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Purpose. Conduct a study of commutation processes and develop a methodology for determining the switching
frequency of semiconductor elements in the converter for high-voltage electromechanical systems to minimize electrical
losses during their operation with fan loads.

Methodology. Methods of multi-criteria and single-criteria optimization for finding the optimal values of
electrical losses in an electromechanical system, methods for solving first-order differential equation systems, and
analytical methods.

Findings. To improve the energy efficiency of a high-voltage electromechanical system for stationary industrial
fan installations without modifying their structural design, the level of total losses has been assessed. A target function
has been constructed to represent the dependence of total losses in the electric drive on the switching frequency of
power switches and the harmonic distortion coefficients of the stator and rotor currents in a high-voltage wound-rotor
asynchronous motor. Through approximation, a generating dependence of the switching frequency of the converter’s
power switches on the harmonic distortion coefficient of the stator and rotor currents of the asynchronous motor has
been established. The target function, initially dependent on three variables, has been transformed into a function of a
single variable. Simulation modeling of electromagnetic and energy processes in the high-voltage electromechanical
system has been conducted to evaluate total loss levels. A comparative analysis has been performed, confirming the
adequacy of the obtained analytical expression for determining the optimal switching frequency of the converter’s
power elements under the condition of minimizing losses in the high-voltage electromechanical system, with results
validated through simulation.

Originality. A study of commutation processes in the power elements of the converter, which is part of the high-
voltage electromechanical system, has been conducted. More precise analytical dependencies have been obtained,
allowing for the determination of the main and commutation losses in the power elements of the converter for the high-
voltage electromechanical system.

Practical value. 4 methodology for determining the optimal switching frequency of the semiconductor elements in
the converter, which is part of the high-voltage electromechanical system, has been proposed. The calculation error of
the optimal switching frequency of the semiconductor elements, obtained analytically, does not exceed 3.5% compared
to the results obtained through simulation. The proposed methodology can be applied to minimizing losses in high-
voltage electromechanical drive systems for both AC and DC applications used in various industrial mechanisms.

Keywords: switching frequency, optimization, losses, energy efficiency, converter, high-voltage electromechan-
ical system.

I. INTRODUTION speed and torque of both asynchronous and synchronous

Ventilation of mines using main ventilation fans motors [2]-[4]. o
(MVF) is one of the most energy-intensive technological However, FCs and ICCs have high installed power,
processes. Almost all mines use non-regulated electric ~comparable to the power of the MVF motor. In addition,
drive systems for MVF [1]. To improve the efficiency of thf.nr application is limited in high-voltage MVF electrl'c
many MVF systems, it is possible to transition to a lower ~ drives due to the voltage class of the conve.rter’s semi-
rotor speed by implementing energy-efficient electric con(.iuctor elements. Therefore, speed regulation remains
drive control systems, such as frequency converters (FC), ~ feasible on ‘thg rotor side of the motor, where the rotor
inductive-capacitive converters (ICC), and converters Voltage is significantly lower than the stator voltage. For
based on the asynchronous-thyristor cascade (ATC) th1.s purpose, an ATC can be used', and such an electric
scheme. These systems allow independent control of the ~ drive system must ensure a high level of energy
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efficiency.

It is known that increasing the switching frequency
of power switches reduces the content of higher
harmonics in the stator and rotor currents of an induction
motor (IM), thereby decreasing AM losses. However, a
higher switching frequency also increases both
fundamental and commutation losses in the converter's
power switches. Consequently, it is necessary to
determine the optimal switching frequency for power
switches in this type of electric drive system [5].

II.ANALYSIS OF LAST RESEARCHES

The analysis of studies [6]-[8] has shown that the
development of contactless control systems for induction
motors has led to reduced capital costs for equipment and
increased energy efficiency in industrial mechanisms. The
implementation of existing control systems enables
smooth regulation of drive motors, maintaining constant
torque in the sub-synchronous speed range while keeping
the efficiency and power factor of the electric drive at a
high level [8].

However, for such electric drive systems, the issue
of determining the optimal switching frequency of power
switches that ensures minimal losses in the motor-
converter system has not been investigated [9], [10]. A
comparative analysis has shown that the most energy-
efficient control system, particularly for high-voltage
electric drives, is the frequency-current asynchronous-
thyristor cascade [11], [12].

According to [8], the frequency-current
asynchronous-thyristor cascade combines the advantages
of classical pulse regulation systems and asynchronous-
thyristor cascades. A distinctive feature of this system is
the presence of a pulse regulator in the rectified rotor
current circuit, represented as a step-up voltage pulse
converter (SUPC). The presence of a capacitor (C)
ensures a specified level of overvoltage in the rotor
winding, caused by the frequent switching of the key (K).
The diode (VD) prevents the reverse current flow from
the capacitor when the switch is closed.

When the switch is opened, the stored energy in the
rotor winding, along with part of the slip energy
(depending on the ratio of rotor EMF to inverter EMF), is
recovered into the network at a constant inverter
commutation angle in the low-power inverter. This
minimizes the consumption of reactive power from the
network and in-creases the power factor of the drive
across the entire rotor speed range [5]-[8].

Thus, to improve the energy efficiency of the
electric drive system, using the example of the frequency-
current asynchronous-thyristor cascade, without altering
the structural features of the circuit, it is necessary to
evaluate the total loss level in the motor-converter system.
A target function needs to be constructed to represent the
dependence of total losses in the electric drive on the
switching frequency of the power switches and the
harmonic distortion coefficients of the stator and rotor
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cur-rents in the asynchronous motor [11]- [12]. Using
approximation, the generating dependence of the
switching frequency of the converter’s power switches on
the harmonic distortion coefficient of the stator and rotor
currents in the drive motor should be established. The
target function, initially dependent on three variables,
must be reduced to a function of a single variable.
Simulation modeling of the electromagnetic and energy
processes in the considered electric drive system should
be conducted to assess the total loss level. A comparative
analysis should be performed to determine the adequacy
of the obtained analytical expression for determining the
optimal switching frequency of the converter’s power
elements, ensuring minimal losses in the electric drive,
with the results obtained through simulation.

III. FORMULATION OF THE WORK PURPOSE

Conduct a study of commutation processes and
develop a methodology for determining the switching
frequency of semiconductor elements in the converter for
high-voltage electromechanical systems to minimize
electrical losses during their operation with fan loads.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

To determine the optimal switching frequency of the
power switches in the converter based on the frequency-
current asynchronous-thyristor cascade scheme, it is
advisable to evaluate the amount of constant and variable
losses in the induction motor (IM). As the switching
frequency of the keys increases, these losses decrease
relative to the growing fundamental and commutation
losses in the converter's power switches.

The total losses in the IM, according to [13], can be
determined using the following expression:

AP = Prated '(1_77)

n

)

where: P,

ated 18 the rated power of the induction motor;

n is the efficiency coefficient of the induction motor.
The constant losses, considering the presence of
higher harmonics in the stator and rotor currents, can be

determined with sufficient accuracy using the following
relation [14]:

-
1+,
2

Peonst =A1 - AP=M ;- @5

2

rate rated "

1

Y

where A; is a coefficient that accounts for harmonic

A 3)

distortions in the current; s,,,, is the nominal slip of the
rotor of the asynchronous motor; M, is the nominal
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torque of the motor; /, is the amplitude of the n-th
harmonic of the current.

The variable losses in the stator and rotor windings
of an induction motor can be determined using the
following expression [15]:

Py=3-I] - Ay oy +3-I7 - 2y oy “4)

The additional and ventilation losses in high-voltage
asynchronous motors typically do not exceed 2% [15] and
will increase or decrease proportionally with the change
in the switching frequency of the key. Therefore, these
losses can be neglected.

Thus, the target function for total losses in the
induction motor as a function of the current distortion
coefficient can be written as:

2 2
APpy (g dge ) =315 2 rp+ 307 - 27 1y +

7
it A AP =M 1iod - @ Spateq | 1+
2

)

Let's consider the losses occurring in the DC circuit
of the converter during periodic commutations of the
valves, specifically in the power switch, the blocking
diode, as well as in the rectifying-inverting groups.

The total losses in the power transistor have several
components:

F.=Fh

main

+P0n+P0ff+Plc+Pcc (6)

where P,,,;, are the main losses created by the collector
current in the on state of the transistor; P, are losses

when the transistor is turned on; F,; are losses when the

transistor is turned off; P, are losses from leakage

currents; P,. are losses in the control circuit.

In most cases, losses from leakage currents and in
the control circuit can be neglected.

Calculation of losses in the on state of IGBT type
transistor can be done in the same way as it is done for
thyristor (volt-ampere characteristics of devices in the on
state are similar) [15]:

R, are threshold voltage and dynamic

5> LR
Pmm-ano-Ia(ka a0

()
o
where U,,

resistance, respectively; I, =1. ,, is the average value
of the collector current of the power key; k, is the

coefficient of the collector current shape.

The parameters of the volt-ampere characteristic of
the IGBT in the on state can be determined from the
corresponding characteristics given in the IGBT data
sheet [13].
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The average value of collector current /. ,, is

determined by the ratio:

Iciavzlin'y’ (3)

where [;, is the average value of the input current of the

t; . .
converters; y = 7’ is fill factor, equal to the ratio of the

duration of the on state of the transistor to the repetition
period.

Since the input current of the converter can have
significant ripple, the curves of the collector current of the
transistor and the anode current of the diode can have a
rather complex shape. To calculate the effective value of
the collector current, it is possible to make an assumption
about the linear law of change of this current on the
interval of the on state of the power switch. In this case,
the rate of increase of the input current is equal to:

U

in

L;

di

dt ’ ©)

where L; is the inductance of the windings of the
induction motor.

For calculating the losses in the transistor during
turn-on, as shown in [15], it is convenient to assume a
linear law for the collector voltage drop during the turn-
on interval:

t t
Up = Ukmax(]_t_) ~ Uout(I_t_)ﬂ

cn r

(10)

where u; is instantaneous value of collector voltage;
Ui max =Uous 18 collector voltage before switching on;

is duration of collector voltage decay,

len =1
approximately equal to the duration of collector current

rise when the transistor is turned on.

Equation (8) is valid assuming for 0 <t <¢,, that
the beginning of time counting coincides with the
beginning of collector voltage decay.

As the collector voltage decreases and the collector
current increases, the voltage drop in the rotor winding of
the induction motor increases, and accordingly, the
current through the diode decreases. Since the stator and
rotor windings have inductance L;, the collector current

during transistor turn-on
quadratic law:

increases according to a

2
_Ukmax_t__

s 2

2
Your .t L
cn

tr 2L1 tf

an

I

Let us introduce the value of /j,, defined by the

ratio:
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Iy, =

(12)

2.L; "

The value of collector current, by (11) is the value of
collector current at the moment of voltage drop between
collector and emitter to zero. This current value is used as
a design value in the equation for calculating turn-on
losses [15]:

Ly
12

Fon J uipdt = outlkp_r'
0 T

1
T

If we assume that [, =1;,, then the equation with

m>

regard to (12) can be rewritten in the form:

1
12

h_ 1y

P ,
out~in T 12

on =

rSies (13)

out ’

Similar considerations can be used to calculate the
losses in the transistor at turn-off. In this case, it is
convenient to assume a linear law of collector current
decay:

t
—)>
tr

. t
Ik =1kmax(1—t—)~1m(1— (14)
s

where 7, is the duration of collector current drop at turn-

off.

Similar can be made about the linear law of collector
voltage rise by a quadratic law on the off interval:

2 2
L.t lytr ¢
uk=ucs=¢'_:m—f'_z’ (15)
2:C ty 2:C i
_dncty
S 2U

out

where C, is the capacitance of the thyristor protection
circuit capacitor.

Accordingly, the losses when the transistor is turned
off are determined by the ratio:

17 tf
Poﬁ’ :F (.E uplpdt = 'UoutlinF
tf b
=Uoutlin—- T2 —Uourlin- Ly~ Jr - (16)

Losses in the diode from reverse current VD,
according to [8], have also several components, the most
significant of which are losses from direct current (main)
and losses at diode switching off. The forward current
losses can be calculated using expression (7).

According to [13], [15] the diode turn-off loss
powers can be determined from the following expression:

20

1

Iy, Uy ©
—tbm Ybm _ Elmeme fie»

T, 2

off - (17)

where 1p,,, U, is amplitude of reverse current and
Ty
frequency; f, is switching frequency; ¢ is duration of

voltage, respectively; is period of switching

the diode reverse current decay, the value of which is
determined from [15].
Thus, the total losses in the limiting diode:
(18)

2
Tib
Tip + Tup

Ibm'me
Ty

IR
Py =U, Id(uk} dU@

]

1
~~-+3[memeibfk

Losses in the rectifier-inverter group can be
determined quite accurately as in the power transistor
(diode) according to expression (6). Also, as in the case of
the transistor, losses from leakage currents and in the
control circuit can be neglected. In this case we can also
neglect the losses during switching on and off of the
thyristor (diode). Thus, the total losses in the thyristor of
the rectifier will correspond to the main losses:

o

av ks
F; = Puain _Uﬂlav[1+kf Js (19)
Uy
where U, R, are threshold voltage and dynamic

resistance of thyristor (diode), respectively; /,, is the

ayv
average value of anode current of thyristor (diode); & s

thyristor (diode) current waveform coefficient.
Average value of the thyristor anode current for a
three-phase bridge circuit:

(20)
The total rectifier losses will be determined by the

number of valve arms in the circuit:

P, ,=n-P

rect — main *

ey

For the three-phase bridge circuit n =16 .

According to equations (6), (18) and (21), we can
finally write the function on the switching frequency of
all losses in the convertors in the following form:

5 IR
Ia(1+kf l“]’}r..

0
Uoutlm tf fk+

PZconv(fk): U

1
...+EUWZ-Im-tr-fk+
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Using expressions (5) and (22), the overall loss

function of the electromechanical system can be
expressed:

PZsys (fk ’ﬂ'ls:ﬂ'lr): chom,(fk )+ Buotor( 215, A1y ) (23)

...+U0'Id(

o

1, ,R
] kZ invi 22

"'+6'U01inv(
0

It follows from (23) that to determine the optimal
switching frequency of the power switch it is necessary to
set the optimization problem for three variables: the
distortion coefficients of the stator currents Ay, rotor

currents A;. and from the switching frequency of the
switch f; . The solution of the problem is rather complex
and cumbersome and requires the determination of the
coefficients A;, and A, , depending on the switching

frequency of the switch f . Therefore, it is necessary to

reduce the target function to the form from one variable,
i.e. from f; .

Fig. 1 shows the dependences of harmonic distortion
coefficients for the stator and rotor currents of AK-4 type
induction motor of 1000 kW power on the switching
frequency of the converter switch elements, obtained by
simulation modelling when the electromechanical system
is operated with a fan load in the range of operating slip
§=0,5+0,1.

During modelling and calculation of all losses in the
converter we used power elements for bridge rectifier
diodes of W1074Y#320 series, reverse current diode of
MO768S/RX250 series, IGBT transistor of TO850VB25E
series and inverter group thyristors of N0606YS250 series
of Westcode manufacturer, the passport data of which are
given in [16]. It is also possible to determine the harmonic
distortion coefficients in practice in the process of
converter adjustment, using modern measuring
instruments that can perform spectral analysis of currents
or voltages, and independently calculate the harmonic
distortion coefficient.

yl 5%30

[ =]

5

Lad

Figure 1. Dependences of stator (a) and rotor (b) current
harmonic distortion coefficients of AK-4 type induction
motor with power of 1000 kW on the frequency of
commutation of the converter switching elements: 1 -
s=0,5;2 -s=0,4; 3 -s=0,3; 4 - s=0,2; 5 - s=0,1.

The equation describing the dependence of the
harmonic distortion coefficient on the switching
frequency for the stator current of the induction motor is
as follows:

Mgl fe)=0.529-0701- fi, +0445- f;” —.

...—0,126-fk3+0,013-fk4 (24)
and for rotor current of the induction motor:
Ap( fi)=0857—-0999- f, +0.614- f;° —...
= 0172 ;3 40018 £,* (25)

Dependence (23), taking into account (24) and (25),
can be reduced to the form from one variable.
Consequently, to determine the optimal switching
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frequency of the switching elements of converter at which
the minimization of losses in the electromechanical
system is performed, it is necessary to reduce the target
function to the form:

d

o 55 (fe)=0.

The final expression for determining the optimal
switching frequency is as follows:

(1,35-10‘3 2426107312 "’2)'fk7 —

...—(22,-94‘3 07 +4334-107 07 n)-fxf o
..4+(0,165~ISZ 03117 ~r2)- R

...—(0,652~IS2 4123617

2+ 300617 -
2

rp+4,565-17 -
2

44,1011 -

o+ 171212 -r2)+AP+...

u,,l 'tf+“‘

out ’ outtin

1 1
— Uy Lipt, +—
12 R )

1
"'+31memeib =0 (26)
Expression (26) is not difficult to solve with the help
of mathematical packages.

For AK-4 type of induction motor with rated power
of 630 kW, working with fan character of load on

working slip s=0,5, has power on shaft P_, ; =204 kW,

stator current I, __,s=118 A; stator winding resistance

r; =0,295 Ohm; rotor current /, =192 A; rotor winding

resistance r, =0,028 Ohm, according to (26) the optimum

value of switching frequency of switching elements of
convertor under condition of minimisation of losses in

electromechanical system /" =0,626 kHz is obtained.

Thus, the obtained analytical expression (26) can be
used in determining the effective switching frequency of
power switches of the convertors, which provides the
minimum level of losses in the electromechanical system.
To calculate the effective switching frequency for other
values of operating slip and other power of induction
motor, it iS necessary to give approximating expressions
(24) and (25) for eigenvalues of harmonic distortion
coefficients of induction motor stator and rotor currents.
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To confirm the adequacy of the above method of
determining the effective switching frequency of the
converter switchers, according to [8], a simulation model
was developed, which includes a block of electromagnetic
submodel, taking into account the nonlinearities of the
induction motor [11], and the block of calculating the
energy performance of the drive.

Fig. 2 shows the calculated dependences of total
losses in the electromechanical system on the frequency
of commutation of the converter switchers, respectively,
for AK-4 type induction motors with rated power
P teqa =030 kKW, P....=800 kW, P, ;.,=1000 kW at
operating slip s=0.5, obtained by simulation modeling.

The analysis of dependencies shows that
minimization of total losses in the electromechanical
system is performed at switching frequencies for
induction motor: P, =630 kW - f, = 0.643 kHz; for

P yieq =800 kW - f; = 0.698 kHz; for P,y =1000 kW -
Jfir= 0.704 kHz. It should be noted, that for induction

motor  with  different rated powers in the
electromechanical system, the optimal value of the
switching frequency practically does not change.

TP, kW 125

110

80

—_
2

fi. kHz

Figure 2. Calculated dependences of the total losses in the
electromechanical system on the switching frequency for
the operating slip of induction motor s=0.5: 1 - at
P tea =630 kW; 2 - at P,.,,=800 kW; 3 - at

Puseq =1000 KW.

As a result of the conducted research, the method of
determining the optimal switching frequency of the
converter power switchers is proposed, which consists in
the formation of the target function of the dependence of
the total losses in the electromechanical system on the
switching frequency of the converter power switchers. For
induction motor with P, ;=630 kW the optimal
switching frequency calculated by means of analytical

opt

expression is f;*" =0,626 kHz, by means of simulation

modeling - f; = 0,621 kHz. Thus, the calculation error
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does not exceed 3.5%.

The obtained analytical expression (26) has an
acceptable error in determining the effective switching
frequency of the power switchers, which provides the
minimum level of losses in the electromechanical system.
However, the proposed method requires the determination
of harmonic distortion coefficients for the stator and rotor
currents of the induction motor, the values of which
depend both on its operating slip and on the operating
mode of the electromechanical system. Therefore, for
each case it is necessary to give approximating
expressions (24) and (25) for the eigenvalues of harmonic
distortion coefficients of the induction motor stator and
rotor currents. The proposed methodology for
determining the optimal switching frequency of the power
switch can be applied in engineering design, as well as in
the adjustment work of converters depending on the class
and mode of operation of the electromechanical system.

V.CONCLUSION

Investigations of switching processes in power
elements of the converter are carried out. More accurate
expressions allowing to estimate the main and switching
losses in power elements of the converter have been
obtained.

The method of determination of the optimum
frequency of switching of the power switchers on the
example of the converter is offered. The calculation error
of the optimum switching frequency of the power
switchers of the converter, which is obtained by the
analytical method in comparison with the results obtained
by means of modeling, does not exceed 3.5%.

The proposed methodology for determining the
optimal switching frequency of the converter power
switchers can be used in the problems of minimizing
losses in AC and DC electromechanical systems, which
are used in different areas of intermediate mechanisms.
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Mema pobomu. [Iposecmu O0CHiONCEHH KOMYMAYIUHUX NPOYecie ma po3pooumu Memoouxy OJiss 6U3HAYEHHS
yacmomu KOMymayii noaynposiOHUKOBUX elleMeHmMi8 Nepemeoprogayd Oas BUCOKOBOIbMHUX eleKMPOMEXAHIUHUX
cucmem 3 Memor MiHiMizayii enekmpuyHux empam npu ix pobomi 3 6eHMUNAMOPHUM HABAHMANCEHHAM.

Memoou oOocniodxcenus. Memoou 6azamokpumepianbhoi ma OOHOKPUMEPIAAbHOT onmumizayii 01t NOULYKY
ONMUMANLHUX ~ 3HAYEHb  eNeKMPUYHUX 8Mmpam  eleKmPOMEXaniyHoi  cucmemu, Memoou pIileHHs cucmemu
ougheperyiliHux pieHsHb NEPULO20 NOPAOKY, AHAIMUYHI MEMOOU.

Ompumani pesynomamu. /[ niosuweHHs pigHs eHepeoeeKmueHOCMi BUCOKOBOIbMHOI eleKMpPOMEXaHIYHOT
cucmemy 05l CIMAYIOHAPHUX YCMAHOBOK NPOMUCTOBUX BEHMUNANOPIE 63 3MIHU IX KOHCMPYKMUBHUX 0CO0IU80CMEl
cxemu oyineno pigeHb cymapuux empam. Ilo6yooeano yinbo8y @OYHKYIIO 3a1EHCHOCMI CYMAPHUX 6mpam 6
eeKmponpugoodi 8i0 uacmomu KoMymayii CUiosux Kiroyie ma KoegiyieHmie 2apMOHIYHUX CHOMBOPEHb CMPYMI6
cmamopa ma pomopa BUCOKOBOAbIHO20 ACUHXPOHHO20 08USYHA 3 (DA3HUM POMOPOM. 3a 00NOMO20I0 anpoxcumayii
B8CMAHOBNIEHO 2EHEPYIOYY 3ANeNHCHICMb Yacmomu KO-Mymayii Ccunoeux KIOYie nepemeoprogayd 6i0 GenuyuHu
Koeghiyienma cnomeopeHHs. 2apMOHIK CMpPYMIE cmamopa i NPUBOOH020 pOMOpa ACUHXPOHHO20 OsucyHa. Llinbogy
@YHKYII0 810 MPbOX 3MIHHUX NPUEEOeHo 00 8Udy QYHKYIL 6i0 o0Hiel 3minnoi. IIposedeno imimayiiine MOOent0O8aHHS
ENEKMPOMASHIMHUX | eHeP2eMUYHUX NPOYECI8 8 BUCOKOBOTILIMHILL eNeKMPOMEXAHIUHII CUCmeMI 3 Memor0 OYiHKU Pi6Hs
cymaprux empam. IIpogedeno nopisHANbHUL AHANI3 MA BUSHAYEHA AOEKBAMMICIb OMPUMAHOZ0 AHAIMUYHOZ0 8UPA3Y
w000 GUSHAUEHHS ONMUMAILHOL 4aCMOmU KOMymayii CUNIoBUX eleMeHmi8 nepemeoplosaid Npu 6UKOHAHHI YMOBU
MIHIMI3ayii empam 6 8UCOKOBOILIMHIL eIeKMPOMEXAHIYHIL cucmemi 3 pe3yibmamamit MOOem08aAHHA.

Hayxosa nosusna. Ilposedeno 0ocniodncents KOMymayitiHux npoyecié y CUNOGUX eneMenmax nepemeoplosaid wo
6xo0ums 00 CMPYKMYPU BUCOKOBONbMHOI elleKmpomexaniynoi cucmemu. OmpumaHo Oinbut MOYHi AHANIMUYHI
3a1edHCHOCMI, WO 00380AAI0Mb BUSHAYUMU OCHOBHI MA KOMYMAYIliHi 6mMpamu 8 CUI08UX elleMeHMax nepemeoprosaid
0J151 BUCOKOBOIbMHOL eIeKMPOMEXAHIUHOT CUCEMU.

Ilpakmuuna yinnicms.  3anponono6ano  MemoOuxy  GUHAYEHHS ONMUMANbHOI  uwacmomu  KoMymayii
HanignpoGIOHUKOBUX eleMeHmi8 Nepemeoprosaid wo 6xo0ums 00 CIMPYKMYpPU 6UCOKOBOTIbMHOL eNeKmMpPOMEeXaHiuHol
cucmemu. Tloxubka po3paxyHky OnmMuMaibHoOi Yacmomu KomMymayii HanienpogioHUKo8Ux eleMeHmie nepemeopiosayd,
Wo OMpUMAHA AHATIMUYHUM CROCOOOM NOPIBHAHO 3 Pe3yIbnamamu, OMPUMAHUMY 34 OONOMO20H0 MOOENO8AHHS, He
nepesuwye 3,5%. 3anpononogsana memo-ouka Mmoodice Oymu SUKOpUCMAHA 6 3a0adax Minimizayii empam 6
BUCOKOBOILINHUX — €JIeKIMPOMEXAHIYHUX —CUCMeMax —eleKmponpueooy 3MIiHHO20 mMa NOCMILHO20 CMPYMY, WO
3ACMOCO8YIOMbCA 8 PI3HUX 00IACMAX NPOMUCTOBUX MEXAHIZMIB.

Kniouosi cnosa: uyacmoma komymayii, onmumiszayis, empamu, eHepzoegexmugHicmb, Nnepemseopro8ad,
BUCOKOBONILIMHA eNEKMPOMEXAHIUHA CUCEMA
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