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TEOPETUYHA EJIEKTPOTEXHIKA TA EJIEKTPO®I3NKA
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INTERDEPENDENT TRANSIENT PROCESSES IN CIRCLES
OF BIPOLAR DISCHARGE PULSE CURRENT GENERATOR WITH R-L-C LOAD
AND LIMITED POSITIVE VOLTAGE FEEDBACK

S.S. Roziskulov’, D.V. Vinnichenko™", N.I. Suprunovska***
Institute of Electrodynamics National Academy of Sciences of Ukraine,
56, Beresteiskyi Ave., Kyiv, 03057, Ukraine.

E-mail: roziskulov@gmail.com; vdvvvs@gmail.com; iednatl@gmail.com.

The paper analyzes the interdependent transient processes in the discharge circuits of a bipolar discharge pulse gen-
erator (DPG) with R-L-C load and limited positive voltage feedback. The analytical dependence of the value of the ini-
tial voltage on the capacitor connected in series with the load on the value of the Q factor of the discharge circuit of the
DPG was obtained. The optimal electrical parameters of these circuits have been determined to ensure high dynamic
and energy indicators of impulse currents in an electric spark load. It is substantiated that the serial connection of a
capacitor with an electric spark load in the discharge circuit of a bipolar DPG with a capacitive storage of electrical
energy of high energy capacity allows to increase (maximum twice) the initial rate of current rise in the electric spark
load of a bipolar DPG and significantly improve the energy indicators of discharge impulse currents. The short-circuit
currents value of the DPG load is limited by the value of the characteristic resistance of the DPG discharge circuit, and
their flow time corresponds to the self-oscillation period of the DPG discharge circuit in this mode of operation. At the
same time, electrical energy is not dissipated in the discharge circuit of the DPG, but it is almost completely recovered
to the capacitors on output of direct voltage formers. References 15, figures 6.

Keywords: transient, bipolar discharge pulse generator, discharge, pulse current, voltage feedback.

Electric discharge units (EDUs) with storage capacitors have been widely used in the implementation
of many modern technologies [1-3], in particular, to produce electric spark powders with unique properties by
the method of volumetric electric spark dispersion (VESD) of a layer of metal granules in flowing dielectric
liquids [4-6].

In the development of installations for the VESD of metals in liquids, it is necessary to solve the
problem of intensifying the effect of pulsed electric discharge currents on the layer of metal granules to in-
crease the productivity of EDUs during the production of electric spark powders [7, 8], as well as to reduce
the duration of pulsed currents in the EDUs load, in order to reduces the average size of electric spark pow-
ders [9]. For this purpose, the rate of discharge currents rise is increased in a stochastic load [10, 11] and
power losses reduced by adjusting the initial and final voltages during charging [11] and discharging of the
capacitive energy storage(CES) of EDUs, as well as duration of discharge pulse currents in the load is forci-
bly limited [10, 12].

An increase in the rate of rise of pulse currents, as well as an increase in their peak values in the load
of such EDUs, can be achieved by increasing the voltage and capacitance of discharge capacitors. It is
known that the maximum value of the oscillating discharge current 7, at the quality factor of circuit Q > 2

is directly proportional to the initial voltage of capacitor during its discharge and the Jo value, s well as it

inversely proportional to JL [13]. Therefore, in most EDUs, the inductance L is reduced to the lowest pos-
sible value. It is possible to increase the current amplitude by increasing both the capacitor charging voltage
and its capacitance. However, increasing the charging voltage of storage capacitors above 1000 V has serious
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technical limitations and significantly increases the hazard of EDUs maintenance, and increasing the capaci-
tance leads to an undesirable increase in the discharge pulse duration #pp (sincefpp = mv LC ) and the size of

the obtained spark-eroded powders. Therefore, with an increase in the capacity of the capacitor C during its
discharge to the load, we suggest using a forced limitation of the duration of the pulse current #pp by means
of a fully controlled semiconductor switch (IGBT or MOSFET transistors) that breaks the discharge circuit at
the required time [10]. That is, a significant reduction in the duration of discharge currents with a simultane-
ous increase in their energy performance can be achieved by using large-capacity discharge capacitors and
fully controlled power semiconductor switches instead of semi-controlled ones (thyristors). It should be
noted, however, that fully controlled switches have a much lower overload capacity than semi-controlled
switches, and also require a more complex control scheme and protection against unacceptable operating
conditions (short circuit in the load circuit).

Usually, EDUs for metal VESD use unipolar pulse currents arising during the discharge of a storage
capacitor to the EDUs load. Generation of such pulse currents in the EDUs load, which is a layer of metal
granules between the electrodes, inevitably leads to well-known processes of electrochemical dissolution of
one of the electrodes (anode), which increases the length of the interelectrode gap, reducing the stability and
productivity of VESD of granules. Therefore, during the VESD of a layer of metal granules in a liquid me-
dium, it is advisable to use bipolar discharge pulse generators in order to equalize the rate of wearing out of
electrode in the technological chambers of electric discharge units, which is especially relevant when gran-
ules are dispersed in an electrolytic medium. A significant increase in the productivity of obtained spark-
eroded powders in such EDUs is no less important when using bipolar discharge pulse generators compared
to unipolar ones.

In the construction of such DPG, the bridge schemes (Fig. 1, a — H-bridge scheme) or semi-bridge
ones (Fig. 1, b — T-bridge scheme) of discharge circuits of EDUs are usually used [14].

Designations in these diagrams: DVF, DVF1, DVF2 are direct voltage formers, C, C1, C2 are stor-
age capacitors of EDU, K1, K2, K2.1, K2.2, K3.1, K3.2 are semiconductor switches, R, is load resistance.

K1 Comparing these circuits, we note that the H-bridge

w21y Ly circuit requires double number of power switches, and the 7-

=( #‘:“( bridge circuit requires twice the double number of DVFs and
K2z f131 capacitors to generate bipolar pulse currents in the load.

It is possible to significantly reduce the duration of

a b pulse currents in the discharge circuit of bipolar DPGs, as

Fig. 1 well as to increase their energy characteristics, due to chang-

ing the nature of its transients with the simultaneous use of positive voltage feedback. It is proposed to
achieve this by introducing a capacitor in series with the load into the discharge circuit.

The aim of the work is to analyze the interdependent transients in the discharge circuits of bipolar
DPGs with R-L-C load and positive voltage feedback, as well as to determine the optimal electrical parame-
ters of these circuits to ensure optimal dynamic and energy performance of pulse currents in an electric spark
load.

Fig. 2 shows the circuit diagram of a bipolar DPG with a 7-bridge discharge circuit, R-L-C load, and
positive voltage feedback.

In this diagram, C1 and C2 are discharge capacitors directly connected to the DVF1 and DVF2, L,

. and R, are the output inductance and active resistance
C . P 1 N of the DPG, Lg, C;, and R; are the inductance of the
-~ I [ connecting conductors, capacitance, and active resis-
{»‘(ZZS |y tance of the load circuit respectively, K1 and K2 are
. semiconductor electric switches (SESs), VD1 and

Fig. 2 VD2 are reverse diodes.

The use of R-L-C load allows the use of semi-controlled SESs (thyristors), eliminates the need for
electric switches between the DVFs and discharge capacitors, and significantly limits the short-circuit cur-
rents in the discharge circuit.

The principle of operation of the scheme shown in Fig. 2 is as follows. When the thyristor switch K1
is turned on, the load circuit is connected to the capacitance C1, and a current begins to flow in the discharge
circuit. Energy begins to accumulate on the inductive elements of the discharge circuit, and an electric
charge accumulates in the load capacitance and the voltage increases. The leading edge of the pulse current

4 ISSN 1607-7970. Texn. enekmpoounamuxa. 2025. Ne 3



is formed. After the current reaches its maximum value, it begins to decline, and the trailing edge of the
pulse current is formed. At the same time, the electric charge continues to accumulate on the capacitance in
the load circuit and the voltage increases, and the current in the circuit is maintained mainly due to the mag-
netic field energy accumulated in the inductive elements of the circuit during leading edge time of the pulse
current. Semi-controlled SES K/ is locked when the current decreases below value its holding current. At the
same time, after the end of the transient process, if the quality factor of the discharge circuit is lower than
0.5, the voltage value on C; will be equal in modulo to the value of the reference voltage E at the output of
the DVFI. If the quality factor of the discharge circuit is higher than 0.5, the voltage on C; will exceed the
value of the reference voltage E, and the transient process will continue. The current in the load will change
its direction flowing through VDI and bypassing K. Part of the energy accumulated in C; will be transferred
to the load, and part of it will be partially recuperated in C/. At the same time, the transient process will have
a damped oscillatory nature, the duration of which will be determined by the full period of current oscilla-
tions 7 in the DVG load.

When the thyristor K2 is unlocked, the load circuit is connected to the capacitance C2. The current in
the load will change its direction. A transient process begins in the discharge circuit, which is similar to the
above-considered process when K1 is unlocked, but already with non-zero initial conditions for the voltage
on the capacitor C;. The voltage applied to the discharge circuit at the moment of switching on the K2 in-
creases and, as a result, the pulse current in the load will increase. After the end of the transient process, the
voltage on C; will change its polarity. When the SES is subsequently switched off, both the direction of the
current in the load and its magnitude are changed. Thus, these transients are interconnected with a limited
(due to energy recuperation) positive voltage feedback.

In addition, instead of fully controlled semiconductor electronic switches (transistors), the scheme
uses semi-controlled power SES (thyristors), which have a much higher overload capacity and do not require
complex control and protection schemes. At the same time, a "soft" switching of the power SESs is provided,
i.e. they lock naturally when the current in the discharge circuit of the DPG decreases less then thyristor
holding current in the open state (the value of which is close to zero).

Since R, is a given value, and Ly, Ly and R, are design values, the only variable electrical parameter
of the discharge circuit is C;. To determine the optimal value of the capacitance of this capacitor, it is neces-
sary to analyze the interdependent transients occurring in the discharge circuit with the R-L-C load of the
bipolar pulse current generator. For this purpose, we have drawn up an operator calculation scheme (Fig. 3)
corresponding to the scheme in Fig. 2.

The designations in Fig. 3: L=Lg+Ly, and R=R,+R,

hip! are, respectively, the total inductance and active resistance of
> ; * the discharge circuit, C=C; is the capacitance of the capacitor
K1 ZS Vo1 in the load circuit, E1=E2=E are the EMF values of the
lp R DVF1 and DVF2.
b In the operator calculation scheme, the discharge ca-
/ pacitors C1 and C2 with the corresponding DVFs were re-
i) { K2\ V02 placegl by EMF sources E. Thls replacement is correct when
- capacitors C1 and C2 are directly connected with DVFs and
Fig. 3 - their capacitances are orders of magnitude larger than the

value of the capacitance C,. In this case, the voltage on C1
and C2 during transient processes in the discharge circuit can be considered unchanged, and the quality fac-
tor of the discharge circuit will be determined mainly by the value of the capacitance C,. The source of the
EMF U(0) reflects the presence of the initial voltage on the capacitor in the load circuit.
The equation in the operator form according to Kirchhoff's second law for the circuit I in Fig. 3,
when the K1 is unlocked, is as follows:

il(p)(R+Lp+LJ=£+U1C—(0). (1
Cr) p p

The analytical expression for the load current in the operator form at zero initial conditions for the
voltage on C capacitor — U;c (0) =0 is
EC

PR @
LCp” +RCp+1

n(p)=
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To find the roots of the characteristic equation, we equate the denominator of the right-hand side of
equality (2) to zero and solve the resulting quadratic equation:

2
LGP+ RCp+1=0:ppp =— R 4 |[RC=4L 3)
: 2L 41*C
The first derivative of the denominator of dependence (2) with respect to p is:
d( 2 R 1 R
— +—p+—|=2p+—. 4
. (p TP CJ P+ “4)

Applying the decomposition theorem, we find the expression for original function of current as a
function of time:
EC EC
il(t)z—xetpl-i-—xetpz. %)
2p1+R/L 2py +R/L
Having the expression for the time dependence of the current in the discharge circuit of the DPG, we
can determine the maximum current value and the time of its achievement. To determine the time of reach-
ing the maximum value of the pulse current ¢,,,, we find the extremum of the time dependence. To do this,
equate the first time derivative of equation (5) to zero and solve the resulting equation with respect to ¢:

iil(t)=—ECp1 xetplﬂ——Esz xeP2 =05 typ = ! ln(—pl(2Lp2+R)J. (6)
dt 2p;+R/L 2p,+R/L Pr— D1 p2(2Lp1+R)
To determine the maximum value of the load current, it is necessary to substitute the time it reaches
the maximum #,,, (6) into the time dependence (5).
When the SES K2 is unlocked, the transient process in the circuit II will be similar to the above-
considered process in the circuit I when K1 is unlocked, but taking into account the non-zero initial condi-
tions for the voltage on the capacitor C (U, (0)#0).

When the quality factor of the discharge circuit Q=+/L/C /R <0.5, the initial voltage on the ca-
pacitor is Uc (0)=E . If the quality factor of the discharge circuit Q > 0.5, the transient will be of a

damped oscillatory nature and will last for one full period of oscillation, after which U-(0)<E .

The value of the capacitor voltage can be determined by the value of the electric charge on C at the
end of the transient in the circuit I:

T T
. _4c _ 1. _ E 1 -BT
dc = Jiltr, Usc(0) = 4= 0o =~ =) ™

where B=R/2L is the attenuation coefficient; o= \/ 1/LC - R?/41* and

T=2n/0w=2n/ \/ 1/LC—R*/4L% are the cyclic frequency and period of the damped oscillations of load

current, respectively.

The equation of Kirchhoff's second law in the operator form for the circuit II is similar to (1), and the
load current dependence, given in the operator form, is described by the following equation:
ClE+Up(0))

LCp? +RCp+1
To find the time dependence of the load current, we define the original function for equation (8)
similarly to (3)—(5):

ib(p)= ®)

C\E+U,~(0 C\E+U,~(0 E+U,~(0
_ClE+Use( ))X JP (£+Usc(0)) ))X o2 - E+Uacl0) )sin((ot)e_ﬁt : 9)
2p1+R/L 2py+R/L ol
All subsequent current pulses in the DPG load will be described by the analytical dependence (9)
with non- zero initial conditions for the voltage on C.
To find the mode in which the current in the load does not change from pulse to pulse, we write the

energy balance equation for the discharge circuit:
Wi =W, (10)
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where W is the energy that the source gives to the discharge circuit; W is the energy consumed by active

elements of the discharge circuit.

For the case of oscillatory discharge (at Q > 0.5), the energy balance equation for the above schemes

is as follows:
T T
E[i(t)dt=R[ 7 (t)dt,
0 0
and for the case of aperiodic discharge (at Q < 0.5) the energy balance equation is:
E[i(t)dt = R[i* (1),
0 0

but, as noted above, with an aperiodic discharge |U c(0 )| =FE.

Let us substitute the formula for the current (9) into equation (11):
E T R
—(E+U_.(0))|sin(wt)e™dt =

272
® 0

The equation for finding the steady-state value of U(0) can be expressed from (13):
T

Jsin (ot)e™dt

oL

7 (E+U, (0))2 f(sin(mt)e"ﬁ’ )2 dt .

o gla wB(e™ 1)

sinfor)e*Yar | LR o (e 1)epe e

0

U (0)=E

(11

(12)

(13)

(14)

The typical parameters of the discharge circuit of units for VESD were used for the calculations:

L=1.5pH, R=10hm, E=500 V.

Fig. 4 shows the analytically obtained dependence of
Uc(0)/E, r.u. Uc(0)/E on the value of the quality factor of the discharge

12 e
circuit of the DPG.
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o, r.u. 2—at Q=0.25and C =24 uF,
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i(t)= iwsin(mt)e_ﬁt.
oL

In the steady-state operation mode, the dependence of
the current pulses in the DPG load on the time will take the

(15)

Fig. 5 shows the dependence of pulse currents in the
DPG load on time at different values of the discharge circuit

0 1 2 3 4 5 &7 52 910 1 —in the absence of a capacitor in the load circuit;

As can be seen from Fig. 5, the introduc-
tion of a capacitor into the discharge circuit in-
creases the initial rate of current rise in the cir-
cuit, reduces the time the reaching its maximum,
and also increases its maximum value in the
range of Q from 0 to 1. An increase in the value
of C leads to an increase in the maximum values
of the load current pulses with a simultaneous
increase in its duration. When the quality factor
of the discharge circuit is higher than the critical

0 o.lzv.y Q6 08—T0 12 14 16 18 20 one, the current in it changes its direction during

From a technological point of view, the



passage of a negative half-wave of pulse currents with small amplitude in the load is undesirable, and a sig-
nificant increase in their duration is also undesirable. Based on this, the optimal value of the discharge circuit
quality factor should ensure the maximum average pulse power P,, at energy transfer to the load. If the qual-
ity factor of the discharge circuit is O > 0.5, this power is determined by the following formula:

T
P, :lRJiz(t)dt. (16)
r 0

At O < 0.5, the transient process in the discharge circuit becomes aperiodic. Its duration tends to in-
finity, and the average pulse power in the load tends to zero. Therefore, in the case of aperiodic discharge, to
calculate the average pulse power, it is necessary to set either a certain duration of the transient process at
which the current in the discharge circuit can be considered conditionally zero, or the value of the discharge
current at which the transient process can be considered conditionally completed. Since during an aperiodic
transient the rate of decay of current pulses along the trailing edge will be determined by the quality factor of
the discharge circuit of the DPG, it is advisable to set the current value at which the transient can be consid-
ered conditionally completed, for example, at 0.1i(¢),,,,, in order to calculate the average pulse power of

such pulses.
Fig. 6 shows the approximate dependence of the average

P kKW pulse power in the DPG load on the quality factor of its discharge
20— 7] circuit at the above-considered electrical parameters of its ele-
200 ments.

As can be seen, the value of the average pulse power in
the DPG load is practically unchanged at the Q-factor of the dis-
100 charge circuit Q < 0.5 and sharply decreases with an increase in

the O > 0.5. Decrease in the quality factor of the discharge circuit
of the DPG below the critical value causes an undesirable increase
: in the duration of pulse currents in the load at almost unchanged

0 02 04 06 08 10 12 14 16 . . .
O, ru. value of the average pulse power, and an increase in the quality
Fig. 6 factor above the critical value leads to a sharp decrease in the av-
erage pulse power. That is why, the critical value O = 0.5 is opti-
mal value for these schemes. In this case, the optimal value of the capacitance of the capacitor in the load
circuit of the DPG is determined by the following analytical dependence:

€=y oy =025
O°R R

in which the roots of the characteristic equation are p; = p, =—f, and the time dependence of the current in

1350

50

(17)

the load in the steady-state mode of operation will be as follows [15]:
i(t):izTEte_Bt. (18)

At a critical value of the Q-factor of the discharge circuit of the DPG as follows from (18), further
growth of the pulse currents is possible only with an increase in the value of the reference voltage E, since
the inductance of the discharge circuit is a design value and cannot be significantly reduced, and the value of
the active resistance is determined by the parameters of the technological load.

In the short-circuit mode in the spark load of the DPG (at R—0), the time dependence of the current
in the discharge circuit is described by the following equation:

2F . 2F .
(1) =+— =+
i(t)==* ol sin () =+ ; sin (@), (19)
where wg =1/ JLC and p=+/L/C are the natural cyclic oscillation frequency and the characteristic im-
pedance of the discharge circuit of the discharge circuit. The duration of the short-circuit current in the dis-
charge circuit will be equal to the oscillation period, which can be determined by Thomson's formula, and its
amplitude will be limited by the characteristic resistance.

Conclusions. The series connection of a capacitor with an electric spark load in the discharge circuit
of a bipolar DPG with a capacitive electric energy storage device of high energy capacity allows:
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— to use semi-controlled power SES (thyristors), which have a much higher overload capacity and do
not require complex control and protection schemes instead of fully controlled semiconductor electronic
switches (transistors);

— to provide "soft" switching of the power SESs. The locking of the power SESs occurs naturally
when the current in the discharge circuit of the DPG decreases below the thyristor holding current in the
open state (the value of which is close to zero);

— to increase (by a maximum of two times) the initial rate of current rise in the electro-spark load of
bipolar DPG and significantly improve the energy performance of discharge pulse currents;

— to limit the magnitude and time of short-circuit currents in the discharge circuit of the DPG. The
magnitude of short-circuit currents is limited by the value of the characteristic resistance of the discharge
circuit of DPG, and their duration corresponds to the period of self-oscillations of the DPG discharge circuit
in this mode of operation. At the same time, the electrical energy is not dissipated in the discharge circuit of
the DPG, but is almost completely recovered to the capacitors of output of DVFs.

It is determined that the optimal value of the O-factor of the discharge circuit of the DPG in order to
ensure the maximum value of the average power at the minimum duration of pulse currents in the load under
this condition is critical value Q =0.5.

Pobomy euxonano 3a depacobrodscemnoro memoro "Po3pobra ocnog meopii i Memoodie 00CHiOHNCeHHA 6NAUBY HECUHYCOI-
OHUX Hanpye i CMpyMie ma GUHUKAIOYUX eNeKmPOMepMOOUHAMIYHUX Npoyecie Ha HAOIHICMb i pecypc cyudcHux Kabe-
JIbHUX NiHill elekmponepeoadi ma Ha eHepeoehekmusHicmy eneKmpomexHiuHuX YCMAaHO80K De30HAHCHo2o muny”
(wughp: "Enpec”) KIIKBK 6541030.

The work was carried out on the state budget theme "Development of the foundations of the theory and methods for
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reliability and service life of modern cable transmission lines and on the energy efficiency of electrical installations of
resonant type" (Code "Elres").
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Problem of improving of efficiency of overhead power lines magnetic field mitigation by combined active and passive
contours shielding and reducing system sensitivity to uncertainty and changes in system parameters considered. Design
of combined active and passive shielding reduced to solving the geometric inverse problem of magneto-quasi-static’s
based on vector game solution with vector payoff calculated based on Maxwell equations solution in a quasi-stationary
approximation using COMSOL Multiphysics software. Vector game solution calculated based on particles multi-swarm
optimization algorithms from Pareto optimal solutions set taking into account binary preference relations. During de-
sign of combined active and passive shielding number and spatial arrangement coordinates of active compensating
windings and passive contours, as well as currents and phases in active compensating windings calculated. The com-
puter simulation and experimental research of combined active and passive contours shielding for improving of over-
head power lines magnetic field mitigation efficiency presented. References 3, figures 2.

Keywords: overhead power lines, magnetic field, combined active and passive contours shielding, computer simulation,
experimental research.

Introduction. Protecting public health from the biological impact of the man-made electromagnetic
field of electric power facilities has a high social significance and is an extremely relevant and important task
in improving the quality and life expectancy of the population. Many residential buildings located in close
proximity to high-voltage power lines (PL), so that magnetic field (MF) level significantly exceeds modern
sanitary standards. Currently, research is being intensively carried out all over the world and various systems
for power frequency MF active shield (AS) being implemented [1]. Passive shields (PS) have a significantly
lower shielding factor (SF) than AS, therefore PS often used as a supplement to AS so that combined active
and passive shield (CAPS) various design used simultaneously [2]. In works [1, 2] PL currents considered
known and do not change over time, however, actual current values have daily, weekly and seasonal
changes, so designed system must be robust.

The aim of this work is development of method for design of combined active and passive contours
shielding means for improve of overhead power lines magnetic field mitigation and reducing system
sensitivity to uncertainty and changes in system parameters

Problem statement. MF source is PL wires currents. Magnetism direct problem is MF generated by
PL wires calculation. Mathematical modeling of electromagnetic field in general case comes down to solving
a boundary value problem for system of Maxwell partial differential equations [1]. An intermediate position
between a constant field and a rapidly changing field occupied by so-called quasi-stationary field — an
electromagnetic field in which study displacement currents neglected in comparison with conduction
currents. From this approximation it follows that quasi-stationary MF at any given moment in time is
completely determined by distribution of electric currents at the same moment in time and found from this
distribution in exactly the same way as is done in magnetostatics.
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Consider MF direct problem — calculating the initial MF generated by PL. Let's set the amplitudes
and phases of the power frequency currents in PL wires. Let us introduce a vector of parameters of the initial
uncertainties of CAPS design problem with components of initially known inaccurately and change during
system operation. Then initial MF vector calculated as the sum of MF vectors generated by all PL wires.

Now consider MF geometric inverse problem for CAPS. It is necessary to calculate the number,
spatial locations and geometric dimensions of compensation windings, as well as the amplitude and phase of
the currents in the compensation windings of CAPS, so that with the help of these windings a compensation
MF generated opposite to original MF, generated by PL wires.

Introduce required parameters vector for the CAPS design problem with components compensation
windings geometric dimensions values as well as amplitudes and phases of AS compensation windings
currents [1, 2]. Then resulting MF vector calculated as sum of MF vectors generated by all Pl wires, all AS
compensating windings wires and all PS contours.

Solution method. CAPS design problem comes down to solving a vector game in which necessary
to find the minimum of payoff game vector on required parameters vector but the maximum of the same
payoff game vector on uncertainty parameters vector. Payoff game vector is nonlinear vector functions of
required parameters vector and of uncertainty parameters vector and calculated by COMSOL Multiphysics
software.

To calculate vector game solution from Pareto-optimal solutions set multi-swarm stochastic multi-
agent optimization algorithm used based on particles swarm collective intelligence to globally optimal value
find [3].

Based on binary preferences relationships when minimizing the induction level of the resulting MF
at one point in shielding space and increasing MF level at another point in this space due to
undercompensation or overcompensation of original MF, one can choose solution that minimizes the
maximum MF level at all considered points of shielding space.

Simulation results. Consider CAPS design to increase the efficiency MF reduction generated by
single-circuit PL with wires triangular arrangement in one-story old house. In CAPS design process spatial
location coordinates of 16 conductors of multi-circuits PS calculated. Spatial location coordinates of AS two
compensation windings, as well as the currents and phases in these AS windings also calculated. Unlike
work [2] in this work spatial location coordinates of 16 contours of multi-circuit PS calculated as vector
game solution.

The layout of PL, AS compensating windings and PS multi-circuit passive screen shown in Fig. 1.

Fig. 1

In MF distribution characteristic areas of stress concentration at 16 conductors locations of multi-
loop PS. Minimum level of the resulting magnetic field in central part of the shielding space is 0.1 uT7.
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Shielding factor (SF) calculated value in central part of shielding space is more than 10 units. CAPS makes it
possible to reduce initial MF in a significantly larger area of the shielding space compared to using only AS.

Experimental results. Let us now consider the results of experimental studies of CAPS. In Fig. 2, a
shown CAPS control system. In Fig. 2, b shown PS multi-circuit PS. In Fig. 2, ¢ shown the experimentally
measured initial MF and resulting MF with CAPS. MF minimum value in small shielding space with CAPS
is 0.1 p7. Experimentally measured SF maximum value is also more than 10 units. Comparison of the results
of calculated and experimentally measured initial and resulting MF magnetic fields with CAPS differ by no
more than 20 %.

Distribution of the magnetic field induction |B|
of the HPVL+SAE+CPS

Fig. 2

Conclusion. For the first time the method for design of combined active and passive contours shield
for improving of efficiency of overhead power lines magnetic field mitigation and reducing system
sensitivity to uncertainty and changes in system parameters development.

Combined active and passive shielding design reduced to solving the geometric inverse problem of
magneto-quasi-static’s based on vector game solution with vector payoff calculated based on Maxwell equa-
tions solution in a quasi-stationary approximation using COMSOL Multiphysics software. Vector game solu-
tion calculated based on particles multi-swarm optimization algorithms from Pareto optimal solutions set tak-
ing into account binary preference relations.

Number and spatial arrangement coordinates of active compensating windings and passive contours,
as well as currents and phases in active compensating windings calculated during design of combined active
and passive shielding.
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Result of computer simulation and experimental research of combined active and passive contours
shielding for improving of efficiency of overhead power lines magnetic field mitigation and reducing system
sensitivity to uncertainty and changes in system parameters presented.

The main advantage of using combined active-passive screen is that it can be used to reduce the level
of the initial magnetic field over a much larger area of the shielding space compared to using only an active
screen.
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MOKPAIIEHHA EGEKTUBHOCTI OCJIABJIEHHS MATHITHOI'O IOJISI IOBITPSIHUX JITHIN
EJEKTPOIIEPEJAYI 3ACOBAMHU KOMBIHOBAHOI'O AKTUBHOI'O TA ITACUBHOI'O
KOHTYPHOI'O EKPAHYBAHHS
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Bcemyn. Posensanymo npobiemy niosuujenHs eekmueHocmi ociadieHHs MAeHIMHO20 NOJs 8 HCUMT08UX OYOUHKAX 8i0
NOBIMpAHUX TiHIU elekmponepeoayi KOMOIHO8AHUMU AKMUBHUMU MA NACUBHUMU KOHMYpHUMU ekpaHamu. Mema.
Pospodxa memody npoexmyganHs KOMOIHOBAHUX AKMUBHUX [ NACUBHUX KOHMYPHUX eKPAHi8 3a0is NiO8UUEHHS
epexmusHocmi  0CIAONEHH MAZHIMHO20 NOJSL NOSIMPSHUX JIHIU eleKmponepeoayi ma 3MeHUEHHsT YYMIUGOCMI
cucmemu 00 HegU3HAYeHOCMI I 3MiH napamempis cucmemu. Memooonozisn. Ilpoexmysansi KOMOIHOBAHUX AKMUBHUX [
NACUBHUX KOHMYPHUX eKPAHIB 3600UMbCs 00 PO36 SA3aHHS 2e0MempuUdHoi 06epHeHoT 3a0aui MAZHIMO-K8A3ICMAmMuKy Ha
OCHOGI pileHHsl 6eKIMOPHOI epU 3 BEKMOPHUM BUSpALLeM, SAKUL PO3PAXO8YEMbCA HA OCHOSI piuleHb pisHanb Maxceenna 6
K8asicmayioHapHoMy — HAOMudCeHHi 3a  0onomozoi  npozpamuozo  3abesneuennss COMSOL  Multiphysics.
Opucinansnicms. Piuienns 6exmopHoi epu po3paxo8yemvpcsi HA OCHOGI an2opummis Oazamopoiiosoi onmumizayii
yacmuHox i3 MHoocunu Ilapemo-onmumanvHux piuieHb 3 Ypaxy8aHuAM OiHapHux 6iOHouieHb nepesae. 11i0 uac
NPOEKMYBaHHs KOMOIHOBAHO20 AKMUBHO20 MA NACUBHO20 KOHIMYPHO20 eKPAH) PO3PAX08YIOMb KLIbKICMb i KOOPOUHAMU
NPOCMOPOB020 POIMAULYBAHHA AKMUBHUX KOMIEHCYIOUUX 0OMOMOK | NACUBHUX KOHMYPIB, d MaKoxc cmpymu il (paszu 6
aKMUeHUX  Komneucylouux obmomxax. Pesynomamu. Ilpedcmasneno  komn’tomepne  MOOeN08AHHA — mda
excnepumeHmanbHe 00CNiONHCeHHs 3ACMOCY8AHHA KOMOIHOBAHO20 AKMUBHO20 A NACUBHO20 KOHMYPHO20 eKpaHy 3d0is
niOGuen sl eeKmuUeHOCI OCIAONeH ST MAZHIMHO20 NOJs, 5Ke 2eHePYEMbCsl 0OHOKON08010 NOGIMPSHON JIHIEI0
eexmponepeoayi i3 mpuxymuum po3smauty8anHIM APosooie 6 00HON0B8ePX08OMY OYOuHKY cmapoi 3abyooeu. I1i0 wac
NPOEKMYanHs KOMOIHOBAHO20 AKMUBHO20 MA OA2AMOKOHMYPHO20 NACUBHO20 €KPAMIE PO3PAX08AHO KOOPOUHAMU
npocmopogozo posmautyéanhs 16 KOHmMypie nacugHo2o ekpany ma 080X KOMNEHCAYitiHUX 0OMOMOK, d MAKOI’C CIMPYMU
ma ¢aszu 6 yux obmomrax akmugHoeo expauny. bioin. 3, puc. 2.

Knrwouoei cnosa: oBiTpsHI JiHIT eNeKTporepeaadi, MarHiTHE 110JIe, aKTHBHE Ta [aCHBHE KOHTYPHE €KpaHyBaHHS, KOM-
M'IOTepHE MOJICITIOBAHHS, CKCIIEPIMEHTAIBHI TOCTIIKSHHS.
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STUDY OF A BIDIRECTIONAL CONVERTER USING AN ASYMMETRIC INVERTER
WITH A MAGNETICALLY COUPLED TWO-WINDING INDUCTOR
IN AN ENERGY STORAGE SYSTEM
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The electromagnetic processes in a bidirectional DC-DC converter using an asymmetric inverter in a battery energy
storage system to manage energy flow between sources with different voltage levels are examined. The key advantages
of bidirectional converters based on the asymmetric inverter topology are identified. The first advantage is the elimina-
tion of through-currents by avoiding the combinations of serially connected active power switches during switching
intervals. The second advantage is the improved dynamic performance of power switches by using the external discrete
diodes instead of internal diodes in the switches, significantly reducing the energy dissipated during the reverse recov-
ery process. The article proposes the improvement of the asymmetric inverter structure with a magnetically coupled
inductor for the bidirectional DC-DC converter through the addition of an extra inductor, which eliminates undesirable
circulating currents in the converter that lead to power losses. Analytical expressions are derived for calculating the
current increments during switching intervals in the magnetically coupled inductor. The relationship between its induc-
tance and the parameters of the power sources without circulating currents is determined. References 16, figures 7.
Keywords: energy storage systems, bidirectional DC-DC converter, fast energy conversion, hybrid electric vehicle.

Introduction. The bidirectional DC-DC converters are key components in power supply and energy
storage systems. The power supply systems under study, which are based on general construction principles,
fundamentally differ from traditional systems because they feature the bidirectional energy flows [1]. Addi-
tionally, there is a large class of consumers requiring a regulated and stabilized DC voltage with the ability to
reverse the current or voltage to ensure the efficient use of primary energy source. These consumers include
electric drives (asynchronous, synchronous and brushless) and the systems that use them, such as the electric
and hybrid vehicles [2].

The growing popularity of electric vehicles demands an increased attention to energy storage sys-
tems. The electric vehicles, in a traditional sense, rely on a battery as an energy source to ensure their opera-
tion. However, the autonomous battery integrated into an electric vehicle is not always sufficient to provide
the necessary dynamics. For instance, to supply the initial peak power during the transient processes like
starting, acceleration or sudden load changes, as well as to utilize the regenerative energy during braking, the
additional energy storage system, such as a supercapacitor battery, is needed alongside with the main battery.

The most hybrid electric vehicle configurations use two energy storage devices: one with high en-
ergy capacity (the main battery) and the other device with high power and reversibility (an auxiliary super-
capacitor battery). The main battery provides an extended driving range, while the auxiliary battery ensures
the rapid acceleration and energy conservation during regenerative breaking [3].

The various topologies of bidirectional converters are employed to ensure the dynamic energy ex-
change between power sources, energy storage devices and loads. The new inverter structures, such as the
dual buck inverter and the split-phase pulse width modulation (PWM) inverter have been proposed to en-
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hance the efficiency and reliability of inverters [4, 5]. These structures are widely used in various applica-
tions due to their lack of short-circuit issues and low losses during diode reverse recovery.

The study of bidirectional DC-DC converter topologies plays a crucial role in the rapid development
of the hybrid vehicle industry. Many works have focused on investigating the bidirectional converters with
effective power flow management [5-9]. Additionally, the various control strategies have been explored to
improve the quality of power flow. In this study, we address to the elimination of certain drawbacks associ-
ated with the using an asymmetric inverter as a high-power bidirectional DC-DC converter, particularly un-
der challenging conditions with short conversion periods, for use in hybrid automotive power systems.

The objective of the study is to investigate the electromagnetic processes in a bidirectional DC-DC
converter using an asymmetric inverter in energy storage systems, focusing on the changes in energy flow
direction during dynamic transient modes. Additionally, the goal is to determine the conditions under which
the circulating currents take place, as well as their magnitude, depending on the parameters of the converter
and magnetically coupled inductor.

Methods. A well-known structure of a bidirectional converter is based on basic DC converters [1, 2],
such as buck and boost converters (and their derivatives). These converters can be used independently to
enable the bidirectional energy flow; however, in this case, the electromagnetic components and power
switches are used inefficiently. Nevertheless, unidirectional DC-DC converters can be represented as bidirec-
tional converters based on the half-bridge inverter topology by utilizing the built-in internal diodes of the
controlled switches and the shared use of inductor. It is important to note the several drawbacks of this con-
figuration, i.e. excessive energy losses during diode reverse recovery or failure when both switches are acci-
dentally turned on, that can lead to device malfunction. The traditional solution to this problem is to intro-
duce a pause in the switching interval, which partially results in a loss of duty cycle duration and limits the
switching frequency. Additionally, the shared inductor, which is used for smoothing current ripple, degrades
the dynamics of transient processes when the direction of energy flow changes, that is a significant disadvan-
tage for hybrid energy systems. This reduces the amount of saved energy, for example, during the transition
to regenerative braking mode [2].

One of the ways to solve the above issues is to develop a bidirectional buck-boost DC converter us-
ing an asymmetric inverter with a magnetically coupled inductor (Fig. 1) [2, 4]. The device is a single-phase
inverter that contains four switches, with switches VT1 and VT2 being controllable. This converter topology
allows the operation in both buck and boost modes, in both directions of energy flow. When transferring the
energy from source U2 to Ul, switch VT1 is controlled, while VT2 is off. When transferring the energy in
the opposite direction, from source U1 to U2, the situation is reversed, with VT2 being the controlled switch.

The converter exhibits two key advantages: firstly, the
through-currents are eliminated because no active power p
switches are connected in series in each phase leg; second, the HES JIN
energy dissipation during the reverse recovery of power switch is — t L1 L2
significantly reduced, as the discrete diodes, which have much U2
better dynamic properties than the internal diodes of power Cf) * y

VT2
switches, can be used. R ut ZQL‘

[~

The solution using the asymmetric inverter with mag- T
netically coupled inductor effectively copes with the above prob-
lems as it eliminates the switching loss issues [4]. The half- ) )
bridge inverter topology based on the asymmetric inverter with a Control System
magnetically coupled inductor is advantageous due to its sim-
plicity and easy control. Currently, the various modifications of
this topology with different control strategies have been developed and studied [5-9].

Despite these advantages, the converter has some drawbacks when using a magnetically coupled in-
ductor, especially when the voltage levels on the low-voltage and high-voltage sides differ significantly. In
such cases, the circulating currents can occur in certain operating modes of the converter [2], resulting in
power losses. Some studies propose the using an inductor without magnetic coupling to prevent the circulat-
ing currents [10—12], but this solution loses one of the main benefits of using the asymmetric inverter that is
the fast transition dynamics between energy storage and energy release modes. Other works suggest using
the opposing switching of inductor windings and complex additional filtering systems [13, 14].

It was shown in [2] that there are no circulating currents in a bidirectional converter, when the supply
voltage on the low-voltage side is half of the voltage on the high-voltage side and the current in the inductor

Fig. 1

16 ISSN 1607-7970. Texn. erekmpoounamuxa. 2025. Ne 3



is continuous. However, in practical energy storage systems or bidirectional converters, the voltage on the
low-voltage source (battery) usually differs by more than twice than the voltage on the high-voltage side. In
this case, with magnetic coupling in the inductor, the circulating currents occur. The issue of circulating cur-
rents has not yet been fully solved in this article. This work proposes a solution to minimize the circulating
currents for power losses reducing and improving the overall efficiency of energy conversion.

It is known that there is no circulating current in an asymmetric inverter with non-magnetically cou-
pled inductors [9], but this leads to slow transient processes when the direction of energy flow changes. The
use of inverter structure with magnetically coupled inductors ensures a good responsiveness during changes
in the direction of energy flow. However, under certain ratios of the power source parameters on the low-
voltage and high-voltage sides [2], the circulating currents can occur [14]. Thus, the strong magnetic cou-
pling in the inductor leads to circulating currents, while non-availability of magnetic coupling prevents them.
In this study, we aim to optimize the parameters of the magnetic coupling in a dual-winding inductor to
maintain a good dynamic performance and minimize the circulating current.

The study of the asymmetric inverter with a magnetically
coupled inductor was conducted by calculating the operating modes
v voz /s of the converter using PSIM simulation software based on a devel-
oped model (Fig. 2) with magnetically coupled inductors, where
L=L,=30 pH, and the additional inductor (L,=6 pH) was added to
block the unwanted circulating currents. It is assumed that the
switching elements in the converter are switched instantaneously,
their on-state resistance is zero, and the active-resistance of inductor
windings is also zero. In Fig. 2, the power source U2 > 2U]1.

Fig. 3 presents the calculated currents i;(¢), ix(¢), i3(¢), for
the operation of bidirectional converter in discontinuous current
mode.

When the energy is transferred from source U2 to source

Fig. 2 Ul, the converter operates in buck mode with active transistor VT1.

During the accumulation phase, while transistor VT1 is on, voltage

U2 is applied to magnetically coupled inductors L;=L,. Since the windings are magnetically coupled, the

voltage at the connection point of inductor Ls is greater than U1, that causes the circulating current flowing

through the diode of transistor VT2 and inductor winding L,. This results in increased static losses due to the

current flowing through the antiparallel diode of transistor VT2. When the transistor is turned off, the circu-

lating current disappears (Fig. 3). Therefore, if the antiparallel diode in transistor VT2 is blocked, the circu-
lating current would not occur. However, this would result in additional static losses in the converter.

When the energy is transferred from source Ul to source U2, the converter operates in boost mode
with transistor VT2. When VT2 is turned on, the voltage from source Ul is applied to the half-winding of
inductor L,. Since the voltage across the magnetically coupled windings is less than U2, there is no circulat-
ing current. However, when VT2 is turned off (Fig. 3), the circulating current flows through diode VD1 and
the half-winding L, of inductor, because the mag-

‘ | VTl | | VT2 | ‘ netically coupled winding induces voltage
° U2/2>U1 across L;. The occurrence of circulating
i current i;(¢) (Fig. 3) means that not all the energy
accumulated in L, during the on state of transistor

o /\ll(t) /\ ) VD2 is transferred to source U2.
20 As shown by simulation (Fig. 4), during
1w the operation of the inverter in boost converter

0 N 50 —— mode with intermittent inductor currents, the four

1

1

B0 intervals of structural constancy can be identified
(Fig. 5): the first interval occurs when transistor
) / VT2 of the converter is on (time interval fy-t,)
20 07¢1
_1 \ while all other switches are closed. The subse-
\j quent intervals during the off times of transistor

VT2 are following: the second interval is #,-t,, then
5 mee the third interval is #,-#3, and the fourth range is #-
Fig, 3 T. The availability of these three intervals during
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the off periods of the transistor is influenced by the magnetic coupling of the inductor windings and the volt-

ages at power sources.

i1,i2,i3 (4)

08 |

P T S S oS SR,

02 |

0 | =
0.2
04
0_00201 05 0.0022011 0.00201 15 0.002012 0.0020125 0.002013  0.0020135
Time (s)
Fig. 4

This work examines the operation of converter in the mode of energy transfer from low-voltage
source to high-voltage one. The equivalent circuit configurations for the time intervals of interest 7; and 7,
(Fig. 4) are shown in Fig. 5, when transistor VT2 is on, and in Fig. 6 during the time interval 7, after the
transistor VT2 is turned off, when the current ix(¢) goes to zero. Let us determine the parameters of equiva-
lent circuits in which the circulating currents are not significant.

Fig. S

7N
L1 12

Fig. 6

The analysis of time diagrams in Fig. 4 indi-
cates that the waveform of the converter's state vari-
ables, i.e. currents 7, i, i3 exhibits the multi-step be-
havior with several sequential stages of increase and
decrease. Notably that current i; even has a reversal of
sign.

To analyze these processes, we will use the
converter model obtained through the averaging
method developed in [15, 16]. Accordingly, we will
present the system of differential equations for the
first two intervals, where the first equation corre-
sponds to the equivalent circuit shown in Fig. 5, and
the subsequent equations correspond to the equivalent

circuit in Fig. 6. For the second interval, we will take into account the fact that under steady-state operation,
the increment in the current of inductor L, is equal to the sum of the increments in the currents Al{+AL=AlL

of inductors L; and L:

18

Al

1 1

AI, Al
Al
T

o o

AI1+AI2 = AL,

Al
L—+L —*=U,
T T

Al

LMoL 2oy,
T

I (1)

o

Al

Al
U+L—>+L,—-M—"=U,,
T

T

o
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where T; is the given pulse duration; 7, is the duration of the second interval, M = K~/L1L2 is the mutual

inductance between inductor windings; K is the magnetic coupling coefficient.
By solving the system of equations for current increments and the duration of the second interval, we

obtain:
T.U(L,+M)+(L,-M)T UU,
Al =—-— , (2
LU, +((U2 -U,)L, —MUI)(LZ +L)+L,LU,
U
AL =T ——, 3
PO+ ®

(L + L, +2M)TU - (M + L) TU U,
P (L+ L) (LU, + (LU, -MU, - LU,))’
. (2L, -M)M +(L L, +LL +L,L))TU, 6)
©(L+L) (LU, +(U,-U,) L, -MU,)
Considering the case close to ideal magnetic coupling between the half-windings of inductor
M~=~L\=L,=L, we can find the parameter relationships, for which the current increment Al; will tend to zero
within the second interval, by simplifying expression (2) as follows:

4)

Al = TU,(2LU, +(L, - L)U,) §
' U, +(U,-20,) P +2LL (U, -U,) (©)
s 2 2 1 s 2 1

By setting expression (6) to zero, we can determine the value of additional inductance L, at which the

increment in circulating current tends to zero:

L =192

(7
2
Fig. 7 shows the simulation results for the bidirectional converter based on asymmetric inverter cir-
cuit with the following parameters: L,=L,=30 pH, PWM frequency of 30 kHz and power sources U;=14 V
and U,=38 V. According to expression (7), the value of additional inductance is L, =7,89 uH.

1,12, 13 (4)
06 :

02
0.4 3 i
0.001996 0.001998 0.002 0.002002 0.002004 0.002006 Time (s)

Fig. 7

The simulation results show that there are no circulating currents. Despite the use of additional in-
ductance (inductor), a high energy transfer speed is maintained when the direction of energy transfer changes
Thus, the study has determined the relationship between the key parameters of the asymmetric inverter with
additional inductance to prevent the circulating currents in ideal magnetically coupled two-winding inductor.

Conclusions. The analytical expressions have been derived for determining the parameters of the
additional inductor when using the asymmetric inverter structure based on the ratio of the low-side and high-
side power sources and the parameters of the two-winding power inductor with nearly ideal magnetic cou-
pling. These findings prevent the circulating currents in converter. The simulation confirms the validity of
the results obtained.
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Posznanymo enexmpomaenimui npoyecu y 080HaANpAagieHOMY Nepemeoplosayi NOCMIliIHO20 Cmpymy nio0 4ac euKopuc-
MAHHA ACUMEMPUUHO20 THBEPMOPA 8 AKYMYIAMOPHIll CUCHeMI eHep2OHAKONUYEeHHS 3a015 Kepy8aHHs NOMOKOM eHepaii
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mononoeii acumempuunozo ineepmopa. llepwia nepesaca nonsieae y 8i0Cymnocmi HACKPIZHUX CIPYMIB 3a805IKU YCYHEH-
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HIO KOMOIHAYIU NOCTIO08H020 3 €OHAHHA AKMUBHUX CUNOBUX KIIO4i6 Ha iHmepeanax komymayii. [pyea nepesaca nons-
2a€ 8 NOKPAWEHHI OUHAMIYHUX 81ACTNUBOCTell CUNOBUX KIIOUi6 3 PAXYHOK BUKOPUCMAHHA 306HIUHIX OUCKpemHUX Oio-
0ig 3amicmb GHYMPIWHIX 68 CUNOBUX KIIOUYAX, WO OA€ 3MO2Y 3HAYHO 3MEHWUMU eHepeilo, AKA PO3CIlOEMbCA 8 npoyeci
360pPOMHO20 BIOHOBIEHHA CUNI08020 KA0UA. Y pobomi 3anponoHO8aHO WLIAX 600CKOHALEHH CIMPYKIMYPU ACUMEMPUYHO-
20 [HEEPMOPA 3 MACHIMONOB A3aHUM Opoceiem 01 OBOHANPABIEHO20 NEPEmEopIosadd NOCMItIHO20 Cmpymy 3d 0ONno-
MO20I0 000amK08020 OPOCEs, KU YCY8AE HeOANCAH YUPKYIAYIUHI CMPYMU Y Nepemeoproéayl, wo npu3soosims 00
empam nomyxcnocmi. Ompumano aHarimuyHi eupasu OJisk PO3PAXYHKIE NPUPOCIIE CMPYMI6 HA IHMePEanax KoOMymayii
V MA2HIMONO08'SI3aHOMY OpOCeli Ma GUHAYEHO 63AEMO368'I30K MIJIC 11020 IHOYKMUBHICMIO Ma NApamMempamu oxcepei
C/IeKMPOIACUBTICHHS, 3a AKUX YUPKYAAYIUHT cmpymu siocymHi. biomn. 16, puc. 7.
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BPAXYBAHHS B CJIABKO3B’I3AHII KOJIO-IIOJIBOBI MOJIEJAI ACMHXPOHHOI'O
JABUI'YHA BUTICHEHHS HABEJIEHOT'O CTPYMY B KOJII POTOPA

L.B. FOJIOBaHb*, KaHa. TexH. HayK, O.M. HOHOBH‘I**, JTOKT. TEXH. HAyK
Incturyt eaexrpoannamiku HAH Ykpainu,

np. Bepecreiicbkii, 56, Kuis, 03057, Ykpaina,

e-mail: golovan 77@ukr.net; popovichl1955@ukr.net.

Pospobneno  imepayitino-napamempuunuil  Memoo Po36'si3Ky pIiGHAHb  CIAOK038'13aHOI  KONO-NOAb080I  MoOdeni
acunxponno2o dsucyna (A/l), saxuil epaxosye egpexm gumichenuss cmpymy 8 pomopi. Memoo nonseac 6 imepayitinomy
PO38'A3aHHI PIBHAHL KOI0B0I MA NOALOBOT MAMEMAMUYHOL MOOeL] UWLIAXOM YIMOYHEHHs napamempis 3acmynHoi cxemu
A/l 3a pesynbmamamu nonvb0o8020 AHANIZY MA 8 IMEPAYIUHOMY KOPUZYBAHHI PO3PAXYHKOB020 €NeKMPOMAZHINHO20
MOMeHmy 3a0Jisi 6PAXY8aHHs epexmy GUMICHEHHS CMpPYMY, OMPUMAHO20 HA OCHOBL eKGIGAIEHMHUX Cmpymie ¥
CMPYMONPOGIOHUX 4ACMUHAX pomopd. 3anponoHo8anuul nioxio dae 3moey nioguwumu OOCMOSIpHICMb pe3yIbmamis
MoOenosanis erekmpomazHimuux npoyecie y A/l 6 nycrkosux pexcumax. IIpoeedeno sepugixayito memoody uiisixom
MOOen08anHs NYCKOgUx peacumie pobomu A/l 3 kopomkozamxuenum pomopom ma A/l 3 macuenumu gepomacHimmuumu
eleMeHmMamu MazHimonpogooy, wo 00380UN0 OYIHUMU BNIUE BPAXYEANHS eQeKmy GUMICHEHHS CIMPYMY 3a 6eTUUUHOIO
VIOYHIOIOY020 MOMEHMY, SKUM [ KOpPe2yemvbCsi pPO3PAXYHKOGUL eNeKMPOMASHIMHUL MOMEHM KOL080I MOoOei.
Jlocnioocenus 0bepynmysano HeobXioHicmv adanmayii cimKu KiHYesux eneMeHmis 3a0/is 3a0e3nedeHHst MOYHOCHI
PO3DAXYHKIB, KON egheKm UMICHEHHs CMPYMY 3HAYHO énaueac Ha pezyivsmamu. bion. 26, Tadim. 1, puc. 4.

Knrwouoei cnosa: aciHXpOHHHHN JIBUTYH, €()EKT BUTICHEHHS CTPYyMY, METO/], CJIA0KO3B’s13aHa KOJIO-II0JIbOBA MOJEb.

3a/uisi ePEKTUBHOCTI CHCTEM EIEKTPOMEXaHIYHOTO IEPETBOPEHHST €HEPTii MOTPIOHO 3aCTOCOBYBATH
TEXHIYHI PillICHHS, AKi aJJalTOBAaHO JI0 YMOB eKcIutyaTaitii. I{e mocsaraeThcst 3acTOCYBaHHSAM CHEIiaTi30BaHUX
KOHCTPYKIIill 1 ONTUMI3aIli€r0 IXHIX KOHCTPYKTHBHUX MapaMmeTpiB. Benwka KinbKiCTh MeXaHI3MiB MOTpedye
ACHHXPOHHOTO EJICKTPOIPHUBOY 13 amanTalli€o A0 iHTCHCUBHHUX TUHAMIYHUX PEKHUMIB: ITyCKiB, peBEpCiB 3
BEJIMKAMH YacTOTOI0 ab0 MOMEHTaMH iHepLii 4u omopy. Y TakMX BUMaIKaX 3aCTOCOBYIOTh aCHHXPOHHI
meuryHU (AJl) 3 4YacTOTO3aNeKHUMH TapaMeTpaMH pOTopa, 30Kpema cepiiiHy moaudikamiro AJ[ — 3
MIIBUIIIEHUM ITyCKOBUM MOMEHTOM 3aBIKH €(EKTYy BUTICHCHHS CTPYMY 3 TJIMOOKHX Ta3iB POTOpPA, a TaKOXK
AJl 3 MmacuBHEMH (pepoMarHiTHUMH eneMeHTamu MarHitonpooay (M®EM) potopa. [Ipuknanamu Takux
AJl 3a BHKOpHCTaHHS CHELiali30BaHMX KOHCTPYKTHBHHUX CXEM € MOTY>KHI IIBHAKICHI MAaIlMHH TIPHBOAY
KoMIIpecopa, TypOoHacocy, HarHiTa4iB i T.1m. [1].

EdextuBHe onTuMmanbHe MNpoeKkTyBaHHA AJl BHMarae HasBHOCTI aJeKBATHOTO MaTEeMaTHYHOTO
3a0e3MeUYeHHs, IKEe BPaxOBYE OCOOIUBOCTI poOOUYMX pekuMiB 1 mporieciB. [Js rmubokomazosux AJl ta AJl 3
M®EM poropa 11e nepeadadae oJHOYACHE BpaxXyBaHHS HACHYCHHS Ta e()eKTy BUTICHEHHS CTPYMY B POTODI.
HaiibinpImy TOYHICTE PO3paxyHKIB MOKHA ITOCSTTH, 3aCTOCOBYIOUH ITOJIbOBI METOMW aHAJi3y, KOJHU BilOMi
napaMeTpu poOOYHX PEKUMIB: CTpyMH, KoB3aHHs [2]. [IpoTe, 3a3Bruaii 11i mapaMeTpu HEBIIOMI 3a3/aJIeTiib,
TOMY JUI IXHROTO BH3HAYEHHS BUKOPHCTOBYIOTH PO3PaXyHKH TUHAMIYHUX PEXHMIB 32 JOIIOMOTOI KOJIO-
MOJIbOBHUX Mojenelt [3, 4]. OmHak Takuii aHaI3 € HAATO TPUBAINM IS 3a/1a49 MTPOCKTYBAHHS, SKi BUMAaramTh
BEJIMKOT KIJIbKOCTI pO3paxyHKiB.

Konosi MeTou ananizy npomeciB y AJ] [5], ki ciuparoThCs Ha PIBHSHHS SIICKTPUYHOT 1 MEXaHIYHOT
piBHOBAru, a Takok Ha METOJVKH PO3PaXyHKY MapaMeTpiB 3acTyMHOI cXeMH (eIeKTPOMAarHiTHI mapameTpu
AJl) € cyTTeBO OUNbII IIBUAKICHUMH. AJie IXHS TOYHICTH OOMEKEHAa TOUYHICTIO METOJUK PO3PaxyHKY
CJIEKTPOMArHITHUX MapaMeTpiB. ICHyI0Wi METOOMKH pPO3paxyHKy HOMiHaJbHHX HapameTpiB [6—8] €
JIOCTATHHO e(EeKTHBHUMH JJIsi CTaHJAPTHUX YMOB 3aBASKH 3aCTOCYBAHHIO HAIPAIbOBAHUX EMITIpHUYHHIX
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YTOYHIOIOUHMX 3aJI)KHOCTEH. 3aCTOCYBaHHS TaKHX ITJXOMIB 32 KOHCTPYKTHBHUX YH PEKUMHUX 3MiH
norpedye moAaTKOBHX o0cCsriB (izmynmux excrepuMeHTiB. 11[o6 oTpumaru OimbII TOYHI PO3PaxyHKOBI
METOAUKU aHaji3y PEeKUMIB, HANpUKIal, rimdokonazoBux AJl, yckimagHioTh 3acTynHy cxemy A/Jl, mo
CYTIPOBOKYETHCS YCKIIATHEHHSIM METOIMK BU3HAYCHHS BEIMYMHH €JICKTPOMarHiTHUX napameTpis [9—12].

O0’emHaHHs TIEpeBar MOJLOBHUX METOJIB 32 TOYHICTIO 1 KOJOBHX METOIIB 3a IMIBHAKOIIEI0 MOXKHA
JIOCSTTH 3aCTOCYBaHHSM Tapamerpusamii monboBux wMoxened [13]. Ilpm 1mpomy, 3amis BU3HAYEHHS
napameTpiB 3acTYNMHOI CXEMH 3a pe3yjibTaTaMd IOJBOBOIO aHaji3y BU3HAYAIOTBCS BTPATH 1 CTPyMH Yy
KOPOTKO3aMKHEHIM O0OMOTIII poTopa, MOTOKO34UeruieHHsT ctaropa [14]. IHdopmaris mpo eneKTpoMarHiTHi
napametpu 3abesredye BU3HAYCHHS BEIMYMHH I1apaMETpPiB POOOYHMX PEKUMIB KOJIOBHMH METOAAMH 3
BUCOKOIO IIBUAKOAI€I0. Bucoka TouHicTh MeToAy (moxubOka B Mexax 1% y HOMIHaJbHHUX pEKMUMAax) AEIIO
3HIKYETHCS 13 301IBILICHHSAM YacTOTH CTPYMY pOTOpa Y IMyCKOBUX pekuMax (moxuOka 30ibmyeThes 10 5%
3a cnabux IMposiBaX BUTICHEHHS cTpyMy). Lle Mae Miciie BHACHIIOK TpOOJIeM 3BEIEHHS PO3IOMIICHOTO I10
NEepEeTHHY CTPUKHS CTPYMY POTOpa A0 EKBIBaJICHTHOTO CTPyMy Ha ioro moBepxHi. [loBepxHeBuii edexT
3MiHIOE (Da3y CTpyMy i3 TIMOMHOIO Ma3y i YCKIAIHIOE BU3HAYEHHsI HOTO 1HTETPanbHOI 3BEJICHOI BEIIMYUHH.
30UTBIIIEHHST CTYTICHS BUTICHEHHsS cTyMy y rmbokonmazHux AJl ta AJl 3 M®EM potopa obmexye
MOXKJIMBOCTI X JOCIIIPKCHHS 3a JJaHOK METOIUKOIO [15].

Juia uineit onTUMIi3allifHOro mapaMeTpudHoro cuHtresy AJl iHHOBaIiiHMX KOHCTPYKIiH y [16]
MPEACTaBICHO MiIXiM 10 iX MareMaTHYHOTO MOJICNIOBAHHSA, WIO IPYHTYEThCS Ha BHUKOPHCTaHHI
cnabko3B’s3aHoi [17] xomo-nonpoBoi (C3 KIT) maremarnynoi moneni (MM) AJl. Ha Bigminy Big MM [13],
peanizaiiisi SKOi BUMAara€ HAsBHOCTI 3a3faJierilb MIiJATOTOBJICHUX TAOMUYHUX 3aJI)KHOCTEH NapaMeTpiB
3aCTyMHOI cXeMd B (PyHKIIIi peKUMHUX MapaMeTpiB, OCOOIHMBICTIO TaHOI MOJENI € BU3HAUYEHHS PEeKUMHIX
nmapaMeTpiB (KOMIDIEKCHI 3HAa4eHHS CTPyMiB, KOB3aHHsS) Ta IapaMeTPiB 3acTyMHOI CXEMH IUIIXOM
MOCITIJOBHOTO PO3B’SI3KY PIBHSAHBb KOJIOBOI 1 MOJiboBOi Maremarnunoi mojeni (KIIMM) Bignosigno. Ha
BiqMmiHy Binm KIIMM, sika BUKOPHCTOBYETHCS ISl AOCHIJKCHHS TUHAMIYHUX PEXKHUMIB poOOTH, Je MOTOYHI
3HaYCHHS HeBimoMux (QyHKI#H (MUTTEBI 3HadeHHs cTpyMmiB Ta EPC) BH3HAUAIOTHCS HAa KOXXHOMY KpOIIi 3a
yacoM (cuiIbHO3B si3aHa MM), y MM [15] HeBimomi QyHKIIT (pEKUMHI TapaMeTpH Ta MapaMeTpH 3acTyITHOT
CXEMH) BU3HAUYAIOThCS 3a pe3yJbTaTaMH MOYEPrOBOIO PO3B’S3KYy CHCTEMHU DIiBHAHB KOJIOBOI Ta MOJBOBOI
Mozen Ta ii mapameTpusallii 3 CyTTEBO OUBIIOK AUCKPETHICTIO, MO0 0araropazoBO ITiIBUIIYE MIBHIKOMIIO
ITOPUTMIB JTOCTIKSHHS 1 TPOSKTYBaHHS.

Hns A/l 3 yacToTo3alie)KHUMH TapamMeTpaMd XapakTepHHUM € e(eKT BHUTICHEHHS CTpyMy B
CTPYMOIIPOBO/IaX poTopa. ToMy mTpeAcTaBIeHHS TaKOi MAIIMHUA KIacH4HOO MM 3 NBOKOHTYPHOIO
3aCTYITHOIO CXeMoro, K y [13], He BiamoBimaTuMe HasBHUM (i3WUHUM TIpoIriecaMm B Hil i, SIK HACTIJIOK ,
3HW)KYBaTUMETHCSI TOUHICTh OTPUMAHKX PE3yJIbTATIB PO3PAXYHKY PEXKUMY POOOTH.

MeTto1o 1aHoi po6oTH € po3poOka Ta Bepudikalis METOLy BpaxyBaHHS 3a CIa0KO3B’A3aHOIO0 KOJIO-
MTOJIEOBOIO MOJEIUTIO €(eKTY BUTICHEHHS CTPYMY B pOTOpHOMY Koii AJ] 3 KOPOTKO3aMKHEHHM POTOPOM Ta
Al 3 MOEM.

OtpumanHs cnaOKo3B’s13aHOT KOJIO-TIOJILOBOT MOZAETI 13 BpaxyBaHHSM BHUTICHEHHS CTPYyMYy B
CTPYMOIIPOBO/IaX POTOpa MoTpeOye 3BEACHHS PO3MOIIICHUX CTPYMIB POTOpa A0 €KBiBAJIEHTHOTO CTPYMY Ha
#oro moOBepxHI 3aIsi OUTBII TOYHOIO BH3HAYCHHS BEIMYWHU CJICKTPOMArHiTHHUX TapaMmeTpiB 3a
pe3yibTaTaMH IMOJILOBOTO aHaiidy. Take 3BeleHHs, Ha BiAMIHY BiJ iHTerpyBaHHs CTpyMiB y maszy [13],
noTpeOye 3aydeHHs 101aTKOBo iH(opMaIlii 3a pe3yIbTaTaMu IOJIBOBOTO aHATI3Y.

VY BHIAnKy BiICyTHOCTI €(DEeKTy BHTICHEHHS CTPYMY IHTETpajbHa BEIMYWHA CTPYMy B Ia3y poTopa
(sixa BU3HAYa€ BTPATH) BiJIOBiJa€ €KBIBaJEHTHOMY CTPyMy Ha MOBEpXHi Ma3y, MO BIUIUBAE HA BEIUYHUHY
€JIEKTPOMArHiTHOTO MOMEHTy. Y IbOMY pa3i NpOLEcH eJEKTPOMEXaHIYHOIO MEepeTBOPEHHs eHeprii B
ACMHXPOHHOMY JIBUTYHIi JTOCTaTHBO TOYHO OMHUCYIOTHCS 33 JIOTIOMOTO 3aCTYITHOI CXEMH 3 OJHIEI0 BITKOIO
KOHTYpy poropa. lle miATBEepIKYETbCS BHUCOKOI TOYHICTIO PE3YJbTaTiB JOCIHiIKEHb, BUKOHAHUX 3a
NapaMeTpHU30BaHOI0 MOJIBOBOIO MoAetio [18].

[Ipore y pa3i HasIBHOCTI €EeKTy BUTICHEHHS CTPyMY 3MIHIOETHCS HOTO PO3MOMIN y TTUOWHY a3y
poTopa, 10 BIUIMBAE Ha PE3yJIbTAT B3aEMOIIi CTPYMIB poTOpa i MarHiTHOTO moisa. ToMy i 9ac BU3HAYCHHS
€JIEKTPOMArHiTHOTO MOMEHTY 3a JOMOMOTOI0 3aCTYITHOI CXEMH 3 OJIIHIEI0 BITKOIO KOHTYpY portopa i
napaMeTpaMu, SKi BU3HA4eHO 3a pe3yJbTaTaMu MOJhOBOTO aHamizy [13] i3 iHTerpyBaHHAM CTPYMIB y Iazy
poTopa, BUHHUKA€E TOXUOKA, SKa 3yMOBJICHA HEBpaxXyBaHHSIM BIUIMBY PO3IIOAUTY CTPYMIB Ha TIMOWHI Ma3sy.
[Ipu pOMy po3paxoBaHUil MOMEHT BHSIBIISIETBCS 3aBUILIEHUM MOPIBHIHO 13 3HAUEHHAMH 32 KaTanoroM. Kpim
TOTO CIiJ 3a3HAYMUTH, MIO MOPYLIYETHCS BIAMOBIIHICTH MK BTpaTaMH y POTOPiI Ta €JIEKTPOMArHiTHOIO
noty>Hictio [19].
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3a KOJOBMX METOJIB aHajii3y I mpoOjemMa BUPINIYETHCS NUIIXOM PO3MOALTY Ta3dy Ha MIapw,
BBCICHHSM MapalelbHUX BITOK Y KOHTYPI POTOpa 3 ypaxyBaHHSM B3a€MHOI 1HIYKTHBHOCTI MK HHUMH, a
TaKOK BUKOPUCTAHHSIM YCKIIQJHEHHUX 3aCTYIHUX CXEM acHHXpOHHOro aBuryna [9—12, 20]. TouHicTh Takux
MOJeNe 3aJIe)KUTh BiJl TOYHOCTI BH3HAYEHHS EJIEKTPOMATHITHUX MapaMeTpiB YCKIAQAHEHHX CXEM, IO €
HETPUBIATHHOIO 3a7a4ei0 Yepe3 MPHUIYIICHHS, 3p00JieHI y BUXIIHUX yMOBaX METOMIB BHU3HAUCHHS ITUX
napametpis. Lle, y cBotO 4epry, 3HUKY€ aleKBaTHICTh TAKUX KOJIOBHX MOJIEICH.

B Toif e wac mist mapaMeTpu3anii monboBUX Mozened AJl € MOKIMBICTh OTpUMaHHS iHpOpMarii
PO 1HTETpabHy CHJIOBY JII0 CTPYMIB pOTOpa, a camMe eICKTPOMArHiTHOTO MOMEHTY, SKUH BHU3HAYAETHCS
yepe3 eNIEKTPOMArHITHY CHIIy 3a pe3yJibTaTaMH IMoJIboBOTO aHamizy [4, 21]. Brpatu y poTopi 3a Mozaemto
JBOKOHTYPHOI 3aCTyNMHO{ CXeMH, SIKi BiIOBiAa0Th LbOMY MOMeHTY [19], OyayTe MEHIIMMH, HK BTpatw,
BH3HAYEHI 32 MOJIHOBUM aHAIli30M 0e3MocepeHhO IHTETPYBAHHSM 3a IUIOMICO Ma3iB. Pi3HuUIM mux BTpar €
IIHHOIO 1H(GOpMAIE€0 TSI TTapaMeTpu3ariii MmoiapoBUX Monenedl AJ] 3 JacTOTO3aIeKHUMH IMapaMeTpamMu
poTopa. AHaNOriYHO IO BU3HAUCHHS BTPAT, MOXKHA PO3INIAJATH BIANOBIAHY 3MiHY €JIEKTPOMArHiTHOTO
MOMEHTY, 00yMOBJICHY LIUM K€ €(EKTOM.

3a c1abK03B’s3aHOI0 KOJIO-TIOJEOBOI0 MAaTEMATHYHOIO MOJCIUIIO IS 3MiHa eJIeKTPOMAarHiTHOTO
MOMEHTY BIJIINOBIZa€ PI3HUII MK MOMEHTOM, BHU3HAYCHHMM KOJOBHUM aHali3oM (i3 €JIEKTPOMArHiTHUMHU
napameTpamu 3a [13]) yepe3 ekBiBaJIeHTHI CTPYMH y MPOBIJHHUKY, BUHECEHOMY B TOBITPSHUHA MPOMiXKOK, Ta
MOMEHTOM, OOYHCIIEHUM 4Yepe3 eJeKTPOMArHiTHy CHJIy IOJIbOBUM aHanizoM. HasgBHicTh iH(opmarlii mpo
3MiHY pO3paxyHKOBHUX BTpPAaT i MOMEHTY, 3yYMOBJICHHX BpaxyBaHHSM e(QEKTy BHTICHEHHS CTpyMy, Ia€
MOXIIUBICTh BUKOPHUCTOBYBAaTH 3acTynHy cxemy A/l i3 onHiero BiTKoo KOHTYpY potopa B C3 KII moxeni AL
3 YaCTOTO3aJIC)KHUMH [TapaMeTpaMu poTopa.

B [16] mpencraBmena C3 KII monmens AJ] 0e3 BpaxyBaHHS €(eKTy BUTICHEHHS CTPYMIB B KO
poropa. Cucrema exBiBaieHTHUX piBHsSHb C3 KII mozeni AJl BIZHOCHO CHCTEMH €JICKTPOMArHiTHUX

TAPAMETPIB X, X, 75, X5 , FACOBOTO KOMIUIEKCY CTPYMY CTaTopa I . Ta KOB3aHHS § Ma€ BUIJIISA
par = fl(ps‘,s)
‘is‘:fz(par,s)’ (1)
s=f i s ‘)

(o
1€ PAF = X [ny Xy 3, X5 3 X1, — IHAYKTHBHHI OMIP PO3CIFOBaHHS MMa30BUX YaCTHH OOMOTKH CTAaTOpA.

3ay1st PO3B’A3KY CUCTEM PIBHSIHBb Takoi MM 3aCTOCOBYETHCS METO/| MOCIIIOBHUX HAOIMKeHb [22].
Bin nae 3Mory BH3HAUMTH i3 3aJaHOI0 MOXMOKOI0 3MiHHI (1) cucTeM piBHSAHB MOJIBOBOI Ta KosoBoi MM A/l
3a YMOBH 3a0e3MedeHHs 301)KHOCTI iTepaniifHOro MpoIecy.

ITepamiiiamii mpormec DOCSITHEHHS 301KHOCTI pO3B'S3KYy piBHAHB KooBoi MM AJl Ta piBHSIHB
nojapoBoi MM A/l MOXHa BBa)KaTH 3aKiHYCHUM, SIK TUILKU OyayTh BUKOHAHI HEPIBHOCTI

par, — parn_l‘/parn_l <€ pars HIS‘n _‘IS‘n—l‘/‘IS‘n—l <&, /Sn—l <&, 2)
1€ E€par, €i » € — BIAHOCHA BEJIMYMHA PI3HMII MK 3HAYEHHAMH Ha IOTOYHOMY Ta IONEPETHbOMY KpPOKax
iTepantii HaOJMMKEHHS 70 NIYKaHUX 3HAU€Hb: CJICKTPOMATHITHUX MMapaMeTpiB, 4aCOBOT'O KOMIUIEKCY CTPYyMY
cTaTopa Ta KOB3aHHS DPIBHSAHB KOJIOBOI Ta moihoBoi MM AJ] (moxmOka po3B's3Ky pIiBHSHB); 7 — HOMEpP
HaOIMKEHHS 10 IIyKaHWX 3HaYeHb eJIEKTPOMArHITHUX MapaMeTpiB UM YaCOBOTO KOMIUIEKCY CTPyMy cTaTropa
PiBHSHB KOJIOBOI Ta o1b0Boi MM AJI.

Tpeba 3a3HaunTH, MO criBBigHOMIEHHS (1) 3am¥caHO BiJHOCHO YacOBHUX KOMIUIEKCIB cTpyMiB A/l,
SIKI BUKOPHUCTOBYIOTBCS IIiJl Yac IMOJIbOBOTO aHATI3y BIJHOCHO YaCOBHX KOMIUICKCIB XapaKTEPUCTHK IIOJIS
(3amaua «kBaziCTaTUKW»). AJie PO3B’SA30K KOJIOBOI 3ajadi i3 TaKUMHM 3MIHHMMH B YMOBaxX HEIIHIHHOCTI
€JIEKTPOMATHITHHX IMapaMeTpiB MOTpedye iTepamiifHuX MpOIeAyp 1 YacTO CTae He3MiHCHEHHHM BHACIIJIOK
mpo0sIeM 301KHOCTI iTeparlifHoro po3paxyHKy. Takux mpoOiieM MOKHA TT030YTHCS 3aCTOCYBAaHHIM KOJIOBOT
MOJIENl JUHAMIKH 32 PO3PaxXyHKYy PeXHMYy POOOTH J0 yCTaIeHOro craHy [23] 3aiyis BU3HAUCHHS BEIMYUH
yacoBux komiuiekciB (1). B pobGori [24] 3actocoBaHa koyioBa Mopenb AJl Juisi cucTeMu iMIiTaliifHOTO
MOJISITFOBaHHS 3 ypaxXyBaHHAM HecuMeTpii 1 HemiHidHOCTI y cuctemi MATLAB. ¥V Bumanky cumerpii A/l
3aCTOCY€EMO HACTYITHHI BHpa3 3 BU3HAYCHHS MOMEHTY:

M —gi M (iRsiné' —ilcosé) 3)
eM—,‘:1Sip ik \r i r il

S

-5
n p-l

24 ISSN 1607-7970. Texn. enexmpoounamura. 2025. Ne 3



v
,i. — TIPOEKUil Pe3yJbTYyIUUX MPOCTOPOBHUX

. R
Je i . — MUTTEBE 3HAYCHHs CTpyMy i-i dasu craropa, i, i,

Si r

KOMIUIEKCIB CTPyMiB POTOpa; O, — KyTOBE MOJIOXKEHHS Bici i-i (ha3u craropa B KOOpAMHATAX OCHOBHOI
rapMOHIKH; M , — MaKcHMallbHa B3aeMHa THIYKTHBHICTb 32 OCHOBHHM IT0JIEM MiX i-10 (ha30ro craTopa Ta k-
l

UM KOHTYPOM pOTOpa (1§k§zz, e z, — KUIBKICTBh 3yOLB poTopa); p — KUIBKICTB map MOJIIOCIB; V —

2
KUTBKICTE ha3 craTopa.

3a BIICYTHOCTI BUTICHEHHS CTPyMy 1 y pa3i BH3Ha4yeHHs mnapamerpiB 3a [l4] BenuuumHa TaKoro
MOMeHTY OyJie JOPIBHIOBATH MOMEHTY, SIKH MOXHA PO3paxyBaTH 4epe3 BTpatu B potopi [19]

Me:prot/(s'(DO/p)’ )

o€ p,,, — TOBHA MOTYXXHICTb €IEKTPUYHHUX BTpPAT B POTOPi; 0y — KyTOBa LIBHIKICTH moJisi. BTpaTu Bin

MOJIOBXHIX CTPYMIB B POTOPi HA OJWHHIIO AOBXKHHU BH3HAYAIOTHCS 32 MOJBOBOTO aHAIi3y 0e3MmocepeHbO
IHTETpYBaHHSAM KBaJ[paTy T'yCTUHU HABEJEHUX CTPYMIB 3a IUIOIIECIO MOMIEPEYHOTO Mepepizy CTPYMOIPOBIIHOT
YaCTUHH, IMOIICHUX Ha SJIEKTPOIPOBIIHICTD.

V pazi BU3HAYECHHS BTPAT 32 MOJBOBUM aHAIII30M PO3PaxyHOK €IeKTPOMAarHiTHOr0O MOMEHTY 3a (4) €
CIPaBE/UIMBHM Y BHIIAJKy PiBHOMIPHOTO PO3IMOJALUTY HABEIEHOTO CTPYMY B CTPIDKHSX POTOpa. Y BUIIAIKY
HOro BWTICHEHHS MOMEHT MOXe OyTH KOPEKTHO pO3paxoBaHMU 3a pe3yJbTaTaMu  aHali3y
€JIEKTPOMAaTrHITHOTO TIOJISI MUISIXOM 1HTETPYBAHHS BEKTOPHOTO MOOYTKY paiiyc-BeKTopa 7 1 BEKTOpa CHIIH
(s1Ka € 106y TKOM TYCTHHH CTpyMy .J Ha MarHiTHE HoJie E) IO BCiif eneKTponpoBiaHii obnacti S, [20]

M _ =[FxJ-BdS. ®)
b

PisHWms Mi)k MOMEHTOM, BH3HAYEHHM 3a €KBIBAJIEHTHUMH cTpymamud (3), 1 MOMEHTOM,
pO3paxoBaHUM 3a pe3yibTaTaMH aHAJI3y eJIeKTPOMAarHiTHOTO mojst (5), BiANOBiZaE pPI3HMIN BKa3aHHUX
PO3paxyHKOBUX MOMEHTIB, 3a ypaxXyBaHHS BUTICHEHHS CTPyMY

My =My =M . (6)

PiBusHHS MexaHIYHOI piBHOBaru mpu gociimkeHdl AJl 3 epekToM BHTICHEHHS CTpyMy Oyie MaTH
BUTJISIT
da)l,/dtszeM—MH—Ma—Mmex—Ma.g) J, (7)

Ae M, — raubMiBHHI MOMCHT HAaBAaHTa)XyBaJIbHOIO MeXaHi3My; M o rajJbMiBHUH MOMEHT, COPUUYMHEHUH

BIUIMBOM HaBEJICHUX CTPYMIB POTOpA BiJ| BULMX TAPMOHIK MArHITHOTO N0Jst; M, — TaJbMIBHHH MOMEHT,

CIPUYMHEHUH MEXaHIYHUM TepPTAM pOTopa; J — MOMEHT iHepuii 3BEJeHHX IO POTOpa PYXOMHX YacTUH
NPUBOLY.

3amns Bm3HaueHHs KKJ[ koprucHa MexaHiuHa mMOTYXHICTh Ha Baimy AJ] 3a HasBHOCTI edekrty
BUTICHEHHSI CTPYMy pO3paxOBYETbCS 3 ypaxyBaHHSM BiJHIMAaHHS BiJl €JIEKTPOMArHITHOTO MOMEHTY,
BU3HAYEHOT O 32 (3), BETMYMHA MOMEHTY, 00YMOBIICHOTO €()eKTOM BHUTICHEHHS CTPYMY

P;_:(MeM_M()_B)mr_pr_pa’ ®)

1€ P,y — MEXaHIYHI BTPATH; P, — JOAATKOBI BTPATH 32 BULIMMHU IapMOHIKAMH MarHiTHOT'O TIOJIS.

JlonaTKoBH YTOYHIOIOUMI MOMEHT BHUTICHEHHS CTpyMy M,, pO3PaxOBYETHCS Ha KOKHOMY KpOIIi
MOCJTITOBHOTO PO3B’SA3KYy CHUCTEM pIBHSIHb KOJOBOi 1 moihoBoi MM. ITepamiiiHMii TpoItec MTOCSTHEHHS
301KHOCTI PO3B'SA3Ky piBHSHB K010B0T MM A/l Ta piBHsHB 10J50B0i MM A/l MOKHA BB)KaTH 3aKIHYCHHM,
SIK TUIBKH OyAyTh BUKOHAHI SIK HEPIBHOCTI (2), TaK i

/ M osyn-1 < m s )

e &1y — BIJIHOCHA BEJMYMHA PI3HUI[ MIX JBOMAa CYCIJIHIMU 3HAYCHHSIMH HaOJMOKEHb JO IIYKAHOTO
0.8

3HAaYeHHS YTOYHIOIOYOTO MOMEHTY, O0YMOBIJICHOTO €(DeKTOM BUTICHEHHS CTPYMY.

3aKOHOMIPHOCTI 3MiHH YTOYHIOIOYOTO MOMEHTY, OOYMOBJIEHOTO €(EKTOM BHUTICHEHHS CTPyMY,
JIOCTIIMMO Ha Tpukiami cepiitHoro AJl 3 kopoTko3amkHeHUM potopoMm Ta AJ] 3 M®EM. Meromomnoris
nociimkeHHs pexxumy poboru 3a C3 KII momemtro AJ[ 3 ypaxyBaHHSIM YTOYHIOIOYOTO MOMEHTY,
00yMOBJICHOTO €()€KTOM BHUTICHEHHS CTPYyMY, € HACTYITHOIO: 1) JJIs IMOTOYHUX 3HAYCHH KOHCTPYKTHUBHUX 1

M(().e)n -M (0.6)n-1
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PEKMMHUX MapaMeTPiB BUKOHYETHCS MMOJILOBUI aHaJi3 i3 BUSHAYCHHSIM MOMEHTY M b
J

IHTETpabHUX BEJIMYMH BTPAT 1 CTPYMIB Y POTOPi; 2) BIAMOBIAHO 10 [16] BUKOHYEThCS MapaMeTpU3allis
noiapoBoi mMozmeni AJl; 3) MOKpPOKOBO pPO3B’SI3yIOTHCS PIBHSHHS €IEKTPUYHOI 1 MEXaHIYHOI pPiBHOBAr,
BU3HAYAKOTBCS CJICKTPOMArHiTHI NapamMeTpy, M, —Ta iHIli peXXUMHI napameTpu; 4) nepeBipka HepiBHOCTEH

, TIOTOKO3YEeTUICHHS],

(2) ta (9); 5) BUKOHYETBCSI HACTYIHA iTepalis; 6) iTepaliiHUi PO3B’SI30K PIBHAHB KOJIOBOI Ta MOJIHOBOI
Moxeni AJl mpunuHS€EThCS ¥ pa3i BUKOHAHHS HepiBHOCTEH (2) Ta (9).

3a pesysibTaTaMHM YHUCEIILHOTO JOCIIDKEHHS PeXuUMiB pobotu cepirinoro AJ] 4A80A4Y3 Oyio
BCTAHOBJICHO, IO YTOYHIOIOYMH MOMEHT, SKHH OOyMOBJIEHHI e(eKTOM BHTICHEHHS CTPyMy pOTOpa,
MPaKTUIHO BIACYTHIA 3a MajauX KOB3aHHSX (€(DEeKT BHUTICHEHHS CTPyMiB BiACyTHil). Ilo Mipi 3pocTaHHS
KOB3aHHS POTOPA CIOCTEPIracThCs BiAMOBITHO 1 3pOCTaHHS PI3HUIII MOMEHTIB 32 €KBIBaJICHTHUMU CTPYMaMH
(3) 1 3a pesynpTaramu aHaiilzy enekrpomarHiTHoro mois (5). Ha puc. 1 mMoxkHa OaunTH, 1m0 301KHICTH
PO3B'sI3Ky piBHsAHB KoJoBOi MM AJ] Ta piBHsSHB momb0Boi MM A/ B ycKOBOMY peXHMi 3 BUKOHAHHSIM

ymMoB (2) ta (9) Oyno mocarHyTo mpuOIM3HO 3a 8 iTepariif. 3a 3HaYeHHA M e 0.32 H'm 3HaueHHs

PO3PaxyHKOBOI'O €JIEKTPOMAarHiTHOr0O MOMEHTY 3HIKyeTbcst 10 15.1 H'M (tabmuust). Takum 4YuHOM
BpaxyBaHHI M 5 HaOIKae pO3paxyHKOBE 3HAUEHHS €JIEKTPOMArHITHOTO MOMEHTY JIO0 KaTajOoroBOro, siKe
.6

cTa”HoBUTH 14.8 H'M.

FS'A I I I M, H-
1355+ 03} f—,—‘_‘_
13.5F
13.45F ool
13.4}
1335}
0.1H
13.3F
13.25F ]
13.2F . | — 0} , , , , , ,
0.5 | 1.5 tc | 1.5 2 2.5 3 35 4 1 c
Puc. 1

Crig 3ayBaXWTH, IO TOYHICTh BH3HAUEHHS BEJIUYMHU M o SAICKHTD BiJl TOYHOCTI BH3HAUEHHS
.6
€JIeKTPOMAarHiTHOTO MOMEHTY M 1+ IO ITOB’S13aHO 3 BUCOKOIO UYTJIMBICTIO MOJIBOBOI MO 0 IIUTEHOCTI
J

Ta PO3MOITY CKIHUCHHHUX €JIEMCHTIB.

[TapaMeTpH TyCKoBoro AJ1 3 K3K (4A80A4V3) _AJl3 M®EM (AO2-81-2)
peXRUMY JlaH1 3a J1aH1 3a YUCCIIbHUM JaH1 (1)13H'IH01"0 JaH1 3a YUCCJIBbHOT'O
KaTaJorom CKCIICPUMCHTOM CKCIICPUMCHTY CKCIICPUMCHTY
My Hwm(% sinM,, ) - 032(2) - 36(14)
M, Hwu 14.8 15.1 177 220
I|,A 13.7 13.5 353 380

3 MeTor HiI[BI/IH.[CHHH TOYHOCTI BHU3HAYEHHS BEIHUYUHU M 0
.6

€JIEMEHTIB, alie HepiBHOMIpHO: 33Ul 3MEHIICHHS BUTPAT MAIIWHHOI mam’aTti 3acobamu cuctemu Comsol
Multiphisics 3miiicHIOBanacst aganTarlisi CITKH I 9aCc OOYHCIICHD NMIIIXOM aBTOMAaTHYHOI 3MIiHH IIUTBHOCTI
CKIHYCHHMX €JIEMEHTIB Yy THUX 30HAaX MOJENI, J¢ CIOCTepirajaucs BEJIMKI TPAJi€HTH BEIUMYUH
€JIEKTPOMAarHiTHUX XapaKTePUCTUK. BiICYTHICTh 3MiHM BETWYMHHU 3HAYCHHS Mj criocTepiraiacs 3a Tpu

MoJIpiOHIOBANIaCh CiTKA CKIHYCHHX

eTaIy po3paxyHKy Ha aJalTOBaHIN CITIII.

26 ISSN 1607-7970. Texn. enexmpoounamura. 2025. Ne 3



Ha puc. 2. moxHa cnocrepirat otpuMmany y cepenoumi Comsol Multiphisics kaptuny
a/IafITOBAHOI CITKM CKIHYEHHHX €JIEMEHTIB i myckoBoro pexxumy AJl 4A80A4VY3 3 IMUIBHICTIO CITKH
nosikoBoi Mojen “Number of degrees of freedom solved for: 520916,

Sk Bimomo, eheKT BUTICHEHHS CTPYMIB Y MOPIBHSAHHI 3 CEpiHHOI0 MAIIMHOKO 3HAYHO Oinmbmnii y AJ]

Sx  mpuknmaxm  ans pearmizamii | YHCENBHOTO
nociipkeHHs Oyio BuOpano AJl i3 3y04aTuM MacUBHUM
(bepoMarHiTHUIM  POTOPOM 1  MIZHAMH  KOPOTKO
RE 3aMHMKAIOYMMHU KUTBIIIMUA Ha 0a3i cepiitHoi mammHun AO2-
mrﬂr:%rﬁ“A_ 81-2. I'eometpis 3yOueBOi 30HU — z,=24, h,xb,=42x4 mM.
I'eomeTpuyni po3mipu Kinmbis b, xh,=35%25 mm. Marepian
MacHBHOTO poTopa cTasib CT3 3 eIeKTPUIHOIO IPOBITHICTIO
y =5¢° S/m. IlyckoBuii MomeHT M , 32 OGizmuHEM

CKCIICPUMEHTOM ~CTaHOBUTH M, =177 H'M, 3HaueHH:
=353A [25].

Ha pumc. 3 HaBemenuii mporec 30DKHOCTI 3a
CTPYMOM CTaTropa Ta MOMEHTY, OOYMOBIEHOTO €(eKTOM
BUTICHEHHSI CTPYMY.

IyCKOBOI'O CTpyMy cTaTopa |/,

ljls" A I | I"i;;‘—;i Mﬂ_s’]‘{-"f . - T T
40r —\—‘ i
380F . 30+ i
360} o2y -
10 1

3401 |
ok |
320¢ 1 -10f l

I-\_""‘---\_
20k |
300 i i | i i i i I | ! } \ )
8 10 12 14 16 18 20 22 lc 15 20 25 t, ¢
Puc. 3

Ha puc. 4. Mo>kHa criocTepirata KapTHHY aIallTOBAHOI CITKM CKIHUEHHUX €IEMEHTIB TSI ITyCKOBOTO
g pexuMy naHoro AJl 3 IIJIBHICTIO CITKH TOJBOBOI MO
“Number of degrees of freedom solved for: 589446”.
YTOYHIOIOYHIT MOMEHT, IO OO0YMOBIICHUH e]exToM
BUTICHEHHS CTpyMy M CTaHOBUTH Onm3pko 36 H'wm
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(Tabmurrst). 301KHICTD PO3B'SI3KY PIBHSIHB KOJIOBOI Ta TOJIHOBOT
MM AJl B MyCKOBOMY pPEXHMi JOCSTHYTO MPHOIH3HO 32 6

irepauid. PesynpTyroumii MOMEHT JIBMryHa M, 3a

pe3yjibTaTaMu YHUCCIBHOI'O CKCICPUMEHTY 3 YpaxXyBaHHAM

Mag , MO [26] cranoButh 220 H M. Pi3Huiis MOMeHTIB y 43

H'™m nop’s3aHa sk 3 HaOMW)KEHHMM BH3HAYEHHSM MOMEHTY 32
pe3ynbraTamMu  (Di3MYHOTO EKCIIEPUMEHTY, Tak 1 3 He
BpaXyBaHHSIM B IIOJIEOBOMY AaHaNi3l BHIIMX HPOCTOPOBHX
TapMOHIYHUX CKJIaJIOBUX HAMAarHiuywo4oi cui [ 14].
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BucHoBku. Y poboti po3pobieHo iTepariiiHo-apaMeTpuIHuid MeTo]| po3B's3Ky piBHsAHE C3 KII
moneni AJl, sxuii BpaxoBye edekT BUTICHEHHS CTpyMy B poTopi. MeToj moisirae B iTepamiiHOMY
PO3B'sI3aHHI PIBHAHB KOJIOBOI Ta MOJBOBOT MaTEMAaTUYHOI MOJIENI IUISIXOM YTOYHEHHSI MapaMeTpiB 3aCTYIHOT
cxemu AJ] Ta B iTepaniiHOMy KOPHUTYBaHHI PO3PaxyHKOBOTO €JIEKTPOMArHiTHOIO MOMEHTY 3a KOJIOBOIO
MOJEIITIO 337151 BpaxyBaHHS €(eKTy BUTICHEHHS CTPyMY.

3acTocyBaHHS PO3po0JieHHX 3aco0iB YTOYHEHOTO aHamily mapamerpiB poboumx pexumiB AJl B
yMOBax MposiBy €(eKkTy BUTICHEHHSI CTPyMy Yy pOTOpi 3abe3neuye HaOMMKEHHS pO3paXyHKOBUX JaHHUX JI0
eKCIIepUMEHTAIBHUX, 10 MIATBEPIKYETHCS pe3yabTaTamMu MoaenoBanHg A/l 3 K3 poropom i MOEM.

3a peamizaiii Takoro miAXoay € moTpeda B YINIJIBHEHHI CITKH CKIHYCHHUX €JIEMEHTIB, IO
NPU3BOAUTH O 3HAYHOTO 30UIBIIEHHS Yacy PO3paxyHKY KOXHOI TOUKH KBa3iCTaJoro pexxumy podoru AJl.
Tak, 3a Number of degrees of freedom solved for: 113606 po3p’s30k 3amadi 3 po3paxyHKY ITyCKOBOTO
pexumy AJl 3 MacuBHUM (pepoOMarHiTHEM pOTOPOM Ha KOMII IOTEPi 3 TiporiecopoM Reizen 5 TpuBaB 6m36K0
20 XB peanpbHOrO Yacy, IO Bianoimano 6 itepamisM ta 24 ¢ MomenbHOTro 4acy. 3a Number of degrees of
freedom solved for: 589446 po3B’s30k naHoi 3a7adi, aje BXKe 3 ypaxyBaHHSA e(eKTy BUTICHEHHS HaBEJCHHUX
CTPYMiB, TpuBaB OJMM3bK0 240 XB pealbHOTO Yacy. ToMy, HapHKIAMI, Y pasi peamis3allii onTHMi3aIiifHoro
napamMeTpuyHoro cuHresy AJ] Takui miAxig A0 BpaxyBaHHS e(EKTy BHTICHEHHS HaBEIEHHX CTPYMiB
PEKOMEHIY€ETHCSI MiJ 4ac yTOUHEHHS OTPHUMAaHHX Pe3yNbTaTiB CHHTE3y, IO MependadaTuMme MPOBEICHHS
00MeXeHOT KiITBbKOCTI TOAATKOBUX PO3PaXyHKIB.
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CONSIDERATION OF THE INDUCED CURRENT DISPLACEMENT IN THE ROTOR CIRCUIT
IN A WEAKLY COUPLED CIRCUIT-FIELD MODEL OF AN INDUCTION MOTOR

L.V. Golovan, O.M. Popovych

Institute of Electrodynamics National Academy of Sciences of Ukraine,
Beresteiskyi Ave., 56, Kyiv, 03057, Ukraine,
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The paper presents an iterative-parametric method for solving the equations of a weakly coupled circuit-field model of
an induction motor (IM), which takes into account the effect of current displacement in the rotor. The method involves
iterative solving of the equations of the circuit and field mathematical models by refining the parameters of the IM’s
equivalent circuit and iteratively adjusting the calculated electromagnetic torque to account for the current
displacement effect, based on equivalent currents in the conductive parts of the rotor. This approach enhances the
accuracy of modeling electromagnetic processes in IMs during start-up modes. The method was verified through the
simulation of start-up modes for IMs with a squirrel-cage rotor and IMs with massive ferromagnetic elements in the
magnetic core, allowing for the evaluation of the impact of current displacement on the correction torque, which is used
to adjust the calculated electromagnetic torque of the circuit model. The study also justified the need for adapting the
finite element mesh to ensure calculation accuracy when the current displacement effect significantly influences the
results. References 26, table 1, figures 4.

Key words: induction motor, current displacement effect, method, weakly coupled circuit-field model.
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TORQUE OF A SLOTLESS AXIAL-FLUX PERMANENT MAGNET TORQUE MOTOR
WITH SOLID SLITTED STATOR YOKE

L.S. Petukhov*, V.G. Kireyev** K.P. Akinin***, Ye.V. Isaiev
Institute of Electrodynamics National Academy of Sciences of Ukraine,
Beresteiskyi Ave., 56, Kyiv, 03057, Ukraine.
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A three-phase slotless torque motor of axial structure with permanent magnets and a solid stator core is considered.
The effect of the circular slits in the core, that prevent the flow of eddy currents, is investigated. It is noted that the
magnetic field of the stator winding has a minimum effect on the field created by permanent magnets and it can be ne-
glected. Two stages of the study are defined: the first stage is the determination of the maximum torque in a static state,
and the second stage is the determination of losses from motional eddy currents during the movement of the stator core
relative to the rotor. The field problem is solved using the software "COMSOL Multiphysics". A smooth analytical func-
tion is used to approximate the magnetization curve of core steel. It is demonstrated by simulation of the physical model
that the application of four slits can reduce the torque loss approximately by a factor of 4 or increase likewise the
maximum rotational speed of the rotor. References 8, figures 9, table 1.

Keywords: torque motor, permanent magnets, solid stator core, slitted core.

Introduction. A torque motor (TM) is an electric synchronous or DC machine, the mode of opera-
tion of which is low rotational frequency, turning at a definite angle and stalling for a certain time providing
the nominal value of the torque on the shaft. A decrease in rotational speed can be realized by using a gear
reducer. In any case, ensuring a static mode with the creation of a nominal shaft torque during the given pe-
riod requires the design of an electric machine for exactly such a mode, regardless of available or non-
available reduction gear. The TM functionality is often limited to angle of rotation with less than a single
revolution. In such a case, the TM is referred to as an “actuator” [1, 2].

With the advent of permanent magnets (PM) based on samarium and, especially, neodymium, the in-
terest in the use of small direct-action slotless electric drives has increased. Although the slotless design has
slightly lower weight-and-size indicators compared to the traditional slotted design [3], it is technologically
simple and, very importantly, has less torque ripple. For slotless electric machines, it is not necessary to fol-
low the pole ratio, which is essential for slotted machines with laminated stator cores [4]. In many cases, the
requirements for the simplicity of the design and its cheapness are decisive factors. This applies to the re-
lease of a large series of devices under the conditions of low manufacturing costs, or the creation of a small
quantity of devices under the conditions of rapid production preparation.

In some applications, the axial-flux PM motor (AFPMM) exhibits better weight-to-size ratios than
traditional radial-flux PM motors [5]. AFPMM can conveniently accommodate a fairly large number of
poles. Therefore, they are well accepted for low-speed applications. In some cases, the high moment of iner-
tia becomes useful for applications where AFPMM also combines the properties of a flywheel. The small
frequency of rotation, and, accordingly, the small frequency of the magnetic field in the magnetic core of TM
causes the moderate losses in steel from eddy currents. Taking this fact into account makes it possible to
manufacture the stator magnetic core (actually a yoke, since a slotless design is being considered) without
using the traditional for industrial frequency laminated structure. In this approach, the yoke is made solid
from of cheap steel, and the thin annular through-slits are made to reduce the influence of eddy currents [6].
However, there is a problem with the effectiveness of this method depending on the number and location of
the slits [6]. That is, it is necessary to determine the permissible reduction of the torque and the correspond-
ing range of rotational speed for the specified load torque of the electric drive.
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Thus, the paper's purpose is to study the influence of the annular slits and their location in solid
stator yoke on the torque value of the slotless axial-flux PM motor.

Fig. 1. Motor structure and
coils at pole pitch

Motor structure. The study of TM with
radial structure was carried out in [1]. The technical
applications with direct drive often require minimi-
zation of the axial dimension of the device. In this
case, the advantages of AFPMM play a decisive
role when choosing this type of machine. Fig. 1
presents the design of a 24-pole AFPMM and the
fragment representing a pole pitch with phase coils
(yellow — A4, green — B, red — C). The geometric
dimensions of the active zone and some parameters
of the motor's physical model are given in Table. It
should be noted that such a winding design is not
optimal from the point of view of coil manufactur-
ing technology with such a large number of poles,
but it provides the maximum torque value. Follow-
ing the concept of [6], let us consider the annular
slits in the stator magnetic core, which consists

only of the yoke (Fig. 1). To ensure the strength of the structure, the slits cannot be extended over the entire
circumference. Similar to the solution in the paper [6], the “bridges” in adjacent slits are located with a

symmetrical displacement (Fig. 2).

Fig. 2. Stator core with four slits

Since the influence of the winding on the distribution of the
magnetic field in the stator magnetic core is small compared to the
field of PM, it can be neglected when calculating the losses from eddy
currents in the stator core. Due to the large non-magnetic gap between
the magnetic cores of the stator and rotor, the eddy currents from the
magnetic field pulsations in the rotor and PM can also be neglected.
Note that the specified rotor speed of the motor (Table) should not
exceed 3.5 rad/s. Accordingly, the frequency of the supply current can
be up to 6.7 Hz (the angular frequency o is up to 42 rad/s). Then the
study can be divided into two stages. The first stage is the calculation
of the maximum torque with the rotor stopped. In the second stage,
the braking torque due to motional eddy currents in the solid stator

core is calculated ignoring the currents in the winding.

Mathematical model and software. The
formulation of the field problem is based on the fol-

lowing assumptions:

e neglecting the “bridges” in the stator core

that interrupt the slits;

e neglecting the the influence of winding cur-
rents on the magnetic state of the stator core;
e neglecting the eddy current losses in the PM

and rotor core;

e the maximum torque does not depend on the
combination of the supplied stator phases.
The determination of the maximum torque

with the rotor stopped corresponds to the magne-
tostatic problem. The torque can be determined by
calculating the Maxwell stress tensor 1), or by inte-
grating the Lorentz force £ over the relevant do-
mains. The Maxwell tensor is expressed in terms of
the vectors of the magnetic field strength H and
magnetic flux density B using the expression [7]:

Parameter Value Value/t
Pole pairs, p 12 -
External diameter, D, (mm) 340 10
Internal diameter, D; (mm) 180 53
Middle pole pitch, T (mm) 34 1
Cores width, L, (mm) 80 2.35
Height of stator yoke, 4, (mm) 8 0.24
Winding thickness, 4,, (mm) 5 0.147
Effective air gap, £, +0 (mm) 5.5 0.162
Magnet height, 4,, (mm) 6 0.18
Angular magnet width, o, (°) 140 -
Height of rotor yoke, £, (mm) 10 0.24
Current density, J,, (A/mm?) 5 -
Permanent flux density, B, (T) 1,3 -
Rated angular velocity, o; (rad/s) | 3.5 -
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=—1/2n(H-B)+(n-H)B", (1)
where 7 is the normal to the surface of the body on which the force acts, (+)" is the transposition symbol.

The torque T is calculated by integrating the tensor (1) over the surface Q) covering the stator or ro-
tor:

Tz(ﬁm(r—ro)x(nrM)dS, )

where 0Q is a surface enclosing the domain Q; r is the radius-vector of an arbitrary point; r, is the radius
vector of the point on the axis of rotation.

Let us assume that the axis of rotation coincides with the z-axis. Then the projection of the torque on
the axis of rotation is

I =e -T. (3)
The Lorentz force F, is calculated in domains with current as the vector product of the current den-
sity vector J and the magnetic flux density vector B:

F, =JxB. “4)
The torque in this case is determined as the integral over the winding area Q.
T :IQW (r/|r])xe,F,e.dQ (5)

where e, and e are the unit vectors of the cylindrical coordinate system (r, ¢, z).

A. First Stage. Magnetostatic Field.

Expressions (1) — (4), as well as the expression for the component
of the Lorentz force included in expression (5) are implemented in the cor-
responding interfaces of the «COMSOL Multiphysics» software package,
which was used for modelling. The first stage corresponds to a magne-
tostatic problem with external currents in the winding phases. This prob-
lem is formulated with respect to the magnetic vector potential A in the
interface «Magnetic Fields». The computational domain for the first stage
of modelling is shown in Fig. 3.
Since due to symmetry only one
pole pitch can be considered,
the boundary conditions on the
= lateral boundaries (correspond-
ing to the axial sections) satisfy

% 1
/ :

Fig. 3. Modellmg domain for

solving the magnetostatic the  antiperiodic  condition
boundary value problem, (Fig. 3). The conditions of mag-
boundaries with antiperiodic netic insulation are set on the )
conditions remaining boundaries: w
nxA=0. (6)

Since a three-phase power supply from the inverter is con-
sidered, the current always flows through two phases. Therefore,
the maximum torque can be achieved with different phase combi- Fig. 4. Magnetic flux density (norm) in
nations. But such maximums differ very slightly. Based on the the middle cross section and current
above assumption, we will consider the average torque. Thus, ac- flow in phases A, C
cording to computation by solving the magnetostatic problem the
maximum torque for this motor is 50 N-m. Fig. 4 shows the distribution of magnetic flux density and the di-
rection of the current density of phases 4 and C in the cross-section corresponding to the average radius of
the magnetic core.

B. Second Stage. Magnetic and Electric Field.

In the second stage, as said previously, the winding is disregarded in the analysis. Then the simple
form of the stator core allows us to consider the movement of the stator relative to the rotor. The braking
torque can be calculated by dividing the losses from eddy currents Q,;, caused by the movement of the con-
ductive medium in the magnetic field, by the angular frequency wz:

T,=0,/0,. (7)
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The «Magnetic and Electric Fields» interface was
used to solve the problem. In this interface, the three- A
dimensional boundary value problem is formulated with re-
spect to the magnetic vector potential A and the electric sca-
lar potential V. As noted above, the influence of the windings
on the magnetic field distribution can be neglected. Thus, the
modelling area can be considered to consist only of the
yokes and the PM, as shown in Fig. 5. It shows the stator
yoke segment, divided by four irregular spaced slits. The
distance between the slits decreases as the distance from the
axis increases to compensate for the increase in torque of a
segment. The antiperiodic boundary conditions are the same
as in the first stage (Fig. 3). . . . . T

An important factor for the solution convergence is Fig, 5. Domain for simulation of eddy current

oo losses in stator core and central cross section of

the smoothness of the steel magnetization curve. One of the magnetic core
magnetization models provided in the COMSOL software is
the assignment of relative magnetic permeability. To ensure the smoothness, the dependence of magnetic
permeability on the flux density norm was specified as a fractional rational positive function:

u((B) =1+, / [1 +(B|/ By )”’} , ®)

where [ 1s the initial relative magnetic permeability of steel, By and m are the coefficients with the corre-
sponding units of measurement. The graph of the dependence H = B/n(B) according to (8) and the approxi-
mation error from the catalogue data are shown in Fig. 6 for the values p.x = 950; Bs = 1.4; m = 6.6. Note
that the accuracy of the approximation is critical at high field intensities. The magnetic permeability in this
range is significantly reduced. Therefore, the small errors in determining the magnetic permeability in the
range of high magnetic flux density lead to significant errors in the torque evaluation.

When modeling the eddy currents in a ferromagnetic

24 conducting medium, it is important to make the mesh thinner
/&/M\- towards the surface through which the field penetrates. This is
15 rj//"j/_ necessary for accuratemodeling of skin effect. An adequate

mesh also contributes to better solution convergence in COM-

SOL solver. To ensure an acceptable accuracy of field calcula-

tion (about 1%), the "field penetration depth" & should include

T Fioxdensity (1) up ‘Fo 3 first-order grid elements [8]. ¥n this case, the "field pene-

0,5 S i tration depth" of an unsaturated medium for structural steel with
fl —— Aprroximation

electrical conductivity 6 =~ 107 S/m is

—4— Error (%)
I

0 ‘ ! 0=+2/ucw =
0 1000 2000 3000 4000 . )]
Magnetic field, H (A/m) - \/2 /(9501,-107-226) = 0.84 (mm)
Fig. 6. Magnetization curve and ap- Considering that the stator yoke thickness is 8§ mm,
proximation error about 30 uniform

mesh elements are
required to achieve an accuracy of 1%. The numerical experi-
ments with a densified mesh containing 30 elements along the
vertical coordinate allowed us to select the mesh (Fig. 7) for
admissible convergence. R AP OO R OO LKD)
Results. The greater the number of slits in the. stator ‘h%iéﬁiv’ﬂs‘{%%%%ié%%%gﬁ

yoke, the lower the eddy current losses. However, the width of AN/ S/ SN S /N N ]
these slits cannot be less than 0.3...0.5 mm for technological
reasons. Therefore, the increase in the number of slits results in
the decrease of magnetic flux and, consequently, the reduction
of torque. Thus, three variants are studied in the paper: a) single
slit, on average diameter; b) two slits dividing the stator yoke
into three equal parts; c) the half of the stator yoke closest to the
axis divided into 2 equal parts, and the far half divided into 3 equal parts. The location of the slits for variant

LA
ORI

.’A‘WA’A‘_}

Fig. 7. Mesh on the radial cross
section of stator core
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¢) is shown in Figs. 2, 5, 7. Fig. 5 also shows a fragment of a cylindrical secant surface on which the mag-
netic field is evaluated. The norm of magnetic flux density and the flux lines are shown for the variant with-
out slits (Fig. 8, a) and with four slits (Fig. 8, ) for a rotor rotational speed of 30 rpm.

As can be seen, the flux lines for the slitted

stator core are less "deformed" by eddy currents in
the direction of motion (Fig. 8, b), that indicates a

1.4 . .
L lesser influence of eddy currents due to their de-
m 1 crease by the slits. The distribution of magnetic flux
0025 i 0.8 density magnitude in both cases (in stator) also indi-
o ;)OZ_ gi rectly indicates a more uniform magnetic flux dis-
£ . 0'15 i 0.2 tribution in the slitted stator core. When the stator is
g '001_ not slitted, it offers a greater resistance to the total
¥ magnetic flux, resulting, as noted above, in a de-

< 0.005+

. crease of torque. As can be seen from the field pat-
0,005 terns in Fig. 8, the maximum flux density observed
T oo 0 . in the stator differs by approximately 0.14...0.16 T.
Azimuthal coordinate The highest value takes place in the stator core. In

the case of slitted stator, the magnetic flux is
greater, that consequently results in greater torque.
However, the decrease of magnetic flux in solid sta-
tor can be used only as a rough estimation of the reduction in torque, as demonstrated below.

Fig. 9 shows the plots of the percentage torque as a function of the rotational speed for all the stator
designs mentioned earlier. Also for the stator design with three slits, the measurement results obtained on the
laboratory model are given. The experimental data show 3...5% discrepancy with the calculated data. The
braking torque determined by the losses in the stator core (7) are subtracted from the maximum torque de-
termined in the first stage. The linearity of the plots corresponds to the well-known fact that the eddy current
losses are proportional to the squared frequency.

According to the simulation results, it can be said that the solid stator core leads to a loss value of 1.2
(%/rpm). In the stator core with one slit located on its average radius, the torque losses are already up to 0.9
(%/rpm). Three slits located evenly across the width of the magnetic core make it possible to reduce this
value to 0.5 (%/rpm), and four slits located as described above and shown in Figs. 3, 5, 7 —to 0.3 (%/rpm). In
other words, the implementation of four slits allows reducing the torque losses by four times, or at rotor
speed of 33 rpm, the torque losses are reduced from 40% to 10% (Fig. 9).

The magnitude of the torque decrease naturally depends on the ratio of the geometric dimensions, the
parameters of the ferromagnet, the magnetic field intensity and, especially, the number of pole pairs. How-
ever, in today's traditional designs of PM motors, with rare
exceptions, PM based on neodymium are always used. The L] e — : T 1
size of the air gap in slotless machines is determined by the
current density and the technology's precision. This deter-
mines the magnetic flux density in the air gap, the range of
which is very narrow. Therefore, based on the theory of 70} .
similarity of electrical machines, it can be stated that the

Fig. 8. Norm and streamlines of magnetic flux
density (T); a) without slits; ») four slits

90 4

80 B

relative values of the decrease in torque with increasing § r 1

rotational speed obtained in the paper will be close for ma- &  3°f 7

chines with corresponding relative width of the stator yoke ® a0l 4

disk Ly/t and its relative height A,,/t. W | zl‘_’t“d ‘:‘;ks , |
Conclusions. In slotless axial-type TMs, instead of L Sl:t:at (;} ?: 05,025 Ly

the traditional laminatec} magnetic core design, it is ppssi— S . e ot - i m'ea's;re'd 1

ble to manufacture a solid §tator core at low rated rotational 10l Siits at (0.83, 0.67, 0.5, 0.25) s |

speeds. Such a technological technique can be useful for

cost reduction in design and preparation time. However, the 0 E) 1|o 2|0 3:0

high losses are observed in the solid core due to eddy cur- n (rpm)

rents. As a result, the torque decreases almost linearly with

increasing rotational speed. Fig. 9. Torque versus rotational speed

The reducing the influence of eddy currents on the

ISSN 1607-7970. Texn. enexkmpoounamuxa. 2025. Ne 3 35



torque can be achieved by making a certain number of annular slits in the magnetic core. For example, mak-
ing four slits at a given rotational speed allows reducing the permissible torque loss by approximately 4
times. On the other hand: at a given permissible torque value, the rotational speed can be increased by the
same number of times.

The work was supported by the state project "To develop scientific principles and principles of con-
struction of magnetoelectric mechatronic modules for specialized automatic control systems" ("Mechatron"),
KPKVK 6541030.
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OBEPTAJIbHUII MOMEHT BE3ITIA30BOI'O MOMEHTHOT'O JIBUT'YHA 3 IOCTIMHUMUA
MATHITAMM I3 KUVIBHEBUMH HIIVIMHAMHU Y CYHIJIBHOMY SIPMI CTATOPA

I.C. Ileryxos, B.I'. Kipees, K.I1. Akunin, €.B. Icaes
InctutyT enexrponunamikn HAH Ykpainn,
np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaina,

e-mail: igor_petu@ukr.net.

Poszenanymo mpugpasnuii 6e3nazosuti MomMeHmHull 08U2yH 0Cb080i KOHCMPYKYIT 3 ROCMIIHUMU MASHIMAMU A CYYib-
HUM oceposm cmamopa. Jlocnioxceno 0il0 Kitbyesux wiiun 6 ocepoi, wo NepeutkooNcams NPOMIKAHHIO GUXPOBUX
cmpymie. Bioznaueno, wo macnimne none oOMOmMKY CMamopa MiHIMAIbHO BNAUBAE HA NOJE, CIMBOPIOGAHEe NOCMIUHUMU
MacHimamu, i yum 6NIUBOM MOJICHA Hexmysamu. Buznaueno osa emanu 00CHiONCEHHA. Nepuluil — 6U3HAYEHHS MAKCU-
ManbHO20 00ePMANTLHO20 MOMEHMY 8 CIMAMUYHOMY CIMAHI, OPY2Ull — GUSHAYEHHS 6MPam Gi0 UXPOGUX CMPYMI6 nid uac
pyxy cmamopa b6e3 oomomku 6ioHocHo pomopa. I[1onbogy 3adauy po3s’sa3yeanu 3a 0ONOMO20I0 NPOSPAMHO20 3abe3ne-
yenuss « COMSOL Multiphysics». 3acmocosarno enadky ananimuuny yHKYi0 018 anpoKcumMayii 3a1eicHoCmi MazHim-
HOI npOHUKHOCMI cmani 8i0 MacHimHoi iHOYKyii. 3a donomozor moodentoganus QizuuHoi moodeni 6y10 NPoOeMOHCMPO-
8aHO, WO GUKOPUCMAHHS YOMUPLOX WIIUH MOJICEe 3MEHUUMYU 8MPAmu 06epmaibHo20 MOMEHMY npubausno y 4 pasu
abo 30inbUwWUMY MaKCUMATbHY WEUOKICMb 00epmantsa pomopa Ha maxky camy eeauduny. biomn. 8, puc. 9, tabmn. 1.
Kniouoei cnosa: MOMEHTHUIT IBUT'YH, TIOCTiIHHI MarHiTu, CyLiJIbHE OCEP/Isl CTATOPA, OCEP/s 13 LILTHHAMH.
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IMOKPAIIEHHSA SAKOCTI PEI'YIIOBAHHSA ACHHXPOHHOI'O EJIEKTPOIIPUBOJA
3 KEPYBAHHSM 3A PEAKTUBHOIO IOTYKHICTHO
P.A. YenkyHoB, KaH/I. TEXH. HAyK
TOB HaykoBo-BupoOoHuye nianpuemcrso «Eaxexrponik, JITI»,
ByJ. Pycrasi, 5 - 204, 3anopixks, 69055, Ykpaina.
E-mail: elecktronick.ltd@gmail.com.

B 000amox 0o sidomux enacmusocmeii ACUHXPOHHO20 e1eKMPONPUBOOd 3 KEPYSAHHAM 3a PEAKMUBHOIO NOMYICHICMIO —
3abe3neueHHss WBUOKOOII )y 6CbOMY DIZHONONAPHOMY OiANA30HI  PeSyl08AHHA WEUOKOCMI, GKIIOUAIOYU  HYIb,
HEe3ANeNCHICMb MEeXAHIYHO20 MOMEHMY 8I0 3MIHU NAPAMEMPI6 ACUHXPOHHO20 0BUSYHA — PO32TISIHYMO 0COONUBICIb U020
pobomu Ha uyacmomax ONUZBKUX 00 HYIA 3d HABAHIMAINCEHOMY OBUSYHI [ 3ANPONOHOBAHO AO0ANMAYito 340
3abe3neueHHss 8i0ON0BIOHOCMI 3a0aHill | akmuunill WeUOKocmi y pasi 3MIHU Napamempis ACUHXPOHHO20 OBUZYHA.
THocmauanvuuxom enekmponpugody mooice oymu 3anopizvKull e1eKmpoanapamuull 3a800, 8 NO200XHCeHHI MEeXHIYHUX
ymoe moodice npuiimamu yuacmo TOB «Enexmponix, JIT/]». bibn. 6, puc. 5.

Knrwouogi cnosa: acHHXpOHHU €JIEKTPOIIPUBO/I, PEaKTHBHA MOTYXXHICTh, CHCTEMa KepyBaHHS.

Beryn. Acunxponnuit enekrponpuBoy (AEIT) 3a sikicTio perymtoBaHHS HAONMKAETHCS 10 OUTBIN
JOPOroro i MeHII HaAiiHOTO eNleKTpompHBoaa mocTiiiHoro ctpymy [1]. CumoBa cxema AEIl nabarato
MpOoCTila i HafikHima, Hixk cuioBa cxema Ell mocrifiHoro cTpyMy. Y MOpiBHSIHHI 3 JOCKOHAIIO JTOCITIHKEHOIO
cucteMoro kepyBauHs EIl mocritiHoro ctpymy [2], sIKuii 3HAHIIIOB MIMPOKE 3aCTOCYBAHHS B TIPOMHCIIOBOCTI,
cucrema kepyBanHs AEIl He mocTynaeThbes i 3a sikicTio peryimtoBaHHs [3] Oe3 30inblIeHHS, a cKopilie
3MEHIICHHS ii I[iHM, OCOONMBO y pa3i KepyBaHHsS 3a PEaKTHBHOK MOTYXKHICTIO, JI¢ CIPOIIeHa CHUCTeMa
KepYBaHHs 1 MiIBHINEHA 1i HAMIHHICTH [4], ToMy IMO 3aIsd 3a0e3MEeYCHHs HEOOXITHOTO MEXaHIIHOTO
MOMEHTY HE BUMAraeThCsl HaJCKIIaJHA TporpamMa ajanTalii 10 3MiHHd MapaMeTpiB aCHHXPOHHOTO IBHTYHA,
TaK sK IIs 3MiHa HE BIUIMBAaE Ha MEXaHIYHUM MOMEHT i mpanesaarHicte AEI, a Moxe BITMBATH TUTBKHM Ha
BIJIITOBITHICTS IMBHIKOCTI 3adaHoMy 3HadeHHI0. OmHaK € Ie HI0AHCH, SKi Tpeba pOo3mITHYTH, II00
MiABUINUTH J0Ka30BicTh edexTuBHOCTI AEIL Ilepiie — 1ie ocodnuBicts podotn AEI Ha yacToTax OIM3bKHX
JI0 HyJs 32 HaBAaHTAXXEHOTO JBUTYHA. TyT Ma€ 3HAYCHHS HAMpPSIMOK IIBUAKOCTI EJICKTPONPHBOAA — 3a
HAaBaHTAKEHHSIM YU TPOTH HaBaHTaKeHHS. Take YepryBaHHA € Yy KPAaHOBOMY EJIEKTPOIPHBOAI Yy TpoIeci
MEPEMIIIICHAs] Bropy-BHHM3 BaHTaXy, I Yac pPyXy aBTOMOOUTSI Ha CIyCcKy 0Oe3 ragbMa Ta B IHIIAX
enekrponpuBozaax. Jpyre — me 3aams ycmninHoro Bukopuctanus AEIT Tpeba maru BapiaHT ajganTariii momno
3MiHH MIBUIKOCTI 10 BiIHOIIEHHIO A0 3aJaHOTO 3HAYCHHS ITiJ] 4ac 3MiHH IMapaMeTpiB aCHHXPOHHOTO JIBUTYHA
(Al). Hrxde po3mIssHyTO 111 TATAHHS.

MeTo10 podoTH € po3poOKa TEXHIYHHX 3aCO0IB MOKpAIIECHHS SIKOCTI PEryJrOBaHHS aCHHXPOHHOTO
CJIEKTPONPHUBO/IA 3 KEPYBaHHSAM 32 PEAaKTHUBHOIO MOTY)KHICTIO Yy HampsMKax BpaxyBaHHs OCOOMUBOCTEH
pPOOOTH eJEKTPONIPUBOJIA HA YACTOTAaX ONU3BKHX 0 HYJSA 332 HABAHTa)KEHOTO JIBUT'YHA Ta aJlanTailii CUCTeMHU
KepyBaHHS JI0 3MiHH MTapaMeTPiB ACHHXPOHHOTO ABHTYHA 3a]UIs ITiIBUIIEHHS TOYHOCTI PETYIIIOBAaHHS.

Bukiax ocHOBHOTO marepiajly. 3a OJHAKOBOi HANpaBJICHOCTI IIBUJIKOCTI 1 HaBaHTaXCHHS
ACMHXPOHHOTO EJIEKTPOIIPHBOAA 1 ONMu3bki mo Hyns dactoti 1Y f, ska B cramoMy peXuMi JOPiBHIOE
anreOpaiuHii cyMi 3a/1aHOT YaCTOTH f3 1 YaCTOTH KOB3aHHS HaBaHTakeHOTO AFEII /5, MOXKITNBI KUIKH CTPYMY.
Ie BuaHO 3 ocrmiorpaMu puc. 1, fe mo oci abCcuuC Yac B CEKyHJaX, a MO OCl OpJUHAT B TepIax JalThCs
BenuuuHu: yactoTa ITY f; mpusenena no oxuiei napu nomocis AJl MBUAKICTS 1 (n = pn,, 1€ p — YUCIIO Hap
nomociB AJl, 7, — IBUIKICTB 3a YKCIIA N1ap HOMIOCIB p); 3a/1aHa IIBUKICTB /13, IKa IPU MIPUBEICHHI 10 OZHI€T
napu nomociB AJl i po6oTi 6e3 perynsropa IBUAKOCTI JOPIBHIOE 3alaHil 4acTOTi f3: 13 - f3; Hanpyra U, sika
TaKOX JA€ThCS B Trepliax 3 ypaxyBaHHSM TOTrO, IO HOMiHanmbHa Hampyra Upygys BIAOBIiTa€ HOMIHAIBHIN
gactoTi fuom: U = fuomUnuw/Unom, B TaHOMY BUTAAKY froy = 50 I'ml. Ocmunorpama Ha puc. 1 i HacTymHi
ocriiorpaMu ofepkano B cucteMi MathCad 3 BuUkopuCTaHHSAM MaTeMaTUIHOI MOJIEII, STKa BPaxoBye ITOBHY
cucremy audepenmiiiaux piBHsHb AJl [3], AuckpeTHIiCTh po3paxyHkiB 0,5 Mc, IO BigNOBia€ YacCTOTI
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moaynsii Hanpyru [T 2 k['1. [TapameTpu nepeTBoproBaua Ta ABUTYHA TaKi K caMi, sSIK Ha OCHWJIOTpaMax B
[4]. HaBanTaxxenus asuryHa 30 kBT HoMiHaJIbHE, 4aCTOTa KOB3aHHS Ha OcIipiiorpamax fs~ 2,0 I'm.

Ha ocumnorpami wacrora f3 (a00 73) mocTynoBo 3MeHyethes 3 5 ' go Hyna. Tomy 1o, mounHa04u
3 5 'y HanpsAAMOK HaBaHTAXEHHS 1 MIBUKOCTI CIIBIAAAI0Th, 3HAKH 33JaHOT YaCTOTH f3 1 9aCTOTH KOB3aHHS fs
MIPOTHJICIKHI, a pEeBEPC HACTAHE Y 03HAUCHOMY ITPOMIKKY dacy, KOJM ayireOpaiyHa cyMa BKa3aHHX YacToOT f3
+ fs Oyne mopiBHIOBaTH HyMI0. 3a f3 = 2 ', # = 40 ¢ MOYNHAIOTHCS KUAKH CTPYMY i MPOIOBXKYIOThCS Maiike
o peeepcy 3af3~ 1,6 ', ¢t~ 67c.
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Puc. 1

3a TpuBamoi poOOTH B TaKOMY IPOMDKKY IIBUAKOCTeW (HANPHUKIIAJA, OIYCKaHHS BaHTaXy B
KPaHOBOMY EJICKTPOIIPHBOI), B JaHOMY BUTanky 3 1,6 mo 2 I'm, mepiogwdHi KHAKH CTPYMY 1 JOAATKOBE
HarpiBaHHs ABUryHa i [TY MOXyTh 3HWKyBaTu HaBaHTaXyBasbHY 31aTHICTH AEIL 11{06 yHUKHYTH LBOTO B
ctpykTypHy cxemy AEII BBomuThCS 30Ha HEUyTIUBOCTI —f,, <f<f,, (puc. 2), ska MOXXe 3MIHIOBAaTH YacTOTY
ITY f'y nmopiBHsIHHI 3 pO3paXyHKOBUM 3HAUCHHSIM f*, KOJTH 3HAKHU f3 1 f mpoTHiIexKHi: f5/f3< 0.

Ha puc. 1 mosnadgero: KII — xoopmunaramii mepetBoproBad; JILII i PII — matamk i perymarop

IIBUJIKOCTI; 7, 73 — MIBUAKICTH 1 3aJaHe 3Ha4eHHs mBHuakocTi; Uy — BXiJHA HAmpyra iHBEPTOpa; i, ic —

crpymu ¢das 4 i C nepersoproaua uactotu I1Y; kg Ty — KOEDILi€eHT i mOCTiliHA Yacy perynsTopa 4acToTH,
Iry 1 Iyy — aKTUBHA Ta peaKTHBHA CKIIAJOBI CTpyMy ctaTtopa /; [rz — akTUBHA CKJIaJIOBa CTPyMY poTopa; ~k; —
KO€(II[IEHT 3BOPOTHOTO 3B 3Ky 3a 3MIHHOIO CKJIaJI0BOIO PEAKTHBHOI CKJIAJIOBOI CTPYMY 3a1Jisl 3a0e3MeueHHs
CTIMKOCTI CHCTEMH aBTOMATHYHOTO DETYJIOBAaHHS HAa HHU3bKHX YACTOTaX. B CTPYKTYpHiil cXeMi Takox
MO3HAUCHO PEaKTHBHY CKJIAJIOBY CTpyMy portopa Iyz. [lapamerp f,, BUBOIUTHCS HA MyNBT KEPYBaHHS 1 MOXKe

3MIHIOBATUCS Yy MPOIIECI HajamTyBaHHSA ax 1m0 Hyns. Byson FI(W,, I, f) oOumciioe 3agaHe 3HAYCHHS

peakTuBHOi MoOTy)HOCTI (O3 By3on R, BU3Hayae omip poropa i 3MiHIOE KOeQiLi€HT ky Ul MPaBHIBHOIO
BU3HAYCHHS YaCTOTU KOB3aHHS fs.

Jlito 30HM HEYYTIUBOCTI BUAHO 3 ociuorpamu Ha puc. 3. Ilig 9yac JOCATHEHHS MEXKi 30HU
HEuyTIUBOCTI (¢ ~ 33 C) MBHUIKICTh 1 9aCcTOTa MEPECTAIOTh 3MIHIOBATUCS. SIKIO Il OMyCKaHHS BaHTaXy Ha
KpaHOBOMY €JICKTPOIIPHBO/I, TO BiH IPOJOBXKYE OIMyCKATHCS 31 MBUIKICTIO, SKa BiJIOBITa€ 9acTOTI HA MEXIi
30HM HEUYTIMBOCTI. B MOMEHT JOCATHEHHS INBHJKOCTI, SKa BIAMOBIJA€ YaCTOTI HUXKHBOI MEXKI 30HHU
HEUYTIMBOCTI, YaCTOTa CTPUOKOM 3MEHIIYETHCS JIO 3HAUCHHS HIDKHBOI MEX1 30HU HEUYTIIMBOCTI 1| BUHUKAE
peBepc (¢ = 73 ¢). Ilicna peBepcy HampsIMKH HABAHTAXKCHHS JBUTYHA 1 PyXy CTArOTh MPOTUICKHHMHU. B
BOMY PEXKHUMI KUJIKU CTPYMY BiAICyTHi.

TakuM 4YMHOM, KUJKH CTPYyMY 32 HAIPaBICHHOCTI HABAHTAXXCHHS 33 PYXOM OIS HYJhOBOTO 3HAUCHHS
3HAYHO 3HWXKEHi. He3pyuHicTh mojsrae B HEIOIUILHOCTI JESKUX IIBUAKOCTEH Ol Hyns. Alle B IUIOMY
3a0e3MeYyeThCs MOBHUE Oe3MepepBHUN Jiala30H PETyIIIOBaHHS MBUAKOCTI ACHHXPOHHOTO €JICKTPOTIPUBO/IA,
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BKIIFOYAIOYH HYJIhOBY IIBUAKICTH, 1 MPAKTHYHO Oe3iHepuiitHMi peBepc (puc. 1 i puc. 3) (Ha BigMiHY Big
HanOLTpI po3moBciomkeHoro EIl mocTiitHoro ctpymy [2], me y pa3i peBepcy 3aCTOCOBYETHCS CKaHyroda
JIOTiKa 3 TIOYEPTOBUM ITEPEKITIOUCHHSIM IMPOTHITAPATICIIBHIX MOCTIB IIEPETBOPIOBAYA).
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3ams agantainii AEIT 1o 3MiHM mapamMeTpiB aCHHXPOHHOTO JIBUTYHA BU3HAYAETHCS (HaKTHUHHUN OMip
poropa [5, 6]. [ys 1bOro MPOIMOHYEThCS METOJA ajamnTallii Ha MiJCTaBl aHai3y peakilii MpuBOAa Ha
KOpPOTKOYAaCHE 3MEHIIIeHHs Hanpyru U Ha He3HauHy BenuuuHy AU npotsarom vacy Af. [lpudomy 3MeHIIEHHS
NPOBOAUTHCS PIBHOMIPHO 3 OJHAKOBOK MIBHAKICTIO. [liifioM 70 MepiioYeproBoro 3HAYCHHS TaKOXK
MPOBOANTHCSI PIBHOMIPHO 3 OIHAKOBOIO IIBHUAKICTIO. Y pasi piBHOMIpPHOTO 3MEHINCHHS Ta 301TBIICHHS
HANpyTd 3MEHINYIOThCS KHIKWA CTpyMy. Yac 3MEHIICHHs 1 yac 30iJIbIICHHS OJHAKOBI W JNOPIBHIOIOTH Af.
[Ticns 30inbIIeHHs MPOTATOM Yacy At TakoXK HMPOBOAUTHCS aHalli3 peakilii nmpueoxaa. Lle mokasano Ha puc. 4
3a At ==0,15 Mc, mO9aTKOBOMY i1 KiHIIEBOMY peakTHBHOMY CTpymi 20 A.

B ocHOBy aHasi3y MOKJIAACHO PIBHSIHHS JJIs CTPYMY 1 IIOTOKO3UYEIUICHHS poTopa [5, 6]

d¥.
LmIXE = Tr +Tr7t’
3MiHIOIOUM Au(EpeHIiIoBaHHS MPUPOCTOM Ha TOPU3OHTAIBHUX [IUISHKaX Hampyru 1-2 1 3-4
TpuBaIicTIiO At (puc. 4), MOXHA OTpUMATH

AY 1 AU AY 1 AU
L ,.,—1 =T ——~=T ——, L ,.,—1 =T =T ;
m( XE2 XEl) r At r 27'[f At m( XE2 XE3) r At r 27'Cf At
T, = 2nfL, (1 ) _IXEI)At, T, = 2nfL, (1 _IXE3)At :
AU AU
L L AU L L AU
" T, L,20f A1y, — 1) , e T L, 20f At(Lypy — 1 y5) ,

ne L, L, — THIyKTUBHICTh HAMArHiuyBaHHs Ta IHIYKTUBHICTh poTOpa; 7, — MoCTiliHa yacy poropa; R, — omip

poropa; ¥, — moToko34eruieHHsT poTopa. [HaeKcaMu Mo3HaueHO TOYKH: | — KiHelhb 3MEHIIEHHS HamlpyrH i
MOYaTOK TOPU3OHTANBHOI TUISHKY; 2 — MOYaTOK 301IbIICHHAS HANPYTH; 3 — KiHenb 3011bIICHHs HAPYTH; 4 —
TOYKa BUMIPIOBAaHHS CTPYMY 4epe3 uac Af micis TOUKH 3.

Jnst po3paxyHKy 3a IUMH (OpMyJIaMH BUMIPIOETHCS: PEAKTUBHUN CTPYM lyz; B KiHII 1-TO Tepiony,
B SKOMY ITOJIE PIBHOMIPHO CIIaJa€; peakKTUBHUHN CTPYM Iyx; B KiHIII 2-TO TIEpioqy, /ie HampyTa He 3MIHIOEThCS,
PEaKTHBHUI CTPYyM B KiHII 3-r0 niepiony [xg; Micis MiJHoMy HApyTH O NEepIIOYeproBOro 3HAYEHHS; CTPYM
Iyz, gepe3 "ac At micns 3akiHUEHHS TEepPeXiIHOTO Mporecy. 3a Pi3HUIEI0 CTPYMIB Iyz 1 Iyz BHU3HAYAETHCS
MOCTiifHa 9acy koma poropa 7,, a TOTIM OImp Kojia poTopa R,p. 3a pI3HHUIEI CTPYMIB Iygs 1 Iygg
BU3HAUYAETHCS TOCTIMHA 4Yacy Koma potopa 7,34 1 omip Koia poropa R,3s. 3a BIACYTHOCTI TepexiIHUX
NpPOLIECiB B €NEKTPOIPUBOJI MiJl Yac TECTYBaHHS, SIKa MEPeBipsAeThCS MPHOIM3HOIO PIBHICTIO CTPYMIB Ha
MOYaTKy TECTOBOTO 30ypeHHS Iyzy 1 B KIHII lyz, 1 32 KOPEKTHUX 3aMipax CTpyMiB OOYHCIIEHI JBOMa
croco0aMu OIOPH KOJIa POTOpa MOBHUHHI OyTH MpuOIM3HO piBHUMHU: R, = R34 B Takomy pasi 3amis

3MEHIIECHHS NOXUOKH OOUHCIIOETHCS CEPEHE 3HAUeHHs onopy poropa R =(R , + R ,)/2.
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V pasi 3MiHH R, NPONOPLIHHO 3MiHIOETbCSA KOe]illieHT Ay, 3a0e3Meuyroun BiANOBIAHICTh 3aJaHOI 1
(haxtranoi mBuAKocTi AEIL

Ha puc. 5 a, 6, 6, 2 3a IO4eproBoi 3MiHU HANpPABICHHS MEPIOUYHIX 30ypeHb MOKa3aHa aJanTalfis y
pasi 3MiHI OMOpY pOTOpa IIiJl Yac HEIOKOMIICHCAIlii, KON 3a TalbMyIO4oro 30ypeHHS IMIBHUIKICTH MECHIIS
3amanoro 3HadeHHs 40 ['1, a mpu po3ransgiodomMy 30ypeHHI MBUAKICTE OunbIne 3amaHoro 3HadeHHs 40 I, i
NpY TIEpeKOMITEHCallii, KOJIM TIPU TalbMYyH4YoMy 30ypeHHI MIBHIKICTh Oinblie 3amaHoro 3nadeHHs 40 ', a

IpU pO3TaHsAYoMy 30ypeHHI MIBUIKICT MeHIIe 3a1anoro 3HadeHus 40 ['.
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Ilix gyac momavi TecTOBOrO cHTHANY 3a HeHaBaHTakeHOTO EIl (32 t=50 ) KOpeKTy€eThCs ommip poTopa,
SIKMH 3a/1a€ThCS TIPOTPAMOI0, 1 MIBUAKICTh 32 HABAHTAKEHHI B Ty a00 IHIIY CTOPOHHU JOPIBHIOE 3aaHii (pHC.
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5, @ — y pa3i HemokoMIleHcalii, puc. 5, 6 — y pa3i mepexomnercamii). CTpyM 3a TECTOBOTO CHUTHAIY
MOKa3aHWH Ha puc. 4.

Y pa3i momadi TECTOBOTO CHTHAJXYy 3a TalbMyrdoro 30ypeHHS (3a =37 c¢) y BHUNAAKY
HEJIOKOMIICHCAIIIT TTiCIIs KOPUTYBaHHS OMOPY POTOpa 32 HABaHTAKEHHS IIBUJAKICTh TAKOX JOPIBHIOE 3a/1aHii
(puc. 5, 6). Ane mix yac Mojayui TECTOBOTO CUTHATY y BUIIAJKY IepekoMIencanii (puc. 5, ¢ 3a =21 ¢) micis
KOPUTYBaHHS OMNOPY pOTOpa MpH HABaHTAKCHHI 3aMiCTh MEPEKOMIICHCAIii Ma€ MiClle HEBeIuKa
HEJIOKOMIICHCAIlis, a 3aMiCTh HEIOKOMIIEHCallii — HeBelIHMKa MepeKkoMmeHcalis. OAHaK micias HacTYIHOTO
TECTOBOTO CHTHAY 33 PaXyHOK 3MiHU ITepeHaBaHTA)XEHHS 1 HEOBAaHTAXKEHHS HACTYIA€ MMOBHA KOMIICHCAITIS.
TakuM 4YHHOM, 32 TEPIOAWYHOI ITO/a4i TECTOBHX CHTHAJIB 3a0e3ledyeThcs BIAMOBIMHICTh 3afaHii i
tdhaxtrunii mBuakocTi AEJl. Benmnunna TecToBUX cHTHaNIB Ha puc. 5 gopiBHIOE 5 B, TpuBanicts — 0,15 c.
Taka TpuBamicTh Moke OyTm Ha "actoTax Bif 20 I'm. 3a ORI HU3BKMX YaCTOTaX TPHBANCTH TECTOBUX
curHajiiB tpeba mizBuinyBatd — a0 0,5 ¢ Ha vacrori Big 10 I'm. Taki curHamu He MOXYTh HPU3BECTU JO
3HA4YHOI 3MIHM IIBUIKOCTI, TOMy BOHHM HE BIUIMBAaIOTh Ha TEXHOJOTIYHUH mporec, skuii Bukonye AEIL
BenmuunHa i TpUBANICTH TECTOBOTO CHUTHATY TaKOX BUBOJISTHCS Ha MYJIBT KEPyBaHHS 331 MOXJIHBOCTI
iXHBOI'O HACTPOIOBAHHSI.

3a posranaro4oro 30ypeHHs, KOIIM 3HAaK fs MPOTHJICKHUHN 3HAKY f3, Y pa3i Mojadi TeCTOBOTO CUTHAITY
Ma€ Miclie BeJHKa MMOXHOKa BU3HAYEHHSI OMOpY Kojia poTopa. ToMy B IbOMY peknMi Ta Ha HU3BKUX YacTOTax
TECTOB1 CUTHAJIA HE ITOHAIOTHCS.

TakuM 4YHMHOM, 3 YypaxyBaHHAM JU(EPEHLIIOBAaHHA TECTOBUX CUTHANIB B 3aJIEKHOCTI BiX
posraHsodoro abo raabMyr4oro 30ypeHb, MepeKOMITeHcallii abo HeTOKOMIIeHCallii Ta BHXIAHOI 4acTOTH
MIEPeTBOPIOBaYa 3a0e3MeYy€eThCS BIIMOBIIHICT MIBUIKOCTI €IEKTPONPUBOIA 11 3aJaHOMY 3HAUEHHIO ITiJ Yac
pobotu enekTpornpuBoga 0Oe3 CHCIiadbHUX BIJKIIOYCHb JJS TECTyBaHHSA. Takuli aCHHXPOHHHIA
EJIEKTPOTIPUBOJ] MOXE TIOCTABIIATHCSA 3alOpi3bKUM eJeKTpoarapaTHiM 3aBOIOM. B ITOTO/KeHHI TeXHIYHUX
yMOB Moxe npuiiMati yaacte TOB «Enexrponik, JIT/I». o po3misHyTHX BIACTUBOCTEH €IEKTPOIPHBOIA
MOKHA JIOJJaTH, 10 MOMJIMBO 3a0e3reuyBaTH Oe3yJapHe BKIIOUEHHS Ha 00epTarourii eIEKTPOIBUTYH.

BucHoBkn. 3a OJHaKOBOi HANpaBIEHOCTI IMIBUAKOCTI 1 HaBaHTaXEHHS AaCHHXPOHHOTO
€JICKTPOIIPUBO/IA 32 NEIKUX 3HAUCHb MTBUIKOCTI OIS HYJII BUHUKAIOTH KUAKH cTpyMy. 11106 mo30aBuTHCS iX,
BBOJUTHCS 30HAa HEUYTIMBOCTI, sIKa 3a00pOHSE€ POOOTYy NMPHBOAY Ha IUX MIBUAKOCTAX. 3arlporoHOBaHA
ajanTaiis 10 3MiHH MapaMeTpiB aCHHXPOHHOTO JBUTYHA BPAaXOBYE MEPEKOMIICHCAIIIO 1 HEJOKOMITCHCAIIIF0
IIBUJIKOCTi, TECTOBI CHTHAJIM HE TONAIOThCS 32 OIHAKOBIN HAMPaBIEHOCTI IIBHUIKOCTI i HaBaHTaKEHHS
ACHHXPOHHOTO eNleKTporpuBoa. [IOpiBHSHHSAM IBOX CYCIZIHIX OOYHCIIEHb OTIOPIiB POTOpPA BENETHCSI KOHTPOJIb
3a MOXMOKOI0 TECTYBaHHS, sIKa MOB’s13aHa 3 MOXMOKOI0 BUMIPIOBaHHS 1 HASBHICTIO MEPEXiTHUX MPOLECIB Mif
yac TecTyBaHHs. Lle mae OinmbIn TOYHINITY BiAMOBIMHICT MIBHIKOCTI 33JaHOMY 3HaYeHHIO. BpaxoByrouw Iii
JOJATKOBI MOJKJIMBOCTI, ACHHXPOHHUN ENEKTPONPHUBON 3 KEPyBaHHSM 32 PEAaKTUBHOIO IOTY)KHICTIO
3a0e3reuye OBl SKICHE IIBUIKOAIIOYE PETYJIIOBAHHS B YChOMY Jiala3oHi PETyIIOBaHHS HIBHIKOCTI,
BKJIIOUAI0YH HYJIbOBY HIBUJKICTH 32 MPAKTHYHO O€3IHEPIiHHOMY peBepCi.

1. ITepecama C.M,, Kosbaca C.M., Kpmxanosckuii B.I1., boBkyHoBrd B.C. Cucrema ynpaBieHHs MOMEHTOM
ACHHXPOHHOTO [JBHMTaTelsl AJsl TATOBBIX BJIEKTPONPUBONOB. [Ipomucnosa enekmpoenepeemuka ma enekmpomexHika.
2007. Ne 1. C. 66-70.

2. Tlepemsmytep B.M., Cumopenxko B.A. Cucrembl ympaBieHHS THPHUCTOPHBIMH AIIEKTPOIPUBOIAMHU
MOCTOSTHHOTO ToKa. MockBa: DHeproaromusaar, 1988. 304 c.

3. YenkynoB P. PerymupoBaHue 3JIEKTPONPUBOIOB C KOCBEHHBIM H3MEpeHHWEeM CcKopocTu. Saarbriicken,
Deutschland: LAP Lambert AcademicPublishing, 2015. 204 c.

4. YenkyHoB P.A. PeBepcuBHMII aCHHXPOHHMH €JIEKTPONPHUBOJ 3 KEPYBAaHHSM 32 PEaKTUBHOIO IOTYXTHICTIO.
Texniuna enexmpoounamixa. 2024. Nel. C. 46-52. DOI: https://doi.org/10.15407/techned2024.01.046.

5. Ilepecama C.M., Kosbaca C.M., Kpacnomanka H.J[. Hempsme BexkTopHE KepyBaHHS aCHHXPOHHUMH
JIBUTYHaMH 3 BJIACTHBOCTSIMH poOAcTHOCTI Ta ajanTamii 0 3MiH akTHBHOTrO ornopy portopa. Kuis: HTY VYkpainu KIII
im. Irops Cikopcbkoro, 2020. 174 c.

6. Iloranenko E.M., Iloramenko E.E. PoOacThie airopuTMbl BEKTOPHOTO YIPABIEHHUsS aCHHXPOHHBIM
anekrponpuBogoM. 3anopoxkse: 3HTY, 2009. 352 c.

42 ISSN 1607-7970. Texnu. erekmpoounamuxa. 2025. Ne 3



IMPROVING THE QUALITY OF REGULATION OF ASYNCHRONOUS ELECTRIC DRIVE
WITH REACTIVE POWER CONTROL

R.A. Chepkunov

Science-industrial enterprise “Electronik, LTD”,
st. Rustavy, 5 - 204, Zaporohzje, 69055, Ukraine.
E-mail: elecktronick.ltd@gmail.com.

In addition to the known properties of an asynchronous electric drive with reactive power control - ensuring high speed
in the entire multipolar speed control range, including zero, independence of mechanical torque from changes in the
parameters of the asynchronous motor - the peculiarity of its operation at frequencies close to zero with a loaded motor
is considered and an adaptation is proposed to ensure compliance with the set and actual speeds when changing the
parameters of the asynchronous motor. The supplier of the electric drive can be Zaporozhye Electrical Equipment Plant,
LLC "Electronics, LTD" can participate in the coordination of technical conditions. References 6, Figures 5.

Keywords: asynchronous electric drive, reactive power, control system.
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TSITOBA EJJEKTPOMEXAHIYHA CUCTEMA TPOJIEMBYCA
Y PA3I )KUBJIEHHS BIJIl HU3bKOBOJIbTHOI AKYMYJISITOPHOI BATAPEIL
3 BUKOPUCTAHHSAM HIJBUIIYBAJBHOI'O DC/DC IEPETBOPIOBAYA
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TOB «[MOJITEXHOCEPBICy,

BYyJ1. Mockasenka Ceprisi, 16-r/19, m. BpoBapu, KuiBcbka 00.1., 07403, Ykpaina.
E-mail: skovbasa@ukr.net; vyurii.verbovyi@gmail.com.

Pobomy npucesueno susHauenHO OOCANHCHUX XAPAKMEPUCIUK MAL060T eNeKMPOMEXAHIYHOT cUCmeMU 0OHOCEKYIIUHO20
mponebyca 3a JCUGIeHHs 8i0 HU3bKOBOILMHOL bamapei 6 peacumi agmonomnozo xoody. Ilpoananizosano ocobaugocmi
sukopucmanns niosuwgysanrviozo DC/DC nepemsopiogaya 0ist JHCUGLEHHS 6eKMOPHO-KEPOBAHO20 ACUHXPOHHO2O €leK-
mponpugody mpoaeibyca nio uac pobomu 6 MAHe8POBOMY PEHCUMI 3G YMOBU GUKOPUCIAHHSL K NEPEUHHO20 Odicepend
eHnepeii bopmogoi axymyaamoproi 6bamapei nanpyzoio 48 B. Ilokaszarno, wo cunosa uwacmurna niosuugysaivnozo DC/DC
nepemeopiosaya 3a 6KA3AHO20 3ACMOCYBAHHSL MOJice Oymu peani3o8ana 3 6UKOPUCIAHHAM WMAMHOL cxemu 8XiOHOT
YACMUHU NEPemeopiosaya ms2o8020 eiekmponpugody. Ilpedcmaegieno anreopummu Kepyeanus HAnpy2ol0 1aHKU No-
CMIlIHO20 CMPYMY mMa APSIMO20 8eKMOPHO20 KEPYSAHHS MOMEHMOM | MOOYIEM 8eKMOPd NOMOKO3UENIEHHS, KL MO-
JHCYmb OYmMuU 3acmoco8ani 3a0is peanizayii Manespo8o2o pedlcuMy pyxy mpoietdyca. 3anponoHo8any eieKmpomexai-
uHy cucmemy 00CIONCEHO MEMOOOM MAMEMAMULHO20 MOOETIOBAHHSL 3 BPAXYBAHHSM WUPOMHO-IMIYIbCHOT MOOYIAYIL 6
DC-DC nepemeoprosaui, a maxoosc napamempie 00HOCeKYiliHo2o mpoaeubycy i 3ycuns onopy tiozo pyxy. Ilokasano, wo
y pasi obmedxcenns cmpymy 6amapei na pieni 200 A ma cmabinizayii Hanpyeu J1aHKU NOCMIUHO20 CMPYMY (UXIOHOT
nanpyeu DC/DC nepemeopiosaua) nHa pieni 250 B nenasanmasicenuti mpoaeibyc no pieHiti acaibmosaHiil nOGepxHi
30amen oocsiemu weuoxkocmi 12 km/200. Pesynivmamu 00CHiONCeH A O0CANCHOL WUBUOKOCIE MPAHCROPMHO20 3ac00) 3a
PI3HUX 3HAYEHHAX 0OMedICeHHs cmpyMy bamapei ma pieHs 3a60aHHs HANPY2U TAHKU NOCMIUHO20 CHPYMY MAKOIC Npeo-
cmasieno 6 pobomi. Pezynomamu UKOHAHUX OOCTIONCEHb MONCYMb OYMU SUKOPUCMAHI IO 4acC po3poOKU HOBUX ma
MOOepHI3ayii ICHYIOUUX eleKmpomexaniyHux cucmem mponeudycie. bion. 11, puc. 8.

Kntouosi cnosa: minsumyBansanit DC/DC mepeTBoproBad, aBTOHOMHHUM Xif, TPOJNEHOYC, TATOBUI €INEKTPONPHUBO/I,
ACHHXPOHHUH [BUTYH, BEKTOPHE KEPYBaHHSI.

Beryn. CyuacHi cucTeMH BEKTOPHOTO KepyBaHHS aCMHXpPOHHUMH ABUryHamu (AJ]) Ha choromHi
CTaJlil CTaHAApPTHUM pillleHHSIM B TsroBux enextporpuBoaax (TEIT) MiCbKOTo eleKTpoTpaHCHoOpTy 3 JKHUB-
JICHHSIM BiJ] KOHTaKTHOI MepeXi, 30KpeMa TpoJeiiOyciB. Y MOpiBHAHHI i3 3arajJbHOMPOMHUCIOBUMHU €JIEKTPO-
npuBogamMu ocodmuBocTsaMu TEII € po3mupenuit 1omycTUMU Aiana30H HAIPYTH KUBJICHHS BiJl KOHTAKTHOT
Mepexi, 0 cKianae, sk npasuio, Big 400 go 720 B mocTiiiHOT HAanpyTH, a TaKOXX MOXKJIMBICTh (DYHKIIIOHY-
BaHHS B PeKMMi aBTOHOMHOT'O X0y 32 KHBJICHHI BiJl HU3bKOBONBTHOI (Big 48 B 10 96 B) a60 BUCOKOBONBT-
Ho1 (Bix 500 B mo 700 B) akymymsitopHOi 6aTapei [1].

CrpoiieHy QyHKIIOHAIBHY CXEMY TSATOBOTO €IIEKTPOIIPUBOAY Tpolieiibyca HaBeneHo Ha puc. 1. Ha
BiZIMiHY BiJl KJIACHYHOTO 3arajbHOIPOMHKCIIOBOTO MEPETBOPIOBaYa YaCTOTH 3 JIAHKOIO IOCTIMHOTO CTPYMYy, Ha
BXOJIi IKOTO CTOITh JIOAHHUN BUIPSMIISAY, y AaHIA cXeMi MOCTiHA HANPyTa KOHTAKTHOI MepeXi MOJaeThes B
JIAHKY TOCTIMHOTO CTPYyMy 4epe3 TPaH3UCTOPHHUH BXigHWHA MicT. OCHOBHMM NPHU3HAYECHHSM ITHOTO MOCTA €
3a0e3MeUeHHsT MOMKIIMBOCTI 3a00pOHN/I03BONY peKymepalii eIeKTpHYHOi eHeprii B KOHTAKTHY MEpEKy MiJ
Yyac TeHepaTOPHUX PEKUMIB POOOTH TATOBOTO NBUTYHA. TOOTO B CTaHHApTHIN CXEMi KHUBIICHHS BiJ] KOHTAKT-
HOT Mepexi Tpamzuctopu Q1-Q4 KOMYyTYIOTBCS B CTAaTHYHOMY peXHMiI 0e3 BHKOPHUCTAHHS IMHPOTHO-
immynbcHoi Monyssinii (ILIIM). BukopucTanHs 90THPHOX TPaH3UCTOPIB 3yMOBICHO THUM, IO B 3araibHOMY
BUNAJKy TMOJISIPHICTh HANpPyTW KOHTAaKTHOI MEpEKi MOKe 3MIHIOBATHCS B 3aJ€KHOCTI BiJ AUISHKH PYXY.
Hpocens L1 3abe3nedye oOMEKCHHS MIBUIKOCTI HAPOCTAHHS CTPYMY MEpEeXki, B TOMY YHCII B aBapiifHHX
pexuMax.
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Puc. 1

B po0ori posrisaaeTbes cTaHAapTHE BUKOHAHHS CHIIOBOI YaCTHHH TpoJieiidyca, B SIKOMY peKymepa-
uist eneprii B AKb He mependauaerbes, Tomy Oarapest aBToHOMHOTO X0oAy (BAX) minkmoyaeTbes 10 JTaHKH
MOCTIHOTO CTPYMy IepeTBOpIOBada depe3 AomaTkoBui miom VDI 3amns YHUKHEHHS TOIAmaHHS BHCOKOT
HaNpyrH JaHKU MOCTIHHOTO CTPYMY B PeXXHMMax rajJbMyBaHHS TSATOBOTO JBUTYHA.

VY pasi Bukopuctants BucokoBoiabTHOI AKDB pexxumu po6otu TEIIL GakTiaHO HE BiApi3HIIOTHCS Bif
PEXUMIB TIi7] 9ac poOOTH BiJl KOHTAKTHOI MEpeXi, 3a BUHATKOM HEOOXIAHOCTI 0OMEKEHHS MOTYXHOCTI, ITI0
CIOXKUBAEThCA BiJl BAX 3 METOI0 YHUKHEHHS i TIeperpiBy.

[IpsimMe BUKOPUCTAHHS CUCTEMH BEKTOPHOTO KepyBaHHS A/l 3 >KUBJIEHHSIM BiJ HU3bKOBOJIBTHOT BAX
0JIpa3y BUKJIMKA€E PS/I CYTTEBUX YCKIAaIHEHbB, SIKi 3yMOBJICHI THM, LI0 TATOBUH ABUTYH Ma€ HOMIHAJbHY Ha-
npyry 6mu3bko 400 B (1o dhakTuuHO BiAMOBigae HaNpy3i JJAHKH MOCTiHHOTO cTpyMy O1m3bK0 550 B), a #ioro
HOMiHaJbHAa MIBHIKICTH JOCSTAETHCA 32 JIHIMHOI MIBHAKOCTI TPAHCHOPTHOTO 3aco0y ONMM3bKO 27 KM/TOI.
[licnsa gocsirHeHHs HOMiHAIBHOT IIBUAKOCTI CUCTEMA BEKTOPHOT'O KEPYBAHHS [IEPEXOANUTH B PEKUM POOOTH 3
OOMEKEHHSAM I10 Halpy3l Ta BUKOPHCTOBYE aJrOPUTMU OCIAO0JIEHHS HOJIS 33471 HOCATHEHHS IIBUIKOCTEH
BUIIIC HOMIHAIGHUX. Y BUMAAKy BUKOpHcTaHHS BAX 3 Hanpyroro 48 B oOMexeHHs Halpyru HACTa€e BXKe 3a
IIBUIKOCTI OJIM3BKO 2.5 KM/TOJ, B TOM Yac SIK y OUIBIIOCTI TEXHIYHUX BHMOT JIO TPOJIEHOYyCiB MaKCUMallbHA
MIBUIKICTH B PEKUMI HU3bKOBOJIHTHOTO aBTOHOMHOT'O X0y BKa3yeThcs Ha piBHI 10 km/rox [2]. HasBHicTh B
CHCTEMI KepyBaHHS JKOPCTKHX OOMEXEHb J0IaTKOBO YCKIIaTHIOEThCS epekTaMu HeMOJIeTbOBaHOI AMHAMIKH,
SIKi 3aBKIU MPHUCYTHI B pealibHii cucteMi. Jlo HUX B mepily 4yepry Clif BiIHECTH e(eKTH MEPTBOTO yacy
iHBepTOpa (B TpolieOycHOMY TepeTBoproBadi moTyxHicTio 200 kBT MepTBuil yac ckiamae OIM3bKO 4 MKC),
BUMIPIOBaJIbHI IIIyMH, HEiJleabHOCTI JBUTYHA. B CyKyITHOCTI 1i OAaTKOBI HEKOHTPOJIbOBaHI 30ypeHHs TpH-
3BOAATH A0 3HAYHHUX TPYIHOILIB 3a0e3Me4eHHs CTIHKOCTI CHCTEMH BEKTOPHOTO KepyBaHHS B yMOBax Hil
YKOPCTKUX 0OMEXKEHb IO HaIpy3i.

3acTocyBaHHS PO3IMKHEHHX METOJIB KepyBaHHS MOMEHTOM A/l Takok He Jae OakaHOTO pe3yiIbTa-
Ty, OCKUIbKM He 3a0e3rnedye HeoOXiJHOTO PiBHS MOMEHTY B 30HI HU3bKUX IIBUAKOCTEH Ta HEOOXiTHOI TIaB-
HOCTI pyXy 4epe3 BiZloMi HEZJOMIKH PO3iIMKHEHOTO KepyBaHHs KoopanHatamu AJl.

MOo>XJIMBEM BapiaHTOM BHXOJY 3 IIi€] CHTYyaIlli € BAKOPUCTAHHS HAsSBHOT'O B OCHOBHIN CXeMi TPOJIeH-
Oyca BXimHOTO MOCTy B pexxumi miasuiyBansHoro DC/DC neperBoproBaua. [linsumrysansai DC/DC nepe-
TBOPIOBAadi MalOTh LIMPOKE 3aCTOCYBAHHS B €NEKTPOTPAHCHOPTI 3 OatapelHUM >KuBIEeHH:IM [3, 4] Ta po3BU-
HeHi MeToau KepyBaHH [5]. Pazom 3 ThM, B faHiii cxemi HasBHICTh Aioga VD1 He nae MoximBocTi 3abe3me-
YUTH 3apsIHAN cTpyM Oartapei, o HaKIagae MeBHI 0OMeXeHH Ha (QYHKITIOHYBaHHS CHCTEMH KMBJICHHS Ha
ocHoBi miaBunryBansHoro DC/DC nepeTBoproBaya.

Merto10 1aHOi poOOTH € MOCHTIKEHHS NOCSKHUX XapaKTEPUCTHK CHCTEMHU BEKTOPHOTO KepyBaHHS
TATOBUM aCHHXPOHHUM €JIEKTPOTIPUBOJOM 3a >KuBIIeHHS Big BAX Hanpyroro 48 B 3 BUKOPUCTaHHSM IIiBU-
uryBaigbHoro DC/DC neperBoproBaua.
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PesynbraTtn pocaimxenns. Cxema omHOHampaBieHoro minsuilyBansHoro DC/DC mepeTBoproBada
(a), ekBiBaJIeHTHI cXeMHU 3aMileHHs (0, 6), YaCOBI JliarpaMy HANpYT Ta CTPYMIB (2 — o/c) HaBeeHi Ha puc. 2.
OCHOBHHMH €JIEMEHTAMH CXEMH €: JDKepeso >kKuBieHHs E, HakonmuuyBanbHHUN Apocens Li, KOMyTyrouuit
eneMeHT (Tpan3uctop) Q1, miox VD, BuxigHa eMHICTh epeTBoproBada C, HaBaHTaxeHHS R.
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Puc. 2

[IpuaTInTT poOOTH MiABUITYBAIBHOTO TIEPETBOPIOBaYa Ta OCHOBHI PO3PaxXyHKOBI CITiBBIIHOIICHHS
npezacTaBieHi y 6arateox pobdorax, Hanpukiag, [6]. [Iponecn y cxemi Ha mepioai 1IIM 3py4HO po3risnaTi
B MeXaxX JIBOX TMOCIiIOBHUX IHTEPBAJIiB: HA MEPIIOMY IHTEpBalli (, 6) K04 3aMKHEHHI, Ha Apyromy (puc. 2,
8) — PO3IMKHCHUH.

Ha mepmomy inTepBaii uepe3 3aMkHYTHH Kitod Q1 iHAYKTHBHICTH L) migkmo4aeTses n0 JKepena
xuBieHHA. CTpyM i (puc. 2, 2) Tak i cTpyM Kiroua ig; (puc. 2, 0) HapocTae Bifl JESIKOT0 MiHIMalbHOIO
3HAYCHHS Ha IMMOYATKY IHTEpBAIy IO JESIKOTO MaKCHMAaJBHOTO 3HAYCHHS B KiHIN iHTepBany. IIpu meomy B
ingykTHBHOCTI L 3amacaerbes enepris. diox VD Ha nepuiomy iHTepBalli 3HaXOAUTHCS B HEMPOBITHOMY CTa-
Hi i Ji€l0 3BOPOTHOI HAINIPYTH, IO JOPIBHIOE HAIPY3i Uc HA KOHIeHcaTopi BuxigHoro ¢insrpa C. HaBan-
Ta)XEHHsSI BIAKIIOUEHE BiJ JKepesa )KUBJICHHS 3aKPUTHUM A10J0M TaK, L0 CTPYM Y HaBaHTaXEHHI MiATpUMY-
€THCS JIUILIE CTPYMOM po3psiay KoHaeHcaropa C.

Ha npyromy iHTepBaii K04 3HAXOAMTHLCS B HEMPOBIAHOMY CTaHi. BinmoBigHO 70 Mepuioro 3akoHy
KOMYTaIlii, CTpyM 4Yepe3 1HIyKTHUBHICTh L; MpOAOBKYye MPOTIKaTH B TOMY XX HaNpsAMKy. Bimkpusatoun miof
VD, ctpy™m moTparuisie B K0JIO KOHAeHcaTopa BuxigHoro ¢ginbrpa C Ta B KOHTYP HaBaHTaXEHHS. 3aBISKA
tomy, mo EPC camoinayKnii iHAYKTHBHOCTI € CyMYy€ThCsI 3 BXiIHOIO Hampyroto E, Hampyra uc Ha BUXOJ1
iIBUIIYBAJILHOTO TIEPETBOPIOBAYA BUSBIISIETHCS OUIBILONO 32 BEIMYMHOO, HiXK Harpyra E Ha oro BXozi.

Y Mipy Toro SK €Hepris, 3amaceHa B iHAYKTUBHOCTI L; Ha momepeaHbOMY iHTEpBall, BiANAETHCS B
HaBaHTAXKEHHsI, CTPyM 1ir; (pUC. 2, 2) 3MEHIIYEThCS, a BUXiIHA Hampyra Uc 30iunbmyerbes (puc. 2, o). Ha
MOMEHT 3aKiHYeHHS JPYroro iHTEepBaly CTPYM ip; 3HHXKYETbCA A0 MOYATKOBOTO AJIS MEPUIOTO iHTEpBAILy
MiHIMaJbHOTO 3HAYEHHS, TOM1 SIK HAalpyra Uc AOCITra€ MaKCUMaIbHOI BETHYHHU.

VY pasi pobOTH TIepeTBOpIOBaYa B PEKUMI HEPO3PUBHUX CTPYMIB Ta Uepe3 HEXTYBAHHS Mapa3suTHUMH
napamMeTpaMu €JIeMEHTIB CXEMH CITiBBIIHOLICHHS MiX BXiJHOIO Ta BHXIIHOI HAaIlpyramH NepeTBOpIOBava
BU3HAYAETHCS SIK
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V, =E/(1-D), (1)
ne V, — BuXinHa Hampyra nepeTBoproBada; D — mmapyBaTicTs iMmynbciB kepyBauusa, D =t /T, ae t,, —

TPUBAJIICTH BKJIIOYEHOTO CTaHy CHIIOBOTO Kitoua, Ts= 1/Fs — mepiox moBTOpeHHs iMITYJIBCIB, IO TTOJAFOTHCS
Ha CHJIOBHH K04, Fg — 9acToTa iMITyJIbCiB KepYBaHHS CHIIOBHM KITIOUEM.

HesBakaroun Ha 3HAYHUI PO3BUTOK METOMIB KEpyBaHHS HANpPYrol JIAHKKM MOCTIHHOTO CTpyMy
DC/DC neperBoproBadiB, MOBHOTO BHUPIIICHHS MPOOJIEMH KepyBaHHS TaKUM 00 €KTOM JIO IIbOTO 4acy He
3HaiaeHo. IcHyI09i pillIeHHs TPYHTYIOTECS HA CYTTEBHX CIIPOLIYIOUNX HNPHUITYIICHHIX, OCKUIBKH MaTeMaTnd-
Ha Mozenb miasuiryBansHoro DC/DC nepeTBoproBaya € HeMiHiMalIbHO-(a3oBoto [8]. Lleii dhakr He nae 3Mo-
T 32 JOTMIOMOTOI0 CTaHIAPTHUX MiJXOMIB OTPUMATH BUCOKI JWHAMIYHI TIOKa3HUKU PETyJIOBAHHS BHXiJHOI
HAIlpyTH B JIAHI MOCTIHHOTO cTpyMy. B pamkax IocCiiJpkeHHS BHKOPUCTAHO HENiHIHY MaTeMaTHYHy MO-
nens DC/DC neperBoproBaya [7]

. 1 wi .
V,==| ——i, |, 2
dc C Vdc L ( )
i=—51+E—lu, (3)
L L L

ne i — BxigHui ctpyM; L, R — imaykTuBHICTE Ta BHYTpimHi# omip npocens; E — EPC mxepena >xuBieHHs;
C - BHXiZHAa €MHICTh MEPETBOPIOBAYA; 1, — CTPyM HaBaHTaxeHHS; U=V, p/2 — Kepylouuil BILIUB; p —

(yHKIiS IepeMHUKaHHS KITIOYiB MIEPEeTBOPIOBaYA.
3anna kepyBaHHs koopauHatamu DC/DC meperBoproBaua, 3aJlaHOT0O MaTEMAaTHYHOIO MOJICILIIO Y
BUTIIAI PiBHAHB (2), (3), BUKOPHCTAHO pe3yNbTaT poOOTH [8], sIKUil IPYHTYEThCS HA BUKOPUCTAHHI MTPUHIIN-
Ty PO3AUICHHS B Yaci MPOIECIB PETYIIOBAHHS HAIIPYTH Ta CTPYMY. 3aUIs IOTO BUKOPHUCTOBYIOTHCS nBa I11
perymnstopu [9]:
— [I-perynsarop cTpymy
u=E-Ri" +L(k,i-x),
4)

X, =—k;1,
ne k, >0, k, >0 — koedinieHTH NpONOPUiiHOT Ta IHTErpaIbHOI CKIAJ0BUX PETYIATOPA CTPYMY; i=i—i —

noxuOKa BiAMpPALIOBAaHHS CTPYMY; i" — 3amanmii CTpyM;
— III-perynsTop Hanpyru

” cC, .
i =——(kvz—x),
2E )
x=-k,z,
ne k, >0, k,>0 — koedpiuieHTH npomopuiiHOi Ta IHTErpajbHOI CKJIAJIOBHX PETYJsATOpa HAIpPYTH;

7=V, -V,} =z-7 —noxubKa BiANPALIOBaHHs KBaPATy HANPYTH, V, — 3a/aHa BUXiJIHA HAIIPYTA.

[lin yac HanawTyBaHHs cucteMu 3a3Buyail K, , K, oGuparors «Benmkumm», T06TO TakKuMH, 106 32~
OesmevyBaTh PO3IIICHHS B 4aci MPOLECIB PETYJIIOBAHHS HANPYTH Ta CTPyMy Ha PiBHI o, >(3+4)o,,, 1€
BJIACHI YaCTOTH HeIeMIT(OBAHMX KOJIMBAHB 130JIbOBAHMX MIJCHUCTEM (KOHTYpIB) CTPYMY Ta HANpyTH BH3HA-
YarTHCA AK: 0, =K, , o5, =k, [9].

HocnimkeHHs TMHAMIYHAX TPOLECIB y pasi KepyBaHHS KOOpAuHaTamu cuctemu (2), (3) 3a gomomo-
Tor0 peryisaTopiB (4), (5) BAKOHAHO METOIOM MaTeMaTHYHOTO MOJeNoBaHHs 3 BpaxyBaHHsaM M. Ilig wac
JTOCITIDKEHHST BUKOPUCTAHO TTapaMeTpH, 10 BiAIOBIIAIOTH peaJbHOMY IIEPETBOPIOBAYY TposieHOyca: 1HIYK-
TUuBHICTB Apocenst L = 900 MxI'w, BHyTpimHi#i omip R = 0.01 OM, eMHiCTh KOHIEHCATOPA JTAHKH MTOCTIHHOTO
crpymy C =3600 mx®. Yacrtora IIIIM cranosuth 3 K[|, BeTMUMHA BXiIHOI Hanpyru ckiuazgae 48 B.

Hunst anroputmy kepyBanHsi DC/DC nepeTBoproBaueM NPUIHATO HACTYIHI KOe(illi€eHTH perynsTopa
Hanpyru: k, =100, k , = ki/2 =5000 Ta perymnstopa crpymy: k;, =1000, k, =k’ /2 =500000 . Tect BuKo-
HAHO 32 HACTYITHHX YMOB: B OYAaTKOBHUI MOMEHT 4acy BHKOHY€EThCs (pOpMYBaHHS BHXIJHOI HAIPyTH 3 TO-
4aTKOBOro 3HaueHHs 48 B (Bianosinae manpysi BAX) no 3amasoro pisust V,, =250 B 3a uac 0.5 ¢, notim

BifOyBaeThes npukinagans (t = 0.6 ¢) Ta 3ustTs (t = 0.8 ¢) cTpyMy HaBaHTa)KeHHs1 BenmnunHOI0 40 A, B Mo-
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MeHT 4acy (t = 1 ¢) BizOyBaeTbcs NPUKIAJaHHS Bi’€MHOTO CTPyMy HaBaHTaXEHHsS BenuuuHOIo 40 A, a B
MOMeHT 4acy (t = 1.25 ¢) — foro 3HATTA. BenuunHy cTpyMy HaBaHTa)XeHHSI 00paHO Tak, 00 (GopMyBaTH
BUXIiJHY MOTY>KHIicTh Ha piBHI 10 kBT, mo, six Oyzxe mokasaHo Aaji, BIINOBIgae napaMmeTpaM pyxy He3aBaH-
Ta)XEHOTO TpoJieiibyca Ha mBHIKOCTI Om3bK0 10 KM/TOST.

3 puc. 3 BumHO, 10 aMropuT™ (4), (5) B KIlacuuHi# cxemi (puc. 2) 3a0e3medye aCHMITOTHIHE Pery-

Jr0BaHHs Hanpyru, To6to limV, =0, a Takox acUMOTOTHYHE BiIIPAIIOBAHHS 331aHOT TPAEKTOPIl CTPpyMY,
t—oo

TOOTO BUKOHY€ETHCS yMOBa limi =0.

t—o0

Hanpyra maskn nocTifHore cipyMy V, . B Crpvm mpoceng i, A
300 T T
400 T T . ‘
i : I s R
300f----mmmeeee- mem - SREDE LR R . ' '
! 100 F-------------- e R Bk EEE Rt
200 f---mmnem oA PR foeee e - 0 - (-
i i 00 f--mmmeemee e R LRty SEEEE
100 ----------- R Ammmmemeeees —
! ' L e RREEEE -
0 ’ ’ -300 : :
0 0.5 1 t.c 0 0.5 1 t.c
Toxubxa siqnpamosanss Hanpyrn V, B TMoxubxa BiINPAFOEAHHT CTPYMY 1, A
100 T T T T
: : 20f--eeeennoe onnonoeee . .
e I SR | ] S——— S S -
0 : . 0 g
] S s | e ] B P g 7
i i A fonsnnneea drooneeneeaas .
100 H H H H
0 05 1 t c 0 05 1 t c

Puc. 3

3i cnpoueHoi PYHKIIOHAILHOI CXeMHU TATOBOTO €JIeKTPOnpuBoay (puc. 1) BUAHO, MO BiH MICTUTH
BCi HEOOXiTHI KOMITOHEHTH 3a]y1s peanizanii miasuirysansHoro DC/DC nepeTBoproBava B yMOBax pyXoMOTo
ckiany. 3a monomoror koHraktopa K1 enekTponpuBoI BiIKIFOUAETHCS BiJf KOHTAKTHOT MEPEXi, a 3a JIONo-
MOTO!0 KOHTakTopa K2 10 BXiZTHOTO MOCTY MiIKITIOYAETHCS HU3bKOBOJIBTHA BAX.

[Tig wac poOGOTH cXeMH B peXUMi IMiABHUILEHHS HAPYTH JPOCENb L; BUKOPUCTOBYETHCS SIK HAKOTIH-

qyBaNbHUI eeMeHT. BixmosinHo no puc. 1, 3amis peamizamii cucremu crabimisauii Hanpyru V,, cTpym

IHAYKTABHOCTI BUMIPIOETHCS HAsIBHUM B cXeMi faBadeM ctpymy Mepexi JIC1, BXigHa Hampyra BUMipIOEThCS
MITATHAM JaBadeM HAmpyTH KOHTakTHOI Mepexi JIH1, BuMiproBaHHS HAmpyrH JIAHKH MOCTIHHOTO CTPyMY
3MIACHIOETHCS 32 JJOMTOMOTroro fgaBada JIH2.

ExBiBaneHTHY cXeMy BXiJHOI YaCTWHM NEPETBOPIOBAYA Iijl Yac MPOXOPKEHHA (a3u HAKOMUYCHHS
eHeprii HaBeaeHo Ha puc. 4, a. Y il ¢asi apocens L 3a 7ormomMororo BKIFOYCHHX TpaH3ucTopis Q2 ta Q3, a
TaKOX aHTUTAPAIETBHUX Ti0iB TpaH3ucTopiB Q1 Ta Q4 migKIroUacThes A0 aKyMyJIITOPHOI OaTtapei, cTpym
B iHJYKTHUBHOCTI TOYMHAE HAPOCTATH, 1 B POCENi HAKOMUIYETHCS eHepris. B el yac aBTOHOMHHMI iHBEpTOP
Hanpyru (AIH), skuii € HaBanTaxkenHssM DC/DC nepeTBoproBada, OTpUMy€e €HEPTito Bil KOHIEHCATOpa JIaH-
KU IIOCTIHOTO CTPyMY.

ExBiBaneHTHy cXeMy BXiJHOi YaCTWHH MEpeTBOPIOBaYa Ha iHTEpBaji BiAgadi eHeprii HaBeAEHO Ha
puc. 4, 6. Y uiit ga3zi npocens L1 3a momomororo aHTUNIapaieNbHUX Ai0iB 3aKpUTHX TpaH3ucTopiB Q1 ta Q4
M TKITIOYAETHCS 10 KOHACHCATOPIB JIAHKW TOCTIMHOTO CTPYMY, 1 €HEpris, HaKOoM4YeHa B JPOCENi y Tmomepe-
JHIH ¢a3i poOOTH, IEPEXOUTh B KOHJICHCATOP, 110 MPU3BOIUTH A0 301IbIICHHS HAPYTH JIAHKH MOCTIHHOTO

CTpyMy.
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a) 6)

Puc. 4

3anns mocmimpkeHHs BIUBY giofa VD1 Ha sikicTh TepexiTHUX MPOoIeciB cTadimi3allii HalpyTry JaHKU
MOCTIHOTO CTPyMY METOJOM MaTeMaTHYHOTO MOJEIIOBAHHS 32 YMOB, aHAJOTIYHHUX JO PHUC. 3, BUKOHAHO
MOJIENIOBaHHS POOOTH MepeTBOpIOBaya 3 HasiBHUM AiogoM VDI1. PeaynbpraTi qociikeHHs MOKa3aHo Ha PHUC.
5, 3BIIKM BCTaHOBIIOEMO, 1110 Aio7 VD1 yHEMOXIMBIIOE IPOTiKaHHS BiI’ €EMHOTO CTPyMy 4epe3 apocenb L,
110, B CBOIO YEPTY, MPHU3BOJUTH 0 HE3HAYHOTO TOTIPIICHHS SKOCTI PETYJIIOBAHHSA HANPYTH B TUHAMIII TTi1
Yyac NpUKJIaJaHHs JOJaTHOTO CTPYMY HaBaHTaKEHHS Ta YHEMOJKIIMBIIIOE CTa01Ti3allil0 HAIIPYTH HA 3aJJaHOMY
piBHi 250 B mig yac ckupgaHHs CTpyMy HaBaHTa)KeHHsS a0o il Bil’€éMHHX CTpyMiB HaBaHTa)KeHHS. Tomy B
pexumi pexyneparii TEII enepris B Takiit koH(pirypailii BXiZIHOTO KoJia PO3CIIOE€THECSA Ha TaTbMIBHOMY PE3HU-
ctopi Ry, (puc. 1) 3 BcTaHoBIeHNM 00MEXEHHSIM HAIPYTH JIAaHKK ITOCTIHHOTO cTpyMy Ha piai 700 B.

Hanpyra nankn noctiithoro ctpymy V, . B Crpym gpocens i, A
300 T |
800 T T ‘ |
i i - 200 --mnmmmmne N A A
BO0 | -peemmacea-o- e EEREEEEERE - : :
Eez niona " 100 p--mmmmmeneees ol S BTt
. ] ' '
400 1- 3.D.I'II'.D.DM _______ ]1 _____________ | ] —— _____ :
! | '
. A0 oo oo SRR IR N
200 f------- - A SRR . Bea gioga
i i e I 3 giogom |7 L A ]
0 H H 2300 H H
0 0.5 1 t c 0 0.5 1 t.c
Puc. 5

AJITOPUTM TNPSIMOTO0 BEKTOPHOT0 KEPYBAHHS MOMEHTOM Ta MOJYJeM BEeKTOpa MOTOKO3Yern-
genHs AJl. basyrouucs Ha KOHIENIIT IPSMOTO IMOJICOPIEHTYBAHHS, AITOPUTM KEPYBaHHS MOMEHTOM 1 MOJTY-
JIeM BEKTOpa IMMOTOKO3YETUICHHS 3a/1a€ThCsl HACTYTHUMU piBHSHHMU [10]:

— peryJsTOp MOJAYJISI BEKTOPA MOTOKO3YCILIICHHS

1d:(oc\u +y —kwew—xw)/och, ©)
X, = kwiew;
— crocTepirad MofyJisi BEKTOpa HOTOKO3YEIIEHHs

Y =—op+al i,
| i, @)
g =0, =0p, +alL  —;
— perynsTOpH CTPYMiB
u, = G(yid —0yiy —aPy+i, —kii; + xd),

®)

Xq =Ky
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_ o ok A o k':‘
u, —G(’qu + 0,1, +Pop, v +i, —kii, +xq),

. - )
X, =—kii1q;

— peryJsITOp MOMEHTY
. 1M L LM MY
i =, >0, 1y =] | (10)

Hv LAV v
R : L R, 3L . . .
ne qo=—2; 6=L ——"; B=—2; y=—+0apL; u, ==—=; R,R, i L,L, - akrusni onopu Ta inayk-
, L, oL, o 2L,

TUBHOCTI cTaTopa i poropa BiamosimHo; L — iHAYKTHUBHICT KOHTYypY HaMarHiuyBaHHS; P, — YMCIJIO Hap

TOJIOCIB, i, i, — 3aBlaHHs Ha CTPYM 30y[DKCHHS Ta MOMCHTOYTBOPIOKOUHII CTPYM CTAaTopa; ® — KyTOBa

MIBUIKICTE pOTOPA; U

d»

u, — KOMIIOHCHTH BEKTOpA KEPYIO4Ol HANPYTH CTATOPa; &),0, — KYTOBE IIOJIOKCHH
Ta MBUAKICTE 00EPTaHHS CHHXPOHHOI CHCTEMH KOOpauHart (d-q) 1Mo BiIHOMIEHHO 10 cTamioHapHoi (a-b);

. * *
— OIliHKa MOJYJIsS BEKTOpa MOTOKO3UCIICHHsI POTOpa; Y — 3ajJaHe MOTOKO3YeIUICHHs poTopa; M — 3ana-

1, =1, —1, — NOXMOKHM BIANPALIOBAHHS CTPYMIB CTAaTOpa; e, =\ -y —

HU MOMEHT JIBUTYHA; iy =14 —iZ s g T g

MOXUOKa BIAMPAIIOBaHHS OIIIHEHOTO TTOTOKO3YETUICHHS; (kw ,kwi ) >0 — koe(ilieHTH TPOMOPILIHHOI Ta iHTE-
IPaIbHOI CKJIAI0BHX PETYNATOpa MOTOKo3uerieHns; (k;,k;)>0 — koediuienTn mponopuiiHoi Ta iHTerpa-
JIHHOT CKIIAIOBUX PETYJISITOPIB CTPYMY.

AnropuTt™m BekTOpHOTrO KepyBanHs AJl, 3amanuii piBHsHHAMU (6) — (10), 3a6e3neuye [10]: acummnTo-
TUYHE TIOJICOPIEHTYBAaHHS KEPYBaHHS 332 BEKTOPOM IMOTOKO3YETICHHS POTOpa, ACUMITOTHYHE BiJIIPAIIOBAaH-

HS 33JaHUX TPAEKTOPIH MOMEHTY Ta MOIYJISl BEKTOPa MMOTOKO3YETIJICHHS], aCHMITOTHYHY PO3B’SI3KY IIPOLIECiB
KepyBaHHS MOMEHTOM Ta MOJYJIEM BEKTOpa II0TOKO3YEIJIEHHS pOTOpa.

V Bigmosiguocti 10 puc. 1 30ypennsm DC/DC mepeTBoproBaya € CTPYM HABAHTAXKEHHS 1, , AKUH

HEOOXiIHO PO3paxOByBaTH ISl MOTOYHHUX 3HAYEHb BHUXiJHOI HANpYTrH MepeTBOproBaya Vg, Ta akTUBHOI IO-
TY>KHOCTI P,, 1110 CTIOKMBAETHCS €EKTPOIIPUBOIOM
iLZPa/Vdc' (11)
[Tig niero ctpymy 30ypeHHs, a TaKOX 4depe3 HasBHICTh CTPYMOOOMEKEHHS B alITOPUTMi KepyBaHHS
DC/DC neperBoproBaueM HOT0 BHXiIHA HAMPYyTa, TOOTO HAIPYTa JAHKH IMMOCTIHHOTO CTPYMY V4c, MOXKE 3Mi-
HIOBATHCS, TOMY B aJITOPUTM KEPyBaHHS MOMEHTOM HEOOXiHO BBECTH OOMEKEHHSI MOIYJISl HAIPYTH CTaTO-
pa. Uepes Te, mo Hampyra cratopa 3a Biccto d BiAmoBifae 3a perymtoBaHHs cTpyMy 30ymxenHst AJl, oOme-
JKEHHSI B1IOYBA€THCS 1O OCi g 3TiTHO BUPA3y

Uy Sug, =y Vi/3-15 . (12)

TecTyBaHHS KOMIO3UTHOI CUCTEMH, IO CKIafaeThes 3 miaBuuryBansHoro DC/DC mepeTBopioBaua,
3ibpanoro 3a cxemoro puc. 1, i TEIL 110 BiJ HPOTO )XUBHTHCS, BUKOHAHO METOAOM MaTEeMAaTUIHOTO MO/IEIIO-
BaHHS JUI OJHOCEKIIHHOTO TpoJieiidyca JOBKUHO 12 M 3 HaCTYMHUMU napaMerpamu [11]: mopoxHs Maca
Tpojeidyca y crnopskeHomy crani 11860 kr, makcumanbHa Maca Tpojeidyca 19000 kr, MakcuMmaibHa
MIBUJIKICTH PYXY HE MEHIIE 55 KM/TOJI, Yac PO3TOHY MOBHICTIO 3aBaHTaXXEHOTO TpoJieiidyca 10 mBUAKOCTI 45
KM/Tof He OinbIne 18 ¢, 3aranpHe nmepegaBaibHe YUCI0 MeXaHigHoi mepemadi 9.871.

TponeiiGyc ocHaleHH TATOBUM aCHHXPOHHUM JIBUTYHOM Ty ITA — 2VY1 3 HacTynHEMH mapame-
TpaMH: HOMiHaJIbHA MOTY>XHICcTh Ha Bamy 180 kBt (s2 = 60 xB), wacrorta Hanpyru xwuBineHHs 50 [, HomiHAa-
JThpHA CHHXPOHHA YacToTa obepranusa 1500 06/xB, MakcuMaiibHa yactota obepranus 4000 06/XB, 9HCIIO Tap

MOJOCIB 2, iIHAYKTUBHICTh HamarHigytouoro koutypy L =0.006621 T'n, iHxyKTHBHICTS PO3CifOBaHHS CTa-
topa L,, =0.000308 I'n, inxyktuBHicTH po3citoBanHs potopa L, =0.000306 I'n, aktuBHHMII omip craTopa
R, =0.0196 Owm, axtuBHmii omip poropa R, =0.00859 Owm. Ilig yac mociipkeHHs BpaxoBaHO 3YCHIUISA

TEpPTS KOYCHHS Ta 3yCHIUIS aepOANHAMIYHOTO ONOPY PyXy Tpodeiidyca.
TecTyBaHHS KOMIIO3UTHOI CUCTEMH BUKOHAHO 3T1HO HACTYIHOI MOCIIiTOBHOCTI ONepaLiil KepyBaHHS:
— B IIOYaTKOBWI MOMEHT 4acy BUKOHYe€ThCs (opMyBaHHs BuXiqHOi Hanpyru DC/DC neperBopro-
Baya 3 MMOYaTKOBOTO 3HauYeHHA 48 B 1o 3aganoro pisasg 250 B 3a gac 0.5 c;
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— B MOMEHT 4acy | ¢ po3moumHaeThCs 30yAKEHHS ABUTYHA IO 3aJaHildl TPAEKTOPii MOTOKO3Yer-
JIeHHs, sfika fgocsrae 3HadeHHs y* = 0.9 B63a 1 c;

— B MOMEHT Yacy 2.5 ¢ po3NOYNHAETRLCS BiAMIPAITIOBAHHS 3a]aHOT TPAEKTOPii MOMEHTY Ha PO3TiH 3
MakcuMabHuM 3HaueHHsIM 500 Hm, wacom Hapocranus Ta cnaganss 0.5 c;

— B MOMEHT 4acy 16 ¢ po3MOYMHAETHCS BiNPAIIOBAHHS 33aHO1 TPAEKTOPIT MOMEHTY Ha TallbMy-
BaHHS 3 MaKCUMaJlbHUM 3HaueHHsAM -500 Hm, wacom HapocTanHns Ta cnaganns 0.5 c;

—  Yac NpHKIaJaHHS Tparelii MOMEHTY Ha PO3TiH Ta rajJbMyBaHHs MiAi0OpaHO TaKUM YHHOM, 1100
MiI 9ac pO3roHy TPOJEUOyC AOCIraB MIBHIAKOCTI 9 KM/TOJ, a MpH rallbMyBaHHI IIBUAKICT 3HWKYBAJIACS O
HYJIAL.

3ajis KepyBaHHS TaJbMiIBHUM TPaH3UCTOPOM BHKOPHUCTAHO pelieiiHui perysitop Hanpyrd. Omip pe-
3WCTOpa PO3PSAAHOTO Koa ckiamae 5 OM, Hanmpyra BKIIOUEHHS TajdbMiBHOTO Kitoua ckiagae 700 B, Hanpyra
BIJIKJIFOYEHHS TAJILMIBHOTO Kirroua — 680 B.

[MapameTpu perynsaTropiB CHCTEMH MPSIMOTO BEKTOPHOTO KepyBaHHS MOMeHTOM AJl HacTymHi: pery-

mstop motoky: k, =200,k = ki /2 =20000, perynsaropu ctpymy: k. =500,k. =k’ /2 =125000.

IMepexinHi mporecy B alrOpUTMi IPSMOTO BEKTOPHOTO KEPYBaHHS MOMEHTOM aCHHXPOHHOTO JBHTY-
Ha Ta B anroputMi kepyBanHs DC/DC nepeTBoproBaueM HaBeIeHO Ha puc. 6 1a 7.

JajaHa HANPYTa JAHEH DOCTHHOrO cIpymy V¥, . B 3apmaHuii cTpyM Opocend i¥, A
300 ; . | 300 ! :
250 \ \ | 250 . P _
200 [ --------- e b (A 4 200 SRR “heeeeee- -
150 - --------- AR AR R 1 11 Y A .
100 f---------- R R R - 100 CRRCERREES ERRRRETEEE -
i b ERRRRREEE beeeeee- - 50 b e 1
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Sk BurmBae 3 rpadikis puc. 6 Ta 7, DC/DC neperBoproBad 3a0e3neuye cTadimi3alliio Hanpyry JIaH-
KW TIOCTIHHOTO CTPYyMy Ha ertarni 30ymkeHHs AJl. BigmpaitroBanHs 3a1aHo1 TpaeKTOpii MOMEHTY TTPU3BOIUTH
JO MIBHIKOTO BXOKeHHA cucteMu kepyBaHH DC/DC mepeTBoproBaueM B PEXHUM CTPYMOOOMEKEHHS
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(BcraHoBneHO Ha piBHI 250 A), 110, B CBOIO 4epry, NPU3BOJMTH 0 3MEHIIEHHS HAIPYTH JaHKU MOCTIHHOTO
ctpymy no pieHs 100B. BHacninok HacTaHHs 0OMeXeHHS HANPYTH Y BiAMOBIAHOCTI 10 BUpa3sy (12), MoMeH-
TOYTBOPIOIOYA CKIIAJI0Ba CTPyMy CTaTOpa MOYMHAE 3MEHIIYBaTHCS OOCPHEHONPOMOPLIMHO OO MIBHIAKOCTI
JIBUT'YHA, II0 TIPU3BOAUTH JI0 MMOCTYHOBOTO 3MEHIIEHHS cTpyMy HaBaHTakeHHs DC/DC neperBoproBaya. Sk
HACIIOK, B yMOBax il cTrpymoodMekeHHs BuximgHa Hanpyra DC/DC nepeTrBoproBaya TaKOXK ITiIBHIIYETHCS
10 Mipi HAPOCTAHHS IBUAKOCTI.

Moment neurvea, Hu 3amaHa TPAEKTOPiE MOTVIA BEKTOpa

600 MOTOKOZUEIUICHHE potopa w*, BO
1 T T T
400 + : +
S SN SN AN S 1
200 ! ! !
O oo e e .
200 i oo foeaooeans poeeoeeees 1
-400 029" Fososoeoees Pososoeoees Fosoooooes 7
600 i : :
5 10 15 t.c
Komnomenm cipymMy no ocam d-gq, 4
300 T T T
oo i i
200 t--f1--es R R Eresosness -
(& \ . I
[ S " ———————— m———————
1 ' '
100 F - f - —

---4- (R TR
"
'

AQQ === ees :

F-----r-----F-----r

-200
0

400
300
200
100 A b
0 o[V S
30 5

-100
0

Puc. 7

Pazom 3 TuUM, 3MEHIIIEHHS MOMEHTOYTBOPIOIOUOT0 CTPYMY MPHU3BOIMTH JO 3MEHIICHHS MOMEHTY,
TOMY Ha PyX TPAHCIIOPTHOTO 3ac00y OyIyTh CYTTEBO BIUIMBATH 30yprorodi GaKTOPH: YXUI TOPOKHBOTO TI0-
KPUTTS, CUJIA TEPTS KOUEHHS Ta aePOJAUHAMIYHOIO OIOPY.

B pexxumi BUOIry peryssiTop Hanmpyry JAaHKH MOCTIHHOTO CTPYMY BHXOJHUTH 3 PEXKUMY CTPyMOOOMe-
JKEHHS 1 3a0e3reuyeTbes ii ctadimizaris. [lix yac ranmpmyBanas AJl mepexoanuTh B pexuM pekyneparrii. Ye-

pes Te, 10 HasBHICTH Aioxy VD1 He fae MOXKIIHBOCTI IIOBEPTATH SHEpriio B 6atapero, Hampyra V. 3pocrae

1o pieasg 700 B, ne BimOyBaeThes 11 crabimizalis 3a paxyHOK poOOTH TaibpMiBHOTO TpaH3ucTtopa. Cucrema
BEKTOPHOTO KepyBaHHs A/l mpu miboMy Ipairoe B pexxumi 6e3 00MexeHb 0 Harpys3i.

3a3HaunMoO, 1110 aKTHBHA MTOTYKHICTh Ha BUXOJ iHBEpTOpa I 9ac po3roHy A/l 3HaxoauThCs Ha pi-
BHI 0sn3bko 10 kBrT.

3au1si BUSHAYCHHS JOCSKHHX IIBUAKOCTEH pyXy Tposieri0yca 3a pi3HUX KOMOIHAIISIX BETUYMHU 3a-
BJIaHHS HAMPYTH JIAHKKM MOCTIHHOTO CTPYMYy Ta OOMEXEHHS CTPYMY 3 HU3bKOBOJBbTHOI BAX, Oyso nmpoBene-
HO OKpEMY CEpif0 TECTIB, ITiJT 9ac SKUX JOCIIKYBaBCs MPOIIEC pO3TOHY TpoJieidyca 3 3aBIaHHIM Ha MOMEHT
Ha piBHi 500 HM. Tectn npoBoamiucs 3a yMOB pyXy HEHaBaHTaXXCHOTO TposelOyca 1o piBHIH acdanbToBa-
Hill ninsgHIi moporu. KiHIEBOIO MIBHAKICTIO BBakamacs MIBHIAKICTH, 32 SKid AWHAMIYHWA MOMEHT CTaBaB
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PIBHMM HYJII0, TOOTO TpOJIeHOyC mepecTaBaB pO3TaHATUCS MiJ AI€K0 CHJI TEPTS KOUCHHS Ta aepOANHAMIYHOTO
o1opy.

JocaxHa IMERTKICTE Tponeiibvea "\'mm npu M* = 500 Hum PCSy.]'ILTaTI/I MOJC/IIOBaHHA HAaBECACHO Ha pHUC. 8, 3
SIKOTO BWILIMBAE, IO 3a yMOB cTpyMooomexenns DC/DC
repeTBoproBava Ha piBHi 200 A Ta HampyTw JaHKA MOCTIiH-
Horo ctpymy 250 B MokHa mocsirti mBuaKocTi 12 km/rof,
YOro IJIKOM JOCTAaTHBO AJIS peani3alii MaHeBPOBOTO pe-
KUMY pyXy TPaHCIIOPTHOTO 3aco0y [2].

BucHoBku. B pe3ynabTati JOCTIIKEHHS METOIOM
MaTeMaTHYHOTO MOJENIOBAHHA TATOBOTO EJIEKTPOIIPUBOLY
Tposieiibyca 3a >KUBJICHH] Bil HU3bKOBOJBTHOI aKyMYJISITOP-
HOi Oarapei 3 BHKOPHCTAaHHSM IiaBuiryBaisHoro DC/DC
MEepeTBOPIOBaYa OTPUMAHO 3aJIE)KHOCTI JOCSHKHUX IIBUAKO-
cTeil pyxy Tpoieiibyca 3a pi3HUX KOMOIHAIisIX BETHYUHHU
3aBJaHHS HAIPYTH JAHKU [IOCTIHHOTO CTPYyMy Ta OOMEXEH-
HSl CTPYMYy 3 HHU3BKOBOJIbTHOI OaTapei aBTOHOMHOTO XOy.
30KpeMa BCTaHOBIICHO, IO 32 YMOB PYXY OJHOCEKLIiHHOTO
| | . Tposeiidyca MoBXHUHOK 12 M 1o piBHOMY ac(anbToOeTOH-
100 150 200 230 300 HOMY TOKPHUTTIO CHUCTE€Ma Ja€ 3MOTY JOCSTTH IIBUAKOCTI

3ajiana HANPYTa JIAHKH NOCTifHoro V, ¥, B pyxy 12 xkm/ron y pasi 3aBIaHHs HAIPyTd JaHKH MOCTiIHHO-

Puc. 8 ro CTpymy V;c =250 B Ta 3a oOMexeHHi cTpymy Oarapei

aBTOHOMHOIO xoxy Ha piBHI 200 A. JIoCSHKHOT HMIBHIKOCTI
LJIKOM JOCTaTHBO AJIS peastizallil MaHEBPOBOTO PEKUMY PyXY TPAaHCIIOPTHOTO 3ac00y.

OTprMaHi 3aJIeKHOCTI JTAIOTh MOXKIIMBICTh 3a0€3MeUuTH BHOIp HEoOXimHOi €éMHOCTI (i BiIOBiTHO
MaKCHMaJBHO JOIYCTHMOTO CTPyMY) TSATOBOI Oarapei B 3aJIeKHOCTI Bijl 33/1aHO1 IIBUAKOCTI PyXy B PEKUMI
aBTOHOMHOT'O X0y TpoJieii0yca.

IToka3zaHo, O HASBHICTH 3aXHCHOTO JIi0Ja MK OaTapecto aBTOHOMHOTO X0y Ta JIAHKOO MOCTiHHO-
0 CTpyMy TPHU3BOIUTH 0 HEXTYBAHO MAJIOTO IMOTIPIIEHHS SKOCTI cTadimi3allii Halpyryd B PyIIIHHOMY pe-
JKHMI, TIPOTE HE BUKJIMKAE BTPATHU CTIHKOCTI B PO3TIISIHYTUX PEXKHUMaX POOOTH TATOBOTO €JICKTPOIIPUBOLLY.

[MopanemuyM pO3BUTKOM 3alpPONOHOBAHOT CHCTEMH MOKE OyTH BUKIIIOUEHHS 3aXHCHOTO JioJa MiX
OaTapeero aBTOHOMHOTO X0y Ta JIAHKOIO TIOCTIHHOTO CTPYMY, a TaKOK MOIU(IKAIlis aqTOpUTMY KepyBaHHS
KomyTailiero Tpan3uctopis Q1—Q4 3 MeToro opranizaiii cxemu asonamnpasieHoro DC/DC nepetBopioBaua i
3a0e3MeueHHs] KepOBaHOI peKyIepallii eHeprii B 6aTapero aBTOHOMHOTO XOy.

3anponoHOBaHe PIllICHHS MOXe OyTH OCHOBOIO JUTSl pealtizallii peKuMy aBTOHOMHOTO XOAy B HOBHX
Ta MOJEPHI30BaHUX OZMHHUILIX PYXOMOTO CKIaay TPoJeii0ycis. Mloro mepeBaroo € MOXIMBICTB peamizarii
Ha iCHYIOUill B TpaHCIIOPTHOMY 3aco0i eneMeHTHiH 0a3i 6e3 3MiHM CXeMH BXiJHHMX KiJl IITATHOTO HEpPETBO-
proBaua.

TRACTION ELECTROMECHANICAL SYSTEM OF THE TROLLEYBUS FED
BY LOW VOLTAGE ON-BOARD BATTERY USING BOOST DC/DC CONVERTER

S.M. Kovbasa', Yu.V. Verbovyi', K.A. Hupalov’

! National Technical University of Ukraine "Ihor Sikorskyi Kyiv Polytechnic Institute",
Beresteiskyi Ave., 37, Kyiv, 03056, Ukraine.

2npolitekhnoservis" LLC,

st. Serhiy Moskalenko, 16-g/19, Brovary city, Kyiv region, 07403, Ukraine.

E-mail: skovbasa@ukr.net , yurii.verbovyi@gmail.com.

This paper deals with an electromechanical system of the trolleybus which is fed by low voltage on-board battery using
boost DC/DC converter. Peculiarities of the use of the boost converter to power up field-oriented controlled traction
electric drive were studied. It is shown that already existing primary stage of the traction electric drive can be used to
implement boost DC/DC converter. Control algorithms for stabilizing the voltage of the direct current link and direct
field-oriented control of the torque and the flux of induction motor are presented, which can be applied to implement
the maneuvering operation mode of trolleybus. Proposed electromechanical system was tested by the mathematical
modeling, taking into account the pulse width modulation in the DC/DC converter, as well as the parameters of the
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single-section trolleybus and the forces of resistance to its movement. It is shown that when the battery current is lim-
ited to 200 A and the voltage of the direct current link (the output voltage of the DC/DC converter) is stabilized at 250
V, unloaded trolleybus can reach a speed of 12 km/h on a flat asphalt surface. The results of the study of the achievable
speed of the vehicle at different values of the battery current limit and the level of the DC link voltage task are also
presented in the paper. The results of the performed research can be used in the development of new and modernization
of existing electromechanical systems of trolleybuses. References 11, figures 8.

Key words: boost DC/DC converter, autonomous operation, trolleybus, traction electric drive, induction motor, field-
oriented control.
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EJIEKTPOEHEPT'ETMYHI CUCTEMU TA YCTAHOBKU

YK 621.311:681.3 DOIL: https://doi.org/10.15407/techned2025.03.055
KOMILJIEKCHHUM AHAJII3 BILTUBY CUCTEM HAKOIIMYEHHSI EHEPI'Ii HA PEXKUMUA
POBOTU EHEPITOCUCTEM 31 3HAYHOIO YACTKOIO BIJTHOBJIIOBAHOI TEHEPAIIIT

B.B. HaBnonchnﬁl*, JIOKT. TeXH. HayK, JI.M. JIyK’ﬂHeHKOZ**, KaHJ. TEXH. HayK,
A.O. CTeJ‘llOK3***, KaHJI. TEXH. HAyK

InctutyT enexrponunamikn HAH Ykpainn,

np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaina,

e-mail: lukianenko.lukian@gmail.com.

Y pobomi pozenanymo numanns sabe3neuenns OANAHCYSAHHA 34 AKMUBHOIO NOMYIICHICINIO 8 eHeP2OCUCEMAX 31 3HAY-
HOIO YacmKoIO eleKmpocmanyitl Ha 6ioHoeniosanux odcepenax enepeii (BJE) 3 ukopucmanuam cucmem HAKONUYEHHS
enepeii (CHE). 3anpononosano kpumepii 3 6U3HAUeHHsI NOMYNCHOCMI MA EMHOCME MAKUX CUCMEM 3 YPAXYSBAHHAM NO-
MUIKU NPO2HO3Y8aHHA nomyodcHocmi eenepayii B/[E, a maxkodc HaA6HUX pe3epsie 3a aKMUEHOI NOMYICHICINIO HA pe2y-
noganvHux cmanyiax. Hagedeno pezyrsmamu 0ocniodtcens YemaneHux pexcumis Ha npukaadi Yinboeoi enepeocucmemu.
Bi6x. 7, Tabx. 9, puc. 6.

Knrwowuoei cnosa: eneprocucreMa, cucTeMa HaKOIMYEHHS €HEpTii, peryJIloBaHHs, pUHOK €JIEKTPOEHEPTii, BiIHOBIIOBaHA
reHeparlisi, HebajJaHC akKTUBHOI MOTYXHOCTI.

30ibIIeHHsT BCTAHOBJICHOI IOTY>KHOCTI €JICKTPOCTAHINi Ha BiJHOBIIOBAHUX JDKEpellaX eHepril
(BAE), nacammiepen BirpoBux (BEC) ta constunmux enekrpocranuiii (CEC) B cTpykTypi reHepariii, a Takox
po3surok eneprocucteM (EC) Ta ixHe 00’€qHaHHS B 4aCTHHI iHTErpalii Cy4acHHX TEXHOJIOTIH, 30KpeMa, CH-
crem HakormyeHHsa eHeprii (CHE), rayukux cucrteM mepenadi Ha 3MiHHOMY CTPyMi, TIOCHITIOIOTh BUMOTH JIO
MIJBUILECHHS TOYHOCTI MOJIENel EHEProCUCTEM Ta IXHIX OKpeMHUX ejleMeHTiB. Ha moTrouHuii yac HalOiIbII
MOUIMPEHOIO MPAKTHKOIO € MOJIETIOBAHHS €HEPTrOCUCTEM JIMIIE JJIsl IEBHUX XapaKTepHUX PEXHUMIB, SIKi, 30K-
peMa, OXOIUTIOIOTh PEKUMH 3UMOBHX Ta JITHIX MaKCHUMalIbHHUX i MiHIMaJIbHUX HABAaHTa)KEHb, BECHSIHOTO I1a-
BOAKY TOIO. OCHOBHHM OOMEKYIOUMM YHHHHKOM TaKOTO MiIXOAYy € BHU3HAUCHHS YMOB (YHKITIOHYBAHHS
EHEPTOCHUCTEM JIMIIE [Tl OKPEMUX PEKHUMIB, TOOTO Il OKPEMOTro dacy poky. O4eBHAHO, IO M ACSIKHX 3
TaKUX PEXKHUMIB MOXYTh CIIOCTEpITaTHCS BUTAJKH MEPEBUIIEHHS JOMYCTUMOTO BiIXWUJICHHS HANpPYTH, a Ta-
KOX 3Ha4HE 301TBIIICHHS 3aBAaHTAXEHOCTI IIEMEHTIB MEPEXi, IO € 0COOIUBO XapaKTEPHUM ISl PEMOHTHO-
aBapiHuX cxeM. TakuM YWHOM, 32 YMOB PO3PaxyHKY PEKUMIB JIMIIE JJIsl IEBHOT «4acOBOi TOUKMY 3alHIa-
€THCS BIAKPUTHM MUTAaHHS 3 BU3HAUCHHS TPUBAIOCTI TAKUX «OOBAKHEHUX» PEXKUMIB, a OTXKe, i iJeHTU]iKa-
1ii BIATIOBIAHUX 3aXO/IiB, HAIIPABIEHNX HA IXHE OOMEXEeHHs. |HIIIMM YMHHUKOM, KUK 00yMOBITIOE HEOOXij-
HICTb BUKOPHCTaHHS «PO3TOPHYTOI» MOJENI SHeProCUCTEMH 3 ypaxXyBaHHSIM 3MiHHU MOTY>KHOCTI I'eHepalii i
HaBaHTaKEHHsI y Yaci (HalpuKial, IpoTAroM poky), € 3HauHe 30inbmeHHs B EC wactku BEC ta CEC Ta
«BHUTICHEHHS» UMM JDKEpEIaMU «TPATUIlifHUX» CHHXpPOHHWX MammH. Sk Bimomo, BJIE mpuramanuuit
HMOBIpHICHUH XapakTep 3MiHHU iXHBOI IMOTY>KHOCTI T€HEepaIlii, Mo 6€3yMOBHO YCKIIATHIE MPOIIECH KepyBaH-
HS peXXHMaM# eHeprocucteM. Tomy, 3 ypaxyBaHHSIM 3a3HAUYEHOTO, OJHI€I0 13 HAWBAXKIIMBIIINX 33724 B yMO-
Bax 30unbmeHHs BIunBy B/IE € BU3HaueHHS 3aXO0JIiB, HAPABJICHUX Ha 3a0€3ICUCHHS JOCTaTHIX PEe3epBiB 3a
aKTHBHOIO TIOTYXXHICTIO. OYeBHUIHO, IO MIABUINCHHSI KEPOBAHOCTI PEKUMAMH €HEPTOCHCTEM 31 3HAYHOIO
YacTKOIO BiTHOBJIIOBAHOI reHepallii HabyBa€e 0COOIUBOI aKTyaIbHOCTI.

Memoro pobomu € cTBopeHHs KoMIulekcHOi Moienti EC, BUKOpHCTaHHA SIKOi JacTh 3MOTY MPOBOJIHU-
TH AOCIIJKSHHS PI3HUX CKIIQIHHUX TPOIIECiB, IO BiI0OYBAIOTHCS MPOTATOM 3HAYHHUX YACOBHX iHTEpBaliB (Ha-
MPHUKJIaa, OJHOTO POKY) 3 YpaxXyBaHHAM PHUHKOBUX BITHOCHH. 30KpeMa, Y poOOTi HaBeACHO Pe3ysIbTaTH BU-
3Ha4YeHHS HeOaJaHCiB MOTYKHOCTI, MOsIBa SIKUX 00YMOBIIEHa BIOpOBakKeHH:IM 3HauHuX ooOcsriB B/IE, a ta-
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KOXX BUKOHaHO owiHKy mapamerpiB CHE, 3acTocyBaHHS SIKMX JacTh 3MOTY IOKpPAIIUTH OalaHCyBaHHS pe-
s)kumiB EC 3a akTMBHOIO TIOTYKHICTIO.

Sx mpaBuno, obnacte BukopuctanHs CHE Moske oxorumroBaTu pi3Hi (yHKLIOHATBbHI MOKJIHBOCTI:
PETYJIIOBaHHS aKTHBHOI MTOTY>KHOCT1, 3MEHILICHHS BIUIMBY MOTY>KHOCTI reHepauii enexktpocranuiid Ha B/IE Ha
PEXUMH POOOTH CHEPTOCHCTEM, apOiTpax IIHN eNEKTPOCHEPTil, 3a0e3MeueHHs TOITOMIKHOI IMOCIYTH MMoaadi
JKUBJICHHS TiCJIsl BAHUKHEHHS CUCTEMHUX aBapiii Tomo. B pamkax 1iei po6otu napametpu CHE Bu3HaueHo,
BUXOJSYH 13 3a0e3neueHHs] HeOOXiJHUX PE3CpBiB PEryJIOBaHHS aKTUBHOI MOTYKHOCTi, B YMOBaxX 3HA4HOL
gactka B/IE 3 ypaxyBaHHSM BapTOCTi PETyJIIOBaHHS Ha Pi3HUX TeHEPYHOUHX Oyokax. OgHUM 3 MiIXOIIB 3
JOCIIDKEHHSI TIPOIECIiB PETyIOBAaHHS aKTUBHOI MOTYXHOCTI y Yaci € BUKOHaHHs KBa3lIMHAMIYHOTO MOJe-
JIFOBAHHS, MiJ] SIKUM PO3YyMi€ThCS MOCTIJOBHICTh PO3PaXyHKIB yCTANCHUX PEXKUMIB 3 ypaxyBaHHIM 3aJIeKHHX
y 4aci XapakTepucTHK Moneni (rpadikiB reHeparlii Ta CIIoKWBaHHS, MEPETIKaHb MMOTYXKHOCTI JIHISMH €JIeKT-
porepenayvi, peMOHTIB 00IalHAaHHS TOIIO). 3a3HAYUMO, 1110 MUTAHHS CTBOPEHHS KBa31IMHAMIYHUX MOMCIICH,
3okpema mogeneit CEC ta BEC, 6inbin netansao po3risHyTo B [1-3] i B paMkax 11i€i poOOTH He BUCBITIIIO-
10ThCsI. MOZIeTIIOBaHHS KBa31IMHAMIYHMX PEXUMIB BUKOHAHO Ha MPHUKJIAAI CHHXPOHHOI poOOTH BEUKOI eHe-
procuctemu, Hanpuiian, ENTSO-E 3 minboBoro (TECTOBOIO) €HEPrOCHCTEMOIO, BCTAHOBJICHA IMOTYXKHICTh
skoi cknazae (1000-1500) MBT (puc. 1). PerynroBaHHs 3a aKTUBHOIO TOTYKHICTIO 3[IHCHIOETHCS BTOPHH-
HUM perynaTopoM (BP), Ha BXiz SKOro momaeTbesi CUTHAJ Calbo0 NEpeTiKaHb aKTUBHOI MOTYXKHOCTI Py, 3a
KOHTPOIJILOBAaHUM MEPETUHOM, a Ha HOro BUXOJi POPMYIOTHCS KEpyIodUi Iii Ha 3MiHYy MOTY>KHOCTI BiJIOBIiJI-
HHUX TeHEPYIOUMX TEIIOBUX OJIOKIB, Timpoarperaris, a Takoxx CHE. 3 puc. 1 BugHO, 1m0 sIK HeOallaHCH aKTH-
BHOI motysxHocTi B LlinboBiit EHeprocucremi posrmsgaerscst 3MiHa motyskHocTi reHepanii BEC ta CEC B
YMOBaX MOKPHUTTS 3MiHHOTO TpadiKy CrOKUBaHHS.
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Puc. 1

HeoOxigno 3a3HaunTH, mo ixeHTHdiKamis mapamerpiB CHE ta mocmimkeHHs ii BIDTMBY Ha TpOIECH
OayaHCyBaHHS 32 aKTUBHOIO TMOTY)KHICTIO TMOTPEeOyE BpaxyBaHHs PE3EpPBiB PETYIIOBANBHOI MOTYXKHOCTI, IO
PO3MIMIYIOThCS Ha arperarax, ki (yHKIIOHYIOTb B KOHTYypi kepyBanHs BP. Tak, s TeruioBux OJI0KiB 3 HOMi-
HaIBHOIO TTOTYXHicTI0O 200 MBT B momanmsInioMy HpUHHATO, IO PE3epB TEPBUHHOTO PETYIIOBAHHS, IO ITiJI-
TPUMY€EThCS, CTAHOBUTH 12,5 MBT, a rapanToBaHuil pe3epB BTOPUHHOIO peryiroBaHHA ckianae £10 MBT a6o
5% Bin BCTaHOBJIECHOI MOTYKHOCTI OJ0Ky. [IJisl iHIIMX peryroBajbHUX arperariB, sSKi 3HAXOAATHCA MiJ Kepy-
BaHHsM BP, mependavaeThes, 1o BiAMOBIIHI 00CATH pe3epBy HPOIIOPITiiiHI IXHill BCTAaHOBIJIEHIH MOTYKHOCTI.

Kpazinunamiuna mojesab Ta cnemiajibHMii BTOpuHHMIT peryastop. HeoOXigHO 3a3Ha4YMTH, IO B
YMOBax MOJCTIOBAHHs KBa3iAMHAMIYHUX PEKUMIB €HEPrOCHCTEM MiATPUMAaHHS OajlaHCIiB 32 aKTUBHOIO MOTY-
JKHICTIO 3IIHCHIOEThCA €0 BP, sikuit Ha OCHOBI MOMUIIKK PETYIIOBaHHS 0OJNAaCTi BHUPOOIIsLE Kepyrodi il Ha
peryroBaIbHI enekTpocTantiii [4—7]. Ilpote, 3amisa MmonenoBanHs poboTrt BP B KBa3imuHaMIYHAX peKUMax I1e
noTpedye CTBOPEHHS MOJIEINI CHELiaIbHOTO PEryJISTOpPY, ATOPUTM POOOTH SIKOTO TIOBHHEH IMPAIIOBATH B KOH-
Typi KepyBaHHS i Oy/ie HaOJIVKeHUH 10 pealbHUX CHCTEM KepyBaHHS, IO MPAIIOI0Th B PeXXUMi OH-JTaiH. Lleit
PETYIIATOP 3MIHCHIOE PO3IOILT ITO3aIIAHOBOI MOTYKHOCTI, 1110 TIEpEAAETHLCS Ha TIEBHI TeHePYIOvi OJIOKH BiJIITO-
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BI/THO JI0 33JJaHOTO MPIOPHUTETY. 3a3HAYMMO, III0 B paMKax MPOBEICHHS JOCIIHKEHb PEXKUMIB EHEPrOCUCTEM 3
B/JIE, kepyBaHHS pexxuMaMi pOoOOTH PEryJIoBajbHUX arperartiB aicro BP 3milicHIOETBCS BIAMOBITHO O IXHIX
PETYIIOI0YHX CPOMOXKHOCTEH (Tabum. 1) Ta pHHKOBOTO 1HAEKCY paHKyBaHHS LUX arperaTis (Tadm. 2).

Taoauna 1
PeryntoBanbHuii nianazon
Bcranosnena nory- MinimMansaa
I'enepatop Tun JKHICTE GIIOKIB HOTYKHICTS MaKF)HMaHBHa 1o-
TYXHICTb Ppx, MBT
Pminn MBrT -
Hebananc = - -200 +200
Barapes 1 (peaspHa 20-40MBTt
CHE) CHE 80-100MBr*roz -40 40
CT-1 TEC 200 132 197
Cr-2 TEC 200 132 197
Cr-3 TEC 200 80 200
Cr-4 TEC 200 80 200
ry-1 ry 40 0 35
ry-2 ry 40 0 35
Lif:ﬂ;i??gél)ﬂ (TELL, [Hma 450 HeperynroBana reHeparist
BJE (CEC, BEC, bio- BJIE B zanexHocTi Bif CEC/BEC — He perynboBaHi.
ras) CLIEHapil0 biorasz — Bin 0 1o 100%
Taoauna 2
I'enepyioua onunuus i3 | PunkoBuii Omic
Ta0a. 1 ingexc
I'EC 1 HaiimeHmia 1iiHa, BUCOKHI TIPIOPUTET JJIs 3aBAHTAXKCHHS, ajic, B 1a-
HOMY BUIJIKy, HEperyJIbOBaHi.
CT-1/2.TITY 1/2 23 Hipk4a 1iHa, BUCOKHMI IPIOPUTET /It 3aBaHTaXKEHHs, MAHEBPOBi OJ10-
’ KU, SIK IPaBHJIO, 3 IPUMYCOBOIO POOOTOIO.
CT-3. CI-4 5 Hwussbkiil ingexc miny (BUcoka 1iHa), He 3a0e3neuyrots [IP/BP, y pasi
’ HEOOX1THOCTI MOXKYTb BiIKJIFOUATHCS BiJl MEPEXI.
Bioras 4 CepenHili pUHKOBHH 1HJEKC, MO’KE BHKOPHUCTOBYBATHUCH ISl PETYIIIO-
Baunusg B/IE.
TEIL 6 Bucoka 11iHa, BUKOPHCTOBYIOTHCS JIILE ISl JOJATKOBOTO PETYIIIO-
BaHH: BPYYHY.
OkpeMuii eneMeHT, IPU3HAYCHUI JUTsl IIOKPUTTS HeOAIAHCY ITOTYKHO-
CHE (He6ananc) 0 CTi, 10 Ma€ HAWHIDKYMA IPIOPUTET HA 3aBAHTAKCHHS Ta PO3BAHTA-
JKEHHS, XapaKTepHU3ye 3aTy4eHHs 30BHIMIHIX JKepel, HalpuKIai, 1o-
KYIIKa eJIeKTpoeHeprii Ha 0alaHCYyI0YOMY PUHKY 1HIIOT KpaiHu.

Bimnosigao no Tabn. 1 crpykrypa renepauii LlinboBoi EC oxorutioe TpaauiiiiHi reHepyrodi 010Ky,
mo OepyTh Y4acTh y BTOPUHHOMY PETYJIIOBaHHI BiAMOBITHO 0 3aJaHWX Aialla30HiB PEryNIOBaHHS Ta IMpio-
PHUTETY iXHBOI y4acTi y TaKOMY peryitoBaHHi. KpiM Toro, Ha KOXXHOMY €HeprooOIIoi 101aTKOBO Nepeadava-
€THCSI TAPAHTOBAHHWKA PE3EPB BTOPHMHHOTO PETYNIOBAaHHA. Tak akTHBHA MOTYXKHICTH eHeprobioky 200 MBT
MOXK€E 3MIHIOBaTHCS B MOXIUBOMY Aianaszoni (132...197) MBT, npote rapanToBaHuii iania3oH BTOPHHHOTO
perymoBaHHa cTaHOBUTH =10 MBT (BinmoBimHO Ha 3aBaHTaXXEHHS W PO3BAHTAXEHHS). TaKUM YHHOM, SIK
BHJIHO 3 HABEJCHOTO, HAsABHI Pe3epPBU aKTUBHOI MOTYXKHOCTI MOXKYTh 3MIHIOBATHCS 3aJIS)KHO Bill PEKAMY
po6otu EC.

[Ipioputer perynroBanHs OJO0KIB BU3HAYAETHCA K IXHIMU (HI3MIHUMHU MOXKIMBOCTSIMHU PETYTIOBAHHS
aKTHBHOI TTOTYXKHOCTI, TaK i BapTICTIO TIOCITYTH 3 HaIaHHS BTOPHHHHX pe3epBiB. Takum duHOM, K10 B L1i-
npoBiii EC BHHHMKae nedinut eixekTpoeHeprii, To B mepury depry OyIyTh 3aBaHTa)KyBaTHcsS OJOKW 3 Haid-
MEHIIOK0 BapTiCTIO HAAAaHHS JOMOMIKHHUX TOCIYT (L€ BiANOBiIa€ pUHKOBOMY iHIEKCY 2-3 B Tabmd. 2.), a 'y
BUTIAAKY TIPOQIIUTY eIeKTPOSHEPTil 1Ie PpU3BeIe 10 PO3BAHTAKEHHS €HeproOIOKiB 3 HaHOIBIIOW BapTic-
TIO JTOTTOMDKHHX TTOCITYT, III0 BiJIITOBiTa€ PHHKOBOMY iHIEKCY 4-5 B Ta0. 2. [Ipu mmboMy TimpoarperaTta xoda
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1 MaroTh HalilMEHITy BapTiCTh 3 mociyru BP, mpore B pamkax motouHoro gocmimkenHs ydactb ['EC y BTO-
PUHHOMY PETYJIIOBaHHI HE BpaxoBaHO. Lle 00yMoBIeHO THM, IO B MOJIEJNI TaKi CTaHIii MpecTaBIeHo Oara-
teMa Manumu ['EC, 110 Haknagae meBHi pexkMMHI 0OMEKeHHS 3 peryJIloBaHHsI HUIMU aKTHBHOI MOTY>KHOCTI.

3a Takux ymoB CHE Mo’kHa po3risaaTi sSK JOJATKOBE JHKEPENOo AJsl MOKPHUTTS HEOAJaHCIB MOTYX-
HOCTI, III0 BUHUKAIOTH Yepe3 3MiHHY TreHepartito B/IE. TakuM dnHOM, HasBHI 3acO0M PeTyIOBAHHS MTOBHHHI
3a0e3revyBaTH MOKPHUTTS HeOaJaHCIB aKTUBHOI TIOTYXKHOCTI, a 32 YMOB BHHUKHEHHS HeOaJlaHCIB, 110 Tepe-
BUILYIOTh J1alla30H 3a3HA4YEHHUX arperaris, 0 BTOPHHHOTO PEryJloBaHHs J0aaTkoBo 3anydaeTbess CHE.

TpamuiiiHOIO 3a/1adueto MOCHIKEHHS PHHKY €IEKTPOSHEPTii € BU3HAYCHHS ONTHUMAIBEHOI KOH(Iry-
pauii cTpyKTypH reHepatii 3 ypaxyBaHHSIM BapTOCTI eKCIUTyaTallii reHepytodoro obnagHanHs. B Toif ke wac
MOJIENIOBaHHS PUHKOBUX TPOLECIB 3AIHCHIOETHCH, K TpaBUiIo, 0e3 ypaxyBaHHS MepekeBUX oOMexeHb. Ta-
KAM YMHOM, PO3IMOJLT T€HEPYI0U0i MOTY)KHOCTI, 110 BU3HAUYEHO B PE3YJIbTaTi MOAEIIOBAHHS PEKUMIB €HEp-
TOCHCTEM, OXOIUTIOE PUHKOBI YMOBH, B SIKHX TCHEPYIOUi OAMHUIN 3 HAfMEHIIIOI BapTICTIO TeHeparlii Bupoo-
JSIFOTH HEOOX1AHUH 00CAT reHepyI0v0i MOTYKHOCTI 3 BpaxyBaHHIM MICIIsl IXHBOTO MiJKITIOYEHHS 1 MOKIHUBO-
CTel Mepexi 3 mepenadi miei MOTYKHOCTI. 3a 3a3HaY€HUX YMOB BHU3HAYEHHS rpadiky poOOTH eIeKTpOCTaH-
i TOTpedy€e MOMIETIOBAHHS IIEBHIUX PUHKOBHUX IporeciB. Takox Iie mependadae HasSIBHICTh MIEBHOI HATH-
HIKOBOi I'eHepallii, sika MOKe KOHKYpPYBAaTH 3a LIHOI Mik co000. 3 ypaxyBaHHSM BHIIC3a3HAYCHUX 0OMe-
JKEHb B POOOTI CPOPMOBAHO BiAIMOBIIHI PUHKOBI MpaBHJa, & TAKOXK BH3HAYEHO MPIOPUTETHICTH 3aBAaHTAKEH-
HS Ta PO3BAaHTAXXEHHS TeHEPYIOUNX OAMHHUIG (TadI. 2).

[Ipu upomy, po3pobieHa KBa3iinHaAMidYHa MOZETb Ta creliabHii BP MOXKYTh BUKOPHUCTOBYBATHUCS
SIK JJIS1 BU3HAYEHHS Ta JAOCIiKEeHHsI HeoOXiqHol moTykHocTi Ta eMHocTi CHE 3 ypaxyBaHHAM HasBHHX pe-
3epBiB Ta PUHKOBHX BIHOCHH, TaK i ineHTH}iKaIil oocsrie BJIE, ski MoxxyTh Oyt iHTerpoBani B EC, Buxo-
JIST9U 3 YMOBHM BpaxyBaHHS HAasBHHUX PETyJIOIOYHMX 3aco0iB. [HmMMMH ciioBaMu, B poOOTI PO3TIIIHYTO Pi3HI
Bapiantu interpanii CHE (moryxsictio 0-20-40MBT Ta emuictio 80-120MBT*roa) 3a pi3HUX ClieHapiiB
BripoBapkeHHs BIE, siki OiIbIN IeTanbHO MPeICTaBIeHo B Ta0I. 3.

Tadauus 3

MecumicTuaHmii . - OnTuMicTHYHUIA cueHa-

Cuenapii podotu . ba3oBuii cuenapii .o

cueHapii piii

450 MBt 575 MBT

. 125 MBT (mpubnm3HO 30% Bix Ha- (npubnuzHo 40% Bix Ha-
Cy(h}d;gga g]gTCy;I;H]lgﬁI;i;:[E (mpubmm3Ho 10% Bixm | BanTaxenns EC (3 Bpaxy- | BantaxenHs EC (3 Bpaxy-
’ HaBaHTaxeHHs EC) BaHHSIM HOT0 301IbIICH- BaHHSM HOTO 301IbIIIEH-

H5)) Hs))

Takox KBa3iZnHaMiYHE MOJENIOBAHHS BHKOHYETHCS, SIK MPABHIIO, IJIsi IOBHOTO POKy (8760 pexu-
MiB), TOMY MOXIMBI CHTYaIlii, KOJW TIEBHI TEIUIOBI OJIOKH, IO OEpyTh Y4acTh Y BTOPUHHOMY peTyJIOBaHHI,
BUBOJISITHCS B IUIAHOBI PEMOHTH, THM CaMUM 3HW)KYIOUHM JTOCTYITHHH pe3epB Ha PEryJIIOBaHHS aKTUBHOI I10-
TY>KHOCTI. SIK mpaBmIio, Taki pEMOHTHI KOMIIaHii MPOBOJATH BIITKY B yMOBaX MaKCUMaJIbHOTO T€HEpYBaHHSI
CEC, 110, B cBOIO Wepry, 00yMOBIIOE HEOOXiTHICTh ¥ 3a0€3MeUeHH] peryIIOBAIBHUX 3ac00ax aKTUBHOI ITO-
Ty>kHOCTi. Kpim Toro, 13 306inbiieHHsIM 00csriB BpoBakeHHss B/IE ocTaHHI BUTICHAIOTH i3 OalaHCy MOTYX-
HOCTI Ta eHeprii TemIoBi eHeproONoKH, sKi 3a0e3MeuyroTh MOKPHUTTS HeOallaHCIB MOTY>KHOCTI BHACHIOK
croxactuyHoro xapakrepy BJIE Ta HaBaHTa)keHHS.

OCKIUIBKH B €HEPrOCHUCTEMI 3aBKIM ITOBHHHI 30iraTHcs yCTajeHi PeKUMH, TO B MOJECII TOJTaTKOBO
BpaxoBaHo BipryansHy CHE nnsi momatkoBoro mokputTsi HeOamaHCIB MOTYKHOCTI 32 YMOBH HEOOCTAaTHIX
PETYIIOBAILHUX MOXIMUBOCTEH HAsSBHUX 3aCO0IB PeryJyitoBaHHs MOTY)KHOCTI. 3a3HauuMMo, IO BKa3aHa «Oa-
nancyroda» CHE mae HynpoBuit npioputet (Tabdmn. 2). lle o3Hadae, mo BOHA 3aBXKIN BHKOPHUCTOBYETHCS B
OCTaHHIO Yepry 3a YMOB BHYEPIIaHHS PE3ePBiB MOTYKHOCTI YCIX IHIIUX 3aCO0IB peryItOBaHHS.

OnHUM 3 TOJIOBHUX MUTaHb, 110 BUHUKAE B MPOLIEC pO3paxyHKy PHHKOBUX MPOILECIB, € BapTicTh Oa-
JAHCYBaHHSA. 3a3HAYMMO, 1110 I BEIMYMHA € 3MIHHOIO 1 BU3HAYAETHCS XapaKTepoM HeballaHCy aKTHBHOI T0-
Ty>kHOCTI (ii gedimut ado npodiuuT). 3a yMOB BUHUKHEHHS JeinuTy abo npodiluTy aKTHBHOI MOTYKHOCTI
151 HOTYXHICTh TaKOX MOXKE IMOKpUBATHCS Ha OajaHCcyrouoMy puHKY cycinHix kpain (ENTSO-E), mpote Ba-
PTICTh OalaHCYBaHHS B TAKOMY BHMAIKy Oye pi3Ha.

3 ypaxyBaHHSM HaBEIIEHOTO, B poOOTI MPOBEACHO OIMIHKY HEeoOXimHuX pesepniB st LlimsoBoi EC 3
BpaxyBaHHsM pi3HUX cleHapii iHterpanii BJIE Ta puHKOBHX MporieciB uist TOBHOTO PoKy (8760 pexuMis).
BpaxoBytoun oOMexeHuit 00csr, B poOOTi IPeACTaBICHO JIUIIIE OCHOBHI PE3yNbTaTH JOCTiKEHb. 30KpeMa,
HIDKYE TIPEICTaBIICHO Pe3yJIbTaTH JOCHTIKEeHb A1 0a3oBoro BapianTy interpamii BJIE (aa piBai 450 MBT)
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IUIsl IOBHOTO poKy. TakuMm 4nHOM, Ha pHc. 2 noka3aHo: noTyxHicts III'Y 1/2 (puc. 2, a) 1 maneBpeHux 6110-
kiB TEC CT 1/2 (puc. 2, 6), notyxHicts HemaneBpenux 0nokiB TEC CI' 3/4 (puc. 2, g), reneparii 6iorazo-
BHX YCTAHOBOK (pHC. 2, 2) Ta moTyxHicTh reHepauii Mmanux ['EC (puc. 2, 0).

a)
ry1/2
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w ©)
12 CI3/4
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Puc. 2
SIk OCHOBHI 30ypeHHS B HABEJICHOMY CIICHAPil pO3TISIIAIOTHCS HABAHTAXKCHHS CIOXKHMBAYIB, & TAKOXK
3MiHHa MOTyXxHicTh reHepanii B/IE. Ha manomy erami motyxnicte CHE mokm He BpaxoByBamacs, TOMy B
EHEepPTrOoCHUCTEMI 1HOJII BUHHUKAE Je(ilUT peryordoi MOTYKHOCTI 331 3a0e3neueH s OaaHcy Mix reHepa-
LI€I0 Ta CIOXXUBaHHIM. Pe3ynbraTi OallaHCyBaHHS CHUCTEMH Ta 30ypeHHS, BUKIMKAHI 3MIHHOIO T€HEpaIli€lo
BJIE, 300paxxero Ha puc. 3 (BiAMITHEMO, 110 Ha puc. 3 Tpadikyd HaBaHTA)XCHHS HE HABEIECHO, MMPOTE HABaH-

Ta)KEHHsI 3MIHIOETBCS TIPOTATOM POKY 3 YpaxyBaHHSM JTOOOBHX 3MiH Ta CE30HHOCTI CITOYKHUBAHHS).
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Puc. 3
Sk BumHO i3 cymapHoro rpadiky renepyBanss B/IE (puc. 3), 3a BcraHoBieHOi notyxHocTi 450 MBT
peanbHa reHepauist B/IE He gacto nepesuutye 350 MBT. Ilpu npoMy criocTepiraeTbesi BAHUKHEHHS! HEOAIaHCIB
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TIOTYXKHOCTI B 000X HAlpsIMKax: B €HEPrOCHCTEMI 3 BISIEThCA SIK Aedinut, Tak 1 npodimut notyxHOCTI. [Ipo-
(bIIUT TOTYXKHOCTI, K MPABHJIO, BUHUKAE B JIITHI Micsi 3a yMOB MakcuMaiibHOi renepanii CEC. B Toit sxe yac
Je(inuUT NOTYKHOCTI CIOCTEPIracThesl B 3MMOBI Micslli (TPyIeHb) Ta y MiXKCE30HHS (KBITEHb-TPaBEHb, a TAKOK
HPOTSATOM BEPECHS-KOBTH:). B ocTaHHROMY BHIIA/IKy 1€ TIOB’S3aHO 13 BUBOJIOM 3 €KCILTyaTallii Ha JITHIH mepiox
OUTBITT TOPOTHIX Ta MAJI0O MAHEBPECHUX TEIIOBHUX OJIOKIB, IO 1 CIIOCTEPIracThest Ha PHC. 2, 6.

Sk 3a3Ha4yeHO BUILE, HeOaNaHC aKTHBHOI MOTYXKHOCTi, BAHUKHEHHS SIKOTO 00YMOBJIEHO 3MIHOIO I10-
TY>KHOCTI CHOXHMBaHHs ab0 CTOXacCTHYHHM XapakTepoM reHepauii enektpocranuiid Ha BJIE (macammepen,
BITPOBUX Ta COHSYHUX CTAHIIIH), TOBUHEH OYTH CKOMIICHCOBAHHWM 3MIiHOIO MTOTY>KHOCTI PETyIIOBaJIbHUX ar-
peratiB (Tabxn. 1 Ta 2). OueBUIHO, 110 32 TAKMX YMOB HAiOUIbII CKIAIHUM CIICHAPIEM € MiATpUMaHHS HY-
JHOBOTO Calb/I0 MEPeTiKaHb 32 KOHTPOJILOBAHUMH JIHISIMU eNleKTpornepenayi (puc. 1).

B 3araipHOMY BHIaIKy, 3aJI€KHO BijJ 3MiHM MOTYKHOCTI reHepanii B/IE i HassBHUX peryJoBabHUX
pe3epBiB, € MOKIMBIM BUHUKHEHHS HACTYITHUX PEXUMHHX CHTYAITiH:

1) pesepsu pecyrosanvrux azpecamis € docmamuimuy 11 TOKPUTTS HeOATaHCY aKTUBHOI MTOTY KHOCTI;

2) HasBHUX pe3epBiB HE BHCTAaya€ JUIl MOKPUTTS HeOaJaHCY aKTUBHOI MOTYXKHOCTI, IO MOTpedye BH-
KOPHUCTAHHS TOJATKOBUX 3ac00iB TeHEpaIlii I TOKPHUTTS Ne(ilUTy aKTUBHOI TOTYKHOCTI;

3) y pa3i BUHUKHEHHs HeOaJaHCy aKTHBHOI MOTYXHOCTI BHACTIIOK HEIOCTaTHIX Pe3epBiB B HANPSIMKY
PO3BaHTaXXEHHS PETYIIOBAJIbHUX arperaTiB BUHUKAE HAJIMIIOK TeHepyroUuoi MOTYKHOCTI, 0 noTpedye 3a-
Oe3MeueHHs JOAaTKOBOTO CIIOKMBAaHHS a00 OOMEKEHHS YaCTHHU T'eHEPYIOYOl MOTYKHOCTI 33 U1l TOKPHTTS
npoQIiIUTy aKTHBHOT MOTY>KHOCTI.

3aaus UmocTpalii BUIE3a3Hau€HOTo Ha PUC. 4 TIOKa3aHO HeOaIaHCH aKTHUBHOI MOTYKHOCTI, 1110 BUHH-
KalOTh MPOTATOM POKY JUIsl TPhOX crieHapiiB inTerpanii BJIE (mecumictnunmnii, 6a30Buil Ta ONTUMICTHYHHN).
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E
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Puc. 4
Sk BumgHO 3 puc. 4, HeOaIaHCH aKTUBHOI MOTYKHOCTI 3alieXkaTh Bix oOcsriB iHTerpariii B/IE, mpu
BOMY € OYEBHIHHM, 110 30UIbIIEHHS MOTY>KHOCTI reHepanii B/IE motpeOye 3abe3neueHHs BiAMOBITHUX 00-
CSITIB PETyNIOIYUX MOTYXHOCTeH. KpiM Toro, sk cBigYaTh OTpUMaHi pe3yibTaTH AOCTiIKeHb (puc. 4), He-
OaslaHCH aKTHBHOI TOTY>KHOCTI 30UTBIIYIOTHCS Y JIITHIH CE30H 32 YMOB MakcuManbHOTo reHepyBanHs CEC
Ta MPOBEIACHHS PEMOHTHOI KOMIIaHii TEIJIOBUX SHEPTOOJIOKIB, a TAKOXK Y 3MMOBI MICSIll BHACIIIOK 3HAYHOTO
HaBaHTa)KeHHsI, 3MeHIIeHHs pe3epBiB Ha TEC, mo, B cBot0 yepry, ycknanHioe 6anancyBanns BJIE.
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Po3po0nena Monens Ta OTpUMaHi pe3ysIbTaTd MOJCIIOBAaHHS KBa3iAMHAMIYHUX PEXHUMIB €HEprocHc-
TEM TaKOX JIAIOTh 3MOTY BU3HAUUTH Ta OLIIHUTH CTATHCTHUYHI IOKa3HWKW BUHUKHEHHS HeOalaHCIB aKTHBHOI
HOTY>KHOCTI (IIPOTSATOM POKY) 3a pi3HMX CIIEHApiiB iHTerpalii BiJHOBIIOBaHOI reHepaii (Tab. 4).

SAx BumHO 3 TabOm. 4, 3a ymoB iHTerpanii B/IE Ha piBHi 450 MBT y BUXiZHOMY peXuMi criocTepira-
€ThCSl BUHUKHEHHS SK MPOQIINTY, TaK 1 AeIIUTY aKTUBHOI MOTYKHOCTI. IIpw IIboMy KiTBKICTh BHIIAIKIB
BUHHUKHEHHS JIeQIIUTY TOTYKHOCTI Maibke y 2,7 pa3u mepeOuIblye KUTbKICTh BUTIAIKiB BUHUKHEHHS MPO-
¢binuty moTyKHOCTI. SIk OWH 13 Kpumepiie oyintosannsa neodxionocmi écmanoenenns CHE 3anponono-
6AHO GUKOPUCMOBYEAMU YACMONY UHUKHEHHA deiyumy/npodiyumy nomysxncnocmi ¢ enepzocucmemi,
OCKUTBKH 3a CyYyaCHHUX YMOB OIliHKa MOJHBHX NpobieM B EC moTpedye BUKOPUCTAHHS CTATUCTUYHUX ITiJI-
xoziB. Hanmpuknan, sKiio B eHeprocucTeMi BUHUKAE NepeoOTsoKeHHs neBHoi [1J1, To amst npuiHATTS pilieH-
HS TIPO TIOCWJICHHS IIhOTO 3B’ 3Ky HEOOXITHO OTlepyBaTH KUTBKICTIO BUMA/IKiB repeBaHTaxeHHs i€l [1JI mpo-
TATOM POKY. 30KpeMa, SIKIIO TaKi BUIIAAKHU CIocTepiraroTbes mpoTsaroM (50-100) rogua Ha pik (3 8760 rox.),
To mocuieHHs uiei [ €, sk mpaBUiIO, EKOHOMIYHO HEJOLINBHUM. 3 ypaxyBaHHIM 3a3HaY€HOT0, B poOOTi
3aIpOIOHOBAHO MOPOrOBE 3HAYEHHS YAaCTOTH BUHMKHEHHS AedinuTy abo npoginuty B €HeprocucTeMmi, 1o
cTaHoBUTH 1% BumaakiB Ha pik (87 BUMankiB). Y pasi mepeBHIEHHS [IbOT0 TPAHUYHOTO 3HAYEHHS IIe TIOTpe-
Oye mpoBe/ieHHs OLiHKY BapiaHTiB Bukopuctanus CHE.

Tadauus 4
Cuenapiii possurky BJIE IecumicTHunMin ba3oBnii OnTuMicTHYHUI
PP y 200 450 575
Piynunii MakcuMalibHUH Ae(ilMT aKTUBHOT
. Aedin 45 79 79
noTyxHocti, MBT
KinpkicTs BUMAIKiB BUHHKHEHHS Ae(inuTy 28 82 65
AKTUBHOI OTYXHOCTI
YacToTra BUHUKHEHHS Ae(iuuTy aKTHBHOT
: Aegiunty 0.32 0,94 0,74
MTOTY>KHOCTI IPOTATOM POKY, %o

Piunuii MaKCUMaabHUN NPOQIUT aKTHBHOT

. 0 -34
noTy»Hocti, MBT
KinbkicTs BUNAKiB BAHUKHEHHS MPOQinUTy 1 30
AKTHBHOI MOTY>KHOCTI
Yacrora BUHUKHEHHS NPOQiuuTy aKTUBHOI
podiunty 0,01 0,34

HOTYKHOCTI ITPOTATOM POKY, %

KpiM Toro HeoOXximHO Takox 3a3HauyntH, 1110 CHE He 3aBxau J01IIbHO BUKOPUCTOBYBATH JJIs Oasia-
HCYBaHHSI aKTHMBHOI OTYKHOCTI, OCKUIbKH 1Ie BUMarae 3a0e3neueHHs 3HauHuX 00CsTiB OanaHCylo4oi MoTy-
JKHOCTI, BapTicTh skoi it CHE Moxke OyTr ocTaTHRO BHCOKOIO. Ha OCHOBI pe3ynbTaTiB KBa3iAMHAMIYHOTO
MOJICITIOBaHHS PSKUMIB €HEPTOCUCTEMH Ta 3 METOIO MTOKPHUTTS HeOaIaHCIB aKTHUBHOI TIOTY>KHOCTI, IO BUHU-
KaloTh, B po0OTI BU3HaueHO napamerpu koH¢irypanii CHE Ta BuKoHaHO TXHIO TIepeBipKy Uil [BOX BapiaH-
TiB perymoBaibpHOro Aiamazony: +20 MBT ta £40 MBT. Pesynsratu mocmimxens 3 BpaxyBanasMm CHE 3a-
3HAYCHOIO BCTAHOBJICHOIO TIOTY KHICTIO TPEICTABICHO B Ta0II. 5.

Taoauus 5
c . BIIE HecnmicTranmii BbasoBuii OnrumicTnanui
enapiit possuicy BJL 200 MBr 450 MBr 570 MBr
. KinmpkicTs mopymieHs,
Hedimur | Bumanxu 9 37 29
CHE 20 | "OPHOCTL | Yactora nopymiens, % 0,10 0,42 0,33
MBT ) KinmpkicTs mopymieHs,
Hpodimnt | gynanku 0 14 149
NOTYKHOCTL | Yacrora mopymens, % 0 0,16 1,70
. KisnbKicTs nopyIieHs,
Hedimur | numamxm, 2 13 10
CHE 40 HOTYKHOCTL | Yyacrota MopyI1ieHb, % 0,02 0,15 0,11
MBT i KisnbKicTs nopyIieHs,
Ipodirur . BUIAJIKHU 0 0 79
TOTYXHOCTL | Yacrora nopymens, % 0 0 0,90
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Sk cBiguaTh oTpuMaHi pe3yibTaTd (Tabn. 5), BukopuctanHsi CHE HominanbHOIO motyxHicTio 20
MBT nmns Bunazaky interpauii BJIE Ha piBHi 575 MBT nae MOXJIMBCTh 3MEHIIUTH KiJbKICTh BUHUKHEHHS
BUMAJKIB Je(iUUTy aKTHBHOI MOTY>KHOCTI MpHOIM3HO Ha 63%, a mpoiuUTy aKTUBHOI MOTYHOCTI — IIpH-
6mu3Ho Ha 40%. B Toii ke yac 3acrocyBanHs CHE motyxHicTio 40 MBT € nocratHim 3amis 3a0e3neueHHs
0anaHCiB aKTHMBHOI IOTY’KHOCTI Ta 3MEHIIEHHS YacTOTH BUHMKHEHHs HeOanaHciB MeHule 1% Ha pik, 1o €
MPUIUHATHUM.

BpaxyBanns ¢aykryaniiinoro xapakrepy po6éoru B/IE. Oxpemoto 3agauero € BpaxyBaHHS QIIyK-
TyamiiHOTO Xapakrepy podotn BJ/IE, ockinbku GopMyBaHHS CTPYKTYpH TeHeparii ais OajaHCyBaHHS CHC-
TEMU 3IIHCHIOETHCS Ha BIANOBIMHUX MporHo3ax rexepanii BJE #a moOy namepen. [Ipote 3aBxau € rneBHE
BiIXWJIEHHS BiJl IPOTHO3HOTO 3HAYCHHS, SIKE BU3HAYAEThCA MOXMOKoI0 mporHozyBanusa BJIE. B poboti mpo-
TIOHYETHCS PO3TISTHYTH 2 BHITaAKu noxuOku nporHozyBanHs (IIxI1), a came: 5% (6imbIn TOUHMIH IPOTHO3) Ta
10% (MeHI TOYHMIA TPOTHO3) Ta OIIHUTH iXHii BrMB Ha HeoOXigHy motyxHicTh CHE. Kpim Toro, Ha omiH-
Ky HacliKiB TOXUOKH MPOTHO3YBaHHS TAKOXK BIUIMBAE HAasIBHICTh PE3E€PBiB BTOPHHHOTO PETYIIOBAHHS, 30K-
pema, 3a yMOBH pOOOTH Pi3HOI KiIBKOCTI TeHEpyIounX OJIOKiB. 3a3HAaUYMMO, [0 IPOBEIEHHS OLIIHKM 3a3Hade-
HUX (paKTOPIB 1aI0 3MOTY OTPUMATH Pe3yJIbTaTH MOIEITIOBAHHS, SKi HABEJCHO Ha pHC. 5.
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Puc. 5

Ha puc. 5 HaBeneno 3miHy moTyxHocTi rerepamnii BJIE mpoTsaroM poky 3 ypaxyBaHHSM HasBHUX pe-
3epBIB BTOPUHHOT'O peryioBaHHs (Tabn. 1-2). Bu3HaYeHHS CTaTUCTHMYHHUX MMOKA3HUKIB II0J0 MOXKIHUBOCTI
mokpuTTs paykryauiii BJE 3a paxyHOK BUKOPHCTaHHS BTOPHHHUX Pe3epBiB BUKOHAHO 3 ypaxyBaHHSIM TOU-
HOCTi MPOTHO3YBaHHS MOTYXHOCTI reHepanii B/IE. OueBunHO, SK 1€ 1 MATBEPIKYETHCS OTPUMAHUMHU Pe-
3yJbTaTaMH IOCIIIHKEHb (pHUC. 5), 3MEHIIEHHS TOXHOKK TporHo3yBaHHA (5% mopiBHsHO 3 10%) mae 3mory
3a0e3MeYUTH MiATPUMAaHHSI HEOOXIAHUX pe3epBiB BTOPUHHOTO PETYJIIOBAHHS, 4 TAaKOXK BU3HAYMTH 3aXOJH,
HampaBlIeHI Ha MOKPUTTA NpodiuuTy abo nediuuTy aKTHBHOI MOTY>KHOCTI, 10 YTBOpHUBCS. B Tabin. 6 mpen-
CTaBJICHO CTATHCTUYHI MOKA3HUKU «BHXOIY» 3MIiHH MOTYXHOCTI rerepamnii BJ/IE 3a Mexi HasBHUX pe3epBiB
BTOPHHHOT'O PErytoBaHHs (MOXHOKa MporHo3yBanHs notysxxHocti BJIE Binnosigao cranoButh 5% Ta 10%).

Heo0OxigHo 3a3HauuTH, IO AOCTYIHUH pe3epB BTOPMHHOTO PETyNIOBAaHHS B KOKHHA MOMEHT 4acy
BU3HAYAETHCS KUIBKICTIO MPALIOI0UMX TeHepaTopiB. O4eBUIHO, 110 NOTOYHUN BTOPUHHUHN Pe3epB 3aJICKUTh
BiJl CKJIaJly TCHEPYIOUOro 00J1aIHaHHS.
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Sx BugHO 3 Tabi. 6, 32 YMOB BpaxyBaHHS IOXHOKH MporHo3yBaHHs noTyxkHocTi BJIE Ha piBHI 5%
BUTIAJIKU «BUXOIY» NPOTrHO30BaHuX ¢urykryanii BJIE npotsarom poky 3a HasiBHI BTOPHHHI pe3epBH HE CIIO-
CTepiralThes, P LIbOMY MakcuMaibHe BiaxuienHs rerepauii BJIE cranosuts 11 MBT. Cutyanis 3Ha4HO
3MIHIOETBCS 38 YMOB 301IbIICHHS MOXUOKK Mporuo3ysanHs notyxHocti BJIE no 10%. 3okpema e npusso-
JINTH JTO TTOSIBU 27 BHITANIKIB «BUXOJY 32 MEXi» BTOPHHHOTO PETyJIIOBaHHS IS BHIMAnKy iHTerparii BJIE Ha
piBHi 450 MBT. [Ipn 11boMy Ui ONTUMICTHYHOTO CIIEHAPIIO BXKE CIIOCTEpIiraeThes 875 BUMANKIB IEpPEBH-
IICHHS pe3epBiB BTOPHHHOIO PETYJIOBaHHS MPOTIrOM pOKY, o ckianae 10% (tadiu. 6). Bignosigno norip-
MIEHHS CTATUCTHYHHUX TOKA3HUKIB 32 TAKHX PEXUMHHX YMOB OOYMOBITIOE HEOOXiTHICTH MPOBEACHHS 01aT-
KOBHX JIOCII/DKEHb B YacTHHI Bu3Ha4YeHHs napamerpiB CHE, BukopuctaHHs K0T JacTh MOMIIUBICTD «y3ro0-
IUTH» piBeHb QuykTyauii reHepanii B/IE Ta HasBHUX pe3epBiB BTOPHHHOTO PETYIIOBAHHS.

Taoanns 6

Cuenapiii inTerpanii BJIE HecumicTuynnii CepenHiii OnrumMicTHIHMIA
CepeaHbOJOCTYITHUH pE3epB Ha PETYIIIOBATb-
HUX OJIOKax MpoTsroM poky, MBr

IMoxudka nporHo3yBanns nory:xkaocti BIE = 5%
MakcumanbHe BinxuineHHs reHepauii BJIE

30 20 20

IPOTAroM poky, MBT 3 1 17
KisbKicTh BUNIA/IKIB TIEPEBHUILIEHHS Pe3€pPBiB 0 0 0
BTOPMHHOT'O PETrYJIIOBaHHS IIPOTSTOM POKY

YacroTa nepeBUILeHHs pe3epBiB BTOPUHHOTO 0 0 0

peryioBaHHs, %

IHoxu0xa nporuozyBanns nory:xHocrti BJIE =10%
MaxkcumaibHe BigxuieHHs reaepanii BJ/IE 6 2
IPOTAroM poky, MBT
KinbKicTh BHITAAKIB IIEPSBHUILCHHS PE3EPBIB 0 27
BTOPUHHOI'O PETYJIIOBAHHSA ITPOTATOM POKY
YacroTa nepeBUILeHHS pe3epBiB BTOPUHHOTO 0 0,3
perymiroBaHHs, %o

Amnaniz emuocti CHE. B po6oTi Takok BUKOHaHO KBa3iTUHAMi4HE MOJEIOBaHHS (IyKTyalil akTu-
BHOI IMOTY»HOCTI BHACIIJOK CTOXaCTHYHOTO XapakTepy reHepaii B/IE B 1o6oBoMy po3pi3i uist OIliHIOBaHHS
emuocti CHE 3amrst mokputtss 1000BUX HeOadaHCIB MOTYXKHOCTI, IO OOYMOBJICHO 3MIHHHM XapaKTepOM
renepauii BJIE. PesynpTatu nocnimxeHp 3a TAKHX yMOB HaBeAEHO Ha pHcC. O.

o m
~
-

OcHOBHI JaHi mpo M000Bi HeOaNaHCH €Heprii, 0 BUHUKAIOTh Yepe3 (DIyKTyalliiiHui XapakTep re-
Hepanii BJIE i3 noxu6xoto nporao3ysanHs 10% noryxkHocti BJIE 3 ypaxyBaHHsSIM pi3HUX 3HaYCHb €MHOCTI
CHE (80-100MBt*ron), HaBeaeHo B Ta0a. 7 (OCTaHHI PSIKU TaOJIMIl BilOOpakaroTh BIACYTHICTh BUIIAJKIB
BUHUKHEHHS HeOAIaHCy MOTYKHOCTI ¥ BiZICOTKaX).
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Takum 4YMHOM, BHKOPHMCTaHHS 3alpOIIOHOBAHOTO IIAXOAy jAae 3Mory BusHauntH eMHicTh CHE 3
ypaxyBaHHSAM 00CSTY HEIOMOCTABJICHOI €ICKTPOCHEPTIi NpoTsIrom a00u. Sk moka3aHo B Tabj. 7, s ONTH-
mictraHoro cuenapiro interpauii BJIE 3acrocyBanns CHE emnictio 80 MBT*roa nae 3mory nokputu 98,6%
BCIX BHITAJKiB «BUX0ay» reHepaii BJIE 3a Mexi perymoBaibHOTO /iana3oHy.

Taoauus 7
KiabkicTh BUNaakiB BUHMKHEHHS He0aJaHCy NMOTYKHO-
Ioxa3uuk : v <1l " - -
IlecumicTrnunmit bazoBuit OnTuMicTUYHUI
[IxIT=10% [IxIT=10% [IxIT=10%
MakcumanbsHa 1000Ba HEJOMOCTaBIICHA EHepris,
0 6 96
MBrt*rox
MaxkcumanbHa TOTOJUHHA TOTYXKHICTh He30amaHco-
. 0 1,9 13,5
BaHMX BHNaJKiB, MBT
CHE 80 MBT1*roz 100% 100% 98,6%
CHE 100 MBt*rox 100% 100% 100,0%

[Hmroro 3amauero, 1m0 BUHUKAE i yac Bu3HaueHHI nmapametpiB CHE, € inentudikaiiist moTy»)HOCTI
uiei cucremu. B poGoti moryxkuHicte CHE Bu3Hadeno 3 ypaxyBanusMm ¢aykryauii BJIE ta 10% moxu0Oku
nporao3yBaHHs motyxHocTi BJIE (Tatm. 8-9).

Taoaunsa 8
JlianasoHu posmo- KinbkicTs BUNAIKIB BUHHKHEHHS He0AJIAHCY MOTYKHOCTI
JTy MOTYKHOCTI ITecumicTraHMIA bazoBwuit OnTHMiCTHYHUI
KoMmnencanii, MBt ITxIT=10% IIxXIT=10% TIXIT=10%
0 0 27 875
0-4 0 27 461
4-8 0 0 292
8-12 0 0 110
12-16 0 0 12
> 16 0 0 0
Taoauns 9
Iokpurra daykryauiit BIE 3anexno Bin cuenapii poooru B/IE
Hoty:xkuicts CHE, Ta noxudka nporvosyBanis BAE, %
MBT ITecumicTraHMIA bazowuit OnTUMiCTUIHAN
IxIT =10% IxIT =10% TxIT1 =10%
100 100 53
8 100 100 86,1
12 100 100 98,6
16 100 100 100

Sk cBimUaTh OTpUMaHi pe3yiabTaTH AOCHiKeHb, BUKopuctanHs CHE motyxHictio 16 MBT Ta eMHi-
ctio 100 MBT*rop € nqoctaTHiM [yt OKpUTTs QuiykTtyanii reaepamnii BJIE (tab. 9).

BucnoBku. B npezacrasieniit po6oti npoBeaeHo komiiekcHui aHaniz koHgirypauii CHE s Ges-
nevHol iHTerpamii 3Ha4HUX o0csriB B/IE B eHeprocucTemMy 3 TOYKH 30py 3a0e3NedeHHs OarmaHCyBaHHS 3a
aKTHBHOIO TOTYXXHICTIO. ISl IbOTO PO3po0SIeHO BAOCKOHAJICHY KBa3iMWHAMIYHY MOJEIIb €HEPrOCHUCTEMH,
sIKa OXOIUTIOE CIICIialIbHy MOJETb PEryJsiTopa aKTUBHOI MOTYXKHOCTI 3 ypaxyBaHHSIM PHHKOBHX 1HJIEKCIB
TeHepYIUHUX OJMHUIB. Po3pobiieHa Momenb Hae 3MOTY NMPOBOIUTH KOMIUIEKCHI MOJIETIOBaHHS PEKUMIB
EHEePTOCUCTEMH TPOTITOM poKy (8760 ToamH) 3 METOIO aHAaJi3y BIUIMBIB PI3HUX PEKHUMHHX Ta PUHKOBUX
(dakTopiB Ha OaJaHCH aKTHUBHOI MOTY>KHOCTI. SIK OCHOBHI 30ypeHHS PO3IIISAAIOTHCS 3MiHA HABAHTAKEHHS
CHOXMBaviB Ta MOTy>KHOCcTel renepyBaHHst B/IE, axi noBuHHI OyTH 30amaHcoBaHi HassBHUMH 3ac0o0aMu pe-
rymoBaHHS. 30KpeMa, B poOOTi MpeAcTaBIeHO pe3yJbTaTH aHali3y BIUIMBY PI3HUX CIEHapiiB iHTerparii
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BJIE Ta mpoBeneHo omiHKy HeoOXiTHOCTI 3ac00iB HAKOMUYEHHS €Heprii Ta aHalli3 iXHIX MmapaMeTpiB 3aiiis
NOKPHUTTSI HeOallaHCIB MOTYKHOCTI. BakJIMBOIO BIAMIHHICTIO MPENICTABICHOTO MiJXOMy € YTOYHEHHs Mapa-
metpiB CHE i3 cratucTiuHOi ToUkH 30py. B po6oTi mokazano, mo 3acrocyBanns CHE nmotyxnictio 40 MBT
ta emuicTio 100 MBT*rog € mocraTHiMm 3aiiis 3a0e3MevdeHHsT OallaHCiB aKTUBHOI IMOTYXKHOCTI Ta 3HM)KEHHS
YaCTOTH BHHHKHEHHS HeOallaHCIB MOTYXHOCTI MeHmIe 1% Ha pik, Mo € MPUAHATHUM IS eKCIUTyaTamii Ta
JOLTEHUM 3 €KOHOMIYHOI TOUKH 30Dy .
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The article considers the issues of balancing active power in power systems with a significant share of renewable en-
ergy sources (RES) and installing battery energy storage systems (BESS). Criteria for determining the power and ca-
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OINITUMAJIBHUI PO3NOJLI PEAKTUBHOI NOTYKHOCTI MI’K EHEPTOBJIOKAMM,
NPUETHAHUMMU J10 PO3NOALIBYUX TPUCTPOIB PI3HUX KJIACIB HAIIPYT

M.C. Cerez[a*, JIOKT. TEXH. HayK, A.B. OHeKCl/lHH, KaHJ. TEXH. HayK
Hanionanbnuii yaiBepcuret “JIbBiBchbKa mosriTexnika”,

By.1. Ctenana Baunepu, 12, JIsBiB, 79013, Ykpaina.

E-mail: mykhailo.s.seheda@lpnu.ua; andrii.v.oleksyn@lpnu.ua.

B pobomi poszensnymo ocobaueocmi eHympiuHbOCmManyitinoi onmumizayii pescumie pobomu 3a PeaKmueHON
NOMYJHCHICMIO HA eNeKMPOCMAHYIAX, eHepeoOIOKU AKUX NPUEOHAHT 00 PO3NOOLILHUX NPUCMPOI8 080X DI3HUX KIACI8
Hanpyau 3 asmompancgopmamopamu 36 's3xy. s maxux eiekmpocmanyiti po3pooieHo MemoouKy ma Mamemamuymy
MoOeNb KOMNJEeKCHOI onmumizayii po3noodiny peaxmusHO20 HABAHMANCEHHS MidC OKpeMUMU eHep2oOioKaMu ma
NnepemikanHHa peaKkmusHOi NOMYM*CHOCMI uepe3 asmompaHcgopmamopu 38°A3Ky. 3anponoHO8aHa Memoouka ma
MAMeMamuyHa Moo0elb 8Pax08yiomb MEXHIKO-eKOHOMIUHI XapaKmepucmuky, MaKCUMAIbHL [ MIHIMATIbHI 0OMedHCeHH s,
8mpamu aKmMuHOI NOMYAICHOCMI 8 2eHePamopax, OLOYHUX MPAHCHOPMAMOPAX, MPaHCHOPMamopax IACHUX nompeb
ma agmompaucopmamopax 36’s3Ky, A MAKONC CXeMU JHCUGTEHHS BIACHUX nompeb enekmpocmanyii. /lemanvro
ONUCAHO MemOOUKY peanizayii KOMNIeKCHOI onmumizayii po3nooily peakmugHO20 HABAHMANCEHHS eleKMpPOCMAaHyil
MidC eHepeoOnoKamu, K NPUEOHAHI 00 PO3NOOLIbHUX NPUCMPOI8 080X DIZHUX KIACI8 HAnpyeu, ma NepemiKaHHs
peaxmugHoi nomysucnocmi uepes asmompancghopmamopu 36 'a3xy. Ii sacmocyeanus dae 3mozy y 6yO0b-sKuii MoMenm
yacy eUsHaAYAmMu ONMUMAIbHI 3HAYEHHS PeaKmMUBHOI NOMYHCHOCHI KOJHCHO20 3 NAPAeNIbHO NPAYIoUYUX eHep2oOioKie
ma nepemikaHHs peaKmueHoi NOMY*CHOCI Yepe3 agmompancgopmamopu 36 3Ky 3a07a 3a0e3nedeHHs MiHIMAlIbHO20
DpisHA empam aKmueHoi nomyscHocmi enekmpocmanyii 8 yinomy. Hagedeno pospaxyHKu 6HYMpPIUHbOCMAHYIHUX
empam axKmueHoi NOMYNHCHOCMI HA eNeKMPOCMAaHyii 3 2eHepamopamu HoMiHaneHow nomydcHicmio 200 MBm,
npueoHanumy 00 posnodinvhux npucmpoie 220 kB i 330 kB 3 asmompancgopmamopamu 38°s3ky 220/330 kB.
Ompumani pezyrbmamu niomeepos’Cyloms eKOHOMIYHY eheKmusHicmb 3acmocy8ants po3podieHoi memoouxu. bion.
10, puc. 2.

Knrouosi crnoea: po3nojin peakTUBHOI MOTYXKHOCTI, PEryJIOBaHHS HANPYTH, MaTeMaTHYHA MOJENb, CHEProOJIOKH,
reHepaTopy, 0JI0YHI TpaHc(hOpMATOPH, aBTOTPaHC(HOPMATOPH.

Beryn. OpnHi€ero 3 TonoBHHX 3afay cydacHuX enekrpoeneprernynux cucreM (EEC) e 3abe3nedenHs
e(heKTUBHOTO BUPOOHUIITBA, IMEPECUIAHHS Ta PO3MOILTY eleKTpudHOi eHeprii. IlimBumeHHs epeKTUBHOCTI
poborn EEC nmae 3Mory 3HHM3MTH BUTpATH ITajHBa Ta cOOIBapTICTh €NEKTPOCHEprii. 3aais MiABHIICHHS
edpextuBHOCcTi EEC mopsan 3 mpoBeneHHsIM MoAepHi3alii oONagHaHHS BaKJIMBO TAKOX BIOCKOHAIIIOBATH
KepyBaHHS iXHIMH pekuMaMu poOoTH [1].

Onrtumizallisi JOKaIbHOTO TEHEPYBaHHS pPEaKTUBHOI IOTY)KHOCTI B EIEKTPUYHHUX Mepekax
OIHOYACHO 3 3a0e3MeueHHsIM IXHBOI KEPOBAHOCTI A€ MOXKIMBICTh 3MEHIIUTH BTPATH EIEKTPOEHEprii
HE3aJIeKHO BiJ 3MiH HaBaHTa)XEHb EHEPronocTadalbHUX KoMmaHii [2]. MakcumanbHuil epexT TyT
JOCSITAEThCSL MUITXOM OINTHMi3alii po3TallyBaHHsS Ta MapaMeTpiB JKEpeN PEakTHBHOI TOTYXHOCTI 3
ypaxyBaHHSM 3MiHH €JIEKTPOCIIOKUBAHHS, a TAKOX PEKUMIB pO30CcepelKeHUX JxKepes eHeprii [3-7].

BinmoBigao 10 [8] BUPOOHHMKHM €NEKTPUYHOI eHeprii 3abe3neuyroTh 3aJlaHui piBeHb HANPYTH Ha
muHax eaekTpuaanx ctaHmii (EC) msxoM reHeparii 9 CIO’KWBAaHHS PEeaKTHBHOI MOTYKHOCTI. HaBeneni
JOCHTIDKEHHs [9] OKa3yIoTh, IO ONTHMI3allisl PO3IOITY PEaKTUBHOI MOTYKHOCTI Mik eHeprodiokamu EC
Jla€ 3MOTY 3MEHIIUTH BHYTPIIIHbOCTAHIII{HI BTpaTH elIeKTpoeHeprii. Po3pobneni MeToanka Ta MaTeMaTHYHA
MOJENh JAIOTh 3MOTY BIITBOPUTH PEKHM POOOTH €JIEKTPOCTAHIli 3a pPEaKTUBHOIO IOTYXKHICTIO 3
HaMEHIUMH BTpaTaMu. BCTaHOBIIEHO, 110 ONTHMAaIIbHI 3HAYEHHS PEAKTUBHUX MOTYXKHOCTEH T'eHepaTopiB
3ajekaTh Bifl iXHBOTO THITy, AKTHBHOTO HAaBaHTA)KEHHs, NapaMeTpiB OJOYHHX TpaHcopMaTopiB Ta
TpaHc(opMaTopiB BIIACHUX MOTPed, a TaKOXK BiJl CXEMH >KHBIICHHS BIAacHUX NoTpeOd Onoky. Bxazani
PO3pOOKH BiTHOCSATHLCS 0 BHITAIIKIB, KOJM BCi TEHEPATOPH, MK SKHUMH IIPOBOJUTHCS PO3IMOALT PEAKTUBHOT
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MOTY>KHOCTI, TIpUENHAH] 10 posnonainbHoro mpuctpor (PII) omHoro kiacy Hampyru. OmHak, Ha MPaKTHIN
ICHYIOTh 4 MOXYTh OynyBatucs EC, Ha sikux reneparopu npuenHanoi ao PII 3 pi3HUMH HOMiHaJTbHUMH
Hampyramu, 3B’s3aHi aBroTrpaHchopmaropamu (AT) 3B’sa3ky. IleperikaHHS uepe3 HUX aKTHUBHOI Ta
PEaKTUBHOI IOTY)XHOCTI OyJde BIUIMBAaTHM Ha 3aralbHUM piBeHb BHYTPIIIHBOCTAHLIMHUX BTpaT
enexTpoeHeprii. MeTor poboTH € po3poOKa METOIUKH Ta MATEMATHIHOI MOJEIN KOMITJICKCHOT ONTHMI3arlil
PO3MOAITY PEaKTHBHOTO HABAHTAKEHHS €JIEKTPOCTAHINT MiXK OKDEMHMH €HEproOJIOKaMH, sIKi PUETHAHI 10
PI1 3 nBOoMa Ki1acaMu HampyTH Ta MepeTikaHHS peakTUBHOI MOTYKHOCTI uepe3 AT 3B’s3Ky.

Hlasx Bupimenns mpodaemu. Ha EC, rerepatopu sxux npuearano no cucreM muH (CLI) mBox
PII 3 pi3HEMH KiTacaMy HaNPyTH, pETyJIIOBAaHHS HANPYTH Ha MIWHAX OKpeMo B3sitoro PII 3nificHIOEThCS K 32
JOTIOMOTOI0 TeHEepYBaHHA (CIOXKMBAaHHsI) PEaKTUBHOI MOTYXKHOCTI TeHepaTopamM, TaK 1 3a JOIMOMOTOI0
NepeTikaHHsA peakTuBHOI moTyxHocTi depe3 AT 3B’a3Ky, ski iX 3’egHyroTb. B Takomy Bumaaky y
BHYTPIITHbOCTAHITIHHIN ONITUMI3aIlii peKUMIB POOOTH T€HEPATOPIB 3a PEAKTHBHOIO MOTYKHICTIO HEOOXiTHO
BpaxyBaTH BIUIMB HE TUIbKM MapaMeTpiB TeHepaTopiB, OMO0YHHX TpanchopMaTopiB i TpaHCPOpMATOpiB
BIacHUX moTped [9], a i AT 3Bs3ky.

3anis po3B’A3aHHA Li€l 3aaadi sk npuknaj BissMeMo EC, y sxoi € asa PII (U,1 U,). Mo mun U, i
U, npuennani rereparopu (N i K KUIbKiCTh BinHoOBimHO) 1 miHil enexkrponepecunaanHs (7 1 R KiIbKicTh
BianoBinHO). PIT mMixk coboro 3 eanytots L AT 3B’s3ky. [IpuHIunoBa cxema HaBeJeHa Ha puc. 1.

BuximauMu  gaHUMH A0S pO3MOALTY — PEaKTHBHOI TIED RIEN
HOTY>KHOCTI € BiZJOMi 3HaU€HHS PEaKTHBHOTO HABaHTAXXECHHS IS ) 4
kokHOrO 3 PII i 3HaUeHHS aKTMBHOI MOTYXHOCTI U1 KOXHOTO
reHepaTopa, OOYHCIIEHI Ha IIJCTaBl JOCIHIDKEHHS PEXKUMIB & — ——
€JIEKTPUYHOI CUCTEMHU.

[IpomioHy€ETHCS METOMMKA PO3B’sI3aHHS ITi€l 3amadi, sika
NoJsira€ y BUKOHAaHHI Takoi MOCIiIOBHOCTI JIii. @ @

1. BpaxoByroun MiHIMaJIBHO JOMYCTHMi 3HAYEHHS LATU2UL
PEaKTUBHUX HAaBAaHTAKCHb MPAIIOI0UMX I'€HEPaTOPiB, 3HAUCHHS N Saoxis K Groxiz
PEaKTHBHUX TMOTY)KHOCTEH BIacHUX MOTpeOd OJOKIB i BTpaTH @ @
peakTHBHOI TOTYXHOCTI B  OJOYHHMX TpaHchopMmaropax, Puc. 1
BU3HAYAIOTbCS CyMapHi MiHIMaJbHI 3HA4YEHHS PEaKTHBHUX
TNOTYXKHOCTEH, AKi MOXKYTb BuiaBath 610Kk KOKHOTO PIT (O st s Ormingur, )»
N N N
Qmin6.1U] = ZQmianl _Z QBHBUI _Z AQJ_';TU1 5 (1)
i=1 i=1 i=1

K K K
Qmin6.1U2 = Z Orin ru, _Z QBHJ_';U2 _ZAQBTU2 > (2)
i=1 i=1 i=1

ne Ouinrv,> Ominry, — MiHIMAIBHE PEAaKTHBHE HABAaHTAXKEHHs i-ro mpauoroyoro remeparopa PII Ui U,
BiMOBIHO; gy » Opysy, — PEAKTUBHA NOTYXKHICTh BiacHUX n0Tped i-ro 6moky PIT U, i U, Bimnosiamo;
AQETU1 , AQETU2 — BTPaTH PEaKTUBHOI MOTYy>XHOCTI B O104yHMX TpaHchopmaropax PII U,1 U, BinnosigHo;
N, K — xinbkicTs reHepartopis npueananux a0 PIT U, 1 U, BianosigHo.

3a/uisi COpOINEHHS PO3PaxyHKIB IMiJi 4ac BU3HAYCHHS BTPAT aKTHBHOI IMOTYXHOCTI B OJIOUHUX

TpaHc(hopMaTopax YMOBHO MPUMMAEMO, IO pPEaKTHBHA IMOTYXKHICTh, sKa MPOTIKAE dYepe3 OJOUHUI
TparchopmaTop, TOpiBHIOE
QET, :Qminr, _QBHE,- (3)
2. BpaxoByroud MaKCHUMaJlbHi 3HAYEHHS DEAKTHBHMX HAaBAaHTAXEHb IPAIIOIOYMX T€HEepaTopis,

BJaCHUX MOTpeO OJOKIB 1 BTpaTW aKTUBHOI MOTYXKHOCTI B OJOYHHUX TpaHC(HOpPMATOpax BU3HAYAIOTHCS
CyMapHi MaKCHMAaJIbHI 3HaYEeHHsS PEaKTUBHOI MOTY>KHOCTI, SIK€ MOXYTh HECTH eHepro0ioku koxuoro PII,

N N N
Qmaxﬁn(/l = ZQmaer1 _Z QBHEU, _Z AQBTU1 ; 4)
=1 i=1 i=1

K K K
Qmax6,7U2 = ZQmaxFUz _Z QBHEU2 _Z AQJ_';TU2 > (5)
i=1 i=1 i=1
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e O v, » O, ox ru, — MakCHMaJbHE PEaKTHBHE HABAHT@XEHHA [-TO mpaijoioyoro rexeparopa PII U, 1
U, BiinoBiaHO.

Jnst po3paxyHKiB MiJ 4ac BU3HAYEHHsI BTPAT aKTHUBHOI MOTY>KHOCTi B OJIOYHUX TpaHCHOpMaTOpax
YMOBHO IPUIIMa€EMO, L0 peaKTHUBHA MOTYXHICTh, IKa IPOTiKae yepe3 0J0YHUH TpaHchopMaTop, Taka

QET,. = Qmaxr,. - QBHE,. . (6)

3. 3HaXOI[I/IMO CIICMCHTH BeKTOpiB CyMapHUX pPCAKTUBHUX HOTy)KHOCTeﬁ onokis PIT EC écy,wUl Ta
Qcy,uUz
Qcy,wU]/ = (1 - V)Qminé.:U, + VQmaxé.:U, > (7)
Qcwazj = (1 - V)Qmin onU, + VQmaxﬁﬂUz ’ (8)

pe j=1,5 — posmipnicts BekropiB O, Ta Q. 5 V'=0,0.25,.,1 — KpoK 3MiHI CyMapHOi PeaKTUBHOI

noty>kHocTi 6okiB PIL.

4. BigmoBigHOo 10 [9] MPOBOIWUTHECA PO3PAXYHOK BTpPAT aKTHUBHOI IOTY)KHOCTI €HEpProOJIOKiB B
3aJIeKHOCTI BiJl iXHHOTO aKTHBHOTO Ta PEAaKTHBHOTO HAaBaHTAKEHHS. 3a HOro pe3ysibTaTaMd OTPHMYEMO
3aJIeKHOCTI

AF; = f(B0r), ©)
ne AP, (xBt) — cymapHi BTpaTtu akTHBHOI HOTY>KHOCTI €HEpProOJOKy, SIKi BPaxOBYIOTb BTPaTH aKTHBHOI
HOTY>KHOCTI B TreHepaTopi, OnouHOMy TpaHchopMaTopi Ta TpaHcdopmaropi BIacHHX noTped, P.,Q,—

BIJIMIOBITHO aKTUBHE Ta PEAKTHBHE HABAHTAXXCHHS reHeparopa.

Jst 3amanoro 3HaYeHHS aKTHBHOI MOTY)KHOCTI TeHEpaTopa 3aJekHICTh (9) TakoX MOXHA 3aIucaTH
K QYHKIII0 CyMapHHUX BTpaT aKTUBHOI MOTY>KHOCTI OJIOKY BiJl peakTUBHOT OTYXKHOCTi Ha BUBOJAX BUCOKOI
Harpyry 6J109HOro Tpancdopmaropa Q;

APy = f(Oy) - (10)

5. 3a METOIWKOIO, OMHCAaHOK B [9], BHUKOHYEThCS pO3MOJN PEAKTHBHOI TOTYKHOCTI MiX

eHeprodmokamu 1t koxHoro PIT okpemo s Beix enementis O, 12 O, BeKTOpiB Q.. Ta Q0 -

3a #Horo pe3yiabTaTaMu JJId KOXHOI'o 3 QC)’"’UI- Ta OTpUMAEMO MHOXHWHU 3HAYCHb PCAKTUBHUX
- J

cymUs

HOTy>KHOCTeH eHepro6nokiB (), BianosigHoro PII. IligcraBuBIIM OTpUMaHi pe3ynbTaTd y (yHKUIi

APy = f(Qy ), Ast KOXKHOTO 3 QcyMUlj Ta Qcywﬂ OTPUMAEMO €JIEMEHTH BEKTOPIB APprpy,, Ta AP pny,,
N
A])PHU” = ZAPBUh ) (11)
i=1

N
APPHUH ZZAPE% > (12)
i=1

ne APy, Ta APy, — BTpaTH aKTMBHOI IIOTYXKHOCTI 6;10KiB npuennanux ao PII U, i U, BianosiaHo.
6. BiamosimHo mo [10] 3a momomororo iHTepnosiiHoi Gopmymnu Jlarparka oTpuMaeMo QyHKIIT
APPHUI = f(Qcy,wUl ) Ta APP]7U2 = f(Qcy.wUz ) . (13)

Sk mokazanu AOCHiIKEHHS, HiA 4ac iHTeprnosLiil 3a4i1si OTPUMAaHHS JaHUX 3aJIe)KHOCTEH wieHaMu
THOJIIHOMA BHUILE APYTOro NOPsAAKY MOXKHA HEXTYBATU 4epe3 Te, 10 IXHil BIUIMB Ha 3HaYeHHS AP, € 30BCiM

He3HauyHuM (MeHie 1 %). Hanpuknan, ms PII 330 kB, Ha mmHM SKOr0 BUAAOTh MOTYXXHICTh [€HEPATOPH
TI'B-200M i ACTI-200 gepe3 Omouni tpanchopmaropu THIII-250000/330, mst 3a1eKHICTh OMUACYETHCS

. _ 2
nonmiHoMoM AP, =0.01830.1,,330 +1.50y11330 +35530..
7. Y BUNAIKY KOJIU
QLy,wUl :Qi-ta(fU1 Ta cymU, = Q)r-mts’U2 b (14)
ne O, — peakrtusue HaBantaxenus PI1 U, O, — peaxrusre HaBantaxenns PI1 U,, uepes AT 383Ky

HE MPOTIKAa€ peaKTHBHA BUPIBHIOYA MOTYKHICTb.
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Konm piBHicTh (14) He BUKOHYeThCS, Yepe3 AT B TOMy 4M iHIIOMY HampsSMKY IPOTIKaE peakTHBHA
NOTYXKHICTB JUISl TIOKPUTTSI PEaKTUBHOTO HaBaHTaxkeHHA iHmoro PIT. Yepes 1i npotikanHs B AT BHHUKAIOTbH
JOJAaTKOBI BTpaT aKTUBHOI MOTY>KHOCTI, TOOTO

2
Qeupiel-t

APATOGO :F(FATGH +r'ATCH)’ (15)

nomAT

ne O, — BUPIBHIOKOYA PEAKTUBHA MOTYXHICTb, IO mpoTikae yepe3 AT 3B’13Ky, Ko piBHicTb (14) He

BUKOHY€TbCs; U, — HOMiHaJbHA HAImpyra OJHOrO 3 OJHOTHUIIHUX NapajenbHo npamorounx AT 3B’s3Ky;

P srens? 47, — BLIIOBIIHO akTHBHI omopu Bucokoi Hampyru (BH) i cepemnpoi mampyru (CH) oxmnoro 3
OJTHOTHITHUX NapaienbHo npamorounx AT.

BI/IpiBHIOIO'-Iy PCaKTUBHY HOTy)KHiCTL MOX>XHa BU3HAYUTH TaKHUM YHUHOM:

Qeupisﬁ = Qcy.wUl _QHIZSUI ‘ = QcyMUz _QHQGUZ : (16)
Bpaxosytouu (16), 3anumiemo (15) y Burmsiai
(QC M - QHaB )2 [
T ! - Pz + 7 aen)- (17)

2
UHo.wA T

8. Kpurepiem onTuMambHOCTI pexXUMy POOOTH €NEKTPOCTaHIIIi € MiHIMyM CyMapHHUX BTpPAaT aKTHBHOL
MOTY>KHOCTI B €JIEKTPOOOJIATHAHHI €JIEKTPOCTAHINI{, TOMY PIBHSHHS Il I 3HAXOKEHHS ONTHMAIBHOTO
po3noaiay peakTHBHOI moTysxHoCcTI Mixk PITy Mozneni 3 AT, 1110 IPONIOHY€ThCSI, 3AIMUIIIEMO TaK

AP, =AP,,, +AP,,, +LAP,, = — min, (18)

PITU, PIIU,
ne L — KimpKicTh aBTOTpaHCc(hopMaTopiB 3B 53Ky Mix PII.
PiBusHHSAMY 3B’ 13Ky OymyTh piBHSHHS (13) Ta (17).
PiBHsIHHS 00MEXEHD HACTYITHI:
— piBHSHHA 0aJlaHCy PEaKTUBHOI MOTYKHOCTI
Qcy,uUl + Qcy,uu2 = QHasU, + Qmmu2 > (19)
— 3aNIeXKHOCTI, AKi BH3HAYAIOTh MEXI 3MIHM KEpOBAaHOTO IapaMeTpy — PEaKTHBHOI IMOTYXHOCTI
reneparopis enekrpocranuii, a came Oy . = f(F) 1a O . = f(5.).
g

BssiBiin 4acTKoBI HOXinHI piBHsHHS uimi 3a Q. Ta O, , OTPUMAEMO CUCTEMY DIBHSHb UL

3HAXOJIKEHHS eKCTPEMYMIiB

aAP EC_ _ 0:
a b
QcyM U, ( 2 0)
08P _,
anyM U,

BpaxoByroun (GopMH 3aNeKHOCTI BTPAT aKTHBHOT MOTY»x)HOCTI PII Bim iX cymMapHOro peakTUBHOTO
HaBaHTAXXEHHS I1i EKCTPEMYMH 3aBX I MiHIMaJIbHI.
I3 cucremu piBHsHB (20) OTpUMAaEMO PiBHSHHS ONTHMI3aii

OAPF,. _ OAP,. ‘ 1)
anyM U, an)m U,
Mincrapuemmu (17) 1 (18) y (21), orpumaemo
aAI)Pﬂul + 2L rATBH + r'ATCH QCyMU1 _ 2L rATSH + r'ATCH QHaSU1 aAI)PﬂUz (22)

2 2 = :
aQLyMU1 UHo.wAT UHOMAT aQ’yMUZ
Po3B’a3aBuu cucremy piBHsHb (19) i (22), otpumaemo ontumanbHi 3uavenns O, 1a O, -

9. BpaxoBytoun onTuManbHi 3Havends O, . Ta 32 METOJUKOK, HaBeleHow y [9],

C)/:"UZ
3HAXOAMMO ONTUMAaNTbHI 3HAYCHHS PEaKTHBHOI ITOTYKHOCTI KOJkKHOTO TeHeparopa EC.

3aisi OUIHKK e(EeKTHBHOCTI HaBEelIEHOT METOAWKU MPOBEICHO PO3MOJIiN PEaKTUBHOI MOTY>KHOCTI
MK 4oTHpMa pizHOTO TUMy TypOorenepatopamu EC 3 PIT nanpyroro 220 kB ta 330 kB (puc. 2).

Ho PII 220 xB mnpuemnano nBa Omoku 3 rTeHepatopamu TI'B-200 Ta OTHOTHITHEMHU OIIOYHUMH
tpanchopmaropamu TJILI-250000/220. do PIT 330 kB npuennano nsa 6ioku 3 renepatopamu TI'B-200M Ta
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Qeras330=200 Maap Quas220-100 Msap ACTT-200 Ta OIHOTHUITHHUMH OJIOUHUMU
tpancopmaropamu  TJLI-250000/330.  PII
3’eHaHl Mk coOoro 3a jmoroMororo AT 3B’s3Ky

PT1-330 5B PT1-220 =B TUITY ATLITH-240000/330/220. AKTHBHE

HaBaHTAXCHHS KOXKHOTO €HEprodJjoKy CTaHOBUTH

200 MBT, croxxuBaHHS BJIACHUX TOTpPeO OJIOKIB

CTaHOBUTH 7% BN iXHBOI TeHepalii; peaKTUBHE

oot s o HaBaHTaxenns PI1-220 kB — 40 Msap, a PIT 330
AT/IIITH-240000/330/ kB — 140 Mgap.
220 [MocnimoBHICTE PO3MOJITY PEaKTUBHOI
MOTYXHOCTI Mixk eHeproomokamu EC 3rigHO
@ @ @ @ 3aIPONIOHOBAHOI B CTATTiI METOAWKU HACTYIIHA.
TIB-200M  ACTT-200 TIB-200 TTB-200 1. Ha mincragi miarpam moTy»KHOCTEH
Puc. 2 JOIyCTUMHUX PEKHMIB poOOTH TypOoreHepaTopis

TI'B-200, TI'B-200M T1a ACTI-200 BH3HaUaemo
iXHi MiHIMaJIBHI Ta MaKCUMaJIbHI 3HAYEHHS PEAKTUBHOI MOTY)KHOCTI 32 akTUBHOI moTyxHocTi 200 MBT. Takox
3OIMCHEHO PO3PAaXyHOK PEaKTHBHOI MOTYKHOCTI BIIACHHX MOTPeO eHEeproOioKiB. YMOBHO MPHHHSITO, IO
KOe(DII[IEHT MOTYXKHOCTI BIaCHHX 1O0Tpe6 cTaHoBUTH COS @ = (.82 . Bu3HaueHO BTpaTH pEaKTUBHOI MOTYKHOCTI B
0J104HMX TpaHCopMaTopax BifmoBimHo 10 (3) i (6).

2. 3rigno (1), (2), (4), (5) BH3HauaeMO MiHIMaJIbHI 1 MaKCHMalbHI 3HAYEHHS CyMapHOI
PEaKTHBHOI IOTY>KHOCTI, SIKi MOXKYTb HECTH 0J0KH KokHOTro PIT:
Oningizo = —103,8 MBap; 05,350 = —184,3 MBap; O, 50 =194, 7 MBap; O, 5,350 =143,4 MBap.

3. Ha mincrasi (7) i (8) oTpuMyeMO MHOXXWHH MOJIMBHX 3Hau€Hb CyMapHUX pPEaKTUBHUX
noTykHocTte# 6:10kiB PIT EC

—-103,8 —184,3
-29,2 -102,3
0,0 =| 45,4 | Msap, 0,550 =|| —20,4 Msap.
120,0 615
194,7 143,4
4. [IpoBoAMMO PO3paxyHOK 3aJIe)KHOCTI BTPAT aKTHUBHOI IMOTY)KHOCTI €HEProOJIOKIB BiJ TXHIX

aKTUBHHX Ta PEaKTHBHUX HaBaHTaxeHb. OTpUMaHO 3anexHOCTI AP, = f(F;,0;) Ans eHeproOiokis, ski

BPaxOBYIOTh BTPaTH aKTHBHOI MOTYXHOCTI B FeHEpaTopax, OJIOYHHX TpaHCPOPMATOPax, a TAKOK BEITHUMHY
CHOKMBaHHsS BJAacHUX NOTped eHeproOmoky. IlincTaBuBmIM 3ajaHe 3HAYCHHS AaKTHBHOI MOTY>KHOCTI,
OTPUMaHO 3aNeKHOCTI AP, = f(Q, ), SIKi U1 BKa3aHUX €HeproOJIOKIB 3alMIIEeMO TakK:

APE.’ITFB—200 = 07 0332Q§'}:TFB—200 + 37 09QEaTFB—200 +2436 5
A[;iuTFB—ZOOM = 0’ 0492Q£2;/7TFB—200M + 2’ 6 1QE.1TFB—200M +2699 >

_ 2
AIJEﬂACTF—ZOO - 07 0420Qcy»1220 + 3’ 45QL’yMZZO +2970.
5. BHKOHyeMO p03H0,[[iJ'[ peaKTI/IBHO‘l' HOTy)KHOCTi MIX eHepF06n0KaMH JJI1 KOXXHOTIO PIT

OKpeMO Il BCIX va«"220, Ta Q,,550, 13 MHOXKHH Qo Ta Q53 - 3@ PE3yNbTaTaMU PO3MOALLY IS
KOXKHOTO O, Ta (13 OTPUMAEMO MHOXHHU 3HAYEHb DPEAKTUBHUX MOTYKHOCTEH €HEProOIIOKiB
- J - J

BignoBigHoro PII Ta ix BTparT akTHBHOI MOTY>XHOCTI. 3HAXOAMMO CyMapHi BTPAaTH aKTUBHOI MOTY>KHOCTI
eHepro010kiB koxkHoro PIT aist Beix Qcme/ Ta QMBO/ , TOOTO

4846 5849

4912 5590
AP0 =(5160 kBT; APrisso =||5614| xBr.

5598 5938

6221 6568
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6. 3a JI0MOMOTro0 IHTEpHONALiIHHOT (opMynn Jlarpamka OTpHEMAaEMO 3aJEXKHOCTI CyMapHUX
BTPAaT aKTUBHOI OTYXHOCTI eHeproOokiB PII Bix iX cymMapHOTO peakTHBHOTO HABAHTAKEHHSI

AByp1550 =0,0167 ;,14220 +3, 08QL'y,11220 +4987; AP35 =0,0183 3}7,11220 + LSQLyMzzo +5530.

7. Bignosigao mo (19) ta (22) ¢opmyemo cucteMy piBHSHB 33151 BU3HAYEHHS ONTHMAJIbHUX
3HAYCHb CYMapHUX PEaKTUBHUX MOTYKHOCTeH eHeproomokiB PII, ToO6To

0,0460,,,33 +3,06+0,0150, 15, —2,1=0,03340,  ,, +3,08;
Qcyw330 + ngzz() = 180 :

P03B’s13aB1IM 1110 CUCTEMY PiBHSAHbB, OTPMMAEMO ONTUMANIbHI 3HAYECHHS O, 2y T2 O, 33 , TOOTO

Qcy,w330 = 86 MBap’ Qcy,wZZO = 94 MBa’p‘

BupiBHIOI0Ua MOTYKHICTB, 10 Oye npoTikaT yepe3 AT, [jst TaHOTO BUIMAAKY CTaHOBHUTH 54 MBap.
Lle mosicHIOETBCSA B TIEpIIy Yepry THM, IO BTpaTH akTuBHOI moTyxkHocTi B ACTI-200 uepe3 HasBHICTH B
HBOMY JTOJaTKOBOi OOMOTKH Ha POTOPI Ta JOJATKOBOTO KaHANy B CHCTEMi 30Yy/KCHHS 3HAYHO BHIII, HIK B
TI'B-200. ExoHOMIYHO BUTiTHIIIUM € 30UIbIICHHS Te€HEPYBaHHS PEaKTHBHOI IMOTYKHOCTI TypOoreHe-
paropamu TI'B-200 i 3menmenns ii renepyBanns ACTI-200, He3Bakarouu Ha TOJATKOBI BTPAaTH aKTUBHOI
MOTY>KHOCTI, 110 BUHUKAIOTh BHACIIIOK MEPETIKaHHS PeaKTUBHOI MOTYKHOCTI Mix PIT.

CyMapHi BTpaTH aKTHBHOI ITOTY>KHOCTI TypOOTeHepaTopiB, 0J109HUX TpaHCHOPMATOPIB Ta JOIATKOBI
BTPaTH aKTHBHOI MOTY>KHOCTI BHACTINOK MEpEeTIKaHHS BHUPIBHIOIOUOI PEaKTHUBHOI MOTY>KHOCTI uepe3 AT
3B’S3KY 32 3alPOIIOHOBAHOI METOAUKH PO3PAXYHKY O0UHCINMO TaK

APy = APy + APy + LAP 7, =11,544 MBT.

Jlnist IOpIBHSIHHSL HaBEJICHO TaKOX PO3MOALT PEaKTUBHOI MOTYXKHOCTI OKpeMo st koxkHoro PIT 3a
220 = Qousrno =40 MBap Ta QCW330 =0 330 =140 Msap. Ilig yac
Takoro posnoniny depe3 AT 3B’S3Ky He NMPOTiKae peakTHBHA BUPIBHIOIOYA MOTYXHICTb. 3a pe3ylbTaTaMu

pO3paxyHKIiB CyMapHi BTpaTH aKTHBHOI MOTYXHOCTI TypOoreHepaTtopiB Ta OyouHHX TpaHchopmatopis EC
CTAHOBJIATH

METO/IMKOI0 HaBesieHow B [9], TobTo O,

M

AFpe = APy + ABpps =11,678 MBT.

HaBeneni po3paxyHKH MOKa3yloTh, o neperikanas Mixk PII wepes AT BupiBHIOIOYOI peakTHBHOI
HOTYKHOCTI Ja€ MOXKJIMBICTb CYTT€BO 3HU3UTH BTPATH aKTUBHOI IOTYXXHOCTI IApaJieIbHO MPAIIOIYHX
eHeproOnokiB. HaBiTh He3Baxaroum Ha nponmaTkoBi BTpaTh B AT 3B'A3Ky BHACHIIOK MepeTiKaHHS
BUPIBHIOIOYOI PEAKTUBHOI MOTY>KHOCT], CyMapHi BTpAaTH aKTUBHOI IOTYXHOCTI 3a pO3pO0IEHOr0 aIrOPUTMY
qu1s BkazaHoi EC moxkna 3MenmuTy Ha 1173 MBT1*roa. BHYTpIITHROCTAHITIHHI BTpAaTH aKTHBHOI €HEpPTii 3a
pik. Lle minTBepmKye epekTUBHICTD 3aCTOCYBAaHHS PO3POOIEHOT METOJMKH Ta MATEMaTHYHOT MOZETII.

BucnoBku. Po3po0neHo MeToaMKy Ta MaTeMaTH4HY MOJAENb KOMIUIEKCHOI ONTHMi3alii po3moainy
PEaKTUBHOI'O HABAHTA)KEHHSI €JIEKTPOCTAHLIT M’k OKpEMHMH eHeprodiokamy, siki npuenHasi 1o PII 3 nBoma
KJlacaM¥ HalpyrH, Ta MEepeTiKaHHS PEaKTUBHOI MOTY)KHOCTI 4epe3 aBTOTpaHCGopMaTopH 3B’S3Ky. BoHH
0a3yloTbCsi Ha 3a0e3ledeHHI MiHIMATBPHUX BTpPAaT AKTHBHOI IOTY)KHOCTI B TeHepaTopax, OJOYHMX
Tparchopmaropax, TpaHchopmaTopax BiracHuX motped i AT 3B’s3Ky.

HaeneHi po3paxyHKH I €JIEKTPOCTAHIIII 3 TeHepaTopaMy HOMiHAIBHOIO TOTyXHicTi0o 200 MBT,
ki npuenHani 1o PI1 3 neoma xmacamu Hanpyru (220 kB Ta 330 kB) ta AT 38’s13ky 220/330 kB, nmoka3yors,
II0 BUKOPUCTAHHS PO3POOJIEHMX METOOMKM Ta MaTreMaTHyHoi MoJeni Ja€ 3MOry 3MEHIIUTH
BHYTPIIIHBOCTAHITIHHI BTpaTH aKTUBHOI TOTY>KHOCTI, a 3HAYHUTH ITiIBUITUTH €(EKTUBHICTH 1 pOOOTH.
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OPTIMAL DISTRIBUTION OF REACTIVE POWER AMONG POWER UNITS CONNECTED

TO DISTRIBUTION DEVICES OF VARIOUS VOLTAGE CLASSES

M.S. Seheda, A.V. Oleksyn,

Lviv Polytechnic National University,

12, Stepan Bandera Street, Lviv, 79013, Ukraine. E-mail: mykhailo.s.seheda@lpnu.ua; andrii.v.oleksyn@lpnu.ua.

This paper examines the features of in-station optimization of reactive power operating modes at power plants whose power
units are connected to distribution devices of two different voltage classes with autotransformers. For such power plants, a
methodology and mathematical model have been developed for the comprehensive optimization of distribution of reactive
load among power units and reactive power flow through autotransformers. The proposed methodology and mathematical
model incorporate the technical and economic characteristics, the maximum and minimum constraints, active power losses in
generators, block transformers, auxiliary transformers, and autotransformers, as well as the power supply schemes for the
auxiliary needs of the power plant. A detailed description of the implementation metholodgy for the comprehensive
optimization of distribution of reactive load among power units connected to distribution devices of two different voltage
classes, as well as reactive power flow through autotransformers are provided. Its application enables the determination of
the optimal value of reactive power for each of the parallel-operating power units and reactive power flow through
autotransformers to ensure the minimum level of active power losses of a power plant as a whole. Calculations of the in-
station active power losses at a power plant with generators possessing a nominal capacity of 200 MW connected to 220 kV
and 330 kV distribution devices with 220/330 kV autotransformers have been conducted. The obtained results confirm the
economic efficiency of the developed methodology. References 10, figures 2.

Keywords: reactive power distribution, voltage regulation, mathematical model, power units, generators, block transformers,
autotransformers.
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IMPACT OF SEASONALITY OF GENERATION AND LOAD ON THE OPTIMAL CAPACITY
OF THE ENERGY STORAGE SYSTEM OF THE PROSUMER’S MICROGRID

0.V. Kulapin', A.V. Ivakhnov™, S.0. Fedorchuk ", K.V. Makhotilo” ", D.O. Danylchenko™ ",
O.V. Bulhakov™

National Technical University «Kharkiv Polytechnic Institute»,

Kyrpychova Str., 2, Kharkiv, 61002, Ukraine.

E-mail: andrii.ivakhnov@khpi.edu.ua.

Due to the instability of renewable energy sources, maintaining the stable operation of microgrids becomes an urgent
and difficult task. energy storage systems can provide uninterrupted power for such Microgrids, but their integration is
accompanied by challenges related to determining the optimal storage parameters. This study presents a method that
allows optimizing the capacity of the energy storage system, taking into account various controller algorithms of the
operation of the prosumer’s microgrid. Purpose. Development of a method for determining the optimal capacity of an
energy storage system to maximize profit from interaction prosumer’s microgrid with the power grid. Two radically
different controller algorithms of microgrid operation are considered: the first is focused on the maximum use of solar
generation, and the second is on the balanced use of all elements of the prosumer’s microgrid system, including storage
and energy consumption. A microgrid was studied using the example of a prosumer, which includes a solar
photovoltaic system, a load profile, an energy storage system and connection to the power grid at a three-zone time-to-
use tariff. In order to evaluate the effectiveness of the selected strategies, an analysis of indicators for winter and
summer days was carried out, which made it possible to reveal the effect of seasonality on the operation of the
microgrid. The proposed method allows to determine the capacity of the energy storage system when designing
individual solar photovoltaic system. References 15, table 2, figures 10.

Key words: microgrid, load modelling, prosumer, energy storage, renewable energy sources, optimization.

Introduction. Microgrids (MGs) are self-contained low-voltage energy systems that are
predominantly used in modern power grids to generate energy from renewable energy sources. microgrids
include Distributed Energy Resources (DERs) based on renewable energy sources such as wind and solar
generation systems, forecasted and stochastic consumers (their Load Profiles), and Energy Storage Systems
(ESS) [1-5]. Prosumer is an active consumer who has a two-way connection with the Power Grid [6, 7].

In turn, the MGs of the prosumer should include a generation system, a load profile, an energy storage
system, a control system and be able to transmit electricity to the power grid in two ways. Also, such systems,
in the case of disconnection from the Power Grid, should be able to operate autonomously for some time.

Due to the inconsistency of the generation of renewable energy sources (RES), the operation of MGs
becomes unreliable, which necessitates the use of Battery energy storage systems that can instantly supply
energy if necessary [6—8]. Unreliability is also driven by demand due to fluctuating loads on the consumer side
and variations in electricity prices [9, 10]. This leads to voltage and frequency fluctuations, and also affects the
stable operation of the system. Such problems can be solved with the help of ESS [1, 2,4, 8, 11, 12].

In recent years, many researchers have been presenting control algorithms for Microgrids based on
advanced electronic devices [7, 13]. These strategies formulate a complex objective function that takes into
account the costs of operating and maintaining generating plants, the cost of exchanging with the grid, as well
as greenhouse gas emissions. However, they are not sufficiently focused on determining the optimal capacity of
the energy storage system. In progress [7, 8, 12, 14, 15] Consumer load management strategies are developed
that include demand-response programs such as incentive or dynamic pricing and direct load management.
While these strategies optimize energy costs, their demand-response programs are mainly aimed at reducing the
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ratio of peak to average demand, i.e., load equalization. However, in the case of MGs, these demand-responds
programs do not significantly improve the cost-effectiveness and reliability of the system.

Therefore, in order to make the Prosumer's Microgrid cost-effective and efficient, it is needed to
develop a strategy for determining the optimal ESS capacity based on the prosumer's load profile, which
focuses on: 1) maximizing the prosumer's profit from interacting with the grid and 2) efficient use of the
Battery Energy Storage System (BESS) taking into account the load that is not provided by renewable
energy. In contrast to existing approaches, the proposed ESS capacity determination algorithm is aimed at
maximizing battery utilization and interaction with the power grid. This is achieved by using a three-zone
time-of-use tariff plan for electricity and developed strategies for the operation of energy storage.

The goal of the paper is development of a method for determining the optimal capacity of the energy
storage system to maximize the profit of the prosumer's microgrid from interaction with the electric power
grid due to different seasons as winter and summer. ]

Subject of investigations. The developed " Hybrid fovertor
model of the prosumer includes a rooftop solar
photovoltaic system with a capacity of 8 kW, the Load
Profile described in the paper [6], ESS with a smart
controller and connection to the power grid.
Mathematical model makes at Matlab. The Single-line
diagram of the developed Prosumer’s Microgrid is
shown in Figure 1.

At Figure 2, a shows a profile of generation
for the summer and winter seasons obtaining from the
SoDa [3], as well as the Load Profiles of a family shown at Figure 2, 5. The load profile is average in the
profiles for the summer and winter seasons of the typical family's working day, generated by LPG [6]. The
family consists of two adults working remotely and two children. The house is equipped with a standard set
of equipment for a comfortable stay and has a gas heating system.

S
B

Power Meter

Grid

Load Profile
Fig. 1

Generation power. kKW
Consumption power, KW

)

o 2 4 6 &8 10 12 14 16 18 20 22 24 o 2 4 6 & 10 12 14 16 18 20 22 24
Time. howr Time. hour

Pgen summer  ------- Pgen winter Pload summer -~ Pload winter

a b
Fig. 2
Basic calculation relationships and assumptions.
Objective function: The objective function presented at formulae (1) is aimed at maximizing the
profit received from the sale of electricity to the power grid. It consists of the sale of electricity to the power

grid (3), the cost of purchasing electricity from the power grid (4) and the cost of using a unit of capacity of
the energy storage system (5).

max Z (Csell ()= Cy, )= C, (¢, )) ) (1)

N =T/AT, 2)
where T is the total duration of the test period of system operation; i is the number of the time period into
which the test period is separeted; N is the number of time periods; AT =0,25 is time period, Ahour;
t,=i-AT is the moment of the beginning of the i-th time period; C,,(¢,) is the total cost of power sold to

the grid for the period ¢, §; C,

1

. () is the total cost of power purchased from the grid for the period ¢, §;

C,...(t.) 1s the total cost of operating the ESS for the period ¢, , $
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Cvell (t) = Psell (Z) : Kencosl (t) : Etariﬂ' : AT s (3)

where P, (t) is power sold to the Power Grid in a period of time ¢, kW; K, . (¢) 1s electricity cost factor as

a function of time #; E, . is electricity tariff, $/kWh.

tariff’
Cbuy (t) = ])buy (t) : Kencast (t) : Etarijf' : AT ’ (4)
where £, (7) is power purchased from the Power Grid over a period of time 7, kW.
Cpun(t)=BC-K,. - AT, )

where BC is ESS capacity, kWh; K. is the cost of using a unit of ESS, $/(kWh-h).

3
KBC=COStb‘”’ 10 ’ (©) ( ceart )
U,-1,-h,

where Cost,, is the cost of one battery, §; 4, is estimated [Fo_ soc;i:.m.w]
battery life-time 10 year, corresponding to 3500 cycles of T
charge/discharge, hour; U, is battery voltage, V; I, is battery
capacity, 4h. /’ gea- Plosd, -{"'“""/
Prosumer’s Microgrid power balance equation: The
installed MGs satisfies the load of the domestic building and il
exports electricity to the power grid. The power balance
equation at each time 7 is given by the formula (7). m
Pgrid ()= Pgen () = Bla () + Byigs (1) (7 J\

where P (7) is generation capacity in time period 7, kW,

P, ,(t) is load power in time period , kW; P, (t) is the | °PE2S=Frimmx |' m<mbpm

charge or discharge power of the ESS in the time period ¢, kW. o
Prpss (1) = ])discharge - Bharge ), Q) /\

where P ]%mﬁ

ischarge (1) 18 the power of the ESS discharge in the time | P3Ess =?dischamax Py
period ¢, kW; P, .(t) is the power of the ESS charge in the | ™ =

harge

time period ¢, kW. ~

All types of power at equations (7), (8) takes as SOC =50C—PpEsst BCJ
constant for a period of time AT, that is, taken as average h
power during this period. SOC=S0Cwin | ¥es

Technical limitations of the Prosumer’s Microgrid: Ppess =0 ‘-_Q\"W
When modeling MGs, it is necessary to take into account the —|—‘ i
>
—

limitations of the ESS operation. The system must not exceed
the limit values of the battery's charge or discharge power to SOC =S0Cqx ‘L'”(

ensure a guaranteed period of operation of the energy storage FBESS -9 'gs@
k—I—J

system. In this study, for simplicity, the charging/discharging
process is considered linear depending on the SOC parameter.
The maximum charging power of the battery is found [ Pgrd =Pgen-Plaad ~ Pa=ss l

by equation (9)
Pasener =08 BC-A[H ], ©)
0<P <P

charge charge.max * (10) (i.ft‘ r>,=’ —
The maximum discharging power of the battery is =
according to equation (11)
})di.vcharge.max = 08 : BC : 1|:h71:| b (1 1) @

Fig. 3
0 < })d[scharge s ])discharge.max . (12)
Limitations on the state of charge of the battery must also be taken into account
SocC ., <SoCc<SsocC,,. , (13)
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where SOC is the state of charge of the ESS battery in relative units; SOC,,, is the minimum permissible
state of charge of the ESS battery; SOC, . is the maximum permissible state of charge of the ESS battery.

Prosumer’s Microgrid Modeling and Management Algorithms. In the work,
the limit values of the state of charge of the battery are taken as SOC , =0.2 and

SOC, .. =1. At Figure 3 shown working algorithm of Prosumer’s Microgrid showed. The

simulation covers two days, 15 minutes increments, all balance equations are calculated
for 192 intermediate points. Only the second day data is involved in the analysis, the first
is used as "calibrated day" due to the inability to determine the initial conditions for the
first day.

Direct controller algorthm (DirC): The "direct" controller algorithm is focused on )
preserving peak generation with the help of ESS and transferring it to the evening and Fig. 4
night hours. The controller algorithm is
implemented by changing modes as shown in
Figure 4.

Case 1. The load power exceeds the
output power of the Solar Photovoltaic System.
There are two options for this mode:

— la. The battery is not completely
discharged. The load is partially provided by its own X
generation, the deficit is covered by the battery.

— 1b. The battery is completely discharged.
The load is partially provided by its own generation,
the deficit is covered by the power grid.

Case 2. The output power of generation
exceeds the load capacity. There are two options
for this mode:

— 2a. The battery is not fully charged. The
load is provided by its own generation, the
exceeds goes to charge the battery.

— 2b. The battery is fully charged. The
load is provided by its own generation, the
exceeds is sold to the grid.

Smart controller algorithm (SmC): The
"smart" controller algorithm is aimed at
maximizing profits from the sale of electricity at
peak times at a three-zone time-of-use tariff. The
controller algorithm is implemented by series
changing modes during the day, as shown in
Figure 5. Here / is hour number in the current
conditions.

Case 1. Dawn from 7:00 a.m. to 8:00 p.m.
There is no own generation, we cover our own
load from the power grid.

Case 2. Morning from 8:00 a.m. to 11:00
a.m. Tariff coefficient K,,...—= 1.5. We cover our
own load with the energy accumulated in the
battery and sell all our own generation to the
power grid. Provided that the battery charge has
dropped to a minimum value, we use our own
generation and purchase energy from the power > .
grid. We do not charge the battery (we use it only ( ®Ed ) Fig. 5
for discharge).

Case 3. Lunch from 11:00 a.m. to 8:00 p.m. Tariff coefficient K,,..,— 1. We use batteries only to
charge from our own generation. Provided that our own load exceeds our own generation, we additionally
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use energy from the grid to cover the deficit. Provided that we cover our own load at the expense of our own
generation, then we use the exceeds energy to charge the battery. If the battery charge has reached its
maximum value, then we sell the excess energy to the power grid.

Case 4. Evening from 20:00 to 22:00. We cover our own load with the energy accumulated in the
battery. Provided that the battery charge has dropped to the minimum value, we use our own generation and
purchase energy from the power grid. We do not charge the battery (we use it only for discharge).

Case 5. Dusk from 10:00 p.m. to 11:00 p.m. There is no own generation, we cover our own load
from the battery and from the power grid. We do not charge the battery (we use it only for discharge).

Case 6. Night from 11:00 p.m. to 7:00 a.m. Tariff coefficient K. = 0.4. We charge the battery to the
maximum value and cover our own load from the power grid. We use the battery only for charging from the mains.

Optimization method. To solve the optimization problem, the Hook-Jeeves direct search method
was chosen. The search starts at the starting point x0, called the old basis, and is carried out along the
coordinate directions. In each direction, in turn, with steps +#, and —,, the conditions for finding a local
solution are checked, after which the new base point is x; with the coordinates obtained as a result of
successful steps.

The direction from the old basis to the new one determines the direction of the search acceleration,
and as the next point of the minimizing series is checked y; = x, + A(x; - x¢). Here, A is the accelerating
multiplier, which is determined automatically in Matlab. If point y1 is successful, it becomes the next point
to explore, otherwise the search continues from point x1. The search ends when the accuracy of the
coordinates reaches less than 107,

This study looked at one type of Prosumer and its load model in winter and summer, as described in
[11]. The installed load capacity of the Prosumer is 10 kW, and the daily consumption throughout the year
varies from 12 to 24 kWh. Simulation of the prosumer's microgrid was carried out for the rated power of the
Rooftop Solar Photovoltaic System of 8 kW, separately for the winter and summer periods of the year. The
duration of the test period of operation of the system 7T at equation (1) was 48 hours, that is, one day.
Numerical simulation and optimization were performed using Matlab.

Given the local nature of the chosen optimization method, the complexity of equation (1) and the
changing simulation conditions, the choice of starting point x0 can significantly affect the results. Therefore,
for verification, the algorithm was run from the starting points x, = 0, x, = 30, xo = 60. These x, values
correspond to the edges and medium of the desired ESS battery capacity range. The results showed that
running from all starting points resulted in the same solution, although the number of iterations differed but
did not exceed 50.

Simulation results. In this model, the cost of electricity is taken as £, =0.1- K [§]. Figure 6 shows

the hourly profile of the zonal pricing coefficient K for a prosumer at a three-zone time-of-use tariff.

To assess the effectiveness of the proposed algorithms for controlling the Prosumer’s Microgrid, it is
considered on the example of the winter and summer seasons. A day (7 =24) is simulated to assess the
effectiveness of the ESS, the modeling step is selected in 15 minutes. The work did not take into account the
limitations of connecting the MGs to the Power Grid.

The following are profiles of the MGs example for the “direct” and “smart” controller algorithm.
Figure 7 shows the SOC parameters of the optimal ESS capacity of smart and direct controller algorithms.
Figure 8 shows the charging / discharging power of the ESS. Figure 9 shows the MGs power that is
transmitted to the power grid.

sSOC
1
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Time, hour Time. hour

SmartC  --=---- DirC o B
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Table 1 and Table 2 shows the generalized results obtained for the summer and winter seasons under
different controller algorithms of MGs operation. For each of the controller algorithms, simulations were
carried out at different values of the ESS capacitance. Figure 10 shows the dependence of profit on the
capacity of the ESS for the summer (a) and winter (b) seasons. In economic calculations, the issue of RES
taxation was not taken into account.

Table 1
Controller algorithm DirC SmartC
BC, kWh 0 10 20 11,15 30 55 70 94,5 100
Ps e, kKWh 36,224 | 28,269 | 22,546 | 44,801 | 68,512 | 103,188 124,953 160,395 168,167
Cssen 8 4,373 3,363 2,480 5,975 9,868 15,363 18,759 24,271 25,518
Py, kKWh 12,352 | 4,488 1,855 21,495 | 48,234 | 86,609 110,234 148,554 160,859
Cspuy, $ 1,206 | 0,214 0,076 1,403 3,135 5,732 7,352 9,987 10,940
Ko, $/(kWh'h) 0,004 | 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004
Profit, $ 3,168 | 2,268 0,641 3,589 4,088 4,782 5,236 5,954 5,763
Table 2
Controller algorithm DirC SmartC
BC, kWh 0 10 20 5 11,15 15 25 55 94,2
Psen, KWh 4,369 0,000 0,000 7,673 13,823 | 16,057 | 24,807 51,057 85,357
Csseir, $ 0,593 0,000 0,000 1,160 2,109 2,454 3,804 7,854 13,146
Py, KWh 29,201 | 25,838 | 25,231 | 33,745 | 40,049 | 44,254 | 54,504 85,254 125,434
Cspuy, $ 2,888 2,491 2,428 3,055 3,372 3,610 4,124 5,667 7,683
Kpc, $/(kWh'h) 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004
Profit, § -2,295 | -3,372 -4,191 -2,336 -2,245 -2,478 -2,524 -2,661 -2,841
P kW
PékW 3
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4 4
2 2
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In the case of a "smart" controller algorithm, the optimal value of the ESS capacity will be 94.5 kWh.
This is due to the fact that at lower values of the ESS capacity, the amount of energy purchased during peak
hours is quite expensive. Otherwise, if the capacity of the ESS is higher than the optimal one, the cost of
using a unit of ESS capacity makes the use of such systems economically unprofitable.

Based on the results from Table 2, In the winter season, the "direct" and "smart" controller
algorithms are not profitable. This is due to the fact that, unlike the summer season, its own generation falls
sharply. The optimal solution for a "direct" controller algorithm would be the rejection of ESS. In turn, the
optimal value of the ESS capacity according to the "smart" controller algorithm allows us to reduce
spending. It should be noted that the results obtained by the ESS capacity correspond to the goal of obtaining
maximum profit and, when choosing a different management strategy, may differ significantly.

Conclusions. In this work, a detailed study of the influence of seasonality on the optimal capacity of
ESS in prosumer’s microgrid was carried out. The main purpose of the study is to determine the optimal
strategies for ESS management to maximize profits from interaction with power grids in the context of
variable seasonal characteristics of electricity generation and consumption.

The simulation results showed that in winter, when domestic electricity generation is significantly
reduced, the controller algorithms of "direct" and "smart" management do not provide profit. This indicates
that in conditions of low generation, the optimal solution may be to abandon the use of ESS, since the costs
of its operation outweigh the possible benefits.

At the same time, in the summer season, when generation is more stable and higher, choosing a
"smart" controller algorithm can significantly increase profits. If we take into account the limitations of the
power grid connection, then the data of the optimal values of the ESS capacity will change. The next stage of
the study involves determining the impact of constraints, connecting the power of the prosumer’s microgrid
to the power grid, on the optimal capacity of the ESS.
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BILIMB CE30HHOCTI TEHEPAIIIi TA HABAHTAJKEHHSI HA OIITUMAJIBHY EMHICTH
CUCTEMM HAKOIIMYEHHS EJEKTPOEHEPTTi MIKPOMEPEKI [TIPOCBIOMEPA
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YV 36’a3ky 3 HecmabinvHicmio 6i0HO6MI08AHUX Odicepen eHepeii niompumka cmanoi pobomu MiKpomepexic CMAe
akmyanbHuM i cknaonum 3a80anusm. Cucmemu HaAKONuueHHs. enepeii Mocymo 3abe3neuumu 6e3nepepeHe HCUGIEHHs
Ol maKux MiKpomepesc, npome ixXHs IHmMezpayisi Cynpo8OONCYEMbCSL BUKIUKAMU, NO8 SI3AHUMU 3 BUSHAYEHHAM
ONMUMANLHUX NAPAMEMmpPIE CUCMeM HAKONU4eHHs eHepeii. Y pobomi npedcmagieHo Memoouxy, wo ORMUMIZVE
EMHICMb  CUCMEMU HAKONUYEHMsI eHepeil, 6paxoeylouu pisHi  aneopummu  KOHmponepa Oasi  (DYHKYIOHYS8aHHs
MiKpomepedici npocviomepa. Po3pobreno memoo eusnauenns onmumanbHOi EMHOCMI CUCMEMU HAKONUYEHHS eHepeii
3a05151 Makcumizayii npubymky 6i0 83aemooii 3 mepedicero. Posensoaromucs 06a KapOUHAIbHO PI3HUX al2opummu
KOHmMpoaepa pobomu MiKpoMepedici: nepuull 30cepeddicenuli Ha MaKkCUMAIbHOMY BUKOPUCIAHHI COHAYHOT 2enepayii, a
Opyeuil — Ha 30a1AHCOBAHOMY UKOPUCHIAHHI YCIX eleMeHmi6 CUCmeMu, KUY HAKONUYY8ayi | CNOJCUBAyi eHepail.
Hocnioaceno mikpomepedcy Ha npukiadi npocviomepa, wo GKIUAEC COHAUHY (OMOeNeKMPUUHY cucmemy, npoginn
HABAHMAICEHHSI, CUCTNEM) HAKONUYEHHS eeKmpoeHep2ii ma NiOKIIOYeHHs: 00 eHeP2OMEPENCT 30 MPUZOHHUM MAPUDOM.
3aona oyinku epexmugnocmi obpanux cmpameziii nPO8eOeHO aHALi3 NOKASHUKIE 018 3UMOB020 Md NiMHbO20 OHI8, U0
0a0 MOJICIUBICIb GUAGUMU BNIUE CE30HHOCMI HA poOOmy Mikpomepedici. 3anpononosanuii. mMemoo 0de 3mMozy
BUBHAYAMU EMHICMb CUCHEMU HAKONUYEHHS! eHepeii nid 4ac NpoEKmy8aHHs IHOUBIOYANbHUX (HOMOELEKMPUYHUX
cucmem 2enepayii. bion. 15, Tabn. 2, puc. 10.

Knwwuosi cnosa: wmixpomepexa, MOJCTIOBAHHS HAaBaHTAXEHHs, IPOCBIOMED, CHUCTEMHM HAKOMHMYEHHS eHepril,
BiJTHOBJIFOBaHI JpKepesia eHepril, onmTuMi3arris.
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CUCTEMA KEPYBAHHSI NIPOLECAMMU 3APSLY EJEKTPOMOBULIEN Y PA3I
BUKOPUCTAHHSA KOHUEIIIII ABOBIYHOI'O EHEPTETUYHOI'O OBMIHY
MIK EJEKTPOMOBUJIEM, CUCTEMOIO 3BEPIT'AHHS TA MICROGRID

I'.C. ECJIOX&I*, KaHJ. TeXH. HayK, P. CTp)Ke.HeIILKI/Iz** JOKT. TEXH. HAYK
"HTY Yxkpainn «KIII im. Irops Cikopcbkoroy,

np. bepecreiicbkuii, 37, Kuis, 03056, Ykpaina,

e-mail: pointagel3@gmail.com.

? I'manchKnii TexHooriunmii ynigepeurer, Iosbma.

Onmumizosane UKOPUCMAHHS e1eKMPOMODINi6 MA€E GeNUKUU NOMEHYIAN, OCKIIbKU BOHO MOMCIUGE Olisi OONOMINCHUX
nocaye. 3aona 6invw Haditnoi pobomu Microgrid, konu He mMae ymos 014 8i00aui enepeii @ mepedxcy, i ModicHa gidoamu
yepes cucmemy 30epicanisl enepeii 6 akymyisamopu elekmpomooinie ma soepicamu mam. Ipu ybomy uKopucmosgycmo-
Csl 0BOHANPABIEHA Nepedasa enepaii: K 6 eleKmpomodiib, max i 6i0 Hbo2o. [ocniodicents pobomu cucmemu KepyeaH-
Ha Microgrid nocmiiinozo cmpymy npogedeno imimayivnum mooeniosanuam 6 Matlab. Kepysanus 8iobysacmucs 32i0HO
PO3POONEHO20 AN2OPUMMY NIOKTIOUEHHSI MA GIOKIIOYEHHS. NAPKY eNeKmpomMobinie ma ujo0eHHo2o npoginio ixHix no-
myacnocmetl. Pezynomamu 0ocniodxcents niomeepouiu 0OYbHICMb SUKOPUCTIAHHSL NPOMIdICHOT (0ygheproi) cucmemu
30epieanHsl y pasi GUKOPUCMAHHS KOHYenyii 08600iUHO20 eHepeemuiHo20 00MIHY Mixc erekmpomodinem ma Microgrid.
Haseoeno oyinxy egpexmusnocmi cucmemu kepysanus enekmpomoodinem. bion. 16, puc. 3, Tadam. 1.

Knrowuoei cnosa: enexrpomo0inb, Microgrid, mokanbHa cucteMa, cucreMa 30epiraHHs eHeprii, akyMyJIsITopHa Oarapest.

Beryn. 36inpmenHs KigpKocTi enekrpomoOiutiB (EV) mpu3Beno 10 BHHUKHEHHS [TMTaHb, MTOB'I3aHAX
13 iXHIM 3apsaoM. HeKoHTpoboBaHUH 3apsT eIEKTPOMOOLTIB 3HIDKYE AKICTh €IEKTPOeHEpTii uepe3 HecTaoi-
JBHICTh YACTOTH Ta HAaNpyrd. OCOOIUBO 1€ BITYYTHO B €JICKTPOCHEPTETHYHIX CHCTEMAX 3 BiIIHOBIIOBAHHMH
1 po3ocepeKeHNMH JKepesiaMyl JKUBJICHHS Ta cucTeMamu 30epiranHs eneprii. [lepen cucteMoro KepyBaHHs
TaKUX CUCTEM CTOSATH 3ajadyi, sIKi MOB’sA3aHi 3 BU3HAYCHHSAM NPIOPUTETY BUKOPHUCTAHHS €HEPrii KOXKHOTO Te-
HepaTopa 3 BpaXyBaHHSIM OCOOJIMBOCTEH KOXKHOTO 3 JXKEepell eHeprii Ta mpoOyieMu 30epiranHs HEBUKOPHCTa-
HOI eHeprii BiAHOBIIOBaHUX ykepen [3]. 3acTocyBaHHS BiIHOBIIOBAHUX JDKEpEN €HEpPrii y 3apsaHid cTaHmil
€JIIEKTPOMOOIIIS PO3TIISINAETHCS B OaraThOX JOCIHIHKSHHSAX SIK HAHOUTBII afleKBaTHE PIillICHHs 33711 MaKCUMi-
3aI1il EKOHOMIYHHX 1 €KOJIOTIYHUX TIepeBar eIeKTPOMOO1TIB Ta PO3BUTKY JOKAIBHHUX Mepex [1 — 7].

Knacnynunit pexxum poOOTH Mix Yac MiAKIIOUYEHHS eJIEeKTPOMOOLIS 0 Mepexi € pexkuM Horo 3apsi-
JoKaHHS (Mepeka — eaekTpoMoOine G2V). 3amia kepyBaHHs UM IPOLIECOM, MiATPUMYBAHHS 3apsiay aKyMy-
JATOPA, OIIHIOBAHHS PIBHS 3apsay Ta MPOMOBKYBAHHS TEPMIHY CIIYKOHW aKyMyJISITOpa PO3pOOIIIIOTHCS CITe-
[iabHI aJrOPUTMHU KepyBaHHS 3apsiaoM. /IBoHampaBiieHa mepejada eHeprii sK B eJIeKTPOMOOLIb, TaK 1 Bif
HBOTO Ha3all y MEpexXy HaJgae MIMPOKUH CIIEKTp MepeBar isl JOKaIbHOI CUCTeMH. BpoBamyKeHHsT KOHLIENIIi1
Mepexa — eneKTpoMoOins — Mepexa (V2G) momomMoxke eHeprocucTeMi B peryJIroBaHHI YaCTOTH, MiATPUMII
Hanpyry, OajaHCy PEakTUBHOI Ta AKTHUBHOI MOTY>KHOCTEH; BUKODHUCTAHHS €JIEKTPOMOOLICH SIK pe3epBHE
JDKepesio 3aluia 30epiraHHsl eHeprii Bil BiIHOBIIOBaHHMX Jpkepen. IlepeTBoproBaui CHIOBOI €IEKTPOHIKH €
HEBi/’€MHOIO YaCTHHOIO CUCTEMH KepyBaHHS IPOLECIB 3apsay. 3aaisl opraHizauii nepeaadi eHeprii 3 eekT-
pomoOinsg B Microgrid BHKOPHUCTOBYIOTECS JBOHAIIPABIICHI TIEPETBOPIOBAYI.

B [4 — 11] BimMiya€eThCs, 110 BUKOPUCTAHHS €JICKTPOMOOILTIB SIK €JIEMEHTIB 30epiranHs 301IbIIyIOTh
eKCIUTyaTaliifHy THYYKIiCTh eeKTPUYHOI MEpeki 0COOIMBO B MEPiOAM MIKOBOTO HABAHTAXKCHHS, & TAKOXK IS
iHTeTpaii BiIHOBIIIOBAHUX JDKEPEN €Heprii B Mepexy. 3a/yuis 3HIKEHHS MIKOBOTO HaBaHTa)KEHHS 3/1e011b-
HIOTO BUKOPHCTOBYIOTHCS TPOTpaMy pearyBaHHs Ha rmonuT. Hapasi Opakye DociiKeHb o0 PO3pOOKH 3a-
PSAAHUX CTaHLiH, IHTETPOBAaHUX i3 CHCTEMaMu 30epiraHHs.

Meta po6oTH — po3poOKa CUCTEeMU KEepPYBAaHHS 3apsAOM €IEKTPOMOOLIS 33 IS MiABUIIECHHS edeK-
TUBHOCTI Microgrid y pa3i BUKOPUCTaHHS aKyMYJIATOPIB €IEKTPOMOOLTIB K JOJATKOBUX €IIEMEHTIB 30epi-
TaHHS y MPOTIeCi TBOOITHOTO 0OMIHY €Heprii 3 mpoMixHOO (0y(hepHO0) CHCTEMOIO 30epiraHHs.
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Marepian gocaimkens. Microgrid, mo mpaifoe Ha MOCTIHHOMY CTPyMi, Ma€ YHCIIEHHI MepeBard,
BKJIFOYAIOYH MOCTaYaHHs €Heprii BUCOKOI MOTYKHOCTI 03 HEOOXIJHOCTI PEryIIOBaHHS PEaKTUBHOI MOTYXK-
HOCTI, BiCYTHICTh BUMOTHU DPETYJIIOBaHHS (a3, MEHIII BTPaTH NEPETBOPEHHs Ta €(PEKTUBHUH KOHTPOJIb
yMmoB mucbanancy [12 — 14].

Y paMkax KOHIIEHIIiT TBOOIYHOTO OOMIHY €HEPTIi€r0 EIEKTPOMOO1T € KOPOTKOCTPOKOBHMH CHCTEMa-
MU 30epiraHHs eHeprii, e MiXK Mepekelo Ta aKyMyJIITOpaMHy eIeKTPOMOOLIIB BiIOYBaeThCsl OOMIH eHepris-
MU 3317151 OTPUMaHHs NpuOyTKa BiJ CyKyIHOI HAKOMMYEHOI eHeprii mia yac mapkyBaHHs. barato mocminHu-
KiB PO3TIIAAAIOTH TaKe BUKOPUCTAHHS €JICKTPOMOOLIEH Ta BUPINIYIOTh MPoOIeMH, ki BUHUKAIOTh [4, 7]. Lle,
Hacammepesl, BIUIUB Ha MEpeXy, BUHUKHEHHS TapMOHIK, MEpEeXiHUX MPOIECiB, MOPYIICHHS CTaOLIbHICTI
Mepexi, o NOTpedye PO3POOKH CUCTEM KEpyBaHHS 3apsAoM Ta alTOpUTMaMH MiJKITIOYEHHS 10 MEPEexi.

B [6] po3risinaeTses 3apsiaHa CTaHLis eIeKTPOMOOiIEH, K1 3apsSAXKa0ThCs Yepe3 akKyMyJISITOpHY 0a-
Tapero, OCHOBHA 3aj1ava sIKo1 € 3a0e3mnmeueHHs moTped eneKTpoMoOimiB. TaM BUKOPUCTOBYETHCS OMHOHAIIPAB-
JIeHI MepeTBOPIOBaYi, eNeKTPOMOOLTI MOKYTh B3a€MOJISTH 3 3apsAHOI0 CTaHILIi€lo 3a KoHuemnmiero G2V. YV
[8] mpexncraBneHO 3aCTOCYBaHHs aKyMYyJISATOPHOI OaTapei Il MIBHIKOI 3apsAKH enekTpomoOiniB. Taka He-
00OX1THICTH BUKJIMKaHA 3MEHBIIIEHHSIM BIUIMBY IIPOIIECIB 3apsay eIeKTPOMOOiIeH Ha 3arallbHy MEpexKy, OCKi-
JBKU 0OMiH €Heprieto Bii0yBa€eThCs MK OaTepeero Ta eJIeKTPOMOOLISIMHU.

[IpornoHy€eThCSI BAKOPUCTOBYBATH KOHIICIIIIIO TBOOIYHOTO OOMiHY €HEprii uepe3 NpOMiKHY CUCTEMY
30epiranHs «cucTema 30epiraHHsI-eIeKTPOMOOLTb-cucTeMa 30epirants» (puc. 1). 3amis 3MeHIIIEHHS TIKOBUX
HaBaHTAXXKEHb EHEPTisl 3 eIeKTPOMOOIITIB BiAa€THCs 10 IPpoMixHOT (OydepHoi) cucreMu 30epiraHHs.

Hlonennuit mpuOyTOK Bix eKCIUTyaTallii, a TaKoX MiATPUMKA SKOCTi €IeKTPOSHEpPrii Ta NOMOMIXKHI
HOCIIYTU MOXKYTb OyTH OTPHMaHi 3a paxyHOK €()eKTUBHOTO BUKOPUCTAHHS aKyMyJsTopiB EV.

Cuctrema Microgrid mocTiifHOTO CTpyMy BKITIOYa€e: coHs4HI maneni PV 3 meperBoproBauem DC/DC;
mzenb-reneparop DG 3 unpsimisiaem AC/DC; npomixkHy (0ydepHy) cucteMy 30epiranHst eHeprii B; 6mok
napky enekrpomo0OiniB Ilapk EV, axuii cknana-
etecst 3 EVI ta EV2 1 nBoHampaBieHHX mepe- " it ery
TBOpIOBauiB nocriiiHoro ctpymy DC/DC; HaBa- PV DC/DC
HTa)XeHHs 3MiHHOTO cTpyMy Load 3 iHBepTOpOoM >
AC/DC, a takox mepexy Grid, 1o sikoi MoxHa DG AC/DC
i1’ eqHATHCS Y pa3i HeJoCcTadl eNeKTpoeHeprii 3
po30cepeKeHnX IKepen Ta CUCTeMH 30epiras- Grid AC/DC [«
Hs. Crhig 3a3Ha4YnTH, MO0 OOMIH E€HEPTi€l MiXK DC/AC Load
MApKOM EJIEKTPOMOOLIeH 1 cucTeMoro 36epiran- Puc. 1
H#1 130JIbOBAHUI BiJl OCHOBHOT MEpPEXi.

[Mapx EV namae HeoOXimHI BXigHI AaHi MO0 KITBKOCTI €IEKTPOMOOITIB KOXKHOTO Mpodisto, yacy
MOYATKy Ta KiHIIS TapKyBaHHS Ta BIANOBIAHI 3HAUEHHS CTaHy 3apsamy. [logatkoBwuii i OakaHui piBeHb 3apsi-
Iy O6arapei BKa3yeThbcs BIAMOBIIHO 0 XapaKTEpUCTHK mpodimo EV.

Baxxnuum nutaHHsM B poOoTi Microgrid € opranizaliis cucteMu KepyBaHHs 3apsjgoM. [Iporokon
3apAOKU JITIEBHX aKyMYJSTOPIB €IEKTPOMOOLTIB BiIOYBAEThCA 3a PEKUMOM TOCTIHHHIA CTPYM/TIOCTiiHA
nampyra (CC/CV). IIponecom 3apsimy CC/CV kepye cuctema kepyBaHHs Oatapeero B [4]. Peamizartis pexu-
MiB 3apsiy Ta PO3psLy BiIOYBAeThCS 3a JOIMOMOIOI0 CUCTEMH KEpyBaHHS JBOHAIIPABICHUM IEPETBOPIOBA-
yem DC/DC [15] 3 mpumycoBuM (opMyBaHHSIM Oe3repepBHOrO CTpyMy abo Hampyru. PeneiitHe kepyBaHHS
TPaH3UCTOPaMH TIEpETBOPIOBaUa 3abe3medye IMBUAKOMII0 Ta BUCOKY TOYHICTH BiAPAIFOBAHHS 3aaf0uHX
CHUTHAIIIB.

Eneprernuni mpouecu, siki BiZOyBalOThCS B PEXHUMI 3apsAy MOCTIHHHUM CTPYMOM, ONHCYIOTBCS PiB-
HSHHAMHA

» DC/DC | » EVI

g Iyy, —igy = Aigy, i

1 1

L.,—2+i R.,=U —a<Ai,, <a,—>0, 1

EVdd[ v iigy ox £V g! (D
] 1

L.,—*+i R, =-U —a<Ai,, <a,—2~<0,

gy = e e ox £V dr

ne L;,,R;, — IHIYKTHBHICTb Ta OIp €NeKTpoMOOins; I, ,i,, — CTPYM 3aBJlaHHS Ta MHUTTEBE 3HAUEHHS
CTpyMy €IeKTpOMOOiIA; 2a — INMPHHA NET ricTepe3ucy peneiiHoro peryasropa crpymy EV; U, — nanpyra

Ha BXO/J MepeTBOpIOBaya.
Enepreruuni npouecwu, sKi BiOyBarOThCs B PEXXUMI 3apsiTy TOCTIHHOIO HAPYTO¥0,
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Ugy, —ttgy =By,

Lo dus  _y  _p<av,, <b e s, )
R,, dt “
L, d d
u u
T upy =U, ~b<AUy <b <0,

EV

ne Ugy,,u,, — 3HAUCHHS 3aBJaHHS 1 AIiCHE 3HAYEHHs IOCTIHHOI Halpyru Ha HaBaHTAXEHHI; 2b — mupuHa

TMIETIIi TiICTepPEe3UCy PeeHOTO peryisiTtopa HanpyTu EV.

Ha xoxHoMy iHTepBaiti 106u Microgrid moBuHHA TiepeOyBaTH B CHEPTEeTHYHOMY OanaHci. 3araapbHa
HOTYKHICTB P, sika BUPOOJISE€THCS TeHepaTopaMy, OBUHHA TOPIBHIOBATH 3arajibHil HEOOXiAHIN MOTY>KHOCTI
cnioxuBadiB P; Ta eHeprii Py, sika Oy/e BingaBaTrcs ado CIIOXKHUBATHCA 3 CHUCTeMH 30epiranHs B,

k m !
D P ()=) Pt EP ()Y Py, 3)
j=1 n=l1 i=1

ae B, — NOTYXHICTb CHOXKUBAuiB; k — KUIbKICTb F€HEPATOPiB; m — KUIBKICTb CHOXKUBAYiB; / — KiNbKICTh
€IIEKTPOMOOINIB; P, — MOTYXKHICTb, 5IKa BIAJAEThCA (3HAK «+») a00 MOITMHAETBCA (3HAK «-») CUCTEMOIO 30e-
piranHs eHeprii; P,, — IOTYXHICTb, fIKa BIAJA€THCA (3HAK «+») a00 MOTIMHAETHCA (3HAK «-») B €IEKTPOMO-
oinsix mapky EV.

3amnsa oprasizanii CHCTEMH KepyBaHHS Ta PO3POOKH aJITOPUTMIB KepyBaHHsS HEOOXiIHO BUILIMTH
IOZCHHNN TPOQiIb MOTYKHOCTI 3apsKaHHS eJIEKTPOMOOILNS Ta HOTO MapaMeTpH:

— MaKCHMaJlbHa JOCTYITHA MOTYXHICTh P, Ky MOXe 3a0€3MeINTH CucTeMa 30epiranas eHepril;

Bmax

— MaKCHMaJIbHa MOTYXKHICTb, IKY MOXYTb IOITIMHATH aKyMYJISTOPH aBTOMOOLIA Py . g motyx-

'V max
HICTB 3aJICXKHTH BiJI PEXKUMY 3apsLy 1 MOXKe 3MIHIOBATHCS T1iJ] 4ac MPOIIeCy 3apsiKaHHs;

— MaKcUMallbHa €Hepris, sIKy MOXke 30epirati akyMyisaTop aBTOMOOLIS Cuyy;

— MOYATKOBUH CcTaH 3apsiay mapky enexkrpomoOiniB (SOC));

— yac npuOyTTA () 1 BiAMpaBaeHHA (f4,) TPAHCIIOPTHOI'O 3ac00y Ha/31 CTOSHKHU Ta LIOJIEHHHMH Yac

NapKyBaHHSL ({yq/4) 3TIAHO PIBHAHHA 1, =1, —l,, -

[Ticns yacTkOBOro abo MOBHOTO PO3PsAY CHCTEMH 30€piraHHs B MepioJl MapKyBaHH, SIKIIO BCE IIE €
3amac Io MOTY>KHOCTI abo ITiHa Ha eJIEKTPOSCHEPTII0 3 MEPEeXki BIMHOCHO HU3bKa (Uepe3 HAIIUIIOK eJIEKTPO-
eHeprii, HiYHUI Yac, TOIIO), CHCcTeMa 30epiranHs 3apsIKaeThCs 3311 HAKOITMYCHHSI eJIEKTPOCHEPrii.

MOHITOPHHT y PEeKHMi PeanbHOro 4acy BUMarae BU3HAUYEHHs MOTY>KHOCTI KoxkHOro EV

soc,, -50C,,,)C
PEV :( EV P— EVO) EV , (4)
d

ne SOC,,— 3apsn 3aBaanss; SOC,,,— moyaTkoBul 3apan; C,, — €eMHICTh aKyMyJIsiTOpa; f,— 4ac BiAINpaB-

JICHHS; { — IIOTOYHUM Jac.
[Tin yac mocnimkeHHs Oy BpaxoBaHi Taki oOMexeHHst B ta EV:

0.1-S0C; ,,, <SOC,(#)<0.9-S0C, ..; 02-SOCy, . <SOC. (1)<0.9-SOCy, . (5)
ne SOC, ., — MaKCUMalbHO MOXKIMBA €MHICTh; SOC,(f) — IOTOYHMIA 3apsijl.
Pesxxumu poboTu.
1. 3apsig cucremu 30epiranas B Big mepexi, napk EV Binkmouenwii. [Ipu npomy noTik mory-
JKHOCTI BiJ JIOKQIBHOI Mepexi 1o 6arapei Ta HaBaHTaKCHHSI, AK€ B JAHHA MOMEHT IiAKIIOYCHE, €
k m
Pu(0)=D P(t)= D Ruusi(V). (6)
Jj=1 n=1
2. 3apsia mapky eleKTpoMoOiielt Bi cucTeMu 30epiraHHs, TeHepaTOpH JIOKAIBHOI CHCTEMH 3a-
0e3nedyoTh HABAHTAXKECHHS
k m
PBi (0= ZPEV > ZPjt (= ZPloadi ® . (7
j=1 n=1
3. Pospsix mapky enekrpomo0bineit 1o cuctemu 30epiranas
k m
ZPEV =P, () , ijz(t)zzploadi(t)' (8)
Jj=1 n=1
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4. PexxuM po3psny cuctemu 30epiraHts B MEpexy 3aulsl 3310BOJICHHS MOTPed CroXKuBadiB abo
il mpomaxy

k m
z Pjt (Z) = Z Ploadi (t) - PBi (t) . (9)
Jj=1 n=1
5. Pexxum xomocToro xomy, Kojiu 6arapest He IpuiiMae y9acTb B 00MiHi eHepriero 3 mapkoM EV,

MEpeXeI0 Ta IHIIMM HaBaHTaKeHHsM («0» y BHpas3i mokasye, mo cucremMa 30epiraHHsi He 3aJisiHa B JaHUH
MOMEHT, aJjie MOKE€ MaTH 3apsin)

ZPjt(t)ziPloadi(t), P,.(t)=0. (10)

Po3pobneno moaens Microgrid 3 cUCTEMOIO KepyBaHHS MEPETBOPIOBAYAMH Ta TPOLIECAMHU 3apsiiy
3rigHo BupasiB (1) — (10). [ligkirouenns ta BigkmoyeHHs napky EV 3rigHo mogeHHoro mpodinto ixHiX mo-
TY>KHOCTEH Ta MOTped Mepexi BimOyBaeTbcs 3a JOMOMOTOIO alTOpUTMIB KepyBaHHA. SK mpukiax oOpaHi
enekrpomo6ini Nissan leaf EV1 Ta Kia Soul EV2.

Po3pobneHo cucTeMy aBTOMaTHYHOTO KepyBaHHs HPOLECaMH 3apsiay SK CUCTEMH 30epiraHHs, TakK i
enexTpoMoOineid. 3a Bupaszamu (1), (2), (4), (5), a Takox mozmeni Illedepna akymynsiTopHUX OaTtapeit OTpH-
MaHO BUPAa3H, SIKi OMUCYIOTH MPOIIECH B aKyMYJIATOpHHUX Oatapesx EV [16],
kCEV

ug, ()=U, - : iEV(t)_iEV(t)Rgﬁym ’ (11)
C —j—l”(t) dt
EV CEV
SOC,, = [ d (12)
EV C b

EV

ne k — xoedinient nongpuzanii; R — BHyTpilmHii omip; C,, — MakcuManbHa eMHICTh Oatapei EV.

anym

Cucrema aBromaruunro kepysanHs (CAK) npeacrasisie co00r0 cucteMy MiAmOpsAKOBAaHOTO PEry-
JIOBAHHS Ta Ma€ TpU KOoHTypH perymoBanHs SOC, ctpyMy, Hanpyru (puc. 2). Perymarop ctpyMy Ta Hampy-
ru PP € peneiinum perynstopom. Perymarop SOC PSOC — [l-perynsitop, b3 — 610k 3aBgaHHs pexXUMiB po-
ooru EV, 331 — 333 — koedimienTn 3BopTHIX 3B’s13KiB, [IP CC/CV — 610K nmepeMuKaHHS peXHUMiB 3apsiy,
K1, K2 — mepemukadi pe>xuMiB 3apsy.

- SO0C3 €JIeKTPOMO0iIb :

—> Levs Uy,

b3

S0C3
—»@ » PSOCH /- |
A
a4
ugy | IIP CC/CV

331

Puc. 2

CAK 5a€ MOXJIMBICTh OIIHUTH MPAIe3IaTHICTh, CTIHKICTh CHCTEMH, SKICTh MEPEXiTHUX MPOLECIB Ta
HanamTyBatu peryistopu. Hanamrysanus perynsropiB PSOC ta PP gamo 3Mory orpuMaru mepeperyiito-
BaHHS CTPYMY Ta HANIPYTH eIeKTpoMoois 1o 1%.
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Jng cuctemu, O pO3TISAAAETHCS, OIIHEHO eeKTUBHICTH mpotieciB B EV (Tabnums). Ominka mpoBo-
JMIIacs 3a JOIMOMOTI'OI0 PO3paxyHKy KoedinieHTa KopucHoOI mii 77, (%), AKuil BU3HAYAETHCS SIK BiTHOLICHHS

PO3PSTHOT EMHOCTI IO 3aPsITHOT EMHOCTI

I+ MMapameTpu Cucrema EV1 EV2
Ny (%) = %100 , (13) 30epiranns
21 ¢ €mMHicTb, KBT*roj 64 24 31,8
py ce HowminanbeHa Hanpyra, B 400 330 360
. . | Hanpyra BinciueHns po3psay, B 365 336 336
e t, — 4Jac po3pany; I, — CTpyM po3psnay;
¢ POSpARY ‘.i . 124 p_ DALY Makc. Hanpyra 3apsaku, B 430 394 394
IC — CTPYM 3apsay, n — KUIbKICTb €TaIllB 3aps- Makc. cTpyMm, A 200 71 ]8
1y; ¢, —dac 3apsy. 1,y (%) - 96 94,8

3a mapaMeTrpaMu, HaBeICHHUMH Y Tao-

muui, Bupazamu (1) — (12) 3 cucreMor0 KepyBaHHS 3TiJHO pHC. 2 MPOBENCHO iMiTalliiiHe MOJENIOBAHHS B
Matlab ans cucremu, sika CKIaJaeThC 3 JOKAIBHOI MEPEXki, CUCTEMHU 30epiraHHs Ta JIBOX EJIIEKTPOMOOLICH.
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[IpencrasieHo aBa ciieHapii poOOTH CHCTEMH: Bijjiadya
EHeprii BiJl €JIeKTPOMOOUIIB 10 CHCTeMH 30epiraHHs
(puc. 3, a); Biggaya B Mepexy €Heprii BiJl CHCTEMH
30epiraHHs, BiJyiaya €Heprii 0 CUCTeMU 30epiraHHs
enexrpomobinem EV2, 3apsan enektpomobing EV1 Bix
B (puc. 3, 6) ra ognouacuuii 3apsg EV1 no EV2 (puc.
3, 6).

VY BciX pekmMax poOOTH IepeTBOPIOBaY 3
CHCTEMOIO KEpYBaHHs pealli3ye peXUMHU 3apsiry
CC/CV. Ilin yac mepeMHUKaHHS MK peXHMaMH Po-
00TH CHCTEMH BHHHMKAIOTh HE3HAYHI MEpPEeXiTHi Mpo-
LIeCH, SIKI He BIUTMBAIOTHh Ha poOOTy Mepexi. Ha Bin-
MiHY BiJl BUKOPUCTaHHsI €JIEKpOMOOiJel fK CHCTEM
30epiraHHsl eHeprii Oe3MmocepeHbO BiJl MEpexXi BH-
HHKAIOTh TIEPEXiTHI MPOIECH, SKi BIUIMBAIOTH HA PO-
0oty Bciel Mepexi, [IpoBeneHi TOCIIPKEHHS MOKa3a-
JY, MO Yy pa3i MiAKIIYEHHS eIeKTpoMoOiIs Oectio-
CEPEeIHBO IO MEPeXi UIA Biaadi eHeprii BHHUKAIOTh
MepEexiHI MPOIeCH 3 TIepeperyJtoBanHsa 10 7% Ta 10
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11% 3a oTHOYACHOTO MIAKIIIOYEHHS TBOX EIEKTPOMOOiEH.

Bukopucranus npomixkaoi (0ydepHoi) cucremu 30epiranHs y pa3i Bukopucranus EV B momomixk-
HUX IOCITyraX THMYacOBOT0 30epiraHHs eHeprii 1acTh MOMKJIUBICTb:

— 3a0€3MeUnTH MIBUIKY 3apsIKy JOJATKOBHX CHUCTEM 30epiraHHs 3a BiJICYTHOCTI BIUIMBIB Ha €lieK-
TPUYHY MEPEXKY, Ki BHHUKAIOTh, KOJIM 0araTo eleKTPOMOOIIIIB 3apsIIKAIOTHCS OHOYACHO;

— TiABHUIINTH CTaOIMBHICTH Ta HAIIHHICTh pOOOTH JIOKaIbHOI Mepexi Microgrid;

— BHKOPHCTOBYBATH MEHIIIY 32 €MHICTIO CTAaIliOHApHY CHUCTEMY 30epiraHHs, PO3Mip sIKOT po3paxo-
BYETBHCS Iijl Yac MPOSKTYBaHH 3 ypaxyBaHHSAM BUKOpucTaHHSI EV sk 101aTKOBUX CHCTEM 30€piraHHs;

— 30UIBIIMTH €KOHOMIYHI BUToqu. Hampukinan, y Toi 4ac, sSiK BIaCHHKH €JIEKTPOMOOITIB 3apsiiKa-
I0Th CBOI TPAHCIIOPTHI 3ac00M 32 HU3BKUMHU Tapr(aMH BHOYI, BOHHU MPOJAIOTH EHEPTii0 B JIOKAJTbHY CUCTEMY
Microgrid B TOAMHM ITiK, KOJIM €HEPTisl TOpoTa BACHD, 1, TAKUM YHHOM, OTPUMYIOTH (DIHAHCOBY BUTOITY.

BucnoBknu.

Po3pobiieHo cucreMy KepyBaHHS TpOIecaMu 3apsy, IO Ja€ 3MOTY BBOJUTH CHEPTIIO 3 €IEKTPOMO-
Oist B Microgrid 3a BiICyTHOCTI BIUTMBY Ha MEPEXKY, 32 PaXyHOK BUKOPHUCTAHHS €JIEKTPOMOOIISI 32 KOHIIETI-
€0 «cUcTeMa 30epiraHHs-eIeKTPOMOOiTb-cucTeMa 30epiraHHs Ta OTPUMATH TMEPEPEryIOBaHHSI CTPYMY
Ta HANpyTH eaekTpoMoOins xo 1%.

B 3anexxHOCTI BiJl BUMOT Mepexi B 0aTtapesx elIeKTpOMOOiIiB uepe3 cucTeMy 30epiraHHs HaKOMU1Yy-
BaTHMETECS HAUTUIIIKOBA CHEPTisl, BUPOOJICHA JIOKaTEHUMHU cucTeMamu Microgrid, abo 3a0e3rneuyBaTUMETh-
Csl HABAaHTAXXCHHS CHEPTi€0, HAKOIUICHOIO B €JIEKTPOMOOLIAX, KOJM BUHUKHE NeQIlUT eHeprii, BUpoOIeHOT
Microgrid.

Ha Bigminy Bix mokampHUX crucTteM Microgrid 6e3 mpomixkHOI cucTeMu 30epiraHHs, e SHepris Bif
aBTOMOOUIIB BIANPABISETHCS 0JIpa3y J0 MEPEXi, IPOIECH SHEPreTUYHOr0 OOMIHY €JIeKTPOMOOLICH Ta cHc-
TeMH 30epiraHHs He BIUIMBAIOTH Ha MPOLECH OOMiHY MOTYKHOCTEH reHepaTopiB Ta CII0KHMBAiB, 110 HAJAE
JIOKANTbHIN CUCTEM] MOKIIMBICTh TOKPAIIUTH ITOKA3HUKH HAJIIHHOCTI, Ta HE BILTUBATHME Ha SKIiCTh €IEKTPH-
YHOI eHeprii.

JlociimkeHHs MOKa3aiy, 10 y pa3i MiIKIIOYCHHS SJICKTPOMOOLIs Oe3MocepeiHbO 10 MEPEKi M
BiJ1aui eHeprii BUHUKAIOTh TIEPEeXi/iHi MPOLIEeCH C TepeperyitoBanHs 10 7% Ta no 11% 3a ogHOYacHOTO Mij-
KITFOUCHHS TBOX €JICKTPOMOOLICH.

ImiTamitHUM MOMEIIOBAHHAM MiATBEP/PKEHO MpaIle3aTHICTh 3alporoHOBaHOoi cucTeMHu. OIHEHO
eeKTHBHICTH MporeciB B enekTpomoditsax, KK/ cknamae 94,8 — 96%.

CONTROL SYSTEM OF ELECTRIC VEHICLE CHARGING PROCESSES USING THE CONCEPT
OF TWO-WAY ENERGY EXCHANGE BETWEEN ELECTRIC VEHICLE, STORAGE SYSTEM
AND MICROGRID
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! National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,
Pr. Beresteiskyi, 37, Kyiv, 03056, Ukraine,
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The optimized use of electric vehicles has great potential, as their use is possible not only for their charging, but also for
auxiliary services. For a more reliable operation of the Microgrid, and when there are no conditions for returning energy
to the network, it can be given through the energy storage system to the batteries of electric vehicles and stored there. At
the same time, two-way energy transfer is used: both to and from the electric vehicle. The study of the operation of the DC
Microgrid control system was carried out by simulation modeling in Matlab on the developed model, the control is carried
out according to the developed algorithm of connecting and disconnecting the fleet of electric vehicles according to the
daily profile of their capacities. Research has confirmed the feasibility of using an intermediate (buffer) storage system
when using the concept of two-way energy exchange between an electric vehicle and Microgrid, and the efficiency of the
charge management system has been evaluated. References 16, figures 3, table 1.

Keywords: electric vehicle, Microgrid, local system, converter, storage system, battery.
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Recently, the discussion on the feasibility of the annual transition to summer and winter time has significantly
intensified in the society of many countries in the world. Considering a certain discomfort from daylight-saving, the
most people suggest to abandon it. But there is no final reasoned decision on permanent time: winter (zone, standard)
or summer time. Daylight-saving was introduced to save electricity, but currently there are no accurate calculations to
confirm it. The article is devoted to solving the urgent problem of determining the most effective order of calculating
time for more complete use of sunlight and, accordingly, to reduce the electrical energy losses for lighting in the life of
modern world society. The purpose of the study is to develop a technique for precise calculating the lost daylight hours
and electrical energy losses for lighting in different countries of the world under different time calculation scenarios —
when applying the transition to summer time; when refusing summer time and final introducing winter (zone, standard)
time; when applying permanent summer time. The article presents the main arguments of supporters and opponents of
the introduction of permanent winter and summer time. The calculation and comparative analysis of the losses of
daylight hours and, as a result, the losses of electrical energy for lighting per year have been carried out under
different time calculation options. The approximate cost of electrical energy losses for lighting under different time
calculation options for some European countries has been calculated. To increase the accuracy of the calculations, the
sociological aspect of the study was considered in combination with the astronomical one. The developed technique is
recommended to be used in calculations when determining the optimal order of time calculation in different countries
of the world for its introduction at the international or national legislative level. The application of the technique will
allow saving significant quantity of electricity during the evening peak energy consumption, that will contribute to the
stability of the country's energy system and preservation of the fuel and financial resources. References 19, figures 7,
tables 6.

Keywords: electrical energy losses, loss of daylight hours, winter time, summer time, daylight hours, daylight-saving,
standard time, zone time.

Introduction. Recently, in many countries of the world, the discussion regarding the feasibility of
daylight-saving, which is used in almost 70 countries of the world, has significantly intensified.

The lack of accurate calculations of electricity savings, as well as a certain discomfort for people
during the transition from winter to summer time and back with long-term adaptation lead to the fact that there
are more and more supporters of canceling the transition to summer time. But there is no consensus on the
time which should be finally chosen after ending a clock change — summer or winter time.
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Daylight Saving Time (DST), when clocks move forward one hour in the spring and back one hour in
the fall, was first introduced in Europe in 1916. At the time, Germany, that was still at war, tried to reduce its
coal consumption in power plants so as to use it at its gunpowder factories. Most countries in Europe, the
United Kingdom, the United States, and Australia have also introduced daylight saving time.

This practice was largely abandoned in Europe after World War 11, but was revived in the 1970s due
to the oil crisis in an attempt to reduce the need for artificial lighting and therefore energy consumption.

Daylight saving time has been introduced across most of the United States territory since 1966, after it
was first implemented in 1918. The year-round daylight savings time was used during World War II and was
reintroduced in 1973 in an attempt to reduce the energy consumption due to the oil embargo.

On March 15, 2022, the US Senate unanimously passed a bill that made daylight saving time
permanent and canceled the biannual clock change starting in 2023 [1]. This bill was called the Sunlight
Protection Act. The law was pushed by advocates for brighter days and greater economic activity.

The House of Representatives held a hearing on this issue in the specialized Energy and Trade
Committee, where the following arguments of supporters and opponents of the bill were discussed:

- adoption of the law will help children play outdoors longer and reduce seasonal depression;

- the time has come for the idea of refusing clock change;

- not to allow children to go to school in the dark;

- since 2015, about 30 US states have passed a law prohibiting clock change twice a year, with
some states offering to do so only if the neighboring states do the same;

- the loss of that one hour of sleep affects people for several days after the clock change,
disrupting the sleep patterns of children and pets;

- in 2019 social survey showed that 71 % of Americans prefer not to change the clock twice a
year anymore;

- the law can prevent a small increase in the number of car accidents, which usually occurs
during the time change;

- conducted medical studies indicate a slight increase in the frequency of heart attacks and
strokes shortly after the time change;

- this law could help businesses like golf courses that could benefit more from evening
daylight;

- adoption of the law will have real consequences for the economy and everyday life;

- the bill would allow Arizona and Hawaii, which do not implement daylight saving time, to
remain on standard time, as well as American Samoa, Guam, the Northern Mariana Islands, Puerto Rico and
the US Virgin Islands;

- most people support the end of clock change, but undecided whether to maintain daylight
saving time or standard time as a permanent choice.

The Department of Transportation (DOT) reports that daylight savings time saves energy, prevents
traffic accidents and reduces crime. DOT controls time zones and uniform daylight-saving time.

Due to disagreements over whether to choose the final daylight-saving time or winter time, the
Sunlight Protection Act did not pass the US House of Representatives and was not signed into law by
President Joe Biden.

The newly elected US President Donald Trump announced in December 2024 the need to cancel
daylight saving time. He wrote on social media: “The Republican Party will use its best efforts to eliminate
Daylight Saving Time, which has a small but strong constituency, but shouldn’t! Daylight Saving Time is in-
convenient, and very costly to our Nation” [2]. At the same time, Trump did not specifically indicate which
time should be permanently left after the abolition of the transition — summer or winter time.

Congress has not held new hearings on this issue in more than two years. Now the Senate will have
to consider it again.

In the European Union, the transition to summer time is defined by Directive 2000/84/EC of the
European Parliament and of the Council of 19 January 2001 on summer-time arrangements [3].

In Europe, the issue of switching to summer time is also intensifying. Non-governmental
organizations and experts demand that politicians include the rejection of clock change in Europe in the EU
election programs. The International Alliance for Natural Time (IANT) and the public organization Time Use
Initiative were created. They issued the EU Manifesto on Time Use Policy [4].
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The Manifesto includes 12 necessary changes that Europe must make at legislative level to guarantee
the "right for time" for all Europeans. Time is becoming an increasingly scarce and unequal resource. 20% of
European citizens and 34% of European women with children experience a lack of time. The consequences of
time scarcity and time inequality have far-reaching consequences, affecting both individual well-being and
social cohesion.

One of the key proposals of the Manifesto is that the EU should put an end to seasonal time changes —
this is the way to quickly get benefits for health, the economy and the environment. The Manifesto proposes
to formulate a Roadmap for the abolition of daylight-saving time (seasonal clock change) until 2026.

In turn, in the European Union from July 4 to August 16, 2018, the largest online survey in the history
of the EU regarding the procedure for calculating time was held, about 4.6 million people participated. More
than 80% of survey participants were in favor for canceling of time change [5].

On September 12, 2018, the European Commission, based on the results of an opinion poll, presented
a plan for the European Union to abandon the seasonal clock change.

The Commission suggested that EU countries permanently abandon the time change from 2019.

According to the proposals of the European Commission, the seasonal adjustment of clocks must be
canceled throughout the European Union. However, the key point is that the Commission gives member
countries the freedom to decide in which time they want to live — winter or summer time.

The European Commission proposes that the neighboring countries take decisions in a coordinated
manner to ensure the proper functioning of the internal market and to avoid a situation where some member
states decide to keep clock change while others abandon the practice.

The proposal of the European Commission had to be approved by the European Parliament and the
EU Council. In 2019, the European Parliament supported the abolition of the mandatory clock change to
summer and winter time. This means that each country that is a member of the European Union can choose
for itself: to keep the current system of changing the clock or to abandon it.

After 2019, no political decisions were made regarding the procedure for calculating time at the level
of the European Union.

The purpose of the study is to develop a technique of accurate calculation of the lost daylight hours
and, as a result, the loss of electrical energy for lighting per year in different countries of the world under
different options for calculating the time — when applying the transition to summer time; when refusing
summer time and the final introduction of winter (standard, zone) time; at permanent summer time, as well as
to conduct a comparative analysis of the loss of daylight hours when applying the transition to summer time,
when introducing permanent summer or permanent winter time in certain European countries. The essence of
the technique is to find the difference between the average time of awakening of the people and the time of
sunrise of a certain calendar day, which is the lost daylight hours. After that, the lost daylight hours for each
day are summed up for the whole year. The obtained value of the lost daylight hours for the year with
different options for calculating time allows to perform comparative analysis with the determination of the
optimal time calculating scenario. Solving these problems requires consideration of the sociological and
astronomical aspects.

1. Sociological and astronomical aspects of the study. The main criterion for the correct choice of
the order of time calculation is the maximum use of daylight hours by the majority of the country's population.
Therefore, the solution of this issue requires the study of two aspects — sociological and astronomical.

The sociological aspect involves determining the average time of morning awakening and the time of
going to bed in the evening for most people in the country. The specified times differ from country to country,
from region to region, and are determined historically by lifestyle, associated with job and economic activity.

These times have a pronounced subjective character, depend on the nation, culture, age and
occupation.

The following practices for determining the statistical average time of awakening and bedtime are
used more often:

- statistical processing; analysis of traffic of mobile operators;

- the use of wearable electronic devices that record biorhythms and the times of going to sleep
and waking up;

- the use of appropriate mobile applications for tracking sleep indicators (ENTRAIN, etc.);

- sociological survey (Exit Poll).

Researchers from the National University of Singapore and Finnish sleep technology startup Oura
Health processed the anonymous data collected from the popular wearable device between January 2021 and
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January 2022. The sleep habits of more than 220.000 people in 35 countries were analyzed [6, 7]. While sleep
study has historically relied on survey data from a small number of people at once, the sleep tracking
applications can objectively track the sleep by movements, heart rate, and body temperature of many users

over long time.

The obtained average times of going to sleep and waking up (working days of the week) for different

countries are shown in Fig. 1 [6 — 9].

The astronomical aspect involves determining the loss of daylight hours based on the waking time of
the majority of people in the country and the astronomical time of sunrise. The losses of daylight hours will

take place when the sunrise occurs earlier than most
people wakes up:
les :?ul _sz’

Wi

1s the

average waking time of the country's population; 7 is

where 7, is the losses of daylight hours; 7,

wut

the average astronomical time of sunrise in the country.

To simplify the calculation technique, we will
assume that every person wakes up at the same time
throughout the year, which depends on the start time of
the working (school) day. Then the average waking
time of the country's population per day will be a
constant value. Since the astronomical time of sunrise
varies from day to day, the loss of daylight hours each
day will be different.

2. Determination and comparative analysis
of daylight hours losses per year. To determine the
total loss of daylight hours per year, it is necessary to
sum up the loss of daylight hours for each day during

the year:
366
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The determination of the loss of daylight hours
is considered by the examples of such cities as
Kharkiv, Kyiv, Lviv, Sofia, Athens, Berlin, London
and Barcelona.
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The example of calculating the loss of daylight hours in Kyiv when transitioning from winter to

summer time and back is given in Table 1.

Table 1
Day number . Average . ™ Day number . Average . ™
Date fr.um.lhe Su‘nme walce-up Su'nset A\-er.ﬂge Lost day hgll( Date fr.om’the Su‘nn.se wake-up Su'nsel A‘-er’ﬂge Lost da‘\-h'ght
beginning of time + time bedtime hours, min beginning of time : time bedtime hours, min
the year time the year time
Mon, 1 Jan. 1 7:56 742 16:05 0:26 - Thu, 1 Aug 214 5:24 742 20:43 0:26 138
Wed, 31 Jan 31 7:33 742 16:49 0:26 9 Sat, 31 Aug 244 6:09 742 19:46 0:26 93
Thu, 1 Feb. 32 7:31 742 16:51 0:26 11 Sun, 1 Sep. 245 6:11 142 19:44 0:26 91
Thu, 29 Feb. 60 6:40 742 17:39 0:26 62 Mon, 30 Sep. 274 6:55 142 18:39 0:26 47
Fri, 1 Mar. 61 6:38 7142 17:41 0:26 64 Tue, 1 Oct. 275 6:57 142 18:37 0:26 45
Fri, 29 Mar. 89 5:37 742 18:27 0:26 125 Fri, 25 Oct 299 7:36 742 17:47 0:26 6
Sat, 30 Mar. 90 5:35 742 18:28 0:26 127 Sat, 26 Oct. 300 7:37 742 17:45 0:26 5
Sun, 31 Mar. 91 6:33 742 19:30 0:26 69 Sun, 27 Oct. 301 6:39 7:42 16:44 0:26 63
Mon, 1 Apr. 92 6:31 742 19:32 0:26 71 Mon, 28 Oct. 302 6:41 142 16:42 0:26 61
Tue, 2 Apr. 93 6:29 742 19:33 0:26 73 Tue, 29 Oct. 303 6:42 142 16:40 0:26 60
Tue, 30 Apr. 121 5:31 742 20:18 0:26 131 Thu, 31 Oct. 305 6:46 742 16:36 0:26 56
Wed, 1 May. 122 5:30 742 20:19 0:26 132 Fri, 1 Now. 306 6:47 742 16:35 0:26 35
Fri, 31 May. 152 4:49 742 21:01 0:26 173 Sat, 30 Now. 335 7:33 142 15:58 0:26 9
Sat, 1 Jun. 153 4:49 742 21:02 0:26 173 Sun, 1 Dec. 336 7:35 142 15:58 0:26 i
Thu, 20 Jun. 172 4:44 742 21:15 0:26 178 Sun, 22 Dec 357 7:54 142 15:58 0:26 -
Sun, 30 Jun. 182 4:48 742 21:15 0:26 174 Tue, 31 Dec. 366 7:56 142 16:05 0:26 -
Mon, 1 Jul 183 4:48 742 21:14 0:26 174 Lost daylight time per year, min 20 596
Wed, 31 Jul. 213 5:23 7:42 20:45 0:26 139 Lost daylight time per year, hr 493 hr 16 min
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By analogy with Table 1, the lost daylight hours are calculated for such cities as Kharkiv, Lviv, Sofia,
Athens, Berlin, London and Barcelona.
The average wake-up time and bedtime for the countries under study are given in Table 2.

Table 2 In the calculations, it was taken into account

Ne Country Average? Average that the average wake-up time and bedtime in Ukraine
B wake-up time bedtime are, according to [6, 10 — 11], 7.42 and 0.26 hours,
1 Ukraine 7:42 0:26 respectively (Table 2).

2 Bulgaria 7:40 0:00 Fig. 2 shows the sunrise/sunset plots for Kyiv
3 Greece 7:40 0:00 at transitioning from winter to summer time and back
4 Germany 7:10 23:30 with the area of lost daylight hours. The area, bounded
5 | Great Britain 7:10 23:25 by the sunrise plot line and the line of average wake-up
6 Spain 7:35 0:00 time, and shown by yellow, illustrates the lost daylight

hours during the year. Fig. 3 shows the sunrise/sunset time plots for Berlin when transitioning from winter to
summer time and back with the same section of lost daylight hours.
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Fig. 4 shows the sunrise/sunset time plots for Kyiv when using only winter (zone) time with a section

of lost daylight hours. Fig. 5 shows the sunrise/sunset time plots for Berlin at only winter (zone) time with a

section of lost daylight hours.
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Fig. 6 gives the sunrise/sunset time plots for Kyiv when only summer time is applied. Fig. 7 presents
the analogous plots for Berlin at only summer time.
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The lost daylight hours per year for Kharkiv, Kyiv, Lviv, Sofia, Athens, Berlin, London, and
Barcelona are shown in Table 3.

Table 3
The lost daylight hours per annum, time/year
With transition Only winter Only summer The difference
Ne City, country from winter to (zone) time all time all the year between winter
summer time, the year round, round, and summer time,

min/year min/year min/year min/year
1 Kharkiv, Ukraine 624 h 49 834 h 49 513 h 55 320 h 54
2 Kyiv, Ukraine 493 h 16 703 h 16 425 h 05 277 h 32
3 Lviv, Ukraine 361 h 31 569 h 18 242 h 23 326 h 55
4 Sofia, Bulgaria 298 h 05 507 h 02 246 h 04 260 h 58
5 Athens, Greece 293 h 00 503 4 00 223 h 01 279 h 59
6 Berlin, Germany 322 h 29 526 h 17 296 h 55 229 h 22
7 London, Great Britain 338 h 09 542 h 49 306 1 01 236 h 48
8 Barcelona, Spain 161 h 54 359 h 50 140 h 35 219 h 15

Table 3 shows that in all the considered cities, regardless of their geographical location, the smallest
losses of daylight hours occur at permanent summer time. The difference in losses is from 219 hours 15 min.
(Barcelona, Spain) to 326 hours 55 min. (Lviv, Ukraine).

3. Calculation and comparative analysis of electrical energy losses per year. To estimate the
quantity of lost electrical energy for different time options, we will make the assumption that one person uses
at least 6 W of electricity for lighting per 1 hour. This is equal to the power of energy-saving LED lamp with
energy consumption class A according to the European Union Directive 2005/32/EC (2010).

Then the electricity consumption per hour in general for country is determined by the formula:

Es,,=Hh, N, 1hour,

where B is the power of electricity consumption for lighting by one person, at least 6 W; N is the number

of people in the country.
For example, in Ukraine the quantity of electricity consumed for lighting per hour is equal to:
6 -38.0 million person -1 hour =228 MW -1 hour.
Then, using the data from Table 3, we can obtain the quantity of electricity used for lighting in all
country owing to the loss of daylight hours per year with different time calculation options.
The rough indicators of minimum losses of the electricity used for lighting per year for some
European countries with different time calculation options are given in Table. 4.
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Table 4

Lost electrical energy for lighting per annum
Electricity With . Only _ The
p . .. Only winter summer difference
opulation, | consumed for transition . .
Ne Country s e 1. . (zone) time all | time all between
million lighting per | from winter .
the year the year winter and
hour, MWh to summer
time. GWh round, GWh round, summer
i GWh time, GWh
1 Ukraine 38.0 228.0 112.5 160.3 96.9 63.4
2 Bulgaria 6.5 39.0 11.6 19.7 9.6 10.2
3 Greece 104 62.4 20.1 314 13.9 17.5
4 Germany 83.8 502.8 162.2 264.6 149.3 115.3
5 | Great Britain 67.0 402.0 135.9 218.2 123.0 95.2
6 Spain 47.8 286.8 46.4 103.2 40.3 62.9

Analysis of Table 4 shows that the loss of electrical energy for lighting with permanent summer time
is significantly less than with permanent winter time. The difference in losses ranges from 10.2 GWh
(Bulgaria) to 115.3 GWh (Germany).

The average power consumption of electricity by population for lighting and lost electricity as a part
of total generation capacity in some countries its percentage of the total generating capacity of the power

system of the countries [12-18] are given in Table 5.

Table 5
Average power consumption Total generation ca- The lost electricity
No Country of electricity for lighting, GI¥ pacity of the country's as a part of total
i power system, GW generation capacity, %

1 Ukraine 0.228 11.435 1.99

2 Bulgaria 0.039 12.668 0.31

3 Greece 0.062 15.0 0.41

4 Germany 0.503 267.9 0.19

5 Great Britain 0.402 74.8 0.54

6 Spain 0.287 124.0 0.23

How significant are these numbers? For example, the capacity of most of the power units of nuclear
power plants operating today is 1.0 GW each. According to the National Energy Company “Ukrenergo”, the
total losses of electricity generation in Ukraine as a result of Russian attacks as of June 30, 2024 are estimated
to be 22.565 GW. Theoretically, only about 11.435 GW of capacity remains. A significant part of them are so-
lar power plants. They do not generate too much electricity in winter [18]. This leads to a significant electricity
shortage and disconnections. Therefore, the loss of daylight hours is especially critical in winter.

4. Calculation and comparative analysis of the cost of lost electrical energy per year. Based on
the cost of electricity for householders in European countries (as of June 2024) [19], using data from Table 4,
we will determine the cost of lost electricity per year for different time calculation options (Table 6).

Table 6
Cost of lost electrical energy for lighting per annum, millions of €
The co.st. of With Only . The The difference
electricity A . Only difference between
Cost of transition winter .
consumed for summer between transitional
Ne| Country | 1 kWh, e 3 e from (zone) . . .
€ lighting per . . time all winter winter-summer
winter to time all .
hour, the year and time and year-
summer the year
thousands of € . round summer round summer
time round . .
time time
1 | Ukraine 0.1 22.8 11.25 16.03 9.69 6.34 1.56
2 | Bulgaria 0.12 4.68 1.392 2.364 1.152 1.212 0.24
3 Greece 0.22 13.728 4.422 6.908 3.058 3.85 1.384
4 | Germany 0.42 211.176 68.124 111.132 62.706 48.426 5418
s | Great g3 172.86 58.437 93.826 | 52.89 40.936 5.547
Britain
6 Spain 0.23 65.964 10.672 23.736 9.269 14.467 1.403
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Analysis of Table 6 shows that the difference in the cost of lost electrical energy in the considered
countries with permanent winter (zone) and summer time ranges from €1.212 million (Bulgaria) to
€48.426 million (Germany). The difference in cost at transitional winter-summer time and year-round summer
time ranges from €0.24 million (Bulgaria) to €5.547 million (United Kingdom).

Conclusion.

1. In the course of the study, a technique was developed for calculating the daylight hours losses
and electrical energy losses for lighting under different time calculation options. The technique allows
choosing the most optimal time calculation option based on the criterion of maximum use of daylight by most
people in the country. The scientific novelty of the technique lies in the combination of sociological and
astronomical aspects of the study.

2. The calculation and comparative analysis of the losses of daylight hours, electrical energy for
lighting, as well as financial resources at the existing transition to summer time, at permanent summer or
permanent winter time were carried out for some European countries.

3. The analysis of the losses of daylight hours depending on the order of time calculation shows
that the greatest losses occur with the year-round use of winter (zone, standard) time. The average indicators
take place at changing clocks for summer and winter time, and the smallest losses result from permanent
summer time. In the considered cities, the difference in losses between permanent winter time and permanent
summer time is from 219 hours 15 min. (Barcelona, Spain) to 326 hours 55 min. (Lviv, Ukraine).

4. The difference in daylight hours loss depending on the chosen order of time calculation is so
significant that further refinement of indicators and research methods does not make sense and will not lead to
a significant change in the results of comparative analysis of daylight hours losses.

5. The losses of daylight hours in Ukraine are especially critical in winter, because a significant
part of electricity is generated by solar power plants.
6. The assertion of supporters of permanent zone (winter, standard) time regarding insignificant

losses of energy for lighting does not correspond to reality. Actual calculations for certain European cities
show that the electricity losses for lighting depending on time calculation order range from at least 840 Wh
per person per year (Barcelona) to 5 kWh per person per year (Kharkiv). On a country scale, the difference in
the losses between permanent winter and permanent summer time ranges from 10.2 GWh (Bulgaria) to
115.3 GWh (Germany).

7. The all-year summer time will make the light evening longer. This will allow children to
spend more time outside, and other people to spend more time for sports, the domesticities and nature. It will
be possible to prolong by one hour such works as construction, maintenance of equipment, etc.

8. Applying winter time without transitioning to summer time will lead to longer dark evenings.
That will force children to return from school in the dark, increase the risk of traffic accidents and the danger
of crime, and will have a negative impact on the environment due to increased energy consumption for
lighting.

9. The technique is recommended to be used for determining the optimal time calculation option
in different countries and supporting it at legislative level.
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Ocmanuim yacom y cycnitbcmsi 0a2amvoxX Kpaid ceimy CYmmeso 3a20CMpunacs OUCKYCis wooo OOYLTbHOCHI
wopiuHo2o nepexooy Ha AIMHill ma 3umosutl yac. Bpaxogyiouu nesHuii ouckomgopm 8i0 nepegedeHHs CMPINOK
200UHHUKIB, OiNbULICMb HACENeHHS NPONOHYE 8I0 HbO2O GiOMOBUMUCA. Ane He iCHYE 0cmamouyHo20 002pYHMOBAHO20
DilieHHs, Ha AKOMY Yaci Cli0 3yNUHUMUCA AK HA NOCMIIHOMY — 3UMOBOMY (ROSACHOMY, CINAHOAPMHOMY) Yl JiMHbOMY.
Ilepexio ma aimuiil yac 6yn0 3anpo6adHCeHO 3 MEMOI 3A0UJAONCEHHs eNeKmpoeHepaii, are Ha OaHuill 4ac Hemae
MOYHUX PO3PAXYHKIG, W00 1020 niomeepodcenns. Pobomy npucesueno possszamuio axmyaibHoi npoonemu
BUBHAYEHHS HATIOITLUWL ePEKMUBHO20 NOPAOKY 0OUUCIEHHS YaACY 3 MOYKU 30pY OLIbUW NOBHO20 BUKOPUCHIAHHS COHSIYHO20
ceima i, 8i0ON0GIOHO, 3MEHUIEHHS 8MPam eleKmpoeHepaii Ha OCGIMACHHs V HCUMMEOBLILHOCMI CYYACHO20 C8IM08020
cycninbcmea. Memor 0ocniodicensb € po3poOKa MemoOUuKy MoYHO20 PO3PAXYHKY 6MPAUEH020 C8IMI020 4acy 000u ma
empam eleKmpoeHepeii Ha OCEIMICHHS HACENIeHHAM DIZHUX KPAIH C8ImYy 3a PI3HUX 8apiaHmie 0OYUCIeHHs Yacy — ) pasi
3ACMOCYBAHHA WOPIUHO20 Nepexody Ha JIMHIL ma 3uMosull (NOACHUL, CMAHOapmMHULl) Yac, 8i0oMo8u 8i0 nepexody Hd
JUMHIU Yac ma ocmamoyHe 86e0eHHs 3UMOB020 HacCy, GIOMO8U 8i0 nepexody ma 3aCMOCY8AHHSA NOCMILIHO20 TIMHbO2O
uacy. HA8eOeHO OCHOBHI ApP2YMEHMU NPUXUNbHUKIE | CYNPOMUBHUKIE 3ANPOBAONCEHHS NOCMIUHO20 3UMO8020 Ma
aimubo2o uacy. Ilposedeno po3paxyHox ma NOpi6HANbHUY AHATI3 8MPAm C8ima02o uacy 0oou ma, AK HACAiOOK, empam
eleKMmpUYHOi enepeii Ha Oc8imieHHs 3a PiK 3a pi3HUX eapianmie oouucienus yacy. 30iliCHeHO PO3PAXYHOK OPIEHMOBHOI
8apmocmi 6mpam eneKmpudHol enepeii Ha 0ceimiens 3a PI3HUX 6apianmis 0OUUCIeHHs 4acy 05l 0eIKUX €6PONEUCHKUX
Kpain. 3a0ns nioGuweHHs MOYHOCMI PO3PAXYHKIE PO32ISHYMO COYIONOSIMHUL ACNeKm O0CHi0NCeHb V NOEOHAHHI 3
acmponomiunum. Po3pobreny memoouxy pexomMeHO08aHO SUKOPUCHIOBYBAMU Y DPO3PAXYHKAX Ni0 4AC 6U3HAYEHHS
ONMUMANILHO2O NOPSAOKY OOYUCHEHHS 4ACy y PI3HUX KPAIHAX C8Iimy 3a0Jisi 88e0eHHsl 1020 HA 3AKOHOOA8YOM) DIBHI.
3acmocysanns memoouKu HA0ACMb MONCIUBICIb 3A0WAOUMU 3HAYHI 00Cs2U eleKmpoeHepaii ni0 4ac GeHipHIX NIKOBUX
HABAHMAICEHD EHEP2OCHONICUBAHHS, WO CHPUSMUME CMIUKOCMI eHepeocucmeMi Kpainu ma 30epedicentio NaiueHux i
ginancosux pecypcis. bion. 19, puc. 7, Tadm. 6.

Knrouosi cnosea: BTpatu eIeKTPUYHOI €HEPTil, BTPATH CBITIOrO Yacy, 3MMOBHI 4ac, JIITHIH Yac, CBITINHA Jac 100w, re-
peBeICHHS FOJUHHUKIB, CTAHAAPTHHUIN Yac, MOSICHUI Yac.
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HAIINU IOBUIAPU

JIO 75-PIUYsI AKAJIEMIKA HAH YKPATHA
OJIEKCAHJPA BACHJIBOBUYA KUPUJIEHKA

JIoKTOp TEeXHIYHUX HayK, mpodecop, 3aciayXeHUH miTd
HAyKH 1 TexHIKU YKpaiHu, naypeat [epxkaBHOi npemii YkpaiHu B
raiy3i Hayku i TexHiku i mpemii HAH Ykpaiam im. C.O.JIeGeneBa,
akanemik HAH VYkpainu O.B. Kupunenko napoguscst 20 TpaBHs
1950 p. V 1973 p. 3akinuuB KuiBChbKUI MOMITEXHIYHUH 1HCTUTYT
(HamionaneHuii TexHiyHMiA yHiBepcuteT Ykpainm “KuiBchkuit
noJyitexHiyHui iHCTUTYT iM. [. Cikopcbkoro”), 3a daxom —
imkeHep-enekTpuk. Ilicnsa 3akindenHs BY3y mnpamoBaB vy
KuiBcbkoMy moriTexHIYHOMY iHCTHTYTI Ha Kadenpi «Emekrpuani
Mepexi 1 cuctemm» (1973 — 1975), a 3 1975 p. i mo TenepimHin
yac mpamoe y IHcruryti enekrpoamnHamiku HAH VYxpainwy,
MPONIIOBIIM [UIAX BiJl MOJIOANIOTO HAayKOBOTO CIiBPOOITHHKA,
3aCTyITHAKA JAWPEKTOpa IHCTUTYTY 3 HayKoBOi pobOoTH i
3aBiyBava BIIIUTY O TUPEKTOpa [HCTUTYTY eNeKTpOAMHAMIKH
HAH VYxkpainu. Ha nanuii wac 3aliMae mocany paiHuKa Npu
mupekuii [neturyTy.

Jucepramiro Ha 3M00yTTSA HAYKOBOTO CTYTCHS KaHIUAaTa
0 texHiuHux Hayk O.B. Kupuienko 3axuctuB y 1981 p., 3BaHHS
CTapILOro HayKOBOFO CHiBpOoOiITHHKA PUCBOEHO y 1986 p., MOKTOPCEKY qucepTarliro 3axuctuB y 1993 pori,
3BaHHs Mpodecopa MPUCBOEHO ¥ 1996 p., wrenom-kopecrioraeaToM HAH Ykpainu 0yB oopanwmii y 1997 p.,
akanemikom HAH Vkpainu — y 2006 poui. Kupunenko Onekcanap BacuiaboBud — BHIATHHI BYCHHIA,
Bimomuii B YKpaiHi Ta qanexo 3a ii MexXaMu CBOIMHU MpaLsiMU B Taily3i €l1eKTPOCHEPreTHKH, CIIPIMOBAHUMHU
Ha TIABUIICHHS HATIHHOCTI Ta €(eKTUBHOCTI (PYHKITIOHYBaHHS €IEKTPOCHEPTETHYHNX 00’ EKTIB Ta CHUCTEM,
30KpeMa B YMOBAX PO3BUTKY PUHKY €IEKTPUUHOI eHeprii Yikpaiun. Moro pisHoGiuni 1ocIiKeH s Ipomecis
(yHKUIOHYBaHHSI €JIEKTPOSHEPTETHYHMX CHCTEM 3a0e3lMedriii DPO3BUTOK TeOopil CTBOPEHHS CHCTEM
KEpPYBaHHA TAaKMMH IPOLECAMH, IO3BOJMIM 3alNpPONOHYBAaTH NPHUHLMWIH, METOOM NOOYZOBH BiINOBiAHUX
IHTETPOBAaHUX 1H(OPMAIIHO-YTIPABIIOUNX CHCTEM Ta iXHIX €JIEMEHTIB, IO CTAJI0 OCHOBOIO IH(pPOBOI
TpaHcdopmarllii enexkTpoeHepreTukn Ykpainu. HuM 3ampornoHOBaHO HOBI MiAXOIW 10 MOOYIOBH CHCTEM
KOHTPOJIIO Ta Ji1arHOCTYBaHHs B €IEKTPOCHEPreTHLl, BUPILICHO MUTaHHA 3a0e3Me4YeHHs IXHbO1 HaailtHOCTI Ta
BiIMOBOCTIHKOCTI, TOYHOCTI Ta MIBHAKOI{, JOCTIIKEHO 0coOIMBOCTI (popmaizarlii Ta po3B’si3aHHS 3a/1a4
napaMeTpU4YHOl OINTHMi3allii aHaJOTOBUX EJEMEHTIB Ta NPHUCTPOIB aBTOMATHUKU EJIEKTPOCHEPTeTHYHHX
CUCTEM, pO3pOOJICHO HOBI MiJXOMU Ta BIAMOBIIHMN amapar Jjisi aBTOMAaTH3ailii MpOIeCiB MOJECITIOBAHHS
€JIEKTPOCHEPreTHIHNX O0’€KTIB Ta cucTeM. HuM po3BHHYTO Teopilo aHalizy Ta OaraTOKpuUTepialtbHOI
OIITUMIi3allii TIePBUHHUX MEPETBOPIOBAYIB CTPYMY, IO MPH3HAYEHI UIS poOOTH B YCTAICHUX Ta MEPEeXiIHUX
pexuMax poOOTH, 3alIPOTIOHOBAHO METOIU 3a0e3MeueHHS TOYHOCTI TaKUX MPUCTPOIB.

B nmanmii wac akagemik O.B. Kupunenko 3HauHy yBary npuaiisie HayKOBO-TEXHIYHMM IHTaHHSIM
3a0e3nedeHHs] €()eKTUBHOCTI IHHOBAIITHOTO PO3BHUTKY Ta KEPOBAHOCTI 00’€IHAHOI €JIEKTPOCHEPTeTHIHOI
cucTeMH YKpaiHM 32 yMOB BIIPOBAIKEHHS HOBOi MOJEINi PWUHKY EJEKTPOSHeprii Ta 3pPOCTaHHS YacCTKH
BIJHOBJIIOBAHUX JKEpesl €Heprii B CTIPYKTypi I TeHepyIUHMX IOTY)KHOCTEH, aKTHBHO IIPALIOE HaX
BHPITIICHHSAM TIPO0OJIeM BIIPOBAKCHHS Ta PO3BUTKY TexHoJorid Smart Grid B emekTpoeHepreTHIll YKpaiHu.
Pesynbratn HaykoBux nocuimxkeHb Kupunenka O.B. BucBiTIEHI B umciieHHHMX TyOuikamisx (monax 300
crareii Ta 20 moHorpadiii, 5 HaBUYaTbHUX NOCIOHUKIB Ta MiAPYYHHKIB).

Onekcanznp BacuinboBUY YCHIIIHO MOEOHYE HAyKOBY, OpraHi3auiiHy, MEAaroriyHy Ta I'POMajChKy
nistmeHICTE. 3 2015 poKy BiH € akameMiKOM-ceKpeTapeM BimiieHHs eHepreTHKH Ta €HEPreTUYHHX TEXHOJOTIN
HAH Vxpainu, ouomoe ExcrniepTHy pamy 3 eleKTpOTEXHIKH Ta eHepreTHkd JlemaprameHTy arecTarlii HayKOBUX
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kanpiB. MOH Vkpainu, Texiuawii koMmiter 3i craHmaprusamii «KepyBaHHS €HEPreTUYHHME CHCTEMaMH Ta
OB s13aHi 3 HAM Tiporiecu iHdopmariiiiHoi B3aemonin» (TK 162), B Mexax sikoro 3abe3nedeHo npuitHsaTo moHay 200
HOBHX CTaHIIApTiB B cepi KepyBaHHsI €JICKTPOCHEPIeTHYHUMH CHCTEMaMH B YKpaiHi. BIOCKOHAJICHHIO TIaHYBaHHS
Ta PO3BUTKY HAYKOBUX JIOCHIKEHb, (DOPMYBaHHsI Ta peatizaii nimboBux nporpam HAH Ykpainu.

Bararo yBarm Kupmnenko O.B. mpumissie 3araisHOMY KEpIiBHHIITBY B AKameMii MUKIUCIMIDTIHAPHAMH
JOCTI/DKEHHSIMU B Tajly3l eHepro30epekeHHs, akTUBHO CHpusie ydacTi HaykoBux ycranoB HAH Vkpainm y
BUPIIICHH] MPOOIeM MaIWBHO-CHEPIeTHYHOTO KOMILIEKCY YKpaiHH, MiJTOTOBLI BHCOKOKBATI(hIKOBAHUX HAyKOBHX
KaJIpiB, BIIPOBA/DKEHHIO PE3YIBTATIB HAYKOBUX JAOCIIIKEHb B TOCIONAPCHKUM KOMIUIEKC IEPKaBH.

HayxoBi gocsrHeHHs Ta TpoMajchka AistibHicTh O.B. KupuneHnka BijzHaueHa gepKaBHUMHU TPEMISIME Ta
Haropozamu: 1983 p. — mepamwro Akazgemii Hayk YPCP ta npemi€ro i MOJOAUWX BYEHHX 3a pO3POOJICHHS
METOJIIB 1 AJITOPUTMIB MApaMETPUUHOTO CUHTE3y BUMIPIOBAJIBHUX IIEPETBOPIOBAUIB CTPYMY, IIPU3HAYCHUX AT
po0OTH B yCTaleHMX Ta Tepeximamx pexnmax; 1988 p. — 3omororo Memammmo BJIHIT CPCP y ckmami
ABTOPCHKOTO KOJIEKTHBY 3a CTBOPEHHSI CHCTEMH peecTpauii MOAid Ta KOHTPOJIO MapaMeTpiB PEeKUMIB
eJIeKTpOeHepreTHIHNX 00 ekTiB; 1995 p. — mpemiero im. C.O. JlebeneBa HAH VYxpainum 3a cepito mpaip
“OcHOBH TeOpil, METOMW TPOEKTYBaHHSA Ta MOOYJOBH IHTETPOBAHUWX IHTEICKTYyaJbHUX iHGOpPMAIliitHO-
YIPaBISIIOYMX CUCTEM B eleKkTpoeHepreTuii”; 1999 p. — nepkaBHOIO mpeMmicro YKpaiHH B Tamy3i HayKd i
TEXHIKH y CKJIaJli aBTOPCHKOIO KOJEKTHBY 3a poOoTy ‘“Po3poOka HaykoBHX OCHOB Ta 3acO0iB MiIBHILECHHS
€HepreTUYHOi e(EeKTHBHOCTI Ta iX BIPOBALKEHHS y CHCTEMax YIPAaBIiHHS MOCTaYaHHSIM 1 BUKOPHUCTaHHSIM
€JIEKTPOCHEPTii, MPUPOAHOTro ra3y Ta Temia’”; 2008 p. — MPUCBOEHO 3BaHHS «3aCIy)KEHHUH sl HAYKH 1 TEXHIKU
VYkpainm»; 2009 p. — IpUCBOEHO 3BaHHS Jlaypeara KOHKypcy «Jligep MalMBHO-€HEPreTUYHOTO KOMILIEKCY-
2009» y HomiHanii «Buennity, 2020 p. — HaropomkeHo opAeHOM KHs13s SpocnaBa Mynporo V cr.

Hayxosa cninenoma, xonnexkmus Incmumymy enexmpoounamixu HAH Yxpainu, pedaxyis sicypuany
«Texniuna enexkmpoounamiray, yuni ma opy3i wupo eimaroms Onexcanopa Bacunveuua 3 w06ineem i 3uuamo
MiYyHO20 300p08°s, MEOPUUX VCRHIXI8, HACHA2U 3A07s 30IUCHEHHS 6CIX 3a0yMI8 Ma MEOopHUx NiaHie, U000
PO3BUMKY BIMYUSHAHOT HAYKU, 3MIYHEHHS | NPOYBIManHs YKkpaiuu.
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JIO 90-PIYYSI YWIEHA-KOPECIIOHJIEHTA HAH YKPATHU
KY3HEIIOBA BOJIOJUMUPA I'PUT'OPOBHUYA

1 yepBHs 2025 poky BUMOBHIOETBCS 90 POKIB BUAATHOMY
BUCHOMY B Tajy3i €JICKTPOCHEPreTHKH Ta €JICKTPOTEXHIKH, TOJOBHOMY
HayKoBOMYy cmiBpoOiTHHKY IHcTuTyTy enekrpoamHamiku HAH
Vkpaian, wieH-kopectoaaeHty HAH VYkpainu, MOKTOpY TEXHIYHHX
Hayk, npodecopy Bonogumupy ['puroposuuy KysHenosy.

Haponugcs B.I'. Ky3uenoB 1 uepBus 1935 poky B 3aTUIIHOMY
Mmicteuky Kpumcbky KpacHomapcbkoro kparo. Y 1958 pormi Bin
3aKiHYHMB €JIEKTPOTeXHIYHUN (pakynbTeT KUIBCHKOI'O MONITEXHIYHOTO
IHCTUTYTYy 3a chenianpHicTIO "EnexTpuuHi cTaHmii, Mepexi Ta
cuctemu". TpyIooBY HiSJBHICTH PO3MOYAB iHXKEHEPOM-EIEKTPUKOM Y
nmpoekTHOMY 1HCTHUTYTI KwuiBchkoro pamHaprocmy, a 3 1961 poxy
MpanoBaB aCUCTEHTOM KaeIpH TEOPETHUYHUX OCHOB E€NEKTPOTEXHIKU
KuiBcbkoro momitexaiunoro iHctutyTy. [lounmnaroum 3 1966 poky i
nouuni B.I'. Ky3nernos npamioe B IHcTHTYTI enexktpoamHamiku HAH
Vkpainu, ne y 1980-2008 pp. odosroBaB BiAIi ONTHMI3alil CHCTEM
enekTponocradanng, y 1987-2003 pp. oOiliMaB mocalxy 3acTyNHHUKa
nupekTopa [HCTUTYTY 3 HaykoBoi poboTH, 3 2008 p. — TOJIOBHOTO HayKoBoro cuiBpoOiTHuka. B IE]] Bin
OpOHIIOB IUISX BiJ acmipaHTa A0 JOKTopa TexHiuHMX Hayk (1982 p.), mpodecopa (1985 p.), unen-
kopecnionaenta HAH Ykpainu (1990 p.), 3aciykeHoro aisiua HaykH i TexHiku Ykpainu (1998 p.).

Bomogumup ['puroposuu KysHero — Bigomwmii BueHUH B YKpaiHi Ta 3a KOPIOHOM, 3aCHOBHHK
HayKOBOTO HAIPSMKY 3 ONTUMAJIBHOTO YIPABIIHHS EJEKTPOMATHITHUMHE TpoIlecaMu y OaraTodazHux
CHCTeMax 3 JDKepellaMH CIIOTBOPEeHb. Moro (pyHIaMEeHTanbHI TOCTiKEHHS 3 KOMIUIEKCHOTO TTi{BUIICHHS
SKOCTI €JIeKTpOeHeprii, 3a0e3neyeHHs eIeKTPOMarHiTHOI CYMICHOCTI CITOKHBAaYiB y CHCTEMax 3arajJbHOTO
Ta aBTOHOMHOTI'O €JIEKTPOINIOCTauyaHHs, €Hepro30epiraloyoro KepyBaHHI PeKUMaMH €JIEKTPUYHUX MEPEeX,
0OMeXEeHHsI CTANHX 1 KBa3iCTal[lOHAPHUX PE30HAHCHUX, PEpOpPEe30HaHCHUX Ta aHOPMaJbHHUX IEepeHANpyT
B EJNEKTPHUYHUX Mepexax BHCOKOi Ta HaJBUCOKOI HAampyrd OTpHUMald MiKHAapoIHE BH3HaHHsI. Hum
3ampoOIOHOBaHI METOAM CHHTe3y OaraTodaszHux (a303CyBHUX Kil Ta edeKTHBHI MPUCTPOi 3a0e3medeHHs
€JIEKTPOMArHiTHOT CYMiCHOCTI, pO3pOOJIeHI Teopisi CHepreTHYHUX IMPOLECiB HEBPIBHOBAXEHUX Oararto-
($a3HUX cUCTEeM 3 HENiHIMHMMHU eJeMEHTaMU i METOAM KOpeKUii IXHiX mapamMeTpiB, METOAM E€KBiBaJCHT-
TyBaHHS HECUMETPHYHUX KiJI, CTATUYHI 1 TUHAMIYHI MOJIENi OIIHIOBAHHS E€JEKTPOMArHiTHOI CyMiCHOCTI
Ta HOPMYBaHHS ITOKAa3HHUKIB SKOCTI EJIEKTPUYHOI €HEprii, Teopis Ta NPHUHIOHUIHN IOOYJIOBU CHCTEM
EJIEKTPOTIOCTAYaHHS 3 MIiHIMaJIbHHMH DPIBHSMH KOHAYKTHBHUX 3aBajl, METOAM OaraToKpUTepiadbHOTO
YOPaBIiHHS PEKUMAaMU EIEKTPOMEPEXK 3 ypaxyBaHHAM IOKAa3HUKIB SAKOCTI €JIeKTPOEHEPrii Ta peakTUBHOI
MOTYKHOCTI y BYy3/1aX, OTpHUMaHi Baromi (GpyHZaMEHTAbHI Ta MPAKTHYHI PE3YIbTaTH IO OOMEKEHHIO
(hepope3oHaHCHUX TepeHanpyT B Mepekax 3 e)eKTUBHUM 3a3eMIICHHSIM HEHTpali.

i pobotu y moganbiioMy OTpUMaly 3HaYHUH po3BUTOK y mpaisix B.I.Ky3nernosa Ta iioro y4His.
Pesynpratu, moB’s3aHi 3 JOCTIHKEHHSIM METOIIB ONTHMAJIBHOIO (YHKLIOHYBAHHS €JIEKTPUYHHUX MEPEX 3a
HasBHOCTI JOKEpeNl CIOTBOPEHb, BUKOPUCTAaHI B TPhOX Jlep:KaBHMX CTaHAAPTAaX 3 SKOCTI ENEKTPUYHOI
eHeprii, B IHCTpYKTHUBHUX MaTepiajax 3 KOMIIEHCAalii PeakTUBHOI MOTYKHOCTI, B KEPIBHUX Ta METOAUYHUX
BKa3iBKax 3 oOMexxkeHHS (epope3oHaHCHUX mepeHanpyr Ha muHax 110-750 kB po3mominpunx mpucTpoiB
€JeKTPOCTaHIii (Y TOMY YHCIi aTOMHHX) 1 MiACTaHIiA. Bukomanwit mix kepiBHHOTBOM Bomommmupa
I'puropoBrYa KOMILJICKC AOCHIIKSHb 3 MOJICIIFOBAHHS MPOLIECIB Y JiHigx enekrponepenadi (JIEIT) 750 kB ta
aHaJIi3y MepeHanpyr y pekuMi oJHO(Pa3HOro aBTOMaTUYHOTO MOBTOPHOTO BKIIIOYEHHS JO3BOJIUB PO3POOUTH
pexomennartii mst HEK "Ykpenepro" moao Bubopy mapaMeTpiB Ta MiCIlb PO3TANTyBaHHS ITyHTYBAJIBHAX Ta
KOMITEHCALlIHHUX peakTopiB, Hamaronutn Ha BAT "3amopixrtpancdopmaTop” cepiiiHuil BHITyCK OCTaHHIX,
MiIBUIINTH HAJIMHICTh eKCIUTyaTalil TakuxX JiHid. 30Kpema, IXHE BUKOPUCTAHHs 3a0€3MEeYMIO YCIiMIHUI
3amyck B ekcruryatamiro JIEII-750 kB "PiBHencbka AEC — 3axigHoykpaiHChbka mifcTaHIifs" 1 3poOuio
MOXKIIMBHM TI0JIady MOTYXKHOCTI 3 TwH PiBHeHCHKOI AEC mpwm BBeneHHi B mito HoBoro Omoky 1000 MBT
(2004 p.). 3anponoHoBani Mozei, MeToau Ta npuctpoi B.I'. Ky3HemoBa 3HalIILIN MIUPOKE BIPOBAKSHHS B
VYkpaini, CIIA, Kanani, ABctparnii, MonoBi Ta psizti iHIIUX KpaiH.
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baratopiuna HaykoBa mispHiCTE B.I. Ky3HemoBa Bij3HaueHa UYHCICHHUMH YPSIOBHMHU
HAropoJaMy, TOYECHHUMH 3HAaKaMH Ta TpaMOTaMHU. 3a pe3ylbTaTH (QYHAaMEHTANbHUX HAYKOBHX Ta
npakTHuHUX AocsrHeHb B.I'. Ky3nenoBy npucymxeno [epkaBHy mpeMito YKpaiHu B Taily3i HAYKH 1 TEXHIKH
(1996 p.), mpemiro HAH VYxpaiau im. I'.®. [Tpockypu (2001 p.) Ta npemito HAH Ykpainu im. C.O. JleGenena
(2006 p.).

Bononumup ['puropoBnd 3acHyBaB HAYKOBY IIKOJTy 3 KOMIUIEKCHOTO MOJICIIOBAHHS Ta ONTHMi3amii
CJIEKTPOMArHITHUX TMpPOLECIB 1 PEXHMIB B EJICKTPUYHHX Mepekax Ta CHCTeMax 3 JDKepellaMu
HECUMETPUYHHX, HETHIMHUX Ta IMBHAKO3MIHHUX croTBopeHb. HaykoBa mkona B. I'. Kysnemosa, ska
3aiiMaeThCsl MINBUILICHHSIM SIKOCTI €JIEKTPOCHEprii, po3poOJIEHHSIM METONIB ONTUMAIBHOTO KepyBaHHS
peKMMaMU eJEKTPUYHHUX MEpeX, €JIeKTPOMAarHiTHUX mpoleciB y Oaratoda3HuX cucTeMax 3 pKepernaMu
CIIOTBOPEHb, €PEKTUBHUX METOMIB Ta MPUCTPOIB MiJABHINEHHS €JIEKTPOMArHiTHOI CyMiCHOCTI oOJaTHaHHS
CIIOKMBAYIB Cy4YacCHHX 1 MEpPCIEKTHBHUX CHCTEM €JEKTPONOCTaYaHHS, OTpUMaja IIUPOKE BU3HAHHI
HayKoBOi chineHOTH B cBiTi. Cepen yuniB B.I'. Ky3HenoBa 3 mokxtopu Ta 27 KaHOUIATIB TEXHIYHHX HayK.
IIpodecop B.I'. Kys3HenoB Ha mpotrszi OaratboX poKiB BHKIAAaB y HamioHalsHOMY TEXHIYHOMY
yHiBepcuTeTi YKpainu "KuiBchkuii momiTexHidHUH 1HCTUTYT iMeHi [rops Cikopchkoro".

Pesynbratn HaykoBoi nisuibHocTi B.I'. Ky3HenoBa BucBiTieHo y Oinbin Hixk 500 myOumikamisix, cepen
skux 12 moHorpadiit i 63 aBTOPCHKHX CBiIOLTBA Ta MAaTEHTH. 3HAYHY KUIBKICTh Mpalb OMYyOIiKOBaHO Y
HAYKOBHX (DaXOBHUX BUAHHAX, SKi BXOASTH JI0 MDXKHAPOJIHUX HAYKOMETpUYIHHUX 0a3 maHux (Scopus, Web of
Science Ta iH.). BiH € kepiBHHKOM cemiHapy HaykoBoi pamum HAH Vkpaimnm «HaykoBi ocHoBH
€JIEKTPOCHEPTeTUKI» Ta BXOIUTH OO CKJIALy PEOKOJIeTi HHU3KH YKPaiHCBKHX Ta 3aKOPJOHHHMX HayKOBUX
JKypHAITIB.

Hayxosa cninonoma, xonexmue Incmumymy enekmpoounamixu HAH Ykpainu, pedakyis scypuany
«Texniuna enexmpoounamixa», yuui ma Opysi wupo eimaioms Bonooumupa Ipucoposuua 3 weineem i
3UYAMb MIYHO20 300P08 5, MEOPUUX YCNIXi8, HACHA2U OJis 30TUCHEHHS BCIX 3A0YMI8 Ma MEOPYUX NIAAHIE.
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