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FEATURES OF THE FORMATION OF MULTI-CHANNEL PULSE CURRENTS AND
FAST-MIGRATING ELECTRIC SPARKS IN THE LAYER OF CURRENT-CONDUCTING
GRANULES OF ELECTRIC-DISCHARGE INSTALLATIONS
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The paper reveals the electro-physical features of the formation of multi-channel pulse currents and fast-migrating
electric sparks in the layer of current-conductive granules of electric-discharge installations (EDIs) with reservoir ca-
pacitors. Such features make it possible to increase many times the productivity of the electric-spark dispersion of metal
granules during single discharge current of reservoir capacitors, which flows between the electrodes of EDIs. Theoreti-
cal substantiation and experimental confirmation of multi-channel spark discharges in the layer of conductive granules
are presented. The influence of the capacitance and charge voltage of reservoir capacitors on the nature of transient
processes in the discharge circuit of the EDIs is investigated. The dependence of the effective value of the active load resis-
tance of the EDIs on the value of the pre-charge voltage of its reservoir capacitors and the value of its capacitances has been
experimentally determined. It is proved that an increase in the averaged Q-factor of the discharge circuit with an increase in the
charge voltage of the capacitor bank of EDI is caused by a decrease in the effective value of the active resistance of the layer of
metal granules when spark-generating discharge currents flow through it. References 21, Figures 6.

Key words: pulse current, electric-spark discharge, electric discharge installation, capacitive energy storage, metal gran-
ular layer, electric-spark dispersion.

The main feature of electric-discharge installations (EDIs) with reservoir capacitors is the ability not
only to accumulate, store and strictly dose the transmission of electric power from the supply network to the
technological load, but also to realize the largest pulse currents and short-term powers in it in comparison
with other energy storage devices [1-6]. For a long time, EDIs were created to generate low-voltage (voltage
up to 1 kV) [2-4, 6] or high-voltage (voltage up to 50 kV) [1, 5] discharge pulses that form large pulse cur-
rents in the interelectrode gaps (IEGs) filled only with the dielectric liquid. During the discharge of EDIs
capacitors, the pulsed currents arose, which formed short-term single-channel electroplasma formations [4]
with a temperature of the order of 10 thousand K [6] in the liquid between the electrodes.

Using low-voltage EDIs, it became possible to realize an electrophysical phenomenon, which was
called electrical discharge machining of metals [3, 4] and which began to be used for precision electric
erosion machining of metal products (in general, conductive ones) of the highest strength and refractoriness
[2-4]. The use of high-voltage EDIs, in capacitors of which accumulated electricity up to 10° J, made it
possible to realize the phenomenon known as the high-voltage electrohydraulic effect [5]. This effect arises
in the liquid between the electrodes during the formation of an electroplasma channel, which expands at a
supersonic speed and with a very rapid release of electric power and a shock increase in pressure. In order to
increase the intensity of electrohydraulic phenomena in high voltage EDIs, the exothermic solid and liquid
dispersed additives are used [7]. Improvement of high-voltage EDIs made it possible to implement highly
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efficient electro-hydraulic technologies for restoration of pre-wellbore zones of oil and water wells, cleaning
of metal castings weighing from 100 g to 200 tons, destruction of large-sized granite and concrete structures,
crushing of porcelain, glass and other very strong (but non-plastic) products, industrial waste etc.

It was also substantiated that electric-spark machining can be a promising method for dispersion of
the refractory, superhard and ductile metals, alloys and composites to obtain micro- and nanoparticles with
unique operational properties [3, 6, 8]. This method allows to obtain powder micro- and nanostructured
magnetic materials with shape memory [9], dispersion-strengthened refractory alloys [10, 11], surface active
hydroxides, oxides, carbides, and nitrides [8—11]. The possibility of processing industrial metal waste into
highly dispersed powders with a highly developed active surface increased the relevance of this line of
research. However, the formation of single-channel spark-discharge processes in IEG of electric discharge
installations did not allow increasing the productivity of producing electic-eroded powders to the volumes
required for the development of industrial technologies, despite an increase in IEG length and increasing the
voltage of discharge pulses to 20 kV [8].

The problem was solved after the development of design principles of semiconductor EDIs and
stabilization their modes, which ensure the formation and adaptive regulation of dynamic processes of fast-
migrating electric sparks in a layer of contacting metal granules in an IEG filled with a flowing dielectric
liquid [12]. Stochastic change in EDIs electrical resistance [13, 14] was taken into account by purposeful
pulse-to-pulse regulation of charge and discharge voltages across EDIs capacitors [15], taking into account
the energy losses in their electrical circuits [16]. The effect of the duration of the discharge pulses [17], as
well as the influence of the nonlinear characteristics of the electrical resistance of the load on the energy
efficiency of the EDIs can be reduced by using supercapacitors [18] (the capacity of which increases with
increasing voltage between their plates [19]) in EDIs circuits. In [20], it was substantiated the efficiency of
regulation of the volume of the electric-spark plasma in the IEG, which allows changing both the value of the
IEG electric resistance and the productivity of the electric-spark dispersion of metals.

At the same time, the work [9] proved the need for additional experimental studies of the distinctive
features of the formation of pulsed currents in the layer of metal granules, as well as determining the regu-
larities of the implementation of the conditions for their high-performance spark-erosion dispersion. It was
also pointed out that it was necessary to substantiate the influence of the electrical characteristics of the dis-
charge pulses on the features of the electric-spark erosion of the granular layer, the stability and energy effi-
ciency of the realized spark erosion dispersion processes.

Therefore, the aim of this study is to clarify the features and regularities of the formation of dis-
charge-pulse currents and fast-migrating electric sparks in a layer of metal granules and to establish the in-
fluence of the electrical characteristics of discharge pulses and technological load on energy efficiency, sta-
bility of modes and productivity of volumetric electric-spark dispersion (VESD) of a layer of conductive
granules in the IFG of EDI.

To achieve this aim, we have developed a laboratory EDI. The structural diagram this EDI is shown in
Fig. 1. Its main elements were: a discharge pulse former (DPF), containing an intermediate capacitive energy
storage (CES) and a semiconductor discharge switch;
a technological dispersion apparatus (TDA), the IEG
of which was filled with a layer of conductive gran-
sl DPF ules and a flowing dielectric liquid, as well as a mode

control unit (MCU) for both DPF and TDA.

When developing DPF, TDA and MCU, it
was necessary to take into account that the electrical
resistance of the layer of conductive granules during

MCU ' the flow of a single pulse current of the CES dis-
charge can change stochastically over a wide range
[12—-14]. Therefore, one of the tasks in the develop-
ment of industrial EDIs was to identify and use the

Fig. 1 dependencies between the functional characteristics
of the DPF and TDA, which made it possible to im-
plement the optimal electrical and technological modes of the entire installation.

To realize high performance of EDIs, the power supply of the TDA was carried out in such a way that the
spark erosion processes occured simultaneously on the largest possible number of metal granules.

3-phase
supply
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Preliminary studies have shown that the voltage drop across one spark-erosive contact between
conductive metal granules is usually 15-30 V, while when multi-channel spark-discharge currents are formed in
the granular layer, the voltage drop between the electrodes in IEG increases to hundreds of volts [12]. This fact
predetermined the advisability of increasing the voltage at the DPF output to several hundred volts.

Assessment of the main characteristics, as well as the energy and technological modes of the EDI was of
great importance for the study. For efficient electric spark dispersion of a layer of granules, it is necessary that the
supply of energy from the DPF to the zones of electrical contacts between the granules is carried out faster than
the removal of heat from them. The simultaneous supply of electric energy to many zones of possible dispersion
of metal granules predetermined the need to obtain rate of current rise up to 500 A/us in the DPF output circuits at
current amplitudes of hundreds and thousands of amperes.

The semiconductor DPF with a bank of reservoir capacitors with a total capacity of 15 mF, which
were charged up to a voltage of 300 V, was made to carry out experimental studies. A high-speed thyristor
TB 353-1000, which can withstand voltages up to 1600 V and surge currents up to 10 kA at a rate of their
rise up to 1 kA/ps, was used as a switch of discharge currents in the DPF. The interelectrode gap in the TDA
was filled with tap water and a layer of touching aluminum granules up to 80 mm high. The IEG length was
about 40 mm, and the electrodes width was 60 mm.

I, ) Fig. 2 shows the time variation of the voltage u(?)
i, | iy . between the IEG electrodes and the current i(?) in the
u(p) JaT IRl layer of aluminum granules for the discharge of the DPF
capacitors pre-charged up to a voltage of 300 V. The
discharge duration is up to 180 ms. The inductance of the
discharge circuit was about 1.5 pH, the value of scale
divisions on the oscillograms for voltage, current and time
were 75 V/div, 400 A/div, and 15 ms/div.

An analysis of changes in the total discharge
current i(¢) between the electrodes of the IEG showed that
after the first current pulse /; > 2 kA with a duration of
less than 3 ms, a currentless pause with a duration of more
than 40 ms is observed, and then discharge currents with a
much lower amplitude (in comparison with the first
current pulse /;) and having deep amplitude modulation

Fig. 2 are observed.

These results showed the possibility of the
appearance of large currents and electrohydraulic phenomena in the IEGD during the discharge of a large-
capacity CES, which is pre-charged to low voltages (300 V), i.e. pre-charge up to high (several tens of kV)
voltages is not required. Such currents can create electrohydraulic phenomena of prolonged rupture of
contacts of granules with electrodes and rather long-continued (more than 40 ms) currentless pauses, and
then even more long-duration currents of low amplitudes.

That is why, we have concluded about the energy and technological appropriateness of forming high-
frequency discharge currents of shorter duration (on the order of several and tens of microseconds) with an
controlled relative pulse duration of pulse currents in a layer of metal granules.

But there was a question about the possibility of the
formation of multi-channel discharge-pulse currents and fast-
hassessenees soseessansesfiessennees o migrating electric spark phenomena in such a layer of

¢ [

P VA - ¢ ¢ ¢ granules.
Jrecieeesrreieeed The possibility of realizing such currents and
: : . : phenomena was experimentally confirmed by studies in the

.
000000000000 00000000N0000000000000000q¢00000ve
. . . .

e e e discharge of one storage capacitor with a capacity of 200 pF,
%vsrivnestiit.v pre-charged to a voltage of 500 V, into two parallel-connected

: . 1EGs filled with a layer of contacting aluminum granules and
water.

There are the oscillograms of currents i;(2) and i(2)
arising between the electrodes of the first IEG and the second
IEG, as well as the resulting current io(2)= i;(¢) + ix(?) in the
t common part of the discharge circuits of both IEGs during the
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above-mentioned discharge of the 200 uF capacitor, in Fig. 3. The value of scale divisions for current and
time is 850 A/div and 10 ps/div.

It should be noted that a decrease in the current #;(2) in the first IEG causes an increase in the current
ir(t) in the second IEG, and vice versa, which is natural when the electrical resistance of one of the two
electrical circuits connected in parallel to one voltage source changes.

Therefore, the currents i;(2) and i»(z), which flow in parallel electrical circuits between two pairs of
electrodes, are mutually dependent currents and they have a serrated shape. At the same time, their total
pulse current, which is represented by the oscillogram iy(?), has a shape well smoothed by the inductance of
the common part of the discharge circuit of the DPF capacitor. Such shape is typical for all DPF discharge
currents, if the capacitance and charge voltage of the DPF capacitor are selected so that the average Q-factor
of the DPF discharge circuit is not less than 0.5.

Note that each discharge of a pre-charged DPF capacitor caused the simultaneous flow of pulsed cur-
rents similar to #;(2) and i,(?) in the layers of both IEGs, as well as the appearance of fast migrating spark ero-
sion phenomena of different intensities and durations in the layers of aluminum granules of both IEGs.

Similar dependences of pulse currents and spark erosion phenomena took place when one IEG was
connected to the reservoir capacitor of DPF, and the layer of conductive granules in the IEG was divided into
two parts by a vertical dielectric partition located perpendicular to the electrodes of the IEG.

Fig. 4 shows a high-speed shadow photogram of the rapid migration of electrospark phenomena in a
symmetric two-dimensional layer of lead granules (that is, in the layer one horizontal size of which was one
granule) during the course of one discharge of a capacitor with a capacity of 100 uF, pre-charged to a voltage
of 1200 V [12].

Features of the formation of single-channel and multi-channel currents in the IEG of EDI.

The main reason for spark-erosion damage on the surfaces of electrodes [2—4] and metal granules,
which are in contact both with the electrodes and with each other [6, 8, 12, 20], is the presence of micro-
zones of electrical contacts with conductive bridges of the smallest section and, accordingly with the highest
current density. Since the rate of energy release in such micro-zones is higher than the rate of its heat re-
moval into the environment, the concentration of energy, and, consequently, the temperature in these micro-
zones increases, causing the processes of melting, evaporation and plasma formation.

The temperature in such electric spark-plasma formations can reach 10 thousand °K [6], i.¢. it can be
much higher than the melting and evaporation temperature of all known metals, their alloys and composites.
Therefore, at present, there are no conductive materials that are absolutely resistant to the effects of electro-
erosive (in fact, electro-plasma) phenomena.

When high pulse currents are generated in the IEG of EDI, the processes of melting, evaporation and
plasma formation occur very quickly and have an explosive character in the aforementioned micro-zones.

The liquid (in particular, water) in IEG prevents the expansion of the electro-plasma channel, thereby
preventing a decrease in the energy density in the channel, but contributes to the appearance of high shock
pressures at the interface of different aggregate and phase states of the substance. This leads to the ejection of
nano- and micro-volumes of metal into the surrounding liquid.

The main distinguishing condition for the formation of single-channel spark-discharge currents in the
IEG is the fact that its pre-breakdown electrical resistance is not less than the pre-breakdown resistance of
the contacting electrodes, and is necessarily greater than this resistance if there is a layer of series-connected
conductive granules in the IEG. This condition is feasible for long small-section IEGs, in which the number
of series-connected contacts between the granules exceeds the number of parallel-connected contacts be-
tween them in the perpendicular section. Then an increase in the productivity of electric spark dispersion of
granules is possible only by increasing the number of series-connected contacts between the granules and,
accordingly, by increasing the output voltage of the EDI, as in [8]. This way of improving EDIs allows
slightly (several times) to increase their productivity, but in many respects complicates their maintenance due
to the need to form high-voltage discharge pulses and apply increased safety measures.

A distinctive condition for the formation of multi-channel spark-discharge currents in an IED is that
its pre-breakdown electrical resistance is necessarily less than the pre-breakdown resistance of the contacting
electrodes. This condition is feasible for short IEGs and a large section of the layer of conductive granules, in
which the number of parallel-connected contacts between the granules in the perpendicular section is much
greater than the number of series-connected contacts between the electrodes. The increase in the productivity
of electric spark dispersion of granules is carried out precisely by increasing the number of parallel-
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connected granules and, accordingly, the magnitude of the pulsed current in the layer of granules between
the electrodes of the IEG, and the output voltage of the EDI does not exceed 1000 V, as in [12, 14, 18].

It should be noted that in this case, the pre-breakdown electrical resistance of the layer of conductive
granules is much less than the resistance of one contact between them, since the number of parallel circuits
between the electrodes (which is determined by the area of the electrodes and the cross section of the granule
layer) can be many times greater than the number of contacts connected in series between the IEG elec-
trodes. Moreover, an increase in the number of parallel-connected contacts between the granules creates
conditions for the formation of multi-channel and fast-migrating spark-discharge currents in the layer of
metal granules between the electrodes of the IEG, creating conditions for a multiple increase in the produc-
tivity of the EDL.

The study of oscillograms of spark-discharge currents with a duration of 1 ps to 1 ms in a layer of
conductive granules between the TDA electrodes and oscillograms of voltage drops in the IEG of single
TDA or several ones connected in parallel to the output of single DPF showed that during single spark-
discharge pulse the electrical resistance of the granule layer can randomly change several times [8, 12-14].
Moreover, such a change is possible both before and after the initiation of sparks in the layer. This is evi-
denced by the high-frequency modulation of the current and voltage curves on the oscillograms shown in
Fig. 2 and 3. That is why, in most cases, when analyzing transient processes in the DPF discharge circuit, the
effective value of the active resistance of the spark-erosion load Ry, . = const is introduced. During single
discharge pulse, this resistance consumes the same power as the real resistance of the layer of conductive
granules.

Dependence of the effective value of the resistance of the spark-erosion load on the value of the
pre-charge voltage of the reservoir capacitor of EDI. Our studies have revealed the functional dependence

. C=50 HE:,UIC o uw i C=50 uF, Usc of the natqre of spark-erosion
SN | .. . . . . discharges in the layer of con-
Lof..f.f.0 ductive granules between the

electrodes on the value of the

oo N\ reservoir capacitor.
el ) -. In Fig. 4, a and b we
i A . © can see the oscillograms of the
time variation of the voltage
drop u(?) between the electrodes
and the spark-discharge current
i(¢) in the layer of aluminum
granules between these elec-
trodes at two values of the capacitor
pre-charge voltage Ujc and U,y
(Uic<Uyc). The capacitance of the
capacitor was 50 pF, and all other
parameters of the discharge circuit of
the EDI did not change. The division
values were 20 V/div, 212 A/div, and
5 ws/div in Fig. 4, a, and 50 V/div,
426 A/div and 5 ps/div in Fig. 4, b.
Since the real load resistance
of the EDI changes during the dis-
charge of the capacitor, we made the
assumption that the discharge in
which the voltage across the capaci-
tor does not change its polarity can
be called an aperiodic discharge. A
critical discharge is a discharge in
which the capacitor voltage tends to
zero, and during an oscillatory dis-

I R e LG D Y G —

u() C=100 pF, Usc

Fig. S
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charge, the voltage changes its polarity.

As you can see in Fig. 4, when the capacitor is charged to a voltage U, its discharge in the IEG is
aperiodic, and when the capacitor is charged to a voltage U,c > U, its discharge is oscillatory.

Similar dependences are shown in Fig. 5. When a capacitor with a capacity of 100 puF (200 pF) is
charged to a voltage of Usc (Usc), its discharge is aperiodic, and when a capacitor is charged to Usc> Usc
(Usc> Usc), its discharge becomes oscillatory (see oscillograms in Fig. 5 a, b (5 ¢, d)). The division values
were 50 V/div, 426 A/div and 10 ps/div in Fig. 5, a; 100 V/div, 850 A/div 10 ps/div in Fig. 5, b; 50 V/div,
426 A/div and 20 ps/div in Fig. 5, ¢; 100 V/div, 2,2 kA/div and 10 ps/div in Fig. 5, d.

The oscillograms shown in Fig. 4 and 5, confirm that an increase in the capacitor pre-charge voltage
leads to the fact that the aperiodic discharge of the capacitor can change to an oscillatory one. And an in-
crease in the capacitance of a capacitor leads to an increase in the pre-charge voltage value, at which the dis-
charge changes from aperiodic to oscillatory (Usc > Usc> Usc).

From the point of view of the energy processes, the most favorable discharge mode is a mode close
to the critical discharge (with a circuit quality factor Q = 0.5). In this case, the energy of the capacitor is al-
most completely released in the spark-erosion load, and the discharges are not long-term, which makes it
possible to realize high average powers.

For the current in the transient process of the capacitor discharge, we can write the expression [21]:

i(t)=Up (" - ”2’/2L 5 - (1)

where 6 =Ry, .4 .5 /2L, @y =1/NLC, p, =-5 % \6> —@; , Uc— initial capacitor voltage.
For critical transient of capacitor discharge, when Ry, ,» =2 L/C and p, = p, =-38, we obtain

the indeterminate form 0/0 in the expression (1). Evaluating the indeterminate form according to L'Hospital
rule by differentiating the numerator and denominator with respect to p, = p, , we obtain:

i0)= i Uele” =™ )/L(p - p,))=Ucte® /L. @)

PP

To find the time point ¢,,,, when the current reaches its maximum value i,,,, we determine the de-
rivative 0i/0t from expression (2) and equate it to zero:

difor=Uge(1-6)/L=0. 3)

From expression (3) we obtain that ¢, = 1/ 0 =2L/R,,y 5 - Thus, the duration of the current rise to

the maximum value in the spark-erosion load is proportional to the inductance of the discharge circuit and is
inversely proportional to its active resistance. Consequently, an increase in time of the current rise to its max-
imum value with an increase in the voltage U, shown in Fig. 5 and 6, confirms a decrease in the value
O =Ry !2L .

At t =t =2L/R,. . > the value of the current i(t,,,) =2U/eR;, . - i-¢. the maximum current

in the IEG does not depend on the inductance and capacity of the discharge circuit.

Analysis of Fig. 5 a, b (6 ¢, d) shows that with an increase in Uc by 1.2 (2) times, the value of i,,,, in-
creases by 2 (6.5) times, on the basis of which it can be concluded that an increase in the pre-charge voltage
of the capacitor UC leads to a decrease in the effective value of the active resistance of the spark-erosion
load (and, consequently, to an increase in the Q-factor of the discharge circuit).

Our experimental studies have shown that, from an energy point of view, the most favorable dis-
charge mode of a capacitor is a mode close to a critical discharge. However, from a technological point of
view, more stable, faster and more controllable modes are oscillatory discharge modes of a capacitor with a
small recharge voltage (voltage of reverse polarity) on its plates. In this case, a decrease in the inductance of
the discharge circuit causes a decrease in the duration of the discharge currents and an increase in their max-
imum values. But, unfortunately, the reduction of such inductance is limited by severe design constraints.
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The revealed dependence of the resistance of the spark-erosion load on the charge voltage of the ca-
pacitor made it possible to form an opinion about the deviation of the current mode from the specified one
based on the change in the nature of the discharge and to neutralize this deviation by changing the charge
voltage of the capacitor.

On the basis of the revealed regularities, the concept of synthesis of electric discharge installations
with a reservoir capacitor for VESD of metals was developed. This concept is based on the use of non-zero
initial conditions of transient processes in the circuits of such installations, as well as taking into account the
dependence of the effective resistance of the IEG on the charge voltage of the reservoir capacitor, and intro-
ducing the negative voltage feedback in these installations. The application of this concept made it possible
to reduce both the instability of transient processes in the circuits of such EDIs and the losses arising in them.

L, VT, VT;i/ Fig. 6 shows the electrical circuit diagram

| 5 (Y'Y \_Béa ° that performs this stabilization. The circuit contains

a direct voltage former (DVF), from which the os-

Ls cillatory charge of the capacitor C is carried out

i ¥ | through the choke L; when the thyristor V7 is

DVF —e TDA turned on. After completing the charge and turning

on the thyristor V7, the capacitor is discharged to

Vs the interelectrode gap of the TDA. The constructive

B fYLWZ(\ inductance of the current-conducting wires of the

] discharge circuit and TDA is shown in the diagram

Fig. 6 by element L,. The oscillatory discharge of a ca-

pacitor in a circuit with a semiconductor element (thyristor) is completed by recharging the capacitor to a

voltage of reverse polarity, which contributes to the rapid turn-off of the thyristor ¥'75. The choke L; and the

thyristor V'T; form a reverse recharge circuit to the voltage Uy of the capacitor C. It is the values of Uy that

affect the value of the voltage U of the subsequent charge of the capacitor (which will be the initial voltage
of next discharge of capacitor).

The voltage of the oscillatory charge of the capacitor under the condition of its nonzero initial volt-
ages can be determined from the expression [12]

—Wyt
1 . 1 1
uc(t)zUDVF—(UDVF—UO )-eZQ‘ X| ———=sinawy,, [l -———t+cosa,, [1-—t |, 4)
2041-1/40] | 407 40

where Upyr is the voltage at the DVF output, O, is the O-factor of charge circuit, w,; =1/4/L,C .

Since in EDIs for VESD of metals the quality factor is usually O;> 10, then (4) can be simplified to
the form:

—wt
uct)=Uppr — (UD,,F - UOC)' e 9 [Zsin @yt + cos a)mtj . %)
1

The maximum charge voltage of the capacitor is calculated as

-

Ucpar =Uppie + Uy =Uyc)-€*. (6)

Cmax

Thus, with an increase in Ug,,,, the O-factor of the discharge circuit Q, also increases (due to a de-
crease in the effective value of the active resistance of the spark-erosion load). The consequence of the in-
crease in O, will be an increase in the value of Uy, which will lead to a decrease in Ug,.., (see (6)) with the
subsequent charge (see (6)).

Similarly, if the voltage Uc,... decreases, then the quality factor of O, will also decrease, which caus-
es a decrease in Uyc and, therefore, an increase in Uc,,, in the subsequent charge of the capacitor.

The revealed dependences and the implementation on their basis of stabilization of modes in installa-
tions for VESD of metals allows in practice to increase the productivity and quality of the obtained dispersed
spark-eroded powders. The definition of these dependencies has a significant impact on the design principles
of industrial EDIs.
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Conclusions. The features and regularities of spark processes during the discharge of a reservoir ca-
pacitor through technological load, which is a layer of conductive granules (usually metal granules) im-
mersed in a dielectric liquid between the electrodes of the electric discharge installation, have been deter-
mined. The influence of the main characteristics of such a load on the efficiency of its power supply has been
clarified. The theoretical substantiation and experimental confirmation of a new phenomenon are presented:
the generation of multi-channel spark discharges in a layer of conductive granules, rather than single-channel
spark discharges as in electrical discharge machining. The dependence of the effective value of the active
resistance of the load of the electric discharge installation on the value of the pre-charge voltage of its reser-
voir capacitor has been found. It is proved that an increase in the quality factor of the discharge circuit with
an increase in the voltage of the capacitor charge is caused precisely by a decrease in the effective value of
the active resistance of the load. On the basis of the revealed dependencies we have developed and imple-
mented the design principles of high-performance electric discharge installations with parametric stabiliza-
tion of their modes for volumetric electro-spark dispersion of a layer of conductive granules immersed in a
dielectric liquid between the electrodes.
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Y pobomi noxasani erekmpoghizuuni ocobausocmi Gopmysants 6acamokanaIbHUX IMRYIbCHUX CIPYMIB [ W8UOKO Mie-
PYIOUUX eleKMPOICKPIHb 8 Wapi CIMPYMONPOBIOHUX 2PAHY] eeKmpOopo3pAoHUX yemanosok (EPY) 3 nakonuuysanenumu
Konoencamopamu. Taki ocobaugocmi oaroms 3mozy 6azamopasoeo 30i1buLy8amu npooyKmMueHiCms iCKpOepo3itino2o
OuUCnepzy8aHHs Memanedux 2pamyil 3a 4ac NPOMikaHHs 00HO20 PO3PAOHO20 CMPYMY HAKONUYYBANbHUX KOHOEHCAMOopis
mide enexkmpodamu EPY. Hageeoeno meopemuune o0IpyHmysanHts i eKCnepuMeHmaibhe niomeepodtceHHs 0azamokana-
JIHOCMI ICKPOBUX PO3PA0I8 8 WAPi CMPYMONPOGIOHUX epanyl. J{oCIiONHCeHo 6naUE GeTUHUHU EMHOCII | HAnpyau 3apsoy
HAKONUYYBAILHUX KOHOEHCamopie na xapakmep nepexionux npoyecié 6 pospsionomy xoni EPY. Excnepumenmanbho
BCTNANHOBNIEHO 3ANEHCHICTNG eEeKMUBHO20 3HAYEHHS AKMUBHO20 ONopy Hasanmavicenusi EPY 6i0 eenuyunu nanpyeu no-
nepeonbo2o 3apady il HAKONUYYBATLHUX KOHOEHCamopig i genuyunu ixuvol emnocmi. JJogedeHo, ujo 30invuieHHs ycepe-
OHEeHOI 00OpPOMHOCMI PO3PAOHO20 KOHMYPY 3 NIOGUWEHHAM Hanpyeu 3apsoy bamapei koHoencamopie EPY suxnuxa-
EMbCA 3MEHULEHHAM eQeKmMuU8H020 3HAYEHHA AKMUBHO20 ONOPY WAPy Memanesux epauyi npu NPOmikaHHi 8 HboMY ic-
Kpoymaeopoiouux po3psaonux cmpymis. bion. 21, puc. 6.
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The idea of distributed active filtration is to compensate the currents of higher harmonics and undesirable power
components of the main network with renewable energy converters of the connected microgrid, which have reserves of
apparent power. For the convenience of distributed compensation, it is proposed to identify the sinusoidal mode of the
three-phase four-wire power system, provided from the symmetric source by six mutually orthogonal components of the
three-coordinate load current vector. The unbalance power is shown to be due to four mutually orthogonal components
of load current vector with defined reference voltage vectors, each of which is proportional to a separate orthogonal
component of the unbalance power. Integral formulas for determining the scalar values of the four specified orthogonal
components of unbalance powers have been obtained, which open the possibility to account for their contribution to the
deterioration of the power quality and synthesize the control signals for distributed active filtration. The connection
between the four specified orthogonal components of the unbalance power and the linear asymmetric load parameters
was established, making it possible to verify these integral formulas using a computer experiment. It is analytically
established and experimentally confirmed that the squares of the two orthogonal components of the unbalance powers
associated with the current of the neutral wire are included in the decompositions of the square of apparent power and
power losses with the multiplier, depending on the ratio of the resistances of the transmission line of the three-phase
four-wire power system. References 17, figures 3.

Keywords: unbalance power, microgrid, shunt active filter control strategy, distributed filtering.

Introduction. The need for more reliable and flexible power systems, combined with the great
potential of modern control systems and power electronics, made it possible to create a new concept of
electrical energy supply known today as a distributed generation (DG). In DG systems where a microgrid
(MG) with renewable sources can operate autonomously and in the connection mode to the main network,
the power quality problem comes to the fore. At the same time, without taking special measures, the MG acts
as a non-stationary, nonlinear, and unbalanced load of the main network.

The load asymmetry of the three-phase power supply system leads to a deterioration in the quality of
electrical energy, causing the unbalanced voltage at the points of common connection and additional power
losses in the transmission line, which may exceed the losses caused by reactive power [1]. At the same time,
the additional energy consumption of the supplier caused by the load asymmetry is not paid by the consumer.
The quantitative measure of the unbalanced load is the unbalance power, the square of which the standard [2]
defines as the difference between a square of apparent power and squares of active and reactive power.
However, this definition does not specify practical methods for the compensation, measurement, and
accounting of the unbalance power by hardware. In [3] the method of calculating the square of the unbalance
power due to the value of active and reactive powers of individual phases is presented, which allows
estimating the loss of electrical energy from asymmetry and reactivity of the load, but leaves open the
problem of direct measurement and compensation of unbalance power. The most effective hardware
compensating for inactive power components is semiconductor shunt active filters (SAF). SAF control
strategies aimed at compensating for the unbalance power are based both on the Fortescue theory of
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symmetric components [4], developed for this application, for example, in [5], and on several power theories
[6-10], which in various ways associate the power of the unbalance with specific components of the load
current vector. The most advanced for linear load and four-wire power system, this connection is visible
within the Current Physical Component theory [11], where the unbalance power is associated with two
components of the load current vector, proportional to the symmetric components of the negative and zero
sequences. But the corresponding proportionality coefficients are determined due to the load complex
conductivities of individual phases, which complicated the use of this theory for filtering the non-stationary
and nonlinear load currents. Even though SAF are an effective means of compensating for inactive powers in
microgrids connected to distribution networks, their installation as a separate device increases the total cost
of ensuring the quality of electrical energy. To reduce the cost of microgrids, developers began to focus on
the ideas of distributed active filtration, placing the functions of compensation for currents of higher
harmonics and undesirable power components on inverters of renewable energy converters that have reserves
of apparent power [12, 13]. In this regard, for the convenience of distributed compensation for the unbalance
power, it is advisable to present it as many orthogonal components as possible, having separate contributions
to the transmission line power losses and apparent power.

The article aims to develop a mathematical apparatus for identifying the unbalance power of a
three-phase four-wire power supply system aimed at its direct measurement and accounting by technical
means and compensation in the process of distributed filtration.

Main part. Figure 1 shows an example of a microgrid (MG) connected to the main power network,
between which mutual exchange of electrical energy is possible. It consists of loads (e.g., household or
production loads and charging of electric vehicle batteries), a photovoltaic generating (PVG) system, a wind
generating (WG) system, and an electrical energy storage system. Control of the microgrid is carried out by a
control system, which should provide regulated power quality indicators at points of common coupling
(PCC). Each of the renewable sources and storages of electrical energy has an embedded semiconductor
converter, which performs the function of an energy interface with a microgrid and is controlled by a control
system. The main idea of distributed filtration is to compensate for all inactive components of the load
current, mainly with embedded semiconductor converters, as a result of which the shunt active filter loading
decreases. The problem arises to establish the particle of inactive power that falls on each converter and its
identification in the form of compensation currents.

Main Power )
Network PCC MG power bus
A A A h A
Y Y Y Y
AC AC C AC AC .
SAF < PVG | WG Battery ) “AR | Loads

Storage Charger

DC DC

g1 ; g :

MG information bus

Control system

Fig. 1

The stationary energy process in the three-phase four-wire power supply system under symmetric
sinusoidal source and nonlinear load is fully determined by the three-coordinate vectors of phase voltages
and line currents represented in the time domain.

u,(t) U, cos(at) i,(t) I, cos(wt+y )
u(t) = uy (1)|| = V2|U, cos(er — 272/ 3)|[;i(2) = li,, (1) = /2|1, cos(t +w,)|| +1,, (2), (1)
u.(t) U, cos(wt+2r/3) i(t) I.cos(wt+y,)

where Ug is the RMS value of phase voltages, =2 #/T is the cyclic voltage frequency of a three-phase
source; Iy, I3, Ic are the RMS values of the first harmonic currents of the corresponding line wires, v, wg, Wc
are their initial phases, i, (¢) is the vector of currents of higher harmonics. Let's present these vectors as the

first members of the Fourier series in a complex form and arrange them according to the unit vectors of
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symmetrical components of the positive, negative, and zero phase sequences:

U, 1 1
ﬁ—lj u(t)e dt =|U,|=U, |le’*" _Yilil v e
- T - B||~ Yo - B/ T
T o s | V3

. _ (2)

I |Ie" 1 . .

T=lj (e dt =1, =|1,e"* Loal i gl Lol =i viw +ie
7 I It ] vt v N R

I |l.e™ a a 1

where U, =U4,\/§ is the RMS value of the line voltage; ¢ =e’*"*;a@=e/?""; €, is the unit vector of

positive sequence; € = ||1 a d”A /3 =e ;€ = ||1 1 1||A /\[3 are unit vectors of negative and zero
sequences; ", are  transpose and  complex  conjunction  symbols; I =1, +jl,,;
I =1, +jI, ;I, =1, + jl,, are complex coefficients, depending on the coordinates of the complex vector

i . To clarify the physical content of these coefficients, we introduce mutually orthogonal complex voltage
vectors proportional to the unit vectors of symmetric components:

U, 1 1| |U, 1 (U,
— — |- U, |- — — _U,l. = - U, :
u, =u=|U, =ﬁa =Uﬂe+;u7=Uﬂe7=$a =|U. ;uozUﬂeozﬁl =T,

U, a al |u, 1 (U,

then the three-coordinate vector of linear currents (2) allows such decomposition into the entered voltage
vectors:

]Aej'//A
i=|Le"|=(u +1u +1u,)U;. 3)
]Cejvlc

Complex scalar coefficients of expression (3) are found as scalar products of the line current vector
and corresponding mutually orthogonal complex voltage vectors:

Uﬂj+ =U;Up. +J1},) ZTAﬁi =P—jOil,, =P/U,;1, =—0/Uy;
U, =U,(I, +jI,)=i"0" =D, —jD,;I, =D, /U,;I, =-D,/U,; 4)
UﬂjO =U,; (I +j110)=TAﬁZ =Ny = JN;lpg =Ny /Upysl1g==N, /Uy,

where P, Q are active and reactive power; D,,D, are scalar coefficients of orthogonal components of the

unbalance power associated with the vector of symmetric voltages of the negative sequence, in the future,
simply the unbalance power of the negative sequence; N,,N, are scalar coefficients of the orthogonal
components of the power of the unbalance associated with the symmetric voltage vector of the zero
sequence, in the future simply the unbalance power of the zero sequence. We substitute the obtained scalar
powers in (3) and form six corresponding reference voltage vectors:

I, Y. Y. o,
= _ 7 - P—jO | - D, - jD, Ny —JN, _
l_IB_—UU\/gUB+—UU\/§UC+—UU\/§ =
IC J~ & UC J~ & UB J~ o UA
U —jU —jU U —jU
Pl 0 JU 4 D, 4 D, ]..A 4 N, JU 4
—SWUsl|+ |- JUs||+ = |Uc|+ - Ucl|+ U+ |-V
Uy U, U; U, i U;
Uc -jUc Uy —jUyg U, -jU,
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It is easy to ensure that all six resulting complex support voltage vectors of current components are
mutually orthogonal. We express them through the existing phase and line complex voltages of a three-phase
source, then the decomposition of the first harmonics of the line current vector in the frequency domain takes
the form of

U U U U U U
_ P 4 Q 'BC DR 4 D, ' 5C N, 4 N, 5c
= |Us|+ U t A T U2 U, t—F Uscll =
Uil | Us f S f Uily'| U3y (5)
Uc Upg 4 BC

_ _ __ — — — — 2 . . . - -
=(Pu, +QuQ +Dup, +Duy, +Nu,, +N1uN1)Uj, =i+ iy + i + iy, + iy + iy

Each of the scalar powers of decomposition (5) can be found as a scalar product of the current vector
and the corresponding reference voltage vector and measured by a wattmeter. In particular, the calculation
formulas of active and reactive power:

P=Re(i"W,) =Re(1,U’ + [,U; + 1.U2) = | 1w, +uyiy +ucic)ds;

(6)
Q:Re(lA_*) Re(1, U, +1,UL, +1. UB)/\/_ I (uBClA+uCAzB+uABZC)dt/\/_

correspond to known measurement methods using three wattmeters to determine each power [14]. The scalar
unbalance powers of the negative sequence are calculated as follows:

D, =Re(i"u,) ZJ- p (Ul +ucly +ugic)dt = WnatWen s +Waycs

o Ak (7)
D, =Re(i"u,,) :I r(Ugely + U ply +uc,ic)dt V3= Woca Wi s +Weuc)/ \/g»

which correspond to the measurement schemes consisting of three wattmeters for each power (Fig. 2).
Suppose six wattmeters are already used to measure active and reactive powers in accordance with (6). In
that case, measuring the unbalance powers will also require 4 wattmeters, since the readings of W,y 4 and
Wy 4 are already known. Let us determine the integral unbalance powers of the zero-sequence

N, =Re(i"Wy) = [ (i, +u iy +ugo)de = [ u, Gy +ig+ic)d = [ uiydi =1, ;

_ (8)
Ny =Re(i Wyy) = [ (e, + 1ty +uycic)dt /N3 = [ wyciydt INB =Wy /3.

From (8), it follows that these components of the unbalance power are due to the non-zero neutral
current, so to measure them, it is enough to add one wattmeter to the measuring circuits in Fig. 2, including
their current windings in the gap of the neutral wire.

> Dy by 3Dy,

PU—

LOADS
LOADS

« N

Fig. 2
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According to (7), the decomposition of the first harmonic current vector in the time domain takes the
form of

Iy P u, Upc D U, D Upc N u, N Upc

i,(0) =iy | = —|us +—2Q Uy ||+ —= |l -I——ZI Uy ||+ 2N +—21 Upe||- ©)
NRZ U3 L ua, U3 Uil U3
c c 4B B A 4 BC

The vector of compensation currents for distributed filtration can be synthesized by (9) according to
the given values of scalar inactive powers.

In the presence of higher harmonic currents in the four-wire transmission line, the line current vector
has the form i(¢) =1i,(¢) +1i, (¢) . Formulas for determining powers (6)-(8) do not change, and the power loss
in the transmission line is

AP = %J. AR @O i (Or + il (O + iy (t)ry dt =
-7 [ i @OE®+3p8,8)i()dr = ri"(E +3p&,8))T" + AP, =
=r[i"i" +3p(i"€)(i"¢) ]+ AP, = (10)
=r| (PP+Q°+D;+D; + N, + N)U,; +3px (Ny —JN,) | Ny =JN,) +AP, =
U, U,
=[P’ +Q*+ D} + D} + (N} + N))(1+3p)+ H* U7,

where p=r, /r is the resistive parameter ratio of transmission line neutral and line wires; E is the unit

matrix of dimension 3; H* = AP,U; / r is square of the power losses of higher harmonic currents.
The short circuit power is

P :%j ) @) e+l () e =30 [ r=U /7.

The square of apparent power determined by [15, 16] has the following decomposition into quadratic
components:

S*=APP,=P>+Q*+D;+D; +(N;+N;)1+3p)+ H". (11)

This expression differs from known formulas from other power theories by the presence of a
multiplier (1+3p) that enhances the negative impact of power components N,,N, in a three-phase four-

wire power system due to the additional power losses in the neutral wire.
For the possibility of experimental verification of the current decomposition (9) and the power losses

decomposition (10), we first consider the linear load described by the complex conductivity Y,,Y,,Y.
enabled to the four-wire power system of the star. The vector of the first harmonic line currents is as follows:

3 y ny y
i=|l,|=|UY;|[=U,|aY,
jc UCYC a_c

Complex powers by formula (4) are determined from the ratios:
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1
A
P_J'Q:TAﬁi:U(p avy| xU,l|a) =Ug(Y,+Y,+Y.);
ay,. a
Y, 1
D,—jD, =i =U,|aY,| xU,|a| =U.(Y,+aY,+a¥.);
ay, a
N,—jN,=i"u, =U,|aY,| xU,|I| =U;(Y,+aY,+aY,.).
ay,. 1

In particular, for a three-phase four-wire power supply system with a phase voltage value U, =220V and
values of complex resistances of separate phases:

Z,=R,=5Q0,Z,=R,+ jX,=(4— )QZ.=R.+jX,=(1+4))Q
we have the following numerical power values in SI units:

P=U,Re(Y,+Y, +Y.)=23895.78; Q=-U,Im(Y,+7, +Y.)=8534.21;
D, =U;Re(Y, +aY, +a¥.)=-9757.8; D,=-U,Im(Y, +aY, +aY.)=-11657.94;
N, =U.Re(Y,+aY, +aY.)=14878.33; N,=-U,Im(Y,+aY, +aY.)=3123.74,
Computer simulation of integral expressions (6)-(8) gives similar numerical values.
For the same loading of renewable generator reserve powers during distributed active filtration,

squares of inactive powers are divided into approximately the same groups by the number of compensators
available. So with two compensators, the first group should include N, and N,, other inactive powers

0,D,,D, included in the second group. In the presence of three compensators, N, is the first group, D,, N,
is the second group, Q,D, is the third. With four compensators, N, is the first group, D, is the second
group, D, is the third group, O, N, is the fourth.

The active current i,(7) , according to Fryze in the decomposition (9), provides the required active

power of the load with minimum possible power losses in the transmission line [16, 17], which is equal to
the relative value:

AP, /1= % [ i@, (0)de =12 = PUF =393577.

Each of the inactive components of current decomposition (9) contributes to the total power losses:

I2=AP, [r= % [ 150y (6)de = Q°U 7 =502.01;
2 1 N . 2r7-2
Iy = APy fr=— [ 10 (O (e = DU = 656.28;
Lp o ]
2, =AP, [r= ?j i, (D, (1)dt = DXU2 =936.77;
I3, =APy, [r= %j A (OE +3pe,€)iy, (H)dt =(1+3p)N;U, =3814.49;

. s g
Loy = ARy fr=— [ 1% (O +3p€,8) )iy, (Dt = (1+3p)N?U 7 =168.14,

ISSN 1607-7970. Texn. enexmpoounamixa. 2022. Ne 2 17



Replacement of linear load of phase 4 with a circuit containing a sequential connection of the active
resistance R,/2=2.5Q and the ideal diode causes the flow of phase current i,(¢) = [|u 4 (t)| +u,()]/ R,, which

does not change the considered mode of the main harmonic of line currents, but causes the appearance of
additional currents of higher harmonics in the transmission line, described by the vector of instantaneous

values 1i,(t)= |uA (l)| /'R g

currents:

". Tt corresponds to the relative power losses of higher harmonic

7‘+I’N

2
e[ i 0 0 =202 200163,

A

AP, |r=1, =
Relative total power losses according to (10):

AP/ r=Ip+15+ 10, + 1 + I + 13, + 17, =17 =12915.1.

Graphs of changes in the instantaneous values of currents and powers, as well as relative power losses
corresponding to each of the quadratic components of apparent power for nonlinear load, are shown in Fig. 3.
The data of the virtual experiment fully confirmed the calculated values of the relative losses from each of
the seven orthogonal components of the current decomposition (10) and the independence of integral powers
(6)-(8) from the currents of higher harmonics.

labe
140 | , | . . I
5 : : N I : =g
[20 7o fie - ; I — b
100~ e E " — Ic|

40 B 1T Y A A . L))
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Conclusions.

1. It is proposed to identify the sinusoidal mode of the three-phase four-wire power system under the
condition of asymmetric source with six mutually orthogonal components of the three-coordinate vector of
line currents, each of which determines a separate contribution to the power losses of the transmission line,
but only the component of the active current according to Fryze transfers energy to the load, the rest are
subject to compensation in the process of concentrated or distributed filtration.

2. It is shown that the unbalance power is due to four mutually orthogonal components of the three-
coordinate vector of line currents with defined reference voltage vectors, each of which is proportional to a
separate orthogonal component of the unbalance power. Integral formulas for determining the scalar values
of the four specified orthogonal components of unbalance powers have been obtained, which open the
possibility of considering their contribution to the deterioration of the power quality and synthesizing the
control signals for distributed active filtration. It is shown that these formulas retain the initial values of the
power in the presence of currents of higher harmonics.

3. The connection between the four specified orthogonal components of the unbalance power and the
parameters of the linear unbalanced load was established, which made it possible to verify these integral
formulas using a computer experiment. It is analytically established and experimentally confirmed that the
squares of the two orthogonal components of the unbalance powers associated with the current of the neutral
wire are included in the decomposition of the square of apparent power and power losses with the multiplier,
depending on the ratio of the resistances of the transmission line of the three-phase four-wire power system.
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1oes posnodinenoi akmuenoi inbmpayii noiseac 8 KOMIEHCayii CMPYMI6 BUWUX 2APMOHIK MA HEOANCAHUX CKIAO0BUX
NOMYACHOCME OCHOBHOT MepediCi iHgepmopamu nepemeopiosaiie 6i0HOGIEAHOL eHepell NPUEOHAHOT MIKpOMepediCT, Wo
Mawme pesepsu NOSHOI NOMYHCHOCMI. 3a0st 3PYYHOCMI PO3NOOJINEHOT KoMReHCayli 3anponoH08aHo i0eHMuIiKysamu
CUHYCOTOHUTL pedcUM MPUPasHoi YOMmupunposioHoi cucmemu HCUBIEHHsL 3a YMOBU CUMEMPUUHO20 Odcepeld WiCmbma
B3AEMHO OPMOLOHANLHUMU CKAA00BUMU MPUKOOPOUHAMHO20 6eKMOopa NiHitiHuX cmpymie. Tlokazano, wo nomyocnicme
Hebanaucy 3YMOBNeHA YOMUPMA 63AEMHO OPMOSOHANLHUMU CKIAO0BUMU MPUKOOPOUHAMHO20 BeKMOpa JiHIUHUX
CMpPYMI8 3 BUBHAYEHUMU ONOPHUMU BEeKMOPAMU HANPY2, KOMCeH 3 AKUX NPONOPYIUHUL OKpeMill Opmo2OoHANbHIll
CKAa008il nomyosicnocmi nebanancy. Ompumano inmeeparvhi opmyau 0isl BUSHAUEHHS CKATAPHUX 3HAYEHbL YOMUPLOX
3A3HAYEHUX OPINOSOHANLHUX CKIAO0BUX NOMYNHCHOCMEU HeOANaHCy, WO BIOKPUBAIOMb MONCIUGICMb 00IKY IXHbO2O
6HECKY V NOCIPUIEHHSI AKOCMI eleKmpudnoi eHepeii ma cunmesy Kepylouux CUSHANIG Ol aKmueHoi po3noodilenoi
Qinempayii. Bcmanoeneno 36’30k MidC UOMUPMA  3A3HAYEHUMU OPMOLOHANLHUMU CKAAOOBUMU NOMYHCHOCMI
Hebanancy ma napamempamy JiHIUHO20 He30aNaHCOB8AHO20 HABAHMAIICEHHS, WO O0al0 3Mo2y eepugikyeamu yi
inmezpanvHi  popmynu 34 00NOMO20I0  KOMN IOMEPHO20 — eKChepuMeHmy. AHANimuuHo  8CMAHOBIEHO  Ma
EeKCNePUMEHMANIbHO NIOMEePONCeHO, W0 KEaopamu 080X OPMOSOHAIbHUX CKIAOOGUX NOMYICHOCMEU HeOANaHCY,
Nno8 A3aHi 31 CMPYMOM HeUmpaibHO20 NPo6ody, 6X005Mb 6 OeKOMNO3UYli Keaopamy NO6HOI NOmMydiCcHocmi ma
NOMYINCHOCMI 8MPAm i3 MHONCHUKOM, WO 3a1edCums 6i0 CHi6BIOHOUIeHHS ONopie JiHii nepedaui mpu@azHoi
Yomupunpogionoi cucmemu dcuerenns. biom. 17, puc. 3.

Kniouosi cnosa: moTyxHICTh HebalaHCy, MIKpOMepeka, CTpaTeris KepyBaHHs MapajeIbHUM aKTUBHUM (iTBTPOM,
po3noiieHa GiTbTpaist
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V320001cenns 6umoe neenux epyn enekmpomexHiunux ma eieKmpomexHoA0IUHUX CROJNCUBAUIE eleKmpoeHepeii 3 Jito-
YUMU YMOBAMU HCUBTEHHS BUMAAE Y DA2AMbOX BUNAOKAX BUKOPUCIAHHA 34C00i8 nepemeoplosanibHoi mexuiku. Yinvhe
Micye ceped cucmem, NPUHAYEHUX OISl YINECNPAMOBAHOL 3MIHU HANPY2U JHCUBTEHHS AKUX CNOJNCUBAUIE (De2yI08ANHS,
cmabinizayii), 3anumaromes nepemeoprayi 3 MpaHcHOPMAMOPHO-KIIOUOBUMU BUKOHABYUMU CMpyKmypamu abo tap
changing (smart) transformers, 6 sIKUX 3aCMOCOBYEMbCsL OUCKPEMHO-pa306e KepyeanHs (discrete-time control), 30kpe-
Ma max 38ani bazamopienesi sunpamaadi sminnozo cmpymy (BPB). I1io wac cunmesy BPB zonoenoto npobaemoio €
BUSHAYEHHS ONMUMATLHO20 3AKOHY CeKYIOHYBAHHA 8MOPUHHOI 008umKuU tio2o mpancgopmamopa. B pobomi npoanani-
308aH0 ocobausocmi oexomnosuyii PPB na 0ea (yynxyionanbho momodicHi 610KuU 3a YMOBU 3a0aH020 0OMediceHs ia-
NA30HY peeyio8ants Guxionoi nanpyeu ma ii 6iOMiHHICMb 6i0 Odexomno3uyii wupokoodianazonnux BPB. Busnaueno
anpiopny bazamosgapianmHicms cxemomexHiunux piwwenv maxkux BPB. 3anpononosano nosi BPB 3 sucokoio epexmus-
HICMIO BUKOPUCTNAHHS HANIENPOGIOHUKOBUX KIIOU08Ux enemenmig. biom. 15, puc. 7, Tadmn. 3.

Knrwouoei cnosa: 6aratopiBHeBHI BUIPSAMIIY, TpaHC(OPMATOPHO-KIIIOYOBAa BUKOHABYA CTPYKTYypa, tap changing trans-
former, smart transformer, gexkoMmo3uilisi, 0araToBapiaHTHICTh, €CKTUBHICTH BUKOPUCTAHHS KITFOYOBHUX CIICMCHTIB.

Slkicts enextpoeneprii (EE) B cucTemax >KHBIICHHS €IEKTPOTEXHITHOTO Ta CIEKTPOTEXHOJIOTITHOTO
obOnaHaHHS MajJeko He 3aBKIW BIAOBiAa€ MPUHHATAM HOpMam [1]. 3rigHo 3 Aif0YMM CTaHIapTOM ii mapa-
METPH MOXKYTb KOJHMBATHCSA/BiAXWISATUCS Bl HOMIHAIBHUX 3HAYEHB JIMIIC y JESKUX YHOPMOBAaHUX MeEXKax
Ta, HaBiTh, Ha JESIKUI yac (LIOmpaBjaa, TeK YHOPMOBaHMIA) BuxoauTH 3a HuX [2]. [Ipore, Ha mpakTuui o
IIHOTO NOAArOThCsA BIUMBH BTpaT EE mpw TpaHcmopTyBaHHI Ta y JNiHISX TpHETHAaHHA (0COOIWBO —
"cmabkux"), BiiganeHicTh eeKTPoCnoXuBayiB, Towo [3]. Haitroctpimre npobieMa migTpumManHs HeoOXiTHOT
sixkocTi EE, 30KkpeMa cTaOiIbHOCTI PiBHSL HANPYTH, IOCTAE Y JIOKAJBHUX €HEProcucTeMax Ta CUCTeMax 3 Bij-
HOBJIIOBAHUMH JDKEpeslaMu eHepril (1o € ampiopi HecTaOlIbHUMM), 301JIBIICHHS KiIBKOCTI Ta BaroMocCTi
SKUX € CyJaCHHUM TPEHJOM y CBITOBii eHepreTurli [4, 5]. Bupimenns i€l mpoOiemMu BUMarae CTBOPEHHS,
BJIOCKOHAJICHHS Ta 3aCTOCYBAaHHS PI3HOMaHITHUX CHCTeM cTabinizauii Hanpyru. HaromicTs, 3HauHa yacTHHA
€JICKTPOTEXHOJIOTIYHOTO 00JIaJHAHHS BHACIIIOK OCOOIMBOCTEH MPOIIECIB, SKI B HUX PEATi3yIOTHCA, MTOTPe-
Oye peryiroBaHHS KUBJISUOI HATPYTH B AESKUX, IHKOJIN B AY>K€ ITHPOKUX MEXKaX.

B cuctemax UBJIEHHS CIIOXKHUBAYiB 3MiHHOTO CTPYMY Cepel MPHUCTPOIB, IO BUKOHYIOTH (PYHKIIIIO He-
00XiJHOI LiNecnpsAMOBaHOl 3MiHHM piBHS BHXiJHOI Hampyrd (peryjiroBaHHA, cTadimizauii) 4ibHE Micle 3a-
HMaroTh eHeproeeKTUBHI MepeTBOPIOBadi 3 TpaHC(HOPMATOPHO-KITFOUOBUMH BHKOHABUUMH CTPYKTYpaMH —
TKBC [1]. Lle Tak 3BaHi tap changing transformers, siki, 30Kpema, IIMPOKO BUKOPHCTOBYIOTHCS Y IHTEPAKTH-
BHUX JDKEpeliaX rapaHToBaHoro >kuBlieHHS — Line-Interactive UPS, siki mie HasuBarots Smart UPS [6, 7, 8].
VY cTpyKTypax IIbOTO THITY MOKIIMBA peari3allisi MHOKHHHA POOOYHX CTaHIB, IO BH3HAYAETHCS HEOOX1ITHOIO
TOYHICTIO perymtoBaHHsA. KoKHHI cTaH XapaKTepu3y€eThCs BIAMOBIMHUM Koe(]iIlieHTOM Tiepeaadi 1o Hampy3i,
a Tepexia MiX cTaHaMHu BiOYBa€Tbecs LISIXOM JHCKPETHO-pa3oBoro kepysanHs (discrete-time control [9])
HaITIBIIPOBITHUKOBUMH KITIOUOBHMH €JIEMEHTaMU (IIEPEBAKHO — TUPUCTOPAMH), 3aBISAKH 4OMY y POOOUHX
cranax TKBC BifcyTHi Oyb-sKi CIOTBOPEHHS Y BUXiAHIM HANpPy3i Ta y BXiTHOMY CTPYMi.

B cuctemax ®UBIEHHS CIIOKUBAYiB BUNPSIMICHOTO CTpyMy (QYHKIIS 3MiHH B pa3i HEOOXiIHOCTI piBHS
BUXIJHOI HAIIPYTH PeaTi3yeThcsi a00 caMUM BUIPAMIISTYEM 32 PaXyHOK 3aCTOCYBAHHS IMITYJIBCHOTO PETYJIIO-
BaHHS KEPOBaHMMH KIIIOYaMH (30KpeMa, (pa3oBoro), abo OKpeMUM MEPETBOPIOBAYEM PIBHS HAPYTH 3MiHHO-
0 CTPYMy Ha BXOJi HEPETYJIHOBAHOT'O BHIIPSAMIIYA. Y TIEPIIOMY BHUIAIKY 1 BHXITHA HANpyTa, 1 BXiTHUN
CTPYM MalOTh CIIOTBOPEHHS, SIKi 3MiHIOIOTHCS B MIPOLIECI PEryJIIOBaHHS, 10 BUMAarae BCTAHOBJICHHS BiJIOBi-
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JHHUX BXiTHHUX Ta BuXinHuX ¢ineTpis [10]. Y apyromy — BinOyBaeTbesa monsiiiHe neperBopenns EE [11], mo
CYTTEBO MO3HAYAETHCS HA €()EKTUBHOCTI BUKOPHCTAHHS HAITIBIIPOBIIHUKOBUX KIIOYOBHUX €JIEMCHTIB.

[lepcieKTUBHUM IS IIUX CHCTEM JKUBJICHHS € 3acTocyBaHHs kinacy TKBC, B skux BUKOHaHHS (QyHK-
il K peryaoBaHHs (LUIIXOM (OpMYBaHHS HOTPiOHOT MHOXKHHHU CTaHiB CHCTEMH), TaK 1 BUNPSIMJICHHS Ha-
MPYTH 3MIHHOTO CTPYyMY IOKJIAICHO Ha ONHI M Ti K KIFOUOBI eleMEeHTH. Taki OaraTOpiBHEBI BHITPSMIIIII
(bPB) cknmanarotscst 3 cuioBoro Tpanchopmaropa Tp Ta MeBHOr0 MacCHBY HapajebHO 3'€THAHUX Tap MOCITi-
JIOBHO 3'€THAHMX THPUCTOPIB (CTIHOK), CIUIbHI TOYKH SKHUX MPHUETHAHI IO BiAMOBITHUX BiJBOJIB CEKI[IOHO-
BaHOi BropuHHO1 00BUTKH Tp [12]. Kondirypauis BPB He 3amexuts Bia 3aJaHOro Aiana3zoHy peryioBaHHS
BHX1JHOI HAIIPYTH, MPOTE ONTUMAJIbHI 3aKOHU CEKIIOHYBaHHSI OOBUTKH € PI3HUMH JIJISl BHITAJIKY ITUPOKOTia-
MA30HHOT'O PETYIIOBAHHSI, KOJU HWKHS MeXa HalpyTrH JOPIBHIOE HYIIO, Ta BHIAJIKY 3 OOMEKEHHSIM Jiara-
30HY, KOJIM HIDKHS MEXa 3a BUMOTaMH{ CIIOKMBada Ma€ BiIMiHHE Bii Hyns 3HaueHHA. B 00ox Bumaakax
BHJIA€THLCS OIIIHHOIO JeKoMmo3uIliss bPB Ha mBa HeTOTOXHMX, ane (PyHKIIIOHATFHO OJHAKOBUX OJIOKA, SKa
JIa€ 3MOTy TOCSTTH CYTTEBOTO IMiABUIICHHS ¢()eKTUBHOCTI BUKOPUCTAHHS KIIOYOBHUX €JIEMEHTIB (32 paXyHOK
MYJIBTUILTIKATIBHOCTI 3B'SI3KiB cTaHiB 010KiB). [IpoTe, 1151 mponieaypa it 000X BUIAIKIB CYTTEBO PI3HUTHCS.

MeTo10 po60TH € BU3HAUCHHSI OCOOIMBOCTEH AEKOMIIO3MII OaraTOpiBHEBOTO BUIPSMIIAYA 32 YMOBHU
3a1aHOT'0 OOMEXEHHS JTialma30Hy PETryIIOBaHH BUX1THOI HAIPYTH Ta CHHTE3 CXEMOTEXHIYHHX pirmeHs bPB,
ONITUMAJIbHUX 33 €(EKTHBHICTIO BUKOPHUCTAHHS HAIIBIPOBIIHUKOBHUX KIFOUOBHX €JIEMEHTIB.

VY nomnepeanix podorax aBTOpiB, 30KpeMa y [13], chopMynpoBaHO OCHOBHI MOJIOKEHHS LIOJ0 CEKLi0-
HyBaHHS BTOPHHHOI 00BUTKH TpaHchopmaropa bPB. A came. [l]onaiimenIie oHa 3 CEKINN pO3paXxOBYETHCS
Ha Hanpyry AUy, IO BiATIOBiIa€ KPOKY PETYIIOBAHHS. 3aJIs 3pYIHOCTI MOAAIBIITOTO JOCIIHKCHHS caMe 10
Hanpy3i wi€i cekuii H, BIINOBIAHO, KIIBKOCTI ii BUTKIB JOLIJILHO HOPMYBATH HAIIPYTH Ta KUIBKOCTI BUTKIB
iHmIX cekmii. CymapHe 3Ha4eHHS KUTBKOCTI BUTKIB BCiX CEKIIiH MIOBUHHO JTOPIBHIOBATH 3aJaHOMY JIiaIaszo-

o ll>|r ll>|r Hy perymtoBaHHs Hanpyru. Illkama J piBHIB BUXiZHOI HANIpyTyd Mae OyTH JiHIN-
Il>lr gw‘ Il>lr m, HOIO, 0€3 POMDXKIB, TOOTO Uyj:i1= UytAU, (=1, J ). Buxonsuu 3 uporo Oyio

M H JIOBEJICHO HEOOXIMHICTh TAKOI'O MOJIIY BTOPUHHOI 00BUTKH Tp, 3a SKOro BOHA

~ ng ~ |M. Mae Tpu rpynu CEKIIiif, KOXHA 3 IKUX MIiCTHUTb 7; OTHAKOBHX MO KiIbKOCTI BHT-

| = kiB cekmiit W; (i=1, 2, 3). (Ilicma mnpuiiHATOrO HOPMYBaHHS MAa€EMO:

|'>|r %W N m, W3 =Wyl Ws=1; Wy =W,/Ws; W\"=W,/W5). e BinobpakeHo Ha puc. 1, 1e HaBe-

[)lr 2 |'>|r o JeHo koH(irypariiro BPB y Hali0inbm y3aranbHEeHOMY BUTIIAI (3311 KOMITAKT-

Puc. 1 HocTi Oe3 mepBuHHOI 00BUTKH Tp). 3a KiJABKOCTI CTIHOK S y Wil CTPYKTYpi

3arajbHa KUTBKICTh CEKITif BTOPUHHOT OOBUTKH CTAaHOBUTH M= m+my+m;=S—1.
Jns BUDanKy MIMPOKOIIama3oHHOTO PEryNIOBaHHS HAmpyrd (HAa3BeMO BiNMOBITHHN MEPETBOPIOBAY
BPBug), y [13] Oyno HaBeneHo i oOIpyHTOBaHO ONTHUMAaTIbHUHN (3 MO3ULIi 3a0e3MeueHHs] BUCOKOI €(eKTHB-
HOCTI BUKOPHUCTAHHSI HAIMBIPOBITHUKOBHUX KITIOUiB) 3aKOH CEKITIOHYBaHHS BTOPUHHOI 0OBUTKH Tp, KU y
JlaHId poOOTI TIPEICTABICHO y OLIBII KOMIIAKTHOMY Ta y3arajibHeHOMY BUTIIAII (Tabd. 1). KiapKkicTh cTifiok
S BU3HaUae€ He JHUIIe napaMeTpu cekuiit (m;, W;), a

Taoaunsa 1 - . . )

- - i 3arajbHa KUTBKICTh MOXJIMBUX CTaHIB CTPYKTY-
1 Wi S m; pu J=0,25[(5+2)*—0,5(1<-1)*)]-3. 3 mporo Bupasy
1 0,5[5+0,5(1-(=1)")] 1 MAaEMO HEPIBHICTb, 32 AKOK OOMPAETHCS KiIBKICTH
2 [ 0,5[8+0,5(1—(=1)*)]+1 0,5[SF 0,5(1—(-1)%)]-1 CTIHOK, HEOOXITHUX JUIsl peani3allii 3aJJaHoi Kilb-
3 1 0,5[$+0,5(1~(-1)")]-1 kocTi cramiB, S>2(~1++/J +3). 3 HaBeneHnx y

Tabnuii (HopMyJl BUILIMBAE, 10 MPH BUOOPI MAPHOT KITBKOCTI CTIOK MOXIMBUM € OJMH BapiaHT ONTHMAajlb-
HOT'O MiA0OPY KiNBKOCTI CEKIiH y rpymnax Ta BUTKIB Y CEKIisX, a caMi BUpas3M I iIXHbOTO PO3paxyHKy 3Had-
HO CHPOIIYIOTHCS. 3a HEMapHOi KUTBKOCTI CTIHOK BUPA3U TEXK CIPOLIYIOTHCS, MPOTE MOXKIMBUMH MIPHU LBOMY
CTalOTh BJKE JIBa BapiaHTH CEKI[IOHYBaHHS OOBUTKH, SIKi € ONTHMAJIBHUMHU, TOOTO OJHAKOBUMHU 3a €(DEKTHB-
HICTIO BUKOPHUCTAHHS KITIOYiB.

VY [15] moBeneHO MOXKIIHMBICTD MOAABIIOTO 30UTBIICHHS 3a3HAYEHOTO KpuTepis sskocTi BPBx mus-
XOM #oro mekoMIro3uiii (Imoairy Ha aBa OJIOKHM), CYTHICTB SIKOi ITOJISITA€ B CHHTE31 CTPYKTYpH (BU3HAUCHHI
ONTUMAJIBHOTO CIIBBIIHOIICHHS KUIBKOCTI CTIHOK y KOXKHOMY OJI0IIi, B3aEMHOTO PO3TAITyBaHHSI CEKITH MIX
OoKaMM) Ta CHHTE31 MapaMeTpiB BTOPUHHOI OOBUTKH Tp (BH3HAYEHHI ONTHUMAJbHOI KUIBKOCTI CEKLIH y
rpymnax Ta KiTbKOCTI BUTKIB y CEKUisX). 3a 30epexeHHs 3araibHOI KIIBKOCTI CTIHOK S OJIOKH MalOTh BiJIOBI-
1HO S) Ta S, CTIHOK, 110 PO3paxoBYOThCs 3a hopmymoro S=0,5[S+(1—(—1)*], e k=1, 2. KoxeH 610K MoOxKe
npaiioBaTh y J; pobounx cTaHax, KUIBKICTh SKUX BH3HAa4YaeThes S;. OOuH 3 OJIOKIB (HE3aIeKHO BiJ KiJIBKOCTI
CTIHIOK) MiCTUTh CEKIil 3 MEHIIIOI0, a APYTUH — 3 OLIBIIOK KUTLKICTIO BUTKIB. BUTKOBI CHIBBIHOIICHHS CEK-
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il y KO)XKHOMY OJ1011i 00HMParoThCS 3a 3aKOHOM (Tabu1. 1), MpoTe KiNBbKOCTI BUTKIB Y CEKLISAX IPYroro OJ0Ky
MaroTh OyTH y J1+1 OlibIInMH, TOOTO 3arajibHa KiIbKICTh CTaHIB (PiBHIB BUXIAHOI Hanpyru) J=J1+ Jo( Ji+1).

Jexommosumiro bPBmia po3rissHeMo Ha Mpukiadi mepeTBoproBada 3 9 criikamu, ToOTO 3 8 CEeKITisIMH
o0ButkH (m=1, m,=3, m;=4), sxuii Moxe QYHKUIOHYBaTH y 28 cTaHax 3 BIAMOBIIHUMHU KoeQillieHTaMH Iie-
penadi mo Hampysi (3 BpaxXyBaHHSM HYJIBOBOTO piBHS). Ha puc. 2 300pakeHO HOTO CTPYKTYPY Ta HaBEACHO
BIIHOCHI 3HAYEHHS KIJTBKOCTEH BUTKIB Y CEKIISX TPHOX TPYH IS IBOX MOXKJIMBHX PIBHOIIIHHHUX BapiaHTiB,
OJIIUH 3 SIKUX — y Iy’XKKaX. (3ayBakuMo, 110 HasBHICTh PI3HUX BapiaHTiB MOKHA B1IOOPA3UTH 1 TAKUM YHHOM:
Wi=1, W,=6(5), W1=5(4)). Ilpote, Ha Hally JyMKYy, BAKOPHCTaHHS UTIOCTPaTHBHOI'O MaTepialy € OiJibIl Ha-
o4ynuM). CunTe3oBaHuil qBoOnOKOBHI BPBHig (puc. 3) 3a S=5 3abesneuye J=9; 3a S=4 3abe3neuye J=0,
10670 J=6+9(6+1)=69. Moro MoxHa peami3yBaTi y YOTHPHOX PIBHOIIHHHX 33 KiIbKICTIO pOOOUYMX CTaHIB
BapiaHTax — 3 BpaXyBaHHSIM HYJIbOBOTO piBHs J=70, 110 y 2,5 pa3y Oinblie, HiX 10 JeKOMIO3HUIII.

354 o 314N 323 o
r 366) ¢ r 32128) ¢ w334 o
0380 320 Se b s
wr 366) ¢ 370 Lo 3
| =l L~ L1 L1 L~ | =
GIERE S—bf S
r\r%m) N r\r%2(2) N r\r%20(20)r\r
i< 0333 O < 33060) 0
31 el 31 el 31000 Tp |
1 L~ L~ =g =g 1
Puc. 2 Puc. 3

AHaNOTiYHO MOXXHa BUKOHATU JICKOMIIO3HINIO y BUMNAAKy moOymoBu BPB 3a HEoOXigHOCTI peryito-
BaHHs HaNpyru B oOMeXeHOMY Hiama3oHi (abo mif yac peamizauii cradimizanii BuxinHoi Hanpyru). OcHOB-
HOIO BIIMIHHICTIO TAKOTO IIEpETBOPIOBada — Ha3BeMo ioro bPBox — € Te, 1m0 y pa3i cekmionyBaHHS OOBUTKH
y OpyTii rpymi Oyae omHa ceklis (m,=1), KUTbKICTh BUTKIB K01 (W,=W,) BU3HAYAETHCSI MIHIMAJTEHOIO BHXi-
JTHOIO Hampyroro. JIJis mboro mepeTBoproBayda 3 METOK 3a0e3MeUeHHS BUCOKOI €(heKTUBHOCTI BUKOPUCTAHHS
KITIOUiB JTOBEJIOCS 3apOIIOHYBATH 1HIITHI 3aKOH CEKIIOHYBaHHS, SIKHH BimoOpakeHo y Tabi. 2. [Tpu mpomy

TaGumus 2 10 1HIIOMY BHM3HAQYa€ThCA W 3aJIEKHICTH 3arajibHOI
i W m; KUJTBKOCTI CTaHiB CTpSyKTypI/I BiJl KUIBKOCTI CTiHOK
— < J=0,25[5"-0,5(1—(1)*)] Ta 3BOpOTHA 3ATEKHICTH

1| 05[S+0,51~(-1))] 1 . . . . .
3 we 0,5[520,5(1I- D)1 Sz2ﬁ . Ty, sK 1 paHimie, € pi3HAIS y pa31'ce1<u10-.
- . HyBaHHS OOBHTKH 3a TApHOI Ta HEMapHOI KUTBKOCTI
3 1 0,5[S+0,5(1—-(1))]-1 CTIMOK: y MepmIOMYy BHNAAKY MOKJIMBUM € OIHMH

BapiaHT ONTHMAIBHOTO BUOOPY CEKIiHl y rpynax Ta BUTKIB y CEKLisX, a y IPyroMmy — ABa OJHAKOBHX 3a ede-
KTHBHICTIO BUKOPHUCTAHHS KJTIOUiB BapiaHTa.

Ha puc. 4 HaBeneHO CTPYKTYpY TaKOro IEPETBOPIOBada 3 TI€IO XK KIIBKICTIO CTiHOK $=9, ska MoXxe
npaioBaT y 20-TH cTaHax, UI0 3HaYHO MeHIe, Hix y BPBma. Ile He cnig TpakTyBaTH sIK SIKUHCH HEJOIMIK,

o |l>lr N 1Ie HACJIIOK HEeoOXiTHOCTI BBeeHHs "HeopmaTHoi” cekii W, ika MpaKTUIHO
N 35(4) ~ "BI/ITiCHI/IJIa". JIpyTy, HaHOUIBIIT Baromy (3a Kinblficno BmKiB) Tpymy perymosa-
=g g 5(4) =g JLHUX CEKIIii, M0 MPHU3BENIO A0 30iMbIIEHHS KiTBKOCTI MEHIII BarOMHX CEKIliH
[},f Il>lr nepuoi rpynu (y BPBmg m=1). Take nonoxxeHHs nuiie BinoOpaxae crierudi-
e 35(4) o Ky (yHkumionyBanHs BPBiin. 3By)keHHS 3a BUMOrOHO CIIO)KHMBaya Jiala3oHy
N 3W§ 4) e pEryJrOBaHHs HANPYTH y pg3i 3a6§3neqe§Hﬂ HE3MIHHOi TOYHOCTI peryIoBaHHs
% 31(W;‘) : 3MEHIIYe BUMOTH OO KiNBKOCTI CTaHiB CHCTEMHU Ta, K HACIi/IOK, BEle /10
— { MEBHOTO 3MEHIICHHS HEOOX1THOT KIJTbKOCTI KIItoUiB. Jl0 TOTO X CIIiJT 1O1aTH, 110
I~ %1(1) NS 3a Ti€i K CTPYKTYypH, mo ¥ y BPBIa, TyT BUHUKAaE MOKIIMBICTh 3MIHUTH JEAKi
K'r %1(1) K'r €JIEMEHTH CTPYKTYPH, & CaMe BUKOPHCTATH 3aMiCTh THUPHUCTOPIB MeHII BapTi(?Hi
> % 1) 7| zio/H y 1BOX CTiliKax, 10 CePeNHiX TOHOK SAKMX MPUETHAHA CEKIlist W,. 3a Bin-
ﬁ '|>1I o CYTHOCTI KEpYIOUMX CUTHAJIIB Ha THPUCTOPAX, IO 3AJTUIIUIUCS, CIIOXKHUBAY Oy/ie

4 KUBHUTHUCS HANPYTOI0 HAWHMKYOTO PiBHS, a ¥ pa3i BMUKaHHs OyAb-sIKOi THPHC-
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TOpPHOI CTIMKKM HAWOMWK4Ya 10 Hel JiojHA CTiKa 3aKPUBAETHCS MPUPOAHIM IUIIXOM, 1 BiIOyBa€ThCS 3011b-
MIEHHS KUTBKOCTI 3aJliTHUX BHUTKiB, TOOTO HEOOXiTHA 3MiHA CTaHY CTPYKTYpH Ta Hanpyru. [Ipu 3HATTI iMITy-
JBCIB YIPaBIiHHSA 3 IIIOYMX THPUCTOPIB BOHH, 3TIMHO 3 MPUHIIAIIOM ITHUCKPETHO-PA30BOTO KEpyBaHHS,
3aUMHSIOTHCS, Ta Y POOOTY BXOJMTH BiJIMIOBI/IHA JIi0J{HA CTiiKa ¥ 10 CIIOKUBA4a 3HOBY MOJAETHCSA MiHIMalb-
Ha HaIpyra 10 HaJIXOKEHHS IMITYJIbCIB YIIPABIiHHS HA HOBY Mapy THPUCTOPIB.

VY pasi nekomnosumii BPBoj cuHTe3 ABOOIOKOBOI CTPYKTYPH BIAPI3HIETHCSA THM, IO IS OJIOKa, B
SIKOMY € TUTBKU PErYNIOBaJIbHI CEKIii, KITBKOCTI BUTKIB BU3HAYAIOTHCS 3a 3aKOHOM Talu. 1, a KiJIbKOCTI BUT-
KiB y 0o, ae € cexuist W, — 3a 3akoHOM Ta0i. 2. [Ipn 11boMy 32 OZHAKOBOI KUIBKOCTI S oTpuMyeMo 4 piB-
HOIIIHHUX BapiaHTH CTPYKTypH, ne W, po3MimieHa y OJomi 3 OUIBIION KUTBKICTIO CTiHOK (pwmc. 5), Ta 4
PIBHOITIHHUX BapiaHTH — Ae W,y 06110111 3 MEHIIIOIO KUTBKICTIO CTIHOK (pHC. 6). Y ApyromMy BHITAIKY KUTBKICTh
ctaniB 1BoOnOKOBOr0 bPBon nopisnioe 40, a y nepmomy — 42, T06T0 po3mimieHnas W, came y Omomni 3 0ib-
oo S; Ja€ 3MOTy OTPUMAaTH ONTHUMANbHI BapiaHTH MOOYA0BU CHHTE30BaHOi cTpykTypu BPBon 3i 36imbmre-
HOWO y 2,1 pasy (42/20=2,1) epeKTHBHICTIO BUKOPHCTAHHS HAIiBIPOBIIHUKOBUX KJIIOYOBHUX €JICMEHTIB.
(3ayBaskuMoO, 1110 HA PO3MIIIEHHS PETYIOBAIILHUX CEKIIiH 3 OLIBIIIO a00 MEHINOK KiTbKICTIO BUTKIB HasB-
HiCTh 200 BiJICYTHICTH OOBUTKH W, HE HaKJIaa€ OOMEKCHB).

2 314(2) < < 321(3) 1 38012) o 1 3203) =
o 3142) 3w e 312018) 334 o
o3I e 37 e 3124) 33
L~ L~ 1 | | L~ 1 L~ 1
37 37 34 Sl
L~ L1 | 2l L~1 L~ L~ L~ 1
Bt Bf B Bf B B B B
Zr32012) T e 3202) T 322 O 7 3200200
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3auis y3aranbHIOIOYOI OLIHKK ocoOnmBocTedl aexkommos3uuii BPB 3 MeToio 3abe3neueHHsT BUCOKOT
e(eKTUBHOCTI BUKOPUCTAHHS KIIOUOBHX E€JIEMEHTIB 32 IIMPOKOTO Ta OOMEXKEHOTO Jianma3oHax peryiioBaHHsI
BUXIJHOI Hampyru, OyJIo po3TJSIHYTO Ie oJuH ABoOnokoBUd BPBon 3 3arampHOIO KinbKicTIO cTifiok S=10
(S§1=S,=5), sikuii MOXKe MpaloBaTH B 0JHOMY 3 60-TH poOOYHX CTAHIB 3 BIAMOBIAHUMHU KOe(IIlIEHTAMHU IIEpe-
Jlagi 10 Harpy3i. 3TiIHO 3 MPUHHATHMH 3aKOHAMH CEKIIOHyBaHHS (auB. TaO. 1, Tabm. 2) Oymo BU3HAUYCHO,
o y IIbOMY BUTIAAKY MOXKJIMBHMH € 8 BapiaHTIB ONTHUMAJLHUX pPilicHb. Y TaOi. 3 HaBeIEHO OTPpHMaHI B
pe3ynbTaTi MapaMeTPUIHOTO CHHTE3Y BITHOCHI 3HAYCHHS KUIBKOCTEH

Taoauus 3 . . .
T 1112131415161 78| BHUIKIBY PEryIoBaIbHUX CEKIIsIX 00BUTOK 000X OIOKIB Wy;, W), nist
> 12120120133 [30]30| Bcix 8-mm BapianTiB. (3ayBaxkumo, 11O L TpeTs (opMa IOJaHHS
5 12120 20 NUALALA iHpopMaLii 0A0 CeKIIOHYBaHHS O6]?I/ITKI/I Tpe OAHOYACHO KOMIaK-
W, THOIO Ta J10CTATHEO HAO0YHOIO). %Hanm MaCHBY JOCHIIUKEHUX CXeMO-
w e [w (w1 |1 |10 10 T?XHITIHI/IX PpILLIEHb BI/IKOHa.B‘IOI. CTPYKTYpH BPB CBI,Z[III/ITL,. 110
KUIBKICTh ONTHMAJIbHUX BapiaHTIB 3aJICKUTh HE BiJ CKIAJHOCTI IIe-
112 118 120 130 112 118 120 130 peTBoproBaya (TOOTO KUTBKOCTI Map KIIFOYIB), a BiJl IXHBOI MapHOCTI
812413 [ 4 T18l2a[3 4] ™ HEMAapHOCTI Yy OTPUMAaHUX Iicis mekomrosuiii Onokax. Tak y
Wai 1851613 1118/613 1| bPBoxa3amnapuux 3HayeHs S; Ta S, ONTUMalbHUX BapiaHTiB — 2, 3a
6|61 ]|1]6|6]|1]1]| nmapuesS; Tanenapae S, (abo HaBaku) Takux BapiaHTiB — 4, a 3a 000X

HermapHux Sy Ta S, — 8. Y BPBmin ontumansHHUX BapiaHTiB BABiui
MeHIe — BignoBiaHo 1, 2, 4. Lli mudpu HaBeaeHo NuIIe K JOKa3 HASIBHOCTI MEBHUX OCOOJIMBOCTEH 3a pery-
JIIOBaHHS BHXinHOT Hanpyrd BPB B mimpokomy abo oOMexeHOMY Jiana3oHi, 00 st peatizalii e()eKTUBHOTO
HEepEeTBOPIOBAaYa JOCTATHHO BM3HAYUTU Ta OOpaTH JIMIIE OAWH 3 MHOKMHH BapiaHTIB ONTHUMAJbHUH 3aKOH
CEKITIOHYBaHHS 00BUTKHU Tp.
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Hacnigkom nmepexony (sk Oyno oOyMOBIEHO paHille — 3a HE3MIHHOT'O 3Ha4eHHS S) BiJ] 0MHOOJIOKOBO-
ro BPB 3 kinbkicTio craHiB J; 10 180010k0BOro BPB 3 3aranbHOIO KiBKICTIO CTaHIB J,, € O4iKyBaHE 3pOC-
TaHHS Koe(ilieHTy e(PEeKTUBHOCTI BUKOPHCTAHHS HAIIBIPOBIIHUKOBHX KIIIOUOBHX ejieMeHTiB K, =Ji/N 1o
K.»=Jo/N. 3a11s1 OIIIHKY pe3yJIbTaTiB BUKOHAHOI orepailii BBeaeMo KoeilieHT K.y, 1110 BUAMOBITa€E ¢(heKTUB-
37 ol npexkommo3uii, K,.,=K./K.=J,/J;. Bu3zHaueHi TCOPETHUYHI MOJOKECHHSI
III0JT0 BJIOCKOHAJICHHS 0araTOpiBHEBHX BUIIPSIMIISIUIB CITPaBEIUIHBI JIJIST BUKO-
HABYMX CTPYKTYp OyIb-sikoi ckimagHocTi. [IpoTe mepeTBoproBadi 1iboro Kiiacy
HE MpHU3HAYEHI IS MPEUU3iHOTO peryaoBaHHs, TOMY Y OUTBIIOCT] BUNAAKIB
MO’KHA BUKOPUCTOBYBATH CXEMOTEXHIUHI pimieHHs 3 7-10 mapamu HamiBOpo-
BIJTHUKOBUX NPHIIAAiB, 0 Aae 3Mory peanizyBatu 20-100 (bPBmix) abo 15-
60 (bPBom) pobounx craniB. Ha puc. 7 HaBeneHo 3ayie:)KHOCTI K. ,=AS) mms
BPBmin (cyminbHi inii) Ta BPBoa (myHKTHpHI diHiT). SIK BHIHO, Y TIEPIIOMY

S - .. . . .
0 —t———+——— BUIAJAKY BBEJACHHU KOCQIIIEHT Ma€ O4YiKyBaHO Oijbllle 3HAYEHHS, a HOro

7 8 9 10 3anexwicTh Bix S € GinbIl BUpa3HOI0. B 000X BHIAAKax 3a HE3MIiHHOCTI S
Puc. 7 nocsiraeTbes 3Ha4yHe (y 1,5-2,5 pasy) 3pocTaHHS KUTBKOCTI CTaHiB CTPYKTYPH,

IO peayTi3yloThCs, Ta, K HACTII0K, 3017bIICHHS TOYHOCT] PEryIIOBaHHs PiBHS BUXiJHOI HAIIPYTH.
BucHoBku. Y po0OOoTi BU3HAYEHO OCOOIMBOCTI BIOCKOHAJICHHA OaraTOpiBHEBUX BUIPSMIIAYIB 3 IIH-
POKHM ab0 OOMEKEHHM Jlialla30HaMH PEryJIIOBaHHS BHUXIAHOI HAPYrd ILISAXOM JEKOMITIO3HIT BUKOHABYOT
CTPYKTYypH (MOAiTy Ha ABa OJIOKHM), 10, BHACHIJIOK MYJBTHILIIKATHBHOCTI 3B'S3Ky IXHIX POOOYHMX CTaHIB,
3a0e3mneuye CyTTeBE 301IbIIEHHS KITbKOCTI Koe(illieHTiB nepeaadi mo Hanpys3i. TakuM YHHOM, BUOKPEMIICHO
Ta JOCHIHKEHO I OAWH 3 aCMeKTiB 0araroBapiaHTHOCTI TPaHC(POPMATOPHO-KIIOUOBUX BHKOHABUMX CTPYK-
Typ, SIKAU Ja€ 3MOTY CHHTE3yBaTH MAaCHBH IapaMeTpiB CEKIiii 0OBUTKH TpaHchopMmyrodoro ereMmenty bPB,

ONITUMAJIbHUX 33 €(EKTUBHICTIO BUKOPUCTAHHS KJIIOYOBMX HAIiBIPOBITHUKOBUX MPHIIA/IiB.

Pobomy suxonano @ pamkax 6100icemnoi npoecpamu 3a memoro "Bapep-2", depoicasnuil peccmpayitinuti Homep
0117U007714(KIIKBK 6541030).
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FEATURES OF DECOMPOSITION OF MULTI-LEVEL RECTIFIERS UNDER CONDITIONS
OF THE SPECIFIC LIMIT OF THE RANGE OF OUTPUT VOLTAGE REGULATION

K.O. Lypkivskyi, A.G. Mozharovskyi

Institute of Electrodynamics National Academy of Sciences of Ukraine

Peremohy, 56, Kyiv, 03057, Ukraine.

E-mail: lypkivskyk@ukr.net ; AnatMozhrvsk@ukr.net

Harmonization of the requirements of certain groups of electrical and electrotechnological consumers of electricity
with the current supply conditions requires in many cases the use of converters. Prominent among the systems designed
to purposefully change the supply voltage of such consumers (regulation, stabilization) are converters with trans-
former-and-switches executive structure or tap changing (smart) transformers, which use discrete-time control, in par-
ticular so-called multi-level AC rectifiers (MLR). In the synthesis of MLR the main problem is to determine the optimal
law of sectioning of the secondary envelope of its transformer. The paper analyzes the features of MLR decomposition
into two functionally identical blocks under the given limitation of the output voltage control range and its difference
from the decomposition of wide-range MLRs. The a priori variety of circuit technical solutions of such MLRs is deter-
mined. New MLRs with high efficiency of semiconductor switch elements use are offered.

Key words: multilevel rectifier, transformer-and-switches executive structure, tap changing transformer, smart trans-
former, decomposition, multivariate, efficiency of use of switch elements. References 15, figures 7, tables 3.
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CUCTEMA IM®POBOI'O ®A30BOI'O ABTOMATHUYHOI'O HIACTPOIOBAHHA
YACTOTHU PESOHAHCHOI'O IHBEPTOPA HAIIPYT'U

I.C. 3yokoB*, B.SA. I'ynamok**, xaua. Texd. Hayk, O.M. FOpueHKk0o™***, MOKT. TeXH. HayK,
Incruryt enexkrponunamiku HAH Ykpainu,

np. Ilepemoru, 56, Kuis, 03057, Ykpaiuna.

E-mail: alfa@ied.org.ua; yuon@ied.org.ua

Pospobneno yupposy cucmemy azoeoco asmomamuunoeo niocmporweanns uacmomu (DPAIY) pesonancroeo
iHeepmopa Hanpyeu 3 MOOYIAYIEI WINbHOCME IMAYIbCIE Ol YCMAHOBOK IHOVKYIUHO20 HAZPI6AHHS, KA NOKPAUYE
pedicumMu  NepeMUKaHHs —MPAH3UCmopié y pasi  WuUpoKkozo Oiand3ony 3MIHU NAPAMEmpI8 HABAHMANCEHHS.
3anpononosana cucmema UKOPUCMOBYE CUSHANL 360POMHBLOZO 36'A3KY 34 HANPY2010 KOJIEKMOp-emimep (CMik-6umik)
MPAH3UCMopie ingepmopa ma 3a GUXIOHUM CMPYMOM I[HE8epmopa, a HA IHMepP8ani HYIb080i Hanpyeu HA BUX00i
ineepmopa 3bepicae yio yacmomy. Ilpeocmasnerno docnioxcenus cucmemu QPAIIY 6 pisnux pesxcumax pobomu y pasi
3MiHU napamempis Hasanmadcenns. biomn. 8, puc. 6, Tadm. 1.

Knrouosi cnosa: iHOyKUiHUNA HArpiB, BACOKOYACTOTHUH Pe30HAHCHUH iHBEPTOP, (ha30BE aBTOMATHYHE ITiICTPOIOBAHHS
YacTOTH.

Beryn. B BHCOKOYACTOTHHMX TPaH3UCTOPHUX 1HBEPTOPax HANPYrd 3 MOIYJISIIEI0 IMIUTBHOCTI
IMITyJIbCIB  (HU3BKOYACTOTHA IMITyJbCHA MOIyJsiisi abo pulse density modulation (PDM)) ycraHoBok
IHAYKIIITHOTO HarpiBaHHS BYKIIMBHUM €IEMEHTOM CHCTEMH KEPYBaHHS € cUcTeMa (Pa30BOTO ITiICTPOIOBAHHS
gactotd (DAITY), Bim poOOTH sKOI 3ajexkaTh BTPATH IMOTYKHOCTI MiJ Yac NMEpEeMHUKaHHS TPaH3HCTOPIB
iHBEpTOpA.

B myOumikarisix HOCTaTHRO MIMPOKO TpencTaBieHi gociuimkenHas cucreM DALY mns pezoHaHCHHUX
IHBEpTOPIB, aJie 1ie He CTOCYEThCs cucteM KepyBaHHs 3 PDM [1-5]. Cuctema PDM BHOCHTB CKJIaHOCTI B
poboty ®AIIY, Tomy 1o Hampyra Ha BHXOJl iHBEpTOpa Ha NESKUX 1HTEpBaiax poOOTH NOPIBHIOE HYIIIO.
KpiM Toro cmoctepiraroThbcsi HH3BKOYACTOTHI KOJHWBaHHA cTpyMmy. llpmkmam cucremun DAIIY 3a PDM
perymioBanHs HaBenaeHo B [6]. B [7] mpenctaBineno crocid6 @AITY B crucTeMax KepyBaHHS PE30HAHCHUM
IHBEPTOPOM HAIIPYTH 3 MOJYJSIIEI0 HIUTBHOCTI IMIYJBCIB, SIKUM BUKOPUCTOBYE JlaBad MEPEXOJy CTPYMY
4epe3 HyJIb Ta 3MIHIO€ Yac 3aTPUMKH MDK KEPYIOUMMH IMITyJIbCaMH TPAH3UCTOPIB Ta CTPYMOM B 3aJI€)KHOCTI
BiJl 3MIHH aMIUTITyy CTPyMY, YacTOTH, PO3PaxXxOBYIOUH MiHIMaNbHE 3HAUYEHHS aMILTITYIU IYJIbCYIOHYOTO
CTPYMY B 3aJIKHOCTI BiJI €MHOCTI TPaH3HMCTOpPIB, JOOPOTHOCTI Ta mapamerpiB moxaysmii. B [6,7] He
3aCTOCOBYETHCS 3BOPOTHIH 3B'I30K MO BUXIi/IHINM HANIPy3i iHBEpTODA.

B [8] po3pobuiero crioci6 kepyBants 3 cucremoro @ATTY, skuii mosisirae B TOMY, 110 I ICTPOIOBAHHS
YacTOTH 3JIHCHIOETHCS Ha iHTEpBalli yacy Ton, @ HA iHTEpBali 4acy TorF YacTOTa MiITPUMYETHCS TaKOIO
camoro, K 1 Ha iHTepBaii Ton. B aHamorosiit cucremi ®AIIY 1e 31ilicHIOBAIOCSA 32 paXyHOK TOTO, IO Ha
iHTepBalli Ton BUKOPHCTOBYBABCS 3BOPOTHIH 3B'SI30K 3 JTaBa4iB MMEPEXO0Jly BUXITHOTO CTPyMy 4epe3 Hylb Ta
CUTHAIIB Ug TPaH3UCTOPIB iHBEPTOpa, a Ha iHTEepBalli 4acy |orFr BHUKOPHCTOBYBABCS TIIbKA 3BOPOTHIMH
3B'A30K 3 JaBaya IMEpexojy BHUXIIHOTO CTPYMY dYepe3 Hyllb, SIKHH MoJaBaBcs Ha OOWABAa BXOAHM CHCTEMH
OAIIY. Takum uymHOM ABa cuH(pAa3HI CUTHAJIM HE 3MIHIOBAJIM 4acTOTy Ha iHTepBami uacy Torr. OnHaK
aHAJIOTOBI CHCTEMH TPOTPAIOTh IMUGPOBUM, 3aBISKH MEHIIIN 3aBaJ03aXUIICHOCTI, TOYHOCTI, CKJIaTHOCTI
HaJIAIITyBaHHS Ta 1HIIE.

Meta podotu. Po3poOka ta mocmimxenns uudposoi cucremu GAIIY i pesoHaHcHOTO iHBEpTOpa
Hanpyry 3 MOIYJALIEIO MIIBHOCTI IMITYJIbCiB YCTAHOBOK 1HAYKLIHHOTO HarpiBaHHs, sIKa MOKPALYE PEXUMHU
NepEeMUKaHHS TPAH3UCTOPIB 32 MIMPOKOTO Jialma3oHy 3MiHH MapaMeTpiB HABAHTAKCHHSI.

Ha puc. 1, a nmokazaHo cxemy CHJIOBOI YaCTHHH PE30HAHCHOTO iHBEPTOpa YCTAHOBKHU iHIYKIIHHOTO
HarpiBaHHS 3 MOCTIIOBHMM KOHTYpOM Ha BHXOJ Ta JaBauaMH HAIPYTH KOJIEKTOP—eMITep (CTIK-BHUTIK) U
tpausuctopiB ([Iul, [1H2), mMutreBOrOo 3HaueHHs BuxXimHoro crpymy i ([cl), cepemHboro 3a momynem
3HAa4YCeHHS! BUXITHOTO cTpyMy layg ([c2). Bei gaBadi cTpymy MaroTh rajibBaHiuHY PO3B’SI3Ky 3 CHIIOBOIO
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yactuHOw. Ha puc. 1, 6 300paxkeHo imeanizoBaHi (pOpMHU CTpyMy | Ta Hampyrd U Ha BHXOI iHBEpTOpa 3
PDM, HaBeneHO TOpPSNOK CIHiAyBaHHS CHUTHANIB KEpyBaHHSI TpaH3WCTOpaMu. B cxemi MOXyTb
BUKOpPUCTOBYBaTHCs cHabOepHi konaeHcatopu Cs. 3a PDM mepion Moayssmii Tv Ta 4ac BBIMKHEHOTO Ton
Yl BUMKHEHOTO TorrF CTaHy XapaKTepU3yIOThCS YHMCIaMH, SIKi BiAMOBIAAIOTH KUJIBKOCTI MEpioAiB BUXiAHOI
Hanpyru iHBepropa To: S =Tm/To, M =Ton/To, N =Torr/To, A€ S — KiNbKiCTh TIEpioaiB To 3a 4ac MOmYJISIi T,
M — KinbKicTh mepiofiB To 3a gac Ton, N — KUTBKICTH mepioaiB To 3a ac Torr, N, M Ta S — B HAIIIOMY BHUITAJKY
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a 7]
Puc. 1

HatypasbHi uncia [7]. KoedimieHT 3amoBHeHHS y=m/S.

MoxnuBi pi3Hi KoMOiHawii mapameTpiB M, N, S. Sk oAMH 3 BapiaHTiB, HA pUC. 2 TpEACTaBICHI
JiarpaM¥u BHUXITHOI HANpyTH, IO BiAIMOBialOTH pi3HUM 3HaueHHsM y 3a PDM perymroBanni. [lapamerpu
MOIYJIALT BUOMpAHCA TAKUM YHHOM, 100 3a0e3MeYnTH MiHIMAIIbHY KIIBKICTh IMITyJIBCIB Ha €Tarli | oFF s
KO>KHOT'O 3HAYEHHS , YOMY BiJIIIOBi/Ja€ HEBEIMKA aMIUTITYAa HU3bKOYACTOTHOI MyJbCallil CTpyMy.

3anponoHoBano 1uppoBy cucremy DOAIIY, sxa
, , BHKOPHCTOBYE 3BOPOTHIH 3B'SI30K 3 JaBadiB IEpPexXoay
Y 1121314151617 18} 911011 12§ BUXIZIHOTO CTpyMy | dYepe3 HyJlb Ta CHIHANIB Uk JIBOX

MP‘:PDEHqJDDDDDDDDDEPDDDDEI TPaH3UCTOPIB CTifiKM MocToBoro imBepropa. Ha puc. 3

300pak€HO CTPYKTYpHY CXEMY CUCTEeMH KepyBaHHs. CHUrHaIH

1 1
11(12|:H:|HHHHHHHH P! .
' . | ' 3 J1aBa4dlB HaIpyrd HaIXOJATh Ha KOMIIApAaTOpH, J€
1 1 . o
10/12 | | I I l I l 1 I I l . MOPIBHIOIOTECSL 3 TOCTIiMHOIO Hampyroo Up Ta q)opMyIOTb
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raJlbBaHIYHO PO3B’SI3aHi CHTHAIIH, SIKi BiIITOBiIal0Th MOMEHTY
JOCSITHEHHSI HalpyTH Uk Ha TPAH3UCTOPI, IO BHUMHKAETHCS,
HaTpyTr KuBJIeHHs iHBepTopa Up (BIAMOBIIHO 3MEHIICHHS
Hamlpyrd Ha IHOIOMY TpPaH3UCTOpi CTIMKH iHBepTOpa JIO
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-
—
---
o
-

.
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LR B B B L B Harnpyru Un). ludposa 0OpoOka curHamy 3a0e3nedyeTses 3a
[ I I I I s I nornomoror cxemu mporpamosanoi Jsioriku (ITJIIC). Cxema
_ hl_! ui“l . - . L! hu. hu ' osoka DAITY cknamaerscs 3 (a3oBOro JETEKTOPA, 6J10K§
5 T O O O R satpumkn  U(7p), reHepaTtopa, MOOYJOBAaHOrO Ha OCHOBI
2Y:vH R R w R u R JMYUIBHUKA, SKUH B 3al€KHOCTI Big ()a3soBOro 3cyBy
o i_:‘! L'I_I : “l l’l L! i HiBUIyE YU 3HWKYE  HacToOTy IMITyJIbCIB  K€PyBaHHS
R I I R R TpaH3ucTopamu iHBeptopa [7]. bBuok 3arpumku U(79)
J 30 I T s I N S M B 3a0e3reyuye YacoBHM 3CYyB MK I Ta U ks, U w2 Ha 9ac Ty,
: LI oo L'! oo HEOOXIAHMI I 3aBEpIIEHHs IMPOIECY BUMHKAHHS OIHOI
142 I—[u — napu TPAH3MCTOPIB Ta /Ui BMHUKAHHS HACTYIHOI MapH

Puc. 2 TpaH3uCcTOpiB iHBepTOpa. CHIHAMH U ks, U ke TAKOXK

HaAXOATH B OJIOK JIOTIKM Ta BU3HAYaIOTh MOMEHT BMUKAHHS

BIJINIOBIJTHUX TpPaH3UCTOPiB. MOMEHT BUMWKAaHHS TPaH3HC-

TopiB BH3HauaeTbca curHaiom cucremMu DPAITY. Cucrema xepyBanHs 3 PDM 3abesmeuye crabimizaniro

CEpeAHBOr0 3a MOJYJIEM 3HAYCHHS BHUXIAHOTO CTPYMY layg. AHAJIOTOBHI CHUTHAN 31 CXeMH MOPIBHSHHS Ta

nigcumoBaya currany noxuoku 3 Il perymstopom 3a gonomoroto ALl meperBoproeTbess B mupoOBUiA

curHan Ta nogaerbest Ha [TJIIC. biok PDM B 3aiexHOCTi Bij cUTHAITY MOXUOKH (OpPMYE IMIYIbCH, SKi

HAJXOJATh Ha OJIOK JIOTIKM Ta 3a0e3MedyroTh HEeoOXiIHI alrOpuTMH MEepeMHUKaHHs TpaH3ucTopiB. JpaiiBep
3a0e3mneuye ralbBaHIYHO PO3B’sI3aH1 IMITYJIbCH KEPYBaHHS TPAH3HUCTOPAMU MOCTOBOTO 1HBEPTOPA.

28 ISSN 1607-7970. Texn. erexmpoounamira. 2022. Ne 2



U, ‘KE
—Lp | commaparop | ¥ ¥£7 JIIC
UkE, i
mnn
L"" < apaT: )
T l\OMlI;palop 2
mn
Curnan Us
3aBJaHHA > Cxema
. \ Y
. et el ;
i Cepeniii | 1o Jeu L pom s VTIL..VT4
) ) | CHrHAJY NOXHOKH baok =
3a MoayJiemM i »| Jlpaiiep [
CTpyM mu;;”)“" buok »| tpausucro [
£l v JIOTiKH > piB Ead
4 | inBepropa [
Apnay i dazoBuii LU
nepexoay 4 | sereiero > leneparop [
crpymy uepes 0 | L™ I P
Puc. 3

3anpononoBana cucrema ®AITY na BiaMiHy Bia cuctem, HaBeneHuX B [1-5], BpaxoBye HasBHICTbH
PDM perymoBanns. Ha Biaminy Bix cuctemu kepyBanus 3 ®AITY ta PDM, siki npencrasieso B [6, 7],
BUKOPHCTOBYETHCS 3BOPOTHIH 3B’S30K HE TUIBKU 0 BUXITHOMY CTPYMY IHBEPTOpa, a TaKOX 1 MO Hampysi
KOJICKTOP—EMITep TPaH3UCTOPiB, IO JAa€ 3MOTY aBTOMAaTHYHO BIJICIIJIKOBYBAaTH MOMEHTH BHUMUKAaHHS
TPaH3UCTOPIB.

Curnanu Uy, 3 JaBadiB Hanpyru JH npucyTHI Tineku Ha eTami Ton. Ha iHTepBaii gacy Torr, KoTH Ha
BUXOJi iHBepTOpa Hampyra BiacyTHsi cuctema @AITY 30epirac 3Ha4eHHs 4acTOTH, siKe OyJI0 HANPHUKIiHII
inTepBany Ton. Ha puc. 4 npencrasneno niarpamu, siki nosicHioroTh poooty ®AITY wHa iHTepBam Tow, e Ta
— Yac 3pOCTaHHA HampyrHu Ue (9ac cragy Halpyrd Ha IHIOIOMY TPaH3WUCTOPi CTIMKM iHBepTOpa) mia gac
BUMHKAHHSI TPAH3UCTOPIB, s on, 15 of — YaC 3aTPUMKH TIOYATKy BMHUKaHHS Ta BUMHKaHHS TPaH3HCTOPIB,
00yMOBIICHHIA BIaCTHBOCTSIMH JIpaiiBEpiB Ta CAMUX TPAH3HUCTOPIB.

Ha inTepBanmi Torr dWacToTa BiAIIOBiae YacTOTi BUTHPHHUX
KOJIMBaHb PE30HAHCHOTO KOHTypy Ta BU3HAYAETHCS BUPA3OM

M)

JIe (o — PE30HAHCHA YacTOoTa KOHTYpY; Q I[06pOTHICTb KoHTypy. Ha
iHTepBanmi Ton 4YacToTa KOJMBaHb (J,, BU3HAYAEThCA CHUCTEMOIO

OAITY Ta 3a1exuTh Bia (ha30BOro 3CcyBy i il 3HaAUCHHS

! I
E E Dron > 2 (2)
E - 3amponoHoBaHa ctpykrypa @AIIY aBTOMaTHYHO MiATPUMYE
. »  ToCTiiinuii yac ¢asoBoro 3cyBy T, Ta, BIANOBIIHO, «M’SKD» PEKUMH
T "/]"_L_ : : MEPEMUKaHHA  TPaH3UCTOPIB (BI/IMI/IKaHH.S\{’ TpaH.BI/ICTopiB 3a
| »  HEBEIMKOIrO CTPyMy Ta BMHKAaHHS 32 HYJbOBIH HAMpy3i) 4epes 3MiHy
— ' : »Li« T;on mapamMeTpiB HaBaHTaXeHHS, 3MiHy Hampyrn Up Ta dYacToTH

\

KOJIMBAIBHOTO KOHTYpy. Ha puc. 4 mrpuxoM misi HpUKIaLy
MOKa3aHo, SIK 3MIHIOIOTBCS JliarpaMH 3a 3MiHH aMl'IJ'IlTy,Z[I/I CTpyMy I.
Oco01HBO 11e BaXITUBO 32 Y = 1, KOJIM JUHAMIYHI BTPATH MOTYKHOCTI
B TpaH3ucTopax HanbOibmi. 3a 1/2<y<l ta n=1, YoMy BiAMOBIJaIOThH
KoMOiHawii mpencTaBieHi B BEpXHIM wYacTWHI Jiarpam pHc. 2, Myhbcauii CTpyMy HEBEIHKi, TOMY
3anponoHoBaHa cuctema GAITY npaitoe focTaTHEO KOpeKTHO. 3a y<1/2 uncno N 30inbIyeThes, a M=1, npu
upomy DAITY Ha erami Ton aBTOMAaTHYHO 3a0e3nedye 3amaHuil (pa3oBHU 3CYB BpPaxOBYHOUM CHTHAIHA 3
JlaBayiB Ha MOYATKY Ta B KiHIII IIbOTO IHTEPBaIy.

Ha puc. 5 HaBengeHo niarpamMy Hampyrd Ta CTpyMy Ha BHUXOJl 1HBEpTOpa, OTPUMaHI B pe3ysbTaTi
KOMITBIOTEPHOTO MOJIETIOBAaHHS 3a JOTIOMOTOI0 ITPOTPaMHOT0 3abe3meueHus PSpice mis nobpoTtHocti Q =5, n
= 2 ta y=4/12=1/3 Bignosigxo 10 puc. 2. SIk BUIHO 3 miarpam, IoOyI0BaHHUX TS MOCTIHHOT YacToTH, (ha30BUit
3CYB BiJpi3HA€ThCA Ha Pi3HUX MiBIEPIOAaX BUXiITHOTO CTpyMy. B maHOMy npuKiaai 3HaYEHHS 4acy 3CyBY MiX

Puc. 4
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BUXITHOIO HANpYrow Ta cTpyMoM Ha nodvatky nepiogy 79l1=800 Hc, Ha monoBuHi mepiony 7¢2=343 HC i B
kiHmi nepiony Tp3=484 Hc. 3i 30UIbIICHHSAM JOOPOTHOCTI PI3HHI MK 3HAUCHHSMH (Pa30BOTO 3CyBY Ha
pisHux miBnepiogax 3meHmryerbes. Cuctema DAIIY He Moxke 3abesmeunty 3amannii (pa3oBWIl 3CyB Ha
KO’KHOMY TIBIEpioJli B epexiAHuX mpouecax. Lle HeoOXigHo BpaxoByBaTH miJ 4yac BUOOpY 3HaueHHs 19, siKe
HEOOXiIHO 301TBIITYBaTH MOPIBHIHO 3 ONTUMAIIFHIM 3HaYeHHSIM. B ycTaneHoMy peknMi Ha iHTepBam Ton s
KOMOIHaIli mapamMeTpiB M, N, S, sSKi MpeACTaBICHI B BEpXHiil yacThHI JiarpaM puc. 2, 9ac (a3oBoro 3cyBy
MDK BHXIIHOIO Hampyrord Ta CTPYMOM CTa€ TMOCTiiHOIO BenuuwmHOW. lle Takox miaTBepAWIN
EKCIICPUMEHTAITBHI JTOCTiDKCHHSI.
3amid  JOCHIDKCHHS pPOOOTH  CHCTEMH
. OAIIY Oymo po3pobiaeHo MaTeMaTH9IHI MOJET IS
| — iHTEepBaJliB BBIMKHEHOTO CTaHy |on Ta BUMKHEHOTO
(— / cta"y Torr poOotu iHBepTOopa. Cxema 3aMillleHHS

MOCTIIOBHO 3’€HaHUX AaKTHBHOTO omnopy R,
P / ingykTBHOCTI L, emHocti C 3 ypaxyBaHHSIM
To1 / / MMapasUTHUX TIapaMeTpiB  TpaHcopmaropa Ta

3’€HYBJIBHUX  JIQHIIFOTIB, NpUBEACHUX O

/\ 63 /r\ HaBaHTa)XCHHS 1HBEpTOpa IMpEICTaBICHA Y BUTJIISAAL

TIEPBUHHOT OOMOTKH TpaHchopMaTopa.
3a pgomoMorow mepeTBopeHb Jlamnmaca

OTPUMaHO BHpa3 [uii CTPyMy B KOHTypi Ha
Puc. 5 iHTepBalli TorF, KOJM Ha BUXOJIi iHBEPTOpa HYJIHOBA

1 /L
Hampyra. 3 ypaxyBaHHSM TOTO, IO Q:E E’

MaeEMO

@ | + 72U Chore (3)
TS Lkorr y
iore (1) =€ 22 | 1, COS 1—%0)0'[ TR sin l—iza)ot
e Q
4Q?

1€ likof, Uckoff — CTPYM Ta Hampyra Ha IMoyaTky iHTepBany Torr (HAIPHKIHII iHTEPBATY Ton).

likofr, Uckoft 3aJekath Big pa3oBOro 3CyBY, JOOPOTHOCTI Ta pexxumiB podoru PDM. fkmio BBaxaru,
IO CTPYM HAMNpUKIHII iHTEepBaly 4yacy Ton 3HAXOAWTHCS B YCTAJICHOMY PEKUMi, a Hampyry Ha BHXOJI
IHBEpTOpa BBAXKAaTH CHHYCOIJAIbHOIO, aMILTITY I SIKOT JIOPIBHIOE aMILTITY/Ii MEePIIOi TAPMOHIKH, TO

Iy, =—1,sin(Tp27 ), 4)
_ri® , , (5)
Ua,. _I?dt_ T iC cos(Te'2x )

ne f — gactoTa, sxa 3amaetses cucremoro ®AIIY, Ty’ — vac (a3o0BOro 3CyBy Midk CTPYMOM Ta Hampyror Ha
MIOCITIIOBHOMY pe30HaHCHOMY KOHTYpi R, L, C.

llincraumo 3uavenns |, T1a U, B (3) Ta OTPUMAEMO BHpasd Ui CTPYMY HAlPHKIHLI
OFF OFF

inTepBany Torr. BpaxoByroun, mo @o=27fo, Q MaeEMO

" 2nf,CR

—Imsin(l'(p’Z;rf)cos[ 1—%27zin]+
\j 4Q f _ ©6)

. n ot
oren (?j:e Qf |mSin(T¢'27Zf)+2Q%|mCOS(T¢)'27Zf) 0
sin| 1 27—

i 1
2Q\/1—4QZ
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3 ypaxyBaHHAM BHpa3y (4) BiJHOIIEHHsS CTPyMY Ha NOYAaTKy A0 CTPYMY HallpUKIHLI iHTepBany Torr
BH3HAYAETHCA 32 (POPMYIIOF0

f 1

zfon 1+
oFFn (EJ:e Qf COS[ 1_%2”£nj f tg(T(p 27Z'f) (\/ l2 -
I, Uf 40Q f 20 1 ’ 40 f

Ockinbku A NPUMHATHX NPUIYIIEHb CHHYCOiJAJBHOCTI HANpPYyTd Ta CTPyMy KYT 3CYBY
BU3HAYAETHCS BUPA30M

p=T,2zf =arctg (Q (ﬁ - &D . (8)
Wy @
3BigKu
' 2 '
f _w9e2zf) |t (T(0227ﬂ°)+1 )
fb 20 4Q
SAx BugHO 3 (7) 3 ypaxyBaHHIM (9) CTpyM HAIIPHUKIHIN iHTEpBaNY TorF 3aJICKUTh BiJ T0OPOTHOCTI Q,

o To' ,
3HAYEHHS N Ta CIIiBBiJHOIICHHS 3 To'f.

Ha puc. 6 HaBeneHO TIOPiBHAHHA rpadikiB 3aMeKHOCTI BiIHONMEHHS CTPYMiB oFfn Ha mouaTky Ta B

LKorr
KiHII iHTepBany Torr BiJ MOOPOTHOCTI 3a pi3HHX 3Ha4YeHb T@f Ta N=1, OoTpUMaHMX B pe3yJabTaTi
KOMITBIOTEPHOTO MOJICTTIOBAHHA 3a JOMIOMOTOI0 TporpaMHoro 3abecnedeHHs PSpice (mrpuxoBa miHisf) Ta 3
Bupasy (7) (cyuineHa minis). Ha puc. 6, a nokasano rpadiku wis T f = 0,02, a Ha puc. 6, 6 mis Te f = 0,05.

. lorr
Lorr

ILkopr 1 Lkorr

1 ==

08 17 0.8 //

06 | 067

0,4 0.4

0,2 0,2

0 0

2.4 68 1012 14 1618 20 Q 2 4 6 8 10 12 14 1618 20 Q
“ o
Puc. 6

Ax BumHO 3 rpadikiB, 31 30iMbIIEHHSM TOOPOTHOCTI, BiIHOIIEHHS 3HAYEHHS CTPyMy B MOMEHT
NepEeMUKaHHSI HANPHUKIHIN IO 3HAaYeHHS CTPYMY B MOMEHT IEepEeMHUKaHHS Ha MMOYaTKy iHTepBany 7orF CTae
MEHIITNM Ta MPSIMY€E JIO OJIMHHUII, & OTXKE 1 TOUHICTh PO3PaXyHKIB 30UTBIIYETHCS 13 3pOCTAHHSAM JOOPOTHOCTI
KOJINBAJIBHOTO KOHTYypa. Po030DKHICTH OTpUMaHUX pe3ynbTariB (10 20 %) MOSCHIOETbCS NPUHHATHMH
NpUnyHeHHsIMH. 301IbIeH s (a30Boro 3cyBy 301UIbILIYE PI3HULIO MIX CTPYMOM Ha IOYATKY Ta HaNPHUKiHII
inTepBasty Torr, IIBOMY BIJIIOBIAIOTH Pi3HI 3Ha4eHHsS T,. 3ampomonoBana cuctema DAITY BigciinkoBye
MOMEHT BHMHUKAHHS TPAaH3UCTOPIB T4, HA BIMIHY BiJl CHCTEM, JiI¢ BUKOPHCTOBYETHCS MOMEHT TEpPEXO.y
BUXIJHOI HAIpyTW iHBEPTOpa 4Yepe3 HyJlb, BPaXOBY€E HAsIBHICTh Yacy 3pOCTaHHS Hampyru Ue. Lle mokpamrye
TouHicTh pobotn GAITY.

3a 0MTOMOTr0r0 MaKEeTHOTO 3pa3ka OTPUMAaHO OCIMIJIOTPAMHU BUXIJTHOTO CTPYMY Ta HANPYTH 32 Pi3HUX
pexxumiB podotn PDM. YV Ttabnuui HaBeneHO ocuuiorpaMu Ui mopiBHSAHHSA podotu cuctemu DAIIY 3
BUKOPUCTaHHIM 3BOPOTHBOTO 3B’SI3Ky 0€3 CUTHAJIIB JJaBayiB HANpyru U Ta 3 CUTHAJAMHM 3 1aBadiB HAPyTH
Ue. B mepmomy Bumagaky cucremy ®AIIY Oyino moOymaoBaHO Ha OCHOBI IIMPOKO BIJOMOI MIKPOCXEMH
CD4046, sixa 3abe3nedye nocTiiHui Ga3oBUil 3CyB MIXK IMITyJIbCaMU KEPYBaHHS TPAH3UCTOPAMU Ta
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Cucrema ®AITY, ssxa BUKOPUCTOBYE IMITYJILCH 3
’ P Y Y 3anpornonosana cuctema OAIIY.

JlaBaya Iepexo/ly BUXIIHOTO CTPyMY Yepe3 Hyllb.

: i 3
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300B
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CHUTHaJIaMH 3 JaBadya IMEpPeXoAy CTPyMy depe3 Hyjb. 3alpOlOHOBaHA CHUCTEMa BUKOPHCTOBYE B CXeMi
KepyBaHHs iHBepTopa Mikpocxemy IIJTIC MAX II EPM570T100C5N (ALTERA).

3 ocmuiorpaM BUAHO, IO OJHOYACHE BUKOPHCTAHHS 3BOPOTHHOTO 3B’S3KY 3 JaBadiB, IiJ]’ € THAHUX
JI0 KOJIEKTOpa Ta eMiTepa TPaH3UCTOPIiB BUCOKOYACTOTHOTO iHBEPTOpa Ta JaBaya MEpPEexXody CTPyMy depes
HYJTb, BHOCHTH TI€BHI MMO3UTHBHI KOpeKTHBH B poOoTy cuctemMu DAIIY 3a pi3HUX pexkuMax poOOTH CHCTEMHU
PDM. Kyt 3cyBy (a3 MiX BHXIHOIO HAIpyror Ta CTPYMOM iHBEpTOpa TPUMAETHCSA OINBIN CTAaOITFHO B
MEBHMX 33/IaHMX MEXaX B 3aJISKHOCTI Bifl 3MIHH HABaHTa)KEHHSI, PEXKUMIB MOIYJISIMIT Ta HAIIPYTH >KUBJICHHSI.
OcTtaHHE 0COOIMBO BXKIIMBO 32 HASBHOCTI BEJMKHX IMyJbCALliil HATIPYTH KUBJICHHS iHBEPTOPa, HAPHUKIIAA Y
BUTIAZIKY OfHO(A3HOT Mepexki kuBieHHs. [le mae 3mory 3MeHmuTH (ha30BHi 3CyB Ta CTPYM Ha MOMEHT
MEPEMUKAHHS TPAH3UCTOPIB, THM CAMUM 3MCEHIIHMTH BTPATH MOTYXHOCTI. Takoxk 3a0e3MeuyroThesl peskuMU
nepeMHUKaHHs OJM3bKi 10 ONTUMAaJIbHUX 32 MIMPOKOTO /AiaNa3oHy 3MiHU MapaMeTpiB HaBaHTaKECHHS.

BucnoBku. Pozpobmeno umdppoBy cucremy DOAIIY pe3onancHoro iHBepTOpa HAIPYTH 3
MOJYJIAIIEI0 TIIIBHOCTI IMITyIBCIB A1 YCTAHOBOK IHAYKIIIMHOTO HAarpiBaHHS, fKa MOKPAIIye PEKUMHU
MepEeMUKaHHSl TPAH3UCTOPIB 3a IIUPOKOTrO Jiama3oHy 3MiHM NapaMeTpiB HaBaHTaKEHHS. 3amporoHOBaHA
cucTeMa IJisi BH3HAYEHHS YacTOTH POOOTH BHUKOPHCTOBYE CHTHAl 3BOPOTHBHOTO 3B'S3KY 3a HANpYTrolo
KOJIEKTOp-eMiTep (CTIK-BHTIK) TPaH3HCTOPIB iHBEPTOpa Ta CHTHAN 3 JaBada MEPEeXOAy BUXITHOTO CTPyMY
4yepe3 Hyllb, a Ha IHTEPBaJl HYJbOBOI HANpyrd Ha BHXOJI iHBepTOpa 30epirae Iro yactoty. OTpUMaHO
MaTeMaTH4Hi BHpa3H, 10 JAI0Th 3MOT'Y NMPOBOAMTH aHAJI3 PEKUMIB MEPEMUKAHHS TPAH3UCTOPIB iHBEPTOpa
3a 3MiHM [TapaMeTpiB HaBaHTAXXEHHA, BpaxoBytoun podoty PDM.

Pobomy sukxonarno 3a 0epoicor00dcemnoio memor «Po3eumox meopii UCOKOUACMOMHUX MPAHZUCHOPHUX
nepemeopiosayié Ha OCHOBL PE3OHAHCHUX [HEePMOPIE O/l CUCHEM eNeKMPOICUGLEHHSI MEXHON02IUH020 00NAOHAHHS
(wugpp «Hacmoma-3»), depacasnuii peecmpayitinuii nomep 01200002003 (KIIKBK 6541030).
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The digital phase-locked loop (PLL) system of the resonant voltage inverter with pulse density modulation for induction
heating installations is developed, which improves the switching modes of transistors under a wide range of load
parameters. The proposed system for frequency determination uses the feedback signal on the collector-emitter (drain-
source) voltage of the inverter transistors and on the output current of the inverter, and stores this frequency on the
interval of zero output voltage. A study of the PLL system in different operating modes when changing the load
parameters is presented. References 8, figures 6, table 1.

Key words: inductive heating, high-frequency resonant inverter, phase-locked loop (PLL).
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THE DC-DC CONVERTERS EMI FILTERS CALCULATION METHOD USING LTspice
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The paper proposes a methodology for designing a filter for lowering conductive interference level, generated by pulse
voltage converters. Not only the proposed method takes into account the requirements of the standard for
electromagnetic compatibility, but also the parameters of the LISN node to measure the level of noise, which are given
by a converter to a power supply chain. The articles describes the example of the filter design for a lowering DC-DC
converter the noise level of which is in accordance with the standard CSPR25. All stages of design are illustrated by
models, they are developed in the LTspice program. Models for analyzing the amplitude-frequency response of a
interference filter loaded on a LISN are presented. It is shown that when modeling the operation of pulse sources, it is
not advisable to use LISNs with the idealized characteristics of elements. The obtained filter calculations’ results
confirm the correctness of the proposed method. References 11, figures 9.

Keywords: electromagnetic noise, common mode and differential mode interference, filter electromagnetic
noise, attenuation.

Introduction. In modern electronic devices, switching power supplies have become widespread,
mainly due to high efficiency. However, the price for such efficiency is a creation of electromagnetic
interference (EMI) by these kinds of power supplies. Interferences created by the operation of such
suppliesare divided into radio interferences which spread as an electromagnetic field and conductive
interferences, which are transmitted through wires. The conductive interferences are divided into common
mode and differential mode interference [1].

There are various methods of reducing electromagnetic interference, but one of the most effective is
the use of an EMI filter at the input of the pulse converter. In papers[2, 3, 4] there are examples of design of
EMI filters in software packages LTpower CAD, NI Multisim, which allow automatic calculation and
modeling of switching power supply with specified EMI filter, while meeting the requirements of different
standards of electromagnetic compatibility. However, this design method can only be applied to power
supplies built on the components of Analog Device, which are part of the base, the LTpower CAD program.

In paper [5] describes the method of EMC filter calculations for switching power supplies according
to the CISPR22 standard. However, the proposed method does not show the influence of the parameters of
the components Artificial Mains Network/Line Impedance Stabilization Network - (AMN/LISN), on the
calculation of the EMI filter.

In paper [6], describes a method for designing a complex LLCL filter containing three inductors and
one capacitor. Such a EMI filter is more complicated than single-link L or Pi filters and may not always be
an acceptable solution due to its higher complexity and cost.

A universal method of designing EMI filter is proposed in paper [7] asan example of designing a
filter for compliance with the CISPR16 standard. The method proposed by the authors takes into account the
level of interference created by the converter without a filter. During the design of the filter, the margin is set
by the attenuation introduced by it at the frequency of the first harmonic - 10 dB. The cutoff frequency of the
filter is determined with the condition that the intensity of the frequency response decline is 40 dB/decade,
then set the capacitance of the filter capacitor and calculate the inductance of its choke.

The aim of the work is to develop a methodology for designing EMI filters for DC-DC converters
using the LTspice software package, which takes into account the parameters of AMN/LISN components.
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One of the objectives of the study is not only to create a methodology for the design of EMI filters,
but also recommendations for modeling such devices to test the effectiveness of the designed EMI filter.

It is known that different standards of electromagnetic compatibility EMC use different AMN/LISN
devices to measure the EMI level, which leads to differences in the input resistance of these devices in a
wide range of frequencies. The classical theory of LC-filters assumes their calculations at a constant
resistance of the signal source, which is equal to the load resistance. The difficulty of designing filters to
reduce the level of electromagnetic interference is due to the fact that the filter is loaded with a complex
resistance that varies over a wide range of frequencies, and the resistance of the source of interference also
depends on the frequency.

Therefore, before designing a EMI filter, you need to consider the above factors.

Since the theoretical calculations of the level of EMI generated by switching power supplies are too
complex and inefficient, it is possible to compare the noise levels of these converters with the help of
simulation modeling, using simulators.

The LTspice program was chosen to simulate the operation of the EMI filter connected to a DC-DC
converter, taking into account the imperfections of the characteristics of its passive components.

This paper proposes a method of filter design that takes into account the level of interference
generated by DC-DC converters, the input resistance of the AMN/LISN node and the parameters of passive
components. Since different AMN/LISNs with different topologies are used for different electromagnetic
compatibility standards, it is necessary to determine the input resistance of this node at the preliminary
design stage.

In the first stage, the AMN/LISN impedance is calculated, and then a low-pass filter with the same
impedance is designed, taking into account the required attenuation at a given frequency.

Consider the process of determining the wave resistance AMN/LISN with the example of equipment
that meets the CISPR standard 25 [8]. Fig. 1 shows a diagram of the connection of AMN/LISN to the power
supply to measure the levels of EMI (which is analogous to the V-shaped equivalent of the network [9]) and
verify compliance with the requirements of CISPR 25.

L, 50 mH This standard provides for the use of
~Y N AMN/LISN with both a 5 pH inductor and a

DC-DC | ¢ 50pH inductor when operating a DC-DC
C, C, converter | o7 converter from a power supply. Consider the

1 mF —:0_1 mF — calculation procedure based on the requirements
- = ) for devices of class 4 using a 50pH inductor.
! The impedance of the AMN/LISN circuit
R, R, Spectral is determiped by the value of the capacitance of
1 kOm I:‘] 50 Ohm analyzer the capacitor C; and the inductance of the
inductor L;. In the calculations, the capacitance
¢ C; can be ignored due to the fact that in series
. with the capacitor included a resistor of 50 Ohms
Fig. 1 (input resistance of the spectrum analyzer).
Capacitor C, with resistor R, form a high-pass
filter with a cutoff frequency of 30 kHz. Therefore, the impedance of AMN/LISN can be calculated by the

formula:
-6
p= in%zlthm. (1
¢, V110

To obtain detailed information about the parameters of LISN its frequency response is found in the
scheme which is as close as possible to the actual mode of operation. Fig. 2. shows measured the amplitude-
frequency response on the attenuation scheme.

Fig. 2 also shows the frequency response of the input DC voltage source V;, with an internal
resistance of 0.1 Ohm to the capacitor C; and resistor R;, (curve 2). It should be noted that the internal
resistance of the source V;, does not affect the frequency response, but only affects the transmission factor
from the test signal generator V; to the input voltage generator. Curve 1 indicates the frequency response of
LISN, which is linear in the frequency range above 100 kHz.
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From fig. 2 it follows that AMN/LISN
for the input power supply is a low-pass filter
with a cutoff frequency of 5 kHz and a frequency
response decline of 20 dB/decade, and at the
point of measurement of the interference
spectrum high-pass filter with a cutoff frequency
of 100 kHz.

At the second stage of design it is
necessary to formulate requirements to the
parameters of the EMC filter. To do this, you
must either measure the noise level of the real
converter, or simulate such a converter. Fig. 3
shows the model of the step-down DC-DC
converter on the basis of the LTC7800 Analog
Devices chip with the connection recommended
by the manufacturer.

When modeling the circuit in LTspice, it
should be noted that the spectrum is derived in
dB and is calculated as the ratio of the root mean
square values of the spectrum relative to level 1
V. Knowing the EMI levels in decibels, we can
calculate the EMI level in the conventional dBuV
ratio [10]. To do this, you need to convert the
obtained values of the spectral components in
LV, using a simple relationship:

Ugin (dB)
U, (B)=10

20

2

To recalculate the values obtained in (2) in dBuV it is necessary to perform the transformation:

Uy (dBuV) =201g

UEMI (V)

) 3
1-10°V ®)

To automatically recalculate in dBpV, it is necessary to enter the divisor of 1 pV in the window of
the noise spectrum display in Fig. 4.
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V(emi)1u

In this figure, this is the value of

100dE-

908t S V(emi)/1u, where emi is the designation of the
8od N T T i - point of the circuit at which the spectrum is
:::: i R sweadt | measured. In fig. 4 this is the point to which
sod Y mf ke resistor Rs; is connected. To increase the
5 i — accuracy of the calculation of the simulation
3048 g R4 : spectrum in LTspice was performed in an
i ; bt : ALY alternative mode.

10dB-f e et : The horizontal lines show the
odB T i permissible noise levels according to the
e CISPR25 standard for Class 4 devices. For the
-20dB-] .

ol R L i _ spectral component with a frequency of 600

1KHz 10KHz 100KHz 1MHz 10MHz 100MH: | Hz (switching frequency of the power

Fig. 4 switches of the converter) the noise level is 87
dBuV. This value exceeds the value allowed by the CISPR2S5 standard in the frequency range 0.5... 2 MHz
by 45 dB. The obtained value of the frequency response makes it possible to formulate requirements for the
required level of applied attenuation for the EMI filter, it is necessary to provide a attenuation margin of at
least 3 dB. As can be seen in Fig. 4 the EMI filter must provide attenuation at a frequency of 600 kHz not
less than 48 dB.

The next step in the LTspice program is to determine the rate of decline of the frequency response of
a single-link LC-filter, taking into account that it is loaded on the input resistance AMN/LISN.
Since at a frequency of 600 kHz the low-pass filter must make attenuation not less than 48 dB, the

cutoff frequency of the filter is calculated by the formula:
48

A\um
£.>£/10% =600-10° /10% = 600-10° /1122 = 2389 Hz, 4)
where f; is the frequency of the switching transistors, Ay, — the required attenuation of the filter at the
frequency of the first harmonic of the noise.
Knowing the wave resistance of AMN/LISN, you can proceed to the calculations of the EMI filter
elements values. Now we express the inductance of the filter through the impedance, using relation (1).
L, =p°C,, (5)
where L;, C; are the inductance and capacitance of the filter, p is the impedance.
The expression 5 shows how to obtain

w ¥ the required value of the capacity of C;:
vi 1
= . (6)
1
SINE() 2nf.p
vin1 NAC10 Putting the frequency value of f. = 2,39 kHz to
the above expression (6) from expression 4 we
s obtain:
1
.acd -
ac dec 100 10 1000000000 . 2 2 2390 7 1 2 9,38'10 6 F.
o ] TT- . .
T 1] T L L | ; ; " Rounding the value of Cyto 10 pF, you can find
ol LN N = | the value of inductance L;:

-10dB: i O ¥ 1 + et et gy e ot 2007

L, 2p’C,=7,17-10-10° 20,5 yH.  (7)

LA o

-20dB

. The model for the analysis of the
/ | L& frequency response of the filter loaded on

0B i

-50dB-

0a /.‘;_. » AMN/LISN, and the frequency response
Tode iy, : " measured at the EMI point are shown in Fig. 5.
(B} /[ The following components were selected for the
ol i / - |, filter design: Wurth Electronik L, inductor with
[ i o  Rser = 0.007 Ohm, 8000 Ohm parallel
amanf b L L L \/ -~ bee resistance and 10 pF interwinding capacitance,
O o ok o ew T 1e”  Wurth  Electronik capacitor with equivalent

Fig. 5 series resistance 0.0026 Ohm and lead
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= Ith i : D
ca o consisting of elements L,, C; and R, is shown in Fig. 6, and the
l—
220p spectrum of noise - in Fig. 7 (the right part of the DC-DC
Fig. 6 converter circuit remained unchanged and corresponds to the

circuit in Fig.3). Since the quality factor of the oscillatory circuit
formed by L,, C; is very high, as shown in Fig. 5, so to reduce it the resistor R, was added. In the absence of
this resistor, an emission in the interference spectrum will be observed at a resonance frequency of this
circuit of 13.8 kHz.

To correctly calculate the interference spectrum, it is necessary to set the start time of the signal
analysis at the point marked on the diagram as EMI, after the completion of transients in the circuit. To do
this, the LTspice program first sets the analysis start time to zero and the analysis end time to 10-20 ms
(depending on the circuit parameters). The simulation directive looks like this .tran 0 10m startup. After
displaying the process schedule, there is a visual time to complete the transition process and this time fits
into the analysis directive. For the model shown in Figure 6, the transient completion time is approximately
7.5 ms and the analysis directive takes the form .tran 0 10m 8mstartup.

In the interference spectrum of the converter with the filter connected, the level of the first harmonic
with a frequency of 600 kHz is 36 dBmkV, which is below the permissible level of 42 dBmkV according to
the CISP25 standard for this frequency.

But the spectral components with frequencies above 2 MHz significantly exceed the allowable levels
of EMI. From fig. 5 it follows that the attenuation of the filter consisting of L, and C;, starting from the
frequency of 3 MHz decreases rapidly, because the parasitic capacitance of the windings of the inductor L,
forms a high-pass filter with input resistance AMN/LISN. To attenuate the high-frequency components in the
interference spectrum, it is necessary to add another link of the low-pass filter, which has a much higher
cutoff frequency than the first link.

Analyzing the spectra in Fig. 7 and fig. 5 it can be concluded that the second link of the EMI filter
should make attenuation at a frequency of 90 MHz not less than 34 dB, and taking into account the margin of
3dB-37dB.

The cutoff frequency of the second link of the filter £., can be found according to formula (4) above:
A 37

£ > £,/102 =90-10°/10% =1.3-10° Hz,

The calculation of the second link of the filter is similar to the calculation of the first. Since the
AMN/LISN impedance and the impedance of the calculated filter link are the same, a 7.1 Ohm impedance is
also used to calculate the second filter link.

Calculate the capacitance of the capacitor of the second link of the filter:

Cpy2—————2>17,25-107F.
27-1,3-10°-7,1
Assuming the value of C;= 18 nF, you can find the value of inductance
L,>p°’Cp,=71"-18-10">0.9 uH.
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The model of the EMI filter, consisting of two
links - L3, C; and L,, Cs, is shown at the left part of Fig. 8
(the right part of the DC-DC converter circuit remained

Fig. 8 unchanged and corresponds to the circuit of Fig.3). To
implement the second link of the filter, a Coilcraft 900 nH inductor with a resistance of Rser = 0.008 Ohm
and a parallel resistance of 84.78 Ohm was selected, and a capacitor from Wurth Electronik with an
equivalent series resistance of 0.116 Ohm and a terminal inductance of 5.659 nH was used as a capacitor.

The results of measuring the interference spectrum are shown in Fig. 9. And although now the noise
levels meet the requirements of the standard in the field of high frequencies, when calculating the filter it is
necessary to make a margin for attenuation of 6...10 dB.

Based on the results of the experiments, we can formulate a method of designing a noise filter for
DC-DC converter in the software package LTspic:

1. Measure the interference spectrum of the DC-DC converter (experimentally or by simulation). If
the switching frequency of the transistor (s) may change during the operation of the converter, the
measurement should be performed at the lowest switching frequency.

2. Determine the frequency and amplitude of the component of the spectrum with the maximum
level.

3. If the noise spectrum is measured by electronic modeling, we recalculate the levels from dB to
dBmkV according to the formula:

Upyr (dB)

10
Ui (fmax.ampz.) = 201gm

7€ fmax.ampl. 15 the component in the spectrum of the noises with the maximum amplitude.

4. Determine the required input attenuation of the EMI filter at the frequency fiax ampi.

Asum.(dBﬂV) = Ugwmi - Ucispr,

where Ugspg is the permissible value of the interference level at the frequency faxamp. according to the
selected CISPR.

5. Find the cutoff frequency of the filter (f.) EMC (single-link L - like LC - filter), given that the rate
of decline of the frequency response of such a link, loaded on AMN/LISN, is approximately 34-36
dB/decade.

6. Determine the AMN/LISN impedance for the selected CISPR standard according to the formula

p=4+/L /C [Ohm], where L; is the inductance of the AMN/LISN choke, C; is the capacitance of the
AMN/LISN capacitor connected in parallel to the input voltage source.

7.Calculate the value of the filter capacity by the formula C; =1/(2xnf_p) . Choose a capacitor with the
required operating voltage not less than the maximum input voltage of the converter.

8. Calculate the value of the inductor of the filter according to the formula L, >p*C,. Choose an

[dBuV],

inductor with a maximum allowable peak current of at least 1.2/, ymp . Where [, ump - amplitude of the input
current of the converter. In series with the filter capacitor include a resistor, the resistance of which may be
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in the range of 0.2... 2 Ohm and depends on the resistance of the losses of the inductor and the filter
capacitor.

9. Experimentally or by simulation find the resistance value of the resistor connected in series with
the filter capacitor to obtain the required attenuation.

When calculating the filter elements, it is desirable to know the resistance of losses in thechoke and
capacitors AMN/LISN, because they have different values at different maximum currents for which
AMN/LISN is designed. Not all AMN/LISN manufacturers provide these values. For example, in [10] the
schematic diagram of AMN/LISN with achoke inductance of 5 uH, but no data on the resistance of thechoke.
In [11] the value of the resistance connected in series with the capacitor C; AMN/LISN, but no data on the
resistance of thechoke AMN/LISN. Although the influence of parameters (loss resistance) of these elements
on the results of calculations has little effect.

Conclusions.

1. For the first time a method of designing an EMI filter is proposed, which takes into account the
peculiarities of the construction of AMN/LISN nodes.

2. Analysis of the operation of the EMI filter with the software package LTspice showed that the
level of attenuation of conductive interference is significantly affected by the quality factor of the LC filter
link. It is shown how to determine the value of the resistance of the resistor to reduce the quality factor LC of
the filter link by analyzing the noise spectrum in the presence of a filter.

3. When modeling the operation of a switching power supply, it is first necessary to determine the
transient time to form the correct parameters of the modeling directive. If the spectrum analysis is performed
before the end of the transient process, it will lead to the appearance in the spectrum of interference by a low-
frequency component due to the resonance frequency of the circuit formed by inductors and filter capacitor
in AMN/LISN.

4. The results obtained in the modeling process confirmed the accuracy of the proposed method of
filter design.
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Y pobomi nasedeHo memoouxy npoekmyearts npomu3a6adoH020 Ginbmpa O/l 3HUNCEHHSL DI6HS KOHOVKMUGHUX 3840,
CMEOPI0BaHUX Ni0 Yac poOomu IMRYIbCHUX NePemeoploeauie nanpyeu, 3a 00nomozoi npozpamuo2o naxema LTSspic.
Memoouka épaxogye He MilbKu GUMOSU CIAHOAPMIE 3 eeKMPOMASHIMHIN CYMICHOCII, djle 1l Napamempu eKeieaienma
mepedci.  Pozensinymo  npuxiad npoexmysawms npomusasaono2o @inempa 0as  nonudicysamvhoeo DC/DC -
nepemeopiosaia pieeHv 3a8a0 sKkoeo eionosioae cmanoapmy CISPR25. Vci emanu npoexmyeauHs inOCMpOSAHO
mooenamu, pospobaenumu 6 npoepami LTspice. Hasedeno modeni 0ns awnanizy amniimyoHO-4acmomuoi
Xapakmepucmuku npomusaeaonozo gitempa, Hasanmasiceno2o Ha exeieanenm mepexci EM (AMN/LISN). Iloxazano
6NIUE NAPASUTMHUX NAPAMempi8 KOMNOHEHmMi8 HA pPO3PAXYHOK Hpomusasaonozo @inempa. Ilio uac pospaxyHuky
npoOmMuU3a8aoHo20 Pinbmpa ompuMaHo pe3yrbmamu, aKi ni0meepoICyIoms NPAsUIbHICHb 3aNPONOHOBAHOI MEMOOUKU.
bi6x. 11, puc. 9.

Kniwouoei cnosa: enekrpomartitha 3asajga (EM3), cumerpuyHa 3aBaja, HecuMeTpuyHa 3aBaaa, Ginetp EM3, 3aracanus.
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EJIEKTPOMEXAHIYHE IMEPETBOPEHH S EHEPT I

VK 621.3:539.3 DOI: https://doi.org/10.15407/techned2022.02.043

METO/I PO3PAXYHKY EJJEKTPOMATHITHOI'O TOJISI CIIIPAJIEIIOAIBHOI
THIYKIIMHOI CACTEMM JJISI MAHITOIMITYJIbCHOI'O OBPOBJIEHHSI HEMATHITHUX
METAJIEBUX CMYT 3 ®PEPOMAT'HITHUM EKPAHOM

A.INL. Pamenkin’, 1oxT.texn.Hayk, LII. Konaparenko , wi-kop. HAH Ykpainu,
O.M. Kapsio™ ", xany.texn.Hayk, P.C. Kpuimyk , KaHI.TeXH.HAyK

Incruryr enexrpoannamiku HAH Ykpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina, e-mail: dep7ied@ukr.net

3anpononosano memoo GusHAUEHHs eleKMPUUHUX NAPAMEMpPI6 3aCMYNHOL cxeMu 3amMiljeHHs | eeKMPOMASHIMHUX ma
CUNIOBUX XAPAKMEPUCMUK THOYKYIUHOT cucmemu 3 CRIpanenodionow o0o6momkoio i hepomacHimuum exkpanom O0.s
00pOONIeHHST HeMAZHIMHUX MOHKOAUCMOBUX Memanesux CMy2 WLIAXOM CIMBOPEHHA 8 HUX MA2HIMONAACIUYHOZO,
eNeKMPONIACMUYHO020 — eeKkmi8 BHACTIOOK NpomikauwHs euxposux cmpymis. Ili0 cmyeoro  posmiwgyemovcs
(epomacHimuull ekpaH, a Ha0 HUM — cniparenodiona oomomxa. Enekmpomacuimui napamempu IHOYKmMopa
BUBHAYAIOMBCS KOMN TOMEPHUM MOOETIOBAHHAM 3 BUKOPUCMAHHAM MeMOoOy CKIHYEHHUX el1eMeHMI8 Y NPUNyWeHHI
NPOMIKAHHS 2APMOHIYHUX cmpymie. JJocaiodcentsi npogedeno 3a yMOGU NONEPeOHbo 3A0AH020 3HAYEHHS GeNUYUHU
MAZHIMHOT NPOHUKHOCTI (DEPOMACHIMHO20 eKPAHY Ma 080X MAPOK AIOMIHIESUX CHIAGI6 8 Olana3oHi mouwuHu 6i0 2 00
8 mm. 3a pospaxoeanumu 3HaveHHAMU eEKMPOPYWITHOT CUU 0OMOMKU THOYKIMOPA GUIHAYAIOMbCS AKMUGHUL ONIp ma
IHOYKMUBHICTb NOCTIO08HOT cXemu 3amiuyerHsi IHOYKYiunoi cucmemu. [[isi 3a0anH020 3HAYEHHs HANPYeU HA EMHOCMI MA
OYIKY8AHOI MPUBANOCMI IMNYILCY CMPYMY DO32AAHYMO npoyec po3psady kouoewcamopa na rLC kono. Busnaueno
6NIUE (PePOMACHIMHO20 eKPAHY HA eIeKMPOMASHIMHI npoyecu 8 IHOYKYIUHIU cucmemi. JJoCniodiceHo enekmpomMasHimuy
CUTLY MIJIC CRIpANenodiOHoI0 0OMOMKOI Ma CMY2010, SYCIMUHY CIPYMY 6 CMY3i, 4 MAKONC MOMEHMU Yacy, 3d SIKUX
CmMpyM ma cuia Maoms MaKcuMaivHi 3navenns. bion. 14, puc. 6, Tadm. 2.

Kniwowuoei cnosa: enexrporiactTiyHa o0poOKa, €JEKTPOMArHiTHI HMapaMeTpH, (epOMarHiTHUH €KpaH, OJHOIOJISIPHUH
IMITYJIBC CTPYMY, TIEPEXiaHI MPOIIECH.

Beryn. OctanHIM 9acoM B YHCENBHHX EKCIEPUMEHTAIBHHUX TOCHTIKEHHAX [1] MeramodizukaMu
BCTaHOBJICHO, 110 y Pa3i IIacTUYHOI AedopMaliii B MPUCYTHOCTI MOCTIHHUX a00 3MIHHHMX Y Yaci MarHITHHX
MOJIB 3MIiHIOIOTBCS MEXaHI4HI XapakTePHCTHUKH Pi3HMX (EepOMarHiTHUX 1 HEMarHiTHHX METaliB: MexXa
TUTMHHOCTI, MEXa MIIHOCTI, MAaKCUMaJIbHE TTO0BXKEHHS, TIOB3Y4iCTh, BTOMHA MIIHICTh, a TAKOX PeJIaKCcallis
Hanpyr. Tak, mig 4yac OOpOOKH IMIyJbCHMM MAarHITHHM IIOJIEM 3aroTOBOK 3 ajlOMIHIIO Ta Mimi 3a
HATIPY’KEHOCTi iMITyIbCY MArHITHOro IO 3 ammmiTygoo mo 107 A/m i Tpusamictio immymecy 107 ¢
JIOCSTAETBCS  3POCTAHHS IIACTHYHOCTI 3aroToBOK [1]. OOpoONeHHs MarepialliB MarHiTHUM IIOJIEM
NPU3BOJIUTH JIO TIOSIBM MAarHITOINIACTUYHOTO edekTy, a OOpOOJCHHS EIEKTPUYHUM CTPYMOM — JIO
€JIEKTPOTLIACTUIHOTO S(EKTY.

JlocArTH €NeKTPOIUIACTUYHOTO ePEKTY MOKHA Yepe3 KOHAYKTUBHY Mepeaady eleKTPHYHOTO CTPYyMY
10 00poOioBaHOTO MaTepiany [2] abo yepe3 iHAYKYyBaHHS CTPyMYy 3MiHHHM B Yaci iMITyJIbCHUM MarHiTHUM
motem [3, 4]. Cmocib, 3a SKOTO CTPyM TIEpeNacThCs KOHAYKTHBHO, pEali30BaHO B TIPUCTPOSIX
eJeKTpOIMHAMIYHOT 00poOKu [2, 5, 6]. BigoMi Takok aHANITHYHI i YUCENbHI METOIU MO JOCIiIKCHHIO
IHIYKTUBHOTO 30Y/DKEHHS CTPYMIB IMIYJIbCHHMH MAarHiTHUMH TIOJSMH B €JICKTPONPOBIIHUX CEPEAOBUIIAX
obMexkeHoi ToBIUHU. Tak, B [7] po3TIIAIaeThCs aHATITUIHUN PO3B 30K 3a7avi pO3paxyHKy TPUBUMIPHOTO
KBa3ICTAI[IOHAPHOTO  €JICKTPOMArHITHOTO  MMOJiA  IMIOYJIBCHOIO  CTpyMy, IIO0 MPOTIKaE  MHOOJIH3Y
€JICKTPOIIPOBIIHOTO TiJIa 3 IUIOCKOI TOBEPXHEIO, B [4] — aHANITHYHWIA PO3B’SI30K CTPYMIiB B OOMOTII
inaykropa 3 I-noaiOHuM MarHiTOnpoBOAOM, B [8] HOCTIIKEHO MapaMeTpH IHAYKLIHHOT CUCTEMH 1 OKPEMO
BILTMB Ha TapaMeTpH JIOOOBUX YacTHH OOMOTKH 3 MarHiTONPOBOMOM i 0€3 MarHiTonpoBoay, B pobdoti [3] —
JOCHIHKEHO PO3IOLT IMITYIBCHOTO CTPYMY 1 MarHiTHOI'O TUCKY B HEMAarHiTHIH IJIaCTHHI B Yaci Ta mpocTopi
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3a YMOBHU, KOJU ii TOBIIWHA MEHIIA 33 TJIUOWHY MPOHUKHEHHS CTPyMy Ha €KBIBaJCHTHINH YacTOTi, IO
BIJIITOBIZIa€ TPUBAJIOCTI IMITYJILCY.

3amia pearizalii eIeKTPOIUIACTHYHOTO €(EKTY, KUl ITPYHTYETHCS Ha 3aCTOCYBAaHHI OJXHOITOJISIPHUX
iMmynscis crpymy Bucokoi rycturm (10° A/M*) s igykiiiiHOro (6e3KOHTAKTHOTO) 30Y/IKEHHS BUXPOBHX
CTPYMIB y HEMarHiTHUX METaJeBUX CMYyrax, BIIEpIIe JOCHIDKYEThCS IHAYKIIMHA CcHUcTeMa 31
CITipanenoaioHoI0 0OMOTKOIO 3 BHKOPHUCTAaHHSAM ¢epoMarHiTHoro ekpany (puc. 1). B [9, 10, 11] mus
OJICpXKaHHS €JIEKTPOIUIACTHYHOTO e(EeKTy B Miji, aJIOMiHIii Ta HEpP)KaBilOWil cTali peKOMEHAOBAHO T'YCTHHY
cTpyMy B Mexax 1...1,5 KA/MM® BilmoBizHO. YV BHITaAKax KOIM TOBIIMHA CMYTH MCHIIIA 3a TIHOWHY
MPOHUKHEHHS CTPyMy IS 30YIKCHHS BKa3aHOI BEIWYMHH TYCTHHH CTPYMY IO OOMOTIN i1HIYKTOPHOI
cucteMd Oyle TPOTIKATH HENPUITYCTHMO BEIMKHNA CTpyM. TOMy 3amlpONOHOBAHO 30UTBITATH
€JIEKTPOMArHiTHUI 3B'I30K 3a PaxyHOK BCTaHOBJICHHsS [0JATKOBOro QepomMarHiTHOro expany. llomiOHa
IHIYKITiHA cucTeMa 0€3 MarHiTOIPOBOY Ta 3 MarHITOIPOBOAOM, 0¢3 (hepOMarHiTHOTO eKpaHy (TTO3HAYCHHS
3, puc. 1) nocmimkyBanacs y poooti [12] mist 30yIKeHHS MPYKHUX KOJIMBaHb Y OETOHHUX KOHCTPYKIIISX.

Ha puc. 1 mokazaHo ecki3 iHAYKUIHHOI CHCTEMH, IO TaKOX BHKOPHUCTOBYETHCS IUI YHCEIBLHOTO
JBOBHMIPHOTO BiCECUMETPUYHOTO MOJEIIOBAHHS, HAPUKJIa, METOJOM CKiHUeHHHX enemeHTiB. Ha puc. 1
mo3HaueHo: / — cmipanenonioHa oOMOTKa, 2 — MeTajleBa HEMarHitHa cmyra, 3 — epoMarHiTHUN ekpaH. 3
METOI0 YCYHEHHs TeperpiBy OaraToBUTKOBa OOMOTKa IHAYKTOpPa BHKOHYETHCS BOJOOXOJIOJKYBaHOIO, 3

1 e 5 MOPOKHUCTOTO  MPSMOKYTHOTO

Ai MITHOTO TIpoBOxIy. 30YIKECHHS
z |:| D |:| |:| |:| |:| |:| |:| h OJTHOTIOJIIPHOTO IMITYJIBCY CTPYMY
$ MIPOTMIOHYETHCS BUKOHYBATH IILIS-
r |:| |:| |:| |:| |:| |:| |:| |:| TA XOM pO3pSIKaHHA Ha OOMOTKY
! IHAYKTOpa TMOTNEepPeaHbO 3apsiiKe-
HOT'0 KOHJIEHCATOpa, a KOMYTAIlilo
3IIHCHUATH 3a JOMIOMOTOI0 KEpOBa-
HOTO TUPHUCTOPA.
3 Bubip pexumy pobotu
pO3pSITHOTO KONa 33 HE3MiHHIN
reoMeTpii 1HAYKTOpa, BOYECBHUID,
BH3HAYAETHCS TOBIIMHOIO TIOJIOCH, IO 0OPOOIISIETHCS, Ta ii eNeKTpOohI3MIHUMH BIACTUBOCTIMH. UncensHUH
PO3paxyHOK pexuMy poOOTH pO3pAOHOro Kojia Oyne TOB’S3aHO 3 CYMICHMM PO3B’SI3KOM  3ajad
€JICKTPOMATHITHOTO TIOJII 1 EJICKTPHYHOTO Kojia. B yMoBax IMHMPOKOTO [ialla30Hy 3MiHM TOBIIWHHU 1
€JICKTPOINPOBIIHOCTI MaTepiaiB Ta OINCPATUBHOTO KEPYBaHHS IPOLECOM EJICKTPOMArHiTHOI 00poOKH
YHCEIbHUN PO3PaxyHOK MOXKE 3alHSITH AOCUTH TpHUBaIMK 4ac. ToMy IOLIBHO PO3IIISIHYTH CHIPOLICHUH
METO/I BU3HAUYEHHS XapaKTEPUCTHK IHAYKLUIAHOI CHCTEMH IS MAarHiTO-iMITyJIbCHOI OOpPOOKH MeETaJieBHX
CMYT, B IKOMY OyJIM OM ITO€IHAHI YHUCEIBbHUI PO3PaXyHOK €IEKTPOMATrHITHOTO ITOJISI 1 CHJI Ta aHAJII THIHUH
MIX11 IO pO3paxyHKy HMEPEXiTHOTO MPOIIECY B EICKTPUIHOMY KOJII.

Merta poOorn. Po3poOieHHS CHpPOLICHOTO METOJAY BW3HAUEHHA XapaKTePUCTUK IHAYKLIHHOT
CHUCTEMH 3 ypaxyBaHHAM BIUIMBY (hP€pPOMArHiTHOIO €KpaHy Ha PO3MOJii 3MIHHOIO B Yaci MarHiTHOTO ITOJIA,
€JICKTPOMATHITHUX CHUT iHAYKIIIITHOI CHCTEMH 1 TYCTHHHU CTPYMIB B €JIEKTPOIIPOBITHIN CMY3i.

BuszHaueHHs eJIeKTPHYHHUX mapaMeTpiB. 3ayisi TPEICTaBICHHS METOAY  BH3HAUYCHHS
XapaKTePUCTUK 1HIYKI[HHOI CHUCTEMH PO3IJISHEMO PO3PaxyHOK CJIEKTPUYHUX MapaMeTpiB I1HIYKIiHHOI
CHCTEMH, 1110 3aMIIYETHCS TOCIIOBHOIO SIEKTPUIHOIO CXEMOI0. AKTHBHHUH OITip Ta IHAYKTHBHICTH CHCTEMHU
BU3HAYAIOTHCS KOMIT FOTEPHUM MOJCTIOBAHHSIM METOJOM CKIHYCHHHX CJICMEHTIB B PEKUMi TapMOHIYHUX
CTPYMIB NPH KBa3iCTalliOHAPHOMY HAOJIKEHHI 1 3 3aJaHOI0 KOMIUIEKCHOIO aMILTITYI0I0 CTPyMy B 0OMOTI,
0 BHKOPUCTOBYBaNocs B [4, 8]. 3 MeTOol0 yCyHEHHs IeperpiBy OaraTOBUTKOBa OOMOTKa IHIYKTOpa
BHKOHYETHCSI BO00XOJIOKYBAHOO 3 MiTHOI MpsAMOKYTHOI Tpyowm, Hanpukia, JIITPXM 5,0x5,0x1,0 BP M1

r,

Puc. 1

3 €IEeKTPONPOBIIHICTIO O, =5-10" Cm/m. ITepepis mpoBigHMKA IHAYKTOpa CTaHOBUTH s, =16-107% Mm%
3a/uisl BCTAaHOBIICHHS BIUIMBY HAsBHOCTI ()EPOMArHiTHOTO €KpaHy Ha €JICKTPHYHI MapaMeTpH 3aJaHo Taki
JiHINHI eneKTpo(i3uuHI BIaCTUBOCTI MaTepialdy ekpany: o =0 Cm/M, 4, =1, 1110 €KBIBaJICHTHO B1ICYTHOCTI
BOTO €KpaHy, i o = 4108 Cm/M, u, =400 . ToBmMHa HEMArHiTHOI cMyTH — ¢ = {8, 6, 4, 2} MM (puc. 1),
BIICTaHh ¢ MIX IHAYKTOPOM 1 IUIACTHHOIO 3 YpaxyBaHHSM BEJIHYMHH BUTKOBOI 130JIALi CKIamae 4 MM.
BincTanp Mixk BUTKamH i mmapaMu iHAyKTopa Ai 3 ypaxyBaHHSM BEJTHYMHH BUTKOBOI 130J1Mi1 ckianae 1 Mm.
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BuyTpimHiil 7, 1 30BHIIHIA 7, pagiycu iHAykTopa BinmosimHo 10 i 58 mMm. Ymcno BUTKiB w=16 1 ymcno
mapiB iHAyKTOpa n=2.

B T1abn. 1 mpencraBieHO pe3yiabTaTH PO3paxyHKY BEIMYMHHA HANPYTH U 1HAYKTOpa 3a aMILTITYIH
cTpyMy B oomorti [, = 11200 A nnd pi3HUX 3HaU€Hb TOBIIMHU CMYTH C 1 ABOX BEIMYHH YaCTOTU CTPyMY f.

AMIUTITYa CTpyMy B OOMOTIII BiINIOBia€ MOPSKY BEIWYHH 32 YMOB JOCSITHEHHSI HEOOX1IHOI TYCTUHH

Taoauus 1
HemarniTHa miacTuHa 3 €NEKTPONpoBiaHicTIO 0 =33 - 10 Cm/m (AroMiHii)
IMapametpu f, T | Iapamerp [c =8 MM |c = 6 MM c=4mMM |c=2MM
CKpaHy
o, =0Cm/m, 1000 u,B 42+i432 | 41+i432 | 41+i426 | 64+i417
=1 #,>MOM 3,75 3,66 3,66 5,71
L,mxT'H 6,14 6,14 6,06 5,93
500 u,B 26+i223 | 26+i223 | 33+i219 | 57+i225
7, ,MOM 2,32 2,32 2,95 5,09
L,mxT'H 6,34 6,34 6,23 6,40
o, = 4.10° CM/m, 1000 u,B 42+1432 | 41+i432 | 40+i426 | 63+i413
7, ,MOM 3,75 3,66 3,57 5,63
1y =400 L,MxI'H 6,14 6,14 6,06 5,87
500 u,B 26+i223 | 26+i223 | 32+i217 | 59+i217
7, ,MOM 2,32 2,32 2,86 5,27
L,mxI'n 6,34 6,34 6,17 6,17
Taoauus 2
HemarnitHa miactuHa 3 enekrponposiguictio o =15 - 10° Cm/m (AMro6)
[TapameTpu f, T | Tlapamerp |c=8 MM c=6MM |[c=4MM |[c=2MM
eKpaHy
o, =0Cm/m, u,B 55,7+i453,2 | 57+i447,6 | 71+i440,3 [122+i457
M. =1 1000 | 7,,MOM 4,97 5,09 6,34 10,89
L,mxT'H 6,44 6,36 6,26 6,50
u,B 36+i229 42+i227 | 55,4+i231 | 77,65+i2
63
500 7, ,MOM 321 3,75 4,91 6,88
L,mxT'H 6,51 6,45 6,57 7,48
o, = 4.10° Cav/m u,B 54+i454 |55,47+i447| 69,2+i436 |129+i440
1000 | 7,,MOM 4,82 4,91 6,16 11,52
M, =400 L, Mxl'H 6,45 6,36 6,20 6,26
u,B 35+i228 41+i223 | 58,3+i222 |104+i246
500 7y, MOM 3,13 3,66 3,21 9,29
L,mxT'H 6,48 6,34 6,31 6,99

CTPYMy B CMy3i, II0 OOpOOISAETHCS, XO4Ua IS CHCTEMH 3 TPHUHHATUMHU JIHIMHAMH BJIACTHBOCTIMH
MaTepialliB aMIUTiTyJa CTpyMy HE BIUIMBA€ Ha 3HAYCHHs BEJIIMYMH ONOPY Ta iHAYKTHBHOCTI. Po3paxyHok
BUKOHAHO 0e3 ypaxyBaHHs BTpaT B CIIipajenoMiOHii 0OMOTLI iHIYKTOpa, a TOMY HaIllpyTy ¥ MOYKHa Ha3BaTH
enexTpopymriiaoro cuior (EPC).

BurzHaueHHs eNeKTPUYHUX Napa-MeTPiB IHIYKIIHHOI CUCTEMH 3 BUKOPHCTaHHSAM NPUBEAEHOI B TaOl.
1 a6o 2 xomrutekcHoi BennunHu HanpyrH # (EPC) iHayKTOpa BUKOHYETHCS 32 BUPa3aMHU:

r, =Re(u/I,,), (1)
L=Im(u/1,,)/(27), (2)
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54 (b+A)-w+4-p 9
Tyr 7, — axTUBHUH omip IHAYKUIHHOI CHCTEMH, IIO OOYMOBJIEHHH NpPOTIKAHHAM CTpyMy B

HEMarHiTHIN MeTaeBii cMy3i; L — IHTyKTHBHICTD, # — TMIOBHHM OIip IHAYKIIIHOI CUCTEMH, 3 ypaxXyBaHHIM
BTpaT B 0OMoOTLI; k, — KoedinieHT nogatkoBux BTpart [13], skuil cranoButs 3,18 mis iHIyKIidHOT cucTeMu

3 MIPEICTaBICHUMH y LIl CTaTTi MapaMeTpaMu; # — KUIbKICTh IIapiB OOMOTKH.

3 T1abn. 1 BuUAHO, IO BENWYWHA HANPYTH IHAYKIIHHOI CHCTEMHU TMPAKTHYHO HE 3aJCKUTH Bif
TOBIIMHUA CMYTH, SKIIO TOBIIMHA Ii€i CMYrH TEpEeBHINY€E TIMOWHY MPOHHKHEHHS MArHITHOI'O TIONS Ha
gactoti f=1000 I'm. EnexTpompoBigHICTH CMYrd BimmoBimae amomiHito o =33 MCwm/M. ['nubuna
MPOHUKHEHHSI MATHITHOTO TOJIS TIPH IOMY JIOPIBHIOE

5=10> 2N ugo27f) = 2,8 mm, (5)

a3a =500 — 3,9 MmM. Benmnunna enekTpopymiiiHoi cuiu OOMOTKH IHAYKTOpA JIMIIAETHCS MPAKTUIHO
HE3MIHHOIO, SIKIIO TOBIIMHA CMYTHU IepeBUIIye 3 MM 3a dacToTu ctpyMmy f = 1000 I'm, i 4 MM 3a yactoTn
ctpymy f= 500 I'm.

Jlume 3a TOBIIMHM CMYTH, IO MEHINE IJUOMHM NPOHUKHEHHS MAarHiTHOTO IIOJISI, €JIEKTPUYHI
napaMeTpH 1HIYKUiHHOI CHCTEMH BiAPI3HSIOTHCS BiJl 3HAYEHb 32 TOBLUIMHUW CMYTH OUIBININ 3a TIHOMHY
NPOHMKHEHHsI Mar"iTHoro mois (tabn. 1). BrumB depomarHiTHOro ekpaHy NHpH IIBOMY € HE3HAYHHM.
IToMiTHI 3MiHHM ITOYMHAIOTHCS TUTBKU 3a TOBIIWHU ITOJIOCH MEHIIE 3a TIHOWHY NMPOHWKHEHHS CTpymy. Lle
JIEMOHCTPYIOTh PE3yJbTaTH 110 BU3HAUCHHIO XapaKTEPUCTHK 1HAYKIIIIHOI CUCTEMH IIiJ] 9ac 0OpOOKH CIUIaBY

AMr6 (tabm. 2). Tak akTUBHMIA Omip 3a HAasABHOCTI ()epoOMarHiTHOTO

I\IJ ekpaHy 30utsIryeTbes Ha 34% (gactora 0,5 k') 1 Ha 5,7% (1 x['m), a
IHIYKTUBHICTh 3MEHIIIYETHCS BiANOBiaHO Ha 3,6% Ta 1%.

o= Busnavennss immyJabcHoro crpymy. Jis  gocnmimkeHHS

g MEepexiTHUX MpOoLeciB IMIYJIbCHUH CTPyM B OOMOTLI iHAYKTOpa

30yIKYETBCSI IUIIXOM PO3PSAIY HOMEPEIHBO 3apsKEHOTO 10 HapyTH

U xonmeHcatopa emHicTio C B eICKTpUYHOMY Ko (puc.2) 3

Puc. 2 KEepOBaHNM TUPUCTOPOM i 3HAMICHUM BUILE aKTUBHUM OTIOpOM 7 (4) Ta

iagykTuBHicTIO L (3). Y pa3i JOOCATHEHHS HANpyTH 3apsay

KOHJIEHCAaTOpa BiJi CUCTEMM >KMBJIEHHS 3a/laHOl BEJIMYMHU THPUCTOPOM 3IIHCHIOETHCS 3aMHUKAaHHS eJIeK-

TPUYHOTO KOJIA, & TOII uepe3 MEeBHUU MPOMDKOK 4acy HpU JOCATHEHI CTPyMy B iHAYKTOpPi HYJIHOBOTO

3HaYEHHS Mmicis 1/2 mepioay HOro KOJUBaHHS THPHUCTOP PO3MHKAE CIEKTPHUUHE KOJIO, 3a0€3MMeUy0un TaKUM

YUHOM MPOTIKaHHSA OAHOIIOJIIPHOTO IMITYJIbCY CTPYMY B OOMOTIII iHIYKTOPA.

BusnaueHHs cTpyMy B €NEKTpPUYHOMY KOJNi (puc. 2) 3HiH-CHIOETBCS Y MPUITYLICHHI JiHIMHUX
BJIACTUBOCTEH (hepOMArHiTHOTO eKpaHy. Take NpUIyIIEHHs € BUNPABIAHUM, 3 OJHOTO OOKY MPUIYIICHHSIM
00 poOOTH Ha JHIMHHIA IUISHII KPHUBOI HaMarHidyBaHHS, a 3 IHIIOrO, HAsSBHICTIO AeMIidyBaHHS
MAarHiTHOTO 1oJisi 0OpOOIIOBAHOIO CMYTOI0 3 BUCOKOIO €JIEKTPO-TIPOBiTHICTIO.

CTpyM B KOJIi €IeKTPO-MarHiTHOT CHCTEMHU B TAKUX yMOBAaX 3a/10-BOJIbHsIE AU epeHIiitHOMY piBHSIHHIO [ 14]

di g !
L—+ri+==0, =g(0)+i-dt, 6
g c g=¢(0) (I) (6)
Ie g — 3apsia koraencaropa; g(0) — 3apsg KoHaeHcaropa y MOMEHT 9acy ¢ =0; i — CTpyM B €IIEKTPUIHOMY

Kouti (puc. 2).
[Micas mudepenuioBanns (6) 3a 4acoM ¢ OTPUMYEMO PIBHSHHS APYroro MmopsaKy

(7

a=—, @ =—. (8)
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I, Takum umHOM, pimeHHs piBHsSHHA (7) Mae ABI CTaquX IHTErpyBaHHs, AJSl BH3HAYEHHS SKHX
MOTPiOHO 3a/1aTH MBI TOYATKOBI yMOBH. [lepIoro yMOBOIO € MPUIYIIECHHS, IO CTPYM B €JICKTPUIHOMY KOJIi
B M0YaTKOBUI MOMEHT 4acy (¢ = 0 ) J0piBHIOE HYJIIO, a 3a Ipyry Oy/AeMO BBaKaTH, III0 MOYATKOBA HANpyra
konyiercaropa gopisuioe U = g(0)/ C i, Bixnosigao no pisasHHs (6), 32 ¢ = 0, MOBHHHA BUKOHYBATHCS

ymosa di/dt =-U/L.
3 ypaxyBaHHAM BKa3aHHX [OYATKOBMX YMOB IIC/sA KOMyTamii CTpyM B OOMOTII iHIyKTOpa
ONHUCYETHCS 3ATEKHICTIO

i(r)= Y ey, 9)

2 2
2L\ o - o,
OCKiNbKH 3a MOYaTKOBUX YMOB OyJI0 NPUIHATO, IO iMIYJIBC CTPyMY BiAINOBiJa€ MEBHIH 4acTOTi
(500 a6o 1000 I'm), To eMHICTh KOHACHCATOpA ISl ONCPIKAHHS TAaKOi YacTOTH CTPYMY BHOHPAETHCS 3a
BUPa30M

C=1/a}L, wy=21. (10)
[Iporiec po3psay KOHIEHCATOpPA 3aJICKUTH BiJl CITIBBITHOMIEHHS MK mapamerpamu 7LC koma (puc.
2), AKi 1 BU3HAYAIOTh 9YM OYIAyTh KOPEHI XapaKTePUCTHIHOTO PIiBHSAHHSA (8) miCHUMH a00 KOMIICKCHUMH, 1
TUM CaMHUM O3HAYaTH 4Yu OyJle po3psj amepiogndHuM ado KOJMBAJbHUAM 3aracaroumM. BukopucrtanHs
arnepioMYHOro PO3psAy Uil 30yIKEeHHS OJXHOMOJSPHOTO IMITYJIECY CTPYMY € HEIOILITBHHM, OCKUIBKH 32
3aJ]aHOT0 KOHCTPYKTUBHOTO BHUKOHAHHS IHAYKI[IHHOT CHCTEMH BEJIMYHMHA CTPYMY IHIYKTOpa CTa€ 3HAYHO
MEHIIIOI0, HiXK 32 KOJIMBAIBHOTO 3aracarouoro po3psiy.
3a yMOBH KOMIUICKCHHX KOPEHIB XapaKTEPUCTHYHOTO PIBHAHHS CTPYM iHAyKTOpa Ma€e BUTIs [ 14]
i(t)=— v sin(wy -1)-e " (11)
o -L

Ockinbku BIUIMB ()EPOMArHiTHOTO €KpaHy CTa€ OiIbII BarOMHUM, KOJIM TOBIIMHA €JIEKTPOIPOBiAHOT
cMmyrd ¢ (puc. 1) npuiiMae 3HaYCHHS MEHIII, HIXK TJIMOMHA MPOHUKHEHHS MArHITHOTO OIS, TO OOMEXHUMOCS
PO3TIISAIOM PO3PSITHUX MPOIIECIB IS TOBIIMHK cMYyTH ¢ = 2 MM 1 gactotd f= 1000 I'. Toxi, BimmoBigHO A0
TaOJ.. 2 3a BiICYTHOCTI (pepoMarHiTHOTO ekpaHy i3 BupaziB (1)—(4), (9) mapamerpu Koyia JTOPiBHIOIOTH:

r=0,02410m; k, =3,181; L=6,5- 1076 I'n; C=0,0039 @ Ta, BiamoBigHO 10 (8), KyTOBa YaCTOTa BIACHUX

3aracaroyux KOJIUBAHb @) = \la)oz —a? =6003,86 ¢, koedilienT 3aracanns o =1852,58 ¢’ i TpuBamicTh
imoynecy 17 =7/w; =0,000523262 c. BBaxarouu, MmO Yy I0YaTKOBOMY CTaHI KOHAeHcaTtop Oys
3apsupKeHni 1o 3amanoi Hanpyru U =850 B, 3maiimemo 3a Bupazom (11) BenwuwmHy IMIyJIBCYy TYCTHHH
CTPYMy B IIPOBITHUKaX OOMOTKH 1HIYKTOpa

j =@=Lsm(col )¢ YO —1)=
Sy, @ -L-s,
= 1,36129-10° 7183238 §in(6003,861)0(0,000523262 1) , (12)

B IKOMY IIJIIXOM BBEJICHHS OJIMHUYHOI y3aranbHeHo1 pyHKIii £(...) BpaxoBaHO, [0 TUPUCTOP 3aKPUBAETHCS
y pasi mepexoay CTpyMy duepe3 Hyllb, 1 TYCTHHa CTPyMy B

J. A/w? IHIYKTOPi 3MIHIOETHCS Y BIATIOBIMHOCTI 10 puc. 3.
168 TakuM e YHMHOM  BH3HAYAIOThCH  CJICKTPHUYHI
K nmapameTpu IHIYKITIHHOT CHUCTEMU 3a HasSBHOCTI

(hepoMarHiTHOro eKpaHy, Ta IHIIUX PO3MipiB (puc. 1), yacTori f,
EIeKTPO(I3NIHUX BIIACTUBOCTAX 1HIYKITITHOT CUCTEMHU.

Tomi BigmoBimHO m0 Tabin. 2 3a  HAIBHOCTI
4x10° (depomarniTHoro ekpany i3 cmiBBigHOmEeHb (1)—(4), (9)
mapamMeTpu Koyia TpuidMaroTh 3HadeHHs r =0,0247 Owm;

k.=3181;, L=6,24541- 10°%TH;  €=0,00405583 @ i
BigmoBigHO 10 (7) KyToBa 4YAacTOTa BJIACHUX KOJIMBaHb

6x 1B

2x10°

0002 00004 00006 0008 0001 L
f.c W) = \/a)oz —a? = 5964,4 ¢!, koedimieHT 3aracanas o =1976

Puc. 3
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-1

¢ 1 TpuBamicte immynscy 17 =7 /@) =0,000526726 c. Bpaxkaiounm, IO B IOYaTKOBOMY CTaHi

KoHJIeHcaTop OyB 3apsypkeHuit o Hampyru U =850 B, 3HaliieMo BeNMUYMHY iMIYJIBCY TYCTHHU CTPYMY B

MIPOBITHAKAX OOMOTKH iHIYKTOpa

.U
ij

w

=1,426-10° 77 sin(5964,41)0(0,000527 — f)

i.kA U.B

15+ 750t 2

10} 50f 3

S5t 2% ]

0+ 0 :

-5 ok 00004 00006 00008 (;(I():l
-10£-500¢

-151-750

Puc. 4

sin(o,)e” " -0(T, —1) =

., (13)

sKa B 3araJbHOMY BHUIJISII MaJo Bipi3HseThes Bif (12).
[Iponec po3psay KOHACHCATOpA HAa EIEKTPUIHE KOJIO
3 BUKOPUCTaHHAM (DEPOMArHiTHOIO €KpaHy sl TOBIUUHH
cmyru ¢ =2 MM 1 wactotd = 1000 I'n mokazaHo Ha pwuc. 4.
Jnst po3paxyHKy BUKOPHCTAHO METOJ CKiIHUEHHHX €JICMEHTIB
Y pEeXHMI PO3PaxXyHKY TIEpPeXiJHUX IPOIECIB 13 BHUPa3OM
ctpymy B oomotrii (12). Ty, sk i B [14], mpencTaBiaeHo Taki
3aJIeKHOCTI: / — 3MiHa HANpyTH Ha iHAYKTUBHOCTI L (puc. 2),
2 — ctpyM B iHgyktopi 3 Bupazy (12), 3 — nHampyra Ha
KoHmeHcaTopi. [lim Wac MOCATHEHHS CTPYMOM IHAYKTOpa
HYJBOBOTO 3HAYCHHSI TUPUCTOP 3aKPUBAETHCS, 1 B PE3yNbTaTi
PO3IMKHEHHSI €NEeKTPUYHOIO KOJla CTPyM 1 Hampyra B
IHIYKTOpI B TOMATBIIIOMY MPUHAMAIOTh HYJIHOBI 3HAYCHHS, a

HaIpyra Ha KOHJICHCATOPi JIMIIAETHCS HEe3MIHHOIO Ha piBHI 250 B 1m0 HacTymHoTro Horo 3apsypkanss. [Ipu
IbOMY MOKJIHMBO a00 JO3apsiIuTH KOHAEHcAaTop A0 mo3uTuBHOI Hampyru 850 B, 1 mms 3amoGiranHHs
HeOaKaHUX ISl EJIEKTPOIUTACTHYHOT 0OpOOKHM 3HAKO3MIHHUX IMIIYJILCIB CTPYMY IOTPiOHO 3MIITyBaTH
IHAYKTOp B HOBY 30HY OOpOOKM HpHUOJIM3HO Ha pPO3MIp diaMeTpy IHAyKTopa, abo mepe3apsiKaTd
KOHJIEHCATOp 70 monepenHboi Harpyru (—850 B), 1m0 € MeHII eKOHOMIYHHM, ajie Aa€ 3MOTYy 30YyKyBaTH B
IHAYKTOp1 OIHOMIOJSAPHI IMITyJbCH CTPYMY OJHAKOBOI (HE 3HAKO3MIHHOI) TOJNAPHOCTI 1 TOBTOPHO
BHKOPHCTOBYBATH iX B MMOTOUYHIN 00J1aCTi 00pOOTIOBAHOT CMYTH.

I'yctuna ingykoBaHWX cTpyMiB i cmi B ejiekTpompoBigHiii cmysi. Ha puc. 5 HaBegeHo
MOPIBHSIHHSL BEJIMYMHU T'YCTHHH BHUXPOBOTO CTPYMY, SIKHH 30y/DKYEThCS Ha TIOBEPXHi EJEKTPOIIPOBITHOL

Jo. A/M?
1x10°

5x10°

1

CMYTH TOBITHHOIO 2 MM. KprBa / BiIOBiIae BUITAIKY
BHKOPHCTaHHS (hepOMAarHiTHOTO €KpaHy, KpuBa 2 — 3a
Horo BigcyTHocTi. 3Beprae Ha cebe  yBary
HEOUIKYBaHE 3HWKEHHS TYCTHHH  30Yy/DKYBaHUX
CTpYMIiB B CMy3l y  pa3i  BHKOPHUCTaHHS

0.0002 0,
-5x108

—1x10°
~1.5x10°

Puc. 5

F..H
30000 ¢
25000 ¢
20000 ¢
15000 F
10000 ¢

5000 ¢

2

04 0.0006 0.0008 0,001 ¢QepomarHiTHOrO  €KpaHy, OOYMOBJIICHE  OUIBII

.C  rIu6oKMM MPOHMKHEHHSAM MArHiTHOTO TOJS B CMYTY.
XapaktepHo, mo a1 000X BHKOHAHL MAarHITHOI
CUCTEMH MaKCHUMYM TYCTHHHU I1HJIYKOBaHUX CTPYMiB
30yDKY€ETBCS Ha MEPLIi YBEPTi TPUBAJIOCTI IMITYIbCY
ctpyMy B iHAykTopi (3a ¢t=0,0001 c), a He 3a ioro
makcumymi (32 t=0,0002 ¢), moO TaKoOX
cnoctepiraniocs i B [3]. Kpim Toro, mpu 3akiHueHi
IMIyJbCy CTPyMy B iHIYKTOpi B 00poOiIroBaHill cMy3i
30epiraroThCs 3aracarodi CTPyMHU JOCTaTHBO BHUCOKOI
TYCTHHH, IO TOTpeOye s IXHBOIO CYTTEBOTO
3HW)KCHHS ~ 3MEHIICHHS  YacTOTH  NOBTOPEHHS
iMmnynbciB. [Ipy 1bOMy 3MEHIIYETHCS MPOCTOPOBHI
KpPOK 3CYBY IHAYKTOpa BITHOCHO OOpOOIIOBaHOI
CMYTH, 1 TAKUM YWHOM 3HUXKYETHCS MPOJYKTUBHICTD
EJIEKTPO-TUIACTHYHOT 00pOOKH.

Puc. 6

48

0.0002 0.0003 0006 0.0008 ro,gm IMotpibHa  a7a  peamizamii  eNeKkTpo-

IJIACTUYHOTO €(eKTy TYCTHHA CTPYMYy IPHU3BOIUTH
0 BHHHKHEHHS 3HAYHOI CHJIOBOI B3aeMomil MIDK
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IHAYKTOpPOM 1 00po0ioBaHo0 cMyroro. HesBaxarounm Ha pi3Hy BEJIHMYUHY TyCTHHH CTPYMYy Ha TOBEpXHI
00poOmoBaHoi cmyru (puc. 5), B 000X BHMaIKax Ha pHC. 6 CIOCTEPIrarOTbCS OJHAKOBOI BEJIHUYHMHH
IMITYJTBCHI CHJTH B3a€EMOJIIi MK iHIYKTOPOM 1 CMYT0I0, I¢ KpHBOIO / TIO3HAYCHA 3aJICKHICTh CHIIM B3a€EMOZI1
Opy BiACYTHOCTI ()€pOMArHiTHOrO eKpaHy 1 KpuBOIO 2 — 3a Horo HasBHOCTI. Cunn B3aemomii Mix
IHIYKTOPOM 1 CMyTOIO0 (pHC. 6) TPUIMAIOT, MaKCUMAaJIbHI 3HAYCHHS ITICIISI MOMEHTY MaKCH-MaJbHOT TYCTHHHU
ctpyMy (puc. 5) 1 Ommkde DO MOMEHTY 3 MaKCHMaJIbHUM CTPYMOM B oOMOTHI (pHC. 4), IO TaKOX
crocTepiraerbes B iHgykropax 3 [I-nogiOnumu marnitonposogamu [3].

B npornecax enekTpomiacTHaHoi 0OpOOKH CIIOCTEPITraeThCsl OJHOYACHHH BIUIMB HA CMYTY 1 CTPYMOM,
i MarHiTHEME cHIaMK. AJle iMITyIbCH CTpyMy MaioTh TpuBamicts 10 — 107 ¢, mo Ha Kinbka TOpSKiB
MEHIIIE TePMIHIB CTUMYJIbOBAaHUX HUMH [ 1] cTpuOkiB medopmartii B kpucTamax. Tomy, BiporigHO, BKa3zaHUI
BIUIUB € JIMIIEC MOLITOBXOM B ENEKTPOHHIH 1 ()OHOHHIM MiACHCTEMax KpUCTaNiB, SKI BUKJIHUKAIOTH B
MOTANTBIIIOMY TTOJOJaHHS OKPEMHUMH IHUCIIOKAIISIME IXHBOTO PO3MHOMKCHHSI 1 B3a€EMOJIIO, 1 TAKMM YHHOM
IHTeHCH(DIKYIOTh IUIACTHUHY aedopmariito MeTaniB. Pa3oM 3 THM 3a MakKCHMaJlbHOI I'YCTHHHM CTPYyMYy Ha
MOBEPXHI CMYT'H BEJIMYMHA IMITYJIbCHOI €IEKTPOANHAMIYHOI CHIIM CKIIAAAE, SIK 1€ BUIHO 3 pHC. 0, 2/3 cBoel
MaKCUMAJIBHOT BEJIMYMHU.

Takox cIiJi 3a3HAYNTH, IO HA BUTKH 1HAYKTOpa Mit0Th pamianbHi MarHiTHI crmm (29000 H), ski
Malke OJHAKOBI 3a BEIMYMHOIO 3 akcianbHuMHU (puc. 6). A Tomy Iie ToTpeOye 3axoJliB MO 3MIlIHCHHIO
OOMOTKHM iHAYKTOpa. AMIUITYAa IMIOYJIbCy CTpyMy AJsi 000X KOHCTPYKTHBHUX BHUKOHAaHB 1HAYKIIHHOI
cructeMu (3 pepoMarHiTHIM €KpaHOM Ta 0e3 HbOT0), a TOMY 1 PiBeHb iHAYKOBAHOI B CMY31 TYCTHHH CTPYMY
PETYIIOETHCS BEIMYMHOIO ITOYATKOBOI HanpyrH koHAeHcaTopa U (¢ = 0), a TpUBAIICTH IMITYJIbCY — EMHICTIO
koHaeHcatopa C.

Takum guHOM, PO3POOJICHUH METOJl BU3HAYEHHS XapaKTEPUCTHUK IHAYKIIIHHOI CHCTEMH TOJISATAE Y
HACTYITHOMY: Ha TICPIIIOMY €Tali METOJOM CKIHUCHHHX CJIEMCHTIB BHU3HAYAIOTHCS CIICKTPUYHI MapaMeTpu
iHaykmiaoi cucremu r,L,C 3a dopmymamu (2), (3) i (9) mig vac KUBJICHHS OOMOTKH CHHYCOIIHHUM
CTpyMOM 3 4yacToToro f =1/27], mo BigmoBigae 3afaHiil TpuBasocTi 7] OAHONONSAPHOIO IMIIyJIbCY; Ha
JpyroMy erami 3 BUKOPHCTAaHHAM 3HaiieHMX mnapametpiB 7,L,C BHUpiHIyeThcsl piBHSHHA (6), HA OCHOBI
SIKOTO 32 3aJJaHUX TOYATKOBHX YMOB BHU3HAUYAETHCS 3MiHA HAIPYTHd HA 1HIYKTUBHOCTI, CTPYM B iHIYKTOPI,
Hanpyra Ha KOHJIEHCAaTopi, KyTOBa 4acTOTa BIACHUX KOJMBaHb BiAmoBinHO 1o (7), koediuieHT 3aracaHHs,
TPHUBAJIICTh IMITYJIBCY Ta 3a BUpa3oM (12) 3aKOH 3MiHU I'YCTHHH CTPYMY B IIPOBITHMKAX OOMOTKHU 1HAYKTOPA;
Ha TPETHOMY €Taml 3 BUKOPHUCTAHHSAM BEJIMYMH T'YCTHHH CTPYMYy B IIPOBITHHKaX oOMOTKH iHmykTopa (12)
METOJIOM CKIHYCHHHX €JCMCHTIB BH3HAUYAIOThCS PO3MOII 3MIHHOTO B 4Yaci MAarHiTHOTO IIOJIA,
€JIEKTPOMAarHiTHUX CHJI B IHAYKUIHHIM CHCTEMI 1 TYCTHHY CTPYMIB B €JIEKTPOIIPOBIAHIN CMY3i.

3 BHKOpPHCTAaHHSM METOAy HEMa HEOOXITHOCTI OJHOYACHO HA KOXXHOMY YacOBOMY KpOIIi
PO3B’SA3yBaTH MapayiellbHO EJNEeKTPOMArHiTHy 1 KOJIOBY 3ajadi, IO Ja€ 3MOTy 3MEHIIUTH BUMOTH [0
MPOrPaMHOTO 3aco0y Ui PO3paxyHKy €IIEKTPOMArHiTHUX TIOJIB, HANPUKIA, METOJIOM CKiHUCHHHX
eJeMeHTIB. Binpi3HsIeTbesi METON Bim BimoMoro [4] TUM, IO TyT BHKOPHCTOBYIOTHCS JIiHIMHI TapameTpu
(hepOMarHiTHUX MaTepiaiB iHAYKIIHHOT CUCTEMH.

BucnoBku. Po3po0ieHo crpoiieHnii MeToJ] BU3HAYCHHS XapaKTEPUCTUK iHAYKLIHHOI cucTeMH 3i
CIIIpANICTIONIOHNM IHIYKTOPOM, B SKOMY BpPaxOBYETHCS BIDIMB (pepoMarHiTHOro ekpany. BusHaueHa
3JICKHICTD BEIMYWHU HAIPYTH HA EMHICHOMY HaKOIMUYyBadi 3 BEIUYMHOIO TYCTHHU CTPYMIiB B HEMarHITHIN
TUIACTHHI OOMEXeHOI TOBUIMHHU. BcTaHOBIIEHO, IO 3acTOCyBaHHS (PEPOMArHiTHOTO €KpaHy Aae 3MOTY
3MCHIIIUTH CTPYM B IHAYKTOpi, aje JOCSATTH OJHAKOBUX BEIMYWH EICKTPOMATHITHOI CHJIM Yy BHIIAIKY
00poOKH 3 (hepOoMarHiTHUM eKpaHOM Ta 0Oe3 HbOoro. TakuM YHMHOM, JOCSATHCHHS IapaMeTpiB HacCTaHHS
EJICKTPOILIACTHYHOTO e(DeKTy i yac 0OpoOIli eNEKTPONPOBIAHUX TUTACTUH, TOBIIMHA SKUX MEHINE TITHOWHU
NPOHUKHEHHSI CTPYMY, BiIOYBA€TbCsl 13 3aCTOCYBaHHSIM (DEPOMArHITHOTO E€KpaHy 3a BEJIWYHMH CTPyMYy B
IHIAYKTODI, SIKUH He TIepeBUIIIYE MAKCUMAIIBHOTO AOMYCTUMOTO CTPYMY JJIsl HalliBIIPOBITHUKOBOTO MPHIIALY,
110 3MIMCHIOE KOMYTAIIII0 PO3PSIHOTO KOJIa.

Po3pobnennii HaOMKEHUH METOX TUIAHYETHCS BHKOPHCTOBYBATH UIS BHOOpPY PEKUMIB POOOTH
IMIIYJIBCHOTO JKepesia JKHUBJICHHS ITiJ] 9Yac eKCIIEPUMEHTANbHUX JOCIIKEHb MarHiTO-IMITyJIbCHOTO crioco0y
00pOOKHU 3BapHOIO IIIBY TOHKOJIMCTOBUX KOHCTPYKIIIH.

EnexTpuuni mapaMeTpu IHAYKIIHHOI CHCTEMHM HE 3alieXaTh BiJl TOBIIMHHM CMYTH, SKIO BOHA
MICPEBUIIye TIUOWMHY TPOHUKHEHHS EJICKTPOMArHiTHOrO Tmoyis B cMmyry. [Ipm 1boMy HasBHICTh
(depomarHiTHOro ekpaHy He 3Ha4HO (MeHIe 1%) BIUIMBaE€ Ha BENHYHMHY EJIEKTPHUYHHX MapaMeTpiB
IHAYKTOpa, SIK Il BHIUIMBAE 3 MPEACTABICHUX ITAHWX y TaONMHIAX. SIKIIO TOBIIMHA HEMAarHiTHOI CMYTH 3
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Mmarepialy AMr6 MeHma, HiK TIMOMHA MPOHUKHEHHS E€JIEKTPOMArHiTHOTO IOJIA, TO OMip 3a HAasSBHOCTI
(epomarniTHoro expany 30utbnryerhest Ha 34% (wacrora 0,5 kI'm) 1 Ha 5,7% (1 k['m), a 1HAYKTHBHICTH
3MEHIITy€eThCS BiAMOBIAHO Ha 3,6% 1 1%.

Bzaemogis iHxyKTOpa 31 CMYTOI0 3pOCTae y pasi 3MEHIIEHH] 11 TOBIIKMHM 1 enekTporpoBigHocTi. [Ipn
BUKOPHCTaHHI (hepOMArHiTHOIO €KpaHy Ha IMOBEPXHI TaKOl CMYTHM CIOCTEPIra€TbCs 3HUKCHHS T'yCTHHH
30ymkyBanux crpymiB Ha 30,5%, 110 00yMoBieHe OibIl MIMOOKUM MPOHUKHEHHSM EIEKTPOMATHITHOTO
TOJISt B CMYTY 1 3pOCTaHHSM OTIOpY.

Jnst 000X BHKOHAaHb IHAYKIIHHOI CHCTEMH 1 BCBOTO [iama3oHy TOBLUIMHHM CMYTH MaKCHMYM
IHIyKOBAaHUX CTPYMIB Ha ii MOBEpXHI 30yMKYEThCS HA TIEPII YBEPTI TPUBAJIOCTI IMITYIbCY CTPyMy B
IHIYKTOpI, a He TIpH Horo MakcumMymi. Crimn B3aeMOii MK 1HIYKTOPOM 1 CMYTOIO MPUHAMAaIOTh MaKCHMaTbHI
3HAUYEHHS IiCIS MOMEHTY MaKCHMalIbHOI TYCTHHU CTPYMY B CMY3i i OJIMKYE 0 MOMEHTY 3 MaKCHUMaJIbHUM
CTPYMOM B OOMOTIII.

Pobomy eukonano 3a 6i00dcemnoro npoecpamuioro «Possumox meopii erekmpogizuunux npoyecie 6
IMIYILCHUX cucmemax enekmpomMacHimuoi 00pooKu erekmponposionux cepedosuwyy («bAP’E€P-2», OepacasHuil
peecmpayiinutl nomep 0117U007714), KIIKBK 6541030.
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A METHOD FOR CALCULATING ELECTROMAGNETIC FIELD OF A SPIRAL TYPE INDUCTION
SYSTEM FOR MAGNETOPULSE PROCESSING OF NON-MAGNETIC METAL STRIPS WITH A
FERROMAGNETIC SHIELD

A.P. Raschepkin, I.P. Kondratenko, O.M. Karlov, R.S. Kryshchuk

The Institute of Electrodynamics of the National Academy of Sciences of Ukraine,

Peremohy av., 56, Kyiv, 03057, Ukraine, e-mail: depZied@ukr.net

A new method for calculating pulse current in a spiral winding of an induction system with a ferromagnetic shield is
proposed for processing of nonmagnetic thin-sheet metal strips and for creating magnetoplastic and electroplastic
effects by eddy currents in strips. The ferromagnetic shield is placed under the strip, and above it there is the spiral
winding. The aim is developing the method for calculating pulse current of the induction system in discharge processes
of a capacitor charged to certain voltage, taking into account influence of the ferromagnetic shield on distribution of
time-varying magnetic field, electromagnetic forces of the induction system and density of currents in the strip.
Electromagnetic parameters of the induction system are determined by computer simulation using the finite element
method in the mode of harmonic currents. Current transients in an electric circuit are calculated by the new method
using known mathematical dependences in the theoretical electrical engineering, and the distribution of current density
and magnetic forces in the strip are calculated by the finite element method in the mode of transients. Influence of the
ferromagnetic shield on electromagnetic processes in the induction system is established. Electromagnetic force
between the spiral winding and the strip, current density in the strip, and moments of time at which the current and the
force have maximum values are studied. References 14, figures 6, tables 2.

Key words: electroplastic processing, electromagnetic parameters, ferromagnetic shield, unipolar current pulse,
transients.
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COMPLEX DESIGN TOOLS FOR IMPROVEMENT OF ELECTROMECHANICAL SYSTEMS
WITH INDUCTION MOTORS

O.M. Popovych’, L.V. Golovan™

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

E-mail: popovich1955@ukr.net, golovan 77@ukr.net

The stages, methodology and complex design tools of electromechanical systems with inductions motors are
substantiated. A quantitative assessment of the possibilities of increasing their economic efficiency using complex
design according to the criterion of maximum income is provided. The expressions of complex criteria of efficiency,
complex mathematical models and research methods are substantiated. The change in economic efficiency is
determined when the value of design parameters deviates from the optimal value. Using the developed means of
complex design can increase economic efficiency by tens of percent is shown. References 22, table 1, figures 2.
Keywords: induction motor, complex design, complex mathematical model.

Complex approaches to all spheres of human activity are a natural step towards minimizing the
negative impacts of technical civilization on the environment. Complex approaches are a prerequisite for
waste-free production; they can provide the maximum useful result with minimal consumption of energy and
material resources taking into account the features of operating conditions. Such approaches are effectively
used in many industries, in particular in the analysis and synthesis of objects in the energy sector [1, 2],
biotechnology [3, 4], the creation of automatic control systems [5, 6]. Induction electromechanical
transducers are the most common type of mechanism for creating mechanical action using electrical energy.
This is due to their cheapness, reliability, high enough efficiency. Such motors consume about half of all
produced electricity and the perfection of their conditions significantly affects on the efficiency of
production activities. Analysis and synthesis of electromechanical system (EMS) parameters with induction
motors (IM) according to complex criteria provide the possibility of a significant increase in the efficiency
of technological processes and mechanisms according to the final result of their useful action (in some cases
- at times, due to the justification and application of new structures and the implementation of synergistic
effects of integrated design).

There are two trends in the strategy of scientific research in the design of EMS with IM: the use of
universal technical solutions that are produced in large series, or the development of specialized equipment
for specific conditions of use. The choice of a universal or specialized technical solution is carried out
according to the results of a technical and economic comparison of these design options with the final result
of obtaining a useful product. Features of the integrated design are due to its goal: the search for such an
optimal set of design and operating parameters of the developed object (in this work, the main attention is
paid to the refined accounting of IM operation conditions as part of EMS), which will provide the maximum
system efficiency with minimal resource consumption.

The purposes of this work are: substantiation of the stages, methodology and means of EMS
complex design with IM; development and research of complex performance criteria, taking into account
capital and operating costs and the impact of economic and technical work conditions on the optimal
parameters; assessment of the possibilities of increasing the EMS economic efficiency with IM due to the
complex design using.

Requirements for the means of design synthesis are determined by the ratio of the needs for
universality or specialization of electromechanical equipment. Accordingly, complex design can be classified
into three types:

1. Designing system components independently of each other, using the efficiency criteria and
limitations of the system (system design). For example, there is no necessity to regulate the multiplicity of
currents and moments in starting regimes and at critical slip (overload capacity), when designing induction
motors (IM) of frequency control systems, since these regimes are formed by the control system. Removing
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the restrictions of such regulation creates conditions for the IM design with the improvement of energy and
mass-dimensional indicators in the main operating conditions [7].

2. Designing system components using the efficiency criteria and limitations of this system
according to mathematical models of integrated design is taking into account the mutual influence of the
system components and the corresponding change in the operating conditions parameters. For example, if an
induction motor of a piston compressor drive is designed according to the methods for stable regimes and
with high efficiency in these regimes, then under real operating conditions with a pulsating load, the
efficiency can significantly decrease (up to 10% or more) [8]. The reason is the ripple of the speed and
currents values. In the process of optimal design, complex mathematical models of the dynamic conditions of
the engine-compressor system are used, which makes it possible to bring the efficiency indicators closer to
the maximum (the drop in efficiency can be at least halved in comparison with the IM optimized according
to the stable regimes).

3. This is the design and construction of the system components according to 2 and taking into
account the possibility of their functional combination, when one combined element of the system does
several functions. For example, an induction motor rotor can be equipped with blades and carry out the
functions of a hydraulic pump impeller, in the case of a motor-pump [9]. The simplest case of functional
combination the system components can be carried to monoblock structures, for example, the IM and the
pump, when the centrifugal pump impeller is located directly on the induction motor shaft. The same bearing
suppot applies to both the IM and the pump in this monoblock design. This simplifies the design, improves
weight and dimensions, and reduces friction losses (there is a synergistic effect of reducing friction losses in
comparison with the shafts of separate IM and the pump connected by the coupling, which is due to the
absence of distortions due to the shafts incompatibility).

New directions of science and technology have appeared as a result of appling integrated design.
This is mechatronics or electromechanotronics in the field of electromechanical systems. There is some
discrepancy in the interpretation of these terms in domestic and foreign technical literature. In the domestic
literature, electromechanotronics traditionally studies integrated (functionally and structurally) systems with
electromechanical and semiconductor converting parts [10], and the term mechatronics is often referred to as
mechanical, hydraulic power actuators with an electromechanical control part [11]. In foreign literature,
mechatronics is a definition that often combines both of the above terms. Another direction in the science
development based on the integrated design principles, is the design of multifunctional induction motors [12]
(for example, the simultaneous realization of mechanical work to move liquid or bulk media and their
heating). In this case, the synergistic effect is in useful use of losses in induction motors and intensification
of their cooling [13].

Mathematical models of complex IM design are changing in accordance with the needs of the
above types of such design. With the first type, the mathematical apparatus for designing AM for stable
regimes can be used to a large extent [14,15]. The specificity of such design is associated with the features
of the efficiency criteria formation and design synthesis limitations, with a more detailed study of the factors
associated with the operating conditions in the system. For example, it is necessary to take into account the
increased specific weight of losses from higher temporal and spatial harmonic components, for IM frequency
drive [7].

In the second type of integrated design, the requirements for mathematical models, are satisfied the
models of electromechanical systems and their components, which are developed using the simulation
system (for example, MATLAB) [16, 17], taking into account the mutual influence of the system
components. The equations of electrical and mechanical equilibrium of these models are differential
equations, they are solved with relatively to the dependences of the immediates values of electrical and
mechanical variables.

An IM mathematical models of electromechanotronic systems (EMTS) correspond to the
requirements for mathematical models of complex design [18]. They provide analysis taking into account
the asymmetry and nonlinearity of electromagnetic parameters, spatial and temporal nonsinusoidality of
processes. An increase in the efficiency and adequacy of IM EMTS complex mathematical models are
provided by using of nonlinear dependences of electromagnetic parameters, determined by the equivalented
of IM field mathematical models by their circular analogies [18, 19].

The IM mathematical models should correspond to requirements for mathematical models of
complexed design and often should be multiphysics - should take into account electromagnetic, thermal,
hydraulic, acoustic processes (the third type of complexed design).
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Comlexed criteria of EMS efficiency. The systems efficiency in complex design directly depends
on the applied criterion. For example, maximizing the pumping unit efficiency of a hydraulic system
provides a high efficiency of converting electrical energy into hydraulic, but doesn't take into account the
features of the consumer's operating conditions, in some cases it reduces the system efficiency with the final
result [8]. That is, the system efficiency is determined by the result of its useful final action, which should
quantitatively assess the positive system effect in order to find the conditions for its maximum efficiency.
The indicator of system efficiency is a value that assesses the useful product, created by the system. The
system useful action must be assessed integrally for a certain period, if the system operating condition
changes over time. The period for evaluating the system usefulness should cover those stages of the
production cycle that are characteristic of the design object and during which the useful action of the system
changes as the design parameters of the design object change.

The criterion for the system efficiency (assuming that capital investments apart from energetic and
operating costs are unchanged), can be the energy efficiency coefficient is the dividing result of the
efficiency indicator, which allows us to assess the system useful effect over a certain period of time, to the
energy consumed by the system during this time. For example, for EMS water supply the ratio of the water
amount delivered to the consumer to the energy consumed by the system is used as a complex criterion of
efficiency. For example, the complexed design of wind or hydroelectric installations, the end product of their
functioning is energy delivered to the consumer and the energy efficiency coefficient is the ratio of this
energy to the source energy: the energy of the air flow through the area blown by the wind turbine, or the
potential energy of the water reservoir.

Determining the optimal parameters of systems with finding a balance between capital and operating
costs is of interest to the consumer of equipment with a significant change in capital expenditures by varying
the optimization parameters. That is, in general, the consumer is interested in both the energy efficiency of
the equipment and the payback period of capital investments. The optimal parameters of systems are
determined by finding a balance between capital and operating costs and are often carried out using the
value E, as an optimization criterion. E, is the minimum yearly reduced costs for the standard operating life

(for example, T, = 7 years) [20-21]:
Er :Ec /T?ls + an > (1)
where E_., E,, are capital costs (including construction and installation) and yearly operating costs,

including materials, maintenance, service, wages.

Design according to criterion (1) provides a balance between capital and operating costs, but doesn't
take into account the specific conditions for using the system, in particular: taking into account the profit
amount from the sale of production unit, which affects the payback period.

We investigate how the economic efficiency of EMS functioning depends on the applied criterion of
its optimal design. In this case, we accept: 1) A unit of a useful product manufactured by the system and
delivered to the consumer has a price (if this product is not an independent, then it is necessary to agree its
share in the final product and thereby determine its price equivalent ¢, ); 2) The cost of setting up the system

is covered by credit rate on a bank loan &, (The percentage on the loan is paid together with the basic

amount of the loan when the required amount of profit is accumulated); 3) The system life without accidents
and general maintenance is 7; years.

A complex criterion for the EMS effectiveness should take into account the specifics of the technical
and economic operating conditions of the system, the design features and operating parameters to improve
the design quality with the optimization of capital investments. We use the profit value as a design criterion
for optimizing the system parameters, to do this. The case was considered when the operating costs can be
determined with enough accuracy by the system energy losses. Moreover, the amount of profit is up to
taxation ( Pr) is determined according to the expression:

Pr=(V,uc, ~ )Ty —E,(1+87T,;), )

where Vpa, Vppa are the average yearly volumes of the manufactured product and the primary consumed

VPIM CPP

product; ¢, is the cost of the consumed product; 7,,,T,, are payback periods of initial investment and

pp p

operation, in years.
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Realization of optimization complex design. The conditions for optimization studies using
complex IM mathematical models are enough complicated, which determines the use of appropriate
methodologies for finding the extrema of the objective functions. Complicating factors are: nonlinearity and
high order of the equations system of the IM mathematical model (especially by the field analysis
conditions); there may be a need to study the dynamic conditions, which leads to a significant increase in
computer time; problematic presentation of the goal function in an explicit form; taking into account the
mutual influence of the system components in the studied regimes.

The features assessment of use the EMS complexed design with IM was carried out in the study of
EMS: electric line - IM - load. The EMS with IM ATD-8000 with a rated power of § MW and a voltage of 6
kV powering by a line with a length of L = 8200 m is investigated. Stable and variable load variants are
investigated. In the first variant, the constant resistant torque on the motor shaft is determined at a motor load
factor is 1.2. In the second variant, the torque on the shaft during the operation time varied linearly from the
first variant to zero. Research conditions: daily and yearly operating condition are 73 = 20 hours/day and 7
= 200 days/year (number of operation hours per year 7,, = T4 Ty ); base phase voltage at the input of the

supply line is U, 4 = 1,05-6:3"° kV; cost of electricity losses is ¢, = 2 UAH/kW-h; a cable with the

following parameters was taken as a base: crossing of wires is s, = 150 mm’; cost of a running meter is Coi
= 1200 UAH/m; active resistance of the core is 1, = 0,122 Ohm/km. When the crossing of wires s changes,
the change in operating costs in the line corresponds to a change in resistance r =r,s, /s, and capital costs

change:
E.=cLs/sy. 3)

The mathematical model of IM for complex modeling of EMS was developed in the simulation
system with nonlinear parameters, which were determined from the results of field analysis [18]. The error in
determining the parameters of the design and starting conditions in mathematical modeling doesn’t exceed
2% in comparison with the data of the reference book [22]. The complex mathematical model of EMS
electrical line - IM - load is shown in Fig. 1 for the simulation system. At the same time, the IM
mathematical model is presented in the imitation blocks form of stator winding branches with their input and
output terminals (nl-k1, n2-k2, n3-k3). At the every step of numerical modelling, the initial information for
calculations is transmitted from the simulation system (in Fig. 1 - from the measurer block) of the motor
structural model (in Fig. 1 - the ATD_ 8000 block) in the form of current voltage values. There the IM load
torque is set, the angular frequency of the rotor rotation and the instantaneous values of the currents in the
branches of the stator winding are calculated. The last control signals for the library blocks of the MATLAB
current sources, which are located in the blocks of the stator winding branches. The block for accounting
losses in steel (as a function of the magnetization reversal frequency and induction in the IM magnetic
circuit) and additional losses are connected in parallel to the input of the IM.
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Fig. 1
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The parameters of the IM operating condition were calculated taking into account the voltage
recession in the line of its power supply. It was assumed that the study regime is symmetrical and constant.
In this case, taking into account the change in the crossing of network wires, the phase voltage at the IM
input is:

Uip =Uig — 1118 /s,
where /; is the effective value of the phase current in the electrical network (is determined in the process of
modeling the EMS operation condition, Fig. 1).
The produced value of the useful product V,, (mechanical energy at the output of the blood

pressure) and the primary consumed product V,,, (energy consumed by EMS), (2) were determined

integrally based on the mathematical modeling results of the operating condition. This determination was
carried out at the end of the calculation of the electromagnetic transient processes of IM connecting (time
t). The operating energy consumption was determined in a similar way by the amount of energy losses in

the network E,,; and the IM E ., (block Er, Pr, Fig. 1):

10_3T 10 0a’bSbCeb 3 )
V,,=—22|Lo,dt E,; = ; I;dt
pa = -1, tJ; 20, oal = S(tz—tl) IJ;Z]: L%,
“)
107°T, ¢, 3 E 10°T,,
anM :w‘[(ﬁ _T2a)r)dt; Vppa = oaL IPI
t2_tl 1 ceb tz tl 14

where B is active power at the IM input; 75, ®, is an useful torque on the IM shaft and its angular velocity;

I; is the current effective value of the electrical network phase; 7,1, is the time of the beginning and the end
of the integral assessment period of the operating conditions parameters.

Information about the payback time and the price equivalent of the manufactured product is needed
to calculate the amount of profit up to taxation by expression (2). These values are interrelated Their
connection can be established with (2) taking into account that 7', =7}, there is no profit Pr=0:

T, =1(GP/E,~8); (5)

Cp =V ppaCpp + EcU/ Ty + D1V s (6)

where GP =V ,,c, =V ,,,Cpp is a gross profit.

An optimization study of the dependence of the reduced costs minimum (1), (4) by the crossing of
network wires is carried out using the developed mathematical model (Fig. 1). In this case, the operating
costs were determined in total both in the line and in the IM:

Er = Ec /T?ls + anL + anM ’ (7)
and only in line. In both cases, the extrem values of the line intersection coincide. Graphical dependences of
the obtained results E, (7T, =7 years) are shown in Fig. 2 for the above both regimes of constant load (Fig.
2, a) and variable (Fig. 2, b).

To compare the design results according to the criteria of the minimum reduced costs (7) and the
maximum profit, we transform expression (2) taking into account (5):

Pr=GP-T,-E, 1+L ) )]
GP/E, -0,

To calculate dependence (8), one must have information at the price equivalent of the manufactured

product ¢, . Its value is determined in accordance with the specific design conditions. In this work, for a

comparative study, the ¢, was determined by expression (6), provided that the payback time 7, =3; the

p

values V.V, .., E. were determined relative to the optimal crossing of network wires according to the
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minimum of the reduced costs (Fig. 2, a): s =490 mm’. Under these conditions, the value c,= 2,747
UAH/kW-h.

Pr, ; 5' ? Erfoé
*10° 1 P Pr(Ty=7 £

UAH N g ) UAH
—11

i i i
285 200 T T R— %0 250 30 350 400 g gt

a b
Fig. 2

The dependence of the profit change (8) with an area change s is calculated for the operating time
T, =5 and 7 years for stable (Fig. 2) and variable load regimes (Fig. 2, ). Figure 2 shows the dependence

of the reduced costs E, and profit dependencies Pr for two values of a given system operation time T;, for

which the profit is estimated when the crossing of network wires changes. The profit amount at the optimal
crossing of network wires, which corresponds the criterion of the minimum of reduced costs, can be
determined at the intersection of the vertical dashed line (through the dependence extremum E, ) with the

dependence Pr. The size of the profit increase when optimization design parameters according to the
criterion of maximum profit compared to optimization according to the minimum of reduced costs in Fig. 2
is marked by Ap;s, Apy, respectively, for 5 and 7 years of system operation. The increase in profitis 6 ... 15%
for a stable load and 12 ... 70% for a variable one, in the carried out research.

A numerical experiment shows that the optimal crossing of network wires of the supply line changes
significantly with a change in the criterion and conditions for extremum searching. Optimization of design
parameters according to the criterion of maximum profit, taking into account the specifics of operating
conditions, provides a possibility to improve the economic efficiency of the system. The magnitude of the
improvement A increases with an increase in the difference between the service life of the system: standard
and specified 7, and 7;, as well as with an increase in the yearly interest rate 9, (at a zero rate and equal

values of T, and 7;, optimization by both criteria gives the same result).

Optimization studies in Fig. 2 are carried out by varying one parameter, it is enough simple to realize
a search of its values. The search of the goal function extremumis much more difficult with an increase in the
number of optimization parameters. It can be effectively carried out by the sequential quadratic programming
algorithm using the Optimization Toolbox package of the Matlab system using the developed complex
mathematical model. A series of regimes calculations takes place according to this algorithm, which are
investigated with a change in the optimization parameters. According to the chosen optimization method, the
parameters are varied and the extremum of the goal function is found.
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As an example and to study the patterns of change in the profit value, the case of two optimization
parameters (supply voltage at the network input and the crossing of network wires) is considered. The
limitation on the value of the allowable heating loss in the motor refers to the optimization conditions.
Optimization was carried out by varying the optimization parameters within U = (6000 + 9500) V, crossing
of wires s = (150 + 550) mm”. Profit on taxation according to expression (8) is accepted as the goal function
of the optimization task. Mechanical energy on the motor shaft is taken as a useful product, its price
equivalent is determined with the payback of the cable costs during 3 years of operation with a stabl load, ¢,
= 2,747 UAH/kW-h. The maximum of the goal function is found for two load variants, due to the above:

with constant and time-varying powers. This optimization results, in comparison with the previous results,
are summarized in the table.

Optimization studies with

varying supply voltage made it Optimal parameter values according to the criterion:
possible to determine the degree of Maximum profit (U;, = var, s = var)
change in the optimal parameters Parameters Maximum profit (U, = const, s = var)
and profit. The magnitude of the Minimum consolidated costs
increase in the optimal voltage
depends on the IM degree of P,=const P,= var
loading. Direct practical application Ty=7 Ty=5 Ty=7 Ty=5
of certain voltage levels requires
justification by the criterion of 5 325 285 225 195
dielectric ~ strength,  with  the §, m 425 375 270 240
considered stable state loading. 490 490 320 320

. Studies 'have shown that 9250 9100 8000 8100
w1th' a decrease in the degree of IM UL V 6300 6300 6300 6300
loading, the optimal voltage value 6300 6300 6300 6300
decreases and  the  practical
advisability of developing 81.96 52.09 28.92 15.76
recommendations for wusing such Pr, 10° UAH 56.8 311 21 8.56
variant increases. That 1is, the 51 27.5 19.1 5

expected value of the increase in
profits must be weighed against costs on adaptation of the design parameters the transformer and IM to the
optimal values, which will provide determination of the appropriateness of this adaptation.

Conclusions. The EMS design with IM provides increase of efficiency of design decisions thanks to:
using the complex criteria of efficiency, as the relation of EMS efficiency indicator on final action to the
consumed resources; application of complex design mathematical models, taking into account the mutual
influence of the system components and the refined definition of the EMS efficiency indicator in the process
of optimization study of the system operating conditions; justification and application of search way of an
extremum of goal function at complex modeling.

The applying of profit magnitude as a criterion of efficiency increases the quality of design solutions
by taking into account data on payback and operation periods, investment conditions.

Optimization studies of EMS with using the IM complex mathematical models provide an increase
in the efficiency of design solutions as a result of refined accounting for changes in the EMS operating
conditions parameters when changing the indicators of IM operating conditions, including when using field
analysis.
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Hocniosceno npobremu  pecynro6anHs pedicumié po3noOibHUX eneKmpudHux mepedic 6 Yxpaini. Pozenamymo
nepcnexmus pecyo8ants pedcumie po3noOiIbHUX eNeKMPULHUX MePeXNC YNPAGLIHHAM [HBEPMOPAMU 8IOHOBIIOBAHUX
Ooicepen eHepeil, nepedyciM COHAUHUX eNeKMPUYHUX CIMAHYIN, RIOKAIOYEHUMU 00 Yiel mepeoici, 32i0H0 Kouyenyii Smart
Grid. Bukonawo aHaniz pe3ynomamie onmumizayii pexcumié po3NoOLIbHOI eleKmpuyHoOi Mepedxci 3a Ppi3HUMU
Kpumepisimu ma o0paHo Hatbitbwl NepcnekmueHi 3 02140y HA 0COOAUBOCMI CMPYKMYpu ma QYHKYIOHY8aHHA
PO3NOOLIbHUX eNeKMPUYHUX Mepedc 6 YKpaini. @opmanizo8ano yinbosy QyHKYio 6aeamokpumepiaivHoi onmumizayii 3
Kpumepiamu MIiHIMI3ayii peakmugy Ha 20J06HIU Oilanyi NIl ma MIHIMI3ayii cepeOHbOKBAOPAMUYHUX BIOXUTIEeHb
Hanpyeu 6i0 HOMIHANY. s po3paxyHKy ONmMuMaibH020 3HAYeHHs 3a Yitb0osoio Gyukyicio obpano memood Multivariable
extremum seeking control, akuii MoOepHi308aHo 000amKo8UMU Dinbmpamu oKpemux dacmomuux kavanie. Haseoeno
NPUKNIAO PO3PAXYHKIB, AKUI 3AC8i0UYE eheKMUBHICMb 3aNPONOHOBAHO20 CROCODY Pe2YIO8AHHI PEXHCUMIB PO3NOOLIbHUX
enrekmpuunux mepeoic. bion. 24, puc. 3, Tabm. 2.

Knwouoei cnoea: perymoBaHHS PEXHMIB PO3NOAUIBHUX EINEKTPUYHHX MEPEkX, OaraTOKpUTEpialbHa ONTHMI3allis,
TecroBa ieee 33 Mepeska, Multivariable extremum seeking control, kepoBaHa peakTHBHa noTyxHicTh B/IE.

Beryn. CprorofHi BaXXJITMBUME HAIIPSIMKaMHU PO3BUTY €IEKTPOCHEPTeTUKN YKpaiHu € 3abe3medeHHs
(YHKI[IOHYBaHHS Ta PO3BUTOK MOJEII PHUHKY eIeKTpu4HOi eHeprii [1, 2] srigHo 3 3akoHoM Ykpainu (3Y)
«IIpo puHOK enexkTpuyHOi eHeprii» [3] Ta 30inbmenHs yactku B/IE B 00’eqHaHiil eHepreTHuHiil cucremi
(OEC) Ykpainu BIAMOBIIHO A0 €HEepreTHYHOI cTparerii Ykpaiam Ha mepiog mo 2035 poky ta 3Y «llpo
aIbTEpHATHBHI JHKeperna eHeprii» [4].

BrpoBamxenns B/IE BBaxaeTbCsl BaXXJIMBOIO CKJIAJOBOIO MPOILECIB AekapOoHi3alii yKpaiHCHKOT
enektpoeHepreTvku [5]. OgHak HeBNMHHE 30UMBLICHHS KUTBKOCTI BiJHOBIIOBAaHHMX [DKEPEN EIEKTPUYHOL
erneprii (BJIE) y cTpykTypi BHPOOHMYHMX TOTYXKHOCTEH HE CYIPOBODKYETHCS 3axXOoAdaMH KOMIICHCAITl
iXHBOTO HEraTUBHOTO BIUIMBY HAa PEXXUMH €JIEKTPOSHEPTETHYHUX CUCTEM [5].

Ha nouartok 2022 poky o0csr MOTY>KHOCTEH BiIHOBIIOBAaHOT EHEPrETHKH B YKpaiHi CTAHOBUB IOHA]
8000 MBT. B mepcrnextuBi BJ/IE HaOyBaTMMyTh O3HAKM OCHOBHHX JKEPENT BHPOOHHIITBA CIICKTPHIHOL
erneprii [6]. Tomy cmim 3BakaTh Ha (DAaKTUYHY 3MiHY BIIACTUBOCTEH (DYHKIIOHYBAHHS PO3MOMUTEHUX
enektpuyHuxX Mepex (EM), Ha pexumu sikux cyTtreBo BiumBaioTe BJIE [7, 8]. HoBi TeHaeHwii B po3BUTKY
€JICKTPOCHEPTCTHKN  3aKPIIUTIOIOTBCS B HOPMATHUBHO-TIPABOBIM  0asi, 30KpemMa B  YKpaiHCHKOMY
3aKOHOMABCTBI. Tak TEHACHINI 0 AeIeHTpai3amii YIpaBIIiHASI peKMMaMHi Ha OCHOBI Smart-TeXHoJorii [9]
BpaxoOBaHI O3HAYCHHSM MalMX CHCTEM DO3MOALTY, B SIKMX CIIOKMBadi Oe3nocepeHbo OepyTh ydacTh B
ONTUMI3alii BUTPAT Ha PO3MONIN €NEKTPUUHOI €HEeprii Ta BCTAHOBIIOIOTH BIACHI 00’ €KTH PO30CEpPEIKEHOT
reneparii [10, 11], mepexycim BJIE.

brinos 1.B., Tpau 1.B., ITapyc €.B., [lepes’suko JI.I'., Xomenko B.M., 2022
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He3Bakatounm Ha BeNWKY KUIBKICTh IOCHIIKEHb B OOJIACTI JELEHTPATi30BAaHOTO YIPABIiHHS
pexumMaMu po3noaiasHuX EM, mpoBamkeHi Smart-rexuosorii [12, 13] moci He BUKOPUCTOBYIOTHh Y TIOBHIN
Mipi CydacHI MOKJIUBOCTI CIIJIBHOTO 3allydeHHS ICHYIOYMX 3aco0iB BIUIMBY Ha PEXKUMH PO3MOALTY
eJIEKTPUYHOI eHeprii, 30KpeMa B yMOBax HEBIIMHHOTO BIpoBajkeHHS HoBUX BJIE Ha cTOpoHi croxuBaua,
BHACIIIZIOK HEIOCKOHAJIOCTI MOJele BHOOPY ONTHMAIbHOI apXiTeKTypH CHCTEM VIPABIIHHA Ta
ONTHMAJbHHUX 3aKOHIB PETYITIOBAHHS.

Merto10 cTaTTi € AocTimKeHHs, popMaiizallisd MOCTAaHOBKU 3aJadi Ta BH3HAYCHHS IapaMeTpiB Ui
PO3paxyHKy ONTHMAIBHOTO 3HAYEHHS LiTb0BOI (DYHKILII i yac PeryIioBaHHs peXXUMiB po3noAinsHuxX EM 3
BHKOPHUCTAaHHSAM PO30CEPEINKECHUX JDKEPENT PEeaKTHUBHOI CKIIAZO0BOi TOTYKHOCTI Ha (Qifepax CIIOKHBAYiB
eJIeKTpUIHOI eHeprii 3 Bimacanmu BJIE, 1o cknagy Skux BXOIATH 1HBEPTOPH.

IIpoOiaeMu peryaoBaHHA HANPYTH Ta PEaKTHBHOI CKJIAJ0BOI MOTYKHOCTi B PO3NMOALIBHUX
eJIEKTPUYHUX MepeiKax 3 po3ocepeaKeHol10 reHepamui€elo.

J1o OCHOBHHX MpOOJIEM KOHTPOJIIO PeKUMIB po3moauibHux EM B YkpaiHu TpaguIliiHO BiTHOCSITH
HETOBHOTY JOCTOBIpHOi iH(oOpMamii Mpo MOTOYHMII CTaH Mepeki B YMOBax HEBIMHHHX 3MiH DiBHIB
€JIEKTPOCIIOKMBAHHA, SIKI CYTTE€BO BIUIMBaIOTh Ha pexkumu EM. Tomy 3agaui miOTPUMKH pEXKUMHHX
mapameTpiB po3NoAiIbHUX EM 3a3BUYail po3B’si3yBaiucs MEpeayciM Ha piBHI MpoeKTyBaHHS diHiH EM.
OcHoBHMM 3aco0oM perymoBanHs Hanpyrn B EM mpu upomy BuctynaB PIIH Tpancdopmartopa Ha
migcrannii — HeHTtpi xusieHHs EM. [logaTkoBo 110 NPOMHUCIOBHX CIIOKMBAuiB BUCYBaiacs BHMOTa
KOMITCHCAIi PEaKTUBHOI CKIAMOBOI HaBaHTaXCHHS, IO peaji3yeThbCs BHKOPHUCTAHHAM TIPHUCTPOIB
KOMIICHCAITi1, 3a3BUYail — peryIbOBaHNX KOHIAEHCATOPHUX ycTaHOBOK (PKY).

®opmanbhHo 3aBmanHsM PKY € 3MeHIIeHHS BelWynHW NaniHHS Hanpyrd B EM, 3MeHIIeHHsS
PCaKTUBHOI CKJIaIOBOI MOTYXKHOCTI, sika mpoTikae B ¢igepax EM Ta HesIBHO — 3MEHIIICHHS aKTHBHHUX BTpaT.
®aktrnaao PKY KOHTPONIOIOTH 3HAYEHHS PEaKTHBHOI CKJIAJAO0BOI MOTYKHOCTI B MICIHi NPHETHAHHS ITHX
NpUCTPOiB, mepenyciM — Ha (Qigepi JOKaJbHOTO CIOXKKBada. 3a JESKMMH OLiHKaMH, KOMIICHCAllisd 3a
noromororo PKY B posnogineanx EM 1 KBAp peakTuBHOI CKi1aJj0BOI MOTYKHOCTI J1a€ 3MOTY 3a0IIaUTH
150-300 kBtrox enekTpoeHeprii B pik, ado 0.017-0.034 kBT akTHBHOI IOTY>KHOCTI.

Po6ora PKY Ha ¢inepi okpeMoro croxuBada CHpUsS€ 3MCHIICHHIO 3aBaHTAKCHHS Ta MaiHHIO
Hanpyru 3arajoM B EM, ane 3akonm perymoBaHHs Takux PKY oOMexyloTbcsi BIaCHUM HAaBaHTAKCHHSM
criokuBava. [Ipy mpoMy peakTHBHa CKIIag0Ba MOTYXHOCTI, SIKa TEHEPYETHCS UM CIIOKHUBAETHCS B JIHIAX
eJICKTpOIIepeAaBatHsI, a TaKoXX (OPMYETHCS CIOKHBadYaMHd KOMYHAJIBHO-TTIOOYTOBOTO CEKTOpY, Ha PiBHI
posnoxinsHoi EM 3a3Buuail He xomrmeHcyeThes. Kpim Toro, icrotHum nHeponikom PKY e ¢opmyBanns
BHKJIFOYHO €MHICHOI CKJIQJ0BOi TOTYXHOCTI. ['eHepyBaHHS I1HAYKTHBHOI CKJIQZOBOi TIOTY)KHOCTI B
ocobmBuX pexumax EM (Hanpuxirasn, 3a HaaMipHOI TeHepallii EMHICHOI CKIIanoBoi JiHisMu EM B roguHu
MiHIMaTbHOTO 3aBaHTakeHHs: EM) 3a nonomoroto PKY nemosxnuse.

HonatkoBuM HenoinikoMm podotu PKY Takox € OOMEXKEHICTh 3aKOHY pEryJIOBaHHA PEaKTUBHOI
CKIIaJIOBOI TIOTY)KHOCTI BHUKIIOYHO PSKMMHHMH TapaMeTpaMu Ha ¢imepi OKpeMOoro CIokhBada. Alie
ONTUMAIBHHUNA PiBCHh PEKUMHHX MTapaMETPiB OKPEMOT0 CTIIOKHMBada HE 3aBXKIH CIIBIAAAE 13 ONTUMATLHUMHU
3Ha4eHHSAIMH pexkuMy EM B 1miomy Ta 3MmiHIOETBCS Ha TpoTsszi gobu. Jlo Toro x, moxkmmBocti PKY
onTuMi3aIii moTokopo3noaury B EM y Takux BUIagkax HaBiTH HE pO3TIAAaOThCA. B pesymbrari OmepaTtop
po3noaiikHoi EM He oTpuMye IOCTYITY 10 BCTAHOBJIICHHX B MEPEXi 3ac00IB ONEPATHBHOTO PETYIIOBAHHS
HaNpYTru Ta PEaKTUBHOI CKJIAZOBOi MOTYXHOCTI 3arajoM B po3noniibHid EM. IlpoTe, HaBiTh 3a yKiiagaHHsS
OmneparopoM cucTeMH po3nofiny yron npo Bukopuctanus PKY crnoxuBauiB anst koHTposto pexxumiB EM,
3a/a9a [IEHTPATi30BaHOTO YIIPABIIHHSA PEKHUMaMH YCKIIATHSIETHCS BIICYTHICTIO JOCTOBIPHO MPOTHO30BAHOI
iHpopmanii nmpo rpadiku HaBaHTaXEHHS BCiX cnoxwuBadyiB po3noainsHoi EM. IlpoOnemu anmexBaTHOTO
NPOTHO3Y MOTOKIB €JIEKTPUYHOI €Heprii Ta po3poOKH BiAMOBITHMX UM IPOTHO3aM 3aKOHIB PEryJIIOBaHHSI
YCKIIQIHWIACS] OCTaHHI POKY BHACIIOK MTUPOKOTO BIPOBAKEHHS CITOKMBavYaMu eJleKTprdaHoi eHeprii BJIE
SK JJIs TIOKPUTTS BIIACHUX TOTPeO ENeKTPOCIOKHWBAaHHS, TaK 1 JJIS MPOAaXXy 3T€HEpOBaHOI eNeKTPUIHOI
€Heprii 3a «3e’1eHuM Tapudom».

Tomy nmns Bu3HadueHHS anroputMmy pob6oTu PKY 3a3Buuaii BUKOPHCTOBYIOTH EKCIIEPTHI OIIHKH
rimoTeTHYHUX cTaHiB EM BIITKY, B3UMKY, BICHB, BHOUI, @ TAKOXX 3aJICXKHICTh [IUX MTOKAa3HUKIB BiJl OKPEMHX
MeTeoyMoB. Taki OLIHKM NEpeBaXHO NOCTAaTHI JUIsl TUIAHYBAaHHS PEXHUMIB posnofinbHux EM B Mexax
TEXHOJIOTTYHUX OOMEKEHb KOHTPOJILOBAHUX MapaMeTpiB, ajie He JAaloTh 3MOTH CTBOPUTH €(EeKTHUBHI
aJTOPUTMH CUTYaTUBHOI ONTUMI3aIlii pexkxumiB EM.

[lepcnexTuBHUE cHOCIO BHUpIMIEHHS O3HAYEHHUX NpOOJIEM — 3aCTOCYBAaHHS Cy4acHHX TEXHOJOTIH
SmatGrid [9-13], opieHTOBaHMX Ha AeUeHTpaiizoBaHe ympasiiHHA pexxumiB EM. Konmenmiss SmartGrid
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nepeadayae MOOYJOBY THYYKHX aBTOMATHYHHX CHCTEM CHUTYaTHMBHOTO YIPAaBIiHHS PEKUMaMH TOTOKIB
eHeprii Ta peryjIioBaHHsS piBHIB Hampyrd. JomaTkoBO IO KOHIIEMIIi JEIEHTPai30BAHOTO YIIPABIIiHHSA,
HOMAaTHBHO-TIPaBOBa 0a3a YKpaiHCHKOI eNeKTPOSCHEPTeTHKH PO3BUBAETHCS B HAIPSIMKY aKTHBHOTO
3alTydeHHs eJIEKTPOYCTAHOBOK CIOXuBayiB, nepeaycim — BJIE, no perymoBanHs pexxuMiB. Tak, HanpuKiam,
nmoctanoBoro HKPEKII Bix 29.09.2021 Ne 1680 «IIpo 3aTBepmkenns 3min n1o Komekcy cuctemu mepeadi»
3aTBepKeHO 3MiHM 10 Kojekcy cuctemu mepenadi, skumu y 11.6.2.4.2 o3Ha4eHO HAcTynmHY BUMOTY: «BEC
ta CEC motyxwnictio 150 kBT Ta Oinbiue, 1o npuegHaHi 0 €JICKTPHUYHUX MEpPEX, MOBHHHI MaTd 3aco0u
3B’S3KY U1 OOMiHY OTIEPAaTHBHOIO 1 TEXHOJIOTIYHOIO, B T. 4. TEJIEMETPUYHOIO iHPOpMALI€I0, 3 BiANOBIIHUM
IJIIT cuctemu po3momity abo CHUCTEMH Iepenadi (3ajekKHO Bif iX omepaTHBHOI MMiAMOPSIKOBAHOCTI), a
eJeKTpocTaHilii MmoTyXHicTIo 1 MBT 1 Ourblle TMOBMHHI MaTH JOJATKOBY MOKJIMBICTH THUCTAHIIIHHOTO
KEepYBaHHS IX aKTHBHOIO Ta PEaKTUBHOIO MOTYXHicTio 3 Biamomimaoro LI/III». Kpim Toro, HopmatuBHO
BH3HAYAIOTHCSA 1 BUMOTH JI0 1HBEPTOpiB, 4yepe3 ski cydacHi cranmii 3 BJIE, mepemxycim — BEC Ta CEC,
migkmodatoteess 10 EM. 3okpema cranmapt EN50549-1:2019 [14] Bumarae Bim BupoOHHKIB BJIE 3
IHBEPTOpPAMH MOXKJIMBICTh T€HEPYBaHHS PEAKTUBHOI CKIIAJIOBOI MOTYKHOCTI, 30KpeMa B TIEPiOIU BiJICYTHOCTI
COHSIYHOI a00 BITPOBOI €HEprii, a TAKOXK BH3HAYAE BUMOTH JO JIOIMYCTUMOTO CIiBBiJHOIICHHS TCHEPYBAaHHS
pEaKkTHBHOI Ta aKTHBHOI CKJIAJOBHX IMOTYXXHOCTi. TakuM YWHOM, BCTaHOBIIEHI B po3noainsaux EM BJIE
HaAarTh OnepaTopy CUCTEMHU PO3MOALTY JOJATKOBI 3aCO0M KOHTPOJIO PEKHMIB B YACTHHI PETYIIOBaHHS
HANPYTH Ta TOTOKIB PEAKTHUBHOI CKJIAJIOBOI MOTYKHOCTI. JJis eeKTUBHOTO BUKOPUCTAHHS TAaKWX 3aCO0IB
3rigHo 13 KoHIenmiero SmartGrid HeoOXigHO CTBOPUTH METOIAM ONTHMI3alii pexxumiB EM, siki BpaXoBYIOTh
K oco0uBOCTI QpyHKIioHyBaHHs B/IE, Tak 1 0cOOIMBOCTI CTPYKTYpH po3noainbaux EM B Ykpaiui.
Hociaimkenns uijeii ontumizauii pesxxumy EM 3 BJIE. PosrisHeMo MOXIHUBOCTI BUKOPUCTAHHS
iaBepTopiB B/IE sk mkepen peakTHBHOI CKIaA0BOI MMOTYKHOCTI, UTS onrTuMizartii pexxumiB EM Ha mpukiazi
tectroBoi IEEE 33-By3noBoi EM. Jlo KOHTpOnhOBaHMX B 3adadi OITHMI3allii HapaMeTpiB BigHECEHO
CepeIHhOKBAIPATHYHI BiIXWICHHS BiJ HOMiHAJIBHOI
HAINpyTH, PEaKTUBHOI CKJIaJ0BOI MOTYXHOCTI abo
cos(Fi) Ha dimepi LEHTPY >KUBICHHSA Ta BTPAaTH

enexktpuunoi eneprii. TectoBa IEEE 33-By3nosa EM
(puc.1) Mae HacTymHI mapaMeTpu: cyMapHa aKTHBHA
TIOTY)KHICTh HaBaHTaXeHb 3,715 MBT, peakTuBHa
CKiajgoBa MOTyXHOCTi 2,3 MBAp, HOMiHanIbHA
Hanpyra EM 12,6 xB. [ns yTouHeHHs aHami3y
Hanpyru B EM gomatkoBo B TectoBy EM nopaHo:
mxepeno kuBieHHs eHeprocuctemu (EC) 110 kB,
Hanpyra 1.02 B.o.; minig enekrpornepenayi (JIEIT) 110
kB gosxuuowo 90 kM 3 r= 0,24 Om/kMm, x =0,4
Om/xM; posnoainbHuii Tpanchopmarop 110/12.6 kB
noryxHictio 6,4 MBA, Hanpyroro KOpPOTKOTO
3amukaHHs 6,0%, aKTUBHMMH BTpaTaMu KOPOTKOTO

Puc. 1 3amukaHas 30 kBt i ctpymom xomoctoro xoxy 0,5%.
IyuHu miakiaoYeHHss OOMOTKM HMXKHBOI HAIpyrd TpaHchopMaTopa BH3HAYarOTh Ha cxeMi puc.l LeHTp
xusneHHa (LJK) posnoainbHOi enekTpuyHOi Mepexi. MiHiManbHa Hampyra TECTOBOI MepexXi B pexuMi
HOMIHAJBHUX HaBaHTaxeHb ckiaamae 0.91809 B.o. Po3paxyHku mpoBeaeHO s 1000BOro rpadika
HaBaHTa)XEHb 3 MiHIMaIbHUM piBHeM (.61 B.0. Ta MakCUMaJIbHMM piBHeM 1.12 B.0. Big HOMIHAJIBEHOTO
HaBaHTaXeHHs. [loroguanuil rpadik HaBaHTaXXeHHS npeacTaBieHo B [18]. Cuix 3a3HaynMTH, IO B PEKUMI
MaKCUMaJIbHUX HaBaHTAXXEHb Hampyra y By3nax EM MeHIa 3a HIKHIO TPaHUII0 HOMIHAIBHOTO 3HAUYEHHS Ta
noTpedye BUKOPUCTAHHS 3ac00iB JJIs IPUBEJICHHS HAlPYTU A0 JOIyCTUMUX 3HAYCHb.

[lixg yac BUKOHaHOTO aHaJi3y NMPOBEACHO aHaJi3 JITepaTypHHUX HKEpell LI0A0 PI3HUX KPUTEPIiB A
NoKpalleHHs piBHIB Hanpyrd B EM. Tak B ycrajeHux pexuMax ajisi IbOIO BUKOPUCTOBYIOTH [15]
MaKCUMyM BiIXWJICHHS HAIPyTH YU ycepeaHeHe BimxwieHHs Hanpyru [16]. Kpim Toro mms omrumizamii
pexkuMiB EM  BpaxyBaHHs (aKTOpy HECHHXPOHHOI 3MIHH HABaHTa)KCHHS CIIOKMBAYiB MPOTIATOM 00U
BUKOPUCTOBYETHCS KPUTEPii MiHIMi3allil BiAXUIICHD Hanpyrn BiJl HOMiHAJbHUX 3HaueHb [17]

min(.J/,,)) = min Z Z Vi =Vion)”

zlphl

62 ISSN 1607-7970. Texn. enekmpoounamixa. 2022. Ne 2



me N — kinekicts By3nmiB EM, ph — HOMep dasu, V, — HOMiHaubHE 3Ha4YeHHS Hanpyrd, V,

i i pn— HAIpyray

By31l i (asu ph. BuUKOpHCTOBYIOTbCS 3HAuUCHHS Hampyru B ycix Bysnax EM. Cxoxwuil kpurepiil, sikuii

MopiBHIOE Hampyrd B EM 3 3amaHUM 3HAa4YCHHSM HANpyTH, 3alpoNOHOBaHWA B poOoti [18], mokazas
e(exTUBHICT NpH peryiaroBandi Hanpyru B EM 3 BJIE. Takox B pasi ontumizanii Hanpyra EM mig gac
komIutekcHii po6oti BJE Ta tpancdopmaropis 3 PITH [19] mpomnoHy€eTbest KpUTEepil KIILKOCTI CIIpaIfOBaHb
PIIH tpanchopmaropis.

Sanas BuOOpY KpuTepiiB Mg (QyHKIIT OaraTOKpUTEpialbHOT ONTHMI3alil MONEPEAHbO MPOBEACHI
PO3paxyHKU IeKiIbKOX TecToBUX EM (ieee33, ieee69) 31 3MiHHUM JOOOBHM PEKMMOM HaBaHTAXEHb OKPEMO
U MiHIMi3anii MOIy/sl peakTHBHOI CKIaJoBOI MOTYXHOCTI Ha BuximHomy ¢izepi LK (Q, nanpyrm Ha
BuxigHomy ¢inepi LXK U0 (By3om 0 Ha puc. 1) Ta BTpaT enextpuunoi eneprii EM P. 3anexuicts ans 1-i ta
2-i 3MiHHUX (peakTuBHI ckiazoBi noryxkHocTi ABox BJIE y By3nmax 6 QOppe; Ta 16 Opper) Hanpyru Ha
BuxigHomy ¢inepi LK U,, peaktuBHOi ckiamoBoi motykHOcTi O Ha BuxigHomy ¢igepi LK Big BTpat P
enektpuyHoi eHeprii B EM ais ieee33 B pexkuMi MakCMMaJbHUX HaBaHTa)KEHb 300pakKeHi BIANOBIAHO Ha
puc. 2, a i puc. 2, 6. JIna pexxuMy MiHIMATFHAX HaBaHTKCHD TaKi K 3aJICKHOCTI ITOKA3aHO Ha pHC. 2, 6 1
puc. 2, e. Ha puc. 2, a tTa 2, 6 OKpeMO BHIJICHO IUIONMIMHY HYJIHOBHX 3HAUCHL PEAKTHBHOI CKJIAIO0BOI
MOTY>KHOCTI Ha BuxigHoMy Qinepi LK Q.
Qo
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Puc. 2

AHaJi3 mpeCcTaBICHUX Ha PUC. 2 Pe3yNbTaTiB PO3PAXyHKIB MMOKa3aB, IO TOYKH ONTHMAIBLHOCTI 3a
KPUTEPIIMHA MaKCUMAaJIbHOTO 3HaueHHs Hanpyrd max(U,) Ha Buximnomy o¢inepi LK, Hynb0BOro 3HaueHHs
MOJIyJsl peakTHBHOI ckianoBoi motyxkHocti B LK (Q0) ta minimizauii BTpaT motyxkHocTi min(P) 8 EM
pO3TaIIoBaHi Jajieko OFHA BiJl OJHOI Ha IUIOMIMHI TOMYCTUMUX PEKUMIB 1 3HAUCHHS pEaKTUBHUX CKJIAJOBHX
notyxHocTi mns BJIEl ta BJIE2 y 1mux Todkax CYTTEBO pi3HATHCA. Tomy I1i KpuTepii HE MOXYTh
BUKOPUCTOBYBATHCS CIUIBHO. Y TOW XK€ Yac MHOXHHA PEKHUMIB 3 HYJbOBUM 3HAUYCHHSIM PEaKTHBHOI
CKJIa0BO1 MOTY)HOCTI Ha BuxigHoMy ¢igepi LK dhopmye mmonuny, B AKiif 3aBXKIU 3HAXOAUTHCS PEXKUM 3
MIHIMAJIBPHUMHU BTpaTaMH €JICKTPUYHOI eHeprii. ToMy BUOIp 1ib0BOI (PYHKIIIT 3BeACHHS 0 HYJIs 3HAUYCHHS
PCaKTUBHOI CKJIaJ0BOI MOTY)KHOCTI Ha BuxigHomy dimepi 1IDK 30xkpema rapanTyBaTUMe PoO3B’SI3KH, OJIM3bKI
[0 MiHIMaJIBHOTO 3HAa4YeHHS BTpAT elekTpuuHOi eHeprii B EM. HynboBe 3HaueHHsI peakTUBHOI CKIIal0BOI
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MOTYXHOCTI y 1moYaTKoBOMY BY371i EM Takox pealizye MakCUMalbHY MPOMYCKHY CIIPOMOKHICTH TOJIOBHOI
ninsaku EM Ta mokparnrye peskuM poOOTH eIEKTPUIHIX MEPEK BHIIIOTO PIBHS HAIIPYTH.

3ama y3ro/pKeHHs B3aeMofii 3acobiB perymioBaHHA pexumy EM, a came imBepropie BJIE,
NPOTIOHYETHCS. BBECTH JOJATKOBHH KpPUTEPi ONTHMAaNbHOCTI — MiHIMi3amis BiIXWJICHb HAMpyrd BifJ
HOMIHAJIBHOTO 3HAYEHHS Y KOHTPOJILOBAHUX BY3JIax 3acTymHOI cxemu EM. MHOXHHA ONTUMAIBHUX PIlICHB
TaKoi 3a7adi 1ae 3Mory chopMyBaTH 3aKOHU PETYIIOBaHHA 111 iHBepTOpiB B/IE 3 piBHOMIpHUM pO3MOIiioM
Hanpyr B EM.

dopmadtizaniss 3agayi 0aratoxkpuTepiaabHol onTuMizanii. B OaratoxpurepianpHiil onTumizamii
iTs0Ba QYHKINA J 3 1 KPUTEPIiB Ji,..., J, pO3PaXOBYETHCS K

J=k-Jl+k,-J2+...+k, -Jn

ne ki,..., k, — BCTAHOBIIOBaHI CKCIICPTHOIO OIIIHKOK BaroBi KOCQII[IEHTH, SIKUMH O3HAYYETHCA

n
NPIOPUTETHICTD OJHUX LiJICH HaJl IHIINMHU, IPHIOMY Z k =1.
i=1

3amponoHoBaHa 3amada OaraTokpurepianbHoi onrtumizamii (BKO) J mpeacraBmse cymy IOBOX
KpPUTEPIiB — MIHIMAIBHOIO CEPEIHBbOKBAJPATUYHOIO BIIAXWUIEHHSA BiJ HOMiHaJbHOI Hampyru J, Ta
MiHIMAJIBHOTO 3HAYEHHsS MOMYJ PEaKTUBHOI CKJIAJ0BOI MOTYXKHOCTI Ha BuXigHoMy dinepi LK J), axuii
xkuButh EM CH, a came B touri npuemnanas muaud 0 go DK ma puc 1. 3migammu B 3amadi BKO €
peakTMBHA CKiIanoBa MOTyxHOCTI iHBepTopiB BJIE. O0mexennsmu mns 3agadi BKO e 3anmani mianazonu
TeHEepYBaHHS pEaKTHBHOI CKIafoBoi TMOTYyXHOCTi iHBepTropiB BJIE, sxa oOymoBIeHa TeXHIYHHUMH
XapaKTEePUCTHKAaMHU 1HBEpTOpiB. lIpw IThbOMy BBaXKa€ThCs, IO PEaKTHBHA CKiIamoBa mMOTyXKHOCTI BJIE
TeHEPYETHCS MPOTATOM BCi€l 100U, SIK 1ie epeadaueH0 HOBUMH HOPMaMHU.

[Nepmnii kpurepiit J(;, OpeAcTaBisie cepeIHbOKBAIPATUYHE BIAXUICHHS BiJl HOMIHAJIBHOI HAalpyru
Viow B S By3ax BcraHoBieHHS BJIE 3 iHBepTOpamMu, Ki MOKYTh T€HEPYBATH SK aKTHUBHY, TaK 1 PCaKTHBHY
CKJIaJI0B1 MOTY>KHOCTI

1 N
J(V): ;;(I/i_l/nom)z . (1)

Jpyruii KpuTepili BA3HAYA€THCS MOLYJIEM PEaKTUBHOI CKIIafoBoi moTyHocTi Q Ha ¢igepi LK

J o =abs(0). (2)

OOwuBa KpuTepil MalOTh TMO3UTUBHUHN 3HAK 1 ONTHMI3allis BeJle 10 MiHIMi3allii KOXKHOTO KPHUTEPIs 3
MMO3UTUBHUM 3HAKOM. Kpurepiit MiHIMI3aIlli cepeTHbOKBAAPATHIHOTO BIAXWICHHS HANPYTH Y By3nmax EM
Jla€ 3MOTy OTPUMATH PEXKUMH 3 MIHIMAIGHUMH BIIXHJICHHSIMH HAIPYTH BiJ HOMIHAJIHHOTO 3HAYCHHSI.
3acTocyBaHHS LTbOBOI PYHKIIT MiHIMi3alil MOyl PEaKTUBHOI CKIIAI0BOI MOTY>KHOCTI BUXiTHOMY iaepi
LK mpusBoauTe [0 3MEHIIGHHS piBHS 3aBaHTakeHHA BuxigHomy o¢izepi LK Tta romoBnoi ninsHku
po3noaikHoi EM, 3061bITye iXHIO TIPOITYCKHY CITPOMOXHICTH Ta 3MEHIIY€E IMOTOKH PEAaKTUBHOI CKJIAI0BOI
noTyxHocTi B EM BuIoro kinacy Hamnpyr.

BinnoBigHo OaraTokpuTepiaidbHa ONTHMI3aLis HUTEOBOI QyHKIIT J Ma€e BUTIIA

min(k, -J,,, +ky - Jip), 3)

ae kv ta kq — Barosi koedinientu 3HaunMocTi 3aga4i BKO, npuuomy ky + ko = 1.

Kpurepii Jy) Ta J) cnig nojaBatd y BIIHOCHMX OJMHMIAX. basza npuBeneHHS 10 BiJJHOCHHX
onuHMIG B 3a1a4i BKO 3MiHHHX 3 pi3HUMH OJWHHUIIIMH BUMIPY BH3HAYAIOTHCS €KCIIEPTOM 1 IMOBUHHI MaTH
3HA4YCHHS! OJHOTO MOpsAAKY. ba3oro mpuBeneHHs no BimHOCcHUX oguHMIB B 3amaui BKO ams  xputepito
MiHiMi3allii cepeTHbOKBAAPATUYHOIO BIIXUIEHHS Hampyru y Bys3nax EM J;, oOpaHO HOMIHalbHY Hampyry

EM 3 xoediuienrom Macmrrabysanust V- Kv, Kv=40. [lnsa J 3a Ga3uc B3ITO MOBHY MOTYXHICTb B

nom
MBA, sixa 1t po3paxyHKOBOTO IpHKiIany npuiiaara 1 MBA.

B VYkpaini Ha croromni Tta B HaOmmwxumii poku B EM CH T1a HH HemoctatHRO mpHCTpOiB
BUMIpIOBaHHS Hampyru y By3nax EM, B Toif ke wac mpuctpoi BUMipioBaHHA Hanpyrd EM e ckimagoBumu
B/IE 3 inBepTopamu. ToMy KiJIbKiCTh KOHTPOJIBOBAHHUX BY3JIiB 3aCTYNMHOI cxeMu EM oOMexyeThes MicsiMu
BcTaHoBNeHHs BJIE Ta BuUMiproBaJIbBHUME 3aco0aMul y TIEHTpi >KuBJICHHS po3noninmsHoi EM. Cig
3ayBaKUTH, 110 Hapas3l BEIyThCs IOCIIMKEHHS IOJO BHM3HAYEHHS ONTHMAJbHUX BY3JIIB BCTAaHOBJIEHHS
NPUCTPOIB BUMIPIOBaHHSI HANPYTH AJsl KOHTPOMIO pexkuMiB posnoaiibaux EM, nanpukian B [20]. IIpote B
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MeXax JaHoi ITyOJiKallii po3TsgacThCs JIMIIE BapiaHT ONEPATUBHOTO MOHITOPHHTY 3HAY€Hb HATPYTH Y
IIEHTP1 JKUBIICHHS po3moAuThHOI EM Ta y By3nax migkmouenHs BJIE. Taka mocraHoBKa 3amadi JO3BOJISE
pO3MOYaTH PETYNIOBAHHA PEXUMIB po3noninsHoi EM  0e3 MomaTKoBHX KammiTaJIOBKIAIEHL y 3aco0u
MOHITOpPHHTY 3 00Ky Ormepatopa cuUcTeMH po3nofiiry. B pe3ynbraTi BH3HAaYCHHS NOJATKOBUX BY3JiB LIS
MOHITOPUHTY 3HAa4€Hb HANPYTH y By3JaxX po3noniasHoi EM po3risgaTuMeThes BXKe SK CIOCiO TiaBUIIICHHS
KOHTPOJTIO PEKHUMIB.

Bukopucranns metoay nomyky ekcrpemymy Multivariable extremum seeking control (MESC) [21]
38U NOCATHEHHS MOCTaBJICHOI METH TOJISArae B TOMY, L0 3 BUKOPUCTAaHHIM iHQoOpMamniiiHoro oOminy
KoXKHE posocepemkene BJIE OesmepepBHO oTpuMmye iH(pOpMaIlito MIOAO0 HANPYTH V; B MICHAX iXHBOTO
IpPHEIHAHHSA, 3HAUCHHS PEaKTUBHOI CKIAJOBOI MOTYXHOCTI Jyy Ha Buxomi TpaHcdopmaropa IDK Tta
CaMOCTIHHO KOpErye BEIUYMHY PEaKTHBHOI CKJIAaI0BOI MOTYKHOCTI () 10 BCTaHOBJICHHS ONTUMAalbHOTO
3HAYEHHS 3MIHHOI, sKE BIANOBiZaE MakCUMyMy OYHKIII J B KOHKPETHHH IOTOYHHH MOMEHT a00H
BIIMTOBITHO 110 BUpa3y (3).

Ocob6nuBiCTh 3ampONOHOBaHOI LUTLOBOI (PyHKWII MoJsrae y MpHBEIACHHI A0 HYJS pPEaKTHBHOI
CKJIaJIOBOI HAaBaHTA)KEHHSA Ha TOJIOBHIM IUIAHII posnoxaineHoi EM, ockinbku mine Jip—0 yHiBepcaibHO
3aI0BOJIBHSE TIEPEBaXKHINA OITBINOCTI 3amad  ympaBliHHA pekuMamu EM. 3a morpebum He CKJIAIHO
peaiizyBaTu SIK LiJb HEHYJIbOBE 1HAYKTHBHE UM €MHICHE 3HAYCHHS PEAKTUBHOI CKJIaI0BOI MOTYXHOCTI Ha
TOJOBHIM AinstHUI posmonineHoi EM ans BupilleHHS HeCTaHIApTHUX 3afad YIpaBIiHHA PEKUMaMH.
Hampuknan, emHicHa ckiagoBa abo IHAYKTHBHA CKJIQJoBa TIOTYXKHOCTI MOXKE OyTH OIEpaTHBHO
(cuTyaTBHO) O3HaueHa Ha BUMOTY Omeparopa CUCTEMH Tepeaadi Il KOMIIEHCAIlil iHIyKTUBHOI CKJIaI0BO1
HABAaHTAXKCHHS CJIICKTPUYHUX MEPEK BUIIMX KiaciB Harmpyru. [Ipu mpoMy 3HaueHHsI pEaKTUBHOI CKIIAIOBOT
HaBaHTaXEHHA (x Y KOHTPOJIHOBAHUX IEHTPI KUBJICHHS po3moAinpbHuX EM Ta By3nax miakmodeHas BJ/IE
nmoBuHHO BimmoBimaTh BuMoram JICTY ENS50549-1:2012 , m. 4.7.2.3.4 B wactuHi MiHIMAIBHOTO (i (B
JAaHOMY KOHTEKCTi — BiJ’€MHOTO 3Hau€HHS €MHICHOI CKJIaJ0BOi) Ta MaKCHUMAIbHOTO (Jyax JOMYCTHMOTO
3HAYEHHS PEaKTUBHOI CKJIQJIOBOI HABAHTAKCHHS

Qmin < QK < Q(max) (4)

IIpuxaag npakKTHYHHUX PO3PAXyHKIB.

Po3paxyHOK ONTHMaIBFHOTO 3HAYE€HHS LITbOBOI (YHKIIi BUKOHAHO METOIOM IOLIYKY €KCTPEeMyMy
MESC, sikuii He MOTpeOye HAsSBHOCTI aHAIITHYHOI 3aJCKHOCTI IiIbOBOI (PyHKIIT Big 3MIHHHX. MeTon
3aCHOBAaHO Ha KOHILEIMI] iH’eKuii 30ypeHb He3HAYHUX CHHYCOIAaJbHUX CUTHAJIB JJIsl MPOCYBaHHS 3MiHHHX
JI0 EKCTPeMyMy Ta peaji30BaHO ampoKcHMAaIlielo rpanieHTa. JleranpHuii omuc metogqa MESC HaBeneHo B
[23]. Bamns mpurHiueHHs MIyMiB, IPUCYTHIX B HUJIbOBIM (QyHKIIT, cXeMa 3BOPOTHOTO 3B’SI3Ky OyJia 3MiHEHA
HUISIXOM JTOJaBaHHAM (inbTpa HU3BKUMX YacTOT IMOCHAOBHO 3 iHTerparopoM 3rigHo i3 [25]. s EM
cepenHboi Hanpyru oTpuMano koHctaHTH MESC.

[Ipukian po3B'si3aHHs 3a7a9i ONTHMI3allii HABOIUTHCS M1 TIpeAcTaBiIeHol Ha puc. 1 TectoBoi EM i3
BCTAaHOBJICHUMH y By3iax 5, 16, 24 ta 30 posocepemxenumu BJIE. Ilpu 1poMy OOMEXeHHsS 3HAY€Hb
PEaKTHBHOI CKIIaI0BOI HABAHTaKEHHS Y KOHTPOJILOBAHHUX BY3J1ax po3noAuTbHOT EM B (4) mpuitHATO: Qi =0,
Omax=1 MBap. OcnoBHi koHcTanTu a1 MESC naBezneni y Tabm. 1.

Tadauus 1

YacroTa KBaHTYBaHHSI | /dt (Tw/cek.) 0.0333/30
YacToTu curnanis 30ypeHs @), iHBEpTOpiB O[%gg g 3 ]5 6, 0.062500, 0.071429,
[BAEL, BAE2, BAE3, BJIE4], 2-nx(pax./cek.) '
Koedinienr nocunenna k 2.5¢6
q - - oo,

acToTa 3pi3y id (iabTpanii BUCOKHX 4acToT (paj./cexK.) w, /10
q - - ook,

acToTa 3pi3y (imbTpalii HU3EKUX 4acToT (paj./cek.) w, /15
KilbKiCTh TakTiB BUMIpIOBaHb 3a 100y 2880
AwMIntiTyna curaaiis 30ypens, a (MBAD) 0.025
baza ms mpuBeneHHs MiTbOBUX (DYHKITIH O BiTHOCHUX BEJTHYWH:
Ub=Unom, kB 0.05
Qb, MBAp 1
Barosi koedinientu snawnmocri: K, ; k,, 0.9;0.1
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[pioputerom 3amaui ontumizamii mo winboBiil ¢yHkuii (3) Oyno oOpaHO cepeaHbOKBAAPATUYHE
BIIXWJICHHS HalpyTH, TOMY BaroBHi Koe(ill€HT 3HAYMMOCTI ky 3Ha4HO OunbImME 3a kp. Jlna cnpomeHHs
aHaNizy nmpumyckaerbes, mo BJE reHepyroTs peakTHBHY CKJIQJIOBY MOTYXXHOCTI Ta HE T'€HEPYIOTh aKTHBHY
CKJIaJIOBY MTOTY>KHOCTI.

Pesynmpratit onTumizamii 1ipoBoi ¢yHKIii (3) mis tecroBoi ieee33 EM 3 wotmpma BJIE
MpeACTaBIIeHO y Tabm. 2. I'padiku pe3ynbTaTiB MOJEMIOBaHHs peaizariis Mmetonxy MESC nmis TecToBoi ieee
33 Mepexi mpoTAroM J00H MOKa3aHO Ha pHC. 3, 30Kpema: {1} — cyMapHa peakTUBHA CKJIaZOBa MOTY>KHOCTI
CHOXHBaYiB; {2} — cymapHa peakTUBHa ckiagoBa noTyxHocti BJE; {3} — 3HaueHHsa kpuTepito MiHiMizamil
BIIXWJICHD HAINIPYTH Big HOMiHANY kyJy B (3); {4} — 3HaYEHHS KPUTEPiO MiHIMI3aIii peaKTUBHOI CKJIaI0BOT
MOTY>KHOCTI y IeHTpi xuBieHHss EM kyJp B (3).

[ B.0.] 2‘.:[ B.O. |

0.5

| |
0 500 1000 1500 2000 dt-30,[cex.] O 500 1000 1500 2000 dt-30,[cex.]

Puc.3
Tabdauus 2
ITapameTpu EM 3 BJIE | EM 6e3
BJ/IE
Cepenne n100oBe peakTHBHE HaBaHTaXeHH EM, sike skuBuThes Bin LXK, [MBAp] 2,2846 2,2846
PeakTrBHa eHepris HaBaHTakeHb 3a 100y [MBAp-Ton.] 52,83 52,83
Cepenne 1000Be cepeTHbOKBAIpATHYHE BiAXUICHHS HANIPYTH Jy, [B.0. Bix Unom] 0,0376 -
MiniManpHa 1060Ba Hampyra B ycix By3nax EM, [B.o.] 0,9775 0,8385
MakcuManbHe 3HaYeHHS 32 100y cepAHhOKBAIPATHIHOTO BiXHUICHHS HANPYTH, [B.0.] | 0,0537 -
Cepenns peaktuBHa noTyXHicTb y I1)K 3a 1006y, [MBAp], 0,4350 2,436
O6csr peaktuBHOI cknanosoi y LXK 3a no6y, [MBAp rox] 10,440 58471
Cepenni 1000Bi BTpatu enekrpoeneprii [MBT] 0,2151 0,2338

AHaji3 MpeACTaBICHUX y Tabl.2 pe3ynbTaTiB ONnTUMI3allii miiboBoi GyHKIT (3) TOKa3aB CyTTEBE
TIOJTIMIIICHHS STKOCTI €HEProImoCcTayaHHs B YaCTHHI BUPIBHIOBaHHS 3Ha4YeHb HAnpyrd B EM. Tak miniMamsHa
nobosa Hampyra ckiana 0.9775 Big HomiHamy, mo Ha 14.22% Oinblie 3a MiHIMaJIbHY HAIlpyry B TECTOBIid
EM 3i 3MiHHMM HaBaHTa)XCHHs O3 3ac00iB PeryJOBaHHS PEaKTHBHOI CKJIamao0BOI MOTyxHOCTI. Kpim Toro,
KOMIICHCAITISI PEAaKTUBHOI CKIIaMO0BOi HaBaHTaXeHHS TojoBHOI aurstaku EM B cepemHboMy 3a 100y cKirana
15,2% Big cepenHbO000BOI PEAKTUBHOI CKJIAJIOBOI TOTYXKHOCTI CIOXKHBauiB. OnTumizailiss 1000BUX
rpadikiB 3aBanTaxeHHs EM 3a momomoroto iHBepropiB BJIE nmama 3Mory 3MeHIIUTH BTpaTH €IEKTPHYHOL
eHeprii 3a 106y Ha §,0% y nopiBHsAHHI 3 TecToBOIO cxemoio EM 6e3 BJIE.

BucHoBku. 3a pe3ynpTaTaMu BUKOHAHUX JOCHIKCHb IOKa3HI MOXXJIUBOCTI Ta TEPCHCKTHUBH
PETYNIOBaHHS PEKUMIB  PO3MOJUIBHUX  EICKTPUYHHX MEpeX B YKpaiHi INUIAXOM  yIpaBIiHHS
po3ocepemxennmu BJIE 3 iHBepTOpamMu, MiAKITIOUEHAMH 10 IIiEl Mepeki. AHaIl3 pe3yabTaTiB ONTHMI3AIli
PEXKUMIB PO3MOMIILHOI EIEKTPUIHOI MEpeki 3 PI3HUMH KPUTEPISIMH ONTUMI3AIii 3 BUKOPHUCTAHHSIM
PeTyNIOBANBHAX MOXIHBOCTEH iHBepTOopiB BJIE 3acBiqUMB MEpCHCKTHUBHICTH BUKOPUCTAHHS SK KPHUTEPIl
onTHMI3amii MiHIMI3aIlil0 PEaKTHUBHOI CKJIAJO0BOi MOTY)KHOCTI HA TOJOBHIM MUISHIN JIHIT Ta MiHIMI3aIio
CEepPEIHPOKBAAPATUIHUX BIIXWJICHh HAINPYTH BiJ HOMiHamy. DopMajizoBaHO ITOCTAHOBKY 3adadi BHOOpY
ONTUMAJBHHUX 3HAYCHb PEAKTHBHOI CKIIAI0BOI MOTYXKHOCTI, sIKy reHepye BJIE, Ta oOpaHO MeTOa BUKOHAHHS
pospaxyskiB. [mas EM cepemnpoi Hampyru oTtpumano koHcTaHTH MESC. IlpakTuuHi po3paxyHKH 3
BUKOPHCTAHHSIM HABEACHOTO Yy CTAaTTI MAXOAY 3acBITYMIN €(PEKTHUBHICTH 3alpPOIOHOBAHOIO PIiIlIEHHS
npo0JIeMHU PeryIOBaHHS PEKUMIB PO3IIOIUIBHUX SIEKTPUIHUX MEPEK.
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[Ipu bomy BukopuctanHss MESC mis po3paxyHKy ONTHMANbHHUX 3HAYCHb PEAKTUBHOI CKIIAJ0BOL
MOTYXXHOCTI Bim iHBepTopiB BJIE 3mificHeHo 0e3 (aKTHYHOTO MOZCIIOBAHHS MHOXHWHHU JOIYCTHMHUX
pexumiB. ToMy 3alporOHOBaHUM y CTATTI MiAXIM IO PETYIIOBAHHS PEKHUMIB po3oAUTbHIX EM mae 3Mory
peamizyBatu OmeparopaM CHCTEM pO3MOALTY HaJaHHS 3aco0aMu pO30CepeleHOi TeHepauii MOoCIyr
PETYJIIOBaHHS HAMPYTrd Ta PEaKTHBHOI MOTYXXHOCTI 3 ONEPATHBHUM NPUUHATTAM PIIICHb IIOAO0 OOCATIB
pEaKTHBHOI CKJIQJ0BOI MOTYXHOCTI Bif koxxHOTO BJIE Ta peaktmBHOI ckiamoBoi moTtykHocTi B 1IDK. Taka
CUCTEMa PEryJIOBaHHs PEXUMIB po3noaiibHux EM He moTpeOyBaTMMe NOJATKOBUX BKIaJEHb Y 3aCO0H
JIarHOCTHKHM HAmpyT Ha yciX MUISHKAaX JiHii Ta y 3aco0M aHami3y peXHMiB Mg 4ac BUOOPY ONTUMAILHOTO
pIllIEHHS, 110 y CBOIO YEpry CIPHATUME 3HW)KCHHIO 3aTparT Ta IPHIIBHIIICHHIO BIPOBA/DKCHHS TAKHX
CHUCTEM pEryIIOBaHHS.
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The problems of mode regulation of distribution networks in Ukraine are investigated in this paper. Prospects of
regulation of modes of distribution networks by the means of convertors of renewable energy sources are considered.
This is especially true for solar power plants connected to this network, according to the Smart Grid concept. The
analysis of multicriteria mode optimization results of the distribution network was performed and the most perspective
criterion were selected according to the features of structure and functioning of distribution networks in Ukraine. The
target function of multicriteria optimization by the criteria of minimization of reactive power on the main section of the
line and minimization of standard voltage deviations from the nominal value is formalized by the authors. To calculate
the optimal value for the target function, the Multivariable extremum seeking control method was chosen, this method
was improved by adding additional filters of individual frequency channels. An example of calculations is given in the
paper; it illustrates the efficiency of the proposed method of modes regulating of the distribution networks. References
24, figures 3, tables 2.

Keywords: mode regulation of distribution networks, multicriteria mode optimization, ieee 33 test network,
Multivariable extremum seeking control, RES reactive power.
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TEXHIKO-EKOHOMIYHA OIIHKA BUKOPUCTAHHS CUCTEMU AKYMYJIIOBAHHA
EJIEKTPOEHEPTII JIJIs1 CTABLUIIBALIL POBOTU COHAYHOI EJIEKTPOCTAHIIIT

I.M. BypaTunchKuii

IncruryT 3aranbHoi enepreruxku HAH Ykpainm,
BYyJ. AHTOHOBHYA, 172, M. KuiB, 03150, Ykpaina.
E-mail: buratunsky@gmail.com

Hasedeno mamemamuuny moodens cninbHoi pobomu cOHAUHOT homoereKmpuyHoi eneKmpoCmanyii ma cucmemu aKymy-
JIOBAHHSL elekmpoenepeii 0t cmadinizayii CymMapHoi nOMYAICHOCME GIONYCKY eleKMPUYHOL eHepeii 6 eHepaocucmemy.
Ha ocnogi danux no nomysicnocmi cOHAYHO20 GUNPOMIHIOBAHHA Ol mepumopii 61u3bKko 00 2e02pagiunozo yenmpy
Yxpainu eusnaveno mominanvhy emmicme ma ROMYNUCHICMb CUCIEMU AKYMYTIOBAHHS eleKmpOoeHep2ii HeoOXioOHy 0na
cmabinizayii pobomu cousiunoi enekmpocmanyii. Bpaxysanna nompe6 epagixa erekmpuuno2o Ha8aHMAadCeHHs eHep-
2ocucmemu y pasi po3psAoNCants, akymyIamopuux bamapei 0ano 3mozy 3MeHWUmyu HeooXiony EMHICMb cUcmemu axy-
myniosanua. Busnaueno, wo 3a ¢hikcosaniii 6cmarnosnenii nomyscHocmi homoenekmpudnux Mooynie 6npo8aA0NCceHHs
cucmemu aKymyn08aHHs eleKmpoeHepeii 3a0e3neuye sSHUHCEeHH 8CIMAHOBIEHOT NOMYHCHOCII THBEPMOPi8 Ma 3POCMAH-
HA Koegiyicnma eUKOPUCMAHHA 8CIMAHOBLEHOT NOMYHCHOCMI NOPIGHAHO i3 36UHAUHOI0 CIPYKIYPOIO COHAYHUX eleKm-
pocmanyiil. 3a075 NOPieHAHHA Yici 2IOPUOHOL COHAUHOL eeKMmPOCMAanyii 3 THUWUMU MUNAMU eIeKMPOCMAanYill 8U3HAYe-
HO cepedHbo36adiceHy cobigapmicms 8UPOOHUYMEA, 30epieanHa ma cyMapHull 8i0nYcK elekmpoenepeii 6 enepzocucme-
my. biom. 12, puc. 5, tadm. 1.

Knrouosi cnosa: MaTeMaTuHa MOJICINb, COHAYHA (DOTOCIEKTPUYHA €IICKTPOCTAHIIIS, CHCTEMa aKyMYITFOBAaHHS €JICKTPO-
eHeprii, co0iBapTiCTb.

Beryn Ta mocraHoBKa mpo6JeMu. 3a OCTaHHI TPH POKM BCTAaHOBJIEHA MOTYXKHICTh (POTOENIEKTpHY-
HuX consyHmX enekTpoctanmiii (CEC) B 006’ennaniii eneprocuctemi (OEC) Vkpainum 3pocma Ha 5 I'Bt Ta
ctaHoM Ha BepeceHb 2021 poky mocsrayna 6,09 I'Bt, mo cranoButh Bxke Oinbine, Hk 10% Bix 3arampHOT
BcTaHoBJIeHOI noTykHOCTI OEC Ykpainu — 55,94 I'Bt. [l nopiBHAHHSA, 32 1€ Tepio] BCTAHOBJIEHA TIOTY-
)KHICTh BiTpoBuX enekrpoctaniiii (BEC) 3pocna wa 1 I'Bt i mocarma 1,53 I'Bt (2,7%) [1]. 3aranom OEC
VYkpainu XxapakTepu3yeThCs SIK HErHy4Ka, OCKUIBKH 111 YaC BUPOOHHUIITBA €ICKTPUUHOI eHepril (e/e) 3HauHy
yacTKy 3aiimae atomHa reHepamis (50% i Oinblie), sika € HEMaHEBPEHOIO Ta MPAKTUYHO HE 3MIHIOE CBOIO
MNOTYXHICTh MPOTSATOM J00H. 3alyis TOKPUTTS HEPIBHOMIPHOCTI Tpadika eNeKTpPUYHOIO HaBaHTAKEHHS
(TEH) B eHeprocuctemi y 1060BoMy OasiaHCi BUKOPUCTOBYIOThCS rigpoarperat (IEC), eneproGnoku Tem-
noBux (TEC) Ta rimpoakymymorounx enekrpoctanmiii (TAEC).

[ounnatoun 3 kinug 2019 poky depes3 3HIKEHHsI 3arajbHOTO PiBHS CHOXKHBaHHS e/e, 301IbLICHHS
notyxHoctet CEC ta BEC Bxe BinOyBarOThCS BUMYIICHI TUCIIETIEPCHKI OOMEKCHHS T€HEPYIOUNX MTOTYXK-
Hocteit B OEC Ykpainu [2]. Tak, 7 cians 2020 poky ymepie 0ymo oomexxero podory CEC cymapHOrO 1m0-
TyxHicTio 545 MBT Ta BEC — 384 MBT npotsirom maiike oiHi€l TOAMHY, IPH YOMY, TIepe]] [IUM OyJIn BHUKO-
pHUCTaHi BCi AOCTYNHI pe3epBH, NMPUIHUHEHO IMOOPT €/e 3 iHmMX KpaiH Ta oomexeHo nmoTyxHicts TEC Ha
1350 MBT [3]. 3a manumu HEK «Ykpenepro» [2] y 2020 porii pooota CEC ta BEC oOMexyBaacst 0JU3bKO
20-Tu pasiB, Ipu YOMY BCi BUMYILIEHI AUCHETYEPChKi oOMekeHHs BinoyBanucs 3 10:00 o 17:00 rox, To6to
y TepioJ MaKCUMAaIbHOTO PiBHS COHSYHOTO BHIIPOMIHIOBAHHS MPOTATOM A00M Ta BiANOBIAHO HalO1IBIIOL
MOTY>XKHOCTI BUpoOHuITRa e/e Ha CEC.

Oomexenns notyxHocti Ha CEC un BEC, siki npaliforoTh 3a «3eJIeHUM» TapruhoM ado ayKIliOHHOO
I[IHOFO, € HEePAIliOHAILHUM 3aX0JI0OM, OCKUTBKH y BiAMOBIAHOCTI 10 ynHHUX [IpaBun punky Onepatop cucte-
MH Tiepesiadi HOBUHEH KOMIIEHCYBATH KOIITH BUPOOHHKY 3a OOCSTH BTpAadyeHOi e/e 4yepe3 BUMYIICHE ANUCTIET-
gepchke oomexxenns. 30umpments yactku CEC ta BEC y ctpykTypi reHepyrounx notyxkaocteit OEC Ykpa-
iHn Oe3 BHpOBaKEHHs JOAATKOBHX MAaHEBPEHHX MOTYKHOCTEH € 3arpo3010 IJis1 HOPMAJIBHOTO (PYHKIIOHY-
BaHHs eHeprocucteMu B minomy [2]. [Ipobremoro npu GanancysanHi € Te, mo notyxHicte CEC yn BEC
3JICKHATH BiJl TOTOJHUX YMOB Ta MOXKE PI3KO 3MiHIOBATHCS.

Bupimuty npo0ieMy BUHUKHEHHS TPO(ilUTy HOTYKHOCTI B €HEPrOCHCTEMI Ta cTabinizyBaTH pobo-
Ty CEC Ta BEC MOXHa IUIIXOM BIIPOBAKCHHS CUCTEM akymyitoBaHHs enekrpoeneprii (CAE). YV enepro-
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cucremax iHmux kpain (CLLUA, ABcTpanis) Bke ycHimHO BOpoBaKyloTbcss CAE enekTpoXiMidHOro THILY,
SIK1 TIPAITIOIOTh HA OCHOBI JTIH-I0HHUX aKyMyJIATOpHHX Oatapeit (Ab) [4], mo mae 3Mory 301MBIIATH YaCTKY
CEC ta BEC y cTpykTypi TeHEpyHOUNX NOTYXKHOCTeH. BuzHaueHHI0 onTuManbHuX mapamerpiB CAE ms
TICPEHECCHHSI €/€ y Yaci MPUCBIYCHO P/l HAYKOBUX JIOCIHIDKEHb [5], ogHAK mpobiemy i3 3a0e3reueHHs CTa-
oinpHO1 podoT CEC 111e MOBHICTIO HE BUPIIICHO.

3naune 3pocrands moTyxHOCcTi BEC Ta CEC B OEC Ykpainu npusBee 10 HEAOMyCTHMUX BiIXH-
JIeHb YaCTOTH BiJl HOPMaTHBHUX MOKA3HUKIB Uepe3 HU3bKY MaHEeBpeHICcTh icHyrounx enekrpoctanuiil (TEC,
I'EC). BupimuTs 1110 npoOiieMy MOKHa JIMIIE IUISIXOM BIPOBAPKEHHSI IBUAKOIIIOYHX CUCTEM, SKHUMU € AB.
36inpmenns moTyxHocTi CEC MOBHHHO CYIpOBOKYBAaTHCS BBEISHHSAM AbB CIiBCTaBHOI IMMOTY>KHOCTI, IO B
pe3ynbTati 3a0e3meunTh cTadinsHy podoty OEC Ykpainu Biamoimao xo Bumor ENTSO-E [6].

MeTto10 n0caiaKeHHsI € CTBOpEeHHsI MaTeMaTHuHOi Mozeni cminbHoi podot CEC ta CAE s no-
BHOIT CcTabimi3allii cyMapHOI HOTY)KHOCTI BIITYCKY €/€ B €HEProCcUCTeMY. AKTYalbHICTD MPOBEIACHHS IIOIO
JIOCITIJKEHHS I ICHITIOETHCS THM, 10 caMme 3pocTtanHsa NoTyxkHocTi CEC € ToI0BHOIO NMPUYHHOIO AWCIICT-
YepChKUX 00OMEKEHb, a L€ € MEPETIOHOI0 AJIS1 OAAIBILIOTO 3pOCTaHHS YaCTKU TaKUX €JIEeKTPOCTaHLIH y 3ara-
JbHIN CTPYKTYpi reHepytounx noryxkHocteit OEC Ykpainu.

Metonuka gociaigxenns. Ocobmusictio podorn CEC nopiBHAHO 13 TpaAUIIHHAME €IEKTPOCTAHITI-
SIMU € Te, IO MiJ 4ac BUPOOHUIITBA €/€ Ha Hill He MPUUMAIOTh Y4acTh 0OOEpTOBI UM 1HIII iHEpLiiiHI MeXaHi3-
MHU. MepexeBi IHBEpPTOPH € IMIyJIbCHUMHU HEepEeTBOPIOBaYaMH, SKi 3a0e3nedyoTb cuHXpoHHY poboty CEC
M0 4YacToTi 3 eHeprocrucreMoro. CXoXi BIACTHBOCTI MpUTamMaHHI ¥ i moTykHUX BEC, y skux TypOinm
3B’s13aHI 3 EHEPrOCUCTEMOIO Uepe3 MepeTBOPIoBaIbHI iHBepTopr. OTXKe, 3aada i3 crabimizarii podotu CEC
3BOAMTHCS A0 BHUPIBHIOBAHHS MOTY>KHOCTI BIAIYCKYy €/€ B €HEProCHCTEMY IMPOTSITOM IEBHOTO 3asBICHOTO
gacy, M0 MOXHa JTOCATHYTH IUIIXOM BIPOBaILKEHHS Y ii cTpykTypy CAE.

CAE npueanyerbes 1o CEC no croponi noctiiioro crpymy (DC Coupled), mepeparoro sikoro mopi-
BHSTHO 13 MPUEIHAHHAM TI0 cTOpoHi 3MiHHOTO cTpyMy (AC Coupled) € Buma edexruBHicTh podboTH Ha 1-4%
[7]. Cxemy cninbroi pobotr CEC Ta CAE mokasano Ha puc. 1.

Bupnaua e/e Hanpsamy 3 CEC Tpanchopmaropra OOMIKOBHIA JTUMIEHUK
MiICTaHIIS
BEM IaBepTopu
Wh Bunaua
B B OEC
3apspkanns Ab | L O >
AV
e Tpancpopmatopu
’ | AB CuioBi CTpyMy
Bunaua e/e uepes CAE (pospsokanus AB)  TpaHcdopmaTopn

Puec. 1

Ilig 4ac TEXHOJIOTIYHOIO BUPOOHHIITBA e/¢ Ha (hoToeleKTpuUHuX MoAyisax (DEM) enepris coHsu-
HOTO BHIIPOMIHIOBaHHS IEPETBOPIOETHCS Y nocTiiiauit ctpym (DC), a Ha iHBepTopax — y 3minaui (AC). Ha
CHJIOBHX TPaHCPOpPMATOpax, PO3TalIOBAHUX Y TPaHC(HOPMATOPHUX IMiJCTAHIINX, BiJOYyBAa€THCS iABUIICHHS
110 HAIpy3i Ta MoJajblila Bujaua BUpoOIeHol e/e B eHeprocucreMy. [Ipu croinbHiii podoti CEC ta CAE ¢ik-
carist oocsrie BiamymieHoi e/e B OEC 3miiCHIOETBCS O0JIIKOBUM JTIYMIBHUKOM, SIKUH IMiIKIIOYAETHCSA Yepe3
TpaHC(HOPMATOPH CTPYMY.

Y marematuuHiii mozeni crinbHOI podotrn CEC Ta CAE [8] HamumikoBi 00csry e/e, siki BHHUKAIU
Il 9ac MepeBaHTAKCHHS 1HBEPTOPIB MOCTIHHUM cTpyMoM PEM, TepeHOCHINCS y Yac MICHs 3aBEepIICHHS
MKy COHSYHOTO BUNPOMIiHIOBaHHs. TakuM 4MHOM, MPOoOJIeMH i3 TPO]IiLUTOM MOTYKHOCTI BHPIIIyBaJIHChs-
JIMIIE YacTKOBO, HACKiIbKH BHcTadano eMHocTi CAE, ska 3anexana BiJl MPUAHATOTO CIiBBiTHOIICHHS BCTa-
HoBJieHo1 noTyxHocTi ®EM Ta inBepropis (DC/AC ratio).

Y mpoMy IOCIHTIKEHHI HaBEACHO MaTeMaTHIHy Mozenb criasHoi podoTn CEC ta CAE, sxa Ha Bif-
MiHYy BiJ iCHYIOUHMX, Ja€ 3MOT'Y BHU3HA4YaTH TaKy MOTYXHICTh BIAIyCKy €/€ B €HEprocUcTeMY, 3a SIKii 3a0e3-
MeYy€eThes OallaHC Mk 00CsraMu 3apspKaHHsA Ta po3psmkanHs ABb st moBHOI cTadiizalii cyMapHOi o-
TY>KHOCTI BIJIITYCKY €/€ B €eHEPrOCHCTEMY.

[ToBHa crabinmizauis cymapHoi nmotyxHocTi CEC ta CAE 3a0e3neuyeThest 3a JOCATHEHH] OaaHCy, 3a
SIKOTO €MHICTh PO3PSIKaHHA JOPIBHIOE Pi3HHLI MiX obcsramu BupoOieHoi ta BiamymeHoi e/e 3 CEC na-
npsSIMy B CHEPTOCUCTEMY
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T T
(ESSdisch '77RTE — ZBPV A — ZEPV"“‘ AL, (1)
1=1 1=l

CF5isch RE- _ edextusricts nmeperBopenns CAE (RTE,

e — eMmHicTh pospsmxanas CAE, MBr-rox; 7

Round Trip Efficiency), wactka; T — KiIbKiCTh BifIpi3KiB BUMIpIOBaHb NpoOTSroM ao6u; P’ — moryxkHicTs

BupoOHUITBa ¢/e Ha CEC mns Bispisky uwacy ¢, MBT; Af — TpUBANicTh KOXHOTO Bijpisky uacy; P’ —

MOTYXHICTh Bianycky e/e 3 CEC HampsiMy B €eHeprocucTeMy ISl Biipi3ky dacy ¢, MBT.
[MotyxHuicTh BupoOHuITBa ¢/¢ Ha CEC BU3HAYA€THCS, BUXOIAYH 13 BCTAHOBJICHOT MOTYX)HOCTI DEM,
edpextuBHOCTI podoTrt CEC Ta MOTYKHOCTI COHSIYHOTO BUIIPOMiHIOBaHHS

PV DC PR
B =P .y, @)

ne PP¢ — Bcranosnena motyxkuicte ®EM, MBT; 7™ — edextupnicts podoru CEC (PR, Performance
Ratio), %; I, — mOTy»KHICTh COHYHOTO BUIIPOMIHIOBAHHS JUIA BIPi3KYy 4acy f, B.O.

[MotyxHicte Biamycky e/e 3 CEC HanpsMy B eHeprocucTeMy BU3HAYAETHCS 13 OOMEXKEHb

AC DC PR AC

P, Pt I 2P
PDC‘UPR'I PDC'ﬂPR'I<PAC,

t t

EPVoul —

)

ne P* — BcraHOBIIEHA NOTYKHICTh iHBEpTOpiB, MBT.
€MHICTb PO3PSKAaHHSI BH3HAYAETHCS CYMOIO BCIX IOTYXKHOCTEH 3apsKaHHS 13 BpaXyBaHHSIM edek-
TUBHOCTI neperBopeHHst CAE

T
CESSszch - ZEESSchrg At 77RTE , (4)
t=1
ne P _ notyxuicts 3apsmkanns CAE mis koskHOro Binpisky wacy ¢, MBT.
[Motyxwuicte 3apamxanas CAE y pasi cninbsaoi poboTtr 3 CEC Bu3HaYaeThes i3 00MeKeHb
PV PVout DC PR AC
PP~ pPreu  pPC.pPR.l > p
0’ PDC '77PR 'It < PAC

[ToTtyxHicTh po3psmkanas CAE Bu3HadaeTbes i3 oOMexeHs [8]:

1—1
PAC _ RPVnul , ZBESSdLSCh AL CESSdtsch
ESSdisch __ =1
P , (6)
ESSdisch ESSdisch
0’ ZPT isch At>C isc

=1

ESSchrg __
Pz =

)

ne PP — noryxnicts pospskanns CAE s Binpisky 4acy ¢, MBT; 7 — KinbKicTb Bipi3kis yacy po3psi-
JOKAHHSL.

Buxinna motyxHicTs po3psmkandas CAE Bu3HauaeThCs 13 BpaXyBaHHSM ITOTOYHOI 3aJTUIIKOBOI €M-
HocTi B Ab

B RESSd[Sch , SOCt 2 0 (7)
SoC,_,, SoC <0’

ne P — puxinna motyxmicth pospsmkanns CAE s Binpisky yacy ¢, MBT; SoC, — noTo4Ha 3ajumiko-

ESSout
t

Ba eMHicTh B Ab (SoC, State of Charge) ans Binpizky 4acy ¢, MBt o,
[ToTouyna 3amumKoBa eMHICTh B Ab BU3Ha9aeThCS 13 00MEXEHb [ 8]
CESSdisch _PIESSdisch X AZ, CESSdisch _PIESSdisch . At > O
ESSdisch ESSdisch :
0, C -P -At <0
YMmoBoro noBHOI crabimizamnii podotn CEC npu cminbHii poboti 3 CAE € miaTpuMka moTy>KHOCTI

BIJIIIYCKY €/€ B €HEeprocUCTeMy Ha OJHAKOBOMY pPiBHi. TakuM 4YMHOM, cCyMapHa MOTYKHICTb BIAMYCKY e/€ 3a
crinbHOl podoTrt CAE Ta CEC 117151 0/HOTO TIOBHOTO LIUKITY 3apsKaHHsA/po3psakanHs AB Bu3HavyaeThes

SoC, = (8)

SYS PV ESS
P2°., =P + P2 =const , 9)

t=t +t, t=t +t,
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ne P — cymapna motyxHicTh Biamycky e/e 3a crinbHoi po6otu CAE ta CEC nnis Bimpisky uacy ¢, MBr;

t =t -+, — Iiana30H rOAUH OJHOTO IOBHOTO LIUKITY 3apsKaHHA/po3pamkanaa AB; ¢ — dac modaTtky 3aps-
mxaHHsA Ab; ¢, —dac 3aBepiieHHs po3pskaHHaa Ab.
Bpaxysanns notpe6 I'EH 3naificHioeTbes 32 ocATHEHHS OaiaHCy

iPtSYS_i(RVAR.kDEM):O’ (10)

t=t, t=t,

ne P™* — npusenena 3minna wactuna motyxkunocti TEH ais Binpisky wacy ¢, MBt; £”*" — koedimient

npuBeneHH moTy)HOCTI ' EH, skt BU3HAYa€THCS IHAWBIAYAIBHO IS KOXKHOTO TIOBHOTO IUKITY 3apsIKaH-
Hs1/po3pamkans Ab.

3ay1a IpOBEIEHHS €KOHOMIYHOI OITIHKA BHKOPHCTAHO 3arajlbHOBIIOMY METOIWKY BH3HAYCHHS Ce-
pennbo3BaxkeHoi codiaprocti BupooHunrsa (LCOE, Levelized Cost of Energy) ta 30epiranns e/e (LCOS,
Levelized Cost of Storage). Cepennbo3BaxeHna co0iBapricts BupoOHUITBa ¢/e Ha CEC BU3HAaUaeThCS

w0
C7+ 1
PV _ nZ:I:(l_l_r)n_1 11
LCOE"™ = = , (11)

ne LCOE™ — cepeiHbO3BaXKeHa cobiBapTicTh BUpoOHHITBA ¢/c Ha CEC, $/MBT1TOxI; C"" — xamitambhi

inBectumiiini Burpatu CEC (CAPEX), $; N — tepmin excrutyatanii CEC, pokis; O — cymapHi onepariii-

ui Burpatu CEC y poui n (OPEX), $; r — craBka auckoHTyBaHHs, %; E’ — obcsaru BUpoOIeHOi e/e Ha
CEC 3a Bech TepMmiH 1i excinryaraiii, MBT-rog.
CepenHbo3BaxkeHa cobiBapTicTh 30epiranns e/e Ha CAE BU3HavyaeThCs
N OESS

CESS +
Z “(1+r)"" 12
EESSout > ( )

ne LCOS™ — cepennposBaxkena cobiBapricth 36epiranns e/e Ha CAE, $/MBr-ron; C** — CAPEX CAE,
$; O —OPEX CAE y poui n, $; E** — o6¢saru sianymenoi e/e 3 CAE B eneprocucteMy (po3psiKaHHs

LCOS™ =

ABb) 3a Bech TepMmiH i excruryaTartii, MBT-Tos.

ko Best BupobiieHa e/e Ha CEC 3apsimkaerbes B CAE 3 moganbuiuM po3psKaHHIM, TO CEPEIHbO-
3Ba)keHa COOIBapTICTh BiAMyCKy e/e 3a ixHboi crniabHOI podotn (LCOES, Levelized Cost of Energy Storage)
BU3Ha4aeThes nmpoctuM noxaBanHaM LCOE ta LCOS. Oanak BpaxoBYyHOUH Te, [0 YaCTHHA BHUPOOJICHOI e/e
BiJIITyCKA€THCSI B €HEPrOCHCTEMY HANpsAMY, a i1HIIA YaCTHHA 3apskaeThes B Ab 3 momanpmmm po3psamkan-
HsM, To LCOES 3a cminbroi po6otu CEC Ta CAE Bu3HadaeTbes
LCOEPV EPV + LCOSESS EESSout

EPVoul EESSnul

LCOE PV _ ESS

, (13)

ne LCOES™-*5 — cepemnpo3BaxkeHa cobiBapTicTh Bimmycky e/e mpu crmineHiii po6ori CEC ta CAE,

$/MBt-Trom; E”" — o6caru Bimmymenoi e/e 3 CEC HanpsMy B €HEpProcHCTEMY 3a Bech TepMiH ii eKcITya-
tanii, MBt-ro.
O6csru upobnenoi e/e va CEC, Binnmymenoi 3 CEC B eneprocuctemy Hanpsmy ta uepe3 CAE Bu-

3HAYAIOTHC 13 YpaxXyBaHHAM JUCKOHTYBaHHSA
N PV N PVout N ESSout
W PVout _ W W

— — ' ESSoul
Z(1+ )nl’ n:1(1+r)n—l’ Z(1+r)nl’

=1

(14)

ne W' — o6csru Bupobnenoi e/e na CEC y poui n, MBt-ron; W — o6csru sinmymenoi e/e 3 CEC na-

n

npaMy B CHCProcucTtemy y po]_[i n, MBT'FOﬂ; WESSOut

— o0csru BimmymieHoi e/e 3 CAE B eHeprocucremy
(po3psmxanns Ab) y pomi n, MBT Toz.
O6csru Bupobnenoi e/e Ha CEC, Biamymenoi 3 CEC Hanpsimy B eHeprocuctemy ta yepe3 CAE mmns

KOXXHOT'O POKY BU3HAYAaIOTHCA

— i Z Pp]—'t’V , VVnPVaut Z ZPPVout , VVnESSDHt — i i}i ESaut (1 5)

p=1t=1 p=1t=1 c=1 t=1
ne P — kijbKicTh 110 p y poti 7; C — KUIbKICTh TIOBHUX LIUKIIIB ¢ 3apspkanHs/po3psmwkants CAE y poi 7.
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Texniuna oninka cnitbHOi podoTtn CEC Tta CAE. Sk 00’ eKkT nocimkeHHs 010 MPHIHATO YMOB-
Hy CEC, ska posramoBaHa Onm3bK0 110 Teorpadiqaoro meHTrpy Ykpainu B Uepkacbkiil o0 (KOOpIWHATH
49.004 ma. m. Ta 31.294 cx. a.). [laHi 1Mo MOTY>XHOCTI COHSYHOTO BHIPOMIHIOBAHHS JJII TEPUTOPIi po3Tarty-
BaHHS IIi€1 €NEKTPOCTAHIIIi B35ATO i3 3arajlbHOAOCTYIHOI 0a3u mganux SoDa [9] 3 kpokom 15 xBwimH. Jlns
MIPOBEICHHS JTOCTIDKEHHS 00paHO TPaBeHb, OCKIIBKHA Y IOMY MICSIl TOCUTh BUCOKHUU PIBEHb COHSIYHOTO
BHUITPOMIHIOBaHHS Ta TMOPIBHSHO 13 JITHIMH MICSIIMH HU3bKa TEMITEpaTypa MOBITps, 10 3abe3mnedye Haibi-
Ty NOTYXHicTh BUpoOHNITBa ¢/e Ha CEC. Takox MOpiBHSAHO 3 MONEPEIHIMU MICSLSIMHU Y TPaBHI MEHIINI
PIBEHb CHIOXKWBAHHS €/€ Ta CE30HHE TOBHOBOJIS, Uepe3 SKE 30UIBIIYIOTHCSA OOCSTH BUPOOHUIITBA €/€ Ha
I'EC. Beci 1i axkTopu pa3oM 3i 301ibleHHIM BeTaHoBIeHOI noTyx)HocTi CEC, sika croctepiraerbest npoTsi-
rOM OCTaHHIX POKIB Ta AedinuTti MaHeBpeHUX noTykHocTel B OEC Ykpainu, npu3BOIATh 10 3HAYHHUX CKIa-
JTHOIIIB MPU AUCIIETYEPCHKOMY OajaHCyBaHHI caMe y TPaBHi.

Sk BXigHI TapaMeTpH IS TPOBEICHHS TEXHIYHOI OIIHKY CIUTBHOI pobotn mociimkyBanoi CEC Ta
CAE npwuitasaTo HacTynHe: BcTaHOBiIeHA NOTyXHiCTE DEM — 20 MBT; edexruBnicts podotu CEC — 90%;
eexruBHicTh niepeTBopeHHss CAE — 95%; rimbuna moxmBoro po3pspkanHs CAE — 80%; emMHICTh Ta To-
Ty)kHicTh CAE — BH3HauaeThcs 3a pe3ysbTaTaMH MOJICIIOBAHHS Y BIAMOBIAHOCTI O po3po0IieHOi Mojei
(1)-(9). Pesynbryrounii rpadik moaemoBanns crniibHOi podotrt CEC ta CAE mis 6e3xmapHOi (COHSIUHOT)
nmobu 15 TpaBHs (OCKUTBKY 1 1i€i 1o6u o 11:45 rox 3adikcoBaHO HANOLIBITY MOTYKHICTH COHSIYHOTO BH-
NPOMIHIOBAaHHS MPOTATOM MicCsIIIs) OKa3aHo Ha puc. 2.
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B Mexax oHOro MOBHOIO HUKIY 3apspkanHs/pospsamkants Ab cninbHoi po6otu CEC ta CAE mist
15 tpaBus (puc. 2) 6ananc (1) gocsraeTscs 3a CyMapHill MOTYKHOCTI BIAITYCKY €/€ B eHEpProcucTeMy Ha piBHI
5,75 MBrT. 3a Takiii MOTY>KHOCTI IIJIOIIA 30HU 3apsKaHHS Ta 30HU PO3PAIKAHHA i3 ypaxyBaHH:M ii 3MeH-
meHHs yepe3 BTpath min yac neperBopeHds CAE e piaumMu. Bumada moTyKHOCTI B €HEPTrOCHCTEMY Y pasi
iHauBimyanbHii podoTi CEC BimdyBaeTbes mpotsroMm 13 rox (3 5:30 mo 18:30) i3 sIBHO BHpaX€HUM MaKCH-
MYMOM MOTY>KHOCTI Ha piBHi 16,77 MBT 0 11:30 rog (xkpuBa «CEC»). BnpoBamxenns CAE no CEC (kpusa
«CEC + CAE») 3a0e3mneuye MoBHE BHPIBHIOBaHHs (CTaOLIi3allil0) CyMapHOI MOTY>KHOCTI BIIIYCKYy e/e B
eneprocuctemy npoTtsirom 23:30 rox (3 6:45 rox nepiioi 100u 1Mo 6:15 roa HACTYIIHOI).

Jist 106U 13 MaKCUMAJIBHOIO TOTYKHICTIO COHSIYHOT'O BUIIPOMiHIOBaHHS (15 TpaBHS) BU3HAYCHO €M-
HicTb 3apsupkands CAE na piBHi 71,28 MBTroq, fKa 13 ypaxyBaHHAM TJIMOMHH MOKIJIMBOTO PO3PAIKaHHS
(80%) BigmoBimae HoMmiHanbHIA emMHOCTI CAE — 89,1 MBT'Ton. MakcuManbHa MOTYXXHICTD 3apsHKaHHSI O
11:30 rox cranoButh 11,02 MBT. Ockineku BuGip HomiHanbHHuX napameTpiB CAE BHKOHYETBCS MO Makcu-
MaJIbHOMY 3Ha4€HHIO, TO JUIA MoBHOI crabimizamii nmoryxxHocTi CEC BcraHOBieHOIO moTyxHicTI0O PEM Ha
piBHi 20 MBT moTpiOHO BIpOBaAMTH 8-MH FOJWHHHA HAKOIHYyBad 13 HOMiHaJILHOW eMmHicTIO 90 MBT TOA
Ta moTyxHictio 11,25 MBT.

Pesynbrytounii rpadik monentoBanss cribHOT podotn CEC ta CAE s xmapHoi no6u 19 TpaBHsS
MoKa3aHo Ha puc. 3.
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------- CEC CEC + CAE
Puc. 3

s 19 tpaBHs Gananc (1) mocsraeTbes 3a CyMapHiil MOTY)KHOCTI BIIIYCKY €/€ B €HEProCUCTEMY Ha
piBHi 2,35 MBT. 3a inguBinyansHiii podoti CEC ans wiei nobu i3 XMapHIcTIO, BiZOYBaIOTHCS 3HAUHI KOJIH-
BaHHA NoTykHOCTi. Tak, moryxHicTh CEC 3 3,96 MBT 0 11:00 rox 3poctae mo 10,13 MBt o 11:45 rox, mo-
TiM 3HIKYETBCS 10 3,42 MBT 0 14:15 rox Ta 310BY 3pocrae 10 9,38 MBT 0 15:15 rox. ToOTo, MOTYXHICTH
BIJIIIYCKY €/€ B €HEProcucTeMy 3a JIeKilbKa rOAMH 3MiHIOETbesl Ha 61-64%. BrnpoBamxkenns CAE no CEC
3a0e3neuye cTalimizamilo cyMapHOi MOTY>KHOCTI BiIIycKy e/e B eHeprocucteMy mpoTsrom 23:45 rog (3
7:15 ron neproi mo6wu o 7:00 rox HACTYITHOT).

OcnoBHni napamerpu CAE (HoMiHaJbHa €MHICTD Ta NOTYXHICTh), BU3HAYCHI IS JOOH i3 MakcHMa-
JILHOIO TOTYKHICTIO COHSIYHOT'O BUIPOMIHIOBAHHS MPOTATOM POKY 3a0e3neuarh Hasle)kHe (YHKLIIOHYBaHHS
riopunaoi CEC mis Beix iHmux mi6. Y pasi nmpakTudaHoro BrpoBamkeHHs riopuaaux CEC 3asBieHa moTyx-
HICTB BIIIMYCKY I KOKHOTO ITOBHOTO IMKITY 3aps/DKaHHA/po3psmkanHs Ab BU3Ha9aeThCs ciayx0010 exc-
TuTyaTanii BilMOBiJHO 10 MMPOTHO3HUX JAaHUX MO MOTYXHOCTI COHSYHOTO BUIIPOMiHIOBAaHHS.

Pesynprytoumii rpadik BiAMycKy e/e B eHeprocuctemy i 4yac crmiibHoi pobotn CEC ta CAE mist
JMOCTIKyBaHUX 110 (3a manumu 1 15-20 TpaBHS) TTOKa3aHo Ha puc. 4.
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I3 puc. 4 Buano, mo cminsHa podota CEC ta CAE 3a0e3neuye noBHe Ii1aKeHHS KOJTUBaHb MOTYX-
HOCTI, SIKi BUHUKQJIN Yepe3 XMapHicTh, OqHAK MiJ 9ac MepexoliB MIX CYCIAHIMHU IUKIAMH BiJOYBarOTHCS
3MiHHU MTOTY>KHOCTI B Mexkax 0,6-1,6 MBT, siki MOXyTh CTBOPIOBATH IIEBHI TPYIHOII MPU OaTaHCYBaHHI CHE-
procucremoro. Kpim toro, mosaictio crabinizoBana notyxHicte CEC 6e3 npus’szku g0 notped 'EH Oyne
3abe3neuyBaT po3psamkands Ab y dac Hiunoro nposany ['EH, mo € HepauioHadbHUM 3aX0Z0M 4epe3 Hpo-
(ILUT TOTYXKHOCTI B HEPrOCUCTEMI caMme y el dac. [l IpOoBeACHHS MOJICIIOBAHHS 13 ypaxXyBaHHAM I10-
tpe6 ['EH Buxopucrano 6ananc (10). Sk Bxigni mnaxi no notyxHocti 'EH BukopucTano ¢akTiyHi AaHi mo-
roguaHoro HaBaHTaxeHHs OEC Ykpainu [10], sixi nepetBopeHi y 15-TH XBUIKMHHI 13 BUKITIOUEHHSIM 6a30B01
HE3MIHHOI YaCTHHH.
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OTtpumanuii pe3ynbpTyrounii rpadik Biamycky e/e B eHeprocuctemy 3a crinbHoi podotn CEC Ta CAE
13 ypaxyBanusMm motped I'EH mrs mocmimkyBanux mi6 (15-20 TpaBHS) ToKa3aHo Ha puc. 5.
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I3 ypaxyBanusm notped 'EH s modu i3 MakCHMabHOIO MTOTYXHICTIO COHSYHOTO BUITPOMiHIOBAaH-
H (15 TpaBHs) BH3HAYCHO HACTYNHI TOKa3HMKW: MakcuMmanbHa cymapHa noTyxHicte CEC ta CAE —
9,52 MBrT; emuicth 3apsmkanas CAE — 56,6 MBT rox, sika i3 ypaXyBaHHAM TJHOMHH MOXKJIMBOTO PO3psi-
JoKaHHA BianoBigae HomiHanbpHIN emHOCTI CAE 6inst 70 MBT TOM; MakcuManbHa MOTYXHICTh 3apsKaHHS
CAE - 9,05 MBrT. Takum unHOM, i3 ypaxyBanusam notped I'EH mis noBHoi cTabinizanii cymapHOi MOTYKHO-
cti 7o CEC BcranoBienoro moTyxHictio ®EM nHa piBai 20 MBT moTpiOHO BIpPOBAaIUTH 7-MU TOIWHHUI
HaKONMWYyBad i3 HOMIHAJIHHOIO e€MHIicTIO Oinst 70 MBT-Tox ta motyxwicTio 10,0 MBT. OTXe, BpaxyBaHHS
notped I'EH nano 3mory 3meHmuT emHicts 7-mu roguaHOTO CAE Ha 22% 13 90 10 70 MBT Tox. Ilpu 1150-
MY, BCTAaHOBJICHA MOTY>KHICTh CIJIbHUX iHBEPTOPIB 3HM3MIACS Maibke Ha 38% BiJ CTaHOAPTHOTO 3HAYECHHS
Ha piBHi 16 MBT (DC/AC ratio 1.25) no 10 MBt (DC/AC ratio 2.0).

3a crinbHoi pobotu CEC Ta CAE 3HIKEHHS BCTAaHOBJICHOI MTOTYKHOCTI iHBEpTOpPiB 3a0e3meuye 3po-
ctannst KBBII Bin 14% [2] no 34% nopiBHsAHO 13 iHauBigyansHO0 poboTtoto CEC, 110 € BayKIUBUM pe3yiib-
TaTOM JIJIsl €HeprocucTeMu B IimoMy. BripoBamkenus takux Tiopuaanx CEC B OEC Ykpainu 3a0e3neuntsb
OLTBIIT cTaJi PEKUMH POOOTH TPAAUIIIHHUX €IEKTPOCTAHIIIH 63 He0OXiTHOCTI TOJATBIIIOTO TUCIIETICPCHKO-
ro 0OMEKEHHS TEeHEPYIOUUX MOTY>KHOCTEH.

Exonomiuna oninka BnpoBakeHns riopuaaux CEC B eHeprocucremy. Y3araJibHEHI pe3yIbTa-
TH TEXHIYHOI OIIHKY B YaCTHHI BU3HAYCHUX HOMIHAJIBLHUX XapaKTEPUCTHK OOJIaTHAHHS 3a CHUIBHOI pOoOOTH
CEC Ta CAE (Bcranosnena notyxsicte ®EM/inBepTopiB Ta HOMiHANBHA MOTYXHICTH/€eMHICTE AB) BHKO-
pHUCTaHi 7151 EKOHOMIYHOI OIIIHKH BIPOBA/XKEHHS TAKUX T1OPUAHMX EIEKTPOCTaHLIH B eHeprocucremi. Bxin-
HO JIaHI HPOTrHO3HOIrO 30iiblIeHHS BCTaHOBJICHOI moTyx)HOCTI CEC Ha HOBrOTEpMIHOBY IMEPCIEKTHBY 0
2050 poky B34TO 13 pedepeHTHOr0 CIieHapito 3BIiTY 100 MOoJetoBaHHs HarlioHansHOrO BU3HAUYEHOTrO BHEC-
ky (HBB2) [11].

ExoHOMiYHa OIliHKA MPOBOAMIIACS 3a JBOMA ClieHapisMu: 1) pedepeHTHH, Y BIATIOBIIHOCTI IO KO-
ro nepeadadaerscs OyaiBauiTBo CEC 13 3BMyaitHoio crpykryporo (DC/AC ratio 1.25), sika BiANOBiZae BKe
peanizoBaHuUM MpoekTaM B Ykpaini 10 piBag 36 Bt y 2050 poui; 2) anpTepHaTUBHHUMN, Y BiANOBIZHOCTI A0
sskoro OyniBEAITBO CEC 13 3BHUalfHOIO CTPYKTYPOIO 3YIMUHAETLCS ¥ pa3i qocsiraeHHs 9 I'BT, a B momanbIo-
My nounHarouu i3 2035 poky, BBoasatees e riopuaai CEC (DC/AC ratio 2.0) 10 ckiaay SIKUX BXOISATh 7-
mu roanHHi CAE. YMoBOIO NOpiBHAHHS pepepeHTHOro Ta albTepHATUBHOTO CLEHAPiiB MK co0ot0 € 3a0e3-
MeYeHHS OAHAKOBMX OOCSTIB BUPOOHMLTBA €/€ MO KOKHOMY 3 HHX, TOMY BCTaHOBJIEHa MOTyxHicTh ®EM
JUISL KOKHOTO CIIEHApPito MPUMMAETHCS Ha OHOMY PiBH.

Sk BXimHI mapameTpu Ui MpoBeneHHsT eKoHoMiuHoi oniHku cmiigbHOl podotn CEC ta CAE Oyno
NPUAHITO HACTYNHI moka3Huku: TepMiH ekciutyaranii CEC ta CAE — 25 pokiB; 4acTka KpeAUTHUX KOIITIB —
70%; xpemutHa ctaBka (HBY) — 13,39%; gac moBepHeHHS KpenuTy — 6 pOKiB; CTaBKa AUCKOHTYBaHHS (PO3-
paxyaok WACC) — 10,69%. IIporaosni gani no CAPEX ta OPEX mnst CEC ta CAE B3sTO 13 HOCHTIIKEHHS
MPOBEIEHOTO ISl JeKiNbKoX €Bporneiicbkux kpail [12]. BapricHuii posnogin va DC ta AC obnanHanHs Amst
CEC nputimascs Ha piBHi 70/30%, nns CAE — 77/23%. Pe3ynbTaT €KOHOMIYHOI OIIIHKH BITPOBAKCHHS
riopunanx CEC y 2030-2050 pp., mpoBeneHOI IS 3alpONOHOBAHOTO pedepeHTHOTO Ta aJbTEPHATHUBHOTO
CIICHApIiiB, HABE/ICHO Y TAOJIHII.
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Ne | Haitmenysanms Ommmanst | 5050 1 2035 | 2040 | 2045 | 2050
BUMIpPY

1 Peghepenmnuii cyenapiii — 3euuatina CEC

1.1 | BcraHoBiieHa IOTY)KHICTh IHBEPTOPIB I'Bt (AC) 9,00 15,80 22,50 29,25 36,00
1.2 | Bnpoeaooicenns ineepmopie 3a nepioo I'Bt (AC) 3,00 6,80 6,70 6,75 6,75
1.3 | Bcranoriena noryxsictb DEM I'Bt (DC) 11,25 19,75 28,13 36,56 45,00
1.4 | Bnposaoocenns @EM 3a nepioo I'Bt (DC) 3,75 8,50 8,38 8,44 8,44
1.5 | CymapHi kamiTajgoBKIaJACHHI mipa. $ 1,37 2,65 2,27 2,03 1,84
1.6 | LCOE CEC $/MBtrox | 51,90 | 44,85 39,40 35,38 32,35

2 Anvmepuamuenuii cyenapiu — 2iopuona CEC

2.1 | BcraHoBiieHa IOTY)KHICTh IHBEPTOPIB I'Bt (AC) - 4,25 8,44 12,66 16,88
2.2 | Bnpoeaooicenns ineepmopie 3a nepioo I'Bt (AC) - 4,25 4,19 4,22 4,22
2.3 | Hominanpua emuicte CAE I'Brron - 30,60 60,75 91,13 121,50
2.4 | Bnpogaodoicenns emnocmi CAE 3a nepioo I'Brron - 30,60 30,15 30,38 30,38
2.5 | Hominanpna notyxHict CAE I'Bt - 3,83 7,59 11,39 15,19
2.6 | Bnposaooicenns nomyxcrnocmi CAE 3a nepioo | Bt - 3,83 3,77 3,80 3,80
2.7 | CymapHi xamitanoBkiaaneHus CEC mipa. $ - 2,40 2,05 1,84 1,66
2.8 | Cymapni kamitanokianenus CAE mipa. $ - 3,48 2,79 2,50 2,29
2.9 | LCOE CEC $/MBtToz - 40,65 35,68 32,02 29,25
2.10 | LCOS CAE $/MBtTozx - 73,00 60,11 53,66 49,18
2.11 | LCOES npwu crinbhiii po6oti CEC Ta CAE $/MBT'Tox - 79,55 67,79 60,69 55,52

3 Topienanns pegpepenmuoco ma arbmepHaAmMueHO20 CYeHapiis

3.1 | BcraHoBneHa MOTYKHICTh iHBEPTOPIB % - -16,14 -22.5 -25,96 | -28,13
3.2 | Jimnamika LCOES BinnocHo LCOE % - 77,36 72,05 71,54 71,63

I3 Tabnuni BuaHO, o BupoBamkeHHs riopuaaux CEC, no cknany skux Bxoaute CAE, 3a0e3neuye
3HIKCHHS BCTAHOBJICHOT IIOTY>KHOCTI IHBEPTOPIB JIJIS BCIX €JIIEKTPOCTAHIIIH TaHOTO THUITY B €eHEPTOCHCTEMI Ha
16-28% mnopiBusHO i3 3BuuaiinumMu CEC. BojHouac depe3 301IbIICHHS KaliTalOBKIAJICHb Yy pasi BIIPOBa-
mxenHst CAE cymapha co0iBapTiCTh BiAITyCKy e/e B eHeprocucteMy 3poctae Ha 71-77% mopiBHSHO i3 iHAH-
BigyanbHoI0 poboToro CEC.

BucnoBku. 3a qanuMu st 400U 13 HAHOUIBIIIOIO MOTYKHICTIO COHIYHOTO BUIIPOMIHIOBAHHS BH3HA-
YeHO HOMIHAJIBHY €MHICTh Ta MOTYXHICTh CAE HeoOximHy s moBHOI cTabiizamii cyMapHOi MOTY>KHOCTI
BiIMyCcKy e/e B eHeprocucremy. I3 ypaxyBanusaMm notped ['EH BuzHaueHo, mio st 3a0e3medeHHs] MOBHOI
crabim3zarii podotan CEC 3i BcTanoBieHoto notyxHicTio ®EM Ha piBHi 20 MBT y ii cTpykTypy mOTpiOHO
BripoBaauTH 7-mu ronuHHUNA CAE 13 HOMiHaNBHOIO eMHICTIO 70 MBT O Ta moTyxHicTio 10,0 MBT. V pasi
npuenHanasg CEC ta CAE mo cTopoHi MocTiHHOTO cTpyMy BCTaHOBJIEHA MOTYKHICTh CIIUIBHUX iHBEPTOPIB
3HWKYEThCS Maibke Ha 38% i3 16 MBT (DC/AC ratio 1.25) no 10 MBT (DC/AC ratio 2.0), a 11e mpu3BOAUTH
no 3poctanns KBBII Bix 14% no 22%.

Ha ocnosi nporunozanx CAPEX ta OPEX mo 2050 poxy mpoBeeHO €KOHOMIYHY OLIIHKY BIpPOBa-
mxenns Tiopuaaux CEC, no cknany skux Bxomuth CAE, mis eHeprocuctemu B mijoMy. BripoBapkeHHS
riopunanx CEC B eHeprocucteMi 3a0e3reuye 3HIKCHHS BCTAHOBJICHOT TIOTY>KHOCTI 1HBEPTOPIB TaKUX €JIeK-
TpocTaHIii mopiBHAHO i3 3BnuaitaumMu CEC, 1m0 € BaKIUBAM pPe3yIbTaTOM I 3a0€3IeUeHHST HaIIHHOTO
¢yukuionyBanass OEC VYkpaiHu Ta 3MeHIIEHHS HEOOXiOHOCTI AMCIETYEPCHKHX OOMEKEHb TeHEPYIOUHX
moTyHOCTeW. OmHak depe3 301UIbIICHHS KamiTaloBKiIaneHb y pasi ciibHol podotn CEC ta CAE 3pocrae
cyMapHa co0IBapTiCTh BiamycKy e/e nmopiBHAHO i3 3BuyaiinuMu CEC. Y mepCreKTHBHUX JTOCHIIKCHHSX ITi/
yac BU3HAYEHHs JOUTbHOCTI BrpoBamkeHHs riopuaanx CEC moTpiOHO BpaxoByBaTH, IO BOHH € CaMOJO-
ctatHiMU Tipu nokpuTTi 1o6oBoro 'EH, a ansa CEC i3 3BU4aliHOI0 CTPYKTYpOIO MOTPiOHO MiATpUMYBaTH
CTEMI.

VY upoMy pocinigkeHHi ocHOBHI napameTpu CAE Bu3Hauanuce i 10OH i3 MaKCUMAIIBHOIO TTOTYX-
HICTIO COHSYHOTO BUIIPOMIHIOBAHHS, TOMY IJIS 1HITUX 110 Oy/ie JOCTYITHA BUTbHA EMHICTD, SIKY MOYKHA BUKO-
PHUCTOBYBATH JJIs iHIIUX 1OTpeO. [lo npukiamy, 3MiHCHIOBATH KYIBIO €/€ Y Yyac NpodilMTy MOTYKHOCTI B
€HeprocucTeMi Mo HaliMeHIi 1iHi Ta npoaasaT ii y yac nmiky ['EH nmo naiiBumiiii, abo HagaBaTé TOMOMIXHI
MOCJIYTH Ha PHHKY €JIEKTPOEHEPTii 13 peryIIoBaHHs YaCTOTH Ta aKTHBHOI MOTY>KHOCTI, TOLIO. 3a BiAMOBiTHO-
ro HOpMaTHUBHOIO 3a0e3nedyeHHs QyHKIioHyBaHHS Tiopuaaux CEC Ha pHHKY elIeKTpOeHeprii 3a0e3neynTh
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OTPUMAaHHSI 10aTKOBOr0 MPHOYTKY, a 1ie B pe3yabTaTi 3HU3UTH cOOIBapTICTh 30epiraHHs Ta CyMapHOTO BiJl-
IYCKY €/€ B €HEeprOCUCTEMY, IO 1 € HEPCIICKTUBOIO MOAANBIINX J0OCIIHKEHb.
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TECHNICAL AND ECONOMIC EVALUATION OF ENERGY STORAGE SYSTEM USE ELECTRICITY
FOR STABILIZATION OF SOLAR POWER PLANT OPERATION
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A mathematical model is presented for the joint operation of a solar photovoltaic power plant and an energy storage
system to stabilize the total output of electric energy to the power system. Based on data on the power of solar radiation
for the territory close to the geographical center of Ukraine, the nominal capacity and power of the energy storage
system necessary to stabilize the operation of the solar power plant were determined. Taking into account the needs of
the electrical load schedule of the power system during the discharge of batteries made it possible to reduce the re-
quired capacity of the energy storage system. It was determined that with a fixed installed power of photovoltaic mod-
ules, the introduction of the energy storage system provides a reduction in the installed power of inverters and an in-
crease in the installed capacity utilization factor compared to the conventional structure of the solar power plants. To
compare this hybrid solar power plant with other types of power plants, the levelized cost of energy, storage and total
supply of electricity to the power system is determined. References 12, figures 5, table 1.
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