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https://doi.org/10.20998/2074-272X.2024.1.01
K. Latreche, R. Taleb, A. Bentaallah, A.E. Toubal Maamar, M. Helaimi, F. Chabni

Design and experimental implementation of voltage control scheme using the coefficient
diagram method based PID controller for two-level boost converter with photovoltaic system

Introduction. Currently, in the solar energy systems and a variety of electrical applications, the power converters are essential part. The
main challenge for similar systems is controller design. In the literature, the PID controller has proved its effectiveness in many industrial
applications, but determining its parameters remains one of the challenges in control theory field. The novelty of the work resides in the
design and experimental implementation of a two-level boost DC-DC converter controlled by a PID controller for photovoltaic (PV)
maximum power extraction. Purpose. Analysis and control of the two-level boost topology with renewable energy source and design of the
PID controller parameters using simple and accurate method. Methods. PID coefficients are optimized using Coefficient Diagram Method
(CDM) in the MATLAB environment. Results. A mathematical model of a two-level boost converter with PID controller and PV energy
source was developed and analyzed. The model allows to design the controller parameters of the proposed system. Practical value. A
prototype steered by the proposed CDM-PID controller was tested using an Arduino embedded board. A comparison between the
simulation results and the experimental one is presented. The obtained results illustrate that the experimental results match the simulation
closely, and the proposed CDM-PID controller provides a fast and precise results. References 24, table 2, figures 16.

Key words: power electronics, energy conversion, two-level boost converter, coefficient diagram method controller.

Bemyn. B oanuii yac nepemsopiogaui nomysicHOCi € Hegio EMHOIO YaCHUHOI0 COHAYHUX eHEPReMUYHUX CUCIEM MA PIBHUX eleKMPUIHUX
npucmpois. OcHo8HOIO NpobIeMOt0 O0lsi MAKUX CUCHEM € NpoeKmyéanHs Koumpoaepa. Y mimepamypi Ill/[-pecyrsmop 006i6 ceoto
egekmusricmy Yy 6a2amvox NPOMUCTOBUX 3ACMOCYBANHAX, alle GUIHAUEHHs U020 Napamempis 3anuuacmscs OOHiclo 3 npobaem y 2anysi
meopii  ynpaeninna. Hoeusna pobomu nonseac y po3pobyi ma excnepumeHmanbHiti peanizayii  060pieHe8o20 NIOBUWLYEATLHOO
nepemsopiosaya nocmitino2o cmpymy, keposarozo I1IJ{-pecynsamopom, 0na ompumants MAKCUMaabHOi ROMYICHOCH POmOoeneKmpusHUX
npucmpois. Mema. Ananiz ma ynpaeninns 080pieHes010 MONONORIEI0 NIOBUWEHHS 3 BUKOPUCIAHHAM BIOHOGTIIOBAHOLO Odicepend eHepeii ma
pospaxyHok napamempie I1l/]-pecynamopa npocmum ma mounum memooom. Memoou. Koegiyicnmu I1I/] onmumizyiombcs 3a 00nomo2oro
Memody diagpamu koepiyicnmie (CDM) y cepedosuwyi MATLAB. Ompumani pezynemamu. Po3pobieno ma npoananizosano Mamemamuymy
MOoOeltb 080PIBHEBO20 NIOBUIYBATLHO0 nepemeoprosaya 3 I1l/]-pezyiamopom ma gpomoenekmpuunum oxcepenom enepeii. Mooens 0036omse
Cnpoekmysamuy  napamempu Kowmpoaepa npononosanoi cucmemu. Ilpakmuuna yinnicme. [Ipomomun, Kepoéauii NnponoHOSaHuUM
xowmponepom CDM-PID, npomecmyeanu 3 suxopucmatnHam 66yooeanoi niamu Arduino. Haseoeno nopisHanHs pe3ynsmamie MoOeno8anHs
3 excnepumenmanshumu Oanumu. Ompumani pe3ynbmamu NOKazyiomv, W0 eKCnepuMeHmanbii pe3ynbmamu OIu3bKo Gionosioaions
Mmooemosantio, a nponorosanuii CDM-I1[/]-pecynamop 3abe3neuye wiguoki ma mouni pesynomamu. biomn. 24, tadm. 2, puc. 16.

Knrouoei crnosa: cnioBa eneKTpoHika, nepeTBOPeHHs eHeprii, 1BOpiBHeBUI MiABUIYBAJILHU IIEPETBOPIOBAY, PEryJIsTOP MeTOLy

aiarpamu KoeQilieHTiB.

Introduction. Nowadays, solar and wind energies
are from the most contributor for power generation among
different renewable energy resources. The use of solar
energy because of their advantageous such as the free
availability, solar energy systems on buildings have
minimal impact on the environment, electricity produced
by solar cells is clean (not produce air pollution or carbon
dioxide) and silent [1-3].

In solar energy systems and a variety of electrical
applications, the power converters are essential part.
There is a several type of converters: AC to DC
converters, DC to AC converters, AC to AC converters,
and DC to DC converters. Also, the use of multilevel
converters topologies in power circuits has many
benefices, including the increase of the voltage level, the
reduction of stress across static switches, the
improvement of power factor with the reduction of power
losses, the reduction of filter size [4-9]. DC to DC
converters are widely used in many modern electronic
systems. They convert a DC input voltage into a different
DC output voltage, and are widely used in power supplies
for all types of electronic devices, such as computers, cell
phones, tablets and telecommunications equipment.

An overview of DC-DC converters allows us to
conclude the importance of this type of converter.
Authors in [10] have presented enhanced fuzzy logic
controller using boost DC-DC converter topologies for a
grid system. In the work [11] have proposed high step up
boost converter for uninterrupted power supply using

renewable energy resources (wind and photovoltaic
(PV)). Authors in [12] have discussed switching DC step-
up/step-down regulators voltage for maximum power
transmission. In the work [13] have presented DC-DC
converter topologies for energy management system.
Authors in [14] have proposed five-level inverter
alimented by DC-DC converter with artificial intelligence
control. The control of DC-DC converters is an important
topic in modern electronic circuit design. Precise
regulation of the output voltage of a DC-DC converter is
crucial to ensure the smooth operation of the overall
electronic system. The intelligent control techniques and
the PID control method are often used to control these
converters [15, 16]. However, optimizing PID coefficients
can be difficult, especially for converters with variable
frequency switching.

The goal of the paper is design and experimental
implementation of a two-level boost DC-DC converter
controlled by a PID controller for PV maximum power
extraction. The PID coefficients are optimized using
Coefficient Diagram Method (CDM); hence the Maximum
Power Point Tracking (MPPT)-PID controller adopting
CDM is utilized for providing better accuracy. A two-level
boost DC-DC converter is exploited which boosts the
oscillating PV wvoltage. The two-level boost DC-DC
topology, the design of MPPT-PID controller based on
CDM, and the main findings are summarized in this article.

Theoretical background of the CDM. CDM is an
algebraic approach, proposed by Prof. Manabe to design

© K. Latreche, R. Taleb, A. Bentaallah, A.E. Toubal Maamar, M. Helaimi, F. Chabni
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the controller parameters [17]. The standard block scheme
of CDM is shown in Fig. 1, on which R(s) is the reference
input signal; Y(s) is the output signal; d(s) is the
disturbance; MN(s) is the numerator polynomial of the
controlled system; D(s) is the denominator polynomial of
the controlled system; A(s), B(s), and F(s) are the CDM
controller polynomials.

dGs)

N(s) | Y(s)
D(s)

Fig. 1. The standard block diagram of CDM

The closed-loop transfer function of the system can

be written as:
P(s) P(s)
where P(s) is the characteristic polynomial of the closed-
loop system presented as:
P(s)=A(s)D(s)+ N(s)B(s) . 2)

The polynomials A(s) and B(s) of the CDM

controller structures are given as:

x y
A()=Y I;s's B(s)=) k;s', 3)
i=0 i=0
where x and y are the degrees of CDM controller.
Next step of design consists of the calculation of the
target polynomial P(s) as follows:

Y(s5)=

n | i-1

P(s)=aol| X T]

i=2\ j=17i-j

(rs)i +rs+1|, (4)

where n is the order of the characteristic polynomial P(s);
7 is the equivalent time constant; y; is the stability indices.

In design of CDM controller, the most important
point is setting of key parameters (y; and 7), because the
key parameters come into closely relation with the
dynamic system performances (rapidity, robustness,
stability). Value of equivalent time constant (r) has
relation with the system rapidity, because it has an impact
on the rise time and settling time. Values of stability
parameter (y;) have relation with the system stability and
robustness, because have impact on the steady state error.
According to [17] y; and 7 values can be selected as
follows: y; values can be written as: {2.5, 2, 2..2}.
Usually (y;) is selecting from the range of (1.5 to 4) to
have a good stability performance based on Routh-
Hurwitz stability criterion and Lipatov’s stability
criterion. In other hand, the key parameters (y; and 7) can
be adjusted to have good desired performances [17-19].

Last step of design is determination of the PID
controller gains. Putting P(s) = P/(s), then presenting the
equations system in matrix form (4X = B). Note that
X = [ky; ky; ko; [1] is the vector of gains for estimating the
PID controller parameters; k, is the proportional gain of
PID controller; %; is the integral gain of PID controller;
k, is the derivative gain of PID controller:

kp=k/l; ki=ko/li; kg=hky[l;.

Description of the proposed two-level boost
connected PV system. Figure 2 displays the proposed
boost-connected PV system. It includes a two-level boost
converter linked to PV system.

1

Control
technique

Fig. 2. The proposed boost-connected PV scheme

To study the control of the system, we must present
briefly the principle and the mathematical model of each
element of the system.

Model of the PV panel. In the literature several
PV models have been discussed. The models differ from
each other in the procedure and the number of
parameters involved in the calculation of the current-
voltage pair [20-22]. Figure 3 illustrates the most
common equivalent electrical circuit of the PV module.

I, R,

Fig. 3. Equivalent electrical circuit of a PV cell (one diode model)

From the electrical circuit, we can obtain the
formula that allows us to obtain the /-J characteristic of
the PV cell and panel. The law of nodes lets us to write
the following relationship (5):

=1, -14-1,=
q(V+RSI)j
AT V+R.I (%)
=11, e[ k) _q |
R,

where I, V are the current and the voltage generated by the
solar cell; 1, 1, are the diode current and the parallel resistor
current; R,, R, are the series and parallel resistors of the solar
cell;  is the Boltzmann constant (k= 1.38-10 J/K); n is the
ideality factor of the solar cell, varies between 1 and 2;
T is the temperature of a diode; ¢ is the charge of an
electron (¢ = 1,6:10" C); L, is the photocurrent
generated by the solar cell.

The photocurrent /,, is proportional to the solar
radiation E and is assumed to be linear as a function of the
surface temperature 7 of the cell, it can be described as:

ph = %(Iphref + Ugee (T - Tref ))a (6)
ref

1

where E is the real solar irradiance, W/m? E,. is the
standard test conditions (STC) irradiance, W/m?; T is the

4
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operating temperature; 7,.ris the STC temperature; i, is
the temperature coefficient of the short-circuit current;
STC conditions are cell temperature of 25 °C and global
solar irradiance of 1000 W/m?.

The choice of the series and parallel resistance
values for simulation is detailed in papers [23, 24]. The
series and parallel resistance values can be calculated as:

107, 0.1V,
Rp> co; Rs<—cos (7
cc cc
where:
1 kT
Iec =1pps Voo =V In 2R v, =,
I q

where V, is the thermal voltage of the diode; V., is the
open circuit voltage; /.. is the short-circuit current.

For a solar panel with N cells, we can write the
saturation current as:

Toh ®)

e NearVi ) _4

Model of the two-level boost converter. Figure 4
displays the topology of the two-level boost converter. A
two-level boost converter is typically composed of one
switch S;, one inductance L, three capacitors Cy, Cy, Cj,
three diode D;, D,, D;, one DC power supply or
renewable energy source (in our case the DC power
supply is replaced by a PV), one resistor R as load. The
output voltage V; is related to the voltage of the two
capacitors V7 and V. Thus, Vo=V, + V, =2V,. The output
voltage can be calculated as:

V=2 9)
l-a

where « is the duty cycle; Vj is the input voltage.

Ig =

Fig. 4. Topology of the two-level boost converter

The state-space model of the two-level boost
converter can be written with the following system of

equations:
dI—L: —(1_a).v0+i.vv;
dr 2-L L - (10)
dvy  (1-a) 2
— = A+ V.
de C R-C

In matrix form, the state space model of the system
is given as:

(11)

X=4.-X+B-U;
Y=C-X,

where:

) _l-a)

A:M 2-2L : B:F/OL} c=[ 1]

c RC
Based on the state space model, the system transfer
function can be expressed using the complement (com)
and the determinant (det) of a matrix (S, — 4), as:

C-(com(S1, —4))" -B
det(S1, —4)
By applying some mathematical manipulations, the
transfer function of the system is given as:
(1-a)
L-C . (13)
) (2 (1-a)?
S°+ S+
R-C 2-L-C
CDM-PID controller design for the proposed
system. To identify the parameters of the proposed
controller used in this application by the CDM technique,
the open-loop transfer function G(s) of the system is used.
First, the transfer function G(s) of the system is given in
polynomial forms as follow:
(1-a),

L-Cc’

G(s)= (12)

G(S)=

N(s)=
(14)

D(s) = 52+(

)2
2 S+ (l a) .
R-C 2-L-C
In this work, we have chosen a second-order
polynomial controller C(s) given by the following structure:
7.2 1 .
B(S)—kzs +k1S +k0, (15)

A(s)=los” +1s" +1,.
So, the transfer function C(s) of the controller is
given by:

kys? + kys' + kg

C(s)= (16)

12S2 +11S1 +lo .
The characteristic expression of the standard PID
controller is written as:

ki

kS +k; +kgS?
Crip(5) =hp +-E kS =~ ——

S (17

By identification between (16) and (17), the second-
order polynomial controller is written as:
kos® +his' tho by o ki ko %)
A s 4 L LS

By identification between (17) and (18), the PID
controller parameters can be estimated as:

ky=ki/l; ki=ko/li; kq=ky/l;.
The characteristic polynomial P(s) of the closed-

loop system is given as:
P(s)=A(s)D(s)+ N(s)B(s) =

_ (11s1).{s2 +(T2st+(2l._;{);]+ | 19)
+ ((lL%g)}(kzﬁ s+ k)

Applying some mathematical manipulations, the
characteristic polynomial P(s) can be written as:

C(s) =
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(20)

P(s) = +((1_.“).k1+
(

The target characteristic polynomial P(s) is given as:

3 (-1

B(s)=ay Z H]L (r~sy +7-s+1].

i=2\ j=17i-j

21

Applying some mathematical manipulations and
simplifications, the target characteristic polynomial P(s)
can be written as:

1 1
ﬁa(ﬂ'} 'S3 + —1002'2 ‘S2 +
B =\ rai 7 - (22)

+(a0 ~z’)-s+a0

The time constant 7 and a, are picked as follows for
our application: 7= 0.001 and a, = 1. The stability indices
y, and y, are selected as y; = [2.5, 2], i = 1, 2. In order to
improve the system’s performance, these parameters were
picked from the Manabe’s standard form.

Putting P(s) = P(s), by identification between (20)
and (22), the polynomials expressions can be written as:

1
L= ; 2a013;
an
—(l_a k2 +—2ll Zilaofz;
Lc 7 RC (23)
2
(l—a)k1+(l—0!) llza()T,
L-C 2-L-C
(l_a)k =a
L.C 0 0

In matrix form (4X = B), the matrix equations of the
polynomials expressions (23) are given as:

0 0 0 |
Cdo 0 2
A= l=a) (1-a)f |
L-C 2.L-C
0 0 (IL_? 0
6101'3
k2 yort
X = kl . B= 6102'2 A
ko 7
ll aoT
ap

where X is the matrix of gains for estimating the PID
controller parameters.

The previous design steps of the CDM-PID
controller are programed in MATLAB editor. Achieved
results are discussed in the following section.

Results and discussion. Simulation of the proposed
two levels DC-DC boost-connected PV is validated

through MATLAB environment. Table 1 displays the
electrical parameters of the solar panel Solarex MSX-60.

Table 1
The electrical parameters of the solar panel Solarex MSX-60
Parameter Value

Maximum power Py, W 60
Number of cells 36
Voltage at maximum power ¥V, V 17.1
Current at maximum power /,,,, A 35
Minimum power guaranteed, W 58
Short-circuit current /..., A 3.8
Open circuit voltage V., V 21.1
Temperature coefficient at V,,,, mV/°C —(80+10)
Temperature coefficient at /..., %/°C (0.065+0.015)
Approximate effect of power temperature, %/°C| —(0.5+0.05)

Figures 5,a,b illustrate the curves of PV panel
characteristics, the current-voltage (/-¥) characteristic and
the power-voltage (P-V') characteristic, respectively.

60

_____________________________________

o

N Iy e e

20 [ o o

Avv

: : o :
0 10 20 25 0 10
Fig. 5. Characteristics of a PV panel:

a — I-V characteristic; b — P-V characteristic

Figure 6 illustrates the impact of irradiance and
temperature on the / = f{V) and P = f{V) characteristics.

E=1000 w/m2,T:variable T:25°c,E:variable

t=0° E=400w/m*

t=25° E=600w/m*
4'51’ A ) t=50°| ﬂ.g’ A E=800w/m?

t=75° E=1000w/m*

v,V
0 5 10 15 20 25

E=1000 w/m2,T:variable

T=25°c,E:variable

t=0° E=400w/m?
t=25° E=600w/m*
t=50° E=800w/m*
P,W t=75° W E=1000w/m?
60 7 60 I~ |
50 50
z
40 » 40
o
H
30 930
]
20 £20
10 10 }
. v,V 8\
0 5 10 15 20 25 00 5 10 15 20 25

Fig. 6. I-V and P-V curves of the solar panel with various
scenarios of temperature and irradiance values

To check the system through simulation, the
parameters of the converter are given in Table 2.

6
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Table 2
The electrical parameters of the converter

Parameter Value
Input voltage Vi, V 30
Switching frequency, kHz 1
Inductance L, mH 800
Capacitances Cy, C,, C3, uF 220
Resistance R, Q 1500
Duty cycle o 0.5

Figure 7 shows example of gate signal for the switch
S} with =1 kHz and variable duty cycle «. Figure 8 shows
the input and output voltages of the two-level boost
converter with duty cycle a = 0.5. From Fig. 8 we note that
the output voltage achieve a maximum value equal to 120
V with an input value equal to 30 V. Equation (9) confirm
the obtained results.

v,V

15

12 a
0

1] 1 2 3 4 Lms 5
v,V

15

10

5 b
0

0 1 2 3 4 tms §
v,V

15

‘Ig c
0

1] 1 2 3 4 tms §

Fig. 7. Simulation example of gate signal for the switch S;
with f=1kHz: a— a=30%; b—a=50%; c—a=70%.

v,V ——B— Qutput voltage
—0— Input voltage

150 ;
» e
:100 _ ................ ................ . ................................
SO A S

: :
o S S
E 1 ts
0 0.2 0.4 0.6 0.8 1

Fig. 8. Input and output voltages of the two-level boost
converter with duty cycle a =50 %

Now, we will execute the programmed CDM-PID
code in MATLAB editor. Solving the system gives the
coefficients of the PID controller as: k, = 4.3997-10%;
ki =4.4-10% k, = 1.7579.

After achieving the PID controller parameters using
the CDM, the next step is testing the system responses.
Figure 9 illustrates the system’s output with the CDM-PID
controller in the scenario of variable reference. The
reference was changed from 5 V to 20 V, and then to 10 V.

According to the achieved simulation results, it can
be seen that the system output tracks the wvariable
reference with a good accuracy and quickly, where the
system output follows the reference path after varying its
value; therefore, the PID based on CDM controller
provides a good dynamic response to the system.

25

Vv Reference
Cutput voltage
20¢ Zdom 1
T
15} :
4
0.05 01 .15
10r
5 - -
s
D 1 1 1 1
o 02 04 0.6 0.8 1

Fig. 9. System responses with the PID based on CDM controller
in the case of variable reference

For testing the robustness of the PID-CDM
controller, disturbance is injected in the closed-loop
system. Figure 10 shows the block diagram of the closed-
loop system when adding disturbance. The effects of the
disturbances and their corresponding system responses are
depicted in Fig. 11.

Disturbance
Reference d(s)
Input Output
R(s) B(s) N(s) Y(s)
A(s) D(s)
Controller Plant

Fig. 10. Block diagram of the closed-loop system with disturbance
25

Output voltage of the sclar panel
Output vottage of the boost converter

V,V !

7 s e

_zoom _

--------- | . 5
0oz : : '

EI'.E:N

ts

0 i i i i i i i i
o0 005 01 015 02 025 03 035 04
Fig. 11. System response with PID-CDM controller
when adding disturbance

The curves in Fig. 11 demonstrate that the
disturbances are rejected. The system responses return to
the reference trajectory in the case of step disturbance.

According to the obtained simulation results, it can
be seen that the PID-CDM controller provides good
system responses and robust rejection of the disturbance.
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Experimental results. To validate the achieved
theoretical and simulation results, an experimental setup
of the two-level boost converter with PV system has
been constructed using one MOSFET switch, one
inductance, three capacitors, three diode, one resistor as
load, one DC power supply as PV panel, Arduino chip,
oscilloscope, and PC with MATLAB/Simulink software.
Figure 12 illustrates the experimental prototype of the
proposed system.

i
Voltmeter r

Power supply for feeding XA p ‘
the control circuit (15 V) s

! Stabilized DC input voltage g

Fig. 12. Prototype of the two-level boost converter

Figure 13 demonstrates an experimental example of gate
signal for the switch S; with switching frequency /= 1 kHz
and variable duty cycle: a — a = 30 %, b — a = 50 %,
c—a= 70 %, respectively.

| e e OO
::?::

Metrix — 88

CHi= 588U

Metrix BN

CHi= 588U

Meirix BN &

CH1= S.8al CH1L /780U
Fig. 13. Experimental example of gate signal for the switch S} with
f=1kHzand duty cycle a— =30 %, b— a=50 %, c— a=70%

Figure 14 shows the capacitors voltage and the output
voltage of the two-level boost converter with duty cycle
a = 0.5, and switching frequency f = 1 kHz. From
Fig. 14 we note that the output voltage V, achieve
a maximum value equal to 120 V with an input value equal
to 30 V.

el
ﬁ N N N N N N N

CH1=E£@, CH2u : CHZ Fe.aal :
Fig. 14. Experimental voltages of the two-level boost converter

with duty cycle & =50 %: a — the capacitors voltages;
b — the output voltage V,

Figure 7 illustrates simulation example of gate signal
for the switch S; with = 1 kHz and variable duty cycle
using  MATLAB/Simulink. Figure 13 illustrates the
experimental gate signal for the switch S, using the
experimental prototype. By comparison, the simulation
results are matching closely the experimental one. Also,
the simulation analyses of the converter output voltage V,
is matching closely the experimental analyses as shown in
Fig. 14. All the results were achieved using a simple and
accurate design method.

Conclusions.

1. A mathematical model of a new system composed of
coefficient diagram method based PID controller and two-
level boost converter with photovoltaic system has been
developed and investigated. The model allows to design
the controller parameters based on the coefficient diagram
method.

2. The two-level boost converter has been employed to
extract the maximum power from the photovoltaic panel.
coefficient diagram method based PID controller has been
used to control the output voltage.

3. Simulation was done in MATLAB/Simulink
software to verify the performance of the proposed
system. In addition, an experimental evaluation was
conducted using a low-cost Arduino board. The
experimental results confirm that coefficient diagram
method for controling multilevel boost converter is an
effective and easy-to-apply technique.

4. As an extension to the work, it looks interesting to
implement other methods to design the controller
parameters, like the intelligent metaheuristic algorithms.
Control the system with fuzzy logic controller, or neural
network controller. Furthermore, other similar systems
can be addressed, such as: feeding the multilevel boost
converter with other renewable energies as the wind. The
principal advantages of sustainable energies are to meet
the increasing demand for electricity, particularly in the
event of natural crises and international problems, to
reduce air pollution and to limit global warming.

Conflict of interest. The authors declare that they
have no conflicts of interest.
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Total harmonic distortion analysis of inverter fed induction motor drive using neuro fuzzy
type-1 and neuro fuzzy type-2 controllers

Introduction. When the working point of the indirect vector control is constant, the conventional speed and current controllers
operate effectively. The operating point, however, is always shifting. In a closed-system situation, the inverter measured reference
voltages show higher harmonics. As a result, the provided pulse is uneven and contains more harmonics, which enables the inverter
to create an output voltage that is higher. Aim. A space vector modulation (SVM) technique is presented in this paper for type-2
neuro fuzzy systems. The inverter’s performance is compared to that of a neuro fuzzy type-1 system, a neuro fuzzy type-2 system, and
classical SVM using MATLAB simulation and experimental validation. Methodology. It trains the input-output data pattern using a
hybrid-learning algorithm that combines back-propagation and least squares techniques. Input and output data for the proposed
technique include information on the rotation angle and change of rotation angle as input and output of produced duty ratios. A
neuro fuzzy-controlled induction motor drive’s dynamic and steady-state performance is compared to that of the conventional SVM
when using neuro fuzzy type-2 SVM the induction motor, performance metrics for current, torque, and speed are compared to those
of neuro fuzzy type-1 and conventional SVM. Practical value. The performance of an induction motor created by simulation results
are examined using the experimental validation of a dSPACE DS-1104. For various switching frequencies, the total harmonic
distortion of line-line voltage using neuro fuzzy type-2, neuro fuzzy type-1, and conventional based SVMs are provided. The 3 hp
induction motor in the lab is taken into consideration in the experimental validations. References 22, tables 3, figures 15.

Key words: space vector modulation, neuro fuzzy type-1, neuro fuzzy type-2, induction motor, total harmonic distortion.

Bcemyn. Konu poboua mouka nenpsimoeo 6eKmopHO20 YNpasainHa cmana, mpaouyitini pe2yisimopu wWeUuoKocmi ma cmpymy npayiooms
epexmusno. I[Ipome poboua mouxka nocmitino 3miHOEMbCa. Y cumyayii' 3akpumoi cucmemu GUMIpAHA THEEPMOPOM ONOPHA HANPY2d
NOKA3y€e Guwyi 2apMOHIKU. B pezynmvmami iMnynsc, wo noodaemucs, HEPIGHOMIPHULL I MiCmumb OLIble 2APMOHIK, WO O0360TA€E THBEPMOPY
cmeopiosamu Oitbul 8UCOKY 6UXIOHY Hanpyey. Mema. Y yiii cmammi npeOcmagnena Memoouka npocmoposoi 6eKMopHoi MoOyaayii
(SVM) ons neiiponeuimrux cucmem muny 2. IIpodykmueHicme ineepmopa nopieHIOEMbCSL 3 RPOOYKMUGHICIIO HEUPOHEUImKOL cucmemu
muny 1, nevponeuimkoi cucmemu muny 2 ma xiacuunoi SVM 3 euxopucmanmuam mooemosanna MATLAB ma excnepumenmanvHoi
nepesipxu. Memooonozia. Hasuacmovca wabnon 0anux 86e0eHHA-6UB00Y, BUKOPUCMOBVIOUU ANIROPUMM 2iOPUOHO020 HABYAHHA, AKULL
NOEOHYE ¥ €OOI Memoou 3860POMHO20 NOWIUPEHHS NOMUIKU MA Memody HalMeHwux Keaopamis. Bxioni ma euxiowi Oami Ona
3anpoONoOHO8AHOI MEMOOUKU BKIIOUAIOMb THOPpMAayito npo Kym Ho8opomy i 3MIHY Kyma NO8Opomy AK OMPUMAHI 6XIOHI | GuXiOHI
Koeiyichmu  3anognenms. Junamiuni Xapakmepucmuku npueody ACUHXPOHHO20 OBUSYHA 3 HEUPOHEHImKUM  YNPAGIIHHAM
nopienoomsbcs 3 xapakmepucmuxamu sguuatinoco SVM. ITlpu euxopucmanni netiponeuimxozo SVM muny 2 acunxponnuii 08ucyH,
NOKAZHUKY NPOOYKMUBHOCE NO CIMPYMY 00epmaroio2o MOMeHmMY I WeUOKOCMI NOPIGHIOIOMbCS 3 NOKAZHUKAMU NPUBOOY ACUHXPOHHOO
dgueyna 3 Hetponeuimxum ynpaeninuam muny 1 ma mpaouyiinozo SVM. Ipaxmuuna winnicme. [Ipooykmuenicms acuHXpoHHO20
08U2YHA, CMBOPEHO20 34 Pe3yIbmamamu MOOeN08anH s, 00CTIONCYEMbCA 3 BUKOPUCTNAHHAM eKcnepumenmanvhoi nepesipku dSPACE
DS-1104. J[na piznux yacmom nepemuxanis po3paxogyiomuvCs 3a2abHi 2apMOHIUHI CNOMBOPeHHs NHINHOI Hanpy2u 3 GUKOPUCHANHAM
HelpOHeyimKo20 YNPAGIiHHA Muny 2, HeupoHeuimkozo ynpaeninua muny 1 i mpaouyiiinoeo SVM. Acunxponnuil 08ueyH nomyswcricmio 3
J.c. y 1abopamopii 6paxo8yemuvcs nio 4ac ekchepuMeHmansHux nepesipok. biomn. 22, tadmn. 3, puc. 15.

Kniouosi cnosa: npocTOPOBO-BEKTOPHA MOAYJIAINif, HelipOHewiTKUI THII 1, HelipOHeYiTKMIl THI 2, ACHHXPOHHUII IBUT'YH, IOBHE
rapMoHiiiHe CiOTBOpEHHs.

1. Introduction. Space vector modulation (SVM) is a
technique for managing the pulse width modulation method
used to regulate the inverter-fed induction motor (IM). At
the turning points, which are caused by space vector
instants, the pulse width modulated voltage source inverter
is used. In compared to the straightforward sinusoidal
approach, switching times are reduced and current and
torque ripple are decreased [1]. For both linear and non-
linear modes of operation, the digital implementation is a
technique utilized in transient simulation. SVM is a method
for implementing optimum bus voltage utilization and
support for the harmonic spectrum utilized in current
applications is explained in [2]. To reduce ripple in torque
and current, the adaptive neuro fuzzy interference system
based on maximum power point tracking is presented for
IM driving in MATLAB/Simulink and is confirmed using
an experimental setup utilising the hardware D-space
(1104) is discuss in [3]. The type-2 fuzzy logic direct
torque control technique is implemented because of the
replacement of proportional-integral controllers. Using the
control technique, the reaction improved in both transient
and steady state conditions. Under various operating
conditions, it also reduces torque ripple and flux distortion
in contrast to the regular direct torque control [4]. Instead

of using filters to reduce torque ripple like standard
propositional integral controllers, adaptive neuro fuzzy
interference system current controllers are employed for an
indirect vector of an inverter driven IM. The performance
of the drive is simulated under various operating conditions
[5] To reduce switching losses and output voltage
distortion from the created SVM algorithm, the proposed
method uses variable frequency modulation to voltage
source inverter fed IM [6]. Instead of a proposal integral
controller with no filter, a neuro fuzzy torque controller is
employed to eliminate torque ripple. The SVM approach is
also suggested, although information is required to
calculate the sector and angle [7]. For the error inside the
boundary, an n-level voltage source inverter fed with
current error space vector hysteresis is used as the current
controller. The advantage of the hysteresis controller is that
it transitions from linear to over modulation smoothly. It
has also been confirmed by experimental validation with
steady and transient performances. [8]. For the voltage
source inverter fed IM drive, type-2 fuzzy-based
methodology has been used. The technique has been
compared to traditional SVM for performance and is
independent of switching frequency. [9]. The adaptive-
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network-based fuzzy inference system based SVM is not
required to predict the switching frequency or required
training error when using the SVM method. This is the
reason why, in contrast to other optimization strategies like
genetic, neural and fuzzy [10]. The development of a
technology known as constant switching frequency torque
control can be used to manage torque in both steady state
and dynamic conditions. For calculating the torque ripple
and angular velocity, it employs flux error vector-based
SVM [11]. Fast switching frequency is implemented using
the artificial neural network SVM based fed voltage source
inverter, which leads to dynamic operation of the IM drive
under linear region to square wave. [12]. SVM based on
neuro fuzzy and three-level inverter fed voltage source
used to implement improved constant and dynamic
performance of the IM drive. The suggested method
generates an output with the proper duty ratios by changing
the input space-vector angle. The neural network with a
specific integrated circuit chip is used to easily implement
the SVM algorithm. [13, 14].The recommended artificial
neural network with SVM-based voltage source inverter
fed IM drive estimate a variety of outputs without regard to
switching frequency [15]. The five-layer network fed into
the neuro fuzzy SVM-based inverter produces output that is
trained duty ratios from input from V and V. Simulation
and experimental validation can be used to estimate the
total harmonic distortion (THD) computation for various
switching frequencies [16]. For a wind turbine with a
doubly fed induction generator, use SVM. The method is
used for minimizing the harmonic distortion of stator
currents under various wind speed [17].

2. Mathematical modelling of IM. Using direct-
quadrature (d-q) stationary references, a mathematical model
of a three-phase squirrel cage IM was developed [18].

diy 1 L | L,R
_dl‘s :_GL (Rs +L_’;)ids+z ’22 - l//dr+
. s r s r (1
PLy, S
Y g >
olL,L, nrar L
di 1 12 1 L,R
qs m . m-r
—L = (R.+2R +— -
de GLS( : L% rigs oL L% Var 2)
PLy, Vs
— + ;
O'LSL, wrl)ydr O-Ls
dy, R L, R
#:_L_r‘//dr_pwrl//lﬂ-'_ VZ - Lds > 3)
r r
dy R L,R
qr .o
T:_L_rl//qr-i_pwrl//dr—k%lqs’ (4)
7 r
dw B 1
a =gt e, O

where o = (I—Lfn / L,L,) is the leakage coefficient; iy, iy
are the stator currents of d-q axis; Ry, R, are the stator and
rotor resistances; Vy, V. are the stator voltage of d-g axis; Ly,
L, are the stator and rotor inductances; vy, ¥y are the rotor
fluxes of d-q axis; L,,, @, p are the magnetizing inductance,
rotor speed and number of poles; B is the damping
coefficient; J is the moment of inertia; 7,, 7; are the
electromagnetic and load torques.

3. Mathematically modulated two level inverter.
Variable speed drives use pulse width modulation, which
is regulated using a method known as space vector. The
states of a two-level inverter are flipped using these
various vectors. The connection diagram of two level
inverter and space vector diagram is presented in Fig. 1.
Choosing the ¥ and V7 vectors results in a voltage that is
zero. The remaining vectors V) to Vs are chosen to
provide the induction machine with the necessary voltage.

’, RES
©1 110)
K] <
! 1
) 3 1 [
— Ve Yo ool 4
' 1) 100)
—Ve a8 .
rSINF A4
v v
a 061 oy b

Fig. 1 Two level inverter (@) and space vector diagram
with active vectors ()

The reference voltage V,.; which has a constant
value, is created by combining the nearest two active
vectors V, and V., with zero vectors (V, and V). By
merging two active vectors, effective vectors can be
employed to achieve the desired results. The block
diagram of proposed SVM based inverter control using
neuro fuzzy type-2 (NFT2) is shown in Fig. 2.

Repetative

counter ‘ v
’

wo-levell
leuro-Fuzzy Two- Level
- Inverter »
Level SVM

Fig. 2. Proposed SVM for inverter control using NFT2

Three phase [
signals > 1o two phase [
conversation [~

The following can be inferred from mentioned
concept of the necessary mean voltage and unit sample
time for the reference vector:

Vref =, + TV, )/ T ™
where T, T, represent the V-V sector’s active times.

While the equation are being equated, along the
direct axis is

Viep cosaly =V T + (Ve cos(/3)T, - 3

As the equation are being equated along the quadrature
axis:

Vyer sinaly =Vg.Ty + (V. sin(z/3)T5, 9)

where V. is the magnitude of each active vector; V. is
the angle of 60° sector with respect to the sector’s
beginning V-Vs;

in(7z/3—
_y 8 (7/3-a),. .

T, ; (10)
! sin(z/3) °
sina
T=M—"—T; (11)
27 sin(z/3)
To=T,-T,-T,, (12)

where T is the sampling period; T is the duration of zero
vector and M is the modulation index and is given by V,/V..
The ripple value decreases to zero when time is divided
uniformly.

4. Modified NFT2 based SVM. In order to develop
a NFT2 system, the IF-THEN rules are used which have
antecedent and consequent sections with type-2 fuzzy
values. Uncertainties in fuzzy sets of Gaussian type-2 can
be connected to the mean and standard deviation.
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Layer1

Layer2

Layer3 Layer4

Fuzzification Defuzzification

Layer5

A fuzzy inference system’s hardware implementation
comprises of implementing the fuzzification, fuzzy
inferences, and defuzzification discussed in [19]. The duty
ratios are generated using a NFT2 based SVM that has
been trained in the under modulation zone. The switching
frequencies are 3 kHz and 15 kHz. The training data for
NFT2 interference system obtained simulating the
conventional SVM [20]. Typically, training takes from
0 to 5 min each epoch on a 1.8 GHz Pentium Dual Core

v+
.
I : ‘ Repetative/
Tunin, X=X,=0.X,=0 Up-down
I L Tuning counter
I Duty ratio2 X
I
Layer1 Layer2 Layer3 Layer4 Duty ratio3

Defuzzification

5. Results and discussions. In the direct torque control
concept, using a proportional integral speed controller causes
a loss of decoupling with respect to parameter fluctuations
[21]. The performance characteristics of an IM have been
studied using proportional integral, neuro fuzzy type-1
(NFT1), and NFT2 SVM-based controllers in a different
operating condition, i.e. steady state and step change.
The command speed of the 3 hp IM is 157 rad/s (1500 rpm).
The parameters of the IM are shown in Table 1.

Table 1

Parameters of the IM
Motor power 2.2 kW (3 hp), 400 V
Number of the poles p 4
Inverter switching frequencies, kHz 3 and 15
DC link voltage, V 150
Modulation index 0.86
Stator resistance R, 0.55
Stator inductance L,, mH 93.38
Rotor resistance R,, Q 0.78
Rotor inductance L,, mH 93.36
Magnetizing inductance L,,, mH 90.5
Moment of inertia J, kg-m? 0.019
Damping coefficient B 5.107

5.1 Inverter line-to-line voltage and harmonic
spectrum switching frequency of 3 kHz.

For DC link voltage 150 V the fundamental line
voltage increased by 0.56 % in NFT2 as compared with
conventional based SVM (see Fig. 4,a,c) and 0.44 %
increased as compared NFT1 based SVM (see Fig. 4,b,¢).
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o
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-200
012

computer, with a training error of less than 0.0002.

Vdc

Two-level
switching
pulses

Sa

Sb

Relay Two-Level

Inverter

Sc

Fig. 3. Structure of NFT2 Takagi-Sugeno system

The input variables € (space vector) and 6’(change of

space vector) each have a number membership function
of 5 and 5, respectively (see Fig. 3). So, there are we have
25 rules (5-5 = 25). For two input variables, Bell shape
membership functions are employed. As a result, NFT2
are 105 fitting parameters overall. Because the premise
parameters are 30 (5-3+5-3 = 30) and the consequent
parameters are 75 (3-25 =75).
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Fig. 4. Inverter line to-line voltage and harmonic spectrum
at switching frequency of 3 kHz
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In comparison to NFT1 SVM and conventional SVM,
the 5" and 7" harmonics are decreased in NFT2 SVM.
Comparing NFT2 based SVM to NFT1 based SVM and
conventional SVM, the THD was also lowered (see Table 2)

Table 2
THD comparison at 3 kHz
Conventional NFT1 | NFT2
No Parameter SVM based | based
SVM SVM
Fundamental line
1 voltage (peak), V 135.8 136 136.6
2 |5™ harmonic, % 2.13 1.98 1.87
3 7™ harmonic, % 1.86 1.55 1.1
4 |THD, % 17.29 16.31 14.32

5.2 Performance of IM (switching frequency 3 kHz).

1. Operation during steady state. IM steady state
torque ripple decreased from 2.2 N-m to 1 N-m in NFT2
based SVM as compared to conventional based SVM (see
Fig. 5,a,c). Similarly, torque ripple reduced from 2.2 N-m
to 2 N-m in NFT2 as compared with NFT1 based SVM
(see Fig. 5,b,c). The speed response reaches early in
NFT2 based SVM compared with NFT1 and conventional
based SVM (see Fig. 5,c¢). SVM technique and fuzzy logic
control are used in two distinct direct torque control
methods, which are described in [22].
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Fig. 5. IM performance at 3 kHz during steady state operation

2. During step change operation. When compared to
conventional SVM, an IM is operating during a step change,
the torque ripple is reduced from 17.5 N-m to 15 N-m in
NFT2 based SVM (see Fig. 6,a,c). Similarly as compared
to NFT1 based SVM, torque ripple reduced from 17 N-m
to 15 N-m (see Fig. 6,b,c).
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The torque ripple reduced by 16.66 % in NFT2
based SVM. When compared to NFT1 and conventional
SVM, the stator current increased by 33.33 % in NFT2
based SVM (Fig. 6,c). The quick response arrives before

time (see Fig. 6,¢).

5.3 Inverter line-to-line voltage and harmonic
spectrum at switching frequency of 15 kHz.

The fundamental line voltage increased by 0.87 % in
NFT2 as compared with conventional SVM (see Fig. 7,a,c).
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Fig. 7. Inverter line-to-line voltage and harmonic spectrum
at switching frequency of 15 kHz

Similarly, in NFT2 based SVM the fundamental line
voltage increased by 0.65 % as compared with NFTI

based SVM (see Fig. 7,b,c). For a 150 V DC inverter,
NFT2 based SVM reduces the 5™ and 7" harmonic as
comparing with conventional and NFT1 based SVM, the
overall THD was similarly lower (see Table 3).

Table 3
Comparison of THD at 15 kHz
Conventional NFT1 NFT2
No Parameter 0 Si/MO based based
SVM SVM
Fundamental line
1 voltage (peak), V 137.2 137.5 138.4
2 [5™ harmonic, % 1.2 0.2 0.14
3 |7™ harmonic, % 0.47 0.31 0.06
4 |THD, % 2.95 2.42 1.66

5.4 Performance of IM (switching frequency 15 kHz).

Operation during steady state. When compared to
conventional SVM, the torque ripple caused by an IM
operating in steady state is reduced (1.5 N-m to 0.5 N-m)
by 66.665 % in NFT2 (see Fig. 8,a,c). Similarly, in NFT2
based SVM, the ripple in torque reduced (0.8 N-m to
0.5 N'm) by 0.375 % as compared with NFT1 based SVM
(see Fig. 8,b,c). The ripple in the stator current was also
reduced by 0.37 %, and the speed response arrived earlier
(see Fig. 8,¢).
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6. Experimental validation. A dSPACE DS-1104 is
employed to carry out the NFT2 based SVM algorithm in
real time. The initial development of the control algorithm
takes place in MATLAB/Simulink. By using MATLAB’s
real time workshop, automatic C code generation for real
time implementation is accomplished. The experimental
setup is shown in Fig. 9.

— e -

Fig. 9. Experimental setup

6.1 Line—to-line voltage at 3 kHz. The THD value also
reduced in NFT2 based SVM as compared with NFT1 based
SVM and conventional SVM (Fig. 10-12, where 1 div is 50 V).

Fig. 10. Conventional SVM

Fig. 11. NFT1 based SVM

Fig. 12. NFT2 based SVM

6.2 Speed response of IM drive. Finally, Fig. 13-15
present the speed response reaches early in NFT2 based
SVM as compared with NFT1 based SVM and conventional
based SVM. The performance of IM drive improved under

steady state operation and step change operation.
4 2BB53S

ICH

" Fig. 15. NFT2 based SVM

7. Conclusions. A dynamic response of the induction
motor (IM) has been seen while comparing the recommended
neuro fuzzy type-2 (NFT2) space vector modulation (SVM)
based controller to the conventional based SVM and neuro
fuzzy type-1 (NFT1) based SVM controllers.

The performance of NFT1 controllers based SVM IM
drive under various operating conditions with switching
frequency at 3 and 15 kHz examined. The fundamental line
voltage is 0.14 % increase in NFT1 based SVM as compared
with conventional SVM. The 5™ 7™ harmonic components
are reduced by 7.04 %, 16.66 % respectively in NFT1 based
SVM as compared with conventional SVM. The total
harmonic distortion (THD) in NFT1 based SVM reduced by
5.66 % as compared with conventional SVM.
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Similarly, IM drive operates under 15 kHz operation
the fundamental line voltage is increased by 0.21 % as
compared with conventional SVM. The 5™, 7" harmonic
components are reduced by 83.33 %, 34.04 % respectively
in NFT1 based SVM as compared with conventional SVM.
The THD in NFT1 based SVM reduced by 17.96 % as
compared with conventional SVM.

The experimental implementation of the IM drive with
conventional SVM, NFT1 and NFT2 controllers based SVM
examine at switching frequency 3 kHz using dSPACE DS-
1104. The inverter line voltage V, THD value reduced by
23.1 %, 9.65 % in NFT2 SVM by as compared with
conventional SVM, NFT1 SVM respectively. The inverter
line voltage V,. THD value is reduced by 18.9 % in NFT2
SVM by as compared with conventional SVM. The inverter
line voltage V., THD value is reduced by 23.1 %, 9.65 % in
NFT2 SVM by as compared with conventional SVM, NFT1
SVM respectively.

The dynamic performance of IM drive improved
with NFT2 based SVM as compared with NFT1 and
conventional based SVM.
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Analysis of suitable converter for the implementation of drive system in solar photovoltaic panels

Introduction. Photovoltaic (PV) systems gained immense attraction in the recent years since it produces electricity without causing
environmental pollution through direct conversion of solar irradiance into electricity. Solar PV panels produce DC power. The magnitude
of this DC power varies with temperature and irradiance of the sun rays. The DC supply from solar panels can be regulated using DC-DC
converter and then can further be converted into the desired AC voltage by means of a voltage source inverter before being fed to an
induction motor (IM). The speed and torque of an IM, fed from PV arrays, can vary due to the variation in the output power of the panels.
Goal of this work is to improve the dynamic performance and reduce the torque ripple of Cuk converter-inverter fed IM drive system. The
novelty of the current work proposes interleaved Cuk converter between solar PV DC source and the inverter. Purpose. To provide
continuous current using an interleaved Cuk converter to the IM drive and in turn to reduce the torque ripple in IM. Methodology.
Introduced an interleaved Cuk converter which is a blend of Cuk converters connected in parallel with each other between solar PV
arrays and IM drive system. Originality. Simulation results are obtained for Cuk converter and interleaved Cuk converter fed IM drive by
means of MATLAB. The hardware setup for the same IM systems is developed. Practical value. Simulation and hardware results are
coincided with each other and it is subject from the simulation and hardware results that the interleaved Cuk converter-inverter fed IM
system produced results superior than the Cuk converter inverter fed IM drive system. References 25, table 2, figures 22.

Key words: induction motor drive, interleaved Cuk converter, voltage source inverter.

Bemyn. @omoenexmpuuni (DE) cucmemu nadynu enuyesnoi npueabausocmi 6 0CmarHi poKu, OCKibKu 6OHU GUPOOIIAIOMb eleKmpoeHepeiio,
He BUKTUKAIOYU 3a0pyOHeHHs HABKOTUWIHBORO CepeoosULlyd, 3a PAXYHOK NPAMO20 NEPemEopeHHs COHAYHO20 GUNPOMIHIOBANHS HA eNeKIMPUKY.
Conauni @F naweni eupobnsiomsv eHepeilo NocmiiiHoeo cmpymy. 3HaueHHs Yiei NOMYsHCHOCHI NOCMIHO20 CIPYMY 3aTelCUums 6i0
memnepamypu ma OCeimieHocmi COHAYHuX npomenis. Ilooaua nocmitinoco cmpymy 6i0 COHAYHUX RAHenell MOodice peylosamucs 3d
donomozoto DC-DC nepemeopiogaua, a nomim modice 6ymu nepemeopena 8 6adjicany 3miHHy Hanpyey 3a 00nomMo2olo iHeepmopa oicepend
Hanpyau neped nooavero Ha ACUHXpoHHUl osuyH. Illeudkicmes ma obepmarouuii MOMEHM ACUHXPOHHO20 OBUSYHA, WO Jicueumbcs 6i0 OF
bamapeii, MoX’CYMb 3MIHIOBAMUCS Yepe3 3MiHY SUXIOHOI nomydcHocmi nawnenetl. Memoto Oanoi pobomu € ROKpaweHHs: OUHAMIYHUX
XAPaKmMepucmux ma 3MeHUWeHHA NyTbCcayitl 00epmaioto20 MOMEHNTY CUCeMU Npusoody ACUHXPOHHO20 OsucyHa 3 dcueientam 6i0 Cuk
nepemeopiosaua-ineepmopa. Hoeusna yici pobomu npononye Cuk nepemeopiosay, wjo uepsyemucs, migxc consunum PE Oowcepenom
nocmitino2o cmpymy ma ineepmopom. Mema. 3abesneuenns besnepepsrnocmi cmpymy 3a donomozoto Cuk nepemeopiosaua, wjo uepeyemocs,
015 NPUBOOY ACUHXPOHHO20 OBUSYHA i, Y CB0I0 Uep2y, 3MEHWIEHHS NYIbcayii 00epmaiio20 MOMeHNy 6 acUHXpoHHoMY Osu2yHi. Memoodonozia.
TIpeocmaenenuii Cuk nepemsoprosay, wjo uepeyemocs, saxuil sense coboro cymiui Cuk nepemeopiosayis, niokmouenux napanetbHo 00uH 00
00Ho20 midic consunumu DPE bamapesamu i cucmemoro npusoody acunxponnozo osueyha. Opueinanwuicms. Pesynomamu mooeniosanHs
ompumani ona Cuk nepemeopiosaua i npusody acunxponnoeo osucyma 3 srcuenennam Cuk nepemsoproeaua, wjo uepeyemucs, 3a 00NOMO20k0
MATLAB. Pospobneno anapamuy 4acmumy yux dice AcuHXpoHHux oeucyHie. Ilpakmuuna wuinnicme. Pesynmomamu moOemosanHs ma
anapammoeo 3abesneyents 3612aiombcs 00Ul 3 00HUM, § 3 Pe3VIbIMAMie MOOeNOBAHH MA anapamHo20 3ade3nedeH s GUNIUBAE, WO CUCmeMa
acunxponHozo oeuzyma 3 dcuanenam 6io Cuk nepemeoprosaya-ineepmopa, wo yepeyemuCsl, 0ac pe3ynbmami, SKi nepesuufyioms pe3ybimami,
HIDIC cUCeMA npusody ACUHXPOHHO20 08U2yHa 3 dcusnerusam 6i0 Cuk nepemeoprosaua. bion. 25, Tabi. 2, puc. 22.

Kniouosi cnosa: npuBig acnHXpoHHOro AsuryHa, Cuk nepersopioBay, 1110 YepryeTbesi, iHBepTOp A:Kepesia HANPYTrH.

1. Introduction. Photovoltaic (PV) systems gained
immense attraction in the recent years since it produces
electricity without causing environmental pollution
through direct conversion of solar irradiance into
electricity. This reality, together with constant decline in
the cost incurred for PV arrays and increased efficiency
which makes the next generation PV systems a preferable
one. The capacity of PV cells relies upon a number of
elements, for example, temperature, solar irradiance,
daylight timings, soil condition, shadow timings and types
of PV panels etc. The magnitude of this DC power varies
with temperature and irradiance of the sun rays. DC
supply from solar panels can be regulated using DC-DC
converter and then can further be converted into the
desired AC using a Voltage Source Inverter (VSI) before
being feed to an induction motor (IM) for controlling its
velocity and modes of operation.

The output from the PV system gets increased when
utilizing a Cuk converter. With the help of a 3-phase VSI,
the Cuk converter’s output is upturned and pragmatically
feed into a 3-phase IM. PV fed Cuk converter is permitted
to make DC voltage as the input of inverter. In this way, the
PV system’s output is improved by using a Cuk converter.
In general, the yield of the Cuk converter is reversed in an
inverter-fed 3-phase IM.

By presenting a novel active clamper circuit, a
converter circuit for electric vehicles (EVs) that achieves
high efficiency and constant input current is demonstrated
[1]. A modular multilevel inverter was designed using fuzzy
logic technique for marine water pumping applications. A
systematic method to attain Maximum Power Point
Tracking (MPPT) for a PV fed IM support water pumping
system was proposed [2]. Cuk converters were not
employed in PV array-based water pumping systems prior
to this study, despite the fact that they have various
advantages and are a viable choice for utilisation when
compared to other DC-DC converters. This study also
proposed low-esteemed DC interface capacitor of VSI [3].

In order to eliminate the input current ripple at the
selected duty cycle, two Cuk converters with positive and
negative output voltage polarity are interleaved to create a
buck-boost converter [4]. By calculating the quantity of
inductors on the input side of both converters, the selective
duty ratio can be calculated. The buck-boost converter uses
output inductors to achieve low output current ripple and
zero input current ripple. The converter’s maximum
voltage gain is straightforward and easy controlled [5].

A novel MPPT procedure for solar panels utilizing a
SEPIC or Cuk converter was proposed. This study
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proposed a novel method to leverage the highest result
power from solar panels under differing environmental
conditions. The study followed a methodology in which a
pulse-width-modulated DC-DC SEPIC or Cuk converter
was connected with a solar panel along with load or the
battery bus [6]. The converter functions in a manner under
discontinuous capacitor voltage mode, whereas the input
current-fed switched inverter having single-stage, high
boost inverter with buck-boost capability is reported for
better electromagnetic interference noise immunity, wide
input and output voltage range of operation, etc. A hybrid
converter has been also developed to suit both AC and
DC loads [7]. To enhance the robustness of a robotic
system, a fractional PID control system is identified and
analyzed. Control system parameters are obtained by
employing recursive least-squares method [8]. Given
attention on a 5 horse power, 110 V, 80 Hz IM that is
appropriate for EV applications. High base frequency is
utilised for uphill driving in order to maintain steady
torque over a wider range. When developing the IM for
an EV application, efficiency, power factor, and
breakdown torque are taken into account [9]. It is said that
an IM with four active and reactive power quadrants, a
variable speed operation range, excellent energy
efficiency, and better power quality. Because of its unique
functions, this IM was specifically created for high-power
wind energy conversion systems. Additionally, a three
phase matrix converter is offered to lower the big
harmonics [10].

Bridgeless Power Factor Correction (PFC), SEPIC
and Cuk rectifiers were introduced that resulted in fewer
amounts of conduction and switching losses). The study
proposed novel bridgeless single-stage AC-DC PFC
rectifiers in line with SEPIC and Cuk topologies. Due to
the lack of input diode connect and since the two
semiconductor switches are close proximity to the current
streaming way, during each switching cycle, it ensures
that the conduction losses get reduced while the thermal
management is also increased in comparison with general
SEPIC converter and Cuk PFC converter. The
recommended topologies were proposed to exertion in
DC motor to finish a next solitary control aspect in a
flourishing method [11]. Model predictive control based
field weakening algorithm is insisted to eliminate the DC-
link disturbance in traction EV using a low-voltage IM
[12]. A dynamic snubber zero voltage exchanging Cuk
converter was planned, designed and executed [13]. The
primary windings seemed to be series-connected in two
transformers of the converter proposed in the study, while
parallel connection was established between two half-
wave rectifiers at output end in order to diminish the
power stretches that occur in the transformer’s secondary
winding. The design and control of a single stage power
controller used in a solar fed standalone application is
given in [14]. A DC synchronous reference frame based
controller is designed for the converter to normalize the
yield voltage as per the requirement of the load [15].
Robust analysis on a non-linear system controlled by PID
controller and FOPID controller were performed and
compared their performance based on their ability to
reject external disturbance. The performance of the
controllers was done on the system based on their

response for a step input [16-18]. There is a requirement
to normalize the speed of IM while the guidelines for
open loop Interleaved Cuk Converter-Inverter fed IM
(ILCCIIM) seem impressive.

The review of literature is evident that the works
conducted earlier missed to deal with ILCCIIM [19-25].
There is a requirement to regulate the speed of ILCCIIM
system.

The goal of the article. The current work proposes
interleaved Cuk converter between solar PV DC source and
the inverter to regulate the speed and torque of the IM.

2. Selection of Cuk converter for IM drive system.

DC-DC Cuk converter. In general, DC-DC Cuk
converter can work in both boost and buck modes. It
further ensures the energy is flown in both directions i.e.,
between source and the load. Based on input voltage, the
output voltage from Cuk converter remains negative. The
converter can handle nonstop input voltage and persistent
output current. The inductor, on the output side, is used
for better output current. Likewise, on input side, it is
used to support the voltage level. It is possible to make
the Cuk converter function in either continuous
conduction mode or in discontinuous conduction mode
based on load requirements. Since the output current of
the converter is discontinuous, in order to make it
continuous and to meet the load current requirement of
the IM, the Cuk converter can be interleaved. Here the
interleaving means the parallel connection of Cuk
converters by retaining the rating of the components like
inductors and capacitors. This work concentrated on two
stages of interleaved Cuk converter. If the number of
stages is increased that will lead to increase in complexity
and more switching loss. Hence two stages of interleaved
Cuk converter are preferred here for the decide speed
control of IM drive.

3. Proposed interleaved Cuk converter.

Output of Cuk converter. The production of all the
Cuk converters is available as output for the load. The
course of action of two converters makes the output in
such a way that an interleaved Cuk converter turns into a
single controlled device topology. The benefit of the
proposed interleaved Cuk converter is the mitigation of
torque ripples in the output.

The turn-around stream of current that emerges from
load side to input side gets inhibited by the input side
inductor. Figure 1 shows the proposed interleaved Cuk
converter in which two Cuk converters are connected in
parallel. Figure 2 shows the circuit diagram of converter-
inverter fed IM system.

Fig. 1. Proposed interleaved Cuk converter
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4. Simulation results of Cuk converter-inverter fed
IM. The MATLAB/Simulink model is used to investigate
the performance of the Cuk converter and interleaved
converter circuit. The high gain interleaved Cuk converter
has a 100 V input voltage and a 400 V output voltage. The
switching frequency is held constant at 10 kHz.

The Cuk converter fed IM system created in
MATLAB/Simulink is shown in Fig. 3. Figures 4, 5
illustrate the applied input voltage and the voltage across
the Cuk converter, respectively. The applied input voltage
is 150 V DC. The voltage across the Cuk converter is shown
in Fig. 6. The Cuk converter’s output voltage is 60 V.
Figure 7 depicts the Cuk converter’s voltage ripple.
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Fig. 3. Cuk converter fed IM system
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Fig. 6. Voltage ripple of CUK converter

Figures 7, 8 show the inverter’s output voltage and
current, respectively. The output current (peak to peak) is
50 A, and the output voltage is 500 V.
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Fig. 8. Output current of the inverter

Figures 9, 10, respectively, display the motor speed
and motor wave forms. According to the findings, the
motor torque stabilizes about 0.5 s.
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g/ Pm 5. Simulation of ILCCIIM system. The MATLAB
s S Simulink is used to build the ILCCIIM system. Similar

- 1 outcomes are also attained with this system. ILCCIIM
a : | system circuit is depicted in Fig. 11. Figure 12 depicts the

output torque ripple of a single Cuk converter as well as

1 the superimposed waveform of a two-stage interleaved
Cuk converter.

w6 Bt 1t u u® # | In order to lessen the input current ripple, two Cuk

t, ms . .

converters were assigned in tandem. The speed response

established by ILCCIIM is depicted in Fig. 13, and it had

oL N'm a value of 0.48 N-m. Due to improved insulation, the

ILCCIIM’s torque and speed were both stabilized at
higher values.

6. Implementation results of ILCCIIM. A
hardware setup for an inverted-fed, interleaved Cuk
converter motor was created and put into practice in a lab
environment (Table 1). Figure 14 shows the hardware
[T setup of ILCCIIM system. Figure 15 shows the output
voltage of solar panel whereas. Figure 16 shows the Cuk
converter’s output voltage.

Fig. 9. Motor speed
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Fig. 11. Interleaved Cuk converter-inverter fed IM
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7 R g ST 4 o Fig. 13. Motor speed
- . Table 1
TORQUE ENVELOPE OF 1LCC ! Hardware parameters of Cuk converter-inverter fed IM
: Zh ] e : Parameter Value
LiLs 0.5 mH
. Tp £ Tv, Tr=Tp-Twn - C,,Cy 1000 uF
t MOSFET(IRF840) 500V/8A
Diode 230V/1A
Controller PIC16F84A
Fig. 12. Torque wave form of the interleaved CUK converter Driver IC IR2110
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Fig. 14. Hardware setup of solar based IRCCIIM
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Fig. 16. Output voltage of the Cuk converter

Figure 17 shows the switching pulses for M1, M4
and Fig. 18 shows the switching pulses for M5, M2.
Figure 19 shows the voltage across the motor load. The
inverter’s output spiked because the switching order was

changed at intervals of 600.
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Flg 19. Voltage across motor load

The output voltage contains reverse polarity nature
in case if it is attached with input voltage. Cuk converter’s

output is then applied on to 3-phase inverter. The
balanced voltage, which is actually developed with the
help of 3-phase inverter, is then applied onto IM.

The hardware setup for ILCCIIM is checked and
verified. The structure suggested in this study is shown in
Fig. 20 in terms of hardware setup and it is composed of
PV panel, inverter board, Cuk converter board, control
board and transformer board.

Figure 21 shows the input voltage from solar PV system
further. Figure 22 shows the voltage across Cuk converter.
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Fig. 20. Hardware 01rcu1t of IRCCIIM
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Fig. 21. Input voltage from solar panel to Cuk converter

S D REC

[ _ER

Fig. 22. Voltage across Cuk converter

The comparison between Cuk converter based
system and interleaved Cuk converter based system is
given in Table 2.

Table 2
Comparison between CCIM and ILCCIIM
Parameters CCIM | ILCCIIM
Input voltage V;,, V 150 150
Output voltage V,, V 400 475
Frequency, kHz 5 5
Speed n, rpm 1200 1250

7. Conclusions.

1. An interleaved Cuk converter compared to other
conventional converters, inverter-fed induction motor
systems offer greater voltage transformation and a
reduction in input and output current ripple.

2. In continuous conduction mode, a traditional Cuk
converter creates enormous input side current ripples, which
then inject harmonics into the source. The interleaved Cuk
converter is used to reduce the undesired input current ripple.

3. The output voltage of an interleaved Cuk converter
is 75 V higher than that of a regular Cuk converter,
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according to simulation data. Cuk converter with
interleave inverter designed is also suitable for high
power applications, such as electric car systems.
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TeopemuyHa effeKmpomexHika
UDC 621.3.013 https://doi.org/10.20998/2074-272X.2024.1.04

B.I. Kuznetsov, T.B. Nikitina, I.V. Bovdui, K.V. Chunikhin, V.V. Kolomiets, B.B. Kobylianskyi

Method for prediction and control by uncertain microsatellite magnetic cleanliness based on
calculation and compensation magnetic field spatial harmonics

Aim. Development of method for prediction and control the microsatellite magnetic cleanliness taking into account the uncertainties of the
magnetic characteristics of the microsatellite, based on calculation the magnetic field spatial spherical harmonics in the area of the onboard
magnetometer installation and using compensating multipoles. Methodology. Spatial spherical harmonics of microsatellite magnetic field in
the area of the onboard magnetometer installation calculated as solution of nonlinear minimax optimization problem based on near field
measurements for prediction far spacecraft magnetic field magnitude. Nonlinear objective function calculated as the weighted sum of
squared residuals between the measured and predicted magnetic field. Values of the compensating dipoles, quadrupoles and octupoles and
coordinates of them placement inside the spaceship for compensation of the dipoles, quadrupoles and octupoles components of the
microsatellite initial magnetic field also calculated as solution of nonlinear minimax optimization problem. Both solutions of this nonlinear
minimax optimization problems calculated based on particle swarm nonlinear optimization algorithms. Results. Results of prediction
spacecraft far magnetic field magnitude based on spacecraft spatial spherical harmonics of the magnetic field using near field measurements
and compensation of the dipoles, quadrupoles and octupoles components of the initial magnetic field with consideration of spacecraft
magnetic characteristics uncertainty for ensuring the microsatellite magnetic cleanliness. Originality. The method for prediction and control
by spacecraft magnetic cleanliness based on calculation spatial spherical harmonics of the magnetic field in the area of the onboard
magnetometer installation using compensation of the dipoles, quadrupoles and octupoles components of the initial magnetic field with
consideration of magnetic characteristics uncertainty is developed. Practical value. The important practical problem of ensuring the
magnetic cleanliness of the «Sich-2» microsatellite family based on the spatial spherical harmonics of the magnetic field model using the
compensation of the dipole, quadrupole and octupole components of the output magnetic field of the sensor for the kinetic parameters of the
neutral component of the space plasma at the point of installation of the on-board magnetometer LEMI-016 by setting the compensating
dipole, quadrupole and octupole with consideration of spacecraft magnetic characteristics uncertainty solved. References 59, figures 2.

Key words: microsatellite, magnetic cleanliness, magnetic field spatial spherical harmonics, prediction, control,
measurements, uncertainty.

Mema. Po3pobxa memody npocHO3y6aHHs mMa YNPAGLIHHA MASHIMHOIO YUCMOMOIO MIKPOCYNYMHUKA HA OCHOGI 00YUCIEeHHs
NpoCmMoposux CeputHux 2apMOHIK MACHIMHO20 NONA 8 30HI 6CMAHOGIEHHS OOPMOBO2O MAcHIMOMempy 3 BUKOPUCHIAHHAM
KoMneHcayii chepuuHux 2apMOHIK BUXIOHO20 MASHIMHO20 NOJSL MA 3 YPAXY8AHHAM HEGUIHAYEHOCMI MASHIMHUX XAPaAKmepucmux.
Memooonozia. Ilpocmoposi cghepuuni 2apmMoHiKu MasHimHO20 NONA MIKPOCYNYMHUKA PO3PAXOBAHT AK pileHHs 3a0ayi HeniHiliHOT
MIHIMAKCHOT onmumizayii Ha OCHOGI GUMIPIOBAHL OIUNCHLO2O MACHIMHO20 RO ONA NPOSHO3Y8AHMSA BEIUYUHU OANbHLOO
maeuimuoeo nons. Heninitina yineoea @yukyis obuuciena 6 6ueisioi 36adceHOi Cymu Keaopamie 3aIUWKIE MINC GUMIDAHUM [
NPOCHO308AHUM MASHIMHUM noaeM. Benuuunu KoMneHCylOuux Ounonie, Keaopynounie ma OKMYNOAiG mad KOOpOuHamu ix
PO3MAULY8AHHS 8 NPOCMOPT MIKPOCYNYMHUKA Ol KOMNEHCayli 8UXIOH020 MACHIMHO20 NOJSL KOCMIYHO20 anapamy po3paxoeami K
plwienns Heniniunoi 3a0aui Minimaxkchol onmumizayii. Piuwennss 060x 3a0au HeMHIUHOI MIHIMAKCHOT onmumizayii po3paxoeamni Ha
0CHOGI aneopummie Heniniinoi onmumizayii poem uwacmunox. Pesynbmamu. Pesynomamu npocno3ysanhs eenudunu O0aibHb020
MA2HIMHO20 NOASA MIKPOCYNYMHUKA HA OCHOGI OOYUCIEHHA NPOCMOPOBUX CHEPUUHUX 2APMOHIK MOOeNi MAZHIMHO20 MO 6 30Hi
6CMAHOBNEHHA OOPMOBO20 MASHIMOMEMpPY 3 GUKOPUCTHAHHAM BUMIPIOBAHL ONUNCHBLO20 NOJA MA KOMNEHCayii OunoIbHUXx,
K6AOpYNONbHUX MA OKMYNONbHUX KOMNOHEHM BUXIOHO20 MAHIMHO20 NONA 3 YPAXYBAHHAM HEGUIHAYEHOCMI MASHIMHUX
Xapaxmepucmux 01 3a0e3neyenns MasHimuol yucmomu mikpocynymuuxa. Opuzinanwvnicms. Po3pobreno memoo npocHo3yeanus
ma ynpaguinua MAazHimHoIO0 YUCMOmoIo MiKpOCYNYMHUKA HA OCHOGI OOYUCIEHHA NPOCMOPOBUX CHEPUUHUX 2APMOHIK MASHIMHO20
nojiA 3 BUKOPUCAHHAM KOMNEHCayii OUnOIbHUX, K8AOPYNONIbHUX MA OKMYNOIbHUX KOMNOHEHM GUXIOH020 MASHIMHO20 NOa ma 3
ypaxysaumam HegusHauenocmi maznimmux xapaxmepucmux. IIpakmuuna wyinnicme. Bupiweno eadciugy npakmuymy 3adauy
3abe3neyents MasHim1ol uucmomu opoimanbHo2o Kocmiunozo anapamy cimeticmea «Ciu-2» Ha 0CHOGI 0OUUCAEHHS RPOCTOPOBUX
chepudHuX 2apMOHIK MOOeNi MASHIMHO20 NOJA 3 SUKOPUCIIAHHAM KOMNEHCAyii OUNONbHUX, KEAOPYNOIbHUX MA OKMYRONLHUX
KOMNOHEeNm 8UXIOH020 MASHIMHO20 N0 0aMYUKA KIHEMUYHUX NApaMempié HelimpaibHo20 KOMNOHEHMA KOCMIYHOI niasmu 8 mouyi
pozmautyeantss 60pmogozo mactimomempy LEMI-016 wnsaxom ycmanosKu KOMIEHCYIo4ux OUnoi, Keaopynouie ma OKmynonie ma 3
VPAaxy8aHHAM He8U3HAUEHOCMI MaeHImHux xapakmepucmuxk. bion. 59, puc. 2.

Kniouosi cnosa: kocMiyHMii anapaT, MarHiTHa 4MCTOTa, MPOCTOPOBI cpepuuHi rapMOHIKH MArHITHOIO MOJisl, TPOTHO3yBAHHS,
KepPyBaHHs, BUMipIOBAHHS, HEBU3HAYEHICTh.

Introduction. To model the satellites magnetic field
the multi-dipole model is currently the most widely used
[1 — 14]. On the basis of such a model, the magnetic moment
satellite calculated and the magnetic field satellite calculated
with sufficient accuracy for practice at a distance greater than
three satellites dimensions. Such a model is quite adequate
for satellites in which the onboard magnetometer is mounted
on a sufficiently long rod. In particular, the length of the rod
of the onboard magnetometer of the Danish «Oersted»
satellite is 8 m [15]. On «MicroSAT» spacecraft with the
«lonoSAT-Micro» instrumentation on-board magnetometer
and three wave probes are fixed on the rods lengths are 2 m
[16]. However, spacecraft designers are constantly striving to
reduce the length of this rod. In particular, on the «Sich-2»
family, «CubeSAT» spacecraft onboard magnetometer
located inside the spacecraft [17, 18].

Figure 1 shows the location of the sensor of the
kinetic parameters of the neutral component of the space
plasma (KPNCSP) of the «Potential» scientific equipment
complex and onboard magnetometer LEMI-016 on the
«Sich-2» spacecraft [18].

In particular, on the «Sich-2» spacecraft family
onboard magnetometer LEMI-016 is located at a distance of
0.35 m from the sensor KPNCSP [18]. The principle of
operation of this sensor is based on the use of the force effect
of a magnetic field on an electrically neutral component of
space plasma. In this case, permanent magnets are used to
create an internal magnetic field in the sensor.

Therefore, the standard of the European Space
Agency ECSS-E-20A limits the value of the magnetic
field spacecraft units at a distance of 0.1 m from their
surface [19]. Therefore, to model the magnetic field of
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such satellites, it is necessary to use a multipole model
based on spatial harmonics [20 — 26].

sensor
KPNCSP

magnetometer
LEMI-016

Fig. 1. Location of the sensor of the KPNCSP and onboard
magnetometer LEMI-016 on the «Sich-2» spacecraft

In addition, in the course of spacecraft assembly, to
compensate for the satellite units magnetic moments, such
a spatial arrangement of these units is often used so that
the total magnetic moment would be equal to zero. To
compensate for the spacecraft units magnetic moments, as
well as to compensate for the residual magnetic moments
of the entire spacecraft, compensating magnetic units are
used. As a result of such measures, it is possible to reduce
the magnitudes of the units magnetic moments and the
entire spacecraft to sufficiently small values. However, as
a result of these measures, quadrupole, octupole and
harmonics of a higher order appear, so that the level of the
magnetic field near the satellite surface determined
mainly by quadrupole, octupole, etc. harmonics.

In particular, in the practice of spacecraft designing
to compensate for the dipole magnetic moments of
electromagnetic relays, they are often installed in pairs
next to each other, so that such a design becomes a
quadrupole magnetic field source. To compensate for the
dipole magnetic moments of high-frequency gate switch,
they are often installed side by side in fours, six or even
eight elements. This design becomes a quadrupole,
octopole, and even higher order magnetic field source.

To reduce the magnetic moment of the sensor of the
neutral component of the plasma, which is part of the
scientific equipment of the «Sich-2» spacecraft, an
antisymmetric orientation of permanent magnets and a
ferromagnetic screen are used. In this case [18], the
magnetic moment of the sensor of the neutral component of
the plasma generates only 20 % of the induction at the
installation point of the onboard magnetometer LEMI-016,
and the remaining 80 % of the induction generates by the a
quadrupole and octupole — second and third spatial
harmonics of the magnetic field of the sensor of the neutral
component of the plasma.

Therefore, for an adequate description of the
magnetic field in the satellite near zone it is necessary to
use a multipole model, including a quadrupole, octopole,
and, possibly, a higher order model of the satellite’s
magnetic field. The European Space Agency ECSS-E-
HB-20-07A also recommends using spherical harmonics
as integral characteristics of the magnetic field to improve
the satellites magnetic cleanliness [19].

In addition, the characteristics of the magnetic
cleanliness of the spacecraft units change when their
operating modes change and during the flight. Therefore, the
European Space Agency recommends testing the units and
the entire spacecraft in various modes of operation [19].

The aim of the work is to develop a method for
prediction and control the microsatellite magnetic
cleanliness taking into account the uncertainties of the
magnetic characteristics of the microsatellite, based on
calculation the magnetic field spatial spherical harmonics
in the area of the onboard magnetometer installation and
using compensating multipole.

Model of spatial spherical harmonics
microsatellite magnetic field. When design a
mathematical model of the microsatellite magnetic field
the Gauss equation for the scalar magnetic potential of the
source in the surrounding space written in spherical
coordinates , ¢ and 4 in the following form [2]:

U=—- (—j -y (gn-cosmp+...
'y 4 o\ 0 ()
.t by -sin m)- P} (cos ),
where 7 is the radius of the sphere on which the potential

is determined; g, , &, — constant coefficients.

Then from (1) the components B,, B,, By of the
magnetic field in the spherical coordinate system r, ¢ and

6 associated with the geometric center of the
microsatellite calculated (2).
To ensure the microsatellite magnetic field

cleanliness the European Space Agency ECSS-E-HB-20-
07A recommends [19] used spatial harmonics up to
octupole harmonics as characteristics of the microsatellite
magnetic field cleanliness. In addition to the
microsatellite magnetic moment, which is characterized

by three components glo , gll , hll in (1), it is necessary to
determine five more coefficients g(z) , g%, gzz, hé, h22
for the quadruple component and seven coefficients gg ,

gé, g32, gg, h;, h32, hg octupole component of the
magnetic field spherical harmonics:

0 1 n
B =20 N (1) —— Y (g x...
4n n=1 m=0

rn
...xcos mp+h" -sin mg)- P (cos 0);

o0 n
_H LS o i g
B¢_47r Z ) Z(gn sinme—...

n=1" m=0

m
=R -cos mqo)-—P” (COS 9); 2
sin @

Mo 51N
Bg :EZIW zo(gzn'COS mo+....-
n= m=

<ol -sin mw)-;e~[(n—m+l)><...
sin

... x P (cos @)—(n+1)-cos 8- P (cos 9)]
Let us first consider the case when for all N units of
the microsatellite at the preliminary testing stage of

magnetic cleanliness, three quantities ggl, gi,l, h,ﬁl of
the dipole component, five quantities g,?z, g i,z, g%g,
hyllz, h,%z of the quadrupole component and seven

as 0 1 2 3 1 2 3
quantities g,3, £x3> &n3> &n3>» hn3’ hnS’ hn3 of the
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octupole component of spherical harmonics determined.
Let us set the spherical coordinates r,, ¢, and 6, the
location of all N units of the microsatellite in the spherical
coordinate system associated with the magnetic center of
the microsatellite.

Then the components By, By,, Biy of the magnetic field
generated by all NV units of the microsatellite at the point with
coordinates 7y, ¢, and 8, in the spherical coordinate system
associated with the geometric center of the microsatellite
calculated taking into account the expression for Legendre
polynomials up to the third term of series based on (2) [25].

rkn

Tkn

By, :4_
T =1 Tkn Tkn

Tkn

kn

Thn

Tkn

2 1 1 . 2 . 0o 3/2 2
gnl cos Oy, + [g,,l COS @y, + My Sin @y, ]Tsm O + 22 —;Bcos O, —1)+...

1 1. 9 . 2 2 .
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2 . . 60 .
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Here the coordinates ry, and two angles ¢, and 6y,
of points of calculation of the magnetic field generated by
n microsatellite units in the spherical coordinate system
associated with the geometric center of that N
microsatellite units.

Transferred coordinates r;, ¢, and 6, of calculated
point of components By, By,, By of the magnetic field in
the spherical coordinate system associated with the
geometric center of the microsatellite from the spherical
coordinate system to the orthogonal system (6):
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Transferred coordinates r, and two angles ¢, and 6,
location of all N units of the microsatellite from the

}3/52 (l 1 sin Hkn —4cos? Otn )cos Oy +

sin’ Oin

cos 2
{ n3 Phn } 155 (sin2 O, —2 cos? . )sin&,m +...
Tk

xi = cos(py )sin(6y ), vy = 1 sin(6; )sin(gy ) (6)

spherical coordinate system in the orthogonal system for
the orthogonal
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Zn="Mm COS(Hn )’ Xn =T COS((Dn )Sin(en )’ 7)
Yn =Ty Sin(en )Sin(wn )

Then the coordinates r,, @i, and 6;, of calculated
point of components By, By,, By of the magnetic field in
spherical coordinate system associated with the geometric
center n unit of the microsatellite calculate

Tin = \/((xk —xn)2 + (v —yn)2 +(zg —zn)z);
c08(Op, ) = (24 = 2,) /i ®)

te(Pin) = Vi = Yn)/ (g = Xp).

Microsatellite magnetic characteristics uncertain.
The microsatellite has completed units in its composition,
which must meet the magnetic cleanliness requirements.
The solar cell is potentially one of the main sources of the
microsatellite magnetic field currents. To reduce the
magnetic field of solar batteries, the so-called «backwiring»
technique of mounting their circuits with current is used, in
which the return wire from each module of the battery
elements is returned under the same module along its axis
line, which allows you to effectively reduce the magnetic
field of the solar battery in all modes of its work [1].

The characteristics of the magnetic field of the
microsatellite units do not remain constant and change
depending on the microsatellite operation mode and
operating time. In particular, the initial magnetic moment of
the 8S3P MPS battery «SICH-2-1»spacecraft with a change
in the charge current from minus 8 A to the discharge
current 8 A almost linearly changed from —0.17 A-m* to
0.17 A-m’. Besides, antennas and components use latch
springs, control valves and other moving parts magnetic
characteristics of which change under different operating
modes of the microsatellite.

All units with a magnetic drive (motors, linear
motion converters and all other mechanisms) require
independent development in terms of ensuring their
magnetic cleanliness. In conclusion, we note that all
spacecraft units undergo testing regarding the
characteristics of their magnetic cleanliness, which must
be within certain limits [19].

Let us introduce the vector G of uncertainties of the
parameters of microsatellite units magnetic cleanliness
[27 — 32]. It should be noted that the values of three

quantities ggl , g;ll, h,lll of the dipole component, five
quantities g,‘,)z, gllz, g,z,z, h,]lz, h,%z of the quadrupole
component and seven quantities g9,3, g,l,3, g,2,3, g,3,3,

hr1,3, h33, h,3,3 of the octupole component of spherical
harmonics for all N units of the microsatellite determined in
the course of testing the magnetic purity of all microsatellite
units depend on the operating modes of the microsatellite
and, therefore, are functions of the components of the vector
G of uncertainties of the parameters of the magnetic purity
of the microsatellite units.

Then for a given value of the vector G of
uncertainties of the parameters of the magnetic
cleanliness of microsatellite units, given coordinates r,, ¢,
and 6, of spatial arrangement of N microsatellite units

with given values of three quantities g,?l (é) , g,l,l(é) s

h:,l(é) of the dipole component, five quantities gSz (é) ,

22(G), g2(G), hH(G), h5(G) of the quadrupole
component and seven quantities g,%(é), g,113(é),

gn(G), gi3(G), hi3(G), ha(G), (G) of the
octupole component of spherical harmonics three
components ék,(G), Ek([,(G), Bkg(G) of the magnetic

field generated by all N units of the microsatellite at the
point with coordinates r;, ¢; and 6, calculated based on
(3) — (5). Since the results of measuring the magnetic field
depend on the operating modes of the spacecraft, the

components of the measurement vector E}kr (é) , §k¢(é) ,

Ekg(é) also are functions of the vector G .

Statement of the prediction problem. For design of
the spatial spherical harmonics magnetic field model the
methods for experimental determination of the coefficients
of spatial harmonics based on the signatures of the magnetic
characteristics of the tested objects during their movement or
rotation relative to the measuring windings have been
developed in the works [17 — 25]. With the help of such
measuring windings, it is also possible to selectively measure
spatial harmonics of various orders. However, this approach
involves the use of measuring windings of a rather complex
spatial shape, and the dimensions of such selective windings
must exceed the test object when it moves through these
measuring windings.

However, at present, the most common approach to
building a magnetic field model is the use of many point
sensors to measure the magnetic field induction generated
by the test object. This approach is most widely used in
the construction of a multi dipole model of the magnetic
field of the test object [3 — 14]. In the ship magnetism
laboratory (France), to determine the spherical harmonics
of the magnetic field, when modeling the ships
magnetization, a system of 39 stationary sensors is used,
relative to which the test object is moved [26].

Note that today systems with point measurement of
the magnetic field induction using many sensors and
precision systems for moving the object under test make it
possible to realize the highest accuracy in calculating the
parameters of the multipole model of the magnetic field
of the object under test.

Let us now consider the inverse problem of design the
spatial spherical harmonics magnetic field model (3) — (5)

based on the results of measurements Bk,(é), Ek([,(é),

Ekg (G) of the microsatellite magnetic field at the K point

with coordinates r;, ¢, and 6, by analogy with the design of
a multidipole model of the magnetic field [3 — 14].

Let us introduce the vector I7M (@) , components of

which are the measured values Ekr(é), l;’k(/,(é),

Bkg(é) of the magnetic field at the K measurement
points with the coordinates ry, ¢, and 6.

Let us introduce the vector X of the desired
parameters of the mathematical model of the spacecraft
magnetic field, the components of which are the desired
coordinates r,, ¢, and 0, of spatial arrangement of N
microsatellite units as well as the desired values of three

quantities ¢%(G), gL1(G), KL (G) of the dipole
component, five quantities g,?z(@), giz(é), g,%z(é),
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h}lz(é) , h,%z(é) of the quadrupole component and seven

quantities £,3(G). £,3(G). &3(G). €3(G)., Is(G).
h,33 G), h,% (G) of the octupole component of spherical

harmonics of the magnetic field generated by n units of the
microsatellite at the point with coordinates r;, ¢, and 6;.

Let us introduce the vector fC(f( ,G), components
of which are the calculated values ékr(é), Ekq,(é),

Bkg(é) of the magnetic field at the K measurement
points with the coordinates r;, ¢, and 6;.

For vector X of the desired parameters of the
mathematical model of the spacecraft magnetic field,
then, based on (3) — (8) the initial nonlinear equation

?C ()? ,é) for the spacecraft multipole magnetic dipole
model calculated

Yo(X,6)=F(X.,G), ©)
where the vector nonlinear function F ()? , é) obtained on
the basis of expression (3) — (8) with respect to the vector

X of unknown variables, whose components are desired
coordinates r,, ¢, and 6, of spatial arrangement of N
microsatellite units as well as the desired values of three

quantities g%(G), g4(G), h(G) of the dipole
component, five quantities g,%z(é), h},z(é), h,fz(é) of
the quadrupole component and seven quantities g23 (é) s

1 A~ 2 A~ 3 A 1 A~ 2 A 3 A
gn3(G)’ gn}(G)3 gn3(G)’ hnS(G)s hn3(G) > hn}(G) of
the octupole component of spherical harmonics of the
magnetic field generated by n units of the microsatellite at
the point with coordinates r;, ¢, and 6.

Naturally that the vector nonlinear function
F(X,G) also is a function of the vector G of
uncertainties of the parameters of microsatellite units
magnetic cleanliness.

Let us introduce the E()? ,@) vector of the
discrepancy between the vector )7M (G) of the measured

magnetic field and the vector fc()? ,é) of the predicted
by model (18) magnetic field
E(X,G) =Yy (G)=Yo(X,G) =Y}, (G)- F(X,G). (10)
We write the objective nonlinear function as the
weighted sum of squared residuals between the measured
and predicted by the model (23) values of the magnetic field
f(X,G)=(E(X,G) W E(X,G), (1)
where the weight matrix W takes into account different
«weights» of magnetic field measurement errors

depending on the distance to the minisatellite surface.
The nonlinear objective function (11) is obtained on

the basis of expression (9) with respect to the vector X
of unknown variables, whose components are the values
coordinates r,, ¢, and 6, of spatial arrangement of N
microsatellite units as well as the desired values of three

quantities ggl(é), g,lﬂ(é), h,lﬂ(é) of the dipole
component, five quantities ggz(é), g,lﬂ(é), gﬁz(@),

h,l,z(@) , h,%z(é) of the quadrupole component and seven

quantities g23(G), gh3(G), g5(G), gi3(G), hs(G),
h,% (é) , h23(é) of the octupole component of spherical

harmonics of the magnetic field generated by n units of
the microsatellite at the point with coordinates r, ¢, and

0, and the vector G of uncertainties of the parameters of
the magnetic cleanliness of microsatellite units.

This approach is standard when designing robust
mathematical model of the spacecraft magnetic field,
when the coordinates of the spatial arrangement and the
magnitudes of the magnetic moments of the dipoles are
found from the conditions for minimizing the vector of
the discrepancy between the vector of the measured
magnetic field and the vector of the predicted by model
magnetic field, but for the «worst» the vector of
uncertainty parameters of the spacecraft magnetic
moments are found from the conditions for maximizing
the same vector of the discrepancy between the vector of
the measured magnetic field and the vector of the
predicted by model magnetic field.

As a rule, when optimizing the nonlinear objective
function (11), it is necessary to take into account
restrictions on the values of coordinates 7,, ¢, and 6, of
spatial arrangement of N microsatellite units C as well as

the desired values of three quantities ggl(é), g,lﬂ(é),
h,lﬂ((q}) of the dipole component, five quantities ggz(é),
22(G). gm(G). Mp(G), h(G) of the quadrupole
component and seven quantities g,%(é), g,113(é),

gn(G). €3G, 3(G), h(G), Iip(G) of the
octupole component of spherical harmonics of the
magnetic field generated by 7 units of the microsatellite at
the point with coordinates 7y, ¢, and ;. These restrictions
usually written as vector inequalities [31 — 36].
G(X,G) < Gpax - (12)
Statement of the control problem. Consider the
statement of the problem of controlling by microsatellite
magnetic cleanliness based on spherical harmonics
magnetic field model (3) — (5) based on the results of
measurements. To ensure microsatellite magnetic
cleanliness, it is necessary to install in the microsatellite
space not only compensating dipoles, but also
compensating quadrupole and compensating octupole to
compensate for the quadrupole and octupole components
of the initial magnetic field of the microsatellite. Usually,
the microsatellite magnetic cleanliness requirements are
presented in the form of restrictions on the total magnetic
moment of the microsatellite and the magnetic field
magnitude at the onboard magnetometer installation point
[2, 10]. To compensate the initial microsatellite magnetic
field at the onboard magnetometer installation point we
introduce C magnetic units with unknown values of three

quantities g&, gICI, hICl of the compensating dipole

component, five quantities ggz, glcz, g%z, héz, hgz
of the compensating quadrupole component and seven

quantities g¢3, g¢3, 823, 803 hes» héy, hes of the
compensating octupole component of spherical harmonics
of the magnetic field generated by C magnetic units with
located at C points Pc with unknown coordinates 7., ¢,
and 6, at the onboard magnetometer installation point.
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Let us introduce the vector X of the desired
parameters for solving the problem of compensating the
microsatellite initial magnetic field, whose components
are the oblique values of the unknown values of three

quantities ggl , g]Cl , hla of the compensating dipole

component, five quantities ggz , glcz , géz s hlcz of the
compensating quadrupole component and seven quantities

g3, 8C3» 83> Q&3 hey, hes, hes of the
compensating octupole component of spherical harmonics
of the magnetic field generated by C magnetic units with
located at C points Pc with unknown coordinates 7., ¢,
and 6, at the onboard magnetometer installation point.

Then, for a given value of the vector X of the
desired parameters of the compensating dipoles, based on

(14), the vector BC()? ) of the compensating magnetic

field generated by all compensating dipoles at the
installation point of the onboard magnetometer generated
by all compensating dipoles can be calculated [21 — 23].

Then we calculated the vector E’R()? ,é) of

resulting magnetic field generated at the installation point
of the onboard magnetometer by the all microsatellite
units and all compensating elements

Br(X,G)=B(G) +Bc(X). (13)
Then we also calculated the vector M R()—( , G) of
resulting magnetic moment
Mg(X,G)=M(G)+Mc(X) (14)
of all microsatellite units and all compensating elements.
Then the problem of calculated unknown values of

three quantities ggl , gICI, hICl of the dipole component,
five quantities g?;z, glcz, g%z, h(l;z of the anti-
quadrupole component and seven quantities gg3 , g1C3,

g3, g3, hi3, hds, his of the anti-octupole
component of spherical harmonics of the magnetic field
generated by C magnetic units with located at C points P¢
with unknown coordinates at the onboard magnetometer
installation point of the compensating anti-quadrupole and
anti-octupole can be reduced to solving the problem of
minimax optimization of resulting magnetic field (13) at
the onboard magnetometer installation point and resulting
magnetic moment (14) of all microsatellite units and all
compensating elements.

This approach is standard when designing of robust
control by microsatellite magnetic cleanliness, when the
coordinates of the spatial arrangement and the magnitudes of
the compensating dipole, quadrupole and octupole are found
from the conditions for minimizing modulus of spacecraft
resulting magnetic field (13) at the magnetometer installation
point and resulting magnetic moment (14) of all
microsatellite units and all compensating elements for the
«worst» values of the vector of uncertainty parameters of the
microsatellite magnetic characteristics.

Naturally, that in this case it is necessary to take into
account the restriction on the coordinates 7., ¢. and 6, of
the spatial arrangement and quantities on anti-dipole, anti-
quadrupole and on anti-octupole components in the form
of inequalities (12).

In conclusion, we note that the measurement of the
components of the magnetic field of the units and the

entire microsatellite assembly is usually performed in the
orthogonal coordinate system. To calculate the magnetic
field components B,, B,, By in spherical coordinates R, ¢
and 0 according to the measured values of the magnetic
field components By, By, B; in an orthogonal coordinate
system X, Y, Z we obtain the following expression

B, = B, sin(#)cos(p)+...

..t B, sin(H)sin(q))+ B, cos(@);

By =B, COS(Q)COS(¢)+...

...+ B, cos(0)sin(¢p) - B, sin(6);

B,=-By sin((p)+ B, cos(gp).

(15)

To calculate the magnetic field components By, By,
Bz in a orthogonal coordinate system X, Y, Z according to
the values of the magnetic field components B,, B,, By in
spherical coordinates R, ¢ and 6 we obtain the following
expression

B, =B, sin 6 cos ¢y + By cos G cos ¢y —...
-..— B, sin gp;

(16)

B, =B, sin 0 sin ¢ + By cos b sin ¢ + ...
...+ B, cos gp;

B, =B, cos 6y — By sin 6.

In conclusion, we note that since the strength of the
magnetic field and its induction are determined from (1)
by the known formulas

H=-gradU, B=yy-H, 17
then the magnetic field components R, ¢ and 6 in
spherical coordinates R, ¢ and 6, as well as the magnetic
field components By, By, Bz in a orthogonal coordinate
system X, Y, Z can be calculated based on the numerical
differentiation of the original expression (1) for a scalar
magnetic potential.

The scalar magnetic potential in the form of
expression (1) is a function U(R, 6, ¢) of three variables —
spherical coordinates R, ¢ and 6. Therefore, the
calculation of derivatives in numerical form with respect
to these variables is connected with the calculation of
derivatives directly from expression (1), for example, for
the magnetic field components B,, in the form

o(U(R,0,9) U(R+6R,0,0)-U(R-6R,0,9p) (18)
oR 26R '
To calculate the magnetic field components By, By,
Bz in an orthogonal coordinate system X, Y, Z first, based
on the transformation of spherical coordinates R, ¢ and 6
into orthogonal coordinate system X, Y, Z on the basis of
expression (8), we represent the expression for the scalar
magnetic potential (1) as a function U(X, Y, Z) of three
independent variables X, Y, Z, which are the orthogonal
coordinate system. Then the calculation of magnetic field
components By, By, Bz in an orthogonal coordinate system
X, Y, Z in numerical derivatives calculation form with
respect to these variables with is connected with the
calculation of derivatives directly by expression (1) by
analogy (18), for example, for magnetic field components
By, in the form
oU(X,Y,Z) U(X+8X,0,p)-U(X -6X,0,p) (19
ox 20X '
Note that when calculating the magnetic field
components using expressions (3) — (5), it is required to
perform 3 calculations, and when calculating the same

28

Enexmpomexnika i Enekmpomexanika, 2024, No 1



magnetic field components using expressions (18), (19), it is
necessary to perform a calculation at 12 points, however, this
uses the same expression (1) for the scalar magnetic potential.

Algorithm for solving the minimax optimization
problem. To solve the problems of robust prediction and
control by microsatellite magnetic cleanliness, it is necessary
to solve minimax optimization problems (11), (13) and (14)
with constraints (12). Consider algorithms for solving these
problems. Algorithms for solving global minimax
optimization problems are not trivial [37 — 42]. It is
especially difficult to solve such problems, due to the need to
search for a global optimum; complex landscape of the
search surface, associated, among other things, with the
presence of ravines; multidimensionality, multiextremality,
multicriteria of problems with restrictions; lack of analytical
expressions for objective functions, and, consequently, their
algorithmic  representation and high computational
complexity, which involves the use of cumbersome
numerical methods and is often a difficult independent task;
non-differentiability and non-linearity; the presence of
discrete and continuous variables in the goal function.

When using deterministic local search methods, a
multi-start strategy is often used, which does not
guarantee that the global optimum will eventually be
found. Stochastic search methods are more promising for
these purposes, since they explore the entire search space
much more efficiently with subsequent localization in
areas of local optima of the greatest interest [43 — 46].

Metaheuristic algorithms include ant colony and bee
colony optimization algorithms, bacterial algorithms, particle
swarm optimizations, evolutionary computations including
genetic algorithms, simulated annealing method, and many
others. Swarm optimization algorithms, as a kind of
stochastic search method, due to their bionic features, are
well suited for solving such problems [47 — 52].

The Particle Swarm Optimization (PSO) algorithm is
a bionic multiagent global optimization method that models
the social behavior of interacting agents [53 — 57]. The idea
of the PSO method corresponds to the simulation of the
movement of living beings in a flock of birds or a school of
fish. Behavioral metaheuristic optimization methods are
based on the bionic idea of collective adaptation, collective
intelligence, i.e. the mechanism of dissemination of
information in the «flock», «swarm», «school», which is
due to the superiority of group intelligence over the mental
abilities of one individual The social sharing of information
provides evolutionary benefits to all members of the
population, and the dominance of collective intelligence is
the basis for the development of PSO algorithms.

In terms of the theory of artificial intelligence, each
element of the system is called an agent. In the process of
finding the optimum in such methods, not one agent is
involved, but their whole system, called a population. This
means that the solution to the problem is sought using a
multi-agent system consisting of several intelligent agents
with simple rules of interaction and autonomous behavior.

The characteristic properties of objects are:
communicativeness, i.e. the ability to communicate with
other agents, the ability to cooperate; adaptability, i.e.
adaptability to environmental conditions and the ability to
learn; decentralization, simplicity of individual behavior.

These properties of agents allow the phenomenon of
self-organization to manifest itself in the system when
performing the task of finding an extremum. In bionic
methods of metaheuristic optimization, the goal function

is more often called the fitness function, which is its
synonym, but at the same time reflects the specifics of the
approach used to solve the problem. Metaheuristic
behavioral algorithms use a population of agents to find
solutions close to optimal, checking the suitability of the
current solution using a fitness function.

Agents, as a result of competition and cooperation with
each other, look for a potential solution in the search space,
using the value of the fitness function to improve the solution.
Such methods operate on a set of potential solutions rather
than a single possible solution. Each solution is incrementally
improved and evaluated, with a single potential solution
affecting how other solutions are improved.

Consider the PSO algorithm. In this method a swarm
of particles is a set of decision points moving in space in
search of a global optimum. During their movement, the
particles try to improve the solution they found earlier and
exchange information with their neighbors. At the initial
stage of the PSO algorithm, a random initialization of a
swarm of particles is performed. When performing
optimization, 10-30 particles are usually sufficient. The
swarm makes it possible to find the global optimum even
when the number of particles in it is less than the
dimension of the search space.

In the standard PSO algorithm for optimizing a
swarm of particles, the speed of a swarm j particle i
changes according to linear laws, in which the motion of a
swarm of particles is described by the following
expressions [57, 58]

vij(t+1)= q -rlj(t)...
S

...x[y,]-(t)—xij(f)

+y 1 (t)... (20)
...X[yj-(t)—xy(t)];z
xy (1) = () + vy (£ +1), 21

where position x;(f) and speed v;(¥) of the swarm j particle
i; positive constants ¢; and ¢, determine the weights of the
cognitive and social components of the particle’s velocity;
random numbers 7(¢) and 7,(f) from the range [0; 1]
determine the stochastic component of the particle

velocity component. Here y;(¢) and yj are the best local-

Ibest and global-gbest positions of this particle,
respectively, only one particle i and all particles i of this
swarm j find.

The wvalue of the cognitive coefficient ¢
characterizes the degree of individual behavior of the
particle and its desire to return to the best solution found
by it earlier, while the value of the social coefficient ¢,
specifies the degree of collective behavior and the desire
to move towards the best solution of its neighbors.

The inertial coefficient w; determines the influence
of the particle’s previous velocity on its new value. The
use of the inertia coefficient makes it possible to improve
the quality of the optimization process.

If, during the optimization process, the particle goes
beyond the search space specified by constraints (12), then
the corresponding components of its velocity are set to
zero, and the particle itself returns to the nearest boundary.

The algorithm for searching for a global solution to
an optimization problem can be represented as an iterative
process that generates a sequence of points in accordance
with a prescribed set of rules, including the termination
criterion. The search for a global solution to the
optimization problem occurs by enumeration of local
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solutions. In the general case, it is impossible to guarantee
the exact solution of the global optimization problem for
multiextremely function in a finite number of steps.

To prove that the found solution is the global optimum,
it is necessary to perform a complete enumeration of all
possible values of the parameter vector. In most cases, this is
not possible, therefore, in global optimization, it is usually
not about finding the optimal one, but about finding
something close to it, ie. suboptimal solution. The
preference of stochastic methods of global optimization over
deterministic ones is caused by their universality, which is
explained by the estimation of the values of the goal function
at random points of the admissible set, followed by analysis
of the results at trial points of the search space.

To increase the speed of finding a global solution,
special nonlinear algorithms for stochastic multi-agent
optimization have recently become widespread [58].

The PSO method, as well as its various modifications,
which have shown high efficiency in single-criteria
optimization, can also be used to solve optimization
problems in a multi-criteria formulation. In this case, the
optimization problem is formulated and solved as a vector
optimization problem. When solving a vector optimization
problem (13), (14), it is necessary to take into account the
priority of criteria, normalize them, choose a trade-off
scheme, and determine the set of Pareto optimal solutions.
To solve multicriteria optimization problems, the vector
criterion scalarization method can be used by aggregating
particular criteria, and an acceptable solution can be searched
from the set of Pareto-optimal solutions by introducing
additional information about the priority of particular criteria.

One of the simplest ways to solve an optimization
problem in a multicriteria setting is the method of scalar
convolution of a vector optimality criterion. This
approach to solving a multicriteria optimization problem
allows us to reduce it to solving a single-criteria problem
by aggregating particular criteria. For these purposes, in
practice, linear (additive) convolution is most often used:

J
X" =argmin Y o[ f3(¥)],
X =l
where o; are weight coefficients that characterize the
importance of particular criteria f; and determine the
preference for individual criteria by the decision maker.
To solve the problem of multicriteria optimization,
the simplest nonlinear trade-off scheme is also often used,
in which the original multicriteria problem is reduced to a
single criterion

J
X' = argminZai -y, ()?)]_1,

X i
where y; are normalized local criteria f;, the value of which is
in the range [0; 1]. Naturally, such a formalization of the
solution of the multiobjective optimization problem by
reducing it to a single-objective problem allows one to
reasonably choose one single point from the area of
compromises — the Pareto area. However, this «single» point
can be further tested in order to further improve the trade-off

scheme from the point of view of the decision maker.

An alternative  approach to  multiobjective
optimization is to search for the Pareto set, which includes
all solutions that are not dominated by other solutions. To
find non-dominated solutions, it is convenient to use
specially calculated ranks. However, this raises the

(22)

(23)

problem of comparing several solutions that have the
same rank values. To adapt the PSO method in relation to
the problem of finding Pareto-optimal solutions on the set
of possible values of a vector criterion, it is most simple
to use binary preference relations that determine the
Pareto dominance of individual solutions.

In conclusion, we note that when designing a
multidipole model in the form of N dipoles, it is necessary
to calculate 3N spherical coordinates 7, ¢, and 6, of the
location of dipoles in microsatellite space and 3N values

g,?l(@), g,lﬂ(é), h,l,l(é) of the components of the

magnetic moments of the N dipoles. As a result, it is
necessary to calculate 6N unknown coordinates

When designing a multipole model in the form of N
multipoles with dipole, quadrupole and octupole
components, it is necessary, in addition to solving the
problem of designing a multidipole model, to calculate

another 5N values ggz (é), gl,z(é), g,%2 (é), h,112 (G) s

h,%z(@) of the components of the quadrupole

components, and also calculate 7N values g23 G),

13(G). €13(6) . g (G, I3 (G), Iiy(G), Iyy(G) of
the components of the orthorupole components. As a
result when designing a multipole model 18N unknown
variables need calculated compared to 6N unknown
variables in the design of the multi-dipole model.

Simulation results. Let us consider the use of the
developed method for prediction and control by spacecraft
magnetic cleanliness based on spatial harmonic analysis at
the point of installation of the LEMI-016 magnetometer
generated by the sensor of the KPNCSP, which is part of the
«Potential» scientific equipment of the «Sich-2» spacecraft
family to ensure the spacecraft magnetic cleanliness.

The layout of the onboard magnetometer LEMI-016
and the sensor for the KPNCSP on the «Sich-2»
spacecraft family [18] shown in Fig. 2.
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Fig. 2. The layout of the onboard magnetometer LEMI-016 and
the sensor for the KPNCSP on the «Sich-2» spacecraft

To compensate the magnetic moment of the sensor,
its permanent magnets are oriented antisymmetrically to
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each other and a ferromagnetic screen is used. As a result,
the magnetic moment of the sensor was reduced to the
following values [18] of magnetic moment components in
orthogonal coordinate system:

M, =0.087 A-m’*; M, =—0.084 A-m*; M, = 0.042 A-m”.

When using only the dipole model, the magnetic
field components in a orthogonal coordinate system
created by the residual magnetic moment of the sensor in
the zone of the onboard magnetometer, calculated by
formula (2), have the values:

By=-203 nT; By=196 nT; B;=196 nT.

The paper [18] presents the values of harmonics
calculated on the basis of the experimentally measured
signatures of the magnetic flux of the sensor at the at the
magnetic measuring stand of the Anatolii Pidhornyi
Institute of Mechanical Engineering Problems of the
National Academy of Sciences of Ukraine [59] when it
moves through the measuring circuit

gl =4.1107, gl=-84107 h=-421072

g=1411107, gd=2510"*

In this case, the value of the magnetic field
component B; in a orthogonal coordinate system along the
axis Z at the installation point of the onboard
magnetometer, taking into account only the first harmonic
B; =237 nT, taking into account only the second harmonic
Bz = 352 nT, and taking into account only the third
harmonic B; = 247 nT. The magnitude of the resulting
magnetic field when three spatial harmonics are taken into
account B, = 836 nT [18]. The relative contribution of the
dipole harmonic (field of the magnetic moment) to the
magnetic induction created by the sensor in the area of the
onboard magnetometer is only about 20 %. The
contribution of quadrupole and octupole spherical
harmonics to the magnetic induction of disturbance to the
on-board magnetometer is about 80 % [18].

Let us consider the solution of the problem of
compensation of spatial harmonics of the initial magnetic
field. As a result of solving the optimization problem, the
values of the harmonics of the compensating quadrupole
are calculated

g) =0.0249959, g} =0.981453, g3 =0.271729,

h) =0.62818, h3 =0.620474.

The values of the harmonics of the compensating
octupole are calculated

g9 =0.00160516, gi =0.0282545, g7 =0.651052,
g3 =-0.704719, hi =0.0031692,

h =0.175824, h3 =—1.11672.

And also the spherical coordinates of the spatial
arrangement of the compensating quadrupole and
octupole are calculated

r=0.0768617; ¢, = 0.163995; 6, =3.90015.

In this case, the following values of magnetic
induction were obtained in the probe of the location of the
onboard magnetometer. Initial magnetic field

By =-202,86 nT; By=195,935 nT; B,=243,115 nT.

Compensating magnetic field
Byx=202.913 nT; By =-195.669 nT; Bx,=-243.13 nT.

The resulting magnetic field
Bry=0.0527476 nT; Bry=0.26579 nT; Brz;=-0.0153575 nT.

Thus, due to the installation of compensating
quadropoles and octupoles, it was possible to reduce the

level of magnetic field induction at the point of
installation of the «Sich-2» spacecraft family onboard
magnetometer by a factor of more than two orders.

In conclusion, we note that the implementation of
compensating quadrupoles and octupoles can be
performed both with the help of permanent magnets and
with the help of electromagnets [21, 24]. Naturally, the
technical implementation of compensating elements with
the help of permanent magnets is simpler, however, when
implementing compensating elements with the help of
electromagnets, an additional possibility appears to
increase the magnetic purity of the microsatellite when it
operates in various operating modes by controlling the
parameters of the compensating elements in real time.

Conclusions.

1. The method for prediction and control the
microsatellite magnetic cleanliness taking into account the
uncertainties of the magnetic characteristics of the
microsatellite, based on calculation the magnetic field
spatial spherical harmonics in the area of the onboard
magnetometer installation and using compensating
multipole has been developed.

2. The spatial spherical harmonics of the microsatellite
magnetic field is calculated based on the solution of the
nonlinear minimax optimization problem. The nonlinear
objective function of this nonlinear minimax optimization
problem is calculated as a weighted sum of squared residuals
between the measured and predicted magnetic field levels at
the measurement points. The values of the spatial spherical
harmonics of compensating dipole, quadrupole and octupole,
as well as the coordinates of their spatial placement inside
the microsatellite to compensate the dipole, quadrupole, and
octupole components of the initial magnetic field of the
microsatellite, are also calculated as a solution to the
nonlinear minimax optimization problem. Solutions to both
nonlinear minimax optimization problems are computed
based on particle swarm nonlinear optimization algorithms.

3. The developed method was used to improve the
magnetic cleanliness of the «Sich-2» microsatellite. Based on
calculation of spatial spherical harmonics of the magnetic
field generated by the kinetic parameters sensor of the
neutral component of the space plasma at the installation
point of the onboard magnetometer LEMI-016 of the «Sich-
2» microsatellite family, the spatial harmonics of the
compensating dipole, quadrupole and octupole, as well as the
coordinates of the spatial location of these compensating
elements in the space of a microsatellite are calculated to
compensate for quadrupole and octupole harmonics of the
initial magnetic field. The use of compensating quadrupole
and octupole made it possible to reduce the level of magnetic
field induction of the microsatellite at the point of installation
of the magnetometer by more than two orders of magnitude,
which will increase its controllability in orbit.
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M.I1. bapanos

Y3araabHeHuH Qi3MYHNN NPUHIUI PO3BUTKY IJIA3MOBOI0 KAHAJIY BHCOKOBOJIbLTHOIO
IMIIyJ1IbCHOT0 iCKPOBOTO PO3pPAAY B AieJIeKTPUKY

Haoani pesynomamu po3pobku y3a2anbheHo2o QisutHo20 npuHyuny po3eunky 8 20MOeHHOMY OieIeKMPULHOMY cepedosuilyi Nia3moeo-
20 KAHATTY BUCOKOBOILIMHO20 eNeKMPUiHO20 IMIYIILCHO20 ICKp0Bo20 po3pady. Tlokazano, wjo kanan 0ano2o 6uoy elekmpuiHo2o po3psoy
8 2a3060MY OleleKMPUKY PO3NOBCIOONCYEMBbCA NO 3U23A20N00IOHOMY WIAXY 3A8008HCKU I, AKUll 3aDe3neyye HallMeHue NAJIHHA HA HbO-
my enexmpuunoi nanpyeu U,. Jlna o0Tpynmysanus nputiHamux noyamkosux QisuyHux noiodicensv i eepugikayii ompumanux popaxym-
KOBUX eNeKmpo@izutHux OaHUX npeocmasneHi pe3yabmamu GUCOKOBOTbIMHUX CUTbHOCIPYMOBUX eKCHEePUMEHMIB N0 el1eKmpUIHOMY
npobol0 0062020 NOBIMPAHO20 NPOMIJICKY 8 080€NeKMPOOHill po3pAoHill cucmemi «gicmpsa-naowunay (Inin=1,5 m) i3 3acmocyeannam
CMAHOAPMHO20 KOMYMAYIUHO20 anepioouyo2o imnyiscy sucokoi nanpyeu yacogoi gpopmu T,/T~200 mrc/1990 mxc nozumuenoi no-
naprocmi. Bukonano nopienanns po3pobnenozo Qizuuno2o npuHyuny po3noscioOdCer s Nia3Mo8020 KAHALY BUCOKOBOILIHO0 ejle-
KMPUYHO20 IMNYIbCHOZ0 ICKPOB020 PO3PAOY 6 JleNeKmPUYHOMY cepedosunfi 3 PYHOAMEHMANbHUM QI3UUHUM NPUHYUNOM (3AKOHOM)
Depma Ona po3snoBCrOONCEH s CEIMAA 8 ONMUYHO NPO3OPOMY CepeosUlyi, Ke BKA3YE HA CXONCICMb 3a HYOPMOIO MAMEMAMULHOLO0
3anucy i OIU3bKICMb 3a 3MICIMOSHUM NPUSHAYEHHAM OaHux Qisuunux npunyunig. biomn. 25, puc. 5.

Kniouosi cnosa: nna3moBuii KaHall, icKpOBHIi po3psl, dieJeKTPUYHE cepeJoBHUILe, (i3MYHUI NPUHIMI PO3BUTKY ILIA3MOBOI0

KaHAJIy, PO3PAXyHOK, eKCIIEPHMEHT.

CraH Ta akTyaabHicTh 3aaa4i. Enexrpuynuii immy-
JIbCHUH iCKPOBUI PO3psil y BaKyyMi, Ta30BOMY, PiZIKOMY Ta
TBEPJOMY JENEKTPUYHUX CEpEeOBHINAX, SKUH 3IHCHIO-
€TBCSI 32 JIOTIOMOTO0 BUCOKOBOJIBTHOTO CIIA0KO- 1 CHIIBHOC-
TPYMOBOT'O €JIEKTPOYCTaTKyBaHHsI, 3HAMIIOB JOCHTb LIMPO-
Ke MPaKTHYHEe 3aCTOCYBaHHS 5K B HAYKOBHX, TaK 1 TEXHOJIO-
rivaux nusx [1-5]. BkakeMo, o 1aHwid BHJT BUCOKOBOJIb-
THOTO EJIEKTPUYHOTO PO3PSAY BIOHOCHTHCA 1O ORHOTO 3
BiIOMUX 1 JOOpEe BUBYEHHX HA CHOTOMHI B €JIEKTPO]i3uIli
KJIACHYHHX BHIB CAMOCTIMHOTO PO3PSIY B IiEIEKTPHUKY [6-
8]. EnexTpopo3psiiHi TEXHOJIOTII, M0 0a3yrOThCs Ha Iepe-
TBOPEHHI HAKONMUYEHOI, SIK TPaBHJIO, B ITOTY)KHHX BHUCOKO-
BOJIFTHUX KOHJICHCAaTOPHUX Oarapesix eJEeKTpUYHOI eHeprii
B eHepriio (a30BHX NEpexoIiB, XIMIUHUX peakiil, BUOyXy
TBEPMX PEYOBHH, yJapHUX XBWJIb, B MEXaHIUHy poOOTYy,
TEIUIOTY Ta iHIm BUIH eHeprii [3, 9-11], MaroTs oxHy TpHH-
LUIIOBY BIIMIHHICT BiJ IHIIMX TEXHOJIOTiA: BOHH 3[aTHI
3a0€3MeUnTH MiABEICHHS 10 JOCIIHKYBaHOI pEUYOBHHHU ab0
00po6iroBaHOTO BHPOOY (00’€KTY) BENHMKOI TYCTHHHU €HEp-
rii B iMmynsecHOMY pexkumi 1i aii. ITpm mpomy gac miei mii
MOXKE 3MIHIOBAaTHCS B IIMPOKOMY Jialia3oHi: BiJl COTEHb
MUTICEKyH]I 10 OJMHHIIL HAHOCEKYH. BpaxoByroun repc-
NEKTHBHICTh €JIEKTPOPO3PSIHUX TEXHOJOrIH Ha OCHOBI
IMITYJIbCHOTO ICKPOBOI'O pO3psiLy, B OCTaHHI JECSTHIITTS
BITYM3HSIHUMH 1 3apyODKHUMHU BYEHUMH-EIEKTPOTEXHIKAMU
1 enektpodizukamu OyJar OTpHMaHi HACTYITHI BaXKJIMBI Hay-
KOBI pe3yNbTaTd B JaHii 00JacTi BUCOKOBOJIBTHOI iIMITYIIb-
cHoi TexHiku (BIT) [1, 3-12]: mani momo 3aJIe)KHOCTI e1eK-
TPUYHOI MIITHOCTI 0araThOX MICNEKTPHUKIB Bil TOBXKHHHI
MDKEJIEKTPOIHNX TMPOMDKKIB, TEOMETpii BXKMBAaHUX B IHX
MPOMIXKKAX €JICKTPOIIB 3 PI3HUX METAIB 1 IPOBIAHUX KOM-
MIO3UILIH, aMIUTITyIHO-4yacoBuX mapameTpiB (AUII) emext-
PHUYHOI Harpyru (CTPyMY), IO JIi€ Ha JIENeKTPHUK, 1 eNIeKT-
podi3uUHKMX MapaMeTpiB HABKOJHUIIHBOTO MICICKTPHIHOTO
I30JISILIIHHOTO CepeIOBUILA; BOJIBT-CEKYH/IHI XapaKTepUCTH-
KU eJIEKTPUYHOrO Npo0OI0 OarathOX BHIIB JiEJNEKTPUKIB;
3HaWIeH] PO3MOJUIN HANPYKEHOCT] CHIIBHOTO IMITYJIbCHOTO
CIICKTPIYHOTO TIONIS B JIIHIMHUX 1 HEOJHOPIIHUX IieIeKT-
PHKax, pO3MIMICHUX B MDKETICKTPOIHHUX TIPOMIXKKAX 3 eJIeK-
Tpomamy pi3HOi KOH(]Iryparlii; BH3HaYeHI OCHOBHI BUIU
SNIEKTPOPO3PSIIHUX CTPYKTYP 1 HapaMeTpH po3psAHMX IUia-
3MOBHX KaHAJIiB B OCHOBHHMX BHIAX IICJICKTPHUKIB IPU Pi3-

Hux AUII Hanpyru (cTpyMmy); OTpuMaHi mepii ajeKBaTHi
PO3paxyHKOBI JlaHi MO KOMII'FOTEDHOMY MOJIETIOBAaHHIO
CKJIQJTHUX €JIEKTPO(I3MIHHX IIPOLECIB PO3BUTKY IIIA3MOBO-
IO KaHAIy €JIEKTPUYHOTO IMITYyJIbCHOTO iCKPOBOTO O3PSIy
B JICSIKHMX BU/IaX iCNEKTPHKIB.

Hespaxkaroun Ha BKa3aHi BHIIE HAYKOBI Pe3yJIbTaTH,
B obumacTti cydacHoi BIT mpu mocnmimkeHHI iMITyIBCHOTO
ICKPOBOTO PO3pAAY B Ai€IEKTPUKAX MAJIOBHBUYCHUMH ITH-
TaHHSIMH 3QIHIIAIKCS Ti, IO IOB’S3aHI 3 PO3POOKOIO
MEXaHi3MiB 1 OMHCOM PO3PaXyHKOBUX AHANITHYHHX MO-
JieNieil pO3BUTKY B HHUX IUIA3MOBOTO KaHAITy IIbOTO pO3psi-
ny. HasBHICTh MOIOHUX MEXaHi3MIB | aHATITHYHUX MO-
JieNiel COpUsITUME TTOJJANIBIIOMY yIOCKOHAIIEHHIO METO/IIB
KOMIT'FOTEPHOTO MOJIEJIIOBAHHS PO3BUTKY IUIA3MOBOTO
KaHally eJIEKTPUYHOTO iCKpOBOTO PO3PSAY B JIENEKTPH-
Kax pi3HOI mpuponu [13-18], mo MarTh BaxJIUBE MPH-
KJIaJIHe 3HAYeHHS B 00JacTi BUCOKOBOJIETHOI €IEKTPOTeE-
XHIKH, TIPOMHUCIIOBOI enekrpoeHepretuku, BIT, cumpHOC-
TPYMOBOI €JIEKTPOHIKH, aTOMHOI TEXHIKH 1 3aXHCTYy JiTa-
KiB Ta Ha3eMHUX 00’€KTIB 1HOPACTPYKTYpH BiJl Bparkaro-
40i aii atMochepHoT eneKTpuKy (OJTHUCKABKH).

MeTto10 cTaTTi € OTpHMaHHA y3arajibHEHOro (i3uy-
HOTO TPUHLMUITY PO3BHUTKY IUIA3MOBOTO KaHAIly BHCOKO-
BOJILTHOTO IMITYJIbCHOTO iCKPOBOT'O PO3pPSITy B TOMOTEH-
HOMY JIi€JIeKTPUKY Pi3HOTO arperaTHOro CTaHy.

1. IlocranoBka 3amaui. /{1 BH3HAYEHOCTI BHpI-
IIEHHS JaHoi MPUKIaaHOI eneKTpodi3nyHol 3amadi po3-
ITISTHEMO BHCOKOBOJIBTHY JBOCIEKTPOIHY PO3PSIIHY CHC-
temy (JEPC), mo micTuTe moTeHiitHuA enexTpon y ¢o-
pPMi 3arOCTpEHOT0 Ha Kpal METalleBOTO CTPIDKHS | KiH-
LEBUX TEOMETPHYHHUX PO3MIpIB 1 3a3eMJICHHI €JIeKTPOI Y
BUTIJISIII METAJICBOI TUIOIIMHA 2 HEOOMEKEHUX T€OMETPH-
YHUX po3MipiB (puc. 1). Xaif enekTpu4Hi MOTEHIIaan X
enexTpoiB 1 1 2 piBHI BiMOBITHO @) 1 ¢,=0, a Mk HUMHU
Y MDKEJIEKTPOIHOMY IIOBITPSIHOMY MPOMIXKY MiHiMajIb-
HOIO JTOBXKUHOIO /iy, PIBHIN JTOBXKHHI IPSAMOT, TPOBEACHOT
BiJl BICTps MOTEHUIHHOTO eNeKTpoay | 3a HOpMayuIIO 110
IUTOCKOT TTOBEPXHI 3a3eMJIEHOTO €JIEKTPOoay 2, po3mille-
HUIl TOMOTCHHUH ra3 3a HACTYIIHUX aTMOC(PEpPHUX YMOB
[19]: Tuck rasy P,~(1,013£0,003)-10° Ila; aGcomoTHa
temnepatypa razy 71,~(293,15+5) K; BigHOCHa BOJOTiCTh
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razy (45+15) %. IlpuiiMemo, L0 eNeKTpUYHA MILHICTh
MDKEJNeKTpoIHOro noBiTpsiHoro npomixky B JIEPC cro-
COBHO YCEPEIHEHOI0 PiBHS HOro MpOOMBHOI HANPYKEHO-
CTi CHJIBHOTO IMITYJIbCHOT'O €JIEKTPUYHOIrO IOJISI JUIsl 1M-
MyJIbCY €NEeKTPUYHOI Hampyry, mo nojxaerscs Ha JEPC,
CKJIaJIa€ BEIIMUMHY, siKa 1opiBHIOE E,. [Ipn ipomMy morten-
uian ¢, HabyBa€ 3HaYCHHS, PIBHOTO ¢ ,.

dl.,

B

Puc. 1. Cxemarnune 300pakeHns nositpsiHoi JEPC,

Ha IPUKIAJ SKOT PO3IIIAIAETHCS MIPOLIEC PO3BUTKY IIA3MOBOTO
KaHaIly BUCOKOBOJIBTHOT'O CJICKTPHYHOTO IMITyJIBCHOTO iCKPOBO-
TO PO3psiAy B Ta30BOMY JieneKTpuKy (1, 2 — BiANoBigHO MeTa-
JICBU CTPHIKCHB 3 TIOTCHIIAJIOM ¢ 1 METaJieBa IUIOIIIHA
3 HOTEHLIAJIOM ¢); A, B — TOUYKH MOYaTKy i 3aBEPLICHHS IULSIXY
IPOCTOPOBOTO PO3BHUTKY IJIa3MOBOTI0 KaHAITY iIMITyJIbCHOTO
ICKPOBOI'O PO3psAY B Fa30BOMY JIEIEKTPHKY)

OOMeXIMOCS PO3TIBLIOM IPUKIATHOTO BUMAIKY, KO-
mu AUYIl Bucokoi eneKTpU9HOi IMITYJIBCHOI HampyTu
Un()=(p1—¢>2) y MDKETEKTPOAHOMY MOBITPSHOMY HPOMi-
#*Ky {EPC 3MiHIOIOTBCS y 9aci ¢ 32 3aKOHOM CTaHAAapPTHOTO
KOMYTAallI{HOTO anepioJyHOro IMITyJIbCY Hampyru 4aco-
Boi popmu 7,,/T,~(250+50) mrc/(2500+£750) MKC TO3UTHB-
HOI MOJIIPHOCTI 3 BiJIMOBIAHMMM JIOIyCKaMH Ha Horo mapa-
metpu [20, 21]. Came ueii BU BUCOKOI IMITYJIbCHOI HAIIPyTH
HalyacTillle BHKOPUCTOBYETHCS B IPOMHCIIOBIH €JIEKTPO-
ereprerrrti i BIT npu BU3HAUeHHI €NEKTPUYHOI MIITHOCTI
BHYTPIIIHBOI 1 30BHIMIHBOI 130JIAIIil PI3HOTO BHUCOKOBOIIBT-
HOTO ENEKTPOYCTATKyBaHHS 1 MOTYKHMX BHCOKOBOJIBTHHX
BUIIPOOYBAIBHUX €JeKTPO(I3HYHUX YCTaTKyBaHb. Bpaxo-
BYIOUH JIIIEPHY CTaJil0 PO3BUTKY ILUIA3MOBOTO KaHATY €JIeK-
TPUYHOTO PO3PAAY B Ta30BOMY Ii€NIEKTPUKY, KOJIM KaHa
O3PSIy MOXE PO3Taly>KyBaTUCS 1 MaTH 3Ur3aronoIiOHui
xapakrep [8], 00Mex)HUMOCsT PO3IJISIIOM TPOIIECIB HA CTail
YTBOPEHHS MPOBIJHOTO IMITYJBCHOTO ICKPOBOIO KaHaly B
nioBitpsHiit JJEPC micnst mpoxopkeHHs 10 JIiepHOMY KaHa-
JIy 3BOPOTHOI XBWIII IMITYJIECHOTO CTPYMYy, SIKa BHKJIMKAE
Horo sickpaBe cBideHHs [5]. Ha ocHOBI aHamizy po3paxyH-
KOBHX 1 €KCIIEpIMEHTAIBHUX IaHHX, SKI CTOCYIOTBCS IPO-
TIKaHHS OCHOBHHX €JEKTPO(I3MYHHUX MPOIECiB B JOCIi-
JUKyBaHOMY pO3pSAHOMY TOBITpsHOMY mpoMikky JJEPC
(muB. puc. 1), HEOOXiTHO PO3POOHUTH (I3UUHHIA TPHHIIAIT
PO3BUTKY IUIA3MOBOI'0 KaHaJly BHCOKOBOJIBTHOI'O IMITYJIbC-
HOTO iCKPOBOTO PO3psiLy B NPUHHATOMY IS NOCIIKEHHS
ra30BOMY MICJIEKTPHKY 1 Jajli y3arallbHUTH HOro Ha romMo-
TeHHI JIIeJISKTPUKHM 1HIIOrO0 arperaTHoro craHy, (i3u4Hi
BJIACTUBOCTI SIKMX 3MIHIOIOThCS Y TIPOCTOpPi Oe3nepepBHO
0e3 CTpHOKIB.

2. OcHoOBHi ¢i3n4Hi MOJIOKeHHAA i PO3PaXyHKOBi
cniBBiTHOIIEHHS. BpaxoByroun eneKTpOMarHiTHy IpHPOILY
CBITJIA 1 TJTA3MOBOTO KaHAITYy BICOKOBOJIFTHOTO EJICKTPHYIHO-
TO IMITYJIECHOTO iCKPOBOTO PO3PSAY, IO SICKPABO CBITHTHCA,
B JIOCII/PKYBaHOMY Tra30BOMy jienektpuky [8, 19], mis

KpAILOro PO3yMIHHS CKIIAJIHUX €NeKTPO(I3MIHUX MPOLIECiB
B noBitpsHiii JIEPC, sika po3risiiaerbesi, 3yMHUMOCS CIIO-
4aTKy Ha BiZjloMoMy ¢iznuHoMy npuHimni Oepma 3 obnacti
T€OMETPUYHOI ONTHUKH, SKUN AJIsl ONTUYHOI JOBXHHHU L
PEATbHOTO CBITJIOBOTO MPOMEHSI B ONTHYHO IPO30POMY Ce-
PEIOBUILI 3aIMCYETHCSI B HACTYITHOMY KJIACHYHOMY aHali-
TUYHOMY BUDIIiL [22]:

B

Ly = j”ods ; (1

A4
zie ng — 6e3p0o3MipHHI MOKa3HUK 3aJIOMJICHHS CBITJIOBOTO
MIPOMEHSI, SIKUH € MiHIMaIbHUM JJIsl PEaIbHOTO TIPOMEHS Y
OINITHYHO IPO30POMY CepeloBHII; ds — TOBXKHMHA eJIeMeH-
TapHOI JUITHKY PO3MOBCIOPKEHHS CBITIIOBOIO MIPOMEHS Yy
ONTHUYHO TPO30POMY CEpPEIOBHINI BiJ TOYKH MOYATKy A
JI0 TOYKH 3aBEPILICHHS B pealbHOro IIISIXY PO3MNOBCIO-
JDKEHHS B HbOMY CBITJIA.

Y BHNajKy, KOJNU MTOKA3HUK 3aJOMIICHHS 719 CEPEIo-
BUILIA [TPOCTOPOBO 3MIHIOETHCSI B HBOMY O€3IepEepBHO, TO
3rigHo (1) onTuyHa OBXKHMHA L NUIAXY, SIKMWA TPOWACHHUN
B HBOMY p€ajIbHUM CBITJIOBUM IPOMEHEM BiJ TOUKH A O
TOYKH B, Oyle MeHIe ONTHYHOI AOBXHHH OyIb-SKOTO
IHIIOTO NUIAXY a00 NOBXHHM Oy/b-KO1 1HIIOT TeOMeTpH-
YHOT KPUBOI, 110 3’ €JHYIOTh LI KpalHi TOYKH HUISXY PO3-
MTOBCIOJKEHHS CBITIIOBOTO mpoMeHs. OTxe 1 9ac ¢, mpo-
XO/DKEHHS B TOMYy a0o0 iHIIOMY CEpeIOBHINI 3 ITOKa3HU-
KOM 3aJIOMJICHHSI 7y CBITJIOBOTO IIPOMEHS I[bOTO LUIAXY 3
ONTHUYHOIO OBXKUHOIO Ly Oyne HaiimenmuMm. ITpu mpomy
CJIiJ] 3a3HAYNTH, 1[0 BKa3aHWH 4Yac f) MPOXOKEHHS MpO-
MeHs MaTHME€ HACTYITHHH pPO3PaxyHKOBHHM aHAJTITHIHHA
BUrIsg: ty=Ly/c, ne ¢ = 3-10° m/c — wBHaKicTH po3sro-
BCIO/DKCHHS CBiTNa y Bakyymi [19]. BiamiTumo, mo 3riza-
HO 3aKOHYy MakcBesuia Juisi BEJIMUYMHN NOKa3HHKA 3aJI0M-
JICHHS 71 CEPEIOBHIIA € CIIPaBEIINBOIO hopmyina [22]:

o= o @

Ii€ &, U, — BIATIOBIIHO BIJHOCHI Ji€JICKTPUYHA TA MATHIT-
Ha TPOHUKHOCTI CEpeNIOBHUINA, y SKOMY PO3IOBCIOJUKY-
€THCS CBITJIOBHH IIPOMIHb.

®opmyna (2) WIiTKO BKa3ye Ha EJIEKTPOMATHITHY
npupony cBitna. 3 (2) IS TOBITPSHOTO CepeIOBHIINA
(e=1; w,=1) BUTiKaE, MO (PI3UYHMUIA TTApaAMETP 7y B IIHOMY
MIPUKIIAHOMY BHUITAJKy YHCENBHO CKagae 0ums ng=1 [19].

B 3B’s13ky 3 1M ¢izuunuii npuHuun depma, skuii €
3araJbHUM 3aKOHOM T€OMETPUYHOI onTHKH, 3rigHo (1) i
NPUIHATHM TIOJIOKEHHSIM B 00JIacTi Cy4YacHOi ONTHKHU
dhopmymroeTbest TakuM unHOM [22]: «Ceimio po3nogcio-
0oicyemuvcst 3 OOHIET MOUKU cepedosuuya 6 iHuY 3a Uiis-
XOM, Ol NPOXOOJCEHHA SKO20 BUMPAYACMBCS  HAU-
menwuil wacy. 3 npunnuny depma BuTikae ¢izuuHe Mo-
JIOKEHHS TIPO Te, 110 CBITJIO B ONTUYHO ITPO30POMY Cepe-
JIOBHIII PO3IOBCIOMKYETHCS MPSIMOMiHIHHO [22]. 3Baxka-
I0YH Ha 3a3HaueHy BUINE €IEKTPOMATHITHY MPHUPOIY CBi-
TJIa 1 IUIA3MOBOTO KaHAY EIEKTPUYHOTO PO3PsLy, MOXKHA
JIOCTaTHHO OOIPYHTOBAaHO NPHUUHATH Te (i3UYHE MOJIO-
KEHHsI, 110 PO3BHUTOK IJIA3MOBOTO JIIEPHOTO KaHAJy elie-
KTPUYHOTO PO3PsY 1 Aaji M1a3MOBOTO iICKPOBOTO KaHATy
JIAaHOT'O IMITYJIbCHOTO PO3pPSY B MOBITPSIHOMY PO3PSIHO-
My npoMixky (no=1) mocnimkysanoi JJEPC na #ioro xo-
POTKHX €JEeMEHTapHUX MNUISHKAaX 3aBHOBKKH d/., <<,
BiZIOYBa€eTHCS 32 NPSAMONIHIHHUME HanpsiMKaMH Tiii abo
iHIIIM npocTopoBiit opienTauii. [Ipudomy, maHi npsmoti-
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HilfHI HanpsIMH Ha eJIEMEHTapHUX IUISHKAX IOBXKHHOIO
dl.,, six Ha crajii pO3BUTKY B MOBITPI IIA3MOBOIO JIijiep-
HOTO KaHally po3psay, Tak 1 Ha cTajil pO3BUTKY B HbOMY
HOro iCKpoBOTO KaHally, 3aJI0BOJIHATUMYTh YMOBI Mak-
CHUMAJILHOTO 3HAYEHHS MUTOMOI EeJIEKTPONPOBITHOCTI Y,
MPOBIZHOTO LIUISIXY B Ta30BOMY Ji€NIEKTPUKY Ha BKa3aHUX
CJIEMEHTAPHHUX JIUITHKaX JOBXHHOKW d/, TIUIa3MOBOTrO
JiiepHOro (ICKpOBOTO) KaHATY PO3PSILY.

BBaxkaemo, mo 1ei MpOBITHUHA NUISIX IHIMIIOETHCS
MPOPOCTAOYO0 B MPOCTOPi HOTr0 TOJIOBHOK YacCTHHOIO
(TomoBKOIO ITiZiepa PO3psimy), IO SICKPaBO CBITUTHCS i
IIBUJIKO PYXAEThCSA B I[bOMY TICIEKTPHUKY (TIPH cepenHiit
LIBUKOCTI v, IPOCYBAHHS B MOBITPI MEPEIHBOIO (PPOHTY
nigepa pospsmy v;~10° m/c [8]) Bix noTeHuiiHOro 10 3a-
3emiieHoro enektponiB JIEPC. IIpocroposi posmoninu B
po3psimHOMYy TpoMikKy apociimpkysanoi JIEPC 3nauenb
Yen Ha €JIEMEHTapHHUX IUISTHKaxX JoBxwuHOW d/.,, mpopoc-
TAIOYOr0 JIIZEPHOTO KaHaly IMITyJbCHOTO PO3pSAy HO-
CsITh, SK IPaBUJIO, IMOBIpHICHHH Xapakrep. [laHi mpocro-
POBi IMOBipHICHI PO3NOiNK 3HAYCHD )., B TOMY a00 iH-
IIOMYy JieTIeKTPUKY BHU3HAYAIOTHCS SK TEXHOJOTIEID iX
BHUTOTOBJICHHS (OUIBIE 1€ CTOCYEThCS TBEpAOI 1 pimkol
i30JmA11ii), Tak 1 (QI3MYHMM CTaHOM 1 CKJIaJOM Ta30BOIrO
JICIIEKTPHUKA, a TAKOXK BIIACTHBOCTSIMH Ia30BOT0 abo pij-
KOTO i30JIAIIIIHOTO CepeloBHINa, IO OTOYy€E TBEPIHUA
nienektpuk [1, 5]. Tomy npu enekrpudHOMy mpoooi 1mo-
BITPSHOTO  PO3PSITHOTO MPOMDKKY B JOCIIJKYBaHid
JEPC 3 mpoBiIHUM IUIa3MOBUM KaHAJIOM IMITYJIbCHOTO

m B
pO3psALy CYMapHOIO JOBXKHUHOIO lﬁZdlcn = j dl., Bka-
n=1 A
3aHi MPSIMOJIIHINHI eJIeMEeHTapHI AUITHKY 3aBIOBXKKH d/.,
IUIa3MOBOTO JIJIEPHOTO KaHATy IMITyJIbCHOTO €JIeKTpUY-
HOTO pO3psiy, IO IIBHAKO MPOPOCTAa€E B MOBITPi, YTBO-
PIOBaTUMYTh JIAaMaHY 3UI3aromnojiOHy KPHBY PeabHOTO
musIXy (/.>1yn) HOCTIIKYBaHOTO IMIYIBCHOTO iCKPOBOTO
po3psany B JJEPC Mix Toukamu MO4YaTKy A 1 3aBepIICHHS
B po3BHUTKY MIIa3MOBOr0 KaHAIY JAHOTO BHIY CICKTPHY-
HOTO po3psiay (auB. puc. 1).
Buxonsuu i3 3akony Oma y audepeHuianbHiit ¢pop-
Mi [22], 11 TpSMOJIIHIAHOI eJIeMEHTapHOI AUISTHKH JT0B-
xwuHoM d/,, (auB. puc. 1) NPOBITHOTO IIA3MOBOT0 KaHAY
BHUCOKOBOJIBTHOT'O €JICKTPUYHOTO IMITYJIbCHOTO ICKPOBOTO
po3psny B nociimkyBaniid nositpsuii JEPC, skiii Bigmo-
BiJIa€ MMUTOMA EJIEKTPOIPOBIIHICTH )., Ta30BOTO JiCIEKT-
pHYKa, MOJKHA 3aIMCaTH HACTYITHE CITIBBITHOIICHHS:

dlcn = 7cn5€_nldUcn ’ (3)

Ie J., — TYCTUHA PO3PSAJHOrO CTPYMY B KaHalli BUCOKOBO-
JIBTHOTO TOBITPSHOTO EJEKTPUYHOTO ICKPOBOTO PO3PSAY
Ha ¥oro emeMeHTapHid miasHmi 3aBaoskku dl.; dU., —
NaJiHHS eJIeKTPUYHOI HAIPYTW Ha eJIeMEHTapHIN AIISHII
JOBXKUHOKW dl, TMIa3MOBOr0 KaHaly BHCOKOBOJBTHOTO
IMITyJILCHOTO iCKpOBOTO po3psay B nositpsHiii JIEPC.

Tomi 3 (3) mns cymapHOi IOBXHHH /. IJIa3MOBOTO
KaHaJly BHCOKOBOJIbTHOI'O €JIEKTPUYHOTO IMITYJILCHOTO
ICKPOBOTO pO3psAy B JHOCIimKyBaHii nositpsHii JEPC B
3araJlbHOMY BUIJISII OTPUMYEMO:

B B
lc = Idlcn :I ycn5gr}dUcn . “4)
A A

VY pasi OesnepepBHOi 3MiHM B IJIa3MOBOMY KaHai
MOBITPSHOTO IMITYJILCHOTO ICKPOBOTO PO3psily 3HAUEHHS
MUTOMOI EeJIEKTPONPOBITHOCTI )., HOTO NPSAMOJIIHIHHUX
€JIeMEHTAPHUX IUISHOK TOBXUHOW dl, 1 HE3MIHHOCTI
T'YCTUHH 0,,~0, PO3PSIIHOTO CTPYMY Y3ZOBX ILIa3MOBOTO
ICKpOBOTO KaHaly BUpa3 (4) Mae HaCTYNHUI BUIJISA:

B
le :5c_lj.ycndUcn . (%)
A
MaxkcumanbHi 3HaYeHHS TUTOMOI €JIEKTPOIIPOBIIHO-
CTi }., HA3bKOTEMIIEPATYPHOI TUIa3MH, 5K 3 I0YATKY JIijie-
PHOTO KaHAJTy, TaK 1 Jaji iCKpOBOTO KaHAy IOBITPSIHOTO
po3psiny B JIEPC Ha fioro mpsMosiHIHHHX eleMEHTapHUX
TUISTHKaX TOBXKUHOK d/.,, BINMOBIIATHMYTh iX MiHIMAITb-
HUM €JIeKTPUYIHUM omopam. B 3B 53Ky 3 UM IUTa3MOBHH
ninepHuid (ickpoBuil) KaHaJ IMITYyJIBCHOTO PO3psAYy B I0-
BiTpstHiKA JJEPC Gyne mpocTtopoBo mpopoctatume (po3Bu-
BaTUCS) TyIH, JI¢ HUM 1 JTICJIEKTPUKOM, IO 3HAXOIUTHCS
MiJ Ji€l0 30BHIMIHBOTO CHIJILHOTO EJIEKTPUIHOTO OIS
Jigepa po3psay, 3a0e3neuyBaTUMEThCS MiHIMallbHE 3HA-
B
YeHHs MAJIiHHSA eJNEeKTPUYHOi Hampyru U= IdU - Y
A

HaONMKEHHI BUKOHAHHSI PIBHOCTI J.,~Y,, 110 3a/I0BOJILHSIE
HAWOIIBIIUM OTOYHUM 3HAYCHHSM )., Ha IUIIXY PO3IO-
BCIOJDKEHHS y Trasi JiJiepHOro (iCKpOBOI'0) KaHaTy po3psi-
ny, opmyna (5) mns pearbHOTO MUIAXY PO3BHTKY BHCO-
KOBOJIBTHOTO €JIEKTPHYHOTO IMITYJIBCHOTO iCKPOBOTO PO3-

PAAY B MOBITPSHOMY JICIIEKTPUKY HAOyBa€ BUIIISITY:

B
I =yc5c_lIdUcn : (6)
A
B
VY Bimomiit ¢popmymi (1) iHTErpan Inods BH3HAYae
4

MiHIMaNbHe 3Ha4YeHHS ONTHYHOI JOBXHUHH Ly peasbHOro

CBITJIOBOTO MPOMEHS B ONTHYHO MPO30POMY CEPEIOBHIII.

B orpumaniit ¢opmyii (6) MiHiMaabHE 3HAYEHHS iHTEr-
B

pana IdU on =1Oc/ye, SIKE BIANOBiNAa€ MaKCUMAJILHOMY
A

3HA4YEHHIO Y., BU3HAYa€ MiHIMaJbHE 3HAUCHHS CyMapHOI

B
JOBXHUHU [ = I dl,, peaspHOro mIa3MOBOr0 KaHaly ic-

A

KPOBOTO PO3psily Y HOT0 KOHKPETHHX YMOBaxX MPOCTOPO-
BOT'O PO3BHUTKY B T'a30BOMY Ji€JIEKTpUKy. ToMy mpu po3-
TJIS1 €TIeKTPUIHOTO PO3PSAAY B Ta3i MOKHA TOBOPHUTH TIPO
T€, IO VIS eJIEKTPO(I3NIHOTO MPOLIECY PO3BUTKY B Ta30-
BOMY JIEJIEKTPUKY BHUCOKOBOJITHOTO E€JIEKTPUYHOIO M-
MYJIBCHOTO iCKPOBOTO PO3PSIy TAKOXX BHKOHYIOThCS (i-
3UYHI 3aKOHU MiHiIMi3amii H0r0 OCHOBHHUX XapaKTEPHUCTHK,
SIKi IPUBOJSITH 0O MiHIMIi3allii BUTpAT €HEprii Ha MiITpH-
MKY MPOTIKaHHS B HBOMY TaKOT'O MPOIIECY.

baunmo, o 3ampornonoBana (opmyna (6) mwis pos-
BUTKY IJIa3MOBOTO KaHAIy BUCOKOBOJIBTHOT'O €JICKTPHYHO-
ro IMITyJIbCHOTO iCKPOBOTO PO3psily B Ta30BOMY JIiEJIEKT-
PHKY 32 MAaTEMaTUIHOO (YOPMOIO 1 PU3HAYCHHAM OJIM3bKa
JI0 KiacuuHOi (hopmyitu (1) 11 po3MOBCIOIKEHHS CBITIIA B
OIITHYHO TPO30POMY CEePEAOBHIL. [3 MOPIBHIHHS OTpHUMa-
HOT (opmyau (6) Asi CyMapHOI JOBXHHHU /. PeaIbHOTO
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IUIAXY PO3BUTKY IUIA3MOBOIO KaHaly BHCOKOBOJIETHOTO
EIIEKTPUYHOTO IMITyJIbCHOTO iCKPOBOTO PO3PSITY B TOBIT-
paniit IEPC npu enekrpuuHomy npo0oi i NpoMiKKY i
¢dopmymu (1), mo Bimnosimae ¢izmaroMy mpuHIHITy Dep-
Ma, KU BU3Ha4Ya€ MiHIMaIbHY ONTHYHY JIOBXUHY L rpu
PO3TIOBCIOKEHHI PeabHOTO CBITIIOBOTO TPOMEHS B OITH-
YHO IIPO30POMY CEPEAOBHIII, MOXKHA 3POOUTH BHUCHOBOK,
0 CyMapHa JIOBXXHHA [, PEalbHOTO IUIa3MOBOTO KaHAITY
BHCOKOBOJIBTHOTO E€JIEKTPUYHOTO IMITYJIECHOTO iCKPOBOTO
pO3psimy B IMOBITPSHOMY MICNEKTPHUKY MiX TOYKaMHU HOTO
no4aTky A i 3aBepiueHHs B BiINOBiae MiHIMAILHOMY Ta-
B
TiHHIO Ha Hiif enextprdHoi Hanpyru U= IdU en -
A

BpaxoByroun BuILIEeBHKIIa/ICHE, 3aIIPOIIOHOBAHUH (i-
3WYHUI MIPUHIMIT PO3BUTKY IIA3MOBOTO KaHATy BHCOKO-
BOJITHOTO €JIEKTPUYHOTO IMIYJIECHOTO iCKPOBOTO pO3psi-
Iy CTOCOBHO pocimimkyBaHoi moBitpsHoi JEPC moxxHa
chopMyiTIOBaTH B HACTYHHOMY BHIIAi: «[Inazmosuii
KAHAal IMRYIbCHO20 ICKPOBO20 pO3PA0Y 6 2a3060My Oieie-
KMPUKY DO3NOBCI00NHCYEMBCA 8i0 1020 OOHI€ MOUKU 00
iHWoT 3a WIsixom 3a60062cku I, sxuil 3abe3nevyye Hail-
MeHute nadinHs Ha Hbomy earexkmpuunoi nanpyeu Uy, s
PO3paxyHKOBOT KiIbKICHOT OLIIHKY 3 ypaxyBaHHSIM 3aIpo-
noHoBaHOi Gopmynu (6) HagiHHSA €JIEKTPUYHOI Hampyru

B
Uﬁde cn HA CyMapHiil JOBXHHI /. peajbHOro IUIAXY

A
PO3BUTKY B TOMOI'€HHOMY 'a30BOMY JIE€JEKTPHKY JOCIi-
qoxyBaHoi JIEPC mnma3MoBOro kaHally BHCOKOBOJIBTHOIO
IMITYJILCHOTO ICKpPOBOTO PO3psAY CKOPHCTAaEMOCS HAacTy-
ITHAM HaOJMKSHHUM CITiBBiAHOIIEHHsIM 3 ooutacti BIT [5]:

le=(@a—¢)/ Eq. (7

Ipu ¢,=0 3 (6) 1 (7) AN nagiHHS €IEKTPUYHOI Ha-
npyru U, Ha cyMapHiil TOBXHHI /. pealbHOTO LUISXY PO3-
BUTKY B Tra30BOMY JI€JIEKTPUKY IJIa3MOBOTO KaHAIy BH-
COKOBOJIETHOTO €JIEKTPUYHOTO IMITYJIbCHOTO 1CKPOBOT'O
pO3psiLy B IPUHHATOMY HaOIMKEHHI OTPUMY€EMO BHpPa3:

B
Uc ~ IdUcn R OcP1d /(7cEd)' (8)
A

[MincraBuBnm y  ¢opmyny (8) po3paxyHKOBO-
eKCIIEpUMEHTAIBHI YMCEINIbHI JlaHil Ul CHIIBHOCTPYMOBOTO
IUIA3MOBOTO KaHaTy iMITYJIBCHOTO iCKPOBOTO PO3PSAAY B aT-
MochepHoMy TIoBITpi (0,~5,8:107 A/M%; 3~1625 (Omm)
01,/~611,6 xB; E~400 xB/M), oTpuMaHOTO aBTOPOM B
eNeKTPUYHOMY KOJi IIOTYXKHOTO BHCOKOBOJIBTHOTO BH-
poOyBaJIBHOIO eNEKTPOycTaTKyBaHHs [23-25], mo mic-
tuth pgocaimpkyBany AEPC (/,=1,5 M), 3Haxoammo, 1o
HIyKaHe 3HAuYeHHs MajiHHs enekTpuyHoi Hamnpyru U, Ha
CyMapHii AOBXUHI />, PEAIbHOTrO LUISIXY PO3BUTKY B
NPUIHATOMY TIOBITPSHOMY CEPEIOBHILI IJIa3MOBOTO Ka-
HaJly BUCOKOBOJITHOTO IMITYJILCHOTO iCKPOBOTO PO3PSIY
YHCeNTbHO cKianae mpudimsno U~54,6 kB. Sk 6aunmo,

B
UC:IdU en (@14 — ¢2). Otpumane 3 (8) po3paxyHKOBe

A
YyuceJIbHE 3HAYEHHS MaJiHHS eJIEeKTPUYHOI Hampyru
U~54,6 xB Ha cHIIbHOCTPYMOBOMY ILJIa3MOBOMY KaHaJi
MOBITPSTHOTO IMIYJIBCHOTO iCKPOBOTO PO3psIILy HE mepe-
Buitye 9 % Bin piBHA MPOOMBHOI ENEKTPHYHOT HANpyru

Upnd)=¢1,/~611,6 xB (¢9,=0) y nauiii JIEPC. Ile po3paxy-
HKOBe 3HaueHHs U~54,6 kB no0Ope Kopenroe 3 excrepu-
MEHTaIbHUM pe3yiabTatoM st U~RL, R.olmin=53,6 kB,
MIPUBEJICHUM aBTOPOM B [24] CTOCOBHO BHCOKOBOJBTHOTO
CHIIBHOCTPYMOBOI'O IMITyJIbCHOTO 1CKPOBOTO DPO3psIy B
JEPC «BicTps-miiomuyHa» 3 JTOBI'MM IOBITPSIHUM IIPOMi-
KKOM ([in=1,5 M; amIuiTyna iMIyJIbCHOTO PO3PSAHOTO
ctpymy 1,~213,9 KA, ska BimmoBimae vacy f,.~38 MKc,
MIPH eNEKTPUIHOMY MPOOOi TOBITPSIHOTO TMPOMIKKY B I
JEPC; noronnmii aktuBHUIA omip R.0~0,167 Om/M mmasz-
MOBOTO KaHaJTy TIOBITPSIHOTO ICKPOBOTO pO3pSAy B
JEPC). Ha nmoCTOBIpHICTh 1IIHMX AOCHIIHMX PE3YJbTATIB
BKa3ylOTb BHKOHaHI aBTOPOM Ul AAHOTO HPHKIIAaJHOTO
eJIeKTpO(I3MYHOr0 BUMAJKY pPO3PAaXyHKOBI OLIHKH Jie-
SKUX TapaMeTpiB (HaIpHKIal, MaKCUMalbHOTO paliycy
Fmc~34,27 MM IUIa3MOBOrO KaHaly iCKPOBOTO PO3pSAY B
aTMoc(epHOMY MOBITpI; AMIUTITYIH TYCTHHU CTPYMY Oy
B KaHAII PO3psaAy (5,,,(,:[,,70/(717’,,702):5,79-107 A/M%; 3HaueH-
HSI TINTOMOI €JIEKTPOIPOBITHOCTI ., HOTO HU3bKOTEMIIEpa-
TYypHOI TUTa3MH yC:(nr,,szco)’1:1624 (OM~M)’1) €JIeKTPO-
PO3PAIHUX MPOLECIB B AOCIIIKYBAHOMY CHIIEHOCTPYMO-
BOMY IUIa3MOBOMY KaHaJli iMITyJBCHOTO iCKPOBOTO pO3-
psany B moBitpsHiid JIEPC 3 BukopucranasMm Qopmynu
BparuHchKoro st pajiiycy 7, I1a3MoBoro kanaiy [6, 8].

PesynbraT MaTreMaTH4YHOTO MOZENIOBAHHSA EJIEKT-
POPO3PAIHUX TPOIIECIB B TOMOTEHHHUX PIIKUX 1 TBEPAUX
JIeNIeKTpHKax 13 3acTocyBaHHsM pociipkysanoi JEPC Ta
ICHYIOUMX MEXaHI3MIB IX EJIEKTPUYHOro mpobor [5, 7]
NPUHIOMIOBO HIYMM (KpIM YHCENbHUX 3HA4YEeHb IapaMerT-
PiB L., Ve, Ocy P14, Eq 1 U,) HE BIAPIZHATUMYTHCS BiJl IPUBE-
JICHUX BHIIE PO3PaXyHKOBHX PE3YJIBTATIB Ul PO3BUTKY
TUTa3MOBOTO KaHAIy IMITYyJIBCHOTO iCKPOBOTO PO3PSIY B
TOMOTEHHOMY TIOBiTpsiHOMY mienektpuky HEPC (mus.
puc. 1). Tomy B mepmomy HaONMKECHHI PO3PaxXyHKOBE
criBBigHOIICHHS (6) 1 3aIPOMOHOBAHUM aBTOpPOM (hi3mu-
HUH NPUHIMI PO3BUTKY IUIA3MOBOTO KaHAlIy BHCOKOBO-
JBTHOTO EJIEKTPHUYHOTO IMITYJIbCHOTO iCKpPOBOTO PO3PSIy
B rasi, mo 0a3yeTbcs Ha HIM, MOXXYTh OyTH 3aCTOCOBaHI
TAKOX 1 115l TOMOT€HHUX PiJJKUX 1 TBEPAUX A1€IEKTPHUKIB.

3. Pe3ybTaTH eKCIIEPUMEHTAILHOIO JOCTiIZKEHHS
PO3BHTKY IIA3MOBOI'0 KaHAJY iMIyJILCHOrO iCKpOBOro
po3psiny B noBiTpsiniii JJTEPC. [lns Bepudikanii nesxux
OTPUMaHHMX HaOJIDKEHUX PO3PAaXyHKOBUX pE3yJbTaTiB
JUTSL eNIeKTPOPO3psSiIHUX mporeciB y mosiTpsHid JEPC
Oynu BUKOHAHI BiIMOBiNHI €KCIIEPUMEHTH 3 BUKOPUCTAH-
HSM MOTY)KHOTO BHCOKOBOJIETHOI'O CHJIBHOCTPYMOBOTO
BumnpobyBansHoro ycrarkyBanHa HJIIIKI  «MouHis»
HTY «XIIl» [25]. Ha puc. 2 npuBeaeHui 3araibHAA BU-
risig pociimpkyBanoi JIEPC «BicTps-Tutonuaa» 3 po3psii-
HUM TMOBITPSHUM MTPOMIKKOM 3aBIOBXKKH /pnin=1,5 M.

Ha puc. 3 npuBezaeHa nociiHa ociuiiorpama oBHOTO
CTAQHIAPTHOTO KOMYTALIHHOTO anepioANYHOrO IMITyJIbCY
BHUCOKOI Harpyru yacoBoi ¢opmu T7,/T,/~200 mkc/1990 mxc
TIO3UTUBHOI MOJSIPHOCTI, SIKHH i€ B PO3PSTHOMY KOJIi BHCO-
KOBOJIBTHOTO CHJIBHOCTPYMOBOI'O BHIIPOOYBAJIBHOTO €JIEKT-
poycTaTKyBaHHS Ha OCHOBI reneparopa ['TH-4 [25] Ha mo-
cimmpkyBany JIEPC «BicTps-IuiomnHa» 0€3 eIeKTPUYHOro
po0oIo 11 TTOBITPSIHOTO MPOMDKKY 3aBIOBXKKH /=2 M, a Ha
puc. 4 — ocumsorpama 3pizaHoro aHaAIOTIYHOTO BHCOKOBO-
JBTHOTO IMITyJIbCY HAINPYTH 3 ENEKTPHUYHUM MPOOOEM TIO-
BiTpsiHOTO po3psinHoro mpomikky B JIEPC «BicTps-
IJIOIIMHAY 3aBIOBKKH [in=1,5 M.
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Puc. 2. 3aranpuuii Burisig nositpsioi JJEPC «BicTpsi-
IUTOIIMHAY» 3 PO3PSITHIM MPOMIXXKOM 3aBIOBKKH /iyin=1,5 M
(BiCTps Ha BEPTUKAIBHO PO3MIILICHOMY CTaJIEBOMY €JIEKTPOJIi-
CTpIXKHIO JiameTpoM 30 MM Mae paziyc 3aKkpyriaeHHs Horo
Kparo ~1 MM; TOpH30HTaJIbHA IUIONIMHA SJIEKTPOLY PO3MIpOM
5 M X 5 M BUKOHaHa 3 TOHKHX OLIMHKOBaHHUX CTAJICBUX JIUCTIB)

Tek - 1 [F] Ready I Pos: 1.000ms CURSOR

Source
CH1

Delta
128y

Cursor 1
0.0y

1 Cursar 2

: 125y
CHT 7 &0

14 25005

CHi Z00WBy
Puc. 3. Ocuunorpama moBHOTO CTaHAAPTHOTO KOMYTAIIITHOTO
anepioMYHOTo IMIYJIbCy Hanpyru yacoBoi popmu 7,,/T~
~200 Mkc/1990 MKC TO3UTHBHOI NOJISIPHOCTI 0€3 eIeKTPHIHOTO
Ipo0OOI0 MOBITPSHOTO MPOMIXKKY 3aBIOBXKKH /1iy=2 M B JIEPC
«eictpst-romuHay (U,~¢,,~12,5 B x 53650=670,6 kB — amn-
nityna immynscy Hanpyrd; 7,~200 MKc — 9ac HapOCTaHHS iM-
HyJbCy 10 amiutity i Hanpyru U,,; T,~1990 MKc — TpUBaIicTh
iMITysibCcy Hanpyru Ha piBHi 0,5U,,; MaciTad 3a BEpTHUKAILIIO —
107,3 kB/nin; Maciurab 3a ropuzonTtamuio — 250 MKc/ain)

Tek I [E] Read M Pas: 200,008 CURSOR
+ T T T T T

vondlE

Delta
11.4%

Cursor 1
0,00

1 Cursar 2

: 11.4%
CHT ./ &a0mb

CHT 2.00%Ey

Puc. 4. Ocuuiorpama 3pi3aHOTO CTAaHAAPTHOTO KOMYTAIIITHOTO
aTepioJYHOTO IMITYJIECY HANpyTu YacoBoi popmu 7,,/T~
~200 Mkc/1990 MKC MO3UTHUBHOI MOJIIPHOCTI MPH CICKTPUIHOMY
po0O0T MOBITPSIHOTO MPOMIXKY 3aBAOBXKKH /,;,=1,5 M B JIEPC
«sictps-momuHay (U,,~¢1,/~11,4 B x 53650~611,6 kB — piBeHb
3pi3y iMmyunecy Hanpyry; 7,~95 MKc — 4ac 3pi3y iMITyJIbCy
Harnpyr#; T,~17 MKC — TPUBAJIiCTh 3pi3y IMITYJIbCY HATIPYTH,
sIKa BiJIIIOBia€ Yacy f; PO3MOBCIOKEHHS MIPOBiTHOTO KaHAITY
JIiiepa eNeKTPUIHOTO IMITyJIbCHOTO PO3PSAY B MMOBITPSIHOMY
npomixkky JAEPC 3aBmoBxku /. Mixk i1 mOTeHIIAHAM 1 3a3emMite-
HUM METaJIeBUMH €JIEeKTPOJaMH; MACIITa0 3a BEPTHKAILIIO —
107,3 xB/nin; Macmrab 3a ropu3oHTa/LIIO — 50 MKC/ i)

1 50005

Brkaxxemo, 1o npu BumiproBanai AUII npuBeneHnx
Ha puc. 3 i 4 BUCOKOBOJIETHUX BHIIPOOYBaJbHUX KOMYTa-
LifHUX anepiogWYHUX IMIYJIBCIB HampyTrH, sKi MpU3Ha-
YeHl JUIl eKCIIEPUMEHTAILHOTO JOCIIKEHHSI PO3BUTKY
IUIa3MOBOTO KaHANIy €JIEKTPUYHOTO IMITYJIBCHOTO iCKpO-
Boro po3spsimy B mositpsHiid JEPC «BicTps-mionmHay
(muB. puc. 2), OyiaM BUKOpPHCTaHI OMIYHHH ITOXLTBHHUK
Harpyru tuny OITH-2,5 (Ha mMakcuMalibHY Hampyry a0
2,5 MB 3 koeoimiearom ninenus K~53650 [25]) i mud-
posutii ocrrmtorpad Tektronix TDS 1012.

Ha puc. 5 nokazanuii 3araqbHU BUIJISA CHIIBHOCT-
PYMOBOTO IIJIa3MOBOTO KaHAJIy BHCOKOBOJIBTHOTO EJIEKT-
PHUYHOIO IMITyJBCHOTO ICKPOBOTO PO3psAAY, LIO SCKPAaBO
CBITUTBCSI B aTMOC(EpPHOMY IOBITpi, B JOCIIJDKyBaHil
JEPC «BicTps-TUIONIMHA» 3 JOBXUHOIO TMOBITPSHOTO PO3-
PSITHOTO TPOMIKKY /[yii=1,5 M, orpumanoro BiiTky 2023 p.
MPU JIOCTITHOMY BU3HAYCHHI €JICKTPUYHOI MIITHOCTI TIOBi-
TPSIHOT 130711111 3aBIOBKKHU OUTbIIE 1 M i3 3aCTOCYBaHHSAM
HaJIBUCOKOBOJIbTHOT'O YCTaTKyBaHHSI €KCIIEPUMEHTAILHOTO
nosirony HTTKI «Momais» HTY «XID» [25].

Puc. 5. 3aranbHuii BUTIISII CHIIBHOCTPYMOBOTI'O I1J1a3MOBOTO KaHa-
JIy BUCOKOBOJIBTHOT'O €JICKTPUYHOT'O iMITYJIbCHOTO iCKPOBOTO
po3psny B JIEPC «BicTps-muioniiHay 3 aTMOCHEPHUM HOBITPSIM

Inmin=1,5 M CTaHIAPTHUM KOMYTAUii{HUM alepiOANYHUM IMITyJIb-
coM HarpyTH 9acoBoi ¢opmu 7,,/T,~200 mxc/1990 Mk mo3UTHB-
Hoi nosstprOocTi (U,,~91,/~611,6 kB; T,~95 MKc — 4ac 3pi3y imity-
Jbcy Hanpyru; 7,,~17 MKC — TPHBAJIICTb 3pi3y IMITyJIbCY HANPYTH,

sIKa XapaKTepPHU3ye Jac MBHUAKOTO 3aKOPOTYBaHHS IIPOBITHIM

IUIa3MOBHM JIiZIEPHAM KaHAJIOM IMITyJIbCHOTO PO3PSITy JOBIOTO

noBitpsiHoro npomixky B IEPC)

3 eKCIepUMEHTAIBHUX JaHuX (puc. 5) 6aunmo, 1o y
BukopucroByBatiii JIEPC «Bicrps-rutonmaay (/,=1,5 M;
©,=0) peanbHU CHIBHOCTPYMOBHH ITa3MOBHI KaHAN BU-
COKOBOJIBTHOT'O IMITYJIbCHOTO iCKPOBOTO PO3psILy B HOBITpI
3a HOpMaJIbHUX atMochepHuX YMOB [19] xapakrepu3yersb-
Cs1 3Ur3aronoioHo reoMeTpudHo0 Gopmoro (I >/n,). Ha
IIe BKa3ylOTh 1 PO3paxyHKOBI YHCEJbHI OLIHKK 3a (6) 3
ypaxyBasssiM (8) nipu ¢1,/~611,6 kB i1 £,~400 xkB/m cymap-
HOI JIOBXWHHM /. KaHaJly iCKpPOBOTO PO3PSAY B JOCITIJDKY-
BaHiil moBiTpsHi JEPC (/in=1,5 M): [~¢/E~1,53 M.
Lle oMHO3HAYHO CBIIYUTB MPO TE, LIO NPH SICKTPUIHOMY
mpo06oi ra3oBoro (MOBITPSHOrO) [iCJIEKTPHKA TI'OJIOBHA
YacTHHA IUIa3MOBOTO JIIGPHOTO KaHAIy IMITyJbCHOI'O
pO3psdy, IO SICKPABO CBITUTHCS, IPOCTOPOBO MPOPOCTAE
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B Ti OUISHKH BKa3aHOTO ICIEKTPHKA, PO3MIIICHOIO MIiXk
noTeHmiauM 1 1 3a3emyieHuM 2 enekTpoaamu (puc. 1)
nociimkysanoi JIEPC, ski MaroTe Haii0Ouiplly nutomy
€JIEKTPOIPOBIIHICTD Y, 1 BIAMOBIIHO HAWMEHIINN €JICKT-
PUYHHI ONip B KOHKPETHUX YMOBaX 3/iHCHEHHS TaKOTro
EJIEKTPUYHOTO MPOOOI0 MaHOoi i30smii. B 3B’s13Ky 3 1M
JMaHui JochimHuil pe3ynpTar 3 obmacti BIT Bkazye Ha
JIOCTOBIPHICTh TPUHHATOTO aBTOPOM NpH po3podui 3a-
MPOIIOHOBAHOTO (HI3MYHOTO NPUHIUITY PO3BUTKY BHCOKO-
BOJIFTHOTO IDIa3MOBOTO KaHANy IMITYJIECHOTO iCKPOBOTO
pO3psAny B JOCTIKYBAaHOMY Ta30BOMY [i€IIEKTPHUKY OC-
HOBHOTO (Pi3UYHOTO IOJIOKCHHS, OB SI3aHOrO 3 Opi€HTa-
L€I0 TOJIOBHOI YaCTHHM JIIAEPHOTO KaHATY PO3pAmy NpH
CBOEMY IPOPOCTaHHI B LIbOMY [iENIEKTPUKY Ha Ti HOro
JUISTHKY, SIKI XapaKkTepu3ylThCs B JAaHUH MOMEHT 4acy
HAMOLIBIIO0 MTUTOMOIO EIEKTPOIIPOBIIHICTIO .

A pa3 1ie Tak, To copMyJIbOBaHUI B Lii poOoTi cTO-
COBHO I'a30BOTO JieJIeKTpUKa (hi3UIHUIA IIPUHIUIT PO3BUTKY
B HBOMY IUIa3MOBOT'O KaHATY IMITYJIbCHOTO iCKpPOBOTO PO3-
psmy, IO BKa3ye Ha PO3MOBCIOKEHHS B IbOMY BHII Jie-
JIEKTPHUKA CIIOYATKy JIJAEPHOTO 1 IOTIM iCKPOBOTO KaHAJIB
PO3psily MO IUISAXY 3 HAWMEHIIUM NAaJiHHIM EIeKTPUYHOT
Hanpyr U,, TaKOXK MiATBEPIKYEThCS Pe3yabTaTaMH BUKO-
HAaHHUX 3 Y4YacTIO aBTOPA IMX BHCOKOBOJILTHHX CHJIBHOCT-
pyMoBHX ekcriepuMeHTiB. KpiM Toro, orpumani mociiHi
naHi 3rinHo puc. 4 npu U, ~(¢1,~¢2)~611,6 kB 3acBinuy-
I0Th TIPO Te, 1110 NPH BUKOPUCTaHHI Y JOCIHIKYBaHii 1mo-
BiTpsiHil JIEPC «Bictpst-tutonmaay (/,,=1,5 M; ¢,=0) cra-
H/IAPTHOTO KOMYTALIHHOTO arepioAn4YHOrO IMITyJIbCy BH-
cokoi Hanpyru vacoBoi ¢opmu T,/7,/~200 mxc/1990 mkc
MIO3UTHBHOI IIOJIIPHOCTI ycepelHEHa NpOOHMBHA Hampy-
JKEHICTh CHIIBHOTO eJIeKTpU4IHOTO 1ons E~@,/l. mna ar-
Mocdepnoro nositps y uiit JEPC npu U, /~¢,,~611,6 kB
i [,~1,53 m uncenbHO cKiamae npudausHo £;~400 kB/m 3
normryckoM £3 %, SIKU BH3HAYAE€THCS, TOJIOBHUM YHHOM,
MIHIMaJIBbHOIO MOXMOKOI BHMIPIOBaHHS BHIPOOYBAaIbHOT
BUCOKOI IMITYJIbCHOT HAIIPyTH BiJl MOTYXHOTO HAJIBUCOKO-
BOJIbTHOT'O €JIEKTPOYCTAaTKyBaHHS 32 JIOIIOMOTOI0 OMIYHO-
ro noaiiabHUKa Hanpyru Tuny OITH-2,5 (K,~53650 [25]) i
3aCTOCOBAHOTO IIpH LbOMY IM¢poBoro ocuuiorpada
Tektronix TDS 1012.

JlocuiaHi naHi 3riHO puc. 4 BKa3yloTh TaKOX Ha Te,
10 TUTa3MOBUH JiIEpHIUIA KaHaJ eNEKTPUIHOTO PO3PSIY B
nocmimkysanii nositpsHiid JEPC (/,,=1,5 M) cBiit cyma-
pHHH IULIX TOBXUHOO [.,>[>1,53 ™, ne [, — Makcumab-
Ha JIOBKMHA PealbHOTO UIIXY razoBoro po3psay B AEPC,
Bi/l IOTEHLIHHOrO €EeKTPOAY 10 3a3eMJIEHOTO eEeKTPOLY
nanol JIEPC mpoxomuTh MO MOBITPIO 3a 4ac f;, YMCEIBHO
piBHui 6ins ¢~Ty~17 mxc. Came 3a yac T,;~17 MKC enek-
TPOIPOBIAHUIA TUIA3MOBHH JIiIEpHUH KaHAN IMITYJIbCHOTO
PO3psiy 3aKOpOUY€E HMOBITPSHUN MPOMDKOK B JIOCIIKYBa-
Hiit AEPC (/,,;,;=1,5 M) 1 BUPIBHIOE €JIEKTPUYHI MOTEHI{iAIN
(91=p,~=0) Ha I MeTasIeBUX eNleKTpoax (auB. puc. 4). 3ria-
HO PO3p00IIeHOTO (Pi3MYHOTO MPHHLIUIY PO3BUTKY ILIa3-
MOBOTO KaHally €JEKTPUYHOI'O IMITYyJIBCHOTO iCKPOBOTO
O3PSy B Ta30BOMY IIEIEKTPHKY IPH CEPEIHiH IMBUIKO-
CTi v, MPOCYBaHHs B MOBITPI MepeHbOro GppoHTy Jinepa
B KaHalli [IbOT0 €JIEKTPUYHOTO PO3PsILy, KUIbKICHO PiBHOT
v,~10° m/c [8], po3paxyHKOBE YHCeIbHE 3HAYCHHS I
BKa3aHOI'0 yacy #; BIIHOCHO aTMOC(EepHOro MOBITPS B
nanii  JIEPC BusBnsterbcs npu  [~1,53 ™M piBHUM
t~1/vi=15,3 Mrc. Sk Gaunmo, oTpuMaHe pO3paxyHKOBE

YUCeNbHe 3HAYEHHS I 9acOBOTO Mapamerpa ¢,~15,3 Mkc
BIJPI3HSETHCS BiI HOro BIAMOBIAHOTO IOCITITHOIO 3HA-
yenHs 1;~T1,~17 MKC 3riHO ocimorpami Ha puc. 4 s
3pi3aHOr0 CTAHIAPTHOTO KOMYTAIiHHOTO anepiognyHOro
IMIyJIbCY BHUCOKOi Hampyru uacoBoi ¢opmu T,/T~
=200 Mkc/1990 MKC MO3WTHBHOI MOJISIPHOCTI IIPH E€JIEKT-
pUYHOMY NTPO0OO0T MOBITPSHOTO MPOMIXKKY 3aB/IOBXKKH /. B
JEPC «eicrps-mnommaay (Ini;=1,5 M) B mexax 11 %.
Bimzraunmo, o mpu 7,~17 MKC MakCHMaIbHA TOBKHHA
Iy PEATBHOTO HUTAXY IUIA3MOBOTO KaHAITy T'a30BOrO PO3-
psany B mocmimkysanii JJEPC Oyne mpubnmu3HO piBHOIO
L~ Ty~1,7 M. OTpuMaHe BHUIIE PO3PaXyHKOBE YUCEIh-
He 3Ha4eHHs [~1,53 M Biapi3HIETHCA Bif I[OTO JAOCIII-
HOTO 3HaueHHs /., He Ounbie HiX Ha 11 %. Lli po3paxyH-
KOBO-EKCIIEpUMEHTaJIbHI aHi TaK0XX BKa3ylOTh Ha JOCTO-
BIPHICTh MpPUHHATUX B POOOTI OCHOBHHMX IIOYATKOBUX
(hi3MYHUX MOJIOXKEHb 1 OTPUMAHMX Ha IX OCHOBI po3paxy-
HKOBHX pe3yJIbTaTiB, IO BiHOCATHCS 1O (Pi3MKM PO3BUT-
Ky B TOMOTE€HHOMY T'a30BOMY JI€JIEKTPUKY JOCIiIKyBa-
HOoi JIEPC enekTpopo3psmHuMX IpoIeciB i KiTbKiCHOTO
BuOOpy 3a Qopmymamu (6) i (7) cymapHOi HOBXHUHHU /.
peaNbHOro MUIAXY PO3BUTKY INIa3MOBOTO KaHAIy BHCOKO-
BOJIBTHOTO €JIEKTPUYHOIO IMITYJILCHOTO ICKPOBOTO pO3psi-
1y B armocdepromy nositpi 1iei JJEPC.

BaxxauBo 3a3HauYnTH Te, [0 MiHIMallbHE 3HAYCHHS
nafiHasg Hanpyrd U, Ha JOBXUHI /. peaJpbHOTO HUIAXY
PO3BUTKY B MOBITPi IUIa3MOBOI'O KaHaly IMITYJIbCHOTO
iICKpOBOTO po3pAxy Oyae oOymommroBaTH 3a (6) 1 MiHi-
ManpHe 3HavyeHHs /. [lpu mnocrtiiiHOCTI ycepenHeHin
IIBUJKOCTI V; PO3MOBCIOJUKEHHS B aTMOC(EPHOMY HOBi-
Tpi mepenHboro (GpoHTy Jizepa B IJIa3MOBOMY KaHaui
razoBoro po3psay (v;~10° m/c [8]) minimizartis 1oBxKH-
HY /. IpUBOAMTHUME 1 10 MiHIMIi3alil yacy f, IpoCyBaHHs
SK IUIA3MOBOT'O JIIEPHOTO, TAaK 1 ICKPOBOTO KaHAIly iM-
MyJIECHOTO PO3psAAy B AOCTimKyBaHii moBiTpsanrii JEPC
(lminzl;5 M)

BucHoBku.

1. 3anponoHoBaHMi y3araibHEHUI (I3UYHUN MTPUH-
LWl PO3BUTKY IUIa3MOBOIO KaHATy BHCOKOBOJBTHOTO
€JIEKTPUYHOTO IMITYyJIbCHOTO 1CKPOBOTO PO3pSiy B TOMO-
TeHHOMY JIieJIEKTPUKY PI3HOTO arperatHoro CTaHy, MaTe-

B
MaTHYHO 3aIHCAaHUM Ui CyMapHOi JOBXHHU lfjdlcn

A

PCaIbHOI'O HUIAXY PO3BUTKY HbOT'O BUAY CJICKTPUYHOI'O
PO3psAIY 32 MPSMOJIHIHHUME €JIEMEHTAPHUMH JUITHKAMU
IIa3MOBOTO KaHaly JOBXHUHOK d/., pi3HOI MPOCTOPOBOL
opieHTaNil B ra30BOMY Hi€JIEKTPUKY MPUHHATOI ABOEJIEK-
TpoxHOi po3psinHoi cuctemu (JAEPC) 3 HalimeHIIo00 10B-
JKUHOIO [y, 11 po3psimHOrOo mpoMikKy. [laHuwil npuHImIT
(¢piznunnit 3aKoH) ykasye Ha Te, mo B JEPC mmazmoBwmii
KaHall BHCOKOBOJIFTHOTO EJEKTPHUYHOTO IMITyJIbCHOTO
ICKPOBOTO PO3psITy B Ta30BOMY, PIIKOMY i TBEpAOMY Iie-
JIEKTPUKAX PO3MOBCIOPKYETHCS Bifl 1Oro MOYaTKOBO{ TOU-
ku A Ha noreHuiiHomy esnekrpoai JJEPC no Touku 3aBe-
piienHst B Ha 3a3emiieHoMy enextponi JJEPC 3a nuisaxom,
o 3abe3rnedye HaliMeHIe NaiHHs Ha HbOMY €JIeKTpHY-

B
Hoi Hanpyru U= IdU en » d€ dU,, — najiiHHA eJIeKTPUYHOL

A
HANpyryd Ha NpsSMOJIHIAHIA eleMeHTapHINH AUISHII 11a3-
MOBOT'O KaHaly po3psiny 3aBnoBxku dl,., <<l
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2. IlokasaHo, 10 3alPOTIOHOBAHUH (Hi3HIHHUN TTPUH-
LUIT PO3BUTKY IUIA3MOBOTO KaHAIY CGIEKTPUYHOTO IMITY-
JIBCHOTO 1CKPOBOTO PO3PSAAY B AOCHTIKYBAaHOMY T'a30BO-
my nienekrpuky JEPC 3a maTemarnunoo (HopMorIO i Ipu-
3HAYEHHIO € OJM3bKUM 10 GYHIaMEHTAIBLHOTO (Pi3HIHOTO
npuniuny depMa, KU € 3aralbHUM 3aKOHOM T'€OMET-
PUYHOT ONTHKM 1 SIKMA BH3HAYa€ MIiHIMAIbHY ONTHYHY

B

JIOBXKHHY L0=J.n0ds MPU  PO3IMOBCIOPKCHHI PEabHOTO

A
CBITJIOBOTO MPOMEHS B ONTHYHO MPO30POMY CEPEIOBHIII 3
MIOKa3HUKOM 32JIOMJICHHSI CBITJIA 7y MIDK TOUYKAaMH IOYATKY
A 1 3aBeplIeHHs] B Oro po3NOBCIO/PKEHHSI B IIbOMY cepe-
JIOBUILI, ¢ ds — JOBXKWHA €JIEMEHTapHOI JUISTHKUA PO3IO-
BCIOJUKEHHS CBITJIOBOTO IIPOMEHSI B ONTHYHO ITPO30POMY
CEpEIOBHIIIL.

3. Po3paxyHKOBUM LUISXOM BCTaHOBJIEHO, LIO TIa-
IiHHS eJIeKTpudHOoi Hanpyru U, Ha cyMapHii JOBXUHI /.
peabHOTO 3WT3aromoAiOHOTO MUISIXY PO3BUTKY B IOBIT-
psiHOMY  niesiekTpuky jgociimkyBaHoi JIEPC  «sicTps-
mwiomuHaY ([yin=1,5 M) MI1a3MOBOr0 KaHATy BUCOKOBOJIb-
THOTO EJIEKTPUYHOTO IMIYJILCHOTO ICKPOBOTO PO3pPSIy
JUISl CTaH/IapPTHOTO KOMYTALiHOTO anepiognvHOro iMITy-
JbCY BHCOKOi Hampyru dacoBoi dopmu T,/T/~
~200 mMrc/1990 MKC TO3UTUBHOT MOJIIPHOCTI 33]J0BOJILHSIE
HepiBHOcTI BUnAny U.<<(¢;~¢,) 1 npu ¢,~611,6 kB
(¢,=0) gucensHO cknamae U~54,6 kB, mo He nepeBuiye
9 % Bim AOCHITHOTO piBHA NPOOWBHOI EIEKTPUIHOL
HanpyTu Uy ()=(p1,~¢2)~611,6 kB B maniit JJEPC 3 art-
MocdepHIM TOBITpsM. [Ipu mpoMy BKa3zaHHUI po3paxyH-
KOBHIA piBeHb NajiHHs enekrpuuHoi Hanpyru U.~54,6 kB
Ha JaHOMY IIa3MOBOMY KaHaJi iCKPOBOTO PO3PsIAy Ipak-
THUYHO BIJAMOBIJA€ paHilie OTPUMaHOMY aBTOPOM JIOCIiJI-
HOMY YHCEJIbHOMY PIBHIO TaJiHHS €JIEKTPUYHOI HAIPYTH
U.~53,6 kB Ha HiM B aHajoriuHiii mositpsuiit JIEPC.

4. BukoHaHI BHCOKOBOJITHI CHJIbHOCTPYMOBI €KC-
MIEPUMEHTH Ha HOTY)XKHOMY €JEeKTpO(i3HUHOMY yCTaTKy-
BanHi HATIKI «Monnis» HTY «XIIl» ams pocmimkysa-
voi mositpsroi JIEPC «eictpsa-mommHay ([ni=1,5 M;
©,=0), siKa BUMPOOOBYE Mit0 CTAHAAPTHOTO KOMYTAIlIHO-
T0 amnepiogudHOrO IMIYJIbCY BHCOKOI HAIPYTH YacOBOL
¢opmu T,,/T,~200 mMrc/1990 MKC TTO3UTHBHOI ITOIAPHOCTI,
MiATBEP/PKYIOTh JOCTOBIPHICTh OCHOBHHMX ()I3MYHUX I10-
JIO)K€Hb, MOKJIAIEHUX B OCHOBY PO3POOIIEHOr0 y3arab-
HEHOTO NPHUHLUITY PO3BUTKY IIa3MOBOTO KaHATY IMITyJIb-
CHOTO 1CKPOBOI'O PO3psiAy B AIENEKTPUKY (Ha MpHKIaLi
armocepHoro nositps B IEPC), i orpuMaHux ajsi HOro
JIeSIKMX PO3paxyHKOBHX pe3yJIbTaTiB (30Kpema, [Uisi YHce-
JIBHUX 3HAuYeHb MAaiHHS eneKkTpuuHoi Hanpyru U, Ha cy-
MapHiil JOBXUHI /. pealbHOr0 NUISXY PO3BUTKY B aTMOC-
(epHOMY TMOBITpI IJIA3MOBOTO KaHAIY IMIIYJILCHOTO ic-
KpPOBOTO pO3psANyY 1 ycepeaHeHoi MpOoOWBHOI I aTMOC-
(hepHOTO TOBITPST HAIPYKEHOCTI £,; CHIBHOTO €NeKTpHY-
Horo ot E~¢,,/[~400 kB/M B ymoBax Aii Ha OBITPIHY
JEPC BkazaHOro MiKpOCEKYHIHOTO IMITyJIbCY HAIPyTH, a
TaKOX VIS KUJIBKICHHX JAQHHX CyMapHOI JOBXHHU /. pea-
JBHOTO MUISXY PO3BUTKY IUIA3MOBOTO KaHAIy pPO3PSLY
[~1,53 M, sKi TITBEPIKYIOTb BHKOHAHHS HEPIBHOCTI
BUNIANY />l SIKE BH3HAYae 3uraromnofiony dopmy
PO3BUTKY B aTMOc(epHOMY TOBITpI SIK IIa3MOBOTO JIijie-
PHOTO KaHaIly po3psiy, Tak i jani noaioHy Gpopmy po3Bu-
TKYy BHCOKOBOJIFTHOTO €JIEKTPUYHOI'O IMITyJILCHOTO icC-
KPOBOTO KaHATy PO3pSy B ILOMY I1E€JIEKTPHKY ).

5. IlokazaHo, 1110 pO3paxyHKOBUI 4Yac f; MPOCYBAaHHS
TUIa3MOBOTO JIIIEPHOTO KaHATY eNEKTPHYHOTO IMITyJIbCHO-
TO ICKPOBOT'O pO3psiAy B JOCIHiIKyBaHii nosiTpsHiit JJEPC
(lmin=1,5 M) 3a Horo peasbHAM ILIAXOM B aTMOc(hepHOMY
MOBITP1 CyMapHOIO JTOBXUHOIO [~1,53 M mpu ycepeqHeHii
IIBHIKOCTI PO3MOBCIOKEHHSI B IIbOMY TTOBITpPi IEPETHHOTO
(ponTy Jinepa B m1a3MoBoMy KaHam pospsamy v,=~10° m/c
Y9HUCeNbHO cKnamae o 7,~l./v;~15,3 mxc. Januii pospa-
XYHKOBHUI pe3yJIbTaT AJisl yacy f; BiIPi3HSAETHCS HE OLIb-
me HDK Ha 11 % Bim mocmimuoi TpmBamocTi 3pi3y
T,~t~17 MKc, siKa XapaKTepu3ye dYac 3aKOPOUyBaHHS
€JICKTPOIIPOBITHAM ITIJIA3MOBUM JIIEPHAM KaHAJIOM PO3psi-
Jly TIOBITPSTHOTO IPOMIDXKKY 3aBnoBxku /. B JIEPC, ms cra-
H/IQpPTHOTO KOMYTALi{HOTO arepioAnyHOro IMITyJbCy BH-
cokoi Hanpyru 4acosoi ¢opmu T,,/T,~200 mkrc/1990 mxc
MO3UTHBHOI TOJIsIpHOCTI (91,/~611,6 kB) B nocnimxyBanii
JEPC 3 MiHIMQJIbHOIO JOBXXHHOIO 11 PO3PSIIHOTO IOBIT-
PSIHOTO POMDXKKY, PIBHOKO /ppin=1,5 M.

®dinancyBanHs. Po0OTy BHMKOHaHO 3a MiITPUMKH
MinicTepctBa ocBiTM 1 Hayku Ykpainu (tema J[Ib
Ne 0123U101704).
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A generalized physical principle of development of
plasma channel of a high-voltage pulse spark discharge in
a dielectric.

Goal. Development of the generalized physical principle of de-
velopment of plasma channel of a high-voltage electrical pulse
spark discharge in the homogeneous dielectric of the different
aggregate state. Methodology. Basis of physical optics, theo-
retical electrical engineering, electrophysics bases of technique
of high-voltage and large pulse currents, bases of high-voltage
pulse technique and measuring technique. Results. Development
of physical principle of development of plasma channel of an
electric pulse spark discharge is executed in a homogeneous
gas dielectric on the applied example of the use in calculations
and experiments of the double-electrode discharge system
(DEDS) with a long air interval, testing action of standard
interconnect aperiodic pulse of high-voltage of temporal shape

How to cite this article:

of T,/T~200 us/1990 us of positive polarity. The generalized
formula is got for the calculation of total length of I, of the real
way of development of an pulse spark discharge in an air dielec-
tric, which allowed to formulate the offered physical principle in
the following kind: «The plasma channel of an pulse spark dis-
charge in a gas dielectric spreads from one of its points to other
after a way length of 1., providing the least falling on it of elec-
tric voltage of Uw. It is shown that this principle in the first
approaching can be applied and to the homogeneous liquid and
hard dielectrics. Comparison of the developed physical princi-
ple of distribution of plasma channel of an electrical spark dis-
charge is executed in a dielectrical environment with fundamen-
tal Fermat physical principle (a law) for distribution of light in
an optically transparent environment, which specifies on
mathematical likeness and closeness on destiny of these physical
principles. Calculation estimations of falling of electric voltage
of U, on total length of 1. of the real zigzag way of development
in the air dielectric of DEDS a «edge-plane» with the least
length of its discharge interval of l,,,=1,5 m is presented, that a
value U, does not exceed 9 % from the experimental level of
aggressive voltage of U,~611,6 xV in this DEDS for the
aperiodic pulse of voltage of T,/T~200 us/1990 us. It is set that
the estimated time of t; advancement of leader channel of elec-
tric pulse discharge in air DEDS (l,,=1,5 m) on its real way
total length of 1~1,53 m makes t;~15,3 us, and experimental
duration of cut of Ty of the indicated aperiodic impulse of volt-
age utilized in experiments, characterizing time of short circuit
by the plasma channel of discharge of air interval in DEDS,
appears equal Ty~t~17 us. Originality. The generalized physi-
cal principle of development of plasma channel of a high-
voltage electrical pulse spark discharge is first developed in
the homogeneous dielectric of the different aggregate state.
Practical value. Application in electrical engineering practice
and high-voltage pulse technique of the offered principle of
distribution in the dielectrics of plasma channel of an pulse
spark discharge will allow to develop both new and to perfect
the existent methods of computer design of electro-discharge
processes in the gas, liquid and hard insulation of different
high-voltage electrical power engineering and electrophysics
devices, directed on the increase of reliability of their opera-
tion. References 25, figures 5.

Key words: plasma channel, spark discharge, dielectric envi-
ronment, physical principle of development of plasma chan-
nel, calculation, experiment.
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Computer simulation of operation plant effective modes for water disinfection by electrical
discharges in gas bubbles

Purpose. Determination by means of computer simulation of the most efficient modes of operation of the installation for water
disinfection using discharges in gas bubbles, in which (modes) the amplitude of voltage pulses at the processing unit and on the layer
of treated water is not less than the voltage amplitude immediately after the switching discharger. Methodology. To achieve this
goal, we used computer simulation using Micro-Cap 10. We used two different electrical circuits that simulate the operation of the
experimental setup in two different modes: in a mode with a restoring electrical strength of the discharge gap in the gas bubble
between two adjacent voltage pulses on the discharge node and in the mode without restoring this dielectric strength. In computer
simulation, we varied the following factors: the maximum simulation step, inductances, capacitances, active resistances, wave
resistance of a long line, and the delay time for the operation of a spark gap simulating a discharge gap in a gas bubble. Results.
Computer modeling has shown that in order to increase the voltage amplitude at the treatment unit and on the layer of treated water,
it is necessary to reduce the load capacitance — the capacitance of the water layer in the treatment unit to 10 pF or less, to increase
the active resistance of the water layer to 500 £2 or more. An important factor for increasing the voltage and electric field strength in
the discharge unit and, consequently, for increasing the efficiency of treated water disinfection is the discharge delay time in gas
bubbles. The most rational delay time for the operation of the arrester, which is the gap in the gas bubble inside the water, under the
conditions considered by us is 4-5 ns. It is with this delay time that the amplitude of voltage pulses at the node of disinfecting water
treatment and on the layer of treated water is maximum, all other things being equal. Furthermore, with such a delay time this
amplitude of voltage pulses significantly exceeds the voltage amplitude directly after the main high-voltage discharger, switching
energy from the high-voltage capacitive storage to the processing unit through a long line filled with water. Oviginality. Using
computer simulation, we have shown the possibility of increasing the voltage at the discharge unit of the experimental setup by 35 %
without increasing the voltage of the power source. This provides a higher efficiency of microbiological disinfection of water by
nanosecond discharges in gas bubbles and lower specific energy consumption. Practical value. The obtained results of computer
simulation confirm the prospect of industrial application of installations using nanosecond discharges for disinfection and
purification of wastewater, swimming pools and post-treatment of tap water. References 15, figures 10.

Key words: high-voltage water disinfection unit, discharge unit, sharpening spark gap, discharge in gas bubbles in water,
discharge delay time, long electric line.

Mema. Busnauenns 3a 00NOMO02010 KOMN IOMEPHO20 MOOENIO6AHHA HAUOIbUL eheKMUSHUX DedCUMie pobomu yCmaHosKu O
3HE3aPAadNCEHHA 800U 34 OONOMO20I0 PO3PAOIE Y 2A308UX OVILKAX, NPU AKUX (DPeXrcumax) amniimyoa iMnyavcie manpyeu Ha 6y3ii
00poOKU ma Ha wapi 600U, Wo 00POOIACMbCA, He MeHule AMNIIMYOu Hanpyau 6e3nocepeoHbo Nicia KOMYMYIU020 pO3PAOHUKA.
Memoouxka. /[na 0ocacHeHHA NOCMABNIEeHOT Memu MU 8UKOPUCTOBY AU KOMN TOmepHe Mooeneants 3a oonomozoio Micro-Cap 10.
Mu euxopucmosyeanu 06i pisui enekmpuyHi cxemu, wWo MOOen0Ioms pobomy eKcnepumMenmanibHoi YCMaHo8KU 6 080X DI3HUX
DEACUMAX:  PEAHCUMI 3 eNeKMPUYHOIO MIYHICIIO, W0 GIOHOBTIOEMbCS, PO3PAOHO20 NPOMIICKY 8 2A30811l OYIbYl MIdHC 080MA CYCIOHIMU
iMRyIbCaMU Hanpyeu Ha po3psAOHOMY 8y3ni ma y peodicumi 6e3 8ionoenenns yici enexmpuunoi miynocmi. IIpu xomn romepnomy
MOOeN0B8AKHI 8apIIosanucs maxi Gakxmopu: MAaKCUMAIbHULL KPOK NPU MOOETOSAHHI, THOYKMUBHOCMI, EMHOCMI, AKMUGHI ONOPU,
XUNbOBUIL ONIP 006201 NIHIL, YAC 3aMPUMKU CHPAYbOBYEAHHS PO3PAOHUKA, WO MOOENIOE PO3PIOHUL NPOMINCOK Y 2A3080M) MIXYPL.
Pesynvmamu. Komn’iomephe Mo0eniogans nokasano, wo 0nia 30iibuwenHs amMniimyou Hanpyau na 8y3ii o6pobku i Ha wapi 6oou,
wWo 006pobAAEMbCA, CNIO 3MEHWYBAMU HABAHMANCYBANLHY EMHICIb — EMHICMb wiapy 600u y 6y3ni o6pobku oo 10 n® i menuwe,
30invuwyeamu akmuenui onip wapy 6oou 0o 500 Om i Ginvuie. Basxcaueum YuHHUKOM 30iNbUEHHA HANPY2U | HANPYHCEHOCMI
e1eKmMpUIHO20 NOJA 8 PO3PAOHOMY Y31 i, omoice, 30iNbluenHs egheKmusHocmi 3ne3apaicents obpodI0eanoi 600U € Hac 3ampumKy
po3pady 8 2azosux Oynvoawikax. Hanbinew payionansHuil yac 3ampumKy CHpaybOo8y8aHHs PO3PAOHUKA, AKUM € 3A30p Y 2a308ill
Oynvyi 6cepeduni 600U, y po3AHYMuUX ymosax cmanosums 4-5 nc. Came npu makomy 4aci 3ampumku amMniimyod iMnyiscie Hanpyau
Ha Y37 3HE3apadNCYy8aNbHOI 00POOKU 600U [ HA wapi 06poONIEAHOI 600U € MAKCUMANLHOK 34 THWUX DIGHUX YMOG [ ICHOMHO
nepesuwye amniimyoy Hanpyeu 6e3n0cepeonbo RNicis OCHOBHO20 6UCOKOBONLIMHO20 DO3PAOHUKA, WO KOMYMYE eHepeilo 3
BUCOKOBOTILIMHO20 EMHICHO20 HAZPOMAONCYsaya y 8y3on 0opobxu. Haykoea nosusna. 3a 00nomo20i0 KoM 10MepHO20 MOOENI08AHHS
NOKA3aHA MOJICIUBICTNG NIOGUWEHH HANpY2U HA PO3PAOHOMY 6Y37li eKcnepumeHmanvhoi ycmanogku na 35 % 0Oe3 30invuuens
Hanpyeu 0dcepena JHCUBIeHHsA, wo 3abesneuye Oinbul epexmusHe MIKpoOionociuHe 3HE3APAMdCeHHs 600U 3d OONOMOZ0I0
HAHOCEKYHOHUX pO3ps0ie y 2a3zo6ux Oyavbawkax 3a manux numomux eumpam enepeii. IIpakmuuna 3uauywjicms. Ompumani
pe3yibmamu  KOMI 10OMepHo20  MOOeN08aHHA  NiOMEepodlCyIomy NepcneKmugy NpoMUCIO8020 3ACOCY8AHHA  YCHAHOBOK 3
BUKOPUCAHHAM HAHOCEKYHOHUX PO3PAOI6 OISl 3HE3APANCEHHS. MA OUUWEHHs] CMIYHUX 800, OACEIHI8 Ma 000YUUeHHS. 00ONPOGIOHOT
600u. bibn. 15, puc. 10.

Knrouogi cnosa: BHCOKOBOJIbTHA YCTAHOBKA /IJIsI 3He3apakKeHHS BOAH, PO3PSI/THUIN BY30J1, PO3PSIAHHUK, [0 3aT0CTPIOE, PO3PSI Y
ra3opux 0y/ab0anikax y BOAi, 4ac 3ani3HeHHs pOo3psy, 10Bra eJeKTPHYHA JiHif.

Introduction. In recent years, various scientists
have carried out intensive researches of the characteristics

Authors of [6] have shown microbubbles are very
fine bubbles that shrink and collapse underwater within

and considered prospects for the technological use of
nanosecond discharges in gas bubbles inside liquids in
various high-voltage installations [1-3]. These studies use
both experimental methods and computer simulations.
The latter is widely used in various fields of electrical
engineering [4, 5].

several minutes, leading to the generation of free
radicals.

The characteristics of a multiple argon bubble jet in
which a streamer is generated by a dc pulsed discharge
have been experimentally clarified through discharge

© M.I. Boiko, K.S. Tatkova
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visualization in a bubble and decolorization of a
methylene blue solution [7].

In [8] authors have investigated experimentally a
water treatment, which introduces a vaporized solution
into a coaxial dielectric barrier discharge tube using Ar.

Authors of [9] provided a concise review of the
state-of-art for research on plasma-bubble interactions and
a perspective for future research.

The objective of the thesis [10] was to utilize plasma
discharges to treat a large volume of produced water for
recycling it for subsequent fracking. To recycle produced
water, both bacterial inactivation and water softening are
required, which are the two main objectives of the present
study of plasma water treatment.

Authors of [11] achieved the next results. The
discharge propagates into the bubble from the tip of the
wire in the glass tube. Then, the discharge propagates along
the bubble surface. The propagation velocity is almost
independent of water conductivity and is (2.7-3.6)-10° m/s.
The average maximum length of the discharge propagation
decreases from approximately 8.9 to 54 mm with
increasing water conductivity from 7 to 1000 puS/cm. Indigo
carmine, a commonly used organic dye, was used as the
chemical probe of the active species produced by the
discharge inside the bubble. The amounts of indigo carmine
decomposition with 120 min of treatment is 0.24-0.26 pmol
and independent of water conductivity. Meanwhile, the
energy efficiency for the indigo carmine decomposition in
water decreases from 18 to 7.3 umol/Wh with increasing
water conductivity from 7 to 1000 pS/cm. The amount of
hydrogen peroxide production by the treatment increases
from 2.0 to 3.1 umol with increasing the conductivity.

In article [12] authors start by describing our
experimental methodology addressing bubble geometry
and timing methods. For the first time, we present an
original method of bubble positioning with control of
statistical information of the bubble shape, size, and
position between the electrodes. A unique timing scheme is
introduced that allows the application of the voltage pulses
when a bubble is in the desired position between the
electrodes. Finally, the experimental results and discussion
section present our evidence for the discharge initiation for
two electrode configurations by order of timescale.

In our work [13], we have shown that when using
nanosecond discharge pulses in gas bubbles, one should
take into account the presence of long lines during the
transmission of generated voltage pulses from sharpening
spark gaps to units of water disinfection treatment. At the
same time, we indicated that for all considered processing
modes, the voltage amplitude at the processing nodes (at
the output of a long line) is less than after the sharpening
spark gap at the input of a long line. The question arises:
are there modes in which the voltage amplitude at the
nodes (node) of processing (load) is greater than at the
input to long lines?

L2

It is very important to answer the question of the
possibility of obtaining the amplitudes of nanosecond
voltage pulses directly on the load greater than the
amplitudes of voltage pulses obtained because of switching
the sharpening spark gap immediately after it. The load is a
serial connection of a gas bubble with a discharge inside it
and a layer of water. The magnitude of the voltage
amplitude of these pulses determines the efficiency of the
production of active particles and radiation in the node (or
nodes) of water treatment and, consequently, the efficiency
of disinfecting water treatment. Experimentally, using
direct measurements of voltage pulses at the processing
unit is extremely difficult. Therefore, we use the computer
simulation method for this.

In this work, we consider the following two modes
of operation of the installation. The first mode is one in
which the electric strength of the gas in the bubble is
restored after each discharge. The second regime is one in
which the electric strength of the gas in the bubble is not
restored after each discharge, i.e. the plasma channel(s)
burns (burn) continuously. Let us also consider the effect
on the voltage amplitude at the processing node of the
discharge delay time in the gas bubble of the node, as well
as the effect of the inductance, capacitance and active
resistance of the processing node on the amplitude of this
voltage, all other things being equal.

An increase in the amplitude of nanosecond voltage
pulses at the processing unit (a series connection of a gas
bubble with a discharge and a water layer) at a given
voltage amplitude at the input of a long line filled with
water and located in front of the discharge unit is an
important task. Such an increase in amplitude makes it
possible to increase the production of active particles in
the processing unit and the intensity of broadband
radiation from plasma channels.

The purpose of the work is to determine, using
computer simulation, the most efficient modes of
operation of the installation for water disinfection using
discharges in gas bubbles, in which (modes) the
amplitude of voltage pulses at the processing unit and on
the layer of treated water is not less than the voltage
amplitude immediately after the switching spark gap.

Electrical circuits for computer simulation and
the influence of the maximum step size in computer
simulation. A diagram with a discharge gap in a gas
bubble that restores its electrical strength after each
discharge is shown in Fig. 1.

Figure 2 shows a diagram with a discharge gap in a
gas bubble in which, once ignited, the discharge does not
go out (with a discharge gap that does not restore its
electrical strength after each discharge).

Figure 3 demonstrates a schematic drawing of three
discharge units of the experimental setup is presented, in each
of which an electric discharge occurs in gas bubbles [14].
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Fig. 1. Scheme with a discharge gap in a gas bubble, restoring its dielectric strength after each discharge
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Fig. 2. Scheme with a discharge gap in a gas bubble that does not restore its dielectric strength after each discharge
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Fig. 3. A block diagram of the plant, which illustrates disinfecting method of treatment water with gas bubbles

Figure 4 shows a photograph of a tubular system
with these three electric discharge nodes [14].

%

Fig. 4. A photograph of a tubular system with these three
electric discharge nodes

The plant [14] consists of a low-impedance
generator 1 of high voltage pulses, compressor 2, pump 3,
pipeline 4 with a diameter of D = 40 mm with running
water, made of insulating material. The experimental

Dy, = 40 mm, through which insulation hollow cases 6
without a bottom are inserted and fixed there. Cases 6 are
made combined with high-voltage conductors — pointed
electrodes 7 in isolation and with tubular gas pipelines 8.
The plant contains also a grounded electrode 9 in each of
the three discharge units. This electrode is made in the
form of a metal cylindrical ring with a hole in its side
surface for the location of the case 6 in the pipeline 4.
Each discharge unit consists of an electrode 7 in solid
insulation, the tip of which is not insulated, a case 6 with
a characteristic internal linear size S = 2,8 cm, a gas-pipe
8, an electrode 9 and a water layer inside the pipe 4 under
and around the branch pipe 5. The branch pipes 5 may
have caps (Fig. 3 not shows caps) with the possibility of
gas outlet after discharges in gas bubbles. Wherein, the
outflow of water through the caps on the branch pipes 5 is
impossible. A pump 3 pumps water into a pipe 4 from a

plant includes also three branch pipes 5 with a diameter of ~ water source 10. The distance between adjacent branch
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pipes is d=~300 mm. The flow rate of water and gas from
the compressor is adjustable. The composition of the gas
may be different. The flow of water can be carried out by
gravity from a source of water 10.

Let us consider the influence on the results of computer
simulation of the maximum step size in computer simulation,
the delay time of operation of the terminal sharpening spark
gap SW2, which is the gap in the gas bubble between the tip
of the high-voltage electrode and the interface between the
gas bubble and water. Besides let us consider the influence
the capacitance C4 of the water layer and the operating
modes of the spark gap SW2: with restoration of its
electrical strength between two adjacent discharges and
without such restoration of electrical strength.

We used two different steps for the simulation of the
transient process: 0.2 ns and 0.01 ns.

Figure 5 shows the results when using the maximum

step of 0.01 ns in a computer simulation. Figure 5
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illustrates the results of simulation of voltage pulses V(4),
V(7), V(13) as functions of time ¢ according to the circuit
in Fig. 1. This is under the following conditions: the
moment T of the operation of the spark gap SW2 after the
start of the transient process in the circuit 7 = 76 ns (the
delay time of the operation of the spark gap SW2 after the
arrival of the voltage wave front at the end of the long line
TD is 4 ns). The long line TD is filled with water.
Wherein, the final active resistance R3 of the discharge
channels in gas bubble R3 = 35Q), capacitance C4 of the
water layer C4 = 3.3 pF, active resistance R2 of the water
layer R2 = 1000 €, inductance L8 of the discharge
channels in the gas bubble L8 = 10 nH.

These are the parameters for the variant with
one processing node. Voltages V(4), V(7), V(13) —
voltages respectively between points 4, 7, 13 and the
grounded point.

258.00n 344 00n 30000

t10 - -~ - .cir

121 61n

Fig. 5. Dependence of pulse voltages V(4), V(7), V(13) on time with a maximum simulation step of 0.01 ns: a — pulses in general ;6 — initial
sections of these pulses (I'= 76 ns, R3 =35 Q, C4 = 3.3 pF, Z0 = 150 Q — wave resistance, L8 = 10 nH, R2 = 1000 €, £, = 0.01 ns)

Under the conditions considered in this work, the main
transient process occurs in the experimental setup in the first
approximately 120 ns. Therefore, voltage pulses as a whole,
with their characteristic duration up to 200-300 ns, are
shown only in Fig. 5. It follows from simulation that the
steepest parts of the model waveforms are better
reproduced when using a finer maximum step of 0.01 ns.
Therefore, we carried out further simulations in Micro-Cap
10 using a maximum step of 0.01 ns.

Influence of the discharge delay time in a gas
bubble on the transient process in the discharge unit.
We took into account that, at nanosecond fronts and pulse
durations, the electrical strength of the discharge gaps
increases significantly. Fig. 6 illustrates this circumstance.

Computer simulation makes it possible to check
which voltage pulses are formed on the discharge node in
the case when the electrical strength of the discharge gap
has time to recover between two adjacent discharges, and

3
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Fig. 6. [15, p. 22]. Dependence of E/p on pr, for various gases:
1-3 — freon of various grades; 4 — SF¢; 5 — O,; 6 —air; 7 — Ny;
8—Ar; 9—Ne

also in the case when the electrical strength does not have
time to recover, and the plasma channel (channels) burns
(burn) continuously.
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The discharge node is both a node for disinfecting
treatment and water purification, on the one hand, and a
source of all factors for such treatment, on the other hand.

Figure 7 (the delay time of the discharge in the gas
bubble is not taken into account) and Figure 5 (the delay
time of the discharge in the gas bubble is 4 ns) present the
results of computer simulation of the influence of the
delay time of the discharge in the gas bubble. We keep in
mind the influence of the delay time of such discharge on

circun

20m

.00} S TR,

—13.40

the amplitude of the voltage pulses at the discharge node
(according to the scheme in Fig. 1).

Computer simulation in Micro-Cap 10 shows that
there is the most rational time delay of the discharge in
the gas bubble with respect to the moment. At this
moment, the front of the falling voltage pulse arrives at
the discharge unit with a gas bubble at the output of a
long transmission line with water. This most rational time

is approximately 4-5 ns.

t, ns

=
A ) ()

Fig. 7. Dependence of pulsed voltages V(4), V(7), V(13) on time without taking into account the delay time of the discharge
in the gas bubble: initial sections of these pulses (7 = 72 ns, other values — as for Fig. 5)
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Let us estimate the capacitance C of the treated water
layer as the capacitance of the flat capacitor with the
effective square S of capacitor plates that is equal S = 10"* m*
and the thickness d of water layer d = 102 m:

C=¢e)S/d=81-8.85:10"%10%/107 = 6.9-10 * F.

In [4], we did not take into account the delay time of
the discharge in the discharge node of the disinfection
treatment, i.e. it was assumed that the discharge in the gas
bubble begins at the instant of arrival of the voltage pulse
at the discharge unit after a long line (with an electrical
length of 2 ns). The discharge delay time is the sum of the
statistical delay time during which an effective electron
appears in the discharge gap (effective electrons appear)
and the discharge formation time.

Let us estimate the discharge formation time using
the formula [15, p. 21]

7, = [1/(av)]In[i,d/(eNpv.)],

where 7, is the discharge formation time; a is the impact
ionization coefficient, which determines the number of
electrons created by the primary electron when passing a
distance of 1 cm in an electric field; v. is the drift velocity
of the electron avalanche; i, is the critical value of the
current in the discharge circuit, which is reached by the
current in the discharge circuit at the end of the discharge
formation time; d is the length of the discharge gap; e is
the electron charge; N, is the initial number of electrons
(initiating electrons) that initiate the development of
electron avalanches.

According to [15, p. 10] for air, the relation a/p =
= A(E/p-B)* is valid, where 4 = 1.17-10* cm-mmHg/V?,
B = 322 V/(ecmmmHg). So a = A(E/p-B)’p. In the
nanosecond range of characteristic pulse durations, one can
take £ = 100 kV/cm = 10° V/cm. Then, at p = 760 mmHg

a=A(E/p-B)’p =1.17-10*(10°/760-32.2)*-760 ~ 878 1/cm.

In addition, according to [15, p. 20-21] it is possible
to accept v = 107 cm/s, and at i,,, which is much smaller
than the current in the discharge circuit, the value
[id/(eNgv.)]~10%. From here we get In[i,d/(eNyv.)] =
~1n10° = 18.42:

7, = [1/(av.)]In[i.,d/(eNov.)] = [1/(878:10")]-18.42 = 2:10 s.

Thus, the estimated calculated value of the discharge
formation time was 7, = 2:10" s, i.e. 2 ns. The statistical

TIEo7n

delay time when voltage pulses with a steep edge (with a
rise rate of >10'* V/s) are applied to the discharge gap
does not exceed the value of the formation time.

To increase the voltage amplitude at the processing
node and on the water layer in this node, it is necessary to
reduce the load capacitance (capacity of the water layer in
the processing node) to 10 pF or less, increase the active
resistance of the water layer to 500 Q2 or more.

It is important to estimate the ratio of the voltage
across the entire discharge node (the voltage across the
discharge channels in the gas bubble plus the voltage across
the water layer) and the voltage directly across the water
layer. The gap in the gas bubble between the tip of the high-
voltage electrode and the interface with the water layer is
the terminal sharpening gas discharger in the discharge
channel(s) of which broadband radiation is formed and
active micro-particles are formed that disinfect water.

Computer simulation showed that for the one shown
in Fig. 1 of the circuit, close to the most rational delay
time 7 for the operation of the spark gap SW2 relative to
the moment of arrival of the front of the incident voltage
wave along the long line is equal 7'~ 4 ns. In this close to
optimal mode, the spark gap SW3 operates 70 ns after the
start of the transient process in the circuit in Fig. 1, and
the arrester SW2 fires 76 ns after the start of this transient
process. Taking into account the fact that between these
arresters there is a long line T1 with an electrical length of
2 ns, from the moment 72 ns of the arrival of the front of
the incident wave traveling along the long line TI,
another 4 ns passes to the arrester SW2 until the moment
of 76 ns of its operation. These four ns is the delay time
operation of the spark gap SW2, close to most rational.
With a smaller and longer delay time for the operation of
the spark gap SW2, the voltage amplitude V(7) at the
processing unit and at the water layer V(4) in the
treatment unit decreases with a practically unchanged
voltage amplitude V(13) immediately after the spark gap
SW3. In a mode close to optimal (see Fig. 4), the voltage
amplitude V(7) at the processing node exceeds the voltage
amplitude V(13) by 1.35 times, and the source voltage
V(1) is more than 2.7 times. At the same time, the voltage
amplitude V(7) on the entire processing unit slightly
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exceeds the voltage amplitude V(4) on the water layer.
This excess is the smaller, the lower the final resistance
R3 of the plasma channels (because of discharges) in the
gas bubble. Figure 5 illustrates the voltage versus time
dependences at three different points in the circuit (see
Fig. 1) for the case when we are considering one multi-
gap spark gap SW3, one long line T1, and one water
treatment unit. This unit comprises one discharge gap
SW2, and is electrically connected in series with it a layer
of water having a capacitance C4 = 3.3 pF and an active
resistance R2 = 1000 Q.

Voltage versus time for the case when three
identical multi-gap spark gaps connected in parallel are
used. Figure 8 illustrates the voltage versus time
dependences at the same three points [V(4), V(7), V(13)] of
the circuit (see Fig. 1), for which some results have already
been discussed above, for the case when three identical
multi-gap arresters connected in parallel in the experimental
setup. In the diagram (Fig. 1), these arresters are represented
as one resulting spark gap SW3, three identical long lines
with an electrical length of 2 ns, connected in parallel, and
are represented by the resulting long line T1 with a threefold
reduced wave resistance Z0 = 50 Q. In this case, three
water treatment units are also used, each consisting of one
discharge gap and a layer of water electrically connected
to it in series. These three identical processing nodes

143,
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Fig. 8. Dependences of voltages V(4), V(7), V(13) on time according to the diagram in Fig. 1 for the case with three processing units.
In this case three identical multi-gap spark gaps (their common designation SW3) connected in parallel are used:
initial sections these pulses (7= 76 ns, R3 =12 Q, C4 = 10 pF, Z0 = 50 Q — wave resistance, L8 = 3.3 nH, R2 =333 Q, £, = 0.01 ns)
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The mode without taking into account the
restoration of the electrical strength of the discharge
gap in the gas bubble in comparison with the mode in
which the electrical strength of the gap is restored.
Figure 9 shows the results of computer simulation for the
operating mode of the experimental setup, when the
plasma channels after discharges do not disappear until
the next high-voltage pulse arrives, that is, the electric
strength of the gas gap in the gas bubble does not have
time to recover between two voltage pulses adjacent in
time. This mode corresponds to the operation of an
experimental setup with one processing unit, in which the
plasma channels in the gas bubble burn continuously, and

during modeling are combined into one node with the
resulting discharge gap SW2 and the resulting water layer
electrically connected to it in series, having a capacitance
C4 = 10 pF and active resistance R2 = 333 Q. At the same
time, some other elements of the circuit have values that
differ from those shown in Fig. 1, namely, C8 = C9 =3 pF,
L6 =L7=0.33 nH, L8§ =3.3 nH, R3 =12 Q. L8 and R3
are, respectively, the inductance and the calculated final
active resistance of the resulting discharge gap SW2.

Both Fig. 5 and Fig. 8 show that the front of the
pulses at points 4 and 7 is associated with the processes of
reflection from the discharge gap SW2 at the end of the
long line T1 and the path of voltage waves along the long
line T1. The time interval between adjacent voltage surges
caused by the reflection of voltage waves from the
discharge gap SW2 is 4 ns, i.e. is equal to the double time
of the wave travel along the line T1. On the oscillograms in
Fig. 5, the voltage front for pulses V(4) and V(7) is much
steeper than in Fig. 8, and is approximately 4 ns. In both of
these figures, the voltage amplitude at the discharge nodes
as a whole V(7) and at the water layer V(4) is greater than
the voltage amplitude immediately after the multi-gap
spark gap SW3. This was achieved by reducing the
calculated capacitance of the water layer C4 to a value of
10 pF or less and choosing a delay time of 4 ns (close to
optimal) for the operation of the spark gap SW2.

cirgutIv - - er

V(4

MU

t, ns
147 64n

one sharpening multi-gap spark gap SW3, the electrical
circuit of which is shown in Fig. 2. In this figure, the
spark gap SW2 is absent, since the plasma channels
(plasma channel) are well conducting, do not play the role
of a switch, the impedance of which varies from a value
much greater than the impedance of the discharge circuit
to a value much less than the impedance of the discharge
circuit. On Fig. 2 point number 7 in Fig. 1 has the number
12. As an estimate, we took both for the mode with the
restoration of the electric strength of the discharge gap in
the gas bubble, and for the mode without restoring its
electric strength, when using one processing unit. The
final (after the end of the transient) active resistance of the
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plasma channels (plasma channel) R3 = 35 Q, inductance
L8 =10 nH (see Fig. 2) in both these modes.

Comparison of the results of simulation of the regime
taking into account the restoration of the electrical strength
of the discharge gap in the gas bubble after each discharge
(the main mode) and the regime without taking into
account the restoration of the electrical strength of this
discharge gap (without the arrester SW2) shows the
following. The presence of the spark gap SW2, considering
the delay time of its operation, which is close to most
rational, takes place in the main mode. The amplitude of
voltage pulses, when taking into account the restoration of
electric strength, is greater by about 20 % (see Fig. 5 and
Fig. 9). The conditions for the reflection of a voltage wave,
taking into account the delay time of operation SW2 and
the restoration of the electric strength of the discharge gap
in the gas bubble, are closer to the conditions reflections
from the end of a long line (in our case, the T1 line) that is
open at the end. In addition, in the regime without taking
into account the restoration of the electrical strength of the
discharge gap in the gas bubble after each discharge, the

curves of the voltage pulses V(4), V(12), V(13) are very
similar to each other with a somewhat lower amplitude of
the voltage V(4) on the layer water. A feature of the regime
without taking into account the restoration of the electrical
strength of the discharge gap in the gas bubble is that the
plasma channels in the gas bubble burn continuously,
providing broadband continuous radiation, including
ultraviolet and even shorter wavelength. In this case,
energy is supplied to the discharge unit by nanosecond
pulses with a certain repetition rate. The energy supply to
the discharge unit by nanosecond pulses is provided by a
high-voltage capacitive storage with a capacity of C5 = 150
pF and a multi-gap spark gap SW3, the dielectric strength
of which is restored much faster than that of SW2. The
maximum repetition rate of pulses to the processing unit is
determined by the minimum possible recovery time for the
electrical strength of the spark gap SW3. If the pulse
repetition rate exceeds the maximum, the electrical strength
of the spark gap SW3 will not be restored, and the real
experimental setup will go into emergency short circuit
mode, which is unacceptable.

210 circuit 1 2cir

0.00

=10.00}

V(12), V(13)—/~

—1838 e §6.00n
w(18) (W) wi4) () +(12) (W)

t, ns
118820

Fig. 9. Dependences of voltages V(4), V(12), V(13) on time in the mode without taking into account the restoration of the electrical
strength of the discharge gap in the gas bubble (according to the scheme in Fig. 2). This is the case with one processing unit:
the initial sections of these pulses (the arrester SW2 is replaced by a segment of the conductor, so the parameter 7 is absent.

The remaining values correspond to the values in Fig. 4)

Influence of the capacitance value of the water
layer on the voltage amplitude at the processing unit.
Figure 7 and Fig. 10 show that with an increase in the
capacitance of the C4 water layer from C4 = 3.3 pF (Fig. 7)
to C4 = 50 pF (Fig. 10) the voltage amplitude at the
processing unit V(7) and at the water layer V(4) becomes
significantly less than the voltage amplitude V(13) after the
spark gap SW3. In this case, the voltage amplitude V(13)

064
000F

N\~

practically does not change. Our calculations show the next
thing. When we are using an experimental setup, in order
for the amplitude of the voltage pulses at the processing
unit and on the water layer to be no less than the amplitude
of the voltage pulses directly after the spark gap SW3, the
capacitance of the water layer C4 should not exceed 20 pF.
Figure 1 demonstrates the electrical circuit of this setup for
computer simulation in Micro-Cap 10.
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Fig. 10. Dependences of voltages V(4), V(7), V(13) on time according to the scheme in Fig. 1. This is the case with one processing unit and
increased capacity C4 of the water layer C4 = 50 pF: initial segments of these pulses (7= 72 ns , C4 = 50 pF, other values as in Fig. 5.)
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To illustrate the effect of the capacitance C4 of the
water layer on the voltage amplitude at the processing
unit, the results of simulation were taken without taking
into account the delay time of the discharge in the spark
gap SW2, since it is this simulation option that was
considered in our work [13]. When taking into account
the delay time of the discharge in the spark gap SW2
(delay in the operation of the spark gap SW2), an increase
in the capacitance C4 of the water layer also leads to a
decrease in the voltage amplitude at the processing unit,
although the effect of this increase is reduced.

Conclusions. To increase the voltage amplitude at the
processing node and on the water layer in this node, it is
necessary to reduce the load capacitance (capacity of the
water layer in the processing node) to 10 pF or less,
increase the active resistance of the water layer to 500 Q or
more. The maximum step in computer simulation of the
process of discharging a generator of high-voltage
nanosecond pulses to an RLC load with a discharge gap
should not exceed 0.01 ns. The most rational delay time for
the operation of the discharger, which is the gap in the gas
bubble inside the water, under the conditions considered by
us is 4-5 ns. It is at this delay time that the amplitude of
voltage pulses at the node of disinfecting water treatment
and at the layer of treated water is maximum, other things
being equal. This amplitude of voltage pulses exceeds by
about 1.35 times the voltage amplitude immediately after
the main high-voltage discharger, which commutates
energy from the high-voltage capacitive storage to the
processing node through long line filled with water.
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Moje/l0BaHHSA Ta aHAJI3 eJIEKTPOTENJIOBUX MPOLECiB B YCTAHOBKAX IHAYKIIHHOI TePMOOOPOOKH
ATIOMIHI€BOI JKWJIN CHJIOBUX Ka0eliB

VY pobomi oocriosceno enexkmpomaznimui ma mennosi npoyecu 8 ycmaHo8Kax iHOYKYilIHO20 HASPIBAHHS ATIOMIHIEBOT HCUNU CUTIOBUX
Kabenie ma ymosu peanizayii mexnonoeii ii eionamosanns. Ilpu mamemamuyunomy MoOemo8anHi 6KA3AHUX NPOYECI8 YPAX08aAHO MAKi
KOHCMPYKMUGHI 0cOOIUBOCMI THOYKIMOPA, 5K 11020 3HAYHA O08ICUHA 1 GIONOGIOHO GeIUKA KIMbKICMb 1020 GUMKIE, WO GUKIUKAILO
HeobXiOHiCMb BUKOPUCTNAMU MEMOO MYAbMUMACUMAaOH020 MoOento8ans. TIpu yoomy Ha Maxkpopisni po3paxoeysanucy eiekmpo-
Menaosi npoyecu 8 JHCUi, Wo pyxXaiacs y MasHIMHOMY NOJI IHOYKMOPA, A HA MIKpOPI6Hi (mobdmo Ha pieHi elemMeHmapHoi KOMIpKu,
Wo Mae auuie 0Oun GUMOK iHOYKMOPA) GU3HAYABCS POZNOOLN eNeKMPOMASHIMHO20 NOASA MA 2YCMUNU eNeKMPUYHO20 CIPYMY 8 nepe-
PI3i MACU6H020 MIOHO20 BUMKA THOYKMOPA 3 YPAXY8AHHAM 0coOausocmetl 1o2o konempykyii. Ha 0b6ox pisusax y pobomi guxopucmo-
8Y8A6Cs HUCENbHUL MEMOO CKIHYEHHUX eleMeHmis, peanizoganuii 6 nakemi npoepam Comsol. 3a pezynbmamamu po3paxynky enekm-
POMACHIMHO20 NOJIA HA PIGHI eleMeHmAapHOi KOMIPKU, OMPUMAHO 4aCTOMHI 3anexcHocmi exgieaneHmuux R, L napamempis iHOYK-
mopa i3 ypaxyeamuam cKin-egpekmy, eghexmy Oau3bKOCmi ma ceomempuynozo egexmy. JJocnionHceHo KinbKiCHUll 6Naug 4acmomu
eNIeKMPUUHO20 CIMPYMY HA Yi eheKmu ma ompumano 3anedxcuicmo enekmpuynozo KKJJ indykmopa 6i0 wacmomu odxcepena enexkm-
podicusnenns. Tloxasano, wo ona epekmuenozo nazpieanus anoMiniegoi ycunu oiamempom 28 Mm onmumanvHe 3HAYEHHs YACMOMU
3Haxooumovcs 6 oianazoni 1-2 kl'y, 6 sixomy enexmpuunuii KK/ mooice docsieamu snauens 0, = 0,3—0,33. Bion. 31, puc. 10, tabm. 1.
Kniouosi cnosa: esekTpoMarHiTHi npouecu, iHaykuiiiHa TepMoo0podka, aoMiHi€eBa CTPYMONPOBiAHA KUJIa, CUJIOBI Kalei,

MyJIbTHMACIITA0HE MOJe/NI0BaHH, YyacToTa cTpymy, KK/l innykropa.

Beryn. TpuBanmii 9ac iHHOBaWidHI JOCTIIKEHHS Ta
PO3pOOKH y BITUM3HSHIN €EeKTPOSHEPreTUlll Oynu crpsi-
MOBaHI Ha PO3BUTOK JICICHTPANI30BaHHUX JIOKATHHUX elle-
KTpu4HuX cucreM Microgrid [1-4], 110 BUKOPHCTOBYIOTh
TUHAMIYHE PETyJIIOBaHHA OallaHCy IOTYXHOCTEH po3oce-
PEMKEHHX JDKEPEs SIEKTPOCHEPTii B yMOBaX HECTAIlIOHA-
pHOTrO ii CIIO’KMBAaHHS HPOMHCIIOBUMH 1 KHUTIOBUMHU KOM-
IIeKcaMu Ta 00’ektamu 0e3 ypaxyBaHHs eleKTpodizny-
HUX OCOOJMBOCTEH KOHCTPYKTHBHHX EJIEMEHTIB KaOellb-
HO-TIPOBIJJTHUKOBOT HPOIYKIIT NOBITpsHUX [5] i Kabenb-
HUX JiHi# enekrponepenayi (JIEIT) [6-8].

Y XXI cToniTTi IpOMHUCIIOBO PO3BUHEHI KpaiHU CBi-
Ty y noBirpstaux JIEII cranm BUKOpPHCTOBYBaTH CaMOYT-
puMHi i3osboBaHi nposoau (CIIT) 31 3MilHEHOO CTPyMO-
MIPOBITHOIO JKHMJIOIO 3 €JIEKTPOTEXHIYHUX CIUIABIiB MapKu
«TA» (TBepamii amOMiHINA) 1 HaHOMOAHM(DIKOBAHOO
(«3mmToroy) nosiernienosoro (3I1E) izonsuiero. B Ykpa-
a1 mpomuciose BupoOHUNTBO CIIT mepmmm ocBoiB ITAT
«3aBoy TTiaenkabens» (M. Xapkis) [5]. Ix Bnposamken-
HA B ogHOGa3HuX Ta Tpudasnux JIEIT Hanpyroto mo 1 kB
JIO3BOJIMJIO CKPY4YyBaTH B OJJMH JDKTYT (a3Hi Ta HYJIbOBHH
MIPOBOIHM, 110 Y JEeKUIbKa pa3iB 3MEHILIWIO MOTOHHY 1H/Y-
KTUBHICTh 1 majiHHs Harpyrd. CyTTEBO 3MEHIIMIHMCH
ioma 3emieBiaBeneras Ha OyzaisauuTBo JIEII i cripoc-
THIIUCH IX PEeMOHT Ta obOciryroByBaHHs. Y Takux JIEII ne
BUHUKAIOTh KOPOTKi 3aMUKaHHA M1l 9ac HETOAU Ta 1HIINX
30BHINIHIX BIUTUBAaX, IO MiJBUINAIO OE3MeKy 1 Haii-
HICTh CHCTEM eJIEKTPOKHUBJICHHS BiJIOBINAIBHIX €HEPro-
crioxuBauiB [5]. 3HauHe 3MEHIIEHHS IHIYKTHBHOCTI ITO-
Bitpsaux JIEIT i3 CIIT mpu3Beno HaBiTh 4O MOSBU IOCITi-
JUKEHb JIOLIJIBHOCTI BUKOPUCTAHHSI B HUX €EMHICHUX KOM-
MIEHCATOPIB PEaKTUBHOI MOTY>KHOCTI [9].

ITAT «3aBop ITiBaeHkabeb» 0CBOIB TaKOXK cepiitHe
BHPOOHHIITBO iHHOBAI[IHUX BITYM3HSIHUAX CHIIOBHX Kabe-
niB 3 TpumapoBoro 3I1E i30Js11i€r0 1 MepeBaXKHO aTOMi-
HI€BOIO KHJIOI0, IO 3a0€3IeUII0 IHTeHCUBHIHA PO3BUTOK
OyZIBHMIITBA 1 BUKOPUCTAHHS B YKpalHi Mi[3eMHUX Ka0e-
neauX JIEIT Ha Hanpyry mo 330 kB i motyxHicTIO B COT-
Hi-Tucsaui MBA, ski € OUIbII HAAIHHUMU Ta 3aXMILEHUMH
Bil OyIOb-KHX 30BHIIIHIX BIUTUBIB [7], HDK MOBITpsHI
JIEIT naBite i3 CIIT [S]. IIpuyomy npu BHUTOTOBIICHHI

CTPYMOIPOBITHAX KW KaOemiB Tex 374e01IpIe BUKOPHUC-
TOBYIOTh CIIIaBH Mapku «TAx.

IIpore y maHwmit yac B YKpaiHi 3aTOCTPIOETHCS TIPO-
OJieMa MPUCKOPEHHS POOIT 10 BiJHOBJICHHIO €JICKTPOKH-
BJICHHSI 00’ €KTIiB KPUTHYHOI iHPPACTPYKTYpH 3 BUKOPHUC-
TaHHSM HEYLIKOPKEHNX KaOeJIbHUX KaHAaJIB 1 JIOTKIB, JUIs
BUpIIIEHHS KOI 0a)KaHO BUKOPHCTOBYBATH Kabemi 3 Ku-
JIOIO T ABUIIEHOT INIACTUYHOCTI Ta CTPYMOIIPOBITHOCTI.

Haii6ip1i nuacTHYHICTh 1 THTOMY €JIeKTPOIPOBif-
HICTh MaroTh cy4acHi cwioBi kabemni 3i 3I1E i3omnsiieto i
MiJHOIO OaraToapoToBoto xwioro [10-12]. Taki kabemi
BHKOPHCTOBYIOTh B €HeprocucreMax 0aratbox KpaiH CBi-
Ty. AJe BIICyTHICTh BIIACHUX POIOBHUII MiJi B YKpaiHi Ta
BUCOKA I[iHa i IMIIOPTY OOMEKYIOTh MOXJIMBOCTI 11 1U-
POKOT0 BUKOPHUCTAHHSI y BITYM3HSHIN €JIEKTPOSHEPTeTHLII.

YV Hamiif kpaiHi CHIOBI Kabemi 3 MiJHOIO CTPyMOII-
POBIZHOIO JKWJIOIO B OCHOBHOMY BHKOPHCTOBYIOTH B iM-
MyJIbCHIM €JIeKTPOTEXHilll, 30KpeMa B KOJax po3psiiy Ji-
HiltHux [13] 1 HemiHidHUX [14] €éMHICHUX HaKONUYyBadiB
€JIEKTPOEHEePTii eNeKTPOPO3PATHIX YCTAHOBOK IS peajli-
3ail IMITyJIbCHUX ICKPOIIa3MOBHX IIPOIECIB OTPUMAaHHS
MIKpO- 1 HAHOMOPOIIKIB 3 YHIKaJbHUMH BJIACTUBOCTSIMU
[15, 16]. Hdus 3MeHIICHHS IHAYKTHUBHOCTI TaKHX Kil i
OTPUMaHHS B HUX BHCOKHX JUHAMIYHHUX IIapaMeTpiB 3BO-
POTHHH IMITYJIbCHUH CTPYM MOXKE IIPOTIKATH 110 MiJHOMY
eKpaHy kaOemiB, TOOTO 3BMYaliHI CHJIOBI KaOeal MOXYTb
BUKOPHCTOBYBATHCH SIK KOAKCIaJIbHI.

B enextpoenepreruni Ykpaiau nepeBakHO BUKOPH-
CTOBYIOThCS cydacHi cuiiosi kabeuni 3i 3I1E i3omsuieto Ta
CKPYYCHOIO 1 YIIITPHEHOI AaTIOMiHIEBOIO 0araToapoTo-
BOIO kw0t [7, 17]. Jlns moKpalieHHs IIACTHYHOCTI Ta
MUTOMOI CTPYMOMPOBITHOCTI Takoi UMK 1 HEOOXiTHO
«BIAMIATIOBATHY, TOOTO MiaBaTH CEIiaIbHIN TepMOOO-
pobmi mpu Temmepatypi 6mm3pko 420 °C meBHmiA 4ac, a
MOTIM MOBUJIbHO OXOJIOMXKYBATH AJIsl HAOJIMKEHHS CTPYK-
TypH aIOMiHIEBHX BHPOOIB 10 piBHOBaXKHOTO cTaHy [18].

[IpakTHyHy Ta €eKOHOMIUHY €()EeKTHBHICTH BUKOPHUC-
TaHHS TEXHOJOTI «BINNAJTIOBAHHSI» U ITOKpALICHHS
eKCIUTyaTaliiHIX XapaKTePHCTUK ATIOMIHIEBUX CTPyMO-
MIPOBITHUX JKUJI BXKE IMiITBEPIKEHO aBTOPAMH CTaTTi pa-
Hillle TP peati3ailii TeXHOJOTil MaCUBHOTO HarpiBaHHS
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AITIOMIiHI€BOT JKUIIM, HAMOTAHOI HA MeTajeBuii 6apadan. i
MACHBHE HArpiBaHHA 3IHCHIOBANIOCH Bill €IEKTPOTEHIB,
PO3TAIOBAaHMX PA30M i3 )KIJIOK0 y CIIIbHIA TEpMOKaMepi.
3apas3 151 TEXHOJIOTIS «BiANATIOBAHHS AIIFOMIHIEBOT KK
BukopucroBytoThest Ha [IAT «3aBox IliBnenkabenb» y
TEXHOJIOTIYHUX JIHISAX CEepIHOr0 BUIOTOBJIEHHS Cydac-
HUX HHU3bKOBOJBTHHX KaOeliB 3 alIOMIHIEBOIO IKHJIOK
MiABUIICHOT MJIACTUYHOCTI Ta €IEKTPOIIPOBIAHOCTI.

[IpoTe B TEXHONOTIYHHUX JIHISIX MPOMHUCIOBOTO BH-
TOTOBJIEHHS Cy4YacHHMX BITUM3HSHUX CHJIOBUX KaOeiiB Ha
cepellHi Ta BUCOKI HAIPYT'H BKe BUKOPHUCTOBYETHCS 1HIY-
KmiifHe HarpiBaHHA 10 60-95 °C moBepxHi pyXxoMoi amto-
MiHI€BOI KIIM KaOeJiB BHCOKOYACTOTHUM CTPYMOM JIJIst
MTOKpAIICHHS SKOCTI HaHeceHHs Ha Hei TpumrapoBoi 3I1E
i3osmsitii [7]. Tomy OyJ10 BaXJIMBO OLIHUTH €(EKTUBHICTh
BUKOPHUCTaHHS IHAYKIIITHUX YCTAHOBOK Y TaKUX JIIHISIX HE
TUIBKK JUISi TIOPIBHSHO HU3BKOTEMIIEPATYPHOI TEpMOOO-
PpOOKHM MOBEPXHI AIFOMIHIEBUX JKWJI, ajie 1 IS ITiABUIICH-
H#l X IUTACTUYHOCTI Ta MUTOMOT CTPYMOIIPOBIIHOCTI.

VY naniii poboTi JOCIiIKyBaBCsl 0araTOBUTKOBHH iH-
JQYKTOp Majoro aiamerpy (CyMipHHUI 3 JiaMeTpoM >KWin
Ka0eJro) Ta BIHOCHO BEJIMKOi JOBXHHH (= 2 M), B rap-
MOHIYHOMY MAarHiTHOMY IOJIi SIKOTO pyXajach XXWja Ka-
oemo. EnextpuuHi mapamMeTpu iHAyKTOpa i BHCOKOYACTO-
THOTO JDKEpela >KUBICHHS BUOMPANHCh TAaKHMM YHHOM,
100 TemMIeparypa KIiu Ha Buxoi gocsrana 420 °C.

Pi3Hi pexxumu iHAYKIIHHOI TepMOOOPOOKH CTPyMO-
MPOBITHUX MaTepiaiiB i BUPOOIB TOCIiIKYBaJIHNCh Y YUC-
JIEHHUX HayKoBHX myOuikamisx [19-27]. 3okpema y my6-
JIiKaIii BYSHUX CBITOBOI'O BHPOOHHKA CYYaCHHX CHCTEM
HarpiBaHHs kabeniB 1 mpoBoxiB Inductotherm Group
company [22] mocnikeHO iHHOBaUilHI IHIYKTOPHI CHC-
TEMH JUIS OZHOYACHOTO e€()eKTHBHOI'O HArpiBaHHS OJHO-
MPOBITHUKOBUX 1 0araTo-mpoBiTHUKOBUX KWI KaOewTiB 3
OOTPYHTYBaHHSIM BHOOpY ONTHMAaJbHOI 4acTOTH. Po3ris-
HYTO MOXJIMBICTh IHIYKIIIITHOTO HAarpiBaHHS MPOBIIHUKIB
nmiamerpoM Bix 1,27 mo 15,75 MM mpu 4acToTi Keperna
skuBiienHs Big 10 qo 800 xI'm.

VY crarti [23] moka3aHO NMUIAXH ONTHMi3amii 1HIYK-
LifHOrO HarpiBaHHs i3 3aCTOCYBaHHSM IHIYKTOPIB JBOX
THITIB — IJIACKOTO 1 COJIEHOIIHOr0, BUKOHAHOIO0 Ha OCHOBI
litz-npoBinHuKiB. Bu3Ha4eHO ONTHMaibHY YacTOTY JUIS
oTpuMaHHsl MakcumanbHoro enekrtpuyHoro KKJ. IMToka-
3aHO, 110 NpU (iKCOBaHIH reoMeTpii Ta IHIINX Mapamer-
pax cucteMu e(EKTHUBHICTh IHIYKIIIHHOTO HarpiBaHHS
3aJIeKUTh Bix 00’emy Mini B ooMoTkax. [IpoBeneHo ekc-
TIEPUMEHTANBHY EePEeBIPKY OTPUMAHHX Pe3yIbTATiB.

YV poborti [24] po3B’s13aHO IEpEXigHy eIeKTpOMarHi-
THO-TEIIOBY MOJAETH iHIYKIIHHOTO HarpiBaHHS (pepoma-
THITHUX MaTepiaiiB i3 BpaxXyBaHHsM iXHIX HENiHIHHUX
3anexHocTed (3o0kpema B(H, T)) Ta BUKOPHCTAHHSIM Me-
TOJY CKiHYeHHHX eneMeHTiB. CtpaTerist MynbTH(I3HIHO-
IO MOJICTIFOBAaHHSI TOJIsiTaia B TOMY, L0 €JIEKTPOMarHiTHa
3aja4a po3B’s3yBasiachk sl (DIKCOBAaHHMX 130TEPMIYHUX
TEeMIIepaTypHUX MOJIB, a TerioBa — Juist (PiKCOBaHOI Terl-
JIOTH JpKepella HarpiBaHHs. Pe3ynbratu KOMIT IOTEPHOTO
MO/IEIIIOBaHHS ()epOMAarHiTHOTO 3pa3ka B IHIIHAPUIHOMY
iHIyKTOpi (3 BHYTpiHIM xiamerpoM 50 MM 1 5 BUTKamu)
MiATBEPDKCHO EKCIIePHUMEHTAIBHIUMHI  JTOCIIJDKEHHAMA
IHAYKIIHOTO HarpiBaHHA 3pa3KiB MaTepialiB MPH TPHOX
LIBUJIKOCTSIX HarpiBaHHSL.

VY ny6nikauii [25] aBTOpU 3 BUKOPUCTAHHIM METOIY
CKIHUEHHUX €JIEeMEHTIB TPOBENN MyJIbTU(I3UUHE MOJIe-

JMIOBaHHS Ta EKCICPUMEHTAIbHY IIEPEBIPKY PO3MOILTY
TeMIepaTypu B 3aJIEKHOCTI BiJl 9aCTOTH CTPyMy iHAYK-
ifiHoro Harpisada. OCOOJHBICTIO POOOTH € BUTOTOBJICH-
HS IHIYKTOpa 13 MPOBOJY THITYy JITLHEHIPAT 1 BHUKOPHUC-
TaHHA BIIHOCHO BUCOKHMX 4acTOT Bix 15 10 25 xI'L.

Y poborti [26] npoBeAeHO NOCIIHKEHHS 1010 BIUTUBY
MOTY>KHOCTI IHIYKIIHOTO HarpiBava, IIBUIKOCTI MMOJavi Ta
niamerpa craneBoro 3paszka AISI 4140 na posnoxin Teme-
patypu y 3pa3kax B 3aJIeXKHOCTI Big miametpy (7 mm, 14 mm,
21 mm i 28 mm). BukopucToByBaBCcs iHOYKTOp 1 BHIIISII
CHipaibHOI KOTYIIKH 13 BHYTPILIHIM JiaMeTpoM 5,8 cM, o
HarpiBa€e TECTOBHH 3pa3oK B [iarma3oHi TEMIEpaTyp Bif
492 °C no 746 °C. PeamnisyroTscs Bl CTafii HarpiBy — mep-
ma crajgist i3 (epOMarHiTHUMH BJIACTUBOCTSMH 3pa3ka, a
JIpyra cTajisi, KOJIM BHACIIJIOK NEPEBUILEHHS TeMIIEpaTypH
Kropi, 3pa3ok crae napamarHiTHUM.

VY nmybGnikanii [27] aBTOpH eKCHEPUMEHTAIBHO I0-
CIIZMIM PO3NOALT TEMIIEPaTypH, IBUIKICTh HarpiBaHHS,
neperpiB 1 KOJIMBAHHS TEMIIEpaTypu KOMEpPLIHHOTO mpyT-
Ka 3i crutaBy anroMmiHito 6061 miametpom 10 MM i TOBXKH-
HOIO 1,5 M i3 aHaNi30M BIUIUBY PEXHMIB TEPMOOOPOOKH
Ha MEXaHIYHi BIIACTUBOCTI crutaBy. [lokas3aHo, 10 3pa3ok
TicJIsl HArpiBaHHS 1HIYKUIHHUM CIIOCOOOM JI0 TeMIepary-
pu 560 °C mae kparii MexaHigHi BJIACTUBOCTI MOPIBHSIHO
31 3pa3KoM, HATPITUM y 3BHYAHHIN eNEeKTPUIHIN medi.

OnHUM 13 HaHOLIBII BXKIIMBHUX IIapaMeTpiB eQeKTu-
BHOCTI IHAYKIIHHOTO HATPIBaHHS € 4aCTOTa CTPYMY €JICK-
TPOXKUBJICHHSI 1HIYKTOpa, NMpU SIKii HOTo eleKTpUYHHUNA
KKJ] naOyBae MakcumManbHOTo 3HaueHHs. L[s1 wactoTa
3aJIeXKHTh Bijl 0araTboX YMHHMKIB — PO3MIpiB B mepepisi
BUTKIB iHIYKTOpa, HOro rabapuTHHX PO3MIpiB Ta IOBIT-
PSHOTO TIPOMDKKY MK IHAYKTOPOM Ta JKHIIOIO, a TaKOXK
BiJl MaTepiaxy CTPyMOIIPOBITHOI KWK KabedmiB, ii po3wmi-
PHHUX Ta IHIIUX XapaKTepHUX HapamerpiB. BpaxoByroun
BEJIMKY JOBKHHY TaKOTO 1HIYKTOpa Ta BIIIOBIJHO BEIH-
Ky KutbkicTh BUTKIB (~ 100), 4ucenpHHH pO3paxyHOK
enekrpoMaruitHoro moiyisi Ta KKJ Ha Horo ocHOBI mpu
BpaxyBaHHI I'€OMETPUYHUX PO3MIPIB MacHBHUX BHTKIB
IH/IyKTOpa B TaKH{ CTPYKTYpI Ta HEOIHOPIJHOCTI pO3IO-
JIUTy eJEeKTPUYHOrO CTPyMy B iX 00’eMi, oTpeOye 3Ha4-
HHUX KOMIT'IOTEPHUX PECypCiB.

Oco06aMBOCTI CIIPOIIEHHS KOMIT FOTEPHHUX PO3PaxXyHKIB
erexTpoMarHitHoro oy i Bm3HadeHHs KK/l B Takmx cuc-
TeMaX y HaBEeICHUX IMyOiKaIlisX He pO3TIISIAICh. Y HaHil
CTaTTi U CIPOIICHHSA PO3PaXyHKIB BUKOPHUCTAHO METOJ
MyJbTEMacITabHOro MonenmoBanas [28—30], B OCHOBY sIKO-
'O TOKJIAICHO MTOHATTS CJIEMCHTAPHOI KOMIPKH, 110 MICTHTh
TUIBKM OJMH BUTOK iHAYKTOpA Ta MajMil (parMeHT >KUiH,
po3TaroBaHuii OISl LLOro BUTKA. [Ipn 1bOMy HE BpaxoBy-
BaJIaCh [lisl KIHIEBUX €(EKTIB B IHIYKTOpi, OCKUIBKU IIpU
BEJIUKIN HOTo OBKHHI, BOHM CJIa00 BILUTMBAIOTH HA iHTEIrpa-
JIbHI €JIEKTPOMArHiTHI XapaKTEPUCTUKH 1 KIHIIEBE 3HAYCHHS
TeMIepaTypy KUK Ha BUXOJ 3 IHIYKTOpa.

TakuM YHMHOM, BiJIIOBiTHO A0 MiIXOAY MYJIBTHMAC-
mTabHOTO MOAENIOBAHHS, MOJIHOBA 3aJada po3riiganach
B o0macTi emeMeHTapHO{ KOMIPKH, IO MICTHTH JIHIIE
OOVH MAacHUBHUHM BHTOK IHAYKTOpPa Ta ()parMeHT >KHIIH.
ExBiBanientHi R, L mapamerpu i€l KOMIpKH pO3paxoBy-
BaJINCh SIK (PYHKIIT 4aCTOTH JpKepelia KHUBJICHHSI, a TOTiM
i pe3yibTaTH LUISIXOM MEPIOAMYHOrO MOBTOPEHHS M€l
KOMIpPKH MEPEHOCUWIMCh HA BCIO KOHCTPYKIIIO IHAyKTOpa
YCTAHOBKH €JIEKTPOIHAYKIIHOTO HarpiBaHHSI.
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Mertolo cTatTi € po3po0IIeHHsI HA OCHOBI METO/Ly MY-
JTHTUMACIITAOHOTO MOJEIIOBAaHHS KOMIT FOTEPHOI MOJei
JUIsL aHalli3y eJeKTPOTEIUIOBUX IPOLECIB B IHAYKUiIHIH
YCTaHOBII IJIsI HATPIBAaHHSA PyXOMOI AITFOMiHI€BOI JKUITH CH-
JIOBOTO Ka0eJIto JUIst KUTbKICHOT OLIIHKK e(DeKTUBHOCTI BUKO-
PHCTaHHS TaKUX YCTAHOBOK B ICHYFOUMX IPOMHCIIOBHX TEX-
HOJIOTIYHMX JIIHISIX BUTOTOBJICHHS CyYacHHUX KaOesiB st
T IBUIICHHS] TUIACTHYHOCT] Ta MMUTOMOI CTPYMOIPOBITHOCTI
IXHIX aJIFOMIHIEBUX KL

OpHi€ro 13 HAMOLIBIT BaXKIIMBUX 331a4 OYyJIO OTpHMaH-
HSI 9aCTOTHHX 3JISKHOCTEH €KBIBaJIGHTHUX R, L mapameTpiB

Ixepeno XUEBNCHHA

TaKOTro 1H/IYKTOpa i3 BpaxyBaHHSIM HEPIBHOMIPHOTO PO3IO-
JITy eNEeKTPHIHOTO CTPYyMY IIO HOTO Tepepisy Ta BU3HAUCH-
HA 32 iX JOIOMOIOX ONTUMAIBHOI YaCTOTH JDKEPEIa JKUB-
JICHHSL, 10 Bi/TIOBia€ MAKCUMAIIBHOMY 3HAUCHHIO €IEKTPH-
gyroro KK]I inaykTopa.

JocmimkeHHsT CrIpsIMOBaHI Ha OIIHKY MOJKJIHBOCTI
JIOCSITHEHHSI METH y IPOMMCIIOBIM TEXHOJIOTIUHIA JIiHIi
Oe3nepepBHOTO HAKIANaHHSA CYYacHOI TPHIIApOBOI 3IIH-
TOI TONIETHIICHOBOT 130JIAII{ HA PyXOMY alIFOMIHIEBY JKH-
ny xabeniB Ha Hanpyry a0 110 kB, sxi cepiliHO BUTOTOB-
iste ITAT «3aBon ITiBnenkadenny.

MaremaTnuna Mo-
Jelib aHAJIZY 3B’SI3aHUX
eJIEKTPOMATrHITHUX i

> Tparnua pospazyHKoBOL TemjioBuX mnpoueciB. Ha
obmacTi puc. 1 cxeMaTHJHO TOKa-
pTTTTTTTTTT T 5 3 3aHO (Ii3UYHYy MOJENb
i ; . Z
T L Moenmopanol yeranon
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Puc. 1. Cxema ¢izngnO0i MOENi TOCTIKYBaHOT YCTAHOBKY JUTS IHAYKIIHHOTO HArpiBaHHS
AIIOMIHI€BOT JKUITM CHIIOBOTO KabelTto, 0 PyXa€eThes i3 MOCTIHHOIO MBUAKICTIO V

IHOYKIIAHI eNIEKTPUYHI CTPYMH Ta BHACTIIOK BHUIIUICHHS
JUKOYJIEBOTO TeIlIa BifOYBA€ThCS il HAarpiBaHHS.

MareMaTH9Hy MOZAETh IS aHANI3Y 3B’ S3aHUX €JIeK-
TPOMATHITHHX 1 TEIJIOBUX MpoleciB 0yJjo MoOynoBaHO B
HACTYIIHOMY HaOJIM)KEHHI:

1. Po3riisz enekTpoMarHiTHOro Ipolecy IpoBOAUBCS B
yCTaJICHOMY PEXHMI B YaCTOTHiH 001acTi, KoJIM BCi xapa-
KTEPUCTUKH TIOJIS1 € KOMIUIEKCHUMH BennunHaMu. Terio-
BHUH MPOIIEC PO3IIISIABCS B CTAI[IOHAPHOMY PEXKUMI.

2. [HmyKTOp HA MPaKTHIlI BHUTOTOBISETHCSA 13 MiTHOL
TpyOKH 1 Ma€e CKIaaHy CTPYKTYpY, SIKY YMOBHO ITOKa3aHO
Ha puc. 1. OznHak, Ha TIepIIOMY eTarli, KOJIM OCHOBHA yBa-
ra MPHUIUIIETHCS TEIUIOBOMY MPOILECY B KW, iHIYKTOP
MOKHA PO3IJIAIATH K 0araTOBHTKOBY KOTYLIKY i3 3ana-
HOI0 CEpeIHBOI0 TYCTHHOI EJIEKTPHYHOIO CTPyMY
Ji = jiNi /8;, ne iiNi — MarHitopyuriiHa cuia iHIyK-
Topa, a S; — moma Horo mepepizy. Y IbOMy BUpa3i Ta
JlaJli Kparkoro 3BepXy MO3HAYEHO KOMILIEKCHI BEIMYNHH.

3. Kwuna, 1m0 HArpiBa€eThCs, € ANTOMIHIEBOIO, Oarato-
JPOTSHOIO Ta YIIUTFHEHOK. 30BHINIHIN 11 BUTIISAI Ta miepe-
pi3 moka3ano Ha puc. 1. KoedimieHT yniijapHeHHs gocsrae
0,96 1, BHacIIOK LFOTO, BOHA B PO3paxyHKax po3risijga-
Jack SIK cynunbHa. [Ipy 1pOMy BpaxOBYBaJUCH HETiHIHHI
3aJIKHOCTI €JIEeKTPOIIPOBIIHOCTI, TEIUIOMPOBIIHOCTI 1 TH-
TOMOI TETUTOEMHOCTI 11 MaTepiay Bil TEeMIIEpaTypH.

4. BpaxoBytoun NpuOIM3HO LMIIHAPUYHY (opMmy iH-
IyKTOpa Ta KWIIH, PO3TAIIOBAHO! CHMETPHYHO BiJHOCHO
IHIyKTOpa, 3a/a4a pO3IJIsAalach SIK OCECUMETPUYHA, Y
JIBOBUMIpHIH ITOCTAHOBIII B LWIIHAPHYHIA CHCTEMi KOOp-

BUTKOBUH 1HIYKTOp Bij-
HOCHO BEJIUKOT JIOBXKHHU
Ta AJIIOMIHIEBY KUY
CHJIOBOIO Kabenr, M0
PYXa€eTbCsl 3 TOCTIHHOIO
IIBHIKICTIO vV y TapMOHi-
YHOMY MAaTHITHOMY IIOJIi
inmykropa. Ilpu minkmro-
YeHHI 1HAYKTOpa JI0 JKe-
peia KUBJICHHA IPOMUC-
J10BOT 200 BUCOKOI 4acToO-
TH, B KWl BHUHHKAIOTH

quHat #0z BIAHOCHO KOMIUIEKCHOI 3MiHHOT — BEKTOPHOI'O

MAarHITHOTO TIOTCHIIAIy A (r, 2), a Takox TeMIepaTypu
1(r, z) y po3paxyHKOBIii o0sacTi, mokasaHii Ha puc. 1.

s obmacTh MICTUTH TpU Mimo0IacTi — IHAYKTOP,
ANIOMIHIEBY JKMIIy 1 OTOYYIOYE LI €JIEMEHTH IOBITpsHE
cepenoBuIe. MaremaTnyHa MOJEINb, 1110 ONUCYBaJIa 3B’ s-
3aHl €JIEKTPOMArHiTHI 1 TEIUIOBI MPOLIECH, BKJIIOYaa I0-
CTaHOBKY €JIEKTPOMAarHiTHOI 1 TEIUIOBOI 3a1ay, sKi Mmpea-
CTaBJIEHO [AJTI.

EnexkTpoMarHiTHHI TpoIeC OMHCYBaBCS CHCTEMOIO
IuepeHIliaTbHIX PIBHAHD UIT KOMIUIEKCHOI BETHYIUHU

BEKTOPHOT'O MarHiTHOTO MOTEeHIIaLy A :
Jjwo(T) Ap+ ,uo_lv x(V x Ap) =0, B obnacti xuu, (1)

I;N;/S,, BoGnactiinaykropa,

o 'V x(Vx dp)= )

0, y moBiTpi,
ne o(7T) — eNeKTPONpPOBIAHICTh KWK, IO 3aJCKUTh BiJ
TeMIepaTypH, @ — KyTOBa 4acToTa CTPYMYy B IHIYKTOPI,
o — MarHiTHa cTajia.

SIK TpaHWYHI YMOBH JUIS €JIEKTPOMArHiTHOI 3ajgadi
3ajaBanacsi yMoBa CUMeTpii BiHOCcHO oci » = 0 i ymoBa
MAarHITHOI 130JIA11i1 Ha 30BHIIIHIH rpaHUIi:

Aglc =0. 3)

3B’S30K €JICKTPOMATHITHOI 3a/1adi i3 TEIUIOBOIO 31TiH-
CHIOBABCS 32 JIOTIOMOTOO JBOX BEIHYUH — JKOYIIEBOTO
TEIUTOBUJICHHS B JKWIII ¢ Ta HEIHIIHOT 3aJe)KHOCTI erre-
KTporpoBigHOCTi XwiH o( 7).
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TeroBa 3amgava Al HEBIIOMOTO PO3IMOJLTY TeMIIe-
patypu T BKIIto9ana HacTyImHe Au(epeHIialbHe piBHIHHSI
TEIJIONEPEHOCY 3a PaXyHOK MEXaHi3MIB TEILIONPOBITHOC-
Tl Ta KOHBEKIIT:

q, B 00JIaCTi KWIH,
pC,(TNu-VT =V -(AT)VT)=10,B iHmux 4)
eJeMeHTax 00acTi,

ae p, C,, A — TyCTUHA, MUTOMA TEMJIOEMHICTb i TEMIONpPO-
BITHICTP Matepialy BIIIOBITHOTO CEpeIOBHINA, IO 3a-
nexarpb Bif temneparypu; u# = (0, v) — HIBUAKICTb PyXy
KUK, ¢ — TATOMA TIOTYXKHICT JpKepera Teruia, 00yMoB-
JIeHa HIYKIIHHUM HarpiBOM >KWJIN HaBEIEHUMH CTpyMa-
Mu. BoHa BU3Havanach sk

.
JJ S
g="—=0"c(dp A4, ) ©)
o
ae j=— jCOO'Agp — Jiro4ye 3HA4eHHS T'yCTHHHU HaBEICHO-

TO CTPYyMY; ,21; — KOMITJIEKCHO-CTIPSDKEHA BEJIMYMHA BEK-

TOPHOTO MarHiTHOTO MOTEHITIATY.
SIk rpaHMYHI YMOBM AJIsI TEIUIOBOI 3ajadi nmpuiima-
JTUCH HACTYIIHI:

e Ha oci cumerpii 7 = 0 — yMoBa cuMeTpii;

e Ha 30BHIMHIA TpaHWUIi pO3paxyHKOBOi oOxacTi, a
TaKOX Ha BXIJIHIH (B HaNpsIMKY pyXy) 'PaHHMII JKHIIH Te-
MIlepaTypa AOpPIiBHIOE TeMIepaTypi HaBKOJHIITHBOTO Ce-
penosuma 7 = Ty;

® Ha BUXITHIN TpaHUII KK 3a1aBaBCS JIUIIE KOHBE-
KTHUBHUH [IEPEHOC TETIIOTH;

® Ha TPaHHILIX IHAYKTOpa TEMIIepaTypa NpHITyCKaIach
nocTiiiHoo 1 jopiBHIoBaia 70 °C, 110 MOB’sI3aHO 3 HasB-
HICTIO BOJSTHOTO OXOJIO/KCHHS BUTKIB iHIYKTOPA.

JudepeHiianpHi piBHSIHHS ISl €IEKTPOMArHITHOTO
nons (1) — (2) 1 TemnepatypHoro moist (4) 3 ypaxyBaHHIM
3a3HAQUEHNX FPaHMYHUX YMOB NPEICTABIIUIN 3B’ A3aHy eJle-
KTPOTEIUIOBY 33j1ady, L0 BUpINIyBajacs YHCEIHHO METO-
JIOM CKIHYEHHHX EJIEMEHTIB 3a JIOTIOMOIOI MaKeTy Ipo-
rpam Comsol [31]. 3anexxHoCTi 3MiHEHHS BiX TemMrieparypu
semunH p(7), C(T), A(T) A amoMiHI€BOT KUK 3a7aBa-
JUCS 32 JAHUMHU 010JTIOTEKN MaTepialiB IIbOTO TTAKETYy.

AHaJi3 pe3y1bTATIB PO3PaxXyHKY €J1eKTPOTEIIOBOI
3agayi. [Ipy BUKOHAHHI PO3PaxyHKIB BUKOPHCTOBYBAJIHCS
HACTYIHI 3Ha4eHHs1 mapameTpiB. Po3Mipu po3paxyHKOBOi
obmacti — 4,5 x 0,2 M. JloBxuHa iHIyKTOpa — 2 M, BHYTpI-
il giamerp — 40 MM, KitbkicTh BUTKIB N; = 50. Ctpym B
IHIYKTOpi BUOMpaBCs 3 YMOBH, IO TEMIIEPATypa XKW Ha
BHXOJI 13 IHAYKTOpa IOPIBHIOE TPHOIM3HO TeMmeparypi
BiamanroBanus s amominio 7, = 400430 °C, yactora
CTpyMY B iHAyKTOpi 3MiHIOBanack Big 50 mo 5000 I'm. [lia-
MeTp Xuii — 28 MM, IBHAKICTh 1 pyxy — v = 0,5 M/XB.
TemmepaTypa HaBKOIHITHBOTO TIOBITPs 7 = 20 °C.

[30miHIT BEKTOPHOTO MAarHiTHOrO HOTEHIlATY A (r, 2)
Ta PO3MO/IJI MarHITHOI 1HTYKIIiT ‘B Y PO3paxyHKOBiit obmac-
Ti ipu gactoti ctpymy 50 ['1 HaBeneHo Ha puc. 2,a. MarHiT-
HE ToJIe 30Ccepe/KeHe B CKiH-1Iapi, sikuil mpu gactoti 50 '

CTaHOBUTb O = ,/1/(nfupo) =15 mm. 3Bincu, KOYNEBi

BTpaTH BUOUDUIACH MaibKe IO BCHOMY O0’€Mi JKWIH, IO

TPU3BOAMIIO IO PIBHOMIPHOTO il HarpiBaHHS 110 TOBILHHI.
Posmozin Temmneparypy B po3paxyHKOBii ofmacTi mo-

Ka3aHO Ha pucC. 2,0, a Ha puUC. 2,6 — PO3IOILT TEMIIepaTypu

B3JIOBXK OCI z Ha Oci cuMeTpii (HMXKHsI KpHBa) Ta Ha TIOBEp-
XHI XHIM (BEepXHs KpUBA) NpH YacToti ctpymy S50 [

0.3
m g 1 ~ m 3 4 1025
0 = - 0.1} O.‘j‘
0.1 Y-1-
> mf 01
y 0.05
X Z
400
0 1 2™ @ 4 0.1 §350
———— ———=————, o 320
— 50200 6
200
150
100
50
T, °C
400
350
300
250 |
200 | 6
150
100
50 ¢
0 | 2 3 4 /. m

Puc. 2. I3071iHiT BEKTOPHOTO MAarHiTHOTO MOTEHIIIATY Ta PO3IIOALT
MarHiTHOI IHAYKIIT y po3paxyHKOBIl 001acTi PH 4acToTi CTpyMy
50 T’ (@); po3moain TemMIiepaTypH B po3paxyHKOBiii oomacTi (0);
O30T TEMIIEpaTypH B3IOBXK OCi z Ha OCI CUMETPIT (HIDKHS KPHBa)
Ta Ha HOBEPXHI KM (BEPXHsI KpUBA) pH 4actoTi crpymy 50 't (6)

SIK BUIUTMBAE 3 pe3yJbTaTiB PO3PaxyHKY, TeMIepa-
Typa 0 TIHOWHI UM PO3IOAIJICHa PIBHOMIPHO BHACII-
JOK Majioro IiaMeTpy >KHiH. Takox TemrepaTypa 3poc-
Ta€ Ha JUISHII «BX1Jl — BUXI1] 13 IHAYKTOpay MO JHIHHOMY
3aKOHY, JIOCSATAI0YM Ha BUXOJ1 HEOOXiHOI TeMmieparypu
BianamroBaHHs — 420 °C.

! _ IpocTopoBHii po3IIO-

T TeMrepaTypd Ha BH-

400 xopi i3 iHAyKTOpa B 30i-
350 JIBIIEHOMY MaciuTabi mo-
300 KasaHO Ha puc. 3. Cuix
3a3HAYMTH, L0 MICIs BH-
X0y i3 30HH IHOYKTOpA,
200 posmoxin TemmepaTypu IO
150 TIWOMHI JKWIM HE CTac
100 OLIbII OJHOpPiZHUM BHa-
50 CUZIOK OXOJIOIDKEHHS TIO-
BEPXHEBUX AUISTHOK JKHJIH.

Jlst KinbKicHOT OIliH-
KA CTyIEHS HepiBHOMIp-
HOCTI HarpiBaHHs JKUJIH 110
il TMOWHI, MOXHA BUKOPHCTOBYBATH KOE(IIIEHT HEpiB-
HOMIPHOCTI TeMITepaTypH:

250

Inayxrop

0 004 008 0.1 m
Puc. 3. Po3mozin teMneparypu
Ha BUXOJ]I 13 IHAyKTOpa

_ (Tmax _Tmin) 100, (6)
OaS(Tmax + Tmin)

€ Tmax, Tmin — BIATOBIIHO MakCHMallbHAa 1 MiHIMajabHa

TeMIepaTypa B palialbHOMY TIepepisi KITH Ha BUXOML 3

iHgykropa. Jnms MOCHIMKYBaHOTO BHIIAAKY 33 JaHUMH

puc. 2,6, BenuduHa kr = 1,6 %.

EsexTpoMarsniTHa 3aga4a Ha piBHi eJleMeHTapHOI
KOMIpKH — Ha MiKpopiBHi. Po3risiHyTa BHIIE enexTpoTer-
JIOBa 33j1a4a He J03BOJISIE IPOBECTH JETANBHUI aHaji3 ene-
KTPOMArHiTHHX TPOIECIB B 1HAYKTOpPi BHACTIAOK BiJIHOCHO
BENMMKOI HOro JIOBKHMHU — CIIiBBIJHOLICHHS JIOBXKH-
Ha/miametp nopiaioe 50. JIis Takoro aHamizy mali po3rin-
JlaJach TOAaTKOBA 3a/1a4a Ha PiBHI €JIeMEHTapHOi KOMIpKH.

kr
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Ha puc. 4 noka3aHo CTpyKTypy IHAYKTOpA, IO CKJIa-
JAETHCS 13 MACUBHHUX MIJTHHUX BHUTKIB, BUKOHAHUX 13 MiIHOI
TpYOKH, SIKI OXOJIOJKYIOTBCSI PIIMHOIO, IO MPOKAYYEThCS
B 1l TpyOui. Yepe3 BelMKy JOBKUHY IHIYKTOpA Ta HasiB-
HICTb 3HAYHOTO YHMCJIa BUTKIB B HOTO CTPYKTypi Oy70 BuIi-
JICHO eJIEMEHTApHY KOMIPKY, sIKa BKJIIOYAJIa OJWH BHTOK
IHIYKTOpa Ta (parMeHT XXMM, PO3TAIIOBAHOI OIS IIHOTO
BUTKa (BOHA TIOKa3aHa Ha pHC. 4 IyHKTHPHOIO JITHIEIO).

[Tpu boMy HPHITYCKAIOCh, IO BCS CTPYKTYypa 3aja-
4i Moke OyTH OTpHUMaHa HUIIXOM MepioJUYHOTO TOBTO-
peHHs 1€l KOMIPKH B3IOBXK OCI z 1 3arajbHa KUIBKICTh
TaKUX KOMIPOK JOPIBHIOE YHCIy BUTKIB IHAYKTOpa N,

ITpn upomy He BpaxoByBajiach Ais KiHIIEBUX €(EKTiB B
IHAYKTOpI, OJHAK MPH BEJHUKIH HOro MOBXKHHI 1[I ePeKTH
c1abo BIUTMBAIOTh HA IHTETPAJIbHI XapaKTEePUCTHKH, 1 Bifl-
MOBIZITHO Ha KiHIIEBE 3HAYCHHS TEMIIEpPAaTypH KHUJIM Ha
BUXOZI i3 iHAYKTOpA.

[TpuitaaTi IpU po3paxyHKax po3MipH BUTKIB IHIYK-
TOpa Ioka3aHo Ha puc. 4. IIpuryckanocs, 0 BCi BUTKH
IHyKTOpa 3’€HaHI MOCHIIJOBHO, a TaKOX, II0 TeMIlepa-
Typa XWIA B OOJIACTI KOMIpKH JOpiBHIOBaJla cepemHiit
TemIIepaTypi xunu 1o ii goxuni 220 °C.

EnemeHTapHa KoMipKa

14 mm
.l_,_ :

Puc. 4. Ctpykrypa 6araToBUTKOBOI'O iHAYKTOpPa 3 BUALICHOIO €IEMEHTapHOK KOMiPKOIO

MaremaTtudHa MOJETH €IEKTPOMATHITHOI 3a7adi B
o0nacTi enmeMeHTapHOI KOMIpKHA B HAOJNMKEHHI, [0 JKMIa
€ HEpYXOMOIO (HaOJIKEHHS MaJIOTO 3HAYEHHS MarHiTHO-
ro uucna PeiiHonbaca) i NpUITyCKalO4YH CIPaBEUIMBICTh
BiCECUMETPHYHOI IIOCTAHOBKY, Ma€ HACTYITHUH BUTIIS;

® B 00J1aCTI KMIH —

joo (T) Ap+ 1y 'V x (Vx Ap)=0; (7)
® B 001aCTi BUTKA IHIyKTOpa —

turn

. _ . U
Joo Ap+ 1V><(V><A¢) =0—;
27

. . . U , (®)
[Jds = Iy, J = (4L~ jod,);
Stum
® B IIOBITpi —
,uo_le(VxA'(/,) =0, C)

ne U wm — HEBIZIOMa Hampyra B Ilepepisi BUTKa, SKa po3-
PaxoBYy€eThCS pa3oM i3 BEKTOPHHUM MAarHiTHHM MOTEHIlia-
oM A TIpH 3a1aHOMY 3HAUCHHI eIEKTPHYHOIO CTPYMY Y
BUTKY I, . OCKiNbKH BCi BHTKH iHmykTopa 3’eIHami
HOCIIiIOBHO, TO Lel CTpyM JOPIBHIOE CTPyMy IHIYKTOpa
I ; » AKAI BBA)KA€ThCA 3aJJaHHM.

3amaBanucsl HACTYTHI TPAaHWMYHI YMOBH IS €JIEKT-
pomarHitHoi 3anaui (7) — (9): ymoBa cuMeTpii BiZHOCHO
oci » = 0 Ha rpanuli G, (quB. puc. 4), yMOBa MapHOI CH-
MeTpii Ha OokoBuX rpaHulsix Gy, G3 Ta yMOBa MarHiTHOI
130JIA11iT Ha 30BHIIIHIN rpanui Gy — A¢‘G4 =0.

Ha puc. 5 moka3zano po3paxoBanuii B maketi Comsol
PO3IIOJIUT MarHiTHOTO OISt |B| , Tn (1iBOpyY ) Ta TyCTHHU

€JIEKTPUYHOIO CTPYyMY |J | , A/M’ (mpaBopyd) B mepepisi

€JIEMEHTAapHOT KOMIPKH TIPH Pi3HIH 4acTOTi eNEeKTPUIHOTO
ctpymy f- CTpyM y BUTKY IHAyKTOpa npuitMaBscst 1 A.

f=50Hz
[B|. T 10° [3} A/m? x10°
25 35
3.0
20
H G
15 2.0
1.5
10
1.0
S 0.5
s 0
a
f=1000 Hz
[B]. T x10° | ] A/m? x10°
30 2.0
‘25
1.5
20
s 1.0
e
10 ===
0.5
5
. R
9]
= 5000 Hz
B|, T J|, A/m? x10*
[B| 1]

x10°

6
35
30
25 4
20 3
5
: 2
10
- 1
Ao
6

Puc. 5. Po3mozinu MarHiTHOTro 1moJist (JIiBOpyd ) Ta I'yCTHHH
CIIEKTPUYIHOTO CTPyMY (IIpaBopyd) B epepisi eneMeHTapHol
KOMIPKH TIPH YaCTOTi €AEKTPUIHOTO CTPYMY:
50T (a); 1000 I'm (6); 5000 I'u (6)

th
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I3 HaBemeHHX PHUCYHKIB BHAHO MPOSB HACTYIHHX
e(eKTiB:
® CKiH-e(DeKT, KOJIM MarHiTHe ToJie Ta EeNeKTPUYHUI
CTPYM BHTICHSIIOThCS Ha TIOBEPXHIO POBIIHUKA,;

e edeKT GIU3BKOCTI, KOJIM HAsIBHICTh CYCIJIHIX BUTKIB
3MEHIIy€e CTPYM Ha OOKOBHX I'PAaHAX BUTKA, IO HAIEXKUTh
JI0 KOMIPKH;

® reoMeTpUYHUI eeKT, KoM BHACIINOK IHMIIHIpUY-
HOI CTPYKTYpH BUTKA €NEKTPHUYHHUN CTPYyM 30UIBIIYETHCS
Ha BHYTpIIIHIA HOTO MOBEpPXHI 1 3MEHIIY€EThCS Ha 30BHi-
[IHIA. 32 TaHUMH PUC. 5 BUIHO, K MPU 3pOCTaHHI YacTo-
TH 301IBIIY€ETHCS TIPOSIBA INX E(EKTIB.

Po3noain Mar"iTHOTO IOJISt B 1HYKTOP1 BEJIUKOI J0-
BXKUHHM, IO IOCIKYEThCS B JaHIA 3ajadi, MOXe OyTH
OTPUMAHO HUIIXOM HEPiOJMYHOIO IOBTOPEHHS KApTHHU
MarHIiTHOTO TIOJIS AJIs1 KOMipKH — TaKi KapTHHU HaBeIeH1
Ha puc. 6 U1 TPHOX 3HAUCHBb YAaCTOTH JDKEpelia KUBJICH-
Hs1. 3a3HAYUMO, 110 TaKUK PO3MOJiN OyJe CrpaBelsTHBUM
JUISl BHYTPILIHIX TUISHOK 1HIYKTOpa i Oy/e BiIPi3HATHCS
BiJl PO3NOALIY B HOT0 KiHIIEBUX 30HaX. AJie BUKOPUCTaH-
HSl TaKOTO MiIXOAY, IO 0a3yeThCsl HA PO3pPaxyHKy MOJIs
€JIEMEHTapHOT KOMIPKH, [103BOJIIE 3HAYHO CIIPOCTUTH
3aJjaqy pO3paxyHKy €JIEKTPOMAarHiTHUX HPOLECIB iHIyK-
TOPIB BENUKOI JOBXXWHH, SIKUHA 1 BHKOPHUCTOBYETHCS B 3a-
Jadi iHIYKI[IIHOTO HATPiBaHHSI KU CHIIOBOTO Ka0eITto.

Burkn

/=50 H LHAY KTOpa

x10°, T

= 1000 Hz

f=5000 Hz

Puc. 6. Po3nozinu MaraiTHOTO 1OJISt B IHAYKTOP1 BEIHUKOT
JIOBXKUHH TIPH YaCTOTi €IEKTPUIHOTO CTPYMY:

50 T (a); 1000 T (6); 5000 I (6)

Po3paxyHok eKBiBaJIeHTHUX eJIEKTPUYHUX Mapa-
MeTpiB 0JHOT0 BHTKA Ta 0araTOBUTKOBOIO iHIyKTOpa
B Hijiomy. 3a pe3yJibTaTaMi pO3paxyHKy eJIeKTpPOMarHit-
HOTO IIOJsI B 0OJIACTi €JIeMEHTapHOi KOMIPKH MOXYTh

OyTH pO3paxoBaHi EKBIBAICHTHI €NEKTPHYHI Mapamerpu
OJTHOTO BUTKA IHIYKTOpa SIK €JIeMeHTa M€l KOMIpKH B
3aJIOKHOCTI BiJl YacTOTH ENeKTPUYHOTO cTpymy. I[lpm
IbOMY B POOOTI BHUKOPHUCTOBYETHCS IIOCIIJIOBHA CXeMa
3aMilleHHs BUTKa (pHC. 7,a), Ta 6araTOBUTKOBOTO iHIyK-
Topa B mijomy (puc. 7,0).

Cxema 3aMilieHHs 0araTOBUTKOBOTO IHAYKTOpa i3
YHCIIOM BHUTKIB N; Ma€ TaKy * CTPYKTYpY, K i cxema Jis
KOMIpKH Ha pHUC. 7,a, TUTBKM 3HAYCHHS BCIX ITapaMeTpiB
MTOMHO>KEHO Ha IIe YNCIIO BUTKIB N; (puc. 7,0).

L1i cxemMu MICTATh aKTHBHHI omip BUTKA R}, ; (@), ak-

THBHHI omip (parmenTa K R,,,.(®) Ta eKBIBAJICHTHY
IHlyKTHBHICTb L, (@), 1€ @ = 27f — KyTOBa YaCTOTA EJIeK-

TPUYHOTO cTpyMy. [l03HAaUEHHS IIMX €IEMEHTIB 31 IITPHUXOM
03HayYae, 1110 BOHU BITHOCATBCS JI0 OZIHOTO BUTKA IHIYKTOPA.

Rog (@) L] ()

! R (0 a

core

R (@N L (@)N

I ’
Rc ore

(N 6

Puc. 7. TTocnigoBHi cXeMH 3aMIiIIEHHs: OJHOTO BUTKA (a);
6araTOBUTKOBOIO iHAYKTOpa B LinoMy (6)

Jnst po3paxyHKy YacTOTHHX 3aJI€KHOCTEH X Ia-
paMeTpiB BUKOPHCTOBYBAINCH HACTYITHI BHPA3H:

, 1 J°
Rig(@)=— [ =—2mds, (10)
]l Sturn O-
, 1 Ji*
Rigre(@)=— [ “=2mds, (11)
Il Score O-
Léq(w)zliz J'BH*zmis, (12)

N cell

1€ Sturns Scores Sceit — BUITIOBITHO MOBEPXHS BUTKA, JKUJIH Ta
eJIeMEHTapHOT KOMIpKH.
Ha puc. 8 nokasani po3paxoBaHi YaCTOTHI 3aJIe>KHO-
CTl IIUX MapaMeTpiB eJIEMEHTAPHOI KOMIPKH. 3 HUX MOX-
Ha 3aKJIIOYUTH HACTYIIHE.
ExBiBanenTHUid omip xwim R

ore(®) TIpH HEBeJH-
kil yacroti (< 50 I'1y) HabmIKaeThes 10 MaJIOro (HyJbO-

BOT0) 3HAYEHHs, B TOH 4ac sK omip BuTKa R;,;(w) Ha-

OImKaeThCS 0 OMOPY Ha MOCTIHHOMY CTPYMi.

OOuziBa Omopu 3pOCTalOTh 13 POCTOM YaCTOTH 1 J0-
3BOJISIIOTH po3paxysaru enektpuunnii KK/ ingykropa sik
CHIBBITHOIIIEHHST BTPAT y KWIi IO 3aralibHUX BTpaT — y
JKHJIL Ta B iHTYKTOPI.

ExBiBasIeHTHA IHAYKTUBHICTH KOMipKH 3MEHIIYETHCS
3 HaWOUIBIIOK IBHUAKICTIO B aiana3oHi vyactor 50 I'ny —
1000 I', KoM Mar”iTHE I0J€ IHTEHCHBHO BUTICHSETHCS
y MOBITPSHUHA POMIXKOK.

[Tpn GuIbIIMX YacTOTaxX IHAYKTHBHICTH OOYMOBIIEHA
MEPEeBaXHO MATHITHUM IIOJIEM Y IIbOMY MPOMDKKY 1 ii
3MEHIIICHHS 3HAYHO YIOBUIBHIOETHCSL.
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R' R' x10° Ohm

ind » Negre

21 f,Hz

0 lx103 2x1033xlﬂ3 4)(&03 5><103 6x103 7)(103 Sx1039x103
! -8

L, x10%H

lxlD4

235

1, Hz

0 1x1072x10°3x10 > 4x10 7 5x10 % 6x 10 7 7x10 P 810 P9x10% 1x10*
Puc. 8. YacToTHi 3a11€KHOCTI TapaMeTpiB €IeMEHTAPHOT KOMipPKH:
aKTUBHOTO ONOPY BHTKA R/, ,;(w) i hparmenta skumu R/, (@)

2

(a); exBiBaIEHTHOT iHAYyKTUBHOCTI Ly (@) 6)

BukopucranHsi cxeMHu 3aMillleHHsT 6araTOBUTKOBOTO
iHxykropa (puc. 7,0) 103BOJISIE, BUKOPHCTOBYIOUH IIE
eNeKTPUYHY CXeMY Ul BUCOKOYAaCTOTHOTO JDKEpesa KH-
BJICHHS, PO3paxyBaTH CJIEKTPUYHI MPOLECH B YCTAHOBI
JUIsl IHAYKIIHHOTO HArpiBaHHS JKWJIM MPU PI3HUX YaCTO-
Tax JpKepesia )KUBJICHHS.

3HaI04N 3aJISKHOCTI €KBIBICHTHUX aKTHBHHX OIIO-
piB BHTKa Ta XM BiJ] YaCTOTH, MOXXHA DPO3paxyBaTH
enekrprane KKJI inmykTopa 3a BUpa3zom

Réore(a))

Ré‘ore (a)) + R;nd (@)

Pesynbratn pospaxynky KKJI ingykropa, sik ¢yHK-
mii 9acTOTH JKepena JKUBJICHHS, OTPHMaHI 3 BHKOpHC-
TaHHSIM PO3PAaXOBAHUX aKTHBHHX OIMOPIB, 1[0 HABEICHI Ha

puc. 8, mpencTaBieHi Ha puc. 9 CYyLiTBHOIO KPUBOIO.
Nind

04 ‘J

03

ni(®) = (13)

02

Xo4a npH MoAaNbIIOMY 30UIbIICH]I YaCTOTH ENIEeKTPHU-
gauit KKJ[ nemo 3pocrae, ane npu HbOMy TakoxX 3pOCTa-
I0Th BTPaTW B HAIliBIPOBIIHUKOBHX €JIEMEHTaX JKepesa
JKMBJIEHHS 1 TOMY PEKOMEHJaLlil 1010 301IbIIeHHS YacTo-
T f> 2000 ' moTpeOyIOTh 10JaTKOBUX JOCIIHKEHb.

Pesynbrati po3paxyHKy TeMIIEpaTypHOTO IONsS B
KW npu ontuManbHii yactori 1000 ' mokaszyroTs of-
HODPITHUH PO3IMOALT TeMIlepaTypH IO TIIMOWHI KWK Ha
BUXO[Il 13 1HIYKTOpa — KOe(II[iEHT HEPIBHOMIPHOCTI TEM-
niepatypu kr =2 %.

Jns  Bepudikamii 3ampoITOHOBAHOI KOMIT IOTEPHOT
Mozeni, 0 MoOy/I0BaHa Ha OCHOBI METOJY MYJbTUMACII-
TaOHOTO MOJENIOBAaHHS, OyJ0 TPOBEICHO IBOBUMIPHHI
PO3paxyHOK €JIeKTPOMAarHiTHOI 3a/1adi Ui BCi€l po3paxyH-
KOBOI 00JacTi, MO0 MiCTHTh OaraTOBHUTKOBHU iHIYKTOp i3
MacHUBHMUMHU BUTKaMH, aIOMIHIEBY KWITy Ta 00JIacTh TIOBi-
TPS 3aTraJIbHOTIPHAHATAM CTIoco00M. OTpIMaHUK PO3MOILIT
CHJIOBHX JIIHIH MarHiTHOrO TOJISl B PO3paxyHKOBIH o0nacti
st gactotu ctpymy 1000 I'm moka3zano Ha puc. 10.

Puc. 10. Po3mozin cuitoBux JiHi Mar€iTHOTo HOJIst B epepisi
6araToBUTKOBOTO iHAyKTOpa IpH gactoti 1000 I'

3a pe3ysibraraMu po3paxyHKy OyjiM BH3HAueHi 3ara-
JIbHI BTPATH B IHAYKTOPI, B XKHJIi 1 Ha IX OCHOBI po3paxo-
ByBasiocs enekrpuaanit KK/ inmyxTopa #,(w). Pesymnpra-
TH IMX PO3PaxyHKIB HaBeIEHO Ha pHC. 9 MO3HAYKAMU M.
[opiBHSHHS pe3ynbTaTiB PO3PAXyHKIB, OTPHUMAHUX i3
BUKOPHCTAHHSIM €JIeMEHTapHOi KOMIpKH (CYIIbHAa KpH-
Ba) 1 MPH PO3TILAL IHIYKTOpa B IIOMY (IIOKa3aHi IMO3Ha-
YKOIO W) CBIJUUTH PO Y3TO/PKEHICTh IUX PE3YJIbTaTiB.
IIpu upomy A1 pO3paxyHKY 3aralbHOIPUMHITUM CIIOCO-
OoM 3ay1aui, pe3ysbTaTH SIKOI IpercTaBieHo Ha puc. 10, no-
TpiOHO 3HAYHO OUTBIIIE KOMIT FOTEpPHHUX PECYPCIB, 1 I1e € 0co-
OJIMBICTIO PO3PaXyHKY Came IHIYKTOPIB BIHOCHO BEITHKOI
JOBXUHH, 110 BUKOPUCTOBYIOTHCS B TEXHOJIOTYHHX TIPOLIe-
cax BUT'OTOBJICHHSI CTPYMOIIPOBITHUX JKUJT CHIIOBUX KaOeJTiB.
B Tabn. 1 HaBeneHi pe3ysbTaTH eKCIIEPUMEHTAILHOTO
JIOCITIIDKEHHST XapaKTepUCTUK aJFOMIHIEBOTO JPOTY, IO
BukopuctoByerbest Ha [IAT «3aBon IliBneHkabens» mpu
BUTOTOBJICHI CTPYMOITPOBIHOT JKHUITH, JI0 Ta MICs TPOLIECY
Bi/INIAJIFOBAaHHS, PEaJli30BAHOTO HAarpiBaHHSIM €JIEKTPOTECHA-
MH y CHeHiaIbHIH Kamepi 3 MOJaJbIIOI BHUTPUMKOIO Yy
TEepMOCTaTi.
Tabmuus 1
Pe3ysbpraTé eKCrepUMEHTAIBHOTO TOCTIIHKSHHS XapaKTePUCTUK
AJTIOMIHIEBOIO APOTY

0

1, Hz

Marepian — | Omip po3- | Bingnocue | IlmTommit enexr-
ATIOMiHIEBA | PHBAHHS, | [OJOBKCHHS, | PHYHUH OIip Ipu
KA H/m? % 20 °C, Omm
AO BUIIAMO™ 11779 2,0 2,80-10°*
BaHHs
micIist BiAmato- 87.6 38 27710
BaHH

0 1x107 2107 3x10% ax10 5x10% 6x107 7x10° 2x107 9x10% 1x10*
Puc. 9. Yacrorna 3anexnicts KK/l inxykropa sik pe3yiabrar
PO3paxyHKy ISl elleMEHTapHOT KOMipKH (CYILiIbHA KPHBA), TaK i
JUTS iHAYKTOpa B LIOMY (TTO3HAYKH M )

3 LBOrO PUCYHKY BHIHO, IO €(pEeKTUBHICTH HArpi-
BaHHS JKWJIM Ha IIPOMUCIIOBIM YacTOTi JOBOJI HHU3bKa
enektprmue KKJI mopisaroe #;,;, = 0,028. OnTumanbae
3Ha4YeHHS 4acToTH ckiagae 1-2 k[ i Ipu LbOMY eJIeKT-
puarnit KK/ BignoBigHo #;,, = 0,3—0,33.

TTinBUIEHH TUIACTUYHOCTI QJFOMIHIEBOI KWW CH-
JIOBHUX KaOeIliB JJO3BOJISIE CYTTEBO MPUCKOPUTH POOOTH 10
BiTHOBJEHHIO HiHIN enekTponepenadi (JIEIT) Ykpainm y
BOEHHUI 1 MOBOEHHHMU TIEPiOAM 3 BUKOPUCTAHHSIM He-
3pyHHOBAHUX KaOEIHHUX KAHATIB 1 JIOTKIB Ta MiIBUIIUTH
HAJIWHICTP CHCTEM  CJICKTPOXXUBJICHHS  BITYM3HSIHUX
00’€KTIB KPUTHYHOI iIHPPACTPYKTYPH.

[TigBuIIeHHST TATOMOI €JICKTPONIPOBITHOCTI aTtoMi-
HI€EBOT XWIN Ka0eiB JOJATKOBO T03BOJISIE 00 3MEHIITUTH
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il mepepis, 1 BIAMOBITHO 00’ €M BCiX aKTMBHUX MaTepiaiB
B KOHCTPYKIIii CHJIOBHX KabOemiB, ab0 JOMATKOBO IIiIBU-
LIUTH HAIIHHICTh CUCTEM EJIEKTPOKHBIICHHSI.

OtpumaHi y cTarTi pe3ysbTaT 00IPyHTOBYIOTH JIOLl-
JIBHICTH CTBOPEHHSI €KCIIEPHUMEHTAIBHOTO 3pa3ka yCTaHOB-
K# BUCOKOYacTOTHOT (1-2 kI'm) iHIyKmiftHOT TepM0ooOpod-
KM aJIOMIHI€BOI JKWMJIM CHJIOBHX KaOeliB Ha HAMpyTH 0
110 kB mis yroyHeHHs TEXHOJOTIYHMX 1 E€KOHOMIYHHX
MOKa3HHKIB TaKol TepMOOOPOOKH, 30KpeMa Mpu il BUKOPH-
CTaHHI Y IPOMHCIIOBHUX JIiHISX O€e3MepepBHOTO HAKJIAaHHS
CY4acHOI TPHUILAPOBOI 3IIUTOI MMOJIETHICHOBOI 130JsMii Ha
PYXOMy aIIIOMIHIEBY KWITy KaOeliB, sIKi CepiiiHO BUTOTOB-
nsie [TAT «3aBop [liBnenkadensy (M. XapkiB, YkpaiHa).

Bucnosku.

Po3pobnieHo MaTeMaTH4Hy Ta KOMIT FOTEpPHY MOAENi
JUISL aHali3y eJeKTPOTEIUIOBHX TMPOIECiB B YCTaHOBII
IHAYKIITHOTO HATpiBaHHS ATOMIHIEBOI JKUIIA CHIIOBOTO
Kabemo as peartizallii TeXHOJOTIYHOTO IPOIeCy Biama-
JIOBaHHA i€l Xuii. BpaxoByr0Oun KOHCTPYKTHBHI 0CO0-
JUBOCTI 1HIYKTOpa I peaji3alii Takoro mporecy (30k-
peMa, BelHKy JOBXHHY IHIYKTOpa Ta 3HAYHY KUIBKICTBh
HOro MAacHUBHHX BHUTKIB), Y pOOOTI BHKOPHCTOBYBaBCS
METOJ] MyJIbTHUMACIITA0HOTO MOAEIIOBAHHSL.

[Tpy npoMy, Ha MakpOpIBHI AOCIIHKYBAJIUCH EIIEKTPO-
TETUIOBI MPOIIECH B JKWJIi, @ HA MIKPOpiBHI (TOOTO Ha piBHI
€JIEMEHTApHOI KOMIPKH, 1110 MICTUTH JIMIIE OH BHUTOK iH-
JIYKTOpa Ta (pParMeHT >KWINM) pO3PaxoBYBaBCS PO3IOALT
€JIEKTPOMArHITHOTO TIOJIS Ta TYCTHHH EJIEKTPHIHOTO CTPYMY
B TIepepi3i MAaCHBHOTO MIJHOTO BHUTKA IHIYKTOpa 3 ypaxy-
BaHHAM 0COOJIMBOCTEH #oro KoHCTpyKii. Ha 000X piBHAX y
po0OTi BHKOPHCTOBYBABCS UHCENBHUIA METOH CKiHYEHHHX
€JIEMEHTIB, peai3oBaHuii B naketi nporpam Comsol.

3a pe3ynbTaTaMy PO3PaXyHKY EJIEKTPOMAarHiTHOTO
TOJIsl Ha PIiBHI €JIeMEHTapHOI KOMIPKH, OTPUMAaHO YacTOT-
Hi 3QJIXKHOCTI €KBIBaJICHTHUX R, L mapaMeTpiB iHIyKTOpa
i3 BpaxyBaHHSAM CKiH-e(eKTy, epeKTy OIM3bKOCTI Ta reo-
METPUYHOTO €(PEKTy Ta JOCHIPKEHO KiTbKICHHH BIUIAB
YaCTOTH EJIEKTPUYHOTO CTPYyMY Ha Ili €(heKTH.

Otpumano 3anexHicTs enexTpuaHoro KKJI iHmyk-
TOpAa BiJl YaCTOTH JKepesia )KUBIJICHHS.

AHai3 OTpUMaHNX YUCENBHUX Pe3yJIbTaTiB MOKAa3aB,
IO TIpH IHAYKLOIHHIA TepMooOpoOIIi pyXoMoi aTroMiHiEBOT
JKIJTH TiaMeTpoM 28 MM 1 MIPOTiKaHHI B iHIYKTOPi CTPyMiB
yacroroto Jo 2 k' KKJI mporieciB TepmMooOpoOKu Moxe
nepesuityBati 30 % 1 MOXXyTh OyTH peanizoBaHi TeMIepa-
TYpHI PEeXHMHM, JOCTaTHI IJIsl BiANAJIOBAHHS TaKOl YKHIN
0e3 BUKOPHCTaHHS TEPMOI30JISIIIIHHOT KaMepH.

Jns Bepudikanii 3ampornoHOBaHOI KOMII IOTEPHOT
MoJiei, o 1o0y/10BaHa Ha OCHOBI METOAY MYJIbTHMAcII-
TaOHOTO MOJIENIIOBaHHS, OyJI0 MPOBEAEHO JIBOBUMIpHHN
PO3paxyHOK eJIeKTPOMAarHiTHOI 3a1adi /It BCiel po3paxy-
HKOBO{ 00J1aCTi, IO MICTUTH 0araTOBUTKOBUI 1HIYKTOD i3
MAaCHUBHUMH BHTKaMH, AIIIOMIHIEBY KWy Ta HABKOJIMIIHIO
TOBITPSTHY 00JIaCTh 3aralbHONPUIHATAM criocobom. lo-
PIBHSIHHSI pe3yJIbTaTiB PO3PAaXyHKIB CBIJUUTH PO Y3ro-
JUKEHICTh OTPUMAaHUX pe3ynbraTiB. [Ipu npomy amst pos-
paxyHKy 3aJadi 3araibHOIPHUHHSITAM CIIOCOOOM TOTPIOHO
3HAYHO OiJIbIIIE KOMIT FOTEPHUX PECYPCIB.

OTtpuMaHi pe3yibpTaTd OOIPYHTOBYIOTh JOLLIBHICTH
CTBOpPEHHSI E€KCIIEPHUMEHTAILHOTO 3pa3kKa yCTAHOBKH BH-
cokouactotHoro (1-2 k['m) iHmyKmiHHOTO TEpMOBiIIa-
JIIOBaHHS ATIOMIHI€BOT KM CHIIOBHX KaOeNiB JJIsl yTOY-

HEHHS! TEXHOJIOTIYHMX 1 €KOHOMIYHHX TOKAa3HUKIB i BH-
KOPUCTaHHS y MPOMHUCIIOBHX JIHISX Oe3MepepBHOro Ha-
KJIQJIaHHs CYy4YacHOI TPHUINAPOBOI 3IIUTOI MOJICTHICHOBOT
130JIs11i{ Ha pyXOMy aJIFOMiHIEBY JKMITy KaOelliB Ha Hanpy-
ry no 110 kB, siki cepiitno Burotosisie [IAT «3asog ITiB-
JeHKkabenb» (M. XapkiB, YKpaiHa).

Kondutikt iHTepeciB. ABTOpPH CTaTTi 3asABISIOTH
PO BiZICYTHICTb KOH(IIIKTY iHTEpECiB.

CIIMCOK JIITEPATYPU
1. Kupunenko O.B., Kyiikos B.f., lenucrok C.I1. Bukopucranus
JMUHAMIYHOI Tapuikamii uis ONnTHMi3alii TEXHIKO-€KOHOMIYHUX
nokasHHKiB Microgrid Ha JOKaIbHUX PHUHKaxX YkpaiHu. Texuiyna
eeKmpoouHamixa, 2022, Ne 3, C. 37-48. doi:
https://doi.org/10.15407/techned2022.03.037.
2. Lezama F., Soares J., Hernandez-Leal P., Kaisers M., Pinto T., Vale
Z. Local Energy Markets: Paving the Path Toward Fully Transactive
Energy Systems. [EEE Transactions on Power Systems, 2019, vol. 34, no.
5, pp. 4081-4088. doi: https://doi.org/10.1109/TPWRS.2018.2833959.
3. Sinha A, Basu AK., Lahiri R.N., Chowdhury S., Chowdhury S.P.,
Crossley P.A. Setting of Market Clearing Price (MCP) in Microgrid Power
Scenario. 2008 IEEE Power and Energy Society General Meeting - Con-
version and Delivery of Electrical Energy in the 21st Century, 2008, pp. 1-
8. doi: https:/doi.org/10.1109/PES.2008.4596357.
4. Hirsch A., Parag Y., Guerrero J. Microgrids: A review of tech-
nologies, key drivers, and outstanding issues. Renewable and Sus-
tainable Energy Reviews, 2018, vol. 90, pp. 402-411. doi:
https://doi.org/10.1016/j.rser.2018.03.040.
5. 3omnoraproB B.M., Illep6a A.A., Kapnymenko B.I1., [lepetsitko
10.B., 3onorapsos B.B., O603uuit A.JI. Pexomenoayii ujooo eubo-
PV Xapakxmepucmuk, KOHCMPYKYitl i 3aCmMOCy8ants CamoympumHux
i30nb06anux nposodie eupodornuymea 3AT «3as00 «lliedenkabenvy
Ha NOBIMPSAHUX JIHIAX eflekmponepedadi nioguujeHoi HaoitiHocmi
ma be3nexu. Xapkis: Maiinan, 2008. 62 c.
6. Peschke E., Olshausen R. Cable Systems for High and Extra-
High Voltage. MCD Verlag, 1999. 296 p.
7. Wumnosckuit A.K., Illepba A.A., 3onorapes B.M., [Tlononbues
AN, KyuepsBas U.H. Kaberu ¢ nonumepnoii usonayueii na ceepx-
svicokue nanpscenus. Kues: Uncturyt snextponuHamukun HAH
VYkpaunsi, 2013. 550 c.
8. Bezprozvamych G V ., PushkarO A . creasing noise inmunity
of cables for fire protection systems. Electrical Engineering & Elec-
tromechanics, 2020, no. 4, Pp- 54-58. doi:
https://doi.org/10.20998/2074-272X.2020.4.07.
9. Kupunenxo O.B., brinos LB., Ilapyc €.B., Tpau 1.B. Ouinka
e(eKTUBHOCTI BUKOPUCTAHHS CHCTEM HAKOMUYEHHS CICKTPOSHEpTil
B ENICKTPUYHHUX MepexaX. Texuiuna enekmpoounamixa, 2021, Ne 4,
C. 44-54. doi: https://doi.org/10.15407/techned2021.04.044.
10. Nijman E., Buchegger B., Béhler E., Rejlek J. Experimental Char-
acterization and Dynamic Modelling of Electrical Cables. SAE Interna-
tional Journal of Advances and Current Practices in Mobility, 2023, vol.
5, no. 2, pp. 888-896. doi: https:/doi.org/10.4271/2022-01-0952.
11. Baranov M.I., Rudakov S.V. Electrothermal Action of the Pulse
of the Current of a Short Artificial-Lightning Stroke on Test Speci-
mens of Wires and Cables of Electric Power Objects. Journal of
Engineering Physics and Thermophysics, 2018, vol. 91, no. 2, pp.
544-555. doi: https://doi.org/10.1007/s10891-018-1775-2.
12. Shazly J.H., Mostafa M.A., Ibrahim D.K., Abo El Zahab E.E.
Thermal analysis of high-voltage cables with several types of insu-
lation for different configurations in the presence of harmonics. /ET
Generation, Transmission & Distribution, 2017, vol. 11, no. 14, pp.
3439-3448. doi: https://doi.org/10.1049/iet-gtd.2016.0862.
13. Shcherba A.A., Suprunovska N.I. Electric energy loss at energy
exchange between capacitors as function of their initial voltages and
capacitances ratio. Technical Electrodynamics, 2016, no. 3, pp. 9-11.
doi: https://doi.org/10.15407/techned2016.03.009.
14. binenpkuit 0.0., Cynpyrosceka H.L, Illepba A.A. 3amexHicTb
CHEPreTHYHUX XapaKTePUCTUK KiT 3apsiy CYNEepKOHICHCATOPIB Bia iX
MOYaTKOBHX 1 KIHLUEBUX HANpyT. Texuiuna enexmpoouramixa, 2016, Ne
1. C. 3-10. doi: https://doi.org/10.15407/techned2016.01.003.
15. Ochin P., Gilchuk A.V., Monastyrsky G.E., Koval Y., Shcherba
A.A., Zaharchenko S.N. Martensitic Transformation in Spark

58

Enexmpomexnika i Enexmpomexanika, 2024, Ne 1



Plasma Sintered Compacts of Ni-Mn-Ga Powders Prepared by
Spark Erosion Method in Cryogenic Liquids. Materials Science
Forum, 2013,  vol. 738-739,  pp. 451-455. doi:
https://doi.org/10.4028/www.scientific.net/MSF.738-739.451.

16. Binnnuenko /I.B. BB enekTpHyYHHX MapamMeTpiB BUCOKOBOJIBT-
HHX EJEKTPOPO3PSIHUX YCTAHOBOK CHHTE3y HAHOBYIVICIIO HA iXHIO
MPOYKTUBHICTb 1 MUTOMI €HEPrOBUTPATH. TexHiuna enexmpoouHamixa,
2016, Ne 4, C. 95-97. doi: https://doi.org/10.15407/techned2016.04.095.
17. Ametani A., Xue H., Ohno T., Khalilhezhad H. Electromagnetic
Transients in Large HV Cable Networks: Modeling and calcula-
tions. The Institute of Engineering Technology, 2021. 591 p. doi:
https://doi.org/10.1049/PBPO204E.

18. Moxopt A.B., Uymak M.I'. Tepuiuna obpodoxa memanis. Kuis:
JIn6igs, 2002. 512 c.

19. Rudnev V., Loveless D., Cook R. Handbook of induction heat-
ing. Boca Raton, CRS Press, 2017. 776 p. doi:
https://doi.org/10.1201/9781315117485.

20. Sharma G.K., Pant P., Jain P.K., Kankar P.K., Tandon P. Nu-
merical and experimental analysis of heat transfer in inductive con-
duction based wire metal deposition process. Proceedings of the
Institution of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science, 2022, vol. 236, no. 5, pp. 2395-2407. doi:
https://doi.org/10.1177/09544062211028267.

21. Bao L., Wang B., You X., Li H., Gu Y., Liu W. Numerical and
experimental research on localized induction heating process for hot
stamping steel sheets. International Journal of Heat and Mass
Transfer, 2020,  vol. 151, art. no. 119422. doi:
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119422.

22. Mortimer J., Rudnev V., Clowes D., Shaw B. Intricacies of
Induction Heating of Wires, Rods, Ropes & Cables. Wire Forming
Technology International, Winter 2019, pp. 46-50.

23. Lope I, Acero J., Carretero C. Analysis and Optimization of the Effi-
ciency of Induction Heating Applications With Litz-Wire Planar and Sole-
noidal Coils. IEEE Transactions on Power Electronics, 2016, vol. 31, no.
7, pp- 5089-5101. doi: https:/doi.org/10.1109/TPEL.2015.2478075.

24. Fisk M., Ristinmaa M., Hultkrantz A., Lindgren L.-E. Coupled
electromagnetic-thermal solution strategy for induction heating of
ferromagnetic materials. Applied Mathematical Modelling, 2022, vol.
111, pp. 818-835. doi: https://doi.org/10.1016/j.apm.2022.07.009.

25. Siesing L., Frogner K., Cedell T., Andersson M. Investigation of
Thermal Losses in a Soft Magnetic Composite Using Multiphysics
Modelling and Coupled Material Properties in an Induction Heating
Cell. Journal of Electromagnetic Analysis and Applications, 2016, vol.
08, no. 09, pp. 182-196. doi: https:/doi.org/10.4236/jemaa.2016.89018.
26. Amarulloh A., Haikal H., Atmoko N.T., Utomo B.R., Setiadhi D.,
Marchant D., Zhu X., Riyadi T.W.B. Effect of power and diameter on
temperature and frequency in induction heating process of AISI 4140
steel. Mechanical Engineering for Society and Industry, 2022, vol. 2,
no. 1, pp. 26-34. doi: https://doi.org/10.31603/mesi.6782.

27. Shang F., Sekiya E., Nakayama Y. Application of High-
Frequency Induction Heating Apparatus to Heat Treatment of 6061
Aluminum Alloy. Materials Transactions, 2011, vol. 52, no. 11, pp.
2052-2060. doi: https://doi.org/10.2320/matertrans.L-M2011825.
28. Tlononeues A.Jl., Kyuepssas N.H. Mrocomacumabroe mooe-
nuposanue 8 snekmpomexuure. Kue: IHCTUTYT 211€KTPOTMHAMUKH
HAH VYxpaunsl, 2011. 255 c.

29. Kovachki N., Liu B., Sun X., Zhou H., Bhattacharya K., Ortiz
M., Stuart A. Multiscale modeling of materials: Computing, data
science, uncertainty and goal-oriented optimization. Mechanics of
Materials, 2022, vol. 165, art. no. 104156. doi:
https://doi.org/10.1016/j.mechmat.2021.104156.

30. Ryu C.J., Kudeki E., Na D.-Y., Roth T.E., Chew W.C. Fourier
Transform, Dirac Commutator, Energy Conservation, and Corre-
spondence Principle for Electrical Engineers. IEEE Journal on Mul-
tiscale and Multiphysics Computational Techniques, 2022, vol. 7,
pp. 69-83. doi: https://doi.org/10.1109/JMMCT.2022.3148215.

31. Pexum pmocrtymy: https://www.comsol.com (/lata 3BepHeHHS:
22.03.2023).

REFERENCES
1. Kyrylenko O.V., Zhuikov V.Y., Denysiuk S.P. Use of dynamic
tarification for optimization microgrid technical and economic indicators

2. Lezama F., Soares J., Hernandez-Leal P., Kaisers M., Pinto T., Vale
Z. Local Energy Markets: Paving the Path Toward Fully Transactive
Energy Systems. [EEE Transactions on Power Systems, 2019, vol. 34, no.
S, pp. 4081-4088. doi: https://doi.org/10.1109/TPWRS.2018.2833959.

3. Sinha A., Basu A.K., Lahiri R.N., Chowdhury S., Chowdhury S.P.,
Crossley P.A. Setting of Market Clearing Price (MCP) in Microgrid Power
Scenario. 2008 IEEE Power and Energy Society General Meeting - Con-
version and Delivery of Electrical Energy in the 21st Century, 2008, pp. 1-
8. doi: https:/doi.org/10.1109/PES.2008.4596357.

4. Hirsch A., Parag Y., Guerrero J. Microgrids: A review of tech-
nologies, key drivers, and outstanding issues. Renewable and Sus-
tainable Energy Reviews, 2018, vol. 90, pp. 402-411. doi:
https://doi.org/10.1016/j.rser.2018.03.040.

5. Zolotarev V.M., Shcherba A.A., Karpushenko V.P., Peretiatko Yu.V.,
Zolotarev V.V., Oboznyi A.L. Recommendations for the selection of char-
acteristics, designs and application of self-carrying insulated wires pro-
duced by PJSC YUZHCABLE WORKS for overhead power lines of in-
creased reliability and safety. Kharkiv, Maidan Publ., 2008. 62 p. (Ukr).

6. Peschke E., Olshausen R. Cable Systems for High and Extra-
High Voltage. MCD Verlag, 1999. 296 p.

7. Shydlovsky A.K., Shcherba A.A., Zolotariov V.M., Podoltsev
A.D., Kucheriavaia I.N. Polymer insulated cables for extra high
voltage. Kyiv, Institute of Electrodynamics National Academy of
Sciences of Ukraine Publ., 2013. 550 p. (Rus).

8. Bezprozvannych G.V., Pushkar O.A. Increasing noise immunity
of cables for fire protection systems. Electrical Engineering & Elec-
tromechanics, 2020, no. 4, pp. 54-58. doi:
https://doi.org/10.20998/2074-272X.2020.4.07.

9. Kyrylenko O.V., Blinov I.V., Parus E.V., Trach I.V. Evaluation
of efficiency of use of energy storage system in electric networks.
Technical Electrodynamics, 2021, no. 4, pp. 44-54. (Ukr). doi:
https://doi.org/10.15407/techned2021.04.044.

10. Nijman E., Buchegger B., Bohler E., Rejlek J. Experimental Char-
acterization and Dynamic Modelling of Electrical Cables. SAE Interna-
tional Journal of Advances and Current Practices in Mobility, 2023, vol.
5, no. 2, pp. 888-896. doi: https://doi.org/10.4271/2022-01-0952.

11. Baranov M.I., Rudakov S.V. Electrothermal Action of the Pulse
of the Current of a Short Artificial-Lightning Stroke on Test Speci-
mens of Wires and Cables of Electric Power Objects. Journal of
Engineering Physics and Thermophysics, 2018, vol. 91, no. 2, pp.
544-555. doi: https://doi.org/10.1007/s10891-018-1775-2.

12. Shazly J.H., Mostafa M.A., Ibrahim D.K., Abo El Zahab E.E.
Thermal analysis of high-voltage cables with several types of insu-
lation for different configurations in the presence of harmonics. /ET
Generation, Transmission & Distribution, 2017, vol. 11, no. 14, pp.
3439-3448. doi: https://doi.org/10.1049/iet-gtd.2016.0862.

13. Shcherba A.A., Suprunovska N.I. Electric energy loss at energy
exchange between capacitors as function of their initial voltages and
capacitances ratio. Technical Electrodynamics, 2016, no. 3, pp. 9-11.
doi: https://doi.org/10.15407/techned2016.03.009.

14. Beletsky O.A., Suprunovska N.I., Shcherba A.A. Dependences
of power characteristics of circuit at charge of supercapacitors.
Technical Electrodynamics, 2016, no. 1, pp. 3-10. (Ukr). doi:
https://doi.org/10.15407/techned2016.01.003.

15. Ochin P., Gilchuk A.V., Monastyrsky G.E., Koval Y., Shcherba
A.A., Zaharchenko S.N. Martensitic Transformation in Spark
Plasma Sintered Compacts of Ni-Mn-Ga Powders Prepared by
Spark Erosion Method in Cryogenic Liquids. Materials Science
Forum, 2013, vol. 738-739, pp- 451-455. doi:
https://doi.org/10.4028/www.scientific.net/MSF.738-739.451.

16. Vinnychenko D.V. Influence of electrical parameters of high-voltage
electric-discharge systems for synthesis of nanocarbon on their perform-
ance and specific power inputs. Technical Electrodynamics, 2016, no. 4,
pp- 95-97. (Ukr). doi: https://doi.org/10.15407/techned2016.04.095.

17. Ametani A., Xue H., Ohno T., Khalilhezhad H. Electromagnetic
Transients in Large HV Cable Networks: Modeling and calcula-
tions. The Institute of Engineering Technology, 2021. 591 p. doi:
https://doi.org/10.1049/PBPO204E.

18. Mokhort A.V., Chumak M.G. Thermal processing of metals.
Kyiv, Lybid Publ., 2002. 512 p. (Ukr)

19. Rudnev V., Loveless D., Cook R. Handbook of induction heat-

in local electricity markets. Technical Electrodynamics, 2022, no. 3, pp.  ing. Boca Raton, CRS Press, 2017. 776 p. doi:
37-48. (Ukr). doi: https://doi.org/10.15407/techned2022.03.037. https://doi.org/10.1201/9781315117485.
Enexkmpomexnixa i Enexmpomexanika, 2024, Ne 1 59



20. Sharma G.K., Pant P., Jain P.K., Kankar P.K., Tandon P. Nu-
merical and experimental analysis of heat transfer in inductive con-
duction based wire metal deposition process. Proceedings of the
Institution of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science, 2022, vol. 236, no. 5, pp. 2395-2407. doi:
https://doi.org/10.1177/09544062211028267.

21. Bao L., Wang B., You X., Li H., Gu Y., Liu W. Numerical and
experimental research on localized induction heating process for hot
stamping steel sheets. International Journal of Heat and Mass
Transfer, 2020, vol. 151, art. no. 119422. doi:
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119422.

22. Mortimer J., Rudnev V., Clowes D., Shaw B. Intricacies of
Induction Heating of Wires, Rods, Ropes & Cables. Wire Forming
Technology International, Winter 2019, pp. 46-50.

23. Lope L., Acero J., Carretero C. Analysis and Optimization of the Effi-
ciency of Induction Heating Applications With Litz-Wire Planar and Sole-
noidal Coils. IEEE Transactions on Power Electronics, 2016, vol. 31, no.
7, pp. 5089-5101. doi: https:/doi.org/10.1109/TPEL.2015.2478075.

24. Fisk M., Ristinmaa M., Hultkrantz A., Lindgren L.-E. Coupled
electromagnetic-thermal solution strategy for induction heating of
ferromagnetic materials. Applied Mathematical Modelling, 2022, vol.
111, pp. 818-835. doi: https://doi.org/10.1016/j.apm.2022.07.009.

25. Siesing L., Frogner K., Cedell T., Andersson M. Investigation of
Thermal Losses in a Soft Magnetic Composite Using Multiphysics
Modelling and Coupled Material Properties in an Induction Heating
Cell. Journal of Electromagnetic Analysis and Applications, 2016, vol.
08, no. 09, pp. 182-196. doi: https://doi.org/10.4236/jemaa.2016.89018.
26. Amarulloh A., Haikal H., Atmoko N.T., Utomo B.R., Setiadhi D.,
Marchant D., Zhu X., Riyadi T.W.B. Effect of power and diameter on
temperature and frequency in induction heating process of AISI 4140
steel. Mechanical Engineering for Society and Industry, 2022, vol. 2,
no. 1, pp. 26-34. doi: https://doi.org/10.31603/mesi.6782.

27. Shang F., Sekiya E., Nakayama Y. Application of High-
Frequency Induction Heating Apparatus to Heat Treatment of 6061
Aluminum Alloy. Materials Transactions, 2011, vol. 52, no. 11, pp.
2052-2060. doi: https://doi.org/10.2320/matertrans.L.-M2011825.

28. Podoltsev A.D., Kucheriavaia I.N. Multiscale modeling in elec-
trical engineering. Kyiv, Institute of Electrodynamics National
Academy of Sciences of Ukraine Publ., 2011. 255 p. (Rus).

29. Kovachki N., Liu B., Sun X., Zhou H., Bhattacharya K., Ortiz
M., Stuart A. Multiscale modeling of materials: Computing, data
science, uncertainty and goal-oriented optimization. Mechanics of
Materials, 2022, vol. 165, art. no. 104156. doi:
https://doi.org/10.1016/j.mechmat.2021.104156.

30. Ryu C.J., Kudeki E., Na D.-Y., Roth T.E., Chew W.C. Fourier
Transform, Dirac Commutator, Energy Conservation, and Corre-
spondence Principle for Electrical Engineers. IEEE Journal on Mul-
tiscale and Multiphysics Computational Techniques, 2022, vol. 7,
pp. 69-83. doi: https://doi.org/10.1109/JMMCT.2022.3148215.

31. Available at: https://www.comsol.com (accessed 22 March 2023).

Haoitiwna (Received) 11.04.2023
Iputinsma (Accepted) 29.06.2023
Onyobanixosana (Published) 02.01.2024

Ilep6a Anamoniti Andpitiosuy', w.-xop. HAH Yipainu, d.m.H.,
Todonvyes Onexcandp Juumposuy', 0.m.1., 2on.1.c.,
Cynpynoscvka Hamanis leopiena', 0.m.n., npoe.i.c.,
bBinsnin Poman Borooumuposuy”, k.m.H.,

Aumoneyw Tapac IOpiﬁaeuqz, K.M.H.,

Macnwouenxo leop Muxonaiogus’, k.m.u.,

! Iactutyt enekrpoannamiku HAH Ykpainu,

03057, Kuis, nip. bepecreiicbkuit, 56,

e-mail: iednatl @gmail.com (Corresponding Author)
2TIAT «3asox IliBneHkadenny,

61099, Xapkis, Bys1. ABTOreHHa, 7,

3 Haykoo-texniunwmii nentp 1 HAEK «Eneproarom»,
01054, Kui, Byin. ['oromnisceka, 22-24.

How to cite this article:

A.A. Shcherba', O.D. Podoltsevl, N.I Suprunovskal, R.V. Bilianinz,
T.Yu. Antonets*, LM. Masluchenko®

!Institute of Electrodynamics National Academy of Sciences of
Ukraine,

56, Prospect Beresteiskyi, Kyiv-57, 03057, Ukraine.

? YUZHCABLE WORKS, PJSC,

7, Avtogenna Str., Kharkiv, 61095, Ukraine.

? Scientific and Technical Center SE «<NNEGC «Energoatomy,
22-24, Gogolivska Str., Kyiv, 01054, Ukraine.

Modeling and analysis of electro-thermal processes in installations
for induction heat treatment of aluminum cores of power cables.
Introduction. The development of the electric power industry is directly
related to the improvement of cable lines. Cable lines meet modern
requirements for reliability, they are increasingly used. Problem. Cur-
rently, power cables with an aluminum multi-conductor core, which
requires heat treatment - an annealing process at the stage of the tech-
nological manufacturing process, are widespread. This process makes it
possible to desirably reduce the electrical resistance of the wire and
increase its flexibility. For effective use of induction heating during
annealing of an aluminum core, it is necessary to determine the optimal

frequency of the power source of the inductor. Considering the long

length of the inductor and the large number of its turns, the numerical
calculation of the electromagnetic field, which is necessary for calculat-
ing the equivalent electrical parameters of the turns of the inductor and
its efficiency, requires significant computer resources. The goal is to
develop a computer model for calculating electro-thermal processes in
an induction plant for heating (up to the annealing temperature) an
aluminum core of a power cable moving in the magnetic field of a long
multi-turn inductor, as well as obtaining frequency dependences of the
equivalent R, L parameters of such an inductor and determining the
optimal the value of the frequency of the power source, which corre-
sponds to the maximum value of the electrical efficiency of the inductor.
Methodology. The mathematical model was developed to analyze the
coupled electromagnetic and thermal processes occurring in a core
moving in a time-harmonic magnetic field of an inductor at a constant
speed. The differential equations for the electromagnetic and tempera-
ture fields, taking into account the boundary conditions, represent a
coupled electro-thermal problem that was solved numerically by the

finite element method using the Comsol software package. For a de-

tailed analysis of the electromagnetic processes in the inductor, an addi-
tional problem was considered at the level of the elementary cell, which
includes one turn of the inductor and a fragment of the core located
near this turn. Results. According to the results of the calculation of the
electromagnetic field in the area of the elementary cell, the equivalent
electrical parameters of one turn of the inductor and the entire multi-
turn inductor were calculated depending on the frequency of the electric
current. The frequency dependences of the electrical efficiency of the
inductor were calculated. Originality. Taking into account the design

Seatures of the inductor (its long length and large number of turns), the

method of multiscale modeling was used. Electro-thermal processes in
the core were studied at the macro level, and the distribution of the
electromagnetic field and electric current density in the cross-section of
the massive copper turn of the inductor was calculated at the micro level
— at the level of an elementary cell containing only one turn of the induc-
tor. The frequency dependences of the equivalent R, L parameters of the
inductor, taking into account the skin effect, the proximity effect, and the
geometric effect, were obtained, and the quantitative influence of the
electric current frequency on these effects was studied. Practical value.
The dependence of the electrical efficiency of the inductor on the fre-
quency of the power source was obtained and it was shown that for
effective heating of an aluminum core with a diameter of 28 mm, the
optimal value of the frequency is in the range of 1-2 kHz, and at the
same time the electrical efficiency reaches values of Nina = 0.3-0.33,
respectively. References 31, figures 10, table 1.

Key words: electromagnetic processes, induction heat treatment,
aluminum conductive core, power cables, multiscale modeling,
current frequency, inductor efficiency.
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EnekmpoizonsayiiiHa ma kabenbHa mexHika
VK 621.319
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I'.B. besnposBannux, M.B. I'puaumuna, €.C. MockBiTiH

Bumoru 10 kabeiB sik kaTeropii OyaiBeJIbHOI NPOIYKIII TA TEMJI0BA CTIHKICTH CHJIOBUX KadeJtiB

Ilpoananizosano ceimosi menoenyii ypoauizayii ma ix éniue na po3gumox kabenvroi inoycmpii. Ilpedcmagneno ocHoeHi mpenou
PO3BUMKY 0YOi6enbHOI 2ay3i AK PYWIIHOL CUTU Ce2MeHm)y 80SHECMIUKUX Ma nodcencode3neunux kabenie 01 3a6e3neueHHs CyyacHoi
cunogoi ma ingopmayitinoi ingppacmpykmypu. AKyenmosano Ha mMemnax 3aCHOCYBAHHA NOACEHCOOe3NeUHUX Kabenié 3 HU3LKUM
emicmom oumy ma beszanoeeHHuMuy Komnosuyiamu y €eponi. 3aznaueno, wo 01 3a6e3neuentst HCOPCMKUX BUMO2 U000 HOICENHCHOT
besnexu kabenvbnoi ingpacmpykmypu y 0yoisenvnomy cekmopi 6sedeno yzazanvheny kamezopiio « Cunosi, konmponwvhi kabeni ma
xabeni 38 ’s3xy». [Ipeocmasneno knacughikayiio kabenie 3a NONCEHCHOI 03HAKOIO BION0GIOHO 00 Pecnamenmy 6ydisenvnoi npodykyii
Esponeiicvrkozco Cow3zy. Hasedeno kpumepii knacugixkayii ma memoou sunpobysanv 0Jis 6USHAUEHHS 60SHECTILIKUX XAPAKMEPUCTIUK
Kabenie 6i0N0BIOHO 00 KilbKOCMI BUNPOMIHIOBAH020 menld. Busnaueno meniogy cmitikicmos ma nodjcexche Hasanmadicents 8 3aje-
JICHOCMI 8I0 3ACMOCOBAHUX KOMNOZUMHUX NONIMEPHUX 2ANI02EHOBMICIKIX Ma Oe32a102eHHUX KOMRO3UYIN i KOHCMPYKMUBHO20 GUKO-
HAaHHs CUNOBUX Kabenie Hu3bKoi Hanpyau. 1liomeeposicerno epekmusHicmy 6e32a102eHHUX KOMNO3UYill 01151 3a0e3nedeHts UMo2 Wooo
nooicedcobesnexu 0 Kabenis 3 OLIbWUM diamMempom CmpPyMONPoGiOHOI dcunu ma Kinvkicmio ocun. Hazonoweno na neobxionocmi
CMBOpPeHHsL 8i0N0BIOHOI cyuacHoi cepmughikosanoi eunpodysanvroi 6asu 01 UHAUEHHS NONCEAHCHOT cmitikocmi 6Y0igenbHOl npooy-
Kyii kameeopii «Cunosi, konmpoavui kabeni ma kabeni 36 ’a3ky». biomn. 40, puc. 6.

Kniouosi cnosa: ypoanizauis, OyaiBeJbHa NPOMHCJIOBICTh, ka0eJbHa iH(ppacTpykTypa, nokeskHa Oe3neka, KpuTepii kiaacudi-
Kauii ka6esiB, 0e3rajoreHHi KOMno3uuii, cHI0Bi KabeJti, TenI0Ba CTiHKICTb, MOJKeKHEe HABAHTAKeHHsI, cepTudikoBana BU-

npodyBaJjibHa 0a3a.

Beryn. BupimansHumu Juisi  pO3BUTKY KaOelbHOT
IIPOMHCIIOBOCTI € TPH OCHOBHI T'ajTy3i: €l1eKTpPOSHEPreTHKa,
TpaHCIIOPT Ta OYIIBHUIITBO. [HBECTHINIi B IIi CEKTOPH Ma-
0T Oe3rocepeiHiil BIUTMB Ha MTOMUT KaOelliB Ta MPOBOIIB.
OOcsT CBITOBOTO PHHKY MPOBOIB 1 KabemiB y 2022 p. ori-
HioBaBcs y 202,05 minespaa nomapis CILA. TIporaosyeTs-
cs, o 3 2023 o 2030 p. BiH 3pocTaTuMe y cepeIHbOMY Ha
4,2 % [1-3]. OqHuM 3 OCHOBHHX PYyLIIHHHUX (haKTOPIB Mpu
LFOMY € CyYacHa TeHICHIls ypOaHizallii, 10 MPH3BOANUTH
J0 30UThIIEHHS MICT 3 CYTTEBO MiJBUIEHUMU BUMOTaMHU
JI0 €JIEKTPUYHHUX MEPEX TPAHCIOPTYBAaHHS Ta PO3MOJILLY
enekTpruyHoi eHeprii. Lle 0OyMoOBIIIOE PO3BUTOK BiIOBiA-
HOI iHQPACTPYKTYPH 13 3HAYHUM IIOIIUTOM Ha EJIEeKTpOCHE-
prifto B KOMEpLiHHOMY, TPOMHCIOBOMY Ta >KHTIOBOMY
ceKTopax. 30UIbIICHHS IHBECTHIIN y iHTEJIEKTyalbHy MO-
JIEpHIi3aIlil0 CHCTEM Tiepeadi Ta PO3MOALTY eeKTPOSHEepTil
1 PO3BUTOK PO3YMHHX MEPEX CIIPUATHME 3POCTAHHIO PUH-
Ky KaOenbHO-TPOBiqHUKOBOI mponaykuii. Tak, 30kpema,
BIIPOBA/DKEHHSA TEXHOJIOTI] IHTENEKTyalIbHOT Mepexi 3a10-
BOJIBHSE 3pOCTalO4y MOTPedy y CHCTEMOYTBOPIOIOYNX Me-
PeXKEBUX 3’€HAHHSX, IO MPU3BOANTH O 3POCTaHHS 1HBe-
CTHIIIF Y BUCOKOS(SKTHBHI CHJIOBI MII3EMHI Ta MiIBOJHI
Ka0bei BHCOKOI Ta HaJIBUCOKOI HAIPYTH, Y TOMY YHCII T10-
crifiHoro ctpymy [1].

3a manumu OOH, 6nm3pko 60 % HaceleHHs CBiTy
xutuMe B Mictax g0 2030 p., a mo 2050 p. — 68 %, mio
NpU3BEJe HE JIMIIE 10 HOBHX MEPEKEeBHX IOTped, a i 1o
OHOBJICHHS 3icTapeHoi iHppacTpykrypu. TeHaeHmii momo
OUTBII €KOJIOTIYHHX PIIIeHb TpHU IepeIaBaHHI eNeKTPHUI-
HOI SHeprii, HaIpPUKJIad, eJICKTPOHHA MOOUIBHICTD (Iud-
poOBa), TaKOX CTBOPIOIOTH TOJATKOBI MOMKJIMBOCTI ISt
Ka0eIbHOI MPOMHCIOBOCTI. 30KpeMa, BiJIHOBJIIOBaHA €He-
preTHKa € CEKTOPOM, Y SKOMY CYTTEBO 3pOCTa€ IOMUT Ha
KabenbHy TPOAyKUito. [HBecTUIIT y BiAHOBIIOBaHI JKe-
perna eHeprii CIpUsAIOTh 3pOCTaHHIO B CETMEHTI IOIUTY Ha
cuiIoBi kabeni cepennboi Hanpyru [1, 2]. IHHOBawmii Mo-
KYTb CYTTEBO 3MIHHMTH PO3MOJUIBYI MEpexi: KabesbHi
TEXHOJIOTi1 MPOTOHYIOTh pealibHi PillleHHs, SKi TepeTBO-
PIOIOTE PO3MOALTEIY iHOPACTPYKTYPY HAa aKTHBHOTO T'pa-
BIISI, HAIIPUKJIAZl, BUKOPUCTOBYIOYHM HOTEHLIaNl Iepeaadi
JaHUX y KaOelsax KHBJIEHHS 3 BOYyJOBaHUMHU ONTHYHUMHU

BOJIOKHaMH. PilleHHs, cepel iHIIOro, MO3BOJISITH 3JiHC-
HIOBaTW MOHITOPHHT 1 OL[IHKY Mepexi, IisulbHICTh [HTEp-
HeTy peueil [4, 5], a Takox HazaBaTu AeTanbHy iHpOpMa-
0 PO (QPYHKIIFOBAaHHS MEPEKi.

BinmosimHo mo 3a3HaveHoi TeHIeHMIi ypOaHizamii
OUIKYETBCS, MO OyAiBETPHUI CETMEHT 3pOCTaTUME Haii-
BumuMu Temnamu: 4,8 % y IPOTrHO30BaHOMY NEpioAi.
3aBIAKH PEKOHCTPYKIIi CTapUX KOMEPIIITHHUX, )KUTIOBHX,
MIPOMHCIIOBHX Oy[iBeNlb Ta HOBOMY OYHIBHHIITBY B yChO-
My CBITI IPOTHO3Y€TbCS 3POCTAHHS PHUHKY KaOeJIbHO-
NPOBITHUKOBOI Npoaykuii. Lle 3poctanHs po3noaiiseTbes
JIOCUTh PIBHOMIPHO MiX IMBUTGHHM OYIIBHHIITBOM, a
TaKOX HEXHUTJIOBUM (KOMEPIIMHUM) Ta >KUTIOBUM Cer-
MEHTaMH Oy/AiBHHIITBA, IPUYOMY OCTAaHHIH MaTnMme Haii-
BUIIMU piBeHb iHBecTHid. [IIBUIKHii eKOHOMIUHUI pO3-
BUTOK 1 ypOanizamis, ocobmmBo B IliBneHHO-CXigHii A3ii,
CIpusie 3HAYHOMY 3POCTAaHHIO iHBECTHUIIIH Y OYIiBHHUILITBO.
Ha 6inbi 3pinux puHKax, Takux sk y €spomni Ta [liBHi4-
Hiif AMepHi1li, TMHaMiKa 3pOCTaHHs OUIbII YIOBIJIbHEHA: B
JlaHuil yac piBeHp ypOanizauii B A3ii cranoButs 50 %, B
[MiBHiunii Amepuui — 82 %, B Adppuui — 43 %. Hanpu-
kinaa, 3a manumu Global Construction Perspectives Ta
Oxford Economics (OpuTaHchKUX HayKOBIIiB-
ekoHoMicTiB) [6], mo 2030 p. OUiKyeTbCs, IO CBITOBE
OyniBenmpHE BHPOOHUITBO 3pocTe Ha 85 % Ta csArHE
15,5 tpunbiioniB nonapis: Kurait, CILIA Ta [Hnis — Tpiii-
Ka JIiAepiB CIpHATHME 3pocTaHHIo Ha 57 %. OdiKyeThcs,
mo HacTymHi 15 pokiB OyxiBensHu puHOK CIIA Oyne
PO3BHBATHCS IIBUALIE, HiK KuTaichkkuil [7]. Takum dum-
HOM, 3pOCTalouuii OyIiBeNIbHUN CEKTOp CIPHUSATHME CBi-
TOBOMY 3POCTaHHIO PHHKY ITPOBO/IB 1 KabelriB.

Y €Bporni MPorHo3yeThesi, M0 Kpailli iHBECTHUIHI
MIPOTHO3M IMOB’sI3aHi 3 MPOEKTAMHU IUBUILHOTO Oy TiBHUII-
TBa (IOPOTH, 3aji3HUIN, acpo- Ta MOPChKi moptu). Lle
CHPUSITINBI CTPYKTYPHI TEHISHIIT JUIS IiIBUIICHHS TEM-
IIiB 3pOCTaHHs MONUTY Ha CUI'HAIBbHO-0JI0KyBaIbHI Kabei
Ta kabeni ynpasminas. Tak, OyaiBenbHa mpoxykuis €C
OIIHIOETHCS, TPUOII3HO, y 500 miupa. eBpo. Kpim toro,
OYIIBHHILITBO € OAHUM i3 OCHOBHHUX €BPOIEHCHKUX TPO-
MHCJIOBHX CEKTOpiB: Ha HhOro mpumanae 10 % €spomneii-
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cekoro BBII. Lleii nomen 3abe3neuye 20 MinbiiOHIB po-
00uMx MiCIp Ha TOHaA 3 MutH. mianpuemcts [8]. Takwii
BeJIMUE3HUH Oi3HEeC MOTPIOHO TPUMATH BIAKPHUTUM BHYT-
PIIIHIM pUHKOM OyaiBEIbHOI MPOAYKIIi BIAMOBIAHO 10
HalllOHAJIBHUX TpaBui. byjiBenbHa MPOMHCIOBICTH 3a-
CTOCOBY€E IIUPOKHI CIIEKTP KaOeliB 3 BiAMOBIIHUM KOM-
IUICKCOM €JICKTPUYHUX, MEXaHIYHHUX BIACTHBOCTEH, CTiil-
KICTIO JI0 BIUIMBY 30BHILIHIX KIIMaTHYHUX (AaKTOpiB, i, B
Hepily 4Yepry, HOBHHHA 3aJ0BOJBHATH BHMOTaM IIOJ0
MTO’KEXKHOT Oe3meku. 3a MPOrHo3aMu, CETMEHT OYIiBHHIIT-
Ba TPOTHO3YETHCS SK HAWOUTBIIMKA CErMEHT Ha PUHKY
BorHecriiikux kabeni. [locunenHs OyaiBeNbHOT JisUTbHO-
CTi CTHUMYJIIOE PHHOK BOTHECTIHKHX KaOeniB B OymiBeib-
Hilt npomucinoBocti [7]. Y Oyap-sikoMy pasi OyaiBenbHHiA
CeKTOp € (hakTOpOM, II0 CTHMYJIIOE 3POCTaHHIO PUHKY
mpoBoiB 1 kKabesniB. Topriiis OYAiBEIBHOI MPOAYKIIIED
B Mexax €C abo €Bporeiicbkol eKOHOMIYHOI 30HH pery-
JIIOETBCA €BPONEHCHKUMU MIPaBUIaMU Ta HopMamu [9-11].
ByniBenbHa rary3p OXOILTIOE BCIO MPOEKTHY Ta Oy/IiBelb-
HYy NiSUTBHICTH, HE3aJIE)KHO Bifl TOTO, 9d CTOCYETHCH IIE
HACeJIeHHsI Ta IPUBAaTHUX OyAiBeNb, TPAHCIIOPTHOI iH(pa-
CTPYKTYpH, KOMYHAIBHHUX MEpEX, Tomo. BinmoBigHo mo
Pernamenty npo OynisensHy npoaykuito (CPR) cunosi,
TENIeKOMYHIKaIliiHI kabeni, kadeni AaHUX, KOHTPOJIbHI i
yIpPaBJiHHS, BOJOKOHHO-ONTHYHI BIXHOCATBCS 1O Oyi-
BEJIBHOT MpOoayKIlii B kpainax-wieHax €C. Ii kabemi npu-
3HAYEeHI JUI MOCTavaHHs eJIEKTPUYHOT eHeprii Ta 3B 513Ky,
SIKi CTalliOHAPHO BCTAHOBJICHI B OYMAIBJIAX Ta IHIIHUX 1HXKe-
HepHuX cnopynax [12]. Kabeni >xuBieHHs, TeIeKOMYyHi-
Kalii, TaHWX 1 KEPyBaHHS BBAXAIOTHCSA OYJiBEIEHUMH
BUpoOaMH, i € €IMHUMH €JIEeKTPOTEXHIYHUMH BHPOOaMHU,
kimacudikoBaHUMH K OyaiBenbHI. Po3pobneni kabemi mist
MIKTIOYSHHST PUIaAiB abo IS BHYTPIIIHBEOI IPOBOIKH
O0NaJHAHHA YM eJNEeKTPUYHUX IPWIALiB, a TaKOX YcCi Ti
Kaberi, sKi He BUKOPUCTOBYIOThCS sIK KaOemi Juis OyiB-
HUIITBA, HE BKIIIOYEHO 10 Kareropii Oy/AiBeNbHOI MPOIyK-
uii. Permament OyniBenbHOT mpoaykiii B €C €
000B’s13k0BUM Jy1st KabeniB 3 1 mumnas 2017 p. [12, 13].

OuikyeTbes [6], 1110 MPOTATOM HACTYyNMHUX 15 pokiB
y CximHiii €Bponi crocTepiraTUMeThCsl MOCUIICHE 3pPOC-
TaHHS1 OyHIiBENIBHOI Taiy3i, OCKUIBKH IICJISl 3aBEpIICHHS
BilfHM B YKpaiHi HeoOXiqHO Oyae po3novyaTtd peKOHCTPY-
KIifo BapTicTio Omm3pko 1 TpumibitoHa momapis CIIA.
CrpareriyHuM 3aBIaHHSIM IPHU BiOYAOBI KpaiHH € 3aCTO-
CyBaHHS KaOeIbHO-TIPOBIAHUKOBOI IPOMYKIIIT 3 TTiABHIIIE-
HUMH eKCIUTyaTaliiHUMHU BIACTHBOCTSIMH, Y TOMY YHCII 1
B OyIiBeJIbHIM Tamy3i.

MeTor0 1aHOi pOOOTH € aHaji3 BUMOT 10 KabesiB 3a
MOXKEKHOIO OE3MEKOI0 SIK Kareropii OyAiBebHOI MPOayK-
il Ta BA3HAYEHHS TEIUIOBOI CTIMKOCTI CHJIOBUX KaOeliB
Ha TIJCTaBl CKCIEPUMEHTAIBHUX TEIUIOBHX JOCIIIKEHb
CYYacCHHX €JIEKTPOI30JISAIHHNX KOMIO3HUIIIH.

IocTaHoBKa mpodjeMu Ta aHadi3 JiTepaTypHUX
Jxepe. PerimaMeHT npo OyaiBeNbHY MPOAYKIIIO BCTAHO-
BITIOE Y3TOJDKEHI MpaBMIIa MApKETHHTY OYIiBENBHOI Tpo-
nykoii B8 €C [12]. OxHe 3 mpaBwi MONSATAaE B TOMY, IO
BUPOOHHMKH TOBHHHI HaJlaBaTy iHGOpMAIIiio TIpo Oe3nexy
CBOET MPOAYKIIii: Oe3reka Mpu Mmoxexi; Oe3neka st KO-
pucTyBauiB; 3axucT Bix mymy. Ha Bci kabeni, siki miamna-
JIAf0Th TI1J1 KaTeropito OyAiBeNbHOT HPOIYKIIil, HE3aJIe)KHO
BiJl THIy, BIUIMBAIOThH JIMIIE XapaKTEPUCTHKU Oe3leKu
y BHIAJKy IMOXexki (CTIMKICTh 1 peakiiss Ha BOTOHbB) Ta

HEOE3MEeYHNX PEYOBHMH (BUKHMIU Ta BMICT). IHII TeXHIYHI
XapaKTePUCTHKU, Y TOMY YHCII €JIeKTPUYHI, MEXaHiuHi,
BU3HAYCHO Y BIJMOBIIHUX CTaHAapTax Ha kademi [14, 15].
BpaxoBytoun, 1o kabemni 3a0e3neuyroTh (yHIaMeHTab-
Hy IH(PaCTPYKTypy CydacHOro Oy[iBEIBHOTO CEKTOopa,
MEepIIOYepProBe 3HAYCHHS IS OC3MEKU Ta HAalIHHOCTI Ma€e
CYBOpE 3aCTOCYBAaHHS HANCYYaCHINIMX BHMOT MIOAO IIO-
JKeKHOT Oe3neku Takoi iHdpacTpykTypu. Peaknis Ha mo-
KexXy OyniBenbHOI mpoxykmii kateropii «CHIIOBi, KOHT-
porbHI Kaberi Ta kabelni 3B’S3Ky» € OIHI€I0 13 HaWOLIbIT
aKTyaJbHHX MpoOJIeM Ha JaHWH MOMEHT y KaOembHiH
MIPOMHCIIOBOCTI.

Kimomerpu kabeiB, 110 MPOKIAIACHI BCcepeauHi Oy-
JIBJIi, TOBUHHI 3a0e3medyBatu ii Oe3rneKy, 0COOIUBO Iif
4ac MOXKEeX 1 HaJ3BUYAHUX CUTYyalliid. Bucoki Bumoru 1o
MOXKEKHOT OE3MEKU CTOCYIOTHCS CTIHKOCTI IO MOIIHMPEHHS
TOPIHHS IIPU OJMHOYHOMY pO3TallyBaHHI Kabemo 1 mpu
MPOKJIaIaHHI ITyYyKoM (puc. 1); HU3BKOTO JHMO- Ta Ta30-
BHJIJICHHS; HHM3bKOI KOpPO3iMHOT aKTHBHOCTI TrasiB, IO
BHJIUISIOTHCS TIPM TOPiHHI KaOelto; BOTHECTIHKOCTI (30e-
pPEeXKEHHS TIpare3IaTHOCTI Kabenro B yMOBaxX BIUTUBY Ha
HBOTO TIOIYM’s1).

BuxoHaHHA BEMOT 3 HOXEXHOI O€3MEeKH CTajo MO-
JKIIMBUM 3aBISIKH HOBOMY KJIacy MarepiamiB — Oesraio-
TCHHUM KOMITO3HIIISIM, I SKUMH PO3YMIIOTh CTIHKI 10
MOUIMPEHHS TMOJyM’sl TOJIIMEpHI MaTepiaju 3 HHU3bKHM
IAMO- Ta Ta30BHIUICHHSM, IO HE MICTAThL TaJIOrEHIB
[16-19]. OuikyeTbes, MmO CBITOBHA PHHOK KaOeabHHX
NoJiMepHUX Kommo3uuii y 2023 p. OLiHIOBaTHMETHCS B
13,9 minbsipais gonapi CHIA 3aBasku 3pOCTar0vor0 Imo-
TpeOOK0 B aBTOMOOUIBHIM, TeIEKOMYHIKAIIiHIA Ta Oyi-
BenmpHINH Tany3sax [7, 10]. Ha BupoOHHMITBO KabemiB
y €ppormi mpumagano 16,3 % cBiTOBOro BHPOOHHIITBA
nmoJiimepHux marepianiB y 2019 p. [8]. Odikyerbes, 1110 10
kinms 2023 p. 3aCTOCYBaHHS MOXKEKOOE3MEUHNUX KabeliB
3 HU3bKUM BMICTOM UMY Ta 0€3rajJoreHHUMH KOMIIO3H-
mismu craHoButume mouan 20 %. Ilpu oMy yacTka
KOMIIAyH/IiB Ha OCHOBI MOJIIBIHUIXJIOPUIHOTO TUIACTUKATY
3meHmuThes 3 50 % 1o 35 % [8, 10].

Puc. 1. ®parmenTty po3TanryBaHHs KaOeliB y ITydKax
B cepeanHi (a) Ta Ha naxy OyxiBii (6, KyJIbTypHO-
PO3BaXKAJILHOTO LIEHTPY, IPUBATHOTO OyIUHKY, TOIIO)
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VYV Bepecui 2020 p. HiMembka MDKHApogHa Tpyma
HEXPOL Technologies 3amyctiina koMImiekcHe mopTdo-
J1I0 KOMITayH[IB JJIsl POBOJIB 1 KabeniB Ha OCHOBI BUCO-
Koe()eKTUBHMX MarepiaiiB, J00aBOK, MEPEIOBHX TEXHO-
JIOT1i BUTOTOBJICHHSI KPEMHIHOPTraHiuHOT T'yMH Ta TePMO-
IUTACTUYHUX €JIaCTOMEPIB, LI0 BiJIIOBIAAIOTH MIKHApPOI-
HUM KabenpHUM craHgapTam IEC 60811 [20] Ta
EN 50363 [21]. YHikanpHI Moxex00e3Me4Hi XapakTepH-
CTUKH O€3raJIorTeHHHUX KOMIIO3HI[iHl BKIIIOYAIOTh HHU3BKE
JUMOBUIUICHHS, HU3bKY TOKCHYHICTh 1 BOTHECTIHKICTh Ta
BinnosinaroTh BUMoraM RoHS (Restriction of Hazardous
Substances — oOMexeHHS HeOe3MeTHNX PEUOBHUH — IUpPe-
ktuBa 2002/95/€C, mo odMexye BMICT IIKIUINBUX Pedo-
BHH, 30KpeMa, CBUHIIIO, PTYTi, KaaMif0, TOTIOPOMOBaHUX
6ideninin) [22].

ABropamu [23] 10BeIE€HO AOMITBHICTD BUKOPUCTAHHS
MTOYKESIKOOC3MEYHNX KOMIIO3HUINNA [jIsI BUTOTOBJICHHS Kabe-
JILHOI MPOJYKIii, Y SIKOi MakCMMallbHa TPHBaIa TeMIIepa-
Typa CTpyMOIIPOBiZHOI *xuin He nepesuirye 90 °C, a Max-
CHMaJlbHa TEMIIepaTypa 3a YMOB KOPOTKOI'O 3aMHKaHHS
craHoButh 170 °C, Ta JOCHIIPKEHO BIUIMB JIETYBaIbHOI
J00aBKH Ha eJEKTPO(i3N4HI BIACTHBOCTI MOXKEK00e3Mey-
HHX MOJIMEPHUX KOMIIO3HMIIIH, III0 HE MICTSTh T'aJIOrEHIB.

B [19] npencraBiieHo ckiaz Oe3rajloreHHOI KOMIIO-
3UIlIi HA OCHOBI IOJIETUJICHY 3 BBEICHHSM B IOJIMEPHY
MATPHIIO AHTHUINPEHIB 1 IHIMX J00aBOK, IO ITiIBHIIY-
FOTh CTIMKICTh MaTepiaay IO HOLIUPEHHS IMOJIyM’s, a Ta-
KO KPaIIoMy AMCIIEPTYBAHHIO HAIIOBHIOBAYIB B ITOJIIME-
pi. B T0ii ke yac aKkIeHTOBaHO, IO 3i 301IBIICHHSIM CTY-
[ICHS] HAOBHEHHS TMOJIMEPY aHTHINIPCHAMHU 3HUKYIOThCS
HOro MILHICTh MPHU PO3PHBI, BIAHOCHE IMOJOBXKECHHSI, TH-
TOMHI 00’ €MHUH €NIEKTPUIHHUN OTIip, MOPO30CTIHKICTb.

Kabem € ckmagauMu 00’€KTaMH, OCKUIBKHM CKJIaja-
FOTBCS 3 130J1s11iT Ta O0OJIOHOK 13 MOJIMEPHUX MaTepiaiiB
PI3HOTO XIMIYHOTO CKJIa[ly, TOBIIMHH Ta 100aBok [17, 24].

Tak, Ha OCHOBiI EKCIIEPUMEHTAIbHUX TOCIIKCHb
BCTAHOBJICHO, 110 XaPAKTEPUCTUKU BHKOPUCTOBYBAHOTO
Marepiaiy i30Jsiiii kKabenro Ha OCHOBI MOJIBIHUIXJIOPH-
Horo actukaty ([I1BX) manu 3Ha4HM BIJIMB Ha TOKCH-
YHICTh BHUKHOHHMX Ta3iB. HaiOigbine TOKCHYHHMX Ta3iB
BUAUISETHCA TIPH TIIIIOYOMY T'OPiHHI Kabemro 3 mactudi-
koBaHnor [1BX o6osonkor0 [25].

HaBeneHi y [26] BunpoOyBaHHS B HalliBpealbHOMY
Macmtabi Mmokas3alii, Mo Kadelb 3 MOJIBIHUTXJIOPUIHUM
[UTACTUKATOM TMPOJAEMOHCTPYBAB BHCOKI MPOTUIIOXKEKHI
BJIACTHBOCTI, OB’ A3aHi 3 BUALJICHHSIM TEIlIa, YTBOPEHHIM
JIMMY Ta MOLINPEHHSM ITOJIyM’sI.

KomiuiekcHi BOTHECTIHKI BJIACTUBOCTI €JIEKTPUYHUX
MPOBO/IB 1 KaOeiB MHUPOKO JOCTIIKYIOTHCSA SIK TEOPETH-
YHO, TaK 1 eKCrepuMenTaabHo [17, 23, 25-27], momo Bia-
MMOBIHOCTI KPUTEPISIM €BPOMEHCHKOT Kiaacudikamii kade-
JIIB 32 MOKEXKHOI0 Oe3mexoro [11], mo ¢BiguuTh Ipo Bak-
JIUBICTB MPOOJIEMHU.

Kaacugikauis kadesiB 3a M0:KeKHOI0 03HAKOIO.
€C cTBOpUB €1MHMI 1 OMHOPIIHUN KpUTEpiH Kinacudika-
uii B ycii €Bpormi 11 BU3HAYE€HHS BOTHECTIMKMX Xapak-
TepucTHK kabemiB. Kitacu criiikocti ka0OemiB 10 MOXKexi
OyJin BU3HAUEHI Ha MiJCTaBl KpUTEpiiB kiacudikamii Bia-
TIOBITHO 10 KUTBKOCTI BUIIPOMIHIOBAHOTO TEIDIa 32 YMOBH
HassBHOCTI BOTHIO.

BinmoBinHO 10 e(heKTUBHOCTI PO3MOBCIOIKEHHS BO-
THIO Ta TCIUIOBHIUICHHS BH3HAYEHO 7 KiaciB KaOemiB
[28]: Aca, Blca, B2ca, Cca, Dca, Eca, Fca (puc. 2,a).

Kmac Aca — kabeni He cnpusioTh moxexi. Kimacu
Blca — B2ca — MmiHiMaibHUIT BHECOK y moxexy. Kiacu
Cca — Dca — Eca — roptoui, cipusitoTh BOTHIO (BHECOK Y
noxexy kabeniB kiacy E Bumie, Hix y D). Kiac Fca —
HEeBH3HAUYEHHI BHECOK BiacTuBOCTi [29]. B knacudikarii
nepen0adeHo  BIICYTHICTH Yy  BHPOOHMKAa  BHMOT,
MOB’s3aHKUX 3 PEaKIi€l0 Ha BOTOHb (3a3HAYAETHCS Mapa-
MmeTp «HeBu3HadeHa MpoayKTUBHICTEY (€BpOKIIAC).

HonatkoBa ximacudikarisi CTOCYETbCS BUAUICHHS
UMY, TTaJIAF0unX Kpareib Ta IOKa3HUKIB KiCIOTHOCTI.

BrnactuBocTi mumoBuainenss: sl, sla, slb, s2, s3
(puc. 2,0). Ls xnacudikamis Hamae iHGopMaIliio mpo He-
MPO30PIiCTh BUIIPOMIHIOBAHOTO IUMY (s — smoke (aum))
[29]: s1 — mMasie yTBOpEHHS TUMY Ta MOBLILHE MOIIUPEHHS
muMy; sla — koediuieHT npormyckaHHs Oinbime 80 %;
slb — koedinienT npomnyckaHHs B niarnasoHi Bin 80 % no
60 %; s2 — cepenHe YTBOPEHHSA Ta MOLIMPEHHS OUMY;
$3 — HIYOTO 3 MepPepaxoBaHOrO BHIIIE.

Mamaroui kparuri/gactuakm: d0, d1, d2 (puc. 2,6).
s xwracudikaris Hagae iHPOpMAIIifo PO KarraHHS MANIAk0-
goro Marepiany mig 9ac noxexi (d — droplets (kparmimHa))
[29]: dO — BimcyTHICTH TOprOYMX Kparenb ado YaCTHHOK;
dl — BixCcyTHICTh TOPIOUMX Kpamenb abo YaCTHHOK, SIKI TpH-
BaroTh OutbIe 10 ¢; d2 — HIYOro 3 IepepaxOBaHOIO BHIIIE.

Ilokasuuku KuciIOTHOCTI: al, a2, a3 (puc. 2,2),
JUIsl KOTPHUX JIOJIATKOBO 3aCTOCOBYIOTH TECT, ONMCAHUH Y
cranpapri UNE-EN 50267-2-3. Lla knacudikauis Hagae
iHhpopMaIlif0 TPO BHUAUICHHA KHCIOTHHX Ta3iB Iij
yac noxexi (a — acidity (KucinoTHicTh)): al — npoBiAHICTE
< 2,5 mxCm/MM 1 BomHeBUH moka3Huk pH > 4.3; a2 —
nposigHicts < 10 MxCm/mm i pH > 4,3; a3 — Hivoro 3
HepepaxoBaHOro BHILIE.

DROPLETS

Puc. 2. €Bpoxnacudikaris kademnis
BIINOBIHO J10 KaTeropii OyxiBeasHOT
nponykuii [12]
Kabeni kiacy Aca — e crieniajibHi kabeni 3 Heopra-
HIYHOIO 130JISIIi€I0 BUIPOOYIOTHCS BiamosinHO a0 [30] Ta
MOBUHHI MaTH BHIy TemoTBOpHY 3xarHicts (PCS —
gross calorific potential) menme 2 MIx/kr.
Kabemni kmacy Blca BHIpOOYIOTBCS BIiAIIOBITHO IO
[29] mxepenom momym’st 30 kBt 3a xiacudikamiftHuMu
Kputepismu: nomupenns noxym’st FS < 1,75 m, 3aranbhe
reroBuaiieHHsT THR y00, < 10 MJIk, mik MBHUAKOCTI
tertoBuaiieHas HRR < 20 kBr, Buiia TeIioTBOpHA 3/1a-
tHicTh FIGRA < 120 Bt/c 3 1o1atkoBor0 Kiacudikaiieo
3a JUMOBHUIUICHHSM, MaJal0uUMK KPAaIUIIMH Ta KHUCIOT-
Hictio 1 [31] 3 momupennsm moaym’ss H < 425 mwm.
Kabeni knacy B2ca BunpoOyroThCst BiANOBITHO 10O
[29] mxepemom noxym’st 20,5 kBT 3a kiacudikariitHuMu
Kputepismu: nomupeHas noayM’s FS < 1,5 m Ta 3arans-
He TermoBuAiIeHHs THR 500, < 15 MJDX, TiK IIBHIKOCTI
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terioBuaiieHHss HRR < 30 kBT Ta Buma TermioTBopHa
smatHicTe FIGRA < 150 B1/c 3 nogarkoBoro kiacudika-
Li€l0 32 JUMOBMIUICHHSM, TaJal0YMMH KpAIUIsIMU Ta KH-
ciotHicTo 1 [31] 3 momupennsam nonym’s H < 425 mwm.

Kabeni kmacy Cca BHIpOOYIOTbCS BIAINOBIIHO 1O
[29] mxepenom noaym’st 20,5 kBT 3a knacudikaiitnumu
KpuTepismu: nommpeHas noiym’st FS < 2 m ta 3aranbHe
teroBuaiieHHs: THR 00, < 30 MJIk, miKk MIBUAKOCTI
teruoBuaieHHss HRR < 60 kBT Ta BUIIa TermioTBOpHA
smatHicTe FIGRA < 300 Bt/c 3 nogarkoBoro kiacudika-
Li€l0 32 TUMOBUAUICHHAM, MANAIOYUMH KPAIUISIMU Ta KH-
ciotHicTo 1 [31] 3 momupennsam nmonym’s H < 425 mwm.

Kabeni knmacy Dca BunpoOyrorbest BianoBiqHo 10 [29]
Jokepesiom noym’st 20,5 kBT 3a knacugikauiitHUMu Kpu-
Tepisimu: 3araiubHe TertoBUIUIEHHS THR p00. < 70 MK,
mik mBuakocti rerosuaiierHs HRR < 60 kBt ta Buma
teroTBopHa 31atHicTh FIGRA < 300 Br/c.

Kabeni kmacy Eca BUNpoOOyrOTHCS BIAMOBIAHO 10
[31] 3 momupennsam norym’ss H <425 mm.

Kabeni wimacy Fca BumpoOyrooThCsi BIINOBIAHO 10
[31] 3 momupennsam noxym’ss H > 425 mm.

Tpusanicts BunpoOyBaHb CTaHOBHUTH (1-8) XB 3 mmo-
TYXKHICTIO manbHuKa | KBT 3 KOHBekIi€ewo moBitps [29],
20 xB 3 mOTYXHICcTIO TanpHUKa 30 kBT 3 Heroprounm mu-
ToM [29] Ta 20 kBt 6e3 Boruezaxuchoro mmumra [29] 3 mo-
nadeto noBitps 8000 n/xB (puc. 3).

BianoginHo, [29] € ueHTpanbHUM Y BUIPOOYBaHHSX
mono0 Kiacudikamii kabemiB, OCKIIBKH IMOEIHYE B COO1
BUMIpIOBaHHS BUIUICHHs Teruia (kinacu Blca, B2ca, Cca,
Dca), BumiptoBaHHS TpoHWKHEHHs numy (sl, s2, s3) i
OIIIHKY Kparienb, 1o ropsats (d0, d1, d2).
mr

Puc. 3. BunpobyBanbHa kamepa

3 MAIHUKOM 1 JpabuHOIO i3 3pa3kaMu KabemiB
(a), BunpoOyBanbLHUA KOMILIEKC (6)

(momxuHa 8,60 M, mupuHa 2,50 M, MiHIManbHa
Bucota 4,10 M) Ta ra3oBuil aHaIi3aTOP

3 mporpaMHuM 3abe3nedeHHsM (8) [29]

KorxHa kpaiHa Mae cBOI TeXHIUHI BUMOTH Ta CTaHIAp-
TH [32] 111010 OLIHKY Ta 3HIKEHHS PU3MKY HACITIAKIB IO-
xKexi. BucokosikicHa kabenpHa iHQPacTpyKTypa € HalBaXx-
JIMBIIIMM KOMITIOHEHTOM OyaiBeNIbHOT rajy3i Ta NMOBHHHA
BIZIIOBIZaTH BHMOTaM IIOKEXHOI Oe3IeKH i3 3a0e3redeH-
HsIM Oe31epeOiitHOCTI )KUBIIEHHS Ta 3B’ 3Ky BCIX BaXKIIMBUX
TIPUCTPOIB y pasi moxkexi. EdekTrBHICTE came KaOemiB Imif
yac TOXKEeXKI Mae BUpilajbHEe 3Ha4eHHs. Burmyck kabeniB
Kareropii OymiBelIbHOI MPOMYKIii BUMarae po3yMiHHS BCi-
Ma 3alyuYeHHMMH CTOPOHAMH BAXJIMBOCTI 3a0e3MeueHHS
OyniBenbHOI Tamy3i YKpalHH KaOelbHO-IIPOBIIHIKOBOIO
NPOAYKLIEIO BITYN3HIHUMU BUPOOHUKAMHU.

Y BIigNOBIZHOCTI [0 YMHHHUX OYHIBENBHHX HOPM
rpoMajchbKux OyniBenb HEoOXiAHO BpaxOBYBaTH BCTaHO-
BJICHI TpaHWYHI 3HAYEHHS IIOJ0 CKYIUYEHHS TOPIOYMX

MaTepialiiB, 110 3HAXOIATHCS OE3MOCePEeaHbO Y TPOMA-
CBKUX OYIiBISIX, BKIFOUAIOUH KaOeli Ta apoTn. BuHuKae
HEOOXIiHICTh Y BHU3HAYEHHI TEIUIOBOI CTIMKOCTI KaOeiB
Ta KUTBKOCTI TEIUIa, IO BUIUISETHCS MPH IX TOPiHHI, TOO-
TO MOKEKHE HABAHTA)KECHHI.

BusHaueHHs1 Tem10BOi CTIHKOCTI Ta MOKEKHOIO
HABAHTA)KEHHS1 CUJIOBHX KafeJiiB i3 cyyacHHUMH eJieK-
TpoizoasimiiitHumMn Kommo3imiamu. KabenpHuii 6i3HeC B
3HAYHIAH Mipi OpiEHTOBaHMHI HA 3aCTOCYBAaHHS CYYacCHUX
MOJIIMEPHUX KOMIO3HLINA 3 BIATIOBIZHUM KOMILIEKCOM
(hi3UKO-XIMIYHHX, €NEKTPUYHUX 1 TEIUIOBUX BIIACTHBOC-
TEH 3 aJanToOBaHOIO IO iX PEOJIOTIYHUX MMOKA3HHKIB TEX-
HOJIOTI€I0 BUTOTOBJICHHSI KaOesiB B miomy. Peaizamis
BUMOT WIOJO MOXKEXHOT O€3MeKH TOB’A3aHa 3 JIOCSTHEH-
HSIM TIEBHOTO KOMIIPOMICY MK PiBHEM BUMOT 3a ITOKa3-
HUKaMH MOXKEKHOT 663HCKI/I Ta OCHOBHUMHU CJICKTPUYHU-
MH Ta (I3UKO-MEXaHIYHUMHU XapaKTEepUCTHKaMH KalelliB
[33-35]. 3HauHi 3ycwuis Ta iHBECTHINi 3 iHHOBAmii Ta
ceprudikamii KabenbHO-IPOBIAHUKOBOI TMPOAYKIIi 110-
TpeOyIOTh BiJl BUPOOHUKIB CTBOPEHHS OyMiBEIBHOI IIPO-
nykmii kateropii «CHIIOBi, KOHTPOJIBHI Kabemi Ta kademi
3B’SI3KY» 3 BHCOKHM PiBHEM ITOKEKHOI O€3MeKH BiAIOBi-
IHO 10 eBpokiacu(ikamii KabeaiB MO0 peakilii Ha BO-
TOHb B 3aJICKHOCTI BiJ PiBHs Oe3rmeku. XapaKTePUCTHKH
MOXEXKHOT Oe3MeKn B KOHCTPYKIIAX KaOelniB MOXKYTb Oy-
TH peaji3oBaHi OKpeMo abo B CYKYITHOCTI.

Cryninp peanizauii BUMOT MOXEXHOT Oe3neku Kade-
JIiB BU3HAYAETHCS CPEPOIO IX 3aCTOCYBAHHS.

HaykoBo-00rpyHTOBaHI pIilIEHHS MIOJ0 MOXEXHOI
CTilfiKOCTI KaOeliB JuIsl MiATBEpHKEHHS BiqIOBITHOI Kila-
cudikanii [12, 29] npuiimMaroTeCst Ha MiICTaBI BUIPOOY-
BaHBb 3pa3KiB KaleliB y CHeImiani3oBaHUX cepTUdiKariii-
HUX HeHTpax (Jabopatopisx). Taki BUNpoOyBaHHS € HO-
poro-Bapriciumu. Tak, HampHUKIaM, Ui MiATBEPIKEHHS
KJacy peakiiii Ha BoroHb B2ca HeoOxinHO 12 3pa3skiB ka-
6enis [33], wio Baptye Oinbmie 18000 eBpo.

BusnaueHnns TemioBol cTIMKOCTI Ka0eniB Ha miacraBsi
OTPUMaHHX €KCIIEPUMEHTAIBHUX JaHUX TEIUIOBOI CTIHKOC-
Ti BJIACHE IMOJIIMEPHHUX MaTepiaiiB KaOedio B 3aJ€KHOCTI
BiJl KOHCTPYKTHBHOI'O BUKOHAHHS Ta 00JIACTi 3aCTOCYBaHHS
€ HeoOXximHuM Ta BunpapmanuM. OcoOaMBO — Ha cTafil
OCBOEHHS Ta BU3HAUCHHS TIEPCIIEKTHB BUTOTOBJICHHS Kabe-
JB 3 CydJaCHUMH O€3TaJIOTeHHHMH EJICKTPOi30JIiHHIMHI
MarepiaaM# BiIIOBIZHO O BUMOT IIOAO MOXKEXHOI Oe3-
nekn. Tak, HanpuKIaa, Kabewi s BHYTPIITHBOTO MTPOKJIa-
JIAHHS B J)KUTJIIOBOMY 1 IIPOMHCIIOBOMY OyIIBHHUIITBI MOBH-
HHI BIAIOBIZaTH €BPONEHCHKUM BUMOIaM 3 €lIeKTpooOe3ie-
KM 1 3[aTHOCTI IO HABAHTAKEHHS. 3aMICThb 2-X JKUIBHHUX
HACTAHOBHMX IMPOBOJIB MOTPIOHI 3-X >xuiibHI ((a3za, Hyb,
3a3eMJICHHSI) JUIsl JKUTJIOBHX OYIMHKIB, oQiciB, pobounx
NpUMIilIeHb. 3aMicTh 4-X KWIBHUX KaleliB, sKi 3apa3 3a-
CTOCOBYIOThCS IUISl BBEIICHHSI €JICKTPOCHEPTii, HAPHKIA],
B XHUTJIOBI OYJIMHKH BiJI MiICTAHIIIH, HEOOXiTHI 5-TH JKUITb-
Hi xabemi. besymMoBHO, Taki kaOeli IMOBHHHI BiIIOBiIaTH
BUMOTAM II0/I0 TIOXKEKHOT Oe3MeKu.

3Ha4YeHHsI TEIUIOTH 3rOPSHHS 3IIUTOTO MOMIETHICHY
cranoBuTh 48 MJK/KT, cCaM03aTyXar04oro MoJieTHIeHY —
41,9 MJ/Dx/kr. Y MONIBIHUIXJIOPUIHOTO IUIACTHKATY 3a-
JNeXUTh BiJ Mapku (peuentypu), MJDk/kr: 3BHUaHUX
peuentyp — 23,7 (i3omsuiiinuii) ta 25,8 (00010HKOBHIA);
3HIKEHOI roprouocti 18,4 — 19,7; 3HMKEHOT MOXKEKHOT
Oe3MeKH 3 HU3BKUM JUMO- Ta Ta30BUAUICHHAM 10 (s
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3amoBHeHHs) — 17,7 (st 00010HKH) — 18,9 (must 130sms11i1)
[36-38]. Tak, 1 M kabet0 3 MOMIBIHUIXJIOPHIHOO 13011~
€10 Yy 3aXMCHIN OOOJIOHLI 3 MOJIBIHUIXJIOPHIAHOTO IIIACTH-
katy (romuil) BBIT 4x35+1x16 mpu 3ropsHHI BHILISIE
10,5 M]Ix TerwioTr; kabens BukoHaHHS BBIHr 4x35+1%x16
—9,9 M]Ix, a kabenb BBI'Hr-LS — 9 Mmx [39].

VY kabeisix BUKOHaHHS Hr (Heroprouywmid) ta Hr-LS
(Heroprounit 3 HU3BKUM JUMOYTBOPEHHSIM), IO HE PO3-
MOBCIOKYIOTh TOPIHHS, TOPIOYICTh OOOJIOHOK 3HIDKEHA
32 paxyHOK BBEICHHS B HUX AHTHUIIpEHIB (TpUTizpaty
OKHCY JIOMIHIiI0, T1IPOKCHIY MarHito). | xoua roprodicts
MaTepianiB Jemo 3HU3MIACS, I[i KOMITO3UII MPOTOBKY-
FOTh 3aJIMIIATHCS TOPIOYNMH MaTepialaMH i MPH MOXKEeX1
TOPITUMYTh, BUAUISFOYN IUAM 1 BEIHKY KUTBKICTH Teria B
HaBKOJHMIIHIK ripocTip [39, 40].

Po3risinyTo cmitoBi Kaleni 3 MIJIHUMH JKHJIaMH Ha
Harpyry 0,6 /1 kB wacroru 50 'y st nepenadi i po3nofi-

185/ 240 2
S, mm

16 25
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50 5 5 5 240

. 2
2) 5-TH KubHi S, mm

Puc. 4. Temioa cTifiKicTh CHI0BUX Ka0O€eJIiB B 3aJIEKHOCTI Bif
3aCTOCOBAHMX MarepiasiB Ta KOHCTPYKTHBHOTO BUKOHAHHS

Ha puc. 6 mokazaHO KOpeIsIiiHy 3aJIeKHICTh BiHO-
LIEHHS TEIUIOBOI CTikkocTi (B.0.T) Ta MOXKEKHOr0 HaBaHTa-
sxeHHs (B.0.IT) 5-tu 10 3-X *KUIIbHUX KaOeniB 3 PisHUMH 3a-
CTOCOBaHMMH TIOJIIMEPHUMH KOMITO3HUIIISIMH (TTO3HAYEHHS Ha
pHc. 6 TOTOXKHI HABSJICHUM Ha PUC. 4 Ta PUC. 5 BIAMOBIIHO).

Kpugi Ha puc. 4 — 6 BianosinaroTs: 1, 1’ — koMmo3uiii-
SIM, 1110 MICTSTh raJlored; 2, 3 Ta 4 — 6e3rajgoreHHuM.

Jly eJIeKTPHYHOI eHeprii B CTalliOHAPHUX YCTAaHOBKaX, 130-
JISILLS, MDK JKHJIbHE 3aIOBHEHHSI 1 000JIOHKA KOTPHX BHKO-
HaHa Ha OCHOBI Cy4aCHHMX IOJIMEPHUX MarepiajiB, y TOMY
yucii — Oe3rajioreHHUX Kommo3iuiit. Kabeni 3a0e3neuytors
nepeziady eJNeKTPUYHOI eHeprii, CUTHaJIB KOHTPOJIO Ta
KEpyBaHHS eJIeKTpOooOIaiHaHHIM, (YHKLIIOBAaHHS SKOTO
IpH MOXEKi € 000B’SI3KOBUM IS MIPOBEJCHHS PSTYBallb-
HUX POOIT. 3aCTOCOBYIOTHCS HA 00 €KTaX 3 IiJBUICHUMH
BUMOTaMH TIOKEKHOI O€3IMeKH IS OJMHOYHHX 1 MPOKIIa-
JICHUX MYYKiB KaOefo B IPAMIIICHHIX, TYHEISX.

Ha puc. 4, 5 npencraBiieHO B 3aJIE)KHOCTI Bifl KiJIb-
KOCTI JKWJI PI3HOTO Mepepi3y BU3HAuEHI 3HAUYEHHS TeIUIo-
BOi CTIHKOCTI Ta TEIJIOBOIO HABAHTAXKEHHS CHJIOBHX Ka-
OciiB HA MiICTaBl MPOBEACHUX CKCICPUMEHTAIBHUX JI0-
CIII/DKEHb TEIUIOBOT CTIHKOCTI MarepiaiiB i30swii, Mix
JKHJIBHOTO 3aIIOBHEHHS Ta MOJIMEPHOI OOOJIOHKH, BHITY-
YeHHUX 31 3pa3KiB KaberiB.
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Puc. 5. TToxe)xHe HaBaHTaKEHHS CUJIOBUX KAa0EIIiB B 3AJIEXKHOCTI BiJl
3aCTOCOBAHHMX MarepialliB Ta KOHCTPYKTHBHOI'O BUKOHAHHSI

[pu 3pocTanHi Iepepizy CTPYMOIPOBITHOT JKIITH B 3a-
JIOKHOCTI BiJ] 1X KUIBKOCTI CHOCTEpIraeThCs 3MIHEHHs Tell-
JIOBOI CTIMKOCTI Ta IMOKEKHOI0 HaBaHTaKEHHs KaoeniB. Tak,
U1 2-X JKWIBHOTO KaOeJro TEIUIOBA CTIMKICTh Ta MOXKEKHE
HABAHTAXXEHHS 3 TAJOTCHOBMICTKOI TTOJIIMEPHOI KOMITO3HITi
(xpuBa 1, puc. 4,a Ta puc. 5,a) MeHIIa y IOpiBHsIHHI 3 Oe3ra-
noreHHoi (kpuBa 2, puc. 4,a Ta puc. 5,a) y pasi MEHIIMX
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3Ha4YeHb Iepepidy CTPyMOMpOBiqHOI >xuik. [, HaBmakw,
3pOCTaE Ta MEPEBHILYE 1li TIOKA3HUKH Y pa3i OLIbIINX nepe-
piziB xuin kabemo. Taka AuHAMIKa CrIOCTepiraeTbes 1 st
3-x, 4-Xx Ta 5-TM KWIbHUX KabeniB (TopiBHsiTE KpuBi 1
3 KpuBUMH 2, 3 Ta 4 Ha puc. 4 — 6). [nmmmu cinoBamu, edex-
TUBHICTh O€3TaJIOTeHHUX KOMITO3UIINA I 3a0e3IedeHHs
BUMOT IIOJIO TTOKEKO0E3IIEKH ITi/IBHUIILYETHCS 31 3pOCTaHHIM
repepizy Ta KUTbKOCTI JKIT y Kabedti.

<, M/kg ° a)

Puc. 6. KopensmiiiHa 3aJe:KHICTh MiXK TEIUIOBOIO CTiHKICTIO
Ta MOXKE)KHUM HaBaHTAKEHHS IS 2-X KUIBHHX (a)
Ta CHIBiJJOIICHHS LUX MTApaMeTPiB 5-TH KUIBHUX 10 3-X XKUIIb-
HUX (0) CHJIOBHX Ka0eliB 3 pI3HUMH 3aCTOCOBAaHUMU
MOJIMEPHUMH MaTepianaMu

TakuM 4MHOM, MOKEXKHA Oe3leKka KabesiB BU3HAYA-
€TBCS 3aCTOCOBAHUMH KaOETbHUMH KOMITO3HIIIMU Ta
CYTTEBO 3aJICKHUTh BiJl KOHCTPYKTHBHOTO BUKOHAHHS Ka-
0eJiB: JiaMeTpy CTPYMOIPOBIZHOT XMIIK Ta X KiJIBKOCTI,
TOOTO CIIBBIAHOIICHHSIM MIXK METAJIEBOIO Ta MTOJIMEPHOIO
YacTHHAMH y KaOelti.

BucnoBku.

1. BuzHaueHo y3arajibHEHI BUMOTH 10O MOXKEKHOT 0e3-
NeKH KabeltiB y Oy/IiBeIbHOMY CEKTOPI BiIOBIIHO 110 KaTe-
ropii «CuitoBi, KOHTPOIIBHI Kabedi Ta kabedi 3B’ s13Ky».

2. HaBeneno kiacugikariro kaOeliB 3a IMOXKEKHOIO
03HAKOIO BiAMOBITHO 10 PermamMeHTy OyaiBebHOT IPOIY-
krii €C 3 BIIMOBIAHMMH KpHTEpisAMHU Kiacudikarii Ta
METO/IaMH BUIPOOYBaHb Uil BU3HAYCHHS BOTHECTIHKUX
XapaKTePUCTHK KaOeliB.

3. IlpencraBiieHO MOPIBHSUIBHKMI aHAII3 TMOKA3HHKIB II0-
JKEX00e3MIeYHOCT] Ha MifcTaBl BU3HAYEHHS TEIUIOBOI CTIHKO-
CTi 1 MOXKEKHOIO HABAHTAKEHHS B 3aJIEKHOCTI Bijl 3aCTOCO-
BaHMX KOMIIO3UTHUX MOJIIMEPHHX KOMIIO3MIIiif Ta KOHCTPYK-
THBHOT'O BUKOHAHHSI CHJIOBHX Ka0eJIiB HU3bKOT HALPYTH.

4. Ha migcraBi KOpENSILIMHOTO aHAI3y MK TEIUIOBOIO
CTIHKICTIO Ta TOXKEKHUM HABAHTAKEHHSIM, SIKi € BKIUBUMU
napameTpamu JIs [T ITBEPDKEHHS SKOCTI Ta MoXKexo0e3re-
KA BCBHOTO Ka0elo, MiATBEPHKEHO e(EeKTHUBHICTH 3aCTOCY-
BaHHS 0€3TraJIOTeHHUX MOJIMEPHUX KOMIO3WIIA B CHIIOBHX
Ka0eIsIX 3 OUTHIIAM IIepepi3oM Ta KUTBKICTIO JKHUIT.

KonguikT inTepeciB. ABTOpH 3asBJISIOTH PO Bij-
CYTHICTh KOH(JIIKTY iHTEepeCiB.
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Requirements for cables as categories of construction products
and thermal resistance of power cables.

Introduction. One of the main driving factors of the demand for cable
and conductor products is the modern trend of urbanization, which
leads to an increase in cities with significantly increased requirements
Jor electrical networks of transportation and distribution of electrical
energy. This requires the development of appropriate infrastructure with
significant demand for electricity in the commercial, industrial and
residential sectors. The construction industry uses a wide range of
cables with an appropriate set of electrical and mechanical properties,
resistance to the influence of external climatic factors, and, first of all,
must meet fire safety requirements. Increasing construction activity is
stimulating the market for fire-resistant cables in the construction
industry. According to the Construction Products Regulation, power,
telecommunication cables, data cables, control and management, fiber
optic refer to construction products in the EU member states. These
cables are intended for the supply of electrical energy and
communication, which are permanently installed in buildings and other
engineering structures. Power, telecommunications, data and control
cables are considered construction products, and are the only electrical
products classified as construction. Over the next 15 years, Eastern
Europe is expected to see increased growth in the construction industry,
as the end of the war in Ukraine requires nearly 31 trillion in
reconstruction. A strategic task in the reconstruction of the country is
the use of cable and conductor products with increased operational
properties, including in the construction industry. Significant efforts and
investments in innovation and certification of cable and conductor
products require manufacturers to create construction products of the
«Power, control and communication cablesy category with a high level
of fire safety in accordance with the Euroclassification of cables in
terms of reaction to fire depending on the level of safety. Purpose.
Analysis of fire safety requirements for cables as a category of
construction products and determination of thermal resistance of power
cables based on experimental thermal studies of modern electrical
insulating compositions. Methodology. The thermal stability of power
cables with a voltage of 0,66/1 kV was determined, depending on the
design, based on the conducted experimental studies of the thermal
stability of electrical insulation materials, between the core filling and
the polymer sheath, removed from the cable samples. On the basis of the
conducted correlation analysis between thermal resistance and fire
load, which are important parameters for confirming the quality and
safety of the entire cable, it has been proven that the efficiency of
halogen-free compositions to meet fire safety requirements increases
with the increase in the cross-section and number of cores in the cable.
Practical value. Determining the heat load and fire resistance of cables
of various designs and areas of application based on the obtained
experimental data on the heat of combustion of polymer cable materials
is necessary and justified at the stage of mastering and determining the
prospects for the production of cables with modern halogen-free
electrical insulation compositions in accordance with fire safety
requirements. References 40, figures 6.

Key words: urbanization, construction industry, cable
infrastructure, fire safety, cable classification criteria, halogen-
free compositions, power cables, thermal resistance, fire load,
certified test base.
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0.0. INanpuukos

Bu3zHavyeHHsI MAKCHUMAJBLHUX MEXAHIYHUX HANIPYKEeHb B i30/11[iHHOMY MaTepiaji HABKO0JIO
AedeKTy 3 BUCOKOIO 1ie IeKTPUYHOI0 NPOHUKHICTIO B €JICKTPOCTATHYHOMY MOJIi

B pobomi po3pobaeno 0806UMIpHY MamemMamuiny MoOeib PO3PAXYHKY MEemoOOM CKIHYEHHUX eleMeHMié PO3NoOiny MeXaHiuHux
Hanpysicenb nio Oi€lo eneKmpoCcCmamuyHo20 nolsi 6 I304AyiuHOMYy Mamepiani 3 Oegexmom. Moodenv sense cob6oi0 nocaiooeHo
P036’A3y6ani 3a0a4i eneKmpoCmamuxy ma CmpyKmypHoi mexanixu. Y axocmi mamepiany degexmy sucmynanu ionizoéane nogimps i
600a. Posenaoanuca eapianmu 3 6HympiuHiMu ma nogepxHesuMu Oepekmamii, 3 8paAxXy8aHHaAM i 6e3 NpyjiCHUX eracmusocmell oeghe-
xkmy. Tlone mexaniuHux HanpyxiceHb po3paxosy8anocs Ha 0CHosi kpumepiio ¢on Mizeca. Bcmanogieno, wo minimanvhe i0HOWEHHS
HAUOIILWUX HANPYJICeHDb 8 I30AYIUHUX Mamepianax 3 nosepxHesumu mpiwunamu i nopamu 0as ionizoganoeo nogimps cxkaano 9,3
paszu 011 MAKCUMATbHO20 CHIBBIOHOUIEHH sl nigocell nonepeuno2o nepepizy oegpexmy 10. [ns 600n020 Oeghexmy amanoeiune ioHoO-
wenHs cknano 2...5,6 pasis, 30i1buwyouuct npu 3smiHi 6i0HOCHOL OleIeKMPUYHOT NPOHUKHOCMI [30JAYiliH020 Mamepiany 6i0 7 0o 2.
Busnaueno, wo npu 36invuenni mooyas FOnea izonayiinozo mamepiany 6io 1 MIla 0o 100 I'lla kymu naxuny 00 6ici NiHeapu306aHux
3anexcHocmett MaKCUMANbHUX MEXAHIYHUX HANPYIICEHb HABKONIO0 0OMedICeHUX nop 3 IOHI308aHUM NOGIMPAM (800010) 30iNbULYIOMbCA
Ha 35,9° (58,0°) i 18,6° (20,1°) npu opieumayisx eeruxux nieoceu nio kymamu 0° i 45° eionogiono. bion. 28, tabmn. 1, puc. 10.

Kniouosi cnosa: i3onsuniinmii MaTepiaJj, BHyTpilnHii i moBepxHeBmii nedeKT, eJeKTPOCTATHKA, CTPYKTYPHA MeXaHika, Mexa-

HiuHi HanpyxxeHHs 3a GoH Mi3ecom, MeTO/I CKiIHUEHHHX eJIEeMEHTIB.

Beryn. TBepai TeXHIYHO YHCTI 130JIS1IiHHI MaTepia-
JI1 MAIOTh HEJOCKOHAIy, 1e(eKTHY CTPYKTYypy. Hedextn
MOXYTb MaTH TEXHOJIOTIYHY Y eKCIUTyaTalliiiHy Mpupo-
oy moxomkeHHsA. CTpyKTypHa MiKpOHEOTHOPIIHICTH
TBEPIUX 130JAMIMHAX MaTepiaiiB MiATBEPIKYETCI Pi3-
HUMH crnocobamu [1-4]. Yci i3omsmiiiHi Matepiamu Ha
MIKpOpiBHI 3MiHIOIOTH (pOpMy IIiJ] BIZIMBOM €NEKTPUIHO-
ro moisi. HasBHICTP He3HauHUX 3a 00CATOM JeQeKTiB
3MIHIOE€ PO3MOT HANPYXKEHOCTI eNEKTPHYHOTO MO Ta
BUKJIMKAE 3HAUYHY KOHLEHTPAI[II0 MEXaHIYHUX HAIPYyKEHb
y JaHid OUISHII MaTepiany, IO 3a MEeBHUX OOCTaBUH
MOXe€ CIIPUYMHUTH HOro 4acTKOBE abo MMOBHE pyHHYBaH-
Hs. HalOinbm 3Ha4HI MeXaHIYHI Harpy)K€HHsS BHHHUKa-
I0Th, KOJIM JIENeKTPUYHI IPOHHUKHOCTI 130JILiHHOTO
Marepiany 1 marepiany IeQeKTy pi3Ko BiApI3HAIOTBCS,
HaATIIPUKJIIA, KOIU 00CAT NedeKTy 3all0OBHEHUH BOIOK0 200
10HI30BaHUM TIOBITPSAM, HAIIPUKIAJ, B PE3YIbTATI YaCTKO-
BOI'O DO3psILY, BHKIMKAHOTO BHCOKOK HAIPY>KEHICTIO
€NeKTPUYHOTO HOJIS.

AHaniz nyomikanii. 3aKOHOMIPHOCTI poO3MOIiITY
€JIEKTPOCTATUYHOTO TOJsI B 130JLIMHMX Marepianax
posrisipanucst y [5-10]. Ilpu BucBiTieHHi Temu B [5]
BapTo Oys0 O po3ristHyTH iHIII Gopmu nedeKTiB, HapH-
KJ1aJl, 3 ENINCOIAHUM IIONEPEeYHNM Iepepi3oM, a TaKOoX
JOCJIZUTH BIUIMB HA SIBUIIE JiCNIEKTPUYHOTO IpoOoIo
HEOJHOPIHICTh po3TamryBaHHs 1op. Henomikom B [6] €
BIJICYTHICTh BHW3HAYCHHA KOPENAIil MiXK 30UThIICHHSIM
KOHIICHTpALii HAPY>KEHOCTI €NeKTPUIHOTO TIOJIST i eKC-
NIePUMEHTAJIBHIM 3MEHIICHHSIM Hanpyrd Ipodoro, sSK e
Oyio 3podieno B [5]. Takoxk no HemouiKiB i€l podoTH
BapTO BIJIHECTH HEBpPaxXyBaHHs MOBITPSHHUX Ae(EKTIB B
MOJIeNi, SAKi 3aMIIIyIOThCSI BOAOIO, IO HAAXOOHUTH 3 Ha-
BKOJIMIIIHBOTO cepenoBuina. B [7] mpu  mociimkeHHI
BIUIUBY Zie(DeKTIB Ha MOTOHHY EMHICTH 130JIs111ii HE Bpaxo-
BY€TbCS KOMIEHCalUidiHUK edekT nexinbkox nedekTiB
pi3HOI NpHpOAM, HANpHKIa[, KOMOIHAIS JIOKaJbHOTO
MIOTOHIIEHHS 1 BHYTPIIIHBOTO Ne(eKTy 3 MEHIIOO Jiierne-
KTPUYHOIO IIPOHUKHICTIO HIX Y 130JILiHHOrO Marepiaiy.
[Ipu Takomy edeKTi MOTOHHA €MHICTH MOXKE Maibke He
3MIHIOBATUCS, XO4Ya KOHIEHTPALis EIEKTPUIHOTO MO
Oyze 3Ha4HO BIAPI3HATHCS Bil cepeanboi. Hemomikamu
pobotu [8] € HemocTaTHsI OOIPYHTOBaHICTh BUOOPY (op-
MH 1 PO3MIIIECHHS MOBITPSHUX 1 BOIHUX BKIIOYCHD, IO

MOX€ MaTH BIUIMB Ha pe3yibratd poOoru. Takox B [§]
00’eM 130JIIHHOTO MaTepiaidy O MPOCOYYBAaHHS 1 MicCIIs
NpuiiMaBCcsl HE3MIHHUM, IO BUJIAETHCS, HA MOIO IIYMKY,
He 30BciM BipHEUM. Ha pesymeratm B [9] MoOke MaTu
BIUIMB HEBpPaxXyBaHHS IHIIMX Opi€HTAI nedeKTy 3 TpH-
KyTHHM TIoniepeyHuM tepepizoM. Hemomikom B [10] € Te,
10 TOYHICTH PO3PAXYHKY €IEKTPUYHOTO IIOJII HAa OCHOBI
HEMPOHHOT MepekKi 3MEHIIYEThCS, KOJIU IIyKaHi mapaMeT-
pH  maneki Big mapaMeTpiB  YHMCEIBHOI  CKIHUEHO-
eJIeMEHTHOI MojIeni, sika Opaia yJacTh y HaBuaHHi. Kia-
CHUYHUH MiJXiJ 10 PO3IJISIy BIUIMBY 10HI30BaHOI 00JacTi
Ha MEXaHIYHy MIIHICTh 30JISLIIHHOTO MaTepialy IPyHTY-
eThest Ha Kputepisx [piddita [11, 12]. Pesyasratn po6o-
TH [11] CTOCYIOTBCS JHIIIE METAIEBOTO BKIIOYCHHS, BipO-
TIIHICTB SIKOTO B CYYacHil 130JAmii 1ocuTh He3HadHa. J[o
HemoumikiB poboTtu [11] MOXXHA TaKOX BiTHECTH HEXTY-
BaHHS INPY)XHHMH BJACTHBOCTAMH Je(eKTy, a TaKoK
BiJICYTHICTB PO3TJISAY OpieHTaIil qedekTy mig KyTom 45°
JI0 TUIOLIMHU ejiekTpoaiB. ['opoBuiem [12] Oyno po3ris-
HYTO IMOBEPXHEBI TPILIMHU, MEPHEHIUKYISPHI IUIONMHI
€JIEKTPO/IIB, Y ABOBUMIpPHIH Ta OCECUMETPUYHIH ITOCTaHO-
Bui. Henonikamu B [12] € BiICYTHICTh PO3PAaXyHKY MOJIS
MEXaHIYHHUX Halpy>XeHb, TOOTO HEMAaE PO3yMiHHS PO3Mi-
py obsacTi KOHIEHTpalii HampyXeHb, a TaKOXX HE PO3-
TIITHYTI BC1 MOJKJIMBI BapiaHTH Opi€HTalii MOBEPXHEBOi
TPILMHHU.

Stark i Garton BHecTTH TOITOBHEHHS O Teopii Mexa-
HIYHHX HalpYXeHb 3 ypaxyBaHHIM IUIACTHYHUX Aedop-
MaIliif JienmeKTpuka s TMOSICHEHHS HOro pyHHYyBaHHS
[13]. Orpumanuii HUMH KpuTepiil pyHHYBaHHS BiIIOBI-
Ja€ MiHIManbHIA gedopMarlrii, KoM HAacTae KOJarc TOB-
IIMHU diefekTpuka. B [14] npenctaBieHO OUIBII 3arajib-
HY MOJeNb Ul BpaxyBaHHS IUTaCTHYHOI aedopmarii B
nosiiMepax. CriJIbHUM HEIOJIKOM LUX MOAENeH, Ha MO0
JIYMKY, € iX OJHOMIpHICTb, III0 HE JI03BOJISIE BpaxyBaTH
edexr [lyaccona. ¥ [15] npencraBieHa MoaeIb YTBOpEH-
HS 3apOJIKa Ta 3POCTaHHS IPOBIIHOTO KaHalTy Ha OCHOBI
€HEPreTHYHOTO MPHUHIHITY 3 YpaxyBaHHSIM €JIeKTPUIHOTO
Ta MEXaHIYHOTO TIOJIiB, a TAKOXK XIMiTHOTO OTEHITIaTy Ha
Mexi npoBimHU gedekr — mienektpuk. [Ipote deHOME-
HOJIOTIYHUI MapaMeTp BU3HAYECHHS MIiHIMaIbHO MOXKIIH-
BOTO PO3MIpy IMPOBIHOTO 3apOJKy, OTPUMAHUI 3 JOCIi-
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JUKSHHsI TTOBEPXHI eHeprii, He MiAKpimieHud (izuaHOoIO
OIIHKOIO MOTO MEXi (HalpuKia:, sIK el mapaMerp 3ale-
JKUTh BiJI MEXaHIUYHMX HaNpyXeHb Ha MEXi PO3NOALLY
IBOX (has).

B [16] Ta [17] mocaimkeHO MOXKIMBOCTI YTBOPEHHS
JIe(eKTIB Ta NSHAPHUTIB BIAMOBIIHO ITiJ] TIEK0 EIEKTPOMe-
XaHIYHOTO Ta MEXaHIYHOTro 3ycuiib. B Momemi [16] € ma-
paMmeTpH, sSKi HEMOXKJIMBO O€3IOoCepeHbO0 BHU3HAUHUTH, a
TOMY X 3HaueHHS OOYMOBIIOETHCS JIHIIE HEOOXiTHICTIO
Y3TOKEHHSI TEOPETHYHOTO 1 eKCIIEPUMEHTAIEHOTO YaciB
JIOBTOBIYHOCTI TOMieTIIeHOBO] i3omamii. B [17] BincyTHs
YHCeJIbHA OIIHKA PO3MIPIB IeEKTY 1 eleKTPUIHOTO HOJIs
y HbOMY, L0 MOXE€ BIUIMHYTH Ha OOIDYHTOBaHIiCTh 3a-
MPOTIOHOBAHOTO B POOOTI MEXaHi3My POCTY ACHIAPUTY. Y
[18, 19] po3risiHYTO 3aKOHOMIPHOCTI 3pOCTaHHS JEHIPU-
TIB il BIUIMBOM EJEKTPUYHOI HAINPYTu i3 3ajy4eHHSIM
TIOHATH TEH30pa HATsHKiHb MakcBeluia i MexaHiku pyiHHy-
BaHHA. B [18] BcraHoBNEHO, 10 NepeiKaHaIbHI CTPYKTY-
pu He OOyMOBJICHI YaCTKOBHMH DPO3PSAAaMH, a IPOIOHY-
€THCSI TOSICHEHHSI 1X BUHHUKHEHHS €IEKTPOMEXaHIYHUMU
HaIpy’>KeHHSAMH 1 y#apHoIo ioHi3ariero. OcTaHHIi Mexa-
HI3M B po0OTi He po3mIAnaeTses. HesHauHuME Hemoika-
MU B [18] npu BU3HAYCHHI MO MEXaHIYHUX HApy>KeHb
€ BIACYTHICTh BpaxyBaHHS 3MIHM TYCTHHH MaTepiaiy
JIeHIpuTy (110 B poOoTi OyI0 BCTAaHOBICHO €KCIIEPHMEH-
TaJIbHO), a TaKOX JOBUILHUN BHOIp MPOBIAHOCTI CTIHOK
nenapury. Henonikom pobotu [19] € Te, 1o enexkTpome-
XaHIYHI CHJIM HE OOYHMCIIIOIOTHCS MPU POCTI ACHAPHUTY, a
JIUIIIE OIHIOIOTHCS IIBUIKICTIO BULJICHHS CHEPTIi.

V [20] po3pobiieHa MOAETh BU3HAYCHHS MEXaHIYHUX
HArpyr y TOJIEeTHICHOBIH 1301l 3 eJincoinaibHuM Jie-
(exToM, Mana BiCh SKOTO TMapalelibHa IDIOMUHI eJIeKTPO-
niB. B [21] po3pobiieHa MaTeMaTHIHA MOJETh PO3PAXYHKY
€JIEKTPUYHOTO TOJIS, TIOB’SI3aHUX 3 HUM CHJI 1 MEXaHIYHUX
HaNpy>KeHb B 007acTi MiKpoJe(eKTiB MOieTHICHOBOT
i30i1A1i1 B OCcecUMeTpUuHii nocraHoBui. MyinbThdizndHa
TPUBHMIpHa MOJEINb, 1[0 BPaXxOBY€E E€JIEKTPUYHE, TEILIOBE,
MEXaHIYHE TI0JIs B 00J1aCTi BOJAHUX TPHIHTIB, MPEICTABICHA
B [22]. CninbHuMH Henonikamu pooit [20-22] € po3risin
nviie oJHoi opieHTamii AeeKTy (sSKa B CBOIO Yepry HE €
HaWBIPOTiIHIIIONI), HEBpaxyBaHHsS IPYKHHUX BIACTHBOC-
Tel neeKTy, HemocTaTHs: O0IPYHTOBAHICTh BUOOPY €JIEKT-
PUYHHX BIACTUBOCTEN Ae(EKTY, YACTKOBICTh JOCIIIKEHHS
(pO3TIIAAAETHCS JIHIIE TIOTICTHIIICH).

ExcniepuMeHTanbHe JOCTIIKCHHS BIUTUBY PpIiBHS
OMPOMIHCHHS HPUCKOPECHUMHU EIIEKTPOHAMH 3 EHEPIri€ro
0,5 MeB B pe3ynbTaTi TEXHOJIOTIYHOTO BUTOTOBIICHHS Ha
MEXaHIYHI Ta EJICKTPUYHI XapaKTePHCTHKH KaOenbpHOT
i3ossnii mposezeHo B [23]. He3Baxaroun Ha BHUCOKHIA
piBeHb JociipKeHHs, B [23] BiACYTHE TEOpPETHYHE MOsIC-
HEHHSI CHJIBHOTO KOPEJSIIMHOTO 3B’SI3Ky MEXaHIYHHX 1
CJIEKTPUYHHUX XapaKTEPUCTHK paliamiiHO 3MHUTOI i30J1-
uii. B [24] 3anpornioHoBaHa MOJIeNIb PO3PaXyHKY €JEKTPH-
YHOTO TOJS B TPHOXKOMITOHEHTHIH 130JIA1Ii{, MOIEIhOBa-
Ha SIK JIBOIIApoBa cTpiuka. Baprto Oymo 6 1m0 momens
MOPIBHATH 3 YUCEIBHO-TIOIBOBOIO MOJICILIIO, SIKa CKJIaia-
€TBHCSI 3 CKJIOBOJIOKOHHOI OCHOBH, IIPOCOYYBAJILHOT'O CKJIa-
Ny, CIIIofonanepoBoi crpiuku. ABTOpamu poboTtu [25]
00rpyHTOBaHa €()eKTUBHICTh BHUSBIICHHS TEXHOJOTIYHUX
nedekTiB B BUCOKOBOJIBTHIN 130JIALIiT HA OCHOBI XapakTe-
PHUCTHK YaCTKOBHMX PO3pPSIIB B I'a30BHX BKJIIOYEHHSX. B
[25] BimcyTHE MOPIBHSHHS 3alPOIOHOBAHOI JIAHIIOTOBOT

MOZEJI 3 YHCENbHO-TIONbOBOI0, a TaKOXX € IHUTAHHA 10
thopmu nedexry.

B [26] mpoananizoBaHO pi3HI KpHUTepii pyHHYBaHHs
nonimMepis (1 B 3araibHOMY BHUIAJIKY TIOPHCTHX MarepiaiB,
y TOMY YMCJIi KOMIIO3UTHHX MarepialiB, AepeBa, METaliB) i
MIOKa3aHo, 110 BCi KpHUTEepil MOXKHA 3BECTH N0 KPUTEPIIO
don Mizeca 3 Tiero uu iHIOKW oXKuOKor0. HemomikoM € Te,
1110 BBE/ICHHS HOBUX KPUTEPIiB pyHHYBaHH:, KpiM KpHUTEpi-
iB por Mizeca i Tpecka, moTpedye MOJATKOBHX IapamMeT-
piB, SIKi BH3HAYAIOTHCA EKCIIEPUMEHTAIFHO ST KOHKPET-
HOTO MaTepiaiy, [0 3HWKYE X YHIBEepCaIbHICTB.

Takum 4MHOM, Ha JaHUH MOMEHT ICHYIOYI MaTeMaTH-
YHI MOJIeJi HE J03BOJISIOTH PO3PaxyBaTH MAaKCHMAaIIbHi
MEeXaHIuHI Harpy>KeHHs JJIsl TBEPIOi 1301141l 3 pigkuM abo
razonofioHnM JedeKToM y JBOBHUMIpDHIH IOCTaHOBIN 1
BU3HAYUTHU iX B 3aJISKHOCTI BiJ CIIIBBIJHOIIEHHS IMiBOCEH
MOTIepeYHOro Tepepizy aedexTy, opieHTamii nedekry, a
TaKOXX NPH 3MiHI MPYXHUX 1 TETEKTPUUHHUX BIaCTUBOCTEH
130J1sLiHOTO MaTepiany i 1e(eKTy B IIMPOKHX MeXKax.

3arasbHa xapakTepucTnka podoru. Mera podo-
TH CKJIQIA€THCSl 3 BU3HAYCHHS MaKCUMAIBHHX MEXaHiy-
HUX HampyKeHb 3a KpurepieM GpoH Mizeca B i30IAMIHHNX
MaTepiaax HaBKOJIO Ae(eKTiB 3 10HI30BaHUM IOBITPSM 1
BOJOI0 B eJeKTpocTaTHYHOMY moni. IIpoanamizyBatu
BIUIMB Ha BKa3aHI HaNpyXEHHS HACTYITHHX HapaMeTpiB:
po3rtanryBaHHs ae(eKTy, KyTa Opi€HTaIlii BEJITUKOI MiBOCI
MoTIepeyHoro nepepisy AedekTy i 11 BiAHOLIEHHS 10 Ma-
70l MiBOCI, TPYXHUX 1 JiENEKTPUYHHUX BIIACTUBOCTEH
13ONIAIIHHOTO MaTepiaiy i gedekTy.

AKXTyanpHICTh pOOOTH TMOB’Si3aHa 3 TEOPETUYHUM
MOSICHEHHSIM HEOTHOPIHOCTI MIKPOCTPYKTYPH 130JIAIIiH-
HUX MaTrepiajiB, a TaKOX BUSABJICHHSM OCOOJIMBOCTEH Ta
MPUYNH PO3BUTKY MIKPOPO3MIPHHUX ITOBITPSHUX/BOTHUX
MOPOKHHH 1 TPUIHTOBHUX YTBOPEHb y TAKUX MaTepiaax.

O0’eKT mocaimkenHs. Y po0OoTi mopa B 00’ eMi fie-
JIEKTPHKA MOJICNIOETCS B MONEPEYHOMY TMepepizi sk
@JIiTC, a TPIlMHA Ha MOBEPXHI JIeNeKTPHKA — SIK MOJIOBH-
Ha emirnca. Po3paxyHkoBa 00nacTs y pasi IOpH € MIpsIMO-
KyTHUKOM 3i ctopoHamu 10a i 144, ne a — Benuka miBBich
eninca. MeHmIa miBBich elinica BU3Ha4YaeThes SIK b = a/k,
ne k — mapameTp, 1o JexkuTh y Mexkax k € [1...10]. Pos-
paxyHKoBa 00JIaCTh y BHUNAJKy TPILIMHHU € NPSIMOKYTHH-
KoM 3i cropoHamu 10a i1 7a. Bixgcranp Mix eleKTpogamMu
y MepIIoMy BHIIAIKy — OLIbIIA CTOPOHA MPSIMOKYTHHUKA, Y
JOpYroMy BHUIQAKy — MeHIa. Po3Mipu po3paxyHKOBO{
obmacti oOpaHi Tak, mo0 Ha ii Mekax MOIYIb BEKTOpa
HaTPY>KEHOCT] eIEeKTPHYHOIO IOJIs HaOIMmKaBcs 10 3Ha-
YeHb MOJIYJS BEKTOpa HANPYXXEHOCTI B 130JIALIHOMY
Mmarepiani 6e3 gedekry. Y poOOTi posrispanucs Tpu
BUIIaJKM PO3TalllyBaHHs eJjiilca Ta HamiBesinca: Ipu
kytax 0°, 45° Ta 90° Mixk MaJIOIO ITIBBICCIO Ta IUIOLIMHOIO
enexTpoaa. Takox po3risiaiucs BapiaHTH HACKPI3HOI Ta
oOMeskeHoI opH. Y NepIIoMy BHUIAIKY IPYKHUMH Bllac-
TUBOCTSIMH Marepiany nedekTy MoxHa 3HeXTyBaTtu. Y
JPyrOMY BHIIQJIKy MA€ThCs Ha yBa3i JIOCUTH JIOBTHH Y
HaTpsSMKY TEepHeHIUKYIpa IO PO3PaXyHKOBOI OOJIACTI,
oOMexxeHHit 3 000X OOKIB TapaleTbHUMH IDIOMIMHAMH,
muTiHApUIHUE 00°eM. [IpyxHiI BIacTHBOCTI MaTepiary
1[Or0 00’€My MarOTh BIUIMBATH Ha PO3MOALT MEXaHIYHUX
Harpy)eHb B 130JIIHHOMY MaTepialti.

MartemaTHuHa Moaesb. Po3paxyHOK ejekTpome-
XaHIYHUX 3yCHJIb IPYHTY€ETHCSl Ha CIIBHOMY PO3B’si3aHHI
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PIBHSHD €NEKTPOCTaTUKM Ta CTPYKTYpPHOI MEXaHiKH,
CKJIaJICHHUX JUIA 130TPOITHOTO KYCKOBO-OJTHOPIXHOTO cepe-
JIOBUILIA 3 JIHIHHUMHM BJIACTUBOCTSMH Yy JBOBUMIpHIH
nocraHoBi [27, 28]:

Vip=0;
E=-Vy,
D = goeiaE;
Ve =0; (1
&=0,5[(Va)" + Vu]; )
(O-xx Oyy 0z O-xy)T = CilEx Eyy 22 gxy) T, 3)

JI€ ¢ — CKLIPHHUIN EJIEeKTPOCTATUYHHNA moTeHIial, £ — Bek-
TOp HAINpPYXEHOCTI ENEeKTPUYHOTO OIS, D — BEKTOp eNeKT-
pUUHOT IHIyKIIii; £ — enekTpuuHa cTana (8,854:-10 2 d/m);
&ri(¢) — BITHOCHA JIIeNIEKTPUYHA POHUKHICTh 130JIA1[IHHOrO
Matepiany (medexry); ¢ — TeH30p MEXaHIYHHX HaIpy-
KEHb; & — TeH30p AedopMmartiii; # — BEKTOp 3MIIICHb Tijla
(pI3HUI KOOPAMHAT KiHIIEBOTO Ta IMOYATKOBOTO IIOJIO-
JKEHHS KOXHOT TOYKH); 0y, &; — BIAINOBIIHO KOMIIOHEHTH
TEH30piB MEXaHIYHUX HampyXeHb Ta nedopmariit; Cy —
MaTpulsl eJIaCTHYHOCTI, SKa 3alHCY€ThCs Yepe3 MOAYIIb
IOnra E), ta xoedinient Ilyaccona v s i30TpomnHOro
Marepiany y BUTJISII:

I-v v v 0
co Ey v 1-v v 0
M7 0ev)-(=20) v v 1-v 0

0 0 0 05(1-2v)

Marpuio enacTHYHOCTI JJIsl Ta30BOTO Ta PiIMHHOTO
BKJIIOUEHHS 3py4YHO 3alucyBaTh 4yepe3 MOIyjb 3cyBy G
Ta 00’ eMHMI MOZYJIb IPY>KHOCTI K

k136 26 26
3 3 3
k20 36 26
Cy = 3 3 3
k26 g 26 .36
3 3 3
0 0 0 G

BianoginHo 1o [27] Bci 00’ €MHI CHIIM 3BOJSTHCS 110
MTOBEPXHEBUX 1 BPaxXOBYIOTHCS Yepe3 I'PaHu4HI YMOBH.

[MuToMa cuila HA ONWHUIO TUTONI MOBEPXHI 130J1s1-
niifHoro marepiaiy f; 0OUHCITIOETHCSI HA OCHOBI TEH30pY
HaTsDKiHb MakcBeita [28] sk

f; = (Dz'n'Ez —Dl'n'El) — 0,5(D2'E2 — DI'E1)~n, (4)
ZIe 1 — BEKTOP 30BHIIIHBOI HOPMAJIi.

Jnsa pinuH Ta Ta3iB MOAYNb 3CYBY HOPIBHIOE HYJIIO,
TpoTe I YrcenbHoi peamizanii npuiimases G = 0,2 Ila.
OO0’ eMHUII MO/TYJTb TIPYKHOCTI Ae(EKTY Yy pasi oOMexeHoT
nopH s Boau npuitmases K = 2,2 I'Tla, a qyis ioHizoBa-
Horo noBitpsa — K = 0,101 MITa.

PiBusHHst cTpykTypHOi MexaHiku (1) — (3) 3amumcani y
HaOmkeHHi mackoi aedopmartii [28], T06T0 & = €,. = .. = 0.
Orxe, 0. = 0, = 0 1 MaTpUL €7aCTUYHOCTI 3MiHIOE PO3-
MIpHICTB 3 6x6 Ha 4x4.

I'paHn4Hi yMOBH 3a1a4i €I1EKTPOCTATHKY:

® Ul HWOKHBO] IDIOMUHU ¢ = |E,| d,

® ISl BEPXHBOI IUIOIIKHU ¢, = 0;

e 11151 60KOBOI TOBepxHi 1-D = 0,
ne E, — BEKTOp Hampy>KEHOCTi EJNIEKTPUYHOTO MO B
i30/sIiiHOMY ~ Matepiani 32  BIACYTHOCTI  Ae(eKTy;
d — BiicTaHb MI)X BEPXHBOIO Ta HUKHBOIO TUIOIIHHAMH.

I'panmuHi ymMOBH 3a7adi CTPYKTYpHOI MEXaHIKH:
® I HUOKHBOI TUIOIHMHY # = 0
e 15l BEpXHbOI IUIOIINHH 61 = f;.

Ha mexi po3nofiny IBOX CepeloBHUII MPUAMAIOTh-
cs: A 3afadi CTPYKTYPHOI MEXaHIKH PiBHICTh BEKTOPIB
3MILIEHb, U1 33]a4l eJIeKTPOCTATUKU — IPaHUYHI YMOBH
Helimana.

OCHOBHI TPUITYILEHHS, TPUHAHATI B MOJENI: 130Js-
LifHWIA MaTepial He Ma€e MPOBITHOCTI; 3apsIu Ha MEXax
PO3IiTYy JieeKTPUYHNX CEpeIOBHI BIJICYTHI, SIK 1 00’ €M-
Hi 3apsiiy; BIACYTHI CKJIZOBI MEXaHIYHHMX Harpy>KeHb,
CIOPUYHMHEH] TEIUIOBHUM Ta TPAaBITAIIHHAM IOJISIMH; IIPH
3MiHI 00’eMy ()i3W4HI BIACTHBOCTI MaTepiamiB HE 3Mi-
HIOIOTBCS 1 BIICYTHS OB’ s3aHA 3 IIUM HOJISIPU3AIlisl; Mai
nedopmanii JOCTIIHKYBAaHOTO 3pas3ka (HampuKiIan, Oyia
po3paxoBaHa MaKCHMalpHa nedopmamis i TYMH Y
nepeAnpoOiiHuX MoJIsX, ska ckiana 2,4 %; i nosiimi-
nHoi twiiBku — 0,049 %). OcrtanHe mependadae po3riisi
MOJIeNTi TUIBKM B MEXaX Teopii JiHIHHOI MPYKHOCTI, a
TaKOX JIO3BOJISIE 3B’ A3aHy CUCTEMY PiBHSIHb PO3AIJIMTH Ha
IIBI Tif3aaadi, siKi po3B’S3yHOTBCS IOCIIJIOBHO: 3a/laqy
€JIEKTPOCTATHUKH JUIsl OOUUCIICHHS TMTOMOT'O 3yCHILIS, IKE
NOTIM BHUKOPUCTOBYETHCSI SK TIpaHWYHAa yMOBa 3ajadi
CTPYKTYpHOI MeXaHikH. BHachimox miHIHHOCTI OKpeMo
B3ATHX 3a7a4 CJICKTPOCTATUKH 1 CTPYKTYPHOI MEXaHiKd
IpH 3MiHI pO3MipiB 3pa3ka 3 JOTPHUMAHHSIM BHIIE3a3Ha-
YEeHHUX MPaHUYHHUX YMOB BEJIMYMHH €JIEKTPHYHOTO i Mexa-
HIYHOTO I0JIiB IPOIOPLIHHO 3MIHIOIOTECS.

Po3nonin MexaHIYHUX HANpyKeHb OOYKMCIIIOBABCS 32
kpurepiem ¢poH Mizeca [28]

0= 0550’5'[(6)@ - Uyy)z + (O_yy - Uzz)z + (Uzz - O_xx)z + 6(0-)(}’)2]0‘5-

Cepen TakuX HalpyXeHb 3HAXOAWIOCS MaKCHMallb-
HE 3HAYCHHS Oy,y, AKE HANANI MPEICTaBIIIOCh Y BiTHOC-
HHUX OJUHHLIX:

J*max = Jmax/[ossgogi'i(Ew)z]-

Omxe, 6e3 nedexTy BIIHOCHE MeXaHIUuHE Harpy-
JKeHHS 32 (OH Mi3ecOM CTAHOBHTE O may = 1. OBIPYHTY-
BaHHSAM JUIsl TIPEACTABJICHHS MEXaHIUYHMX HalpyXeHb Y
BiTHOCHUX OJUHHIIAX CIYXXHTh MOIIOHICTh 3ycwib (4),
CTBOPIOBAHMX €JIEKTPOCTATHYHHUM IIOJIEM Ha OCHOBI TEH-
30pa HaTsHKiHb MakcBeria.

Mopienb TakoX XapaKkTepu3yeThesl MOAIOHICTIO eIeKT-
POCTATUYHHX TIOJIB TIPH 3MiHI MPOHUKHOCTI 130JISMIHHOTO
MaTepialy, IO CIpPaBeUIMBO, KOJM BUKOHYETHCS YMOBA
& << &,. JlocmimKyBanmmcs MeXaHi4HI HanpyKEeHOCTI Tpu
BIZTHOCHIH JieJIeKTpUIHINA MPOHUKHOCTI 130JIAI[IHHOTO MaTe-
piany B Mexax ¢, € [2...7], nedexry 3 Bogomw &, = 80,2.
CuitbHO 10HI30BaHI 00JIACTI, 1[0 BUHHKAIOTH IIPH YaCTKOBO-
My o001, MOJIETIOBAIKCSI MAaTePiajioM 3 BIIHOCHOIO Jiiere-
KTPUYHOIO MPOHUKHICTIO &, = 16000 st HacTpOIOBaHHS
yucensHol Mozeni [5]. Take 3HaueHHS BUOPaHO 3 METOIO
MPAaKTUYHOI peaji3allii B 3a/avi eJIEKTPOCTATUKU MOJEINI
iIcaTbHOTO TPOBITHHUKA 3 &, — 0, K Y JICKUIbKa pa3iB
OinbIlle 3HAUYEHHSI MaKCUMAJIBHOI JII€JIEKTPUYHOT TPOHHK-
HOCTI MaTepianiB y Mmozeri. HaBezgeHa Monens pealizoBa-
Ha YHCEITFHO METOAOM CKiHUEHHHX €JIEMEHTIB y Iporpami
COMSOL. [yis1 6inbIn 3aradbHOTO MiAXOMY IO MpodIeMu
MEXaHIYHMX HAIpPY)XeHb, BHUKIMKAHUX EIEKTPUIHHM
noJsieM, 3ajada copMysibOBaHa TaKMM YMHOM, 1100 Bpa-
XOBYBaTH MEXaHI4HI 1 €JIeKTPUYHI BIaCTHBOCTI OLIBIIOCTI
EJIEKTPOI3OISILIHNX MarepiainiB (I HaBiTh TiINOTETUYHI
3HaueHHs Taki, K Ey = 10° MIla). ®i3uuni BracTHBOCTI
JIESIKMX CJICKTPOI30JIALIHHMAX MaTepiaiiB HaBe/IeHi B Ta0. 1.
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ToOTo Ha OCHOBI aHaJi3y BIACTUBOCTEH EJIEKTPOi30JIsi-
mifHIX MatepiamiB Oynmu oOpaHi HACTYIIHI Jiamma3oHU
3MIHEHHS apaMeTpiB: BIAHOCHA iCIICKTPUYHA MTPOHHUK-

HICTh &,; = 2-7; koediuient I[lyaccona v = 0,1-0,499;
Moxyns FOnra £y, = 1-10° MITa.
Tabmums 1
®i3u4HI BIACTHBOCTI ACSKHUX EIEKTPOI30ALIHHIX MaTepialiB
. Mopnynb FOnra | Koediuient | [ienekrpuuna
Martepian Ey, MIla ITyaccoHa v |IIPOHHUKHICTS &,
T'yma 0,5...8 0,47 2,6
Homsinia- | 57 4).10° | 035...0,38 32
XJIOpHULT
Hontiminsa 3-10° 0,499 3,5
IUTiBKa
Llemono03a (2,7...6,5010° | 0,38...0,46 6,5
Enercrpo- 610 0,23 6..7
nopuessHa

PesyabTaTn gocaimkenn. [lpuxinanu enexTpuuHuX
MOJIB 1 TOJIIB MEXaHIYHWX HAIPYXEHb B 130JILIHHUX
Mmarepianax (¢,; = 2) npu |E,| = 40 MB/m 3 Bapiantamun
BOAHOTO nedeKTy HaBeneHi Ha puc. 1-3. Makcumym
KOHIICHTpaLii MEXaHIYHUX HalpyXeHb st Aedekry,
300pakeHOT0 Ha pHUC. 1,6, PO3TAIIOBYETHCS il NEIKUM
KyTOM JIO BEJIMKOI MiBOCI, SIKMH Ma€ TeHACHIII0 3MEHIIIY-
BaTHUCS TP 301IBIICHHI T€OMETPUYHOIO CIIiBBIAHOIICHHS
nepepizy aedexty. BiamoBimHo mo puc. 1 opieHTauis
obJiacTeil KOHLIEHTpALiil MEXaHIYHUX HAIpyKeHb CIIPHSE
NPOPOCTaHHIO B HAINPSIMKY JO HPOTHIIEKHOTO €IeKTpoJa
MTOBEPXHEBUX TPIilUH 3 KyTamu 0°...45° Mix MaJor ImiB-
BICCIO Ta TOBEPXHEIO EJIEKTPOJIB y pasi NepeBUILECHHS
MEXaHIYHOTO HANpPYXCHHS MEXi MIIIHOCTI HA CTHCHCHHS
i3omsALifiHOTO Marepianmy. Sk BumHO i3 puc. 2, 3, mpu
3MiHeHHI Monyis FOHra i30imifHIX MaTepialiB MaKkcH-
MYM MEXaHIYHOIO HAIpPYXCHHS 3MIIYeThCA. Y BHUIAJKY,
MPEICTaBICHOMY Ha PHC. 2, KOHIIEHTPAIliSl MEXaHIIHHX
HaIpy>KeHb 3MEHIIY€EThCSA Ha MPOJOBKEHHI BENUKOI IiB-
oci Ta 30UIbIIYEThCSl HA MaJliif. Y BUMAIKy pHC. 3 KOHIE-
HTpallis MEXaHIYHUX HaINpy>KeHb 31 301IbIICHHSIM MOYJIS
IOHra nepeMimaeTbest 3 MOJIOKEHHS HaJl BEIUKOIO ITiBBiC-
cro mix Hel. Jlns oOMexeHOi BOJHOI MOPH 3 BEIHMKOIO
IMiBBiCCIO, TIAPAJICIEHOI TUIOMIHHI EIEKTPOIIB, Ta KPyro-
BOi OOMEXEHOI MOpH 30Ha KOHLEHTpALil MeXaHIYHHX
HaInpy»eHb 3i 30UIbIIeHHsIM Moyt FOHra nosepraeTbest
cTpuOKoM Ha 90°.

JIJi TOBITPSIHUX 10HI30BaHMX HACKPI3HUX ITIOp 30HU
KOHIICHTPALlil MEXaHIYHAX HANpPy>XeHb PO3TAIIOBYIOTHCS:
SK TOBEPHYTI MiJl HEBENHKUM KyTOM 3a TOAMHHHKOBOIO
CTPUIKOIO BIIHOCHO OLIbIIOT IMiBOCI Asist obnacti aedexry,
AHAJIOTTYHO 300pAKEHHIO HA PHC. 3,2; Ha OCI, Mapase/IbHIM
TUTOIIMHI €JICKTPO/IIB JJIsl IHIUX BHUITAIKIB OPIEHTAILIT ITOP.

Ha puc. 4 npencrasineHi pe3ysibTaTi po3paxyHKy Ma-
KCUMaJIbHUX MEXaHIYHUX Halpy>XeHb 3aJIe)KHO BiJl Opi€H-
Tanii MOBEPXHEBOTO JIe(EKTy, 3allOBHEHOTO 10HI30BaHHM
TIOBITPSIM, HOTO T€OMETPUYHOIO CITIBBIIHOIICHHS Ta KOe-
¢iuientiB Ilyaccona izomsiuiiiHux marepianis. st Bapian-
TiB TpimwH 3 opieHTamiero 0° Ta 45° BIMB KoedimieHTa
[lyaccoHa i30mAmiHOTO MaTepiady Ha KOHIICHTPAILO
HaIPYXEHOCTI HaBKOJNO AedekTy MiHiMampHuiA. [ BKa-
3aHMX BapiaHTIB HaBeleHI 3aJIeKHOCTI IS Marepiany 3
v = 0,1. Po30DKHICTD 3aJIe)KHOCTEH 111 neeKTiB B 13011~
uiftHomy marepiaini 3 v = 0,499 cranoButs 10 —3,5 %. Ilpu
bOMY BKa3aHi MOJEJI Ul BU3HAUEHHs I0JIsl HAIPYKEHb
iHBapiaHTHi 10 3MiHeHHs MoayJist FOHra.

MV/m MPa
q113g0.14

4101
1
o0
!
178 101

0.12

:66 |0.08
|55
|23
J32 Joos

0.06

7120 Jo.02

MPa

0.08
0.07
0.06
0.05
|0.04
0.03
0.02

0.01

o
Puc. 1. MexaHiuHi Ta €IEKTPUYHI MOJIS HABKOJIO TOBEPXHEBOT
BOJHOT TPII[MHH, MaJla MiBBiCh MOIEPEYHOro nepepizy Kol
opienToBana mix kyrom 0° (a) 1 45° (6) 10 IIOLMHE ENEKTPOIIB
B i30JILiifHUX MaTepianax 3 v = 0,1 B HE3aJIEKHOCTI Bif
Moxyist FOnra

MPa
0.03
0.025

110.015

MV/m

100

0.015

| 001 joo

20 l 0.005

a 6 8
Puc. 2. Po3mofin Mozyist BEKTOpa eNeKTPUIHOT HAPYKEHOCTI
(a) Ta Hanpy»xeHHs 3a ¢poH MisecoM 1 BUNIa KB BOJHOT
0OMesKeHO1 TopH B i30IiLiitHNX Martepianax 3 v =0,1:
Ey=1MIla (6), Ey =10 MIla (s)

0.005

MV/m - MPa
90

0.04
80 0035
0 foo3

60
50
10
30
20
10

0.025
0.02
0.015
0.01
F 0.005

MPa
0.05

0.045
0.04
| 0.035
0.03
| 0.025
| 0.02
0.015
0.01
0.005

6 2

Puc. 3. Po3noain Momysist BEKTOpa €ICKTPUYHOT HAMIPY>KEHOCTI (@)
Ta HampyxeHHs 3a Gpon MizecoM /uis BUIaIKiB BOJHOT
o0OMexeHOT IopH B i30isiiiiHuX MaTtepianax 3 v=10,1:

Ey=1MIla (6), Ey=10"MIla(s), Ey=10°MIla ()
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Puc. 4. 3anexxHOCTI MaKCHMaJIbHUX MEXaHIYHUX HAIMPYKEHb
HABKOJIO IOBEPXHEBUX TPIIIMH 3 10HI30BaHUM IOBITPSIM, Majia
MIBBICh SKHX OPIEHTOBaHA JI0 TUIONIMHY €JICKTPO/IIB i/l KyTaMH
0° (xpusa 1), 45° (xpuBa 2) i 90° (kpusi 3 Ta 4 1 MatepiaiiB
3v=0,113v=0,499 BinnoBiznHo), BiJi FCOMETPUIHOTO
CHiBBIIHOIIIEHHSA

Ha puc. 5, 6 HpeﬂCTaBHeHl PE3yNLTaTH PO3PaXyHKY
MaKCHUMaJIbHUX MEXaHIYHHUX HanpyeHb B 3aJISKHOCTI BiJ
OpieHTalii MONEPEeYHOro Nepepisy IIOpH, 3alOBHEHOI
10HI30BaHUM IIOBITPSIM, ii FT€OMETPUYHOTO CITIBBIIHOIICH-
Hs1 Ta MPY>KHUX BJIACTUBOCTEH 130JIALIITHOrO Martepiaiy.
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Puc. 5. 3anexHOCTI MaKCHMAaJIBHUX MEXaHIYHUX HAIPYyKeHb
HABKOJIO TIOP 3 i0HI30BaHKUM IOBITPSIM, MaJia IiBBiCh SIKHUX
Opi€eHTOBaHa 10 TUIOMIMHY EIEeKTPOIiB mix KyToM 0°, Bix
TEOMETPUYHOTO CITIBBITHONICHHS JUIsl BUITAAKIB: 0OMEXKEHOT
nopu B Marepiani 3 v= 0,11 Ey,= 1 MIla (kpusa 1); HacKpi3HUX
mop B Matepianax 3 v= 0,1 (xpusa 2) i 3 v = 0,499 (kpupa 3)

Ha puc. 5 rpadik Hampyxenp B Matepiani 3 v = 0,1
ta E); = 10° MIla 36iraetbcs 3 rpadikoM s HACKpi3HOI
MopH B Marepiaiii 3 BianoBiguuMm koediuienrom I[yacco-
Ha. Takox Ha puc. 5 rpadik HanpyXeHb B Marepiajiax 3
v = 0,499 Ta momyrem FOHra B miama3oHi [l...lOS] MlIla
30iraeTbcs 3 rpadikoM Ut HACKpi3HOT MOpH B MaTepiani 3
BimnmoBimHUM KoedimienTtom Ilyaccoma. MakcumansHa
PpO30DKHICTE 32 MOAyJEeM B WX BHmaakax ckimama 1,1 %.
Ha puc. 6 nms oOMexeHHx mop 3 opieHTamieo 45° B i30-
JiitHuX Marepiagax 3 Ey = 1 MIla ta xoedimieHToM
[Tyaccona B mianasosi [0,1...0,499] npencraBienuii rpa-
¢bik, moOynoBanuii 3a nanumu mozeni 3 v = 0,1. Makcu-
MaJibHI PO30DKHOCTI 32 MOJYJIEM BiJOOpaKeHHsS HAIpy-
sKeHb Juist Mojaenm 3 v = 0,499 cknamm 1,4 % 1 10,9 % nis
k € [2...10] i k£ = 1 BianmoBiguo. Ha puc. 6 rpadiku Ha-
npyxeHb B Matepianax 3 E,, = 10° MIla Ta xoediuienra-
mu [Iyaccona v = 0,1 i v = 0,499 36iratorscs 3 rpadikamu
JUIS HACKPI3HOI IMOpU B MaTepiajax 3 BIAMOBIIHUMH KOe-
¢inienTom [lyaccoHa i MONOXEHHSAM JeQEKTy 3 MaKCH-
MaJIbHOIO po30ixHicTIO —0,54 %.
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Puc. 6. 3anexxHOCTI MAaKCUMaJIbHUX MEXaHIYHUX HAIpPY)KEHb
HaBKOJIO 110 3 iOHI30BaHNUM MOBITPSIM, MaJia MiBBICh SKHX
Opi€HTOBaHa 0 IUIOMINHHM €JIeKTPOIB Hmix KyTamu 45° (cyninbHi
ninii), 90° (IUTpHUXOBI JiHIT), BiJf TEOMETPUYHOTO CIiBBiJJHO-
LICHHS JUIS BUMAJKIB: B MaTepianax 3 £y, = 1 Mlla
iv=0,1...0,499 (xkpuna 1); B matepiaini 3 £, =1 MIlaiv=0,1
(xpuBa 4); B Matepiaini 3 E), = 1 MIla i v = 0,499 (xpusa 5);
JUISL HACKpi3HUX Top B Marepianax 3 v = 0,1 (xpusi 2 Ta 6)
13v=10,499 (xpusi 3 Ta 7)

Ha puc. 7, 8 HpeIlCTaBJ'IeHl Pe3yJbTaTH PO3PaxyHKy
MaKCUMAJIbHAX MEXaHIYHNX HATPYKEHD B 3aJIeKHOCTI BiJ
opieHTanii HoNnepevHoro nepepisy BoIHOI 1opwu, il reome-
TPUYHOTO CHIBBIHOLIEHHS Ta IPYXKHUX BIIACTUBOCTEH
130JISIIHHIX MaTepianiB Ha puc. 7 ne nokazani r;pa(bim
HanpyXeHb B marepianax 3 v = 0,1 ta Ey = 10° MIla;
v =0,499 ta E) = 1 MIla; v = 0,499 ta E;, = 10° MIla.
BoHy, sk 1 y Bumaaky nop 3 iOHI30BaHHM HOBITPAM, 30i-
raroThes 3 TpadikaMu I HACKPI3HUX 1Oop. MakcumarnbHa
p0361)KH1CTB TPy IEOMY CTaHOBI/ITb 2,3 %. 3anexHocTi
s Matepianis 3 £y, = 10° MIla ta v = 0,499 npu opies-
tauii gedekriB mixg kyramu 45° u 90° cniBnamaroTh 3
NPUBEIEHUMH Ha pHC. 8 3aJISKHOCTAMU Ul Martepiany 3
Ey= 10° MIlata v = 0,1. POo301>KHICTD 3aJI€XKHOCTEH 7151
Jiarna3zoHy 3MiHeHHs mapamerpa k € [2...10], mo Bu3Ha-

gae po3Mip nedeKTy, ckiamae 3a moaynem [4,9...1,2] %.
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Puc. 7. 3anexxHOCTI MAaKCUMAIbHUX MEXaHIYHUX HAIPYIKEHb
HaBKOJIO BOJHUX MOP, MaJla MiBBIiCh SIKMX OPI€HTOBaHa JI0 IIO-
LIMHY eJeKTPOiB mix KyToM 0°, Bif reOMETPUYIHOTO CITIBBI/-
HOIICHHS JUIsl BUIIAZIKIB: 0OMexeHol nopu B Matepiami 3 v=0,1 i
Ej =1 Mlla (xpusa 1); Hackpi3HHX mop B MaTepianax 3 v = 0,1
(xpuBa 2) i3 v = 0,499 (xpusa 3)

Jnst BCIX pPO3MISSHYTHX HACKPI3HUX IOP 3MIHEHHS
moxynst FOHra i3omsuiiiHOro warepiasly He BIUIMBA€
Ha KapTHHY PO3MOLIY HamlpyKeHb. MoKHa TBEPAUTH IPO
MPaKTHYHY 1IEHTUYHICTh 3aJICKHOCTEH MaKCHUMAaJbHUX
MexaHquHx HAarpy>XKeHb B O6JIaCTi z[e(beKTiB 3 iOHiSOBaHI/IM
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Puc. 8. 3anexHOCTI MaKCHMAaJIbHUX MEXaHIYHUX HAIMPYKEHb
HaBKOJIO BOAHUX ITOP, MaJia MiBBICh SIKMX OPi€HTOBaHa /10
[UTOLMHY eNeKTPOIIB il KyTamu 45° (CyLiibHi niHii),

90° (ITPUXOBI JiHIi), Bil TEOMETPHUIHOTO CITIBBiJHOLICHHS IS
BUnazakis: B Matepiaini 3 £y, = 1 MIlaiv=0,1 (kpusi 1 ta 6);

B Marepiani 3 Ey, = 1 MIlaiv= 0,499 (xpusi 2 Ta 7); B MaTepiai
3 Ey=10°MIlaiv=0,1 (kpuBi 3 Ta 8); 11 HACKPI3HUX 1OP

B Marepianax 3 v =10,1 (kpusi 4 Ta 9) i3 v= 10,499 (kpuBi 5 Ta 10)

KyToM 90° 10 IUIONIMHHU €IeKTPOJIiB, @ TAKOXK IPO 1ICHTH-
YHICTh HANPYXXCHb HABKOJIO HACKPi3HMX MOp 3 iOHI30Ba-
HHMM TIOBITPSIM 1 BOJIOIO NpH iHIMX KyTax. [Ipu 3pocraHHi
CHIBBiTHOIIICHHS BEJIMKOI Ta Mayoi MiBOCEeW mepepizy [e-
¢exry k Bin 1 1o 10 MakcuMalibHI MeXaHI4HI HanpyKEHHS
HAaBKOJIO OOMEXEHHX 1 HACKPi3HHX NOp 3 10HI30BaHUM
IUIOLIMHM eJeKTpoiB mmifg kyramu 0° 1 45° 3pocTaroTs y
2,3...6,3(0,5...6,3)12,6...3,9 (2,2...3,9) pa3u BianosigHo.

ITpn mocmijpKeHH] TTOBEPXHEBOTO BOAHOTO NedeKTy
BUSIBUJIACH  BIJICYTHICTh TMPOHOPLIHHOCTI MEXaHIYHUX
Hanpy»XeHb IpU 3MIHEHHI BIZTHOCHOI JieIleKTPHYHO]I ITpo-
HHUKHOCTI. 1e MosKe MOsICHIOBATUCH HASBHICTIO HE3HAYHO-
IO EJIEKTPUYHOTO T0JIS B 1e(eKTi, SIKE TIPH 3MiHi JTieJIeKT-
pPUYHOT NPOHUKHOCTI i30JsLiiiHOrO Marepiany Oyne 3wmi-
HIOBartucs. A Tomy rpadiku, npuseneni Ha puc. 9, 10,
noOyZ0BaHI Npy BU3HAYEHI Bi*,Z[HOCHI/I)i MEXaHIYHUX Ha-
MIPY’KEHb HACTYIHUM YHHOM: O maxw = O maxEri-

IIpencrasneni rpadiku Ha puc. 9, 10 crmpaBemyusi
JUISL 130JIALIMHNX MarepialiB, MPY>XKHI BJIACTHUBOCTI SKUX
3MIHIOIOTBCS ¥ MHAPOKHX MexkaX. CepemHs po30iKHICTH
3ajexHOCTel Ha puc. 9 npu 3MmiHi koediuieHta [Tyaccona
B miamazoHi [0,1...0,499] cxnamae 3 %. BignosimHo 10
puc. 9 npu 30UIbIICHH] BIIHOCHOT JieNeKTPUYHOI IPOHU-
KHOCTI 130JISIIHHOTO MaTepiaiy Bif 2 10 7 Ijs Aiama3oHy
CHIBBIZHOIIICHHSI BEJIMKOI Ta Mayiol MiBOCeH mepepisy
nedexry k£ € [1...10] mMakcumanbHi MEXaHI4HI Hampy-
JKCHHSI HABKOJIO MOBEPXHEBUX BOJHHUX TPIIIKH 3 Opi€HTa-
Li€I0 MaJMX IMBOCEH IO TUIOMIMHH E€NEKTPOiB i KyTa-
mu 0° 1 45° 3menmyrorees B 1,1...3 pasu.

OTxe, HE3BaXalO4YW HA IACHTHUYHICTh PO3MOALTY
€JIEKTPUYHOTO T10JIS1 JIJIsl TOTOXKHUX 00acTeil BapiaHTiB i3
30BHIMIHIMA Ta BHYTPIIIHIMHU Ae(eKTaMu pO3MOILT O
MEXaHIYHUX Halpy>KeHb HE OJHAKOBHUH, a 3aJIe)KUTh BiJl
CHIBBIIHOIIECHHS TPYKHUX BIACTUBOCTEH 130JIALIHHOTO
Marepiany i geeKTy, Miclisi 3HaXOKEeHHS edeKTy.

Bepudikanis orpumanux pedyabtaTiB. Monens
TECTyBaJacCh 3TiJIHO 3 YHCEIBHUM JIOCHI/DKEHHSIM POOOTH
[20]. B mopeni, HaBeneHiii B [20], po3B’s3yBaiachk 3aqadya
B OCECHMETPHYHIH MOCTAaHOBII 3 ypaXyBaHHAM IIPOBIIHO-
CTi Ha TOCTIHOMY CTpyMi. J{JIsl ameKBaTHOCTI MOPIBHSH-
HS B po3po0JIeHill y naHii poOOTi Mozeni BpaxoByBajacs
OCECUMETPHYHICTh 3a7avi Ta KOMIUICKCHA JieleKTPHYHA
NpoHuKHICTh. [loxmOka Il MakCHMaJIbHOTO 3HAuYeHHS

MEXaHIYHOTO HAMpPYXEHHs y MOPIBHSIHHI 3 Pe3yIbTaTOM,
orpumanuM B [20], ckmana 0,12 %, mo miaTBepIKye
MPaBUIBHICTh YHUCENBHUX PE3yNbTATIB JIaHOT POOOTH.
Kpim TOro, 3a mOpsAKOM EISKTPUYHUX 1 EIeKTPOMEXaHi-
YHUX BEJIMYMH YHCEbHI pe3ylbTaTH HaHOI poOOTH 1 po-
0iT [21, 22] 306iratoTbes.
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Puc. 9. 3anexxHOCTI MaKCUMalIbHUX MEXaHIYHUX HAIpPY)KEHb

HaBKOJIO IIOBEPXHEBHUX BOAHMX TPIIIMH, MaJla MiBBICh SKHUX
Opi€HTOBAHA 10 IUIOLIMHK eJIeKTPoiB mix kyTamu 0° (cyuinbHi
JiHii), 45° (WTpUXOBIi JiHIT), BiZ FeOMETPUIHOTO
CHIBBiHOLICHHS U BUMAKIB: €, = 2 (KpuBi 1 Ta 5),

& =4 (xkpuBi 2 ta 6), ¢,; = 6 (xkpuBi 3 Ta 7), &, = 7 (kpuBi 4 Ta 8)
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Puc. 10. 3anexHOCTI MaKCUMalIbHUX MEXaHIYHUX HAIPYKEHb

HaBKOJIO NOBEPXHEBUX BOAHUX TPIIHMH, MaJia MIBBICH IKUX

Opi€HTOBaHa [0 TUIOMIMHY EIEeKTPOaiB Iix KyToM 90°, Big

FEOMETPUYHOTO CIiBBiIHOIICHHS B MaTepianax 3 v = 0,1

(cyninbHi miHil) 1 3 v = 0,499 (mrTprxoBi iiHIT) U BUNaIKIB:
&; =2 (xpusi 1 Ta 5), ¢,;= 4 (xpusi 2 ta 6), ¢,; = 6 (xkpusi 3 Ta 7),
&, =" (xpuBi 4 Ta 8)

BucHoBkmu.

1. Po3po0ieHa 4rcenbHO-IIONFOBA MaTEMaTUYHA J[BO-
BUMIpHA MOJIENIb, SKa CKJIAQNAETbCA 3  IOCIiIOBHO
PO3B’sI3yBaHUX DIBHSIHb EJIEKTPOCTATUKU 1 CTPYKTYPHOI
MEXaHiKH, Uil BU3HAYCHHS PO3MNOUTY MEXaHIYHMX Ha-
NpyKeHb B 130JILiiiHOMY Marepiani 3 piakuM abo razo-
moaiouuM aedexrom i pearizoBana B COMSOL. Aneksa-
THICTh MOJIEJII MiATBEP/PKEHA MOPIBHAHHSIM 3 BIJOMHUMH Y
JiTepaTypi pe3yibTaTaMu.

2. MiHiMabHe BiTHOIICHHS HaHOUIBIINX HANpPYKCHb B
I30JIMIHHMX Marepiajlax HABKOJO MOBEPXHEBHMX TPIIMH 1
TIOp U1t 10HI30BaHOTO TOBITPS CKJIAJI0 9,3 pasu JuIsl MaKkcu-
MAaJIBHOTO, PO3IJITHYTOrO B POOOTI, CITIBBIHOIICHHS BEJTUKOT
Ta Majol MiBoced MmomepedHoro mepepizy aedekry k = 10.
Jns BogHOro nedeKTy aHaloriyHe BiHOIICHHS CKIIAo
2...5,6 pa3iB, 30UTBIIYIOYHCH TIPU 3MiHI BIJHOCHOI JIieNEeKT-
PHYHOI IPOHUKHOCTI 130JIIIHHOTO MaTepiany Bif 7 110 2.

3. Ilpu 30inbmienHi moayns KOHra izomnsiiiHOro Marte-
piamy Bix 1 MIla mo 100 I'Tla xytu Haxwmity 0 Bici criB-
BIIHOIICHHS BEJIMKOI Ta Mayiol IMBOCEH IOIEPEUHOro
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nepepizy eQeKTy JTiHeapu30BaHUX 3aJISKHOCTEH MaKCH-
MaJlbHUX MEXaHIYHHX Halpy>KeHb HAaBKOJO OOMEXEHHX
1op 3 10HI30BaHMM TOBITPSM (BOJ0I0) 30UIBIIYIOTECS Ha
35,9° (58,0°) 1 18,6° (20,1°) mpu Opi€eHTAIIAX BEIUKHX
niBoceit mix kyramu 0° i 45° BiAnoBigHO.

4. Tlopanpuinii  HAMPSIMOK  JIOCII/KEHb MOJISIrae  y
BCTaHOBJICHH] 3aJIe)KHOCTEH PO3INOJUTy MEXaHIYHUX Ha-
MpYyXeHb B BOJAMIHHUX MaTtepiamax 3 aedexkramu Ha
OCHOBI yJIOCKOHAJIEHOT MaTeMaTU4HOi MOJENI ypaxyBaH-
HSIM JOAAaTKOBOI MMPOCTOPOBOT KOOPIUHATH Ta aHi30TPOMil
(i3UYHKX BJIACTUBOCTEH MaTepiaiiB MOJEII.

Konguaikr iHtepeciB. ABTOp cTaTTi 3asBis€ PO
BiZICYTHICTh KOH(IIKTY IHTEpECIB.
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Determination of the maximum mechanical stresses in the
insulating material around a defect with a high dielectric
permittivity in an electrostatic field.

Introduction. All insulating macrohomogeneous solid materials change
shape under the influence of an electric field. Problem. The presence of
minor defects changes the distribution of an electric field and causes a
significant concentration of mechanical stresses in a given section of the
material, which, under certain circumstances, can cause partial or
complete destruction of this material. Goal. The purpose of the work is
to determine maximum mechanical stresses according to the von Mises
criterion in insulating materials around defects with ionized air and
water in an electrostatic field. Also, to analyze the influence of the
following parameters on the indicated stresses: the location of the
defect, the orientation angle of the semi-major axis of the defect cross-
section, the ratio of semi-major and semi-minor axes, elastic and dielec-
tric properties of the insulating material and the defect. Methodology.
The study is based on the interrelated equations of electrostatics and
structural mechanics for an isotropic piecewise homogeneous medium.
The solution of these equations is obtained by the finite element method.
Results. Graphs of dependences of maximum mechanical stresses on the
ratio of semi-major and semi-minor axes of the ellipsoidal cross-section
of the defect have been obtained. The minimum ratio of the greatest
stresses in the insulating materials around the surface cracks and pores
Jfor ionized air has been 9.3 times for the maximum ratio of major and
minor semi-axes of the cross-section of the defect considered in the
work, which is 10. For a water defect, the similar ratio has been 2...5.6
times, increasing when the relative dielectric permittivity of the insulat-
ing material changes from 7 to 2. When Young’s modulus of the insulat-
ing material increases from 1 MPa to 100 GPa, the angles of the incli-
nation of the linearized dependences of maximum mechanical stresses
around bounded pores with ionized air (water) to the axis of the ratio of
major and minor semi-axes of the defect cross-section have been in-
creased by 35.9° (58.0°) and 18.6° (20.1°) at orientations of major semi-
axes at angles of 0° and 45°, respectively. Originality. The numerical-
field mathematical two-dimensional model has been developed for the
first time, which consists of sequentially solved equations of electrostat-
ics and structural mechanics, for the determination of the distribution of
mechanical stresses in an insulating material with a liquid or gaseous
defect. It has been established for the first time that the ratio of the
elastic properties of the insulating material and the defect determines
the angle of the inclination of the linearized dependence of the maximum
mechanical stress to the axis of the ratio of major and minor semi-axes
of the defect cross-section. Practical value. The types of defects that
contribute to the aging of insulation materials under the combined
action of an electric field and a stress field to the greatest extent have
been established. References 28, table 1, figures 10.

Key words: insulating material, internal and surface defect,
electrostatics, structural mechanics, von Mises stress, finite
element method.
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Maximizing solar photovoltaic system efficiency by multivariate linear regression based
maximum power point tracking using machine learning

Introduction. In recent times, there has been a growing popularity of photovoltaic (PV) systems, primarily due to their numerous
advantages in the field of renewable energy. One crucial and challenging task in PV systems is tracking the maximum power point (MPP),
which is essential for enhancing their efficiency. Aim. PV systems face two main challenges. Firstly, they exhibit low efficiency in
generating electric power, particularly in situations of low irradiation. Secondly, there is a strong connection between the power output of
solar arrays and the constantly changing weather conditions. This interdependence can lead to load mismatch, where the maximum power
is not effectively extracted and delivered to the load. This problem is commonly referred to as the maximum power point tracking (MPPT)
problem various control methods for MPPT have been suggested to optimize the peak power output and overall generation efficiency of
PV systems. Methodology. This article presents a novel approach to maximize the efficiency of solar PV systems by tracking the MPP and
dynamic response of the system is investigated. Originality. The technique involves a multivariate linear regression (MLR) machine
learning algorithm to predict the MPP for any value of irradiance level and temperature, based on data collected from the solar PV
generator specifications. This information is then used to calculate the duty ratio for the boost converter. Results. MATLAB/Simulink
simulations and experimental results demonstrate that this approach consistently achieves a mean efficiency of over 96 % in the steady-
state operation of the PV system, even under variable irradiance level and temperature. Practical value. The improved efficiency of 96 %
of the proposed MLR based MPP in the steady-state operation extracting maximum from PV system, adds more value. The same is
evidently proved by the hardware results. References 24, table 4, figures 14.

Key words: machine learning, maximum power point trackers, solar photovoltaic systems.

Bemyn. Ocmannimv yacom spocmae nonynspricme gpomoenekmpuunux (PE) cucmem, nacamneped yepes ix uucienni nepesazu 6 2auysi
8ioHo606aHoi enepeemuxu. OOHIEI0 3 HAUBAHCIUBIWUX | CKIAOHUX 3a60anb y PE cucmemax € 6i0cmedcents MoyKu MAKCUMANbHOT
nomyscnocmi (MPP), sika Heobxiona onsi niosuwenns ix egpexmusnocmi. Mema. @F cucmemu cmukaiomvcsi i3 060Ma OCHOBHUMU
npobnemamu. Ilo-nepute, 80HU OeMOHCMPYIOMb HU3LKY epeKmueHicmy GUPODIeHHS efleKmpoeHepeii, 0cobIUuB0 8 YMO8ax HU3LKO20
sunpomintosanns. Ilo-opyee, icHye cunbHull 36 A30K MidH GUXIOHOI NOMYHCHICINIO COHAUHUX bamapeli i NO20OHUMU YMOBAMU, WO NOCHIUHO
sminiolomecs. Ll e3aemosanedcnicms Modice npusgecmu 00 HegiON0GIOHOCHI HABAHMAJICEHHS, KOU MAKCUMATbHA NOMYICHICHb He
ehexmusHo 6i0OUpamumemscsl i nepedasamumemscst 8 Hasanmagicents. Lo npobiemy 3azsuuail HA3UBAIOMYb NPOOIEMOIO BIOCIEICEHHS
mouku maxkcumabroi nomyscnocmi (MPPT). [lna onmumizayii nikosoi suxionoi nomyosicHocmi ma 3a2anvHoi eqpexmusnocmi eenepayii OF
cucmem Oyno 3anpononosaro pisui memoou xkepysauns MPPT. Memoodonozia. Y yiii cmammi npedcmagieno Hosuil nioxio 00 MaKkcumizayii
epexmusrocmi consunux QE cucmem wnsxom siocmedxcenns MPP ma docnioscenns ounamiunoi peaxyii cucmemu. Opuzinansnicme. Llei
Memoo0 BKIIOUAE ANSOPUMM MAWUHHO20 HABYAaHHS bazamosumipHoi ninitinoi peepecii (MLR) ons npoenosysanns MPP onsa 6y0v-axozo piens
oceimaeHocmi I memnepamypu Ha OCHO8I OaHux, 3iopanux 3i cneyugixayii consunux DE cemepamopis. La ingopmayia nomiu
BUKOPUCIOBYEMbCS. Ol PO3PAXYHKY — Koegiyicnma 3anosnenHs nepemeopilosaua, wjo niosuujye. Pesynsmamu. Mooeniosanns
MATLAB/Simulink ma excnepumenmanshi pe3ynbmamu nokazyloms, wjo yeui nioxio nociiooeHo 3abe3neywye cepeoHto epeKmuHicms noHao
96 % 6 peowcumi pobomu PE cucmemu, wjo 8CMAHOBUSCS, HAGIMb NpU 3MIHHUX DigHAX oceimnenocmi i memnepamypi. Ilpakmuuna
yinnicmy. ITiosuwena egpexmusnicmo 96 % npononosanoeo MPP na ocnoei MLR ¢ peowcumi pobomu, wo eucmauae makcumym 3 OF
cucmemu, niosuwye yinnicmo. Te came, ouesuoHo, niomeeposicytoms i anapamui pezynomamu. bioin. 24, Tadn. 4, puc. 14.

Knrouosi cnosa: MalllMHHe HABYAHHS, BiACTeKYBa4yi MAKCHMAJIBHOI OTY:KHOCTI, COHSIYHi oTOETEKTPHYHI CHCTEMHU.

Introduction. Solar photovoltaic (PV) generator
energy systems have become increasingly popular as a
source of renewable energy. However, one of the main
challenges is, achieving maximum power extraction from
the PV generator as it is typically not operated at its
optimal point for specific levels of irradiance (/) and
temperature (7). To address this challenge, various
techniques have been developed for tracking the
maximum power point (MPP) known as MPP tracking
(MPPT) techniques, which aim to improve the efficiency
of PV generator. The most common conventional
methods for MPPT of a PV generator are Perturb &
Observe (P&O) and Incremental Conductance (IC)
algorithms. These methods involve adjusting the voltage
of the PV generator [1-3] to calculate the required change
in voltage for maximum power extraction. Other methods
include mathematical-based approaches like the curve-
fitting algorithm, which indirectly tracks the MPP using
the power-voltage curve of the panel. Constant-parameter
algorithms like fractional open-circuit voltage require
periodic measurement of the open-circuit voltage, while
the fractional short-circuit current algorithm requires
periodic measurement of the short-circuit current. Trial-

and-error-based methods like gradient descent calculate
the adjacent local MPP using the gradient function.
Intelligent prediction algorithms like fuzzy logic control
(FLC) and artificial neural networks (ANN) can predict
MPP by adjusting the weights of different layers through
a training process [4, 5]. Optimization methods like ant
colony optimization, firefly algorithm, genetic algorithm,
and grey wolf optimization attempt to optimize functions
or variables to achieve maximum power extraction from
the PV generator.

These algorithms are designed to operate the PV
generator at the MPP to extract the maximum available
power for delivery to the load.

Machine learning (ML) algorithms can predict
unknown data with a high degree of accuracy by learning
from known data. By training a ML algorithm [6] with
existing data and testing it with new data, a ML model is
created. Typically, 75 % of the data is used for training,
and the remaining 25 % for testing the model. Image-
based ML and reinforcement learning algorithms have
been used for MPPT in PV generator. To operate the PV
generator at the MPP, a converter is required.
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The literature reports the use of various types of
converters, including DC-DC buck converters, boost
converters, buck-boost converters, single-ended primary
inductor converters, and controlled inverters.

Although the conventional P&O and IC methods are
simple and require fewer sensing elements, they have a
low MPPT speed for rapid changes in irradiances.
Intelligent prediction algorithms like ANN and FLC can
address this issue. The performance of the ANN model
depends on the correlation between the training and
validation data, the number of iterations used for training,
and the number of layers and neurons. The accuracy of
the FLC is dependent on the rule-based design, which
requires human expertise and experience. The Cuckoo
Search (CS) technique is considered one of the fastest and
most reliable optimization techniques but has a high
failure rate and high oscillations in the steady state.

Achieving fast-tracking of the MPP is crucial for
efficient solar PV generator, as irradiance and temperature
change rapidly. ML algorithms offer a promising solution
to improve MPPT speed without requiring an iterative
approach or controller. To evaluate this approach, a new
multivariate linear regression (MLR) algorithm is
proposed in this study, and its performance is compared to
conventional techniques like P&O and IC, intelligent
methods like ANN and FLC, and optimization algorithms.

The block diagram shown in Fig. 1 for a complete
system, where P,,, is maximum power available at MPP,
V.p is the voltage of the solar PV generator at MPP, 7, is
the current through the solar PV generator at MPP, D is
duty cycle, R,,, is the resistance at MPP and R, is the load
resistance. The mean efficiency is calculated under
different irradiance level (IL) and temperature 7T to
validate the effectiveness of the MLR method.

— Pmy, 2
MLR Machine Rmp=V=mp / Pmp
. . 2
learning 7 D=I-( Ryyp /Rp ) 12

H.A

Fig. 1. System block diagram

System description. Characteristics of PV
generator and DC-DC boost converter. Solar PV
generator convert sunlight into electricity, and several
cells are connected to form a PV generator. The one-diode
equivalent circuit [7-11] of a PV generator is depicted in
Fig. 2 and represented mathematically in (1). The number
of solar PV generator in a panel determines the
specifications for voltage, current, and power.

I pv Rs

Fig. 2. The one-diode equivalent circuit of a PV generator

V+IR, Vil R
Ly, =Ip—Ip(e "' —1)——Jr AR )]
Rsh
where 1,, is the solar PV generator current; /; is the
photocurrent as a function of IL and T; Ip is the diode
saturation current; ¥ is the solar PV generator voltage; R is
the series resistance; # is the diode ideal factor (1 <n <2); Vr
is the thermal voltage equivalent; Ry, is the shunt resistance.
Figure 3 illustrates a boost converter with pulse
width modulation control, which is powered by a solar
PV generator. The MOSFET switch and duty cycle (D) is
responsible for controlling the amount of power that is
delivered to the load from the solar PV generator. The
inductor L present in the circuit boosts the solar PV
generator voltage to the required output voltage level.
Additionally, the load current 7, flow through the load and
input and output capacitors C; and C, are utilized to
minimize the ripple content in the voltages [8-10].

Lpy I, L 1,

MOSFET

v,
Solar PV r Load
generator

| IC Dé:l I T

Fig. 3. Boost converter with solar PV generator

The solar panel specifications used for the
simulation include a maximum power of 250 W, short-
circuit current of 9.38 A, open-circuit voltage of 36 V,
voltage at MPP of 28.8 V, and current at MPP of 8.68 A.
The current-voltage and power-voltage characteristics of
the solar PV generator under different temperature and
irradiances are illustrated in Fig. 4.

LI, A
W= w?

G,

0.8 KW/m?

X 29.86
Y 8.68

4F 04 KW/m?

200

100

. 1 s 1 L L L
0 5 10 15 20 25 30

357, V 40
Fig. 4. The current-voltage and power-voltage characteristic
curves of solar PV generator

Multivariate linear regression. The linear regression
method is a simple ML technique that is suitable for
predicting real numbers from available data. It works by
predicting unknown data, which is also known as
dependent data, from the features, which are referred to as
independent data [12, 13]. If the data has a single feature,
then the univariate linear regression algorithm gives a
straight line that predicts the data in a two-dimensional
space. On the other hand, if there are multiple features, the
MLR algorithm provides a plane in multidimensional
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space. The general form of the multiple linear regression
planes [12] can be expressed as:

y= ﬂ() + ﬂO'xl ot X T ﬁn'xm (2)
where y is the data to be predicted in a n-dimensional space
X1y X2, -, X1, X, are the feature with £, S, ... , Bi1, B as
regression coefficients.

ANN-based MPP [14-18] is shown in Fig. 5 for an
example of finding the duty at MPP (D,,,,) based on the
training provided for the ANN. The results of D,,,, are
taken as output and are used for comparisons.

Hidden
Layer Output
Layer

Input

Fig. 5. Neural network example

Data in linear regression. ML algorithms acquire
knowledge by analyzing data, allowing them to identify
patterns, make informed decisions, and assess their level of
certainty based on the information provided. The quality of
the training data plays a critical role in determining the
effectiveness of the model. Figure 6 indicates the learning
model. Three-dimensional MLR model is shown in Fig. 7.

Data Information >

Knowledge

\ 4

Fig. 6. Learning model
A y

Residual in
rediction

Fig. 7. MLR model in a three-dimensional space

Learning is data refers to raw and unprocessed facts,
values, texts, sounds, or images that are yet to be analyzed.
It is a crucial component in the fields of ML and artificial
intelligence, and without it, cannot train any models.
Information, on the other hand, is data that has been
interpreted and manipulated to provide final results.
Knowledge is a combination of inferred information,
experiences, learning, and insights that result in awareness.

Data preprocessing. Training data. The part of data
used to train the model. This is the data that the MLR model
sees (both input and output) and learns from this data. In the
proposed work, 70 % of data is given for training purpose
and the records were chosen randomly (Fig. 8).

Validation data. The part of data that is used to do a
frequent evaluation of the model, fits on the training

dataset along with improving involved hyper parameters
(initially set parameters before the model begins
learning). This data plays its part when the model is
training. For validation of data, only 20 % of the data is
given and the records were random.

| Data Learning |

\ 4
|| Validation Data | |

Fig. 8. Data preprocessing

| Training Data Testing Data |

Testing data. Once the model is completely trained,
testing data provides an unbiased evaluation. When the
inputs of testing data are fed, the trained model will
predict some values (without seeing actual output). After
prediction, to evaluate the model by comparing it with the
actual output present in the testing data.

This is how the evaluation and performance model
has learned from the experiences feed in as training data,
set at the time of training. The remaining data i.e., 10 %
of data is fed to the trained and validated model to
evaluate performance.

Methodology. The methodology used in this study is
divided into 4 stages, as the flowchart shown in Fig. 9. The
first stage involves collecting and processing raw data from
the solar PV generator  specifications  using
MATLAB/Simulink. After collecting the data, an analysis is
performed to remove any outliers. The second stage focuses
on developing the MLR model through training, validation,
and testing using the prepared data. The performance of the
model is evaluated using metrics such as sum squared error
(SSE), R?, and root mean square error (RMSE). The formula
to calculate these measures are provided below.

Start Train MLR ‘l Start I
model
Solar PV panel l Prepare MLR
specification ~ model
topping T
: criteriag -~y Predict duty
Yo
—
Data collection Pe ‘1’"“?““
¢valuation Measure load
Data analysis, - l power
processing Applying mode 1
and division to testing data
Input training | | [ Performance | |  Yes
data evaluation ISt_opl

Fig. 9. Flowchart for the proposed MMPT using MLR
ng 2,
SSE=Y" (Vix~Ypk)?: 3)
ny 2
2 szl(YA,K - YP,K)

R° =1 ; 4)
Zr]l(s:l<YA,K _YP,Avg) 2

1 ng
RMSE:\/L—Zlgzl(YA,K—YP,K) 2}’ ©)

where Y, represents the actual data; Y is the predicted
data; n, is the number of samples; Y, is the average
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values of Y,. The value of R* e [0, 1] specifies the
prediction strength of models, and an R? value closer to 1
ensures the best fit of the model. Likewise, the SSE and
RMSE values measure the residual or error among Y, and
Yp. Therefore, SSE and RMSE values closer to 0
represent the models’ superior prediction.

In the proposed methodology, the third stage
involved using the MLR model to perform MPPT. The
MLR model predicted the maximum power available at
MPP (P,,) and the voltage of the solar PV generator at
MPP (V,,) for a given IL and temperature 7. The
predictions were used to determine the required D for the
boost converter to operate the PV generator at MPP. The
corresponding resistance at MPP (R,,) was computed
using these predicted values as in (6). The R,, was
reflected between nodes of boost converter by controlling
the D of the boost converter. The D in terms of R,,, and
load resistance Ry is given in (7):

Rup =Vi2p [Py - (6)

D=1-[(R,, /Ry). (7)

The maximum and minimum values of the load
resistance were determined using the method proposed in
[8]. The boost converter is designed using the procedure
explained in [7]. The required boost converter inductance
L and capacitance C are as follows:

L= Vinp : (Vout - Vinp )/fsw Al 'Vout 5 (8)

C= Iout : (Vout - Vinp )/fsw AV 'Vout 5 )

where V,,, is the input voltage; V,,, is the output voltage;

fsw 1s the switching frequency; Al is the current ripple;
1, 1s the output current; AV is the voltage ripple.

The fourth stage of the methodology involved a
comparative analysis of the MLR methodology with existing
conventional, intelligent, and optimization MPPT methods.

Simulation results and discussion. Data collection.
The simulated dynamic result for the IL changed from
900 to 500 W/m’ is shown in Fig. 10. In that
corresponding solar power, voltage, and current were
demonstrated that the maximum power can track using
the proposed method.

The data collected for this study includes four
variables: /., T, P,, and V,,. The values of P,, and V,,
depend on /, and T.

Tracked Ppy: 230 W

of| Actual Py 230W

Tracked Ppy: 120 W

Power (W)

,,,,, e e nnnennennnenen Actual Py 330w

-
G: 900 W/m? G: 500 W/m?

Irradiance (W/m?)
i

-
Q2
°
-

]

% duty: 41%

Voltage (V)

% duty: 38%

8
V)

W e e 1 12 14 s s 2

Fig. 10. Simulation results of V,,,, 7, .

ovs Loy Py and D for chaﬁgé in /.
from 900 to 500 W/m?, T'=25 °C

To predict P, and V,,, I, and T are used as features.
The MPP of changes in variables for the installed roof
solar PV generator and its specification of 250 W
Zy-TECH 250P [19-21] are given in Table 1.

Table 1
Specification of solar PV generator
Specification Value
Rated power, W 250
Voltage at maximum power, V 28.8
Current at maximum power, A 8.68

Open circuit voltage, V 36

Short-circuit current, A 9.38
Voltage temperature coefficient —0.36901
Current temperature coefficient 0.086988

Performance of the proposed MLR model. The
MLR machine learning models created using
MATLAB/Simulink involves two independent and one
dependent variable. These models can predict the values
of P,, and V,,, based on specific values of /. and 7. The
data were collected as described earlier, based on the
specification of the PV generator. The MLR model
developed is presented mathematically in (10) and (11):

P,,=0.8994 +0.01001-7, — 0.03685-T; (10)
Vip =19.21 + 0.0007073-1, — 0.08946-T. (11)

The developed MATLAB MLR machine learning
technique consists of two input variables and one output
variable. These techniques can predict P,, and V,, at
various irradiance /, and temperature 7.

The regression coefficients of (10) define a plane in
I,, T and P,,, as shown in Fig. 11,a. The residuals in the
prediction for these parameters are shown in Fig. 11,5
The numerical analysis of SSE, R*, and RMSE are
0.0197, 0.9999 and 0.0405, respectively. The SSE and
RMSE values are close to 0, and the R* value is close to 1,
indicating the best prediction of the models and the results
given in Table 2, 3.

P, W

250
200
150
100

50

50

. o 800 1000
T,°C 3 o gy 400 T Wi

—* residuals
b

1000

Py, pou.

40 800
600
T,°C 0 T L wWim?
Fig. 11. a — P, plane defined by regression coefficients;
b — residuals in prediction

30

Table 2
Training results
Metric Value
RMSE 1.0347-10™
R 1
MSE 1.0762-10 %
Prediction speed | 9800 obs/s*
Training time 4.9252 s

*obs/s — refers to number of observations processed per second.
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Table 3
Testing results

Metric Value
RMSE 3.6016-10
R? 1
MSE 1.2972-10°%

Performance comparison of various methods. The
performance of the MLR model was compared to other
models, and the results were summarized in Table 4 for
the time range of 0 to 0.5 s. The comparison indicated that
the P&O and IC methods exhibited oscillations in steady-
state, while the other models did not [22-24]. According
to Table 4 the MLR model settled in less than half the
time with a high steady-state value of 230 W and almost
zero overshoot compared to the P&O method. Similarly,
the MLR model settled in less than half the time with a
high steady-state value and nearly zero overshoot
compared to the IC method. Overall, the MLR model
outperformed the P&O and IC algorithms in terms of
settling time, steady-state value, and overshoot.

Table 4
Comparison of the MPPT response characteristics for various methods
Parameter MLR P&O IC ANN
Rise time, s 0.1409 | 0.0463 | 0.0352 | 0.1314
Settling time, s 0.2410 | 0.5000 | 0.4994 | 0.2144
Overshoot, % 0.0023 | 9.2364 | 39.294 0
Peak time, s 0.4999 | 0.0829 | 0.2300 0.5

According to the power response numerical values,
the MLR model’s performance is comparable to that of the
intelligent methods, such as ANN and FLC, while the CS
method exhibits an undesirable undershoot. Moreover, the
MLR model outperforms the CS optimization method in
terms of rise time and overshoot. Based on this analysis, it
can be concluded that the MLR control method is suitable
for MPPT in PV generator, as it can track the MPP under
varying /, and T conditions in a stable state and ensure that
the PV generator operate at the MPP.

Experimental results and discussion. To further
substantiate the dynamic performance, the experiments have
been conducted using the solar PV generator of 250 W
Zy-TECH 250P where considered for this work shown in
Fig. 12. Under standard test conditions of 7, = 1000 W/m?
and 7= 25 °C solar PV generator produce power of 250 W.
MLR algorithm tested for solar PV generator under various
algorithm is tested for solar PV generator under various 7,

and T profiles.
300
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Fig. 12. Solar PV panel power comparison for various methods

The experimental setup shown in Fig. 13 consists of
a solar PV panel, a designed boost converter and a
program kit ESP-32. The IL is changed from 900 W/m® to
500 W/m? at ¢;; result shown in Fig. 14.

b FF;‘:" \.‘.‘ = converter .,
Fig. 13. Experimental setup
Vo 5 V/div
= rl o= |
I, 2 A/div
ti

Fig. 14. Dynamic performance of proposed MPPT controller.
IL changed from 900 W/m? to 500 W/m®
Note. T=25°C, V,,=29 V, time axis: 20 ms/div, and ¢, is the
instant at which step change in /. of solar PV generator initiated

Conclusions. A new approach based on multivariate
linear regression machine learning was implemented in this
study to achieve high accuracy in tracking the maximum
power point of a solar photovoltaic generator using a pulse
width modulation control boost converter. The mean
efficiency was found to be over 96.18 % in steady-state,
which validates the effectiveness of the multivariate linear
regression algorithm. Simulation with experimental
hardware results showed that the multivariate linear
regression algorithm had a high level of accuracy in
maximum power point tracking in steady-state compared to
conventional perturb & observe, incremental conductance
algorithms, intelligent prediction artificial neural networks
algorithm, and cuckoo search optimization method.
Moreover, the multivariate linear regression algorithm
proved to be effective even in the presence of varying
irradiance and temperature.

As a part of future work, the effect of partial shading
on photovoltaic generator will be analyzed with the help
of hardware implementation.
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KOeinei

BAPAHOB MUXAMJIO IBAHOBUY

(1o 75-pivus 3 THSI HAPOPKEHHS )

Muxaitno IBanoBnd BapanoB HapomumBcs 29 ciuns
1949 p. B M. Mruin Bpsucekiit obmacti PO. V 1966 p.
MOCTYNMB Ha HaBYaHHS B XapKiBCbKUI MONITEXHIYHHIA
iHcruryr (XIII) Ha imxeHepHO-(I3MUHHN (daKyIbTeT,
skuil B 1972 p. 3akinumB 3a paxom «IHxKeHepHa eleKTpo-
¢izuka». 3 Oepesnst 1972 p. i 1o uporo
JIHS BIH OCh BKe 51 PiK IUTIAHO MPAIoe B
HaykoBo-nmocmizHoMy 1 HpPOEKTHO-
KoHcTpykTopchkomy inctutyTi (HATIKI)
«MomHisg» HamioHalIbHOrO TEXHIYHOTO
yaiBepcurery (HTY) «XIIl». [poiimos
TPyAOBHI  HUIAX  Big  iHKeHepa-
enexTpodizuka 10 3aBigyBaya BiIALIOM
€JIEKTPOMArHITHUX JOCIIIKEHb 1 BUIIPO-
o6ysanp B HIIIKI «Mommis» HTY
«XIII». 3 1974 no 1977 p. HaBuaBcs B
ouynii acrmpantypi XIII 3a daxom
«TexHnika BUCOKHX Hampyr». B 1977 p.
32 OTpMMaHi OpHWIiHAIBHI HAayKOBO-
MIPaKTHYHI PEe3yJbTaTH CTaB JaypeaToM
npemii Bcecoro3Horo ToBaprcTBa BHHAXiJHUKIB 1 palio-
HamizaropiB kpainu. C 1972 mo 1978 p. miigHO 3afimaBcs
JOCTIKCHHSAM, PO3POOKOI0 1 CTBOPEHHSM BHCOKOBOJIBT-
HUX TPUCTPOIB i OOPOOKM METalliB THCKOM CHIBHOTO
iMITyJibCHOTO MarHiTHOro nois. B 1978 p. M.1. bapanos
YCHIMHO 3aXHCTUB KAaHAWAATCHKY AWCEPTalil0 Ha TeMy
«EeKTpoMarHitHi i eIeKTpoANHAMIYHI IPOIIECH B amapa-
Typli AJs MarHiTHO-IMIYJbCHOI OOpOOKH METaliBy.
B 1979 p. 3a nuki HayKoBHX pOOIT O CHIIOBIH 00poOIIi
MeTaJiB IMIyJIbCHUM MarHiTHUM THCKOM BiH OyB Haro-
pomxennii I'pamortoro Ilpesmnii Axanemii mayk YPCP.
3 1979 p. Muxaiino IBaHoBMY 1I04aB NpaloBaTH B o0Jac-
Ti pO3pOOKH, CTBOPEHHS i 3aCTOCYBaHHS CIIEI[ialIbHOI BU-
COKOBONBTHOI immynbeHOi TexHiku (BIT). Hagami B 00-
JacTh HayKoBO-TexHIUHmX iHTepeciB M.I. bapanoma
YBIHIIUIM aKTyalbHi NMTaHHA 3a0e3MeUeHHs eNeKTpoMar-
HITHOI, €JICKTPOTEPMIYHOI 1 eIEKTPOAMHAMIYHOI CTIHKOC-
teit 00’ektiB BIT, emexTpoeHepreTHky, aBiamiiHol 1 pa-
KETHO-KOCMIYHOT TEXHIKH J0 il Ha HUX BEJIMKHX IMITYJIb-
CHHX CTPYMIB, IIOTY>KHHX €JIEKTPOMArHiTHUX 3aBaj| IpH-
poaHoro i mTy4Horo noxomkenus. B 1980 p. Bin OyB Ha-
ropopkenuid muriomoM MinocBitn CPCP 3a HaykoBe ke-
PIBHHIITBO pOOOTOIO, IO OyNia yI0oCTOEHA 30JI0TIH Memai
«3a Kpally HayKoOBYy CTYIEHTCBKY poOoTy». B 1981 p.
iomy BAK CPCP Oyno mnpucymkeHe BYeHE 3BaHHSI
CTapIIOTO0 HAyKOBOTO cmiBpoOiTHHKA. 3 1996 mo 1999 p.
HaB4aBcs B ouHiN gokTopantypi HTY «XIIl». B 1999 p.
Muxaiiso [BaHOBHY YCHIIIHO 3aXHUCTUB JIOKTOPCHKY -
ceprauito Ha TeMy «IlepexinHi mpoiecu npu il BEIUKUX
IMITYJIbCHUX CTPYMIB 1 CHJIBHHUX IMITYJIbCHUX MarHiTHHX
MOJIiB Ha NPOBiAHI 00’ ekTr». B 2004 p. 3a mwiigHy mpaito
BiH OyB HaropomxeHuii MiHICTEPCTBOM OCBITH 1 HayKu
VYkpainu 3HaKoM «BiAMIHHHK OCBiTH YKpaiHn».

B 2006 p. M.I. BapanoB y ckiajii aBTOPCBKOTO KOJIe-
ktuBy BueHnx HTY «XIII» 3a po3poOKy, cTBOpEeHHS i
BIIPOBAJKEHHs HOBHX 3paskiB cydacHoi BIT craB maype-
atoMm Jlep>kaBHOI mpemii YKpaiHu B ramy3i HAyKH i TeXHi-
ku. baraTo TBOpuYMX 3ycHib BiH MPHKIAB JUIA PO3POOKH
HAYKOBO-TeXHIUYHMX OCHOB BIT i mojanpiioro po3BUTKY

BHCOKOBOJIFTHOTO BuUmpoOyBansHOTO mnomirorny HJITIKI
«Mounis»y HTY «XIIl», skuit ctaB B 1999 p. 00’ekTom
HarionaneHoro Hagdanus Ykpainn. Muxaiio IBaHOBHY
IUTITHO TIPAIIO€ HAJl BUPIMICHHSIM aKTyaJbHHX EJIEKTPO-
TEXHIYHUX 1 enekTpodizmynnx 3amau B obmacti BIT i3
3aCTOCYBAHHSIM OCHOB KBaHTOBOI (hi3u-
KA. AKTHBHO 3aliMa€eTbcsi BUBYEHHSIM
TaKUX NPUPOJHUX (peHOMeHIB B oOmacti
aTMoc(epHOi eNEeKTPUKHM SK JiHIHHA 1
KyJIbOBa OJIMCKaBKa, a TaKOX (i3UKOI0
BHCOKOBOJITHOTO IMITyJTBCHOTO iCKPO-
BOTO PO3pPSAIY B ra3oBUX Ii€IEKTPUKaX.
Momy Ha OCHOBi 3acTOCyBaHHs TIOJIO-
JKEHHSI TIPO PO3IOBCIOKEHHSI €JIEKTPO-
HHHX XBWJIb A€ bpoitns B Meram i3
CTPYMOM BJIQJIOCS. TEOPETUYHO OOTPYH-
TYBaTH 1 €KCIIEPUMEHTAIIBHO ITiJTBEP.IH-
TH B J1a0OpPAaTOPHUX YMOBax 3 BHKOpPHUC-
taHHAM BIT HOBuiIl kBaHTOBHIl edekT,
MOB’SI3aHNI 3 BUHUKHEHHSIM KBaHTOBa-
HUX MEPIOJUYHNX €JIEKTPOHHMX 1 TETUIOBHX MaKpOCTPYK-
Typ Y3IOBX METAJeBUX MPOBIAHUKIB 3 IMITYJIbCHUM
CTPyMOM BeNWKOI TycTwHH. He MOXXHa He BiI3HAYUTH
foro mikaBe ays 6araTbOX HAayKOBIIIB TBOPYE 3aXOILICH-
Hsl, CIIPSIMOBaHE Ha ICTOPHKO-ITyONiUCTUYHHUI ONUC HaYy-
KOBOI JISUTBHOCTI Psily BUIATHUX BUYEHHX CBITY B PI3HUX
ramy3sx cydacHHX 3HaHb. B mepiom 2007-2021 pp.
M.I. BapaHoB mpormpaifoBaB mpodhecopoM-CyMiCHUKOM
mo kadenpi «lmxenepHa enekrpodizukay HTY «XI1D».
He 3a0yBaB BiH i Ipo rpoMaackKy poOOTy B mpodcerisiko-
Bomy pyci HTY «XIII». 3 2002 p. BiH akTUBHO CIiBPOOi-
THHYA€E 3 PEJAKIi€l0 HAIIOTO XXypHATY SK aBTOp CTarei,
qIIeH PEeIKOJIETii 1 pereH3enT. BiH miaroryBaB TpboX KaH-
UIaTiB TEXHIYHAX HAYK 1 OJHOTO KaHAWAATA iCTOPHIHUX
Hayk. B naHmil yac K HayKOBHUI KOHCYJIbTAHT 3aiiMa€eThb-
cs MIITOTOBKOK JIOKTOPCHKOI jucepramii 3m00yBada.
B 2010 p. Muxaiino IBanoBu4 O6yB HaropomKeHHH 3Ha-
koM MOH VYkpainu «3a HayKoBi JOCSITHEHHs». B mepion
2008-2023 pp. BiH 0coOHCTO OmMyOIiKyBaB II'SITh TOMIB
HaykoBol MoHorpadii «BuOpani nmutaHHs el1eKTpodi3u-
KM» 1 YOTHpPM TOMH HAyKOBO-ICTOPUYHOI MOHOTrpadii
«AHTOJIOTIS BUAATHUX IOCATHEHh B HAYIl 1 TEXHII».
Bynyun OaraTo poKiB WIEHOM 1 3aCTyITHHKOM T'OJIOBH
cnemianizoBanoi BueHoi pamm J[64.050.08 npu HTY
«XTIII» mo mpuCyHKEHHIO HAYKOBUX CTYIICHIB TOKTOpA i
KaHAuAaTa TEXHIYHMX HAyK 3aiMaeThCsl IiArOTOBKOIO
HAYKOBUX KajpiB Bumiii kBamidikarmii. M.I. BapanoB €
aBTOpOM 79 TexHiuyHMX BHHaxomdiB 1 570 crareit pizHOI
npoOiieMaTuK B TPOBIAHUX HAayKOBUX BITUM3HSHHX 1
3aKOpAOHHUX JKypHaax.

Pektopar HTY «XIll», KepiBHULTBO Yy40OBO-
HayKOBOTO IHCTUTYTY «EHEpreTHku, eIeKTPOHIKH 1 eNeKT-
pomexaHikmy», podroM, criBpodiTHuky H/ATIKI «MoHism»
i xadenpu «lmkenepHa enektpodizukay HTY «XIII»
OaxaroTh Muxaiiry [BaHOBHUY MIITHOTO 370pOB’S, TOJa-
JNBIIUX TBOPYMX YCHIXiB B HOro HAYKOBO-BHPOOHWUIH
po0oTi, Hay1i i TexHimi Ha 01aro HAIIOi HE3JIAMHOI KpaiHH.

Penaxmiiina kouerist xypHany «EmexkrporexHika i
eJIEKTPOMeXaHiKa» MPUETHYETHCS JI0 IIUX MOOaXKaHb.
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