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METHOD FOR OPTIMIZATION OF SWITCHING FREQUENCY
IN FREQUENCY CONVERTERS

Purpose. To present a methodology for determining the optimal switching frequency in frequency converters and autonomous
voltage inverters, the load of which is an asynchronous electric motor. The methodology is based on determining the dependences
of static and dynamic power losses in the power switches of the inverter on the switching frequency and the dependence of power
losses in the windings of an induction motor on the higher harmonics of currents, which also depend on the switching frequency.

Methodology. Polynomial approximation of the energy characteristics of power transistors. General provisions of the theory of
electrical circuits. The determination of additional power losses in the windings of an induction motor from higher harmonics is
based on analytical calculation and simulation in the Matlab/Simulink software environment and a specialized program from the
manufacturer of power switches Mitsubishi — MelcoSim 5.1.

Findings. A method for optimizing the frequency of pulse-width modulation in frequency converters, the load of which is an
asynchronous motor, is presented according to the criterion of the minimum total power losses in the power transistors of the in-
verter and the resistance of the motor windings. The proposed calculation technique allows determining the dependence of static
and dynamic losses in power IGBT-transistors with a sufficiently high accuracy while being in the MelcoSim software environ-
ment. To calculate the losses in the motor, it is shown that the switching frequency of the power switches affects the harmonic
distortion factor and the average value of the phase current of the induction motor. Provided that only the first harmonic of the
current performs the useful action in an asynchronous motor, the dependence of additional power losses on the switching fre-
quency is given.

Originality. A method for optimizing the frequency of pulse-width modulation by the criterion of minimum additional power
losses in the resistance of the motor windings from higher harmonics of the current and static and dynamic losses in the power
transistors of the inverter is presented. An analytical dependence of additional power losses in the active resistance of the windings
of induction motors as a function of the harmonic distortion factor of the phase current of an autonomous voltage inverter is pre-
sented.

Practical value. The presented technique makes it possible to determine the optimal modulation frequency in frequency con-
verters with asynchronous motors and to ensure the minimum total power losses and the maximum value of efficiency in the
“autonomous voltage inverter — asynchronous motor” system.

Keywords: switching frequency, higher current harmonics, power losses, coefficient of harmonic distortion, simulation modeling,
[frequency converter, asynchronous motor

Introduction. Asynchronous electric motors are widely
used in various industries and transport — from rolling mills to
rail transport [1, 2]. Frequency converters that work with sinu-
soidal or spatial-vector PWM are most often used to regulate
the speed and torque of induction motors [3, 4].

Improving the energy efficiency of asynchronous electric
drive is an important area of development of electrical engi-
neering and electromechanics.

Ways to increase the energy efficiency of an asynchronous
electric drive. The increase in the efficiency of induction mo-
tors (AD) is associated with an increase in the poles of the AD,
a decrease in the resistance of the windings of the AD and an
increase in power factor. In addition, to ensure the maximum
efficiency of the induction motor, it is rational to use a BP with
full (nominal) load [5, 6] (Fig. 1).
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It is also important to increase the efficiency of frequency
converters in an asynchronous electric drive. Types of power
losses in power switches, possible methods for reducing these
losses are given in Table 1. Reduction of power losses and, ac-
cordingly, increase in efficiency in the “frequency converter —
induction motor” system, in addition to design methods, can
be achieved by algorithmic methods, i.e. features of the algo-
rithm of control systems, or mode of operation.

Literature review. In publications [7, 8] the study on power
loss optimization in the “autonomous voltage inverter — in-
duction motor” system by the parameter of the modulation
coefficient M, which is defined as the ratio of the amplitude of
the sinusoidal signal of the PWM A, to the amplitude of the
reference sawtooth signal 4,
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Fig. 1. Efficiency at full and partial loading of the motor:
1 — high efficiency; 2 — low efficiency; 3 — normal speed zone

The disadvantage of optimizing power losses in the “au-
tonomous inverter — asynchronous motor” system by the pa-
rameter of the modulation factor is that at a given value of the
motor torque it cannot be changed, as reducing M will reduce
the phase current of the motor and therefore reduce torque. In
addition, the disadvantage of these publications is that it is not
clear how the dynamic power losses in the power switches were
determined and how the power losses in the induction motor
were determined [9, 10].

In [11], a study on the optimization of the switching fre-
quency of power transistors of a single-phase half-bridge two-
level voltage inverter with an output LC filter by the criterion
of minimizing the mass and dimensions of the system. The
disadvantage of the publication is the inaccuracy of the formu-
las used, as well as the lack of attention to the fact that the ef-
ficiency of the converter will be significantly reduced. Accord-
ing to this work, “with increasing frequency there is a notice-
able decrease in mass and dimensions due to their reduction
for reactive elements”, thus high enough frequencies are se-
lected as “optimal” at which in power switches there will be
quite high power losses and, as a result, overheating. There is a
violation of the logic of the statement, because it is indicated
that for power transistors of class S with a switching frequency
of 1 kHz, the optimal switching frequency by mass of the sys-
tem is a frequency of 12.2 kHz, which is physically impossible.

In [12] it was shown that the efficiency of an induction
motor type 4AA5S0V4U3 with a power of 90 W when powered
by “pure” sinusoidal voltage is 3—7 % higher than when pow-
ered by a real frequency converter with voltage distortion. The
disadvantage of this publication is the lack of data on the PWM
frequency used in the experiment, as well as the lack of depen-
dences on the efficiency of power losses on the switching fre-
quency of the keys, or on the parameter of the harmonic dis-
tortion of the phase current.

In [13], a study on methods for optimizing the efficiency of
the vector control system of an induction motor according to
the criterion 1, = 1, is presented. The disadvantage of this study
is the lack of accounting for the impact of losses in the inverter
keys on the overall efficiency of the drive.

In [14], a study was presented to reduce the coefficient of
harmonic distortion of the output current of the AVI and min-

imize the equivalent frequency of switching power switches by
remodulation.

Based on the review, it can be concluded that the task of
optimizing the frequency of switching power switches in the
“AVI-AD?” system by the criterion of minimum losses is rele-
vant.

Purpose. Minimization of power losses in the “autono-
mous voltage inverter — asynchronous motor” system by opti-
mizing the frequency of pulse-width modulation.

Optimization of pulse-width modulation frequency in fre-
quency converters by the criterion of minimum power losses in the
AVI—AD system. Most common frequency converters (such as
Siemens, OWEN, Danfoss and others) have the ability to con-
figure and set the modulation frequency. The switching fre-
quency affects the following factors. As the modulation fre-
quency increases, the power losses in the power switches of the
stand-alone inverter increase.

At the same time, as the switching frequency increases, the
sinusoidality of the inverter phase current improves, as a result
of which additional power losses in the windings of induction
motors from higher harmonics are reduced. One of the ways to
improve the energy efficiency of an asynchronous electric
drive with a frequency converter is to optimize the switching
frequency of power switches.

There is a dilemma: the higher the switching frequency of
the transistors is, the greater the power loss in the power
switches is, yet the higher the sinusoidal current of the induc-
tion motor is and, accordingly, the smaller the power loss in
the induction motor from higher harmonics becomes.

Thus, a switching frequency is theoretically possible at
which the total power losses in the motor and inverter will be
minimal.

Next, we give analytical dependences that describe the de-
pendences of power losses in power switches on the switching
frequency.

Analysis of the dependence of power losses in the power
switches of the inverter on the switching frequency. Power losses
in power MOSFET or IGBT modules consist of power losses
in the transistors themselves and power losses in the reverse
diode [15, 16].

In this case, power losses are conventionally divided into
static power losses — losses in the conductive state, and dy-
namic power losses — losses when turning on and off the tran-
sistor

E/ass,madu/e = E[ass. yrt Eloss. VD>
Ess.vr=Evrpc+ Evrsws
Eioss.vo=Evp.pc+ Evp.sw,

where Ey;pc is the static loss energy in MOSFET-transistors;
Eyrswis the energy of dynamic losses in MOSFET-transistors;
Eyp pe is the energy of static losses in parallel diodes; Ey; p¢ is
the energy of dynamic losses in parallel diodes.

The approximate process of switching current and voltage
in power transistors and the distribution of static and dynamic
losses is shown in Fig. 2.

Table 1
Structural and circuit methods for reducing power losses in the power switches of the inverter
Type of Components of losses Causes of losses Possible methods to reduce Disadvantages
losses losses
Static - losses in the leading state; - depending on the amount of | - change of an internal design | - high cost of keys based on
- leakage currents current and voltage on the of a power key for decrease in | silicon carbide
device voltage drop
Dynamic | - losses on the transistor; - the amount of current and - soft switching methods; - complications of the
- losses on switching off the voltage during switching; - improved driver designs; circuitry of the device;
transistor; - duration of switching; - reducing the switching - increase in cost;
- diode recovery losses; - the number of switches frequency - reducing the quality of the
- losses in drivers output current of the inverter
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Fig. 2. Switching process in MOSFET or IGBT-switches:

a — current and voltage transients; b — transients of power losses

The energy of static power losses in transistors can be de-
fined as the integral of the power function over time and are
determined from the expression

2
EVTADC = J.(lc ’ uce )dt’

L

where i, is the collector current; u,(i,) is the voltage between
the collector and the emitter, which depends on the magnitude
of the collector current.

Similarly, the energy of dynamic losses can be defined as
the power integral at the on and off intervals

t, t
Eyp gy =[P (1)-di+[ Py (1,)-dt,

h ]

where P,,(1.) is the power loss in the transistor when it is
turned on, depending on the value of the collector current;
P4(1,) is the power loss in the transistor when it is turned off,
depending on the value of the collector current.

Static losses in reverse diodes are determined from the ex-
pression

lig

Eyppc= I (g *yq) -,
1,

i

where uy,, is the voltage drop across the reverse diode; ivd is
the reverse diode current.

Dynamic losses in reverse diodes are determined from the
expression

1,

Eyp sw = I P (iy)-dt,

1,

i

where P, is the reverse diode reduction energy.

The change in switching frequency has almost no effect on
static losses and directly affects the dynamic power loss [17].

Determination of power losses in the power switches of the
inverter can be determined, for example, by calculation in spe-
cialized programs from manufacturers of power transistors,
namely programs MelcoSim, SemiSel and the like.

Determination of additional power losses in the resistance
of windings of induction motors as a function of the coefficient
of harmonic distortion of the phase current. A method for de-
termining additional heat losses in the windings of electric
motors of alternating current from higher harmonics, which
are uniquely determined based on the resulting value of the
coefficient of harmonic distortion of the motor current. This
method can be used in the case when the effect of the skin

effect on the resistance of the windings of motors with a lim-
ited range of higher harmonics of the current is insignifi-
cant. In this case, additional losses in the windings from
higher harmonics can be calculated based on the increase in
the root mean square value (RMS) of the current relative to
the value of the first harmonic, and, consequently, the in-
crease in square losses depending on the RM.S value of the
current [18].

As is known, the harmonic distortion coefficients for alter-
nating current THD . are defined as

THD,. = %
where [, is the root-mean-square value of the m” harmonic.

For further formulas, the THD values are given in relative
values, i.e. from 0 to 1.

As is known, the effective value (also the root-mean-
square value — RMS) of alternating (or constant pulsating)
current is equal to the value of such direct current, which for a
time equal to one period of alternating current, will do the
same work (thermal or electrodynamic effect) as the alternat-
ing current considered.

Tonss = / -1i2(t)dt.

The RMSvalue of alternating current can also be expressed
through the spectrum of higher harmonics

L rus ac :,/112+ 2131
m=2

Then the RMS value of direct and alternating currents can
be represented as

~[=

L rags ac =L ac- (H‘THD/zac)'

The relative increase in power loss in the active phase re-
sistance of the motor R, caused by higher harmonics can be
expressed as

I2-R,-(1+THD?)
T IZR

Thus, a clear relationship between the coefficient of har-
monic distortion of current consumption and the percentage
of additional power losses is established.

The dependence of the relative value of additional power
losses on the value of the harmonic distortion coefficient is
shown in Fig. 3, which is 100 % assumed losses caused by the
fundamental harmonic of the phase current of the motor.

Shown in Fig. 3 ratios allow determining the additional
losses in the active resistance of the motor windings from the
value of the coefficient of harmonic distortion THD;load cur-
rent. Fig. 4 shows that the distortion of the phase current with

AP:II%MS'RS
I2-R

s

=1+THD?.
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Fig. 3. Dependence of the relative value of the RMS value of
current and power relative to the current and voltage of the
first harmonic on the coefficient of harmonic distortion
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a harmonic distortion coefficient of 50 % causes an increase in
power losses in the electrical network by approximately 25 %.

Further determination of the dependence of the harmonic
distortion coefficient of the phase current of the motor on the
modulation frequency of the inverter can be performed by
simulation.

Determination of additional power losses from higher har-
monics in the steel of induction motors. Additional power losses
from higher harmonics in the steel of induction motors are due
to the presence of hysteresis losses and eddy current losses.

In the study [19] determination of power losses due to hys-
teresis and eddy currents was performed by the expression

Py =Dy + Dy =B (K, [+ K,y f2)-(my +my),

where p, is the main losses in steel; pg is the loss of hysteresis;
Pinis the losses on eddy currents; K, is the loss factor for hyster-
esis; Kj, is the coefficient of losses on eddy currents; B, is the
equivalent value of magnetic induction, averaged over the
mass of the teeth and the yoke of the stator core; f'is the fre-
quency; m,, is the mass of the yoke; m,, is the mass of the teeth
of the stator core.

The equivalent average value of magnetic induction can be
determined from the expression

Pg:Pa1+Pz1:(331'mal+Bz21'mz1)'(Kg'f+Ki"'f2)' M)

From expression (1) we obtain

2 2
B = Bal‘mal+BzI.mzl
e 9
mal+mz|

where p,; is the losses in the steel yoke; p,; is the losses in the
steel of the stator teeth; B, is the magnetic induction in the
yoke; B, is the magnetic induction in the teeth of the stator.

In [20] the method for determining additional power loss-
es of a frequency-controlled induction motor from higher
voltage harmonics is given.

Higher voltage harmonics create magnetic fields, which
cause additional losses in the magnetic circuit. Since the slid-
ing of the rotor in relation to these fields will be approximately
one, the magnetic losses will take place in the rotor.

2
por (8] (1) e
B, Jiv o m,

where P, is the main magnetic losses at f; = f,y - o; B, is the

induction from the flow of higher harmonics; B, is the induc-

tion from the main harmonic flow; f, is the frequency of the

higher harmonic voltage; f; is the frequency of the fundamen-

tal harmonic voltage; m, is the mass of stator steel; m, is the

mass of rotor steel.

In the first approximation

U U1

1
=—r= =B -—.
v f;, fi V2 1 V2

Summing up the losses from all harmonics, we get

m.+m kel
va = Pma P, Z V_(4_”). )
m, v=6K+l

Additional magnetic losses from the higher harmonics of
the magnetic flux at different control laws and values of the
control coefficient « are carried out in accordance with (2).

Losses on eddy currents in the core of the rotor from the
action of higher harmonics can be determined according to
[21] by the expression

0

‘7,‘"2 = z_; ainZv = kin My Z BZZZV (ji ,v)2 .E-’V’

v=5

where m, is the mass of the teeth of the rotor core.

Losses on the hysteresis in the core of the rotor from the
harmonics of the order vpy,, are

k
pch :kgc'md'fi 'S'Bzzz(l)' 1+7'Bz2vPWM '(VPWM _1) s

BzZ(l)

where B ), is the amplitude of the fundamental harmonic of
the magnetic induction in the teeth of the rotor.

The coefficient of increase in losses in steel of the induc-
tion motor at food from the frequency converter with PWM is

K

cm

— pinl ’Kin +pgcl ’Kgc +pd +pin2 +pgc2
P, t Dy

where p, is the additional losses in the steel of an induction
motor during sinusoidal power supply.

In the model of accounting for losses in the frequency do-
main

N 2 15
P:Z(Kh-(n~f)«Bj+Kc~(n‘f‘Bn) +K,(n-f-B,) )
n=l1

where 7 is the harmonic number, the Fourier transform is used
for the time domain simulation results in each grid element.

When using Perseval’s theorem, average losses on eddy
currents for the model in the time domain should be equiva-
lent to the losses on eddy currents for the model in the fre-
quency domain [22]

Y 2\ 1 2 % (dBY
Q_”Z;(Kc-(n-f-Bn) )_T'M'OK”(dtj dr.

The extraction of coefficients for the model in the frequen-
cy domain is carried out by the same method as for the model
in the time domain. Analytical calculation of power losses in
the stator of an induction motor is complicated by the uncer-
tainty of the corresponding coefficients, which in practice are
determined empirically, i.e. in the course of physical experi-
ments.

A very effective method for determining power losses in
the steel of induction motors is 3D modeling of power losses in
programs such as Ansys and Solid Works.

Results of calculations and modeling for optimization. As an
example of the described method, we will optimize the modu-
lation frequency for a stand-alone voltage inverter on power
transistors type RS21A79 and a typical asynchronous motor
with a motor power of 3.7 kW.

The main parameters of the studied induction motor are
given in Table 2.

The simulation model of an autonomous voltage inverter
with an induction motor in the Matlab/Simulink software en-
vironment is shown in Fig. 4.

Table 2
The main parameters of an induction motor

Parameter Value
Rated power, kW 3.73
Active resistance of stator windings, Ohm 1.115
Active resistance of rotor windings, Ohm 1.083
The inductance of the stator windings, mH 5.974
Inductance of rotor windings, mH 5.974
Rated voltage in a direct current circuit, V 460
The number of pole pairs 2
Rated frequency, Hz 60
Nominal speed, rpm 1750
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Fig. 4. Simulation model of a stand-alone voltage inverter with an induction motor

Simulation of the AVI-AD system was performed at the
nominal load of the engine (nominal constant torque and
nominal speed). During the experiments, only the PWM
modulation frequency and, accordingly, the switching fre-
quency of the power switches changed. According to the simu-
lation results, the value of the first harmonic of the output
voltage and output current does not change due to the change
in modulation frequency, but the content of higher harmonics
decreases with increasing PWM frequency, as a result of which
the RMS value of phase current decreases. The simulation re-
sults are given in Table 3.

The dependence of the THD phase current of the inverter
on the modulation frequency is shown in Fig. 5.

The dependence of power losses in the stator windings of the
induction motor on the modulation frequency is shown in Fig. 6.

Power losses in the power keys are determined using the
Melcosim program from the power key manufacturer Mit-
subishi. Fig. 7 shows the interface of the program Melco-
Sim 5.1, which was used to calculate power losses in power
transistors under appropriate conditions of simulation Matlab
(namely, the calculation of power losses in the inverter
PS22A79 at phase current 9.8 A, modulation frequency 4 kHz,
frequency of the first harmonic output current 60 Hz, inverter
supply voltage 460 V).

The results of calculations of total power losses in power
switches from the modulation frequency are performed in the
MelcoSim software environment and are shown in Fig. 8 and
in Table 3.

The final result of analytical calculations and modeling in
Matlab, namely the dependence of the total power losses in

Table 3
The results of modeling and calculation of the AVI-AD system at full load
PWM THD, Loss in the three Losses in the three A.dditiongl power losses Tptal losses Total losses of
frequency. phase Trus, 1,, | phases of the stator phases of the statorv in the windings f.rom inpower | \\yo g AD,
KHz current, A A from full current, | from the first harmonic, current harmonics, switches, W
% w W w w
0.5 38.22 10.491 | 9.8 368.18 321.25 46.93 33.48 401.66
0.6 29.484 10.217 | 9.8 349.18 321.25 27.93 34.14 383.32
0.7 22.68 10.049 | 9.8 337.78 321.25 16.52 34.74 372.52
0.8 19.726 9.989 | 9.8 333.75 321.25 12.50 35.34 369.09
0.9 17.318 9.946 | 9.8 330.89 321.25 9.63 35.94 366.83
1 15.386 9.915 | 9.8 328.86 321.25 7.61 36.6 365.46
1.2 12.8926 9.881 | 9.8 326.59 321.25 5.34 37.86 364.45
1.4 11.228 9.862 | 9.8 325.30 321.25 4.05 39.18 364.48
1.6 9.674 9.846 | 9.8 324.26 321.25 3.01 40.38 364.64
1.8 8.6268 9.836 | 9.8 323.64 321.25 2.39 41.64 365.28
2 7.84 9.830 | 9.8 323.23 321.25 1.97 42.95 366.18
2.5 6.426 9.820 | 9.8 322.58 321.25 1.33 46.08 368.66
3 5.32 9.814 | 9.8 322.16 321.25 0.91 49.26 371.42
3.5 5.04 9.812 | 9.8 322.07 321.25 0.82 52.38 374.45
4 4.62 9.810 | 9.8 321.94 321.25 0.69 55.56 377.50
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Fig. 5. Dependence of THD phase current of the inverter on the
modulation frequency of the AVI
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Fig. 6. Dependence of power losses in the resistance of the stator
windings of an induction motor on the modulation frequen-
cy of the AVI

power transistors and losses in the motor windings on the
modulation frequency is shown in Fig. 9.

Based on the studies on a stand-alone voltage inverter on
power transistors type RS21A79 and a typical asynchronous
motor with a capacity of 3.7 kW, the optimal modulation fre-
quency in PWM is 1.200 Hz. It should be noted that in the
frequency range from 1 to 2 kHz, the total power loss does not

increase significantly. In the frequency bands below 1 and
above 2 kHz, power losses increase.

Conclusions. The frequency of pulse-width modulation in-
creases and, accordingly, the frequency of switching power
switches in an autonomous voltage inverter, the total static and
dynamic power losses increase linearly. The value of the first har-
monic of the output voltage and the output current of the in-
verter does not change, but the content of the higher harmonics
of the output current of the inverter decreases. As a result, addi-
tional power losses in the induction motor from higher harmon-
ics are reduced. A method is presented for optimizing the fre-
quency of pulse-width modulation in the control system of fre-
quency converters, the load of which is induction motors, by the
criterion of minimum total power losses in the power transistors
of the inverter and losses in the resistance of the motor windings.

Determination of the dependence of power losses in the
power transistors of the inverter is performed using specialized
programs MelcoSim. In the specialized program Matlab/
Simulink the “autonomous voltage inverter — asynchronous
motor” model was developed, in which the dependence of the
harmonic distortion coefficient of the output current of the in-
verter (phase current AD) on the modulation frequency in
PWM is obtained. Analytical expressions are presented that de-
termine the dependences of additional power losses in the ac-
tive resistance of the motor windings on the value of the coeffi-
cient of harmonic distortion of the phase current of the inverter.

The presented method for optimizing the modulation fre-
quency is universal and can be used for different power classes
in systems of frequency-controlled asynchronous electric drive.

To increase the accuracy of modulation frequency optimi-
zation in inverters with low-power induction motors, it is nec-
essary to additionally take into account the dependence of mo-
tor steel losses (eddy current losses and hysteresis) on the har-
monic output voltage spectrum, which in turn depends on
PWM modulation frequency.
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Fig. 7. Power loss calculation interface in the software environment MelcoSim 5. 1
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Fig. 8. Dependence of power losses in AVI power switches on the
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Fig. 9. Dependence of total power losses in transistor switches
and losses in motor windings on AVI modulation frequency
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The article presents well-known analytical expressions
describing the losses in the steel of induction motors from
the higher harmonics of the inverter, but in practice their
application is quite difficult due to the uncertainty of the
calculated coefficients for different motor designs. It is pos-
sible to more precisely determine the dependence of steel
losses on the higher harmonics of the inverter with the help
of the Ansys-Maxwell software environment, which will be
the subject of the next stage of research and, consequently,
subsequent scientific publications. In addition, in the future
it is necessary to determine the optimal switching frequency
of power transistors at different values of load torque and
motor speed.
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HOMHMX iHBepTOpax HAlpyrd, HaBaHTaXXEHHSIM SIKUX €
ACUHXPOHHUI eNIeKTPOABUTYH. MeTonuka 6a3yeThcsl Ha BU-
3HAYEHHi 3aJIeKHOCTEN CTaTUYHMX i TUHAMIYHUX BTpaAT MO-
TY>XKHOCTI B CUJIOBUX KJIIOUax iHBEPTOPA Bill YaCTOTU KOMYTa-
11i1 Ta 3aJIe3KHOCTi BTPAT MOTYXKHOCTI B OOMOTKaxX aCUHXPOH-
HOTO IBUTYHA Bil BUILKUX TAPMOHIK CTPYMiB, 1110 TAaKOX 3a-
JIexXaTh BiJl YaCTOTU KOMYTallil.

Meronuka. IlojniHoMmianabHa anpoKcUMallisi eHepreTuy-
HUX XapaKTepUCTUK CUJIOBUX TPAH3UCTOPIB. 3arajibHi MoJio-
JKEHHSI Teopii eJIeKTpUYHUX Kijl. BU3HaueHHsT 10IaTKOBUX
BTpaT MOTYXHOCTi B OOMOTKaX aCMHXPOHHOTO IBUTYHA Bil
BUILMX T'apMOHIK BMKOHAHO Ha 0a3i aHAJiTUYHOIO po3pa-
XYHKY Ta iMiTallifHOTO MOJEJIIOBaHHSI Y MPOrpaMHOMY ce-
penouii Matlab/Simulink i crieiiajisoBaHo1 TporpamMu Bif
BUPOOHMKA CUJIOBUX KitouiB Mitsubishi — MelcoSim 5.1.

PesyabraTu. [IpencraBieHa MeToauka ONTUMi3allii yac-
TOTU IIMPOTHO-IMITYyJIbCHOI MOZYJISILiI B TepeTBOpIoBavax
YaCTOTH, HAaBAaHTAKEHHSIM SIKUX € aCHHXPOHHUU BUTYH, 3a
KPUTEPieEM MiHIMyMY CyMapHUX BTPAT MOTYXKHOCTI B CUJIOBUX
TpaH3MCTOpax iHBEPTOpA Ta OMOPi OOMOTOK JABUTYHA. 3ampo-
TIOHOBaHA METOIWKA PO3PaXyHKY ITO3BOJISIE Y TIPOTPAMHOMY
cepenoBuili MelcoSim i3 10CUTh BUCOKOIO TOYHICTIO BU3HA-
YaTy 3aJIEKHICTh CTATUYHUX i TMHAMIYHUX BTPAT B CUJIOBUX
IGBT-tpan3ucropax. 1151 po3paxyHKy BTpaT Yy JBUTYHi I0-
KazaHo, 110 YacTOTa KOMYTallil CUJIOBUX KJTIOUiB BITMBAE Ha
KoedilliEHT rapMOHIYHUX CIIOTBOPEHbD i CEpeIHbOKBAAPATUY -
He 3HaYeHHs (Pa3HOTO CTPYMY aCUHXPOHHOTO IBWUTYHA. 3a
YMOBH, 110 KOPUCHY [0 B ACUHXPOHHOMY JIBUTYHi BUKOHYE
JIUIIIE TIepIlia TapMOHiKa CTPyMY, TIpUBeaeHa 3aJIEXKHICTD 10-
JIATKOBMX BTPAT MOTYKHOCTI Bi/l YaCTOTH KOMYTAllil.

Haykosa HoBu3Ha. [1pencraBieHa MeTonuKa ONTUMi3aLii
YacTOTU LIMPOTHO-IMITYJIbCHOI MOAYJISILIIT 3a KpUTEPIEM Mi-
HIMyMYy JOJATKOBMX BTpaT IOTYXKHOCTI B OMOpPi 0OMOTOK
NBUTYHA Bill BUILIMX TAPMOHIK CTPYMY Ta CTATUIHUX i TMHA-
MiYHUX BTpaT y CMJIOBMX TpaH3MCTOpax iHBeprtopa. [Ipen-
CTaBJieHa aHAJIITUYHA 3aJIEXKHICTh TOaTKOBUX BTPAT MOTYXK-
HOCTi B aKTUBHOMY OMOPi 0OMOTOK aCUHXPOHHMX IBUTYHIB Y
GbyHKIIT KoedillieHTa TapMOHIYHMX CIIOTBOPEHb (a3HOro
CTpyMy aBTOHOMHOTO iHBepTOpa HaIpPYTU.

IIpakTyna 3HayumicTs. [1peacraBieHa MeTonuka 103B0-
JISIE BU3HAYUTY ONTUMAJIbHY YaCTOTY MOJYJISLIi B IEPETBO-
proBayax 4acTOTH 3 aCUHXPOHHUMMU JBUTYHaMM ¥ 3abe3rme-
YUTU MiHIMaJIbHi CyMapHi BTPATU MOTY>XHOCTI i MAKCUMaJlb-
He 3HaueHHs KK/ y cucteMi «aBTOHOMHUIA iHBepTOp HAIpy-
Y — ACUHXPOHHUI TBUTYH».

KmouoBi cinoBa: uacmoma komymauyii, euuwji eapmoHiku
CmMpymy, 6mpamu oMy cHocmi, KoeiyieHm eapMOHIYHUX CNO-
meopeHs, Imimauiline MoOeABAHHS, NEPeMBOPIEaY Yacmomu,
ACUHXPOHHUIL 08USYH
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2 — XapbKOBCKWI1 HAITMOHAILHBIN YHUBEPCUTET TOPOIACKOTO
xo3saiicTBa umeHu A. H. bekerosa, r. XapbkoB, YKpanHa

Iens. [MpencTaBUTh METOIUKY OIPENeICHUS] OTITUMAJTb-
HOI YaCTOTHI KOMMYTAIIMK B MPe0Opa30BaTeIsIX YacTOThI 1
ABTOHOMHBIX MHBEPTOPAX HATIPSIKEHUST, HAarpy3KOil KOTOPBIX
SIBJISIETCS aCUHXPOHHBIIM 3JIeKTpoaBUTaTe/ib. MeTtonnka 6a-
3UpyeTcs] Ha ONpeNeSieHUH 3aBUCHMMOCTEH CTaTMYeCKUX U
ITMHAMUYECKUX MOTEPh MOIIHOCTU B CHJIOBBIX KJTHOYaX WH-
BEPTOpa OT YaCTOTHl KOMMYTAllMM M 3aBUCUMOCTU ITOTEPh
MOIITHOCTH B OOMOTKax aCMHXPOHHOTO ABUTATENISI OT BbIC-
ITUX TAPMOHUK TOKOB, KOTOPbIE TAKXKe 3aBUCSAT OT YaCTOThI
KOMMYTallUH.

Metomuka. [TommHOMUANBHAST aNTTPOKCUMAIINSI SHEpTe-
TUYECKUX XapaKTEPUCTUK CHUJIOBBIX TPaH3UCTOpoB. OOIIMe
TTOJIOKEHUST TEOPUU 3JIEKTpUUECKUX Iiereir. OmpeneneHue
JIOTTOJTHUTEIBHBIX TTOTEPh MOIITHOCTH B OOMOTKaX aCUHXPOH-
HOTO JBUTATENST OT BBICIIMX FAPMOHUK BBHITIOJTHEHO Ha 6a3e
AHAJIUTUYECKOTO pacyéTa U MMUTALIMOHHOTO MOJIEIMpPOBa-
HU B IIporpaMMHo#t cpene Matlab/Simulink u cnienmanuzu-
POBaHHOI MTPOTPaMMBbl OT ITPOU3BOIUTENSI CUIOBBIX KITFOUEt
Mitsubishi — MelcoSim 5.1.

Pesyabrarel. [1pencraBieHa MmeToarka ONTUMU3ALIMK Ya-
CTOTHI IMMPOTHO-UMITYJILCHOUM MOIYJISILIUU B IpeoOpa3oBa-
TEJISIX YacCTOThI, HArpy3Kol KOTOPBIX SIBJISIETCSI aCMHXPOH-
HBIII JBUTATE]b, IO KPUTEPUIO MUHUMYyMa CYMMapHBIX IO-
Tepb MOIIHOCTH B CUJIOBBIX TPAH3UCTOpPax MHBEPTOpPA U CO-
MMPOTUBJICHUM 0OMOTOK aABuTatest. [IpemoxkeHHass METOIM -
Ka pacu€Ta Mo3BOJIIET B MporpaMMHoOii cpeae MelcoSim ¢
JIOCTATOYHO BBICOKOI TOYHOCTBIO OIPEIEISTh 3aBUCUMOCTh
CTaTUYECKUX M JMHAMUUYECKUX moTepb B cuioBbix IGBT-
TpaH3ucTopax. Jisg pacuéra morepb B ABUTaTelIe TTOKa3aHO,
YTO YacTOTa KOMMYTAllMM CUJIOBBIX KJIIOUYEel BIUsIET HAa KO-
3G PULMEHT TapMOHNYECKUX UCKaKEHUI U cpelHee 3Hade-
HUe (ha3HOTO TOKA aCMHXPOHHOTO nBuratess. [1pu yciosuu,
YTO TIOJIE3HOE ACHCTBUE B AaCHHXPOHHOM JIBHUTATEJIC BBITION -
HSIET TOJIbKO TIepBasi rapMOHMKa TOKa, MPpUBEACHA 3aBUCH-
MOCTb JIONOJTHUTEIbHBIX ITOTEPh MOIIHOCTA OT YaCTOThHI
KOMMYTaLIUHU.

Hayuynasa noBu3Ha. [IpencraBieHa MeTOOMKA ONTHUMMU-
3alMU YaCTOTHl IIMPOTHO-UMMYJIbCHOW MOMYJISILIMU T10
KPUTEPHUI0O MUHUMYMa AOTIOJTHUTEIBHBIX TTOTEPh MOIIHO-
CTH B CONPOTUBJICHUM OOMOTOK JBUTATEJIsI OT BBICIIIMX rap-
MOHUK TOKa M CTAaTUYECKUX U TMHAMUUYECKUX ITOTEPh B CH-
JIOBBIX TPAaH3MCTOpax MHBepTopa. [1pencraBieHa aHAIUTH -
yecKast 3aBUCMMOCTD JOTMOJHUTEIbHBIX TTOTEPb MOIITHOCTH
B aKTUBHOM CONPOTUBIIEHUN 0OMOTOK aCUHXPOHHBIX JIBH-
ratesieil B PyHKUMU KO3 (UIIMEHTa TaApMOHUYECKUX HC-
KaXXeHW (ha3HOro ToKa aBTOHOMHOTO MHBEpPTOpa HaIpsi-
KEHMSI.

IIpakTuyeckas 3HaymmocTsh. [IpeacraBieHHass METOIMKA
MO3BOJISIET OMPEIETIUTh ONTUMATBHYIO YaCTOTY MOIYJISIIUN
B ITpeoOpa3oBaTeIsiX YaCTOThI C ACMHXPOHHBIMU JIBUTATEIISI-
MM ¥ 00€CIIeYUTh MUHUMAaJIbHbIE CYMMapHbIE ITOTEPU MOIII-
HoCcTH U MakcuMasibHoe 3HaueHue KIII B cucreme «aBTO-
HOMHBIII MHBEPTOpP HAMPSIKEHMSI — aCMHXPOHHBIN JBUTA-
TECJIb».

Kirouesble ciioBa: vacmoma kommymayuu, gvicuiue eapmo-
HUKU MOKaA, nomepu MOWHOCMU, K03(@duyueHm eapmoHu4e-
CKUX UCKAXICeHULL, UMUMAUUOHHOE MOOeAUposanue, npeoopaso-
8amenb HaCMombyl, ACUHXPOHHYLL O8UAMENb
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