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PROTECTION OF ELECTRICAL CONSUMERS AGAINST MICROSECOND
HIGH-VOLTAGE SURGES UNDER PARTIAL LOAD OPERATION
V.0. Pavlovskyil*, P.Yu. Herasymenkol**, V.K. Gurinl***, O.M. Yurchenkol****, D.D. Muhenov*™™
!Institute of Electrodynamics National Academy of Sciences of Ukraine,
56, Beresteiskyi Ave., Kyiv, 03057, Ukraine,
E-mail: yuon@ied.org.ua.
?National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,
37, Beresteiskyi Ave., Kyiv, 03056, Ukraine.

The paper considers features of consumer protection against microsecond high-voltage surges from the power grid
under consumer’s partial load operation. A typical protection circuit containing a cascade-connected voltage limiter
and a two-stage LC low-pass filter (LPF) is analyzed. Theoretical calculations and simulation studies of the response of
the L-shaped LPF to an input voltage surge under the partial load operation of the electrical consumer were carried
out, which showed an increase in the response amplitude. To reduce the response of the LPF, it is proposed to
introduce resistors in series with each capacitor of the LPF. The results of simulation and experimental verification
confirmed the effectiveness of the proposed addition — the maximum voltage surge at the consumer’s AC input
decreased by up to 2 times. References 17, figures 12.

Key words: microsecond high-voltage surge, immunity, varistor, suppressor.

Introduction. The immunity of radio-electronic and electrical equipment to the action of microsecond
high-voltage surge pulses and nanosecond electrical fast transients from the power grid is an important
indicator of the reliability and quality of the above-mentioned equipment, which is regulated by international
standards on electromagnetic compatibility [1, 2].

High-voltage surges have large destroying ability and are very dangerous for responsible electrical
consumers. They occur as a result of power grid failures or as a result of thunderstorm activity [3]. They can
also be caused by deliberate actions (so-called “electro-magnetic terrorism” [4]). Another cause of the above-
mentioned voltage surges in the power grid is a powerful electromagnetic pulse radiation that occurs in the
atmosphere after a nuclear explosion [5].

The difficulty in reducing the amplitude of the residual surge pulse at the consumer’s AC input to a
level at which the equipment “does not feel” the effect of the surge is that its amplitude can reach 4 kV or
more, and the duration of its rise time is in the range of several microseconds [1]. Therefore, in recent
decades, significant attention in scientific publications has been paid to this issue [6-9]. Thus, modern
transistor-based power converters [10, 11], without dedicated input protection networks against such high-
energy surge pulses, are highly susceptible to malfunction or even catastrophic failure.

In [3, 9, 12-14] it is shown that an effective solution of limiting the surge amplitude are two-pole
devices with a nonlinear volt-ampere characteristic: varistors, suppressors and gas-filled arresters; they are
typically installed at the AC input of the equipment. Each of these means has certain disadvantages: for gas-
filled arresters, this is the inertia of operation; for varistors and suppressors, this is a high residual level of the
surge (500...900 V) at the output of the amplitude limitation circuit.

To further reduce the amplitude of the surge in [5] it is proposed to include an LC low-pass filter (LC-
LPF) between the surge amplitude limiter and the consumer’s AC input, and in [15] a device for protecting a
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three-phase consumer against the action of an electromagnetic surge pulse caused by an electromagnetic
pulse arising in the atmosphere after a nuclear explosion is described. The device consists of two main
functional units: amplitude limiting circuit on varistors and suppressors, and an LC-LPF. The amplitude
limiting circuit is connected between the power grid and the input of the LC-LPF.

In [16], the operation of a voltage limiter was investigated for the case when the source of surge has a
low internal impedance at high frequencies. It is shown that using a varistor or suppressor together with an
LR-link reduces the final amplitude of the surge by 1.5 times compared to a varistor or suppressor alone.

In [17], a theoretical analysis and computer simulation using the PSPICE software of the surge pulse
passage through the path “voltage limiter — LC-LPF — electrical consumer” was carried out. The analysis
confirmed the effectiveness of using of the LC-LPF between the output of the amplitude limiter and the
consumer’s AC input and revealed a direct relationship between the LC-LPF cutoff frequency, which is
determined by the ratings of its elements, and the amplitude of the residual surge.

It is necessary to note that in works cited above the effectiveness of the LC-LPF has been confirmed
for the operation under a full load of the consumer and a compliance of consumer’s equivalent input
impedance (Z;,) with LPF’s characteristic impedance (Z,) at a zero-frequency. Here Z;, = Uzr,d/Pr,d, where U,

is the rated rms AC voltage, P, is the rated power of the consumer; Z, =./L,,. /C,,. , Lipr, Crpr are the

inductance and the capacitance of the L-shaped LC-LPF link components, respectively.

However, in practice, there is often a situation when the actual power P, of the consumer is less than
P4, 1.e. Z;, is greater than Z.. This means that the LC-LPF operates in an out-of-match mode and this may
cause an increase in the residual voltage surge at the consumer’s AC input caused by the action of the surge.
Therefore, it is important to investigate the response of the LC-LPF to an input surge under partial load
conditions (Z;, > Z,).

The purpose of this paper is to improve the scheme for protecting the electrical consumer against
large-amplitude pulses in the microsecond range from the power supply network, in particular for the case
when the consumer operates in the light load mode.

Mathematical analysis of the LC-LPF Response to a Single Input Voltage Jump 1(7). Let’s
consider the response of the L-shaped LC-LPF (Fig. 1) to a single jump of the input voltage u;, (Fig. 2) with a
zero edge and an amplitude U,, can be described as:

0,r<0;
u, ()= (D
1,¢>0.

Lipr i(£)
o— YY" N Un

] U‘rm.’(”
o / 0 t

Fig. 1 Fig. 2

Ul Cirr == R,

In the Laplace-domain the voltage transfer function K(s) of the circuit in Fig. 1 can be expressed as
follows:

—

1
K(s)= — @)
S* L, ppCpp + 5L 41
RL
Denote
LLPF
C
Z. — LPF , Q :; (3)

in 4 L C >
rPW" \ ~LPF ~ LPF

where Q. is the angular frequency of series connected L;pr and C;pr, and r,,, is the coefficient that shows the
ratio between P, and P,y (Pue < P,44), given by
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_P, @

Considering (3), (2) can be rewritten as:

2
()= )
s* 47, Qs +Q

pwr

Four practically important values of r,,, (0.1, 0.2, 0.5, and 1) are considered in the following analysis.
The output voltage U,,(s) of the LC-LPF in the Laplace-domain is given by:

Uout (S) = Uin (S) : K(S) (6)

where U,(s) is the input voltage in the Laplace-domain. Then the input voltage is a single voltage jump 1(¢)
(Fig. 2), which in Laplace-domain is defined as:

U,is)=U,/s. 7

The denominator (7) has three roots:

Q 2,
Sl = O’ S2,3 = _TC(rpwr s rpzwr' _4) (8)

Considering that r,,,. < 1, S, 3 are complex conjugate, and they can be represented as follows:

Q,
Sl = 07S2,3 = _T(FPW' * r;fwr - 4) (9)
With these roots, u,,, in the time domain can be defined as:
Towr, [l . 47rlz,w,. ]t
2U T2 |
u,,(t)=U, +2Re - e =
vl —4—jr \/4—r2
pwr pwr pwr
(10)
Ol Q r Q
U (l-e 2 - COS|:( 20 4—rp2wr]t:|+Lr2-sin|:(7° 4—rjwjt:| .
4 - r})\i’)‘
Equation (6) can be as represented as follows:
U,Q’
U, (s)= < . 11
((9) s(s2 +7,,8.5+ Qf) (1

Equation (11) yields the following time-domain expression for the output voltage u,,:

Q.r,
2 2eTpwr Q - ) Q
u, ()=U (1-e 2 Jecos||==c[a—r2 |t|+—L2— sin|| =2 fa—r2 |¢|L). (12)
2 3 4-7 2 :
-

wr

Fig. 3 shows the result of calculating u,,, according to (9) for the four values of r,,, mentioned above.
For the calculation, following parameters of the LC-LPF were used: L;pr = 1.6 mH, C;pr = 16 uF,
Z, =10 Ohm for r,,, = 1; U, =1 V.

As it can be seen from waveforms of u,,, in Fig. 3, with a decrease in the value of r,,, the peak value
of u,,, increases and the total duration of the transient process at the output of the LC-LPF increases as well.
It can also be seen from the above curves that the peak value at 7, = 0.1 is much higher than its steady-state
value, which can have extremely negative consequences for the consumer, up to its failure.

Simulation of the LC- and RLC-LPFs Response to the Single Input Voltage Jump 1(7). To verify
the validity of (12), the response of the LC-LPF to the input voltage jump 1(¢) was modeled using PSPICE.

ISSN 1607-7970. Texn. enekmpoounamira. 2026. Ne 3. 5



The simulation results are shown in Fig. 4. Response of the LC-LPF to the input voltage jump 1(#) obtained

from simulation.
Comparison of the calculation and simulation results shows a deviation of no more than 1%, which

confirms the reliability of (12).
As it can be seen from waveforms of u,,, in Figs. 3 and 4, it is clear that the output voltage’s peak

value and the duration of the transient process increase with decreasing r,,,. Thus, for r,,, = 1 the voltage
peak value of the largest surge is less than 20% of the steady-state value, and for r,,, = 0.1 the above-
mentioned peak value exceeds the steady-state value by almost 2 times.

4 1 Tpwr 1

— rr’wr' 0.5

—3 Thwr

0.2

4 rpwr 0.1

1.5 2 25 3 15 4 4.5

Time ¢, mx Time ¢, ms

Fig. 3 Fig. 4
To reduce the largest voltage’s peak value, it is proposed to supplement the LC-LPF circuit with a

resistor R, which is connected in series with the capacitor C;pr (Fig. 5).
Simulation results show a positive effect of such solution, i.e. a

reduction both the largest voltage’s peak value and the duration of the

transient process, provided that R. >Z_ =./L,,. /C,,. . Fig. 6 shows

] L'I,,m(f)

/

Fig. S

waveforms of u,,, for the RLC-LPF and four values of R.: 0.1 Ohm, 10
Ohm, 20 Ohm, 30 Ohm in the case of Z;, = 10Z. = 100 Ohm (7}, = 0.1).
As it can be seen from Fig. 6, there is a significant decrease in
the peak-value of the voltage surge and a significant decrease in the
duration of the transient process with increasing R. value. Thus, for
R.=30 Ohms, the largest voltage’s peak value decreases by more

than 40 times.
Experimental Results. Experimental studies were carried out

with a mock-up of an L-shaped RLC-LPF. The measurement scheme is shown in Fig. 7. The inductance L;pr
= 1.6 mH, the capacitance C;pr= 16.8 uF realized by connecting three EPCOS B23924 capacitors (5.6 uF,
X2, 305 VAC) in parallel. The choke L;pr is wound on four Magnetics 0077192A7 toroidal cores with 56
turns. The MOSFET IPPO34NE7N3 (V4 =75V, I;; =100 A) is used as the switch S;. The voltage rise rate

after S, to the input voltage level U, =10 VDC with an active load of 1 kOhm was 70 ns.

0 0.5 1.5 2 25
Time 1, ms

Fig. 6

M - =01 S] LI,_,,_.,-
e gy
1.6 mH
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Fig. 8 shows waveforms of u,,, obtained during measurements: (¢) R.= 0.1 Ohm; (b) R.= 30 Ohm.
Waveforms of u,,, under R; = 100 Ohm are shown in Fig. 8, @ and for R, =30 Ohm — in Fig. 8, b. Comparison
of the waveforms in Fig. 8 with the corresponding ones in Fig. 6 for R, = 0.1 Ohm and R, = 30 Ohm shows
that they are practically the same, which confirms the reliability of the simulation results.

o LLICK } - = GERTITTED | ) QU X} X(02.800ms X =

- =
U S DU U P - S S SN Y ] VUG SUUUR- S VUUUSSUNE. - PTE P- F S P R e AT ITTT T
-4 + -4 +
(1 0.00dav (50KS-8) [ M:1.0ms L - - - - "‘{ NN 1 Ve 0.00dav (S0KSm) u.-|.oul X . . MR
BvEe- 0.00d1v {n-pum: [p— BiVEW-  0.00div {Dopth:ll prm— Loooe )
DI:0.560=s @F:l.04o0H: oo [
Qvacin one : | oo i Diisnen | oo | i
a b
Fig. 8

Standardized surge pulse and its applying to the device under test. According to the requirements
[1], a standardized high-energy surge pulse from a 1.2/50 combination wave generator (CWG) enters to the
AC input of the device under test (DUT) through a
capacitor of 18 uF. The amplitude of the
standardized surge pulse is selected from the range
T 0.5 kV; 1 kV; 2 kV; 4 kV depending on the given
Decoupling device 16 uF degree of test severity. The circuit to supply a surge
L. K T pulse from the CWG to the AC input of the DUT,

y and a decoupling device, which does not allow the
standardized surge, pulse to penetrate into the
common AC power grid, shown in Fig. 9.

For generation of a surge pulse, a CWG unit
was manufactured in accordance with the
recommendations of the standard [1]. In the case of
the open-circuit mode, the realized duration of the

Fig. 9 CWG’s surge pulse rise was 1.3 us, while the half
amplitude duration was 52 us, and the pulse
amplitude at the generator output was 500 V. In the

case of the short-circuit mode, the duration of the current pulse rise was 7 us, the duration of the current
pulse at half the amplitude was 18 us, and the amplitude of the current pulse was 260 A. Thus, according to
the rules for calculating the output resistance of the CWG given in the above-mentioned standard [1], the
internal resistance R; of the CWG unit was 500/260 ~ 1.92 Ohm, which meets the requirement of R, < 2
Ohm.

To simplify measurements and analysis of u,,, under the action of a pulse from the CWG, the pulse
was applied to the DUT input with the “L” and “N” conductors shorted and disconnected from the power
grid (Fig. 9).

As a DUT, a typical scheme presented in [13] for protecting the electrical consumer from the action of
high-energy high-voltage surge pulse from the power grid was used. The DUT sample, shown in Fig. 10, q,
contains a voltage limiter based on the varistor combined with the LR chain [14], and a two-stage LPF. The
complete DUT circuit is shown in Fig. 10, b.

CWG

DUT

k||—4 a
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Fig. 10

Each of the capacitors C,..Cy in the scheme of Fig. 10, b consists of four polypropylene capacitors
MKP-X2 of 2 uF, 310VAC, connected in parallel. The inductance of the air core Inductors L, and L, is
0.3 mH. Chokes L;...Ls are wound on Magnetics 0077192A7 toroidal cores, their inductance is 0.78 mH.
The value of Z, of the two-stage LPF is 10 Ohm at the zero-frequency (f = 0), the resistance of resistors
R...R¢ is 10 Ohm, R; = 10 Ohm for the case of 7, = 1, and R, = 100 Ohm for the case of 7,,, = 0.1. The
voltage limiter uses a 20D361K varistor VR.

Fig. 11 shows the waveforms of u,, for R, = 100 Ohm, and the amplitude U * of the surge pulse

U* =500V, for two cases: 1) Rs...R¢ are shorted (R3 = R4 =Rs =R =0); 2) R3=R4=Rs=Rs=Z2.= 10

Ohm.
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Fig. 11

Waveforms of residual voltage at the LPF output, R, = 100 Ohm for case 1 are shown in Fig. 11, a and
for case 2 —in Fig.11, b. As can be seen from these waveforms, introducing resistors in series with each LPF
capacitor reduces the largest voltage peak value on R; from 64 V to 40 V, i.e. by 1.6 times.
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To make sure that the incorporation of the above-mentioned resistors in series with the LPF capacitors
does not impair the operation of the device in the nominal load mode, Fig. 12 shows the voltage waveforms
across the resistor R; = 10 Ohm, for the same cases.
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Fig. 12

Waveforms of residual voltage at the LPF output, R; = 10 Ohm for case 1 are shown in Fig. 12, ¢ and
for case 2 —in Fig. 12, . As can be seen from these waveforms, introducing resistors in series with each LPF
capacitor in the rated load mode also reduces the largest voltage peak value on R, from 42 V to 23 V, i.e.
almost twice.

Thus, experimental studies of the DUT mock-up’s response to the action of a standardized surge pulse
confirmed the results of theoretical analysis and computer simulation.

Conclusions.Theoretical analysis and computer modeling have shown that improvement of the circuit
for protecting the consumer from large-amplitude overvoltage pulses in the microsecond range from the
power supply network by introducing resistors in series with LC-LPF capacitors of the protection circuit
significantly reduces the amplitude of the overvoltage pulse at the consumer's power input in both light and
nominal load modes. The resistance of the resistors added to the protection circuit must be commensurate
with the characteristic impedance of the LC-LPF at zero frequency.

Experimental studies of the response of an improved protection circuit’s model to the action of a pulse
from a microsecond pulse interference generator (according to the standard IEC 61000-4-5) confirmed the
results of theoretical analysis and computer modeling. The introduction of the mentioned resistors reduces
the amplitude of the overvoltage pulse at the consumer's mains input by 1.6 times for the light mode (100%
consumer power), compared to a typical protection scheme.
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The paper investigates the adequacy of a simplified mathematical model of a numerical-analytical method for calculating
low-power permanent magnet generators for autonomous power systems operating with a rectifier and active load. The
object of study is generators with a radial arrangement of permanent magnets on the rotor surface. The model considered
is based on an idealized representation of the air gap between the rotor and stator and does not take into account the
tooth-and-groove structure, the actual geometric dimensions of the permanent magnets, and the nonlinear magnetic
properties of ferromagnetic materials. To assess the adequacy of the model, a comparative analysis of the results of
numerical-analytical calculations with the data of high-precision modeling using the finite element method in the Ansys
Maxwell software package was performed. A series of FEM models of generators with varying levels of detail and
complexity were was constructed. The paper presents mathematical expressions of the numerical-analytical method based
on the Fourier transform, oriented towards computer implementation. The modeling was performed taking into account
the electrical circuit of the generator, which includes a three-phase rectifier and an active load. The time dependencies of
the magnetic field distribution and electromagnetic torque were calculated. The errors in the calculation of the
electromagnetic torque obtained by the numerical-analytical method were determined in comparison with FEM models of
varying degrees of detail. The results demonstrate the capabilities and limitations of the simplified mathematical model
and confirm the feasibility of its use for preliminary calculations and optimization of the parameters of permanent magnet
generators for autonomous renewable energy systems. References 12, figures 6, tables 3.

Keywords: modeling; electric generator; renewable energy; permanent magnets; energy characteristics; electromagnetic
torque; numerical-analytical method; finite element method.

Introduction. The efficient use of renewable energy sources, in particular wind energy, is one of the
priority areas for the development of modern energy systems. Low-power permanent magnet (PM)
generators operating with a rectifier and active load have become widely used in autonomous energy
systems. Such generators are characterized by high efficiency, reliability, and the ability to operate under
variable rotational speeds, which makes them promising for autonomous wind power installations.

Effective design of PM generators requires accurate calculation of the magnetic field and energy
characteristics, which allows optimizing the geometric parameters of the machine and ensuring stable
operation under variable load conditions. The most accurate results are provided by finite element modeling
(FEM) in modern software packages. At the same time, the development of finite element models requires
considerable time, high qualifications, and careful validation of the results obtained.

In this regard, for preliminary engineering calculations and the selection of design parameters for
generators, it is advisable to use analytical and numerical-analytical methods that allow for a quick
assessment of the main characteristics of the machine without performing a complete FEM simulation.
Similar to traction electric drive design tasks [1], such methods make it possible to quickly determine key
indicators - in particular, electromagnetic characteristics, torque density, and efficiency - in a wide range of
operating modes and to perform preliminary optimization of geometric dimensions.
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A number of approaches to the analytical and numerical-analytical calculation of the electromagnetic
field of permanent magnet generators have been proposed in the scientific literature. These methods take into
account the dependence of the magnetic field, currents, and voltage of the stator windings on the geometric
parameters of the machine and the electromagnetic properties of the materials. Thus, in [2], a method was
developed based on the rotor magnetic potential model in combination with a magnetic equivalent circuit,
which allows taking into account the saturation effects of ferromagnetic materials. In [3], a two-dimensional
analytical calculation of the magnetic field in the air gap of a generator is presented using vector magnetic
potential and the method of separation of variables. Work [4] is devoted to a calculation method based on
scalar magnetic potential, taking into account the interaction of the stator poles and slots, which provides an
accurate determination of the radial and tangential components of magnetic flux density induction. In [5], an
analytical method based on a magnetic equivalent circuit with iterative determination of magnetic
resistances, taking into account saturation, is proposed.

A significant contribution to the development of analytical methods for calculating electric machines
has been made by employees of the Electromagnetic Systems Department of the Institute of Electrodynamics
of the National Academy of Sciences of Ukraine. In particular, monograph [6] discusses the application of
the integral transformation method for the analysis of electromechanical systems, including linear machines
and radial magnetic flux machines with permanent magnets. Further development of analytical methods for
calculating radial magnetic flux machines with permanent magnets is also presented in works [7, 8].

The simplest analytical approach to modeling electric machines with permanent magnets is to use a two-
dimensional model of an air gap with idealized surfaces of the rotor and stator magnetic conductors. Within such a
model, materials are considered linear, and the magnetic field of permanent magnets and stator currents are is
represented as equivalent current loops [6—8]. Although analytical methods allow calculations to be performed in
several areas with boundary conditions and take into account the volumetric distribution of field sources, the
inevitable simplification of geometry and linearization of material properties lead to certain errors.

A systematic comparison of the results of simplified analytical models [8] with data from high-
precision FEM modeling in software packages such as Ansys Maxwell [9] makes it possible to determine the
limits of applicability of the analytical approach and evaluate its accuracy at various stages of designing
permanent magnet generators for autonomous renewable energy systems.

The purpose of this work is to validate a mathematical model and a numerical-analytical method
for calculating the magnetic field and energy characteristics of electric generators with surface-mounted
permanent magnets (SMPM) on the rotor for renewable energy systems (with a rectifier and active load)
based on the example of a low-power generator.

To achieve this goal, a comparative analysis of the results of numerical and analytical calculations
was performed using high-precision finite element modeling data in the Ansys Maxwell software package. A
series of FEM models with varying levels of detail was constructed to determine the effect of geometric
simplifications on the accuracy of calculating the electromagnetic characteristics of the generator.
Electromagnetic torque was chosen as the main
parameter for comparison, since it is an integral
characteristic that comprehensively reflects the
interaction between the rotor magnetic field and stator
currents. Unlike local magnetic field parameters, the
electromagnetic torque provides a more accurate
assessment of the adequacy of the model and is sensitive
to the influence of higher harmonics arising from the
cogging structure of the stator and the peculiarities of
the rectifier operation.

Description of the FEM model. Fig. 1 shows a
sketch of a 2D cross-section computational domain of a
generator with a three-phase stator winding and SMPM
on the rotor. This model is used for finite element
modeling in the Ansys Maxwell program [9]. Figure 1
denotes: / is the stator core, 2 is the rotor core, 3 is the

Fig. 1. Sketch of the two-dimensional slots with stator winding, 4 is the permanent magnets.
computational domain of the generator The model has the following basic geometric
parameters:
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radius of the active surface of the stator is 66 mm, outer radius of the stator yoke is 95,5 mm;

active surface radius of the rotor is 55 mm, inner radius of the rotor core is 30 mm,;

magnet height is 10 mm, ratio of magnet width to pole width along the azimuth coordinate is 40/45;
height and width of stator teeth is 17 mm and 4,7 mm, respectively;

height and width of wedge-shaped tooth tip protrusions of teeth is 1,0 mm and 5,7 mm, respectively.
Rotor rotation frequency is v,(f) =const=3000 rpm. For the stator and rotor core, 1008 steel with
standard magnetization characteristics from the Ansys Maxwell material library was used, which ensures
correct reproduction of the properties of ferromagnetic materials in the model. Electromagnetic parameters
of the winding: number of conductors in the slots is 7, number of pole pairs is 4, number of slots per pole and
phase is 2, pitch reduction factor is 1.

The model does not contain electrically conductive elements, losses in steel are not taken into account. In
FEM models with a stator tooth-slot structure, the slot leakage inductance is automatically taken into account by
the Ansys Maxwell software package. The active resistance of the winding is calculated using analytical methods
[10] and taken into account in the electrical circuit, which includes the electric machine, Fig. 2. The scattering
inductance and active resistance of the end parts of the winding are not taken into account in this study.

To simulate the actual operating
conditions of the generator, a typical circuit for
autonomous wind power systems with a six-
diode rectifier [11] and an active load (Fig. 2)
was used in the Ansys Circuit program, which,
together with Ansys Maxwell, is part of the
Ansys Electronics software suite [9]. The
rectifier (D;...Dg) creates a non-sinusoidal load
) B, ZFDB ZFDG that affects the? shape of the phas§ curreqts and

— electromagnetic torque. The active resistance

* R, simulates the load (Table 1). The

Fig. 2. Electrical circuit with the electric machine included inductances L,, Ls, Lc and active resistances

R,,=R,=Rp=R( represent the parameters of the

stator winding. The circuit accounts for the rectifier and resistive load effects on phase winding currents, and
consequently on the magnetic field and electromagnetic torque.

Description of the analytical model. Figure 3 shows a sketch of the generator model simulation
domain of the generator air gap (within one a single pair of poles) used for numerical and analytical
calculations using based on the integral transformation method [6, 8]. In the model, two current loops j, are

used instead of each

4 ; permanent magnet at a
P & radius r;. The position of
1:___ o 5 Jo . Jo P T the current loops j, along

i

/‘ B ClL.J Y -,  the azimuth coordinate
o =0 Ad =0 P, 0. depends on the specified
\ <7 i« rotation frequency v,
“— (rpm), which can be set
either as constant or
variable over time. In this
case, the angular width
between two such current
contours is equivalent to the angular width of a permanent magnet ¢,, and the length of the contours ¢, along
the axis ¢ does not depend on the height of the permanent magnets, but is chosen to be as small as possible
to localize the equivalent field source only at the edges of the imaginary magnet:

Py <<<(P‘c_q)p)' (1)
This ensures the most accurate reproduction of the magnetic flux density induction distribution in the

air gap in the model (Fig. 3), where the magnetic field source is specified by the boundary condition [8§].
The representation of the stator's tooth-slot zone is performed by boundary conditions at the radius

r,. The total current of each slot is represented by a linear current contour j,, on the surface of the ideal stator
magnetic conductor.

3 |
Hy=170:) =

Fig. 3. Sketch of the generator model for numerical-analytical calculation
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Numerical-analytical calculation method. To calculate the inductance and induced EMF in the
stator phase windings, a program was written in the Wolfram computer algebra system [12] based on the
following expressions (2)...(9) of the calculation method described in [8]. The calculation is performed in
three stages: determining the current density distribution in the stator and rotor contours according to
expressions (2)—(4); calculating the induced EMF and inductances according to expressions (5)—(7);
calculating the electromagnetic torque according to expression (8). The input data for the calculation are
given in Table 1.

Table 1
Parameter | Value Units Description

o 4mx107 Gn/m magnetic constant

p 4 - number of pole pairs

q 2 - slots for pole and phase

m 3 - number of stator phases

7 0,066 m stator radius

0 0,001 m air gap

hy 0,010 m magnet height

kyp 40/45 - magnet overlap of rotor pole

by 0,0052 m slot width

Iy 0,130 m air gap length

M, 1003441 A/m magnetization of magnet

e 1,045 - relative magnetic permeability of magnets

B 1 - pole pitch reduction coil pitch factor

We 3,5 - number of effective turns in 2-layer winding coils, in half a slot
v(t) 3000 rpm the rotor speed is set constant in time to simulate the steady

state operation of the generator

L, 0,00117 Gn slot leakage inductance dispersion in slots per phase

L, 0 Gn frontal end-winding inductance dispersion per phase

L 0 Gn inductance of the load

R, 0,03 Om active resistance of the winding per phase

R, 50 Om active resistance of the load

The current density in the stator and rotor current contours is calculated using the expressions:
m
Jon )=kl pkp () Jun (O =gy D i (Ve (K, )
K=1

where 7 is time; m=3 is the number of stator phases; ix(f) is current of phase K (K = 4, B, C), k,.(K), k,,(t) and
k,(t) are coefficients of distribution of current contours by azimuth coordinate (winding coefficients [8]):

sin(0,5n . .
kwn(K)— ( (Pg) Z Z ( inB,,1(K) +emGW2(K))(1_em(pr)’ 3)
¢1=0 p=0
k pn (K) _ sin(@.3n¢) Z_: e"”‘pr(t)(emap1 + M2 )(l—ei"@f ) “)
n =0

where 7 is the Fourier transform parameter [6]; i is the imaginary unit. Other components of expressions
(2)...(7) are presented in Tables 1 and 2. The voltage induced by permanent magnets in the phase K of the
stator winding is calculated using the expression:

ZdW 5T *
ok (= pqg E (0 (K) E () = =ine, A,, (1), (5)
n g

where kfm (K) is the complex conjugate of the distribution coefficient (3); E,,.(¢) is the EMF due to the
rotation of permanent magnets at coordinate 7,. To calculate the self (K'=K") and mutual (K'=K")
inductance, the following expression is used:
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laWpn™ N0+ Ry | e
Licr == 2 Kk (K252 |k (K. (6)
o)
The coupling coefficients between the stator winding phases are:
L on
- KX" (7
A 'LK/I(/ . LK"K!/
Electromagnetic torque of the rotor relative to the stator:
m
M@©)= Y i (i (O) w, ®)
K=1
Table 2
Formula Description
0, =0/ (mq) tooth pitch angle
Pg = 0.k ot slot angle
©p =9kgp magnet angle
r1=ry-0 rotor core radius

5=81+h,/1,,

equivalent non-magnetic gap between magnetic conductors

kgt:bg/ (@.12)

slot/tooth pitch ratio

(psm:(PT( 1 'kipp)/ 2

angle of maximum width of the rotor linear current contour

_ -1 angle of the width of the linear current contour
5 = Pgpy - 10
W =2pqw, number of turns per phase
Q="/p pole angle

o, () = 21v,.(1)/ 60

angular frequency of the rotor

0, (1) = [0, ()t

position of the rotor relative to the stator

(Pph(K):(Z(Pr(K_m))/m

initial coordinates of linear current contours

0,,1(K)y=@u(K)+2p190:+q1 ¢,

coordinate of the current contour of the upper layer of the two-layer
stator winding

e\Au2(1<):ewl (K)_(Pl'( 1 _B)

coordinate of the current contour of the lower layer

epIZZ(P‘rpl

coordinate of the first contour

ep2:9p 1+(p17_(\0p_(\0s

coordinate of the second contour

ki =Wcl(r,@g)

current density coefficient in the stator contours

kiy=1/r Qs current density coefficient in the rotor contours
1,=M_h, current in the current contours
K=1,2,...,m phase sequence number
A (=4, () FA,,() magnetic potential at the coordinate r,
P rll+n rzn 1o magnetic potential from the magnetic field of permanent magnets

Apn (0= jpn(t)
i

2n 2n
o) (rl +r )

Awn (t) = jwn (®)
d

magnetic potential from the magnetic field of stator currents

In this study, the load is represented by active resistance and is connected to the generator winding
terminals via a 6-diode bridge rectifier [11] (Fig. 2). A combined approach is used: the generator parameters
(induced voltage, inductance, and coupling coefficients) in the Wolfram environment are preliminarily
determined by an analytical method using expressions (5)—(7), and additionally, the calculation of the slot
leakage inductance L,, the end parts inductance L., and the active resistance of the winding R,, is performed
according to textbooks for the design of electrical machines [10]. All results (u,x(?), Lx'x" , Lg, Le, Ry, kx
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and R,) are exported to the Micro-Cap program to find the phase currents iy(?), ip(f), ic(f) of the three-
phase generator winding, as well as to find the current through the resistive load R.. In this study, the
rotational speed is assumed constant (according to Table 1), while the time dependencies of the currents are
obtained from the transient analysis of the electrical circuit.

The currents in Micro-Cap are calculated using transient analysis over a given time interval and
imported back into the analytical model in the Wolfram environment for further calculation of the
electromagnetic torque (8). At each step of the transient analysis, the machine parameters are used for the given
(constant) speed, and the time variation manifests through the circuit currents, not through variable w,(z).

For an electrical circuit without a voltage rectifier, for example, with an active-inductive load on
each phase (R., and L, ), electrical currents can be calculated without using Micro-Cap, according to the
system of equations [8]:

(LAA+Le+Lg+Lcs)iA+LABLZ_f+LACa:l_tC+(Req+Rw)iA+”pA=0
(LBB+Le+Lg+Lcs)iB+LBAle+LBCd£+(Re +R )iB+u B3 =0; )
dt dt - P
(LCC+Le+Lg+LCS)1'B+LBAahi+LCBahl+(Re +R )ic+u c=0.

dt dt 4w p

The resistance of three resistive loads R., (9), which is equivalent to one resistance with a rectifier (Fig. 2),

is determined by the expression:
2
Req :Rcs(n&j, (10)

which is established based on the ratio between the input phase voltage and the rectified voltage of the
Larionov circuit [11].

To verify the numerical-analytical method, a finite element method (FEM) model (Fig. 1) was
implemented in Ansys Maxwell software. The numerical-analytical calculations were performed using
Wolfram Mathematica/Wolfram System, while the analysis of the complex electrical circuit (Fig. 2) for the
numerical-analytical method was conducted using Micro-Cap software. The FEM results are compared with
the numerical-analytical results in the following section to validate the accuracy of the numerical-analytical
method by comparing the electromagnetic torque.

Comparison of the results of the numerical-analytical method with the results of the FEM
(Ansys Maxwell). To verify the numerical-analytical method for calculating the electromagnetic torque of
the generator, a comparison was made with the results of numerical modeling in the Ansys Maxwell software
package. Since the numerical-analytical method is based on simplifications (linearization of the
magnetization characteristics of ferromagnetic materials, replacement of permanent magnets with equivalent
surface currents, representation of the slot winding with thin current contours), for an adequate comparison
in Ansys Maxwell, a series of 2D models with a gradual approximation to the real design was created (Fig.
4). Fig. 4 shows two-dimensional models in Ansys Maxwell 2D: a — slotless model with current contours and
slotless model with thin equivalent magnets; b — slotless model with real magnets; ¢ — model with slots and
equivalent thin magnets; d — complete models with linear iron and nonlinear iron.

The basic model a (Fig. 4) in Ansys Maxwell corresponds as closely as possible to the assumptions
of the analytical method: a stator without slots with current loops on the surface of the stator iron with a
thickness of 0,05 mm, the relative magnetic permeability of ferromagnetic materials is assumed to be
constant (x = 1000). The same geometry (Fig. 4, a) is used for two variants of the rotor magnetic system
representation: with thin equivalent permanent magnets 0,05 mm thick with equivalent magnetization

h
M,=M, (O_gSJ (Table 1), or with equivalent current loops on the rotor surface instead of magnets (as in

>

Fig. 3) with a given current /, (Table 2). In this case, the equivalent non-magnetic gap o is calculated
according to Table 2.

Model b (Fig. 4) restores the real geometry of permanent magnets of nominal thickness (10 mm) and
the real non-magnetic gap (6=06,+4,) while maintaining the slotless structure of the stator and the linear
magnetic properties of iron. Model ¢ (Fig. 4) adds the actual slot structure of the stator with winding, while
maintaining the linear magnetic properties of iron. This geometry is used with thin equivalent permanent
magnets with a thickness of 0,05 mm. The complete model d (Fig. 4) includes all geometric features of the
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Fig. 4. Series of 2D models in Ansys Maxwell with gradual approximation to
the real design
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Fig. 5. Torque without accounting for slots in Ansys Maxwell

models with varying degrees of simplification (3-7, Table 3), as well
as from the numerical-analytical method (1, 9, Table 3)

design (stator slots with
winding and magnets of
nominal thickness). The same
geometry is used for two
calculation options: preserving
the linear magnetic properties
of iron and taking into account
the nonlinear B-H
magnetization curve of the
ferromagnetic material of the
magnetic conductors (1008
steel from the Ansys Maxwell
library), which allows the
influence of the magnetic
saturation effect on the
calculation of the
electromagnetic torque of the
generator to be taken into
account.  This  consistent
approach allows not only to
evaluate the accuracy of the
analytical method, but also to
quantitatively determine the
influence of each
simplification on the results of the
calculation of the electromagnetic torque
of the generator.

Fig. 5 and Fig. 6 show the time
dependence of the electromagnetic
torque of the generator within the
electrical half-period (0 ms...2,5 ms),
calculated using different methods:
Ansys Maxwell 2D (for 4 models in Fig.
4) and the numerical-analytical method
according to expressions (2)...(8) for the
model in Fig. 3 (which corresponds to
model a in Fig. 4). The results
demonstrate a clear correlation between
the degree of model simplification and
the nature of the torque curves. The
analytical method shows excellent
agreement with the slotless model with

current contours j, in Ansys Maxwell (model a, Fig. 4). The results of the comparison of the average values

of the electromagnetic torque over the period are given in Table 3.

The analytical method shows excellent agreement with the slotless model in Ansys Maxwell (1 and
3, Table 3). The relative error is only 0,6%, which confirms the correctness of the software implementation
of the analytical method according to expressions (2)...(8) with an electrical circuit with 6 diodes [11] (Fig.

2) in the Micro-Cap program.

The representation of magnets by current contours (3, Table 3) shows a more accurate result relative
to the complete model (7, Table 3) compared to the use of thin equivalent magnets (4, Table 3). Therefore,
the idea of representing the magnetic field of permanent magnets using a boundary condition on the surface
of an ideal rotor magnet conductor does not seem appropriate. The error from replacing full-size magnets (5,
Table 3) with current contours (3, Table 3) is -11,8 %. The presence of a tooth-slot structure of the stator (6,
Table 3) leads to a 4,6% reduction in torque compared to the model without slots (4, Table 3). Not taking into
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account the magnetization curve of the
steel of the rotor and stator magnetic
conductors increases the torque by
11,9% (7 and 8 in Table 3).

In general, simplification from
a complete FEM model with linear
magnetic properties (7, Table 3) to a
simple analytical model (Fig. 3, Fig. 6,
a) results in a calculation error of -8%
(comparison of the average torque of
25,00 N-m and 23,00 N-m). This error

P T T S S 1s the result of the combined effect of
0.0000 0.0005 0.0010 0.0015 0.002¢ 0.0025 all

geometric simplifications:

Ls replacement of real magnets with

Fig. 6. Torque in Ansys Maxwell with linear (7) and nonlinear (8)  current loops, absence of a tooth-and-
iron and stator slots, as well as torque from the numerical- slot structure in the analytical model,
analytical method (2) accounting for slot leakage inductance and failure to take into account the

scattering leakage inductance of the
slots in the electrical circuit of the simple model. When taking into account the nonlinear magnetization
curve of ferromagnetic materials in the complete FEM model, the average torque decreases to 22,34 N-m
(Fig. 6, Table 3).

Table 3
No, Model Model characteristics Torque, Deviation from
Fig. 5-6 N'm full FEM, %

1 Analytical model, Without consideration L, (table 1) with 23,13 +3,5

Fig. 3 the circuit of Fig. 2 in Micro-Cap
2 Analytical model, With consideration L, (table 1) with 21,70 -2,9

Fig. 3 the circuit of Fig. 2 in Micro-Cap
3 FEM model a, Fig. 4 Current contours, without slots 23,00 +3,0
4 FEM model a, Fig. 4 Thin magnets, without slots 18,92 -15,3
5 FEM model b, Fig. 4 Full-size magnets, without slots 26,08 +16,7
6 FEM model ¢, Fig. 4 Thin magnets with stator slots 18,05 -19,2
7 FEM model d, Fig. 4 Full, linear iron (1 = const) 25,00 +11,9
8 FEM model d, Fig. 4 Full, nonlinear iron w(B) 22,34 base
9 Analytical model (Fig. 3) Without taking into account L,, with 23,73 +6,2

the scheme according to expression (9)

If the numerical-analytical calculation method additionally takes into account the diffusion
inductance of the slots in the electrical circuit according to the methods [10] (2 in Table 3), the calculated
torque value is 21,70 N-m (Fig. 6), which gives an error of less than 3% relative to the complete FEM model
with nonlinear material properties (comparisons 2 and 8 in Table 3).

In both figures (Fig. 5 and Fig. 6), the influence of a 6-diode voltage rectifier is noticeable, which
causes a threefold decrease in the electromagnetic torque during one electrical half-period. This effect is
most pronounced on the curves of models without slots (Fig. 5). In the complete model (7 and 8 in Table 3),
the moment curves (Fig. 6) additionally show sawtooth harmonics, whose period is 2m times smaller than
the electrical half-period of the current in the stator winding phases.

Modeling was performed using an analytical method without a voltage rectifier with three equivalent
resistors R., (10) using equation (9) to find the currents in the stator winding phases instead of modeling the
electrical circuit in the Micro-Cap program. A curve with an average torque of 23,73 N-m (9, Table 3) was
established without the influence of harmonics from the voltage rectifier, which is a sine wave with
minimum and maximum values of 23,1 and 24,6 N-m, respectively (Fig. 5). Comparing the curves in Fig. 5
with average torques of 23,73 N-m and 23,13 N-m (9 and 1 in Table 3), the deviation is 2,6%. Therefore, to
perform preliminary approximate calculations of the generator (Fig. 1) with a small error in the results, it is
possible to use a numerical-analytical calculation method and equation (9) with equivalent resistance (10)
instead of the electrical circuit in Micro-Cap (Fig. 2).
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Conclusions. The work validates the numerical-analytical method for calculating the
electromagnetic characteristics of permanent magnet generators by systematically comparing it with the
results of finite element modeling (FEM) in the Ansys Maxwell software package.

It was found that the numerical-analytical method, based on the method of integral transformations taking
into account the complex influence of all applied geometric simplifications, demonstrates sufficiently high
accuracy (£3,5%) in calculating the average electromagnetic torque over the period, compared to the complete
two-dimensional model in Ansys Maxwell. A comparison with an identical analytical model in Ansys Maxwell
showed excellent agreement of the results with a relative error of 0,6%, which confirms the correctness of the
analytical solution of the magnetic field equation, the software implementation of numerical calculations together
with the Micro-Cap program for performing calculations of a three-phase electrical circuit.

Replacing permanent magnets of real dimensions with equivalent current loops on the surface of the rotor
core leads to an error of 11,8%. At the same time, the use of very thin equivalent magnets on the rotor surface in
FEM models gives an even greater error (27,5%). This indicates the advantage of representing magnets using
boundary conditions with the shortest possible linear current loops at the edges of imaginary magnets.

For preliminary calculations of the generator in the case of the resistive—inductive load at the output
of a three-phase rectifier, it is possible to use a simplified electrical circuit without a three-phase rectifier
with sufficient accuracy (error of 6,2%), but with three equivalent resistors and inductance on each phase,
which will allow not to use the Micro-Cap program to calculate a three-phase electrical circuit.

The research results confirm the adequacy and suitability of the numerical-analytical method for
preliminary calculations and selection of design parameters for generators with radially magnetized surface-
mounted arranged permanent magnets. The method is easy to use (when implemented as a simple computer
program), provides sufficient accuracy with significantly lower computational costs and less time spent on FEM
modeling, which makes it an effective tool for optimizing the design of an electric machine at the design stage.

The established limits of applicability of the method: the numerical-analytical method is most effective
for machines with a relatively uniform non-magnetic gap and a slotless or low-slot stator with negligible
slotting effect structure. For machines with a pronounced tooth-slot structure and significant magnetic
saturation, the method provides preliminary estimates with subsequent refinement being necessary using the
finite element method. The direction of Further development of the proposed method is the introduction of
additional coefficients that can increase the accuracy of the calculation under certain conditions. For example,
Carter coefficients and core saturation coefficients to expand the range of applicability.

The work is funded by the state program "Development of electromechanical equipment with increased energy
efficiency and reliability, diagnostic systems for electric power facilities" ("Aggregate-4") (departmental application,
state registration number 0125U000010).
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IMOPIBHSIJIBHUM AHAJII3 UACEJIBHOI'O TA YUCEJAbHO-AHAJITUYHOI'O

MOJEJIOBAHHSI TEHEPATOPIB 3 IOCTIMHUMHUA MATHITAMHA
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Hocniosceno adexsamuicms cnpoujeHoi MamemMamuinoi Mooeni YUcenbHO-aHaNiMUYHO20 Memody PO3PAXYHKY 2eHepamopis 3
NOCMITIHUMU MASHIMAMU MAN0i NOMYHCHOCMI 0I5l ABMOHOMHUX €HEePEMUYHUX CUCIEM, WO NPpayioioms i3 UNpAMIAYeM ma
axmuenum Hasanmaicennam. Q0 €kmom 00CniONCeHHs € 2eHepamopu 3 padianbHumM pO3MAULy8aAHHAM NOCMIUHUX MASHIMIE Ha
nosepxui pomopa. Posansinyma mooens IpyHmyemvcsl Ha i0eanizoeanomy npedCcmasieHHi NOGImpsiHO20 NPOMIJICKY MIdiC pOMOpom
i cmamopom ma He 6paxosye 3yOye60-naz08y CMPYKMYPY, DealbHi 2eOMEMpPUYHi pO3MIpU NOCMIUHUX MA2HIMI6 | HeniHilHI
MacHimHi eénacmugocmi epomaznHimuux mamepianie. 3a0ns OyiHKU A0eKeamHoCmi MOOeni GUKOHAHO NOPIGHANbHUL AHANI3
Pe3YIbMAamie YUcenbHO-aHATIMUYHO20 PO3PAXYHKY 3 OAHUMU BUCOKOMOUHO20 MOOETIO8AHHSA MEMOOOM CKIHUEHHUX elleMeHmi8 y
npozpammuomy komnaexci Ansys Maxwell. Ilobyoosano cepito FEM-modeneii zcenepamopa pisnozo piens oOemanizayii ma
cknaonocmi. Hagedeno mamemamuuni gupasu yucenbHO-aHALMUYHO20 Memooy Ha O0cHogi nepemeopenns Pyp’e, opicnmosani
Ha Komn'tomepHy peanizayito. MoOenosanHs 6UKOHAHO 3 YPAXYBAHHAM eleKMPUYHO2O0 KOAA 2eHepamopd, Wo 6KI0Yae
mpugasHuli GUNPAMAAY i akmusHe Hasanmagicenns. IIpo6edeHo po3apaxyHoK Haco8ux 3a1eAcHOCmell po3nooiny MASHIMHO20 NOs
ma eneKmpomazHimmo20 Momenny. Busnaueno noxubku po3spaxyHKy elekmpoMazHimHo20 MOMEHNTY, OMPUMAHO20 YUCETbHO-
AHATTMUYHUM MemOoOoM, Yy nopieHsaHi 3 FEM-moodensamu piznozco cmynens demanizayii. Ompumani pe3yiomamu 0eMOHCIMpPYons
MOJNCTUBOCHT MA OOMEJICEHHST CHPOUJeHOT MameMamuyHoi mMooeni Ui niomeepodlcyloms OOYibHICMb i 6UKOPUCIAHHA Ol
NONEPeOHiX PO3PAXYHKIE Ma ONMuMI3ayii napamempie 2eHepamopie 3 NOCMIUHUMU Ma2Himamu OJis A6MOHOMHUX CUCEM
8i0H06MI06aHOT eHepeemuku. bioin. 12, puc. 6, Tadmn. 3.

Knwuoei cnosa: MONENOBaHHS, E€ICKTPUYHUN TeHEPATOp, BiHOBIIOBAHA CHEPreTHKA, MOCTIHI MAarHiTH, CHEepPreTHYHi
XapaKTEPUCTUKH, EIEKTPOMArHITHUI MOMEHT, YACEJIbHO-aHAJITUYHUN METO/, METOJ] CKIHYEHHUX €JIEMEHTIB.
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The paper presents design of cascaded DC-link voltage control systems for bidirectional buck-boost DC-DC converters
which supply high dynamic loads such as IPMSM electrical drives. A new design methods applied for class of commu-
tated DC-DC converters, which known as strongly nonlinear and non-minimum-phase plants, improved not only their
dynamic performance but defined a new system features and therefore new opportunities for their further development
and optimization. Control algorithm based on PI current and voltage controllers forms the composite system which
consists of two linear stable subsystems in a nonlinear feedback loop suitable to apply the theory of cascaded systems
with two time-scale separation of the control loops dynamics. As it follows from the analysis after linearization, the
load current acts not only as external disturbance but defines closed loop systems parameters as well, and consequently
their dynamics and stability. To overcome this problem the combination of two technologies has been proposed for con-
troller design: a) “symmetrical” like optimum with worst-case system tuning in order to preserve system stability mar-
gin depending on maximum values of loads, b) disturbance rejection technique to improve accuracy of voltage regula-
tion on the base of direct load current measurement or estimation. Two technologies do not contradict each other since
later one is an intrinsically open loop. When DC-DC converter is used as power supply of vector controlled drives the
required load information is computed from the power balance equation of complete electromechanical system ‘DC-DC
converter — electrical drive’. The composite electromechanical system ensures high dynamic performance and extended
power capability of the DC-DC converter, which is confirmed by the results of experimental tests and simulation study
based on experimental transients of the electrical drive. References 13, Fig. 7, Table 1.

Keywords: DC-DC buck-boost converter, control algorithm, electrical drives, voltage controller, stability, load current
compensation.

Introduction. Bidirectional DC-DC buck-boost converters (also known as two-quadrant converters)
are widely applied in electric vehicles, energy storage systems, power sources etc. in order to regulate the
output DC-link voltage [1, 2]. The control systems of DC-DC power converters must provide the specified
dynamic performance and stability properties with respect to ‘heavy’ variations of load current, including
those that are close to critical values, defined by the power balance equation [3, 4]. The control problem is
further complicated by significant nonlinearity and non-minimum-phase nature of the converter model due to
presence of the right-half-plane roots of the linearized model characteristic equation.

Since 1990s, the DC-DC and AC-DC converters established a class of controlled plants known as
“switching power converters”. The control theory of such systems was developed in a significant number of
fundamental and technical studies which are summarized in [1 — 5] (see references therein). Variety of meth-
ods, based on classical control theory and advanced methods of modern nonlinear control using the consid-
eration of both, converter averaged coordinates [6] and its instantaneous values, have been proposed by both
theoretically and technically oriented control societies. Many modern solutions, for example, model predic-
tive control [7], allow to achieve high dynamic performance, but the dynamic behavior is difficult to specify
during controller design. The algorithms, designed using passivity-based control technique [5] and second
Lyapunov method [8, 9], do not provide predefined dynamic performance as well. In [10] it is shown that
nonlinear DC-DC model is feedback linearizable in energy-based state-space (total system energy and in-
stantaneous power). The resulting dynamic system is linear and stable provided that constraints of the power
balance equation are satisfied. Such feedback linearizing controller cannot be implemented in practice since
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the exact parameters of the energy storage elements (DC-link capacitance and input circuit inductance) are
needed to compute the regulated energy. Only a few control methods provide the effective inductor current
limitation.

As it follows from the literature analysis and a practical viewpoint, the most widespread approach is
application of state feedback control structure, which consists of cascaded current and voltage control loops
having different modifications of proportional-integral (PI) controllers. They, de-facto known as ‘standard’
systems, are sufficiently robust, provide effective internal variables limitation, and relatively simple in im-
plementation. For the most algorithms, controller design and analysis are based on simplifying assumptions
due to complexity of significant nonlinearity and non-minimum-phase nature of the converter model. Such
approach gives quite satisfactory results for load currents, which are relatively small, compared to power bal-
ance critical values.

In the first part of this research [11], authors proposed new design and analysis of the DC-DC con-
verter cascaded control system, which is based on partial feedback linearization and two-time scale decom-
position leading to special nonlinearly interconnected structure of the two linear asymptotically stable sys-
tems in a feedback loop As a result, linearized system shows that load current acts not only as an external
perturbation but also changes parameters of the closed-loop system, defining in such way stability margin
and transient performance. This feature opens perspectives for improving the overall control algorithm using
load current information for implementation of available control techniques to stabilize system dynamics and
compensate disturbances. The focus of this research is primarily oriented on power DC-DC converters,
where suitable dynamic performance and extended stability range with respect to heavy load currents are
required, for example, to supply the electric vehicle (EV) drive systems based on vector-controlled [IPMSM.

The aim of this paper is to develop a novel, load current dependent control algorithm for cascaded
control systems of the bidirectional DC-DC buck-boost converters supplying the high dynamic active loads
to ensure improved system dynamic performance and extended load current range.

DC-DC buck-boost converter control. A standard schematic diagram of the DC-DC converter is
shown in Fig. 1, where V. and i are DC-link voltage and input current; #; is load current; L, R — input circuit

inductance and internal resistance; E is power supply voltage; C — out-

put capacitance; O, é — control signals of the switches. It is assumed

that all electrical elements are linear, parameters are constant, transis-
tors are ideal, which are turned on/off in a complementary way main-
taining DC-link voltage at a reference level.

Mathematical model of DC-DC converter is [1]

. z =%([1 ~u, Vi =V, )
Fig. 1 ’::%(‘R"‘[l_“ Wi+E),

where z =V, and the switching function is defined as

u, ={0,1}. (2)

The controlled variable in (1) is the square of DC-link voltage z, the control action is the switching

function uy,, and the load current 7, is the disturbance. The model (1), (2) is nonlinear and non-minimum-

phase [5]. The control action uy, is a discontinuous function formed as a PWM-signal. Under conditions of
correctly selected switching frequency, the model in averaged coordinates [6] is equal to

z= 2 ui-V,i ),
: lc ( | de L) (3)
i ZZ(—RZ +E—u),
where
u=A-u,V,, “4)
and uy, is a continuous in time and bounded signal.
Consider model (3) and the following assumptions.
A.1. Reference voltage and input voltage: V, >0, V, =const, E>0, E=const, z =V,’ = const.

A.2. All parameters are known and constant, i; = const.
A.3. Input current i and voltage E, and DC-link voltage V. are available for measurements.
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Under condition of these assumptions, it is required to design a control algorithm which guarantees
asymptotic voltage regulation, i.e.

limz=0,%=z-2", ®)]

where Z is the DC-link voltage regulation error.

Voltage and current control. The nonlinear transformations z=V, and u=(1-u,)V, in (4) per-

sw

form the first step in partial feedback linearization of the DC-DC converter dynamic model.
Following the cascaded systems design procedure, we construct the linear PI current controller as

u=E-Ri"+v, v=L(k,+kx), ©)
X =1,

where i =i—i" is the current regulation error; i" is the reference current (output of the voltage controller);
(kiz, ki) > 0 are the proportional and integral gains of the current controller.
Substituting (6) into second equation of (1) the resulted current error dynamics is given by
X, =i
i=—ki—k,x —i, M
where k; = k;; + R/L.
Controller (6) provides compensation of the time constant L/R in the 2™ equation of (1) if controller
tuning is selected as Lk;; = R/t;, k;; = 1/1;, where 1; is current control loop time constant. The resulting current
loop dynamics is reduced to

%__i?_ *
1 = ’E_l 1. (8)

i

it goes that

dc>

From the definition (5) and V, =V, —V,
a4 2 . z . * *

=,V i=—"—i +V, i,V i =const.
de I/dc_i_V;c dc”L V:{g_"_V;’C L dc"L de”L

Taking into account (6), voltage dynamics becomes

~ 2 i ~ ok oK i * .
Z:E(_V‘kiV‘;Z+(E_Rl +U)(l +l)—VdclLJ. 9
Since (E — Ri") = E > 0, a linear PI-voltage controller can be designed from (9) as [11]
- C1 ~
=g phEkx), (10)
X, =2z,

where (k,, k,;) > 0 are the proportional and integral gains of the voltage controller.
Combining (7), (9), (10) the resulting voltage-current dynamics is given by

X =2z,
. (2 1 . E-R',\). E-R 2 PR 11
Z:_(EH+KZZL+ - kaz— - kw.xv+E(Uz +(E=Ri" +v) =V,i, ), (1D
X, =1
n=h . 12
i=—ki—kx—i, (12)

where v = L(k,i +k,x,), (2/C)i,/(V, +V,)+k (E-Ri")/E>0.

System dynamics analysis and controller parameters tuning. Nonlinear non-minimum-phase sys-
tems (11) and (12) describe dynamic behavior of the voltage and current control loops and present a nonlin-
ear feedback-interconnection of the two linear asymptotically stable systems (in the isolated state). Stability
analysis and dynamic performance specification for the controller tuning of the composite system (11), (12)
has been performed using two-time scale separation approach on the base of linearized dynamics. According
to the theory of cascaded systems the inner current control loop should be at least several times faster than
the outer voltage control loop [11].

Since inductor resistance is parasitic one, we consider system with R =0 under no load condition

Vi, =0 . Neglecting bilinear nonlinearities in (11) we obtain (for current controller tuning according to (8)):
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%, =3,
Ez—kvf—kvixv+%Ef, (13)
* : C1 i -

i =—ki, +3E(kvz+kw.z).

Linearized structure (13) allows to study stability of the equilibrium point (x,,Z,7) =0 on the base of
so-called “nominal” dynamics. The open-loop transfer function corresponding to (13) is equal to
2&t,p+1) 1
W — vy . ,
rl(p) Tipz (,Cip+l)
®,, 1s the frequency of the undamped oscillations of the isolated voltage control loop;

(14)

where 1 =), =k,
o, =T, =k, k,=2C w,, where {, is the damping coefficient in the voltage control loop.
System dynamics described by the open-loop system transfer function (14) corresponds to the struc-

ture which allows tuning according to “symmetrical” like optimum with o, =pw»,,, p= 2\2 +4 [11]. The
standard tuning with {=1 (k,=k’/4) or sz@/2 (k, =k’ /2) typically is used for 2"_order isolated
voltage loop dynamics with the characteristic frequencies of (14) are located at 2 octaves from the cutoff fre-
quency. Important to note that “nominal” dynamics has well-defined dynamic performance and is robust to
bounded parameter’s perturbation.

If i, # 0 but bounded the structure of (11), (12) is strongly nonlinear and can be viewed as “nominal”
linear one (13), perturbed by load-dependent terms as follows from open-loop transfer function given by

L . 1 .
(28,75 + 1)[1 - Esz(,stJ + { v i s(Ts + 1)}
TP (sl ‘

W.(s)= (15)

Study [11] suggests to use condition p > 22 for the stability margin increase with respect to load
perturbations. With such tuning there exists maximal value i, when linearized system (15) is asymptoti-
cally stable provided that load current i; < i and, therefore (xv,Z,z7 ) =0 is a locally asymptotically stable
equilibrium point of the nonlinear system (11), (12). The importance of such representation is that the lin-
earized system allows to define the influence of Vi, not only as external disturbance but also to assess its

effect on the parameters of the closed-loop system. Therefore, the proposed presentation enables analysis of
the impact of i; on system stability and dynamic performance. For this purpose, a characteristic equation of
the system (15) is convenient to present in the following form:

v’ + Tk, (1)’ + Tk (i,)s +1=0, (16)

where k(i) =k, +i [ (CV.)=Lk Vi | E*, k,Gi,)=1+1i /(CV.)=LkV_ i | E*.

From the conditions k;(i;) > 0 and k;(i;) > 0 it follows that for fixed t; the voltage controller tuning
parameters (k,, k,;) should be different for different values of load current.

The initial voltage control loop tuning is based on the standard “symmetrical optimum” for i, = 0:
®y;, = POy, P = 22, C= V2 / 2 with fixed desired (achievable) current loop dynamics, defined by o), =71,".
As result of computation, the initial voltage controller gains are defined as: k, =2 o,,, &, =o;,.

In case i; = const or slowly varying, the direct adjustment of voltage controller gains (k,, k) as a
function of measured i; can be implemented in order to improve dynamic performance and increase the load
capability as compared to standard “symmetrical optimum” tuning.

In contrast to most spread power supplies with constant loads, the control systems of EV battery
supply should provide the suitable dynamic performance and extended stability range with respect to heavy
and rapidly changing bidirectional load currents. In such systems maximum values of the load currents
should be considered to define the “worst-case” tuning for |iL|<i i, =const. One of possible ap-

— "Lmax > "L max
proaches is to find the appropriate relation k,(i,, . ) with k(i) =k’(i,,..)/(2+4) in order to set the

same system stability margin under different load currents, for example, considering system Bode diagrams
or other available techniques for linear systems with varying parameters.
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Tuning example. The model parameters of the studied DC-DC converter are given in the Appen-
dix A. Input voltage £ =130 V, ¥, =300 V. Current controller is tuned at: 1,' = ®,, = 1800 rad/s.
Following the approach, leading to the same phase stability margin for different load currents, the

required data are reported in Table, obtained from
the Bode diagrams for W,(s) (15), shown in Fig. 2, a.

Transients for standard “symmetrical opti-
mum” (k; = 1800, k, = 900) are depicted in Fig. 2, b
for a set of load currents i, = [0.5, 3] A. Load current

No. of test 1|23 |4|5]|6
Load current ip, A 0 (051 2] 3|S5
Proportional gain k, 900|900 770|600 |495|370
Cut-off frequency, rad/s 900 /903|793 | 643 | 546 | 425
Phase stability margin, deg.| 37 | 31 | 31 | 31 | 31 | 31

was applied at #=0.05 s and removed at = 0.15 s
with limited rate of 1 A/ms. Note that the system is unstable for i, = 5 A. Transients for the proposed tuning

according to Table for iy < ijms =5 A (k, =1800, k, = 370), which are shown in Fig. 2, ¢, demonstrate stable

operation for all currents i < ifmax.
Improved control with direct load compensation. The main limitation of the approach which con-

siders voltage controller worst-case tuning depends on the robustification mechanism: for increased load cur-

rent the cut-off frequency of the voltage control loop requires to be reduced in order to maintain the same

phase stability margin. This leads to reduction of dynamic accuracy while quality of voltage transients re-

mains almost the same (see Fig. 2, ¢).

Magnitude L (dB)

DC-link voltage regulation error ¥V de V)

40 e

—1-i =05A

2-iL=3A

o
0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 t,s
b
DC-link voltage regulation error V de V)

0 .l
210 L-i; =0,k =900 g \\\ 1 1(5) 1-i =05A |
ouol — == 271 =05 Ak =900 \\\.\ RN 4 .15t 2-ip=3A
e 3-i =5A,k =370 S S~ _ | 20} 341 =5A

=270 - 1 L e A 25 L | L | | | |
10! 102 10 104 105 0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 t,s

a c
Fig. 2

In order to improve dynamic accuracy during load compensation by action of voltage controller with
worst-case tuning we propose to apply disturbance compensation technique. The designed cascaded control
system (11), (12) has physically based structure which forms regulation current by high-speed inner control
loop according to power balance equation.

As it follows from equation (11) the load perturbation has physical meaning in the terms of output

power Vi, according to power balance equation in steady-state Ei—Ri’—V,i, =0 and therefore current

. E-\E’-4RV,i,
.= R .
The modified dynamic voltage controller with load compensation component is constructed on the

base of (10) as follows (R = 0):

reference trajectories are computed as:

%, =3, (17)
E=—vE+1, (Vi0)),

where ¢ is filtered load compensation component; 1t/ is the a small time constant of low-pass filter to limit
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signals derivatives and to adjust speed of load compensation.
Dynamics of the voltage and current errors with controller (17) can be written as (R = 0):

- _[E%h +kvj§_kw'xv +%§+%(Ui* +(E+o)17—V,;iL),
| Ve, (18)

; 1 - z - 1 - Ayt
=itk ik -2 (e 7 (V).

From (18) it follows that lim&(¢) =V, i, in steady-

i E™ ; state, providing disturbance compensation. On the other hand,

! Load load compensation given by (17) is open-loop and therefore

YeSEERE should not have negative effect on system stability, even

LR more for small 1, with fast enough current loop, the distur-

—v} T, ¥ bance rejection is fast as well [12]. The block-diagram of the
| o541 closed-loop system is shown in Fig. 3.

k, 4= e Results of experimental and simulation investiga-

—i'Tc ) £ i lﬁl‘ tion. The two sets of experimegtal tests were perfonned to

22| = ST show the effec.tlve'ness of th¢ 'd.es1gned control algorithm with

de’t disturbance rejection capabilities. The first one for constant

Fig. 3 active current of the both directions supplied by current

source inverter, developed in [11]. During second test, the DC-DC converter supplies highly dynamic elec-
tromechanical system based on vector controller IPMSM.

Constant load test. The experimental setup consists of a DC-DC converter powered by lithium-ion
batteries E = 54 V, PWM frequency of 10 kHz with 2 us “dead time” was set, ¥, =100 V, ¥, (0) =54 V.

The positive load current 1 A was applied and removed at £ =0.1 s and 1 =0.2 s, followed by the same re-
generative load. Identical controller tuning is used for both control algorithms with and without disturbance

compensation: t, =1000 rad/s, k, =300, k, =k’ /4 (L, =1). 7, =0.005 s, sampling time 100 ps. Note that

in order to demonstrate effectiveness of the load current compensation, the sufficiently large time scale sepa-
ration between control loops, equal to p = 6.7 is set.

The transients are shown in Fig. 4: a — controller (4), (6), (10) tuned at “symmetrical optimum” (ex-
periment); b, ¢ — controller with load compensation (4), (6), (17) (experiment and simulation). Comparison
of experimental and simulation transients, shown in Fig. 4, demonstrates the effectiveness of the combined
control technique applied: accuracy of voltage regulation has improved by almost an order of magnitude with

DC-link voltage regulation error Vdc , (V) Input current i, (A)
_1 IEI ! 4 i 1 ' i 3
‘-.EI I:I
10 - : : - 4k - : . | .
0 0.1 02 03 04 Ls 0.1 02 03 04 L.z
a
10 s
0 R 0
_16, l ] | l 4 ! i b !
0 0.1 (.2 03 04 L.= b 0.1 02 >3 04 L=

Fig. 4
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DC-link voltage regulation error Vdc , (V) Input current 7, (A)

10
"Iil’ ‘l‘-u\__q_ ]I,L ﬂv Iy -
_15 5 L i I 4 X L " L E
] 0.1 0z 03 04 t.= 0 0.1 02 03 04 t.s
c
Fig. 4

no stability degradation. Although system dynamics is quite nonlinear, the voltage errors have small ampli-
tude and are well-damped.

Dynamics of the composite system ‘DC-DC converter — AC drive’. The simplified block-diagram of
the tested electromechanical system based on vector controlled [IPMSM is shown in Fig. 5. The DC-link of
motor inverter is powered by the tested DC-DC Converter.

Input current controller

.DC-link voltage controller

k, POPIC/2
|

= 1.5ud, +u,i,) Vo |[<E2 Gyt V,)

B
- li.
g-axis current controller

d-axis current |
controller :

g
d

1

Mechanical
part

SR

Fig. S

Dynamics of the composite control system has been studied by simulation using the precomputed
load current 1, , based on the experimental transients from IPMSM speed control system test, shown in Fig. 5.

Note that DC-link voltage dynamics may be considered as decoupled from the motor dynamics due
to compensation mechanism in PWM computation. In Fig. 5, (is i), (44 u,) are the stator currents and volt-

ages in rotor oriented reference frame (d — ¢); ® is the rotor speed; o is the speed reference; ®=w— o de-
notes speed tracking error; i; is the g-axis reference current; VS1, VS2 and CS1 — CS3 are voltage and cur-

rent sensors. For experimental and simulation tests the high dynamic performance speed tracking control al-
gorithm has been used [13] with d-axis current reference set to zero.
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The following operation sequence was applied to the IPMSM electric drive: 1) the unloaded motor is
required to track the reference speed trajectory o (£) with limited first and second time derivatives starting at
t=0.1s from zero speed to 100 rad/s (45 % of rated) with the dynamic torque equal to the rated one
(13.6 Nm); 2) from a time t = 0.5 s to t=1.3 s a constant load torque equal to 75 % of the rated value is ap-

plied; 3) the motor deceler-
ates starting from 7 = 1.65 s.

The simulation and
experimental results of the
speed trajectory tracking
are shown in Fig. 6. As it
follows from the transients,
the simulation results match
excellently the experimen-
tal data.

During simulation
test DC-DC converter feeds
IPMSM drive which has
the identical operating con-
ditions as shown in Fig. 6.
The estimated load current

A

i, is computed from the
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Fig. 6

active power balance equation VdjL =(3/2)(u,i, +u,ji,). Input voltage is £ = 130 V; reference voltage is

V. =300 V.

Transients, shown in Fig. 7 with red dashed lines, demonstrate the dynamic behavior of the DC-DC
converter control system (4), (6), (10) with setting k, =410, k, =k’ /2, k, =1800 (p = 6.7) according to

worst-case tuning. Blue lines in Fig. 7 illustrate transients of the DC-DC converter control system (Fig. 5)
with additional disturbance compensation (17). During all test the significant improvement of voltage regula-

tion accuracy is observed.

DC-DC converter input current i (A)

Load (DC-link) current iL (A)

\

L 1 1 _3 1 1 1
0 0.2 0.4 0.6 ts 0 0.2 0.4 0.6, ts
Current regulation error 1 (A) s DC-link voltage regulation error Vdc V)
10t !
'l
5t I‘
a A
L\
0F—<— —] w“ LV —
S5t 1
1l
-10 I
L}
1 1 L _1 5 1 1 1
0 0.2 0.4 0.6 ts 0 0.2 0.4 0.6 ts
Fig. 7

Conclusions. This paper presents a novel control algorithm for of bidirectional DC-DC buck-boost
power converters used as power supply for heavy duty dynamic loads such as high-performance vector-
controlled IPMSM of electrical vehicles.
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1. We propose a control algorithm, based on partial feedback linearization and linear PI voltage and
current controllers, which forms the resulting system error dynamics of a special structure in the form of in-
terconnected two linear asymptotically stable subsystems in a nonlinear feedback loop. Taking into consid-
eration strong system nonlinearity and non-minimum phase nature, we use the linearized system analysis and
the theory of cascaded systems with time-scale separation of processes in the control loops. The importance
of such representation is that the resulting linearized system allows to define the load action not only as ex-
ternal disturbance but also assess its effect on the parameters of the closed-loop system. It is shown that in
contrast to linear systems, external perturbation may lead to system potential instability, when current ap-
proaches the power balance limit. Mechanism of instability clearly indicates that controller parameters cor-
rection as function of load current is required to ensure stable operation and improved transient performance.
We show that in case of heavy rapidly changing and bidirectional loads the effective way is ‘worst-case’ sys-
tem tuning taking into account, for example, maximum phase margin of the frequency characteristic under
different currents.

2. Based on designed cascaded structure, a disturbance rejection technique has been additionally ap-
plied to achieve remarkable improvement of voltage accuracy stabilization. As information for disturbance
compensation, a direct measurement of load current can be used or estimation on the base of measurable
variables as it is always possible in vector-controlled electrical drives. Since disturbance compensation is
intrinsically an open-loop technique, the two technologies do not contradict each other. Essentially, only re-
quirement is to limit rapid transients by adjusting the forming filter time constant. The reduction in voltage
regulation errors achievable with such combined control has overall positive results on relaxing of converter
nonlinearities effect.

The results of experiments and simulation study, including those based on experimental transients of
the IPMSM drive, confirm the effectiveness of the proposed control system design and controllers tuning in
terms of the dynamic performance and load capability of the converter. The studied electrical drive can be
used in aerial and ground vehicles, gimbal suspensions, and multi-degree-of-freedom unanimous robots.
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Appendix A. Rated parameters of the DC-DC converter: output capacitance C = 500 uF; inductance
and resistance of the input circuit L = 11 mH, R = 0.5 Ohm.

Appendix B. The model of the IPMSM in rotor reference frame (d — g) is the following:

0=0,

o=J" [1,5p,,((Ld —Lq)idiq+\|/miq)—vco—71],
id =L:,l(—Rlid +Lqpﬂ0)iq +u,),

iq = L;l(_Rliq _Ldpncoid _men(’)id +uq)5

(19)

where 0 is the rotor angular position; v, is the permanent magnets flux; 7} is the load torque; R, is the stator
windings active resistance; L, L, are the stator inductances; v is the viscous friction coefficient; J is the total
inertia; p, is the pole pair number.

The speed control algorithm has been designed for i, =0 . Controller guarantees asymptotic speed

tracking if reference @' is smooth and bounded with bounded first & and second & time derivatives.
Speed controller equations are given by:
K 1 Vv * .k a ~
17—E(70) +0 +7, —kmoo),
T, = —k, @,

(o1

(20)

where @ =m— " is the speed tracking error; T . 1s the estimate of the slowly varying load torque component

T,/J;u=15py./J; (k, =100, k, =k’ /2) are the proportional and integral gains of speed controller.
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Current controllers are defined as:
u, = Ri; + L,p,oi, +y,p,oi, + L (~ki +x, +i,),

q°q
i, =k, i, ) o
u, =Ri, - L poi +L, (—k,.did +xd),
xd _kiidid’

where (k, =k, =1000, k, =k, =k;/4)>0 are proportional and integral gains of current controllers;

i,=i,—1i,i, =i, —i, are the errors;

L=p"(J v +@ + T)—p 'k, [-(k, +J 'V)d+ i, +1.5J "' p,(L, — L,)i,i ] is the known component of the

time derivative of quadrature current reference.

Appendix C. Rated data of IPMSM NORD 100T2/4: power P,=3 kW; current i, = 5.4 A (RMS);
phase voltage U, =385 V (70 Hz supply); torque 7,=13.6 Nm; speed o, =220 rad/s; stator resistance
R;=1.7 Ohm; (d — q) inductances L, = 31 mH, L, = 56 mH; permanent magnets flux y,,= 0.615 Wb; viscous
friction coefficient v = 0.033 Nm(rad/s)'; inertia J = 0.0155 kgm®; pole pairs number p, = 2.
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KOMBIHOBAHE KEPYBAHHSA IBOHAIIPABJIEHUMHM DC-DC IEPETBOPIOBAYAMMU
JJIA BACOKOAUMHAMIYHUX HABAHTAKEHb

C.M. Iepecana', noxt. Texn. Hayk, €.0. Hikonenko', 1okt. pinocod., C.E. JIsmescnkuii’, nmpodpecop

"HTY Yxpainn «KuiBcbkuii nosirexniunmii incruryt im. Iropst Cikopcbkoro»,

np. bepecreiicbkuii, 37, Kuis, 03056, Ykpaina, e-mail: sergei.peresada@gmail.com.
2 Pouectepcbknii Texnonoriunmii IncTuryT,

Pouectep, Holo-Hopk, CIIIA.

Pobomy npuceaueno pospodyi kackadHux cucmem Kepy8auHs HANPY2oi0 JAHKU NOCMITIHO20 CIMPYMY PeBepCUSHUX CUTO-
sux DC-DC nepemesoprogauie, sKi #CUGIAMb BUCOKOOUHAMIUHTI HABAHMAICEHHS, MAKI K 6eKMOPHO-KEPOBAHT CUHXDOHHI
enexmponpugoou. Hosimni pezynomamu no pospobyi memodis cunmesy i ananizy kepysawv DC-DC nepemesopiosauis,
SKI € CYMMEBO HENIHIIHUMU A HEMIHIMATLHO (pazosumu 06 ekmamu, 0anu 3Mo2y He MIbKU CUHME3Y8AmU CUCIEMU 3
NIOBUWEHUMU NOKAZHUKAMU SIKOCMI KepPYSaHHsl, ajle Ul 6CIMAHOGULU HeGI0OMI paniue e1acmusocmi, Wo 8axNcausi 0s ix
noo0anIbUI020 800CKOHANEHH: | onmumizayii. [lokasano, wo cmpym HA8AHMAadiCerH s OI€ He MINbKU 5K 306HIUHE 30YDeH-
HA, ane U 6NIUBAE HA NAPAMEMPU 3aAMKHEHOI cucmemu i maKkum YUHOM GU3HAYAE NOKAZHUKU SIKOCI Kepy8auHs ma it
cmitikicmos. 3a01a nociabaenus 6naugy eapiayiii napamempis, 00YMOGICHUX YUM ABUUEM, 3aNPONOHOBAHO GUKOPUCHIO-
8yeamu KOMOIHOBAHEe KePYBAHH, Ke MICIIUmMb: a) ONMUMI3AYII0 KACKAOHOI cucmemMu Ha ‘CUMempuyHull’ ONMUMym 3
HAIAWMYBAHHAM 8UX00AYU 3 ‘HAUSIPUIO20 BURAOKY , W0 3abe3neyye 3a0anull 3anac Cmitkocmi 8i0HOCHO MAKCUMATb-
HO20 3HAYEHHs] HABAHMAICEHHS, 0) KOMNeHcayilo 30YpeHHst Ha OCHOBI GUMIPIOSAHHS. AO0 OYIHIOBANHS CIPYMY HABAH-
maoicenHs. B moii uac sk nepuia mexHono2isi nOKpawjye pobacmuicms i0HOCHO 3HAYEHb CIPYMIB, dlle 3MEeHUYE OUHA-
MIUHY MOYHICmb, Opyea CHpuse niosuujento moynocmi cmabinizayii nanpyau. [{na DC-DC nepemeoprogauis, AKi scu-
81Mb BEKMOPHO-KEPOBAHT CUHXPOHHT 08uzyHU 3 nocmitinumu maeHimamu (IPMSM), pospaxynox nasanmasicents 30iu-
CHIOEMbCAL 3 pieHANHA Oanancy nomyoicnocmi cucmemu « DC-DC nepemeoprosau — enexkmponpugody. Komnosumnua ene-
KMpomexaniuua cucmema 3abe3neyye GUcoki nokasHuku skocmi nepexionux npoyecie DC-DC nepemeopiosaua pazom 3
po3uupeHuM 0ianazoHOM HABAHMAICEHHS, WO NIOMBEPONCYEMbCI PE3VILbMAMAMU eKCNePUMEHNIB, d MAKOIC MOOEI0-
BAHHSL HA OCHOGI eKCNePUMEHMANbHUX NPOYECi8 CUHXPOHHO20 elekmponpugody. bion. 13, puc. 7, Tabm. 1.

Knrouosi cnosa: DC-DC neperBoproBay, KOMOIHOBAaHHI alNTrOPUTM KEPYBaHHS, €IEKTPOIPHBO, PETYIATOP HAMPYTH,
CTIMKICTh, KOMITEHCAIiS CTPYMY HaBaHTaKCHHS.
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na cucmemu KepysauHsa mauwiunoo nodeiliHozo scueienns (MIDK), wo 3anpononosana agmopamu é nonepeouix nyo-
JIKAYIAX, CUHMe308aHUll OUCKpemHULl po3uwupenuil cnocmepieay Kaimana 3 memoro cmeopents be30amuuxosoi peneti-
Ho-8ekmopHoi cucmemu xkepysanns MIDK i3 06oma koumypamu excmpemanvHoeo kepysanusa. Cnocmepicay Kanimana
008071l BUCOKO20 NOPSIOKY Kpim i0enmuikayii onopHoeo 6eKmopa nomoko34enjieHts Cmamopa i Kymoeoi wmeuoKocmi
0bepmanms pomopa, wo 00CMamHbo 0Jis ACUHXPOHHUX Mawiun (AM) 3 KOpOMKO3IAMKHEHUM POMOPOM | KEPYBAHHAM 3d
CMamopom, OYiHIOE MAKOIHC KYM NOBOPOMY POMOPA i 308HIUIHE 30YPEHHS, 3a SIKe NPULLMAIOMb MOMEHM HABAHMANCEH-
ua na eany MIDK. /l[pyea ocobrusicme 3anpononosano2o cnocmepieaua Kanivana nonseac 6 momy, wjo npoekyii eex-
mopa Hanpyau cmamopa Ha Opmo2OHANbHI OCl, 36'3aHi 3 pOMOPOM, Oyu 6KIIOUeHi 00 CKAAdy MaAmpuyi cmany cho-
cmepieaua i, MumM Camum, po3paxoeye8anrucs AK 3MIHHI CMaHy cCnocmepi2ayd, a He AK 306HIWHI NAUGU, AKUMU € MITbKU
Kepyloui Hanpyau, wo nooaiomvcs 6 kono pomopa MIDK. YV kananax peakmuenux nomyosicHocmeti pomopa i cmamopa
30TlICHIOEMbCA onmumizayis eHepeemuyHux nokazuuxie MIDK y cmanux pexcumax pobomu. Cmanoapmuuil aneopumm
Kanmanoscvkoi ghinbmpayii 3acmocosanuil y yiit pobomi 015 0emepMiHO8aHOI cucmemu 3 Memor 30iUCHeHHs I0eHmu-
ixayii 8cix HeOOXIOHUX 3MIHHUX CMAHY Npoyecy Kepy8aHHs 8 00OHoMy cnocmepizayi. Ilpu ybomy aneopumm cnocmepi-
eaua Kanmana npayroe cmiilko 6HAc1iook mozo, wo eumipiosani cmpymu pomopa MIDK, no @ioxunennsx 6io sxux pea-
J3YIOMbCA KOPUSYBAIbHI 360POMHI 36'A3KU, MICMAMb 3d NPAMO20 DElelH020 KEPYBAHHA 8UCOKOUACMOMHI Nyabcayii,
SKI CHPUUMAIOMbCsi CHOCmepizadem 51K 8UNAOK08i nepeukoou eUMipiosans. Memooom Mamemamuyno2o MoOeno8anHs
ona MIDK i3 enmunsamopuum HABAHMANCEHHAM HA BATY MEOPEMUYHO NIOMBEPOICEHA BUCOKA SIKICMb Pe2yi08anHs
WBUOKOCII MA OOCACHEHHS! eKCMPEMATbHUX 3HAYEHb eHEPeeMUYHUX NOKA3HUKIE Y cmamuyi 3 0e30amyuKo6oio cucme-
MO0 KepYBaHHS HA OCHOBI 3aNpONnoH08anoeo cnocmepieaua Kaivana. bion. 21, puc. 1.

Knrwowuoei cnosa: MammHa 1oIBiiHOTO >KUBJICHHS, BEKTOPHE IT0JICOPI€EHTOBAHE KEPYBAaHHSI, pEJICHHUH PETYJIIsITOp, EKCT-
peMalbHe KepyBaHHs, 0€31aTYMKOBA CHCTEMa KepYBaHHs, TUCKPETHHI pO3IIHPeHni crioctepiray Kaiamana.

Beryn. Y monorpadii [1] cMHTe30BaHO TpUKAHANBHY CHCTEMY KEPYBaHHS aCHHXPOHHOK MAITHHOO
(AM) 3 da3HuM pPOTOPOM, V SKi 3MIHOIO MOIYJIS BEKTOpa HAMPYTH CTaTOpa TPAH3UCTOPHUM PETYIIATOPOM
HAMpYTrd MOXIJIMBO 3a0€3IIEYUTH MiHIMAJIIbHE 3HAYCHHS PEAaKTHBHOI MOTYKHOCTI POTOPHOTO Kota AM, mif-
KJIFOUEHOTO, Y CBOK Yepry, JO MEepeTBOPIOBaYa YaCTOTH. 3a TAKOTO BKIOYEHHS AM 3 (asHUM pOTOpOM
TMIpaIfioe K MaluHa MOABIHHOTO KUBJICHHS 3 MOKJIMBICTIO OJTHOYACHOTO PETYITIOBAHHS IIBUIAKOCTI poTOpa i
KEepyBaHHS TIOTOKaMHU PEAKTUBHOI IMOTY)KHOCTI CTAaTOPHOTO 1 POTOPHOTO Kil. Y KOHTYpl KepyBaHHS 3a/isTHO
MOJaNBHHUN CIIOCTepirady cTaHy, 0 BUKOPUCTOBYETHCS 3aUIs iJeHTU(IKALl] MOMEHTY CTATHYHOTO HaBaHTa-
seHHs Ha Bany MIDK, indopmaltis mpo SKkuii HeoOXiTHA 33/ BU3HAYCHHS SKCTPEMATLHOTO 3HAYCHHS MO-
JTyJIsE BEKTOpa MOTOKO3YETICHHS cTaTopa. 3aisl ineHTHdIKAIil IIBUIKOCTI 00epTaHHS poTOpa Ta Horo Kyra
MOBOPOTY BiIHOCHO CTAaTOPa BUKOPUCTOBYIOTHCS aHAJITUYHI BUPa3H, AKi MICTATH BiIAKPHUTI IHTErpaTopH, 110
Ha MPAKTUI[I MOXXE MPHUBOIMTH 0 HAKOMUYCHHS MOMWJIKH 1 BTPATH CTIHKOCTI CHCTEMH KepyBaHHA. [Ipu
IbOMY B [2] 3 BUKOPHUCTAHHIM criocTepirada Kanmmana po3po0iieHo BEKTOpHY cucteMy KepyBanas MIDK i3
JBOMa KaHaJaMU KepyBaHHsI 32 poTopoM 0e3 JaT4YMKIB MEXaHIYHUX KOOPAWHAT 1 KOHTYPY €KCTpeMalbHOTO
KepyBaHHA 3a cTatopoM. Y [3] mpexacraBieHa Oe3AaTUMKOBA CHCTEMa EKCTPEMAaJbHOTO BEKTOPHOTO Kepy-
BaHHI AM 3a craropoM Ha ocHOBI (pibTpa Kammana (DK). [IpuitmMaroun 10 yBaru pe3ysibTaTd, BUKJIAICHI B
3a3HaYCHUX BHILE JIITEPATypHUX JKepesax, BUHUKAE ines 3actocyBanHs OK 3amist inentudikaii sk mMexa-
HiuHuX KoopauHaT MIDK (WBHIKICT i KyT HOBOPOTY POTOpa), Tak i 30BHILIHIX BIUIMBIB (MOMEHT CTAaTHY-
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HOT'O HaBaHTAXKEHHS), 110 MOTPiOHO AJsl CHHTE3y 0e34aTYMKOBOI CHCTEMHU BeKTOpHOro kepyBanHs MIDXK i3
KOHTYpOM EKCTpEeMallbHOTO peryioBaHHs. OTJIsIHEMO JiTepaTypHi JuKepesa, B sikux 3actocoByerbesi OK B
cucremax kepyBanusa MIDK, a Takox crocrepiradi B CHCTEMaX €KCTPEMaIbHOT'O KEPYBaHHsI €JIEKTPOIIPHBO-
nmamu (EIT).

VY [4] BuknageHuii cuHTE3 aHCIIeHTHOTO (inbTpa Kanmana mis imeHTHIKaIil MIBAAKOCTI 00epTaHHS
pOTOpa aCHHXPOHHOTO BITpOreHepaTopa 3 MOJBIHHUM >KUBJICHHSM, 110 TOKa3aB 3HAYHO OLIBINI IIBUAKICTH
301KHOCTI Ta TOYHICTB OL[IHKH, HK crocTepirau Tumry MRAS. V BekTopHiii cuctemi kepyBanus MITK mosxe
BHKOpHUCTOBYBaTHCS HewiTkuit [1I perynsarop mBuakocti [5], y skoMy KoeDimieHTH MiICHICHHS CKIaI0BUX
3MIHIOIOThCS Y (DYHKIIi BETMYMHNA HEY3TOJHKEHOCTI MIBUAKOCTI 00epTaHHS poTopa. Y KOJli 3BOPOTHOTO 3B'S-
3Ky 3aCTOCOBaHUH po3mmupenuid ¢ineTp Kanmmana 3ais BU3HAUE€HHsI POCTOPOBOTO MOJIOKEHHS! OMOPHOTO
BEKTOpa IMOTOKO3UYEIUICHHSI pPOTOpa 1 KyTOBOI MIBHAKOCTI obepTanHs potopa MIDK. ¥V [6] mocmimxyeThes
Oe3naTuuKOBa BEKTOpHa cucreMma KepyBaHHA MIDK y nuHamiuHuX peXumax MEpexoay 4epe3 CHHXPOHHY
HIBUJKICTB, y sikiit @K 3acTocoByeThes s imeHTH(]iKALIT MEXaHIYHUX KOOPIUHAT KyTOBOI IIBHIKOCTI 1 KY-
Ta moBopoty poropa MIDK. IIpu upomy B piBasiHHS @K KyT OBOPOTY BXOIMTH JO CKJIATy KOOPAMHATHHX
MIEPETBOPEHD MPOEKITI BEKTOpa HAMIPYTH cTaTopa Ha oci d,q potopa. Y [7] 3amporonoBanuit OK, sxuit orri-
HIOE KyTOBY IIBUJKiCTh 00epTaHHs potopa MITK 1 mpoekuii onopHOTO BEKTOpa MOTOKO3YEIUIEHHS CTaTopa
Ha oci d,g, e BXiTHUMHU BUMIPIOBAHUMH 3MIHHHUMHU € CTPYMH POTOpa Ta HOro KyT MOBOPOTY BiIHOCHO cTa-
Topa. Y [8] BukiageHo mponenypy cuHtedy posmupenoro ®K 3aans omiHOBaHHA HE KOOPAMHAT, a I’ ATH
OCHOBHUX MapameTpiB cxemu 3amimeHast MIDK, npu3HaueHo1 Aj1s1 BITpOSHEPreTHYHUX YCTaHOBOK. Y POOOTI
[9] mpencraBneno ®K 3amis ouiHioBaHHs mapaMeTpiB Oe3miTkoBoi MITK 3 po3ninbHUM perytoBaHHIM aK-
THUBHOI Ta PEAaKTUBHOI MOTY>KHOCTEH 11 BEKTOPHOIO CHUCTEMOIO KepyBaHHs. Y [10] mis cuctemu KepyBaHHS
MITDX BiTpoeHEpTreTHIHOT yCTAHOBKH 3aIlIpOIIOHOBaHO po3mupennii @K, sxuit BU3HaYae KyTOBY MIBUAKICTS i
MOJIOKEHHS POTOPA, a TAKO)K MOMEHT CTaTUYHOT'O HaBaHTAXKEHHsS Ha Bay AM, 10 Jae 3MOTy peaii3yBaTH
PEXUM BiJICTEKEHHS MaKCUMAaIIbHOI TIOTYKHOCTI TypOiHU y pa3i 3MiHM mBHIKOCTI BiTpy. Y [11] mocmimky-
€Thesl Ty TauBicTe @K 710 piBHS MIyMiB BUMIPIOBAHB i TOXHOOK 3aBIaHHS MTOYATKOBOTO 3HAYEHHSI MOMEHTY
inepuii poropa MITXK. V [12] po3po6iieno ©K migsuineHoro nopsaxky B cucreMi kepyBanns MIDK, y sikomy
TOYHICThH OLIHIOBAaHHS KYTOBOI IIBUAKOCTI Ta MOJ0KEHHS pOTOpa MiIBUILY€ETHCS IUIIXOM BKJIIOUEHHS iHTET-
paJIiB Bii MPOEKIIiH CTpyMiB cTaTopa Ta poropa y Bektop crany @K. ¥V [13, 14] 3aams kepyBaHHS peXUMOM
MITX B cknamHii e1ekTpoeHepreTHYHIH cucteMi 3acTocoByeThest @K BUCOKOTO (10 T’ ATHAIIATOTO) MOPSII-
Ky 32U OLIIHIOBAaHHS 3aIlyMJICHUX BHMIpIOBaHb 3MIHHHX CTaHy 3 ypaxyBaHHSIM MOXJIMBHUX KOPOTKHX 3a-
MHKaHb HOOJU3y TOUYKH MiAKIIOYeHHS AM 10 Mepexi B MO€QHAHHI 3 alrOPUTMOM BHSIBICHHS HEOCTOBIp-
HUX JaHUX.

Po3risiHeMo 3acTOCyBaHHS KOHTYpIB eKkcTpeManbHOro kepyBanHs B EIl 3i cocrepirauamu. B [15]
HaBeJICHO BEKTOPHY IOJIEOPIEHTOBAaHy cUCTeMy KepyBaHHS AM 3i cioctepiraueM MRAS niist inentudikamii
KyTOBOI IIBUAKOCTI poTopa. [lo ckiIaxy aganTUBHOI MOJEN TaKOro CHOCTepiraya BXOJUTh BEJIMYMHA aKTUB-
HOT'O OTIOpY pOTOpa, SKHH iICTOTHO 3MIHIOETHCS Tig yac podotu AM. Tomy 3amponoHOBaHO 33 yisl ieHTUdi-
Kallii akTUBHOTO OTOpY pOTOpa B aJanTuBHIK Mozeni cnoctepiraua MRAS BHKOpHCTOBYBaTH KOHTYP €KCT-
pemansHOTO perymoBanHs ESC, mo 3abe3mneuye 301KHICTh agalnTUBHOI MOJENI /0 €TaJOHHOI i, 3aBISKH
IbOMY, TIpoltec imenTudikaitii KyToBoi MBUAKOCTI poTopa. Sk minboBy yHKIiT0 cuctema ESC BukopucTo-
By€ TIOMHJIKY BH3HAU€HHS aKTUBHOI MOTY)KHOCTi ctaTopHoro koina AM. IlepeBara Bukopuctanns ESC y
cknagi MRAS monsirae B ToMy, 1110 KOHTYP €KCTPEMaJILHOTO CAaMOHACTPOIOBAHHS HE 3aJICKHUTh BiJ MapaMeT-
piB AM, OCKIUTEKH HE MICTUTh PiBHSHD MoJieni AM, a a1 oOunciIeHHs TpajIieHTa IiIhoBOi QPYHKITT 3a mapa-
METPOM BHKOPHCTOBYE CIPOOHHI TEPiOAMYHHN BIUTUB. 321 ONTUMAJIBHOTO 38 €HEPTeTHYHUMHU TTOKA3HU-
KaMH KepyBaHHs €JEKTPHYHUMHU MallMHaMH HEOOXiJHO HalvacTille peryaioBaTH BEIUYHHY MOIYJS MOTO-
KO34erieHHs ctaTopa abo poropa [16, 17]. Hanpukian, y [17] omucyeTscst cuctemMa BEKTOPHOTO Oe3/maTan-
KOBOTO KepyBaHHS CHHXPOHHUM JIBUTYHOM 3 MIOCTIHHUMH MarHiTamu, y SKiii CHTHaJl 3aBlIaHHS Ha BXiJ pe-
TYJISITOpa MOIYJISl OHOPHOTO BEKTOPa MOTOKO3YEIJICHHS CTAaTOpa 33a€ThCsl KOHTYPOM €KCTPEMABbHOTO pe-
ryroBaHHs. [omyk eKcTpeMaabHOTO MOTOKO3YEIUICHHS, 32 IKOT'0 CTPYM CTaTopa JocArae MiHIMyMy, 31iic-
HIOETHCS B PEXKHUMI peasibHOro dacy. ¥ [18] cuHTesyeTbes cucteMa peryiroBaHHs MOAYJS BEKTOpa IOTOKO3-
yerieHHs potopa 0e3iitkoBoi MIDXK 3aais 3a0e3neyeHHs MiHIMAIBHOTO CTPYMY CTaTopa 3a 3aJaHoro 3Ha-
YEHHS €JICKTPOMAarHiTHOIO MOMEHTY 3 BUKOPHCTAaHHSIM METOLy MHOXXHUKIB Jlarpanxa 3aiiisi BU3HAUECHHS
eKCTpEMaIbHOTO 3HAYCHHS MOTOKO3UeIieHHA. Y [19] 30BHINIHIN KOHTYpP €KCTPEMalbHOTO PETYIIOBAaHHSI B
cucreMi BekTopHOTO KepyBaHHss MITXK 3 mpuBozom Bij BiTpoBoi TypOiHH 3a0e3euye MakCUMallbHe 3HAUCH-
HS €JIEKTPUYHOI MOTYXKHOCTI CTaTtopa 3a pi3HUX IIBUAKOCTAX BITPY. Y [20] KOHTYp €KCTpeMalbHOTO pery-
moBanHsd MIDK y cxiagi BiTpoeHEpreTH4HOi yCTaHOBKM BHKOPHCTOBYE PEJICHHMN PEryysiTop, IO HAJae
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KOHTYpPY KepyBaHHS BJIAcTHUBICTh poOACTHOCTI IO Bapialliil mapaMeTpiB CUCTEMH Tij 9ac ctadimizalii y pasi
PpOOOTH perymsTopa B KOB3HOMY PEXHUMI.

[TpoBenenuii anami3 MiATBEPKY€E ICHYBaHHS 0€31aTYNKOBHX BEKTOPHHUX CHCTEM KEpyBaHHS acHHX-
pouaumu EIl 3 KOHTYpamMu eKCTpeMallbHOTO PEryINIIOBaHHS 33 OYIb-SIKUMH €HEPreTHYHUMH XapaKTepUCTH-
KaM¥ €JICKTPUIHUX MAITuH. TEeOpeTHIHNX PO3pO0OK TPHUKAHAIEHUX BEKTOPHUX cHcTeM kepyBaHHT MITK i3
KOHTYpPOM €KCTPEMaJbHOTO PETYJIIOBAHHS 32 CTaTOPOM, KpiM MoHorpadii aBTopiB [1], y X0l JTiTepaTypHOTO
orysiny He OyJo BHABIICHO.

Y po0oTi cTaBUTHCA 3amaya CHHTE3yBaTH crioctepirad Kammana 3amia ineHTHdIKAIl MEXaHIIHAX
KOOPJIUHAT i MOMEHTY HaBaHTa)KEHHS Ha Bary AM y CKJIaji TPHKaHANBHOI pelieifHO-BEeKTOPHOI CUCTEMH Ke-
pyBanHs MITX i3 KOHTYpOM eKCTpeMalbHOTO PETYIIIOBaHHS 32 CTATOPOM 3 METOI0 30araueHHs Teopii Oe3na-
TYMKOBOTO KepyBaHHs acHHXpoHHUMU Ell, Ha OCHOBI 4OTO 3’SBUTHCS MOKIIIBICTh BiIMOBUTHCS BiJ] BUCOKO-
BapTICHUX MEXaHIYHUX JaBadiB, MiHIMI3yBaTH MMOTOKH peakTHUBHOI motyxHocTi B MIDK i3 3a0e3neueHHsIM
TOYHOCTI cTabLni3amii MBUAKOCTI.

Bukaax ocHoBHOTro mMartepiamy. Skmio 3ammcatu piBHSHHS eJeKTpoMmarHiTHHX mpoueciB MIDK B
0CSIX KOOPAWHAT poTopa d,q, Ta AOJATH A0 HUX PIBHSHHS PyXy POTOpa 3a YMOBH, IIIO HOTO MIBHAKICTE 00ep-
TaHHS HE 3MIHIOETBCS, TO CUCTEMA PIBHAHB JIJIsl CHHTE3Y PO3LIMpeHOoro GiibTpa y MaTpuuHiit popmi HabyBae
HACTYMHOTO BUTISAY [2]:

Ly —a 0 a —a14®, 0\ 1
r 11 li 14We T bl 1 0 _bl 3 0 U rd
Irq 0 -ay apo, ay 0| Iy U
d| - o 0 by 0 byl Yy
— lPSd =l a31 0 —az3 o, 0 lPSd + ; (1)
dt| o, 0 - ol & 0 0 b3 0 Uy
a ) —a
sq 42 e 44 sq 0 0 0 b44 Usq
@, 0 0 0 0 0 @,
Lyl (1 000 0)- - - - _\p
i:q = 0100 0 (1 rd 1 rq Ya \Psq O, ) > (2)
e ird . rg by sd R sq — OLIHKH TPOEKIIIH BEKTOPIB CTPYMy POTOpa Ta MOTOKO3YCIUICHHs CTAaTOpa Ha BiCi d,q,
CIIPSMOBaHI 3a pPOTOPOM; (, — OIIHKa KyToBOi mBHAKOCTI poropa MIDK B enexrpuunux pan/c;
UrgsUpg> Usq s Ugg — BHUMIPIOBaHI 3HAYEHHS MTPOEKIIiii BEKTOPIB HATIPYTH POTOpA Ta CTaTOpa Ha Bici d,q.
Koedoimientu B cucremi piBHSHb (1) JOPIBHIOIOTH
RL, L, kR, R
A =Gy =—>, aryy=a=—2, a3=0y=—-2, ayy=as =kR,, ay3=a4 =—, 3
11=an =" 3= A4 =" 13= a4 =1 317 G4y =Ky, 033 = daa =7 3)

L 2 ' 2
b11=b22=Xs, b13=b24=T’”; byy=byy=1, A=LL —-L,, R=R. +kiR;, ki=L,/L,

ne R¢,R. — akTtuBHi onopu (asHUX OOMOTOK CTaTopa i poTOpa BiANOBIAHO; L, — IHIYKTUBHICTH KOHTYpY
HamarHiuyBaHHsi AM; L, L, — NOBHI IHAyKTUBHOCTI CTaTOpa 1 POTOPA BiAMOBIIHO.

Cucrema piBasHB (1), (2) BUKOpHCTOBY€EThCS 5K 0azoBa mif yac modymaosu @K B cucreMi BEKTOPHO-
ro KepyBaHHS aCHHXPOHHOIO MAIIMHOO 32 POTOpoM. Takuii MmiixiJ € KOPEeKTHUM JIMIIIE 38 HAsIBHOCTI B CHC-
TEeMi KepyBaHHS JIaTUYMKa MOJIOKEHHS POTOPa, KOJU HEOOXIHO 3MIMCHIOBATH 1CHTU(IKALIIO0 MIBUAKOCTI Ta
BEKTOpa MOTOKO34YEIUIEHHA. Y pasi BiACYTHOCTI JaTYMKa MOJOKEHHS pOTOpa BUXiAHY CHCTEMY PiBHSHB CIIij
MoaudiKyBaTH, OCKIIBKA KPIM MIBUIKOCTI OOEPTaHHS pOTOpa Ta IMOTOKO3YEIUICHHS CTaTopa HEoOXigHO Ta-
KOXK OLIHIOBATH KYT MOBOPOTY poropa. IIpoekuii Bekropa Hanpyru cratopa Ug, ,Ug, Ha oci d,q 3anexatb

BiJl KyTa MOBOPOTY POTOpa Y. 3a/jisl MepeBeCHHS MPOEKIIH BEKTOpa HAMpyru craropa 3 oceil o,f3 B oci
poropa d,q HeoOXiHI KOOPIUHATHI EePEeTBOPEHHS
Uy (v)=Uyq cosy+Ugsiny; Uy, (v)= Uggcosy—Ugqsiny. 4)
IMpoexuii Hanpyr cratopa Uy (y) U 5q (y) MOXHa BBECTH J0 CKJIaTy TPaBUX YaCTHH CHCTEMH PiB-
HSIHB CIIOCTepiraya, a He3aleKHIUMH KePYIOUHMH BIUIMBAMU NPUHHATHA TUIbKH Hanpyru potopa U, ,U,, .

Bnpa3 JJI1 BUSHAYCHHS GHGKTpOMaI‘HiTHOFO MOMCHTY HaCTyHHI/Iﬁ
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3 - = 3
Me:_ENks [\PSXIVJZENks (LPSQIVd_\PSdIVCI)' )
PiBHSHHS pyXy NpUitMae BUTIIA
PO, = aSl\Psq]rd - aSl\Psd[rq - aSZMSt > (6)

ne as; =3N st / 2J ; asy = N/J ; N —xinskicts nap nomocis AM; J — MoMeHT iHepuii potopa MITK.
KyT noBopoTy poTopa BU3HAYA€THCS PIBHSIHHIM

PY =0, (7
HKH_IO IIOKJIaCTH, IO MOMCHT HaBaHTAKCHHA HC 3MiHIO€TI>C${ y qaci, TO ﬁOFO piBHHHHH 6y/:[e
pM g =0. (8)

V pasi gogaBanus B cuctemy (1) piBHSHB pyXy (6), KyTa moBopoTy potopa (7) i MOMEHTY HaBaHTa-
KeHHS (8), 0JIepKIUMO HACTYIHY CHCTEMY PiBHSHB MOJIEIi CIlocTepiraya:

(7,7 | el +ai3¥ e —a140.¥ o ~bi3Usq (7) | by 0
Ly | | ~a2lyy + 30, ¥ +a3¥sg —byaUsg ()| | 0 by,
\?sd a311,q — a3 ¥ gy + 0, ¥ o +b33U 4 (7) 0 0 U,
Pl ¥ | a42frq -~ 0¥y _a44q’sq +byUsy (¥) | F 00 {Urq} )
0% as)W gy 1g — a5 ¥ gyl —asyMy 0 0
K &, 0 0
_Mst_ 0 L 0 0 |

OIiHKOIO BEKTOpa CTaHy CUCTEMHU OyJIe HACTYITHUH BEKTOP

~ S L T - o~ o~ - o~ T
X = (%1 X1 %31 X41 Xs51 Xg1 X71) = (Ird Lhg Wsa Woq 0c v Mst) ) (10
SKHI MICTUTh CTPYM POTOpPA, MOTOKO3YEIJICHHS CTATOPa, NIBUIKICTh 00EPTAHHS POTOpa, KyT HOro MOBOPOTY
1 MOMEHT CTaTHYHOTO HaBaHTaKeHHJ. [1ix 9ac moOymoBH BEKTOPHOI CUCTEMH KepyBaHHS IMOTIK HEOOXiTHII
JUTSL TOTO, MO0 10 HHOMY OPIEHTYBaTH CHCTEMY KEPYBaHHS, CHUTHAJ IIBHJIKOCTI MOTPIOHMIA I 3aMUKaHHS
3a HEK 3BOPOTHOrO 3B’sA3Ky. Y pasi ajanTailii MOl crocTepiradya BUKOPUCTOBYIOThCS OILIHKH MPSIMO BH-
MipIOBaHUX BEJUYHH CTPYMIB POTOpA.

Cucrema piBHSAHB CIIOCTEpIraya B Pi3HHUIAX 3aUIIEThCS [2]

‘)?k Z)?k_l-FTF()?k_l)-f-TBuk_lZD()?k_l), )7k_1=CXk_1=h()?k_1). (11)

Tyt BekTopu-GyHKIi D 1 4 € QyHKIISIMA BEKTOPHOT 3MiHHOI X 1 MarOTh HACTYITHHUIN BUTJISI:

dy (1=Tayy )1, +Tay3¥ g — Tay4@,¥ o) —Th3Uy (¥) + Th Uy
dyy | | (1=Tax )1y +Tay0, ¥ gy +Tayy ¥ sy = ThyUsy (V) + ThpUyy
d31 Ta31]rd +(1—Ta33)‘Psd +T6‘)elysq+Tb33Usd(?)
D(X)=|dy |= Tagylg — T W g +(1=Tagy) ¥, +ThyyUs, (7) : (12)
dSl €0e +Ta51\Psq[rd _TGSITsdIrq _TaS2Mst
To, +vy
dr I

st

ov_ (M) _(1ra
h(X)_(hZIJ_{IAqu‘ (1

Jlist momaneImux O0YUCIICHD 3HAMOOMAThECS MaTpuili SIko0i BeKTOpiB-QYHKITIH D()? ) i h(f( ) i

ManI/ILli CKJIaJarThCA 3 HaCTKOBHUX HOXiI[HI/IX 1 MaIOTb BHT T

ISSN 1607-7970. Texn. enekmpoounamixa. 2026. Ne 3 35



S ody [ Ox ody 1 | Ox S
J()?): 8D(X) i 11/0% 11/0%71 _ ah(X) :(5}111/5211 Ohy [ 0%7) (14)
X o 0 X Ohyy /0%, Ohy, [0%71 )
Od7) /0%y 0d7) /0%y,
3naiinemo marpuii Sko6i s upasis (12) i (13). nst mporo Bpaxy€eMo HaCTYIIHI CIIBBIIHOIICHHS:
ouU o,
o =Usi L =-Usa, (15)
SIK1 BUIUIMBAIOTH 3 AudepeniitoBanns Bupasis (4). Toai maTpuii ko061 mpuiAMarOTh BUTIISL
1-Tay, 0 Tayy;  —Tay®, -Tay¥s, -ThUg(v) 0
0 I-Tay, Taypo, Tay  Tap¥ey ThyUgy(y) 0
Ta31 0 l—Ta33 T&)e T\Psq T%}Usq(?) 0
J(X): 0 T(l42 —T€Oe l—Ta44 _T\i]sd _Tb44USd ('?) 0 s (16)
TaSI\Psq _Ta51\Psd _TaSIIrq TaSllrd 1 0 _TaSZ
0 0 0 0 T 1 0
0 0 0 0 0 0 1
1 000 0O0O
= . (17)
01 00O0O0O

MareMaTH9Hi CIIOAiIBaHHS 3MIIIaHUX JOOYTKIB 3MIHHHUX CTaHy OYAYyTh HYJIHLOBHMH, SIKIIO TPHITYC-
THUTH, 1110 BOHU HE KOPEIIOI0Th, 1 MATPHIIS KOoBapiamii 3amumeTbest Tak
). (18)

. 2 2 2 2 2 2 2
0= COV(’”) = dlag(crid Orig Or¥d O9r¥q Oro Ory OM
JIe TI0 TOJIOBHI JliaroHaIi 3arMcaHi Tucnepcii 3MiHHUX CTaHy, 1110 BBaXKAIOTHCS BUTIAJIKOBUMHU BETMYUHAMH.
Martpwuris KoBapiallii IryMmy BUMIpiB Oyie HaCTYITHOO:
R=c0v(p)=M(ppT)=GgE, (19)

ne Gf, — JMCIIEPCist BEMYUH Py , P;g LIYMY BUMIPIB CTPYMIB POTOpa; £ — OXMHUYHA MATPHLI.

B anroputmi cnoctepirada KammaHa BHKOPHCTOBYIOThCS MATPHYHI BUpPa3d Ta TXHS TOCIITOBHICTS,
OJTHAKOBa Ha KOXKHOMY IHTEpBaJIi IUCKPETH3AIlii 32 9acOM 1 TaKi Xk, K HaBeJeHI, HapuKIIaz, y podorax [2, 3].
Pesynbrarom pekypcuBHoro anropurmy @K € po3paxoBaHa Ha KOXHOMY IMKJII poOOTH MpOrpamMu

owiHka BekTopa crany MIDK
Xy :(Ird [rq Ya LPsq O, Y Mst)' (20)

IneHTH(iKYyBaTH MOMEHT CTATHYHOTO HaBaHTAXKEHHs Ha Baiy AM HE0OXiIHO 3aIyIsl peanizallii KOH-
TYpY €KCTPEMaJIbHOTO PEryJIIOBaHHS B CKJaJli pelneiHo-BeKTOpHOI cuctemu kepysanHs MIDK, mo goxmagno
BUKIIaZIeHO B MoHorpadii [1], y sKili OKpeMO CHHTE3yBaJIUCS iAEHTH(IKATOPH OTMOPHOTO BEKTOPa IMOTOKO3-
YeIUICHHS CTaTopa, IMIBUAKOCTI 00epTaHHSA pOTOpa Ta HOro KyTa MOBOPOTY, a TAKOXK CIIOCTEpirad MOMEHTY
CTaTUYHOTO HAaBaHTaXeHHS. Y JaHiii poOOTi B OAHOMY aJITOpPUTMI criocTepirada Kanmmana BU3HAYalOThCS BC
3a3HadeHi 3MiHHI. Y poOorti [1] HaBenAeHH! aHANITHYHUN BHpa3 I Koe(illieHTa MOTYXHOCTI POTOPHOTO
kosa MIDXK sik ¢yHKIii TppoX 3MiHHEX AM: KyTOBOI HIBUAKOCTI pOTOpa (®,, MOAYJISl BEKTOpA MIOTOKO3YeI-

naeHHs craropa ‘Y, 1 MOMEHTY CTaTHYHOIO HaBaHTaKeHHS Ha Bany M. OTpumMaHO pIiBHSAHHS, 3
pO3B’3aHHA SIKOrO 3HaXOoAAThCA 3HadeHHA WV, 3a AKkMX Koe(ili€HT MOTy:KHOCTI poTopHoro kosa MIDK
COS @, nocsirae MakcuMyMy. JloBeIEHO, 1110 BEIUYHNHA COS(, NPAKTUYHO HE 3aJE€KUTh BiI MIBUAKOCTI i BU-

3HAYA€THCS, TOJIOBHUM YMHOM, MOMEHTOM CTaTHYHOTO HaBaHTaxeHHs Ha Bamy MIDK. OOrpyHroBaHo, 1110
PETyJIIOBaHHAM BEIMYMHU MOJYJI BEKTOpa MOTOKo3uemseHHs cratopa V' y ¢dyHKIii MOMEHTy HaBaHTa-

MKEHHsI MO’KHA JOMOI'THCS 3a0€3MeUeHHsI MaKCUMYyMY COS (), B Pi3HHX cTanux pexumax podotu EIL I'padi-
\PS /\Pvn B1
MOMEHTY HaBaHTaXeHHs W=M /My, 3a pi3HHX MIBHIAKOCTSX 0OepTaHHsS POTOpa O =,/®, NPeaCcTaB-

KH 3aJIEKHOCTI CKCTpEMaJIbHUX 3HAYCHb MOAYJIA BCKTOpA IIOTOKO3YCINUICHHS CTaTopa
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neHo B [1, crop. 181]. Lli xapakTepucTUKHU i iIXHLOTO BUKOPUCTAHHS B KOHTYPi €KCTPEMaIbHOTO KepyBaH-
HSl allPOKCUMYIOThCS aHATITHYHUMH BUPa3aMy BUTIIALY

* ~
vy =d) +dyarctg(dy i) , 2
Iie KoehiieHTH d; 3HAXOAATHCS METOIOM HAMEHIIINX KBaIpaTiB.

3aq1s peryJroBaHHS MIBUIKOCTI, aKTUBHOI 1 PEaKTUBHOI CKJIaJOBHUX CTPyMY POTOpa BUKOPHUCTOBY-
I0THCSl HACTYTHI anroputMi [1]:

. * ~ ~ . . *
U pm :—I:V51gn[o),,—(o,—7}pcor}; Upca=51gn[Upm—IW]; Upcp=81gn[lm—lm} (22)
ne @, =0, /N — owiHKa KyTOBOi IIBHIKOCTi pOTOpa B reoM. pan/c; 7; = LS/R' ; Ly = (LVLS —L,zn ) /LS .

3a[uId peryIroBaHHSA MOAYIIA OTOKo34eryieHHs cratopa MIDK 3MiHOMO aMIUIITY M HAaIpyTrH cTaropa
BHUKOPHUCTOBYETHCS aJITOPUTM, 3alpOTIOHOBAHUH B [1]

Us =U,,, AKIO ((‘Pscosv)*—‘i’scosv)>0;
. (23)
U, =0, sxuwo ((‘Pscosv) —‘Pscosv)<0;
* kf 3 ~ ~
(W, cosv) =—sign[‘PS—‘PS—T1p\I’S}, (24)
Tfp+1

J€ V— KyT MK OIIOPHUM BEKTOPOM HOTOKO3ueIIeHHs cratopa V' 1 BEKTOPOM Halpyru Mepexi nepes iM-

MyJIECHUM PETYyJSTOPOM Hampyru cratopa. Anroputm (23), (24) pealtizyeTbes 3a JOMOMOTOK0 OIHOTO3HITIH-
HOTO peJie, SIKe MiAKII0Yae CTaTop IBUIYHA JI0 MEPEeXi, KOJIH PeryJiboBaHa 3MiHHA MEHIIA 3a 33aJaHe 3Ha4eH-
Hs1, 200 3aMHKa€ KOJI0, AKIIO 115 3MIHHA TIEPEBHIIYE 3aJJaHUH piBeHb. Y KOB3HOMY PEXUMi cepeTHE 3HAUCHHS
NIOMMWJIKH Ha BXOAi peine (24) nopiBHIOE HYIIO, a GUIBTp HMKHIX YacTOT, peali30BaHUM y BUTIISAL anlepioTu-

YHO{ JJAHKM MEPIIOro MOPsIKY, NOAaEe Ha BXiJ perynsaTopa (23) ycepenHeHe 3HadeHHs 3MiHHOI W cosv, 3a
. . .o . *
SIKOTO MOTOKO34eIIeHHs ctatopa W nopiBHIOe HeoOXinHii BennunHi V. CUrHan 3aBmaHHS IS peryJs-

* . o . .
Topa morokosderuieHHs VY, QopMmyeTbcs (yHKIIOHAIBHUM IEPETBOPIOBAYEM, SIKUM peallizye 3alexkKHICTh

(21). Taka cucrtema peryiroBaHHs 30YyIDKEHHS cTaTopa 3abe3rneuye MOCATHEHHS MaKCHMAalbHOTO 3HAYSHHS
Koe(dimieHTa MoTYKHOCTI pOTOPHOTO KoJia K (PYHKIIIT MOMEHTY CTaTHYHOTO HaBaHTa)XeHHs Ha Bairy MIDK.
MoBol0 mporpaMmyBaHHS MaTEeMaTHYHOIO cepefoBuiia Matlab HanmucaHo mporpamy IOCIIIKEHHS
muHamikn MIDXK i3 meperBoproBaueM 4acTOTH B POTOPHOMY KOJIi Ta IMITyJBCHOMY PETYJISTOpi Hampyru B
KoJii craropa. BukopucrosyBanacst AM 3 ¢azaum potopom tuiy 4AK160S4Y3 3 HaCTymHUMHU TEXHIYHUMHU
naummu: P, =11 kBr, Uy, =380B, n, =150006/x8, U, =305B. I'padiku nepexinuux npouecis B MIDK
3 EKCTPEMAaJIbHOIO pelieiiHO-BEKTOPHOIO CHCTEMOIO KepyBaHHsI 300paykeHi Ha PUCYHKY. PeamizyeTscs mpsme
peleiiHe KepyBaHHS B YCiX (TphOX) KaHAJIaX: PETYJIOBaHHS MOAYJS MTOTOKO3YEIUICHHS CTaToOpa, PEaKTHBHOI
CKJIaJIOBOi CTPYMY POTOpa 1 KyTOBOI IMIBUAKOCTI OOEPTaHHS POTOPA 3 IMiAMOPSIIKOBAHAM PETYIITOPOM aKTH-
BHOI CKJIaJOBOI CTpyMy poTopa. Y KaHajli peakTHBHOI MOTY>KHOCTI pOTOpa BKIIOYEHHI OAWH PEryJsTop
cTpyMy 1, , CUTHAIl 3aBJIaHHS SKOTO 3aJICKUTh BlJ] PO3PAaXyHKOBOI BEIMYMHHM MOJYJS MOTOKO3YEIJICHHS

craTopa i BU3HauaeTses popmyioro /,, =¥ / L, . CraGinizalieo peakTUBHOI CKJIaI0BOi CTPYMY pOTOpa Ha

piBHi /,,, 3a0e3neuyeThes BiICYTHICTB (ha30BOTO 3CYBY MiX BiIOBIJHUMY (Da3HUMH CTPyMaMH i Halpyramu
CTaTopa, 10 BUAHO Ha Aiarpami i3 smiHHMMHU Uy, [ 4. Ilpu 11boMy cTpym cTaTtopa LIJIKOM aKTUBHHMH 1, OT-

K€, MIHIMaIbHO MOXKITUBHUH 3a 33JJaHOTO MOMEHTY HaBaHTAXKEHHs. TakuM 4YMHOM, y KaHaJli peaKTUBHOI TO-
TY)KHOCTI pOTOpa PETyJIIOEThCS PEaKTUBHA CKJIaJ0Ba CTPYMY POTOpA 32 KPUTEPIEM MIHIMyMYy CTPYMY CTaTO-

pa. 3aBmaHHS Ha MBUAKICTH POTOPA (o: BH3HAYAETHCSA TEXHOJIOTIYHUM TIPOIIECOM. Perynsatopy mBUAKOCTI
HiNOPAAKOBAHUI PEryJaTOp aKTUBHOI CKIAaJ0BOi CTpyMy poTopa I, , KM 0OMexXye HOoro B mepexiJHux
npouecax Ha piBHI JBOKPaTHOTO HOMIHAJIBHOTO CTpyMy. PeakTuBHuil cTpym potopa /,,, HE3HAYHUH — NpH-
OIM3HO HA MOPSAAOK MEHIIE aKTUBHOTO CTpyMy poTopa /,.,,. 3 BekTopa ouiHku cTaHy (20), sxuil oGuucio-

eTbCs crnoctepiraueM Kanmana, MoxkHa B3aTH 3MiHHI W, , W Y , 3 BUKOPUCTAHHSM SIKUX OOYHCITIOEThCS

sq >
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MOJIyJTb OTIOPHOTO BEKTOPA MOTOKO3UYCIUICHHs cTatopa P - OmiHKa KyTa OBOPOTY POTOpa Y OOHYJIAETHCS
MicIsl KOKHOTO JOCSTHEHHSI HUM PIiBHA 27 pajiaH, OCKUIBKM B KOOPAWHATHUX [IEPETBOPIOBaYaX BUKOPUCTO-
BYIOThCSl PYHKIIi CHHyCa 1 KOCHHYcCa BiJ| OIiHKK KyTa. J{ifiCHI BeNWYMHM Ta TXHI OLIHKA NMPaKTUIHO 30ira-
FOTBCSI JUTSI BCIX 3MIHHHX, KpIM MOMEHTY CTaTHYHOTO HaBaHTaXEHHS, IO BUIHO 3 Tpadiki. [{udporo / mo-

150

100

50

100

A00F - I CA - .

4 - —
|
[ QR R —
1

1
0
07 075 08 085 0 0.2 0.4 0.6 0.8

3HA4YEHO JifICHUII MOMEHT HaBaHTa)KeHHs Ha Bay poTopa MIDK, mio 3MiHIOETECS 32 BEHTHIISITOPHOIO Xapak-
TEPUCTHKOIO, a U(POI0 2 — OI[iHKa MOMEHTY HAaBaHTAXXCHHS, BU3HAUCHA cIIOCTepiradeM. Y PiBHSHHSIX CIO-

crepirada Kanmana (12) ta iioro marpuui fIko6i (16) npoexuii Bekropa Hanpyru Uy, U, BH3Ha4aroThCs

Ha OCHOBI BUMIPIOBAaHWX HAIIPYT HA BUXOI IMITYJILCHOTO PETYJIATOpPa HAIIPYTH cTaTopa. Y BHUMIPIOBaHI 3Ha-
YEHHsI CTPYMIB POTOpa HIsIKI BUITAJIKOBI MEePeIkoan He BBoauncsa. OqHak Matpuili R 1 O npuiiManucs Bij-
MIHHUMH BiJ HYJISI, OCKUTBKMA CTBOPIOBaHI PEIeHHUMH PETyJIATOpaMH B KOB3HOMY PEXHMi BHCOKOYACTOTHI
MyJIbCAIlii CTPYMIB MaroTh PO3MOJIIN SK y BHIAJAKOBUX BENWYHH (piBHOMIpHHHN abo HOpMambHWH [21]) i
CpuiiMaloThCsl crioctepiraueM KanMaHa sIKk BUTIAJIKOBI TEpEIIKOAM BUMIpY CTpyMiB. Marpuili KoBapiariii
nigidpaHi HACTYTHUMHU:
o 0-ding(oly ok SPws ohwy O o G-
R =d1ag[80 80 } (25)
=diag(16-10‘4 16-107% 4.10°® 4.10°® 10°® 107° 5.10‘1).

3a J0MOMOIOI CHJIOBOTO IMIYJILCHOTO PETYyJsSTOpa HAMPYTH B KOJ CTATOPa PETyJNIIOIOTH MOIYIh
OTIOPHOTO BEKTOPA MOTOKO3UYESIICHHS cTaTopa. MoIyiih BEKTOpa HE 3MIHIOETHCS y pa3i Mepexoay B pi3Hi oci
KOOPJMHAT, TOMY KEPYIOUMi CUTHall 0e3 KOOPAMHATHUX MEePETBOPIOBAYiB Oe3MmocepeIHbo 3 peryisTopa (23)
PO3MOAIISIETECS Ha TPaH3UCTOPH Y (azax cratopHoi ooMoTkn MIDK. ¥V cTanoMy pexxumi NOTOKO3YETIIeHHS
W, crabinisyeTbcs Ha PiBHI, 3a SKOro MOIyib KoedillieHTa MOTYKHOCTI poTropHoro kona MIDK nocsrae
MakcuMyMy. Ha nmiarpaMi KOCHHYC HETaTUBHHUIA TOMY, IIIO BiH OOYUCIIOETHCS BiJl KyTa MiXK aKTHBHOIO CKJIa-
JOBOIO cTpyMy poTopa i mpotu-EPC neperBoproBaya, sika BBOIUTHCS y (pa3u poTopa. 3a MBUAKOCTIX HHKYIE
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CHHXPOHHO{ BiZIOyBa€THCS peKyIepalis akTHBHOI IIOTY>KHOCTI KOB3aHHS 3 poropHoro kona MIDK y mepexy
i Qaswmii 3cyB Mixk cTpyMoM potopa i npotu-EPC neperBoproBaua Ginbire 90 enextpuunux rpagycis. Lug-
poro / mokazaHuil Tpadik cOSQ, 3a HOMIHAJIBHOTO IOTOKO3UCIUICHHS CTaTOpa, KOJIM OOMOTKH CTaTropa

MITX 6e3mocepeHbO MiAKIIIOYAIOTHCS 10 Mepexi. 3 rpadika BUIHO, IO Y CTAJIOMY PEXHMI 3a 3HIKEHUX
MIBUIKOCTI Ta MOMEHTI CTAaTHYHOTO HaBaHTAXCHHS Ha BTy KOCQIIIEHT MOTY>KHOCTI POTOPa 3MEHIITYETHCS.
SIKIIIO BUKOPUCTOBYBATH KOHTYP €KCTPEMATIBHOTO PETyJIIOBAHHSA 3a CTATOPOM y (QYHKIIi COSQ,., TO 3a paxy-

HOK 3HM)KEHHS IIOTOKO3YEIUICHHS CTaTOpa 33 MOMEHTaX HAaBaHTa)KCHHS HAa BATy HIKYE HOMIHAJIBHOTO BJIa-
€TBCSl YTPUMYBATH KOCQIII€HT MOTYKHOCTI pOTOPHOTO KOJIa Ha MaKCHMAJIBHO MOXUTHBOMY PiBHI (KpHBa IIiJ
udporo 2).

Bucnosku. [IpencraBneHo pe3yabTaTi CHHTE3y TUCKPETHOTO PO3IIMPEHOro crocTepiraua Kaamana
JUISL OIIIHKK B peaqbHOMY 4aci 3MiHHMX ctaHy MIDK, HeoOXimHuX aiisi cHHTe3y BEKTOPHOI CHCTEMH Kepy-
BaHHS, a TAKO’)K MOMEHTY CTaTUYHOTO HABAHTAKEHHS 3aJJIsi CTBOPEHHS KOHTYPY E€KCTPEMAaJbHOTO PETYJIIO-
BaHHS y (QYHKUil Oynb-sIKOi €HEepreTHYHOI XapaKTepPUCTHKH POTOpHOro koia. Cnoctepirau Kanmana nae
MOJKJIMBICTh 3aMIHUTH JIEKIJIbKa OKPEMUX 1IeHTU(IKYIOUHX IPUCTPOIB: CIIOCTEpiradyi MOMEHTY HaBaHTaKEH-
Hs, IIBHIKOCTI 1 KyTa HOBOPOTY pOTOpa, iACHTH(IKATOP OMOPHOTO BEKTOpa IMMOTOKO3YEIUICHHS CTaTopa.
InsgxoM BUKOHaHHS MAaTeMaTHYHOTO MOJIENIOBAHHS OOIPYHTOBAHO MOXKJIMBICTH MOOYZOBH Ha OCHOBI CIIO-
crepiraya Kanmana 0e3gaTdankoBoi peneiHo-BeKTopHOI cucteMu kepyBanHs MITK 3 ekcrpemansHuM pery-
JIOBAaHHAM Y KaHAJIAX PEaKTHBHOI MOTYXKHOCTI. IMITyJIbCHOIO 3MIHOIO HAIIPyTH CTAaTOpa 3a MPSMOTO pelei-
HOT'O KepYBaHHS BETMYNHOIO MOJYJISl OIOPHOTO BEKTOpA TIOTOKO3YEIUICHHS CTaTopa B KOHTYP1 eKCTpeMalib-
HOT'O PETYJIIOBaHHS JOCATAEThCS MaKCHMallbHe 3HaueHHS KoedilieHTa MOTYyKHOCTI poTopHOTo Koja MITXK.
[Tpn upoMy Kepyroumii BIUTHB IO KOJIy POTOpa B KaHaJi HOr0 peaKTUBHOI MOTYXKHOCTI 31 3MiHOIO PEaKTHBHO-
IO CTPYMY POTOpPA MPOIOPIIIHO MOIYIII0 TOTOKO34YEIUIEHHS cTaTopa 3a0e3redye MOBHICTIO aKTHBHUH CTPyM
cTaTopa, KOJIM BiH CHiBIagac 3a (pa3olo 3 MepIoro rapMOHiKo (ha3HOi HAMpYTH cTaTopa.
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SENSORLESS VECTOR SYSTEM OF EXTREMUM CONTROL FOR A DOUBLY FED MACHINE
USING A KALMAN OBSERVER

0.V. Sadovoi, O.V. Kliuiev, Yu.V. Sokhina

Dniprovsk State Technical Uni versity,

Str. Dniprobudivska, 2, Kamianske, 51918, Ukraine.

E-mail: sadovoyav@ukr.net; kluev2006@ukr.net; jvsokhina@gmail.com.

In this paper for the control system of a doubly fed machine (DFM) previously proposed by the authors, a discrete extended
Kalman observer is synthesized in order to develop a sensorless relay — vector control system for the DFM with two extremum
regulation loops. The Kalman observer is of relatively high order because in addition to identifying the reference stator flux
linkage vector and rotor angular speed — which is sufficient for induction machines (IM) with a squirrel-cage rotor controlled
through the stator — this observer also estimates the rotor position angle and the external disturbance, represented by the
static load torque applied to the DFM shaft. A second feature of the proposed Kalman observer lies in the inclusion of the
stator voltage vector projections onto the orthogonal rotor-related axes within the observer’s state matrix. Thus, these projec-
tions are computed as state variables rather than external inputs, with the only external control actions being the voltages
applied to the rotor circuit of the DFM. In the rotor and stator reactive power channels optimization of the DFM’s energy
performance is achieved under steady-state operating conditions. The standard Kalman filtering algorithm is applied here to
a deterministic system to enable the identification of all necessary process variables within a single observer. The Kalman
observer operates stably because the measured rotor currents of the DFM, from whose estimation errors the corrective feed-
backs are formed, contain high-frequency pulsations under direct relay control; these pulsations are perceived by the ob-
server as random measurement noise. Through mathematical modeling of a DFM with a fan-type mechanical load on the
shaft, the high quality of speed regulation and the achievement of extremal energy performance values in steady state have
been theoretically confirmed for the sensorless control system based on the proposed Kalman observer. References 21, figure
1.

Keywords: doubly fed machine, vector field-oriented control, relay controller, extremum control, sensorless control system,
discrete extended Kalman observer.
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EJIEKTPOIIPUBOJA IIOJAYI 3 YMOBHUM KOMIIEHCATOPOM ITPOLECY PI3BAHHA
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Ha npuxnaodi modeniosantsa no30082cHboi nooayi pobouozo opzany (PO) npeyu3silino2o memanopizaibHo20 eepcmama
mooeni 24K704AD4 6 npoyeci pizanns (IIP) 006e0eno MONCIUBICMb 3HAYHO20 NOPIGHANILHO20 NIOGUYEHHS eeKmUBHO-
cmi eneKmpoMexaniuno2o nepemeopenis emepeii 6 enexkmponpugodi (EI1) nodaui winsixom 3acmocy8ants nponoHo6a-
HOo2o imepayitinoeo 06okananvrozo EIl 3 ymosnum komnencamopom I1P (YKIIP) 3amicmb mpaouyiiino2co 0OHOKAHAb-
noeo EII Lle 0ac 3mocy cymmeeo niosuwumu skicme Kepygannsa nodauero PO ma, sik Hacniook, 3Ha4no niousmu nome-
HYIIHY KOHKYDEHMHY CHPOMOJICHICMb GUNYCKHOI NPOOYKYIT 8aAdCKUX Memanopizanvrux eéepcmamie. [lo6yooearno dema-
JIbHI IMIMAayiiHi KoMn romepHi MoOei NOPIGHI0BAHUX 0BOKAHANILHO20 | 0OHOKAHANbHO20 EII, axi micmsamb 8i0nosiowi
Oounamiuni mooeni IIP ma VKIIP i paxogyiome 6nius Ha OUHAMIKY NPUBOOIE HENIHIUHUX CUL MEPMA Y HABAHMANCEHHI.
Ooepotcano nopieHI08aIbHI eeKMpPOOUHAMIYHI Xapakmepucmuky cucmem. Bemanosneni suauni (v pasu) nomenyiiini
nepesazu 8 wi8UOKOOIi Mma MOYHOCMI Kepy8aHHs noodayero 0soxkananvrhoeo EII. JJocniodxcenHs enepuie nokasauu, ujo
moynicme nooadi PO 6 pescumi memanoodpobxu cymmeso nioguuyeHo He minvbKu 3a paxyHoK imepayitiHoi cmpykmypu
0gokananvHoi cucmemu xepysanus EIl, ane ii 0ooamrxoso winaxom nobyoosu enekmpouHoi moodeni camozo IIP ma
skmouents yiei mooeni pazom 3 YKIIP 6 konmyp xepysanna EII nodaui. bibn. 13, Tabmn. 2, puc. 7.

Knwowuoei cnosa: itepauiiiHuil JBOKaHAIBHUN €JIEKTPOIPHBOJ I0Jladi, YMOBHUI KOMIIEHCATOp MpOLECY pi3aHHS,
KOMIT FOTEPHE MOJICIIFOBAHHSI, EJIEKTPOJMHAMIYHI XapaKTePUCTUKH, IIBUAKO/IS, JUHAMIYHA TOUHICTB.

Beryn. IligBuimeHHs cTaTU4HOI i, OCOOMMBO, JWHAMIYHOI TOYHOCTI CTEXayMX EIEKTPOIPHUBOIIB
(EIT) mexani3zmiB omagi (MII) inepritinux pobounx opraniB (PO) Bepcrarti, poOOTIB Ta MPOMUCIOBUX Ma-
HIMYJIATOPIB € OHUM 3 HAHBaXXITUBIIINX 3aBlIaHb, IO CTOSTH MEPe]] MPOEKTYBAJbHUKAMHU CYyYaCHHUX Mporpa-
MHo-kepoBaHux EIl y BepcraTo- Ta podoToOynyBanHi [ 1-4]. bararokananeHni EI1 MII, moOymoBaHi 3a itepa-
MIHHAM TIPUHITATIOM [5], K 1 6JU3BKI 0 HUX 3a MIPUHITUIIOM [Tii 0araToABUTYHHI Ta 0araTOKOHTYPHI BHCOKO-
TOYHI CTeXayl MPUBOAM Ta CHCTEMHU IO3MIIOHYBaHHS IHIIMX THIB [6—10], MaloTh CyTT€Bi IepeBaru y
MIBUIKOJII Ta TOYHOCTI KepyBaHHsI mojioxkeHHsM (0e3 nepeperyntoBants) PO nepen TpaauuitHuMu 0JJHOKA-
HaneHUMU EIl momayi mpenm3iitHUX MeTanopizalbHUX BepcTaTiB Ta 00pooHuX mentpis (OLl) [11]. 3actocy-
BaHHS iTepalliianx O6ararokanaapbHuX EIT MII moTeHItiiHo 3a0e3meuye MOKIHBICTh 3HAYHOTO TTOPIBHIBHO-
ro miABUIIEHHS €(EeKTUBHOCTI E€JIEKTPOMEXaHIYHOIO MEPETBOPEHHs €Hepril 3a paXyHOK 3HA4YHOIO MiJBHU-
IIEHHS SIKOCTI KepyBaHHS 1, SIK HACIHIJIOK, TMOTEHIIIHHOT KOHKYPEHTOCIPOMOXKHOCTI BHITYCKHOI MPOIYKITii
MexaHo0OpoOHMX BepcTatiB. KpiMm Toro, itepartiiini crexxkadi EIN i3 HamamTyBaHHIM KaHAJIB 3a MPUHITATIOM
cucreM mianopsakoBaHoro perymoBanHs (CIIP) [12] moTeHIiHO MalOTh BUCOKY HAQAIWHICTB 3a PaxyHOK
no0pe BiampanbOBaHUX Ta YHi()IKOBAaHUX THUIIOBUX HaJalITyBaHb KOHTYPiB KEPyBaHHS.

IMocranoBka 3agauyi. ITeparnitiai qeokananpHi EIl Ha 6a3i qoaBuryHHuX 0e3pemykropaux MII [13]
JAIOTh MOJJIMBICTh 3HAYHO 3MEHIIUTH 1HEPUiHHICTh MpUBOJHOTO MexaHi3My ([IM) i migBHIIMTH IIBUAKO-
Jit0 B TIOPIBHSIHHI 3 TeXHIYHO Oinbin mpoctumu ABoKaHanbHUMHU EIl mogaui 3 MexaHiyHHM IudepeHniaioMm
[5]. Ue mocsaraerbes 3acTocyBaHHSAM KOHCTPYKIii [IM 3 MiHIManhbHMM YUCIIOM TepelaBallbHUX JIAHOK, IO
JTa€ 3MOT'Y OLTBIT €()eKTHBHO BUKOPHUCTOBYBATH IMIBHAKICHI MOKIIMBOCTI MTUPOKOCMYTOBOTO IPUBOAY IPYTO-
ro, YTOYHIOIOUOTO KaHaiy. Bapiantom ireparniiinoro 6espenykroprnoro EIT Moxke city)XKUTH NBOKaHaJIbHUN
EIT MII 3 xonoBoto raiikoro, mo odeptaerses (OXI) [11], ogHak, Ipy bOMY YCKIATHIOIOTHCS IPOEKTYBaH-
Hs Ta po3podka Bignosigroro MII 3 OXT', mo CyTT€EBO MiABHUINYE BapTiCTh BUTOTOBJICHHS BEpCTaTa 3arajioM.
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VY poborti [13] sk anpTepHaTuBHHN BapiaHT aBokaHanbHOMY EIl 3 OXI' 3ampomoHoBaHuW# NBOKaHa-
neHuit EIT Ha 6a3i aoasurynHoro MII, mo Mae nBi ctannaptHi reuHTOBI niepeaadi (I'TI) (70Bry i KOpoTky) 3
KynbKkoBO-rBUHTOBUMHU napamu (KI'TI) Tuny «rBunT-raiika koueHHs». Takuilt MII 3 noma I'Tl, mo B3aemo-
IUIOTH 32 iTepaliifHuM TPUHITUIIOM, pealizye MexaHiuHy Oe3modToBy nepenady Ha PO BepctaTa MOMEHTIB i
PyXiB 3a HAHOUIBII BiAMOBIMATHHOIO KOOPAMHATOIO MOJaYi Ta 3a0e3Medy€e MOXKIIUBICTh 9aCTKOBOTO MOILTY
HaBaHTaKeHHS. CTOCOBHO MO3I0BXHBOT moaayi PO (Ha mpukiaai nperu3iiHoro MeTajaopi3aibHOTO BepcTa-
ta Moneni 24K70A®4) noOyaoBaHO yTOUHEHY IUHAMIYHY MOJENb PYXy B PEXHMi MEXaHOOOpPOOKH Ta
OTPHMMAaHO BIATIOBINHY y3arajabHEHY CTPYKTYPHO-aJTOPUTMIYHY CXEMY ITepaIliifHOTO JBOKAHAIBHOTO KOM-
nercoBanoro EIT MII 3 neoma I'TI Ta CI1P-HanamtyBaHHSIM KaHAJiB KEpyBaHHS.

3anpononoBana B [13] monens nBokanansHoro EIN momaui Bkirouae y3arajibHEHY AWHAMIYHY MO-
nenb miponecy pizanas (Y M I1P) ta monens BignosigHoro ymoBHOTO KomrieHcaTopa [1P (YKIIP), BpaxoBye
BIUTUB HENIHIMHOCTEH TepTs KOB3aHHS B OCHOBHUX eneMeHTax MII Bepcrara ta Tepts pizanas B PO ming gac
MeTanoo0poOku. Pazom 3 TuM, y poOOTi HE OBEICHA MOXJIHMBICTh 3HAYHOTO MOPIBHSUIBHOTO IiABHUILECHHS
e(eKTHBHOCTI €EeKTPOMEXaHIYHOr0 NEPETBOPEHHsI €HEPTii 3a paXyHOK 3aCTOCYBaHHS IPOIIOHOBAHOTO IBO-
karaneHOTO EIl momadi 3 YKIIP; He BUKOHAHO OITIHKY IMOTEHITIHHO MOCSKHUX IIBUIKOIi Ta TOYHOCTI Kepy-
BaHHs mojayeto iHepiiitnoro PO 3a monomoroto itepamiitnoro asokaHansHoro EIT 3 aoma I'TI, mo motpe-
Oye KiIbKICHOT OL[IHKH; HE MPOBENEHO aHaNi3 eNEeKTPOANHAMIYHUX XapaKTepUCTUK 1 MOKa3HHUKIB SAKOCTI Ke-
pyBaHHs MOPiBHSAHO 3 oxHokaHanbHUMHM Ell, siki BcraHOBmIOIOTHCSA Ha moamiOHiI Bepctatu Ta OLl. Y npomy
CEHCI1 pe3yJIbTaTH JaHOi POOOTH € JIOTTYHUM 3aBEPIICHHSM Pe3yJIbTaTiB, OJIepKaHuX y pobori [13].

Meta po60oTHu noJsirac y 10BEACHHI MOKIIMBOCTI MOPIBHSUIBHOTO (MTOPiBHSIHO 3 ogHOKaHadbHUM EIT)
CYTTEBOTO MiJBHUIIECHHS €(QEKTHBHOCTI €JIEKTPOMEXaHIYHOTO NEPETBOPEHHS €HEprii 3a paxyHOK 3HAYHOTO
MIIBUIIEHHS IIBUAKOMII Ta TOYHOCTI KEPYBaHHS IMOAAYEI0 3a JOTIOMOTOI0 ITepaIlifHOro JBOKAaHAJILHOTO
komnencoBanoro EIT MIT 3 neoma I'TI Ta CITP-HanamtyBanusM, sikuii Bkimouae Y M ITP Ta mozaens Bimo-
BigHOTO KoMmIteHcaTopa YKIIP crocoBHO mo3morxHbo1 momaui PO (pobodoro cromy 3 BHpOOOM) BasKKOTO
KOOPJIMHATHOTO 06araToyHKITIOHAIEHOTO BepcTaTa 0COOIMBO BUCOKOI TOUHOCTI Mojeni 24K70AD4.

Marepiaa nocaimkensn. Jlocnimpkysanuit neokanansuuii EI1 momaui 3 apoma ['T1 Britouae mepuiuit
(ocuoBuwmif) K-1 i apyruii (yrountorounii) K-2 kanamu kepyBaHHS 32 KyTOM 3 BiJNOBIIHUMH HiAMOPSAKOBA-
HUMH KOHTYPaMH IIBUAKOCTI, HAIAIITOBAHUMH Ha cuMeTpuyHHuid ontuMyM. OcHoBHu# kaHan K-1 Bukopuc-
TOBYETHCS ISl KEpyBaHHs MPUBOJIOM obepTanHs xonosoro reunTa (XI'1) mepmoi I'TI (I'TI1), a yrountorounit
kaHan K-2 — npuBogom obepranns xomosoro reunta (XI'2) apyroi I'TI (I'T12). IlpuBog reunta XI'2 Ta I'Tl 3
napoto KI'TI2 BcranoBneHi Ha crienianpaux mosio3kax MII PO. CrpomieHa cxema KOHCTPYKIIii Ta KiHeMaTh-
yHa cxema nBokaHansHOTo Ell mo3morxHB0i mogadi (Bick X) PO BepcraTa po3rstHyTi B podoTi [13].

B xomm'toTepHiit mozgeni nopisatoBanux EIN mogadi BukopucTano: B ocHOBHOMY KaHami K-1 gBoka-
HansHOro EIl ta B ogHokanansHoMy EIl momaui — kommnextauil EIT mocTiiHOTO CTpyMy 3 CHIIOBOIO YacTH-
uoto turry IIITT-JIIIC cepii MR-J3 moxeni MR-J3-DU37KA (Pyoy = 37 kBT, cTpyM — 10 630 A); B YyTOYHIO-
1oyoMy KaHami K-2 — MIMpOKOCMYroBHH KOMIUIEKTHUE CEpPBONPUBOI 3MIHHOTO CTPYMy 3 YacTOTHO-
CTPYMOBHM BEKTOpPHUM KepyBaHHsM (tumy [TY-AJI) cepii Sinamics V90 momemi 6SL3210-5FE15-OUAO
(Pyowru = 5 ¥BT). Sk Bukonarui nqeurysu (B/]) /{1 ocHoBHOTO Ta /12 yTOYHIOIOYOTO MPUBOIIB, BUKOPHUCTAHI:
BucokomomenTHuH pesepcusHuil JIIC i3 moctiinumu Marsitamu cepii 2I1bB tumy 2I1BB132S (Puowm =
1,94 xBT), 1110 BCTaHOBIIOETHCS Ha BEPCTAaTH BKA3aHOI MOJIENi, 1 HOPIBHAHHUH 38 HOMiHATbHUM MOMEHTOM i
notyxkHictio AJl 3 KopoTko3aMKHEHUM poTtopoM (ipmu Siemens cepii 1LA7 momeni 1LA7133-8AB (Pyow 2
=3 xBrT). [lopiBHsHHS ABOKaHATRHOTO EIl MPOBOMUTECS 3 TpaAMIIITHIM /IS JaHOI Ta aHAJIOTIIHIX MOAeIeH
BEPCTATiB OJTHOKaHAILHUM TITHO0KO perynboBanuM EIT monaui Ha 6a3i JATIC tuny 2[16B132S.

1. BusHauyeHHsI onepaTopiB pPo3iMKHYTHX KaHAJIiB KepyBanHs. CripolieHi QyHKIIOHaTbHI CXeMH
itepanifinoro aeokanaigpHOoro EIT MII ¢ aBoma I'Tl i oqHOKaHamsHOTO (aBTOHOMHOTO) EIl momaui PO Bepc-

tata 0e3 BpaxyBanHs 1P Hanani Ha puc. 1, ne OKIII1, OKII2, OKII, PII1, PI12, PI1, i ¢, &,, 8§ — onTumi-
30BaHi KOHTypHW mBUAKOCTI, [I-perynsropu monoxkenus (I[1-PIT) i mOMUIKHK 3a MOJOKEHHSIM BiIMOBIIHUX
npusozis; JII1 i JIITPO — naruuku nonoxenns Bana npuryna JI1 i nepemimenns PO; Jy ;) i .72,2 — cymapHi
moMmeHTH iHepuii [IM, npuseneni no BaniB aeurysis J{1 i 2 3a ix cymicHoi pobotu B nBokanaisHomy EIL:
Js ~ 0,500457 KF'M2; i; , =0,07308 KF‘M2; J'L — cymapHuii MomeHT iHepiii [IM, npuBeneHuit 1o

,1,max aBT

~0,34627 xr-m°.

V pasi CIIP-nanamryBanHs onepaTtopu ontuMizoBaHux KoHTypiB ctpymy (OKC) ocnoBHoro K-1 i
yrounrotouoro K-2 xananiB kepyBaHHs ABokaHanbHOTO EIl Ta omHOKaHanmbpHOTO (aBTOoHOMHOTO) EIl momaudi

Bany B/l ognokananeHoro EII, J'z’

aBT,max
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BHU3HA4YarOThCA CHiBBi,I[HOH_IeHHHMI/I

F
OKII1 Lo
L P ] Vi8S Sie Sro
! 3Lt (8T, p + D/kea
_>O'> ke 12 > 33 72 > POPC PO
64T, ' p” + 32T, ’p" + 8T p+1 F F
I

A— 142
LTI
: JIPO
(VT1.2+ VT4.2) sl [areol
oI OKIII2 I
vl O‘g,2 ! e (8T,op + Dlkeo L 3@9 O P tl
PIL2,1+2 » 3 3 A ' — 1 Cxr2
- 64T,2"p’ + 32T,,2°p" + 8T,p + 1 >'_ e My
AIC UZ,
(VT1.3 + VT6.3)
5 - uam.m: 8T auel + ks aur | _|/
:4:‘_ 64T 0P’ + 32Ty 00 + 8T uep + 1 n >|—
T -UZ
(VT1.2+ VT42)

Puc. 1
W (») 1/kc,1 . W ) l/kc’2 . W (») l/kc,.m )
okc,i\P) = 2TH1p+l 5 okc2\P) = 2Tp2p 1 OKC,apr\ P) * 2TpaBTp 1

ne p= d/ dt — oneparop AU(QEPEHLIIOBaHHS 3@ YaCOM #; Kc 1, ke, Keawr 1 Tyw1, Ty2y Tyyasr — KOCOILIEHTH TIEPE-
Jladi 1 HEKOMITIEHCY€EMI CTaJli Yacy KOHTYPIiB CTPyMY BiATOBITHUX TMpHUBOIIB [13]
keq = keasr = 0,02073 B/A, k.o =0,74087 B/A;
Tyt = Tyawr = Tunmy = 8,3333-107 ¢, Ty2 = Tuma = 3,125:107 c. )

st omepatopiB 3a BiMMTOBITHUM 3a7aBaIbHUM BIUTHBOM Usiy(f) ONITUMI30BaHMX KOHTYPIB IIBUIKO-
CTI IBOKaHAIBHOTO ¥ omHOoKaHabHOTO EIT (puc. 1) 3 ypaxyBaHHSIM 3Ha4€Hb (2) OTpUMAEMO

(6,6667-10% p+1)/k, ,

W, = ; 3
ok 1 (7) 3,7037-107" p* +2,2222:1077 p? +6,6667-10 p+1 ®)
) (2,5:10% p+1)/k,., . "
oK) = 831107 1312510 ° 2 42,510 p+1°
(6.6667-10% p+1)/k, 1o,
Wokiit.as (P) = ; ®)

3,7037-107" p* +2,2222-107 p> +6,6667-10* p+1°

I€ K1 K2y Kinasr — KOEQIIIEHTH TIEpEadi KOHTYPIB MIBUAKOCTI BiAMOBITHUX MPHUBOAIB [13]
kw1 = kuaer, = 0,59683 B-c/pan; ko =0,298418 B-c/pan. (6)
Toni nns nokanansHOrO EIN i omHOKaHamsHOTO EIT momayi 3rimuo puc. 1 i cniBBimHOMmEHS (3) + (6)
BH3HAYAEMO OTIEpaTOPH 3a 3aBHaHHIM Usp(f) OITHMI30BaHUX PO3IMKHEHHUX KOHTYPIB ITOJIOKEHHS
\ kprinort (8T, o+ /k, k 6,6667-107 p+1)/0,59683
Rl'[.l(p) — PIL. ~1( H:lp ) )1 _ PH.nOT.l( > V4 )/ > . (7)

pl64T3 p* +32T2 p* 8T, p+1)  p(3,7037-107" p* +2,2222-107 p* +6,6667-10* p+1)

kPH.l'lOT.2 (8Tu,2p + 1)/ku1,2 _ kPl'LHOT.Z (2,5 : 1074 p+ 1)/0,29841 8 .
pl64T?,p* +32T2,p +8T ,p+1)  p(1,953125-107"2 p* +3,125-10° p> +2,5-10* p+1)

Ri,(p)= (8)
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* kPH MOT.aBT (8 aBTp + 1)/kLLI aBT
RH.aBT (p)= 3 =
(64Tu aBTp +327, paBTp +38 uaBTp"‘l)

)
kpTT.nior.apt (6: 06667 - 10_417 + 1)/03 59683

p(3,7037-1071 3 +2,2222-107 p2 +6,6667-10 ™ p+1)

1€ kprinor.1> Kpilmor2s 1 KpILior.asr — IOTPIOHI (OaxkaHi) 3HaUEHHS KOedillieHTIB TijcuiaeHHs [I-perynsaropiB KoH-
TYpiB MOJIOKEHHS KaHaJIIB KepyBaHHs nBokananbpHoro EIT i oqxokanansaoro EIT momaui.

2. CTpykTypHa cxeMa migkao4deHnsi auaamiunoi moaeai YKIIP. V po6ori [13] mokasano, 1o
oreparop, SKHil 3B’s3ye MUTTEBI 3HaYCHHsI 3a7aHol MBUAKOCTI mogadi PO Vpo(f) 1 mBuakocti nomaui PO

. .
Vo (2) , sika BpaxoBye BB Y JIM 1P, Bu3HauaeThcs CliBBIAHOLICHHIM

Tph L,p° +(1,+ T, 1 )p? + (T, 0+ T)p +1

T, olsp® + L+ T, T )p? + (T, 0 +T)p+1+ T

(p,) = , (10)

Vpo Vro

ne K — 0e3po3MipHHiA po3paxyHKOBHi kKoedimieHT nmepenadi Y M I1P: KSVPO,VITO 0= K-t,, / ¢ K

VbV g 0

HOpMaTHBHA TUTOMA CHJIa Pi3aHHS Mg 4ac ¢pe3epyBaHHS (OKpY>KHA CHIIa pizaHHA F,, BiHecCeHa 70 po3pa-
XYHKOBOI ILIOII fj IIapy, 0 3pi3yeThest OXHUM 3y0oM dpesn): K = 2549,729 H-3y6/mMm’; t,0 — 3a1aHa (Qik-
COBaHa) BEIMYHMHA TTIMOWHH Pi3aHHs, MM; Co — PO3PaxyHKOBE 3HAUEHHSI MPUBEJCHOTO KOe(illieHTa )KOPCTKO-
cti ¢ cucremu MII-PO, sike BU3HAYaeThCS CYMapHOIO BICHOBOIO JKOPCTKICTIO TBHHTOBOI mepemaui MII:
Co = Co1+2 = 249,537 10° H/mwM, ¢y = coapr 413,8142'103 H/mm; 1 — xoedittieHT TepTs pi3aHHs, SKUH BU3HA-
Ya€eThCs B 3aJI€KHOCTI BiJl TAHTEHIIIaIbHOI (OKPYKHOT) IIBUIKOCTI 00epTaHHs (ppe3u (IIBUAKOCTI pi3aHHs) V),
3a XapaKTEepHCTUKOIO TepTs pizaHHsa U = W(V,); T, ;0 — CTaJIa yacy anepiofAnyHOI JAHKH, KA BIANOBIA€E Ome-
paTopy €TallOHHOI (PO3paxyHKOBOI) CHaM nofadi Fje: Tppo = 4,21343-10" ¢; Ty i T, — cTani yacy KoJHBaIb-
HOi JIaHKW, 11O BIAMOBiJa€e omepatopy MexaHiyHoi mpyxHoi cuctemu Bepcrata (IICB) «PO-pizeun»:
T1=T11+2=2,93697-107 ¢; T\=T} 0:=1,6316-10" ¢; To=T 112 = 3,807-107 ¢*; Ty=T 4 = 2,0541-107° ¢*
3a cniBBigHoweHHAM (10) orpumyemo onepatop Wyknp (p,u) auHamiunoi mozeini YKITP

Kyxnp (H){ TPJ”OTZ T+ B TP””OTI o+ TP’h,O Al p +1}
Ky (W Kyinp (W) K yimp (W)

T, olop’ +(1+T, 0T ) +(T,

Wy (P, 1) = ' /PO (p,W) = o T)p )

ne Kyxnp (1) — 6e3po3mipHuii koediieHT nepeaadi auHamivaoi moaeni YKIIP
KYKHP(“) :1+H‘K5VPO’V;O:O . (12)

B po6orti Ha ocHOBI dopmyn (11) i (12) BukoHaHMI po3paxyHOK napameTpiB Mmoaeni YKIIP mns nBo-
KaHAJLHOTO 1 TOPiBHIOBAHOTO oxHOKaHanbHOro EIl momadi mis anKnany BiILl'IpaI_ILOBYBaHHﬂ TIPUBOAAMH
3aaHoro nepemimenHs PO S, = 1 MM 3a 3aaH0i IIMOMHM pi3aHHA f, = t,0 = 0,2 MM, pu = py =0,316 i pos-
paxoBanux napamerpax YIM IIP. B pesynerarti ans YKIIP ,I[BOKaHaJ'IBHOFO EH noiavi

Wyknp 142 (P W) = WVPO’VPO (p,n)=
(13)
Ky 102 (o) 115604041-10_8 » 3,930746-107°, » , 335831 1073, il
~ vkIIP, 142 (Mo) Kyxmp,1+2(Ho) Kyknp, 1+2(Ho)
- 1,604041-1078 p +3,930746-107 p? +3,35831-10 > p +1 ’
i
Kyapi2 (o) = 1+0,316-2,043568-10 =1,000645767 . (14)
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Jus YKIIP onnokanansHOTO (aBTOHOMHOTO) EIl momadi orpumyemo
1,00038941(8,651376-107° p* +2,12202-107° p* +2,05214-107 p +1)
8,65474-107° p® +2,12285-107° p* +2,05294-10 p +1

WyKnP,aBT (p,p)= > (15)

Kyapia (1) = 1+0,316-2,043568-10 =1,000645767 . (16)

CTpyKTypHY cXeMy, sIKa iToCcTpye y3romkene ¢pyakiionyBanas Y JIM IIP (10) i mogeni YKIIP (11),
(12) B koHTYpI1 nONOKEHHA 1BOoKaHanbHOro EIl momaui BepcraTa, HaBeieHO Ha puC. 2, 1€ Vpo pis — MIBUAKICTD
nojadi PO B nporieci MeTanooOpoOKH 3 ypaxyBaHHsSM KoMneHcalii BBy Y IM T1P, m/c.

3. PesyabraTn pocaimxkenb. Ha mincrasi ¢popmyn (1)+(16), po3poOiieHio CTPYKTYPHO-QITOPUTMIUHI
CXeMH, 3a SKUMHU TI00YI0BaHO BiAMOBIAHI iMiTaI[iHI KOMITFOTEPHI MOJIeJTi TOPiBHIOBAHUX JBOKAHAJILHOTO Ta
onHokaHansHOTO EIl. KoMm'toTepHe MoJientoBaHHS €IeKTPOJMHAMIYHUX XapaKTEPHCTHK CHCTEM BUKOHAHO

.. . . * * . * .
3a ONTHMAJbHOIO HAJAIUTYBAHHA KOEMIIIEHTIB MIACUACHHA Kpqior1s Kprinorz 1 Kprnorass 11-PETYIATOPIB

KOHTYPIB TIOJIOKEHHSI [UTsl PI3HUX TUIIOBUX 3aBJaHb Ha nmoxady PO B pexuMi TOPIIEBOTO CUMETPUYHOTO (pe-

3epyBaHHs. BpaxoByBanucs: BB YM I1P ta qunamiunoi moxeni YKIIP, oOmexxeHHs Ha IBUAKICTH PoO-

60401 momaui PO Ta Ha mepeBanTakenHs 3a ctpymoM B BJI EIl ycix kaHamiB kepyBaHHS, HEMIHIHHOCTI TEPTSI

B MII Bepcrara Ta B cucrtemi «PO-pizenp», a Takok KOMIICHCAIlis JHHAMIYHOTO B3a€MOBIUIMBY KaHANIB
(IBBK) 3a naBanTaxkeHHsM y nBokanaibHomy EII 3 nBoma I'T1.

Po3paxynku ene-

Kyxre 1+2(1) YKIIP KTPOJMHAMIYHHMX Xapak-

_ TEPUCTUK  BUKOHAaHI 3

k=1 TowTs 5, TotTyw o, TyotT p _
LK (W) Kymp,1+2(u)p KVKHP,1+2(H)p KyKnP,Hz(H)p o YPaxyBaHHAM TeXHlI.IHHX
vip,1+2(H) * BHMOT' JIO BepcraTta 1 Ha-

TonoTop’ + (Ta+ Typo)p” + (Tpso + T)p + 1 | 70 Bepetata
m BEJICHI y BUIJISAL Jliarpam
S i 0102 ) " TP F} Ha puc. 3 + 7, a pe3yJibTa-
Jro Vu — e Kyo , TH TOPIBHSUIBHOI OLIHKH

> » k.. [t Sing > : ’
Via =Veo L Ve 5.0 Torap 1 XapaKTepUCTUK — y TabII.
v, [+ 1 1 2. Ha pucyHkax mo-
Ll > % s 3Ha4yeHo: uudppamu «1» i
Vo Voo Vy .
' TCB «2» — rpadiku 4acoBUX Ta
k* o KHCBO 142 ‘Fh YJaCTOTHUX XapaKTepI/IC-
Voo L) 88p0 Tpr+Tp+1] THK NPUBOJIB OCHOBHOI'O
S = S K-1 ta yrountorogoro K-2
142 = OPO,pi3

Puc. 2 1o PO KaHaJIB, IO MPAIOTh B
iTepaiiHOMy ~ PEXKuMi;
mudppamu «1+2» ta «laBT» — a”anmorivyni rpadiku aBokananpHOTO Ell Ta 0mHOKaHANEHOTO (aBTOHOMHOTO)
EIl momagi. Ilim gac BiampairroBaHHS CTPHOKOIOMIOHWX CHUTHAIIB HE JOITyCKAajIoCs IEepeperyiIroBaHHS 3a
MOJIOKEHHSM 1 MEePEeBUIIEHHS MaKCUMaJIbHO JOMYCTHUMOI MBHAKOCTI V, xBuimHHOI nmonadi PO. Takox Bpa-
XOBYBQJIOCS MAaKCHMAJIbHE CTaTHYHE HABAaHTA)KCHHS, K€ BU3HAYA€ThCS MPHBEICHOI0 Macolo cucremu MII-

PO: m =m = m, +m,,, =6000-+3000-+500 = 9500 kr; m =m = m,, =9000 K.

Makc,1+2 BHP,MaKC MaKc,aBT BHP,MaKc

Komm'roTepHi A0oCipKeHHs BUSBIIIN TiepeBaru 1BokaHanbHOro Ell K y MiABHUINEHAI TOYHOCTI BiATBO-
PCHHS 3a/IaHKMX 3aKOHIB KepyBaHHs nojaaueto PO, Tak 1 B MOPIBHSAJIBHOMY ITiJABUIIICHHI IIBUIKO/III BIAPAIFOBAH-
Hsl CTpUOKOIOAIOHUX 3aBIaHb B YCbOMY JiamasoHi mojadi Bepctata: 0 < Spo <2000 MM. OcoOmuBO edeKTHO
MepeBaru BUSBIIIOTHCS B 30HI MalluX Ta cepenHix mnepemimers 0 < Spo < 1 MM, e 1 mocsTaeThbes peaizarmis
0c00JIMBO BHCOKOI TOYHOCTI KepyBaHHs Ta no3uiiionyBanHs PO.

Mepexinni mpomecu. 3a1y1st JOCSITHEHHST HAHO1LIbII e(DEKTUBHOTO BiNpaIfoBaHHs JiBokaHaibHUM EIT
cTpubkonoAiOHNx BrumBiB Usp(f) = Usp = const HaAIITyBaHHS MOZET MPUBOAY y ITEBHUX 30HAX MEPEMIIIeHb
PO 3nificHIOoBaIOCS 13 3aCTOCYBaHHIM PI3HHUX PEKHAMIB B3a€EMOJIii aBTOHOMHHUX KaHATIB KepyBaHHS. BcraHoB-
JieHo, 1o 3a HanamrtyBaHHs quHamiku EIT y 30Hi mMamux nepemimens (MIT) (0 < Spp < 0,006 MM) ocHOBHHI
kanan K-1 mominpHo B3arami Bigkmouard. Y 30Hi cepenix nepemimers (CII) (0,006 mm < Spo < 1 MM ) kaHaIH
K-1 ta K-2 moBuHHI (YHKIIIOHYBATH MMapajielbHO (OTHOYACHO) B ITEPAIITHOMY PEXHMi, a B 30HI BEITUKUX TIe-
pemimiens (BIT) PO (1 MM < Spo <2000 MM) Mae OyTu peaiti3oBaHHd TIOCIIIOBHO-TIApPAJIEIbHUA PEXHUM B3ac-
MOJIiT KaHaJIiB, KOJH JIPYTUH, yTOUHIOWUUH kaHan K-2 mikimoyaeTbes 10 poOOTH TBOKAHAIBHOTO MPUBOY 32

46 ISSN 1607-7970. Texn. enekmpoounamira. 2026. Ne 3



3aJJaHUM piBHEM TOMWJIKH € BiATIpaIfioBaHHs 3aBaaHHs Us; ocHOBHUM KaHaioM K-1 (puc. 1). Jlns 3oam BIT
BCTAaHOBJICHO, IO B 3AJIS)KHOCTI BiJI BEMUMHH 3aBaHHs Usp piBEHb TIOMIJIKH €1, IO 33/IA€THCSI, 3HAXOAUTHCS B
Mexax: € = 0,05+0,5 Mm.

Ha puc. 3 nokazano rpagiku nepexigaux mnpouecis (I1IT) monoxennst PO B nBokanansromy EIT i mo-
piBHIOBaHOMY onHOKaHanbHOMY EIT MII Bepcrara 3a BiAlpaitoBaHHs IPUBOAAMH CTPUOKOTIONIOHUX BIUIUBIB

%10 <107
Sams 7 S, i.g. i i i i H i i Siaes
5o e 5 —— — 51, Sias
S, 2/1+2 /T;Tr 8, w2/ Alesri i S‘;_
St s Spa2, ; Sy ;
f Mg : “ o laBr i H ]
) / Sy = 0,005 mm, . [y =0,150 m, 0.2008 | B = 200 MM,
: / ¥ = 400 mm/xp o] H=1600 mm/xe | ¥, = 3200 MM/xB
2 3ona MII 4 3o0Ha CII o 30Ha BIT
1 ) —i4 ; e 0.2006 [~
t,c 0 R f-e 1. ¢
0 ' 0.2005
0.1 0104 0108 0112 0195 0205 0215 0225 0.235 4 4.04 4.08

Puc. 3

Usp, BiamoBigauX 3amaHiil nogadi PO (3 mimierion oOMeXeHO MIBUIAKICTIOV,) B 30HAX MaJHMX, CEPEIHIX 1
BEJIMKHUX TepeMillieHb BepcTata. MoaenoBanHs EIl BukoHaHO 3a KoMIIeHcalii B mpuBoax BiumBy Y M I1P
nigkmrodeHHsM mogeni YKIIP B koHTyp kepyBaHHs. Y Tabn. 1 ans pi3HUX 3aBAaHb S,,; HA BEIHUUHY (iKkco-
BaHOI 10/1a4i HaBEJEHO MOPIBHILHI TToKa3HUKH skocTi 111 3a monoxenusm PO. 3 amamizy I1I1 (puc. 3 Ta
Tabi. 1) BUIUIMBAE, 110 Y JBOKaHaIbHOMY EIT CyTTE€BO 3MEHIIY€ETHCS Yac PEryJItOBaHHS y pasi BiIMPAIIOBaH-
Hs1 (03 mepepery roBaHHs ) HEBSJIIMKKUX TepeMilieHb: B 30Hi MIT — B 2,5 + 4,0 pasu; B 30ni CI1 - B 1,65 + 2,5
pas3u; Ha nepmid ginsHIi 30U BIT (1 MM < Spo <20 Mm) — B 1,1 + 1,63 pasu. Ha npyriit ninsami 3oau BIT
(20 MM < Spp < 2000 MM) gocsATaETHCS HEBEMUKWH BUTpaIl y mBuakoAil mogadi PO (puc. 3 i tabm. 1).

Taoauns 1
3 . . Moxa3unku sixocti I B pe:knmi MeTa1000podKn
OHa nepeMilleHHs i Beanunna - .
Bapiant 32712HA BeTHUHHA noxaui (mozaya 3 MiANopsIIKOBaHO OOMEKEHOIO IBUIKICTIO)
EIl noaayi PO ;12 3y0, 9ac peryJIioBaHHs 33 PIBHEM per;ﬁi{]gf{iiﬂ;;ggm_
oI, MM/3y6 0,01% Big Us, tperast 1 Tper.1+2, C nansHoMmy EIT, pa3
Sum (0,05 MKM) 5,0°107 0,01615 -
Sm (0,005 Mm) 2,0°107 0,0168 -
O1HOKAHAJIBHUMI Sc (0,15 mm) 0,1 0,0494 -
EIl Sg (1 Mmm) 0,1667 0,091 -
S ny=300 06/xB 1,333 19,3715 -
(1000 mm)" ny=50 00/xB 8,0 19,372 -
Sm (0,05 Mrm) 5,0°10” 0,0045 3,589
Sm (0,005 Mm) 2,0°107 0,00673 2,496
JIBokaHanbHUI Sc (0,15 mm) 0,1 0,0291 1,698
EIl S (1 Mm) 0,1667 0,056 1,625
S ng=300 06/xB | 1,3333 19,2812 1,0047
(1000 mm)" | =50 06/xB 8,0 19,2845 1,0045

Dyac PETYJIIOBaHHS BUMIPIOBABCS 32 PIBHEM Sz = 0,005MM.

YacroTHi XapakrepucTuku. [lopiBHSIBHE MiJABUINEHHS MBUIKO/I ABOKaHabHOrO EIT 00ymoBiieHO
3HAYHKUM PO3IIMPEHHSIM Horo cMyru nponyckanss. Ha puc. 4 Hagani norapudmivHi aMIuTiTy THO-4aCTOTHI Xapa-
KTEpUCTHKH (CepeHhOYaCTOTHI AUIsHKN) ropiBHIoBaHMX EIT MII BepcraTta mpu BigmpaitoBaHHI CHHYCOiIab-
HuX nojay PO 3 pi3HO0 33/1aHOI0 AMILTITYION0 S, MepeMillieHb: Ss,, =0,05 MxMm; 0,15 Mm; 1 Mm; 200 MM,
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102 10° . pam/c 102 ®.pay/c

~Syz= 200 MM T lapr I

102 o, pamc 10! 10° ®,pag/c 10!
Puc. 4

JBokananpHmii EIl 3a0e3medye po3mmpeHHs: cMyTH TporyckaHHs: Ha aimstHIi 30e1 MIT 1o 0,05 mxm
(0<Spp<0,05mMrM) — Oimpim HDX B 4,1 pasm; Ha apyruil g 3o MIT 1 B 30mi CIT (0,05
MKM < Spo < 0,95 mm) — B 1,35 + 4,0 pasu; na aistaii 3oau BIT 10 200 MM (1 MM < Spo <200 mm) — B 1,26 + 2,1
pasu. Ha minsaui 3oam BIT (200 MM < Spo < 2000 MM) MOKa3HUK PO3MIMPEHHS CMYTH 3HIKYETHCS (3aJTHIIAI0UUCS
OUTBIIIMM OJMHUIT), IO 3 ypaxXyBaHHSAM OOMEXEHb Ha TPUITyCTUMHU CTpyM acuuHXpoHHOro EIl o0ymoBmeHO
HEOOXiTHICTIO 3MEHILIeHHsI KoeillieHTa IMTiICHIIEHHs] YTOYHIOYOoro Kanary K-2.

Komnencanisi BiiiuBy mpouecy pizannsi. ['padiku Ha puc. 5 i 6 BinoOpaxaroTb MOXJINBI poOoui
nponecu B nociimpkyBaHoMmy EIl momaui mix yac BiampamroBaHHs cTprOKONOMIOHNX 3aBaaHb Uz B Pi3HHUX
3oHax nepemimieHs PO: B 30H1 MII (S,,; =0,005 MM, puc. 51 6) i B 3011 BII (S;,; =200 MM, puc. 5) 6€3 KoM-
neHcanii (a) Ta 3 KOMm-

=<107° .
S S ; : nieHcarieo (0) BIUTUBY

142- 1425 ¢ 1+2
S1.amm ; i 142 S1 oo YJM IIP. Ha puc. 5
M
6.001 S Tamr " - HaJgaHo  (parMeHTH

- AaBT . .

6 |5= 0-2012 rpagikis Il momo-
5.999 |fo 0.2011 {1 xemns PO B mopis-
5.998 [ g 5. = 0,005 MM | I Sxan = 2“,‘1 M HioBauux EIl mopaui,
5.997 ; ; ; = : / i i i

i F e / i ; .| amnapuc. 6 — pparme-

5.996 - - L L .. .

0.09 0.14 0.19 0.24 a 3.96 4 4.04 HTH rpadikis 111, saxi

10 XapaKTepu3yoTh -

Stz Sias. i 1 -

o= o= HaMIKy 3MIHH OKPYK

St.asns S HOi cwin pi3aHHA F;
™M M .

6001 frony Ta CHJIH Tojadqi £, mo

6 0.2011 - OPMYIOTHCS npu
5.999 [ Eoon = 200 MM bop Y P .
i [ 1an . noxaul PO y mpoueci
RPN 0 A — Swn =0008mm ] o020 1i2 Tomr | MeTanoobpobku. 3

7, c f.c ] 1
5.906 == = o = — - — anasy III nix wyac
BigkmroueHoro YKIIP
uc. 5, a i 6, a) Bu-
Puc. 5 (p ’ > a)

TUTMBAE, 110 HE BKIIIO-
4yeHHs B KOHTYp perymoBanHst EIT nonaui Bepcrara moneni Y/AM I1P moske npusBecTH JI0 MOSBH B peabHOMY
NPHUBOJIi HEBPAXOBaHHUX MTOMUIIOK moJioxkeHHs PO, 00ymMoBieHnx axtnaHuM BrutmBoM MexanidHoi [1CB.

Y poOoTi 3a5mekHO Bij 33MaHol BemuuHA noAadi PO BHKOHAHO KOMIT FOTEPHY OIIHKY MAaKCHMAaJbHO
MOXKJIMBUX CTaJIMX CTATUYHHMX MOMIJIOK 3a ToJoKeHHsM y niopiBHIoBaHUX EIT. Ilpu npomy B HanamryBaHHIX
EII 36epiranucs Bci HEOOXiIHI TEXHOJIOTIUHI apamMeTpH moAadi B pexxumi [1P, ane kommencaropu BBy Y IM
[P 6ynu BigkimoveHi. BcTaHOBIIEHO, 0 BEMYMHA CTATUYHOI TIOMHJIKH CYTTEBO 3pPOCTAE i3 3pOCTAHHAM BEJINYH-
HU S, Tonavi. Tak, HarpuKiam, 3a S;,; = 1000 MM cTaTHYHI TOMIUTKH TIOJIOKEHHS y TBOKAaHATLHOMY Ta OJIHO-
kaHanpHOMY EIT MOXyTh pocarati: €12 =5MM (0,5 %) 1 €pamr = 2,7 MM (0,27 %) (3a ng =300 06/xB), i
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Puc. 6

€12 = 12,8 MM (1,3 %) 1 &cp o = 6,9 MM
(0,7 %) (3a ng=50006/xB). Pesynbratn
JOBOZASATh HEOOXiAHICTH BpaxyBaHHA Ta
KOMITeHcallii B cucremi kepyBaHHs EIL
MII Bepcrata NOMMIIOK, 3yMOBJIEHHX
[MOJATIMBICTIO MexaHluHol cuctemu MIT-
PO Ta npyxHictio cucremu «PO-pizerp»
y TIPOIIECi METATTI000POOKH.

Pesynabratn mMopentoBanHs III1
3 migkmoueHasm YKIIP (puc. 5, 6 1 6,
0) TOKa3ajaH, IO TOYHICTh momadi PO
NPUHIMIIOBO MOKHA TTJBUIIUATH IILIS-
XOM TOOYJOBH EIEKTPOHHOI MOJAei
camoro IIP ta BKIIrOYEeHHS L€l mMojenl
o KOHTypy KkepyBanHs EIl momadi
(puc. 2). B mpoMy BUIAAKYy THIIOBA
cucrema kepyBaHHs EIl 3abe3meuunts
KOMITCHCAIlIF0 CTATHYHOI TMOAATINBOCTI
Mexaniunoi cuctemu MII-PO, ame ue
ycyHe (0e3 3acTOCyBaHHS JOJAaTKOBHX
KOMIICHCYBAIPHAX 3B'SI3KiB) HETaTHWBHI

KOJIMBAHHS CHJI pi3aHHs [, Ta momadi £, 3ymoBieHi konuBanasamu [ICB «PO-pizers» (puc. 6, 0).

BinnpamoBanus cunycoinanbHux BrimmBiB. Y crexauux EIl 3 I1I-PII cratuuni momuiku 3a
BILIUBOM Uz = const BincyTHi. ToMy TOUHOCTHI MOkJIMBOCTI nopiBHIoBaHUX EIl 3py4HO ouiHroBatu 3a sKi-
CTIO BIATBOPEHHS BIUIMBIB, IO 3MiHIOIOTHCS. HalOULIBII BaXKKO BiATBOPIOBAaHMMH BBAKAIOTHCS TapMOHITHI
3agaBaibHi curHanu. Ha puc. 7 HaBeneHo MopiBHIIBHI rpadiku (B yCTaleHUX pekuMax) BiATBOPEHHS IBO-
kaHanpHUM 1 ogHoKaHansHUM EIT MIT Bepcrara (3 miakmouenHsM YKIIP) cunycoigadbHUX cUTHaliB amil-
TTYIH S,,; 1 pI3HOT 9aCTOTH i sy = 0,05 MKM (@) 1 S50, = 20 MmM (6); 3HaUeHHS f BKa3aHi Ha pucyHKY. [lopiB-
HSUTBHI TOKA3HUKH SIKOCTI BimnpamtoBanns EIl cuHycoiqanbsHuX BILIMBIB HOaH1 y Ta0. 2.

<107 <107 <10° . .
//K //s\\f‘*““ s [ I f\* R [ so s R
St [/ 1N St = el WAV FE
S0/ /A v O e S

AN\ Y \V e
7 ..1 c \ v \r c -5 / Y E
0.04 0.06 0.08 0.04 005 0.041 ' 0.045
Spaz = 0,05 MEM; f=50Tw; 170Tw 706Tny
s - B Sias, é : Sas =
§1—2,, ‘)SV \ﬁ A8 Si+2, Szaﬂ 12 ‘]&/0—’?5 = S1+2, ‘53< f_l\l ~E
S / s LA Sl e X
M / Nlasp | ™ LN ™ |/ )\ [/
NV I 72 S e s MY 74 b N v

/ \| -0.01 \ \\/// \\ .01 [ \\ N N

0 / HINE N T N S (A S
-5 [ Z c | -0.02 A el 002 VA f.ic
7 8 7 3 8 5 5.6

Spag = 20mMM; f=03Tw 075Tw L1TInQ

Puc. 7
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Taoauns 2

3ona IMoka3HuKH SIKOCTi BIITBOPEHHSI KEPYIOYOI0 BIJIMBY
Bapiant nepemimens Usn () = Ugn,musinZTEﬂ (f=var) '
EI . Bear4yuHa (ha30BOro 3MEHIIICHHS 3ali3HIOBAHHS | OCIa0IeHHS aMILTITy -
1 BETHYMHA 3CYBY KE€PYIOUOTO CHUTHAITY 3a (ha3010 y TOPiBHSHHI 3 HOTO 3HAYEHHS Sy,

nonayi PO (3amizHIOBaHHS 3a (ha3oro), paj| oxHokaHanbHuM EIl, pa3 CUTHAIy 3aBJaHHs, %
Sm 50T 170 T'u | 706 I'n 50T | 170 T’ | 706 '

(0,05 Mmxm) 0,41 1,40 3,04 0,84 29.3 89.4
Sm 15T 65T | 151 ' 15T | 65T | 151 T

(0,005 mm) 0,25 0,82 1,21 2,7 31 56,5
OnnoxananbHUHI Sc 5T 20T | 28 T 5Tu | 20T | 28T

EII (0,15 mm) 0,13 0,79 0,95 0,78 29.4 41,8
Sp 31 9T | 12T 31 9T 12 I'ng

(1 mm) 0,11 0,83 1,03 0,6 31,8 47,3
Sz 0,065T1x 0082T1r| 0,1 I'ig 0065T1r| 008211 | 0,1 I'g

(200 Mmm) 0,55 0,83 0,97 12,4 30,5 41,8
Sm 50TI'n 170 ' | 706 T | SO T | 170 T | 706 T | 50T | 170 ' | 706 I'g

(0,05 Mmxm) 0,085 0,37 1,21 4.8 3.83 2,52 - - 15,6
Sm 15T 65T [ 151 T | 15T | 65T | 151 T | 15T | 65T | 151 T

(0,005 mm) 0,11 0,43 0,82 | 2,29 1,88 1,49 0,46 9.3 31.1
JBoxaHanbHu# Sc 5T 20T | 28T | ST | 20T1g 28 I'n ST | 20T | 28 T'n

EIl (0,15 mm) 0,06 035 | 051 | 232 | 225 1.85 - 13.8 | 27.1
Sz 3I'n OI'm | 12T | 3T | 9I'n 12 I'g 3I'n 9T 12 '

(1 Mmm) 0,055 0,47 0,56 | 2,04 1,77 1,84 - 12.1 215
Sz 0065T1x 0082I| 0,1 T'rr [0065T] 00821 | 0,1 T'ix | 0065T| 008211 | 0.1 'y

(200 Mmm) 0,35 0,54 0,82 | 1,54 1,53 1,18 - 14.8 30,7

Oco0MBOCTI HAJAIITYBAaHHS Ta NPAKTUYHOI peatizanii ABokaHanabHoro EII. BeranosieHo, mo
MUHAMIYHUN B3a€MOBIUIMB KaHAIIB 3a HAaBAaHTAXEHHSIM, XapaKTepHUH I iTepallifHuX OaraTOoKaHAIBHHX
CTeXauuXx MpUBOJIiB, y ABoKaHansHOMY EIT 3 nBoma I'TI 3aranom HecyTTE€BO BILTHBAE Ha SIKICTb POOOTH KOH-
Typy nosoxkenHs. Pazom 3 Tum 3amma komnencanii IBBK 3a HaBaHTaXeHHSIM y MOJENb IBOKaHAIBHOI CHC-
TEMU YIIPaBIIiHHS BBEJICHI BIAMOBIAHI BHYTPIlIHI KoMITeHCYFoui iepexpecHi 3B's3ku (KII3) mixk kanamamu K-
1 Ta K-2 — xomniencatopu Cip ta Cyy [13], 110 12710 MOXKIIMBICTD B cepeHbOMY Ha 5+15% 3mMeHmuTH (1opi-
BHSHO 3 BincytHicTio KII3) wac perymroBanns I1I1 3a monoxennsm y nokanansHomy EIN y 30HI Manux Ta
cepennix nepemimeHs PO (0 < Spo < 1 Mrm). Y 30H1 BIT (1 MM < Spp <2000 Mmm) minkmoderns 0ioky KII3
MIPaKTUIHO HE BIUTMBAE Ha sKicThb [111.

JocsirHeHHsT B TPONIOHOBaHOMY JIBOKaHanbHOMY EIT BUCOKOT TOUHOCTI KepyBaHHs M0Jjauel0 iCTOTHO
3aJIeKUTh Bl IMHAMIYHMX BIACTMBOCTEH CEpBONPHBOAA 3MiHHOrO cTpyMmy tumy IIU-AJl npyroro, yTouHio-
rouoro kanamy K-2 i, meprm 3a Bce, BiJl IIUPHHA CMYTH BinTBOproBaHuX dacToT Ell Ta Big mepeBaHTa)KyBajh-
HOT 37aTHOCTI 3a MoMenToM B/ J12.

Bingznaunmo, 1110 AKiCTh KepyBaHHS OOMEXY€ETHCS TOUHOCTHUMU MOXITMBOCTSIMH BUTOTOBJICHHS MeXa-
Hiku nBoaBuryHHoro MII ta cryneHeM afieKBaTHOCTI BpaxyBaHHS BIUIMBY peasibHOI nuHamiku [1P. Peanizawis
nmeokanabHOTO EIT MIT 3 nBoMa I'T1 moTpeOye HasBHOCTI: y CHCTEMI KepyBaHHS JBOX (3aMiCTh OJHOTO) TIOB-
HouinHux crexkaunx EIl y cuctemi kepyBanHs; cneuianbHo po3pobienoro MII 3 noma 6eszmodroBumu I'T1,
110 BKJIIOYA€ JOJATKOBI MMOJIO3KU 1A po3miteHHs Apyroi I'Tl; BUCOKOTOUHOro (3 pO3LUIBHOIO 3ATHICTIO HE
HIDKYE COTHMX dacTok MikpoHa) martuwka J[[IPO momoxenns PO (Hampukianm, miHiHOTO maTdnka (ipmMu
Heidenhain 3 muckpernictio 10 aM). KpiM Toro, moBuHHI OyTH niependadeHi 3aX0/u, M0 YHEMOKIIUBIIOIOTh
BUHUKHEHHS 3pMBHUX aBTOKOJIMBAHB Y PEKHUMi IPAaHUYHO MOBUTEHUX pobounx nepeminiens PO.

BucnoBxm. 1. /{1 mporioHOBaHoOTO iTepartiitHoro nsokanansHoro EIT MIT 3 mBoma I'T1 i mopiBHIOBaHOTO
onHokaHanbHoro EIT mogaui 3 CITP-HanamtyBaHHsIM KaHAIIB BU3HAYEHO OMEPaTOpH 3a 3a/1aBajIbHUM BIUIMBOM
Usn(f) onTrMi30BaHUX KOHTYPIB MOJIOKEHHS 1 po3paxoBaHo napameTpu komiieHcatopiB YKIIP crocoBHo mo3no-
BxHBOI rofaui PO mpenmsiitHoro MeranopizansHoro Bepcrara mozen 24K70A®4. HaBeneHno cTpykrypy, sika
UTFOCTpY€E y3ropkeHe (yHKmioHyBaHHA Moaem Y /M IIP Ta auHamigHOI MOIENi BiIIOBITHOTO KOMITEHCATOpa
YKIIP y konTypi monoxxenHs aApokaHaigpHoro EIN. TToOyxoBani iMiTaniiiHi KOMI'FOTEpHI MOJeNi TTOPiBHIOBA-
Hux EIl, sxi Bkmowarore Y JIM 1P ta xommeHcaropu YKIIP i BpaxoBYrOTh BIUIMB HENiHIHHUX CHII TEPTS Y
HaBaHTaXeHHI. Lle mamo 3Mory BUKOHATH po3paxyHOK Ta aHalli3 MOKa3HUKIB SKOCTI ¢yHKITIoHyBaHHS EIl.

2. Pesynbraru monemosanns [1I1 i3 migkmouennsm YKIIP Brepie gosenu, 1o To4HicTh mogadi PO
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y pobounx pexumax (B ogHO- i ABoKaHambHOMY EIl) MpHHIMTIOBO MOKHA MiABHIMUTH MUISIXOM MOOYA0BU
enexktporHoi Y/IM IIP ta BkmtoueHHs 1iei Moeni 1o koHTypa kepyBanus EIL. Ilpu npomy Tumnosa cucrema
ynpasninas EIT 31aTHa 3a0e3ne4n Ty KOMITEHCAI[iI0 CTATUYHOT OAATINBOCTI MexaHiuHoi cuctemu MII-PO.

3. JloBeieHO MOKIIMBICTD 3HAYHOTO TIOPIBHSUIBHOTO MiABHUINEHHS €()EeKTUBHOCTI eNEeKTPOMEXaHIYHO-
ro neperBopeHHs eHeprii B EIl momaui BepcraTa 3a paxXyHOK 3aCTOCYBaHHS IPOIOHOBAHOTO ITEpaIlifHOTO
neokaHanbHOro EIT 3 YKIIP 3amicTs Tpamuiifinoro ogHokanansHoro EIN. [Toka3HukaMu 1i€el MOKIIUBOCTI €:

— 3HAYHI TOTEHI[IMHI TIepeBaru B IIBUIKOMAII BiANPAIfOBAHHS CTYIIHYACTUX 3aJaBaJIbHUX BILTUBIB,
SIKi 0COOJIMBO TIOMITHI Y 30HI HAHOUTBII BiAMOBIMANEHUX: MaJIUX, CEPEIHIX 1, YACTKOBO, BEITUKHUX ITEPEMi-
mieHb PO (0 < Spo <20 Mm), ae mBUAKO IS 1BoKaHanbHOTro EIT Moske OyTu migsuiieHa ouibin Hix y 1,1 + 4,0
pasu B 3aJIKHOCTI BiJl BEIMYMHU 3aBIaHHS S,,;, Ha nmoxauyy. Kpim toro, nokanansuuii EI1 3 noma '] Ha
BinMiHy Bix mBokaHanmsHOTO EIl 3 M/] 3a0e3nedye nopiBHsIIbHE 3MeHIIeHHs Yacy perymtoBanHs [1I1 B ycbo-
My Jiara30Hi mojadi Bepcrara (Tadm. 1);

— CyTTEBE MIiJBUILICHHS JUHAMiIuYHOI TOYHOCTI nofadi PO B ycrajieHux pexxumax, y TOMY YHCII, TOY-
HOCTI BiJIIPAIlfOBaHHS HAWOUIBII BiAMIOBIAANFHUX BHCOKOYACTOTHUX CHHYCOINaJbHHUX BIUIMBIB HEBEIUKOI
aMITTITY ! (10 Ssay = 20 MM). Y Takux pekumax nBokaHanbHuM Ell 3a0e3medye HACTYNHI MOKA3HUKU 3MEH-
IICHHS 3ami3HeHHs 32 (a3010 Kepyr4doro curnany: y 3oHi MIT (o Si.; = 0,05 MxM) 3a poOouoi 4acToTH CH-
nwycoigu f=50+706 'y B 4,8+2,52 pa3u; y 30Hi CII (Ss,; = 0,15 mm) 3a wacrotu f=5+28 ' —y 2,32+1,85
pas3u; y 30Hi BII (S,,; = 1 Mm) 3a wactotu f=3+12 ['m — y 2,04+1,83 pas3u, ta y 30Hi BII (S;; =20 mm) 3a
gacrotu f =0,3+1,1 'y —y 2,4+1,53 pasu. [Ipu upomy B aBokananbHoMmy EIl cnoctepiraerbesi He3HauHE
(mopiBHsHO 3 ogHOKaHanbHUM EIl) mocnaOnenHs kepyo4oi cunycoinu (Tabai. 2);

— 3Ha4YHe PO3MIMpPEHHS CMYTH TpomnyckaHHs nBokaHanmeHOoro EILl: B 30Hi MII mo 0,05 mxm
(0<Sp0<0,05MmK™m) — Oimpm HiIX y 4,1 pasm; mHa nmpyriii gimsami 30w MII ta B 30mi CII (0,05
MKM < Spo < 0,95 mMm) — y 1,35+4,0 pasu; B 30mi BIT 10 200 MM (1 MM < Spo <200 Mm) — y 1,26+2,1 pasu. Ha
nisHi 300U BIT PO (200 MM < Spp < 2000 MM) HOKa3HUK PO3IMIMPEHHS CMYTH 3MEHIIYETHCA, alle 3aJIMIla-
€ThCs OLThIUM 1.

4. TTinteepmxeno, mo JIBBK 3a HaBaHTa)KeHHSIM 3arajioM HE3HAYHO BILUIMBAE Ha SIKICTh pOOOTH KOH-
Typa nonoxxeHHs nBokanaibHoro EIT MII. Pazom 3 tum, migkmouenHs 6ioky BHyTpimHix KII3, sxi kome-
HeytoTh JIBBK, 3Menmye (mopiBHSHO 3 HOT0 BiACYTHICTIO) B cepeiHbOMy Ha 5 + 15% wac perymroBanns 1111
3a MOJIOKEHHAM Yy nBokaHaibHOMY EIl y 30H1 Manux Ta cepennix nepeminieHb PO (0 < Spo <1 Mm). Y 30HI
BIT (1 MM < Spo <200 mm) migkmouenHs 6oy KI13 npaktuano He BrumBae Ha sikicts 111

5. 3acTocyBanHs iTepaniiiHux nBokaHanbHUX O0e3penykropaux Ell momaui 3 gxoma I'Tl i kommeHca-
topoM YKIIP nominbHO y BUIIaAKax, KOJIW Bix TpaaumiitHuX ogHokaHanpHUX EIl momadi BUMararoThes gyske
BUCOKI HIBUJKO[IS 1 TOYHICTH BIANPAIIOBaHHS HEBEIMKUX 3aBAaHb (MIEpeMillieHb) y pa3i 3HAYHUX 1HEepLii-
HUX HaBaHTA)XCHb Ha BUXO/Ii MPUBOJA. Taki BUMOTH Bi/MOBIIaI0OTh 3pOCTAIOYMM BUMOTaM JI0 SIKOCTi POOOTH
EIl momaui PO cydacHUX BaKKWX MPEIU3IHHIX MeTatopizansHuX Beperatis i O,

ELECTRODYNAMICS OF A HIGH-PRECISION ITERATIVE TWO-CHANNEL ELECTRIC
FEED DRIVE WITH A CONDITIONAL CUTTING PROCESS COMPENSATOR

0.A. Khudyaev, V.M. Shamardina, D.O. Pshenychnykov, I.V. Obruch
National Technical University «Kharkiv Polytechnic Institute»,
Kirpichova str., 2, Kharkiv, 61002, Ukraine.
E-mail:Vira.Shamardina@khpi.edu.ua.

Using the example of modeling the longitudinal feed of the working body (WB) of a precision metal-cutting machine
tool model 24K704AF4 during the cutting process (PC), the possibility of a significant comparative increase in the effi-
ciency of electromechanical energy conversion in the electric drive (ED) of the machine tool feed is proven by using the
proposed iterative two-channel ED with a conditional PC compensator (PCCC) instead of the traditional single-
channel ED. This allows you to significantly improve the quality of WB feed control and, as a result, significantly in-
crease the potential competitiveness of the output of heavy metal-cutting machine. Detailed simulation computer models
of the compared two-channel and single-channel EDs have been constructed, which contain the corresponding dynamic
models of the PC and the PCCC compensators and take into account the influence of nonlinear friction forces in the
load on the dynamics of the drives. Indicative comparative electrodynamic characteristics of the systems were obtained.
Significant (multiple times) potential advantages in the speed and accuracy of feed control of a dual-channel ED have
been established. The modeling results showed for the first time that the accuracy of the feed of the WB in the metal-
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working mode can be significantly increased not only due to the iterative structure of the two-channel control system of
the ED, but also additionally by building an electronic model of the PC itself and including this model together with the
PCCC in the control loop of the feed ED. References 13, Tables 2, Figures 7.

Keywords: iterative two-channel electric feed drive, conditional cutting process compensator, computer modeling, elec-
trodynamic characteristics, speed, dynamic accuracy.
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EJIEKTPOEHEPT'ETMYHI CUCTEMU TA YCTAHOBKU

YAK 621.311:681.3 DOI: https://doi.org/10.15407/techned2026.03.053
BUSABJIEHHA «CJIABKHUX» IIEPETHHIB B PEXKUMI OITEPATUBHOI'O
KEPYBAHHSI CTIMKICTIO EHEPTOCUCTEM

B.B. HaBnonchnﬁl*, JIOKT. TeXH. HayK, JI.M. JIyK’ﬂHeHKOZ**, KaHJ. TEXH. HayK,

B.B. Fpeqko***, KaHJ. TEXH. HAYK

InctutyT enexrponunamikn HAH Ykpainn,

np. Bepecreiicbknii, 56, Kuis, 03057, Ykpaina, e-mail: lukianenko.lukian@gmail.com.

Ipedcmasneno nioxio 0o weuokoi idenmuikayii «crabKux 3a cmitKicmio» nepemunia 8 peicumi ONepamueHoO20o Kepy-
sannust enepeocucmemamu (EC). Bucsimaeno eniue ciadkux nepemumis Ha cmitkicms ma HAOIUHICMb eHepeocucmem 3
aKYeHMoM Ha IXHIO POJib Yy 3anobieaHi KACKAOHUM agapism. OOHUM i3 KIHOUOBUX (hakmopis, wo 6naueac Ha CMIiuKicmo
eHepeocucmem, € HAOIUHa pOO6OMA KPUMUYHUX (BAXNCIUBUX) NePEeMUHIE, sIKa Modice Oymu nopyuena 6HaciiooKk HaOMip-
Hux abo HenepedbaueHux nepemoxie nomysxicnocmi. Hageoeno npoyec 6usagieHHs CIaOKUX nepemutie ma OyYiHKy IXHIX
maxcumanvro-oonycmumux nepemoxie (M/II). Pospobneno cneyianvHy mMemooonozito, Ka 0ae 3Mo2y 8 pejicumi one-
PAMUBHO20 KepyBauHs 30IUCHIOBAMU MOHIMOPUHZ MA BUABLEHH CIAOKUX NepemuHis, wo 3a0e3neyye MONCIUBICIb
peazysarns 3 60Ky onepamopie EC. Peanizayis po3pobieHo2o nioxooy cymmego niosuuye cmiliKicmes eHepeocucmemu
wiAxomM onmumizayii cmpamezitl 3a8AHMANCEHHS Nepemunie ma 3abe3neyents 30a1aHCO8AH020 HABAHMAICEHHS 8 elle-
Kmpuuniu mepesci. Ompumani pe3yromamu pooiame HAYKOSUN Mma NPAKMUYHUL HECOK V PO3BUMOK 3A2ANlbHOT meopii
Kepy8aHHs eHep2oCUcCmeMamil, a MmaKodc NPONOHYIOMb NPAKMUYHI PileHHA 3015 Ni08UWeHHs HA0IUHOCMI ma cmitiko-
cmi ekcnayamayii mazicmpansHux mepedic. Ilepcnekmueni Hanpamu nooanbux OOCIIOHNCeHb BKII0UAIOMb YOOCKOHA-
JIEHHST ANI2OPUMMIE GUAGILEHHS CLAOKUX Nepemunie ma inmezpayiio Mooenell Ha OCHOBI WMYYHO2O IHmMeNeKmy Oisl npo-
2HO3HOI oyinKu cmitikocmi enepeocucmemu. bidn. 6, Tadi. 2, puc. 5.

Kniouoei cnosa: ctivikictb €HEprocucTeM, ciadKi MepeTHHH, MPOITyCKHA CIIPOMOXKHICTb, aBTOMAaTH3allisl, 00UNCIICHHS B
PEeKHMMi OTIEPATUBHOT'O KEPYBaHHS.

@DyHKIIOHYBaHHS MaricTpalbHUX CHCTEM IE€peAaBaHHsS €JICKTPOEHEPTii pPeriiaMeHTYETbCS HHU3KOIO
BHMOT, OJTHI€I0 3 HAaHBaXJIMBIIINX Cepell SIKUX € 3a0e3MedYeHHs CTIMKOCTI Ta HAIIHOCTI PeKUMIiB poOOTH
eneprocuctemu (EC). KirouoBum daxtopom, mo BiumBae Ha criiikicts EC, € criiika Ta Hagiitna pobora ii
BHYTpILIHIX Ta 30BHIIIHIX HepeTuHiB. [l0AaTKOBO, B yMOBaxX Cy4aCHOTO PHHKOBOI'O CEPEIOBHINA, BEJIHKA
eJCKTPUYHA BIICTaHh MK JDKEepeIaMH T'e€Hepallii Ta CIOXWBadaMH €JIEKTPOCHEPTil MPU3BOANUTH J0 TOSBH
3HAYHUX TPAH3UTHHUX MEPETOKIB MOTYKHOCTI, SIKi CTBOPIOIOTH JIOJIATKOBE HABAaHTa)KEHHS HA KPUTUYHI Tmepe-
TUHH. Taki BUKIMKH 1CTOTHO YCKJIAIHIOIOTH ONIEPaTUBHE KEPYBaHHS PEKMMaMHU POOOTH CUCTEMH Ta 3aroct-
PIOIOTH TIpoOJIeMy 3a0e3nedeHHs 11 CTIHKOCTI.

TpaauuiitHo qucTIeTYEpChKI Ta ONEpaTHBHI CiTyx0u orneparopiB cucteM nepenadi (OCIIT) Bukopuc-
TOBYIOTh KOHTPOJIbOBaHI MEPETHHU MK KPUTHYHHUMHU YacTUHAMHU a00 MK LIIMMH €HEprocHCTEeMaMH IS
KepyBaHHs rnepetokamu notyxkHocTi B EC. Takox y OCII 3acTocoByeThCs criemianizoBaHe MPOTpaMHe 3a-
oesmreuenns (I13) oy aHamizy CTIKOCTI Ta OIIHKH JOITyCTHMOTO 3aIacy I10 3a37aJieTih BU3HAUCHOMY CITH-
CKy CHCTEMHHUX IePETUHIB a00 KOHTPOJILOBaHUX MHH [1, 2]. OCHOBHUM OOMEXECHHSM TaKOTO MiAXO0JY € Te,
110 BCi iIHCTPYMEHTH aHaji3y CTIHKOCTI MPAIOI0Th BUKIIOYHO 31 CITUCKOM Harepe/] 3a1aHnX ITePETHHIB.

Takuii maxig AECITHIITTAMA BHKOPHUCTOBYEThCS y Oumbimocti EC wepes te, mo pexumu EC Oymm
JIOCUTH CTAJIUMHU, 1 CTPYKTYPa MEPEK 3MIHIOBAJIACA AyXe MOBLILHO. [1osBa yacTHX 3MiH y CHCTEMI Ta €JICKT-
PUYHHUX peXHMax, HApHUKIa, yepe3 BiliHy a0o mepexia Ha pUHKOBI BiIHOCHHH, 1€ CIIOKMBAaUYi MOXYTh I0-
TOAMHHO 3MiHIOBATH MOCTAYaJIbHUKIB €JIEKTPOCHEPTril, MPU3BENI0 OO Kpaxy Takoro miaxoxy. Yepes mo Box-
HOYAcC y CHUCTEMi MOXYTb 3'SBIATUCS HOBI HANPY>KEHI 3 TOYKH 30py CTIHKOCTI MEPEeTHHH, BIAMIHHI BiJl THX
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CTalluX, SIKi KOHTPOJIIOE ONEPaTUBHO-AUCIIETYSPChKUH TIepcoHan. YacTrHa i3 HOBUX MEPETHHIB MOXKE BUSBH-
THUCSI OIIbII «cIAOKUMU», HIXK ICHYIOUI 32 TIEBHUX PEXHMiB poOoTH. HOBI ci1a0Ki mepeTHHU — 1ie TIEPEeTHHH,
IO iCTOTHO BIUIMBAIOTh Ha CTAa0UIBHICTH CHUCTEMH 3a MIEBHUX YMOB, IIPOTE HE BKIIOYEHI 10 CIHCKY KOHTPO-
JTLOBAHUX TUCTIETYEPCHKUM MIEPCOHAIIOM ITEPETHHIB.

Kpim Toro, mocriliHa poOoTa ONEPAaTHBHOTO MTEPCOHATY BHKIIOUHO 3 (hiKCOBAHUM ITEPEITIKOM Iepe-
TUHIB MOK€ TIPU3BECTH JJO 3HWKEHHS IXHBOI YYTIUBOCTI 10 HOBMX KPUTUYHUX CUTYaIlil, 1110, Y CBOIO Yepry,
IiIBUIIY€E PU3HUK BTPATH YBaru A0 MOTCHUINHHO HeOe3MeYHHX 3MiH y eHeprocuctemi. Lis poboma npucesuena
MIPUHITUIIOBO HOBOMY 3aBIaHHIO B KOHTEKCTI 3a0€3MEUEHHS CTIMKOCTI €HEPrOCHUCTEM — BHSIBICHHIO HOBUX
CIIa0KKX MEePETUHIB B yMOBaX OMEPATHBHOTO KEPYBaHHS PEKUMaMH POOOTH EIEKTPOCHEPTETHYHHUX CUCTEM.

«Cnabkuily nepemumn» — 11e TIEPETUH, B SIKOMY y pa3i 3MiHU pexxumy podotu EC pawnime, HiX B iH-
[IMX KOHTPOJILOBAHUX TEPETHHAX, MOXKe OyTH JOCATHYTO MEXI MPOMYCKHOI CIIpoMOoKHOCTI. Takoxk, Ha Oy-
MKY aBTOpiB, HaJliiHE BUABICHHS «CIIA0KHMX» MEPETHHIB HA paHHIX CTamisX 0e3 3HAXOMKCHHS TPAaHUIHHX 3a
CTIMKICTIO MEPETOKIB LIJISIXOM MOKPOKOBOTO 00BaKHEHHS pekuMiB poboTn EC BuKOHAaTH Maiike HEMOXKIHU-
BO. /IBa OCHOBHI YHHHHKH, [0 BU3HAYAIOTH CIa0KHUI TIEPETHH:

— CKJIaJ] TIPAITIOI0Y0ro 00JIaHAHHS 1 PeKUMHU HOTO poOOTH;

— TpaekTopii 0OBaYKHEHHSI.

Buxoasum 3 nux MipKyBaHb, aBTOPH BBayKarOTh, 110 HaAilHE BUSBICHHS CIA0KUX MEPETUHIB HA paH-
HiX eTarnax JIAIIe aHATITHYHIMHA MeToaMH — 0e3 00BaKHEHHSI CUCTEMH — Ha MTPAKTHII HEMOKITHBE.

OnHUM i3 KIFOUOBHX OOMEKEHb y 3a]aui BUSBICHHS cIa0KUX MMEPETHUHIB Ta MPOBEICHHS MPOLCIypH
oOBakHEeHHA pexuMiB podotu EC 3 MeTol0 BH3HAYEHHS MPOIYCKHOI CHPOMOXKHOCTI MEPETHHY € BUMOTH
IIOZI0 BHCOKOI OOYHCITIOBAIBHOI MPOAYKTUBHOCTI. TeopeTHdHo 32 HeoOMEXKEHOTO Yacy MOKHA nepedpaTu
yci MOXJIHBI KoMOiHamii mepeTuHiB (s MarictpambHux Mepexk OEC VYkpainm me Oyme mpuOIu3HO
107...10* komGiHauiit) i TOYHO BUABHTH C/1abKi IIEPETHHM 3a MOTOYHOTO cTaHy. IIpoTe, B yMOBax obMeske-
HOTO Yacy, 1, 30KpeMa, 32 YMOB OIIEPaTUBHOTO KepPYBaHHS HEOOXiJHO 3aCTOCOBYBATH MPUITYIICHHS Ta CIIPO-
IIEHHS, SIKI JaI0Th MOKIIUBICTh OTPUMATH PE3YNIBTAT y IPUWHATHI YaCOB1 TEPMiHH.

[punymieHHs: MO0 MOMyCTUMOI MIBHIKOJIT PO3paxyHKiB (OpMyBaIMCS Ha OCHOBI NMOTEHIIHHHX
CIICHApiiB BUKOPUCTaHHs po3po0ieHuX miaxoxdiB. [IpoBeneHo momepeHio OIiHKY HEOOXiJHOT 4acTOTH Ta
YMOB BUKOpPHCTaHHS 3ac00iB /ISl BUSIBIICHHS cIa0KHX MepeTHHiB. BBaxaeThcs, Mo 3a3BUYail 11i 3aco0u Mo-
KYTh 3aCTOCOBYBATHCS JIeKiIbKa pa3iB Ha 100y. YacToTa BUKOPHCTAHHS OOMEXKY€ETHCS IHTEpBAIaMH OHOB-
JICHHS! BXITHUX JaHUX LIOA0 CTaHy CHCTEMH Ta TONOJOTii Mepexi. TeopeTHYHO MOKJIMBHUN MOUIYK HOBHX
TIEPETUHIB MIOTOIWHY, TPOTE I MOTpeOyBalo O OHOBJCHHS MOJENli MEepeXi Ta aHalli3y HOBUX IEPETHHIB
MIEPCOHAJIOM 3 TI€I0 JK YACTOTOI0. 3 TEXHIYHOI TOYKH 30py IMIOTOJAWHHE BHUSABJICHHS CIIA0KHUX IEPETHHIB € IIiJI-
KOM peaslicTU4HuM. [IpoTe OCHOBHE MHUTAHHS MOJISTAE Y HOTO JOIUILHOCTI JJISl ONIEPAaTHBHOTO MEPCOHATY Ta
3 TOYKH 30pY MPAKTHKH EKCILTyaTalii.

Harowmicts, o6BaxkaenHs EC Ta BuzHauenus MJIII mas Bxke BHSABICHUX CIaOKUX IMEPETHHIB 1 3aja-
HUX JTUCIIETYEPOM NEPETHHIB MPOMOHYEThCS BUKOHYBATH pa3 Ha roAuHy. Taka 4actora oOIpyHTOBaHa THM,
IO CUCTEMHHH CcTaH QOpMY€eThCs 37e01NbIIOro MOroIMHA Ha PUHKY, 1 Hapa3i B pamkax cucteM Day Ahead
Congestion Forecast/IntraDay Congestion forecast (DACF/IDCF) nepenoauaetbes 24 MiIaHOBI TOUYKH CTaHy
Ha 100y. ToMmy, 3 ypaXyBaHHSIM MPAKTHIHUX O00UHCIIOBATRHIX MoxiuBocTert OCII mpotsrom oxmiel roau-
HU MOXJUBO BHKOHaTH po3paxyHok M/IIT mns mpubnmzno 20-30 Hamepen 3aJaHuX MEPETUHIB 3 ypaxyBaH-
HsM Kputepito N—1.

MeTtomoJiorisi. Ha 0a3i HaBeIeHOTO BHUIIE BU3HAYCHHS CIIA0KOTO MEPETHHY Ta 3arajJbHUX BUMOT 0
00YHCITIOBATILHOTO Yacy po3po0JICHO JETalbHy METOOJIOTI0 3aIsl BUSABJICHHS cllaOkux mepetuHiB B EC,
sIKy HaBeZieHo Ha puc.l. L{1 MeTo010Tis CK1agaeThest 3 TPhOX OCHOBHHX €TaIliB:

Eman 1. @opmysanna nepemunis-kanouoamie na «ciadki nepemunuy. llepiunii etan npucBsUeHUA
CTBOPEHHIO "Kkanoudamig" y crnabki mepeTnHu, TOOTO TeHepYBaHHIO BENMKOI KibkocTi nepetuHiB EC, ski mote-
HI[IHO MOXYTh OyTH c1a0kuMu. KaHauaaTy BU3HAYAOTHCS 32 JIOMOMOTOIO CIICIiali30BaHUX AITOPUTMIB, MiCIIs
YOro cepell HUX BUKOHYEThCS YTOYHEHHS C1a0KHX repeTnHiB. Etarr 1 BKITto4ae 40THpH OCHOBHI (pazu.

@Da3za 1.1 — Iliocomoexa éxionux oanux. 1{s1 daza nependadae GpopMyBaHHS Ta HATAIMTYBAHHS BXi-
IHHUX JTaHuX, 30kpema, moneni EC Ta 3a3nanerinp BU3HAUEHOT MM IMHOKWHHN BUXIJHHX EIEMEHTIB — 30Kpe-
Ma, JIiHIHA elleKTporiepeaadi Ta Tpaachopmaropis (3a motpedu). Lleit momepenHbO BU3HAYEHHIA CIIMCOK JIiHIH
HA3WBAETHCS “cmapmosi eremenmu”. AITOPUTM TTOYMHAE TIONTYK KaHIUAATIB y CIa0Ki IEPETHHH 3 KOKHOTO
CTapTOBOI'O €IeMEHTY, 3a0e3neuyoun (OopMyBaHHS OAHOTO KaHIUIATA IS KOXKHOTO CTAPTOBOTO €JIEMEHTA.
SIK1Io Taka miIMHOXKKMHA HE BU3HAUCHA KOPUCTYBaueM, TO BUKOPHCTOBYIOThCS yCi JiHIi Ta TpaHCPOPMAaTOPH,
ki mpucyTHi B mozeni EC.
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Etan 1. ®opmyBaHHA CNUCKY KAHAMAATIB Ha cnabKi nepeTuHU

BxigHi paHi CTBOpEHHS dinbTpauis #1 IpynyBaHHs
Kanguparie
Mopgenb EC, cnucok eHepyBaHHs BENMKOI BupaneHHs BusIBNEHHS CXOXUX

craprosux MI/T, KiNbKOCTi KaHauAaTis nybnikatis Ta He nepeTuHiB Ta ix
HanawTyBaHHs Ha cnab. nepeTHi CUCTEMHUX NEPETUHIB rpynyBaHHs

OnepaTUBHUIA NepcoHan Moxe AoaaTv
A0AATKOBI NepeTuHM, 3a HeobXigHicTio

Etan 2. BuaBneHHs cnabKux nepeTuHis

Etan 3. Po3p. pivan. MAN

————————

®dinsTpauis #3 ®dinsTpauis #2. AHani3 cnabkocTi nepeTuHIB

Po3sp. MAIM 3 N-1 Bub6ip nepetuHiB 3 Bubip nepeTuHis 3 LLisnakuin pospaxyHok MAM gns
Posp. MA, 3 HaiiMeH. MI i3 KoXHOT MEHLLOIO KiNbKICTIO CMIVMCKY NEPETMHIB | BUBHAYEHHS

asapismu N-1 Ana TPYNU i BKITKOYEHHS! TX MA/T y rpyni Ta piBHA X 3aBaHTaXEHHS. MepeTuHu

CEUEEAIEI EniEy) [0 (hiHAMLHOrO CrIMCKY BKITIOYEHHS! iX [0 3aBaHTaxeHHi > 80% BKINtoYEHi A0
nepeTuHie (cnncok S3) S3. cnmcky S2. cnmcky S1.

@Daza 1.2 — Cmeopenna (2enepayisn) kanouoamis. 11s daza 3ocepemkera Ha CTBOPCHHI KaHIUIATIB
3218 TIOJAIIBIIOT ineHTHdIKaI] cTa0KUX mepeTrHiB. [Jis bOT0 MOXYTh 3aCTOCOBYBATHCS METOJIU MTOBHOTO
niepebopy (rapaHTOBaHi) Ta €BPUCTHYHI (HETapaHTOBaHi) METOJMU IOINYKY. 3arajbHi METOJU MOBHOTO a0o
YaCTKOBOTO Tepedopy 3a0e3meuyroTh 3HaXOHKEHHsI YCiX MOXKIIMBHX BapiaHTiB 1 BUOIp HaWOLIBII ONITUMAITb-
HOTO, TIPOTE BUMArarTh TiraHTCHKHX OOYUCIIOBANBHUX pecypciB. YacTkoBuii nepebip 3MEHINy€e KiTBKICTbh
KOMOiHaIlii, 110 MiUIAraloTh MEPeBiplli, alie BCE IIE 3aIUIIAEThC pecypcoeMHUM. OCHOBHMM HEIOJIKOM
METOJIiB IIepedopy € BiICYTHICTh €(PEKTUBHOTO HANPSMKY MOIIYKY.

Tomooriuai MeToau aHamizy (Ha OCHOBI Teopii rpadiB) BUKOPUCTOBYIOTH aHANI3 BIACHUX 3HAYCHD
(BexTop Dimnepa) maTpuii 3B’ 3H0OCTI Mepexi. [IpoTe IXHe BUKOpUCTaHHS TaKOX MOB’s3aHE 3 TPYTHOIIAMH:
CKJIQJIHICTh Y BHOOPI ONTUMANBHUX BaroBUX KOe(illi€HTIB IS €IEMEHTIB Mepexi; BIICYTHICTh YiTKOTO Iie-
PEXOIy BiJ MIOOAIBHOTO aHai3y 3B’ S3HOCTI 0 BHSBJICHHS KOHKPETHHX CITA0KUX MTEPETHHIB.

Uepes 3a3HaueHi OOMEXKCHHS 3arajbHAX METOJIB TMOIIYKY PO3pOOJICHO €BPUCTHUYHHMHA MiJXif, SKHN
0a3yeTbcsl Ha 3HAHHAX MPEeIMETHOI raiy3i BUpilryBaHoi 3afayi. Llei minxin 3acHOBaHUI Ha aHami3i KIIIOYO-
BUX KOHTPOJIbOBAHUX NapaMeTpiB enekTpuyHoro pexxumy EC Ta BKItoyae HaCTYNHI METOIH.

Memoo dP — anani3 3MiHU aKTHBHOI MOTY)XHOCTI, IO MEPEHAEThCA IO JIHIT eJIeKTporepeaa-
yi/rpanchopmaropy (ILI/T), 3a BumkHeni inmoi [TJI/T.

Memoo dL — anaini3 3MiHU 3aBaHTaXEHOCTI JIiHIH Ta TpaHchopMaTopiB 3a BuMkHeHi iHmoi [1J1/T;

Memoo dA — omiHKa 3MiHH Pi3HUI KYyTiB BEKTOPIB HANIPYTH MK IMOYATKOBUMH Ta KiHIIEBUMH BY3-
JIaMU eJIEMEHTIB Mepexi 3a BuMkHeHi inmroi [TJI/T.

3a3Ha4yeHi €BPUCTHYHI METOOM NAIOTh 3MOTY AOCHTH €(pEeKTHBHO ileHTH(IKyBaTH KaHAMIATIB Ha
ciabki mepeTHHU 0e3 TOBHOTO TiepeOopy BapiaHTIB UM CKIIATHUX 00uncieHb rpadis. [lomyk geprooro me-
PETHHY MTOYUHAETHCS 3 MOYATKOBOTO EIEMEHTY, SKHI BUMHUKAETHCS. SIKIO MICIs IIbOTO CHCTEMa HE PO3JIiIsi-
€TBCS EJIEKTPUYHO, TO JI0 MEPETHHY J0JAETHCS HOBUH €JEMEHT 13 HalO1IbInMM abCOMIOTHUM IPUPOCTOM KO-
HTpOJIbOBaHOTO Napametpa (dP, dL abo dA). IlepeBipka MOBTOPIOETHCSA 10 JOCSATHEHHS €NEKTPUYHOTO PO3-
ninerds EC na gwactunam. Lleit nporec TpuBae noku He Oyae copMOBaHO MEPETHH, IO PO3AUISIE CHCTEMY Ha
€JIEKTPUYHO He3’€THaHI YaCTHHHU.

MeTtonomnorist Hajiae MOXKIHMBICTh c(POPMYBATH CTUTFKH KaHIUAATIB HA CTa0Ki MIEPETHHH, CKIJTBKH 3a-
JAaHO CTapTOBUX €JIEMEHTIB, I'apaHTYIOUM, 110 KOKCH CTApTOBHM €JIEMEHT CTBOPIOE OJHOTO KaHAWUIATA.
MMOBipHiCTh yCHiIHOrO (POPMyBaHHS MEPETHHY 3POCTAE, SKIIO Yepe3 CTAPTOBUI IEMEHT IPOXOIUTEH He-
HYyJBOBUH MEPETiK aKTUBHOT MOTY>KHOCTI.

@Daza 1.3 — Dinempauia Nel: sunyuenns nenpudamuux kanoudamis-nepemunis. 11 da3a npusHa-
YeHa 3a]Ulsl BIJIyYeHHs HEeTPUIATHUX KaHIHUJATIB Ha c1a0Ki nepeTuHu. [licas GopMyBaHHS BEIHKOI KUJIbKO-
CT1 KaHIMJIATIB Bi[CIKaIOThCS HECHCTEMHI MEPETUHH Ta AyOIiKaTH MEepPEeTUHIB (MMOBHICTIO 1AEHTHYHI CTPYK-
TypH). OCHOBHUM KpPHUTEPIEM «CHUCTEMHOCTI» MEPETUHY € KUIBKICTh T€HEPYIOUHX €IEKTPOCTAHLIN y Mexax
obmacTi (30Hi) IMIOPTY TEPETHHY. Y CepeHiX 1 BEIMKUX SHEPrOCUCTEMAaX KPUTEPIEM CHCTEMHOCTI TIEpETH-
HY € HasBHICTh IIOHaHMeHIIIe 2—3 TeHepyIoUrX BY3IIiB, B TOW Yac sK uisd HeBennkux EC BUMaraetbcst HasiB-
HICTh IIOHaliMeHmIe | TeHeparopa B o0iacTi iMIopty nepeTury. B pesynberati dinbTparnii popMmyerbes cko-
pOUYCHUH CITUCOK KaHIUAATIB HA CHCTEMHI IIEPETHHH.
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Da3za 1.4 — I'pynysanns nepemunis 3a nodionicmro. Ha nmonepenniii ¢azi Oyio BHITydeHO TOBHIiC-
TIO IICHTUYHI MEPETHHH, OJHAK 3AIUIIMINCS MEPETHHHU JOCUTh CXOXKI MK c00010, ajie 3 HE3HAUHUMH BijI-
MiHHOCTSAMH. Taki «CX0Xi» MEepPeTHHM MEPEaaloTh MOTYKHICTh MiXk NoAiOHMMHU YacTuHaMu EC, ane MOXyTb
BUKOPHUCTOBYBATH iHIII CYCiHI JIiHii a00 JiHii, IKi BXOJATH 10 OAHOTO ¥ TOTO X TPAH3UTY. 331 BUSBICHHS
CXOXHUX TIEPETHUHIB pO3pOOJICHO CIEIiadbHUN aJTOPUTM TPYITyBaHHS, SKWM 0a3yeThCsS HA MOPIBHAHHI 30H
EKCIIOPTY ¥ IMIIOPTY JJIsi KOXKHOTO 13 KaHAWJATiB-IIEPETUHIB. SKINO CXOXKICTh MEPEBHIIY€E 3aJaHUN MOPIT
MOJIIOHOCTI (EKCIIEPUMEHTANBHO JTOCIIIKEHO, 0 HOoro 3HadeHHs Mae Oytu 70—-80% OJHAKOBUX CIIEMEHTIB
obyacTeil IMIOPTY MEPETHHIB, IO aHATI3YIOTHCS), MMEPESTHHN BBAXKAIOTHCS MOMIOHMMH H 00’ €THYIOTHCS B
OJIHY TpyITy. Y pe3yibTaTi BUKOHAHHS LLOTO eTary GOpPMYIOThCS TPYITH MOAIOHHX TTEPETUHIB, KOXKHA 3 SKUX
MICTUTh TiepeTHHH 3 Onm3bkuMHu 3HayeHHAMU M/II1. Ha eramni 2 Oyzae BuOpaHo Mo 0IHOMY HpPEACTaBHHKY 3
KOXKHOT TPYITH TIOAIOHUX IIEPETHHIB.

B pesynbraTi BUKOHaHHS TEpIIOTO eramy C(HOPMOBaHHUHA CTPYKTYpOBaHHMH CIHCOK KaHIUAATIB y
CJTa0Ki IEPETUHH TSI ITOAAJIBIIIOTO TX OLlIHIOBAHHSI.

Eman 2 — Ouinka cnabxocmi nepemunie. Ha oMy eTarti BUKOHYETHCS BUCOKOIIBH/IKICHE 00BaYKHEH-
Hs1 EC mo kKo)kHOMY 13 KaHTUIATIB Ha CITA0KI TIEPETHHH, 1110 Ja€ 3MOTY OIIHUTH CTYIIIHb CITA0KOCTI KaHIHUIATIB,
copMOBaHUX Ha TorepeTHboMY eTarti. KopoTkuii ormc nporieaypy HaBeJeHO HIKYe, a geTani —y [3, 4].

@Daza 2.1 — Ouinka cnabkocmi kanouoamise na cnadxi nepemunu. Po3po6iieHo crienianbHU anro-
put™ ta ckpunt (77C-Online Search), a Tako 3aIpOITOHOBAHO BiAIMOBIAHI KpUTEPii 3217151 BUHAYECHHS Cl1a-
OxocTi nepetuHy. CKpUNT BUKOHYE INBUIKE O0BOKHEHHs KaHAMIATIB 1 o0uucitoe ixHi 3nauenns M/IL. Tle-
PETHHH, 110 He € cTabKMMH 32 MOTOYHOI KOHQIrypamii Mepexki Ta pexuMy poOOTH, BIAKHUAAIOTHCA Ta HE 3a-
CTOCOBYIOTHCS Y TIOJANbIIIOMY aHami3i. Kputepiii cimabkocti nmepeTnHiB 0a3yeThes Ha MOPIBHAHHI TOTOYHOTO
MEPETOKY aKTHBHOI IMMOTYKHOCTI Yepe3 MepeTHH (CyMa MepPeTOKiB M0 BCiX eleMEHTaX IMePEeTHHY B TIOTOYHOMY
SJIEKTPUIHOMY pexknMi) 13 oro MII B poMy x pexumi. TakuM YHHOM, B PEKUMI OTIEPATUBHOTO Kepy-
BaHHS BU3HAYAETHCS TOTOYHHUH 3amac i3 3aBaHTAKEHOCTI (PiBeHb 3aBaHTA)KEHOCTi) TIEPETHHY 332 aKTUBHOIO
MOTYXKHICTIO. SIKIIO 3ammac MEHIHH 3a 3aJaHe MMOPOTroBe 3HAYCHHS (332 JOCBIAOM eKCILTyaTamil MpUHHSATO
20%), TO IEpETUH BBAKAETHCS CITA0OKIM

(M, -5, )
MIi = —=-100% < 20% ,
M,
ne MI; — moTouHuii 3amnac i3 3aBaHTaXEHOCTI epeTuny i; M/{I1; — IpOIyCKHA CIIPOMOKHICTD i-TO TIEPETHHY;
P, — OTOYHUIA MEPETIK NOTYKHOCTI 3a HEPETUHOM i (0 OOBAXKHEHHS).

Sxmo MI; < 20% (tobro 3aBaHTa)keHHs nepeTuHy > 80% mo BigHomeHHto g0 M/IIT), Takuii mepe-
THUH BBaXaeThCs cnaOkuM. [loporoBe 3HaveHHs «cnaOKoCTi» mepeTuHy 3anexuthb Big EC i Moxe BapitoBa-
TUCh Bix 5 10 20%. Takokx 9uM KOPCTKIII BUMOTH 0 CIa0KOCTI EPEeTHHIB, TO THM MEHIIe cIabKux mepe-
TUHIB 3Haiae anroput™. [Ipu npomy MJIIT po3paxoByeThCs 3 ypaxyBaHHSIM pEriaMeHTOBAaHHMX 3alaciB 3a
criiikictio [5]. detani po3paxynky M/[I1 ctucio HaBeeH] y HACTYITHOMY po3Aifi Ta B [4].

Dazu 2.2 ma 2.3 (Qinomp Ne2 i Ne3). 11i dhazu cripsMoBaHi Ha BHIYYEHHS CXOXKUX TEPETUHIB 1 Qop-
MyBaHHsI (piHAILHOTO CIIMCKY JIMCHO CITA0KUX IepeTrHiB. 30kpema, Ha PDa3i 2.2 anropuT™ o0upae IepeTHHH 3
MEHIIOI0 KUTBKICTIO JIHIA y MeXax KOXHOI Ipynu cXokocTi. Jaii cepex oCTaHHIX BiIOUPAIOTHCS MEPETUHH 3
MiHiMansaIM 3armacom M/IIT (Paza 2.3), ki i OTpamsfoTh y (piHANBHUI CIUCOK caOKUX MEPETHHIB.

B pe3ynbrari BukoHanHs Etamy 2 dhopMyeThest GiHAMI30BaHMM CITUCOK CITA0KUX NIEPETHHIB 3 Bpaxy-
BaHHSAM IXHBOTO MOTOYHOI'O 3aBaHTAXKEHHS Ta 3 MIHIMaIBHOIO KijbKicTio I1J] y ckiaai nmepeTuHis.

Eman 3 — Pospaxynox M/II 3 ypaxyeaunuam aeapiiinux cyenapiis. 1leii eran npucBs4eHuil NOBHO-
MacIITaOHOMY OOBa)KHEHHIO BHSBICHHX CITA0KWX IEPETHHIB 3 ypaxXyBaHHIM kputepiro (N—1). Takox g0 aB-
TOMaTUYHO CPOPMOBAHOTO CIHCKY CIAOKUX MEPETUHIB ONIEPATUBHHUI TIEPCOHAN MOXKE JTOJATH JOAATKOBI (KOH-
TpoJiboBaHi) nepetunu. Ha BigmiHy Bin momepenHboro eramny Etan 3 BkIToYae MOBHUHN aHaNi3 «CIabKUX» Te-
PETHHIB 13 ypaXyBaHHSAM BiIMOB KirouoBuX enemeHTiB EC (JiHiN i TpaHC)OpMaTOpiB), 5Ki (DOPMYIOTBHCS aBTO-
MaTHYHO TSI KOXKHOTO i3 00OpaHOTo MepeTnHy. PEMOHTHI CXeMH TIPH ITbOMY HE BPaXOBYIOTHCS, OCKUTEKH 00-
BO)KHEHHS MEPETHHIB BUKOHYETHCS B PEXKHUMI ONEPATUBHOTO KepyBaHHS. TpaekTopii 0OBayKHEHHS Ta CIHCOK
aBapifHUX cLEHapiiB POPMYIOThCS aBTOMAaTUYHO AJISI KOSKHOT'O 33/1aHOTO MIEPETHUHY 1HANBIAyaIbHO.

VY pesynbTari BUKOHaHHS ETtarry 3 omepaTuBHUI IepcoHaN oTpuMye nomyctuMi 3HadeHHs MJIIT s
CIIa0KKX TEPEeTHHIB, a TAaKOXK YIS THX, IO JOJaHi BPYyYHY, 3 YpaXyBaHHSM aBapiiiHOr0 BUMKHEHHS OJHOTO
eneMeHTy (cueHapiiB N—1). 3anponoHoBaHa METOAMKA pealli3oBaHa y BUIJIAII CIIELialli30BaHUX CKPUNTIB y
cepenosuii DIgSILENT PowerFactory.
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Pozpaxynoxk M/III B pe:kuMi onepaTUBHOT0 KePyBaHHsA. 3 ypaXyBaHHIM BHUMOT 10 €(peKTHBHOCTI
METO/IiB, 110 3aCTOCOBYIOTHCS B PEKUMI ONIEPATUBHOTO KEPYBaHHS, BUHHKAE TIOTpeda y MOJABIIOMY PO3BU-
TKY Ta PO3LIMPEHH] BUILE3a3HAYE€HNX MiAXOIB 317151 BUPIIIEHHS 3a/1a4 aBTOMAaTHYHOTO aHali3y CTIMKOCTI B
oHJaitH-pexxnuMi [4]. VY 3B’A3Ky 3 UM BJIOCKOHAJIEHO METOJI 0OBaKHEHHSI EHEPrOCUCTEM B YMOBaX OIEepaTh-
BHOT'O KE€pyBaHHs. 30KpEMa, OCHOBHI IMOKPAIIEHHs BKJIIOYAIOTh!

— aBTOMAaTH3allilo BCiX mporeciB po3paxyHky M/III: 3okpema, aBTOMaTnyHe GopMyBaHHS TPAEKTOPIii
00Ba)XKHEHHS, aBTOMAaTH30BAaHHUI aHaIi3 aBapiiiHUX cueHapiiB N—1 OKpeMo IJisi KOXKHOTO MEepPEeTHHY, aBTOMa-
THYHE BU3HAYEHHS napaMmeTpiB nepetuny (MI1, AJIII Ta rpaHudHMIT TepeTik);

— OOMEXEHHS TIHMOUHHU PO3PaXYHKIB PEKUMIB JIUIIE OJHUM CIIEMEHTOM, [0 BUMHUKAETHCS (aHaIi3 Ha
«rmbuny» N-1);

— MacmuTaOyBaHHS IHCTPYMEHTIB, 1[0 Aa€ 3MOTY MPUCKOPUTH OOYHMCIICHHS 32 PaXyHOK BUKOPHCTAHHS
JTOMAaTKOBHX POOOYMX CTAHIIIH 1 3a0€3NeUnTH IMapaielib-He BUKOHAHHS MTPOIIECIB.

TpaguuiitHo i yac MojearoBaHHS pexxuMiB poootu EC nporenypa oOBaxkKHEHHS 3/IIHCHIOETHCS 3a
JIOTIOMOT'OI0 TIOKPOKOBOTO TEPEPO3IOALTy aKTHBHOI MOTYXHOCTI. B odmaitH-pexxumi BUGip po3mipy Kpoky
OOBaXHEHHSI € TIPSIMOJIIHIMHNAM, 3a3BHUYail BCTAHOBITIOETHCS HEBEJIMKE IMOCTIHE 3HAYEHHS, sAKe 3a0e3rnedye
HEOOXiIHYy TOYHICTh PO3paxyHKiB. [IpoTe At pexxuMy OrepaTUBHOTO KepyBaHHS OyJIO 3alpOIIOHOBAHO Me-
TOJI aJalTUBHOI'O PErYJIIOBaHHS PO3MIpY KPOKY OOBa)KHEHHS, SKMH AMHAMIYHO MHiAIalITOBYE KPOK OOBaX-
HEHHS AJIS1 KOXKHOTO KOHKPETHOTO MEpPEeTHHY. 30KpeMa, IOYaTKOBUH KPOK BCTAHOBIIOETHCA Ha piBHI 1-2%
BiJl CyMapHOI TepMidHOi MPOITyCKHOT CIPOMOKHOCTI JIiHIN eJeKTporiepeaadi Ta TpaHcGopMaTopiB, MO0 BXO-
JSTH A0 CKIIQAy BiNOBIJHOTO MEPETHHY.

Kpim toro, CkpunT 00Ba)XHEHHS 37aT€H aBTOMATHYHO iI€HTU(IKYBATH 30HU IMIIOPTY Ta E€KCIOPTY,
a TaKOX yci ITOB’s13aHi 3 HUMH eJIeMEHTH (TeHepaTopH, JiHil, TpaHchopmaTopH, HaBaHTaXeHH ). Buxomsan 3
BU3HAYCHHUX 30H IMIIOPTY/EKCIOPTY Ta BUKOPUCTOBYIOUM 3a37aJieri/lb 3aJaHi MpaBuiia Ta METOIMKH, BHUKO-
HY€TbCS aBTOMAaTU30BaHe ()OPMYBaHHS TPAEKTOPil HABAHTAXEHHS, K L€ IOKa3aHO Ha puc. 2.

EKCI'IOPTHa EC ABTO-BU3HAY€HHA KPOKY 06BaXKHEeHHA

(ana npuknagy 100 MBT) EC Imnopty
I leHepaTopu V1 Hasawtaenna | | I leHepaTopu 11 HasaHtarenHns |
1 ] 1 1 1 | 1
1 MaKc. 11 1 I 1 MaKc. 11 1
| 1000 MBr 1 1 I | 1000 MBT 11 1
1 11 MaKc. 1 11 1
1 1| 400MBr 1] Makc. 1
300 MBT
| : 11 1 ’ 11 |
I 100m 1y i I 1 osom 1 i I
100 MeT . 50 Mst ‘

1 11 50 MsT 1 1 1] 10 MsT 1
\ s\ / \ VA ’
R J S — - N o - - | J S — - | J SR — -

Po3nogin leHepauin/HasauTaxkeHusa = 0,90

—

Po3nogin leHepauina/HasaHTaxkeHHa = 0,95

—

leHepauia HaBaHTa)KeHHA leHepauin HaBsaHTaXkeHHsA
+ 95 MBT -5|\§BT -QOIMBT + 10 MBT
Po3paxyHOK KpOKy 06BaKHEHHSA AR KOXKHO- PO3paxyHOK KPOKY 06BaXKHEHHA A1 KOXKHO-
ro reHepatopa (BigHOCHO PHOM) Ta HaBaHTa- ro reHepatopa (Bi4HOCHO PHOM) Ta HaBaHTa-
JKeHHA (BiAHOCHO NOTOYHOI NOTY¥HOCTI) YKEeHHA (BiAHOCHO NOTOYHOI NOTY}KHOCTI)

Puc. 2
Mertoposnorisi aBTOMaTU30BaHOTO (POPMYBaHHS TPAEKTOPIii 00BAKHEHHS U KOXKHOTO MEPETUHY CKIaza-
€THCS 3 HACTYITHUX KPOKIB.

1. BusHaveHHs 3arainbHOTO KPOKY 00Ba)KHEHHS JUISl i-T'O TIEPETUHY.

2. InentudikyBaHHS €JIEMEHTIB €HEPrOCHCTEMH, 10 BXOAAThH IO 30H IMIIOPTY Ta €KCHOPTY i-TO mepe-
THHY. 3aCTOCYBaHHS MMONIEPEIHRO BU3HAYCHUX KPUTEPiiB QiIbTpalii 3a/1 BUAAICHHS HAATO MOTYKHUX a00
MaJluX TeHepaTopiB Ta HaBaHTaxeHb. Lleit mporec dinbTpanii Moxke agantysarucs 10 nesnoi EC.

3. Posmnogin 3aragpHOro KpoKy OOBayKHEHHS! Mi>K KOHKPETHUMH IpyIiaMH TeHEpaTopiB 1 HABAHTAXCHD Y
30HaX IMIIOPTY Ta €KCHOPTY 3TiTHO 3 3aaHuMU KoedilieHTamMu po3nofiny. el Kpok BH3Haua€ 3araibHy
3MiHY MOTY>KHOCTI JIJIsT KOXKHOI TPYIIA TeHEpaTOp/HaBaHTAKCHHS.

4. Poszmofin 3araJbHOTO0 KPOKY OOBa)KHEHHS! MK KOHKPETHHMH T'€HEpaTOpaMH Ta HaBaHTAKEHHSIMHU
NPONOPLIHHO A0 IXHBbOI BCTAaHOBJICHOI/aKTUBHOI MOTYKHOCTI (AJIs1 TEHEPAaTOPiB) T4 MOTOYHOI'O HABAHTAXKEH-
HS (TS CTTO’KMBAYIB).
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Le#t minxix 3abe3meuye KopucTyBauaM (ONEpaTUBHOMY TEpPCOHATY) THYYKI HaNaIITyBaHHS 32l
ABTOMATH30BaHOTO CTBOPEHHS TPAEKTOPii 00BaKHEHHS, pealli3yloun Y3roKEHICTh MOOYI0BaHUX TPAEKTO-
pii 3 MPaKTUKOIO OTIEPaTUBHOTO KEPyBaHHSI.

VY 3aranmsHOMY BUTIAAKY i 9ac BusHaueHHss M/II1 posrnsnaroTses Tpu kputepii [3]: ctatnyHa CTild-
KIiCTh (3amac 3a aKTHBHOIO MTOTYKHICTIO), CTIMKICTh 32 HAIIPYTOIO Ta TEPMITHE TIEPEOOTHKCHHS 001aqHaAHHS,
K TI0Ka3aHO Ha PHUC. 3, /Ie JIiBa Ta MMpaBa YaCTUHH PUCYHKY CTOCYIOTHCSI HOPMAaJbHOI Ta aBapiifiHOl cxeM Me-
PEeXi BiANOBIAHO (MTOPOTOBI 3HAYEHHS BKa3aHUX KPUTEPIiB CTIHKOCTI BigPi3HSAIOTHCS 32 YMOB HOPMAJIBHOI Ta
aBapiifHOT eKCIUIyaTaIlii).

3anac 3a
Hanpyroto = 10%

Kputuunumin YP =
Makc. nepeTik

3aBaHTaXeHH:A eneMeHTiB
Mepexi <= 120/140%

3anac 3a
Hanpyroo = 15%

Kputuunuin YP =
Makc. nepertik 085

3aBaHTaXeHHs eNnemeHTIB
mepexi < 100%
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Puc. 3

JlomaTkoBUM KpUTEPieEM CTIHKOCTI, 110 HaOyBae 0COOIMBOTO 3HAYSHHS B YMOBaX CKIIAJHUX PEKHMIiB
pobotu EC, € BpaxyBaHHs ToUkH Oipypkarii PV kpuBoi. [mrocTpariro BuKopucTanus PV KpUBUX TOKa3aHO B
[4]. Buxopucranns PV xpuBuX Jae 3Mory ieHTH(]IKyBaTH CUTYallii, ¢ 3MiHa 3HAKy BH3HAYHWKA MaTPHIL
k001, o BUKOPUCTOBYEThCS B MeToai HetoToHa-Padcona po3s’a3aHHs HeNiHIMHUX anreOpaiyHuX piBHSIHD,
SKi OMUCYIOTh ycTaneHul pexxumu podbotu EC (TpaauuidHuil miaxin 10 BU3HAUYEHHS TPAHUYHHUX PEXHUMIB),
HE CITIBIIA/IA€ 13 CTAHOM, i CUCTeMa BTpadae cTiikicTh. Lle ocobnmBo aktyanbHO mix 4ac po3paxynky M/II
NEPETHHIB 3 ypaxyBaHHSAM CKIaJHUX rpadikiB PeMOHTIB i aBapiiiHux creHapiiB. Koiau BpaxoByeThCs TOUKa
Oidypxkarii PV-kpuBoi, ckpunt ¢ikcye 3MiHy 3HAKY MOX1IHO] i IPHUITAHSE MOAANbIIe 00BaKHeHHS. | panmuHe
3HAYCHHS aKTHBHOI MOTY)KHOCTI, IO BiAMOBigae (DaKTHIHIA MEXi CTIHKOCTI CHCTEMH, B TAKOMY BHUIIAIKY
BU3HAYAETHCSA OUIBII KOPEKTHO, HDK 3a TPAJAULIAHUM KPUTEPIEM 30DKHOCTI ITEpAllifHOTO TMIpOoIeCy
PO3B’s13aHHS PiBHSHb YCTAIEHOTO PEXXHUMY Ta 3a0e3medye OiIbII TOYHY OL[IHKY 0OMEXEeHb EHEprOCHCTEMH 32
YMOBaMH 30€pEeKEHHSI CTATUIHOI CTIHKOCTI.

Po3pobnennii miaxin A0 BU3HAYEHHS MEX CTATUYHOI alepioJuyHOl CTIHKOCTI IPYHTY€EThCS Ha BUKO-
HaHHI BCiX HEOOXITHUX PO3PaxyHKIB 3315 3aCTOCYBaHHS Y pexkuMi onepatuBHOro kepyBaHus EC. OcHOBHOIO
0COOJIMBICTIO TIXOAY € HENMepepBHUM a00 MUKIIYHNN aHami3. Po3paxynku ooBakHeHb Ta M /111 BHKOHYIOTHCS
10 Mipi HaJXOKEHHS HOBUX OTICPAaTHBHUX JaHUX a00 HABITh B IUKIIITYHOMY PEKHMI B PEaTbHOMY Yaci.

Kpim Toro, Ha BiAMiHY BiJ MomnepegHbO MiArOTOBIEHUX IHCTPYKIIHHNX MaTepiajiB i1 AUCIIETYEPIB,
IpEICTaBICHUH TMiXiJ BpaxoBye (aKTHYHUH CTaH MEPEeXi B PEKMMI ONEPATUBHOTO KEPyBAaHHS, IO Ja€
3MOTy TOYHIIIe BH3HAYUTH JIOIMYCTHMI MTEPETOKHM aKTHUBHOI MOTY)KHOCTI Yepe3 KOHTPOJIHOBAHI MEPETHHH. Y
MiICYyMKY, X04a TaKHH MiAX1J MiJBUILY€E THYYKICTh 1 aIalTHBHICTh KEPyBaHHS EHEPTOCUCTEMOIO Y peaibHO-
My 4Yaci, BiH TaKOX HaKIaJgae OOMEXEeHHS Ha CKIaHICTh MOJIENi Ta 00YHCITIOBaIbHE HABAHTAKEHHSL.

Pe3syabsTaTn po3paxyHnkis. [IpoBeneHo macmraOHI TeCTyBaHHS Ta PO3paxyHKH Ha pealbHUX JaHUX
(moTouHa cxema MaricTpanbHux enekTpuaHux Mepexx OEC Ykpainu) i3 BUKOpHCTaHHAM PO3poOICHOrO Mpo-
rpamuoro 3abesneueHss (I13) 3amis BusiBiaeHHS cnabkux nepeTuHiB. OnepKaHi pe3yabTaTH MOKa3alld BUCO-
Ky e()eKTHBHICTh 3aCTOCYBaHHA L[OT0 [13 B MOTOYHMX HEMPOCTHUX yMOBax poboTH HamioHansHOT EC Ykpai-
Hu. [Ipote, gepe3 oOMekeHHsI 00CATY CTaTTi Ta 3 MipKyBaHb KOH(IACHIIIHHOCTI y BIHCHKOBHI Yac, pe3yJbTa-
TH HaBEJIEHI JuIs 1HIIO1, mpoTe JocuTh Benukoi TectoBoi EC — Synthetic Texas Transmission Grid [6]. Mo-
nenb Texas Grid — 11e myOIivHO JOCTYIHA CHHTeTHYHA MoJenb 3 2000 By3IiB, 1[0 MPEACTABISE MATICTPaThb-
Hi Mepexi mraty Texac (CLLIA). Moxens Oyio Breprie omyOmikoBaHo TexacbkuM yHiBepcuTeToM A&M
[6], rpadiune mpeacTaBiieHHs 1i€1 MOJIEsIl HABEICHO Ha puC. 5.

TakuM YMHOM, BUKOHAaHO MOBHHUI IMKJ PO3PaxyHKIB 3 BUSBJIEHHS CIaOKUX IMepeTHHiB 1 Texas
Grid Model. OtpumMaHi pe3ynbTaTH MpoaHai30BaHO Ta MPEJCTABIECHO B MTOEJHAHHI 3 €TaraMu po3po0iIeHol
MeTojoJ10rii. OrJisl eTamiB, SKi BXOJIATH JI0 MPOIECy BUSBICHHS CIA0KUX NIEPETUHIB, HABEJICHO Ha puc. 4.

Ha nowarkoBomy erami Oyno 3reHepoBaHo 356 kaHauaatiB y crnadbki nmeperunu (Paza 1.2). Ilicns
tdinprpanii (Paza 1.3) 3amummmock 148 cucTeMHUX YHIKaIbHHX KaHIUAATIB y cinabki meperuHu. Jami mo

58 ISSN 1607-7970. Texnu. enekmpoounamira. 2026. Ne 3



ycix mux 148 xaHOUIATIB 3aCTOCOBAHO MPOLEAYPY LIBHAKOTO OOBaXKHEHHS, MiJ Yac SKOI BU3HAUEHO 3Ha-
yeHHs ixHporo M/II1 B ymoBax omepaTHBHOTrO KepyBaHHA. Pe3ynbTaTy 00Ba)kHEHHS MOKa3ay, o jume 24
NepEeTHHU MaloTh PiBeHb 3aBaHTakeHHA noHaza 80% (Paza 2.1 — Ouinka cnadkocti). [ToBHuUiI nepenik ciald-
KHX TIEPETHHIB HaBeJleHO y Tabu. 1.

__Kpok1 i [ Kpok2 | [ Kpok3 (" Kpok4 ! [ Kpoks
356
Kanaupartis 148 N \.* ‘
cTBOpEHO » CncTemHunx *' 24 TV pmmmmmmm - N
nepeTuHie nepeTuHis Alpynv AR
BUABNEHO 33aBaHTasKeH yHiKkanbHMx R
- /X JoA wx>80% i MOPETMRIE § o\ snaiigeno
Puc. 4
Tadauns 1
Iepeyik kKaHaAMIATIB IMeperik akT. MJII, 3aBaHTaK, Kinbkicts IIJI/T
N E.]'Iaﬁ](i NepeTUuHN ' nofym., MBT MBt % T'pynysans ckaaai nepeTnHyy
1 dL _Ine 1079 3048 1 1365,0 1682 81% 4 10
2 | dL Ine 3048 5045 1 3998,7 4858 82% 37 14
3 dL Ine 5021 5413 1 4991,6 5790 86% 37 18
4 | dL Ine 5045 5120 1 3898,2 4531 86% 37 15
5 dL Ine 5045 5260 1 3820,4 4630 83% 37 14
6 | dL Ine 5260 5317 1 5966,1 6770 88% 37 16
7 | dL Ine 5317 5401 1 5972,7 6946 86% 37 20
8 | dP Ine 3046 3082 1 4047,3 4778 85% 37 17
9 | dP Ine 3048 5045 1 4302,7 4953 87% 37 12
10 | dP _Ine 3048 5394 1 4080,5 4685 87% 37 13
11 | dP Ine 5021 5479 1 6294,8 7159 88% 37 15
12 | dP Ine 5045 5120 1 4177,4 4868 86% 37 13
13 | dP Ine 5317 5401 1 6071,7 7103 85% 37 19
14 | dL Ine 5015 5361 1 6459,2 7467 87% 44 20
15 | dL Ine 5196 5204 1 5262,0 6084 86% 44 19
16 | dL Ine 5204 5361 1 5282,2 6184 85% 44 20
17 | dP Ine 5015 5063 1 6240,5 7163 87% 44 16
18 | dP Ine 5015 5361 1 7417,5 8446 88% 44 16
19 | dP _Ine 5018 5055 1 5253,0 6034 87% 44 14
20 | dP Ine 5018 5236 1 5163,1 5986 86% 44 13
21 | dP_Ine 5021 5413 1 5663,0 6468 88% 44 14
22 | dP Ine 5055 5196 1 5414,0 6206 87% 44 14
23 | dP Ine 5196 5204 1 55234 6329 87% 44 15
24 | dP _Ine 5021 5401 1 6132,4 7183 85% 59 20

Cepen 3HaiizeHux 24 cUCTEMHHX CIa0KuX mepeTuHiB (Tabm. 1) BusiBieHO nuiie 4 yHIKaJdbHI TPYIH
nepetuHiB. Lli yHiKanbHI Tpyny BUILICHI PI3HUMH KobopaMmu B Ta0u. 1 (rpynu 4, 37, 44 Ta 59). 3 koxHOT
rpynu BifiOpaHo HaiicnmaOurn 3 MepeTHHiB — Ie Ti, Mo MaroTh MiHiMansHu MJIIT Ta HaliMeHIIy KUTBbKiCTh
niHil y ixHpoMy cknani (Paza 2.2 ta 2.3). B pesynbsrari Bukonanus Etanis 1 ta 2 BusiBneno 4 cnalki mepe-
tiHU. OJIWH 3 IUX CTa0KUX TIEPEeTHHIB, 3aBaHTaKeHUH Oinbiie, HixK Ha 87% (MMO3HaUYEHUI YEPBOHUM KOJIbO-
poMm B Tab. 1), rpadidHO MOKa3aHM Ha pHUC. 5.

OcTtaTo4Hi po3paxyHKH 3 aHANi3y BUSBICHUX cIaOKWX MepeTuHiB Oyino BukoHaHo Ha Erami 3, ne
npoBenieHo pospaxynku MJII 3 ypaxyBanusm aBapiii N-1. Po3poOnenuii CKpUNT MOBHICTIO aBTOMAaTH3YE
po3paxyHku N-1, aBTOMaTH30BaHO TEHEPYIOUH aBapiitHi CUTyarii 11 00paHuX CIa0KHUX MEePETHHIB HA OCHO-
Bi JIiHII Ta TpaHCOPMATOPIB, IO YTBOPIOIOTH 1i mepetuHu. Pospaxynok M/II mis HaiiGinbIn HaBaHTaxe-
HOT'O TIEPETUHY 3 YpaxyBaHHIM aBapiiHUX CUTYyaliil HaBeleHO y Ta0I. 2.

VYci po3paxyHku Ui HaBeneHoi TectoBoi moaeni Texas Grid, Bkitogaroun cTBopeHHs 356 kaHauma-
TiB y ca0OKi epeTHHH, X TpymyBaHHs Ta (inbrpartito, oouncnenus MJIII xins 148 nmepernHiB Ta OIliHKA 1X-
HiX 0OMEXeHb 3alHsI0 MPUOIU3HO 2,5 TOMUHM Ha HOYTOYKY CepelHBbOro KJIacy OOYMCIIIOBANIBHOI MPOIYK-
TUBHOCTI. BukopuctoBytoun 6inbin notyxauit 11K i peanizyroun mapanenpHi 00YHCICHHS, IIei TPOIeC MO-
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JKHAa BUKOHATH MEHII HiX 3a OAHY FOAUHY. BusBneHuil B 3a1aHOMy peXuMi IIEpeTUH 3aBaHTaXeHUH Ha 87%
BiJl PO3paxoBaHOi MEXI1 CTIMKOCTI 1 BITHOCUTHCS JI0 CJIAOKOI0 Ta BUMArae MepIiodeproBoi yBar BijJ JUCIICT-
4yepiB eHeprocucteMu. [Ipu npomy ciiifi 3a3HaYUTH, IO JiHiI, AKi BXOAATH 10 CKJIaly BHABICHOTO MEPETUHY,
3aBaHTaKeHO JuiIe Ha 60-65% makcuMmyMy iX TepMidHOI cTiikocTi. Lle migkpeciroe BaxKIMBICTh BUSBICHHS
caMe CTabKuX 3a CTIHKICTIO TIEPETHHIB.

Taoauns 2
IMouaTkoBUii MepeTikK aKT. MAII, 3aBAHTANKEHHSE
IlepeTun Agapii N-1 MOTYK. 32 IEPETHUHOM, MBT o
MBT nepeTuxy, %

be3 aBapiii 4307 4953 87%

Ine 3048 5045 1 4303 5534 78%

Ine 3048 5045 2 4303 5534 78%

dP_Ine 3048 5045 1 Ine 3048 5120 1 4304 5526 78%
Ine 5236 5394 1 4307 5468 79%

Ine 2017 2096 1 4290 5434 79%

Ine 3050 4014 1 4301 5532 78%

MJII 3 BpaxyBanusimM N-1 4953 87%

Tulsa
Edmond

Fort Smith

ngiew
Shrevey

B eaumont

.. BUbpaHuii nepeTuH
3aBaHTaXXeHuin
6inble 87%

¥

Monclowva

Puc. 5

BucHoBku. OCHOBHHM OOMEXKEHHSM TPaIUIIHHUX MiIXOIB € Te, [0 IHCTPYMEHTH aHaNi3y CTiMKO-
CTi TIPAITIOIOTh BUKIIFOYHO i3 3a37aJIeTih BH3HAYCHUM IIEPEIIIKOM TEPETHHIB (KOHIIEHINiS KOHTPOJIEOBAHUX
nepeTuHiB). EHepreTHdHi CUCTEMH B peajbHUX YMOBaX MOXYTh 3a3HABAaTH MIBHIKUX 1 3HAYHHUX 3MiH, IO
MIPU3BOJIUTH JI0 TIOSIBH PaHillle HEBIIOMUX 1 MOXKIIMBO CIa0KHUX TEPETHHIB. 3apONOHOBAHHUHN MIAX1]] peani3ye
KOMIUTIEKCHE PIllIeHHS ISl MiITPUMKH OTIEpaTHBHO-AUCIIETIEPCHKOTO MEPCOHANY Y 3a0e3MeueHH] CTIHKOCTI
miaropsiakoBaHoi im EC. 3okpema, po3po01eHO METOM0I0T 0 imeHTH(DiIKaITli CTa0KIX MePEeTHHIB B PEATBHIX
EC. Lz meromonorist 6a3yeTbes Ha 3aCTOCYBaHHI HACTYITHHX OCHOBHHX €TAIliB:

— Eramn 1 — BinnoBiznae 3a reHeparito BeTHKOl KITBKOCTI KaHAWIATIB Ha CIa0Ki IepeTHHH,

— Eram 2 — nmpu3HaueHU# sl OMIHKA «CI1a0KOCTi» MepeTHHIB-KaHIUAATIB 1 (OpMyBaHHS KOPOTKOTO
CIIUCKY JIHCHO CJIA0KUX MEPETUHIB;

— Etan 3 — ¢inanpHa excripec-oLiHKa ClIaOKUX NEPETHHIB B peKUMI onepaTuBHOro kepysaHHs EC 3
ypaxyBaHHSM aBapifiHuX cueHapiiB (N-1).

EdexTuBHICTh 3aIIpOIOHOBAHOI METOMOJIOTIT Ta BIAMOBIAHUX aJTOPUTMIB HepeBipeHo sk mias OEC
VYkpainu 3 BpaxyBaHHSIM pealbHUX YMOB ii eKciiTyaTanii, Tak i Juis pi3HUX TECTOBHX cxeM. Pe3ynbratu ams
BeJMKoi TecToBoi Mepexi (2000 By31iB), mpeacTaBiieHi B mii poOOTi, MPOJEMOHCTPYBAIH, IO CHCTEMA CIIO-
yaTKy BU3Haumia 356 kaHauaaTiB Ha ciaabki mepetwrw. [licmsa GinpTpartii, rpymyBaHHS Ta BUKIIOUCHHS «HE-
CITa0KUX» MEPETUHIB PO3POOJECHUM MiAXIA YCIHIIIHO BUSBUB YOTHPH JIHCHO CIaOKHMX MEPETHUHH, JJIS SKHX
OyJ0 3IifiCHEHO IeTalbHUH aHai3.
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JlomaTkoBo po3po0IieHu mixix MoxKe 3a0e3MeUnTH aBTOMAaTH30BaHy OIiHKY 33JaHOTO (OIMepaTHB-
HUM IIEPCOHAIOM) TIEpEITiKy MePETHHIB B PEXKUMI ONIEPaTHBHOTO KePYBaHHS, TOOTO 31 IIBUAKICTIO PO3paxyH-
Ky, IPUAATHOIO ISl IUCIETYePChKOT poOOTH. Po3pobneHnii iHCTpyMEHT Halla€ MOXKIIUBICTD pO3pax0oBYBaTH
MAII ans 10 3aBuacHO 3a1aHUX NEPETHHIB, BpaxoByoun N-1 ymoB, npotarom npubiansao 10-30 XBuianuH Ha
OJTHIHM poOoUiii cTaHIIi (B 3aJIEXKHOCTI BiJl po3Mipy MEpeTHHIB Ta eHeprocuctemH). LlIBuakomis po3poodieHo-
ro MiIXoay MOKe OyTH MiJBHINEHA 32 paXyHOK BUKOPHCTaHHS BHCOKOIIOTYKHUX CEPBEPIB Ta MEPEXOLy IO
napaienbHux obuncieHs. [loganpini qociiTKeHHs IUIaHYEThCS CKePYBaTH B HANpPsMKY BHpIIIEHHS mpooiie-
MU JTOCSKHOCTI 3alPOTIOHOBAHOTO aJTOPUTMY Ta B MPAKTHYHOMY acIeKTi — B HAMPSAMKY 1HTerpartii po3po0-
nenoro I13 3 inmumu cucremamu SCADA Ta OLiHKH CTaHYy.
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This article presents an approach for the fast online identification of weak interfaces in large transmission power systems
(PS). Ensuring the stability of a PS is a critical challenge, especially due to the increasing complexity of interconnections and
the growing demand for efficient energy transmission. One of the key factors affecting system stability is the reliable opera-
tion of critical interfaces, which can be compromised due to excessive or unforeseen power flows. An in-depth analysis of
weak interface identification are provided. The specific methodology that enables real-time monitoring and detection of weak
interfaces, ensuring that power system operators can take timely corrective actions has been devel-oped. The proposed ap-
proach is based on analysing electrical distances, load distributions, and system stress points, allowing for improved control
over power flow stability. Additionally, the study highlights the impact of weak interfaces on system reliability, emphasizing
their role in preventing cascading failures. The findings contribute to the field of power system management, offering practi-
cal solutions for improving the reliability and operational efficiency of large-scale transmission grids. Future research direc-
tions may include further refinements of weak interface detection algorithms and the integration of artificial intelligence-
based predictive models for enhanced grid stability assessment. References 6, tables 2, figures 5.

Key words: Power System Stability, Weak interface, Total Transfer Capacity, Automation, Rial-time calculations.
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TEPMIYHA CTIMKICTh BUCOKOBOJIbTHOI NIIBEMHOI KABEJILHOI JITHII
B ABAPIMHUX YMOBAX INEPEBAHTAKEHHS I KOPOTKOTI'O 3AMUKAHHS

A.A. [Hepﬁal*, akanemik HAH Ykpainu, O./1. Hononbuenl**, JTOKT. TEXH. HAYK,
L.M. KyuepsiBa,' noxt. Texn. Hayk, T.JO. AnToHenb” , KaHJ. TEXH. HAYK
"TaeruryT eexrpomnnamixu HAH Ykpainn,

np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaina, e-mail: podol@ied.org.ua.
I[IAT «3aBoj «IliBgenkadeany,

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

Pobomy npucesueno ompumanHio HOBUX OQHUX V 2aky3i KAOENbHOI MEXHIKU WLISIXOM BUBYEHHS poOOmuU CYYACHOT
BUCOKOBOILMHOI KAbENbHOI MiHIT 6 agapitinux pedcumax 3a0ias 3a6e3neyents Haditnocmi i pecypcy yukyionysanus. 3
BUKOPUCMAHHAM ~CKIHYEHHO-EJIEMEHMHO20 aHANIZY OO0CIIONCEHO MeMNepamypHi pescumu niosemuoi mpughaznoi
Kabenvroi ninii 3 Kabenamu 3i 3uwumo-nonimepuoro izonayiclo nanpyzoito 110 kB 6 nominanvnomy pedxcumi ma 6
ABaPIIHUX  PeHCUMAX KOPOMKO20 3AMUKAHHA 1 KOPOMKOUYACHO2O NepesaHmadicenHs Kabenie. Posze’azano pso
NPAKMUYHO BANCTUBUX 34044, WO BUHUKAIOMb N0 YAC NPOEKMYBAHHS MAKUX KAOelbHUX AiHil, 30KpemMa npoeedeHo
PpOo3paxyHox pexcumy mpugasrnoeo K3 6 ninii 3 ypaxysanuam ii nosmoproco exnouenus nicia K3 3 neenum yacom
sumpumku (5, 10 ma 15 c) ma 3a piznoco nasanmasicenns — 50% i 100% 6i0 nominanvHoco cmpymy. Pe3ynomamu
oaroms 3Mo2y 8UHAYUMU OONYCMUMUL Yac pobomu JNiHii 3 memnepamypoio dcui Kabenigé He suuje 0ONyCMuUMo20
2panuyHo2o 3uavenHs. J{ocniodceHo xapaxkmep 3pOCMAHHA Yy 4Yaci memnepamypu kabenie 3a pizHO20 CMPYMOBO2O
NepesanmadiCentss, wo smiHemocs ¢ dianaszoni 6i0 120% 0o 200%. Pesynomamu 0aromv MONCIUBICMb SUHAYUMU
donycmumuii yac pobomu ninii, Ko memnepamypa scunu kabenie ne nepesuwye 130°C. Y eunaoky dsonanyro2oeoi
KabenvHOI NiHII HaBeOeHO pe3yTbmamu po3PAxyHKYy HeCMAayiOHapHO20 MEenio8020 Npoyecy 6 A8apIUHOMY DedCUMI
NOWIKOOIICEHHSE O0HO20 NIAHYI02a MA nepedasanis NoOGitiHoi nomysicHocmi inwum aanyiocom. Tloxkasano, wo epanuuna
memnepamypa xcunu 130°C docseaemves nicis 1,3 200unu po6omu maxoi ninii. Po3e szani 6 pobomi 3adaui daomb
3M02y ompumamu 8iON06i0i Ha NUMAHHA WOO0 MEPMIYHOI CMIIKOCMI 8UCOKOB0IbMHOI KAOenbHOI NiHII 8 asapiliHux
pedicumax i npedcmaesiaoms iHmepec 018 NPOEKMYBANbHUKIE MAKUX JTiHIl, Opeanizayill, 6i0nogioanibHUx 3a iXHio
be3neuny eKCcniyamayiro, eileKmpoeHepeemudHux KOMNAarit 0s Oinbil eqpeKmueHo20 UKOPUCAHHA KADeTbHUX TiHil.
bi6m. 36, puc. 5, Tabm. 2.

Knrwowuoei cnosa: xaberni 3i 31UTO-MIOJIMEPHOIO 130JIA1[I€10, KaOeIbHA JIiHIsI, aBapiiHUN pPeknuM, TEMIIEPATYPHI PEKUMHU,
yac poOOTH KabeImo B OE3MEYHOMY PEXKHIMI.

Ha nanuii yac y miHisIX enekTpomepenadi BUCOKOI Ta HajaBUcokoi Hampyru (3okpema 110 kB i
OiJIBIIIE) MIMPOKO BUKOPHUCTOBYIOTHCSA CHIIOBI Kabeni 3 i3omswiero 31 3mmroro nomietmwieHy (3I1E). Taka
130JI411iST Ma€ BUCOKY €JIEKTPUYHY MIIHICTh 1 IIACTUYHICTh, HU3bKI JieNIeKTPUYHY TPOHHUKHICTH 1 TaHTEHC
KyTa JieJeKTPUIHUX BTpaT. li enekTpodi3udHi XapakTepuCTHKH MOXYTh 3aJHIIATHCS CTAGiILHUMU y pasi
niaBuIIeHHs TeMmepaTypu Ha 30% 1 6inbie. OgHak HagiiiHicTh 1 TpuBanicTs cnyx6u 3I1E i3omsamii kabemis
OaraTo B 4OMYy 3aJIe)KHTh BiJl yMOB eKcrutyaraii [1, 2].

Ilimx gac mpoknamaHHsS KaOelmiB y 3€MIII BOXKIUBAMH € pO3TallyBaHHSA KaOemiB y JIHIAX,
XapaKTePUCTUKN HABKOJHUIIHBOTO CEpelOBHINA (3aCHITHOTO IPYHTY B TpaHmiei Ta NPHPOJHOTO TPYHTY
HAaBKOJIO Hel), AOTPUMAaHHS CJNEKTPUYHUX 1 TEIJIOBUX pexuMiB poOoTu. IlepeBumieHHs TemmepaTypu
€JIEMEHTIB Ka0eiB BHUIIE 3a BCTAHOBIICHI HOPMH IMPHU3BOIUTH IO IMPHCKOPEHOTO CTAPIHHA 130JIAIIii, IO €
MPUYUHOK 3HIDKEHHS i enekrtpuuHoi wminHOCcTi [1, 3]. Oco0JMBO BaXJIMBO 1€ BpaxOBYyBaTH JJIs
BUCOKOBOJIBTHUX KaOenpHuX miHid (KJI). 3a3Haummo, mo B VYkpaiHi NIepeBaXHO BUKOPHUCTOBYIOTHCS
BHUCOKOBOJIBTHI criioBi kabeni i3 3I1E i3onsmiero va Hanpyry mo 330 kB [1, 4-7], 30kpema B [6] meTranbHO
MIPEICTAaBIICHO OCOOJIMBOCTI 1 XapaKTepUCTHKHN kabemiB Ha HanpyTy Bix 220 mo 330 kB.

VYcTaHOBIIEHO HOPMAaTHBU MIOAO €JICKTPUYHMX 1 TEIUVIOBHX XapaKTEPUCTHK CHUIIOBHX Kabemis [2, 5],
30KpeMa JIoMyCcTHMa TeMIlepaTypa HarpiBy >KHJ y pasi TpuBauiii ekcrutyatanii — 90°C; MakcHMaibHO
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HPHUITYCTHMa TEMIIepaTypa )i kabemiB i yac koporkoro 3amukanus (K3) — 250°C; rpaHu4HO JOIMyCTHMA
Temreparypa ekpana y pasi K3 — 350°C; momyctumMa Temmeparypa KWl B PEKUMI MEPEBAHTAXKEHHS — 110
130°C; tpuBaiicTh po0OOTH KabemiB y mepeBaHTaxeHHI — He Oinmbiie 8 roaud Ha 100y i 1o 1000 romuH 3a
TepMiH Ciry)xOu. HomiHanmpHUI miepepi3 CTPYMONPOBIAHUX XHJI Ta €KpaHiB OOMPAEThCS B 3alIEKHOCTI BiX
CTPYMOBHX HaBaHTAKEHB 1 MEPEBIPAETHCS 3a MPUITYCTUMHUMH CTPYMOM XK Ta ii ctpymom min gac K3 [5].
Ho Ttoro x, s mpakTHYHUX npokiaganb KJI po3paxoBaHi i yTOUHIOIOTBCS MONPaBOYHI KoedillieHTH,
HaNpHUKIaA, U1 TEepepaxyHKy CTPYMiB 3aJie’)KHO BiJl PO3MIIIEHHS KaOemiB, TeMIepaTypud OTOYYIUOTro
CepeIoBHUIIA, XapaKTePUCTHK IPYHTY U MiA3eMHUX KabeniB [2, 5].

BusHaueHHss Ttemmneparypu KaOemiB Yy KOHKPETHOMY BHUIAIKy MPAaKTUYHOTO 3aCTOCYBaHHS
nependayae BpaxyBaHHS YMOB €KCIUTyaTamii Ta pexxumy poOoTu (HOpMaibpHOro abo aBapiiiHOTO y pasi
nepeBanTaxeHHs abo K3), a Takoxk € BaXKIIMBOIO CKJIaJOBOIO 3a0e3leueHHs] HaiiHOCTI Ta BCTAHOBJIECHOTO
TEePMiHy CITyKOM KaOeJIbHHX JIiHIH BHACIIIOK TOTO, IO iXHIi MeperpiB MOXe MPU3BOAUTH JI0 MOIIKOHKEHHS
3001 Ta Buxoay kabemiB 3 nany. TemmepaTypa BIUIMBA€ HE TINBKH Ha JOIMyCTUMHMA CTPYM KHIH, aje i Ha
BTPAaTH MOTY>KHOCTI.

3 BIAMIYEHOTO BUILE BUIUIMBAE TAKOX 33/ada BU3HAUCHHS JIONIyCTUMHX CTPYMOBHMX HaBaHTAXXEHb
(3HaueHb MAKCHUMAaJBHOTO CTPYMY JKWIHM Ka0elo), y pasi sKux kabeib mpaiioe 0e3 meperpiBy B pi3HHX
yMoBax. Po3paxyHOK TpHBaJIO AOIyCTHMOTO CTpyMy KaOediB i BTpaT perijaMeHTYETbCS MiXHApOAHUM
cragmaprom MEK [8], mo gie i B Ykpaini [9]. OcHOBH KOMIT'IOTEpPHOTO MOJIEIIOBAHHSA Ta IiIXOOH JIO
PO3B’si3aHHS MYJIbTH(])I3UYHUX €JICKTPOMArHITHHX 1 TEIUIOBUX MOJILOBUX 3aja4 mpeacTasieHo B [10, 11].

Oco6arBOCTI poOOTH KOKHOI KOHKPETHOI KaOenbHOI JTiHii B XapakKTepHUX PeKUMax poOOTH, B TOMY
yucal W aBapiiHUX, BHUABISIIOTBCS HPOTATOM JOCTAaTHBO IOBIOIO CTPOKY EKCIUIyaTawii Ta MoTpeOyIoTh
JIONAaTKOBOTO BHBUYCHHS TEIUIOBHX CTAIIOHAPHUX 1 HECTAIIOHAPHUX IIPOIECIB, ypaxyBaHHS 3MiHEHHS
TEeMIlepaTypu KabemiB, a OTXe 1 BHPOOJEHHS MPAKTUYHUX 3aXOMiB IMOJ0 KOPEKTYBaHHS CTPYMOBHX
HaBaHTaKEHb 3 METOIO CTaOLIBHOTO 1 IOBrOTpUBaIOro (yHKI[IOHyBaHHS KaOeIbpHOT JIiHii.

MeTow po0OTH € OTPUMaHHA HOBUX JaHWX BITHOCHO pPOOOTH BHWICOKOBOJBTHHX KabemiB y
aBapifiHUX PEKUMax MUIIXOM KUIBKICHOTO IOCII/PKEHHS 3a JOTOMOTOK) KOMIT IOTEPHOTO MOJETIOBAHHS
TETJIOBOTO MOJIS 1 TEMIIEPAaTypHUX XapaKTePUCTHUK Jit04oi migzeMHoi kabenpHOI miHii 13 3I1E i3omsmiero Ha
Hanpyry 110 kB y Takux pexumax poOOTH, SIK HOMIHAIEHUIN PEeKUM, CTPYMOBI IepeBaHTaxeHHs 1 K3, Ta ix
NOPIBHSHHS 13 ICHYIOUMMH HOPMAaTUBHUMU XapaKTEPUCTHKAMH.

Po3B’s13ani B poOOTI 3a1a4i BUSBUIIKCS B TIpoLieci TpuBajioro (BnpoaoBx 10 pokiB) ¢pyHKLIOHYBaHHS
BuCOKOBOJIbTHOI KJI B YKpaiHi Ta mpencTaBisioTh HAYKOBUH 1 MPaKkTHYHHUNA iHTEpeC SK A BUPOOHUKIB
kabemiB, Tak i I eKCIUTyaTyIOUYHX OpTaHi3allii.

HocnimkyBana TpudasHa kaOellbHA JIiHIS CKIAJAa€ThCS 3 OJHOXKWIbHUX KabemiB mapku [IBErally
1 x 500 /95(150) 3 MixHOIO *KHI0K mepepizoM 500 MM” i MiJHHM eKpaHOM IO Wi, Ma€ MO3IOBKHIO i
MOTIEPEYHy TePMETH3aIlil0 eKpaHa BOJOOJOKYIOUYHMM ITOJIOTHOM Ta TOCHJICHY IOIETHIICHOBY O00OJIOHKY [5].
Iepepi3 MiIHOroO ekpaHa 3a yMOBaMH BUPOGHHKA MOKe CTaHOBHTH 95 MM” a0 150 mm”. Kaberni mpokiaeni
TPUKYTHHKOM B IPYHTI y TpaHuiei Ha 3afganiii rmmbuni 1,5 M (puc. 1, a). Tpudasna cucrema kabemni
PO3TISIIAETHCS 32 1/1eaTi30BaHOK MOJICIUII0 TPHOX KabemiB 3i 30a1aHCOBaHUMH CTpyMamu, 0e3 BpaxXyBaHHS
KaOeTpHUX aKcecyapiB Ta My(QT.

MogentoBaHHA MPOBOJAUTHCS YUCETBHUM METOIOM CKIHUEHHX elleMeHTiB y mporpami Comsol [12].
Y 3aneXHOCTI Bil MOCTAaBIGHMX 3aJad YHCENbHO PO3PAXOBYETHCS Ta JOCHIIKYETHCS IBOBHUMipHE
cTarlioHapHe abo HecTalioHapHe TemrepaTypHe Tmoine B Tmepepizi KJI 3 ypaxyBaHHSM MeXaHi3My
TETIONpPOBiAHOCTI. KOHBEKTHBHUI Ta MPOMEHUCTHH MeXaHI3MHU TEIIOOOMiHY HE pO3TJIsIIaloThes. Yci
XapaKTePUCTUKU KalelliB Ta BUXIIHI JaHi Ui po3paxyHKiB 00OyMOBJICHO BUPOOHUKOM i BiamosizaioTs KJI,
o goBruii 9ac (10 pokiB) 3HAXOAUTHCS B KCILTyaTallii.

OOrpyHTyBaHHSl MiIX0Ay A0 AOCHiMxKeHHsl. Ham3Bu4aiftHO BaXIMBO 3a0€3MEUUTH POOOTY CHIIOBHX
kabeliB y MeKax TEIUIOBHX MeX, 00 He CTaBUTHU il 3arpo3y iXxHIo Oe3medHy ekciutyaTamito. JlomycTummuit
CTpyM KaOelliB MO’KHa pO3paxyBaTH, 3aCTOCOBYIOUM METOJ, AeTaJbHO ommcaHuii y ctanaapti MEK 60287 [8].
Opnnak 11l cTaHmapT Hazgae Jjmmre GOpPMyIH I BH3HAYCHHS HOMIHAJIBHOTO CTpyMy ab0 MaKCHMallbHO
JOTIYCTHMOTO CTPYMY B CTalliOHApPHUX YMOBaX Ta MaKCUMAILHOTO MiIBUIICHHS TEMIIEPaTypH, ajie He BPaxoBYye
piBHSHHSA Teruronepenadi (Ha Bimminy Bix cranmapry IEC 60287-2-1:2023 [13], 1110 3aCTOCOBYETHCS IS PI3HIX
YMOB NpOKJIaJiaHHs KabemiB 10 5 kB, B Tomy uwmcni i B 3emii). Le % crocyerbes 1 ctanaapry MEK 60853 [14],
SIKMH TIPOTIOHY€E METOY BH3HAUYCHHS IMKITIYHUX Ta aBapilHUX HOMIHAIBHUX CTPYMIB CHJIOBUX Ka0eliB, aje He
HaJla€ MOXKJIMBOCTI BU3HA4YeHHs 3MiHeHHs ixHpoi Temmeparypu. Ctanmaptr MEK 60986 [15] crocyerbes mex
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temnepatypu K3 kaberniB, Halae TaONMMIN 3 MAKCUMAJBHO JOMYCTUMHUMH Temrepatypamu K3 mjis oOMexkeHHs
HAarpiBy, ajie He Ia€ MOXKJIMBOCTI BU3HAYMTH 3MIHEHHSI TEMIIEpaTypH KaOelTo B 9aci.

Surface: Temperature (degC) Contour: Temperature (degC)
Max/Min Point: Temperature (degC)

Temperature (degC) Max/Min Point: Temperature (degC)

T°.C | -
Hopxm

Tpaniues

015 0.02

0 0.005 0.01 0
Arc length (m)

min: 20.00

I M| et
20 30 40 50 & 70 80 9 BN
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a 7] 8
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Po3paxyHKH HOMIHAJIBHOTO CTPYMYy CHJIOBHX KaOeliB BHMAaraloTh BH3HAUCHHA TEMIEpaTypu
€JIEMEHTIB CTPYKTYpHU KaOenro AJIs 3aaHOr0 CTpyMy abo0 3HAaXOMKEHHS AOIyCTHMOIO CTPYMY UIA 3aAaHoi
Temnepatypu kademo [16]. Taki po3paxyHku nepeadadaroTh BABHAYCHHS JPKEPENT TeIia 1 HOro po3citoBaHHS
3a MeXi Ka0emro, U0 3aJIe)KUTh BiA PiBHA CTPYMY, PO3MipiB KaOeinio, croco0y MpOoKIagaHHsA. 3a TaKoro
MiAX01y HEOOXiAHO po3B’A3yBaTH PiBHSHHS TEIUIOMPOBITHOCTI, 3aCTOCOBYIOUYH YUCIIOBI MeToau [16].

Jnst yucenbHUX PO3PaxyHKIB IIUPOKO BHKOPHUCTOBYIOTBCS JIBO- T4 TPHUBHMIpPHI METOAW aHANI3y
CKiHUeHHHMX eJeMeHTiB [17-20], mo BH3HAHO MOTYKHHM 1 PEATICTUYHHM MiAXOAOM 0 PO3B’S3aHHS
eJIEKTPOMATHITHHX 1 TEIUIOBHX 3a/1a4 U eHepreTuyHux cucteM [21]. Hanpuknan, Mi>kHapOgHHUN CTaHIApPT
IEC TR 62095 [16] nmpomnoHye 3acTOCOBYBATH METOAM CKiIHUCHHUX €JIEMEHTIB, KOJIM METOIH, PEACTABICH] B
MEK 60287 (cramionapni ymosu) Ta MEK 60853 (1ukiiuHi yMOBH), HE MOKYTh OYTH 3aCTOCOBaHI.

VY 3arajgpbHOMY CEHCi iICHYIOTPH Pi3Hi MiIXOAH 0 PO3PaXxyHKy TeMIepaTypH cuioBux kaodenis i3 3[1E
130JIAITI€10 B HOMIHAJTLHOMY Ta aBapiiHUX pekuMax. HaiOimpIn BiTOMUMH € BUKOPUCTAHHS 1) aHATITHYHUX
BUpa3iB [22], 2) TEMJIOBUX €KBiBaJCHTHUX Kil (200 enexTporerioBux aHanoris) [10, 23-25] ta 3) ckinueHo-
eneMeHTHoro anamzy [1, 10, 11, 26].

Sk 3a3Ha4YeHO BUILE, aHAJITUYHI METOOM HE AAIOTh MOJIMBOCTI NETAJIbHO aHAJi3yBaTH 3MiHCHHS
TEeMITepaTypH B 3aJIC)KHOCTI Bil 9acy POTIKaHHS aBapiifHOTO mporecy. MoaemoBaHHs TEIUTOBUX TIPOIIECIB Y
KaOETbHUX JIIHIAX Ha OCHOBI TEIJIOBUX CXEM 3aMillleHHS, K, HAaOpuKiIan, y pexxumi TpudasHoro K3 y
HaBaHTaxeHH] [10], mependavae BUKOpPUCTAaHHS OCTATHRO HempocTux Moxeiei MatLab/Sumilink, pazom 3
THM HaJal091 MOKIIMBOCTI PO3PAaXyHKY CYMICHHX €JIEKTPOMArHiTHUX 1 TeTutoBuX mporieciB y KJI. HaiOinpm
HIMPOKO BUKOPHCTOBYBAHUM I KOMIUICKCHUX CTAalllOHAPHHUX 1 HECTAI[lOHAPHUX PO3PaXyHKIB TEIIOBUX
NPOLIECiB HA OCHOBI PIBHSIHHS TEIUIONPOBIAHOCTI 3aJIMIIAETHECS KOMI IOTEPHE MOJEIIOBAHHS 32 JOMOMOTOI0
METOy CKiHUEHHHUX €JIEMEHTIB, 10 1 00paHO IHCTPYMEHTOM JOCTiKCHHS B TaHili poOOTi.

OCHOBHI CydacHi METOIM Ta IIXOOH JO BU3HAUCHHs eKCIUTyaTalliiHux XxapaktepucTuk KJI Bucokoi
HAaIpyry, y TOMY YUCHi JOMYCTUMOTO CTPYMOBOTO HaBaHTaKEHHS KaOeliB, IPeACTaBIeHO B poboTtax [27-29].

[Nomanpima po3poOka Ta yAOCKOHAJIEHHS METOJIB OI[IHKH TEIJIOBOI CTIMKOCTI KaOENbHUX JIiHIH Mae
NPaKTUYHE 3HAYCHHS IS €IeKTPOCHEPreTHYHOT rarysi.

MaremaTuuni Moaesi Aisi po3paxyHky TemioBux npoueciB B KJI. Komm’rorepHe monenmtoBaHHs
TEeMIIEpaTypHOTO MOJ BHUKOHYETHCSI B JBOBUMIpPHOMY BHIIAAKY B mpumymieHHi, mo KJI € mporsbkHOMIO 1
po3MilieHa mapaieabHO IOBEPXHI IPYHTY Ha 3a1aHii TIHMOWHI; YMOBH NPOKIaTaHHS HE3MIHHI ITO BCiM TOBXUHI
kabenpHOT Tpacu. KpiM Toro, mpuiiMaeTbcsi, IO 3eMIJIsi HABKOJIO TpaHIIEl 1 3aCHIHUNA TPYHT y TpaHmel
OJHOpiAHI MO BCid TMMOMHI. Y OUIBLI 3aralbHOMY BUNAAKy (i3W4HI BIACTHBOCTI IPYHTY HEOAHOPITHI
BHACITIZIOK TOTO, IO 3a3HAIOTh 3MiH Mia 4yac QyHkionyBanHs KJI, a Takox mif Ai€r0 MOTOAHUX (aKTOPIB.
JxepenaMu HarpiBy € eJIEKTPUYHI CTPYMH, 10 MPOTIiKAIOTh B JKUJIAX i HABOASATHCS B eKpaHaX KaOeiB.
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Cmayionapne memnepamypue noje. Po3momin IBOMIPHOTO TEMIEpPAaTYpHOrO IOJs B 0OJacTi
nepepizy kabenbHOi JiHIi B CTallioHApHOMY peXHMi poOOTH ONMHCYEThCs JH(epeHIialbHIM PiBHIHHIM
TETIONPOBIAHOCTI

-V-(AWVT)=0, (1)

Je A — TeIIONPOBIAHICTD BIAMOBIAHOTO Marepiany; () — FYCTHHA MOTY>KHOCTI Jil04nX B 00JacTi TEMIOBHX

JOKEpeII, 10 SKUX BIJHOCATHCS JDKOYJIEBE TEILIO, IO BUIUISETHCSA B MPOBIAHUKAX CTPYMOINPOBIIHUX MKHIT
KaOeliB i BTpaTH BiJl CTPYMY B MiJTHOMY €KpaHi KO)KHOTO KabeJto.

IToTyXHICTHP THUTOMOTO TEIUIOBHAUICHHS B e€JIeMEHTaX PO3PaxXyHKOBOI 00JIACTi OOYMCITIOETHCS
HACTYITHUM YHHOM:

J. /o, yxunax;
Q0=1:J?/c, Bekpanax; )

0 BIiHIIKX elleMeHTaX KabeiB 1 miodiiacTsx.

Tyt Jy, Je — BIONOBIAHO MAit0Yi 3HAYEHHs TYCTHHH CTPyMY B JKWJIaX Ta €KpaHax KaOewiB, Gy, C¢ —
€JIEKTPONPOBITHICTH MaTEPialiB XHJI Ta CKPaHiB, SIKa 3MIHIOETHCS 3aJIeKHO Big Temmepatyp [30, c. 315].
Brpatu eneprii B enektpuuHiii i305s1ii B (2) He BpaxoByIOTbCsA. BoHH MOXyTh OyTH OoOYHCIeHI 3a
pe3ynbratamu podotu [31].
Hecmayionapne memnepamypHhe noje BA3HAYa€THCS 32 PIBHSIHHAM

Cpaa—f—wwn -0, 3)

ne C i p — muTOMa TEIJIOEMHICTh 1 TYCTHHA Marepiaiy BiAMOBITHOTO ejleMeHTa. TeMIrepaTypHi 3alIeKHOCTI
MT), C(T) nns nomietuneny npeacraeineHo B [32]. 3amexuocti MT), C(T), p(T) ans mini Hagano B [33].
[otyxHicts TermoBuainenas ¢ B (3) BU3Ha4aeThes 3a popmyoro (2).

Po3mipu po3paxyHkoBoi o0macTi 0OMparOThCsl 3HAYHO OUTBIIMMH 3a po3Mipu Kabemnis (puc. 1, a),
TOMY TPaHHYHMMH yMOBaMH Ha BCiX 30BHIIIHIX I'DaHHUIPIX € YMOBa, IO TeMIeEparypa Ha IMX T'PaHUIIX
JIOpiBHIOE 3a/iaHiil TemmepaTypi HaBKOmMuIHBOro cepenouma I =Ty =20 °C. IlouatkoBa TemmepaTypa B

PO3paxyHKOBIH 00J1aCTi TaKOXK TOPIBHIOE TEMIIEPATyPi HABKOJIUITHHEOTO CEPEIOBHUIIA — T|[_ 0= Ty -

PesyabTaTH KOMI’IOTepHOro MojaenoBanus. CxeMy TpaHIICHHOrO NPOKJIAAAaHHS KaOemiB
noka3aHo Ha puc. 1 a, 6. Po3paxyHkoBa o0nacTh BMillye Mozenb Tpuda3Hoi kabenbHoi JiHii B TpaHmei 3i
CIIeliaJbHUM 3aCHITHUM IPYHTOM i IPUPOTHUM IPYHTOM HABKOJIO.

BynoBy kabeo, 110 JOCTIIKYBaBCsI, TTOKa3aHO Ha pHC. 2.
OCHOBHI XapakTepuUCTHKH i€l KaOenbHOi JIHII 3 PI3HUMHU
TIIOMAMH Tiepepisy ekpana (95 i 150 mm?) mpescTaBieHo B Tadm. 1. 'Z
Expanm kabemiB B gmiHIl 3a3zemieHi 3 000X ctopid. Omip

CMPYMOnPosIOHa

¥ %1/ oHCUNA
| GHYMPIWHIT

HanienpogioHul

3a3eMJTIOBAYIB y PO3paxyHKaX HEe BPaXOBYEThCS. wap
VY Tabn. 1 HaBemeHo xapaktepuctuku kademto [IBErally
1 x 500 Ta xabenpHOI JiHIT Ha HOro OCHOBI, a TAKOXX 3HAYEHHS
CTPYMy € HaHWMH BHpPOOHHKa BiAmoBimHO 1m0 cTaHmapty MEK 306HIWHIL
60287 [8] i BEXiZHMMH YMOBAaMH JUIsi pO3paxyHKiB. OmopH sKuitu ”””’87255;")”””

Ta eKkpaHa kabemto y Tabn. 1, 2 mpencrasneHo st gactotu S0 '
i mMakcumanbHOI poGouoi Temmeparypu skman 90°C. 3miHeHHS
XapaKTepPUCTUK IPYHTY HaBKOJIO KaOelliB HE BPaXxOBYEThCS, X0Ua
B IiHICHOCTI HOT0 TEPMiYHHUI OTMIp Ta TEMJIOEMHICTH 3aJIEXKAaTh Bif
CKJIaJy CaMOTO I'PYHTY, BMICTY BOJIOTH, ITOTOAHUX YMOB, 3MiHH y Puc. 2

yaci remneparypu [34].

1. Ilepegipka xomn romepHOi npocpamu WisAXoM NOPIGHAHHA MEeMNepamypu HCuiu, OmpuUMaHoi 3a
yucenvHUM pospaxyukom i 3a cmanoapmom MEK [8], 6 axomy peenamenmyiomvcs OaHi, OMpumari
aHanimuyHuMy Memooamy. Pe3ynbTaTH YHCENbHOTO pO3PaxyHKY YCTaJI€HOTO TEIIOBOTO TIPOIECy B
KabenpHil miHii 3 MUomel0 ekpaHiB KaGemxie 95 MM® HaBeaeHO Ha puc. 1, @, 6, e TOKA3aHO PO3IOILT
TeMIepaTypHOro Hois (B KOJIhOPI Ta i30MiHISIMH) HAaBKOJO KabemiB (cTpyM xwiwn / ekpana — 687 /154 A,
nepepis expana 95 MM”) Ta 3MiHGHHSI TEMIIEPATyPH B3OBXK PajiyCy BEPXHBOIO KabEIO Bil MOBEPXHI JKIIIH

MIOHUU eKpaH
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IO 30BHIIIHBOT TOukH 00oioHKH (puc. 1, ¢). Haiibinbima Temmeparypa — TeMmreparypa XKWIA — TOPiBHIOE

900C, 10 B TOYHOCTI BianoBigae Hopmam MEK [8].

Hani po3risiHyTO psig 3a7ad, Mo

Taoauns 1 |
L eomempuuni xapaxmepucmuxu BUHHUKaIM B IpoLect  TpHUBAJTIOTO
Hiamerp kabento, MM 74 (BripozoBk 10 pokiB) QyHKIIOHYBaHHS
JliaMeTp KUTH, MM 26,5 BucokoBoibTHOT KJI B Vkpaini Ta
Togumna 3ITE-i30smii, MM 15,0 BRXUIMBI JJI1 BUPOOHUKIB KaOemiB i
ToBImMHA HAIIIBOPOBIJHOTO IMIAPY I10 KW, MM 1.4 eKCIUTyaTyIunX iX opraHizariii.
ToBImMHA HaMiBOPOBITHOTO MIAPY IO 130111, MM 1,0 2. OuyiHka 3HUDICEHHSI  Npo-
[Iap Bog0OIOKYIOUOTrO HOJIOTHA, MM 0,3 nyckHoi 30amHocmi Kabenro 'y pasi
TopiuHa expana, MM 1,13 30ibulentss  naowi  nepepizy  1o2o
ToBmmHa noMieTHIEHOBOT 000JIOHKH, MM 4,5 ekpana. Po3paxyHKH TPOBOIMINCS JIJIs
I'miGnHa npoKafaHHs KaOemiB y 3emili, M 1.5 KaGento 3 ekpanamu 95 Mm” Ta 150 M.
Lnexmpuuni XAPAKMEPUCTHUKY. UwcenbHi pe3ylbTaTd HaBeleHO B TaOI.
: Kabens 3 Hvepep130M ekpaHa 95 MM 2. I3 Ttabmumi BumHO, WO y pasi
CrtpyM y xumi / eNEKTPHIHMIL OMip, A / Om/xm 687/0,048 3GiNbIIeHHS TLTOIMHI ekpaHa
CrpyM B eKpaHi / eleKTpUIHUHA omip, A / Om/xm ; 154 /0,230 36UTBIIYIOTECS CTPYM B eKkpani (3 154 A
Kabep 3 nepepizom expana 150 mm 226 A) Ta BIpaTH B HBOM
CrpyM y ki / enekrpuasuii omip, A / Om/kM 666 /0,048 Ao o p . Y.
CrpyM B ekpadi / exektpuunuii omip, A / OM/km 226/0,148 Bracmiziok mporo -z TIATP HMI(](H
3azemuieHHs KabeliB 3 JIBOX CTOpiH TeMICpaTypy KWLM - Ha  PIBHI 90, c
Yacrora, Tt 30 HEOOXiTHO 3MEHIITYBaTH CTPYM B KM —
Tennosi xapaxmepucmuiu B JIAHOMY BHIa/IKy 3 687 A nmo 666 A.
Tutomuii TEMIOBMIA OMip nosieTuneny (i3, 3 CriBBiTHOIICHHS HHX SHA4ICHB
0007I0HKH, HamiBNIPOBigHHX mapiB), K-M/Bt nopiBHIOe 666/687=0,97 i cknanae came
[MuToMuii TermoBuii omip Mizi (xui, ekpana), K'm/Bt 0,0025 Take 3HA4YEHHS MONPABOYHOrO Koedi-
[TuroMuii TeIOBMH omip BogoGIokyrodoro mapy, K-m/Br 50 IiEHTA, 110 peKoMeHayeThes [9]. Orxe,
Tennosuii onip 3acunsoro rpyury, K-m/Br 1,0 pe3yJIbTaTH YUCEIBHOIO0 PO3PaxyHKy B
Temutoswuii omip 3emiti HaBkosto Tpanmiei, K-m/Bt 1,5 Tabn. 2 MiATBEPIXKYIOTh MPAaBUIBHICT
BHOOpY monpaBovHoro Koedimienra 0,97
Tabauus 2 y pasi mepexofy A0 ILIOLIi Mepepisy
[Tomma mepepizy C?pyM, Al CprM, A/ Makcumanbha ekpana 150 MM .
expana Sy, v | O Owm/km | omip, Om/km TeMr;?paTypa° - PosrnsmyTi 3a7adi 1 Ta 2 Biano-
B kI B CKpaH1 max BIJIAlOTh CTAILlIOHAPHOMY PEKHMY Harpi-
95 687/0,048 154/0,23 90,23 By kabGeniB. [Tomanbiui 3amaui nependa-
150 666 /0,048 226 /0,148 90,13 Yal0Th JIOCHI/PKEHHS HECTaIliOHAPHOTO

TeMIiepaTypHoro noss B KJI

3. Busnauenns mepmiunoi cmitikocmi kabenio 0o cmpymie mpugpasnoeo K3 na euxooi KJ/I y pasi
CNpaybo8YEAHHs anapamy AaemoMamuyHo20 NnoemopHozo exmouenns (AIIH), koau peanizyemwvcs
NPAKMuYHULL 8UNAOOK penelno2o 3axucmy y pasi K3 kabenié 3a pizHozo cmpymo8020 HABAHMANCEHMS.

IMpunyckaeTbes, Mo peseifHuil 3aXKUCT BiaKkIovae 30BHIMHE K3, 1 1aii micis neBHOI BUTPUMKH 33 4acoM [,

cupanboBye AIIH, i miHig 3HOBY HiZKIIOYA€TbCS OO JUKepena kuBieHHS. Ilpu oMy MOXyTh OyTH
peami3oBaHi JBa BapiaHTH: KOJH JIiHIA ICIASA IIHOTO IPAITIOE B INTATHOMY peXHMi ab0 BimOyBaeThCs
nostopHe K3. Taki aBapilini pexxumu podoTtu KJI y mepexi nepeadadaroTh po3paxyHOK TEPMIUHOI CTIHKOCTI
Ka0eJiB, 10 Ba>KJIMBO SIK JJIsl IPOEKTYBaJIbHUKIB, TaK 1 OpraHizaliii, o eKCITyaTyloTh KabenbHi JiHii.

Ha puc. 3 nokazaHo 3MiHEHHS B 4aci TeMIIEpaTypd KHIU BEPXHBOTO KaOeNo B JIiHIi 3 IJIOMIEI0
nepepisy expana 150 mMm” Ta 3a pi3HOI TpHBaIOCTI BHTPHMKH f, (5, 10, 15 ¢) micas ogmocexyranoro K3 i
aBTOMAaTHYHOMY NOBTOpHOMY BKmroueHHi KJI micis Takoi BUTPUMKH, KOJMM 3HOBY BifgOyBaeThcs K3.
Po3paxyHKOBI pe3ysbTaTH HaBEJACHO AJIsl IBOX 3HAUYEHb CTPYMY B Jkuiax kabeiniB: a) 50% crpym xwmm (333
A); 6) 100% ctpym xumn (666 A). Ha puc. 3, a mokazaHo xapaKTepHI TOYKH YepBOHOTO KOIBOpY: [ —
MoOMeHT BUHUKHEeHHs K3, 2 — BimkimrodeHHs JiHii yepe3 1 cexynay, 3 — moBTopHe BkimtoueHHS KJI, sika
npamtoe B pexxuMi K3. 3agani 3nauenHs crpymy (333 i 666 A) Ta mpencTaBieHi Ha pUc. 3 YMOBH HIOAO
BkmtoueHHss KJI 1 pexumy K3 3asBneHO BHPOOHMKOM Ta BHSBICHO IIPAKTUYHO 3HAYUMHUMH UL
nmociimkyBanoi KJI.
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Tepmiuna crilikicTh KabenbHOI JiHII BIPOJOBXK BIANOBIMTHOTO IHTEPBaly dYacy OIIIHIOETHCS 3a
JAHUMH PUC. 3 3 ypaxyBaHHSM IEPEBUIICHHS PErJIaMeHTOBAaHOI IPAaHMYHOI TEMIIEPATypH KW B PEXKUMI
MepEeBaHTaKEHHS 130°C i B pexumi K3 — 250°C [2, 5]. PesynpraTu Ha puc. 3 malTh 3MOTy BHU3HAYUTH
Jonyctumuid wac pobotu KJI, xomm temmeparypa xuiau KaOesliB HE MNEPEBHUILYE NOMYCTHUMI TpPaHUYHI
3HAYCHHS.

350 350
300 300!
250
250
200
2007
150
100 150+
0 50
0 10 20 30 40 0 10 20 30 40
Time, ¢ Time, c
a 0
Puc. 3

4.  Pospaxynox  pieHa  nepesaHmadicenHs
0801aHYI020801 NiHII 3 Kabeuamu, wo Maromos NiouLy
nepepizy expana 150 mn’. KabenbHa miHist CKiafaeThes
3 IBOX JAHNOWOTiB, mOMIOHMX g0 puc. 1, 6.
IIpumyckaeTncs, 0 B OJJHOMY 3 JIAHITIOTIB BilOYBA€ETHCS 130
aBapist i TOHI BCS MOTYXKHICTh IEPEJAETHCS O IHIIOMY
NAHIIOTYy — TOOGTO CTpyM B KMmax ioro kaGems 120
MIIBUIIY€EThCS B 2 pasu. Jis Takoro BUMaAKy Ha puc. 4
MOKa3aHO 3MiHEHHs TeMreparypu kuwin Bepxusoro 110
Ka0eno y IMepeBaHTAXCHOMY JAaHIIOTy 31 CTpyMOM
2*%666 A. Sk BumHO 3 puc. 4, Temneparypa xuwin 130°C, 100
IO BIATIOBiAa€ ONMYCTUMOMY PIiBHIO B  PEXUMI
MIEPEeBaHTAXKEHHS, IocATaeThes micis 1,3 roquau podbotu 90 — -
kaOenpHOi miHil. Ile o3Hawae, mo KJI mig wuyac 0 900 1800 2?(_)0 3600 4500 5400
BiIKITIOYEHS] OJIHOTO 3 JIAHIIOTIB 3MOXE CaMe CTibKH Time, ¢
i€ TPAIOBATH B PO3TISIHYTOMY aBapiiiHOMY pexuMi i Puc. 4
nepeaaBaT Py [IbOMY BCIO HOMiHAJIbHY TOTYXHICTb.

5. Busuauenns memnepamypnoco pexcumy pobomu KJI, wo nepesanmasicycmvcsa 6npooosic
nesHo2o yacy. 3anava BiANoBinae BUunaaky, konu KJI npaiiroe pa3oMm i3 CHIIOBHM TpaHC(HOpPMaTOPOM.

Bigomo, mo OGinbmiicTe cuIOBHX TpanchopMmaropis, mo po3mimeni Ha Buxoni KJI, momyckaioTh
NEePEBaHTAXEHHS TPOTATOM BU3HAYEHOTO 4acy, Hampukiaan, nepeBantaxeHHs 110-120% — HeckiHUEHHO
noBro, 130% — mo 6 ronus; 150% — miBroguau; 200% — 5 xewiwmH. [Ipu mboMy npoekTyBaabHUKH Takoi KJI
MOBHHHI OYTH BIIEBHEHI, 1110 Ka0ei B JIiHIT BUTPUMAIOTh MOXKITUBI ITepeBaHTaKEHHSI.

Po3paxyHkoBi pe3ynbTaTd 3MiHEHHS B dYaci TeMIepaTypu SKWIM KaOemo 3a BKa3aHHX
NepeBaHTAXEHHIAX HaBeAE€HO Ha puc. 5. IlpuiiManocs, IO MOYATKOBE 3HAYCHHS CTPYMY JKWIN CKIIAJae€
666 A, moma nepepizy ekpana — 150 MM’, a OYAaTKOBA TEMIIEPaTypa BCIX EIEMEHTIB KaGemo JOpiBHIOE
TeMIeparypi B ycraieHoMy pekuMi. IIyHKTHpHI JiHii Ha puc. 5 MO3HAYarOTh JOMYCTUMHU 4Yac poOOTH
cuioBoro Ttpanchopmaropa. BuaHo, mo 3a wmeil uwac Ttemmeparypa XKuiaM Oynae 3pocTaTH, aje He
NEePEBUILyBaTHME TPHUITYCTHMY TeMIleparypy B pekumi mnepeBantaxenHs — 130°C, ToOTO 3a yMOBH
HiIBUIIEHHS CTPYMY 10 2-X pa3iB BIPOJOBXK 3aJaHUX iHTepBaiiB podotu KJI 3amumaerscs me peseps Imo
HABaHTA)KEHHIO.

140
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[lim gac mocmiKEHHS TEMIIEpaTypHHUX PEKHMIB Yy IBOX OCTAaHHIX po3aimax (4, 5) BpaxoBaHO
3MiHEHHS TEMIIEpaTypH IO TOBIIMHI 3MIWTO-TIONIETHIICHOBOI 130M1ALii KabemiB, Mpo IO CBiTYUTH puc. 1, 6.
e ocoOnmmMBO BaXXNMHMBO y pa3i NUKIIYHOTO HarpiBaHHS KaOeliB, OCKIIBKH TIOB’S3aHO 3 TeMIIEPaTypPHUM
CTapiHHAM 130JIIIIi1 Ta eEKTPOTEPMITHUMH HANPYKEHHAMHU BCcepeanHi kademto [35, 36].

3a3Ha4MMO, IO BUPIIICHHS aHAJIOTIYHUX JI0 MPEJCTABICHUX y pOOOTI MUTaHb Mepeadadac moaibi
JOCHIDKEHHsI, 30KpeMa B HaNpsAMKY BpaxyBaHHS KaOeNbHHX 3’€JHaHb, 3a3€MJIIOBAYiB, MMOTOYHOIO CTaHy
3IIUTO-IIOIETHIIEHOBOT 130411 TOIIO.

BucnoBku. OTpuMaHO HOBI JaHi 1IOHO0 pOOOTH BHCOKOBONBTHHX KabeniB Hampyru 110 kB B
aBapiiHUX peXrMax Ha eTami eKCIUTyaTallii, o Ba)JIMBO IS MiJBHUINECHHS HAAIHHOCTI Ta CTabiILHOCTI
(hyHKIIOHYBaHHS KaOeJIbHUX JiHINA B CHCTEMaX eJIEKTPOTIOCTaYaHHSI.

3 BUKOPHUCTAaHHSIM CKiHUYCHHO-EJIEMEHTHOTO METONy aHajJi3y HOCIIIKEHO TeMIIEPaTypHI PEXUMHU
poboTH mim3emMHoi TprudazHoi kabempHOI JiHIT i3 Ka0eISIMH 31 3MIMTO-TIONIMEPHOIO 130JIAIIE€I0 HA HAMPYTY
110 kB y HOMiHaJIEHOMY peKUMI pOOOTH Ta B aBapiifHUX PEKUMAaX KOPOTKOTO 3aMHKaHHS 1 KOPOTKOYaCHOTO
nepeBaHTaXeHHs KaOelliB.

Po3B’s13aHO psA NMPakTUYHO BAXKIMBUX 3alad, IO BHHUKAIOTH IiJl Yac MHPOEKTYBaHHS TaKHX
KaOeTbHUX JIiHI1, 30KpeMa MPOBEACHO PO3paxyHOK pexuMy TpudasHoro K3 3 ypaxyBaHHSM aBTOMATHYHOTO
NOBTOpPHOTO BKJIroueHHs JiHII micns K3 3 meBHuM uyacom ButpuMkH (5, 10 ta 15 ¢) Ta 3a pi3HOrO
HaBaHTaXeHHS — 50% 1 100% Bix HOMiHaIBHOTO CTpyMy. Pe3ynbpTaT JaroTh 3MOTY BU3HAYUTH JOITYCTUMHM
gac poOOTH JTiHI1, KOJIM TEMIIEpaTypa KUIU KaOeliB He MEPEBUIIY€E TOITYCTUMI TPaHWYIHI 3HAYCHHS.

JociimkeHo XapakTep 3MiHEHHS TEMIIEpaTypu KaOemiB 3a Pi3HOTO CTPYMOBOIO IEPEBaHTa)KCHHS,
o 3MiHIEThCS B AiamaszoHi Big 120% mo 200%. PesynbraTté naroTh 3MOTy BU3HAYUTH JOMYCTUMHUN Yac
pOGOTH IiHil, KOTH KITH KaGeTiB He HArpiBalOThCS BUILE MPUITycTHMOT TemmepaTypu 130°C.

VY BUMNaJKy JIBOJIAHIIOTOBOT KaOEIbHOI JIiHII MPOBEACHO PO3PaXyHOK HECTAI[IOHAPHOTO TEILIOBOTO
npolecy y aBapiiHOMY PEKMMIi MOIIKOKEHHS 0JHOTO JIAHIIIOTa Ta MepeJaBaHHs MOABIIHOT HOTYHOCTI 1O
inmomy nmanmory. ITokasaHo, mo rpanuyHa Temmeparypa xmin — 130°C mocsraerses micast 1,3 ToauHu
poOOTH TaKo] JiHii.

Po3pobriena meromosorisi Ta OTpUMaHi pe3yNbTaTH MIOAO TEPMIYHOI CTIHKOCTI BHCOKOBOJIBTHOT
KaOeNbHOI JTiHII B aBapiiiHUX peKuMaxX TepeBaHTAKEHHS i KOPOTKOTO 3aMUKAaHHS TPEICTaBISIIOTh iHTepec
JUISL TIPOCKTYBAIBHUKIB TaKWMX JIiHIHM, OpraHizamiii, o BiAIMOBIAIOTh 3a OE3MeUHy eKCIUTyaTallio kabenis, a
TAaKOXK MOXYTh TPOKIACTH LUIAX IS €IeKTPOSHEPTeTHYHMX KOMMaHid 1o Oinbll  e()eKTUBHOTrO
BUKOPHUCTaHHSI KaOCIbHUX JIHIMH.

Pobomy euxomnano 3a naykoso-oocnionoi Gynoamenmanvroro memoto "Enpec”, nomep depoic.
peecmpayii 01230100693, KIIKBK 6541030 ma npuxnaonoro HI{P "Peacum 3", KIIKBK 6541230.
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THERMAL STABILITY OF UNDERGROUND HIGH-VOLTAGE CABLE LINE
UNDER EMERGENCY CONDITIONS OF OVERLOAD AND SHORT CIRCUIT
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The paper proposes new knowledge in cable engineering by studying the operation of up-to-date high-voltage cable line
under the non-nominal and emergency conditions to ensure its reliability and service life. The temperature conditions
for operation of an underground 110 kV three-phase cable line with cross-linked polyethylene insulated cables in the
nominal and emergency modes of short circuit and short-term overload of cables are studied by computer finite-element
method. A number of practically important problems for designing such cable lines are solved. In particular, the
computation of the three-phase short-circuit mode in the line is carried out taking into account its reconnection after
short circuit with certain delay time (5, 10 or 15 s) and at different loads (50% and 100% of the nominal current). The
results obtained allow determining the permissible operating time for the line operation with the temperature of the
cable conductor not higher than the permissible limiting value. The nature of the increase in the temperature of the
cables within the time of different current overloads varying from 120% to 200% is investigated. The results give a
possibility to determine the permissible operating time of the line when the temperature of the cable conductor does not
exceed 130°C. In the case of the double-circuit cable line, the computational results for non-stationary thermal process
under emergency condition of one circuit failure and the transmission of double power through the other circuit are
presented. It is shown that the limiting conductor temperature of 130°C is reached after 1.3 hours of line operation. The
problems solved in the paper answer the questions regarding the thermal stability of the high-voltage cable line in
emergency modes and are of interest to designers of such lines as well as organizations responsible for their safe
operation and power companies for more efficient use of cable lines. References 36, figures 5, tables 2.
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3ACTOCYBAHHSA METOAY HU®POBOI ®IJIBTPALII IIIJ] YAC KOPEKIIII ®OPMMU
CTPYMY B MEPEKAX 3 AIBTEPHATUBHUMM JIZKEPEJIAMU )KUBJIEHH S

ILIL Moxeiiko , KaH/. TEXH. Hayk, B.M. FyﬁapeBnq**, KaH[. TexH. HayK, B.I'. I'peGenIok
IncrutyT enexrponunamikn HAH Yxpainn,
np. bepecreiicbkuii, 56, Kuis, 03057, Ykpaina, e-mail: ppodeiko@ied.org.ua.

IIpononyemvbcs 6uKOpUCmManus yu@hpoeozo pexncekmopHo2o @itempa 0 (OpMySaHHs ONOPHO2O KOMHEHCAYIUHO20
CUCHANLY NAPANeNbHO20 OOHOQPAZHO20 AKMUBHO20 (PINbmpa 2apMOHIK CMPYMY, WO GIOPI3HAEMbCSA NPOCHOMON ma
SHYUKICMIO Y NOPIGHSHHI 3 GI0OMUMU MemoOdamu ni0 uac toeo mexuiunol peanizayii. Buxowano mamemamuune
MoOenosants yu@pogozo ginempa y cepedosguwyi Matlab ma nasedeno pezynbmamu npaxmuurol peanizayii Qinbmpo-
KOMREHCYI0U020 NPUCMpOI0, Wo NiOMEepOACye OCHOBHI meopemuyHti pezyismamu 0ocnioxcenus. bion. 8, puc. 6.
Knrwowuoei cnosa: anprepHaTHUBHI JpKepella JKUBIICHHS, HEJiHIMHE HaBaHTaKeHHs, LUPpoBuil GinbTp, Kopekrop Gopmu
CTpyMY, OTIOPHUH CHTHAJ, CyMapHHH Koe(illi€eHT TapMOHIYHUX CIIOTBOPEHb.

[ocranoBka mpodaemu. 3a OCTaHHI pOKM BHACHINOK Mepe0OiB  IEHTPaTi30BaHOTO
€JIEKTPOIIOCTaYaHHsI BCE OlNbIlIe allbTepHATUBHUX JKEPEI JKUBJICHHS BHKOPHCTOBYETHCS B NMPOMHCIOBUX
Mepekax eJEeKTPOINOCTauaHHA, TaKuX SK TiOpo-, BITPO- Ta COHSYHI eNeKTPOCTaHLii, MaJiBHI
€JIEKTPOTeHEepaTopu, cucTeMu Oe3mepebiiiHoro kuBneHHs Tomo. Ilpore mmMTaHHS 3a0e3medeHHS
€JICKTPOMAarHiTHOI CYMICHOCTI 1 HOPMOBAaHHMX ITOKAa3HHKIB SKOCTI HAIpyrd 3a TapMOHIMHUM CKJIAIIOM,
HECHMETPIEI0 HAMPYT Ta KOJMBAHHSM DIBHS HANPYTH B JAHUX CHCTEMax EJICKTPOIOCTAYaHHS Ha ChOTOJHI
3aJIMIIAETHCS aKTyaabHUM. CIIOKHUBaUi €IEKTPOCHEPTil B TAKUX Mepekax MIMPOKO BUKOPHUCTOBYIOTH Cy4YacHe
[EPETBOPIOBATIbHE OO0JIAHAHHSA, Y TOMY 4HWCJI IEPETBOPIOBAYl YAaCTOTH [UIS JKUBJIEHHS ACHHXPOHHHUX
CJIEKTPO/IBUTYHIB, THPHCTOPHI PETYJSATOPH, IMITYJIBCHI JKepelia KHBJICHHS Ta iH., (OpMa CIIOKHBAHOTO
CTPYMy SIKMX CYTTE€BO BiIpPi3HSETHCS BiJl CHHYCOIAM, BHACIIOK YOTO CHOTBOPIOETHCS (OpMa Hampyru
€JIEKTPOIIOCTaYaHHs, a MOKAa3HMKM SIKOCTI EeJNEKTPOCHEprii 3a rapMoHiKamu moripmytorbes [1]. Bummi
TapMOHIKU CTPYyMy B albT€PHATHMBHUX CHCTEMaX >KUBJICHHS 3 HU3bKUMHU CTPyMaMH KOPOTKOT'O 3aMHKAaHHS €
NPUYMHOI0 TIEPEBUTPATH NAIBHOTO Ta MEperpiBy TreHepaTopiB, CHpALIOBaHHSA Kill 3axHCTy CHCTEM
aBTOMAaTHK{ aBTOHOMHHX 1HBEPTOPIB, 3HIKEHHS Koe(illieHTa MOTY>KHOCT] JTaHUX JDKEPETl >KUBJICHHS, TOIIO.

AHami3 oCTaHHIX [ocTimkeHb, i myOJaikamiii. 3a3Buvail 3agady 3MEHINEHHS TapMOHIHHUX
CIIOTBOPEHb BXIJHOTO CTPYMY JIKEpell JKHUBIICHHS €JEKTPOYCTAaHOBOK Ta IMiABHINEHHS SKOCTI €NEKTPUYHOI
eHeprii BUPIIIYIOTH 32 JOINOMOIOI0 MPOCTHX Ta HaAiiHWX macuBHUX (imbTpiB. OmHaK Taki mMpoOieMH, K
TPYJHOII 3 HalamTyBaHHAM (inbTpiB, HeOe3leka BUHUKHEHHS PE30HAHCHHUX SBHIN Ta Hee(DEeKTHBHICTh
KOMITEHCAIlii PeakTUBHOT MOTYKHOCTI y HMIMPOKOMY Jiana30HI HaBaHTa)KEHb 3MYCHJIH JOCIHITHHUKIB ITyKaTH
aIbTEepHATUBH, IO IMPHU3BEJO IO MOSABU PI3HUX THIIB (UIBTPIB aKTUBHOI MOTYXHOCTI — MapajelbHi,
MOCTiT0BHI Ta riopuaHi [2].

B ocHOBy akTuBHOI KOpekuii (opmMu CTpyMy HOKJIAQJ€HO NPHUHIMII I1apajelIbHOIO BKJIIOYECHHS
KEpPOBAHOTO JKepelia PeaKTUBHOT OTYKHOCTI, CTPYM I¢ SKOTo (puc. 1) HampaBlIeHNH 3yCTPIYHO MUTTEBOMY
3HAYEHHIO CTPYMY HEJIIHITHOTO HAaBAaHTAXCHHS iy, JaI0OUM 3MOTY JDKEpeny XKUBJICHHS MPALIOBaTH JIMIIC Ha
OCHOBHI# CKJTaioBil cTpymy [3].

dopMyBaHHS CHUTHANIB KepyBaHHS OyIb-ikoro (QinbrpokommeHcytodoro mpucrporo (OKII) e
HETIPOCTOIO 33/1a4eto. XapaKTePUCTHUKH TaKuX HapalieIbHUX KOPEKTOPiB (JOPMH CTPYyMYy BEIHKOI Miporo
3anexarh BiJf MeToay (GOpMyBaHHS CHUTHANIB KepyBaHHs. L{i MeToan MokHa po3IiIUTH HA ABi TpyIH [4].

o mepmroi rpynu BigHOCATh MeTonu (OpMYBaHHS CHUTHAJIIB KEPYBaHHS Yy YAaCTOTHIM 00macTi, sKi
0a3yI0ThCsI Ha MPECTAaBICHHI HECUHYCOIMabHUX CTPYMIB 1 HANpyT y BUIIIAAL psiny Pyp'e.

OCHOBHI HEOJIKU X METOAIB MOJISATAIOTh Y HACTYITHOMY:

— moTpiOHA TomepeaHs aHayjoroBa (UIBTpaIlis IS TOTO, 100 BUKIIOYUTH HAKJIQJaHHS CIICKTPIiB
CUTHAJTIB,;
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— poboTa camoro (ibTpa BHOCHTH JOAATKOBI aMILTITYIHI Ta ()a30Bi CIIOTBOPESHHS,
— CHTHAJ, SIKUH aHAIlI3yeThCs, MA€ OYTH CTalliOHAPHHUM, 10 Ha MPAKTHUII HEMOYKIIMBO 3a0€3MEUNTH.

Metonn ¢GopMyBaHHS CHUTHATIB KepyBaHHA B o00jacTi dYacy 3acHOBaHi Ha (opMmyBaHHI
KOMIICHCYIOUHMX CHTHAIIB i3 MHTTEBUX 3HaYCHb CTPYMIB 1 HAPYT Mepexi. 3aBasKu OiIbIIii MBUIKOMIT BOHU
HaOyJI¥ 3HAYHOTO [TOLIMPEHHS.

I popMmyBaHHS KEpPYHOUUX CHUTHAIIB y 4YacoBid 00J1acTi BHUKOPHUCTOBYIOTH METOJ MHTTEBOL
PEaKTHBHOI MOTYKHOCTI Ta METOJIM, B OCHOBY SIKHX IOKIAJCHO BHUKOPHCTaHHS LUPPOBOro 0OpOOICHHS
CHUTHAJIIB 1 MTYYHUX HEHPOHHUX MEPEK.

MeTtox MUTTEBOT peaKTHBHOT MOTYXKHOCTI IPYHTYETBCSI HA OOYMCIIEHHI MUTTEBHX 3HAYCHb BEJWYHH,
TOMY ¥ OTpHMaB TaKy Ha3By. L{i BeIWYMHU MICTATH MOCTilHI Ta 3MiHHI CKJIaZOBi. Y pasi, SKIIO Hampyra Mae
CHHYyCOifaJbHy (GOpMy, 3MiHHA CKJIaIOBAa MHTTEBOI IOTYXHOCTI BH3HAYAETHCS TapMOHIKAMH CTPyMY,
CIIO)KMBAHOTO HETIHIHHUM HaBaHTaXEHHsAM. Kepyrouwmid cHTHaT MOXKHA OTPHMATH, BUIUISIOYH 3MIHHY
CKJIaJIOBY MUTTEBOI OTYKHOCTI 3a IOIIOMOTOI0 (iIbTpa BEPXHiX 4acToT [5].

Xoya BHMIAETHCS MOXJIMBHM BIIPOBAUKCHHS CHCTEM KepyBaHHS Ha OCHOBI p-q Teopii Ans
omHO(Ma3HNX aKTHBHUX QUIBTPiB [6], oxHAK 3AEOLIBIIOIO IEeH METOJ BUKOPHCTOBYIOTH BHKIIOYHO B
tpudaznux OKII, mo € Horo HeIOTIKOM.

KepyBanHs xapakTepucTHKaMu akTUBHOTO Kopekropa ¢opmu ctpymy (AKDC) i3 3actocyBaHHAM
TeXHONOTii M(ppoBoi 0OpPOOKM CHUTHANIB Ja€ 3MOTY BHKOPHUCTOBYBATH Pi3HOMaHITHI J00pe po3poOiieHi
METOJIM CIEKTPaIbHOIO OI[IHFOBAaHHS CHUTHAIB Ta KOMIICHCAIlT 3aBaj [7] Ha 0a3i epeKTHBHHUX Ta HEAOPOTUX
BUCOKOTIPOJYKTUBHUX LUQPOBUX MpouecopiB. ToMy weH HampsSMOK € JIOCHTb MEepCHEKTHBHUM Ta
IHTEHCHBHO PO3BHBAETHCS, a MUTAHHS IOJ0 3aCTOCYBaHHA METOMIB IMQPPOBOI OOpOOKHM CHTHAIIB s
KepyBaHHS XapaKTePUCTHKAMH aKTUBHUX (imbTpokoMmeHcyounx mpucTpoiB (ADKII) B eneprerwmi
3aJIMIIAI0THCS. HEBUPILICHUMH.

CriekTpanbHUl CKJal CHUTHANY, mo QopmyeThes cucteMoro kepyBaHHs ADKII, mae 306iratucs 3
TapMOHIMHAM CKJIAJIOM CHHYCOIiNMaJhbHOTO CTPYMY, IO T€HEPYETHCS HENMHIMHNM HaBaHTAKCHHSIM. 3ais
OTPHMaHHS TAKOTO CHTHAITY MOYKHAa BUKOPUCTOBYBATH aHAJIOTOBUH PEXKEKTOPHHUN (iIBTp, HAIAIITOBAHUHA Ha
4acTOTy OCHOBHOI rapMoHiku [7]. OnHak iMIJIEMEHTAIlisl aHAJIOTOBUX METOJIB (PUIbTpallii CUTHATIB Mae
Cepiio3Hi HEJOIIKH, TOB'sI3aH1 3 THM, IO TaKUK (UIBTP € CTATHYHUM HPUCTPOEM 1 HOTO XapaKTEPUCTHKH HE
MOXYTh 3MIHIOBATHUCS TIi/I Yac 3MiHH aMIUTITYH Ta YaCTOTH OCHOBHOI TApMOHIKH.

Tomy MeTor podoTH € POpPMYBaHHS OMIOPHOTO KOMIICHCAIITHOTO curHany oaHogaszHoro AK®C na
OCHOBI IIM(POBOro pekeKTOPHOro (HibTpa, U0 Ja€ 3MOI'Y ABTOMaTHYHO 3MiHIOBAaTH HOTO MapaMeTpH sIK Ha

Is I JOKATBbHOMY PiBHI, TaK i BiAJaJeHO 3a JOIIOMOTOIO
o - + - o CepBEpHUX AITOPHTMIB OOpOOKM JaHUX MiJ dYac
Us x Ic Hemmiane 3MIHH CIHEKTPAIBHOTO CKJIaAy HECHHYCOINAIbHUX
o CTPYMIB HEJiHIHHOTO HABAHTAKEHHS.

Bukigan ocHOBHOro Martepiaay  I0cCiTi-
mxeHHsl. PosrmsiHeMo cTpykTypHy cxemy AKOC 3
Haniguocmouiii BUKOPUCTaHHIM LH(POBOrO peREKTOpHOro (iIbTpa,

§ Le _ ineepmop o HaBezleHa Ha puc. 1. HeminiiiHe HaBaHTaXeHHS (B
B ] JaHOMY BHIIAJKy BHIIPAMISIIOYE HABAHTKCHHS —
| BUTIPSAMIISTY 3 €MHICHUM (DUTBTPOM) CHOKUBAE HECH-
| HyCOINaTbHUN CTpyM [; Bim omHO(A3HOTO JDKepena
Ude  swismoro CTpyMy, 1O CKIJaay SIKOTO BXOJSThH SIK
= | OCHOBHA, TaK 1 BHWII TapMOHIKH. AJic BBEICHHI B
onHO(a3Hy Mepexy aKTHUBHOTO KOPEKTOpa CTPyMy, SIK
L _—= | noxasano Ha puc. 1, dopmye Takuii KOMHIeHcalliitHU

Cuemena xepyacns AKDC F CTpyM Ic, IO B CyMi 31 CTpyMOM HaBaHTa)KCHHS
[ —— I I 3a0e31euye CIIOKUBAHHS 3 JUKEpesia KUBJICHHS CTPyMY
| Is CHHyCOTI[aJIBHo:f dopmu. Ha Bxim 1udpoBoro
It peﬂi};ﬁ;ﬁm Iref #+ IF | PEKEKTOpHOrO iinanpa TOCTYNae  CTpYM  HaBaH-
| o | TaxeHHs I, IKMii B MOMEHTH JICKpeTH3AIL] ¢inpTpa

| Pereimmt pezyamop| pln(plnLTppBye OCHOBHY TapMOHIKY, TPOMYyCKaioH
o IHIIi BAILi TapMOHIKH 0e3 3MiH, TCHEPYIOUH ONOpHHii
cursan /.. Lei BindinpTpoBanuii curnan I € ONOpHUM

Puc. 1 CHTHAJIOM TiCTEPE3UCHOIO PEryysiTopa CTpyMy, IO

L—
Il
Il
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Pa3oM 3 CHJIOBUM IHBEPTOPOM BH3Ha4ae popMy KOMIEHCALIIHOTO CTpyMy /.
I, =1,+1,. )
PiBusiHHst (1) MOXkHa peani3yBaTH Ha MIKpOIIPOLIECOPHOMY piBHI MiA uac peanmizaulii HUPpPOBOro
¢buteTpa, AKUH Mae By3bKy CMyTy mpomyckaHHs. [lepenaBanbHa (DyHKIST HEIHBEPTYIOUOTO CHMETPHUYHOTO
pexexTopHOro GhinsTpa [8] Mae BurIA (2)

2,2
W(p)=—L—2
P~ +Pp+oc
ne p — oneparop Jlaruiaca; o — 9acrora 3pi3y; B — IIUPUHA CMYTH PEXKEKIIl.

Hnst wactotu Mepexi fc = 50 T'u, oc = 2-wfc = 314 pag/c f = 25 BUOUpAETHCS TAKUM YHHOM, II00
HeoOXiTHa KpyTH3HA 3a/I0BOJIBbHIIA KPUTEPisIM CTaOIBHOCTI Ta Oa)KaHOMY BiITYKY PekeKTOpHOTo (inbTpa [§].
Toni nepenaBanpHa QyHKIIT HAOYBaE BUTIISILY

2 2
Wip)=—L e ®)
p +25p+314,

TakuM 4YUHOM, TOOPOTHICTH 3aIPONOHOBAHOTO PEXEKTOPHOro (inbTpa cTaHOBUTH O=m/Pf=12,56,
110 € JOCTaTHIM T e(eKTUBHOTO IMOCIa0JIEHHS YaCTOTHOI CKIIA0BO1 HA JaHii 4acTOTi 3pi3y.

AMIUTITYJTHO-4aCTOTHA  Xapax-
TEPUCTUKAa Ha pHC. 2 TMIOKa3ye, IO
jr (biTbTpOM  CHIBHO  TIOCIAONIOETHCS
TITBKM OCHOBHA YacTOTHA CKJazoBa (fc

W =50 '), iHIII TPOXOATH O€3 3MiH.
;] Hudposa peasizaiist €
ab HaWKpaIIM CIIocoOOM JIOCSATTH TOYHOTO
HAJIAIITYBaHHS TapaMeTpiB  (QiibTpa.
st rnepexony 3 CHCTEMU
Oe3nmepepBHOTO  4acy B CHCTEMY
JMCKPETHOTO 4YacCy BHUKOPUCTOBYETHCS
OiminiiiHe meperBopeHHs. Meron Oi-
2l JIHIHHOTO Z-TIEPETBOPEHHS nojirae |y
. HACTYITHOMY: B OICpaTOpHIA mepe-
,2pa 1 JaBaibHI (QYHKIIi BUKOHYETHCS 3_?MiHa
o oneplaTopa p Ha omeparop k(1 —z )/ (1
+ z) BHacmioOK 4oro QYHKIiS 3 p-

00J1aCTi IEPEXOUTD Y z-0071aCTh
1

2

AYX mis pesxekropHOro ¢inerpa: w =3 14pan/c f=25

OUX mis pesxxekTopHOro dinsTpa: w =3 14pan/c =25

1o
po=k . k=2 4)
- - - - 1+z
10 10 f, T 10 10 e fs — 9acToTa qUCKpeTU3allii.
Puc. 2 Tenep JUISt OiniHiftHOTO

repeTBopeHHs (3) BI3BMEMO YACTOTY
muckpernsauii SkI'n i, migcraBuBIM y (4), OTpUMaEMO
10,9957 -1,9911z"" +0,9957z72  ¥(2)
1-1,9911z71 40,9950 2 X(2)’
Y(2)=0,9957(z)—1,9911z7' X (2) +0,9957z 2 X (z) + 1,991 1z'Y(2) - 0,9950 2 Y (z).. (6)

BuxopucroByroun obepHeHe Z-TIEpETBOPEHHSI, OTPUMAaeMO HeoOXimHe AudepeHIlialbHe PiBHSHHS

PEXKEKTOPHOTO BiTbTpa
y(k)=0,9957x(k)—1,9911x(k - 1)+ 0,9957x(k —2)+ 1,991 1y(k —1) - 0,9950y(k - 2) . @)

Peneitanii perynstop crpymy (GopMye BiINmOBiIHUI cTpyM KOpekTopa /- Takuii camuii 3a (opMoro,
SK 1 OIIOPHHWMA CHUTHAJ, IO OTPUMYETHCS HAa BUXOJI PEKEKTOPHOTO (iibTpa, 3 TOYHICTIO IIMPUHU IETIi
ricrepe3ucy peseiHoro enementa 1,2 A.

Ha puc. 3 naBeneHo 3aranpny imitaniiny monens AK®C B cepenosuiui moaemtoBanas MATLAB
Simulink, mo ckmamaeTscs 3 ogHO(MA3HOTO TeHepaTopa 3MiHHOTO cTpyMy Hampyror 220 B wacrororo 50 I'ip
3 BHyTpimHIM onopoM 0,003 Owm Ta iHgykTUBHICTIO 25 MI'H, SKMH >KUBUTH IEPETBOPIOBAY YaCTOTH —
HeJliHiiHe BUNPSAMILIOYE HAaBaHTAXKEHHsI 31 3HAYHOIO BeTMYUHOI0 eMHOCTI C;, = 560 Mk® B mMHI TOCTIHHOTO

W(z) ®)
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—a ~f-a—a|+ '_i | i T B——a|lA + E—I
Ls1 = d RG
L HAaBaHTaXEHHA
L1 B < :———1 T
L]
o
Oxepeno Bunpamnay
KUBNEHHA
o =
C1 ‘;i_' &
] I >
L L
= = >
Ocuyunorpad
Ic (¢
é F1&F2
L2
I_L f
Cuctema kepysaHHA
e} —J i ‘—j—‘ c2
i 1 ]
C3
Puc. 3 IHBepTOp —TI—
I |

CTpyMy Ta akTUBHHM onopoM R; = 30 Om. [naykTHuBHICTH BXimHOTO Apocens kopekropa L1 5 mI'H, a foro
aKTUBHHUH omip cTaHOBUTH 3 OM. €MHICTP KOHIEHCATOPIB CHJIOBOrO iHBepTOpa CTaHOBHTH 680 MKD.
ITouaTkoBi ymoBH: yacToTa mpkepena sxuBneHHs 50 ', amrutityaa Bxigaoi Hanpyru 310 B, Buxigna Hanpyra
HemiHiltHOro HaBaHTakeHHS 310 B. Momens cuctemu KepyBaHHS (iITbTPOKOMIICHCYIOUOTO IIPHUCTPOIO
MmoKa3zaHa Ha puc. 4.

I L
1L
]- gl B N ]y 4 1 m
A fen i L
abs{u-1) Peneinuit NivifHa N SF Feneparop
IHBEpCYIOYMI Briok eKcTpanonALiA Lind posmii ¢ inkTp IHTErpaTop
Brnok
1
KoHcTaHTa
Puc. 4 D

Ic

PesynpTat MOAENIOBaHHS 3a MAaKCUMAaJbHOTO CTPyMy HENiHIHHOrO HaBaHTaxeHHs 30 A HaBeIeHO
Ha puc. 5.

B pe3ynbrati MonentoBaHHs 3aranbHUi Koe(illieHT rapMOHIHHHUX CIIOTBOPEHb 33 CTPYMOM JIXKepena
XKUBJIEHHA 3MeHmuBCs 3 35,20% mo 4,0 % micis TOro, SIK aKTMBHUH KOPEKTOp CTpyMYy KOMIIEHCYBaB
TapMOHIKH CTPYMY, SIKi TeHepy€e HaBaHTAKCHHS.

Peanizarito mudpororo pexxkexkropHoro (ipTpa BukoHaHo Ha ruiardopmi ESP32-S3, mo MictuTh
JBOsIICpHHI MikpokoHTposiep Xtensa® 32-bit X7, 3naTtHuii npamtoBatu Ha yactoTi 240 MI'1, Ta mae 512
Kb BHyTpimHBOi mam’sati SRAM. 3aBmsaku inTerpoBanomy Wi-Fi 24 I'Tn Momymnio BiIKpHUBA€ThHCS
MOXIIUBICTD BiJIaJIGHOTO KOHTPOJIO Ta IarHOCTHUKH MapaMeTpiB poOOTH aKTHBHOTO (idbTpa i OHOBIICHHS
nporpaMu oro pobotu 3a gonomoroto Mmexanizmy OTA update (Over the Air).

Sk moKepeno KUBJIEHHS BUKOPUCTAHO TiOpuaHuil omHoda3Huil conssyanii iHBepTop Solis 4 kBT (S6-
GR1P4K), mo HaBaHTa)KCHHI Ha 9aCTOTHOPETYJILOBaHY HacocHY craHiriio Pedrollo motysxwictio 2,2 kBT.
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TexniuHa peamizaris
aKTUBHOI (iNbTpamii BUIINX
TapMOHIK CTpyMy IOKa3aia
aHAJIOTIYHI pe3yNbTaTH (pHC.
6), SK 1y pa3i MOJICTIOBAHHS
B nporpami MATLAB, mpo
HaBEAEHO Ha pucC. 5.

BucHoBku.

1. Bukopucrano uudposuii
PEKEKTOPHUN  inbTp A
(binpTparnii omopHOro KoM-
TIeHCAIlIHHOTO CUTHAITY
AKTHUBHUX (iTBTPOKOMITEH-
CYIOUHX MPHUCTPOIB.

2. OrpuMaHuil aKTUBHHMA
GINBTp BHINMX TapMOHIK
CTpYMy 3aBISKH BUKOPH-
CTaHHIO  3alpONOHOBAHOTO
METOTy mudpooi
¢inpTpanii OMOPHOTO CHUT-
HaJly Ui TeHepyBaHHSA
KOMITCHCAIIMHOTO ~ CTPYyMY
nae 3mory 3Hu3uTH THD
CTPYMy CIOXHUBaHHS 3 38,5
% no 4,3 %.

3. Uudposuit pexexTop-

HUI  inpTp, TWapameTpu
SKOTO MOXKHa  HaJIallTo-
ByBaTH  JIOKaBHO  abo

BiJIJAJICHO 3aJICXKHO BiJl rap-
MOHIHHOTO CKIIaJly HECHHY-
COIMaILHOTO CTPYMY HEITi-
HIHHOTO HaBaHTa)KCHHS,
Ma€ MepeBaru y MopiBHIHHI
3 aHaJOTOBUMHU (iTbTPAMH
CUTHAJIB.

T T T T T T T T T
CTpyM HaBaHTKEHHS |

[

1 1 | 1 | 1 | 1 |

CTtpyM KOMIIEHCaTopa

VN

Crpym Mepexi

| 1 | 1 | 1 | 1 |
[] .01 0.02 003 .04 0.05 0.06 0.07 008 009 L%}

t,c

OcHoBHa rapMOHlKa (50T') = 11.08, THD=4.00%

16f T T T T T
Am | i
mn
TyH 12+ N
a
% |
Bill o
OCH
oB " |
HOT ,,| _
i ‘ WklLL |

o I [ | I _--l-l_I_ﬁ_-_;_-_a._-__-____

200 700 800 200 1000
qaCTOTa,Fu
Puc. 5

4. Pe3ynpraTH €KCIIEPUMEHTANBHOI MEPEeBIpKU 3alMpOMOHOBAHOTO METOAY MOKa3ald, M0 3a JOMOMOTOI0
aKTHBHOI KOpeKUii ¢opMU CTpyMy MOXHA e(EKTHBHO NPUAYIIUTH BHIII TapMOHIKM HECHHYCOINalIbHUX
CTPYMIB, a TAKOX KOMIICHCYBAaTH PEAKTUBHY CKJIaJOBY IIE€PIIOI FTApPMOHIKH CTPYMY.

¥

"\/ L

*. J

",f-‘ P\VIC

/

/ \J\ ’”\“l

,’\ ,\
max 100%

| min 100% @O THD 4.3%

13 15 17 18 21 23 25

Puc. 6

5. HudpoBa ¢inpTparis € MOTY)KHAM IHCTPYMEHTOM OOpOOKH CHTHAJIB, SIKHH CJiJl 3aCTOCOBYBATH Y
napaie’lbHUX aKTUBHUX (UIbTpax 3a/Isi reHeparlii OOPHOTro KOMIEHCAIIHHOTO CUTHAITY, OCKUIBKU BiH Ma€
BHCOKY IIBUIKOAIIO Ta MIPOCTOTY 3aCTOCYBaHHs, WO HiaBuinye epextuBHicTs OKII.
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Pobomy npucesiueno docniodcennio npoyecie nepemeopenHs. HU3bKONOMEHYIIHOI Mmeniogol enepeil 6 eleKmpuuny 3
BUKOPUCIAHHAM MEEPOOMIILHO20 MENI08020 08USYHA HA OCHOGI cnaasis 3 nam smmio opmu (SMA). Akmyanrenicme
memamuKy 3yMOGIeHa 3HAYHUMU 6MPAMAMU HUSLKOMEMNEPAamypHO20 Menia 6 NPOMUCTIO8UX Md eHepeemUYHUX CUC-
memax i HeOOXIOHICMI0 NIOBUWEHHS eHeP20eheKMUBHOCII ABMOHOMHUX OJCepell JHCUBTeHHS. K npueooHi eremenmu
s3acmocogarno npyxcunu 3i cnaagy NiTi, wo peanizytoms 060pOmMHI ayCMeHIMHO-MAPMEHCUMHI a308i nepemeopeHHs
ma 3abe3neuyroms Oe3nocepeOHe nepemeoperHs meniogoi enepeii 8 mexaniuny pobomy. Memotwo pobomu € po3poo-
JIeHHs QI3UYHO OOIPYHMOBAHOI MAMEMAMUYHOL MOOeNi Meni08o20 08USYHA 3 YPAXY8AHHAM YUKIIUHO2O HAZPIBAHHA U
OXOJIOOJHCEHHs, MePMOMEXAHIUHO20 2icmepe3ucy, iHepyii MexaHiuHoi cucmemu ma eieKmpoMexaHiuHoi 63aemoolii 3
2eHepamopoM, a MaKoHC OYIHKA eHepeemUdHUX XapaKkmepucmux YCmaHosKu 2eHepayii enekmpoenepeii. 3anpononosa-
HO mpupisHesuil nioxio 00 MOOENOBAHHSA, WO BKIIOYUAE AHANIMUYHY KEA3ICMAMUYHY MOOeNb 0N IH#CeHEePHUX OYiHOK,
KeasicmayioHapHy mMooenb OANAHCY MOMEHMI8 3a0 GUSHAUEHHS YCMANEHUX PeXCUMI8 ma NO8HY OUHAMIUHY cUucCmemy
OughepeHyianbHUX pi6HsHb, KA 6PAX08YE HECMAYIOHAPHUL MENIoNnepeHoc, (aszosy KiHemuky ma HepyiuHi egexmu.
Pesynvmamu moodenosanns niomeepounu adekeamHuicms 3anponoHo8anoi Mooeni ma NoKa3am Qopmyeanus camo-
Ccmadini30e8anux pexcumie odepmanns i Hacu4eHHss nomysxcHocmi. Bemanoeneno, wo cnpoweni nioxoou 3abesneyyioms
KOHCep8AmueHy OYIiHKY eHepeemuyHUX NOKA3HUKIG, MOOL 5K NOGHA OUHAMIYHA MOOelb Oilbll MOYHO 8I0MEOPIOE nepe-
XIOHI npoyecu ma peanvHi eKCRIYamayitii XapaKkmepucmuxkuy, po30oixicHicms midxc mooenimu He nepeguwye 15-20 %.
Jlocniodceno enaus 060CmMopoHHb020 eexmy nam’ami gopmu, axuu y dianasoui memnepamyp 70—80 °C mooice nio-
suugysamu enekmpuury nomyoicHicme Ha 20-30 %. Ompumani pe3yrsmamu niOMeepoH#Cyoms NepCneKmusHicCms UKO-
pucmanna SMA-0sueynie 3a0na ymunizayii HU3LKONOMEHYIUHO20 menia ma CMEOPEeHHs KOMHAKMHUX A6MOHOMHUX
cucmem manoi eenepayii enexkmpuunoi enepeii. biomn. 20, puc. 7.

Knrwwuoei cnosa: cruiasy 3 nam’siTTio GOpMH, TEIUIOBHI JIBUTYH, €JIEKTPOTreHepallis.

Beryn. AKTyallbHICTH yTHITI3allii HU3BKOMOTEHIIHHOI TerioBoi eHeprii (1o 100 °C) oOymoBieHa
3HAYHUMH BTpaTaMH TeIIa Y MPOMHUCIOBUX Ta CHEPTETUYHNX CHUCTEMaX, a TaKO)K HEOOXiTHICTIO ITiIBUIICH-
HsI eHeproe(eKTUBHOCTI Ta 3MEHIIICHHS BHKHIIIB MAPHUKOBUX Ta3iB [1, 2]. Tpamuriiini TEmIoBi MUK Ma-
I0Th HU3BbKHI KOS(II[iEHT KOPUCHOT JIii 32 MaluX TeMIepaTypHUX HATIOPIB, IO CTUMYJIIOE TIOUIYK albTepHa-
TUBHUX IiJIXO/IB JI0 IEPETBOPEHHS TEILIOBOI eHeprii [3, 4].

OpmHUM i3 TEPCTIEKTUBHUX HAIPSMIB € BUKOPHCTaHHS CIUIaBiB 3 mam’sTTio opmu (SMA — Smart
Memory Alloys), 3maTHIX 3IiHCHIOBATH 00OPOTHI TepMOMeXaHiuHiI (a30Bi MEPETBOPEHHS Ta Oe3ImocepeHbO
NIepETBOPIOBATH TEIUIOBY €HEPrilo B MexaHiuHy poboty [5, 6]. TeopeTnuni 3acagu CTBOPEHHS TEIUIOBHUX JABU-
TYHIB Ha OCHOBI SMA Oynu 3akiasieHi y Kilach4HuX pobotax [7, 8], a momaiblIuii pO3BUTOK IIbOTO HATIPSMY
MOKa3aB MOYKJIMBICTh €()eKTUBHOI pOOOTH TaKUX ABUTYHIB 3a MaJTUX TeMIIepaTypHUX TpamieHTax [9, 10].
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OcTaHHI JOCIHIHKCHHS MiATBEPIKYIOTh TEPCIEKTUBHICTh 3acTOCyBaHHS SMA-NIBHUTYHIB AJIsl TE€HE-
parii eeKTpUYHOT eHeprii 3 HU3bKOMOTEHIIHHUX pKepen Teria [4, 10—12]. Pa3om 3 TuM GinbLIicTh omy0si-
KOBaHUX poOIT 0a3yeThCs Ha CIPOUICHUX KBAa3iCTATHYHUX MOJENSX, [0 HE BPaXOBYIOTh TUHAMIUHI e(heKTH,
MUKJIIYHUHN TEeTIIoMacooOMiH 1 TepMOMEXaHIYHUH TicTepesic Marepiany [13, 14].

MeTto1 pobotr € po3pobieHHs (Pi3nIHO OOTPYHTOBAHOT MAaTEeMAaTHYHOI MOJECII TEIUIOBOTO JIBUTYHA
3 IPUBOJHUMH IpykuHamH 31 crutaBy NiTi, sika BpaxoBye IUKIIYHUEN HArpiB 1 OXOJOKEHHS, TEpPMOMEXaHi-
9YHUH TicTepesic (a30BOro mepexony, JUHAMiKy OOEpTaHHS Ta €IEKTPOMEXaHIYHy B3a€MOJII0 3 TeHepaTo-
pOM, a TaKOK OITIHKA SHEPTeTUIHNX XapaKTEPUCTHUK EICKTPOYCTAHOBKH IiJ Yac poOOTI 3 HU3BKOIIOTEHITIN-
HUMU JpKepenamu Tema [10, 15].

Marepiaau Ta MeTOAU AOCTiIKeHHs. SIK MPUBOAHI €JIEMEHTH BUKOPUCTAHO NMPYXHHU 31 CIUIaBY
NiTi, ¢i3udHi Ta TepMOMEXaHiuHI BIACTHBOCTI SIKHX JETAFHO OMUCAHO y podorax [5, 16, 17]. CrutaBu 1miei
TPyIH XapaKTepPH3YIOThCA 3HAYHOIO BEIMYMWHOIO JOIMyCTHMOI 000pOTHOI Aedopmariii, BUCOKOIO MHTOMOIO
MEXaHIYHOIO €HEPTi€I0 Ta BY3bKOIO METJICI0 TEMIIEPaTypPHOTO TiCTEPE3nCy, IO POOUTH iX MPUAATHUMH LIS
BUKOPHUCTAHHS y TEIUIOBUX ABUTYHaX [6, 9, 18].

ExcniepuMeHTa bHI JOCTIKCHHS TEPMOMEXaHITHUX XapaKTepUCTUK SMA-TIpyKHH, a TaKOX ITOIe-
penHi pe3yabTaTH CTBOPEHHS TEIUIOBUX JBHWTYHIB Ha IXHil OCHOBI HaBeleHO B poOotax [13, 15], mo crano
BUX1/THOIO 023010 JJIs1 TOOY/IOBM MaTeMaTHYHOI MOJIENI Y aHii poOoTi.

YucenbHe po3B’si3aHHS CUCTeMH NU(DepeHIiadbHIX PiBHIHb BUKOHAHO Y MPOrPaMHOMY CEepPEeIOBHIII
Python 3 Bukopuctannsm metosiB PyHre-KyTTH yeTBepTOro-n’aToro NopsKy, Mo MHPOKO 3aCTOCOBYIOTHCS
JUTSL MOJICTFOBAHHS TUHAMIKY HEJiHIHHUX TepMOMEXaHIYHUX cucteMm [19].

MartemaTu4dHa MoAedb. Y TIPOIEC] TOCIIPKEHHSI XapaKTePUCTUK YCTAHOBKU TeHepallil eleKTpud-
HOT €Heprii 3 TBEPAOTUIHPHIM TEILIOBUM JBHUTYHOM Ha OCHOBI MPUBOIHHUX €JIEMEHTIB 31 CIUTABY 3 IaM STTIO
(hopMH 3aCTOCOBAHO TPHU PIBHI MATEMAaTUYHOTO MOJICIIIOBAHHS, SKI BIJPI3HIIOTHCS CTyIIEHEM (i3UYHOI JeTa-
mizarii Ta ckiagHicTio. Takuilt MOXix Jae 3MOTy TEepeBIpUTH y3TOKEHICTh Pe3yNbTaTiB, OLIHWUTH BILTUB
MPUHHATHX CIIPOIIEHB Ta 3a0€3MEYNTH HATIHHICTh KIHIIEBUX BUCHOBKIB.

1. Ananimuuna xkeazicmamuyna mMooessb. AHAITAYHA KBa3iCTaTHYHA MOJETh BUKOPHCTOBYETHCS JUIS
NoMepeaHbOl iHKEHEPHOI OL[IHKHM MOTYHOCTI TEIUIOBOI'O JIBUTYHA Ta BCTAHOBJICHHS 3araJIbHOIO XapakTepy
3aNIe)KHOCTI €HEPTeTUYHUX MapaMeTpiB Bl TeMIlEpaTypy TEIUIOHOCIsA. Mozens mpu3HaueHa s MIBUIKHX
OLIIHOK; aHaJli3y MaciuTabyBaHHs; BHOOPY 0a30BHX T€OMETPUYHUX TTapaMETpiB.

VY Mopeni nmpuiMaroThCs Taki CIPOIIEHHS: CHJa, IO PO3BUBAETHCA SMA-TIPYXHUHOIO, € JiHIHHOIO
(hyHKIIiEFO TEeMITepaTypH y Jiama3oHi (a30BOro mepexomy; 00epTi pododoro Kojeca 3aJat0ThCs eMITIPUYHOI0
3JICKHICTIO Bl TEMIIEpaTypH; TEIJIOBA Ta MEXaHIYHA 1HEPIiS CHCTEMH HE BPaXOBYETHCS; TIPOIEC BBAKAETh-
sl KBa31CTaTUYHUM.

MaremaTuuHuii 3anuc.

Cwuiia ontHi€l IPYKUHU:

T-T
FSMA(T)ZFmax—?’T;STST 5 (1)
T, -T,
KpyTHUI MOMEHT
M g1y (T)F gy (T)m :Sinzai ) (2)
MeXaHiuHa MOTYKHICTh
Buex (T) = Mgy (T)X(T) 5 3)
eJIeKTPUYHA TTOTYXKHICTh
Pen (T) = nZPMex (T) > (4)

ae T — remnepatypa SMA-npyxunu, °C; T, Ty — TemnepaTypy NOYaTKy 1 3aKIHYEHHs BIIHOBJIEHHA (OpMH
npyxunH, °C; Fi.x — MakcUMajbHa eKcliepruMeHTanbHa cuiia SMA-npyxxunu, H; m — ruiede npukiagaHHs
crH (EKCIIEHTPUCUTET), M; O; — KYT MK CHJIOIO i-TO1 IIPYXXKUHHU Ta HOTHYHOMO, pax; o(7) — KyToBa IIBUI-
KiCTh po0OoUoTro Kojieca, pan/c; Ny — cymMapanii KKJ[ MexaHiKo-eIeKTpUIHOTO TIEPETBOPEHHS, B.O.; Pyex(T) —
MeXaHiuHa MOTYKHICTb, BT.

2. Ksazicmayionapna mooenv banancy momenmis. KBazicramionapHa Moaesb npu3HaueHa AJsl yTo-
YHEHHS €HEPreTHYHUX XapaKTEePHCTUK 3 YPaxXyBaHHSM B3a€MOJIii JBUTYHA 3 €NEKTPHYHUM TE€HEPATOPOM.
BoHa BUKOPHCTOBYETHCS [UISA: OIL[IHKH BIUIMBY €JIEKTPUYHOTO HABAHTAKEHHS;, BU3HAUCHHS YCTaJCHUX 00ep-
TiB; aHaNi3y peXUMiB poOOTH reHeparopa.
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OCHOBHI NPUITYILEHHS: MPOLEC PO3TILIAAETHCS K NOCHIJOBHICTh YCTAJIEHUX CTaHiB; TEIJIOBI MIPoOIe-
CH BBaXXAaIOTHCS MHUTTEBUMH BiTHOCHO MEXaHIYHHMX. BpaxoByeThcsi OajaHC KPyTHHX MOMEHTIB; iHEpIiiiHi
YJICHH Y PIBHAHHI pyXy HE BPaxOBYIOTHCS.

MaremaTuyHuii 3amuc.

VYcraneHuil pexxuM BU3HAYAETHCS YMOBOIO

Mg (T)=M,,(0)+M,, (%)
Ie
M, (0) =k, ko-U, ,
R
g
IiCJIs 3HAXODKEHHS () BU3HAYAETHCS
Py =nsM g0, (6)

ae Msy(T) — kpyTHuit MoMeHT SMA-nipyxunn, H-M; Meen(®) — raabMiBHHIA MOMEHT €J€KTPUYHOIO Te€HEpa-
Topa, H-M; M; — MOMEHT MeXaHIYHHUX BTpaT (TepTs, onip y miammunHukax), H-m; k, — koediuieHT enekrpo-
pywLIiiHOI cum reHeparopa, B-c/pan; U, — enexTpuyHa Hampyra Ha 3aTHCKadaX CHOXXHBada, B; R, — BHyT-
pimmHiit omip renepatopa, Om.

3. Hosna ounamiuna ODE-mooens (Ordinary Differential Equations). [loBHa nmuHaMidHa MOJeNb €
OCHOBHOIO MOZEJUTIO JIOCHIPKEHHS 1 BAKOPHCTOBYETHCS 3aJ1s1: aHaJi3y MepeXiTHIX MPOLEeciB; AOCTiKEHHS
CaMO3aIlyCKy; BU3HAUEHHS PEAbHUX YCTAJICHUX PEKUMIB; TIOPIBHSAHHS 3 EKCTIEPUMEHTOM.

OCHOBHI IPUITYIIEHHS: TEIUIOB] Ta MEXaHI4Hi MPOIIECH € HECTalllOHAPHUMU; TeMmIieparypa SMA Bu-
3HAYA€ThCA PIBHSIHHSAM TEMJIONEPEHOCY; BPAaxOBYETHCS TEPMOMEXaHIYHMH TicTepi3 (a3oBoro mepexony;
BPaXOBYETHCS IHEPIIisl MEXaHIYHOT CHCTEMH; TEHEPATOP MOJAECIIOETHCS K SIEKTPOMEXaHIYHE HaBaHTaXKCHHSL.

MaTeMaTHIHHN 3aITuC.
Cucrema nudepeHiiaJbHUX PIBHSIHbD

my, ddzl} = h(e)Ar (Tenv - Ts) - Qtr;

ILZ—OJ:MSMA(TS,F,(;))—M
t

FSM = Fmaxa(Tq’G)g((D)a

(®)—M; (7

gen

e
1 F

g(w)= 1 c=—24 >

I+0 - (»,) A

ne m; — maca SMA-NIpyXUHH, KT; ¢, — mUTOMa TertoeMHicTb SMA, [Ix/(kr-K); A(0) — uukniuauit koediri-

eHT Temooominy, Br/(M?-K); A, — mioma temmoobminy SMA-npyxuHu, M*; 0 — KyTOBE MOTOKEHHS TIPYKH-

s

HU Ha PO6OYOMY Komeci, pa; T, — TeMIepaTypa HaBKOJMIIHKOTO cepenoBHa (Boga abo nositps), °C; O,
— TEIUIOBI BTpaTH (TEIUIONPOBITHICTh y KPIIUIEHHS, BUIPOMIHIOBaHHA Towlo), BT; ¢ — wac, c; [ — 3BeneHui
MOMEHT iHepIii po6oYoro kosneca Ta MPUEAHAHUX MAcC, KI'M?; Myen(®) — raabMiBHUI eleKTpOMarHiTHUi
MOMeHT reHeparopa, H-M; My — MmoMeHT MexaHiyHuX BTpaT (TepTs), H'M; ®. — XapakTrepHa mBHIKICTh (a-
30BOro epexoqy SMA, pan/c; & — yacTka aycTeHiTy, B.O.

PiBastHHEs st cuwt SMA-TIpY>KUHE Ma€e HESIBHUHM XapakTep i po3B’sI3y€ThCS CaMOY3TO/KEHO 3 ypa-
XyBaHHSM BIUIMBY Halpy>XeHHS Ha TeMIeparypy (a3oBoro nepexomy.

TepmomexaHiuHuH TicTepesic (a3oBoro nepexomy mia yac:
HarpiBaHHS

1| T-T,, )
T)=—|1+ tanh| ——=2™ | |; 8
(1) 5 AT, (8)
OXOJIOIXKECHHA

I T-T
&c(T):% 1+ tanh —ATM”’ , 9)

c

ne T4, Ty, — cepenti Temmnepatypu da3oBux nepexoiis, K; A7), AT, — mmpuna nerii ricrepesucy, K.
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PiBHsiHHS TemonepeHocy it SMA-NpyXuHH c(OPMYIHOBAHO HAa OCHOBI KJIACHYHMX MiAXOIIB IO
HECTaI[lOHAPHOTO TEIUIOOOMIiHY 3 ypaxXyBaHHSM MPUXOBaHOI TeIIOTH (hazoBoro mepexoxy [5, 20].

Mozens TepMOMEXaHIYHOTO TicTepe3ncy (pa3zoBoOro nepexony modyA0BaHO 3 BUKOPHCTaHHSAM (peHo-
MEHOJIOTIYHUX 3aJIe)KHOCTeW THIy tanh, mo moOpe 3apeKkoMeHIyBalu ceOe Il 4ac OMHCy ayCTEHITHO-
MapTeHCUTHHX IIepeTBopeHs y cruiaBax NiTi [6, 16, 17].

JuHamiuHe piBHSAHHS 0OepTaHHS poOOYOro KoJjieca 3 ypaxXyBaHHSIM €IeKTPOMArHiTHOTO rajibMyBaH-
HS reHeparopa cOpMYJIbOBAHO Ha OCHOBI KJIACHYHUX MOJIOKEHBb €JIEKTPOMEXAHIKU Ta TEOPii eNeKTPUIHHUX
MarmiH [12].

Buxigni AaHi A1 YUCEILHOTO MOJICITIOBAHHS: KUTBKICTh MPYKUH — 36 IIT.; aKTUBHUX NPYKUH — 18
IT.; AiaMeTp IpoTy — 2 MM; TeMnepaTypa Boau — 80-95 °C; obeptu poboyoro koneca — 95-120 06/xB; nepe-
naBajbHe 4uciio — 1:3. B oCHOBY (i3MYHOTO i TEOPETHYHOTO MOJEIIOBAHHS YCTAHOBKH MOKJIAJEHO KiHeMa-
THYHY CXeMY, Ky Ioka3aHo Ha puc. 112 [1].

YcraHnoBKka U1 reHepatii el1eKTpoeHeprii Ha
0a31 HU3BKOTEMIIEPaTYPHUX IKEPEN TEemJIoBOi eHep-
rii Ta (I3UYHUX BJIACTUBOCTEH CILIABIB 3 TaM’ STTIO
(dhopmu cknamaerbes 3: I — poboue koiieco; 2 — cre-
pKeHb KpiIUIEeHHS TPYKUH 13 (QYHKIIOHAIBHOTO
crutaBy (®@C); 3 — Brynka pobodoro xoineca; 4 — BTy-
nKa-¢pikcaTop; 5 — CTepXKeHb, 6 — TOB3YHOK; 7 —
BTyJKa; 8§ — npyxunu i3 ®C; 9 — cnuui pobdovoro
koxeca; /(0 — mimmmnHauKY; /] — CTOMOpHA BTYIIKA;
12 — Bick pobodoro kojeca; /3 — Bona; /4 — ctaHUHA
KpIIUICHHS JBWTYHA;, /5 — €MHICTh Jyia Boau; 16 —
eNIeKTPUYHNN TeHeparop; /7 — MIKIBU Ta peMiHHA
nepenaya.

Kinematnuny cxemy po0Oo4oro koseca Terl-
JIOBOTO ABWUTYHA i BEKTOpH CHJI mpyxuHH i3 OC mifg
Puc. 1 yac HarpiBaHHs 300pakeHO Ha puc. 2.

2

Puc. 2

HaBenenwuii Ha puc. 1 1 2 BapiaHT TEIUIOBOIO ABUTYHA 3 BEPTUKAJIBHUM POOOUUM KOJIECOM PaAiycoM
r =350 MM Mictuth 36 npyxuH 13 ciuiaBy Ni-Ti-Cu (criaB 3i 3ByKEHUM TEPMOMEXAHIYHAM TiCTEPE3UCOM i
TEMIIEPATyPOIO TIOYaTKy BiqHOBIEHHS hopmu As ~ 50 °C). [Ipy>kuHH BUTOTOBIICHI i3 MIPOBOY AiaMETPOM 2
MM, miamerp nipyxuan 20 MM, JOBXHHA TpoBoxy 950 MM, KibKICTh BUTKIB y TpykuHi 15. Excriepumenra-
JBHUMH JOCIIIKEHHSIMHI BCTAHOBJIEHO, 1110 OJ{HA NPY’KHHA TeHepye peaktuBHe 3ycwiutt 40 H 3a temnepaty-
pu 90-95 °C. Ilentp nil reHepOBaHUX CHJ KOKHOI MPYXXWHH PO3TAlIOBAHMN y TouUlli A, BimajeHii Bix
HeHTpa podoyoro kosieca Ha Biactanb m =120 MM (Biapizok AO). I'eHepoBaHe 3yCHIUIS MPYKUHOIO, HAIPH-
knanx Fyci, Mae 1Bl CKIaloBi — BEpTUKANBbHY F4p; 1 TOpU3OHTANBHY F 5. BepTukanbHa cknamoBa Fypy i€ Ha
mwiede A0 i cTBOPIOE 00EPTOBUIT MOMEHT IJIsi poOOYOTo KoJjeca. 3ayisi TeHeparlii eIeKTpHIHOl eHeprii 3a-
crocoBaHo reneparop G-160 (moryxsicts 300 BT, HomiHanbHi 06epTu 300 00/xB, HOMiHaNBEHA Hampyra 48
B) mexaniuHO TpueaHAHWHN Yepe3 peMiHHY Iepenady 10 poOodoro koieca (IepefaTodyHe YHCIO peMiHHOI
nepenaui 1:3). Temneparypa moBitpst orouyrodoro cepemosumia +15 °C. Y emuocri /5 (puc. 1) Boga Harpi-
BaeThes Big 15 10 95 °C. Boga y eMHoCTI /5 3HaXOAUTHCS Ha PiBHI TOUkU A (LeHTpYy po6OYoro Koieca).
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Takum 9MHOM, y BOJIi, III0 HArpiBa€eThCs, OyAyTh NepedyBaTn 18 MPUBOMHUX MPYKUH i3 CIUIABY 3 IMaM’ SITTIO
thopmu.

Pezynomamu uucenvrnozo mooentogantns. OTpuMaHi YUCENbHI PE3yJbTaTh MiATBEPIUKYIOTH, IO 3a-
MIPONIOHOBaHA MOJIEIh aJ€KBATHO OIMHCYE SIK TIEPEXi/Hi, TaK 1 yCTalueHi peuMu poOOTH TEIUIOBOTO JIBUTYHA.
AHaOTivHI 3aKOHOMIPHOCTI camocTa0imizamii o0epTiB Ta HACHYCHHS TOTY>KHOCTI BiI3HAYAIUCS 1 B 1HIIHX
poboTax, npucesueHux SMA-nBurynam [4, 10, 14].

Ha puc. 3 — 5 HaBeneHO pe3ynbTaTH MOZETIOBAHHS PEXKUMHUX MapaMeTpiB Ul YCTAHOBKH TeHepaii
MEXaHIYHOI 1 eJIeKTPUIHOI TTOTYKHOCTI. 30KpeMa, Ha prc. 3 BimoOpakeHO MpoIiec HarpiBaHHs OMHIET MPYKUHU
y yaci. [opu30HTaNbHI TIOMIAAKH Ha KPHBIil MpOIeCcy HarpiBaHHS NPYKUHU BiIOOpaKarOTh MPOIEC epioany-
HOT'O OXOJIOJKEHHS NPYKUHH y TOBITPi ITijI 9ac KPyroBoOro ii pyxy 3 poOOYHM KOJIECOM JBHTYHA.

Ha puc. 4 306paxxeHo 3MiHy 00epTiB poO0YOro Koyieca TeIJIOBOTO JIBUTYHA y Yaci.

90
120 4
80 =
[¢] 9
T 2 100 4
2 294 3
3 =
2 60 | et
c o
© s
£ 50 - I 601
= o
o <]
Y a
240- E 401
:
30 - 8 20
20 1 0
0 2 4 6 8 10 0 2 4 6 8 10
Yac, c Yac, ¢
Puc. 3 Puc. 4

KpuBi HapoCTaHHS MEXaHIYHOI Ta ENEKTPUYHOT MOTYKHOCTEH MiJ Yac MyCKy YCTAaHOBKH IMOKa3aHO
Ha pHUC. 5. 3aNeXKHICTh eNEKTPUIHOI MOTY>KHOCTI BiI TEMIIEPATyPH BOAH, OTPUMaHy Pi3HUMH METOAaMH MO-
JICITFOBaHHS, TIOKAa3aHO Ha puC. 6.

500 1

400 A

300 A

200 1

MoTyxHIiCTs, BT

EnexkTpu4Ha NnoTyM»HICT, BT

1001 100 ,;'_/ -m- KpazicTaTWyHa
=== MexaHi4Ha NOTYXHICTL //-/ —k- KpazicTauioHapHa
0 —— ENEKTpMMHA NOTYRHICTh 50 4 :f ——— ODE {uwxnivHa Tenn.)
0 1 2 3 4 5 6 70 75 80 85 a0 95
Yac, ¢ TemnepaTypa sogw, °C
Puc. 5 Puc. 6

THopienannus pe3yrbmamis YuceIbHO20 MOOEN08AHHs elekmpudHoi nomyosicnocmi. Y poOOTI eleKT-
pUYHA TOTYKHICTH TEIUIOBOTO IBUTYHA Ha OCHOBI TPYKHH 31 CIUIABY 3 TIaM’ ATTIO (pOpMHU BH3HAYEHA TPHOMaA
HE3aJICKHUMHU MiJX0/IaMH, [0 BiAPI3HAIOTHCS piBHEM (Di3MYHOI JeTami3allii: aHaliTHYHa KBa3iCTaTUYHA MO-
JIeNb; KBa3icTamlioHapHa MOJIENb OallaHCy MOMEHTIB; moBHa nuHamigHa ODE-monens (3 ypaxyBaHHSM Terl-
JIOTIEpEHOCY Ta iHEePIil).

Taxwuii migXig ga€ MOXKIUBICTD: MIEPEBIPUTH CTIMKICTh Pe3yIbTATIB; OMIHUTH BIUTUB (i3UYHUX CIIPO-
IICHB; MTOKA3aTH €BOJIFOIIIO Bl MPOCTOI IHKEHEPHOI OIIIHKH JI0 MOBHOI (hi3MYHOT MOJIEII.

1. Xapaxmepucmuxa memooié po3paxyHKy.
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Meton 1 — aHamiTHYHA KBa3icTaTUYHA MOJIEINb: Tiepeadavae JNiHIHHY 3aIexXHICTh cuin SMA Bif Te-
MIIepaTypH, 3aJJaHy eMITIIpUIHY 3aJIeKHICTh 00EpTIB BiJl TEMIIEpaTypy Ta irHOPYBaHHS TUHAMIKU Ta TETJIOBOT
inepuii. Lleit MeTox qae HIKHIO IH)KEHEPHY OLIIHKY MOTY>KHOCTI.

Meton 2 — kBazicTamioHapHa MOJEINb: BpaXxoOBye OallaHC KPYTHUX MOMEHTIB, 3MEHIIEHHs 00epTiB
T JTI€I0 eIEKTPUIHOTO HAaBAHTAKECHHS TeHEpaTopa; CIpOIIeHHH 00J1ik TepTs. Jlae OUTbIT peanicTHIHy, ajne
BCE 111¢ KOHCEPBATUBHY OIIIHKY.

Merton 3 — noBHa auHamiuHa ODE-Mozenb: BpaxoBye HecTallilOHApHHUN TEILUIONEPEHOC, TepMOMeXa-
HIYHUH ricTepe3uc SMA, iHepIiro MexXaHidHOI CHCTEMH, eJIEKTPOMAarHiTHE rajJbMyBaHHS TeHepaTopa; caMo-
crabimizaiito pexxumy. Leit miaxin gae HaiOLIbII (hi3UYHO KOPEKTHUH PE3ybTaT.

TakuM YMHOM, TIOPIBHSIHHS PE3YJIBTaTiB, OTPUMAHUX TPhOMa HE3aJEKHUMH METOJaMH MOJETIOBaH-
Hs1, TIOKA3aJI0, 110 CIIPOIIEH] aHaIITHYHI Ta KBa3iCTaliOHApPHI MiX0AH JTAI0Th KOHCEPBATUBHY OI[IHKY €JIEKT-
pUdHOI OTYXkHOCTi. HalOinemr Qi3ndHO KOPEKTHI 3HAYCHHS OTPUMAHO 32 JOIIOMOTOIO MTOBHOI TWHAMIYHOT
ODE-mogzeni, sika BpaxoBYy€ TEIUIOBY 1HEPLiIO Ta TEPMOMEXaHIYHUI TicTepe3nuc MPUBOIHUX €leMeHTiB. Pi3-
HHLSA MK KBa3iCTaL[iOHApHOIO Ta TMHAMIYHOIO MOAESIMU He nepeBuiye 15-20 % y poGodomy Temmeparyp-
HOMY JTiara3oHi, M0 MiATBEPIKYE Y3TOHKEHICTh Pe3yIbTaTIB.

VY mpezncrasieHiii MoJelni PO3MIITHYTO OJHOCTOPOHHIH edekT mam’siTi popmu. Pazom 3 TuM mormepe-
JHI eKCIIepUMEHTaIbHI AOCIiIPKEHHS TPOTOTUILY TOKA3aJId MPOsB IBOCTOPOHHBOTO epekTy mam’sTi Gopmu
(TWSME — Two-Way Shape Memory Effect) y npuBonHux enemeHTax, SKUid MOXKe TMPU3BOAUTH 10 AOAAT-
KOBOi akTHBHOI Aedopmarii mig yac oxonomkeHHs. Bupodu i3 SMA MatepialliB MatoTh BIACTHUBICTH HAOY-
BaTH JIBOCTOPOHHBOTO e(eKTy mam’sITi Mmicis MeBHOI KiNBKOCTI IMKIIB AedopManiil i HarpiBaHHS (TpeHy-
BaHHS BUPOOY). YpaxyBaHHS I[bOTO €eKTy MoTpedye BBEICHHS BIIACHOI TeMIlepaTypHoi aedopmarllii Ta €
HPEAMETOM MOAATBIINX JOCIIIKEHb.

HabnumxeHo 11eii ehekT MOXKHA BpaxyBaTH HACTYITHUM YMHOM. JloJaTKOBa caMOreHepOBaHa CUJIa i
4yac OXOJIOMKEHHS

Fyyp (T) =ty Fo (1= §(T.0) . (10)
ne oy = 0,15 — iHTeHcuBHICTS ABOCTOPOHHBOTO edekty (15 % Bim Fi.x, obepexna ominka); &(7,6) — Tep-
MoMexaHiuHa (a3oBa 3MiHHA.

[Ticas moBHOTO (pa3oBOTO MEpEexoqy aycTeHITy B MapTeHCHT (§—0) BUHUKae akTUBHA chia Oe3 30B-
HINTHROTO HaBaHTaXeHHS — (izuuHa cytHicTh TWSME. BignosinHo, kpyTHHI MoMeHT Y ODE-mMonem 6yne
BU3HAYATHCS

MSTAV;A(Fmaxa"'FTW)g((’))m:Sinzai- (11)

UricenbHe MOJIENIOBAHHS €JIEKTPUYHOI MOTYXKHOCTI 3 ypaxyBaHHsIM edexty TWSME mokazano Ha
puc. 7, KW XapaKTepH3ye BIUIMB IBOCTOPOHHBOTO edheKTy mam’sTi (OpMH Ha eJIEKTPUIHY IMOTYKHICThH
TETJIOBOTO JBUTYHA.

Brmus aBocTOpoHHBOTO epexTy mam’sati hopmMu
[JIIXOM BBEJICHHSI CIIPOIIEHOI CAMOTEHEPOBAHOI CHIIO-
BOI CKJIQJIOBOT ITOKAa3aB, IO 3a TEMIEPaTyp TEILIOHOCIsS
B miana3zoHi 70-80 °C enekTpUYHA TOTYKHICTH MOXE
3pocratu Ha 20-30 %, Toni K 3a TeMmepaTypu IOHAZ
90°C BImIMB MpOro ePeKTy MPAKTUIHO 3HUKAE. e cBim-
YHUTH MPO MEPCIEKTUBHICTh BUKOPUCTAHHS «HABUCHHUX)
SMA -eneMeHTIB 33 1 yTHIII3a1ii HU3bKOIIOTEHIIIHHOTO
TerrIa, aje moBHOIIHHE MoaemoBanas TWSME motpe-
Oye BBEJCHHS JI0OJATKOBOI BHYTPIIIHBOI 3MiHHOT — BIla-

300 1

250

200 A

EnekTpu4Ha NnoTy»XHicTb, BT

150 4

—e— ODE (0AHOCTOPOHHIf edbexT) cHOI TemriepatypHoi Aedopmailii Ta BiAMOBITHOI eKcIie-
100 4 TR SOBINSIE pPUMEHTAIBHOT ineHTHDIKALT mapaMeTpiB, 10 BUXOAUTH
70 75 80 85 90 95  3a MexXi JaHOi poOOTH i € IPeAMETOM IOJANBIIMX T0-
TemnepaTvpa soawm, °C CJ'Ii,Il)KCHL.
Puc. 7

Oo6roBopenHs pe3yiabTaTiB. OTpuMaHi pe-
3yJIbTaTH YHCEIBHOTO MOJEIIOBAHHS JMAlOTh MOJKIIH-
BICTh 3pOOWTH HHU3KY NMPHHIUIIOBUX BUCHOBKIB 100 (pi3uKH mporeciB Ta e(eKTHBHOCTI pOOOTH TEIIIOBOTO
JIBUT'YHA 3 TIPHBOJTHIMH €JIEMEHTaMH 31 CIUIaBy 3 maM’aTTio Gopmu. [lepemyciM BCTaHOBIICHO, 10 YaCTKOBE
3aHypeHHS NpUBOAHNX SMA-IpYXHWH y TEIUIOHOCIH He JHIIe He 3HIKY€E €HepreTHYHUX XapaKTePHCTHK
YCTaHOBKH, a HaBIAKu — (pOpMye CTIHKHN MUKIIYHAN PEKUM HATrpiBaHHS Ta OXOJIODKEHHS, SKHI € HeoOXi-

84 ISSN 1607-7970. Texu. enexmpoounamira. 2026. Ne 3



HOIO YMOBOIO BUHHKHEHHSI HETTO-KPYTHOT'O MOMEHTY. Takuii pe>xuM poboTH 100pe y3romKyeThes 3 eKcIle-
PUMEHTAIBHAMHU CHOCTEPEKEHHIMH ISl MOJIOHMX KOHCTPYKIIH, HaBeJeHUMH B poboTax [13, 15], i migrBe-
PAXKY€ NOUiTbHICTH BUKOPUCTAHHS BEPTHKAJIBLHOT KOMIIOHOBKH POOOYOro KoJeca.

BaxnuBuM pe3ynbTaTOM € BCTAaHOBJICHHS POJIi TEPMOMEXAHIUHOIO TicTepe3ucy (ha3oBOro mepexony
SMA six akTHBHOTO (hi3MIHOTO MEXaHi3My T'eHeparlii MexaHiqHo1 poboTr. Ha BimMiHy Bix TpamuIliitHOTO Tpak-
TYBaHHJ TICTEPE3UCy SK JDKEpena BTPAT y aHild YCTaHOBII came Pi3HUIS TePMOMEXaHIYHHX HILIXIB Y Mporieci
HarpiBaHHS Ta OXOJIOIKEHHS MPHUBOJHUX €JIEMEHTIB 3a0e3leduye BUHHKHEHHS Pe3yJbTyIOuOro 00epTOBOTO
MOMEHTY. TakuM YHHOM, TiCTepe3uC € He Mapa3uTHUM, a GYHKIIIOHATPHUM YHHHUKOM pOOOTH TBEPAOTLIEHOTO
TEIIOBOTO JBUTYHA, L0 Y3TOKY€ETHCS 3 TEOPETUUHUMH TOJI0KEHHIMH, BUKIAACHUMH Y [4, 9].

[opiBHAHHS TPHOX PiBHIB MaTeMaTUYHOTO MOZEIIOBAHHS IOKA3alo0, 0 aHAJITHYHA KBa3iCTaTUYHA
Ta KBa3icTalioHapHa MOJIeNi OalaHCy MOMEHTIB 3a0€3MeuyI0Th KOHCEPBATHBHY OIIHKY €JIeKTPUYHOI MOTYXK-
HOCTI 1 MOXYTh €(heKTHBHO BUKOPHUCTOBYBATHCS Ha €Talli TOMEPEAHBOT0 1HKEHEPHOTO MPOEKTYBaHH:A. Bo-
Hovac moBHa AuHamiuHa ODE-mopeb, sika BpaxoBy€e HECTaliOHAPHUN TEIIONEPEHOC, IHEPIil0 MeXaHIqYHOT
CHCTEMH Ta €JIEKTPOMEXaHIUHy B3a€EMOJII0 3 TEHEPATOPOM, A€ 3MOTY KOPEKTHO ONHUCATH MepeXifHi mpoLe-
CH, CaMO3aIyCcK i camocTadimi3aIlio pexXuMiB pOOOTH YCTAaHOBKHU. Pi3HMIISI MiK pe3ysibTaTaMH KBa3iCTaIlio-
HApHOI Ta JMHAMIYHOI MoJienell y pobouoMy TeMIepaTypHOMY Aiana3oHi He nepesuinye 15-20 %, mo cBi-
YUTH PO BHYTPILIHIO Y3TOHKEHICTh MiAXOAIB Ta TOCTOBIPHICTh OTPUMAHUX YHCIOBUX OLIIHOK.

OxpeMoi yBaru 3aciyroBye aHalli3 BIUTUBY IBOCTOpOHHBOTO eekty nmam’sati dpopmu (TWSME). Ha-
BiTh Yy CHpOIIeHil ()eHOMEHOJIOTiUHIH TOCTaHOBII IOKAa3aHO, M0 3a Temreparyp TeruioHocis 70-80°C
TWSME wmoxe 3a0e31e4iTr iCTOTHE 3pOCTaHHS €NEeKTPUYHOI MOTYKHOCTI YCTaHOBKH, IO OCOOJIHUBO BaX-
JUBO AJSl yTHJIi3alil HU3bKONOTEHUIHHOTO Teria. BonqHoyac 3MEHIIEHHS BIUIMBY LIbOTO €(DEeKTy 3a BHUIIMX
TeMIiepaTyp € (Gpi3nIHO OOTPYHTOBAaHMUM HACIIIKOM ITOBHOTO ayCTEHITHOTO IepeTBOpeHH. [[0BHOITIHHE Bpa-
xyBanHss TWSME notpeOye BBeJeHHs 10JaTKOBOI BHYTPIlIHBOI 3MiHHOT — BJIacHOi TeMrepaTypHoi aedop-
Marlii MaTepiany Ta eKCHepUMEHTAIbHOI iIeHTH(IKaIil BiIOBIIHUX MMapaMeTpiB, 0 OOTPYHTOBAHO BHUHE-
CEHO 3a MeXi TaHOi POOOTH.

3aranoM pe3yJbTaTh MOJENIOBAHHS IMiJTBEPIKYIOTh, IO 3alPOIIOHOBAaHA YCTaHOBKA 3/1aTHA e(ek-
TUBHO TIEPETBOPIOBATH HU3BKOIOTECHLINHY TEIUIOBY €HEPTil0 y MEXaHiuHy Ta eJIeKTPUUYHY 3 BUXiTHOIO MO-
TY>KHICTIO, IOCTaTHBOIO JUIS IPAKTHYHMX 3aCTOCYBaHb y CHCTEMax yTHJIi3alii BiANpaboBaHOTO TEIIa.

BucHoBku.

1. Po3pobneno ¢izmyHo 0OTpyHTOBaHY OaraTOpiBHEBY MaTeMaTHUHY MOJENb TBEPAOTUILHOTO Tell-
JIOBOTO JIBUTYHA 3 IPUBOJHUMH HPY>KUHAMH 31 CIUIaBYy 3 aM ATTIO GOPMH, SIKa NOEAHY€E aHATITHYHHUHN, KBa-
3icTaIlioOHapHUil Ta MOBHUW TUHAMIYHHUHN IIIXO0IH 1 Ja€ MOKIUBICTh KOMIUIEKCHO aHaIi3yBaTH po0odi pexKu-
MU YCTaHOBKH.

2. lloBua gunamiuna ODE-mozens BpaxoBye HecTaliOHApHUH TEIUIONEPEHOC, HUKITIYHUNA HarpiB i
OXOJIOJDKCHHS TIPUBOTHUX CIEMEHTIB, TEPMOMEXaHITHHH TicTepe3nc (a3oBOro mepexomy, iHepIlio MeXaHid-
HOI CUCTEMH Ta eJIeKTpOMEXaHIuHe HaBaHTaKEHHs reHeparopa, 1o 3abe3nedye BUCOKY (i3WYHY aleKBaT-
HICTb YHCENFHUX PE3yJIbTATIB.

3. BcTaHoBi€HO, IO NUKIIYHE 3aHYpeHHS] SMA-TIPY>KUH y TEIIOHOCIH (popmye CcTaOimbHUA IIUKITi-
YHUH TETUIOBHH PEXUM 1 He 00MEeXye e(DeKTUBHICTH poOOTH ABUTYHA. TepMOMEXaHIYHHH TiCTEPE3UC BUCTY-
nae KIOYOBUM JIKEPEIIOM HETTO-KPYTHOTO MOMEHTY Ta € HEOOXiIHOI0 YMOBOIO (D)YHKLIOHYBaHHS TBEPIOTi-
JBHOTO TETJIOBOTO JBUTYHA.

4. IlpoBeneHe MOPIBHSIHHS TPHOX METOIIB MOJEIIOBAHHS MPOJASCMOHCTPYBAJIO, IIIO CIPOIICHI KBa3i-
CTaTU4HI TiIXO/AW JAIOTh KOHCEPBATHBHY OIIHKY €JIEKTPHUYHOI MOTYKHOCTI, TOJIi SIK TIOBHA JHHAMIYHA MO-
Jenb 3a0esnedye HalOimbm Qi3MYHO KOPEKTHHH OMMC MPOLECiB. Y3roMKeHiCTh PE3yJIbTaTiB MiATBEPAKYE
JIOCTOBIPHICTh OTPHMAaHHUX OI[iHOK.

5. BceraHoBieHO, 10 IBOCTOPOHHIHM edekT mam’saTi (OpMH MOTEHIIIHO MOXKE CYTTEBO IiIBUIIUTH
€JIEKTPUYHY MOTY>KHICTh YCTaHOBKH Y Jlialla30Hi HU3BKMX TeMIeparyp TerioHocid. Lle BigkpuBae mepcrex-
THUBU 3aCTOCYyBaHHs HaBYeHHX SMA-eneMeHTiB AJisl epeKTUBHINIO! yTHIIi3allii HU3bKOIIOTEHIIIHHOTO TeIlIa.

6. BusHaueHi pe3ynbTaTd MiATBEPIKYIOTh MEPCIIEKTUBHICTh BUKOPUCTAHHS TEIUIOBUX JABUTYHIB HA
OCHOBI CIUTaBIB 3 IaM’SITTIO ()OPMH Y CUCTEMax JCICHTPali30BaHOl TeHepallii Ta yTHiIi3allii BiAmpanboBaHO-
ro TeIia i CTBOPIOIOTH HANifiHy TEOPETHYHY OCHOBY Ul MOAAJBIIMX EKCIIEPUMEHTANbHUX AOCIIIXEHb 1
ONTHMI3allii KOHCTPYKITii yCTAaHOBKH.
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BASED ON SHAPE MEMORY ALLOYS FOR GENERATING ELECTRICITY
FROM LOW-POWER HEAT SOURCES
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The work is devoted to the study of processes of conversion of low-potential thermal energy into electrical energy using
a solid-state heat engine based on shape memory alloys (SMA). The relevance of the topic is due to significant losses of
low-temperature heat in industrial and energy systems and the need to improve the energy efficiency of autonomous
power sources. NiTi alloy springs are used as drive elements, which implement reversible austenite-martensite phase
transformations and ensure the direct conversion of thermal energy into mechanical work. The aim of the work is to
develop a physically based mathematical and numerical model of a heat engine, taking into account cyclic heating and
cooling, thermomechanical hysteresis, the inertia of the mechanical system and electromechanical interaction with the
generator, as well as to evaluate the energy characteristics of the power generation plant. A three-level approach to
modelling is proposed, including an analytical quasi-static model for engineering estimates, a quasi-stationary moment
balance model for determining steady states, and a complete dynamic system of differential equations that takes into
account non-stationary heat transfer, phase kinetics, and inertial effects. Numerical integration was performed in Py-
thon using fourth- and fifth-order Runge—Kutta methods. The simulation results confirmed the adequacy of the pro-
posed model and showed the formation of self-stabilised rotation modes and power saturation. It was found that simpli-
fied approaches provide a conservative estimate of energy performance, while the full dynamic model more accurately
reproduces transient processes and real operating characteristics; the discrepancy between the models does not exceed
15-20%. The influence of the bilateral shape memory effect, which in the temperature range of 70-80 °C can increase
electrical power by 20-30 %, was investigated. The expediency of partial immersion of SMA elements in the coolant to
ensure stable cyclic heat exchange was demonstrated. The results obtained confirm the prospects of using SMA engines
for the utilisation of low-potential heat and the creation of compact autonomous systems for small-scale electricity
generation. References 20, figures 7.

Keywords: shape memory alloys, heat engine, electricity generation.
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EJIEKTPOTEXHOJIOI'TYHI KOMIUJIEKCHU TA CUCTEMU

YVJK 621.35.035: 537.84 DOI: https://doi.org/10.15407/techned2026.03.088

MYJIbTUPIBUYHE MOAEJIOBAHHS EJIEKTPOMAT'HITHOI'O TO3ATOPA
YCTAHOBKMU /U1 BUPOBHUIITBA CBUHLEBUX I'PAHYJI

A.®. Kapkin', akanemixk HAH Vkpainn, O.1. Bonmap , kan. TexH. HayK,
O.L I1yxeHbKHii , KaH. TexH. HayK, B.I. 3a103umii  , KaHI. TEXH. HAYK
Incturyt eaexrpoannamiku HAH Ykpainn,

np. bepecreiicbkuii, 56, Kuis, 03057, Ykpaina,

e-mail: gaiS6@ied.org.ua.

Il enekmpomacHimHo2o 003amopa 3 IHOYKYIIHUM HAGEOEHHAM CMpYMYy 6 KAHALL pPO3POONEeHO MPUBUMIDHY
MAmemMamuyHy Mooeib 63AEMON08 A3AHUX eNeKMPOMASHIMHUX, 2I0pOOUHAMIYHUX [ mennogux npoyecie. Lllnsxom
NOPIGHAHHS 3 eKCNEPUMEHMANbHUMU OAHUMU, OMPUMAHUMU 01 00CTiOH020 3paska MI ][ yemarnosku 0ns eupobHuymea
CBUHYEBUX 2PAHYI, BUKOHAHO anpodayito mamemamuyHoi Mooleli eleKmpomazHimHux npoyecie @ odozamopi. 3a
00NOMO20I0 MAMEMAMUUHO20 MOOeN08anHs 0CHioxceHo (izuuni npoyecu 6 cucmemi "imOykmop odoszamopa —
3AMKHEHUll KaHal 3 pIiOKuM Memaniom — MacHim oozamopa”. Busnauemo enekmpoMacHimui ma eHepeemuyHi
napamempu 003amopa, 6CMAHOGLEHO 0COOIUBOCE MENI0B8020 CMAHy pioko2o memany 6 1o2o kanaii. Cpopmynbosano
PeKoMeHOayii w000 3HUICEHHS nepespisy Memany 6 kanaui dosamopa. bioin. 9, puc. 10.

Knrouosi cnosa: MI']] ycTaHOBKa, €ICKTPOMArHITHUI 103aTOp, MYJIbTH(I3UYHE MOICIIOBAHHS, IEPErpiB MeTaly,
TPaH3UTHUH pyX.

Beryn. Illupoke BukopucTaHHs Oe3minmoTHUX mitanbHux amnapaTiB (bmJIA) 30poliHUMH cuiaMu
pociiicekoi denepartii y BiitHI mpoTH YKpaiHH TOCTPO ITOCTABWIJIO THUTAHHS TMPOTHAII UM CHCTEMaM.
Busiemiiocst, mo npotumis brJlA, ocobauBo Takum MmanuM sk FPV-npoHu, € Haa3BHUaliHO CKJIaJHOIO Ta
OararorpanHolo npoOnemoro. He 3Bakaroun Ha HAsABHICTh TAKUX BUCOKOE()EKTUBHHUX 1 MEPCHEKTHUBHUX
3ac00iB SIK PpamiOCNeKTPOHHE MPHUIYLICHHS, YPaKEHHSI HAJABHCOKOYACTOTHMM Ta JIa3€pHUM BHIIPO-
MIHIOBaHHSIM, Ha CYYacCHOMY €Tali CBOTO PO3BHTKY BOHHM HE [AIOTh 3MOTH CaMOCTIfHO TapaHTOBAaHO
3ano0irati nonboTy brJIA B paiioH BUKOHaHHS 3aBJaHHS, MalOTh OOMEKEHHs 1010 3aCTOCYBaHHS 3B S3KY,
noTpeOyIOTh 3a0e3MeUeHHs] eIeKTPOMArHITHOI CYMICHOCTI 3 iHIIMMHU PaJioelNeKTPOHHUMHU 3aco0amu, He
MarOTh BUCOKOTO CTYIICHIO BUOIPHOCTI CTOCOBHO ITiJIEH, M0 ypaxaroTecs. OTxe, 3a3HaueHI 3aCO0M Ha JaHWI
yac MOXYTb OyTH BHUKOpHUCTaHi 3am1st npoTufii briJIA Tinbku B CyKynmHOCTI 3 iHIIMMH 3ac00amu, B TEpILy
yepry i3 3acobaMu (i3MIHOTO Ta BOTHEBOTO ypakeHHs [1].

Cepen HaiOinpmr eheKTHBHUX 3ac00iB BOTHEBOTO ypakeHHS FPV-IpoHiB MOXHa BUIUIHTH
3HUINEHHS iX BOTHEM CTpPUICIBKOI 30poi, B TepIly 4epry 3 TIIaJKOCTBOJIBHUX PYIIHHI, BPaKaIOUHUM
€JIIEMEHTOM SIKHX INEPEBAXHO € CBHHLEBHUH Ipi0 [2]. BukopucTaHHs CBHHLEBOTO APOOY SK BPa)Karouoro
eJIeMEeHTY Ha0OIB Ja€ MOKJIMBICTH 30UIBIMUTH TUIONTY YPaKCHHS, IO BaXUTHBO IS MIPOTHUIIl TAKHUM MaJIo-
PO3MIpHHM NIBMAKICHMM Ta MaHEBPEHUM HiisAM sk FPV-nponu. Ixuim HemomikoM € HemocTaTHs eeKTHBHA
JanbHicTh ypaxeHHs (1o 50 m). 3acTrocyBaHHA HaOOiB 3 CBHHLEBUM APOOOM 3aaisl mpoTufii Manum briJIA
NOCTIHO MOLIMPIOETHCS TA YIAOCKOHAMIOEThCA. 30KpeMa B 30HI OOMOBHX Iilf MPONOHYETHCA CIOPAIHKATH
KOXXHY TPAHCIIOPTHY OJWHUITIO OApazy MeKUTbKOMa INTaTHUMHU pPYIIHHUIIMH (apoboBukamu) [3]. s
OpOTUAIl PO3BiAyBaNbHUM OC3MUJIOTHUKAM CYNPOTHBHHKA HaOyBa€ IMOIIUPEHHS MPAKTHKA BCTAHOBIICHHS
IpoOOBUKIB Ha JApoHH-TiepexoruroBadi [4]. 3amns 30imbleHHS eQEKTUBHOI JallbHOCTI ypaKeHHS
MIPOTIOHYIOTHCS TTATPOHH 3 OUTHIIUM JPOOOBO/TIOPOXOBHUM HABINIYBAaHHAM. BemeThcs MOMIyK y HaNpsIMKY
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CTBOPEHHSI OUIBII MOTYXHUX IApOoOOBUX HAOOIB [UIS TIIAJAKOCTBOJBHOI 30pOi, MiJCTBOJIBHUX TPAHATOMETIB,
PaKeTHHIIb TOIIO, 10 OY€ MPU3BOIUTH JI0 PI3KOT0 301IBIICHHS HEOOX1THUX 00CATIB CBUHIIEBOTO APO0OY.

[Torpeba B HaOOSMX A0 TMAAKOCTBOJIBHHUX PYLIHUIbL B YKpaiHi B OCHOBHOMY 3a/I0BOJIBHSIETHCS 32
PaxyHOK IMIIOPTHHX IIOCTaBOK CIIOPSIPKEHHX MHCIMBCHKHX IATPOHIB, IIO € JOPOro i HepalioHaJbHO.
BiracHe BUPOOHUIITBO CBHHIIEBOTO APOOY € TOCUTH OOMEKEHHM Ta BEIETHCSA HAIIBKYCTAPHIMH CITOCOOaAMHU.
IlepeBaxxHO TPOIMOHYEThCS M’SIKUH 1pi0, SKUH Mae HE3aJOBUIBHI OalliCTUYHI TIOKa3HMKH BHACHIIOK
nedopmanii mix yac moctpiny. OcoOunBo Takuil Apid Hee)eKTUBHUN y pasi BETHKOT0 ApOoOOBO/TIOPOXOBOTO
HaBimryBaHHS [5].

B Incruryti enexrponmuHamiku HAH VkpaiHum B cBili yac OyJ0 3amporoOHOBaHO OTPUMYBATH
MeTajJeBl TpaHyld PO3MIpOM A0 5 MM M[UIAXOM 3a0€3MeYeHHS KEPOBAHOTO KaIlIAPHOTO po3mary
LTI HAPUYHUX CTPYMEHIB METAJIEeBOT0 PO3IUIaBy 3a AOIOMOIOIO MEPIOINYHUX €JIEKTPOMAarHiTHUX cuil. Taki
CHJIM CTBOPIOIOTH B 00’€Mi pimKoro MeTalxy Ha BXOAi B Hacamok (kamiOpoBaHy Gine’epy), mo dhopmye
CTpyMiHb. Peamizamiss ©poro wmerogy Jgama 3MOTY pO3pOOMTH HH3KY JOCHIIHHX (J1a00paTOpHHX)
MarHitorigpoanHamivaux (MI'J]) mpucTpoiB /uis rpaHyMOBaHHS PI3HUX METaliB Ta CiuiaBiB [6]. OgHUM 3
MPUKJIaAiB Takoi peamizamii craga MI'J] ycraHoBKa st BUpOOHHIITBA CBHUHIIEBOTO APOOY, SKa MOETHYE B
co0i TpoliecH MIaBJIeHHS METaly B IHIYKIIHHIN KaHAaJIbHIN Medi, IepeMillyBaHHs pO3IUIaBy W MiATPUMAaHHS
CTabiNpHOrO #Oro piBHSA 3a JOMOMOIOI0 MAarHiTOOMHAMIYHOTO Hacocy, (opMyBaHHS 1 HOApIOHEHHS
ITIHAPUYHUX CTPYMEHIB B €JIEKTPOMArHiTHOMY [03aTOpi 3 YTBOPEHHSIM MOHOIHCIIEPCHUX C(HEpUIHHX
YaCTUHOK PO3IUIABY Ta KPHCTANI3allil0 OCTAHHIX Y BOASHHUX IUTIBKaX. TaKUM YMHOM, 3aBaHTKYIOUHU B 1[I0
YCTaHOBKY TBEPIUI MeTaj, Ha BUXOAI ii OTPUMYIOTh TOTOBHIA APi0.

MI'Jl ycraHOBKa AJ1s1 BUPOOHMLITBA CBUHIIEBOTO IpOOYy 1a€ MOJIMBICTH ONEPATUBHO OPraHi3yBaTH
0e3 3HaYHUX M0MAaTKOBHX (hiHAHCOBHUX BHTPAT KOMIIAKTHE BUPOOHHUIITBO CBHHIIEBOTO IpOOY; OTPUMATH IS
CTHIOPS/DKEHHSI MPOTHIIPOHOBUX Ha00TB TBepauii pib (32 paxyHOK KpHCTaIli3alil Ta IIBUIKOTO 0XOJIOKEHHS
Y BOJIi); BUKOPUCTOBYBATH SIK BUXi/JIHY CUPOBUHY 3aMiCTh TIEPBUHHOTO CBHHIIIO OUTHII JACIICBUI BTOPHHHUAN
CBHHEIIb; BIIMOBUTHCS BiJl 3aCTOCYBAHHS JOPOTHX Ta IMIKIITMBUX T00ABOK 3aJ1s 301IBIIICHHS TIOBEPXHEBOTO
HATATY pO3IUIaBy (HANPHUKIAM, 3'€JHAHb MUMI'AKY); CYTTEBO CIPOCTUTH (IIOPIBHSHO 3 KJIACHYHHUM CIIOCOOOM
JUTTS) TEXHOJOTIYHMH MpoLec 3a paxyHOK BHUKJIIOYEHHS LIUJIOrO DAY OIepamiif, Takux K IOHepenHs
MiArOTOBKA PO3IUIaBY (IJIaBJICHHS, padiHyBaHHs, IPUTOTYBAaHHS CIUIABY), COPTYBaHHs (BiIOpakoByBaHHS) i
knacudikanis 3a po3Mmipamu apoOy Ta iH., IO BUMAaramTh JOJAaTKOBOTO pOOOYOro MepCOHAIy,
JOPOTOBapTICHOTO MTPOMHCIOBOTO O0JIAAHAHHS Ta 3HAYHUX POOOUNX TUIOL AJIsl HOTO PO3MIILEHHS.

KepoBanuii posman ctpymeHiB pigkoro merany B MI'J] ycTaHOBII 3IiHCHIOETBCS 3a TOTIOMOTOIO
€JeKTPOMAarHiTHUX CHJI, 10 HaBOMIATHCS B pITKOMY MeETali B pe3yibTaTi B3aeMOJIl TMEepEeXpecHUX
CJIEKTPUYHMX 1 MarHiTHUX MoJiB. KOHCTPYKTHBHO €NEKTPOMATHITHI J103aTOPH BHKOHYIOTHCS y BHIIISAIL
€JIEKTPOMArHiTy MOCTIHHOrO a0 3MiHHOTO CTPyMy, B HPOMDKKY $IKOTO PO3MIIIEHO KaHal 3 PiIKUM
MeTajoM. B kaHaii mpoTikae MOB3MOBKHIN 3MIHHUN €IEKTPUIHUN CTPYM, SIKUH MiABOIUTHCS KOHAYKTHBHO
a00 HABOAMTHCH THAYKTOPOM. Y pe3yibTaTi B3a€MOAIl IIbOTO CTPYMY 3 IONEPEYHHM MArHITHHM IOJIeM
€JIEKTPOMArHiTy B PIOAKOMY MeTali BHHUKAIOTh NEPIOAMYHI EJIEKTPOMArHiTHI CHJIM, SKi BHKIUKAIOTH
MOJYJIALIII0 THCKY B PIAKOMY MeTalli HaJl HaCaJAKOM, a, BIAMIOBIAHO, i MOIYJISIIIO IIBUAKOCTI CTPYMEHS, IO
BHTIKA€ 3 HAcaIKa, CIPHUAIOYN B IMOJAIBIIOMY HOTO PETyJIIPHOMY PO3Iamy Ha OKpeMi Kparuti Tij i€l CHJI
MOBEPXHEBOTO HATSTY.

VY Bunaaky iHAYKUidHOTO HaBeIEeHHA CTpyMy B KaHaii gozaropa MI'/l yctaHoBka amist BUpOOHHULITBA
CBHHLIEBOTO APO0Y CKIANAETHCS 3 JBOX IIPAKTUYHO OJHAKOBUX 3a CKJIAJOM Ta HE3aJEKHHUX OAHA BiJl OAHOI
€JIEKTPOMArHITHUX CHCTEM, JIO0 CKJIAAy KOXKHOI 3 SIKUX BXOAWTH IHAYKTOp, 3allOBHEHUH PIIKUM METAJIOM
3aMKHEHHMH KaHall Ta eJeKTpoMarHiT. IlmaBieHHs MeTandy Ta MiATPUMAaHHS HEOOXigZHOTO TeMIIepaTypHOTo
PEKXUMY PO3IIaBy B 000X cHCTeMax 3a0e3Meuy€eThes 32 PaXyHOK BHOOPY BEIMUMHH €JICKTPHYHOTO CTPYMY Y
BIJIMIOBIIHUX KaHaJlaX, CHJIOBA Jis HA METal — 3a PaxyHOK B3a€MOJIii IOB3JIOBKHBOTO CTPyMY B KaHallaxX 3
MOTIEPEYHUM MArHITHUM IOJIEM €JICKTpOMarHiTiB. B po06oTi [7] Ha OCHOBI TPHUBHUMIPHOTO KOMIT IOTEPHOTO
MOJEIOBAaHHA PO3IVIIHYTO €JEKTPOMArHiTHI MpoLecH B MEpLIiil 3 IHUX CHCTEM, a caMe: B CHCTeMi
"IHIYKIIifHA KaHAIBHA Y — piAKOMETaleBHA Hacoc'", 1Mo, 30KpeMa, 1ajgo 3MOTY PO3PaXyHKOBHM IIIITXOM
JOCHITUTH MOJIMBICTh peaimi3alii B YCTaHOBII (pa30BOr0 KEpyBaHHS EIEKTPOMArHITHUM THCKOM
pizkomeraneBoro Hacoca.

MeTta ui€i podorn — mus MI'J] ycTaHOBKM ISl BUPOOHHIITBA CBHHIIEBOTO Npo0y 3 IHAYKIIHHIM
HaBEJICHHSAM CTPYMYy B KaHaJi EJEKTPOMArHiTHOTO J03aTOpa Ha OCHOBI TPUBHUMIPHOTO MAaTEMaTHYHOTO
MOJIENIOBAaHHS B3a€MOIIOB’I3aHMX €JEKTPOMArHiTHHUX, TiAPOAMHAMIUYHMX 1 TEIUIOBHX IMPOLECIB BU3HAYUTH
eJIEKTPOMATHITHI Ta SHEePreTUYHI MapaMeTpH eNeKTPOMArHITHOTO 03aTopa, NOCHIAWTH IXHIA BIUIMB Ha
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TEXHOJIOTTYHHH PEXUM pOOOTH 03aTOpa, BCTAHOBUTH 3aKOHOMIPHOCTI TEIUIOBOTO CTaHy PiAKOro MeTaly B
KaHaJIl J103aTopa Ta BU3HAYUTHU NUISIXU BJIOCKOHAJICHHS KOHCTPYKIlii YCTAHOBKU. 3a/1adi I[bOTO JTOCIIPKEHHS
NOJSIraloTh Yy po3poOli MareMaTHYHOI MOJeNi B3a€MOIOB’SA3aHUX MYyJIbTH(I3MYHHX MPOLECIiB B
€JIEKTPOMArHiTHOMY [03aTOpi, BH3HA4YEHHI Ha OCHOBI KOMII'IOTEPHOTO MOJIENIOBAHHS HOT0 OCHOBHHX
SHEPTreTUYHUX Ta CJICKTPOMATHITHUX IMMapaMeTpiB, MOITYKY pillleHb IOI0 3HWKCHHS IEperpiBy METaly B
KaHaJ 103aTopa.

JouineHicTh BUKOPUCTAHHS iHAYKTHBHOTO HABEIEHHS CTPyMy B KaHaii go3atopa MI'J] yctanoBku
BHHHKJIA BHACTIOK HEOOXITHOCTI IMIBHUICHHS MPOAYKTHBHOCTI YCTAHOBKH, IO MOXUIMBO peaji3yBaTH 3a
PpaxyHOK 30UTBIIEHHS YaCTOTH PO3May CTpyMeHiB. sl IbOTro 3alpoONOHOBAHO MiJBUIIUTH YaCTOTY CTPyMY
B KaHaJi J03aTopa, a MepioJUyHi eJEeKTPOMAarHiTHI 3yCHIUIS CTBOPIOBATH 32 PaxyHOK B3a€MOJii 3MIHHOTO
€JIEKTPUYHOTO CTPyMy B KaHalli 3 MarHiTHUM II0JIEeM €JIEKTPOMAarHiTy mnoctiiiHoro crpymy. llinBuineHHS
YacTOTH CTPYMY B KaHaJi 103aTOpa, BEITWIMHA SKOTO B IpoIleci poOOTH MOXKe csraTh 3HadeHb a0 600 A,
3po0MII0 HepalioHABHUM HOTro KOHAYKTHBHE ITiJIBEICHHS, BPaXOBYIOUH MiJBHILIEHI BTPATH MOTY>KHOCTI Ta
naaiHHs HAIpYTH B KaOeJsX MK 103aTOPOM Ta KEPEIOM KUBIICHHS.

Ha puc. 1 cxemaTMyHO NpPEACTaBIEHO KOHCTPYKTHBHY CXEMYy €JIEKTPOMAarHiTHOIO [03aTopa
nociigHoi MITJ] ycTaHOBKH 3 1HAYKTHBHUM HaBEACHHSIM CIEKTPUYHOTO CTPYMY B KaHalli. 3aMKHEHUH KaHAal
1 mig’egHaHo 1o poOoyoro BiICIKY 2 BaHHU 3 PIAKUM METANOM, Ji¢ MiATPUMYETHCS MOCTIMHUN piBEHb
pinkoro merany H. EnekTpuuHMH CTpyM B KaHali HaBOOUTHCS 3a JAOMOMOror iHmykropa 3. Jlo ckmamy
J103aTOpa TaKOX BXOJAUTH €JIEKTPOMATHIT IMOCTIHHOTO CTpyMYy 4, B MPOMIXKY SKOTO 3HAXOIUTBCS poboya
YacTHHA KaHally 3 HacaJKaMu 5, 0 GOPMYIOTh LMIIHAPUYHI CTPYMEHI piAKoro Merany. [HaykTop nosaropa
KUBHTHCS BiJl IEPETBOPIOBAaYA YACTOTH, SKHH Ma€ 30aTHICTh HE3aJIEXKHO PETYJIOBATH HAIIPYTy B MEXax Bif
0 mo 380 B i wactory B mgianmazoni 100...400 I'm.

3a  Takoro KOHCTPYKTHMBHOTO  pillEHHS  YacToTa
CJICKTPOMArHITHUX CHJI B J03aTOPi BHU3HAYAETHCA YaCTOTOIO
CTpyMy B KaHaji, a piBeHb CJIEKTPOMArHiTHOTO THUCKY B HBOMY
3aJIOKUTh BiJl MOOYTKY 3Ha4eHb CTPyMY B PO3IUIABI Ta THIYKII
MarHiTHOTO TOJIi B TPOMDKKY eleKTpoMarHity. B mpomeci
OTPUMAaHHS MOHOJHMCIEPCHUX YacTOK (ApoOy) nmiameTp HacaiKis,
BUCOTA PO3IUIaBY HaJ HHUMH 1 YacTOTa BHUMYIICHOTO pPO3Mary
CTPYMEHIB MMOBHHHI OYTH y3TOJXKEHI, a piBeHb €IeKTPOMarHiTHUX
CWJI JOCTaTHIM JUTsl TIOAPIOHEHHS CTPYMEHIO Oe3rmocepeHpo Oifs
BHUTOKY. 3amisd 3a0e3nedeHHs cTabiTbHOTO (OPMOYTBOPEHHS Ta
e(EeKTHBHOTO OXOJIOJDKEHHs NIpoOy OakaHO MaTH Ha BUXOMI 3
HacajgkiB CTa0inlpHy TeMIepaTrypy pO3IUIaBy 3 HE3HauHHM
neperpiBom (10-20 °C) BimHOCHO TeMIIepaTypH ILIaBICHHSL.

3 ExcniepuMenTanbHi  mociifpkeHHs  gocaignoi ML
YCTAaHOBKM 3 IHAYKUIHHMM HaBeICHHAM CTPyMy B KaHaii

CJICKTPOMArHiTHOTO  J03aTOpa 3arajoM 3acBiIUMiIM  Ipare-
3JIaTHICTh 3aIPOIIOHOBAHOTO KOHCTPYKTMBHOrO pimeHHs. B Toit

Puc. 1 e Jac MpOBEIeHI AOCHiIKeHHS 3a(ikCyBali AESKY CKIATHICTDH

MiATPUMAHHA CTaOUTBHOTO TEMIIEPaTypHOTO pPEXHUMY KaHaTy
J03aTopa B Tporieci Woro poOoTH. Sk BiJOMO, BUKOPHUCTAHHS METOIIB MaTeMaTHIHOTO MOJCTIOBAHHS B
JIOTIOBHEHHSI JI0 €KCIIEPUMEHTAJIBHUX JTOCII/KCHb A€ 3MOTY TIHOIIe 3p03YMITH B3a€MO3B’ 30K (Pi3HUHHX
SIBHL B CKJIQJHOMY TEXHOJOTiYHOMY OONagHaHHI, LIO CHOpHA€ K 3HAXOKEHHIO ONTUMAalbHHUX
KOHCTPYKTHBHHX pIIlIeHb U HOTO CKJIaJOBHX EJIEMEHTIB, TaK i BHOOPY pamioHAIEHUX TEXHOIOTIYHHX
PEXUMIB HOTO EKCIUTyaTarii.

MatemaTuyna Moaenab. Po3paxyHKOBEe HOCTIKEHHS (i3UUYHUX MPOLECIB B €JIEKTPOMArHiTHOMY
J03aTopi 3 IHAYKTHBHHM HAaBEICHHSAM EIEKTPUYHOTO CTPyMy B KaHaldl mOTpeOye BHpILICHHS
€JIeKTPOMAarHiTHOI, TIAPOAMHAMIYHOI Ta TEIIOBOI 3amad. MOoJemoBaHHA MYJBTH(IZUIHUX IPOIIECiB
BUKOHYBaJIocsl B TiporpamMHoMy cepenosuii Comsol Multiphysics [8]. JocmimkyBaBcst ycTaleHUH PeKUM
poboTu mo3aropa, Ui SKOTO SK BHXIJHI JaHHI PO3IJIAJAlHCs HApyra 4d CTPyM IHIYKTOpa J103aTopa,
9acTOTa Ta NMPOXYKTUBHICTh HO3yBaHHA. PO3paxyHKOBY 00JIaCTh CHCTEMH «IHIYKTOP — 3aMKHEHHH KaHall —
MarHIT J103aTOpay» i3 CKiHYeHHO-CJIEMEHTHHM CiTKOBHM PO30OMTTSIM MpEACTaBICHO HA puc. 2. MaTemMaTHuHa
Mojens (I3MYHMX MPOUECiB, IO pPO3MNIAAAIOTECS B LI poOOTi, BKIO4Yae B ceOe PiBHSHHA
€JIEKTPOMAaTHITHOTO TIOJIs, TIAPOUHAMIKY Ta TEIUIoNepeaayi.
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3amada po3paxyHKy €JIEKTPOMAarHiTHOIO IOJIsi BUpILIyBaiacsi 0e3 BpaxyBaHHS €JICKTPOPYIIIHHUX
CWJI 3a PaxyHOK PyXy PO3ILIaBy B MarHiTHOMY IOJIi, OCKUIBKH JUIsi pOOOYOro Jiama3oHy 4acToT CTpyMy B
kaHami po3aropa 100-400 I'm BOHM HEXTOBHO Mali BiIHOCHO EJIEKTPOPYLIIMHUX CHJI €IeKTPOMAarHiTHOI
iaykuii. [IpuiiHATe CHPOIIEHHS Aal0 MOXJIMBICTH CKOPHCTATUCS AJSL MOJICTIOBAaHHS €JIEKTPOMAarHiTHHX
nporeciB iHTepdeiicom "Marnitai ons" (The Magnetic Fields interface), ocoGnMmBICTIO SKOTO B 9aCTOTHIN
00acTi € 3acTOCyBaHHs KalliOpyBaJbHOTO IMEPETBOPECHHS BIIHOCHO BEKTOPHOTO MArHITHOTO MOTEHIIaNy.
BoHO nae 3Mory BUKIIOUHTH 3 PO3TJSLY CKAISPHUI E€NEKTPUYHUI HOTEHLIal 1 THM CaMHM CKOPOTHUTH
KUTBKICTh HE3aJIe)KHUX 3MIHHUX CHCTEMH PIBHSHb 3 YOTHPHOX MO TPHOX. PIBHSHHSA IS pO3paxyHKY
€JIEKTPOMArHITHOTO TMOJS BiJIHOCHO OTPUMAHOTO BHACIHIZIOK KaTiOpyBaJbHOTO MEPETBOPECHHS BEKTOPHOTO
MAarHiTHOTO MOTEHIialy A B 3arajlbHOMY BUITaJKy Ma€ BUTIIS
Vx(uy' 1’V xA)+ (joo —o’s,e,)A =, (1)
I€ o 1 €& — Mar"iTHa Ta AieJeKTpUYHA MPOHUKHICTH BaKyyMy; L, 1 € — BIIHOCHI MarHiTHi i AieJIeKTpUYHI
NPOHUKHOCTI; G — IUTOMa EJIEKTPOIPOBIAHICTE; ® — KyTOBa 4acTora; J o1 A — BiIMOBiZHO KOMIUTEKCHI

aMIUTITYAU TYCTUHH 30BHIIIHBOTO (3a]aHOT0) CTPYMY Ta BEKTOPHOT'O MarHiTHOTO MOTEHIialy.

3a3HaueHudl iHTepdeiic  ommio-
HaJIBHO IS 0araTOBUTKOBUX KOTYIIOK IO
pe3yibTaTaM pO3paxyHKIiB, BHXOASYH 3
MOJIOKEHb  TeOpil  eNeK-TPHUYHUX  Kill
(U=IR+ jo¥, ne U, I,¥ — xomm-
JEeKCHI 3HA4YeHHS HANpyru, CTpyMy Ta
MMOTOKO3YETICHHSI KOTYIKH, R — 11 omip),
Jla€  MOJJIMBICTP 32 YMOBH 3aJaHOTO
CTpyMy B KOTYIIKaxX BH3HA4aTH Ha HUX
HaNpyry, i, HaBIaKW, 32 YMOBHU 3a/1aHOi
HamnpyTH Ha KOTYIIKaxX — BU3HAYATH B HUX
CTPyM.

HeoOxigHo 3a3HauMTH, IO MOBA
H7e mMpo MOHATTS ENeKTPUYHOI HAIpyTH,
sIKe BHUKOPHCTOBYETHCS B Teopil elek-
TPUYHHUX KiT Ta Ha mpaktwmi. Lle Bapto
YTOUHIOBAaTH, OCKUIBKH B  3arajlbHHX
paMKax TEOPETHUYHOI eJIEKTPOTEXHIKH, 5K
BimoMo [9], Teopis eNeKTPUUHUX Kill Ta
TEOpiss EJICKTPOMArHITHOTO TIOJS BHKO-

Puc. 2 PHUCTOBYIOTh Pi3HI MOHSTTA EIEKTPHUYHOT

HATPYTH, SKi PaJUKAIBLHO BiAPI3HAIOTHCS

Mk coboro. Haramaemo, mo B Teopii €NeKTPUYHUX KiJI HAlpyra BH3HAYAETHCA SK PI3HUIS CKAIIPHUX

CJIEKTPUYHMX TMOTEHLIaNIB, € OJHO3HAYHOIO BEIWYMHOIO MK ABOMA JOBIIBHUMH TOYKAMH E€JIEKTPUYHOTO

KOJIa, @ CyMa HarpyT M0 3aMKHEHOMY KOHTYpY IOPIBHIOE HYJIIO. B Teopii eleKTpoMarHiTHOro mojs Hanpyra

BU3HAYAETHCS K IHTETpajl HANpPY)KEHOCTI EJIEeKTPUYHOrO MOJIS MDK JBOMa TOYKAMH, 3HA4YEHHS SIKOTO

3aJICKUTh BiJl NUISXY IHTErpyBaHHs, a IHTErpal MO 3aMKHEHOMY KOHTYpPY B 3araJlbHOMYy BHIAAKYy HeE
JOPIBHIOE HYIIO.

['pann4HOIO0 YMOBOIO [T €JIEKTPOMArHiTHO 3a7a4i Oyna yMOBa MarHiTHOI 30701l nx A =0, ge n —
BEKTOpP 30BHIIIHBOI HOpPMaJi A0 30BHIIIHIX I'PaHHLb PO3paxyHKOBOI 001acTi (30BHILIHS 001acTh y BUTIISAL
MPSMOKYTHOTO ITapaeleliney Ha puc. 2 He ToKa3aHa).

EnexrpomarnitHa 3amadya BHpillyBajiacs B JIiHIHHIM TOCTaHOBII 3 BUKOPHCTAaHHAM IOCTIHHOTO
3HA4YEeHHS BiJHOCHOI MarHiTHOI MPOHUKHOCTI L, = const JUIA IIMXTOBaHMX (PEPOMATHITHHX Oceplb Ta 0e3
BpaxyBaHHs 3aJI€KHOCTI IIUTOMOI eJIEKTPOIPOBIAHOCTI G BiJl TEMIIEPATypH, OCKUIBKH TeMIlepaTypa KaHaly 3
PIIKAM METaJOM sl YCTAJICHOTO PEKUMY POOOTH €IIEKTPOMATrHITHOTO J03aTOpa 3MIHIOETHCS HECYTTERO.

3a pesysibraTaMu pO3paxyHKY BU3HAYAIIUCS CEPeHI 3a mepioa 00’e€MHi enekTpoMarHiTHi cwiu f B
piAKOoMy MeTalli Ta THTOMa MOTYXXHICTh ¢ B CTPYMiB B KaHalli J103aTOpa, SIKi BHUKOPHUCTOBYBAIHCH,
BIJIITOBITHO, B TiAPOAMHAMIYHIN Ta TEIIIOBiH 3agadax

f=0,5Re (JxB), )
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q=0,5J-J/0, 3)

. w
ne J, J i B — KOMIIEKCHA aMIUIiTya I'yCTHHH CTPYMY MPOBiJHOCTI, CHpPSKEHI KOMILIEKCHI aMILTITY 1
TYCTUHH CTPYMY MPOBITHOCTI Ta iHAYKIIi1 MAaTHITHOTO TOJIS BiAIOBiIHO.

lNpoponvHamiyHa 3amada po3paxoByBayiacs Ui 00’€My pimkoro merany nozaropa. lIBuakicts u
piAkoro wmertany BH3HAuUamacs WOUISIXOM pilieHHs piBHAIHb Hab'e-CTokca ans cramioHapHoi Tewii 3
BUKOPHUCTaHHAM k-€ MoJeni TypOYJeHTHOCTI sl pO3PaxyHKy Koe(imieHTiB e(eKTHBHOI JWHAMIYHOI
B'SI3KOCTI

pM(u-V)uz—Vp+V-(ne¢Vu)+f; 4)

V-u=0, (5)
J€ Py — FYCTHHA PIIKOTO METay; p — TUCK; TNep — KOE(DILIEHT eeKTUBHOI JUHAMIYHO B'A3K0OCTI MeTaiy; f —
o0'eMHa e€NEKTpPOMAarHiTHa CHJa B pIIKOMYy MeTami, oO4YHCIIeHa 3a pe3yJibTaTaMd pPO3pPaxyHKy
€JICKTPOMArHiTHOT 3a1a4i.

Sk daxrop, 1m0 BU3HAYAE OCHOBHHMI PyX PIAKOrO METaly B J03aTOpi, 3afaBajacs ITpaHHYHa YMOBa
BUXOJIy Ha BiJIbHIHM MOBEPXHiI OTBOPY Hacaaka Juisi GOPMYBaHHS HWITIHIPHYHUX CTPYMEHIB PiIKOTO METaly 3
3aIaHAM 3HAYEHHSM MacoBOi MPOAYKTHUBHOCTI fo3atopa G [kr/rox]. [ns oTBopy B maHI poOOYOTO BIACIKY
BaHHM 3 PIIKMM METAJIOM, 4epe3 SKHH MeTal MOJAETHCS PiAKOMETaJIeBUM HACOCOM B 03aTOp, 3aJaBaacs
TpaHUYHA YMOBa BXOJY 3 BIJIIOBIIHMM BHXOAY 3HaY€HHSIM MacoBOI MPOXYKTHBHOCTI. 'paHWYHI yMOBH Ha
CTIHKaX KaHaJy Ta poO0YOro BiFICIKy BaHHH 3aJaBajHCSd y BUTIISAAL JIOTApU(MIYHOTO MPOQLITIO MIBUIKOCTI
JUIsL IPUTpaHUYHOTO mapy. Ha BepxHiil (BifIbHIN) MOBEPXHI PIIKOTO METaNy y BIJICIKy BaHHU NpHAMAanacs
yMOBa KOB3aHHSI 3a BiICYTHOCTiI HOPMaJbHOI CKJIa10BO1 IIBUAKOCTI PyXy.

TemmoBa 3agada po3paxoByBaiacs I 00’ EMy PiIKOTO METaly, METaJeBUX CTIHOK BaHHU Ta KaHATY
nozaropa. Jlns MoAeNIOBaHHS TEIUIOBUX MPOILECIB  BUKOPHCTOBYBAJIOCS —CTalliOHAPHE PIBHIHHS
TETJIONIPOBIAHOCTI 3 BpaxyBaHHAM TEIIOMACONEPEHOCY 3a PaXyHOK PyXy PiAKOTO MeTany

pCu-VI'=V-(1,VT)+q, (6)

ae C, — mnuroMa TeIUIOEMHICTh; 7 — aOCONIOTHA TEMIEpaTrypa; A, — Koe(ilieHT e(eKTHBHOI
TETIONPOBITHOCTI;, ¢ — BHYTPINIHI JKepesia TEIUIOTH, OOYMOBJICHI TPOTIKAHHAM B PIiAKOMY MeTaji Ta
CTIHKax KaHaly eJCKTPUYHOTO CTPyMY, pO3MOMALT SIKHX BH3HAUYEHO 3a pe3ylbTaTaMH pPO3PaxyHKY
€JIEKTPOMArHiTHOI 3a/1a4i.

Brenenns B piBHsSHHSA (6) KoedimieHTa eeKTUBHOI TEIIOMPOBIAHOCTI Ta€ MOKIIUBICTh BpaxyBaTH
JOJaTKOBY Tepeavy TEIUIOTH 3a paXyHOK TypOYJEHTHHX ITyJbCallild, M0 BUHHUKAIOTH 3a TYpOYJICHTHOTO
pyxy posmnasy. Ilin yac po3paxyHKiB IpUHAMAIIOCH, IO Ay IEPEBUILYE MOJIEKYJIIPHE 3HAYEHHs KoedillieHTa
TETIONPOBITHOCTI TSI PITKOTO METaIy Ha TOPSIOK (B IECATH pa3).

[MuToMuii TeIIOBMH TMOTIK 3 TMOBEPXHI J3epKaja PIAKOro MeTaly Yy BaHHI 3a paxyHOK
BUIIPOMIHIOBaHHSI BPaXOBYBaBCsI BiTIOBIAHO JI0 3arajbHOBIIOMOTO BHpa3y

Pmd :écSB(T4 _754)3 (7)
ne & = 0,3 — mpuBeaeHa CTYIiHb YOPHOTH IOBEPXHI PO3IUIABY; Oy =5,67-10"° Br/(M’K*) — mocriita

Credana-bomsiiMana; TeMirepaTypa HaBKOJIHMIITHEOTO CEPEIOBHUIIA BBaXxkanacs piBaoro 7; = 300 K.

JonaTkoBo a1 11i€1 MOBEPXHI BpaXxoByBaJlacs BTpaTa TeIlla 3a paXyHOK KOHBEKIIHHOT TEIIOBiIaqi

B, =hT-1,), (8)

ne h = 10 BT/(MZK) — xoedimienr TermoBigmaui (KTB) mis ropm3oHTandpHOI MOBEpXHI 32 MPUPOIHOT
KOHBEKIIi.

OOpane 3HaueHHs Koe(illieHTa TEIUIOBIAaYl € OJM3bKUM JI0 BEPXHBOI MEXI Jiana3oHy 3Ha4eHb 6-
12 Br/(M’K), sKuii pEKOMEHIOBAHO [Uisi pO3MIEHMX B NPUMIIIEHHAX IIOCKAX IOBEPXOHb,
TEIUIOI30JIbOBAaHNX BEPTUKAIBFHUX Ta TOPU3OHTAIBHHUX TPyOONPOBOIB 3a BiNBHOI KOHBEKINii (Xitodui B
Vkpaini CHull 2.04.14-88. Jlomatox 9). 3a3Haummo, IO ISl PO3PaxyHKOBOI OIIHKH TEILIOBOTO CTaHY
po3IUIaBy B KaHalli J03aTopa TOYHICTH 3aBiaHHS 3HaueHb KTB He € mpuHiunoBuM MomeHTOM. Tomy, B
nepuioMy HaOmmkeHHI naHe 3HaueHHs KTB Oynme BukopucTOBYBaTHCH 1 Hajami B TEIUIOBIH 3aadi Mmij dac
BH3HAYCHHSI BTPAT TEIUIA 32 PaXyHOK BUIbHOI KOHBEKIIIT 3 YCiX IHIMUX ITOBEPXOHb.

[MuToMuli TEMIOBHUN MOTIK A0 HABKOJUIIHLOTO CEPEIOBHIIA 3 TEIUIOI30JIbOBAHUX MMOBEPXOHb BAaHHU
Ta KaHajy J03aTopa 3 METOI0 CIIPOIICHHS MOJCIIOBAHHS TaKOXX BH3HAYaBCS BIAMOBIAHO 10 BHUpasy (8)
IIUIAXOM BBEICHHS €(EKTUBHOIO Koe(illieHTa TeIIoB1 Al Ay, KU IHTErpaabHO BPAXOBYE TEIIOBUM OMIp
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TETUTOI30JIAIIT Ta KOHBEKIIHHY TEIUIOBIAa4y 0 HABKOJMIIHBOTO CEepeloBHUINA. TakWi MiIXix aae 3MOry,
30KpeMa, YHUKHYTH «IIepeMabOBYBaHHS» TCOMETPII ITiJ] 4aC MOJIC/IIOBAHHS BILUTUBY TOBIIMHU TEILIO130 AT
Ha TEIJIOBUY CTaH J103aTopa.

3HaueHHS eQeKTUBHOrO Koe(illieHTa TeIUIOBiqAadi Ui IDIOCKMX IIOBEPXOHb BaHHH J103aTOpa

BH3HAYAJIOCS Y BIITOBITHOCTI 3 BUPA30M
-1
=] %] 9)
eof —| T, T s
A, h
Iie O 1 Ay — TOBIIIMHA Ta KOSQIIIEHT TEILIOMPOBIIHOCTI 130JISIIiT.
Jnst Bu3HaueHHs e(eKTHUBHOTO KoedillieHTa TEIIoBiIAayl KaHaly BUKOPHCTOBYBABCS MPHOIM3HUI

BUpa3, SKUA 31 3POCTaHHAM TOBIMMHHU NWIIHAPUYHOI TEIUIOI30NALII BpaxoBye 30LTBIICHHS IDIOMI
MOTIEPEYHOTO TEPETHHY TEIIOI30JIAIII Ta MOBEPXHI TEIUIOBiAmaYi. B Mexax CHiBBITHOIIEHHS 30BHINTHHLOTO

Ta BHYTPIIIHBOTO JIaMETPIiB TEII0130J1Li1T dp/d; < 2 moxubKa 11,0ro BUpasy ckiaaae Mexme 1 %
-1
d,—d)-d 1
hy = (d,—d)) L (10)
ﬂ’ix'(d2+dl) h'(dz/dl)

Ha puc. 3 mpencraBieHo pospaxoBaHi y BigmoBigHocTi 3 Bupazamu (9), (10) 3amexHoCTI
e(ekTUBHOrO Koe(imieHTa TEIUIOoBiAadi BiJ TOBIIWHHU TETUIOI30JAIIl JUIA BHITAJKIB IJIOCKHX MOBEPXOHBb
(xpuBa /) Ta UWWIIHAPUYHOTO KaHalmy (KpuBa 2).
h,y BT/(v>K) 3aneKHOCTI OTPUMAHO JUIsl HACTYMHHUX BHUXITHUX
10 — MAHUX: KOe(DImi€eHT TEeIUIONPOBIAHOCTI  TEIUIO-
130711l (BaTth 3 06a3anbTOBHX BOJIOKOH) A; = 0,05
8 B1/(m'K), xoedinmient termoBimmaui k2 = 10
2 Br/(M’K), niamerp kamamy d; = 0,02 m. [lns
6 BHUITAJIKy IMFUIIHAPUYHOTO KaHATYy 3OBHIIIHIHN
1 JiamMeTp 130JiA1lii BU3HAYABCS Y BIAIOBIIHOCTI 0
4 Bupasy d, = d; + 2-9;.

[lin ywac moCHmiPKeHHS TEIJIOBOTO CTaHy
KaHally 1103aTopa Ha TEIUIOI30JhOBaHIN IMMOBEPXHI
0 JIO3YIOUOr0 BiJICIKY BaHHU 2HOCTiI?IHO 3a/1aBanocs

0 0,005 0,01 0,015 O m  OHAUCHEA g = 2 Br/(u°K), mo simnosinae
’ TOBIIMHI 130JIAMii JUIA TUIOCKUX CTIHOK 20 MM.
Puc. 3 TemmepaTypa po3IuiaBy Ha BXOJli B poOOUHI BifICiK

BaHHU ckJagana 600 K.

Pe3yabTaTH  KOMI'IOTEPHOTO MOJEJIOBaHHsA. B  po0oTi  TpeacTaBlIeHO  pe3yibTaTH
PO3PaxyHKOBOTO JOCIIKCHHS KOHCTPYKIIIi €IeKTPOMArHiTHOro go3aropa gociignoi MI'J] ycraHoBku mist
BUPOOHMIITBA CBUHIIEBOTO JpOOy 3 IHAYKTHMBHMM HaBEJCHHSM CTpyMy B KaHaii. [lnomia momepedHoro
TepeTHHY MArHITHOro ocepis iHAykTopa ckiamama S = 50 cM’, KilbKicTh BHTKIB OOMOTKH — w = 167,
JlocmimkeHHsT eeKTPOMAarHiTHOTO JI03aTopa BHKOHyBajocs B miama3zoHi dactotr 100...400 I'm 3a ymoBu
JKUBJICHHS 1HAYKTOpa Harpyroro B Mexax Bin 0 mo 380 B.

Jia 3a3HaYeHWX BHINE KOHCTPYKTUBHUX IapaMeTpiB iHAYKTOpa 103aTOpa 3HAYeHb MaKCHMAalIbHOI
HaIllpyTH Ta MiHIMaJIbHOI YaCTOTH WOTO >KMBJICHHS MaKCHMAaJIbHE CepellHE 3HAYCHHS MarHiTHOI iHIYKITi B
HIMXTOBAHOMY (epoMarHiTHOMy ocepAi iHAYKTOpa CTaHOBHTh Omm3pko 1 Tn, mo migTBepmkye
MPUUHSATHICTH JIHIHOT TOCTAaHOBKH €JICKTPOMArHITHOI 3ajadi 3 3aJaHUM TOCTIHHUM 3HAYEHHSIM BiJIHOCHOT
MAarHiTHOI MpOHHUKHOCTI L,. Ilix ac po3paxyHkiB ii 3HadeHHs mpuiitmanocs W, = 2000. 3HadeHHS MUTOMOT
€JICKTPONPOBIIHOCTI PIIKOr0 MeETaly Ta KaHaly J03aTopa B MOJEIl NPUAMAIUCS MOCTIHHUMHU IS
temrnepatypu 600 K (327 OC), sIKa HE3HAYHO IMEPEBUINYE TEMIIEPaTypy IUIaBiIeHHs cBHHIO (320 °C). Jlns
PO3IUIABY CBUHIIIO 3aaBajiOCs 3HAYEHHSI Gpp, = 0,85 OM-IM'I, JUTS HepyKaBitouoi craini — 6, = 1,15 om'm™.

3ay1s epeBipKyu aIeKBATHOCTI po3po0IeHOi MaTeMaTHYHOT MOJIENi eJIEKTPOMArHITHAX TPOIIECiB B
no3aropi OyJ0 BHUKOHAHO TIOPIBHSHHS OTPHUMAaHUX pE3yJIbTAaTiB PO3PaxyHKY eJNEeKTPOMarHiTHoi 3ajadi 3
EKCIIEPUMCHTAILHUMHU JaHUMU. EKCrieprMEHTallbHI JOCIiDKEHHS 1HAYKTOpa mno3aropa mociigHoi MI'J]
YCTAHOBKH TIPOBOJMIINCH 3a BIJICYTHOCTI Y CKJIAIi €JIEKTPOMArHITHOI CHCTEMH J103aTOpa eIECKTPOMATrHITY
mocTiiiHOro cTpyMy. Moro BiACyTHICT BpaxoByBanacs B MOJEN 3aBIAaHHSIM Ui MigoGnacTi ocepis
€JICKTPOMATHITY 3HAYEHHs BiJHOCHOI MAar”iTHOI MPOHMKHOCTI W, = 1. B Xoal eKkcrnepuMeHTalIbHUX
JOCTDKEHb BUMIPIOBAIIMCS 3HAYEHHS CTpyMy / B iHIYKTOpi Ta CIIOKMBaHA M aKTHUBHA MOTYXHICTh P ams
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nianazony yactotu 100-300 I'. BumiproBanus npoBoamiucs 3a Hanpyru U = 393 B (MakcuMaibHa Hanpyra
MIEPeTBOPIOBaYa YaCTOTH) JIJIS TIOPOXKHBOTrO KaHamy Ta 3a U = 142 B — i 3al0OBHEHOTO PiIKMM METaJIOM

KaHay.
P.Br T A
800 4
4+ .
600 T3
400 | 2
‘:::-t-—-i"——"t——-"n
TTTAT s - - -
200 o . I !
0 0
100 150 200 250 £

3a/1aHi B MOJIENI €JIEKTPOMArHiTHI BIACTHBOCTI MaTepialiB.

Puc. 4

Ha puc. 4 nna  mopiBHAHHA
HPEACTaBICHO pe3ybTaTH eKCIepH-
MEHTAIBHOTO Ta PO3PaXyHKOBOTO JOCIiIKECHb
€JIEKTPOMArHITHOI ~ CHCTEMH  «iHAYKTOp  —
3aMKHEHUWA KaHajl Jo3aTopa». YepBOHUM
KOJILOPOM Ha MAIIIOHKY [MO3HAYEHO pPe3yJIbTaTH,
0 OTPHMAaHO [UIS IOPOXXKHBOI'O KaHaly 3a
HanpyTy Ha iHAyKTOpi U = 393 B, cuHiM — mis
3a[I0BHEHOI'O DIIKUM METaloOM KaHaly 3
Hanpyroto ingykropa U = 142 B. CyninsHuMun
TiHIIMEI MIPEICTABIICHO PO3paxyHKOBI
3QJIGKHOCTI  TOTYXXKHOCTI  iHAykTopa P,
HITPUXOBUMH — CTpyMiB iHAyKkTopa /. Excnepu-
MEHTaNbHI Pe3yJIbTaTH NPEACTABICHO y BUTIIALI
MapKepiB BiJIMOBITHUX KOJIHOPIB.

[NopiBHSHHS pe3yNbTaTiB EKCIEPHUMEHTAIBHOTO Ta PO3PAaXyHKOBOTO AOCIIIKEHb AEMOHCTPYE XHIH
JOCUTH ONMM3BbKHUI 30Ir Ui PO3MIISIHYTOrO Jiala3oHy 4acToT SIK 32 HAasBHOCTI PO3IUIaBY B KaHajli, Tak i 3a
HOTO BiJICYTHOCTI, IO CBIAYNTH HE TUTPKU MPO aJCKBATHICTH MaTEeMaTUYHOI MOEIi, a i Mpo MpaBUIHHO

Enexmpomaznimnui napamempu ma enepzemuuHi XapaKkmepucmuku Cucmemu «iHOYKmop —
3aMKHeHuil Kanan — mazuim o0ozamopa». HeoOXimHICTh BU3HAUCHHS 3a PE3yNbTaTaMH PO3PaxXxyHKIB
€JIEKTPOMAarHiTHOI 3a/1adi eJICKTPOMAarHiTHUX TapaMeTpiB J03aropa 0OyMOBJIEHA MOMITHBICTIO CIPOITICHHS

Z R X O oS0
140
100 / 1
20 C(ép 0.8
60 0,6
40 04
X
20 0,2
0 0
100 150 200 250 300 350 fTu
Puc. 5
P Br
1600
’DE
1200

94

100

150

200 250 300 350 f.Im
Puc. 6

MOJAIBIIIOTO aHaNi3y WOro CHEPreTHYHHX Ta
TEXHOJIOTIYHMX XapaKTePHCTHK. 3aJIeKHICTh
€JIEKTPOMATHITHUX TMapaMeTpiB CUCTEMH BiJ
YacTOTH U 3allOBHEHOTO PO3IUIAaBOM KaHay
NpeAcTaBIeHO Ha puc. 5. 31 3MiHOIO YacToTH
AKTUBHMH OIp CHCTeMH R  3aIUIIA€ThCs
MIPaKTUIHO HEe3MIHHUM. Lle cBiTIuTh Ipo TE, 10
mig 4ac poOOTH ENeKTPOMArHiTHOrO A03aTopa
Ha PI3HUX YacToTaX 3 OAHAKOBHUM CTPYMOM
iHOTyKTOpa Oyne 3abe3medyBaTHCS MPAKTHIHO
OJIHAKOBE TEIUIOBUIUICHHS B KaHAJl 3 PIAKUM
MeTanoM. PeakTuBHMIT omip X Ta, BiIMOBIIHO,
MIOBHUH OMip Z CUCTEMH 31 3pOCTaHHSIM YacTOTH
TaKOX 3pPOCTalOTh, a KOe(IIiEHT MOTY>KHOCTI
COSQ Majae.
Ha puc. 6 qns Hanpyru iHmykTopa U =
380 B cymiapHUMH JTiHISIMH TIPEACTABICHO
3aJIKHOCTI TMOTYXHOCTI TEIJIOBHIIJICHb BiJl
HaBeJIEHOT0 IHAYKTOPOM CTpyMy B KaHali 3
pimzkuM MetamoM Big dvactotd. Oxpemo
MOKAa3aHo sIK 3arajibHi BTpaTH B KaHami Py, Tak
1 BTpaTu B pigkoMmy Mmetani Pp, Ta CTiHKax
kaHainy P.. LTpuxoBoro IiHiIO TOKa3aHO
BTpaTH B IMOPOKHBEOMY KaHami. Sk i cirimyBano
OUIKYBaTH, BHXOJSIYM 3 XapakTepy 3MiHU
EJIEKTPOMArHITHUX MapaMeTpiB CHUCTEMH BiJ
9acTOTH, Yy BHUIAIKy CTaloi  Halmpyru
KUBIICHHSI 1HAYKTOpa TEIUIOBUAJICHHS B
3allOBHEHOMY KaHali 31 3pOCTaHHSIM 4YacTOTU
CYTTEBO  NajmaroTh.  PiBeHb  3arajJbHHUX
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TEIUIOBUIICHD B ITOPOKHBOMY KaHaJll € 3HAYHO HIKYUM Ta MEHII 3aJIe)KHUM BiJl YaCTOTH, IO A€ 3MOTY
BUKOHYBATH PO3IrpiB MOPOKHHOTO KaHAIy TIepe]] HOro 3aloBHEHHSIM pO3IUIAaBOM Ha OyAb-sKid 9acTOTi.
Haii0inpm 3pyyuHO 11e poOUTH Ha YacTOTi, Ha SIKid MIaHyeThCsl pOOOTa 103aTopa.

3a pe3yapTaTaMH PpO3pPaxXyHKIB BCTaHOBJICHO, IO [Jsl 3allOBHEHOTO KaHAIy B PO3IJISIHYTOMY
Jliama3oHi YaCTOT YacTKa CTPyMY B PO3IUIaBi € MOCTIHHOO Ta cKiIafae Oim3bko 53 % Bix 3araipbHOTO CTPyMY
B kaHani /z. CHiBBiIHOWIEHHS MK 3arajJbHUM CTPYMOM B KaHajll Ta aMIepPBHTKaMH iHJIYKTOpa TaKOX €
NPaKTUYHO MOCTIMHUM Ta CTaHOBHUTH NpuONM3HO Iy/['w = 0,97 (3MIHIOETBCS 31 3pOCTaHHSAM YacTOTH BiA
0,965 mo 0,975). yig MOPOXHBOTO KaHATY OCTAaHHE CITIBBITHOIICHHS 3MIHIOETHCS JCIIO B IIMPITHX MEKax
I/I'w = 0,93+0,98. TakuM YHHOM, 110 3HAYEHHIO CTPYMY 1HIYKTOpA 32 BiIOMOI KiJIBKOCTI BUTKIB iHIAYKTOpa
W MOYJIMBO JJOCHTH TOYHO BU3HAYATH HABEACHHUI CTPYM B KaHaJI.

Jlocnioyicennsa mennoeozo cmaHy 3aMKHEHO20 KAHANY e1eKMPOMAazHImHozo0 dozamopa. 1lin dac
pobOTH mO3aTOpa TEIUIOBHM CTaH KaHaly TOJOBHUM YHMHOM BHU3HAYA€THCS MOTYXKHICTIO KOYJIEBHX
TETIOBUINIEHb Py BiJl HABEAEHOTO B HBOMY €JIEKTPHYHOTO cTpyMy /5. Ha mpakTuni TpaguuiiHo NpuiHATO B
npoueci 03yBaHHS KOHTPOJIIOBATH CaM€ CTPYM KaHaly, 3HAYEeHHS SKOTO Pa3oM 31 3HAYEHHSIM CTPyMy
€JIEKTPOMArHITy J03aTopa TaK0K BH3HAYAIOTH BEITUIMHY TEPIOAUIHOTO SIIEKTPOMATrHITHOTO THCKY B KaHAII
nosaropa. Ha puc. 7 ans gacror 100 ['m (mrpuxoBa xpuBa) ta 400 'l (CyuinbHa KpUBa) MPENCTABICHO
3aIe)KHOCT] MOTYXHOCTI TEIUIOBUIUICHb Ps Bij
CTpyMy [y Ui 3aIIOBHEHOTO PIIKUM MeETajJoM
kaHany. Jliama3oH NpencTaBICHUX Ha PHCYHKY
. 3Ha4eHb CTPyMy KaHaly BiJgNOBiZae 3MiHi
o CTpyMy iHIyKTOpa B Mexax Big 1 mo 3 A. fx
600 BUIUIMBAa€ 3 HABEJEHOTO PHCYHKAa, 3HAYCHHS
NOTY)KHOCTi, IO OTPHUMAaHO MJIsi TPaHUYIHUX
400 3Ha4eHb  poboYoro  JiamasoHy  4YacTOTH
JO3yBaHHA, NPaKTH4YHO cHiBnazaroTs. Lle nae
200 MiZICTaBy  CTBEP/UKYBaTH, [0  3AJICXKHICTh
MOTY>KHOCTI TEIUIOBHIIEHB Bil CTpyMy KaHaly €

0 OIHO3HAYHOIO  TEXHOJOIIYHOIO  XapaKTepHc-
100 200 300 400 I:; A Tukol  eNeKTpoOMarHiTHoro - jgosaropa 3
Puc. 7 IHAYKOIMHAM BBEACHHSIM CTpPyMy B KaHaJ JUIs

BCHOTO Jliana30Hy poO0OYHX YaCTOT.

B mpomeci pobGorm mo3artopa 3amius 3a0e3ledeHHS PiBHA EIEKTPOMArHITHUX 3YCHIb, SKHH €
JIOCTATHIM Il TOAPIOHEHHS CTPYMEHIO PO3IUIaBy O€3MOCepeIHBO IMICAS BUTOKY 3 Hacajka, 3HAYCHHS
CTpyMy B KaHali 3a3BHYail MATpUMYIOTH B Mexkax 250-350 A. Jlns 3a3HaueHoOro poOOYOro nina3oHy
CTPYMIB TIOTYKHICTh TEINIOBHAUICHHS B KaHa (puc. 7) 3MmiHIOeThes puodan3Ho Bix 200 mxo 430 BT.

OKpiM cTpyMy TEIUIOBHH CTaH KaHaJly BU3HAYAIOTh HOTO TEIUIOI30JIALS Ta HASBHICTH PYXY PIIKOTO
Mmetany B KaHaiui. CTpykTypa pyXy Ta HOro iHTEHCHBHICTh BH3HAYalOTBHCS, B MEPIIY YEpry, MacCOBOIO
NPOLYKTHUBHICTIO 03yBaHHSI G Ta €JIEKTPOMAarHiTHUMHU CHJIaMH, L0 BUHHKAIOTh B PO3IUIAaBI 32 PaxyHOK
B3aEMOJIIi CTpyMy 3 BIAaCHUM MArHITHAM IIOJIEM Ta IIOJIEM PO3CIIOBaHHSA I1HAYKTOpa. [IpOXyKTHBHICTH
J103aTopa B 3aJIeXKHOCTI BiJl pO3Mipy rpaHyJ 3MiHIO€Tbes B Aianas3oHi Big 100 go 300 kr/roa.

Bukonanuii s BUNagKy BiICYTHOCTI pyXy MeTally B KaHali TEIUIOBHH PO3paxyHOK IOKa3as, IO 3a
BIJICYTHOCTI TEIUTOI30JIAIIii KaHATy Ha HOTO 30BHINTHIN MOBEPXHI YCTaJICHEe 3HAUEHHS pOO0UYO0i TeMIlepaTypHu
kaHainy 0nu3bko 600 K mocsraetbes 3a ctpymy Is = 235 A 3 HOTY>KHOCTIO TEIUIOBUAUICHHS B KaHai Ps =
189 Bt. 3a3HaueHuii CTpyM € MEHIIUM BiJ poOOYHMX CTPYMIB [103aTOpY, HEOOXITHMX 3a/1i 3a0e3NeueHHs
JIOCTaTHIX eNeKTPOMArHiTHUX 3yCHJIb JUIA MOApPiOHEHHS CTPYMEHIB pimkoro Merany. [ligHATTS cTpymMy 10
HEOOXiZIHOTO piBHS Ta HASBHICTH TEIUIOI30JIALII MPU3BOAATH 10 MiABHIICHHS TeMIlEpaTypH KaHamy. Pyx
po3MaBy B KaHaji 3a paxyHOK OifbII HHM3BKOI TeMIepaTypu PIKOTO MeTaly y BaHHI J03aTopa HaBIaKu
CHpHsi€ 3HWKEHHIO TEMIIEPaTypy KaHaily.

Ha puc. 8 npencraBieHo CTpyKTypy pyXy MeTaly Ta PO3NOILT TEMIIEpaTypH B HbOMY 3a YMOBHU
3araJibHOro crpymy B kKaHaiai Is = 300 A 3 moryxkHicTio TemioBuaiieHHs Ps = 307 Br, macoBoi
MPOAYKTUBOCTI o3yBaHHA G = 200 Kr/roj Ta TOBIIMHH TEIUIOI30SMI] IUIIHAPUIHOTO KaHAY O; = 2 MM,
0 €KBIBAJEHTHO 3HAYEHHIO €(EeKTHBHOro KoedillieHTa TeIUIOoBiANadl Ha Horo mnoBepxHi /A = 8,35
Br/(M*K) (puc. 3). Jlns po3risiHyTOro KOHCTPYKTHBHOTO PIllleHHS Ta PEXHUMY POGOTH J03aTOpPa MAEMO
TEeMIIepaTypy MeTally Ha BUXofi 3 Hacaaka T, = 606 K. IleperpiB mo BigHOIIEHHIO A0 TEMIEPATypH MeETalLy
Ha Bxoxi B kaHan 7, = 586 K cranoutre AT = T, — T, = 606 - 586 = 20 K, mo BiAmoBigae rpaHUIHO

P.. Br
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JIOTTyCTUMOMY TIeperpiBy BiJHOCHO TeMIEpaTypH IUIABJICHHS 3 TOYKH 30py 3a0e3MedeHHs CTabibHOro
(hopMOyTBOpEHHS Ta ePEKTUBHOTO OXOJIOKEHHS APOOY.

T, K 3po3ymisio, o 3i 301TbIICHHM

0.4 CTpyMy  KaHaly 4YH  3MCHIICHHAM

620 ~ MAacoBOI TIPOAYKTHBHOCTI J[O3yBaHHS

IPaHUYHO JONMYCTUMHUH MeperpiB Oyie

615 nepeBumieHo. Ha puc. 9 mokaszano

MeperpiB po3IIaBy Ha BUXOi 3 HAcaaKa

610 BiJTHOCHO TEMIIEPATypH METaIy Ha BXOJi

B KaHal B 3aJIe)KHOCTI BiJ TPOIYK-

60s ~ THBHOCTI gosatopa G A TPhOX

(iKCOBaHMX 3HA4YEHb CTPYMy KaHaIy.

600 llITpuxoBolo JiHIEID Ha  MAaIIOHKY

"o MOKAa3aHO  TPAHUYHO  JOMYCTHUMHUHN
0 sos  meperpiB y 20 K BimHOCHO TeMiepaTypu

-0.05 miaBieHds. Jlume ctpym Iy = 250 A
0.2 590 BIJITIOBiIa€  BUMO31  HEMEPEBHIICHHS

TPAaHUYHOTO TIEPEerpiBy s  BCHOTO
585 PO3TIISIHYTOTO  Jiana3oHy MPOJYKTHB-
HocTi jgo3artopa. Crpym y 300 A
Puc. 8 JNOMYCTUMHUK  JIUIIEe I Jiama3oHy
npomyktuBHOCTI 200-300 Xkr/rom, a

ctpyMm 350 A € B3araii HENPHUITYCTUMHUM.

JloAaTKOBOKO OCOOJIMBICTIO TEIIOBOTO CTaHy J03aTopa, SIK BUILUIUBAE 3 PUC. 8, € 3HAYHHUN TPATIEHT
TEMIIepaTypy B3JI0BXK KaHally B 30HI Hacajaka Juisi (GopMyBaHHS CTpyMeHs Mertany. HecumeTpH4HiCTh
MOJIOKEHHS 3a3HAY€HOI 30HHM BIJIHOCHO JBOX BXOJIB KaHAIy NMPU3BOIUTH JI0 PI3HUX BUTpPAT METANy 4depes3
HUX. 3a3HaYMMO, 110 HASBHICTb Ha PUCYHKY CTPUJIOK 3 MPOTUJICKHUM HANpsSMOM PyXy MeTaldy B KaHali Ha
IUIAXax 0 Hacajaka 3 000X OOKiB 0OyMOBIIEHa BUHUKHEHHSIM JIOKaTbHIX BHXPOBUX TEUill B 30HI iHAYKTOpa
npy TOMY, IO 3arajJbHUN pyX B KaHaJl 3IIHCHIOETBCS Bl 000X BXOJIB B HampsiMi 70 Hacanka. Butpata
MeTaly depe3 OJMKHIN JI0 HacalKa BXiJ] CTAHOBUTH Onu3bko 70 % Bij 3arajgbHOI IPOYKTHBHOCTI 103aTOPY,
yepe3 nanpHii — 30 %. BpaxoByroun MeHIIy BUTpaTy Ta AOBIIY BiJCTaHb, METal Ha LUISXY BiJ JaJbHBOTO
BXOJIy JI0 HacaJka HarpiBac€Tbcs JIO BHINOI TEMIIEPATypH, BHACTIIOK 4oro Ol Hacaaka (GopMmyeTbes 30Ha
po3MiaBy 31 3HAYHUM TpaJicHTOM Temrneparypu. Lle Moke HeraTMBHO IO3HA4YaTHCS MiJ 4ac poOOTH
J03aTopa 3 AeKiIbKOMa HacaJKaMu, PO3IJIaB Ha BUXO/I 3 IKUX OyJie MaTH Pi3Hy TeMIIeparypy.

Cepen pimens, 00 OymyTh CIPHATH

AT, K . :
B1AIMIOBIAHOCT1 TCIIJIOBOTO CTaHy KaHaJIy

BHMOTaM IO AOMYCTHMOMY HEperpiBy MeTaiy
60 Ta ONM3BKUM 3HAYEHHSIM TeMIlepaTypu B 30HI
50 HACca/IKiB, MOXKHa 3aIlpOIIOHYBATH CTBOPEHHS
40 OJIHOHANPABICHOTO  TPAH3UTHOTO  PYXy 3

HampssMOM B KaHali BiJ ONMKHBOTO 1O
30 JMATHHROTO BIHOCHO HAcCaAKiB BXomy. Takwii
20 pPyX B KaHami Jo3aropa Moxe OyTth 3a0e3-
10 MEYeHH PI3HUMH KOHCTPYKTHBHUMH 3aCO-
0 Oamu, BUOiIp HAHOUTBIN PAIliOHATBHOTO 3 SIKHX

MOXe OyTH 3pOO0JICHHIA 3a IOTTOMOT0I0 iIXHBOTO
MOPIBHSJILHOTO aHaji3y Ha OCHOBI MaTema-
Puc. 9 THYHOTO MOJEINIOBaHHS YW  EKCIepUMEH-

TaJIbHUX TOCHIIKEHb.

B pamkax mpaHoi poOOTH 00MEXHUMOCS LTFOCTPALEI0 TIO3UTHBHUX 3MiH TEIIOBOTO CTaHY KaHAIy, IO
3'SIBISIIOTHCS BHACIIZIOK CTBOPECHHS B HHOMY OJHOHAMPABICHOI'O TPAH3WTHOrO pyxXy mertamy. Ha puc. 10
NPEJICTABICHO CTPYKTYPY PYXY MeTaly Ta PO3MOJUT TEMIIEPATypH B HhOMY 32 YMOBU CTBOPEHHS B KaHai
OJIHOHAIIPABJICHOTO TPAH3UTHOIO pPyXy. TpaH3WTHUM pyX B KaHaJl J03aTopa MOJECIIOBABCS ILISXOM
BBEJICHHS JUIS JAJbHBOIO BiJl 30HU HACAJAKIB BXOAY KaHally J03aTOpa BIAMOBITHOI TPAaHMYHOI YMOBHU 3
3a/laHUM 3HA4YEHHSM MAacoBOi BHTpAaTH TPAH3UTHOTO pyxy G, 3HA4YE€HHS SKOI Wi 4Yac pPO3PaxyHKY

100 150 200 250 G, kr/roga
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rizponuHamivHoi 3anavi npuitmanocs 200 kr/ron. Ha
T, K OMMKHBOMY JI0O HAcalIKiB BXOJiI KaHaly BHOOpPOM
BiAMoBiAHOI TpaHW4HOi YyMOBM 3abe3meuyBajacs
MacoBa BUTPATa, 3HAYCHHS SKOT BU3HAYAETHCSI CyMOIO
MacoBUX BHUTpaT Ha J03yBaHHS Ta TPAH3UTHUH pPyX.
614  PyxX po3miaBy B BaHHI Jlo3aTopa 3a JIaHOi MOCTAHOBKU
TiAPOIMHAMIYHOI 3a/1aui He Po3rsiiaBcs. B Terosii
612 3a/a4di TeMIepaTypa po3IUIaBy Ha OMMKHBOMY IO
HacaJkiB BXoai B KaHanm 3amaBanacs 600 K.
[IpencraBneni Ha puc. 10 po3paxyHKOBi pe3yjbTH
OTPUMAHO 3a THX K€ BHUXIOHMX JaHUX, OKpIM
CTPYKTypH pyXy po3IJiaBy, ILIO0 1 pe3yjibTaTH,
g6  IpEeACTaBlieHI Ha pUC. §, a caMme: CTpyM B KaHaimi [z =
300 A 3 moryxHicTio TerutoBuinenHs Ps = 307 Br,
604 MacoBa MPOAYKTHBHICTH m03yBaHHI G = 200 kr/rom
Ta eeKTUBHUI KoedillieHT TemnoBinnadi hey = 8,35
Br/(M*K). 3a3HauMO, 10 33 TAKMX BUXiTHHX JAaHHX
eoo  3arajibHa MacoBa BHTpaTa PO3ILIaBy uyepe3 OmMKHIN
Puc. 10 710 Haca/KiB BXiJ B KaHaJ ctaHoBmia 400 kr/rog.
Sx BuanHo 3 puc. 10, HaBiTH 3a HasABHOCTI
JIOCUTH CJIA0OTO TPAH3UTHOTO PyXy B KaHaji go3atopa (mpubmuzHo 20 1/Toj po3IUIaBy CBUHIIO) TEperpiB
MeTay Ha BUXOII 3 Hacaka I1o BiJHOIIEHHO IO HOTO TeMIlepaTypH Ha Bxoxi B kaHai Bmas 3 20 mo 3 K. Ilpu
TOMY TI0 JOBXMHI KaHaJdy B 30HI HacaJaka BiJICYyTHI 3Ha4HI Tpali€HTH TemIlepaTypd. 3i 301LIbLICHHSIM
IHTEHCHUBHOCTI TPaH3UTHOTO PyXy 3a3HaUCHUH Heperpis Oy/e mie 3MEeHILIYBaTHCS, 110 JOIyCKaE€ MOXKIIUBICTD
MOCWJICHHS TEIUIOI30MAIT KaHay, [0, B CBOIO depry, Oyae CHPHSITH MiABUINCHHIO EHEPreTHIHOI
e(eKTHBHOCTI YCTAaHOBKH B LIIJIOMY 32 paXyHOK 3MEHIIICHHS TEIUIOBHX BTPAT KaHATY A03aTOpa.

BucHosknu.

1. Ins MI'/] ycTaHoBKHM 3 BHUPOOHHWIITBA CBHHIIEBOTO Ipo0y pO3pOOIEHO MaTeMaTHYHY MOJIENb
B3a€MOIIOB’SI3aHUX EJICKTPOMArHITHUX, TiAPOJUHAMIYHMAX 1 TEIUIOBHX TIPOLECIB B €JIEKTPOMATHITHOMY
Jo3aTtopi 3 IHAYKIIMHUM HaBeIeHHAM CTPyMy B KaHalli. AJEKBATHICTb MaTeMaTW4HOi Mozemi
€JIEKTPOMArHiTHUX HPOLECIB MiATBEPAXKEHA IIUISIXOM IOPIBHSAHHS 3 €KCIIEPUMEHTAIEHUMHU JaHUMH.

2. TIoTyXHICTh TEIIOBHIUJICHb B 3alIOBHCHOMY PiJKAM METAJIOM KaHaJl OJHO3HAYHO BU3HAYAETHCS
3HAYEHHSIM HOTO CTPYMY Ta HE 3aJIC)KUTH BiJl YACTOTH POOOTH J03aTOpa 3 IHAYKIIITHUM BBEIEHHSM CTPYMY B
KaHall.

3. BenmnuauHu cTpyMy KaHaTy, HEOOXiTHI 3311 3a0€3MeYeHHS TOCTATHIX €ICKTPOMArHiTHHX 3yCHIIb
U IOJPIOHEHHSI CTPYMEHIB PIIKOTO METaly, MOXYTh NPHU3BOJUTH JO CYTTEBOTO MEpPErpiBy MeTany Ha
BUXOJI 3 HacajJka BIIHOCHO TeMIlEpaTypH IUIAaBIEHHs, 110 HeOa)kaHO 3 TOUYKM 30py 3abe3nedeHHs
cTabinpHOTO (hOPMOYTBOpPEHHS Ta €()eKTUBHOTO OXOJIOKEHHS IPO0y.

4. 3anns 3HWKCHHS IEPErpiBy PO3IIABY 3alPOIIOHOBAHO CTBOPUTH OJHOHAIPABICHUM TPaH3UTHUI
PYX B KaHaJi 3 HAIPSIMOM BiJ OJIMXHBOTO JI0 AATBHBOTO BiTHOCHO HAcaKa BXOLY.
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MULTIPHYSICS MODELING OF ELECTROMAGNETIC DOSER INSTALLATION
FOR LEAD PELLETS PRODUCTION
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Institute of Electrodynamics National Academy of Sciences of Ukraine,
56, Beresteiskyi Ave., Kyiv, 03057, Ukraine,
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A three-dimensional mathematical model of interconnected electromagnetic, hydrodynamic and thermal processes has
been developed for an electromagnetic doser with induction current supply to the channel. By comparing with
experimental data obtained for a prototype of a MHD installation for the production of lead pellets, a mathematical
model of electromagnetic processes in the dosing unit was validated. Using mathematical modeling, physical processes
in the system " dosing unit inductor - short-circuited channel with liquid metal - dosing unit magnet" were investigated.
The electromagnetic and energy parameters of the dosing unit were determined, and the features of the thermal state of
the liquid metal in its channel were established. Recommendations were formulated to reduce metal overheating in the
channel during feeder operation. References 9, figures 10.

Keywords: MHD installation, electromagnetic dosing unit, multiphysics modeling, metal overheating, transit motion.
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