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TRANSIENTS AT CHANGING THE CONFIGURATION OF THE DISCHARGE CIRCUIT OF
THE CAPACITOR OF SEMICONDUCTOR ELECTRICAL DISCHARGE INSTALLATIONS
WITH AN ELECTRO-SPARK LOAD

N.L Suprunovska'’, M.A. Shcherba®”, V.V. Mykhailenko® ", Yu.V. Peretyatko*"""
! Institute of Electrodynamics National Academy of Science of Ukraine,

Pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: iednatl @gmail.com
? National Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute",
Pr. Peremohy, 37, Kyiv, 03056, Ukraine, e-mail: VladislavMihailenko@ji.ua

The method of multi-parameter functions is used in order to simplify the analysis of transients during the discharge of a
capacitor to the electro-spark load in semiconductor electric discharge installations at changing the discharge circuit
configuration for control the duration of the pulse currents in the load. On the basis of the analysis of transients in the
discharge circuit of a variable structure of such installations, exact analytical expressions for calculating electrical
characteristics of the circuit are obtained. It is determined the appropriate values of the connection moment and value
of the additional inductance, which must be connected during the discharge of the capacitor to reduce the duration of
discharge currents and stabilize the technological process in the electro-spark load. References 11, figures 8, tables 2.

Keywords: capacitor discharge, transient, electro-spark load, discharge duration, method of multi-parameter functions.

Introduction. High currents and powers required for modern electro-pulse technologies, in particu-
lar the production of spark-erosion powders [1, 2] and force electro-hydraulic actions [3, 4], cannot be ob-
tained directly from the power supply network. That is why capacitive energy stores with linear capacitors
[5] and nonlinear ones [6] are used in electro-discharge installations (EDIs) for these technologies. Capacitor
batteries are also widely used in high-voltage pulse units for electromagnetic impact generation [7] and in-
dustrial induction installations for metalworking [8] to adjust load power. The most energetically and techno-
logically efficient and fast-changing processes in the load circuit of all the above-mentioned installations are
oscillating transients. At the same time, non-technological aperiodic modes of long-term energy transfer at
low power appear in the load circuit when load resistance increase stochastically [9], which can occur in all
the above-mentioned installations.

In EDIs with reservoir capacitors, in particular in semiconductor (thyristor) installations for volumet-
ric electro-spark dispersion of conductive materials, the most technologically and energy-efficient discharge
mode for electro-spark load is the oscillatory discharge of the capacitor with its recharge up to 30% of the
initial voltage [10]. In this case, there is a fast natural locking of the discharge semiconductor key, which al-
lows you to quickly carry out the next charge of the capacitor and its subsequent discharge on the load. Thus,
it is possible to realize the high frequency of charge-discharge cycles and the stability of the duration of dis-
charge currents in the load of EDIs.

At the same time, the resistance of such a load as a layer of conductive granules during the discharge
current can stochastically increase several times, resulting in the so-called blank discharge on the load, that is, a
long discharge with low current without sparks [10]. As the active resistance of the load increases, the Q-factor
of the discharge circuit decreases, so the oscillatory process of the capacitor discharge can turn into an aperi-
odic process, in which the discharge duration is much increased. This increase in discharge duration is unac-
ceptable for two reasons. Firstly, in this case, it becomes impossible to realize the high frequency of charge-
discharge cycles of current pulses, and, consequently, to ensure the high productivity of the technological proc-
ess of obtaining spark-eroded powders. The stability of the technological process is disturbed. Secondly, the
size of the dispersed particles of the obtained powder is undesirably increased.

© Suprunovska N.I., Shcherba M.A., Mykhailenko V.V., Peretyatko Yu.V., 2020
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Therefore, in known technological installations for obtaining metal powders by the method of volu-
metric electro-spark dispersion is usually used constantly connected special resistance Ry, bypassing load
[10]. The value of this resistance was chosen so as to ensure the oscillatory discharge of the capacitor to the
load when its resistance changes in a wide range. However, when such bypass resistance is used, the energy
loss in the discharge circuit could reach 60% of the total energy stored in the capacitor.

To reduce such significant energy losses, it was justified in [10] that it is reasonable to stabilize the
duration of pulse currents in the load by connecting a bypass thyristor at a certain point in time instead of
using the permanently connected bypass resistor Rj,,... The configuration of the discharge circuit during the
discharge process of the capacitor changed and the discharge remained always oscillatory. In this case, en-
ergy losses became much lower (up to 25%).

Another technical solution for limiting the duration of aperiodic discharges in semiconductor EDIs
containing a reservoir capacitor and electro-spark load was to connect an additional bypass RL-circuit in par-
allel to the capacitor at some point in the discharge transient. In this case, the configuration of the discharge
circuit during the discharge process of the capacitor on load also changed in order to convert a long-lasting
aperiodic discharge into a rapidly damping oscillatory discharge. The transients in the discharge circuit of the
capacitor were analyzed under the condition of changing its configuration (using the classical method of add-
ing and solving differential equations with constant parameters) and analytical expressions were obtained for
the currents in the bypass circuit and the load circuit. These expressions made it possible to investigate tran-
sients in capacitor discharge circuits at different element parameters [10]. However, in view of the complex-
ity of these expressions for calculating specific values of the electrical characteristics of the discharge pulses
and optimization of the modes in the load circuit and the capacitor circuit, it would be justified to use other
methods for analyzing transients in the discharge circuit, which changes its configuration during discharge.

Therefore, the purpose of the work was to apply the method of multi-parameter functions to sim-
plify the analysis of transients in a discharge circuit of a semiconductor electrical discharge installation with
an electro-spark load when the configuration of the circuit changes during discharge; obtaining exact analyti-
cal expressions for the electrical characteristics of the discharge circuit of the installation, as well as deter-
mining the appropriate connection moment and the value of the inductance of the additional bypass circuit,
which is connected in parallel to the capacitor in order to convert a long-lasting aperiodic discharge into a
rapidly damping oscillatory discharge.

Analysis of discharge transients of capacitor when it is bypassed by the RL-circuit at a certain
moment of discharge. A circuit diagram of a thyristor EDI with electro-spark load is presented in Fig. 1. In
this installation the charge of the reservoir capacitor C is carried out from the shaper of direct voltage (SDV)
in the circle SDV-R-VT-C-L-SDV, and the capacitor discharge is realized in the circle C-VT-R,u4-R1-Ly-C.

The R and R, resistors and L, L; inductors are

" R VT / VT, the active resistances of the wires and the in-

—ﬂi—|: DI D| ductances of the charge circuit and discharge

VT, one, respectively. The Ry, resistance is the

R toad active resistance of load. The VT and VT thy-

SDV U e I ristors are the semiconductor keys of the

s 2 charge circuit and discharge one, respectively.

R, In order to stabilize the duration of the dis-

L R % charge pulse in the EDI (that is, to eliminate

_f_m\ ) long-term aperiodic discharges in the case of

Fig. 1 increasing load resistance), the VT, thyristor is

switched on at a certain time of the discharge of capacitor C and an additional bypass RL-circuit (VT>-R,-L5)
is connected. Thus the configuration of the discharge circuit was changed during the capacitor discharge.

In order to analyze the discharge transient in such an installation, we used the method of
multiparameter modulating functions, which are included in the algorithmic equations for the analysis of
steady-state and transient processes in branched electrical circuits with semiconductor switches and reactive
elements [11]. This method makes it possible to simplify the analysis of transients in electrical circuits with-
out taking into account losses in key elements. The method is implemented using numerical calculation
methods in mathematical package Mathcad.

According to this method, the transient discharge of capacitor C on load R, at connecting the RL-
circuit (V'T>-R,-L,) at some point in time was considered. Losses in thyristor keys were not taken into account.
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It was believed that the VT thyristor of charge circuit remained locked during the discharge of the
capacitor. The VT, thyristor of discharge circuit was switched on at time #,, and the V7T, thyristor of bypass
circuit was switched off at time #. The discharge on R, load is ended at time #; (when the VT thyristor
locked because the current in the load decreased to zero), and the discharge of the capacitor through the RL-
circuit is finished at time #, (the VT, thyristor locked due to the current in RL-circuit decreased to zero).

The load current at the first time interval ¢,...5, (VT thyristor is switched on and VT is switched off)
ioaa1 Was determined from the second order differential equation

dziloadl (t)/dtz == (Rl + Rload )diloadl (t)/l’ldt + iloadl (t)/l‘lc . (1)

Solution (1) was found in the Mathcad mathematical package by the numerical Runge-Kutta method

at a fixed time interval ¢,...%, in the form of a I,,,q; matrix of instantaneous values of ij,.4 () and their deriva-
tives, calculated at time moments of this interval with the selected step p;, as

Lioad1 = 7&fixed (ijoqq1-11+12+ Pi> Digaar) (2)
where Dj,.q41 1s the column-vector of intermediate solutions regarding the load current in the first time inter-
val: ijpqa1(2). The current ij,,q1(2) is the dependence of column of the instantaneous values ijyq1(2) in the Ijgag1
matrix on time ¢ (related with step p,).

The load current at the second time interval ¢,...t; (VTy, VT, thyristors are unlocked) ij,.4(2) was de-
termined from the system of differential equations

ic2(t) = Tjoaaa(t) + iria(t) , icy(t)=—=Cducy(t)/dt, (3,4)

uer (1) =Ly dipgaqa (1)/dt + Ry + Ripaq )itpaan (1) » ucy(t) =Ly digy(t)/dt + Ryigs(t), (5, 6)

where ica(?), iaaa(t), irr2(t) are the capacitor current, load current and RL-circuit current at the second time
interval, respectively, and uc(?) is the capacitor voltage at this interval.

After transformations of equations (3) — (6), the following third order differential equation was derived

i (O] == B (0] dF + F (1) + Gt ()] 4, @
where 4 = L]ch, B= LzC(R1+R[()ad)+ L]CRz, F= L] + Lz + C(Rl"’_Rload)RZ, G= R1+led+R2.

Solution (7) with respect to load current was determined by a numerical method (Runge-Kutta meth-
od at a fixed time interval f,...53) in the form of an I;y,q; matrix containing four columns that represent time,
instantaneous values of load current and its derivatives, and p, rows, defining a given number of points at a
fixed interval #,...15

Ligaaz = 7hfixed (ijgaq2st2 135 P2 Dioad ) )
where D . is the column-vector of intermediate solutions regarding the load current in the second time in-
terval: ijun(t). The current iy.n(t) is the dependence of column of the instantaneous values ij,.x(?) in the
I0aq2 matrix on time ¢ (related with step p,).

The current through the RL-circuit igs»(2) at this time interval was determined from the third-order
differential equation obtained after transformations of equations (3) — (6)

gy (1)) di* = - [B dPigga(t)]df* + F diggy(t)]dt + Gigys (t )] /A. 9)

Solution (9) with respect to current iz;»(¢) was determined similarly to solution (7) in the form of an

Iz, matrix containing four columns that represent time, instantaneous values of current through the RL-
circuit and its derivatives, and p, rows defining a given number points at a fixed interval ,...5;

Ly = rkfixed(ip;2.ty,13, Py, Dy ) (10)
The load current at the third time interval #...2; (the VT, thyristor is unlocked and V7; is locked) is
zero, and the ig;; current through the RL-circuit is determined from the second order differential equation

Aigia ()] dt* == Rodipys(t)] Lydt +igys(t)] LyC . (11)
Solution (11) was found similar to solution (1) by the Runge-Kutta numerical method at a fixed time
interval £;...t; in the form of an Ig;; matrix of instantaneous current values ig;3(2) and their derivatives calcu-
lated at time points of this interval with the selected step p; as
Lpys = rkfixed (ips 3,23, 45 P3s Drrs ) (12)
where Dg;; is the column-vector of intermediate solutions regarding current through the RL-circuit at the
third time interval: iz;3(2). The current igs3(2) is the dependence of column of the instantaneous values ig;3 in
the I3 matrix on time ¢ (related with step ps).
The total load current (in the first and second time intervals) ijpus = fpaa1(?) + iaaz(t) Was calculated as
the sum of the currents found in (2) and (8)
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Iload = Iloadl + Iloadz- (13)
The total current iny RL-circuit (in the second and third time intervals) iz, = ir;2(2) + ir3(2) Was cal-
culated as the sum of the currents found in (10) and (12)

Ire = Igr2 + Igss. (14)
Current in the capacitor was defined as the sum of currents in the load and in the RL-circuit
Ic = lioaa + IrL (15)

Thus, we have determined the electrical characteristics during transient process of discharge of the
EDI capacitor at changing the configuration of its discharge circuit. In Mathcad you can also get graphical
time dependences of all currents considered by expressions (13)—(15).

Determining the influence of connection moment of bypass RL-circuit on the course of the dis-
charge transient. We have studied the transient features of the discharge of capacitor on load in EDI, pre-
sented in Fig. 1, depending on the moment of connection of the bypass RL-circuit (V7>-L,-R;). The transients
were simulated in software packages MathLab. The parameters of the discharge circuit elements of such in-
stallation (C-VT-Rjpuqa-R1-L1-C) were chosen so that on the one hand they correspond to the real parameters
of installations with electro-spark load (C=1O'4 F, R,=0.001 Ohm, L,;=10"° H), and on the other hand, that the
discharge has an aperiodic character (due to increasing the load resistance to Rj,,, = 1 Ohm).

The voltage of the capacitor at the beginning of its discharge was Ucy = 1000 V. The parameters of
the bypass RL-circuit were chosen such that the aperiodic capacitor discharge process was transformed into
oscillatory one. Active resistance R, = 0.001 Ohms, inductance L, = 6-:10” H.

The results of the studies are shown in Fig. 2-5 and in Table. 1. In Fig. 2 we can see the capacitor
current during the aperiodic discharge process without connecting the bypass RL-circuit (ic witmout r2) as Well
as the currents in the capacitor, load and RL-circuit (ic, igiaq, ire) With the connection of this RL-circuit at
time #, = 0.105 ms (taking into account the pause between the capacitor charge and capacitor discharge,
which is shown in the graphs by the fact that the discharge starts at #; = 0.1 ms).

Fig. 3 and 4 represent the currents ic, iriua, iry at £ = 0.125 and 0.2 ms, respectively. Fig. 5 shows the
voltage variation uc on the capacitor for all modes considered. The time moments #; and #, represent the end
of the discharge in the load and in the capacitor respectively.

Table 1 shows the change in the characteristics of the discharge transient (peak currents in the ca-
pacitor ic 4 and in the load igjuq mar; the recharge capacitor voltage Uc ecr; the discharge duration in the load
T = t;—1; the energy W, and the average pulse power P4 4 in the load, capacitor energy utilization factor
kc) when time ¢, changes.
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. | | | | |
800 ) ‘IH*L**L**J‘*** 800+ - - o N S S
| | | | | |
N . | [ | | |
600 I wi **i*** 6001 - - : 77LIRL,:,,,7:777:77”
| . | | |
400 :T ‘:(’** 400F--1- 2\ ,,IR/Qa:d,,,:,,,:,,,,
| | | | |
200 SR (N S I W S S
.: | | | | |
0 " S nlin G\l L
0 1 2 3 4 5 6 7 8 0 s 6
s 107, s
i A Fig. 2
1200

1000

800

600
400

200

6 ISSN 1607-7970. Texn. enexmpoounamixa. 2020. Ne 2



The average pulse power in the load was calculated as Pjug av = Wieaa / T, and kc—by the formula
ke = Wisaa ! Weo, where W is the energy in the capacitor at the moment of beginning of the discharge tran-
sient process (Wco= CUq2 =50 D).

Table 1 The analysis of these figures

Connection conditions of RL-circuit: #,, ms and the data of the table 1 confirm that

Characteristics of Without | the moment of connection of the bypass

discharge £ = 0.105 ms |, = 0.125 ms|, — 0.2ms RL-circuit circuit has a s.igniﬁcant impa}ct on the
transient connection | course of the discharge transition.

The sooner the RL-circuit is

iC maxs A 1060 959 959 959 connected, the faster it occurs. For ex-

[Rload maxs A 959 958 958 959 ample, connecting the RL-circuit at time

Ucrecis V —575 —470 —218 0 £=0.105ms (0.125 and 0.2 ms) re-

T, m$ 0.10 0,12 0,20 0,72 duces the discharge time by 7.2 (6 and

Wias: 1 32,66 38,25 47,01 49,62 3.6) times, respectively, compared to

Piosd oy, kI/s 326,6 318,75 235,1 68,92 the mode without connecting RL-

kc,ru. 0,65 0,77 0,94 0,99

circuit. In this case, the average pulse
power in the load increases 4.7 (4.6 and
3.4) times, respectively. It should be noted that the maximum load currents in all the modes considered are
practically unchanged (izioug max = 958+959 A).

Regarding the capacitor energy utilization factor k¢, the later the RL-circuit is connected, the higher
it is. Thus, at £, = 0.125 (0.2 ms) compared to #, = 0.105 ms, the value of k¢ increases by 1.2 (1.5) times, re-
spectively. This is because the later the circuit is connected, the greater part of the capacitor energy is already
dissipated in the load, and the smaller part of it will be used to recharge the capacitor to reverse voltage.

As noted above, the most technologically and energy-efficient discharge mode for electro-spark load
is the oscillatory discharge of capacitor with its recharge up to 30% of the initial voltage. On this basis, it is
advisable to connect the RL-circuit at the time # = 0.2 ms. In this case, the discharge time will be reduced by
3.6 times, the capacitor recharge voltage will be approximately 22% of its initial voltage (modulo), and the
load energy W, will be 1.2 (1.4) times greater than at , = 0.105 (¢, = 0.125) ms, respectively. The impulse
power in the load will be slightly lower than in the case of an earlier RL-circuit connection, but the capacitor
energy utilization factor will be 1.5 (1.2) times higher.

However, if the main purpose of the dispersion process is to minimize the particle size of spark-eroded
powders, then it is advisable to connect the RL-circuit as early as possible (, = 0.105 ms), since many works
have proved a proportional relationship between the discharge duration and the size of spark-eroded particles.

Another factor affecting the transient of the capacitor discharge on the load is the magnitude of the
inductance and active resistance of the RL-circuit. Active resistance R, is the active resistance of the connect-
ing wires and the wire wound on the coil of this circuit. The resistance R, is low compared to the load resis-
tance and changes insignificantly when the value of the circuit inductance L, changes (since the inductance
changes in proportion to the square of the number of wound turns, while the active resistance is proportional
to the length of the wound wire). Therefore, it was assumed that R, is invariable when the inductance of the
L, circuit is changed.

Determining the influence of inductance value in bypass RL-circuit on the course of the dis-
charge transient. The features of the transient of the capacitor discharge on the load depending on the in-
ductance value L, of the bypass RL-circuit were studied. The parameters of the elements of the discharge
circuit except L, were chosen the same as in the previous study. The moment of connection of the circuit was
taken #, = 0.2 ms. Transitions were investigated at three different values of inductance L,: 120; 60; 10 uH.
The results of the study are shown in Fig. 6-8 and in Table. 2.

Fig. 68 show the changes in the currents ic, iz, and ig; at three values of L, (120, 60, 10 pH), and
Table 2 represents the change in the characteristics of the discharge transient (similar to Table 1) when L,
changes.

An analysis of these Figures and Table 2 shows that with a decrease in the inductance of the RL-
circuit, the maximum current in it increases. Thus, at L, = 10 uH, the maximum current in the RL-circuit (i,
nae) Teaches approximately the same value as the maximum current in the load igp.me (the second peak in
Fig. 8). Therefore, further reduction of L,, which will further increase the maximum current in the RL-circuit,
is impractical because of the limited capability of thyristor switch.
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As for the energy released in the load, with a change in L, from 120 to 60 (10) pH, it decreases by
only 1.4 (5.4)%. At the same time, the discharge duration in the load decreases more significantly: accord-
ingly by 13 (35)%, whereby the average impulse power in the load increases by 13 (46)%.

i, A at L,=120 yH i, A at L,=60 uH , _
i, i, A at Lz‘ 10 uH -
PO (WY, N
e l l l 1
e /A i B 6001 -~ |-\ - TN
:J i1<load' : : . ‘
400~ 1 NS T 400 400F - NiE- - bR |
| \\ | | | \!:\ :
e ‘\\ | | L \‘ ‘ IRload |
% 172 3 4 555 0 0 S
Fig. 6 10* ' 0 1 2 3 4 5,55
107 s Fig. 8 107, s
Table 2 In all considered cases the capacitor recharge volt-
Characteristics of | Inductance L, of RL-circuit, uH| 38€ does not exceed 30% of its initial voltage (this is the
discharge condition of the most technologically and energy-efficient
transient 120 60 10 discharge mode for the electro-spark load), and the capaci-
iC maxs A 959 959 974 tors' energy utilization factors are high (more than 0.9).
IRload maxvs AA 958 958 958 Taking into account all the above considerations, the
Uc recn, V —187 —218 —283 most appropriate choice is the inductance L, = 60 pH, since
T, ms 0.23 0.20 0.15 in this case the maximum current in the circuit does not ex-
Wioads I 47.68 47.01 45.26 ceed 30% of the maximum currents in the capacitor and the
Pload av, KJ/s 207.3 235.1 30L.7 | oad at sufficiently high other characteristics of the transient.
ke, ru. 0.95 0.94 091 Conclusions. 1. Using the method of multiparame-

ter functions, the analysis of transients in the discharge cir-
cuit of a semiconductor discharge installation with electro-spark load at changing the configuration of the
circuit (at bypass RL-circuit connection) during discharge was performed. 2. Exact analytical expressions for
the electrical characteristics of the discharge circuit of the installation were obtained. 3. It is shown that the
factors affecting the transient of the capacitor discharge to load are the connection moment and the value of
the inductance in the RL-circuit, which is connected in parallel to the capacitor in order to convert a long-
term aperiodic discharge into a rapidly damping oscillatory discharge. 4. The influence of these factors on
the course of the discharge transients is investigated and the appropriate connection moments and values of
the inductance in the RL-circuit for the discharge circuit parameters of real installations with electro-spark
load are determined.
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Ipumenen memoo mHozonapamempuieckux QyHKyutl Oas YNpoujeHUus: anaiu3a nepexoonblx npoyecco8 paspsaoa KoH-
O0eHcamopa Ha SNeKMPOUCKPOBYIO HAZPY3KY 6 NOLYNPOBOOHUKOBLIX INEKMPOPA3PSOHBIX YCMAHOBKAX NPU UMEHEHUU
KOoH(ueypayuu paspsoHoll yenu ¢ yeivblo pecyiuposanus ONumeibHOCMU UMRYIbCHLIX MOK08 6 Hazcpyske. Ha ocnoee
NPOBEOCHHO20 AHANU3ZA NEPEXOOHBIX NPOYECCO8 6 PA3PSOHOU Yenu NePeMeHHO CIPYKMYpPbl MAKUX YCMAHOB0K HOYYe-
Hbl MOYHblEe AHATUMUYECKUE BbIPANCEHUsL OISl PACUema ee INeKMPUdecKux xapakmepucmuk. Onpedenenvl yenecooopas-
Hble 3HAUEHUs MOMEHMA NOOKIIOYEHUsL U BeIUYUHbI OONOTHUMENbHOU UHOYKMUSBHOCU, KOMOPYIO HE0OX0O0UMO NOOKIO-
uame 60 8peMs pasps0a KOHOEHCamopa Ol YMeHbUleHUs. OTUMENbHOCIU PA3PAOHbIX MOKO8 U CIADUIU3AYUL MEXHON02U-
YecKko20 npoyecca 8 NeKmpouUckposol Hazpyske. buon. 11, puc. 8, Tadn. 2.

Kniouesvie cnoea: paspsaa KOHAEHCATOPA, IEPEXOIHBIN MPOLIECC, HIEKTPOUCKPOBAs HArpy3Ka, [UIMTEIBHOCT pa3psia,
METO]I MHOTOIIAPAMETPHUECKHUX (DYHKITHIA.

VIIK 621.3.011

MEPEXIJIHI TPOIIECH Y PA31 3SMIHEHHSI KOH®IT'YPAIII KOJIA PO3PSTY KOHJIEHCATOPA
HAHNIBOPOBIJTHUKOBOI EJTEKTPOPO3PSTHOI YCTAHOBKH 3 EJIEKTPOICKPOBUM
HABAHTAKEHHSM

H.I. CynpyHoBcbKa', 10KT. TexH. Hayk, MLA. Illep6a’, 1okT. TexH. Hayk, B.B. MuxaiileHK0’, KaHI. TEXH. HayK,
FO.B. IlepersiTK0”, KaHII. TEXH. HAYK
IncruryT enekrpoaunamiku HAH Ykpainu,

np. Ilepemorn, 56, Kuis, 03057, Ykpaina, e-mail: iednatl @gmail.com
2HTY Ykpainu "KmBCLKHn noJiitexHiynui iHcTutyT im. Iropst Cikopebkoro"
np. [lepemornu, 37, Kuis, 03056, Ykpaina, e-mail: VladislavMihailenko@i.ua

Buxopucmarno memoo 6azamonapamempuynux yHKYil 3a07i5 CRPOUJEHHS AHANIZY NePexiOHUX npoyecie po3psdy KOH-
deHcamopa Ha eleKmpoicKpose HABAHMANCEHHS 8 HANIGNPOBGIOHUKOBUX eleKMPOPO3PAOHUX YCMAHOBKAX Y pa3l 3MIHeH-
H3l KOH@i2ypayii po3psioH020 KOA 3 MemOIo pe2yi08anis mpusaiocmi iMIyIbCHUX cmpymie y naganmadicenti. Ha oc-
HOBI NP0Be0eH020 aHAIZY NePexiOHUX NPOYecis y PO3PAOHOMY KON 3MIHHOI CIPYKIMYpU MaKux YCMAaHo80K OMpPUMAano
MOYHI AHANIMUYHI 8UPA3U 0151 POPAXYHKY 1020 eIeKMPUYHUX Xapakmepucmuk. Busnaueno 0oyinbHi 3HaYeHHs MOMEHMY
NIOKAIOYEHHA ma 8eIudUHy 000AmMKO80I IHOYKMUBHOCTI, SKY HeOOXIOHO NIOKIoYamu nio 4ac pospsaoy KoOHOeHcamopa Ois
SMEHUIEHHSI MPUBAIIOCMI PO3PAOHUX CIPYMi6 ma cmaditiz3ayii MexHON02IYHO20 NPoYecy 6 eNeKmpoiCKPOGOMY HABAHMA-
gicenni. bion. 11, puc. 8, Tabm. 2.

Kntrouosi cnosa: po3psa KOHICHCATOPA, MEPEXiTHUHA IMPOIEC, eIeKTPOICKPOBE HABAHTAXKEHHS, TPHBAIICTH PO3PSALY,
MeToA GaraTonapaMeTpUIHUX (QYHKIIH.
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Ha niocmasi supiwenns 0608umipHoi nomenyianvuoi 3a0aui, AKa ONUCYEMbCA OUGhepeHYiuHUMY PIBHAHHAMU
eNinmuyHo20 Muny, OMpPUMAHO AHALIMUYHI GUPA3U OPMOLOHANLHUX CKAAOOBUX HANPYICEHOCMI 308HIUHBO2O
MA2HIMHO20 NOAA 3 GOKY NONIOCY CMPUNCHE8020 NOCMiliHO20 MacHimy. Li eupasu euxopucmano AK iHpopmamueHi
napamempu npu no6yoo8i MAacHimoMempuyHux nepemeoprosayie Ha 6a3i CMpUI}CHe8020 NOCMIUHO20 MAZHIMY ma
yugposux damuuxie Xoana. Hageoeno cmpykmypny cxemy ma oiacpamy pobomu 3anponoHo8ano20 iHpopmayitinozo
NPUCMPOIO KEPYBAHHSL PYXOMUM 00 EKMOM 3 USHAYEHHIM HANPAMKY NepeMilyeHHs 00H020 06 ekma 6iOHOCHO THULO20
ma 3MEeHWeHHAM IXHbOI 63aEMHOI WBUOKOCMI 68 OKOJIE Micyst mouHoi 3ynunku. biomn. 12, puc. 6.

Kniouoei cnosa: marHiTOMeTpU4YHHUI NIEPETBOPIOBAY, NOCTIHHUN MAarHiT, HaNpPy>KeHICTh MarHiTHOrO HOJs, HH(POBUNA
JaT4uK Xoa, pyXoMHid 00’ €KT, TOUHA 3yIHHKA.

Beryn i mocranoBka npo0JeMu. MarHiToMeTpuyHi IepeTBOPIOBadl 3HAXOIATh IIUPOKE 3aCTOCY-
BaHHS B CHCTEMax KepyBaHHSI PyXOMHUMH 00’€KTaMH TaKHUMH, SK €JIEKTPUYIHI TPAHCIIOPTHI 3aco0m 3 Tepe-
PUBYACTHM XapakTepoM pyXy, a came: Ji(TH, KpaHH, KpaHU-IITaOeNepu, KOHBEEPH, MOPTANbHI POOOTH,
KOKCOILITOBXa4l KOKCOBHX OaTapel, a TaKOX JJIs MO3UI[IOHYBaHHS KapeToOK Ta CYMOPTiB BEpPCTaTiB, Qikcarrii
pOOOTH JIFOKIB, 3aCyBOK KOTEIHHOTO YCTAaTKYBaHHS, B YHIBEPCAIILHUX aBTOMATH30BAaHWX BHUMipIOBAIBHHX
KOMITIIEKCaX 3 MIKPOTYHEJISIMU JUISI €KOJIOTTYHOTO JIiarHOCTYBaHHS IBUTYHIB TOLIO.

MarsiToMeTpuyHi IepeTBOPIOBaYi SBIISIOTH COOOI0 MAarHiTHY CUCTEMY «IKEPEJO MarHiTHOTO MOJs-
MarHiTOUyTJIMBHHA eIeMEHT». SIK JKepella MarHiTHOTO ITOJIs BUKOPHUCTOBYIOTH CTaHIAPTHI MarHiTHI CHTHa-
JIOTpaMH, MITKH Ha HECIelialbHUX MarHiTOHOCISIX TaKuX, SIK CTaJIeBl KOHCTPYKIIT (3ai3HUYHI peiiku, Gepo-
MarHiTHI HampaBJsio4i, CTaleBl KaHATH, IUIACKi epoMarHiTHi AeTali), HOCTiiHI MarHiTH TOBUIBHOT KOHQi-
rypariii, KOTYIIKH 3i cTpyMaM#. MarHiTOUyTIMBUME €JIeMEHTAMU CIyTYIOTh 1HIYKIIHHI Ta MOTOKOYYTIUBI
MarHiTHI TOJIOBKH, MaTIUKA XOJuia, (epo30HIH, MarHiTOPE3UCTOPH, MAarHITOTPAH3UCTOPH, MarHITOTHPH-
CTOPH.

OCHOBHI MeTOIM PO3paxyHKy IOJNIB JKEpeJ Mar"iTHOrO IOJisl MOIUIAIOThCS Ha TpH TpynH [1]:
aHaiTHIHI, rpadiddi, uncenbHi. ChOTOMHI Ha TMPAKTHUIII BUKOPHUCTOBYETHCS BEIHMKA KUTBKICTh €(PEKTUBHUX
KOMII'FOTEPHHUX METOIB PO3paxyHKY IMOJIB CKJIaJHHUX MAarHITHUX CUCTeM. Bucoka epekTHBHICT CKIHUEHHO-
€JIEMEHTHUX MoJenell o0yMoBHia MOSABY MOTYXHUX mpodeciitaux nporpam ANSYS, ELCUT, COMSOL,
IO peai3yoTh METOJ CKiHUEHHHX eJeMeHTiB. Tak, poboTa [2] mpucBsUeHa po3paxyHKY MarHiTHOTO HOJS
Ha 0cHOBI nporpamuoro nakety ANSYS. V [3] BuBeneHi ocHOBHI (opMyJIH METOJy CKIHYCHHUX €IeMEHTIB
TPUBUMIPHUX CTATHYHUX MMOTCHIIIATbHUX MArHITHUX IOJIiB B O0JIACTSX, 3aIIOBHCHUX HENIIHIHHUME Oe3rucre-
PE3UCHUMH aHI30TPOITHUMH CEPEIOBUIIAMH.

[TocTitiauit MarHiT MpeacTaBiIse COOOI0 HKEPEIIO MAarHiTHOTO OIS 3 PO3MOIIICHIMH TapaMeTpamMHu.
VY 3aranbHOMY BHMNAAKYy AOBUTBHOI (OpPMH TMOCTIHHMX MAarHiTIB aHATITHYHI JOCTIIDKEHHS KOHQiryparmii
iXHBOTO 30BHIIIHBOTO MO € CKIAIHUMH, 1 OLTBII-MEHII TOYHUH PO3PaxyHOK MOKJIMBUH JIUILE YUCETHbHUMHI
Meronamu. [Ipote mis po3paxyHKY TOJIB IMOCTIHHMX MAarHiTiB JOCTaTHBO MTPOCTOi (GOpMH, HAMPHUKIIAT,
napajeneninesa, MWIHAP, KUIble, ICHYIOTh PI3HOMAHITHI aHAJIITHYHI JociipkeHHs. Tak, y [4] HaBeaeHo
AHATITHYHUN PO3PaxyHOK IMOJISI OCBOBOTO KUIBLEBOTO MOCTIHHOTO MarHiTa, MIOAO SIKOTO 3 BUKOPUCTAHHIM
KYJIOHIBCHKOTO Ti/IXOly BU3HAUEHO pajiajibHi Ta OChOBI CKIIAJ0BI HANPYKEHOCTI 1oL, Y [5] mpeacraBieHio
aQHATITUYHI BHPA3W MarHITHOI 1HIYKIII{ ITOJIS IMIIHAPUIHUX MTOCTIMHMX MarHiTiB. Ha migcTaBi MOCIiIKEHB,
BUKJIAaAeHUX Yy [6, 7], MOCTIMHUI Mar”iT MpeCcTaBIeHO IMITAI[IfHOI0 MOAEIUII0 y BHUIVIAAI NOBEPXHEBHX
MAarHiTHUX «3apsAiB», PIBHOMIPHO PO3MOJIEHNX Ha TOJIOCHHUX I'PaHAX MarHiTa 3 MOBEPXHEBOKO HIUTHHICTIO
Jr. Ilpn 11boMy BH3HAY€HA z-CKJIAJ0Ba HAIPYXKEHOCTI MAarHiTHOTO TIOJIT MOJIENi MarHiTa B IPOCTOPOBIH

© M.®. Cymupuuii, A.I1. TTonus’sHuyk, 2019
ORCID ID: http://orcid.org/0000-0002-7083-5447;  http://orcid.org/0000-0002-9966-1938
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TPUBHUMIpHI MarHiTHii cuctemi. Y po0OoTi [8] 3acTocOBaHO METOA EKBIBaJCHTHOTO COJIEHOIAa NpHU
PO3paxyHKy ImapaMeTpiB MOCTIHHOTO MarHiTa 3 0CEBOIO CUMETPIEIO.

3a3HayeHUH MepeNiKk MeTO/IB aHali3y MAarHiTHUX IOJIiB MiJKPECIIOE MOTpe0y BUKOPHCTAHHS TOPA]
3 THOTYXHMMH YHCEJIPHUMHM METOJaMH TAKOX aHAJIITHYHUX METOMAIB PO3pPaxyHKY, HEpII 3a BCe, came
OPTOTOHAIBHUX CKJIAJOBUX HAIPY>KEHOCTI 30BHINIHBOTO TTOJIS MOCTIHINX MarHiTiB, 30KpeMa, BUTOTOBIICHUX
y opmMi cTprxKHiB.

Meto0 po6oTH € OTpUMaHHA IOCTAaTHHO TOYHUX 1 MPOCTHX AHATITHYHHUX BHUPA3iB PO3MOALTY
OPTOTOHAJIBHUX CKJIAJOBUX HANPY>KEHOCTI 30BHIIIHBOIO IIOJIA CTPHIKHEBOTO NPSIMOKYTHOI'O MHOCTIHHOTO
MarHita siKk CKJIaJHMKa MarHiTOMETPHUYHOTO IEPETBOPIOBaYa, AKI MOXKYTh OyTH OOpOOJiEHI MiKpOMpOIie-
COPHHM TIPUCTPOEM, 1 MOOyI0Ba Ha Wil OCHOBI iHOPMALIHHUX MIPUCTPOIB KEpyBaHHS 00’ €KTaMH 3 TIEPEPHUB-
YaCTUM XapaKTEepPOM pPyXy.

MaTtemMaTHYHA MOJe/b. 32 YMOBH BBEICHHS HU3KH IIPUITYLICHb, OCHOBHUM 3 SKHX € KOHCTPYKT-
TUBHA iJlealli3allis Tijla MOCTIHHOTO MarHiTa, MOXKIUBUN PO3IJISA JTBOBUMIPHOI MOTCHIIATBHOI 3a/1a4i, sfKa
OMHCYETHCA AUQEPEHIIITHIMA PIBHIHHSIMHA ETINTHYHOTO THITY.

3 MeTO BH3HAYCHHS O0JIaCTi MPOCTOPOBOI 3MIHH IO PO3TIISHYTO iIcaii30BaHy IBOBHMIpHY
MOJIENTb CTPHIKHEBOTO IMPSIMOKYTHOT'O TOCTIHHOTO MarHiTa y MpHCYTHOCTI 3 OOKy HOTO TONIOCY JaTdhKa
Xomna. [Ipy nmociiKeHHI 30BHILIIHBOTO IOJISI MarHiTa BUKOPUCTAHO METOJ aHajli3y CTaTUYHHX OB,
HaBeleHUH y [9], CyTh SIKOTO MoNATaE B MPECTAaBICHHI TiJla MarHiTa y BUTJISA1 3JIAIIIKOBOI HAMArHiYeHOCTI
Ta po3kinananHi i B psax @yp’e. Ilicns pimeHHs rpaHUYHOI 3a7adi Uis ONHIET 3 MOBIIBHOT rapMOHIYHOI
CKJIaJJOBOI MPOCTOPOBOTO CIEKTPY B 00JacTi po3TaulyBaHHs MarHiTa BH3HAa4alOTh MarHiTHUI MOTEHIiad,
00yMOBIIEHHIA BCiMa TapMOHIKAMH CIEKTPY, a IMOTIM 3HAaXOJISATh OPTOTOHAIBHI CKIIAJIOBI HAIPYKEHOCTI
30BHIIIHBOIO TOJI MarHiTa.

AHani3 1o MpOBEJCHO M MPSMOKYTHOTO CTPHKHS BHCOTOIO /i Ta TOBIIMHOW 2A. 3 HOCTaTHBHO
BUCOKOIO JJISi MPAaKTUKM TOYHICTIO MOKHA BB@)XaTH BiAHOCHY MarHiTHy NPOHUKHEHICTh (4 MAarHita
MOCTIIHOO BEIMYNHOIO, OTO TiJIO — i30TPOITHAM CEPEIOBHUIIEM, a TATIUK XO0JIJIa — TOYKOBHM.

JBoBUMIpHY ieai3oBaHy MOJENb CTPHKHEBOTO MOCTIHHOTO MarHiTa HaBeJeHO Ha puc. 1, ge I —
HOBITPSIHUE TpOCTip, 2 — 00MacTh po3TallyBaHHS MarHiTa, 3 — 00JIaCTh PO3MILIEHHS TOYKOBOTO JaTYHKa
Xomnna.

Hexaii 3anuikoBa HaMarHiueHicTh CTPHKHEBOTO MOCTIHHOTO MarHiTa JOPiBHIOE

v 4 M, (x) = jM,, P, (x), (D
3 h u=1 ne My, — aMIUTITy IHE 3HAYCHHS 3aTUIIKOBOT HAMArHiYe€HOCTI;
v p,(x)=1 npu |x|SA
| py(x)=1mpu |x|>A, (2)
2 I 7 - . v .
M, Ho a j — OIMHUYHUN BEKTOP, CHIBIAJAI0YUNA 332 HAIIPSIMKOM 3 BICCIO ).
s Jns mpuifHATOI Mozedl 3HalAeMO MPOCTOPOBUI CHEKTP
. HaMarHi4eHoCTi.
1 A 0 A u=1 Posknmamanns M (x) B inTerpan ®Dyp’e 3amumerscs y
BUTJIAIL
Puec. 1 w .
) — - 2 rsinAw
M,(x)= ]MOm—J‘—cosxa)da). 3)
Ty @
s noBiTEHOT TapMOHIHHOT CKIIaZI0BO1 @ = ) # () MPOCTOPOBOTO CIEKTPY
M,,=jM,,cosQx, 4
2 sinAw . . . . .
e M,,=—M, —— — aMIUIITyJa HaMarHi4eHOCTI TapMOHIKM 4acTOTu (2, BUPIIIY€TbCS IPaHUYHA
V4
3a/aya.
y4 Mogens TapMOHIMHOI CKJIaI0BOi MPOCTOPOBOTO
@ w1 CIIEKTPY JOBUIBHOI YaCTOTH HAMarHi9eHOCTI B3IO0BXK OCi
@ { 1, t L X HaBEJICHO Ha pucC. 2.
L . PiBHSTHHA BiIHOCHO CKaJSIpPHOTO MOTEHLIAIy Mar-
@ 0 #=1 " HITHOIO MOJIA Ma€ BUJ
Puc. 2
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divM,, QM sinQx
Hy Hy
Ap, =0 npu i=1,3. (5)
Pimennst mudepeHitHoro piBHIHHAS (5) 3aMTUCYETHCS Y BUTIISAL
@, = Ae” cos Qx ,
@, = (4,e” + B,e”™)cos Qx ’

Ap, = opu =2,

(6)
@, = A, cos Qx .
BoHO Ma€ 3a/J0BOJIBHSTH IPAaHIHYHAM YMOBaM
0 0
wn = ¢n+l; M, it =M, 740"“ . (7)

y y
Bwupasu nis mocTiHUX iHTErpyBaHHS 3HAXOMSITHCS i miacTaHoBKH (7) v (6).
[ocriitna iHTerpyBaHHs Ans o0macTi 3, e PO3TAIOBYETHLCS TOYKOBHUH JaTYMK XOJJia Ta sSKa HaC
[[IKaBHUTh, TIOPIBHIOE
M

3 =

1 y7; _ _
00 - ey me | ®)
Q (,uh-i—l)[l—mezm]( u, +1

e m:(yh—l/yh+1)2.

Bupa3s (8) MoxHA IEpETBOPUTH, CKOPUCTABIIKCH AITreOpaiYHUM CITiBBiTHOIIICHHIM

0

2
:Zz" npu z- < 1.
a=0

Toni
M, 1 2u

A, = (1- A, +\/_e zm)z \/_62(1 ~2heQ )
Q (u,+1) 2u, +1
[icns mincranoBku (9) y (6) 3HalIEMO CKaISIPHUHN MOTEHIIa]l MArHITHOT'O TOJIS B 0o0JyacTi 3, SKUH
BiAmoBizae rapMmoHini yactotu Q=c. lloTeHuian, oOyMoBIeHHH yciMa CKJIaJOBHMH CHEKTpa BHXiZHOI
HaMarHiyeHoCTi, BU3HAYA€THCS BUPA30M

2 M, |TsinAo-E . COSX® 21, TSINAGOLE . COSX®W
@5 = o I D me e doy——L D me e ———= qg+
T+l 0 5 10} u,+ly o 3 10}

(10)
TSinADOL o COSX®
+m I E me +2h“*zh)"’—ala)}.

0 O o @

3BOAYM iHTErpaqd 10 TabNMYHMX Ta BPAXOBYHOYM CIiBBimHOIEHHs H =—gradp, oTpuMyemo
BHPAa3u TOPU30HTAIIbHOI [,3 Ta BEPTUKAIBHOI /1,3 CKIIAJIOBUX HAIPY’KEHOCTI MOJIs 3 OOKY MOJIIOCY MarHira

x3

0 2 2 © 2 2
_1 M, { e P2 A @A) 2y (v +2hath) + (D)
a=0

27 u, +1 y+2ha)’ +(x—AY  p,+15 (v +2ha +h)* +(x—A)’ (11
+\/_Z (y+2ha+2h) +(x+A) s x> 0;
o y+2ha+2h) +(x—=A)
H,= Zm arctg x+A —arctg x-A4 24, Zm arctg——— A
7r,uh+l v+2ho v+2ho ﬂh+1 y+2ha+h (12)

—arclg———

+\F2m

arclg—————— A —arctg; .
y+2ha+h poary y+2h +2h v+2ha+2h

Benmuuunu H,3 po3paxosano 3rigHo 3 (11) 3a HactynmHumMu mapamerpami iy, = 1000; u = 1; h = 4A,
My, = =10* A/m. Kpusi H,; mpu pisHEX BiICTaHsX Bij MOBEPXHi IOTIOCY MATHITa 300pakeHO Ha puC. 3.
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/Ay H o, Al

4

(3]

h=4A; u, =1000

600 F—
M, =10"4/m £ y=o4a
400 =
| / y=A
; 1 ; 200 !
20 -15 -1,0 -0,5 [ .
L 0 05 1,0 1,5 20 A
= / -200
— a -400
/| -600
\_/
Puc. 3

[IpoBeneni ekcrneprMEHTH WIOAO BHMIpIO-

BaHHS 30BHIIIHBOIO IMOJSA IIOCTIMHOrO MAarsita 3

po3mipamu 20x20x10 mm

3 Goky #Oro momocy

BitoOpa3mi XapakTep 3MiHH KpUBUX H,; Ta IOPSIOK
iXHIX BEJIMYUH 3 IOXHOKOIO, IO HE IEePEBUIILYE
5...8%.

s po3paxyHKy BEIMYMH TOPU3OHTAIBHOI

CKJIaJI0BOI HANpPY’>KEHOCTI MOl HAa MEXIi Jiara3oHy
TiHiiHOCTI H, A, SIKA BUKOPUCTOBYETHCS AJISI KEPYBaHHS
PYXOMHUM OO’€KTOM Yy 30HI TOYHOI 3YNHMHKH, Ta
BU3HAUYCHHS [iala3oHy JHIAHOCTI 2X, TP 33aJaHOMY
KoeiIlieHTI HeMHIMHOCTI &, B 3JIGKHOCTI BiJ BiICTaHI
J0 TIOBEpXHI TOJIFOCAa MarHita, OyJ0 po3poOIIeHO
ATOPUTM Ta Peali30BaHO BIAMNOBIIHY Mporpamy.

AJNTOPUTM  3HAXOKCHHS MAaKCHMAaIbHOT

JIOBYKHHUA

JHIHOT AUTSTHKHA KPUBOi H,; TIOJSIrae y HACTYITHOMY: TpH (hiKCOBAHOMY MOYAaTKOBOMY 3HAYEHHI )y HA KOXKHOMY
KpOLIi 3MiHH X PO3PaXOBY€THCSI HOTOYHUH KOS(ILIIEHT HENIHIHHOCTI € Ta MOPIBHIOETHCS 13 33/1aHUM &,
Skmo e<g,, TO KOOpAMHATA X OTPUMY€E HpHpicT Ax, i

800

600

400

0.5 1,0
Puc. 4

MarHira.

Indopmaniitnmii

3HOBY 3[IMCHIOETBCS TIOPIBHAHHS € Ta &,. Y pasi, KOJH & > &a,
3aram’ ITOBYIOThCS
MakCHUMyMy JIOBXXHHHU JiHIHHOI MiNgHKH 2x, Ta BeIWYHHA
TOPU30HTAIBHOT CKJIaJIOBOT HAIPYXKEHOCTI MarHiTHOTO MO Ha
hN MexXl1 iHTepBay JiHIHHOCTI H,s. [IOTIM KOOpAMHATA ) OTPUMYE
. npupict Ay Ta mpouenypa po3paxyHKy 2x, MOBTOPIOETHCA. 3a
OTPUMaHHMH Y Pe3yNbTaTi PO3PaxyHKy JaHWUMH Ui TPUHHATOTO
sHaueHHs €,~0,01 Ha puc. 4 300pakeHO 3aJCKHICTh MPUBEICHOI
~ JIOBXKWUHU JIHINHOT MiNSHKU 2XxA/A Ta BETUYUHU TOPU30HTAIBHOI
CKJIQJIOBOi HANpPY>KEHOCTI MAarHiTHOTO TOJS Ha MEXi Jiana3oHy
niHiiHOCTI H, A B BificTaHi y/A 10 MOBEPXHI MOIIOCY MOCTIHHOTO

Ta BUBOIATHCA  3HAUYCHHA  JIOKAJIBHOI'O

npuctpiii. Bimomi  peamizoBani

MIPUCTPOi KEPYBAHHS PYXOMHUMH 00'€KTaMHU Ta 3HAXO/KEHHS IeH-

— 15

8 - 7
¥
L 10 v
12 1

SPEED SPEED SPEED

i | 1L 1 IR

SPEED

2R

ISSN 1607-7970. Texn. enekmpoounamira. 2020. Ne 2

Tpa MarHiTHOi MITKH. 30KpeMa, paHile OJIHUM
13 aBTOPIB SIK JDKEPEJIO0 MarHiTHOTO IO OYJIo
BHKOPHCTAHO MAaTHITHY MITKy, HaHECEHy Ha
HAIpaBIISIOYY CTajleBy KOHCTPYKIIIO, HampH-
JaJ, 3ai3HUYHY PEHKY, TOJIOBKOIO Ul BEpTH-
KaJIGHOTO 3aITUCy, a K (DepOdyTIINBI €JIEMEHTH
— TIOTOKOYYTJIMBI MAarHiTHI TOJOBKH a0o
depozonau [10-12].

VY 1miii poOOTi MPOMOHYETHCS MPHHITAIL
Iii Ta KOHCTPYKITiSI IPUCTPOIO KEPYBAHHS PYyXOM
Ta TOYHOIO 3YNMUHKOIO PYXOMOrO 00’€KTa, B
SKOMYy, Ha BIIMiHY BiJ{ BiIOMHX, 3aCTOCOBaHO
MarHITOMETPUYHUI TIepPeTBOPIOBAY, peaTli3oBa-
HUH Ha OCHOBI CTPIIKHEBOTO MPSMOKYTHOTO
MOCTIIHOTO MarHiTa Ta TPhOX YHIMOJSIPHUX IH-
(dhpoBUX HaTUHKIB XOJUIa.

Ile HOBe TexHiuHe pimeHHS (puc. 5),
110 MICTUTH mepuuii /, apyruid 2 Ta TpeTid 3
YHINOJSAPHI UQPPOBI HaTYMKK XOIla, APYTUH
Ta TPETiH 3 AKUX PO3TAMIOBaHI OMWH HABIPOTH
IHIIOr0, a TMepmUd — MEepIeHANuKYISIPHO
BiTHOCHO HUX. lIpucTpiii TakoX MICTHUTH
emementy HE — 4-8, enementu 1 — 9-14,

13



CTPYKHEBUH MPAMOKYTHHH MOCTIMHUN MarHiT /5 Ta MIKpOIIPOIECOPHHA TTPHUCTPIit /6.
Ha oaHOoMy 3 €leMEHTIB PyXoMOro o00’€KTa B O3HAYCHOMY MiCIl TOYHOTO IO3UI[IOHYBaHHS
PYXOMOro 00’€KTa pO3TalIOBYIOTh CTPHKHEBUH MOCTIHHUN MarHiT /5, a Ha 1HIIOMY — YHINOJSAPHI HU(QPOBi
naTyuku Xoma /-3.

— Ha pwuc. 6 HaBemeHo miarpamu
N 15 po0OTH IPHUCTPOIO.
g r [lpucTpiii 3yHnMHKH  PYXOMOTO

00’ekTa mpaIroe HacTynmHUM duHOM. [lin
Yac mepeMilieHHs] pyXoMoro o0’ ekTa mep-
mui jJatyuk XoJula pearye Ha BEpPTU-
KalbHy CKIagoBy /{, mOJsd Marira,
JIpPYTUi Ta TpeTii — Ha TOPHU3OHTAILHY
CKJIQJIOBY HANPY>KEHOCTi H, TIOJS MarHiTa.
[Tepmwmii gatunk Xoia crnpanbo-
By€, KOU curHan H, nepesumrye nopir A
(emopa 1), npyruii Ta Tpetiii — konu H, >
0 (emropu 2, 3).
[Tig gac pyxy o0’ekxTa 3 pobo40I0
' IIBUIKICTIO Ha Buxoml eixemenra 1 [0
E BHUpoOOJIsieThest curHan 10 (emtopa 10), y
‘f‘ HanpsmMKky  «lIpaBopya» B MOMeHT
[]
i
T

T

L
- — —

CIIpaIrfoBaHHsA elleMeHTa [/ — CcurHaI
i SPEED 1R (emtopa //), mo nepeBoANuTH
: # v PYX PYXOMOi OJUHHIN 3 POOOYOi MIBHI-
' . KOCTi Ha 3HMKeHy. [Ipn momanmeoMy pyci

00’€eKkTa «[IpaBopyu» CTIpaIpboBy€
enemenT [ /3, mo nOpU3BOAUTH [0
BupoOienHs1 curHary SPEED 2R (emtopa

b=
=

STOF

Y
"

L J
"

10 TSEE ED —

5 i T i
T i : . L » + 13)1mepeBoanuTs PyX KEPOBaHOI OJUHHUII
¢ T I i : i . Ha «MOB3Yy4y» MIBHIKICThH Ta 3abe3meuye ii
13 Tmm - '. , i ! H s IUIaBHY 3yIIUHKY.
¢ ; $ * X Y MOMEHT 30iry HEHTpPY IepIIoro
14 Tsrunn. i ] H . uudpoBoro naTdvka Xouua 3 LEHTPOM
7 T i ; ' i i " *  CTpWKHEBOrO MOCTIHHOTO MarHiTa Ha
u g . . : i ] i : » ¥  BUXOmI eneventa I 9 BUPOOJIAETHCS
i L | s CurHan tounoi synuuku STOP (emopa 9).
8 T ; i I" ' ) VY pasi pyxy KepoBaHOTo 00’€KTa
/s Tmznlr. i : * x y mHanpamky «JliBopyd» B MOMEHT
| — » , CUPAIIOBAHHA EIICMCHTa I 12 Bupo6-

Puc. 6 nsetsesi curHan SPEED 1L (emropa [2),

10 HEepeBOAUTh PyX 00’ekTa 3 pododoi

MIBUAKOCTI Ha 3HWKeHy. [lpm momambmomy pyci o0’ekra «JliBopyd» cmpamboBye eneMeHT [ /4, mio

NpU3BOANTH 0 BUpoOnenHs curHamy SPEED 2L (emtopa /4), Ta mepeBoauTh pyX 00’€KTa Ha «IOB3YUY»
IIBUJIKICTB 1 3a0e31euy€e HOTo MIaBHY 3YIHHKY.

Hanexxaum BuOOpOM 3a30piB MiXK IOBEPXHEIO TOJIOCY CTPIIKHEBOTO TIIOCTIMHOTO MarHita Ta
VHIMOJISIPHUMH TTU(QPOBUMHE aTUMKaMU XO0JIa, 2 TAKOX BiJIOBIIHAM B3a€EMHHM PO3TAIlyBaHHSM OCTAHHIX
o3HaveHi iH(opMaiifHi mpucTpoi 3ade3nevars MiABUIICHY TOYHICTh, IIBUAKOIIIO Ta HaAIHHICTh KepyBaHHS
PYXOMHMH 00’€KTaMH, a TakoX (POpPMyBaHHsS BY3bKOI 30HM TOYHOI 3yNHMHKH y MeEXaxX Bil YacTOK OO
OJIMHMIIb MM.

BucHoBkH.

1. OrpumaHni aHamiTH4YHI BUpPa3d TOPU3OHTAIBHOI Ta BEPTHUKAIBHOI CKJIAIOBHX HAIPYKEHOCTI
30BHINIHBOTO TIOJISI TTOCTIHHOTO CTPHKHEBOTO TIPSIMOKYTHOTO MarHitTa 3 OOKy WOro IIOJIFOCIB, IO
IPYHTYIOTbCS Ha JIHIWHINA MOJemni, 3py4HO W IOUIIBHO 3aCTOCYBaTH NpPH NporpamyBaHHi. Bonu 3a0e3me-
YyIOTh BH3HAYCHHS Ha MpPaKTULl KOHQIrypamii BiINOBIZHHX KPWUBUX 3 TOYHICTIO 5...8% Ta BenUYMHH
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Jliana3oHy JIiHIKHOCTI JUISHKA TOPHU30HTAIBHOI CKIIAI0OBOI HANPYKEHOCTi 30BHIITHBOTO TOJS MOCTIHHOTO
CTPUKHEBOT'O IPSIMOKYTHOI'O MarHiTa y IAPOKOMY Jiamna3oHi (BiJ OMUHUILL 10 JECATKIB MM).

2. 3ampomnoHOBaHa CTPYKTypa iH(popMaliifHOro IPUCTPOIO AEMOHCTPY€E HOBHUM MiAXiA A0 po3poOKU
AHAJIOTIYHUX TPUCTPOIB KEPYBAaHHS Ta TOYHOI 3yNMHHKH PYXOMHX 00’ €KTiB Ha 0a3l MarHITOMETPUYHHX
MEPETBOPIOBaYiB, TOOYAOBAHNX HA OCHOBI CTPYIKHEBHX ITOCTIHHUX MarHiTiB Ta MU(PPOBHUX MATYHKIB XOJIIa.
Inest monsirae B TOMy, IO 3YMTYBaHHS OPTOTOHAILHUX CKIIAJIOBHX HANPYXKEHOCTI IMOJISI MOCTIHHOTO MarHita
IU(QPOBUMH AaTYMKaMHU XOJJla, KUIBKICTh 1 po3TallyBaHHs SIKUX Y NO€AHAHHI 3 BiAMOBIIHOIO €IEKTPOHHOIO
CXEMOI0 Ta MIKPOITPOIIECOPHOI0 00poOKot0 iH(OpMaITii BU3HAYAIOTh HEOOXiTHI PYHKITIOHATEHI MOYKIHMBOCTI
IIPUCTPOIB.

3. PesynbTratu poO0TH MOXKYTh OyTH BUKOPHCTaHI IPH CTBOPEHHI HOBUX 1 BIOCKOHAJICHH] iCHYIOUHX
HPUCTPOIB KEPYBaHHA PYyXOMHUMH 00’ €KTaMU 3 IEPEPUBUYACHUM XapaKTEPOM PyXYy.
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Based on a two-dimensional potential problem, which is described by differential equations of the elliptical type,
analytical expressions of orthogonal components of the tension of the outer magnetic field from the pole of the rod
permanent magnet. These expressions are used as informative parameters when constructing magnetometric converters
on the base of the bar permanent magnet and digital sensors of Hall. Presented a structural diagram and a diagram of
the work of the proposed information device for the management of a moving object to determine the direction of the
movement of one object relative to the other and the decrease in their mutual speed in the surroundings of the exact
stop. References 12, figures 6.
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MOJIEJIOBAHHSA EJJEKTPUYHOTI O I1OJISI B EJIEKTPOJHIN CUCTEMI
3AIUIA CTBOPEHHS IMITYJIBCHOI'O BAP’EPHOI'O PO3PAY B ATMOCOEPHOMY
HOBITPI 3A TIPUCYTHOCTI BOAU B KPAIIVIMHHO-IIJIIBKOBOMY CTAHI
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LlInsaxom mMoOento8anus npoeedeHo O0CHIONCEHHs PO3NOOINY HANPYICEHOCMI eNeKMPUUHO20 N0 Md NOMEHYiany 6
NOBIMPAHOMY NAACKO-NAPANENbHOMY NPOMIJICKY eNeKMPOOHOI cucmeMu 3401 CMEOPEHHs IMNYIbCHO20 6ap €pHO2O
PO3psA0y NpU HAAGHOCMI 6 Hill 600U 8 KPANIUHHO-NIIGKO8OMY cmani. Pospaxynku euxonawi 3a ymoe yHinonspHux
imnynecie Hanpyeu 3 mpuganicmio ppormy =40 e, WUpuHi 2a308020 NPOMIXHCKY 3,2 MM, MOBWUHI NAIBOK 800U HA 11020
cminkax 0,15 mm, oiamempy xpanenv 0,5—1,5 mm. Ilokazano, wo 3a npucymnocmi Kpaneib 00U 3HAYHO 3MIHIOEMbCS
PO3NO0IN eNeKMmPUUHO20 NOJISL 8 NPOMINCKY. 3 0OHOPIOHO20 8iH CMA€E pi3ko HeoOHOpiOHuM. Haiisuwa Hanpysicenicmo
NOJIsL CNOCMEPI2aEMbCsl 8 MOYKAX HA NOBEPXHI Kpanii, wjo Haubaudxcui 00 cminok npomidxcky. L{a nanpyocenicmo 6 =2,5
pasu euwa 3a my, wo 8ionosioac 0OHOpPiOHOMY noio. Takodxc po32iAHYMO 6RAUE CYCIOHIX Kpaneib Hd pOo3nooil
HanpysiceHocmi erekmpuyrnozo noas. Bin € cymmesum (>10%) minoku mooi, Konu 8i0cmansb Midc CyCiOHIMU KPANTIAMU
cmae menworo 1,5 mm. Bion. 8, puc.6.

Knrouosi crosa: iMiyincHuiA 0ap’€pHUN PO3Ps, HATIPYKEHICTh SIIEKTPUYHOIO TOJISA, KPAIlTi, TUIiBKA BOJH, MOBITPSI.

3a0pyIHeHHS BOJIM Yepe3 aHTPOIIOTEHHUI BIUIMB HA HABKOJIMIITHE CEPEIOBUIIE i 37I0POB’S JIIO/IEH Ta
00OMEKeHI 3armacd MUTHOI BOAM BIMHOCSTHCS JO CHOTOJEHHUX aKTyalbHUX MpoOieM. OTHUM i3 OCHOBHUX
JoKepen 3a0pyIHEHb BOJHUX CHCTEM € CTOKH TPATUIIMHUX OYMCHHUX CIOPYJA, B SIKUX 0OpoOKa BOIH
MPOXOANTH 4epe3 Tpu ocHOBHI crafii [1]. [lepBuHHA cTamis CKIAgaeThes i3 POy €TalliB MEXaHIYHOI Ta
(hizuKo-xiMiuHOT 0OpOOKH, Ha SKUX 3 BOJIU BUAAJISAIOTH TBEPAl YACTHHKH, BKIIFOUAIOYH IiCOK, a TAKOX MacJo,
KHUpPH ToIo. BropuHHa 3a3BHyail moisirae B OIONOTIYHOMY MEPETBOPEHHI PO3YMHEHHMX 1 KOJOiTHHX
OpraHiYHUX PEYOBHMH B CTaOUMi30BaHI HU3bKOCHEPrEeTHYHI CIIONYKH 32 JONOMOTOI0 Pi3HOMAHITHUX TPyl
MIKpOOpPTraHi3MiB 3a MPUCYTHOCTI KUCHIO. TpeTs crafis — 1ie JoAaTkoBa o0poOKka, HeoOXiaHa ISl TOTO, I00
3poOUTH XIMIYHHEN Ta Oi0JOTIYHHMM CKJIa BOIW MOJIMBHAM I CKHIAHHS B MpHUHAMaIbHE CEpEIOBHIIE.
Cepen MeTo[iB, IO BUKOPUCTOBYIOTHCSI Ha IIbOMY €Talli, MOIIMPEHHUMH € TpaIulliiiHe XJIOpYBaHHS Ta
030HYBaHH: BOAM, BUKOPHCTAHHA YJIbTPagioeTOBOrO CBITIA Ta iHIII, A0 SKUX BIIHOCITHCS HOBI TEXHOJOTT
AOQOP (Advanced Oxidation Processes) [1-3], 3a sKuX reHepallisi OKHCHIOBAYiB BiIOyBa€ThCs O€3MOCEPEIHBO
B 30HI, Y SIKill MOTpiOHE po3KIIaAaHHs 3a0pyIHIOBAYiB BOJIH.

ImmynbcHuii Oap’epuuii po3pan (IBP) Ha moBepxHIO BOIM, IIO T€HEPYE HHU3BKOTEMIIEPAaTypHY
mwia3my, € BugoM AOP, 3a SKUX yTBOPIOIOTHCS BHCOKOAKTHBHI YAaCTHHKH 3 OKHCHHMH MOTEHIliAaMHU,
outpmmMu HiX y kucHIO O (1,2 B): mepokcun Bogaio H,O, (1,8 B), o3zom O3 (2,1 B), rimpoxcuiasHUi
paznukan OH" (2,7 B) Tomo. Ockinbku i PCYOBUHH B3aEMOJIIOTH 3 BOAOI B OCHOBHOMY Ha MEXIi «Ta3-
pianHa», 00poOKy BOIM HEOOXiTHO BHKOHYBATH IPH BEIMKOMY CITiBBIIHOIIEHHI TUIONUHY TIOBEPXHI BOAU
110 1i 06°emy (~10 M*/11). L[pOro MOKHA JOCATTH 33 YMOB, KOJIM BOJA 3HAXOAUTHCS B IUTIBKOBOMY (TOBILHHA
wiiBku ~0,1-0,15 mm) [4, 5] un kpanenbHOMY cTaHi (miamerp Kpamenb ~ 1 MM) [6]. Alle OCHOBHOIO
npo0IeMOI0 MPaKTHYHOTO BUKOPHCTaHHS TexHOJOrii o0poOku Boau IBP € Bucoki muTomi eHeproBHTpaTH,
SIKi 3aJIeXKaTh HE TIIBKU BiJ BUAY Ta KOHIICHTpaIlii 3a0pynHroBadiB [1], a # Bix HaNpy>KEHOCTI EICKTPHIHOTO
nojii £ Ta WOro po3mojily B ra3oBOMYy MPOMDKKY, 00 caMe BOHU BH3HAYalOTh CHEPrii0 EJICKTPOHIB i
MPOXO/PKEHHS KOPHCHUX IUIa3MOXIMIUYHUX peakiid [5], a takox nesindexuiro Bomu [7]. B geskiét mipi
BiJINIOBi/Ib HA I1e MUTaHHA OyJI0 JaHO B POOOTI [8], OCHOBHMII BHCHOBOK SIKO1 TMOJISITA€ B TOMY, 10 y pasi IBP
0L MOBEpXHI Kparuti BOIW BeTMYMHA £ 3Ha4HO 3poctae. OgHaK B Hi y po3paxyHKax OyB BHUKOPHUCTAHHI
CTPOLICHUH MiJXiJ, a TAKOX HE JOCIHI/PKEHHH BIUIMB MapaMeTpiB pyXy BOAHM (IiaMeTp Kpareib, IUIiBKH Ha
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€JIEKTPO/aX, MUTOMOI ENeKTPONPOBIOHOCTI BoAM TOmIO). OKpiM IBOro OOYMCIEHHS MPOBOIMINCH IS
CJIEKTPOIHOI CHUCTEMH, sika OOyMoBIIOBaslia HeOaxkany mist oOpoOku Bomu IBP mepBicHO Bemuky
HEOAHOPIAHICTH MOJIS Ta Majuii yac (~1 MC) 3HaXOMKEHHS Kpareib BOAH B PO3PSAAHOMY MPOMIXKKY, /i€ BOHA
00po0IIAETHCS, IO CYTTEBO 3MEHIIYE eHeProe(eKTUBHICTH MPOLIECY.

Memoio 0anoi po6omu € MOICITIOBAaHHS PO3TOIITY €IEKTPUIHOTO MOJISA B €IEKTPOIHIA CHCTEMI IS
renepanii [BP 3a HasBHOCTI B Hilf BOJM B KPalUIMHHO-TLTIBKOBOMY CTaHi, @ TaK0X BU3HAYCHHSI BILIMBY Ha
e po3noJil MUTOMOI eNEeKTPONPOBITHOCTI BOAM, PO3MIpY Kpameib Ta BiAcTaHi MK HUMH. Lle HamacTb
3MOTy OTPHMATH HOBI 3HAHHS MPO XapakTep 1 (i3udHi mporecH, mo mpoxomate mpu IBP, a Takox onTumi-
3yBaTH TEXHOJIOTiI0 0OPOOKH BOIM TAKUM PO3PSIOM.

EsexTpoana cucrema st 00po0KH BOIM Ta MOJETIOBAHHS €JeKTPUYHOr0 mojs B Hiii. Po3pa-
XYHKH TPOBOAMJIMCH [UIS €IEKTPOAHOI CHCTEMH, SIKy B IOAAJBIIOMY IUIAHYETHCS BHUKOPHUCTOBYBAaTH B
yctaHOBIII 00poOku Bomu IBP. KoHcTpykrito 11i€i cuctemu HaBeneHo Ha puc. 1. 'a3oBuil mpomixok 7
€JIEKTPOJIHOI CHCTEMH YTBOPIOETHCS MapajelbHUMU METaJIEBOI0 [ Ta CKIOTEKCTOJITOBOIO 4 IIaCTHHAMH,
PO3TalIOBaHUMU Ha BiJicTaHi d =3.5 MM, 1m0 MatoTh Bucoty 100 MM Ta mupuny 300 mM. Taka BenwunHa o €
XapaKTEPHOIO TIPH 00poOIIi BOAW B ITiBKOBOMY [4, 5] uu kpamensHOMY [6] cTaHi, 60 mpu 0 < 2,5 MM icHYe
MOXIIUBICTh ITEPEMHUKAHHS Ta30BOTO MPOMIKKY 7 BOJSHHMH MiCTKaMu, a ipu d > 4 MM 1uist ctBopeHHs [BP 3
IHTEHCHBHOIO 10HI3alli€l0 a3y B HOMY MMOTPiOHI 3aHaATO BUCOKI Hanpyru (moHan 30 kB), mo 3 Touku 30py
€Hepro30epeXeHHs Ta YCKIaJHEHHS] BUCOKOBOJIBTHOTO JKepesia >KUBJICHHs € HeOaxanuMm. IlnactuHa 4, 1mo
BUKOHYE DPOJIb JIICNIEKTPUYHOTO Oap’epy, Ma€ TOBIIMHY 2 MM, BiJIHOCHY Ai€IEKTPHYHY NMPOHHUKHICTH 4,5 i
nutoMy enextponposinicts 1-107° Cm/cm. 3 il 30BHIMIHEOI CTOPOHH IIIBHO NMPHKICEHHH MeTaIeBHil
eNeKTpONl 5, Ha SAKWH MomarThes immynbcu Bucokoi Hampyru (BH). Boma B moBiTpsHUiT mpomikox
BBOJIUTELCS Uepe3 KepaMidHi TpyOKu 2, Mo MaroTh BHYTpIMHIN giameTrp 0,6 MM. BiacTans MiX OCIMHU ITUX
TpyOOK cranoBuTh 3,5 MM. JlOCTiIKEHHS MOKa3ald, IO BoJa MpH ii THMCKy Ha Bxomi y Tpyoku 200 Ila
BUTIKa€ 3 HUX CYITLHUMH LiBKamu AiameTrpoM 0,6 MM Ta TOBXKHHOK ~30 MM, SIKi TIOTiM IEPETBOPIOIOTHCS
Ha Kparuti 3 XapakTepHuM JiaMmeTpoM 1 MMm. BoHM JeTATh BHA3 31 MIBUAKICTIO ~2 M/C TIPH BiACTaHI MiXK HUIMH
~2,5 M. Ilig yac pyxy yacTHHa Kparenb NOMaJae Ha CTIHKKA ra3oBOTO MPOMIXKY, SKi €
rizpo¢poOHi. 106 3amo0irTu yTBOpEHHIO Ha HHUX BEIMKUX Kpameidb Ta BUHHUKHEHHIO
BOJSIHUX MICTKIB, SIKi MOXXYTh NEpEMHUKATH MPOMIKOK, BHYTPIIIIHI IMOBEPXHI €IeKTpoJa Ta
Oap’epa BkpuUTi TOHKUM (=0,1 MM) 11apoM OaBOBHSIHOT TKAHWHU. 3aB/KU I[bOMY 110 CTIHKaM
ra3oBOro MPOMIKKY BOJA CTiKae IUTIBKAMH 3, SIKi B HUKHIM YacTUHI €1eKTPOAHOI CUCTEMHU
MatoTh ToBImMHY ~0,15 Mm. Ilapamerpu pyxy Kpameiab BH3HAYalIHMCs Ha OCHOBI aHaIizy
(hOTO3HIMKIB.

Bucoka Hampyra miIBOAWTHCS BiJl BUCOKOBOJBTHOTO JDKEpeia J>KUBICHHS, IO
3a0e3nevye yHIMOMSPHI IMITyJIbCH, GPOHT Ta TPUBAIICTH SKUX CTaHOBHUTH Oist 40 Ta 80 HC
BimmoBigHO. Jlo ckiamxy Jpkepena BXOAUTh MarHiTHHH KITIOU, KU Bimpa3y IICIS MPOXO.I-
JKEHHSI IMITyJIbCY TPSAMOro CTpymy 3a yac ~40 HC po3psKae €MHICTh HieJIEKTPHYHOTO
Oap’epa. BHacnmimok mporo Hampyra Ha €NEKTPOAHIA CHCTEMi 3MEHIIYEThCS O HyJS 1
i % YIPOJOBXK BChOTO Yacy Mixk imMmyibcamu (~10 mc) BigcyTHs. ToMy mpu po3paxyHKax KOKeH
y 5 IMILyJIbC HAaNlpyTH PO3IJISIAABCS SIK OAMHUYHHM.

[ MogentoBaHHS €IEKTPUYHOTO MOJIS IPH MOJAHHI IMITYJIbCY HAIPYTH HA €NEKTPOIHY
cuctemy (EC) (puc. 1) mpoBommnocs 3 BHKOpUCTaHHsAM mporpamu FEMM wmeromom
KIHIIEBUX €JIEMEHTIB Ha OCHOBI PIMNICHHS PIBHSHHS

Puc. 1 —(o+ jws)Vp=0,
IIe 0, & — BIAMOBIAHO THUTOMAa EJICKTPONPOBIMHICTE Ta JiCICKTPUYHA MPOHUKHICTH CEpEOBHUINA; @ =27f —
KpYroBa 4acToTa; ¢ — eJNEKTPUYHUI MoTeHIian. Po3paxyHKH BHKOHYBAIHCh B JIBOBHUMIpHili TIOCTaHOBI B
NPUIYLIEHH] HECKIHYeHHO BEJMKUX (TI0 BHCOTI Ta IIMPHUHI) €JNEKTPOMIB 3 3aMiHOI0 PEATBHOrO iMITYJbCY
Hanpyru u(t) (¢ — gac) 6;1u3bKoi 10 HBOro Mo ¢opmi nonosuHoro cunycoinu U, sinwt (0< t <0,5/f, U,, —

-

-
= )

aMILTITYAa Hanpyry, yactota f=7,14 MI'm). [Ipun MozmentoBaHHI TOCITIKYBaIUCh BIUIMBH Ha HANpPYXKEHICTbH
enekrpuuHoro nois B EC momsipHOCTI IMITyJIbCYy HAmpyrd, HMUTOMOI €JIEKTPONPOBIAHOCTI BOIU 0, sKa
sMiHIOBanacs B Mexax Bim 2-10° Cm/cm (mTrcTHIROBaHA BOAA) JIO 1-102 Cm/em (Mopchka Bona), miameTpa
kpanenb d,=0,5—1,5 MM Ta BiACTaHi BiJl MOBEPXOHB CyCinHIX Kpamnenb s = 0,5-4 mM. Uepes Te, 110 3a 9ac il
IMITYJIbCY HAIPYTH KPAILIi IPOXOAWIN BeIbMU Mauid nuisx (~0,1 MKM) Ipy MOICJTIOBaHHI BOHU BBaXKaJIUCh
HepyxoMuMH. [IpuiiManioch TakoX, MO BCi Kparuli po3TalIOBaHi MO IEHTPY ra30BOTO MPOMIXKY 1 MaroTh
chepuuny ¢opmy. Po3paxyHKH NpPOBOIMIUCS 3a aMILNTYyIor0 iMiynbcy U,=3 kB, mpu skifi ioHizamis
MOBITPS BiJCYTHs, TOMY HOTO HHTOMa €JIEKTPONPOBIJHICTh BBaXKanach piBHOIW Hymro. Crouatky OyIo
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BHUKOHAHO MOJICNIOBAHHS B HPUITYIICHHI, 10 B MPOMDKKY 3HaXOAWTHCS TUIBKH OJHA KpaIulsi, a MOTIiM — 3
ypaxyBaHHSIM BIUTMBY CYCIJIHIX Kparienb.
Pe3yabraTu 1ocaixkenpb Ta ixuiil anauis. Posnoxinu HanpyxeHocTi enexTpruyHoro nons E(x) (kpusa
1) ta moreHmiany ¢(x) (kpuBa 2) MiXK €JIEKTPOJaMHU TPU 3HAXO/KEHHI B ra30BOMY MPOMDKKY OIHI€T Kparnii
BozomnpoBigHoi Bomk (0=2-10"* Cm/cM) miamerpoM 1 MM B MOMEHT, KONH IMIYIbC HAMPYTH IOCSTAE
aMILTITYJHOTO 3HaYCHHS, HaBEIEHO Ha pHcC. 2 (Bich X IPOXOAUTH Yepe3 HEHTP KParuti, Bi/UTiK KOOPIUHATH X BiJ
3a3eMJICHOTO eJIeKTpoa. BepxHs MoJoBHHA KOHTYPY KpaIuli yMOBHO MpEJCTaBlIeHa MYHKTHPOM J). SIK BUIHO
3 PUCYHKY, BeWYMHHA £ B 000X IUTIBKaxX BoaM Ta Kparuti BenbMu Maii (<0,1 kB/cwm), 1 3a macmtabom puc. 2
BOHM HIOMTO NexaTh Ha oci X, ame Ha
MeXKax «IUIBKa-MOBITPS» Ta «HOBITPs-
kpams» (1. a, b, ¢, d) BigOyBawThCs
)5 55 CTpUOKM HAMpPY>KEHOCTI TIOIS BiIITOBIIHO
1 b ’ Ha ~ 2-3 nopsaku (1o 9 Ta 25 xkB/cm). [Ipu
20 ) IIbOMYy Ha TTOBEPXHI Kparuli Hampy»eHiCTh
Maibke yTpo€ BHIIE, HDK Ha IOBEpXHI
15 A 1,5 miBkn Boqu. [lo  ToBmMHI  jtienek-
3‘)/ \ TpuaHOrOo Oap’epy (T. e, f) Hampy>KeHICTb
10 === = npaktudHOo HesMiHHa (= 0,25 kB/cm) i
a4t BT T OUTBIII HIK HA TOPSIOK MEHIIE Ti€i, M0 B
f 0,5 ra3i. 3anexHicTh NOTEHLiady ¢@(x) CBiI-
1 YUTh, 1I0 B IUIBKaxX BOOM Ta Kparul
0 ' - ' 0 IPAaKTUYHO BiJACYTHE MaliHHSA Harmpyru. B
0 1 2 3 4 5  X.MM OCHOBHOMY BOHO MpHIIAJa€ HA MOBITPSHI
npoMikkd (<90%) Ta B meskili Mipi Ha
Puc. 2 6ap’ep (=10%). ns mopiBHAHHA Ha puc. 2
TAKOXK HaBeIeHO posmomimm E(x) s
BUIAJKIB, KO B MPOMIDKKY 3HaXOAWTHCS CYLJIbHA LiBKa BOXM AiameTpoM | MM (ImyHKTUpHa JiHisS 3) abo
B3arajyii Hema Bomu (IyHKTUD 4). Ilepexin Bix Kparmenb 10 IIBKU SKICHO HE 3MIHIOE PO3IOJLT €IeKTPHYHOTO
NOJISL B TIPOMIXKKY, aJie 3MEHIITye Horo Ha oBepxHi HiBku Ha ~30%. ToMy 00poOKy BOJIH JOIIJILHO BECTH came
B KpanejJbHOMY CTaHi. 3a BiICYyTHOCTI B IIPOMIXKKY BOJIM TI0JI€ B HHOMY OJHOPiJHE 1 3HA4HO (70 3 pa3iB) MeHIe
TOTO, IO iICHY€E Ha TIOBEPXHI Kparuti. MoAeIrOBaHHS TaKOX TTOKa3aJio, 0 3MIiHU ITUTOMOI €JIeKTPOITPOBIAHOCTI
BOJIM Ta MOJISIPHOCTI IMITyNbCy TpakTHIHO (<1%) He BIUTMBAIOTH Ha po3moaimn E(x) ta ¢(x). [Ipu mpomy cami
BeNMM4MHU E, ¢ JiHIAHO 3a1exath Bija 3HadeHb U, (0e3 ypaxyBaHHS 10HI3aIlil rasy).
Ha puc. 2 nmoka3aHo, 1110 B MICIISIX IEPETUHY Kparuli Biccto X (T. ¢ Ta ¢) HAPYKEHICTh SIIEKTPUIHOTO
MOJII B Ta30BOMY MPOMIXKKY HaWOiIbIIa. AJe, SKIO0 PYXaTHCS 1O 30BHINMTHROMY KOHTYPY BEPTHKAILHOTO
nepepizy Kparut BiJ T. b 10 T. ¢ (3BepXy UM 3HHU3Y), BeIMUMHA E Ha MOBEPXHI Kparuti 3MiHoeThea. Ha puc. 3
HaBeJleHO 3anexHicTs (), B siKiii / — KpuBOJiHIMHA KOOPAUHATA, IO BiAPAaXOBYETHCS BiJ T. b IO 30BHIIIHIH
niHil nepepi3y kpamii B wiomwmHi X — V (d=1 mm). Ik BUAHO 3 pUCYHKY, Yy KoopauHati [=0,7 8mm, sKii
BIIITOBIa€ TOYKA TIEPETHHY BEPTHKAIBHOI OCi CHMETpil Kpami 3 KOHTYpOM TIepepidy, BelINYuHa
HaMpY>XEHOCTI TONs HaOMMXKYETbCS [0 MiHIMaIbHOTO 3HAYECHHS, a MOTIM 3HOBY 3POCTA€ 10 MaKCHUMYyMy.
MopenoBaHHS IOKa3aJo, 10 Maike BIIPOJIOBXK BCi€l TOBXKHUHH / BEKTOP HANPYKEHOCTI IEKTPHYHOTO OIS
Mae (haKTHYHO TUTHPKH HOPMAalbHY JO IMOBEPXHI Kparmli ckianoBy. Jlume ma HeBenukidt mimsami [=0,76—
0,80 MM (3Bepxy Ta 3HU3Y Kpamli Ta B HaWOUIBII BIJAJCHMX BiJ CTIHOK MPOMDKKY 00JacTsIx Ha
TOPH3OHTAIBHIN TUIOLI Tepepidy) iCHye TaHTeHLialbHa ckiagoBa Ha piBHI ~0,1 kB/cM, sika mepeBuirye
HOpMaJIbHY.
3ajexHicTh MAaKCUMAJIbHOTO 3HAUCHHS HANPY>KEHOCTI eJIEKTPUYHOTO IT0JIsl Ha TIOBEPXHI Kpaneinb £,
BiJl IXHBOTO JiaMeTpy HaBeJeHO Ha puc. 4. BoHa CBIIUUTH Mpo Te, IO 3i 30UIbIIeHHAM d, BenuuuHU E,, B
nesikiit mipi (~10%) 3pocTatots. Lle MOkHA HOSICHUTH THM, 10 301IbIIEHHS d,, 3MEHIIYE CyMapHy JOBXHHY
ra30BOTO NPOMIKKY, Ha SKy IPHIIAJa€ OCHOBHA YacTHHA Hampyru U,,, BHACHIZOK YOTO HANpyXeHicThb £,
sika niponopititina U,/d, , 3pocTae.
HasBHIiCTB CycigHIX Kpamnenb MOHmWKye Bennuuny E,. Lle BugHO 3 puc. 5, (d,=1 MM) Ha SKOMYy KpHBa
1 mokazye 3anexHicte E, Big BimcraHi s=0,5-4 MM MK HaHOMIKIMMH TOYKaMH Ha TOBEPXHsIX (TI0
BEpTHUKAII) CyCiqHIX Kpamenb. [IlyHKTHp 2 BiANOBifae 3Ha4YeHHIO F, IJIs BUMAAKy OJHIEI Kparuli TOTO X
miamerpy 1 mm. HaiiGinpm nomitHuil BruB cycianix kpanens (1o 10%) toai, komu s <1,5 mm. [Ipu s>3 mm
BiH ckmanae smme ~0,5%. Takum 4uHOM 3anexHicTb E,,(s) TakoX Ja€ IMiJICTaBH BBAXKATH, IO KpaIuTi,

E.xB/cm @, kB
30 | T 3

[
=

wu
'l
- = d
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YTBOPIOBaHI CYCiTHIMU COIDIaMH, SIKi pO3TallloBaHi Ha BiAcTaHi 3,5 MM OJHE BiJ OJHOTO, Mall0 MOXYTh
BIUIMBATH Ha BEIINYUHY E,,.
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Posmoniny HampyXeHOCT1 eNeKTPUIHOTO ToJis £ () B3JI0BK BEPTUKAIBHOL OCi V (BiAJIiK KOOpAHHATH
y TIOYMHAETHCS BiJl HAMBUIOI TOYKYM Ha TTOBEPXHI Kparuri) i BumankiB s=2,0; 2,8 ta 4,0 MM HaBeIeHO Ha
puc. 6 BiamoBigHO KpuBUMH [ — 3. BoHM cBig4aTh, 110 MOCEPEANHI MK KPaIUIAMU TI0JIE AOCIATaE MAaKCUMyMY
E,,;. 3HaueHHs HanpyKeHOoCTi E,,; 3pOCTar0Th 31 301IBIICHASM BifICTaHI MK KparisaMu. B Toii ke yac BOHH
3QIMINAIOTHCS B ~2,5 pa3u MEHIIMMH, HK BeW9uH E,, (U1 OMHAKOBHX 3HA4YeHB §). IIpOTSHKHICTH 30HU, B
K1l HaNpyXeHicTh nois E = E,;, TuMm Oiiblia, yuM OLIbIIa BiICTaHb MiXK KPaTUISIMH.

BucnoBku. 1. HasgBHICTh BOAM B KpamMHHO-IUIIBKOBOMY CTaHi B IJIaCKOIApaleIbHOMY Ta30BOMY
MPOMDKKY €JIEKTPOIHOI CHCTEMH, PU3HAYCHOMY IJII CTBOPEHHS YHIMOJSIPHOTO IMITYJIBCHOTO Oap’€pHOTO
po3psny 3 GpoHTOM OaM3bK0 40 HC 3MIHIOE PO3MOJIT HANPYIKEHOCTI EICKTPUYHOTO IOJISI B HHOMY TaKHM
YHHOM, IIO 3 OAHOPIAHOTO BiH CTa€ CYTTEBO HEOTHOPimHMM. Ilpu mpoMy HaWOiNmbIIA HANPYKEHICTh, SIKA B
~2,5 pasu BUIIA HiX JJIs OJHOPIAHOTO OIS (SKe iCHY€E, KOJM HeEMa BOAM B MPOMIXKY), BiIIOBIa€ MiCIIsIM
Ha TIOBEPXHI PO3IUTY «IOBITPS-Kparuisy», IO PO3TAIIOBaHI HAWOIMKYE IO CTIHOK Ta30BOTO IPOMIKKY,
YTBOPIOBAHOTO EIEKTPOJOM Ta Oap’epom. Ilpore, sIKIIO pyxaTHcS MO MOBEPXHI Kparwli BiJ OUX MICIb J0
HaWBIAANCHIINX BiJ] CTIHOK NMPOMIXKY 0o0JlacTell, BOHAa MOHOTOHHO cliajgae Maibke Ha 3 mopsagku. Bextop
HaIpy>KEHOCTI TOJIS IPAKTUIHO Ha BCiil TOBEPXHI Kparuli HampaBlIeHUH 10 Hel IT0 HOpMaUTi.

2. Ilpu 30umblIeHHI AiameTpy Kpameiab B Mexax 0,5-1,5 MM MakcHMallbHa HaIlpyKEHICTh
CJIEKTPUYHOTO MOJS Ha IXHIX MOBEPXHSIX MOHOTOHHO 3pocTae (mo 10%). BmmuB cycimHix Kpamenb Ha
HaNpyXeHICTh N0 ctae cyTTeBUM (<10%) Toai, KoM BiACTaHb MiX iXHIMH ITOBEPXHSIMH CTA€ MEHILIOIO
~1,5 mM. 3a BiicTaHIO MK KpaIuIAMH TIOHaA ~2.5 MM, ixHiil B3aeMOBIUTHB cTae MajgonomiTHuM (0,5%).
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3. HampyXeHiCTb €JIeKTPHUYHOIO IOJII Ha MEXax «IUIiBKa-TIOBITPsS» TakoX mizBumeHa (<15%) y
NOPIBHSHHI 3 OJHOPIIHWUM TIOJNIEM B ra30BOMY NPOMIXKY (KOJIM BOJa BiAICYTHS), a B caMUX IUTIBKax Ta
Kparisix BOAM — Ha ~2,5 MOpsAAKN MEHIIA, HiXK B Ta3i.

4. TlonsipHicTh IMITyJIbCIB HAmpyrW, MIO MOAAIOTHCS HA EIEKTPOAHY CHCTEMY, Ta ITHTOMa
CNEKTPONPOBIAHICTE BOAM B MeXax AoCHimkeHMx 3HaueHb (2:10°-1-107 Cm/cm) nomitho (<1%) He
BIUIMBAIOTH HA pPe3ylbTaTH MOJETIOBAHHS. IXHS 3aleXHICTh BiJl HANpyTH iMIYIbCy € JiHiiHO0 (6e3
ypaxyBaHHSI MOXKJIMBOI 10Hi3aLi] MOBITPS).

5. He 3Bakaroun Ha Te, IO MPOBEIECHE MOJCIIOBAHHS BHKOHAHO TIPH BIJHOCHO MalnX HANpyrax,
KOJIM HEMa 10HI3allii MOBITPs,, BOHM BKa3ylOTh Ha T€, 10 HASABHICTh B T'a30BOMY IPOMIDKKY Kpareib BOIU
CYIIPOBOJIKY€ETHCS KiTbKapa3oBUM MiACUICHHIM HAIPYKEHOCT] EJIEKTPUYHOTO TOJIS1 HA iXHIX MOBEPXHSIX IO
BiJTHOIIICHHIO JI0 HAIPYXEHOCTI Ha MOBEPXHSX ILTIBOK, TOMY 00poOKa BOIM B KpaIleIbHOMY CTaHi € OiibIn
MEPCIICKTUBHAM METOJIOM, HDK B INIIBKOBOMY. BW3HaueHHS MOJJIMBOTO BIUIMBY 1OHi3aIlii TOBITpS Ha
PO3MOALN eNEeKTPUYHOTO TMOJISl B iIMITYJIbCHOMY 0ap’€pHOMY PO3psli TOBUHHO OYTH MpPEAMETOM MOAAIBIINX
JOCIIIKEHb.

Poboma euxonana 3a depoicOroddcemnoro memoro «Pozeumox meopii  erexmpogizuunux npoyecie 6
IMRYIbCHUX CUCMEMAX eleKmpPOMAcHIMHOL 00pobKu enrekmponposionux cepedosuwy («bBAP €P-2»), sxka ukoHyemvcs
3eiono 3 Ilocmanosorw biopo BOTIIE Ilpe3udii HAH Yxpainu 6io 04.07.2018p. (npomokon Nell). [lepoicagruil
peecmpayivinuti Homep memu 01170U007714.
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MOJEJTUPOBAHUE SJIEKTPUYECKOIO MOJISI B AJEKTPOIHOW CUCTEME JUISI CO3JIAHUS
MMIYJIbCHOT'O BAPBEPHOTO PA3PSIJIA B ATMOC®EPHOM BO3IYXE B IIPUCYTCTBUH BOJIbI
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Ilymem moOenuposanus nposedeHo UCCIe008aHUe PACHPeOeNeHUsl HANPAJICEHHOCTU INEKMPUYECKO20 NoJs U
NOMEeHYUaNa 6 31eKmpoOHOll cucmeme OJis CO30AHUS UMNYIbCHO20 6apbepHO20 paspaoa 8 ammoc@epHom 6030yxe npu
HAnU4uy 68 Hem 600bl 68 KANENbHO-NIEHOYHOM COCMOAHUU. Pacuemvl 8bINOIHEHbL NPU YCI0BUSX, UMO OJUMENbHOCb
@ponma umnyavca <40 e, wupuna 2a306020 npomedcymra 3,2 MM, MOJWUHAX NAEHOK 800bl Ha e2o cmenkax 0,15 mm
u ouamempe kanenv 0,5 — 1,5 mm. [lokazano, umo npucymcemeue kaneib 00bi KAPOUHALLHO MeHsilem pacnpeoeiehue
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nost 8 npomedcymre: ¢ OOHOPOOHO20 OHO CMAem pPe3KOHEOOHOPOOHbIM. MaKCUMANbHASL HANPANCEHHOCMb NOTIS
HabMo0aemcsi 6 MoUKax HA NOGEPXHOCMU KANIU, KOMOPbIE PACNONOICEHb OIUNCE 8Ce20 K CMEHKAM NPOMENCYMKA.
Dma nanpsxcennocms 8 =2,5 paza eviuie Mo, KOMOPAsl Xapakxmepua 0si 00OHOPOOHO20 NOJSL NPU OMCYMCMEUU Kaneib.
Taxoice paccmompeno 6uusiHue COCEOHUX Kaneib HA pacnpedeienue djekmpuyeckozo nois. OHO cmanHogumcs
cywecmeenuvim (>10%), Koeda paccmosinue mexncoy cOCeOHUMU KANJISAMU YMeHbUaemcs 00 eeudun menee ~1,5 um.
bu611.8, puc.6.

KiroueBble cjioBa: UMIYJIbCHUI OapbepHUIl paspsili, HAPSHKEHHOCTh JJICKTPUYESCKOTO TOJIsI, KAIUlsl, TUIEHKA BOJIBI,
BO3JIyX.

SIMULATION OF THE ELECTRIC FIELD IN THE ELECTRODE SYSTEM TO CREATE OF A PULSED
BARRIER DISCHARGE IN ATMOSPHERIC AIR IN THE PRESENCE OF WATER IN A DROPLET-FILM
STATE

V.0. Bereka', L.V. Bozhko', V.A. Brzhezitsky’, Ya. Haran’, Ye. A. Trotzenko®
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*National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»,

pr. Peremohy, 37, Kyiv, 03056, Ukraine.

By simulation, it was stated the distribution of the electric field strength and potential in electrode sstem for
creation a pulsed barrier discharge in atmospheric air in the presence of water in it in a droplet-film state. The
calculations were performed under the conditions that the duration of the pulse front is =40 ns, the width of the gas gap
is 3.2 mm, the thickness of the water films on its walls is 0.15 mm and the diameter of the droplets is 0.5 - 1.5 mm. It is
shown that the presence of water droplets dramatically changes the distribution of the field in the gap: from uniform it
becomes sharply inhomogeneous. The maximum field strength is observed at points on the surface of the drop, which
are located nearest to the walls of the gap. This field strength is =2.5 times higher than that characteristic of a uniform
field in the absence of a drop. The effect of neighboring drops on the distribution of the electric field is also considered.
It becomes significant (> 10%) when the distance between adjacent drops becomes less than ~1.5 mm. Referenses 8§,
figures 6.

Keywords: pulsed barrier discharge, electric field strength, drop, water film, air.
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[NEPETBOPEHHS ITAPAMETPIB EJIEKTPUUYHOI EHEPT I

YK-621.314 DOI: https://doi.org/10.15407/techned2020.02.023
AKICHI XAPAKTEPUCTUKHU OJHO®A3HOT'O MOCTOBOTI'O BUIIPAMJIAYA
3 AKTUBHUM HABAHTAKEHHSIM TA €EMHICHUM ®LJIbTPOM
Y PA31 )KUBJIEHHA BIJ 1) KEPEJIA CTPYMY
B.M. Cnipin’, noxt.Texn.Hayk, B.M. I'y6apeBny’, kaux.Texs.Hayk, F0.B. Mapyns™, C.B. Caiiko,
Incruryr enexrpornnamiku HAH Ykpainn
np. [lepemoru 56, Kuis, 03057, Ykpaina. E-mail: sspirin@ied.org.ua

Hocnidoiceno enexmpomaznimui npoyecu 6 0OHOQAZHOMY MOCMOBOMY SUNPAMAAYL 3 AKMUSHUM HABAHMANCEHHAM Md
EMHICHUM (DiTbmMpomM Npu HCUBNEHHI 1020 8i0 CUMEMPUUHO20 [HOYKMUBHO-EMHICHO20 nepemsopiosaua (IETI),
suxkoHanozo 3a cxemoro TI-LCL, ma npogedero nopieHauHa 11020 AxicHux xapaxmepucmuk 3 1€I1 3a cxemoro I'l-LC.
Cxema TI-LCL mae kpawji noxkasnuku enexkmpomaznimuoi cymicnocmi (cos ¢ =0,95+0,99, THDi<3%), nixc cxema 3
I'l-LC, ane y nei binvuia numoma nomysicunicms konoencamopa. biomn. 10, puc. 5, Tabm. 1.

Kniouosi cnosea: Bunpsmisd, akTUBHE HAaBaHTAXXCHHS, €MHICHUH (UIBTp, IHIYKTUBHO-€MHICHHW II€PETBOPIOBAY,
€JIEKTPOMArHiTHa CyMiCHICTb.

Beryn. JlochimKeHHIO €eKTPOMAarHiTHUX HPOLECiB B 0JHO(GA3HOMY MOCTOBOMY BHUIPAMIITYL 3
aKTHBHUM HAaBaHTAKCHHAM Ta €MHICHHUM (UIBTPOM, a TaKOXX MOKPAIICHHIO €JIEKTPOMArHiTHOI CYMiCHOCTI
TaKOTO BUIPSMIIYA 3 SNEKTPUIHOI0 MEPEXKEI0 KUBJICHHS, MPHUCBYeHO Oararo poOit [1-4]. B Toii ke uac,
30BCIM Maio myOiikamid 1Mo AOCHIIKEHHIO PO3TJSTHYTOrO B CTaTTi BUIPSAMISYA NPHU JKUBJICHHI HOTo Bifj
oKepena cTpyMmy. B pobotax [5—6] po3riIsHYTO €JIEKTPOMAarHiTHI MPOLECH B BHIPAMIISYI 3 aKTHMBHUM
HAaBaHTAXEHHSAM Ta EMHICHHM (iIbTPOM IIPH KUBJICHHI BiJl IHIyKTHBHO-EMHICHOTO meperBopioBada (I€IT)
JDKepesia HampyrH B Jepeno ctpymy mo cxemi I'1-LC 3rinHo 3 kinacudikalieto, HaBeJeHOI y poOoTi [7].

JociimkeHHs enekTpoMartiTHUX mporeciB B cucteMi «1€I1 — ogrodazHMit MOCTOBUH BHIPSAMIISY 3
AKTUBHMM HABAaHTAXXCHHSIM Ta €MHICHMM (QUIBTPOM» A03BOJMIO IPOJECMOHCTPYBAaTH, LI0 LI CUCTEMAa Mae
XOPOILy eJIEKTPOMArHiTHY CyMICHICTB 3 Mepexero sxuBneHHs (1THDi<3%), ane Husbkuii cos ¢ =0,29+0,67 B

niama3oHi BapiloBaHHS MOTYKHOCTI HaBaHTaxxeHHs Bix 0,3 mo 1,2 kBT.

MeTo10 1aHO01 poOOTH € BU3HAYCHHS SKICHUX XapaKTePUCTHK B CHCTEMI «OTHOGMA3HUN CHMETPUIHII
IHAYKTUBHO-EMHICHHI TIEPETBOPIOBAY — MOCTOBUH BHIIPSIMIIAY 3 aKTUBHUM HaBaHTa)XCHHSAM Ta €MHICHUM
(hinTbTpOM» Ta MOPIBHSHHS MUTOMHUX MOTYKHOCTEH PEaKTHBHHX EJIEMEHTIB — PEaKTOPIB Ta KOHJICHCATOPIB
I€IT mo cxemam T1-LCL ta I'1-LC, 10 103BOJIIE OTpUMATH COS @ =1.

Jnst BupimeHHs wiel 3aqadi OyJio BUKOPUCTAHO E€JIEMEHTH Teopil CHCTeM HE3MIHHOTO CTpyMy Ha
ocuosi I€II [8]. A came Teopema, sika BH3Hauae, mo KoedilieHT moTyxkHocTi €Il mMae makcumanbHe
3HAYEHHsI cOoS@ =l 1 He 3aJeKUTh BiJl 3HAYCHHS OMOPY HABAHTAXKEHHS Y TOMY BHIAJAKY, KOJIU OCTaHHE €

YHCTO aKTHBHUM, a caM MEePETBOPIOBAY BUKOHYEThCS CUMEeTpU4HUM. Ha puc. 1 mokazaHo cxemy BHUIIpsIMIISA-
Yya, Ha BXOJI SKOro BKIOYeHHMN cuMmerpuuHmii [€I1 mo cxemi TI-LCL. 3amis OTpUMaHHS SKICHHX
XapaKTEePHUCTHUK 1 JOCIIHPKEHHS eIEKTPOMArHITHUX MPOIECIB CXeMH OYJI0 TIPOBEACHO Psijl EKCIIEPUMEHTIB i3
3aCTOCOBYBaHHAM OJHOTO 3 METOAIB MaTema-

.. VD1 —-VD2
TUYHOI Teopii IIaHyBaHHS €KCHEepUMEHTY [5, 9- L1 L2 /N N
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q, = IszL/IICH Uien = QL/SHIGH > 4c = ICUC/IIGH Uien = Qc/Smen s Stien = lien *Ulen -

3a ¢axropu, mo BapirolOThCsA, 00paHO: X| — BigHOMIEHHS e€MHOCTI Cy KOHJeHcaTopa (uIbTpa 110
emHocti C xoHpnencaropa I€Il ta X, — BigHOINIEHHA OMoOpy HaBaHTaXXEHHsS Ry 10 omopy peakrtopa IEIL
x, =wL, (ne L1=L2=L). EXCriepuMEHT NPOBOJIMBCS 32 CXEMOI, 300paKCHOI Ha pHC. 1, 3 HACTYIHHUMH

napamerpamMu: Harpyra xuslieaHs 230 B, wactora nanpyru 50 11, moTy>KHICTh HaBaHTa)KEHHS BapiroBajach
Big 0,3 no 1,2 xBrt. I€II Bukonano mo cxemi T1-LCL 3 iHgykTuBHICTIO peakTtopiB L=184 MI'H i eMHicTIO
koHneHcaTopa C=50 Mx®. CTtpyM i1 Hampyra Ha BXOJli Ta BHUXOZl BHUIPSAMIITYA PEECTPYBAIUCI Ta
BuMiptoBanucst npuwiagom CA PowerQualityAnalyzez. Pe3ynbTaTi BUMIpIOBaHb Ta OOYHCICHb HaBEIEHO y
TabIuUI.

N X; Yy

Xo | 4| X | X X4 X, *X, | THDi | €OSQ | g, | q,, | 9¢ | Oy 0., Oc Syien
1 +1 -1 -1 1/3 1/3 +1 2,7 0,963 0,342 | 2,6 2,62 | 100,72 765,82 | 770 294,84
2 | +1 +1 -1 1/3 1/3 -1 2,7 0,974 0,345 | 2,64 2,67 | 100,72 770 781 292
3| +1 -1 +1 1/3 1/3 -1 1,4 0,95 0,98 0,648 | 2,13 | 1068,82 | 708 2328 1092
N I BT I VE R IV |14 0945 | 1,04 | 0,657 | 2,16 | 11190 | 708 | 2328 | 1078
5| +1 -1 0 1/3 _2/3 0 2,0 0,991 0,675 | 0,675 | 1,91 | 520,2 749 1470 770,4
6 | +1 +1 0 1/3 _2/3 0 2,0 0,988 0,704 | 0,986 | 1,89 | 520,2 728.,4 1398,4 | 7384
7| +1 0 -1 _2/3 1/3 0 3,0 0,969 0,343 | 2,63 2,71 | 97,7 749 770 2844
8 | +1 0 +1 _2/3 1/3 0 1,5 0,949 1,05 0,655 | 2,26 | 1068,82 | 668,2 2304 1020
9 | +1 0 0 _2/3 _2/3 0 2,1 0,989 0,732 | 0,968 | 1,99 | 520,2 688 1416,8 | 710,7

3a momepenHiMHu OCITiPKeHHSIMU [5], 32 OCHOBY OyNM MpWUAHATI 3HAYEHHS IS Jialma3oHIB 3MiH
(hakTopiB X| Ta X, MO IMMPOKO BUKOPHCTOBYIOTHhCS Ha mpaktwii. [lepmmii dakrop X; 3MiHIOBaBCS B
niana3oHi Bifl Ximin=9 10 Xima—=18 3a paxyHOK 3MiHH eMHOCTi KoHJeHcaTopa Cy Bix 450 Mk® 10 900 Mxd
(ocHoBHMIA piBeHb 675 MK®D, iHTepBan BapitoBanHsA 225 MK®D). YV apyromy ¢aktopi X, 3MiHIOBaBcs OIIip
HaBaHTaXeHHS Bix 24 Om 10 110 Owm, (ocHOBHUII piBeHb 67 OM, iHTepBan BapitoBanHs 43 Owm). [Ipu mpomy
XZmin:Oa4157 aszaX:1,87.

Sk mpuxnan st mociiay Ne 9
(Tabnuis) HaBENEHO OCIMIOTPAMH
CTPyMiB Ta Hampyr Ha BXOAI Ta
BHUXOJ{I BHUIPSIMIIAYA, IO >KUBUTHCS
Bix I€II 3a cxemoto I'1-LC (puc. 2, a)
[6], a TakoXX U TIOPIBHSHHS TakKi
caMi CTpyMH 1 Hampyru Jjsi BUMAIKY,
KOJIH BUKOPHUCTOBYETHCS
cumerpuannii  I€Il  (puc. 2, 6).
Xapaktep ctpymiB g I€IT 3a
cxemoro ['1-LC wmae mnepepBHUH
BUTJISIT, B TOW Yac CHMETPUYHA CXeMa
Mae Maibke CHHYCOIiTaIbHY (opMy

Puc.2

CTpPyMy, IO JJO3BOJISIE PO3TIIAATH 11 K JKEepeso cTpyMy i =1, sinwt .

ITicns xomyBaHHS (DakTOpiB 3 ypaxyBaHHSIM OOpaHUX IHTEpPBAJIiB BapifOBaHHS OYyJIO TPOBEICHO
CKCIICPUMEHTU IO OPTOrOHAJILHOMY IUIaHY APYroro mopsaaxky. ManI/IIlIO IJIaHyBaHHA KOJOBaHHX 3HAYCHb

. . . 2
axTopis HaBeseHo y TabmuMI ( PO3IN X;, B AKOMY X, =X, —2/3 Ta x| =x, —2/3).
Ha mincraBi peaixizoBaHOTO OPTOTOHAIBHOTO IUIAHY APYTOTO HOPSAAKY OyJIo BH3HAUYEHO Koe(]imieHTH

9 9
. . 2 N—1 - . .
TOJIiHOMIB b; 38 popmynow b, = (NlexiNY v )(]lelxiN) , 1 OTPUMAaHO HACTYIIHI MOJIHOMH:

0,, =513,95+8,36x, +492,92x, +9,37x> +72,43x> +12,55x,x, ; )
0,, = 697,49 —2,74x, —33,44x, +36,47x> +6,37x> —1,045x,x, ; (3)
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O, =1417,98 —10,1x, + 773,17x, +15,63x7 +118,43x2 —2,75x,x, ; (4)

0,, =1211,44+5,62x, +459,48x, +45,84x> +78,8x> +11,505x,x, ; (5)
Sien = 713,67 —8,14x, +386,46x, +39,24x7 —62,96x% —2,79x,x, ; (6)
G, =0,722+1,53-107x, +0,34x, —2,73-107x7 —2,03-107x; +1,43-10 " x,x, ; (7)
1, =0,91+6-107x, —0,99x, —=5-107x + 0 76x2 7,75-107 x,x, ; (8)
Go=1,99+1:107x, —0,24x, —9-107 x, +O,495x2 5107 x,x, ; 9
G,s =1,6317+7,53-107x, —0,645x, —7,73-107 x; +0,7417x; +0,65-10 7 x,x, ; (10)

Otpumani excnepumenTtanbHo 3HaueHHs O, ¢, O,,, ¢,,,0c, . BiAPI3HAIOTLCA BiJl 3HAYEHD

0,15 911> O1ss 412> Oc» qc » AKi po3paxoBaHo 3a mosiHoMamu (2—4, 7-9) He Ginbire, sk Ha 5%.
J1s1 3pydHOCTI BUKOPHUCTAHHS OTPUMAHUX KOS(DIITIEHTIB ITEPETBOPCHHS BanﬂMnsma JIOITLTEHO nepeﬁm

Bi/I KOIOBAHHX 3HAYCHB (hAKTOPIB 110 XHIX HATyPATBHIX 3HAUCHB 32 YOpMyI0r0 X, = (X, = X)) /(X — Xi)
ne Xip = (Xipax + Xiin )/2, X, — OCHOBHWI PiBEHb HE3ANEIKHOT 3MIHHOT X, .
[Ticnsa neperBopeHHs moniHoMiB (2—10) maemo
0,,=39,22-14,97X, +314,15X, + 0,46 X +135,94 X2 +3,82X X, ; (11)
0,, =1096,72 - 48,83X, —68,75X, +1,79X? +11,96 X? —0,32.X, X, ; (12)
Op = 658,14 —-22,11X, +564,32X, +0,77X? + 222,28 X —0,84X X, ; (13)
O,, =1135,96—63,8X, +245,38X, +2,25X? +147,9X2 +3,5X, X, ; (14)
Spen =322,09-53,11X, +810,04X, +1,93X7 —118,17X2 - 0,85X X, ; (15)
G, =—0,083+3,48-10° X, +0,49X, -1,3-10° X7 -3,8-10> X; +4,3-10° X, X, ; (16)
1, =3,64+8,26-10° X, —4,57X, -2,46-10° X} +1,43X7 -2,36-10° X, X, ; (17)
Go=2,7+0,12X,-2,43X,-4,4-10° X +0,93X; -1,5-10° X, X, ; (18)
G,s =3,56+11,74-10° X, —4,08X, —3,76-10° X +1,39X7 +1,94-10° X X, . (19)

Ha puc. 3 naBeneHo rpadiuni 3aeXHOCTI MIUTOMUX HOTYXXKHOCTEH §,,, §,,, q,s>» 4o cxemu T1-

LCL, sxi po3paxoBani 3a noininomamu (16—19) npu nocriliHoMmy 3HaveHHi (akropa X;=18. s cxemu I'1-
LC rpadivHi 3a1€KHOCTI MUTOMHUX HOTYKHOCTEH ¢,, ¢, (TMO3HAYEHO B AyXKKax) Oyyo B3sTO 3 podoTH [6]

TaKoXX TPH TOCTiHHOMY 3HadeHHi (akrtopa X;=18. B mominomax (11-19) 3HaueHHs koedimieHTIB Tpu
(hakTopi X| Maibke Ha TOPSJAOK MEHII 3a 3HaYCHHS KoeilieHTIB mpu (GakTopi X;, TOMy OyJi0 BU3HAYCHO
3HAYEHHS MUTOMUX MOTYXXHOCTeH §,,, §,,, 45> - TPU OJHOMY IOCTIHHOMY 3Ha4YeHHi (akTopa X;=18.

Busnauenns noximHux Bix ¢akropa X, y nomiHoMax (16—19) mpu mocTiiiHHX 3HAYEHHSX (akTopa
X; =18 BKka3yroTh Ha Te, IO MIHIMYM € y QYHKIIfAXG,,, ¢,;5, ¢ - Lle maTBepmkytoTs rpadiku Ha puc. 3.
Jlns nopiBHsHHSA 31 cxemoto ['1-LC Oyno Bu3HayeHo noxigni it GyHKUiN ¢, ., ¢, 13Ha4eHHs pakTopa Xo,
npu AKUX LI QyHKIIl MaoTh MiHIMyM s KOHAeHcaTtopiB ¢.=1,83 mpu X, =132 i gua peakropis
g,, =1,51 mpu X, =1,46.

Jns cxemu I'l-LC 3 puc. 3. BuaHO, 0 QyHKIIA ¢, TUIBKK 3pOCTa€ 3 MiJIBUIICHHSM ONOpPY HABaH-
Ta)KCHHs, TOMY il 3Ha4eHHs 00paHo, OPIEHTYIOUUCh Ha MiHIMYM QYHKLIi ¢, . Llei minimym maemo ¢, =1,97
3a X, =157 1 X;=18 1 ¢.=0,95. Takum unnoM, y cxemi T1-LCL cyma notyxHocrel peakropis L1, L2
nopiBHOE ¢,, =1,51, mo Ha 0,46 B.o. meHme, Hix y I€II I'l-LC, ane ocraHHs cxemMa Ma€ MEHIIY
HOTYKHICTh KOHJIeHCcaToPiB (g, =0,95, mo Ha 0,88 B.o. MeHIa y nopiBHsHHi i3 cxemoro T1-LCL g. =1,83

B.O.).
Ile miIBUILEHHS NOTYKHOCTI 10 ¢ = 1,83 B.0. KOMIIEHCY€ThCS MOKPAILEHHAM KOE(IIiEHTa HOTY>KHOCTI

cxemu (puc. 1) cosp =0,963+0,99 , a7 OTpUMaHHSI SIKOTO BUKOHAHO YMOBU TEOPEMH, a CaMe€ HaBaHTaKEHHS €
YUCTO AKTUBHHUM (pI/IC 2, 6), a cam TepeTBOPIOBA SBIAETECA CHMETPHTHHM. Ha puc. 4 naBeneHo rpadiku

3aJIe)KHOCTEH Qu , QL2 , QL PR QC i SH en BiI haxTopa X, 3a nocriiiHoro 3HaueHHs ¢akropa X; =18. Onuiero 3
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nepeBar Teopil IUIAHYBaHHS EKCIIEPHMEHTIB €
HAOYHICTh OTPHUMAHKX pPe3yJIbTaTiB, B YOMY MOYKHA
MIEPECBITUUTUCH NIPH PO3IJIAAL MTOBEPXHI BIATYKY Y
JBOX(aKTOPHOMY IIPOCTOPI HA PUC. 5 VIS TUTOMOT
HIOTYXKHOCTI ¢, $IK OJTHOTO 3 HAiOUIbII eHEeProem-

Horo enementa cxemu T1-LCL — kornencaropa C.
Crin 3a3Ha4uTH, MO PO3TISHYTA CHUCTE-
Ma KHUBJICHHS Ma€ CTPyMOBY HaBaHTaKyBallbHY
XapaKTEPHUCTHUKY [5] 1 MOKe BUKOPHCTOBYBATHCS
JUISL KUBIICHHS €JICKTPOJYTOBUX NPUCTPOIB 3
BiJl’eMHUM JH(epeHIIiaTbHUM OTIOPOM.
BucnoBku. OpmHodazHMA MOCTOBHI
BUIPSIMJIAY 3 AKTHBHUM HaBaHTaXCHHSIM Ta
€MHICHUM (UIBTPOM TpU XHUBJICHHI Bi cHuMe-
TPUIHOTO 1HAYKTHBHO-€EMHICHOTO II€PETBOPIO-
Baya, IO BHKOHaHO 3a cxemoro T1-LCL, B
NOPIBHSHHI 3 aHAJIOT1YHUM BHIpsiMIsiaeM 3 [€T1
3a cxemor ['1-LC Mae kpaiili MOKa3HUKH eleK-
TpoMmarHiTHOi cymicHOCTi  (cos ¢ =0,95+0,99,

THDi<3%), MmeH1Ie 3Ha4eHHS TIOTYXHOCTI peak-
topiB L1 Ta L2 §,;, =1,51 B.0. (¢, =1,97B.0. B

I'l-LC), ame iioMy mpuUTaMaHHe OiJbIIe 4qc
3Ha4YEHHS TUTOMOT OTYKHOCTI KoHIeHcaTopa C
4. =1,83 B.0. (g, =0,958.0. BI'l-LC).
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KAUECTBEHHBIE XAPAKTEPUCTUKH OJJHO®A3ZHOI'O MOCTOBOI'O BBINPSIMUTEJISI C AKTUBHOM
HAT'PY3KOM U EMKOCTHBIM ®WUJIbTPOM IIPU IMTAHUU OT UICTOUHUKA TOKA

B.M. CnupuH 1oxT.TeXH.HayK, B.M. I'ydapeBuy4, kana.texsH.Hayk, }0.B. Mapyns, C.B. Caako

Hucruryt 3iaexkrpoaunamukn HAH Ykpaunbl

np. [lobensnt 56, Kues, 03057, Ykpauna. E-mail: sspirin@ied.org.ua

Hccnedosanvl snexmpomazHumusie npoyeccobl 8 00OHOQAZHOM MOCMOBOM GbINpAMUMENe C AKMUBHOU HASPY3KOU U
EMKOCIMHbIM (QUALMPOM NPU NUMAHUY €20 OM CUMMEMPUUHO20 UHOYKIMUBHO-eMKOCHO020 npeobpasosamens (UEII),
svinoanennoeo no cxeme T1-LCL, u npogedeno cpaguerue e2o kauecmeenuvix xapaxmepucmux ¢ UEIT no cxeme I'l-LC.
Cxema TI1-LCL umeem nyyuie nokazameny 31ekmpomazHumuol cogmecmumocmu (cos ¢ = 0,963 + 0,99, THDi<3%),

uyem cxema ¢ I'lI-LC, HO y Hee bonbuias yoenbHas MouwHOCmb KoHoencamopa. bubmn. 10, puc. 5, tabm. 1.

Knrwouessie cnoea: BeIpsSMHUTENb, aKTUBHAS HATPy3Ka, EMKOCTHON (DUIBTpP, HHAYKTUBHO-eMKOCTHOI MpeoOpa3oBaTeb,
3JIEKTPOMAarHUTHAsE COBMECTUMOCTb.

QUALITY CHARACTERISTICS OF SINGLE-PHASE BRIDGE RECTIFIER WITH ACTIVE LOAD AND
CAPACITARY FILTER FOR POWER FROM THE CURRENT SOURCE

V.M. Spirin, V.M. Hubarevich, Yu.V. Marunia, S.V. Salko
Institute of Electrodynamics National Academy of Sciences of Ukraine
Pr. Peremohy, 56, Kiev, 03057, Ukraine. E-mail: sspirin@ied.org.ua

The electromagnetic processes in a single-phase bridge rectifier with active load and a capacitive filter at power supply
from a symmetric inductive-capacitive converter (ICC), made according to the scheme TI1-LCL, are compared and its
qualitative characteristics are compared with the I'I-LC scheme of ICC. The TI-LCL scheme has better
electromagnetic compatibility (cos ¢ = 0,963 0,99, THDi<3%), than the I'l-LC scheme, but it has higher specific

capacitance of the capacitor. References 10, figures 5, table 1.
Keywords: rectifier, active load, capacitive filter, inductive-capacitive converter, electromagnetic compatibility.
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ELECTRIC MACHINE WITH AXIAL MAGNETIC FLUX, PERMANENT MAGNETS
AND MULTILAYERED PRINTING WINDINGS

V.V. Grebenikov'’, R.V. Gamaleya', A.N. Sokolovsky’
'Institute of Electrodynamics of NAS of Ukraine,

Pr. Peremohy, 56, Kiev, 03057, Ukraine,
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The use of printed windings in electric machines with permanent magnets and axial magnetic flux allows to reduce their
axial size and significantly to increase the current density in the windings. Experimental studies of printed windings for
heating confirmed that at a current density of J =22 A/ mm® the steady-state temperature of the printed windings does
not exceed 80 °C. For given dimensions of an electric machine with axial magnetic flux, permanent magnets and
multilayer printed windings (outer diameter of the stator, axial length of the stator), numerical studies were carried out
and the optimal thickness of the permanent magnets was determined at which the maximum value of the
electromagnetic torque is reached. Also, as a result of numerical studies, it was found that the presence of teeth on the
stator allows you to increase the electromagnetic torque of the electric machine by about 25% compared with the
version of the magnetic system without teeth on the stator. A prototype of an electric machine with multilayer printed
windings was made and the dependences of voltage and power in the generator mode were determined when
connecting the windings through the rectifier diode bridge to the active load. The computational model of the generator
adequately describes the physical model. The difference discrepancy between the calculated and experimental values

does not exceed. It is shown that the average difference discrepancy between the experimental and calculated values

does not exceed ¢ =5.5%. The characteristics of the studied generators are calculated in the Simcenter MagNet
and Simcenter MotorSolve software packages. References 10, figures 7, table 1.

Key words: permanent magnets, printed windings, electromagnetic torque, external characteristics, experimental
sample.

Introduction. Nowadays electromechanotronic actuators with printed windings and axial magnetic
flux (disk type) for various applications are being intensively developed. This type of design of the
electromechanical actuator be composed of printed windings that are fixed in the stator, and the rotor with
permanent magnets that are fixed in a special holder. A stator with a printed winding simplified the design of
the electromechanotronic device and allowed to significantly reduce the axial length of such a device.
Another positive property is small thickness and correspondingly large widths and coil conductors.
Therefore, the cooling of the printed conductor is much better. These factors can increase the current in the
conductors and reduce the size and weight of the electric machine.

For example, in [1], the results of a study of an electromechanical device based on a brushless direct
current electric motor with an axial magnetic flux and a printed winding for a low-power vortex pump are
presented. In [2], the design and analysis of an electric motor with a printed winding, permanent magnets and
axial flux for use in nanosatellites are presented. In [3], a miniature motor design with a diamond-shaped
printed winding and axial flux is proposed, the axial length of which is only 3 mm. In [4, 5], a methodology
for designing engines with printed windings and axial flux is presented, which is used as miniature engines
for computer hard drives. In [6], studies are presented of a high-speed electric motor with an axial flux and a
printed winding and permanent magnets on the rotor, the magnetization vectors of which have a direction in
accordance with the Halbach concept. The small axial length of the electric motor with printed windings
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allows it to be embedded in the wheel hub of a vehicle [7]. In [8], an original layout of a permanent magnet
motor with an axial magnetic flux and a two-phase wave printed winding was proposed. This configuration
of the printed winding allows you to increase the number of pole pairs and the frequency of the motor.

The motors listed above are used for actuators and, as a rule, have a low power. However, the
technology of printed windings is being used in industry for electric motors and generators with permanent
magnets of high power. One of such already proven technologies is the technology developed by ThinGap,
which is based on a special structure of windings made by printing [9].

Due to the high use of the working volume in which the process of electromechanical energy
conversion takes place, this technology is an attractive alternative to traditional cylindrical machines.
ThinGap, a company that implements this technology, has achieved high results, and its products are
brushless motors based on a patented progressive technology with cylindrical printed windings. The
windings of ThinGap engines are manufactured with high precision and due to this and the small gap, such
machines have large specific torques and powers (per unit mass) compared to traditional machines.

The purpose of the work is to study an electric machine of low power (up to 2 kW) with axial
magnetic flux, multilayer printed windings and permanent magnets with variations in the geometry of the
stator magnetic system and the thickness of permanent magnets, as well as a comparison of the calculated
and experimental characteristics obtained when testing a prototype of an electric machine.

The heating study of the printed winding. The using of a printed winding can significantly
simplify the design, increase manufacturability and reduce the axial length of the electric machine. Another
positive quality of printed windings is the ability to work at higher current densities compared to a traditional
winding due to more efficient heat removal from the surface of the printed winding. Therefore, at the first
stage, experimental heating studies of multilayer printed windings were carried out and the nominal current
density at which the printed winding was heated to a temperature of not more than 80 ° was determined.

For this, samples of printed windings (coils, Fig. 1, a) were made. Each winding consists of 18 layers
of copper, the thickness of one layer is 0.05 mm. Between the even layers of copper there is an insulating
layer “core”, the thickness of which is 0.13 mm, between the odd layers of copper there is an insulating layer
“prepreg”, the thickness of which is 0.062 mm. Three coils with different prepreg layer thicknesses were
made: two layers /) = 0.124 mm; three /3p) = 0.186 mm; four h,) = 0.248 mm.
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Tests for heating were carried out as follows. The tested winding was connected to a current source,
a certain current value was set, and after a given period of time, the temperature on the surface of the coil
was measured. In fig. 1b shows the temperature on the surface of the printed windings as a function of the
current density in these windings. Analyzing the heating data of the printed windings, it should be noted that
the double-layer windings prepreg (h(p)) are the most heated. Coils with three layers of prepreg (hp)) and
four (hy), respectively, are heated almost the same. Therefore, it is proposed to use the variant with three
layers of prepreg to make a prototype of an electric machine. As a result of heating tests, it was found that
printed with three layers of prepreg (/) heats up to a steady temperature of 80° in a time t = 10 min and a
current in the winding /.,;=2.9 A, which corresponds to a current density of J=22 A/mm?®. For short-term
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heating (t=2 min), the current density can be increased to J=38 A/mm?. Therefore, in further calculations, the
current density J=22 A/mm” was assumed to be nominal for a printed winding with three prepreg layers.

Numerical studies of various configurations of the magnetic system. At the next stage of research
using computer simulation in the Infolitica Magnet package, a study was made of the influence of the
configuration of the magnetic system on the maximum value of the electromagnetic torque. For the given
dimensions of the electric machine (the outer diameter of the stator, the axial length of the stator), three
options were considered: model 1 — (18 coils, 24 magnets); model 2 — (27 coils, 24 magnets); model 3 — (18
coils, 20 magnets). The simulation results showed that the best performance has a 3 — model (18 coils, 20
magnets). Therefore, this model was taken as the basis for further research. In fig. 2 shows a computer model
of the investigated electric machine, the main parameters are in table.
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The rotor of this electric machine consists of a steel core /, on which cylindrical permanent magnets
are fixed 2. Multilayer printed windings 3 are fixed on the stator 4. Modeling was carried out both for the
magnetic system with teeth 5 on the stator, and without teeth. For the convenience of displaying the stator
teeth, two printing coils in Fig. 2 are not shown and Fig. 2 on the right shows fragments of the magnetic
system with teeth on the stator and without teeth

The calculations of model 3 were carried out by the finite element method in the Infolytica Magnet
package in a three-dimensional setting. The dependence of the electromagnetic torque on the angle of
rotation of the rotor was calculated for the time when the current in phase 4 is maximum and conditionally
positive A(+), phase B and C are conditionally negative and equal to half of the maximum B(-0.5) and
C(-0.5). Thus, when calculating the magnetic field and electromagnetic torque in the model under study, the
current density in phase A was set equal to J,=22 A/mm’, and in phases B and C it was set Jg=Jc=11 A/mm”.

As a result of previous studies [10], it was found that in electric machines with axial flow it is
advisable to use cylindrical permanent magnets instead of trapezoidal ones. The electromagnetic torque for
cylindrical magnets is approximately 10% less than in an electric machine with trapezoidal magnets,
however, the manufacture of a rotor with cylindrical magnets is greatly simplified. It should also be noted
that the cost of cylindrical magnets is lower than the cost of trapezoidal magnets, and the holes for the
magnets can made with a standard mill at one pass. Thus, the use of cylindrical magnets for electric
machines with axial magnetic flux is preferable to trapezoidal magnets. Therefore, in further studies, the
option with cylindrical magnets was taken as the basis. Two models were studied: without teeth on the stator
and with teeth located in the inner part of the coils (Fig. 2). The simulation results showed that the magnetic
system is saturated only in the corners of the stator teeth, while in the back of the stator there is no saturation
of the magnetic system, the induction does not exceed B=1.1 T.

We investigated models with a magnet thickness /,,=5, 4,,=10 and 4,,=15 mm and a working gap
of 6=1.5, =3 mm. The dependence of the electromagnetic torque acting on the rotor on the angle of rotation
of the rotor for the models under study was calculated in the range from the d axis (the field of the
corresponding rotor poles is directed according to the field created energized stator phases) to the ¢ axis (the
field of the corresponding rotor poles is directed opposite to the field created energized stator phases) For the
models under study, this range is 18°. The dependence of the electromagnetic torque on the angle of rotation
of the rotor for the thickness of the magnets /,,=10 mm is shown in Fig. 3, a, which illustrates that the
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presence of teeth in the stator can increase the electromagnetic torque of an electric machine by about 25%.
In fig. 3, b shows the maximum values of the electromagnetic torque depending on the thickness of the
permanent magnets, the magnitude of the working gap for the two configuration options of the stator
magnetic system (with teeth and without teeth).

Analyzing these curves, it should be noted that an increase in the thickness of the magnets leads to an
increase in the maximum torque, however, the calculated value of the torque for magnets with a thickness of
hym=15 mm is only 1% higher than the value of the torque for magnets with a thickness of /,,=10 mm,
therefore, taking into account the high cost of permanent magnets, the thickness of the magnets equal to 10
mm was accepted as optimal. It should be noted that the maximum value of the electromagnetic torque for a
model with teeth on the stator and a working gap of 6=3 mm is larger than that of a model without teeth on
the stator and a working gap of 6=1.5 mm. A comparison was also made of the maximum electromagnetic
torque for the model with teeth on the stator and printed windings, the nominal current density of which is J
=22 A/mmz, and the fill factor of the winding window is Kgjj fuctor=0.19 and for the model with a traditional
winding with a round wire (J=5 A/mmz, Kei factor=0.4). The comparison results are as follows: for a model
with printed windings, teeth on the stator and a working gap of 6=1.5 mm, the maximum value of the
electromagnetic torque is M,,=4.7 Nm; for a model with a traditional winding — My,=2.2 Nm. For the size of
the working gap equal to 6=3 mm, the maximum values of the electromagnetic torque are respectively equal:
M,;w=3.9 Nm; M,=1.9 Nm.
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Fig. 3
Name Value Thereby, with the same area of
Stator Outer Diameter — D,, mm 195 the winding window, the use of the
Stator Inner Diameter — D;, mm 144 printed winding, despite a 2.1 times
Magnets Diameter — Dy, mm 25 smaller value of the fill factor of the
Magnet Thickness — Ay, mm 10 winding window, allows you to increase
Number of magnets — nyn, 20 the maximum value of the electro-
Ty%e of mﬁgnets i - N42 magnetic moment by 52% due to a 4.4
Width of the conduct1ye layer.f layer, MMM 12 times higher nominal current density in
The number of layers in the circuit board — Kiayer 18 . .
. . the printed winding.
Thickness of one conductive layer — hjyye, mm 0.05 .
- - o According to the results of
The thickness of the printed winding — h,,,,, mm 3.3 . )
- numerical studies, a prototype of an
The number of turns in one layer — W, 4 lectri hi i il nted
The number of turns in one winding — W4 68 © ?Ctljlc machine with multilayer prlnte.
Coil width in each layer — beg 24 windings on a stator was made, the main
The distance between the turns in each layer — by, mm 0.5 parameters of which are given in the
Area of the one turn in the layer—Sym, mm” (hjayer beoir) 0.12 table. It should be not.ed that the main
Winding window area — S,,, mm?’ 42.7 purpose of manufacturing the prototype
Area of copper in the winding window — S¢,, mm” 8.16 was to compare the calculated and
Winding window fill factor, Key factor 0.19 experimental characteristics of the electric
Coil current density —J, A/mm® 22 machine with printed windings, therefore,
The number of ampere-turns in the coil — IW, A 180 to simplify the design of the prototype,
Phase current in the winding — Iy, A (J =22 A/mm’) 2.64 the working gap between the stator and
Load current — Ijpq, A (J =22 A/mm’) 3.4 rotor was =3 mm.
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Fig. 4, a shows the main dimensions of the magnetic system of the prototype, and Fig. 4, b is a
photograph of a multilayer printed winding (the photo shows half of the winding). The stator winding is
three-phase. Each phase consists of 6 coils. In this case, two coils of each phase are turned on counter to the
other coils. In fig. 4, b schematically shows the directions of currents in the coils of the printed winding,
which can be schematically represented as follows: Al (+), A2 (-), A3 (+), B1 (-), B2 (+), B3 (-), C1 (+), C2
(-), C3 (+), B4 (-), i.e. alternating three coils of each phase. This direction of currents in the coils and their
alternation provides the maximum electromagnetic torque acting on the rotor of an electric machine with a
ratio of (18 coils, 20 magnets). A multilayer printed winding is fixed on the stator core, which is a 10 mm
thick ring core with triangular teeth made of lined electrical steel. The height of the teeth corresponds to the
thickness of the printed winding. The dimensions of the tooth cross section are such that a permanent rotor
magnet with a diameter of 25 mm can completely overlap the stator tooth.

The rotor core is made of structural steel, on which permanent cylindrical magnets are fixed; a
multilayer printed winding is mounted on a stator with teeth made of lined electrical steel.

36.3

b
Fig. 4

Numerical and experimental studies. At the next stage, the prototype of electric machine in the
generator mode with active load was studied. The research mode is as follows: the phases of the generator
are included in the "star", an active load is connected through a rectifier bridge with six diodes (Fig. 5). In
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this case, 6 windings of each phase were
connected in series. Tests of the prototype
and numerical simulation of the
corresponding computer model were
carried out. In numerical and experimental
studies, the following values of the rotor
speed of the generator were set: n=1250
rpm; #=1500 rpm and several values of the
active resistance of the load: Rjp.=22, 45,
67, 1000 Ohms.
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Fig. 6, a shows the dependences of the voltage at the load, and Fig. 6, b — power in the load from the
load current at the rotor speed of 1250 and 1500 rpm. Analyzing the results shown in Fig. 6, it should be
noted that the average discrepancy between the experimental and calculated values does not exceed £=5.5%.
At a nominal phase current equal to /,,=2.64 A, the current in the load is /,,,¢=3.4 A. At this current and
rotation speed n=1500 rpm, the power in the load was equal to P,,c=780 W, the current density in the
windings at this current was J=22 A / mm’. However, with such a high current density, intense heating of the
printed windings was not observed; the windings did not heat above 80 °C. Short-term (up to /=2 min) the
current density can be increased to J=38 A/mmz, in this case the power at n=1500 rpm is Pl,qc=1000 W.
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Fig. 6

The discrepancy between the calculated and experimental values does not exceed 5.5%. This
indicates the adequacy of the calculation models and the calculation results can justifiably be applied to other
power values of generators with a different configuration of the magnetic system and its other sizes.
Additional numerical studies of an electric machine with printed windings in the generator mode were
carried out with a working gap of =1 mm and a rotational speed of n=3000 rpm.

Fig. 7 shows the dependences of the voltage and power of the generator on the phase current of the
model without teeth and with teeth on the stator at a rotor speed of #=3000 rpm. With a nominal phase
current equal to /,;=2.64 A, the nominal phase voltage for the model without teeth is U,,=175 V, the rated
power in the generator mode for this model is Pj,,¢=1470 W. For the model with teeth, the nominal phase

voltage is significantly higher than U,,=250 V, and

Upp V o P W the power is Pio,¢=2000 W. Thus, the use of a stator
300 3000 with teeth made it possible to increase power by
& = 27%.
200 T === o _ - L e 2000 Conclusions. The proposed models will
™ . .
REL I -=- allow to fulfill calculations of electromechanical
100 P 1000 processes in an electric machine with axial flow,
g s a3 T g permanent magnets and multilayer printed
: windings. For given sizes of an electric machine
0 1 2 3 4 5 Iy A : . : Y .
with multilayer printed windings (outer diameter of
= = = Uy, Noteeth Uy Teeth L the stator, axial length of the stator), numerical
— =P Noteeth =eeeee Pioag: Teeth studies were carried out and the optimal thickness
Puc. 7 of permanent magnets was determined at which the

maximum value of the electromagnetic torque is

reached. Also, as a result of numerical studies, it

was found that the presence of teeth on the stator allows you to increase the electromagnetic torque of the

electric machine by about 25% compared with the version of the magnetic system without teeth on the stator.

A prototype of an electric machine with multilayer printed windings was made and the dependences

of voltage and power in the generator mode were determined. The discrepancy between the calculated and

experimental values does not exceed 5.5%. This indicates the adequacy of the calculation models and the

calculation results can justifiably be applied to other values of the power of generators with a different
configuration of the magnetic system and its other sizes.

ISSN 1607-7970. Texn. enrexmpoounamixa. 2020. Ne 2 33



The work was performed on the budget theme "Development of scientific bases and development of principles
of construction of electromechanical energy converters with permanent magnets and magnetic reducers”. State
registration number Ne 7/7 / 3-135 of 04/25/2019.

1. Yan G., L. Hsu, J. Wang, M. Tsai and Wu X. Axial-Flux Permanent Magnet Brushless Motor for Slim Vortex
Pumps. I[EEE Transactions on Magnetics. 2009. Vol. 45. No 10. Pp. 4732-4735.
DOI: https://doi.org/10.1109/TMAG.2009.2022499

2. Wu J. Design of a miniature axial flux flywheel motor with PCB winding for nanosatellites. International
Conference on Opftoelectronics and Microelectronics. Changchun. China. 23-25 Aug. 2012. Pp. 544-548.
DOI: https://doi.org/10.1109/ICoOM.2012.6316334

3. Tsai M. and Hsu L. Design of a Miniature Axial-Flux Spindle Motor With Rhomboidal PCB Winding. /EEE
Transactions on Magnetics. 2006. Vol. 42. No 10. Pp. 3488-3490. DOI: https://doi.org/10.1109/TMAG.2006.879438

4. Jang G. H. and Chang J. H. Development of an axial-gap spindle motor for computer hard disk drives using
PCB winding and dual air gaps. IEEE Transactions on Magnetics. 2002. Vol. 38. No 5. Pp. 3297-3299.
DOI: https://doi.org/10.1109/TMAG.2002.802292

5. Ying-Chi Chuo, Chien-Chang Wang, Chien-Sheng Liu, Hsing-Cheng Yu, Yu-Hsiu Chang and Ji-Bin Horng.
Development of a miniature axial-field spindle motor. /[EEE Transactions on Magnetics. 2005. Vol. 41. No 2. Pp. 974-
976. DOI: https://doi.org/10.1109/TMAG.2004.842139

6. Neethu S., Nikam S. P., Singh S., Pal S., Wankhede A. K. and Fernandes B. G. High-Speed Coreless Axial-
Flux Permanent-Magnet Motor With Printed Circuit Board Winding. IEEE Transactions on Industry Applications.
2019. Vol. 55. No 2. Pp. 1954-1962. DOI: https://doi.org/10.1109/TIA.2018.2872155

7. Wang X., Li C. and Lou F. Geometry Optimize of Printed Circuit Board Stator Winding in Coreless Axial
Field Permanent Magnet Motor. 2016. IEEE Vehicle Power and Propulsion Conference (VPPC). 2016. Hangzhou. Pp.
1-6. DOI: https://doi.org/10.1109/VPPC.2016.7791695

8. Marignetti F., Volpe G., Mirimani S. M. and Cecati C. Electromagnetic Design and Modeling of a Two-Phase
Axial-Flux Printed Circuit Board Motor. IEEE Transactions on Industrial Electronics. 2018. Vol. 65. No 1. Pp. 67-76.
DOI: https://doi.org/10.1109/T1E.2017.2716865

9. ThinGap high power density brushless motors. URL: https://www.thingap.com/

10. Dobzhanskyi O., Hossain E., Amiri E., Gouws R., Grebenikov V., Mazurenko L., Pryjmak M. and Gamaliia
R. Axial-Flux PM Disk Generator with Magnetic Gear for Oceanic Wave Energy Harvesting. /[EEE Access. 2019. Vol.
7. Pp. 44813-44822. DOI: https://doi.org/10.1109/ACCESS. 2019.2908348

VIIK 621.313.8
JEKTPUYECKASI MAIIMHA C OCEBBIM MATHUTHBIM ITOTOKOM, IIOCTOSIHHBIMU
MATHUTAMM U MHOTOCJIOMHBIMUA NEYATHBIMU OBMOTKAMM.

B.B. Fpeﬁeﬂmconl, JIOKT. TeXH. HayK, P.B. FaMaﬂeﬂl, kauj. ¢-mar. Hayk, A.H. COKOJIOBCKHIi’
"MucrutyT 3aexrpoaunavuxun HAH Ykpaunsl,

np. [lobenasl, 56, Kues, 03057, Ykpauna,

e-mail: elm1153@gmail.com

' «CanpBanoTexuukay» [MAQ «Kuesckuii 3aBoa «Pagap»

ya. IlpeaciaaBunckas, 35, Kues, 03150, Ykpauna,

e-mail: a.sokolovskyy.72@gmail.com

Ipumenenue neuamuvlx 0OMOMOK 8 NEKMPUUECKUX MAUWUHAX ¢ NOCMOAHHLIMU MASHUMAMU U OCEGbIM MASHUMHbIM
NOMOKOM NO3BONAEN YMEHbUUMb UX 0CeBOU PA3Mep U CYWeCMBEHHO Y8eaudumsb WIOMHOCMb NMOKA 8 0OMOMKAX.
DKecnepumenmanvhvle UCCIEO08AHUS NEYAMHBIX OOMOMOK HA HA2Pe8 NOOMEEepOUnu, Ymo Hpu NIAOMHOCHU MOKA
J =22 A’ ycmauosusuwlasacsa memnepamypa nevyamuvix oomomox He npeswviuaem 80 °C. [na 3a0annvix pasmepos
INEKMPULECKOU MAUUHBL C OCEBBIM MASHUMHBIM HOTOKOM, NOCIMOAHHBIMU MASHUMAMY U MHO2OCTOUHBIMU NeYAMHBIMU
oOMOmMKaAMU  (HAPYHCHBIL OuamMemp CMAamopa, ocesas OAUHA CMAmopa) npoeedeHvl UYUCIEHHble UCCIe008aHUs U
onpeoenena oOnMmuMaibHas MOAWUHA NOCMOSHHBIX MAZHUMOG, NPU KOMOPOU 00CMULAEMcsl MAKCUMALbHOE 3HAYEHUe
INEKMPOMACHUMHO20 MomMenma. Takdice 6 pe3yibmame YUCIEHHBIX UCCIEO08AHUL YCMAHOBIEHO, YMO HAluyue 3y0406
Ha cmamope No380JsAem Y8eIuyums 1eKmpOMaAeHUMHbBLIL MOMEHM 3JIeKMPULECKOll MAuuHbl npumepHo Ha 25% no
CPABHEHUIO C BAPUAHMOM MASHUMHOU cucmemvl 0e3 3yoyos Ha cmamope. M3eomogien onvimubli 00paszey
INEKMPUYECKOU MAWUHBL C MHO20CTOUHBIMU NEYAMHBIMU OOMOMKAMU U ONpedeneHbl 3A8UCUMOCIU HANPANCEHUS U
MOWHOCIU 8 2EHEPAMOPHOM pedcuMe npu NOOKTIOYEHUU 00MOMOK uepe3 OUOOHDbIL MOCT 8bINPAMUMEN K AKMUGHOU
Haepyske. Pacuemnas modenv 2eHepamopa adek8amuo onucvieaem gusuueckyro moodenv. Pacxooicoenue medncoy
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PACUEmHbIMU U IKCHEPUMEHMATbHBIMU 3HAYEHUAMU He npesviuiaem € = 5.5%. Pacuem xapaxmepucmux ucciedyemuix
2enepamopos npogooumcs 6 nakemax npocpamm Infolytica MotorSolve u Magnet. bion. 10, puc. 7, Tadun. 1.
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3acmocysants OpyKko8aHUX O0OMOMOK 8 eNeKMPUYHUX MAWUHAX 3 NOCMIUHUMU MAZSHIMAMU | OCbOBUM MASHIMHUM
HOMOKOM 00360J5€ 3MEHWUMU IXHIL 0Cb0BOI pos3mip 1 cymmeso 30UIbWUMU WITbHICMb CMPYMY 6 O0OMOMKAX.
Excnepumenmanvui 0ocniosxcenus OpyKo8anux 0OMOmMOK HA HASPIBAHHA RIOMEEPOUnU, wo npu winonocmi cmpymy J =
22 A’ ycmanena memnepamypa opykoganux oomomox ne nepesuwyye 80 °C. [na 3a0anux po3mipie enekmpuunoi
MAWUHU 3 OCbOBUM MASHIMHUM NOMOKOM, NOCMIUHUMU Ma2HIimamu i 6azamouwaposumu OpyKOSAHUMU 0OMOMKAMU
(306HiIWHKIL  diamemp cmamopda, 0cCb08d O06ICUHA CMAMOPA) NPOBEOeHi HUCETbHI OOCHIONCEHH | GU3HAYEHA
ONMUMANLHA MOBWUHA NOCMIUHUX MASHIMIE, Npu AKIill 00CA2AEMbCS MAKCUMANbHE 3HAYEHHS eLeKMPOMASHIMHO20
momenmy. Taxooic y pe3ynomami YucenrbHux 00CriodNceHb 6CMAHOBIEHO, WO HAAGHICMb 3yOYie Ha cmamopi 0ae 3Mo2y
30inbWUMU  eeKMPOMASHIMHULL MOMEHM  eNeKmMpUdHOl Mawunu npubnusno Ha 25% 6 nopieHanui 3 6apiaHmom
MaeHimHol  cucmemu 6e3 3y6yie Ha cmamopi. Bueomoeneno O00cCniOHUU 3pA30K  eNeKMpPUuuHOi MAWUHU 3
bacamouwiapogumu OPYKOSAHUMU OOMOMKAMU | BUSHAYEHO 3ANIeHCHOCMI HANPYeU | NOMYAICHOCMI 8 2eHePAMOPHOMY
pedicumi npu NiOKII0YeHHi 0OMOMOK Yepe3 Oi0OHUU MIiCm 8URPAMIAYA 00 AKMUBHO20 Hasaumadxicenus. Pospaxyukosa
MoOeNb 2eHepamopa a0eK8amuo onucye Qizuuny mooenb. Po30idcHiCmb MidC pO3PAXYHKOBUMU | eKCNepUMEeHMALIbHUMU
3HaYeHHAMU He nepesuwyye & = 5.5%. Po3paxyHoK Xapaxmepucmux OO0CRiON#CY8AHUX 2eHepamopie Npoeooumscs 8
naxemax npoepam Simcenter MagNet i Simcenter MotorSolve. bi6in. 10, puc. 7, Tabm. 1

KoarouoBi cioBa: nocriiiHi MarHité, IpyKOBaHI OOMOTKH, €JIEKTPOMATHITHHUI MOMEHT, 30BHIILIHI XapaKTEPUCTHKH,
€KCIIEPUMEHTAIILHUH 3pa30K.

Pobomy euxonano 3a 0100xcemnor0 memor «Pozeumox naykosux ocnos i pospobka npunyunie no6yoosu
eIeKMPOMEXAHIYHUX NePemeopros8ayis eHepeii 3 NOCMIUHUMU MASHIMAMU Ma MazHimHumMu pedykmopamuy. Homep
Oeporcaenol peccmpayii Ne 7/7/3-135 6i0 25.04.2019.

Hamiiinoma 10.01.2020
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ASYNCHRONOUS MOTOR DRIVE INTERHARMONICS CALCULATION BASED ON
GENERALIZED FOURIER SERIES OF SEVERAL VARIABLES

Verbytskyi I.V.*, Zhuikov V.J.**
National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institue”,
pr. Peremohy, 37, Kyiv, 03056, Ukraine, e-mail: verbitskiy@bigmir.net.

In the paper impact of low-frequency interharmonics on AC devices, in particular asynchronous motors is described. It
is shown that because of the indefinite time interval of measurement, interharmonics detection and calculation is
complicated. To improve the method of interharmonics calculating, we propose to use a generalized Fourier series of
several variables and outline the basic theoretical principles for its use. The example of an adjustable electric drive of
an asynchronous motor based on developed theoretical method shows the influence of interharmonics on the motor
magnetization. A model of asynchronous electric drive in MatLab Simulink® environment confirms that the error of
calculation of interharmonics based on the generalized Fourier series does not exceed 5%. References 10, figures 5.
Key words: interharmonics; asynchronous motor drive; generalized Fourier series of several variables.

Introduction. Periodic changes in the electrical parameters of AC power grid systems or individual
loads with frequency f,., not a multiple of the power grid frequency f, cause the appearance of
interharmonics [1] with frequencies f;

J; :mlfg imeper’ (1)
where m,, m, are integer numbers.

Particular danger is posed by interharmonics, whose frequency o; is less than the frequency of the
power grid, f; < f,, since they are not suppressed by the power grid input filters. The appearance of low-
frequency interharmonics is especially critical for electric machines and causes overheating, vibration, which
impair the stability of their operation and can disrupt them [2].

Detection of interharmonics requires analysis of grid voltage waveform over a longer time interval
than one period. This time period is not fixed and depends on the frequency of the harmonics, which
complicates the spectrum analysis.

In most countries, various techniques are available for the detection of interharmonics, such as in EU
standards IEC 61000-4-7 [3], EN 50160 and the Ukrainian standard DSTU EN 50160: 2014 [4] derived from
it, measurement time interval duration is 10 periods of grid voltage, i.e. 0.2 sec. This approach theoretically
allows to determine integramonics whose frequency is not less than 5 Hz. In IEC 61000-4-30 [5], it is
recommended to perform short-term time intervals (up to 3 sec), short (up to 10 min) and long (up to 2
hours) to determine interharmonics over a wide frequency range.

However, due to the uncertainty of the measurement period and the effect of "harmonic absorption”
[3], the use of numerical methods for the determination of interharmonics leads to significant calculation
errors. Therefore, in order to identify of interharmonic components and analyze their impact on electric
machines, it is advisable to simulate the operation of electric drives of electric machines. For this purpose, a
number of methods are proposed, among which it is advisable to distinguish the window Fourier transform,
the wavelet transform [6], the Fourier series of two variables [7]. The vast majority of electric machines are
asynchronous motors powered by an adjustable electric drive based on semiconductor converters of electrical
energy. Therefore, the Fourier series of two variables, which allows to divide the influence on the voltage
spectrum of the modulating and carrier functions, allows to describe the supply voltage of the engine in a
compact analytical form and effectively search for interharmonic components.

However, for the more efficient detection of interharmonics that magnetize the induction motor [8],
it is necessary to generalize the Fourier series and to add variables corresponding to disturbances in the
power supply system and lead to the appearance of the interharmonics.

In the paper, based on the generalized Fourier series, the effect of low-frequency interharmonics on
the asynchronous motor magnetization is analyzed.

Generalized Fourier series of several variables. Let consider the Fourier series of M variables x;,
Xa, .. , X3, Where the variable x;=2xfy is phase of carrier function with frequency fy; variable x,=2mf), is phase
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of the modulating function with frequency f,; the variables x;, .. , x); are phases of the components of the
voltage caused by the load switching, with frequencies f,c.1), .., frerar2). The coefficients of the series
Aniym2).mvy and Buiyomz).man allow to describe the signal in the time domain

1 < .
D(x,x,,..,%,,) = EA(O)W(O) + Z (Aml“o cos(mx;) + B, ,sin(m,x, )) +

m =1

z (A(o)“(m2 )0y €08(m,yx,) + By, 3oy SIN(M, X, )) +..+

my=1

+ Z (A(O)“(mM) cos(m,,x,, )+ By im) sin(m,, x,, )) +

my, =1

o0 o0
Z Z (A(m1 )1y )..(0) cos(m,x, +mx,) + B(m1 )y )..(0) sin(m,x, +mx, )) + (2)

my=1m =1

0
Z (AmIOm}“O cos(myx; +mx,;)+ B

m Om

+
M

o SIn(myx; + mlxl)) +..+

my=1m =1

Z (Aml,.mM COS(mM Xy + mlxl) + BmI .

NgE

+ my, SN, X, + mlxl)) +..+
my, =l m =1
© © 0 M M
DI A my).my ) €OS 2 mx, + B omy).my ) ST mx, ||
my =1 my=1m =1 i=1 i=l

The spectral components of Ciuiyma).ommty = Amtym2).mmy T JBomiym2).mmy of the Fourier series of M
variables are calculated by the formula

M
1 27V 2z jzmixi M

Clmyimy).(my) = j ...J.y(xl,xz,..,xM)e B dew (3)
o 0 i1

where V is determined on the basis of the smallest multiple periods of the M signals that take part in the
formation of the modulated signal.

In this case, the variable x corresponds to the carrier function yy, x, to the modulating function yy,
x3..X)r to the perturbing factors that form the interharmonic components of Y,e(1)-. Vper (11-2)-

The set of spectral components C,iym2).mu contains complete information about the modulated
signal at an arbitrary ratio of the frequencies of M components that take part in the formation of the
modulated signal. If the relationship between the variables xi, x,, .., x); of the modulated signal y in the M-
dimensional space is known, it is possible to go to the time domain and calculate the spectrum consisting of
the harmonics C; of the given modulated signal.

If frequency of one or more components of the modulated signal is not a multiple of the frequency of
the modulating function ®,, it is necessary to search for the smallest common multiple of periods T'..Tys, Trem
= Lem(Ty, T5,..Ty) such that for any i the condition that the multiplicity of the modulation P, of any
component of the modulated signal relative to the period T7cm, Premi = Trem / Ti, 1s an integer. In this case,
the number V' in formula (3) is calculated as

V =Ty I T, )
where 7, is modulating function period.

In this case, the first harmonic of the modulated signal C; have a frequency ®;.,, = 2 / T;., and the
frequency of the modulating function corresponds to the harmonic C;

o0 o0 o0
Cy = Z Z Z C(ml)(k—V(ml~P+m3P3..4+mMPM ))(m3)(my)..(mpg ) ()
my=0m3=—00 myy=—0
The ratio of the number of independent variables M of the Fourier series and the ratio of the periods
T,..Ty is given by the principle of operation of the power supply system, the model of which is discussed in
the next section.
Power supply model of asynchronous motor electric drive. The asynchronous motor electric drive
is usually powered by a three-phase 3x380 V voltage. It consists of three phase uncontrolled bridge rectifier,
a capacitive filter and a three-phase bridge inverter.
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With the use of specialized modulation methods vector PWM or PWM with pre-modulation by the
third harmonic [7] RMS value of the voltage at the output of the drive also reaches 380 V, which allows to
maximize the use of motor torque.

Because of the ripple of the rectified voltage, the frequency of which is /=300 Hz, in the three-phase
voltage of the drive, interharmonics arise, the frequency and values of which depend on the frequency of the
voltage generated by the inverter. To study the parameters of the interharmonics, we determine the voltage
form on the filter capacitor. The model for determining the voltage on the filter capacitor is shown in Fig. 1.

The input link of the drive consists of a three- . .
phase system of voltages ey, ep, ec, three-phase VD, xVD; % VD5$

rectifier on the diodes VD,-VDs, capacitor C of the
DC link and a current source J(f) whose current C J()
corresponds to the input current of three-phase €4 ep| ¢€c — /\D
invertor. Since the high-frequency component of the VDy X VD4x VDs
drive phase current is almost completely eliminated

by capacity C, the drive input current can be written

as follows: Fig. 1

J(0) =iy (0] +|ig (O] + |ic ()] = 1, (|sin(2nf,.0)| +[sin(2nf,.t = 27 / 3)| +[sin(2nf £ — 4/ 3)|), (6)
where f, is the motor rotation frequency, /,, is the amplitude of the motor phase current.
Eliminating the module in expression (5), we obtain
J(t)=2I, cos2nf,.t—n/6), (n—1)n/3<2nf.t<nn/3, n=1,2,3,4,5,6, (7
i.e. the current consumed by the drive is within J(¢) € [V31,; 21,] and has a ripple about 6.7%. Since the
frequency of ripple of the rectified voltage f, = 6f, does not generally coincide with the frequency of ripple of
the drive current f.=6f,, the voltage period on the capacitor TUc is calculated as the least common multiple of
the ripple periods, Ty~Lcm(T,; T.). Therefore, the expression for the voltage on the capacitor can be directly
written only if it coincides with the voltage of the grid
ue(x3) =U,, cos((x3 —m) /6),¢01 < x3 <@y, ()
where x3=2mf,t, @1, @, are angles that determine the open state interval of the rectifier diodes.
The angle ¢, also determines the ripple coefficient of the rectified voltage Kp

Kp =0,5[1—-cos((g; —m)/6)]. 9
The voltage dependence on the interval ¢, < ¢ <2m + ¢, calculated from the differential equation
du
C—C=-J : (10
dxs (x2 +90) )

where x,=27f ¢, @ is initial phase of the current relative to the period beginning of rectified voltage.

The expression for describing the current of the drive (6) is piecewise continuous, so when the
current phase output of the continuity range, it becomes incorrect. Given this, for the correct solution of the
differential equation, it is advisable to set the expression to calculate the current in the form

J(xzﬂpo):zzmcos(xz+¢0_n/6_n/3{wg (11)
T

that allows to correctly set the current form at an arbitrary interval.
To calculate the angle @, at which the rectifier diodes are closed, it is sufficient to calculate the
derivative of the rectified voltage (8) and substitute in formula (10)

Py = 6arcsin(%j + 7. (12)

m

The value of the parameter ¢y in the calculation of the interharmonics can be considered as the
accumulation of the phase difference between two quantities - the frequency of the pulsation of the rectified
voltage and the angular frequency of the motor relative to the variable x,

P =Xy — %2 B, (13)

where P, is the multiplicity of the frequency of grid voltage ripple relative to the motor angular frequency,
P 2:)(73/X2.

The analytical expression of the voltage at the interval ¢,< <2 + @, is a solution of the differential
equation (10)
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X

177 1% (%

uo(x3) === [ J(xy + g )dxs =—— [ J| 22— 2} dx} = U, cos((9y —7)/ 6) +

c, c, P,
2 2

12l F sin x32_P2—7r/3 3 275 -n/6 |- (14)
C(2—P2) 6P2 n/3 6P2

—sin (pzz_Pz—rc/3 $ 2°5 -n/6 |+ Lx3—(p2J2_P2 .
6P2 n/3 6P2 6P2

These calculations are used to calculate the interharmonics based on a Fourier series.

Calculation of spectral components of the Fourier series. According to the considered the electric
drive model, the electric drive current interharmonics are formed because of the interaction of three
processes: the ripple of the rectified and filtered voltage with frequency f,, the ripple of the total current of
the actuator with frequency f. and the frequency of the modulation carrier function of the electric drive
current. Therefore, it is advisable to use three variables, M=3, in the Fourier series, namely x,=27fy, x,=2m7f,t,
xs=2mf,t, to determine the interharmonics that occur in the system. In this case, the expression for the
calculation of the spectral components C,iym2)m3) under the condition of voltage modulation by unipolar
PWM with the pre-modulation of the third harmonic is equal to

1 27V 7(1+ 4" (sin(x) )+a” sin(3x)))))
=— JmaX Jmyx
C(m.)(mz>(»n3>—2”3 Ie e dx, |x
0 (-4 (sin(x )+a” sin(3x))))

(15)
©,(x3) ) 27+¢1(x;) )
X J U, cos((x; — )/ 6)e’ " dx, + I u-(x;)e’™ " dx, |dx,,

?(x) ?2(x2)
where x,’ is the fixed value of variable x, at the beginning of each subsequent period.

When calculating the spectrum of voltage, phase with a given ratio of PWM frequencies of the
voltage and electric drive, to the formula (5) substitutes the corresponding values of the modulation
multiplicities P=x,/x, and Ps=x3/x, taking into account the phase shift of phases B and C relative to the phase
A. The total value of the voltage harmonic with number k, Cy is determined by the formula

C Cunr T Couy + Copiys (16)

(k) T a2 B
where Cy4(x), Cpuy, Ccw are the harmonic values of the respective inverter phases.

For the case of the modulation ratio P=30, P;=5/3, the modulation depth p=0.5, the modulated
voltage spectrum of the motor phase, calculated by formulas (5) — (15) is shown in fig. 2: for the rectified
voltage without pulsations (ideal filter), which are shown black, and with a voltage ripple factor Kp=6.7 %
(without filter), which caused the interharmonics shown in gray.

For the case P;=5/3, "basic harmonics", multiple motor rotation frequency, have multiple numbers of
three, n=3, 9, 15, 2k + 1, the harmonic that sets the motor rotation frequency n=3. Odd harmonics, not
multiples of three are interharmonics formed as a result of the modulation of the motor phase voltages by the
pulsation of the rectified voltage.
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It is clear that, in practice, the voltage ripple coefficient and, as a consequence, the values of the
interharmonics are much smaller, but even they can cause significant motor magnetization. The following
section analyzes the quantitative indicators of the negative influence of interharmonics, depending on the
value of parameter P; and the capacity of the rectifier filter.

Analysis of the influence of interharmonics on the asyncronous motor. The interharmonics create
additional magnetization for the induction motor, which reduces its output power. Unlike higher harmonics
caused by voltage modulation, interharmonics caused by rectified voltage ripple can have a frequency lower
or in the same order as the main harmonic and are therefore not suppressed by the filter. Therefore,
interharmonics can significantly magnetize the asynchronous motor, which can be estimated with
magnetization coefficient B calculated by the formula

2

Ben > W (g ) (17)
1 kz max s
k=1

where n, is the fundamental harmonic number, Cy, is interharmonic RMS value with number &, I, is the
nominal value of the motor phase current.

Dividing by the number of interharmonic & in formula (17) defines an increase in the magnetizing
effect of the steel of the motor with decreasing frequency of the interharmonic. The number of
interharmonics ¢ affecting the motor magnetization is determined depending on the cutoff frequency of the
filter f.u.0p, Which is usually chosen so that the group of higher harmonics formed around the harmonic with
the number n,-P is completely suppressed [9,10]. Therefore, the cutoff frequency of the filter is set from the
condition fe..y= ny-P /2. This cutoff frequency f..s is used to estimate the number of interharmonics ¢

q:[ﬂ’utoﬂ/ﬁ]v (18)

where f) is frequency of first harmonic.

As usual, the modulation frequency P is chosen in such way that the PWM frequency is equal to or
greater than 20 kHz to eliminate acoustic noise, so it is advisable to select a 10 kHz filter cutoff frequency,
fcumﬁ": 10 kHz.

The effect of interharmonics on the magnetization of the motor steel by the formula (17) is estimated
for different levels of ripple of the rectified voltage Kp, starting from the maximum value Kpn.=6.7%, to the
minimum value Kpy,i;=0%. The coefficients of B are calculated for the modulation depths p in the range [0.1;
1] for p=1 and motor rotation frequency f. in the range [1 Hz; 100 Hz] with step Af=1 Hz.

The dependence of the coefficient B, formula (17), on the ripple coefficient K» and the motor
rotation freqeuncy f. for the modulation depth p=1 is shown in aig. 3, a, Fig. 3, b shows the value of the
coefficient B for case Kp=6.7%.
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Fig. 3

As can be seen from the figures above, the coefficient B has the highest value for the rotation
frequency with the largest multiple period fomx=97 Hz, for which B=0.071.

To verify the obtained data, a MatLab Simulink® model shown in fig. 4 is used. It consists of models
of an input rectifier with diodes VD1-VD6, a capacitive filter with capacitor C and a three-phase inverter
with transistors VT1-VT6. The control system of the three-phase inverter based on the reference voltage
sources Ima, Imb, Imc containing the third harmonic, generates a PWM control signal of the inverter
transistors.
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In fig. 5, a a typical diagram of the current of an inverter phase with interharmonics is shown and its
spectrum for the case of the rotation frequency of the drive f;=33 Hz is shown in fig. 5, b. In this case the
period, over which the spectrum is calculated, is determined as least common multiple of the periods of
rectified voltage ripple and the period of rotation of the motor: T;.,=Lcm(T¢, T,)=1/3. Therefore, the
harmonic number of the rotating engine is k=T .,/ Tc=11.
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Due to the presence in the current spectrum of the interharmonics with numbers £ = 39, k = 61, the
motor phase currents have a distorted shape, that impairs the motor operating mode and creates additional
magnetization. The current spectrum calculated using the generalized Fourier series in previous chapter is
tested via Simulink model. Comparison of the obtained results proves that the error of the results obtained on
the basis of the Fourier series does not exceed 5%.

Conclusions. The interharmonics that arise as result of the modulation of the grid voltage by the
processes of changing load resistances impair the operation of electrical devices connected to the power grid,
in particular asynchronous motors. In the paper for the interharmonic components analysis we propose the
use of a generalized Fourier series of several variables. On the example of a regulated electric drive, the
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possibility of interharmonics arise because of presence of a rectified voltage ripple is analyzed. It is shown
that the highest influence of the interharmonics is observed at the rotational frequencies of the motor, which
are not multiples of the frequency of the grid. In this case the motor magnetization can reach 7.1%. The
obtained results were tested on the Simulink model and it is shown that the error of the results does not
exceed 5%.
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PACYHET UHTEPTAPMOHUK B ACUHXPOHHOM DJJIEKTPOIIPUBOJE HA OCHOBE OBOBIIEHHOI'O PSIJA
®YPBE HECKOJIBKUX IEPEMEHHBIX

Bepouuxkuii E.B., Kyiikos B.51.

HTY Yxpauns! «KueBckuii nourexunyeckuii uHctutyT uM. M. Cuxopckoro”,

np. Ilodeawl, 37, Kues, 03056, Yxpauna, e-mail: verbitskiy@bigmir.net.

B cmamve onucano erusinue HU3KOUACMOMHBIX UHMEPLAPMOHUK HA DAEKMPUYecKue YyCmpoucmea nepemMeHHo20 Mmokd, 8 YaCmHOCmu,
acunxpounvie osucamenu. Iloxkazano, 4mo uepe3 HeonpeoeneHHbvlil BPEMEHHOU UHMePBAN UMepeHUs UX onpeoeileHue u paciem
AGNAIOMCA YCNONHCHEHHbIM. [IIsL YIyuuienus MemoouKy pacyema UHmepeapmMoHUuK npeonodCceHo UCNONb308amb 0000WeH bl PO
Dypve HeCKONMbKUX NepeMEeHHbIX U ONUCAHLL MeopemuiecKue OCHOBbl e20 ucnonv3oeanus. Ha npumepe pecynuposannozo
91eKMponpuBo0a ACUHXPOHHO20 08u2amelia HOKA3AHO GNUAHUE UHMEP2APMOHUK HA NOOMASHUYUBAHIE O8USAMEN C UCHONb306aAHUEM
paspabomannozo meopemuyeckozo annapama. s eepuduxayuu NOAYHEHHBIX OAHHBIX PA3pPAbOMAHA MOOeNb ACUHXPOHHO2O
anexmponpusoda 6 cpede MatLab Simulink® u noomeepacoeno, 4mo nozpewtHOCHb pacuema UHMEP2APMOHUK HA OCHOBE
06006wennoeo pada @Pypuve ne npesviwaem 5 %. buodn. 10, puc. 5.
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PO3POBJIEHHS MATEMATUYHOI MOJIEJII JIJISI PO3PAXYHKY JJOITYCTUMHUX
HHAPAMETPIB POBOYUX PEXKUMIB YACTOTHO-KEPOBAHOI'O EJIEKTPOIIPUBOAY
IITAHTOBOI HA®TOBUJIOBYBHOI YCTAHOBKHU

A.B. Mansip*, mokT.TexH.HayK, A.C. AHAPeinH
Haunionansumuii yniBepcurer "JIbBiBebka nmogiTexnika',
ByJ. C. Banaepn, 12, JIbBiB, 79013, Ykpaina, e-mail: andrii.v.maliar@lpnu.ua

Posznaoaromvca npobnemu pecynoganus wacmomu 20UO0AHb OANAHCUPA 8ePCMAMA-20UOANKU MALONPOOYKMUSHUX
HApMOoBUOOOYBHUX C8ePONOBUH, 6 SIKUX GUO0DYSaHHS HAdMU 30IUCHIOEMbCS 34 OONOMO20I0 WIMAHZ0BUX 2TUOUHHUX
NOMN, NO8 A3AHI 3 IXHIM nepeso0oM 3 nepioOudHoi ekcnayamayii 0o HenepepsHoi. Po3pobieno mamemamuiny mMooens,
KA 0A€E MONCIUBICMb HA OCHOBI KOMIIEKCHOI MOOeNi eneKmponpueody, 00 SKOi 6xo0amv MameMamudni mooeni
e6epcmama-2ou0anKy I NPUBOOH020 O08USYHA, SUPIULY8AmMU 3a0auy pe2ylioS8aAHHs YACMOmu 20UdaHb Oalancupa y
8I0Nn0GiOHOCMI 00 3MiHu Oebimy niacma. Bi0 HanoeuenHs nomnu piOUHO 3anexcums Qopma OUHAMOSPAMU, A OMMHCEe
B0HA € OCHOG0I0 0Nl GU3HAYEHHS 3AKOHY 3MIHU MOMEHMY HABAHMACEHHS. 3anponoHOBAHO MemOoO pPO3PAXYHKY
cmamuyHux xapakmepucmux AJ], axuii npusooumv 8 pyx 6epcmam-2otuoaiKy, 3 Ypaxy8aHHsiM NepiooutHo-3MIHHO20
MOMEHMY HABAHMAIICEHHS | MOMEHMY THepyii pyxomux wacmun. Po3paxyHok nepioOuyHux 3aiedcHOCmeli KOopOuHam
VCMANEH020 PedcuMy  eleKmponpugody YCMAHOSKU 30IUCHIOEMbCSL  WIISIXOM — PO368 SI3V6aHHS.  KpAtosol 3a0aui.
3anpononosana mamemamuyna MoOeib 04A€ 3MO2Y GUIHAUAMU 3ANEICHOCHE CMPYMY, HOMYICHOCMEU, eleKmpo-
MASHIMHO20 MOMeHmY 1 IHUWUX BANCIUBUX eKCNIYamayiliHux napamempie 6i0 amMniimyou i uyacmomu Hanpyeu
orcugnennss AJl 3 mMemoio 6U3HAUeHHs ZPAHUYHO OONYCMUMUX 3Ha4eHb. Boma mooice Oymu euxopucmana O0ns
NPOEKMYSAHHST Md HANA200JCEHH POOOMU  YACMOMHO-PEYTbOBAHO20 eAeKMPONPUBOOY WMAH2080I 2IUOUHHO-
NOMNOBOT YCMAHOBKU, AKULL 3a0e3neyye HenepepsHy pobomy Manio0ebimuol ceepOIosUHU, Y3200ceHy 31 3MiHOW0 0ebimy
nracma. bubn. 11, puc. 5.

Knrouosi cnosa: nadtorumnoOyBHa yCTaHOBKA, MaiioficOiTHA CBEPIJIOBHHA, ACHHXPOHHUH EJICKTPONPHBOJ, CTAIlio-
HApHHI PEXUM, KpalioBa 3aJaua, CTATHYHI XapaKTEPUCTUKH, PETYIIOBAHHS YaCTOTH.

Beryn. BunoOyBanHs HadTH 13 CBEpAJIOBHH 3A€0LIBIIOTO 3IiHCHIOETHCS 32 JOTIOMOTOI0 BEPCTATiB-
TOMTAJIOK, SIKi PO3MINICHI Ha MOBEPXHI 3€MJIi 1 TIEPETBOPIOIOTh O0EPTATBLHUN PyX KPHBOIIHUITHOTO Baia y
3BOPOTHO-TIOCTYMANBHUN PyX 3B’sI3aHOT 3 IUTYHXXEPOM IIOMIIM KOJOHM INTaHr. J{Is mpuBOAY BepCTaTiB-
TOWJAIOK TEePEeBaAKHO BUKOPUCTOBYIOTh TpudazHi acwaxpoHHi muryam (All) [1-5]. EdextuBHicTsh
eKCIUTyaTarlii MTaHroBOi MIMOWHHO-ITOMITOBOT HadToBHm0OyBHOI ycTanoBku (ILI'TIY) B 3HauHiil mipi 3a-
JISKUTH BiJl PallioHaJIbHOTO BUOOPY EJICKTPOIIPUBOJLY Ta HAIATO/XKEHHSI CHCTEMH KEPYBaHHSI.

3HayHa YacTMHA Ha()TOBHX CBEpIJIOBMH BHYEpHana CBIi pecypc i Mpamioe B PEXHUMi MEpiOAMYHOL
eKCIUTyaTartii, IJIs1 sSIKOi XapakTepHOIO € YacTi 3yIMMHKY, HeOOXiTHI I HAallOBHEHHS CBEPUTOBHHU HadToro [1, 2].
Taka TexHOJOTisI BUIOOYBaHHS HAQTH 3 MAIOACOITHUX CBEPIOBUH NOTpeOye 3HAUHHUX eHeprosutpar [3, 11].

Bubip obnamHaHHS i pexxuMy Horo poOOTH HMOBMHHI BiATIOBiIATH MPOIYKTUBHOCTI IUIacTa CBEPAJIO-
BUHU, IKa 3 IUTMHOM 4Yacy 3MEHIIYEThCs [2, 3, 9], BHACTIIOK YOTO 3alOBHEHHS LIMIIIHPA ILTYH)KEPHOT TOMITH
3amKyeThes 10 40-60% [3]. HeBiamoBigHICTh YacTOTH ToWIaHp OajaHCHpa MPUTOKY PiIUHH JO CBEPAJIO-
BUHH NPU3BOJUTH JI0 pOOOTH YCTAHOBKH 31 3HAYHUM HE3aNIOBHEHHSM LIMIIIHAPA MOMIIH, 10 HE TUILKU Pi3KO
3HIKY€E e(eKTHUBHICTh 32 PaxXyHOK 3MEHIIeHHS Koe(illieHTa KOPUCHOI Aii, ale ¥ 3yMOBIIOE 30UTBIICHHS
CTIO’KMBAHHS PEAKTHBHOI IIOTY>KHOCTI.

[HTeHCHBHICTD BinOOpY HA(TH i3 CBEpAJOBUHHM BH3HAYAETHCS 3 OJHOTO OOKY KOHCTPYKTUBHHUMH YHH-
HUKaMH (JOBXHHOIO X0y MONIPOBAaHOTO LITOKA, MepeJaBaIbHIM YMCIIOM pEeIyKTOpa Ta MacoBoi mepenadi),
a 3 JIpyroro — KUIBKICTIO TOMIaHp 3a XBIWIMHY OalaHCHpa BepCTaTa-rOMIalIK, SKa BU3HAYAETHCS KYTOBOKO
4acToTor oOepTaHHs KpuBommmna. [IpoTe dacroTa roiiganp OanxaHcHpa 3a HE3MIHHOTO IepeJaBaibHOTO
Yucia MEXaHIYHOI MepeAadi MOBHICTIO BU3HAUYAETHCS YAaCTOTOIO oOepTaHHs poTopa AJl, sSKy MOXHa
pEryJIIOBaTH 3a JIOIOMOTOI0 YAaCTOTHOTO IepeTBoproBada 0e3 3ymuHku pobotu IUTTIY, mo Bimmosimae
CyYaCHHM BHMOTaM IOJI0 €KOHOMIYHOCTI CUCTEMH €JIEKTPONIPHUBOAY Ta €(DEKTUBHOCTI POOOTH yCTAHOBKH B
iIoMY.

BukopucTaHHS YacTOTHO-KEPOBAHOTO €IEKTPONPUBOIY Iependadae HassBHICTh aBTOMAaTHYHOI CUCTEMH
KepyBaHHSA. Y OUIBIIOCTI BUIAAKIB TaKi CHCTEMH NPAIOIOTH Ha OCHOBI Hamepes 3aJaHOoro alTrOpHUTMY,
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BUXOJISTYM 3 YMOB, SIKI iCHYIOTh Ha Yac BBEJCHHS CBEPUIOBHHHU B ekcruyaTamito [2, 9]. Ile Mmoxe mpusBecTH
HE TUTBKH 10 3HUKCHHS TEXHIKO-€KOHOMIUHUX MMOKA3HHUKIB, ajie H JI0 MOsSBU aBapiiiHux pexxumiB. OcoOnuBo
IIE€ CTOCY€ThCS BUMAKIB, KOJIM 3MiHOK YacTOTH OOEpPTaHHsS MPHBOAHOTO ABHIYHA HaMararoTbCs AOCSTTH
MaKCHMAJBHOTO e0iTYy.

ToMy akTyanpHOIO 3a7adeio € ONTUMI3allisl podoTH MamoneOiTHUX CBepUIoBHH [1, 5], cipsMoBaHa Ha
BCTAHOBJICHHSI BIAMOBIAHOCTI MK IPUTOKOM pIiIMHU 1 TemrnoM ii BigOopy. s 1mporo HEOOXiaHO
pETyIOBaTH PEXUM POOOTH BEpCTaTa-TOWAAIKH Tak, 100 BiH BIINOBiJaB TEMIIOBI HAIlOBHEHHS CBEPIJIO-
BHHH HaQTOIO 3 BpaxyBaHHAM i1 ocoOnmmBOCTeH. [ OiapIIocTi MamoneOiTHUX CBEPJIOBHH ONTHMAIBHIM €
PEXUM, 3a SKOTO IiJ 4ac poOOTH KOe(IilliEHT 3aIllOBHEHHS TIOMITH CTAaHOBUTH He MeHIne Bix k=0,8. Llporo
JOCSTAIOTh IUIAXOM DPETyJIOBaHHS YaCTOTH HAampyrH XuBJIeHHA nmpuBonHoro AJl. IIpuuomy, ockinbku ams
3a0e3nedeHHs HerepepBHOI poboTu enekrponpuBony LIITIY HeoOXigHuii miama3oH 3MiHHM YacTOTH
obepranHs poTopa AJ] € MOPIBHIHO HEBEIMKKM, TO JJIS IIBOTO JIOCTATHIM € CKaISPHE PETYIIOBAHHS YaCTOTH
HaNpyTH >KUBJIEHHs [4], sike mpocTilie Bil BEeKTOPHOTo. 3ajada peryaioBaHHA 4acTOTH OOepTaHHA poTopa
npuBogHOro AJ] Mo CyTi 3BOOUTBCSA A0 3MCHIICHHS YaCTOTH HANPYTH JKUBJICHHS Y BIAMOBITHOCTI 110
Koe(iImienTa 3aITOBHEHHS ITOMITH, TIPO SIKUH MOXKHA CYIWUTH, BUXOASUN 3 aHANI3y (hopMu AuHAMOrpam# [5] —

3anexxHocTi P, =P, (oc) — BITHOCHOTO 3HAYCHHS CHIIH, sSIKa Jli€ Ha OaJaHCHUpP B TOYIIl MiABIIITYBaHHS IIITAHT,

BiJl TepeMilllcHHS IUTyH)Kepa nomMnu abo Bix KyTa (o)
P: MTOBOPOTY KPHUBOIITUITHOTO Bata (puc. 1).

1 OHak IS I[5OT0 HEOOXIJHO BU3HAYUTH OOMEXEHHS, SIKi
HaKJIAJAAIOThCS Ha cucTeMy eiekrponpuBony. Chopmysatu ix
095 HEOOXiTHO O BBOAY B EKCIUTyaTallil0 YCTAaHOBKH 3a KOHK-
PETHUX TEONOTIYHHX YMOB. EKCIIepUMEHTANBHO 1€ 3A1IHCHUTH
09 HEMOXJIMBO Yepe3 HEeNMOMipHi BUTpaTH. HalOuIbIT TOIIIBHUM 1
(haKTUYHO €MHO MOIJIMBHM € JOCTIKEHHS 3 BUKOPUCTAHHSIM
0.5 MaTeMaTtudHoi Mozelni cucremu enexrponpusony HIITTY, saxa
aJICKBaTHO ONHCY€ SK MEXaHIYHy YacTHHY YCTaHOBKH, TaK i
0% a ENeKTPUYHUN JBUTYH 1 Ja€ 3MOTY BHKOHAaTH KOMILIEKC
0 T 2 MaTeMaTHIHUX CKCIIEPUMEHTIB 3 JOCTIKCHHS 3MiHH MOMEHTY
Puc. 1 Ha Banmy AJl, akTUBHOI 1 PEaKTUBHOI MOTY)KHOCTEH, CIIOXKH-
BAaHOTO CTPYMY TOLIO. 3a3HaueHHI MMOKa3HUKH € OCHOBOIO IS
aBTOMaTUYHOTO KepyBaHHS pobOotoro IIITIY i ¢opmyBaHHS OOMeKeHb B pEryJiOBaHHI YacTOTH 3a
JTIOTIOMOTOF0 YaCTOTHOTO ITePETBOPIOBAYA, SKi BUILIMBAIOTH 3 YMOB HaMiHHOI poOoTH ycTaHOBKH. OYEeBHIHO,

IO TaKa MOJENb Ma€ OyTH NPUAATHOIO AJs il BUKOPUCTAHHS B CHCTEMax peajbHOro yacy.

Merto10 po60TH € po3poOJIeHHS MaTEMAaTUYHOT MOJIENi, pO3PaXyHOK JIOMYCTHMHX MapaMeTpiB poOOIHNX
PEXKUMIB €IIEKTPONPHUBOIY IITAaHTOBOI Ha(TOBHIOOYBHOI YCTAaHOBKHM Ta BHPIIIEHHS TEXHIYHOI 3amadi
peryJroBaHHs YaCTOTH roiiaHb OalaHCupa y BIAMOBIAHOCTI /10 3MiHH Je0ITy CBEPAJOBHHHU.

Martematnuna moneab enekrponpuBoxy LITITY. Jlo maremaTuuHOi MOJAETI €ICKTPONPUBOIY
LOTTIY BxomsaTh MartemarmuHi Mmomeni AJl # Bepcrara-rodimanku. Bing iXHBOT ameKBaTHOCTI 3alleKHUTh
TOYHICTh Pe3yJIbTATIB PO3PaXyHKY PEKHUMIB pOOOTH Ta XapakTepucTuk enekrtporpuBoay LIITIY, a oTxke
e(eKTHBHICTb POOOTH cUCTeMH KepyBaHHS. OCKINBKH pO3paxyBaTH OUHAMIUYHUI pexxum podotu AJl 3
BUKOPHUCTAaHHAM KIACHYHUX 3aCTYIMHUX CXEM HEMOXKIMBO, a TMOJHOBI MaTeMaTW4yHi Moneni moTpeOyIoTh
3HAYHUX OOYHCITIOBAILHUX PECYPCiB, ONTUMAIBHOIO € MaTeMaTH4yHa Momenb AJl y Bummimi audepeH-
ianpHUX piBHsAHB (/IP), 3amucaHux 3 BUKOPHCTaHHSAM Teopii 300paxyrounx BektopiB [10]. Marematuuny
MOJIeNTh BEPCTATa-TOMIANKH, SKa Ja€ 3MOTY OIHO3HAYHO BH3HAYATH 3aKOHHM PYXy €JIEMEHTIB BepcTara-
TOMIaIKH, 30KpeMa, 3JIeKHOCTI IXHIX JIHIHHUX Ta KYTOBUX IHEPEMIIIEeHb BiJ KyTa TOBOPOTY KPHUBOIIHUIIA Ha
MiICTaBl TEOMETPUYHUX PO3MIPIB JIAHOK IEPEeTBOPIOBANBLHOIO MeXaHi3My, po3pobieHo B [5]. B Hii
3aJIeKHICTh KyTa MOBOPOTY OajlaHCcHpa Bil KyTa 0 MOBOPOTY KPUBOIIMIIA, @ OTXKE 1 3B'SI30K MK MHUTTEBHUMH
3HaYeHHIMH YacTOTH oOepraHHS portopa AJl i WacToTu ToiiaHp OalaHCHpa BU3HAYAIOTHCSI Ha OCHOBI
KiHEMaTUYHOI CXeMH BepCTaTa-roiIanKH.

OCKiNbKHM HaBaHTAXXECHHS BEPCTaTa-TOMJANKU € JUHAMIYHUM, TO €JEKTPOMArHITHI IPOLECH B CUCTEMI
enexrponpuBony LIT'TIY sk B mepexigHOMY peXHMi, Tak i B yCTaIEHOMY y OyIb-sIKiii cHCTeMi KOOpAHHAT
OMHUCYIOThCS cucteMoro [P emektpwdHoi 1 MexaHiuHOi piBHOBaru. Cucrema JIP enexTpwdHOI piBHOBaru
KOHTYpiB cratopa AJl B ocsX x, y, 3anucana B ()yHKIIii 4aCOBOI KOOPIUHATH B MaTPUYHO-BEKTOPHIH popmi
Ma€ BHTJISIT
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dt = QO\I/sxy _Rsisxy TUgyy (1)

d\T] 19

y — — -
7 - QO\ery + Q\ery - errxy > (2)
Ae Yy v Xy ;sxy , frxy » Ugyy s Ry, Ry — BEKTOPH IOTOKO3YEILICHb, CTPYMIB, HAIPYT XKUBJICHHS KOHTYDIiB
o . . . . —®p (O]
cTaropa (s) i poTopa (7) Ta AlaroHaJIbHI MaTPUL aKTUBHUX OMHOPIB; Q) = ; Q= -
(O] —®

JOTOMIXKHI MaTpHULi, B SKUX () — KyTOBa YacTOTa HANPyTH XHUBJCHHS, a ® — KyTOBa 4acTOTa O00epTaHHS
poTopa.

BpaxoBytoun 3MiHHUM MOMEHT IHEpIii PYXOMHX YacTHH CHUCTEMH €JIEKTPONPHUBOJIY, PIBHSIHHS
MeXaHI4YHOI PiBHOBAard Ma€ BUTIISA

do o dJ
A Me_Mc(t)_ R 3)
dt J 2p0 dt
ne J — npuBeJeHUH 70 Bally IBUTYHa MOMEHT iHEpIii pyXOMHUX YacTHH; py— KUIbKICTh map montociB AJl;
M (f) — qacoBa 3aJie)kKHICTh MOMEHTY HaBaHTaXeHHs Ha Bany AJl, a M, — eneKTpOMarHiTHUH MOMEHT, SIKUI

BH3HAYAETHCS Ha OCHOBI ITOTOKO3YETUICHD Ta CTPYMIB 3a (hOPMYIIO0
Me = lSpO (l//sxlsy - ‘//sylsx ) .

Cuctema JIP (1) — (3) mae 3Mory BH3HAYUTH MUTTEBI 3HAUCHHS BEKTOPIiB IOTOKO3YCIUICHb Ta CTPYMiB

KOHTYPiB AJl NPH 3alaHOMy 3HAYCHHI BEKTOPA Uiy, NPHUKIAJCHUX HANPYT i 3aKOHI 3MiHM MOMEHTY HABaH-

TaKCHHS 3 ypaxyBaHHSAM HAaCHUYCHHS MAarHiTonpoBoxy. s mbOro mpy OOYHCIEHHI NMOTOKO3YEIUICHb Ta
Matpuii AudepeHIialbHUX IHAYKTUBHOCTEH KOHTYPIB BUKOPHUCTOBYIOTHCSI KPHBI HaMarHiuyBaHHS OCHOB-
HOT'O MarHiTHOTO IIJSIXY Ta UUISIXiB MOTOKIB PO3CiI0BaHHS KOHTYPIB cTaTopa i potopa [10].

Iarerpytoun HeminiitHy cuctemy P (1) —(3) omHMM i3 YHCIIOBHX METOIB, MOXKHA PO3paxyBaTH
YCTAJICHUHA peXuM poboTH cucteMu enekrponpusoxy HITTIY, posrnsmgaroun ioro sk pe3yabTaT 3aKiHIeHHS
nepexigHoro npouecy. OJHaK TakKUi OUISX PO3PaXyHKY YCTAJICHOTO PEXKUMY 3 METOIO YaCTOTHOTO PEryJIio-
BaHHS [4] HempUAATHUH SK 3 NPUYMHM BHUTpPAT MAIIMHHOTO Yacy, TaK i HEMOXJIMBOCTI aHAJi3y Ta ONTH-
Mi3arlii eHepreTHIHNX MTOKa3HUKIB 3 METOI0 (DOPMYBAHHS KEPYIOUHX BIUIHBIB.

OCHOBOIO BU3HAUEHHSA 3aKOHY 3MIHM MOMEHTY M.(cl) HaBaHTaXeHHS Ha Bainy AJl Big kKyTa o €
nuHaMorpama. OHak npuKiIaneHnii 10 Baimy AJl MoMeHT M. BU3HAYA€ThCA HE TITBKH TUHAMOTPaMOIo, aie i
KiHEMaTUYHOIO CXEMOIO BepCTaTa-rOMAa ki, Macol Ta MiCLieM PO3MIlIeHHS Ha HbOMY 3piBHOBa)KYBaJIbHUX
BaHTaXiB [5], a TakoXk mepenaBaJbHUM YHCIOM k; Bix AJl no kpuBomIMIMA, SIKe BU3HAYAETHCS JOOYTKOM
nepeaBaIbHIX YHCEIT ITACOBOI Iepeaadi Ta peayKTopa

M (o) =M (P (@) ki ey ). @)
ne ky, — xoedirieHT, sKuii BpaxoBye MeXaHi4Hi BTPaTU B TPAHCMICIi.

BHacniok nepioguyHOi 3aJIeKHOCTI P; (oc) ¢yHKIis (4) € Takox nepionuyHo. OTkKe PO3paxyHOK
YCTAJICHOTO PEXKUMY YCTAaHOBKH TIOJISITA€ y BU3HAYCHHI (DYHKIIIOHAIBHUX TEPIOJUYHHUX 3aJIC)KHOCTEH
KOOpAHMHAT BIIPOJIOBXK Iepiofy poOOTH BepcTara-TOHAaiky MpH 33JaHUX MEPIOAWYHHX 3aKOHAX 3MiHU
MoMeHTy HaBaHTaxeHHs M. (o) = M (a+27) ta MomenTy iHepuii J(o) =J(o+2m).

[epioguunuii po3s’sizok cucrtemu JIP (1) — (3) y BUIIIsIII 3aKOHIB 3MiHM KOOPJAWHAT Ha TEPioAl 3
HaMEHIITIM 00CSTOM OOYHMCIICHD 1 BiMOBITHO MIHIMAJTEHO MOXIJIMBHMH 3aTpaTaM{ 9acy MOXKHA OTPHUMAaTH
METOJIOM PO3B’sI3yBaHHS KpaloBoi 3amayi [6 — 8]. A OCKIIBKM BHACIIJOK 3aJI€KHOCTI YaCTOTH OOepTaHHS
poropa AJl Bii MHTTEBOTO 3HAYCHHS BEIWYMHU MPUKIAJECHOTO MOMEHTY TPUBAIICTh YAaCOBOTO MEPiory
UKy pOOOTH BepCTaTa-TOMIaNKH Halepe]l HeBijoMa, HeoOXiTHO TIEPEeUTH 0 KYyTOBOI KOOPAWHATH — KyTa
noBopoty kpuBommma o (0 < a <27z ). Cucrema 1P (1) — (3) B pyHKIIT KyTa o Mae BUTIISLT

d\T’ kp — s -

ﬁ = ZTO(QO\sty - Rslsxy + usxy);

d\_‘f} k-p —~ — e

ﬁ = I_O(QOWrxy + Q\ery - errxy); (5)
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dw:kipO&(Me—Mc(oc)) ® cU(a)'

do. o J (a) 2J ((X) do.
3anumemo cuctemy [P (5) omHUM BEKTOPHUM PIBHSHHSM BUTIISIY
dy(x e~ =~
BE) (55,00, 0), (6)
do

ae y= colon(\usx,wsy,wrx,\u,y,m); X= colon(isx,isy,irx,i,y,m); u= colon(usx,usy,0,0); Z — BEKTOp NpaBUX
gactul cuctemu [P (5).

Jlns Bu3HAYCHHSA (PYHKITIOHABHUX 3aJSKHOCTEH KOMITOHEHT BEKTOpa X Ha MEPiofi IMUISXOM pPO3-
B’sI3yBaHHS KpaloBoi 3amadi cuctemy JIP (6) anreOpu3yemMo, BUKOPHCTOBYIOUH aPOKCHMAIIO KOOPAMHAT
Ha ciTui By3miB nepiony. Lle mae 3Mory mepedTu Bia HemepepBHUX YacOBUX IXHIX 3aleXKHOCTEH Ha mepiofi
JI0 TUCKPETHUX 3HAYCHb. 3MIWCHUBINN CIUIAWH-aIPOKCHUMAIlII0 KOOpIWHAT HA CITIII # BY3JIB TEpiomy y
BIJINIOBITHOCTI 3 BUKJIAJCHUM B [8], OTpUMaEMO anreOpuyHuid aHajgor cuctemu (6) y BUTIIAII alreOpuIHOTO
PIBHSHHS, B SKOMY KOMIIOHEHTaMHU BEKTOPIB € BY3JI0BI 3HaU€HHS KOOPIMHAT Ha Mepiofi

HY -Z=0, (7)
ne H — 6109HO-IiaroHanbHa MaTPUIL, SIEMEHTH K01 BU3HAYAIOTHCS BiITAISIMU MK By3JIaMu [8];

Y :colon()?l,...,)?n); Z = colon(El,...,En) — BEKTOpH, KOKCH 3 SKUX CKJIAJCHUHA 3 7 BEKTOPIB BY3JIOBHX
3HAYE€Hb BiIMOBIIHAX 3MIHHUX.

Po3sB’si3koM cuctemu (7) € 3HAUCHHS BEKTOpa X = colon(?cl,...,)'c'n), KOMITOHEHTaMH SIKOTO € BEKTOPH

3HAYEHb CTPYMIiB KOHTYpIiB Ta 4acToTh o0epTaHHsS poropa A/l y Bysnax mepiomy. OCKUIBKH cHcTeMa
anreOpuyHuX piBHAHBL (7) HemiHilHA, 1i PO3B'A3yBaHHA MOXXe OYTH 3IiMICHEHO OJHHUM i3 iTepaliiiHuX
METOJIiB, 3 AKX HaHOUIbII eQeKTUBHUM € MeToa HreroroHa. OmHak BiH € JOKaIbHO 301KHUM, TOMY iCHYE
npobiemMa 301KHOCTI iTepamiiHoro mporecy. s 3ade3medeHHs Horo 301KHOCTI CKOPHUCTAEMOCH METOIOM
NPOJIOBXKEHHS IO TapaMeTpy, CyTh SKOTO y JaHOMY BHIAIKy IOJISTa€ B JMCKPETHOMY HapoOIIyBaHHI
BuMyInyrounx cui. [Ipore go cucremu P (5) BXomsaTs ABi 30yproroud [ii: BEKTOp MPUKIAACHUX HANPYT i

3YMOBJICHUH II€10 CUIH P; (oc) momeHT M, (o) omopy Ha Bamy AJl. O4eBHAHO, 10 OJJHOYACHO HAPOILYBATH
Halpyry >KUBJICHHS Ta MOMEHT HaBaHTA)XXEHHsI MIPOMOPLIHHO 10 AESKOT KOOPAWHATH HEMOKIIUBO, OCKIJIBKH
Il BEJIMYMHU 3B’s3aHI MK co0010 HemiHiiiHO. Lle, Sk mpaBmiIo, IPU3BOAUTE 10 PO3OIKHOCTI iTepariifHOTo
npouecy. ToMmy 3amauy po3paxyHKy CTal[iOHAPHOTO MEPIOAMYHOTO PEKUMY HEOOXiTHO pO3B’SI3yBaTH y IBa
eramu [7]. Ha mepiroMy 3 HHX HapomryeMo Bektop U :colon(ﬁl,...,ﬁn) BY3JIOBHX 3HAU€Hb MPUKIAJEHUX
Hampyr BiA HYJS 10 HOMIHAJIBHOTO 3HAYECHHS 32 YMOBH OJM3BKOTO A0 HYJSA MOCTIHHOTO KOB3aHHS, SIKOMY
BiAMOBinae ycTtaneHudl pexxuMm pobotu AJl 3a BiacyTHocTi HaBaHTakeHHA. OTpUMaHe 3HAUCHHS BEKTOpa

X (O)zcolon(y?l,...,)?n) € TI0YaTKOBOIO YMOBOIO IJIsI BU3HAYCHHS KOOPAMHAT PEXUMY IIPH 3aaHOMY

MIEPiOANYHOMY 3aKOHI 3MiHM MOMEHTY HaBaHTa)XCHHS, TOOTO Ha APYroMmy eTarli 3[iHCHIOETBCS PO3B’s3Yy-
BaHHS HEJIHIWHOT cucTeMH (7) anreOpUIHUX PiBHSAHB, CYTh SIKOTO TIOJISATAE B HACTYITHOMY.
3a BH3HAYEHUMH 3 TEPIIOTO €Tammy PO3PaxyHKy KOOPAWHAT OOYHCIIOEMO BEKTOpP HEB’S30K CHCTEMHU

(7) mpu 3HaUEHHI BEKTOpa X=x9j YTBOPUMO HEIIHIHHY CUCTEMY PiBHSHB BHTIISAY
HY -7 =(1-2)00).
3mina mapamerpa A Bim A =1 1o A =0 exBiBaJICHTHA 3MCHIIICHHIO BEKTOpa HEB’ 30K Q(O) JI0 HyJIA, a

BEKTOP X MIPH 1[IbOMY TPSIMYE BiJT X=X (0) JI0 3HAUCHHS, 1110 BiJOBIIa€ PO3B’A3KY BEKTOPHOTO PiBHSHHS
(7), axuit yTO4HIOEMO MeTO/I0M HproTOHA.
AKTHBHA Ta peaKTHBHA MMOTY>KHOCTI LIS j-TO By3JIa IepioAy BU3HAYArOThCS 32 Gopmynamu [6]
Py = 15(ugyigg +ugyic )i O = 1.5(

PerysnroBaHHS 4acTOTH roiiaHb OajaHcHpa 3MIHOK YacTOTH HANIPYTH XKHUBJICHHS A/l el1eKTponpuBoLy
HIT'TTY motpeOye BU3HAUCHHS €ICKTPUYHUX BEJIMYUH (CTPYyMY, €IEKTPOMArHiTHOTO MOMEHTY, ITOTYKHOCTI
TOIIO), SIKi 3MIHIOIOTECS 3 YaCTOTOIO roiaHb Oamancupa. OueBUAHO, MO (GOpMyBaHHS 0OMEXEHb 3a BEIH-
YUHOIO CTPYMY HOTpeOy€e BU3HAUSHHS HOr0 cepelHbOKBAAPATUUHOTO 3HAUYCHHS 32 Mepiofl, a 33 MOMEHTOM —
MaKCUMAJILHOTO 3HAUCHHS Ha TIEPioJi.

usyjisxj - usxjisyj .
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Hwwxde HaBeneHO pe3ysbTaTd BUKOHAHHMX 3a PO3POOJICHOIO MPOTPaMOI0 PO3PaxXyHKY AJS €JIEKTPO-
npusoay LIITIY Ha ocnoBi AJl 3 HoMiHambHuMM ganumu: P,=15 xBrt; 1,=29,9 A; M,=97Hm, p,=2.
30kpeMa, AMHAMOTpaMi pHC. 2 BiINOBINAIOTh HaBeACHI Ha PUC. 3, @ 3aJIEKHOCTI BITHOCHUX 3HAYEHb CTPYMY

Ta eleKTpoMarHiTHoro MomeHty AJl, a Ha puc. 3, 6 — KyTOBOi 4aCTOTH OOEpPTAHHS KPUBOIIMITHOTO Bajia
(n1,=10.4 06/xB.).

I, M,
0.a 0
0.4 225
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104
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10 r o s 4025 w5 w15l
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Puc. 2 Puc. 3

BukopucToByloUM IIi 3aJI€KHOCTi, MOKHa BU3HAYUTH CEpeIHI 3a OAWH IHUKJI pPOOOTH BepcTara-
TOMAAJKK 3HAYEHHS AaKTHBHOI Ta PEakTHBHOI NOTYXHOCTEH, Koe(ili€eHTa MOTYXHOCTI Ta CepenHbO-
KBQIPAaTUIHOTO 3HAYEHHS CTPYMY CTaTOpa JBUTYHA Ta 3aKOHH IXHBOI 3MiHM B (DyHKIIii yacToTh (puc. 4, 5).
Sx BugHO 3 puc. 4, 3MeHIICHHs 4yacToTh 1o 25 'l 3a HEe3MIHHOI HANpyTrH JKWUBJICHHS MPU3BOAUTH 0
HEOMyCTUMOI'O IIOJ0 HarpiBaHHS 3POCTaHHS CTPyMy OOMOTKH CTaTOpa, a TaKOX CYTTEBOTO 3MEHILIEHHS
KoedilieHTa MoTYKHOCTI.

3a yMOBH peryJIOBaHHS aMIUNITYOu Hampyru 3a 3akoHoM U/ f=const (puc.4) BimOyBaeThcs
3MEHIIECHHs CTPYMY OOMOTKHU CTaTopa, aKTUBHOI 1 peakTHBHOI MOTYKHOCTEH, 110 MPU3BOAUTE A0 3POCTAHHS
KoedirierTa notyxHocti. CepelHe 3a mepio]] 3Ha4eHHS eIEKTPOMArHiTHOTO MOMEHTY TP IIbOMY HE3MiHHE.

Hacamkinenp 3a3Ha4unMMo,

X Pg.r 0ol mo pospobieHa Marema-
TUYHA MOZENb Ja€ 3MOry
0z BUKOHYBaTH  PO3PaxyHKH
PSKUAMIB 1 XapaKTEPUCTHK
07 CUCTEMH EJIEKTPOIPUBOTY
LOTTIY i mpw iHmWMX 3aKo-
0.é Hax peryaroBaHHs Hampy-
TY JKUBJIEHHS Ta 11 YaCTOTH.
0 f 03 4
;o 424 3453 372 194 12 00 423 344 A 1EE 1
a 0

Puc. 4
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BucHoBku. B 0cHOBY po3paxyHKy rpaHUYHHMX 3HaYCHb NIapaMETPiB MOKIAJEHO MaTeMaTHYHy MOJEIb
AJl, B siKiii BpaxOBY€ThHCSI HACHYEHHS MarHiTONPOBOAY W BUTICHEHHS CTPYMY B CTEP)KHSX OOMOTKH POTODA,
a TakoXX Po3poOJeHy Ha OCHOBI aHAJNITUYHOI TreoMeTpii IWHAMiYHy MaTeMaTH4Hy MOJelb BepcTara-
TOMJAJIKU.

Po3pobnena MaTeMaTHdHa MOJEThL Ja€ 3MOTY BH3HAYATH 3aJICKHOCTI Bl YACTOTH CKCIUTyaTaIliiHUX
napameTpiB YaCTOTHO-KEPOBAHOTO EJIEKTPONPHBOAY INTAHTOBOI Ha(QTOBHIOOYBHOI YCTaHOBKH 3 ypaxyBaH-
HSM TEePiOJUYHO-3MIHHOTO MOMEHTY HABaHTa)XEHHS Ta MOMEHTY iHepuii 3 MeTO BH3HAuUCHHS IXHIiX
IPaHUYHO [JOIYCTUMMX 3HadeHb. Jl0o Takux IapaMeTpiB HaJeXaThb CTPYM, €JIEKTPOMAarHiTHUH MOMEHT
JBUTYHA, 4aCTOTa 00EpPTaHHs Bajla JBUTYHA, KOS(II€HT MOTY>KHOCTI TOLIO.

Cucrtema nudepeHUianbHUX PIBHSAHb, SKa OMNHCYE AWHAMIKY EJEKTPOIPHUBOLY Ha(TOBHI0O0YBHOI
YCTAHOBKH, PO3B’S3Y€ThCSl LUIIXOM PILIEHHS KpaioBoi 3amaui ans cucremu [P mepmioro mopsaky 3
NEepiOANYHIMH KpailoBuMH ymMoBaMmH. /Ui po3paxyHKy CTaTHUHHUX XapaKTEPUCTHK BUKOPHCTOBYETHCS Me-
TOJI POJOBKEHHS 110 MapaMeTpy.

Ha mnpaktuni po3pobiieHa MaTeMaTHYHa MOJAETb MOXKE BHKOPHCTOBYBAaTHCH ISl OINEPATHBHOTO
aHajizy peXuMiB poOoTH HaQTOBHIOOYBHOI YCTAaHOBKH 3 METOIO0 (OpMyBaHHS KEpYIOUMX BIUIMBIB Ha
EJICKTPONPHUBO/I, CIPSIMOBAHUX Ha 3MIHY MPOJAYKTUBHOCTI TJIMOMHHOI TOMIIM BIANOBIAHO 1O 1e0iTy
CBEPIJIOBUHH.
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PA3PABOTKA MATEMATHUYECKOM MOJIEJIU JIJISI PACUETA JOITYCTUMBbIX TAPAMETPOB
PABOUYMX PEXKUMOB YACTOTHO-YIIPABJISIEMOI'O JIEKTPOIIPUBOJA IITAHIOBOM
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Paccmampusaromes npobremvl pecyiuposaniis 4acmomol Kauanuli 6aiancupa cCmanka-Kavaik Maronpou3sooumens-
HbIX HeghmeoobbIBAIOWUX CKEAICUH, U3 KOTNOPLIX 000bINA He@mU OCYUeCmBIAemcs ¢ NOMOWbIO WMAHO8bIX 2YOUH-
HbIX HACOCO8, CEA3AHHbIE C NEePeso0oM NepuoOUUecKoll IKCHIyamayuu Ha HenpepwisHylo. Paspabomana mamemamu-
yeckas MoOenw, 0arwas B03MONCHOCMb HA OCHOBE KOMNIEKCHOU MOOenU INeKMpOnpugood, 8 KOmopyio 6Xo0sm
Mamemamuyeckue Mooenu CMmaHKa-Kauyaiku u npueooHo20 08uUeamels, peuiams G0NpoChbl Pe2yliuposanus Yacmomyl
Kauanuil banancupa 6 coomeemcmeuu ¢ usmeHnenuem oeouma naacma. Om HaAnOAHEHUs NOJOCMU HACOCA HCUOKOCBIO
3asucum Gopma OUHAMOZPAMMbL, A 3HAYUM OHA CAYHCUM OCHOBOU OJlsl ONpeOeNeHUs 3aKOHA U3MEHEHUs MOMeHmA
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Haepysku. IIpeonodicen memod pacuema cmamuyeckux xapakmepucmux AJJ, xomopwlii npugooum 6 delicmeue CmMaHoK-
KAYaaKy, ¢ y4emom nepuooudecKu-UsMeHsIoue20cst MOMEHMA HAZPY3KU U MOMEHMA UHEPYUU OBUICYWUXCSL Yacmell.
Pacuem nepuoouueckux zagucumocmeil KOOPOUHAM YCMAHOBUBUIELOCSH PENCUMA INEKMPONPUBOOd YCMAHOGKU OCY-
wecmensiemcs nymem pewienust kpaesou 3aoayu. Ilpeonosicennas mamemamuyeckas MOOelb NO360Jsem Onpeoesmb
3a6UCUMOCIU THOKOB, MOWHOCMEN, S1eKMPOMASHUMHOZ0 MOMEHMA U OpPYeUX 6AdICHLIX IKCHIYAMAYUOHHBIX napd-
Mempog om aMRAUMyObl U YACMOmMbl HANpsAdCceHus numanus AJ] ¢ yenrvlo Haxoicoenus npeoeibHo OONYCHUMbBIX
3uauenuil. Ee MooicHo ucnoivzosams 05t NPOEKMUPOBAHUsL U HANAOKU PAOOMbl YACMOMHO-PESYIUPYEMO20 INEKMPO-
npueooa Wmanzo8ol Heghmedobvisaioujeli yCmaHo8Ky, Komopas 0becneuugaem HenpepblieHyo pabomy Maio0eOumHou
CKBAJICUHDBL, CO2NACOBAHHYIO C UsMeHeHuem debuma niacma. bubn. 13, puc. 5.

Knrouesvle cnosa: nedreno0bBaroias ycTaHOBKA, MaOeOUTHAS CKBAXXHHA, ACHHXPOHHBIN 3JIEKTPONPHUBOJI, CTAIIHO-
HApHBII PeXKUM, KpaeBas 3a/a4a, CTATHYECKUAE XapaKTEPUCTUKHU, PETYIUPOBAHNE YACTOTHL

DEVELOPMENT OF A MATHEMATICAL MODEL FOR COMPUTATION OF PERMISSIBLE
OPERATING PARAMETERS OF THE SUCKER-ROD PUMP VARIABLE-FREQUENCY DRIVE
A.V. Malyar,. A.S. Andreishyn

Lviv Polytechnic National University

S. Bandera str., 12, Lviv, 79013, Ukraine, e-mail: andrii.v.maliar@lpnu.ua

The paper discusses the issues of regulating the swing frequency of the pump jack balance beam of marginal wells,
from which oil is produced using sucker rod pumps, associated with switching the wells from intermittent to continued
operation. A mathematical model, which comprises the mathematical models of the pump jack and driving motor,
allowing solving the problems of regulating the balance beam swings frequency according to the flow rate variation on
the basis of the electric drive complex model, was developed. The filling of the pump with liquid defines the shape of the
load curve, and therefore it is the basis for determining the law of load torque variation. There was proposed a method
of computing the static characteristics of the induction motor driving the pump jack, taking into consideration the
periodically variable load torque and moment of inertia of the working parts. The periodic dependencies of the
coordinates of the steady-state mode of the electric drive are computed by solving a boundary-value problem. The
proposed mathematical model makes it possible to determine the dependencies of the current, power, electromagnetic
torque and other significant operation parameters on the amplitude and frequency of the induction motor supply
voltage in order to estimate the maximum permissible values. It can be used for designing and adjustment of the
variable frequency drive of the sucker-rod pumping unit, which ensures the continuous operation of the marginal well
consistent with the flow rate variation. References 13, figures 5.

Key words: sucker-rod pumping unit, marginal well, asynchronous electric drive, steady-state mode, boundary-value
problem, static characteristics, frequency regulation.
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MOIEJIOBAHHS ITOB’SAI3AHUX EJIEKTPOMEXAHIYHUX TA TEIIJIOBUX ITPOLECIB
B JIIHIHHOMY MATHITOEJIEKTPUYHOMY JIBUT'YHI
HA OCHOBI TEOPII MYJIbTUPI3UUHUX KL

O.J1. Mogombues", 1ok, Texm. Hayk, P.II. Bormap® , Kanu. TeXH. HayK
' IncruryT enexrpoqunamixu HAH Ykpainn,

nip. Ilepemoru, 56, Kuis, 03057, Ykpaina, e-mail: podol@ied.org.ua
? KuiBchKHii HalioHAIbHUIT yHIBepcHTeT Oy IIBHUITBA | apXiTeKTypH,
np. [losiTpodutoresknii, 31, Kuis, 03037, Ykpaina, e-mail: rpbondar@gmail.com

Pospobreno xomn romepuy mynomudizuuny mooeis 0ist pO3PAXYHKY NO8 SA3AHUX eeKMPUYHUX, MEXAHIUHUX ma Menio-
8UX NpoYeci6 8 NHIIHOMY MAZHIMOeNeKMPUYHOMY 08U2YHI NPUBODY 080MACO80I 8ibpayitinoi cucmemu. B ocnosy mooeni
HOKNAOEHO Meopilo MyTbMUDI3UUHUX Kill, 8 MeAHCAX SIKOL 01l KOJHCHO2O0 13 3A3HAYEHUX (DI3UYHUX npOYecié CKIa0acmbes
CBOC eKsigaNieHmHe KO0, Ul YCi BOHU NOEOHAHI 8 COUHY MOOEb, WO 30TUCHIOE 36'A30K Midc yumu Koaamu. 3a pe3yivma-
MAMU PO3PAXYHKY PENHCUMY NYCKY O8USYHA MA BUXOOY HA YCMANEHUT MENI08ULl PedCUM NOKA3AHO, W0 nepexioHuil me-
n08ULL npoyec 08USYHa Mpusae NOHAO 2 200uHU pobomu, i NPU YboOMy HAUOLIbW HASPIMULL 1020 eleMenm — 0OMOmMKA
— nazpieaemocs 0o memnepamypu binvwe 130 °C. 3acmocyeanna po3pobaenoi myavmuizuunoi mooeni 0036015€ npo-
2HO3YBAMU €IeKMPOMEXAHIUHI Ma MEeNnio6i Xapakmepucmuky 08USYHA NPU GUKOPUCIAHKE PI3HUX CUCTEM 0XOT00JCeH-
HS — NPUPOOHe, WMYYHE 0XON00NCEHHSL 3a O0NOMO20K NOGIMPsL 60 PIOUHU 5K Y NePeXiOHUX, MAaK i YCMAanIeHUX pexcu-
max pobomu. bibax. 8, puc. 7.

Kntrouosi cnosa: nBomacoBa BiOparliifHa cucteMa, eeKTPOMEXaHigHi Ta TEIUIOBI TPOIIeCcH, JIHIHHNN MarHITOCTICKTPHY-
HUIi JIBUTYH, MEXaHI4HE KOJIO, TEIIOBE KOJIO.

Beryn. BiOpariiiiHi TeXHOJIOTIT € OCHOBOIO 0araThox Cy4acHUX OyJiBENbHUX TEXHOJOTTYHHX HpOIie-
CiB, IOB’S3aHKX 3 MEpEeMilleHHAM Ta 0OpOOKOI0 MaTepiaiiB, YUIITBHEHHSIM, COPTYBaHHAM, TPaHyIIOBaHHIM
tomo [1]. 3acTocyBaHHS JNiHIHHUX Mar"iToenekTpuaHux MBuryHiB (JIMJI) BiOpamiiinoi nii [2] B mpuBogax
OyaiBeTbHUX MallIMH 3a0e3reuye HU3Ky TepeBar, OCHOBHUMHU 3 SIKUX € IMIMPOKUI YacTOTHUM poOouHid miara-
30H, BiICYTHICTh MEXaHIYHHX Mepeady, 0 NePETBOPIOIOTH 00EPTOBUIl PyX Y JiHIIHKH, a 0TXe, HaTiHHICTb 1
HHU3bKUH PIBEHb LIyMY, @ TAKOX MOJIIUBICTh PEryJIOBaHHS SKCILUTyaTallifHUX XapaKTepPUCTUK B aBTOMATHY-
HOMY PEXHMI.

HasBHicTh HeNIHIWHMX BIACTUBOCTEH BiOpariitHoi cuctemu 3 npuBoAoM Bifg JIMJI pobuTs ii Oinbm
CKJIaJHOIO ISl aHallizy Ta 3a0e3neueHHs HeOOXiTHMX TEXHOJOTIYHHMX MOKa3HWKIB. B 3amexxHocTi Bij 3Ha-
9YeHb ITapaMeTpiB MAIIMHU Ta XapaKTepy HABAHTAXKECHHS MOXKYTh 3MIHIOBaTHCS PEKUMHU KOJIHMBaHb, OPYIIY-
BaTHUCS IXHA CTa0lIBHICTh, BUHUKATH HeOaKaHl a00 Hee()eKTUBHI PEKUMH POOOTH.

Panime Oyno nokaszaHo, oo y ABOMacoBiil BiOpauiiiHili cuctemi 3 mpuBoaoM Bix JIM/] 3anexHo Big
XapakTepy pyxy HOro sSKops Ta poO0YOoro OpraHy MOJMIIMBA peaii3allis pi3HUX AMHAMIYHHUX PEXKHUMIB: Mepi-
OJIMYHOTO, KBA3IMEePIOAUIHOTO Ta Xa0THIHOTO [3, 4]. ¥ BUNaAKy pOOOTH B HEMEPIOTUIHHUX pEKUMaX po3pa-
XYHOK TEIUIOBHX IOKA3HUKIB MAIIMHH MAa€ BHKOHYBAaTHCh OJHOYACHO 3 PO3PaXyHKOM €JIEKTPOMEXaHIYHHX
HPOLECiB, 0 0O0OYMOBIICHO HEPEryJISIPHHUM XapaKTepoM OCTaHHiX. ToMy akTyalbHHM € MUTaHHS PO3POOKH
MaTeMaTHIHUX MOJIEICH IS TOCIIIKEHHS TeIIoBuX nporeciB JIM/I B 3aiexHOCTI BiJl AMHAMITHOTO PEXH-
My pobotu BibpariitHoi cuctemu. Lle macth 3Mory 3a0e3meynTy HeoOXiJHI TEXHOIOTIYHI TOKa3HUKH 3 ypa-
XYBaHHSIM JIOITyCTUMOT'O PiBHSI TEMIIEpaTypH JiHiHOTO ABUTYHA. /Iy BUpimeHHs wiel 3aaa4i B poboTi mpo-
HOHYETHCSI BAKOPUCTOBYBATH CXEMH 3aMIIIEHHS] Ha OCHOBI €KBIBAJIEHTHHUX KiJ i3 30CepPEKCHUMH MapameT-
pamu, 1110 MOJEJIOIOTh OJHOYACHO SJIEKTPUYHI, MEXaHIYHI Ta TEIUIOBI mpouecd. Takuil miaxig peanizyeTbes
B paMKax Teopii MyJAbTU(I3UYHUX KiJl, IO 3apPONOHOBaHa B poOOTi [5].

MeTor0 po60oTH € po3poOKka KOMII IOTEPHOI MOJENI Ul pO3pPaxyHKY IOB’S3aHHUX €JIeKTpOMEeXaHid-
HUX Ta TEIUIOBHUX MPOIIECIB B JIIHIHHOMY MarfiTOCJICKTPUIHOMY NBHUTYHI MPUBOIY IBOMACOBOi BiOpartiiiHoi
CHCTEMH, IO I'PYHTYETHCS Ha Teopii MyJIbTU(QIZUIHUX KT, 8 TAKOXK PO3PaxyHOK, 3TiTHO po3poOIIeHOT Moie-
Ji, eIeKTPOMEXaHIYHHX Ta TeIUIOBUX XapakTepucTuk JIM/L B mepexiqHuX Ta yCTaIeHHX PeKHUMax POOOTH.

Mopean Biopaniiinoi cucremu 3 mpuBoaom Bix JIM/I. ¥V BiOpariiiaux mamuHax, 1Mo 3aCTOCOBY-
I0ThCSI B OyZiBETbHOMY BHPOOHHUIITBI MiJl Yac, HAPUKIAJ, YIIUIbHEHHS OeToHY ab0 (opMyBaHHS OETOHHHX
BUPOOIB, 5K BIOpo30yAHMK MOke BUKopucToByBaTHca JIM/ BiOpauiiiHOi 1ii, cXeMaTH4HO pa3oM i3 miaTtdo-
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PMOI0 Moka3aHui Ha puc. 1. [IBUryH mMae craTtop /, 10 MIiCTUTH IIMXTOBAaHUM MarHiTONpoBiX i 0OMOTKY Ta
SKip 2 3 MAaCMBHHM MAarHiTOIIPOBOJOM i3 KOHCTPYKIIMHOI cTali Ta MOCTIHHMM MarHiTOM akKciaJlbHOTO Ha-
npsMKY HaMmarHigyBaHHA. CTaTop JBUTYHA 3a JOIIOMOTOI0 KOHCTPYKTUBHOTO €JIEMEHTa 3 KOPCTKO KPIMHUTh-
sl 10 TEXHOJIOTriuHOI mIaTdopmu 4, Ha sKill po3TamoBaHa 6eToHHa cyminl. [Inatdopma mae macy m, i 3a-
KpiIJIeHa Ha HEPYXOMil OCHOBI 3a JJOTIOMOTOIO MPY>KHO-B’ SI3KUX €JIEMEHTIB, AKi XapaKTepu3yIoThes Koedirri-
€HTaMH JKOPCTKOCTI k, Ta B’si3K0ro TepTs b,. SIkip nBuryHa 2 MexaHi4HO IOB’s3aHHMIl 31 CTATOPOM 3a JOIO-
MOTOI0 IHIIMX TPY>KHO-B’A3KHX €IEMEHTIB 3 apaMeTpaMu BiANOBiAHO k, Ta b,. Bibpaniiina miardopma pa-
30M i3 JBUT'YHOM YTBOPIOIOTH JBOMAcOBY MEXaHIYHY CHCTEMY, KOJMBAJIbHUN PyX SIKOi 3/IHCHIOETHCS 3aBs-
KM TIEPIOIUYHOT [T eJICKTPOMArHiTHOI CHId F,,, 110
Ji€ Ha cTaTop Ta Ha AKip IBUTYHA.

Fa o 4 B Mopmem mpuiiMaroThCs HACTYIIHI TPHUITY-
: é,{—‘_ b"!%l ks e MCHHS: 3HATCHHS iHI[YKTI/IBHOCTi obmorku JIMJT
'<bh, 2 cTayie i He 3aJICKUTh BiJ| TMOJIOKEHHS SKOPS; KOJIH-

1:.51--.[ Ma i} Sl B?.J'II:Hi Mac SBISIOTh c00010 a6coinHo KOPCTKI

i ‘ : g % Tifa; MOBEMHKA MPYKHHX EIEMEHTIB OMHUCYEThCs

: % [!]!"‘ff |+| A 3aK0HOM ['yKa, TOOTO iXHS KOPCTKICTH € MOCTIIHOIO

BEJIMYMHOIO; Maca 71, BPaXOBY€ TAaKOX IPHUETHAHY
Macy HaBaHTaKEHHs (Macy OETOHHOI CyMIIlli TOIIO).

MynbTudizndHy Mojens BiOpamiiiHol cuc-
Temu 3 npuBojoM Bix JIM/I, cTBopeHy 3a A0momMo-
roro makery mporpam Matlab/Simulink, HaBemeHO
Ha puc. 2. Mozenb Mae KepoBaHe PKEPENIO CUHYCOINHOI HAIIPyTH XKUBJICHHS, Ta CKIIAJAETHCS 3 I1'SITH (PyHK-
[IOHATLHUX OJIOKIB — EJICKTPUYHOrO [/, MEXaHIYHOro 2, TEIUIOBOTO (MEPEeXiTHHM PEXUM) 3, TEIJIOBOTIO
(ycranenuit pexum) 4 Ta O10ka 5 1 BUMIPIOBaHHS Ta

2_._.’ T

Puc. 1

s — Bi3yautizarlii pe3yJIbTaTiB po3paxyHKy. 3B'I30K MK OJ10-
RS Carrent 5 KaM{ peai3yeThCsl MPOTPaMHUMH 3aC00aMM  TaKETy
lﬁ Simulink.
’:mﬂum Meani ~ Power ~Measurements CrtpykTypa enekTpudHOro OJOKy [ cHCTEMHU
D—B_‘—L“ (puc. 3, a) peainizye piBHAHHS O0anancy Hanpyr JIMJ]
. ! 2 uV = iVRSV + dlIIS s
1 |-“ dt
Vibrator Vibrator JIe u, — Halpyra XWBJICHHS [BUIYHA; R, — aKTUBHUH

m

lectric circuit Mechanical circuit

omip oOMoTkKM cTaropa; i, — ctpym JIMJ;
Wy =L, +¥,, — NOBHE MOTOKO3YCIUICHHS OOMOTKH;

3 4
L,— IHAYKTUBHICTh 00MOTKH cTaTopa;
- Vibrator Vibrator _ .
powergu Hesttoncter  Hest manger WV, =V, sin(zx/7) — TmOTOKO3YEIUIEHHS OOMOTKH, 3y-
transient steady state

MOBJICHE MOJIEM TOCTiHHUX MarHiTiB; ¥, — amrutityaa
NOTOKO3YEIJICHHS; T — MOJIOCHA MOI1IKa MarHiTHOI CUC-
TEMH JIHIHHOTO IBUTYHA; X — KOOpIWHATA SKOPs (MUTTEBE 3HAUCHHS).

CrpykTypa MexaHiqHoro 010Ky 2 nanoi cucremu (puc. 3, 6) peallizye IBOMAacOBY MEXaHIUHY CXeMy
3a JOMOMOI'OI0 €KBiBaJIEHTHOT'O €JIEKTPUYHOrO Kousia. By3ioBi Hampyru Koja AOPiBHIOIOTH IIBHUAKOCTI PyXy
maTdopMu 13 6ETOHHOIO CyMIIIITIO (B30I /) Ta MBHIKOCTI SKOPs ABUTYHA (By30: 2). Ha mi enmemMeHTH cuc-
TEMH JIIOTh CHJIHM 1HepIii (EMHICHI eJIEeMEHTH B KOJIi) 1 IPY>KHI Ta TUCHIIATHBHI CHJIM — BIJIIOBIAHO 1HIYKTH-
BHi Ta PE3UCTHBHI €JIeMEHTH Koja. [[xepeno cTpyMy B LbOMY KOJIi BiAIOBiAa€ €IEKTPOMArHiTHUI CHJIi, 11O
nie Ha sxip JIM/I, a Takox 3a TpeTiMm 3akoHOM HpIOTOHA Ha HOTO CTATOP, JKOPCTKO 3aKPiIUIeHUH Ha TIaTdo-

Puc. 2

pwmi. Llst cua po3paxoByBaack 3rifHo HacTymHoro Bupasy: F, =i d¥ , /dx=(¥ 7z /7)cos(zx/7)i,.

Koy, mo mokaszano Ha puc. 3, 6, BIINOBiga€ HACTYITHA CHCTEMa PIBHSIHb MEXaHITHOTO TIEPEXiTHOTO
npoIiecy:

2
mad ﬁa:Fev_kvx_bv@;
5 dt dt
d°x dx dx
m,—2L=-F +kx+b——kx —b —L,
P g ev Ty Vg PP g
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Jie m, — Maca SKOps ABUI'YHA; X — MEPEMIIEHHs SIKOpsI BiIHOCHO cTaTtopa (puc. 1); x, — mepeMilieHHs TKopsi
BiJIHOCHO HEPYXOMO{ CHCTEMHU KOOPAMHAT (X, = X+X,); X, — IEPEMIILIEHHs IIaTPOPMH.

Fecn
Mnardopma Integrator1

A

X

dpsi/dt
O i
Vs
Product3 Mean1 Scopel Losses

a 0
Puc. 3

L:dpsu'dt A- % é -ir
<Pcu]
114

Temnosi npouecu B JIM/] 3a10BONBHAIOTH PIBHSHHIO TEIUIONEpeAadi y BUIIISAL
pC,oT /ot +V(-AVT) =0,

Jie BCi IO3HAYCHHS € 3arajbHOBIIOMUMHU. [ Iepexo 1y JI0 AUCKPETHOTO aHAIOTY IbOTO PIBHSIHHS BUKOPHC-
TOBYBaBCS METOJ] KOHTPOJIbHOTO 00’eMy [6]. Ilpm mpoMy, oOuparodn sIKk KOHTPOJIBHUN 00’€M aKTHBHI elre-
MEHTH JIBUTYHAa — OOMOTKY, MarHiTOMPOBiJ] CTaTopa Ta SIKOPs, 30BHILIHIA KOPIYC — MOKHA OTPUMATH CHC-

[ oo TeMy 3BHYaWHUX OU(epeHUiHUX piBHSIHb, 3alTUCAHUX

% . R2 BIIHOCHO HEBiJOMHX 3HAYEHb TEMIEPATypH B IEHTPA-

[ i Kopnyc asuryna JIBHUX TOYKax LMX ejneMeHTiB. L1 cuctemi BiaMOBIAA€E

i = e eKBIBAJICHTHE TEIUIOBE KOJIO, SKE€ TMOKa3aHO Ha puc. 4

‘]-: ?L _{,_ i (6nok 3 Ha puc. 2). ByBJ"IOBi HaNpyTd B [bOMY KOJi €

L = aHAJIOTOM TEMIIEpaTyp BIAMOBIAHUX €IEMEHTIB — Mar-

?L: -------------------------------- HITOMPOBOTY SKOpA, 00OMOTKH CTaTOpa, MaFHiTOHPOBO—

Z R manwronponia carops Jy CTaTopa, 30BHIllIHLOTO KOPIYCY, & CTPYMHU Y BiTKax

E KOJIa € aHAJIOTOM TEIUIOBHX MOTOKIB MK ITUMH €JIeMe-

1 HTamMu. Po3paxyHOK 3HaueHb MACHBHUX EJIEMEHTIB Y

3 il cXeMi 3[IIHCHIOBABCS 32 JOTIOMOI'OI0 BiIOMHX BUpPa-
--------------------------------- 3iB, HaBEJCHMUX, 30KpeMa, B [7].

Sk oKepesio JKUBJICHHS B I[bOMY KOJIi BUKOPH-

CTOBYIOTBCS JDKEpelia CTPYMiB, 3HAUCHHS SKHX JOPiB-

HIOIOTH 3HAYCHHSM MHUTTEBHUX BTpPAT B aKTUBHUX elle-

______ menrax JIMJI. A came, mKOyieBi BTpaTd B OOMOTITI

meuryHa P, =i’R,,, MartitHi BTpaTH B MarmiTompo-
BOJI craTopa Pp,, Ta MarHiTHI BTpaTu B MarHiTONpo-
[ BOI AKOPS P .

= Jlns oOuYHMCIeHHs BTpAT B IMUXTOBAHOMY Mar-
HiTonpoBoAi craTtopa JIM/l B Mozen BUKOPHCTOBYBa-
JIUCS. HACTYIHI BUpa3H [8], 1110 JO3BOJISIFOTh BUSHAYUTH
CKJIQJIOBI MUTOMUX BTPAT B MarHiTONpoBoxi (Ha Onu-

HUI[IO0 MacH) i3 MarHiTHOKO 1HIYKIE€ B(t):

1o |aB]”

B

. o keay 1 o« (dB _k
BTpaTHU Ha BUXPOB1 CTPYMHU — Peddy =

2
- — | dt; nomatkosi BTpatn — P, =—¢< [ 1=
27[2 Tt-T dtj p exc 8,76 714

. ' 1
BTpaTH Ha TicTepesnc — By, = kj, FB“

> A€ B, — aMIUTITYIHE 3HAYEHHS MATHITHOL IHAYKIIT; Keddy, Kexes Knys,

o — KoeiIlieHTH BTpPAT, IO 3ajJeXaTh Bix Mapku ctami. [IoBHI BTpaTh B Mar"iTONPORBOII CTaTopa i3 Macoro
m BUBHAYAIOTBCA SIK Pr, o = (Byg, + Foxe + Py )m .

B naniit po60Ti BUKOPUCTOBYBAIKCS HACTYITHI 3HAYeHHS KOe(illi€HTIB, 110 BiAMOBIAAIOTh MaTepiay
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80

60

40

20

eneKTpoTexHiYHoi ctami 3411: keqqy =1,96° 10'4, koxe =6,97‘1O'4, knys =2,148'1O'3, o =3, OTpUMaHi 3a pe3yJbTa-
TaMH BJIACHUX JOCIIKEHbD.

BTpaTI/I B MaCMBHOMY MaFHiTOHpOBOZ{i SAKOPS BU3HAYAIOTHCA Ha Hi):[CTaBi PO3PAXyHKOBUX 3aJIC)KHOC-

Teit Pr.q(v,],) g naHoro ABUryHa (puc. 5), mo OyJiu OTpUMaHi 3a pe3yJlbTaTaMH YHUCEIBHOTO PO3PAXYHKY

PFe,a: 20

Br 18
16

14
12
10

[=TRNN SR A - -]

TUBHUU
ryHa m, =9,8 kr; koediuieHT B'a3koro tepts b,=32 Kr/c; KoeilieHT )KOPCTKOCTI MPYKHOT MiIBICKM ABUTYHA
k, = 153291 H/m; maca nnatdopmu m,=31,2 kr; koedilieHT B's3koro teptsa b,=35 Kr/c; koedili€HT k0pCT-
KOCT1 amopTu3aTopis miardopmu k,=306582 H/m; yacrora rapmoHiuHOro jxkepena xusieHss f =25 I'n. Te-

——I=2T75A ——[v=375 A ——L=475 A

z

0.4 0.8

v, M/c 1.2
Puc.5

E nekTRHUHLE CTRyR, &

AU
o3 04 05 06 07 08 09
Yact,c

Puc. 6 i

Mar"itTHoro nois. TyT v — MUTTeBe 3HaU€HHS MIBHIKOCTI
sikopsi, a [, — miroue 3HaueHHs cTpymy JIM/I.

Brok 4 Ha puc. 2 MICTHTH TEIUIOBE KOJIO, IO Bij-
MIOBIZIa€ YCTaJICHOMY TEIUIOBOMY PEXHMY POOOTH JBUTY-
Ha. Ile K010 BiIPi3HAETHCS BiJ] IOKA3aHOTO Ha puUC. 4 BiJ-
CYTHICTIO EMHICHUX €JICMCHTIB.

brok 5 mpu3HaueHu ISl BUMIpIOBaHHS Ta Bizya-
Ji3arii pe3yabTaTiB PO3pPaxyHKIB €IEKTPOMEXaHIYHHX Ta
TEIUIOBUX TPOIIECIB B MEPEXiHOMY Ta YCTAJICHOMY PEKH-
Max.

Pe3yabTatn KOMI’HOTEPHHX PO3PaxyHKiB Bi0-
pauiiinoi cucremu 3 npuBoaom Bin JIMJ. Ilix yac pos-
paxyHKiB TpUHAMAIMCh HACTYMHI 3HAYEHHS IapameTpiB
cucreMu: amrutityaa norokosuermensas V,=0,31 B6; ax-

omip 00OMOTKH cTaropa R,,=2,67 OM; IHAYKTUBHICTE OOMOTKH cTaTtopa L,=22 mI'H; Maca SKOps JIBH-

MIIEpaTypa HaBKOJIMIIHLOTO cepenosuina — 20 °C.

Pesynbratn  po3paxyHKy eNeKTPOMEXaHIYHOTO
MEPEXiTHOTO MPOIIECY ABUTYHA B IIyCKOBOMY pEXUMi Ha-
BEZICHO Ha puc. 6. I3 pucyHka BHIHO, IO €IEKTPHYHHI
nepexigHui TpoLec TpUBae B Mexax 1-2 mepiomiB 3Mi-
HEHHS HAalpyTH JKepeJia KUBJICHHSA, & MEXaHIUHUH mepe-
X1THUH TIPOIIeC MPOJOBXKYETHCS MPUOIH3HO 12 mepiois.
[Tpu BuxoAi Ha ycTaneHUi pexkuM poOOTH aMILTITY1a KO-
JMBaHb AKops cTaHOBUTH 0,006 M.

Pesynbratn po3paxyHKy IOBrOTPHBAJIOrO Iiepe-
X1THOTO TETIOBOTO TpoIecy (BIPOAOBXK 2-X T'OJHMH) Ha-
BEACHO Ha pUC. 7, A€ CYLUIbHUMH KPUBUMH TIOKa3aHO
3JIEKHOCTI TEMIIEPATYp KOPIYCYy NBHUTYHA, MarHiTOIPO-
BOJly SIKOpsI Ta OOMOTKHM CTaTopa BiJl 4acy — pe3yJIbTaTu
PO3paxyHKy 3a JOIOMOTOI0 TETJIOBOro Koja Oioka 3. Ta-

KOX Ha LIbOMY PUCYHKY IIYHKTHPHHMHU KPUBHMHU IIOKA3aHO 3HAYCHHS HHUX K€ TEMICPATYp B YCTAJICHOMY

Temneparypa, °C

PEXMMI — pPe3yNbTaTH PO3PaxXyHKY TEIIOBOTO

xoma Onoka 4. [3 HaBeJCHUX JaHUX MOXHA 3PO-

—_—————]—_—_—tr—————— —— — OWTH BHICHOBOK, IO JJISi BUXOAY Ha yCTaJICHHA

TETUIOBHH PEXUM JBUT'YHA NP 3a3HAUCHHUX BU-
e mapameTpax BiOpallifiHOi cucTeMu HEOOXin-
HO TOHAJ 2 TOAWHH poOOTH 1 MpH LBOMY Hali-
Oimpm Harpituii ememeHnt JIMJ[ — oOmoTka —
Oyne matu Temmnepatypy 132 °C.

3acTocyBaHHSI PO3pOOJEHOT MYIbTHU(I-
3WYHOI MOJIeNi J1a€ 3MOTY NPOTHO3YBaTH EJIeK-
TPOMEXaHIYHI Ta TEIUIOBI XapaKTePUCTUKH JBU-

Kopmyc nprryna

TyHa y TMEPeXiIHUX Ta YCTaICHUX PEXHMax po-
0oTHu. 3a3HauMMO, L0 IIEPEBArOI0 3AIPOIIOHO-

1000

L L L
2000 3000 4000 5000 6000

Puc.7

BiOpamiiHOi CUCTEMH.

. BAaHOTO IIXOAY € MOXJIHMBICTh BU3HAUCHHS Te-
7000

Yac ¢ wioBux mnokasHukiB JIM/] y dopcoanux abo
HETNePIONYHUX JIUHAMIYHUX PEeKUMaAX pPOOOTH
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BucHOBKH. 3amiporoHOBaHO KOMIT FOTEPHY MOJIEINb ISl PO3PaxyHKY TOB’S3aHUX ENCKTPHYHUX, Me-
XaHIYHHUX Ta TEIUIOBHX MPOIIECIB B MEPEXiHUX Ta yCTAICHUX PEeXHMax poOOTH JIHIHHOTO MarHiTOENEKTPH-
YHOT'O IBUTYHa BiOpawuiiiHOi Aii, po3pobiieHy Ha ocHOBI Teopii MynbTU(di3nYHKX Kil. [Ipy npoMy 3a JaHUMH
SNIEKTPOMEXaHIYHOTO MPOLECY PO3PaXOBYIOTHCSI MUTTEBI 3HAUCHHS BTpAT €JICKTPUYHOI €Heprii B 0OMOTII
cTaTopa Ta MarHiTONPOBOMIAX CTATOpA 1 SKOPs, SKi BPaXOBYIOTHCS B TEIUIOBOMY KOJIi BIATIOBIIHUMH IKepe-
JIaMU Teruia.

3a pe3ynbTaTaMH pO3paxyHKy PEeXHMY IyCKY Ta BUXOIy Ha yCTAICHUH TEIUIOBHU PEKUM MOKa3aHo,
0 TETUTOBUH TIEPEXiAHMM MpoIlec TPUBA€E TIOHAN 2 TOMWHM, 1 TIPH IIOMY HAHOUIBII HATPITHI €JIeMEHT JIBU-
ryHa — oomMotka — 0yie Matu temneparypy 132 °C.

Bukopucranus po3pobnaenoi mynstrdiznunoi moxeni JIM/] npuBoxy nBoMacoBoi BiOpamiiiHOi cHc-
TEMU Ja€ 3MOTY MTPOTHO3yBaTH €JIEKTPOMEXaHIYHi Ta TEIUIOBI MOKA3HUKH JIHIHHOTO ABUTYHA 13 PI3HUMH CH-
CTeMaMH OXOJIOMKEHHS — MPUPOTHOTO, IITYYHOTO OXOJOKEHHS 32 JOTIOMOTOI0 HOBITPS a00 piAMHM 5K Y
NepexiHUX, TaK 1 yCTaIeHUX pexXxumax poOoTu.

Pobomy euxonano 3a OepaicOiodacemnoro memoio «Possunymu meopiio imnynvcuux i eucoxouac-
MOMHUX NEPEXIOHUX eNeKMPOMASHIMHUX NPOYECI8 V) eHeP2eMUYHUX | MEXHOIOIYHUX PE3OHAHCHUX YCIMAHO6-
Kax ma UCOKOB0IbMHUX KabeabHuX NiHisX enekmponepedadiy (wudp «EJIKAB»), wo suxonyemvcs 3a Ilo-
cmanosoio biopo BOTIIE 04.07.2017 p., npomokon Nell. Jlepocasuuil peccmpayitinuii Homep pobomu
0117U0007713.
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Paspabomana komnvlomepnas Mynbmu@uzudeckas Mooeib Olisk pACHema CESI3aHHbIX JIeKMPULECKUX, MEXAHUYECKUX U
MENIOBbIX NPOYECCO8 6 TUHEUHOM MACHUMOIIEKMPUHECKOM dguzameie npueood 08yxXmaccogoll UOPAYUOHHOU CUCHe-
Mbl. B ocHogy mooenu nonodicena meopusi Myrbmu@u3udeckux yenet, ¢ pamkax Komopou Ousi Kanico020 U3 YKA3aHHbIX
Qusuueckux npoyeccog cmMpoumcs c80s IKGUBALEHIMHAS YeNb, U 6Ce OHU 00bEOUHEHbl 8 eOUHVIO MOOeb, OCYUeCmE-
JSIOWYIO C8513b MedncOy smumu yensimu. Tlo pesynemamam pacuema pesjcuma nycka 08u2ameisi u 6bixo0d Ha YCmouyu-
8blll MENNI0BOU PedAHCUM NOKAZAHO, UMO NePexoOHblll MEeniosol npoyecc dgueamens OIumcs bonee 2-x 4acog pabomul, u
npu 3mom Haubonee Hazpemvlil e2o dNeMeHn — 0OMOmKa — nazpesaemcs 00 memnepamypol 6oaee 130 °C. [Ipumenenue
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PA3pabomanHol MyIbmuu3u4eckot MoOeIu NO3601s1en NPOSHO3UPOSAMb JNIEKMPOMEXAHUYECKUe U MeNI06ble XaPaK-
MePUCMUKY 08U2ameisi RPU UCNOTb308AHUU PA3TUYUHBIX CUCTIEM OXAANCOCHUSI — eCIeCMBeHHOe, UCKYCCMBEHHOe OXid-
JHCOeHUe C NOMOWBIO 8030YXA ULU HCUOKOCTU KAK 8 NePeXOOHbIX, MAK U YCMAHOBUBUUXCA pedxcumax pabomol. bubim. 8,
puc. 7.

Kniouegvie cnosa: nByxmaccoBasi BUOpallMOHHAsl CHCTEMA, JJIEKTPOMEXaHUYECKUE W TEIUIOBBIE MPOLECCHI, JIMHEHHBIH
MarHUTOAJICKTPUYCCKHIA JBUraTeb, MEXaHUYECKas 1ICTIh, TEIIOBAs 1EIIb.

MODELING OF COUPLED ELECTROMECHANICAL AND THERMAL PROCESSES IN A LINEAR
PERMANENT MAGNET MOTOR BASED ON THE MULTIPHYSICS CIRCUIT THEORY

0O.D. Podoltsevl, R.P. Bondar’

! Institute of Electrodynamics of National Academy of Sciences of Ukraine,

Peremohy Ave., 56, Kyiv, 03057, Ukraine, e-mail: podol@ied.org.ua
? Kyiv National University of Construction and Architecture,
Povitroflotsky Ave., 31, Kyiv, 03037, Ukraine, e-mail: rpbondar@gmail.com

The paper presents a computer multiphysics model that has been developed for calculating the related electrical, mechanical, and
thermal processes in a linear permanent magnet motor for two-mass vibration system. The model is based on the theory of
multiphysics circuits, in the framework of which for each of the indicated physical processes its own equivalent circuit is built, and
all of them are combined into a single model that carries out the connection between all these circuits. According to the results of
calculating the motor starting mode and reaching a stable thermal mode, it is shown that the transient thermal process for the
motor lasts more than 2 hours of operation, and at the same time its most heated element — the winding, is heated to a temperature
of more than 130 °C. The application of the developed multiphysics model allows one to predict the electromechanical and thermal
characteristics of the motor when using various cooling systems — natural cooling, forced cooling using air or liquid, both in
transient and steady-state operation modes. References 8, figures 7.

Keywords: electromechanical and thermal processes, linear permanent magnet motor, mechanical circuit, thermal circuit, two-mass
vibration system.
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BJIMSIHUE NTYJIbCAIIMI BECKOJUIEKTOPHOT'O JIBUTATEJISI HIOCTOSSHHOI'O TOKA HA
MNPOLECC YIIPABJIEHUA 3AITYCKOM I'A3OTYPBUMHHOI'O IBUT'ATEJISI BEPTOJIETA
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TocyaapcTBeHHBI HAYYHO-HCCAE0BATEIbCKHI HHCTHTYT MCHBITAHUI

U cepTU(GUKALNY BOOPY/KEHHS] H BOEHHOI TeXHUKH

yi. Ctpeneukas, 1, UYepuuros, 14033, Ykpauna, e-mail: den39Itd@gmail.com

Boinonnen ananuz nynocayuti 6X00HO20 MOKA KOMMYMAmMopa 6GECKOLIeKMOPHO20 O8U2AMENs NOCMOSHHO20 MOKd
(BAIIT). Ilpeonosicenvl cnocodbl CHUNCEHUS GIUSHUSL NYAbCAYULL HA OUHAMUKY NPOYeccos 8 Konmype moka. Tlonyuensl
OUCKpemHble Nepedamounble QYHKYUU 3aMKHYMO20 KOHMYPAa mMoKa ¢ yuemom u Oe3 yuema enusnusi npomuso-2/C
INEKMPOOBUSAMENS, UMO NO360IUNO NPEONOACUMb CHOCOO CMAOUNU3AYUY MEMNA HAPACMAHUS 6X0OHO20 MOKA
kommymamopa. Peanuzayus 3moco cnocoba no3zeonsiem yeeauuums pabouuti pecypc akkymyaisimopd. Ycmanoenervl
obracmu CyOcapMOHUYECKOU YCMOUYUBOCMU CUCmeMbl 3anycka eazomypbunnoeo osueamens (I'T[]) eepmonema c
BJIT. bubn. 8, puc. 4, Tabn. 1.

Kniouesnvle cnosa: 6eCKOIUIEKTOPHBINM JBUraTellh TOCTOSHHOTO TOKA, MYJBCAIIMH, TACKPETHOCTH, MOIU(DHUIINPOBAHHOE
Z— ipeoOpa3zoBaHne, KOHTYP TOKa, yCTOMIUBOCTB.

IMocranoBka mpodjembl. B pabore [1] mokaszano, 4to B cuctemax 3amycka I'T]] BepToieToB
npeanouyTuTeabHee ncnoib3oBath bJII1T BMecTO KOJUIEKTOPHBIX ABUraTeneil moctosHuoro toka (I1T).

OueBunnabie npenmytnectsa BT nepex JAIIT, Tem He MeHee, HE MOTYT OCTaBUThH 0e3 00CYKICHUS
W HETaTHBHBIE NOCIICACTBYS, CBA3aHHBIE C €r0 MpUMEHeHUeM B cucteMe 3amycka I'T/] Bepronera. 'maBHas
cneunduka BT cocTouT B AMCKPETHOCTH MPOILECCOB, MOPOKAAEMBIX KOMMYTAaTOPOM, YTO MPHUBOAUT K
MIOSIBIICHUIO 3HAYUTENBHBIX IMyJIbCALMN TOKAa M HaNpsDKeHUsA. B 3aMKHYTOH cucTeMe Myibcallvy MOMagaroT
Ha BXOJ KOHTypa TOKa, 3BEHOM KOTOPOIO SBJISIETCS CUCTEMa yIMpaBiieHHs KoMmMmyTtaTopoM. CrienctBuem
9TOTO SBISIETCS MYJBbCUPYIOIIUA XapaKTep W3MEHEHHUs e€ NUHAMHUYEeCKOTOo Kod(QHIUEeHTa YCHICHHUS, YTO
BIMSACT HAa BpPEMCHHBIE M YaCTOTHBIC XapakTepUCTUKU cucteMbl 3amycka ['T/l. Bosnukaer mpoGiema
MCCJIEIOBAHUS ATOTO BIMSHUS Ha TUHAMUYECKUE XaPAKTEPUCTHKH CHCTEMBI U PEKHUM MOTPEOICHUS TOKA OT
aKKyMYyJIATOpa.

AHAaJU3 OCHOBHBIX HccJeAoBaHUM M myOaukanmuii. CoBepIleHCTBOBaHHE JeTaTeIbHBIX ammapa-
TOB CBSI3aHO C BO3PACTAIOIIMM IIPUMEHEHNEM Ha UX OOPTY CHUCTEM YIPaBJICHHUS M PETYIMPOBAHMUS HA OCHOBE
BJIIT B3amMeH MHEBMATHYECKHX W THApPaBIWYeCKHUX cucteM [2]. K HacTosmeMmy BpeMeHHW HaKOIUICH
Oonpmoifl omeIT mo wucmonp3oBaHUi0 BJ/IIIT B mpoMBIIIZIEHHOM M CHEHMAIbHOM MPEIU3MOHHOM
anektponpuBoge [3, 4]. ObnacTe mpuUMEHEHHUs cHCTeM peryiaupoBaHusi Ha ocHoBe BJIIT ompenensier
cneunuKy 3amad, KOTOpble HEOOXOAMMO pEUMTh B mpolecce ux pa3paborku. OCHOBHOE BHHMaHHE
yAeNSIeTcsl UX JHeprodpPEeKTHBHOCTH W CTPYKTYPHOMY HCIOJHEHHIO s OOecredeHus KauecTBEHHOH
JUHAMHUKH C MUHUMAaJIbHBIMH ITyJIbCallUsiMU MOMEHTa [5, 6]. OmHako B U3BECTHBIX pab0OTax HE UCCIIEA0BaHO
BIIMSIHME ITyJIbCALlUi, BEI3BAHHBIX AUCKPETHOCThIO KOMMyTatopa BJIIIT, Ha rmaBHBIE TOKa3aTeNN TUHAMHUKU
cucteM 3amrycka [ T/ BepToseTa: OBICTPOACHCTBHE, IEpEPETYIHPOBAHIE, 3aIaC YCTOHIMBOCTH.

Lenpto Hacrosmieil pa®oTBl SBISIETCS HCCIEAOBAHUE BIMSHUS IMyJIbCallMi BXOAHOTO TOKa U
npotuBo-OJIC BIIIT Ha ycnoBus peanuzaluu B KOHTYpe TOKa Mpoliecca KOHEYHOH JUIMTENBHOCTH M €ro
CyOrapMOHHYECKYI0 YCTOHUUBOCTD.

1. ®ynuxkuun kommyTtatopa BJIIT B cucreme 3anycka I'T/l. Dnextprudeckas MpUHINUITHAIbHAS
cxema BJIIIT ¢ komMyTaTopoMm — Tpex¢a3zHbIM aBTOHOMHBIM HHBepTOpoM Hampspkenus (AMH) nokazana Ha
puc. 1. Ha crarope snexTponsuratenst pacnoioxeHsl Tpu ¢asnbie oOMoTkH (4, B, C) U 1mecTh AaTINKOB
nostoxkerus poropa (AIIP1-AI1P6). ITutanue BJIIT ocymecTBisieTcst oT akKyMynaTopHoi 6atapeu (Ab) u
KBa3MPE30HAHCHOTO MMITYJILCHOTO ITpeoOpa3oBaTes, nepekinoyaemMoro npu Hynesom Toke (KPUIT-TTHT).

© Bammnckuii B.T'., [Hanosanos O.J1., lenucos A.U., Bypcana E.A., Bypcana A.JI., 2020
ORCID: * https://orcid.org/0000-0003-0966-5714; ** https://orcid.org/0000-0002-2809-7444;
***https://orcid.org/0000-0001-8357-2378; ****https://orcid.org/0000-0002-1829-1980;
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@DyHKIMYM KOMMYTaTOpa CBOJAATCS K MHBEPTHUPOBAHUIO IOCTOSIHHOTO HanpshkeHus ¢ Beixoga KPUIT-
[MHT u Bempsmuennto DJIC, HaBogumbeix B oOmoTkax (a3 4, B, C. Tpauzucropsl kommyTaropa T—Tg
pabotaroT ¢ yrioM mposogumoctd 120°, 9T0 COOTBETCTBYIOT YIIy MPOBOAMMOCTH BEHTHICH B TpexdasHOM
MOCTOBOM BhIIpsiMutene. C TakuM K€ YIJIOM MPOBOJMMOCTH pabOTalOT TPaH3UCTOPHI KOMMYTAaTropa B
pEeKMME HHBEPTHPOBAHHUSA, KOTOPBIA OCYLIECTBISETCS OJHOBPEMEHHO C IPOLIECCOM BBINPSIMIIEHHUS. B
IPOLIECCE BBINPSIMIICHUS MEPEKPHITUs (Da3 He BO3HHUKAET, T.K. HHIYKTUBHOCTH paccesiHus (a3HbIX OOMOTOK
HE3HAUNTEIbHEL. PaGoTa TPaH3MCTOPOB KOMMYyTaTopa ¢ yrioMm mpoBogumoctu 120° oGecreunsaer ojHO-
BpEMEHHOE MOJKII0UEHHE K ICTOYHUKY MUTaHus 0OMOTOK AByX (a3 BIIT.

Pesynprarom Bempsmuenus DJC daz A, B, C sBusercs nporuBo-OJ{C Ey, xoTopas BCTpedHa
BeIxogHoMy HampspkeHnto KPUII-TIHT, wro amamormuno cucteme ¢ JIIT, mporuBo-3/IC koToporo
(dhopMmupyeTCcS MOCPEICTBOM MEXaHHYECKOTO BBIIPSAMUTENS — KoJulekTopa. Ecnu ydecTp numb e€ mocto-
SHHYI0 COCTaBJIOIIYIO0 Ej, TO KO BXOQy KOMMYyTaropa Es
Oynmer mpmiiokeHo HampstkeHue Upx = Up - Ey, Tae Up — E EA Ec
BbIXOJHOE HanpsokeHue KPUII-TIHT.

Bpemennble auarpamMMbl  TIPOLIECCOB  BBINPSM-
JICHWs] U MHBEPTUPOBAHMS, IIPOTEKAIOIINX OJHOBPEMEHHO,
MOKa3aHbI Ha pHC. 2 U1 (a3bl A.

Ha wuHrepBane 0<&<1/6 (puc. 2) uepes
OTKpBIThIe TpaH3UCTOPHI T, T4 pa3sl 4 u B moaKIIOYeHBI
k Beixoxy KPUII-TTHT, rne €=¢/T, T — nepuon Kowm-
MmyTanuu. VX HampspkeHus paBHBI MeXay coboi, T.e. Uy =
Up = Uy, tae Uy=0,5Upx, T.X. Pa3sl A U B BKIIOYEHBI
nocienoBarensHo. ®asza C Ha 9TOM MHTEpBale OTKIKOYeHa EM
oT ucroyHuka nuTanus. OueBuaHO, YTO B (ase 4 Ha
€VMHUYHOM [epHoAe KOMMYTAllUM CYIIECTBYIOT JIBa n
KOMMYTAIMOHHBIX (0<g<1/3; 0,5<£<5/6) ¥ [1Ba MEK-

KOMMYTallMOHHBIX (1/3<£<0,5; 5/6<g<1) HHTepBaia,

4TO CIIPAaBECIJIMBO U IJIA (1)3.3 C, Bc COOTBETCTBYIOIIIUMU

=
RN
\
4--vo__f_1
\
S S S
———/————-
/
-

I I 1
1 L
1 | T T 1>
BPEMEHHBIMH CIBUTaMHU. IB LN T 1T
1 - P 1 : 1 1 | |
B  pesynpraTe  mpouecca = MHBEPTUPOBAaHUSA 1 I I 1 I R AV
tdopmupyrores ¢azusie IJC E,, Ep, Ec u Ppa3HbIe TOKH i, : : : ' d /: "
ig, I, KOTOpBIE HW3MEHSIOTCS JHUCKpETHO. BXomHOU TOK ' I
kommyTatopa BJIIIT paBeH cymMe BBINIPAMIICHHBIX 0 \ ‘i
(a3ubIx TokoB. Ha puc. 2 y4acTok BBIIPSMIIEHHOTO TOKa T

(ha3el 4 o0o3HaueH MyHKTUPOM. BXOIHOW TOK KOMMYyTa-
TOpa — MyJbCUPYIOWIUA C aMIUIMTYA0W IIyJIbCAlMid Al .

Puc. 2

YacToTa myIbcanuii BXOAHOTO TOKa KOMMYTAaTOpa B IIECTh pa3 MPEBOCXOIUT YacTOTy KommyTaruu. C Takoi
ke yactoToit mynscupyet npotuBo-3C BIIT, koTopas BcTpeuHa HanpsbkeHuto nutanusd. B nmpotuso-231C
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BJIIT BO3MOXKHO MOSBICHHE CyOTapMOHHK, 9aCTOTa KOTOPBIX B IEJNOE WX Xe APOOHOE YUCIIO pa3 HIDKe
YaCTOThl OCHOBHOW rapMOHMKH. [IpHunHO 3TOro SBIsIOTCA (Da30Bas aCUMMETPHUSI KaHAJIOB YIPaBJICHUS U
pa3zopoc mapamerpoB oomMorok B/IIT. CyOrapMoHUKH TUIOXO (WIBTPYIOTCS CHUCTEMOMH, IMO3TOMY IPH €€
3aMbIKaHUHU BEChMa BEPOSTHA MOTEPs] yCTOMYMBOCTH Ha 3TUX YaCTOTaX.

2. AHaam3 nyJabcauuil BxogHoro rtoka kommyraropa BJIIT. Ilyascanuu BXOJHOTO TOKa
kommyTaTopa BJIIT Halimem ajid yCTaHOBHMBIIErOCS pEXUMa, Iojaras 4acToTy BpallleHUus poTopa —
MOCTOSIHHOM, Tpex(azHyto cucreMy TOKoB U DJ[C — CHMMETPUYHOM, COOCTBEHHBIE UHIYKTUBHOCTH OOMOTOK
— HE 3aBHUCSILKMHU OT YIVIOBOTO IIOJIOKEHHSI pOTOpa.

W3 puc. 2 BUAHO, 9YTO HA TIEPUOAC KOMMYTAINH HANPSDKEHUE KaXI0H (Da3sl M3MEHsIETCS 10 3HaKy, a
B NPOLIECCE PEryJUPOBAHUS 3aMKHYTOM CHCTEMBI — M IO BenuyuHe. Ha KOMMYyTaIlMOHHBIX HHTEpBaJIax
HanpspkeHne Kaxaon ¢asel Ugy=U,, tne Uy = 0,5(Un-Ey), Un — Beixonnoe Hanpspkenne KPUII-TTHT, E, —
MOCTOSIHHAS cocTaBisttomas mpotuBo-2/IC. Ha mexxommytanmmoHHbIX uHTepBanax Ugp=0. Ilpm omenke
napaMeTpoB MyJIbCalUK TOKA Y4TEM JUCKPETHYIO (hopMy (Pa3HOTrO HampsHKCHUSI.

Hanpsoxenne ¢assl 4 mpenctaBUM HAOOPOM CTYTIEHYATHIX (DYHKITHH
_rr
—l+e 3 +e

p

,EPT

-0.5pT
P —e 6

U,0=U, {—1(;) +1(z —§j+1(t -0,57) —1(;—Zrﬂ, U,(p)=U,

N306paskeHne TOIHOrO CONPOTUBIIEHHS (asbl
Z(p)=pL,+R,,
rae L, =Ly, +M, Lg,— MHIyKTHBHOCTb paccesHus $assl 4, M — ee B3aMMOMHIYKTHBHOCTD; R,— aKTHBHOE

COIIPOTHBIICHUE OOMOTKH (ha3bl A.
N3zobpaxenune Toka dazbl 4

T Sor
, ~l+e 3+ —e 6
i,(p)=U,
p(pL, +R))
Ana g = pT
4 3
P —l+e3+e™—¢¢
i (9)=U, a, @)
R,(g+a)q
rnea =1R,/L,.
N3obpakenne azHoro Toka (1) mpencraBuM B BUIC
. U, L sy (1 1
i (@=—"=|-l+e’+e 7" -e —— . 2)
R, q q+a

Bemmonmaum  MoaudunpoBanHoe Z-mipeoOpa3oBaHue (2), HUCIONB3Ys TEOpEeMYy YMHOXEHHS B
00J1acTH M300paXKCHNUH, COMNIACHO KOTOpOil Z,, {F*(q)e’y"}: z'z, [F*(q)], a g=c+l—y, KOorma 0<e<y.
Ecimn e y<e<1,T10BZ, [F*(q)] napamMeTp g=g-y, TI€ ¢=¢/T— OTHOCUTEIBHOE BpeMs. B pesynbrare
st uarepBana 0 < g <1/3 nony4yaem

—a(s#—l—fj —a(é‘+1—7]
U, yA | 1 1 Ze ™ e 3o gralert03) o, 6
-2 + + - + - - +

R, Z-1 Z-1 Z-1 Z-1 Z-e“ Z-¢e° Z-¢e* Z—-e“

Zy I:i: (Q)] =

[Toce mpeoOpa3oBanuii HaiineM Z— n300pakeHne TokKa Ga3bl A Ha STOM HHTEpBaje
U

i (Z,6)= _R_O[l -M; (@, 2)e ], 3)
A
2, _a
_ 37 _ ,05a 6
e M:A(a,Z)=Z e e_ +e
Z-e"
YcranoBuBmmiics TOk ¢a3sl 4 monydaem u3 (3), monarast Z =1,

iy = —%[1 -M; (@, 2)e ],

A
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-1

rae M, (a,1) =(1—e’2“/3 —e " +e’“/6)(1—e’”)

HaiimeM  opurmHam  MEepeXOqHOW  XapaKTEPUCTUKH  TOKa,  Z-W300pakeHWEe  KOTOPOH
H(Z,e)=Z(Z-1)"{" (Z,¢). Jna sToro ucnonezyem (opMyiy oOpallleHHs, COIIaCHO KOTOPOHW OpHMIMHAI

TepexoHOl XapakTepucTHku i ,(n,&) = %q.)i*/, (Z,6)Z"'dz=> Res-i,(Z,6)Z"", rne n=0, 1, 2..— HOMep
i .

nepuoja pener4aroi QyHKINH.
[lepexoaHyro XapakTEpUCTHKY HalAeM, CYMMHUPYs m BbIUYETOB MOIWHTEIPAILHON (QYHKIMH IS
COOTBETCTBYIOLIMX IMONIOCOB. B paccMaTrpuBaeMoM cilydae JiBa MOJIOCA: Z, =1, Z, =e *, JUI1 KOTOPBIX BBIYET

2 a
—a 750’ —0,5a 6 —ae
Z—e“—|Z-e? —¢ +e ¢ |e

Res = ~lim__,,(Z - 1)ﬂ = _ﬂ[l -M;, (a,z)e*af] — YCTaHOBUBILIUWCS TOK
R, (Z-1)(Z-¢") R,
2 a

2, 2
_ 3 -0,5a _ 6
($a3pl A. AHANOTMYHO JUIS TMOJIOCA Z =e¢ “ HAXOJUM BBIYET ReSQ=_7U0 e _te® te e e 28 U

R, (1-e%)

MEePEXOIHYIO COCTABISIOIIYIO TOKa a3kl A, T.€.

i"an(n, ) = _—%M;M(a,—l)e’“(””),
RA
rae M;,A(a,efa) _ (_efa 4B g0 _e—a/é)(l —e® )71 .
Opwurunan Toka ¢asbl 4
- U * —ae * —aN —a(n+e
i (n,6)= —R—°[1 — M (@ D)e ™ =My, (e )e " ] (4)
A

AHAJOTHYHO TOTy4aeM TOK (ha3bl 4 Ui OCTAIbHBIX HHTEPBAJIOB H3MEHEHUsI (Da3HOTO HAITPSKECHHSL:
Jist uaTepBana 1/3<¢<0,5

* U — * * — —a-
i A(n,g)z—R—Oe ”[M“(a,l)—MmA(a,e “Ve “"], )
A
. —l+ed +e™ e 6 . T LS R
rae MZA(a’I): — , anA(a,e_a)= e +e +e e :
I-e l—e™®
st maTepBaga 0,5<£<5/6
. U, . .
i a(n,€) = R—"[l — M (a)e ™ = My, (e e ], (6)
A
5 0,5 5 i <
. e’ =1+ —e ¢ . 3 pe P qe e g6
e M, (a,1)= — . M (e )= . ¢
l-e l—e™
IJisi uHTepBana 5/6< <1
* U — * * — —
i A(ﬂag)Z—FOe ‘”[M“(a,l)—MnM(a,e “Ye “")], (7
A
a 05 —éa 2 a
. e’ —l+e”“—e* . R
rae M4A(a’1): 1 e—a ? MH4A(aﬂe_a)= - el +67a <
- —e

Vcranosusmmiicst Tox ¢asel A Ha uHTepBanax 1/3<£<0,5; 0,5<¢<5/6; 5/6<&<1; 0<¢&<1/3
MO’KHO TIONy4YUTh U3 BEIpaxkenuii (4)-(7), momaras M, (a,1)=M,, (a,1)=M,, (a,1)=M,,, (a,1)=0.

Toku ¢da3z B n C ortnmuarorcss oT Toka ¢a3el A Wb (a3oBEIMH CABHUTaMH. VX MTHOBEHHBIC
3HAYCHUS B CHMMETPUYHON CUCTEME JJIsl OTJCIIbHBIX MHTEPBAJIOB PABHEI, IO3TOMY HET HEOOXOIUMOCTH B UX
HaXOXJIeHNH. BXOJHON TOK KOMMYyTaTOpa MOXKHO HalTH, CYMMHUPYS BBIIPSIMIICHHBIE TOKU OTACIBHBIX (a3,
KOTOpBIE DPaBHBI TOKY ¢a3sl 4 Ha COOTBETCTBYIOIIMX BPEMEHHBIX WHTEpBajiaX, MOJOXKEHHE KOTOPBIX
ompenensieTcs (Ha3oBbIM CIBUTOM TOKa KOHKpPETHOW (a3bl MO OTHOIICHHIO K TOKy (a3l A. [lostomy
CIIPaBe/IUBO
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1 4 2 1
18 =i, (055 )+i (<6 )+1A(6<g< >0<ssg
1 2 5 3 1 2
1.(e)= IAB(6<€<6)+1( <€<1)+1A( <e< )6 E< s
2 3 1 4 5.2 3
1 (g)=i <e<)+i,,(0<e<)+i,(—<eL2),—<eg<—;
ex( ) AB(6 ) AB( 6) A(6 6) 6 6 (8)
4 1 2 5 3 4
I (&)=i,(=<LeL)+i ,(—<e<)+i,(=<e<L]),—<e<—;
(&) A(6 6) AB(6 6) A(6 )6 p
[ex(g):iA(zSgS5)+iAB(23532)+iAB(0<5< 1) 4<g<2
(8)—IA(5<8<1)+I ( <eg< )+z B(—_8<6) 6<¢9<1
B Bolpaxkenusx (8) i,— opuruHan Toka a3l A; [,, — BbIIpAMICHHBIH TOK ¢(a3sl A4 Ha

COOTBETCTBYIOLIEM BpEeMEHHOM HHTepBane. Ilo Beipaxkenusm (4)-(7), momaras M, (a,1)=M,, (a,1)=

* *
M, (a,)=M,, (a,1)=0, paccauTanbl OTHOCHTEJbHbIE NUCKPETHBIE YCTAHOBUBIIMECS 3HAYEHHs TOKA

thazer 4 s  =1. Ilo [8] paccunTaHsl MapaMeTpsl BXOJHOTO TOKa KOMMYTAaToOpa: MaKCHMaJIbHOE 3HAUYCHUE
1% =0,905U, /R, , munumansHoe — 1,,, =0,684U, /R, , pa3max myibcauuii 0T MakCUMyMa 10 MUHIMyMa
— Al =0,221U, /R,

3. Bausinue myabcamnuii Ha npouecc 3amycka I'Tl. 3amyck ['T/] ocymecTBiaseTcs 1Mo mporpamme,
KOTOpas perjJaMeHTUPYET MPOLECC HAPACTAHUs €r0 4acTOThl BpalleHus. Ha HadaibHOM 3Tane 3amycka oHa
JloCTUTaeT 3HaueHWs myckoBoil. Ha 3Toil wacrore BpalleHHs B KaMepe CrOpaHUs JBUTATENsl CO3JAI0TCA
YCIIOBHS IJIs1 HaJEKHOI'O BO3TOPaHMs TOIUIMBA, YTO MPHUBOAUT K BKJIIOUCHHIO B paboTy TypOMHBEI, KOTOpas
coBmectHo ¢ BIIIT ngoBoaut wactoTy BpamieHus [T/ nmo wacTtoTel compoBoxkiaeHus. Ha wyactore
COIIPOBOXIEHHS TypOWHa pa3BHUBaeT MOMEHT, OCTAaTOYHBIA AJsl MOCIEAYIOUIETO Pa3rOHA aBHAIBHUTAaTEs
0e3 BHemHero nmpuBoAa. J{o myckoBoit yactorsl Bpamenus bJIIIT npeogoneBaeT MOMEHT TPEHUS © MOMEHT
COIIPOTHBIICHUSI KOMIIpeccopa U jgajee paboTaeT COBMECTHO ¢ TypOmHOH. O4eBHIHO, YTO B IpoLEcce
3amycka Harpyska B/IIIT moctossHHA ¥ HE BIMSET Ha U3MECHEHHE YPOBHSI MyJIbCAIN MOTPEOIIEMOTO TOKA.
OTMedeHHass 0COOCHHOCTh MO3BOJISIET HE YUYHMTHIBATH BJIMSHHE W3MEHECHUM HArpy3ku Ha JUHAMHYECKHE
nporecchl B cucteme 3amycka I'T/l. Cucrema 3amycka I'T/] BepToneTa mMeeT BHEIIHUA (TJIaBHBINH) KOHTYP
CKOPOCTH W TOAYMHEHHBI €My BHYTPEHHHH KOHTYp TOKa, CTPYKTypHas cxXema KOTOpOro IoKa3aHa Ha
puc. 3. B cocraB xoHTypa Toka Bxoaut KPUII-TTHT. Ha puc. 3 oH npexncTaBieH UMITyJIbCHBIM 3J€MEHTOM
(U2) ¢ enuHMYHBIM KOX(PPHULIMEHTOM YCHJICHUS M (POPMHUPYIOIIUM 3IEMEHTOM — (UKCATOPOM HYJIEBOTO
nopsnka, T.K. nepecrpoiika gactorel KPUII-IIHT npoucxoautr ¢ mocTtossHHbIM nepuofoM. Ilostomy ero
BBIXOJJHOE HAMNpSDKCHUE TakKe OyIeT M3MEHSThCS C MOCTOSHHOM 4acToToH. BXomHble cHTHAIBI KOHTYpa
TOKa OT peryJisropa ckopocTu (Up) 1 oT naryuka Toka (U;) 4epe3 cOOTBETCTBYIOIINE 3BEHbS MOCTYNAOT Ha
BXOJI CHCTEMBI yIpaBicHus. Ee auHamMmdeckuii kodhPHUIMEHT YCUICHUS o ACHCTBUEM ITyJIbCAIli TOKa
Oyner n3MeHsAThes. [locneacTBUs 3TOr0 U3MEHEHHsI MOYKHO OLEHUTH MTOCPEACTBOM (paKTopa IyJbCalliil 1Mo
MeToauke [7]. 3akoH peryinupoBaHus B KOHType Toka ¢opmupyet [IU-perynstop, nepenaTounas QGyHKIH

KOTOPOro B cooTBeTcTBUH C [8] mmeer Bux K, (p)=R,(1+ pT,)(pTy K, Ky ) ', Tae Kyo(p)=1/(pT, +1),
Koy (p)= (1 —e )/p s Ko(p)=V[R,(1+ pT,))], K, (p)=R,/pT,, — mepenarounbie QyHKIHH HECKOM-

NIEHCUPOBAHHOTO 3BEHA, dIeMeHTa (popMupoBaHus BbixogHoro HampspkeHuss KPUII-TTHT, ¢popmupoBarens
toka BJIIIT, popmuposarens npotuso-OC; Ky, K;, K — KO3DOUUMEHTBI yCHIIEHUS CUCTEMBI YIIPAB-
nennst KPU-TIHT, narunka Toka, narduka ckopocru; 1/ CEB — KO3 QHIMEHT Tepeadn 3BeHa (OpMHUPO-
BaHHs CKOPOCTH, IJie 1/Cy .=y, /\/i B> V) — MakcuMalbHOE MOTOKOCIETIICHNE; B, — ko> dunmenT das-
Ho#t DJIC Tpexda3zHoro MocToBOTO BRIIPAMUTENS; UPC — BRIXOTHOW CUTHAJ PETYIsITOpa CKopocTH; Ty — Tie-
puon nepectpoiiku gactorsl kommyTtanuu KPUII-TIHT; Ty, 75 — anexkTpoMexaHudecKast U dJeKTpudecKas
noctossHHble BJIIT; 7,, — NOCTOSHHas HWHTETPUPOBAHUS PETYIATOpPA KOHTypa TOKa; I, — HECKOM-

nmeHcupoBanHas mocTtosHHAas; JIH — matumk Hampspkenus; ®P — dopMupoBaTens CHTrHama pa3HOCTH
npon3BoAHbIX; AB — akkymynstopHas 6arapes; D1, D2 — nuddepeHnmpyronme 38eHbs.
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Puc. 3

[Tox BAMsHMEM MyNbcallMi PEryJIUPOBOYHAS XApAaKTEPUCTUKA CUCTEMBl YIPABICHUS HCKAXACTCS,
YTO CHIDKAET €€ YyBCTBUTEILHOCTH K BXOJTHOMY CHTHAITY.

Brusane mynpcanmmii Ha mpomecchl B KOHTYpPE TOKa MOXHO CHH3WUTH IOCPEACTBOM (PHUIBTPOB,
BKJIIOUCHHBIX HAa BBIXOJAaX PEryJisiToOpa U NaTyuMKa TOKa. BcliencTBUE 3TOro B KOHTYpE TOKa MOSIBIISICTCS
3B€HO C HECKOMIICHCHPOBAaHHOW TIOCTOSHHOW BpemeHu 1, (puc. 3), T.K. PETyasTOp TOKa OOBIYHO
HACTPaMBAIOT Ha KOMIIEHCAIINIO JIUIIE SJIEKTPHYECKON MOCTOSTHHOMN 3JIEKTPOABUTATEIS.

[Tynbcamuu TOKa BIUSIOT HE TOJBKO Ha MPOIIECCH B KOHTYpPE TOKa, HO U Ha mpoTuBo-2J[C uepes
3BEHO ¢ mepenatovHoil QyHkumed K, (p)=R,/pT,,- Ha ero Bbixome NpuCyTCTBYIOT M COOCTBEHHBIE

MyJbCaIllH, TONy4YeHHbIe B pesynbrare BbmpsmieHns ¢a3asix JJC. Ilockonpky mnporuBo-3{C u
HalpsDKEHUE MUTaHUs KOMMYTaTopa BCTPEUHBl, TO OYEBUIHO BIMSHUE PA3HOCTH UX ITyJbCAllUi Ha IpoLEecC
¢opmupoBanust Toka B/IIT. Iynscamun nporuBo-3C OyayT 3aBHCETh OT ‘‘CrIaKMBAIOIIMX’ BO3MOXK-
HocTel QopmupoBarenss npotuBo-O/C, npexncTaBisiomero coOOH HMHTErpaTop, IMOCTOSHHAs BPEMEHH
KOTOPOT'0 paBHA AJIEKTPOMEXAHUYECKOU MOCTOSIHHON 7Ty. YpOBEHD MyJibCcalluil TOKA, MOCTYNAIOIINX Ha BXO/I
CUCTEMBI YIIpaBJIEHUS, 3aBUCUT OT IOJIOCHI MPOIYCKAaHUSI HECKOMIIEHCUPOBAHHOIO 3BEHA U OT MOCTOSHHOMN
WHTETPUPOBAHUA PETYIATOpPA KOHTYpa TOKa, a BIUSAHUE ITyJbcanuil mpotuBo-2/]C Ha mporeccsl B KOHType
TOKA — OT COOTHOIICHHUS 3JIEKTPOMEXaHWYECKOM MOCTOSHHOM »3neKkTponpuBoga 7y M HOCTOSHHON
WHTETPUPOBAHUS PETyisiTopa Toka 7,;. OUEeHUM BIHMSHHAE STOr0 COOTHOIICHHUS HA MEPEeAaTOYHYI0 (yHKIIHIO
KOHTYypa Toka cuctembl 3amycka ['T/I. [lepenarounast ¢pyHKIUS NpUBEIEHHON HETIPEPHIBHON YacTH KOHTYpa
Toka (puc. 3) ¢ yuerom npotuBo-21C BJIIT

(1+pT,)(1-¢ ™)
(1+ pT)pT PR
pL)pLyr| P PT3 T.T, 5
ITepexoas Kk OTHOCUTEIBLHON KOMIUIEKCHOM NIEpEMEHHON g = pT, oy4aem

K (p) =

l+q; (1-e)

K =K " D — ) 9
(D) =K TG T+ Tl ®

e Ky=T,;T. Ty, Tp=T,/Tyw, To=T,/T, T,=T,/Ty,, T,=T,/T,.
[lepenaTounyro dynkiuio (9) npencraBuM B BUIE

A A A4
-4 49-49, 49—43; 4—4,

), (10)

K g (@) = Ko (1—e™)(
q
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rie ¢q,=0; ¢q,= —ﬁ =0, 34 = —0.5773(1 F1-4T7,, /T, ) — MOJIIOCAa NEPEaTOuYHOH (QYHKIMHM IpUBE-

JICHHOW HETPEepPhIBHOM YacCTH.

0O0603HAYUB q3 = _ap q4 = —a4 , IIOJIy4aeM BBIYCTHI JJIS IIOJIFOCOB ¢ 1+ 4. Al = % TT s
MTK"5

A2= 1—(,1!2/T3 y I—CZ/T3 1_0{4/773

— 5 3 = — 5 A4 = — .
—az(azz—a2T3 +T,T,) —o, (T — o), —ay) -, (T —a,) o, — )
IMoxsepras  (10)  MomuduuMpOBaHHOMY Z-TIpeoOpa3soOBaHHMIO, HAaXOAWM JUIs  MHTEpBaja
0 < & <1 AUCKPETHYIO TIEPEAATOUHYIO (QYHKIMIO PA30OMKHYTOr0 KOHTYpa TOKa

WP*T (Z,e)=2, {Km-lq (Q)} =
AlliI(Z —e ")+ (Z - 1)|:Aze“2‘gli[(Z —e“)+de(Z-e")Z-e")+ e ™ f[(Z —e ™ ):l
[TZz-e")

rae K — HoMmep moJroca. JleBoe (0T MOMeHTa cpabaThiBaHHs UMITYJILCHOTO 3JIEMEHTa) 3HAYCHHE THUCKPETHOM
nepeaTouHol GyHKkumn W, (Z,~0)=Z 'lim_, W rr(Z,¢). C yaerom (11) momygaem

. (1D
=K

0

el

Alli[(Z —e ")+ (Z- 1)|:AZea2 li[(Z —e Y+ e (Z-e")NZ-e“)+4,e™ ﬁ(Z —e ™ )}
W;r =(Z,-0) = R-U k=2 x=3 k=2 ]

Zli[(Z—efa‘)

(12)
* W* (Z,—O)
JuckpetHas nepegarouHas QyHKIHS 3aMKHYTOT'O KOHTYpa TOKa We(Z,~0) = —1 .
1+ I/VPTZa _0)
C yuerom (12) st yeraHoBuBIIErocs pexuma (Z = 1) moiydaeM w; = (Z,-0) = ﬂ.
1+ AK,

Ecnu yuects, uro uist momoca ¢,=0 Boraer 4, =1/T,,T, T, , TO nMeeM

W;T(lﬁo)zl/(l+THT/TM)‘ (13)
AHaJOrMYHO MOJIYy4YCHbl AJUCKPETHBIC IICPEAATOUYHBIC (I)yHKI_II/II/I Pa3OMKHYTOI'O M 3aMKHYTOI'O
KOHTypa Toka 6e3 ydeta npotuBo-2J1C BAIIT
ZK, +K, K,(ZK, + K,) , (14)
(Z-1)(Z-e") 7' -Z(+e’ -K,K)+e’ + KK,
e Ky =TS/ Typs B=Ty/ T K, =(B+e” -1)872 K, =(1-e - pe ) 7.

U3 (14) cnemyer, uto B ycraHoBHBLIeMcsl pexxume (Z=1) Oe3 yuera mpotuBo-O[C auckpetHas

Wer(Z,-0)= K, Wi (Z,-0)=

nepenaroyHas (QYHKIOHMS 3aMKHYTOTO KOHTypa TOKa W;T(I,—O):l, YTO TIOBTOPSIET JUCKPETHYIO

nepeaToYHy0 (YHKIMIO 3aMKHYTOTO KOHTypa Toka (13) ¢ yuerom mpotuBo-O/C, ecnu Ty>>Tur. Ilpu
COOJIIOZICHNH 3TOro ycioBus BiusHue mpoTuBo-O/IC Ha mporecchl B CHUCTEME 3allyCKa MOXKHO He
yuuteiBaTh. B cucreme 3amycka I'TJl BepTonera MyJbCUPYIOIIMH XapakTep TeMIla HapacTaHUs TOKa,
NOTPEOIIEMOT0 OT aKKyMYJISITOPa, CHU)KAeT BPeMsl pacXOJOBaHHsI €ro 3HEpreTndeckoro pecypca. s ero
YBEJIUYEHHSI TOK, IOTPEOIIsIeMbI OT aKKyMyJIITOpa, H0JDKEH HapacTaTh PAaBHOMEPHO, 0€3 CKauKOB.

[Ipoananu3upoBaB CTPYKTypHYIO cxeMy (puc. 3) MOXKHO omnpeAenuth 3aBucuMocTth Toka BJIIIT ot
Pa3HOCTH HampsDKEHUS MUTaHUS U npoTuBO-2/{C, 4To mo3BonseT cTabMIM3UpOBaTh TEMI €r0 HapacTaHUs
[P BBIIOJIHEHUH yCIIOBUS

dU(t E
dt dt
rae dU,(t)/dt — npousBoanast BeixojHoro Hanpsokenns KPUII-TIHT, dE(f)/dt — npounsBojHasi NpOTHBO-
BSJC. lpu onpepenennn dU  (¢)/dt Bimsiarem coberBenHbIX myibcauuit KPUII-TTHT moxHO npeneGpeds,

T.K. UX YacTOTa HAaXOIUTCS B METareplioBOM aHana3oHe W OHU 3(PPEKTHBHO (GMIBTPYIOTCS BBIXOTHBIM
KOHJIEHCATOpOM TipeoOpazosartens. st BeimoaHeHUS ycioBus (15) B CTpyKTypHO# cxeMme KOHTypa TOKa
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(puc. 3) mpemxycMoTpeHa oOpaTHAast CBSI3b 110 Pa3HOCTH MPOU3BOAHBIX BeIXoHOTO HanpspkeHus KPUII-TTHT
u npotuBo-OJIC BAIIT. Ota cBs3b ocymiecTBiseTcsl TOCpeACcTBOM TuddepeHnupyromux 3BenbeB D1,
A®d2, natunka nanpspkeHust IH u ¢dopmuposatens pazHoctd ®P mpomsBoansix. Ero BbIXOmHOW cHrHan
MOCTYIAeT Ha BXOJ KOHTYpa TOKa M OKa3bIBaeT CTaOMIM3HUPYIOLIEe BO3ACHCTBIE Ha TEMII HApACTaHUS TOKa,
YTO TpeOyEeT OTAEIBHOIO UCCIEIOBAHUS.

4. Bb160p HecKkOMIIEHCHPOBAHOM MOCTOSTHHOI KOHTYpa Toka. Bxonnoii Tok AUH mynscupyer c
YaCTOTOM, MPEBBIIAIONIEH YaCTOTY €ro BXOAHOTO HANpPsHKEHUs B miecTh pa3. Ero ¢opma, kak BUAHO U3 pHUC.
2, 6, mooOpa3Has, U o0pa3oBaHa yIacTKaMHU HapacTAIONIMX M CHAJAIOIINX 3KCHOHEHT. [ ymporeHms
aHaJIM3a 3KCIIOHEHIMAJIbHBIE YYAaCTKH MWJIBI ANMpPOKCUMHUPYEM JIMHEHHBIMH 3aBHCHUMOCTSIMM, a TEPHOJ
nepectpoiiku gactoTel KPUII-ITHT npumem paBHBIM mepuony mynbcalluii BxogHoro toka 7. BimsHue
nynbcaunii npotuBo-2{C He yuuthiBaeM. [lepeMeHHylo cocTaBistonryro BxonHoro toka AMH, xoropas
MOCTYIIaeT Ha BXOJ KOHTYpa TOKa, IIPEACTaBUM HabOpoM JHMHEHHBIX GyHKINH Ha niepuoae 1y (puc. 2, 6)

U, (1) = K[K(t)+ 2K (t—025T,) + 2K (1 —0,75T)) - K(t - T,)] ,
rne K=tgp=AIl, /0.25T,, ¢ — yron HaklOHa NMUJIbL; A/, — aMILIMTy]a mysibcanmii Toka (puc. 2); K, —
k0>QduUuMEenT ycuieHns naTdMka Toka. Hampsokenme U, (f) TOCTyHaeT Ha BXOJA CHCTEMBI YIIPaBIICHUS

KPUII-ITHT uepe3 HECKOMIIEHCUPOBAHHOE 3BEHO U PETYISATOP KOHTYpa ToKa. Ero n3o0paxeHne Ha BBIXOJIE
PEeryJsITopa KOHTYpa TOKa

R,(+pT,)
(pTx +DpT KKy ,

U (p)=U(p)

1_2670,251)% +2e*0,75pT0 _eprﬂ
2

p
IIepexons Kk OTHOCUTENBHON KOMILIEKCHOW NIEPEMEHHON g = pT; , IOJydaeM
(1-2¢™%0 12677 — ) (14 ¢T»)
: : (17)
q q(q +p)
THe Ky = R,ALTE (0,251 TyiKey ) s B=Ty /Ty, To=Ty/T,-
[Ipencrasum (17) B BuIE
Up (@) = Ky (1—-227"77 + 2771 — 7)) (ﬁé + ﬁ; + b + B j ) (18)
T 9 9 q+p
tne B =1/f, B,=—(1-BT>)/p*, B,=(1-pT>)/*, B,=—(-pT>)/p>. B pesynprare monudpuposan-
Horo Z-mpeoOpasoBanus (18) mnomydaem U, (Z,€)I1 OTIACIHBHBIX HHTEPBAJIOB HW3MEHEHHS TOKa

Tae Ur(p)=K- Ky

U (9) =Ky

M1000pa3HoM (POpPMBI

—Pe _ n ,~P(&+0,75) -B(+025) _ -fe
s 0<e<0.25 U;T(z,g) =B {1 _Ze 2e :je e } ’ (19)
7
-pe —B(£-0,25) —B(£+0.25) -Be
wi 0.25<£<0.75 Ul (z,6)= B, {_1_ Ze? —2e +je —e } 20)
zZ—e
-fe _ n ,~P(e-0,25) ~B(-0.75) _ -~ pe
i 0,75<e<1 U*pr(z,g):B{l—Ze 2e +je e }, 1)
z—e

rae B, =K, (1- BT,) 3" .

(1- el 420 0 BF )
l-e” ’

st g =0,25 u3 (20) — U, (1;0,25) = B,th0.254; s £ =0,75 u3 (21) — U, (1;0,75) = —B,th0.254; miist e =1 —

(1-e” +26 07 —2¢%7)
. .

st ycranoBuBerocs pexxuma (Z=1) u3 (19) mist £ =0 fU;T (L0)=B,

U;T (LD =B, e

C yuerom K, 1OIy4aeM OTHOCHTEILHOE 3HAYEHHE Pa3Maxa IIyJIbCalui OT muKa (& =0,25) 10 MUKa
(&=0,75) Ha BBIXOZE PETYJIATOpPA TOKA

AUp; _8RAL(=BT,) o s (22)
U, PnKU,

AUI’T =
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rae n="T,, [T , Uy— nanpsixenne das 4, B, C.

Jns Al =0,109U,/R,, T,=025-10%c, T,=0,015¢, K., =1 mo (22) paccuutansl OTHOCH-
TEJIbHBIE 3HAUCHMS pa3Maxa MyJbCalMil Ha BXOJE CHUCTEMbl YNPABICHUS ISl PAa3lIMYHBIX 3HAUYCHUU 7.
Pesynpratel mokazansl Ha puc. 4, a, U3 KOTOPOTO BHUAHO, 4YyTo ecid 2<n<2,5, TO B JUana3oHE
LL5<T,/T<2,5 ypOBeHb IIyJbCALUi MUHMMAJILHBIA. Upe3MEpHOE YBEIMYEHHE HECKOMIIEHCHPOBAHHOM
IIOCTOSIHHOM HEXEJIaTeIbHO M3-32 YBEIMUYCHUS 3a€PKKU PETyIMPOBAHUS IIPU HE3HAYUTEIIBHOM CHUXEHUU
ypoBHs Tyjbcanuid. [loaTomy 3HaueHue 2<n<2,5 SBIAETCS ONTUMAIBHBIM JUJII COOTHOLIEHUSI MEXIY
MOCTOSIHHOM MHTETPUPOBAHHUSI PETYJISITOPA KOHTYpa TOKA U HECKOMIIEHCUPOBAHOM MOCTOSIHHOM.

A’JPT*M
0,5 -
] T,
_ T_m“
0,4 —
] 124
0,3 -
7] 10 4
. 8 -4
0,2 = 2
] 6 =+
0,1 Tk 41 )
g 2 S—— B
> S B [ B i
1 2 3 4 5
a 7]

Puc. 4

IIoCTOSIHHY!O MHTETrpUpPOBAaHUS PETYISATOpPAa KOHTYpa TOKA MOXHO HAWTH IO PE3yJbTaTaM €ro
HACTPOMKH Ha MPOIECC KOHSYHOU JITUTEIBHOCTH O3 TiepeperyTupoBaHusl.

Ecmn me yumreiBath Briusaue mpotuBo-2/C BJIIT, To u3 (14) ciemyer, 9To ycioBHe Ipoliecca
KOHEYHOH  JUIMTEJBHOCTH  BBINONHAETCA, Korda —l-e”+K,K, =0, ¢’ +K,K,=0, T.e. ecIu

-1 -1
Kozﬂ(l—e_ﬂ) I/IHI/ITO/THT:(l_e‘ﬂ) ,T.k. Ky =BT,/ T, .
IMockoneky B=T,/T,,a T =Ty /n,TO
Ty | Ty =[1—exp(—nT; / Tyr)]- (23)
N3 (23) malimeM TIOCTOSHHYIO WHTETPHPOBAHUS pETYJATOpa KOHTYpa TOKa, TPHU KOTOPOU

BBITIOJIHAETCSl YCIIOBHE Ipoliecca KOHEUYHOW InuTeNnbHOCTU. Paznoxkum B psig Telnopa mokazaTenbHYIO

2 3.2
nx nx
(pyHKHI/IIO em( :n+T+ 2'

s tne x=T,/Ty;.

l-n+n* 1
2 _
Ipu ydete ABYX WICHOB psi/ia MOJydaeM ypaBHEHHE X~ — X PR 0.

B Ta6J'II/II_I6 MMPUBCACHBI PE3YJIbTATHI €0 PCIICHUS UIA Pa3IMIHbIX COOTHOIIICHUH MECXKAY NOCTOSAH-

n=T./T. | 15 | 1,75 2 295 25 HOM WHTETPUPOBAaHHMA M  HECKOMIIEHCUPOBAaHHOM

MOCTOSIHHOH.

T,/ Ty 128 | 121 | 1,17 | 1,141 | 1,11

5. YcToiiunBOCTh KOHTYPa TOKA HA OCHOBHO# cyOrapMoHuke. Briiie oTMedeHo, 9To CIEACTBHEM
BIIMSTHUSI ITyJIbCAIM ABJISIETCS] CyOrapMOHHUYECKasi HeyCTOWIMBOCTE cucTeMbl 3ammycka [ T/1.

[Motepst ycToltunBOCTH HanboJIee BEpOsTHA HA OCHOBHOM CyOrapMOHUKE U3-3a pa3dpoca mapameTpoB
(dazaeix ooMoTok BJIIT, acnMMerpmu KaHAJIOB YIpaBiICHHS TpPaH3UCTOPaAMH KOMMYTaTopa W H3-3a
BO3MOYKHBIX HHU3KOYACTOTHBIX OMEHHUH BO BXOIHOM TOKE. OTMeyeHHbIE q)aKTopr IMPUBOAAT K IOABJICHUIO
HU3KOYaCTOTHBIX MHUKPOIPOLECCOB, KOTOPBIE HAKIAJbIBAIOTCS HAa COOCTBEHHBIE ITyJIbCALIUH CHUCTEMBI
3ammycka ['T/] 1 mpoBOIMPYIOT ee MyJIhCAIlHOHHYI0 HEYyCTOMYMBOCTh. ABTOKONIEOaHNST BHAYaAJIE TIOSBISIOTCS
“B MaJIOM” Ha OCHOBHOW CyOrapMOHHWKE, 4aCTOTa KOTOPOH B JIBa pa3a HIDKE YaCTOTHl OCHOBHOW TapMOHHKH.
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C yBenMuYeHNEM aMIUTATYAbl OCHOBHOI CyOTapMOHHMKH pacTeT BEpOSTHOCTH MOSBJICHHS aBTOKOJICOAaHHN Ha
Oonee HM3KHMX cyOrapmoHukax [7]. O4eBHIHO, YTO YCIIOBHE CyOTapMOHUYECKOW YCTOWYHMBOCTH CHUCTEMBI
3amycka [T/l BeImonHsieTCs1, eciii obecrieyeHa ee yCTOMYMBOCTh HAa OCHOBHO CyOrapMOHHKE.

VYcaoBue YCTOHYMBOCTHM KOHTypa TOKAa HAa OCHOBHOW CyOrapMOHHMKE MOXKHO HAWTH W3 €ro
XapaKTepUCTHYECKOTO YPABHEHUS

1+ Wy (Z2,-0)=0, (24)
rje nepesaToyHsle PyHKIMU Pa3OMKHYTOrO KOHTypa ToKa W, (Z,-0) ¢ yd4eToM u 0e3 yuera nmpotuBo-2/1C
onpexaenstoTcss BolpakeHUsIMH (12) u (14), B KOTOphle BXOAUT KOMIUIEKCHBI MapameTp Z =e?, Tae
q=jo= joT,=2r.TlockonbKy e’ =cos® + jSin@®, ToO OTHOCUTENbHAS YACTOTA OCHOBHOM CyOrapMOHUKH
@, =77 — B JIBa pa3a HIKE 4aCTOTHl OCHOBHOM FrapMOHUKHU.

OdeBHIHO, UTO HA YACTOTE OCHOBHOM CyOTrapMOHHMKHN KOMIUIEKCHBIN mapamerp Z =-1. [lomcraBmas
9TO 3HAYCHHE B XapaKTEPUCTHUECKOE ypaBHeHHE (24), molyyaeM YCIOBHs YCTOMYMBOCTH KOHTYpa TOKa Ha
OCHOBHO# CyOrapMOHHKE
— 0e3 yuera npotuBo-23/1C I 28(1+e”) , (25)

Ty Bl+e?)=2e7(1-e7)
— ¢ yaeroMm npotuBo-OJC BAIIT, rne g=7,

4

(1+e7%)
7, 1 . (26)
T - 1 4 _ 4 3
ur 7 [Ta+e=)+2pT> {Aze% [Ta+e ) +deQ+e)1+e ™)+ A [+e* )}
M k=2 k=3 Kk=2

[To BepaxeHusM (25) u (26) paccumtaHbl 00JacTH YCTOMYMBOCTH KOHTYpa TOKa Ha OCHOBHOM
cybrapmonuke mist T, =0,25-107¢; T, =0,015¢; T,, =0,08c. Pe3ynabraTsl pacueToB nokazaHsl Ha puc. 4,

6, rne BuaHO (KpuBas 2), uro 0e3 yuera npotuBo—3{C BAIIT HagexHas ycTOMYMBOCTH KOHTypa TOKa Ha
OCHOBHOM cyOrapMmoHuke obecrednBaercs, eciu B<3. Ilpu yuere mnporuso-3/IC oOmacts cyOrap-

MOHHYECKOW YCTOMYNBOCTH YMEHBIIIACTCS B J1Ba U Oojiee pasa (puc. 4, 6, kpusas /).

BriBoasbl. Biusane npotuBo-2/1C B/IIIT Ha nporieccs B KOHTYPE TOKa MOKHO HE YUUTHIBATh, €CIIH
JNIEKTPOMEXaHN4ecKasl IMOCTOsIHHAs cucTeMbl 3amycka ['TJ] BepTosiera 3HaYMTENBbHO OONbBLIE MOCTOSHHON
UHTETPUPOBAHUS PETYIIATOPA.

[Ipennoxen crmocod yBeNTWIeHNST BPEMEHH PacXOI0BaHMS YHEPTeTHUIECKOTO pecypca aKKyMyIsITopa
MyTeM CTaOMIM3aLMH TeMIla OTPeOIsIeMOro TOKa 3a CYeT KOHTPOJIS pa3HOCTH MPOU3BOAHBIX NPOTUBO-D/(C
u Hanpspkenust nutanua BJIIT.

VY4er IUCKPETHOCTH KOMMYTaTOpa MO3BOJISIET pEaM30BaTh B KOHTYpE TOKAa IMPOLECC KOHEYHOU
JUTUTENBHOCTH 0€3 TepeperyIMpoBaHus 3a IBa eproa nepecTpoiiku yacTotsl kommyTtarmu KPUIT-TTHT.

MuHMMalIbHOE BIMSHUE MyJIbCAlMii HA JUHAMHKY CHCTEMBI 3allycka 00eCHeunBaeTcs, €CIH OTHO-
HIEHUE TOCTOSIHHOM HHTETPUPOBAHUS PEryJsITOpa KOHTYypa TOKAa K HECKOMIEHCUPOBAHHOM MOCTOSIHHOM
HaXOJUTCS B Auana3oHe (2+2,5).

be3 yuera nportuBo-3JAC BAIIT HanexxHas ycTOWYMBOCTH KOHTYpa TOKa Ha OCHOBHOW cyOrap-
MOHMKe oOecneunBaercs, ecnu ff <3. Ilox BausHuem npotuBo-O/IC 3amac cyOrapMOHHUYECKOH ycToWYH-

BOCTH CHMIXXACTCA B IBa U 6omee pasa.
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BILIMB MYJbCALIN BE3KOJEKTOPHOI'O JBUI'YHA IMOCTIMHOIO CTPYMY HA HNPOIEC
KEPYBAHHS 3AITYCKOM I'A3OTYPBIHHUX /IBUT'YHIB BEPTOJIbBOTA

B.I'. Bammucbkui, 10KT. TexH. HayK, O.J1. [llanoBanos, O.1. lenncoB, 10kT. TexH. Hayk, O.0. BypcaJa,

0.J1. BypcaJjaa, kaHa. TEXH. HAYK

JepaaBHMii HAYKOBO-10CJiAHUI IHCTUTYT BUIIPOOYBaHb i cepTHdikanii 030poeHHA Ta BilicbKOBOI TeXHIKH

ByJ. Ctpiienbka, 1, M. Uepniris, 14033, Ykpaina, e-mail: den39ltd@gmail.com

Buxonano ananiz nynvcayiii xionoeo cmpymy xomymamopa be3konekmoprozo ogucyna nocmiiinozo cmpymy (BAIIC) i
BCTNAHOBNIEHO IXHIU 6NAU6 HA Koe@iyichm NiOCUNEHHs | YYMIUBICIb CUCMEMU KepYy8aHHs. 3anponoHO8aHO 3acodu
SHUDICEHHSL BNAUGY NYJIbCAYIll HA OUHAMIKY npoyecié 8 KoHmypi cmpymy. Ompumano Ouckpemui nepeoasaivhi QyHKYil
3AMKHEHO20 KOHMYPY CIMpYMY 3 Ypaxyeanusm i 0e3 ypaxyeants enausy npomu-EPC enexmpoosucyna, uwjo 003601u10
3anponoxHyeamu cnocio6 cmabinizayii memny HapoOCManHs 6XioHo2o cmpymy Komymamopa. Peanizayis yvoeo cnocoby
0036071€ 30inbwumuy poooyuti pecypc akymynamopa. Bemawnoeneno obracmi cybeapmonitinoi cmiiikocmi cucmemu
sanycky eazomypbinnoeo osueyna (I'T/]) sepmorvoma 3 B/IIIC. bion.8, puc. 4, Tadm. 1.

Knwowuoei cnosa: 0e3KOIEKTOPHUA JABWUTYH IIOCTIHHOTO CTpyMy, IIyjbcalii, IHUCKpeTHICTb, MoaudikoBane Z-
MIEPETBOPEHHS, KOHTYP CTPYMY, CTIHKICTb.

INFLUENCE OF PULSATIONS OF THE FLEXIBLE DC MOTOR ON THE MANAGEMENT PROCESS OF
STARTING THE GAS TURBINE MOTOR HELICOPTER

V. Bashinskyi, O. Shapovalov, A. Denisov, O. Bursala, A. Bursala,

State Scientific Research Institute for Testing and Certification of Arms and Military Equipment

Striletska st, 1, Chernigiv, 14033, Ukraine, e-mail: den39ltd@gmail.com

The ripple analysis of the input current of the commutator of the brushless DC motor (BLDC) is performed and their
influence on the gain and sensitivity of the control system is established. Methods are proposed for reducing the
influence of pulsations on the dynamics of processes in a current loop. Discrete transfer functions of a closed current
loop are obtained with and without consideration of the influence of counter-EMF motor, which allowed us to propose
a method of stabilizing the rate of increase of the input current of the switch. The implementation of this method allows
to increase the working life of the battery. The areas of subharmonic stability of the gas turbine engine launch system
(GTE) of the helicopter with BLDC were established. References 8, figures 4, table 1.

Key words: brushless DC motor, ripple, discreteness, modified Z-transform, current loop, stability.
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EJIEKTPOEHEPT'ETMYHI CUCTEMI TA YCTAHOBKU

YK 621.311:681.3 DOI: https://doi.org/10.15407/techned2020.02.067

OJHOP®AKTOPHE KOPOTKOCTPOKOBE ITPOI'HO3YBAHHSA BY3JIOBUX
EJIEKTPUYHUX HABAHTAKEHb EHEPT'OCUCTEMMU

I1.0. YepHeHnko.*, 10KT. TexH. HayK, B.O. Mipomauk**, I1.B. [llnmanok
Incruryr eaexrpoannamiku HAH Ykpainn,
np. [lepemoru, 56, Kuis, 03057, Ykpaina, e-mail: cher@ied.org.ua

3anpononosano KoMOIHOBAHY apXimeKkmypy WMY4HOI HeUpOHHOI Mepedici 2MUOUHHO20 HABYAHHS OJsL 8EKMOPHO20
NPOCHO3YBAHHS 8Y3N06UX HABAHMAICEHD, 8 SIKIL GUKOPUCIOBYEMbCS peKypenmHutl mooyas muny LSTM (Long short-term
memory — mepexuci 00820i KOPOMKOCMPOKOBOL nam’saimi), 8UXio K020 NOOAEMbCA 00 6A2amMoOUapo8020 Nepyenmpony 3
axmusayivinoro Qyuxyicto SELU (scaled exponential linear unit — macuimabosana excnonenyitino ninitina Qynkyis). /s
niOBULYEHHS eeKMUBHOCI HABUAHHS BUKOPUCTIOBYEMbCS 0DXIOHe 3 €OHANHS, sIKe NOJA2AE 8 O00ABAHHI 6X00) HEUPOHHOT
mepedici 00 8uxody. IIpoeedeno nopigHAIbHULL aHAi3 080X NIOX00I8 00 KOPOMKOCMPOKOBO2O NPOCHO3Y8AHHS 8Y3/106UX
HasaHmadiceHv enepeocucmemu. Ilpu nepuiomy nioxooi 01 KOJHCHO2O 8Y314 HABAHMANCEHHS OYOYEMbC OKpema MoOeb
Ha basi wmyuHoi HelpoHHOi mepedici eResNet, npu Opy2omy — 30IUCHIOEMbCA 8eKMOPHE NPOSHO3Y8AHHS 3HAYEHb 8Y3N06UX
HABAHMANCEHD 3 BUKOPUCIAHHAM N00Y008AHOI KOMOIHOBAHOT HellpoHHOI Mepedici. [lpyautl nioxio 00380J€ BUKOpUCMamu
63AEMO36'30K MIDIC HABAHMAIICEHHIMU 6 BY3/AX EHEePeOCUCHEMU MA 3MEHWUMU KIIbKICMb 00YUCTIOBANLHUX Onepayill,
HeoOXiOHUX 07151 NobY008uU MoOeNi, 0COONUBO NPuU 3HAUHIL KitbKocmi 8y31i8 8 enepeocucmemi. biomn. 11, puc. 1, Tabm. 3.
Knwowuoei crnosa: By3noBe eneKTpuYHe HABAHTAKEHHS, KOPOTKOCTPOKOBE MPOTHO3YBaHHS, ITyYHa HEHPOHHA Mepexa,
pEeKypeHTHa Mepexa

Jnst po3B’si3aHHs OUIBIIOCTI TEXHOJOTIYHHUX 33134 IJIaHyBaHHS PEKMMiB aBTOMAaTH30BaHOI CUCTEMHU
mucnerdyepcbkoro ynpasiinas (ACIY) HeoOxigHO po3paxoByBaTH ycTajeHuid pexxum eHeprocucremu (EC)
3 IIEBHUM BUIEPEKEHHAM. 11 po3paxyHKy O4YIKyBaHOI'O YCTaJE€HOI'O PEXHMY HEOOXIIHO NMPOrHO3YBATH
3HA4YEHHS aKTHBHOI Ta PEaKTUBHOI MOTY>KHOCTI Y By3JlaX 3aCTYITHOI CXeMHU €HeProCUCTeMH. 3apas L 3ajada
BUPILIYETHCS CIIPOILIEHO: CIIOYATKy HPOTHO3YEThCS cyMmapHe enekTpuuHe HaBaHTaxeHHS (CEH) axtuBHOI
MOTY)KHOCTI CHEPrOCHCTEMHM, a 3HAaueHHS BY3JIOBHX HABAaHTAKCHb 3HAXOMATHCA 3a KoedirlieHTaMu
3aJISKHOCTI (MTPOMOPIIIHOCTI) BY3JIOBUX HaBaHTaXeHb BijJ 3HaueHb CEH, peakTHBHI By3JI0BI HaBaHTa)KECHHS
— TaKuM kK€ YUHOM abo 1o 3amaHomy fg¢ . Lli xoedimieHTH 1 3HAYEHHS fgp OTPUMYIOTH 3a pe3yJIbTaTaMH
CHEIialbHO OpraHi30BaHMX BHMIpiB B IepioJy MakcCUMyMmy (B3UMKY) Ta MiHIMyMy (BIITKY) rpadikiB
cymapHoro HaBaHTaxeHHs EC. 3aBmsku ToMmy, IO 3MIiHH B 4aci CyMapHOTO 1 BY3JIOBUX HaBaHTaXCHb €
HecTal[lOHApHUMHU YaCOBHMH PSJIAMH, TO TAKMM YHHOM BH3HAYCHHI BY3JIOBI HABAHTAKEHHS € HAOIMKCHUMH
1 BUKPHBIICHO BimoOpaXkaroThb iXHIO pealibHy 3MiHy B 4aci. B pesynpraTi TakuMu X HaOMMKEHUMHU €
pe3yibTaTH PO3B’A3aHHS TEXHOJIOTIYHUX 3a7a4 IIaHyBaHHS pexxkuMiB EC.

3 po3poOKOI0 aNTroOpuUTMy Ta TPOrPAaMH OINEPAaTHBHOTO PO3paxyHKy ycraneHoro pexumy EC 3a
JaHuMu Tenemetpii (State estimation) Ta BUKOPHUCTaHHS iX B IPOMUCIIOBIH eKCIUTyaTamii B perioHaNbHii Ta
00’ennaniit EC 3’sBunack iHdopMariiina 0a3a A MPOTHO3YBaHHS aKTHBHHUX Ta PEAKTHBHHUX BY3JIOBHX
HaBaHTa)XeHb. PO3paxyHOK IOTOYHHMX 1 PETPOCIEKTUBHUX PEXUMIB B €HEprocucreMax YKpaiHH Ta
JepkaBax OJNM3BKOTO 3apyOibkKKs B JaHWKA dYac, SIK TpPaBUIO, BHUPILNIYETHCS B YMOBaxX HEMOBHOI
CIIOCTEPEKYBAHOCTI pekuMiB. ToMy IUIsl TIPOBEACHHS PO3PaxXyHKY BCIX MapaMeTpiB PeXUMy HEOOXiTHO
BHKOPHUCTOBYBATH IICBHY KITBKICTh IICEBIOBUMIPIB Y BUIVIAMI JaHUX KOHTPOJBHHX BUMIpIB. 3 METOIO
MiHIMi3alii IXHBOT KIJTbKOCTI y po0OTi [ 1] BUKOPUCTOBYIOTHCSI OOMEKEHHS Ha MTapaMeTPH PEIKUMY.

B pesynbrari mpoBeneHoi B ocTaHHI Yach poOoTH mo iH(opMmaTh3amii eHepreTMYHUX 00’ €KTiB,
OCOOJIMBO B YaCTHHI BIPOBAIYKCHHSI aBTOMATH30BAaHMX CHCTEM KOMEPITIHHOTO OOJIKY €IeKTPOCIIOKHBAHHS
(ACKOE), 3’siBunacst MOJKJIMBICTh OTPUMaHHS rpadikiB aKTHUBHHX BY3JIOBUX HaBaHTa)KEHb 3 JUCKPETHICTIO B
TPUAUATH XBWIMH a00 ofHy roauHy. Lls iHpopmMalis yacTo Mae MpOIYyCKH AaHUX B OJAHY, ACKiJIbKa TOAMH,
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Ii0, a 1HO 1 MICSIIiB, TOMY ITiIBUIIEHHS JOCTOBIPHOCTI IIUX JaHHUX € TOCUTH CKJIATHOO 33/1a4ero 1 moTpedye
Oararo vacy. B Takux BHIamkax 3acTOCOBYIOTH JBa IIJIXOJAW: TMEPIIUA — KOJIU B aHami3 1 MPOTHO3
BKJIIOYAIOTh TIJIBKM BY3JIM 3 MOBHOKO iH(OpMaLi€lo; Ipyruidl — aHaii3 MPOBOIATH 3a MOBHOIO 3aCTYIHOIO
CXEMOIO 31 CBiZIOMO HaOJIM)KEHOIO OLIHKOIO HAaBaHTAKEHHS B HETIOBHO CIIOCTEPEKYBAaHHUX BY3Jax.

3 METOI TMABWINEGHHS TOYHOCTI PO3pPaXxyHKIB CTaJIOTO PEXAMY HPOBOAINCE pPOOOTH 13
CTAaTHCTUYHOIO aHalizy [2] Ta NMPOrHO3yBaHHS BY3JIOBUX HaBaHTaXeHb eHeprocucremu [3]. Oanak 1
pOOOTH MPOBOIMIUCH TINBKU AJIS BY3JiB HaBaHTaXEHHS, MO SKUX Oyia BuMiproBaHa iH(opMamis 3 pi3HOIO
JMIMCKPETHICTIO, ab0 3a IOMOMOTOI0 EKCIIEPTHHUX METOIMIB 3 BpaxXyBaHHAM MOMIOHOCTI Koe]iIlieHTiB
MaTeMaTHYHOT MOJeNi JUIsi BUMIpIOBaHUX 1 HEBHMIPIOBaHWX 3HAYCHb HABaHTAXKCHHsS Pi3HUX By3miB [4]. B
OCTaHHIX BHUIA/IKaX BaYKKO OLIHUTH NOXMOKY TaKMX IITYYHO MOJIEIHOBAHMX BY3JIOBHX HABAHTAXKCHb.

OcTanHIM 4YacoM 3’sBWJIOCS Ouibllle MyOJiKamii MO0 TPOTHO3YBaHHS CyMapHUX 1 BY3JIOBUX
HaBaHTaXeHb EC 13 3aCTOCYBaHHSIM METOMIB INTYYHOTO IHTENEKTY Yy BUTVIANI HeiipoHHuUX Mepex (HM)
pizHOi apxiTekTypu: OararomapoBoro nepuentpony (MLP) B moenHanHi 3 MeTogoM iHBepciit [5], MmeTomy
OTIOPHUX BEKTOpiB [6], HENiHIMHUX aBTOperpeciiHuUX ™oxenei [7] Ta Oinpm ymockoHadennx HM
rimOuHHOTO HaB4aHHA [8, 16]. Tak y [9] mns mporHO3yBaHHS BY3J0BHX HABaHTKEHb BUKOPHUCTOBYBABCS
MeToJ onopHuX BekTopiB (SVM — Support Vector Machine). MeTorw 1aHOro IOCIIIKEHHS € TOPIBHAHHS
JBOX TMigXONiB JO pO3B’S3aHHSA 3aJadi KOPOTKOCTPOKOBOTO MPOTHO3YBAaHHA HAaBaHTAXEHHS BY3JiB
e”eprocuctemu. [Ipu mepmomMy miaxomi Ans KOKHOTO By3Jla HaBaHTA)XKEHHsSI OyAyeTbCS OKpeMa MOJEINb i
NPOTHO3 TPOBOJMTHCS HE3ANEKHO, MPH APYroMy — 3IiHCHIOETbCS BEKTOPHE NPOTHO3YBAaHHS 3HAYCHD
BY3JIOBUX HaBaHTaXCHb 3 BUKOPUCTAHHAM OJHi€i HEWPOHHOI Mepexki, LI0 JJ03BOJSE BpaxyBaTH
B3a€MO3B’SI30K MK HaBaHTOKEHHSAM BY3JIiB onHiel eHeprocuctemu. OcoONHMBICTIO AaHOI POOOTH €
BUKOPHUCTAHHS METOTy HETPSIMOI OIIHKHY TS BY3JTiB 3 HAIBHICTIO MPOTMYIIEHUX a00 HETOCTOBIPHUX JTaHHX.
Y mpoemenux IHctutyToM enekrpoamHamikn  HAH  Ykpaian
Bxi mauit map JOCIIPKEHHSIX, YaCTHHA SIKUX BUKJIAJA€ThCS Y CTATTi, SIK ONEPaTOp MPOTHO3Y-
BaHHS aKTUBHOI CKJIaJOBOi BY3JOBOTO HAaBAaHTA)XKEHHsS IPONOHYEThCA KOMOi-

» - HOBaHa apXiTeKTypa HEHPOHHOI MepeXi TIIMOMHHOTO HAaBYAHHS 3 BHKOPUCTaH-
PexypenTauii assM monysisi LSTM ta HM tumy GararomapoBuii mepuentpoH. ApXiTeKTypy
Momyme: LSTM NaHOi MoJIeNi HaBeaeHo Ha puc. 1. Jlai mix By3JI0BMM HaBaHTaXKEHHIM Ma€ThCs
¥ 2| ma yBasi akTHBHA CKJIaJI0Ba, 00 iH(OpMAIIis PO PEAKTUBHY CKJIaJ0BY BiJICYTHSI.
[ToEHo=E AzHMI g [Tpu omnodakropHOMY mporno3yBanHi Ha Bxig HM moparotecst moro-
map: Dense 1 2|  nunmni HOPMOBaHi 3HAYECHHS AKTHBHOTO HaBaHTaXkeHHs By3nis X, € R, ne n —
¥ = E KUTBKICTh BY31iB, / — KUTBKICTh TIOTOMWHHUX 3HAYCHb (J1ariB), SAKi MEpeayrOTh
AKTHBaMIHA = | nOporHO3HiM TOAMHI 3 BpaxyBaHHSIM TOPH30HTY YymepemkeHHs (p). Tak,
bymsans: selu £| Hanpuknaz, SKIIO TOPU3OHT yIEPEIKEHHS CTAHOBUTH 24 TOAMHH i n=3, TO A
% | TIpOrHO3y HA FOAMHY / HA BXiJl MEPEXKi MOAAETHCA
TloEHOZE ASHHI 1 2 3
map: Dense 2 y,l_24 y,2_24 y,3_24
¥ Y = Yias Yias Yioas
3 eTHAHHT '
Add Vit Viaat Vi
Puc. 1 Y mnaketHOMy pexkuMmi pobotu Ha BXig HM momaerscs 3-BumipHa
uc.

Matpuns X € R™"” . BuxomoM HeHpOHHOI Mepexi € BEKTOp MOTOJWHHUX

3HA4YCHb HABAHTAXXCHHA ), € Rn .

Hnst ominku BaroBux KoedimientiB HM BUKOPUCTOBYETBCS KpUTEepili MiHIMYyMy KBaJpaTiB
BiZIXWJICHb TPOTHO3HHUX 3HAYCHB B (PaKTHUHUX

1 n m . ) 2

- J

Ly xw)=5=3 3 (/- r/x, ),

2m
j=lt=1

ne L( »X W) — cKaJsipHa (YHKIiSl BEKTOPHUX apTyMEHTIB; 77 — KUIBKICTh BY3JIiB; 7 — KiJIBKICTh TOIWH B

HaBUYANBHIN BHOIpLI ab0 MiHIMAKeTiB; y,j — (paKTUYHE 3HAYEHHSA EJEKTPUYHOTO HABAHTAXEHHA B I-TY

roJuHy j-To By3na; [~/ (X t,W) — MPOTHO3HE 3HAUEHHS EIeKTPUYHOTO HaBAaHTAKEHHS j-TO By3ja B TOAUHY f;
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A

X, — BXigHWI MacWB JaHUX YIS £-0i MIPOTHO3HOI TOAWHM, W — OIIHKHM BaroBUX KOeQilli€HTIiB HEUPOHHOI

!
Mepexi.

Bukopucranus pexypentHoro monyiaro LSTM [10] nmosBoasie HM BpaxoByBaTd momnepenHi
3HAYEHHS YaCOBOTO Psy, SKi HECYTh iHQOpMAIIi0 PO MPOrHo3He 3HadeHHs. Moxyns LSTM cknamaerbes 3
YOTHPHOX MATPHUITH BaroBUX Koe]iIieHTIB Wge.W;, W.,W, TaBeKTOpy CTaHy, SIKi 3B’s13aH1 HACTYTTHIMH CITiB-

B1JHOIIIEHHSIMU:
Ji :J(Wf [hk—I’xk]+bj'); iy :U(Wi [hk—l’xk]—‘rbi); Cy =tanh(Wc [hk—l’xk]+bc);
G =S tice Or — J(Wo [hk—l’xk]+bo); h.=o, tanh(ck),

ne k — HoMep psnka Matpuui X, ; fi, i, Ox — BHXIIHI BEKTOpPH NPUXOBaHMX IapiB Moxymo LSTM; o —

curMoinanbHa (YHKITS aKTHBaIii HEUPOHY, a(z)Z(l—i-e*X)*l; W, W,W, W, — BaroBi Koe(illi€HTH;

c? o
b, b,b,,b, — xoediuieHTn 3cyBy; X, — MaTPULls BXIJAHUX 3HAYCHb; M, ,, h, — NPOTHO3HI 3HAYCHHS;
Cy» C,_; — BEKTOD IaM sATi.

Bekropu mam’sati (¢, ) ta Buxin LSTM mnonepeanporo kpoky (h) iHiLiali3yHOThCS HYJIbOBUMH
3HAYEHHSAMU HA KOXKHOMY MpPHUKIani X, . Bekrop €, mnpejcraBise HOBMIl BapiaHT 3HAYEHb MaM’STi, a
BEKTOpH f, Ta I, pEryjoIoTh CTYIiHb OHOBJICHHS BEKTOPY IIaM’sITi HOBUMH 3HAUCHHAMH. 3a PaxyHOK

Toro, 1o 3HaueHns W,, W. i by, b; OLIHIOIOTBCS B MPOLECI HABYAHHS, HEHPOHHA MEpeka PEryIIoe

1
JVHAMIKy OHOBJIEHHS €, ONTHUMAaJbHHM YHMHOM 3 TOUKHU 30py MiHimizauii kputepito y, X, W . Kpim Toro,

HasIBHICTh BEKTOPY MaM’sITi Ja€ 3MOTY 3MEHIIUTH €(EeKT eKCTPEeMalIbHOrO 3MEHIIEHHsI abo 301TbIIeHHS
HOPMHM TPaJi€eHTy IPU 3BOPOTHOMY PO3MOBCIOJUKEHHI MOXMOKH, IO MOPSI 3 BUKOPUCTAHHIM OOXiZHOTO
3’€IHaHHA, SKE 3I[VAJKy€ IOBEPXHIO MOXMOKM HEHPOHHOI Mepexi, CyTTEBO INPHUCKOPIOE HABYaHHS Ta
JIO3BOJISIE TOCSTTH MEHIIOI TOXUOKH nporHo3yBanHs. [Tepmmm Ha BXig LSTM nomaeThcst OCTaHHIN PSIIOK X;.

Buxin monynro LSTM BBoauThcs B OararomapoBHid MEPLUENTPOH 3 JBOMA NPUXOBAaHUMH IIapaMu
(Dense 1, Dense 2). Posmipaicte Dense 1 obupaeTrhcs OinbIoro 3a 7, po3MipHicTh Dense 2 ToBHHHA
JIOPIBHIOBATH 4, OCKUIBKYA BUXIJ HEPIENTPOHY MOEIEMEHTHO IO0JA€ThCSA J0 BXOAY HEWpOHHOI Mepexi. B
0IHO(AKTOPHOMY BapiaHTi B OOXiZHOMY 3’€IHaHHI HE BHUKOPHCTOBYIOTHCS JOAATKOBI MaTpHIi BaroBHX
KoedimienTiB. Sk aktuBanitHa QyHKIis npuxoBaHoro mapy MLP BukopucroByethes (yHnkuis selu (scaled
exponential linear unit) [11], sska Mae BUTIISI

z z>0
selu (z) =1 ) ,
s-e"—s z<0

e z — JiHiitHa KOMOIHAIliA BUXOIIB TOMEPEAHBOTO MIapy z =WXx, X — BEKTOP-PSIOK BUXOIIB TIOIE-
penHbBoOro mapy; A, § — mapameTpH, siKi HeoOXigHi A7 3a0e3MevYeHHs BIaCTHBOCTI caMOperyisipu3alii, Ipu

IIOMY peKoMeHI0BaHi 3HadeHds: s = 1,6733 ta A =1,0507 .

Buxin HM 3anaetbest popmyinoro j, = x, + W, - selu (W, -h, + b, )+b, -

OOxigHe 3’€HAHHS MOJIATAaE B JIOJAaBaHHI JIO0 BHXIJHMX 3Haue€Hb HEHPOHHOI Mepexi ii BXiIHUX
3Ha4YeHb. B 3amponoHoBaHiil HeHpoHHIN MepexXi nepeaaeThes TUIBKY MEPIIUi PIIOK X;.

EdextuBHICTS 00XiTHUX 3’€HAHL PO3TIITHYTO B POl TEOPETUIHHUX poOiT. Y [12] mokazaHo, Mo Taka
apXiTeKTypa eKBIBaJeHTHa aHCaMOJII0 MPOCTHX HEHPOHHUX Mepexk. 3aBISKW HAsSBHOCTI OOXiTHHMX 3’€JIHAHB
iH}opmallis mepenaeTbesl 3 BXOAY Ha BHUXIJ AEKUIbKOMA HUIAXaMH 3 Pi3HOIO0 KinmbkicTio mapiB. Lle mosBosse
TPaJlieHTy TTOXWOKU JOCATATH BiAMOBIAHUX BaroBuxX Koe(illi€HTIB Yepe3 MEHIIy KUTBKICTH IIapiB, MO 3HAYHO
3MEHIITy€E BIUMB e(hekTy HeCTaOUTBHOCTI Tpalie€HTy TIPH HaBYAaHHI (3MEHITICHH] Y¥ 30UThIIIEHHI HOPMHU TPaTi€HTY
NpH PO3MOBCIOKEHHI uepe3 mapu HM). V [13] manuit edekT iHTEpIpeTyeTbesl 3 TOYKH 30py TeoMeTpil
rimeprutonan - GyHKIii BTpaT. B po0OTi CTBEpMKYETHCS, MO HASBHICTH OOXIMHUX 3’€HAHb 3TIIAJDKYE
TIIEePIUIONTIHY BTPAT Ta CYTTEBO TOJICTIITYE HAaBUaHHS HEMPOHHIX MEPEXK 3 BEJMKOIO KUTBKICTIO IIapiB.

VY po6oTi HaBUaHHS MPOBOIUTHCS Y MiHITAKETHOMY PEXHMi 3a JIOTIOMOTOI0 aITOPUTMY ONTHMIi3alii
ADAM [14] 3 mapametpamu /r=0,001, b;=0,9 Ta b,=0,999. Lleii anropuT™M BUKOPUCTOBYE IPadi€HT QPyHKLIT
MOXUOKH JJI1 YTOYHEHHS BaroBUX Koe(illieHTIB Ta KBaApaT TPalie€HTy IS OWiHKY ii KpuBU3HU. OHOBIIEHHS
BaroBUX Koe(illi€HTIB MPOBOIUTHCS 32 HACTYITHOO MPOLEAYPOIO:
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_ ~ [ P ! _
W, =W _amt/( v +€)' m, _mt/(l_ﬁl)' m, = ﬂlmt—l +(l—ﬂ1)g, ’
Jie t — HOMep iTepallii IpoleaypH HaBUaHHsS; W, , W, , — BEKTOPU30BaHI MaTpHUIli BaroBUX KoeQillieHTIB Ha
iTepanii ¢ Ta t-1; o¢ — KpOK HaBYaHHs, pekoMeHaoBaHe 3HaueHHS 0,001; & — KOHCTaHTa, IO 3amo0irae

. . o -8 ~ .o

noxuOkam oOuMcIeHHs Npy AineHH] Ha 0, 3a3Bu4ail € = 10 " ; m, — BEKTOP CKOPHMIOBaHMX €KCIIOHEHIIHHO
3MIQJUKEHUX 3HAYeHb TPAJi€HTy; M, — EKCIIOHEHLINHHO 3IaJUKeHHH BEKTOp Tpaji€HTy; g, — TPaJi€HT
GyHKIiT MOXHOKH; S, — Koe(ilieHT 3rIamKyBaHHs; ¥, — BEKTOP CKOPUTOBAHHUX €KCIOHEHIIHHO 3IVIaPKEHHUX

3HAYCHb KBA/IPATY TPAMIEHTY, SIKHI OOYHCITIOETHCS 3a MPOLIETYPOI0
A t _ 2
Ve _"t/(l —B3), ve=Bvea H(1-5) &
Jie v, — eKCIIOHEHIIHHO 3IJ1a/UKEHUH BEKTOp KBaJpaTy IpajlieHTy
KBanpar rpajieHTy po3paxoByeTbcs noenemenTHo. Ha nmepmiii itepanii m, Ta v, iHimiamisyroTscs

HYJFOBIMH BeKTOpamH. J[aHa mporenypa HaBYaHHS aJAaNTHBHO KOPUTYE 3HAYEHHS KPOKY HaBUAHHS IS
KOJKHOT'O OKPEMOTO TTapaMeTpy i 3MEHIIy€e HOro 3 KOKHOIO iTepatieto. Llel anropuTm mokasas BHCOKY edek-
TUBHICTh B 3aJla4ax ONTHMI3allil 3 BEJIUKOI KUIBKICTIO MapaMeTpiB, 0 SKUX BigHOCAThCS HM rinmOuHHOTO
HaBYaHHSI.

3a pesysibTaTaMH MPOLEAYPH MEPEXPECHOT MEPEBIPKU KUIBKICTh MPUXOBaHUX HekpoHiB B LSTM =
50, Dense 1 =20, Dense 2 =n.

Jus  anpoOariii  3amponoHOBaHOI MOJeNli BUKOPHUCTOBYBAJIWCH MOTOMWHHI [aHi IpoO BY3JIOBE
eJICKTPUYHE HaBAaHTAXKCHHS CHEPrOCHCTEMH KOHTHHEHTAILHOI yacTHHH €Bporm [15]. V mamomy Habopi
NpeACTaBICHO NOTOANHHI 3HaYeHHs 11t 1494 By3miB 3a nepioa 3 2012 o 2014 pp. 3HaueHHS HaBaHTaXKEHHS
BY3JiB OTPUMAHO NUISXOM 3BaKEHHS CYMapHOTO HaBaHTAXKEHHS KOHKpeTHOoi kpaiHum (abo perioHy) mo
ITUTPHOCTI HACEJICHHS B OKOJII KOJKHOTO By3J1a. B pe3ysbTari Takoi MiAroTOBKH TaHUX CYTTEBOIO MTPOOIEMOI0
€ CHJIbHA KOPEJISALis MK By3JIaMH, OCKIJIBKH JJaHi BiZPi3HAIOTHCS TUILKA MacIITa0oM.

Hns mapyanns HM BuxopuctoByBanuch Aani 3a 2012-2013 pp. OniHioBaHHS MOKa3HUKIB TOYHOCTI
MPOTHO3Y npoBoauiacs 3a ganumu 2014 poky.

st mporHo3yBaHHSA 0o0paHo 11 By3IiB 3a KPUTEPIAMH MIHIMYMY KOPEJAIii 1 KOMITAKTHOTO
Micllepo3TalllyBaHHs. ¥Y3arajabHEHi CTATHCTHYHI MOKa3HUKH JJIsl JaHUX YaCOBUX PAIIiB HaBeAeHO y Tab. 1.
Taoauus 1

1 2 3 4 5 6 7 8 9 10 111
MaremaTtuune
crogiBanHst, MBT 187,3 | 183,5 | 61,7 67,3 49,5 427 44 4 25,0 16,0 15,5 21,9
CepenHpOKBaipaTHIHE
Bigxunenus, MBT 35,5 38,8 14,0 11,3 8,6 8,4 7,7 4,1 2,8 2,7 3,6
Min. 3nauenns, MBT 100,1 | 95,3 33,1 40,8 29,5 19,7 26,6 15,6 9,5 9,6 13,9
Makc. 3nauenns, MBt | 271,3 | 275,2 | 114,6 | 102,2 | 74,7 66,6 67,8 37,7 24,6 25,8 332

Pesynpratn mporHO3iB i3 3acTrocyBaHHSM KoMmOiHOBaHOi HM Mepexi TIMOMHHOTO HaBYaHHS
MOPiBHIOBAJINCH 3 MPOTHO3aMH HeHpoHHOI Mepexi eResNet [16]. OcranHsa cKiamaeThes 3 3-X OJIOKIB aBTO-
konyBanbHOTO TUIY (AK) 3 00XimHUME 3’emHaHHAME. OCOOIMBICTIO apXiTEKTYPH JAHOTO THUIY € OJHAKOBa

KUIBKICTh BXiIHUX (d, ) Ta BUXiAHHX (d,) HEMpPOHIB Ta MCHIIA KUIBKICTh NPHXOBAaHHX (d), ) HEHPOHIB

(d,=d,>d,). Bxin AK 010Ky NOEIEMEHTHO HOJAETHCA 3 HOro BHXOJOM, THM CaMHUM YTBODPIOIOYH

oOxigHe 3’emHaHHA. Buxin ocranHboro 01oky AK momaerbesi Ha BXin 0aratomapoBOTrO TEpIENTPOHY,
BUXOJIOM SIKOTO € MPOTHO3HE 3HAYEHHS HABAHTAKCHHSI.

Ju1s omiHKY MOXUOKW POTHO3Y HABAaHTAKEHHS OJHOTO By3Ja BUKOpHUCTOBYBanach pyHkiis MAPE

_ L& d - : :
MAPE = —Z ~——{-100% , ne y,, y, — GaKTU4HI Ta IPOTHO3HI 3HAYECHHs HABAHTAKEHHS B {-Ty TOJMHY.

m =1 Yt

Jl1st opiBHSIHHS MoJienieii BUKOPUCTOBYeThCs cepenne 3HaueHHs MAPE (u) mo Bcix 11 By3max Ta
crannaptae BiaxwieHHs MAPE (o). V Tabn. 2 Ta Ha puc. 2 HaBeICHO 3HAYCHHS L B 3aJIS)KHOCTI BiJ
3HavyeHHs nary /. B mepexi eResNet mapamerp / BruimBae Ha po3MipHICTh BXiTHOTO BEKTOPY, B TOH 4ac K B
Mepeki LSTM KiTbKiCTh TapaMeTpiB 3aIMIIAETHCS HE3MIHHOIO Yepe3 Te, IO NaHHI BHKOPHUCTOBYIOTHCS
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MOCTYNOBO 10 24 3HadeHHs 3a oauH muki podorn LSTM. Ilpu mpomy [uist TPOrHO3y BUKOPHCTOBYETHCS
TIJIbKU OCTaHHE 3HAYCHHS, sIKe ToBepTae MoayJib LSTM.

B mpaktuni excriyaTauii €HEprocucTeM BHHHMKAIOTH CHUTyalii, KOJM HEOOXiJHO 30UIbIIyBaTH
TOPHU30HT yIepeKeHHs Mporuo3y. B tabmn. 3 Ta Ha puc. 3 HaBeEHO 3HAYCHHS NOXMOKHU NPH MPOrHO3YBaHH1
3 pi3HUM TOPH30HTOM YTEPEHKCHHS I MEPEK 3 Pi3HUMHE BUKOpHcTaHUMU MoaysiMu LSTM ta eResNet.
Taoauns 2

v 2 3] 4| s e | 7] 8] 9 w]un] ] e

LSTM

[=24 513 | 636 | 423 | 431 | 484 | 521 | 454 | 424 | 4,64 | 3,95 | 415 | 4,69 | 0,68

/=48 511 | 5,776 | 3,772 | 3,87 | 443 | 5,09 | 403 | 3,67 | 423 | 3,34 | 3,68 | 426 | 0,76

[=72 4,43 3,8 291 | 2,89 | 3,11 | 4,28 2,8 2,52 | 2,93 2,4 2,63 | 3,16 0,7

[=96 3,71 | 3,81 2,8 2,93 | 298 | 3,99 | 2,44 | 241 2,6 2,37 | 2,57 | 2,97 0,6

/=120 326 | 4,13 | 2,95 | 2,94 3,3 4,39 | 3,12 | 2,64 3,2 2,4 2,7 3,18 0,6

[=144 398 | 459 | 3,03 | 3,33 | 3,57 | 439 | 3,18 | 2,92 | 3,34 | 2,73 | 3,07 | 3,47 | 0,61

/=168 4,02 | 423 | 3,18 | 3,47 | 3,58 | 4,71 | 3,18 | 3,01 | 3,28 | 2,78 | 3,15 | 3,51 | 0,58

[=192 399 | 429 | 3,16 | 3,15 | 3,67 4,7 327 | 2,87 | 3,43 | 2,68 | 297 | 3,47 | 0,63

eResNet

I=24 11,72 ]11,03] 96 | 72 | 785 | 6,87 | 7,15 | 929 | 753 | 6,85 | 7,23 | 839 | 1,74

/=48 513 | 636 | 423 | 431 | 484 | 521 | 454 | 424 | 4,64 | 3,95 | 415 | 4,69 | 0,68

[=72 6,1 6,91 | 575 | 499 | 557 | 596 | 5,09 | 4,82 | 522 4,9 492 | 5,48 | 0,66

[=96 564 | 6,46 | 537 | 4,51 | 518 | 558 | 4,71 | 4,41 4,8 4,67 | 442 | 507 | 0,65

[=120 4,54 | 5,55 | 5,14 | 3,74 | 4,57 5,1 3,87 | 3,68 | 4,04 | 4,03 | 3,66 | 436 | 0,67

[=144 4,25 | 501 | 4,62 | 3,53 | 4,09 | 491 | 3,59 | 3,34 | 3,68 | 3,51 | 3,35 | 3,99 | 0,62

/=168 2,99 | 436 | 3,66 | 2,75 | 3,36 | 4,12 | 2,84 | 2,65 2,9 2,67 | 2,76 | 3,19 | 0,61

[=192 3,02 | 422 | 3,39 | 2,72 | 3,31 | 4,11 | 2,63 2,5 2,76 | 2,58 | 2,54 | 3,07 | 0,62

[=216 2,83 | 427 | 341 | 2,67 | 3,29 | 4,14 | 2,67 | 2,53 | 2,73 | 2,55 | 2,57 | 3,06 | 0,64

[ =240 2,92 | 4,17 | 333 | 2,73 | 3,24 | 4,13 | 2,56 | 2,44 | 2,65 | 2,56 | 2,59 | 3,03 | 0,62

[ =264 2,99 | 4,13 | 3,41 | 2,81 | 3,27 | 421 | 2,56 | 2,48 | 2,67 | 2,61 2,7 3,08 | 0,61

Tadnuus 3
TopuzonT 1 2 3 4 5 6 7 8 9 10 11 n c
MIPOTHO3YBAHHS
LSTM
24 3,71 | 3,81 2,8 | 2,93 | 298 | 3,99 | 2,44 | 2,41 2,6 | 2,37 | 2,57 | 297 | 0,6
48 4,84 | 5,15 | 3,85 | 4,14 | 4,02 | 495 | 3,42 | 3,48 | 3,64 | 3,22 | 3,72 | 4,04 | 0,66
72 5,66 | 6,29 | 4,42 4 443 | 5,02 | 3,7 | 348 | 3,81 | 3,38 | 3,74 | 436 | 0,94
96 527 | 6,22 5 429 | 4,48 | 537 | 3,78 | 3,66 | 4,04 | 3,72 | 397 | 453 | 0,83
eResNet
24 2,92 | 4,17 | 3,33 | 2,73 | 3,24 | 4,13 | 2,56 | 2,44 | 2,65 | 2,56 | 2,59 | 3,03 | 0,62
48 3,82 5 434 | 336 | 3,78 | 4,63 | 3,14 | 298 | 3,27 | 3,23 | 3,16 | 3,7 | 0,68
72 429 | 548 | 4,776 | 3,68 | 4,07 | 4,73 | 3,38 | 3,25 | 3,48 | 3,57 | 3,41 | 4,01 | 0,72
96 46 | 562 | 528 | 3,79 | 424 | 484 | 3,53 | 3,38 | 3,61 | 3,69 | 3,6 42 | 0,78

HaBesieHi pe3ynbraTH MOKa3yloOTh, 110 HEHpOHHA Mepexka 3 moayinem LSTM nemnio Bumepemxkae 3a
ToyHicTIO Mepexi eResNet, i mepeBaroto pekypeHTHOI Mepexi € ii macmTaboBaHicTh. [lpu KinbKoCTi mpH-
xoBaHuxX HelpoHiB LSTM = 50, Dense 1 = 20 xinbKicTh BaroBux Koe(illi€eHTIB B PEKypEeHTHIH Mepexi
craHoBuTh 13651 i He 3anmexuTh Big nary /. [Ipy okpemMoMy NMporHo3yBaHHI HABaHTAKEHHSI KOKHOT'O BY3Jia
BUKOpPHUCTOBYEThCs 11 Mepex 3 17571 BaroBum kxoedinienToM, mo cymapHo ckianae 193281 npu /=240. I3
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3pOCTaHHSM KiJIKOCTI BY3IiB CyMapHa KiIbKiCTh mapameTpiB eResNet 3pocTae mBualie, HiXk B peKypeHTHIN
Mepexi, IO IMiIBUIIYE BUMOTH JI0 OOYHCITIOBAIBHHUX pecypciB. [IpoTe, 3a paXyHOK PEeKYpEeHTHHX Omepallii B
mepexxi LSTM, wac naBuanHs oaHiel mepexi eResNet menmwmii, ane cymapHo mis HaBuaHHs 11 HM
HEOOX1THO OLbIIIe OOUMCITIOBAIEHUX PECYPCIB.

4.5 45
LSTM

4 4
© - o eResNet

°.3.5 .35

=1 =7

7 " LSTM 3

2,5 eResNet 2,5

2 2
24 48 72 9% P 1 2 3 4 5 6 7 8 9 10 117

Puc. 2 Puc. 3

BucnHoBku. 3anporoHOBaHO KOMOIHOBaHY apXiTEKTypy IITyYHOI HEWPOHHOI Mepexi TIMOMHHOTO
HaBYaHHA, SKa BKIO4Yae peKkypeHTHud Momynb LSTM Tta OararomapoBuil MepHenTpoH, IO TO3BOIISE
MPOTHO3YBaTH BCi BY3JI0BI HABAHTAKEHHS EHEPTrOCHUCTEMH OIHOYACHO, BPAaXOBYIOUM B3a€EMO3B’SI30K MIXK
HUMH. be3nepeuHoro nepesaroto Mepexi Ha 6a3i LSTM € 3HauHO MeHIIa KiJbKICTh BaroBux KOeQilli€HTIB,
10 3HIKYE HEoOXimHuii 00’eM pecypciB ais HaBuaHHS HM, HaBiTh Ipu BUKOPHCTaHHI PEKYPEHTHHX
omeparliii. [lel epexT € 0cOOTMBO BaXKITMBUM AJISI MPOTHO3YBaHHS HABAaHTA)KEHHS 3HAYHOI KiJTBKOCTI BY3IIiB,
MO MOXKE CsTraTh JCKITbKOX COTEHb y pealbHuX eHeprocucremax. CepemHs moxmOka NMPOTHO3Y Ha 24
roguHu Mepexi Ha 0a3i momgyns LSTM cranoButh 2,97%, B TO# 4ac SIK IpU OKPEMOMY NPOTHO3YBaHHI
KOXKHOTO By3Jla cepenus noxuodka cknagae 3,03%. IIpu npomy 3i 301IbIIEHHSIM TOPU30HTY MPOTHO3YBAaHHS
nmoxuOka Mepexk eResNet pocre moBUIBHINIE, HK NMPH BEKTOPHOMY IIPOTHO31 3a JOTIOMOTOI0 MEpEexXi 3
monyiem LSTM.

Pobomy euxonano 3a 61003xcemnoro memoro «Pozeumok 3acobie xomn 'tomepHozo mooentoganus EEC Ons
onepamusHo20 ma KOPOMKOCMPOKOBO20 NPOZHO3YEaHHA Hasanmadxcenus ma piena cmitikocmi OEC Yrpainuy (wiugp
“Cucmema-6"), deporcasnuii peccmpayivnuii Homep 0115U005309.
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UNIVARIABLE SHORT-TERM FORECAST OF NODAL ELECTRICAL LOADS OF ENERGY SYSTEMS
P.O. Chernenko V.O. Miroshnyk P.V. Shymaniuk

Institute of Electrodynamics of National Academy of Sciences of Ukraine

Pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: cher@ied.org.ua

The paper proposes the architecture of deep learning neural network for short-term nodal electrical load forecasting.
The neural network combines the recurrent module LSTM (Long short-term memory) and the multilayer perceptron on
the top. Input and output of the network connected with shortcut connection. In multilayer perceptron used scaled
exponential linear unit (SELU) function as a nonlinear transformation in hidden neurons. A comparative analysis of
two approaches to the short-term prediction of node loadings of the grid is conducted. In the first approach, a separate
model based on the artificial neural network eResNet is built for each load node. In the second approach, vector
prediction of the values of the nodal load is performed using the proposed neural network. The second approach makes
it possible to exploit the relationship between the loads in the nodes and reduce the number of computational
operations required to build the model, especially at a large number of nodes. Recurrent network showed slightly better
result when forecasting horizon was 24 hours, but eResNet showed more accurate forecast with longer horizons.
References 11, figure 1, tables 3.

Keywords: nodal electrical load, short-term forecasting, artificial neural network, recurrent network

OJHOP®PAKTOPHOE KPATKOCTPOYHOE NPOI'HO3UPOBAHUE Y3J10BbIX EJJEKTPHYECKUX
HATPY30K DQHEPT'OCUCTEMBbI

II.A. YepHeHKO., IOKT. TEXH. HayK, B.A. Mupomnuk, I1.B. lllumaniok

HHcTuTyT 3aekTpoanHamuku HAH Ykpaunu,

np. [lobeawl, 56, Kues, 03057, Ykpauna, e-mail: cher@ied.org.ua

Ipeonosicena KOMOUHUPOBAHHASL APXUMEKMYPA UCKYCCMBEHHOU HEUPOHHOU cemu  2IyOUHHO20 00yYeHus O
BEKMOPHO20 NPOSHOZUPOBAHUSL V3108bIX HAZPY30K. OCOOEHHOCMbIO OAHHOU HEUPOHHOU cemu eCcmb UCHOIb308AHUE
pekyppermnozo mooyas muna LSTM (Long short-term memory — cemu 0020l KpAMKOCPOUHOU RAMAMU), 6bIXOO
KOMOPO20 N00Aemcst 8 MHOLOCIOUHBIL nepyenmpon ¢ akmueayuonnoi gyuxyueti SELU (scaled exponential linear unit —
MaACumabupoBanHas IKCNOHEHYUATbHO TuHelHas Gyukyus). /s nosviuienus dpghexmusnocmu 0Oyyerust UCnoab3yemcs
00X00HOe coeduneHue, Cynmb KOMopo2o 3aKioYaemcst 8 NOINEMEHMHOM CYMMUPOBAHUU 6X00d U BbIX00A HEUPOHHOU cemil.
Ilposeden cpasnumenvuvlii  ananu3 08YX HOOX0008 K KPAMKOCPOYHOMY NPOSCHOZUPOBAHUIO Y3N06bIX HASPY3OK
onepeocucmemvl. Ilpu nepeom nooxode 01 KaNCO020 Y31d HASPY3KU CHMPOUMCS OMOENbHAsL MoOelb Ha Oase
ucKkyccmeenHol HetiponHoul cemu eResNet. [lpu eémopom nooxode ocyujecmensiemcsi 6eKmopHoe NPOSHO3UPOBAHUe
SHAUEHUU Y3/108bIX HAZPY30K C NPUMEHEHUeM NPeONONCEHHOU KOMOUHUPOBAHHOU HeUpOHHOU cemu. Bmopot nooxoo
no360NsAEM, UCHOAL3YSL  B3AUMOCEA3L  MENCOY — HASPY3KAMU V37108  SHEP2OCUCIEMbl,  YMEHbUIUMb — KOIUYECHB0
BbIUUCTUMENBHBIX Onepayull, HeobXoouMbIX 015 NOCMPOeHUs MOOeiu, 0COOeHHO npu OOILUIOM KOAUYecmsee Y3io8 8
anepeocucmeme. bubmn. 11, puc. 1, Tadm. 3.

KitoueBble cJI0Ba: y370Bas 3JICKTPUUYECKAsh HArpy3Ka, KPATKOCPOYHOE MPOTHO3MPOBAHHE, UCKYCCTBEHHAsI HEWPOHHAs
CeTh, pEKYpPEHTHAs! CETh
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MOJIEJIIOBAHHS CYMICHOI POBOTH CUCTEM 30BHIIITHBOI'O TA TSITOBOI'O
EJIEKTPOITIOCTAYAHHS 3AJIIBHULb 3MIHHOT'O CTPYMY JJISA OIIHKU AKOCTI
EJEKTPOEHEPI'II Y HECUMETPUYHUX PEXKUMAX

J.P. 3emcbkuii *, B.I. Cuuenko **, nokr.rexs.Hayk,. .0. bocuii ***, 1oKT.TeXH.HayK
JlHinpoBchbKuii HAiOHATBHMIA YHIBepCHTET 3aMi3HMYHOI0 TPAHCNOPTY iM. akan. B. JIazapsina,
BYyJ. JIazapsina, 2, [Ininpo, 49010, Ykpaina.

E-mail: d.zemskyi@ukr.net, elpostz@i.ua, dake@i.ua

B cmammi npononyemucs nioxio cymicHO20 MOOeN08aHHA HECUMEMPUUHUX DedCumie pobomu cucmem ma208020 ma
306HIUHBO20  €NEKMPONOCMAYAHH HA OCHOBI NOMA3HO20 NpedCcmasients mpugasnux enekmpuunux mepeoic. I1ioxio
003807151€ 8PAXy8amu PizHy KOH@IZYpayiio NiOKIIOUEeHHs. MA208UX NIOCMAHYIN 00 HCUGTIHOL Mepedici, HeNiHIUHI napamempu
MAcHImMHOL cucmemu mpancghopmamopa yepe3 anpoKCUMAyilo 3aiAeHCHOCMI MACHIMHOL NPOHUKHOCMI 6I0 HANPYHCEHOCMI
MAZHIMHO20 NONA, HENHIUHI Napamempu eleKmpomsic08020 HABAHMANCEHHSL Yepe3 GUKOPUCMANH AKMUGHOT ma 0OMIHHOT
XApaKxmepucmux eiekmpo8o3y 00HOpA3HO20 3MIHHO20 cMpyMy. 3a 0ONOMO20I0 AHANIMUYHO20 GUSHAYEHHSI NApamempis
00CTOAHCYBAHOT cucCmeMu MAMeMamuiHa Mooenb Gpopmyemocst y uenioi cucmemu OUQepeHyiiiHUX PIBHAHb, 360eHUX 00
HOpManbHOI hopmu. Buxopucmanus moOynbHO20 npuHyuny y 6u2iaoi USHAYeHHS YHi(iKosaHo2o OI0KY 00360714€
nooyodysamu mMamemamuyty Mooeib cucmemu 0y0b-gaKoi CKIAOHOCHI, OCKLIbKU 8UOLIEH] MAKUM YUHOM NOOIOHI enemeHmu
onucyromucs munogumu pigHaHuamu. CyMiCHe MOOe08ANHS CUCIEM MA208020 MA 308HIUHLO2O eNeKMPONOCMAYAHHS 0A€
3MO02y BUKOHY8AMU PO3PAXYHKU MA AHANI3 NOKA3HUKIG AKOCMI eleKMPUYHOI eHepaii, nposooumu 00CHiONCeHHs, HaNpasneHi
Ha nepesipKy pobomu cucmemu y pasi 8NposaoNCeHHs: HOB020 ODNAOHAHHA YU HOBUX MEXHIYHUX DilleHb 8 YCMAaleHux ma
nepexionux pexcumax. biomn. 29, puc. 6, Tabdm. 2.

Knrouosi cnosa: maremarnyHe MonenroBaHHs, (a3Hi KOOPIMHATH, TSIOBE EJIEKTPOINOCTa4YaHHs, CUCTEMa 30BHIIIHBOTO
€JIEKTPOIIOCTa4uaHHsl, HECUMETPHYHHUI PEKUM, HABAHTAKEHHs1, aKTHBHA Ta OOMIHHA XapaKTepHCTHKA.

Beryn. Po3BUTOK Cy4acHOrO CyCHiNBCTBA CYMPOBOMKYETHCS IOCTIMHHM 3pPOCTAHHSM IIONHUTY Ha
eleKkTpoeHeprito. B yMoBax 0OMeXeHOI KUTHKOCTI €HEPreTHYHHX PECypCiB, OMHUM i3 HaIpPSAMKIB JIEpKaBHOI
EKOHOMIYHOI TOJIITUKH € MiJIBUIICHHS e(EeKTHUBHOCTI eKCIUTyaTallil eleKTpU4HOro oOnaaHaHHs. Bei HaykoBIi
OIHOCTalHI y TOMY, 11O 30UJbLICHHSI TPAH3UTY MOTY)KHOCTI, 3pOCTAaHHS YaCTKU HEJIIHIHHOTO, Pi3KO3MIHHOTO Ta
HECUMETPUYHOIO HaBaHTAXEHHS MOTIPIINTD SKICTh EIEKTPUYHOI €HEeprii Ta MpHU3Bele 10 3HWKEHHs HaaidHOCTI
Ta Oe3rmeknd (YHKIIIOHYBaHHS EJICKTPOTEXHIYHOTO OOJaIHAHHSA, MPUCKOPUTH MPOICCH CTApiHHS i30JIAIII,
30UIBIIMTG BUTPATH TMOTY)KHOCTI TpW ii mepedadi 1 CIOXKMBaHHL. Y LBOMY BHUIIAAKY 3HAYHUH pe3epB
eHepro30epe)keH s Ta MiJBUIICHHS HAIIHHOCTI (yHKIIOHYBAaHHS €IIEMEHTIB €JIeKTPUYHOI MEpPEekKi Ta eIeKTPo-
npuiiMadiB, 3aKIAJCHAN y BHUPINICHH] TPOOIEMH eIeKTPOMArHiTHOI CyMICHOCTI, iHTEpeC M0 SKOI TaKoX
MiATBEPIUKYIOTh BioMi TyOmikariii [1-6].

CucteMd 30BHIIIHBOTO Ta TATOBOIO €JIEKTPOINOCTAYaHHS pa3oM i3 MepeKaMH J>KUBJICHHS HETSTOBHX
CIIOKMBAYIB YTBOPIOIOTE CKIIATHIN CHEPTeTHYHNN KOMITIEKC i3 B3aEMHHM OararopakTOpHUM €JICKTpOMarHiTHAM
BIUIMBOM. BUBYEHHS Takoi CKJIQJHOI CUCTEMH MOTpeOye 3aCTOCYBaHHS MaTeMAaTH4HOI MOJIECII, sika Ja€ 3MOTY
PO3paxoByBaTd CTPYMH Ta HAlpyr'd y By3JaX CXEMH 3aMilIEHHS CUCTEMH 13 HEOOXiIHOIO TouHicTIO. Y pasi
BIPOBAKEHHSI HOBOTO OOJaHAHHS BayKJIMBOIO 3a/1a4€l0 € MOJICIIIOBAHHS EIEKTPUYHUX CHCTEM 3 YPaxXyBaHHAM
HEJIIHIHHOCTI MapaMeTpiB eIEMEHTIB Ta IXHROTO BIUIMBY Ha TIEPEXiTHI IMPOIECH Y CHCTEMaX eIeKTPOIOCTadYaHHs,
10 MOKJTMBO IIPH BUKOPUCTaHHI MoJielield Ha OCHOBI Au(epeHIIIHHNX PIBHSIHB CTaHY €JIEKTPHYHOTO KoJa.

MeTto10 poOOTH € po3pOOKa MaTeMaTHYHOI MOJIEINI JUIsl PO3PaxyHKy ITOKAa3HHUKIB SKOCTI eIEKTPOSHEeprii 3
ypaxyBaHHSAM PI3HOTO MIKITIOYCHHS (Pa3 TATOBUX MIACTAHINI 3MIHHOTO CTPyMY IO CHCTEMH 30BHIITHBOTO
eIIEKTPOTIOCTaYaHHS, HEPIBHOMIPHOTO 3aBaHTaXKEHHS TATOBOTO TpaHc(opMaropa Ta HECHHYCOITHOCTI TIEPBUHHHUX
CTPYMiB eeKTpoBo3iB. OCKIIbKH Y MPOLIECi BUPILIEHHS! HAYKOBO-IIPAKTUYHUX 33184 Y €IeKTPOCHEPIeTHUIll MAIOTh
MiCIIe CHCTEMH Pi3HOI CKJIAIHOCTI, HEOOXiTHO TaKOXK Iepea0aInTH MOXKIIMBICTh IIBHUIKOTO Ta aBTOMAaTH30BAHOTO
CKJIaJIaHHsI MoJiesiel 3 yHi(ikoBaHHX OJIOKIB.

Ananiz nyOmikauniii. EnexTpoMarHiTHI mporecu y cuUCTeMax eJIeKTPOIOCTadaHHS € MpPeAMETOM
0araTb0X HayKOBHX POOIT, 30KpeMa, pe3yibTaTH NOCIiIXKEHb, SKi CTOCYIOTHCS CHCTEM TATOBOTO EJIEKTPO-
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nocTavyanHs, omyomikoBano y [7—10]. HaykoBi myOmikariii, sKi BUKOPUCTOBYIOTh MaTeMaTHYHUH amapar A
MOZICTIOBAHHSI CHUCTEM EJIEKTPOIOCTa4aHHs, aKIEHTYIOTh yBary Ha IepeBarax nodasHOro IigxXoay o
noOyIOBH MOJIeNli NP HECUMETPHUYHHX peXrMax pPoOOTH CHCTEMH, MPOTHCTABISIIONM HOTO METOLY
cuMeTpuyHHuX ckianoBux [11-15]. V¥ tpudazamx cxemax 3amilleHHS MOXIHMBO MPOCTO BPaXOBYBaTH
3’€THAHHS CJIEMEHTIB Mepeki Ta IXHI HEINiHIHHI XapaKTEepPUCTUKH, Peajli3oByBaTH PI3HI THIIM KOPOTKHX
3aMHUKaHb. TOMy TMPUXOAWMO JO BHCHOBKY, IO MOJENIOBaHHS HECUMETPHYHHX PEXKUMIB y Mepekax, IIo
KHUBJISITh CUCTEMY TATH 3MIHHOTO CTPYMY 3 Pi3HOIO CXEMOIO MiIKIIOYEHHS MiACTaHLil 0 XKHUBISI0I MEpexKi,
JIOTTUTBHIIIIE TIPOBOANTH Y (ha3HUX KOOPIWHATAX.

3HavyHUN BKJIA]] 10 PO3POOKH MareMaTUIHUX MOJIeNied CUCTEMH TATOBOTO €NIEKTPOIIOCTa4YaHHs BHECCHHH
KOJICKTUBOM aBTOpiB, cepel skux Bapro BimsHaumt B. 1. 3akaprokina ta A. B. KproxoBa. ¥V [16] mokazaHo
3arajibHi MiAXOAW IO CTBOPEHHS MOJENel OCHOBHHMX EJIEMEHTIB ENEKTPUYHHMX CHCTEM Ta HAaBaHTAXEHHS Y
(ha3sHUX KOOpIMHATaX, HABEACHO pE3y/IbIaTd MOAENIOBAHHA PEKHMIB POOOTH Yy €IEKTPHYHUX Mepeskax
3arajJlbHOTO MPU3HAYCHHSI Ta Yy CHCTEMaXxX TATOBOTO eNeKTpoIocTadanHs. Po3pobieny Monens BUKOPHCTAHO IS
IMITaIIIfHOTO MOJIETFOBaHHSA CHCTEMH TSTOBOTO €NIEKTPOIOCTa4aHHs 3 ypaxyBaHHIM Tpadiky pyXy MHOi3nmiB Ta
pealtizoBaHo y IporpaMHOMY KoMimiekei Pa3onopa. OqHak 3aponoHOBaHMi aBTopamH [ 16] miaxin 6a3yeTscs Ha
CHMBOJIbHOMY METOJI MpECTaBIeHHsI CHHYCOITHUX BEJIWYWH, IO 3HAYHO CIPOIIYE PO3PAXYHOK EIEKTPHYHHX
Kil, oOMexye HOro 3acToCcyBaHHS BHUKIIOYHO B YCTaJCHOMY PEXUMI Ta MOTpeOye 3acTOCYBaHHS METOHY
HaKJIaIaHHs [IPY MOJIENIIOBaHHI HENIIHIHHOTO HABaHTaKEHHSI.

Bukoprcranns Mozerneit, moOyIoBaHUX Ha OCHOBI iHTErpo-TuepeHIIHIX PIBHSHb CTaHy EJICKTPHUK-
HOTO KOJIa, BOYEBH[b, JIa€ 3MOTY BHPIIIyBaTH OUIBII IIMPOKWH Kiac 3a/4ad, a 3a Cy4acHOTO PiBHS PO3BUTKY
3ac00iB OOYHCITIOBANEHOI TEXHIKM Ta ICHYFOUMX CIIEIiajbHUX TMPOTPaMHHUX KOMIDIEKCIB MpOIEC BHU3HAYCHHS
HEBITOMHX (YHKITIH 3HAYHO CTIPOIIYeThCs. JudepeHtiiiti piBHAHHS I TOOYIOBH TPHU(PAZHUX CXEM 3aMIIICHHS
Bukopucrtati y podorax M. C. Ceremn, O. B. Kupunenka, O. @. Bytkesuua, T. A. Mazypa, F0. M. Benpuxka [17,
18]. B nux poboTax mpeacTaBieHO y3aradbHEHI MaTeMaTH4Hi MOZENi OKPEMHX HNPHUCTPOIB EIEKTPOCHEPTETHKHY,
AKI MOKJIMBO 3aCTOCOBYBAaTH IIPU PO3PaxXyHKaX CUCTEM TATOBOIO €1E€KTPOIOCTaYaHHS.

AHaniz myOnmikamiii mokazae, IO YacTWHA MIIXOMIB /IO MOJIEIIOBAHHS CHCTEM eJIEKTPOIOCTAYaHHS
0a3yeThCsa Ha CHMBOJIBHOMY METO/Ii PO3PaxXyHKY, sIKWil He IPUIATHUH IS TOCATHEHHS TIOCTABJICHOT METH, a 1HIIa
YaCTHHA OITyOJIKOBaHUX PE3yNbTaTiB TOCIiHKEHb, JIe BAKOPUCTAHO MOJET Ha TU(EPEHIIIHHNX PIBHIHHAX, — HE
BpaxoBye crelrdiky poOoTH eNeKTPOTIrOBUX Mepek. BapTo Takok 3a3Ha4MTH, 110 BiJJOMI MPOTpaMHi KOMILTEKCH
JUISL CyMICHOTO MOJENIOBAHHS CHUCTEM TSTOBOTO 1 30BHILIHBOTO €JIEKTPONOCTa4YaHHs, sIKi 3[aTHI BiITBOPIOBAaTH
TIepexiHi pexXuMH, po3po0JIeHO Yy IHIMX KpaiHaX Ta BUKOPHCTOBYIOTHCSI HA KOMEPIIiHHIA OCHOBI, IO YCKIIaTHIOE
iXHE IMPOKe BUKOPUCTAHH y IPOLIEC] BUPILIEHHS HAyKOBO-TIPAKTUYHUX 3a]1a4.

OcHoBHa 4acTuHA. 31718 JOCSTHEHHS TIIOCTAaBICHOT METH IPONOHYETHCS CHUCTEMY EIIEKTpPO-
NOCTAauaHHs 3aji3HHULI 3MIHHOTO CTPyMY MpPEACTAaBUTH y BHUIIAAI yHidikoBaHUX miacucteM (ONOKiB),
MaTeMaTUYHUH OIUC SIKUX JACTh 3MOT'Y aBTOMAaTH3yBaTu (pOpMyBaHHS MOZENI CUCTEMU €JIEKTPOIIOCTaYaHHS
pizHoi koHGirypauii. [Ipuknag cucreMu eneKTpornocTadyaHHs MmokasaHo Ha puc. 1, a, ne C3E — cucrema
30BHIIIHBOTO enekrponocrayanHs; CTE — cucrema TAroBoro enekTpomocTtadaHHs; TM — TsIroBa Mepexa;
EPC — enexrpopyxomuii cxian; JIP — dinepu ninii «1Ba mpoBogu-peiikay.

Po3misiHEMO NEKOMITO3UIIII0 CUCTEMH €JIEKTPONOCTa4YaHHs 3a/II3HULI Ta Pe3yabTaTd ii MOIETIOBaHHS Ha
"""""""""""""""""""""""""""""""" npukiagi CTE, mo npairoe 3a

CXEMOIO KOHCOJIBHOTO >KHBJICH-

v (puc. 1, 6), ne I' — mxeperno

TpudazHoi Hampyru (TeHepa-

top); JIEIl — ninist enekrpore-
penadi.

Cucrema enekTporocra-

YaHHS PO3NUIIETHCS Ha OJIOKU:

eNIEKTPOECHEpreTHYHa — CHCTEMa

(puc.2, a), TpudazHa iHIA

e enexrporiepenadi  (puc. 2, 0),

TATOBUH Tpanchopmarop

! (puc. 3, a-e), TATOBA Mepeka Ta

Jute Ii| ) EPC I-PC'" eNeKTpopyXoMuii ckiaz (puc. 3,

cHomHsa 0). Ha cxemax 3aMillleHHS ITUX

6 OJOKIB Ta y PIBHSHHAX, IO iX

e T T

.6}. .............. -..1 ................. anduan

Ty |

JIEN

r

Puc. 1 a
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OIIHCYIOTh, JUKEPEIIO HANPYTH MO3HAYCHO SIK €5 CIPYM — iy ; OXiHA BiJ| CIpyMy — l','g-; aKTHBHUI OIIp — 7; ;
Koe(IIiEHT CaMOIHAYKINi — ij; koeQillieHT B3aeMOIHIYKIiT —M R MArdiTHUHA IIOTIK — ¢kj; MOXiJHA BIJ
MAarHiTHOTO TIOTOKY — ¢,’g-; aKTHBHUII MArHiTHWA OMp — 7y, ; MArHiTHA iHJYKTHBHICTb (AMB. TOSICHCHHS JIO
opmymn (18)) — L, ; KUIBKICTb BUTKIB y 0OMOTLI TpaHC(OpMAaTopa — Wy; ; IPOBIAHICTH YOTHPHIIPOMECHEBOL
3IPKHU JHHIT — Yy 5 HOPSUIKOBHH HOMED INJICHCTEMH y 3aralibHiii MOLeNi — k ; HOMEp BITKH y CXeMi 3aMillleHHs —

j .V iHgekcax CTpyMIB Ta €IEMEHTIB eJIEKTPUIHOTO KOJIa, IO BIAHOCATHCS JI0 3eMJIi a00 HEUTPAIHHOTO TIPOBOY,
3aMiCTh HOMEpY BITKH j BHKOPUCTOBYETHCS, BIATIOBIIHO, g — ISt 3eMili a00 1 — ISt HEUTPabHOTO TIPOBOLLY.
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Puc. 2

Cxema 3amimeHHs Onmoky «EmekTpoeHepretndna cuctemay (puc. 2, @) CKIAAEThCS 3 MOETHAHUX Y
CHITBHY TOYKY PEaNbHUX JPKEPEN eJICKTPOPYIIHHUX CHI Ta HeHTpanbHOro nposoay. das3Hi mpoBoau OJI0KY
JUKepelia 3aMHUKAI0ThCS Ha 3eMJTI0 depe3 MPOBITHOCTI JIiHIT eJeKTporepeaadi — HacTyITHOI CKIaIoBOT MOJIEITi
CUCTEMH EJICKTPOIIOCTAYaHHS.

BBakarouu, 1m0 MEpBUHHA HAMpyTa >KUBJICHHS TATOBUX MIiFCTAHINN, SK MPABUIIO, HE TIEPEBHIIYE
220 kB, To y cxemi 3aMiIieHHs JTiHIT MO’KHA HE BPaxOBYBaTH BTPATH Ha KOPOHY Ta XapaKTep IPOBIITHOCTI
MPEJICTaBUTH €MHICHMM. BiacHi, B3a€MHI Ta YaCTKOBI €MHOCTI, NMPH ILbOMY, AOIIIBHO MEPETBOPUTH Y
YOTHUPHUIIPOMEHEBY 3iPKY JJIsi YHUKHECHHS CHHTYJIIPHOCTI 32 HACTYITHUMU Qopmyiamu [17]:

C1=Cy+3Cy ; (1)
Cy=Cq1/Cy , (2)

ne Cp — BracHa 4acTKoBa eMHICTh (ha3u iniHii; C,; — B3a€MHa 4aCTKOBAa €MHICTh MiX (a3amu niHii. Y

MiX JHIHHAMH TPOBOJIaMH BpaXOBYETHCS UYepe3 BKIIOUEHHS Koe(illieHTa B3a€MOIHAYKIII y BITKY i3
CTPYMOM HEUTPAJIBLHOTO MPOBOAY.
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MaremaTi4yHe TPEACTABICHHA CXEM 3aMilleHHs BCiX HACTYNMHHUX OJIOKIB 3alMCY€ThCS 3aKOHAMH
Kipxroga, 1o BUKOPUCTOBYIOTBCS Y €JIEKTPOTEXHIII.

Hwxye HaBeeHO MpUKIIAL 3aKCy PIBHAHD JUISL CXEMH Ha pHUC. 2, a, Ae (3)-(5) — piBHSHHS HanpyTu
Ui KOHTYPiB, (6)—(12) — piBHsHHS OanaHcy ctpymiB y By3nax, (13)—(15) — Bupasu ans 3MiHHUX CTaHy
€JIEKTPUYHOTO0 Kouia 010Ky «Enexrpoeneprernuna cuctemay. PIBHSIHHS 3alIMCYIOTHCSI HACTYITHAM YHHOM:

ekl =ix17i1 + ik Lin ek+1)a +ee1y7 T kTt +iknLin > A3)

k2 =igatka koLl +ue(ran)s T Ue(k+1y7 +ikntkn + iknLien 4)

ex3 = i3s3 + k3L + Uiy T Ue(k+1y7 Fikntin +iknLin 5 ®)

—ln +igy +igy i3 =0; I~ ika1ya ~ Iy = 0 Ik = Ikrn)a — k)2 =03 (6)-(3)
k3 ~ik41)s ~ k)3 =05 ik41)a +ik41)5 +ikr1)6 ~ik1y7 =03 9), (10)
ik+1)7 ~ kg ~Uks1)g =05 (11)

Ue(k+1)4 = ik+1)a 1 Crs Ugk+1)s = igk+1)s / C1s (12), (13)

Ueka1y6 = k1) / Ciis Ue(k+1)7 =ik1y7 / Cnvs (14),(15)

1€ U, — Halpyra Ha EMHOCTI YOTUPHIIPOMEHEBOT 3ipKH Ta u, — HOXIIHA Bij He.

Ha puc. 3 HaBemeHO cxeMu 3aMillleHHS MiZCHCTEM, IO MOIEIIOIOTH TpaHC(OpPMATOp MiACTaHLIl Ta
TSATOBY MEPEXKY 13 CIIEKTPOPYXOMHUM CKJIAZIOM, JI€ d, O, 8, 2 — CXeMH 3aMIIIIEHHsI, BiAITOBIIHO, IEPBUHHOI 0OMOTKH
TpaHchopmarTopa, MarHiTOpoBoIa, TATOBOI Ta TpeThoi (palOHHOI) OOMOTKH; 0 — cxeMa 3aMillleHHs Oioka
«TsroBa Mepeka Ta eNeKTPOPYXOMHUH CKIIaz.

MogemnroBanHs TpaHcopmaropa y (pazHUX KOOpAMHATAX 33 HECUMETPUYHOTO HABAHTAXKEHHS MOTpedye
BU3HAYCHHS IapaMeTpiB B3a€MOIHIYKIIIi MK #oro oomotkamu. [Ipu ¢opMyBaHHI piBHSHB, IO ONUCYIOTH CTaH
MAarHiTHOTO KoJia, BHKOPHCTaHO BIZIOMHH 13 Teopii pO3paxyHKy MarHiTHHUX KUl MiIXiA, A€ BiAHOIICHHS
MAarHiTOPYIIiHHOI CHIIM 10 MarHITHOTO MOTOKY IHTEPHPETYIOTH EIEKTPUIHIM OIIOPOM.

Toit (haxt, M0 MarHiTHUI MOTIK y hepoMarHiTHOMY OCepi BiICTaE Bil CTpyMy B OOMOTII Ha KYyT & TpU
3aMiHi HENHIHHOTO CTPyMy HOTO CHHYCOIJHMM €KBIBaJICHTOM, A€ MiJICTaBy BUKOPHUCTOBYBaTH KOMILICKCHHMA
MarHiTHui omip Z,,. Takum 4MHOM, BUpa3 KOMILUIEKCHOI MarHiTopymiiinoi cumu (MPC) matuMe HacTynHMii

BUITISL

F=0-Z,, =0 Ry, +D- jXy, =F, + jFy, (16)
ne ©,F,Z, — BIANOBIIHO MarHiTHUI MOTIK, MArHITOPYIifHA CUJIa Ta OBHMI MarHITHUM OIIp Yy KOMILICKCHIH
opmi; R,,,X,, — aKTHBHWI Ta IHAYKTHBHMH ONOPH MAarHiTHOro ocepis; F,,F, — aKTHBHA Ta peaKTHBHA

CKJIaJI0Ba MarHITOPYIITIHHOI CHITH.
BHKOPUCTOBYIOUM aHAJIOTIIO 10 CHMMBOJIBHOIO METOMY PO3PaxXyHKY CJICKTPHYHUX KT 3 CHHYCOIIHHUM
cTpyMoM, Bupa3 (16) MOKHA TiepenucaTy y BUIVISI

f:¢'rm+¢,'Lm= (17)
Je f — MmarHitopylliliHa cuna; ¢ -7, — BU3HA4Ya€ MArHiTHWUI chiaj Hampyry, skuil nepeOyBa€ i3 MarHiTHUM
noToKoM y asi; ¢’ L,, — MarHiTHUH CIaJl HAIPYTH, IO BUNEPEeDKAe MarHiTHHI MOTiK Ha 90 ex. rp. OCKUIBKH
Bupa3 (17) nomiOHuWit 10 pIBHSAHHA HAOpyrd IJisl MPOCTOrO E€NEKTPUYHOIO Koia, TO Ul mapamerpy L,
3aMpOIIOHOBAaHO TEPMiH «MAarHiTHa IHIYKTHUBHICTE». AHAJOTIYHUM TEpMiH BHKOPHCTaHO 1 y poOoTi [19] mpu
BUPIIIICHHI O1IBIN By3bKO1 3a/1adi.
ITpu BpaxyBaHHi peabHOI 3aJIe’KHOCTI MArHITHOTO MOTOKY 7, € IMHAMIYHHM OIIOPOM MAarHiTHOTO KoJa,
KU 3aJIOKHTH BiJl PO3MIpPIB OcepAs Ta JMHAMIYHOI MarHiTHOI MPOHHUKHOCTI. OCTaHHS Y OMY BUIAJIKY HE
BPAXOBY€ SIBUIIIA TCTEPE3UCY, @ BTPATH AKTUBHOI IIOTYXKHOCTI Y MarHiTONPOBO/Ii BU3HAYAIOTHCS TAPAMETPOM L, .
[lpu BUKOpHCTaHHI MAarHiTHOI TPOHHMKHOCTI, fKa ONMUCyBaia O TICTEPE3UCHUI NPOIEC, MOXKIUBO
YHHUKHYTH PO3JIIICHHS Ha CKIAJOBI 7, Ta L, . IlepemarniuyBaHHs (epOMarHeTHKIB 3 ypaXyBaHHSAM TicTepe3ucy
OpH MOJETIOBaHHI €JIEKTPHYHMX MalliH BHKOPUCTOBYIOTH Yy CBOiX poborax 3ipka C. E., Mopo3 10.1. Ta
Mopos €. 1O. [20], ane y pamKax JaHOTO JOCIIHKEHHsI TOCTaTHHO BUKOPUCTOBYBATH OMUCAHUH T AXiJ.
BusHaueHHs mapaMeTpiB CXEMU 3aMiIllEHHS BHUKOHYETbCS HACTYIHHM YMHOM. IHIykTuBHiCTH L, 3

ypaxyBaHHSIM BU3HAYEHUX MPUITYILECHb IPUMMAETHCS TIOCTIHHOIO Ta PO3Pax0OBYETHCS 32 (POPMYIIO0
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Fyd
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ne I, S, — cepenHs JIiHis Ta epepi3 ocepls CepAeYHHKa; o — ysIBHA YaCTUHA IIMTOMOIO MarHiTHOTo onopy [21];

Fy —inToMi akTHBHI BTPATU y CTall; d — IyCTHHA CTali; B — MaKCHMallbHa IHIYKLIs; f — YacToTa.

L, =pl./(2fxS.)= 1./, (18)
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AKTHBHHUI MarHiTHAH OMip MPEICTaBUMO Y BUTIISIL (PYHKIIIT BiJ] HAIPY>KEHOCTI MarHiTHOTO Toyst A
/
_ c
T (H) = H—S ) (19)
ﬂ( ) D¢

ne w(H) — 3aeXHICTh MarHiTHOT POHUKHOCTI Bijl HANpY»eHOCTi mojis. [1ix uac MOJeroBaHHs MOKa3aB CBOIO
MPUIATHICTD MiAXig 10 ampoKcuMalii 3aiexHocti w(H), 3amponoHoBanuit y [22]. Moro cyts momsrae y
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BHKOPHCTaHHI YHIBEpPCAJIbHOI alpOKCHMYIOYOi KPHUBOI EIEKTPOTEXHIYHHX CTaJeH, SIKy HIUISIXOM 3MIHH BXiTHHX
rapaMeTpiB MIPUBOAATH JI0 peaibHOI 3anesxHoCTi t(H) .

Jlns MozenmoBaHHS €NIEKTPOTATOBOTO HABAaHTA)KEHHS BHUKOPHCTAHO 3allpoloOHOBaHMN y [9] meron, ne
HapaMeTpu €leKTPOPYyXOMOIro CKJIa[y BU3HAYAIOTh y BUIVIAAI aKTUBHOI 7,(i,) Ta OOMIHHOI XapaKTepUCTUKH

L, (i,) . Ans ixHBO1 MOOYI0BH MOKHA BUKOPHCTaTH BUMIPSIHI MUTTEBI 3HAYE€HHs HAIIPYTH HA CTPyMOIpHiiMadi Ta

MICPBUHHOTO CTPYMY €JICKTPOBO3a 3MIHHOIO CTpyMmy. HeoOXiqHi XapaKTepHUCTHKH BU3HAYAIOThCS Ha IMiJICTaBI
PIBHSIHHSI HAIIPYTH Ha €JIEKTPOBO31 y MOMEHT 4acy #| Ta t,, Komu i(#)) =i(ty), i'(t;) #i'(ty), a came

u(t)) =i(t) 1, (i) + Lo (o) - ip(ty);  u(ty) =i(ta) 7o (i) + Lo (i) i (1) . (20, 21)
3BiJKH BUPA3U IS XapaKTepUCTUK 7,(i,) Ta L,(i,) 3anunryTbes

, _u(n)—Li'@). p _u)-ut)
i) C i) -in)

sIKi OBUHHI OyTH (DyHKIISIMU Bii aOCOJIFOTHOTO 3HA4Y€HHsI CTpyMy, TOOTO 7, (|ie|) Ta L, (|ie|) . Hanpuknan, ms

(22, 23)

enekTpoBo3y BJI-80 akTiBHA Ta 0OMiHHA XapaKTEPUCTHKH MaTUMYTh BHIJISII, ITI0 HaBeIeHO Ha puc. 4 (a, 0).

250 T T T T T

T, OM Lg, TH T T T T T
200

0.8

£
150 0.6

100

_5 L L L L L ! ! ! I I

—150 —100 -50 0 50 100 150 ~-150 —100 —-50 0 50 100 150
a le’ A 6 ie: A
Puc. 4

CucteMu piBHSIHB, OTPHIMaHI 32 CXeMaMH 3MIMEHHS €CKTPUYHUX Ta MarHiTHUX KiJI, BHKOPHUCTAHO
K MAaOJIOHH Ui KOHCTPYIOBAaHHS MaTEeMAaTHYHOI MOJICNi CHUCTEMH EJIEKTPOIIOCTAa4YaHHs 3a JIOIOMOTOI0
HACTYIHOTO AJITOPUTMY.

1. Ha ocHOBI BXigHHX HaHWX PO KOHPITyparmito CHCTEMH €ICKTPOITOCTadYaHHSs, KiJTbKOCTI, KOpPIH-
HAT PO3TalllyBaHHS IiJICTAHII} Ta CII0)KWBAYiB CKIIAAETHCS CTPYKTYpOBaHa TaOIUIIS, IO BU3HAYAE TIOPSIIOK
BUKOPHUCTAHHS MiACUCTEM s TOOYI0BU KiHIIEBOT CUCTEMH PiBHSHbD.

2. Koxna mifgcrcreMa ONMUCY€EThCS MATPHUIICIO 13 KOSIIiEHTIB MPH MOXiJHUX Ta BEKTOPOM BiUITBHHUX
YJIeHIB, IPY IIbOMY MAaTpHIIi P MOXITHUX 00’ €AHYIOTHCS 32 JIIarOHAaJITI0, BEKTOPH — 3BEPXY 110 HHU3Y.

3. Ha mincraBi po3ranryBaHHs MiJCHCTEM Y CTPYKTYPOBaHii TaOIUIi anropuT™M JOMOBHIOE MaTPHIIi
KoedilieHTaMu 3B’ SI3KY.

UncenbHHNA pO3paxyHOK OTPUMAHOI MaTEeMaTHIHOI MOJIEJIi BUMarae ii IpuBeACHHS JO SBHOTO BHUIY.
JJist IbOTO MPOBOJUTHCS 3aMiHa CKJIaJOBUX PIBHAHB OaJaHCy CTPYMIB i OTOKIB y By3Jax Ha iXHI TOXiIHI
BiJl 4acy, 4uM cucteMa anreOpaidHo-nudepeHuiiHiX piBHAHD IEPETBOPIOETHCS Y CUCTEMY AudepeHIiiHnX
piBHsHB. Hanpukian, mis cuctemu piBHIHB (3)—(15) orpumMaemo
€kt ~ Tk T HenTkn —

.
i Ly 0 .0 “lenLin = Ue(atys = Ue(re1y7
.o . .
/%) B 0 Lk2 .. 0 ) €0 U2V —Unlin — (24)
o .
e eee e e _lknLkn _uc(k+l)5 _uc(k+1)7
!

Uc(k+1)7 0 0 .1

irs1y7 1 Cy
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Takum YUHOM, MareéMaThuiHa MOZACJIbL CUCTCMH CIICKTPOINOCTAYaHHA Y ManH‘IHO-BeKTOpHifI (1)0le
3BOAUTLCA 10 BUITIAOLY

X=A"'B, (25)
ne X — BEKTOp HEBIOOMUX; A — Marpuus cucTeMu (kKoedilieHTH mpu HeBinomux); B — BekTop BIIBHUX
koegirieHTiB. CTpoku MaTpuIli A Ta BeKTopy B BiAMOBinaroTh piBHSHHSIM CHCTEMH, CTOBIII y MaTpUIli A —
HEBIIOMHUM.

OtpumaHy MareMaTHYHy MOJETb BHUKOPHCTAEMO Ul OLIHKA e(EeKTHBHOCTI Ta SKOCTI mepenadi
€NIEKTPOCHEPTii CHCTEMOI0 TATOBOTO EJEKTponocTadanHs. J[ 1bOro BH3HAYMMO MOKA3HWKH HECHMETpii Ta
HECHHYCOITHOCTI Hampyrw Ha OOMOTKax TpaHC(opMaropa TATOBOI IMiJCTAHIl U1 Pi3HUX PEKHAMIB TSITOBOTO
HABAaHTKEHHs. TakoK BH3HAYMMO 3MiHY TIOKa3HMKIB SIKOCTI Hampyrd mpu 3abe3nedeHHi HoBHO(A3HOT
JIBOCTOPOHHBOI CXEMH KUBJICHHS TATOBOI Mepexi. Y TaOn. 1 HaBeIeHO po3paxoBaHi IMOKAa3HUKHM HECHMETpIi Ta
HECHHYCOITHOCTI HAIIPYTH U KOXKHOI OOMOTKH TSATOBOTO TpaHC(opMaropa B 3aJIE)KHOCTI BiJI CITiBBiTHOIIICHHS
TSTOBOTO HABAHTAXKEHHS B IUIEYaX >KWBIEHHS. [li MOBHO(GA3HUM pPEKUMOM JBOCTOPOHHBOTO IKHBIICHHS
PO3yMi€eThCsl 3a0e3MeUeHHs] MOKIIUBOCTI TEPETiKaHHS BUPIBHIOBAILHUX CTPYMIB MK yciMa (ha3aMH Hampyru
TATOBUX OOMOTOK TpaHCc(opMaTopiB CYMDKHHMX TATOBHX MWiJICTaHIiNA. 3a3BUYail Ha TPAKTHII Mae€ MicIe
HEMOBHO(A3HUH PEXUM JBOCTOPOHHBOTO JKHBJICHHSI TATOBOI MEPEXKi, KOJM TATOBOIO MEPEKEI0 BHKOHYETHCS
TPAH3UT MOTYXHOCTI JIUIIE 32 OHI€I0 (Pa30r0 HANPYTH.

Ta6auns 1
Crpymu medeit
YKUBJICHHS TATOBOT TToka3HHUKH SIKOCTI €JIEKTPOSHEPTii B 0OMOTKaxX
i AcTaHIIil AP ,%
LA A BH CH HH
b th Ky % | Ky % | Ky % | Koy % | Ky.% | Koy %
0 0 0,08 0,02 0,08 0,02 0,08 0,02 0,01
0,08 0,02 0,08 0,02 0,08 0,02 0,01
1,5 2,1 1,6 2,2 5,9 4,1 2,53
200 0 — — —
L3 1,9 1,4 2,0 5,5 3,5 2,12
1,5 2,1 1,6 2,2 5,9 4,1 2,53
0 200 — — —
L3 1,9 1,4 2,0 5,5 3,5 2,12
1,0 L5 1,2 1,7 5,6 3,8 3,11
100 100 — — - — —
0,9 L3 1,0 1,4 5,2 3,2 2,63

Tpumimka: 6 HUCETbHUKY 3HAYEHHSI GIONOGIOAIONMb HENOBHOMAZHOMY DPedCUMYy O0B0CHIOPOHHLO2O JHCUBLEHHS MSA2080T
Mepedrci; Y SHAMEHHUKY — NOGHODAZHOMY PeACUMY 080CHOPOHHLOLO IHCUBTLEHHSL.

JInst po3paxyHKiB, pe3yNIbTaTH SKUX TMOKA3aHO Ha puC. 5 Ta y TaOm. 1, MpUIHATI 3HAUCHHS MapaMeTpiB
CXEMH 3aMillleHHs BU3HAYCHI ISl TATIOBOTO OO HAHHS CHCTEM TATOBOTO 1 30BHINTHBOTO EJIEKTPOITOCTAYaHHS:

— JpKepeo HapyrH: iHaykTuBHIcTh 16 MI'H, EPC B koxHilt ¢azi — 110/ NE) kB;

— JIiHIS 30BHIIIHBOTO €JCKTPOIOCTauaHHsA: JoBxkuHAa 20 KM, NMUTOMAa IHAYKTHBHICTE — 1,4 MIH/KM,
nuToMuid aktuBHUH orip — 0,4 OM/kM, yacTkoBa eMHICTh (a3u — 8,085 HD/km, B3aemHa emHicTh — 1,25 HO/KkM,
ruromuii orip 3emii — 0,05 Om/kM, muToma B3aeMoinaykiis — 1,05 M H/kwm;

— KOHTaKTHa Mepexa JOBKUHOI 25 KM ISl KOJKHOTO IiIeya: TUTOMUI aKTUBHHUH OMip Ta iHIYKTHBHICTD
0,085 Om/km Ta 0,9 M['H/KM BiJIOBITHO, MUTOMHIN AKTHBHUI OIIp Ta IHAYKTUBHICTH KOHTAKTHOI pEHKH i3
ypaxyBaHH:IM IryHTYI04oi aii 3emmi 0,07 Om/km Ta 0,4 MI'H/KM BiATIOBITHO;

— Tpa"cdopMarop TATOBOI MiACTaHIii: iHTyKTHBHICTH 00MoToK BH/CH/HH — 178/1,2/18 MI'H, akTUBHWMIA
omip oomorok — 1,4/0,498/0,254 OM, KinbKiCTh BUTKIB y 00MOTKax — 880/490/365, akTUBHMI OIp CTPHIKHS
Tpanchopmaropa 2,143 Owm, 3anexHicTs 1(H) BU3HaYeHA M1 cTait Mapku 3407.

OCKIIBKH B PO3paxyHKAaX BHKOPHUCTOBYIOTHCS HYJIBOBI TIOYATKOBI YMOBH, TO B pe3ylbTaTi poOOTH MOIEII
OTPUMAEMO OCIMJIOTPaMH 3 HasBHICTIO MEpeXiqHoro nporecy. Hanpuknan, Ha puc. 5, @ HaBeAeHO OCIHIOrpaMu
CTPYMiB Y TIEpBMHHIM OOMOTII MpH BMHUKAHHI TATOBOTO TpaHC(oOpMaropa Ha XOJIOCTHH Xil y pasi BiACyTHOCTI
CIIOKMBAUiB; ¥ 301IBIIIEHOMY MAaCIITadi MOKa3aHO OWMH TEePioa CTpyMy ofHieT (pasm.

3a HaBeneHWMH Ha puc.4, a, 6 XapaKTepPUCTUKaMH pPO3PaxOBAaHO MHUTTEBI 3HAYCHHS CTPYMIB
eNIEKTPOPYXOMOTO CKIIaJy y IIeYax >KHBJIEHHS (puc. S, 6). AMIUTITYIHI 3Ha4€HHS TATOBOTO CTPyMy B JiBOMY i
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MpaBoOMYy IUIeYax >KUBNeHHS ckianmu 188 Ta 170 A, miroui 3HaueHHs — 141 ta 137 A,

cyMapHUl Koe(illieHT

TrapMOHIMHHUX CIOTBOpEHb cTpyMy — 354 Ta 35,5% BianosimHo. CHOTBOpPEHHS CHHYCOITHOCTI HANpPYyTH TMPU
opoMy ckiamae 5—6 % BigmoBigHO y KokHIH ¢aszi mepexi 27,5 kB. B oOMoTkax BuCOKOi Hampyru
TpaHc(opMaTopa BUHUKAE HECUMETPUYHA CUCTEMa CTPYMIB 3 aMInIiTyIamMu y (azax 65, 68, 38 A (puc. 5, 6) Ta
CyMapHUM Koe(iIliEHTOM CIIOTBOPEHHS CHHYCOimHOCTI cTpymy 3,2; 3,2 ta 4,0%. CrioTBOpEeHHS CHHYCOiqHOCTI
HampyTy Mpy poMy cknanae 1,3; 1,3 ta 1,5 % BianosinHo y KoxHil ¢asi mepexi 110 kB.
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AJICKBAaTHICTE pO3pOOIEHOI MOZET OIIHEHO TOPIBHSHHSAM PE3YJIBTAaTIiB MOICITIOBAHHS 13 EKCIepH-
MeHTaIbHUMU JaHuMu [28]. Ha puc. 6, ¢ mokaszaHo 3HaueHHs Koe(il[ieHTa HECHMETpil Hampyrd Imijx 4ac
EKCIIEPUMEHTY Ta MOJICITIOBAHHS, 10 JICMOHCTPYE CITIBIAJIiHHS XapaKTepy iXHbOI 3MiHH. 3aralbHUN pe3ysibTar
MIePEeBIPKN  afIeKBaTHOCTI HAJaHO y TaOn. 2, Je HaBeNeHO cepeiHi 3HaueHHs ITOKA3HWKIB HECHUMETpii Ta
HECHHYCOIIHOCTI HAPYTH, SKi OyJIM OTpUMAaHI ITiJ] 9ac eKCIIEpUMEHTY Ta po3paxoBaHi Ha Mozeli. Po30ikHICT ¥
3HAYEHHSIX YHUCIIOBUX XaPAKTEPUCTUK 3HAXOAUTHCS B Mekax 5%.

Taoaunsa 2
InrepBamm Ky, % Koy » %
qacy, ro €KCIIepUMEHT MOJICITFOBAHHSI Dinax] €KCIIEPUMEHT MO/ICITFOBAHHSI D]
06:00-09:00 3,85/4,01/3,99 4,05/4,21/4,12 0,021 2,25 2,18 0,025
09:00-12:00 3,03/3,36/3,70 2,95/3,29/3,62 0,020 1,41 1,34 0,022
12:00-15:00 2,77/3,63 /3,24 2,89/3,52/3,30 0,019 1,55 1,63 0,025

Tpumimka: uepe3 pucky eKasaHi 3HaueHHs 05 KO#CHOL (asu

ISSN 1607-7970. Texn. enexmpoounamixa. 2020. Ne 2

81



FKy) 1

K.y
0,8

2,50 Dan= 0,025
200 - 0,6
150 0,4
100 - 0,2
0.50 - 0 Lamm
0,00 : : : : : : : : _ 0 1 2 3 4

6 7 8 9 10 11 12 13 14 rLewo .. MO e TIOBAHHST Ky

—MOJe/J110BAIIA _QKCHQPHHQDT eK(‘.]]epeMeHT
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Jlnst cTaTUCTHYHOT OIIHKU aJeKBATHOCTI BUKOPHUCTAHO HEMApaMETPUYHHMN KPUTEPId He3aJIe,HUX
BrHOipok CMHPHOBA, KpUTHYHE 3HAYEHHSI SIKOTO PO3PaxXOBAaHO 32 METOAWKOIO [29] mpu piBHI 3HauymocTi 5%
Ta JUIsl BiINOBIIHOT KUTLKOCTI BUMipioBaHb cTaHOBUTH 0,054, HaiGinbmni abCoMOTHI 3HAYCHHS PO3X0KCHb
KyMYJIATHBIB y KO)KHOMY IHTepBajli 4acy HaBe/leHO y Ta0u. 2. dyHkuio posnofiny K,y y iHTepBaii yacy

Big 06:00 no 09:00 naBemeno Ha puc. 6, 6. OCKUIBKM OTpUMaHi 3HAYCHHS PI3HULI IHTETrpaIbHUX
KyMYJIATUBIB Ul KOKHOT'O TOKa3HMKA MEHIII KPUTHYHOTO, POOMMO BHCHOBOK IIPO MiANOPSOKOBAHICTbH
pe3yiIbTaTiB MOAETIOBAHHSA Ta EKCIEPUMEHTY OJHOMY 3aKOHY PO3IOIUTy, L0 BKa3ye Ha aJleKBaTHICTh
PpOo3pobIIeHOT MOIETI.

BucHosku.

1. Bigomi miixoam 10 MOAETIOBAHHS CHCTEM TSATOBOTO i 30BHIITHBOTO €JICKTPOIIOCTAuaHHs 0a3yI0ThCs Ha
HETIPUJIATHOMY JUTSl OILIHKH SIKOCTi €JIeKTpOEHEeprii CHMMBOJIBHOMY METONI PO3paxyHKy ab0 BHKOPHUCTOBYIOTh
MaTeMaTH4YHi MOJeJi Ha OCHOBI AW(epeHUiHNX PiBHAHD, SIKi, B CBOIO Yepry, HE BPaxOBYIOTh crelu(piKy poOoTH
CHCTEM EJICKTPOIIOCTa4YaHHs eNIeKTPU(IKOBAHUX 3alTi3HHLb.

2. Bukopucranmii y po6oTi mimxim mo moOyoBH MaTeMaTHYHOI MO B3a€MOJIi CHCTEM TSATOBOTO i
30BHIIIHBOTO ENIEKTPOIIOCTa4YaHHs BIAPI3HAETHCS BiJl ICHYIOUMX BpaxyBaHHSIM OIHOYACHO HECHMETPUYHHX 1
HECHHYCOITHUX pekuMiB. Lle m03BoMsie OTpUMaTH OIIHKY TTOKAa3HHUKIB SIKOCTI €JIEKTPOSHEPTii MK AOCIiTHUMHA
CHCTEMaMH B YCTaJICHUX Ta MEPEXiTHUX PSKUMax Ha OCHOBI YHCEIBHOTO PO3B’s3aHHS Au(EpeHITitHIX PiBHAHB
crady. OCKUTbKH MaTeMaTidHa MOJICNb CKIIAIA€Thes 3 YHI(ikoBaHHX OJIIOKIB, TO MPOTPaMHUI aJITOPUTM Ha OCHOBI
BXiZIHOi iH(oOpMaLii PO TOMOJNOTiI0 CHUCTEMH aBTOMaTHYHO (OpPMYy€E 3araibHy MOIENb CHUCTEMH ENeKTPO-
rocTadaHHst OyJIb-KO1 CKJIaJHOCTI.

3. Po3pobnena maremarndHa MOJEib CyMiCHOI POOOTH CHCTEMH 30BHIIIHBOTO 1 TATOBOTO ENEKTPO-
MOCTauaHHsI 3ali3HHIb 3MIHHOTO CTPyMy Ja€ 3MOTy 3 MOXHOKOI0 He Oiiblie 5% po3paxoByBaTd MOKAa3HUKU
SKOCTI €JEeKTPOEHEprii 3 ypaxyBaHHSIM HENIHIHMX MapaMeTpiB TATOBOTO TpaHC(HOPMAaTopa, eIeKTPOPYXOMOTO
CKJIaTy Ta Pi3HO1 KOHDIrypallii miIKIFOIeHHS TPYTIH IiICTAHIIIN 10 ICPBUHHOT MEPEeXi.
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MOJIEJIMPOBAHUE COBMECTHOM PABOTBHI CUCTEM BHEIIHEI'O Y TATOBOI'O
IJEKTPOCHABXEHUA )KEJIE3HBIX JJOPOI' IEPEMEHHOI'O TOKA B HECUMMETPUYHBIX
PEKNUMAX

J.P. 3emckuii, B.I'. CbIuenko, JOKT.TexH.HayK, [I.A. Bocblii, JOKT.TEXH.HAYK

JHenpoBcKUil HAIMOHAIBLHBIA YHHUBEPCHTET KeJIe3HOI0P0KHOI0 TPAHCIOpTa uM. akai. B. Jlazapsina,
ya. Jlazapsina, 2, Jlnunpo, 49010, Ykpauna.

E-mail: d.zemskyi@ukr.net, elpostz@i.ua, dake@i.ua

B cmamwe npednazaemca nooxo0 k coemMecmHoMy MOOEIUPOBAHUIO CUCTEM MA208020 U BHEUHE20 INEKMPOCHADNCEHUs 8
HECUMMEMPUYHBIX PENCUMAX pabomvl HA OCHO8e NOGA3HO20 NPeOCmasnenuss Mpex@pasHbIX dNeKMpPUYecKux cemeil.
Hcnonvsosanue maxkozo nooxooa no3eoisiem yyecmvb paziudHyio KOHQUSYpayuio NOOKIIOHYEHUsI Ms206bIX NOOCMAHYUL K
numarowjeli cemu, HeluHelnble Napamempsbl MAZHUMHOU CUCTEMbL MPAHCHOPMAMOPA Yepe3 annpoKCUMAYUI0 3a6UCUMOCTNU
MASHUMHOU NPOHUYAEMOCIU OM HANPANCEHHOCMU MASHUMHO20 NOJNA U HeNUHElHble Napamempuvl 1eKmpomaco60i
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HA2ZPY3KU Nymem UCNOTb306AHUSL AKMUBHOU U OOMEHHOU XAPAKMEPUCIUK JNEKMPOo803d 00HOpA3H020 nepemenno2o moka. C
HOMOWBIO  AHATUMUYECKO20 — ONpeOeileHust  Napamempos8 — UCCIeOYeMOU  CUCHeMbl  603MOJICHO — CopMUposanms
MAMEMAMUYEecKylo Mooeib 8 6ude cucmemvl OUppepenyuanbHbix YpasHeHuil, NpUeeOeHHbIX K HOPMAIbHOU dopme.
Hcnonvsosanue mMooymvnozo npunyuna 6 6ude onpedeieHus YHUPUUUPOBaHHo2o 6GIOKA NO360siem  NOCHPOUmy
MAMEMAMUYECKYI0 MOOETb CUCIEMbL PAZHOU CIONCHOCMU, NOCKONILKY 6blOeIeHHble MAKUM 00pa3om noO0bHbIe JeMeHmbl
onUCHIBAIOMCsE Munosbimu ypagrenusimu. Coemecmuoe MOOETUPOBaHUe CUCIEM MA206020 U GHEUIHE20 DNEKMPOCHAOIICEHUs]
NO0360I5eN 8bINOTHAMb PACYEMbl U AHAIU3 NOKA3AMENell Kayecmed dNeKmpUYecKkoll dHepeull, npoeooums UCCIe008aHUsL,
HanpasieHHble Ha NPOBEPKY padombvl CUCHEMbL HPU GHEOPEHUU HOB020 000PYO08AHUS WU HOBbIX MEXHUYECKUX PeUeHUll 6
VCMAHOBUBUIUXCSL U NEPEXOOHBIX pedicumax. bubn. 29, puc. 6, Tadm. 2.

Knrwueevle cnosa: MareMaTHIeCKOe MOJCTHPOBaHKE, (Da3HBIC KOOPAWMHATHI, TATOBOE 3JICKTPOCHAOXKEHHE, CHCTeMa
BHEIITHET0 JIEKTPOCHAOKEHHSI, HECUMMETPUYHBIN PEXKUM, HArpy3Ka, aKTHBHASI 1 OOMEHHAsI XapaKTePUCTHKA.

SIMULATION OF THE PARALLEL OPERATION OF EXTERNAL AND RAILWAY AC TRACTION
POWER SUPPLY SYSTEM TAKING INTO ACCOUNT UNBALANCED CONDITIONS

Zemskiy D.R., Sychenko V. G., Bosyi D. O.

Dnipro National University of Railway Transport named after academician V. Lazaryan,
Lazaryana 2 Str., Dnipro, 49010, Ukraine.

E-mail: d.zemskyi@ukr.net, elpostz@i.ua, dake@ji.ua

The article proposes an approach to the simulation of parallel operation of external power supply system and AC traction
power supply system in unbalanced conditions which based on separated phase representation of three-phase electric
networks. Using this approach allows to take into account various configuration of traction substation connection to external
power supply system, nonlinear transformer parameters with the use of approximation the magnetic permeability by function
from magnetic field strength and nonlinear parameters of traction load by using active and exchange characteristics of AC
electric locomotives. Analytic expressions for determining parameters of evaluation system help formulate mathematical
model in the normal form of differential equation system. Using this method, various complex mathematical models can be
created, because every block are described with the typical equations. Parallel simulation of external and traction power
supply system allows to calculate and analyze the power quality indices, perform research focused on power system checking
while new equipment or new technical decision provides in steady-state and transient modes. References. 29, figures 6, tables
2.

Keywords: mathematical modeling, phase coordinates, traction power supply, external power system, unbalanced mode,
load, active and exchange characteristic.
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A mathematical model and a method for calculating the parameters of an electromagnetic system with spatially or-
thogonal magnetic fields, which are created by the currents of two windings, one of which is made in the form of a cy-
lindrical inductor, and the second in the form of a saddle-shaped coil with linear sections directed along the generatrix
of the inductor, are developed. The average volume densities of electromagnetic forces causing the melt motion during
induction heating in crucible furnaces or continuous casting machines of steel billets are determined. It was established
that at the level of large radial velocities insignificant velocity inhomogeneities take place, which together with the
azimuthal velocity leads to the appearance of velocity vortices and contributes to additional mixing of the metal. The
windings supply voltage of the considered electromagnetic device is determined, which ensures the stirring of liquid
metal at the final stage of the continuously cast ingot production. References 9, figures 3.

Key words: molten metal, electromagnetic stirring, electromagnetic force.

Introduction. Electromagnetic stirring of metals is widely used in many technological processes,
both for the intensification of production, and directly to improve the quality of the metal in the processes of
metallurgical conversion. As a result of metal stirring, the heat and mass transfer of the liquid metal in-
creases, the temperature gradient decreases, which leads to equalization of the chemical composition and
intensification of heat transfer both in volume of the liquid phase and with the cooling environment. To in-
tensify metal production processes, one use widespread methods of electromagnetic action on molten metal
in billet continuous-casting machines as directly in the crystallizer, and in the secondary cooling zone — final
stirrer. The last devices in its properties may differ significantly from the stirrers in the primary cooling zone
(in the crystallizer zone).

The difference, first of all, is in the type of the metal melt motion. In the first case, the melt flow pre-
dominantly directed in azimuth, and the final electromagnetic stirrers force the molten metal to move in the
axial direction. The type of electromagnetic stirring with the axial direction of liquid metal flow is also char-
acteristic of other melting or metallurgical finishing devices — crucible melting furnaces, ladle-type devices,
and others. The implementation of such electromagnetic stirrers is carried out mainly using multiphase elec-
tromagnetic system with a traveling magnetic field [1]. Their energy efficiency due to open magnetic cores
and, therefore, large non-magnetic gaps is low, which is often a justified reason for the refusal of metallur-
gists to use the technology of electromagnetic mixing of metal. However, the search for possible solutions
for electromagnetic stirrer is continuing, especially in new innovative technologies, such as the production of
intermetallic composites for permanent magnets, complex alloys, etc. In [2], the technical solution of a sin-
gle-phase electromagnetic stirrer with spatially orthogonal magnetic fields was analyzed and a mathematical
model was proposed to describe the electromagnetic processes in it. General relations were obtained for cal-
culating magnetic fields and analytical expressions for calculating electromagnetic forces.

Mathematical modeling of the influence of technological processes and design parameters on the ef-
fectiveness of electromagnetic exposure on liquid metal requires solving in the general case of three-
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dimensional boundary value problems for the Maxwell equations system in an unbounded domain, contain-
ing geometrically composite ferromagnetic and conductive bodies, Navier-Stokes equations in liquid metal,
heat conduction equations. In some cases, it is possible to solve the problem in a plane-parallel and axisym-
metric approximation. The application of analytical methods for solving such problems is possible only in
the simplest cases and for estimating.

Currently, there are different approaches and methods for solving these problems: finite difference
method [3], finite element method [4], integral equation method [5,6] and other methods that are effectively
used for the numerical calculation of electromagnetic fields.

The design features of electrotechnical devices with liquid conductors are as follows, that applying
the finite difference method or finite element method leads to a large amount of unnecessary calculations.
This is due to the fact that in the considered devices have a strong magnetic scattering fields. To take them
into account when using these methods, the computational domain size must be chosen in several times lar-
ger, than the characteristic size (e.g. diameter) of the devices. In this case, the magnetic field is calculated at
all mesh node, which covers the computational domain, while there is no need for such complete informa-
tion. From the point of view of reducing the solution search area, the method of integral equations has an
advantage [6]. However, in the case of orthogonal magnetic fields that are excited by mutually perpendicular
electromagnetic systems, the calculated solution search area is undefined. In this case, analytical methods for
calculating magnetic fields, electromagnetic forces, and liquid metal speed are most in demand, especially
for determining trends.

The aim of the work is to carry out comprehensive analysis of electromagnetic and hydrodynamic
processes in a liquid metal stirrer with spatially orthogonal magnetic fields and to evaluate the melt move-
ment character.

Materials and results of the research. The es-
sence of such stirrer implementation is that it consists of
two windings, one of which is made in the form of a cylin-

A drical inductor with radius », and height /, and the second

is made in the form of saddle-shaped coil with linear sec-
tions, which is directed along the inductor generatrix and
concentrated within the central angle 2¢, (Fig.1).

Using the example of a cylindrical ingot, it is as-
sumed that the radius of the liquid phase of the ingot is »

and it has electrical conductivity o, and wall thickness

crystallizer having an electrical conductivity o, is (r1 - r) .

Fig. 1

Applicable to final electromagnetic stirrers or skull crucibles 7 is ingot radius or skull and o, is electrical

conductivity of the hardened part of the ingot or skull.
Current loads of each winding of the electromagnetic stirrer are described by dependencies [2]:

IW iot [W iot
Al:e¢71e s(r-n), AZ:ezz—ze 5(r-n)[0(p+90)-0(p-9)-0(p-7+9)+0(p-7-9)]. (1)

172

Here €, and € are the unit vectors of the adopted cylindrical coordinate system; & () is Dirac

delta function; @() is the unit generalized function; wy ,w, are the first and second windings turns number.
To simplify the writing, the successive connection of the stirrer windings with the same current / in the turns
of both windings is accepted, which, however, does not lead to a violation of generality, since the relation
between w, and w, is arbitrary.

The distribution of the magnetic field in each of the areas stirrer is described by the equation for the
vector magnetic potential [8]

rotrotd = —uoc ((2_1;1 —VX rotAJ , 2)

M and O is magnetic permeability and electrical conductivity of the medium, traverse speed v of all me-

dium except the melt is zero. Assuming that the electromagnetic field due to the motion of the melt is small
compared with the field of excitation, to determine the electromagnetic forces in a liquid, we limit oneself to
the electrodynamic approximation, accepting the speed v=0 also for the liquid phase of the ingot. The last
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assumption is very crude and can only be justified in case of obtaining estimated results.
Excluding edge effects basic electromagnetic and hydraulic processes can be described in the

framework of a model with infinite stirrer height, what becomes technically acceptable just at h/ =4,
With regard to the adopted model, vector equation (2) using Coulomb calibration (div4d =0) re-

duces to the second order independent differential equations system for the axial and azimuthal components
of the vector magnetic potential

O4 104 104

— t——+—— —ipowd =0,

o pop p op
TA, 104 A (3)
—2+————2—l,uo'a)A =0.
o pdp p

If p=0 the above equations must satisfy the boundedness condition, and satisfy the following
boundary conditions:

oA 19(p4,)

Sy, —— 4 )
p Oop

and conjugation conditions (the continuity of the vector potential components and their normal derivatives)
at the medium interfaces.

As a result of solving the second equation of the system (3) with boundary condition (4) the distribu-
tion of the azimuthal component magnetic potential in the liquid phase of the ingot ( p< r) described by
addiction

4, :Cll(ap), 5)
ulwre” I,(ar)—-BK, (ar)
ht(ar) 1 (an)=nl)(an) =B K (ar)+5rK (ar) ]

B Il(alr)lll(ar)—ll(ar)]ll(alr) ) O ]
B= Kl(alr)ll'(ar)—ll(ar)Kl'(alr)’ a=.igow;a =.,liuc,w \/_ u=4r-10" FH/M
I, ( . ) , K, ( . ) are modified Bessel functions of the first and second kind, the prime denotes the derivative
of the Bessel function of the radius.
The solution for the z -component of the magnetic potential in the area of the metal liquid phase (the
first equation of system (3)) can be obtained after its integral transformation by the coordinate ¢ taking into

Where

b

account the periodicity conditions and it can be represented by series

z (ap)cosng, (6)

c _Aulwn" sinng e I .(a;r)-B,K,(ayr)
=

nx s, (ar) D, ,
B = I:In (alr)l; (ar) -1, (ar)l; (alr):| X[Kn (alr)l; (ar) - K; (alr)ln (ar):lil R
n=2j-1, j=12,---.
Depending on the design of the electromagnetic stirrer D, it takes different values.

So in the presence of an external magnetic circuit

2n 2n 2n 2n
D, :In(alrl)n(l—r ]+7’11 (a rl)(l—i-%J—Bn(Kn(alrl) (1——]+I’1K (a n{l—l—%]}
Vz r r r

and in its absence

D, =2t (@ )+ 1L, (ayn)- B, K (@ )+ 1K (@)

- > o - - —
Based on the equations B=rotA, E=-0 A/ ot, j=oE , without special difficulties, we get the
distribution of magnetic induction in the melt
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1 . = 0 ol (ap) Il(ap)j
B, =——)> CI (ap)nsinng; B =-) C —I (ap)cosng; BZ=C[ ! + , ()
) p; (ap) : Z o5 (@) o ;
and density of induced currents

Jp=05J, :—iO'a)Cll(ap);jz =—iaa)ZCnln(ap)cosn(p. (8)
j=1

The dependences found make it possible to determine the average volume densities of electromag-
netic forces causing the ingot or melt liquid phase motion during the interaction of the inductors electromag-
netic field and the liquid metal in the skull or crucible furnace

. *® . * . * . *
fo ZRe(J B, _JZB(/))/z? fp =Re (JzBp)/z; J:=Re (](po)/Z ©)
The distribution of the radial, azimuthal and axial components of the forces density will be analyzed
for one version of the electromagnetic stirrer, which include w, =50 turns azimuthally oriented winding

with height 2 =0,5m and w, =5 turns oriented in the plane z0p at ¢, =7/6. The effective current is
1 =500 A4, and electrical conductivity, geometrical dimensions of the ingot and current frequency are S/m,

r=0,06 m, =0,07 m, r,=0,08 m, /=50 Hz.
It has been ascertained that the density electrodynamic force component f , achieve the highest val-

ue, which tends to compress liquid metal, and, in the case of the free surface presence, to form a positive
meniscus of melt. The distribution of this force is almost uniform in azimuth, with the exception of zones
adjacent to the winding with an axial orientation, which is understandable. The maximum value of the radial
component of the force reaches at the boundary of the liquid metal and the solid phase of the metal or near
the skull wall and for the values accepted in the calculation experiment, it turns out to be about 2500 N/m’

with a smooth decrease to zero on the ingot axis. For component of electrodynamic force f »» the change in

the direction of force action in azimuth becomes characteristic.

This force density magnitude is more than an order less than the radial magnitude. Obviously, the
magnitude of this force density component will largely determine the nature of the motion of liquid metal.
Wherein the expected motion of the liquid metal will be characterized by the formation of vortices in the

azimuthal plane. And finally, the z-component of the force density f, has an alternating character and its
smallest value is half less than ¢-component f, .

The presence of three electrodynamic force density components, although differing from each other
by almost an order of magnitude or more, will lead to the appearance of a complex motion in the liquid met-
al, leading to its intense stirring. In the framework of the accepted calculation electrodynamic model, it is
impossible to obtain the exact values of the quantities characterizing this movement. First of all, this is due to
the adoption of the provision on the infinite height of the electromagnetic system, which leads to the absence
of edge effects and problems associated with the free surface of the liquid metal.

In the work, on the basis of the obtained solutions on the distribution of the electromagnetic forces
density, an assessment is made of the possible type of liquid metal motion.

The melt motion is described by the Navier-Stokes equation for an incompressible fluid in the ap-
proximation of laminar flows [9]

a—u+(ugraa’)u:—lgmdp+v-Aqui (10)
ot % /4
and the continuity equation
divu=0.

In (10), the vector of the volume electromagnetic forces density f is determined by components (9);
¥, v are density and kinematic viscosity of liquid metal.
On the solid boundary of the melt (o =r) for a viscous fluid, from the sticking condition, the
boundary condition is the equality
u,=u,=u, =0. 11
In the approximation of a fixed slab, conditions (11) must also be satisfied when p=0.
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Due to the finite height of the electromagnetic stirrer, secondary metal flows arise commensurate
with the velocities due to the action of electrodynamic forces (9).

Therefore, without pretending to an accurate quantitative description, we dwell only on the determi-
nation of characteristic flows, caused by the action of electromagnetic forces in the approximation of an infi-
nitely high inductor. Given that within the framework of the assumptions made 0p/0z =0, excluding the

influence of convective terms of the distribution, the components of the melt velocity are determined by the
dependencies:
for p -component
a_u_v(azu Lazu +l6u u +Q
ot op?  p?op> pop p? 4

b

for ¢ -component

2 2 f
8_u=V(6 u 1 0%u +la_”_i)+_¢’, (12)

ot op? p?op: pop p? /4

for z-component

ou 0%u 1 0%u 1 ou S

—=V +— +——)+—.

o op? prop? pop v

The results of the numerical solution of equations (12) are presented in Fig. 2 as graphical dependen-

cies after 10 seconds after the start of force action on the molten metal. In the calculations, it was assumed
that the kinematic viscosity of the liquid metal is constant and equal to 2 107 S/m. The last assumption is
very crude and can only be made for value judgments. The molten metal specific density is 7.8 10° kg/m’.
The figure 2 show the velocity distribution components along the azimuthal coordinate (, radiant, and for
value p=0,055 m, i.e. at the interface of the solid skull substance and liquid phase metal.

ug. Mfc Uy, Mfc u., Mm/c
¢ 015 0.75
2 4 5 )

o5} L 2 3 4 5 6 0.1 05

-1 0.05
s : , 025

-2 1 P N T 2 = ¢
23 —0.05 -025

3 /—\/—\ -0.1 0.5
-35 -0.15 ~0.75

a b c
Fig. 2

For accepted constructive execution and current loads stirrer windings on the axis of symmetry of the
inductor (z = 0), maximum value (3.5 m/s), as you can see from Fig. 2, reaches the radial velocity component

u,, somewhat lower values (0.75 m/s) takes axial component #_ and insignificant values (up to 0.15 m/s)

reaches the azimuthal velocity component u,, .

It can be seen from the figures that at the level of large radial velocities there are insignificant velocity
inhomogeneities Vu , = 0.45 m/s, which together with the azimuthal velocity leads to the appearance of veloc-

ity vortices, the distribution of which is shown in Fig. 3, that contributes to the additional metal’s stirring.

The above there is analysis of the local electromagnetic and dynamic characteristics of the electro-
magnetic system in the interaction with liquid metal. However, the above version of the electromagnetic
system can be successfully used for induction melting of metal, for which an important characteristic is
power consumption and energy efficiency. The resulting solution allows us to determine these energy char-
acteristics. So, as applied to induction melting in crucible furnaces for which the main task is the maximum

contribution of power for heating and melting the metal, the total power of the cylindrical inductor is
2

T . T,
S, =Ela)r22h,u(lwl)2(l+l—2~M), (13)

r

90 ISSN 1607-7970. Texn. enexmpoounamira. 2020. Ne 2



and the power of the inductor of the orthogonal field is
S, =iomih(h s > A o) (14)
745 n
where

8 G
I(a,n)—n—1(an)=-BK (an)-—n—K/(an)
M= on on
B 0 o ’
Ii(an)+n—1(an)=B(K (an)+n—K(arn))
or or

1 1

N=n1n(aln)ﬂiln(w)—B{M (w)wilﬂ(am)}
or " or

1 1

2n 2n 2n 2n
[nmam)[l—’t }n[ni jiln(am)—Bn(nKn(am)[l—rlz }n(ui ]iKn(mj.
n n")or, n" n")on

The active power loss in the windings of both inductors is

2
006 P=——(mr,+w; (h+713)),
0.04 L , - o
where o, s, are specific electrical conductivity and section inductor
0.02 conductor windings.
0 The power calculations performed for the given stirrer parame-
ters for the production of a continuously cast ingot with a diameter of
-0.02 0.14 m show: at the industrial frequency the indicated metal stirring
velocity is achieved when the power consumption from the network is
- 0.04 S =203+1150i VA, S,=2,9+9,li VA, P=2856 W at s, =39 mm’
- 0.06 and o©,=5-10" S/m. Supply voltage windings in this case is

- 0.06-0.04-0.02 0 0.02 0.04 0.06 U=\/§(|S1 +5S, +P|)/[= 9 V. It should be noted that insignificant

Fig. 3 power is consumed to perform the stirring functions — only about 206

W. Active losses in the winding are much larger, which leads to a low
efficiency of the electromagnetic device. However, taking into account the functional purpose of such stir-
ring, namely the stirring of liquid metal at the final stage of a continuously cast ingot production to improve
its quality, the power of such an electromagnetic stirrer and its efficiency are offset by the achievement of the
necessary modes of metal motion.

Conclusions. As a result of the electromagnetic and hydrodynamic processes analysis in an electro-
magnetic stirrer with orthogonal magnetic fields, it was ascertained that the radial velocity component has
inhomogeneities along the azimuthal axis, leading to the formation of four additional vortices in the liquid
metal. Such vortices work towards the intensification of the melt stirring process and can be used for elec-
tromagnetic stirrers of various functional purposes, namely: in the final stirrers of continuous casting ma-
chines, in crucible and skull furnaces.
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Paspabomana mamemamuueckas mooensb u Memoo paciema NApamempos INeKMPOMAHUMHOL CUCEMbL C NPOCMPAH-
CMBEHHO OPMO2OHATLHBIMU MAZHUMHBIMU NOJSIMU, KOMOPbie CO30aI0MCst MOKAMU 08YX 0OMOMOK, 0OHA U3 KOMOPbIX
8bINOIHEHA 8 8UOE YUTUHOPULECKO20 UHOYKMOPAd, a Mopas — 6 8ude CeOl000PA3HOl KAMYWKYU ¢ TUHEUHbIMU YUacm-
Kamu, HAnpaeieHHvlMu 60016 0bpaszyiowell unoykmopa. Onpedenenvl cpedHue 0O0beMHble NIOMHOCMU INeKMPoMaz-
HUMHBIX CUT, BbI3bIBAIOWUX OBUJICEHUE PACNIABA 8 NpoYyecce UHOVKYUOHHO20 HAZPeBd 6 MULEeIbHbIX Neuax Uiy Mauii-
HAX HENPepbleHO20 IUMbsL 3A20MO080K CIMAIU. YCMAHOGLEHO, YUMo HA YPOSHE OOIbUUUX PAOUATIbHBIX CKOPOCHEN UMEIOM
MeCmO He3HAUUmMeNbHble HeOOHOPOOHOCHU CKOPOCMU, YMO COBMECHIHO C A3UMYMAIbHOU CKOPOCHbIO NPUBOOUM K
BO3HUKHOBEHUIO BUXPEIl CKOPOCMU U CROCOOCMEYem OONOIHUMENbHOMY Hepemewusanuio memaiia. OnpedeneHo Ha-
npsidiceHue NUMaHusi 0OMOMOK PACCMOMPEHHO20 INEKMPOMASHUMHO20 YCMPOUCMEA, 00ecneuusaioue2o nepementea-
HUe HCUOK020 Memasiid Ha (PUHATILHOU CMAOUU NPOU3800CMEA HeNPepPbLeHOAUMOo20 ciumka. buoi. 9, puc. 3.

Kniouegvie cnosa: paciiaBieHHbII METaILI, JJIEKTPOMArHUTHOE MepeMEIIMBaHKE, JIEKTPOMArHUTHAs! CHJIa.

YK 621.746.5:537.84
EJIEKTPOMATHITHE IEPEMIITYBAHHSI METAJIIB Y ITPOCTOPOBO OPTOT'OHAJIBHUX
MATHITHHUX HOJIAX

A.IL Pamenxun', U.IT. Konaparenko' O.M. Kapuios', P.C. Kpumyk', A.B. JKnibnos’,
B.B. Baciok®
lIHCTMTyT eiaexrporuHamiku HAH Ykpainn,

np. [lepemornu, 56, Kuis, 03057, Ykpaina. E-mail: dep7ied@ukr.net
? HanionaspHuii yHiBepcuTeT Giopecypcis i npupogoKopucTyBanns YKkpainu,
By.JI. I'epoiB O6oponu, 8, Kuis, 03041, Ykpaina. E-mail: azhilt@gmail.com

Pospobneno mamemamuuny mooenv i Memoo po3paxynKy Rapamempis eleKmpOMASHIMHOI cucmemu 3 NPOCMOpPO8o
OPMO2OHANLHUMU MASHIMHUMU NOJSIMU, SIKI CIBOPIOIOMbCS. CIMPYMAMU 080X 0OMOMOK, 00HA 3 AKUX BUKOHAHA Y GU2IA0L
YUIHOPUYHO20 THOYKmMOpa, a opyea — y uiiadi ciOn08UOHOL KOMYWIKY 3 TIHIUHUMU OLISIHKAMU, SIKI CNPIMOBAHI 830080iC
meipHoi indykmopa. Busnaueno cepedni 00'emui winoHocmi enekmpomMasHimuux Cull, Wo SUKIUKAIOMb PYX PO3NIAGY 6
npoyeci iHOYKYItiHO20 HA2PI8y 8 MUSEbHUX nevax abo Mauunax besnepepsHo2o Jumms 3a20moeoxk cmaJi. Bemanoene-
HO, WO HA PIBHI 8eIUKUX PAOIANbHUX WEUOKOCHEN MAIOMb Micye He3HAUHi HeOOHOPIOHOCMI WEUOKOCI, WO CRIbHO 3
aA3UMYMATLHOI WEUOKICII0 NPU3800UMb 00 BUHUKHEHHS 8UXOPI6 WEUOKOCMI | CNpUse 000amKO8OMY NepeMiuly8aHHIO
memany. Busnaueno nanpyzy otcueneHHs 0OMOMOK pO32NAHYMO20 eNeKMPOMASHIMHO20 HPpUCmMpo, wo 3abesneuye
nepemiuty8aHHs pioko2o Mmemany Ha Qinanvuiu cmadii eupobHuymea besnepepsroaumoeo saumka. biom. 9, puc. 3.
Knrwouosi cnosea: po3niaBieHuil MeTall, €IEKTPOMAarHiTHE IePEeMilTyBaHHs, €JIEKTPOMarHiTHa CHIIA.
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