 HE3HA4YHiH 3MiHI PiBHSI CHTHAJIB YyPiBHOBa)KEHHS
CHUCTEMH BiOyBa€ThCs 32 OAWH UK. DaKTUYHO, OCOOIMBO TPU MEpEMUKAHHI MK TOUYKaMHU TIOBIpKH, IS
SIKUX PIBHI CHTHAJIB BiIPi3HAIOTHCS B IECATKH Pa3iB, MOXKE 3HAIOOUTHCS BiJl BOX JO IT'STH ITUKIIIB iTepaItii,
NPUYOMY, SIK TIOKA3aJIM CIIOCTEPEIKEHHSI, MPAKTUYHO BXKE Bipa3y Micis MepIioi iTepaiii moXuOKu 3aBIaHHs
CUTHAJIiB HE MepeBUILYIOTh 1%, a micyis 3aBepLICHHS BPiBHOBAXEGHHS — IMOXMOKHM 3aBIAHHSA CHUTHAJIB HE
oimpme 0.01%. ToOto, Buxomsum 3 (7), mMoxXmOKa 3aBHAaHHS CHUTHAJIB OINHIOETHCS 32 MOKa3HUKAMHU
3pa3koBoro BII i rpannune 3HaueHHs noxuOku bOI" Oyne Bu3HauaTucs nmoxuokoro BII.
3 BUKJIAIEHOTO BHUIUIMBAE, IO CYTHICTh MPUHLUILY TOJISATA€ B MIOKPOKOBOMY KOPHTYBaHHI MOXHUOOK
BiITBOPIOBAaHUX KaJiOpaTOPOM aMIUTITYX 1 KyTiB 3CcyBy (a3 mepmioi i BHIMX TapMOHIHHHMX CKJIaJOBHX
nmapaMeTpiB CUTHAIIB EJICKTPUYHUX MEPEK NUIIXOM (GOpMyBaHHS OPTOTOHATBHUX CKJIAJIOBHX CHTHAIB

i+1>°
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nepmoi i BuIux rapmMoHik b®I', mepeTBOpeHHs OPTOTOHATBHUX CKJIQJOBHUX Yy CKJIQJHI CHUTHAIH MEpexi,
Npenu3ifHOMY BUMIpPIOBaHHI [WX CHUTHANIB, PO3KJajaHHI BUMIipsHUX BIl curHamiB Ha OpTOTrOHaNbHI
CKJIa[0Bi, TMOPIBHSHHI OPTOTOHAJBHHUX CKJIAJOBHX BIIATBOPEHHWX 1 BHUMIPSHHUX CHUTHANIB, (OpPMYBaHHI
KOPETYIOUMX CHTHANIIB 1 BBeAEHHI MompaBok y mam st b®I' mans orpumaHHS HOPMOBAaHMX 3HAYCHb
mapaMeTpiB BiATBOPIOBAaHUX CUTHAITIB

TakuM YWHOM, TOYHICTH 3aBJaHHS CUTHAIIB TOBHICTIO BH3HAYAETHCS MOXHOKOK BII, ockinbku B
npoleci ympaBiiHHS CHCTEMOIO NapamMeTpH BHUXiZHUX curHaniB BOI' mpuiimMaioTh 3amaHi 3Ha4YeHHS, a
MOXHOKa 3aBIaHHS IIMX CHUTHAJIB OIIHIOETHCS 3a pe3yJibTaTaMy BUMiproBaHHs 3pa3koBoro BII. Sk mokazye
JOCBiJl aBTOPIB, CTBOPECHHS 3pa3KOBOT0 BUMIPIOBAIBHOTO MPUIaLy B OUIBIIOCTI BUITAIKIB OLIBII MPOCTIIE
3aBJJaHHs, HI)K CTBOPEHHS 3pa3KOBOr0 T€HEPaTOpa 3 aHAJIOTTYHUMH METPOJIOTIYHUMH XapaKTePUCTUKAMH.
Buxmaneni TeopeTHdHi 3acaiy, sKi MMOJNATAIOTh B MOEAHAHHI (QYHKIiOHYBaHHs 3pa3koBoro BII ta BOI,
OyJI0 BUKOPHUCTAHO I yac po3poOku mpenusiitHoro mopratuBHoro b®K 3amms kamiOpyBaHHs TpudazHUX
JYUIBHUKIB €NIEKTPOCHEPTii.

BucHoBoK. 3ampornoHOBaHWH iTepalliiHUN TMPUHIUI KOPEKIlii MOXWOOK BiATBOPEHHS MapaMeTrpiB
MEpEe)KEBUX CHTHAJIB 3 ypaxXyBaHHAM pE3yJbTaTiB BUMIPIOBAHHS TMPEIU3IHHOTO BHMIiPIOBaILHOTO
MEPeTBOPIOBaYa JaB 3MOI'Yy CTBOPUTH YHiKaJbHUH Oaratodazumii kamioparop JJHCT-3k, skuit npoiimon
Jep>KaBHI METPOJIOT1YHI BUNPOOYBaHHSA, HAJIATOKEHO cepiiiHuii BUIycK. OCHOBHI HOTO XapaKTEpHUCTUKHU Ta
kamiopatopa Fluke 6105A nns mopiBHSIHHS HABEACHO Y TaOHIII.

XapakTeprcTHKH (OCHOBHI) Kani6parop Fluke 6105A
JHCT-3x

Mianaszon ¢asnux vanpyr CK3, B 1-270 0-356,4
MHianazon ¢asznux crpymis CK3, A 0,005 -12 0-74
[Toxubka BigrBopennss CK3 crpymy i Hanpyru, % 0,01 0,027
[ToxuOKa BiITBOPEHHS MOTY>KHOCTI 1 eJIeKTpU4HOi eHeprii, % 0,02 0,0 mo +0.338
[ToxubKa BiATBOPEHHS TapaMeTPiB AKOCTI eJIeKTpoeHeprii, % 0,03 —
Jliana3oH BiITBOpPEHHS OCHOBHOI yacToty, It 47-53 16 — 850
[ToxuOka BinTBOpeHHs 4acTOTH, ['11 0,01 0,1
Jiana3oH po0o4nx KyTiB 3CyBY (a3 MiXK CTpyMaMu Ta HapyraMmu, rpa. + 180 + 180
[Toxubka ycTaHOBKH KyTiB 3cyBY (a3, rpai. 0,01 0,014 —0,02
Maca, kr He Oinpmie 13 23
[ina, MJTH. TpH. 0,33 3

BapTto Bi3HAUNTH, 1[0 XapaKTEPUCTHKH cTBOpeHoro bMK 3HaXoasThCs Ha PiBHI KpalluX CBITOBHX
B3ipIIiB, aJie BapTICTh HIDKYA OLIBIIE, HIXK HA TTOPSIIOK.

Pobomy euxonano 3a Oepowcbrooncemnoio memoio «Pozeumox meopemuunux ocHog npeyusiiHo2o
BUMIDIOBAHHS PENCUMHUX NAPAMEMPIE eeKMPUYHUX MepediC | CMBOPEeHHs HOBUX Memooi 8i0MEOpPeHHs
enekmpuynux senuuuny (FOnimep-7), KIIKBK 6541030.

PRECISION MULTIPHASE ELECTRICAL POWER STANDARD FOR THE PARAMETERS OF
ELECTRICAL NETWORKS MEASURING DEVICES CALIBRATION

O.L Karasinskiy, Yu.F. Tesik, R.M. Moroz

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

E-mail: luckyposhta@gmail.com

The principles of functioning of the specialized multiphase Electrical Power Standard (EPS) combined with the
measuring instrument (MI) of parameters of signals of electric networks controlled by the general microcontroller are
offered and analyzed. Methods and algorithms of correction of parameters of output signals of EPS by taking into
account results of measurement of the specified parameters in MI are developed and investigated. An equivalent
correction scheme of n-th harmonic is proposed. References 20, figures 5.

Key words: Electrical Power parameters Standard, calibrator, three-phase network, microcontroller, analog-to-digital
converter, digital-to-analog converter, error correction.
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NEPCOHAJIII

J0 85-PIYYSA JOKTOPA TEXHIYHUX HAYK
KOCTSAHTHUHA OJIEKCAHAPOBHUYA JIMIIKIBCBKOI'O

14 nucromama BHUIOBHIOETBCS 85 pOKiB 3 JHSA
HapoOJUKEHHS ~ JOKTOpa  TEXHIYHMX  HayK, mpodecopa
JlunkiBcbkoro  Koctsutnna  OnekcaHIpoBHYa, —SICKPAaBOTO
Mpe/ICTaBHUKA YKpaiHChKoi emitu. CBilf TPyNOBHH NUIAX BiH
posmouaB nabopantoM 'y KHWIBCBKOMY MOJITEXHIYHOMY
IHCTUTYTI, IO 3aKiH4YeHHi sKoro y 1959 poui OyB 3apaxoBaHuit
Ha mocany imxeHepa B IHctutyT enekrporexniku AH YPCP
(3apa3z — Iucruryr enexrpoamHamiku HAH Vkpainm). Bcee
nojanplle HOro TBOpYE >KUTTS IOB’S3aHE 3 UM 3aKJIaloM, Y
SKOMY BIiH 3aXHCTHB KaHAWIATCHKY, TOKTOPCHKY AMCEPTALilo,
oTpuMmaB 3BaHHS mpodecopa. TyT BiH NmpoHIoB yci mmradmi
npodeciiHOro pocTy 1 3aiiMaB pPi3HOMAHITHI IOCaau Bij
1H)KeHepa 10 MPOBiAHOTO HAYKOBOI'O CIIiBPOOITHHKA.

Cepen wHaykoBmiB K.O. JINMKIiBCbKUH  BimoMuil sk
cremiaict y  Taly3sX ~ [ePEeTBOPEHHS  IapaMmeTpiB
€JIEKTPOCHEPTii, CUIOBOT HAMIBIPOBITHUKOBOI TEXHIKH, CUCTEM
BTOPHHHOTO  €JIEKTPOXMBIECHHSA. BiH  TamaHoBUTHH  Ta
IHIIATUBHUM  CIEINIANICT, SKUH e(PEKTHBHO Ha BHCOKOMY
npogeciitHOMy piBHI PO3B’sI3y€ PI3HOMAHITHI K TEXHIYHI, TaK i
oprasizarfiiiai 3aadi. v TBOPUOMY JIOpOOKY
K.O. JlunkiBcbkoro ocobucta wmoHorpadis, Omm3pko 300
CTaTe, IPENPUHTIB i gonoBinel, Oinbmie 100 naTeHTiIB.

OcHoBHY yBary y HaykoBiil fisuitbHOCTI JIunkiBebkuii K.O. mpuainuB 10ciKEeHHIO TIepeTBOPIOBAYIB
rmapaMeTpiB eJIEKTPOMArHiTHOI €Heprii, B pe3ynbTari 4oro OyB CTBOPEHHH y3araJbHIOIOUWH MiIXix J0
IXHBOTO HOBOT'O, OKPEMOT'0 KJIacy Ta BBEJCHO IMOHSTTS TpaHC(HOPMATOPHO-KIFOUOBOT BUKOHABYOT CTPYKTYpH
(TKBC), sike nano 3MOTy BHPIIIMTH BaKIMBY HAYKOBY IpoOJeMy CHHTE3y Ta ONTHMi3alii JaHUX CTPYKTYp
32 PamXUPYBAaHHMMHU IIOKAa3HUKAaMH SKOCTi, IO MAa€ BENMKE 3HAUYEHHS U1  TNPAaKTUYHOI peanizamii
BUCOKOC(DEKTUBHUX TPUCTPOIB pPI3HOTO (YHKIIIOHATHLHOTO TPHU3HAYCHHS W BIOTKPHBAaE HOBI IIHPOKI
NEepPCIEeKTUBU JJIsl BUPOOHMKIB 3aco0iB CHJIOBOT €NEeKTPOHIKM. 3a 0e3mocepesHhOro KepiBHHITBA
JlunkiBepkoro K.O. po3pobieHo MeTon CcHUHTE3y TpaHC()OPMATOPHO-KIIOUOBHX BHUKOHABUHMX CTPYKTYP,
3aCHOBAaHMM Ha KOMOIHATOPHO-TOMOIOTIUHIN onTHMI3allii IXHIX CXeMHHX PIllIeHb 1 aAIrOpuTMiB poboTH. Hum
3anponoHoBaHo npuHIMIK ToOyxaoBH TKBC, mo IpyHTYOTBCS Ha JEKOMIO3HIIT MHOXHHH KIIOYiB;
BHU3HAYEHO LUIAXH 3MIHM MapaMeTpiB, SKi BIJIMBAIOTh Ha BaxauBi nmoka3Huku skocTi TKBC; po3zpobineno
Mmeron Tomoisoriunoro mneperBopeHHs TKBC, saxuii no3Bomse cTBOproBatH egeKTHBHI KOHGirypamii
BUKOHAaBYHX CTPYKTYp W Ja€ MOMIIMBICTH MOAM(]IKYBaTH CTPYKTypH OIHOTO THUIy B iHIII; PO3TIISIHYTO
0c00JIMBOCTI KOMILICKCYBAaHHS CTPYKTYp AWCKPETHHX CTaOUIi3aTOPiB HAmpyrH 3 PO3MOIIIOM EHeprii, 1o
PETYJIIOETHCSL Ta HE PEryJIOEThCS; AOCHiIKEeHO muTaHHsA AyanbHocTi moOynosu TKBC perymnstopiB Ta
cTabLTi3aTOPIB HAMIPYTH 3MIHHOTO CTPYMY; PO3POOJICHO METOI PO3PAXyHKY TPaHC(HOPMYIOUHX €IIEMEHTIB 3
cekIioHyBaHHs M 0O0BUTOK y ckimaai TKBC mneperBoproBauiB Hampyrd, 00 Ja€ 3MOTY BpaxyBaTH
HEOJHAKOBICTh CTPYMOBOI'O 3aBaHTAKEHHSI OKPEMHUX CEKIii 0OBUTKH; CPOPMOBAHO €MIIpUYHI 3aJE€KHOCTI
rmapamMeTpiB cekmii Tpanchopmyrodoro eiremenTa TKBC BumpsMIsgiB  MOCTIHHOT HaIpyrw Ta KiTBKOCTI
PIBHIB HampyTH, IO JOJAETHCS, 3aCTOCYBaHHS SKHX JIa€ 3MOTY CHHTE3yBaTH CTPYKTYPH MEPETBOPIOBAYIB 3
BHCOKOIO €(DeKTUBHICTIO BUKOPUCTAHHSI HAMIBIPOBITHUKOBUX KirouoBux enemeHTiB TKBC.

K.O. JlunkiBcbkuM po3pobiieHo HaykoBi ocHoBu noOyzoBu TKBC mneperBoproBauiB Hampyru
3MIHHOT'O CTPYyMYy 3 BHCOKOIO SIKICTIO BHXIJHOI Halpyrd i 3HIDKEHMM BIUIMBOM Ha MEPEXY JKHMBIICHHS,
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Bu3HaueHo nurixu nodynosu TKBC Tpudaznux nepeTBoproBadiB Halpyry, OCHOBAaHMX HA KOMILIEKCYBaHHI
onHO(a3HUX OJIOKIB.

Pesynpratn nHaykoBux mochimxenp K.O. JIunkiBcpkoro Oyno BHKOPHCTaHO y MpOILECi pO3pOOKH
HU3KH CHCTEM TePETBOPEHHS NapaMeTpiB eIeKTPOCHEPrii, 30KkpeMa, cTabimi3aTopiB Ta peryiasaTopiB 3MiHHOT
Ta BHUIPSIMIICHOT HAINPYTH; BHUIPOOYBAIHLHOTO Ta TEXHOJOTIYHOTO OOJIaAHAHHSI; IMITaTOPiB aBTOHOMHHX
CHCTEM eJIeKTporiocTadanHs. J[Ba Tunu cTabini3aTopiB MepesKi BHITyCKaIHCs CEpiiHO.

K.O. JlunkiBcbkuii TpHUIIAEe BENUKY YyBary JAOCHIDKCHHIO 3arajlbHUX AaclekTiB MpodiieM
€JIEKTPOTEXHIKM TaKHMX, SIK CTaH Ta IIEPCIIEKTUBH PO3BUTKY CHUJIOBOI EJNEKTPOHIKM B YKpaiHi; cuioBa
CJIEKTPOHIKA Ta EKOJOTiS B3arajxi Ta EJNeKTPUYHUX MEpeX 30KpeMa; Miclle MPHUCTPOIB HopMaizalii
napamMeTpiB eNEeKTPOeHeprii Ha CHEPropuHKYy YKpaiHW; cTaHIapTU3allis y Taly3i HepeTBOPIOBaIbHOI
TEXHIiKH.

3a 1Ky poOiT "Po3BUTOK Teopii eNEKTPUIHMX KT 3 BEHTHWJISIMH Ta CTBOPEHHS Ha il OCHOBI HOBUX
TEXHIYHUX 3ac00iB KOpeKUil mMmapaMeTpiB eNeKTpUUHOoi eHeprii" #Homy OyJno NpPUCYIKEHO TNPEMI0
HarmionansHoi akagemii Hayk Ykpainu im. B.M. Xpymiosa.

HaykoBy misutbHicTh K.O. JIMIKIBCHKHAN TOEMHYE 3 HAyKOBO-OPTaHIi3aIlifHOIO pOOOTOIO: BiH OYB
OJTHMIM 3 OpPTraHi3aTopiB i BYCHUM cekpeTapeM HaykoBoi paau HAH VYkpainu 3 npobnemu "IlepeTBopeHHs
napameTpiB eeKTPOMArHiTHOI eHeprii", CTBOPEHHS K01 y BUPILIAJbHOMY CTYIEHI CIIPUSIIO CTAHOBIICHHIO B
YkpaiHi OZHOrO 3 HAaWBAXKIMBIIINX HAYKOBO-TEXHIYHUX HANpPSMKIB ENEKTPOTEXHIKM — CHJIOBOI
MEPETBOPIOBAJILHOT TEXHIKH, CUCTEMAaTH3allii i KOOpAUHALIIT TOCTIKEHD Y I[bOMY HAMPSIMKY.

Koctantna OnexcaHapoBUu MNPHUIUIAE HAJIEXKHY YBary HayKOBO-IENAroriyHid IisUTbHOCTI,
MiArOTOBIII HAYKOBHX KaJpiB BHUINOI KBamidikalii: BiH — 3acTymHUK roioBu CrerianizoBaHoi BYEHOT pagu
J26.127.01 mpu IEJl HAH VYxkpainu.

K.O. JlunikiBcbkuit Maiixke 30 pOKIB € 3aCTYyIHHKOM TOJIOBHOTO pPEJaKTopa HayKOBO-TPUKJIAJIHOTO
x)ypHaiy "TexHiuHa enekTponuHamika'. BiH gyxe peTensHO i BiAMOBIAIBHO MPAIIOE HAJ PYKOITUCAMH, IO
HAJXOIATh 0 PEMAKIlii. Y TOMY, IO JKYpPHAI Ma€ BUCOKAN PEHTHHT K B YKpaiHi, Tak i 3a il Mexkamu, € Horo
BaroMuii BHECOK. SIK 3aCTYNMHHK ToJOBHOTO pemakropa JlumkiBchkuit K.O. TpuMae y cBoix pykax i
3abe3meuye 3aciayKEHUH aBTOPUTET HAIIOTO KYyPHAITY.

Konexmue Incmumymy enekmpoounamixu HAH Yxpainu, peoaxyis socypnany "Texuiuna
enekmpoounamixa”, opysi, konezu, wucienni yuui wupocepono eimatromo Kocmaumuna Onexcanoposuya 3
H08I1EEM, 3UMANb MIYHO20 300P08's1, 0062UX POKIE NIIOHOI HAYKOBOI Npayi, MEopyoi HacHazu, 30iliCHEeHHS
8Cix 3a0ymis, 00bpa, wacms i O1a2onoxIy4us.
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